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Background 13 

The volatile compounds that comprise lavender essential oils, including linalool and 14 

linalyl acetate, have demonstrative therapeutic properties. The supercritical CO2 15 

extraction (scCO2) has demonstrated efficiency and selectivity for the extraction of 16 

essential oils from vegetable matrices. 17 

Methods 18 

The solubility of lavender essential oil in scCO2 was determined using a high-pressure 19 

variable-volume and modeled by semiempirical models. Supercritical extraction was  20 

carried out at a pressure of 180, 250 and 300 bar and a temperature of 40-60 °C, with and 21 

without cosolvents. kinetic curve has been modeled by broken and intact cells model 22 

developed by Sovová.  The composition of the extracts was evaluated through GC-MS 23 
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and their antioxidant activity by the DPPH method. 24 

 25 

Findings 26 

The highest values of oil solubility and extraction yield were obtained at 250 bar and 60 27 

°C. Furthermore, the extraction yield increases significantly with the addition of ethanol 28 

as a co-solvent (0.2% v/v). A complete set of equilibrium data and kinetic parameters has 29 

been reported on a large scale for the first time. The dominant components identified in 30 

the extract were linalool and linalyl acetate, and the extracts showed very satisfactory 31 

results for antioxidant capacity. Compared with traditional methods like Soxhlet 32 

extraction, the supercritical extracts were determined to be more interesting for the 33 

formulation of nutraceutical products or biomedical applications. 34 

 35 
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 38 

1. Introduction 39 

The blooming plant known as lavender, which belongs to the Lamiacae family, has a long 40 

history of usage in herbal therapy. The different chemical compounds contained in 41 

Lavender plants have shown several therapeutic properties related with many illnesses; 42 

and also give this plant its remarkable properties in terms of its usage for cleaning, 43 

fragances and cosmetics [1]. Most of the applications commented come from the use of 44 

lavender essential oil (LEO), which has long been thought to have a variety of therapeutic 45 

and restorative characteristics. This essential oil has the ability to improve neurologic 46 

functions such as reducing brain edema or treating renal injuries [2,3]. This essential oil 47 
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has sedative and antidepressant qualities and is also frequently used in aromatherapy to 48 

treat insomnia [4]. 49 

One of the most important properties of lavender essential oil is its antioxidant activity, 50 

which has attracted the interest of many researchers [5]. This attribute together with the 51 

anti-inflammatory capacity is attributed to the two main components of LEO, linalool and 52 

its ester, linalyl acetate [6,7]. In this context, attention is also focused on the utilization of 53 

LEO in dermatology because of the good results observed in different works regarding 54 

its topical use for wound healing [8,9] and its positive effect on dermal collagen 55 

production [10]. 56 

LEO is obtained from lavender flowers. Steam distillation is the most popular extraction 57 

technique. However, the resulting compounds may be degraded by the high temperatures 58 

or water contact.  Soxhlet is another of the most commonly used traditional techniques. 59 

This method involves the use of organic solvents that can be harmful to human health and 60 

the environment. [11]. By contrast, innovative methods that don't involve high 61 

temperatures or damaging ingredients for the environment are gaining popularity. Novel 62 

techniques include microwave extraction, ultrasound or supercritical technology, the 63 

latter being one of the most widely implemented on an industrial scale [12–14].  64 

Due to their low viscosity and high diffusivity, supercritical fluids are the ideal alternative 65 

as extraction solvents. Supercritical carbon dioxide (scCO2) is one of the most widely 66 

used substances because it is non-toxic, non-flammable, inert and its critical point is easily 67 

reached [15]. Additionally, their high solvent power may be easily controlled by changing 68 

the temperature and pressure of the extraction process, enabling selectivity towards the 69 

desired molecules [16,17]. These characteristics make it possible to quickly extract 70 

essential oils at low temperatures. It is evident that supercritical fluid extraction with CO2 71 

is developing as a feasible and environmentally friendly acceptable option for the 72 
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production of essential oil products since supercritical CO2 has a similar polarity to liquid 73 

pentane and is thus suited for the extraction of lipophilic chemicals [18]. 74 

The main issue with scCO2 is that it has low polarity, which reduces the solubility of polar 75 

chemicals and limits the spectrum of applications. To improve the polarity of scCO2, a 76 

co-solvent can be added, such as ethanol, ethyl acetate, acetonitrile, or isopropanol, 77 

helping to overcome this problem [19]. 78 

A wide variety of bioactive compounds, from flavonoids, phenolic compounds to 79 

essential oils, can be obtained by scCO2 extraction from different raw materials such as 80 

agri-food waste, fruits, plants or herbs [20]. Numerous studies have investigated the 81 

extraction and fractionation conditions of natural matrices as nuts [21], food by-products 82 

[22] or volatile compounds of lavender [23]. Although analysing the operating conditions 83 

is important, a crucial step that should be carried out in this type of process is the analysis 84 

of the equilibrium conditions and solubility of the essential oil in supercritical CO2, which 85 

will help us to optimize the extraction conditions[24]. 86 

In a previous preliminary study, we determined the technological and economic 87 

feasibility of the supercritical extraction of lavender extracts, concluding that it was an 88 

attractive technology for investment and capable of satisfying the needs of a growing 89 

market niche [14]. The aim of the present research was to obtain the required parameters 90 

to operate supercritical extraction of LEO on a large scale, in addition to the exhaustive 91 

characterization of the extracts. Firstly, the solubility of the essential oil in supercritical 92 

CO2 was obtained using a semi-empirical model to correlate the data. In a further study, 93 

the variables that most influence the extraction yield were evaluated. This information 94 

was used to select the pilot plant operating conditions, in which the kinetic and mass 95 

transfer parameters were calculated for the plant design. Finally, the large-scale extracts 96 
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were characterized, and their antioxidant properties were analyzed to determine their 97 

potential use, whether in nutraceutical products or biomedical applications. 98 

2. Materials and methods 99 

2.1. Materials 100 

For the solubility study, lavender oil from Lavandula angustifolia L. (Sigma-Aldrich, 101 

Spain) and CO2 of 99.8% purity (Carburos Metálicos, Barcelona, Spain) were used. Dried 102 

lavender flowers (Peñarrubia del Alto Guadiana S. L., Albacete, Spain), CO2 and ethanol 103 

(EtOH) and ethyl acetate (EA) HPLC grade (Scharlab, Barcelona, Spain) were required 104 

for the extraction. For the chromatographic analysis, the same lavender essential oil was 105 

used and also linalool and linalyl acetate as standards (Sigma-Aldrich, Spain), as well as 106 

diethyl ether (Scharlab, Barcelona, Spain). For the antioxidant potential assay, EtOH 107 

absolute HPLC grade (Scharlab, Barcelona, Spain), 1,1-diphenyl-2-picrylhydrazyl 108 

(DPPH) (Alfa-Aesar, Thermo Fisher, Ward Hill, MA, USA), and L-(+) ascorbic acid 109 

(Scharlab, Barcelona, Spain) were employed. The Soxhlet extraction was carried out 110 

using n-hexane at HPLC purity (Scharlab, Barcelona, Spain). 111 

2.2 Evaluation of solubility of LEO in supercritical CO2 112 

Solubility experiments were carried out using a high-pressure variable-volume cell model 113 

ProVis 500 (from Eurotechnica), which was describe elsewhere [25] (Figure 1). The 114 

apparatus consists of a variable volume cell that containsa sapphire window and light for 115 

visual observation of the phase separation. The cell has a maximum capacity of 50 cm3 116 

and contains a movable piston to prevent pressure drops (Valves A and C), which 117 

separates the equilibrium chamber from the pressurisation circuit. The whole system is 118 

externally heated by an air bath capable of resisting temperatures up to 80 °C. The 119 

temperature inside the equilibration chamber is measured by a thermocouple. The CO2 is 120 
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supplied by means of a dosing pump (Dosapro Milton Roy) and a pressure meter with a 121 

digital controller. 122 

 123 

Figure 1. Experimental set-up employed to high-pressure phase equilibrium 124 

measurements. PG: pressure generator; PI-1: manometer; PI-2: pressure digital 125 

indicator; T: liquid supply tank; TI: temperature digital controller. 126 

The experimental procedure for the determination of the equilibrium solubility is similar 127 

to the one proposed by other authors [25,26]. It starts by placing the LEO sample in a vial 128 

and introducing it into the cell. Once the temperature set has been reached, CO2 is fed 129 

into the cell until arriving to the desired pressure value, conditions that were maintained 130 

during the selected contact time under stirring. After that, depressurisation was carried 131 

out. Samples from the top of the equilibrium cell were isobarically collected during the 132 

equilibrium experiments through a six-port valve attached to a 20 cm3 loop through 133 

capillary lines and needle valves and decompressed to atmospheric pressure (via valves 134 

F and F1, at the same temperature of the cell). To determine the amount of LEO 135 

solubilised in CO2, two samples were extracted from the equilibrium cell and expanded 136 
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in a glass vial, which was weighed before and after sampling on a precision analytical 137 

balance with an accuracy of 0.0001 g. Glass vials were used to collect LEO, which was 138 

then separated from CO2 using a trap. A Ritter TG-05 gas meter was used to measure the 139 

CO2 amount. The CO2 density was calculated as a function of pressure and temperature 140 

with the equation of Bender [27] and Equation 1 was used to determine solubility, where 141 

the volume of CO2 at standard conditions and the mass of LEO obtained are taken into 142 

account. 143 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑘𝑘𝑘𝑘 𝐿𝐿𝐿𝐿𝐿𝐿

𝑚𝑚3𝐶𝐶𝐶𝐶2 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 Eq. 1 

Regarding the operation conditions, the influence of 3 variables in the solubility was 144 

studied. First of all, a contact time study was carried out. Tests were carried out 145 

considering 6, 15, 24, 48 and 72 h at a pressure of 120 bar and at a temperature of 40 °C 146 

to determine the time it took to reach equilibrium conditions for the solubility of LEO in 147 

supercritical CO2. After contact time, the influence of pressure was analysed by applying 148 

120, 140, 180 and 250 bar Finally, in order to study how the working temperature affects 149 

the solubility, experiments were carried out at 40, 50, 60 and 80 ºC at different pressure 150 

values. 151 

2.3. Modelling of equilibrium system 152 

For the semi-empirical modelling of the equilibrium system formed by LEO and 153 

supercritical CO2, different experimental correlations using density as an independent 154 

variable were evaluted. The correlations used in this work are those proposed by Chrastil 155 

(1982), del Valle and Aguilera (1988) and Adachi and Lu (1983). 156 

i. Chrastil's equation (1982)  157 
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Chrastil proposed the following exponential relationship between the solubility of a solute 158 

S (g/dm3), the solvent density ρ (g/cm3) and the temperature T (K) [28]. 159 

ln 𝑆𝑆 = 𝑞𝑞 − ln �
(1000 𝑀𝑀1)𝑘𝑘

(𝑀𝑀2 + 𝑘𝑘𝑀𝑀1)� +
∆𝐻𝐻
𝑅𝑅𝑅𝑅

+ kln 𝜌𝜌 Eq. 2 

Where q is a dimensionless constant, M1 and M2 are the molecular weights of the solvent 160 

and solute respectively, ΔH is the sum of the heats of solvation and vaporization (J/mol), 161 

and k is the average number of solvent molecules in the solvato-complex. 162 

The above expression can be simplified to Eq. 3 by regrouping the constants. 163 

ln 𝑆𝑆 = 𝐶𝐶1 +
𝐶𝐶2
𝑇𝑇

+ 𝐶𝐶3 ln𝜌𝜌 Eq. 3 

Therefore, C1 would be related with the molecular weights, C2 with the total heat of 164 

reaction (solvation and vaporization) and C3 is the association number. 165 

ii. Equation of del Valle and Aguilera (1988)  166 

This equation introduces into the Chrastil equation an additional quadratic dependence 167 

on the inverse of temperature [29]. 168 

ln 𝑆𝑆 = 𝐶𝐶1 +
𝐶𝐶2
𝑇𝑇

+
𝐶𝐶3
𝑇𝑇2

+ 𝐶𝐶4 ln 𝜌𝜌 Eq. 4 

This expression has been used by many authors to estimate the solubility of different 169 

species in different supercritical fluids [30]. 170 

iii. Adachi and Lu equation (1983) 171 

This is another modification of the Chrastil equation [31]. In this case, the authors assume 172 

that the association number k of this equation depends quadratically on the density. 173 

ln𝑆𝑆=𝐶𝐶1+𝐶𝐶2𝑇𝑇+𝐾𝐾ln𝜌𝜌 Eq. 5 

Where 𝐾𝐾 = 𝐶𝐶3 + 𝐶𝐶4 𝜌𝜌 + 𝐶𝐶5𝜌𝜌2. 174 
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The C parameters were calculated by minimizing the sum of the squares of the differences 175 

between experimental and calculated solubility using the Solver tool in Microsoft Excel. 176 

 177 

2.4. Soxhlet extraction 178 

Soxhlet extraction of LEO with n-hexane was carried out as a way of comparing this 179 

process with supercritical CO2 extraction. The conventional set-up was configured for 180 

this type of extraction (Figure 2) [11].  181 

 182 

Figure 2. Soxhlet extractor. (1) Condenser, (2) Glass vessel, (3) Round-bottomed flask, 183 

(4) Heating plate. 184 

Lavender flowers (20 g) were placed in a cartridge made of filter paper, which was placed 185 

in a glass vessel connected to a round-bottomed flask. A condenser was placed at the top 186 

of the installation. For the extraction, 250 ml of hexane were placed in the flask and the 187 

heating was switched on. Once the hexane reached boiling point (70 °C), its vapours 188 

condensed in the coolant and fell into the cartridge, where the essential oil was extracted 189 

due to the contact with the lavender. When the mixture of hexane and extracted oil 190 
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exceeded a certain level in the glass container, it fell into the flask by siphon effect and 191 

the process was repeated. The Soxhlet extractions were carried out for 3 hours. At the 192 

end, a liquid mixture of solvent and oil was obtained and separated in a rotary evaporator. 193 

The experiments were carried out at atmospheric pressure. 194 

2.5. Small-Scale Supercritical CO2 extraction 195 

All processes of supercritical extraction of solids consist of two stages: the extraction and 196 

the separation of the extract from the solvent. In the extraction, the supercritical CO2 197 

flows through the solid and dissolves the extractable components. The solvent charged 198 

with the extract is evacuated from the extractor and fed to the separator where the pressure 199 

is reduced so that the solute is not soluble and precipitates. 200 

The main part of the experimental setup is the supercritical fluid extractor (Spe-ed SFE-201 

Basic, Applied Separations, Allentown, PA, USA), which is shown in Fig. 3. Briefly, this 202 

unit contains a pneumatic pump for CO2, an HPLC pump for the use of co-solvents and 203 

a cooler to reduce CO2 temperature. The extraction section is made up of a cylindrical 204 

metal container (50 ml) which is equipped with a heating jacket to reach the desired 205 

temperature. In the exit of the extraction vessel there is a micrometering valve that 206 

controls the CO2 flow rate. In addition, there is also another temperature controller for the 207 

micrometric valve at the system outlet. Regarding the collection of the extracts, as they 208 

are volatile compounds, they have to be collected in low temperature conditions, so the 209 

system has a cryocollector (Applied Separations) which uses CO2 to cool the extract 210 

collection flask. After collection of the extract, it was introduced into a rotary evaporator, 211 

if necessary, to eliminate the co-solvent. The extraction yield was calculated with 212 

Equation 6 and the experiments were performed in triplicate.  213 
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(%)𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 =
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

× 100 Eq. 6 

Optimization of the main variables influencing the extraction performance, pressure and 214 

temperature, was carried out. We worked with pressures of 180, 250 and 300 bar and 215 

temperatures of 40, 60 and 80 ºC, in extraction experiments of 90 minutes long and with 216 

a CO2 flow rate of 500 ml/min. In some experiments, extraction cosolvent, EtOH or EA, 217 

was added at a percentage of 0.2% v/v [32]. 218 
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 219 

Figure 3. Diagram of SFE equipment. (1) CO2 cylinder, (2) Blocking valve, (3) Air 220 

compressor, (4) Cooling bath, (5) CO2 pump, (6) Co-solvent tank, (7) Co-solvent pump, 221 

(8) Temperature controller, (9) Extraction vessel and oven, (10) Micrometric valve, (11) 222 

Flowmeter, (12) Separator, (13) Collection vessel, (14) Cryo-collector. 223 

2.6. Large Scale Supercritical CO2 extraction. 224 

Extraction experiments at pilot plant scale were also carried out (Figure 4). The plant used 225 

(Ainia Technological Centre in Valencia, Spain) consists basically of the same 226 

equipment as the laboratory extraction equipment. The main difference is the volume of 227 
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the extraction vessel, which was 20 L. Furthermore, in this case a separator was used, by 228 

means of which, in addition to selectively obtaining the products, the CO2 can be 229 

recirculated to the storage tank. 230 

 231 

(1)

(2) (3) (4)

(5)
(6)

(7)

 232 

Figure 4. Supercritical extraction pilot plant schematic. (1) CO2 cylinder, (2) Cooler, 233 

(3) CO2 pump, (4) Heater, (5) Extraction vessel, (6) Separator, (7) Storage tank. 234 

In this work, large scale kinetic experiments were carried out preserving the extraction 235 

temperature and pressure range as those used in the small-scale supercritical extraction 236 

and the CO2 flow was optimized with the objective to obtain the maximum overall yield.  237 

Mathematical modelling 238 

Mathematical modelling of the extraction process is necessary to interpolate or 239 

extrapolate results to conditions other than those tested and to extend the extend the 240 

experimental data to different materials. It is also necessary for the scaling up of the 241 
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results obtained in the laboratory and pilot plant and for the implementation and sizing of 242 

the possible industrial process.  243 

One of the most commonly used models is that of Sovová et col. [30,33] based on the 244 

mass transfer dynamics between the solid and fluid phases. This mathematical model 245 

considers that solid particles contain easily accessible solutes from broken cells, leading 246 

to a fast extraction rate, and hardly accessible models leading to a slow extraction rate 247 

related to the diffusion capacity in the solid phase. 248 

The concentration profile in the solid phase is divided in three sections given by the 249 

following equations (Eq.7-Eq.9). In the first extraction step, the solubilization and 250 

external transport from the broken cells to the fluid are dominant. The second is the falling 251 

extraction rate period in which extraction relies also on more inaccessible regions, namely 252 

intact cells. The third and last branch is the diffusion-controlled period where usually only 253 

small amounts of extract are generated due to the prevalence of slow internal diffusion. 254 

 255 

𝐶𝐶𝑠𝑠 = 𝐶𝐶0[1 − 𝑍𝑍ψ exp(−Zℎ∗)]       for      ψ < m/Z Eq. 7 

 256 

𝐶𝐶𝑠𝑠 = 𝐶𝐶0{1 −𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚[−Z(ℎ∗ − ℎ𝑘𝑘)]}      for      m/Z ≤ ψ < ψ𝑘𝑘 and  ℎ∗ > ℎ𝑘𝑘 Eq. 8 

 257 

𝐶𝐶𝑠𝑠 = 𝐶𝐶0
1+�𝑒𝑒𝑒𝑒𝑒𝑒[𝑌𝑌(ψ−m/Z]

1−𝑚𝑚 −1�exp (−𝑌𝑌ℎ∗)
    for   ψ ≥ ψ𝑘𝑘 and  m/Z ≤ ψ ≤ ψ𝑘𝑘 and 

ℎ∗ ≤ ℎ𝑘𝑘 

Eq. 9 

 258 

Ψ is the dimensionless time defined by the equation 10.   259 

ψ =
𝑊𝑊𝑊𝑊𝜌𝜌𝑠𝑠
𝑊𝑊𝑠𝑠𝐶𝐶𝑜𝑜𝜌𝜌

𝑡𝑡 Eq. 10 
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Where W is the solvent mass flow rate (kg/s) and Ws (kg) is the mass of the solid particles 260 

constituting the bed.  261 

For the extraction yield the above equations lead to: 262 

𝑌𝑌 = 100ψ(1 − exp (−𝑍𝑍))       for      ψ < m/Z Eq. 11 

 263 

𝑌𝑌 = 100 �ψ − 𝑚𝑚
𝑍𝑍
𝑒𝑒𝑒𝑒𝑒𝑒[𝑍𝑍(ℎ𝑘𝑘 − 1)]�       for      m/Z ≤ ψ ≤ ψ𝑘𝑘 Eq. 12 

 264 

𝑌𝑌 = 100 �1 −
𝑙𝑙𝑙𝑙�1+[exp(𝑦𝑦)−1]𝑒𝑒𝑒𝑒𝑒𝑒�𝑦𝑦�𝑚𝑚𝑍𝑍−ψ��(1−𝑚𝑚)�

𝑦𝑦
�       for      ψ ≥ ψ𝑘𝑘 Eq. 13 

Where m represents the grinding efficiency (0 < m < 1), ℎ∗ the dimensionless axial 265 

coordinate, ℎ𝑘𝑘 time-varying bed level, ψ dimensionless time, ψ𝑘𝑘 the dimensionless time 266 

at which the "free" solute is exhausted from the whole bed, and 𝑍𝑍 e 𝑦𝑦 parameters 267 

proportional to mass transfer coefficients 𝑘𝑘𝑠𝑠 and 𝑘𝑘𝑓𝑓. These variables and the 268 

dimensionless parameters are expressed by the following equations where H is the total 269 

bed height. 270 

 271 

𝑚𝑚 = 𝐶𝐶𝑆𝑆,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐶𝐶0
�  Eq. 14 

 272 

ℎ∗ = ℎ
𝐻𝐻�  Eq. 15 

 273 

ℎ𝑘𝑘 = 1
𝑦𝑦
〈1 +

�𝑒𝑒𝑒𝑒𝑒𝑒�𝑦𝑦�ψ−𝑚𝑚𝑍𝑍��−1�

𝑚𝑚
〉      for      m/Z ≤ ψ ≤ ψ𝑘𝑘 Eq. 16 

 274 

ψ𝐾𝐾 =
𝑚𝑚
𝑍𝑍

+
1
𝑦𝑦

ln{1 −𝑚𝑚[1 − exp (𝑦𝑦)]} Eq. 17 

 275 
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𝑍𝑍 =
𝑊𝑊𝑠𝑠𝑘𝑘𝑓𝑓𝑎𝑎𝑎𝑎

𝑊𝑊(1 − 𝜀𝜀)𝜌𝜌𝑠𝑠
 Eq. 18 

 276 

𝑦𝑦 =
𝑊𝑊𝑠𝑠𝑘𝑘𝑠𝑠𝑎𝑎𝐶𝐶0𝜌𝜌
𝑊𝑊(1 − 𝜀𝜀)𝜌𝜌𝑠𝑠

 Eq. 19 

 277 

Model parameters values were estimated using the least squares method with Solver in 278 

Microsoft Excel representing the error by the standard deviation (s.d.). 279 

 280 

2.7. Extracts characterization: composition and antioxidant potential 281 

Composition of the lavender extracts was evaluated through Gas chromatography coupled 282 

to mass spectrometry (GC-MS), following the method reported by Daferera et al. [34]. 283 

The equipment used was a Varian Saturn 2000 GC-MS equipped with a HP-5 capillary 284 

column (30 m, 0.25 mm i.d., 0.25 µm film thickness). The column temperature was set to 285 

60 °C for 5 min. Then, it was increased to 160 °C at a rate of 4 °C/min. Finally, 286 

temperature was raised to 240 °C at 15 °C/min. The injector temperature was 250 °C and 287 

the detector temperature was 280 °C during the whole analysis. An electron ionisation 288 

system with an energy of 70 eV was used. The samples were analysed after dilution with 289 

diethyl ether (1:100 v/v) and 1 µL of the diluted samples was injected in splitless mode. 290 

The carrier gas was helium at a flow rate of 1 mL/min. 291 

Regarding the antioxidant capacity, the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay was 292 

used to estimate the antioxidant capacity of the extracts [35,36]. DPPH• is a stable 293 

nitrogen-centred free radical which is conventionally used to determine the free radical 294 

scavenging activities of antioxidants present in plant extracts or synthetic compounds. 295 

The reduction capability of DPPH• radical is determined by the decrease in absorbance 296 
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at 517 nm induced by the antioxidant. The procedure described in the work of L. T. Danh 297 

et al. [5] was followed in the present study. Briefly, 40 µL of extracted essential oil was 298 

mixed with 0.4 mL of 0.5 mM DPPH• solution in EtOH and the final volume was adjusted 299 

to 1.5 mL with EtOH. The control solution was prepared with 0.4 mL of the ethanolic 300 

DPPH solution and 1.1 mL of EtOH. In addition, a sample of the standard antioxidant 301 

ascorbic acid was prepared to compare the antioxidant potential of the supercritical 302 

extracts. The absorbance of the solutions was measured at 517 nm, with three replicates, 303 

after 30 min of stirring in darkness to allow a complete reaction. 304 

To quantify the antioxidant potential of the supercritical extracts, the inhibition 305 

percentage (I%), which corresponds to the radical scavenging activity of the extracts, was 306 

calculated considering Equation 7, where Ao corresponds to the absorbance of the control 307 

sample and As to that of the extracted oil samples. 308 

(%) 𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝐴𝐴𝑜𝑜 − 𝐴𝐴𝑠𝑠
𝐴𝐴𝑜𝑜

× 100 Eq. 7 

2.8. Data reproducibility analysis  309 

In the solubility study and the supercritical extraction experiments, the experiments were 310 

performed in triplicate, with a maximum difference in values of 1%. Regarding the 311 

characterisation of the samples obtained from the extraction, GC-MS analysis and a 312 

DPPH assay was performed for two different extract samples from each experiment. 313 

Concentration and absorbance were measured in triplicate to check reproducibility. 314 

3. Results and discussion 315 

The first group of experiments is focused on the study of the solubility of LEO in 316 

supercritical CO2 and the influence of contact time, pressure, and working temperature 317 

on it. The solubility data were correlated using empirical equations that related the 318 
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solubilities to the density of pure gas. Once the process conditions that maximize the 319 

solubility of LEO were determined, experiments were carried out on the supercritical 320 

extraction of LEO from lavender flowers on a small scale. The main objective was to 321 

determine the influence of pressure, temperature, and cosolvent addition on the extraction 322 

yield. 323 

Subsequently, kinetic experiments were conducted on a pilot plant and modeled using 324 

Sovova’s model. Moreover, their composition and antioxidant capacity were 325 

characterized to determine their properties. The results obtained in the supercritical LEO 326 

extraction were compared with the extracts obtained by the conventional Soxhlet 327 

extraction method to see not only the differences in yield but also in content or quality of 328 

the essential oil obtained. 329 

3.1. Study of solubility 330 

Determining the solubility of the solute of interest in the supercritical fluid is essential in 331 

any transfer process, whether one wishes to know the final composition of a separation 332 

or to determine the most favorable conditions for a given process. The solubility studies 333 

were conducted over a temperature range of 40–80 °C, and a pressure range of 120–300 334 

bar, which are generally considered to be suitable operating conditions for antioxidant 335 

compounds extractions. 336 

First, a set of preliminary experiments was performed to determine the contact time in the 337 

equilibrium cell (range of 6–72 h) needed between the solute and CO2 to reach the 338 

saturation state. Figure 5 shows the variation of the kg of LEO in light phase per cubic 339 

meter of CO2 as a function of the contact time between them. For times shorter than 48 340 

hours, there is a very significant increase in oil in the vapor phase, and from this time on, 341 
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this value stabilizes. Therefore, a time of 48 hours was chosen for performing subsequent 342 

solubility experiments. 343 

 344 

Figure 5. Study of the equilibrium time of LEO-supercritical CO2 system (P=120 bar, 345 

T=40 ºC). 346 

Table 1 shows the solubility results for the different operating conditions. Operating 347 

pressure in supercritical extraction processes is one of the main factors contributing to the 348 

extraction efficiency and yield of the desired component. An increase in the solubility of 349 

LEO in supercritical CO2 with an increase in pressure is clearly observed at each of the 350 

temperatures studied [37]. This is because the density of supercritical CO2 increases with 351 

pressure and, with it, its solvating power. An increase in pressure decreases the average 352 

intermolecular distance between solutes, which increases the interaction between solute 353 

and solvent [38,39]. 354 
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Regarding the influence of temperature on solubility, it can be seen from Table 1 that its 355 

increase does not contribute to the increase in solubility. An increment in temperature at 356 

the same pressure decreases the density of the solvent and increases the vapour pressure 357 

of the solute. The solvent’s density effect is predominant in the region where pressure is 358 

lower than the crossover point, while in the high pressure region, the vapor pressure effect 359 

of the solute is dominant, so as the temperature increases in this region, solubility also 360 

increases [40,41]. 361 

 362 

Temperature 

(ºC) 

Pressure 

(bar) 

CO2 density 

(kg/m3) 

Experimental solubility 

(kg LEO/m3 CO2) 

40 120 653.59 13.90 

60 120 355.69 6.59 

80 120 266.91 3.90 

40 140 652.64 16.59 

60 140 589.23 16.61 

80 140 389.82 9.35 

40 180 788.92 22.69 

60 180 712.79 21.80 

80 180 590.88 11.15 
 

40 250 798.09 24.80 

60 250 703.25 24.98 

80 250 607.03 22.80 

 363 

Table 1. Experimental solubility of LEO in supercritical CO2 



20 
 

These results can provide valuable information for the development of lavender flowers 364 

extraction.  365 

3.2. Semiempirical modelling 366 

With the aim of generalizing the behaviour of lavender essential oil in supercritical CO2, 367 

the solubility data were correlated using three semi-empirical models used in other studies 368 

that correlate the solubility with the density of pure gas, scCO2: the model of Chrastil (Eq. 369 

3), the model of Del Valle and Aguilera (Eq. 4) and, finally, the model of Adachi and Lu 370 

(Eq. 5). 371 

Table 2 shows the calculated values for each one of the constants used in the different 372 

models. All constants were calculated by minimizing the sum of the squares of the 373 

differences between the experimental and calculated solubility. In Figure 6, it can be seen 374 

that the solubility prediction was compared to the experimental results. It is evident that 375 

all the empirical models fit the experimental results with exactitude and that standard 376 

deviations (s.d.) are low and identical in the Chrastil and Del Valle and Aguilera models. 377 

In the case of the third empirical model, Adachi and Lu, s.d. is slightly lower but similar 378 

despite the modifications of the first model. Therefore, it could be concluded that the 379 

Chrastil model can correctly estimate the LEO solubility in supercritical CO2. These 380 

results are in line with the studies of  De Lucas et al., focused on the prediction of 381 

vegetable oils solubility [42].    382 

 383 

 384 

 385 

 386 
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Table 2. Values of constant used for solubility model. 387 

 388 

 389 

Figure 6. Comparison between experimental and calculated solubilities of LEO in 390 

supercritical CO2.  391 

Empirical 

model 
C1 C2 C3 C4 C5 s.d. 

Chrastil -6.789 -4.551 10-02 1.486   0.150 

Del Valle y 

Aguilera -7.910 -5.309 10-02 -4.914 10-04 1.664  0.139 

Adachi y 

Lu -18.308 10.000 3.865 -1.540 10-03 8.24010-07 0.237 
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3.3. Supercritical fluid extraction: small scale study 392 

With the aim of optimizing the extraction process based on the extraction yield, the 393 

influence of pressure and temperature as well as the addition of an extraction co-solvent 394 

were evaluated. Figure 7 shows all the data on LEO extraction performance at pressures 395 

of 180-300 bar and temperatures of 40 and 60 °C.  396 

Firstly, extraction yield increases with increasing temperature at constant pressure. In this 397 

way, the efficiency of the extraction process is higher at 60 ºC than in the tests carried out 398 

at 40 ºC. This can be explained by the increase in vapour pressure at higher temperatures, 399 

as discussed in previous sections. It should be noted that experiments were also carried 400 

out at 80 ºC but the yield was very low. For this reason, this working temperature was 401 

discarded. 402 

Regarding the influence of pressure, it can observed that extraction yield increases with 403 

increasing pressure at a constant temperature. Since the variation of solvent density with 404 

pressure also follows this trend, it is obvious that the results obtained are related to the 405 

value of this parameter. It should be noted that the trend of increasing performance with 406 

pressure was not observed in the experiment conducted at 300 bar and 40 °C. In the work 407 

of Díaz-Reinoso et al. [43] they obtained a similar behaviour and attributed this 408 

phenomenon to the fact that the crossover point for this system, relative to the increase of 409 

the vapour pressure of the solute in the extraction, could be around 250 bar [43,44]. 410 
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 411 

Figure 7. Influence of pressure on lavender flowers extraction yield of at 40ºC and 412 

60ºC.  413 

Figure 8 shows the results corresponding to the study of the influence of the addition of 414 

cosolvent (0.2% v/v). It shows that the extraction yield is higher when EtOH is used as a 415 

co-solvent, reaching yield values two times higher than when extracting only with CO2. 416 

CO2, being intrinsically non-polar, allows excellent extraction of both non-polar 417 

compounds and some low molecular weight volatile polar compounds. Nevertheless, it is 418 

less efficient at extracting polar compounds that are embedded in the cell wall. The 419 

addition of organic co-solvents can enhance the solvation power of CO2, improving the 420 

recovery of bioactive compounds. This solubility enhancement is mainly caused by the 421 

formation of special interactions between the solute and the cosolvent molecules 422 



24 
 

[45]. The results obtained agree with those obtained in other studies with polar cosolvents 423 

for the extraction of vegetable oil [42,46,47]. 424 

Figure 8 also shows that the pressure favors the extraction yield, reaching the maximum 425 

value at 300 bar for both working temperatures (13.22% at 40 º C and 12.85% at 60 º C). 426 

Regarding the influence of temperature, in this case, extraction yields were slightly higher 427 

in the case of the experiments carried out at 40 º C, which shows that the importance of 428 

the vapor pressure is lower when a co-solvent is added. 429 

 430 

Figure 8. Influence of cosolvent addition on lavender flowers extraction yield of at 431 

40ºC and 60ºC. 432 

In addition, ethyl acetate (EA) was also studied as a co-solvent to test whether the 433 

performance offered by EtOH could be improved. Figure 9 shows a comparison of the 434 

results of the co-solvent extractions at 60º C. It can be observed that the use of EA as a 435 
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cosolvent does not improve the results (in terms of the extraction yield) obtained with 436 

EtOH, as reported in previous work [48,49].  437 

 438 

Figure 9. Influence of type of cosolvent on lavender flowers extraction yield at 60ºC 439 

 (•) EtOH;  (•)  ethyl acetate EA 440 

3.4. Supercritical fluid extraction: large scale study 441 

Lab scale experiments showed that optimal extraction working ranges were 180-250 bar 442 

and 40-60 ºC, respectively. Hence, a further pilot scale study was carried out to study the 443 

supercritical extraction of LEO in this range, to validate previous equilibrium data, and 444 

to determine kinetic parameters (solid and liquid phases mass transfer coefficients) for 445 

the extraction curves.  446 

Table 3 shows the conditions and overall extraction yield results for pilot plant 447 

experiments. From Table 3, it can be seen that the pressure and temperature have a 448 
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positive effect on the extraction yield in all cases in the range tested, confirming the trends 449 

observed in previous laboratory research.  450 

Table 3. LEO extraction experiments in pilot plant. 451 

 452 

Figure 10 shows the extraction curves for all the experiments performed in the pilot plant. 453 

The kinetics correspond to a classical profile in which the first linear stage corresponds 454 

to the fast-extraction of the easily accessible solute located on the particle surface 455 

(governed by solubility and 𝑘𝑘𝑓𝑓  parameter in Eq. 18), followed by a slow-extraction period 456 

in which there is an increase in the solute internal resistance diffusion from the matrix to 457 

the surface (represented by 𝑘𝑘𝑠𝑠, in Eq. 19).  Moreover, Figure 10 compares the 458 

experimental extraction yields (solid points) and linear predictions by Sovová's 459 

mathematical model [30,33]. 460 

Pressure (bar) 180 250 180 180 250 

Temperature (ºC) 60 60 40 60 60 

Mass Flow CO2 (kg/h) 60 60 60 60 60 

Cosolvent EtOH (%) - - 0.2 0.2 0.2 

Time (min) 120 120 120 120 120 

Ext. Yield (%) 6.2 6.9 4.6 11.2 14.7 
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 461 

Figure 10. Kinetic study of lavender flowers extraction at large scale. Experimental 462 

results (closed symbols) and sovova’s model predictions (solid lines). 463 

Table 4 lists the parameters obtained from the mathematical analysis of the data. In all 464 

cases, it can be observed a good fit with the model, confirming Sovova’s hypotheses. As 465 

regards 𝑘𝑘𝑓𝑓, this value, it increases with pressure in all cases. However, the 𝑘𝑘𝑠𝑠 slightly 466 

decreases with pressure. This last effect can be explained since pressure has two opposite 467 

effects: pressure increases viscosity and increases solute-solvent interactions [50,51]. 𝑘𝑘𝑓𝑓 468 

is not influenced by viscosity because this parameter gives information about external 469 

diffusion to the fluid phase, while for 𝑘𝑘𝑠𝑠 the diffusion effect, the inner matrix is also 470 

affected by viscosity.  471 

This behaviour can be confirmed when considering the variation of temperature. As 472 

observed, in the 180 bar, 40 °C and 60 °C tests with co-solvent, increasing temperature, 473 

decreasing viscosity, maintaining kf value, while increasing ks. Last, it can be observed 474 
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that the fitting parameter in the table represents the easy-accessible oil fraction, remaining 475 

almost constant in all cases. 476 

Table 4. Sovová model parameters. 477 

 478 

3.5. Extracts characterization 479 

The results obtained from the GC-MS characterization of the extracts are shown in Table 480 

5. These results correspond to two extractions performed at the same temperature in order 481 

to check how much pressure variation influences the composition. In the case of 482 

extractions with pure CO2, it is clear that the two main compounds are linalool and linalyl 483 

acetate, with mass percentages of 32 and 43% respectively. These results are similar to 484 

the mass percentages of the commercial oil (Sigma-Aldrich) which gave a mass 485 

percentage of linalool of 28% and linalyl acetate of 31%. This is therefore an indication 486 

that the supercritical CO2 extraction technology is suitable for obtaining LEO and can 487 

also be used for applications requiring the therapeutic properties of these compounds [7]. 488 

Other minor components were also identified, like eucalyptol, camphor, endoborneol, 489 

terpinen-4-ol, α-terpineol, nerol acetate, caryophyllene and β-famesene, which are also 490 

Pressure (bar) 180 250 180 180 250 

Temperature (ºC) 60 60 40 60 60 

Cosolvent EtOH (%) - - 0.2 0.2 0.2 

𝑘𝑘𝑓𝑓𝑎𝑎 (s-1) 0.007 0.008 0.002 0.002 0.009 

𝑘𝑘𝑠𝑠𝑎𝑎 (s-1) 1.22 10-5 1.04 10-5 1.05 10-5 7.69 10-5 7.00 10-5 

𝑚𝑚 0.50 0.58 0.301 0.58 0.58 

s.d. 0.016 0.003 0.005 0.069 0.016 
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present in many other essential oils. Concerning the influence of operating pressure on 491 

the composition of extracts, no clear trend is observed, and the changes are very subtle. 492 

From Table 5, it can also be seen that the presence of these components clearly decreased 493 

in the experiments where EtOH was used as a cosolvent. This is probably due to the fact 494 

that EtOH favours the extraction of waxes or substances with higher molecular weights 495 

present in natural oils [52,53].  496 

Table 5. GC-MS analysis of obtained LEO under supercritical and Soxhlet extraction 497 

conditions.  498 

% wt 

180 bar, 60 ºC 250 bar, 60 ºC Soxhlet 

Hexane  

69 ºC 
scCO2 scCO2+EtOH scCO2 scCO2+EtOH 

Eucalyptol 3.48 1.85 4.11 1.90 3.25 

Linalool 32.07 12.95 32.20 14.74 27.76 

Camphor 4.24 2.42 4.58 2.55 7.68 

Endoborneol 4.07 1.81 3.91 2.06 2.21 

Terpinen-4-ol 3.60 1.54 3.58 1.76 4.05 

α-Terpineol 1.49 0.42 1.43 0.48 0.26 

Linalyl 

acetate 

43.03 17.53 43.01 20.46 49.55 

Nerol acetate 2.44 1.05 2.34 1.19 2.95 

Caryophyllene 2.95 0.93 2.58 1.14 2.60 

β-Famesene 2.64 1.16 2.25 1.34 0 

 499 



30 
 

Figure 11 shows the inhibition provided by the standard substance, ascorbic acid, and % 500 

compared to LEO supercritical extract. In the samples obtained at 250 bar the inhibition 501 

percentage is higher, above 85%, than in the samples obtained at 180 bar, whose values 502 

do not exceed 82%. On the other hand, in the experiments in which EtOH was added as 503 

a co-solvent, no decrease in antioxidant capacity was observed. So, it could be concluded 504 

that the essential oil obtained has a great potential for antioxidant applications. 505 

  506 

Figure 11. Inhibition of ascorbic acid and LEO supercritical extracts. 507 

3.6. Soxhlet 508 

Hexane extractions were carried out for 150 minutes at atmospheric pressure and 69 °C. 509 

Analyses of the antioxidant potential of the LEO obtained as well as the calculation of 510 

the extraction yield were carried out (Figure 12). Table 5 also shows the composition of 511 

the extracts obtained by this technique. 512 

In terms of extraction yield, it can be observed that the extraction yield is higher than in 513 

the extraction with supercritical CO2, something that was also observed in previous 514 
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similar studies [54]. In contrast, the inhibition potential of Soxhlet extracts is 20%, which 515 

is much lower than in the case of scCO2 extractions, so it can be deduced that their 516 

antioxidant potential is lower. 517 

Regarding composition (Table 5), in other studies, it is considered that, despite the good 518 

results of the Soxhlet extraction process in terms of yield, supercritical extracts are still 519 

of higher quality and more interesting for the industrial implementation of the process 520 

[55]. In the case of this study, Soxhlet extraction with hexane is less selective towards 521 

linalool which, due to its therapeutic properties, is considered the most interesting 522 

compound for LEO application.  523 

 524 

Figure 12. Comparison of scCO2 and Soxhlet extraction: large scale extracition 525 

yield from lavender flowers (primary axys) and Inhibition (secondary axis) results. 526 

 527 

 528 
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4. Conclusions  529 

In this study, it was performed an overall lab-to-pilot plant study for scCO2 extraction of 530 

lavender flowers, being obtained for the first time the kinetic mass transfer parameters in 531 

the large scale. The solubility study showed that the time to reach equilibrium was 48 h, 532 

and that an increase in pressure favours the solubility of LEO, while an increase in 533 

temperature decreases its value. The data obtained best fitted the semi-empirical model 534 

of  Del Valle and Aguilera. These data were used as a basis for the extraction of LEO 535 

with CO2 from lavender flowers, and the results indicated that the yield was favoured by 536 

pressure and temperature. Furthermore, the use of cosolvent, produced a two-fold of 537 

extraction yield. Once the most suitable extraction conditions were established, extraction 538 

was carried out on a larger scale, pilot plant size. The results reproduced those previously 539 

obtained in laboratory setup and were in good agreement with Sovova's mathematical 540 

model. Extracts were analysed by GC-MS, being the major compounds identified 541 

linalool, and linalyl acetate. It was observed that the supercritical extracts presented an 542 

antioxidant potential higher than 80 % (referred to ascorbic acid) in all operating 543 

conditions.  544 
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