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Abstract 

 

Red wine spoilage by Dekkera/Brettanomyces yeasts is a worldwide problem due to the 

development of a phenolic off-flavour affecting negatively the positive fruity and floral wine 

aromas known as “Brett character”. The main compounds responsible for this off-flavour are 

volatile phenols (VPs), 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) and to a lesser extent 

4-ethylcatechol, formed by decarboxylation and reduction of the hydroxycinnamic acids 

precursors by Dekkera/Brettanomyces. Preventive measures were developed and authorised by 

OIV and EU, however the problem persists. Therefore, this study aims to develop efficient 

remedial treatments for reducing negative VPs without impacting on wine quality. 

A screening of eight products for reducing VPs levels in wines was performed. At the 

levels used, activated carbon (AC) was the most efficient in removing VPs from wines (57%) 

resulting in a 75% decrease of headspace abundance (HAA) of VPs. Other products although 

not reducing the total amount of VPs decreased their HA like chitosan (27%). From this 

screening ACs and chitosans were selected and further optimised.  

It has been showed that Dekkera/Brettanomyces can produce biogenic amines (BA) in 

grape must conditions. To have a deeper insight into the contribution of Dekkera/Brettanomyces 

activity in the BA wine levels, 79 red wines produced industrially from different vintages, grape 

varieties, Portuguese demarcated regions and winemaking processes, were analysed for their 

VPs (4-EP 4.5-5604 g/L; 4-EG 2.3-831 g/L) and BA levels (19.6-331 mg/L). Non-inoculated 

wines with lactic acid bacteria presented significantly higher histamine levels (8.7±1.0 mg/L) 

than those inoculated with starter cultures (0.4±1.9 mg/L), the inverse being observed for VPs 

levels. A significant negative correlation was observed between the VPs levels and histamine 

(4-EP =-0.314; 4-EG =-0.345) and putrescine levels (4-EP =-0.299; 4-EG =-0.336) in 

wines. Results suggest that Dekkera/Brettanomyces are not significant contributors to BA levels 

in industrial produced wines. 

To optimise the application of ACs for removing/reducing VPs and to understand their 

impact on wine quality, experiments were performed using AC with different characteristics 

(superficial and mesopore area, pore diameter and micropore volume). All ACs reduced 

significantly VPs (maximum 73%). Efficiency was related to their surface area and micropores 

volume. VPs reduction was more important for the recovery of the positive fruity attribute 
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perception than the Headspace aroma abudance. Optimal selection of AC characteristics, 

allowed removing efficiently VPs without impacting negatively on wine sensory quality.  

The influence of structural features of chitin and chitosans in the reduction of negative 

volatile phenols HAA was studied with chitins and chitosans with different deacetylation 

degrees (DD) (5-91%) and molecular weights (24-466 kDa). They decreased 7-26% of HA of 

VPs without changing their amounts in wines. Reduction efficiency increased with DD and 

applied dose. Reduction of HA of VPs by chitosans enabled significant decreases in the 

negative phenolic and bitterness attributes and increased positive fruity and floral attributes. 

Results show that chitosan with high DD, including fungal chitosan, already allowed in wine, 

is an efficient approach for reducing the negative sensory impact of VPs.  

Aiming the development of more specific removal procedures for VPs, molecularly 

imprinted polymers (MIPs) were synthetised, characterised and their efficiency in VPs removal 

in wine matrix studied. MIP produced by precipitation polymerisation showed good imprinting 

factors for both VPs (4.66±1.88 for 4-EP; 3.15±1.08 for 4-EG). Although the imprinting effect 

of MIPs in the binding capacity of VPs in wine were not as high as that determined by 

adsorption isotherms, VPs adsorption observed for this non-imprinting polymer (NIP) and MIP 

in wine presented interesting high values (29 and 38%; 54 and 63%, for medium and high 

spiking levels, respectively), corresponding to a decrease in HA of 63-69% of VPs. MIP and 

NIP reduced significantly the phenolic attribute of spiked wines and improved their fruity and 

floral attributes, with MIP showing a significantly higher efficient than NIP. The MIPs design 

can be a suitable tool to remove from wines these negative aroma compounds. 

Cork powder was explored and optimised for removing wine negative VPs. Cork 

performance optimisation by removal of dichloromethane and ethanol cork extractives, air 

removal and ethanol impregnation, removes 41-62% of 4-EP and 50-53% of 4-EG from VPs 

spiked wine at 250 g/hL. No significant impact on phenolic acids and monomeric anthocyanins 

were obtained, although being observed a decrease in HAA (40%). Optimised cork powder 

allowed decreasing significantly the negative phenolic, bitterness and astringency attributes, 

recovering the positive fruity and floral sensory attributes. Optimised cork powder can be a 

good solution for VPs removal without impacting negatively on the wine sensory quality and 

be used as new oenological fining agent. 

 

Keywords: Red wine, Volatile phenols, Remediation, Phenolics, Headspace aroma abundance, 

Sensory quality. 
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Resumo 

 

 A contaminação de vinho tinto pela levedura Dekkera/Brettanomyces é um problema 

global devido ao aparecimento do aroma fenólico afectando negativamente o carácter frutado 

e floral positivo, conhecido como “Caracter fenólico”. Os compostos responsáveis por este 

defeito são fenóis voláteis (FVs), 4-etilfenol (4-EF), 4-etilguaiacol (4-EG) e em menor extensão 

o 4-etilcatecol, formados pela descarboxilação e redução dos precursores ácidos 

hidroxicinámicos. Foram desenvolvidos tratamentos preventivos e autorizados pela OIV e UE, 

mas o problema persiste. 

 Este trabalho teve por objectivo desenvolver tratamentos curativos eficazes na redução 

do impacto negativo dos FVs no aroma, sem afectar a qualidade do vinho.  

Foi efectuada uma triagem de oito produtos para reduzir os níveis de FVs dos vinhos. 

Nas quantidades aplicadas, o carvão ativado (CA) foi o mais eficiente na remoção dos FVs 

(57%), reduzindo 75% a abundância aromática no espaço de cabeça (AEC). Outros produtos 

testados não reduziram o teor total de FVs presentes no vinho, reduzindo somente a AEC, 

quitosana (27%). A partir desta triagem, o CA e a quitosana foram selecionados e otimizados. 

Foi mostrado previamente que a Dekkera/Brettanomyces tem capacidade de produzir 

aminas biogénicas (AB) em fermentações do mosto de uva. Para avaliar a contribuição da 

Dekkera/Brettanomyces para o nível de AB do vinho, 79 vinhos de produção industrial de 

diferentes colheitas, castas, processos de produção e regiões demarcadas Portuguesas foram 

analisados quanto aos teores de FVs (4-EF 4,5-5604 µg/L; 4-EG 2,3-831 µg/L) e AB (19,6-331 

mg/L). Os vinhos não inoculados com bactérias lácticas apresentaram teores mais elevados de 

histamina (8,7±1,0 mg/L) do que os inoculados (0,4±1,9 mg/L), tendo sido observado o inverso 

para os FVs. Verificou-se uma correlação negativa significativa entre os FVs e o teor de 

histamina (4-EF =-0,314; 4-EG =-0,345) e de putrescina (4-EF =-0,299; 4-EG =-0,336) 

nos vinhos. Estes resultados sugerem que a levedura Dekkera/Brettanomyces não contribui para 

o teor de AB nos vinhos produzidos industrialmente. 

 Para otimizar os carvões ativados (CAs) na redução/remoção dos FVs, foram 

utilisadosCAs com diferentes características (área superficial, área de mesoporos, volume e 

diâmetro dos poros e volume de microporos). Todos os CAs reduziram os FVs (73%). A 

eficiência foi dependente da área superficial e do volume de microporos. A redução dos FVs 

foi mais importante na recuperação positiva da percepção do aroma frutado, do que a dimuição 
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da abundância AEC. Uma seleção das características do CA permite remover eficientemente os 

FVs sem afectar negativamente a qualidade sensorial do vinho. 

 Para estudar a influência das características estruturais da quitina e das quitosanas na 

redução da abundância AEC dos FVs, as quitinas e quitosanas com diferentes graus de 

desacetilação (GD) (5-91%) e pesos moleculares (24-466 kDa) foram usadas. Estas reduziram 

7-26% o AEC dos FVs, sem alterar o teor no vinho. A eficiência na redução aumentou com o 

aumento do GD e dose aplicada. A redução da AEC dos FVs pelas quitosanas resultou numa 

diminuição da percepção sensorial do carácter fenólico e amargo, aumentando a percepção do 

caráter frutado e floral. Estes resultados demonstraram que a quitosana com maior GD, incluído 

a quitosana fúngica, já autorizada, pode ser um tratamento eficiente na redução sensorial 

negativa dos FVs. 

 Para o desenvolvimento de tratamentos mais específicos para a remoção dos FVs foram 

sintetizados e caracterizados polímeros molecularmente impressos (MIPs). Os MIPs 

produzidos pelo processo de polimerização/precipitação mostraram um bom factor de 

impressão para ambos os FVs (4,66±1,88 4-EF e 3,15±1,08 4-EG). O efeito de impressão dos 

MIPs no vinho não foi tão acentuado como o previsto pelas isotermas de adsorção, verificando-

se no entanto uma boa adsorção dos FVs pelo NIP e MIP (19 e 38% e 54 e 63% nas doses média 

e alta de suplementação, respectivamente), correspondendo a uma redução da AEC dos FVs de 

63 e 69%. Ambos reduziram significativamente o carácter fenólico do vinho suplementado, 

recuperando o caráter frutado e floral, tendo o MIP sido mais eficiente. O desenvolvimento de 

MIPs pode ser uma boa ferramenta para remover estes compostos de aroma negativos. 

 O pó de cortiça (PC) foi otimizado para remover os FVs do vinho. A otimização do PC 

realizada através da remoção dos extrativos da cortiça com diclorometano e etanol, do ar e da 

impregnação em etanol, permitiu uma remoção de 41-62% de 4-EF e 50-53% de 4-EG, 

utilizando 250 g/hL de PC otimizado (PCO). Verificou-se um descréscimo da AAEC (40%). 

Este PCO diminui significativamente o carácter fenólico, amargo, e adstringente do vinho, 

recuperando o carácter positivo frutado e floral. O PCO pode ser uma solução para a remoção 

dos FVs sem afetar negativamente a qualidade do vinho, podendo vir a ser usado como um 

novo agente de colagem. 

 

 

Palavras-chave: Vinho tinto, Fénois voláteis, Remediação, Fenólicos, Aroma do espaço de 

cabeça, Qualidade sensorial. 
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Abstract 

 

The presence of 4-ethylphenol, 4-ethylguaiacol and 4-ethylcatechol in red wines affect 

negatively their aroma conferring horsy, barnyard, smoky and medicinal aromatic notes. These 

volatile phenols formed from free hydroxycinnamic acids and their ethyl esters by 

Dekkera/Brettanomyces yeasts, can contaminate wines. Their formation can cause serious 

negative economic impact to the wine industry worldwide as consumers tend to reject these 

wines. For these reasons various preventive and remedial treatments have been studied. This 

review summarises the wine microbial volatile phenols formation, preventive measures during 

winemaking and remedial treatments in finished wines along with their advantages and 

limitations for dealing with this sensory defect and impact on wine quality.  

 

 

Keywords: Wine; Volatile phenols; Microbial formation; Prevention; Remediation 

 





CHAPTER I - GENERAL INTRODUCTION  

 5 

1. Introduction 

 

Volatile phenols (VPs) namely 4-ethylphenol (4-EP), 4-ethylguaiacol (4-EG) and 4-

ethylcatechol (4-EC) when present in wines above a certain concentration confer an aromatic 

defect that has serious implications on wine quality, considered negative by professionals, 

consumers and wine industry (Chatonnet, Dubourdieu, Boidron, & Pons, 1992; Oelofse, 

Pretorius, & du Toit, 2008; Wedral, Shewfelt, & Frank, 2010; Šućur, Čadež, & Košmerl, 2016; 

Tempère, Schaaper, Cuzange, de Lescar, de Revel, & Sicard, 2016; Schumaker,  Chandra, 

Malfeito-Ferreira, & Ross, 2017). The impact of these ethylphenols on wine quality is due to 

their unpleasant sensory attributes, phenolic, animal, and stable aromatic notes, and additionally 

low olfactory detection threshold, although the values reported are dependent on the wine 

matrix and if they are present together or separately (Table 1) (Botha, 2010; Petrozziello et al., 

2014). The VPs olfactory detection threshold is in average lower for 4-EG, followed by 4-EP 

and 4-EC (Table 1). Nevertheless, there are fewer studies concerning 4-EC and its impact on 

the wine sensory profile and the concentrations of 4-EC when determined are lower (Larcher, 

Nicolini, Bertoldi, & Nardin, 2008; Botha, 2010; Diako, Vixie, Weller, Dycus, & Ross, 2017). 

Their presence has been detected in several wine styles around the world (Table 2), making this 

a global problem in winemaking. In wine their presence is mainly due, although not exclusively, 

to the activity of yeast Dekkera/Brettanomyces bruxellensis (Heresztyn, 1986; Chatonnet, 

Viala, & Dubourdieu, 1997), that can decarboxylate the hydroxycinnamic acid precursors, p-

coumaric, ferulic and caffeic acids, respectively, to the correspondent vinylphenols by the 

hydroxycinnamate decarboxylase (Figure 1). Through reduction by vinylphenol reductase, 

vinylphenols are converted to the correspondent ethylphenols (Figure 1) (Chatonnet et al., 

1997).  
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Table 2. Concentration ranges reported in different countries and wine styles of 4-ethylphenol (4-EP), 4-
ethylguaiacol (4-EG) and 4-ethylcatechol (4-EC). 

 
Country 

Concentration range 

in wines (mg/L) 
Wine style 

Sampling 

strategy 
Reference 

4-EP 

Australia 
0.002-2.660 (n=61) Red Random Pollnitz et al. (2000) 

n.d. - 3.21 (n=213) Red Random Cynkar et al. (2007) 

     

Brazil n.d.-3.820 (n=126) Red Random Ávila and Ayub (2013) 

     

Canada <0.001-0.586 (n=54) Red Random Rayne and Eggers (2007) 

     

France 

n.d.-0.028 (n=54) White Random 

Chatonnet et al. (1992) n.d.-0.075 (n=12) Rosé Random 

0.001-6.047 (n=83) Red Random 

     

Germany 

n.d-2.583 (n=589) Red Random 

Nikfardjam et al. (2009) n.d.-0.291 (n=548) White Random 

n.d.-0.093 (n=163) Rosé Random 

     

Italy 

n.d.-1.80 (n=153) Red Random 

Larcher et al. (2007) n.d.-0.476 (n=65) White Random 

n.d.-0.071 (n=32) Raisin Random 

     

Portugal 
n.d.- 0.403 (n=29) White Random 

Rodrigues et al. (2001) 
n.d.-4.43 (n=88) Red Random 

     

Slovenia 6-953 (n=82) Red Random Česnik and Lisjak (2016) 

     

Spain 

n.d.- 9.73 (n=510) Red Random Garde-Cerdán et al. (2010) 

n.d.-5.78 (n=267) Red Random Garde-Cerdán et al. (2008) 

0.394-1.368 (n=10) Red Random Carrillo and Tena (2007) 

n.d.-2.708 (n=10) Red Random Carpinteiro et al. (2010) 

0.009-1.50 (n=57) Red Random López et al. (2002) 

0.006-2.265 (n=10) Red Random Carpinteiro et al. (2012) 

     

Switzerland 0.170-3.78 (n=15) Red 
Wines with “Brett 

character” 

Hesford and Schneider 

(2004) 
          

      



 CHAPTER I - GENERAL INTRODUCTION 

 8 

4-EG 

Australia 0.0010.437 (n=61) Red Random Pollnitz et al. (2000) 

     

Brazil n.d-0.260 (n=126) Red Random Ávila and Ayub (2013) 

     

Canada <0.001-0.411 (n=54) Red Random Rayne and Eggers (2007) 

     

France 

n.d.-0.007 (n=54) White Random 

Chatonnet et al. (1992) n.d.-0.015 (n=12) Rosé Random 

0.001-1.561 (n=83) Red Random 

Germany 

n.d.-0.517 (n=589) Red Random 

Nikfardjam et al. (2009) n.d.-0.215 (n=548) White Random 

n.d.-0.156 (n=163) Rosé Random 

     

Italy 

n.d.–0.430 (n=153) Red Random 

Larcher et al. (2007) n.d.-0.253 (n=65) White Random 

n.d.-0.035 (n=32) Raisin Random 

     

Slovenia 6-479 (n=82) Red Random Česnik and Lisjak (2016) 

     

Spain 

n.d.–3.23 (n=510) Red Random Garde-Cerdán et al. (2010) 

n.d.–3.23 (n=267) Red Random Garde-Cerdán et al. (2008) 

0.031-0.137 (n=10) Red Random Carrillo and Tena  (2007) 

n.d-0.204 (n=10) Red Random Carpinteiro et al. (2010) 

0.001-0.420 (n=57) Red Random Lopéz et al. (2002) 

0.001-0.251 (n=10) Red Random Carpinteiro et al. (2012) 

n.d.-0.116 (n=52) Red Random Ferreira et al. (2000) 

     

Switzerland <0.050-0.329 (n=15) Red 
Wines with “Brett 

character” 

Hesford and Schneider 

(2004) 

      

4-EC 

Italy 

n.d. -1.610 (n=153) Red Random 

Larcher et al. (2008) n.d.-0.777 (n=65) White Random 

n.d.-0.073 (n=32) Raisin Random 

     

Spain n.d-0.230 (n=10) Red Random Carrillo and Tena (2007) 

 n.d-0.344 (n=10) Red Random Carpinteiro et al. (2010) 

 n.d.-0.158 (n=10) Red Random Carpinteiro et al. (2012) 

     

Switzerland 0.027-0.427 (n=15) Red 
Wines with “Brett 

character” 

Hesford and Schneider 

(2004) 

 



CHAPTER I - GENERAL INTRODUCTION  

 9 

 
 
Figure 1. Formation of volatile phenols from hydroxycinnamate precursors or their degradation products 
(vinylphenols) in wines by Dekkera/Brettanomyces. 

 
These yeasts can convert free caffeic, ferulic, p-coumaric and sinapic acids (Heresztyn, 

1986), their ethyl esters when Dekkera/Brettanomyces present ethyl esterase activity (Hixson 

et al., 2012) but not the tartaric acid esters like caftaric, fertaric and coutaric acids (Schopp, 

Lee, Osborne, Chescheir, & Edwards, 2013), the most abundant phenolic acids present in wine. 

Red wines always present higher values of VPs than rose and white wines (Table 2). Red wines 

are particularly susceptible to Dekkera/Brettanomyces bruxellensis contamination and 

proliferation due to their lower acidity and frequent ageing in wood barrels. Vitis vinifera red 

grape varieties with higher content of polyphenol precursors are the most susceptible to the 

Dekkera/Brettanomyces defects (Chatonnet et al., 1997). Nevertheless, when white wines are 

produced with prolonged maceration and aged in wood barrels the VPs levels increase (Lukić, 

Jedrejčić, Ganić, Staver, & Peršuric, 2015). When present in wines the levels of 4-EP are always 

higher than that of 4-EC and 4-EG (Table 2), and although some variations in their proportion 

have been found that seem to be dependent on the grape variety or Dekkera/Brettanomyces 

strains and geographical location, ratios of 4-EP to 4-EG from 40:1 to 3:1 have been reported 

(Chatonnet et al., 1992; Pollnitz, Pardon, & Sefton, 2000; Rayne, & Eggers, 2007). On average, 

they are present in a 10:1 ratio, respectively (Chatonnet et al., 1992; Romano, Perello, de Revel, 
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& Lonvaud-Funel, 2008). The ratio of 4-EP to 4-EC was found to be 3.7:1 and that of 4-EG to 

4-EC of 0.7:1 (Larcher et al., 2008). In dry wines, the production of VPs by B. bruxellensis may 

be accompanied by the synthesis of acetyl-tetrahydropyridine with a roasted, caramel, bready 

odour, carboxylic acids, and some ethyl-esters, which contributed to their “Brett character” 

(Romano et al., 2008). It can also occur a masking effect by isobutyric and isovaleric acids 

(cheesy type odour/flavour) on the detection of ethylphenols making it difficult to be sensory 

perceived in wines (Romano, Perello, Lonvaud-Funel, Sicard, & de Revel, 2009). Tempère et 

al. (2011) showed that due to complex aromatic composition of wines, considerable variations 

in experts’ olfactory sensitivity to key wine compounds can arise, including ethylphenols 

(Tempère, Cuzange, Malak, Bougeant, de Revel, & Sicard, 2014). It has been demonstrated 

that above their olfactory detection threshold these compounds result in a decrease or even 

elimination of fruity and varietal aromas in wine (Chatonnet, Boidron, & Pons, 1990; Gerbaux, 

& Vincent, 2001; San-Juan, Ferreira, Cacho, & Escudero, 2011; Tempère et al., 2016) and it 

has been shown that even subliminal concentrations affected the wine fruity notes (Tempère et 

al., 2016). The correlation of bitterness and astringency, both unpleasant wine sensory 

attributes, with the abundance of 4-ethylphenol and 4-ethylguaiacol, responsible for the 

unpleasant sensory phenolic attribute, can be explained by central cognitive interactions, where 

one strong taste or aroma reduces perception of the other in the brain (Coupland, & Hayes, 

2014). The interaction of aroma with the taste perception of food and wine has been described 

(Sáenz-Navajas, Campo, Fernández-Zurbano, Valentin, & Ferreira 2010; Coupland, & Hayes, 

2014; Ferrer-Gallego, Hernández-Hierro, Rivas-Gonzalo, & Escribano-Bailóna, 2014). 

To eliminate or minimise this serious wine sensory defect, the knowledge of the 

contamination sources, conditions favouring Dekkera/Brettanomyces growth and VPs 

production are important to produce high quality wines. The adoption of preventive actions 

during winemaking, many of them already allowed, if implemented during the winemaking 

process, could decrease the contamination of wine and the formation of VPs in already 

contaminated wines. These preventive measures should be favoured over remediation measures 

designed to remove the already formed VPs in wines, as these remediation treatments have in 

general a higher impact on wine quality, although with a careful selection of the treatment their 

impact can be greatly reduced. This review summarises the wine microbial ethylphenol 

formation and preventive actions in winemaking known to reduce Dekkera/Brettanomyces 

contamination and ethylphenols production and remedial treatments to remove ethylphenols 

from already contaminated wines. Also, the analytical methods developed and some of them 
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validated currently available for the determination of 4-EP, 4-EG and 4-EC in wines are 

discussed regarding their most important aspects including performance characteristics, 

advantages and disadvantages. 

 

2. Microbial formation, preventive actions and remedial treatments of volatile 

phenols in wine 

 

2.1. Microbiological formation of volatile phenols 

 

Yeasts classified as Dekkera/Brettanomyces spp. are probably the most important 

organisms responsible to produce VPs in wines (Chatonnet et al., 1992). Although 

Saccharomyces cerevisiae and lactic acid bacteria can produce vinylphenols precursors that can 

be used by Dekkera/Brettanomyces for producing the correspondent etylphenols, in wine 

Dekkera/Brettanomyces were the only yeasts with the ability to produce significant amounts of 

ethylphenols (Chatonnet, Dubourdieu, & Boidron, 1995). Excellent reviews on the 

microbiology and ecology of these yeasts have been produced in the last few years, from 

spoilage organisms to valuable contributors to industrial fermentations (du Toit, & Pretorius, 

2000; Renouf, Lonvaud-Funel, & Coulon, 2007b; Suárez, Suárez-Lepe, Morata, & Calderón, 

2007; Oelofse et al., 2008; Wedral et al., 2010; Kheir, Salameh, Strehaiano, Brandam, & Lteif, 

2013; Zuehlke, Petrova, & Edwards, 2013; Steensels, Daenen, Malcorps, Derdelinckx, 

Verachtert, & Verstrepen, 2015). These yeasts are distributed worldwide, and may arrive at 

the winery on grape skins, be present on winery surfaces or wood barrels (Chatonnet et al., 

1990; Chatonnet et al., 1992; Gerbaux, & Vincent, 2001). The Brettanomyces genus is known 

since 1904. This yeast was isolated in the end of the fermentation of an English beer (Ale) 

(Zuehlke et al., 2013). Among their physiological and morphological traits are acetic acid 

production, slow growth on malt extract agar, short survival and frequency of lancet-shaped 

cells with absence of ascosporous (Zuehlke et al., 2013). The genus Dekkera was only 

designated in 1964 when spore formation was observed. Currently there are recognised five 

species belonging to Brettanomyces and Dekkera: B. custersianus, B. naardenensis, B. nanus, 

B. anomalus and B. bruxellensis; of these, the perfect form (teleomorph) is known for the last 

two species, called D. anomala and D. bruxellensis, respectively (Oelofse et al., 2008). 

Dekkera/Brettanomyces alcoholic fermentation is detained by anaerobiosis – the so-called 

Custer effect (negative Pasteur effect) (Smith, 2011). Although its growth is detained by 
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anaerobiose, this can be reverted by oxygen. The tolerance of B. bruxellensis to increasing 

ethanol concentrations varies dependent on the strain, although ethanol above 9.0 % slows 

growth (Rodrigues, Pereira, Malfeito, & Loureiro, 2001; Barata, Caldeira, Botelheiro, Pagliara, 

Malfeito-Ferreira, & Loureiro, 2008a), nevertheless it can tolerate concentration as higher as 

15% (v/v) of ethanol depending on the strain and conditions (Rodrigues et al., 2001; Barata et 

al., 2008a; Childs, Bohlscheid, & Edwards, 2015). The time for adaptation to ethanol is strain 

dependent, resulting in either enhanced or reduced sensitivity (Vigentini et al., 2008). The 

optimal temperature range for B. bruxellensis is 25–28 ºC (Smith, 2011), although it has been 

observed spoilage of red wines at lower temperatures (10 ºC, 15 ºC, 20 ºC, and 25 ºC) (Barata 

et al., 2008b; Zuehlke et al., 2013). Nevertheless, the exposure to higher temperatures (36 ºC) 

during 12 h resulted in a complete loss of viability (Barata et al., 2008b). Ethanol and ferulic 

acid seems to increase B. bruxellensis sensitivity to thermal inactivation (Couto, Neves, 

Campos, & Hogg, 2005). The effect of pH on B. bruxellensis growth has been less investigated 

in wine, nevertheless growth in enrichment media was observed at pH 2.0 (Conterno, Joseph, 

Arvik, Henick-Kling, & Bisson, 2006). There is growing evidence that environmental stress 

can induce a viable but non-culturable (VBNC) state in Brettanomyces (Fleet, 1999, Serpaggi, 

Remize, Recorbet, Gaudot-Dumas, Sequeira-Le Grand, & Alexandre, 2012). In this dormant 

physiological state, cells remain alive but cannot be cultured using synthetic media without 

some form of stimulation (Palkova, & Vachova, 2006). In wine B. bruxellensis have been 

reported to enter VBNC states following sulphur dioxide additions (Divol, & Lonvaud-Funel, 

2005; du Toit, Pretorius, & Lonvaud-Funel, 2005; Agnolucci, Rea, Sbrana, Cristani, Fracassetti, 

Tirelli, & Nuti, 2010). Therefore, in winemaking if low free sulphur dioxide (molecular SO2 

<0.5 mg/L) levels are conjugated with high wine pH (>3.8) and temperatures higher than 15 ºC 

then Dekkera/Brettanomyces can grow and problems may arise (Benito, Palomero, Morata, 

Calderón, & Suárez-Lepe, 2009). Furthermore, these yeasts can also multiply after wine 

bottling if the wine contains residual fermentable sugars, a situation more likely if the wine was 

minimally filtered (du Toit, & Pretorius, 2000). The low wine alcohol degree was found to 

determine the accumulation of VPs after bottling. In the light of this results modern tendency 

in reducing alcohol degree of wines represents and additional risk factor (Lisanti, Gambuti, 

Genovese, Piombino, & Moio, 2013). Wine wood barrel maturation is particularly favourable 

to Brettanomyces growth, being a slow growing yeast that does not compete well against other 

microorganisms, as during alcoholic fermentation yeast Saccharomyces easily out-competes it. 

These wines usually have also lower levels of SO2 (Garde-Cerdán, Lorenzo, Carot, Esteve, 
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Climent, & Salinas, 2010). Furthermore, the necessary processes of racking off lees and 

regularly topping up barrels ensures that there are always reasonable levels of dissolved oxygen 

in the wine. Although wood barrels can promote the sensory improvement of wines they are 

porous and difficult to clean and sterilise. Therefore, they provide an environment in which 

undesirable microorganisms can survive and be transfered from one wine to another. Although 

cleaning methods are becoming more sophisticated, the shape and microstructure of wooden 

barrels afford undesirable organisms a great degree of protection (Suárez et al., 2007). 

 

2.2. Measures for preventing volatile phenols formation in wines 

 

Due to the serious impact on wine quality due to the spoilage by 

Dekkera/Brettanomyces, a series of preventive actions have been developed and implemented 

during winemaking. Most of the preventive actions are of hygienic nature such as properly 

sanitised front-end processing equipment, hoses, pumps, valves, drains, barrels and bottling 

equipment. These procedures minimise the spread of Dekkera/Brettanomyces. Insects such as 

the fruit fly are also potential vectors of infection (Licker, Acree, & Henick-Kling, 1997). In 

the pre-fermentative operations, a range of actions can be taken in order to decrease red wine 

contamination with Dekkera/Brettanomyces, as well as decreasing the amount of precursors 

present and hence the potential of VPs formation. Low maceration temperatures (Gerbaux, & 

Vincent, 2001) and avoidance of the use of pectinolytic enzymes contaminated with cinnamoyl 

esterase activity are two measures aiming to decrease the extraction and formation of precursors 

(Dugelay, Gunata, Sapis, Baumes, & Bayonove, 1993; Romano et al., 2008). To date, sulphiting 

is the most efficient preventive measure to avoid the development of Dekkera/Brettanomyces, 

therefore the occurrence of fast and complete fermentations is desirable to quickly sulphite 

wine. Nevertheless, sulphite addition induced loss of cultivability, but maintenance of viability 

and more importantly production of VPs could persist in VBNC cells because they still retain 

part of their enzymatic activity (Laforgue, & Lonvaud-Funel, 2012). Therefore, continuous 

wines sulphiting can prevent the detection of B. bruxellensis when methods based on culture 

growth media are used. Morata and co-workers (2013) proposed an alternative procedure to 

deal with Dekkera/Brettanomyces contamination and VPs formation by using a cinnamoyl 

esterase before fermentation to release cinnamic acid precursors and fermentation with 

hydroxycinnamate decarboxylase positive (HCDC+) Saccharomyces cerevisiae in order to 

produce vinylphenols that will react with anthocyanins, and therefore decrease the amount of 
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precursors (free hydroxycinnamic acids) for formation of VPs, nevertheless the final impact on 

VPs formation and appearance of sensory phenolic notes in wines are difficult to predict as 

vinylphenols are also VPs precursors (Figure 1, Table 3). 
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The wine pH manipulation for Dekkera/Brettanomyces control is not viable as their 

growth is only inhibited at pH<2.62, a value not usually found in wines. The absence of oxygen 

is very difficult during normal winemaking operation like racking and transfer and the amount 

of ethanol needed to impair their development is much higher than those found in regular red 

wines (Table 3). Chemical alternatives to SO2 have also been explored due to the possible 

allergenic reactions to this additive and its decrease during wine ageing. Dimethyldicarbonate 

(DMDC) is a preservative which shows remarkable antimicrobial activity and inhibitory action 

with a concentration within the legal limits (200 mg/L). Nevertheless, its action is transitory 

since it is quickly hydrolysed in wine into methanol and carbon dioxide (Delfini, Gaia, 

Schellino, Strano, Pagliara, & Ambrò, 2002; Costa, Barata, Malfeito-Ferreira, & Loureiro, 

2008), thus, it cannot completely replace SO2. Another anti-microbial agent recently introduced 

in the market is fungal chitosan (Table 3) that shows inhibitory and biocidal action within the 

legal limit (10 g/hL). Although sorbic acid efficiency against Dekkera/Brettanomyces has been 

studied, its inhibitory effect was four times higher than the legal limit (200 mg/L). Other 

alternatives to these anti-microbial agents have been tested like benzoic acid, hydroxycinnamic 

acids, oenological tannins, killer toxins, antimicrobial peptides and -glucanase enzymes 

(Table 3). Benzoic acid has been shown to be efficient for Dekkera/Brettanomyces control, 

nevertheless is not authorised to use in wines. This is also the case of killer toxins isolated from 

different microorganisms and peptides either synthetic or obtained from enzymatic hydrolysis 

of lactoferrin. The efficiency of oenological tannins and hydroxycinnamic acid, namely ferulic 

acid, were dependent of the Dekkera/Brettanomyces strains, and the amount of ferulic acid need 

was higher than concentrations normally present in wines (Godoy, Varela, Martínez, & Ganga, 

2013; Campolongo, Siegumfeldt, Aabo, Cocolin, & Arneborg, 2014). 

Regular rackings, which eliminate the sedimented cells, can contribute to lower yeast 

populations and in particular B. bruxellensis (Renouf, & Lonvaud-Funel, 2004). Thus, the 

reincorporation of lees during ageing can sometimes bring B. bruxellensis to wines. Therefore, 

this practice should be considered only after a microbial analysis showing the absence or a low 

level of B. bruxellensis in lees. Wine fining has also been shown to be beneficial because it 

helps B. bruxellensis flocculation and their elimination with sediments (Millet, & Lonvaud-

Funel, 2000; Murat, & Dumeau, 2003). More radical treatments like heat treatments (Couto et 

al., 2005) or wine filtration (Ubeda, & Briones, 1999; Renouf, Perello, de Revel, & 

Lonvaudfunel, 2007c) are effective against B. bruxellensis. These microbial stabilisation 

methods should be considered only before bottling, the probability of re-contamination being 
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then lower. Nevertheless, heat treatment and microfiltration are not generally applied by 

winemaker’s due to claimed deleterious effect on wine sensory quality and longevity and in the 

latter case due to deterioration of wines colloidal structure and reduction of colour and aroma 

(Table 3). To cope with this problem alternative technologies have been evaluated, with 

success. High pressure processing (HPP), pulsed electric field (PEF) and low electric current 

(LEC) are, currently, new technological approaches (Table 3). These treatments didn’t result in 

wine aromatic defects when compared to control wines (Puig, Vilavella, Daoudi, Guamis, & 

Minguez, 2003; Lustrato, Alfano, Belli, Grazia, Iorizzo, & Ranalli, 2006; Puértolas, López, 

Condón, Raso, & Álvarez, 2009; Lustrato et al., 2010; Puértolas, Lopez, Condon, Alvarez, & 

Raso, 2010; Morata, Benito, González, Palomero, Tesfaye, & Suárez-Lepe, 2012). UV-C has 

also been tested and its use showed more technical constrains and cause a small decrease in 

anthocyanins (Fredericks, du Toit, & Krügel, 2011; Pala, & Toklucu, 2013). 

 From the literature survey it can be concluded that there are presently several efficient 

tools for dealing with the Dekkera/Brettanomyces contamination, their growth and preventive 

inhibition of VPs formation (Table 3), nevertheless as they are still commercialised worldwide 

wines with high levels of these VPs (Table 2) therefore it can be concluded that probably these 

preventive procedures are not adequately implemented and/or their efficiency properly 

monitored during the winemaking process. The new technologies that have been tested to deal 

preventively with this problem, HPP, PEF, LEC and UV-C are very promising concerning their 

efficiency, nevertheless further studies are needed in order to evaluate more deeply their impact 

on the wine quality and the maintenance of its sensory quality until its consumption. 

 

2.3. Measures for removing or reducing the aroma impact of volatile phenols. 

 

A series of remediation treatments have also been developed to remove from wines the 

already formed VPs and decrease or eliminate their negative sensory impact. The remediation 

treatments proposed can be divided into two main groups, those intended to decrease the 

headspace contents by decreasing their partition coefficients to the gas phase without changing 

the total VPs contents of wines (non-subtractive techniques), and those directed to the removal 

of the 4-EP and 4-EG from wines, therefore decreasing their content and their headspace 

concentration (subtractive techniques). The impact of these techniques on wine quality has been 

only studied in some works, but this ultimately will dictate the suitability and the choice by 
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winemakers. Most of the proposed treatments are not yet authorised by the International 

Organisation of Vine and Wine (OIV) and are therefore not allowed in winemaking (Table 4). 
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Some treatments were only tested in model wine solutions (yeast cell walls, oak wood, 

cork) being difficult to predict their efficiency in a more complex matrix like red wine. Also, 

their efficiency is dependent on the levels of these contaminants (activated carbons, fine yeast 

lees, potassium caseinate, suberin adsorbed on glass beads, chitosan) and on the wine matrix 

(yeast cell walls, suberin adsorbed on glass beads). In other cases, the doses needed are very 

high (yeast cell walls, fine yeast lees, oak wood, cork, polyaniline based compounds in base 

form) that they do not seem to be technically and/or economically feasible.  

For the subtractive techniques various adsorbents have been used with different applied 

doses (Table 4). Of those oenological products already authorised by the OIV and tested in red 

wines, like activated carbons, yeast cell walls, fine yeast lees, potassium caseinate, egg albumin 

and oak chips; those that prove to be efficient within the legal dose were activated carbons, egg 

albumin, potassium caseinate and oak chips. Potassium caseinate (200 g/hL) was also efficient 

in the removal of these two VPs (33% for 4-EP and 42% for 4-EG) although its efficiency in 

the sensory defect removal was not evaluated (Barbosa, Hogg, & Couto, 2012). Egg albumin 

(10g/hL) and oak chips (300 g/hL) were less efficient (in average 19% and 15% VPs, removal) 

(Barbosa et al., 2012), but also their sensory impact were not evaluated. Although with a 

promising VPs removal efficiency, the use of potassium caseinate and egg albumin have the 

drawback of the potential allergenicity of these fining agents and, therefore, are of mandatory 

labelling in wines if residual concentration is higher than 0.25 mg/L (Regulation EU 579/2012). 

On the other hand, yeast cell walls and fine yeast lees were efficient at 300 g/hL (in average 

28% of VPs removal) and at 3000 g/hL (in average 40% of VPs removal), respectively (Barbosa 

et al., 2012) but these high doses can have serious impact on the other wine aroma compounds.  

Other adsorbents were also assayed: esterified cellulose (200g/hL); suberin adsorbed on 

glass beads (dose not supplied) and polyaniline (PANI) based adsorbent in base form (1000 

g/hL), all of them allowed a significant removal of 4-EP and 4-EG form red wines (43% and 

39%; 49% and 45% and 68% and 50% for 4-EP and 4-EG, respectively) (Larcher, Puecher, 

Rohregger, Malacarne, & Nicolini, 2012; Marican, Carrasco-Sánchez, John, Laurie, & Santos, 

2014; Carrasco-Sánchez, John, Marican, Santos, & Laurie, 2015; Gallardo-Chacón, & 

Karbowiak, 2015). Esterified cellulose only caused a small decrease in colour (Larcher et al., 

2012) and the effect of PANI was much more detrimental showing a 44% decrease in total 

phenols (Marican et al., 2014). To increase the specificity of adsorbents for 4-EP and 4-EG 

without impacting on the other wine components, molecularly imprinted polymers (MIP´s) 

have been synthesised and applied to wines (Garde-Cerdán et al., 2008; Teixeira et al., 2015). 
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The only monomer tested for MIP production was vinylpyridine in both works, although with 

different cross-linkers, porogens as well as different templates (EDMA cross-linker and 4-EP 

and 4-EG (Teixeira et al., 2015) and divinylbenzene-80 and penthachlorophenol (Garde-Cerdán 

et al., 2008), respectively. Their application doses were only supplied in one work and used at 

levels of 200 g/hL (Teixeira et al., 2015). Although in both works, the non-imprinted polymers 

showed already high adsorption for the two VPs - in average 45% (Teixeira et al., 2015) and 

59% (Garde-Cerdán et al., 2008), the MIP showed increased adsorption values - 55% (Teixeira 

et al., 2015) and 91% (Garde-Cerdán et al., 2008). In both works significant amounts of volatile 

compounds and anthocyanins were also removed. Nevertheless, the sensory analysis of the 

wines treated with MIP in the work of Teixeira et al. (2015) indicated an improvement of the 

wine flavour. The reasoning of this approach is that by modifying the partition coefficients of 

the VPs for the gas phase in equilibrium with wine by adding substances that can bind these 

VPs, their sensory perception will be lower (Petrozziello et al., 2014). 

 

3. Conclusions 

 

This review discusses the formation and impact of volatile phenols on wine quality and 

consumer acceptance. The preventive and remedial approaches to mitigate this sensory defect 

are reviewed. The authorised methods by the OIV for the prevention of Dekkera/Brettanomyces 

wine spoilage with the formation of 4-EP, 4-EG and 4-EC, namely the use of sulphur dioxide, 

chitosan and DMDC, does not seem to completely resolve this problem as there are still wines 

on the market with this sensory defect. Therefore, some preventive alternatives have been 

studied, including non-thermal technologies like high pressure processing, pulsed electric field, 

low electric current and ultraviolet C light, that have the advantage of not changing the wine 

sensory profiles, a problem associated with the thermal technologies like flash pasteurisation. 

Meanwhile some remedial treatments have also been tested to remove these volatile phenols 

from wines in order to remove this sensory defect. Further studies are needed to develop more 

efficient preventive processes for avoiding the spoilage of wines by Dekkera/Brettanomyces 

and while this is not efficiently accomplished remedial treatments for removing these VPs 

should be explored in order to decrease the impact of these treatments on the wine sensory 

quality and promote their application in the wine industry. 
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5. Aims of the study 

 

Red wine spoilage by Dekkera/Brettanomyces yeasts is a real current worldwide 

problem, due to the development of a phenolic off-flavour affecting negatively the positive 

fruity and floral wine aromas, usually known as “Brett character”. The main compounds 

responsible for the development of this off-flavour are volatile phenols, 4-ethylphenol and 4-

ethylguaiacol, formed by decarboxylation and reduction of the hydroxycinnamic acids 

precursors, namely p-coumaric and ferulic acids by Dekkera/Brettanomyces. This spoilage 

results in serious economic losses as these wines are not certified by official certifying agencies 

in several demarcated wine regions and are also rejected by both professionals and consumers. 

Therefore, various preventive measures have been developed and authorised by OIV and 

European Commission Regulations, however the problem persists worldwide resulting in 

millions of liters of contaminated wines with 4-ethylphenol and 4-ethylguaiacol. To overcome 

this sensory defect several remedial treatments have been tested, intended to remove from wine 

the already formed 4-ethylphenol and 4-ethylguaiacol, or reduce their levels below the olfactory 

detection threshold, nevertheless their efficiency has been limited and the overall impact of 

these treatments on the wine quality has rarely been evaluated.  

Therefore, this study aims to develop efficient remedial treatments for removing/ 

reducing the negative impact of 4-ethylphenol and 4-ethylguaiacol on wine aroma without 

impacting significantly on the wine quality. Initially, a screening was performed using common 

oenological products, already authorised by OIV in wine treatment including activated carbon, 

polyvinylpolypirrolidone (PVPP), carboxymethylcellulose (CMC), chitosan, gelatine, casein 

and egg albumin, and their 4-ethylphenol and 4-ethylguaiacol removal efficiency was 

measured. Also, the impact of these oenological products on wine phenolic composition was 

measured (Chapter 2). From this initial screening two products were selected and further 

optimised, the activated carbons (Chapter 4) and chitosans (Chapter 5). It has been described 

in the literature that Dekkera/Brettanomyces has the ability in grape-must conditions to produce 

significant quantities of potentially toxic biogenic amines, therefore a maximum 

variance/heterogeneous purposive non-probability sampling of wines industrially produced 

with different levels of 4-ethylphenol and 4-ethylguaiacol was performed, and the levels of 

biogenic amines were also determined, in order to verify if the removal of the negative aromatic 

defect from contaminated wines with Dekkera/Brettanomyces didn’t increase the risk of 

exposure of consumers to biogenic amines (Chapter 3).  



 CHAPTER I - GENERAL INTRODUCTION 

 40 

To optimise the application of activated carbons for reducing/removing 4-ethylphenol 

and 4-ethylguaiacol and to understand their impact on wine quality, experimental assays were 

performed using activated carbons with different physicochemical characteristics (superficial 

area, pore volume, pore diameter and mesopore area) (Chapter 4).  

To verify the effect of chitin and chitosans in the reduction of negative volatile phenols 

headspace abundance, several crustacean chitins and chitosans with different molecular weight 

and deacetylation degrees, commercially aviable or prepared in our laboratory were used and 

compared with the authorised oenological fungal chitosan-glucan (Chapter 5).  

In order to attempt to remove more especifically the negative ethylphenols from spiked 

red wine, some molecularly imprinted polymers (MIPs) were synthetised by precipitation 

polymerisation using various functional monomers (methacrylamide; ethyl methacrylate and 

ethylene glycol methyl ether acrylate), ethylene glycol dimethacrylate as cross-linker and 4-EG 

and 4-EP as template molecules. The most successful imprinted polymers were applied to 

spiked wines and their impact in red wine quality were studied (Chapter 6).  

Cork powder, a cheap and natural by-product from cork stopper industry was optimised 

to remove volatile phenols. This material was clean to remove cork extractives, air removal and 

impregnated with ethanol and was applied to spiked red wine. The impact on wine quality was 

verified (Chapter 7). 

The impact on wine quality of the various approaches studied were accessed by 

evaluation of their effect on the wine phenolic compounds levels (phenolic acids and flavonoids 

and monomeric anthocyanins), wine colour and chromatic characteristics and wine headspace 

aroma abundance. Sensory analysis scoring of the negative phenolic attribute and positive fruity 

and floral attributes as well astringency, bitterness and acidity and colour intensity were 

performed by an expert panel. 
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Abstract 

 

Brettanomyces/Dekkera produces 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) 

from hydroxycinnamic acids that affect the wine aroma and overall quality. A simple, cheap, 

fast and reliable quantitation method is needed for routine quality control of wines. In this work 

a simple method based on one simple liquid-liquid extraction with pentane/diethyl ether (2:1) 

and analysis by GC-MS allow to obtain very good recoveries (98-102%) and low quantification 

limits (24 and 11 g/L for 4-EP and 4-EG, respectively), well below the sensory detection 

threshold for these volatile phenols and with an adequate measurement uncertainty: 70, 1.75 

and 78, 1.95 and 1.35 μg/L for levels of 1000, 25 μg/L for 4-EP and 1000, 25 and 10 μg/L for 

4-EG, respectively. In addition, a screening of nine fining agents (synthetic, mineral, protein 

and polysaccharide based) for reducing the levels of these volatile phenols in red wines was 

performed, and the impact on the physicochemical characteristics of red wines was evaluated. 

At the levels used, activated carbon (AC) was the most efficient fining agent in removing 4-

ethylphenol and 4-ethylguaiacol from red wines (57%) resulting in a 75% decrease of 

headspace concentration of these volatile phenols. Lower reductions were observed when using 

egg albumin (19%) resulting in a 30% decrease in the headspace concentration. Other fining 

agents although not reducing the total amount of the volatile phenols present in wine decreased 

their concentrations in the headspace like isinglass (27%), carboxymethylcellulose (15%) and 

chitosan (27%). All these fining agents could be a possibility for treating wine contaminated 

with 4-ethylphenol and 4-ethylguaiacol.  

 

 

Keywords: Red wine; 4-ethylphenol; 4-ethylguaiacol; Gas chromatography; Liquid-liquid 

extraction; Fining agents 
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1. Introduction 

 

Brettanomyces/Dekkera has been a concern as a spoilage microorganism in red wines 

due to its influence in the amount of 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) present 

(Chatonnet, Dubourdieu, & Boidron, 1995) impacting negatively on wine aroma, causing 

serious economic losses to the wine industry (Fugelsang, & Edwards, 2007). These yeasts grow 

up essentially after alcoholic and malolactic fermentation (Ribéreau-Gayon, Glories, Maujean, 

& Dubourdieu, 2006) and usually appear in wood barrels used for fermentation and wine aging 

(Rayne, & Eggers, 2008; Wedral, Shewfelt, & Frank, 2010). Red wines are particularly 

susceptible to spoilage by Brettanomyces/Dekkera due to their low acidity, high polyphenol 

content and to the fact that they are usually stored for long periods in wood barrels (Suárez, 

Suárez-Lepe, Morata, & Calderón, 2007; Wedral et al., 2010). Brettanomyces/Dekkera 

produces 4-EP and 4-EG from hydroxycinnamic acids (Fariña, Boido, Carrau, & Dellacassa, 

2007; Flamini, & Traldi, 2010), p-coumaric and ferulic acids, respectively, that are converted 

into 4-vinylphenol and 4-vinylguaiacol by the enzyme hydroxycinnamate decarboxylase and 

reduced to 4-EP and 4-EG by the enzyme vinylphenol reductase (Suárez et al., 2007). These 

volatile phenols are the main responsible for the “Brett character” (Romano, Perello, Lonvaud-

Funel, & Sicard, 2009) described as medicinal, horsy, barnyard, smoky, stable and animal 

aroma (Chatonnet, Dubourdieu, Boidron, & Pons, 1992; Ribéreau-Gayon et al., 2006). 

Although several preventive strategies are available like the reduction of the precursors 

concentration (Gerbeaux, Vincent, & Bertrand, 2002) and the use of additives like sulphur 

dioxide (Suárez et al., 2007) none of them is totally efficient and the contamination of red wines 

is still a problem nowadays, so the reduction of the 4-EP and 4-EG levels in contaminated wines 

below the olfactory detection threshold without impacting on the overall wine quality is an 

attractive and urgent solution. In this work a screening of potential curative treatments for 

removing 4-EP and 4-EG from red wine was performed and their effect on the physicochemical 

wine characteristics, namely wine chromatic characteristics, total phenolic compounds, 

anthocyanins, flavonoids and non-flavonoids were evaluated. 

As wine is a complex matrix composed by a myriad of volatile and non-volatile 

compounds, and the volatile phenols are present in low levels ranging from 1 g/L to 2660 g/L 

(Pollnitz, Pardon, & Sefton, 2000), frequently, before quantification, there are used methods 

for sample pre-treatment and/or concentration, including solid phase extraction (SPE) using 

conventional sorbents (Weldegergis, Crouch, Gorecki, & de Villiers, 2011; Allen, Bui, Cain, 
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Rose, & Downey, 2013) or molecularly imprinted polymers as sorbents (Garcia, Gomez-

Caballero, Guerreiro, Goicole, & Barrio, 2015), solid phase microextraction (SPME) 

(Martorell, Martí, Mestres, Busto, & Guasch, 2002; Monje, Privat, Gastine, & Nepveu, 2002; 

Mejías, Marín, Moreno, &. Barroso, 2003; Boutou, & Chatonnet, 2007; Carrillo, & Tena, 

2007), liquid-liquid microextraction (LLME) (Pizarro, Sáenz-González, Pérez-del-Notario, & 

González-Sáiz, 2011; Carpinteiro, Abuín, Rodríguez, Ramil, & Cela, 2012), stir bar sorptive 

extraction (SBSE) (Franc, David, & de Revel, 2009) and QuEChERS (Valente, Santos, 

Moreira, & Rodrigues, 2013). For the gas chromatography-mass spectrometry (GC-MS) 

quantification the most used methods for sample pre-treatment and concentration can be 

divided in those using SPME (Martorell et al., 2002; Monje et al., 2002; Mejíaset al., 2003; 

Boutou, & Chatonnet, 2007; Carrillo, & Tena, 2007) and methods based on liquid-liquid 

extraction (LLE) (Pollnitz et al., 2000; Monje et al., 2002; Carrillo, & Tena, 2007). The SPME 

based methods are prone to serious matrix effects (Rocha, Ramalheira, Barros, Delgadillo, & 

Coimbra, 2001) and those methods based on LLE involve various time-consuming extraction 

steps and were not subjected to validation (Pollnitz et al., 2000; Monje et al., 2002), and the 

merit figures cannot be assessed. 

In this sense, the development of a simple, cheap, fast and reliable method for the quality 

control of red wines concerning their contamination with these volatile phenols is needed. In 

this work a method based on one simple liquid-liquid extraction and quantification by GC-MS 

was optimised and validated for the reliable quantification of 4-EP and 4-EG in red wines. 

 

2. Experimental 

 

2.1. Wine sample 

 

A red wine from Douro Valley, 2012 vintage was used, and their main characteristics 

were as follows: specific gravity (20 ºC) (g/mL) 0.9958, alcohol content (% v/v) 13.8, titratable 

acidity (g tartaric acid/L) 5.4, pH 3.70 and volatile acidity (g acetic acid/L) 0.38. 

 

2.2. Reagents and chemicals  

 

High performance liquid chromatography (HPLC) grade methanol, pentane, diethyl 

ether and 4-ethylguaiacol were from Sigma-Aldrich. Formic acid, sodium bisulphite, 
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formaldehyde and hydrochloric acid were supplied from Panreac and 4-ethylphenol from Acros 

Organics. Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 μm fibre was purchased from 

Supelco.  

 

2.3. LLE procedure 

 

The extractions were carried out following and adapting the methodology described by 

Pollnitz et al. (2000): 2 mL of internal standard (3,4-dimethylphenol 0.1 mg/L) was added to 

20 mL of centrifuged red wine placed in a 50 mL falcon tube. Then, 2 mL of organic solvent 

(pentane/ diethyl ether 2:1) was added and this mixture was shaken horizontally for 15 min at 

400 rpm. Afterwards, the falcon tube was centrifuged during 10 min at 4°C and 12000 rpm. 

Finally, the organic layer was recovered and analysed by GC-MS. All the determinations were 

repeated four times. 

 

2.4. Method validation 

 

2.4.1. Calibration curve and linearity 

Wine samples spiked with known concentrations of the 4-EP and 4-EG were extracted 

and analysed following the method developed. The range of concentration tested was between 

10 and 1000 μg/L (10; 25; 50; 75; 100; 250; 500; 750 and 1000 μg/L) for 4-EG and 25 to 1000 

μg/L for 4-EP (25; 50; 75; 100; 250; 500; 750 and 1000 μg/L). Linearity was evaluated by 

calculating QCmean and Mandel’s fitting test (Caroli, 2007; De Beer, Naert, & Deconinck, 2012). 

 

2.4.2. In-house method validation 

The reliability of the proposed method was validated according to the IUPAC, ISO, 

AOAC harmonised guidelines for single laboratory validation of methods of analysis 

(Thompson, Ellison, & Wood, 2002). The system suitability was also evaluated, and the system 

performance limits were those of European Pharmacopoeia (2004). 

 

2.4.3. Detection and quantification limits (LOD and LOQ) 

The detection limit (concentration for a signal/noise = 3) and the quantification limit 

(concentration for a signal/noise = 10) were calculated from the ratio of the peak heights to the 

average noise before and after each peaks.  
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2.4.4. Repeatability and intermediate repeatability 

One wine sample containing known amount of 4-EP and 4-EG was extracted in 

triplicate. The three standard deviations of the three triplicates were combined in order to obtain 

the values for method repeatability. The intermediate repeatability was calculated with the 

standard deviation of means obtained with extract in triplicate in three different days 

(Thompson et al., 2002). The precision of 4-EG was calculated for the two ranges <25 μg/L 

and >25 μg/L. For that propose, a red wine containing but not added 4-EP and 4-EG at 630 

μg/L and 240 μg/L, respectively for the range above 25 μg/L was used, and using a red wine 

spiked with 10 μg/L for the lower range. The precision of 4-EP was calculated in one range >25 

μg/L. Predicted relative standard deviation of repeatability (PRSDR) and of intermediate 

repeatability (PRSDIR) were calculated from the Horwitz formula. Horwitz ratio (HorRat) was 

calculated between the relative standard deviation calculated experimentally and the one 

calculated from Horwitz formula. Acceptable HorRat values are typically between 0.5 and 2 

(AOAC, 2012). 

 

2.4.5. Accuracy and recovery  

The accuracy of the quantifications was established by calculation the recoveries in 

samples of a blank red wine spiked with standard solutions of the volatile phenols at 5 

concentration levels (10, 50, 100, 500 and 1000 μg/L for EG and 25, 50, 100, 500 and 1000 

μg/L for EP) and analysing four times the fortified test portions.  

 

2.4.6. Method uncertainty 

Uncertainty was calculated using a protocol based on internal validation data 

(Eurachem/CITAC, 2012), and the following equation was used for the expanded uncertainty, 

U: 

 

 
 

where k is the coverage factor, sRw is the within laboratory reproducibility data and ubias is the 

uncertainty related to the bias component obtained from the recovery studies, calculated by: 

 

𝑈 = 𝑘 𝑠𝑅𝑤
2 + 𝑢𝑏𝑖𝑎𝑠

2  
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where sbias is the standard deviation associated with the measured bias and uCRecovery is the 

uncertainty associated with the concentration of the standard used in the recovery experiments. 

 

2.5. GC-MS analysis  

 

Gas chromatographic analyses were performed using a Trace GC Ultra as GC system 

with a Polaris Q mass spectrometer and equipped with an AS 3000 autosampler. Injections of 

5 μL were made in the splitless mode during 2 min using a 5 mm internal diameter single taper 

liner. Separation was carried out using a ZB-5 Inferno column (5% diphenyl/95% dimethyl 

polysiloxane stationary phase with 30 m x 0.25 mm, 0.25 μm film thickness) with a flow-rate 

of 1 mL/min of helium as carrier gas. The oven temperature program was: 40°C for 5 min then 

raised to 155°C at 5 °C/min, then raised for 300°C at 20 °C/min and held at that temperature 

for 1 min, while the temperature of the injector was 250°C. The mass spectrometer was operated 

in selected-ion-monitoring (SIM) mode. Monitored ions were: m/z 107 for 4-EP, m/z 122 for 

3,4-dimethylphenol and m/z 137 for 4-EG. An additional identification ion at m/z 77 was used. 

Quantification was performed by the internal standard method. 

 

2.6. Fining experiments 

 

Wine samples were fortified at the desired level of 4-EP and 4-EG. The addition was 

carried out on a red wine at the highest concentration found in literature (300 μg/L for 4-EG 

and 1500 μg/L for 4-EP) (Ribéreau-Gayon et al., 2006). Eight fining agents were used and 

tested at highest dosages recommended by the manufacturer: potassium caseinate (60 g/hL): 

average molecular weight 30 kDa; egg albumin (10 g/hL): average molecular weight 43 kDa; 

natural sodium bentonite (120 g/hL); solid isinglass (4 g/hL); carboxymethylcellulose (CMC) 

(200 mL/hL): 5% (w/v), degree of substitution 0.74 and average molecular weight 344 kDa; 

liquid gelatine (60 mL/hL); activated carbon (80 g/hL): iodine index 660 mg/kg and density 

0.42 g/cm3; chitosan (10 g/hL): acetylation degree 66% and average molecular weight 580 kDa. 

A red wine without any oenological products was used as a control. All the assays were repeated 

twice. The fining agents were added to 200 mL of wine in 250 mL graduated cylinders and 

sealed for 6 days. Samples were than centrifuged for 10 min before analysis. Afterwards, the 

𝑢𝑏𝑖𝑎𝑠 =  𝑠𝑏𝑖𝑎𝑠
2 + 𝑢𝐶𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦

2  
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previously developed and validated liquid-liquid extraction method was applied to wine and 

analysed by GC-MS for determination of the 4-EP and 4-EG concentration. The headspace 

concentration of 4-EP and 4-EG of wine treated with these commercial fining agents was 

analysed by SPME.  

 

2.7. Headspace SPME  

 

The fibre used was coated with Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 

μm (DVB/CAR/PDMS) and was conditioned before use by insertion into the GC injector at 

270°C for 60 min as recommended by the manufacturer. To a 20 mL headspace vial, 10 mL of 

wine was added, with a magnetic stirrer. The vial was sealed with a Teflon septum cap. The 

fibre was inserted through the vial septum and exposed during 30 min at 25°C at 900 rpm to 

perform the extraction. The fibre was inserted into the GC injector for desorption at 250°C for 

3 min. 

 

2.8. Quantification of total phenols, non-flavonoid and flavonoid phenols  

 

The phenolic content of the wines was quantified using the absorbance at 280 nm before 

and after precipitation of the flavonoid phenols, through reaction with formaldehyde, according 

to Kramling and Singleton (1969). The results were expressed as gallic acid equivalents by 

means of a calibration curve with standard gallic acid. The total phenolic content was also 

determined by a spectrophotometric method, using a UV-Vis spectrophotometer according to 

Ribéreau-Gayon, Peynaud and Sudraud (1982). All analyses were performed in duplicate. 

 

2.9. Colour and pigments 

 

Wine colour was determined by measuring absorbance at 420, 520 and 620 nm using a 

1 mm cell (PerkinElmer-Lambda 25) in line with the Organisation International de la Vigne et 

du Vin methods (OIV, 2006). Hue was quantified as the ratio of absorbance at 420 and 520 nm. 

The concentration of total anthocyanins was determined according to Ribéreau-Gayon and 

Stonestreet (1965). Coloured anthocyanins and total and polymeric pigments were determined 

according to the method of Somers and Evans (1977). All analyses were performed in duplicate. 
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2.10. HPLC analysis of anthocyanins and phenolic acids 

 

Analyses were carried out with an Ultimate 3000 Dionex HPLC equipped with a PDA-

100 photodiode array detector and an Ultimate 3000 Dionex pump. The separation was 

performed with a reversed phase column (C18, 250 mm x 4.6 mm, 5 μm particle size) with a 

flow rate of 1 mL/min at 35°C. The injection volume was 50 μL and the detection was 

performed from 200 to 650 nm. The analyses were performed using as eluents 5% aqueous 

formic acid (A) and methanol (B) and the gradient was as follows: 5% B from zero to 5 min 

followed by a linear gradient up to 65% B until 65 min and from 65 to 67 min down to 5% B 

and maintained until 72 min (Guise et al., 2014). Quantification was performed by external 

calibration using calibration curves obtained using caffeic acid, p-coumaric acid, ferulic acid, 

gallic acid, catechin and cyanidin-3-O-glucoside. The concentrations of trans-caftaric acid, 2-

S-glutathionylcaftaric acid and caffeic acid ethyl ester were expressed as caffeic acid 

equivalents. Coutaric acid, coutaric acid isomer and coumaric acid ethyl ester were expressed 

as p-coumaric acid equivalents. For anthocyanins quantification a calibration curve of cyanidin-

3-O-glucoside was used. Using the coefficient of molar absorptivity (ε) of the different 

anthocyanins-3-O-glucosides, and by extrapolation, it was possible to obtain the concentrations 

of malvidin-3-O-glucoside, delphinidin-3-O-glucoside, petunidin-3-O-glucoside, peonidin-3-

O-glucoside and malvidin-3-O-(6-O-coumaroyl)-glucoside. The concentrations of delphinidin-

3-O-(6-O-acetyl)-glucoside, petunidin-3-O-(6-O-acetyl)-glucoside, peonidin-3-O-(6-O-

acetyl)-glucoside, cyanidin-3-O-(6-O-acetyl)-glucoside and cyanidin-3-O-(6-O-coumaroyl)-

glucoside were expressed as the respective 3-O-glucoside equivalents. 

 

2.11. Statistical analysis 

 

The data are presented as means ± standard deviation. Physicochemical data was 

statistically tested by analysis of variance (ANOVA) using the Statistica 7 software (Statsoft, 

OK, USA). Tukey honestly significant difference (HSD, 5% level) test was applied to 

physicochemical data to determine significant differences between the fining treatments.  
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3. Results and Discussion 

 

3.1. Method optimisation 

 

The proposed method based on a simple LLE was developed to decrease sample 

handling, reducing sample preparation time, eliminate matrix effects and reduce costs of the 

analysis. To optimise the extraction method aiming maximizing the extraction of both 

compounds and decreasing the background noise to achieve low detection limits and increasing 

repeatability a series of preliminary experiments were performed. The method optimisation was 

performed in a spiked red wine matrix without previous contamination with 4-EP and 4-EG. 

The first parameter optimised was the extraction solvent and the mixture of pentane/diethyl 

ether (2:1) rendered a higher extraction efficiency of 4-EP and 4-EG (p<0.01) when compared 

dichloromethane/pentane/diethyl ether (1:1:1). Also, the addition of 0.5 g of NaCl increased the 

area (p<0.05) of both compounds when compared to addition of 1.8 g of NaCl. Furthermore, 

increasing extraction volume from 5 to 20 mL of wine increased proportionally the area of the 

both compounds not being observed an increase in the interferents or background noise.  

 

3.2. Method validation and uncertainty estimation 

 

After optimisation of the LLE variables, the method performance characteristics were 

established in terms of linear range, detection and quantification limits, repeatability and 

intermediate precision expressed as within-day and between-day relative standard deviation, 

respectively (Table S.1).  

 
Table S.1. Validation parameters of the liquid-liquid extraction method. 

 
Linear 
range 
(μg/L) 

R2 QCmean 

(%) 

LOD 
(μg/L) 

LOQ 
(μg/L) 

Repeatability 
(% RSD) 

Intermediate 
repeatability 

(% RSD) 

4-EP 

10 - 1000 

0.999 2.9 7.94 24.1 4.72 3.85 

4-EG 0.998 0.76 3.58 10.8 
18.3 

7.46 

22.0 

11.2 

4-ethylphenol (4-EP), 4-ethylguaiacol (4-EG), Limit of detection (LOD), Limit of quantification (LOQ), Relative standard deviation (RSD). 
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The QCmean for 4-EP was 2.9% and 0.76% for 4-EG, and both calibration curves passed 

the Mandel’s fitting test (p<0.05). The detection limit and quantification limit were below the 

olfactory detection threshold in red wine reported in the literature: 605 μg/L for 4-EP and 110 

μg/L for 4-EG (Chatonnet et al., 1992). 

A typical chromatogram is shown in Figure S.1, being observed good signals for both 

compounds at the low values of 10 μg/L, just above the quantification limits of the method, so 

this method is fit for determining the levels of 4-EP and 4-EG in commercial red wines in the 

range of interest for the wine industry.  

 

 
Figure S.1. GC-MS chromatogram for the liquid-liquid extraction for low concentration (10 μg/L) in spiked red 
wine. 4-ethylphenol (4-EP), 4-ethylguaiacol (4-EG), 3,4-dimethylphenol (3,4-DMP). 

 

There was observed a significant difference in the variance (F-test) in the concentration 

range studied, nevertheless the relative standard deviation was constant from 25 μg/L until 1000 

μg/L, and so the precision was calculated for the two ranges <25 μg/L and >25 μg/L for 4-EG. 

Repeatability and intermediate precision figures were within acceptable limits and in 

accordance with the Horwitz criterion for the range of values present in the analysed samples, 

presenting a HorRat value of repeatability, of 0.4 for 4-EP and 0.7 for 4-EG and a HorRat value 

of intermediate repeatability of 0.5 for 4-EP and 1.0 for 4-EG.  

Recovery values were not significantly different from 100% (p˂0.05) for the 5 different 

spiking levels for 4-EP and 4-EG and ranged from 98% to 102% (Table S.2). The recovery 

values were not dependent on the analyte level, and the precision of the recovery was not 

significantly different at the five different concentrations evaluated. Also, the amount of volatile 
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phenols recovered in red wine were not significantly different (p˂0.05) from that extracted from 

water solution at the same concentrations. 
 

Table S.2. Recovery of 4-ethylphenol and 4-ethylguaiacol in spiked red wine at different concentrations. 

Compound Added (μg/L) Found (μg/L) Recovery (%) 

4-ethylphenol 

25 25.30 ± 3.58 101.20 ± 3.39 

50 50.73 ± 0.33 101.45 ± 3.98 

100 98.54 ± 0.84 98.54 ± 3.27 

500 497.90 ± 0.86 99.58 ± 4.12 

1000 1002.70 ± 1.12 100.27 ± 3.24 

4-ethylguaiacol 

10 9.74 ± 0.89 97.43 ± 2.28 

50 48.77 ± 3.84 97.54 ± 2.45 

100 98.17 ± 1.39 98.17 ± 3.03 

500 502.40 ± 0.50 100.48 ± 2.49 

1000 993.20 ± 0.34 99.32 ± 2.70 

 

Measurement uncertainty, that characterises the accuracy of the analysis results, was 

obtained by considering both random and systematic error sources, by combination of the 

precision and bias data obtained. As the recovery was not significantly different from 1 (t-test), 

the results don’t need to be corrected for recovery. As there was observed a different precision 

on the concentration below 25 μg/L and above 25 μg/L, a different expanded uncertainty was 

calculated for these two ranges, as relative expanded uncertainty (Ur). The values of the 

expanded uncertainty calculated for 1000, 25 μg/L of 4-EP and 1000, 25 and 10 μg/L of 4-EG 

using a coverage factor of 2 corresponding to a confidence level of approximately 95%, were 

140 and 3.5 μg/L for 4-EP and 156, 3.9 and 2.7 μg/L for 4-EG, respectively. 
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Although various pre-treatment/concentration methods for the determination of 4-EP 

and 4-EG have been described in the literature, those applied for GC-MS analysis can be 

divided in methods using SPME (Martorell et al., 2002; Monje et al., 2002; Mejías et al., 2003; 

Boutou, & Chatonnet, 2007; Carrillo, & Tena, 2007) and methods based on LLE (Pollnitz et 

al., 2000; Monje et al., 2002; Carrillo, & Tena, 2007). In relation to the first methods, the LLE 

method optimised in this work doesn’t presented matrix effects, a serious problem known to 

occur widely in the methods based on SPME extraction (Rocha et al., 2001). Some of the LLE 

methods described in the literature were not subjected to validation (Pollnitz et al., 2000; Monje 

et al., 2002) and so the merit figures cannot be compared, nevertheless when compared to that 

subjected to validation (Carrillo, & Tena, 2007), the proposed method presented similar 

performance characteristics. Nevertheless, when the analysis time and procedures used in the 

method proposed in this work are compared, the sample preparation time is lower (15 min of 

agitation and 15 min of centrifugation) and can be applied at the same time for 6 samples (being 

the limiting step the centrifuge capacity). Also, no isotopic labelled internal standard is used, 

and only falcon tubes are needed, making the method cheaper and easier as the operations 

needed are simpler. 

 

3.3. Effect of fining agents on total concentration of 4-EP and 4-EG in red wine 

 

The experiments were performed with different commercial fining agents to search for 

products that could decrease the 4-EP and 4-EG contents in red wine. The liquid-liquid 

extraction method previously optimised and validated was applied to red wine treated with 

different fining agents for quantification of the total amount of volatile phenols remaining after 

treatment. The results obtained are presented in Table 1 and show that activated carbon was 

able to decrease 58% of 4-EP and 56% of 4-EG concentrations in relation to control. The ability 

of activated carbon in adsorbing phenols is well known (Lisanti, Piombino, Gambuti, 

Genovese, Siani, & Moio, 2008). Egg albumin also reduced the 4-EP content by 20% and the 

4-EG content by 17%. The other fining agents used were not able to reduce the total amount of 

volatile phenols in the red wine, but for some fining agents used these results can be explained 

also by the fact that they are soluble in the wine matrix, and even if they can interact with these 

volatile phenols, they remain in solution and the volatile phenols can be recovered by the LLE 

extraction method employed. The presence of interacting compounds in solution can decrease 

the headspace concentration of volatiles (Rocha, Coutinho, Delgadillo, & Coimbra, 2007) and 
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in order to test the possibility of the fining agents that do not decrease the total concentration 

of volatile phenols but still can interact with them and decrease their headspace concentration, 

this hypothesis was tested by measuring the headspace concentration of these volatile phenols 

by HS-SPME extraction using conditions that do not alter they equilibrium concentration, that 

is at room temperature and no salt added. 

 

3.4. Effect of fining agents on headspace concentration of 4-EP and 4-EG in red wine 

 

The equilibrium headspace concentrations of 4-EP and 4-EG in red wine treated with 

commercial fining agents were evaluated with HS-SPME. The results are presented in Table 1 

and show, as expected, that activated carbon and egg albumin, that were able to reduce the 

amount of volatile phenols in red wine, also decreased the volatile phenols headspace 

concentrations. On the other hand, isinglass, CMC and chitosan were also able to reduce the 

headspace concentration of 4-EP and 4-EG, although they didn’t reduce the amount of volatile 

phenols present in red wine (Table 1). These results show that interactions between these 

volatile phenols and added soluble macromolecules like CMC, isinglass and chitosan occur, by 

inclusion or sorption phenomena, reducing their vapour pressure. These results are in line with 

Rocha et al. (2007) that showed that the retention of volatile compounds by wine polymeric 

material (phenolics, protein and polysaccharides) affects the headspace concentration of 

volatile compounds. Also, the greater reduction levels in headspace concentration of these 

volatile phenols observed for activated carbon and egg albumin, when compared to the 

concentration reduction observed in wines, can be due to the fact that for these fining agents 

besides removing these volatile phenols, other volatile compounds can also be removed, 

probably increasing the number of interaction points in the wine native macromolecules.  
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Table 1. Effect of fining agents on the reduction of total and headspace concentration of 4-ethylphenol and 
4-ethylguaiacol. 

Fining agents Percentage of total concentration 
reduction (%) 

Percentage of headspace concentration 
reduction (%) 

 4-EP 4-EG 4-EP 4-EG 
Protein     

ISG 0 0 30.8 24.0 
EAL 20.4a 17.4a 37.4 22.4 
GTI 4.9 8.3 3.5 0 
PCS 0 4.0 0 0 

Polysaccharide     
CMC 0 2.8 20.0 10.1 
CHT 1.3 0 36.1 16.6 

Mineral     
BEN 0 0.6 27.2 9.1 
Other     
AC 58.3a 56.1a 74.1 76.9 

 

 

a – reduction significantly diferente from zero (p<0.05); 4-ethylphenol (4-EP), 4-ethylguaiacol (4-EG), Isinglass (ISG), Egg albumin (EAL), 
Gelatine (GTI), Potassium caseinate (PCS), Carboxymethylcellulose (CMC), Chitosan (CHT), Bentonite (BEN) and Activated carbon (AC). 

 

This fact can also explain the decrease in headspace concentration observed for the wine 

treated with bentonite. The effect of headspace concentration reduction of the two volatile 

phenols on their sensory detection thresholds in a complex matrix like wine is not 

straightforward, as probably these fining agents also affect the headspace concentrations of 

another aroma compounds present. Nevertheless, the decrease in the headspace concentration 

of 4-EP and 4-EG is expected to impact positively on the wine aroma quality as it has been 

shown that wine aroma quality depends more on the absence of negative aromas like 4-EP and 

4-EG than on the abundance of fruity and floral wine aroma compounds (Ferreira et al., 2009; 

San-Juan, Ferreira, Cacho, & Escudero, 2011). 

The protein derived fining agents tested in this study, namely egg albumin, that could 

be used for reducing concentrations of volatile phenols from low contaminated wines, is an 

allergen to sensitive consumers and its application must be labelled according to the UE 

Directive 2007/68/EC dated November 28. (2007), nevertheless there is a growing tendency to 

select allergen free alternatives. In this sense the use of the polysaccharides oenological 

products like CMC and chitosan and the activated carbon is a better choice for winemakers.  
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3.5. Effect of fining agents on chromatic characteristics and phenolic compounds  

 

The effect of the fining agents on colour intensity, hue, total anthocyanins, total phenols, 

non-flavonoids, flavonoids, polymerised pigments, coloured anthocyanins and total pigments 

of both unfined and fined red wine are presented in Table 2. For the colour intensity, only CMC 

decreased significantly this parameter being observed the same for the total anthocyanins (Table 

2). Bentonite, activated carbon, isinglass, egg albumin and potassium caseinate also resulted in 

a decrease of total anthocyanins (Table 2), although lower than CMC. This decrease of total 

anthocyanins didn’t decrease significantly the wine colour intensity for bentonite, activated 

carbon, isinglass, egg albumin and potassium caseinate. These results agree with previous 

findings showing that egg albumin promotes a decrease in wine pigments (Cosme, Ricardo-da-

Silva, & Laureano, 2007). The results obtained for total phenols shows that significant 

differences were observed after fining with gelatine and bentonite (Table 2) Activated carbon 

and potassium caseinate also resulted in the highest decrease of non-flavonoid phenols (Table 

2) being in accordance to results of Cosme et al. (2007). For flavonoid phenols, gelatine showed 

the highest decrease. Generally, all the fining agents used didn’t change coloured anthocyanins 

and polymerised pigments, except for isinglass. Monomeric anthocyanins were also analysed 

by HPLC. For the total monomeric anthocyanins only, potassium caseinate and bentonite 

resulted in a significant decrease (Table 3), nevertheless for malvidin-3-O-glucoside also CMC 

resulted in a significant decrease. Isinglass, egg albumin, gelatine, chitosan and activated carbon 

had the lowest effect on monomeric anthocyanins. These results are in accordance with Cosme 

et al. (2007) for liquid gelatine and Braga, Cosme, Ricardo-da-Silva and Laureano (2007) for 

potassium caseinate. 

Phenolic acids and flavonoids were also analysed by HPLC. In most cases no significant 

differences were observed in their levels after treatment (Table 4), being in accordance with the 

results obtained for non-flavonoid phenols (Table 2). Nevertheless, for gallic acid, except for 

bentonite and potassium caseinate, all fining agents decreased significantly its content. 
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These results show that for the fining agents more efficient in removing 4-EP and 4-EG 

from wine (activated carbon and egg albumin) or for those only able to reduce the headspace 

concentration of these volatile phenols (isinglass, CMC, bentonite and chitosan), only CMC 

resulted in a decrease in colour intensity due to a decrease in total anthocyanins and total 

pigments, while the other didn’t change significantly the polyphenolic profile and the colour 

intensity of red wines being a viable option for the treatment of contaminated red wines, 

although for different contamination levels. Nevertheless, further studies are needed to evaluate 

their impact on the sensory quality, namely the aroma, of the treated wines. 

 

4. Conclusion 

 

The optimised methodology developed in this work has proved to be simple, fast, reliable, 

sensitive, precise and accurate for the determination of volatile phenols in red wines. The LODs, 

LOQs are well below the sensory detection threshold for these two compounds in red wines, 

being adequate for its quality control. Of the tested fining agents for the curative treatment of 

this important red wine aroma defect, although activated carbon affects the total anthocyanins, 

non-flavonoid phenols and total pigments, it is the oenological product showing the highest 

performance in decreasing 4-EP and 4-EG concentrations in red wines, being probably the best 

available option for wines heavily contaminated with volatile phenols. In this sense, the study 

of the physicochemical characteristics of activated carbons that could enhance the removal of 

these volatile phenols while preserving the overall red wine quality seems to be a promising 

approach for attaining a suitable solution to this problem. Other fining agents tested like 

isinglass, CMC and chitosan although not reducing the total concentration of the 4-EP and 4-

EG present in wine, decreased their headspace concentrations and, except for CMC, not 

drastically affecting wine chromatic characteristics. So, these fining agents might be another 

possibility in the treatment of wines contaminated with these volatile phenols.  
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Abstract 

 

Dekkera/Brettanomyces wine spoilage results in the formation of 4-ethylphenol (4-EP) 

and 4-ethylguaiacol (4-EG) that impacts negatively on wine aroma reducing wine acceptance 

by consumers. It has been shown that Dekkera/Brettanomyces has also the ability to produce 

significant amounts of biogenic amines (BA) in grape must conditions, althought this topic is 

controversial. To have a deeper insight into the contribution of Dekkera/Brettanomyces activity 

in the BAs wine levels, a set of 79 industrially produced red wines from different vintages, 

grape varieties, Portuguese demarcated regions and winemaking processes, were analysed for 

their ethylphenols (4-EP 4.5-5604 g/L and 4-EG 2.3-831 g/L) and BAs levels (total 19.6-

331 mg/L). Malolactic fermentation conditions presented a significant impact on BAs and 

ethylphenols wine levels. Non-inoculated wines with lactic acid bacteria presented significantly 

higher histamine levels (8.7±1.0 mg/L) than those inoculated with commercial starter cultures 

(0.4±1.9 mg/L), the inverse being observed for the ethylphenols levels (4-EP ranging from 4.5 

to 5604 g/L and 4-EG ranging from 2.3 to 831 g/L). There was observed a significant 

negative correlation between the ethylphenols levels and histamine (4-EP =-0.314; 4-EG =-

0.345) and putrescine (4-EP =-0.299; 4-EG =-0.336) levels in red wines. These results 

strongly suggest that Dekkera/Brettanomyces wine spoilage do not significantly contribut to 

increase the BAs levels in industrially produced red wines. 

 

 

Keywords: Red wine, Ethylphenols, Vinylphenols, Phenolic acids, Biogenic amines, 

Monomeric anthocyanins, Conventional oenological parameters 
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1. Introduction 

 

Red wine spoilage by Dekkera/Brettanomyces results in the development of an 

unpleasant aroma, described as barnyard, horse sweat or old-leather-like aroma often 

abbreviated as ‘Brett character’ (Chatonnet, Dubourdieu, Boidron, & Poins, 1992), due to the 

formation, among others, of 4-ethylphenol and 4-ethylguaiacol by decarboxylation followed by 

reduction of the free and ethyl ester derivatives of the correspondent hydroxycinnamic acids 

namely p-coumaric and ferulic acids (Heresztyn, 1986; Chatonnet, Viala, & Dubourdieu 1997; 

Hixson et al., 2012). When these volatile phenols are present in wine above their olfactory 

detection threshold (605 g/L for 4-EP and 110 g/L for 4-EG, Chatonnet et al., 1992), although 

being dependent of the wine style and aroma, (Chatonnet et al., 1997), their impact on wine 

aroma results in the rejection of the wines by both consumers and professionals (Lattey, 

Bramley, & Francis, 2010).  

The negative impact of the presence of volatile phenols in red wines results in economic 

losses for wine producers, therefore the development of preventive and curative measures to 

inhibit Dekkera/Brettanomyces wine contamination and development or for removing the 

already formed volatile phenols from red wines have been studied and explored (Dugelay, 

Gunata, Sapis, Baumes, & Bayonove, 1993; Gerbaux, & Vincent, 2001; Rodrigues, Gonçalves, 

Pereira-da-Silva, Malfeito-Ferreira, & Loureiro, 2001; Romano, Perello, de Revel, & Lonvaud-

Funel, 2008; Laforgue, & Lonvaud-Funel, 2012; Barbosa, Hogg, & Couto, 2012; Milheiro, 

Filipe-Ribeiro, Cosme, & Nunes, 2017). Although a variety of preventive measures have shown 

good efficiency, they do not seem to be thoroughly used by winemakers as all around the world 

wine seriously contaminated with these volatile phenols have been described (Campolongo, 

Siegumfeldt, Aabo, Cocolin, & Arneborg, 2014).  

Various wine additives have been used and shown to be efficient in decreasing the total 

amount of volatile phenols in red wines (Lisanti, Gambuti, Genovese, Piombino, & Moio, 2017; 

Milheiro et al., 2017), or decreasing their headspace aroma abundance and therefore reducing 

the negative wine sensory impact of the volatile phenols (Filipe-Ribeiro, Milheiro, Matos, 

Cosme, & Nunes, 2017a). Nevertheless, although the removal of volatile phenols from red 

wines can solve the sensory impact of the spoilage of red wines by Dekkera/Brettanomyces it 

has been described that these yeasts can produce considerable amounts of biogenic amines in 

grape juice (mainly phenylethylamine 10 mg/L, and lower levels of putrescine 1.18 mg/L, 

cadaverine 0.31 mg/L and histamine 0.2 mg/L) (Caruso, Fiore, Contrusi, Salzano, Paparella, & 
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Romano, 2002) although in another study the fermentation of grape must using 15 strains of 

Dekkera bruxellensis, 33% didn’t produce detectable levels of biogenic amines, none of the 

strains produced histamine, 20% produced detectable levels of putrescine and 33% produced 

detectable levels of 2-phenylethylamine (Bäumlisberger, Moellecken, König, & Claus, 2015). 

In other two studies performed in wine-model conditions, Vigentini et al. (2008) using five 

strains of Dekkera/Brettanomyces bruxellensis found low production of putrescine (up to 0.4 

mg/L), cadaverine (up to 0.15 mg/L) and higher levels of spermidine (up to 1.3 mg/L) and no 

detectable levels of phenylethylamine, putrescine, cadaverine and histamine . Agnolucci et al. 

(2009) using eight four isolates of Brettanomyces bruxellensis found hexylamine as the main 

biogenic amine produced (up to 3.92 mg/L) followed by lower amounts of putrescine (up to 

0.34 mg/L), phenylethylamine (up to 0.23 mg/L) and cadaverine (from not detected to 0.16 

mg/L). Therefore, the contribution of Dekkera/Brettanomyces for the accumulation of biogenic 

amines in industrial produced red wines is still uncertain and if the consumption of wines 

presenting the “Brett character” represents an increased risk of biogenic amine intake when 

compared with non-spoiled wines. Furthermore, if Dekkera/Brettanomyces wine spoilage 

increases the amount of biogenic amines in these wines, the removal of the volatile phenols by 

curative measures should be re-thought as their removal would make the wine more likely to 

be consumed when compared to the spoiled wine. In wine, the production of BAs is quite 

inevitable. It is generally agreed that the concentration of BAs is lower at the end of the 

alcoholic fermentation and increases mainly during malolactic fermentation (MLF) (Granchi, 

Romano, Mangani, Guerrini, & Vincenzini, 2005; Herbert, Cabrita, Ratola, Laureano, & Alves, 

2005; Marcobal, Martín-Álvarez, Polo, Muñoz, & Moreno-Arribas, 2006) and after storage in 

oak barrels (García-Villar, Hernandez-Cassou, & Saurina, 2007), although the effect of wine 

storage in the BA levels is controversial (Marcobal et al., 2006). Trace BAs are considered as 

normal compounds in the organism, which have physiological functions in biological cells 

(Konakovsky et al., 2011). However, excessive intake of BAs can lead to several health 

problems, such as headache, blushing, itching, skin irritation, impaired breathing, tachycardia, 

hypertension, hypotension and vomit (Ladero, Calles-Enriquez, Fernandez, & Alvarez, 2010). 

Furthermore, diamines such as putrescine and cadaverine were shown to be able to react with 

nitrite producing carcinogenic nitrosamines (Collins et al., 2011). Therefore, the possibility that 

Dekkera/Brettanomyces red wine spoilage can contribute to an increase in the BA wine levels 

is a serious concern.  
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Thus, the main purpose of this work was to study the relation if any, between the wine´s 

volatile phenols levels in a set of spoiled and non-spoiled wines from different geographical 

origins, grape varieties and vintages and their biogenic amines levels to evaluate if the red wine 

spoilage by Dekkera/Brettanomyces increases the risk of biogenic amines intake. 

 

2. Materials and Methods 

 

2.1. Sampling strategy and red wine samples  

 

A maximum variance/heterogeneous purposive non-probability sampling technique was 

used in this study (Benoot, Hannes, & Bilsen, 2016) The samples were selected to provide a 

diverse range of wines contaminated with Dekkera/Brettanomyces indirectly measured by the 

levels of ethylphenols present in wines (Barata et al., 2008; Romano et al., 2008; Berbegal, 

Garofalo, Russo, Pati, Capozzi, & Spano, 2017) to provide as much insight as possible to the 

contribution of Dekkera/Brettanomyces wine spoilage for the biogenic amines levels in 

industrially produced red wines. 

 The samples of industrially produced wines analysed in this work were sampled from 

different Portuguese wineries located in different Portuguese demarcated wine regions (Douro 

- 6, Tejo - 21, Lisboa - 31, Dão - 10, Peninsula de Setúbal - 6 and Vinhos Verdes - 4) containing 

monovarietal wine samples from grape varieties (Cabernet Sauvignon – 4, Syrah – 3, Touriga 

Nacional – 12, Aragonês – 3, Alicante Bouschet – 3, Castelão – 6, Touriga Franca – 1; Merlot 

– 1, Vinhão -1) and blends (45). Samples from different vintage were including 2014 (13 

samples), 2015 (21 samples) and 2016 (31 samples) and from previous vintages (2000-2013 - 

14 samples). Additionally, data from winemaking conditions were also collected (fermentation 

temperature 25-35ºC, yeast inoculation – all samples, maceration time – above 10 days - 13, 

below 10 days - 51 and lactic acid bacteria inoculation – yes – 13 and no - 48). Samples were 

collected according to the following parameters: wineries complaining about the presence of 

“Brett character” in their wines supplied those samples, additionally the same wineries supplied 

other wines from their production were no “Brett character” was present. All samples were 

analysed for their ethylphenols content (4-EP and 4-EG), vinylphenol content (4-VP and 4-

VG), hydroxycinnamic acid precursors (p-coumaric acid and p-coumaric acid ethyl ester, 

ferulic acid and ferulic acid ethyl esters), biogenic amine content (ethanolamine, methylamine, 

ethylamine, propylamine, butylamine putrescine, cadaverine, tryptamine, phenylethylamine, 
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amylamine, spermidine, hexylamine, spermine and histamine) and conventional oenological 

parameters (pH, alcohol content, specific gravity, titratable acidity, volatile acidity, free sulphur 

dioxide, total sulphur dioxide, malic acid, lactic acid, citric acid and reducing sugars). 

 

2.2. Determination of 4-EP, 4-EG, 4-VP and 4-VG by liquid-liquid extraction and 

GC-MS analysis 

 

For the analysis of red wine ethylphenols, the extractions were performed following and 

adapting the methodology described by Milheiro et al. (2017). Briefly 2 mL of internal standard 

(3,4-dimethylphenol 0.1 mg/L) was added to 20 mL of centrifuged red wine placed in a falcon 

tube. Then, 2 mL of organic solvent (pentane/diethyl ether 2:1) was added and this mixture was 

shaken horizontally for 15 min at 400 rpm. Afterwards, the falcon tube was centrifuged during 

10 min at 4 °C and 14972 g. Finally, the organic layer was recovered and analysed by GC-MS. 

All the determinations were repeated four times. Gas chromatographic analysis were performed 

using a Trace GC Ultra as GC system with a Polaris Q mass spectrometer and equipped with 

an AS 3000 autosampler. Injections of 5 μL were performed in the splitless mode during 2 min. 

Separation was carried out using a ZB-5 Inferno column (30 m x 0.25 mm, 0.25 μm film 

thickness) with a flow-rate of 1 mL/min of helium as a carrier gas. The oven temperature 

program was as follow: 40 °C for 5 min then raised to 155 °C at 5 °C/min, then raised for 300 

°C at 20 °C/min and held at that temperature for 1 min, while the temperature of the injector 

was 250 °C. The mass spectrometer was operated in selected-ion-monitoring (SIM) mode. 

Monitored ions were: m/z 107 for 4-ethylphenol quantification, m/z 122 for 3,4-dimethylphenol 

and m/z 137 for 4-ethylguaiacol quantification and additionally ion at m/z 77 was also used for 

identification. Quantification was performed by the internal standard method. The analysis of 

vinylphenols were analysed with the same method and previously validated in our laboratory. 

Analyses were performed in quadruplicate. 
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2.3. High-performance liquid chromatography (HPLC) analysis of anthocyanins and 

phenolic acids 

 

Analyses were performed according to Guise, Filipe-Ribeiro, Nascimento, Bessa, 

Nunes, and Cosme (2014), and quantification was performed according to Filipe-Ribeiro et al. 

(2017a). Analyses were carried out with an Ultimate 3000 HPLC equipped with a PDA-100 

photodiode array detector and an Ultimate 3000 pump. The separation was performed on a C18 

column (250 mm x 4.6 mm, 5 μm particle size) with a flow rate of 1 mL/min at 35 °C. The 

injection volume was 50 μL and the detection was performed from 200 to 650 nm with 75 min 

per sample. The analyses conditions were carried out using 5% aqueous formic acid (A) and 

methanol (B) and the gradient was as follows: 5% B from zero to 5 min followed by a linear 

gradient up to 65% B until 65 min and from 65 to 67 min down to 5% B. Quantification was 

performed with calibration curves with standards caffeic acid, coumaric acid, ferulic acid, gallic 

acid and catechin. The results of trans-caftaric acid, 2-S-glutathionylcaftaric acid (GRP) and 

caffeic acid ethyl ester were expressed as caffeic acid equivalents by means of calibration 

curves with standard caffeic acid. On the other hand, coutaric acid, coutaric acid isomer and 

coumaric acid ethyl ester were expressed as coumaric acid equivalents by means of calibration 

curves with standard coumaric acid. A calibration curve of malvidin-3-O-glucoside, cyanidin-

3-O-glucoside and peonidin-3-O-glucoside were used for quantification of anthocyanins. Using 

the coefficient of molar absorptivity (ε) and by extrapolation, it was possible to obtain the slopes 

for delphinidin-3-O-glucoside, petunidin-3-O-glucoside, and malvidin-3-O-(6-O-coumaroyl)-

glucoside and perform the quantification. The results of delphinidin-3-O-(6-O-acetyl)-

glucoside, petunidin-3-O-(6-O-acetyl)-glucoside, peonidin-3-O-(6-O-acetyl)-glucoside, 

cyanidin-3-O-(6-O-acetyl)-glucoside and cyanidin-3-O-(6-O-coumaroyl)-glucoside were 

expressed as respective glucoside equivalents. 
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2.4. Determination of Biogenic amines by dispersive solid-phase extraction and high 

performance liquid chromatography and diode-array detection after 

derivatisation with benzoyl chloride 

 

For the determination of biogenic amines in wines, a dispersive solid phase extraction 

procedure was applied for sample clean-up and analyte enrichment using Dowex® 50W X8 

and derivatisation with benzoyl chloride was used and determination by HPLC-DAD. The 

method was previously validated in red wine (Milheiro, Ferreira, Filipe-Ribeiro, Cosme, & 

Nunes, 2018). Briefly, 0.250 g of Dowex® 50W X8, previously cleaned twice in the test tube 

with 5 mL of NaOH 3 M and 5 mL of HCl 3 M. An aliquot of 5 mL of wine were added to the 

test tube containing the cleaned adsorbent in order to extract the amines from wine, and after 

shaking was centrifuged at 4000 rpm during 5 min. The supernatant was disposed and 5 mL of 

HCl 0.1 M was added to clean the adsorbent, being shaked and centrifuged following the 

previous parameters. The biogenic amines were eluted with 3 mL of NaOH 1 M, and after 

shaking and centrifuged the supernatant was carefully collected. The biogenic amines were 

derivatised by adaptation of the method described by Özdestan and Üren (2008) the supernatant 

collected after dSPE 100 µL of diethylamine were added (internal standard), followed by 2 mL 

of NaOH 2 M, 1.5 mL of acetonitrile and 100 µL of benzoyl chloride and shaken on a vortex 

for 1 minute. The mixture was incubated at 30 ˚C for 30 minutes followed by addition of 0.5 g 

of NaCl. The derivatives were extracted three times with 2 mL of diethyl ether and horizontally 

shaked for 5 minutes and centrifuged at 4000 rpm for 3 minutes. The organic phases were 

recovered and dried in vacuum centrifuged and re-suspended in 1 mL of methanol/H2O (50:50) 

and analysed by HPLC. Analyses were performed with an Ultimate 3000 Dionex HPLC 

equipped with a PDA-100 photodiode array detector and an Ultimate 3000 Dionex pump. The 

separation was carried out with a reversed phase column (C18, 250 mm × 4.6 mm, 5 μm particle 

size) with a flow rate of 1 mL/min at 20 °C. The injection volume was 100 μL and the detection 

was performed from 200 to 600 nm. The analyses were performed using as eluents sodium 

tetraborate 5 mM at pH 8 (A) and methanol (B) and the gradient was as follows: 40% B from 

zero to 4 minutes followed by a linear gradient up to 70% B until 57 min and raised to 100% B 

from 67 to 72 min and down to 40% B maintained until 77.5 min. Quantification was performed 

by external calibration using calibration curves of standards of amines: ethanolamine, 

methylamine, ethylamine, propylamine, cadaverine, putrescine, histamine, phenylethylamine, 

hexylamine, amylamine, spermidine, spermine, tryptamine and butylamine. 
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2.5. Determination of conventional oenological parameters 

 

The determination of the conventional oenological parameters of the wines, including 

the alcohol content, specific gravity (20 ºC), titratable acidity expressed as tartaric acid, pH, 

volatile acidity expressed as acetic acid, lactic acid, malic acid, citric acid, reducing sugars were 

analysed using a FTIR Bacchus Micro (Microderm, France). Total sulphur dioxide and free 

sulphur dioxide were analysed SO2-Matic 23 (Crison, Spain). Analyses were performed in 

duplicate. 

 

2.6. Statistical treatment 

 

Statistically significant differences between means were determined by t-test for 

comparison between two averages and by analysis of variance (ANOVA, one-way) followed 

by Tukey’s honestly significant difference (HSD, 5% level) post-hoc test for the comparison 

between three or more means. Principal component analyses (PCA) were also performed to 

analyse the relation between selected oenological parameters, ethylphenols and histamine and 

putrescine levels. For the determination of the correlation between the different 

physicochemical parameters were performed by non-parametric Spearman correlation. All 

analyses were performed using Statistica 7 Software (StatSoft, Tulsa, OK U.S.A.).  
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3. Results and Discussion 

 

The sampling strategy used in this work was performed in order to collect industrially 

produced finished wines that presented an olfactory detectable “Brett character” identified by 

the producers, expecting that these wines would present high levels of volatile ethylphenols. 

Additionally, from the same wineries, other finished wines were collected without this olfactory 

defect, expecting that these wines would present low or no detectable volatile ethylphenols. 

Therefore, aiming to get the maximum variance possible in the Dekkera/Brettanomyces 

contamination levels this maximum variance/heterogeneous purposive non-probability 

sampling technique was used. This sample set was analysed for their ethylphenol content (4-

EP and 4-EG), vinylphenol content (4-VP and 4-VG) and hydroxycinnamic acid precursors (p-

coumaric and ferulic acid and their ethyl esters). With the purpose of exploring the relation 

between Dekkera/Brettanomyces activity, accessed by the abundance of ethylphenols present 

in wine, as this yeast is the main wine spoilage microorganism able to produce high levels of 

these ethylphenols in wine (Chatonnet, Dubourdieu, & Boidron, 1995), and the contribution of 

this spoilage yeast to the accumulation of biogenic amines in wines by comparison of the levels 

of ethylphenols in spoiled vs non spoiled wines, the biogenic amine content were also 

determined for the same wines. The influence of the winemaking conditions in the formation 

of ethylphenols and BA were also explored by collecting the winemaking variables used by 

each wine producer, when available. For all the samples, the conventional oenological 

parameters were also analysed (Table 1), as wine chemical characteristics influences strongly 

the activity of Dekkera/Brettanomyces and also that of the lactic acid bacteria, these last 

microorganisms being described as the main producers of biogenic amine in wine (Vidal-Carou, 

Ambatlle-Espunyes, Ulla-Ulla, & Marine´-Font, 1990; Radler, & Fath, 1991; Soufleros, 

Barrios, & Bertrand, 1998; Romero, Sánchez-Vinas, Gázquez, & Bagur, 2002). 
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3.1. Ethylphenols and vinylphenols levels in red wines 

 

In Table 2, there are presented the levels of volatile ethylphenols and vinylphenols in 

the analysed red wines. The levels of 4-EP ranged from 4.5 to 5604.0 g/L and that of 4-EG 

from 2.3 to 831.0 g/L. The levels of 4-EP were in most cases higher than that of 4-EG yielding 

4-EP/4-EG ratio ranging from 0.7 to 30. The levels found in these wines are in line with those 

reported for red wines from other countries (Milheiro et al., 2017). Also, the 4-EP/4-EG ratio 

is in accordance with previous works where values of 3 to 40 were reported (Chatonnet et al, 

1992; Pollnitz, Pardon, & Sefton, 2000, Rayne, & Edger, 2007). There was no correlation 

between the (p-coumaric acid + p-coumaric ethyl ester)/ferulic acid ratio and the 4-EP/4-EG 

ratio of the wines. 

The levels of 4-EP were significantly dependent on the vintage years, with the levels of 

2014 vintages being significantly higher (p<0.0236) than those of 2015 vintage, although not 

significantly different from 2016 vintage. The levels of 4-EP from the wines of 2015 were not 

significantly different from those of the 2016 vintage. The levels of 4-EG were not significantly 

different for the three vintages analysed. On the other hand, the levels of 4-VP of the 2014 

vintage were significantly higher (p<0.00112) than those of the 2015 and 2016 vintages, 

although the levels of 4-VP were not significantly different between the 2015 and the 2016 

vintages. The 4-VG levels were not significantly different between the different vintages 

studied. For the fermentation temperature there were no significant differences in the levels of 

4-EP for the fermentation performed at temperatures below 28 ºC and those performed at 

temperatures above 28 ºC (p<0.0516). For the levels of 4-EG there were observed significant 

differences between the two fermentation temperatures being higher for those wines fermented 

at higher temperatures (p<0.0367; T>28ºC – 169.8±32.1g/L, n=28; T<28ºC – 75.2±30.5 g/L, 

n=32). For the 4-VP the fermentation temperatures didn’t presented significant differences and 

for the 4-VG the lower fermentation temperatures resulted in higher 4-VG levels (p<0.0303; 

T>28ºC – 11.8±4.3 g/L, n=28 and T<28ºC – 25.1±4.1 g/L, n=32). For the maceration time 

there were no significant differences for the ethylphenols and vinylphenols. For the malolactic 

fermentation performed with and without lactic acid bacteria inoculation, the levels of 4-EP 

were significantly higher when using selected lactic acid bacteria strains (SLAB) when 

compared to the non-inoculated (NSLAB) wines independently of the vintage (p<0.027; SLAB 

- 1597±371g/L, n=13; NSLAB - 632±207 g/L, n=42). The same trend was observed for the 

4-EG levels (p<0.00304; SLAB – 236.7±45.4 g/L, n=13; NSLAB – 75.2±25.3 g/L, n=42). 



 CHAPTER III – DOES DEKKERA/BRETTANOMYCES INFLUENCES BIOGENIC AMINE LEVELS IN WINE? 

 81 

The inerse trend was observed for the vinylphenols were the levels present in wines produced 

with SLAB presented significantly lower levels than those wines produced with non-inoculated 

strains (4-VP – p<0.0282; SLAB – 11.9±3.4 g/L, n=13; NSLAB – 24.3±1.9 g/L, n=42; 4-

VG – p<0.045, SLAB – 8.0±6.6 g/L, n=13; NSLAB = 23.4±3.6 g/L, n=42). 

There were observed significant correlations (non-parametric spearman correlation) 

between the levels of 4-EP and 4-EG (=0.949) and between 4-EG and ferulic acid levels 

(=0.421) and 4-EG and 4-VG levels (=-0.250), but for 4-EP there was no significant 

correlation between their levels in wine and the correspondent hydroxycinnamic acid precursors 

(p-coumaric and ethyl ester of p-coumaric acid) and with 4-VP levels. This lack of correlation 

between 4-EP levels and their precursor may be due to the higher levels of p-coumaric acid and 

ethyl ester of p-coumaric acid when compared to the levels of ferulic acid present in the 

analysed wines (Table 2). Indeed, the percentage of precursors converted in the production of 

ethylphenols in these wines ranged from 0.02% to 30% of p-coumaric acid and p-coumaric 

ethyl esters to produce 4-EP and from 0.04% to 100% of ferulic acid for the production 4-EG. 

Of the wines analysed, 39% presented a concentration of 4-EP above the olfactory detection 

threshold of 605 g/L and 32% of the wines presented a concentration of 4-EG above the 

olfactory detection threshold of 110 g/L (Chatonnet et al., 1992). The levels of vinylphenols 

were significantly lower than that of ethylphenols (39 times for 4-EP/4-VP and 7 times for 4-

EG/4-VG) and were presented well below their olfactory detection threshold (Chatonnet et al., 

1992; López, Aznar, Cacho, & Ferreira, 2002). The levels of vinylphenols found in the red 

wines analysed were in line with those reported in the literature for red wines (Oelofse, 

Pretorius, & du Toit, 2008). There was also observed a significant correlation between the levels 

of 4-VP and 4-VG (=0.555), suggesting a common origin of these vinylphenols.  
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3.2. Biogenic amines levels in red wines 

 

 The levels of biogenic amines in the analysed wines are presented in Table 3. A total of 

eleven biogenic amines were detected in wines that included ethanolamine, methylamine, 

ethylamine, propilamine, putrescine, cadaverine, pentilamine, spermidine, hexylamine, 

spermine and histamine. The most abundant amines were ethanolamine followed by putrescine, 

histamine and cadaverine. The levels found were in accordance with previous studies (Vidal-

Carou et al., 1990; Maxa, Brandes, & Daniel, 1992; Glória, Watson, Simon-Sarkadi, & 

Daeschel, 1998; Bodmer, Imark, & Kneubühl, 1999; Herbert et al., 2005; Landete, Ferrer, Polo, 

& Pardo, 2005; García-Villar et al., 2007). The histamine levels found in this work are in the 

range of that found in red wines from Alentejo region of 1997 and 1998 vintages (n.d.-21.2 

mg/L, Herbert, Santos, & Alves, 2001; Herbert et al., 2005; Herbert, Cabrita, Ratola, Laureano, 

& Alves, 2006) and in average identical to the histamine levels found in red wines from Dão, 

Douro and Alentejo demarcated regions from the 2003 and 2004 vintages (4.3±0.07 mg/L, 

Marques, Leitão, & San Romão 2008). In another study using wines from 1990 to 2000 vintages 

from the Douro, Bairrada, Dão/Beiras, Estremadura/Ribatejo and Alentejo region (n=292), only 

12% showed histamine concentration higher than 8 mg/L (Leitão, Marques, & San Romão, 

2005). Although wines with histamine levels above 20 mg/L have been reported (Herbert et al., 

2001; Herbert et al., 2005; Herbert et al., 2006), most studies found much lower levels with 

upper limits rarely exceeding 10 mg/L (Mafra, Herbert, Santos, Barros, & Alves, 1999; Romero 

et al., 2002; Hernandez-Orte, Pena-Gallego, Ibarz, Cacho, & Ferreira, 2006; García-Villar et 

al., 2007). The average putrescine levels found in this work were higher than those found by 

Marques et al. (2008) and Leitão et al. (2005), nevertheless they were in the range of those 

found by Herbert et al. (2001; 2005; 2006). The levels of cadaverine determined in this work 

were in the range of those found by Leitão et al. (2005), Marques et al. (2008) and Herbert et 

al. (2001; 2005; 2006). 

The maceration time and fermentation temperature didn’t show a significant effect on 

the total and individual biogenic amines levels of the analysed wines. On the other hand, the 

use of lactic acid bacteria inoculum had a significant effect on the histamine levels present in 

wine, being significantly lower (p<0.000135) than that presented in the non-inoculated wines 

(0.38±1.9 mg/L, n=13 and 8.7±1.0 mg/L, n=46, respectively). Spermidine levels in wines were 

also significantly different between inoculated and non-inoculated wines (p<0.000001; 1.2±0.1 

mg/L and 0.5±0.1 mg/L, respectively). The vintage year only affected significantly the wine 
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putrescine levels (p<0.0409), with a significantly higher level in the 2016 vintage (27.1±3.0 

mg/L) when compared to the 2015 and 2014 vintage (18.0±3.7 and 14.5±4.5 mg/L, 

respectively). Analysing possible relationships between different biogenic amines revealed a 

marked positive correlation between histamine and putrescine wine levels (=0.330). Similar 

associations have been previously described for histamine–putrescine (Romero et al., 2002; 

Konakovskya et al., 2011). High putrescine levels have been suggested to indicate poor hygiene 

conditions during wine production (Radler, & Fath, 1991). Overall, the close correlation 

between putrescine and histamine found here and in other studies suggests a common origin of 

these two amines, probably during MLF, possibly generated by the same set of bacteria. 

Considering that the decarboxylase activity in Oenococcus oeni and other bacteria participating 

in MLF is highly variable and largely strain dependent (Coton, Rollan, Bertrand, & Lonvaud-

Funel, 1998; Guerrini, Mangani, Granchi, & Vincenzini, 2002; Moreno-Arribas, Polo, 

Jorganes, & Muñoz, 2003), high amine levels may be determined by the specific local 

microflora participating in MLF and not necessarily indicate poor hygienic conditions.  

There was observed a significant positive correlation between the wine pH and the levels 

of ethanolamine (=0.313), putrescine (=0.346), histamine (=0.290) and total amines levels 

in wine (=0.351). It has been reported that wines with higher pH generally have higher 

biogenic amine concentrations (Vázquez-Lasa, Iñiguez-Crespo, González-Larraina, & 

González-Guerrero, 1998), and this relationship between pH and biogenic amines levels is 

explained by the fact that at higher pH a greater number of bacteria can develop, thus increasing 

the probability of having strains able to form biogenic amines (Wibowo, Eschenbruch, Davis, 

Fleet, & Lee, 1985). The origin of histamine in the MLF is also suggested by the significant 

positive correlation with the lactic acid content of wines (=0.371) and with total biogenic 

amines levels (=0.242) and the volatile acidity and the levels of ethanolamine (=0.285), 

putrescine (=0.318), histamine (=0.305) and total biogenic amines (=0.314) in agreement 

with Vidal-Carou et al. (1990). There was also observed a significant negative correlation 

between the histamine wine levels and the content of reducing sugars (= -0.289). There was 

also observed a significant negative correlation between the total sulphur dioxide content and 

the levels of putrescine (=-0.410) and total amines (=-0.261) and with lactic acid (=-0.450), 

this being in accordance with previous works (Vidal-Carou et al., 1990). 

To our knowledge, Switzerland is the only country having temporarily introduced a 

legal histamine threshold of 10 mg/L for wines (abandoned in 2008 when adjusting regulations 
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to current European Union standards). Legal limits down to 2 mg/L have been recommended 

in early papers and been reclaimed during European COST research programmes (Lüthy, & 

Schlatter, 1983). Applying these recommendations to the red wines investigated in this work, 

as much as 66% would have been excluded from the market in case of a 2 mg/L limit, and still 

28% when considering the 10 mg/ L threshold.  
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3.3. Correlation between ethylphenols wine levels and biogenic amine accumulation 

 

There was observed a significant negative correlation between the 4-EP and 4-EG wine 

levels and the levels of putrescine (= - 0.299 and = - 0.336), histamine ( = - 0.314 and = 

- 0.345) and methylamine (= - 0.296 and = - 0.300). Also, there was observed a positive 

correlation with the levels of 4-VP and 4-VG and histamine levels in wines (= 0.301 and = 

0.278). These results show that red wines with higher levels of ethylphenols presented lower 

amount of histamine, putrescine and methylamine when compared to wines that presented low 

amount of ethylphenols. To have a deeper insight into the data structure a principal component 

analysis was performed on ethylphenols levels, histamine, putrescine and the conventional 

oenological parameters, pH, alcohol content, volatile acidity, lactic acid, malic acid, total and 

free sulphur dioxide and reducing sugars. As can be observed in Figure 1, the biogenic amines 

putrescine and histamine are negatively correlated with the first principal component. The wine 

pH, volatile acidity and lactic acid levels are also correlated with PC1 in the negative direction, 

showing that wines with higher pH values resulting from malolactic fermentation, as also lactic 

acid is correlated with negative PC1, results in wines with a higher level of these biogenic 

amines and that they were mainly originated from the activity of lactic acid bacteria (Granchi 

et al., 2005; Herbert et al., 2005; Marcobal et al., 2006). On the other hand, the levels of 4-EP 

and 4-EG are correlated with positive PC2, strongly suggesting that the levels of biogenic 

amines were not correlated with the spoilage activity of Dekkera/Brettanomyces, the main 

microorganisms responsible for ethylphenols production in wine (Chatonnet et al., 1992). The 

levels of reducing sugars remaining on the wine are also correlated with positive PC2, 

suggesting that they may have a determinant influence on the Dekkera/Brettanomyces 

ethylphenol production (Chatonnet, Boidron, & Dubourdieu, 1993). 

These results show that wines with high levels of ethylphenols do not present an 

increased risk of wine biogenic amine accumulation and therefore the reduction of ethylphenols 

by remedial treatments due to the removal of the wine unpleasant phenolic aroma also do not 

represent an increased risk for biogenic amines intake when compared to non-spoiled wines. 

The none or low influence of Dekkera/Brettanomyces wine spoilage in the production of 

biogenic amines in industrially produced red wines is in accordance with the low production of 

biogenic amines of various Dekkera/Brettanomyces strains in wine model solutions reported by 

Vigentini et al. (2008) and Agnolucci et al. (2009) and also in grape must reported by 

Bäumlisberger et al. (2015). The negative correlation observed between the levels of 
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ethylphenols and these biogenic amines can be due to the fact that wines stored during longer 

periods normally present higher levels of ethylphenols due to the slow fermentation activity of 

Dekkera/Brettanomyces (Garde-Cerdán, Lorenzo, Carot, Esteve, Climent, & Salinas, 2010) 

while biogenic amines are mostly produced by the action of lactic acid bacteria (Ancin-

Azpilicueta, Gonzalez-Marco, & Jimenez-Moreno, 2008; Vidal-Carou et al., 1990; Vidal-

Carou, Codony-Salcedo, & Mariné-Font, 1990; Radler, & Fath, 1991; Soufleros et al., 1998; 

Romero et al., 2002) and when wines are stored the levels of biogenic amines tend to decrease 

(Marcobal et al., 2006), although an increase in the biogenic amines content of red wines has 

also been observed during storage (García-Villar et al., 2007). 
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Figure 1. Principal component analysis loadings of ethylphenol and selected biogenic amine levels and selected 
conventional oenological parameters 
 

4. Conclusions 

 

 The results obtained by the simultaneous analysis of biogenic amines and ethylphenols 

levels in industrially produced red wines from different vintages, grape varieties, Portuguese 

demarcated regions and winemaking conditions allowed to conclude that biogenic amines 

accumulation in red wines are negatively correlated with the levels of ethylphenols present in 

wines. These results strongly suggest that Dekkera/Brettanomyces wine spoilage do not 

significantly contribute to biogenic amine accumulation in industrially produced red wines. 

Therefore, treatments of contaminated red wines to remove or reduce ethylphenols and 

consequently the improvement of their sensory quality do not present an increased risk of 

exposure of wine consumers to biogenic amines. 
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Abstract 

 

Activated carbon (AC) could be a solution to remove 4-ethylphenol (4-EP) and 4-

ethylguaiacol (4-EG) off-flavours from Dekkera/Brettanomyces contaminated red wines. The 

relation between AC physicochemical characteristics and removal efficiency of these 

compounds is unknown. The impact of ACs characteristics on 4-EP and 4-EG removal, 

phenolic and headspace aroma composition was studied. All ACs reduced significantly 4-EP 

and 4-EG levels (maximum 73%). Their efficiency was related to their surface area and 

micropores volume. A higher surface area of mesopores and total pore volume were detrimental 

for anthocyanins and colour intensity, while a higher surface area and micropores volume were 

important for removing phenolic acids. Volatile phenols reduction was more important for the 

positive fruity and floral attributes perception than the abundance of headspace aroma 

compounds. With an optimal selection of the AC physicochemical characteristics it was 

possible to remove efficiently the volatile phenols without impacting negatively on the wine 

sensory quality. 

 

 

Keywords: Red wine, 4-Ethylphenol, 4-Ethylguaiacol, Activated carbon, Chromatic 

characteristics, Phenolic compounds, Headspace aroma abundance, Sensory characteristics 
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1. Introduction 

 

Wine is appreciated and valued mainly due to its sensory quality. However, there are 

many defects that can appear during wine production resulting in a quality decrease and 

consequently of their commercial value. In the last decades, millions of litres of red wine have 

become contaminated by the yeast Dekkera/Brettanomyces acquiring an unpleasant off-flavour, 

usually named “Brett character’’ (Chatonnet, Dubourdieu, Boidron, & Poins, 1992), described 

as “leather”, “horse sweat”, “stable” and “smoke”. This yeast is the main cause of wine spoilage 

of premium red wines matured in wood barrels, leading to serious economic losses 

(Campolongo, Siegumfeldt, Aabo, Cocolin, & Arneborg, 2014). It is at present perhaps the 

major problem in red wine production, since consumers tend to reject wines containing this off-

flavour. Also, official certifying agencies from prestigious demarcated regions like Douro 

Valley do not allow bottling wines containing this defect. Its aroma impact is mainly due to the 

formation of 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) by these yeasts through 

decarboxylation of the corresponding hydroxycinnamic acids, coumaric and ferulic acids 

respectively, to vinylphenols, and subsequent reduction to ethylphenols (Chatonnet et al., 

1992).  

Some preventive strategies like chitosan (Portugal, Sáenz, Rojo-Bezares, Zarazaga, 

Torres, Cacho, & Ruiz-Larrea, 2014), sulphur dioxide (Chatonnet, Boidron, & Dubourdieu, 

1993) and dimethyldicarbonate (Renouf, Strehaiano, & Lonvaud-Funel, 2008) have been used 

to decrease wine contamination by this yeast. Oenological practices, mainly through the 

application of fining agents (Milheiro, Filipe-Ribeiro, Cosme, & Nunes, 2017; Nieto-Rojo, 

Ancín-Azpilicueta, & Garrido, 2014) have also been used to remove volatile phenols (VPs). 

However, none of them is 100% efficient. Therefore, for the wine industry it is of utmost 

importance to have technological solutions to reduce the impact of these wine contaminations, 

nevertheless without impacting negatively on red wine colour and sensory characteristics. 

Previous works have shown that activated carbon (AC) could be a good solution for removing 

these small VPs, nevertheless their application can also impact negatively on the wine phenolic 

and aroma compounds (Lisanti, Piombino, Gambuti, Genovese, Ludmillla, & Moio, 2008; 

Milheiro, Filipe-Ribeiro, Cosme, & Nunes, 2017). Activated carbon is a fining agent used in 

oenology for many years in grape must and white wine (Commission Regulation (EC) No 

606/2009) as decolourant and deodorant. AC adsorption properties are related to their 

physicochemical characteristics that are highly dependent on the activation process, mainly due 
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to the formation of a high number of pores with different dimensions that confers a high surface 

area. AC adsorption characteristics and efficiency are determined by its pore structure, 

magnitude, distribution of pore volume and surface area (Karanfil, 2006). There are several 

ACs available to be used in oenology with not well characterised physicochemical 

characteristics. Furthermore, it is not known what effect AC characteristics have on their 

absorption efficiency and impact on wine physicochemical and sensory properties. Therefore, 

the main purpose of this work was to study the physicochemical characteristics of seven 

oenological ACs to understand their capacity to reduce the level of 4-EP and 4-EG from 

contaminated red wine. Also, their impact on the phenolic and headspace aroma compounds as 

well as their influence on the chromatic and sensory characteristics were studied, aiming to be 

able to select the AC physicochemical characteristics most appropriate to reduce or even 

eliminate these VPs while preserving the desired red wine colour and sensory quality.  

 

2. Materials and methods 

 

2.1. Activated carbon 

 

Activated carbons of vegetable origin supplied by the oenological supplier company 

SAI Lda (Paredes, Portugal) were used. 

 

2.2. Activated carbon characterisation 

 

2.2.1.  Physicochemical characterisation 

Activated carbons were characterised in terms of their texture (surface area, porosity, 

and pore-size distribution) and surface functional groups. The texture characteristics were 

carried out by gas adsorption and mercury porosimetry. The samples were first oven dried at 

150 C for 5 h. The adsorption isotherms for N2 (purity > 99.998%) at -196 C were determined 

using a semiautomatic adsorption apparatus Quantachrome Nova4200e. About 0.10 g of sample 

was used in each adsorption experiment. The adsorbent was placed in a glass container and 

outgassed at 250 C for 12 h, at a pressure lower than 10-3 Torr, prior to adsorption 

measurements. The specific areas were calculated by the Brunauer-Emmett-Teller (BET) 

method (SBET), using the BET equation in the linear range between 0.05 ˂ p/p0 ˂ 0.30 (were p 

is the pression and p0 the saturation pression). The mesopore area (Smeso) and the volume of 
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micropores (Vmicro) were determined by the t-method (Rouquerol, Rouquerol, Sing, Llewellyn, 

& Maurin, 2014). The total volume of pores (Vp) was calculated for p/p0 = 0.95. The mode of 

pore diameter distribution (Dp) was calculated by the density functional theory (DFT) method 

according to International Union of Pure and Applied Chemistry (Sing, Everett, Haul, Moscou, 

Pierotti, Rouquerol, & Siemieniewska, 1985) and the classification of pores was as follow: size 

˂ 2 nm - micropores, 2-50 nm - mesopores and ˃50 nm - macropores. Analyses were performed 

in duplicate. 

 

2.2.2. Determination of pH, iodine number, methylene blue number, density, ashes and 

metal composition of ACs 

The determination of ACs pH, iodine number, methylene blue number, apparent density 

(Ap) and ashes was performed according to the European Council of Chemical Manufacturers 

Federations protocols (European Council of Chemical Manufacturers Federations, 1986). The 

density was measured by solid pycnometry. Potassium and sodium were determined by atomic 

emission flame spectrophotometry, calcium, magnesium and iron were measured by atomic 

absorption flame spectrophotometry and copper and aluminium were performed by graphite 

furnace atomic absorption spectrophotometry after dissolution of ashes in 0.02 M nitric acid 

after boiling. Analyses were performed in triplicate. 

 

2.2.3. FTIR of ACs 

A Unicam Research Series FTIR spectrometer was used. The spectra were recorded in 

the range of wavenumbers 4000-450 cm-1 and 50 scans were taken at 2 cm-1 resolution. Pellets 

were prepared by thoroughly mixing ACs and KBr at a 1:400 sample/KBr weight ratio in a 

small size agate mortar. The resulting mixture was placed in a manual hydraulic press, and a 

force of 15 tons was applied for 10 min. The spectra obtained were background corrected and 

smoothed using the Savitzky-Golay algorithm using PeakFit v4 (AISN Software Inc., 1995). 

Analyses were performed in duplicate. 

 

2.3. Wine sample 

 

Red wine from Douro Valley (vintage 2013) was used in this work. Its main 

characteristics were as follows: alcohol content 13.4% (v/v), specific gravity (20 ºC) 0.9921 

g/mL, titratable acidity 5.1 g/L expressed as tartaric acid, pH 3.84, volatile acidity 0.50 g/L 
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expressed as acetic acid. Oenological parameters were analysed using a FTIR Bacchus Micro 

(Microderm, France). Analyses were performed in duplicate. 

 

2.4. Experimental design  

 

Seven solid commercial ACs were used (C1 to C7). The wine was previously spiked at 

two levels of 4-EP (750 and 1500 µg/L) and 4-EG (150 and 300 µg/L), according to the ranges 

usually found in the literature (Chatonnet et al., 1992; Pollnitz, Pardon, & Sefton, 2000). These 

values were selected as they were above their olfactory detection threshold (ODT), 605 g/L 

and 110 g/L, respectively (Chatonnet et al., 1992). Activated carbons were added at 100 g/hL 

the maximum allowed dosage for white wines (Commission Regulation (EC) No. 606/2009) to 

the wine placed in 250 mL graduated cylinders. After 6 days the wine was centrifuged at 10956 

g, 10 min at 20 ºC. All experiments were performed in duplicate. 

 

2.5. Determination of 4-EP and 4-EG by liquid-liquid extraction and GC-MS analysis 

 

The extractions were carried out following and adapting the methodology described by 

Milheiro et al. (2017), briefly 2 mL of internal standard (3,4-dimethylphenol 0.1 mg/L) was 

added to 20 mL of centrifuged red wine placed in a falcon tube. Then, 2 mL of organic solvent 

(pentane/diethyl ether 2:1) was added and this mixture was shaken horizontally for 15 min at 

400 rpm. Afterwards, the falcon tube was centrifuged during 10 min at 4 °C and 14972 g. 

Finally, the organic layer was recovered and analysed by GC-MS. All the determinations were 

repeated four times. Gas chromatographic analysis were performed using a Trace GC Ultra as 

GC system with a Polaris Q mass spectrometer and equipped with an AS 3000 autosampler. 

Injections of 5 μL were performed in the splitless mode during 2 min. Separation was carried 

out using a ZB-5 Inferno column (30 m x 0.25 mm, 0.25 μm film thickness) with a flow-rate of 

1 mL/min of helium as a carrier gas. The oven temperature program was as follow: 40 °C for 5 

min then raised to 155 °C at 5 °C/min, then raised for 300 °C at 20 °C/min and held at that 

temperature for 1 min, while the temperature of the injector was 250 °C. The mass spectrometer 

was operated in selected-ion-monitoring (SIM) mode. Monitored ions were: m/z 107 for 4-

ethylphenol quantification, m/z 122 for 3,4-dimethylphenol and m/z 137 for 4-ethylguaiacol 

quantification and additionally ion at m/z 77 was also used for identification. Quantification 
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was performed by the internal standard method. All experiments were performed in 

quadruplicate. 

 

2.6. Total anthocyanins, colour and chromatic characteristics  

 

Total anthocyanins were determined according to Ribéreau-Gayon and Stonestreet 

(1966). Colour intensity, hue and chromatic characteristics according to OIV (2009). The 

absorption spectra of wine samples were scanned from 380 nm to 780 nm, using a 1 mm path 

length quartz cell, and the chromatic characteristics of wines L*(lightness), a* (redness), and 

b* (yellowness) coordinates were calculated using the CIELab method. The Chroma [C* = 

[(a*)2 + (b*)2]1/2] and hue-angle [hº = tang_1 (b*/a*)] values were also determined. To 

distinguish the colour more accurately, the colour difference was calculated using the following 

equation: E* = [(L*)2 + (a*)2 + (b*)2]1/2. This allows reliable quantification of the overall 

colour difference in a sample, when compared to a control sample (untreated wine). All analyses 

were performed in quadruplicate. 

 

2.6.1.  Quantification of non-flavonoids, flavonoids and total phenols  

 The phenolic content of the wines was quantified using the absorbance at 280 nm before 

and after precipitation of the flavonoid phenols, through reaction with formaldehyde, according 

to Kramling and Singleton (1969). The results were expressed as gallic acid equivalents by 

means of calibration curves with standard gallic acid. The total phenolic content was also 

determined by a spectrophotometric method, using a UV-Vis spectrophotometer according to 

Ribéreau-Gayon, Peynaud and Sudraud (1982). All analyses were performed in quadruplicate. 

 

2.6.2. High performance liquid chromatography (HPLC) analysis of anthocyanins, 

catechin, and phenolic acids 

Analyses were carried out with an Ultimate 3000 HPLC equipped with a PDA-100 

photodiode array detector and an Ultimate 3000 pump. The separation was performed on a C18 

column (250 mm x 4.6 mm, 5 μm particle size) with a flow rate of 1 mL/min at 35°C. The 

injection volume was 50 μL and the detection was performed from 200 to 650 nm with 75 min 

per sample. The analyses conditions were carried out using 5% aqueous formic acid (A) and 

methanol (B) and the gradient was as follows: 5% B from zero to 5 min followed by a linear 

gradient up to 65% B until 65 min and from 65 to 67 min down to 5% B (Guise et al., 2014). 
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Quantification was performed with calibration curves with standards caffeic acid, coumaric 

acid, ferulic acid, gallic acid and catechin. The results of trans-caftaric acid, 2-S-

glutathionylcaftaric acid (GRP) and caffeic acid ethyl ester were expressed as caffeic acid 

equivalents by means of calibration curves with standard caffeic acid. On the other hand, 

coutaric acid, coutaric acid isomer and coumaric acid ethyl ester were expressed as coumaric 

acid equivalents by means of calibration curves with standard coumaric acid. A calibration 

curve of malvidin-3-O-glucoside, cyanidin-3-O-glucoside and peonidin-3-O-glucoside were 

used for quantification of anthocyanins. Using the coefficient of molar absorptivity (ε) and by 

extrapolation, it was possible to obtain the slopes for delphinidin-3-O-glucoside, petunidin-3-

O-glucoside, and malvidin-3-O-(6-O-coumaroyl)-glucoside and perform the quantification. 

The results of delphinidin-3-O-(6-O-acetyl)-glucoside, petunidin-3-O-(6-O-acetyl)-glucoside, 

peonidin-3-O-(6-O-acetyl)-glucoside, cyanidin-3-O-(6-O-acetyl)-glucoside and cyanidin-3-O-

(6-O-coumaroyl)-glucoside were expressed as respective glucoside equivalents. 

 

2.7. Headspace wine aroma composition by solid phase microextraction (HS-SPME)  

 

For the determination of the headspace aroma composition of red wines a validated 

method, confirmed in our laboratory was used (Vás, Gál, Harangi, Dobó, & Vékey, 1998). 

Briefly the fibre used was coated with Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 

μm (DVB/CAR/PDMS) and was conditioned before use by insertion into the GC injector at 

270 °C for 60 min. To a 20 mL headspace vial, 10 mL of wine, 2.5 g/L of NaCl and 50 µL of a 

solution of 3-octanol at 500 mg /L, used as internal standard, were added. The vial was sealed 

with a Teflon septum. The fibre was inserted through the vial septum and exposed during 60 

min to perform the extraction by an automatic CombiPal system. The fibre was inserted into 

the injection port of the GC during 3 min at 270 °C. All analyses were performed in 

quadruplicate. 
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2.8. Sensory evaluation 

 

Sensory analysis was performed by a panel composed by six experts (ISO 6658, 1985). 

Fifteen attributes were selected: visual (limpidity, hue, colour intensity and oxidised), aroma 

(fruity, floral, vegetable character, phenolic and oxidised aroma) and taste and tactile/textural 

descriptors (taste - bitterness, acidity, tactile/textural - astringency, body, balance and 

persistence) using an adapted tasting sheet based on that recommended by the OIV (OIV, 2015). 

The attributes were quantified using a five-point intensity scale (ISO 4121, 2003). Scales were 

anchored with the terms “low intensity” for score one and “high intensity” for score five, and 

panellists only scored integer values. All evaluations were conducted from 10:00 to 12:00 p.m. 

in an individual booth (ISO 8589, 2007), using the recommended glassware according to ISO 

3591 (1977). A wine volume of 50 mL was used to be possible for the tasters to taste twice 25 

mL of wine ISO 3591 (1977) and presented in random order (ISO 6658, 1985). The consistency 

between panellists (C-index) was evaluated by consonance analysis (Dijksterhuis, 1995), 

performing a Principal Component Analysis on the panel data. Good agreement between 

panellists were indicated by high C-index values (>1) (Lawless and Heymann, 2010). 

 

2.9. Statistical treatment 

 

Statistically significant differences between means were determined by analysis of 

variance (ANOVA) followed by Tukey honestly significant difference (HSD, 5 % level) post-

hoc test for the physicochemical data and a post-hoc Duncan test for sensory data. A principal 

component analyses was also performed to analyse the data and to study the relations between 

physicochemical ACs characteristics and wine volatile phenols removal and on phenolic and 

aromatic wine composition. These analyses were performed using Statistica 7 Software 

(StatSoft, Tulsa, OK U.S.A.). Generalised Procrustes Analysis (GPA, XLSTAT-MX) of the 

sensory data was performed using XLSTAT (Addinsoft, Anglesey, UK). Multiple Factor 

Analysis (MFA, XLSTAT-RIB) of the sensory and chemical data were performed using 

XLSTAT (Addinsoft, Anglesey, UK). 
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3. Results and discussion 

 

3.1. Physicochemical characterisation of ACs 

 

The N2 isotherms of ACs obtained showed (Figure S1) that C1 and C4 have a type I 

isotherms (Brunauer, Deming, Deming, & Teller, 1940). Accordingly, C1 and C4 were 

essentially microporous adsorbents. For ACs C2, C3, C5, C6 and C7, the gradual increase in 

the amount of N2 adsorbed to p/p0 = 1.0 indicated the presence of mesopores of different sizes. 

This different porosity profiles of the ACs were highlighted by the values of Smeso and Vmicro, 

where ACs C1 and C4 presented lowest levels of mesopores and highest levels of micropores 

(Table 1).
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C1 C2 

  
C3 C4 

  
C5 C6 

  
C7  

 

 

Figure S1. Adsorption isotherms (N2, -196 ºC) of activated carbons;  adsorption;  desorption 
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The ACs presented a high variability in the Brunauer-Emmett-Teller surface area (SBET), 

with ACs C1 and C4 presenting the largest SBET, contrarily the ACs C2 and C6 presented the 

lowest SBET. The ACs C3, C5 and C7 presented higher pore volume (Vp), and ACs containing 

more micropore volume were ACs C1, C4 and C5 (Table 1). The pore diameter (Dp) calculated 

by the DFT method were not significantly different (p ˂  0.05). All the ACs presented an alkaline 

pH with values between 8.76 and 9.54 (Table 1) and the ACs with higher iodine number were 

ACs C1 and C4 (Table 1). The same ACs that presented higher SBET area. There was a 

correlation between SBET and iodine number (r = 0.83; p < 0.02) as expected (Nunes, & 

Guerreiro, 2011). The correlation between iodine number and Vmicro,, was also positive (r = 0.76, 

p < 0.05). The results of methylene blue number indicate a high variability in the adsorption of 

methylene blue dye by the ACs studied with the ACs C1, C3, and C7 presenting the highest 

values. 

AC C6 presented the higher level of ashes, nearly 20%. This result suggests that this AC 

was a mix prepared with bentonite or silica, supported by the presence of substantial amounts 

of aluminium (Table S1).  

 
Table S1. Metal composition of activated carbons ashes.  

Calcium Iron  Magnesium Potassium Sodium  Copper  Aluminium 

Samples (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (µg/g) (µg/g) 

C1 1.64 ±0.11b 0.21±0.01c 1.64±0.09d 1.22±006b 152±0.07e n.d. n.d. 

C2 4.78±0.09e 1.68±0.01f 3.12±0.03e 0.82±0.04a 1.03±0.08d n.d. n.d. 

C3 6.02±0.22f 0.04±0.01a 1.06±0.01a 0.72±0.05a 0.96±0.01c 0.66±0.66b n.d. 

C4 0.92±0.08a 0.60±0.02e 1.44±0.05c 4.96±0.13e 0.56±0.05a 0.70±0.70bc n.d. 

C5 2.94±0.04c 0.12±0.01b 1.25±0.01b 3.89±0.18d 0.51±0.04a 0.77±0.77c n.d. 

C6 4.08±0.05d 0.28±0.03d 1.77±0.01d 1.92±0.08c 0.79±0.07b 0.76±0.76c 857.97±8.46 

C7 5.26±0.16e 1.28±0.01ab 1.18±0.02ab 0.58±0.01a 0.70±0.03a,b n.d. n.d. 

Values are presented as mean ± standard deviation. Means within a column followed by the same letter are not significantly different ANOVA 
and Tukey post-hoc test (p ˂ 0.05); n.d. – not detected. 
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Analysis of ACs surface groups by FTIR analysis (Table S2 and Figure S2), showed 

that AC C6 differed significantly from the other ACs due to the presence of bentonite or silica, 

as discussed above, confirmed by the presence of strong absorption bands at 1039 and 1101 cm-

1 (Madejõv, & Komandel, 2001).  

 

 
Figure S2. FTIR spectra of activated carbons 

 
Table S2. Assignment of FTIR bands of activated carbons main functional groups 

Wavenumber 

(cm-1) 

Vibration Assignment Functional Group 

~1731 C=O stretching  Carboxylic acids and carboxylic anhydrides and lactones 

~1637 C=O stretching Quinone and keto-enol groups 

~ 1590 C=C stretching Aromatic 

~ 1466 O-H bend Carboxyl-carbonate structures 

~ 1122 C-O stretching Ethers 

~ 1054 C-O(H) stretching Phenolic groups 

~ 649 C-C stretching  

 

For the other ACs studied, similar bands were observed at ~ 1590 cm-1 assigned to 

aromatic C=C stretching vibrations. At ~1466 cm-1, in some cases on the shoulder of the 

previous peak, assigned to carboxyl-carbonate structures and two broad peaks at ~1122 and 

1054 cm-1 assigned to stretching frequencies for C-O bonds in ethers and C-OH phenolic groups 

(Fanning, & Vannke, 1991). There were however differences between the ACs revealed by the 
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presence (C4, C5 and C6)/absence (C3) or low intensity (C1, C2 and C7) of a band at ~1637 

cm-1 associated with quinone and keto-enol groups (Figueiredo, Pereira, Freitas, & Orfão, 

1999). Also, AC C5 and in lower extent ACs C2 and C7 presented a band at ~1731 cm-1, 

associated with carboxylic acids, carboxylic anhydrides and lactones (Fanning, & Vannke, 

1991; Figueiredo, Pereira, Freitas, & Orfão, 1999). These results show that in addition to the 

different physical characteristics of the ACs used there were also differences in their surface 

chemistry. 

 

3.2. Reduction of 4-EP and 4-EG by ACs  

 

All ACs reduced significantly the amount of VPs although presenting different 

performances (Figure 1a and 1b). The reduction was also dependent on the VPs initial 

concentration. 
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For the two concentrations of VPs tested, AC C4 presented the better performance, 

allowing reducing the VPs concentrations below their ODT for the two levels used. For the 

lower concentration of VPs, the other ACs studied were also able to reduce their amount to a 

concentration lower than their ODT. Nevertheless, for the higher concentrations of VPs, the 

other ACs were unable to reduce their amount to near their ODT except for C1 that was able to 

reduce the amount of 4-EG, but not the amount of 4-EP below their ODT. These results 

suggested that the structural characteristics of ACs were essential for their performance, being 

even more important when wines had higher levels of VPs.  

 

3.3. Influence of the physicochemical characteristics of ACs in the reduction of 4-EP 

and 4-EG 

 

The PCA (Figure 1c) of all ACs physicochemical characteristics and the reduction of 

the two VPs obtained after wine treatment with the ACs yielded two principal components 

explaining nearly 85% of the total variance in the original data set. The first PC correlates 

positively (r > 0.70) with iodine number, methylene blue number, SBET and Vmicro with the 

decrease of 4-EP and 4-EG. The second PC correlates negatively (r < −0.70) with Smeso and Vp. 

As can be observed in Figure 1c the projection of the samples on the first PC shows that they 

were ordered by increasing efficiency in VPs removal with C2 showing the lower PC1 score 

and C4 presenting the higher score. These results show that the efficiency of ACs for the 

removal of the VPs were dependent on their structural features, namely SBET, Vmicro and that the 

simple iodine test can be used to predict the efficiency of ACs in the removal of the VPs from 

red wine. The correlation between SBET and Vmicro and the efficiency of VPs removal was due 

to the fact that a larger number of small pores for a given pore volume will yield a larger surface 

area (Howe, Hand, Crittenden, Trussel, & Tchobanoglous, 2005). 

 

3.4. Effect of ACs treatment on red wine sensory profile  

 

To gain insight into the impact of these ACs on wine sensory attributes, wines were 

subjected to sensory analysis by an expert panel. Only wines spiked with lower levels of VPs 

were subjected to sensory analysis as in these wines all the ACs tested were able to reduce the 

amount of these contaminants below their ODT reported in the literature (Chatonnet et al., 

1992). As can be observed in Table 2, as expected, the presence of these VPs impacted 
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significantly and negatively on the aroma profile of spiked wine (TF), as the phenolic aroma 

was significantly increased, and the wine fruity aroma decreased significantly.  
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Panel consensus on each wine attribute was accessed through the percentage of variance 

explained by the first PCA (Dijksterhuis, 1995). The variance explained by the first PC ranged 

from 32% to 71%, yielding the C-indexes presented in Table 2. Similar values have been 

reported for trained panels assessing different attributes and different products (Dijksterhuis, 

1995; Echeverría, Graell, Lara, López, & Puy, 2008). For a sensory attribute, the higher the 

explained variance and C-index, the closer this attribute is to unidimensionality, indicating the 

consensus of the panel in the perception of this attribute. The wine attributes colour intensity, 

hue, oxidised (visual attribute), fruity, phenolic and astringency were those were a higher 

consensus between judges was obtained (Table 2 and Table S3 for additional analysis of the 

sensory panel by General Procrustes Analysis). Lack of consensus on the other attributes may 

be due to the low variation of the attributes between samples, differences in motivation, 

sensitivity and psychological response behavior (Lundahl & McDaniel, 1991).  

 
Table S3. Procrustes Analysis of Variance (PANOVA) of the sensory aromatic, taste and tactile/textural attributes 
data of volatile phenols free (T0) and volatile phenols spiked (TF) red wine and after treatment with different 
activated carbons (C1 to C7). 

Source DF SS MS F p 

Residuals after scaling 160 41.48 0.259   

Scaling 5 10.06 2.012 7.759 <0.0001 

Residuals after rotation 165 51.54 0.312   

Rotation 275 82.76 0.301 1.161 0.150 

Residuals after translation 440 134.31 0.305   

Translation 55 147.59 2.683 10.349 <0.0001 

Corrected Total 495 281.900 0.570   

DF – Degrees of freedom, SS – Sum of squares, MS – Mean squares, F – Test value and p-value. 

 

For wines treated with ACs C4, C5, C6 and C7 there was a significant decrease in the 

phenolic attribute not significantly different from T0 and significantly different from TF (Table 

2, Figure S3). For AC C2 the phenolic attribute was significantly different from T0 and not 

significantly different from TF (Table 2). Wines treated with ACs C1 and C3, although 

presenting on average a lower phenolic attribute than TF, were not significantly different either 

from TF and T0. These results were in accordance with the removal efficiency of VPs by these 

ACs (Figure 1b). The decrease in phenolic attribute of wines treated with ACs resulted in a 
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recovery of the fruity attribute of wines treated with ACs C3, C4, C5, C6 and C7 that presented 

a fruity attribute not significantly different from T0, although only the wine treated with AC C4 

presented a fruity attribute significantly different from TF (Table 2). For the colour intensity 

attribute the ACs that didn’t change significantly this wine attribute were ACs C1, C2, C4 and 

C5, while ACs C3, C6 and C7 resulted in a significant decrease in this wine sensory attribute 

when compared to TF and T0 (Table 2). 

 

a)  

 

b) c) 

  

Figure S3. a) Sensory profile of volatile phenols free (T0) spiked (TF) red wines and wines treated with seven 
ACs (C1-C7); Consensus configuration for red wines treated with ACs with different physicochemical properties 
for removing 4-Ethylphenol and 4-Ethylguaiacol and sensory attributes:  b) projection of wine samples and clouds 
for the first two dimensions and c) projection of sensory parameters on the first and second dimensions of 
Generalised Procrustes Analysis. Volatile phenols free (T0) and volatile phenols spiked (TF) red wines and wines 
treated with seven ACs, C1 to C7. 
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3.5. Effect of ACs on headspace aroma and phenolic composition  

 

3.5.1. Headspace aroma composition 

In order to understand the observed recovery of the fruity and floral attributes in wines 

treated with some ACs used, and the relation of their physicochemical characteristics with the 

abundance of headspace aroma, wines were analysed by HS-SPME-GC/MS (Table S4). The 

reduction of total headspace aroma compounds ranged from 63.0% for AC C2 to 75.2% for AC 

C4. Nevertheless, some aroma compounds were less affected by the application of ACs like 

ethyl acetate (5.7% on average), 2-methyl-1-ol (16.3% on average), 3-methylbutan-1-ol (27.1% 

on average) and hexanoic acid (15.9% on average). Others, like the esters and acids, were 

severely affected, ethyl hexanoate (94.4% on average), ethyl octanoate (99.4% on average), 

ethyl decanoate (99.1% on average) and octanoic and decanoic acids with a 100% decrease. 

For the 2-phenylethanol and 3-methylbutan-1-ol acetate a 63.7 and 67.9% decrease on average 

was observed and for the dodecanoic acid, diethyl succinate and phenylethyl acetate a decrease 

of 78.9%, 81.9% and 84.4% on average were observed, respectively. In accordance to the 

results obtained for liquid-liquid extraction there was observed a significant decrease in the 

headspace levels of 4-ethylphenol (83.4%) and 4-ethylguaiacol (89.0%). These results show 

that the fruity and floral aroma attributes recovery of wines treated with ACs C4 and C7 was 

not due to a lesser extent of the headspace aroma removal but probably to the higher extension 

of VPs removal. This will be discussed further below (section 3.7.2). 

 

3.5.2. Phenolic composition and chromatic characteristics 

The treatment of wines with ACs decreased significantly the total phenolic compounds 

content of all treated wines, ranging from 7.6% for wine treated with AC C2 to 13.7% for wine 

treated with AC C3 (Table S5). The higher decrease in total phenols observed for the wine 

treated with AC C3 was due to a higher decrease in flavonoid phenols content (12.9%) also 

reflected in the highest decrease in total anthocyanins (20.6%). On the other hand, AC C4 

resulted in a lower decrease in flavonoid phenols (5.3%) and also in a lower decrease in total 

anthocyanins (3.4%). For the non-flavonoid phenols AC C5 resulted in the highest decrease 

(25.0%) and again AC C2 resulted in the lowest decrease (13.5%). These results were in 

accordance with the values presented by several authors (Lisanti et al., 2008). The use of ACs 

did not change the gallic acid and GRP content of wines (Table S6). 
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For the catechin only AC C1 decreased significantly its content. For the trans-caftaric 

acid, coutaric acid, caffeic acid, caffeic acid ethyl ester and coumaric acid all ACs resulted in a 

significant decrease in relation to the untreated wine. For ferulic acid only ACs C1, C2, C3 and 

C4 decrease significantly its content in wines and for coumaric acid ethyl ester ACs C2, C3, 

C5, C6 and C7 also resulted in a significant decrease of this phenolic. All ACs decreased 

significantly the total amount of monomeric anthocyanins with ACs C7 and C4 decreasing 

35.1% and 7.9%, respectively (Table S7). In fact, AC C4 only caused a significant decrease in 

the amount malvidin-3-O-glucoside of 6.5% and delphinidin-3-O-(6-O-acetyl)-glucoside of 

19.9%. These results show that the impact of ACs on the amount of polyphenolic compounds 

was dependent on the AC used and also on the chemical nature of the polyphenols. The different 

impact of ACs on polyphenolic compounds and especially on anthocyanins resulted in 

significant changes in the chromatic characteristics of the red wines (Table S4). Except for AC 

C4, all ACs reduced significantly the instrumental colour intensity of the treated red wines when 

compared to untreated wine, results in accordance with that obtained by Lisanti et al. (2008). 

Nevertheless, the extent of colour reduction was not identical for all ACs. ACs C3 and C7 

presented the highest reduction in instrumental colour intensity (Figure 2). The decrease in 

colour intensity of red wines was significantly correlated (r = -0.989, p < 0.001) with the 

increase in lightness of red wines (L*) and the increase in a* coordinate (r = -0.988, p < 0.001). 

This change in chromatic properties was related with the change in the total anthocyanin content 

of red wines (r = 0.990, p < 0.001) and total monomeric anthocyanins content (r = 0.968, p < 

0.001).  

 

3.6. Effect of ACs physicochemical characteristics on the reduction of aroma and 

phenolic compounds 

 

3.6.1 Headspace wine aroma composition 

None of the analysed physicochemical characteristics of the ACs were significantly 

related with the decrease of the aroma compounds, either considered individually or when 

chemical families were analysed (Figure S4). Also, the results suggested that the effect of ACs 

in the headspace aroma decrease was dependent on the chemical nature of the aroma compound 

(Table S8). This was reinforced by the correlations observed between the removal efficiency of 

the different aroma compounds and their molecular weight (r = 0.810, p < 0.001, Figure S5), 

with an exponential correlation with their octanol-water partition coefficient (r = 0.814, p < 
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0.001, Figure S5) an exponential correlation with their polarizability (r = 0.864, p < 0.001, 

Figure S4) and McGowan characteristic volume (r = 0.840, p < 0.001, Figure S5) 
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a) b) 

  
c) d) 

  
 
Figure 2. a) Correlation between monomeric anthocyanins remaining in ACs treated wines (C1-C7) in relation to 
the untreated wine (TF) and the mesopore surface area (Smeso); b) Correlation between monomeric anthocyanins 
remaining in ACs treated wines (C1-C7) in relation to the untreated wine (TF) and the total volume of pores (Vp); 
c) Correlation between total phenols remaining in ACs treated wines (C1-C7) in relation to the untreated wine 
(TF) and the total volume of pores (Vp); d) Correlation between low molecular weight (LMW) phenols determined 
by HPLC remaining in ACs treated wines (C1-C7) in relation to the untreated wine (TF) and the Brunauer-Emmett-
Teller (BET) surface area (SBET). 
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Table S8.  Molecular weight (MW), Log of octanol: water partition coefficient (LogP), polarizability and 
McGowan characteristic volumes of the headspace aroma compounds. 

Compounds  MW (g/mol) Log P Polarizability 
McGowan 

Characteristic Volume 
Ethyl acetate  88.11 0.73 9.28 74.66 
2-Methylpropan-1-ol 74.12 0.76 9.07 73.09 
3-Methylbutan-1-ol acetate 130.18 2.25 15.20 116.93 
3-Methylbutan-1-ol 88.15 1.16 11.03 87.18 
Ethyl hexanoate 144.21 2.92 17.32 131.02 
Ethyl octanoate 172.27 3.20 21.50 142.00 
Ethyl decanoate 200.32 4.09 25.70 165.88 
Diethyl succinate 174.19 1.26 18.38 138.46 
Phenylethyl acetate 164.20 2.30 17.90 135.44 
Hexanoic acid  116.16 1.81 13.27 102.84 
2-Phenylethanol 122.16 1.36 13.87 105.69 
4-Ethylguaiacol  152.18 2.47 16.75 125.65 
Octanoic acid  144.21 3.05 23.57 131.02 
4-Ethylphenol 122.16 2.58 13.86 105.69 
Decanoic acid 172.26 4.09 21.61 159.20 
Dodecanoic acid 200.32 4.20 25.85 187.38 

Log P: ethyl acetate, 2-methyl-1-propan-1-ol, 3-methyl-1-butan-1-ol, phenylethylacetate, 2-phenylethanol, octanoic acid, 4-ethylphenol, 
decanoic acid (Hansche, Leo, &Hoeckman, 1995), dodecanoic acid (PubChem, 2016), 3-methylbutan-1-ol acetate (Daylight, 2016), ethyl 
hexanoate, diethyl succinate (ALOGPS, 2016), ethyl octanoate, ethyl decanoate, hexanoic acid, 4-ethylguaiacol (ChemExon, 2016), 
Polarizability (ChemExon, 2016). McGowan characteristic volumes were determined according to (Zao, Abraham, & Zissimos, 2003). 
 
 

 
 
Figure S4. PCA that relate the AC characteristics with the aromas. Red wines treated with seven ACs, C1 to 
C7; SBET-Brunauer-Emmett-Teller (BET) surface area; Smeso-surface area of mesopores; Vp-total volume of 
pores; Vmicro-micropore volume; Dp-average pore diameter; IN–iodine adsorption number; MBN–methylene 
blue number; 2MetProl-2-Methylpropan-1-ol; Ac3MetBut-3-Methylbutan-1-ol-acetate; 3-MetButol-3-
Methylbutan-1-ol; EtHex-Ethyl hexanoate; EtOct-Ethyl octanoate; EtDec-Ethyl decanoate; DiEtSuc-Diethyl 
succinate; AcPh-Phenylethyl acetate; HexAc-Hexanoic acid; 2PhEt-2-Phenylethanol; 4-EG-4-Ethylguaiacol; 
4-EP-4-Ethylphenol; DodAc-Dodecanoic acid.  
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a) 

 
b) 

 
 
c) 

 
d) 

 

 
 

Figure S5. Correlation between fractions of headspace aroma average content of wines treated with activated 
carbons with a) molecular weight of aroma compounds; b) Log P of aroma compounds; c) polarizability of aroma 
compounds; d) McGowan characteristic volume. 
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3.6.2. Phenolic compounds 

As can be observed in Figures 2a and 2b there was a significant correlation between the 

decrease of monomeric anthocyanins and Smeso and Vp, respectively. ACs C3 and C7 resulted 

in a ~35% decrease of the monomeric anthocyanins and C1 and C4 showing the lowest decrease 

(on average 11%). Identical significant correlations were observed between total anthocyanins 

measured colorimetrically and Smeso and Vp. (r = 0.990, p < 0.05 and r = 0.842, p < 0.05, 

respectively) and for the instrumental colour intensity (r = 0.982, p < 0.05, r = 0.867, p < 0.05, 

respectively). Similar significant correlation, above 0.85 (p < 0.05), were observed for L*, a* 

and E*. For the observed decrease in total phenols, there was significant correlation with Vp 

(Figure 2c). Furthermore, for the low molecular weight phenols determined by HPLC there was 

observed a significant correlation with SBET (Figure 2d), meaning that for the reduction of these 

phenolic in red wines, these structural characteristics of ACs were important and different from 

those that affected anthocyanins reduction (Figure S6). 

 

 
Figure S6. PCA that relate the AC characteristics with the phenolic compounds. Red wines treated with seven 
ACs, C1 to C7; SBET-Brunauer-Emmett-Teller (BET) surface area; Smeso-surface area of mesopores; Vp-total 
volume of pores; Vmicro-micropore volume; Dp-average pore diameter; IN–iodine adsorption number; MBN–

methylene blue number; TotAnt–Total anthocyanins; TotPhe–Total phenols; FlavPhe–Flavonoid Phenols; 
NonFlavPhe–Non-Flavonoid Phenols; GallAc-Gallic acid; Catech–Catechin; t-CaftAc-trans-caftaric acid; GRP-
2-S-glutathionyl caftaric acid; CoutAc-Coutaric acid; CaffAc-Caffeic acid; CouAc-Coumaric acid; FerAc-Ferulic 
acid; EtCaff-Caffeic acid ethyl ester; EtCou-Coumaric acid ethyl ester; Del-3-Glc-Delphinidin-3-O-glucoside, 
Cya-3-Glc-Cyanidin-3-O-glucoside, Pet-3-Glc-Petunidin-3-O-glucoside, Peo-3-Glc-Peonidin-3-O-glucoside, 
Mal-3-Glc-Malvidin-3-O-glucoside, Del-3-AcGlc-Delphinidin-3-O-(6-O-acetyl)-glucoside, Mal-3-AcGlc-
Malvidin-3-O-(6-O-acetyl)-glucoside, Mal-3-CoGlc-Malvidin-3-O-(6-O-coumaroyl)-glucoside. 
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3.7. Impact of the wine chemical composition on the sensory profile of red wine 

treated with ACs 

 

3.7.1. Sensory colour intensity attribute 

The wine colour intensity perceived by the judges was significantly correlated with the 

instrumental colour intensity (r = 0.867, p < 0.0043), with the total anthocyanins measured 

colorimetrically (r = 0.819, p < 0.013) and monomeric anthocyanins measured by HPLC (r = 

0.888, p < 0.0032). The significant differences in colour intensity perceived by the judges were 

due to the decrease in total phenols and anthocyanins that occurred when these ACs were used. 

The significant differences in colour perception by the judges occurred for a colour difference 

(E*) higher than 4.32. For this wine, only for a decrease in total anthocyanins higher than 

26%, there was perceived a colour change by the expert panel. These results shown, that the 

variation in colour perception by the judges was supported by the chemical data. 

 

3.7.2. Aroma taste and tactile/textural attributes 

Multiple factor analysis (MFA) was applied to the sensory scores provided by the expert 

panel for aroma (Figure 3) and taste and tactile/textural descriptors (Figure 4) and the chemical 

composition of wines, regarding headspace aroma compounds and phenolic compounds, 

respectively. For the aroma, the coordinate of the group of variables (tables) were displayed 

and used to create the map of the tables (Figure 3b).  
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a) b) 

  

c) 

 

 

Figure 3. Multiple Factorial Analysis of aroma sensory and chemical data: (a) Representation of the wine samples 
and clouds; (b) Representation of groups (tables) of variables; (c) Distribution of variables. VPs free (T0) spiked 
(TF) red wines and wines treated with seven ACs, C1 to C7. Centroid ( ); Sensory data ( ); Chemical data (
). 2MetProl-2-Methylpropan-1-ol; Ac3MetBut-3-Methylbutan-1-ol acetate; 3-MetButol-3-Methylbutan-1-ol; 
EtHex-Ethyl hexanoate; EtOct-Ethyl octanoate; EtDec-Ethyl decanoate; DiEtSuc-Diethyl succinate; AcPh-
Phenylethyl acetate: HexAc-Hexanoic acid; 2PhEt-2-Phenylethanol; 4-EG-4-Ethylguaiacol; 4-EP-4-Ethylphenol; 
DodAc-Dodecanoic acid: d) PCA that relate the activated carbon characteristics with the aromas; SBET-Brunauer-
Emmett-Teller (BET) surface area; Smeso-surface area of mesopores; Vp-total volume of pores; Vmicro-micropore 
volume; Dp-average pore diameter; IN–iodine adsorption number; MBN–methylene blue number. 
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Figure 4. Multiple Factorial Analysis of taste and tactile/textural sensory data and phenolic compounds chemical 
data: (a) Representation of the wine samples and clouds; (b) Representation of groups (tables) of variables; (c) 
Distribution of variables. VPs free (T0) spiked (TF) red wines and wines treated with seven ACs, C1 to C7. 
Centroid ( ); Sensory data ( ); Chemical data ( ). TotAnth–Total anthocyanins; TotPhe–Total phenols; 
FlavPhe–Flavonoid Phenols; NonFlavPhe–Non-Flavonoid Phenols; GallAc-Gallic acid; Catech–Catechin; t-
CaftAc-trans-caftaric acid; GRP-2-S-glutathionyl caftaric acid; CoutAc-Coutaric acid; CaffAc-Caffeic acid; 
CouAc-Coumaric acid; FerAc-Ferulic acid; EtCaff-Caffeic acid ethyl ester; EtCou-Coumaric acid ethyl ester; Del-
3-Glc-Delphinidin-3-O-glucoside, Cya-3-Glc-Cyanidin-3-O-glucoside, Pet-3-Glc-Petunidin-3-O-glucoside, Peo-
3-Glc-Peonidin-3-O-glucoside, Mal-3-Glc-Malvidin-3-O-glucoside, Del-3-AcGlc-Delphinidin-3-O-(6-O-acetyl)-
glucoside, Mal-3-AcGlc-Malvidin-3-O-(6-O-acetyl)-glucoside, Mal-3-CoGlc-Malvidin-3-O-(6-O-coumaroyl)-
glucoside.  
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As can be observed in the map for the aroma, the first factor was more related to the 

chemical variables table and second factor more related with the sensory attributes table. From 

the variables map it can be concluded that for the first factor both group of variables contribute 

almost equally (42% and 57%, for the sensory and chemical data, respectively) and for the 

second factor sensory variables contribute 67% while chemical variables contribute 33% 

(Figure 3b). Moreover, according to the Lg measurements, the first axis corresponded to a 

direction of very significant inertia for each group (1.411 and 1.149 for the sensory and 

chemical variables, respectively). The negative phenolic attribute as well as the 4-EP and 4-EG 

levels were positively correlated with F2. The positive fruity attribute was negatively correlated 

with F2, showing that the lower levels of these two VPs were more important for the perception 

of this important sensory attribute, than the levels of the other headspace aroma compounds in 

the range found in these wines. These results were in line with previous works that have shown 

that the absence of aroma wine defects, including VPs, was more important for the wine aroma 

profile and that defective and negative odorants exert a strong aroma suppression effect on 

fruity aroma (Ferreira, San-Juan, Escudero, Culleré, Fernández-Zurbano, Sáenz-Navajas, & 

Cacho, 2009; San-Juan, Ferreira, Cacho, & Escudero, 2011). This suppressing effect of VPs on 

wine aroma fruity attribute was also observed in our work, as when these VPs were added to 

wine, TF, the fruity scores decreased significantly (Table 2). Also, the lower reduction in 2-

phenylethanol (63.7%), 3-methylbutan-1-ol (27.1%), potent odorants in red wines (Gürbüz, 

Rouseff, & Rouseff, 2006), and 2-methylpropan-1-ol (16.3%) may additionally explain the 

observed recovery. The figure 4b shows the map of tables for taste and tactile/textural 

descriptors sensory analysis and phenolic compounds group of variables. The first factor was 

important to describe the chemical variables while for the sensory variables both factors were 

important for its description. As can be observed in the correlation maps of observations and 

variables (Figure 4c), acidity attribute was correlated with F1, as well the total phenols, non-

flavonoid phenols, gallic acid, caffeic acid, coumaric acid and caffeic acid ethyl ester. Body 

was correlated with F2 in the positive direction and bitterness attribute was negatively 

correlated with this factor, being also observed a positive correlation between ferulic acid, 

catechin and trans-caftaric acid with this factor. Astringency was also positively correlated with 

F1. This loading can be related with the correlation of gallic acid, coumaric acid, caffeic acid, 

caffeic acid ethyl ester, coumaric acid ethyl ester with F1, and especially trans-caftaric acid that 

was present in this wine with a concentration above the tactile/textural threshold for astringency 

(Hufnagel, & Hofmann, 2008). Overall these results were in accordance with the literature as 
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phenolic compounds were important for the wine taste and tactile/textural descriptors like 

astringency (Jauregi, Olatujoye, Cabezudo, Frazier, & Gordon, 2016; Hufnagel, & Hofmann, 

2008). The results obtained from MFA supported the results from sensory analysis of the wines 

obtained after treatment with the different ACs, highlighting the importance of removal of the 

VPs for recovery of the fruity aroma attribute. Also, the importance of not removing the 

phenolic compounds from wine for obtaining a desirable taste and tactile/textural descriptors 

and colour of red wines was confirmed. Considering the results obtained for colour, aroma, 

taste and tactile/textural descriptors determined by the expert panel, and their validation by the 

chemical composition of wines obtained after treatment with ACs, it can be observed that the 

wine treated with AC C4 resulted in a wine with a sensory profile not significantly different 

from non-spiked wine. This is due to the efficient removal of the VPs and not impacting 

negatively on phenolic composition of wine. 

 

4. Conclusions  

 

The results obtained in this work show that AC can be a good solution for the removal 

of VPs from red wines. Their efficiency was dependent on their physicochemical characteristics 

but also on the wine contamination level. For high contamination levels the proper selection of 

AC physicochemical characteristics was more critical for attaining a decrease below the ODT 

of VPs. Although every AC changed significantly some aspect of the wine chemical 

composition, either headspace aroma compounds, phenolic acids and anthocyanins, or all of 

them, this affected differently the sensory profiles of wines obtained. For the perceived aroma 

the removal of the VPs was more impacting on the perception of the fruity attribute than the 

abundance of the headspace aroma compounds presents in wine. The removal of anthocyanins 

from wine affected the sensory perception of colour intensity only for a E* value higher than 

4.3 for this wine. These results show that, although not being a perfect solution, with an optimal 

selection of the AC physicochemical characteristics it is possible to remove efficiently the 

negative VPs without impacting significantly on the wine sensory profile. 
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Abstract 

 

“Brett character” is a negative sensory attribute acquired by red wines when 

contaminating Dekkera/Brettanomyces yeasts produce 4-ethylphenol and 4-ethylguaiacol, 

known as volatile phenols (VPs), from cinnamic acid precursors. In this study, chitins and 

chitosans with different structural features, namely deacetylation degree (5 to 91%) and 

molecular weight (24 to 466 kDa) were used for the reduction of this sensory defect. Chitins 

and chitosans decreased 7 to 26% of the headspace abundance of VPs without changing their 

amounts in wines. The efficiency of reduction increased with the deacetylation degree and 

applied dose. Reduction of headspace abundance of VPs by chitosans enabled significant 

decreases in the negative phenolic and bitterness attributes and increased positive fruity and 

floral attributes. Results show that chitosan with high deacetylation degrees, including fungal 

chitosan, which is already approved for use in wines, is an efficient approach for reducing the 

negative sensory impact of VPs in red wines. 

 

 

Keywords: Red wine, 4-Ethylphenol; 4-Ethylguaiacol; Chitin, Chitosan, Deacetylation degree, 

Chromatic characteristics, Phenolic compounds, Aroma compounds, Sensory quality 
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1. Introduction 

 

“Brett character” is a negative sensory attribute that wines acquire when 4-ethylphenol (4-

EP) and 4-ethylguaiacol (4-EG) are formed above their sensory threshold, primarily through 

the action of contaminating Dekkera/Brettanomyces yeast from phenolic precursors present in 

wine, namely, p-coumaric and ferulic acids (Chatonnet, Dubourdieu, Boidron, & Poins, 1992; 

Chatonnet, Viala, & Dubourdieu, 1997) and their ethyl esters when Dekkera/Brettanomyces 

present ethyl esterase activity (Hixson et al., 2012) . This sensory defect has been reported in 

several wine styles around the world, especially, premium wines (Campolongo, Siegumfeldt, 

Aabo, Cocolin, & Arneborg, 2014), and thus volatile phenols (VPs) are a global problem in 

winemaking. Red wines are more susceptible to Dekkera/Brettanomyces bruxellensis 

contamination and proliferation due to their lower acidity and frequent ageing in wood barrels 

(Campolongo et al., 2014). These VPs create an unpleasant, strong phenolic, “animal”, 

“horsey” or “stable” aromas and a decrease or elimination of fruity and varietal aromas in wine 

(Petrozziello et al., 2014). Even subliminal concentrations of these VPs have been shown to 

affect the fruity notes (Tempère, Schaaper, Cuzange, de Lescar, de Revel, & Sicard, 2016). This 

sensory defect is considered negative by both professionals and consumers (Lattey, Bramley, 

& Francis, 2010).  

A series of preventive measures to avoid Dekkera/Brettanomyces wine contamination, 

proliferation and VPs formation have been developed, but they do not appear to have a 

widespread use, adherence and/or efficiency, as there are globally wines marketed with high 

concentrations of VPs (Pollnitz, Pardon, & Sefton, 2000). Therefore, a series of remediation 

treatments have been developed to remove already-formed VPs from wines and decrease or 

eliminate their negative sensory impact. These treatments can be divided into two main groups: 

those intended to decrease the headspace contents by decreasing their partition coefficients to 

the gas phase without changing the total VPs contents of wines (non-extractive techniques; 

Milheiro, Filipe-Ribeiro, Cosme, & Nunes, 2017; Petrozziello et al., 2014), and those intended 

to remove the VPs from wines, decreasing their content and their headspace concentration 

(extractive techniques). The oenological products already authorised by the OIV and tested in 

red wines include activated carbons (Lisanti, Gambuti, Genovese, Piombino, & Moio, 2017; 

Milheiro, et al., 2017) yeast cell walls (Chassagne, Guilloux-Benatier, Alexandre, & Voilley, 

2005; Nieto-Rojo, Ancín-Azpilicueta, & Garrido, 2014), potassium caseinate and egg albumin 

(Milheiro et al., 2017). Of these, those that appear to be efficient within the legal limits are 
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activated carbons, egg albumin and potassium caseinate. The impact of these techniques on 

wine quality has been only studied in a few reports, but these studies will ultimately dictate the 

suitability and the choice by winemakers. The non-extractive remediation approach to reduce 

the sensory impact of VPs in wines has been much less studied (Milheiro et al., 2017; 

Petrozziello et al., 2014), although it could present some advantages, such as lower or no impact 

on global wine composition, as observed for many extractive methods already tested 

(Chassagne et al., 2005; Filipe-Ribeiro et al., 2017a; Lisanti et al., 2017; Milheiro, et al., 2017; 

Nieto-Rojo, et al., 2014). The reasoning of this approach is that by modifying the partition 

coefficients of the VPs for the gas phase in equilibrium with wine by adding substances that 

can bind these VPs (Milheiro et al., 2017; Petrozziello et al., 2014), their sensory impact will 

be lowered or even eliminated. It has been shown that chitosan can decrease the headspace 

abundance of VPs, but no sensory analyses of the wines were performed to access the impact 

of this treatment on wine sensory profiles (Milheiro et al., 2017).  

The use of chitosan in winemaking has been authorised by the EU for heavy metals and 

contaminant removal, prevention of cloudiness, and reduction of undesirable Brettanomyces 

spp. populations (EC Regulation 53/2011). Only chitosan from fungal origin was authorised, 

but fungal chitin has unique features with respect to chemical structure and biosynthesis 

(Bowman, & Free, 2006) compared to crustacean chitins. However, a major difference results 

from the fact that fungal chitin is associated with other polysaccharides that do not occur in the 

exoskeleton of arthropods (Bowman, & Free, 2006; Hameda, Özogul, & Regenstein, 2016). 

Furthermore, chitins and chitosans present a diversity of structural features, such as 

deacetylation degree (DD) and molecular weight (MW), that can affect properties such as 

charge density and solubility (Bowman, & Free, 2006; Hameda et al., 2016). Thus, the aim of 

this work was to study the efficiency of chitins and chitosans with different structural features, 

namely, DD and MW and different origins (crustacean or fungi), in the reduction of the wine 

headspace abundance of VPs. The impact of the different chitins and chitosans and different 

application doses on the phenolic and headspace aroma composition of wines was addressed. 

The overall impact of chitosan treatment on the sensory profile of VPs-contaminated wines was 

studied to determine the suitability of chitosans for reduction or elimination of the negative 

“Brett character” sensory profile of red wines. 
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2. Materials and Methods 

 

2.1. Chitin and chitosan samples and production 

 

Commercial crustacean chitin (CHTN, chitin from shrimp shells, Sigma C9213), two 

commercial crustacean chitosans (CHTB, chitosan with high MW, Sigma 419419 and CHTD, 

chitosan with 100000-300000 Da MW, Acros 34905500) and one fungal chitosan (CHTF, No 

Brett Inside, Lallemand) were used. One additional chitin (CHTNA) and one additional 

chitosan (CHTC) were produced by alkaline deacetylation of CHTN and CHTB, respectively. 

For deacetylation of chitin and chitosan, 15 g of the initial material was dispersed in 150 mL 

NaOH solution (50% w/v) with NaBH4 (10 g/L) and heated for 12 h under reflux with stirring 

at 130-150 ºC under nitrogen (Liang, Chang, Tsai, Lee, & Fu, 1997). For chitin deacetylation, 

commercial chitin was previously ground to a particle size less than 0.15 mm (obtained by 

sieving). After cooling to room temperature, the solution was neutralised to pH 6-8 with HCl 

12 M, and ethanol was added until 75% (v/v) for chitosan precipitation. The precipitate was 

washed thoroughly with ethanol at 75% (v/v). The material was dried at 50 °C in a forced air 

oven for 24 h.  

 

2.2. Chitin and chitosan chemical characterisation 

 

2.2.1. Chitin and chitosan degree of deacetylation and viscosity-average MW 

Chitin and chitosan DD were determined by potentiometric titration (Jiang, Chen, & 

Zhong, 2003). To 200 mg of chitosan, 50 mL of 0.02 mol/L HCl were added and the dispersion 

was stirred at room temperature during 24 h for obtaining maximum or total solubilisation. The 

final solution was titrated with previously standardised 0.01 mol/L NaOH and the first and 

second end-points were determined by potentiometrically using a pH glass electrode. The DD 

was determined using the following equation (Eq. 1): 

 

 
 

 

%𝐷𝐷 =
161 × 𝐶𝑁𝑎𝑂𝐻 × (𝑣2 − 𝑣1)

𝑚
 × 100  (1) 
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where %DD is the percentage of deacetylation degree, v1 is the volume, in mL, of NaOH used 

to neutralise the excess of HCl in solution, v2 is the volume, in mL, of NaOH used to neutralise 

the amine groups in chitosan, 161 corresponds to the molecular weight of anhydroglucosamine 

and m is the quantity, in mg, of chitosan. Analyses were performed in triplicate. 

The molecular weight and viscosity behaviour of chitosan was determined using 

Ubbelohde capillary viscometer (Nº 0B, ASTM-D2515) at 25 °C, having a flow time for the 

solvent used of 195 seconds (t0). Chitosan solutions of different concentrations (0.1 to 1 g/L or 

0.4 g/L to 4.0 g/L) in 2% acetic acid, 0.2 mol/L sodium acetate (pH 4.5) solutions were prepared 

(Kasaai, Arul, & Charlet, 2000). During preparation, all the solutions were magnetically stirred 

for 1 hour to ensure proper dissolution of chitosan. The flow times of chitosan solutions and 

solvent were recorded in triplicate and the average value was calculated. The intrinsic viscosity 

[η] was calculated graphically by extrapolating the curve of specific viscosity (Eq 2) and 

reduced viscosity (Eq 3) versus concentration to zero concentration. 

 

 
 

 
 

where t0 is the solvent flow time in seconds, t is the flow time of the chitosan solutions in 

seconds and C is the concentration of the chitosan solution in g/L. The molecular weight of 

chitosan was obtained according to the Mark-Houwink equation (Eq. 4) (Kasaai et al., 2000): 

 

 
 

where [] in L/g is the intrinsic viscosity of the polymer, Mv is the viscosity average molecular 

weight of the polymer and K and a are the characteristic constants of the polymer-solvent 

system (K = 1.38x10-5; a = 0.85) (Gamzazade et al., 1985). Analyses were performed in 

triplicate. 

 

 

 


𝑠𝑝

=
𝑡 − 𝑡0

𝑡0
  (2) 


𝑟𝑒𝑑

=


𝑠𝑝

𝐶
  (3) 

  = 𝐾𝑀𝑣
𝑎   (4) 
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2.2.2. Sugar composition and content analysis 

For determination of the neutral sugar composition of chitin and chitosans the method 

described by Ribeiro, Fernandes, Nunes, Filipe-Ribeiro and Cosme (2014) was used. Briefly, 

for Saeman hydrolysis, each sample (5 mg) was treated for 3 hours at room temperature, with 

400 L of H2SO4 (72%) (vortexed every 15 min). After this time 4.4 mL of water was added 

and the material was hydrolysed for 2.5 hours at 100 ºC. After cooling, 500 L of 2-

desoxiglucose (0.5 mg/mL, internal standard) was added.  

For chromatographic analysis 400 L of each sample were diluted into vials with 4600 

L of water. Quantification was performed by the internal standard method using calibration 

curves of fucose, rhamnose, arabinose, galactose, glucose, mannose, xylose, galacturonic and 

glucoronic acid standards (0.25–2.5 mg of sugar/0.5 mg of internal standard). Sugar separation 

was performed with a CarboPac PA-20 column (150 mm x 3 mm) with a CarboPac PA20 pre-

column (Dionex) using eluent A – 1.25 mM NaOH solution containing 2 mM Ba(OH)2, eluent 

B – 400 mM sodium acetate containing 2 mM Ba(OH)2 and eluent C – 500 mM NaOH 

containing 2 mM Ba(OH)2. The eluent was kept under nitrogen all times to reduce carbonate 

build up and biological contamination. The injection volume was 5 L, the flow rate was 0.3 

mL/min and the column temperature were maintained at 35 ºC during the run. The following 

elution program was used: 0–19 min, 100% A, increase to 50% B until 27 min and maintained 

until 37 min; increase to 40% C and decreasing to 0% B until 47 min and maintained until 57 

min. The column was conditioned with 100% A during 15 min before injection. The sugar 

detection was performed with an electrochemical detector containing an Au working electrode, 

Ag/AgCl reference electrode, and Ti counter electrode. The ED cell waveform was +0.1 V from 

0.00 to 0.40 s, then -2.0 V from 0.41 to 0.42 s, and a ramp -2.0 to +0.6 V from 0.42 to 0.43 s, 

followed by -0.1 V from 0.44 to 0.50 s (end of cycle). The integration region was from 0.2 to 

0.4 s. All analyses were performed in triplicate. 

 

2.2.3. Mineral composition and water content of chitin and chitosan 

Potassium and sodium were determined by atomic emission flame spectrophotometry, 

and calcium, magnesium and iron were measured by atomic absorption flame 

spectrophotometry after dissolution of chitin and chitosans in a 2% acetic acid solution. 

Chloride content was determined by the colourimetric method (Iwasaki, Utsumi, Hagino, & 

Ozawa, 1956). The water content of chitin and chitosan was determined by freeze-drying chitin 

and chitosan until constant weight. Analyses were performed in triplicate.  
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2.2.4. FTIR analysis of chitins and chitosans 

Chitin and chitosan FTIR spectra were recorded in the range of wavenumbers 4000-450 

cm-1 and 128 scans were taken at 2 cm-1 resolution, using a Unicam Research Series FTIR 

spectrometer. Pellets were prepared by thoroughly mixing samples with KBr at a 1:40 

sample/KBr weight ratio in a small size agate mortar. The resulting mixture was placed in a 

manual hydraulic press, and a force of 10 tons was applied for 10 min. The spectra obtained 

were background corrected and smoothed using the Savitzky-Golay algorithm using PeakFit 

v4 (AISN Software Inc., 1995). Analyses were performed in duplicate. 

 

2.2.5.  X-ray diffraction analysis of chitins and chitosans 

Powder X-ray diffraction (XRD) data were recorded on solid samples (chitins and 

chitosans) using a PANalytical X’Pert Pro X-ray diffractometer equipped with an X’Celerator 

detector and secondary monochromator. The measurements were performed using Cu Kα 

radiation (40kV; 30 mA) in Bragg-Bentano geometry at a 7-60° 2θ angular range. Analyses 

were performed in duplicate. 

 

2.3. Experimental design 

 

To study the effect of DD on chitin and chitosan headspace VPs reduction performance, 

two chitins and four chitosans were used at 10 g/hL (CHTN10, CHTNA10, CHTB10, CHTC10, 

CHTD10 and CHTF10). The wine was previously spiked at two levels of 4-EP (750 and 1500 

µg/L) and 4-EG (150 and 300 µg/L) according to the ranges usually found in the literature 

(Chatonnet et al., 1992; Pollnitz, et al., 2000). Chitins and chitosans were added at 10 g/hL to 

250 mL of wine in graduated cylinders. All chitins and chitosans were prepared according to 

the recommendation of the commercial fungal chitosan, 1 part of chitosan to 10 parts of wine, 

thoroughly mixed followed by addition to the wine. The wine was allowed to remain in contact 

with chitins and chitosans for 6 days at 20 ºC without shacking. To study the effect of chitosan 

application dose, the chitosans CHTD and CHTF were also tested in a second trial at 10, 100 

and 500 g/hL (CHTD10, CHTD100, CHTD500, CHTF10, CHTF100 and CHTF500). After 6 

days, the wine was centrifuged at 10,956 g, 10 min and 20°C for analysis. Experiments were 

performed in duplicate. 
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 2.4. Wine samples 

 

Two blend red wines from Douro Valley (vintage 2015) were used in this work. The 

main characteristics of the wine used in the first assay (CHTN10, CHTNA10, CHTB10, 

CTHC10, CHTD10, CHTF10), were as follows: alcohol content (% v/v) 13.3, specific gravity 

(20 °C) (g/mL) 0.9921, titratable acidity (g/L tartaric acid) 5.7, pH 3.52, and volatile acidity 

(g/L acetic acid) 0.54, total phenolic compounds (mg/L gallic acid) 1907, total anthocyanins 

(mg/L malvidin-3-O-glucoside) 343. The wine used in the second assay (CHTD10, CHTD100, 

CHTD500, CHTF10, CHTF100 and CHTF500) presented an alcohol content of (% v/v) 13.4, 

specific gravity (20 °C) (g/mL) 0.9935, titratable acidity (g/L tartaric acid) 5.5, pH 3.56 and 

volatile acidity (g/L acetic acid) 0.43, total phenolic compounds (mg/L gallic acid) 1921, total 

anthocyanins (mg/L malvidin-3-O-glucoside) 364. Oenological parameters were analysed 

using an FTIR Bacchus Micro (Microderm, France). Analyses were performed in duplicate. 

 

2.5. Headspace wine aroma composition by solid phase microextraction (HS-SPME)  

 

For the determination of the headspace aroma composition of red wines a validated 

method, confirmed in our laboratory was used (Vás, Gál, Harangi, Dobó, & Vékey, 1998). 

Briefly the fibre used was coated with Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 

μm (DVB/CAR/PDMS) and was conditioned before use by insertion into the GC injector at 

270 °C for 60 min. To a 20 mL headspace vial, 10 mL of wine, 2.5 g/L of NaCl and 50 µL of a 

solution of 3-octanol at 500 mg /L, used as internal standard, were added. The vial was sealed 

with a Teflon septum. The fibre was inserted through the vial septum and exposed during 60 

min to perform the extraction by an automatic CombiPal system. The fibre was inserted into 

the injection port of the GC during 3 min at 270 °C. All analyses were performed in 

quadruplicate. 

 

2.6. Determination of 4-EP and 4-EG by liquid-liquid extraction and GC-MS analysis 

 

 The extractions were carried out following and adapting the methodology described by 

Milheiro et al. (2017), briefly 2 mL of internal standard (3,4-dimethylphenol 0.1 mg/L) was 

added to 20 mL of centrifuged red wine placed in a falcon tube. Then, 2 mL of organic solvent 

(pentane/diethyl ether 2:1) was added and this mixture was shaken horizontally for 15 min at 
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400 rpm. Afterwards, the falcon tube was centrifuged during 10 min at 4 °C and 14972 g. 

Finally, the organic layer was recovered and analysed by GC-MS. All the determinations were 

repeated four times. Gas chromatographic analysis were performed using a Trace GC Ultra as 

GC system with a Polaris Q mass spectrometer and equipped with an AS 3000 autosampler. 

Injections of 5 μL were performed in the splitless mode during 2 min. Separation was carried 

out using a ZB-5 Inferno column (30 m x 0.25 mm, 0.25 μm film thickness) with a flow-rate of 

1 mL/min of helium as a carrier gas. The oven temperature program was as follow: 40 °C for 5 

min then raised to 155 °C at 5 °C/min, then raised for 300 °C at 20 °C/min and held at that 

temperature for 1 min, while the temperature of the injector was 250 °C. The mass spectrometer 

was operated in selected-ion-monitoring (SIM) mode. Monitored ions were: m/z 107 for 4-

ethylphenol quantification, m/z 122 for 3,4-dimethylphenol and m/z 137 for 4-ethylguaiacol 

quantification and additionally ion at m/z 77 was also used for identification. Quantification 

was performed by the internal standard method. All experiments were performed in 

quadruplicate. 

 

2.7. Analysis of wine dissolved glucosamine content 

 

For quantification of the wine dissolved glucosamine content in the second assay, wines 

treated with different doses of chitosans CHTD and CHTF (10, 100 and 500 g/hL), to 4 mL of 

wine, 400 L of 72% H2SO4, and the samples were heated at 100 °C for 2.5 h. After hydrolysis, 

500 L of 2-deoxyglucose at 1mg/mL was added as an internal standard and the glucosamine 

content was determined by anion-exchange chromatography using the method described in 

2.2.2. Under the conditions of the analytical method used for quantification of glucosamine the 

lowest standard used in the calibration curve, that presented a signal to noise ratio higher than 

10, corresponds to 4.5 mg of anhydrous glucosamine /L of wine. Analyses were performed in 

quadruplicate. 

 

2.8. Colour, total anthocyanins and chromatic characterisation 

 

Total anthocyanins were determined according to Ribéreau-Gayon and Stonestreet (1966). 

Colour intensity, hue and chromatic characteristics according to OIV (2009). The absorption 

spectra of wine samples were scanned from 380 nm to 780 nm, using a 1 mm path length quartz 

cell, and the chromatic characteristics of wines L*(lightness), a* (redness), and b* (yellowness) 



 CHAPTER V – REDUCING VOLATILE PHENOLS BY CHITOSANS 

149 

coordinates were calculated using the CIELab method. The Chroma [C* = [(a*)2 + (b*)2]1/2] 

and hue-angle [hº = tang_1 (b*/a*)] values were also determined. To distinguish the colour more 

accurately, the colour difference was calculated using the following equation: E* = [(L*)2 + 

(a*)2 + (b*)2]1/2. This allows reliable quantification of the overall colour difference in a 

sample, when compared to a control sample (untreated wine). All analyses were performed in 

quadruplicate. 

 

2.9. Quantification of non-flavonoids, flavonoids and total phenols  

 

The phenolic content of the wines was quantified using the absorbance at 280 nm before 

and after precipitation of the flavonoid phenols, through reaction with formaldehyde, according 

to Kramling and Singleton (1969). The results were expressed as gallic acid equivalents by 

means of calibration curves with standard gallic acid. The total phenolic content was also 

determined by a spectrophotometric method, using a UV-Vis spectrophotometer according to 

Ribéreau-Gayon, Peynaud and Sudraud (1982). All analyses were performed in quadruplicate. 

 

2.10. High-performance liquid chromatography (HPLC) analysis of anthocyanins 

and phenolic acids 

 

Analyses were carried out with an Ultimate 3000 HPLC equipped with a PDA-100 

photodiode array detector and an Ultimate 3000 pump. The separation was performed on a C18 

column (250 mm x 4.6 mm, 5 μm particle size) with a flow rate of 1 mL/min at 35 °C. The 

injection volume was 50 μL and the detection was performed from 200 to 650 nm with 75 min 

per sample. The analyses conditions were carried out using 5% aqueous formic acid (A) and 

methanol (B) and the gradient was as follows: 5% B from zero to 5 min followed by a linear 

gradient up to 65% B until 65 min and from 65 to 67 min down to 5% B (Guise et al., 2014). 

Quantification was performed with calibration curves with standards caffeic acid, coumaric 

acid, ferulic acid, gallic acid and catechin. The results of trans-caftaric acid, 2-S-

glutathionylcaftaric acid (GRP) and caffeic acid ethyl ester were expressed as caffeic acid 

equivalents by means of calibration curves with standard caffeic acid. On the other hand, 

coutaric acid, coutaric acid isomer and coumaric acid ethyl ester were expressed as coumaric 

acid equivalents by means of calibration curves with standard coumaric acid. A calibration 

curve of cyanidin-3-O-glucoside (y (Area)= 2.70 x (mg/L) + 0.00; r=0.99980), malvidin-3-O-
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glucoside (y (Area)= 1.62 x (mg/L) + 0.14; r=0.99985), peonidin-3-O-glucoside (y (Area)= 

2.49 x (mg/L) + 0.19; r=0.99994) and pelargonidin-3-O-glucoside (y (Area)= 1.66 x (mg/L) + 

0.99; r=0.99990) was used for quantification of anthocyanins. Using the coefficient of molar 

absorptivity (ε) and by extrapolation, it was possible to obtain the slopes for delphinidin-3-O-

glucoside (ε=23700 L mol-1 cm-1), petunidin-3-O-glucoside (ε=18900 L mol-1 cm-1) and 

malvidin-3-O-(6-O-coumaroyl)-glucoside (ε=20200 L mol-1 cm-1) to perform the quantification 

(Giusti, & Wrolstad, 2001). The results of delphinidin-3-O-(6-O-acetyl)-glucoside, petunidin-

3-O-(6-O-acetyl)-glucoside, peonidin-3-O-(6-O-acetyl)-glucoside, cyanidin-3-O-(6-O-acetyl)-

glucoside and cyanidin-3-O-(6-O-coumaroyl)-glucoside were expressed as respective 

glucoside equivalents. 

 

2.11. Sensory evaluation 

 

Sensory analysis was performed by a panel of six experts (ISO 6658, 1985). Fifteen 

attributes were selected: visual (limpidity, hue, colour intensity and oxidised), aroma (fruity, 

floral, vegetable, phenolic and oxidised aroma) and taste and tactile/textural descriptors (taste - 

bitterness, acidity, tactile/textural - astringency, body, balance and persistence) using an 

adapted tasting sheet based on that recommended by the OIV 

(http://www.oiv.int/public/medias/3307/review-onsensory- analysis-of-wine.pdf). The 

attributes were quantified using a five-point intensity scale (ISO 4121, 2003). Scales were 

anchored with the terms “low intensity” for score one and “high intensity” for score five, and 

panellists scored only integer values. Sensory analysis of samples was performed in duplicate 

in two different tasting sections. Evaluations were conducted from 10:00 to 12:00 p.m. in an 

individual booth (ISO 8589, 2007) using the recommended glassware according to ISO 3591 

(1977). A wine volume of 50 mL was used to allow the tasters to taste 25 mL of wine twice 

(ISO 3591, 1977) and were presented in random order (ISO 6658, 1985). The consistency 

between panellists on each wine attribute (C-index) was evaluated by consonance analysis 

through the percentage of variance explained by the first principal component after PCA 

analysis of the scores provide by the experts. 
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2.12. Statistical treatment 

 

Statistically significant differences between means were determined by analysis of 

variance (ANOVA, one-way) followed by Tukey’s honestly significant difference (HSD, 5% 

level) post-hoc test for the headspace aroma profile, chitin and chitosan chemical 

characteristics, phenolic composition and chromatic characteristics data and a post-hoc Duncan 

test for sensory data. Principal component analyses (PCA) were also performed on the chitin 

and chitosan structural features and reduction of headspace abundance of aroma compounds 

(percentage reduction). All analyses were performed using Statistica 7 Software (StatSoft, 

Tulsa, OK U.S.A.). Multiple Factor Analysis (MFA, XLSTAT-RIB) was performed to the 

sensory scores provided by the expert panel for aroma, taste and tactile/textural descriptors and 

the chemical composition of wines, regarding the abundance of headspace aroma compounds 

and phenolic compounds, respectively, using XLSTAT (Addinsoft, Anglesey, UK). Robust 

regression was performed on the headspace volatile phenol reduction and chitin and chitosan 

deacetylation degree by least trimmed squares (LTS) (Rousseeuw, & Annick, 1987) to obtain 

resistant linear slopes and to detect deviant observations in the data set. The LTS regression 

minimizes the sum of the trimmed squared residuals. Standardised robust residuals were 

considered deviant if they were i>2.5. Calculations were performed with the ltsreg algorithm 

of the robustbase library of R version 2.10.1 (Copyright (C) 2009 The R Foundation for 

Statistical Computing). 
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3. Results and Discussion 

 

3.1. Physicochemical characterisation of chitin and chitosan 

 

To characterise fully the materials used in this work, chemical and spectroscopic 

characterisation of chitins and chitosans was performed. The Table 1 show the DD, MW, and 

amounts of contaminating neutral sugars and minerals of each chitin and chitosan. The MW of 

commercial crustacean CHTN and CHTNA were not determined due to their aqueous 

insolubility due to their low DD (Table 1).  

 
Table 1. Chitin and chitosan chemical characterisation  
 Water MW DD Anhydrosugars Minerals 

Samples (%) kDa (%) (g/100 g) (g/100 g) 

CHTN 4.88±0.47a n.d. ˂5* 4.4±0.3a 0.60±0.03a 

CHTNA 5.94±0.08b n.d. 26.5±0.8a 10.3±0.8b 0.58±0.02a 

CHTB 8.44±0.11c 466±12a 71.6±0.4b 15.6±1.3c 0.50±0.02a 

CHTC 9.09±0.06d 285±7b 80.5±0.9c 0±0a 0.75±0.03b 

CHTD 8.64±0.01c,d 140±3c 85.0±2.6d 3.4±1.3a 0.73±0.03b 

CHTF 7.78±0.01e 24±2d 90.8±1.6e 12.1±3.9b 1.64±0.07c 
n.d. – not determined due to sample solubility issues. Anhydrosugars (glucose + galactose + mannose). Minerals (sodium + potassium + 
magnesium + calcium + chloride). *Data obtained from supplier. MW – Molecular weight; DD – Deacetylation degree. 
 

The MW of the fungal chitosan (CHTF) was significantly lower than the MW of 

chitosans of crustacean origin (CHTB, CHTC, and CHTD). The DD of chitosans significantly 

differed and ranged from 72 to 91%. Except for CHTC, obtained by further alkaline 

deacetylation of CHTB, all chitin and chitosans used contained contaminating neutral sugars, 

with CHTB and CHTF presenting higher percentages of neutral sugars. The X-ray 

diffractograms obtained for the chitins and chitosans (Figure S1) are in accordance with the DD 

obtained by titration. The peak intensity at reflection 020 decreased with the increase in DD, 

and the peak at reflection 110 also decreased with the increase in DD with chitins, showing this 

peak at lower reflections compared to chitosans (Khanday, & Akther, 2012).  

 



 CHAPTER V – REDUCING VOLATILE PHENOLS BY CHITOSANS 

153 

 

Figure S1. X-ray diffraction patterns of chitins and chitosans 

 

The FTIR spectra of chitins and chitosans are also in accordance with the results 

obtained for the chemical and XRD analysis. For CHTN and CHTNA, a doublet was presented 

at 1663 and 1626 cm-1, assigned to C=O attributed to two types of H-bonds in which the C=O 

groups are involved in -chitin (Figure S2) (Duarte, Ferreira, Marvão, & Rocha, 2002).  

 

 
Figure S2. FTIR spectra of chitins and chitosans 
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In addition, the band attributed to NH stretching at 3275 cm-1 was clearly observed in 

CTHN and CHTNA, and there was a lack of a clearly defined band for the more deacetylated 

chitosans. For the chitosans, there was a decrease in the relative intensity of the band at ~1656 

cm-1 with an increase in the relative intensity of the band at 1597 cm-1 with increasing DD, in 

accordance with reports in the literature (Duarte et al., 2002). The results show that CHTN and 

CTHNA consist of two chitins with two different DDs lower than 50% and, CHTB, CHTC, 

CHTD and CHTF were four chitosans with different DD and MW. 

 

3.2. Effect of chitin and chitosan structural features and application doses on the 

headspace abundance of VPs in red wine 

 

After application of chitins and chitosans to wine at 10 g/hL (maximum allowed dose 

according to EC regulation 53/2011 for reduction of microbial population), there was no 

significant decrease in the total amount of VPs in wine for the medium contamination level 

(750EP and 150EG). For the high contamination level (1500EP and 300EG) there was a small 

but significant decrease in the initial content to a maximum 10% reduction (results not shown). 

Nevertheless, a significant decrease was observed in the headspace abundance of 4-EP and 4-

EG that was dependent on the structural features of chitins and chitosans used (Table 2).  

This show that chitosan can strongly bind the volatile phenols as the SPME method used 

was optimised to improve the volatility and extraction of the wine aroma compounds (Filipe-

Ribeiro et al., 2017a). These results are in accordance with those of Milheiro et al. (2017) who 

also observed a decrease in headspace abundance of VPs after application of one chitosan 

without a change in the VPs concentration in red wine. Chitins (CHTN and CHTNA) resulted 

in a significant 7-13% decrease in the headspace abundance of 4-EP and 9-16% decrease in the 

headspace abundance of 4-EG. The use of chitosans (CHTB-CHTF) resulted in a higher 

significant decrease in the headspace abundance that ranged from 14-23% for 4-EP and 11-26% 

for 4-EG. The reduction of headspace abundance of 4-EP and 4-EG depended on the structural 

features of the chitosans used, with CHTD resulting in a higher reduction of headspace 

abundance for both VPs. The reduction observed after addition of chitin and chitosans may be 

due to the occurrence of inclusion or sorption phenomena, reducing VPs vapour pressure 

(Milheiro et al., 2017; Petrozziello et al., 2014). There was a significant correlation between the 

decrease in headspace abundance of 4-EP (Figure 1a) and 4-EG (Figure 1b) and the DD of 

crustacean chitins and chitosans.  
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The performance of fungal chitosan (CHTF) was different from that observed for 

crustacean chitosans, as robust LTS regression identified its performance as an outlier. This 

may be observed because CHTF showed a significantly lower MW compared to CHTD or 

because chitosans of fungal origin are in fact glucan-chitosan complexes (Bowman, & Free, 

2006); this fungal chitosan preparation contains a significant amount of neutral sugars (Table 

1), primarily glucans (not shown). The samples used also contained varying MWs, which for 

the chitosans used were correlated with their DD, likely due to the depolymerisation under the 

conditions needed to deacetylate chitin (Chebotok, Novikov, & Konovalova, 2006). Thus, the 

influence of chitosans MW on their performance cannot be completly ruled out. According to 

EC regulation 53/2011, other doses are allowed in addition to the 10 g/hL dose used above: 100 

g/hL (for heavy metal reduction and preventing ferric and copper instability) and 500 g/hL (for 

reduction of possible contaminants, namely, ochratoxin A). To evaluate the performance in the 

reduction of headspace abundance VPs using higher chitosans concentrations, CHTD, which 

showed an overall higher performance at 10 g/hL, and CHTF, the allowed commercial fungal 

chitosan for wine applications, were used at these levels (Table S1). An increase in chitosan 

dose from 10 g/hL to 500 g/hL resulted in a significantly reduction in headspace abundance of 

VPs for both chitosans. However, the increase from 10 g/hL to 100 g/hL resulted in a higher 

decrease (21% for CHTD and 99% for CHTF) compared to that observed for the increase in 

chitosan dose from 100 g/hL to 500 g/hL (10% CHTD and 14% CHTF). To understand these 

reduction patterns of headspace abundance of VPs, the analysis of dissolved glucosamine in 

wine at the different application doses was performed (Figure 1d, Figure S1). For each chitosan, 

there was a relationship between the amount of glucosamine dissolved in wine and the reduction 

of headspace abundance for VPs. Nevertheless, comparing the amount of dissolved chitosan 

for CHTF100 and CHTD10, although the amount of dissolved chitosan is slightly higher for 

CHTF100, its performance was lower, especially in the headspace abundance of 4-EG, 

supporting the conclusion from the LTS regression discussed previously. The increase in 

dissolved chitosan per unit of chitosan added decreased 4- and 7-fold when increasing from 100 

to 500 and from 10 to 100, respectively, and this may be due to saturation of the wine solution 

with chitosans. The application of chitosans at 100 and 500 g/hL doses yielded a considerable 

amount of undissolved material, easily seen at the bottom of the wine, and the amount was 

higher for the 500 g/hL application dose. 
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Control Wine 

 
CHTD 

 
CHTF 

 
 
Figure S3. Chromatograms obtained by acid hydrolysis of wines before and after application of 10 g/L of chitosan 
CHTD (crustacean origin) and CHTF (fungal origin). IS – internal standard (2-deoxy-D-glucose): Rha – ramnose: 
Ara – arabinose: GlcN – glucosamine: Gal – galactose: Glc – glucose: Xyl – xylose: Man – mannose. 
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These results show that the efficiency of higher doses of applied chitosans to decrease 

VPs headspace abundance was due to higher levels of dissolved chitosans. In addition, the DD 

of chitosans, likely related to its higher solubility (Bowman, & Free, 2006; Hameda et al., 2016) 

had an impact on chitosan performance. To understand the impact of chitosan addition on wine 

quality parameters, its effect on headspace aroma abundance, phenolic compounds, colour and 

wine sensory attributes were studied. 

 

3.3. Effect of chitin and chitosan on abundance of headspace aroma compounds 

 

As observed in Table 2, all chitins and chitosans, in addition to decreasing VPs 

headspace abundance, also decreased the headspace abundance of the other wine aroma 

compounds. Again, CHTF was the chitosan that imprinted a lower headspace aroma reduction, 

followed by the two chitins and with the three crustacean chitosans; CHTD showed the highest 

reductions in the total headspace aroma abundance. On average, the less affected compounds 

were ethyloctanoate, ethyldecanoate and hexanoic acid, and the two most affected compounds 

were benzyl alcohol and 3-methyl-butyl acetate. To develop deeper insight into the internal data 

structure, a PCA was performed on the headspace abundance reduction of all aroma compounds 

detected by HS-SPME (Figure 1c). PCA yielded two principal components explaining >87% 

of the total variance in the original data set. Analysing the loadings obtained for each aroma 

compound, it can be observed that the PC1, which explains 75% of the total variance, correlates 

negatively with all aroma compounds, except for 2-methyl-1-butanol. The PC2, which explains 

nearly 13% of the total variance, correlates positively with the 2-methyl-1-butanol (Figure 1c). 

The scatter plot of the sample scores (Figure 1c) shows that except for CHTF, samples were 

distributed according to PC1 in order of increasing DD. Samples with negative PC1 scores were 

samples with chitin and chitosan treatment that yielded a lower reduction in headspace aroma 

abundance compared to samples with higher PC1 scores. Additionally, samples with high 

scores on PC2 contained a relative abundance of 2-methyl-1-butanol, higher than those with 

negative PC2 (CTHN and CHTD10). For the ethyl hexanoate, ethyl decanoate, ethyl 

dodecanoate and 2-methyl-1-butanol the reduction was higher for CHTD and scarcely 

influenced by the values of DD, unlike the VPs and the other volatile substances (Table 2). 

With the increase in chitosan dose applied for CHTD and CHTF, there was a further decrease 

in the headspace abundance of the aroma compounds (Table S1). For all applied doses, the 
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reduction of headspace aroma compounds observed for CHTD was always higher than for 

CHTF. 

 

3.4. Impact of chitins and chitosans on wine chromatic characteristics and phenolic 

composition 

 

Chitins and chitosans applied at 10 g/hL did not show a significant effect on the phenolic 

composition or chromatic characteristics (Table S2). The profile of the individual phenolic 

acids and monomeric anthocyanins confirms these results (Table S3, Table S4). However, small 

but significant decreases in catechin (3.6% reduction), trans-caftaric acid (3.8% reduction), 

coutaric acid (3.1% reduction) and malvidin-3-O-(6-O-acetyl)-glucoside (19.7% reduction) 

were observed. These results are in accordance with those of Milheiro et al. (2017). When the 

dose applied to wines was increased up to 500 g/hL, there was a significant decrease in the total 

phenols and flavonoid phenols for the higher application doses (Table S5). For the non-

flavonoid phenols, only CHTD significantly decreased these compounds. The same trend was 

observed for the individual phenolic acids analysed by HPLC (Table S6) for gallic acid (18% 

decrease on average), catechin (11% decrease on average), trans-caftaric acid (60% decrease 

on average) and coutaric acid (52% decrease on average). The decrease in phenolic acids for 

the higher chitosan application doses can be explained by the fact that at higher application 

doses, a high amount of chitosan was not dissolved in wine and instead settled to the bottom of 

the sample; lower amounts were also formed for the 100 g/hL application doses. As chitosans 

have a positive charge, the reduction of these phenolic acids was likely due to the electrostatic 

interaction of these abundant, negatively charged phenolic acids with positively charged solid 

chitosan. For the total anthocyanins and colour intensity, the highest dose decreased their values 

and consequently increased the hue values of the wine (Table S5). The chromatic parameters 

followed the same trend as that observed for total anthocyanins and colour intensity, with the 

highest application dose showing higher effects on L*, a* and b*, as well on the chroma (C*), 

hue (h°) and colour difference (E*). For the monomeric anthocyanins, there was an average 

decrease in all anthocyanins with increasing application doses (Table S7), but the effect on 

anthocyanins was much lower than that observed for the phenolic acids. In contrast, with 

observations for the headspace aroma abundance, for the reduction of phenolic compounds, the 

performance of CHTF did not significantly differ from CHTD. 
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3.5. Effect of chitosan treatment on wine sensory attributes  

 

To validate the impact of chitosan on the headspace VPs decrease and its effect on the 

sensory perception and quality of wines, CHTD- and CHTF-treated wines at the two lower 

application doses were subjected to sensory analysis by an expert panel.  
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The higher application dose was excluded from sensory analysis, as their impact on wine colour 

was significant (Table S5) and the increase in the reduction of headspace aroma abundance of 

VPs did not significantly differ from 100 g/hL (Table S1). As can be observed in Table 3 and 

Figure S4, as expected, the presence of these VPs significantly and negatively impacted the 

aroma profile of spiked wine (TF), as the phenolic attribute was significantly increased, and the 

wine fruity and floral attributes decreased significantly (Ferreira et al., 2009; Filipe-Ribeiro et 

al., 2017a).  

 
Table 3. Mean scores of each attribute after sensory analysis of volatile phenol-free (T0) and volatile phenol-
spiked (TF) red wine after treatment with two doses, 10 g/hL and 100 g/hL, with chitosans with different structural 
features and origins  

Attributes T0 TF CHTD10 CHTD100 CHTF10 CHTF100 ANOVA C-index1 

Intensity 3.3±0.1 3.5±0.2 3.6±0.1 3.4±0.1 3.5±0.2 3.5±0.2 p<0.557 1.7 

Hue 3.2±0.2 3.2±0.1 3.2±0.1 3.3±0.1 3.3±0.1 3.3±0.1 p<0.651 - 

Limpidity 4.0±0.2 4.0±0.2 4.0±0.2 3.9±0.2 3.9±0.2 3.8±0.2 p<0.651 - 

Oxidised 

(visual) 

1.7±0.3 1.8±0.3 1.8±0.3 1.9±0.3 1.8±0.3 1.8±0.4 p<0.700 - 

Fruity 3.8±0.3a 1.8±0.1b 2.5±0.3c 3.2±0.2d 2.7±0.3c,d 2.7±0.3c,d p<0.000001 2.1 

Floral 2.8±0.3a 1.4±0.1b 1.8±0.2b,c 2.2±0.3c 1.9±0.2b,c 1.8±0.2b,c p<0.00015 1.6 

Vegetal 1.0±0.0 1.3±0.2 1.3±0.2 1.3±0.3 1.2±0.1 1.2±0.1 p<0.124 - 

Phenolic 1.2±0.2a 3.9±0.2b 2.8±0.1d 2.1±0.2c 2.8±0.2d 2.7±0.1d p<0.000001 5.6 

Oxidised 

(aroma) 

1.4±0.2a,b 1.6±0.2a,b 1.8±0.2b 1.2±0.1a 1.7±0.2b 1.8±0.2b p<0.049 1.0 

Bitterness 2.1±0.3a 3.2±0.3c 3.0±0.2b,c 2.3±0.3a 2.7±0.2a,b,c 2.5±0.2a,b p<0.0039 0.8 

Acidity 2.7±0.2 3.0±0.2 2.9±0.1 2.6±0.2 2.8±0.3 2.8±0.2 p<0.212 - 

Astringency 2.6±0.2 3.3±0.3 3.0±0.3 2.7±0.2 2.8±0.3 2.8±0.3 p<0.072 1.1 

Body 3.1±0.2 2.8±0.1 2.7±0.2 2.6±0.1 2.8±0.2 2.8±0.2 p<0.224 0.7 

Balance 3.1±0.2a 2.2±0.2b 2.2±0.2b 2.4±0.2b 2.2±0.2b 2.1±0.2b p<0.00003 1.7 

Persistence 3.2±0.2a 3.2±0.2a 2.8±0.2b 2.8±0.1a,b 2.8±0.2b 2.6±0.2b p<0.0027 0.8 
1Consonance analysis results – C-index values for attributes; – no variance observed for this attribute for most 
panellists. Values are presented as the mean ± standard deviation (n = 12); Means within a line followed by the 
same letter are not significantly different (Duncan p ˂ 0.05). 
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Figure S4. Sensory profile of volatile phenols free (T0) and volatile phenols spiked (TF) red wines and wines 
treated with crustacean (CHTD) and fungal (CHTF) chitosans at 10 and 100 g/hL application doses. 
 

A panel consensus on each wine attribute was accessed through the percentage of 

variance explained by the first PCA (Dijksterhuis, 1995). The variance explained by PC1 

ranged from 42% to 85%, yielding the C-indexes presented in Table 3. Similar values have 

been reported for trained panels assessing different attributes and different products 

(Dijksterhuis, 1995; Filipe-Ribeiro et al., 2017a). For a sensory attribute, the higher the 

explained variance and C-index indicated that this attribute was closer to unidimensionality, 

indicating the consensus of the panel in the perception of this attribute. The wine attributes 

colour intensity, fruity, floral, phenolic, oxidised aroma, astringency and balance to a higher 

consensus between judges (Table 3). For the wine attributes hue, limpidity, oxidised (visual), 

vegetal and acidity, most judges attributed the same score to all wines, with no variation in their 

responses. Lack of consensus on the other sensory attributes may be due to the low variation of 

the attributes between samples or differences in motivation, sensitivity and psychological 

response behaviour (Lundahl, & McDaniel, 1991).  

Neither of the chitosan types and neither application dose changed the visual attributes, 

colour intensity, hue, limpidity and oxidised, in accordance with the results obtained for the 

instrumental colour intensity, hue, total and monomeric anthocyanins described above for the 

two application doses. For VPs-spiked wine, the application of both chitosans at the two 

application doses significantly decreased the negative phenolic attribute compared to the spiked 

wine (TF), but the scores obtained were also significantly higher than those observed for the 

initial unspiked wine (T0). For CHTD, the increase in application dose from 10 g/hL to 100 

g/hL significantly decrease the phenolic attribute of wines. The same effect was not observed 
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for CHTF, in accordance with the lower efficiency of CHTF for reduction of VPs headspace 

abundance (Table S1). For the fruity aroma attribute, the application of either chitosans at either 

application dose resulted in significant recovery of the fruity aroma attribute compared to the 

spiked wine (TF), but nevertheless, as observed for the phenolic attribute, neither chitosan type 

nor application doses allowed the complete recovery of the fruity aroma attribute to levels 

observed for unspiked wine (T0). Again, the application of a higher dose of CHTD allowed 

increased fruity attributes compared to the 10 g/hL application dose, but this was not observed 

for CHTF. For the floral attribute, although on average both chitosans and application doses 

resulted in an average increase of this sensory attribute, only CHTD at 100 g/hL application 

dose allowed a significant increase in the floral attribute compared to the VPs-spiked wine (TF). 

For mouthfeel attributes, the application of chitosans and application doses did not significantly 

change the acidity, astringency and body attributes, but significant differences were observed 

for bitterness, persistence and balance (Table 3). For bitterness, the spiking of wine resulted in 

a significant increase in the bitterness attribute compared to the unspiked wine (T0). Except for 

CHTD at the lower application dose, chitosans decreased bitterness to the levels observed for 

unspiked wine (T0). For balance, the spiking of wine with VPs significantly decreased this 

sensory attribute and the application of both chitosans and application doses did not lead to 

scores significantly different from the VPs-spiked wine. For persistence, the application of 

chitosans to wine significantly decreased the persistence of wine compared to the unspiked and 

spiked wines (T0). 

Overall, these results show that the use of chitosans at 10 g/hL and 100 g/hL did not 

decrease the total amount of VPs present in wine but did decrease their headspace abundance 

efficiently enough to mask the aroma impact of these two VPs on wine. The efficiency was 

higher for CHTD compared to CHTF, likely related to the higher amount of dissolved chitosan 

(Figure 1d). The decrease in negative phenolic attributes was accompanied by a significant 

recovery of the fruity and floral attributes, in line with previous works (Ferreira et al., 2009; 

Filipe-Ribeiro et al., 2017a). 
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3.6. Impact of wine chemical composition on sensory profile of red wine treated with 

chitosans 

 

Multiple factor analysis (MFA) was applied to the sensory scores provided by the expert 

panel for aroma (Figure 2), taste and tactile/textural descriptors (Figure 3) and the chemical 

composition of wines, regarding the abundance of headspace aroma compounds (Table S3) and 

phenolic compounds (Table S7, Table S8 and Table S9), respectively. 

a) b) 

  
c)  

 
Figure 2. Multiple Factorial Analysis of aroma sensory and chemical data: (a) representation of wine samples and 
clouds; (b) representation of groups (tables) of variables; (c) distribution of variables. VPs-free (T0) and VPs-
spiked (TF) red wines and wines treated with chitosans D and F at two applied doses (10 g/hL and 100 g/hL). 
Centroid ( ); sensory data ( ); chemical data ( ). AcEt – ethylacetate; Ac3 MetBut- 3-Methylbutan-1-ol acetate; 
3-MetButol - 3-Methylbutan-1-ol; EtOct - Ethyl octanoate; EtDec - Ethyl decanoate; DiEtSuc - Diethyl succinate; 
H 2PhEt - 2-Phenylethanol; 4-EG - 4-Ethylguaiacol; 4-EP - 4-Ethylphenol; OctAc – Octanoic acid; DecAc – 
Decanoic acid; DodAc - Dodecanoic acid.  
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a) b) 

    
c) 

  
Figure 3. Multiple Factorial Analysis of taste and tactile/textural sensory data, phenolic compounds chemical data, 
volatile phenol headspace abundance and amount of dissolved glucosamine: (a) Representation of wine samples 
and clouds; (b) Representation of groups (tables) of variables; (c) Distribution of variables. VPs free (T0) and VPs 
spiked (TF) red wines and wines treated with chitosans D and F at two applied doses (10 g/hL and 100 g/hL). 
Centroid ( ); sensory data ( ); chemical data ( ); VPs headspace abundance ( ) and wine-dissolved glucosamine 
(). TotPhe - total phenols; FlavPhe - flavonoid phenols; t-CaftAc - trans-caftaric acid; CoutAc - coutaric acid; 
Del-3-Glc - delphinidin-3-O-glucoside, Cya-3-Glc - cyanidin-3-O-glucoside, Peo-3-AcGlc - peonidin-3-O-(6-O-
acetyl)-glucoside; VPs - volatile phenols; 4-EP - 4-ethylphenol; 4-EG - 4-ethylguaiacol; GlcNH2 – wine-dissolved 
glucosamine. Broken lines are presented only to show trend for VPs (black line) and GlcN variables (grey line).  
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For the headspace aroma, the coordinates of the group of variables (tables) were 

displayed and used to create the map of the tables (Figure 2b). From the variables map, it can 

be concluded that for the first and second factors both groups of variables contribute almost 

equally (49% and 51%, and 52% and 48% for the sensory and chemical data for the first and 

second factors, respectively) (Figure 2b). Moreover, according to the Lg measurements, the 

first axis corresponded to a direction of very significant inertia for each group (0.971 and 1.020 

for the sensory and chemical variables, respectively). The negative phenolic attribute and the 

4-EP and 4-EG headspace abundance were positively correlated with F1, showing that the 

reduction of the headspace abundance of 4-EP and 4-EG caused by chitosans was important for 

the reduction of the wine phenolic attribute. The positive fruity and floral attributes were 

negatively correlated with F1, showing that the reduction of headspace abundance of these two 

VPs was also important for the perception of these important sensory attributes. Nevertheless, 

the levels of the other headspace aroma compounds in the range found in these wines were also 

important for their perception, as they present a negative PC1 score. These results were in line 

with previous work that showed that the absence of wine aroma defects, including VPs, was 

more important for the wine aroma profile and that defective and negative odorants exert a 

strong aroma suppression effect on fruity aroma (Ferreira et al., 2009; Filipe-Ribeiro et al., 

2017a; Petrozziello et al., 2014).  

The phenolic composition of wines changed significantly, especially after application 

of the two chitosans at a 100 g/hL dose (Table S5, Table S6 and Table S7), and significant 

differences were also observed for bitterness, balance, persistency and an almost significant 

difference in astringency by sensory analysis, parameters normally related to the phenolic 

composition of wines (Ferrer-Gallego, Hernández-Hierro, Rivas-Gonzalo, & Escribano-Bailón, 

2014). In addition to the phenolic composition of wines, the amount of wine dissolved 

glucosamine and the headspace abundance of 4-EP and 4-EG were used for multiple factor 

analysis, as it is known that aroma can interact with the perceived bitterness and astringency of 

foods, including wine (Ferrer-Gallego et al., 2014), and chitosans are known to interact strongly 

with salivary proteins and induce astringency or mask bitterness (Luck, Varum, & Foegeding, 

2015). The first factor was important to describe the chemical variables and amount of dissolved 

glucosamine and sensory variables (Figure 3b). For the VPs headspace abundance and the 

sensory variables, the second factor was important for its description. As can be observed in the 

correlation maps of observations and variables (Figure 3c), persistence, body and balance 

attributes were correlated with F1, as well the amount of dissolved glucosamine, flavonoid 
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phenols, total phenols, and trans-caftaric and coutaric acids. Bitterness, acidity and astringency 

attributes were correlated with F2 in the positive direction, and there was also a positive 

correlation between 4-EP and 4-EG headspace abundance with this factor. Balance was also 

negatively correlated with F2. The correlation of bitterness, an unpleasant wine sensory 

attribute, with the headspace abundance of 4-EP and 4-EG, responsible for the unpleasant 

phenolic notes, can be explained by the relationship between several aroma compounds and the 

bitterness of foods also observed for wine (Sáenz-Navajas, Campo, Fernández-Zurbano, 

Valentin, & Ferreira, 2010). The effect of chitosan level in wines and persistence can be due to 

the strong interaction between chitosan and buccal mucins (Menchicchi, Fuenzalida, Bobbili, 

Hensel, Swamy, & Goycoolea, 2014), which may affect the interaction of other wine 

components in the mouth, namely, the phenolic compounds also correlated with F1 in the 

positive direction. In addition, the decrease in total phenols and flavonoid phenols can explain 

the decrease in persistency, especially for the 100 g/hL application dose. 

The results obtained from MFA supported the results from sensory analysis of the wines 

obtained after treatment with different chitosans at the applied doses, highlighting the efficiency 

of decreasing the headspace abundance of 4-EP and 4-EG for recovery of fruity and floral 

aroma attributes and decreasing phenolic, bitterness and astringent attributes. Considering the 

results obtained for visual (colour), aroma, taste and tactile/textural descriptors determined by 

the expert panel, and their validation by the chemical composition of wines obtained after 

treatment with chitosans, wine treated with CHTD at 100 g/hL resulted in a significant 

improvement in the sensory profile compared to the spiked wine, although not identical to non-

spiked wine. This is explained by the efficient lowering of headspace abundance of VPs and no 

negative impact on the phenolic composition of wine. The chitosan of crustacean origin was 

more efficient than that of fungal origin, apparently related to its lower solubility or the different 

structural features of fungal chitosan compared to crustacean chitosan. Due to the allergenicity 

of crustacean chitosans (Amaral et al., 2016), only fungal chitosans are, at present, allowed for 

use in wines (EC regulation 53/2011). Nevertheless, shrimp-derived chitosan was classified as 

“generally recognised as safe” (GRAS) by the US Food and Drug Administration in 2012 and 

it has been shown that wine treated with chitosan is unlikely to trigger allergic reactions in 

patients with shrimp allergies (Amaral et al., 2016). 
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4. Conclusions 

 

 To the best of our knowledge, the results obtained in this work are the first to show the 

efficiency of chitosan to improve the sensory profile of red wines spiked with VPs through the 

reduction of red wine VPs headspace abundance. Their efficiency was dependent on the 

deacetylation degree of crustacean chitins and chitosans, with fungal chitosan showing a lower 

but significant effect. Their efficiency for decreasing the headspace abundance of VPs 

depended on the dose applied, which was related to the amount of chitosan dissolved in wine. 

The reduction of headspace abundance of VPs by chitosans, without changing the total amount 

of VPs in wines, allowed to decrease the negative sensory phenolic and bitterness attributes and 

to increase the positive sensory fruity and floral attributes in the spiked wines. The use of 

chitosan with a high deacetylation degree, including the fungal chitosan allowed for use in 

wines, is an efficient approach for reducing the negative sensory impact of VPs in spiked red 

wines. 
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Abstract 

 

The formation of 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) in red wines by the 

action of contaminating Dekkera/Brettanomyces yeasts reduces wine acceptability by 

consumers. The use of specific adsorption polymers for these volatile phenols could be a 

valuable tool for wine producers for removing this negative sensory defect from wines. In this 

work a molecularly imprinted polymer synthesised by precipitation polymerisation using 

ethylene glycol dimethacrylate as cross-linker and ethylene glycol methyl ether acrylate as 

functional monomers in an acetonitrile:water (4:1 v/v) mixture and 4-EG as a template showed 

3.2 to 4.7 fold higher adsorption capacity of 4-EP and 4-EG than the non-imprinted polymer. 

When applied to spiked wines it reduced 38 to 63% the wine VPs levels, depending of the wine 

VPs concentration, being observed a negative influence of the complex wine matrix, 

nevertheless showing 1.15 to 1.53 times higher adsorption than the correspondent NIP. Sensory 

analysis of the VPs spiked wine treated with this MIP resulted in a significant decrease of the 

phenolic attribute and significant recovery of the fruity and floral attribute, with no significant 

differences in the wine colour perceived by the expert panel. The sensory improvement of the 

MIP was significantly higher than that observed for the correspondent NIP. These results show 

that the design of higher selective adsorption polymers by molecularly imprinting can be a good 

solution to deal with the negative sensory impact of volatile phenols. 

 

 

Keywords: Red wine, 4-Ethylphenol; 4-Ethylguaiacol; Molecularly imprinted polymers, 

Molecular characteristics, Chromatic characteristics, Phenolic compounds, Aroma compounds, 

Sensory quality 
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1. Introduction 

 

Volatile phenols (VPs) namely 4-ethylphenol (4-EP), 4-ethylguaiacol (4-EG) when 

present in wines above their olfactory detection threshold confer phenolic, animal, and stable 

aromatic notes considered negative by professionals, consumers and wine industry (Chatonnet, 

Dubourdieu, Boidron, & Pons,.1992; Oelofse,Pretorius, & du Toit,.2008; Wedral, Shewfelt, & 

Frank,2010; Sucur, Cadez, & Kosmerl, 2016; Tempère, Schaaper, Cuzange, de Lescar, de 

Revel, & Sicard, 2016; Schumaker, Chandra, Malfeito-Ferreira, & Ross, 2017). In fact, it has 

been shown that even subliminal concentrations of these VPs affect the wine fruity notes 

(Tempère et al., 2016). Their appearance in wine is mainly due to the activity of the spoilage 

yeast Dekkera/Brettanomyces bruxellensis (Heresztyn, 1986; Chatonnet, Viala, & Dubourdieu, 

1997) that can decarboxylate the hydroxycinnamic acid precursors, p-coumaric and ferulic 

acids, to the correspondent vinylphenols by the hydroxycinnamate decarboxylase followed by 

the reduction of vinylphenols to the correspondent ethylphenols by the vinylphenol reductase 

(Chatonnet et al., 1997). These yeasts are distributed worldwide, and may arrive at the winery 

on grape skins, be present on winery surfaces or wood barrels (Chatonnet, Boidron, & Pons, 

1990; Chatonnet et al., 1992; Gerbaux, & Vincent, 2001). 

Due to the serious impact on wine quality resulting from the spoilage by 

Dekkera/Brettanomyces, a series of preventive actions have been developed and implemented 

during winemaking (Milheiro, Filipe-Ribeiro, Vilela, Cosme, & Nunes, 2017) like chitosan 

(Portugal et al., 2014), sulphur dioxide (Chatonnet, Boidron, & Dubourdieu, 1993) and 

dimethyldicarbonate (Renouf, Strehaiano, & Lonvaud-Funel, 2008), nevertheless as they are 

still commercialised worldwide wines with high levels of these VPs (Milheiro et al., 2017) 

probably these preventive procedures are not adequately implemented and/or their efficiency 

properly monitored during the winemaking process.  

A series of remediation treatments have also been developed to remove from wines the 

already formed VPs and decrease or eliminate their negative sensory impact. The remediation 

treatments proposed can be divided into two main groups, those intended to decrease the 

headspace contents by decreasing their partition coefficients to the gas phase without changing 

the total VPs contents of wines (non-subtractive techniques, Milheiro, Filipe-Ribeiro, Cosme, 

& Nunes, 2017, Filipe-Ribeiro, Cosme, & Nunes, 2018), and those directed to the removal of 

the 4-EP and 4-EG from wines, therefore decreasing their content and their headspace 

concentration (subtractive techniques). Activated carbons at 100 g/hL with high surface area 
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and micropore volume, were the most efficient in removal of VPs (74% for 4-EP and 79% for 

4-EG), and the negative sensory “Brett character” removal efficiency was validated by sensory 

analysis (Filipe-Ribeiro, Milheiro, Matos, Cosme, & Nunes, 2017a). Potassium caseinate (200 

g/hL) was also efficient in the removal of these two VPs (33% for 4-EP and 42% for 4-EG) 

although its efficiency in the sensory defect removal was not evaluated (Barbosa, Hogg, & 

Couto, 2012). Egg albumin (10g/hL) and oak chips (300 g/hL) were less efficient (in average 

19% and 15% VPs, removal) (Barbosa et al., 2012; Milheiro et al., 2017), but also their sensory 

impact were not evaluated. Although with a promising VPs removal efficiency, the use of 

potassium caseinate and egg albumin have the drawback of the potential allergenicity of these 

fining agents and, therefore, are of mandatory labelling in wines if residual concentration is 

higher than 0.25 mg/L (Regulation EU 579/2012). On the other hand, yeast cell walls and fine 

yeast lees were efficient at 300 g/hL (in average 28% of VPs removal) and at 3000 g/hL (in 

average 40% of VPs removal), respectively (Barbosa et al., 2012) but these high doses can have 

serious impact on the other wine aroma compounds. Other adsorbents were also assayed: 

esterified cellulose (200g/hL); suberin adsorbed on glass beads (dose not supplied) and 

polyaniline (PANI) based adsorbent in base form (1000 g/hL), all of them allowed a significant 

removal of 4-EP and 4-EG from red wines (43% and 39%; 49% and 45% and 68% and 50% 

for 4-EP and 4- EG, respectively) (Larcher, Puecher, Rohregger, Malacarne, & Nicolini, 2012; 

Marican, Carrasco-Sanchez, John, Laurie, & Santos, 2014; Carrasco-Sanchez, John, Marican, 

Santos, & Laurie, 2015; Gallardo-Chacón, & Karbowiak, 2015). Esterified cellulose only 

caused a small decrease in colour (Larcher et al., 2012) and the effect of PANI was much more 

detrimental showing a 44% decrease in total phenols (Marican et al., 2014).  

The production of molecularly imprinted polymers (MIPs) that could specifically and 

efficiently remove these volatile phenols from wine could be a solution to deal with this 

negative and defective wine aroma. MIPs are synthetic materials with template induced binding 

sites to recognise the substance of interest, usually named template molecule, in preference to 

other structural analogues (Haupt, 2012; Chen, & Li, 2012). MIPs are synthesised by 

copolymerisation of a functional monomer and a cross-linker monomer in the presence of the 

template molecules. Removal of the template molecules from the highly cross-linked polymer 

matrix results in formation of recognition cavities which are complementary to the template 

molecules in shape, size and chemical functionality. These recognition cavities can selectively 

rebind the template molecules from the complex matrix (Vasapollo, Del Sole, Mergola, Lazzoi, 

Scardino, Scorrano, & Mele, 2011). MIPs have been developed and used in a variety of 
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applications, from stationary phases to be used in chromatography, solid phase extraction, 

chemical sensors, drug-delivery and enzyme-like catalysis, due to their obvious advantages of 

predictable specific recognition, comparatively low cost, easy preparation, chemical stability to 

harsh chemical and physical conditions and excellent reusability (Chen, & Li, 2012; Vasapollo 

et al., 2011; Liu, Zhang, Wang, Zhao, & Guo, 2015). Two works have already been described 

in the literature aiming developing MIPs for removing VPs from wine (Garde-Cerdán, Lorenzo, 

Carot, Jabaloyes, Esteve, & Salinas, 2008; Teixeira et al., 2015). Both works used the same 

functional monomer, vinylpyridine, although with different cross-linkers, porogens as well as 

different template molecules, EDMA as a cross-linker monomer and 4-EP and 4-EG as template 

molecules (Teixeira et al., 2015), and divinylbenzene-80 as a cross-linker monomer and 

penthachlorophenol as a template molecule (Garde-Cerdán et al., 2008). Their application doses 

were of 400 g/hL (Garde-Cerdán et al., 2008) and 200 g/hL (Teixeira et al., 2015). Although in 

both works, the non-imprinted polymers showed already high adsorption for the two VPs - in 

average 45% (Teixeira et al., 2015) and 59% (Garde-Cerdán et al., 2008), the MIP showed 

increased adsorption values - 55% (Teixeira et al., 2015) and 91% (Garde-Cerdán et al., 2008). 

Nevertheless, in both works significant amounts of volatile compounds were removed and 

Teixeira et al. (2005) described a significant reduction of phenolic compounds and 

anthocyanins. The impact of the treatment on the overall sensory profile of wines were not 

performed. These previous works have shown that MIPs can be efficient in the removal of VPs 

from wines, nevertheless more work is needed to decrease the undesirable side effects in wine 

of these polymers. The sensory impact of the treatment should be established to access the 

feasibility of this treatment to deal with this sensory defect.  

Therefore, the purpose of this work was to develop new molecularly imprinted polymers 

and evaluate their efficiency in the VPs removal from wine. The impact of their use in the wine 

quality including the sensory profile of wine was also determined, as it will ultimately dictate 

the suitability of this approach for reduction or elimination of the negative “Brett character” 

sensory profile of red wines. 
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2. Materials and Methods 

 

2.1. Molecularly imprinted polymers production 

 

In this work for the preparation of the molecularly imprinted polymers, the method of 

precipitation polymerisation was used as is a simple method without the need of stabilisers or 

other additives with high degrees of crosslinking agents and use of polar aprotic solvents as 

porogen which are capable of preserving non-covalent interactions between template and 

monomer, usually giving rise to polymeric microspheres under certain conditions with 

sufficient control of product morphology with clean and smooth surfaces and suitable particle 

sizes (Pardeshi, & Singh, 2016). Molecularly imprinted polymers were synthesised by 

precipitation polymerisation by adaptation of the method described by Wang, Cormack, 

Sherrington, & Khoshde (2003). Briefly imprinted polymer were prepared from 20 mmol of 

ethylene glycol dimethacrylate (EDMA, 4 in Figure 1) as cross-linker and 4 mmol of three 

different functional monomers: methacrylamide (1); ethyl methacrylate (2) and ethylene glycol 

methyl ether acrylate (3) in 50 mL of an acetonitrile:water (4:1 v/v) mixture. 2,2′-Azobis(2-

methylpropionamidine) dihydrochloride was used as a free-radical initiator (AAPH, 0.33 

mmol). For preparation of molecularly imprinted polymers 4-ethylphenol and 4-ethylguaiacol 

(1 mmol) were used. Initially all reagents, except for the free radical initiator, and solvents were 

added to a 50 mL conical flask, and the solution was degassed in an ultrasonic bath for 5 min 

then sparged with oxygen-free nitrogen for 10 min while cooling on an ice bath. After this 

treatment AAPH was added and the tubes were rotated at 5-10 rpm to minimise turbulence in 

a rotor-arm shaker in a controlled temperature oven (60 ºC) and maintained during 24 h. At the 

end of the reaction, the polymers were separated from the reaction medium by vacuum filtration 

and were then washed in a soxhlet with methanol/acetic acid (80/20 v/v) followed by methanol 

and dried in overnight at 50 ºC in a forced air oven. Non-imprinted control polymers were 

prepared under identical conditions to MIPs except that the template was omitted. Yields were 

determined by gravimetric analysis after drying. 
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Figure 1. Structure of the functional monomers (1-3) and cross-linker (4) used to produce molecularly imprinted 
polymers. 1 – methacrylamide; 2 - ethyl methacrylate; 3 - ethylene glycol methyl ether acrylate; 4 - ethylene glycol 
dimethacrylate (EDMA) 
 

2.2. NIPs and MIPs physicochemical characterisation 

 

2.2.1. Pore size analysis 

The adsorption isotherms for N2 (purity > 99.998%) at -196 ºC were determined using 

a semiautomatic adsorption apparatus Quantachrome Nova4200e. About 0.10 g of sample was 

used in each adsorption experiment. The adsorbent was placed in a glass container and 

outgassed at 120 ºC for 5 h, prior to adsorption measurements. The specific areas were 

calculated by the Brunauer-Emmett-Teller (BET) method (SBET), using the BET equation in the 

linear range between 0.05 ˂ p/p0 ˂ 0.30 (were p is the pression and p0 the saturation pression). 

The mesopore area (Smeso) and the volume of micropores (Vmicro) were determined by the t-

method (Rouquerol, Rouquerol, Sing, Llewellyn, & Maurin, 2014). The total volume of pores 

(Vp) was calculated for p/p0 = 0.95. The mode of pore diameter distribution (Dp) was calculated 

by the density functional theory (DFT) method according to International Union of Pure and 

Applied Chemistry (Sing et al., 1985) and the classification of pores was as follow: size ˂ 2 nm 

– micropores, 2–50 nm – mesopores and ˃50 nm – macropores. Analyses were performed in 

duplicate. 

 

2.2.2. Scanning electron microscopy (SEM) 

NIPs and MIPs morphology was analysed using the FEI Quanta 400 Scanning Electron 

Microscope (FEI Company, USA) in environmental mode at 6 mbar using a Large Field 

Detector (LFD). NIPs and MIPs powders were applied on carbon glue. An accelerating voltage 

of 30 kV was used.  

(1) (2) (3)

(4)
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2.2.3. Fourier transform infrared (FTIR) spectroscopy 

For acquiring NIPs and MIPs FTIR spectra, a Unicam Research Series FTIR 

spectrometer was used. The spectra were recorded in the range of wavenumbers 4000-450 cm-

1 and 128 scans were taken at 2 cm-1 resolution. Pellets were prepared by thoroughly mixing 

polymers and KBr at a 1:400 sample/KBr weight ratio in a small size agate mortar. The resulting 

mixture was placed in a manual hydraulic press, and a force of 15 tons was applied for 10 min. 

Analyses were performed in duplicate. 

 

2.3. Adsorption isotherm measurement 

 

In this work frontal analysis was used to determine the adsorption isotherms of 4-EP 

and 4-EG for the different molecularly imprinted and non-imprinted polymers synthesised as 

Frontal Analysis is the most accurate chromatographic method for the determination of 

adsorption isotherms (Sajonz, Zhongav, & Guiochonay 1996). 

 

2.3.1. Column void time determination 

The column void time, t0, was measured by injecting a non-retained material, in this 

case sodium nitrate (1 mg/mL), on to the column. The retention time of the peak was equal to 

the void time of the column. 

 

2.3.2. System delay time determination 

The system delay time, τ, represents the amount of time required for the compound to 

travel from the solvent reservoir through the HPLC system to the beginning of the column. The 

system delay time was measured by replacing the column with a zero-volume union and 

determining the breakthrough time of solutions of EP from 2.5 mg/L to 100 mg/L. The 

measured retention time of the fronts in frontal analysis was then corrected by subtraction from 

the system delay time. 
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2.3.3. Porosity and phase ratio determination 

The porosity (ε, Equation 1) is defined as the ratio of the volume of the column not occupied 

by the stationary phase (V0) to the total volume of the column (Vcolumn) 

 

 
with 

 

 
 

with Fv being the mobile phase flow rate. The total volume of the column can be calculated 

using the column dimensions (L=30 mm and internal diameter 3 mm). Then, the phase ratio (F) 

is calculated using the following equation (Equation 3), where Va is the volume of adsorbent in 

the column. 

 

 
 

2.3.4. Frontal analysis (FA) method 

The FA method determines the isotherm through a series of stepwise increases in the 

concentration of 4-EP and 4-EG from 2.5 mg/L to 100 mg/L in a model wine solution (12% 

ethanol v/v, 3.5 g/L of tartaric acid adjust to pH 3.60 with NaOH). Using the HPLC system, 

one line was inserted into a reservoir of 100% Mobile Phase (model wine solution), and the 

other was inserted into a reservoir containing a predetermined concentration of one or the other 

volatile phenols in Mobile Phase at 100 mg/L (line B). The amount pumped through the system 

from line B was increased step-wise at intervals to obtain 2.5 mg/L, 5 mg/L, 7.5 mg/L, 10 mg/L, 

15 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 50 mg/L, 75 mg/L and 100 mg/L and maintained during 

90 min, and the retention time of the breakthrough curve was recorded. The concentration of 

volatile phenol Qe in equilibrium with its concentration in sample solution Ce, was calculated 

according to the relationship (Equation 4): 

 

 

𝜀 =
𝑉0

𝑉𝑐𝑜𝑙𝑢𝑚𝑛
  Equation (1) 

𝑉0 = 𝑡0 × 𝐹𝑣   (Equation 2) 

𝐹 =
𝑉𝑎

𝑉0
=

1 − 𝜀

𝜀
  (Equation 3) 

𝑄𝑒 =   𝐶𝑒 − 𝐶𝑒−1 ×
𝑉𝑟𝑖 − 𝑉0

𝑉𝑎
 + 𝑄𝑒−1  (Equation 4) 
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where Ce-1 and Ce are the analytes concentrations in the sample solutions at the beginning and 

at the end of frontal development, respectively, Qe-1 and Qe are the analyte concentrations 

accumulated on the stationary phase in equilibrium with Ce-1 and Ce, respectively, Vri is the 

retention volume of the ith frontal development, which is obtained from the half-height method 

(Rudzinske, & Everett, 1992).  

 

2.4. Experimental design 

 

To study the effect of NIPs and MIPs in the removal of VPs from wines, polymers were 

used at 250 g/hL. The wine was previously spiked at two levels of 4-EP (750 and 1500 µg/L) 

and 4-EG (150 and 300 µg/L) according to the ranges usually found in the literature (Chatonnet 

et al., 1992; Pollnitz, Pardon, & Sefton, 2000). NIPs and MIPs were added to the wine in 250 

mL graduated cylinders. After 6 days, the wine was centrifuged at 10,956 g, 10 min and 20 °C 

for analysis. All experiments were performed in duplicate. 

 

2.5. Wine samples 

 

A red wine from Douro Valley (vintage 2016) was used in this work. The main 

characteristics of the wine used were as follows: alcohol content 13.2% (v/v), specific gravity 

(20 °C) 0.9914 g/mL, titratable acidity 6.0 g tartaric acid/L, pH 3.68, and volatile acidity 0.58 

g acetic acid/L, free sulphur dioxide 35 mg/L and total sulphur dioxide 96 mg/L. Oenological 

parameters were analysed using an FTIR Bacchus Micro (Microderm, France). Analyses were 

performed in duplicate. 

 

2.6. Headspace wine aroma composition by solid phase microextraction (HS-SPME)  

 

For the determination of the headspace aroma composition of red wines, a validated 

SPME method using Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 μm coated fibre, 

confirmed in our laboratory, was used (Filipe-Ribeiro et al., 2017b). All analyses were 

performed in quadruplicate.  
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2.7. Determination of 4-EP and 4-EG by liquid-liquid extraction and GC-MS analysis 

 

The extractions were performed following and adapting the methodology described by 

Milheiro et al. (2017). Analyses were performed in quadruplicate. 

 

2.8. Colour and chromatic characterisation 

 

Colour intensity and hue were determined according to OIV (2009). The chromatic 

characteristics of the wines’ L*(lightness), a*(redness), and b*(yellowness) coordinates were 

calculated using the CIELab method according to OIV (2009). The Chroma [C* = [(a*)2 + 

(b*)2]1/2] and hue-angle [hº = tang_1 (b*/a*)] values were also determined. To distinguish the 

colour more accurately, the colour difference was calculated using the following equation: E* 

= [(L*)2 + (a*)2 + (b*)2]1/2. All analyses were performed in duplicate. 

 

2.9. High-performance liquid chromatography (HPLC) analysis of anthocyanins and 

phenolic acids 

 

Analyses were performed according to Guise, Filipe-Ribeiro, Nascimento, Bessa, 

Nunes, & Cosme (2014), and quantification was performed according to Filipe-Ribeiro et al. 

(2017b). 

 

2.10. Sensory evaluation 

 

Sensory analysis was performed by a panel composed by six experts (ISO 6658, 1985). 

Nine attributes were selected: visual (limpidity, hue, colour intensity and oxidised), aroma 

(fruity, floral, vegetable, phenolic and oxidised aroma) using an adapted tasting sheet based on 

that recommended by the OIV (http://www.oiv.int/public/medias/3307/review-onsensory- 

analysis-of-wine.pdf). The attributes were quantified using a five-point intensity scale (ISO 

4121, 2003). Scales were anchored with the terms “low intensity” for score one and “high 

intensity” for score five, and panellists scored only integer values. Sensory analysis of samples 

was performed in duplicate in two different tasting sections. All evaluations were conducted 

from 10:00 to 12:00 p.m. in an individual booth (ISO 8589, 2007) using the recommended 

glassware according to ISO 3591 (1977). A wine volume of 50 mL was used to allow the tasters 
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to taste 25 mL of wine twice (ISO 3591, 1977) and were presented in random order (ISO 6658, 

1985). The consistency between panellists (C-index) was evaluated by consonance analysis 

(Dijksterhuis, 1995). 

 

2.11. Statistical treatment 

 

Statistically significant differences between means were determined by analysis of 

variance (ANOVA, one-way) followed by Tukey’s honestly significant difference (HSD, 5% 

level) post-hoc test for the physicochemical data and a post-hoc Duncan test for sensory data. 

All analyses were performed using Statistica 7 Software (StatSoft, Tulsa, OK U.S.A.). Multiple 

Factor Analysis (MFA, XLSTAT-RIB) was performed using XLSTAT (Addinsoft, Anglesey, 

UK). Non-linear regression of the experimental adsorption data for fitting the tested adsorption 

models was performed using GraphPad Prism Version 6.05 (Graph-Pad Software Inc., USA). 

Fitting performance was accessed by testing the residuals normal distribution using the 

D’Agostino-Pearson omnibus K2 normality test (D'Agostino, 1986.). The skewness of the 

parameters obtained for each adsorption model obtained by nonlinear regression were measured 

by the Hougaard’s method (Hougaard, 1985) with values less than 0.10 being ideal (Ratkowsky, 

1983). For model comparison the extra-sum of squares F test was used (Equation 5) 

 

 
 

with DF1-DF2 degrees of freedom for the numerator and DF2 degrees of freedom for the 

denominator, where 1 and 2 correspond to the simpler and more complex models to be 

evaluated. The F ratio quantifies the relationship between the relative increase in sum-of-

squares and the relative increase in degrees of freedom. 

  

𝐹 =
(𝑆𝑆1 − 𝑆𝑆2)/𝑆𝑆2

(𝐷𝐹1 − 𝐷𝐹2)/𝐷𝐹2
  (Equation 5) 
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3. Results and Discussion 

 

3.1. Physicochemical characterisation of polymers and molecularly imprinted 

polymers (MIPs) 

 

The physisorption data obtained from liquid nitrogen adsorption/ desorption curves of 

the synthesised molecularly imprinted polymers and non-imprinted polymers are presented in 

Figure 2 and the corresponding specific surface areas, SBET, mesopore areas, Smeso, specific pore 

volumes, Vp, and average pore sizes, Dp, are listed in Table 1. 

 
Table 1. Physicochemical characteristics of non-imprinted and molecularly imprinted polymers synthesised. 

Samples Yield SBET (m2/g) Smeso (m2/g) Vmicro (cm3/g) Vp  p/p0=0.95 (cm3/g) Dp BJH(mode) (nm) 

NIP1 76.8% 22310c 15010cd 0.0170.01a 0.1880.03ab 3.600.08a 

MIP1EP 73.4% 24010c 16610bc 0.0120.01a 0.2010.02ab 3.600.08a 

MIP1EG 74.8% 24210c 16210bc 0.0200.02a 0.1980.03ab 3.630.08a 

NIP2 75.2% 33810a 20810a 0.0270.01a 0.2470.03a 3.610.08a 

MIP2EP 82.7% 33210a 21310a 0.0320.02a 0.2590.04a 3.610.08a 

MIP2EG 73.4% 29110b 19410ab 0.0200.01a 0.2230.03ab 3.610.08a 

NIP3 87.1% 16110d 11510d 0.0040.01a 0.1420.03ab 3.570.08a 

MIP3EP 75.6% 23910c 10010e 0.0750.01b 0.2340.01ab 3.570.08a 

MIP3EG 66.9% 20210c 7510e 0.0750.01b 0.1940.03ab 3.630.08a 
Values are presented as mean±standard deviation (n=2); SBET: Brunauer-Emmett-Teller (BET) surface area; Smeso: surface area of mesopores; 
Vp: total volume of pores; Vmicro: micropore volume; Dp: average pore diameter. Means within a column followed by the same letter are not 
significantly different (Tukey p ˂ 0.05). 1 – methacrylamide; 2 - ethyl methacrylate; 3 - ethylene glycol methyl ether acrylate. 
 

Most of the samples follow a type II nitrogen adsorption/desorption isotherm, featured 

by a hysteresis loop attributed to capillary condensation in mesopores (Figure 2). As can be 

observed in Table 1, the SBET surface of the polymers was mainly attributed to the presence of 

mesopores formed due to phase separation between the polymer and the solvents during the 

polymeriation process (Nabavi, Vladisavljevic, Eguagie, Li, Georgiadou, & Manovic, 2016). 

Although the role of template in the creation of nanocavities is known, the effect of template 

on the structure of mesopores is not well understood (Nabavi et al., 2016). Comparing the total 

pore volume and SBET surface of MIP samples and their NIP counterparts in Table 1, no specific 

trend was observed, and both smaller and larger pore volumes of NIPs were found in some 

cases. The same observations were reported in previous works (Dirion, Cobb, Schillinger, 
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Andersson, & Sellergren, 2003; Nabavi et al., 2016). Therefore, it might not be possible to 

evaluate the separation performance of MIP and NIP particles by comparing their total pore 

volume and SBET surface.  
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g h 

  
i  

 

 

Figure 2. Adsorption isotherms (N2, -196 °C) of molecularly imprinted polymers (MIPs) and non-imprinted 
polymers (NIPs) synthesised;  adsorption;  desorption; a – NIP1; b – MIP1EP; c – MIP1EG; d – NIP2; e – 
MIP2EP; f – MIP2EG; g – NIP3; h – MIP3EP; i – MIP3EG. 
 

The morphology of the particles obtained by precipitation polymerisation with the 

different functional monomers were observed by scanning electron microscopy (SEM) and are 

shown in Figures 3 to 5. NIPs and MIPs produced with 4-EG as a template showed similar 

morphologies presenting segmented cauliflower-like microparticles. The morphology of the 

particles synthesised using 4-EP as a template presented a different morphology of that obtained 

for the NIPs and MIPs synthesised using 4-EG as a template. For MIPs synthesised using 4-EP 

as a template, although presenting agglomerated particles, the shape of the particles is less 

smooth and more needle-like. The absence of distinct microspheres in our system can be 

explained either by the relative amount of cross-linker used in our system but also because the 

polarity of acetonitrile:water used as solvent system is strong and therefore resulting in a low 

solubility of the molecules used for the synthesis of the polymers which resulted in the 

formation of particle aggregations (Cai, & Gupta, 2004). This result is similar with those 
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previously reported (Jiang, & Tong, 2004; Zhang, Cheng, Zhang, Wang, & Li, 2012) and it is 

known that the concentrations of template, monomer, and crosslinking agent as well as the 

chemical structure of the template greatly affect the polymer configuration (Jiang, & Tong, 

2004). 

The FTIR spectra of the three NIP samples are shown in Figure 6. The FTIR spectra of 

the MIPs synthesised with the use both templates were identical to that of the NIPs with no 

noticeable difference. There was no difference between the FTIR spectra of the three NIPs, only 

the intensity of the band at 3469 cm-1 and near 1675 cm-1 for NIP1 and attributed to N-H 

stretching vibrations of the amide group of methacrylamide. The peak at around 3465 cm-1 on 

NIP2 and NIP3 spectra can be attributed to O–H stretching vibrations of adsorbed water and 

also contribute to the absorption at this wavenumber for NIP1. Almost the same sequence of 

peaks was observed for all spectra. The two peaks at 1163 cm-1 and 1265 cm-1 attributed to C–

O–C stretching vibrations. The peak at 1730 cm-1 was attributed to C=O bonds present in all 

functional monomers and EDMA, and the peaks at 2962 and 2999 cm-1 were attributed to C–H 

stretching vibrations. There is no clear peak in the range of 1680–1640 cm-1 corresponding to 

C=C stretch in EDMA and functional monomers, meaning that there was no monomer or cross-

linker left in the polymer particles probably all carbon-carbon double bonds were consumed 

during the reaction. 
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a

b

c

Figure 3. Particles obtained in the ethylene glycol dimethacrylate / methacrylamide / acetonitrile:water (4:1 v/v)
system without template (a), with 4-EP as template (b) and 4-EG as a template (c) visualised by SEM
measurements. The bars correspond to 20 (left pictures) and 5 μm (right pictures).
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a

b

c

Figure 4. Particles obtained in the ethylene glycol dimethacrylate / ethyl methacrylate / acetonitrile:water (4:1
v/v) system without template (a), with 4-EP as template (b) and 4-EG as a template (c) visualised by SEM
measurements. The bars correspond to 20 (left pictures) and 5 μm (right pictures).
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a

b

c

Figure 5. Particles obtained in the ethylene glycol dimethacrylate / ethylene glycol methyl ether acrylate /
acetonitrile:water (4:1 v/v) system without template (a), with 4-EP as template (b) and 4-EG as a template (c)
visualised by SEM measurements. The bars correspond to 20 (left pictures) and 5 μm (right pictures).
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Figure 6.  FTIR spectra of non-imprinted polymers synthesised by precipitation polymerisation. 

 

The Figure 7 to 9 shows the XRD patterns of the NIP and MIPs synthesised. From the 

XRD spectra it can be observed that the polymers obtained were a mixture of crystaline and 

amorphous phases (Yanti, Nurhayati, Royani, Widayani, & Khairurrijal, 2016). The synthesis 

of the polymers in the presence of the different templates resulted in polymers with different 

crystallinities, depending on the functional monomer used for the synthesis. For the polymers 

synthesised with methacrylamide as the functional mononer, the synthesis in the presence of 4-

EG as a template resulted in an increase in the crystallinity of MIP1EG in comparison to NIP1 

and also to MIP1EP. The MIP1EP presented a similar crystallinity to NIP1. For the polymers 

synthesised with ethylene glycol dimethacrylate as a functional monomer, the synthesis of this 

polymer in the presence of both templated increased the crystallinity of the polymers (MIP3EG 

and MIP3EP) when compared to NIP3, and especially the MIP produced in the presence of 4-

EG that was the polymer with the highest crystallinity of all the polymers synthesised 

(MIP3EG). For the polymer synthesised with ethyl methacrylate as functional monomer there 

were no differences in the crystallinity of NIP2, MIP2EG and MIP2EP. 
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Figure 7. X-ray diffraction pattern of NIP1 (black), MIP1EP (red) and MIP1EG (green) polymers 
 

 
Figure 8. X-ray diffraction pattern of NIP2 (black), MIP2EP (red) and MIP2EG (green) polymers 
 

 
Figure 9. X-ray diffraction pattern of NIP3 (black), MIP3EP (red) and MIP3EG (green) polymers 
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3.2. Adsorption isotherms of NIPs and MIPs and evaluation of the imprinting factor 

 

To evaluate the adsorption capacity of the synthesised MIPs and NIPs for 4-ethylphenol 

and 4-ethylguaiacol and evaluate the imprinting factor obtained for each polymer, the 

absorption isotherms were determined by frontal chromatography at 25 ºC using a model wine 

solution as eluent (12% (v/v) ethanol, tartaric acid 3.5 g/L and pH 3.60). As shown in Figure 

10, the adsorption capacity of the MIPs and NIPs increased in the whole concentration range 

assayed (2.5 to 100 mg/L of 4-EP and 4-EG in model wine solution). Comparing MIP 1, 2 and 

3 for the adsorption of 4-EP and 4-EG, it can be observed that in the concentration range 

analysed, MIP 1 presented a lower adsorption capacity for both compounds when compared to 

MIP2 and MIP3. Also for all MIPs the adsorption capacity of 4-EG was lower than the 

adsorption of 4-EP. 
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NIP1 and MIP1  

EP eluent EG eluent 

  
NIP2 and MIP2  

  

 

 

NIP3 and MIP3 

 

  
Figure 10. Freundlich-Langmuir adsorption isotherms of non-imprinted and molecularly imprinted polymers for 
4-EP and 4-EG synthesised using functional monomers 1, 2 and 3. Non-imprited polymer ( ), for EP template (

) and for EG template ( ).  
 

To characterize the adsorption systems, three isotherm models, Langmuir, Freundlich 

and Langmuir-Freundlich isotherms, were used to analyse the equilibrium data obtained 

experimentally. The Langmuir model assumes that adsorption takes place on a homogeneous 
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surface with identical active sites and uniform energies. The Langmuir model is expressed as 

(Equation 6): (García-Calzón, & Díaz-García, 2007). 

 

 
 

where Ce is the equilibrium concentration, Qe is the amount of volatile phenol adsorbed at 

equilibrium, Qmax is the theoretical maximum monolayer capacity, and KL is the Langmuir 

constant related to the affinity of the active sites. On the other hand, the Freundlich model 

assumes that adsorption occurs on a heterogeneous surface with an exponential distribution of 

active sites and energies (García-Calzón, & Díaz-García, 2007), being expressed as (Equation 

7): 

 

 
 

where Ce and Qe are defined as above and n and KF are Freundlich constants, which are related 

to the adsorption favorability and adsorption capacity, respectively. The Langmuir-Freundlich 

isotherm (Equation 8), also known as the Sips equation, is capable of modeling both 

homogeneous and heterogeneous binding surfaces and is expressed as (Umpleby, Baxter, Chen, 

Shah, & Shimizu, 2001). 

 

 
 

where Qe and Ce are described as above and Qm is the total number of binding sites, a is a 

parameter related to the median binding affinity (K0) via K0 = a1/n and n is the heterogeneity 

index, which varies from 0 to 1. For a homogeneous material, n = 1 and for heterogeneous 

materials n < 1. In contrast to the heterogeneous Freundlich isotherm, the Langmuir-Freundlich 

model has the advantage that it does not require an independent measure of the total number of 

binding sites (Qm), which is very difficult to measure in heterogeneous MIPs (Umpleby et al., 

2001). The Langmuir-Freundlich isotherm is a composite of the Langmuir and Freundlich 

isotherms and can reduce to either at its limits, when n = 1, the Langmuir-Freundlich isotherm 

(Equation 8) reduces to the Langmuir isotherm (Equation 6) in which a corresponds directly to 

𝑄𝑒 =
𝐾𝐿𝑄𝑚𝑎𝑥 𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
  (Equation 6) 

𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

  (Equation 7) 

𝑄𝑒 =
𝑄𝑚𝑎𝐶𝑒

𝑛

1 + 𝑎𝐶𝑒
𝑛   (Equation 8) 
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binding affinity (KL). Alternatively, as either Ce or a approaches 0, the Langmuir-Freundlich 

isotherm reduces to the Freundlich isotherm (Equation 7). Also, the Langmuir-Freundlich 

isotherm reduces for all systems to the Freundlich isotherm at the low concentrations. A 

comparison of the isotherm models for volatile phenols adsorption for MIPs and NIPs using 

nonlinear regression (Eqs. 6, 7 and 8) are given in Tables 2, 3 and 4. For all models and for the 

three polymers, the curves obtained were not satisfactory described by one curve (p<0.0001), 

showing that the adsorption curves obtained for the NIP and MIPs were significantly different 

for each functional monomer and for the two imprinting molecules. All models yielded high 

correlation coefficients (>0.999) and therefore for model comparison the extra-sum of squares 

F test was used (Table 2, 3 and 4). Except for the adsorption isotherms of NIP3 for both VPs, 

the Langmuir-Freundlich isotherm always yielded a significantly higher fit of the experimental 

data than that obtained when using the Langmuir and Freundlich isotherms. As can be observed 

also the n values obtained in the Langmuir-Freundlich model obtained were significantly lower 

than 1, except for NIP3 for 4-EP adsorption, showing that the active site distribution of the NIPs 

and MIPs were heterogeneous.  
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Table 2. Fitting parameters for the Freundlich, Langmuir and Langmuir-Freundlich fit to the experimental 
adsorption isotherms of 4-ethylphenol and 4-ethylguaiacol imprinted and non-imprinted polymers synthesised 
from functional monomer 1. 

   NIP1 MIP1EP MIP1EG 

Freundlich 

F=90.52(4,30) kF (mmol1-NLN) EP 0.209±0.001 0.241±0.002 0.217±0.003 

F=1273(4,30)  EG 0.159±0.001 0.209±0.001 0.196±0.001 

p<0.0001 n EP 0.824±0.004 0.822±0.010 0.839±0.014 

  EG 0.825±0.003 0.812±0.004 0.845±0.007 

 R2 EP 0.9999 0.9992 0.9987 

  EG 0.9999 0.9999 0.9997 

SS/dfa  EP 4.209e-6/10 3.120e-5/10 4.238e-5/10 

  EG 8.134e-7/10 3.065e-6/10 5.545e-6/10 

Langmuir 

F=129.6(4,30) Qm (mmol.g-1) EP 0.581±0.041 0.642±0.028 0.620±0.015 

F=230.2(4,30)  EG 0.372±0.029 0.458±0.034 0.503±0.028 

p<0.0001 KL (L.mmol-1) EP 0.527±0.049 0.557±0.032 0.501±0.016 

  EG 0.644±0.064 0.715±0.069 0.564±0.040 

 R2 EP 0.9989 0.9996 0.9999 

  EG 0.9988 0.9987 0.9995 

SS/df  EP 3.267e-5/10 1.777e-5/10 3.848e-6/10 

  EG 1.468e-5/10 2.808e-5/10 9.296e-6/10 

Langmuir-Freundlich 

F=503.4(6,27) Qm (mmol.g-1) EP 2.013±0.385 1.001±0.166 0.690±0.083 

F=3908(6,27)  EG 1.734±0.243 1.710±0.357 1.056±0.174 

p<0.0001 K0 (L.mmol-1) EP 0.0814±0.0155 0.276±0.045 0.423±0.049 

  EG 0.0667±0.0099 0.0958±0.0211 0.187±0.032 

 n EP 0.864±0.008 0.923±0.015 0.978±0.015 

  EG 0.855±0.004 0.852±0.009 0.908±0.011 

 R2 EP 1.000 0.9999 0.9999 

  EG 1.000 1.000 1.000 

SS/df  EP 8.728e-7/9 4.431e-6/9 3.071e-6/9 

  EG 1.128e-7/9 7.875e-7/9 9.199e-7/9 

Model Comparison (relative to Langmuir-Freudlich; F-test) 

FFreundlich  EP 30.58 48.33 102.4 

  EG 49.69 23.13 40.22 

FLangmuir  EP 291.45 24.08 1.08 

  EG 1033.13 277.26 72.84 
a SS – Sum of squares; df – degrees of freedom 
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Table 3. Fitting parameters for the Freundlich, Langmuir and Langmuir-Freundlich fit to the experimental 
adsorption isotherms of 4-ethylphenol and 4-ethylguaiacol imprinted and non-imprinted polymers synthesised 
from functional monomer 2. 

   NIP2 MIP2EP MIP2EG 

Freundlich 

F=407.7(4,30) kF (mmol1-NLN) EP 0.287±0.001 0.346±0.002 0.306±0.001 

F=987.9(4,30)  EG 0.256±0.001 0.335±0.001 0.293±0.002 

p<0.0001 n EP 0.788±0.006 0.772±0.007 0.814±0.006 

  EG 0.788±0.005 0.832±0.004 0.831±0.005 

 R2 EP 0.9998 0.9995 0.9998 

  EG 0.9998 0.9999 0.9998 

SS/dfa  EP 1.403e-5/10 3.850e-5/10 1.487e-5/10 

  EG 7.890e-6/10 5.817e-6/10 8.640e-6/10 

Langmuir 

F=102.9(4,30) Qm (mmol.g-1) EP 0.669±0.043 0.749±0.044 0.801±0.052 

F=53.78(4,30)  EG 0.502±0.031 0.807±0.058 0.700±0.046 

p<0.001 KL (L.mmol-1) EP 0.686±0.061 0.773±0.064 0.801±0.048 

  EG 0.855±0.072 0.617±0.056 0.625±0.053 

 R2 EP 0.9986 0.9986 0.9990 

  EG 0.9987 0.9990 0.9992 

SS/df  EP 8.216e-5/10 1.195e-4/10 6.574e-5/10 

  EG 4.622e-5/10 5.161e-5/10 3.428e-5/10 

Langmuir-Freundlich 

F=5144(6,27) Qm (mmol.g-1) EP 1.917±0.069 1.752±0.136 2.194±0.291 

F=1657(6,27)  EG 1.438±0.050 2.860±0.393 1.929±0.381 

p<0.0001 n EP 0.847±0.002 0.850±0.006 0.869±0.007 

  EG 0.801±0.007 0.870±0.005 0.882±0.010 

 K0 (L. mmol-1) EP 0.126±0.005 0.185±0.014 0.120±0.016 

  EG 0.156±0.005 0.0949±0.0130 0.136±0.027 

 R2 EP 1.000 1.000 1.000 

  EG 1.000 1.000 1.000 

SS/df  EP 1.228e-7/9 1.435e-6/9 1.612e-6/9 

  EG 6.917e-8/9 6.875e-7/9 1.810e-6/9 

Model Comparison (relative to Langmuir-Freudlich; F-test) 

FFreundlich  EP 1019.26 232.46 74.02 

  EG 1017.60 67.15 33.96 

FLangmuir  EP 6012.50 1192.05 358.03 

  EG 6004.88 666.62 161.45 
a SS – Sum of squares; df – degrees of freedom 
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Table 4. Fitting parameters for the Freundlich, Langmuir and Langmuir-Freundlich fit to the experimental 
adsorption isotherms of 4-ethylphenol and 4-ethylguaiacol imprinted and non-imprinted polymers synthesised 
from functional monomer 3. 

   NIP3 MIP3EP MIP3EG 

Freundlich 

F=7243 (4,30) kF (mmol1-NLN) EP 0.0497±0.0010 0.2516±0.002 0.274±0.002 

F=15125 (4,30)  EG 0.0454±0.0002 0.2321±0.001 0.260±0.001 

p<0.0001 n EP 0.899±0.027 0.796±0.009 0.809±0.008 

  EG 0.795±0.005 0.827±0.005 0.846±0.005 

 R2 EP 0.9960 0.9994 0.9995 

  EG 0.9998 0.9998 0.9999 

SS/dfa  EP 6.791e-6/10 2.585e-5/10 2.640e-5/10 

  EG 5.159e-6/10 3.961e-6/10 4.520e-6/10 

Langmuir 

F=5062(4,30) Qm (mmol.g-1) EP 0.230±0.057 0.599±0.028 0.691±0.032 

F=4475(4,30)  EG 0.164±0.033 0.544±0.037 0.674±0.044 

p<0.0001 KL (L.mmol-1) EP 0.266±0.077 0.662±0.042 0.605±0.039 

  EG 0.442±0.106 0.643±0.053 0.555±0.043 

 R2 EP 0.9964 0.9993 0.9994 

  EG 0.9960 0.9992 0.9994 

SS/df  EP 6.716e-6/10 3.474e-5/10 3.456e-5/10 

  EG 5.993e-6/10 2.432e-5/10 2.090e-5/10 

Langmuir-Freundlich 

F=30359 (6,27) Qm (mmol.g-1) EP 0.398±0.757 1.138±0.098 1.313±0.091 

F=23368 (6,27)  EG 0.894±4.187 1.685±0.235 1.893±0.188 

p<0.0001 K0 (L.mmol-1) EP 0.952±0.099 0.887±0.007 0.894±0.006 

  EG 0.888±0.088 0.873±0.006 0.891±0.004 

 n EP 0.127±0.240 0.232±0.020 0.217±0.015 

  EG 0.0443±0.2073 0.118±0.016 0.123±0.012 

 R2 EP 0.9961 1.000 1.000 

  EG 0.9962 1.000 1.000 

SS/df  EP 6.536e-6/9 1.139e-6/9 7.786e-7/9 

  EG 5.128e-6/9 4.694e-7/9 2.886e-7/9 

Model Comparison (relative to Langmuir-Freudlich; F-test) 

FFreundlich  EP 0.312 173.56 263.26 

  EG 0.048 59.51 117.29 

FLangmuir  EP 0.220 236.00 347.10 

  EG 1.35 406.49 571.34 
a SS – Sum of squares; df – degrees of freedom 



 CHAPTER VI – REDUCING VOLATILE PHENOLS BY MOLECULARLY IMPRINTED POLYMERS 

 208 

The binding capacity (KLxQm) of each NIP and MIP synthesised were calculated (Table 5) and 

used to compare the NIP and MIPs performance and calculate the imprinting factor (Baggiani, 

Giraudi, Giovannoli, Tozzi, & Anfossi, 2004). As can be observed in Table 5, the polymer that 

yielded a higher imprinting factor was MIP3 either using 4-EP or 4-EG as templates, although 

for this MIP the 4-EG yielded a higher imprinting effect. The polymers synthesised with the 

functional monomer 1 also yielded an imprinting factor that ranged from 1.41 to 1.78, but 

significantly lower than the imprinting obtained with the functional monomer 3. Also, the 

polymers synthesised with monomer 2 showed an imprinting effect when using 4-EP as a 

template although with lower values that that obtained for MIP3 and MIP1 (1.21 and 1.35), and 

contrarily to the other two MIPs, when 4-EG was used as a template molecule no imprinting 

effect was observed. The effect of the template used on the different imprinting efficiency of 

the MIPs obtained can be explained because template molecules with different steric structures 

have different affinities with the functional monomer with the same amounts of added template 

molecule and functional monomer (Jiang, & Tong, 2004). There was no correlation between 

the NIPs and MIPs binding capacity and the surface area of the polymers (SBET). This lack of 

correlation between the adsorption of the NIPs and MIPs and the surface area has been observed 

in other works (Dirion et al., 2003; Nabavi et al., 2016).  

 
Table 5. Binding Capacity (BC) (L/g) of NIP and MIP and imprinting factor of the polymers synthesised. 

 4-EP 

(L/g) 

4-EG 

(L/g) 

t-test  BCMIP/BCNIP  

NIP1 0.164±0.040a 0.116±0.017a 1.41 sig 4-EP 4-EG 

MIP1EP 0.276±0.064b 0.164±0.036b 1.68 sig 1.68±0.57 1.41±0.37 

MIP1EG 0.292±0.049b 0.198±0.035c 1.47 sig 1.78±0.56 1.71±0.39 

NIP2 0.242±0.013a 0.224±0.011a 1.08 sig   

MIP2EP 0.324±0.035b 0.271±0.053b 1.20 sig 1.35±0.16 1.21±0.24 

MIP2EG 0.263±0.049a 0.262±0.044a - ns 1.08±0.21ns 1.17±0.20ns 

NIP3 0.061±0.024a 0.074±0.023a - ns   

MIP3EP 0.264±0.032b 0.199±0.039b 1.33 sig 4.33±1.78 2.69±0.99 

MIP3EG 0.285±0.028b 0.233±0.033c 1.22 sig 4.66±1.88 3.15±1.08 
Within the same column for each MIP, means with the same letters are not significantly different (t-test, p<0.05); ns – not significantly different 
from zero (t-test, p<0.05); sig – significantly different from zero (t-test, p<0.05) 
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3.3. Effect of NIPs and MIPs in the removal of volatile phenols in spiked red wine 

 

To evaluate the performance of the synthesised MIPs and compared their efficiency in 

relation to the corresponding NIPs in the more complex red wine matrix, their efficiency in VPs 

removal in wines were determined. Wines spiked with 4-EP and 4-EG at two levels (1500 and 

750 g/l and 300 and 150 g/L, respectively) were treated with 250 g/hL of each polymer. The 

dosage used was selected to be able to reduce totally the contaminants, according to the 

adsorption isotherms determined by frontal chromatography (Table 6), considering a linear 

dependence of the adsorption capacity on the level of adsorbent used. The removal efficiency 

of VPs from red wine by the MIPs and NIPs are presented in Table 6 and Figure 11. The 

removal of VPs from wine were dependent on the VPs contamination level, with higher 

contamination levels resulting in a higher adsorption on MIPs and NIPs, as expected. The 

removal efficiency increased from MIP1 to MIP2 and MIP3. Nevertheless, the VPs removal 

observed in wine was significantly lower than that expected from the adsorption curves for each 

NIP and MIP, except for NIP3 that presented values close to that estimated from the adsorption 

isotherms. This difference can be due to the wine matrix that is far more complex than the 

solutions used to determine the adsorption isotherms or due to a non-linear dependence of the 

increase of the adsorbent dose and the removal efficiency as reported for other adsorbents 

(Nandi, Goswami, Das, Mondal, & Purkait, 2008; Rad et al., 2014). Although the adsorption of 

MIPs and NIPs in wines were lower than that predicted from the adsorption isotherms obtained 

by frontal chromatography, there could still be observed an effect of the imprinting of the 

polymers dependent on the VPs spiking level (Table 6). Although the imprinting effect of the 

MIPs were not as high as that determined by the isotherms, the adsorption of VPs observed for 

the NIP3 and MIP3 in red wine presented interesting high values (29-40% and 54-63% for the 

low and high spiking levels, respectively) in the range of that observed for activated carbons 

(Filipe-Ribeiro et al., 2017a) and other adsorbents assayed previously for dealing with this 

problem (Larcher et al., 2012; Marican et al., 2014; Carrasco-Sanchez et al., 2015; Gallardo-

Chacón, & Karbowiak, 2015; Barbosa et al., 2012, Milheiro et al., 2017). The removal 

efficiency was in the range of that obtained by Teixeira et al. (2015) (54-56% for MIP and 40-

45% for NIP for 1659 g/L 4-EP and 149 g/L for 4-EG) using a MIP synthesised with 

vinylpiridine as a functional monomer and EDMA as cross-linker and 4-EP as a template and 

lower than that obtained by Garde-Cerdán et al. (2008) using a polymer synthesised also with 

vinylpiridine using divinylbenzene as a cross-linker and trichloroanisol as a template (89-92% 
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for MIP and 55-62% for NIP), nevertheless in this work the dose applied by these authors was 

higher than that used in this work (400 g/hL vs 250 g/hL), and the initial wine contamination 

level was not shown. 
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a

b

c

Figure 11 - Amount of 4-ethylphenol, 4-ethylguaiacol and total volatile phenols removal by application of 250g/
hL of NIPs and MIPs to volatile phenols spiked wines at two levels (750 and 1500 g/L of 4-EP and 150 and 300
g/L of 4-EG) obtained for NIP1 and MIP1 (a), NIP2 and MIP 2 (b), NIP3 and MIP3 (c). NIP (yellow), MIPEP
(red) and MIPEG (green).
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3.4. Effect of NIPs and MIPs on the instrumental colour intensity, phenolic 

compounds and monomeric anthocyanins 

 

 All NIPs and MIPs resulted in a decrease of the instrumental colour intensity (Table 7), 

nevertheless the decrease observed for the NIPs and MIPs were limited (14 to 19% reduction). 

This decrease in colour intensity was in line with the observed decrease in total monomeric 

anthocyanins of the wines treated with NIPs and MIPs (5% decrease for NIP3 to 8% for 

MIP2EG, Table 8). In fact, there was observed a significant correlation between the colour 

intensity and the monomeric anthocyanins levels in wines (r=0.902, p<0.00036). In line with 

the change in colour intensity, there was also observed an increase in lightness and redness of 

the wines (Table 7). No significant correlation between the reduction in monomeric 

anthocyanins and SBET, Smeso and Vp was observed, nevertheless for the colour intensity there 

was observed a significant correlation between the colour intensity reduction and the polymers 

Vp (r=0.723, p<0.028). For the phenolic acids and catechin there was observed also a decrease 

in their content in wines by application of NIPs and MIPs ranging from 7.7% for NIP1EG to 

23% for MIP2EP, although gallic acid (8.0% for MIP3EG to 28% for MIP5EP), catechin (0.2% 

for NIP1 to 50% to MIP3EG) and p-coumaric acid ethyl ester (38% for NIP1 to 50% NIP1EG) 

were more affected than the other phenols (Table 9). There was no correlation between the 

reduction in the total phenols determined by HPLC and SBET, Smeso and Vp of the polymers used. 

Teixeira et al. (2015) observed a 29% (NIP) to 44% (MIP) reduction in the phenolic compounds 

determined by HPLC. Also, they observed a decrease in monomeric anthocyanins for the wines 

treated with NIP and MIPs from 18% to 25%, respectively. Garde-Cerdán et al. (2008) didn’t 

measure the impact of their MIP on the phenolic compounds and monomeric anthocyanins. 

None of the two-previous works measured the impact of the wine treatment with MIPs on the 

colour intensity and chromatic characteristics of the MIP-treated wines. 
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3.5. Effect of NIPs and MIPs on the headspace abundance of aroma compounds 

 

As observed in Table 10, all NIPs and MIPs decreased the headspace abundance of the 

wine aroma compounds including the headspace abundance of VPs that reached 68% and 63% 

for 4-EP and 4-EG, respectively for MIP3EG. As expected there was observed a significant 

correlation between the decrease in the headspace abundance of the VPs and the removal 

efficiency of the different NIPs and MIPs (r=0.832, p<0.054 for 4-EP and r=0.917, p<0.00050 

for 4-EG). For the high spiking levels, the same trend in decrease of headspace aroma was 

observed (r=0.951, p<0.001 for 4-EP and r=0.971, p<0.0001 for 4-EG), as expected from the 

removal observed for the total amount of 4-EP and 4-EG (Table 6, data not shown). Although 

there was observed a decrease in all the aroma compounds by application of NIPs and MIPs, 

some aromas were more affected that others. For example, ethyl decanoate abundance on the 

headspace aroma was decrease to undetectable levels for all NIPs and MIPs and ethyl 

dodecanoate was not detected in the headspace aroma of wines treated with NIP3 and MIP3. 

Also, the decrease in the headspace aroma abundance of 4-EP and 4-EG were higher than that 

observed for ethyl acetate (relative headspace abundance reduction 1.9-3.0), 3-methylbutan-1-

ol acetate (1.4-2.7), ethyl hexanoate (1.1-1.5), diethylsuccinate (1.3-2.0); 2-Phenylethanol (1.6-

1.9). On the other hand, higher reductions in headspace abundance were observed for 

ethyloctanoate (0.6-1.1), and octanoic acid (0.6-0.9). To develop a deeper insight into the 

internal data structure, a PCA was performed on the headspace abundance of all aroma 

compounds detected by HS-SPME (Figure 12). PCA yielded two principal components 

explaining >93% of the total variance in the original data set. Analysing the loadings obtained 

for each aroma compound, it can be observed that the PC1, which explains 73% of the total 

variance, correlates negatively with all aroma compounds, except for ethylacetate and 3-

methylbutan-1-ol-acetate. The PC2, which explains 20% of the total variance, correlates 

positively with the 3-methylbutan-1-ol-acetate and negatively with ethyl acetate (Figure 12). 

The scatter plot of the sample scores (Figure 12) shows that the samples were distributed 

according to PC1 in order of increasing removal of 4-EP and 4-EG, with MIP3EG presenting 

the higher PC1 score. NIP1 presented the lowest PC1 score of the NIPs and MIPs being the 

polymer that yielded a lower reduction in headspace aroma abundance compared to the other 

polymers. Additionally, samples with high scores on PC2 contained a higher abundance of 3-

methylbutan-1-ol-acetate (NIP3, MIP3EP and MIP3EG), higher than those with negative PC2 

that showed a higher abundance of ethyl acetate (NIP1, NIP2 and MIP2EG). Also, samples 
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with a higher negative PC2 score showed a lower reduction in the abundance of 2-phenylethanol 

(NIP2, MIP2EP and MIP2EG). 

 

 
Figure 12. Projection of PCA data from NIP and MIP-treated red wine samples (); headspace aroma abundance 
(□). Ac3 MetButol - 3-Methylbutan-1-ol acetate; EtAc – Ethyl acetate; EtHex - Ethyl hexanoate; EtOct - Ethyl 
octanoate; EtDec - Ethyl decanoate; EtDod – Ethyldodecanoate; DiEtSuc – Diethyl succinate; PhEt - 2-
Phenylethanol; 4-EG - 4-Ethylguaiacol; 4-EP - 4-Ethylphenol; Oct Ac – Octanoic acid  
 

Except for ethyl acetate and 3-methylbutan-1-ol-acetate where it was observed a 

significant correlation between the reduction in headspace abundance and the SBET of the 

polymers was observed (r=0.731, p<0.034 and r=-0.834, p<0.0051, respectively), no correlation 

was observed for the headspace abundance of the other aroma compounds and the SBET of the 

NIPs and MIPs. 

The reduction in the total headspace abundance of aroma compounds of the NIPs and 

MIPs synthesised in our work ranged from 25% for NIP1 to 50% for MIP3EP, in the range of 

that observed by Teixeira et al. (2015) for the wines treated with a 4-vinylpiridine-EDMA 

molecularly imprinted polymer (36% reduction), and lower than that observed by Garde-

Cerdán et al. (2008) where the reduction observed in the aroma compounds analysed ranged 

from 31 to 93%. 
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3.6. Effect of NIPs and MIPs treatment on wine sensory attributes  

 

In order to gain insights into the impact of the chemical changes in wines observed by 

the application of MIPs and NIPs on the sensory profile of wines, wines treated with 250 g/hL 

of NIP 2 and NIP3 and of MIP2EP and MIP3EG were subjected to sensory analysis by an expert 

panel. These MIPs were selected has they presented the higher reduction efficiency of 4-EP and 

4-EG when applied to wine and as they presented also higher adsorption capacity when 

analysed by frontal analysis. The correspondent NIPs were also analysed to ascertain if the 

observed increase in absorption capacity of MIPs in relation to NIPs can be detected sensory. 

For ethical reasons only the visual and aroma sensory wine attributes were evaluated.  

Only wines spiked with lower levels of VPs were subjected to sensory analysis as in 

these wines the tested MIPs were able to reduce the amount of these contaminants below their 

ODT reported in the literature (605 g/L for 4-EP and 110 g/L for 4-EG, Chatonnet et al., 

1992). As can be observed in Table 11, as expected, the presence of these VPs impacted 

significantly and negatively on the aroma profile of spiked wine (TF), as the phenolic aroma 

was significantly increased, and the wine fruity and floral aroma decreased significantly. Panel 

consensus on each wine attribute was accessed through the percentage of variance explained 

by the first PCA (Dijksterhuis, 1995). The variance explained by the first PC ranged from 51% 

to 96%, yielding the C-index presented in Table 11. Similar values have been reported for 

trained panels assessing different attributes and different products (Dijksterhuis, 1995; 

Echeverría, Lara, Fuentes, López, Graell, & Puy, 2008; Filipe-Ribeiro et al., 2017a; Filipe-

Ribeiro et al., 2018). For a sensory attribute, the higher the explained variance and C-index, the 

closer this attribute is to unidimensionality, indicating the consensus of the panel in the 

perception of this attribute. All attributes evaluated presented a high consensus between judges 

(C-index >1; Table 11). For wines treated with NIPs 2 and 3 and MIPs 2 and 3 there was a 

significant decrease in the phenolic attribute significantly different from TF (Table 11), 

although also significantly different from T0. Although in average MIPs presented a lower 

phenolic attribute than NIPs, only for the wine treated with MIP3 there was a significantly lower 

phenolic attribute when compared to the correspondent NIP3. These results were in accordance 

with the removal efficiency of VPs by these NIPs and MIPs (Table 6, Figure 11). The treatment 

of wines with NIPs and MIPs also decrease the oxidised aroma of wines imparted by the 

addition of VPs to wine (Table 11). Wine treated with MIP3EG was the only one with an 

oxidised aroma attribute significantly different from TF. The decrease in phenolic attribute of 
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the wines treated with NIPs and MIPs resulted in a recovery of the fruity and floral attributes 

of the wines (Table 11). For the fruity attribute all wines presented a significantly high value 

than the wine spiked with volatile phenols (TF), although also significantly lower than that 

observed for the control wine (T0). Again, wines treated with the MIPs presented in average a 

higher fruity score than the wines treated with the correspondent NIPs, and again only for MIP3 

this difference was significant (Table 11). For the floral aroma although all NIPs and MIPs 

presented an average higher score, only for the MIP2EP the score observed was significantly 

higher than the spiked wine (TF), although the other wines treated with MIP3EG, NIP2 and 

NIP3 were not significantly different from MIP2EP. For the colour intensity, hue, limpidity and 

oxidised attributes the NIPs and MIPs didn’t change significantly these wine attributes (Table 

11). 
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3.7. Impact of wine chemical composition changes on sensory profile of red wine 

treated with NIPs and MIPs 

 

3.7.1. Sensory colour intensity attributes 

The wine colour intensity of the wines treated with NIPs and MIPs perceived by the 

judges didn’t differed significantly than the untreated wines (T0 and TF), although a significant 

decrease of the instrumental colour intensity was observed for the wines and there was observed 

a significant difference in the L* and a* of the wines when treated with NIPs and MIPs. This 

lack of difference in the sensory colour intensity of the wines treated with NIPs and MIPs may 

be explained by the fact that although there were significant decreases, the decrease observed 

is limited (19% for the colour intensity) and a maximum E* of 7.17.

 

3.7.2. Aroma attributes 

Multiple factor analysis (MFA) was applied to the sensory scores provided by the expert 

panel for aroma (Figure 13) and the headspace aroma compounds abundance. For the aroma, 

the coordinate of the group of variables (tables) were displayed and used to create the map of 

the tables (Figure 13b). As can be observed the first factor was more related to the sensory 

attributes table and the second factor more related with the chemical variables table. From the 

variables map it can be concluded that for the first factor sensory attributes variables contribute 

72.7% and the chemical variables contribute 27.3% and for the second factor sensory variables 

contribute 9.0% while chemical variables contribute 91.0% (Figure 13b). Moreover, according 

to the Lg results, the first axis corresponded to a direction of very significant inertia for each 

group (0.712 and 0.778 for the sensory and chemical variables, respectively). The negative 

phenolic, vegetable and oxidised aroma attributes as well as the 4-EP and 4-EG levels were 

negatively correlated with F1. The positive fruity and floral attributes were positively correlated 

with F1, showing that the lower levels of these two VPs were more important for the perception 

of these important sensory attribute, than the levels of the other headspace aroma compounds 

that presented a correlation with F2. These results were in line with previous works that have 

shown that the absence of aroma wine defects, including VPs, was more important for the wine 

aroma profile and that defective and negative odorants exert a strong aroma suppression effect 

on fruity aroma (Ferreira et al., 2009; San-Juan, Ferreira, Cacho, & Escudero, 2011; Filipe-

Ribeiro et al, 2017a; Filipe-Ribeiro et al., 2017b; Filipe-Ribeiro et al., 2018). This suppressing 

effect of VPs on wine aroma fruity attribute was also observed in this work, as when these VPs 
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were added to wine, TF, the fruity scores decreased significantly (Table 11). The results 

obtained from MFA supported the results from sensory analysis of the wines obtained after 

treatment with the different NIPs and MIPs, highlighting the importance of removal of the VPs 

for recovery of the fruity and floral aroma attributes. Considering the results obtained for colour 

and aroma descriptors determined by the expert panel, and their validation by the chemical 

composition of wines obtained after treatment with NIPs and MIPs, it can be observed that the 

wine treated with MIP3EG and MIP2EP resulted in a wine with an improved sensory profile 

significantly different from VPs spiked wine. This was due to the efficient removal of the VPs 

even more efficient that the correspondent NIPs. 
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a) b) 

  

                               c) 

 

Figure 13. Multiple Factorial Analysis of aroma sensory and chemical data: (a) representation of wine samples 
and clouds; (b) representation of groups (tables) of variables; (c) distribution of variables. VPs-free (T0) and VPs-
spiked (TF) red wines and wines treated NIP2, NIP3, MIP2EP and MIP3EG applied at 250 g/hL doses. Centroid 
(○); sensory data (△); chemical data (♢). AcEt – ethylacetate; Ac3MetButol - 3-Methylbutan-1-ol acetate; EtOct 
- Ethyl octanoate; EtDec – Ethyl decanoate; DiEtSuc - Diethyl succinate; EtDod – Ethyl dodecanoate; PhEt - 2-
Phenylethanol; 4-EG - 4-Ethylguaiacol; 4-EP - 4-Ethylphenol; OctAc – Octanoic acid. 
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4. Conclusions 

 

In this work a selective molecularly imprinted polymer with improved 4-ethylphenol 

and 4-ethylguaiacol adsorption capacity was successfully synthesised by precipitation 

polymerisation using 4-EG as template and ethylene glycol methyl ether acrylate and ethylene 

glycol dimethacrylate as functional and crosslinking monomers, respectively, presenting a 3.2 

to 4.7-fold higher 4-EP and 4-EG adsorption capacity when compared to the correspondent 

non-imprinted polymer. Although its adsorption capacity in wine was significantly reduced, 

probably to the complex composition of wine, it still presented a high adsorption capacity of 

VPs ranging from 38 to 63% removal of VPs, depending on the wine VPs concentration, a 1.15 

to 1.53 times higher adsorption than the correspondent NIP. Although this MIP decreased by 

14% the instrumental colour intensity of the wine, due to the removal of 6% of the monomeric 

anthocyanins, and 51% decrease of the aroma headspace abundance, sensory analysis of the 

VPs spiked wine treated with this MIP resulted in a significant decrease of the phenolic attribute 

and a significant recovery of the fruity and floral attributes, with no significant differences in 

the wine colour perceived by the expert panel. The sensory improvement of the MIP was 

significantly higher than that observed for the correspondent NIP. These results show that the 

design of high selective specific adsorption polymers by imprinting can be a good solution to 

deal with the negative sensory impact of volatile phenols. 
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Abstract 

 

Cork powder, an abundant, natural and cheap by-product of the cork industry was 

explored and optimised with the purpose of removing the red wine negative volatile phenols 

(VPs), 4-ethylphenol and 4-ethylguaiacol. Optimisation of cork performance by removal of 

dichloromethane and ethanol cork extractives, air removal and ethanol impregnation, allowed 

to obtain 41 to 62% of 4-ethylphenol and 50 to 53% of 4-ethylguaiacol removal from VPs 

spiked red wine applied at 250 g/hL. There was no significant impact on phenolic acids and 

monomeric anthocyanins, although being observed a decrease in the headspace aroma 

abundance (40%). This optimised cork powder allowed to decrease significantly the wine 

negative phenolic, bitterness and astringency, recovering the positive fruity and floral sensory 

attributes. Results show that optimised cork powder can be a good solution for VPs removal 

without impacting negatively on the wine quality and sensory profile and be used as new 

oenological fining agent. 

 

 

Keywords: Red wine, 4-Ethylphenol, 4-Ethylguaiacol, Cork powder, Air removal, Ethanol 

impregnation, Extractives, Phenolic compounds, Aroma compounds, Sensory quality. 
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1. Introduction 

 

In red winemaking, especially those aged in wood barrels, the contamination and growth 

of Dekkera/Brettanomyces yeasts results in the formation of 4-ethylphenol (4-EP) and 4-

ethylguaiacol (4-EG) by decarboxylation of p-coumaric and ferulic acids present in wine and 

subsequent reduction of the correspondent vinylphenols (Chatonnet, Dubourdieu, Boidron, & 

Poins, 1992; Chatonnet, Viala, & Dubourdieu, 1997). These volatile phenols (VPs) are 

responsible for negative aromatic notes like horsy, barnyard, smoky and medicinal (Chatonnet 

et al., 1992; Ribéreau-Gayon, Glories, Maujean, & Dubourdieu, 2006). This important sensory 

defect has been reported in several wine styles around the world, especially, premium wines 

(Campolongo, Siegumfeldt, Aabo, Cocolin, & Arneborg, 2014), considered negative by 

professionals, consumers and wine industry (Schumaker, Chandra, Malfeito-Ferreira, & Ross, 

2017; Tempère, Schaaper, Cuzange, de Lescar, de Revel, & Sicard, 2016) and thus VPs are a 

global problem in winemaking.  

For these reasons several preventive and remedial treatments have been tested. 

Preventive action includes for example the maintenance of adequate levels of SO2 throughout 

the winemaking process, reduction/elimination of oxygen levels in wine, use of 

dimethyldicarbonate (DMDC) before bottling and the addition of fungal chitosan are some of 

the measures that have found some degree of success (Portugal et al., 2014; Suárez, Suárez-

Lepe, Morata, & Calderón, 2007). Several remediation treatments have also been developed to 

remove from wine the already formed VPs or to decrease the headspace content by decreasing 

their partition coefficients to the gas phase without changing the total VPs content of wines. Of 

these methods, those tested in wines presenting good removal efficiency at practical application 

doses are activated carbons (Filipe-Ribeiro, Milheiro, Matos, Cosme, & Nunes, 2017a; Filipe-

Ribeiro, Milheiro, Matos, Cosme, & Nunes, 2017b), potassium caseinate (Milheiro, Filipe-

Ribeiro, Cosme, & Nunes, 2017), egg albumin (Milheiro et al., 2017), esterified cellulose 

(Larcher, Puecher, Rohregger, Malacarne, & Nicolini, 2012). Nevertheless, although they are 

efficient in reducing the total amount of VPs in wines, the use of potassium caseinate and egg 

albumin have the drawback of the potential allergencity of these fining agents and therefore are 

of mandatory labelling in wine if residual concentration is higher than 0.25 mg/L (EU 

Regulation 579/2012). For the decrease of headspace abundance of VPs chitosans have been 

shown to be effective (Filipe-Ribeiro, Cosme, & Nunes, 2018).  
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A previous work in a model wine solution using cork pieces (20 mm long, 10 mm wide 

and 2 mm thick) have shown that at 3333 g/hL application dose, cork was able to remove 39% 

of 4-EP and 32% of 4-EG (Karbowiak, Mansfield, Barrera-García, & Chassagne, 2010). Also, 

cork suberin adsorbed on glass beads, was able to remove 49 to 67% of 4-EP and 45 to 71% of 

4-EG, depending on the red wines contamination dose (Gallardo-Chacón, & Korbowiak, 2015), 

nevertheless the application dose was not available. These results give a strong evidence that 

cork could be a useful natural and sustainable fining agent to deal with the serious problem of 

red wine “Brett character”.  

Cork, the bark of the oak (Quercus suber L.), is a natural, renewable, sustainable raw 

material, which is periodically harvested from the tree, usually every 9-12 years, depending on 

the cultivation region (Silva, Sabino, Fernandes, Correlo, Boese, & Reis, 2005). Quercus suber 

L. is a slow growing, evergreen oak that flourishes only in specific regions of the Western 

Mediterranean (Portugal, Spain, Southern France, part of Italy, North Africa) and China 

(Barberis, Dettori, & Filiggheddu, 2003; Costa, Pereira, & Oliveira, 2003; Fialho, Lopes, & 

Pereira, 2001). Portugal is the major cork producer and processes about three-quarters of all the 

cork (Costa et al., 2003; Fialho et al., 2001). Industrial transformation of cork generates up to 

25 wt % of cork dusts as by-product (Gil, 1997, Godinho, Martins, Belgacem, Gil, & Cordeiro, 

2001). Cork wastes and cork powders have been used as bioadsorbents for removing pesticides 

and other polluents from wastewaters with promising results (Pintor et al., 2012). Biosorption 

is an emergent technology expected to show strong growth soon because it offers high cost 

effectiveness, although further improvements in its performance are needed (Silva et al., 2005). 

Environmental protection legislation is becoming increasingly important and effective solutions 

will be at premium (Volesky, 2001).  

The cork tissue is compact, without intercellular voids, and with a regular honeycomb 

arrangement. This biological tissue is homogeneous with regard to cell type: the cells are dead 

parenchymateous cells with hollow, air-filled interiors, prismatic, hexagonal on average, and 

are stacked base-to-base in an alignment oriented in the tree´s radial direction (Pereira, 2015). 

Suberin, a natural aliphatic–aromatic crosslinked polyester, is the major component of cork, 

accounting for 30-50% of its weight. Other components include lignin (large group of aromatic 

polymers resulting from the oxidative combinatorial coupling of 4-hydroxyphenylpropanoids) 

accounting for 15-30% and the cell wall cellulose and hemicellulose accounting for 6-25%. 

Additionally, there are present 8-20% of low molecular weight compounds including fatty 

acids, terpenes, long chain aliphatic compounds and saccharides, collectively known as 
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extractives (Gandini, Pascoal, & Silvestre, 2006; Pereira, 2013). Cork presents also about 6% 

of tannins (Gil, & Moiteiro, 2003). 

Thus, the aim of this work was to explore the possibility of using cork powder by-

product, either in its natural form or after its optimisation by simple physical and chemical 

treatments, as a new cheap and sustainable wine fining agent for removing VPs from spiked 

wine and its negative “Brett character”. Also, its impact on the chemical wine composition and 

sensory profiles were evaluated.  

 

2. Materials and Methods 

 

2.1. Cork samples and preparation 

 

Cork powder with an average particle size of 372 m (interquartile range 1009-137 m) 

was obtained from a local cork stoppers producer and supplied by SAI, Lda. (Paredes, Portugal). 

Natural cork powder (CKN) was extracted with dichloromethane by soxhlet extraction 

overnight (24h) followed by a second soxhlet extraction overnight with (24 h) ethanol for 

extracting the corresponding cork extractives (CKF). For obtaining dichloromethane and 

ethanol extractive free cork powder with a particle size below 75 m (CKF75), CKF was sieved 

through a screen sieve. For removing the air enclosed in the cork powder and simultaneously 

impregnate the material with ethanol (CKNI, CKFI and CKFI75), a proportion 0.250 g cork 

were immersed in 5 mL of ethanol and the suspension was vacuum degassed (0.00131 atm) by 

repeated cycles (11 times) of vacuum and vacuum release. The number of degassing cycles was 

chosen by observing the sedimentation of the cork powder in the bottom of the container. After 

impregnation the cork powders were allowed to stand 12 h in contact with ethanol (96% v/v). 

After this time the ethanol was removed by centrifugation (10 min, 10,956 g, 20 ºC). The cork 

sediment obtained was used for the wine fining experiments. 

 

2.2. Cork powder samples physicochemical characterisation 

 

2.2.1. Cork powder textural characterisation 

Cork powders (CKN, CKF and CKFI75) were characterised in terms of their texture 

(surface area, porosity, and pore-size distribution). The texture characteristics were carried out 

by gas adsorption. The samples were first oven dried at 150 C for 5 h. The adsorption isotherms 
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for N2 (purity > 99.998%) at -196 C were determined using a semiautomatic adsorption 

apparatus Quantachrome Nova4200e. About 0.10 g of sample was used in each adsorption 

experiment. The adsorbent was placed in a glass container and outgassed at 250 C for 12 h, at 

a pressure lower than 10-3 Torr, prior to adsorption measurements. The specific areas were 

calculated by the Brunauer-Emmett-Teller (BET) method (SBET), using the BET equation in the 

linear range between 0.05˂p/p0˂0.30 (were p is the pression and p0 the saturation pression). The 

mesopore area (Smeso) and the volume of micropores (Vmicro) were determined by the t-method 

(Rouquerol, Rouquerol, Sing, Llewellyn, & Maurin, 2014). The total volume of pores (Vp) was 

calculated for p/p0 = 0.95. The mode of pore diameter distribution (Dp) was calculated by the 

density functional theory (DFT) method according to International Union of Pure and Applied 

Chemistry (Sing et al., 1985) and the classification of pores was as follow: size ˂ 2 nm - 

micropores, 2-50 nm - mesopores and ˃ 50 nm - macropores. Analyses were performed in 

duplicate. 

 

2.2.2. FTIR analysis 

Natural cork powder (CKN) and dichloromethane and ethanol extractive free cork 

powder (CKF) FTIR spectra were recorded in the range of wavenumbers 4000-450 cm-1, and 

128 scans were taken at 2 cm-1 resolution using a Unicam Research Series FTIR spectrometer. 

KBr pellets were used. Pellets were prepared by thoroughly mixing cork powder samples and 

KBr at a 1:40 sample/ KBr weight ratio in a small size agate mortar. The resulting mixture was 

placed in a manual hydraulic press, and a force of 15 tons was applied for 10 min. The spectra 

obtained were background corrected and smoothed using the Savitzky-Golay algorithm using 

PeakFit v4 (AISN Software Inc., 1995). Analyses were performed in duplicate. 

 

2.2.3. X-ray diffraction analysis 

Powder X-ray diffraction (XRD) data were recorded on solid samples using a 

PANalytical X’Pert Pro X-ray diffractometer equipped with an X’Celerator detector and 

secondary monochromator. The measurements were performed using Cu Kα radiation (40kV; 

30 mA) in Bragg-Bentano geometry at a 7-60° 2θ angular range. Analyses were performed in 

duplicate. 
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2.2.4. Determination of cork powder structure by scanning electron microscopy 

Cork powder samples morphology was analysed using the FEI Quanta 400 Scanning 

Electron Microscope (FEI Company, USA) in environmental mode at 1.33 mbar using a Large 

Field Detector (LFD). Cork powder samples were applied on carbon glue and let dry at room 

temperature. An accelerating voltage of 15 kV was used. 

 

2.2.5. Determination of the accessible area using the iodine number 

The determination of iodine number was performed according to the European Council 

of Chemical Manufacturers Federations protocols (European Council of Chemical 

Manufacturers Federations, 1986). 

 

2.3. Experimental design 

 

To study the performance of cork powders on removal of VPs from spiked wines five 

different cork powder samples were used at 250 g/hL (CKN, CKNI, CKF, CKFI, CKFI75250) 

and for the CKFI75 an application dose of 500 g/hL was used (CKFI75500). The wine was 

previously spiked at two levels of 4-EP (750 and 1500 µg/L – medium and high, levels, 

respectively) and 4-EG (150 and 300 µg/L – medium and high levels, respectively) according 

to the ranges usually found in the literature (Chatonnet et al., 1992; Pollnitz, Pardon, & Sefton, 

2000). Corks were added at 250 g/hL and one type at 500 g/hL (CKFI75500) for the wine added 

to 100-mL plastic cups. The wine was allowed to remain in contact with chitins and chitosans 

for 6 days at 20 °C without shacking. After 6 days, the wine was centrifuged at 10,956 g, 10 

min and 20 °C for analysis. All experiments were performed in duplicate. 

 

2.4. Wine samples 

 

Red wine from Douro Valley (vintage 2016) were used in this work. The main 

characteristics of the wine used: alcohol content (% v/v) 13.0, specific gravity (20 °C) (g/mL) 

0.9920, titratable acidity (g tartaric acid /L) 5.8, pH 3.77, and volatile acidity (g acetic acid /L) 

0.56. Analyses were performed in duplicate. 
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2.5. Headspace wine aroma composition by solid phase microextraction (HS-SPME)  

 

For the determination of the headspace aroma composition of red wines, a validated 

SPME method using Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 μm coated fibre, 

confirmed in our laboratory, was used (Filipe-Ribeiro et al., 2017a) All analyses were 

performed in quadruplicate.  

 

2.6. Determination of 4-EP and 4-EG by liquid-liquid extraction and GC-MS analysis 

 

 The extractions were performed following the methodology described by Milheiro et al. 

(2017). Analyses were performed in quadruplicate. 

 

2.7. Colour, total anthocyanins and chromatic characterisation 

 

Colour intensity and hue were determined according to OIV (2009). The chromatic 

characteristics of the wines’ L* (lightness), a* (redness), and b* (yellowness) coordinates were 

calculated using the CIELab method according to OIV (2009). The Chroma [C* = [(a*)2 + 

(b*)2]1/2] and hue-angle [hº = tang_1 (b*/a*)] values were also determined. To distinguish the 

colour more accurately, the colour difference was calculated using the following equation: E* 

= [(L*)2 + (a*)2 + (b*)2]1/2. All analyses were performed in duplicate. 

 

2.8. High-performance liquid chromatography (HPLC) analysis of anthocyanins and 

phenolic acids 

 

Analyses were performed according to Guise, Filipe-Ribeiro, Nascimento, Bessa, 

Nunes, and Cosme (2014), and quantification was performed according to Filipe-Ribeiro et al. 

(2017b). 
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2.9. Sensory evaluation 

 

Sensory analysis was performed by a panel composed by six experts (ISO 6658, 1985). 

Fifteen attributes were selected: visual (limpidity, hue, colour intensity and oxidised), aroma 

(fruity, floral, vegetable, phenolic and oxidised aroma) and taste and tactile/textural descriptors 

(taste - bitterness, acidity, tactile/textural - astringency, body, balance and persistence) using an 

adapted tasting sheet based on that recommended by the OIV 

(http://www.oiv.int/public/medias/3307/review-onsensory - analysis-of-wine.pdf). The 

attributes were quantified using a five-point intensity scale (ISO 4121, 2003). Scales were 

anchored with the terms “low intensity” for score one and “high intensity” for score five, and 

panellists scored only integer values. Sensory analysis of samples was performed in duplicate 

in two different tasting sections. All evaluations were conducted from 10:00 to 12:00 p.m. in 

an individual booth (ISO 8589, 2007) using the recommended glassware according to ISO 3591 

(1977). A wine volume of 50 mL was used to allow the tasters to taste 25 mL of wine twice 

(ISO 3591, 1977) and were presented in random order (ISO 6658, 1985). The consistency 

between panellists (C-index) was evaluated by consonance analysis (Dijksterhuis, 1995). 

 

2.10. Statistical treatment 

 

Statistically significant differences between means were determined by analysis of 

variance (ANOVA, one-way) followed by Tukey’s honestly significant difference (HSD, 5% 

level) post-hoc test for the physicochemical data and a post-hoc Duncan test for sensory data. 

All analyses were performed using Statistica 7 Software (StatSoft, Tulsa, OK U.S.A.). Multiple 

Factor Analysis (MFA, XLSTAT-RIB) was performed using XLSTAT (Addinsoft, Anglesey, 

UK). 

 

 

 

 

 

 

 

 

http://www.oiv.int/public/medias/3307/review-onsensory
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3. Results and Discussion 

 

3.1. Physicochemical characterisation of cork material  

 

Natural cork powder (CKN) was initially treated to remove the dichloromethane and 

ethanol cork extractives (9.9% of dichloromethane and ethanol extractives, CKF). The CKF 

was further sieved in other to obtain cork powder with a particle size below 75 m (29% of the 

CKF, CKF75). The N2 adsorption isotherms were determined to evaluate the specific surface 

area and porosity features of these three cork powder samples. Isotherms of all cork powders 

are of Type III (Figure 1), beloing to the class of nonporous or macroporous solids, according 

to Brunauer classification (Gregg, & Sing, 1991). The table 1 presents the parameters obtained 

through analysis of the N2 isotherms by the BET equation and t- method. 

 

 
Figure 1. Adsorption isotherms of cork powders (N2, -196ºC). Natural cork powder (CKN - black), 
dichloromethane and ethanol extractive free cork powder (CKF - red) and dichloromethane and ethanol extractive 
free cork powder with a particle size below 75 m (CKF75 - green). 
 

Table 1. Surface area (SBET), micropore volume (Vmicro) and pore diameter (Dp) as determined from N2 Isotherms 
at −196 °C for cork powder samples. 

Samples SBET Smeso Vp Vmicro Dp 

 
(m2/g) (m2/g) (cm3/g) (cm3/g) (nm) 

CKN 0.257±0.1a - - 0.0060.001a 3.55±0.08a 

CKF 0.259±0.1a - - 0.005±0.002a 3.57±0.08a 

CKF75 8.805±2.0b - - 0.011±0.05b 3.56±0.08a 
CKN (Natural cork powder), CKF (Cork free extractives) and CKF75 (Cork free extractives impregnated below 75 µm). 
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 The cork powder samples presented very low SBET, although the CKF75 presented an 

almost 34-fold increase in this parameter. Also, the volume of micropores was very low, and 

again CKF75 presented a twofold increase in the micropore volume. These low values of SBET 

and volume of micropores of the cork samples are in accordance with previous results (Pintor 

et al., 2013). These results however are not in accordance with those obtained by Domingues, 

Alves, Cabral and Delerue-Matos (2005) for cork granulates with 1-2 mm and 3-4 mm, who 

found a surface area of 6.3 m2/g and 10.7 m2/g and a pore volume of 2.83 cm3/g and 2.24 cm3/g, 

respectively, obtained by mercury porosimetry. These differences can be explained by the 

different methods used for evaluation of the materials, i.e. mercury porosimetry versus nitrogen 

adsorption methods (Westermarck, Juppo, Kervinen, & Yliruusi, 1998). As can be observed in 

Figure 2 and Figure 3, for CKN and CKF, respectively, these samples are mainly composed by 

particles containing the intact cork cells. For CKF75 there were not observed these features, 

being mainly composed by cell fragments (Figure 4). According to Rosa & Pereira (1994) these 

hexagonal pores (the hollow cells) are inaccessible to the molecules of the contact solutions, 

because they seem to be closed with air inside. As the interior cells are closed, cork has no 

available internal porosity; therefore, only these external macropores are detected. Considering 

the pores characteristics, the results obtained may suggest that the surface area is mostly due to 

the external surface. The cork surface area is lower than that reported for activated carbons 

Filipe-Ribeiro et al. (2017a) (obtained by Brunauer-Emmett-Teller nitrogen adsorption 

method). These differences are due to the fact that cork particles are essentially constituted of 

macropores while activated carbons has mesopores and micropores.  
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a                                                                      b

c

Figure 2. Scanning electron micrographs of natural cork powder (CKN) magnified by 100× (a), 500× (b) and
2000× (c).
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a                                                                      b

c

Figure 3. Scanning electron micrographs of dichloromethane and ethanol extractive free cork powder (CKF)

magnified by 100× (a), 500× (b) and 2000× (c).
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a                                                                     b

c

Figure 4. Scanning electron micrographs of dichloromethane and ethanol extractive free cork powder with a
particle size below 75 m (CKF75) magnified by 100× (a), 500× (b) and 2000× (c).
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 The cork powder samples were further characterised by FTIR spectroscopy (Figure 5) 

and X-Ray diffraction analysis (Figure 6). 

 

 
Figure 5. FTIR spectra of natural cork powder (CKN - black) and dichloromethane and ethanol extractive free 
cork powder (CKF - red) and cork powder below 75 m (CKF75 - green). 
 

The Table 2 summarises the assignments of the corresponding FTIR bands, based on 

previous work (Lopes, Barros, Pascoalneto, Rutledge, Delgadillo, & Gil, 2001). The spectrum 

of initial cork powder (CKN) and that of the CKF and CKF75 were very similar. They were 

characterised by an O-H stretch band (ca. 3415 cm-1) and a dominant CH band, with two peaks 

(ca. 2935-2850 cm-1) corresponding to the aliphatic moieties in lignin and carbohydrates, but 

mostly in suberin components (Table 2). The intense C=O stretching band at 1745 cm-1 is 

characteristic of aliphatic esters in suberin. The 1635-1515 cm-1 region corresponded to an 

aromatic C=C stretch, from aromatic suberin, but mainly from lignin components. The bands 

at 1468 cm-1 and 1384 cm-1 reflected C-H symmetric and asymmetric deformations, 

respectively. The region 1270-1032 cm-1 showed C-O stretch and deformation bands in 

cellulose, hemicelluloses and lignin, although in this region, suberin can also contribute to the 

absorption with the C-O stretching from its ester groups (Table 2).  
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Table 2. Characteristic absorption bands and their assignment in natural cork and dichloromethane and ethanol 
extractive free cork powders. 

Wavenumber Vibration Attribution 

3425 OH stretch Hemicellulose, cellulose, lignin, suberin 

2924 CH aliphatic stretch Suberin, hemicellulose, cellulose, lignin 

2852  Suberin, hemicellulose, cellulose, lignin 

1741 C=O stretch Suberin, hemicellulose, cellulose, lignin 

1632 C=C Suberin 

1608 (sh)  Suberin, lignin 

1512  Suberin, lignin 

1466 CH assym stretch Suberin, hemicellulose, cellulose, lignin 

1371 CH sym stretch Suberin, hemicellulose, cellulose, lignin 

1261 CO stretch Suberin, hemicellulose, cellulose, lignin 

1163 CO assym stretch Suberin, hemicellulose, cellulose, lignin 

1038 CH, CO deform Hemicellulose, cellulose, lignin 

723 CH=CH Suberin 

 

 These results show that the major components of the cork powder, namely suberin, 

lignin and polysaccharides, were not changed due to the extraction of CKN with 

dichloromethane and ethanol, and that sieving allowed to obtain cork particles with similar 

composition to the initial CKF. 

The X-ray diffraction pattern of cork powder samples displayed a broad amorphous halo 

(broad halo centred ca. 2θ ≈ 21.2°), typical of amorphous materials (Figure 6). In the original 

cork powder some small but clear peaks are observed in the spectra that disappeared with the 

removal of dichloromethane and ethanol extractives. The X-ray diffraction pattern observed 

was similar to that of suberin films (Garcia et al., 2014). These results are in accordance with 

the literature, showing that the extraction with dichloromethane and ethanol removed some 

crystalline materials present in the cork cell (Kreger, 1958). For the CKFI75 the same X-ray 

diffraction pattern of CKF was observed, nevertheless the sample crystallinity was lower as the 

X-ray diffraction pattern showed a lower intensity when the intensity at the peak (2θ ≈ 21.4° is 

compared to 2θ ≈ 10°; 2.22 vs 2.47, respectively). This may be due to a lower amount of 

structured cell walls components in these fractions as discussed previously; CKF75 seems to 

be composed by cell fragments (Figure 6) contrary to CKF where particles containing intact 

arrays of cork cells are clearly observed. 
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Figure 6. X-ray diffraction patterns of natural cork powder (CKN – black) and dichloromethane and ethanol 

extractive free cork powder (CKF- red) and cork powder below 75 m (CKF75 - green). 

 

3.2. Evaluation and optimisation of cork performance to remove volatile phenols from 

red wine 

 

3.2.1. Effect of natural, extractive free and solvent impregnated cork powder on the 

removal of VPs in red wine 

For evaluating the performance of natural cork powder (CKN) and cork powder without 

dichloromethane and ethanol extractives (CKF) on the removal of VPs in spiked red wine at 

two concentration levels, these materials were applied at 250 g/hL dose (Table 3). 

 
Table 3. Amount of de 4-EP and 4-EG (µg/L) removed from wines at two spiked levelsa of natural cork powder 
(CKN) and dichloromethane and ethanol extractive free cork powder (CKF) before and after air removal and 
impregnation with ethanol (CKNI and CKNFI). 

 Wine spiked levels 

Factors Medium High 

A B 4-EP 4-EG 4-EP 4-EG 

No impregantion CKN 85.3±2.7a 9.2±0.2a 109.6±5.1e 10.5±0.6e 

CKF 168.8±4.2b 19.2±2.7b 738±36.9f 71.5±5.4f 

Vacuum 

impregnation 

CKNI 270.9±11.8c 43.4±2.1c 888.0±16.3g 133.8±2.0g 

CKFI 306.0±2.3d 60.5±1.6d 1036.5±18.1h 149.1±3.3h 

A  0.0000001 0.000011 0.0000001 0.0000001 

B  0.0000001 0.0000001 0.0000001 0.0000001 

AxB  0.0029 0.083033 0.0000001 0.000018 

ªValues are presented as mean ± standard deviation; medium: 750 g/L 4-EP and 150 g/L 4-EG; high 1500 g/L 4-EP and 300 g/L 4-EG. 
CKN (Natural cork powder), CKF (Cork free extractives), CKFI (Cork free extractives impregnated) and CKNI (Natural cork impregnated).  
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CKN was able to reduce significantly the amount of VPs from spiked wine for both 

contamination levels (Table 3). The removal efficiency of VPs increased with the 

contamination levels, nevertheless the percentage of VPs removal decreased with increased 

contamination level (4-EP 11% to 7.2% and 4-EG from 6.1% to 3.5%). The removal of 

extractives from the cork powder material with dichloromethane and ethanol (CKF) increased 

the removal efficiency of the cork material for both VPs and contamination levels (2.1 and 6.8 

times higher removal, for the medium and high contamination level). Contrary to CKN, for 

CKF the percentage of VPs removal increased with the wine contamination levels (4-EP 22% 

to 49% and 4-EG 13% to 24%). The VPs removal efficiency obtained for natural cork powder 

was lower than that obtained by Karbowiak et al. (2010) where they obtained removal of 39% 

4-EP and 32% 4-EG using cork pieces (20 mm long, 10 mm wide and 2 mm thick), nevertheless 

the equivalent amount of cork used was 3333 g/hL, and these experiments were performed in a 

model wine solution. 

As natural cork material contains significant amounts of air entrapped in its hollow 

parenchymateous death cellular structure (Pereira, 2015), and water has a very small diffusion 

coefficient in cork (Fonseca, Brazinha, Pereira, Crespo, & Teodoro, 2013) the air from cork 

samples (CKN and CKF) was removed and the cork was impregnated with ethanol by vacuum 

impregnation by repeated degassing cycles (11 times) of cork powder immersed in ethanol. The 

impregnation of cork with ethanol increased significantly the VPs removal efficiency for both 

CKN and CKF, although the increase was higher for CKN than for CKF when compared with 

the original cork material (Table 3 and Figure 7). For both impregnated cork materials, the 

removal efficiency increased with the wine spiked levels from 36% to 59% and 41% to 69% 

for 4-EP for CKN and CKF, respectively. The same trend was observed for 4-EG (29% to 45% 

and 40% to 50% for CKN and CKF, respectively). The different behaviour of CKN and CKF 

after air removal and ethanol impregnation in comparison to the non-impregnated material may 

be due to the fact that after extractives removal and drying some of the air present in the cork 

cells was already eliminated, although a significant amount of air is still present in CKF as air 

removal and ethanol impregnation also increased significantly their efficiency. 
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Medium spiked level High spiked level 

 
 

  

Figure 7. Removal of 4-EP and 4-EG using natural cork powder (CKN), dichloromethane and ethanol extractive 
free cork powder (CKF) and ethanol impregnated cork powder (CKNI and CKFI) and ethanol impregnated 
extractive free cork powder with a particle size below 75 m applied at 250 g/hL and 500 g/hL (CKFI75250 and 
CKFI75500). Medium spiked level (750 µg/L for 4-EP and 150 µg/L for 4-EG) and high spiked level (1500 µg/L 
for 4-EP and 750 µg/L for 4-EG). 
 

To evaluate the available internal surface area in corks after air removal and ethanol 

impregnation a modification of the iodine number method for activated carbons was used 

(European Council of Chemical Manufacturers Federations, 1986, Table 4). 

 
Table 4. Iodine number (mg of iodine/g) of natural cork powder (CKN) and dichloromethane and ethanol 
extractive free corks powder (CKF) and after air removal and ethanol impregnation below (CKFI75). 

 Not boiled Boiled Impregnated not boiled 

CKN 355±3a 377±13a 407±8a 

CKF 367±16b 387±11a 437±1b 

CKFI75 - - 532±8c 

Olive oil - 281±7 - 
CKN (Natural cork powder), CKF (Cork free extractives) and CKFI75 (Cork free extractives impregnated below 75 µm). 
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The values obtained for the iodine number are presented in Table 4. As can be observed 

there were no significant differences for the iodine numbers obtained for CKN and CKF (377 

and 387 mg/g, respectively). These values are higher than those reported by Domingues et al. 

(2005) for cork particles with 1-2 mm and 3-4 mm where values of 83.9 mg/g and 33.6 mg/g 

were obtained. This difference can be explained by the much lower particle size of the cork 

powder used in this work. As can be observed in Table 4, the air removal and ethanol 

impregnation process allowed to increase significantly the corks modified iodine number. Also, 

both without and with impregnation, the CKF always contained a higher iodine number when 

compared to CKN, using the modified method. These results suggest that the impregnation 

process increased the available area of corks, and that the removal of dichloromethane and 

ethanol extractives also increased the cork available area. Nevertheless, when this method was 

applied to cork it may not only measure the available internal surface area but also the iodine 

can be consumed by reaction with the double bonds of fatty acids like 18-hydroxyoctadec-9-

enoic acid and octadec-9-enedioic acids present in cork suberin (Sousa et al., 2011), as when 

olive oil was treated in the same conditions as corks it was observed an absorption of iodine. If 

this also occurs in cork, as the cork material used was obtained from the same initial cork 

powder, the increase in iodine consumption either by retention in the pore structure of cork or 

by reaction with the double bonds, implies that these became accessible by air removal and 

ethanol impregnation. These results confirm that the better removal performance in ethanol 

impregnated corks is due to a higher accessibility of the solutes to the cork structure and for 

structural components. 

From these results it can be concluded that cork VPs removal efficiency was dependent 

on the available contact area, as air removal increased significantly their efficiency. Also, the 

removal of hydrophobic extractives from cork increased the efficiency in comparison to the 

natural cork, 13% to 17% for 4-EP and 12% to 40% for 4-EG. These results suggest that the 

extractive removal and the consequent increase in the macromolecular cell wall material, 

mainly composed by the hydrophobic suberin and lignin (Pereira 2013, 2015; Gandini et al, 

2006) increased the removal efficiency of the VPs. As cork surface has been shown to have a 

low polarity and high affinity for non-polar liquids (Gomes, Fernandes, & Almeida, 1993; 

Cordeiro, Gandini, & Belgacem, 1995) suggests that probably the driven force of interaction of 

VPs with cork surface is of hydrophobic nature. Results are in line with the observed high 

ability of cork suberin adsorbed on glass beads to adsorb VPs (49% for 1700 g/L 4-EP and 

45% for 210 g/L 4-EG) (Gallardo-Chacón, & Karbowiak, 2015). 
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3.2.2. Effect of cork powder particle size and application dose on the removal of volatile 

phenols from red wine 

In order to evaluate the effect of the particle size of the cork powder in the removal 

efficiency of ethanol impregnated cork free extractives (CKFI), CKF was sieved in order to 

obtain a particle size lower than 75 m. The decrease in particle size increased only slightly, 

although significantly, the removal efficiency of VPs, except for 4-EP for the higher 

contamination level (Table 5 and Figure 7).  

 
Table 5. Amount of 4-EP and 4-EG (µg/L) removed from wines at two spiked levelsa of impregnated 
dichloromethane and ethanol extractive free cork powders (CKFI) and cork powder below 75 m size particles 
(CKFI75) at 250 g/hL application dose.  

 Wine spiked levels 

Factor Medium High 

 4-EP 4-EG 4-EP 4-EG 

CKFI 306.0±2.3 60.5±1.6 1036.5±18.1 149.1±3.3 

CKFI75 309.8±16.5 75.3±2.6 931.5±25.5 158.1±6.3 

 0.6643 0.0001 0.0005 0.0446 
aValues are presented as mean ± standard deviation; medium spiked level (750 g/L for 4-EP and 150 g/L for 4-EG); high spiked level 
(1500 g/L for 4-EP and 300 g/L for 4-EG) 
 

The increase in the application dose of CKFI from 250 g/hL to 500 g/hL only increased 

in average 21% and 33% removal for 4-EP and 4-EG, respectively (Table 6 and Figure 7). 

These results suggest that although the amount of adsorbent added was increased twofold the 

removal efficiency of VPs only increased marginally, suggesting that probably some VPs are 

present in wine adsorbed more strongly with other wine components precluding their adsorption 

on the CKFI75. 

 
Table 6. Amount of 4-EP and 4-EG (µg/L) removed from wines at two spiked levelsa of impregnated 
dichloromethane and ethanol extractive free below 75 m size particles (CKFI75) at 250 g/hL and 500 g/hL 
application dose.  

 Wine spiked level 

Dose Medium High 

 4-EP 4-EG 4-EP 4-EG 

250 g/hL 309.8±16.5 75.3±2.6 931.5±25.5 158.1±6.3 

500 g/hL 378.8±12.0 102.9±2.0 1122.0±22.5 201.9±5.7 

 0.0005 0.0001 0.0001 0.0001 
aValues are presented as mean ± standard deviation; medium spiked level (750 g/L for 4-EP and 150 g/L for 4-EG); high spiked level 
(1500 g/L for 4-EP and 300 g/L for 4-EG).  
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The removal of VPs from wine by CKFI75250 were of the same order of magnitude of 

the more efficient activated carbon for the higher wine contamination levels (62% vs 71% for 

4-EP and 53% vs 68% for 4-EG, Filipe-Ribeiro et al., 2017a) although the application dose of 

activated carbons was lower than that used for CKFI75250 (100 g/hL vs 250 g/hL). For the 

lower wine contamination level, the performance of CKFI75250 was lower than that of the 

more efficient activated carbons (41% vs 74% for 4-EP and 50% vs 79%, Filipe-Ribeiro et al, 

2017a). 

 

3.3. Effect of natural, extractive free and solvent impregnated cork powder and 

application doses on abundance of headspace aroma compounds 

 

The application of CKN to red wine didn’t decrease significantly the total abundance of 

headspace aroma compounds in relation to spiked red wine (TF), although significant 

reductions were observed for 2-methyl-1-butanol, diethyl succinate, 4-ethylphenol and 

dodecanoic acid (Table 7). On the other hand, CKF resulted in a significant decrease of the total 

abundance of aroma compounds in relation to TF (21%), although for ethyl acetate, 3-methyl-

butan-1-ol acetate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, phenylethylacetate and 

decanoic acid, didn’t show a significant decrease in their abundance (Table 7). As observed 

previously the air removal and ethanol impregnation of both cork samples increased 

significantly the decrease observed for the total headspace aroma abundance (CKNI 32% and 

CKFI 37%). Again, the decrease in the particle size of the CKF didn’t differ significantly on 

the removal of headspace aroma compounds, although there was an average decrease of 3.7% 

in relation to CKF (Table 7). The duplication in application dose of CKFI75 resulted in a 

significant decrease of the total abundance of headspace aroma by more 29% (Table 7). There 

was a significant correlation between the decrease of total VPs wine contents by CK treatments 

with the reduction of headspace abundance of VPs (4-EP, r=0.953; 4-EG, r=0.981). Also there 

was observed a significant correlation (r=0.731, n=14, p<0.003) between the headspace aroma 

abundance and the octanol-water partition coefficient (LogP) of the aroma compounds (Figure 

8 and Table 8), reinforcing the idea that the interaction of the volatile compounds including the 

VPs with the cork powder are of hydrophobic nature as observed for the interaction of other 

molecules with cork (Domingues et al., 2005; Pintor et al., 2012; Olivella, Bazzicalupi, Bianchi, 

Fiol, & Villaescus, 2015). When compared to activated carbons applied at 100 g/hL, 

CKFI75250 showed a lower impact on the headspace aroma abundance (40% vs 75%) and even 
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CKFI75500 resulted in a lower reduction of 69%. Therefore, the impact of cork powder on the 

wine headspace aroma compounds was lower than that observed for activated carbons (Filipe-

Ribeiro et al., 2017 b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 CHAPTER VII – REDUCING VOLATILE PHENOLS BY CORK POWDER 

 256 

 



CHAPTER VII – REDUCING VOLATILE PHENOLS BY CORK POWDER 

257 

 
Figure 8. Correlation between the headspace aroma abundance decrease and the LogP of the compounds from the 
wine treated with cork powder free extractives and impregnated below 75 µm particle sizes, at 250 g/hL 
(CKF75250). Marked points correspond to the fatty acid ethyl esters that clearly show a deviant behaviour. 
 
Table 8. LogP and solubility in water (25 ºC) of the compounds detected in the headspace aroma compounds from 
spiked red wine (TF) by SPME. 

 
Log P Solubility (mg/L) 

Ethyl acetate 0.73 87000 

3-Methylbutan-1-ol acetate 2.25 3000 

2-Methyl-1-butanol 1.279 29700 

Ethyl hexanoate 2.92 629 

Ethyl octanoate 3.2 70,1 

Ethyl decanoate 4.09 15,9 

Diethyl succinate 1.26 19100 

Phenylethyl acetate 2.3 710.8 

2-Phenylethanol 1.36 22200 

4-Ethylguaiacol 2.47 2140 

Octanoic acid 3.05 789 

4-Ethylphenol 2.58 4900 

Decanoic 4.09 150 

Dodecanoic 4.2 55 
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3.4. Effect of natural, extractive free and ethanol impregnated cork powder and 

application doses on wine chromatic characteristics and phenolic compounds 

 

 The application of non-impregnated corks (CKN and CKF) didn’t cause any change in 

the colour intensity (Table 9). The same being observed for the red wine lightness (L*) and 

redness (a*). The ethanol impregnation process of corks results in a decrease of the colour 

intensity, although being only significantly different from the control for the CKFI and 

CKFI75500. The same was observed for the L* and a* (Table 9). These changes observed for 

the colour intensity are not due to a decrease in the levels of monomeric anthocyanins that 

overall didn’t change by the application of all cork powders (Table 10). Also for the individual 

phenolic acids overall their levels didn’t change significantly, or their decrease was significant 

but small, and these decreases occurred mainly for the CKFI75 at the two application doses 

(decreased for trans-caftaric acid - 5.6%; coutaric acid - 5.9%; caffeic acid- 20%; ferulic acid - 

12%; coumaric acid ethyl ester -19%) (Table 11). For catechin there was no change in its levels 

for all cork powders applied. These results show that cork powders, either natural or extractive 

free have a low impact on wine phenolic composition, nevertheless the ethanol impregnated 

extractive free corks had a significant impact on wine colour intensity, suggesting that these 

corks influence wine polymeric pigments as no significant changes on monomeric anthocyanins 

were observed. The impact for cork powders on wine phenolic composition and colour intensity 

of wines were lower than that generally observed for activated carbons used at 100 g/hL (Filipe-

Ribeiro et al., 2017b). 
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3.5. Effect of extractive free and ethanol impregnated cork powder and application 

doses treatment on wine sensory attributes 

 

To validate the impact of natural and extractive free ethanol impregnated cork powder 

samples on the headspace VPs decrease and its effect on the sensory perception and quality of 

wines, CKNI, CKFI and CKFI75 - treated wines at the two application doses (250 g/hL and 

500 g/hL) were subjected to sensory analysis by an expert panel. The non-impregnated cork 

powders (CKN and CKF) were excluded as they presented a significantly lower VPs removal 

efficiency. As can be observed in Table 12, as expected, the presence of these VPs significantly 

and negatively impacted the aroma profile of spiked wine (TF), as the phenolic attribute was 

significantly increased, and the wine fruity and floral attributes decreased significantly (Ferreira 

et al., 2009; Filipe-Ribeiro et al., 2017a; Filipe-Ribeiro et al., 2018). The panel consensus on 

each wine attribute was accessed through the percentage of variance explained by the first PCA 

(Dijksterhuis, 1995) applied to the panel scores for each attribute. The variance explained by 

PC1 ranged from 45% to 87%, yielding the C-indexes presented in Table 12. Similar values 

have been reported for trained panels assessing different attributes and different products 

(Dijksterhuis, 1995; Filipe-Ribeiro et al., 2017a; Filipe-Ribeiro et al., 2018). For a sensory 

attribute, the higher the explained variance and C-index indicated that this attribute was closer 

to unidimensionality, indicating the consensus of the panel in the perception of this attribute. 

The wine attributes colour intensity, fruity, floral, phenolic, acidity, balance and persistence 

resulted in a higher consensus between judges (Table 12). For the wine attributes colour hue, 

limpidity, oxidised (visual), vegetal, oxidised (aroma) and body, most judges attributed the 

same score to all wines, with no variation in their responses. Lack of consensus on the other 

sensory attributes may be due to the low variation of the attributes between samples or 

differences in motivation, sensitivity and psychological response behaviour (Lundahl, & 

McDaniel, 1991).  

In accordance with the instrumental colour intensity, sensory colour intensity of the 

wines treated with ethanol impregnated extractive free cork powders were significantly lower 

than T0 and TF, with the increase in the application dose (CKFI75500) presenting a 

significantly lower score than CKFI75250 and CKFI. This decrease in colour intensity in the 

CKFI75500 is also followed by a decrease in the sensory hue, being in accordance with the 

significant change in hº and L* for this sample. Neither natural nor extractive free cork powders 

changed significantly the limpidity and oxidised visual sensory attributes. 
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For VPs-spiked wine, the application of all cork powders and for the two application 

doses of CKFI75 significantly decreased the negative phenolic attribute compared to the spiked 

wine (TF), but the scores obtained were also significantly higher than those observed for the 

initial unspiked wine (T0). For the fruity aroma attribute, the application of all cork powder 

allowed to recover significantly the fruity aroma attribute in relation to the VPs-spiked wine 

(TF), nevertheless the scores were also significantly lower than that observed for the original 

unspiked wine (T0). The fruity aroma attribute was significantly higher for the CKFI75250 than 

for all other cork powder samples even higher than CKFI75500. This could be due to the higher 

decrease in headspace aroma abundance responsible for the fruity notes for this application dose 

as discussed previously.  

For the floral attribute, only CKFI and CKFI75250 allowed to increase significantly this 

sensory attribute in relation to the TF, and again the scores obtained for the cork-treated wines 

were significantly lower than that obtained for T0. As observed for the fruity attribute, also for 

the floral attribute the increase in application dose of CKFI75 decreased the floral attribute of 

the wine (Table 12). The TF wine presented an increased vegetable attribute that didn’t 

decreased with the application of cork powder samples, nevertheless, the scores observed was 

very low (Table 12). For the oxidised aroma, no significant differences were observed for the 

T0, TF and cork powder treated wines. 

For mouthfeel attributes, the application of cork powder didn’t change significantly the 

acidity and body of the wine samples, but significant differences were observed for bitterness, 

astringency, balance and persistence (Table 12). The spiking of wine resulted in a significant 

increase in the bitterness attribute when compared to T0. Except for CKFI75500, the other cork 

powders didn’t decreased bitterness to the levels observed for T0. For astringency, spiking of 

wine with VPs increase this sensory attribute, and no cork-powder sample decreased the 

astringency to the initial levels (T0), nevertheless CKFI and CKFI75250 were able to decrease 

significantly the astringency in relation to TF. For CKNI there was observed a significant 

increase of astringency in relation to TF and this can be explained probably by a migration of 

phenolic compounds from this cork-powder (Santos et al., 2010, 2013). For balance, TF 

significantly decreased this sensory attribute and the application of all cork powders did not 

lead to scores significantly different from the TF. For persistence, the application of cork 

powders to TF significantly increased the persistence of wine, however the scores obtained 

were significantly lower than the persistence of T0 (Table 12). 
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3.6. Impact of wine chemical composition on sensory profile of red wine treated with 

extractive free and ethanol impregnated cork powder and application doses 

 

Multiple factor analysis (MFA) was applied to the sensory scores provided by the expert 

panel for aroma (Figure 9), taste and tactile/textural descriptors (Figure 10) and the chemical 

composition of wines, regarding the abundance of headspace aroma compounds and phenolic 

compounds, respectively. For the headspace aroma, the coordinates of the group of variables 

(tables) were displayed and used to create the map of the tables (Figure 9b). From the variables 

map, it can be concluded that for the first and second factors both groups of variables contribute 

almost equally (53% and 46%, and 36% and 64% for the sensory and chemical data for the first 

and second factors, respectively, (Figure 9b). The negative phenolic attribute and the 4-EP and 

4-EG headspace abundance were positively correlated with F1, showing that the reduction of 

the headspace abundance of 4-EP and 4-EG caused by CKNI, CKFI, CKFI75250 and 

CKFI75500 was important for the reduction of the wine phenolic attribute. The positive fruity 

and floral attributes were negatively correlated with F1, showing that the reduction of headspace 

abundance of these two VPs was also important for the perception of these important sensory 

attributes. Nevertheless, the levels of the other headspace aroma compounds in the range found 

in these wines were also important for their perception, as they present of negative F1 score. 

These results were in line with previous works that showed that the absence of wine aroma 

defects, including VPs, was more important for the wine aroma profile and that defective and 

negative odorants exert a strong aroma suppression effect on fruity aroma (Ferreira et al., 2009; 

Petrozziello et al., 2014; Filipe-Ribeiro et al., 2017a; Filipe-Ribeiro et al., 2017b; Filipe-Ribeiro 

et al., 2018).  

The phenolic composition of wines although changed significantly, especially after 

application of the CKFI75 at the two levels, the decrease were not high, nevertheless significant 

differences were observed for bitterness, astringency, balance and persistence by sensory 

analysis, parameters normally related to the phenolic composition of wines (Ferrer-Gallego, 

Hernández-Hierro, Rivas-Gonzalo, & Escribano-Bailón, 2014). In addition to the phenolic 

composition of wines the headspace abundance of 4-EP and 4-EG were used for MFA, as it is 

known that aroma can interact with the perceived bitterness and astringency of foods, including 

wine (Ferrer-Gallego et al., 2014; Filipe-Ribeiro et al., 2018). The first factor was important to 

describe the sensory and VPs headspace abundance variables (Figure 10b). For the chemical 

variables, only the second factor was important for its description. As can be observed in the 
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correlation maps of observations and variables (Figure 10c), persistence, body and balance 

attributes were correlated with F1 in the negative direction. Bitterness, acidity and astringency 

attributes were correlated with F1 in the positive direction, and there was also a positive 

correlation between 4-EP and 4-EG headspace abundance with this factor. The correlation of 

bitterness and astringency, both unpleasant wine sensory attributes, with the headspace 

abundance of 4-EP and 4-EG, responsible for the unpleasant phenolic note, can be explained 

by the relationship between several aroma compounds and the bitterness and astringency of 

foods also observed for wine (Sáenz-Navajas, Campo, Fernández-Zurbano, Valentin, & 

Ferreira, 2010; Filipe-Ribeiro et al., 2018). The significant decrease observed in some phenolic 

compounds after application of ethanol impregnated cork-powders doesn’t seem to be 

responsible for the change in the taste/tactile descriptors observed after wine treatment. 

The results obtained from MFA supported the results from sensory analysis of the wines 

obtained after treatment with the different ethanol impregnated cork powders at the applied 

doses, highlighting the efficiency of extractive free cork-powders, especially cork powder with 

a lower particle size at 250 g/hL application dose (CKFI75250), for decreasing the 

concentration of 4-EP and 4-EG in wines, for recovery fruity and floral aroma attributes and 

decreasing phenolic, bitterness and astringency attributes. Considering the results obtained for 

visual (colour), aroma, taste and tactile/textural descriptors determined by the expert panel, and 

their validation by the chemical composition of wines obtained after treatment with ethanol 

impregnated cork powders, wine treated with CKFI75250 resulted in a significant improvement 

in the sensory profile compared to TF, although not identical to T0 wine. This is explained by 

the efficient removal of VPs and no negative impact on the wine phenolic composition and a 

lower impact on the headspace aroma compounds when compared to CKFI75500. 
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a) b) 

  

c)  

 

Figure 9. Multiple Factorial Analysis of aroma sensory and chemical data: (a) representation of wine samples and 
clouds; (b) representation of groups (tables) of variables; (c) distribution of variables. VPs-free (T0) and VPs-
spiked (TF) red wines and after treatment with natural cork and dichloromethane and ethanol extractive free cork 
after air removal and ethanol impregnation (CKNI and CKFI) and cork powders with a particle size below 75 m 
at two application doses (250 and 500 g/hL, CKFI75250 and CKFI75500, respectively). Centroid ( ); sensory data 
( ); chemical data ( ). AcEt – ethylacetate; Ac3 MetBut- 3-Methylbutan-1-ol acetate; 3-MetButol - 3-
Methylbutan-1-ol; EtOct - Ethyl octanoate; EtDec - Ethyl decanoate; DiEtSuc - Diethyl succinate; H 2PhEt - 2-
Phenylethanol; 4-EG - 4-Ethylguaiacol; 4-EP - 4-Ethylphenol; OctAc – Octanoic acid; DecAc – Decanoic acid; 
DodAc - Dodecanoic acid.   
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a) b) 

  
c) 

 

Figure 10. Multiple Factorial Analysis of taste and tactile/textural sensory data, phenolic compounds chemical 
data and volatile phenol headspace abundance: (a) Representation of wine samples and clouds; (b) Representation 
of groups (tables) of variables; (c) Distribution of variables. VPs free (T0) and VPs spiked (TF) red wines and 
after treatment with natural cork, dichloromethane and ethanol extractive free after air removal and ethanol 
impregnation (CKNI and CKFI) and cork powders with a particle size below 75 m at two application doses (250 
and 500 g/hL, CKFI75250 and CKFI75500, respectively). Centroid ( ); sensory data ( ); chemical data ( ); VPs 
headspace abundance ( ) and wine-dissolved glucosamine (). TotPhe - total phenols; FlavPhe - flavonoid 
phenols; t-CaftAc - trans-caftaric acid; CoutAc - coutaric acid; Del-3-Glc - delphinidin-3-O-glucoside, Cya-3-Glc 
- cyanidin-3-O-glucoside, Peo-3-AcGlc - peonidin-3-O-(6-O-acetyl)-glucoside; VPs - volatile phenols; 4-EP - 4-
ethylphenol; 4-EG - 4-ethylguaiacol. 
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4. Conclusions 

 

 Cork powder, an abundant by-product of the cork stopper industry, can be a cheap, 

natural, sustainable and highly efficient fining agent for removing VPs and to improve the 

sensory quality of VPs spiked wines. The cork powder efficiency was improved by removing 

the dichloromethane and ethanol extractives from cork and more importantly by removing air 

from cork parenchymateous cellular structure and replacing it by ethanol. The decrease in 

particle size increased slightly the cork-powder removing efficiency. Also, duplication of the 

application dose (250 g/hL to 500 g/hL) didn’t allowed a proportional increase in cook-powder 

VPs removal efficiency. Cork powders didn’t impact strongly on wine phenolic acids and 

monomeric anthocyanins profile, nevertheless they had an impact on the aroma compounds, 

decreasing their headspace aroma abundance that was dependent on the application dose. 

Nevertheless, the efficiency of VPs removal obtained by cork-powder application allowed to 

decrease the negative sensory VPs phenolic defect and to recover significantly the positive 

fruity and floral attributes. It was observed a significant decrease in the bitterness and 

astringency attributes of wine increasing its balance and persistence attributes in comparison to 

the spiked wine. These results show that ethanol impregnated extractive free cork powder can 

be a good solution for the efficient removal of negative VPs without impacting negatively on 

the wine quality. 
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1. General discussion 

 

Wine contamination with Dekkera/Brettanomyces with the production mainly of 4-

ethylphenol (4-EP) and 4-ethylguaiacol (4-EG), when above their olfactory detection threshold 

(ODT) results in an undesirable wine aroma, with a negative phenolic attribute, decreasing the 

positive fruity and floral attributes (Chatonnet, Dubourdieu, Boidron, & Poins, 1992; Tempère, 

Schaaper, Cuzange, de Lescar, de Revel, & Sicard, 2016). This aroma change makes the wine 

less acceptable to professionals and consumers, decreasing its commercial value, resulting in 

serious economic losses worldwide to the wine industry (Schumaker, Chandra, Malfeito-

Ferreira, & Ross, 2017). As premium red wines are usually stored in wood barrels, and as the 

contamination risk and development of this faulty aroma increases during storage 

(Campolongo, Siegumfeldt, Aabo, Cocolin, & Arneborg, 2014), wine spoilage by 

Dekkera/Brettanomyces is even more problematic to winemakers as this problem can affect 

high value wines. Besides the development of the aroma defect by production of 4-EP and 4-

EG, it has been described that Dekkera/Brettanomyces is able to produce biogenic amines in 

grape must conditions (Caruso, Fiore, Contrusi, Salzano, Paparella, & Romano, 2002), and 

therefore the wine contamination with Dekkera/Brettanomyces can result in an increased risk 

of wine safety to consumers, as biogenic amines can have negative health effects (Ladero, 

Calles-Enriquez, Fernandez, & Alvarez, 2010). Therefore, this thesis was designed to answer 

two important questions for the wine industry: 

 

1) Is there an increased risk of consumer exposure to biogenic amines when consuming 

wine spoiled by Dekkera/Brettanomyces? 

 

2) It is possible to eliminate the aroma defect without impacting negatively on the 

overall wine quality? 

 

For answering the first question, several wines produced industrially presenting 

different spoilage levels by Dekkera/Brettanomyces measured by their levels in 4-EP and 4-

EG, were analysed for their biogenic amine content (Chapter III). The wines were collected 

from different demarcated regions from Portugal, produced with diverse winemaking variables 

and from different vintages. The results obtained showed that the levels of histamine and 

putrescine in wines were negatively correlated with the volatile phenol levels of those red wines 
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(4-EP =-0.314; 4-EG =-0.345 and 4-EP =-0.299; 4-EG =-0.336, respectively), and 

additionally confirmed that the occurrence of non-inoculated malolactic fermentation in wines 

increased the wines histamine levels when compared to the wines inoculated with selected lactic 

acid bacteria starter cultures (8.7±1.0 mg/L and 0.4±1.9 mg/L, respectively). Therefore, wine 

spoilage by Dekkera/Brettanomyces doesn’t seems to increase the risk of consumer exposure 

to histamine and putrescine confirming the results obtained in wine model solutions (Vigentini 

et al., 2008; Agnolucci et al., 2009) and in another study performed in grape-must 

(Bäumlisberger, Moellecken, König, & Claus, 2015). Nevertheless, the histamine levels 

determined in the wines analysed were in 66 % of the cases higher than 2 mg/L making these 

wines probably problematic for exportation (Lüthy, & Schlatter, 1983), being observed that the 

non-inoculated malolactic fermentation is the most important factor for these high histamine 

levels in industrially produced wines. When comparing the values of histamine obtained in this 

study with other studies made in Portuguese wines from the 1999-2003 vintages (Herbert, 

Santos, & Alves, 2001; Herbert, Cabrita, Ratola, Laureano, & Alves, 2005; Herbert, Cabrita, 

Ratola, Laureano, & Alves, 2006; Marques, Leitão, & San Romão, 2008; Leitão, Marques, & 

San Romão, 2005), it can be concluded that the biogenic amine levels in Portuguese wines are 

still in the same problematic level. 

For answering the second question, initially a screening of eight fining agents already 

authorised by OIV to be used in wines (OIV, 2016), including natural sodium bentonite (120 

g/hL), activated carbon (80 g/hL), gelatine (60 mL/hL), potassium caseinate (60 g/hL), egg 

albumin (10 g/hL), isinglass (4 g/hL), carboxymethylcellulose (CMC, 100 mg/L) and chitosan 

(10 g/hL) were evaluated for their efficiency for reducing the levels of these volatile phenols in 

red wines (Chapter II). At the levels used, activated carbon was the most efficient fining agent 

in removing/reducing 4-EP and 4-EG from red wines (57%) resulting in a 75% decrease of 

headspace abundance of these volatile phenols. Lower reductions were observed when using 

egg albumin (19%) resulting in a 30% decrease in the headspace abundance. Other fining agents 

although not reducing the total amount of the volatile phenols present in wine, decreased their 

abundances in the headspace like isinglass (27%), CMC (15%) and chitosan (27%). From this 

screening two products were selected, activated carbon (Chapter IV) and chitosan (Chapter V) 

as they represent two apparent successful and different approaches for dealing with this 

problem, that is, removal of volatile phenols from wine and consequently decreasing its 

headspace abundance in the case of activated carbons (subtractive technique) and on the other 
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hand chitosan decreases the headspace abundance of volatile phenols without decreasing their 

concentration in wines (non-subtrative technique). 

For understanding and optimising the use of activated carbons (100 g/hL) for 

removing/reducing the impact of volatile phenols on wine sensory quality, seven activated 

carbons with different SBET surface area (648 to 1118 m2/g), surface area of mesopores (Smeso 

45 to 352 m2/g), total volume of pores (Vp 0.43 to 0.71 cm3/g) and micropore volume (0.18 to 

0.44 cm3/g) were selected. All activated carbons were able to reduce significantly the amount 

of volatile phenols although presenting different performances that were dependent on their 

structural features, namely high SBET and high Vmicro, the reasoning being that a larger number 

of small pores for a given pore volume will yield a larger surface area. 

Two chitins and four chitosans with different structural features and origins (crustacean 

- 5 and fungal - 1), namely deacetylation degree (5 to 91%) and molecular weight (MW) (24 to 

466 kDa) were used for the reduction of this sensory defect. The efficiency of volatile phenols 

headspace reduction increased with the deacetylation degree of chitin and chitosans (4-EP 

r=0.989 and 4-EG r= 0.974 without chitosan from fungal origin) and applied dose (10, 100 and 

500 g/hL). The performance of fungal chitosan was different from that observed for crustacean 

chitosans, and this may be due to the fact that fungal chitosan showed a significantly lower MW 

compared to crustacean chitosans or because chitosans of fungal origin are in fact chitosan-

glucan complexes (Bowman, & Free, 2006). 

New approaches using non-conventional oenological products were also evaluated for 

their performance in removing volatile phenols from red wine and their impact on wine quality. 

Aiming developing a specific adsorbent for 4-EP and 4-EG, molecularly imprinted polymers 

(MIPs) were synthetised, characterised and their efficiency in the removal of 4-EP and 4-EG in 

the wine matrix were evaluated (Chapter VI). Three polymers were synthesised by precipitation 

polymerisation using ethylene glycol dimethacrylate as cross-linker monomer, methacrylamide 

(MIP1), ethyl methacrylate (MIP2), and ethylene glycol methyl ether acrylate (MIP3) as 

functional monomers in acetonitrile:water and 4-EP and 4-EG as templates. The binding 

capacity of the polymers for 4-EP and 4-EG was measured by frontal chromatography and it 

could be concluded that the MIP synthesised using ethylene glycol methyl ether acrylate as 

functional monomer, ethylene glycol dimethacrylate as cross-linker and 4-EG as a template 

(MIP3EG) showed the highest imprinting factors for both volatile phenols (4.66±1.88 for 4-EP 

and 3.15±1.08 for 4-EG) when compared to the other polymers (for MIP1EP 1.68±0.57 for 4-

EP and 1.41±0.37 for 4-EG and for MIP1EG 1.78±0.56 for 4-EP and 1.71±0.39 for 4-EG; for 
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MIP2EP 1.35±0.16 for 4-EP and 1.21±0.24 for 4-EG and for MIP2EG no imprinting being 

observed; for MIP3EP  4.33±1.78 for 4-EP and 2.6±0.99 for 4-EP). When applied to red wines 

(250g/hL), the higher imprinted MIP and the correspond NIP were efficient in the removal of 

volatile phenols (29 to 38% and 54 to 63%, respectively for the medium and high spiked levels, 

respectively), although with lower efficiency than that estimated from their adsorption curves, 

probably due to the complex matrix of red wine or to a non-linear dependence of the adsorption 

capacity and application dose. 

On the other hand, based on preliminary experiments reported in the literature on the 

adsorption capacity of cork suberin of 4-EP and 4-EG (Gallardo-Chacón & Karbowial, 2015), 

we explored and optimised the use of cork powder, an abundant, natural and cheap by-product 

of the cork industry as a new fining agent for removing the red wine negative volatile phenols 

(Chapter VII). Optimisation of cork powder efficiency was performed by removal of 

dichloromethane and ethanol extractives, air removal and ethanol impregnation, that allowed 

to obtain 41 to 69% of 4-EP (750 g/L and 1500 g/L, respectively) and 40 to 50% of 4-EG 

(150 g/L and 300 g/L, respectively) removal from spiked red wine applied at 250 g/hL. The 

volatile phenols removal efficiency of cork powder was dependent on the available contact area, 

as air removal increased significantly its efficiency. Also, the removal of hydrophobic 

extractives from cork increased the efficiency in comparison to the natural cork, 13 to 17% for 

4-EP and 12 to 40% for 4-EG, suggesting that the extractive removal and the consequent 

increase in the macromolecular cell wall material, mainly composed by the hydrophobic suberin 

and lignin (Pereira, 2013, Pereira, 2015; Gadini, Pascoal, & Silvestre, 2006) increased the 

removal efficiency of the volatile phenols. As cork surface has been shown to have a low 

polarity and high affinity for non-polar liquids (Gomes, Fernandes, & Almeida, 1993; Cordeiro, 

Gandini, & Belgacem, 1995) suggests that probably the driven force of interaction of VPs with 

cork surface is of hydrophobic nature. 

To evaluate the effect of the proposed oenological treatments on wine quality, sensory 

analsysis was performed by a panel composed by six experts (ISO 6658, 1985). Fifteen 

attributes were selected: visual (limpidity, hue, colour intensity and oxidised; ISO 5492, 2008, 

OIV, 2015), aroma (fruity, floral, vegetable character, phenolic and oxidised aroma; ISO 5492, 

2008, OIV, 2015) and taste and tectile/textural descriptors (taste – bitterness, acidity; 

tactile/textural – adstringency, body, balance and persistence; ISO 5492, 2008, OIV, 2015). The 

sensory analysis supplied by the panel was validated by relating the effect of the tested products 

in the phenolic compounds levels (phenolic acids and catechin), widely known to be related to 
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the wine bitterness and astringency (Hufnagel, & Hofmann, 2008; Jauregi, Olatujoye, 

Cabezudo, Frazier, & Gordon, 2016) and in the monomeric anthocyanins levels and colour 

intensity of wines, important for the red wine colour perception. The headspace aroma 

compounds were determined by SPME as they are related to the wine aromatic notes (Joseph, 

Albino, Ebeler, & Bisson. 2015). The changes in chemical composition of wines were related 

to the sensory analysis scores through multiple factor analysis (Pagés, & Husson, 2005). The 

choice of MFA over the PCA approach for finding relations between different data sets 

measured on the same samples was that in MFA each data table is normalised by dividing all 

its elements by the first singular value of the data table. This transformation ensures that the 

length (i.e., the singular value) of the first principal component of each data table is equal to 1 

and therefore that no data table can dominate the common solution only because it has a larger 

inertia on its first dimension, and this frequently happens on PCA (one set of variables plays a 

dominant role, thus impeding the emergence of dimensions common to both sensory and 

instrumental variables). Also, MFA allows to calculate a set of interpretation tools and specific 

graphical displays that highlight how the sets of variables are related to each other. 

In Figure 1 there are presented the volatile phenols removal efficiency of the four 

products tested. For 4-EP and for both spiking levels, all the tested products, except for chitosan, 

were able to reduce the 4-EP levels below their olfactory detection threshold (605 g/L, 

Chatonnet et al., 1992). For the low spiking level, activated carbon was by far the most efficient 

in reducing the 4-EP wine levels (1.8 to 2.2 times higher than cork powder and MIPs, 

respectively), nevertheless for the high spiking level the difference for the MIPs and cork 

powder was diminished (1.1 times higher). For 4-EG although for the lower spiking level 

activated carbon was also the most efficient material, its efficiency in relation to the other 

products was lower (1.3 and 1.6 times higher for MIPs and cork powder, respectively). For the 

higher spiking level activated carbon presented a similar efficiency as MIPs that were higher 

than that presented by cork powder (in average 1.3 times higher). For the higher spiking level, 

the levels of 4-EG remaining in wine, cork powder was close, but higher than the olfactory 

detection threshold of 4-EG (110 g/L, Chatonnet et al., 1992). 
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a

b

Figure 1. Reduction of volatile phenols (VPs) concentration in red wines after treatment with activated carbons (
), chitosan ( ), molecularly imprinted polymer ( ), cork powder ( ) for red wine spiked with a) 750 g/L of

4-ethylphenol (4-EP) and 150 g/L of 4-ethylguaiacol (4-EG) and b) 1500 g/L of 4-EP and 300 g/L of 4-EG.
Dashed gray lines represent the reduction needed for attaining the olfactory detection threshold of 4-EP (605 g/L)
and 4-EG (110 g/L) (Chatonnet et al. 1992). Within each compounds columns with identical letters are not
significantly different (chitosan was excluded from the comparisons).

The different reduction of volatile phenols concentrations in wine resulted in different

decreases in the headspace abundance of both volatile phenols (although care must be taken in

this comparison as different wine matrix composition of wines, that were not identical, can

result in significant variation in the aroma headspace abundance not explained only by the

reduction of total amount of volatile phenols in wines). As can be observed in Figure 2, higher

decreases in total amount of volatile phenols resulted in higher decreases in headspace

abundance of the volatile phenols, with activated carbons presenting the highest decrease in the

headspace abundance of both volatile phenols, followed by cork powder and MIP where the

decrease observed in the headspace abundance was not significantly different and in last

chitosan that showed a lower reduction in the headspace abundance of both volatile phenols,
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nevertheless reaching values of 36% in average of both volatile phenols, without decreasing

their concentration in wines. This decrease of headspace aroma abundance of volatile phenols

by chitosan can be explained by the occurrence of inclusion or sorption phenomena, reducing

volatile phenols vapour pressure (Petrozziello et al., 2014; Milheiro, Filipe-Ribeiro, Cosme, &

Nunes, 2017).

Figure 2. Reduction of volatile phenols (VPs) headspace abundance (in percentage relative to control wine) in red
wines after treatment with activated carbons ( ), chitosan ( ), molecularly imprinted polymer ( ), cork powder
( ) for red wine spiked with 750 g/L of 4-ethylphenol (4-EP) and 150 g/L of 4-ethylguaiacol (4-EG). Within
each compounds columns with identical letters are not significantly different.

Figure 3. Reduction of headspace aroma abundance (in percentage relative to control wine) in red wines after
treatment with activated carbons ( ), chitosan ( ), molecularly imprinted polymer ( ), cork powder ( ) for red
wine excluding the VPs headspace abundance. Columns with identical letters are not significantly different.
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The wine treatment with the different products, besides the reduction of the wine volatile 

phenols concentration and volatile phenols headspace abundance also resulted in a decrease in 

the headspace aroma abundance reduction (Figure 3). Activated carbon was the material where 

a higher decrease was observed, followed by MIP, cork powder and chitosan being the least 

active material. In all materials the reduction in the headspace aroma abundance of volatile 

phenols was higher than that observed for the headspace aroma abundance (1.17 for activated 

carbon; 1.58 for chitosan; 1.30 for MIP; 1.33 for cork powder). 

 For comparing the impact of each treatment on the wine sensory aroma attributes, and 

as the five point structured scale used in the sensory analysis is an interval scale (ISO 6658, 

1985), in order to eliminate the natural variations found in the original wines used in each work 

for the different attributes evaluated, the difference between the scores of control wine (T0) and 

spiked wine (TF) and also of T0 and treated wine were evaluated by two-way ANOVA (Factor 

1: products used – activated carbon, chitosan, MIP and cork powder and Factor 2: sensory score 

differences between wines – T0-TF and T0-treated wine) in order to ascertain if there were 

differences between the gains in the sensory attributes of wines evaluated by the expert panel 

for the products used. As can be observed in Table 1, the spiked wine with 750 g/L of 4-EP 

and 150 g/L of 4-EG resulted in all experiments in a significant increase of the wine sensory 

phenolic attribute (Figure 4a) and in a decrease in the wine sensory fruity (Figure 4b) and floral 

attributes (Figure 4c). The interaction term between treatments (activated carbons, chitosan, 

MIPs and cork powder) and the resulting score differences in each wine (T0-TF and T0-Treated 

wine) was significant for the phenolic attribute and not significant for the fruity and floral 

attributes, suggesting that for the phenolic attribute variations with different magnitudes 

occurred when the treatments were applied to the spiked wines and for the fruity and floral 

attributes variations with similar magnitudes occurred in all products, that is, spiked wine 

decreased the fruity and floral sensory attributes and all the treatments increased their sensory 

perception. 
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Table 1. Statistical test results of the significance of the score difference between T0 and TF and the null difference 
(t-test, n=6) for aroma attributes. 

Attributes Activated carbon Chitosan MIP Cork powder 

  p<  p<  p<  p< 

T0-TF 

Phenolic -2.4±0.6 0.0002 -2.7±0.3 0.0001 -3.4±0.2 0.0001 -2.7±0.7 0.0002 

Fruity 1.3±0.7 0.0340 2.0±0.3 0.0001 2.7±0.2 0.0001 1.9±0.7 0.0012 

Floral 0.5±0.6 0.0967 1.4±0.3 0.0001 1.8±0.3 0.0001 1.2±0.8 0.0172 

Oxidised -0.6±0.9 0.1634 -0.2±0.3 0.163 -0.7±0.2 0.0004 -0.6±0.8 0.1436 

Vegetable -0.1±0.9 0.2722 -0.3±0.2 0.0144 -0.7±0.3 0.0023 -0.4±0.7 0.2205 

T0-Treatment 

Phenolic -1.0±0.7 0.0173 -0.9±0.3 0.0007 -1.2±0.1 0.0001 -1.7±0.5 0.0004 

Fruity 0.1±0.7 0.7407 0.6±0.4 0.0144 1.4±0.3 0.0001 1.0±0.6 0.0095 

Floral 0.2±0.8 0.5671 0.6±0.4 0.0144 1.3±0.3 0.0001 0.7±0.6 0.0263 

Oxidised -0.6±±0.9 0.1634 0.2±0.2 0.0580 0.0±0.1 1.000 -0.4±1.1 0.4139 

Vegetable 0.4±0.7 0.2205 -0.3±0.3 0.0580 -0.3±0.3 0.0580 -0.4±0.7 0.2205 
Values are presented as mean ± standard deviation. T0 – VPs free wines; TF- VPs spiked wine. 

 

As can be observed (Figure 4a) the score difference between T0 and TF were 

significantly higher than the score difference between T0 and treated wine (T0-TF vs T0-

Treatment, Figure 4a), meaning that there was a significant reduction of the sensory phenolic 

attribute of wines treated with the different products. The reduction of the score difference of 

the phenolic sensory attribute observed for each product although significant, presented 

significant differences in the extension, as the sensory score difference for the phenolic attribute 

obtained for activated carbon and chitosan were significantly lower than that obtained for cork 

powder. This apparent difference in the performance of these three products can be explained 

by the different matrix of the wines used in each experiment that although similar were not 

equal. This hypothesis is supported by the significant differences observed for the increase in 

the sensory phenolic attribute of wines when wines were spiked with the same amount of VPs 

(T0-TF in Figure 4a). As can be observed in Table 1, the score difference obtained for the 

negative phenolic attribute after treatment when compared to the initial non-spiked wine were 

for all products significantly different from zero, meaning that the treated wines when compared 

to the initial wines, although significantly lower when compared to the spiked wine, still 

presented some degree of this sensory phenolic attribute perceived by the expert sensory panel. 

 For the fruity and floral attributes, spiking of wines with volatile phenols decreased 

significantly these sensory attributes as the score difference between T0 and TF were 
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significantly different from zero (T0-TF, Table 1). As can be observed in Figure 4b, there was 

a significant difference between the score differences for the fruity attribute after treatment for 

all products used (T0-TF vs T0-Treament, Figure 4b). As observed for the negative sensory 

phenolic attribute, for the positive sensory fruity attribute the recovery of this attribute when 

compared to the initial non-spiked wine was not total, as there was still observed a significant 

difference between the score difference of the sensory fruity attribute and zero (T0-Treatment, 

Figure 1). As can also be observed in Figure 4b), and as expected, the wine matrix seems to 

have also a significant influence on the impact of the presence of volatile phenols on the sensory 

perception of the fruity attribute, as the decrease of the fruity sensory attribute observed in each 

experiment was not identical, being observed a significant difference between the score 

differences of the fruity attribute in T0 and TF (T0-TF vs T0-TF, Figure 4b). 

 For the floral sensory attribute there was observed the same trend as that previously 

discussed for the fruity sensory attribute, although with less number of significant differences 

(Table 1). As can be observed in Figure 4c, there was a significant difference between the score 

differences for the floral sensory attribute after treatment for activated carbons, and although 

for all the other products used there was observed the same trend (T0-TF vs T0-Treament, 

Figure 4b) they were not significantly different. As observed for the negative sensory phenolic 

attribute, for the positive floral sensory attribute the recovery of this attribute when compared 

to the initial non-spiked wine was not total, as there was observed a significant difference 

between the score difference of the floral sensory attribute and zero (T0-Treatment, Figure 1). 

Again, as can be observed in Figure 4c) the wine matrix seems to have also a significant 

influence on the impact of the presence of volatile phenols on the sensory perception of the 

floral attribute, as the decrease of the floral sensory attribute observed in each experiment were 

not identical, as there were observed significant differences between the score differences of 

the floral attribute in T0 and TF (T0-TF vs T0-TF, Figure 4c). These results are in line with that 

of Tempère et al (2016) that showed that even subliminal concentrations of VPs decreased the 

wine fruity sensory attributes and in all wines with exception of the wines treated with chitosan, 

the levels of VP were below their olfactory detection threshold, nevertheless they still have 

some impact on the wine sensory attributes. 
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a 

 
 

Source of Variation % of total variation P value 

Interaction 5.2 0.0287 

Treatments  67.0 <0.0001 

Wine Score Differences  6.8 0.0097 

 
Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   

Activated Carbon vs. Chitosan 0.30 ns 

Activated Carbon vs. MIP 1.00 ** 

Activated Carbon vs. Cork Powder 0.30 ns 

Chitosan vs. MIP 0.70 * 

Chitosan vs. Cork Powder 0.0 ns 

MIP vs. Cork Powder -0.70 * 

   

T0-TF vsT0-Treatment   

Activated Carbon -1.40 **** 

Chitosan -1.80 **** 

MIP -2.20 **** 

Cork Powder -1.00 ** 

   

T0-Treatment   

Activated Carbon vs. Chitosan -0.10 ns 

Activated Carbon vs. MIP 0.20 ns 

Activated Carbon vs. Cork Powder 0.70 * 

Chitosan vs. MIP 0.30 ns 

Chitosan vs. Cork Powder 0.80 * 

MIP vs. Cork Powder 0.50 ns 
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b 

 
 

Source of Variation % of total variation P value 

Interaction 0.063 0.6705 

Treatments  43.72 <0.0001 

Wine Score Differences  28.01 <0.0001 

 
Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   

Activated Carbon vs. Chitosan -0.70 ns 

Activated Carbon vs. MIP -1.40 *** 

Activated Carbon vs. Cork Powder -0.60 ns 

Chitosan vs. MIP -0.70 * 

Chitosan vs. Cork Powder 0.10 ns 

MIP vs. Cork Powder 0.80  

   

T0-TF vsT0-Treatment   

Activated Carbon 1.20 ** 

Chitosan 1.40 *** 

MIP 1.30 *** 

Cork Powder 0.90 * 

   

T0-Treatment   

Activated Carbon vs. Chitosan -0.50 ns 

Activated Carbon vs. MIP -1.30 *** 

Activated Carbon vs. Cork Powder -0.90 * 

Chitosan vs. MIP -0.80 ns 

Chitosan vs. Cork Powder -0.40 ns 

MIP vs. Cork Powder 0.40 ns 
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c 

 
 

Source of Variation % of total variation P value 

Interaction 1.8 0.6360 

Treatments  15.6 0.0004 

Wine Score Differences  40.7 <0.0001 

 
Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   

Activated Carbon vs. Chitosan -0.90 * 

Activated Carbon vs. MIP -1.30 *** 

Activated Carbon vs. Cork Powder -0.70 ns 

Chitosan vs. MIP -0.40 ns 

Chitosan vs. Cork Powder 0.20 ns 

MIP vs. Cork Powder 0.60 ns 

   

T0-TF vsT0-Treatment   

Activated Carbon 0.30 ns 

Chitosan 0.80 * 

MIP 0.50 ns 

Cork Powder 0.50 ns 

   

T0-Treatment   

Activated Carbon vs. Chitosan -0.40 ns 

Activated Carbon vs. MIP -1.10 ** 

Activated Carbon vs. Cork Powder -0.50 ns 

Chitosan vs. MIP -0.70 ns 

Chitosan vs. Cork Powder -0.10 ns 

MIP vs. Cork Powder 0.60 ns 
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d 

 
 

Source of Variation % of total variation P value       

Interaction 3.5 0.6297       

Treatments  5.3 0.1044       

Wine Score Differences  10.8 0.1621       

 
e  

 
 

Source of Variation % of total variation P value 

Interaction 
 

0.5904 

Treatments  3.6 0.1769 

Wine Score Differences  17.4 0.0385 

Figure 4. Score differences obtained for the wines before (T0 – control and TF – VPs spiked) and after treatment 
(Treatment) with the different products used for removing/reducing wine VPs accessed by an expert sensory panel 
and statistical analysis (two way – ANOVA) and post-hoc analysis. Activated carbons ( ), chitosan ( ), 
molecularly imprinted polymer ( ), cork powder ( ). a) Phenolic aroma attribute; b) Fruity aroma attribute; c) 
Floral aroma attribute; d) Oxidised aroma attribute; e) Vegetable aroma attribute. 
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The effect of spiking of red wines with volatile phenols in the negative oxidised and 

vegetable sensory attributes, except for the wine used in the MIPs experiment were not 

significantly different from zero (Table 1). This can be explained by the fact that the effect of 

addition of volatile phenols to wines, although increasing in average the scores for the oxidised 

and vegetable sensory attributes, these increases were very low. Therefore, although also in 

average there was also observed a decrease in these sensory attributes after treatment with the 

different products there was no significant effect for the two factors for the oxidised sensory 

attribute (Figure 4d) and only a significant difference for the treatment, although the difference 

observed were not meaningful (T0-TF for MIP vs T-Treatment for activated carbon). 

These results show that the two different approaches used in this work for dealing with 

the negative sensory impact of volatile phenols, non-subtractive approach (chitosan) and 

subtractive approach (activated carbon, MIP and cork powder), although resulting in different 

changes in the total concentration of volatile phenols in wines, the decrease in headspace aroma 

abundance by chitosan, although being lower than that obtained for the subtractive approaches 

was enough to result in the same sensory changes of that obtained when using the subtractive 

methods. Probably also the lower decrease in the headspace aroma abundance of the wine 

treated with chitosan when compared to the other treatments can also explain this very good 

performance of chitosan. 

The treatments applied to wine for reducing the VPs levels didn’t changed significantly 

the colour intensity perceived by the expert panel (Table 2), as there was not observed a 

significant difference between T0-TF and zero for the different products (T0-Treatment, Table 

2). Also, no significant effect was observed for the wine hue perceived by the expert panel 

(Table 2). For the wine limpidity and oxidised sensory visual attributes there were also no 

significant changes in these sensory attributes after wine treatment with the various products 

(Table 2). 
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a

b

c

Figure 5. Instrumental colour intensity, hue and change in chromatic characteristics obtained for the wines treated
with the different products used for removing/reducing wine VPs. Activated carbons ( ), chitosan ( ),
molecularly imprinted polymer ( ), cork powder ( ). a) Instrumental colour intensity; b) hue; c) colour
difference. Columns with identical letters are not significantly different.
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Figure 6. Relative anthocyanin content of wines treated with the different products used for removing/reducing 
wine VPs. Activated carbons ( ), chitosan ( ), molecularly imprinted polymer ( ), cork powder ( ). Columns 
with identical letters are not significantly different. 
 

  The treatments applied to wine resulted only in minor changes in the monomeric 

anthocyanins contents (Figure 6), ranging from 0.921 for activated carbons and 0.977 for cork 

powder, being significant only for activated carbon. When the different treatments are 

compared for their reduction in anthocyanins (Figure 6) it can be observed that only activated 

carbon and cork powder showed a significant different reduction of the anthocyanin content of 

the treated wines. The low reduction in monomeric anthocyanins were in line with the low 

reduction in the instrumental colour intensity, nevertheless the results obtained for chitosan and 

MIPs cannot explain the E* observed for the wines obtained after these two treatments. This 

discrepancy may be due to a change in the polymeric anthocyanins in these wines that were not 

evaluated in these experiments. 

Although significant differences were observed between the wine chromatic 

characteristics, the colour intensity perceived by the expert panel (Figure 7a) was in line with 

the colour intensity determined instrumentally, that is, no significant changes were observed in 

the wine colour perception after treatment when compared to the colour perceived for the 

control and spiked wines. The same was observed for the hue perceived by the expert panel 

(Figure 7b). These results show that although instrumentally it was possible to determined 

chromatic differences between the treated wine and control wine, especially for chitosan and 

MIP and to a lesser extend cork powder and activated carbons, these changes were not perceived 

by the expert panel. 
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The treatments didn’t change significantly the limpidity attribute (Figure 7c). For the 

oxidised visual attribute (Figure 7d) none of the treatments resulted in a significant change of 

the oxidised visual attribute.  

 
Table 2. Statistical test results of the significance of the score difference between T0 and TF and the null difference 
(t-test, n=6) for visual attributes. 

Attributes Activated carbon Chitosan MIP Cork Powder 

  p<  p<  p<  p< 

T0-TF 

Colour Intensity -0.2±0.7 0.5152 -0.2±0.2 0.0580 -0.1±0.3 0.4513 0.0±0.7 1.000 

Hue -0.8±1.0 0.1073 0.0±0.1 1.000 -0.1±0.1 0.0580 0.0±0.7 1.000 

Limpidity 0.0±0.8 1.000 0.0±0.3 1.000 0.0±0.3 1.000 0.0±1.0 1.000 

Oxidised 0.8±1.2 0.1634 -0.1±0.4 0.5671 0.0±0.2 1.000 0.0±0.6 1.000 

T0-Treatment 

Colour Intensity 0.2±0.7 0.5152 -0.1±0.1 0.0580 0.1±0.3 0.4513 0.3±0.7 0.3419 

Hue -0.3±1.0 0.4950 -0.1±0.1 0.0580 0.2±0.2 0.0580 0.0±0.7 1.000 

Limpidity -0.2±1.0 0.6449 0.1±0.3 0.4513 0.1±0.3 0.4513 0.0±1.0 1.000 

Oxidised 0.8±1.2 0.1634 -0.2±0.4 0.2752 0.0±0.2 1.000 0.0±0.6 1.000 
Values are presented as mean ± standard deviation. T0 – VPs free wines; TF- VPs spiked wine. 
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a 

 
 

Source of Variation % of total variation P value P value summary 

Interaction 1.2 0.9077 ns 

Treatments  6.0 0.1059 ns 

Wine Score Differences  4.4 0.5834 ns 

 

b 

 
 

Source of Variation % of total variation P value 

Interaction 3.4 0.6413 

Treatments  1.8 03452 

Wine Score Differences  14.0 0.0916 
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c 

  
 

Source of Variation % of total variation P value 

Interaction 0.9 0.9477 

Treatments  0.0 > 0.9999 

Wine Score Differences  0.9 0.9477 

 
d 

 
Source of Variation % of total variation P value   

Interaction 0.1 0.9975  

Treatments  0.1   

Wine Score Differences  24.8 0.0091  

 
Newman-Keuls multiple comparisons test Mean Diff, Summary 

Activated Carbon vs. Chitosan  0.6667 * 

Activated Carbon vs. MIP 0.5333 * 

Activated Carbon vs. Cork Powder 0.5333 ** 

Chitosan vs. MIP -0.1333 ns 

Chitosan vs. Cork Powder -0.1333 ns 

MIP vs. Cork Powder 0.0 ns 

 
Figure 7. Score differences obtained for the wines before (T0 – control and TF – VPs spiked) and after treatment 
(Treatment) with the different products used for removing/reducing wine VPs accessed by an expert sensory panel 
and statistical analysis (two way – ANOVA) and post-hoc analysis. Activated carbons ( ), chitosan ( ), 
molecularly imprinted polymer ( ), cork powder ( ). a) Visual colour intensity attribute; b) Visual hue attribute; 
c) Visual limpidity attribute; d) Visual oxidised attribute. 
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Figure 8. Relative phenolic compounds content of wines treated with the different products used for 
removing/reducing wine VPs. Activated carbons ( ), chitosan ( ), molecularly imprinted polymer ( ), cork 
powder ( ). Columns with identical letters are not significantly different. 
 

As can be observed in Figure 8, activated carbon was the product that changed in a 

higher extent the wine phenolic composition (phenolic acids and catechin) (20% reduction), 

when compared especially with MIPs (6.6% reduction) and cork powder (6.9% reduction).  

For the bitterness, acidity and astringency no clear trend was observed for the different 

treatments applied (Table 3, Figure 9a, b and c). This may be due to different wines that were 

used in the different treatments or to the different extent of phenolic compounds removal 

observed for the four treatments. For ethical reasons these attributes were not evaluated for the 

wines treated with MIPs, as no evaluation of the safety of these products were yet performed. 

For the activated carbons, no significant differences were observed for these attributes (Table 

3), nevertheless for the wine treated with chitosan and cork powder, there was observed a 

significant effect of the presence of these volatile phenols on the wine bitterness and astringency 

attributes (Table 3). In these two products the reduction in phenolic compounds was low as 

discussed previously and the increase of bitterness by the addition of the unpleasant volatile 

phenols, responsible for the unpleasant phenolic notes, can be explained by the relationship 

between several aroma compounds and the bitterness of foods and also observed for wine 

(Sáenz-Navajas, Campo, Fernández-Zurbano, Valentin, & Ferreira, 2010). The treatment of 

wine with chitosan allowed to decrease these sensory attributes, as after treatment there was no 

significant difference between the sensory score difference of T0 and treated wine and zero 

(T0-Treatment, Table 3). For cork powder, the treatment of wine although decreased in average 

the bitterness sensory score, the final wine still presented a sensory score difference for T0-
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Treatment significantly different from zero. For the astringency attribute, also cork powder 

allowed to attain a sensory score difference not significantly different from zero (Table 3). 

 
Table 3. Statistical test results of the significance of the score difference between T0 and TF and the null difference 
(t-test, n=6) for flavour attributes (bitterness, acidity and astringency). 

Attributes Activated carbon Chitosan Cork Powder 

  p<  p<  p< 

T0-TF 

Bitterness 0.3±0.4 0.1256 -1.1±0.4 0.0011 -0.6±0.4 0.0144 

Acidity 0.0±0.3 1.000 0.3±0.3 0.0580 0.5±0.3 0.0095 

Astringency -0.1±0.4 0.5671 -0.7±0.4 0.0078 -0.6±0.4 0.0144 

T0-Treatment 

Bitterness 0.0±0.4 1.000 -0.2±0.4 0.2752 -0.5±0.4 0.0280 

Acidity 0.3±0.5 0.2016 0.1±0.3 0.4513 -0.4±0.3 0.0223 

Astringency 0.2±0.3 0.1634 -0.1±0.3 0.4513 -0.4±0.4 0.0580 
Values are presented as mean ± standard deviation. T0 – VPs free wines; TF- VPs spiked wine. 
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a 

 
 

Source of Variation % of total variation P value 

Interaction 13.7 0.0365 

Treatments  3.0 0.21288 

Wine Score Differences  27.9 0.0022 

 
Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   
Activated Carbon vs. Chitosan 1.40 **** 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder 0.90 ** 

Chitosan vs. MIP   

Chitosan vs. Cork Powder -0.50 * 

MIP vs. Cork Powder   

   

T0-TF vsT0-Treatment   

Activated Carbon 0.30 ns 

Chitosan -0.90 ** 

MIP   

Cork Powder -0.10 ns 

   

T0-Treatment   

Activated Carbon vs. Chitosan 0.20 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder 0.20 ns 

Chitosan vs. MIP   

Chitosan vs. Cork Powder 0.30 ns 

MIP vs. Cork Powder   
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b 

 
 

Source of Variation % of total variation P value 

Interaction 34.3 0.0006 

Treatments  10.1 0.0241 

Wine Score Differences  12.2 0.5460 

 
   

   

   

   

Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   

Activated Carbon vs. Chitosan -0.3 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder -0.5 ns 

Chitosan vs. MIP   

Chitosan vs. Cork Powder -0.20 ns 

MIP vs. Cork Powder   

   

T0-TF vsT0-Treatment   

Activated Carbon -0.30 ns 

Chitosan -0.20 ns 

MIP   

Cork Powder 0.90 *** 

   

T0-Treatment   

Activated Carbon vs. Chitosan 0.20 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder 0.70 ** 

Chitosan vs. MIP   

Chitosan vs. Cork Powder 0.50 * 

MIP vs. Cork Powder   
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c 

 
 

Source of Variation % of total variation P value 

Interaction 3.5 0.3779 

Treatments  16.3 0.0046 

Wine Score Differences  27.8 0.0017 

 
Newman-Keuls multiple comparisons test Mean Diff, Significant? Summary 

Activated Carbon (100g/hL) vs. Chitosan (100g/hL) 0,4500 Yes ** 

Activated Carbon (100g/hL) vs. Cork CKFI75 (250g/hL) 0,5500 Yes ** 

Chitosan (100g/hL) vs. Cork CKFI75 (250g/hL) 0,1000 No ns 

 
T0-TF - T0-Treatment    
Activated Carbon (100g/hL) -0,3000 No ns 

Chitosan (100g/hL) -0,6000 Yes * 

Cork CKFI75 (250g/hL) -0,2000 No ns 

 
 

Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   

Activated Carbon vs. Chitosan 0.60 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder 0.50 ns 

Chitosan vs. MIP   

Chitosan vs. Cork Powder -0.30 ns 

MIP vs. Cork Powder   

   

T0-TF vsT0-Treatment   

Activated Carbon -0.30 ns 

Chitosan -0.60 ns 

MIP   

Cork Powder -0.20 ns 

   

T0-Treatment   

Activated Carbon vs. Chitosan 0.20 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder 0.60 * 

Chitosan vs. MIP   

Chitosan vs. Cork Powder 0.30 ns 

MIP vs. Cork Powder   
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d  

 
 

Source of Variation % of total variation P value 

Interaction 6.4 0.3595 

Treatments  0.3 0.7558 

Wine Score Differences  1.9 0.7285 

 

e 

 
 

Source of Variation % of total variation P value 

Interaction 1.7 0.7656 

Treatments  0.9 0.6075 

Wine Score Differences  1.3 0.8121 
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f 

 
 

Source of Variation % of total variation P value 

Interaction 13.4 0.0264 

Treatments  1.1 0.4267 

Wine Score Differences  36.8 0.0002 

 

Newman-Keuls multiple comparisons test Mean Diff, Summary 

TF-T0   
Activated Carbon vs. Chitosan 0 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder -1.00 *** 

Chitosan vs. MIP   

Chitosan vs. Cork Powder -1.00 *** 

MIP vs. Cork Powder   

   

T0-TF vsT0-Treatment   

Activated Carbon -0.30 ns 

Chitosan -0.40 ns 

MIP   

Cork Powder -0.60 ns 

   

T0-Treatment   

Activated Carbon vs. Chitosan -0.10 ns 

Activated Carbon vs. MIP   

Activated Carbon vs. Cork Powder -0.30 ns 

Chitosan vs. MIP   

Chitosan vs. Cork Powder -0.20 ns 

MIP vs. Cork Powder   
Figure 9. Score differences obtained for the wines before (T0 – control and TF – VPs spiked) and after treatment 
(Treatment) with the different products used for removing/reducing wine VPs accessed by an expert sensory panel 
and statistical analysis (two way – ANOVA) and post-hoc analysis. Activated carbons ( ), chitosan ( ), 
molecularly imprinted polymer ( ), cork powder ( ). a) Bitterness taste attribute; b) Acidity taste attribute; c) 
Astringency taste attribute; d) Body tactile attribute; e) Balance attribute f) Persistence attribute. 
 

 

 

T
0
-T

F

T
0
-T

re
a
tm

e
n

t

0 .0

0 .5

1 .0

1 .5

2 .0

P
e

r
s

is
te

n
c

e
 A

tt
r
ib

u
te

 S
c

o
r
e

 D
if

fe
r
e

n
c

e



CHAPTER VIII – GENERAL DISCUSSION 

 302 

Table 4. Statistical test results of the significance of the score difference between T0 and TF and the null difference 
(t-test, n=6) for flavour attributes (body, balance and persistence). 

Attributes Activated carbon Chitosan Cork Powder 

T0-TF 

  p<  p<  p< 

Body 0.7±0.5 0.0186 0.3±0.2 0.0144 0.2±0.7 0.5152 

Balance 0.6±0.5 0.0323 0.9±0.3 0.0007 0.8±0.8 0.0580 

Persistence 0.0±0.4 1.000 0.0±0.3 1.000 1.0±0.5 0.0045 

T0-Treatment 

Body 0.2±0.8 0.5671 0.5±0.2 0.0017 0.3±1.0 0.0007 

Balance 0.7±0.5 0.0186 0.7±0.3 0.0023 0.6±0.8 0.1256 

Persistence 0.4±0.4 0.0580 0.4±0.2 0.0045 0.6±0.4 0.0144 

Values are presented as mean ± standard deviation. T0 – VPs free wines; TF- VPs spiked wine. 

 

 For the body attribute except for the wine treated with the cork powder, in the wines 

treated with the activated carbon and chitosan, the addition of volatile phenols changed 

significantly the wines body attribute, and for all wines the sensory balance attribute and for 

the wine used in the cork powder experiment also the persistence. This variability in the effect 

of the addition of volatile phenols to wines can be due to a different wine composition, as 

discussed previously. For the activated carbon treated wine there was observed a recovery of 

the body attribute although being observed an almost significant decrease in the persistence of 

wines and a significant decrease in the persistency of the wines treated with chitosan (Table 4, 

Figure 9 e and f). 

 The differences in the wine sensory attributes for phenolic, fruity and floral aroma 

attributes between spiked wine (TF) and wine after treatment (Treatment) (Figure 10) shows 

that there was an important improvement in wine sensory quality by decreasing the phenolic 

attribute of treated wines when compared to TF (Figure 10a). MIP and cork powder presented 

a significant difference (p˂0.00369) in the reduction of phenolic attribute, however wine treated 

with cork power was not significantly different from the wines treated with activated carbon 

and chitosan. For the fruit and floral attributes (Figure 10a and 10b) there was an important 

recovery of these positive attributes after all treatments (AC, CHT, MIP and CK) that were not 

significantly different between treatments (p˂0.3362 and p˂0.2307, respectively). These results 

show that the performance of the different approaches were not significantly different in 

reducing the wine phenolic attribute and the recovery of the fruity and floral attributes, 

increasing significantly the final quality of the VP contaminated red wines. 
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a 

 
                                    b 

 
                                   c 

 
Figure 10. Score differences obtained for the wines before (TF - VPs spiked and after treatment with the different 
products – Treatment used for removing/reducing wine VPs accessed by an expert sensory panel and statistical 
analysis (two way – ANOVA) and post-hoc analysis. Activated carbons ( ), chitosan ( ), molecularly imprinted 
polymer ( ), cork powder ( ). a) Phenolic attribute; b) Fruity attribute; c) Floral taste attribute. 
 

The results obtained in this work show that for an efficient wine treatment dealing with 

the removal/reduction of the negative “Brett character” without impacting negatively on the 

wine quality, the use of optimised oenological products with well-known physicochemical 

characteristics is mandatory. From the different approaches for reducing the sensory impact of 
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volatile phenols on wine aroma some conclusions can be made: reduction of the total 

concentration of volatile phenols in wines is efficient, especially when the unintended removal 

of the other aroma compounds is not also very high. When the impact on the monomeric 

anthocyanins lvels is not very significant, the wine sensory colour intensity perception is not 

changed. The presence of volatile phenols in wines can also affect negatively the sensory 

bitterness and astringency attributes, although this effect seems to be dependent on the wine 

matrix, and therefore their removal decreases these negative sensory attributes. These points 

should be considered when selecting or designing new approaches for red wine treatment for 

removing volatile phenols and their sensory impact on wine. 

Two of the products explored in this thesis are currently allowed to use in wines by OIV, 

although not for treating this sensory olfactory defect, and therefore could be revised by the 

OIV for authorisation of their use for this application. Although MIPs have the potential of 

increasing the specificity of the treatment, the complexity of the wine matrix reduces its 

efficiency being needed to develop MIPs with a higher binding capacity of volatile phenols and 

therefore this potential of MIPs should be further explored. The sustainability of the wine 

industry, an increasing concern of the industry, could be improved using renewable and low-

cost fining agents, and the use of optimised cork for decreasing the volatile phenols in red wines 

can be a solution in the near future. 
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General conclusions and perspectives 

 

From the results obtained in this thesis, some conclusions and directions for future works 

were obtained. From the study concerning the biogenic amines composition and levels of 

volatile phenols contaminated red wines, we can conclude that the removal of volatile phenols 

from these wines doesn’t seem to increase the risk of biogenic amines exposure to consumers.  

This work showed that for an efficient performance of the products studied the structural 

and physicochemical characteristics of the products are of utmost importance: for activated 

carbons the SBET and Vmicro characteristics, for chitosan’s the deacetylation degree and the origin 

(fungal vs crustacean), for the MIPs an efficient imprinting and for the cork powder the 

extractive removal and for the increase of available area and contact with the wine by the air 

removal and solvent impregnation. 

As far as we know this was the first time that a non-subtractive approach was used and 

showed to be efficient in decreasing the negative sensory phenolic attribute and in the recovery 

of the positive fruity and floral attributes of red wines, only by changing the headspace 

abundance of the volatile phenols.  

The non-subtractive approach using chitosan showed similar efficiencies in decreasing 

the sensory phenolic attribute and in the recovering of the fruity and floral attributes, than the 

subtractive approaches (activated carbons, MIP´s and cork powder) for medium spiked wine 

(750 µg/L of 4-EP and 150 µg/L of 4-EG). 

The synthsesis of polymers imprinted with 4-EP and 4-EG recognition ability increased 

the sensory defect removal and increased the recovery of the positive fruity and floral attributes 

in relation to the non-imprinted polymer, showing that even in a complex matrix like wine, the 

imprinting effect of MIPs increased significantly its efficiency. The use of molecularly 

imprinting technology for removing efficiently and selectively the “Brett character” is a 

promising technology, not only for this but also for other wine defects. 

It should be further noted that treated wines resulting from the proposed treatments 

should be further sterilized by filtration in order to remove the spoilage Dekkera/Brettanomyces 

as these treatments do not eliminate these yeasts and their permanence in wines will probably 

result in the production of VPs if there are still available hydroxycinamic precursors in wine. 

Due to the good performance obtained by the different products studied, these new 

approaches should be presented to the OIV to be included in the Codex for the oenological 

practices authorised to be used for the removal/reduction of this sensory defect in red wines, 
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especially, the activated carbons and chitosan from fungal origin, as they are already authorised 

products for the use in other oenological practices. In the case of MIP´s and cork powder other 

additional tests are needed to guaranty their safety for food application. Nevertheless, cork it is 

already authorised to be in contact with the wines and dichloromethane and ethanol are food 

grade solvents, therefore their safety evaluation and use are more straightforward. For the MIP´s 

it is important to guaranty the absence of residual monomers, solvents and additives used in 

their production. 

From the deeper konwledge obtained in this work on the influence of the structural and 

physicochemical characteristics on the performance and drawbacks of the products studied, 

another approaches can be explored for dealing with the sensory impact of volatile phenols, as 

for example the use of different combinations of products or the use of sequential treatments 

employing subtractive and non-subtrative techniques, that in theory will allow to use lower 

doses of these products. 

This work gives several solutions and information for the wine industry for the 

removal/reduction of the olfactory sensory defect known as “Brett character” that can be 

selected in function of the enterprise objectives and the target market. However, experimental 

trials will be necessary before any application, as the wine matrix can influence their efficiency, 

and this point, although important was beyond the scope of this study. Other factors are also 

important for the selection of the product used by the wine companies, namely, the residual part 

of the product that can be left in the wine after treatment, price, sustainability, allergenicity and 

carbon footprint. 


