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Compressed fluid-based separation process

Table A1. Compressed fluid-based separation process conditions applied and respective density 
of the CO2 + ethanol binary systems.

Exp Name Pressure Temperature Ethanol content  CO2𝑥  EtOH𝑥 CO2 + EtOH density

(bar) (°C)  (wt. %) (Kg/m3)

N1 100 40 20 0.81 0.19 796 (1)
N2 500 40 20 0.81 0.19 ~956a (2)
N3 100 60 20 0.81 0.19 ~779b (2)
N4 500 60 20 0.81 0.19 ~912c (2)
N5 100 40 40 0.61 0.39 827 (1) (2)
N6 500 40 40 0.61 0.39 nf

N7 100 60 40 0.61 0.39 nf

N8 500 60 40 0.61 0.39 nf

N9 100 50 30 0.71 0.29 760

N10 500 50 30 0.71 0.29 ~922d (2)
N11 300 40 30 0.71 0.29 ~914e (2)
N12 300 60 30 0.71 0.29 ~855f (2)
N13 300 50 20 0.81 0.19 882 (3) (2)
N14 300 50 40 0.61 0.39 nf

N15 300 50 30 0.71 0.29 873 (3)
N16 300 50 30 0.71 0.29 873 (3)
N17 300 50 30 0.71 0.29 873 (3)

a  EtOH=0.203, 45 °C, 450 bar; b  EtOH=0.203, 65 °C, 150 bar; c  EtOH=0.203, 65 °C, 450 bar; d  EtOH=0.271, 𝑥 𝑥 𝑥 𝑥

55 °C, 450 bar; e  EtOH=0.271, 45 °C, 300 bar; f  EtOH=0.271, 65 °C, 300 bar; nf – not found 𝑥 𝑥

Experimental design and statistical analysis 

Compressed fluid separation process parameters optimization

When compressed fluids are applied as a solvent, various experimental factors need to be 

considered and optimized for each investigated system. A systematic approach was necessary 

to effectively address the expected process factors, intricate interactions, and the desired high 

yield and content. 

Building upon previous studies on anthocyanins, which are the precursors for the formation of 

portisins, as well as preliminary experimental findings and instrumental limitations, some factors 

were kept constant to simplify the task and reduce the complexity of the parameter space 

explored, namely the amount of RM2, the CO2+ethanol flow rate, and extraction time. 

The amount of RM2 was maintained constant due to limitations in the available extract quantity, 

ensuring consistency in sample preparation across experiments.  The flow rate was also kept 
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constant to ensure that we operated above the minimum limit of both pumps (CO2 and co-

solvent), guaranteeing reproducible extraction conditions.  Additionally, it was not feasible to 

explore higher flow rates as the quantity of RM2 tested was limited. Regarding the fixed 

extraction time, the first experiment of central composite face design (N1) indicated that 35 

minutes were required until target compounds extraction reached saturation. Subsequently, 

this time was fixed for all the subsequent extraction experiments to avoid introducing an 

uncontrollable variable. Keeping the extraction time constant ensured consistency in the 

extraction process, allowing for a fair comparison of results and minimizing the risk of variability 

introduced by different extraction times.

A response surface methodology was used to evaluate the influence of process conditions on 

the compressed fluid separation process of portisins from a complex natural extract. Several 

factors are known to affect the portisins content, as well as extraction yield and portisins 

content. Among all the potential factors, the effect of the pressure, temperature, and ethanol 

content in the compressed fluid mixture, in extraction yield, portisins yield, and portisins content 

were studied (Manuscript Table 1). 

The selection of operating parameters ranges, including pressure (100-500 bar) and 

temperature (40-60 °C), was based on existing literature on the application of compressed fluids 

for anthocyanin recovery (4–12). Also, to achieve efficient separation of portisins, which are 

medium polar compounds, a biocompatible polar co-solvent, namely ethanol, was added to the 

dense CO2. Different ethanol concentrations in the compressed fluid mixture (20-40 wt.%) were 

investigated for the portisins separation.

To achieve the balance between the number of experimental runs and the acquired knowledge, 

a central composite face design was selected, which combined a full factorial design with star 

points placed on the faces of the sides. Central replicate points were included to assess the 

experimental variability, uncertainty of results, and the goodness of fit of the mathematical 

model.

Extraction yield, portisins yield, and portisins content resulting from the experiments performed 

according to the experimental conditions defined by the CCFD were analysed by using the 

Modde v.12 (Umetrics, Umeå, Sweden) software. The statistical tests, including the adjustments 

of the design model and factors effects, were considered to be significant when the resulting p-

value was lower than the predefined α = 0.05. Factors with p-values slightly above 0.05 were 

carefully evaluated to ensure that their exclusion did not compromise the overall accuracy and 

reliability of the model. It is better to accept factors with values higher than 0.05 rather than to 



4

take the chance of missing important information. It is worth noting that both portisins yield 

and portisins content presented positive skewness, which indicated the need for a log 

transformation prior to statistical analysis.

The underlying two-factor polynomial models include linear, factor interactions as well as 

quadratic terms as depicted by Eq. A1. In this equation, A, B, and C represent the independent 

variables, i.e. the pressure, temperature, and ethanol content in the compressed fluid mixture.

                                                                          (Eq. A1)𝑌 =  𝑎 + 𝑏1𝐴 + 𝑏2𝐵 + 𝑏3𝐶 ++ 𝑏12𝐴𝐵 + 𝑏13𝐴𝐶 + 𝑏23𝐵𝐶 + 𝑐1𝐴2 + 𝑐2𝐵2 + 𝑐3𝐶2

The model coefficients (a, bx, and cx) were estimated by multivariate linear regression and their 

significance was assessed after performing the corresponding ANOVA (Table A2). 

Table A2. Linear and quadratic effects and respective significance levels (𝑝) of the tested variables 
[factors: pressure (A), temperature (B), and ethanol content in the compressed fluid mixture (C)] and 
interactions on extraction yield, portisins yield, and portisins content in the extract.

Extraction yield Portisin yield Portisin content

Coeff. SC 𝑝 value Coeff. SC 𝑝 value Coeff. SC 𝑝 value

Constant 25.1 1.41E-09 -0.46 2.01E-04 1.41 3.57E-07

A 0.9 4.62E-01 0.08 4.18E-01 0.14 9.88E-02

B 0.3 8.37E-01 -0.08 3.95E-01 -0.04 6.54E-01

C 7.9 8.15E-05 0.63 1.60E-05 0.45 2.22E-04

AB -3.4 1.41E-02 -0.16 7.05E-02

AC 6.2 2.78E-04 -0.21 1.47E-02

BC -0.13 8.55E-02

C2 -0.19 7.62E-02

The response surfaces fitted to the extraction yield, portisins yield, and portisins content 

(Manuscript Figure 2) can be described using a polynomial model as a function of pressure (A), 

temperature (B), and ethanol content in the compressed fluid mixture (C). In these response 

surface, the non-significant effects (Table A2) were removed from the complete model (Eq. A1) 

giving origin to the simplified models described in Eq. A2, Eq. A3, and Eq. A4.
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                                                      (Eq. A2)𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑, 𝑤𝑡.% =  25.1 + 0.9𝐴 + 0.3𝐵 + 7.9𝐶 ‒ 3.4𝐴𝐵 + 6.2𝐴𝐶

                                                              (Eq. A3)𝑃𝑜𝑟𝑡𝑖𝑠𝑖𝑛𝑠 𝑦𝑖𝑒𝑙𝑑,𝑤𝑡.% =‒ 0.46 + 0.08𝐴 ‒ 0.08𝐵 + 0.63𝐶 ‒ 0.16𝐴𝐵

                      (Eq. A4)
𝑃𝑜𝑟𝑡𝑖𝑠𝑖𝑛𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡,

𝑚𝑔𝑝𝑜𝑟𝑡𝑖𝑠𝑖𝑛

𝑔𝑒𝑥𝑡𝑟𝑎𝑐𝑡
=  1.41 ∓ 0.14𝐴 ‒ 0.04𝐵 + 0.45𝐶 ‒ 0.21𝐴𝐶 ‒ 0.13𝐵𝐶 ‒ 0.19𝐶2
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Table A3. ANOVA analysis for extraction yield, portisins yield, and portisins content using different 
compressed fluid separation conditions.

Extraction yield DF SS MS 
(variance)

F 𝑝 value SD

Total 16 12119 757    
Constant 1 10050 10050    

       
Total corrected 15 2069 138   11.74

Regression 5 1839 368 15.96 0.000 19.18
Residual 10 230 23   4.80

       
Lack of Fit 9 205 23 0.90 0.679 4.78

(Model error)       
Pure error 1 25 25   5.02

(Replicate error)       
       
 N = 16 Q2 = 0.627 Cond. no. = 1.1  
 DF = 10 R2 = 0.889 RSD = 4.8  
 Comp. = 1 R2 adj. = 0.833    
       

Portisin yield DF SS MS 
(variance)

F 𝑝 value SD

Total 17 12.21 0.72    
Constant 1 3.63 3.63    

       
Total corrected 16 8.58 0.54   0.73

Regression 4 7.00 1.75 13.33 0.000 1.32
Residual 12 1.57 0.13   0.36

       
Lack of Fit 10 1.54 0.15 10.01 0.094 0.39

(Model error)       
Pure error 2 0.03 0.01   0.12

(Replicate error)       
       
 N = 17 Q2 = 0.625 Cond. no. = 1.1  
 DF = 12 R2 = 0.816 RSD = 0.4  
 Comp. = 1 R2 adj. = 0.755    
       

Portisin content DF SS MS 
(variance)

F 𝑝 value SD

Total 17 31.79 1.870    
Constant 1 25.61 25.609    

       
Total corrected 16 6.18 0.386   0.62

Regression 6 5.17 0.862 8.55132 0.002 0.93
Residual 10 1.01 0.101   0.32

       
Lack of Fit 8 0.99 0.124 16.414 0.059 0.35

(Model error)       
Pure error 2 0.01 0.007   0.09

(Replicate error)       
       
 N = 17 Q2 = 0.512 Cond. no. = 2.8  
 DF = 10 R2 = 0.837 RSD = 0.3  
 Comp. = 1 R2 adj. = 0.739    
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The values for R2 of these models suggest a good agreement between the experimental data 

and the values predicted by the model for the extraction yield, portisins yield, and portisins 

content. About 89 %, 82 %, and 84 % of the observed overall variance concerning the extraction 

yield, portisins yield and portisins content respectively, are explained by these models (Table 

A3). The reproducibility of the model to the extraction yield, portisins yield, and portisins 

content was 92 %, 97 %, and 98% respectively, considering the center points.
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