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Abstract 

In this work, three instrumental analytical techniques were used in the multi-elemental 

analysis and in the quantification of resveratrol content in Portuguese wines, having as main 

objective the differentiation of several Portuguese Protected Geographical Indications (IGP) 

through statistical analysis of the results. 

For the elementary analysis, two methodologies were validated – Flame Atomic Absorption 

Spectroscopy (FAAS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) – 

which allowed the quantification of 40 of the 55 initial elements in 70 Portuguese wines, 

white and red. With the results, it was possible to characterize the IGP regions according to 

the significant differences of the elemental content between regions. A discriminant 

statistical analysis was performed between regions that allowed the creation of two models 

capable of predicting the origin of a wine according to its concentration and relation to a 

certain region. 

Thus, the obtained results indicate that the distinction between regions is possible 

considering the elements validated with these methodologies.  

Usually in very low concentrations, very sensitive techniques are required to quantify 

resveratrol. For its determination, a new analytical method -  tandem Gas Chromatography 

Mass Spectrometry (GC-MS/MS) – was developed and validated for the quantification of 

cis- and trans-resveratrol in wines. This method was later applied to 33 red Portuguese 

wines, and an evaluation of resveratrol content was performed by region. Although the 

results were not statistically different for the regions evaluated, this method showed to be 

very sensitive, linear and precise for the analyte. The method was duly validated and, to the 

best of our knowledge, this was the first work developed in GC-MS/MS for the identification 

and quantification of resveratrol. 

 

 

 

 

 

Keywords: wine; multi-elemental analysis; FAAS; ICP-MS; resveratrol; GC-

MS/MS; Portuguese IGP; validation; authenticity.  
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Resumo 

No âmbito da dissertação do mestrado em Controlo de Qualidade foram usadas três técnicas 

instrumentais na análise multi-elementar e na quantificação do teor de resveratrol em 

vinhos Portugueses, tendo como principal objetivo a diferenciação de várias Indicações 

Geográficas Protegidas (IGP) Portuguesas através da análise estatística dos respetivos 

resultados. 

Para a análise multi-elementar foram validadas duas metodologias - FAAS e ICP-MS - que 

permitiram quantificar em 70 vinhos portugueses, tintos e brancos, 49 dos 55 elementos 

iniciais. Com os resultados obtidos foi possível caracterizar as regiões consoante as 

diferenças significativas do teor elementar entre regiões quando comparadas entre si. Foi 

feita uma análise estatística discriminante entre regiões, que permitiu a criação de dois 

modelos capazes de prever a origem de um vinho de acordo com a sua concentração e 

relação com uma região. 

Os resultados obtidos indicam que a distinção entre regiões é possível tendo em conta os 

elementos validados com estas metodologias. 

Estando presente em quantidades muito baixas, a quantificação do resveratrol requer 

técnicas muito sensíveis. Para a análise do resveratrol foi desenvolvido e validado um novo 

método analítico, tandem GC-MS/MS, para a quantificação de cis- e trans-resveratrol em 

vinhos. Esse método foi, posteriormente, aplicado a 33 vinhos tintos portugueses. Foi feita 

uma avaliação do teor de resveratrol por regiões e, apesar de estatisticamente os resultados 

não terem sido diferenciadores para as regiões avaliadas, este método mostrou ser muito 

sensível, linear e preciso para o analito em causa. O método foi devidamente validado e, 

tanto quanto nos é possível saber, este foi o primeiro trabalho desenvolvido em GC-MS/MS 

para a identificação e quantificação de resveratrol. 

 

 

 

 

 

 

 

Palavras-chave: vinho; análise multi-elementar; FAAS; ICP-MS; resveratrol; 

GC-MS/MS; IGP Portuguesas; validação; autenticidade.   
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OBJECTIVES AND STRUCTURE OF THE DISSERTATION 
 

General considerations 

This work was carried out in the context of the Master’s Degree in Quality Control of Faculty 

of Pharmacy of the University of Porto. The theme was chosen based on the growing concern 

of quality and authenticity assurance in wines industry. 

Since Portuguese wines are increasingly recognized worldwide, and given that Portugal has 

very different and special regions that allow the production of unique wines, the 

development of methods that are able to ensure the quality and authenticity of wines is 

crucial.  

For this work, a multi-elemental analysis was chosen, since several studies suggest that the 

characterization of different regions may be attained based on their elemental composition. 

Resveratrol was chosen taking into account its natural presence in wines and its beneficial 

properties on human health. 

 

Objectives and structure of the dissertation  

The first objective of this work was to provide an overview of the relevance of wines industry 

in the world and in Portugal, and a characterization of Portuguese wine regions. The second 

objective was to implement, validate and apply analytical methodologies in an attempt to 

create a model that would allow to differentiate Portuguese wine regions based on elemental 

analysis and quantification of resveratrol.  

For the purpose of the objectives mentioned above, this dissertation is divided in 4 chapters. 

The first, Introduction, refers to a theoretical framework of the main constituents of wine, 

with mention on those that were analyzed in this work. In this chapter, it is also possible to 

find a review on the evolution of wines industry as well as a characterization of Portuguese 

wine regions. In the second, Multi-element analysis in wines, describes all the 

experimental aspects related to the multi-elemental analysis with two analytical techniques 

– FAAS and ICP-MS - as well the results of the method validation and sample analysis, and 

the discussion of these results. The third, Quantification of resveratrol in wines, is 

describes all the experimental aspects related to the development and validation of a new 

analytical method – GC-MS/MS – as well the results of the method validation and sample 

analysis, and the discussion of these results. The chapter 4, Main conclusions, 

summarizes the principal conclusions of chapter 2 and 3. Lastly, chapter 5, References, 

has the bibliographical references that supported the development of this work.  
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CHAPTER 1 – Introduction 

To understand the importance and the relevance of this work, this chapter will describe 

the principal properties of wines as well the parameters that can influence the production 

of a high-quality wine. 

It will also be described the importance of winemaking industry and its evolution among 

the years and how this evolution has affected the national and worldwide wine market in 

terms of production, consumption, importation, exportation and economic impact. 

Lastly, it will be described the wine regions of interest for this study. 

 

 

1.1. WINE COMPOSITION 

With earliest archaeological evidence of wine consumption in China 7000 B.C., wine is as 

old as civilization and its consumption has always been embedded within social, culture and 

gastronomy traditions of several countries. Its complex composition is the basis of its 

quality and, for that, its production is considered a science. Whether at home, in restaurants 

or in bars, wine is usually associated with more formal, special or celebration occasions, or 

in some cases as a relaxing beverage. Most of the times, the choice of a wine depends on the 

occasion or on the meal (Calado 2015; Silva et al. 2015; SIRC 1998). 

Considered one of the most natural products in the world, it is understandable that its 

production depends not only on human activity but also on all the parameters that affect 

the vineyards as well as the vinification (winemaking process). Terroir is a French 

expression that englobes all these parameters. Associated to the natural conditions of the 

territory where the vine and the grape are developed as well as the local know-how used 

during vinification, terroir is related to three main factors: vine, the local vineyard 

environment and human activity, as an interactive set that has a great impact in the 

development of the grape that will directly affect the production of high quality wine (Figure 

1). Thus, this concept is very complex and depending on the terroir, the wine can have 

inimitable sensorial and chemical profiles, even within the same region (Anesi et al. 2015; 

Cheng et al. 2014; Demossier 2011; Pascual et al. 2015; Seguin 1986; Silva et al. 2014; 

Tonietto and Carbonneau 2004; Van Leeuwen and Seguin 2006).  
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Figure 1. Interrelationship of terroir parameters. 

 

The principal compounds that affect most of the sensorial attributes are ethanol, glycerol, 

organic acids and phenolic compounds. These compounds can be primary and secondary 

compounds of grapes, fermentation products and compounds related to wine aging and 

preservation (Arioli 2009; Botelho 2013; Clarke and Bakker 2004; Rebelo et al. 2014; Styger 

et al. 2011). Depending on the content of these compounds, wines can have innumerable 

differential characteristics, as seen in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Wine aroma wheel (adapted from Sommeliers 2016). 
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Within physicochemical composition of wines, there are four major groups of compounds: 

sugars and volatile compounds, sulfur compounds, organic acids and phenolic compounds. 

 

1.1.1. Sugars and volatile compounds 

Volatile compounds are very important to wines quality since they directly affect wines 

aromas and, despite the different grape varieties, can contribute to unique and special 

aroma attributes (Gonzalez-Barreiro et al. 2015). Their concentration changes during the 

ripening phase and its concentration in red grapes is maximum during the maturation when 

the ratio between sugar and total acidity is stablished. The perception and the impact of an 

aroma is not only related to a given volatile compound and its concentration but also with 

the ability of this compound to distribute in a given matrix and to the possible changes that 

some metabolites can suffer during the process of winemaking (Boido et al. 2009; Coelho 

et al. 2006; Kalua and Boss 2010). 

Alcohols, esters, terpenes and aldehydes are the principal compounds that affect wine 

sensory properties.  

 

Alcohols 

Alcohols are the most abundant volatile compounds and are associated to green leafy aroma 

and bitterness. Interacting with other compounds, such as tannins, can modify the sensory 

perceptions of wine characteristics such as astringency, sourness and sweetness (Arioli 

2009; Costa et al. 2015; Fischer and Noble 1994; Goldner et al. 2009; Kalua and Boss 2010). 

Ethanol, that results from the fermentation of must sugars by yeasts (Figure 3), is the most 

representative alcohol and its content depends on the amount of fermentable sugars in 

grapes, which is only possible if the grape ripening has been well done (Alpuim 1997; 

Botelho 2013). 

Another alcohol that is of utmost importance and that emerges during alcoholic 

fermentation in wine is glycerol (Figure 4). This is considered a quality factor since it affects 

the viscosity and mouthfeel of the wine (Alpuim 1997; Styger et al. 2011). 
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Figure 3. Alcoholic fermentation. 

 

 

 

Figure 4. Chemical structure of glycerol. 

 

Esters and terpenes 

Esters and terpenes (Figure 5) are compounds that mainly appear in wines as secondary 

aromas during fermentation or as tertiary aromas during wine aging through rearrange 

between acids and alcohols. Typical of muscatels and aromatic wines, they contribute to the 

sweetness and fruity/floral characters of wines and can camouflage the perception of 

astringency and bitterness (Arioli 2009; Botelho 2013; Costa et al. 2015; Ebeler and 

Thorngate 2009; Gonzalez-Barreiro et al. 2015; Kalua and Boss 2010; Molina 2016; Sáenz-

Navajas et al. 2010). 

 
                                               

 

 

 

Figure 5. Basic chemical structure of esters (A) and terpenes (B). 
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Aldehydes 

Despite aldehydes are naturally present in grapes, the most important are produced from 

the respective alcohols during the vinification process. The most representative are vanillin, 

cinnamaldehyde and benzaldehyde, which are related to wines aging in oak vats that create 

very characteristic aromas that are easily detected by the tasters (Table 1). Ketones, 

peptones and pyrazines also affect wine sensory properties but are only vestigial (Ebeler and 

Thorngate 2009; Molina 2016; Styger et al. 2011). 

 

Table 1. Most representative aldehydes. 

Aldehyde Structure Aroma  Aldehyde Structure Aroma 

Benzaldehyde 

 

Bitter 
Almond 

 Vanillin 

 

Vanilla 

Cinnamaldehyde 

 

Cinnamon     

 

1.1.2. Sulfur Compounds 

These compounds are grouped into 5 families: thiols (R-SH), sulphides (S2-), polysulfides, 

thioesters (R-C(=O)-SR) and heterocyclic compounds. Some exist naturally on the grapes 

(e.g. thiols) while others can be a product of some kind of abnormally during production of 

wines from enzymatic or non-enzymatic processes. The enzymatic processes implicate the 

degradation of sulfur-containing amino acids, the formation of fermentation products and 

the metabolism of some sulfur-containing pesticides, while the non-enzymatic processes 

involve photochemical, thermal and other chemical reactions of sulfur compounds during 

the winemaking and storage since there are some sulfur compounds, like the sulfite, that 

are frequently used as wine preservatives and antioxidants (Alpuim 1997; Botelho 2013; 

Ebeler and Thorngate 2009; Mestres et al. 2000; Swiegers and Pretorius 2007). 
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1.1.3. Organic Acids 

The most abundant organic acids are the tartaric acid, malic acid, citric acid, lactic acid and 

succinic acid (Figure 6). These compounds are very important in wines as they are directly 

related to the final pH of the wine, once they act not only during the ripening of the grape, 

in the formation of esters, but are also involved in fermentation processes that allow to 

eliminate undesired bacteria, acting as preservatives during aging wine. Thus, it is of the 

utmost importance to control these compounds and the pH of wine to ensure a suitable 

acidity, to guarantee good wine conservation and to prevent possible changes during wine 

aging. (Alpuim 1997; Oliveira et al. 2008). 

 

                   (A)                                              (B)                                                 (C) 

                         

 

(D)                                          (E) 

                         

Figure 6. Chemical structures of most abundant wine organic acids – (A) tartaric acid; (B) malic 
acid; (C) citric acid; (D) lactic acid; (E) succinic acid. 

 

1.1.4. Phenolic Compounds 

Phenolic compounds are responsible for all the differences between red and white wines.  

These compounds can be separated in two groups: flavonoids and non-flavonoids, that are 

distributed in the different components of the grape (Figure 7) (Table 2). Its content will 

affect the sensory proprieties of wine such as color, flavor, astringency and bitterness, and 

it is related to the anti-oxidant activity of wines (Bergqvist et al. 2001; Cadot et al. 2012; 

Chalker-Scott 1999; Clarke and Bakker 2004; Cruz 2014; Jackson and Lombard 1993; 

Mercurio et al. 2010; Ribéreau‐Gayon et al. 2006). 
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Figure 7. Grapes skin, flesh and seeds composition (adapted from Teixeira et al. 2013). 

 

Table 2. Distribution of grapes skin, flesh and seeds composition (Teixeira et al. 2013). 

 Compound 
Level of synthesis (1) 

Skin Flesh Seed 

Flavonoids 

Flavanols ++ + +++ 

Flavonols ++ - - 

Anthocyanins +++ - - 

Non-flavonoids 

Hydroxycinnamic acids ++ +++ ++ 

Hydroxybenzoic acids + - ++ 

Stilbenes +++ + ++ 

(1) Very abundant compound (+++) to absent (-) 

 

The most important flavonoids in grapes and wines are flavanols, flavonols and 

anthocyanins, which are mostly present in the skin of the grape (Table 2) and are the main 

responsible for the aroma, texture, color, wine aging and anti-oxidant activity of the wine. 

As for the non-flavonoids, the most important are hydroxycinnamic acids and 

hydroxybenzoic acids that, despite been in vestigial contents, are responsible for the 

darkening of the musts and are frequently related to the astringency and bitterness of wines. 
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(Cabrita et al. 2003; Cadot et al. 2012; Clarke and Bakker 2004; Cruz 2014; Mercurio et al. 

2010; Ribéreau‐Gayon et al. 2006; Robichaud and Noble 1990; Teixeira et al. 2013).  

 

Resveratrol 

In grapes, stilbenes are located essentially in the skin but were also reported to be present 

in grape seeds (Table 2) (Teixeira et al. 2013). 

Resveratrol (3,4’,5-trihydroxystilbene), the stilbene with the simplest molecular structure 

was reported for the first time by Jeandet et al. (Jeandet et al. 1991) and, since then, is the 

stilbene that has been more extensively studied because of its beneficial effects on human 

health as cardiovascular protection and risk reduction for heart disease, anti-inflammatory 

properties and antioxidant and antibacterial activities (Baur and Sinclair 2006; Bertelli and 

Das 2009; Paulo et al. 2010; Renaud and Lorgeril 1992). It has two conformations, cis and 

trans (Figure 9), where the trans conformation is more stable that its cis isomer (Chong et 

al. 2009; Sun and Spranger 2005). 

This compound has a very specific physiology since it is a naturally occurring phytoalexin 

produced by the plant in response to an abiotic stress, such as a fungal infection. Botrytis 

cinerea, a grey fungus (Figure 8), develops when it is possible to promote favorable changes 

during the grape ripening, by some process intentionally induced in places with high 

humidity combined with dry weather, for example the reduction of the amount of water in 

grapes, and accumulation of secondary metabolites. Under these conditions the fungus 

develops, yielding a positive rot which is called “noble rot” from which are produced high 

quality sweet wines with a very special flavor and with higher values of resveratrol (Blanco-

Ulate et al. 2015; Clarke and Bakker 2004; Lorenzini et al. 2015; Öztürk et al. 2017; Tosi et 

al. 2012). 

Figure 8. Grapes infected with Botrytis cinerea (adapted from Lind 2014). 
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In wines, resveratrol appears in the form of the two conformations, cis and trans (Figure 9). 

                                          (A)                                                                       (B)                                                  

 

 

 

 

Figure 9. Chemical structures of (A) trans-resveratrol; (B) cis-resveratrol. 

 

Despite the fact that both isomer forms are reported in wines, only the trans- isomer has 

been identified in Vitis vinifera L. grapes while the cis- conformation appears during 

winemaking process due to photochemical isomerization of trans-resveratrol when exposed 

to UV lights (Gerogiannaki-Christopoulou et al. 2006; Obreque-Slier et al. 2010; Paulo et 

al. 2011; Sun et al. 2006). 

The amount of resveratrol that is present in wines depends on many factors that can be 

divided into two parts: pre-harvest and during the vinification process. In grapes, the 

accumulation of resveratrol depends on factors such as climate, geographic region, cultural 

practices, grape variety, grape rot and the stage of ripeness (Cravero et al. 2013; Obreque-

Slier et al. 2010). During the vinification process, its concentration depends on maceration 

techniques and yeasts.  The longer the maceration, the longer is the extraction time with 

contact between grape skin and juice during the production of wine, which causes the 

resveratrol content in the final wine to be higher. Thus, red wines have higher 

concentrations of trans-resveratrol, when comparing to wines that do not suffer so much 

maceration, such as rosé wines and white wines that only have trace amounts of resveratrol 

(Budić-Leto et al. 2005; Klenar et al. 2004; Ratola et al. 2004). 

 

1.1.5. Elemental composition 

The elemental composition of soils is influenced by the geological composition of the 

“bedrock”, by the physical and chemical properties of the soil in which the vine is inserted, 

by the vines ability to accumulate these minerals and by management techniques like 

draining, mineral fertilizers and organic or mineral additives (Bertoldi et al. 2011; Seguin 

1986; Soubeyrand et al. 2014) 
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The mineral composition of wines is correlated with soil composition since it comes from 

the root absorption during grape growth and ripening (Catarino et al. 2015; Medina 1996). 

However, the content of minerals in wines depends not only on the vineyard soils 

composition but also on the vineyard cultivation practices, like growing practices (e.g. 

fertilization), oenological practices (e.g. additives), environment contamination (e.g. cars) 

and fraudulent practices (e.g. use of forbidden chemicals), and on the changes which may 

occur during vinification process (e.g. physicochemical instability of wines caused by K, Ca, 

Fe and Cu are related to) that can difficult the authentication of the wines (Catarino et al. 

2015; Chopin et al. 2008; Likar et al. 2015; Medina et al. 2000). 

Taking into account that the mineral composition of wine is a reflection of the mineral 

composition of the “bedrock”, the analysis of metals is frequent in wines industry. Thus, 

several studies were made with the goal of try to ensure the geographical origin with its 

traceability (Angus et al. 2006; Catarino et al. 2006; Catarino et al. 2014; Catarino et al. 

2011; Coetzee et al. 2005; Galgano et al. 2008; Geana et al. 2013; Rodrigues et al. 2011; Sen 

and Tokatli 2013; Trujillo et al. 2011). 

With the use of more sensitive techniques with multi-element analysis (e.g. ICP-MS), some 

studies have been carried out to try to relate the isotopic ratio of the stable elements to their 

geographic origin, in order to make them markers of wine provenance (Almeida and 

Vasconcelos 1999; Almeida and Vasconcelos 2001; Almeida and Vasconcelos 2003; 

Almeida and Vasconcelos 2004; Barbaste et al. 2002; Catarino and Curvelo‑Garcia ; Coetzee 

and Vanhaecke 2005; Gremaud et al. 2004; Larcher et al. 2003; Marchionni et al. 2013; 

Marchionni et al. 2016; Mihaljevič et al. 2006). The elements that are used more often to 

determinate the isotopic ratio in these studies are: Cr, Pb, and Sr. 

The occurrence and levels of these metals as well the so-called contaminating metals (heavy 

metals or non-metals associated to pollution and toxicity, such as Cd and Pb) are well 

defined and a rigorous control is required to ensure that they do not exceed reference values 

(Catarino et al. 2015).  

 

1.2. WINE INDUSTRY 

Among the years, there has been an increasing concern not only in the production of better 

wines but also in the guarantee of their quality and authenticity. For that, it was necessary 

to create organizations that have the capacity of ensuring the control of wine production. 

The International Organisation of Vine and Wine (OIV), a scientific and technical 

intergovernmental organization, appeared in 3rd April 2001, in substitution of the prior 

existent International Vine and Wine Office, and englobes several member states of which 
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Portugal is a member. The analytical methods approved and published by this organization 

are considered the basis for quality control in the wine sector (Curvelo-Garcia and Barros 

2015; OIV 2017b). As for Portugal, the Institute if Vine and Wine (IVV) was created in 1st 

January of 1986, to replace of the Nacional Wine Board, and it is responsible for 

coordinating all the national wine-growing activity (IVV 2017a). 

The wine industry, in terms of consumption, production, exportation and economic impact, 

has suffered many changes in the last decades. OIV and IVV have done a few statistical 

studies in the past years that allow to draw some conclusions and outline an overview about 

the wine industry evolution. 

 

Wine production 

A said before, the production of wine depends on many variables and the vineyard surface 

area is one of them.  Although this is not decisive by itself, since it is necessary to consider 

no only its size as well its yield, it is an important factor to consider. Over the years, the 

vineyard surface area has been decreasing (Figure 10) unlike the production of grapes which 

has been increasing (Figure 11). This proves that the vineyards yield has changed over the 

years. 

Figure 10. Evolution of the world vineyard surface area between 1986 and 2016 (OIV 2017a; OIV 
2017c). 

Figure 11. Evolution of the world grape production between 1986 and 2016 (OIV 2017a; OIV 
2017c). 
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Despite this decrease on the world vineyard surface area, China stands out in a positive way 

since between 1986-90 and 2016 it increased its area by more than 80%. On the other hand, 

Spain and Italy stand out in a negative way since between 1986-90 and 2016 they decreased 

their area in approximately 30%. Even so, Spain and Italy along with China, France and 

Turkey represent 50% of the world vineyard. Statistical data shows that in 2016 Portugal 

had the 11th largest vineyard surface area of the world and the 5th area of Europe (Figure 12). 

Figure 12. Evolution of main vineyard surface area countries between 1986 and 2016 (OIV 2017a; 
OIV 2017c). 

 

Relatively to the world wine production, as seen in Figure 13, it has suffered some variations 

over the years. The amount of wine produced is very unstable, and although it is possible to 

conclude that the forecast to 2016 is lower than what was produced in 1986-90, it is not 

possible to draw an overview since, for example, although the quantity of wine produced in 

2014 was almost the same as the average wine produced in the 90’s, there are many 

variations during this interval. Recently, there were some changes in world wine production 

that were particularly felted in 2007 and 2008. 

Despite the slight increase in wine production since 2002, in 2007 it was notorious a 

significant decrease (Figure 13). According to a report presented in 2007 by the Nacional 

Institute of Statistics (INE), such decrease was mainly due to weather conditions that 

affected the vineyards. The high temperatures combined with heavy rainfall, strong winds 

and hailstorm during September damaged the vineyards, causing phytosanitary problems 

and physiological accidents that have committed entire vineyards and wine quality in 2007 

and 2008 (INE 2007). 

Considering the forest values to 2016, it is also possible to conclude that 2016 world wine 

production decreased when compared with 2015 production, reaching one of the lowest 

values over the last 20 years (Figure 13). According to the INE, physiological accidents 
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caused by heavy rainfall during the flowering phase and intense attacks of mildew (a form 

of fungus) are the principals reasons for this drop in the wine production (INE 2016). 

Figure 13. Evolution of the world wine production between 1986 and 2016(OIV 2017a; OIV 2017c). 

 

When compared the world wine leading producers it is possible to conclude that countries 

like Italy, France and Argentina have decreased its production among the years, while 

countries like Australia, China and Chile have increased its production by more than 50% 

between 2000 and 2016. The production of wine in Portugal declined slightly between 1986-

90 and 2016 and it was one of the countries, among France and Argentina, in which was felt 

the 2016 adverse conditions since it dropped its productions around 15% between 2015 and 

2016. Despite that, in 2016 was 11th largest world wine producers and the 5th of Europe 

(Figure 14). 

Figure 14. Evolution of the world wine production for leading producers countries between 1986 
and 2016 (IVV 2017b; OIV 2017a; OIV 2017c). 

 

Wine consumption 

World wine consumption has suffered some interesting changes. Despite its decrease in 

traditional wine-consuming countries of Southern Europe, the consumption has increased 

in other markets that, until recently, were not in the list of the main wine-consuming 
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countries. Overall, until 2008, the year of the beginning of the economic and financial global 

crisis, a gradual increase in wine demand was evident. Since then, the consumption has 

remained constant (Figure 15). 

 
Figure 15. Evolution of the world wine-consuming between 1986 and 2016 (IVV 2017b; OIV 2017a; 

OIV 2017c). 

 

Statistical data shows that despite the large increase in wine consumption of Canada and 

United Kingdom (64% and 53% respectively), China stands out as the fastest growing 

consumer market with 84% of increase between 1986-90 and 2016, in opposition to Spain 

and Argentina, which had the biggest decrease in the same period (approximately 45%). 

Even so, it is curious to realize that 5 countries, United States of America, France, Italy, 

Germany and China, consume almost half of the wine of the world. Although Portugal has 

slightly decreased its level of consumption and in 2016 was in the 12th place of the list of 

countries that consume more wine in the world (Figure 16).  

Figure 16. Evolution of main wine-consuming countries between 1986 and 2015 (IVV 2017b; OIV 
2017a; OIV 2017c).  
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It is interesting to note that, when it is considered the consumption of wine per capita 

(population over 15 years old), the list of the main-consuming countries has some changes. 

Being led by Portugal, the country where more wine per person was consumed in 2015, it is 

possible to conclude that, between 2000 and 2015, among Belgium and Sweden, Portugal 

was also one of the countries with the highest increase. On the other hand, Italy, Australia 

and Spain stands out in a negative way since between 2000 and 2015 had a break on the per 

capita consumption above 20% (Figure 17). 

Figure 17. Evolution of main wine-consuming countries per capita between 2000 and 2015 (OIV 
2017a; OIV 2017c). 

 

Wine importation and exportation 

The variations on wines production and consumption were also felted in wines importation 

and exportation. Both have increased over the years until 2011 and remained constant after 

that. It is possible to conclude that between 1986-90 and 2016 there was a significant 

increase of almost 60% in both imported and exported wine (Figure 18 and Figure 19). 

Figure 18. Evolution of the world wine importation in volume between 1986 and 2016 (OIV 2017a; 

OIV 2017c). 
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Figure 19. Evolution of the world wine exportation in volume between 1986 and 2016 (OIV 2017a; 
OIV 2017c). 

 

In imports, between 1989-90 and 2016, the main highlight goes to China, the United States, 

Japan and Canada since they have increased their wine importation by more than 70%. 

Despite that, the three largest wine importers in the world remain Germany, the United 

Kingdom and the United States, accounting almost 40% of all world wine importation 

(Figure 20). 

Figure 20. Evolution of world main wine importer countries in volume between 1986 and 2016 
(OIV 2017a; OIV 2017c). 

 

Until the end of the 90’s the domain of Europe was notorious, reflected on over 80% of 

world exportations, with countries like Italy, France and Spain being responsible for that 

value, since all together represented more than 65% of the world wine exports in volume. 

After that, the European exportations, despite the having increased over the years, in 2015 

assumed 70% of world wine exportations due to the increasing of Chile, Australia and 

United States exports. Portugal has increased its exports and in 2016 was the 9th largest 

wine exporter of the world and the 5th of Europe (Figure 21). 
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Figure 21. Evolution of world main wine exporter countries in volume between 1986 and 2016 
(OIV 2017a; OIV 2017c). 

 

Economic Impact 

The increase on wine demand and the internationalization of the vitivinicultural sector was 

also felt economically. With a recent study of the OIV it is possible to see how this impact is 

felt both in terms of wines commercial value over the years, as well as the exports economic 

impact in each country. 

Since 2000, the world wine trade in value has increased in almost 60% (Figure 22). This 

increase is due to the fact that, since 2000, the world wine average value per liter has 

increased (Figure 23). Therefore, in 2016, despite the slight decrease of 1.2% in the world 

wine trade in terms of volume (Figure 19), in terms of value the wine was more expensive, 

approximately 2% (Figure 23). 

Figure 22. Evolution of the world wine trade in value between 2000 and 2016 (OIV 2017a). 
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Figure 23. Evolution of the world wine average value per liter between 2000 and 2016 (OIV 

2017a). 

 

As expected, given the volume of trade, economically there is a significant impact, 

depending on the country. As seen in Figure 24, France, Italy and Spain (the main wine 

exporters) dominate the market almost 60% of the world value in 2016. 

Figure 24. World main wine trade in value countries in 2016 (OIV 2017a). 

 

With these statistical data, it is interesting to compare South Africa with New Zealand. In 

2016 exports, South Africa was the 6th world main exporter country in volume while New 

Zealand was the 11th (Figure 21). However, in terms of value South Africa occupies the 11th 

place on the list of world wine trade with almost 630 million € and New Zealand occupies 

the 7th place with almost 1 000 million €. This shows that despite exporting less wine, New 

Zealand wines have higher commercial value than those of South Africa. Portugal ranks 10th 

in the main world wine trade in value countries list with more than 730 million € (Figure 

24).  
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1.3. PORTUGUESE WINE 

The wine consumption and production has always been a part of European and World 

culture and gastronomy, with Portugal being one of the largest Southwest Europe wine 

consumers (Marques‐Vidal and Dias 2005). 

According to IVV, Portugal has several wine regions which are grouped into 14 protected 

geographical indication (IGP): Minho, Transmontano, Duriense, Terras de Cister, Terras do 

Dão, Terras da Beira, Beira Atlântico, Lisboa, Tejo, Península de Setúbal, Alentejano, 

Algarve, Terras Madeirenses and Açores (Figure 25) (IVV 2017b). 

Figure 25. Portuguese wine IGP regions (adapted from OIV 2017c). 

 

As seen in Figure 26, the Duriense IGP has the most representative Portuguese wine area 

since it is in this region that is almost a quarter of the national vineyard. This is also visible 

in wine production since this region produced, in 2016, almost 25% of national wine (Figure 

27). Alentejano IGP is the second mot representative Portuguese wine area (with 12% of 
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national vineyard area and almost 1200 thousands of hL of wine produced in 2016). On the 

other hand, Algarve, Terras Madeirenses and Açores IGP are the less representative 

Portuguese wine producing areas (IVV 2017b). 

Figure 26. Distribution of Portugal vineyard area in 2016 (IVV 2017b). 

 

Figure 27. Evolution of Portuguese wine production by region between 2000 and 2016 (IVV 
2017b). 

 

With climates, topographies and characteristics so unique in each region, as said before, the 

produced wines in each IGP region depends on their terroir and have very different 

characteristics from region to region. Table 3 summarizes, in a very succinct way, the main 

characteristics of wines according to their IGP region. The great diversity of Portuguese 

grape varieties, along with the fact that it is possible to find completely different climates 

and soil types, sometimes within the same region, turns Portugal into a special place that 

allows the production of different, unique and high-quality wines.   
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Table 3.Portuguese IGP wines main characteristics (InfoVini 2017b; Wines-of-Portugal 2017).  

IGP Weather 
Topography and geology of 

the vineyards 

Dominant Grapes 
Wines characteristics 

White Red 

Minho 

• Mild temperatures 

throughout the year 

• Abundant rains 

• Shallow valleys 

• Soils are mostly granitic  

• Very rich and fertile soils 

Alvarinho 

Arinto 

Avesso 

Azal 

Loureiro 

Trajadura 

Borraçal 

Brancelho 

Espadeiro 

Vinhão 

• White wines especially aromatic, 

limpid and refreshing 

• Typically acidulated and light 

Transmontano 
• Long and hot summers 

• Prolonged and icy winters 

• High altitude 

• Granite soils with some shale 

spots 

• Very poor and not very 

productive soils 

Côdega do Larinho 

Fernão Pires 

Gouveio 

Malvasia Fina 

Rabigato 

Síria 

Viosinho 

Bastardo 

Marufo 

Tinta Roriz 

Touriga Franca 

Touriga Nacional 

Trincadeira 

• Red wines are generally fruity and 

slightly astringent 

• White wines are soft and floral 

scented 

Duriense 
• Cold and rainy winters 

• Very hot and dry summers 

• Strongly mountainous 

• Schistous soils with some 

granite soil areas 

• Poor soils  

• Particularly difficult to work 

Gouveio 

Malvasia Fina 

Moscatel 

Rabigato 

Viosinho 

Tinta Barroca 

Tinta Roriz 

Tinto Cão 

Touriga Franca 

Touriga Nacional 

Sousão 

Trincadeira 

• High quality wines 

• Wines with a more intense color 

and higher content of sugar 

• Very aromatic wines 

Terras de Cister • Extreme climate 

• High altitude valley 

• Granite soils with some shale 

spots 

Bical 

Cerceal 

Fernão Pires 

Gouveio 

Malvasia Fina 

Tinta Barroca 

Tinta Roriz 

Touriga Franca 

Touriga Nacional 

• Wines with some acidity and citric 

aroma 

Terras do Dão 
• Cold and rainy winters 

• Hot and dry summers 

• Different altitudes 

• Mostly granitic soils 

• Poor soils 

Encruzado 

Bical 

Cercial 

Malvasia Fina 

Rabo de Ovelha 

Verdelho 

Touriga Nacional 

Alfrocheiro 

Jaen 

Tinta Roroz 

Baga 

Bastardo 

• Aromatic, fruity and balanced 

wines 
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Table 3. Portuguese IGP wines main characteristics (InfoVini 2017b; Wines-of-Portugal 2017) (cont.).  

IGP Weather 
Topography and geology of 

the vineyards 

Dominant Grapes 
Wines characteristics 

White Red 

Terras da Beira 

• Short, hot and dry 

summers 

• Prolonged and very 

cold winters 

• Soils are mostly granitic 

• Small shale spots 

Arinto 

Fonte Cal 

Malvasia Fina 

Rabo de Ovelha 

Síria 

Bastardo 

Marufo 

Rufete 

Tinta Roriz 

Touriga Nacional 

• Fresh and aromatic white wines 

• Fruity and full bodied red wines 

Beira Atlântico 

• Abundant rains and 

moderate average 

temperatures 

• Flat region 

• Clay-limestone and sandy 

strips soils 

Maria Gomes 

Arinto 

Bical 

Cercial 

Rabo de Ovelha 

Baga 

Alfrocheiro 

Tinta Pinheira 

Touriga Nacional 

• Full of color, very acidic and well 

balanced 

Lisboa 
• Coll summers 

• Mild winters 

• Clay-limestone and clay-sandy 

soils 

Arinto 

Fernão Pires 

Malvasia 

Seara-Nova 

Vital 

Alicante Bouschet 

Aragonez 

Castelão 

Tinta Miúda 

Touriga Franca 

Touriga Nacional 

Trincadeira 

• Red wines are elegant, aromatic, 

rich in tannins and capable or 

aging 

• White wines have a fresh and 

citric character 

Tejo • Mild seasons 

• Limestone and clay soils 

• Irregular terrain 

• Rich or poor soils depending 

on the sub-region 

Fernão Pires 

Arinto 

Tália 

Trincadeira das Pratas 

Vital 

Touriga Nacional 

Trincadeira 

Castelão 

Aragonês 

• Very topical fruity white wines 

with floral aromas 

• Aromatic and soft tannins red 

wines 

Península de 
Setúbal 

• Hot and dry summers 

• Mild and rainy winters 

• High humidity 

• Fine and deep sand  

• Limestone and clay-limestone 

soils 

Arinto 

Fernão Pires 

Moscatel de Alexandria 

Alfrocheiro 

Trincadeira 

• White wines with floral aroma 

• Soft taste of spiced and berries in 

red wines 

Alentejano • Hot and dry climate 

• Flat landscape 

• Shale, clay, marble, granite 

and limestone soils 

Antão Vaz 

Arinto 

Roupeiro 

Alfrocheiro 

Alicante Bouschet 

Aragonez 

Castelão 

Trincadeira 

• Soft and slightly acidic white 

wines with tropical aromas  

• Full bodied red wines, rich in 

tannins and berries aromas 
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Table 3. Portuguese IGP wines main characteristics (InfoVini 2017b; Wines-of-Portugal 2017) (cont.).  

IGP Weather 
Topography and geology of 

the vineyards 

Dominant Grapes 
Wines characteristics 

White Red 

Algarve • Warm and humid 
• Sandy, clayey, limestone and 

stoneware soils 

Arinto 

Malvasia Fina 

Manteúdo 

Síria 

Catelão 

Negra Mole 
• Very soft and fruity wines 

Terras 
Madeirenses 

• Temperate climate 

with mild 

temperatures 

• Humid climate 

• Extremely mountains region 

with steep slopes and deep 

valleys 

• Soils are volcanic origin 

• Fertile and very rich soils 

Sercial 

Verdelho 

Boal 

Malvasia 

Tinta Negra 
• Liqueur wines with almost 

unlimited storage capacity 

Açores 
• Mild temperatures and 

high rainfall 

• Soils are volcanic origin 

• Very poor soils 

Verdelho 

Arinto 

Terrantez 

Boal 

Fernão Pires 

Tinta Negra • Very fresh and acidic wines 
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CHAPTER 2 –Multi-elemental analysis in wines 

This chapter describes all the experimental aspects related to the multi-elemental analysis 

of wine samples, such as analytical instrumentation, laboratory equipment, chemicals 

and solutions used as well as the preparation of samples that were analyzed. 

Two different instrumental analytical techniques were used for multi-elemental analysis 

of wines. The reagents, the methods and the equipment used to each technique are 

described individually. 

Lastly, the results of the validation of the method and the results of the samples analyses 

are presented and discussed. 

 

 

2.1. INTRUMENTAL ANALYTICAL TECHNIQUES 

According to OIV in “Compendium of International Methods of Analysis of Wine and Must 

Analysis” (OIV 2015), depending on the element, different instrumental analytical 

techniques are recommended. Thus, in this work, two different instrumental analytical 

techniques were used: FAAS, for Ca, Mg, Na and K; and ICP-MS for other 51 elements. 

 

2.1.1. Flames Atomic Absorption Spectrometry 

FAAS is based on the amount of radiation that is absorbed by free atoms, in a gas stream, 

when a radiation with a specific wavelength passes through the atoms. 

The liquid sample is aspirated through a capillary tube into the nebulizer where it is 

converted into a fine aerosol. This is sent to the flame, where the atomization of the metallic 

species occurs. In this vapor phase, the lamp radiation, specific to an element, is absorbed 

by the atoms. A monochromator isolates the desired wavelength and sends it to the detector. 

The detector measures the amount of radiation that was absorbed and transmits the signal 

to the computer, which processes the information, from which it is possible to calculate 

quantitatively the concentration of the metal in the sample  (Figure 28) (Beaty and Kerber 

1993; PerkinElmer 2009).  
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Figure 28. Simplified scheme of a FAAS instrument (adapted from Ehinger 2016). 

 

2.1.2. Inductively Coupled Plasma Mass Spectrometry 

ICP-MS is an analytical technique that combines a high-temperature source – plasma – 

with a mass spectrometer. Plasma is responsible for the production of ions while the mass 

spectrometer separates and quantifies these ions. ICP-MS is widely used for multi-

elemental determinations and is known as a very sensible analytical technique, with the 

capacity of rapid multi-elemental analysis and as one of the few that enables elemental 

isotopic analysis (PerkinElmer 2009; Wolf 2005).  

The liquid sample is aspirated through a capillary tube and is converted into an aerosol in 

the nebulizer. After that, the sample aerosol is transported to the plasma (that can reach 

temperatures between 6000 ºC and 10000 ºC) where the elemental species are converted 

into charged positive ions and then passed to a mass spectrometer (quadrupole) where they 

are separated according to their mass/charge ratio (m/z) (Figure 29) (PerkinElmer 2009; 

Thomas 2001; Wolf 2005). 

Figure 29. Simplified scheme of a ICP-MS instrument (adapted from Thomas 2001). 
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2.2. MATERIALS AND METHODS 

All the labware used in both FAAS and ICP-MS methodologies was made of polyethylene 

and for the decontamination between experiments it was immersed in an acid solution – 

10% v/v of HNO3 60% (m/m), p.a., in ultrapure water [HNO3 10% (v/v)] – and then 

extensively washed with ultrapure water. 

 

Wine Samples  

All the wine samples were acquired from local markets and all of them were from the 2015 

harvest. Initially, it was tried to obtain all the 5 best-selling wines of each IGP mentioned in 

“1.3. Portuguese wine”, in Chapter 1, but since it was not possible to obtain such 

information, the selection criterion was the 5 cheapest wines commercially available in 

retail market.  

It was tried to obtain 5 wines from each IGP, but, since some were not on the market yet, it 

was purchased the ones that are mentioned in Table 4. All the bottles had a seal of guarantee 

that certified the authenticity and genuineness of the wine.  

An identification code was also given to each group of IGP samples (Table 4).  

 

Table 4. Number of samples studied by IGP and the correspondent identification code. 

IGP 
Number of Samples Codes 

Red Wine White Wine Red Wine White Wine 

Duriense 5 5 TA BA 

Terras do Dão 5 5 TB BB 

Terras da Beira 1 4 TC BC 

Beira Atlântico --- 3 --- BD 

Tejo 5 5 TE BE 

Lisboa 5 5 TF BF 

Alentejano 5 5 TG BG 

Península de 
Setúbal 

5 5 TH BH 

Algarve 2 --- TI --- 

 

After arrival at the laboratory, the bottles were opened and two independent samples were 

taken: one for multi-elemental analysis, which was stored in hermetically closed plastic 

bottles; and another for resveratrol determination, which was stored in Falcon® tubes, filled 

to the top and sealed with Parafilm®. 

All the samples were stored protected from light, at room temperature. 
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2.2.1 Flame Atomic Absorption Spectrometry 

Reagents and materials 

“Ca standard for AAS 1000 mg/L”, “Mg standard for AAS 1005 mg/L”, “Na 1000 mg/L 

standard for AAS”, “K standard for AAS 1000 mg/L”, nitric acid (HNO3)  69.0% (m/m), 

TraceSELECT®, HNO3 60% p.a. grade (m/m), citric acid monohydrate (C6H8O7*H2O), 

sucrose (C12H22O11), glycerol solution (C3H8O3),, anhydrous calcium chloride (CaCl2), 

anhydrous magnesium chloride (MgCl2), lanthanum (III) oxide (La2O3), hydrochloric acid 

(HCl) and cesium chloride (CsCl) were purchased from Sigma-Aldrich (St. Louis, USA). 

Absolute alcohol (C2H6O) was purchased from PanReac AppliChem (Darmstadt, Germany). 

Ultrapure water was obtained from a Sartorius (Goettingen, Germany) Arium® pro water 

purification system. 

 

Stock solutions 

To guarantee the acidity, all the solutions (stock, samples and standard solutions) were 

prepared with 0.2% (v/v) of HNO3≥69% (m/m), TraceSELECT®, in ultrapure water [HNO3 

0.2% (v/v)]. 

Four solutions, were prepared: 

Ca, Mg, Na and K stock solution (S1) 

A standard stock solution with Ca 50 mg/L, Mg 5 mg/L, Na 100 mg/L and K 10 mg/L 

was prepared in HNO3 0.2% (v/v); 

Wine matrix solution (S2) 

A wine matrix solution with C6H8O7*H2O 7 g/L, C12H22O11 3 g/L, C3H8O3 7.98 ml/L, CaCl2 

100 mg/L, MgCl2 100 mg/L and C2H6O 100 ml/L was prepared in HNO3 0.2% (v/v); 

La 50 g/L stock solution (S3) 

A solution of La 50 g/L was prepared from La2O3 that was dissolved with the minimum 

amount of concentrated HCl and then diluted in HNO3 0.2% (v/v); 

Cs 5% (m/v) stock solution (S4) 

A solution of Cs 5% (m/v) was prepared with CsCl in HNO3 0.2% (v/v). 

 



Chapter 2 – Multi-elemental analysis in wines 

- 31 - 

Calibration solutions 

The recommended OIV-MA-AS322-04, OIV-MA-AS322-07, OIV-MA-AS322-03A and OIV-

MA-AS322-02A protocols were followed for Ca, Mg, Na and K, respectively, with some 

changes imposed by the linear range of the FAAS instrument used (OIV 2015). 

Depending on the element, different standard solutions were prepared: 

Ca: five standard solutions (0, 0.75, 1.50, 2.25 and 3.00 mg/L) were prepared from 

solution S1 in HNO3 0.2% (v/v); La (5 g/L) was added from solution S3; 

Mg: five standard solutions (0, 0.0625, 0.1250, 0.1875 and 0.2500 mg/L) were prepared 

from solution S1 in HNO3 0.2% (v/v); 

Na: five standard solutions (0, 0.125, 0.250, 0.375 and 0.500 mg/L) were prepared from 

solution S1 in HNO3 0.2% (v/v); Cs (1 g/L) was added from solution S4; 

K:  four standard solutions (0, 0.50, 1.00, and 1.50 mg/L) were prepared from solution 

S1 in HNO3 0.2% (v/v); Cs (1 g/L) was added from solution S4.  

 

Preparation of samples 

Depending on the element, different sample preparation procedures were used: 

Ca: 0.250 mL of the wine sample and 1 mL of La solution S3 were diluted in HNO3 0.2% 

(v/v) to a final volume of 10 mL. Thus, the samples were 1:40 diluted and the final 

concentration of La was 5 g/L, the same as in the standard solutions; 

Mg: It was prepared a 1:100 intermediate sample dilution in HNO3 0.2% (v/v) which was 

then 1:8 diluted in the same solvent. Thus, the samples were 1:800 diluted; 

Na: 0.100 mL of the sample and 0.200 mL of Cs solution S4 were diluted in HNO3 0.2% 

(v/v) to a final volume of 10 mL. Thus, the samples were 1:100 diluted and the final 

concentration of Cs was 1 g/L, the same as in the standard solutions. 

Three samples - BA1, TF5 and BG1 – had a concentration higher than the highest 

standard solution and, therefore, had to be 1:200 diluted; 

K:  It was prepared a 1:100 intermediate sample dilution in HNO3 0.2% (v/v), to a final 

volume of 10 mL. 1 mL of this intermediate sample solution and 0.200 mL of Cs 

solution S4 were diluted in HNO3 0.2% (v/v) to a final volume of 10 mL. Thus, the 

samples were 1:1000 diluted and the final concentration of Cs was 1 g/L, the same 

as in the standard solutions.  

Two samples - TC1 and TH1 – had a concentration higher than the highest standard 

solution and, therefore, had to be 1:2000 diluted. 



Chapter 2 – Multi-elemental analysis in wines 

- 32 - 

For each sample, four independent assays were performed, to check and take into account 

the repeatability of the results. 

The samples and standard solutions preparations protocol is summarized in Table 5. 

 

Table 5. Summary of samples and standard solutions preparation procedure for FAAS analysis. 

 Standard solutions Samples 

C
a

 

Stock solution S1 (Ca 50 mg/L) 

+ 

10 mL of La stock solution S3 (50 g/L) 

+ 

HNO3 0.2% (v/v) to a final volume of 100 mL 

0.250 mL of wine 

+ 

1 mL of La stock solution S3 (50 g/L) 

+ 

HNO3 0.2% (v/v) to a final volume of 10 mL 

M
g

 Stock solution S1 (Mg 5 mg/L) 

+ 

HNO3 0.2% (v/v) to a final volume of 100 mL 

a) 0.100 mL of wine  

+ 

HNO3 0.2% (v/v) to a final volume of 10 mL 

 

 

b) 1 mL of 1:100 previously diluted wine 

+ 

HNO3 0.2% (v/v) to a final volume of 8 mL 

N
a

  

Stock solution S1 (Na 100 mg/L) 

+ 

2 mL of Cs stock solution S4 (5% m/v) 

+ 

1 mL of wine matrix solution S2 

+ 

HNO3 0.2% (v/v) to a final volume of 100 mL 

0.100 mL of wine 

+ 

0.200 mL of Cs stock solution S4 (5% m/v) 

+ 

HNO3 0.2% (v/v) to a final volume of 10 mL 

K
 

Stock solution S1 (K 10 mg/L) 

+ 

2 mL of Cs stock solution S4 (5% m/v) 

+ 

0.100 mL of wine matrix solution S2 

+ 

HNO3 0.2% (v/v) to a final volume of 100 mL 

a) 0.100 mL of wine 

+ 

HNO3 0.2% (v/v) to a final volume of 10 mL 

 

 

b) 1 mL of 1:100 previously diluted wine 

+ 

0.200 mL of Cs stock solution S4 (5% m/v) 

+ 

HNO3 0.2% (v/v) to a final volume of 10 mL 

 

Analysis of samples 

The zero of the calibration was defined with the zero-standard solution (calibration blank) 

and the remaining standard solutions were read followed by the samples. It was build a 
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graph showing the absorbance (Abs) as a function of the element concentration in the 

standard solutions, and the linear regression equation (Equation 1.) and the coefficient of 

determination (R2) were calculated. The concentration of the samples was derived from the 

linear regression equations.  

Equation 1. 

𝐴𝑏𝑠 = 𝑚 × 𝐶𝑒𝑙𝑒𝑚𝑒𝑛𝑡 + 𝑏 

Since the samples were previously diluted, the wines concentrations were given by 

multiplying the obtained results (samples solutions) by the correspondent dilution factor. 

 

Instrumental conditions 

A Perkin-Elmer (Überlingen, Germany) model AAnalyst 200 instrument was used, 

operated under the manufacturer’s instructions with an air-acetylene flame and hollow 

cathode lamps (HCL). The main instrumental conditions are presented in Table 6. 

 

Table 6. FAAS main instrumental operating conditions. 

 

Lamp 
Integration 

time 
(s) 

Optics Flame 

Type / 
Manufacturer 

Current 
(mA) 

Wavelength 
(λ) (nm) 

Slit 
(nm) 

Oxidant 
Air 

(L/min) 

Fuel 
Acetylene 
(L/min) 

Ca 
HCL / 

Perkin-Helmer 
10 3 422.67 2.7/0.6 10.00  2.70 

Mg 
HCL / 

Perkin-Helmer 
6 3 285.21 2.7/1.05 10.00 2.50 

Na 
HCL / 

SCP SCIENCE 
5 3 598.00 1.8/0.6 10.00 2.50 

K 
HCL / 

SCP SCIENCE 
3 5 769.90 2.7/0.45 10.00 2.50 

 

Method validation 

Even though the methods that were used are recommended (official) methods, therefore 

validated methods, some tests were done to ensure the proficiency of the work and the 

reliability of the data. Therefore, analytical features such as linearity, matrix effect and 

recovery were evaluated. 

 

i) Linearity 

The linearity was determined by preparing and analyzing, in four different days, the 

standard solutions for each element. All the standard solutions were independently 
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prepared, in the same conditions as the samples (according to Table 5). The linearity was 

evaluated by inspection of the regression curves (Abs vs element concentration) and the 

correspondent R2. 

 

ii) Matrix effect 

This analytical feature was evaluated only for the elements whose standard solutions were 

not prepared with sample matrix solution: Ca and Mg. Solutions with the same 

concentrations as standard solutions (0, 0.75, 1.50, 2.25 and 3.0 mg/L for Ca and 0, 0.0625, 

0.1250, 0.1875 and 0.2500 mg/L for Mg) were independently prepared with the addition of 

wine matrix solution S2, which was diluted according to the element dilution in wine 

samples (1:40 dilution for Ca and 1:800 dilution for Mg). The slope of the calibration curves 

obtained for standard solutions prepared with and without sample matrix were compared, 

according to Equation 2, to check if the matrix had some effect on the standard solutions 

analytical signals (Abs). 

Equation 2. 

𝑀𝑎𝑡𝑟𝑖𝑥 𝑒𝑓𝑓𝑒𝑐𝑡 (%) =
𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑚𝑎𝑡rix-matched 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒𝑠  

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑛𝑜 matrix-matched 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒𝑠 
× 100 

 

iii) Recovery assays 

Depending on the element, for the ten wine samples that had the lower concentrations, two 

different and independent dilutions were prepared: one with HNO3 0.2% (v/v) and other 

with a standard solution. 

Ca: the wine samples were 1:20 diluted, with La 5 g/L. Then 3 mL of the diluted sample 

were further diluted with 3 mL of HNO3 0.2% (v/v) that had La 5 g/L; other 3 mL of 

the diluted sample were further diluted with 3 mL of a 1.50 mg/L Ca standard 

solution. Thus, the samples were 1:40 diluted and the final concentration of La was 

5 g/L. 

Mg: the wine samples were 1:400 diluted. Then 3 mL of the diluted sample were diluted 

with 3 mL of HNO3 0.2% (v/v) and other 3 mL were diluted with 3 mL of 0.1875 

mg/L Mg standard solution. Thus, the samples were 1:800 diluted. 

Na: the wine samples were 1:50 diluted, with Cs 1 g/L. Then 3 mL of the diluted sample 

were further diluted with 3 mL of HNO3 0.2% (v/v) that had Cs 1 g/L, and other 3 

mL were diluted with 3 mL of 0.250 mg/L Na standard solution . Thus, the samples 

were 1:100 diluted and the final concentration of Cs was 1 g/L. 
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K: the wine samples were 1:500 diluted, with Cs 1 g/L. 3 mL of the diluted sample were 

diluted with 3 mL of HNO3 0.2% (v/v) that had Cs 1 g/L, and other 3 mL were diluted 

with 3 mL of 1.00 mg/L K standard solution. Thus, the samples were 1:1000 diluted 

and the final concentration of Cs was 1 g/L. 

Recovery percentage was calculated by comparing the element experimental mass 

(obtained from the difference between the results of the two assays: dilution with standard 

solution – dilution with the blank) and the element nominal mass (the theoretical element 

mass difference between the two assays), as indicated in Equation 3. A percentage recovery 

of 100 ± 20% was considered satisfactory (ICH 2005). 

Equation 3. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑚𝑎𝑠𝑠

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 
× 100 

 

Statistical analysis 

The normality of data was tested based on D’Agostino-Pearson test. The difference in 

elements content between the different types of wine (white or red) and between region was 

tested with the non-parametric Mann-Whitney test and Kruskal-Wallis test (One-way 

ANOVA on ranks) followed by a multi-comparison analysis using the Dunn’s test. 

Discriminant analysis was performed using the elements concentration that where 

normalizable after Box-Cox power transformation. The stepwise method was used to select 

those elements having sufficient discriminatory power to distinguish one region from 

another. All statistical analyses were performed using the software package IBM SPSS 

Statistics 24 (SPSS Inc., Chicago, IL, USA). 

Statistical significance was considered for p < 0.05. 

 

2.2.2. Inductively Coupled Plasma Mass 

Reagents and materials 

 “Metalloid and non-metal mix for ICP” 100 mg/L, “Transition metal mix 2 for ICP” 100 

mg/L, “Periodic table mix 3 for ICP” 10 mg/L, “Pd standard for atomic spectroscopy” 1000 

mg/L, “Pt standard for ICP” 1000 mg/L and “Rh standard for ICP” 1000 mg/L were 

purchased from Fluka (St. Louis, USA). Bromine standard 1000 mg/L was purchased from 

Ultra Scientific (North Kingstown, USA) and “Multi element standard SCP-33-MS” 10 mg/L 

was purchased from SCP SCIENCE (Quebec, Canada). Wine reference material (Ref, 
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TET019RM) was purchased from Fapas (Sand Hutton, UK), nitric acid (HNO3)  69.0% 

(m/m), TraceSELECT® and HNO3 60% p.a. grade (m/m) were purchased from Sigma-

Aldrich (St. Louis, USA).  

Ultrapure water was obtained from a Sartorius (Goettingen, Germany) Arium® pro water 

purification system. 

 

Stock solutions 

To guarantee the acidity, all the solutions (stock, samples and standard solutions) were 

prepared with 2% (v/v) of HNO3≥69% (m/m), TraceSELECT®, in ultrapure water [HNO3 

2% (v/v)]. 

Two solutions were prepared: 

Multi-element standard stock solution (S5) 

A multi-element standard stock solution with Li, Be, Al, Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 

Ge, Br, Rb, Sr, Y, Zr, Nb, Pd, Ag, Cd, Ba, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 

Hf, Ta, W, Re, Pt, Tl, Pb, Bi and U 1 mg/L and As, Se, Mo, Sn, Sb, La and Ce 2 mg/L were 

prepared in HNO3 2% (v/v) starting from “Metalloid and non-metal mix for ICP” 100 

mg/L, “Transition metal mix 2 for ICP” 100 mg/L, “Periodic table mix 3 for ICP” 10 

mg/L, “Pd standard for atomic spectroscopy” 1000 mg/L, “Pt standard for ICP” 1000 

mg/L, “Bromine standard” 1000 mg/L and “Multi element standard SCP-33-MS” 10 

mg/L solutions; 

Rh standard stock solution (S6) 

Rh standard stock solution of 1 mg/L was prepared in HNO3 2% (v/v) from “Rh standard 

for ICP” 1000 mg/L solution. 

 

Calibration solutions 

The recommended OIV-MA-AS323-07 protocol for the elements determination by ICP-MS 

was followed (OIV 2015). 

Several standard solutions were prepared (0, 0.02, 0.10, 0.20, 1.0, 2.0, 5.0, 10.0, 20.0, 

100.0, 200.0 and 500.0 µg/L for As, Se, Mo, Sn, Sb, La an Ce, and 0, 0.01, 0.05, 0.10, 0.50, 

1.0, 2.5, 5.0, 10.0, 50.0, 100.0 and 250.0 µg/L for Li, Be, Al, Sc, V, Cr, Mn, Fe, Co, Ni, Cu, 

Zn, Ge, Br, Rb, Sr, Y, Zr, Nb, Pd, Ag, Cd, Ba, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 

Hf, Ta, W, Re, Pt, Tl, Pb, Bi and U) from multi-element stock solution S5 in HNO3 2% (v/v) 
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and 0.05 mL of 103Rh (1 mg/L) standard stock solution S6 was added to 4.95 mL of each 

standard solution. 

The elemental isotope 103Rh was monitored as internal standard (IS) and its concentration 

in the solutions analyzed was 10 µg/L. 

 

Preparation of samples  

0.250 mL of each sample and 0.050 mL of Rh solution (1 mg/L) were diluted in HNO3 2% 

(v/v) to a final volume of 5 mL. Thus, the samples were 1:20 diluted and the Rh 

concentration was 10 µg/L, as in the standard solutions. 

For each sample four independent assays were performed to check and to take into account 

the repeatability of the results. 

The samples and standard solutions preparations protocol is summarized in Table 7. 

 

Table 7. Summary of samples, reference material and standard solutions preparation procedure for 
ICP-MS analysis. 

 Standard solutions Samples and Reference Material 

P
r

e
-d

il
u

ti
o

n
 

Stock solution S5 

(1 mg/L or 2 mg/L depending on the element) 

+ 

HNO3 2% (v/v) to a final volume of 100 mL 

- - - - - - 

F
in

a
l 

s
o

lu
ti

o
n

 

4.95 mL of pre-diluted solution 

+ 

0.05 mL of Rh solution (1 mg/L) 

0.250 mL of wine 

+ 

0.05 mL of Rh solution (1 mg/L) 

+ 

HNO3 2% (v/v) to a final volume of 5 mL 

 

Analysis of samples 

The zero of the calibration curve was defined with the calibration blank and the remaining 

standard solutions were read, followed by the samples. The instrument software 

automatically generated a calibration curve, showing the intensity of the analytical signal 

(ion counts per second) as a function of the element concentration in the standard solutions 

and calculated the linear regression equation (Equation 4) and the R2. The concentration of 

the samples was derived from the linear regression equations.  
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Equation 4. 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑖𝑐𝑝𝑠) = 𝑚 × 𝐶𝑎𝑛𝑎𝑙𝑦𝑡𝑒 + 𝑏 

Since the samples had previously been diluted, the concentrations were calculated by 

multiplying the obtained results (samples solutions) by the dilution factor. 

 

Instrumental conditions 

A Thermo Scientific™ (Bremen, Germany) iCAP™ Q ICP-MS instrument was used. The 

instrument was equipped with a MicroMist™ nebulizer (Glass Expansion, Port Melbourne, 

Australia), a standard Peltier-cooled baffled cyclonic spray chamber, a standard quartz 

torch and two (sample and skimmer) nickel cones. A CETAC™ Asx-260 autosampler was 

used for automated sample introduction. High-purity argon (99.9997%; Gasin, Portugal) 

was used as the nebulizer and plasma gas. The ICP-MS instrument was operated under the 

conditions listed in Table 8. 

 

Table 8. ICP-MS main instrumental operating conditions. 

Parameter Value  Parameter Value 

Peristaltic pump speed 40 rpm Dwell Times 10 ms 

Interface cones Ni Replicates per analysis 3 

RF Power 1150 W Sample uptake / wash time 1 min 

Cool gas flow 14 L/min 
Total analysis time (sample 
to sample) 

3 min 

Auxiliary gas flow 0.8 L/min Number of sweeps 10  

Nebulizer gas flow 1.04 L/min   

 

Method validation 

Even though we used a method recommended by OIV, it is validated only for 14 of the 51 

elements that were analyzed in this work (Table 9).  

 
Table 9. Elemental isotopes (m/z ratios) monitored for ICP-MS analytical determinations. Those in 
red are the elemental isotopes which appear in the OIV method.  

7Li 9Be 27Al 45Sc 51V 53Cr 55Mn 57Fe 59Co 60Ni 65Cu 66Zn 73Ge 

75As 79Br 82Se 85Rb 88Sr 89Y 90Zr 93Nb 98Mo 105Pd 107Ag 111Cd 118Sn 

121Sb 137Ba 139La 140Ce 141Pr 146Nd 147Sm 153Eu 157Gd 159Tb 163Dy 165Ho 166Er 

169Tm 172Yb 175Lu 178Hf 181Ta 182W 185Re 195Pt 205Tl 208Pb 209Bi 238U  
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Thus, one of the preliminary steps of this work was to validate this method for the remaining 

elements. The validation of the analytical method was performed according to the 

recommendations in “Validation of Analytical Procedures: Text and Methodology” from the 

International Conference on Harmonization (ICH) (ICH 2005). Analytical features such as 

linearity, accuracy, precision (between-run) and sensitivity were evaluated. It was also 

analyzed a reference material. 

 

i) Linearity 

The linearity was determined by preparing and analyzing, in three different days, twelve 

standard solutions. All the standard solutions were independently prepared (according to 

Table 7). The linearity was evaluated by inspection of the calibration curves (analytical 

signal vs element concentration) and the R2. 

 

ii) Accuracy 

To evaluate the accuracy of the method, three different standard solutions, with 

concentrations within the calibration concentration range, were prepared in wine matrix 

solution S2 (“low”, “medium” and “high” concentrations: 1.0, 20.0 and 100.0 µg/L for As, 

Se, Mo, Sn, Sb, La and Ce; 0.5, 10.0 and 50.0 µg/L for the remaining elements) and Rh 10 

µg/L (as internal standard). The recovery, calculated form the difference between nominal 

concentration and the concentration obtained from the calibration curve, was calculated for 

all the 51 elements, as indicated in Equation 5. For this parameter, a recovery value of 100 

± 20% was considered satisfactory (ICH 2005). 

Equation 5. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑚𝑒𝑎𝑛 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 
× 100 

 

In addition to recovery assay, a wine reference material (Ref, TET019RM) with Cu, Cd and 

Pb, was analyzed under the same conditions as the wine samples. The reference material 

was prepared according to samples preparation illustrated in Table 7. The results were 

expressed as recovery percentage by comparing the determined values and the certified 

values (Equation 6). A recovery percentage value of 100 ± 20% was considered satisfactory 

(ICH 2005). 

Equation 6. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 
× 100 
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iii) Precision 

Repeatability – Within-run precision 

Within-run precision of the analytical method was determined with three different analyte 

concentrations, within the linear concentration range (low, medium and high 

concentrations 1.0, 20.0 and 100.0 µg/L for Mo, Sn, Sb, La and Ce, and 0.5, 10.0 and 50.0 

µg/L for the remaining elements), were spiked in wine matrix solution S2 with Rh 10 µg/L. 

Three different replicates of each were independently prepared in the same run. The results 

were expressed as the coefficient of variation (% CV) of the observed values (analytical 

signal vs element concentration). A %CV value ≤ 15% was considered satisfactory (ICH 

2005). 

 

iv) Sensitivity 

The sensitivity of the method was evaluated with the limit of detection (LoD) and the limit 

of quantification (LoQ). The LoD was obtained from the standard deviation of 20 replicate 

measurements of the blank solution [HNO3 2% (v/v)] divided by the calibration curve slope 

and the LoQ was calculated as the concentration corresponding to 3 times LoD.  

 

Statistical analysis 

For the statistical calculation, results that were below the LoD were assumed as the LoD 

divided by the square root of 2, a commonly used procedure for data imputation of lower 

than LoD values (Succop et al. 2004). The normality of data was tested based on D’Agostino-

Pearson test. The difference in elements content between the different types of wine (white 

or red) and between region was tested with the non-parametric Mann-Whitney test and 

Kruskal-Wallis test (One-way ANOVA on ranks) followed by a multi-comparison analysis 

using the Dunn’s test. Discriminant analysis was performed using the elements 

concentration that where normalizable after Box-Cox power transformation. The stepwise 

method was used to select those elements having sufficient discriminatory power to 

distinguish one region from another. All statistical analyses were performed using the 

software package IBM SPSS Statistics 24 (SPSS Inc., Chicago, IL, USA). 

Statistical significance was considered for p < 0.05. 
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2.3. RESULTS AND DISCUSSION 

2.3.1. Method validation 

Flame Atomic Absorption Spectrometry 

Depending on the element, some reagent solutions were added to both samples and 

standard solutions to control and prevent interferences: 

Ca: a La solution (S3) was added to control chemical interferences. When phosphate is 

present in the sample solution, it binds to Ca, forming calcium phosphate, which is 

not completely dissociated with an acetylene flame. By adding La, which binds to the 

phosphate groups, it can be ensured that all the Ca in the solutions is atomized 

(Beaty and Kerber 1993); 

Na: a Cs solution (S4) was added to control ionization interferences. Since Cs is more 

easily ionized than Na, it creates a great number of free electrons in the flame, acting 

as Na ionization suppressant (Beaty and Kerber 1993); 

K: for the same reasons as for Na, a Cs solution (S4) was added to control ionization 

interferences. Furthermore, a red filter, capable of absorbing the radiation of  < 

650 nm, was used in FAAS instrument (between the flame and the monochromator 

entrance slit), since it was a recommended condition of the instrument 

manufacturers for determinations at λ = 769.90 nm. 

 

i) Linearity 

The linear regression equation and the R2 were determined. Linear regression equation (Y 

= mX + b) represents the relationship between the analytical signal (Absorbance: Y) and the 

corresponding standard solution elemental concentration (X). The results were expressed 

as the mean ± standard deviation (SD). The linear relationship between Abs and element 

concentration over the tested concentration range was confirmed by the high coefficients of 

determination R2 which where, in all cases, greater than 0.999 (Table 10). 

 

Table 10. Calibration curves data in FAAS determinations.  

Element Slope Intercept  R2  

Ca 0.142 ± 0.004 0.006 ± 0.001 0.9991 ± 0.0004 

Mg 1.505 ± 0.146 -0.001 ± 0.001 0.9999 ± 0.0001 

Na 0.997 ± 0.038 -0.0004 ± 0.0005 0.9999 ± 0.0001 

K 0.334 ± 0.008 -0.002 ± 0.002 0.9994 ± 0.0004 
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ii) Matrix effect 

The eventual presence of a matrix effect was evaluated for Ca and Mg determinations (since 

standard solutions were not prepared with wine matrix solution S2). The linear regression 

equation was determined and the slopes of both calibration curves (with and without 

matrix) were compared according to Equation 2 (Table 11). The values obtained showed that 

the calibration curves were quite similar (slopes ratio approximately 1), which proves that 

no significant matrix effect was present in the determination of these elements. 

 

Table 11. Ca and Mg matrix effect study. 

Element Slope of the calibration curve 
Slopes ratio 

(%) 

Ca – without matrix 0.142 
98.6 

Ca – with matrix 0.140 

Mg – without matrix 1.52 
100.6 

Mg – with matrix 1.53 

 

iii) Recovery assays 

Table 12 summarizes the results of recovery assays according to the Equation 3, expressed 

as the mean ± SD for the 10 wine samples tested. Recovery percentages between 94.6 - 

99.6% were obtained, which were within the accepted limit of this parameter (100 ± 20%). 

Thus, the FAAS determination of these elements seemed accurate, with no significant non-

spectral interferences. 

 

Table 12. Recovery percentage for FAAS tested elements. 

Element 
Recovery 

(%) 

Ca 97.6 ± 0.6 

Mg 94.3 ± 5.5 

Na 99.6 ± 3.5 

K 98.6 ± 3.9 

 

Inductively Coupled Plasma Mass Spectrometry 

i) Linearity 

The linear regression equation (Y = mX + b) and the R2 were determined, where Y and X 

represent the relationship between the analytical signal (icps) and the corresponding 

standard solution element concentrations, respectively. The linear relationship between 
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analytical signal and element concentration over the tested concentration range was 

confirmed by the high determination R2 coefficients, which were higher than 0.999, except 

for Se, La, Lu and Bi, for which they were higher than 0.997 (Table 13). 

 

Table 13. Calibration curves data for ICP-MS determined elements. 

Element Slope Intercept R2  Element Slope Intercept R2 

Li 55729 130.9 0.9995  Sb 7266 5.0 0.9998 

Be 10622 4.0 1.0000  Ba 3718 91.1 0.9992 

Al 45069 114318.7 0.9999  La 38905 10671.1 0.9974 

Sc 46611 12877.8 0.9994  Ce 34478 57.0 0.9996 

V 36021 7450.3 0.9993  Pr 40583 7.0 0.9999 

Cr 2935 2633.4 1.0000  Nd 6604 4.0 1.0000 

Mn 50226 1340.6 0.9992  Sm 5422 1.0 0.9994 

Fe 685 12222.0 0.9994  Eu 19308 3.0 0.9997 

Co 21560 82.0 0.9994  Gd 6067 5.0 0.9994 

Ni 4481 214.0 0.9996  Tb 37435 7.0 0.9995 

Cu 4363 179.0 0.9999  Dy 8657 2.0 0.9996 

Zn 2925 1514.1 0.9995  Ho 35662 3.0 0.9994 

Ge 1409 11.9 1.0000  Er 11163 3.0 0.9997 

As 2581 122.0 1.0000  Tm 36693 3.0 0.9994 

Br 664 791.0 0.9998  Yb 7500 0.0 0.9999 

Se 264 -11.4 0.9977  Lu 32501 2.0 0.9990 

Rb 33076 45.0 0.9997  Hf 9454 0.0 0.9996 

Sr 43943 1124.2 0.9995  Ta 34991 34.9 0.9994 

Y 39551 24.0 0.9998  W 7930 27.0 0.9999 

Zr 19266 39.0 0.9994  Re 10664 0.0 0.9998 

Nb 29845 37.0 0.9997  Pt 3833 1.0 0.9997 

Mo 8021 43.8 0.9996  Tl 14894 0.0 0.9994 

Pd 5426 5.0 0.9999  Pb 10486 88.0 0.9999 

Ag 10765 887.9 0.9995  Bi 16580 54.9 0.9990 

Cd 2379 2.0 0.9997  U 23691 4.0 0.9996 

Sn 6937 24.0 0.9996      

 

 

 

ii) Accuracy 

The method accuracy was evaluated through recovery assays at three concentration levels 

within the linear concentration range (low, medium and high concentrations). Recoveries 

were calculated as the percentage according to Equation 5. Table 15 summarizes the results, 

expressed as the mean ± SD for the three concentration levels, according to Equation 5. 
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Recovery values between 82.3 and 119.6% were obtained (Table 15), which are within the 

accepted limit for this parameter (100 ± 20%). 

Recoveries for As and Se at the three concentration levels (1.0, 20.0 and 100.0 µg/L) were 

not within the accepted limit, so they were excluded from this study. Despite they fail the 

recovery assay at the first concentration level (0.5 µg/L), for Cr, Fe, Zn and Br were included 

in this work, considering that all the samples presented high values for these elements. 

Table 14 summarizes the results obtained in the analysis of the reference material, 

expressed as mean ± SD of the recovery percentage, calculated according to the Equation 6. 

The mean recovery percentage ranged between 89.8% and 99.2%, well within the accepted 

limit for this parameter (100 ± 20%), demonstrating that the certified elements were 

accurately determined. 

 

Table 14. Recovery data for ICP-MS certified reference material. 

Element 
Certified value 

(µg/L) 
Determined value 

(µg/L) 
Recovery 

(%) 

Cu 266 ± 20 239.0 ± 15.1 89.8 ± 2.7 

Cd 92.0 ± 5.3 91.3 ± 6.9 99.2 ± 7.5 

Pb 156 ± 11 146.6 ± 7.7 94.0 ± 4.9  

 

iii) Precision 

Repeatability – Within-run precision 

The within-run precision of the method was determined after the independently analysis of 

three different replicates of each analyte concentration. The results were expressed as mean 

± SD of % CV of the observed values (analytical signal vs element concentration). As seen in 

Table 15, the %CV values were within the accepted limit for this parameter (≤ 20%). 

 



 

 

Table 15. Accuracy and precision data for ICP-MS determined elements. 

Element 
Nominal 

concentration 
(µg/L) 

Experimental 
concentration 

(µg/L) 

Recovery 
(%) 

Within-run 
precision 

 
Element 

Nominal 
concentration 

(µg/L) 

Experimental 
concentration 

(µg/L) 

Recovery 
(%) 

Within-run 
precision 

CV (%)  CV (%) 

Li 
0.5 0.44 ± 0.04 87.8 8.8  

Br 
0.5 NV NV NV 

10.0 10.27 ± 1.15 102.7 11.2  10.0 9.29 ± 0.27 92.9 2.9 
50.0 54.47 ± 0.07 108.9 0.1  50.0 55.26 ± 1.26 110.5 2.3 

Be 
0.5 0.48 ± 0.02 96.2 4.4  

Rb 
0.5 0.51 ± 0.05 102.9 10.2 

10.0 10.97 ± 0.16 109.7 1.5  10.0 10.82 ± 0.16 108.2 1.5 
50.0 55.63 ± 0.38 111.3 0.7  50.0 53.78 ± 1.92 107.6 3.6 

Al 
0.5 0.48 ± 0.04 95.6 9.2  

Sr 
0.5 0.60 ± 0.05 119.6 8.5 

10.0 11.67 ± 0.22 116.7 1.9  10.0 10.85 ± 0.13 108.5 1.2 
50.0 58.93 ± 2.69 117.9 4.6  50.0 54.59 ± 3.08 109.2 5.6 

Sc 
0.5 0.57 ± 0.02 115.0 3.8  

Y 
0.5 0.46 ± 0.001 92.1 0.2 

10.0 10.64 ± 1.12 106.4 10.6  10.0 10.78 ± 0.09 107.8 0.8 
50.0 55.32 ± 2.04 110.6 3.7  50.0 54.75 ± 1.06 109.5 1.9 

V 
0.5 0.52 ± 0.06 103.1 11.4  

Zr 
0.5 0.43 ± 0.03 87.0 6.2 

10.0 1.18 ± 0.29 111.8 2.6  10.0 10.64 ± 0.19 106.4 1.7 
50.0 55.12 ± 0.65 110.2 1.2  50.0 53.89 ± 1.47 107.8 2.7 

Cr 
0.5 NV NV NV  

Nb 
0.5 0.46 ± 0.04 91.6 8.9 

10.0 11.77 ± 0.23 117.7 1.9  10.0 10.82 ± 0.16 108.2 1.4 
50.0 53.76 ± 1.47 107.5 2.7  50.0 54.11 ± 0.19 108.2 0.3 

Mn 
0.5 0.48 ± 0.02 96.6 5.0  

Mo 
1.0 0.83 ± 0.09 82.8 10.8 

10.0 10.10 ± 0.27 101.0 2.7  20.0 21.10 ± 0.11 105.5 0.5 
50.0 53.26 ± 0.92 106.5 1.7  100.0 108.57 ± 0.90 108.6 0.8 

Fe 
0.5 NV NV NV  

Pd 
0.5 0.46 ± 0.03 91.9 6.1 

10.0 10.94 ± 1.10 109.4 10.1  10.0 10.07 ± 1.04 100.7 10.3 
50.0 50.57 ±6.40 101.1 12.7  50.0 53.60 ± 6.38 107.2 11.9 

Co 
0.5 0.45 ± 0.0001 90.5 0.02  

Ag 
0.5 0.48 ± 0.002 95.4 0.4 

10.0 10.69 ± 0.21 106.9 1.9  10.0 8.29 ± 0.52 82.9 6.3 
50.0 54.31 ± 0.60 108.6 1.1  50.0 49.16 ± 5.26 98.3 10.7 

Ni 
0.5 0.57 ± 0.04 113.3 6.2  

Cd 
0.5 0.43 ± 0.01 86.3 1.8 

10.0 9.26 ± 0.09 92.6 0.9  10.0 10.14 ± 0.24 101.4 2.4 
50.0 49.39 ± 1.76 98.8 3.6  50.0 50.64 ± 0.32 101.3 0.6 

Cu 
0.5 0.46 ± 0.03 92.3 5.9  

Sn 
1.0 0.97 ± 0.06 97.3 6.7 

10.0 11.31 ± 1.65 113.1 14.6  20.0 19.28 ± 2.34 96.4 12.2 
50.0 52.59 ± 1.40 105.2 2.7  100.0 105.86 ± 1.10 105.9 1.0 

Zn 
0.5 NV NV NV  

Sb 
1.0 1.03 ± 0.10 103.1 10.0 

10.0 10.58 ± 0.05 105.8 0.5  20.0 23.39 ± 1.03 117.0 4.4 
50.0 51. 81 ± 1.47 103.6 2.8  100.0 108.71 ± 2.06 108.7 1.9 

Ge 
0.5 0.54 ± 0.03 108.2 4.8  

Ba 
0.5 0.44 ± 0.02 88.2 4.9 

10.0 10.29 ± 0.17 102.9 1.6  10.0 9.68 ± 0.09 96.8 0.9 
50.0 52.69 ± 2.02 105.4 3.8  50.0 50.26 ± 0.90  100.5 1.8 
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Table 15. Accuracy and precision data for ICP-MS tested elements (cont.).  

NV – Not validated

Element 
Nominal 

concentration 
(µg/L) 

Experimental 
concentration 

(µg/L) 

Recovery 
(%) 

Within-run 
precision 

 
Element 

Nominal 
concentration 

(µg/L) 

Experimental 
concentration 

(µg/L) 

Recovery 
(%) 

Within-run 
precision 

CV (%)  CV (%) 

La 
1.0 0.99 ± 0.14 99.0 13.7  

Yb 
0.5 0.42 ± 0.01 84.8 2.7 

20.0 22.83 ± 2.87 114.1 12.6  10.0 10.40 ± 0.12 104.0 1.1 
100.0 103.04 ± 2.13 103.0 2.1  50.0 53.30 ± 0.96 106.6 1.8 

Ce 
1.0 0.86 ± 0.02 86.1 2.8  

Lu 
0.5 0.41 ± 0.02 82.3 3.6 

20.0 23.04 ± 2.22 115.2 9.7  10.0 10.33 ± 0.16 103.3 1.5 
100.0 104.97 ± 1.62 105.0 1.5  50.0 53.53 ± 0.18 107.1 0.3 

Pr 
0.5 0.44 ± 0.01 88.3 1.4  

Hf 
0.5 0.44 ± 0.02 87.6 3.5 

10.0 10.51 ± 0.49 105.1 4.7  10.0 10.09 ± 0.12 100.9 1.2 
50.0 54.13 ± 1.22 108.3 2.2  50.0 55.06 ± 2.77 110.1 5.0 

Nd 
0.5 0.43 ± 0.01 85.8 3.3  

Ta 
0.5 0.48 ±0.07 95.2 13.8 

10.0 10.39 ± 0.02 103.9 0.2  10.0 9.86 ± 0.38 98.6 3.9 
50.0 54.20 ± 1.95 108.4 3.6  50.0 51.76 ± 0.23 103.5 0.5 

Sm 
0.5 0.45 ± 0.02 90.0 3.4  

W 
0.5 0.44 ± 0.002 87.7 0.4 

10.0 10.30 ± 0.23 103.0 2.3  10.0 10.43 ± 0.27 104.3 2.6 
50.0 51.99 ± 0.55 104.0 1.1  50.0 54.10 ± 0.10 108.2 0.2 

Eu 
0.5 0.42 ± 0.01 84.6 3.2  

Re 
0.5 0.43 ± 0.01 86.2 1.9 

10.0 10.37 ± 0.11 103.7 1.0  10.0 10.19 ± 0.07 101.9 0.7 
50.0 53.55 ± 0.15 107.1 0.3  50.0 50.25 ± 6.49 100.5 12.9 

Gd 
0.5 0.47 ± 0.02 93.7 4.6  

Pt 
0.5 0.42 ± 0.03 838.8 6.6 

10.0 10.51 ± 0.004 105.1 0.04  10.0 10.15 ± 0.01 101.5 0.1 
50.0 53.53 ± 0.18 107.1 0.3  50.0 49.89 ± 2.38 99.8 4.8 

Tb 
0.5 0.43 ± 0.01 86.1 1.9  

Tl 
0.5 0.42 ± 0.03 84.9 7.4 

10.0 10.65 ± 0.12 106.5 1.1  10.0 10.46 ± 0.01 104.6 0.1 
50.0 54.10 ± 0.46 108.2 0.9  50.0 52.94 ± 1.82 105.9 3.4 

Dy 
0.5 0.43 ± 0.02 86.5 3.9  

Pb 
0.5 0.45 ± 0.02 89.1 3.4 

10.0 10.28 ± 0.04 102.8 0.4  10.0 10.31 ± 0.18 103.1 1.8 
50.0 51.03 ± 3.66 102.1 7.2  50.0 52.97 ± 1.76 105.9 3.3 

Ho 
0.5 0.42 ± 0.01 84.0 3.5  

Bi 
0.5 0.47 ± 0.02 94.9 3.9 

10.0 10.57 ± 0.15 105.7 1.5  10.0 10.69 ± 0.02 106.9 0.2 
50.0 53.83 ± 0.53 107.7 1.0  50.0 52.96 ± 0.27 105.9 0.5 

Er 
0.5 0.45 ± 0.02 90.0 5.0  

U 
0.5 0.41 ± 0.0005 82.4 0.1 

10.0 10.46 ± 0.21 104.6 2.0  10.0 10.51 ± 0.02 105.1 0.2 
50.0 52.86 ± 2.56 105.7 4.8  50.0 52.71 ± 1.07 105.4 2.0 

Tm 
0.5 0.42 ± 0.03 83.9 6.0  

 
    

10.0 10.67 ± 0.32 106.7 3.0      
50.0 53.46 ± 0.27 106.9 0.5      - 4

6 - 
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iv) Sensitivity 

Table 16 shows the calculated LoD and LoQ for the determination for each element in the 

analytical conditions used. The data shows that the method was highly sensitive, enabling 

the detection and quantification of the elements at ng/L levels. 

 

Table 16. LoD and LoQ data for ICPMS tested elements. 

Element 
LoD 

(µg/L) 
LoQ 

(µg/L) 
 Element 

LoD 
(µg/L) 

LoQ 
(µg/L) 

Li 0.0015 0.0044  Ba 0.0016 0.0048 

Be 0.0011 0.0032  La 0.0005 0.0015 

Al 0.0690 0.2069  Ce 0.0017 0.0050 

Sc 0.0404 0.1212  Pr 0.0015 0.0045 

V 0.0423 0.1270  Nd 0.0006 0.0017 

Cr 0.1463 0.4390  Sm 0.0023 0.0070 

Mn 0.0079 0.0238  Eu 0.0006 0.0017 

Fe 0.9299 2.7898  Gd 0.0014 0.0041 

Co 0.0028 0.0085  Tb 0.0003 0.0009 

Ni 0.0237 0.0712  Dy 0.0011 0.0032 

Cu 0.0435 0.1306  Ho 0.0004 0.0012 

Zn 0.0913 0.2738  Er 0.0003 0.0009 

Ge 0.0213 0.0638  Tm 0.0003 0.0009 

Br 0.2997 0.8990  Yb 0.0016 0.0048 

Rb 0.0071 0.0213  Lu 0.0065 0.0194 

Sr 0.0007 0.0020  Hf 0.0003 0.0009 

Y 0.0026 0.0077  Ta 0.0082 0.0246 

Zr 0.0018 0.0054  W 0.0042 0.0126 

Nb 0.0061 0.0182  Re 0.0008 0.0023 

Mo 0.0123 0.0369  Pt 0.0288 0.0864 

Pd 0.0048 0.0145  Tl 0.0016 0.0048 

Ag 0.0064 0.0192  Pb 0.0005 0.0015 

Cd 0.0034 0.0101  Bi 0.0017 0.0050 

Sn 0.0154 0.0463  U 0.0015 0.0045 

Sb 0.0288 0.0864     

 

 

2.3.2. Analysis of the samples 

After the implementation and validation of the analytical methodologies, they were applied 

in the analysis of 70 red and white wines from different Portuguese regions. All the samples 

were prepared according to the sample preparation procedures summarized in Table 5 and 
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4, in FAAS and ICP-MS samples preparation sections, respectively. Concentrations were 

calculated according to Equation 1 and Equation 4, in FAAS and ICP-MS samples analyses 

sections, respectively, and considering the respective dilution factor. 

Table 17 shows the analytical results obtained for the whole set of wine samples, and also 

for the red wine and white wine samples separately. The results are expressed as the mean 

± SD of the four independent determinations. For Ag, Hf, Re and Pt all the samples results 

were <LoD, therefore these elements were excluded from this work. 

Considering the elements mean concentration (for the whole set of wines samples), they 

were divided into “macroelements” (mean concentration between 100.0 and 0.1 mg/L), 

“trace elements” (99.9 – 0.1 µg/L) and “ultra-trace elements” (< 100 ng/L).  

The analytical results obtained were submitted to a posterior data analysis to see if it was 

possible to differentiate the wines from the Portuguese IGP regions based on their elemental 

profile.  

As shown in Table 17, the mean concentrations for Ca, Na, Al, V, Co, Zr, Sn, La, Pb, Be, Ge, 

Y, Nb, Cd, Sb, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, W, Bi and U were higher 

in white wines while Mg, K, Mn, Fe, Rb, L, Sc, Cr, Ni, Cu, Br, Sr, Mo, Pd, Ba, Eu and Tl were 

higher in red wines.  

Sc, Co, La, Ge, Eu, Ta and Cd did not show statistical differences between white and red 

wines (at p < 0.05). Thus, for these elements, the data were treated as a whole (red + white). 

For the other elements, which showed significant differences between the mean 

concentration of red and white wine samples, they were individually analyzed and the mean 

concentration by region was determined according to the type of wine (Figure 30).  

By inspecting Figure 30 it is possible to draw some conclusions about significant differences 

between IGP regions: 

a) For those elements that did not showed statistical differences between white and red 

wine: 

✓ Sc, Eu and Ta did not show significant differences between regions; 

✓ Co and Ge showed higher values at Duriense and Lisboa region and lower values at 

Algarve; Ge also had lower values to Península de Setúbal; 

✓ La presented higher values in Alentejano IGP and lower in Terras da Beira; 

✓ Cd was lower in Tejo than all the other regions. 

b) For red wines: 

✓ Ca, K and Cr did not show significant differences between regions; 
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✓ Higher values of Mg, Sb and W were obtained for Terras da Beira; Zr, Y, U, Gd, Be, 

Er and Dy for Terras do Dão; V and Mo for Lisboa; and Pd, Lu and Tm for Península 

de Setúbal; 

✓ Lower values of Mn and Sr were obtained for Tejo and Algarve and Al, Zn and Sn for 

Duriense and Terras da Beira; 

✓ Tb showed lower values for Terras da Beira and central regions (Lisboa and Tejo); 

✓ Li, Be and Sr presented higher values for the north regions (Duriense, Terras do Dão 

e Terras da Beira), unlike Na and Br, that showed lower values in these regions. 

c) For white wines: 

✓ Cr and K did not show significant differences between regions; 

✓ Higher values of Na were found for Duriense, Tejo, Lisboa and Alentejano regions, 

of Rb for Terras do Dão, Tejo and Alentejano regions, of V and Mo for Lisboa, of Zn 

for Beira Atlântica and Tejo, of Br for Tejo, Lisboa and Alentejano region, of Pd in 

Duriense, Terras da Beira, Península de Setúbal and Alentejano region, and of Nb, 

Bi and U for Beira Atlântica; 

✓ Sn, Y, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu presented higher values in 

Duriense; 

✓ The lowest values of Ca were obtained for Península de Setúbal and Al for Terras da 

Beira; 

✓ Fe showed higher values in Duriense and Tejo and lower values in Beira Atlântica; 

✓ Li and Sr showed higher values in Duriense and Terras da Beira and lower in Beira 

Atlântica; 

✓ Ni was higher in Duriense, Terras da Beira, Lisboa e Alentejano and lower in Terras 

do Dão; 

✓ Cu was higher in Lisboa and lower in Tejo and Península de Setúbal; 

✓ Tl presented higher values in Terras do Dão and Beira Atlântica and lower values in 

Duriense and Terras da Beira; 

✓ Mn presented higher values in north regions (Duriense, Terras do Dão and Terras 

da Beira); 

✓ Pd presented higher values in Beira Atlântica and central regions (Tejo and Lisboa), 

unlike Ba that showed lower values in these regions. 

After all these conclusions, it was possible to summarize the characteristic elements for each 

IGP region, taking into account the significant differences between red and white wines 

(Table 18). However, it is not very correct to draw final conclusions from regions such as 

Algarve and Terras da Beira IGP taking into account that the available samples (2 and 1, 

respectively) cannot be considered representatives.  



 

 

Table 17. FAAS and ICP-MS macro, micro and trace elements quantification, minimum and maximum concentrations on 70 red and white Portuguese wines. 

Macroelement 
Mean concentration 

 (mg/L) 

Mean concentration 
 (mg/L) 

Red wine 
mean 

concentration 
 (mg/L) 

Red wine 
mean concentration 

 (mg/L) 

White wine 
mean concentration 

(mg/L) 

White wine 
mean concentration 

(mg/L) 

Minimum Maximum Minimum Maximum Minimum Maximum 

Ca 73.88 ± 14.82 29.95 114.79 71.70 ± 9.84 40.60 94.67 75.82 ± 1795 29.95 114.79 

Mg 82.90 ± 31.03 23.77 169.87 112.40 ±15.76 67.32 169.87 56.60 ± 11.32 23.77 79.44 

Na 25.59 ± 25.59 3.88 92.22 20.73 ± 16.18 4.53 92.22 29.93 ± 11.90 3.88 59.82 

K 0.96 ± 0.33 0.27 1.55 1.26 ± 0.15 0.79 1.55 0.69 ± 0.19 0.27 1.05 

Mn 0.10 ± 0.05 0.02 0.40 0.12 ± 0.06 0.03 0.40 0.08 ± 0.03 0.02 0.19 

Fe 0.14 ± 0.06 0.04 0.38 0.18 ± 0.05 0.07 0.31 0.12 ± 0.06 0.04 0.38 

Rb 0.17 ± 0.07 0.05 0.43 0.21 ± 0.07 0.12 0.43 0.14 ± 0.05 0.05 0.26 

Trace element 
Mean concentration 

 (µg/L) 

Mean concentration 
 (µg/L) 

Red wine 
mean 

concentration 
 (µg/L) 

Red wine 
mean concentration 

 (µg/L) 

White win 
mean concentration 

(µg/L) 

White wine 
mean concentration 

(µg/L) 

Minimum Maximum Minimum Maximum Minimum Maximum 

Li 1.25 ± 1.02 0.15 5.66 1.45 ± 0.95 0.25 4.90 1.07 ± 1.06 0.15 5.66 

Al 46.20 ± 29.07 6.33 133.50 27.75 ± 14.00 6.33 75.96 62.67 ± 29.16 15.51 133.50 

Sc* 2.80 ± 0.32 1.78 3.78 2.84 ± 0.30 2.22 3.78 2.77 ± 0.33 1.78 3.59 

V 0.73 ± 1.37 0.03 8.76 0.44 ± 1.02 0.03 6.06 0.99 ± 1.57 0.03 8.76 

Cr 3.12 ± 0.77 1.42 6.14 3.45 ± 0.79 1.42 6.14 2.82 ± 0.62 1.78 5.43 

Co* 0.25 ± 0.09 0.12 0.58 0.24 ± 0.08 0.14 0.58 0.26 ± 0.10 0.12 0.54 

Ni 1.30 ± 0.50 0.63 3.76 1.42 ± 0.59 0.81 3.76 1.19 ± 0.37 0.63 2.30 

Cu 5.87 ± 7.38 0.52 42.90 7.40 ± 9.33 0.64 42.90 4.50 ± 4.67 0.52 23.46 

Zn 30.58 ± 11.56 11.69 72.69 33.89 ± 12.65 13.23 72.69 27.62 ± 9.61 11.69 64.04 

Br 15.20 ± 4.65 3.70 27.44 17.88 ± 3.85 6.80 27.44 12.81 ± 3.95 3.70 22.99 

Sr 36.21 ± 23.55 5.86 109.20 45.25 ± 24.94 10.20 109.20 28.15 ± 18.97 5.86 83.18 

Zr 0.26 ± 0.32 0.01 1.56 0.07 ± 0.08 0.01 0.41 0.43 ± 0.36 0.05 1.56 

Mo 0.21 ± 0.22 0.04 1.23 0.16 ± 0.19 0.04 1.10 0.25 ± 0.23 0.05 1.23 

Pd 0.20 ± 0.16 0.03 1.39 0.22 ± 0.15 0.03 1.31 0.18 ± 0.17 0.04 1.39 

Sn 0.11 ± 0.11 0.02 1.02 0.08 ± 0.05 0.02 0.24 0.13 ± 0.14 0.03 1.02 

Ba 9.33 ± 5.58 2.61 34.54 12.72 ± 6.08 3.89 34.54 6.30 ± 2.59 2.61 13.42 

La* 0.41 ± 0.45 0.02 3.63 0.34 ± 0.28 0.02 2.09 0.47 ± 0.55 0.02 3.63 

Pb 0.43 ± 0.21 0.13 1.25 0.39 ± 0.21 0.13 0.96 0.46 ± 0.22 0.18 1.25 
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Table 17. FAAS and ICP-MS macro, micro and trace elements quantification, minimum and maximum concentrations on 70 red and white Portuguese wines (cont.). 

Ultra-trace 
element 

Mean concentration 
 (ng/L) 

Mean concentration 
 (ng/L) 

Red wine 
mean concentration 

 (ng/L) 

Red wine 
mean concentration 

 (ng/L) 

White wine 
mean concentration 

(ng/L) 

White wine 
mean concentration 

(ng/L) 

Minimum Maximum Minimum Maximum Minimum Maximum 

Be 75.54 ± 82.87 6.19 402.60 42.72 ± 45.51 6.19 205.30 104.80 ± 96.75 14.46 402.60 

Ge* 31.89 ± 16.64 15.03 94.97 30.90 ± 14.79 15.03 77.89 32.77 ± 18.15 15.03 94.97 

Y 44.82 ± 65.71 2.19 440.30 21.99 ± 20.63 2.19 137.30 65.19 ± 83.24 6.39 440.30 

Nb 16.48 ± 16.04 1.27 154.00 10.74 ± 8.39 1.27 42.00 21.60 ± 19.22 2.00 154.00 

Cd* 15.34 ± 8.38 3.41 65.45 14.74 ± 8.53 3.41 65.45 15.87 ± 8.24 3.41 46.60 

Sb 27.95 ± 19.34 2.39 107.40 19.53 ± 10.94 2.39 58.85 35.47 ± 21.98 11.56 107.40 

Ce 44.70 ± 81.27 3.09 582.40 19.80 ± 23.46 3.09 120.20 66.91 ± 104.80 4.33 582.40 

Pr 6.89 ± 10.90 0.34 79.83 3.53 ± 3.09 0.34 16.43 9.88 ± 14.06 1.21 79.83 

Nd 26.51 ± 46.98 1.19 360.60 11.63 ± 13.14 1.19 68.22 39.79 ± 60.48 1.19 360.60 

Sm 6.33 ± 10.04 1.06 75.14 3.35 ± 3.19 1.06 16.82 8.99 ± 12.92 1.06 75.14 

Eu* 4.49 ± 2.82 1.02 22.54 4.68 ± 2.54 1.02 14.44 4.32 ± 3.05 1.37 22.54 

Gd 6.99 ± 10.60 1.65 81.89 3.95 ± 3.76 1.65 21.30 9.70 ± 13.59 1.65 81.89 

Tb 1.23 ± 1.59 0.40 9.49 0.95 ± 1.22 0.40 8.49 1.49 ± 1.83 0.40 9.49 

Dy 5.47 ± 8.23 0.97 54.76 2.87 ± 3.20 0.97 20.95 7.79 ± 10.39 0.97 54.76 

Ho 1.47 ± 1.78 0.21 12.14 0.84 ± 0.81 0.21 4.39 2.02 ± 2.18 0.21 12.14 

Er 4.65 ± 6.10 0.75 41.07 2.32 ± 1.93 0.75 12.10 6.74 ± 7.62 1.17 41.07 

Tm 0.87 ± 0.99 0.28 6.21 0.58 ± 0.66 0.28 5.30 1.14 ± 1.15 0.28 6.21 

Yb 6.13 ± 6.64 0.30 44.22 3.01 ± 2.29 0.30 11.41 8.88 ± 7.90 1.33 44.22 

Lu 1.22 ± 1.20 0.21 6.91 0.83 ± 0.92 0.21 5.35 1.56 ± 1.31 0.21 6.91 

Ta* 8.86 ± 4.64 1.13 23.60 8.52 ± 5.18 1.13 23.60 9.16 ± 4.10 1.13 22.37 

W 19.56 ± 15.61 4.56 87.89 15.38 ± 12.29 4.56 54.33 23.29 ± 17.27 4.56 87.89 

Tl 28.20 ± 15.00 5.99 79.15 32.27 ± 17.28 7.70 79.15 24.57 ± 11.53 5.99 55.27 

Bi 4.75 ± 4.53 2.96 47.25 4.00 ± 3.39 2.96 29.44 5.42 ± 5.27 2.96 47.25 

U 15.54 ± 19.76 0.55 122.20 9.20 ± 18.55 0.55 122.20 21.19 ± 19.13 2.69 117.50 

* Without statistical difference between white and red wine at p<0.05  

C
h

ap
te

r 2
 – M

u
lti-e

le
m

e
n

tal an
a

lysis in
 w

in
e

s 

- 5
1 - 



 

 

Figure 30. IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow). 
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Figure 30.  IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow) (cont.). 
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Figure 30. IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow) (cont.). 

- 5
4 - 

C
h

ap
te

r 2
 – M

u
lti-e

le
m

e
n

tal an
a

lysis in
 w

in
e

s 



 

 

Figure 30. IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow) (cont.). 
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Figure 30. IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow) (cont.). 
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Figure 30. IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow) (cont.) 
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Figure 30. IGP regions mean element concentrations of red + white wines (gray), red wines (red) and white wines (yellow) (cont.).  
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Table 18. Characteristic elements for Portuguese IGP regions. 

IGP region 
Red wines White wines 

Higher values Lowest values Higher values Lowest values 

Duriense Co / Ge / Li / Be / Sr Al / Zn / Sn / Na / Br 

Co / Ge / Na / Pd / Sn / Y / Ce 

/ Pr / Nd / Sm / Gd / Tb / Dy 

/ Ho / Er / Tm / Yb / Lu / Fe  

Li / Sr / Ni / Mn 

Tl 

Terras do Dão 
Zr / Y / U / Gd / Be / Er / Dy  

Li / Be / Sr 
Na / Br Rb / Tl / Mn Ni 

Terras da Beira Mg / Sb / W / Li / Be / Sr La / Al / Zn / Sn / Tb / Na / Br Pd / Li / Sr / Ni / Mn La / Al / Tl 

Beira Atlântica - - - - - - - - - - Zn / Nb / Bi / U / Tl / pd Fe / Li / Sr / Ba 

Tejo - - - - - Cd / Mn / Sr / Tb Na / Rb / Zn / Br / Fe / Pd Cd / Cu / Ba 

Lisboa Co / Ge / V / Mo Tb 
Co / Ge / Na / V / Mo / Br / Ni 

Cu / Pd 
Ba 

Península de Setúbal Pd / Lu / Tm Ge Pd Ge / Ca / Cu 

Alentejano La - - - - - La / Na / Rb / Br / Pd / Ni - - - - - 

Algarve - - - - - Co / Cd / Mn / Sr - - - - - Co  
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2.3.3. Discriminant analysis 

Since almost all the elements concentration didn’t follow a normal distribution, a Box-Cox 

power transformation was applied to the data. Briefly, the Box-Cox power transformation 

identifies an appropriate exponent (Lambda = λ) to use to transform data into a “normal 

shape”. 

With regard to white wines, before the application of this transformation, only 2 out of 49 

elements followed a normal distribution. After transformation, 31 out of 49 elements 

followed a normal distribution: Ca, Mg, Na, K, Be, Al, Sc, Mn, Fe, Co, Ni, Zn, Br, Rb, Sr, Y, 

Zr, Nb, Mo, Cd, La, Ce, Pr, Nd, Eu, Ho, Er, Yb, Tl, Pb and U. 

A linear discriminant analysis (LDA) was then performed based on the results of these 

“new” variables. Seven discriminant functions were produced in the analysis but only the 

first two functions were used to construct the 2-D graph. The first discriminant function 

(DF1) accounted for 51.3% of the total variance and the second discriminant function (DF2) 

accounted for 17.5% (Figure 31).  

Figure 31. Linear discriminant analysis (LDA) data for white wines. 
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To investigate the impact of the experimental variables on the classification results, the 

standardized canonical discriminant function coefficients were examined. 

The most important variables that contribute to classification were K (-1.015), Al (-1.480), 

Mo (-1.331), Co (+1.203), Sr (+1.490) and Nd (+1.083) in DF 1 and Ca (+1.084), Ni (-1.139) 

and Br (+0.931) in DF2. Each discriminant function was evaluated for its statistical 

significance on the basis of Wilks’ lambda factor (the ratio of within-groups’ sums of squares 

to the total sums of squares). Wilks’ lambda factor can range from 0 to 1, where 0 means 

perfect discrimination and 1 no discriminatory power (Zhao et al. 2011). The DF1 (Wilks’ 

lambda = 0.001, p = 0.000, and canonical correlation = 0.986) and DF2 (Wilks’ lambda = 

0.001, p = 0.000, and canonical correlation = 0.961) were found to be statistically 

significant. 

The classification model was based on the discriminant scores of each sample calculated in 

the two discriminant functions (Figure 31). A cross-validation was used to estimate the 

misclassification probabilities and the results indicate that 99.3% of all cases would be 

correctly classified using the discriminant functions above-mentioned (Table 19). Only one 

sample from Region E was misclassified as belonging to Region F. Thus, the developed 

discriminant model was considered to be very accurate.  

 

Table 19. Classification results of the discriminant functions for white wines. 

 Predicted classification 

Region A B C D E F G H Total 
Correctly 
classified 

(%) 

A 20 0 0 0 0 0 0 0 20 100 

B 0 20 0 0 0 0 0 0 20 100 

C 0 0 16 0 0 0 0 0 16 100 

D 0 0 0 12 0 0 0 0 12 100 

E 0 0 0 0 19 1 0 0 20 95 

F 0 0 0 0 0 20 0 0 20 100 

G 0 0 0 0 0 0 20 0 20 100 

H 0 0 0 0 0 0 0 20 20 100 

Total         128 99.3 
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With regard to red wines, the same procedure was followed. Only 3 out of 49 elements 

followed a normal distribution and thus a Box-Cox power transformation was applied to the 

raw data resulting in a total of 25 elements that followed a normal distribution: Ca, K, Li, 

Be, Al, Sc, Mn, Fe, Co, Cu, Zn, Br, Rb, Sr, Y, Zr, Nb, Mo, Sn, Ce, Pr, Nd, Eu, Tl and Pb. 

A LDA was performed based on the following “new” variables. Six discriminant functions 

were produced in the analysis but only the first two functions were used to construct the 2-

D graph. The first discriminant function (DF1) accounted for 49.4% of the total variance 

and the second function (DF2) accounted for 22.8% (Figure 32).  

Figure 32. Linear discriminant analysis (LDA) data for red wines. 

 

The most important variables that contribute to classification were Zn (-1.084), Sr (1.005) 

and Ce (-0.912) in DF1 and Li (+1.357), Co (-1.079) and Pb (+1.533) in DF2. As before, each 

discriminant function was evaluated for its statistical significance on the basis of Wilks’ 

lambda factor. Both DF1 (Wilks’ lambda = 0.001, p = 0.000, and canonical correlation = 

0.988) and DF2 (Wilks’ lambda = 0.001, p = 0.000, and canonical correlation = 0.974) were 

found to be statistically significant.  
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The classification model was based on the discriminant scores of each sample calculated in 

the two discriminant functions (Figure 2). A cross-validation was used to estimate the 

misclassification probabilities and the results indicate that 99.2% of all cases would be 

correctly classified using the discriminant functions above-mentioned (Table 20). Only one 

sample from Region E was misclassified as belonging to Region G, which indicates that the 

developed model is very accurate. 

 

Table 20. Classification results of the discriminant functions for red wines. 

 Predicted classification 

Region A B E F G H I Total 
Correctly 
classified 

(%) 

A 20 0 0 0 0 0 0 20 100 

B 0 20 0 0 0 0 0 20 100 

E 0 0 19 0 1 0 0 20 95 

F 0 0 0 20 0 0 0 20 100 

G 0 0 0 0 20 0 0 20 100 

H 0 0 0 0 0 20 0 20 100 

I 0 0 0 0 0 0 8 8 100 

Total        128 99.2 
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CHAPTER 3 – Quantification of resveratrol in wines 

This chapter describes all the experimental aspects related to the development and 

validation of a new GC-MS/MS analytical method for the determination and 

quantification of cis- and trans-resveratrol in wines. 

It also presents the results of this analytical technique for the quantification of cis- and 

trans-resveratrol in 33 Portuguese red wines. 

Lastly, the results of samples analyses are presented and discussed.  

 

 

3.1. INTRUMENTAL ANALYTICAL TECHNIQUE 

Gas chromatography mass spectrometry (GC-MS) is a method used to separate mixtures of 

chemicals into individual components according to affinity to the analytical columns 

stationary phase (retention time) (GC) that will be after analyzed in de Mass spectrometry 

(MS) according to their chemical properties (m/z ratio).  

Samples are injected into the injector port device where compounds are volatized and 

mixture with an inert gas - mobile phase - that carries the components mixture into a 

column which has a surface - stationary phase - that allows interactions with the sample 

compounds and then the separation of them according to their volatility and mass. MS 

works by ionizing compounds by using a high electronic impact (70eV) to generate charged 

molecular fragments and measuring their m/z ratios. In triple quadrupole, ions (m/z) from 

the initial molecules suffer two or more fragmentations (MSn). MS/MS consists of two 

scanning mass analyzers separated by a collision cell where the selected fragments in the 

first analyzer are reacted with an inert gas the collision cell (argon), resulting in further and 

more specific fragmentations. These ions travel through an electromagnetic field that filters 

them based in their mass. In the detector (multiplier) ions are amplified and then counts 

the number of ions associated with that specific mass. That information is sent to a 

computer and a mass spectrum is created (Figure 33) (Hübschmann 2015). 
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Figure 33.Simplified GC-MS/MS scheme (adapted from Nihal 2015) 

 

3.2. MATERIALS AND METHODS 

Reagents and materials 

Methanol (MeOH) (99.9% purity) was obtained from VWR (Fonteray-sous-Bois, France), 

acetic anhydride (99.0% purity) was obtained from Merck Co. (Darmstadt, Germany) and 

cis-resveratrol (98% purity) was obtained from Cayman Chemical Company (Michigan, 

USA). Potassium phosphate dibasic (K2HPO4), isooctane, trans-resveratrol, all with 99.0% 

purity, and methyl jasmonate (95% purity) were obtained from Sigma-Aldrich (St. Louis, 

USA). 

Wine samples were filtered using 0.45 µm pore size PTFE filters that were obtained from 

Filtrilo (Paraná, Brazil) and the SPE was carried out on certified Oasis MAX SPE cartridges 

(150 mg) that were obtained from Waters (Milford, MA, USA).  

Ultrapure water was obtained from a Sartorius (Goettingen, Germany) Arium® pro water 

purification system. 

 

Wine Samples  

Thirty-three Portuguese red wines (mentioned in “2.2. Materials and Methods – Wine 

samples”, in Chapter 2) were used for cis- and trans-resveratrol quantifications. 
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Calibration solutions 

cis- and trans-resveratrol standards and methyl jasmonate (IS) stock solutions of 1g/L and 

the intermediate solutions of cis- and trans-resveratrol 10 mg/L were prepared in 

methanol.  

Several standard solutions were prepared (1, 2.5, 5, 10, 20, 100, 200, 500, 1000 and 2000 

µg/L) from the cis- and trans- resveratrol 10 mg/L intermediate solution prepared in 

ultrapure water with the addition of 5 mL of a wine matrix solution (S2) and 150 µL of 

methyl jasmonate (used as IS to validate the method) to a final volume of 10 mL. 

The final concentration of methyl jasmonate was 15 mg/L. 

 

Preparation of samples 

Five mL of each sample and 150 µL methyl jasmonate (1 g/L) were diluted in ultrapure water 

to a final volume of 10 mL.  

According to the optimization conditions carried out by Montes et al. (Montes et al. 2010), 

the pre-treated samples and the standard solutions were filtered using 0.45 µm pore size 

PTFE filters and the cis- and trans-resveratrol were extracted with certified Oasis MAX SPE 

cartridges using 2 mL of MeOH as the elution sorbent. 

Both samples and standard solutions SPE extracts were diluted with 8 mL of an alkaline 

aqueous solution of 5% K2HPO4 and 100 µL of acetic anhydride, followed by 15 minutes of 

mixing. After that, the acetylated cis- and trans- resveratrol were extracted with 2 mL of 

isooctane. 

Some studies were carried out and, to optimize the chromatographic signal, it was noticed 

that it would be necessary to concentrate the acetylated resveratrol. Thus, 1 mL of the 

derivatized standard solutions and derivatized samples were collected, dried under nitrogen 

flow at room temperature and the residue was subsequently resuspended in 100 µL of 

isooctane.  

For each sample and standard solution, three independent assays were performed and the 

same SPE cartridge was used. The cartridge washing conditions between extractions were 

determined and, under final working conditions, 5 mL of MeOH followed by 10 mL of 

ultrapure H2O were selected. 

The samples and standard solutions preparations procedure protocol is illustrated in Table 

21. 
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Table 21. Summary of samples and standard solutions preparation procedure for GC-MS/MS 
analysis. 

 Standard solutions Samples 
P

r
e

-t
r

e
a

tm
e

n
t 

5 mL of S2 solution  
+ 

cis- and trans-resveratrol 
+ 

150 µL of methyl jasmonate (IS) (1 g/L) 
+ 

Ultrapure H2O to a final volume of 10 mL 

5 mL of wine 
+ 

150 µL of methyl jasmonate (IS) (1 g/L) 
+ 

Ultrapure H2O to a final volume of 10 mL 

 
Filter with 0.45 µm pore size filters 

S
P

E
 

e
x

tr
a

c
ti

o
n

 

 

Cartridge pre-conditioning: 5 mL of MeOH + 10 mL of ultrapure H2O 

Wash after passing the sample: 5 mL of ultrapure H2O 

 
 

Elution: 2 mL of MeOH 

D
e

r
iv

a
ti

z
a

ti
o

n
   

Add 8 mL of a 5% K2HPO4 

+ 
100 µL of acetic anhydride 

(15 min mixing) 
 
 

Add 2 mL of isooctane  

S
a

m
p

le
 

c
o

n
c

e
n

tr
a

ti
o

n
  

Collect 1 mL  

 

Dry under nitrogen flow at room temperature 

 

Resuspend in 100 µL of isooctane 

 

Samples analysis 

The zero of the scale was defined with the zero-standard solution and the remaining 

standard solutions were read followed by the samples. 

The linear regression equation and the coefficient of determination (r2) were calculated 

using three independent curves. The concentration of the samples was given by an equation 

like the Equation 7. 

Equation 7. 

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 (𝑎𝑛𝑎𝑙𝑦𝑡𝑒/𝐼𝑆) = 𝑚 × 𝐶𝑎𝑛𝑎𝑙𝑦𝑡𝑒 + 𝑏 
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Since cis- and trans-resveratrol were 1:2 diluted, when compared with the standard 

solutions, the cis- and trans-resveratrol concentration present in wines was given by the 

Equation 8. 

Equation 8. 

𝐶𝑎𝑛𝑎𝑙𝑦𝑡𝑒 (𝑤𝑖𝑛𝑒) =  𝐶𝑎𝑛𝑎𝑙𝑦𝑡𝑒 × 2 

 

Instrumental and chromatographic conditions 

The chromatographic analyses and the determination of cis- and trans-resveratrol were 

performed on a SCIONTM TQ (triple quadrupole) 436-GC-MS system (Bruker Daltonics, 

Fremont, CA) equipped with a SCION TQ mass detector and a Bruker Daltonics MS 

workstation software (version 8.2). A capillary column Rxi-5Sil MS (30 m x 0.25 mm x 0.25 

μm) from RESTEK was used for the chromatographic separation. Helium C-60 (Gasin, 

Portugal) was used as the carrier gas at a constant flow rate of 1.0 mL/min. The injection 

was performed using 2µL of sample in a split mode (1:10) and the injector temperature was 

280 °C (held for 20 min). Transfer line and electron impact ionization source were 260 ºC 

and 270 ºC, respectively.  As for the oven temperature, it was held for 1 min at 90 °C, 

followed by an increase at a rate of 15 °C/min until reaching 280 °C (held for 15 min) and 

finally an increase of 10 °C/min to 300 °C (held for 10 min), making a total running time of 

40.67 minutes. The MS detector was operated in EI mode. For the retention time 

determination, data acquisition was performed in full scan mode with a mass range between 

40-350 m/z at a scan rate of 6 scan/s. All other analyses were performed in MS/MS mode.  

For the acetylated resveratrol (cis- and trans-) the MS/MS precursor that was used has a 

m/z ratio of 312 and the quantification was made with the two most abundant transitions, 

resulting in the fragments with m/z ratios of 228 and 270. The acetylated methyl jasmonate 

MS/MS precursor that was used has a m/z ratio of 224 and the quantification was made 

with the two fragments with m/z ratios of 79 and 106 also resulting from its two most 

abundant transitions. Under these chromatographic conditions the methyl jasmonate, the 

cis- and trans-resveratrol were efficiently separated with retention times of 8.68 min, 14.52 

min and 17.71 min, respectively. 

 A summary of these chromatographic and mass spectrometry summary conditions is 

presented in Table 22. 
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Table 22. Summary of chromatographic/mass spectrometry conditions. 

Analyte 
Retention 

time 
(min) 

Retention 
time 

window (s) 

Collision 
energy 

(V) 

Precursor 

(m/z) 
Product 

(m/z) 

Methyl jasmonate (IS) 8.68 2.5 15 224 79 and 106 

cis-resveratrol 14.52 1 15 312 228 and 270 

trans-resveratrol 17.71 2 15 312 228 and 270 

 

Method validation 

The validation of this analytical method was performed according to the “Validation of 

Analytical Procedures: Text and Methodology” from ICH (ICH 2005). Therefore, 

parameters such as linearity, accuracy, precision (inter and intra-day) and sensitivity (limit 

of detection and limit of quantification) were evaluated. 

 

i) Linearity and range 

The linearity was determined by preparing and analyzing, in three different days, ten 

standard solutions (1, 2.5, 5, 10, 20, 100, 200, 500, 1000 and 2000 µg/L) and a blank (only 

IS). All the standard solutions were independently prepared, following the same procedure 

as the samples (according to the Table 21), and 2 µL of these solutions were injected in the 

GC-MS/MS system. The linearity was evaluated with regression curves (ratio between 

analyte peak area and IS peak area vs. analyte concentration) and with R2. 

 

ii) Accuracy 

To evaluate the accuracy of the method, three different analytes concentrations, within the 

linear concentration range, were spiked in blank matrix (S2) (low, medium and high 

concentrations: 20, 200 and 1000 µg/L) and the percentage deviation, between the nominal 

value and the obtained from the calibration curve, was calculated, as seen in Equation 9. 

Equation 9.  

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =
𝑚𝑒𝑎𝑛 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 
× 100 

For each analyte concentration, five different standards were independently prepared and 

2 µL were injected, into the GC-MS/MS system. 

For this parameter, an accuracy value of 100 ± 20%  was considered satisfactory (ICH 

2005). 
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iii) Precision 

To evaluate the method precision, it was determined the repeatability of the method, in 

which was evaluated the precision under the same operating conditions over a short period 

of time (also known as intra-day precision), and the intermediate precision of the method, 

in which was evaluated the variations in three different days (also known as inter-day 

precision). Both were expressed as % CV of different and independent measurements. 

 
Repeatability – Intra-day precision 

Intra-day precision of the analytical method was determined with three different analyte 

concentrations, within the linear concentration range (low, medium and high 

concentrations: 20, 200 and 1000 µg/L), which were spiked in blank matrix (S2). Three 

different replicates of each were independently prepared, extracted, derivatized, 

concentrated and 2 µL were injected into the GC-MS/MS system, in the same day. The 

results were expressed as the % CV of the observed values (ratio between analyte and IS 

peak area for each analyte solution). A % CV value ≤ 15% was considered satisfactory (ICH 

2005). 

 
Intermediate precision – Inter-day precision 

Inter-day precision of the analytical method was determined with three different analyte 

concentrations, within the linear concentration range (low, medium and high 

concentrations: 20, 200 and 1000 µg/L), which were spiked in blank matrix (S2). Five 

different replicates of each were independently prepared, extracted, derivatized, 

concentrated and 2 µL were injected into the GC-MS/MS system, in three different days. 

The results were expressed as the % CV of the observed values (ratio between analyte and 

IS peak area for each analyte solution). A % CV value ≤ 20% was considered satisfactory 

(ICH 2005). 

 

iv) Sensitivity 

Before the determination of sensitivity, a wine matrix (S2) was spiked with IS, revealing no 

the existence of contaminations. After, the sensitivity of the method was determined using 

the LoD and the LoQ values in which both were defined based on signal-to-noise approach 

(ICH 2005). Several standard solutions within the linear concentration range (0.5, 1, 2.5, 5 

and 10 µg/L) were prepared, extracted, derivatized, concentrated and 2 µL were injected 

into the GC-MS/MS system. The noise was integrated in the chromatographic regions and 

the LoD chosen was the lowest concentration with a signal/noise ratio ≥ 3 and as LoQ the 

lowest concentration with signal/noise ratio ≥10. 
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v) Extraction recovery 

To evaluate the method extraction recovery of the analytes, three different analytes 

concentrations within the linear concentration range (20, 200 and 1000 µg/L) were spiked 

in blank matrix (S2). Three different replicates of each were independently prepared with 

and without extraction, derivatized, concentrated and 2 µL were injected into the GC-

MS/MS system. Recovery percentage was calculated by comparing the peak area ratios of 

analyte to IS for extracted and non-extracted samples (Equation 10). A percentage recovery 

value of 100 ± 20% was considered satisfactory (ICH 2005). 

Equation 10.  

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝑚𝑒𝑎𝑛 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑣𝑠 𝐼𝑆 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 (𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑)

𝑚𝑒𝑎𝑛 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑣𝑠 𝐼𝑆 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 (𝑛𝑜𝑛 − 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑)
 ×  100 

 

Statistical analysis 

The normality of data was tested based on D’Agostino & Perason.  The difference in 

elements content between the different types of wine  and between region was tested with 

the non-parametric Mann-Whitney test and Kruskal-Wallis test (One-way ANOVA on 

ranks) followed by a multi-comparison analysis using the Dunn’s test. 

All statistical analyses were performed using the software package IBM SPSS Statistics 24 

(SPSS Inc., Chicago, IL, USA). 

Statistical significance was considered for p < 0.05. 
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3.3. RESULTS AND DISCUSSION 

3.3.1.  Method development, optimization and validation 

The preparation and the treatment of the samples and standard solutions were adapted 

from Montes et al. (Montes et al. 2010). The derivatization with acetic anhydride – 

acetylation – reaction in which the hydrogen of a hydroxyl group is replaced by an acetyl 

group (Figure 34), makes the resveratrol identification easier and less ambiguous in more 

complex matrices. However, some conditions had to be modified considering our different 

GC-MS to improve of the chromatographic signals. 

 

 

 

 

 

Acetic anhydride 

                  trans-resveratrol                                                                                                  Acetylated trans-resveratrol 

Figure 34. Resveratrol acetylation reaction. 

 

Suitable Internal Standard  

Some different IS were already used in GC-MS studies, such as hexacosane (Jeandet et al. 

1995; Jeandet et al. 1993) or nordihydroguaiaretic acid and 2’, 4’, 5’-

trihydroxybutyrophenone (Revel et al. 1996). However, since these compounds were not 

available, others were tested. 

In an attempted to use an IS with an identical structure to resveratrol (with hydroxyl groups 

which could be acetylated) two compounds were tested: 3,7,4’-trihydroxyflavone and 

thymol. The 3,7,4’-trihydroxyflavone was not used as IS because its chromatogram had a 

similar peak to trans-resveratrol peak and the chromatographic response was very low.  

Thymol had a good retention time (5.48 min), since it was far from cis- and trans-

resveratrol (14.52 and 17.71 min, respectively) and no similar peak appeared in the matrix, 

although two peaks appear in its chromatogram: the thymol and the acetylated thymol (5.48 

and 6.00 min, respectively) (Figure 35). After several attempts (which included the 

increased of derivatizing agent, the increase of the derivatization time and the addiction of 

a catalyst) the two peaks always appeared and their proportion, for the same conditions, 

was not always the same. Thus, it was not also possible to consider thymol as IS. 
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Since no other similar resveratrol compound was available, methyl jasmonate was used as 

IS since it had already been used in other GC works (Ribeiro et al. 2009) which had a good 

chromatographic response and its retention time (8.68 min) was different from cis- and 

trans-resveratrol retention times (14.52 and 17.71 min, respectively) (Figure 36). 

Before the MS/MS optimization each compound was injected individually to determine its 

retention time (Table 22) in order to define the retention time window. 

 

 

 

 

 

 

 

 

 

Figure 35. Chromatogram obtained after GC-MS injection of 2µL of a standard solution of thymol 
(100 mg/L) after acetylation. A, as thymol. B, as acetylated thymol. 

 

 

 

 

 

  

 

 

 

 

 

Figure 36. Chromatogram obtained after GC-MS (full scan) injection of 2 µL of a standard solution 
with cis- and trans-resveratrol (both 1000 µg/L) and methyl jasmonate after acetylation. A, as 

methyl jasmonate; B, as acetylated cis-resveratrol; C, as acetylated trans-resveratrol. 
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Method development 

After defining the retention times for each compound, some retention time windows were 

tested. Although, in an initial phase, 1 second was tested for all the compounds, the trans-

resveratrol and methyl jasmonate signals appeared cut. Thus, each of them were 

individually tested and, under final working conditions, 2.5 seconds for methyl jasmonate, 

1 second for cis-resveratrol and 2 seconds for trans-resveratrol were selected as retention 

time windows. It was also ensured that, with those retention time windows, the signals did 

not overlap (Figure 37). 

 

 

 

 

 

 

 

 

Figure 37. Compound graph with the retention time segments of methyl jasmonate (red), cis-
resveratrol (purple) and trans-resveratrol (green) which proves that the three signals do not 

overlap. 

 

The next step was the optimization of the MS/MS conditions. For both acetylated 

resveratrol (cis- and trans-) the parent ions have the same m/z value of 354 and the 

fragmentation yields 3 major fragments of m/z 312, m/z 270 and m/z 228 (Figure 38B).   

Since cis- and trans-resveratrol mass spectra are similar, differing only in retention times, 

the same conditions were applied for both compounds. 

In an initial phase, resveratrol MS/MS precursor was tested -m/z of 354- since it was the 

one corresponding to the integrity molecule without fragmentation. However, this was not 

a good precursor since although the relative abundance was higher than 15% (Figure 38B) 

(the minimum recommended percentage to potentially be a good precursor), peaks with 

good sensitivity were obtained to high resveratrol concentrations but the same did not 

happen to lower concentrations (Figure 39). When comparing the MS/MS precursor with 

m/z of 312 (Figure 39) it was clear that the m/z 312 was a better precursor since even for 

the lowest concentrations the signal of the peaks was better.  

Methyl jasmonate 

cis--resveratrol 

trans-resveratrol 
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Figure 38. Mass spectra and main fragmentation patterns of (A) cis-resveratrol and (B) acetylated 
cis-resveratrol. 

 

Figure 39. Chromatograms obtained after GC-MS/MS injection of 2 µL of trans-resveratrol 
standard solutions -  the transitions 354>228/270 are represented in red and the transitions 

312>228/270 are represented in green. (A) 200 µg/L trans-resveratrol standard solution and (B) 20 
µg/L trans-resveratrol standard solution. 
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Therefore, for the acetylated resveratrol (cis- and trans-) the MS/MS precursor that was 

used has a m/z ratio of 312 and the quantification was performed with the two most 

abundant transitions, resulting in the fragments with m/z ratios of 228 and 270. 

The same procedure was made for methyl jasmonate, where the m/Z ratio of 224 was used 

as MS/MS precursor and the quantification was made with the fragments with m/z ratios 

of 79 and 106, corresponding to the major transitions. 

The collision energy was also optimized. Several levels of energies (V) were individually 

tested for cis- and trans-resveratrol and methyl jasmonate. Since the collision energy 

depends on the precursor and on its final relative abundance, it cannot be too low (after the 

MS/MS the % of precursor would be high, which would mean that the compound 

fragmentation could be insufficient and the sensitivity would be lower) or too high (since, it 

is mandatory that at the end of the collision the relative precursor abundance should be 

approximately 10% so that the transitions quantification is correct).   

Thus, for cis-resveratrol the most suitable energy was 15 V (Figure 40). The same procedure 

was made for trans-resveratrol and methyl jasmonate and the most suitable collision 

energy was also 15 V for both. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Mass spectra of cis-resveratrol with different collision energies. (A) 5 V, (B) 10 V, (C) 15 
V and (D) 20 V. 
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Method validation  

i) Linearity 

The linear regression equation and the R2 were determined using three independent curves, 

where y and x represent the relationship between the peak area ratio (analyte/IS) and the 

corresponding standard solutions analyte concentrations, respectively (Figure 41). The 

regression analyses of the calibration show that the relation between analyte/IS areas and 

analyte concentration is linear over the tested concentration range, further confirmed by 

the high R2 coefficients that were, in both cases, higher than 0.99 (Table 23). 

Figure 41. Linear regression between the peak area (analyte/IS) ratio and standard solution 
concentrations for the 2.5 – 2000 µg/L concentration range. 

 

Table 23. Calibration curves data for the test analytes. 

Analyte Slope Intercept R2 

cis-resveratrol 0.0052 ± 0.0006 -0.1024 ± 0.0054 0.9989 

trans-resveratrol 0.0023 ± 0.0003 -0.0479 ± 0.0037 0.9986 

 

ii) Accuracy 

The method accuracy was evaluated with three concentrations within the linear 

concentration range (low, medium and high concentrations: 20, 200 and 1000 µg/L) and 

calculated as the percentage according to Equation 9. Accuracies between 95.9 – 110.9% 

were obtained (Table 24), which are within the accepted limit for this parameter (100 ± 

20%). 

 

 

cis-resveratrol trans-resveratrol 
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Table 24. Accuracy data for the tested analytes. 

Analyte 
Nominal 

Concentration 
(µg/L) 

Experimental 
concentration 

(µg/L) 

Accuracy 
(%) 

cis-resveratrol 

20 21.0 ± 1.37 104.7 

200 191.9 ± 10.3 95.9 

1000 982.7 ± 73.5 98.3 

trans-resveratrol 

20 22.2 ± 0.2 110.9 

200 210.8 ± 6.5  105.4 

1000 1059.6 ± 83.5 106.0 

 

iii) Precision  

Repeatability – Intra-day precision 

The intra-day precision of the method was determined after the independently preparation, 

extraction, derivatization, concentration and injection, on the same day, of three different 

replicates of each standard solution (low, medium and high concentrations: 20, 200 and 

1000 µg/L). As shown in Table 25, the % CV values were within the accepted limit for this 

parameter (≤ 15%). 

 

Intermediate precision – Inter-day precision 

The inter-day precision of the method was determined after the independently preparation, 

extraction, derivatization, concentration and injection, in three different says, of five 

different replicates of each standard solution (low, medium and high concentrations: 20, 

200 and 1000 µg/L). As shown in Table 25, the % CV values were within the accepted limit 

for this parameter (≤ 20%). 

 

Table 25. Method intra-day and inter-day precision data for GC-MS/MS tested analytes. 

Analyte 
Concentration 

(µg/L) 

Intra-day precision  Inter-day precision 

CV (%) CV (%) 

 20 7.4 6.5 

cis-resveratrol 200 2.8 5.4 

 1000 5.4 7.5 

 20 1.2 0.9 

trans-resveratrol 200 2.9 3.1 

 1000 7.9 7.9 
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iv) Sensitivity of the method 

The LoD and the LoQ determination was based on the determination of the signal-to-noise 

ratio (ratio between the peak area and peak noise). The LoD was 0.5 µg/L for cis-resveratrol 

and 2.5 µg/L for trans-resveratrol and the LoQ was 1.0 µg/L for cis-resveratrol and 5.0 µg/L 

for trans-resveratrol (Table 26). 

 
Table 26. LoD and LoQ data for the test analytes. 

Analyte 
LoD 

(µg/L) 
LoQ 

(µg/L) 

cis-resveratrol 0.5 [5] 1.0 [10] 

trans-resveratrol 2.5 [5] 5.0 [11] 

[Signal/noise ratio] 

 

The data show that the method is sensitive for the detection and quantification of the 

analytes at a µg/L concentration range, despite the LoD and LoQ obtained are slightly 

higher than those obtained by other authors (Table 27). However, in these works, with the 

exception of Vinas et al. (Vinas et al. 2009), the limits were assessed mathematically while 

in this work the limits were determined by the analysis of samples with decreasing 

concentrations of the compounds obtaining adequate precision and accuracy of the true 

concentration. 

 
Table 27. Characteristics of GC-MS procedures applied to resveratrol quantification in wine. 

NA – not available 

Resveratrol 
conformation 

Extraction 
technique 

Recovery 
(%) 

Determination 
method 

LoD 
(µg/L) 

LoQ 
(µg/L) 

Reference 

trans DLLME 90.0 – 102.0 GC-MS NA 0.6 
Rodríguez-
Cabo et al. 

2012 

trans SPE 92.5 – 108.2 GC-MS NA 0.8 
Montes et 
al. 2010 

cis 

SPME 85.0 – 116.0 GC-MS 

0.2 0.7 
Vinas et al. 

2009 
trans 0.3 1.0 

trans SPME 72.07 – 94.7 GC-MS 0.08 - - 
Cai et al. 

2009 

cis 

None 

85.8 – 95.6 

GC-MSD 

0.1 - - 
Soleas et al. 

1997 
trans NA 0.08 - - 

trans SPE 83.0 – 111.0 GC-MS NA 5.0 
Goldberg et 

al. 1994 

Current study:      

cis SPE 
(with acetylation) 

 

86.3 – 91.3 

GC-MS/MS 

0.5 1.0 

- - - - - 

trans 95.5 – 107.9 2.5 5.0 



Chapter 3 – Quantification of resveratrol in wines 

- 81 - 

v) Recovery extraction 

Table 28 summarizes the results of analytes extraction recovery mean percentage ± SD 

according to the Equation 10. The mean percentage was between 86.3 and 107.9% 

demonstrating that the analytes were efficiently extracted and recovered after the extraction 

procedure, since the recovery was within the accepted limit for this parameter (100 ± 20%). 

 

Table 28. Extraction recovery data for test analytes. 

Analyte 
Concentration 

(µg/L) 
Recovery 

(%) 

cis-resveratrol 

20 86.3 ± 2.1 

200 89.4 ± 0.5 

1000 91.3 ± 3.6 

trans-resveratrol 

20 107.9 ± 6.1 

200 95.5 ± 5.3 

1000 105.0 ± 2.0 

 

3.3.2. Samples analysis 

The main objective of this work was to develop a methodology capable to determine the 

resveratrol in Portuguese wines from different IGP regions in order to know if levels of 

resveratrol in wines could be a differentiating factor between regions. For this purpose and 

to demonstrate the applicability of this method, cis- and trans-resveratrol were quantified 

in 33 red wines from different Portuguese regions. All the samples were prepared according 

to the sample preparation described in Table 21, in sample preparation section. 

Concentrations of cis- and trans-resveratrol were calculated according to the Equation 7. 

and Equation 8. in samples quantification section. Table 29 and Figure 42 shows the 

analytical results obtained for the wine samples. The results express the mean ± SD for all 

the three independent samples. 

The statistical data was made with the mean values of cis-, trans and total resveratrol 

concentrations by IGP. The main results are presented in Table 30 and Figure 43. 
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Table 29. GC-MS/MS cis- and trans-resveratrol quantification of 33 Portuguese red wines. 

NA – not available. 

Wine 
sample 

  Mean concentration ± SD (µg/L) 

IGP Varieties 
cis-

resveratrol 
trans-

resveratrol 
Total 

resveratrol 

TA1 Duriense Blend 65.22 ± 0.01 46.9 ± 2.7 113.7 ± 0.2 

TA2 Duriense NA 201.5 ± 24.1 93.5 ± 15.5 295.0 ± 35.5 

TA3 Duriense Blend 267.4 ± 27.8 152.6 ± 38.1 402.0 ± 58.5 

TA4 Duriense NA 248.4 ± 31.5 92.4 ± 10.8 340.8 ± 42.0 

TA5 Duriense NA 264.6 ± 28.6 161.7 ± 41.8 426.3 ± 70.0 

TB1 Terras do Dão Blend 185.8 ± 7.4 82.2 ± 12.7 275.0 ± 13.0 

TB2 Terras do Dão Blend 2267.4 ± 32.3 1618.1 ± 44.9 3885.4 ± 77.2 

TB3 Terras do Dão Blend 119.3 ± 2.0 135.9 ± 0.2 255.2 ± 1.8 

TB4 Terras do Dão Blend 2439.5 ± 15.6 2385.0 ± 189.6 4824.4 ± 205.2 

TB5 Terras do Dão Blend 225.1 ± 22.9 274.2 ± 21.8 512.3 ± 27.9 

TC1 Terras da Beira Blend 361.3 ± 34.8 134.6 ± 19.8 495.9 ± 53.2 

TE1 Tejo Blend 259.4 ± 33.4 353.1 ± 52.3 612.4 ± 85.7 

TE2 Tejo Blend 418.0 ± 28.2 234.7 ± 31.4 654.9 ± 15.7 

TE3 Tejo Blend 96.1 ± 5.2 93.5 ± 8.5 189.6 ± 13.6 

TE4 Tejo Blend 222.5 ± 21.9 94.5 ± 13.1 317.0 ± 35.0 

TE5 Tejo Blend 338.8 ± 24.1 505.6 ± 32.7 844.5 ± 56.3 

TF1 Lisboa Blend 103.3 ± 46.6 71.6 ± 5.9 174.9 ± 10.5 

TF2 Lisboa Blend 335.8 ± 10.5 247.3 ± 16.9 583.1 ± 27.4 

TF3 Lisboa Blend 100.6 ± 11.9 89.6 ± 7.5 196.7 ± 13.0 

TF4 Lisboa Blend 106.8 ± 11.2 74.7 ± 9.0 181.4 ± 20.0 

TF5 Lisboa NA 300.5 ± 13.8 192.8 ± 29.2 493.3 ± 43.0 

TG1 Alentejano Blend 118.8 ± 8.2 159.2 ± 37.3 260.5 ± 38.9 

TG2 Alentejano Blend 69.5 ± 4.7 68.1 ± 4.3 137.5 ± 9.0 

TG3 Alentejano Blend 45.8 ± 2.3 45.8 ± 1.4 91.6 ± 3.7 

TG4 Alentejano Blend 61.2 ± 4.0 46.9 ± 5.6 110.7 ± 8.6 

TG5 Alentejano Blend 62.0 ± 4.7 52.2 ± 5.1 114.2 ± 9.7 

TH1 Península de Setúbal Monovarietal 124.4 ± 11.9 207.2 ± 3.8 324.7 ± 6.4 

TH2 Península de Setúbal Monovarietal 259.5 ± 9.5 420.3 ± 8.3 679.8 ± 6.6 

TH3 Península de Setúbal Blend 104.6 ± 3.5 91.6 ± 12.6 196.2 ± 12.6 

TH4 Península de Setúbal Blend 115.8 ± 12.4 105.1 ± 3.9 220.9 ± 16.2 

TH5 Península de Setúbal Blend 112.7 ± 11.1 88.3 ± 9.5 201.1 ± 20.6 

TI1 Algarve Blend 83.5 ± 4.4 82.7 ± 26.5 166.1 ± 30.8 

TI2 Algarve Blend 152.4 ± 11.3 71.8 ± 2.4 224.9 ± 14.1 



 

 
 

Figure 42. cis- and trans-resveratrol concentrations for 33 Portuguese red wines, by wine. 
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Table 30. cis-, trans- and total resveratrol mean, minimum and maximum concentrations for 33 Portuguese red wines, by IGP. 

[a] only one wine was available. 

 

 

 

 

 

 Mean concentration ± SD (µg/L) cis-resveratrol 
(µg/L) 

trans-resveratrol 
(µg/L) 

Total resveratrol 
(µg/L) 

Wine samples IGP 
cis-
resveratrol 

trans-
resveratrol 

Total 
resveratrol 

Minimum Maximum Minimum Maximum Minimum Maximum 

Duriense 216.1 ± 74.8 109.4 ± 49.5 324.4 ± 31.54 65.2 289.6 43.7 203.9 113.5 493.5 

Terras do Dão 972.6 ± 1097.0 655.4 ± 831.2 1950.0 ± 2096.0 117.9 2450.0 68.3 2251.0 254.0 4970.0 

Terras da Beira 361.3 ± 34.8 134.6 ± 19.8 496.0 ± 53.25[a] 337.1 401.2 117.3 156.1 463.0 557.4 

Tejo 258.7 ± 118.9 263.5 ± 176.7 510.5 ± 278.4 90.5 438.0 85.2 538.0 176.4 896.2 

Lisboa 181.5 ± 109.4 134.3 ± 78.2 323.0 ± 187.8 87.6 344.3 65.7 261.2 163.0 605.4 

Península de 
Setúbal 

151.5 ± 66.0 204.1 ± 145.7 356.8 ± 212.8 104.6 268.9 81.6 426.7 186.5 686.4 

Alentejano 40.6 ± 25.4 77.1 ± 49.9 140.3 ± 62.7 44.2 124.7 41.6 194.3 89.0 288.0 

Algarve 117.9 ± 40.4 76.15 ± 14.6 195.5 ± 39.18 80.4 160.4 64.0 101.4 144.3 234.9 

TOTAL MEAN 291.3 ± 487.0 209.0 ± 342.4 543.1 ±931.9 
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Figure 43. cis-, trans- and total resveratrol concentrations for 33 Portuguese red wines, by IGP. - 8
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Analyzing the Figure 42 is evident the highlight of two wines (both from Terras do Dão IGP) 

with higher values of resveratrol when compared to the rest of the wines. The level of cis-

resveratrol that was found in wines was between 44.2 µg/L and 2450.0 µg/L, while trans-

resveratrol was between 41.6 and 2251.0. The results are within the range reported in 

literature for Portuguese red wines (Table 31). 

 

Table 31. Literature review for cis- and trans-resveratrol quantification in Portuguese red wines. 

NA – not available 

 

Comparing the mean levels of cis- and trans-resveratrol concentrations in wines (Figure 

42), the wines from Terras do Dão IGP have a significant difference from the national 

average. However, the SD for the mean concentration of these wines were very high, since 

2 of the 5 wines analyzed had very high levels of resveratrol (3885.4 and 4824.4 µg/L) while 

the other 3 had significantly lower concentration (255.2, 275.0 and 512.3 µg/L). It is curious 

to note that the grape varieties used to produce the wines analyzed in these regions were 

almost the same, with the exceptions of the two wines whose concentrations were higher 

Wines IGP Vintage 
Resveratrol 

conformation 

Concentration 
Range  
(µg/L) 

Reference 

Vinhos Verdes, Duriense, 
Terras do Dão, Beira Interior, 

Beira Atlântico, Tejo, Península 
de Setúbal, Alentejano 

1987 - 2009 

cis 40 - 8910 

Paulo et al. 2011 
trans 200 – 10870 

NA NA trans 700 - 1280 Pereira et al. 2010 

Madeira 2004 - 2005 trans 4500 - 57700 Paixão et al. 2008 

Alentejano 2005 trans NA - 1470 Nave et al. 2007 

Alentejano NA trans 470 – 1240 Ratola et al. 2004 

Tejo, Península de Setúbal 1997 - 2000 
cis 400 – 2840 

Sun et al. 2003 
trans 530 - 18800 

NA NA trans 1940 - 5840 Alonso et al. 2002 

Açores NA 
cis 200 – 1700 

Baptista et al. 2001 
trans 800 - 5200 

Vinhos Verdes, Duriense, Beira 
Atlântica, Península de Setúbal, 

Açores 
1996-1997 

cis 700 – 9500 
Lima et al. 1999 

trans 300 - 5700 

Vinhos Verdes, Duriense, 
Terras dos Dão, Alentejano 

1989 - 1994 
cis 60 – 3300 

Revel et al. 1996 
trans 70 - 4500 

Current study:     

Duriense, Terras do Dão, Terras 
da Beira, Tejo, Lisboa, 

Alentejano, Península de 
Setúbal, Algarve 

2015 

cis 44 - 2450 

- - - 
trans 42 - 2251 
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(Table 32). In these two wines, a different variety was used: Jaen. This variety is very 

common in Terras do Dão IGP and, thanks to its early ripening tendency, it is susceptible 

to rot (InfoVini 2017a). Since resveratrol is associated to rot, a higher level of rotting would 

lead to higher resveratrol concentrations in wines. Some studies proved that depending on 

the grape variety, the vinification process and wine vintages, the levels of resveratrol may 

change (Geana et al. 2015; Sun et al. 2006; Tříska et al. 2017). Since wines vintage are the 

same, it would be necessary to analyze more wines (with and without Jaen variety) to draw 

more conclusions. 

 

Table 32. List of grape varieties used in Terras do Dão wine samples. 

Terras do Dã0 

Wine sample 

 
Mean concentration ± SD (µg/L) 

Varieties 
cis-
resveratrol 

trans-
resveratrol 

Total 
resveratrol 

TB1 Touriga Nacional 
Tinta Roriz 

185.8 ± 7.4 82.2 ± 12.7 275.0 ± 13.0 

TB2 
Touriga Nacional 
Tinta Roriz 
Jaen 

2267.4 ± 32.3 1618.1 ± 44.9 3885.4 ± 77.2 

TB3 
Touriga Nacional 
Tinta Roriz 
Alfrocheiro 

119.3 ± 2.0 135.9 ± 0.2 255.2 ± 1.8 

TB4 
Touriga Nacional 
Tinta Roriz 
Jaen 

2439.5 ± 15.6 2385.0 ± 189.6 4824.4 ± 205.2 

TB5 
Touriga Nacional 
Tinta Roriz 
Alfrocheiro 

225.1 ± 22.9 274.2 ± 21.8 512.3 ± 27.9 

 

Regarding the levels of cis- and trans-resveratrol obtained, it was possible to observe that 

the highest values were found in Terras do Dão IGP while the lowest were found in 

Alentejano IGP wines. 

To compare the total resveratrol between IGP regions, the Terras do Dão IGP wines that 

have a high content of resveratrol (TB2 and TB4) were excluded. As shown in Figure 44, the 

north and central regions had some different values when compared with southern regions 

(e.g. when comparing Duriense, Terras do Dão, Terras da Beira and Tejo IGP with 

Alentejano and Algarve IGP). Statistically, the Alentejano IGP is the only regions that 
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presents significant differences with almost all the regions. The fact that this IGP has a drier 

and less humid climate, which is not so favorable to the development of noble rot (Geana et 

al. 2015), and taking into account that resveratrol is related to grape rot this may be the 

reason that explains the resveratrol lower content in this region. 

 

 

 

 

 

 

 

 

 

 

Figure 44. Total resveratrol statistical analysis between IGP regions. 

 

However, it is not very correct to draw final conclusions from regions such as Algarve and 

Terras da Beira IGP taking into account that the available samples (2 and 1, respectively) 

cannot be considered representatives. 
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Starting from analytical procedures recommended by OIV (Ca, Na, Mg, K) that were already 

validated, it was possible to implement the method - FAAS - with reliable results. 

For the trace elements, according to the OIV recommended analytical procedure that was 

already validated for some elements, it was possible, through analytical features, to 

guarantee not only the reliable results of the studied elements that were already validated 

by OIV, but also the validation of new elements. Of the 55 initial elements (Table 9), 49 were 

validated. 

Both FAAS and ICP-MS showed to be very linear methods within the linear range (with R2 

higher than 0.997) and with good recovery within the accepted limit of this parameter (100 

± 20%). ICP-MS was also very accurate and precise method (with mean recoveries of 94.3% 

and %CV ≤ 15% for within-run precision) and the calculated LoD and LoQ proved that the 

method was highly sensitive, enabling the detection and quantification of the elements at 

ng/L levels. 

From the IGP wine samples that were analyzed was possible to conclude that the wine, when 

comparing between regions, the red wines, when comparing with white wines, have higher 

mean concentrations for Ca, Na, Al, V, Co, Zr, Sn, La, Pb, Be, Ge, Y, Nb, Cd, Sb, Ce, Pr, Nd, 

Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, W, Bi and U and wine white wines, when comparing  

to red wines, had higher mean concentrations of Mg, K, Mn, Fe, Rb, L, Sc, Cr, Ni, Cu, Br, Sr, 

Mo, Pd, Ba, Eu and TL. 

Taking into account the IGP regions, the obtained results indicate that are some elements 

that are characteristic of some regions (with statistically significantly different values). 

From the statistical analysis (discriminant analysis) was able to discriminate wines between 

regions, according to their elemental concentration. Good discriminations were obtained 

and it was possible to create 2 models (one for white wines and one for red wines) that can 

predict the wine origin according to their region. 

As for the resveratrol quantification in Portuguese wines, a new methodology was developed 

and validated. The method was sensitive, in very low concentrations (at a µg/L 

concentration range), linear, accurate (with accuracy percentages between 95 and 111%), 

precise (with intra- and inter-day precisions < 8%) and with good recovery extractions 

(between 86 and 108%), for the reliable determination of cis- and trans-resveratrol. To the 

best of our knowledge, this work was the first application of tandem GC-MS/MS for the 

determination of cis- and trans-resveratrol in wines. 

Due to the low number of wines analyzed in this work it is not possible to infer that the levels 

of resveratrol are influenced by the region. However, excluding the two wines from Terras 

do Dão IGP that have very high levels of resveratrol, it seems that wines from south of 
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Portugal (especially Alentejano IGP) have lower resveratrol content than wines from the 

north and central viticultural regions (especially Tejo and Terras da Beira).  

It was not possible to conclude whether resveratrol would be a determining factor for the 

differentiation of wines between regions given the low number of wines that were analyzed. 

To draw more conclusions, more wines from each region would have to be analyzed to make 

sure that the variations, besides the grape variety, were also due to the location of the 

vineyards. 

Finally, it should be noted that this work was performed under a limit set of samples. Thus, 

some regions could not be considered, and in other regions, the number of samples was 

particularly small. This should be considered a preliminary work that showed that multi-

element analysis can be a useful tool to differentiate Portuguese wine regions. 
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