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ABSTRACT

Yield and extraction rate, antioxidant capacity, and the kinetics of supercritical extraction from 

Leptocarpha rivularis using CO2 were studied in terms of temperature (4060ºC), pressure (18-30 

MPa), specific CO2 consumption (3050 kg/kg d.s.), and particle diameter (0.51.1 mm). 

Antioxidant capacity was also measured. The highest extraction yield (27.23 g/kg d.s.) was 

obtained at 40°C, 30 MPa, 30 kg CO2/kg d.s. and 0.5 mm. The higher antioxidant capacity (3.836 

mmol TE/g) was obtained at 40ºC, 30 MPa, 30 kg CO2/kg d.s. and 1.1mm. The diffusion model 

based on Fick's 2nd law adequately described the cumulative extraction curves, using the effective 

diffusion coefficient (De) as the adjusted parameter. Yield and operational solubility increased with 

pressure and decreased with temperature. The yield and De coefficient correlated positively 

(r=0.886, p0.05). When the particle size decreased, the yield increased. Modeling of the 

cumulative extraction curves allowed for an adequate description of the extraction kinetics 

behavior.
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1. Introduction

Herbaceous plants are consumed as medicinal plants because they are high in bioactive compounds, 

which are beneficial in disease prevention and health protection, so they have applications as an 

alternative therapeutic treatments for diseases. Leptocarpha rivularis, a medicinal plant belonging 

to the Asteraceae, is known as "palo negro" [1] and is used as a treatment for different illnesses [2]. 

It has a wide variety of bioactive compounds, such as terpenes, flavonoids, and alkaloids [3], which 

have functional groups that provide therapeutic properties and can act as antioxidants, anti-

inflammatories, anti-microbial and anti-carcinogenic agents, so its consumption contributes to the 

prevention of degenerative diseases [4, 5, 6].

Antioxidants are compounds that prevent oxidative reactions by stabilizing reactive oxygen species 

(ROS) in the body’s cells. Antioxidant capacity is an important characteristic to establish the 

importance of a plant and its interest for applications in the food and pharmaceutical sectors.

Obtaining extracts with an antioxidant capacity requires extraction techniques that protect the 

quality and bioactive properties of the extracts. Conventional extraction techniques (Soxhlet, 

hydrodistillation, steam stripping) have disadvantages associated with the use of dangerous liquid 

solvents that require prolonged periods to complete the extraction [7] in addition to the use of high 

temperatures, low efficiency, and degradation of thermolabile compounds [8].

Supercritical fluid extraction is an efficient and selective technique for obtaining high-quality 

extracts by controlling temperature and pressure conditions, which determine the density and their 

solvent power [9]. Carbon dioxide is the most widely used supercritical solvent for the extraction 

of natural compounds since it allows extraction at low temperatures and prevents the degradation 

of thermolabile compounds. Furthermore, carbon dioxide is innocuous and non-flammable.

Temperature and pressure are the two most studied extraction variables because they affect CO2 

solvent power and its transport properties [10]. The solvent power of the supercritical fluid is 

directly related to its density (ρ), which is the property most affected by changes in pressure [11]. 

The temperature affects the solute vapor pressure. In the case of a volatile solute, as the temperature 

increases, the volatility increases, and in turn the solubility increases. For a nonvolatile solute, an 

increase in temperature results in a lower extraction yield due to a decrease in solubility [12]. On 

the other hand, to prevent thermal damage of bioactive compounds, low-temperature ranges are 

recommended (e.g., 60°C).
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A decrease in particle size increases the extraction yield due to its direct relationship with the 

effective mass transfer surface, where smaller particles provide larger surfaces [13]. The effect of 

particle size (dp, mm) has been studied in the range of 0.350.75 mm for Foeniculum vulgare ssp. 

Piperitum [14], 0.8021.29 mm for Senecio brasiliensis [15] and 0.300.90 mm for Peganum 

harmala [13].

Eggers and Lack [16] reported a range between 25 and 70 kg CO2/kg d.s. for the extraction of 

species and herbs. We evaluated specific solvent consumption in a range where a certain difference 

in responses could be observed, focusing on the yield and extraction rate, and antioxidant capacity 

of the extracts.

A specific solvent consumption (kg CO2/kg d.s.) of 3260 for Foeniculum vulgare ssp. Piperitum 

[14], 2038 for Santalum album and Boswellia carterii [17], 3844 for Satureja montana [18], 

4050 for Plumula nelumbinis [19] and 2045 for Senecio brasiliensis [15] has been reported in 

the literatura.

Supercritical extraction kinetics show three periods in a cumulative extraction curve. The first 

period corresponds to the constant extraction rate (CER), where the easily accessible solute is 

extracted and controlled by mass transfer by convection. The second period corresponds to the 

falling extraction rate (FER) due to the exhaustion of the easily accessible solute and the beginning 

of the extraction of the difficult-to-access solute. The third period corresponds to diffusion-

controlled extraction (DC), where the difficult-to-access solute is extracted [20].

Modeling of the cumulative extraction curves is important to establishing mass transfer parameters 

that are physically significant, and extraction conditions for large-scale extraction [21]. 

Supercritical extraction from solid matrices is mainly controlled by the diffusion mechanism where 

solutes are extracted from the innermost part of the solid matrix.

The theoretical models reported in the literature include the diffusion model based on Fick's second 

law. This model is adequate for cases where intraparticle diffusion rather than solubility limitation 

controls the extraction mass transfer processes [22]. The extension of the results to the whole bed 

of particles is immediate since all the particles are assumed to be at the same extraction conditions 

[23]. This model has been used to properly model the extraction kinetics of marigold oleoresin 
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[24], shiitake oil [25], and macaúba palm oil [26], and to determine the effective solute diffusivity 

in the solid substrate (De).

The objective was to study the effect of the supercritical conditions of temperature, pressure, 

specific solvent consumption, and particle size on the yield and extraction rate, and the antioxidant 

capacity of extracts from L. rivularis stalks using supercritical carbon dioxide, and the 

mathematical modeling of the cumulative extraction curve to obtain mass transfer parameters that 

describe the extraction kinetics.

2. Materials and methods

Ethanol 99.9% (CH3CH2OH) (CAS Number: 64-17-5), chloroform 99.8% (CHCl3) (CAS Number: 

67-66-3), sulfuric acid ≥96% (H2SO4) (CAS Number: 7664-93-9), and toluene 99.5% (C7H8) 

(CAS Number: 108-88-3), all of analytical grade were procured from J.T. Baker (J.T. Baker, 

Phillipsburg, NJ). DPPH ≥90% (2,2-diphenyl-1-picrylhydrazyl) (C18H12N5O6) (CAS Number: 

1898-66-4), and NDGA (nordihydroguaiaretic acid) (CAS Number: 500-38-9) were acquired from 

Calbiochem Co. (San Diego, CA). Iron (II) sulfate heptahydrate ≥99.0% (FeSO4·7H2O) (CAS 

Number: 7782-63-0) and iron (III) chloride anhydrous ≥98% (FeCl3) (CAS Number: 7705-08-0) 

were procured from ACROS Organics (Morris, NJ). Phosphate buffer pH 7 (CAS Number: 9005-

84-9) was obtained from Winkler Ltda. (Santiago, Chile). Aluminum chloride (AlCl3×6H2O) 

99.99% (CAS Number: 7784-13-6), atropine ≥99% (C17H23NO3) (CAS Number: 51-55-8), BCG 

(bromocresol green) ≥95% (C21H14Br4O5S) (CAS Number: 76-60-8), linalool ≥ 97% (C10H18O) 

(CAS Number: 78-70-6), quercetin ≥95% (C15H10O7) (CAS Number: 6151-25-3), TROLOX 97% 

(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) (C14H18O4) (CAS Number: 53188-07-

1), and lipoxygenase from Glycine max (CAS Number: 9029-60-1) were procured from Sigma-

Aldrich (St. Louis, MO).

2.1 Substrate pre-treatment

The L. rivularis stalks used as substrate were locally acquired in La Unión, Chile (39°52’S, 

73°14’W). The stalks were dried in a convection oven (model UF110, Memmert, Schwabach, 

Germany) at 50 °C for 10 h. Then, the dry substrate was placed in a freezer (–60 °C) for 2 days, 

and stalks were ground in a Moulinex chopper (model AD5661AR, Moulinex, Ecully, France). 

Substrate samples were stored in darkness and refrigerated, packed in plastic bags without oxygen 

until use.
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2.2 Substrate characterization

The moisture content was determined in triplicate by drying the sample in a drying oven (model 

UF 110, Memmert, Germany) at 105°C until a constant weight was reached. The substrate was 

screened through a series of US sieve sizes (ASTM E11:95): 14, 18, 20, 25, 40, 50, 60, 80, 140, 

using a Ro-Tap testing sieve shaker (model RX-29-10, W.S. Tyler, Mentor, OH). The average 

particle diameter (dp) (Eq. 1) was calculated using ASTM S319.3 [27]:

(1)𝑑𝑝 = 𝑙𝑜𝑔 ‒ 1[∑𝑛
𝑖 = 1𝑤𝑖𝑙𝑜𝑔𝑑𝑖

∑𝑛
𝑖 = 1𝑤𝑖

]
Where  (mm) is the geometric mean diameter of particles on ith sieve, or (di × di+1)1/2; di is the 𝑑𝑖

nominal sieve aperture size of the ith sieve and di+1 is the nominal sieve aperture size in next larger 

than an ith sieve. wi is the mass of particles with an average diameter of . The particle density (p, 𝑑𝑖

kg/m3) was calculated as the ratio of the weight of the dry substrate (d.s.) to the corresponding 

volume of the total sample excluding air. A Gay-Lussac specific-gravity bottle (25.020 cm3 at 

20°C, Brand GmbH, Germany) was used to determine the volume of pre-weighed samples 

according to the liquid displacement method using toluene. The apparent density of samples (a, 

kg/m3) was determined gravimetrically, weighing the material loaded in a 100 cm3 graduated 

cylinder using a standard tapping procedure [28]. The bed porosity ( = 1a/p) of the sample was 

determined using the values of particle density (p) and apparent density (a). Measurements were 

taken in triplicate.

2.3 Extraction

2.3.1 Supercritical extraction

Supercritical extraction assays were carried out in a Spe-ed SFE process development unit (model 

Spe-ed 2, Applied Separations, Allentown, PA) loading 12 g of the substrate (feed) in a 50 cm3 

extraction vessel (14 mm inner diameter). Depending on the extraction conditions, 4.1 to 4.6 L 

NTP/min of carbon dioxide (99.95% pure, Linde Chile S.A.)  were fed into the extraction vessel 

to maintain a constant superficial velocity of 1.0 mm/s through the extractor vessel. The CO2 flow 

rate was controlled manually by the micro-metering valve and it was measured by a CO2 gas flow 

meter placed at the end of the extraction line (precision: ± 2%). The extraction pressure was 

controlled with an air pump to increase the pressure of the carbon dioxide and monitored by a 
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pressure gauge (precision: ± 0.1 MPa). The temperature of the extraction vessel was automatically 

controlled (precision: ± 0.5°C) using a convection oven with a fan for circulating hot air. Air 

trapped in the extraction vessel had been previously purged using a controlled flow of CO2. The 

static 20-min extraction period was followed by a dynamic extraction period, which varied between 

43 and 71 min to obtain the studied levels of specific solvent consumption. During extraction, the 

extracted mass was collected in previously weighed glass vials (60 cm3 capacity), and the extracted 

mass was measured gravimetrically by weight difference in clean and dry vials. The extraction 

yield was expressed in grams of extract per kilogram of the dry substrate (g/kg d.s.). With this 

information, cumulative extraction curves were obtained. The extraction assays were performed in 

duplicate.

2.3.2 Hydroalcoholic extraction

To determine the total extract in the substrate (30.00.6 g/kg, m0), hydroethanolic extraction was 

carried out according to the methodology described by Paula et al. [29] with modifications. Ten 

grams of dried and milled stalks were extracted twice, each time using 50 mL of an ethanol: water 

mixture (80:20, v:v) at 40°C under magnetic stirring for 60 min. The extract was vacuum filtered 

and evaporated using a rotary evaporator (model RV10, IKA, Staufen, Germany) connected to a 

vacuum pump (model R-300, Boeco, Hamburg, Germany), then the remaining solvent was 

removed under a flow of gaseous nitrogen (>99.99% pure, Linde Chile S.A.).

2.4 Modeling of cumulative extraction curves

Cumulative supercritical extraction curves were modeled using the diffusion model [22]. Applying 

Fick’s second law of diffusion, and assuming a homogeneous distribution of the solute inside the 

particles and external film mass transfer resistance neglected, the fraction of the solute extracted 

from the bed with respect to time can be given by (Eq. 2):

(2)
𝑚𝑡

𝑚0
= 1 ‒

6

𝜋2∑∞
𝑛 = 1

1

𝑛2𝑒𝑥𝑝[ ‒ (𝑛𝜋
𝑅 )2

𝐷𝑒𝑡]
Where mt is the total cumulative amount of the solute extracted at time t (g), m0 is the initial amount 

of the extractable solute in solid phase (g), R is the radius of equivalent spherical particles (m), t is 

the extraction time (min), n is an integer, De is the effective diffusion coefficient (m2/s), the 

adjustable parameter, and it was obtained using the Microsoft Excel Solver tool. The difference 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4288151

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



8

between extraction yield values observed experimentally (Yexp) and extraction yield values 

predicted by the diffusion model (Ypred) was established by root mean square deviation (RMSD) 

(Eq. 3).

(3)𝑅𝑀𝑆𝐷 =
∑𝑛

1(𝑌𝑒𝑥𝑝 ‒ 𝑌𝑝𝑟𝑒𝑑)2

𝑛

2.5 Analysis of extracts

2.5.1 Antioxidant capacity

The antioxidant capacity of the extracts was determined using the DPPH radical scavenging assay 

[30] with some modifications [31]. DPPH solution was prepared by dissolving with ethanol. 

TROLOX solution was prepared by dissolving with ethanol and deionized water. The absorbance 

was measured at 520 nm in a UV-Vis spectrophotometer Genesys 10S (Thermo Fisher Scientific 

Inc., Madison, WI). Antioxidant capacity was expressed as mmol of TROLOX equivalent per gram 

of extract (mmol TE/g). The analysis was carried out in duplicate. The FRAP assay was carried out 

according to the method reported by Benzie and Strain [32] with some modifications [33]. The 

FRAP reagent was prepared by mixing of acetate buffer, solution of TPTZ, and aqueous solution 

of FeCl3. The absorbance was read at 593 nm by spectrophotometry. The FRAP value was 

expressed as millimol Fe (II) equivalents per gram of extract (mmol Fe (II)/g). The analysis was 

carried out in duplicate.

2.5.2. Total content of antioxidant compounds

The terpene content extract was quantified according to Truong et al. [35]. 200 µL of the ethanolic 

solution of extract (10 mg/mL) was mixed with 2 mL of chloroform and left to stand for 3 minutes. 

200 µL of concentrated sulfuric acid was added along the side walls of the test tube to form a layer 

and incubated at room temperature for 120 minutes in the dark. The formation of a reddish-brown 

interface indicated the presence of terpenes in the extract samples. Then, all the liquid was carefully 

and gently decanted from the supernatant reaction mixture without disturbing the precipitation. 3 

mL of ethanol was added and vortexed until all precipitation was completely dissolved in ethanol, 

and the absorbance was read at 538 nm. Ethanol was used as a blank. The total terpene content was 

expressed as mg of linalool equivalent per gram of extract based on the calibration curve using the 
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linalool standard (mg linalool/g). The analysis was carried out in duplicatehe calibration curve 

using the linalool standard (mg linalool/g). Analysis was carried out in duplicate.

The flavonoid content was quantified according to the method reported by Liu et al. [36] with some 

modifications. 250 μL of the extract solution (10 mg/mL), 1250 μL of deionized water, and 75 μL 

of NaNO2 solution (5% w/v) were mixed and incubated at room temperature for 6 min. 150 μL of 

AlCl3 solution (10% w/v) was added and left to stand for 5 min. Then, 500 μL of NaOH solution 

(1M) and 275 μL of deionized water were added and absorbance was read at 510 nm. A blank was 

prepared similarly by replacing the extract solution with ethanol. The total flavonoid content was 

expressed as mg of quercetin equivalent per gram of extract based on the calibration curve using a 

quercetin standard (mg quercetin/g).

The alkaloid content was quantified according to Li et al. [37] with some modifications. 600 µL of 

the ethanolic solution of extract (10 mg/mL) was mixed with 3 mL of phosphate buffer in a test 

tube. 3 mL of BCG solution was added, shaken, and allowed to stand for 30 min. The complex 

formed was extracted with (2, 2, 3, 3) mL of chloroform by vigorous stirring. The extract was 

collected in a 10 mL volumetric flask and diluted to volume with chloroform. The absorbance was 

read at 418 nm. The total alkaloid content was expressed as mg of atropine equivalent per gram of 

extract based on the calibration curve using the atropine standard (mg atropine/g). The analysis 

was carried out in duplicate.

2.5.3 Lipoxygenase inhibition assay

The procedure was measured according to Ahmed et al. [38], with some modifications reported by 

Uquiche and Martinez [31]. The extract was dissolved in DMSO at different concentrations. The 

NDGA solution was used as a positive control. The % inhibition of hydrogen peroxide production 

was calculated from the changes in absorbance read at 234 nm, and the % inhibition measured was 

plotted as a function of the extract concentration (mg/mL). The IC50 value was estimated from this 

plot and represents the extract concentration sufficient to obtain 50% of the maximum inhibition 

capacity of lipoxygenase activity.

2.6 Experiments and statistical analysis

The effect of extraction temperature (40, 50, and 60ºC), pressure (18, 24, and 30 MPa), average 

particle size (0.5, 0.8, and 1.1 mm), and specific solvent consumption (30, 40, and 50 kg CO2/kg 
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d.s.) on the yield and extraction rate, and the antioxidant capacity, were evaluated. Results of 

experiments were analyzed by analysis of variance established with 95% confidence.

3. Results and discussion

3.1 Substrate

The substrate moisture was 7.43±0.65 g/100 g d.s., which we consider adequate for the extraction 

assays with supercritical carbon dioxide. Fornari et al. [39] recommended that the moisture should 

not be greater than 12%, since the water could cause ice formation in the pipes of the extraction 

equipment due to rapid decompression and also cause the hydrolysis of some compounds present 

in the substrate.

Table 1
Table 1 shows the physical characteristics of the substrate samples used for the supercritical 

extraction assays. To obtain an average particle size (dp), fractions of substrate samples retained on 

each sieve were collected, so that the size distribution of the total collected resulted in the dp 

selected for the study (0.5 or 0.8 or 1.1 mm) (Eq. 1). Since it is the same substrate, p was a constant 

value (=769.59 kg/m3). Substrate samples with different particle sizes affect the characteristics of 

a packed bed [15] due to differences in the packed grade of the particles within the extraction 

vessel, resulting in different apparent density and packed bed porosity values, as shown in Table 

1. When the dp increases, the values of apparent density (a) and porosity ( ) decrease and increase, 

respectively. These physical characteristics affect the hydrodynamics of the supercritical fluid 

through the extractor vessel. In effect, porosity measures the fraction of void volume within the 

packed bed, through which supercritical CO2 flows and which affects the hydrodynamics of 

extraction and mass transfer (interstitial velocity).

3.2 Extraction yield

Table 2 shows the effect of temperature, pressure, specific solvent consumption, and particle 

diameter (dp) on the extraction yield of L. rivularis, which was found to range from 17.30 to 27.23 

g/kg d.s., an increase of 1.6-fold. Cumulative extraction curves (g solute/kg d.s.) versus specific 

solvent consumption (kg CO2/kg d.s.) were constructed to evaluate the effect of temperature, 

pressure, specific solvent consumption, and particle size on yield and extraction rate. The 

cumulative extraction curves were modeled and the effective diffusion coefficient (De, m2/s) was 

obtained by adjustment, which was in a range between 3.50 and 19.26×10-12 m2/s (Table 2).
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For a better interpretation of the results, Biot number values (Bi=kfdp/De) were calculated for each 

extraction condition. For this purpose, the values of kf (m/s) were calculated using the Puigenné 

equation [40]. The coefficient kf depends on the conditions T, p, and the hydrodynamic 

characteristics of the packed bed. The kf value was in a range between 14.81 and 2.34×105 m/s. 

The CO2 density was obtained with the Bender equation of state reported by Brunner [9]. Biot 

number represents the ratio between internal and external mass transfer resistance. If the Biot 

number is greater than 10, internal diffusion may be the controlling factor in the extraction process. 

Biot number values were in a range between 275 and 2669. Due to the values found, in our study 

the internal diffusion possibly controls the extraction process [22].

On the other hand, when experimental data from the extraction yield (g solute/kg d.s.) is plotted 

against specific CO2 consumption (kg CO2/kg d.s.), the initial slope represents the ‘‘operational’’ 

solubility (g solute/kg CO2). Operational solubility values were in a range between 2.73 and 6.92 

g solute/kg CO2. Next, the effect of extraction conditions on yield and extraction rate will be shown, 

and its behavior in terms of diffusion coefficient, Biot number, and operational solubility will be 

discussed.

Table 2

3.3 Temperature effect

The cumulative extraction curves (Figure 1) show the negative effect (p≤0.05) of temperature on 

the extraction yield (Figure 1). When the temperature increased from 40 to 60°C, the extraction 

yield decreased from 23.31 to 17.30 g/kg d.s. (at 30 MPa, 30 kg CO2/kg d.s., 0.8 mm). Likewise, 

the increase in temperature decreased the operational solubility (5.672.73 g solute/kg CO2).

When the temperature increases at constant pressure, the CO2 density and its solvent capacity 

decrease. However, the solute vapor pressure increases, facilitating the mass transfer of the solute 

to the supercritical phase [9]. According to the results, the decrease in CO2 density due to an 

increase in temperature prevailed over the increase in the solute vapor pressure. This explains the 

decrease in yield and extraction rate with increasing temperature.

When the extraction temperature increased, the coefficient De decreased (9.97–3.50×1012 m2/s). 

The increase in temperature reduced the CO2 viscosity (8.67–7.37×10-5 Pas) and increased the kf 

coefficient (1.93–2.34×105 m/s), while the Biot number was found in a range between 
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(7732669), indicating a prevalence of internal control to mass transfer resistance. Therefore, the 

reduction of the operational solubility and the coefficient De with the increase in temperature, 

explain the decrease in the extraction yield. A negative effect of temperature (4060°C) on 

supercritical CO2 extraction yield has been reported for Rosmarinus officinalis L. [41] and 

Tetraclinis articulata leaves [42].

Figure 1

3.4 Pressure effect

The cumulative extraction curves (Figure 2) show the influence of pressure on extraction yield. 

The pressure had a positive effect (p≤0.05) on the extraction yield (Figure 2). When the pressure 

was from 18 to 30 MPa, the extraction yield increased 1.17-fold from 19.94 to 23.31 g/kg d.s. (at 

40°C, 30 kg CO2/kg d.s., 0.8 mm). The increase in pressure increased the operational solubility 

(2.78–5.67 g solute/kg CO2). The increased pressure results in an increase in the CO2 density, 

which increases the solvent power and the higher extraction yield [9].

When the extraction pressure increased, the coefficient De increased (4.92–9.97×1012 m/s). The 

increase in pressure increased the viscosity (7.138.67×105 Pas) and reduced the kf coefficient 

(2.30–1.93×105 m/s). The Biot number decreased in a range between 1868 and 773, but still 

remained in the internal control region for mass transfer resistance. Therefore, the increase in 

operational solubility and increase in the De coefficient with increasing pressure explain the 

increase in extraction yield. Indeed, the extraction yield correlated positively with the operational 

solubility (r=0.877, p≤0.05) and the De coefficient (r=0.886, p≤0.05). A positive effect of pressure 

on supercritical CO2 extraction yield has been reported for Rosmarinus officinalis L. [41], 

Tetraclinis articulata [42], Senecio brasiliensis [15], Salvia fruticosa [43], Peganum Harmala [13], 

Carum carvi L. [44].

Figure 2

3.5 Specific solvent consumption effect

The cumulative extraction curves (Figure 3), show a slight positive effect (p≤0.05) of the specific 

solvent consumption on the extraction yield. When the specific solvent consumption increased 

from 30 to 50 kg CO2/kg d.s., the extraction yield changed from 23.31 to 25.99 g/kg d.s. (40°C, 30 

MPa, 0.8mm). At 50 kg CO2/kg d.s. a higher extraction yield was reached. The increase in the 
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specific solvent consumption decreased the operational solubility (5.67–4.88 g solute/kg CO2). The 

extraction curves almost overlap for the different consumptions up to <10 kg CO2/kg d.s. When 

the specific solvent consumption increased, the coefficient De had close values (9.97–10.12×1012 

m2/s). The Biot number was kept in a narrow range (761–780), being in a region of the prevalence 

of internal control to mass transfer resistance.

Brunner [9] points out that high consumption of CO2 results in a high extraction yield. Grosso et 

al. [18] observed a higher extraction yield of Santolina chamaecyparissus when CO2 consumption 

increased. An increase in the specific solvent consumption is related to a longer extraction time, 

which can favor the solvent having enough time to diffuse into the solid particle, dissolve the 

extract compounds, and diffuse towards the surface [45, 46]. Therefore, if a larger quantity of 

solvent is consumed, mass transfer is favored and the extraction oil yield increases.

Figure 3

3.6 Particle size effect

Cumulative extraction curves (Figure 4) show the negative effect of particle size on extraction yield 

(p≤0.05). When dp decreased from 1.1 to 0.5 mm, the extraction yield increased 1.35-fold from 

20.10 to 27.23 g/kg d.s. (at 40°C, 30 MPa, 30 kg CO2/kg d.s.). The increase in dp decreased the 

operational solubility (6.924.02 g solute/kg CO2), and the coefficient De decreased (19.26–

5.32×1012 m2/s). The Biot number decreased from 1868 to 275 with increasing dp, corresponding 

to internal control to mass transfer resistance.

Therefore, the reduction of the coefficient De and operational solubility with the increase of dp, 

explain the decrease in the extraction yield. On the other hand, when the particle size is reduced, 

the contact surface of the particles with the solvent increases, which makes it possible to entrain a 

higher content of solute from the substrate [41]. A positive effect of particle size reduction on 

extraction yield with supercritical CO2 has been reported for Rosmarinus officinalis L. [41].

Figure 4

3.7 Antioxidant capacity

Table 2 shows the antioxidant capacity (mmol TE/g) of extracts obtained as a function of extraction 

conditions. The values were in a range between 1.83 and 3.82 (mmol TE/g), where the highest 

value was obtained at 40ºC, 30 MPa, consumption 50 kg CO2/kg d.s. and 1.1 mm, and the lowest 
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value was obtained at 50ºC, 30 MPa, consumption 30 kg CO2/kg d.s. and 0.8 mm. The antioxidant 

capacity did not follow a clear behavior with respect to changes in temperature, pressure, and 

specific solvent consumption. The antioxidant capacity increased as the particle size decreased. 

Pereira et al. [47], using Myrtus communis L., pointed out that the factors with the greatest influence 

on antioxidant capacity were CO2 consumption, followed by pressure and temperature. 

Additionally, extract samples were obtained at the highest extraction yield condition (at 40°C, 30 

MPa, 30 kg CO2/kg d.s., 0.5 mm) for extract characterization.

Reactive oxygen species (ROS) produce oxidative damage at the cellular level and constitute the 

starting point of various neurodegenerative, cardiovascular, and inflammatory diseases, among 

others. Quantification of antioxidant compounds in the selected extract resulted in 445.4±21.7 mg 

linalool/g for terpenes, 101.0±0.9 mg quercetin/g for flavonoids, and 4.34±0.69 mg atropine/kg for 

alkaloids. Flavonoids have the ability to inhibit reactive oxygen species (ROS) and quench the 

formed ROS [4]. The antioxidant capacity of flavonoids depends on the presence of hydroxyl 

groups [48]. Also, terpenes also act as antioxidants against the excessive production of ROS [49]. 

Alkaloids have been shown to behave as powerful antioxidants, scavenging ROS [50].

In addition, the antioxidant capacity of the selected extract was measured by FRAP assay, obtaining 

68.48 mmol Fe+2/g. FRAP value represents the reducing capacity of antioxidant compounds in a 

redox reaction, in which one reactive species is reduced at the expense of the oxidation of another 

[32]. Lipoxygenase is an oxidative enzyme associated with the biosynthesis of proinflammatory 

mediators, such as leukotrienes, which have been related to inflammatory diseases. Wisastra and 

Dekker [51] have pointed out that lipoxygenases and their reaction products are associated with 

cancer. We measured the inhibition of 5-lipoxygenase as anti-inflammatory capacity, obtaining an 

IC50=1.12 mg/mL, a value close to that obtained for the positive control (NDGA), with IC50=0.75 

mg/mL.

4. CONCLUSIONS

The extraction kinetics of L. rivularis stalks using supercritical carbon dioxide were studied in 

terms of temperature, pressure, specific solvent consumption, and particle size. Cumulative 

extraction curves were adequately described by the diffusion model based on Fick's 2nd law, 

obtaining the effective diffusion coefficient (De) and estimating the Biot number. Additionally, the 

“operational solubility” was obtained from the cumulative extraction curves. The coefficient De 
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varied between 3.5 and 19.3×1012 m2/s. The Biot number for the extraction conditions remained 

greater than 275, indicating internal control for mass transfer. The increase in operational solubility 

and coefficient De, both with increasing pressure and decreasing temperature, explain the effect of 

both factors on the increase in extraction yield. As the particle size decreased, the extraction yield 

increased. The highest extraction yield was reached at 40°C, 30 MPa, 30 kg CO2/kg d.s., and 0.5 

mm. The extraction yield did not correlate with antioxidant capacity. It would be interesting to 

evaluate the composition of the extracts based on the extraction conditions. The extract 

characteristics at the selected condition with the highest yield highlight its potential as an ingredient 

for the development of functional foods that aid in health care.
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