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Summary 

This study aim at the valorization of wine industry by products; particularly on 

the extraction and characterization of grape seeds oil using supercritical CO2 (SC-CO2) 

and polyphenols from grape skins and defatted grape seeds using subcritical water (SW) 

and then, modeling of the kinetics of extractions and process economic analysis. The 

overall objective of the work is to develop recovery strategies for wine-making wastes in 

order to reduce their environmental impact and to valorize them in order to provide wine-

makers with the possibility of selling by-products at a profitable price. To address the 

objectives, the work is divided into seven Chapters.  

In Chapter 1, some general overview and the fundamental of SC-CO2 and SW 

technologies along with emerging areas of applications are presented. Special emphasis is 

given to the work in the field of valorization of agro-industrial by-products. Then, the 

Chapter ends by stating the general and specific objectives of the thesis.     

The second Chapter is devoted to the characterization of grape seeds oil. To make 

the result more holistic, grape seeds from six grape cultivars were extracted using SC-CO2 

in two subsequent harvesting years and the resulting oils were characterized. Comparative 

extractions were also performed by utilizing conventional solvent extraction using n-

hexane and by mechanical press. The results testify the potentiality of grape seed oil as a 

source of unsaturated fatty acids and tocols. Moreover, they offers a clear picture of the 

similarities and differences among oils from different grape cultivars and obtained through 

different extraction techniques 

The third Chapter is dedicated to compare the effectiveness of the models used to 

evaluate the kinetic of SC-CO2 extraction curves. Particularly, three models, the broken and 

intact cells (BIC), the shrinking core (SC), and the bridge (combined BIC-SC) models are 

critically analyzed. The objective of the Chapter is to objectively choose the best model 

that can be used in the subsequent Chapters.  

In order to model the kinetics of SC-CO2 extraction, one of the very important 

parameter is the solute solubility. But solubility data (especially of grape seed oil) is very 

scares in the literature. The bulk majority of the scientific works estimate the value of 

solubility of solute in SC-CO2 from theoretical models. So, the fourth Chapter is devoted to 

experimental determination of solubility of grape seed oil in SC-CO2 over a range of 



xx 

pressure and temperature of practical importance and the data were modeled by different 

models to compare their effectiveness.   

The fifth Chapter is aimed to study the effect of the main process variables 

affecting the SC-CO2 extraction of oil from grape seeds, both experimentally and through 

modeling. The dependency of the extraction kinetics on the variables more tested in the 

literature (pressure, temperature, particle size and solvent flow rate) was confirmed, and 

original trends were obtained for the less investigated variables, such as the bed 

porosity (𝜀), the extractor diameter to length ratio (D/L), the extractor free volume and the 

type of cultivars. 

In the sixth Chapter the attention is moved to the valorization of grape skins and 

defatted grape seeds by using SW. The results show that, both skins and defatted seeds 

contain significant concentration of polyphenols and SW is a potential green solvent for 

extracting valuable polyphenols from wine-making by-products. The extraction kinetics 

was also simulated by a simple model available in the literature. 

In the seventh and last Chapter, a preliminary economic feasibility study was 

investigated for the establishment of SC-CO2 extraction plant for the extraction of grape 

seeds oil. The result shows that, a SC-CO2 extraction plant is technically viable and 

economically feasible for the extraction of grape seed oil with estimated rate of return on 

investment at 8.5% and payback period of 5 year at current minimum retail selling price 

of grape seed oil in the market. The project has an attractive socio-economic and 

environmental benefit and generates substantial revenue for the local government in the 

form of tax and will allow wine-makers to sell wet grape marc at a price of up to US$ 

10/ton.  
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Chapter 1 

1. Overview of High Pressure Technologies  

 

In this Chapter, the definition, principle and areas of applications of high pressure 

technologies with particular emphasis on the two emerging green solvents; supercritical 

CO2 (SC-CO2) and subcritical water (SW) are presented. Special attention is given to the 

most recent works and an effort is made to show how these technologies are particularly 

being used in the valorization of food by-products.  

1.1  Fundamental of Supercritical CO2  

Supercritical fluid is a fluid above its critical pressure and temperature. The concept 

is better explained through phase diagram. Figure 1.1 shows the phase diagram of CO2 

which is the plot of temperature on abscissa versus pressure on ordinate. The data used for 

plotting the diagram is taken from [1].  At triple point all the three phases (i.e. solid, liquid 

and gas) co-exist and the system is said to be in thermodynamic equilibrium. For CO2 the 

triple point occurs at -56.56 °C and 5.18 bar. At pressure and temperature above the 

sublimation and melting line the fluid is solid, between the melting and saturation line the 

fluid is liquid whereas below sublimation and saturation line it is gas. Across the 

sublimation, saturation and melting line, a change in pressure at constant temperature or a 

change in temperature at constant pressure will result in change in fluid phase. But there 

exists a point called ‘critical point’ along the saturation line after which the fluid is neither 

a liquid nor a gas and is termed as supercritical fluid. For CO2 the critical point is at 

temperature of 30.97 °C and 73.77 bar. Above the critical point the fluid has gas-like 

viscosity and diffusivity, and liquid-like density and solvating power [2,3]. Owning to these 

peculiar characteristics, in the past few decades there has been an increase in research 

interest in the field of supercritical fluids.  

SC-CO2 is particularly receiving a central attention as a future industrial solvent 

especially in the field of food and pharmaceutical industries, mainly because CO2 has 

moderately low critical point, non-toxic, non-flammable, non-polluting, cheap substance 
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and no solvent traces remain in the product as it can be removed automatically from the 

product by simple depressurization. Moreover, the thermodynamic properties of CO2 can 

easily be adjusted by changing the operating conditions.  The drawback of the use of SC-

CO2 technology is the greater costs of initial investment linked to high pressure technology 

compared to conventional processes. However, the operating costs are usually lower due to 

zero/minimum post processing of products. Therefore, the total costs are believed to be 

comparable to conventional techniques if the process is carried out at optimum operating 

conditions and in a sufficient volume [4,5] especially when dealing with large volume of 

materials [6].  

 

Figure 1.1: Phase diagram of CO2 (Data from [1]) 

 

1.2  Some Application of Supercritical CO2 

Some of the applications of SC-CO2 technology include, extraction, fractionation, 

particle formation, disinfection, drying and cleaning, chemical reaction, refrigeration 

systems and power cycles, polymer processing and many more [2]. Few examples are 

discussed as follow.  

1.2.1 Extraction 

Perhaps, SC-CO2 extraction of compounds from natural sources is the single most 
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studied and widely applied technique among the field of high pressure CO2 technologies. 

Certainly there are thousands of scientific papers published in the past two to three decades 

with hundreds of patents filed [7,8]. Indeed, SC-CO2 has clear advantages over traditional 

extraction techniques and is a promising alternative that can achieve comparable product 

yield with respect to the conventional organic solvent extraction and with quality better or 

similar to that of mechanical pressing. There are several review papers available in the 

literature  [7,9–11] which compiled the recent advances in the field. The magnitude of the 

works clearly indicates the mounting interest in the application of SC-CO2 in a wide range 

of domain, mainly extraction. Recent survey by J. King [12] indicates, currently  there are 

more than 150 SC-CO2 extraction plants with a total extraction volume of more than 500 L 

exist throughout the world and many of these production plants are generally dedicated to 

the extraction of natural products, leading to the recovery of high-added value products 

The work by de Melo et al.[11] reported that in span of 13 years (i.e. between 2000 and 

2013), more than 300 plant species have been extracted and studied using SC-CO2 of 

which 28% seeds, 17% leaves, 10% fruits, 7% roots, 5% flowers, 2% barks and the 

remaining others (processed parts, mixtures etc.). Significant number of researches is also 

done regarding SC-CO2 application for the extraction of grape seed oil [13–16].  

1.2.2 Fractionation 

Fractionation (especially of oil and essential oils) is another commonly used 

application of SC-CO2. The conventional fractionation technologies including steam, 

vacuum and molecular distillation have reported to have a major drawbacks like for 

example the processes are carried out at high temperature which may degrade heat 

sensitive compounds, loss of volatile fraction, contamination of the product by residual 

solvent or simply too costly. SC-CO2 fractionation has emerged as a potential alternative. 

In SC-CO2, the fractionation is achieved through three distinctive approaches [17]. The 

first approach is to fractionate while extracting, this can be achieved either by collecting 

the extracts in to different vessel with time (the more soluble solute collected first) or 

through manipulation of physical properties of SC-CO2 while extracting (by changing 

pressure and/or temperature during the extraction starting from lower to higher) and 

collecting the product at certain time intervals. One example of the this approach is the 

work done by Zaidul et al. [18] in which SC-CO2 is used for extraction and fractionation of 

palm kernel oil in to four different fractions. The second approach is through the use of 
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series of separators and depressurizing the outlet stream step by step to precipitate the 

product at different grade. Example of the second type of fractionation include the work of 

Reverchon and Dalla Porta [19] which used single step extraction and double step 

fractionation for rose oil. The third and the final approach is the use of fractionation 

column through which the oil and SC-CO2 flow in a countercurrent direction to collect the 

high volatile substance at the top and the less volatile substance at the bottom the column. 

Two recent practical application of the this approach includes the work by Fiori et al. [20] 

on fractionation of omega-3 lipids from fish by-products and the work by Brunner and 

Machado [21] on the fractionation of fatty acids from palm fatty acid distillates in 

countercurrent packed columns. 

1.2.3 Particle formation  

SC-CO2 recently emerged as a solvent in the field of micro and nanoparticles 

formation which has widespread application in the field of pharmaceutical, nutraceutical, 

cosmetic, specialty chemistry industries [22]. Conventionally, micro and nanoparticles are 

produced through crushing, spray drying, spray chilling and spray cooling, extrusion 

coating, fluidized bed coating, centrifugal extrusion, rotational suspension separation, air 

micronization, sublimation, and recrystallization from solution [23]. However, all of these 

techniques have inherent limitations. For example some particle are unstable under 

conventional milling, the particle size distribution is not uniform, contamination may occur 

during post-processing [24]. The use of SC-CO2 enables the production of ultra-fine 

powders with desired properties and allows precise control of particle size and 

morphology. Besides, CO2 can easily be separated from crystalline products [25]. There are 

different techniques by which particle can be formed in SC-CO2 including, rapid expansion 

of supercritical solutions, gas anti-solvent processes, supercritical anti-solvent process, 

particles from gas-saturated solutions, and others [22,24,26–28]. For detail discussions, 

advantage and disadvantage of each methods, readers can refer to Fahim et al. [27].  

1.2.4 Disinfection  

Recently SC-CO2 is receiving wide spread attention also in the field of microbial 

inactivation particularly in the area of food preservation. A review of historical 

background, effects of SC-CO2 on microorganisms and SC-CO2 sterilization processes and 

equipment was recently presented by Perrut [29]. Traditionally, food preservation is made 

through thermal processing like pasteurization, sterilization, drying, freezing, UV radiation, 
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fermentation or addition of preservatives etc. [30]. These techniques are associated with 

some disadvantages, including the denaturation of heat sensitive nutrients and change in 

sensorial properties food, so food industries are looking for a technology which guarantee 

the smallest possible deterioration during preservation [31].  SC-CO2 is effective against 

bacteria, viruses and insects at different stages of development [32] but the mechanism of 

microbial inactivation is yet to be fully understood and currently, the topic is the subject of 

active research. An interesting review on the hypothesis of the mechanisms microbial 

inactivation and effect of process parameter on inactivation efficiency is presented by 

Garcia-Gonzalez et al.[33]. Some examples of recent practical application of SC-CO2 as a 

disinfection technology includes: the microbial inactivation of fresh-cut carrot and coconut 

[30,34], paprika (red pepper) [35], liquid whole egg [36] and medical device [37] just to 

mention few.  

1.3  Fundamental of Subcritical Water  

SW also called pressured hot water or superheated water is a water at temperatures 

between its boiling and critical point while the pressure is kept high in order to maintain a 

liquid state [38–42]. Under subcritical conditions, the intermolecular hydrogen bonds of 

water break down and the dielectric constant of water decreases [43]. The dielectric 

constant is a measure of polarity of water [40,41]. At standard pressure and temperature, 

water is a polar compound with dielectric constant of 80, but as temperature increases the 

value decreases and water acts like non polar compounds [41,44]. For example, at 

temperature between 250-300 °C the dielectric constant of water is comparable to that of 

organic solvent like methanol, ethanol or acetone at room temperature as shown in Figure 

1.2 (the data are taken from [45] &[44]). A similar graph of dielectric constant of water as a 

function of temperature at saturated pressure are presented by Carr et al [41] and Herrero et 

al [40]. Water under subcritical condition has high diffusivity, low viscosity and surface 

tension which improve the mass transfer kinetics and solutes solubility [40,46]. Besides 

water is environmentally friendly, non-flammable, non-toxic and  low cost solvent [47]. 

The fact that the polarity can be tuned by changing temperature makes water useful for 

wide range of applications [41,48,49].  
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Figure 1.2: Dielectric constant of subcritical water at saturated pressure and organic 

solvents at room temperature (Data from [45] &[44]) 

1.4  Some Application of Subcritical Water 

SW is receiving widespread industrial application as a green solvent/reagent 

especially in the field of extraction, reaction and chromatography.  

1.4.1 Extraction 

Traditionally, the extraction of natural products (specifically polyphenols) are made 

using organic solvents [50]. However, these techniques require long extraction times and 

result in low yields of extract [43]. To overcome these limitations, considerable research 

effort has been done in the extraction of plant constituents using non-conventional 

techniques like ultrasonic-assisted and microwave-assisted extraction [51–53]. Even 

though these techniques allow improving the extraction yield and reducing the extraction 

time, they still use conventional solvents (ethanol, methanol, etc.) and the urge for 

searching for an environmentally friendly solvent remains challenging. Recently, 
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subcritical water has been used as an alternative technique for the extraction of both polar 

and non-polar compounds [41,54–56]. Some example of research work in the recent past 

particularly concerned with the valorization of agro-industrial by-products using subcritical 

water includes the extraction of bioactive compounds from citrus peel [39,49,57], onion 

skins [47], grape marc [58–61], blackberry residues [48], potato peel [43,62], sugar beet 

pulp [63], mango leaves [64], olive leaves [38,65], coffee silver-skins [66], apple pomace 

[57,67] and many more.  

1.4.2 Reaction 

In addition to the characteristics discussed in Section 1.3, the ionization product of 

SW is several orders of magnitude higher than that of water at ambient condition, thus 

providing a source of hydronium and hydroxide ions, which can act as catalytically active 

species in a wide range of chemical reactions from bond formation to break up bonds [68]. 

Same of the widely reported SW mediated reaction includes the degradation, hydrolysis 

and synthesis reactions. The degradation reaction is particularly avoided in most 

application of SW system but it is predominantly important when dealing with 

environment remediation in the removal of toxic contaminants like pesticides, dyes, and 

high explosives chemicals [69–71]. In what concern hydrolysis reaction, SW is applied in 

the conversion of for example agricultural residues which are rich in cellulose, 

hemicellulose and lignocellulose material to second generation bioethanol [72,73]. 

Substantial amount of literatures are also available in the synthesis of aromatic compounds 

using SW in the presence of oxygen. For example alkyl aromatic compounds were 

oxidized to aldehydes, ketones and acids by molecular oxygen mediated by transition metal 

catalysts in SW [74]. An interesting review of a wide range of reactions including 

alkylation, condensation, coupling, cyclization, decomposition, elimination, isomerization 

etc. under SW mediated condition is presented by Simsek Kus [68].  

1.4.3 Chromatography 

SW is recently being used as an eluent in a reversed-phase liquid chromatography 

as an alternative to the conventional technique which uses a non-polar stationary phase and 

a polar mobile phase [75,76]. Using SW as a mobile phase not only lower operation cost 

and is environment friendly, but also reduce the wavelength of detection which enables the 

detection of the compounds with weak chromophores [77]. Several researches applied SW 
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to separate wide range of compounds. An interesting review is presented by Yang [78]  on 

the potential use of SW as a green solvent in liquid chromatography by highlighting on 

advantages, limitations and technical features of separating polar, moderately polar, and 

even some nonpolar solutes using this technology. The main challenge in the use of SW in 

the field of chromatography is the thermal stability of the stationary phase as most of the 

packing materials currently available in the market are designed for low temperature 

application [79,80].  

1.5  Research Objective 

The research project (Valorvitis) is funded by AGER (project number 2010-2222) 

on valorization of wine industry by-products for the production of high-added value 

compounds. The research was conducted by five Italian partner universities, namely 

Università Cattolica del Sacro Cuore (UCSC), Università degli Studi di Milano (UNIMI), 

Università degli Studi di Torino (UNITO), Università degli Studi di Trento (UNITN), and 

Università di Scienze Gastronomiche (UNISG). The overall objective of the project is the 

development of complete recovery strategies for wine-making wastes in order to reduce 

their environmental impact and to valorize them in order to provide wine-makers with the 

possibility of selling by-products at a profitable price. 

Within the frame work of general objective, this PhD thesis specifically concerned 

with and targeted: 

 To extract and characterize oil from seeds of different grape cultivars and model 

the kinetics of supercritical CO2 extraction  

 To extract polyphenols from skins and defatted grape seeds using subcritical water 

and model extraction kinetics and  

 Scale-up and economic analysis of supercritical CO2 extraction process. 

To address the objectives, the work is divided into six sections (Chapter 2 to 7). An 

effort is made to make all the sections to stand alone with occasional brief reference to the 

proceeding Chapters where needed. Therefore, the readers need not have to read the whole 

document to understand the concept addressed in a particular Chapter. Nevertheless, to 

drive the maximum possible benefit and to appreciate the work, the readers are strongly 

advice to go through the text in a prescribed order.      



 

 

 

 

 

Chapter 2

 

2. Extraction and Characterization of Grape 

Seed Oil 

 

In this Chapter, the focus is on the extraction and characterization of grape seed oil. 

Seeds from six grape cultivars were extracted in two subsequent harvesting years, and the 

resulting oils were characterized for the relative amount of: lipid classes, lipid acyl chains, 

tocopherols and tocotrienols. Comparative extractions were performed by utilizing n-

hexane as solvent and by mechanical press. The results reported in this study testify the 

potentiality of grape seed oil as a source of unsaturated fatty acids and tocols. Moreover, 

they offer a clear picture of the similarities and differences among oils from different grape 

cultivars and obtained through different extraction techniques. 

2.1  Introduction 

The management of agricultural waste has become a major problem for the food 

industries due to their excess production and limited exploitation. Winemaking is one of 

the most important agricultural activities that contribute substantially to national economy 

in many countries. Grape marc, the by-product of winemaking, has been found to be a 

source of nutritionally valuable fractions that could have further applications in the food 

and nutraceutical industries [81,82].  

Traditionally seed oils are extracted either by organic solvent or mechanical 

techniques. Organic solvent extraction gives better extraction yield, but the technique 

requires solvent recovery through distillation which may degrade thermally labile 

compounds; moreover, the presence of traces of residual solvent in the final product makes 

                                                
 Part of the present Chapter has been published as: Luca Fiori, Vera Lavelli, Kurabachew Simon Duba, 

Pedapati Siva Charan Sri Harsha,Hatem Ben Mohamed, Graziano Guella, Supercritical CO2 extraction of 

oil from seeds of six grape cultivars: Modeling of mass transfer kinetics and evaluation of lipid profiles and 

tocol contents, J. of Supercritical Fluids 94 (2014) 71–80 
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the process less attractive from health and environmental point of views. In mechanical 

extraction, even though the product quality is superior (after proper filtration), the 

technique provides relatively lower yield. Supercritical CO2 (SC-CO2) extraction 

technology represents an alternative that can achieve comparable oil yield with respect to 

the traditional liquid solvent technique. The economic viability of grape seed oil extraction 

is linked to the quality of the oil [83], which can be utilized not only by the food industry, 

but also by the cosmetic industry [13].  

It is widely reported that, grape seed oil is a good source of unsaturated fatty acids, 

tocopherols and tocotrienols [84]. SC-CO2, covering the principles of green technology has 

been proposed to extract tocopherols and tocotrienols from various by-products and 

unconventional sources for their use as nutraceuticals [85,86]. In fact, both tocopherols and 

tocotrienols possess vitamin E activity, with numerous functions i.e., antioxidant, anti-

inflammatory, antithrombotic effects and protection against damage caused by various 

pollutants [87]. -Tocopherol seems to be more potent than -tocopherol in increasing 

superoxide dismutase (SOD) activity. Although both -tocopherol and -tocopherol 

increase nitric oxide production by modulating nitric oxide synthase (NOS) activity, only -

tocopherol increases NOS protein expression [87]. Tocotrienols have been shown to 

possess distinctive roles. In particular, -tocotrienol seems to suppress the production of 3-

hydroxy-3-methylglutaryl-coenzyme A reductase (HMG CoA) [87]. Interestingly, Choi and 

Lee [88] have shown that tocotrienol-rich fractions from grape seeds have higher in vitro 

anti-proliferative activity against various cancer cell lines with respect to -tocopherol. 

This knowledge enlightens the properties of grape seed oil and endorses its 

recovery from winemaking by-products. Hence, with reference to a specific winemaking 

area, the most important grape cultivars in terms of wine-making potential need to be 

characterized for their oil content and quality. Moreover, taking into consideration the 

possible variation due to climate on grape quality, characterization needs to be extended 

over different production years. 

In order to make the result holistic, in this study grape seeds oil from six model 

grape cultivars in Northern Italy were extracted by SC-CO2, and assessed for: a) oil yield; 

b) oil composition (fatty acid profile, triacylglycerols, diacylglycerols, phytosterols, 

oxidized lipids); c) tocopherol and tocotrienol contents over two years of production. 

Conventional organic solvent, n-hexane extraction was used as a reference for calculating 

oil yield, while mechanical extraction was used as a reference extraction for assessing oil 
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quality (fatty acid and tocol contents). 

2.2  Materials and methods 

2.2.1 Grape seeds 

Grape marc samples of Barbera (BA), Chardonnay (CH), Moscato (MO), Muller 

Thurgau (MT), Nebbiolo (NE) and Pinot Noir (PI) were obtained by winemakers in 

Northern Italy, for the harvesting years of 2011 and 2012. At the winery, stalks were 

separated from the seeds and skins. The mixture of seeds and skins was taken to the 

laboratory and stored at -20 °C before drying. The samples were dried at 55 °C for 48 h, 

and then the skins and seeds were separated by means of vibrating sieves and further 

cleaned manually. Finally, the seeds were stored in dark under vacuum at ambient 

temperature. 

2.2.2 Chemicals 

CO2 (4.0 type, purity greater than 99.99 %) used as a supercritical solvent was 

purchased from Messer (Padova, Italy). n-Hexane for the atmospheric pressure extraction 

was purchased from Sigma Aldrich (Milano, Italy). R-tocopherol isomers and R-tocotrienol 

isomers were obtained from VWR International PBI (Milano, Italy). All other reagents are 

purchased from Sigma Aldrich (Milano, Italy). 

2.2.3  Sample preparation  

Dried grape seeds were milled by a grinder (Sunbeam Osterizer blender, Boca Raton, 

USA) just before extraction. To avoid overheating, the sample was flaked for 10 s, then 

grinding was halted and the sample was shaken for another 10 s, and the milling process 

was continued. 

2.2.4  Extraction techniques and procedures 

2.2.4.1 Supercritical extraction 

The supercritical extraction equipment (Proras, Rome, Italy) and procedure were 

previously described [13]. The screen capture of the control flow sheet when the 

equipment is under operation is also presented in Figure 2.1. Referring to the P&ID and 

the extraction vessel and cylindrical extraction basket assembly presented in [13], the 

system was improved by adding a mini Cori-Flow digital mass flow meter (Bronkhorst, 
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Ruurlo, The Netherlands) placed on the liquid CO2 line upstream the CO2 pump (not 

shown in the Figure 2.1); the CO2 consumption was totalized and recorded during the 

experiments by this additional flow meter. The system was operated in the down-flow 

mode, i.e. with the SC-CO2 flowing downwards through the substrate to be extracted. 

Another improvement is represented by the utilization of a tailor made spacer which 

allowed to place the extraction basket close to the exit of the extraction vessel, which 

assures meaningful measurement of the extraction kinetics (Refer to Chapter 5, Figure 

5.1 for great detail). The extraction basket utilized in this study had an internal volume of 

0.1 L and, for each test, batches of about 65 g of grape seeds were placed in the basket 

and utilized for the extraction. Pressure and temperature were kept constant during the 

different tests with accuracy of ±10 bar and ±1 °C respectively. For work in this Chapter, 

the tests were performed at a pressure of 500 bar and a temperature of 50 °C. Solvent 

flow rate was fixed at about 8 g/min. After extractions, the particle size distribution of the 

exhausted grape seeds was evaluated by utilizing sieves having different mesh sizes 

placed in a vibrating device (Automatic Sieve Shaker D406 control, Auckland, New 

Zealand). The resulted oil was stored under ambient temperature in a tightly closed dark 

glass vials sealed with Parafilm before used for further analysis. 

 

Figure 2.1: P&ID of supercritical CO2 extraction equipment. 
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2.2.4.2 Soxhlet extraction 

Soxhlet extraction was performed in a SER 148/3 (Velp Scientifica, Usmate, 

Italy) solvent extractor (Figure 2.2 left), which works according to the Randall technique 

with three samples in parallel. Batches of 10 g of milled grape seeds were placed in each 

extraction thimble and the relevant extraction cup was filled with 60 mL of n-hexane. The 

Randall technique foresees the sample inside the thimble to be immersed in the boiling 

solvent (in the present case at 69 °C, the boiling temperature of n-hexane at atmospheric 

pressure). The immersion step was followed by a washing step, where the extraction was 

completed according to the standard Soxhlet technique. The immersion and the washing 

steps lasted for one and three hours, respectively. Solvent recovery was made in rotary 

evaporator (Heidolph, Schwabach, Germany) at a reduced pressure of 335 mbar, bath 

water temperature of 40 °C and rotation speed of 30 rpm. 

 

Figure 2.2: Soxhlet extractor and rotary evaporator under hood (left) and hydraulic 

press (right).  

2.2.4.3 Mechanical extraction 

The mechanical extraction was performed by means of a hydraulic press machine 

(Galdabini, PMA/10, Cardano al Campo, Italy) equipped with a stainless steel punch and 

a stainless steel high strength specimen holder specially built for this purpose in the 

workshop of the University of Trento (Figure 2.2 right). The ground seeds were placed in 
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the holder and the press machine applied a force to the punch growing up to a maximum 

value of 100 kN (loads is controlled by PC). Oil surfaced from the edges of the punch 

was collected for analysis. 

2.2.5  Qualitative analysis of the crude oil extracts 

The qualitative analysis of the crude oils was carried out by both Nuclear 

Magnetic Resonance (NMR) and Matrix Assisted Laser Desorption Ionization-Time of 

Flight- Mass Spectrometry (MALDI-TOF-MS) techniques. 
1
H-NMR spectra were 

recorded on a Bruker-Avance 400MHz NMR spectrometer (Bruker Inc., Bremen, 

Germany) - operating at 400.13 MHz for 
1
H-NMR and at 100.61 MHz for 

13
C-NMR - by 

using a 5 mm BBI probe with 90° proton pulse length of 9 µs (transmission power of 0 

db) with a delay time between acquisitions of 30 s. All spectra were taken at 25 °C in 

CDCl3 (700 L, 50-100 mM solution) on the crude grape seed oils. The chemical shift 

scales () were calibrated on the residual signal of CDCl3 at H 7.26 ppm. MALDI-TOF 

measurements were performed on Bruker Daltonics Ultraflex MALDI-TOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 337-nm nitrogen 

laser and with a reflectron. The acceleration voltage was set at 20 kV. For desorption of 

the components, a nitrogen laser beam (=337 nm) was focused on the template. The 

laser power level was adjusted to obtain high signal-to-noise ratios, while ensuring 

minimal fragmentation of the parent ions. All measurements were carried out in the 

delayed extraction mode, allowing the determination of monoisotopic mass values (m/z; 

mass-to-charge ratio). After crystallization at ambient conditions, positive ion spectra 

were acquired in the reflectron mode, giving mainly sodiated adducts ([M+Na]
+
). 

Samples were directly applied onto the stainless-steel spectrometer plate as 1L droplets, 

followed by the addition of 1 L of 2,5-dihydroxybenzoic acid (DHB) (0.5 M in 

methanol). Every mass spectrum represents the average of about 100 single laser shoots. 

2.2.6  Quantitative analysis of fatty acids (FAs)  

The quantitative determination of the relative amount of FAs in every extract was 

carried following two steps: 1) conversion of crude oil lipids into fatty acid methyl esters 

(FAMEs); 2) analysis of the FAMEs through Gas Chromatography-Flame Ionization 

Detector-Mass Spectrometer (GC-FID-MS) technique. 
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2.2.6.1 Conversion of crude oil lipids into FAMEs 

The transesterification was carried in basic media on 200L of crude oil, at room 

temperature, by adding 5mL of a 0.5 M solution of KOH in methanol for 3 h avoiding any 

contamination with water and was monitored using TLC (n-hexane/ethyl acetate 93:7 v/v). 

After neutralization of the basic solution with sulphuric acid and in vacuum evaporation of 

the organic solvents (Rotovapor, Heidolph, Schwabach, Germany), FAMEs were isolated 

by flash chromatography on Silica gel with n-hexane/ethyl acetate gradient elution (first 

fractions), whilst oxidized lipids and phytosterols eluted later and were not further 

analyzed. 

2.2.6.2 GC analysis of FAMEs 

A Thermo-Finnigan Trace GC Ultra (Thermoquest, Rodano, Italy), equipped with a 

flame ionization detector (FID) and a Thermo-Finnigan Trace DSQ quadrupole mass 

spectrometer, was used to carry out the GC-MS analysis of FAMEs. The chromatographic 

column used was a DB-WAX 30 m x 0.250 mm x 0.50 µm. The temperatures of the 

injector and detector were kept constant at 250 °C and 280 °C, respectively. The flow rate 

of the carrier gas (He) was 1.4 mL/min. The source and the transfer line were kept at 300 

°C. The detector gain was set at 1.0 x 10
5
 (multiplier voltage: 1326 V). For every 

chromatographic run, 1.0 µL of sample solution was injected. The oven program started 

with an initial temperature of 50 °C held for 1 min, followed by a linear ramp from 50 to 

200 °C at 25 °C/min and from 200 to 230 °C at 3 °C/min. The final temperature of 230 °C 

was held for 19 min. The source filament and the electron multiplier were switched off 

during the initial 5 min to avoid the detection of the solvent front. Mass spectra were 

recorded both with 70 eV Electron Impact ion (EI) and Chemical Ionization (CI) ion 

sources. The mass range scanned was from m/z 50 to m/z 500 at 500 amu/s. Data were 

collected and processed with Xcalibur (version 1.4). 

FAMEs were identified by comparing their retention times with those of a reference 

solution run at identical GC conditions and by matching the MS spectra with the MS-

library implemented in the GC apparatus. GC analysis was performed in duplicate and 

results were expressed as the percentage of total fatty acids (mean FID area ratio). 

2.2.7  HPLC analysis of tocol contents 

Grape seed oil was diluted with n-hexane to a final concentration of 10 mg/mL and 

directly analyzed for tocol content by High Performance Liquid Chromatography in 
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duplicate. The HPLC equipment consisted of a model 600 HPLC pump (Waters, 

Vimodrone, Italy) coupled with a model X-20 fluorimetric detector (Shimadzu, Milan, 

Italy) operated by Empower software (Waters, Vimodrone, Italy). A sample volume of 50 

µL was injected. Chromatographic separation of the compounds was achieved with the 

normal phase method of Panfili et al. [89]. In brief, a 250 mm x 4.6 mm i.d., 5 µm particle 

size, Kromasil Phenomenex Si column (Torrance, CA) was used. The mobile phase was n-

hexane/ethyl acetate/acetic acid (97.3:1.8:0.9 v/v/v) at a flow rate of 1.6 mL/min. 

Fluorimetric detection was performed at an excitation wavelength of 290 nm and an 

emission wavelength of 330 nm. 

2.2.8  Statistical analysis of data  

Experimental data were analyzed by both one-way and two-way ANOVA with the 

least significant difference (LSD) as a multiple range test using Statgraphics 5.1 (STCC 

Inc.; Rockville, MD). Results are reported as average of at least two duplicates ± SD. 

2.3  Results and discussion 

2.3.1 Oil yield 

Oil yield values are reported in Table 2.1. SC-CO2 extractions were performed at 

least twice and n-hexane extractions were repeated at least three times for each cultivar and 

harvesting year. The Sauter mean diameter (Smd) of the milled particles used for extraction 

was lower than 0.5 mm in all the cases.  

The oil yields ranged from a minimum value of 10.1% (MT, SC-CO2, 2012) to a 

maximum value of 16.6% (CH, n-hexane, 2011). A wide range of oil content in grape seeds 

is reported in the literature. Fernandes et al. [90] reported oil yields of 3.95-12.4% for ten 

grape cultivars, Passos et al. [91] found oil yields of 11.5% and 16.5% without and with 

enzymatic treatment before SC-CO2 extraction, respectively. Da Porto et al. [92] reported 

14% oil yields using Soxhlet and ultrasound-assisted extraction. Actually, the oil yield 

depends on several factors, from the type of seed pretreatment and extraction technique to 

the type of solvent and operating conditions applied. The variety of cultivars and the 

environmental factors during grape ripening (harvesting year) also play a significant role. 

As shown by two-way ANOVA, the cultivar effect on oil yield (f-ratio = 49 in 2011 and 85 

in 2012) was greater than the extraction technology applied, i.e., SC-CO2 or n-hexane (f-

ratio = 9 in 2011 and 14 in 2012). The yields obtained with n-hexane were significantly 
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different (p < 0.05) from those obtained with SC-CO2 for CH and NE in 2011 and MO, NE 

and MT in 2012. The effect of harvesting year on yield of SC-CO2 extraction process was 

statistically significant for CH and MT (ANOVA results not shown). Agostini et al. [93] 

also observed that oil yield varies in different harvesting years. 

Table 2.1: Grape seed oil yield obtained from various cultivars (Cv) by SC-CO2 and n-hexane 

extraction (years 2011-2012). 

Cv                          2011                          2012 

SC-CO2 n-hexane 

 

SC-CO2 n-hexane 𝑥0 

BA 11.0
a,x ± 0.6 11.1

a,x ± 0.5 10.9
b,x ± 0.6 11.0

a,x ± 1.3 13.0 

CH 15.0
c,x ± 0.4 16.6

d,y ± 0.3 13.8
d,x ± 0.6 14.2

c,x ± 0.4 14.7 

MO 13.8
b,x ± 0.3 13.8

b,x ± 0.1 12.6
c,x ± 1.3 14.7

c,y ± 1.5 16.0 

NE 14.0
b,x ± 0.5 15.1

c,y ± 0.5 10.9
ab,x ± 1.4 12.6

b,x ± 0.7 13.3 

PI 14.0
b,x ± 0.4 14.1

b,x ± 0.5 15.5
e,x ± 0.5 15.5

c,x ± 0.5 16.7 

MT 13.6
b,x ± 0.2 14.1

b,x ± 0.6 10.1
a,x ± 0.5 11.3

ab,y ± 0.5 12.0 

Data in Table 2.1 are expressed as mean ± SD. Two-way ANOVA was performed 

considering Cv and extraction process as factors. Different letters in the same column 

indicate significant differences among Cv (LSD, p < 0.05). With reference to same Cv 

and harvesting year, different letters in the same row (x-y) indicate significant differences 

between extraction processes (LSD, p < 0.05). 

Table 2.1 also reports the maximum value for the observed oil yield for the 

harvesting year 2012, i.e. 𝑥0, considering all the tests performed, both by SC-CO2 and by 

n-hexane extractions. The values of xo were utilized as reference values for grape seed oil 

content when modeling the extraction kinetics curves (for detail see Chapter 5). 

2.3.2 Analysis of the crude oil extracts by NMR and MALDI-TOF 

The crude oil samples obtained by SC-CO2 extraction were first analyzed by 

NMR measurements whereby detailed information about their overall chemical 

composition can be easily obtained (Figure 2.3 and Table 2.2). 
1
H-NMR spectra showed 

that these extracts were largely dominated by triacylglycerols (TAGs, 98%), but minor 

amounts of 1,2 diacylglycerols (1-2% of 1,2 DAGs) and oxidized lipids (0.1-0.3% as 

hydroperoxy-octadienoic) were also detected. The presence of DAGs was established by 

the 
1
H-doublet signal at H 3.72 ppm attributable to proton at sn-2 position whilst 

oxidized lipids showed the characteristic olefinic protons of the conjugated diene system 
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at H 6.56, 5.98 and 5.76 ppm. 

The presence of unsaturated -3 lipids is near or below the NMR detection limit 

(0.5%) as confirmed by the presence in the 
1
H-NMR spectrum of a weak triplet at H 

0.969, a structural feature for homo-allylic Me group in unsaturated -3 fatty chains. 

Finally, the presence of phytosterols (mainly -sitosterol) was established to represent 

only a minor contribution (0.2-0.5%) to the overall composition of these oil extracts. No 

significant differences were noticed in the relative amounts of these minor metabolites 

(DAGs, oxidized lipids and phytosterols) with respect to major TAGs components in the 

different samples 

 

Figure 2.3: 
1
H-NMR spectrum in CDCl3 of Moscato seed oil by SC-CO2 extraction; 

capital letters represent the attribution of 
1
H-NMR signals to specific protons of the 

linolenic acyl chain reported at the top of the figure. 

The integration of the 
1
H-NMR signals attributable to lipids with different number 

of unsaturations allowed to establish the quantitative distribution among saturated (SFA), 

mono-unsaturated (MUFA) and di-unsaturated (DUFA) acyl chains on the glycerol 

backbone. Thus, the ratio of the peak area of the bis-allylic protons (2H at H 2.76 ppm) 

to the area of protons in  position to the carbonyl groups (2H at H 2.30) allowed to 

establish the relative molar fraction of DUFA (mainly 18:2, linoleic acid, L). On the other 

hand, the ratio of the peak area of the allylic protons (4H at H 2.04) to the area of protons 
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in  position to the carbonyl groups (2H at H 2.30) leads to the relative molar ratio of 

MUFA (mainly 18:1, oleic acid, O), thus leaving the relative molar abundance of all the 

saturated chains (SFA) as the difference between total FA and all the unsaturated 

MUFA+DUFA. 

Significant differences among cultivars were found for the relative amount of 

DUFA which ranged from the lowest limit of CH (70.3%) to the highest of MT (74.9%); 

it is worth noting that the changes in the relative amount of MUFA follow an opposite 

trend with CH (19.0%) as the highest and MT (16.4%) as the lowest. Somehow, these 

opposite trends compensate the overall unsaturation index (UI) of these oils whose 

change results in a narrow range of values (1.58-1.66, 5% of variation). 

Table 2.2: Lipids composition of grape seed oils obtained by SC-CO2 extraction as 

established by 
1
H-NMR quantitative analysis, all values represent % molar fractions. 

Unsaturation index (UI) is defined by UI=(2*DUFA % molar fraction + MUFA % molar 

fraction)/100. 

Cv TAG 
a 

1,2 DAG 
b 

Sterols 
c 

Hydroperox 
d 

SFA 
e 

MUFA 
f 

DUFA 
g 

UI 
h 

BA 98.4 1.10 0.40 0.10 12.8 15.2 72.0 1.59 

CH 98.3 1.20 0.30 0.20 10.7 19.0 70.3 1.60 

MO 98.2 1.10 0.50 0.20 10.2 18.8 71.0 1.61 

NE 98.1 1.40 0.20 0.30 11.6 14.3 74.1 1.62 

PI 97.8 1.70 0.20 0.30 12.3 17.1 70.6 1.58 

MT 97.3 2.10 0.40 0.20 8.7 16.4 74.9 1.66 

a)
 SD ± 0.5; 

b)
 SD ± 0.03; 

c)
 SD ± 0.02; 

d)
 SD ± 0.03; 

e)
 SD ± 0.2; 

f)
 SD ± 0.1; 

g)
 SD ± 0.1; 

h)
 SD ± 

0.02 

These results are in very satisfactory agreement (see Table 2.3) with those 

obtained by GG-FID-MS analysis and discussed in the following section. As a further 

support, MALDI-TOF mass spectral data were consistent with NMR data above 

discussed. In fact, most of the major TAGs contained the linoleic (18:2) acyl chain. A 

total of 7 TAGs were identified among which trilinolein (LLL) was the most abundant 

detected as Na+ adduct at m/z 901.8. Among the others, triolein (OOO) and palmitoyl-

diolein (POO) did not contain any linoleic chains. 

The major TAGs found were: PLL (16:0,18:2,18:2) detected at m/z 877.8, POL 

(16:0,18:1,18:2) at m/z 879.8, POO (16:0,18:1,18:1) at m/z 881.8, LLL (18:2,18:2,18:2) 

at m/z 901.8, OLL (18:1,18:2,18:2) at m/z 903.8, OOL (18:1,18:1,18:2) at m/z 905.8 and 

finally OOO (18:1,18:1,18:1) at m/z 907.8. 
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2.3.3 Quantitative analysis of FA profile  

Since NMR is not able to resolve lipids with different carbon lengths and 

MALDI-TOF is not a quantitative technique, a complete analysis of the acyl chains 

diversity was carried out on FAMEs obtained by alkaline trans-esterification followed by 

Silica gel flash chromatography. The last step implied that only FAMEs deriving from 

TAGs and DAGs ( 98% of the overall oil content) were analyzed since oxidized linoleic 

acid (deriving from hydrolysis of oxidized TAGs) and phytosterols had higher polarity on 

Silica column and were not present in chromatographic fractions containing the FAMEs 

themselves. Figure 2.4 reports a chromatogram where the retention time of the various 

assigned peaks is evidenced. 

 

Figure 2.4: GC-FID chromatogram representing the fatty acids distribution of 

Moscato seed oil by SC-CO2 extraction; reported peaks were assigned by their EI-MS 

spectra. 

 The major fatty acids found in grape seed oils were linoleic acid (C18:2 ω6, 

70.4–74.3%), oleic acid (C18:1 ω9, 13.6–16.8%), palmitic acid (C16:0, 6.53–8.89%), and 
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stearic acid (C18:0, 2.84–4.16%) (Table 2.3). The amounts of these major fatty acids 

were in the intervals of values indicated for grape seed oil in the Codex standard, which 

however are much wider than those observed in this study. Other fatty acids detected in 

grape seed oils were myristic acid (C14:0), heptadecanoic acid (C17:0), linolenic acid 

(C18:3 ω3), arachidic acid (C20:0), eicosenoic acid (C20:1 ω9), eicosadienoic acid 

(C20:2 ω6). In the analysis, only minor FAs were not identified, as supported by data in 

Table 2.3 which shows that about 99% of the total peak area was accounted for by the 

assigned FA species. The fatty acid contents of grape seed oils extracted by SC-CO2 did 

not vary significantly (p < 0.05) with respect to those of oils extracted by mechanical 

pressure. 

2.3.4 Tocopherols and tocotrienols 

The total tocol contents of the six grape seed oils extracted by SC-CO2 ranged 

between 355 (MO) and 559 (NE) mg/kg in 2012. According to the Codex Alimentarius, 

the level of tocopherols and tocotrienols in crude grape seed oil is in the range of 240-410 

mg/kg. Based on this standard, NE and BA oils had higher total tocol contents, while the 

other varieties were in a similar range (Table 2.4). It is worth noting that Crews et al. [84] 

reported a wider range for tocol contents in grape seed oils extracted with n-hexane (63–

1208 mg/kg) following a survey of winemaking sites in France, Italy and Spain, which 

are the major world grape producers. However, there is scarce information on tocol 

contents of oils extracted by SC-CO2. Beveridge et al. [94] observed higher tocol 

contents in grape seed oils extracted by SC-CO2 from Barbera (701 mg/kg) and Pinot noir 

(606 mg/kg) than those observed in the current study. 

These differences could be due to different geographical origin and maturity stage 

of the aforementioned varieties and on different handling of seeds after collection. In fact, 

in the study by Beveridge et al. [94], grape pomace was freeze-dried and butylated 

hydroxytoluene was added to the oils to prevent oxidation, whereas in this study a cost-

effective drying (air-drying) was selected with no addition of additives. Beveridge et al. 

[94] also found that most of the oils extracted by SC-CO2 had similar tocol contents with 

respect to those extracted by n-hexane, but for some cultivars SC-CO2 extraction was 

more efficient. Mechanical extraction was not considered. In this study, it was observed 

that in comparison with n-hexane extraction, SC-CO2 extraction lead to production of oils 

with higher or similar tocol contents. It is to remark that all oils extracted by SC-CO2 had 
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similar tocol contents as those obtained by mechanical extraction that is considered as a 

process with minimal impact on oil quality [84]. 

Regarding tocol composition of the oils, the major tocol compounds, i.e.,-

tocotrienol, -tocotrienol, -tocopherol and-tocopherol were quantified, whereas the δ- 

β-isomers were below the limit of detection for all the oils (2 mg/kg). -tocotrienol was 

found to be the prevalent tocol for all the varieties characterized. Considering -

tocotrienol as a promising antioxidant compound for prevention of both cardiovascular 

disease and cancer [87], grape seed oils could have applications in the nutraceutical, food 

and cosmetic industry. 

In general, the harvesting year had no effect on total tocol content of the oils. For 

the PI oil only, the tocol content was significantly lower in 2011 (by 10%) than in 2012 (p 

< 0.05). Hence, similar tocol contents could be forecasted in the future harvesting years. 
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Table 2.3: Fatty acid composition (% of total fatty acids) from FAME GC-FID-MS analysis of the grape seed oil obtained from various cultivars 

(Cv) by SC-CO2. Data are expressed as mean ± SD. Different letters in the same column indicate significant differences among grape cultivars 

(LSD, p < 0.05). 

 

 

 

 

 

 

 

 

                                                                                                                  Fatty acid 

Cv     C14:0 C16:0 C17:0 C18:0 C18:1 (-9) C18:2 (-6) C18:3 (-3) C20:0 C20:1 (-9) C20:2 (-6) 

BA 0.073d± 0.004 6.66a± 0.15 0.047a± 0.003 4.04c± 0.02 16.0e± 0.1 71.7b± 0.1 0.47d± 0.01 0.14b± 0.01 0.13c± 0.01 0.035a± 0.004 

CH 0.064cd± 0.001 7.62b± 0.02 0.055b± 0.004 3.55b± 0.01 16.8f± 0.1 70.4a± 0.1 0.36a± 0.01 0.15b± 0.01 0.15d± 0.01 0.033a± 0.001 

MO 0.051b± 0.003 8.89c± 0.21 0.049a± 0.001 2.84a± 0.02 15.3c± 0.1 71.0a± 0.3 0.46d± 0.01 0.14b± 0.01 0.11a± 0.01 0.041a± 0.010 

NE 0.061c± 0.010 6.53a± 0.39 0.061c ± 0.001 4.16d± 0.11 13.6a± 0.2 74.3d± 0.5 0.43c± 0.01 0.18c± 0.01 0.15d± 0.01 0.038a± 0.002 

PI 0.058bc ± 0.000 7.47b± 0.06 0.060c ± 0.003 3.56b± 0.01 15.6d± 0.1 71.8b± 0.1 0.38b± 0.01 0.13ab± 0.01 0.14d± 0.01 0.046a± 0.010 

MT 0.041a± 0.001 6.82a± 0.16 0.051ab± 0.001 3.64b± 0.01 14.8b± 0.1 73.2c± 0.2 0.43c± 0.01 0.12a± 0.01 0.12b ± 0.01 0.045a± 0.006 
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Table 2.4: Tocopherol and tocotrienol contents (mg/kg) of the grape seed oils obtained from various cultivars (Cv) by SC-CO2, mechanical 

extraction and n-hexane extraction (harvesting year 2012). 

Cv                                                                                                         Tocol 

 - Tocopherol - Tocotrienol - Tocopherol - Tocotrienol 

 SC-CO2 n-hexane mechanical SC-CO2 n-hexane mechanical SC-CO2 n-hexane mechanical SC-CO2 n-hexane mechanical 

BA 196c,y ± 6 106c,x ±  3 199d,y±  12  97a,x ±  42 68b,x ±  3 62ab,x ±  8 55c,y ±  2 62c,y ±  4 30c,x ±  2 151b,y ±  3 106b,x ±  10 190b,z ±  11 

CH   68
a,y 

± 6   39
a,x

± 3   73
b,y 

± 4 122
a,y

±  11 88
bc,x 

±  7 131
c,y 

±  1 21
a,y

±  1 11
ab,x

±  1 24
b,y

±  1 170
bc,y

±  9 131
bc,x

±  13 172
b,y

±  7 

MO 131b,y ± 14 63b,x ± 2 127c,y ± 8 81a,y±  13 26a,x±  1 67a,y±  5 33b,y±  6 20a,x±  1 48d,z±  2 110a,y±  21 52a,x±  3 87a,xy±  3 

NE 157b,y± 21 114c,x ± 9 115c,x ±  5 170b,y± 5 124d,x± 11 167d,y± 21 53c,x ±  4 51c,x±  15 53d,x±  2 179c,x ±  4 154cd,x ±  9 185b,x±  17 

PI 79a,x ± 9 94c,x ± 21   61ab,x ± 15   82a,x ± 7 93c,x ± 20   75ab,x ± 19 23a,x ± 4 25b,x ± 7 24b,x ± 2 253e,x± 2 224e,x± 40 279c,x ± 74 

MT 51a,x ± 2  27a,x ± 2   41a,x ± 2 98a,x ± 20 105cd,x ± 7  103bc,x ± 8 18a,x ± 2 14ab,x ± 1 17a,x ± 1 212d,x ± 4 187e,x± 10 198b,x ± 22 

Data are expressed as mean ± SD. Two-way ANOVA was performed considering Cv and extraction process as factors. Different letters in the same column 

indicate significant differences among Cv (LSD, p < 0.05). Different letters in the same row (x-y) indicate significant differences among the extraction 

processes (LSD, p < 0.05). 
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2.4  Conclusions 

Supercritical CO2 (SC-CO2) extraction was studied as a green technology to 

recover grape seed oils from winemaking by-products. Oil yields from SC-CO2 extraction 

resulted in the range 10.9 – 15.0%, with a remarkable dependence on grape cultivar and, 

for some cultivars, on harvesting years. The oils extracted by SC-CO2 had similar quality, 

in terms of fatty acid and tocol contents, as those obtained by mechanical extraction. The 

strong agreement of the quantitative results obtained by 
1
H-NMR measurements carried 

out on the raw oil extracts with those obtained by classical GC-FID-MS techniques carried 

out on their FAME derivatives suggests that NMR can represent a robust, fast and reliable 

alternative to the latter. It is worth noticing that from simple NMR analysis it is possible to 

gain useful information not only on the dominant chemical species (TAGs), but also on 

minor interesting metabolites often present in natural oil extracts such as DAGs, sterols and 

oxidized lipids. Finally, the level of tocopherols and tocotrienols found in grape seed oils in 

two harvesting years supports their potential applications in food, nutraceutical and 

cosmetic industries. 

 





 

 

  
 

 

Chapter 3

 

3. Kinetic Models for Supercritical CO2 

Extraction  

 

In this Chapter, the models used to evaluate the supercritical CO2 (SC-CO2) 

extraction kinetic curves are compared and discussed. Particularly, three models, the 

broken and intact cells (BIC), the shrinking core (SC), and the bridge (combined BIC-

SC) models are critically analyzed. The models not only allowed fitting satisfactorily the 

experimental data, but also resembling the real physical structure of the vegetable matrix 

and the actual elementary steps (mass transfer phenomena) which are expected to occur 

at the micro-scale level.  The main objective of this Chapter is to objectively choose the 

best model that can be used in the subsequent Chapters. The analysis also provides an 

insight of interest for the audience concerned with modeling the supercritical extraction 

process.  

3.1  Introduction  

The extraction process involves a solid-SC-CO2 operation where mechanically 

pretreated solid materials are kept in vertical cylindrical column with CO2 flowing down 

the bed. The operation consists of static and dynamic extraction periods. During static 

period there is no product collection and is usually equal to the time required to reach the 

extraction conditions. The dynamic phase is from the time the products are start to be 

collected to the end of extraction process. At the start of dynamic extraction period there is 

typically a time delay in kinetics curve which corresponds to the time required for the fluid 

to flow between the expansions valves to the product collection tank. It is worthwhile to 

                                                
 Part of the present Chapter has been published as: Kurabachew Simon Duba, Luca Fiori, Supercritical 

Fluid Extraction of Vegetable Oils: Different Approach to Modeling the Mass Transfer Kinetics, Chemical 

Engineering Transactions, Volume 43,2015. In press 
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mention that, the amount of solute collected at this stage is less than the actual value which 

is extracted because of surface wetting property of solute once the carrier phase (CO2) is 

expanded; this is especially useful if lab scale model parameters are used for scale up 

purpose. 

In general, the evaluation of overall extraction curves through kinetic models has a 

paramount importance in establishing the optimum operating conditions, determining 

parameters used for scale-up and process design, and ensuring technical and economic 

viability of SC-CO2 extraction processes at industrial scale [95–97]. 

3.2  Extraction kinetics models 

In the literature there are several kinetic models developed for the SC-CO2 

extraction. These models can be broadly classified into two general categories. The first 

category accounts for the empirical models and for the models describing the mass transfer 

resorting to analogies with other physical systems and transfer phenomena. Among them, it 

is worth citing the Crank [98] hot ball diffusion model (HBD), the Naik et al. [99] 

empirical model, the Tan and Liou [100] desorption model, and the Martìnez et al. [101] 

logistic model. In the second category, models where the solute mass flux is defined by the 

concentration gradient as driving force can be clustered. Under this category, the Veress 

[102] diffusion layer theory model, the Sovovà [4] broken and intact cell (BIC) model, the 

Goto et al. [103] shrinking core (SC) model, and the Fiori et al. [104] bridge model 

(combined BIC-SC model) can be classified. 

Substantial efforts have been made in the literature to compare the relative 

performances of the various models. For example, Bernardo-gil et al. [105] applied 

empirical, HBD model, and BIC models to the SC-CO2 extraction of olive husk oil. 

Campos et al. [106] applied desorption, logistic, single plate, HBD, and BIC models to the 

SC-CO2 extraction of marigold (Calendula officinalis) oleoresin. Machmudah et al. [96] 

applied BIC and SC models to the SC-CO2 extraction of nutmeg oil. Domingues et al. 

[107] applied desorption, logistic, single plate and HBD models to the SC-CO2 extraction 

of Eucalyptus globulus bark. 

There is no holistic agreement in the research community regarding the model 

which performs the best under all the experimental conditions. The fact that the models 

are applied to different solid substrates with different initial extractable substances under 
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various operating conditions hinders the comparisons across the literatures. During the 

derivation of kinetic models, the type of simplifying assumptions made and the governing 

principles on which the mechanism of extraction is based on make one type of model to 

best fit to a specific extraction situation than the others. However, it must be stressed that 

the best fitting alone should not be considered the only objective of the extraction kinetics 

models, which should not be only merely capable to provide a simple input output 

mapping. The models should describe the underlining physical phenomena occurring 

during extraction and, in addition, they should be reasonably simple.  

In this work the attention is on the Sovovà [4] BIC model, the Goto et al. [103] 

SC model and the Fiori et al. [104] bridge (combined BIC-SC) model. These models have 

been selected considering that they attempt to describe the extraction kinetics mechanism 

accounting for the morphological structure of the substrates, the vegetable seeds. The 

author also compared almost all (eight) models (with Goto and Hirose [108] version 

instead of Goto et al. [103] SC model) but chose not to include in this thesis to focus on 

only the second categories of the model discussed above (interested readers can find the 

detail discussion in Duba and Fiori [109]).    

The models have been compared in terms of effectiveness in predicting 

experimental data and in terms of the calculated (through optimization) parameters: 

internal and external mass transfer coefficients and percentage of easily extractable oil. 

To this regards, the common selected parameter was the effective diffusivity ( 𝐷𝑒𝑓𝑓) 

which governs the extraction from the inside of the seed particles. The experimental data 

for this study were taken from a previous work Fiori [13]. 

3.2.1 The Broken and Intact Cell (BIC) model 

The Sovovà [4] BIC model assumes that as a result of mechanical milling 

pretreatment some cells in the solid matrix are broken and the remaining cells in the 

particle core are intact. The oil in the broken cells (referred as “free oil”) is exposed to the 

particle surface, i.e. to the SC-CO2, and can be easily extracted. Under this condition the 

rate of extraction depends in particular on the oil solubility in the supercritical fluid, while 

the oil in the intact cells (referred as “tied oil”) is much more difficult to extract as a result 

of high mass transfer resistances. Under steady state plug flow conditions with 

homogenous particle size distribution, the analytical solution for the extraction yield is 

given by Šťastová et al. [110] as: 
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Where,  𝜓 =
𝑡𝑄𝑦𝑠

𝑁𝑥𝑜
 , 𝑌 =

𝑁𝑘𝑠𝑎𝑝𝑥𝑜

𝑄(1−𝜀)𝑦𝑠
,  𝑍 =

𝑁𝑘𝑓𝑎𝑝𝜌𝑓

𝑄(1−𝜀)𝜌𝑠
,   𝜓𝑘 =

𝐺

𝑍
+

1

𝑌
𝑙𝑛{1 − 𝐺[1 − 𝑒𝑌]},  ℎ𝑘 =

1

𝑌
ln [1 +

{𝑒
[𝑌(𝜓−

𝐺
𝑍

)]
−1}

𝐺
]  

𝐸 is the amount of oil extracted, 𝑁 is the initial mass of the solid used for extraction, 𝑥𝑜 is 

the initial oil concentration in the solid, 𝑡 is extraction time, 𝑄 is solvent mass flow rate, 𝜀 

is bed void fraction,  𝑎𝑝 is particle specific interfacial area, 𝜌𝑓  is solvent density, 𝜌𝑠  is solid 

density,  𝑘𝑓  is external mass transfer coefficient, 𝑘𝑠 is internal mass transfer coefficient, 𝑦𝑠  

is oil solubility in the solvent. 

Moreover, other dimensionless parameters appear in the above set of equations: 𝜓 

is dimensionless time; 𝑍 and 𝑌 are parameters, respectively, for the first and second 

extraction period; 𝜓𝑘  is 𝜓 at the boundary between first and second extraction period; 

finally ℎ𝑘 is the extractor coordinate dividing the extractor in two regions, the former, close 

to the solvent entrance, where free oil has been completely extracted, the latter where free 

oil is still being extracted. For a detailed description of the model, the reader can refer to 

[110]. Interestingly, the model utilized here practically coincides with “Type A” model, as 

later defined (and proved) by Sovová [111]. 

3.2.2 The Shrinking Core (SC) model  

The SC model accounts for an irreversible desorption of oil from the solid followed 

by diffusion in the porous solid through the pores as proposed by Goto et al. [103]. It is 

assumed that there is a moving boundary between the extracted and non-extracted parts. 

The core of inner region shrinks inward with the progress of the extraction leaving behind 

an irreversibly exhausted solid matrix. Solute in the core diffuses to the surface of the 

particle through a network of pore without refilling the space already exhausted. The 

internal mass transfer from inner core to the pore is much greater than the convective 

transport through the pores. The general mass balance equations in dimensionless form are 

given by Eq.s (3.2) and (3.3) which can be solved numerically under proper initial and 
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boundary conditions [103]: 
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The dimensionless groups are defined as χ =
y

𝑦𝑠 
 , α =

u𝑅2

𝐿𝐷𝑒𝑓𝑓
 ,  𝐵𝑖 =

k𝑓R

𝐷𝑒𝑓𝑓
 , θ =

𝑡𝐷𝑒𝑓𝑓

𝑅2  , 𝑃𝑒 =

uL

𝐷𝑎𝑥
 , 𝑏 =

𝑦𝑠

x𝑜
 , 𝜉𝑐 =

𝑟𝑐

𝑅
 

Where y is the solute concentration in the bulk fluid phase, u is solvent flow rate, R is 

radius of the particle, 𝐿 is length of extractor, 𝐷𝑒𝑓𝑓 is effective diffusivity, 𝐷𝑎𝑥 is axial 

dispersion, 𝑟𝑐 is the un-extracted core radius, z is axial coordinate and the others variables 

are as defined in Section 3.2.1. In this work, the so called quasi-steady state solution was 

applied [103].  
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3.2.3 The combined BIC-SC model 

The BIC-SC model was proposed by Fiori et al. [104] and is a model somehow 

between the broken and intact cell and the shrinking core models. In this model it was 

assumed that the milled seed particles contain M concentric shells of oil bearing cells of 

diameter dc. The cells on the surface of the particles are broken as a result of the 

mechanical pretreatment like in the BIC model. The oil in the broken cells is exposed to 

the surface and can be easily extracted while the oil in the inner concentric shells is 

irreversibly depleted starting from the external layer towards the internal core resembling 

the SC model. The general mass balance over the extractor is given by: 
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Where K is overall mass transfer coefficient and other variable as defined in Section 3.2.1 

and 3.2.2.  

In order to model the internal mass transfer resistance, three cases were proposed, 

namely, discrete, semi continuous and continuous. In the case of discrete model (the case 

which was considered in this work), it was assumed that the mass transfer resistance of 
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the jth shell is equal to the sum of the external mass transfer resistance plus the resistance 

of each shell up to the  jth concentric shell, i.e. 


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Where kj  is overall mass transfer coefficient up to jth shell, kc  is the single layer inner 

shell mass transfer coefficient (equal for each concentric layer), and M is the number of 

entire spherical shells. The exhaustion degree of the particle  ϕ is given by: 
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jKK   for 
jj  1
 (3.9) 

3.2.4  Model adjustable parameters 

The adjustable parameters of each model are as follow: For BIC model, the 

grinding efficiency (G), the external (kfap) and internal mass transfer coefficient (ksap), 

for SC model, the effective diffusivity (𝐷𝑒𝑓𝑓) and the external mass transfer 

coefficient ( kf) and for BIC-SC model the inner shell mass transfer coefficient (𝑘𝑐). 

Thus, BIC, SC and BIC-SC models have, respectively, three, two and one adjustable 

parameters. 

All the three models were compared by taking the effective diffusivity as common 

parameter. For BIC and BIC-SC models the effective diffusivity was calculated, 

respectively, as follows: 

2

3 sp

eff

kd
D   (3.9) 

cceff dkD   (3.10) 

Furthermore, the external mass transfer coefficient 𝑘𝑓𝑎𝑝 between the BIC and SC 

models were compared. For obtaining 𝑘𝑓𝑎𝑝 for the SC model, the SC model output 𝑘𝑓 

was multiplied by ap which was calculated according to: 

p

p
d

a
6

)1( 
 

(3.11) 

Finally, the fraction of free oil was compared for BIC and BIC-SC models. In BIC 

model the grinding efficiency 𝐺 is one adjustable parameter through which the fraction of 

free oil can be calculated as Gxo. For BIC-SC model the fraction of free oil was 
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calculated according to the Eqn. (3.12) which was originally proposed by Reverchon and  

Marrone [112] and later modified by Fiori and Costa [113]: 

p

c
f

d

d
 3  

(3.12) 

Where, 𝜑𝑓 is the fraction of the particle volume filled by the free oil, 𝑑𝑝 is diameter of 

the particle and 𝜔 is a free oil parameter (0< 𝜔 <1) which was optimized to be 0.472 for 

grape seed according to what was called the double shell hypothesis [113]. In Table 3.1, 

the parameter G and f = φf/xo were compared.  

3.3  Materials and Methods 

The experimental kinetic data used in this Chapter was taken from the literature 

[13] which used the same equipment to extract grape seeds oil. In particular, data 

obtained with different seed particle diameters were utilized here. The experimental data 

were fit to the models by minimizing mean squares error using MATLAB
R 

7.10 with 

nonlinear optimization lsqcurvefit function for BIC model, and ode45 followed by 

fminsearch optimization algorithm for SC model. Previously, the BIC-SC model was 

simulated in FORTRAN environment [104].  

The goodness of the model fitting was evaluated and quantified calculating, for 

each experimental run, the percent average absolute relative deviation (AARD (%)), 

given by Eq. (3.13), and the root mean square error (RMSE), calculated according to Eq. 

(3.14). 
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Where n represents the number of available experimental data, and γexp  and γmodel are, 

respectively, the experimental extraction yield and the extraction yield predicted by the 

model – yield expressed as mass of extracted oil per mass of seeds. 

3.4  Results and Discussion 

Grape seeds contains 8-16% of oil [114]. Actually, the oil content varies according 



 

 Kinetic Models for Supercritical CO2 Extraction    

 

34 

to cultivar and other environmental factors as discussed in Chapter 2. In this Chapter, 12% 

was chosen to represent the initial oil content in the seeds, i.e. the maximum value obtained 

from the experiment according to  [13]. Figure 3.1 shows the kinetics of extraction 

modeled by BIC and SC models. The models adjustable parameters and the RMSE 

between experimental data and model output are presented in Table 3.1 for the different 

seed particle size. 

The effective diffusivity (𝐷𝑒𝑓𝑓), the parameter which is made deliberately common 

among the models, is in close agreement for all the three models. The average values of 

𝐷𝑒𝑓𝑓  of 4.13˟10
-12

, 2.69˟10
-12

 and 1.09˟10
-12

 m
2
/sec were obtained respectively for BIC, SC 

and BIC-SC models. Theoretically, 𝐷𝑒𝑓𝑓 should not depend on the milled particle size, but 

the output reported in Table 3.1 seems to contradict this. 

The SC model seems to predict higher 𝐷𝑒𝑓𝑓 values when the particle size is large, 

while the BIC-SC model shows an opposite trend; the BIC model does not show any 

particular trend though it predicted relatively higher values of 𝐷𝑒𝑓𝑓 at small particles sizes 

like the BIC-SC model. 

 Figure 3.1: Extraction kinetics: (a) BIC model; (b) SC model 

The maximum deviations from average values are observed at small particle size 

for BIC and BIC-SC models and at the two extremes for SC model. To find an explanation 

to the model output obtained at the extreme values of the particle diameter, it is worth 

considering that, when the ground seed particle size is very large, substantial amount of the 

outer surface of the particle is covered by the hard woody structure of the outer surface of 

the seed: this can influence the extraction kinetics. Conversely, when the particles are very 

small, the model outputs are influenced to a large extent by the value assumed for the oil 

content (12% in the present case). Moreover, at low particle size, the bed is more prone to 
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compaction, so the void fraction may change during the course of the extraction [115] 

which creates delay in extracted solute flow and/or even channeling. Furthermore, if there 

is any correlation between particle size and  Deff, particle size distribution should be 

accounted for [116]. Finally, the possibility of solute-solid interactions (not taken into 

account in any of these models) can influence the extraction kinetics. 

As far as the free oil fraction is concerned, the values of G (BIC model) and f (BIC-

SC model) are quite similar for the various particle diameters. Unsurprisingly, the smaller 

was the particle, the larger the free oil. Consistent values of 𝑘𝑓𝑎𝑝 were obtained for BIC 

and SC models. A minimum deviation in terms of mean square error was observed for the 

BIC model followed by the SC model. In general, for all the models a remarkable good 

agreement between experimental data and model predictions was achieved. 

Table 3.1:  Adjustable parameters for grape seed oil SCO2 extraction and deviations from 

experimental data 

Models P (bar) / T (°C) 550 / 40 

 d (mm) 0.39 0.49 0.51 0.60 0.67 0.93 0.97 Average  

BIC kf a*10
2
 (min

-1
) 34.9 3.38 4.88 2.52 3.68 2.98 2.53 2.20 

ks a*10
3
(min

-1
) 13.5 2.46 1.40 1.72 0.93 0.44 0.59 2.20 

G 0.45 0.66 0.56 0.42 0.36 0.25 0.26 0.42 

Deff (m
2
/sec)* 10

12
 14.8 4.31 2.62 4.40 2.90 2.49 4.06 4.13 

RMSE*10
2
 1.00 0.20 0.13 0.25 0.14 0.043 0.28 0.35 

SC kf a*10
2
 (min

-1
) 2.68 4.00 3.73 3.42 1.21 3.08 3.10 3.34 

Deff (m
2
/sec)* 10

12
 0.63 1.29 1.41 2.44 1.59 7.66 8.77 2.69 

MSE*10
2
 1.93 0.43 0.59 0.37 0.91 0.17 0.33 0.81 

BIC-SC kc(m/s)*10
8
 12.7 6.98 4.75 4.87 3.13 3.09 2.56 5.44 

Deff (m
2
/sec)* 10

12
 2.54 1.40 0.95 0.97 0.63 0.62 0.51 1.09 

RMSE*10
2
 0.80 1.56 1.66 0.74 0.60 0.34 0.80 0.98 

f 0.61 0.48 0.46 0.39 0.35 0.25 0.24 0.40 

3.5  Conclusions 

Supercritical CO2 (SC-CO2) extraction of seed oil was modeled by using different 

models: particularly, BIC, SC, and BIC-SC. The deviation between model predictions and 

experimental data was quantified using mean square error RMSE. Remarkably, good 

agreement between all the three models and experimental data was achieved. The values of 

model adjustable parameters were consistent among the various models. The BIC model 

allowed for the minimum RMSE followed by SC and BIC-SC model. These results reflect 
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the number of adjustable parameters of the different models: 3, 2 and 1 for BIC, SC and 

BIC-SC respectively. All the three models, which account for the morphological structure 

of the seeds, represent significant tools for addressing process scale-up. The BIC model is 

chosen to be used in the subsequent Chapters to model the kinetic of extraction. Besides 

the three adjustable parameters, in order to use effectively the BIC model, the solute 

solubility data is required.    

 



 
 

 

 

Chapter 4

 

4. Solubility of Grape Seed Oil in Supercritical 

CO2: Experiment and Modeling 

 

In this Chapter, an effort is made to determine the solubility of grape seed oil over 

a range of pressure and temperature of practical importance using dynamic technique and 

then, the experimental data are modeled by eight density-based models and a 

thermodynamic model based on Peng-Robinson equation of state with Van der Waals’ 

mixing rule. The predictive capability of the thermodynamic model is comparable to that 

of density-based models. The experimental data generated in this Chapter will be used to 

model the kinetics of extraction in Chapter 5.  

4.1  Introduction  

The effective design and scale-up supercritical fluids equipment/process requires 

the knowledge of fluid phase equilibria. Thus, determination of solute solubility in 

supercritical phase is the first step in the development and evaluation of any supercritical 

processes and establishing the optimal operating conditions [117–120].  

Experimental determination of solubility generally takes two approaches in the 

literatures, i.e. static and dynamic techniques. During static method the components are 

placed in a fixed volume vessel which is stirred mechanically or by recirculating the 

vapor phase until equilibrium is established. While in the dynamic technique a continuous 

apparatus is used to contact the two phases and the composition of the stream leaving the 

vessel is determined after expansion and separation of oil from CO2 [117,121].  

Significant research work were published in the past two decades dedicated to the 

determination of solubility of diverse organic compounds in SC-CO2 such as drugs 

                                                
 Part of the present Chapter is ready to be submitted for publication as: Kurabachew Simon Duba, Luca 

Fiori, Solubility of grape seed oil in supercritical CO2: Experiment and Modeling, to The Journal of 

Chemical Thermodynamics.  
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[119,122,123], seeds oil [124–126], pollutants [127], dyes [128–130], food colorants 

[131] and many more. However, the reported solubility data are extremely divergent and 

inconclusive. 

In this work, the dynamic method was used to determine the solubility of grape 

seed oil in SC-CO2 in the range of pressure and temperature of practical importance i.e. 

for pressure between 20 MPa and 50 MPa and temperature between 313 K and 343 K. It 

is worth to highlight that, only a limited number of literatures report are available which 

deals with the solubility of grape seeds oil and those available are in restricted range of 

pressure and temperature. The bulk majority of the scientific literatures determined solute 

solubility in SC-CO2 through theoretical models.  Therefore, testing the predictive power 

of the commonly used solubility models in the literatures under the same condition has a 

vital importance. In this regard, the experimental data were modeled using eight density-

based models and a thermodynamic model based on Peng-Robinson equation of state 

with classical Van der Waals mixing rule. The models are compared and discussed in 

terms of their effectiveness in predicting the experimental data.  

4.2  Experimental 

4.2.1 Solubility determination  

The solubility (𝑦𝑠) of grape seed oil at different temperatures and pressures was 

determined by thoroughly blended 5 gram of oil and 145 gram of 1.05 mm diameter glass 

beads in an extractor of 0.1 L volume and re-extracted by SC-CO2 in the procedure 

describe in Chapter 2. The mass of oil use in the experiment was selected in such a way 

that no oil flow down the column by gravity which may result in a misleading result as 

proposed by Sovovà et al. [117]. According to the dynamic method for measuring the 

solubility in supercritical solvent [132], the initial slope of the extraction curve was used 

to calculate the solubility at the given pressure and temperature. The range of flow rate 

required to saturate the solvent was first established by conducting a repeated experiment 

at the same pressure and temperature by varying the flow rate. The initial slopes on the 

plot of mass of oil per mass of solid versus mass of CO2 consumption per mass of solid 

were taken as solubility for a given pressure and temperature. The oil solubility values 

were obtained utilizing oil from Moscato cultivar, but the values are representative for all 

other grape cultivars, as grape seed oil composition is extremely similar for the different 
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cultivars (See Chapter 2 for detail of composition of grape seed oil) [114].  

4.3  Modeling  

Modeling of solubility of solute in SC-CO2 generally follows two approaches i.e. 

a density-based correlations and a thermodynamic models using equation of states.  The 

experimental data were fit to the models using MATLAB R2014a by nonlinear 

optimization function lsqcurvefit. The deviation between the models prediction and 

experimental data were quantified using percent average absolute relative deviation and 

root mean square error according to eqn. (3.12) and (3.13) presented in Chapter 3.   

4.3.1 Density-based models 

In the scientific literatures there are at least three broad categories of density-

based models; the first group includes those models that are based on the law of mass 

action. Notable example of this group are the Chrastil [133] model and its modifications 

which foresees a linear relationship between the logarithm of solubility and logarithm of 

solvent density. Some of the important modifications comprises the model by Adachi and 

Lu [134], del Valle and Aguilera [135] and Sparks et al [136]. The second categories are 

those models that are based on theory of infinite dilution; this group of models assumes 

an equi-fugacity condition between the solute in the solid and the supercritical phase. 

They include the model by Kumar and Johnston [137], Bartle et al [138] and Mendez-

Santiago and Teja [139]. The third groups of density-based models are purely empirical in 

nature which correlates the solubility with pressure and temperature in a simple 

polynomial fashion. A important example of this last class is Yu et al model [140] which 

also have several modification. 

The model developed by Chrastil [133] is derived based on associates law. It is 

assumed that, at equilibrium one molecule of the solute A will associate with k molecule 

of the solvent 𝐵 to form a solute solvent complex. The final expression of the solubility 

in supercritical phase is given by Eqn. (4.1). On the derivation of the equation can be 

seen in the original work of Chrastil [133].   

ln 𝑆 = ∆𝐻 𝑅𝑇⁄ + 𝑘 ln(𝜌) + ln[𝑀𝐴 + 𝑘𝑀𝐵] − 𝑘 𝑙𝑛 (𝑀𝐵) + 𝑞                                            (4.1)   

Where, 𝑆 is the solubility in (g·L
-1

), ∆H is the total heat of reaction  

(∆H = ∆Hsolv+∆Hvap) the sum of heat of solvation and heat of vaporization in (kJ·mol
-
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1
), 𝑀𝐴 and 𝑀𝐵 are the molecular weights of the solute in (g·mol

-1
), 𝑘  is the associates 

constant and the solvent, 𝑅 is the universal gas constant in (J·mol
-1

·K
-1

), 𝑇 is system 

temperature in (K), 𝜌 is solvent density in (g·L
-1

 ), and 𝑞 is a constant. Eqn. (4.1) can be 

rewritten as: 

ln 𝑆 = 𝑘 ln(𝜌) + 𝛼 𝑇⁄ + 𝛽                                                                                                         (4.2)  

Where 𝛼 = ∆𝐻 𝑅⁄  and 𝛽 = ln[𝑀𝐴 + 𝑘𝑀𝐵] − 𝑘 ln (𝑀𝐵) + 𝑞  

Since it was first introduced, Chrastil [133] model underwent several empirical 

modifications including by Adachi and Lu, del Valle and Aguilera and Sparks and co-

workers. 

Adachi and Lu [134] applied Chrastil model to over 37 different solute in 

supercritical CO2 and ethylene. They argue that, in the application of Chrastil model, the 

density of the solvent plays a vital role, therefore, the association constant, k must be a 

function of density. They proposed empirical modification which correlate 𝑘 and 𝜌 as 

given by Eqn. (4.3). This correlation adds two more additional adjustable parameters to 

the Chrastil model. 

𝑘 = 𝜖0 + 𝜌𝜖1 + 𝜌2𝜖2                                                                                                                  (4.3)      

Where 𝜖0, 𝜖1 and 𝜖2 are constant parameters which are determined by fitting the model to 

experimental data.  

According to del Valle and Aguilera [135] the major drawback of Chrastil model 

is its applicability over restricted temperature range. Hence, an empirical modification 

was introduced to compensate for the variation of ∆𝐻𝑣𝑎𝑝 with temperature. Consequently, 

Chrastil model was modified as given in Eqn. (4.4) by adding one more temperature 

dependent parameter 𝛾.  

ln 𝑆 = 𝑘 ln(𝜌) + 𝛼 𝑇⁄ + 𝛾 𝑇2 + 𝛽⁄                                                                                          (4.4)  

Sparks et al [136] applied six density-based models to six solute-supercritical 

system and ascertained that, the Adachi-Lu and del Valle–Aguilera modification are 

indeed improved the performance of Chrastil model. But there exist a case where one is 

better than the other and vice versa. Therefore, Sparks et al. [136] proposed a further 

modification by incorporating both the Adachi-Lu and del Valle–Aguilera modification in 

single equation. They recommend that, the third term in the association constant 

correlation according to Adachi-Lu modification can be left out without compromising 
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the performance of the resulting equation. Therefore, Sparks et al. [136] model can be 

used with five or six adjustable parameters.  

The Kumar and Johnston model [137] was developed under the assumption that, 

the solute is incompressible and at equilibrium, the chemical potential of the solute in 

solid and supercritical phase are the same. Consequently Eqn. (4.5) was developed to 

correlate solubility and density. Further simplification of Eqn. (4.5) was also proposed 

under the condition where the ratio of partial molar volume of the component to its 

isothermal compressibility is independent of the solvent density which is valid in the 

range of 0.5 < ρr < 2.0 as detailed in [137]. 

ln y2 = −𝐶1 + 𝑙𝑛 [
𝑃2

𝑠𝑢𝑏

𝜌𝑐𝑅𝑇
] +

𝑃υ2
s

𝑅𝑇
+ [

𝜐̃2

𝜅𝑇𝑅𝑇
]

𝜌𝑟=1

ln 𝜌𝑟                                                                 (4.5)  

Where, y2 is the mole fraction of solute in the supercritical phase, p2
sub is the 

saturation vapor pressure, υ2
s  is the molar volume of solute, 𝜅𝑇 is isothermal 

compressibility, 𝜐̃2 is the partial molar volume of the solute in supercritical phase, 𝜌𝑟 is 

the reduced density, 𝜌𝑐 is the critical density and 𝐶1 is constant. Eqn. (4.5) can be 

rewritten as: 

ln y2 = 𝐴 +
𝐵

𝑇
+ 𝐶 ln 𝜌𝑟                                                                                                              (4.6)  

Where 𝐴 = 𝑙𝑛 [
𝑃2

𝑠𝑢𝑏

𝜌𝑐𝑅𝑇
] − 𝐶1, 𝐵 =

𝑃υ2
s

𝑅
 and 𝐶 = [

𝜐̃2

𝜅𝑇𝑅𝑇
]

𝜌𝑟=1

 

The Bartle et al [138] proposed a Kumar and Johnston [137] type model using the 

concept of enhancement factor, which is the ratio of actual solubility to ideal solubility. A 

reference pressure and density were also introduced in their work as show in Eqn. (4.7): 

ln [y2

𝑃

𝑃𝑟𝑒𝑓
] = 𝐴 +

𝐵

𝑇
+ 𝐶[𝜌 − 𝜌𝑟𝑒𝑓]                                                                                          (4.7)  

Where, ρref is the reference density (take as 700 kg·m
-3

) and Pref is the reference pressure 

(taken as 0.1 MPa). However, note that, A, B and C in the Bartle et al. model are not the 

same as the Kumar and Johnston model.  

Mendez-Santiago and Teja [139] develop yet another Kumar and Johnston [137]  

type model using the concept of infinite dilution. The model is semi-empirical in nature 

and foresees a linear relationship between the logarithm of enhancement factor and 

density. The model has three adjustable parameters as shown in Eqn. (4.8). 
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Tln[y2𝑃] = 𝐴 + 𝐵𝑇 + 𝐶𝜌                                                                                                         (4.8)  

Yu el al. [140] argue that the solubility of solute in supercritical CO2 follow a 

curvilinear behavior with pressure at a constant temperature and with temperature at a 

constant pressure and with the interaction of these two physical property. Thus, a second 

order polynomial correlation with both temperature and pressure was proposed as shown 

in Eqn. (4.9):   

 𝑦2 = 1 − (𝐴 + 𝐵𝑃 + 𝐶𝑃2 + 𝐷𝑇 + 𝐸𝑇2 + 𝐹𝑃𝑇𝑦2)                                                           (4.9) 

Yu et al. model latter modified by Gordillo et al. [141] and Jouyban et al.[142]. The final 

form of the modified version are the same as the original Yu et al. [140] proposal with 

reduction in one or two parameter and therefore they are not discussed in this work. 

4.3.2 Thermodynamic model 

The widely accepted thermodynamic method for determination of solute 

solubility in supercritical phase is the Peng-Robinson equation of state with classical Van 

der Waals mixing rule [123,124,126,130,143]. The technique was development based on 

iso-fugacity condition between supercritical and solid phase under the general assumption 

that the solute is pure, incompressible and have low vapor pressure [124,130]. For binary 

system, the final expression of solubility in supercritical phase is given by equation 

shown in Eqn. (4.10) [144]: 

y2 =
p2

sub

Pφ2
SCF exp (

υ2
s(P−P2

sub)

RT
 )                                                                                                (4.10)  

Where, φ2
SCF is the fugacity coefficient of solute in supercritical CO2 phase and the other 

variables are as defined in the Section 4.3.1. The fugacity coefficient is determined from 

Peng-Robinson equation of state [145] with Van der Waals mixing rule and the binary 

interaction coefficients (𝑘𝑖𝑗  and 𝑙𝑖𝑗) in Van der Waals mixing are used as an adjustable 

parameter to fit the model in to experimental data in this work. The physical properties 

used in this work are taken from Yu el al. [140] by approximating the triglycerides of oil 

with triolein. The vapor pressure at different temperature are estimated by Wagner vapor 

pressure equation [146].   
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4.4  Results and Discussion 

4.4.1 Solubility data 

During the determination of solute solubility with dynamic method, one of the 

main challenges is to make sure that the solvent leaving the extractor is indeed saturated. 

The technique frequently used in the literature to guarantee solvent saturation is to 

conduct repeated experiment under the same operating condition by varying the solvent 

flow rate. Under saturation condition, the initial slope of the extraction kinetics curve i.e. 

the plot of mass of solute extracted versus mass of solvent consumption must overlap. 

Figure 4.1  shows the kinetics of extraction of oil from surface of glass beads at pressure 

of 50 MPa and temperature of 323 K.  As can be seen, the extraction curves overlaps in 

the tested flow rate range of 6-9 g/min indicating the solvent is certainly saturated. But 

when using ground seed matrix, the range of flow rate is much lower than the value 

reported for glass beads. For instance, Duba & Fiori [147] (Chapter 5) reported a similar 

value of  solubility as reported in Table 4.1 when using ground matrix at 313 K and 35 

MPa only at low flow rate of 4.71 g/min and at higher flow rate (7-10 g/min) the solvent 

was not saturated.  

The majority of the research work dealing with the determination of the solubility 

of vegetable oil in SC-CO2 uses directly ground seed matrix instead of glass beads to 

observed solvent saturation. The main advantage of using glass beads over the ground 

matrix are, it eliminates any error incurred from internal mass transfer resistance when 

using ground matrix while preserving the packed bed structure of the extractor. However, 

care must be taken and glass beads should only be used with caution when determining 

the solubility.  Sovovà et al. [117] found out that the maximum amount of oil to be added 

on the surface of glass beads was 0.5 gram when using an extractor volume of 8 cm
3
. 

When the amount of oil feed to the extractor was greater than the recommended value, it 

was observed that part of the oil flow down the extractor by gravity and result in 

misleading value of solubility [117].  

The extractor used in this work was more than ten time (100 cm
3
) the volume of 

the extractor employed by Sovovà et al. [117]. Consequently, the mass of oil used was ten 

times the proposed amount. In fact, before the start of the experiment in this work, a 

thoroughly mixed oil and glass beads in the extractor was allowed to stand for an hour on 

a white paper to check any natural down flow. In a previous work by Firoi [13], the 
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solubility value reported for grape seed oil were slightly higher than the value reported in 

this work, even though the values fall within the general rage of vegetable oil solubility in 

SC-CO2 as  stated in del Valle et al. [125]. The authors believed that the main reason for 

that was the way the CO2 flow was quantified. In the original equipment configuration 

detailed in Firoi [13], the system allows to measure the CO2 flow only after the expansion 

and separation of the product. Which means the CO2 flow meter F1 as indicated on the 

P&ID of the extraction equipment in Figure 1 of Fiori [13] is on the CO2 outlet line. 

However, during the extraction operation, though it is certain that the majority of the CO2 

passes through F1, there is still a probability that some of the expanded CO2 may leave 

the system though product recovery line which makes the measured CO2 flow rate 

slightly less that the actual value and hence apparently higher solubility.  

To offset this problem, a modification discussed in Chapter 2 was introduced and 

the total CO2 consumption was measured in the incoming stream instead of the vent line 

in the current work. 

 

Figure 4.1: Kinetics of extraction of oil from surface of glass beads 
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Table 4.1, shows the experimental values of solubility of grape seed oil over the 

range of pressure and temperatures. Each data point represents an average of at least three 

consecutive points on the linear part of the extraction kinetics curve. As can be seen, with 

an increase in pressure at constant temperature the solubility increase in line with an 

increase in solvent density as expected. On the other hand, the effect of temperature is 

different for low and high pressure because of two competing factors i.e. the solute vapor 

pressure and solvent density [148]. At low pressure, increasing temperature has a 

negative effect on the solubility indicating the density effect dominate the vapor pressure 

effect while at high pressure increases in temperature enhances solute solubility as the 

result of revers phenomenon. Table 4.1, also shows the range of vegetable oil solubility 

computed according the so-called ‘General model’ proposed by del Valle et al. [125].  

Table 4.1:  Solubility of Grape seed oil in supercritical CO2 

T/K P/MPa 𝝆/(kg·m
-3

) S/(g·kg
-1

) General model 

S/(g·kg
-1

) 

313 20 839.81 4.20±0.05 2.17-5.07 

35 934.81 8.60±0.09 6.23-14.53 

40 956.07 10.40±0.16 7.59-17.71 

50 991.30 13.00±0.30 10.15-23.68 

 

323 20 784.29 3.53±0.44 1.60-3.72 

35 899.23 9.50±0.27 6.59-15.39 

40 923.32 11.06±0.10 8.49-19.81 

50 962.45 13.40±0.21 12.27-28.64 

 

333 20 723.68 3.12±0.05 1.05-2.45 

35 862.94 10.00±0.13 6.62-15.45 

40 890.14 12.00±0.23 9.06-21.15 

50 933.50 14.60±0.12 14.27-33.29 

 

343 20 659.05 2.91±0.30 0.64-1.450 

35 826.10 10.60±0.25 6.34-14.79 

40 856.70 12.70±0.63 9.27-21.63 

50 904.54 16.10±0.82 15.99-37.32 

The general structure of ‘General model’ model is the same as that of Sparks et al. 

[136] model except that the model parameters are optimized for a wide range of 

vegetable oil. del Valle et al. [125] claimed that, the model is capable of predicting 



 

Solubility of Grape Seed Oil in Supercritical CO2: Experiment and Modeling  

 

46 

vegetable oil solubility within the range of ±40% for combination of temperature and 

pressure of practical importance. As can be seen, the reported experimental solubility data 

are within the range of predicted value of the general model except for 20 MPa at 

temperature of 333 K and 343 K. According to the del Valle et al. [125], the proposed 

model does not apply for low solubility (≤1 g·dm
-3

) unless the system pressure is >21 

MPa or very high solubility (>100 g·dm
-3

) or when pressure is >80 MPa.  

4.4.2 Correlation of Solubility 

The solubility correlation by Chrastil model and its modifications are shown 

in Figure 4.2. The models adjustable parameters along with the deviation from 

experimental data are presented in Table 4.2.  

 

Figure 4.2: Solubility correlation by Chrastil model and its modifications 

As discussed in Section 4.3.1, the del Valle and Aguilera, Adachi and Lu and 

Sparks modifications have one, two and three more adjustable parameters than the 

original Chrastil model respectively. As can be seen in Table 4.2, the model adjustable 
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parameters, 𝑘, 𝛼 and 𝛽 of the Chrastil model and del Valle and Aguilera modification are 

quite similar. Surprisingly the additional parameter introduced to offset the effect of 

temperature by del Valle and Aguilera modification takes a constant value of 0.2 for all 

temperatures. Note also that as a result of very small value of 𝛾, the term 𝛾 𝑇2⁄  become 

insignificant relative to the magnitude of 𝑙𝑛 𝑆, which makes the del Valle and Aguilera 

and Chrastil model to respond in the same way to the experimental data. Therefore, under 

the range of temperature and pressure of this study, the del Valle and Aguilera 

modification have the same or little improvement over the Chrastil model.  

Table 4.2: Models adjustable parameters of Chrastil model and its modifications 

Model T/K 𝐤 𝛂 𝛃 𝛄 𝛜𝟎 𝛜𝟏 𝛜𝟐 RMSE 

·10-2 

AARD 

/% 

Chrastil  

 

313 7.62    0.040   -50.02     5.19 0.51 

323 7.68     0.044   -50.17     8.63 0.99 

333 7.22     0.059   -46.72     8.97 1.03 

343 6.49     0.078   -41.48     6.14 0.69 

 

del Valle 

& 

Aguilera 

313 7.62     0.040     -50.02 0.20      5.19 0.51 

323 7.68     0.044     -50.18 0.20       8.63 0.99 

333 7.22     0.059     -46.72 0.20       8.86 0.96 

343 6.49     0.079     -41.48 0.20       6.14 0.69 

 

Adachi & 

Lu 

 

313  0.499     0.14  -1.385    0.0024   0.00 4.44 0.35 

323  0.499     -0.05  -2.385 0.0049    0.00 3.60 0.41 

333  0.499     -0.03  -2.252     0.0049    0.00 2.23 0.23 

343  0.499     0.10  -1.719     0.0039    0.00 0.64 0.07 

 

Sparks et 

al. 

313  0.499     0.14 0.50   -1.379    0.0024   0.00 4.44 0.35 

323  0.499     -0.04 0.50    -2.385 0.0049    0.00 3.60 0.41 

333  0.499     -0.03 0.50    -2.252     0.0049    0.00 2.23 0.23 

343  0.499     0.10 0.50    -1.719     0.0039    0.00 0.64 0.07 

 

The Adachi and Lu modification was proposed to introduce the dependence of 

association constant, k on solvent density. It can be observed from the trend of adjustable 

parameters in Table 4.2 that the coefficients of density square in the proposed correlation 

are constant (zero) with temperature. Sparks et al. [136] hinted that a linear relationship 

between k and 𝜌 suffice and therefore the coefficient, 𝜖2 can be set to zero without 
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compromising the performance of the model and hence the number of adjustable 

parameters can be reduced. Furthermore, the modification made the coefficient of 

temperature in the Chrastil model constant. This argument is also true for the Sparks et al. 

modification which responds to the experimental data in exactly the same way as Adachi 

& Lu modification. 

The Sparks et al. modification included both the modification of del Valle & 

Aguilera and Adachi & Lu as discussed in Section 4.3.1 which makes the model behaves 

in the same way as the combination of both predecessors. The parameter γ is constant 

like in the del Valle & Aguilera (but with different value) while α is constant as in the 

Adachi & Lu model. Unlike del Valle and Aguilera modification, the use of Adachi & Lu 

and Sparks et al. modification result in a completely different values of adjustable 

parameters like 𝛼 and 𝛽 in Chrastil model models. Therefore, it is impossible to compute 

the parameter of Chrastil model like association constant from Adachi & Lu model 

parameter. Consequently, it is difficult to assign any physical meaning to Adachi & Lu 

and Sparks et al parameters indicating the modification result in different empirical 

model. Both the Adachi & Lu and Sparks et al modifications has improved the root mean 

square error and percent average absolute relative deviation than both the original 

Chrastil and the del Valle & Aguilera model at expense of more number of adjustable 

parameters. 

The solubility correlations with second class of density-based models are shown 

in Figure 4.3. This category includes the Kumar & Johnston, Bartle et al. and Mendez-

Santiago and Teja models as discussed in Section 4.3.1. All the three models have exactly 

the same number of adjustable parameters (each of them three), but they differ from one 

another based on the way the relation between solubility and density are defined. For 

instance the difference between Mendez-Santiago & Teja and Bartle et al. model is on the 

way the variation of solubility with temperature is defined. The Bartle et al. model 

introduced the concept of reference pressure (0.1 MPa) and density (700 kg. m
-3

) to 

reduce the error which may incurred as a result of the variation of parameters with 

density. Both of these two models have the same form as that of Kumar & Johnston 

model; see Eqn. (4.6-4.8). But it must be noted that the physical significance of the 

coefficients are rather different in all the three models.  As shown in Table 4.3, Bartle et 

al. and Mendez-Santiago & Teja models react to the experimental data in exactly similar 
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fashion with the same value of RMSE and AARD, while Kumar & Johnston model gives 

relatively lower value of AARD. Note also that, only in the case of Kumar & Johnston 

model the relationship between logarithms of solute solubility is correlated to logarithm 

of solvent density. 

 

Figure 4.3: Solubility correlations with second class of density-based models 

The Yu et al. empirical model is based on the curvilinear relation between 

solubility and solvent physical properties (temperature and pressure) with second order 

polynomial. The model fit the experimental data relatively better than the other density-

based models as shown in Table 4.3. The major drawback of Yu et al. model is the large 

number of adjustable parameters besides the luck of any physical significance of the 

fitting parameters. As can be seen in Table 4.3 the coefficient of 𝑃2 is zero in this study. A 

zero value for adjustable parameter was also observed by Yu el al. [140] when dealing 

with the solubility of rapeseed oil in supercritical CO2 but in their case not for the 

coefficient of  𝑃2 but rather for 𝑃𝑇.  Indicating a zero value for certain circumstance does 

not necessary mean the number of model adjustable parameter can be reduced. 

 



 

Solubility of Grape Seed Oil in Supercritical CO2: Experiment and Modeling  

 

50 

Table 4.3: Models adjustable parameters of the second class of density-based models 

Model T/K 𝐀 𝐁 𝐂 𝐃 𝐄 𝐅 RMSE 

.10-2 

AARD 

/% 

Kumar & 

Johnston 

 

313 -12.31 -7.27 6.61    5.20 0.16 

323 -12.08 0.162 6.68    8.60 0.31 

333 -11.47 0.165 6.22    8.99 0.33 

343 -10.90 7.26 5.69    6.61 0.24 

 

Bartle et 

al. 

 

313 -5.02 0.18 0.013    5.63 0.96 

323 -4.37 -9.81 0.013    8.64 1.68 

333 -3.76 10.19 0.012    8.63 1.85 

343 -3.14 -9.81 0.011    6.25 1.35 

 

MST 

 

313 -9.81 -14.30 4.16    5.63 0.96 

323 10.12 -13.40 4.14    8.64 1.68 

333 0.16 -12.06 3.96    8.63 1.85 

343 -7.53 -10.89 3.79    6.25 1.35 

 

Yu 

et al. 

313 0.20 -0.91 0.00 0.0029 0.199 -0.0006 2.28 0.96 

323 0.20 -0.88 0.00 0.0027 0.199 -0.0006 1.28 0.38 

333 0.20 -0.86 0.00 0.0026 0.199 -0.0006 1.81 0.52 

343 0.20 -0.87 0.00 0.0025 0.199 -0.0006 1.42 0.39 

 

The prediction of solubility with Peng–Robinson Equation of State (PR-EOS) 

with Van der Waals mixing rule is presented in Figure 4.4. Interestingly the predictive 

power of PR-EOS evaluated in terms of RMSE and AARD is comparable to that of 

density-based models as shown in Table 4.4. In this case, the fitting parameters are the 

binary interaction coefficients kij and lij in Mukhopadhyay [144]. The values of both 

adjustable parameters are relatively constant with temperature (0.243±0.016 for kij and 

0.138±0.006 for lij ) which makes it possible to determine the solubility only from 

physical properties of solute and solvent. But the fact that the physical properties data are 

only approximately known for most of the solute of practical importance is the major 

drawback of this technique.     
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Figure 4.4: Solubility correlations Peng–Robinson Equation of State 

 

Table 4.4: Models adjustable parameters of Peng–Robinson Equation of State 

Model T/K 𝐤𝒊𝒋 𝐥𝒊𝒋 MSE.10-2 AARD /% 

PR-

EOS 

 

313 0.2407 0.1389 7.84 2.07 

323 0.2248 0.1312 7.84 2.85 

333 0.2423 0.1356 7.14 1.88 

343 0.2647 0.1464 7.75 2.29 

4.5  Conclusions 

The solubility of grape seed oil is determined for the temperature, T = (313, 323, 333, 

343) K and pressure P = (20, 35, 40, 50) MPa. The result show that, the solubility 

increases with increase in pressure at constant temperature while the effect of temperature 

is different for low and high pressure. At low pressure (20 MPa) the solubility decreases 

with increase in temperature, but at high pressure (≥ 350 MPa) it increases with increase 

in temperature as a result of the relative importance of the vapor pressure and solvent 

density. The experimental data are modeled by eight density-based models which are 
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widely used in the literatures namely the Chrastil, del Valle and Aguilera, Adachi and Lu, 

Sparks et al., Kumar & Johnston, Bartle et al., Mendez-Santiago and Teja and Yu et al. 

models along with a thermodynamic model using Peng–Robinson equation of state. The 

result shows that, all the models can predict the solubility of oil in supercritical CO2 to a 

reasonable degree. However, it must be emphasized that, best fitting alone should not be 

taken for guaranteed. A good model should sufficiently describe the underlining physical 

phenomenon, reasonably simple and contain less adjustable parameters. To this regard the 

model by Chrastil and/or del Valle and Aguilera, Kumar & Johnston and Peng–Robinson 

equation of state can effectively be used to predict the solubility of oil in supercritical 

CO2. 



 
 

 

 

Chapter 5

 

5. Effect of Process Parameters on the 

Extraction Kinetics  

 

In this Chapter, the effect of the main process variables affecting the supercritical 

CO2 (SC-CO2) extraction of oil from grape seeds was investigated, both experimentally 

and through modeling. The dependency of the extraction kinetics on the variables more 

tested in the literature (pressure, temperature, particle size and solvent flow rate) was 

confirmed, and original trends were obtained for the less investigated variables, such as 

the bed porosity (𝜀), extractor diameter to length ratio (D/L), extractor free volume and 

type of cultivars. The extraction kinetics did not depend on 𝜀 for 0.23ε0.41, while a 

further decrease in ε lowered the extraction rate, likely due to the occurrence of 

channeling. The effect of a variable D/L ratio was studied letting constant the ratio of 

substrate mass to CO2 mass flow rate: the lower was D/L, the lower the specific CO2 

consumption. Through modeling, the values of internal and external mass transfer 

parameters were calculated and critically discussed on the base of well-known literature 

correlations. 

5.1  Introduction  

Supercritical CO2 (SC-CO2) extraction technology represents an alternative that 

can achieve comparable oil yield with respect to the traditional liquid solvent technique 

with all the advantages discussed in Chapter 1. The drawbacks are the greater costs of 

investment linked to the supercritical technology. However, the operating costs are 

usually lower due to minimum/zero post extraction processing. Therefore, the total costs 

are comparable to conventional systems, if the process is carried out at optimum 

                                                
 Part of the present Chapter has been published as: Kurabachew Simon Duba, Luca Fiori. Supercritical 

CO2 Extraction of Grape Seed Oil: Effect of Process Parameters on Extraction Kinetics. J. of Supercritical 

Fluids 98 (2015) 33–43.   
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operating conditions and in a sufficient extractor volume [4,5] considering that the capital 

amortization sharply decreases when capacity increases [6]. In a design and feasibility 

study, the volume of exhausted grape marc produced in a specific geographical region 

was considered and a SC-CO2 plant with two extractors in series operating in the counter-

current mode was sized accordingly, to simulate the extraction process under varying 

operational conditions. Energy inputs, investment and processing costs were then 

estimated and the proposed industrial application was found economically interesting 

[83]. Encouraging results concerning the scale-up of the SC-CO2 process for grape seed 

oil extraction were also obtained by Prado et al. [16]. Scale-up operation and economic 

feasibility study of SC-CO2 extraction plant is discussed in great detail in Chapter 7. 

Comprehensive reviews appeared recently in the literature concerning the SC-

CO2 extraction technology and its perspective [11]. As a matter of fact, the SC-CO2 

extraction process from solid substrates is performed in the semi-continuous mode. The 

substrate, in the form of a bed of particles, is stationary - contained in one or a series of 

extraction vessels - while the CO2 flows through it till the solid is exhausted [83]. 

Designing such a kind of process requires, among other things, selecting: the value of the 

process variables (pressure, temperature, CO2 flow rate); to which extent the particles to 

be extracted have to be milled, i.e. the particle size; the extractor diameter to length ratio 

(D/L); the compaction degree of the bed of the milled particles – it is better to compact 

the bed, or just to completely fill the extractor, or to leave some empty space in the 

extractor? 

This work analyses the effect of the above variables on the extraction rate of oil 

from grape seeds. Even though information on the effect of some operating conditions 

(pressure, temperature, solvent flow rate and particle size) on the seed oil extraction 

kinetics and yield is abundant [149–152], evidence of the effect of parameters like D/L, 

bed porosity, bed free volume and type of cultivars is rather limited or completely 

missing in the literature. 

5.2  Material and Methods 

5.2.1 Sample preparation  

Four representative grape cultivars, i.e. Muller Thurgau (MT), Pinot Noir (PI), 

Chardonnay (CH) and Moscato (MO), were selected at random in this work to study the 
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effect of process conditions on extraction kinetics while the effect of the type of cultivars 

are presented for six grape varieties including Barbera (BA) and Nebbiolo (NE). 

The oil yield for each cultivar was previously measured, as well as the oil 

composition in (see Chapter 2) [114]. In particular, accounting for the great 

compositional similarities among the oils from different grape cultivars, but to evaluate 

the effect of operating conditions, it is worth using grape seeds from different cultivars to 

achieve holistic results which can be considered representative of any kind of grape seed 

oil. MT was used for evaluating the effect of pressure, temperature and solvent flow rate 

(Sections 5.4.1-5.4.3), PI was used to determine the effect of the particle size, bed 

porosity and extractor free volume (Sections 5.4.4, 5.4.5 and 5.4.7), and CH was used to 

study the effect of D/L (Section 5.4.6). MO was used to determine the grape seed oil 

solubility in SC-CO2 (Chapter 4) and all the cultivars were used to study the effect of 

grape variety (Section 5.4.8).   

5.2.2 SC-CO2 extraction equipment and procedure 

When analyzing the effect of pressure, temperature, solvent flow rate, particle 

diameter and bed porosity, the 0.1 L extractor basket was used. Pressure, temperature and 

CO2 flow rate were kept constant during the extraction process. The extraction operation 

was stopped when no more oil was extracted. After extractions, the particle size 

distribution of the exhausted grape seeds was evaluated by the method detailed in 

Chapter 2. The measure of the particle size distribution allowed to calculate the Sauter 

mean diameter of the milled particle population, which was assumed as the reference 

value representative of the particle diameter, 𝑑𝑝 [116]. 

When analyzing the effect of D/L and extractor free volume, three different 

extractor baskets were utilized, filled with appropriate mass of milled grape seeds. The 

baskets consisted of hollow cylinders closed on both ends by metal frits. The frit at the 

top was intended to uniformly distribute the solvent, while that at the bottom acted as 

structural support for the solids and as filter medium. Figure 5.1 reports the geometry of 

the extraction vessel (autoclave) and basket assembly. The baskets had different internal 

volume, namely 0.1, 0.2 and 0.5 L. They had the same diameter, but different lengths 

(Figure 5.1). When using the 0.1 and 0.2 L baskets, tailor made spacers were used 

consisting of stainless steel solid cylinders with a center hole to pipe (down-flow) the 

CO2 to the baskets. The utilization of the spacers allowed to avoid the presence of empty 
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spaces inside the autoclave. The assembly was completed by a cap with a circular seal: 

the basket, the (eventual) spacer and the cap were screwed together and inserted into the 

autoclave (Figure 5.1). The circular Teflon
TM

 seal prevented from CO2 leakage 

 

Figure 5.1: Extractor assembly: the various components of the three extractors. D and L 

represent, respectively, the extraction basket internal diameter and length: D = 4.07 x 10-

2 m; L = 7.75 x 10-2 m (0.1 L basket), 15.5 x 10-2 m (0.2 L basket), 38.3 x 10-2 m (0.5 L 

basket). 

5.3  Mathematical Modeling  

Modeling of SC-CO2 extraction of seed oil represents a challenge in the literature. 

A large variety of models have been developed [9,85,153,154] some of which were 
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utilized for grape seed oil [14,104,116]. Numerous kinetics models for SC-CO2 extraction 

were proposed in the literature to evaluate the extraction course. Among them, it is worth 

mentioning the broken and intact cell (BIC) model by Sovová [4,97], the shrinking core 

(SC) model by Goto et al. [103], the combined BIC-SC model by Fiori et al. [104,155] 

(see Chapter 3 for detailed discussion). The models are mostly based on differential mass 

balances on solid and fluid phases and differ from one another either by the simplifying 

assumptions or the proposed mechanism of extraction. In almost all the models, the mass 

balance equations are derived under general assumptions, such as: isothermal and 

isobaric system, solvent free of solute at the extractor inlet, mono pseudo-compound 

solute, constant bed porosity and constant physical properties in the extractor, uniform 

distribution of solute in the solid and negligible axial dispersion. 

In this work the model proposed by Sovová [4] was applied, with the approximate 

analytical solution given by Šťastová et al. [110]. For details on the model, the reader can 

refer to the original manuscripts [4,110]; the model equations and variables reported in 

Chapter 3. 

The main parameters of the model are the following: the initial oil concentration 

in the solid, 𝑥0; the oil solubility in the solvent, 𝑦𝑠 ; the bed void fraction, 𝜀; the particle 

specific interfacial area,  𝑎0; the external mass transfer coefficient,  𝑘𝑓 ; the internal mass 

transfer coefficient, 𝑘𝑠; the so-called grinding efficiency, 𝐺  [110]. The value of 𝑥0 and 𝑦𝑠  

are input to the model: the former was previously calculated for the various cultivars in 

Chapter 2 and the latter in Chapter 4. The value of 𝜀 can be easily calculated considering 

the mass and the density of seeds charged (1103 kg/m
3
 [8]), and the extractor basket 

volume. The other variables represent the adjustable parameters of the model. When 

utilizing the model in best fitting experimental extraction curves, the optimization routine 

provides the optimum value of the adjustable parameters. In particular, for each 

experimental extraction curve, the values of 𝑘𝑓𝑎0, 𝑘𝑠𝑎0 and 𝐺 are obtained. 

5.4  Results and Discussion 

The results of experimental tests and modeling are reported in the present section. 

From Section 5.4.1 to 5.4.8, the effect of each single process variable is analyzed 

separately, first referring to the experimental outcomes, then to the output from model 

best fitting. Section 5.4.9 presents as a whole the best fitted values of the models 
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parameter, and analyzes them resorting to correlations largely utilized in the literature. 

5.4.1 Effect of pressure  

The effect of SC-CO2 pressure on kinetics of extraction is well established, rather 

solid and there is a consensus in the research community that increasing operating 

pressure has a positive effect on the extraction rate. The reason is that an increase in 

pressure (at constant temperature) makes the density of SC-CO2 increase, which enhances 

its solvent power and, ultimately, the extraction rate increase if all the other parameters 

are kept constant. Nevertheless, the economic feasibility of working at elevated pressure 

has to be evaluated on a case-by-case basis, as any increase in pressure is associated with 

an increase in energy consumption. In the case of oil from seeds, working at high 

pressure seems economically convenient [83]. 

In this work the pressure was varied in the range 200-500 bar, at a constant 

temperature of 40 
o
C, with CO2 flow rate at 8.46±0.12 g CO2/min, particle diameter of 

0.41±0.05 mm and constant bed porosity of 0.41. The extraction kinetics is shown in 

Figure 5.2, where the extraction yield is reported versus CO2 consumption. Table 5.1 

reports the characteristic values of each experimental trial: the value of operating 

variables and model adjustable parameters with associated deviation from experimental 

data represented in terms of RMSE and AARD.  

 

Figure 5.2: Extraction curves at different pressures: oil yield versus solvent consumption. 

The operating conditions are reported in Table 5.1. 
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Table 5.1: Operating conditions and estimated model adjustable parameters for different pressures (𝑇 = 40 °𝐶, 𝜺 = 0.41, 𝑥0 = 0.120). 

𝑷 (𝒃𝒂𝒓) 𝒚𝒔(𝒎𝒈 𝒈)⁄  𝒅𝒑(𝒎𝒎) 𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

200 4.20 0.39 8.51 0.71 1.255 3.49 0.871 3.24 

300 7.60 0.41 8.43 0.76 0.980 3.45 0.467 1.77 

400 10.4 0.48 8.32 0.72 0.829 7.18 0.352 3.31 

500 13.0 0.37 8.59 0.72 0.661 9.70 0.375 2.08 

 

 

Table 5.2: Operating conditions and estimated model adjustable parameters for different temperatures (𝑃 = 500 𝑏𝑎𝑟, 𝜺 = 0.41, 𝑥0 = 0.120). 

𝑻 (°𝑪) 𝒚𝒔(𝒎𝒈 𝒈)⁄  𝒅𝒑(𝒎𝒎) 𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

35 12.8 0.41 8.28 0.70 0.302 6.44 0.444 1.88 

40 13.0 0.37 8.59 0.72 0.661 9.70 0.375 2.08 

50 13.4 0.32 8.70 0.77 0.506 6.19 0.292 1.29 
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The trend is that expected. Keeping constant the mass of solid in the extractor 

(namely 65 g), the time necessary to complete the linear section of extraction curve 

reduced from 270 to 55 min when the pressure increased from 200 to 500 bar. The 

increase in extraction rate reflected the increase in oil solubility (𝑦𝑠), as shown in Table 

5.1. Similar values of the adjustable parameters (𝐺, 𝑘𝑓𝑎0 and 𝑘𝑠𝑎0) were obtained in the 

whole range of pressure investigated. More precisely, increasing the pressure made 𝑘𝑓𝑎0 

slightly to decrease and  𝑘𝑠𝑎0 slightly to increase. The behavior of 𝑘𝑓𝑎0 reported in Table 

5.1 is consistent with the dependence of 𝑘𝑓 on Schmidt and Reynolds numbers [156] (see 

Section 5.4.9 for details). 

The small variation in the values of  𝑘𝑠𝑎0 in Table 5.1 can be due, to some extent, 

to the slightly different value of the particle diameter of the different trials. The internal 

mass transfer coefficient is inversely proportional to the particle diameter: Tables 5.1 

confirms this trend with one exception, at P=400 bar. Comparable results and similar 

trends of the model parameters were reported for the SC-CO2 extraction of apricot kernel 

oil by Özkal et al. [151]. 

5.4.2 Effect of temperature 

The effect of SC-CO2 temperature on the extraction kinetics is rather conflicting 

as a result of what is known as “crossover phenomena”. When temperature increases, the 

density of SC-CO2 decreases, but the solute solubility can still increase as a result of 

enhanced solute vapor pressure. The plots of solubility versus pressure at constant but 

different temperatures cross each other twice and these intersections are referred as lower 

and upper crossover pressure points [157]. At pressures between these two points, 

solubility decreases with increase in temperature because the solvent density effect 

overcomes the vapor pressure effect. Whereas above the upper or below the lower 

crossover point the vapor pressure effect is more pronounced than the density effect, so 

the solubility increases with an increase in temperature [157–159].  

In this work, the effect of temperature was studied at a pressure of 500 bar, which 

is above the upper crossover point. The other extraction conditions were as follows: flow 

rate of 8.52±0.2 g CO2/min, particle size of 0.37±0.04 mm, temperatures of 35, 40 and 50 

o
C. Figure 5.3 shows the extraction kinetics and Table 5.2 reports the characteristic value 

of the various parameters of each experimental test. The extraction rate slightly increased 

with an increase in temperature, and so did the solubility. The difference in value of the 
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final asymptotic oil yields is very likely not related to temperature, but it is rather due to 

the slight difference in particle diameter, which is also manifested in the value of the 

grinding efficiency 𝐺. Refer to Section 5.4.4 for an in deep discussion about the 

dependence of the extraction kinetics on the particle size. In this case both 𝑘𝑓𝑎0 and 𝑘𝑠𝑎0 

present similar values for all the tests and no specific trend can be identified. 

 

Figure 5.3: Extraction curves at different temperatures: oil yield versus solvent 

consumption. The operating conditions are reported in Table 5.2. 

5.4.3 Effect of flow rate  

The effect of flow rate was studied at four different conditions, namely 4.71, 7.45, 

8.43 and 10.22 g CO2/min. The other extraction conditions were as follows: pressure of 

350 bar, temperature of 40 
o
C, particle size of 0.42±0.01 mm. The experiments were 

designed with the following approach. At first, the test at the highest flow rate (10.22 g 

CO2/min) was performed, and in the subsequent tests the flow was reduced till a flow rate 

value (4.71 g CO2/min) at which the slope of the extraction curve coincided with the 

solubility determined using glass beads (𝑦𝑠=8.60 mg/g at 350 bar and 40 °C).  

Figure 5.4a reports the oil yield versus CO2 consumption and Figure 5.4b reports 

the oil yield versus time. The higher was the flow rate, the higher the extraction rate 

(Figure 5.4b), in line with an increase in both the external and internal mass transfer 

parameters (Table 5.3). While the increase in 𝑘𝑓𝑎0 at increasing flow rate was expected, 

the increase in 𝑘𝑠𝑎0 at increasing flow rate is difficult to explain, as the particle diameters 

were very similar for the various tests and 𝑘𝑠 should not depend on flow rate on a 
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theoretical basis. Anyway, such kind of anomalous dependence was already previously 

found in the literature [151,160]. Thus, the higher was the flow rate, the lower the 

extraction time. But, conversely, the specific consumption of the solvent increased at 

increasing SC-CO2 flow rate (Figure 5.4a). Ultimately, for commercial applications the 

solvent flow rate has to be optimized in terms of extraction time and solvent volume used 

per operation. 

 

 

Figure 5.4: Extraction curves at different solvent flow rates. (a) oil yield versus solvent 

consumption; (b) oil yield versus time. The operating conditions are reported in Table 5.3. 
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Table 5.3: Operating conditions and estimated model adjustable parameters for different flow rates 

(𝑇 = 40 °𝐶, 𝑃 = 350 𝑏𝑎𝑟 , 𝑦𝑠 = 8.60 𝑚𝑔 𝑔⁄ , 𝜀 = 0.41, 𝑥0 = 0.120) 

𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝒅𝒑(𝒎𝒎) 𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

4.71 0.42 0.52 0.384 2.30 0.497 1.95 

7.45 0.43 0.62 0.698 5.04 0.407 1.51 

8.43 0.41 0.57 1.002 8.87 0.476 1.87 

10.22 0.43 0.78 1.270 9.73 0.573 3.93 

 

Table 5.4: Operating conditions and estimated model adjustable parameters for different particle sizes 

(𝑇 = 50 °𝐶, 𝑃 = 500 𝑏𝑎𝑟 , 𝑦𝑠 = 13.4 𝑚𝑔 𝑔,⁄ 𝜀 = 0.41, 𝑥0 = 0.167) 

𝒅𝒑(𝒎𝒎) 𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

0.41 7.34 0.81 0.326 4.98 0.490 1.49 

0.45 7.19 0.67 0.427 2.44 1.140 4.78 

0.59 7.46 0.55 0.242 2.56 0.993 3.92 

0.75 7.31 0.39 0.611 1.98 0.483 2.80 
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5.4.4 Effect of particle diameter  

Figure 5.5 shows the extraction kinetic curves for four different particle 

diameters, namely: 0.41, 0.45, 0.59 and 0.75 mm. The other extraction conditions were as 

follows: flow rate of 7.33±0.10 g CO2/min, pressure of 500 bar, temperature of 50 
o
C. 

Figure 5.5 testifies that the asymptotic oil yield decreased with the increase in particle 

size. Fine particles are easier to extract because they have large surface area per unit 

volume, contain a high percentage of “free oil” and require less distance for the “tied oil” 

to reach the surface, which reduces the internal mass transfer resistance [4]. The results 

reported in Table 5.4 are fully consistent with the above statements: 𝑘𝑠𝑎𝑜 and the 

grinding efficiency G gradually decrease with the increase in particle size. Figure 5.5 

clearly shows that the initial slope of the extraction curves overlap, which can also be 

verified from the values of the external mass transfer parameter (𝑘𝑓𝑎0) of Table 5.4: the 

values are in the same order of magnitude without any specific trend.  

 

Figure 5.5: Extraction curves at different particle diameters: oil yield versus solvent 

consumption. The operating conditions are reported in Table 5.4. 
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5.4.5 Effect of bed porosity 

The effect of the bed porosity (or, equivalently, bed void fraction) on the 

extraction kinetics was evaluated with bed void fraction in the range 10-41%. The other 

extraction conditions were as follows: pressure of 500 bar, temperature of 50 
o
C, flow 

rate of 8.60±0.23 g CO2/min, particle diameter of 0.44±0.04 mm. In all the cases the 

extractor basket was full, but compacted to a different degree. In the case of 𝜀=0.41, the 

bed of particles was not compacted at all. Consequently, each test was characterized by a 

different amount of substrate charged into the extractor basket.  

The extraction kinetic curves are presented in Figure 5.6a (oil yield versus CO2 

consumption) and Figure 5.6b (oil extracted versus time). The choice of reporting in the 

y-axis of Figure 5.6b the oil (instead than the oil yield) allows for a correct quantification 

of the oil extraction rate. It is remarkable that, in the initial stage of the process, the 

extraction rate did not depend on the bed porosity when this parameter was in range 0.23-

0.41 (Figure 5.6b). A further decrease of the bed porosity to 0.10 had a negative effect on 

the extraction rate, which was probably due to flow inhomogeneity (channeling) due to 

the high compaction degree. Another potential cause is the reduced residence time of the 

solvent into the extractor at the reduced bed porosity: the CO2 residence time decreased 

from about 270 s at 𝜀=0.41 to about 70 s at 𝜀=0.10. 

The values of the external and internal mass transfer parameters are quite similar 

for bed porosity in the range 0.23-0.41 (Table 5.5). Conversely, the value of both 

parameters drops down at bed porosity equal to 0.10. Vice-versa, the value of the 

grinding efficiency 𝐺 is very large for 𝜀=0.10. This was rather unexpected considering 

than 𝐺 should reflect the particle diameter, which is quite similar for all the tests this 

Section refers to. A possible explanation could be that the best fitting procedure has to 

cope with an extraction initial slope (too) much lower than the oil solubility. The only 

way the model can fit such a curve (low initial slope) is to assume a very low value for 

the external mass transfer parameter (𝑘𝑓𝑎0). In the following extraction stage, the model 

compensates by a large value of 𝐺. If this was the case, the goodness of the value of the 

adjustable parameters reported in Table 5.5 for 𝜀=0.10 would go beyond their physical 

meaning, and therefore these values should be considered with caution. 
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Figure 5.6: Extraction curves at different particle bed porosity. (a) oil yield versus solvent 

consumption; (b) oil extracted versus time. The operating conditions are reported in Table 

5.5. 
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Table 5.5: Operating conditions and estimated model adjustable parameters for different bed porosity. 

(𝑇 = 50 °𝐶, 𝑃 = 500 𝑏𝑎𝑟 , 𝑦𝑠 = 13.4 𝑚𝑔 𝑔⁄ , 𝑥0 = 0.167) 

𝜺 𝒅𝒑(𝒎𝒎) 𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

0.41 0.38 8.84 0.81 0.633 9.63 0.417 2.31 

0.32 0.47 8.38 0.72 0.487 11.4 1.129 5.39 

0.23 0.43 8.63 0.86 0.549 10.8 0.451 2.02 

0.10 0.47 8.43 0.93 0.177 2.33 0.974 1.44 

 

Table 5.6: Operating conditions and estimated model adjustable parameters for different D/L  

(𝑇 = 40 °𝐶, 𝑃 = 350 𝑏𝑎𝑟 , 𝑦𝑠 = 8.60 𝑚𝑔 𝑔⁄ , 𝑥0 = 0.147). 

𝑫/𝑳 𝒅𝒑(𝒎𝒎) 𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

0.53 0.47 6.11 0.66 0.679 3.03 0.998 2.97 

0.26 0.40 12.97 0.68 0.871 2.47 0.748 6.13 

0.11 0.38 32.78 0.75 1.009 4.95 0.594 3.16 

 

Table 5.7: Operating conditions and estimated model adjustable parameters for different extractor free volume 

(𝑇 = 50 °𝐶, 𝑃 = 500 𝑏𝑎𝑟 , 𝑦𝑠 = 13.4 𝑚𝑔 𝑔⁄ , 𝑚𝑠𝑒𝑒𝑑𝑠 = 100 𝑔, 𝑥0 = 0.167) 

𝑽 (%) 𝒅𝒑(𝒎𝒎) 𝑭(𝒈 𝐦𝐢𝐧 )⁄  𝑮 𝒌𝒇𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟐 𝒌𝒔𝒂𝟎(𝐬−𝟏)𝐱𝟏𝟎𝟓 𝑹𝑴𝑺𝑬𝐱𝟏𝟎𝟐 𝑨𝑨𝑹𝑫 (%) 

10 0.47 8.43 0.93 0.177 2.33 0.974 1.44 

55 0.44 8.87 0.69 0.466 8.37 0.489 1.21 

82 0.44 8.35 0.62 0.243 3.52 1.244 2.85 
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5.4.6 Effect of extractor diameter to length ratio (D/L) 

Figure 5.7 shows the effect of D/L on the extraction kinetics. As mentioned in 

Section 5.2.2, three extraction baskets having the same diameter but different lengths 

were utilized. To maintain constant the bed porosity (ε=0.41) in all the three extractors, 

65, 130 and 325 g of solid matrix were charged, respectively, in the basket of 0.1, 0.2 and 

0.5 L volume. To preserve a constant solvent residence time, the ratio of mass of substrate 

to CO2 flow rate was kept constant roughly at 10 g seeds/g CO2/min. This approach is 

often selected as scale-up criterion in SC-CO2 extraction process development [161]. The 

values of solvent flow rate are reported in Table 5.6: correspondingly, the superficial SC-

CO2 velocity increased from 0.084 mm/s for the 0.1 L basket to 0.45 mm/s for the 0.5 L 

basket. The other extraction conditions were as follows: pressure of 350 bar, temperature 

of 40 
o
C, particle diameter of 0.42±0.04 mm. 

 

Figure 5.7: Extraction curves at different extractor diameter to length ratios: oil yield 

versus solvent consumption. The operating conditions are reported in Table 5.6. 

The extraction rate increased when D/L decreased, i.e. the longer was the 

extractor basket, the lower the specific solvent consumption: Figure 5.7. Importantly, in 

these experimental runs it is believed that the solvent was not fully saturated by the 
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solute. According to the results of Section 5.4.3, for grape seeds the saturation occurred at 

values of about 14 g seeds/g CO2/min. The differences in extraction rate when varying 

D/L are reflected in the values of the external mass transfer parameter: the lower was 

D/L, the higher 𝑘𝑓𝑎0 (Table 5.6). This result is clearly consistent with the dependence of 

𝑘𝑓 on solvent flow rate. The values of the grinding efficiency 𝐺 are consistent with the 

small differences in the particle diameters. No specific trend can be observed for 𝑘𝑠𝑎0. 

5.4.7 Extractor free volume 

The extractor free volume υ is different from the extractor bed porosity 𝜀 

discussed in Section 5.4.5. In this case, there can be an empty space above the solid 

matrix in the extractor basket. The extractor free volume accounts also for this empty 

space. The extractor free volume was thus computed as the percentage of empty space in 

the extractor: 

𝜐 = 100 (𝑉𝑒𝑥𝑡𝑟 − 𝑉𝑠𝑒𝑒𝑑𝑠) 𝑉𝑒𝑥𝑡𝑟⁄                                                                                             (5.1) 

The same mass of grape seeds (100 g) was utilized inside the three different 

extraction baskets. In the case of the smallest extractor, the test is actually the same 

already utilized in the discussion of Section 5.4.5 concerning bed porosity; i.e. for 

𝑉𝑒𝑥𝑡𝑟=0.1 L, the indication of a free volume 𝜐=10% (Figure 5.8) coincides with 𝜀=0.10 

(Figures 5.6a and b). In that case the matrix completely filled the basket. Conversely, the 

extractor basket of 0.2 L was roughly half full, and that of 0.5 L was empty for more than 

three quarters. 

In the case of the 0.2 L (𝜐=0.55) and 0.5 L (𝜐=0.82) extractors, the extraction 

curves mostly overlap (Figure 5.8). But, when analyzing Table 5.7, the corresponding 

values of the external and internal mass transfer parameters are unexpectedly different. 

One possible explanation is that the model was utilized outside its validity range. In other 

words, reasonably is not physically consistent to let the value of the bed porosity (model 

variable) equal to the extractor free volume calculated according to Eq. (5.1). This is most 

likely the case considering, in addition, that it is not known what is happening inside the 

extractor basket under these conditions. Grape seed particles have a mean density greater 

(but not so dissimilar) than that of SC-CO2 and the extractor is operated in the down-flow 

mode. This would suggest that the bed of particles stays stable at the bottom of the 

basket. Nevertheless, it cannot be a priori excluded that the bed of particles (or a portion 
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of it) spreads along the entire volume of the extractor basket. In addition, it is not known 

is the plug flow assumption is still applicable. To get a clearer picture, further 

investigation is required. At this stage, the (quite random) values of the model adjustable 

parameters of Table 5.7 should be considered with caution, while the experimental trends 

of Figure 5.8 maintain their scientific interest. 

 

Figure 5.8: Extraction curves at different extractor free volume: oil yield versus solvent 

consumption. The operating conditions are reported in Table 5.7. 

5.4.8 Effect of grape cultivars 

Figure 5.9 shows a selection of extraction kinetic curves for all the six cultivars: the 

yield, expressed as gram of extracted oil per gram of seeds, is reported versus the 

extraction time. The experiment in this case is conducted at pressure 500 bar and 

temperature of 50 °C. The curves show the typical linear trend at the beginning, due to free 

oil extraction, followed by a decrease in the extraction rate due to the slower tied oil 

extraction. The extraction curves almost overlap in linear part for all the cultivars, and the 

small differences could be due to a slightly different solvent flow rate (manually 

controlled) in the various tests. Table 5.8 reports, for a selection of experimental tests, the 

operating conditions and the key parameters affecting mass transfer: internal and external 

mass transfer parameters and grinding efficiency. Each curve was modeled separately. The 

dimension of the milled seed particles was expressed in terms of the Sauter mean diameter 

(Smd), calculated after accurate measurement of the granulometric distribution of the 
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particle populations. A narrow range was observed for all the samples, with Smd values in 

the range 0.23-0.49 mm. The 𝑘𝑓𝑎𝑝 resulted in the range 1-5 10
-2

 s
-1

, due to variations in 

flow rate and Smd, the external mass transfer parameter, 𝑘𝑠𝑎𝑝, resulted in the range 0.4-6 

10
-4

 s
-1

, and most of the values were around 10
-4

 s
-1

. Values of 0.7-1.5 10
-5

 s
-1

 where 

obtained by Sovová et al. [14] for grape seeds of a un-specified cultivar. Actually, the 

authors [14] specified that the values they obtained were one or two orders of magnitude 

lower than other values from literature. 

 

Figure 5.9: Extraction curves at different grape cultivars: oil yield versus extraction time. 

The operating conditions are reported in Table 5.8. 

At this stage, it is not possible to state that the scatter of the 𝑘𝑠𝑎𝑝 values - one order 

of magnitude - was due to the different vegetable structure (permeability to the oil) of the 

different grape seeds.  In fact, the values obtained here allowed to state that for all grape 

cultivars (or at least for the six here analyzed) 𝑘𝑠𝑎𝑝 can be assumed equal to 10
-4

 s
-1

 (or, to 

be conservative, equal to 1x10
-5

 s
-1

 the lowest value in all the experiment when addressing 

process scale up by using the Sovová model). Values in the range 0.43-0.75 were identified 

for the grinding efficiency G, with most of the values in the narrow range 0.60-0.70. As 

expected, the lower the Smd, the higher the value of G, and vice versa (Table 5.8). 

Table 5.8 also reports the values of the indicators chosen to evaluate the capability of the 

model in fitting the experimental data. AARD values from 0.39 to 3.61% and RMSE from 

3.7 10
-3

-2.95 10
-2

 were obtained, demonstrating an extremely good fitting of the model to 

the experimental data, as it is also self-evident from Figure 5.9. 
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Table 5.8: Operating conditions, mass transfer parameters and grinding efficiency (ks ap and G from best fitting), and modeling errors for SC-

CO2 extractions - cultivar (Cv) 2012. 

Cv T 

(°C) 

P (bar) Smd (mm) Flow (g 

CO2/min) 

kf ap (sec
-1

) 𝐱10
2
 ks ap (sec

-1
) 𝐱10

4
 G RMSE𝐱10

2
 AARD (%) 

 

BA 

 

50 

 

500 

0.40 7.58 2.25 1.67 0.54 0.74 1.48 

0.36 7.67 2.66 1.13 0.64 0.73 1.25 

 

CH 

 

50 

 

500 

0.27 7.56 4.06 2.80 0.67 0.82 1.62 

0.27 9.89 4.64 2.95 0.69 2.76 3.59 

 

MO 

 

50 

 

500 

0.28 7.11 3.73 0.96 0.67 0.56 0.39 

0.24 8.87 5.25 0.62 0.70 1.87 2.63 

 

NE 

 

50 

 

500 

0.49 7.26 1.63 3.66 0.43 0.63 2.17 

0.39 7.27 2.29 1.21 0.62 1.26 2.04 

 

PI 

 

50 

 

500 

0.36 7.99 2.71 5.98 0.63 0.54 0.67 

0.25 9.40 3.79 1.24 0.69 1.38 1.70 

 

MT 

 

50 

 

500 

0.34 7.27 2.78 0.83 0.63 0.70 2.38 

0.23 8.70 5.47 1.13 0.68 0.62 2.28 
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5.4.9 Critical evaluation of the key-parameters affecting extraction kinetics 

This section addresses the modeling output from best fitting of experimental data, 

i.e. the values already presented in Tables 5.1 to 5.7 which have been here appropriately 

rearranged: namely, the amount of free oil and the external and internal mass transfer 

coefficients. 

The mass fraction of free oil (g free oil/g seeds) is given by 𝐺𝑥0 [110]. 𝐺𝑥0 can be 

compared to the volume fraction of free oil 𝜙𝑓   (cm
3
 free oil/cm

3
 seed particle) as 

proposed by Reverchon and Marrone [112,162]: Refer to equations in chapter 3 

𝜙𝑓 = 3 𝑑𝑐 𝑑𝑝⁄                                                                                                                                (5.2)    

and to the value of such variable as later modified by Fiori and Costa [113] by 

introducing a free oil correction factor  which takes into account the amount of oil 

characteristic of the vegetable species (=0.472 for grape seeds [113]): The discussion of 

this concept is made in Chapter 3, and Eq.s (3.11 and 3.12) is reproduced here for clarity.  

𝜙𝑓
∗ = 3 𝛼 𝑑𝑐 𝑑𝑝⁄                                                                                                                            (3.12)   

where 𝑑𝑐 is the diameter of the oil bearing cell (𝑑𝑐=20 m for grape seeds [104,112]). 

Figure 5.10 reports the values of 𝐺𝑥𝑜, 𝜙𝑓   and   𝜙𝑓
∗  as a function of the mean particle 

diameter. 𝐺𝑥𝑜 values (represented as circles in Figure 5.10) were calculated from the 

values of Tables 5.1 to 5.7.  

The questionable results of Table 5.7 were represented as empty circles in Figure 

5.10. 𝐺𝑥𝑜 values show the expected decreasing trend as 𝑑𝑝   increases. Even if they exhibit 

not negligible scattering, it is worth noticing that they locate between curves 𝜙𝑓 and 𝜙𝑓
∗, 

testifying that the free oil content by the BIC model of Sovovà [4] is comparable to the free 

oil by the BIC model by Reverchon and Marrone [112,162] and its modification by Fiori 

and Costa [40]. Importantly, similar amount of free oil results also from the BIC-SC 

models by Fiori when adopting the double shell hypothesis [104,155], as it was previously 

discussed [113]. 
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Figure 5.10: Free oil amount versus particle diameter. 𝐺𝑥0: g free oil/g seeds; 𝜙𝑓    and 

  𝜙𝑓
∗: cm

3
 free oil/cm

3
 seed particle. Filled circles: significant data. Empty circles: 

questionable data from Table 5.7. 

The values of the external and internal mass transfer coefficients can be computed from 

the values reported in Tables 5.1 to 5.7 and resorting to Eq. (3.11) to estimate 𝑎0: 

 

𝑎0 = 6
1 − 𝜀

𝑑𝑝
                                                                                                                                ( 3.11) 

 The 𝑘𝑓 values can be compared with the values predicted using various literature 

correlations valid for packed beds operating with supercritical fluids. Figure 5.11 shows, 

on a parity plot, the 𝑘𝑓 values here obtained (𝑘𝑓 𝑀𝑜𝑑) and the 𝑘𝑓 values obtained using the 

correlation proposed by Mongkholkhajornsilp et al.[163] (𝑘𝑓 𝑀𝐷𝐷𝐸𝑇𝑃). Such a correlation 

was chosen considering that it applies to low Reynolds number (Re) like those 

characterizing the tests performed (0.25Re0.66 for all the tests but one where 

Re=1.59). To calculate 𝑘𝑓 𝑀𝐷𝐷𝐸𝑇𝑃 , the density and viscosity of the supercritical fluid were 

assumed as those of pure CO2 as available in the NIST database [164]. The value of the 

binary diffusion coefficient 𝐷𝑚 of oil in SC-CO2 was estimated using the correlation by 

Catchpole and King [165], simplifying the oil as consisting of triolein.  
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Figure 5.11: Comparison between the external mass transfer coefficient by this work 

(𝑘𝑓 𝑀𝑜𝑑) and the external mass transfer coefficient by the correlation proposed by 

Mongkholkhajornsilp et al. [163] (𝑘𝑓 𝑀𝐷𝐷𝐸𝑇𝑃). Filled circles: significant data. Empty 

circles: questionable data from Table 5.7. 

 

Figure 5.11 testifies that the 𝑘𝑓 values here obtained are up to an order of 

magnitude lower than the theoretical values: in most cases 0.2𝑘𝑓 𝑀𝐷𝐷𝐸𝑇𝑃   

𝑘𝑓 𝑀𝑜𝑑0.5𝑘𝑓 𝑀𝐷𝐷𝐸𝑇𝑃. For further comparison, theoretical values of the external mass 

transfer coefficient were calculated using the correlation of Puiggene et al. [166] (𝑘𝑓 𝑃𝐿𝑅), 

which is actually valid for higher Re (10Re<100). Similar results were also obtained in 

this case: 0.1𝑘𝑓 𝑃𝐿𝑅𝑘𝑓 𝑀𝑜𝑑0.5𝑘𝑓 𝑃𝐿𝑅 . To summarize, it is possible to affirm that the 𝑘𝑓 

values computed in the present investigation, even if a little smaller, are in reasonably 

agreement with theoretical values. 

Theoretically, the internal mass transfer coefficient should not depend on SC-CO2 

flow rate and bed porosity, while it should depend (to a small extent) on pressure and 

temperature and (to a large extent) on particle diameter. In an attempt to take account of 

these dependencies, del Valle et al. [167] proposed the utilization of the dimensionless 
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number referred as microstructural correction factor 𝐹𝑀 which, after simple 

rearrangements, can be written as: 

𝐹𝑀 = 𝑘𝑠𝑑𝑝 𝐷𝑚⁄                                                                                                                              ( 5.3)  

Figure 5.12 reports 𝐹𝑀 calculated according to Eq. (5.3) versus the particle diameter. 

Values range between 2 10
-4

 and 1.5 10
-3

, varying by almost one order of magnitude. 

Referring to the data obtained when studying the effect of the particle size (i.e. those 

deducted from Table 5.4 and indicated in Figure 5.12 with the symbol “star”) the scatter 

reduces significantly. On the one hand, this indicates that Eq. (5.3) manages to handle 

quite satisfactorily the dependence of 𝑘𝑠  on 𝑑𝑝; on the other hand, it is self-evident that 

the 𝑘𝑠  data here obtained suffer from an intrinsic scatter which goes beyond the 

theoretical dependence of 𝑘𝑠 on the operating variables. 

 

Figure 5.12: 𝐹𝑀 = 𝑘𝑠𝑑𝑝 𝐷𝑚⁄  versus particle diameter. Filled circles: significant data. 

Empty circles: questionable data from Table 5.7. “Star” symbols: data relevant to Table 

5.4. 

 

 

 

 



 

 Chapter 5 

 

77 

 

5.5  Conclusions 

The effect of the main process variables affecting the supercritical CO2 (SC-CO2) 

extraction of oil from seeds (namely grape seeds) was investigated, both experimentally 

and trough modeling. The extraction rate increased with an increase in pressure, 

temperature and solvent flow rate (but in this case the CO2 specific consumption also 

increased). At a fixed ratio of mass of seeds to solvent flow rate, decreasing the extractor 

diameter to length ratio allowed to reduce the CO2 specific consumption. An extractor 

bed porosity in the range of 0.23-0.41 had no effect of the extraction kinetics, but a 

further decrease in bed porosity resulted detrimental, probably due to the occurring of 

channeling. The particle size had no effect on the initial extraction rate, but reflected on 

the final asymptotic extraction yield, the smaller were the particles, the higher the final 

yield.  

The experimental extraction data were modeled through the BIC model by 

Sovová [4]. Through best fitting procedures, the internal and external mass transfer 

parameters as well as the free oil content were calculated: in most cases their dependence 

on the process variables was as expected. The best fitted values of the model parameters 

were discussed based on literature correlations and other extraction models available in 

the literature. This allowed a critical comparison showing that the values of the external 

mass transfer coefficient here obtained are comparable but slightly lower than those 

theoretically predicted, while the amount of free oil is in very good agreement with that 

foreseen by other extraction models. Finally, the values of the internal mass transfer 

coefficient (rearranged in a dimensionless form) resulted scattered by almost one order of 

magnitude. The BIC model allowed for a very good fitting of the experimental data, with 

maximum root mean square error of 1.20*10
-2

 and percent average absolute relative 

deviation of 6.1% considering all the investigated conditions. 

 





 

 

 

 

 

Chapter 6

 

6. Subcritical water Extraction of polyphenols 

from grape skins and defatted grape seeds  

In this Chapter, the attention is moved to the utilization of grape skins and 

defatted grape seeds. Polyphenols were extracted from grape skins and defatted grape 

seeds (cultivar: Pinot Nero) by using subcritical water in a semi-continuous mode. The 

extraction kinetics was simulated by a simple model from literature. The present research 

outlines the potentialities of using subcritical water for extracting valuable polyphenols 

from food processing by-products, and the effect of the operating conditions on extraction 

kinetics.  

6.1  Introduction 

The uses of subcritical water (SW) as an extraction solvent for natural products 

were recently presented by several authors; interesting literature reviews on the topic are 

also available [41,54–56]. It has been widely reported that the solubility of organic 

compounds in SW depends on several factors like chain length, type and position of side 

groups, molecular weight, position of hydrogen bonding etc. of the solute being 

solubilized [41]. An increase in temperature results in reduction of hydrogen bonding 

strength in water, which makes the water a solvent of less polarity which in turn increases 

the solubility of some organic compounds. As polyphenols contain a wide range of 

compounds, the optimum solubility within SW depends on the proper selection of the 

operating conditions. 

Some works used SW for the extraction of high added valued compounds from 

                                                
 Part of the present Chapter has been published as: Kurabachew Simon Duba, Alessandro Alberto 

Casazza, Hatem Ben Mohamed, Patrizia Perego, Luca Fiori.  Extraction of Total Polyphenols from Grape 

Skins and Defatted Grape Seeds using Subcritical Water: Experiment and Modeling. Food and Bioproducts 

Processing 94 (2015) 29–38 
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wine-making by-product; to point out some: Aliakbarian et al. [58] studied SW extraction 

of phenolic compounds from grape pomace. Bucić-Kojić et al. [168] investigated the 

effect of the temperature on the extraction kinetics of phenolic compounds from grape 

seeds utilizing a water-ethanol mixture, operating in the batch mode. Monrad et al. [60] 

extracted anthocyanins and flavan-3-ols from red grape pomace using SW in a modified 

oilseed expeller operating in the continuous mode. Prado et al. [72] hydrolyzed in SW 

defatted grape seeds in order to obtain sugars. Vergara-Salinas et al. [61] extracted grape 

pomace with SW in order to evaluate the variation in the chemical and biological 

antioxidant activity of the extracts when using different extraction temperatures. 

In this work, SW extraction of polyphenols from Pinot Nero grape skins and 

defatted seeds was investigated at constant pressure of 10 MPa and flow rate of 2-5 

mL/min, under three operating temperatures, namely 80, 100 and 120 °C. The extraction 

kinetics was modeled and discussed. 

6.2  Material and Methods 

6.2.1 Defatting of grape seeds 

The defatting pre-treatment was done with a supercritical CO2 (SC-CO2) 

equipment (Proras, Rome, Italy) whose design was previously described in Chapter 2 and 

detailed in [13]. Also the procedure utilized was exactly the same as that detailed in 

Chapter 2.  The extractor basket utilized in this study had an internal volume of 100 mL 

and was charged with 65 g of milled grape seeds. Pressure, temperature, and CO2 flow 

rate were kept constant during the extraction process at 50 MPa, 50 °C, and 8 g/min – 

CO2, respectively. The extraction process was stopped when no more oil was extracted 

from the matrix, which was assumed to be completely defatted. The resulting oil yield 

resulted equal to 15.5±0.5 goil/gseeds.  

6.2.2 Subcritical water extraction 

In order to perform the SW extractions, the same equipment (Proras, Rome, Italy) 

previously utilized for defatting the grape seeds was utilized with minor plant 

modifications as shown in Figure 6.1. A nitrogen line was connected to the extractor to 

purge the system before extraction and to de-oxygenate the deionized water utilized as 
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solvent. During the entire SW extraction process, the CO2 feed line remained closed. The 

extractor (100 mL volume) was half filled with glass beads, then further with the 

substrate to be extracted (2 g), finally with other glass beads till it was completely filled. 

The extractor was then closed. 

In order to remove O2 from the deionized water used as solvent, N2 was bubbled 

into the water tank for 15 min while the tank remained open. The oxygen inside the 

extractor and in the pipe lines was removed by letting N2 pass through the system for 5 

min. During this phase, the back-pressure valve at the extractor outlet was maintained 

open. After N2 purging, the back-pressure valve was closed and the extractor temperature 

control loop was put in auto mode letting the system reaching the desired set point 

extraction temperature. Then the water was pumped to the extractor by means of a HPLC 

pump (Gilson, Middleton, USA) – water pump in Figure 6.1. As a result of this, the 

desired pressure was attained. The set point extraction pressure was maintained setting its 

value as the maximum pressure value of the HPLC pump. 

 

Figure 6.1: P&ID of the extraction equipment 

The process was kept in static extraction mode for 20 min before back pressure valve was 

partially opened and dynamic extraction started. The solvent flow rate resulted from the 

set point value given to the HPLC pump and the back pressure valve. The 
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water/polyphenols extract was collected every 20 min during the 2 h extraction time. At 

the end of the extraction time, the water pump was stopped and the solvent inside the 

extractor was drained out by opening a drain valve placed in a “tee” on the outlet pipe of 

the extractor (Figure 6.1). As a result of this procedure, samples were collected after 20, 

40, 60, 80, 100, and 120 min. Moreover, in order to quantify all the extracted 

polyphenols, one more sample was collected after the final drainage of the extractor. The 

extracts were brought to a final volume of 13 mL using a rotary evaporator (Heidolph, 

Schwabach, Germany). The concentrates were stored at -20 °C before analysis. 

6.2.3 Determination of total polyphenol  

The total polyphenol (TP) content was determined by a colorimetric method using 

the Folin-Ciocalteu assay resorting to the same procedure as previously reported [169]. 

Measures were carried out at 725 nm using a UV-Vis spectrophotometer, model Lambda 

25 (Perkin Elmer, Wellesley, MA) and the calibration curve was made with standard 

solutions of gallic acid in the range 0.01-1.00 mg/mL. All analyses were performed in 

triplicate. TP yield was expressed as milligrams of equivalent gallic acid per gram of 

dried substrate (mgGAE/g). The method response was described by the linear equation: 

TPABS 0017.0725   (6.1) 

with R
2
 = 0.9940. 

6.3  Modeling 

The SW extraction kinetics of TP was modeled by the so-called “two-site kinetic 

model”. The literature reports that this model was applied to the SW extraction of essential 

oil from savory [170] and Z. Multiflora [171], an anti-cancer compound (damnacanthal) 

from roots of Morinda [172], and polycyclic aromatic hydrocarbons from contaminated 

soils [173]. The model is an extension of the “one-site kinetic model”, mostly referred as 

Crank’s [98] hot ball diffusion model, which is based on Fick’s second law of diffusion and 

exploits the similarities with the diffusion of heat in a spherical hot ball cooling down in a 

uniform medium. It assumes that initially the solute is uniformly distributed in the solid 

matrix, which contains small quantities of extractable materials so that the extraction is not 

limited by solubility, i.e. the solute never saturates the solvent. 
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The two-site kinetic model considers a fast and a slow extraction period relevant to 

two different solute fractions. The desorption rate of fast extracted fraction of polyphenols, 

F , is given by first-order rate constant k1, and that of slowly released fraction (1 − F) is 

given by first-order rate constant k2 [170]. Thus, the extraction profile is given by Eq. (2). 

    tktk
eFFeCC 21 11/ 0




 
 

(6.2) 

Where, 𝐶 is the mass of TP extracted per mass of substrate, 𝐶𝑜 is the initial mass of TP per 

mass of substrate, and t is time.  

A more explicit form of Eq. (6.2) is given by Sovová [97] for the extraction of 

solutes under the assumption of mixed flow conditions and with the existence of solute-

matrix interactions. According to Sovová [97], the first-order rate constants, represented as 

lumped parameters k1 and k2, are expressed by Eq.s (6.3) and (6.4). 
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  (6.3) 

Where Q is specific solvent flow rate, Km is mass partition coefficient, ε is bed void 

fraction, γ is solvent-to-solid mass ratio in the extractor, kf is mass transfer coefficient in 

the fluid, a0 is specific surface area, λ is characteristic particle dimension (volume-to-

surface ratio), R is particle radius, and De is effective diffusion coefficient. 

In order to reduce the number of model adjustable parameters, reference was done 

to the well-known representation referred as “broken and intact cells model” [4] which is 

largely used in the extraction of solutes from solid substrates (also see Chapter 3). Under 

this assumption, the solutes are contained in cells of the plant matrix and, as a result of 

mechanical milling pretreatment, some cells in the solids are broken and the remaining 

cells in the core of the particles are intact. The solute in the broken cell is directly exposed 

to the particle surface and can be easily extracted (fast desorption): this solute is referred as 

“free solute” and the extraction rate depends on first-order rate constant k1. Conversely, the 

solute in the intact cells is much more difficult to extract due to the high mass transfer 

resistance inside the particle itself: in this case the solute is referred as “tied solute” and the 



 

 Subcritical water Extraction of polyphenols from grape skins and defatted grape seeds  

  

 

84 

extraction rate depends on k2. Such a schematization thus establishes a link between the 

two extraction rate constants and two solute fractions, referred as “free” and “tied” on the 

basis of their availability due to their location inside the substrate. It is worth underlining 

that, in an alternative description,  k1 and  k2 can be related to two solute fractions or 

classes having different solubility: actually, polyphenols consist in a mixture of substances 

of very different solubility in SW. 

The value of 𝐹 was determined following the approach of Reverchon and Marrone 

[112], who assumed that the particle surface is completely covered with free solute and the 

thickness of this layer is equal to the radius of solute bearing cell. For grape seed oil 

supercritical CO2 extraction, Fiori et al. [104] found a better agreement between 

experimental data and model predictions by doubling the thickness of this layer under what 

was called “double shell hypothesis”. Combining the two approaches 𝐹 is given by Eq. 

(6.5). 

pc ddF 6  (6.5) 

Where dp is the mean diameter of the particle (0.5 mm) and dc is the solute bearing cell 

diameter. The solute bearing cell diameter was set equal to 20 μm, value previously 

measured for grape seeds using scanning electron microscope [104].  

Accordingly, the value of F=0.24 was taken for all the investigated conditions. It is 

worth underlining that such a value of F derives from a schematization of the physical and 

geometrical characteristics of milled grape seed particles. Considering the good modeling 

results (see Section 6.5.4), F=0.24 was utilized also for slab-like milled grape skin 

particles, even if in this case there was no direct correlation with the morphological 

characteristics of the substrate. 

The model, written as a MATLAB™ code, was utilized in best-fitting the 

experimental data according to the least square minimization technique by using 

 k1 and k2 as the model adjustable parameters. The goodness of the model fitting to 

experimental data was assessed considering two statistical criteria, the percent average 

absolute relative deviation (AARD (%)), calculated according to Eq. (3.13), and the root 

mean square error (RMSE), given by Eq.(3.14) of  Chapter 3. 
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6.4  Statistical analysis 

Influences of the TP yields were assessed by analysis of variance (ANOVA) and 

Tukey’s post hoc test [174]. Multiple comparison of the means was made by the least 

significant difference test at p = 0.05. The Statistica v. 6.0 software (StatSoft, Tulsa, OK, 

USA) was used for the analysis. 

6.5  Results and Discussion 

6.5.1 Total Polyphenol Yields 

The TP extraction yield for both grape skins and defatted seeds at different 

temperatures is presented in Table 6.1. All the data points represent the average of at least 

two repeated extractions, each analyzed for TP in triplicate.  

Table 6.1: Extraction yield of TP for Pinot Nero grape skins and defatted seeds 

 

Temp.(
o
C) 

Skins TP (mgGAE/g) Defatted seeds TP (mgGAE/g) 

2 mL/min 5 mL/min 2 mL/min 

80 44.3±0.4
a
 41±2

a
 44±2

a
 

100 66±4
b
 55±1

b
 102±2

b
 

120 77±3
c
 58±3

b
 124±1

c
 

Different letters (a-c) within columns show significant differences at p < 0.05 

The TP yield increased with temperature for both skins and defatted seeds, while it 

decreased when the flow rate increased from 2 to 5 ml/min. In principle, it could be 

expected that, for a fixed extraction duration, a higher solvent flow rate would reflect in 

higher extraction yield. This behavior, quite common in the literature addressing standard 

extraction processes, was observed for SW extraction by Khajenoori et al. [171]. These 

authors experienced an increase in yield at increasing solvent flow rate during the SW 

extraction of essential oil from Zataria multiflora [171]. 

Conversely, the present work shows an opposite behavior, also confirmed by some 

other works in the literature. Rangsriwong et al. [175] observed a decrease in corilagin 

extraction yield from Terminalia chebula Retz when increasing the SW flow rate. 

According to the authors, this was probably due to the action of the higher amount of 

hydronium and hydroxide ions which passed through the substrate, reacting to some extent 
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with the solute being extracted [175].  

Pinelo et al. [176] also observed a decrement in polyphenol extraction yield when 

studying the mass transfer during continuous solid–liquid extraction of grape pomace. The 

authors hypothesized that, although higher flow rates favor higher concentration gradients 

between the sample and the solvent, the residence time had a major weight than the 

concentration gradient in the mass transfer mechanisms ascribed to the process [176]. In 

their work, when the flow rate was changed from 3 to 2 mL/min, the polyphenol yield 

increased from 17.0 to 38.1 mgGAE/g, indicating a higher quantity of phenols passing from 

grape pomace to solvent in the second case [176]. 

Another effect can be the cause of the trend here observed. We experienced a 

compaction of the substrate (grape skins) due to the SW extraction process. In the 

experiments, as reported in Section 6.2.3, the milled particles to be extracted were loaded 

in the middle of the extractor, with bottom and top layers filled with glass beads. At the end 

of the extraction operations, the particles resulted in a compact cake and did not dispersed 

through the voids of the glass beads bed. Hence, it is possible to hypothesize that, during 

continuous SW extraction, the compaction degree of the substrate was directly proportional 

to the flow rate, thereby affecting the extraction of solute from this layer either by creating 

local flow inhomogeneity (channeling) or by increasing the internal mass transfer 

resistance. This possible explanation needs further investigation. Given these results and 

considerations, the defatted seeds were extracted only with a flow rate of 2 mL/min. 

6.5.2 Grape skins SW extraction kinetics 

The TP extraction kinetics curves relevant to grape skins at the flow rate of 2 and 5 

mL/min for three operating temperatures of 80, 100 and 120 °C and constant pressure of 10 

MPa are presented in Figures 6.2a and b.  

For both solvent flow rates, the TP yield increased with the increase in temperature. 

At a fixed temperature, the initial rate of extraction was higher at the higher solvent flow 

rate while, conversely, the final yield was higher at the lower solvent flow rate, as 

discussed in Section 6.5.1. Because of these opposing trends, the extraction curves at 

different solvent flow rates crossed each other (see also Figure 6.4 in section 6.5.4). The 

cross over points shifted in time to the left with the increase in temperature. At 80 °C, the 
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two extraction kinetics curves (2 and 5 mL/min) overlapped at the end of the test (120 

min); at 100 °C, they crossed at about 60 min; at 120 °C, they crossed at about 20 min. 

 

 

Figure 6.2: TP yield (mgGAE/g) relevant to SW extraction from grape skins at different 

temperatures. (a) solvent flow rate equal to 2 mL/min; (b) solvent flow rate equal to 5 

mL/min. Experimental data. 

6.5.3 Defatted grape seeds SW extraction kinetics 

For defatted seeds, the experiments were conducted at a flow rate of 2 mL/min. In 
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this case, the TP yields resulted higher than those of skins (see Table 6.1, Figures 6. 2 and 

6.3). It must be stated that the TP yields reported in Table 6.1 are greater than the final 

yields presented in Figures 6.2 and 6.3, because the values of Table 6.1 also accounts for 

the amount of polyphenols in the water drained out from the extractor after the end of the 

two hours extraction period, while in Figures 6.2 and 6.3 only the kinetics data were 

plotted. Even though there is not direct comparison of TP yield from defatted grape seeds 

and skins in the literature relevant to SW extraction (to the best of our knowledge), some 

studies present interesting data which have close links with the results reported in this 

study. It is worth underlining that during the CO2 defatting process the amount of 

polyphenols in the seeds remain unvaried as pure CO2 is incapable of extracting such polar 

compounds, as demonstrated by Fiori et al. [169]. 

 

Figure 6.3: TP yield (mgGAE/g) relevant to SW extraction from defatted grape seeds at 

different temperatures and at a solvent flow rate equal to 2 mL/min. Experimental data. 

Casazza et al. [53] reported a comparison between un-defatted grape seeds and 

skins of Pinot Nero extracted by different non-conventional techniques. They found out 

that TP in seeds is one order of magnitude higher than that in skins, and the yields of TP 

can vary up to 390% simply by changing the extraction technique. Aliakbarian et al. [58] 

performed SW extraction of grape pomace and found a yield of 31 ± 3 mgGAE/g at 

operation conditions of 140 °C and 11.6 MPa when the flow rate was 1-2 mL/min. Bucić-
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Kojić et al. [168] reported a TP yield from grape seeds of 130 mgGAE/g when extracting at a 

temperature of 80 °C using an ethanol-water solution in a batch reactor. Sólyom et al. 

(2014) studied the thermal degradation of grape marc polyphenols; they found a TP yield 

of 83 ± 3 mgGAE/g and hinted that grape marc may preserve at least 90% of the active 

compounds up to 150 °C (in their case the yield at 100 °C was higher than that at 150 °C). 

In fact, wide ranges of TP yields from wine industry by-products are reported in the 

literature due to the several factors which influence the total yield, such as the extraction 

temperature, time, technique, solvent type, cultivars and type of pretreatment. 

6.5.4 Extraction kinetics: modeling results 

The extraction kinetics of both grape skins and defatted seeds was modeled with the 

two-site kinetic model described in Section 6.3. When modeling, the value of 𝐶𝑜 was set 

equal to the maximum extraction yield achieved for the two substrates, i.e. 77 and 124 

mgGAE/g for, respectively, grape skins and defatted seeds (Table 6.1). 

The model curves are reported together with the experimental data in Figures 6.4 

and 6.5. The model adjustable parameters from best fitting are presented in Table 6.2 along 

with the deviation of model predictions from experimental data. There are clear trends for 

both fast and slow desorption rate constants k1 and k2, for both skins and defatted seeds. 

The desorption rate of fast extracted fraction of polyphenols, expressed as first order rate 

constant k1, increases both with temperature and flow rate. Generally, an increase in 

temperature enhances the solvent power of water for little polar organic solutes, while an 

increase in flow rate increases the concentration gradient. As the characteristic particle 

dimensions are similar for both skins and seeds, the increase in  k1 with temperature can be 

explained in terms of the mass partition coefficient of the solute (which is defined as the 

ratio of equilibrium concentration of the solute in the fluid phase at the particle surface to 

the solute concentration in the solid phase). Looking at Eq. (6.3), the first order rate 

constant  k1 is directly proportional to the partition coefficient. So, with the increase in 

temperature the solute partition coefficient will increase, and hence the desorption rate 

constant  k1 will also increase. This can be also observed from Figure 6.4 where the initial 

rate of extraction increases with both temperature and flow, while in the following the flow 

makes an inversion of the trends (see the discussion on crosses over at Section 6.5.2). 

For grape skins, except at the lowest temperature of 80 °C, the desorption rate 
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constant of slowly released fraction k2 decreases when flow rate increases. Consequently, 

the decrease in the TP yield when the flow rate increases incurred in second part of the 

extraction (Figure 6.4) k2 reflects the characteristics of the matrix and should largely 

depend on effective diffusivity, Eq. (6.4). Accordingly, the structure of the bulk material 

must have changed with flow rate as hypothesized in Section 6.5.1. 

 

Figure 6.4: TP yield (dimensionless) relevant to SW extraction from grape skins at 

different temperatures and solvent flow rates. Experimental data and model curves 

When we compare the model parameters for skins and defatted seeds at 2 mL/min, since in 

both cases the experiments were conducted at constant specific flow rate and bed void 

volume, the external mass transfer coefficients  kf are largely expected to be similar. This is 

confirmed by the values of k1 - Table 6.2 - which strongly depend on kf through Eq. (6.3), 

with small variations which can be attributed to the structural difference between skins and 

defatted seeds. 
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Table 6.2: Model adjustable parameters for SW extraction of grape skins and defatted seeds 

 

𝑻 (°𝑪) 

Skins  Defatted seeds 

2 mL/min 5 mL/min 2 mL/min 

𝑘1 

(𝑚𝑖𝑛−1) 

𝑘2 

(𝑚𝑖𝑛−1) 

𝑅𝑀𝑆𝐸

∗ 102 

𝐴𝐴𝑅𝐷 

(%) 

𝑘1 

(𝑚𝑖𝑛−1) 

𝑘2 

(𝑚𝑖𝑛−1) 

𝑅𝑀𝑆𝐸

∗ 102 

𝐴𝐴𝑅𝐷 

(%) 

𝑘1 

(𝑚𝑖𝑛−1) 

𝑘2 

(𝑚𝑖𝑛−1) 

𝑅𝑀𝑆𝐸

∗ 102 

𝐴𝐴𝑅𝐷 

(%) 

80 0.0154 0.0039 2.16 1.19 0.0739     0.0044 5.20 1.99 0.0146 0.0012 0.99 1.27 

100 0.0163 0.0111 1.84 0.57 0.1019     0.0077 3.98 1.38 0.0148 0.0099 1.28 0.66 

120 0.0334 0.0155 3.42 1.22 0.1865     0.0091 4.04 1.21 0.0168 0.0148 9.11 3.78 
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Figure 6.5: TP yield (dimensionless) relevant to SW extraction from defatted grape seeds 

at different temperatures and at a solvent flow rate equal to 2 mL/min. Experimental data 

and model curves 

The deviation between model predictions and experimental data are quantified and 

compared using RMSE and AARD (%), as shown in Table 6.2. Remarkable good 

agreement between model predictions and experimental data was found. Interestingly, the 

values of model adjustable parameters are consistent with the values reported elsewhere in 

the literature and relevant to different substrates and extractable compounds [170–172]. 

Thus, the present results testify that the conventional two-site kinetic model can be 

successfully applied also to the SW extraction of polyphenols from wine-making by-

products. Moreover the model, when supplemented with Eqs. (6.3) and (6.4) for the 

definition of fast and slow extracted fractions rate constant k1 and k2, describes the 

underlining physical phenomena of the SW extraction process, i.e. its dependence on mass 

transfer and partition coefficients. The model is reasonably simple and information 

generated thereof has a vast practical importance especially in scale up and process design.  
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6.6 Conclusions 

Subcritical water extractions of polyphenols from grape skins and defatted grape 

seeds were conducted in semi-continuous extractor. Relatively high yields of total 

polyphenols were obtained for both skins and seeds. Increasing the extraction 

temperature, the total polyphenols yields increased. Increasing the solvent flow rate 

resulted beneficial only in the initial extraction phase, while in the following the 

extraction rate decreased substantially: the final total polyphenols yields were higher for 

the lower solvent flow rate. This aspect can find explanation in degradation phenomena 

as previously reported in the literature or in fluid-dynamic aspects as here inferred 

considering the matrix which compacted due to extraction. 

The kinetics of extraction was modeled by the two-site kinetic model, a simple 

model from literature; remarkable good agreement between model predictions and 

experimental data was observed with root mean square error in the range of 10
-2

-10
-1

 and 

percent average absolute relative deviation of 0.5-4%. The model can be thus utilized for 

predicting the extraction of polyphenols from grape residues and similar substrates and as 

a preliminary tool for designing subcritical water extraction processes. 

 



 

 

 

 

 



 

 

 

 

 

Chapter 7

 

7. Scale-up and Economic Analysis of 

Supercritical CO2 extraction process 

 

In this Chapter, a preliminary feasibility study for the establishment of 

supercritical CO2 (SC-CO2) extraction plant of capacity 3000 ton/yr. grape seeds was 

envisaged. For the proposed production capacity, the total investment requirement was 

estimated at US$13,330,900 out of which US$ 4,775,413 was the purchased equipment 

cost. The cost of production was estimated at a value of US$ 10/kg-oil. The SC-CO2 

extraction plant is economically viable with rate of return on investment estimated at 

8.25% and payback period of 5 year at the current minimum retail selling price rate of 

grape seed oil in the market. The project has an attractive socio-economic and 

environmental benefit and generates substantial revenue for the local government in the 

form of tax. Besides it will provide an opportunity for the wine-makers to sustainably sell 

wet grape marc at a price of up to US$ 10/ton.   

7.1  Introduction  

Vegetable oils have historically been a valued commodity for food use and to a 

lesser extent for non-edible applications such as pharmaceutical, detergents, cosmetics, 

biodiesel and lubricants [178]. According to the Global Agricultural Information Network 

(GAIN) 2014 annual report on Oilseeds and Products in EU-28, the European Union is 

highly dependent on imports of oilseeds and oilseeds products to meet the demand for 

food, feed and industrial uses, including biofuel production [179]. Market survey 

published by the Centre for the Promotion of Imports (Dutch acronym CBI) indicates that 
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the total EU imports of vegetable oils and fat in 2007 was € 8.9 billion and it is estimated 

that this figure increase by around 1% per year. Italy is the largest importer, accounting 

for 20% of total EU imports followed by Germany (15%) and The Netherlands (14%) 

[180].  

Grape seeds, which is one of the by-products of wine-making process, contain 

substantial percentage of oil [114] (see Chapter 2). The European Union is the world 

leader in wine production, with almost half of the global vine-growing area and about 

60% of production by volume with France, Italy and Spain being the leading producers 

[181]. Therefore, the importance of the feasibility study for the establishment of grape 

seeds oil extraction plant in the region is a matter of great concern. 

Generally, vegetable oil extraction plants are either mechanical or solvent 

extraction process. The mechanical extraction can be accomplished by a batch hydraulic 

press or a continuous screw expeller [182]. When using hydraulic press, fresh ground 

materials are covered with a filter cloth and placed in a pressing cylindrical chamber 

made of perforated wall [182,183]. In order to assist the extractability of the oil, a heat 

source is supplied to the wall of the cylinder [184]. Under hydraulic press extraction 

process, the yield of extraction depends on the pressing time, applied pressure and wall 

temperature [183,184]. The biggest challenge of this technique is the removal of the 

pressed cake from the chamber. While in the screw expeller, the extractions are made in 

continuous mode. The unit consists of a tapered helical rotating shaft in a constant 

diameter cylindrical barrel which acts as a feeder in the narrow diameter section and 

compresses the material against the wall and squeezes the oil out of the seed as it drives 

the material through the barrel and discharge the cake at another end [182,185]. In 

general, mechanical extraction techniques are applied to solid materials with relatively 

high initial extractable solute concentration and are characterized by superior product 

quality and low yield.  

Like the mechanical extraction techniques, the solvent extraction can be batch or 

continuous process [186]. The batch system are used for the extraction of less oily 

materials in a single or series of extractors where the solvent flow in counter current 

direction to a stationary bed of ground solids. While a continuous operation are used with 

material with high oil content through immersion or percolation method [186]. The 

organic solvent extraction processes are commonly operated at atmospheric pressure and 
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normal boiling point of the solvents. The solvents are separated from the product by 

distillation process and recycled for the subsequent extraction. The major advantage of 

organic solvent extraction is the high product yield [114] and the major drawback is the 

presence of residual solvent in the product stream.  

The use of SC-CO2 for the extraction of seeds oil is an alternative to the 

conventional organic solvent extraction process [83]. The extraction process occurs under 

elevated pressure and temperature to keep the extraction fluid at supercritical phase. The 

process has several advantage over conventional organic solvent and mechanical 

extraction techniques as discussed elsewhere [114,147] and detailed in Chapter 1-5.  

Despite its advantages, the development of supercritical CO2 technologies are 

struggling with the perception that high pressure process requires high initial investment 

cost with respect to the conventional counterparts. But, according to Perrut [6], a CEO of 

SEPAREX, one of a company specialized in the design and manufacturing of 

supercritical and high pressure equipment technologies in Europe, when dealing with 

very large volume of materials, the perception is far from true as the capital amortization 

sharply decreases as capacity increases.  

Therefore, a through economic analysis of SC-CO2 extraction process under 

industrial scale scenario is highly commendable to make an informed decision about the 

process. In this work, the data generated at lab scale unit (Chapter 4 and 5) are used for 

the scale-up operation and the economic analysis of the plant was conducted.   

7.2  Scale-up operation  

The majority of the literatures dealing with SC-CO2 operation are based on lab 

scale units and recently substantial effort are being made to address the design and scale-

up issues [187]. In general during SC-CO2 extraction operation, the rate of extraction is 

governed by either solute solubility or internal diffusion and in some cases the 

combination of both [147]. A rule of thumb for scale-up operation of supercritical system 

were presented by Clavier & Perrut [188]. It was proposed that, it suffices to keep the 

ratio of solvent mass to solid mass (F/S) constant between the lab and pilot/large scale 

extractors when the solute solubility is the rate limiting step and the ratio of solvent flow 

rate to solid mass (Q/S) when the internal diffusion is the limiting step. In the case where 

both the external and internal mass transfer resistances are the rate governed steps, both 
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the ratios of F/S and Q/S can be kept constant.  

Mezzomo et al [189] studied the effect of different scale-up scenario for the SC-

CO2 extraction of peach almond oil considering constant Reynolds number (Re), F/S, 

Q/S, and both F/S and Q/S between lab and large scale extractor and suggested that, for 

peach almond oil extraction, where the internal diffusion is the rate governing step, the 

best scale-up criteria is to maintain constant Q/S. Prado et al.[16,190] confirmed that 

maintaining constant F/S can be effectively employed for scale-up of SC-CO2 extraction 

of clove flower, sugarcane residue and grape seeds oil while de Melo et al. [161] used 

constant Q/S for the scale-up of SC-CO2 extraction of Eucalyptus globulus bark. Whereas 

Jokić et al [191] suggested the use of geometric similarity between lab and pilot scale 

extractor as an additional scale-up criteria when moving from lab to pilot scale operation 

during SC-CO2 extraction of soybean oil in addition to Q/S.  

In almost all the scale-up operation reported in the literatures, the so called ‘aspect 

ratio’ of extractor i.e. diameter to length (D/L) ratio between the small and large scale 

units are not constant. Núñez & del Valle [192] indicated that, the production cost 

depends on the aspect ratio of the extractor especially when specific solvent flow rate are 

kept constant and previous work by Duba & Fiori [147] (Chapter 5) confirm that the rate 

of SC-CO2 extraction depends on extractor D/L ratio. Therefore, in this work a constant 

aspect ratio was maintained in addition to the ratio of F/S and Q/S when moving from lab 

to industrial scale unit.  

7.3  Economic Analysis  

The economic analysis of any new project starts with the estimation of the total 

capital investment which is the sum of fixed and working capital investments required for 

the erection and operation of the plant.  

7.3.1 Fixed capital investment (FCI)  

The FCI is the capital needed to purchase and erect the required manufacturing 

equipment and plant facilities. Generally, FCI has two components, the direct cost and 

indirect cost [193]. The direct cost includes the cost for purchasing, delivery, and 

installation of manufacturing equipment, instrumentation and control, piping and 

installation, electric system, building, yard improvement, service facilities and cost of 

land. The indirect component includes the engineering and supervision cost, legal 
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expenses, construction expenses, contractor’s fee and contingency.   

7.3.2 Working capital investment (WCI) 

The WCI is the fund needed to conduct the day-to-day company business which is 

the sum of manufacturing cost and general expenses [146]. The manufacturing cost has 

three components, the variable production cost, also called the direct production cost, the 

fixed charges and the plant overhead cost [193]. The direct production cost includes, the 

cost of raw materials, operating labor, direct supervisory and clerical labor, utilities, 

operating supplies, maintenance and repairs and laboratory charges. The fixed charge 

components consists of depreciation cost, local taxes, insurance and financial interest. 

The plant overhead cost includes the cost for packaging, medical services, restaurants, 

recreational facilities and storage facilities among others. The second component of the 

working capital which is called general expenses includes the administrative cost, 

distribution and marketing cost and the research and development cost.  

7.3.3 Feasibility studies of SC-CO2 extraction process 

The production cost of SC-CO2 extraction process depends on operating 

conditions like temperature, pressure, matrix particle diameter, solvent flow rate, aspect 

ratio of extractors and the number of extractors in series [192,194]. In the past two 

decades considerable numbers of research works were published addressing the techno-

economic analysis of SC-CO2 extraction process at large/industrial scale units. Some of 

the notable example includes: (1) The work by Montero et al. [195] which estimated the 

investment cost of SC-CO2 extraction for remediation of contaminated soil in two 

extractors of capacity 1950 L. (2) The work by Rosa et al [196] which estimated the 

manufacturing costs and technical–economical evaluation of clove bud oil and ginger 

oleoresin in SC-CO2 for industrial scale unit in two 400 L extractors. (3) The work by 

Shariaty-Niassar et al. [197] which studied the economic analysis of rosemary extractions 

using SC-CO2 in two extractors of 200 L. (4) The work by Fiori [83] which investigated 

the feasibility of industrial scale extraction of grape seed oil in three extractors of 

capacity 800 L. (5) The work of Mezzomo et al. [198] which presented the economic 

viability of SC-CO2 extraction of peach almond, spearmint and marigold in two 

extractors of capacity 400 L. (6) The work of Prado et al. [16] which studied economic 

evaluation of SC-CO2 of grape seed oil under two scenario of raw material cost using 
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extractors of capacity 5 L, 50 L and 500 L. (7) The work by Leitão et al. [199] which 

studied the economic evaluation of anacardium occidentale leaves extraction using SC-

CO2 and estimated the cost of manufacturing in extractors previously used by  Prado et 

al. [16]. (8) The work of Prado et al. [200] which investigated the cost of  manufacturing 

of mango leaves extracts using SC-CO2 in an extractors of different capacity, the 

minimum cost was reported for two extractors of capacity 300 L and (10) the work by 

Rocha-Uribe et al.[201] which recently estimated the cost of manufacturing of habanero 

chili in extractors of volume from 5 to 400 L and proposed an equation to estimate the 

manufacturing costs of industrial size supercritical extraction systems. The authors do not 

claim the list is exhaustive but every effort is made to include the literature work in the 

past twenty years specifically dealing with techno-economic evaluation of SC-CO2 

extraction of solute from solid matrix. 

The cost estimation approach and the degree to which the cost components were 

included in the determination of techno-economic viability of the SC-CO2 extraction 

process in literatures are significantly different from one another. Some researches 

[196,198,202] used an empirical equation (Eqn.(7.1)) proposed by Turton et al. [203] to 

estimate the total cost of manufacturing (COM) of the supercritical extraction plant, 

others used commercial software [16,200] to estimate COM, while another groups 

[195,197] used a guideline of Peters and Timmerhaus [193] like approach to estimate the 

working capital, yet there are some other researches [83,194] which estimated part of the 

direct production cost (i.e. cost of raw material, operating labor and utility) based on the 

capacity and operating condition of the proposed plant and roughly estimated the 

remaining components. The researchers also differ in the level to which the components 

of fixed capital investment were estimated.  

To the best of our knowledge there are only two research works i.e. Fiori [83] and 

Prado et al. [16] which directly addressed the economic analysis of  SC-CO2 extraction 

grape seeds oil. This  two works serve as a starting point for any subsequent studies in the 

field, but they both either significant under estimated or completely not taken into 

account substantial amount of cost components either in the form of fixed capital or 

working capital investment. Therefore, the objective of the current study is to build on the 

previous work of Fiori [83] by taking into account as much as possible all the foreseeable 

cost components. The approach of Peters and Timmerhaus [193] was used to estimate the 
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total capital investment required to establish a SC-CO2 extraction of grape seeds oil after 

main components of the direct production cost were estimated from the proposed 

operating conditions. 

𝐶𝑂𝑀 = 0.28𝐹𝐶𝐼 + 2.73𝐶𝑂𝐿 + 1.23(𝐶𝑈𝑇 + 𝐶𝑅𝑀)                                                               (7.1)  

Where, FCI is the fixed capital investment, COL is cost of operating labor, CUT is utility 

cost and CRM is cost of raw material.   

7.3.4 Profitability analysis 

The profitability of the project was estimated in terms of rate of return on 

investment (𝑅𝑂𝐼) and payback period (𝑃𝐵𝑃) according to Eqn. (7.2) and Eqn. (7.3) 

respectively [193]. The return on investment is the ratio of net profit (𝑁𝑃) to the total  

capital investment (𝑇𝐶𝐼) [193] while the payback period is the time required to recover 

the fixed capital cost of the project after the start of production [203]. Even though the 

terms are subjective, it is obvious that, projects with higher return on investment and 

shorter payback periods are more attractive.   

𝑅𝑂𝐼 =
𝑁𝑃

𝑇𝐶𝐼
                                                                                                                                (7.2) 

𝑃𝐵𝑃 =
𝑁𝑃

(𝐹𝐶𝐼 + 𝑑𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑦𝑒𝑎𝑟⁄ )
                                                                                (7.3) 

7.4  Result and discussion  

The value of F/S equal to 13 kg CO2/kg-solids was used for scale-up operation, 

which was according to the amount of CO2 needed to extract 90% of the grape seed oil 

using experimental lab scale equipment as presented by Duba and Fiori [147] (refer to 

Figure 5.7 of Chapter 5) under extraction condition mostly commonly used at industrial 

scale operation of 35 MPa and 313 K [194]. The corresponding amount of Q/S ratio 

similar to lab scale condition was 6 kg CO2 ·hr
-1

/kg-solids. When dealing with scale-up of 

SC-CO2 extraction of Eucalyptus globulus bark (where internal diffusion is the rate 

controlling step), de Melo et al. [161] used the value of Q/S to be equal to 10 kg CO2 ·hr
-

1
/kg-solids. The aspect ratio (D/L) equal to 0.26 was maintained constant which is closed 

to the recommended range of 0.125<D/L<0.250 [192] for industrial scale extractors.  

In fact in the previous work by the Duba and Fiori [147] (Chapter 5) which also 
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investigated the effect of D/L ratio on the kinetics of extraction, a relatively large increase 

in the rate of extraction was observed when the D/L ratio was reduced from 0.53 to 0.26 

than when moving from 0.26 to 0.11. Based on the prescribed condition, the dimension of 

the proposed industrial scale extractors which are required to handle 3000 ton of grape 

seed per year (based on 300 working day and 24 operation hour per day) is calculated as 

three extractors of volume 650 L with internal diameter of 0.6m and 2.3m height when 

bed porosity is maintained at 0.41 and particle diameter is 0.40mm. This dimension also 

takes into account an extra 1.5% increase in the total volume for safety purpose at 

industrial scale unit. 

A schematic diagram of the proposed supercritical extraction plant is shown in 

Figure 7.1. The system consists of a make-up CO2 cylinder (M-CO2), CO2 storage vessel 

(SV), heat exchangers (HX1, HX2, HX3 and HX4), a CO2 pump (P), extractors (E1, E2 and 

E3) and separators (S). A subcooled liquid CO2 in SV is further cooled by HX1 to 

guarantee a liquid phase at the pump suction head. Then, the liquid is compressed to the 

required pressure by the pump into the extractors which first passes through a pre-heater 

HX2 to convert to supercritical phase. Heat sources are supplied into the extractors to 

bring and maintain the CO2 at required temperature. After extraction, the CO2 is 

converted to vapor phase by heat exchanger HX3. At this point, the oil precipitates from 

the stream using flash separator (S). The CO2 is then recycled back to the storage vessel 

after converted to saturated liquid by condenser HX4 while the oil is sent to packaging 

unit.  

To simulate a continuous countercurrent operation, two extractors are operated at 

a time according to the scenario depicted in Table 7.1. The operation of the extractors 

under third scenarios where E3 is loaded with fresh ground seeds and E2 contain a 

partially defatted material from the preceding scenario is shown in Figure 7.1. The solid 

lines indicate the active lines of operation (the open valves and the direction of CO2 flow) 

while a dash lines indicate off or inactive routes. Under this condition, fresh CO2 first 

enters extractor E2 and move counter currently to extractor E3 while extractor E1 is in off 

mode to undergo depressurization, unloading of defatted matrix, reloading of fresh 

materials and finally enter into the system as a 2° extractor under third scenario and the 

cycle goes on. During depressurization operation a fraction of CO2 will be lost and an 

equivalent amount is supplied by the make-up CO2 cylinder.  
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Figure 7.1: Schematic diagram of multi-unit SC-CO2 extraction plant 

Table 7.1: Operating scenario of the extraction process 

Scenario 𝑬𝟏 𝑬𝟐 𝑬𝟑 

1 1° (partially defatted) 2° (fresh) OFF 

2 OFF 1° (partially defatted) 2° (fresh) 

3 2° (fresh) OFF 1° (partially defatted) 

Grape marc generally contains moisture in the range of 60-65%, with roughly 45-

55% skins, 42-50% seeds and 1-4% stalks [204]  on dry basis. Therefore, before the 

extraction operation thermal and mechanical conditionings are necessary in order to 

remove most of the excess water from the substrate and skins and stacks from the seeds. 

Fiori [83] indicate that, an energy self-sufficient system can be achieved by using a rotary 

dryer to remove the water content of grape marc by burning whole of stacks and fraction 

of the skins in a combustor to generate the amount of hot air necessary for the dryer. 

Specifically, to dry 15000 ton of grape marc of 60% moisture content and of composition 

51% skins, 47% seeds and 2% stalks on dry basis, it suffice to burn 1200 ton skin and 

130 ton of stalks. The harvest season of grape fruit occur in two month time (In Italy 

between mid-August and mid-October). Therefore, to get high quality product, the grape 

marc should be collected, dried and stored in a reasonable time after it is produced in the 

winery. To achieve that, the dryer capacity must be in such a way that it can handle solid 
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mass flow rate equal to a yearly production accumulated over three month period (a one 

month safety allowance after harvest for the wineries to crush the fruits was foreseen) 

which is approximately 1.67×10
5 
kg/day.   

During the design of rotary dryer with direct air to solid contact, the maximum 

allowable solid velocity and aspect ratio are 0.1m/s and 6 respectively [193]. Assuming 

12.5% of dryer cross sectional area are covered by solid (optimum range is between 10-

15%) [193] and the bulk density of grape marc as 200 kg/m
3
 [205], the dimension of the 

dryer can be effectively specified as a diameter of (0.99m) approximated as 1m and 

length of (5.95m) approximated as 6m. The furnace capacity which burns the skins and 

stalks to supply required hot air to the rotary dryer is estimated based on the caloric value 

of dry grape skins and stalks presented by Vatente et al [206] as an average of 19MJ/kg 

for both skins and stalks.  

The seeds, stalks and skins separator proposed in this work was a grain cleaner 

which consists of three layer of vibrating sieve and cyclone separator [207] in which light 

impurity are sucked in to the cyclone using air blower while the stacks and skins are 

collected on the top, small particles at the bottom and good seeds are retained on the 

middle sieve. The cleaner capacity is proportional to the throughput of the rotary dryer. 

To mill the seeds, a ball mill with capacity of 500 kg/hr was proposed to supply a fresh 

ground matrix to the extractors on hourly bases. 

The fixed capital investment was estimated after the purchased cost of the plant 

equipment was determined. The cost of the main equipment, the SC-CO2 extraction plant 

was estimated from the literature data of such plant at industrial scale. The cost was 

estimated as an average of the value based on the data reported by: Shariaty-Niassar et al. 

[197] in 2009 for SC-CO2 extraction plant using two extractors of volume 400 L, Rosa et 

al. [196] for two extractors of volume 800 L in 2005 and Rocha-uribe et al. [201] for 

extractor of volume 200 L in 2014 (cost quotation dated 2008).  

Since the cost data’s are for different time line and different extractors volume, 

the costs were first brought to the current time line (2013) using Chemical Engineering 

Plant Cost Index (CEPCI) [208–210] and then corrected for the equipment size according 

to the six-tenth rule [193]. The main reason why the year 2013 was chosen as the current 

time line is the fact that it corresponds to the last year on which the CEPCI is updated.  

Hence, the cost of the proposed extraction plant was estimated at a value of US$ 
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4,300,237. In a similar fashion, the cost of the rotary dryer, furnace and ball mill were 

estimated from the purchased equipment’s cost figures from year 2000 data presented in 

Peters and Timmerhaus [193] at a value of US$ 42,967, US$ 358,063 and US$ 28,645 

respectively. Whereas, the cost for seeds cleaner was quoted by SYNMEC [207] at a 

value of US$ 5,500 while the cost of the skid-steer loader is estimated at USD 

40,000[83]. Accordingly, the total fixed capital investments for complete plant was 

estimated from purchased equipment cost and presented in Table 7.2.  

Table 7.2: Estimated fixed capital investment of the complete SC-CO2 extraction plant 

Item Cost components  Cost in $US 

Direct cost Purchased Equipment (PEC) 4,775,413 

 Extraction plant  4,300,237 

 Rotary dryer 42,967 

 Ball miller  28,645 

 Seeds cleaner  5,500 

 Furnace  358,063 

 Skid-steer loader 40,000 

Installation, insulation & painting (25% of PEC) 1,193,853 

Instrumentation & control, installed (8% of PEC) 382,033 

Piping, installed (10% of PEC) 477,541 

Electrical, installed (10% of PEC) 477,541 

Buildings and auxiliary (10% of PEC) 477,541 

Land ( 5% of PEC) 238,770 

Indirect 

cost 

(15% of FCI) 1,415,769 

 Engineering and supervision (5% of FCI) 471,923 

 Legal expenses (1% of FCI) 94,384 

 Construction expenses & contractor’s fee (4% of FCI) 377,538 

 Contingency (5% of FCI) 471,923 

Total FCI 9,438,464 

The manufacturing costs was estimated from the direct production cost and fixed 

capital investment. The main components of the direct production cost considered are, the 

cost of grape marc, the electric energy required to run the dryer, the cleaner and the 

miller, the cost of operating labors, the cost of make-up CO2, the cost of energy to drive 

SC-CO2 through the system and other components shown in Table 7.4 which were 

determined as a function of other costs. It must be noted that, the energy cost for the dryer 

considered here is not the amount of energy to dry the grape marc but rather the direct 

energy to rotate the dryer.  
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When estimating the production cost, Fiori [83] reported that, the cost of grape 

marc as US$ 1/ton (in 2010) arguing the substance is the waste product of distillation 

process and citing personal communication with some of the CEO of the wineries in the 

Northern region of Italy.  Prado et al [16] considered two scenarios of grape marc cost as 

0 and US$ 2.70/ton. Our recent communication with some of the management of the 

wineries indicate that the cost of grape marc is around US$ 10/ton so to be conservative 

the current work assumes the cost of grape marc at this new value.  

The power requirement to run the cleaner was supplied by the manufacturer while 

that of the rotary dryer and miller were estimated according to their specification [193]. 

The cost of electric power for Italy was estimated at US$ 0.14/kw [20], and the operating 

labor cost for the operators at a value of US$ 48,000/year-person. It was envisaged that 

there are two operators per shift and three shifts per-day and an additional of two 

operators to compensate for holydays and weekends plus two operators working on the 

dyer for three months.  

It was foreseen that after each extraction process approximately 2% of the CO2 in 

the extractor will be lost [83,192,200]. The cost of CO2 was estimated at a value of US$ 

0.24/kg [20]. The cost required to drive the CO2 through the system were estimated 

according to the operation presented in Table 7.3 which includes (1) the energy required 

by pre-cooler to further cool the liquid CO2 in the storage vessel before the pump, (2) the 

energy required by the pump at the given CO2 flow rate, (3) the energy required to pre-

heater the sub-cooled CO2 to supercritical phase before the extractor,  (4) the heater 

required to rise and maintain the CO2 inside the extractor at the required temperature, (5) 

the heat required to superheat the CO2 exit from the extractor to vapor to separate the 

product and (6) the heat required to condense and sub-cool the CO2 to storage vessel 

condition for recycling. A similar approach was previously used by Fiori [83] and del 

Valle and Núñez [194]. The value of fluid enthalpy at a given pressure and temperature 

were taken from NIST database [164] and the cost  of energy was estimated according to 

the procedure presented by del Valle et al [194] through Eqn.(4-6). 

𝑒𝑐 = (𝐻2 − 𝐻1) + (𝐻6 − 𝐻5)                                                                                                   (7.4)   

𝑒ℎ = (𝐻3 − 𝐻2) + (𝐻4 − 𝐻3) + (𝐻5 − 𝐻4)                                                                          (7.5)    

𝑒𝑝 =
(𝐻3−𝐻2)

𝜂𝑒𝜂𝑖
                                                                                                                                 (7.6)   
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 𝑒𝑐 , 𝑒ℎ , 𝑒𝑝, are the energy required for cooling, heating and pumping the CO2 

respectively, 𝐻𝑖 (𝑖 = 1 − 6) is the enthalpy of the CO2 at position (1-6) as shown in 

Figure 7.1 and Table 7.3, 𝜂𝑒and 𝜂𝑖 are electric efficiency of the pump motor (= 85%) and 

isentropic efficiency of the pump (= 90%).  

Table 7.3: Specific enthalpy at position of the supercritical extraction plant at a given 

condition 

Position CO2 state T (°C) P(bar) H(KJ/kg) 

1 Subcooled liquid 15 60 237,13 

2 Subcooled liquid 10 60 222,79 

3 Supercritical 35 350 259,41 

4 Supercritical 40 350 268,80 

5 vapor 25 60 416.21 

6 Saturated liquid 20 60 254.28 

Table 7.4 shows the total working capital investments required to run the plant per 

year. The fixed charge cost component were estimated by assuming a straight line 

depression of depreciable asset over ten years, 1% property tax and 4% insurance charges 

over fixed capital investment [193] and an average loan interest rate of the European 

Union area of 5% [211] on total capital investment. The plant overhead cost was 

estimated as a function of total operating labor cost, maintenance and repair cost and the 

direct supervision and clerical labor cost whereas the general expenses was estimated at a 

value of 15% of total product cost [193].  

The cost of production was estimated at the value of US$ 10/kg-oil which is 

comparable to the amount previously estimated by Fiori [83] in 2010 at a value of € 

5.9/kg-oil (a price which was equal to US$ 8.26/kg-oil at that time). Taking into account 

the inclusion of several cost components and considering that the price of grape marc was 

assumed at a value of US$ 10/ton against US$ 1/ton in Fiori [83], a slight increase in the 

cost of production per mass of oil is understandable. Prado et al [16] estimated the cost of 

grape seeds oil at a price of US$ 12/kg-oil where a commercial simulator SuperPro 

Designer v6.0 was used to estimate the manufacturing cost.  

The cost of manufacturing (COM) was also estimated according to the Turton et 

al. [203] using Eqn. (7.1) for purpose of comparison. It must be highlighted that, from the 

definitions, the COM predicted by Turton et al. [203] corresponds to the working capital 

investment (WCI) according to Peters and Timmerhaus [193] as discussed in Section 
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7.3.2. The difference between the two methods stands at 9% with Turton et al. [203] 

empirical approach estimating the higher value. 

Table 7.4: Estimated total working capital investment per year  

Item Cost components  Cost in  

$US/yr. 

Manufacturing 

Cost 

Direct Production cost  1,022,522 

 Raw material  150,000 

 Operating labor (OL) 456,000 

 Utilities  157,403 

 Make-up CO2  14,433 

 Maintenance and repair (MRC) (2%FCI) 188,769 

 Operating supplies (10% MRC) 18,876 

 Laboratory charges (10% of OL) 45,600 

 Direct Supervision & Clerical labor (DSC) (10% of OL) 45,600 

Fixed charges 1,940,862 

 Depreciation 802,269 

 Local taxes (4% of FCI) 377,538 

 Insurance (1% of FCI) 94,384 

 Interest (5% of TCI) 666,670 

Plant overhead costs (50% of OL, MRC & DSC) 345,184 

General Expenses (15% of TPC) 583,865 

 Administrative cost (5% of TPC) 194,621 

 Distribution and marketing (5% of TPC) 194,621 

 Research and development (5% of TPC) 194,621 

Total Product Cost (TPC) 3,892,435 

Figure 7.2 show the cumulative cash position over the proposed project life 

considering a retailing selling price of grape seeds oil of US$ 14/kg which corresponds to 

the minimum amount available on the market i.e.US$ 14-42/kg-oil [83] in Italy and US$ 

40/kg-oil in Brazil [16]. It was envisaged that the construction and commissioning of the 

plant takes two year and the plant will start working at full scale operation at first year of 

operation. Under the proposed condition, SC-CO2 extraction of grape seeds oil is 

economically viable with the rate of return on investment estimated at 8.25% and 

payback period of 5 year.  
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Figure 7.2: Cumulative cash position at minimum retail price 

7.5  Conclusions  

This preliminary study on the establishment of supercritical CO2 (SC-CO2) plant 

for the extraction of grape seeds oil indicates that, the process is technically and 

economically feasible. The estimated total capital investment required to establishment 

such plant with capacity of 3000 ton/year is US$ 13,330,899 out of which US$ 9,438,464 

is the fixed capital investment and the amount required to run the plant is US$ 3,892,435 

per year.  

At current minimum retail selling price rate of grape seeds oil in the market, the 

proposed project can completely recover the fixed capital investment in five years. 

Besides, the project enables the development of valorization strategies for wine-making 

wastes and reduces their environmental impact and provides wine-makers with the 

possibility of selling by-products at reasonable price.  

The project has a socio-economic benefit by creating a job opportunity and 

generating revenue for the local government in the form of tax. The establishment of such 

plant will also help toward an effort to meet the demand and supply of vegetable oil by 

producing high quality product from locally available material. Therefore, the authors 
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strongly believe that, it is in the region and stakeholders interest to invest further for a 

detailed analysis and technical and economic evaluation for the establishment of SC-CO2 

extraction plant for the extraction of grape seeds oil.  

 



 

 

 

 

 

8. Final Remark 

In this work, supercritical CO2 (SC-CO2) extraction of grape seed oils and 

subcritical water (SW) extractions of polyphenols from grape skins and defatted grape 

seeds were conducted in semi-continuous extractor. The oil yields depend on grape 

cultivar and, for some cultivars, on harvesting years. The oils extracted by SC-CO2 have 

similar quality as those obtained by mechanical extraction and the yield is comparable to 

that of conventional n-hexane extraction. In addition, both the skins and defatted grape 

seeds are rich source of polyphenols and SW is a potential green solvent for the 

extraction of these valuable compounds. 

The effect of process variables on the kinetics of SC-CO2 extraction of oil from 

seeds and SW extraction of polyphenols from grape skins and defatted grape seeds were 

studied both experimentally and trough modeling. For SC-CO2 extraction, the extraction 

rate increased with an increase in pressure, temperature and solvent flow rate (but in this 

case the specific CO2 consumption also increased). At a fixed ratio of mass of seeds to 

solvent flow rate, decreasing the extractor diameter to length ratio allowed to reduce the 

specific CO2 consumption. The optimum extractor bed porosity was found to be between 

0.23-0.41. The particle size of milled solid matrix had no effect on the initial extraction 

rate, but reflected on the final asymptotic extraction yield; the smaller were the particles, 

the higher the final yield in a given extraction time. With regard to polyphenols, the yield 

increase with increase in extraction temperature. Increasing the solvent flow rate resulted 

beneficial only in the initial extraction phase, while in the following the extraction rate 

decreased substantially. 

The kinetics of SC-CO2 extraction of seed oil can be effectively modeled by 

broken and intact cells (BIC), the shrinking core (SC), and the bridge (combined BIC-

SC) models. The BIC model allowed achieving the minimum deviation between model 

predictions and experimental data followed by SC and BIC-SC model. These results 

reflect the number of model adjustable parameters of the different models: 3, 2 and 1 for 

BIC, SC and BIC-SC respectively. The kinetics of extraction of polyphenols can be 

effectively modeled by a simple model; the two-site kinetic model, which allowed 

achieving a remarkable agreement between model predictions and experimental data. The 

model can be thus utilized for predicting the extraction of polyphenols from grape 

residues and similar substrates and as a preliminary tool for designing subcritical water 

extraction processes.  

In general, the work shows the establishment of SC-CO2 plant for the extraction 

of grape seeds oil is technically viable and economically feasible. The project enables the 
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development of valorization strategies for wine-making wastes and reduces their 

environmental impact and provides wine-makers with the possibility of selling by-

products at reasonable price. The project has substantial socio-economic benefits and 

establishment of such plant will also help toward an effort to meet the demand of 

vegetable oil by producing high quality product from locally available material.  
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