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Abstract.   

Caffeine (1,3,7 - trimethylxanthine) is a natural 

molecule present in a variety of plants, seeds or 

fruits, standing out in coffee, tea, mate, cola nuts, 

cocoa and guarana. It is widely used in different 

industries, acting as a stimulant for respiratory 

and central nervous systems. Ilex guayusa L. is 

located in the Amazon region of Colombia, 

Ecuador and Peru. Plant leaves present alkaloids 

such as caffeine and theobromine. In this work, 

extraction of caffeine from Ilex guayusa L. leaves 

using supercritical carbon dioxide (SCCO2) was 

studied. The overall caffeine recovery from plant 

matrix was determined as a function of time 

(0.17, 0.5, 1, 2 and 4 h) at the same extraction 

conditions (23 MPa and 328 K). Ethanol as 

cosolvent was introduced in the extraction vessel 

to soak the vegetable material before SCCO2 was 
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pumped. Cosolvent to solvent ratio remained 

constant in each experiment (3.5 g of ethanol / 

100 g of SCCO2). The highest caffeine recovery 

89.7% was obtained after four hours of dynamic 

extraction. Barton model was used to analyze the 

extraction kinetics, data was successfully fitted 

(R2=0.974) and diffusion coefficient was 

determined using model assumptions. 

Information here is presented for the very first 

time, is useful to predict extraction yields and to 

promote further research with this natural 

material.  

 

Introduction  
 

Ilex guayusa L. from the family Aquifoliaceae, is located in the Amazon region of Colombia, Ecuador 

and Peru. It can reach an average of 10 m height and present a multitude of stems with heights from 2 to 

15 cm. [1]. Plant leaves present alkaloids such as caffeine and theobromine, with stimulating properties 

that can reduce fatigue and stress. Recently, ethanolic extract of Ilex guayusa L. leaves also showed to 

have estrogenic benefits in rats [2].   

Caffeine (1,3,7 - trimethylxanthine) is a natural molecule present in a variety of plants, seeds or fruits 

standing out in coffee, tea, mate, cola nuts, cocoa and guarana [3]. It is used in pharmaceutical, food and 

cosmetic industries, acting as a stimulant for circulatory, respiratory and central nervous systems, as well 

as acting as a vasodilator and diuretic [4]. 

Traditionally, caffeine is extracted at lab scale using solid-liquid extraction with pure solvents (water, 

benzene, chloroform, trichloroethylene, dichloromethane, acetone, methanol, ethanol and acetonitrile) 

[5], some of them harmful to health [6].Nowadays, more advanced extraction methods and techniques 

have been developed; for example: electrospray ionization ion mobility spectrometry ESI-IMS[7], 

liquid-liquid dispersed extraction [8], extraction by column chromatography with elution gradient [9], 

ultrasound-assisted extraction [10], microwave-assisted extraction [11] and supercritical fluid extraction 

(SFE) with supercritical CO2. The last one, is a viable alternative to organic solvents, offering many 

advantages such as non-toxicity, solvent-free products and high selectivity in caffeine removal. Several 

works about SCCO2 decaffeination of different vegetal matrix, such as coffee beans [12], cocoa butter 

[13], guarana seeds [14] and mate tea leaves [15], have been reported before. In fact, the extraction of 

caffeine with SCCO2 is one of the most well-known commercial examples of SFE processes [16]. 

Additionally, many patents related with decaffeination of tea and coffee, where extraction of caffeine 

was carried out by different layouts have been published [17-20]. Moreover, in different countries, 

several large-scale plants have been designed for processing coffee, tea, and hops, and for spices and 

flavor extraction [21].  
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For determining caffeine solubility from green tea leaves in SCCO2, variables such as pressure (15, 25, 

35 MPa) and temperatures (313, 323, 333 K) were tested, 25 MPa and 333 K those which allowed 3.11% 

of caffeine extraction [22]. In the same way, it was possible to obtain a maximum recovery (84% ) when 

using 373 K, 30 MPa and 197 kg CO2 / kg of coffee husks [23]. Additionally, low solubility of caffeine 

in non-polar solvents such as CO2 has prompted research into other solvents to improve solubility. For 

this reason, polar nature co-solvents were added to increase process efficiency. Studies using isopropanol 

and ethanol in CO2 (mixed solvents), identified caffeine solubility increase using 10% to 90% ratios of 

ethanol in CO2 [22]. Addition of co-solvent promote an increase in pressure and critical temperature of 

the mixture, and consequently the solubility of caffeine increases favorably with the addition of ethanol 

[24]. In fact, it had been shown that the addition of ethanol allows to improve the extraction times, 

decreasing from 7 to 2 hours maintaining similar yields [25,26]. SFE is a widely used environmental 

friendly technique. The effect of different cosolvents with SCCO2 extraction of caffeine from green tea 

leaves was modelling based on mass transfer and time optimization [27]. So far, no works related with 

carbon dioxide SFE caffeine extraction from Ilex guayusa L. have been published. 

 

Materials and Methods  

Materials 

As raw material, Guayusa illex leaves directly recollected from natural habitat were dried at ambient 

temperature on laboratory benches. Dried Guayusa illex leaves (GL) were ground in Retsch ZM-200 

ultra-centrifugal mill, to an average diameter of 0.14 ± 0.49 mm, determined using a Retsch camsizer. 

Bed porosity was determined using information from real and apparent densities. Total content of 

caffeine in GL was determined. For this purpose, 1 g of GL were extracted at 365 K with 250 mL of 

water in a conventional Soxhlet apparatus. Three extraction cycles were performed to ensure maximum 

yield and this procedure was done by triplicate. Total content of caffeine in GL determined was 4.05 ± 

0.35 %, and it was similar to reported before. [37]  

Procedure 

The supercritical CO2 extraction apparatus used was an Applied Separations SPE-ED as shown in Figure 

1. The system consists in a CO2 cylinder, coupled to a piston pump. Compressed air was used to 

pressurize the CO2. The pressurized gas was connected directly to a 500 ml high pressure vessel designed 

for working pressures up to 69 MPa and 493 K inside an oven. A pump is included in the system and 

coupled to the vessel for co-solvent supply (1-12 ml/min). A depressurization system was connected at 

the exit of the vessel. Flow rate was controlled with a needle valve and a flow-meter included in the 

apparatus. Pressure and temperature were controlled with a precision of ± 0.01 MPa and ± 0.1 K, 

respectively.  
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The extraction procedure consists of several steps. First, the vessel was filled with 3±0.04 g of GL and 

glass beads were added to fill the residual volume of the vessel. After the vessel had been closed, V1 

and V2 valves were closed while V3 valve was opened until the required amount of co-solvent was 

dosed into vessel. The oven temperature was set at 328 K, and vessel temperature was controlled until it 

reaches the equilibrium. After that, V3 restrict the flow of co-solvent and 23 MPa pressurized CO2 filled 

the vessel. At the time that pressure remained stable, dynamic extraction started. V4 admitted flow over 

V5 valve, that was as opened as 4 l/min was measured in the flow meter. The condition was maintained 

until the desired time of extraction was completed. Depressurization process was done with V3 

completely closed until the pressure was 4 MPa, and after that, V4 directs the flow to the exhaust line. 

Collected extract was mixed with water to reach 50 ml of final solution that was analyzed by HPLC and 

GC/MS. 

 

Figure 1. Schematic representation of supercritical CO2 extraction apparatus. Temperature controller, 

TC; temperature indicator, TI; pressure controller, PC. 

 

Operating conditions 

Based on experimental information available in the literature, the extraction conditions were selected to 

be constant at 23 MPa and 328 K. At this conditions, high caffeine solubility in SCCO2 was expected 

[22,28]. A minimum particle size (0.14 mm) was selected to minimize the diffusion distance and 

maximize contact area. CO2 flow rate was set to 0.31 kg/h (4 l/min). Considering works related with 

caffeine SFE extraction, where yield and selectivity were improved when ethanol was added from 1 to 

15 % [32–36], cosolvent to SCCO2 ratio was set to 3.5 g of ethanol / 100 g of CO2 in each experiment. 

In order to understand process kinetics, different times of extraction (0.17, 0.5, 1, 2 and 4 h) were 

analyzed.  
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Kinetic model 

Previous works related with kinetics of SFE extraction had been published. An empirical model 

published by Barton et. al. (1991) [38], assumed proportionality between extraction rate of oleoresin and 

the concentration left in the vegetable matrix. 

 

𝑞𝑟𝑠 = 𝑞0exp(−𝑘𝑡)                                      (1) 

 

Where, 𝑞0 was the initial concentration (%) of extractable compounds and 𝑞𝑟𝑠 was the concentration left 

in vegetable matrix. Also, assuming internal diffusion as the controlling step, kinetic constant k was 

defined as: 

 

𝑘 = 𝐷𝐴/𝑉𝑧                                                               (2) 

  

Where, 𝐷 was the solute diffusion coefficient (m2/s), 𝐴/𝑉 the surface to volume ratio (m-1) and 𝑧 the 

diffusion distance (radius of each particle) (m). 𝐴/𝑉 ratio was estimated by [29]:   

 

𝐴

𝑉
=
6(1 − 𝜀)

𝑑𝑝
 

                 (3) 

Where, 𝑑𝑝 was the particle diameter and 𝜀 is the bed porosity.  Analytical solutions were calculated 

using OriginPro® 2015 Software. Model fitting was compared with experimental data according to the 

average absolute relative deviation (AARD).  

 

                    𝐴𝐴𝑅𝐷 =
1

𝑁
∑ (

|𝑞𝑟𝑠,𝑒𝑥𝑝(𝑡𝑛)−𝑞𝑟𝑠,𝑚𝑜𝑑(𝑡𝑛)|

𝑞𝑟𝑠,𝑒𝑥𝑝(𝑡𝑛)
∗ 100)𝑁

𝑖=1                     (4) 

 

Where, 𝑞𝑟𝑠,𝑒𝑥𝑝(𝑡𝑛) was the concentration of caffeine left in GL after an extraction time 𝑛, obtained 

experimentally, and 𝑞𝑟𝑠,𝑚𝑜𝑑(𝑡𝑛) was the concentration of caffeine left in GL after an extraction time 𝑛, 

predicted by the model. 

 

Extract characterization  

 

Main components of each extract were determined using an Agilent 7820A GC coupled to Agilent 5977 

MSD. Extract in methanol was injected (1 µl) in DB-5MS column (30 m x 250 μm x 0.25 μm) set at 323 

K for 3 min, and then heated to 553 K with 5 K/min rate. Inlet was configured in split-less mode at 498 

K. Helium was the carrier gas at 1 ml/min flow rate. MSD parameters were as follows: Ion source 
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temperature 503 K, ionization voltage 70 eV, quad temperature 423 K, mass scan range: 50-550 mass 

units.     

Agilent Infinity 1290 HPLC with a diode array detector set to 270 nm wavelength, was used for caffeine 

quantitation. Column temperature was set at 298 K for Chromolith High Resolution RP-18 encapped 

150 - 4.6 mm. Mobile phase (methanol:water, 25:75) was set to 0.860 ml/min and 1.4 µl as sample 

injection volume. Standards solutions were prepared at known concentrations in the range of 200 to 1000 

mg/l. The calibration curve was correlated with R2=0.96690.  

 

Results and Discussion  
 

Ilex guayusa L. leaves extract was identified by GC/MS in Figure 2. One sample of each extraction was 

analyzed. Caffeine, amyrin and squalene were identified as peaks at 30.5, 39.1 and 46.8 min, 

respectively. An important percentage of squalene was detected. The presence of amyrin is an interesting 

fact that could be studied further, and probably is the main reason for its estrogenic benefit properties 

[2].  

 

 

Figure 2. GC/MS analysis of Ilex guayusa L. SFE extract. Retention times: Caffeine, 30.5 min; 

amyrin, 39.1 min; squalene, 46.8 min. Relative areas are shown in table inset. 

 

Experimental caffeine recovery percentage is given in Figure 3. At 2 h of dynamic extraction, 82 % of 

caffeine recovery was achieved. High amounts of solvent/GL ratio had to be used to reach good 

extraction yields (Table 1). For example, to reach 82 % of caffeine recovery, 309.4 (g SCCO2 / g GL) 

was needed, but in same context, almost double amount of CO2 had to be used for 7% recovery 

enhancement. This result was comparable to others obtained: Liang et.al. (2010) obtained 70.2% of 

caffeine from green tea leaves using 2.7% of ethanol as co-solvent at 353 K and 30 MPa during 2 h [39]. 
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Additionally, Tello and Calvo (2011) obtained 84% of caffeine yield from coffee husks working at 373 

K and 30 MPa during 5 h without co-solvent [23]. Also, Park et.al. (2007) achieved a maximum yield 

of extraction of 97.3% at 30 MPa, 343 K and 4.6% of ethanol as co-solvent during 2 h [40]. Considering 

those results, conditions tested here leads high caffeine recovery, varying from 48.5 to 89.7 (g caffeine 

/ 100 g total caffeine) after 1 to 4 h. Further cost – benefit analysis is needed at the time of choosing the 

optimal time for extraction.  

 

 

Figure 3. Caffeine recovery after SCCO2 extraction from Ilex guayusa L. leaves as a function of 

extraction time, at P = 23 MPa, T = 328 K.  

Table 1. Total caffeine extraction yield from Ilex guayusa L. leaves and selectivity of caffeine under 

different times of extraction. 

Time 

(h) 

Solvent mass ratio 

(g CO2/g GL) 

Co-solvent 

(g ethanol) 

Yield 

(g caffeine/100g 

GL) 

Recovery 

(g caffeine/100g 

initial caffeine) 

0.17 119.4 13.2 0.21 ± 0.01 5.26  

0.5 154.0 17.0 1.00 ± 0.09 24.60  

1.0 205.8 22.7 1.97 ± 0.06 48.53  

2.0 309.4 34.2 3.34 ± 0.06 82.45 

4.0 516.6 57.0    3.64 ± 0.18 89.74  
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Considering g caffeine / 100 g GL, 3.64% was achieved after 4 hours of extraction. This result is better 

than the obtained by Gürü and İçen (2010), who reached a maximum caffeine to raw material yield of 

1.495% for tea stalk and 1.892% for tea fiber [26]. However, those low values are justified because the 

raw materials used were tea plant wastes, probably with poor initial caffeine content. Moreover, Sökmen 

et.al. (2018) have found the best conditions for caffeine extraction from tea leaves at 25 MPa, 333 K and 

3 hours, obtaining caffeine 1.80% yield [41]. Different operating conditions directly affect SFE 

extractable compounds yield, however having almost 90% of caffeine recovery is good enough for 

industrial applications.     

 

Figure 5. Experimental data fitted using Barton model. Confidence bands (95%) are shown in 

gray area.  

Experimental data was fitted to Barton model (Figure 5). Data had a classic exponential decrease shape. 

Barton model fitting gives an intercept at t=0, giving 𝑞0 = 4.21 %, which is similar to the obtained 

experimentally (4.05 %). Although, parameters obtained by empirical models does not have physical 

interpretation, considering as an internal diffusion controlled extraction, the best fit was achieved with  

𝑘 = 2.02E-4, implying a calculated diffusion coefficient D=1.34E-12 m2/s. Huang et.al. (2011) obtained 

solute diffusion coefficient in the range of 5.28E-9 to 2.93E-8 m2/s, that are considerably higher than the 

determined here, suggesting that their operating conditions are more favorable to SFE [42] . However, 

Campos et.al. (2005) obtained diffusion coefficients more similar than presented here (in the range of 

3.67E-12 to 7.14E-12) for Callendula officinalis oleoresin extraction, applying simple single plate model 

[43]. Results could vary depending on model, raw materials and operating parameters used, thus it is 

necessary to study mathematical modelling for each condition tested and test other models to compare 

results. Extraction predicted at 4 h is less than expected, but considering its standard deviation, it is well 

represented by the model with 95% confidence. It suggested that experimental errors could have been 

made in the data acquisition for that time.  
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Statistical analysis using AARD resulted on 13.8 % (Table 2).  This result differs from Huang et.al. 

(2011), who compared Barton and Crank models in the CO2 SFE of Baizhu, obtaining similar AARD 

values (from 2.4 to 8.7). Nevertheless, 95% confidence bands in model fittings show that data are reliable 

enough to be a starting point for future research.   

 

Table 2. Model fitting parameters 

Model  𝑞0 (%) 𝑘 (s-1) 𝐷 (m2/s) R2 AARD (%) 

Barton 4.05 ± 0.35 2.02E-4 1.34E-12   0.98279 13.8 

𝑞0: initial concentration of caffeine in Ilex guayusa L. leaves, 𝑘: kinetic constant for model fitting, 𝐷: 

diffusion coefficient,  R2: correlation factor, AARD: average absolute relative deviation  

 

Conclusions   
 

The objective of this work has been to provide information about supercritical carbon dioxide caffeine 

extraction from Ilex guayusa L. leaves, to using it on future research or applications. Experimental 

conditions tested (23 MPa, 328 K, 3.5 g ethanol / 100 g SCCO2) favors high caffeine recovery (89.74 g 

caffeine / 100 g total caffeine; 3.64 g caffeine / 100 g GL) after 4 hours of dynamic CO2 SFE, considering 

as an important fact that only 7% of recovery enhancement was achieved from 2 to 4 hours of extraction.  

Although, kinetic modelling showed an average absolute relative deviation of 13.8 %, implying that 

Barton model was a preliminary model to fit the experimental data.  Nonetheless, is recommended to 

analyze other mathematical models to enhance prediction accuracy. 

Compared with similar works, results presented here are reliable enough to be considered as a starting 

point for future research. Finally, this work pioneered the analysis of supercritical CO2 extraction of 

caffeine from Ilex guayusa L. leaves. 
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