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 Supercritical anti-solvent fractionation were applied for the first time to A. 

absinthium 

 CO2 pressure and flow rate were modified to get different extract fractions 

 Artemetin and casticin were tracked in every experiment 

 Fraction enriched in artemetin using supercritical anti-solvent fractionation was 

obtained 

 

Abstract 

In the current work the Supercritical Anti-solvent Fractionation (SAF) methodology 

was applied to conventional extracts from Artemisia absinthium L. (wormwood). 

Artemetin and casticin, two compounds found in wormwood extracts and with high 

structural similarity, were tracked in all the experiments. A Response Surface 

Methodology (RSM), based on Central Composite Design (CCD) was used for both the 

experimental design and the results correlation. Studied variables were pressure (from 

8.0 to 15.0 MPa) and CO2 flow rate (from 10 to 60 g·min-1), while temperature (40 0C) 

and feed solution flow rate (0.45 mL·min-1) were maintained constant. Overall achieved 

yields were around 70 %, being downstream vessel yields much higher than those in the 

precipitation vessel. The conditions predicted to reach an optimal overall yield and 

fractionation were 80 MPa and 10 g·min-1 (composite desirability = 0.7443). Casticin 

and artemetin were mainly obtained in the downstream vessel, being this fraction more 

enriched in artemetin than casticin. 

 

Keywords 

Artemisia absinthium, artemetin, casticin, Supercritical Anti-solvent Fractionation 
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The study of natural products, that is, products obtained from both plants and animals, 

has witnessed a huge and unrelenting growth in the last years due to the fact that they 

show in many cases interesting bioactive properties (phytosanitary, antioxidant, 

therapeutic, etc.) and can be less noxious to health and environment than synthetic 

products with similar characteristics. This study covers many fields from techniques of 

extraction, separation and formulation to the assessment of its bioactivity.  

Artemetin (A) (2-(3,4-dimethoxyphenyl)-5-hydroxy-3,6,7-trimethoxychromen-4-one) 

and casticin (C) (5-hydroxy-2-(3-hydroxy-4-methoxyphenyl)-3,6,7-trimethoxychromen-

4-one), Fig. 1, are two flavonoids that differ by only one methyl group in position C3 of 

the phenyl group. 

The bioactivity of both molecules has been widely studied. Artemetin has demonstrated 

hypotensive properties on rats [1], protective effects against contrast induced 

cytotoxicity by iodixanol in LLC-PK1 cells [2], antioxidant and anti-inflammatory 

activity [3], and anticancer action [4] among other potential therapeutic applications. 

Casticin has caught the attention of researchers too. The current status of casticin 

bioactivity as anticancer (lung, breast, cervical, pancreatic, colon, ovarian, etc) and anti-

inflammatory compound has been extensively described by E. W. E. Chang et al. [5]. 

The fact that they share a high structural similarity does not mean that they would 

always show an analogous bioactivity. Perhaps the most clarifying example can be 

found in the study carried out by Elford et al. [6], where their efficacy against malaria 

was analysed; while casticin displayed better synergism than artemetin with artemisinin 

versus Plasmodium falciparum, neither would synergize with chloroquine. This fact 

clearly suggested a different mode of action of the compounds [6]. This different 

behaviour was also observed when tested on tumour cells. Thus, casticin was very 

effective against three human tumour cell lines (HeLa, MCF-7 and A431, being its  
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IC50 ≈1.286 M), while artemetin was not [7]. A similar study was performed by M. Y. 

Huang et al. [8] and, once again, casticin demonstrated an elevated cytotoxicity against 

the PANC-1, K562, and BxPC-3 cancer cell lines, whereas artemetin was inactive. 

Kobayakawa et al. [9] also verified dissimilar results between casticin and artemetin for 

the inhibition of human squamous carcinoma KB cell proliferation, being casticin 70 

times more powerful than artemetin. 

Referring to their vegetal sources these two flavonoids have been found to occur 

simultaneously in several plant species, such as Artemisia annua [10] and Vitex agnus-

castus [11-12,13]. Apart from that, artemetin can also be found in Achillea millefolium 

[14], Cordia curassavica [15], Artemisia gorgonum [16] and Ageratum houstonianum 

[17]; while casticin has been mainly extracted from Vitex rotundifolia [18], Fructus 

viticis [19] or Croton betulaster [20].  

The first time artemetin and casticin were reported to coexist in Artemisia absinthium L 

(wormwood) extracts was in 2012 by González-Coloma et al. [21]. They extracted these 

two compounds from A. absinthium grown under controlled conditions in Spain. The 

reported yields for artemetin and casticin fractions were respectively 21.2·10-3 % and 

13.0·10-3 % [12]. 

In most of the previous works focused on obtaining A. absinthium extracts and/or their 

fractions, researchers have mainly applied traditional techniques such as 

hydrodistillation [22], organic solvent extraction [12], aqueous extraction [23] or vapour 

pressure extraction (VPE) [24]. But, if A. absinthium extracts or their components 

would have a therapeutic destination, their quality and purity are points that should be 

taken into account. The use of high temperatures not only for extraction but also for 

fractionation, as in hydrodistillation or VPE, could lead to the degradation of extract 
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compounds, and the use of organic solvents for these two purposes might lead to the 

presence of solvent traces in the final product. Then, the technique employed can 

become a crucial issue.  

Supercritical CO2 (scCO2) can be a safer option [25] to avoid these shortcomings 

because the temperatures involved are not high (35 – 60 oC), CO2 is nontoxic and the 

obtained extract is completely solvent-free. In fact, supercritical fluid extraction with 

CO2 as solvent has been successfully applied to A. absinthium [22,26]. 

But extraction is not the only possibility of a green technology based on the use of 

scCO2. Supercritical Anti-solvent Fractionation (SAF) or Supercritical Anti-solvent 

Extraction (SAE) methodologies [25,27] could become an alternative procedure for the 

fractionation of natural extracts and/or their enrichment (with respect their proportion in 

the original extract) in certain compounds, which are non-soluble in scCO2.  

Generally speaking, the SAF process consists of the continuous contact between scCO2 

and a liquid solution, usually in an organic solvent, of the plant extract in a pressurized 

vessel, commonly named precipitation vessel, that ensures supercritical conditions for 

the mixture of CO2 and the organic solvent. A spray of this liquid solution, called feed 

solution, is then produced in the supercritical medium to enhance the mixing of the two 

fluids. Those compounds from the feed solution that are not soluble in this supercritical 

environment will precipitate in the precipitation vessel, while the still soluble 

compounds will be transported together with the scCO2 and the organic solvent to a so-

called downstream vessel, where they will be recovered as a liquid solution by 

decompression. Thus the fractionation will have taken place [25]. 

As far as we know, SAF has not been applied to wormwood extracts. However, this 

technique has been used for the selective fractionation of extracts of seed from winery 

residues [25], Persea indica [27], Arrabidaea chica Verlot [28], olive leaves [29], green 
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propolis [30], among others. But the use of SAF goes beyond because it was utilized for 

the optical resolution of ibuprofen enantiomers [31]. 

The aim of the current work was to evaluate the SAF ability both to fractionate the A. 

absinthium extracts and to enrich the fractions in the therapeutically interesting 

compounds, artemetin and casticin. A set of experiments (runs), in which CO2 pressure 

and flow rate were varied, were designed through a Response Surface Methodology 

(RSM), based on Central Composite Design (CCD) that was also used to correlate the 

results. Yields (w/w %) for every fraction were determined and artemetin and casticin 

were quantified in the feed solution and in every fraction. 

2. Materials and methods 

2.1. Raw material preparation and characterization 

A. absinthium plants were grown under controlled conditions in Ejea de los Caballeros, 

northeast of Spain. They were collected in 2017. Dried wormwood leaves and flowers 

had a 9.36 % ± 0.37 humidity content, measured with a Sartorius model MA 40 

Moisture Analyzer Software/ hardware 01.05.02. Moisture content was measured using 

0.5 g of plant and repeated five times.  

Plant material (wormwood dried leaves and flowers) was ground using an electric 

grinder. A vibratory sieve shaker CISA model BA 300N was used to analyze the 

particle size distribution. The average diameter of particles, dmg, was 0.419 mm. It was 

calculated according to ANSI/ASAE S319.3 from the American National Standards 

Institute [32].  

2.2. Feed Solution preparation 
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150 g of A. absinthium flowers and leaves were first macerated in hexane for 48 h 

(defatting) and then in ethanol for the same time to extract the more polar compounds. 

The final solvent-free extract was dissolved in ethanol at an approximate concentration 

of 3% (w/w) and filtered (Minisart NML cellulose acetate 0.2 m) later to get the feed 

solution (FS) used for the fractionation experiments. This organic solvent was chosen 

because it guaranteed the dissolution of the compounds of interest and it is considered 

as a non-toxic and eco-friendly. 

2.3. Supercritical Anti-solvent Fractionation 

A lab-scale apparatus, Fig.2, was used to carry out the SAF experiments. Its main 

components are a CO2 pump (P-SCF), an extract solution pump (P-LIQ), a 0.5 L 

precipitation vessel (PV) and a 0.5 L downstream vessel (DV). The working limits of 

the whole device are 40.0 MPa and 90 oC. Pressure, flow rate and temperature can be 

automatically controlled [25].  

In this work, PV temperature was 40 oC and pressure range from 8.0 to 15.0 MPa, while 

DV working conditions (3.0 MPa, 25 oC) were closer to room conditions not to lose 

compounds of interest. CO2 flow rate varied from 10 to 60 g·min-1 and feed solution 

flow rate remained constant at 0.45 mL·min-1 for all the experiments according to 

previous researches [25,27]. 

A typical run starts by the stabilization of pressure, temperature and CO2 flow rate in 

the system (PV and DV) followed by a stabilization of liquid flow by injecting liquid 

solvent (≈90 min, nozzle Ø =100 m). Once the whole system is stabilized, 30 mL of 

feed solution is pumped into PV for almost 1 h. Using the same flow conditions, 30 mL 

more of pure ethanol are then pumped to wash the remaining feed solution from the 

pipes. Finally, only CO2 flow is maintained for about 30 min to wash out the residual 
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solvent. The solid in PV, when obtained, was re-dissolved with ethanol after taking a 

sample for electron microscopy. All of these samples (PV and DV) were dried using a 

Büchi R-200 equipped with a heat bath B-490 and a controllable vacuum pump V-800. 

The working temperature and pressure to completely dry the samples were specified by 

the device taking into account the vapour pressure of the solvent to eliminate, the bath 

temperature where the evaporating flask is placed and the refrigeration temperature of 

the condenser. For ethanol, the working pressure was 67-70 mbar and the working 

temperature 42 oC. The samples were kept at -20 oC until their analysis. 

Yields for PV and DV collected fractions, YPV (wt%) and YDV (wt%), respectively, were 

calculated using Eq. (2): 

Yi (wt%) = 100 x (Mass of collected fraction in i / Mass of extract in FS)  Eq. (2) 

where i is the vessel where the fraction was collected, that is, PV or DV.  

The overall yield of the SAF process, YSAF (wt%), was defined according to Eq. (3).  

YSAF (wt%) = YPV (wt%) + YDV (wt%)      Eq. (3) 

2.4. Chromatographic tracking of Artemetin and Casticin 

The tracking of artemetin and casticin was carried out with a HPLC-PDA on a HPLC 

Waters® Alliance 2695 with a PDA Waters® 2998 detector. A CORTECS® C18 2.7 

μm (4.6x150 mm) was used together with a pre-column CORTECS® Pre-column 

VanGuard C18 2.7 μm (2.1x5 mm). The samples were eluted with a mobile phase acetic 

acid:Milli-Q water: acetonitrile (30:60:10) for 10 min, then 30:10:60 for 8 min and 

finally 30:60:10 for 7 min. The used flow rate was 0.8 mL/min and the temperature of 

40 oC. The detection wavelength was fixed at 340 nm. Extract solutions (100 ppm 

approximately) were filtered before every analysis through a GH Polypropylene 
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membrane ACRODISC 13 mm 0.2 μm Ø filter. Artemetin and casticin standards, 

obtained as shown in their previous work [21], were kindly provided by Dr. González-

Coloma. Standards were run under the same chromatographic conditions as fractionated 

samples. The analyses were performed in triplicate.  

Values for single compound proportions, Ci/j, in each sample (FS, PV and DV) were 

calculated as follows: 

𝐶𝑖/𝑗 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑗

𝑚𝑎𝑠𝑠 𝑜𝑓 fraction j
  Eq. (4) 

where i/j means that compound i (A for artemetin or C for casticin) has been collected 

in sample j (FS, PV or DV). 

Once the Ci/j was obtained, the Enrichment ratio, Ei/j, for every compound was 

calculated in PV and DV according to Eq. (5): 

𝐸𝑖/𝑗 =
𝐶𝑖/𝑗

𝐶𝑖/𝐹𝑆
 Eq. (5) 

where i is the specific compound (A or C), j is the vessel where the fraction was 

collected, Ci/j is the single compound proportion in fraction j (PV or DV) and Ci/FS is the 

single compound proportion for compound i in fraction FS. When Ei/j is higher than 1, 

we will assume that the fraction has been enriched in compound i with respect to the FS. 

With Ei/j values, we finally obtained the Relative Enrichment ratio, REj, in PV and DV 

calculated as follows: 

𝑅𝐸𝑗 =
𝐸𝐴/𝑗

𝐸𝐶/𝑗
        Eq. (6) 

where j is the PV or DV, EA/j and EC/j are the Enrichment ratio for artemetin and casticin 

in vessel j respectively. If REj is higher than 1, we will assume the fraction j is more 
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enriched in artemetin and less in casticin. If REj is lower than 1, the opposite will be 

assumed.  

2.5. Microscopy observations 

The solid morphology of the precipitated fraction obtained in PV by SAF was analysed 

by scanning electron microscopy (SEM) at the Electron Microscopy service, from 

Zaragoza University (Spain). A LEO 420 version V2.04, from Assing was used. 

Extracted solids were placed on a carbon tab previously stuck to an aluminium stub 

(Agar Scientific, Stansted, UK). Samples were coated with gold-palladium using a 

sputter coater (mod. 108A, Agar Scientific). 

2.6. Experimental design and data analysis 

To evaluate the influence of pressure and CO2 flow rate in a statistically reliable way, a 

Response Surface Methodology (RSM), based on Central Composite Design (CCD), 

was employed. Pressure and CO2 flow rate were respectively coded as X1 and X2. Feed 

solution concentration and flow rate, as well as temperature in PV, were set as fixed.  

This same methodology allows correlating the dependence of the Yields and Relative 

Enrichment ratio on the variables through the following equation. 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑖𝑋𝑖 +2
𝑖=1 ∑ 𝛽𝑖𝑖

2
𝑖=1 𝑋𝑖

2 + ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
2
𝑖≠𝑗=1  Eq. (7) 

where Y is the dependent variable; β0, βii and βij are fitting coefficients, and Xi and Xj are 

independent variables which influence is under study, that is, pressure and CO2 flow 

rate.  

The software Minitab® 17 was used to carry out the RSM design based on CCD. This 

design for 2 variables established 13 random runs, being the centre repeated 5 times 

according to the range levels of the cited variables. Minitab® 17 was also used to 
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determine the values of coefficients  in Eq. (7) as well as their significance (p < 0.05) 

and the optimal conditions for the maximum overall yield of the SAF process. The range 

and levels of independent factors, pressure (P) and CO2 flow rate (Q), is given in Table 

1. 

2.7. Chemicals and reagents 

The solvents used in the extraction process were hexane (Panreac 99.0%), ethanol 

(AnalaR Normapure 99.96%) and CO2 (Alpha Gas 99.8%). HPLC-PDA mobile phase 

solvents were water (MilliQ 18.2 MΩ·cm), acetic acid (Sigma-Aldrich 99.5%) and 

acetonitrile (Scharlab 99.9%). 

3. Results and discussion 

3.1. Experimental design 

For the application of the RSM design based on CCD, values for pressure, X1, were set 

between 8.0 and 15.0 MPa (axial points), whereas for CO2 flow rate, X2, were set 

between 10 and 60 g·min-1 (axial points). These values were chosen because they led to 

good results according to previous experiments [25, 27]. For the central experiment, X1 

and X2 were 11.5 MPa and 35 g·min-1, respectively. Data for all of the runs are gathered 

in Table 2, where the experimental order of the experiments, given by the experimental 

design, is offered on the second column, Exp. Run. Order. Values of FS concentration, 

FS flow rate and temperature in PV were 3% (w/w), 0.45 mL·min-1 and 40 oC, 

respectively. These working conditions provided a CO2 molar fraction close to 0.98 for 

all of the runs, which ensures that supercritical conditions are attained for the mixture 

(CO2 + ethanol) [25]. 

3.2. Yields 
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First of all, it must be said that a powder was precipitated in PV only in Runs 3, 5-9 and 

11. As an example, Fig. 3 shows two SEM images of the powder collected in 

experiments 6 and 8, which morphology and size are representative of the other 

powders. It can be appreciated that the particles are aggregates of smaller particles (1-10 

m approximately) that have a spherical shape. 

Experimental values for YPV (wt%), YDV (wt%) and YSAF (wt%) for every run are also 

listed in Table 2. YPV (wt%) oscillates between 7.4 (run 4) and 29.9 % (run 5), YDV (%) 

changes between 32.9 (run 13) and 58.3 % (run 2). It can be seen that yields in DV 

generally are generally twice as high as the yields in PV, but greater ratios are observed 

for runs 2 and 4 where YDV (wt%) are 5.6 and 7.9 times YPV (wt%), respectively.  

Only YPV, YDV, EC/PV and REDV were successfully fitted using Eq. 7. In Table 3, the 

fitting coefficients of this equation are gathered for the cited parameters as a function of 

pressure, X1 (MPa), and CO2 flow rate, X2 (g·min-1). In Figs. 4 and 5, the contour plots 

corresponding to the surfaces defined by Eq. (7) are given for these yields. YDV (wt%) 

depends on all the terms but YPV (wt%) does not depend on the cross term X1·X2. 

Although not all the coefficients are statistically significant, the regression coefficients 

are high for both yields, this means that a reliable analysis of the influence of pressure 

and CO2 flow rate can be carried out from Figs. 4 and 5. 

Then, in Fig. 4, it can be seen that YPV (wt%) shows a zone of maximum values at CO2 

flow rates between 17 and 35 g·min-1 and pressures between 8.5 and 12.0 MPa. Within 

these ranges of pressure and CO2 flow rate, YPV (wt%) initially increases as the pressure 

increases at a given CO2 flow rate, then significantly diminishes when the pressure is 

further increased. The same could be said if the CO2 flow rate is increased at a given 

pressure: an initial increase in YPV (wt%) is followed by a decrease which, in this case, 
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is less pronounced. Out of the ranges of pressure and CO2 flow rate limiting the zone of 

the maximum yield, a decrease of YPV (wt%) is observed when either the pressure is 

increased at a given CO2 flow rate or the CO2 flow rate is increased at a given pressure. 

In any case, the lowest yields in PV are reached at high values of CO2 flow rate, 

especially at high pressure, which is consistent, for example, with run 2 from Table 2 

(10.5 % at 14.0 MPa and 53 g·min-1). 

On the other hand, according to Fig. 5, YDV (wt%) increases with pressure for every 

studied CO2 flow rate whenever this pressure is above 14.0 MPa. This effect becomes 

more marked at higher flow rates. If the pressure is below this value, YDV (wt%) first 

decreases with increasing CO2 flow rates and then YDV (wt%) becomes higher. The 

highest YDV (wt%) is found for high pressure and high CO2 flow rate and it is possible 

that greater YDV (wt%) could be found with further increase of the variables. 

3.3. Enrichment ratios 

Parallel to the performance of SAF experiments, the track of artemetin and casticin was 

carried out for the FS and for every fraction precipitated in both PV and DV. As 

mentioned above, artemetin and casticin are both flavonoids which differ in the 

presence of an ether group, instead of an alcohol one, in artemetin, turning this molecule 

into a less polar one. This is consistent with the fact that artemetin is eluted before 

casticin when the chromatographic analysis was carried out, Fig 6.  

Enrichment parameters, such as Ei/j and REj are listed in Table 2. Neither EA/PV nor REPV 

are included because the amount of artemetin in PV was under the chromatographic 

detection limit. Artemetin and casticin proportions in the FS, CA/FS and CC/FS, 

respectively, were 0.02 for both of them, which means a REFS of 1.00. By and large, 

EC/PV values are significantly lower than EC/DV and EA/DV, indicating that these two 
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compounds are more concentrated in DV than in PV. The only exception occurs for run 

13 where EC/PV is slightly greater than EC/DV. Observing EC/PV values, we could state 

that, according to data from Table 2, casticin solubility in scCO2 decreases with 

pressure.  

Fitting coefficients of Eq. 7 for EC/PV and for REDV as a function of pressure, X1 (MPa), 

and CO2 flow rate, X2 (g·min-1) are given in Table 3. The other parameters didn´t fit this 

equation.  

According to Table 3, the fact that β22 and β12 don´t take part in the equation means that 

the dependence of EC/PV with pressure is stronger than with CO2 flow rate, reaching the 

highest EC/PV values for the lowest pressure (see runs 11 to 13 from Table 2). For a 

given pressure, EC/PV increases when the CO2 flow rate diminishes, Fig. 7 and Table 2. 

This behaviour can be observed in runs 4, 5 to 9 and 10. In all these experiments, 

pressure was 11.5 MPa and flow rate changes from 60 to 10 g·min-1, while the EC/PV 

increases from 0.03 (run 4) to 0.15 (run 10). 

In Fig. 8, the contour plot corresponding to the surface defined by Eq. 7 can be found. 

REDV does not depend on the quadratic term for the CO2 flow rate (X2
2) nor on the cross 

term X1·X2. All the coefficients are statistically significant, excepting that of the CO2 

flow rate (X2). Accordingly, the regression coefficient is very high. Then, the analysis of 

the influence of pressure and CO2 flow rate can be carried out very reliably from Fig. 8. 

REDV increases as the pressure becomes lower at any given CO2 flow rate if pressure is 

below 13.0 MPa. At higher values of pressure, an increase in REDV is observed when 

pressure increases too. However, at a given working pressure there is no significant 

variation in REDV with CO2 flow rate except in the range 12-14 MPa where a slight 

decrease is seen. It must be said that the experimental results at 9.0 MPa (runs 11 and 
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12) do not coincide with the contour plot because the experimental value of REDV in run 

11 is 1.26 and, according to the contour plot it should be placed between 1.4 and 1.6. 

Although the research by González-Coloma et al. revolves around Persea indica [27] 

and this is a different plant from A. absinthium, it can be observed that the tracked 

molecule in their SAF process, ryanodol, was also more concentrated in DV than in PV, 

as it happened in this work with casticin and artemetin, (values of Ei/DV higher than 1.00 

and values of Ei/PV lower than 1.00, Table 2). However, and regarding REDV values, the 

fact that they are higher than 1.00 for all the experiments concludes that artemetin 

precipitated in a higher proportion than casticin in DV, which is consistent with the fact 

that artemetin is less polar and/or with lower dielectric constant than casticin, that is 

why on the one hand artemetin is eluted first in the chromatogram and, on the other 

hand, we find a certain amount of casticin in PV but chromatographically undetectable 

amounts of artemetin.  

Then, the difference in their chemical structure seems to be enough to get an enriched 

fraction of A. absinthium extracts in artemetin. Within the cautions due to experimental 

inaccuracies, the applied RSM model provides us the upper limit of working conditions 

to achieve a significant enrichment of the compounds of interest. Values of REDV = 1.60 

and EC/PV = 0.5 together with a recovering 65 % of the feed solution (YPV = 20%, YDV = 

45%) can be obtained operating up to 87 bar and CO2 flow rate of 17 g·min-1. 

 

4. Conclusions 

In this work, the SAF methodology was applied to conventional extracts from Artemisia 

absinthium (wormwood) to evaluate its ability to fractionate those extracts and through 

the tracking of two therapeutically interesting compounds with high structural 

similarity, artemetin and casticin, its ability to enrich the fractions in those compounds. 
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To achieve this goal, we used a Response Surface Methodology (RSM), based on 

Central Composite Design (CCD), to design the set of experiments and to carry out the 

correlation of some of the results with the variables selected for the SAF process. These 

variables were pressure (varying from 8.0 to 15.0 MPa) and CO2 flow rate (varying 

from 10 to 60 g·min-1), while temperature (40 ºC) and feed solution flow rate (0.45 

mL·min-1) were kept constant.  

Obtained overall yields were around 70 %, being downstream vessel yields much higher 

than those in the precipitation vessel. Casticin and artemetin were mostly obtained in 

the downstream vessel, being this fraction enriched in both compounds when compared 

to their proportion in the feed solution. Besides, downstream vessel fraction was found 

to have a higher ratio of artemetin than casticin; so despite their minor difference in 

chemical structure, and, in fact, likely due to it, SAF seems to be able to get an enriched 

fraction of Artemisia absinthium extracts in one of these compounds, artemetin. Optimal 

pressure and flow rate values are found towards the lower limits of the ranges 

considered for these properties. Taken into account the limitation imposed by the 

experimental uncertainty, the predicted conditions to reach an optimal overall yield and 

fractionation were about 8.0 MPa and 10 g·min-1 (composite desirability = 0.7443).  
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Table 1. Range and levels of independent factors: pressure (P) and CO2 flow rate (Q) 

Factors Symbol Range and levels of independent factors 

-1.41 -1 0 1 1.41 

P CO2
 (MPa) (X1) 8.0 9.0 11.5 14.0 15.0 

Q CO2
 (g·min-1) (X2) 10 17 35 53 60 

Where X1 corresponds to Pressure and X2 to CO2 flow rate; T = 40 oC; QFS = 0.45 mL·min-1 
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Table 2. Working conditions (X1/MPa and X2/g·min-1); PV, DV and SAF yields (YPV, YDV and YSAF/ %, 

respectively); PV enrichment ratio for C (EC/PV); DV enrichment ratio for C and A (EC/DV and EA/DV 

respectively); DV relative enrichment ratio (REDV). First column on the left, Run, shows the numbering the 

experiments are referred to in the text. Second column on the left, Exp. Run. Order, shows the experimental 

order, given by the experimental design, the runs were carried out. 

       PV DV 

Run 
Exp. Run 

Order 
X1/ MPa X2/ g·min-1 YPV/ wt% YDV/ wt% YSAF/ wt% EC/PV EC/DV EA/DV REDV 

1 1 15.0 35 16.3 52.5 68.8 0.03 1.00 1.02 1.02 

2 4 
14.0 

53 10.5 58.3 68.8 0.02 0.96 0.96 1.00 

3 2 17 23.6 53.1 76.7 0.07 1.29 1.36 1.05 

4 3 

11.5 

60 7.4 58.2 65.6 0.03 1.17 1.18 1.01 

5 7 

35 

29.9 44.7 74.6 0.06 1.42 1.51 1.07 

6 8 24.0 44.8 68.8 0.05 1.33 1.43 1.07 

7 9 24.2 42.0 66.2 0.05 0.93 0.95 1.02 

8 13 22.7 50.0 72.7 0.12 1.08 1.18 1.09 

9 11 21.1 48.9 70.0 0.02 1.55 1.59 1.03 

10 6 10 18.4 50.4 68.8 0.15 0.94 1.00 1.07 

11 5 
9.0 

53 17.3 41.0 58.3 0.21 1.10 1.38 1.26 

12 10 17 28.3 48.4 76.7 0.38 0.98 1.39 1.41 

13 12 8.0 35 19.3 32.9 52.2 0.68 0.65 1.24 1.89 
Where X1 corresponds to Pressure and X2 to CO2 flow rate; T = 40 oC; QFS = 0.45 mL·min-1 
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Table 3. Fitting coefficients of Eq. 7 for PV and DV yields (YPV, YDV/% respectively), casticin enrichment ratio in PV 

(EC/PV) and DV relative enrichment ratio (REDV) along with the corresponding regression coefficients, R, and standard 

deviation, s. 

 

 

 

 

 

 

 

 

 

 

 

YPV/ % YDV/ % EC/PV REDV 

 
Coefficient value p Coefficient value p Coefficient value p Coefficient value p 

β0 -20.9 0.000 34.2 0.000 3.868 0.000 6.216 0.000 

β1  0.724 0.160 0.476 0.001 -0.05733 0.000 0.0795 0.000 

β2  0.751 0.005 -1.775 0.366 -0.00274 0.059 0.00194 0.292 

β11 -0.00349 0.157 -0.00207 0.339 0.000218 0.000 0.000305 0.000 

β22 -0.01474 0.010 0.01443 0.008 -  - - 

β12 - - 0.00720 0.095 -  - - 

R2 0.7897 0.8753 0.9164 0.9098 

s 3.6 3.3 0.06 0.09 

Where subscript 1 corresponds to Pressure and subscript 2 to CO2 flow rate ACCEPTED M
ANUSCRIP

T
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Fig. 1. Chemical structures for artemetin (I) and casticin (II). 

 

 

 

  

I  R = OCH3 

II  R = OH 
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Fig. 2. Scheme of the SAF plant. CO2 pump (P-SCF); liquid (extract) pump (P-LIQ); CO2 reservoir (R); 

precipitation vessel (PV); cooling bath (CB); heat exchanger (HE); automated back pressure regulator 

(ABPR); back pressure regulator (BPR); downstream vessel (DV). 
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Fig. 3. SEM images of powder samples collected in PV for experiments 6 (left) and 8 (right). 
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Fig. 4. Contour plot of YPV/ % versus X1 (Pressure/MPa) and X2 (CO2 flow rate/g·min-1) 
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Fig. 5. Contour plot of YDV/ % versus X1 (Pressure/MPa) and X2 (CO2 flow rate/g·min-1). 
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Fig. 6. Chromatogram of experiment 9. Artemetin at retention time = 11.12 min. Casticin at retention time = 12.57 min. PV fraction, line red. DV, line blue, FS line 

black. 
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Fig. 7. Contour plot of EC/PV versus X1 (Pressure/MPa) and X2 (CO2 flow rate/g·min-1). 
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Fig. 8. Contour plot of REDV versus X1 (Pressure/MPa) and X2 (CO2 flow rate/g·min-1). 
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