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ABSTRACT 

Winemaking process produces a large amount of solid wastes, including 
grape marc and wine lees. In 2014, the Italian production of grapes was 
estimated to be 6 million tons, which corresponds to about 1.5 million tons 
of grape marc. The new European regulations about the organization of 
winery sector and waste management (EC 479/2008 and EC 555/2008) 
have revoked the compulsory distillation of the by–products of 
winemaking, creating a great problem on winery waste handling and 
disposal. Grape marc has a heavy environmental impact for the high 
content of phenols that considerably increase chemical and biochemical 
oxygen demands. This biomass could be disposed and valorised first by 
extraction of added-value bioactive compounds and then by production of 
biopolymers and bio-fuels. One of the higher value options is the recovery 
of polyphenols, which could be used in pharmaceutical, cosmetic and food 
industry.  
In this regard, this PhD thesis aimed to study the application of 
Supercritical Fluid Extraction (SFE) and Supercritical Anti-Solvent (SAS) 
process to recover bioactive compounds of high-added value from grape 
marc, in particular polyphenols, which show beneficial effects on human 
health against several diseases. 
SFE with supercritical carbon dioxide (SC-CO2) has been widely used for 
the extraction from natural products. It is an environment-friendly 
technology, which represents an alternative to conventional extraction 
techniques and offers several advantages over classical solvent extraction 
methods. For the extraction of polar compounds, such as polyphenols, a co-
solvent/modifier is necessary to add to SC-CO2.  
Three different “green” SC-CO2 co-solvents were investigated: ethanol, 
water and an ethanol aqueous mixture with 57%(v/v) ethanol 
concentration. The effect of pressure, temperature, CO2 flow rate and 
percentage of co-solvent, which are the main process parameter of a SFE 
process, were studied for each co-solvent used. The results indicated that 
SFE process carried out using the ethanol aqueous mixture (57% v/v) as 
co-solvent at 8 MPa, 40°C, 6.0 kg/h of CO2 flow rate added with 10% of 
co-solvent, showed the best results for Total Polyphenol Content (TPC), 
Antioxidant activity and Proanthocyanidins.  
A combination of ultrasound assisted extraction (UAE) and supercritical 
carbon dioxide (SC-CO2) extraction to maximize polyphenols recovery 
from grape marc was studied.  
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It is well known that ultrasounds waves can improve the extraction 
processes with their cavitational effect. The effect of temperature and time 
of UAE on polyphenols compounds was investigated by 22 full factorial   
design. The highest concentration of polyphenols was obtained at 80°C and 
4 minutes of ultrasound extraction. The obtained UAE-Raffinates were 
extracted by supercritical carbon dioxide. The overall extraction curves 
(OECs) of the UAE-Raffinates extracted by SC-CO2 were described and 
evaluated. The performance of the combined process has been checked by 
comparison of total polyphenol content, proanthocyanidin fractions and 
antioxidant activity with both UAE and SC-CO2 extraction.  
Supercritical Fluids can be used not only for extraction methods, but also 
for other purposes. The peculiar properties of supercritical fluids can be 
exploited in micronization processes. The precipitation of pharmaceutical 
and natural products has attracted great attention in recent years. The 
conventional techniques, including spry-drying, freeze-drying, liquid 
antisolvent crystallization or milling processes, show several 
disadvantages: (1) production of coarse particles, (2) mechanical or thermal 
degradation of the products, and (3) final products with low purity.  
For these reasons, a micronization process with supercritical carbon 
dioxide (SC-CO2), namely supercritical anti-solvent (SAS) process, was 
applied to recover polyphenol compounds from grape marc extract. A 23 
factorial design was applied to study the effect of the main SAS process 
parameters (pressure, temperature and CO2 molar fraction) on recovered 
particles, total polyphenol compound (TPC) and antioxidant activity. The 
precipitates with high quality was obtained at 12 MPa, 45°C and 0.99 of 
CO2 mole fraction. Fractionation of proanthocyanidins, as well as HPLC-
DAD analysis of polyphenols and scanning electronic microscopy (SEM) 
analysis were performed on the best products obtained by SAS.  
Economic considerations, based on the literature data, and future 
perspectives regarding the application of supercritical fluids processes were 
discussed.  
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SOMMARIO 
 
Il processo di vinificazione genera una grande quantità di residui solidi, 
costituiti principalmente da vinacce e fecce. Nel 2014 la produzione 
italiana di uva ammontava a 6 milioni di tonnellate, che corrispondono a 
una produzione di circa 1.5 milioni di tonnellate di vinaccia. La nuova 
regolamentazione della Comunità Europea riguardante il settore 
vitivinicolo e la gestione dei rifiuti (CE 479/2008 e CE 555/2008) ha 
introdotto una progressiva diminuzione, fino alla totale scomparsa, della 
distillazione obbligatoria dei sottoprodotti dell’industria enologica. Tutto 
ciò ha comportato enormi problemi e disagi nella gestione e nell’utilizzo di 
questi sottoprodotti. La vinaccia ha un enorme impatto dal punto di vista 
ambientale e a causa del suo alto contenuto in sostanze polifenoliche 
determina un aumento dei valori di COD e BOD dell’ambiente. Questo 
sottoprodotto può essere sfruttato e valorizzato mediante l’estrazione di 
composti bioattivi ad alto valore aggiunto e successivamente per la 
produzione di biopolimeri, energia e/o biocarburanti. Una delle opzioni di 
maggior interesse è il recupero di polifenoli, che possono essere utilizzati 
in campo farmaceutico, cosmetico e alimentare.  
In questo contesto, questa tesi di dottorato ha come obiettivo lo studio 
dell’estrazione con fluidi supercritici (SFE) e il recupero mediante la 
tecnologia SAS (Supercritical Anti-Solvent) di composti bioattivi ad alto 
valore aggiunto da vinacce d’uva, in particolare le sostanze polifenoliche 
che possiedono effetti benefici sulla salute umana.  
L’estrazione SFE, con il diossido di carbonio allo stato supercritico (SC-
CO2), è ampiamente utilizzata per l’estrazione di matrici naturali. È una 
tecnologia eco-compatibile ed eco-sostenibile, che rappresenta 
un’alternativa alle tecniche di estrazione convenzionali e offre diversi 
vantaggi rispetto all’estrazione classica con solventi.   Per l’estrazione di 
composti polari, come sono i polifenoli, è necessaria l’aggiunta di un co-
solvente al diossido di carbonio allo stato supercritico.  
Tre diversi tipi di co-solvente sono stati studiati: etanolo, acqua e una 
miscela etanolo/acqua, con una concentrazione in etanolo del 57% (v/v). 
Per ciascun co-solvente utilizzato, sono stati valutati gli effetti dei 
principali parametri operativi dell’estrazione con fluidi supercritici: 
pressione, temperatura, flusso di CO2 e percentuale di co-solvente 
utilizzato. I risultati ottenuti indicano che l’estrazione con CO2 supercritico 
addizionato con la miscela etanolo/acqua (57% v/v) come co-solvente a 8 
MPa, 40°C, 6.0 kg/h di flusso di CO2 e 10% di co-solvente, ha permesso di 
ottenere i risultati migliori per quanto riguarda il contenuto di polifenoli 
totali, l’attività antiossidante e il contenuto di proantocianidine.  
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L’accoppiamento dell’estrazione assistita con ultrasuoni (UAE) e 
dell’estrazione con CO2 supercritico è stato studiato, con l’obiettivo di 
massimizzare il recupero di polifenoli da vinacce d’uva. 
È noto che gli ultrasuoni permettono di migliorare i processi estrattivi 
grazie al fenomeno della cavitazione. Un disegno sperimentale fattoriale 
completo (22) è stato applicato per lo studio dell’effetto della temperatura 
e del tempo del processo UAE. La più alta concentrazione di polifenoli è 
stata ottenuta nell’estrazione con ultrasuoni condotta a 80°C per 4 minuti. 
Successivamente, i residui solidi ottenuti dalle prove di estrazione con 
ultrasuoni sono stati estratti ulteriormente con l’SFE. Le cinetiche di 
estrazione (OECs) delle prove con CO2 supercritico sono state considerate 
e studiate. La combinazione dei due processi estrattivi è stata valutata 
considerando il contenuto totale di polifenoli, l’attività antiossidante e il 
contenuto di proantocianidine degli estratti ottenuti con UAE e SFE.   
I fluidi supercritici posso essere utilizzati non solamente nei processi 
estrattivi, ma anche per altri scopi ed applicazioni. Le proprietà 
caratteristiche dei fluidi supercritici possono essere sfruttate nei processi di 
micronizzazione. Negli ultimi anni i processi di precipitazione dei composti 
farmaceutici e naturali hanno ricevuto un enorme interesse. I processi 
convenzionali, come lo spry-drying, freeze-drying e i processi di 
macinazione, presentano diversi svantaggi: (1) produzione di particelle 
grossolane, (2) degradazione termica e meccanica del prodotto finito, (3) 
prodotto finito impuro, contenente tracce di solventi e interferenti tossici. 
Per queste ragioni, è stato applicato un processo di micronizzazione con 
fluidi supercritici, definito come SAS (Supercritical Anti-Solvent), per il 
recupero di polifenoli da estratti di vinaccia. Un disegno sperimentale 
fattoriale completo (23) è stato applicato per lo studio dell’effetto dei 
principali parametri di processo (pressione, temperatura e frazione molare 
del CO2) sulla quantità di particelle recuperate, il contenuto di polifenoli 
totali e l’attività antiossidante. I campioni con i migliori risultati sono stati 
ottenuti a 12 MPa, 45°C e 0.99 di frazione molare del CO2. I campioni 
migliori ottenuti nelle prove sperimentali sono stati inoltre caratterizzati 
mediante il frazionamento delle proantocianidine, l’analisi HPLC-DAD dei 
polifenoli e l’analisi al microscopio a scansione elettronica (SEM). 
Sulla base dei dati di letteratura sono state effettuate considerazioni 
economiche, e discusse le prospettive future delle possibili applicazioni dei 
fluidi supercritici nei processi industriali.  
 
 
 
 



	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I _ WINERY BY-PRODUCTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

	2 

In the last decades the food waste has been considered to represent an 
important social, economic and environmental problem. The spoil of food 
products represents a missed opportunity to mitigate environmental 
impacts, but also to improve global food security and the use of resources 
from food chains.  
The food industry produces annually great amounts of non-edible residues, 
which can be a pollutant source and an economic problem worldwide. In 
2013, FAO published a summary report about global food losses and food 
waste (FAO, 2013). In this study is reported that each year, one third of all 
food produced for human consumption in the world is lost or wasted. The 
global volume of food wastage is estimated to be 1.6 billion tons. Among 
this amount, 54% are lost in production step, including post-harvest 
handling and storage, and the remaining 46% in downstream industrial 
steps, represented by production, processing and consumption.  

 
Table 1.1_ Percentage of losses in different food industries. 

In Table 1.1 are reported the percentages of wastes produced in different 
kind of food industries. It is interesting to note that the agricultural industry, 
which comprises cereals, fruit, vegetables, roots and tubers, produces the 
large percentage amount of residues (30-45%). FAO estimated that only 
agricultural production, at 33%, is responsible for the greatest amount of 
total food waste.  
The agricultural industry produces liquid, solid and gaseous residues that 
may be considered one of the most abundant, cheap and renewable 
resources on earth (Singh nee’ Nigam, 2009), but can cause pollution 
problems and can be an environmental problem when they are not managed 
properly (Lian et al., 2011; Zhang et al., 2014). An example is represented 
by fruit and vegetable wastes (Table 1.2), which generally contain large 
amounts of solids and high values of biological (BOD) and chemical 
oxygen demands (COD).  

Food Industry Loses (%)

Cereals 30
Dairy products 20
Seafood 35
Fruit and vegetables 45
Roots and tubers 45
Meat and poultry 20
Oilseeds and pulses 20
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Table 1.2_ Fruit and vegetable waste characteristics (Thassitou et al., 

2001) 

The BOD and COD index are measurements of the pollutant load and the 
values reported in the table show that the fruit and vegetable wastes could 
be a hazard for the environmental. Indeed, the decomposition processes of 
agricultural and food wastes produce gases such as methane, which 
contribute to the greenhouse effect, and liquids (sludge) that contaminate 
soil, groundwater and springs (Viganó et al., 2015). In this context, a more 
efficient use of agricultural and food residues is necessary to protect the 
human health and the environment. 
In 2006 the European Union (EU) published the Waste Framework 
Directive, which resume the essential points that should be adopted by the 
member states in the handling and management of wastes (Directive 
2006/12/EC). The EU promotes principally: 

• the recovery of waste and the use of recovered materials as raw 
materials in order to conserve the natural sources; 

• the responsible action to ensure the disposal and recovery of waste, 
particularly by promoting green and clean technologies, and 
products which can be recycled and re-used; 

• adoption of waste management plans by Member States; 
• reduction of waste’s movement;  

Also the Member States should take measures to promote, first of all, the 
prevention or reduction of waste production and its harmfulness, but also 
the recovery of waste by recycling, re-use or reclamation with a view to 
extracting secondary raw materials. An alternative can be the use of waste 
as a source of energy.  
Green or clean production can be considered so far as a strategic element 
in manufacturing technology for present and future products, in several 

Waste characteristics

Fruit/vegetable
BOD                       

(mg L-1 )
COD                       

(mg L-1 )
SS                           

(mg L-1 ) pH
Apples 9600 18700 450 5.9
Carrots 1350 2300 4120 8.7
Cherries 2550 2500 400 6.5
Corn 1550 2500 210 6.9
Grapes 1000 1900 250 7.4
Green peas 800 1650 260 6.9
Tomatoes 1025 1500 950 7.9
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industrial branches. Currently, industrial waste management can be 
classified into three options (Kosseva, 2009):  

• sources reduction via in-plant modifications; 
• waste recovery/recycle; 
• waste treatment by detoxifying, neutralizing or destroying the 

undesirable compounds. 
Waste recovery and recycle are particularly attractive fields. The 
valorization of agricultural and food wastes has been receiving special 
attention in recent years. Different studies have explored the conversion of 
wastes to food ingredients and drug components. These wastes can be 
considered as sources for high-added components, such as carotenoids, 
polyphenols and fatty acids, which have many health benefits, as 
antioxidant, anticancer, anti-inflammatory, antiviral, neurosedative 
activities and others. The caretonoids may be extracted from tomato by-
products, as skins, seeds and paste waste (Nobre et al., 2009; Sabio et al., 
2013; Shi et al., 2009), or from apricot by-products (Sanal et al., 2004; 
Sanal et al.,2005) and carrot press cake (Vega et al., 1996). Polyphenols 
are studied and extracted from a wide range of by-products, as grape by 
products (Casas et al., 2010; Monrad et al., 2010a; Monrad et al., 2010b; 
Liazid et al., 2011; Perez-Serradilla et al.,), pistachio hull (Goli et al., 
2005), olive leaves (Le Floch et al., 1998), onion waste (Turner et al., 
2006), potato peel (Singh et al., 2011), pomegranate peel (Cam et al., 2010) 
and mandarin pomace (Hayat et al., 2010). 
The strategies of utilization of residues as a source for high-added products 
can be mainly classified into three categories: 

1. Use of conventional and advanced extraction process for the 
recovery of natural constituents; 

2. Chemical and/or enzymatic reactions to obtain analogues; 
3. Development of bioprocess for the production of bioactive 

compounds. 
All of it can add value to food wastes that, in the most of cases, have little 
or no economic value.  
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1.1_ Winery industry and by-products 

The OIV estimated for 2014 a worldwide production of wine about 270 
Milion of hL. Italy is the second wine producer of the world with a 
production of 44.4 MhL, with a reduction of 15% respect to 2013. In Table 
1.3 are reported all the data regarding the production of wine in the world 
and in the different countries. 

Table 1.3_ Wine production (OIV, 2014) 

Winemaking processes produce a large amount of solid and liquid residues. 
As reported in Figure 1.1 the winery industry produces different kind of 
residues or by-products: 

 

 
Figure 1.1_ Wastes and by-products of winemaking process. 
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• stems or stalks: defined as the skeleton of the grape bunch; 
• grape marc or pomace: solid waste composed by skins, seeds and 

stems;  
• lees: is defined as the thick sediment that floats to the bottom of the 

tank during the fermentation process of the wine. It is composed by 
the dead yeast cells, grape skin and seed fragments and others grape 
solids that separate from the juice and go with gravity at the bottom 
of the fermentation tank; 

• filter cakes: formed by substances that are retained on the filters 
used in the clarification processes of the wine; 

• wastewater: water used for washing of the equipment during all the 
winemaking process. 

1.2_ Grape pomace 

Grape pomace is considered the major waste generated in the winemaking 
process. It is produced after pressing the crushing grapes in white wine 
processing or after fermentation and maceration in red wine production. 
From 100 kg of fresh grapes are produced more or less 20-25 kg of grape 
marc and it is constituted by 50% of skins, 25% of seeds and 25% of stems, 
although the exact distribution of these components depends on several 
factors (Jin et al., 2009). In 2014, the Italian production of grapes was 
estimated to be 6 million tons, which correspond to about 1.5 million tons 
of grape pomace.  
The grape marc can be subdivided in three different categories considering 
the alcoholic content and the vinification process: virgin grape marc, 
completely fermented or partially fermented.  
The virgin grape marc or sweet grape marc is obtained from crushing and 
pressing steps of grapes held to white wine making process; it is 
characterized by a very low alcoholic content and high concentration of 
sugars.  
The completely fermented grape marc is obtained from red wine making 
processes. Its amount of sugars is lower due to the fermentation process. 
The partially fermented grape marc presents intermediate characteristics.  

1.3_ Chemical composition 

The chemical composition of grape marc is influenced by different 
parameters: climatic and cultivation conditions, the variety of grapes, the 
place of origin, the harvest time and winemaking techniques used. 
An average chemical composition of grape marc is reported in Table 1.4.  
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Table 1.4_ Chemical composition of grape marc (De Rosa et al., 1994). 

Cellulose: it is a linear polymer of D-glucose, linked with β1-4 bonds, and 
its amount in the skins is 10-20%. The main characteristic of cellulose is 
its insolubility in water. 

Sugars: the sugars in grape pomace are the same that are present inside the 
fresh grapes: glucose and fructose. The ratio glucose/fructose is more or 
less 0.9:1, at the ripeness of the grapes. The yeasts usually prefer to attack 
the glucose, and so at the end of the alcoholic fermentation the 75% of the 
sugars in the grape marc is represented by fructose. 

Lipids: principally the lipids can be extracted from grape seeds but also the 
skins contain lipid compounds. In the outermost layer of grape skin, so 
called cuticle, is composed of hydroxylated fatty acids called cutin, and is 
covered by hydrophobic waxes (Pinelo et al., 2006).  

Organic acids: The principal organic acids in grape pomace are: tartaric, 
malic, citric and succinic acid. Principally, the acidity is due to the tartaric 
acid and the others acids are in the form of salts with potassium, calcium 
and magnesium. The acidity of grape marc is affected by different factors. 
The most important are: the quantity of must that remain in grape marc, the 
grape variety and the climatic conditions (e.g. a raining or dry weather 
induce a low acidity). Good levels of acidity allow a regular fermentation, 
due to selectivity of the yeasts that interest the alcoholic fermentation, but 
also to the inhibitory action on the bacteria that degrade the tartaric acid 
and other organic acids (e.g. malic acid).   
Grapes contain naturally the L-(-)-malic acid and it represents the substrate 
of the yeasts and malolactic bacteria,  then its concentration can vary during 
the winemaking process. 
The lactic acid may form as by-product of yeast’s fermentation or as main 
product of malolactic fermentation of malic acid. The fermentation of 

Compound % (w/w)

Water 50-70%
Cellulose 10-20%
Sugars 6-8%
Lipids 2-4%
Organic acids 1-2%
Phenolic compounds 1-2%
Minerals 1-2%
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yeasts produce a racemic lactic acid (a mixture of D and L isomers); the 
malolactic bacteria produce only L-(+)-lactic acid from L-(-)-malic acid. 
Malic and lactic acid constitute the fixed acidity of the grape marc.  
The volatile acidity is represented by acetic acid. The acetic acid is formed 
during the fermentation of yeasts and, in particular, from a secondary 
reaction of the acetaldehyde oxidation. It is formed also from the spoilage 
of acetobacter in anaerobic conditions. The bacteria oxidize the ethanol in 
acetic acid at concentrations that depend from air exposition and time 
(Margalit et al., 2004).  

Phenolic compounds: The phenolic compounds represent a wide range of 
chemical compounds and are broadly distributed in the plant kingdom. 
They are secondary metabolites of plants and are generally involved in 
defense against ultraviolet radiation or aggression by pathogens. 

Minerals: The most abundant mineral compounds in grape pomace are 
potassium, calcium, sodium and magnesium. In Table 1.5 are reported the 
mineral composition of the grape marc (Bustamante et al., 2008). 
 

Compound Grape marc                           
(mg Kg-1) 

P 1150 

K 24200 

Na 1200 

Ca 9400 

Mg 1200 

Fe 136 

Mn 12 

Cu 28 

Zn 24 

Table 1.5_ Mineral composition of grape marc. 
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1.4_ Phenolic compounds 

The grape polyphenols can be subdivided in two major groups: non-
Flavonoids and Flavonoids compounds. In general, there is a great 
chemical diversity in the phenolic composition of grapes, due not only to 
the different varieties of grapes or winemaking technologies used, but also 
to the fact that this type of compounds exists in both the free and conjugated 
forms, as they may be bound to quinic acid or to one or more sugar 
molecules (namely glucose, galactose, sacarose and mannose) yielding 
mono-, di-, tri- or even tetraglycosides (Cheynier et al., 2010).  

1.4.1_ Non-Flavonoids 

The non-flavonoids are represented principally by phenolic acids, which 
are usually divided in two main groups:  

• benzoic acids, containing seven carbon atoms; 
• cinnamic acids, constituted by nine carbon atoms. 

These compounds exist predominantly as hydroxybenzoic and 
hydroxycinnamic acids. 

Hydroxybenzoic acids 

The most abundant are gallic, protocatechuic, vanillic and syringic acids. 
Gallic acid (Figure 1.2) is considered as the most important phenolic 
compound since it is the precursor of all hydrolyzable tannins and is 
encompassed in condensed tannins. 

 
Figure 1.2_ Chemical structure of gallic acid. 

Hydroxycinnamic acids 

The most referenced compounds are para-Coumaric, caffeic, ferulic and 
sinapic acids. Cinnamic acids may be present in cis and trans isomeric 
forms, but the latter being the most abundant in nature. These isomers are 
convertible either enzymatically or through the action of light. In nature 
usually they can appear as esters being linkage unit quinic acid, glucose 
molecule or tartaric esters or diesters (Buiarelli et al., 2010). 
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Figure 1.3_ Chemical structure of hydroxycinnamic acids in grapes. 

1.4.2_ Flavonoids 

Flavonoids represent a wide heterogeneous chemical class displaying a 
basic structure of 15 carbon atoms, constituted by two aromatic rings bound 
through a 3 carbon chain (C6-C3-C6), which may or not be part of a third 
ring (Figure 1.4).  

 
Figure 1.4_ General chemical structure of flavonoids. 

This carbon skeleton is responsible for the chemical diversity of this family 
of compounds. In nature, flavonoids can occur either in the free or 
conjugated form being often esterified to one or two sugar molecules 
through at least one hydroxyl group (O-glycosides). The O-glycosylation 
may take place in any hydroxyl function present in the flavonoid scaffold. 
There is also another type of glycosides (C-glycosides), in which the 
connection to the sugar molecule occur directly in the flavonoid skeleton 
through a C-C bond. These glycosides are more resistant to hydrolysis than 
their O-analogs. The most frequently sugar associated to a particular 
glycoside is glucose, but can be also galactose, rhamnose, xylose and 
arabinose. 
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The flavonoids may be subdivided into several classes (Figure 1.5): 

• flavones; 
• flavonols; 
• flavanones; 
• flavononols; 
• flavanes; 
• flavanols; 
• anthocyanidins and anthocyanins; 
• chalcones and dihydrochalcones. 

  

 

 

Figure 1.5_ Chemical structure of Flavanoid groups. 

The most abundant compounds present in grapes are flavonols, flavanols 
and anthocyanins. In particular, flavonols are characterized by the presence 
of a double bond between atoms C2 and C3 and a hydroxyl group in C3. 
The most abundant compounds detected in grapes are quercetin, 
kaempferol and myricetin. The major flavonol compounds in plant tissues 
are glycosides, found in an almost bewildering diversity of forms. 
The flavonols present antioxidant effects but the specific mode of inhibition 
of oxidation is not clear (Makris et al., 2006). Different antioxidant 
mechanisms are proposed: 

- scavenging lipid alkoxyl and peroxyl radical by acting as chain-
braking antioxidants (hydrogen donors); 
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-  chelating metal ions; 
- regeneration of α-tocopherol through reduction of the α-

tocopheroxyl radical. 
Besides, flavanols show a chemical structure characterized by a saturated 
carbon chain between C2 and C3, a hydroxyl function in C3, and no 
carbonyl group in C4. The most abundant flavan-3-ols in nature are 
catechin and its enantiomer epicatechin. These compounds are present in 
the skin and seeds of grapes. Also some catechin derivatives, namely 
gallocatechin, epigallocatechin, epicatechin gallate and epigallocatechin 
gallate, have been identified in grapes and wine (Mattivi et al., 2009; 
Decendit et al., 2002). 
The anthocyanic pigments, comprising anthocyanidins and anthocyanins, 
are responsible for the colour of the grapes, a characteristic that is 
determined by the chemical structure, namely their degree of 
hydroxylation, methylation and/or glucosilation (He et al., 2010). In red 
grapes the most abundant compounds detected are: cyaniding, peonidin, 
delphinidin, pelargonidin, petunidin and malvidin. The last one is 
considered to be the most representative compound in Vitis vinifera grapes 
(Castillo-Muñoz et al., 2010). 

1.4.3_ Tannins 

Tannins are phenolic compounds display astringent properties, which were 
found to be able to cause protein precipitations. They are usually divided 
into two principal classes: hydrolyzable tannins and non-hydrolyzable or 
condensed tannins. 

Hydrolyzable tannins 

Hydrolizable tannins are polyesters of gallic and hexahydroxydiphenic 
acid, and its derivates (e.g. ellagic acid). They can be degraded through pH 
changes as well as by enzymatic or non-enzymatic hydrolysis into smaller 
fragments, mainly sugars and phenolic acids.  
This class of tannins comprise gallotannins (which hydrolyze in gallic acid) 
or elagitannins (which hydrolyze in ellagic acid). The hydrolizable tannins 
are not present naturally in grapes but only in wines, and derivated from 
barrel’s wood. 
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Condensed tannins or Proanthocyanidins 

 Condensed tannins, so called Proanthocyanidins, are oligomers and 
polymers of flavan-3-ols, with molecular weight over 500. The identified 
pronathocyanidins in Vitis vinifera grapes are mainly oligomers and 
polymers of (+)-catechin and (-)-epicatechin linked trhough C4 – C8 bonds. 
These monomeric units may also be stabilized by C4-C6 or C4-C8 bonds 
(Zhao et al., 2010). Other monomers could be found, and in particular there 
are also (-)-epicatechin gallate and (-)-epigallocatechin. 

 
Figure 1.6_ Most abundant monomers constituting proanthocyanidins. 

The proanthocyanidins may be divided in three classes: monomers, 
oligomers and polymers. The oligomeric compounds present a chemical 
structure constituted by 2 to 5 monomers, and the polymeric compounds 
by 6 or more monomeric units. The Proanthocyanidins that exclusively 
consist of catechin or epicatechin units are designated procyanidins, the 
most abundant type of proanthocyanidins in plants. The less common 
proanthocyanidins containing (epi)afzelechin or (epi)gallocatechin 
subunits are termed propelargonidin or prodelphinidin, respectively.  
The dimeric procyanidins can be dividided also in two different classes 
(Ribéreau-Gayon P., 2007):  

- type-B procyanidins: the linkage between the two monomeric units 
are C4-C8 or C4-C6; 

- type-A procyanidins: dimers with a linkage between C4-C8 or C4-
C6, but also they have a ether bond between the carbon C5 or C7 
and the carbon C2. It is possible that the form B change in form A 
due to a radicalic reaction.  
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Figure 1.7_Chemical structures of B-type (a,b) and A-type procyanidins 
(c). 

The trimeric procyanidins are also divided in two categories: 
- type-C procyanidins: trimeric forms that present type B bonds 

between the monomeric units; 
- type-D procyanidins: present type A bonds between the monomeric 

units.   
These compounds are transferred into the must during wine-making 
operations (such as crushing, maceration, and fermentation) (Koponen et 
al., 2007; Silva et al., 1991), but they are found in residual amounts in the 
solid component of grapes (skin and seeds). The amount, structure and 
degree of polymerization of grape proanthocyanidins differ, depending on 
their localization in the grape tissues. Generally, the seeds contain higher 
concentration of monomeric, oligomeric and polymeric flavan-3-ols than 
the skins (Bourzeix et al., 1986). However, the skin tannins have a much 
higher degree of polymerization than that from the seeds (Souquet et al., 
1996). 
The proanthocyanidins are widely distributed in nature and often represent 
the active compounds of medicinal plants or plants showing human health 
beneficial effects.  
Different studies reported that the procyanidins demonstrated a number of 
pharmacological effects e.g. antiviral, antimicrobial, anti-HIV, radical 
scavenging, antioxidative, anti-complementary and antitumor promoting 
properties, as weel as cardiotonic and anti-arteriosclerotic activities. Kresty 
et al. (2011) suggested cranberry procyanidins may help to prevent lung 
cancer by inducing rapid cancer cells apoptosis and growth arrest. 
Procyanidins from peanut skin decreased the production of inflammatory 
cytokines and tumor necrosis factor-α (Tatsuno et al., 2012). Administering 
grape seed procyanidins reduced lung inflammation and decreased Il-4, IL-
5, and IL-3 expression in a mouse model of acute or chronic asthma (Lee 
et al., 2012).   In vitro studies revealed that proanthocyanidins found in 
grape seeds and red rice grains scavenge superoxide (O2-) and hydroxyl 
radicals (Ricardo da Silva et al., 1991; Walter et al., 2011). The 
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proanthocyanidin from grape seeds also shows an other effect on oxidative 
stress. In rats, grape seed proantocyanidin, after a treatment for 5 weeks, 
restored the activities of enzymes involved in the aerobic oxidation of 
pyruvate in the mitochondria, and of NADH dehydrogenase and 
cytochrome c oxidase (Karthikeyan et al., 2007a; Karthikeyan et al., 
2007b).  
In Table 1.6 are summarized the action mechanisms of proanthocyanidins 
(Kruger et al., 2014). 

 

Table 1.6 _ Mechanisms of proanthocyandins. 

Their potential to interact with biological system rests, at least in part, on 
the ability to form complexes with other biomolecules, thus emphasizing 
the necessity to accurately define both their absolute configuration and their 
solution conformation. The increasing focus on the use of natural remedies, 
and of appropriate diets to control disease, have initiated a powerful drive 
to comprehend the chemistry of the proanthocyanidin pools of several plant 
species or products that form part of the human diet, and to also understand 
the mechanisms by which they exert their health-beneficial effects. There 
are different scientific articles (Ferreira et al., 2010; Ariga T., 2004; 
Soobratee et al., 2005) which report that the proanthocyanidins exert their 
biological activities via at least three general mechanisms, that is, transition 
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metal ion complexation, as antioxidants, and by complexation with 
biomolecules such as peptides, proteins, and polysaccharydes.  
The healthy properties of PAs largely depend on their structure and 
especially on their degree of polymerization.  
About 40% the ingested proanthocyanidins are absorbable monomers and 
oligomers. The rest of the non-absorbable polymers have a DP above 4.  
Cos et al. (2004) reported that at least monomers and smaller oligomeric 
procyanidins are absorbed. 
Proanthocyanidins in a solid matrix are not available for absorption. Only 
solubilized proanthocyanidins in the aqueous phase are bioaccesible for the 
enterocyte surface of the small intestine. No transporters have been 
identified for proanthocyanidins. Proanthocyanidins are absorbed through 
passive diffusion. Proanthocyanidins are not likely to pass the lipid bilayer 
via the transcellular pathway due to its large number of hydrophilic 
hydroxyl groups. Paracellular diffusion was thought to be a preferential 
absorption mechanism (Deprez et al., 2001). The absorption and 
metabolism of flavan-3-ol monomers was investigated extensively. Both 
human and animal studies indicated that (+)-catechin and (-)-epicatechin 
were rapidly absorbed from the upper portion of the small intestine.   
Different studies about the depolimerization of oligomeric and polymeric 
proanthocyanidins has been done. A simulated gastric fluid (pH 2.0, 37°C) 
was applied and a depolymerisation of proanthocyanidins oligomers 
(trymers to hexamers) was detected (Spencer et al., 2000). A study in 
humans demonstrated that depolymerisation did not occur and 
procyanidins were stable during gastric transit (Rios et al., 2002). Another 
study confirmed that procyanidin dimers and trimers were highly stable 
under gastric and duodenal digestion conditions (Serra et al., 2010).  
Gu et al. (2007) reported that the depolymerisation in the gastrointestinal 
tract of ingested oligomeric procyanidins by rats not occurred and a 
releasing of monomeric flavan-3-ols was not revealed. One study detected 
procyanidin B2 and (-)-epicatechin in rat plasma and urine after 
administration of purified B2 and it was suggested that only a portion of 
dimer was degraded into (-)-epicatechin (Baba et al., 2002). About this, in 
vitro culture model with human fecal microbiota revealed that less than 
10% of purified procyanidin B2 was converted to (-)-epicatechin (Stoupi et 
al., 2010). In contrast, the depolymerisation of procyanidins was not 
observed in vivo in rats (Gu et al., 2007; Tsang et al., 2005).   
It is possible to conclude from these studies that depolymerisation of 
proanthocyanidins to monomers is negligible in the gastrointestinal tract in 
vivo. 
The scavenging of free radicals, modulation gene expression and mediation 
of signal transduction in cell are activities where the absorption could be 
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considered a prerequisite of bioactivity. Despite this, recent studies 
revealed that proanthocyanidins have the potential to confer health benefits 
via modulation of gut microbiota and exerting prebiotic-like effects. 
Proanthocyanidins in diets could shift the bacterial population in the rat 
gastrointestinal tract towards more tannin-resistant species marked by an 
increase in gram-negative bacterial groups. This way accompanied by 
changes of metabolic fingerprint patterns of bacteria (Smith et al., 2004). 
In particular, grape seed procyanidins promoted the growth of 
actobacillus/Enteroccocus and decreased the Clostridium histolyticum 
group during in vitro fermentation with fecal microbiota. Such change 
subsequently affected proanthocyanidins bioavailability (Cueva et al., 
2013). In other study, a daily consumption of a high-cocoa flavanol drink 
for 4 weeks significantly increased the bifidocaterial and lactobacilli 
populations but significantly decreased clostridia counts, suggesting the 
potential prebiotic benefits of cocoa procyanidins (Tzounis et al., 2008). 

1.5_ Traditional utilization of grape pomace 

Grape marc is usually distilled in wineries to recover ethanol, which is 
further used to produce spirituous liquors, leaving huge amounts of distilled 
grape marc unused after the winemaking process. The treatment of these 
waste residues requires many successive and costly steps, which pose 
increasing disposal and pollution problems. Landfill and incineration are 
popular methods to deal with winery residues, but both contribute to 
production of greenhouse gas (Jin et al., 2009).  
Until 2006 there was the compulsory distillation of the winemaking by-
products, like lees and grape marc, with the scope to avoid the over-
pressing of grapes and to enhance the quality of wines. The Communication 
of Europe Commission (319/2006) promote the total elimination of the 
economic help for the compulsory distillation, with the general aim to 
create a new winery system, more simple and clear, but that also considers 
the increasing concerns about human health and environment.  
In 2008 the Europe Community adopted a new organization of the wine 
sector. The regulations EC 479/2008 and EC 555/2008 outlines a 
progressive decrease, until a complete disappearance, of the support 
measures for potable alcohol distillation, crisis distillation and for the use 
of concentrated grape must. Economic support may be granted for the 
voluntary or obligatory distillation of winemaking by-products and the 
amount of the aid shall be fixed per % volume and per hectolitre of alcohol 
produced. The alcohol resulting from the supported distillation shall be 
used exclusively for industrial or energy products.  
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For the distillation of potable alcohol from by-products, the support may 
be granted until 31th July 2012.  
This new regulation created great problems on disposal and management 
of winemaking by-products. It is important to note that also the vinification 
is a seasonal activity, mainly performed during autumn, and 60-70 % of the 
wastes generated are obtained 3 months later starting the process (Torrijos 
et al., 2003). 
Grape marc is also used as feedstock for cattle and livestock, but is limited 
to 30% of the total food for ruminants due to the very low nutritional value. 
Some researchers studied the grape marc as supplement in animal diet with 
the scope to improve the meat quality and to induce beneficial metabolic 
changes (Greenwood et al., 2012; Moate P.J., 2014; Ragni et al., 2014). 
Also the winemakers usually use the grape marc as fertilizer in the vines. 
Winery residues have high concentrations of macronutrients, especially K 
(11.9-72.8 g/kg), as well as high concentrations of polyphenols (1.2-19.0 
g/ kg) and low concentrations of micronutrients and heavy metals contents. 
These properties are incompatible with agricultural requirements and may 
cause pollutant problems for the environment and humans. Generally, the 
direct utilization of grape marc is not completely avoided, but there is a 
limit about the quantity of grape marc spreading. The maximum level is 
3000 kg of grape marc for one hectare of soil (M.D.  7407 – 4th August 
2010).  
The utilization of grape marc as fertilizer or as a component for plant 
growing media is possible only after a stabilization of the organic matter 
through a composting process, that may decrease the environmental impact 
produces by this type of residue (Moldes et al., 2007a; Moldes et al., 2008).  
Grape seeds can be separated from grape marc, and they are used for the 
extraction of oil. Grape seeds contain from 8 to 20% of oil (dry basis). 
Grape seed oil is rich in unsaturated fatty acids and vitamin E (tocopherols 
and tocotrienols), and exhibits high antioxidant activities, which make it 
increasingly attractive in culinary, pharmaceutical, cosmetic and medical 
applications. Linoleic (58-78%, C18:2n-6) and oleic (10-20%, C18:1n-9) 
fatty acids are two major fatty acids present in this oil (Lutterodt et al., 
2011). The content of saturated fatty acids is about 10% of total fatty acids, 
lead to an unusual high smoking point (Morin, 1996). This fatty acid profile 
permits to use this oil for edible purposes.  
Other industrial applications are the water extraction of enocianin, used as 
colorant additive in alcoholic beverages, jams or other food products, and 
the extraction of tartrate salts, principally calcium tartrate.  
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1.6_ Innovative utilization of grape pomace 

The European Directive 2006/12/EC and the new organization of the wine 
sector (479/2008 and 555/2008) determined new problems concerning the 
disposal and management of grape marc. In the last decades, different 
alternative applications were studied to develop new processes which allow 
to use grape marc, and also all the winemaking residues, to create new 
economic opportunities.  
Grape marc may be used in different ways:  

- Extraction of phenolic compounds 
Grape marc could be disposed and valorized by extraction of added-
value bioactive compounds. It is well known that grape marc 
contains phenolic compounds, which present antioxidant activities 
and other beneficial effects for human health. These compounds 
could be interesting and utilized in pharmaceutical, cosmetic and 
food industry. 

- Production of bio-surfactants 
Grape marc contains a large amount of hemicellulosic sugars, 
which can be hydrolysed to produce solutions containing 
monomers of xylose and glucose, which in turn could be used as 
substrate by Lactobcillus pentosus to produce lactic acid. The grape 
marc hydrolyzates can be used as a substrate for L.pentosus to 
obtain bio-surfactants with a yield of 0.60 mg of intracellular bio-
surfactants per gram of sugars consumed (Portilla et al., 2007). 
Such bio-surfactants not only reduce the surface tension, but also 
have emulsifying properties that may facilitate the bioremediation 
of hydrocarbon contaminated sites (Portilla et al., 2008). Moreover, 
L.pentosus can produce extracellular bio-emulsifiers, by using 
hemicellulosic sugars from grape as a source of carbon (Portilla et 
al., 2010). The bio-surfactants obtained can be used to stabilize 
kerosene/water emulsions (Portilla et al., 2008), or used on various 
hydrophobic plant substrates in order to reduce their water 
repellence (Paradelo et al., 2009a). 

- Compost processes and production of substrates for plant growth 
Grape pomace contains large amount of organic matter and 
macronutrients, which are important factors in soil fertility. It 
contains also polyphenols, that have a phytotoxic and antimicrobial 
activities.  
It is necessary a condition pre-treatment (e.g. composting) before 
the application of winery residues as fertilizer or soil amendment. 



	

	20 

Bustamante et al. (2007, 2008) studied that the composting of 
winery and distilled wastes with animal manures indicates a 
reduction in phytotoxicity during the process. Grape marc may be 
used also to formulate a high quality, low cost substrate for the 
cultivation of most widely consumable edible mushrooms, 
Agaricus bisporus (Lange) Imbach (Pardo et al., 2007). Different 
authors also studied a vermicomposting processes of grape marc, 
with the scope to generate valuable agricultural products and to 
valorise this type of waste (Gómez-Brandón et al., 2011; Nogales 
et al., 2005). The vermicomposting process permits to reduce the 
C:N ratio, conductivity and phytotoxicity, but in the same time 
increase the humic materials, nutrient contents and pH.  
In other studies, was studied a combination of grape marc compost 
and vermicomposts (Paradelo et al., 2009b), or a combination of 
different winery residues (Paradelo et al., 2010).  

- Production of bio-ethanol and energy 
Grape marc is rich in carbohydrates, which can be subdivided in: 
soluble monosaccharides (glucose, fructose) and structurally 
complex polysaccharides (pectins, heteroxylans, xyloglucan and 
cellulose). Glucose and fructose can be directly converted to 
ethanol through fermentation, yielding up to 270 L/tons. It is 
possible use the whole material, but after an acid pre-treatment and 
an enzymatic hydrolysis, to convert the complex polysaccharides. 
In this case, the grape marc could be a value-adding waste material 
for biofuel production, contributing up to 400 L/t ethanol (Corbin 
et al., 2015).  
In the last decade, researchers have studied different methods and 
technologies in order to perform an optimal utilization of organic 
waste to generate “green energy”. Anaerobic digestion (AD) permit 
to degrade and stabilize the organic materials, under anaerobic 
conditions. This process leads to the formation of biogas (a mixture 
of carbon dioxide, methane and hydrogen) and microbial biomass 
(Kelleher et al., 2002). The biogases can be used for energy 
production, contributing to a lower consumption of fossil fuels and 
a reduction of greenhouse effects. They can be utilized as bio-fuels 
in Combined Heat and Power plants for electricity and heat 
production. Fabbri et al. (2015) presented an application of a batch 
mesophilic AD process, for biogas production, applied to winery 
industry waste. The methanization of grape marc can produce 7800 
kWh year-1 of electrical energy and 8900 kWh year-1 of thermal 
energy.  
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1.7_ Extraction of natural products from grape pomace 

Generally, the extraction techniques can be divided in two main categories: 
conventional and non-conventional processes. 

1.7.1_ Conventional extraction techniques 

The extraction method to be applied to a particular solid matrix depends on 
the raw material to be processed and on the product desired. There is no 
single and standard extraction method for obtaining bioactive compounds 
from natural products, each one presenting advantages and disadvantages. 
There are several solid–liquid extraction techniques available. The most 
commonly used conventional techniques are soaking extraction, Soxhlet 
extraction, and distillation.  
In literature, there are different articles about the extraction of phenolic 
compounds from grape marc with soaking processes. Many process 
parameters were studied like type of solvents (pure or their mixtures), 
particle size of raw material, temperature and time of extraction (Pekić et 
al., 1997; Bonilla et al., 1999; Jayaprakasha et al., 2001; Jayaprakasha et 
al., 2003; Lapornik et al., 2005; Bukic-Kojic et al., 2007;  Lafka et al., 2007; 
Amendola et al., 2010;Cheng et al., 2012; Sant’Anna et al., 2012; Bukic-
Kojic et al., 2013; Domínguez-Perles R., 2014; Teixeira Barcia et al., 2014; 
Tournour et al., 2015). 
Traditionally, the seed oil is extracted by organic solvents or mechanical 
pressing. The organic solvents permit to obtain the better extraction yield 
but this technique presents different disadvantages: it is necessary a solvent 
recovery step by distillation, which may degrade thermally labile 
compounds, and in the final product remain traces of organic solvents. The 
mechanical process leads to obtain a final product with a higher quality, 
however the technique provides relatively lower yields (Rombaut et al., 
2015). 

1.7.2_ Non-conventional extraction techniques 

The non-conventional techniques comprise: Ultrasound-Assisted 
Extraction (UAE), Microwave-Assisted Extraction (MAE), Pulsed Electric 
Field (PEF), Enzyme-Assisted Extraction (EAE), Pressurized Liquid 
Extraction (PLE) and Supercritical Fluid Extraction (SFE).   
Casazza et al (2010) reported a comparison of different non-conventional 
techniques with a classic solid-liquid extraction (SLE) applied to 
polyphenols recovery. In particular, they investigated the UAE, MAE and 
PLE in terms of extraction yield, antioxidant activity and polyphenol 
content. The results showed that the non-conventional techniques permit to 
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obtain extracts with higher polyphenol content and antioxidant activity, 
compared with the extract obtained with a classical extraction. Also it is 
important to note that the non-conventional techniques permit to have a 
lower extraction time and lower solvent consume.  
A similar study was conducted by Drosou et al (2015), that they compared 
UAE and MAE vs a classical Soxhlet extraction, using water and ethanol 
as solvents. Another comparison of different methods was done by Corrales 
et al (2008), that they studied the extraction of phenolic compounds from 
grape by-products with ultrasonics, pulsed electric field and hydrostatic 
pressure.    
Enzymatic pre-treatments were applied to enhance the extraction of 
polyphenol compounds for an evaluation of different kind of enzymes, like 
cellulase and pectinase (Chamorro et al., 2012; Fernández et al., 2015). 
Also, the pressurized extraction solvent was carried out for the extraction 
of bioactive compounds from grape marc. The effect of process parameters, 
as solvent, pressure, temperature and extraction time, were studied 
(Álvarez-Casas et al., 2014).  
In general, in extraction techniques it is important to consider the toxicity 
of the solvents used, the degradation of the compounds, and the selectivity 
of the process selected. Supercritical Fluid Extraction (SFE) can be a fast, 
efficient and clean method for the extraction of natural products from 
vegetable matrices. The ease of tuning the operating conditions in order to 
increase the solvation power takes this technology a good option for the 
recovery of several types of substances. SFE can be an important process 
because it is possible to obtain products without toxic residues, with no 
degradation of active principles, and with high purity. In particular, there 
are different studies about the extraction of phenolic compounds from 
winery residues (Palma et al., 1999; Pascual-Martí et al., 2001; Luoli et al., 
2004; García-Marino et al., 2006; Vatai et al., 2009; Ghafoor et al., 2010; 
Yilmaz et al., 2011; Aliakbarian et al., 2012; García-Abarrio et al., 2012; 
Da Porto et al., 2014a; Da Porto et al., 2014b; Duba et al., 2015). 
In literature, there are different studies about the application of different 
techniques to extract oil from grape seeds. Da Porto et al (2013) reported 
an ultrasound-assisted method, which permit to obtain extraction yields 
similar to that obtained with Soxhlet extraction, but the US process leads 
to a lower solvent consumption and a shorter extraction time. Passos et al 
(2009) also studied the effect of an enzymatic pre-treatment, using a 
mixture of cellulose, hemicellulose, pectinase and protease, with the aim to 
enhance the extraction of grape seed oil. 
A relatively novel technique like Supercritical fluid extraction (SFE) could 
represent a good alternative of traditional methods. Many authors study the 
effect of different process parameters, like pressure, temperature, solvent 
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flow rate and particle size, on the extraction yield and quality of the oil 
(Fiori, 2007; Dalmolin et al., 2010; Passos et al., 2010; Fiori et al., 2014; 
Duba et al., 2015;). 
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II.1_ SUPERCRITICAL FLUIDS AND SUPERCRITICAL 
FLUID APPLICATIONS   

1.1_ Supercritical fluids 

A pure component is considered to be in a supercritical state if its 
temperature and pressure are higher than the critical values (Tc and Pc, 
respectively). All the substances can achieve the supercritical state; 
examples of critical data for different compounds are reported in Table 2.1.  

Fluid Critical Temperature - Tc 
(°C) 

Critical Pressure - Pc 
(MPa) 

CO2 31.04 7.37 
Ethane 32.15 4.87 

Propane 96.65 4.25 
Water 373.95 22.06 

Ammonia 132.25 11.35 
n-Hexane 234.35 3.02 
Methanol 239.45 8.09 

Table 2.1_ Critical Properties of fluids of interest in Supercritical Process. 

At critical conditions for pressure and temperature, there is no sudden 
change of component properties. The variation of properties with 
conditions of state is monotonous, when crossing critical conditions, as 
indicated in Figure 2.1 by the hatched lines.  The magnitude of variations 
can be tremendous, causing different effects on solutes and reactants within 
neighbouring conditions of state.  

Figure 2.1 _ Definition of supercritical state for a pure component. 
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A mixture of components is considered to be supercritical with respect to 
pressure, temperature or concentration, if conditions of state of a mixture 
(pressure, temperature, composition) are beyond the critical point of a 
certain mixture. A binary mixture, at constant temperature, is supercritical 
for all pressures higher than the critical pressure of the binary mixture 
(Figure 2.2a). The critical pressure is always the upper limit of the two 
phase area at constant temperature for a binary system. 
It is important to know that there is no analogy with temperature. In a binary 
system, at a constant pressure, the critical temperature does not limit the 
two-phase region, with respect to temperature. The two-phase are well 
extend beyond the critical temperature (Figure 2.2b). 
In a ternary system at constant temperature and pressure, the critical point 
in general is not a maximum value of the two-phase region with respect to 
one of the concentration of the three components (Figure 2.2c). The critical 
point may be on one side of the two-phase area.  
On conclusion, for mixtures it is better and useful to use the notion “one-
phase region” or “two-phase region” instead of “supercritical”. 

Figure 2.2_ Critical point in binary (a, b) and ternary mixtures (c). 

The supercritical fluids (SCF) show particular physical properties. 
Characteristic values for the gaseous, liquid, and supercritical state are 
listed in Table 2.2. In the supercritical state, liquid like densities are 
approached, while viscosity is near that of normal gases, and diffusivity is 
about two orders of magnitude higher than in typical liquids.  
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Table 2.2_ Characteristic values of gas, liquid and supercritical state 
(Brunner, 1987). 

This unique combination of physical properties can be exploited in a wide 
range of applications. For example, using supercritical fluids to extract 
porous solid materials can considerably improve extraction time and 
extraction efficiencies. This is because supercritical fluid media by virtue 
of their relatively low viscosities can rapidly penetrate the solid, dissolve 
materials, and then quickly diffuse out of the solid with the extracted 
material. In comparison, liquid extraction of porous solids is much slower. 
The higher viscosity of liquids results in more time being required for 
liquids to penetrate solids, often by capillary action, before slowly exiting 
the solid material with dissolved compounds. Another advantage of the 
hybrid physical properties of SCF is the ability to bring about more efficient 
diffusion-controlled mass transfer. This is an important parameter since 
more rapid mass transfer can significantly improve the rates of chemical 
reactions such as the transfer of substrates to the active sites of enzymes 
within high-pressure biochemical reactions.  

1.2 _ Supercritical fluids properties 
1.2.1 _ Density 

The properties of supercritical fluids vary strongly with conditions of state 
and these variations are the basis for many applications. The 
interdependence of volume, temperature, and pressure are of utmost 
importance for gas extraction.  
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Figure 2.3_ Generalized PVT diagram. 

In Figure 2.3 is reported a generalized PVT diagram, which shows the 
dependence of volume on pressure for different temperatures. 
At subcritical temperatures (T<Tc), the volume of a gas decreases rapidly 
with increasing pressure, till the phase boundary line is reached (a2). 
Crossing this line by decreasing the total volume causes the formation of 
liquid drops of specific volume a3. In the two phase region, a gas of volume 
a2 and a liquid of volume a3 coexist at constant pressure. At a3 all the gas is 
condensed to a liquid a3. A further reduction of total volume results in a 
rapid increase in pressure (a3 → a4), since compressibility of a liquid is very 
low compared to that of a gas. 
At temperature above than critical point, a gas (c1) can be compressed to a 
liquid-like volume (c2) without visible change of phases. At the critical 
point, the liquid and the gas branch of the phase boundary line meet and 
phases become identical. Compressibility in this region is high. Small 
changes in pressure or temperature cause large variations of specific 
volume or density.  
There are different methods which permit to describe the relation between 
the pressure, molar volume and temperature. For an ideal gas, the simplest 
relation is: 
 

P V = R T 
 
It is well known that this relation is applicable only at low pressure and 
high temperature, it hasn’t much value for high pressure application (e.g. 
supercritical fluids). More appropriate for quantitative representation of the 
PVT behaviour of supercritical fluids are equations of state (EOS), which 
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take into consideration the properties of individual molecules. The 
corresponding-state principle and Van der Walls-type equations of state are 
appropriate for most substances and their mixtures applied in gas 
extraction. 
The corresponding-state principle consider that the state of any substance 
can be defined with reference to the critical point. It is assumed that at same 
conditions with respect to the critical point, different substances behave 
equal. In this context a PVT behaviour can be described by a generalized 
function. Conditions of state are related to critical properties and the 
“reduced properties” (TR, PR and VR) are obtained: 
 

TR = T/Tc                     PR = P/Pc                 VR = V/Vc 
 
Using this reduced properties, it is possible to formulate a generalized EOS:  
 

PR = F1 (TR ,VR) 
 

or Z = (PV)/RT ;   Z = F2 (TR , PR) 
 
The corresponding principle can only be used for calculating PVT 
behaviour of simple molecules with sufficient accuracy. All the influences 
of interaction, size, steric configuration and others, are assumed to be taken 
into account by the critical values of a substance.  

Figure 2.4_ PVT behaviour of simple fluid. 
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Considering a general diagram, where the behaviour of compressibility (Z) 
in function of the reduced pressure (Figure 2.4) is reported, the 
compressibility in the critical region rapidly decreases with pressure. In the 
supercritical region, density of a compound is strongly dependent on 
pressure and temperature, and solvent power, determined by density, can 
be varied with moderate changes in conditions of state.  
A third parameter is also introduced to the corresponding states principle, 
improving the accuracy of the resulting EOS. This third parameter is the 
“acentric factor”, which considers deviation of a molecule from spherical 
shape. 
The Van der Walls equation types are analytical equations, which relate 
their parameter to the critical point of a substance. The simplest and famous 
analytical equation of state is published by Van der Walls in 1873: 

 
This equation is based on the assumption of spherical molecules with 
attractive and repulsive forces depending on the relative distance of the 
molecules. The parameter b represents the repulsion term (co-volume) and 
parameter a, the attractive forces.  
The van der Walls-equation state has an accuracy not sufficient for 
practical purposes for most substances.  
Various modifications have been proposed: Redlich-Kwong EOS, Soave 
EOS, Peng-Robinson EOS, etc. (Byers Brown W et a., 1992; Valderrama 
J.O., 2003).  

1.2.2 _ Thermodynamic properties 

The most important thermodynamic properties, which can be related to 
operating variables of process equipment, are: enthalpy, internal energy, 
entropy and others. 
These properties can be derived from PVT behaviour and calculated in 
dependence of pressure, temperature and composition of a mixture, using 
equations of state.  

1.2.3 _ Transport properties 

Viscosity 

Generally, the viscosity (η) of a fluid is defined by the relationship between 
the shear stress per unit of area (τ) and the velocity gradient vertical to the 
direction of flow (dω/dγ), described as: 
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Generally, the influence of pressure on the viscosity of gases is strongly 
only in certain ranges of temperature and pressure. Influence of pressure is 
low at high reduced temperatures and at low reduced pressures.  
In Figure 2.5 is reported a generalized viscosity behaviour at supercritical 
conditions. Viscosity decreases at constant pressure with temperature to a 
minimum, and then increases with temperature. The viscosity minimum is 
shifted to higher temperatures with increasing pressure. At temperatures 
below the minimum, the supercritical fluid behaves, with respect to 
viscosity, like a liquid: viscosity decreases with temperature. At 
temperatures above the minimum, the supercritical fluid behaves, with 
respect to viscosity, like a gas: viscosity increases with temperature.  

Figure 2.5 _ Generalized viscosity behaviour. 

Generally, in the region of pressure and temperature, which is mostly 
exploited for gas extraction application, viscosity of the supercritical fluid 
decreases with temperature. 
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Thermal conductivity 

Thermal conductivity is connected with the molecular transport of energy  
and is therefore also connected with viscosity and heat capacity. 

Figure 2.6_ Effect of pressure on thermal conductivity. 

Generally, at supercritical conditions thermal conductivity decreases with 
increasing temperature, runs through a minimum and then increases with 
temperature. The minimum is shifted with increasing pressure to higher 
temperatures. At constant temperature, thermal conductivity increases with 
pressure (Figure 2.6). 

Diffusion coefficient 

Diffusion may be defined as transport of matter without convection or 
mechanically induced mixing. The diffusion coefficient is the 
proportionally factor between the diffusion potential (concentration 
difference) and diffusive flow (mass flow). The diffusion coefficient of 
gases and liquids differ by four order of magnitude.  
The diffusion coefficient of gases decreases with an increasing of pressure 
or density. In mixtures of a supercritical gas and a low volatile component, 
the binary diffusion coefficients are of the order of 10-8 m2/s. They are 
about one order of magnitude higher than that for liquids and about two 
orders of magnitude lower than that for gases. Diffusion coefficient 
decreases with density (at constant temperature) and with molecular 
weight. 
Diffusion coefficients may be influenced by an entrainer, or a third 
component.   
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1.3_ Applications of supercritical fluids 

1.3.1_ Supercritical Fluid Extraction (SFE) 

The extraction of materials represents the widest established use of 
supercritical fluids. The extraction with SCF can be applied for different 
purposes:  

• isolation of various compounds;  
• removal of unwanted material leading to enrichment; 
• fractionation; 
• purification processes. 

The SFE is a mature technology with applications extending over 30 years 
and it can be used for solid or liquid matrices.  
The extraction from solid matrices is the most studied application of 
supercritical fluids (Reverchon et al., 2006). In this field, particular 
attention has been given in food and natural products, pharmaceuticals and 
environmental applications. Some well established industrial processes use 
SFE to produce hops extracts and decaffeinated coffee, but other 
commercially feasible applications of SFE include high-value compounds 
from spices, herbs, and other vegetable material, animal tissue, and 
microalgae. Indeed, there might be currently >150 SFE plants throughout 
the world with >0.5 m3 of total extraction vessel volume (King, 2014).  
In the last decade, particular interest has been focused on the extraction of 
vegetable matrices. Between 2000 and 2013, the extracts of more than 300 
plant species have been studied using supercritical fluid extraction (SFE) 
technology (de Melo et al., 2014). While many extracts and pure 
components of these species are already in use for human nutrition and 
health purposes, others represent potentially new applications involving 
plants whose knowledge, in most of the cases, has been empirically 
established or still lack scientific coverage.  
Some vegetable species were frequently used and have appeared in great 
number in literature: grape (Vitis vinifera L.) (Passos et al., 2010; Yilmaz 
et al., 2011; Agostini et al., 2012; Ghafoor et al., 2012;; Prado et al., 2012), 
tomato (Solanum lycopersicum L.) (Nobre at al., 2009; Shi et al., 2009; 
Saldaña et al., 2010; Machmudah et al., 2012; Perretti et al., 2013), thyme 
(Thymus vulgaris L.) (Grosso et al., 2010; García-Risco et al., 2011; 
Petrovic et al., 2012, Santoyo et al., 2014), eucalypt (Eucalyptus spp.) (de 
Melo et al., 2012; Domingues et al., 2012a; Domingues et al., 2012b; 
Santos et al., 2012; Domingues et al., 2013; Herzi et al., 2013; Patinha et 
al., 2013, Zhao et al., 2014), coffee (Coffea spp.) (Tello et al., 2011; 
Andrade et al., 2012; Banchero et al., 2013; Barbosa et al., 2014; de Melo 
et al., 2014; de Oliveira et al., 2014) , sunflower (Heliantus annuus L.) 
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(Casas et al., 2007; Casas et al., 2008; Casas et al., 2009; El Marsni et al., 
2013; El Marsni et al., 2015), flax (Linum usitatissimum) (Ozkal et al., 
2009; Athukorala et al., 2011; Comin et al., 2011; Ivanov et al., 2012), 
rosemary (Rosmarinus officinalis L.) (Pereira et al., 2007; Bensebia et al., 
2009; Herrero et al., 2010; Irmak et al., 2010; Vázquez et al., 2013; Vicente 
et al., 2013; Sanchez-Camargo et al 2014), red pepper (Capsicum anuum 
L.) (Nagy et al., 2008; Tepic et al., 2009; Romo Hualde et al., 2012), and 
rice (Oryza variety) (Wang et al., 2008; Manosroi et al., 2010; Tomita et 
al., 2014). 
In latest years the great expansion of nutraceutical market, as an emerging 
sector comprising the use of dietary substances for the prevention of 
diseases, has been attracting the attention of researchers and industry. As a 
result, the SFE technology has been applied for other different vegetable 
matrices: apricot (Prunus armeniaca L.) (Ozkal et al., 2005; Sanal et al., 
2005), carrot (Daucus carota L.) (Glisic et al., 2007; Maxia et al., 2009), 
cashew (Anacardium occidentale L.) (Setianto et al., 2009), cocoa 
(Theobroma cacao) (Asep et al., 2008), garlic (Allium sativum L.) (Li et 
al., 2010; del Valle et al., 2012), ginger (Zingiber officinale) (Balachandran 
et al., 2006; Catchpole et al., 2003; Martínez et al., 2003), ginseng (Panax 
spp.) (Wood et al., 2006; Luo et al., 2007), laurel (Laurus nobilis L.) 
(Marzouki et al., 2008; Ivanovic et al., 2010), orange (Citrus sinesins L.) 
(Benelli et al., 2010), oregano (Origanum spp.) (Fornari et al., 2012), 
pumpkin (Cucurbita spp.) (Mitra et al., 2009; Shi et al., 2010; Hrabovski 
et el., 2012), soybean (Jokic et al., 2010; Jokic et al., 2012), turmeric 
(Curcuma longa C.) (Braga et al., 2003) and wheat germ (Triticum spp.) 
(Eisenmenger et al., 2006; Gelmez et al., 2009; Jung et al., 2012). 
Interesting field in vegetable matrices is represent by the application of SFE 
for preparing of extracts from vegetable matrices used traditionally in 
oriental folk medicine. Examples of these species are: Acorus calamus 
(Marongiu et al., 2005), Andrographis paniculata (Chen et al., 2009), 
Azadirachta indica (Ajchariyapagorn et al., 2009), Curcuma longa (Braga 
et al., 2003), Cyperus rotundus (Shi et al., 2009), Ocinum gratissimum 
(Leal et al., 2006; Leal et al., 2008), Panax ginseng (Zhang et al., 2006, 
Wood et al., 2006), Taxus baccata L. (Kayan et al., 2009). The application 
of SFE is carried out due to interest to isolate and study the bioactive 
compounds existing in those extracts. 
Generally, SFE extracts obtained from vegetable matrices are mixtures of 
following compounds: tryglicerides, fatty acids, fatty alcohols, terpenoids, 
phytosterols, tocopherols, tocotrienols and phenolics. Tryglicerides are the 
main components of edible oil extracts. They are neutral lipids with a 
triesters structure of glycerol and fatty acids. Their applications are for 
cooking purposes or biodiesel production. Regarding fatty alcohols, it is 
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well known that they have an important industrial role as oleochemical 
solvents, plasticizers and as surfactants in detergent formulation (Hill et al., 
2009). Terpenoids compounds are secondary metabolites in plants which 
play a role related to protection, pollination and growth mechanisms. 
Considering an end-user point of view, terpenoids affect the organoleptic 
perception of natural products and they can have fragrant and colours 
features. Several terpenoids have a bioactive activity and a protection 
function when applied to human health. Phytosterols also are a particular 
class of compounds that assume a special importance for human health 
purpose in view of reducing cholesterol intestinal absorption. The most 
representative phytosterols occurring in vegetable species are β-sitosterol, 
campesterol and stigmasterol.  
Tocopherols and tocotrienols are specific families of compounds which can 
be extracted from many plants. One of the most important molecules of this 
group is vitamin E (α-tocopherol), a powerful antioxidant whose deficient 
concentration in human organisms lead to chronic diseases (Preedy et al., 
2007). Finally, the phenolic compounds comprise a vast group of 
compounds related to plants growth, development and defence. They 
contribute to colour and taste of vegetable matrices, and also show different 
beneficial effects on human health against chronical disease.   
Macroalgae and microalgae are a well-know source for a great variety of 
bioactive compounds. In literature it is possible to find a good number of 
SFE applications. Haematococcus pluvialis green microalgae (Pan et al., 
2012), Monoraphidium sp. (Fujii, 2012), Scenedesmus sp. (Abrahamsson 
et al., 2012), Scenedesmus obliquus (Guedes et al., 2013) and Scenedesmus 
almeriensis (Macías-Sánchez et al., 2010) were used as source of 
carotenoids. Algae are used also as source of chlorophylls (Macías-Sánchez 
et al., 2009), polyunsaturated fatty acid (Tang et al., 2011) and even 
polyphenols (Klejdus et al., 2014).  
In recent decades also the food wastage has been considered a serious 
social, economic and environmental problem. Different studies 
demonstrate that food wastes are source of several important components, 
all of high nutritional value which have many health benefits. The reusing 
of wastes starts to be an important field where the Supercritical Fluid 
Extraction has been applied with the scope to add value of these materials 
that have little or no economic value, and to decrease their management 
and environmental problems.   
In Table 2.3 are reported the different kind of wastes produced by different 
food industries and some examples of SFE applications to extract 
compounds, which could be used in food, pharmaceutical and cosmetic 
industry. 



	

	50 

 
Table 2.3_ Applications of SFE technology on food wastes. 

1.3.2_ Supercritical Fluid Chromatography (SFC) 

Supercritical Fluid Chromatography (SFC) represents a variant or subset of 
high-performance liquid chromatography (HPLC) in which a compressible 
fluid at high density as a solvent. In this technique the SCF represent the 
mobile phase. Generally, the mobile phase is a binary or ternary mixture 
with CO2 as the main component (Taylor, 2010) The fluid can flow 
concurrently or counter-currently with the feed flow depending upon the 
nature of feed and target compound. The separation is usually performed 
as a gradient elution where composition of the mobile phase is changed 
versus time. 
The instrumentation is very similar to the one needed in the SFE processes, 
except that there is a need for a device by which the feed is added to the 
fluid stream. The raw material can be added either constantly or in batches, 
for example, by injection. The packing of a SFC column can consist of an 
inert material such as steel rings or typical chromatographic packing 
materials (e.g. silica or C18). It is possible to identify two forms of 
instrumentation: analytical scale instruments (flow rates less than or equal 

INDUSTRY WASTES
EXTRACTABLE 

COMPOUNDS REFERENCES

Fruit and 
vegetables

peel or sheel, 
seeds and 
bagasse

carotenoids, phenolic 
compounds, sugars, 
aromatic compounds, 
fibers, vitamins, 
minerals, etc.

Singh et al., 2011; Cardoso 
et al., 2013; Castro-Vargas 
et al., 2013; Marqués et al., 
2013; Omar et al., 2013;  
Roseiro et al., 2013; Santos 
et al., 2013; Ekinci et al., 
2014; Reátegui et al., 2014 

Meat and Fish

blood, fat, 
organic solids 
(bones, viscera, 
pieces of meat), 
salts and   
chemicals

fatty acid esters, fats, 
carotenoids, 
polyunsaturated fatty 
acids, lecythin, etc.

Bhatti et al., 2008; 
Marulanda et al., 2010; Shin 
et al., 2012;Aguiar et 
al.,2012; Mezzomo et al., 
2013; Treyvaud et al., 2012

Grains processing
straw, husk, 
bran, dreg, etc.

lipids, proteins, fibers, 
etc.

Kuk et al., 1998; Demirbas 
et al., 2002; Demirbas et al., 
2004; Sarmento et al., 2006; 
Lafka et al., 2011, jalilvand 
et al., 2013

Dairy processing whey , salt 
water, etc.

fat, caseins, proteins, 
lactose, minerals , 
vitamins, etc.

Calvo et al., 2002; Muangrat 
et al., 2011
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to 20 mL/min) and semi-preparative instruments (flow rates from 20 to 200 
mL/min). 
SFC has a numerous practical advantages respect to HPLC: 

• higher speed and throughput; 
• more samples every day; 
• more rapid equilibration; 
• shorter cycle time; 
• lower operating cost; 
• lower column pressure drop; 
• lower solvent consumption; 
• minimal waste generation; 
• the compounds of interest can be isolated in a relatively small 

amount of solvent because CO2 vaporized away. 
Supercritical Fluid Chromatography is applied as analytical technique 
rather than a processing toll. It has been used in the food and 
pharmaceuticals industries for different purposes (Sihvonen et al., 1999). It 
has been applied at the quality control level, where heat-labile non-volatile 
components need to be quantified (Chester et al., 2008). Other and most 
popular applications are: fractionations of essential oils for better stability 
or more favourable profile of aromatic products (Gañan et al., 2011; 
García-Risco, 2011; Fornari et al., 2012; Gañan et al., 2013; Gañan et al., 
2015), fractionation of different fat or oil-derived components like fatty 
acid esters (Fleck et al., 1998; Perretti et al., 2007; Torres et al., 2009; Soto 
et al., 2014) and steroids (Yeh et al., 1999).   

1.3.3_ Supercritical Fluid Particle Engineering 

Particle size engineering has a great importance in the pharmaceutical 
industry because particle size controls drug’s dissolution rate, bio-
availability and uniformity of performance. Particles are characterized by 
size, size distribution, morphology and crystal structure.  
The traditional methods for the micronization include different techniques: 
spray-drying, freeze drying, liquid antisolvent crystallization and milling 
processes. These methods show different disadvantages: 

• Production of coarse particles with broad particle size distribution; 
• Degradation of the product due to the mechanical or thermal 

stresses; 
• Contamination of the particles with organic solvents or other toxic 

substances. 
Particle engineering using supercritical fluids can overcome these 
problems. The possibility of tunning the properties of SFs permits to 
achieve very homogeneous supersaturation conditions which leads to the 
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production of fine powders with a narrow particle size distribution. If an 
adequate SCF with a low critical temperature such as carbon dioxide is 
used, the process can be carried out at low temperatures, thus avoiding the 
thermal degradation of the substances. Finally, in some SCF precipitation 
techniques the use of organic solvents is completely eliminated; in others a 
small amount of organic solvent is used, which can be completely removed 
from the product due to the high solubility of these solvents in SCF, 
avoiding the contamination of the product (Martin et al., 2008).  
The micronization processes with SCF can be classified according to the 
role of the supercritical fluid in the process: 

1) Rapid Expansion of Supercritical Solution (RESS): the supercritical 
fluid acts as a solvent. The compound is dissolved in a SCF and the 
solution are subsequently depressurized through a nozzle, causing 
a rapid expansion of solution and a rapid nucleation-precipitation 
of a uniform stream of particles; 

2) Supercritical Anti Solvent process (SAS): the compound of interest 
is dissolved in an organic solvent and the supercritical fluid is added 
in the solution. The SCF causes the saturation of the organic 
solvent, which decreases the solvent power of the liquid mixture 
and causes the precipitation of the solute;  

3) Precipitation from Gas Saturated Solution process (PGSS): this 
process takes advantage of the large cooling effect produced when 
a SCF is depressurized from supercritical conditions to ambient 
pressure. In the PGSS process, the supercritical fluid is dissolved in 
a melted solid, and the mixture is expanded through a nozzle. The 
expansion causes the vaporization of the dissolved supercritical 
fluid which has an intense cooling effect on the melt; 

4) Supercritical Assisted Atomization process (SAA): in this process 
the supercritical fluid is used as a propeller and play a co-solute 
role. 

The supercritical fluid precipitation methods have been extensively studied 
during the last years, for applications which include pharmaceuticals, 
natural substances, pigments, superconductor precursors or explosives 
(Varona et al., 2010; de Paz et al., 2012; Visentin et al., 2012; Baseri et al., 
2013; Chen et al., 2013; Fernández-Ponce et al., 2014; Huang et al., 2014; 
Rossmann et al., 2014; Gonçalves et al., 2015; Salgado et al., 2015). 

 

 

 



	

	 53 

1.3.4_ Supercritical Fluid Tissue engineering and regenerative 
Medicine 

The aim of tissue and regenerative medicine is to repair, restore, or replace 
damaged tissue. Bone narrow transplants represent an excellent example of 
cell-based therapy. The administration of cells in tissue regeneration is not 
sufficient to bring about the repair of host tissue. The implantation of 
porous polymeric scaffolds provides a means to facilitate a range targeted 
regenerative medical procedures. The use of implanted polymer scaffolds 
with a correct microstructures and an appropriate cell culture can lead to 
proliferation, differentiation and organization into the desired tissue type 
required for repair. The SCFs has been used to impregnate scaffolds with 
growing-promoting factors, genes and signalling moieties. These scaffolds 
can be also administered at the site of injury to encourage the patients’ own 
cells to affect tissue repair.  
The SF technology permit to fabricate polymer implants for medical use 
with a very low amount of solvent residues. The two most SCF methods 
used are: 

1) Supercritical Fluid Gas Foaming, which exploits the plasticizing 
properties of supercritical carbon dioxide; 

2) Supercritical Fluid Phase Inversion, which is a process where SCF 
is used as antisolvent for the removing of polymer solvent. 

1.3.5_ Supercritical fluids as Enzymatic Reaction Solvents 

Traditionally, water was considered the only medium for the use of enzyme 
reactions. However, it was studied that most enzymes can function well in 
organic solvents thus enabling them to act on non-water-soluble substrates.  
In recent years a more amount of studies was conducted to replace organic 
solvents with supercritical fluids as enzymatic reaction media. For a 
successful SCF biocatalytic application, it is important to obtain 
information about enzyme stability in the SCF medium. It not possible to 
predict this information since many different parameters, including 
pressure, temperature, water activity, and nature of modifier, influence the 
stability and activity of enzymes.   

1.3.6_ Sterilization with SC-CO2 

Sterilization using supercritical carbon dioxide shows significant potential 
to the biotech industries as a mild sterilization technique that overcomes 
many of the problems associated with traditional sterilization methods 
(steam autoclaving, gamma radiation, electron beam, and ethylene oxide 
and hydrogen peroxide chemical treatment). The traditional methods 
expect: 
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• elevated temperature, which are not compatible with biomaterials and 
products thermally labile and moisture sensitive; 

• production of toxic compounds (during gamma radiations); 
• alteration of biochemical structures and properties. 

Different studies showed that SC-CO2 has antimicrobial activity. The 
mechanisms of this activity are due to: 

• cell lysis caused by rapid depressurization of SC-CO2 due to a 
pressure differential being established between SC-CO2 pressurized 
cell interior and the more rapidly depressurized external environment;  

• membrane disruption caused by lipids being extracted from cell walls; 
• transient acidification of the cell interior due to carbonic acid 

formation resulting in some vital enzymes being denatured; 
• possible precipitation of ions such as calcium and magnesium in the 

form of carbonates. 
In literature there are different studies about the application of SC-CO2 in 
sterilization process. In summary carbon dioxide was used in different 
fields and applications. The effect of different process parameters was 
studied for the inactivation of different microorganisms or spores 
(Spilimbergo et al., 2003; Zhang et al., 2006; Kim et al., 2007; Zhang et al., 
2007; Shieh et al., 2009; Ortuño et al., 2012; Melo Silva et al., 2013). 
Sterilization processes with SC-CO2 was used in clinical field to sterilize 
clinical solid wastes (Hossain et al., 2013; Hossain et al., 2015), in 
pharmaceutical field to sterilize medicines (Zani et al., 2013) and in food 
sector to improve the shelf-life and health security of final products 
(Spilimbergo et al., 2007; Choi et al., 2008; Choi et al., 2009; Galvanin et 
al., 2014). 
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1.4 Supercritical Fluid Extraction (SFE) process 

1.4.1_ General description 

A Supercritical Fluid Extraction process from solids consist of two process 
steps: 

1)  Extraction of the soluble substances from the solid substratum 
by the SCF solvent; 

2)  Separation of the extract compounds from the solvent. 
A schematic diagram of a basic SFE process is shown in Figure 2.7. The 
principal components of an equipment are: the extractor, the separators, the 
heat exchangers, the pumps, the compressors and the depressurization 
valve.  
 

 
Figure 2.7_ Simplified SFE process flow diagram. 

First the solvent (i.e. CO2) is pressurized and heated to the desired 
processing conditions. Subsequently, it is fed into the extractor and 
uniformly distributed throughout the fixed bed formed by the solid 
substratum. The direction of flow of the supercritical solvent through the 
fixed bed can be upwards or downwards. The solvent dissolved the 
extractable components of the solid. The solid material will be depleted 
from the extractable material in the direction of flow. Concentration of 
extract components increases in the direction of flow in the supercritical 
solvent and in the solid material. 
The solute-solvent mixture is finally separated in the flash tanks by rapidly 
reducing the pressure, increasing the temperature, or both.  
Finally, the solvent is cooled and recompressed and return to the extractor.  

of the process are major points that must be considered in a
manufacturing process. From the process design point of
view, issues which must be considered include: (1) the
source of the bioactive compounds; (2) the global or total
yield obtained in a given extraction process; (3) the
productivity; and (4) the selectivity. Factors (1), (2), and
(3) are directly linked to the economic viability of the
selected industrial process. On the other hand, factor (4) is
related to the quality and purity of the final product
(Quispe-Condori et al. 2005). As the bioactive industry is
constantly seeking innovation in these areas, novel pro-
cesses that can increase the global yield, the productivity,
and the selectivity are being considered. Supercritical fluid
extraction (SFE) is still a somewhat novel technique, in
which the characteristics of the final product can be easily
altered by changing the process parameters such as
temperature, pressure, and co-solvent.

SFE can be a fast, efficient, and clean method for the
extraction of natural products from vegetable matrices. The
ease of tuning the operating conditions in order to increase
the solvation power makes this technology a good option
for the recovery of several types of substances. SFE is an
important process in the food, pharmaceutical, and cosmetic
industries because it is possible to fabricate products
without toxic residues, with no degradation of active
principles, and with high purity. Studies on the extraction of
essential oils, phenolic compounds, carotenoids, tocopherols,
tocotrienols, alkaloids, and others classes of chemical com-
pounds have been published. Several matrices are used such
as seeds, fruits, leaves, flowers, rhizomes, roots, peels of
fruits, and branches of trees.

In this review, a brief discussion of the physical concepts
underlying supercritical fluid extraction is presented along
with a summary of recent studies on the SFE of bioactive
compounds. The parameters influencing extraction yield

and the solubility of the solute in the supercritical fluid are
discussed. In spite of the large number of studies on SFE,
the relatively high cost of investment has kept this
technology from being widely considered as an alternative;
nonetheless, recent studies have demonstrated that SFE is
an economically viable choice. Finally, in order to facilitate
this choice, a simple method for estimating the cost of
extract manufacturing using supercritical fluid technology
is presented.

SFE Extraction Procedure

Supercritical fluids (SCF) have been used in different fields
such as the food, pharmaceutical, chemical, and fuel
industries. Due to the advantages of supercritical fluids,
such as the absence of toxic residue in the final product,
they are especially useful for extraction in two situations:
(1) extracting valuable bioactive compounds such as
flavors, colorants, and other biomolecules or (2) removing
undesirable compounds such as organic pollutants, toxins,
and pesticides. In both cases, the solid substratum can be
treated as a cellulosic matrix that is generally inert to the
solvent and the solute or the mixture of solutes that will
form the extract (Rodrigues et al. 2002).

A simple SFE consists basically of two major steps: (1)
extraction of the soluble substances from the solid
substratum by the SCF solvent and (2) separation of these
compounds from the supercritical solvent after the expan-
sion. The extraction process is illustrated in Fig. 1. First, the
solvent is fed into (solvent pump and heat exchange) the
extractor (extractor 1 or 2) and uniformly distributed
throughout the fixed bed formed by the solid substratum.
During the extraction, the solvent flows through the fixed
bed and dissolves the soluble compounds. The solute–

Fig. 1 Simplified SFE process
flow diagram; the system contains
temperature and pressure control-
lers that are not showed

Food Bioprocess Technol (2010) 3:340–372 341
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The equipment can be implemented with a system for the addition of an 
entrainer. Methods for the addition of an entrainer in an SCF system were 
reviewed by Dunford (1995).  

1.4.2_ Mechanisms of transport in the solid phase 

The solid material consists of particles of different size and form, and the 
size distribution of the particles may vary. The bed particles may form 
different geometries and even change its geometry during the process. The 
solid may form a fixed bed of various geometry, it may be stirred or even 
fluidized. 
The extraction of soluble compounds from solid matrices proceeds in 
several parallel and consecutive steps:  
1. The solid substratum absorbs the supercritical solvent, promoting the 

dilatation of the cellular structures. This step facilitates the solvent flow 
by decreasing the mass transfer resistance; 

2. concurrently, the soluble compounds are dissolved by the solvent; 
3. the dissolved compounds are transported to the outer surface of the solid. 

Diffusion is the most important transport mechanism; 
4. the dissolved compounds pass through the outer surface; 
5. the compounds are transported from the surface layer into the bulk of the 

supercritical solvent and are subsequently removed with the solvent 
from the extractor. 

1.4.3_ Solubility 

In any kind of extraction method, the solubility is the main important 
parameter. Solubility is defined as the concentration, mass fraction, or 
molar fraction of a given substance that can be dissolved in the SCF. 
Knowledge about the solubility behaviour of solutes in an SCF requires an 
understanding of the intermolecular interactions of solute-solvent and 
solute-solute. The vapour pressure and intermolecular interactions between 
the solute and the solvent are critical to achieving the solubility of a solute 
in a supercritical solvent.  
The capability of a solvent to dissolve a solute can be described 
qualitatively by the solubility parameter approach (δ). The concept of a 
solubility parameter was firstly defined for liquids by Hildebrand as 
follows: 
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where ΔHvap and V are vaporization heat and molar liquid volume, 
respectively.  
The combination of Van der Walls equation and the theory of 
corresponding states results in an empirical relationship in the solubility 
parameter for supercritical fluids: 

 

where Pc is the critical pressure, ρr1 is the reduced density of the fluid, and 
ρr1,b is the reduced density of the fluid at its normal boiling point. 
The chemical structure of the solute influences its solubility in an SCF; i.e. 
the polar functional groups significantly reduces the solubility of a 
compound in SC-CO2. 
The solubility can be influenced also by: 

- Temperature_ The effect of the temperature is complex because it 
is a combination of two factors: an increase in temperature raises 
the vapour pressure of the solute, enhancing its solubility in the 
SCF; however, an increase in temperature also decreases the solvent 
density and consequently the solvent power.  
In Figure 2.8 is reported the typical behaviour of the solubility 
isotherms of a solid-fluid binary system. The solubility of a solute 
initially decreases, reaching a minimum value, and subsequently 
increases with pressure until approximately reaching the critical 
point. In the region between PL and PU pressures appear a 
phenomenon known as retrogradation, where an isobaric increase 
in temperature leads to a decrease in solubility (Dunford et al., 
2003; Mukhopadyay, 2001).  

 
Figure 2.8_ Solubility behaviour of a solid solute in an SCF. 
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This phenomenon can be explained by the relative influence of 
density and volatility. An isobaric temperature increase causes a 
supercritical solvent density decrease and consequently a solubility 
decrease due to the density effect. Moreover, the same increase in 
temperature increases the vapour pressure of the solute, which 
enhance the solubility caused by the volatility effect. At pressure 
low than PU, the density effect is more pronounced than the 
volatility. However, beyond the crossover pressure PU, the effect of 
volatility is more pronounced then the effect of the density, 
resulting an increase in solubility with an increase in temperature. 

- Pressure_ depending on the pressure, the temperature effect is 
different. In general, at high pressures, an increase of temperature 
causes a density decrease and a vapour pressure increase. The 
increase in vapour pressure more than offsets the decrease in 
density (Brunner, 2005). 

1.4.4_ Overall extraction curves 

The extraction of compounds from solid material is carried out by 
contacting the solid substrate with a continuous flow of the supercritical 
solvent. The course of the extraction process can be followed by 
determining the amount of extract against time of extraction. The rate of 
extract recovery is not a linear function of time. The amount of solute 
extracted is a function of process time or solvent consumed, according to 
the following equation:  

 
where mtot is the mass of extract, Q is the flow rate of the supercritical 
solvent, and Y(H,t) is the ratio of solute mass to solvent mass at a given 
time (t) at the extractor or bed outlet (H) 
Different behaviours can be observed that depend on the typical forms of 
variation in total amount of extract (w(t)) and extraction rate (∆mextract/∆t) 
with time or accumulated solvent mass. The representation of w(t) and 
∆mextract/∆t as functions of time or mass of the solvents permits the 
generation of overall extraction curves (OEC).  
In literature it is possible to observe two different types of OEC. In Figure 
2.9 is reported a OEC type I. It represents a typical extraction curve of 
matrix with high initial content of extractable compounds and/or extracting 
that is easily accessible to the solvent.  
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Figure 2.9 _ Overall Extraction Curve type I. 

In Figure 2.10 is reported a OEC type II. In this case the extraction rate 
(∆mextract/∆t) continuously decreases form the beginning to the end of 
extraction. This type of curve represents the extraction of a matrix with low 
content of extractable material and/or poor accessibility to the solvent.   

Figure 2.10 _ Overall Extraction Curve type II.  

Generally, OEC is characterized by three time periods (Figure 2.11) 
(1)  a constant-extraction rate period (CER): in this period the solute 

is present in large quantities on the surface of the particles of the 
matrix. In this stage the convection is the prevailing mass transfer 
process and it is controlled by the solvent flow; 

(2)  a falling-extraction rate period (FER): in this period the easily 
accessible solute layer on the surface of the particles is being 
exhausted. The rate of mass transfer decreases rapidly because of 
the reduction of the effective mass transfer. In this step, the 
resistance to mass transfer lies in both solid and fluid phases, and 
the processes of both diffusion and convection become important 
in the extraction; 



	

	60 

(3)  a diffusion-controlled rate period (DR): this stage is characterized 
by the absence of easily accessible solute at the particle surface. 
The extraction rate is controlled mainly by diffusion of the solvent 
into the interior of the solid particles follow by spread of the 
mixture of the solute and solvent to the surface of the particles. 

 
Figure 2.11_ Generalized Overall Extraction Curve (OEC). 

Several authors have shown that during the CER period, approximately 50-
90% of the total amount of extract is obtained. The best operational 
conditions will be those in which high amounts of solute are extracted in a 
relatively short time, that is, in the CER period. The process parameter of 
the CER that can be estimated from the OEC are: 

(1) the extraction rate for the CER period (MCER); 
(2) the time span of the CER period (tCER); 
(3) the yield of the CER period (RCER); 
(4) the mass ratio of solute in the supercritical phase at the extractor 

outlet (YCER).  
These kinetic parameters provide important information regarding the 
design and scale-up of an industrial equipment for supercritical fluid 
extraction.   

1.4.5_ Effect of process parameters 

Solvent selection 

The principal factor which we must be considered is the type of solvent. 
When selecting an appropriate solvent for an SFE application, the critical 
temperature and pressure of a compound are two important physical 
properties to consider.  
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If the fluid selected has high Pc, the extraction process will be potentially 
more expensive because of the higher cost of equipment, which will need 
to be designed and manufactured for use at high pressures.  
If Tc of the solvent is high, then heat-sensitive materials could be adversely 
affected during process. Another important criterion that should be 
considered in selection of the solvent is the chemical stability of the solvent 
under the processing conditions.  
Carbon dioxide is most widely used SF in analytical and industrial 
applications, due to following advantages: 

• low Tc (31.04 °C) and Pc (7.38 MPa); 
• environmentally benign with no disposal problems; 
• nonflammable; 
• nontoxic; 
• generally chemical inert; 
• noncorrosive; 
• widely available in high purity at low cost; 
• Generally Recognized As Safe (GRAS) by FDA (Food and Drug 

Administration). 

Pressure 

The solvent capacity generally increases with pressure at constant 
temperature. In Table 2.4 are reported the density of CO2 when increasing 
pressure, at different temperature. 
It is important to note that the density increases with an increasing of 
pressure. A higher density increases also the solvent power. However, 
excessive pressure also increases matrix compression, reducing pore size 
and mass transport and eventually causing yield losses. 
 
 

 

 

 

 

Table 2.4 _ Density of CO2 at different pressures (at 40°C). 

 

Pressure 
(MPa) 

Density     
(kg/m3) 

8 277.9 
10 628.7 
20 839.9 
30 910.0 
40 956.1 
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Temperature 

The effect of temperature is complex because of the combination of two 
factors:  
1.   an increase in temperature decreases the solvent density and 

solvent power (Table 2.5); 
2.   an increase in temperature enhances the vapour pressure of the 

solute, enhancing its solubility in supercritical fluid. 

Temperature 
(°C) 

Density    
(kg/m3) 

40 628.7 
50 384.4 
60 290.0 
70 255.8 
80 221.6 

Table 2.5 _ Density of CO2 at different temperatures (at 10 MPa). 

At relatively low pressure the temperature influences predominantly the 
density and solvent power. On the other hand, at higher pressures, the 
predominant effect of an increasing of temperature is on the vapour 
pressure.  

Solvent ratio 

Solvent ratio is one of the most important parameter for extraction 
processes. High solvent flow rate increases the extraction capacity. 
However, in some cases very high solvent flow rates actually decrease the 
yield because of the insufficient contact time between the solute and the 
solvent.  
The effect of the solvent ratio cannot be considered without considering 
economic consequences. Solvent ratio influences production costs in two 
ways: 

1) high solvent ratio results in short extraction times, causes 
enhanced operating costs per unity of product quantity, if the 
loading of the solvent decreases with increasing solvent ratio. In 
addition, capital costs are higher for high solvent ratios, because 
the equipment for the supercritical solvent cycle is more 
expensive due to its larger size. 
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2) high solvent ratio on the other hand increases the amount of 
extract and throughput of solid material, thus decreasing 
production cost per unit quantity of product.  

If monetary costs are predominant the solvent ratio should be chosen 
according to the maximum extraction rate achievable. If costs for cycling 
the supercritical solvent per unit quantity of product are predominant, then 
the solvent ratio will be more determined by the minimum quantity of 
solvent. The minimum quantity of solvent corresponds to a flow rate of the 
solvent with which equilibrium loading of the solvent at the exit of the 
extractor is just achieved.  

Size and shape of solid particles 

These factors have direct effects on the mass transfer rate of the process. In 
general, the extraction rate increases with decreasing particle size, so the 
solid matrix must be comminuted to increase the mass transfer area. 
Important is, that very small particles must be avoided because their use 
can compact the bed, increasing the internal mass transfer resistance and 
causing channelling inside the extraction bed. As a result, the extraction 
rate decreases due to the inhomogeneous extraction.  
Another important factor is the shape of the particles. The grinding process 
can produce particles with different shapes, such as spherical, flakes, plate-
like, or other shapes. Depending on the shape, the diffusion may be 
promoted or not (Gaspar et al., 2003). Also the bed porosity can influence 
the mass transfer and the efficiency of extraction processes. Generally, an 
increase in the matrix porosity promote more efficient and rapid extraction 
(Taylor et al., 1996). It is important to note that the porosity is related to 
the particles size and their distribution on the bed.  

Co-solvent/modifier 

The solvent power of a supercritical fluid can be adjusted by adding a 
miscible modifier, also known as co-solvent or entrainer. It is well known 
that SC-CO2 is a polar solvent, but by adding an appropriate solvent, SC-
CO2 can be used to extract more polar compounds. In Table 2.6 are 
reported some common modifiers used to modify the solvating strength of 
SC-CO2. 
Generally, the modifiers are added in the range of 5-15% v/v.  The main 
rule of the use of modifiers is to have a strong solubility enhancing effect, 
due to a specific interaction between modifier and solute and/or sample 
matrix. The interaction can occur trough: hydrogen bonding, charge 
transfer or dipole-dipole interaction.  
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Co-solvents can affect the extraction processes in different ways: by 
increasing the volatility of the solute, by increasing the density of the 
supercritical fluid, by expanding the condensed phase, or by increasing the 
miscibility of the components. Also the use of modifier may swell the solid 
matrices, which permit to have a more open structure, and so a more rapid 
and efficient extraction. It is important to be aware of the phase diagram of 
the SF plus co-solvent/ modifier to avoid a situation leading to the 
production of a two-phase region. If a modifier is used, the temperature 
required to achieve critical conditions will be above that of the pure SF and 
an appropriate temperature adjustment should be made to avoid two phase 
system being formed.  

Modifier Tc (°C) Pc (MPa) 

Acetic acid 320.95 5.79 
Acetone 235.05 4.78 

Acetonitrile 274.55 4.83 
Chloroform 262.15 5.48 

Dichlorometane 234.95 6.08 
Diethyl ether 193.45 3.64 

Ethanol 242.45 6.36 
Ethyl acetate 250.75 3.85 

Hexane 234.55 3.02 

Methanol 239.65 8.01 

Table 2.6 _ Modifiers more used for supercritical carbon dioxide. 

Moisture of raw material 

Moisture content is a factor which greatly influences the extraction yield. 
In the most of cases the water inside the raw material competes with the 
solute to interact with the solvent, decreasing the yield of the process. Also, 
water inhibits the flow of supercritical fluid because of changes in surface 
tension and the contact angle as a result of the interaction among the three 
components (water, sample matrix and supercritical fluid). The removal of 
water allows improved access by the SF to the internal props and thereby 
increases the mass transport path.  
The presence of water can cause other some undesirable effects: 

• its co-extraction can increase the formation of ice blockages due to 
the Joule-Thompson effect in the separator vessel 

• its co-extraction can allow the separation of compounds until the 
end of the process (Shi et al., 2007) 
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• ionization and hydrolysis of compounds; 
• shelf-life of final compounds may be altered (Leeke et al., 2002); 
• foam formation, attributed to the co-extraction of saponins, can 

contributed to fluid flow problems (Pereira et al., 2003). 
For this reasons, drying material is recommended. Generally, the vegetable 
matrix should have a water content of around 4-14% (Pereira et al., 2010). 

Extraction time 

A supercritical fluid extraction can be carried out with two types of process 
times:  

• time of static extraction; 
• time of dynamic extraction. 

Static extraction time occurs in a static way, without solute and/or solvent 
flow in the output of the processing line. Generally static extraction time is 
short. The matrix is first submitted to the temperature and pressure 
parameters, resulting in the breakdown of cellular structures caused by the 
cell swelling that occurs during the initial contact between the solute and 
the solvent.  
On the other hand, dynamic extraction time occurs as the south and/or 
solvent flow in the output of the processing line. It is well known that an 
increase of dynamic extraction time implies higher extract recovery and 
costs.  
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II.2_ AIM OF THE WORK 

Supercritical fluid extraction (SFE), which is a “green” technology, was 
applied to recover bioactive compounds, substances with potential 
beneficial effects on health, from grape marc, a winery by-product. The 
attention was principally focused on polyphenols for their high commercial 
value in food, pharmaceutical and cosmetic industry. 
Different SFE process parameters (pressure, temperature, co-solvent %,   
CO2 flow rate) were evaluated to analyse their influence upon total phenols 
of the extracts, proanthocyanidins concentration and antioxidant activity. 
Ethanol (EtOH), water (H2O) and ethanol/water mixture with ethanol 
centration of 57% (v/v)	(EtOH 57%) were investigated as co-solvents to 
add to supercritical carbon dioxide (SC-CO2).  
The overall extraction curves (OECs) (phenols content vs. time) were 
plotted to evaluate the effect of temperature or/and pressure or/and CO2 
flow rate upon supercritical carbon dioxide added with co-solvents.  
SC-CO2 methods were compared with classical extraction.  
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II.3_ MATERIALS AND METHODS 
3.1_ Chemicals 

Carbon dioxide (mass fraction purity 0.999 in the liquid phase) was 
supplied by Sapio S.r.l. (Udine, Italy). Free stable DPPH radical (DPPH•, 
2,2-dyphenyl-1-picrylhydrazyl), Folin-Ciocalteau reagent, gallic acid, (±)-
catechin, (+)-α-tocopherol,, vanillin 99% were purchased from Sigma-
Adrich (Milan, Italy). Sep-Pak Plus tC18 cartridge WAT36810 and WAT 
36800 were purchased from Waters (Milan, Italy). Other reagents were of 
analytical grade or higher available purity.  

3.2_ Raw material 

Grape marc from red grape (Vitis vinifera L.) varieties was collected during 
September 2013 in Friuli Venezia-Giulia region (Italy), air dried at room 
temperature for 24 h (moisture 9.46 ± 0.21 %w/w) and stored at 4°C until 
use. It was ground on a domestic mill, and particles characterized by size 
classification in a standard sifter with several mesh sizes ((<0.5, 0.8-1.0, 
1.0-1.25, 1.25-1.50, 1.50-175, 1.75-2.0, >2.0 mm). An average particle 
diameter dp= 0.83 ± 0.05 mm was adopted, being calculated by Sauter’s 
equation (Povh et al., 2001) to set of fractions within the previous mesh 
sized: 

 
where mi is the mass of particles retained below mesh size dpi, mt is the 
total mass of milled grape marc and k is the number of mesh sized.  

3.3_ Classical organic solvent extraction 

25 g of ground grape marc were continuously extracted with 300 mL of n-
hexane for 6 h at a maximum temperature of 70°C in a Soxhlet apparatus 
to extract lipids. Subsequently, 1 g of defatted grape marc with 5 mL of 
different solvents (ethanol, water and a mixture ethanol/water at 57% v/v) 
were mixed and shaken at 50°C for 90 min to extract phenolic compounds. 
As reported by Pinelo et al. (2005), it was confirmed that after 90 min for 
each solvent tested the extraction of polyphenols was completed. The liquid 
extract was then recovered with a filter paper. Subsequently, the solvent 
was removed at 45 °C under reduced pressure using a rotary evaporator 
(Rotavapor R210, Buchi, Flawil, Switzerland). The extract obtained was 
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weighted and the extraction yield was calculated. All the extractions were 
done in triplicate.  

3.4_ Supercritical fluid extraction 

The supercritical fluid extractions were carried out on a SFE pilot plant 
(SCF100 serie 3 PLC-GR-DLMP, Separeco S.r.l., Pinerolo, Italy) equipped 
with 1 L extraction vessel (E1), two 0.3 L separators in series (S1, S2), and 
a tank (B1) where CO2 is stored and recycled. The solvent used as carbon 
dioxide (Sapio S.r.l., Udine, Italy). The flow sheet of SFE plant is given in 
Figure 2.12.  
 

 

 

 

 

 

 

 

 

 

 

Figure 2.12_ SFE pilot plant flow sheet. (B1) storage tank; (E1) extraction 
vessel; (S1, S2) separators; (H#) heater exchangers; (C1) condenser; (HV#) 
hand valves; (MV1) membrane valve; (NVR#) no return valves; (P) 
diaphragm pumps; (F1) flowmeter; (M#) manometers; (k) safety devices; 
(FL1) Coriolis mass flowmeter; (D) co-solvent storage tank; (X#) mixer. 

Ground grape marc was defatted by SC-CO2 extraction. The extractor was 
filled with 0.300 kg of raw material and the process was carried out setting 
the conditions as reported by Sovova et al. (2001): pressure was 28 MPa, 
temperature 45°C, CO2 flow rate 10.0 kg/h and 3 h the total extraction time.  
Subsequently, to extract polyphenols from the defatted grape marc, due to 
the polarity of polyphenols, the addition of a co-solvent was needed. 
Different types of co-solvent were studied: H2O, EtOH (96% v/v) and 
ethanol aqueous mixture at 57% (v/v) ethanol. Mixtures of alcohols and 
water have revealed to be more efficient in extracting phenolic constituents 
(Yilmaz et al., 2006). The ethanol-water mixture at 57% (v/v) ethanol was 
chosen as co-solvent because Makris et al (2007) reported that efficient 
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extraction of phenolics from all white vindication solid by-products was 
achieved, using conventional extraction procedure, employing this solvent 
system, and the extracts so obtained highlighted the highest antioxidant 
activity.  
The extractor was filled with 0.1 kg of ground defatted grape marc 
distributed in glass beads (0.005 m). The true density of grape marc, 
determined by picnometry with helium gas (Pycnomatic ATC, Thermo 
electron corporation, Milan, Italy), was 1453 kg/m3. The apparent bed 
density was 1184 kg/m3 and the total porosity on the bed particles was 
calculated to be 0.20.  
The effect of the main process parameters, Pressure and Temperature, was 
studied, using the three co-solvents reported above.  
All the extraction conditions applied are reported in Table 2.7. 

 
Table 2.7_ Experimental conditions applied in SFE processes with EtOH, 

H2O and EtOH 57% (v/v) as co-solvents. 

Subsequently, the effect of CO2 flow rate and % of co-solvent was studied 
using the mixture ethanol/water (57% v/v) as co-solvent. The operations 
conditions applied are reported in Table 2.8. 

 
Table 2.8_ Experimental conditions for the study of CO2 flow rate and co-
solvent % effect. 

Aliquots of grape extract were collected during extractions in volumetric 
flasks at intervals of about 30 min, to assess several data points for the 
overall extraction curves (OECs). The co-solvent was then removed from 

TYPE OF CO-SOLVENT PRESSURE TEMPERATURE CO2 FLOW RATE % CO-SOLVENT

(MPa) (°C) (mL/min) (% w/w)
EtOH 8 40 6.0 7.5

10 50 6.0 7.5
20 60 6.0 7.5

H2O 8 40 6.0 7.5
10 50 6.0 7.5
20 60 6.0 7.5

EtOH 57% (v/v) 8 40 6.0 7.5
10 50 6.0 7.5
20 60 6.0 7.5

TYPE OF CO-SOLVENT PRESSURE TEMPERATURE CO2 FLOW RATE % CO-SOLVENT

(MPa) (°C) (kg/h) (% w/w)
EtOH 57 %(v/v) 8 40 8.0 10

6.0 7.5
4.0 5
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the extracts with rotary evaporator (Buchi, B465, Switzerland) at 45°C. 
After removal of solvent the extracts were weighted and analysed. All 
experiments were conducted in triplicate.  

3.5_ Analytical procedures 

3.5.1_ Total polyphenol content (TPC) 

Total polyphenols were determined using the Folin-Ciocalteau reagent. 
Briefly, the reaction mixture contained 100 µL of extract or solvent, 500 
µL of the Folin Ciocalteau reagent, 4 mL of water and 2 mL of a sodium 
carbonate-water solution (15% w/v). After 2 h of reaction at ambient 
temperature, absorbance was read at 750 nm using US-Vis 
spectrophotometer (Shimadzu UV 1650, Italy) to calculate TPC. Gallic 
acid was employed as the standard. A calibration curve was made with 
standard solutions of gallic acid in the range 50-500 ppm and measures 
were carried out at 750 nm (R2 = 0.99). All analyses were performed in 
triplicate. Results were expressed as milligrams of equivalent gallic acid 
per 100 g of dried grape marc (mg GAE/100 g DGM).   

3.5.2_ Fractionation of Proanthocyanidins  

Grape marc extracts were fractionated as reported by Sun et al. (1998). 
Briefly, 5 mL of grape marc extracts was concentrated to dryness in a rotary 
evaporator at <30°C. The residue was dissolved in 20 mL of 67 mmol/L 
phosphate buffer, pH 7.0. The pH of the resulting solution was adjusted to 
7.0 with NaOH or HCl. Two C18 Sep-Pak cartridges were assembled 
(WAT 36800 on the top and WAT 36810 at the bottom) and conditioned 
sequentially with 10 mL of methanol, 20 mL of deionized water and 10 mL 
of phosphate buffer, pH 7.0. Samples were passed through the cartridges at 
flow rate not higher than 2 mL/min, and phenolic acids were then 
eliminated by elution with 10 mL of 67 mmol/L phosphate buffer at pH 
7.0. The cartridges were air dried with nitrogen flow and eluted 
sequentially with 25 mL of ethyl acetate (fraction FI+FII, containing 
monomeric and oligomeric flavan-3-ols) and with 15 mL of methanol 
(fraction FIII, containing polymeric proanthocyanidins). The ethyl acetate 
eluate was taken to dryness under vacuum using a rotary evaporator 
(Rotavapor R210, Buchi, Flawil, Switzerland), redissolved in 3 mL of 
phosphate buffer at pH 7.0 and reloaded onto the same series of cartridges, 
that had been conditioned as described above. The cartridges were air dried 
with nitrogen flow and eluted sequentially with 25 mL od diethyl ether 
(fraction FI, containing monomers) and 15 mL of methanol (fraction FII, 
containing oligomers). The fractions FI, FII and FIII were evaporated to 
dryness under vacuum in 3 mL of methanol. Sample fractionation was 
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performed in duplicate. The total flavan-3-ol content of each fraction was 
determined by vanillin assay according to the method described by 
Obreque-Slier et al. (2010), with slight modifications. Briefly, 0.5 mL of 
sample was added with 2.5 mL of vanillin/methanol solution (1% w/v) and 
2.5 mL of sulfuric acid/methanol solution (10% v/v). After 15 min of 
reactions at 30°C, the absorbance of the mixture was measured at 500 nm 
using a UV-Vis spectrophotometer (Shimadzu UV 1650, Italy). Results 
were expressed as milligrams of catechin per 100 g dried grape marc (mg 
catechin/100 g DGM). All analyses were performed in triplicate.  

3.5.3_ Antioxidant activity 

The antioxidant activity of phenolic extracts and proanthocyanidins 
fractions was evaluated by the total free radical scavenger capacity (RSC) 
following the methodology described by Espin et al. (2000) with slight 
modification. Briefly, 10 µL of extract, was added with 1990 µL of fresh 
methanol DPPH solution (93 µM). Then the mixture was shaken vigorously 
and left in darkness for 60 min. Finally, the absorbance of the mixture was 
measured against pure methanol at 515 nm using a UV-Vis 
spectrophotometer (Shimadzu UV 1650, Italy). The RSC is the difference 
of the concentration of DPPH free radical (CDPPH•,i) previously dissolved in 
methanol, after 60 min of reaction with the sample (CDPPH•,f). The 
antioxidant activity of the samples was expressed as milligrams of α-
tocopherol per 100 g of dried grape matter (mgα-tocopherol/100 g DGM). A 
calibration curve was made with standard solutions of α-tocopherol in the 
range 5.8 x 10-5 – 2.3 x 10-3 mol/L (R2 = 0.98). All analyses were performed 
in triplicate. 

3.6_ Statistical analysis 

Minitab 17 software (Minitab Inc.) was used for statistical analysis by one-
way analysis of variance (ANOVA, with Tukey’s HSD multiple 
comparison) with the level of significance set up at p ≤ 0.05.  
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II.4_ RESULTS AND DISCUSSION 

4.1_ SCF extraction of red grape marc: Ethanol as co-solvent 

The overall extraction curves (OECs) were studied plotting the total 
polyphenol content (TPC) expressed as mg GAE/100 g DGM versus the 
extraction time (min). Ethanol was used as co-solvent due to the fact that it 
is the most common co-solvent/modifier used in SFE process. Furthermore, 
ethanol is recognized as GRAS and it is considered usable in food 
applications. 
Generally, when a co-solvent is added to CO2 the critical temperature of 
the resulting mixture is elevated (Gurdial et al., 1993). This limits the 
amount of co-solvent which may be added if the extraction is to occur in 
supercritical region at 40-60°C. In Figure 2.13 are reported the vapour-
liquid equilibrium of the CO2+ethanol system obtained from literature 
(Knez et al., 2008; Mehl et al., 2011).   

 
Figure 2.13_ Vapour-liquid equilibrium of the CO2+ethanol system at 

40°C (•), 50°C (•), 60°C (•). 
Firstly, the effect of pressure was evaluated applying three different 
pressures (8, 10 and 20 MPa) at constant temperature (40°C), CO2 flow rate 
(6.0 kg/h) and % of co-solvent (7.5 % w/w). Considering the phase 
equilibria of binary system CO2 and ethanol reported in Figure 2.13, for 
all the pressures tested the solvent system is in homogeneous phase (one-
phase region), due to the fact that the operating conditions are above the 
equilibrium curve at 40°C. In Figure 2.14 are reported the OECs obtained 
at 8, 10 and 20 MPa of pressure. Generally, the extraction curves exhibit 
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three periods: (1) a constant-extraction rate period (CER); (2) a falling-
extraction rate period (FER); and (3) a diffusion-controlled period (DC). 
(Pereira et al., 2010).  

 
Figure 2.14_ Overall extraction curves of grape marc SC-CO2 plus 7.5% 
(w/w) Ethanol at 40°C. 

The operating pressure is one of the most relevant process parameter of 
SFE. The general rule is: higher is the pressure, larger is the solvent power 
and smaller is the extraction selectivity (Brunner et al., 2005). 
At 8 MPa the extraction of polyphenols (319.28 ± 3.32 mg GAE/100 g DGM) 
is higher than at 10 MPa (84.75 ± 0.78 mg GAE/100 g DGM) and at 20 MPa 
(65.87 ± 1.49 mg GAE/100 g DGM). It is clear that higher is the extraction 
pressure and lower is the recovery of polyphenol compounds.  
In Table 2.9 are reported the kinetic parameters calculated from the OECs 
obtained at 8, 10 and 20 MPa.  

 

Table 2.9_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus ethanol at 8, 10 and 20 MPa.  
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The parameters reported in Table 2.9 are related to the first part of the 
OECs, the CER period, and they provide important information about the 
design and scale-up of any SFE process. Also these parameters confirm that 
at 8 MPa was obtained the best extraction. The OEC at 8 MPa shows the 
slowest CER period (60 min) with the highest yield (RCER = 264.53 mg 
GAE/100 g DGM), corresponding to 83% of the final extracted polyphenols. 
The CER period exhibits also the highest extraction rate (8.032 x 10-8 kg 

extract/s) and the highest ratio between the mass extracted and the mass of 
supercritical solvent (4.409 x 10-5 kg extract/kg CO2).  
As suggested by Farias-Campomanes et al. (2013) the low mass-transfer 
rates at the high pressure may be partially due to the low dispersion 
coefficient of the modified SC-CO2 which accounts for the axial and radial 
diffusion mechanisms and to the high porosity of the extraction bed which 
may have caused an irregular compaction of the extraction bed, giving 
problems of channelling and reducing the contact between the solvent and 
the compounds to be extracted, thus causing a loss of process efficiency.    
Since the best extraction has been obtained at 8 MPa, the effect of the 
process temperature was then studied. In Figure 2.15 are reported the 
OECs obtained at 40, 50 and 60°C, setting the same pressure (8 MPa), CO2 
flow rate (6.0 kg/h) and % of co-solvent (7.5 % w/w).  

 
Figure 2.15_ Overall extraction curves of grape marc SC-CO2 plus 7.5% 
(w/w) Ethanol at 8 MPa. 
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Considering Figure 2.13, at 40°C the solvent system was in supercritical 
conditions (one-phase region), but the processes at 50 and 60°C are below 
the equilibrium curves and the solvent system was in the two-phase region. 
The OECs show that the increase of temperature from 40°C to 60°C 
decreases the polyphenols concentration from 319.28 ± 3.32 to 246.18 ± 
3.72 mg GAE/100 g DGM. The effect of the temperature is a combination of 
two mechanisms: (1) an increase in temperature decreases the solvent 
density and consequently the solvent power; (2) an increase in temperature 
enhances the vapour pressure of the solute, enhancing its solubility in the 
supercritical fluid. 
The results indicate that an increase of the temperature reduces the density 
of the modified SC-CO2 and, consequently, its solvent power. The 
solubility of the solute in the sub- or supercritical phase decreases at higher 
temperature because the density effect of SC-CO2 modified with ethanol is 
predominant on the vapour pressure of the compounds to be extracted (Da 
Porto et al., 2014).  
These conclusions are also confirmed by the kinetic parameters of the 
OECs, reported in Table 2.10. The CER period obtained at 8 MPa and 40°C 
shows the lowest time (60 min) and the highest polyphenol recovery 
(264.53 mg GAE/100 g DGM), extraction rate (8.032 x 10-8 kg extract/s) and 
ratio between extract mass and supercritical fluid mass (4.409 x 10-5 kg 

extract/kg CO2).  

 

Table 2.10_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus ethanol at 40, 50 and 60°C.  

These results suggest that 8 MPa and 40°C are the best operating conditions 
to extract grape marc polyphenols by CO2 and 7.5%(w/w) of ethanol, as 
modifier. 
As shown in Table 2.11, a comparison of the extracts obtained by SFE 
extraction and classical extraction, using ethanol as solvent, was carried 
out.   

8 MPa - 40°C 8 MPa - 50°C 8 MPa - 60°C

tCER (min) 60 120 120
MCER (kg/s) 8.032 x 10-8 3.343 x 10-8 2.765 x 10-8

RCER (mgGAE /100 g DGM) 264.53 223.69 172.43
YCER (kg extract / kg CO2) 4.409 x 10-5 1.864 x 10-5 1.437 x 10-5

Pressure-Temperature
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Table 2.11_ Chemical composition of grape marc extracts obtained by 
ethanol and SFE extraction methods.  

Considering the polyphenols content, the highest value was found for 
ethanol extraction (962.67 ± 17.58 mg GAE/100 g DGM). The SFE extraction 
permitted to recover only 33.2 % of phenols recovered by conventional 
extraction. However, a comparison of the antioxidant activity between SFE 
and classical extraction shows that the highest value was obtained  with 
SFE extraction (977.91 ± 3.65 mg α-tocopherol/100 g DGM). With this regard, it  
is interesting to note that this highest value of antioxidant activity does not 
correspond to the highest content of phenols. This suggests that SFE 
technology allows the extraction of different phenol fractions responsible 
for the high antioxidant activity of the extracts.    
In Table 2.11 are reported the amount of monomeric, oligomeric and 
polymeric fractions of proanthocyanidins (PAs) quantified in the different 
extracts. SFE extracts shows the highest content of total PAs (94.32 mg 
catechin/100 g DGM), compared to the classical extract (80.57 mg catechin/100 g 
DGM). Regarding the percentage composition of PAs fractions, the ethanol 
extract is richer in polymeric compounds (40.8 %) and the SFE extract in 
monomeric compounds (65.6%). The extraction with CO2 and ethanol as 
modifier permitted to obtain a higher concentration of PAs fractions 
(monomeric and oligomeric), which are more absorbable in human body 
(Cos et al., 2004). 
 

Classical Extraction SFE extraction

Ethanol 8 Mpa - 40°C

Global yield (% w/w) 9.40 ± 0.20 b* 10.80 ± 1.01 a
Total phenols (mg GAE / 100 g DGM) 962.67 ± 17.58 a 319.28 ± 3.32 b
Total antioxidant activity (mg !-tocopherol / 100 g DGM) 517.48 ± 6.47 b 977.91 ± 3.65 a

Proanthocyanidins  (mg catechin / 100 g DGM)
Monomeric fraction (FI) 27.71 ± 3.49 b 61.89 ± 2.38 a
Oligomeric fraction (FII) 19.95 ± 3.01 a 20.36 ± 2.17 a
Polymeric fraction (FIII) 32.91 ± 0.25 a 12.07 ± 2.56 b

Proanthocyanidins  (%)
Monomeric fraction (FI) 34.4 65.6
Oligomeric fraction (FII) 24.8 21.6
Polymeric fraction (FIII) 40.8 12.8

Antioxidant activity  (mg !-tocopherol / 100 g DGM)
Monomeric fraction (FI) 49.63 ± 0.22 b 173.34 ± 0.62 a
Oligomeric fraction (FII) 16.44 ± 0.19 b 115.99 ± 0.87 a
Polymeric fraction (FIII) 111.78 ± 0.22 a 86.83 ± 0.53 b
Each data represent the mean of three replicates ± standard deviation 
* Values with different letter within line indicate significant differences (p < 0.05)
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4.2_ SCF extraction of red grape marc: Water as co-solvent 

The binary system CO2-H2O shows particular characteristics. Principally 
the system shows a wide range of immiscibility (Pérez et al., 2005). The 
CO2+H2O mixture exhibits type III phase behaviour according to the 
classification reported by Scott et al. (1980), with a discontinuous vapour-
liquid critical curve, a wide region of liquid-liquid coexistence below the 
critical temperature of CO2, and very limited mutual solubility in the 
regions of two and three phase equilibrium.  The Vapour-liquid-liquid three 
phase line is very close to the saturated vapour pressure of pure CO2 (Hou 
et al., 2013). In Figure 2.16 is reported the phase diagram for CO2+H2O 
system at 50°C. As reported by Durling et al. (2007) only at very high 
temperature and pressure there are miscibility between carbon dioxide and 
water.  

 
Figure 2.16_ Phase diagram for CO2+H2O system at T=50°C (Hou et al., 
2015). 

The same procedure, reported in the previously section 4.1, was applied 
when water was used as co-solvent. The overall extraction curves (OECs) 
were obtained plotting total polyphenol content (TPC) vs time.  
Firstly, the effect of pressure was studied applying three different pressures 
(8, 10 and 20 MPa) at constant temperature (40°C), CO2 flow rate (6.0 kg/h) 
and % of co-solvent (7.5 % w/w). The OECs obtained are reported in 
Figure 2.17. 

S.-X. Hou et al. / J. of Supercritical Fluids 73 (2013) 87– 96 91
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Fig. 3. Phase diagram for CO2 (1) + H2O (2) system at T = 298.15 K. ⃝,  Campos et al.
[37];  +, Dalmolin et al. [38]; !, Valtz et al. [23]; △, Nakayama et al. [39]; ▽, Vilcu and
Gainar [40]; !, Zelvenskii [41]; ♦, Wiebe and Gaddy [42]; ×, Coan and King [43]; ▹,
Gillespie and Wilson [44]; ◃, Teng et al. [45]; &, this work; –, three-phase tie line.

water was degassed under vacuum immediately prior to use. The
carbon dioxide was supplied by BOC with a claimed mole-fraction
purity of 99.995%.

The system was first evacuated to a pressure of approximately
1 kPa using a two-stage diaphragm pump, and then flushed with
CO2 and evacuated again to ensure removal of impurities. A selected
amount of water was then charged into the cell. With the temper-
ature controlled at the desired value, CO2 was charged into the
vessel until the desired initial pressure was reached. The system
was equilibrated under the action of the recirculation pump and
the magnetic stirrer before sampling of the phases commenced.

The equilibrium state was first judged from constancy of the
measured pressure, and then by monitoring the reproducibility of
vapor and liquid sample compositions. For all the isotherms stud-
ied, an equilibrium condition was reached within approximately
2 h. Once equilibrium was reached, samples of liquid and vapor
were taken and transferred to the on-line GC for analysis. Typical
sample sizes were around 35 !mol  for the liquid phase and 15 !mol
for the vapor phase. Approximately 10 samples of each phase with
good composition reproducibility were taken for analysis to give
final mean results. The temperature and pressure were measured
before, during and after the sampling and mean values taken.

A further amount of CO2 was then charged into the vessel to
reach another equilibrium state at a higher pressure, and the pro-
cedure was repeated for the other isotherms.

The experimental data are listed in Table 1 together with the
standard uncertainty of the mole fractions. The results are illus-
trated in Figs. 3–9 for all 7 isotherms measured between (298.15
and 448.15) K. At T = 298.15 K, VLLE data were measured at a pres-
sure of 6.391 MPa  and, above this pressure, LLE data were measured.

3. Modeling

Typically, thermodynamic models based on the symmetric ! −
! approach and the asymmetric " − ! approach could be applied
to model the phase behavior of (CO2 + H2O). Models based on these
two approaches can be found in the work of King et al. [22], Valtz
et al. [23] and Paulus and Penoncello [24]. Since we wish to model
also (CO2 + brine) mixtures, the " − ! approach is more favorable
because activity coefficients are required for chemical equilibrium
and mineral speciation calculations.

The " − ! approach is known for its ability to describe both the
vapor and liquid phases by representing the liquid phase with a
solution model and the vapor phase with an equation of state. It is
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Fig. 4. Phase diagram for CO2 (1) + H2O (2) system at T = 323.15 K. !, D’Souza et al.
[46];  ⃝,  Briones et al. [47]; △ Bamberger et al. [30]; ▽, Bando et al. [48]; ♦, Zawisza
and  Malesinska [29]; !, Zelvenskii [41]; +, Fischer [49]; ×, Wiebe and Gaddy [42];
⊕,  Smith et al. [50]; ▹, Coan and King [43]; ▹, Sidorov [51]; &, this work.
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Fig. 5. Phase diagram for CO2 (1) + H2O (2) system at T = 348.15 K. △, D’Souza et al.
[46];  ▽, Sako et al. [52]; ⃝,  Gillespie and Wilson [44]; !, Zawisza and Malesinska
[29];  +, Zelvenskii [41]; !, Coan and King [43]; ♦, Smith et al. [50]; ⊕, Wiebe and
Gaddy [42]; × Sidorov et al. [51]; &, this work.
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Fig. 6. Phase diagram for CO2 (1) + H2O (2) system at T = 373.15 K. !, Zawisza and
Malesinska [29]; ⃝,  Kiepe et al. [53]; !, Müller et al. [32]; +, Zelvenskii [41]; △, Wiebe
and Gaddy [31]; ▽, Prutton and Savage [54]; ♦, King and Coan [43]; ×, Gillespie [44];
&,  this work.
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Figure 2.17_ Overall extraction curves of grape marc SC-CO2 plus 7.5% 
(w/w) water at 40°C. 

The increase of process pressure determined a decrease on total polyphenol 
content. At 8 MPa was obtained the highest concentration of polyphenols 
compounds (465.16 ± 0.34 mg GAE/100 g DGM), followed by the extract at 
10 MPa (283.37 ± 1.88 mg GAE/100 g DGM) and 20 MPa (217.42 ± 0.60 mg 
GAE/100 g DGM).  
In Table 2.12 are reported the kinetic parameters calculated for the first 
period (CER) of the OECs obtained at 8, 10 and 20 MPa. These parameters 
confirmed that 8 MPa was the best extraction pressure to recover 
polyphenol compounds from red grape marc. In the CER period at 8 MPa, 
it was recovered the 75.6 % of the final polyphenol content (RCER= 351.54 
mg GAE/100 g DGM). With the lowest pressure was obtained the highest 
extraction rate (MCER = 2.971 x 10-8 kg/s) and the highest ratio between 
extract mass and solvent mass (YCER= 1.674 x 10-5 kg extract/kg CO2). 
The effect of pressure was the same observed when 7.5% (w/w) ethanol 
was used as co-solvent. As reported in section 4.1, high pressures may 
determine a low mass-transfer and consequently a decrease of polyphenol 
recovery, due to two main effects:  a) low dispersion coefficient of the 
modified SC-CO2; b) irregular compaction of the extraction bed due to its 
high porosity (Farias-Campomanes et al., 2013). 
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Table 2.12_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus water at 8, 10 and 20 MPa.  

In Figure 2.18 the OECs were plotted to evaluate the effect of temperature 
at 8 MPa upon SC-CO2 + 7.5% H2O process to extract phenols. Unlike the 
behaviour observed when EtOH was used as co-solvent, in this case the 
increase of process temperature determined an increase of polyphenols 
concentration in the extract. The OECs show that the increase of 
temperature from 40°C to 60°C increases the polyphenols concentration 
from 465.16 ± 0.38 to 649.36 ± 5.67 mg GAE/100 g DGM. 

 
Figure 2.18_ Overall extraction curves of grape marc SC-CO2 plus 7.5% 
(w/w) water at 8 MPa. 

In this context, the effect of temperature on vapour pressure of the solutes 
is dominant over the effect on the solvent density. Increasing temperature 
leads to increase vapour pressure of the target compounds, and 
consequently to an higher solubility in the solvent system (CO2+H2O).  

8 MPa - 40°C 10 MPa - 40°C 20 MPa - 40°C

tCER (min) 210 150 210
MCER (kg/s) 2.971 x 10-8 2.036 x 10-8 7.215 x 10-9

RCER (mgGAE /100 g DGM) 351.54 197.41 44.72
YCER (kg extract / kg CO2) 1.674 x 10-5 1.316 x 10-5 7.489 x 10-6
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In Table 2.13 are reported the kinetic parameters calculated from the OECs 
obtained at 40, 50 and 60°C.  The three OECs show the same time for CER 
period (210 min), but the increase of the extraction temperature determines 
an increase of extraction rate (MCER), ratio between extract and solvent 
mass (YCER) and recovery of polyphenols (RCER). From the OECs at 60°C 
were obtained the best kinetic values: 4.278 x 10-8 kg/s (MCER), 2.352 x 10-

5 kg extract/kg CO2 (YCER) and 493.95 mg GAE/100 g DGM (RCER). 

 

Table 2.13_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus water at 40, 50 and 60°C.  

A comparison of SFE extraction using water as co-solvent and classical 
extraction, using water as solvent, was carried out. In Table 2.14 the 
chemical composition of the extracts obtained by classical extraction and 
by SFE extraction applying the best resulting extraction conditions (8 MPa, 
60°C, 6.0 kg/h of CO2 modified with 7.5 % of water) are reported. The 
extraction process efficiency is usually based on the extraction yield, and 
for this parameter, not significant differences were observed between 
classical and SFE extraction (14.60 ± 0.30 and 16.20 ± 1.56 % w/w). 
Instead, the phenolic extract obtained by SFE  shows the highest values of 
phenols content (310.00 ± 22.28 mg GAE/100 g DGM) and total antioxidant 
activity (1991.86 ± 46.07 mg α-tocopherol/100 g DGM) when compared with 
classical extraction.  

8 MPa - 40°C 8 MPa - 50°C 8 MPa - 60°C
tCER (min) 210 210 210
MCER (kg/s) 2.971 x 10-8 3.940 x 10-8 4.278 x 10-8

RCER (mgGAE /100 g DGM) 351.54 461.58 493.95
YCER (kg extract / kg CO2) 1.674 x 10-5 2.198 x 10-5 2.352 x 10-5

Pressure-Temperature
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Table 2.14_ Chemical composition of grape marc extracts obtained by 
water and SFE extraction methods. 

Moreover, the extraction carried out with CO2 modified with water 
permitted to recover 189.76 mg catechin/100 g DGM of  proanthocyanidins 
,which is about 160% of the solid-liquid extraction,  and to  obtain the 
extract with the highest monomeric (89.87 ± 0.21 mg catechin/100 g DGM), 
oligomeric (21.41 ± 0.39 mg catechin/100 g DGM) and polymeric (78.48 ± 0.72 
mg catechin/100 g DGM)  concentrations of proanthocyanidine fractions. 
High correlation between the antioxidant activity of the PAs fractions and 
the concentration of monomeric (R2= 0.99), oligomeric (R2= 0.99) and 
polymeric (R2= 0.93) fraction of PAs was found.  
In water and SFE extracts, the polymeric PAs were the main contribute to 
the total antioxidant activity. This can be attributed to the structure of 
polymeric flavan-3-ols characterized by the presence of several hydroxyl 
functions exhibiting a higher ability to donate a hydrogen atom and to 
support the unpaired electron as compared to the low molecular weight 
phenols (Saint-Cricq de Gaulejac et al., 1999).  
 

 

 

 

Classical Extraction SFE extraction

Water 8 Mpa - 60°C

Global yield (% w/w) 14.60 ± 0.30 a* 16.20 ± 1.56 a
Total phenols (mg GAE / 100 g DGM) 310.00 ± 22.28 b 649.36 ± 5.67 a
Total antioxidant activity (mg !-tocopherol / 100 g DGM) 287.80 ± 12.94 b 1991.86 ± 46.07 a

Pronathocyanidins  (mg catechin / 100 g DGM)
Monomeric fraction (FI) 25.14 ± 2.97 b 89.87 ± 0.21 a
Oligomeric fraction (FII) 20.77 ± 1.08 a 21.41 ± 0.39 a
Polymeric fraction (FIII) 26.83 ± 2.14 b 78.48 ± 0.72 a

Proanthocyanidins  (%)
Monomeric fraction (FI) 34.6 47.4
Oligomeric fraction (FII) 28.6 11.3
Polymeric fraction (FIII) 36.8 41.3

Antioxidant activity  (mg !-tocopherol / 100 g DGM)
Monomeric fraction (FI) 74.54 ± 0.19 b 334.13 ± 0.61 a
Oligomeric fraction (FII) 45.64 ± 0.29 b 97.79 ± 1.23 a
Polymeric fraction (FIII) 106.29 ± 3.25 b 581.44 ± 1.23 a
Each data represent the mean of three replicates ± standard deviation 
* Values with different letter within line indicate significant differences (p < 0.05)
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4.3_ SCF extraction of red grape marc: Ethanol-water mixture at 57% 
ethanol (v/v) as co-solvent 

A mixture ethanol-water, with ethanol concentration at 57% v/v, was used 
as co-solvent to recover polyphenols from red grape marc. Alcoholic 
solvents have been commonly employed to extract phenolics from natural 
sources. Particularly, mixtures of alcohols and water have revealed to be 
more efficient in extracting phenolic constituents than the corresponding 
mono-component solvent system (Pinelo et al., 2005; Yilmaz et al., 2006; 
Spigno et al., 2007). Makris et al. (2007) reported that a solvent system 
consisting of 57% aqueous ethanol was efficient for the recovery of 
polyphenols from grape seeds. 
The ternary system CO2-EtOH-H2O has been extensively studied (Durling 
et al., 2007). As previously reported in the section 1.1, with ternary solvent 
system it is preferable use the notion of ‘one-phase region’, instead of 
‘supercritical region’. In Figure 2.19 are reported the phase equilibria data 
for the CO2-EtOH-H2O system at 40°C at various pressures.  

 
Figure 2.19_ Phase equilibria data for the CO2-EtOH-H2O system at 

40°C and various pressures (Durling et al., 2007). 
 
It is interesting to note that the increase of pressure, at constant temperature, 
causes an increase of the size of the single phase region (supercritical 
region) of the ternary diagram.  
The effect of the pressure was studied applying three different levels, 8, 10 
and 20 MPa, at fixed temperature (40°C), CO2 flow rate (6.0 kg/h) and 
percentage of modifier (7.5 % w/w). As previously reported, the operating 
conditions applied are ‘borderline’ between the supercritical and subcritical 
region. The use of a co-solvent determines an increase of critical properties 
(Pc and Tc) of the solvent mixture. 
In Figure 2.20 are reported the OECs at 8, 10 and 20 MPa, following the 
total polyphenol content vs extraction time.  

N.E. Durling et al. / Fluid Phase Equilibria 252 (2007) 103–113 107

Table 1
Mole fraction phase equilibrium data for the CO2–EtOH–H2O system at 313 K

Pressure
(bar)

Ethanol in
feed (wt.%)

Liquid:CO2
mass flow ratio

Liquid phase Gaseous phase KEtOH
(Eq. (1))

Selectivity
(Eq. (2))

Loading
(Eq. (3))

CO2 Ethanol Water CO2 Ethanol Water

100 89 0.345 0.5635 0.3282 0.1083 0.6825 0.2534 0.0641 0.772 1.30 38.82
87 0.289 0.4275 0.3890 0.1835 0.8441 0.1347 0.0212 0.346 3.00 16.68
87 0.120 0.3200 0.3815 0.2985 0.8938 0.0911 0.0151 0.239 4.72 10.66
81 0.122 0.2230 0.3632 0.4138 0.9223 0.0626 0.0151 0.172 4.72 7.10
81 0.125 0.1756 0.3364 0.4880 0.9246 0.0607 0.0147 0.180 5.99 6.86
61 0.126 0.1407 0.3114 0.5479 0.9378 0.0527 0.0095 0.169 9.76 5.87
76 0.182 0.0952 0.2728 0.6320 0.9453 0.0450 0.0097 0.165 10.75 4.98
76 0.095 0.0651 0.2312 0.7037 0.9415 0.0481 0.0104 0.208 14.08 5.34
47 0.308 0.0577 0.1909 0.7514 0.9609 0.0310 0.0081 0.162 15.06 3.37
47 0.140 0.0505 0.1558 0.7937 0.9688 0.0243 0.0069 0.156 17.94 2.62
27 0.330 0.0343 0.0945 0.8712 0.9792 0.0153 0.0055 0.162 25.65 1.63
27 0.149 0.0335 0.0777 0.8888 0.9820 0.0138 0.0042 0.178 37.58 1.47

200 89 0.672 0.5637 0.3161 0.1202 0.689 0.2363 0.0747 0.748 1.20 35.86
80 0.659 0.4189 0.3726 0.2085 0.7415 0.2014 0.0571 0.541 1.97 28.40
80 0.498 0.3457 0.3778 0.2765 0.7883 0.1663 0.0454 0.440 2.68 22.06
80 0.388 0.3160 0.3799 0.3041 0.8428 0.1225 0.0347 0.322 2.83 15.20
80 0.304 0.2776 0.3655 0.3569 0.8525 0.1177 0.0298 0.322 3.86 14.44
65 0.464 0.2110 0.3254 0.4636 0.8671 0.0962 0.0367 0.296 3.74 11.60
80 0.222 0.1911 0.3055 0.5034 0.8962 0.0795 0.0243 0.260 5.39 9.27
80 0.179 0.1752 0.2918 0.5330 0.9138 0.0689 0.0173 0.236 7.27 7.88
65 0.464 0.1624 0.2740 0.5636 0.9249 0.0600 0.0151 0.219 8.17 6.78
69 0.150 0.1208 0.2285 0.6507 0.9282 0.0530 0.0188 0.232 8.03 5.97
47 0.230 0.0924 0.1668 0.7408 0.9542 0.0374 0.0084 0.224 19.77 4.10
47 0.125 0.0871 0.1463 0.7666 0.9669 0.0277 0.0054 0.189 26.88 2.99
44 0.356 0.0827 0.1310 0.7863 0.9673 0.0239 0.0088 0.182 16.30 2.58
47 0.118 0.0501 0.0800 0.8699 0.9720 0.0200 0.0080 0.250 27.18 2.15

300 80 0.800 0.5216 0.3200 0.1584 0.6247 0.2607 0.1146 0.815 1.13 43.63
80 0.566 0.4250 0.3517 0.2233 0.6792 0.2244 0.0964 0.638 1.49 34.54
80 0.318 0.3350 0.3487 0.3163 0.6949 0.2094 0.0957 0.601 1.98 31.50
80 0.256 0.2801 0.3378 0.3821 0.7052 0.2056 0.0892 0.609 2.61 30.48
80 0.225 0.2578 0.3228 0.4194 0.8278 0.1239 0.0483 0.384 3.33 15.65
69 0.547 0.2089 0.2988 0.4923 0.8484 0.1110 0.0406 0.371 4.50 13.68
68 0.330 0.1590 0.2546 0.5864 0.8830 0.0868 0.0302 0.341 6.62 10.28
63 0.465 0.1459 0.2441 0.6100 0.8877 0.0849 0.0274 0.348 7.74 10.00
65 0.345 0.1318 0.2217 0.6465 0.8877 0.0786 0.0337 0.355 6.80 9.26
68 0.235 0.1184 0.1980 0.6836 0.9002 0.0706 0.0292 0.357 8.35 8.20
47 0.141 0.0841 0.1218 0.7941 0.9625 0.0222 0.0153 0.182 9.46 2.41
47 0.049 0.0691 0.0725 0.8584 0.9747 0.0138 0.0115 0.190 14.21 1.48

the critical point for CO2/ethanol, and not be visually observed
using a continuous flow method. Such phases can be observed
experimentally either by mass balance discrepancies during the
experiment (accumulation of a middle phase in the phase separa-
tion vessel), or by a sudden change in composition of the extract,
when a middle phase has overflowed out of the phase separation
vessel. No discrepancies in mass or composition were observed
which would indicate more than two phases being present.

The experimental conditions and measured data for the VLE
of CO2–EtOH–H2O system at 313 K and 200 and 300 bar are
also shown in Table 1. The phase compositions reported here
are mean values for 3 different samples taken at different time
intervals after equilibrium was attained (typically 30–35, 35–40
and 40–45 min), where the variation is found to be no more
than ±0.008 mole fraction in the liquid phase and ±0.002 mole
fraction in the gaseous phase.

The phase equilibrium data for the CO2–EtOH–H2O system
at 313 K and 100, 200 and 300 bar are shown in Fig. 3. As the

Fig. 3. Phase equilibria data for the CO2–EtOH–H2O system at 313 K and
various pressures.
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Figure 2.20_ Overall extraction curves of grape marc SC-CO2 plus 7.5% 
(w/w) Ethanol 57% (v/v) at 40°C. 

As reported with pure co-solvents (ethanol and water), increasing pressure 
does not lead to an increase of polyphenols recovery. From 8 MPa to 20 
MPa a decrease of polyphenol content from 1610.15 ± 2.83 to 366.40 ± 
3.90 mg GAE/100 g DGM  can be observed. This confirms that higher 
pressures can cause a lower mass transfer, due to the irregular compaction 
of the extraction bed as reported by Farias-Campomanes et al. (2013).  
The kinetic parameters of the OECs obtained at 8, 10 and 20 MPa using 
57% ethanol aqueous mixture as modifier, are reported in Table 2.15. The 
OECs show the same CER period (210 min) but with different extraction 
rate. The OECs at 8 MPa shows the higher kinetic parameter: RCER 
(1023.89 mg GAE/100 g DGM), MCER (7.945 x 10-8 kg/s) and YCER (4.876 x 
10.5 kg extract/kg CO2).  

 

Table 2.15_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus ethanol 57%(v/v) at 8, 10 and 20 MPa.  
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In Figure 2.21 the OECs were plotted to evaluate the effect of temperature 
at 8 MPa upon SC-CO2 + 7.5% (w/w) Ethanol 57% (v/v) process to extract 
phenols. 

 
Figure 2.21_ Overall extraction curves of grape marc SC-CO2 plus 7.5% 
(w/w) Ethanol 57% (v/v) at 8 MPa.  
 
When ethanol aqueous mixture (57% v/v) is used as co-solvent, increasing 
process temperature leads to a lower polyphenol concentration. At 40°C 
the highest polyphenol content was achieved (1610.15 ± 2.83 mg GAE/100 
g DGM). This is the same behaviour obtained when pure ethanol was added 
as co-solvent to CO2. It is well known that temperature can affect both the 
solvent density and the vapour pressure of solutes: in this case, the main 
effect of increasing temperature is to lower solvent density and 
consequently its solvent power.  
The kinetic parameters of the OECs obtained at three different temperatures 
are shown in Table 2.16. As previously reported, the extraction carried out 
at 8 MPa and 40°C shows the best kinetic parameters. 
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Table 2.16_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus ethanol 57%(v/v) at 40, 50 and 60°C. 

The percentage of ethanol 57% (v/v) used as modifier and CO2 flow rate 
were studied to optimise the polyphenols extraction from defatted red grape 
marc. Three percentages (5, 7.5 and 10 % w/w) of modifier were tested 
maintaining constant the CO2 flow rate (6.0 kg CO2/h).   
In Figure 2.22 the OECs were plotted to evaluate the effect of ethanol 57% 
(v/v)   percentage (5, 7.5 and 10% (w/w)), at 8 MPa, 40°C and 6 kg/h of 
CO2 flow rate upon SC-CO2 process to extract phenols 
Increasing co-solvent percentage from 5 to 10% (w/w) increases 
polyphenol concentration from 750.52 ± 2.52 to 2736.30 ± 115.26 mg 
GAE/100 g DGM. 
 

 
Figure 2.22_ Overall extraction curves of grape marc SC-CO2 plus 5, 7.5 
and 10 % (w/w) Ethanol 57% (v/v) at 6.0 kg/h of CO2 flow rate.  

8 MPa - 40°C 8 MPa - 50°C 8 MPa - 60°C
tCER (min) 210 210 60
MCER (kg/s) 7.945 x 10-8 7.428 x 10-8 4.084 x 10-8

RCER (mgGAE /100 g DGM) 1023.89 833.64 156.16
YCER (kg extract / kg CO2) 4.876 x 10-5 3.970 x 10-5 2.603 x 10-5
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The different percentage of modifier changes the molar composition of 
CO2-EtOH-H2O ternary system used. Table 2.17 reports the individual 
solvent molar fractions calculated at 6.0 kg CO2/h flow rate with different 
percentage of the ethanol-water mixture at 57% (v/v) as co-solvent.  

 
Table 2.17_ Individual solvent molar fractions calculated at different co-
solvent percentages.  

It is worth to note that the highest extraction of phenols was obtained at 
highest co-solvent percentage used (10% w/w), when the molar fractions 
of water and ethanol are the highest and those of carbon dioxide the lowest. 
The increase of co-solvent percentage may induce the saturation of CO2 
with ethanol-water, with consequent formation of two or three phases for 
the specific conditions of temperature and pressure of the system (Yoon et 
al., 1994; Yao et al., 1994). Besides, considering the same extraction time, 
it is to note that, increasing co-solvent percentage, increases also the 
volume of solvent system in contact with the target compounds (increase 
of the ratio solvent/solute), and consequently the mass transfer of the 
solutes 
Obtained the best phenolic extraction at 8 MPa, 40°C and 6.0 kg/h CO2 
flow rate added with 10% (w/w) of EtOH 57% (v/v), the effect of CO2 flow 
rate was studied. In Figure 2.23 the OECs were plotted to evaluate the 
effect of CO2 flow rate (4.0, 6.0 and 8.0 kg/h) upon SC-CO2 process to 
extract phenols. 

Flow rate

CO2 EtOH H2O
6.0 kg CO2/h + 5% EtOH (57% v/v) 0.90 0.04 0.06
6.0 kg CO2/h + 7.5% EtOH (57% v/v) 0.86 0.05 0.09
6.0 kg CO2/h + 10% EtOH (57% v/v) 0.82 0.07 0.11

Mole fraction
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Figure 2.23_ Overall extraction curves of grape marc SC-CO2 plus 10% 
(w/w) Ethanol 57% (v/v). 

As shown in Figure 2.21, a decrease of polyphenol concentration can be 
observed both at 8.0 kg/h CO2 flow rate (310.18 ± 1.73 mg GAE/100 g DGM)  
and at 4.0 kg/h (975.15 ± 4.98 mg GAE/100 g DGM) . This could be due to the 
extraction rate, which decreases the mass transfer of the target compounds, 
because it is too high at 8.0 kg/h and too low at 4.0 kg/h. 
This is confirmed by the kinetic parameter MCER calculated from the OECs 
at 4.0, 6.0 and 8.0 kg/h CO2 flow rate and reported in Table 2.18.  

 

Table 2.18_ Kinetic parameters calculated from the OECs obtained by SC-
CO2 plus ethanol 57%(v/v) at 4.0, 6.0 and 8.0 kg/h CO2 flow rate. 

Finally, a comparison of SFE extraction using ethanol-water mixture 
(EtOH 57% v/v) as co-solvent and classical extraction, using the same 
ethanol-water mixture as solvent, was carried out. Table 2.19 reports the 
chemical composition of the extracts obtained by classical and SFE 
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extraction using the best operating conditions found: 8 MPa, 60°C, 6.0 kg/h 
of CO2 modified with 10 % of ethanol 57% v/v. 

 

Table 2.19_ Chemical composition of grape marc extracts obtained by 
EtOH 57% (v/v) and SFE extraction methods. 

A 15% increase in polyphenols compounds was obtained by SFE extraction 
(2736.30 ± 115.26 mg GAE/100 g DGM) in comparison with classical 
extraction (2327.22 ± 42.72 mg GAE/100 g DGM). Phenolic content resulted 
similar to that (3169 mg GAE/100 g DGM) reported by Aliakbarian et al. 
(2012) using subcritical water and much higher than the values reported by 
Farias-Campomanes et al. (2013). A correlation between TPC values and 
total antioxidant activity was not observed. Taking into account the total 
amount of polyphenols compounds, it is interesting to note that SFE extract 
showed the highest antioxidant activity. This could indicate that SFE is an 
extraction process able to protect the bioactive compounds and their 
chemical groups responsible of antioxidant activity.  
A total amount of proanthocyanidins (810.41 mg catechin/ 100 g DGM) 
corresponding to an increase of 61%, compared with the conventional 
extraction (503.08 mg catechin/100 g DGM) was obtained by CO2 and ethanol 
aqueous mixture (EtOH 57% v/v) extraction. By SFE extraction the highest 
amount of monomeric and oligomeric PAs fractions (282.79 ± 8.41 and 
167.35 ± 9.08 mg catechin/100 g DGM respectively) was obtained. Cos et al. 
(2004) reported these fractions to be more easily absorbed by human body. 

Classical Extraction SFE extraction
EtOH 57% v/v EtOH 57% v/v

Global yield (% w/w) 12.67 ± 0.64 a* 13.03 ± 0.66 a
Total phenols (mg GAE / 100 g DGM) 2327.22 ± 42.72 b 2736.30 ± 115.26 a
Total antioxidant activity (mg !-tocopherol / 100 g DGM) 1195.62 ± 17.12 b 4663.64 ± 79.86 a

Proanthocyanidins  (mg catechin / 100 g DGM)
Monomeric fraction (FI) 165.89 ± 7.43 b 282.79 ± 8.41 a
Oligomeric fraction (FII) 20.38 ± 2.95 b 167.35 ± 9.08 a
Polymeric fraction (FIII) 316.81 ± 1.95 b 360.27 ± 4.19 a

Proanthocyanidins  (%)
Monomeric fraction (FI) 32.97 34.89
Oligomeric fraction (FII) 4.05 20.65
Polymeric fraction (FIII) 62.97 44.46

Antioxidant activity  (mg !-tocopherol / 100 g DGM)
Monomeric fraction (FI) 207.37 ± 0.45 b 261.61 ± 31.42 a
Oligomeric fraction (FII) 52.93 ± 2.16 b 593.65 ± 15.16 a
Polymeric fraction (FIII) 907.30 ± 1.08 b 2092.23 ± 140.23 a
Each data represent the mean of three replicates ± standard deviation 

* Values with different letter within line indicate significant differences (p < 0.05)
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As regard the antioxidant activity of the proanthocyanidin fractions, no 
linear correlation was observed with the PAs concentrations.  
It is interesting to note that SFE extract highlighted the highest antioxidant 
activity for the PAs fractions. SFE seems to have a protective effect on the 
bioactive compounds recovery compared to the conventional solid-to-
liquid extraction.  
In Table 2.20 a summary of the results obtained using SC-CO2 modified 
with EtOH, H2O and EtOH 57% v/v is reported. As shown, the best results 
were obtained using ethanol-aqueous mixture (57% v/v) as co-solvent.  
The higher selectivity of alcoholic mixtures with water towards phenolic 
compounds reported during classical extraction by Makris et al. (2007), 
Spigno et al. (2007) and Vatai et al. (2008) it is confirmed for supercritical 
fluid extraction too.  
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II.5_ CONCLUSIONS 

Supercritical Fluid Extraction (SFE) was applied to extract polyphenols, 
bioactive compounds with high-added value, from grape marc, a winery 
by-product. Proanthocyanidins (PAs) fractions and antioxidant activity 
were investigated too. SC-CO2 methods were compared with conventional 
extraction. 
Grape marc was previously defatted by SC-CO2 extraction and then 
polyphenols extracted by CO2 added with co-solvent.  
Three co-solvents were used: water (H2O), ethanol (EtOH), and an ethanol 
aqueous solution (EtOH concentration 57% v/v). The effect of pressure and 
temperature on polyphenol extraction was studied for each co-solvent 
tested. 
 The best operating conditions resulted the following:  
- co-solvent 10% (w/w) EtOH-H2O mixture (57% v/v); 
- pressure 8 MPa; 
- temperature 40°C;  
- CO2 flow rate 6.0 kg/h.   
Under these operating conditions, the total phenol content (TPC) and 
antioxidant activity resulted 2730.30±115.26 mg GAE/100 g DGM and 
4663.64±79.86 mg α-tocopherol/100 g DGM, respectively. 
A 15% increase in polyphenols compounds was obtained by SFE extraction 
(2736.30 ± 115.26 mg GAE/100 g DGM) in comparison with classical 
extraction (2327.22 ± 42.72 mg GAE/100 g DGM). 
SFE technology resulted more selective for the PAs extraction, compared 
to conventional method. SFE showed the highest recovery of monomeric 
(282.79±8.41 mg catechin/100 g DGM), oligomeric (167.35±9.08 mg 
catechin/100 g DGM) and polymeric (360.27±4.19 mg catechin/100 g DGM) 
proanthocyanidins.  
The supercritical fluid extraction could be an efficient technology to obtain 
bioactive compounds from red grape marc.  
SFE, which is a “green technology”, should be applied to other agro-foods 
by-products.      
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III.1_ ULTRASOUND ASSISTED EXTRACTION (UAE) 

There are several solid liquid extraction techniques available. The most 
commonly used conventional techniques are soaking extraction, Soxhlet 
extraction, and distillation. However, they present  many	drawbacks such 
as long extraction times, high energy use, large amount of organic solvents 
use, loss and/or degradation of some compounds by thermal effects  and so 
on (Wang et al, 2006; Lianfu et al.;  2008, Pena et al., 2009; Jadhva et al., 
2009;  Da Porto et al., 2009; Khan et al., 2010). These drawbacks have 
attracted the recent research attention and stimulated the intensification, 
optimization and improvement of existing and novel “green” extraction 
techniques, such as Ultrasound-Assisted Extraction (UAE), Subcritical and 
Supercritical Fluid Extraction (SFE), Microwave-Assisted Extraction 
(MAE), Accelerated-Solvent Extraction (ASE), High-Pressure processing 
(HP) and Pulsed Electric Field (PEF).  These techniques permit to reduce 
or eliminate the use of organic toxic solvents, to improve the efficiency, 
extraction yield and quality of natural extracts. These methods permit also 
to carry out the extraction process at low temperatures, which avoid the 
thermal degradation of the bioactive compounds. In addition, a growing 
consumer demands for greener alternatives and natural ingredients which 
not have toxic chemicals and health/environmental risks induce 
commercial interest in more sustainable, non-toxic processes.  
The application of UAE increased during the last years and it can be used 
as pre-treatment step or during Solid-Liquid Extraction. The UAE is a clean 
and environment-friendly extraction with several advantages: easy to use, 
versatile, flexible. The use of ultrasounds has been applied for extraction 
of different compounds and biomaterials, such as polyphenols (Ghafoor et 
al., 2009; Da Porto et al., 2013a; Ghasemzadeh et al., 2014; Sahin et al., 
2013;Hossain et al., 2012; Aybastier et al., 2013; Izadiyan et al., 2016; 
Hammi et al., 2015;Barba et al., 2015; Herrera et al., 2005; Mussato et 
al.,2011; Boukroufa et al., 2015; Wang et al., 2008; Dahmoune et al., 2013; 
Nayak et al., 2015), polysaccharides (Hromádková et al., 1999; Cheung et 
al., 2012; Zhu et al., 2015), essential oils (Périno-Issartier et al., 2013; 
Assami et al. 2012), proteins (Zhu et al., 2009;  Karki et al., 2010; Wang et 
al., 2014), dyes and  pigments (Sachindra et al., 2005; Li et al., 2013;  Kang 
et al., 2008).  
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1.1 Mechanisms of UAE 

The ultrasound waves are a category of sound waves. The sound waves can 
be divided in three categories in base of different frequency ranges: 

• Audible waves, which have the frequency in the range of sensitivity 
of the human ear (10 Hz – 20 kHz); 

• Infrasonic waves, have frequencies below the audible range (<16 
Hz); 

• Ultrasonic waves, have frequencies above the audible range (>20 
kHz) and less than microwave frequencies (up to 10 mHz). 

The ultrasounds also can be subdivided into two groups: 
- Low-intensity sonication (<1 W/cm2), used as a non-destructive 

analytical technique for quality assurance and process control; 
- High-intensity sonication (10-1000 W/cm2), used for extraction and 

processing applications. 
The major driving force for the extraction processes with ultrasounds is 
“acoustic cavitation”. Ultrasound waves, which are propagated through any 
medium, induce an alternation of compressions and rarefactions in the 
molecules of the medium. These changes in pressure induce the formation 
and, finally, the collapse of bubbles in a liquid medium.  
Therefore, the “acoustic cavitation” can be defined as the phenomenon of 
creation, expansion and implosive collapse of microbubbles in ultrasound-
irradiated liquids. Figure 3.1 shows a state of the bubbles generation when 
an ultrasound is emitted into a liquid.   

 
Figure 3.1_ Formation and collapse of cavitation bubbles. 

 This field with a high temperature and a high pressure 
is called a hot spot [10]. The position several hundred 
nm away from the bubble has a normal conditions of 
temperature and pressure, and thus the space inside 
a bubble becomes a field repeating a high speed 
heating and a rapid cooling at a cycle of approximately 
1010 K s-1. This is why cavitation is also known as “cold 
boiling” [10]. 

When cavitation occurs in a liquid close to a solid 
surface, the dynamics of cavity collapse change 
dramatically (Fig. 2B). In pure liquids, the cavity retains 
its spherical shape during collapse as its surroundings 
are uniform. Close to a solid boundary, however, cavity 
collapse is rather asymmetric and produces high-speed 
jets of liquid [2]. Liquid jets driving into the surface at 
speeds close to 400 km h-1 have been observed [2]. The 
impact of the jets on the solid surface is very strong. 
This can result in serious damage to impact zones 
and produce newly exposed, highly reactive surfaces. 
Distortions of bubble collapse depend on  surfaces 
several times larger than the resonant size of the bubble 
[2]. Recently, Kim et al. used the acoustic and heat 
transfer modes in COMSOL MultiphysicsTM to predict 
the pressure and heat transfer profile in four different 
solvents [11].

4.
 

Ultrasonic assistance is gradually becoming quite 
common place in analytical chemistry, which uses this 
energy for a variety of purposes but with very disparate 
frequency [12]. The different steps of the analytical 
process which can be expedited and/or improved by 
use of ultrasound energy, including those less known by 
analytical chemists, are revised in Fig. 3. 

A distinction is made between application of 
ultrasound before the analysis, during it (for sample 
preparation), and for assisting or as detection technique 
in this figure. This classification has been done according 
to recent publications, especially the reviews, about 
different aspects of US [1,2,5,12]. Professor Luque de 
Castro and Dr. Priego Capote have assembled a vast 
amount of information in a book with the title of “Analytical 
Applications of Ultrasound” [2]. Also, professor Capelo-
Martinez has assembled another book with the title of 
“Ultrasound in Chemistry” [5]. These books provide a 
wealth of information for those interested in exploiting 
ultrasound to enhance different steps in an analysis 
and are recommended readings. This paper focuses 
on the ways analytical chemists can use ultrasound 

Overview of analytical applications 
of US

Figure 2. (A) Development and collapse of cavitation bubbles, and (B) schematic depicting classically thought bubble collapse at the solid 
                            surface (reproduced with permission of Elsevier and RSC-modified [9,13]).
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It is possible to identify two different types of cavitation bubbles: 
- Transient cavitation (inertial): these bubbles exist for a very short 

time and collapse violently (Laborde et al., 1998); 
- Stable cavitation (non-inertial): these bubbles exist for very long 

period and are stable for many cycles of compression and 
rarefaction (Piyasena et al., 2003). 

In the medium, the collapse phenomenon of bubbles generates 
temperatures of about 5000 K and pressures of the order of 50 MPa at a 
minuscule level (Piyasena et al., 2003; Mason et al; 2008). A theoretical 
calculations was done, resulting that the cavitational collapse permit to 
achieve respectively pressure and temperature of 100 – 1000 MPa and 
2000-10000 K. These changes in pressure and temperature, due to the 
bubbles implosions, cause shear disruption, thinning of cell membranes and 
cell disruption, resulting in enhanced solvent penetration into cells and 
mass transfer of target compounds into the solvent. The collapse of the 
bubbles causes also the formation of turbulence at a microscopic level, 
high-speed inter-particle collisions and agitation in microporous particles 
of the matrix, resulting in more accelerated diffusion (Shirsath et al., 2012; 
Toma et al., 2001). Luque de Castro et al (2007) have been observed liquid 
jets driving into the surface at speeds close to 400 km/h. Figure 3.2 shows 
the formation of microjets on the solid surface due to the collapse of a 
cavitation bubble. 

 
Figure 3.2_ Microjet’s formation. 
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In the extraction processes (UAE), the solvent also affects the formation 
and collapse of the bubbles (vapour pressure, surface tension and 
viscosity). 
The ultrasonic waves not only have the cavitation effect, but also chemical 
and physical consequences. About the chemical effect, some authors have 
reported that ultrasounds can generate highly reactive radicals due to the 
extreme temperature and pressure conditions induced by bubble collapses. 
In particular, if water is the medium, it is possible to observe a dissociation 
of water and a generation of H• and OH• radicals (Sun et al., 2010; Rawson 
et al., 2011). These free radicals are chemically reactive and could damage 
any cell they come in contact with these chemically species (Henglein et 
al., 1985). These compounds can also induce different kind of chemical 
reactions, including the degradation of target compounds. 
The implosion of cavitation bubbles induces several physical effects, 
including shock waves, microjets, turbulence and shear forces. All these 
effects generate modifications on the matrix surface and internal structure, 
increasing the accessibility of the solvent and the dissolution of the target 
compounds into the solvent. The mechanical effects of the ultrasounds are 
shown in Figure 3.3, where is possible to observe the formation of micro 
fissures, cell disruption and formation of pores on the matrix surface.  
 

 
Figure 3.3_ SEM images after conventional extraction and UAE of olive 

leaves (Xie et al., 2015). 

Due to the mechanical and cavitational effects, the extraction of target 
compounds occurs in two stages: 

1. Entry of solvent into the matrix as a result of disruption of cellular 
matrix, reduction in particle size and mechanical effects; 

2. Washing out extracts from matrix due to the increase in the contact 
surface area between solid and liquid phases. 
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The extraction process assisted with ultrasonic waves is a complex 
mechanism, which includes several physical and chemical phenomena, 
such as agitation, vibration, pressure, shock waves, shear forces, microjets, 
compression, rarefaction, acoustic cavitation and radical formation. The 
mechanism of UAE can be summarized as follows:  

- Enhanced mass transfer due to turbulent mixing and acoustic 
streaming; 

- Surface disruption at solvent-matrix interfaces by shock waves and 
microjets; 

- High-velocity inter-particle collisions; 
- Disintegration of matrix to increase surface area.  

 

1.2 Effect of process parameters 

Considering an UAE process, it is important to know that there are several 
operating parameters to optimize, so that the overall operation becomes 
economically viable. The main parameters to be properly selected are 
reported and briefly discussed below. 

1.2.1 Ultrasonic power or intensity 

It is well known that the ultrasonic power is proportionally to the ultrasonic 
amplitude. The ultrasound power conditions the level of cavitation and the 
erosion of the probe.  
Higher amplitude permits a higher agitation but reduces the level of 
cavitation. The amplitude should be selected according to system 
properties; with a high viscosity solvent, it is important to select the correct 
power level to achieve the desired agitation and cavitation phenomena. The 
correct selection of ultrasound intensity is necessary also to avoid 
undesirable degradation of the target compounds. 
 

1.2.2 Ultrasonic frequency 

The ultrasonic frequency should be selected in combination with 
intensity/power to overcome the cohesive forces of the sample system 
(sample + solvent) and to achieve the desired cavitation. Generally, low 
frequency (20 kHz – 40 kHz) is recommended. The physical effect of 
cavitation is dominant and the mass transfer rates are improved.  
Most of ultrasonic systems operate at a given frequency and it isn’t possible 
to vary.   
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1.2.3 Extraction temperature 

During an extraction process with ultrasounds, a change of temperature is 
inevitable, but it can be controlled externally by different cooling methods 
(e.g. circulation of cold water, etc.). Generally, temperatures between 10°C 
to 80°C are used.  
The temperature exhibit two different effects: 

- High solvent temperature improves the diffusion rates and assists 
in breaking solute-matrix interaction; 

- High temperature reduces the cavitation because voids are filled 
with solvent vapours, leading to a less violent collapse. At low 
temperature the vapour pressure of solvent is low and violent 
collapse of cavitational bubbles is permitted.  

 

1.2.4 Extraction time 

In general, the time of the extraction process depends on the type of the 
material used, the structure of the cell wall, mass transfer resistance for the 
diffusion of solvent to the interior part of the material, and the penetration 
rate of solvent into the plant material.  The typical range of extraction time 
for UAE is between 120 s and 1 h (Shirsath et al., 2012).  
Generally, long extraction times enhance the extraction yield, but an 
excessive use of ultrasounds may induce undesirable changes on extracted 
compounds, such as degradation. 

1.2.5 Solvent 

The selection of the solvent is an other important parameter. The solvent 
selection depends on its physical properties, including surface tension, 
viscosity and vapour pressure, because these characteristics affect the 
cavitation phenomenon in the liquid phase. Generally, cavitation intensity 
decreases and vapour pressure and surface tension increases (Li et al., 
2004). 
An other characteristic to consider is the extraction capabilities of the 
solvents, which depend on the chemical structure of the solvent and the 
target solute. When the functional group of the solute is identified, it is 
possible to select the useful solvents. In general water is used to extract 
high polarity solutes, such as carbohydrates, glycosides and amino acids. 
Typically, solvents like acetone, alcohols and ether are used to extract 
bioactive compounds from natural matrix due to their broad solubility 
capabilities.  
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1.2.6 Matrix 

The matrix affects the efficiency of an Ultrasound-Assisted Extraction. The 
parameters to consider are: particle size, particle size distribution, solvent 
matrix interaction and solvent to matrix ratio. 
Particle size and particle size distribution condition the mass transfer and 
diffusion rates. Generally, a lower particle size enhances the diffusion rates, 
the extraction yields and the process efficiency.  
Also, an enhancing of the solvent to matrix ratio improve the extraction 
yields, favouring the contact between solvent-solute and the mass transfer.  

1.3 Reactors devices 

There are three main types of ultrasonic devices which can be used: 
ultrasonic bath, ultrasonic probe and cup horns/sonoreactors. The 
transducers used in every kind of device can be divided in two main types: 
piezoelectric and magnetostrictive (Frost et al., 2012).   

1.3.1 Ultrasonic bath 

The ultrasonic bath is a common tool in a chemical laboratory. Generally, 
the irradiation power given by a common ultrasonic bath is comprised 
between 1 and 5 W/cm2. With this device the ultrasonic waves are not 
generated directly into the sample but in a water bath. The samples are 
irradiated indirectly by ultrasonic waves.  
For the analytical applications, such as extraction, the ultrasonic bath lacks 
in reproducibility (Mason et al., 1999).  
When an ultrasonic bath is used, several parameters must be taken into 
account to optimize the process (Santos et al., 2007): 

- Particle size; 
- Acid and/or antioxidant used in the treatment; 
- Leaching volume; 
- Sonication time; 
- Water temperature inside the bath; 
- Frequency of the ultrasonic waves; 
- Position of the sample inside the bath; 
- Use of detergent in the water (the ultrasonic transmission achieve 

better results). 
 

1.3.2 Ultrasonic probe 

An ultrasonic probe (Figure 3.4) is constituted by:  
- generator, which converts mains voltage to high frequency of 20 

kHz electrical energy; 
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- ultrasonic converter, which convert the electrical energy into 
mechanical vibrations of fixed frequency;  

- Standard and booster horn, which increase the sonication 
amplitude;  

- Probe, which transmit the ultrasonic energy into the sample. 

 
Figure 3.4_ Schematic representation of an ultrasonic probe. 

Two are the main differences between the ultrasonic probe and the 
ultrasonic bath. First, the ultrasonic probe is immersed directly into the 
sample, and second, the ultrasonic power generated by an ultrasonic probe 
is approximately 100 times bigger respect to the power of a common 
ultrasonic bath. In view of this, the ultrasonic probes can be used for 
different applications and, in particular, they are useful for solid-liquid 
extraction. 
An important parameter to consider is represented by the type of probe. In 
commerce there are different kind of probes, in base of shape, constituting 
material, etc. (Santos et al., 2007).  

1.3.3 Cup horn/sonoreactor 

Cup horns and sonoreactors are devices which offer indirect sonication. 
These types of devices can be defined as a high intensity ultrasonic bath. 
For example, a sonoreactor generates ultrasonic power 50 times higher then 
an ultrasonic bath. These devices are useful when it is necessary manage 
sterilize samples or pathogenic dangerous.  
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1.4 Applications of Ultrasound-Assisted Extraction (UAE) 
 
The application of ultrasound as extraction technique has been extensively 
studied, reported and reviewed. The aim of the application of ultrasound-
assisted extraction is to enhance extraction yields, reduce the extraction 
times, solvent consumption and the process costs.  
In most cases of the reported works, the ultrasounds permit to reduce 
extraction times and to enhance the extraction yield, when compared with 
the conventional techniques.  
A wide range of substances have been extracted, including essential oils, 
aromatic compounds, sugars, proteins, acids, phenols, antioxidants, natural 
dyes, pigments, etc.  
In literature, several amounts of studies have been carried out on the 
ultrasound-assisted extraction of phenols compounds from different kinds 
of matrices. Phenolic compounds are widely distributed in plants and show 
antioxidants activities and beneficial effects against cardiovascular and 
degenerative human diseases. Ultrasounds has been applied for the 
extraction of phenolic compounds from: grape seeds (Ghafoor et al., 2009; 
Da Porto et al., 2013a), curry leafs (Ghasemzadeh et al., 2014), olive leafs 
(Sahin et al., 2013), Origanum majorana L. (Hossain et al., 2012), 
blackberry leaves (Aybastier et al., 2013), basil (Izadiyan et al., 2016), 
Zyziphus lotus fruits (Hammi et al., 2015), blackberries (Barba et al., 2015) 
and strawberries (Herrera et al., 2005). UAE technique has been also 
applied to extract phenols from wastes or food by-products, including spent 
coffee grounds (Mussato et al.,2011), orange peels wastes (Boukroufa et 
al., 2015), wheat bran (Wang et al., 2008), Citrus limon residues 
(Dahmoune et al., 2013) and Citrus sinensis by-products (Nayak et al., 
2015).   
Vegetable oils are generally recovered with mechanical pressing or organic 
solvents. Both techniques have several disadvantages, which can be limited 
by the application of ultrasound-assisted extraction. Process parameters 
have been studied and optimized for oil extraction from almonds (Zhang et 
al., 2009), olives (Clodoveo et al., 2013), grape seeds (Da Porto et al., 
2013b), pomegranate seeds (Goula et al., 2013), papaya seeds (Samaram et 
al., 2015), soybeans (Li et al., 2004) and safflower seeds (Hu et al., 2010). 
The essential oils are defined as a mixtures of aroma volatile compounds, 
which can be recovered from different plants. Also the extraction of 
essential oils starts to be an interesting field for the application of UAE 
technique. Périno-Issartier et al. (2013) studied the extraction of essential 
oils from lavandin with different techniques: ultrasound, microwave, 
turbohydrodistillation, steam and hydrodistillation. Assami et al. (2012) 
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reported an alternative application of ultrasounds as a pre-treatment of 
Carum carvi L. seeds for the subsequently extraction of essential oil by 
means of hyrodistillation.  
The ultrasounds are also applied for the recovery of polysaccharides 
(Hromádková et al., 1999; Cheung et al., 2012; Zhu et al., 2015) and 
proteins (Zhu et al., 2009; Karki et al., 2010; Wang et al., 2014). 
The application of novel extraction techniques, including ultrasonic waves, 
expects to reduce or eliminate the use of organic solvents, due to their 
toxicity for environmental and human health. In literature, there are some 
researches about solvent free extraction, which has several economic and 
environmental advantages over conventional extractions. Adam et al. 
(2012) reported a solvent free ultrasound assisted extraction of lipids from 
fresh microalgae cells. UAE without solvent permit to obtain an extraction 
yield similar to that obtained from conventional method, but with a lower 
extraction time and process costs.  
The organic solvents have been also substituted with edible oils for 
extraction of bioactive compounds, such as carotenoids (Sachindra et al., 
2005; Li et al., 2013) and astaxanthin (Kang et al., 2008).  
In recent years, the application of ultrasound along with enzymes has been 
studied to enhance extraction yields of different compounds. Low 
frequency ultrasound enhances reaction rates by facilitating an increase in 
collisions between enzyme and substrate. Wu et al (2014) studied the 
kinetics of enzymatic extraction of polysaccharides from pumpkin with or 
without ultrasound.  Long et al (2011) reported that the application of an 
aqueous enzymatic process assisted by ultrasound extraction of oil from 
flaxseed permit to enhance the extraction yield and the content of 
unsaturated fatty acids, compared with the oil obtained with an organic 
solvent extraction. Another research has compared a classical solvent 
extraction with UAE of oil from grape seeds, which are pre-treated with 
pectolitic enzymes (Da Porto et al., 2013b). 
In recent years, some studies outlining the use of ultrasound with other 
novel technologies, such as microwaves (Lianfu et al., 2008; Dongmei et 
al., 2015), high pressures (Spilimbergo et al., 2014; Ferrentino et al., 2015; 
Jin-Liang et al., 2015; Sousa et al., 2016) and supercritical fluid extraction 
(Zhou et al., 2009; Glisic et al., 2011; Barrales et al., 2015; Yang et al., 
2015; Yang et al., 2016). 
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III.2- AIM OF THE WORK 

The aim of this work is to combine two “green” extraction technologies 
(UAE and SFE) to maximize polyphenols recovery from grape marc, a 
winery by-product.  
In this study, the extraction of polyphenols from red grape marc using 
combination of ultrasound-assisted extraction followed by re-extraction of 
the obtained UAE-Raffinate with supercritical fluid extraction (SFE) has 
been investigated. A full factorial design has been applied to evaluate the 
effects of UAE time and temperature. The overall extraction curves (OECs) 
of the UAE-Raffinates extracted by SFE were described and evaluated. The 
performance of the combined process has been checked by comparison of 
total polyphenol content, proanthocyanidin fractions and antioxidant 
activity with both UAE and SFE.  
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III.3_ MATERIALS AND METHODS 

3.1_ Chemicals 

Carbon dioxide (mass fraction purity 0.999 in the liquid phase) was 
supplied by Sapio S.r.l. (Udine, Italy). Free stable DPPH radical (DPPH•, 
2,2-dyphenyl-1-picrylhydrazyl), Folin-Ciocalteau reagent, gallic acid, (±)-
catechin, (+)-α-tocopherol,, vanillin 99% were purchased from Sigma-
Adrich (Milan, Italy). Sep-Pak Plus tC18 cartridge WAT36810 and WAT 
36800 were purchased from Waters (Milan, Italy). Other reagents were of 
analytical grade or higher available purity.  

3.2_ Raw material pre-treatment 

Grape marc from red grape (Vitis vinifera L.) varieties was collected during 
September 2013 in Friuli Venezia-Giulia region (Italy), air dried at room 
temperature for 24 h (moisture 9.46 ± 0.21 %w/w) and stored at 4°C until 
use. It was grounded on a domestic mill, and particles characterized by size 
classification in a standard sifter with several mesh sizes (<0.5, 0.8-1.0, 
1.0-1.25, 1.25-1.50, 1.50-175, 1.75-2.0, >2.0 mm). An average particle 
diameter dp= 0.83 ± 0.05 mm was adopted, being calculated by Sauter’s 
equation (Povh et al., 2001) to set of fractions within the previous mesh 
sized: 

 
where mi is the mass of particles retained below mesh size dpi, mt is the 
total mass of milled grape marc and k is the number of mesh sized.  
Ground grape marc was defatted by SC-CO2 extraction using an SFE pilot 
plant, which are schematically reported in Figure 3.5. The defatting 
process was carried out following the extraction parameters reported by 
Sovova et al. (2001): 28 MPa, 45°C and 10.0 kg/h of CO2 flow rate. The 
extraction was carried out for 3 h (Da Porto et al., 2014a, b).  

3.3_ Experimental design and Ultrasound-Assisted Extraction (UAE) 

To assess the effect of two main parameters (temperature and time) of 
ultrasound-assisted extraction of grape marc on total polyphenol content, a 
22 factorial design was used. All the extractions were carried out following 
the conditions summarized in Table 3.1. Each extraction was performed in 
triplicate using three samples. 
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Table 3.1_ 22 factorial design. 

An ultrasonic sonifier (Sonoplus model HD 2200, Bandelin, Berlin) 
equipped with a titanium alloy flat tip probe (13 mm diameter) (TT13, 
Bandelin, Berlin) was used for the ultrasound-assisted extraction (UAE). 
Ground grape marc (100 g), previously defatted by supercritical carbon 
dioxide (SC-CO2) was mixed with 400 mL ethanol-water solution (ethanol 
concentration 57% v/v) in an 800 mL beaker. The ethanol-water mixture 
(ethanol concentration: 57% v/v) was selected because it was the co-solvent 
used for the following extraction of polyphenols by subcritical fluid 
extraction (SFE). The beaker and its contents were immersed into a water 
bath coupled to a temperature controller (Frighterm, J.P. Selecta, 
Barcelona, Spain). The probe, submerged about 4 cm under the surface of 
the mixture, worked at 20 kHz frequency and 80 W (set and displayed in 
% on the scale of 10-100). Then the samples were filtered under vacuum 
through Whatmann No.1 paper to separate sonicated grape marc (UAE-
raffinates) from the solvent mixtures, which were subsequently removed 
with a rotary vacuum evaporator at 50°C to obtain the correspondent 
extracts (UAE-extract). 

3.4_ Subcritical CO2 + EtOH 57%(v/v) extraction 

SFE pilot-plant (SCF100 serie 3 PLC-GR-DLMP, Separeco S.r.l., 
Pinerolo, Italy) equipped with 1 L extraction vessel (E1), two 0.3 L 
separators in series (S1, S2), and a tank (B1) where CO2 is stored and 
recycled was used. The solvent used was carbon dioxide. The flow sheet of 
SFE pilot-plant is reported in Figure 3.5. 
The extractor was filled with 0.1 kg of UAE-raffinated distributed in glass 
beads (0.005 m). The extractions of polyphenols from UAE-raffinates were 
carried out using the best operating conditions found in the previous 
chapter of this thesis. The process parameters were fixed at: pressure of 8 
MPa, temperature of 40°C, CO2 flow rate of 6 kg/h modified with 10 % 
(w/w) ethanol-water solution (ethanol concentration: 57% v/v).  
Aliquots of extract were collected during the extractions in volumetric 
flasks at intervals of about 30 min, to assess several data points for the 
overall extraction curves (OECs). The ethanol aqueous mixture was then 

Exp. No. Temperature (°C) Time (min)

1 20 4
2 80 4
3 20 10
4 80 10
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removed from the extracts with a rotary evaporator (Buchi, B465, 
Switzerland) at 45°C. 

 

 

 

 

 

 

 

 

Figure 3.5 _ SFE pilot plant flow sheet. (B1) storage tank; (E1) extraction 
vessel; (S1, S2) separators; (H#) heater exchangers; (C1) condenser; (HV#) 
hand valves; (MV1) membrane valve; (NVR#) no return valves; (P) 
diaphragm pumps; (F1) flowmeter; (M#) manometers; (k) safety devices; 
(FL1) Coriolis mass flowmeter; (D) co-solvent storage tank; (X#) mixer. 

3.5_ Scheme of combined process 

The combination of Ultrasound Assisted Extraction (UAE) and Subcritical 
carbon dioxide (SC-CO2) extraction of the correspondent UAE-raffinate, 
for the recovery of polyphenols from defatted grape marc, is schematically 
reported in Figure 3.6. 

 
Figure 3.6 _ Scheme of the combined UAE+SFE process. 
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3.6 _ Analytical procedures 

3.6.1_ Total polyphenol content (TPC) 

Total polyphenols were determined using the Folin-Ciocalteau reagent. 
Briefly, the reaction mixture contained 100 µL of extract or solvent, 500 
µL of the Folin Ciocalteau reagent, 4 mL of water and 2 mL of a sodium 
carbonate-water solution (15% w/v). After 2 h of reaction at ambient 
temperature, absorbance was read at 750 nm using US-Vis 
spectrophotometer (Shimadzu UV 1650, Italy) to calculate TPC. Gallic 
acid was employed as the standard. A calibration curve was made with 
standard solutions of gallic acid in the range 50-500 ppm and measures 
were carried out at 750 nm (R2 = 0.99). All analyses were performed in 
triplicate. Results were expressed as milligrams of equivalent gallic acid 
per 100 g of dried grape marc (mg GAE/100 g DGM).   

3.6.2_ Fractionation of Proanthocyanidins  

Grape marc extracts were fractionated as reported by Sun et al. (1998). 
Briefly, 5 mL of grape marc extracts was concentrated to dryness in a rotary 
evaporator at <30°C. The residue was dissolved in 20 mL of 67 mmol/L 
phosphate buffer, pH 7.0. The pH of the resulting solution was adjusted to 
7.0 with NaOH or HCl. Two C18 Sep-Pak cartridges were assembled 
(WAT 36800 on the top and WAT 36810 at the bottom) and conditioned 
sequentially with 10 mL of methanol, 20 mL of deionized water and 10 mL 
of phosphate buffer, pH 7.0. Samples were passed through the cartridges at 
flow rate not higher than 2 mL/min, and phenolic acids were then 
eliminated by elution with 10 mL of 67 mmol/L phosphate buffer at pH 
7.0. The cartridges were air dried with nitrogen flow and eluted 
sequentially with 25 mL of ethyl acetate (fraction FI+FII, containing 
monomeric and oligomeric flavan-3-ols) and with 15 mL of methanol 
(fraction FIII, containing polymeric proanthocyanidins). The ethyl acetate 
eluate was taken to dryness under vacuum using a rotary evaporator 
(Rotavapor R210, Buchi, Flawil, Switzerland), redissolved in 3 mL of 
phosphate buffer at pH 7.0 and reloaded onto the same series of cartridges, 
that had been conditioned as described above. The cartridges were air dried 
with nitrogen flow and eluted sequentially with 25 mL od diethyl ether 
(fraction FI, containing monomers) and 15 mL of methanol (fraction FII, 
containing oligomers). The fractions FI, FII and FIII were evaporated to 
dryness under vacuum in 3 mL of methanol. Sample fractionation was 
performed in duplicate. The total flavan-3-ol content of each fraction was 
determined by vanillin assay according to the method described by 
Obreque-Slier et al. (2010), with slight modifications. Briefly, 0.5 mL of 
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sample was added with 2.5 mL of vanillin/methanol solution (1% w/v) and 
2.5 mL of sulfuric acid/methanol solution (10% v/v). After 15 min of 
reactions at 30°C, the absorbance of the mixture was measured at 500 nm 
using a UV-Vis spectrophotometer (Shimadzu UV 1650, Italy). Results 
were expressed as milligrams of catechin per 100 g dried grape marc (mg 
catechin/100 g DGM). All analyses were performed in triplicate.  

3.6.3_ Antioxidant activity 

The antioxidant activity of phenolic extracts and proanthocyanidins 
fractions was evaluated by the total free radical scavenger capacity (RSC) 
following the methodology described by Espin et al. (2000) with slight 
modification. Briefly, 10 µL of extract, was added with 1990 µL of fresh 
methanol DPPH solution (93 µM). Then the mixture was shaken vigorously 
and left in darkness for 60 min. Finally, the absorbance of the mixture was 
measured against pure methanol at 515 nm using a UV-Vis 
spectrophotometer (Shimadzu UV 1650, Italy). The RSC is the difference 
of the concentration of DPPH free radical (CDPPH•,i) previously dissolved in 
methanol, after 60 min of reaction with the sample (CDPPH•,f). The 
antioxidant activity of the samples was expressed as milligrams of α-
tocopherol per 100 g of dried grape marc (mg α-tocopherol/100 g DGM). A 
calibration curve was made with standard solutions of α-tocopherol in the 
range 5.8 x 10-5 – 2.3 x 10-3 mol/L (R2 = 0.98). All analyses were performed 
in triplicate. 

3.7_ Statistical analysis 

Data are presented as means and standard deviations. Significant statistical 
differences were investigated by one-way analysis of variances (ANOVA). 
Differences among means were analysed by Tukey’s multiple-comparison 
test taking on p < 0.05. Linear correlation analysis was performed to verify 
the degree of association between responses, and regression analysis was 
applied to the responses (Total phenolic content) to explain the correlation 
through a mathematical function. A second-order polynomial equation was 
used to express the total polyphenols extracted as a function of independent 
variables: 
 

Y = b0 + b1X1 + b2X2 + b12X1X2 
 
where Y represents the response variable, b0 is a constant, bi and bij are the 
linear and interactive coefficients, respectively. The analysis of variance of 
the above equation was calculated, and, the effects and regression 
coefficients of individual linear and quadratic terms were determined.  
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Subsequently, the regression coefficients were used to generate two 
dimensional contour plots. The adequacy and goodness of fitting were 
assessed by calculating the coefficient of determination (R2) and adjusted 
R2. All statistical analysis was performed using Minitab 17 software 
(Minitab Inc.).  
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III.4_ RESULTS AND DISCUSSION 

4.1_ Ultrasound-assisted extraction (UAE) 
The Ultrasound-Assisted Extraction was applied to recover phenolic 
compounds from red grape marc. A 22 full factorial design was used to 
identify the relationship between the response functions and the process 
variables of ultrasound assisted extraction (UAE). The response factors 
considered were extraction yield and total polyphenol content (TPC). The 
two independent variables or factors were extraction temperature (X1, 
varying between 20 and 80°C) and time (X2, varying between 4 and 10 
min).  
Extraction yield (% w/w) and Total Polyphenols Content (mg GAE/100 g 
DGM) obtained by UAE are shown in Table 3.2. 

 
Table 3.2_ Extraction Yields and Total Polyphenols Content of defatted 
grape marc extracts obtained by ultrasound assisted extraction (UAE) 
experiments following the 22 full factorial design. 

a) Extraction yield 

A second-order polynomial equation was found well to represent the 
experimental data (R2= 0.9086). Equation (1) shows the relation between 
Temperature (X1) and time (X2):      

Yield (% w/w) = 6.892 + 0.0616X1 - 0.103X2 – 0.000411X1X2                       (1) 

Estimated coefficients are given in Table 3.3. 
Temperature results extremely significant (p<0.001) under these operating 
conditions. It is the most decisive working condition and time is the least 
influential factor. Probably, high solvent temperature increases the 
diffusion rate and decreases the solvent viscosity, promoting mass transfer. 
The extraction time is not significant. As reported in Table 3.2, at constant 
temperature (20 or 80°C) not significant differences for extraction yield (% 
w/w) were observed between 4 and 10 minutes of extraction.   

Exp. no. T (°C) t (min)
Extraction yield               

(% w/w)
Total Polyphenol Content          

(mg GAE / 100 g DGM)
1 20 4 7.68 ± 0.28 b* 1153.04 ± 15.98 c
2 80 4 11.28 ± 0.29 a 2336.00 ± 111.88 a
3 20 10 7.01 ± 0.17 b 1120.44 ± 67.22 c
4 80 10 10.47 ± 1.33 a 2191.56 ± 87.02 b

Each data represent the mean of three replicates ± standard deviation

*Values with different letter within column indicate significative differences (p < 0.05).
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Table 3.3_ Estimation and significance degree of coefficients for extraction 
yield and total polyphenol content obtained by ultrasound-assisted 
extraction (UAE).  

The equation (1) was validated by the comparison of the estimated result 
of extraction yield (7.93 %w/w) which matched well with the experimental 
result of extraction yield (8.11 %w/w) obtained using UAE conditions of 
50 °C and 7 min.  
In Figure 3.7 is reported the surface response plot of the equation (1), 
which shows the effects of Temperature and Time on extraction yield (% 
w/w). 

 

Figure 3.7_ Contour plot of Extraction Yield obtained by ultrasound-
assisted extraction (UAE) from defatted grape marc using varying time and 
temperature of extraction. 

 

Coefficient

Extraction Yield Total Polyphenol Content

b0 6.892*** 755.1600
b1 0.0616*** 20.9619***
b2 -0.1030 0.9264***
b12 -0.00041 -0.3133***
R2 0.9107 0.9940

R2-adj 0.8747 0.9920
***significant at p < 0.001
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b) Total Polyphenol Content (TPC) 

Estimated coefficients are given in Table 3.3. Obtained second-order 
polynomial equation (Eq. (2)) was found well to represent the experimental 
data (R2 = 0.994). Eq. (3) shows the relationship between T and time for 
TPC extraction: 

TPC (mg GAE/100 g DGM) = 755.16 + 20.9619X1 + 0.9264X2 – 0.3133X1X2    
(2) 

In equation (2), X1 is the extraction temperature and X2 is the extraction 
time. The equation was validated by the comparison of the estimated result 
of TPC (1700.08 mg GAE/100 g DGM) which matched well with the 
experimental result of TPC (1745.32 mg GAE/100 g DGM) obtained using 
UAE conditions of 50°C and 7 min.  
The large coefficient of X1 indicates that under these operating conditions, 
temperature is the most decisive working condition and time is the least 
influential factor.  
Unlike reported by Carrera et al. (2012) on UAE of phenolic compounds 
from grapes, by increasing temperature from 20 to 80°C, an increase of 
total polyphenols was found. This could be due to grape seeds, which 
represent about 25% w/w of grape marc composition. Grape seeds are a 
rich source of polyphenol compounds, especially phenolic acids, flavan-3-
ols, such as catechins and their isomers, and proanthocyanidins (Lu et al., 
1999). As reported by Kim et al. (2006), the heat treatment of grape seeds 
liberated phenolic compounds, and thus increased the amount of active 
compounds, the same effect could be attributed to the high extraction 
temperature used. In addition, at higher temperature, the solvent viscosity 
and density decreased, and thus resulting in increased mass transfer. 
Furthermore, as a result of decreased solvent viscosity, cavitation bubbles, 
within the fluid occurred more easily as the cohesive force, and thus the 
tensile strength of the liquid was reduced (Toma et al., 2001; Wu et al., 
2001).  
To express the effect of any parameter on the Total Polyphenol Content 
(TPC) a response surface plots of the equation (2) was generated. In Figure 
3.8 the contour plot showing the effects of temperature and time on TPC 
(mg GAE/100 g DGM) is reported. 
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Figure 3.8_ Contour plot of Total Polyphenol Content obtained by 
ultrasound-assisted extraction (UAE) from defatted grape marc using 
varying time and temperature of extraction.  
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4.2_ Subrcritical CO2 extraction of residual total 
polyphenols from UAE – Raffinates 

The UAE-Raffinates, defined as UAE-R1 (20°C - 4 min), UAE-R2 (80°C 
– 4 min), UAE-R3 (20°C – 10 min), UAE-R4 (80°C – 10 min) obtained 
from the UAE experiments were extracted by supercritical carbon dioxide, 
added with a mixture EtOH-Water as co-solvent. The operating conditions 
used were the best found in the previous part of this thesis, that is to say: 8 
MPa, 40°C, 6.0 kg/h of CO2 modified with 10 % w/w ethanol-water 
solution with ethanol concentration of 57% (v/v). 
In Figure 3.9 the overall extraction curves (OECs) (TPC vs extraction 
time) obtained for the extraction of the UAE-Raffinates with SFE are 
reported. The OEC of defatted red grape marc, not previously extracted by 
ultrasounds, is reported for comparison.  

 
 
Figure 3.9_ Comparison of OECs of total polyphenols extracted by 
subcritical fluid extraction of defatted grape marc (SFE) and by SFE of 
ultrasound-assisted raffinates (SFE-[UAE-R1], SFE-[UAE-R2], SFE-
[UAE-R3], SFE-[UAE-R4]). 

The OEC of red defatted grape marc (SFE) can be included into type I 
extraction curves. The initial polyphenol content of untreated grape marc 
is high and can be extracted easily by the solvent mixture (CO2+EtOH 57% 
w/w). The OEC of red defatted grape marc exhibits a constant-extraction 
rate period (CER) of 300 min. This period corresponds about the 82% of 
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the final extracted phenols (2736.30 ± 115.26 mg GAE/100 g DGM). TPC by 
SFE results higher to that (2200 mg GAE/100 g DGM) reported by Farias-
Campomanes et al. (2013).  
The OECs obtained from UAE-Raffinates highlight slopes of the initial 
extraction period lower compared to SFE.  These OECs can be included 
into type II extraction curves, which are characteristic of matrices with a 
low content of extractable compounds and not easily accessible to the 
solvent.  
The OACs obtained from UAE-Raffinates indicate that shorter is the 
ultrasound extraction time of grape marc both at temperature of 20 and 
80°C, higher is the recovery of the residual total phenols (TPC) by SC-CO2 
from the correspondent UAE-Raffinates, UAE-R1 (1358 mg GAE/100 mg 
DGM) and UAE-R2 (1134 mg GAE/100 g DGM). Probably, an extraction time 
higher than 10 min using UAE could modify the structure of the matrix 
(Xie et al., 2015; Meullemiestre et al. 2016), limiting the accessibility of 
supercritical carbon dioxide (solvent) towards the residual polyphenols 
during the following extraction. 
In Table 3.4 is reported a comparison of total TPC recovery obtained 
combining UAE-Extracts of grape marc with SC-CO2+EtOH 57% (v/v) of 
UAE-Raffinates. 

 
Table 3.4_ Comparison of total polyphenol content obtained by combining 
ultrasound-assisted extraction (UAE) of defatted grape marc to subcritical 
fluid extraction (SFE) of the correspondent UAE-Raffinates.  

The TPC recovery  obtained by SFE (2736.30 ± 115.26 mg GAE/100 g DGM) 
is significantly higher than TPC recovery  obtained by UAE under different 
operating conditions tested. However, when UAE of grape marc is carried 
out at 80°C for  4 min  and it is combined to SC-CO2 extraction of the 
correspondent UAE-Raffinate, the  highest TPC content is obtained, 
(3469.66 ± 54.20 mg GAE/100 g DGM). By coupling UAE and SC-CO2 
extraction, the 26.8 % increase of TPC is obtained, compared with the only 
SC-CO2 extraction. Phenolic yield resulted similar to that (3169 mg 

Extraction methods

UAE-extract SFE- [UAE-raffinate]
Combined 

extraction methods
SFE ------------ 2736.30 ± 115.26 a 2736.30 ± 115.26 c
UAE-E1 + SFE-[UAE-R1] 1153.04 ± 15.98 c* 1358.45 ± 8.21 b 2511.49 ± 9.33 d
UAE-E2 + SFE-[UAE-R2] 2336.00 ± 111.88 a 1133.66 ± 58.37 c 3469.66 ± 54.20 a
UAE-E3 + SFE-[UAE-R3] 1120.44 ± 67.22 c 753.76 ± 1.31 d 1874.20 ± 66.79 e
UAE-E4 + SFE-[UAE-R4] 2191.56 ± 87.02 b 822.08 ± 28.03 d 3013.64 ± 112.82 b
Each data represent the mean of three replicates ± standard deviation
*Values with different letter within column indicate significant differences (p<0.05)

Total Polyphenols Content (mg GAE / 100 g DGM)
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GAE/100 g DGM) reported by Aliakbarian et al. (2012) using subcritical 
water, and much higher than 2300 mg GAE/100 g DGM and 2527 mg GAE/100 
g DGM reported by Farias-Campomanes et al. (2013) and Da Porto et al. 
(2014b) respectively, using supercritical CO2 extraction.   
Grape marc polyphenols include flavonoids and no-flavonoids compounds. 
Proanthocyanidins (PAs) are monomeric, oligomeric and polymeric 
flavonoids reported to have potential health beneficial in human diet. The 
healthy properties of PAs largely depend on their structure and especially 
on their degree of polymerization. PAs show antioxidant activity against 
free radical species and so against cardiovascular and degenerative 
diseases. Cos et al. (2004) reported that at least monomers and smaller 
oligomeric proanthocyanidins are absorbed.  
The chemical composition of defatted grape marc extracts obtained by 
SFE, UAE carried out for 4 min at 80°C and SFE of the correspondent 
UAE-Raffinate (UAE-R2) is reported in Table 3.5.  

 

Table 3.5_ Chemical composition of defatted grape marc extracts obtained 
by supercritical fluid extraction (SFE), ultrasound assisted extraction 
(UAE-E2) at 4 min and 80°C, and supercritical fluid extraction of the 
correspondent ultrasound-assisted raffinate (UAE-R2). 

As reported in Table 3.5, SFE grape marc extract show the highest 
extraction yield (13.03 ± 0.66 % w/w), Total Phenol Content (2736.30 ± 

Extraction methods

SFE UAE-E2 (80°C-4') SFE - [UAE-R2 (80°C 4')]

Extraction yield (% w/w) 13.03 ± 0.66 a* 11.28 ± 0.29 b 5.95 ± 0.85 c
Total phenols (mg GAE / 100 g DGM) 2736.30 ± 115.26 a 2336.00 ± 111.88 b 1133.66 ± 58.37 c

Total antioxidant activity                   
(mg !-tocopherol/100 g DGM) 4663.64 ± 79.86 a 4478.33 ± 30.55 b 3024.78 ± 44.63 c

Proanthocyanidins                              
(mg catechin/100 g DGM)
Monomeric fractions (FI) 282.79 ± 8.41 a 1.95 ± 0.60 c 57.32 ± 3.29 b
Oligomeric fractions (FII) 167.35 ± 9.08 a 18.02 ± 0.74 c 81.32 ± 2.20 b
Polymeric fractions (FIIII) 360.27 ± 4.19 a 50.09 ± 0.82 c 96.33 ± 0.92 b

Proanthocyanidins  (%)
Monomeric fractions (FI) 34.89 2.78 24.39
Oligomeric fractions (FII) 20.65 25.72 34.61
Polymeric fractions (FIIII) 44.46 71.50 41.00

Antioxidant activity                               
(mg !-tocopherol/100 g DGM)
Monomeric fractions (FI) 261.61 ± 31.42 a 2.13 ± 1.18 c 85.02 ± 5.57 b
Oligomeric fractions (FII) 593.65 ± 15.16 a 21.34 ± 1.19  c 110.27 ± 12.40 b
Polymeric fractions (FIIII) 2092.23 ± 140.23 a 79.97 ± 5.88 c 119.55 ± 2.36 b
Each data represent the mean of three replicates ± standard deviation.
*Values with different letter within line indicate significant differences.
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115.26 mg GAE/100 g DGM) and total antioxidant activity (4664.64 ± 79.86 
mg α-tocopherol/100 g DGM). Considering the phenolic content and the 
antioxidant activity of SFE, UAE-E2 and SFE-[UAE-R2], it is interesting 
to note that higher is the content of polyphenols, higher is the antioxidant 
activity of the extract. 
SFE extract shows the highest level of total proanthocyanidins (810.41 mg 
catechin/100 g DGM), and the UAE extract the lowest (70.06 mg catechin/100 g 
DGM). 
Figure 3.10 shows the content of monomeric (FI), oligomeric (FII) and 
polymeric (FIII) proanthocyanidins in SFE, UAE-E2 and SFE-[UAE-R2] 
extracts. SFE extract shows the highest level for each PAs fractions. It is 
nteresting to note that UAE gives a percentage of monomeric fraction of 
PAs lower about 10-folds (3%) than SFE (35%) and a percentage of 
polymeric fraction higher about 2-folds (71%) than SFE (44%). This 
suggests SFE to be more selective in extracting proanthocyanidins fractions 
beneficial for human health than UAE.  

 

Figure 3.10_ Proanthocyanidin composition of SFE, UAE-E2 and SFE-
[UAE-R2] extracts. 

Figure 3.11 shows the antioxidant activity (mg α-tocopherol / 100 g DGM) of 
proanthocyanidin fractions obtained from SFE, UAE-E2 and SFE-[UAE-
R2]. The SFE extract shows the highest antioxidant activities for 
monomeric (261.61 ± 31.42 mg α-tocopherol/100 g DGM), oligomeric (593.65 ± 
15.16 mg α-tocopherol/100 g DGM) and polymeric fraction (2092.23 ± 140.23 
mg α-tocopherol/100 g DGM). In SFE extract, the oligomeric PAs show a higher 
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antioxidant activity than to the monomeric amount, despite the lower 
amount. The highest radical scavenging of oligomeric fraction is due to the 
highest amount of hydroxyl group of the molecules in comparison with the 
monomeric fraction.  
The low antioxidant activity observed for UAE-R2 and SFE-[UAE-R2] 
extracts could be due to thermal and/or chemical degradation of phenolic 
compounds, as reported by some Authors after sonication treatments. 
Tiwari et al. 2008 observed that despite an initial slight increase in the 
beginning of the treatment time, anthocyanin decrease compared to the 
initial value in sonicated strawberry juice. The degradation of phenolic 
compounds may be caused by pyrolysis and oxidation reactions by OH• 
radicals formed by cavitation (Rawson et al., 2011). 

 
Figure 3.11_ Antioxidant activity of proanthocyanidin fractions of SFE, 
UAE-E2 and SFE-[UAE-R2] extracts. 
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III.5_ CONCLUSIONS 

A combined process of UAE and SFE of the correspondent UAE-Raffinate 
for the recovery of polyphenols from grape marc was developed on pilot-
plant scale. The 26.8 % increase of total phenols and the 62% increase of 
total antioxidant activity were obtained when the coupled process UAE (4’-
80°C) followed by SFE of UAE-Raffinate (8 MPa, 40°C, 6.0 kg/h CO2 
modified with 10 % w/w ethanol-water solution with ethanol concentration 
of 57% (w/w) was carried out and compared to SFE alone.  
However, SFE resulted more selective in extracting proanthocyanidins 
fractions beneficial for human health than the coupled process proposed.  
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IV.1_ SUPERCRITICAL ANTISOLVENT (SAS) 
PROCESS 

The quality of food and food ingredients depends on a series of quality 
properties. Examples are purity, microbiological and chemical stability, 
nutritional value, availability and price. The customers are also interested 
in a well texture. Particularly, for solid products, the texture is influenced 
on particle size, particle size distribution (PSD), morphology and 
crystallinity. A perfect example in food industry is given by chocolate. A 
chocolate product with good qualities is achieved when a smooth mouth 
feeling is obtained. This can be obtained only when the cocoa is ground to 
particle sizes smaller the size detectable by the tongue (approximately 20 
µm) and the solid fat particles dispersed as a solid in liquid or creamy foods. 
In fact, as dispersion shows higher viscosities, small particles are an option 
to adjust the viscosity of oil in water emulsions by dispersing solid fat 
particles in the continuous aqueous phase, without influencing the mouth 
feeling. Due to their high surface, small particles may melt or dissolve 
extremely rapidly. 
In pharmaceutical and cosmetic products, particle size, PSD and 
morphology influence their bioavailability. Generally, a small size implies 
a greater percentage of drugs absorbed by the human body and a reduction 
of the doses number (Tabernero et al., 2012). Particle size and PSD affect 
the delivery route of the drugs: particles should be around 0.1-0.3 µm for 
intravenously delivery, 1-5 µm for inhalation delivery and 0.1-100 µm for 
oral delivery (Thereza et al., 2012). On the other side, the morphology and 
crystallinity affect the physical and chemical stability of the product 
(Cocero et al., 2009).      
In food technology and pharmaceutical industry there are well known 
classical processes for the generation of particles and composites products: 
spry-drying, freeze-drying, liquid antisolvent crystallization or milling 
processes. These technologies present several disadvantages: 

§ production of coarse particles with broad particle size 
distribution; 

§ mechanical or thermal degradation of the product; 
§ contamination of the particles with organic solvents or other 

toxic substances. 
In the last three decades, the use of supercritical fluids in the micronization 
processes was studied and attracted a great attention. The supercritical 
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fluids present liquid-like densities with gas-like transport properties and 
moderate solvent power. 
Generally, the micronization processes can be subdivided in 4 categories, 
due to the role of the supercritical fluid: 

(1) SCF as a solvent; 
(2) SCF as an anti-solvent; 
(3) SCF as a solute; 
(4) SCF as a propeller. 

The process with supercritical fluid as anti-solvent can be subdivided in 
two different types: (1) batch Gas Anti-solvent (GAS) process and (2) 
semicontinuous Supercritical Anti-solvent (SAS) process.  
In GAS process the solute is initially dissolved in an organic solvent and 
supercritical fluid acts as anti-solvent agent, which causes the precipitation 
of the solute. Generally, this process is carried out at moderate pressures, 
between 5 and 8 MPa. A typical diagram of a GAS process is reported in 
Figure 4.1.  

	
Fig. 4.1_ Schematic diagram of a Gas Anti-Solvent (GAS) process. 

The precipitation vessel initially is partially filled with the solution of the 
target compounds. CO2 is pumped into the vessel until the desired operating 
pressure is achieved. Subsequently, the solution is drained and the CO2 
flow is maintained isobarically for the complete removal of the solvent. 
Inside the precipitation vessel there is a stirrer which improves the mixing 
between the organic solution and the SCF.  
SAS process could be defined as a modification of a GAS method, which 
overcome the limitations of the batch GAS processes.  
 
 
 

initially dissolved in an organic liquid. This process typically
operates at moderate pressures (5–8 MPa). In this range, the
CO2 has a large solubility in most organic solvents; while at the
same time, the solvent power of CO2 for relatively high
molecular weight substrates is very low. Therefore, the
saturation of the organic solvent with CO2 causes a decrease
in the solvent power of the liquid mixture and the precipitation
of the solute. Due to the high solubility of CO2 in the liquid
phase and the favorable transport properties, the kinetics of the
mixing process are enhanced with respect to the mixing with
conventional liquid anti-solvents, leading to more homogenous
supersaturations. A schematic diagram of a GAS process is
presented in Fig. 4. This process consists of a vessel which
initially is partially filled with the organic solution. CO2 is
pumped into this vessel until the desired operating pressure is
achieved After this, the solution is drained, and the CO2 flow is
maintained isobarically during a period long enough for the
complete removal of the solvent. One peculiarity of this process
is that when relatively large volumes of solution are processed,
it is necessary to attach a stirrer to the vessel for improving the
mixing between the solution and the CO2. The main advantage
of this process over the RESS process is its versatility, as with a
proper selection of the solvent, it is possible to micronize a very
wide range of products, as the only requisite for the application
of this technology is that the solute must be soluble in an
organic solvent, and it must be insoluble in SC-CO2. The
obtained particle sizes typically in the range 1–10 μm, with a
narrow particle size distribution. The main disadvantages are an
increase in the mechanical complexity of the equipment due to
the necessity of using a stirrer, the use of an organic solvent, and
above all, the relatively small production capacity of this
process, which is limited by the capacity of the precipitation
vessel [1–3]. Some of the most remarkable applications among
the huge variety of materials processed with SC-CO2 as anti-
solvent are pharmaceuticals, polymers, superconductor pre-
cursors, and natural substances and colorants.

4.2. Solvent volumetric expansion

As the driving force for the precipitation in the GAS process
is the anti-solvent effect caused by the solubilization of CO2 in
the liquid phase, and the solvent power of a liquid is often

proportional to its density, it has been found that it is possible to
select the optimum thermodynamic conditions for this process
by studying the volumetric expansion in the solvent caused by
CO2. The “classical” definition of the volumetric expansion is
the ratio between the increase in volume caused by the SC-SO2

and the initial volume of the solution, as presented in Eq. (7)
[27]. Stiolo et al. [28] monitored the volume expansion during
the precipitation by UV–vis spectrometry. The local composi-
tion and volumetric expansion around the solute was found to
be a key parameter of the process, while a relation between the
precipitation pressure and the bulk volume expansion as defined
by Eq. (7) could not be established.

DV
V

¼ V T ;Pð Þ $ V0 T ;P0ð Þ
V0 T ;P0ð Þ

ð7Þ

De la Fuente et al. [29] found that this definition did not
allow to distinguish the differences in the behavior of different
organic solvents with the same anti-solvent. They presented an
alternative definition of the volumetric expansion based on the
variation of the partial molar volume of the solvent, as shown in
Eq. (8).

Dv
v

¼ v T ;Pð Þ $ v0 T ;P0ð Þ
v0 T ;P0ð Þ

ð8Þ

This definition can be used to select the optimum com-
bination of solvent, pressure and temperature for a particular
application. De la Fuente et al. [30] showed that a study of the
solubility of the solute in the solvent–CO2 mixtures could allow
to predict if the GAS process can yield satisfactory results
(Fig. 5): in the systems in which there is a sharp decrease in
solubility at some concentration of CO2, the performance of the
GAS process will be adequate, since in this case the pre-
cipitation will take place very quickly and homogenously upon
reaching this region. The systems which show a slow decrease
solubility as the CO2 amount increases are likely to yield worse
results, since in this case the precipitation will take place
continuously and relatively slowly as CO2 is fed to the pre-
cipitator. These authors postulated that the optimum conditions

Fig. 4. Schematic diagram of the batch Gas Anti Solvent (GAS) process.

Fig. 5. Volumetric expansion and solubility of (a) CO2–toluene–naphtalene and
(b) CO2–toluene–phenantrene. The first can be successfully precipitated by
GAS process, while the second cannot. Adapted from [29] with permission.

344 A. Martín, M.J. Cocero / Advanced Drug Delivery Reviews 60 (2008) 339–350
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1.1_ Supercritical Anti-Solvent (SAS) process 

1.1.1_ General description 

A typical semi-continuous SAS apparatus is schematically reported in 
Figure 4.2.  

	

Figure 4.2_ Schematic apparatus of a semi-continuous SAS (Martín et 
al., 2008). 

A common apparatus consists of a high pressure pump equipped to feed the 
liquid solution and a diaphragm high-pressure pump equipped with a 
cooling system for the pumping head, applied to deliver liquid carbon 
dioxide. A high pressure vessel is used as the precipitation chamber. The 
liquid solution is sprayed in the precipitator through a thin wall stainless 
nozzle through an inlet port located on the top of the chamber. Other 
configurations of the injector are also used: two coaxial tubes injection 
systems (Reverchon et al., 2003), sonicated spray nozzles (Falk et al., 1997) 
or capillaries (Randolph et al., 1993). 
The carbon dioxide is heated to the process temperature before entering the 
precipitator. At the bottom of the precipitation chamber there is a stainless 
steel frit, which permits the recovery of solid product. A second vessel 
located downstream the micrometering valve is used to recover the liquid 
solvent. A back-pressure valve regulates the pressure in this vessel.  
In the apparatus are used also a rotameter to measure the CO2 flow rate. 
A SAS process begins by delivering SC-CO2 at a constant flow rate to the 
precipitation chamber until the desired pressure is reached. Subsequently, 
the pure solvent is sent through the nozzle to the precipitation chamber with 
the aim of obtaining steady state composition conditions of the fluid phase 
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Supercritical antisolvent method in drug encapsulation

supercritical fluid is another factor that produces the high rate 
of mass transfer. The high pressure vapor–liquid equilibrium 
phase of the ternary system controls the precipitation of the 
solute in the SAS process.19

SAS
This process refers to the precipitation in a supercritical fluid 
due to particle formation. The supercritical antisolvent must 
be miscible with the solution solvent, and the solute must 
also be insoluble in the supercritical antisolvent. In the SAS 
process, the supercritical CO2 is pumped into a high-pressure 
vessel to a specific pressure. Then the solution, including the 
drug, biodegradable polymer, and organic solvent, is sprayed 
in the reactor via a suitable nozzle. The solvent diffuses 
rapidly from the solution droplets into the bulk supercritical 
fluid, precipitating the solute. Formed particles are col-
lected on a filter washed by supercritical fluid to remove the 
residual solvent.5,13,14,19,22,25,26 Therefore, the supercritical fluid 
dissolving into liquid droplets, together with the evaporation 
of the organic solvent in the supercritical fluid phase, provides 
a supersaturated solute in the liquid phase, which will be later 
precipitated. A schematic diagram of the apparatus for the 
SAS process is shown in Figure 2.

The advantages of this method are:
 i. During this process a very fine dispersion of liquid phase 

occurs, so there is a very fine droplet and a high specific 
surface area for mass transfer.5,20,23,24,28,29

ii. Freshly precipitated particles will remain in the system 
and the supercritical fluid and organic solvent drain from 
the system continuously.20,27,30,31

 iii.  High supersaturation is achieved and, therefore, 
small particle size is attained due to the rapid mix-
ing of the supercritical fluid and solution (liquid 
phase).5,17,24,25,31,32

  iv.  By controlling the operating condition, it is possible to 
produce narrower particles.25,32

  v.  By reducing the pressure or depressurizing, the 
supercritical fluid is more easily removed from the 
system.20,21,24,29,32–34

  vi.  The process can take place at near ambient temperatures, 
thus avoiding thermal degradation of the particles by 
choosing a suitable antisolvent.32,33

 vii.  Before recovering the solid, relatively high amounts of 
liquid solution can be processed.27

viii.  This process can prepare drug-encapsulated particles 
with high polymorphic purity, enhanced dissolution 
rate, and acceptable residual solvent.35

  ix.  This method is adaptable for continuous operations, and 
this property is very important for the large-scale mass 
production of nanoencapsulated drug particles.24

Some experiments are summarized in Table 1.
Despite all these advantages, there is a limitation to the 

success of this method for drugs and biodegradable polymers 
that occur as solids.20 The major disadvantage of this method 
is the long washing period prior to the agglomeration and 
aggregation of particles. This problem can be minimized 
by intensively mixing the supercritical antisolvent and the 
solution, which increases the mass transfer and thus pro-
duces smaller particle size. One of the methods to achieve 
intensive mixing is by using ultrasonic nozzles. During this 

Precipitation chamber

CO2 gas cylinder 

Heat exchanger
cooled with

chilled water 3°C

Metering feed pump

Release to
ambient
condition

Water bath

High pressure pump

Figure 2 Schematic diagram of the apparatus for the supercritical antisolvent process.
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during the solute precipitation. The solvent is used also to avoid blockage 
of the injection nozzle due to the precipitation of solute during the start up 
phase. When steady state conditions have been reached, the flow of the 
liquid solvent is stopped and the liquid solution, containing the target 
compounds, is delivered through the nozzle at a given flow rate.  
Precipitation of the solute is obtained and the liquid pump is stopped, when 
the given quantity of organic solution is injected. The SC-CO2 continues to 
flow with the aim to wash the chamber, eliminating the supercritical 
solution formed by the liquid solubilized in the supercritical antisolvent. If 
the final step with pure carbon dioxide is not performed, the solvent may 
condense during the depressurization step and can solubilize or modify the 
precipitate. At the end of the washing step, CO2 flow is stopped and the 
precipitation chamber is depressurized down to atmospheric conditions.  
The SAS method has several advantages: 

(1). Very fine dispersion of liquid phase occurs, so there is a very fine 
droplet and a high specific surface area for mass transfer; 

(2). High supersaturation condition and small particle size are obtained, 
due to the rapid mixing of the supercritical fluid and organic 
solution; 

(3). Narrow particles by controlling the operational conditions; 
(4). Precipitated particles will remain in the system and the supercritical 

fluid and organic solvent drain from the system continuously; 
(5). SCF more easily to remove from the system by the depressurization 

of the precipitation chamber; 
(6). The process can take place at near ambient temperatures, thus 

avoiding the thermal degradation of the particles;  
(7). Before recovering the solid particles, relatively high amounts of 

liquid solution can be processed; 
(8). Method adaptable for continuous operations. 

Despite these advantages, SAS method shows some limitations. The major 
disadvantage is the long washing period prior to the agglomeration and 
aggregation of particles. This step can be limited enhancing the mixing 
between supercritical antisolvent and the organic solution, which increases 
the mass transfer and thus produces smaller particle size. A method to 
achieve an intensive mixing is by using ultrasonic nozzles. Ultrasonic 
waves produce ultrasonic vibrations which enhance the mass transfer 
between the supercritical fluid and organic solution. 
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Another disadvantage of this process is the utilization of organic solvents 
and so the presence of residual toxic traces in the final product. 

1.1.2 Phase equilibria 

In any equilibrium-based separation process, the driving force is the 
departure from the phase equilibrium conditions. The drive force in a 
precipitation process is the “supersaturation of the solution”, which is 
defined as the ratio between the concentration of the solute in the fluid and 
the saturation concentration:  

S = y / yeq 

where y is the concentration of the solute in the fluid, and yeq is the 
saturation concentration.  
During a precipitation process, two different phenomena can be observed: 
(1) particle formation (or nucleation) and (2) particle growth. Both particle 
formation and growth are faster at higher superstations (S), but usually a 
larger number of smaller particles are produced when the supersaturation 
increases. Even to achieve a narrow particle size distribution, homogeneous 
supersaturation conditions in all the fluid are necessary.  
To describe theoretically a precipitation process, it is necessary to calculate 
the saturation concentration of the target compound. This implies the 
calculation of the solubility of the substance in carbon dioxide at high 
pressures, with some amount of an organic solvent. There are several 
approaches that can be used to this purpose: 

(1). Chrastil equation_ It is a semi-empirical density correlation and 
represents the simplest approach; 

(2). Equation of State (EoS) model_ EoS allows to have more 
confidence on extrapolations and to calculate other properties, such 
as densities or enthalpies, which can be required for the modelling. 
  

1.1.3 Effect of process parameters 

The properties of solid particles obtained in a SAS process are influenced 
by several parameters. The optimization of these parameters are 
fundamental to produce small mean particle size with narrow distribution. 

Pressure 

The process pressure affects the density of the supercritical fluid, which 
affects the mass transfer between organic solvent and supercritical fluid 
during the precipitation step. The solubility in the supercritical fluid is 
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related to the density. At higher densities the solubility of particles is 
enhanced, due to increase of molecular interactions.  
Hydrodynamic theory, such as Weber number, could be applied to the 
supercritical antisolvent processes. The Weber number (Nwε) is defined as 
the proportion of the deforming external pressure and reforming surface 
tension forces: 

Nwε = ρA UR
2 D/σ 

where, ρA is the density of antisolvent (SCF), UR is the relative velocity, D 
is the initial droplet diameter, and σ is the interface tension.  
Increasing the ratio between the deforming external pressure and the 
reforming surface tension forces the drops to break up into smaller droplets. 
During a SAS process, the Weber number is very high compared with that 
in other techniques. At higher pressure with higher density of SCF, the 
deforming pressure must be increased to break the droplets into smaller 
particles. 
In some cases, the particle size declines with reduction of pressure during 
precipitation. In conditions above the critical point, reduction of pressure 
determines a decrease of solubility, which results in higher maximum 
supersaturation being achieved in the reactor; therefore, smaller particles 
are produced.  

Temperature 

Temperature influences the SCF density in combination with pressure. 
Generally, an increase of temperature reduces the density and solubility, 
but it enhances the maximum supersaturation, so that smaller particles are 
obtained. However, at the same time, the temperature affects also the 
volatility of the solvent and so the solubility.  
The temperature must also be sufficient to evaporate the solvent rapidly. 
Higher temperature reduces the drying time and thus there is rapid removal 
of the residual solvent.  
Generally, temperatures between 35 and 60°C are used for successful SAS 
process. The use of the lowest supercritical temperature possible is largely 
justified when thermolabile compounds are processed (Reverchon et al., 
2008). 
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Solution concentration 

The initial concentration of organic solution influences the particle size of 
final product. It is possible to observe two different opposite effects.  
At higher concentrations, the supersaturation condition occurs sooner, with 
growth dominating over the nucleation phenomena, and crystals will be 
formed, thus increasing the particle size. The increase of initial 
concentration also enhances the viscosity and surface tension of the 
solution, producing larger droplets and particles of larger diameter will be 
formed.  
On the other hand, the increase of concentration causes a reduction of 
particle size. The increased initial concentration enhances the maximum 
supersaturation and, therefore smaller particle size will be formed (Ai 
Zheng et al., 2009).  
These results show that the particle size is affected by the degree of 
supersaruration and initial concentration, simultaneously.  

CO2 molar fraction (XCO2) 

For production of spherical particles, mole fraction of carbon dioxide 
(XCO2) must be larger than the mole fraction at which the binary mixture 
CO2-liquid solvent shows the mixture critical point (MCP). The MCP 
depends on the temperature and the nature of the liquid solvent. Generally, 
with the commonly used solvents, CO2 molar fractions higher than 0.95-
0.97 can assure that (XCO2 > XMCP).  
The SAS experiments also are conduced at supercritical conditions. This 
condition is satisfied only operating at pressures above the critical pressure 
of the mixture. The conditions commonly used in the SAS experiments are 
graphically indicated in Figure 4.3. 

	
Figure 4.3_ Qualitative diagram pressure versus CO2 molar fractions 

(Reverchon et al., 2008). 
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4.1.2. Effect of temperature
Temperatures between 35 and 60 ◦C are usually reported in the

literature (see Table 1) for successful SAS production of spheri-
cal microparticles. The highest temperature reported is 75 ◦C, in
the case of bronze red microparticles production [40]. The use of
the lowest supercritical temperature possible is largely justified
when thermolabile compounds are processed. However, it is also
worth to note that the couple of parameters high pressure and
low temperature produces higher CO2 densities than can influence
the precipitation mechanisms. The influence of temperature alone
on the particle size seems not relevant, though the range of tem-
perature explored is very limited. However, in the case of yttrium
acetate, the increase of temperature from 40 to 50 ◦C has produced
a large increase of particle size (see Table 1).

4.1.3. Effect of solute concentration in the liquid solvent
When the operating pressure, temperature and CO2 molar

fraction are fixed, an increase of solute concentration pro-
duces, as a rule, an increase of spherical microparticles diameter.
This effect is evident in some papers published on amoxicillin
[13,29], rifampicin [14] and yttrium acetate [106]. For example
in Table 1, data at 200 bar, 40 ◦C and at concentrations equal to
0.5, 1.0 and 2.0% (w/w) show mean amoxicillin particle diam-
eters of 0.49, 0.7 and 0.8 !m, respectively. In Fig. 3, the effect
of solution concentration on the particle size distribution of
cefonicid microparticles well illustrates this experimental evi-
dence. A similar effect has been found also when liquid CO2 has
been used; see for example, copper indomethacin micronization
in Table 2 [67].

4.1.4. Effect of CO2 molar fraction (xCO2 )
The results in Table 1 indicate that xCO2 larger than the molar

fraction at which the binary mixture CO2–liquid solvent shows the
mixture critical point (MCP) are commonly used to successfully
produce spherical microparticles. MCP varies with the nature of
the liquid solvent and temperature; but, in the first approxima-
tion, for the solvents in Table 1 and at the process temperatures
commonly adopted, it is possible to indicate that xCO2 larger than
approximately 0.95–0.97 can assure that xCO2 ≥ xMCP. This indica-
tion is coherent with the fact that the authors use this process

Fig. 3. Particle size distributions of cefonicid/DMSO particles obtained at 40 ◦C,
150 bar; effect of concentration; adapted from Ref. [18].

Fig. 4. Qualitative diagram pressure vs. carbon dioxide molar fraction.

to perform the experiments at supercritical conditions, at least
with respect to the binary mixture phase diagram. This condi-
tion is satisfied only operating at p > pCmixture

and xCO2 > xMCP as
graphically indicated in Fig. 4. These conditions are not the only
one that assure the production of spherical microparticles; indeed,
this morphology has been obtained for some materials using liq-
uid CO2 (Table 2) and in some experiments reported in Table 1
where xCO2 << xMCP. Examples of these process conditions are
some experiments reported on the micronization of bronze red
[40], an experimental point on cefonicid [19] (in which xCO2 down
to 0.491 is used), and some experiments on budesonide [42]. In
these cases, CO2 and the solvent form more properly an expanded
liquid that has different properties with respect to a supercritical
mixture. Though a systematic exploration is missing, it seems that
the particles produced operating at these conditions are frequently
aggregated.

4.1.5. Coprecipitates
In some cases, SAS experiments have been devoted to the pro-

duction of spherical coprecipitate microparticles that can be useful,
for example, for the controlled (delayed) release of pharmaceuti-
cal compounds. These coprecipitates are commonly formed by the
combination of a polymer (in Table 3 some examples of PLLA are
reported) with the active pharmaceutical principle.

Considerations similar to those proposed in the case of experi-
mental data reported in Table 1 can be developed about influence of
pressure, temperature, solute concentration and xCO2 successfully
used; i.e., these parameters work in a similar manner also in the
case of SAS coprecipitation.

4.1.6. Observed surface morphologies
Though it is not explicitly reported in the tables that summarize

the SAS results, spherical particles can also show different surface
morphologies. The most common is the smooth surface that can be
correlated by X-ray analysis to the formation of amorphous parti-
cles (see Fig. 1a–d). However, in some cases, surface evolution to
a rough surface or to a connected nanocrystals surface has been
observed. It could represent an evolution of the standard smooth
surfaces [17]. An example of spherical microparticles in which the
surface is rough is reported in Fig. 5 in the case of nalmefene
hydrochloride micronization.
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CO2 flow rate 

Increasing the CO2 flow rate over the organic solution flow rate reduces the 
particle size. Enhancing the flow rate increases the system turbulence and 
the mixing of agents. Therefore, higher supersaturation is reached and 
smaller particle sizes are formed.  

Type of solute 

Solubility and partitioning in the supercritical fluids are properties of the 
target compound, that are affected by chemical composition and greatly 
affect final particle size. If the solute dissolves in the SCF under the 
operating conditions, it will be removed into the gas phase and no 
precipitation will occur and no particles will be produced.  
Generally, lower is the solubility of the compound in the supercritical fluid 
and more rapid will be the precipitation process (Steckel et al., 1997). 

Organic solvent 

Firstly, it is important to choose a solvent able to dissolve the target 
compounds, that are insoluble in supercritical fluid. The solvent also must 
be soluble in the supercritical carbon dioxide. 
The two main properties that are important to consider in the selection of 
the organic solvents, are: (1) volatility and (2) strength of the solvent. 
Generally, increasing the volatility of the solvent will decrease particle size 
(Taki et al., 2007). Solvents with higher volatility force the system to reach 
the supersaturation state much faster, resulting in reduced particle size (Tu 
et al., 2002).  
About the solvent strength, stronger solvents increase the interaction 
between the solvent and solute which prevents crystal growth, thus 
producing smaller particle size. 

Nozzle geometry 

The particle size in the SAS process are affected by the diameter and 
geometry of the nozzle. Generally, a smaller diameter produces a higher 
spray velocity and reduces the droplet size (Gregory et al., 2006).  
Also, the nozzle diameter influences particle morphology. The morphology 
is affected principally by the nozzle geometry. The co-axial nozzle is 
especially designed to improve the particle morphology. In this 
configuration, the solution is sprayed through the core of the nozzle and the 
supercritical fluid (antisolvent) through the annulus. 
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1.2_ Applications of Supercritical Antisolvent (SAS) 
process 

Generally, all the precipitation processes with supercritical fluids have been 
demonstrated to be versatile, meaning that different powders can be 
generated from the same starting material by adjusting process conditions. 
The products which can be obtained from any precipitation process, can be 
subdivided in two main categories: 

(1) Single products 
(2) Composite products, constituted by a core material (generally the 

target or active compound) surrounded by a coating material or 
carrier (typically a bio-polymer or a fat).   

Pure components suitable to be powderized with CO2 are lipophilic 
compounds, such as cocoa butter, fats, butter, fatty acids, waxes, fatty 
alcohols, certain sterols and fat soluble vitamins (Funkne-Kokot wt al., 
1999; Venter et al., 2007). In a SAS process the supercritical fluid acts as 
anti-solvent agent, and it is fundamental that the target compounds must be 
insoluble in the SCF. The example compounds reported above are not 
suitable to be powderized by SAS method.  
Examples of compounds that can be processed in SAS technique are 
polyphenol compounds. They are strongly hydrophilic molecules that are 
practically immiscible with CO2 and also other polar gases (e.g. 
dimethylether) do not have sufficient solvent power. Polyphenol 
compounds has been extracted and precipitated from raw materials: grape 
seeds (Marques et al., 2013), grape residues (Floris et al., 2010), rosemary 
(Visentin et al., 2012), green tea (Sosa et al., 2011) and Mangifera indica 
(Meneses et al., 2015).  
SAS technique has been applied for several pharmaceutical applications. 
Several pharmaceutical compounds have been studied and the effect of 
process parameters has been optimized (Tenorio et al., 2007; Vatanara et 
al., 2007; Miguel et al., 2008; Zhao et al., 2010; Montes et al., 2013).  
The precipitation by supercritical fluids are favourable for generating 
composites, and SAS processes have been demonstrated to allow the 
formation of solid-solid composites. In literature there are several 
publications regarding polymer and pharmaceutical applications, and not a 
lot about food applications.  
Examples of encapsulation of pharmaceutical compounds are reported in 
literature: paracetamol (Kalani et al., 2011), paclitaxel (Lee et al., 2008), 
bupivacaine (Lee et al., 2006), rifambicin (Patomchaiviwat et al., 2008), 
oxeglitizar (Majerik et al., 2007), amoxicillin (Reverchon et al., 2000), anti-
infiammtory compounds (Duarte et al., 2006).                     
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Regarding food applications, some researchers studied the encapsulation of 
some natural extracts obtained from green tea (Sosa et al., 2011), rosemary 
(Visentin et al., 2012), ginkgo biloba (Zhao et al., 2011), Casearia silvestris 
(Benelli et al., 2013). Other studies were applied for the encapsulation of 
specific compounds, such as β-carotene (Facundo et al., 2009), vitamin E. 
(Duclairoir et al., 2003), quercetin (Kakran et al., 2012; Montes et al., 
2015), thymol (Li et al., 2012) and curcumin (Patel et al., 2010).  
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IV.2_ AIM OF THE WORK 

The aim of this work is to suggest a SAS process to selectively recover 
polyphenols and proanthocyanidins (PAs) from grape marc, defatted with 
supercritical carbon dioxide. 
A 23 factorial design has been applied to study the effect of the main SAS 
process parameters (pressure, temperature and CO2 molar fraction) on 
yield, total polyphenol compound (TPC) and antioxidant activity. 
Fractionation of proanthocyanidins as well as HPLC-DAD analysis of 
polyphenols and scanning electronic microscopy (SEM) analysis have been 
performed only on the best products obtained by SAS.  
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IV.3_ MATERIALS AND METHODS 
3.1_ Raw material 

Grape marc, from red grape (Vitis vinifera L.) varieties, was collected 
during September 2013 in Friuli Venezia-Giulia region (Italy), air dried at 
room temperature for 24 h (moisture 9.46 ± 0.21 % w/w) and stored at 4°C 
until use. It was grounded on a domestic mill, and particles characterized 
by size classification in a standard sifter with several mesh sizes (<0.5, 0.8-
1.0, 1.0-1.25, 1.25-1.50, 1.50-1.75, 1.75-2.0, >2.0 mm). An average 
particle diameter dp=0.83 ± 0.05 mm was adopted, being calculated by 
Sauter’s equation (Povh et al., 2001) to set of fractions within the previous 
mesh sized: 

 
where mi is the mass of particles retained below mesh size dpi, mt is the 
total mass of milled grape marc and k is the number of mesh sized.  

3.2_ Preparation of grape marc 

Ground grape marc was defatted by SC-CO2 extraction. The plant used was 
a custom-made SFE setup, made of a diaphragm pump, an extraction vessel 
(4 L), a cyclonic separator (2.5 L), a Coriolis gas flowmeter for CO2. The 
operating conditions were monitored by PicoLog data acquisition software.  
The extractor was filled with 1.0 kg of raw material and the process was 
carried out setting the conditions as reported by Sovova et al. (2001): 
pressure was 28 MPa, temperature 45°C, CO2 flow rate 10.0 kg/h and 3 h 
the total extraction time. 

3.3_ Extraction of phenolic compounds 

The extraction of phenolic compounds from grape marc was carried out 
following the method reported by Pinelo et al. (2005). 50 g of defatted 
ground grape marc with 250 mL of pure ethanol (solid-to-liquid ratio= 1:5) 
were mixed and shaken for 90 min at room temperature. After that the 
extraction was completed, the liquid extract was recovered with a filter 
paper. Subsequently, the solvent was removed at 45°C under reduced 
pressure using a rotary evaporator. The extract obtained was weighted and 
the extraction yield was calculated. All the extractions were done in 
triplicate.  
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3.4_ Supercritical antisolvent process 

The experiments were carried out in a SAS pilot plant. In Figure 4.4 is 
reported the schematic diagram of the pilot plant used. 

 

Figure 4.4_ Schematic diagram of SAS pilot plant. 

The CO2 used is cooled down before being pressurized with a diaphragm 
pump, and is heated up to the required operating temperature. The CO2 
mass flow is measured with a Coriolis flow meter. When the mass flow of 
CO2 is constant and the working pressure and temperature remain stable, 
the solution is pumped by a chromatographic pump into the precipitator 
chamber at the desired flow rate. The precipitation chamber is a jacketed 
AISI 316 stainless steel vessel of 1.5 L volume. The precipitator chamber 
is equipped with a Pt-100 thermo resistance with an accuracy of 0.1°C and 
a membrane digital pressure meter with an accuracy of 0.5 bar to measure 
operating conditions.  
The inlet of the fluids is made through a concentric tube nozzle placed at 
the center top of the precipitation vessel; the nozzle consists pf a 1/16 in. 
tube (inner diameter: 1 mm) for the solution, placed inside a ¼ in. tube (3.2 
mm i.d.) for the CO2. At the bottom of the vessel there is a porous metallic 
frit with a screen size of 1 µm. 
The pressure in the precipitator is controlled by a back-pressure valve 
(model BP66, GO, Spartanburg, SC).. Additionally, the valves and the 
outlet tube are electrically heated to prevent freezing or plugging. A vessel 
is used to achieve the separation of solvent and CO2 after pressure release.  
When the desired amount of solution has been injected (50 mL), the liquid 
pump is stopped and only pure CO2 is fed for 25 min at a double times 
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higher flow rate and the same operating conditions to ensure the complete 
removal of organic solvent from the precipitation chamber.  
Finally, the precipitator is depressurized and the particles are recovered. 
The precipitate is stored at temperature below 5°C and protected from light, 
to avoid the decomposition of the products, before their analysis.  

3.5_ Experimental design 

The effects of SAS parameters pressure (P), temperature (°C)   and    CO2 
molar fraction on the recovered particles (mg/100 g DGM), total polyphenol 
content (TPC) (mg GAE/ 100 g DGM) and antioxidant activity (mg α-tocopherol/ 
100 g DGM) were determined by 23 full factorial designed. 
The independent variables were X1, X2 and X3 representing pressure, 
temperature, and CO2 molar fraction, respectively. The settings for the 
independent	 variables were as follows: pressure of 10 and 12 MPa, 
temperature of 40 and 45 °C; CO2 molar fraction of 0.97 and 0.99.  
The 23 factorial design is shown in Table 4.1. All experiments were carried 
out in a randomized order to minimize the effect of unexpected variability 
in the observed response due to extraneous factors.	 

 

Table 4.1_ 23 factorial design. 

A third-order polynomial equation was used to express the recovered 
particles, total polyphenol content (TPC) and antioxidant activity as a 
function of independent variables:  

Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b123X1X2X3                                                                                                        
(1) 

where Y represents the response variable, b0 is a constant, bi and bij are the 
linear and interactive coefficients, respectively. The coefficients of the 
response surface equation were determined by using using Minitab 17 
software (Minitab Inc.) The goodness of fit of the model was evaluated by 
the coefficient of determination R2 and the analysis of variance (ANOVA). 

Exp. No. Pressure (MPa) Temperature (°C) X CO2 

1 10 40 0.97
2 12 40 0.97
3 10 45 0.97
4 12 45 0.97
5 10 40 0.99
6 12 40 0.99
7 10 45 0.99
8 12 45 0.99
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3.6_ Analytical procedures 

Sample preparation 

Before the analysis, the precipitates obtained in SAS experiments were 
dissolved in the same organic solvent used for the phenolic extraction from 
red grape marc (EtOH). 10 mg of precipitate were dissolved in 10 mL of 
ethanol and the mixture was sonicated for 10 minutes in an ultrasonic bath.  

Total polyphenol content (TPC) 

Total polyphenols were determined using Folin-Ciocalteau reagent. 
Briefly, the reaction mixture contained 100 µL of extract or solvent, 500 
µL of the Folin-Ciocalteau reagent, 4 mL of water and 2 mL of a sodium 
carbonate-water solution (15% w/v). After 2 h of reaction at ambient 
temperature, absorbance was read at 750 nm using US-Vis 
spectrophotometer (Shimadzu UV-2550, Spain) to calculate TPC. Gallic 
acid was employed as the standard. A calibration curve was made with 
standard solutions of gallic acid in the range 50-500 ppm and measures 
were carried out at 750 nm (R2=0.99). All analyses were performed in 
triplicate. Results were expressed as milligrams of equivalent gallic acid 
per 100 g of dried grape marc (mg GAE / 100 g DGM).   

Fractionation of proanthocyanidins 

Grape marc extracts were fractionated as reported by Sun et al. (1998). 
Briefly, 5 mL of grape marc extracts was concentrated to dryness in a rotary 
evaporator at < 30°C. The residue was dissolved in 20 mL of 67 mmol/L 
phosphate buffer, pH 7.0. The pH of the resulting solution was adjusted to 
7.0 with NaOH or HCl. Two C18 Sep-Pak cartridges were assembled 
(WAT 36800 on the top and WAT 36810 at the bottom) and conditioned 
sequentially with 10 mL of methanol, 20 mL of deionized water and 10 mL 
of phosphate buffer, pH 7.0. Samples were passed though the cartridges at 
flow rate not higher want 2 mL/min, and phenolic acids were then 
eliminated by elution with 10 mL of 67 mmol/L phosphate buffer at pH 
7.0. The cartridges were air dried with nitrogen flow and eluted 
sequentially with 25 mL of ethyl acetate (fraction FI+FII, containing 
monomeric and oligomeric flavan-3-ols) and with 15 mL of methanol 
(fraction FIII, containing polymeric proanthocyanidins). The ethyl acetate 
equate was taken to dryness under vacuum using a rotary evaporator, 
redissolved in 3 mL of phosphate buffer at pH 7.0 and reloaded onto the 
same series of cartridges, that had been conditioned as described above. 
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The cartridges were air dried with nitrogen flow and eluted sequentially 
with 25 mL of diethyl ether (fraction FI, containing monomers) and 15 mL 
of methanol (fraction FII, contains oligomers). The fractions FI, FII and 
FIII were evaporated to dryness under vacuum in 3 mL of methanol. 
Sample fractionationation was performed in triplicate. The total flavan-3-
ol content of each fraction was determined by vanillin assay according to 
the method described by Obreque-Slier et al. (2010), with slight 
modifications. Briefly, 0.5 mL of sample was added with 2.5 mL of 
vanillin/methanol solution (1% w/v) and 2.5 mL of sulfuric acid/methanol 
solution (10% v/v). After 15 min of reactions at 30°C, the absorbance of 
the mixture was measured at 500 nm using a UV-Vis spectrophotometer 
(Shimadzu UV-2550, Spain). Results were expressed as milligrams of 
catechin per 100 g dried grape marc (mg catechin/100 g DGM). All analyses 
were performed in triplicate.  

Antioxidant activity 

The antioxidant activity of phenolic extracts and proanthocyanidins 
fractions was evaluated by the total free radical scavenger capacity (RSC) 
following the methodology described by Espin et al. (2000) with slight 
modification. Briefly, 10 µL of extract, was added with 1990 µL of fresh 
methanol DPPH solution (93 µM). Then the mixture was shaken vigorously 
and left in darkness for 60 min. Finally, the absorbance of the mixture was 
measured against pure methanol at 515 nm using UV-Vis 
spectrophotometer (Shimadzu UV-2550, Spain). The RSC is the difference 
of the concentration of DPPH free radical (CDPPH⦁,i) previously dissolved in 
methanol, after 60 min of reaction with the sample (CDPPH⦁,f). The 
antioxidant activity of the samples was expressed as milligrams of !-
tocopherol per 100 g of dried grape marc (mg !-tocopherol/100 g DGM). A 
calibration curve was made with standard solutions of !-tocopherol in the 
range 5.8 x 10-5 - 2.3 x 10-3 mol/L (R2=0.98). All analyses were performed 
in triplicate.  

HPLC-DAD analysis 

The HPLC analyses were performed using a Water e2695 Separations 
Module instrument equipped with a quaternary pump and a Waters 2998 
photodiode array detector. The column was a Mediterranea Sea C18 5 µm 
250 x 4.6 mm (Teknokroma, Spain) operated at 30°C and protected by a 
guard column OptiGuard 1 mm of the same material (Sigma-Aldrich, 
Spain). The analysis was carried out following the method reported by 
Gómez-Alonso et al. (2007). The ternary mobile phase used for separation 
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is shown in Table 4.2, with a constant flow rate of 1 mL/min. A 20 µL 
injection volume was used for each sample. For detection and 
quantification of compounds, the chromatograms were recorded at 280, 
360 and 520 nm in the photodiode detector. Data acquisition and processing 
were performed using Waters Empower 3 software. Compounds in each 
sample were identified by the comparison of their retention times and 
UV/Vis spectra with those of standards (gallic acid, catechin, epicatechin, 
quercetin, malvidin and procyanidin B2). Calibration curves were made 
with standard solutions in the range 3-50 ppm (R2>0.999). 

 

Table 4.2_ Ternary mobile phase gradient of the HPLC method. 

SEM analysis 

For the best experiments, a particle characterization of the collected 
precipitate was done by Scanning Electronic Microscopy (SEM) 
micrographs, obtained with scanning electron microscope model JEOL 
JSM-820. Particles of representative samples were gold sputtered in an 
argon atmosphere at room temperature before examination and 2 different 
magnifications factors (500× and 2000×) were chosen to provide 
comparative results. In every SEM analysis the voltage used was 10 kV, 
which provided enough resolution and did not produce any modification in 
the samples.  

 

 

 

 

Time (min) % Eluent A a % Eluent B b % Eluent C c

Initial 100 0 0
2 100 0 0
5 92 8 0

17 0 14 86
22 0 18 82

29.5 0 21 79
55 0 33 67
70 0 50 50
75 0 50 50
78 20 80 0
81 20 80 0
86 100 0 0

a Eluent A: NH4H2PO4 50mM, pH = 2.6
b Eluent B: 20% eluent A and 80% acetonitrile
c Eluent C: H3PO4 200mM, pH = 1.5
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3.7_ Statistical analysis 

Data are presented as means and standard deviations. Significant statistical 
differences were investigated by one-way analysis of variances (ANOVA). 
Differences among means were analysed by Tukey’s multiple-comparison 
test taking on p < 0.05. 
The Experimental Design was performed as reported in section 3.5.  
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IV.4_ RESULTS AND DISCUSSION 

4.1_ Experimental design 

The SAS operating conditions were selected on the vapour liquid equilibria 
(VLE) data of CO2+ethanol system, in order to work in the homogeneous 
supercritical state. In Figure 4.5 the equilibrium curves of CO2+ethanol 
system, at the temperatures of 40 and 45 °C, are reported together with the 
experimental conditions here investigated. The equilibrium curves were 
calculated using the mathematical model reported by Martín et al. (2007). 

	

Figure 4.5_ Equilibrium curves of CO2+ethanol at different temperatures 
(40 and 45°C). Diagram indicates the position of the different SAS 

experiments. 

As reported in Table 4.3, the combination of two pressures (10 and 12 
MPa) and two temperatures (40 and 45°C) permitted to work in a range of 
densities between 500 and 700 kg/m3. The experimental conditions were 
also selected taking account of the solubility data reported by Berna et al. 
(2001) (2002) for CO2+ethanol+catechin and CO2+ ethanol+epicatechin, 
system respectively, and by Cháfer et al. (2007) for CO2+ethanol+gallic 
acid system. 
The aim was to find the best conditions able to precipitate phenols 
compounds, when a minimum of phenols solubility in the system 
CO2+ethanol was achieved.  
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Table 4.3_ Conditions of SAS experiments. 

This work approaches the application of SAS technology quite differently 
from Marques et al. (2013), who applied this process to the recovery of 
polyphenols from grape seeds. The main differences between Marques’s 
work and this, are the following ones: 

a) defatted process carried out using	supercritical carbon dioxide, which 
is a ‘green’ solvent instead of a toxic and harmful organic solvent (n-
hexane); 

b) polyphenols extraction carried out by soaking at room temperature    
instead of soaking at room instead by Soxhlet apparatus, at high 
temperature;   

c) effect of	 CO2 molar fraction studied as SAS operating conditions 
instead of only pressure and temperature;   

Moreover, in this work the pressure studied (10 and 12 MPa) is inside the 
range (from 8 MPa to 15 MPa) usually applied in the SAS process, the 
temperature is not raised up over 45°C, to avoid degradation of bioactive 
compounds, the CO2 molar fraction (XCO2) is selected taking account that 
it must be higher than 0.95-0.97 (Reverchon et al., 2008), mole fraction  at 
which the binary mixture CO2-ethanol shows the mixture critical point 
(Kalani et al., 2011).   
Recovered particles, Total Polyphenol Content and Antioxidant activity 
obtained by Supercritical Anti-Solvent (SAS) experiments following the 23 
full factorial design are reported in Table 4.4.  

  

Exp. No. Pressure (MPa) Temperature (°C) X CO2 !CO2 (kg/m3)
1 10 40 0.97 628.70
2 12 40 0.97 689.34
3 10 45 0.97 506.55
4 12 45 0.97 599.95
5 10 40 0.99 628.70
6 12 40 0.99 689.34
7 10 45 0.99 506.55
8 12 45 0.99 599.95
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Experimental evaluation of Recovered particles, TPC and Antioxidant 
activity of grape marc extract (Table 4.3) were used to determine the 
coefficients of the response surface equations (section 3.5, Eq. (1)). 
Estimated coefficients are given in Table 4.5.  

	

Table 4.5_ Estimation and significance degree of coefficients for 
Recovered particles, Total Polyphenol Content and Antioxidant activity 
obtained by Supercritical Anti-Solvent (SAS) process. 

Obtained third-order polynomial equations (Eq. (2, 3, 4)) were found well 
to represent the experimental data: 

Y Recovered Particles (mg/100 g DGM)  = 550.80 + 15.82X1 + 59.03X2 + 212.03X3 

                                                                        -51.90X1X2 + 70.40X1X3 -63.60X2X3 

                                                                          + 39.63X1X2X3                                                                (2) 

Y Total Phenol Content (mg GAE/ 100 g DGM)   = 180.17 + 15.92X1 + 15.08X2 + 73.93X3  

                                                         -9.94X1X2 + 26.92X1X3 -16.35X2X3 

                                                                                     + 15.19X1X2X3                                                   (3)  

 

Coefficient

Recovered particles TPC Antioxidant activity

b0 550.80*** 180.17*** 352.39***

b1 15.82* 15.92*** 25.73***

b2 59.03*** 15.08*** 35.21***

b3 212.03*** 73.93*** 137.73***

b12 -51.90*** -9.94*** -15.48***

b13 70.40*** 26.92*** 58.49***

b23 -63.60*** -16.35*** -43.50***

b123 39.63*** 15.19*** 37.67***

R2 0.9940 0.9999 0.9995

R2-adj 0.9914 0.9999 0.9993
***significant at  p<0.001
**significant at p<0.01
*significant at p<0.05

Coefficients estimated
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Y Antioxidant activity  (mg α-tocopherol/ 100 g DGM)   = 352.39 + 25.73X1 + 35.21X2  

                                                           + 137.73X3 -15.48X1X2 + 58.49X1X3  

                                                           -43.50X2X3 + 37.67X1X2X3                   (4)  

In Eq. (2, 3, 4), X1 is the pressure, X2 is the temperature, X3 is the CO2 
molar fraction.  
The estimated coefficients show that pressure, temperature and CO2 molar 
fraction significantly affected the efficiency of the SAS process.  
As shown in Table 4.5, the coefficients highlight temperature and CO2 
molar fraction are the dominant SAS operating parameters. 
The best way of expressing the effect of any parameter on the Recovered 
particles, Total Polyphenol Content and Antioxidant activity within the 
experimental space under investigation was to generate response surface 
plots of the equations. 
Figure 4.6 illustrates the contour plots for the influence of temperature and 
CO2 molar fraction on the Recovered particles, Total Polyphenol Content 
and Antioxidant activity of grape marc extract for a fixed 10 or 12 MPa 
pressure.  
Temperature affects the density of the system. At constant pressure, an 
increase of temperature induces a lower density and, consequently a lower 
solvent power (Brunner et al., 2005). Therefore, in the SAS process a lower 
solvent density increases the precipitation of the polyphenols, and a higher 
amount of precipitate is obtained. On the other hand, when temperature is 
higher, the liquid solvent is quicker removed, and this shorten the drying 
step. 
As reported by Martín et al. (2011), the CO2 molar fraction is another 
parameter, which can affect the SAS process efficiency. 
A CO2 molar fraction of 0.98 was the common value used by some Authors 
(Marques et al., 2013; Floris et al., 2010; Meneses et al., 2015) to study the 
recovery of polyphenols using SAS, but no studies have been carried out 
to evaluate the effect of this parameter at different values, as instead, it has 
been done in this work.  
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Figure 4.6_ Contour plots for Recovered particles (mg/100g DGM), Total 
Polyphenol Content (mg GAE/100g DGM) and Antioxidant activity (mg α-

tocopherol/100 g DGM) as related to temperature and CO2 molar fraction at a 
fixed 10 or 12 MPa pressure.  

The results show that higher is the CO2 molar fraction, higher are the 
recovered particles, the total polyphenol content and the antioxidant 
activity. In Table 4.4 it is possible to observe that at 0.99 of CO2 molar 
fraction, the best results for recovered particles, TPC and antioxidant 
activity were obtained. Independently of pressure and temperature levels 
used, at 0.99 of CO2 molar fraction an average value of  762.83 mg/100g 
DGM  for recovered particles,  254.09 mg GAE/100g DGM for TPC and  491.78 
mg α-tocopherol/100g DGM  for antioxidant activity  were obtained . 
The concentration effect of SAS, at the highest CO2 molar fraction 
evaluated (0.99), led to increase percentage of Recovered Particles, TPC 
and Antioxidant activity to 125%, 140% and 130%, respectively. This 
could be explained by the fact that large mole fractions of ethanol increase 
the co-solvent effect towards the polyphenol compounds, which remain in 
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the homogeneous supercritical phase and do not precipitate as solid 
particles. 
A good linear correlation between TPC and antioxidant activity was found 
(R2= 0.987). This indicates that higher is the content of polyphenol 
compounds, higher is the antioxidant activity of the precipitates.  
In Table 4.6 total polyphenol content (TPC) of the samples before and after 
SAS process is reported. 

	

Table 4.6_ Total polyphenol content (TPC) of samples before and after 
SAS process.  

The obtained results show that SAS process has selectively enriched the  
precipitates of polyphenol compounds. The starting solid extract contains 
8.17 % (w/w) polyphenols, with SAS process, solid precipitates contain 28-
36% (w/w) polyphenols. Therefore, comparing the original content of TPC 
of ethanolic extract with SAS precipitates, polyphenols concentration 
resulted to be increased in the range between 250-350%.  
A recovery of polyphenols between 15 and 74% is obtained under the y 
SAS process operating conditions tested. The best TPC recovery (73.99%) 
was obtained at 120 bar, 45°C and 0.99 of CO2 molar fraction.  
After the SAS process, the total amount of polyphenols (TPC) obtained 
starting from 1 kg of raw material ranged from 0.6 to 3.0 g GAE/kg DGM. 
These results are higher than 0.521 g GAE/kg DGM reported by Floris et al. 
(2010), and lower than that obtained by Marques et al. (2013). However, it 
is to note that this last paper was about SAS technique applied to grape 
seeds, well known to be very rich of polyphenols. 
It is to note that in literature there is great difference on polyphenol content 
reported and it is not recommended to compare different grape residues. In 
fact, the polyphenol content can be affected by different variables: type of 
vines, cultivar and winemaking techniques (Pinelo et al., 2005; Pinelo et 
al., 2006; Ruberto et al., 2007; Gómez-Plaza et al., 2006).  

 

Polyphenols

Feed solution (%) SAS extract (%) Relative enrichment (%) Recovery in SAS process (%)
1 8.17 33.86 314.44 14.92
2 8.17 35.15 330.23 21.88
3 8.17 28.61 250.18 42.74
4 8.17 32.20 294.12 24.97
5 8.17 32.56 298.53 53.55
6 8.17 33.83 314.08 72.04
7 8.17 29.91 266.10 50.35
8 8.17 36.16 342.59 73.99

Exp. No. 

Polyphenols feed solution (%), mass percentage of polyphenols of the feed solution; polyphenols SAS extract (%), mass percentage of polyphenols of the SAS extract; 
polyphenols recovery in SAS process (%) , recovedered polyphenols in the SAS process/polyphenols feed solution. 
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4.2_ Chemical composition  

The SAS experiments carried out at 0.99 CO2 molar fractions showed the 
highest content of recovered particles, TPC and antioxidant activity.  
The chemical composition of the four samples obtained at XCO2=0.99 was 
studied. The results of proanthocyanidin fractionation, monomers (FI), 
oligomers (FII) and polymers (FIII), are reported in Table 4.7. 

	

Table 4.7_ Monomeric (FI), oligomeric (FII) and polymeric (FIII) 
proanthocyanidins contents obtained by SAS experiments at 0.99 CO2 
molar fraction. 

A total proanthocyanidins content of 163.47 mg catechin/100g DGM and 
150.75 mg catechin/100g DGM were obtained in Exp. No 6 and 8, respectively, 
when SAS process was carried out at 12 MPa and T was 40 and 45 °C. 
These precipitates show the same percentage of monomeric 
proanthocyanidins (28.6%), while the oligomeric and polymeric fractions 
are different. 
It is interesting to note that in Exp. No 6, when 12 MPa, 40°C and 0.99 of 
XCO2 were used, the highest percentage of polymeric PAs (39.4%) was 
obtained; while in Exp. No 8, when 12 MPa, 45°C and 0.99 of XCO2 were 
used, the precipitate obtained was the richest of oligomeric fraction 
(46.6%). The oligomeric fraction is generally more interesting instead of 
polymeric PAs, due to the fact that it is more absorbable by human body 
and can exploit beneficial effects against chronic diseases (Khanna et al., 
2002; van de Wiel et al., 2001; Cos et al., 2004; Kammerer et al., 2005).  
 
 
 
 
 
 

Exp.No. X(CO2)
FI                                 

(mg catechin  /100 g DGM)
FII                                

(mg catechin  /100 g DGM)
FIII                                 

(mg catechin  /100 g DGM)

5 0.99 46.22 ± 5.00 a* 23.11 ± 5.21 c 14.44 ± 2.21 c

6 0.99 46.76 ± 1.71 a 52.37 ± 1.71 b 64.34 ± 0.65 a

7 0.99 12.13 ± 1.36 b 20.70 ± 5.12 c 10.06 ± 1.02 c

8 0.99 43.17 ± 1.08 a 70.16 ± 3.24 a 37.42 ± 0.62 b
Each data represent the mean of three replicates ± standard deviation

*Values with different letter within column indicate significant differences
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In Table 4.8 are reported the PAs content of SAS process at 12 MPa, 45°C 
and 0.99 of CO2 molar fraction, compared to the PAs contents in feed 
solution.  

 

Table 4.8_ Proanthocyanidins content of sample before and after SAS 
process. 

A relative enrichment of PAs fraction between 300 and 450%, respect to 
the feed solution was obtained by SAS application. SAS process also 
permit to recovery 70-90% of PAs contained in the feed solution. 
In Table 4.9 are reported the antioxidant activity (mg α-tocopherol/100g DGM) 
of the proanthocyanidin fractions obtained in SAS experiments when CO2 
mole fractions was used at 0.99.   

	

Table 4.9_ Antioxidant activity of monomeric (FI), oligomeric (FII) and 
polymeric (FIII) proanthocyanidins obtained by SAS experiments at 0.99 
CO2 molar fraction.  

Generally, the antioxidant activity is related to the amount of compounds 
which show antioxidant actions. A good linear correlation was found 
between antioxidant activity and monomeric (R2=0.8133) and oligomeric 
fraction (R2=0.9263). This indicates that higher is the content of FI an FII 
fractions and higher is the antioxidant activity.  
Instead, as regard the polymeric fraction, not very good correlation was 
found (R2=0.6041) and this could be explained taking account that 
antioxidant activity of polymeric proanthocyanidins is related to the 
amount of hydroxyl functional groups, but also to the stearic conformation 
of different polymeric compounds (Frankel, 2012).  

Proanthocyanidins
Feed solution 

(%)
SAS extract 

(%)
Relative enrichement 

(%)
Recovery in SAS process (%)

FI 0.95 5.19 446 90.8
FII 1.99 8.43 324 70.5
FIII 0.91 4.50 395 82.4

Proanthocyanidins feed solution (%), mass percentage of proanthocyanidins of the feed solution; proanthocyanidins SAS extract (%), mass percentage of 
proanthocyanidins of the SAS extract; proanthocyanidins recovery in SAS process (%), recovered proanthocyanidins in the SAS process/proanthocyanidins feed sol.

Exp.No. X(CO2)
FI                                 

(mg!-tocopherol  /100 g DGM)
FII                                 

(mg!-tocopherol  /100 g DGM)
FIII                                 

(mg!-tocopherol  /100 g DGM)

5 0.99 136.74 ± 1.64 a* 106.66 ± 0.95 c 110.49 ± 1.64 c

6 0.99 109.78 ± 3.25 b 167.16 ± 4.25 b 222.40 ± 4.25 a

7 0.99 50.41 ± 2.57 a 81.70 ± 2.63 d 71.69 ± 5.40 d

8 0.99 110.88 ± 1.53 b 235.72 ± 6.24 a 123.31 ± 5.41 b
Each data represent the mean of three replicates ± standard deviation

*Values with different letter within column indicate significant differences
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 In Table 4.10 are reported the results of HPLC analysis of precipitates 
obtained by SAS process at 0.99 of CO2 molar fraction.  

	

Table 4.10_ Content of Gallic Acid, Catechin, Epicatechin, Quercetin, 
Malvidin and Procyanidin B2 (mg/kg DGM) of precipitates obtained by SAS 
experiments at 0.99 CO2 molar fraction.  

HPLC analysis shows that the highest concentrations of phenolic 
compounds considered were obtained at 12 MPa.   
The solubility of gallic acid, catechin and epicatechin in the mixture CO2 
plus ethanol (Berna et al., 2001; Berna et al., 2002; Cháfer et al., 2007) was 
considered. Generally, gallic acid shows the lowest solubility in 
CO2+ethanol system, but in this work, it is the compound less recovered. 
This could be explained by the initial chemical composition of grape marc, 
which can be affected by different variables, such as grape cultivar, 
winemaking process and so on.   
The amount of catechin and epicatechin are comparable to the results 
reported by Marques et al. (2013). The highest content of Procyanidin B2 
(46.73 mg/100 g DGM) was obtained at 12 MPa, 45°C and 0.99 of CO2 molar 
fraction. Great interest has been focused on the extraction of procyanidins 
A-type and B-type dimers, in particular grape residues can be a good source 
of a B-type procyanidins. Procyanidin B2, and generally the B-type 
procyanidins, shows several beneficial effects on human health, such as 
antioxidative properties, inhibition of LDL oxidation (Steinberg et al., 
2002), antiviral activity (Shahat et al., 2002) and anti-cancer properties 
(Sakano et al., 2005; Llopiz et al., 2004). 
It is interesting to note that the concentration of phenolic compounds 
detected, resulted the highest when SAS process was carried out at 12 MPa   
and 45°C. 

 

 

 

Gallic Acid Catechin Epicatechin Quercitin Malvidin Procyanidin B2

5 0.99 17.47 40.95 72.62 35.05 51.30 24.46

6 0.99 22.38 51.73 89.72 44.83 74.10 31.34

7 0.99 11.88 24.23 56.93 31.55 33.36 27.15

8 0.99 20.55 36.13 100.29 48.34 75.70 46.73

Exp.no.
mg / kg DGM

XCO2



	

	179 

4.3_ Particle morphology 

The morphology of particles obtained by SAS process was evaluated with 
Scanning Electronic Microscopy (SEM). In Figure 4.7 are reported the 
SEM images of particles obtained at 12 MPa, 40°C and 0.99 CO2 mole 
fraction (a), and at 12 MPa, 45°C and 0.99 CO2 mole fraction (b). The SEM 
analysis were applied to these samples.  

	

Figure 4.7_ SEM images of particles obtained by SAS (a) 12 MPa, 40°C 
and 0.99 CO2 molar fraction, (b) 12 MPa, 45°C and 0.99 CO2 molar 
fraction.  

Generally, the colour of the precipitates was purple. As can be seen in 
Figure 4.6, the particles had irregular shapes. As regard particle size, it is 
interesting to note that at 40°C particles size is in the order of 10 µm, while 
at 45°C particle size is in the order of 5 µm. This is due to temperature 
increasing, which enhances the maximum supersaturation state and smaller 
particles are obtained (Kalani et al., 2011).  
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IV.5_ CONCLUSIONS 

The recovery of polyphenol compounds from red grape marc has been 
performed by Supercritical Anti-Solvent (SAS) process.  
An experimental design was applied to evaluate the effect of pressure, 
temperature and CO2 molar fraction on recovered particles, total 
polyphenol content (TPC) and antioxidant activity. Temperature and CO2 
mole fraction were the dominant parameters. The best results were obtained 
at 12 MPa, 45°C and 0.99 CO2 molar fraction. Under these operating 
conditions, a relative enrichment of 350% of polyphenols was obtained.  
Proanthocyanidin fractionation, HPLC analysis and SEM analysis of the 
best SAS precipitates were performed.  
The SAS process could represent a good method to apply on grape marc 
extract for polyphenols, bioactive compounds for food, pharmaceutical and 
cosmetic industry.  
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V_ ECONOMIC CONSIDERATIONS & 
FUTURE PERSPECTIVES  
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In this PhD dissertation supercritical fluid extraction (SFE) and 
supercritical anti-solvent (SAS) process were applied to recovery 
polyphenols, bioactive compounds with high-added value and beneficial 
for health, from grape marc, a winery by-product. 
The management of waste and by-products from food industries started to 
be a great social, economic and environmental problem. Particularly, 
winery residues can represent a source of phenolic compounds. They can 
be used in food, pharmaceutical and cosmetic industry. The activity of 
these compounds as food lipid antioxidants is well known. The addition of 
antioxidants is a method of increasing the shelf-life of food products.   
Since synthetic antioxidants, such as BHA and BHT, have restricted use in 
foods due to their toxicological effects and suspected carcinogenic 
potential, the search of natural and safe antioxidants, especially of plant 
origin, has greatly increased in recent years. 
Supercritical Fluid Extraction (SFE) can be used as an alternative technique 
to extract phenolic compounds, but an industrial application is related on 
economical feasibility of the process. It is known that Supercritical Fluid 
Extraction is associated to extracts with high manufacturing cost due to the 
high investments because of the high pressure operation. The development 
of the industrial scale units promoted the decrease of SFE equipment cost. 
Therefore, SFE is becoming more attractive and several extraction units 
have been constructed in the world.  
Industrial SFE applications need of technical and economical evaluation of 
the process.    
Rosa et al. (2005) reported an easy method for the economic evaluation of 
supercritical fluid extraction (SFE), through an estimation of the 
manufacturing cost (COM) of extracts obtained. The cost of manufacturing 
can be defined as the sum of three terms: 

• direct cost, which is directly related on the production rate. The 
direct costs are composed by the costs of raw materials, operational 
labor and utilities; 

• fixed cost, which includes general taxes, insurances and 
depreciation. The fixed costs are not dependent on the production 
rate; 

• general expenses, which are associated to business maintenance, 
administrative, sales, research, development costs, and so on.  
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A methodology to estimate the COM is reported by Turton et al. (2012). 
They defined the COM with the follow expression: 

COM = 0.304 FCI + 2.73 COL + 1.23×(CUT+CWT+CRM) 

where COM is the manufacturing cost, FCI is the fraction of investment, 
COL is the operational labor cost, CUT is the utility cost, CWT is the waste 
treatment cost, and CRM is the raw material cost. 
The fraction of investment (FCI) is defined by the product of the total 
investment and depreciation rate. Generally, the investment is composed 
by the cost of the supercritical fluid extraction unit, which is constituted by 
one or more extraction vessels, a series of separators where the extract is 
collected, a condenser, a heater and a pump used to compress the solvent. 
Operational cost (COL) is defined in terms of man-hour per operation-hour. 
The utility cost (CUT) can be estimated considering the energy involved in 
the solvent cycle using the pure CO2 temperature-entropy diagram 
(Brunner et al., 1994; Smith et al., 2013).  
The waste generates from a supercritical fluid extraction is the extract, the 
exhausted solid and the CO2 lost during the process. The extractions carried 
out from plant matrices generate exhausted solids which can be 
incorporated in the soil or utilized for other purposes. The CO2 losses can 
be considered negligible due to the fact that CO2 can be recycled. At the 
exit of separators, the gaseous CO2 can be re-condensed and storage in a 
reservoir.   
The raw material cost (CRM) is estimated as the sum of the cost of solid 
substrates and of the CO2 used amount. The cost of solid substrates takes 
in consideration also the cost of the processes necessary to prepare it for 
the extraction, such as drying, cleaning and comminution.  
Finally, to estimate the COM it is necessary to know the extraction time 
and the yield of extracts obtained during the process.  
Table 5.1 shows the literature studies about the economic evaluations of 
SFE processes, regarding the extraction of a wide range of chemical 
compounds from several types of raw material.  
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Table 5.1 _ Economic evaluation of different SFE processes applied to 
different raw materials. 

Farias-Campomanes et al. (2013) reported an economic evaluation and 
feasibility of polyphenol extract from grape residues using supercritical 
fluids. In this study SFE process was compared to conventional extraction 
methods, Soxhlet and agitated bed extraction (ABE). In Table 5.2 are 
reported the extraction methods compared and the operational conditions 
used for each technique.  

	
Table 5.2_ Extraction methods used to extract polyphenol compounds from 
grape residues (Farias-Campomanes et al., 2013). 

The results estimated about COM of the different extraction methods was 
done considering two extractor volumes, 0.05 m3 and 0.5 m3. In Figure 5.1 
are schematically reported the results of the economic evaluation.   

Raw material Extract Extraction
Extractor volume 

(L) COM (€/kg) References

Clove buds Oil SFE CO2 400 9.15 Rosa et al., 2005
Ginger Ginger oleoresin SFE CO2 400 99.80 Rosa et al., 2005
Grape seed Oil SFE CO2 5 180.72 - 290.17

50 43.09 - 70.12
500 11.93 - 20.27

Pyrostegia venusta (FV) Phenolic-rich extract SFE CO2 50 918
SFE CO2+EtOH 50 399
SFE CO2+H2O 50 149

Inga edulis (IC) Phenolic-rich extract SFE CO2 50 1852
SFE CO2+EtOH 50 2001
SFE CO2+H2O 50 6861

Heteropterys aphrodisiaca DK Phenolic-rich extract SFE CO2 50 1603
SFE CO2+EtOH 50 1431
SFE CO2+H2O 50 3901

Phaselous vulgaris L. (BE) Phenolic-rich extract SFE CO2 50 570
SFE CO2+EtOH 50 456
SFE CO2+H2O 50 364

Prado et al., 2012

Veggi et al., 2014

Extraction method Pressure (MPa) Temperature (°C) Solvent

Agitated bed 0.1 60 EtOH

Soxhlet 0.1 79 EtOH

SFE 20.0 40 SC-CO2+EtOH
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Figure 5.1_ Economic evaluation of different techniques for the 
polyphenols extraction from grape residues.  

The SFE process shows the highest recovery of polyphenol compounds 
(23.0 g/kg), compares to the Soxhlet (1.8 g/kg) and agitated bed extraction 
(1.4 g/kg). Considering the manufacturing costs using two extractors of 
different volume, SFE exhibits the lowest values compared to the agitated 
bed extraction (ABE). Soxhlet extraction shows COM value similar to SFE 
only when the extractor volume is 0.5 m3. In this case, it is important to 
note that Soxhlet extraction had lower efficiency on the polyphenols 
recovery, in comparison with SFE. These results indicate that it is 
economically feasible to establish an industrial supercritical fluid 
extraction plant to extract polyphenol compounds from grape residues.  
Besides the quality of SFE extract is higher because for ‘purity’, which 
justifies higher selling prices than extracts obtained by conventional 
methods. 
As regard the SAS process, unfortunately no economical evaluation in 
literature was found. However, since by this technique it is possible to 
produce precipitates with high quality and high concentrations of target 
compounds, a detailed economic feasibility for its future application in an 
industrial process should be done.  
The results obtained during this PhD research project and the general 
economical considerations reported show that Supercritical Fluids should 
be applied for the ‘green’ recovery of bioactive compounds from natural 
matrices and /or agro-food by-products. 
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