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Abstract Supercritical CO2 extraction was used to refine coffee oil obtained by mechanical pressing. Extractions were carried out using 50–70 ◦ C and pressures ranging from 15.2 to 35.2 MPa, with a CO2 flow rate of 1 standard L/min using a semi-continuous high-pressure extraction apparatus. Green coffee oil fractions were collected at fixed time intervals and the composition of each fraction was determined by HPLC analyses. Caffeine and traces of chlorogenic acid were detected in the first fractions while waxes remained in the extraction vessel. Compared with the original oil the triglyceride composition remained almost unchanged in the fractions. The results also indicate an increase of triglyceride and caffeine extraction with pressure. An increase in extraction temperature results in a retrograde behavior over the pressure range of 15.2–28.3 MPa. At pressures higher than 30 MPa the solubility behavior of coffee oil was apparently independent of the temperature. A good correlation of the solubility data of green coffee oil was obtained using the Chrastil equation. © 2007 Elsevier B.V. All rights reserved. Keywords: Caffeine; Chlorogenic acid; Coffee; Coffee oil; Triglyceride



1. Introduction Vegetable oils are extensively used in industrial applications (especially by the cosmetic, pharmaceutical and food industries) due to their important role in product formulations. Lipids can act as emollients, emulsifiers, carriers, viscosity modifiers, spreading agents, binders and lubricants in many cosmetic products [1]. The specific applications depend on the oil characteristics, which may also vary with the seed used. Coffee beans have a lipid content that ranges from 10% to 13% on dry basis composed of: triacylglycerols (75%), terpene esters (14%), partial acylglycerols (5%), free fatty acids (1%), free sterols (1.5%), sterol esters (1%) and polar lipids (
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present in coffee lipids associated to hypercholesterolaemia, anticancer effects and applications in sunscreen [5–8]. Tocopherols (␣, ␤ and ␥) are also present in coffee lipids, and together with tocotrienols, as reported by Gonz´alez et al. [9], as one of the eight constituents of vitamin E. Green coffee oil (GCO) is a mixture of several classes of compounds with triglycerides (TAGs) representing 75% in mass basis. Raw GCO has a relatively high price in the market and is currently obtained by mechanical cold pressing. The extracted oil presents in its composition caffeine and wax. Fractionation of GCO not only improve the oil quality for use in cosmetic and pharmaceutical applications but it can also be a source of other valuable products such as caffeine, sterols, terpenes and tocopherols. Raw GCO obtained by cold press has a dark brown-green color with a cloudy aspect, what is attributed to the presence of pigments and other components (e.g. chlorophyll, terpenes, sterols, wax, etc.). Supercritical CO2 extraction is among the emerging clean technologies for the processing of food, cosmetic and pharmaceutical products. CO2 extraction also presents other well-known advantages over the conventional processes. While conventional processes use organic solvents (which are toxic and difficult to handle) and severe process conditions (e.g. steam



A.B.A. de Azevedo et al. / J. of Supercritical Fluids 44 (2008) 186–192



187



Fig. 1. Experimental apparatus process diagram.



distillation which can result in product thermal degradation), CO2 , which is non-flammable and non-toxic compound, allows the extraction operation to be carried out at moderate conditions due its reasonable low-critical constants values (Tc = 31.8 ◦ C and Pc = 7.3 MPa). However, to concept, design and optimize supercritical fluid extraction processes of active principles from natural products; it is necessary to know the kinetic and thermodynamic behavior of the system. Therefore, the objective of this work was to obtain new experimental data on the capacity of supercritical CO2 in the extraction and fractionation of GCO, to assess the effects of thermodynamic variables (pressure and temperature) on these operations through the critical evaluation of the experimentally collected data and to correlate the data for coffee oil using the correlation of Chrastil [10].



2. Experimentation 2.1. Materials GCO obtained by mechanical pressing of Coffea arabica beans was donated by Chemyunion Qu´ımica LTDA (Campinas, Brazil). This raw GCO initially presented 2.7 g caffeine/kg oil and a dark brown-green color with a cloudy aspect. The oil was divided in 20 g portions, placed in bags and stored in a freezer (−20 ◦ C) before use. Pure carbon dioxide (99.9% in purity) was obtained from White Martins Inc. (Campinas, Brazil). Methanol, acetone, ethanol and acetonitrile, HPLC grade (Merck), were purchased from a local supplier. TAG standards were purchased from Sigma (St. Louis, USA).



2.2. Experimental apparatus A semi-continuous flow experimental apparatus (Fig. 1) with independent control of temperature and pressure was used in the extraction experiments. The apparatus was projected and assembled by the supercritical fluid process research group of the School of Chemical Engineering, State University of Campinas, Brazil. The apparatus was designed for pressures up to 41.3 MPa at 200 ◦ C. The major components of this apparatus are positive liquid displacement pumps (P-1 and P-2, Thermal Separation Products, Riveira Beach, FL, USA) for solvent delivery (46–460 mL/h), one 300 mL high-pressure extraction vessel (E-1, Autoclave Engineers, Erie, PA), two high-pressure columns (C-1 and C-2, 300 mm × 12.7 mm i.d.) and collection flasks. The extraction vessel and the columns were supplied with heating jackets and temperature controllers and were operated in series. Heating tapes were used throughout the apparatus to maintain constant temperature over the entire apparatus. In order to ensure constant and steady solvent delivery, the pump heads were cooled by a circulating fluid passing through a chiller, CFT R134a (NESLAB Instruments, Newington, NH, USA). Flow rates and accumulated gas volumes passing through the apparatus were measured using a digital flow meter device (FM-1, EG&G Instruments Flow Technology, Gaithersburg, MD, USA). Autoclave Engineers (Erie, PA, USA) micrometering valves (VM-1) were used for flow control throughout the apparatus. Heating tapes were also used around these valves to prevent freezing following depressurization. Pressure in extractor and columns were monitored with a digital transducer system (G1, G2 and G3, Heise Series 901A RTS acquired from Dresser Industries, Stratford, CT, USA) with
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Fig. 2. Green coffee oil chromatogram. Peaks are 1, LLL; 2, PLLn; 3, OLL; 4, PLL; 5, OLO; 6, PLO + SLL; 7, PLP; 8, OOO; 9, POP; 10, OOS; 11, SOS. L = linoleic acid; Ln = linolenic acid; P = palmitic acid; O = oleic acid; S = stearic acid. Ex: POP = 1,3 palmitic-2-oleic-glycerol.



a precision of ±0.03 MPa. Extractor and columns temperatures were controlled to ±0.5 ◦ C. 2.3. Analyses The compositions of the coffee extract fractions obtained were determined by HPLC using Shimadzu LC-10AD chromatograph (Kyoto, Japan) and a C18 column (25 cm × 4.6 mm, 5 m) purchased from Shimadzu (Kyoto, Japan). For determination of the oil content in the extracts the mobile phase used was acetone/acetonitrile (62:38, v/v) with a flow rate of 1.0 mL/min. A Shimadzu refractive index detector model RID 10A (Kyoto, Japan) was used and the peaks were identified by comparison with standards and with the chromatogram published by Gonz´alez et al. [9]. Caffeine and chlorogenic acid amounts in the extracts were determined using a SPD 10AV detector (Shimadzu) operating at 280 and 313 nm, respectively. Methanol (50%, v/v) and (40%, v/v) in aqueous sodium acetate (0.5%) at a flow rate of 0.8 mL/min was used as the mobile phase. Fig. 3. Green coffee oil extraction curves (a) 50 ◦ C, (b) 60 ◦ C and (c) 70 ◦ C.



2.4. Experimental procedures Experiments of green coffee oil fractionation with carbon dioxide were carried out at 50, 60 and 70 ◦ C and in the pressure range from 15.2 to 35.2 MPa. CO2 flow rate was maintained at 1.8 g/min, as recommended by Filippi [11] and also based on our own experience with oil extraction [12–14], which confirmed that no mass transfer limitations were observed and in the equilibrium concentration of the solute with the particular solvent in question was always achieved. A 15 ± 1.5 g sample of



GCO was mixed with glass beads (4 mm in diameter) and placed in the extraction vessel. In a typical extraction experiment, solvent (CO2 ) was delivered by the pumps as a liquid and slowly fed into the extractor until the desired extraction pressure was reached. The extractor was heated to the extraction temperature and the micrometering valve downstream was slowly opened, always keeping constant pressure in the extractor. The micrometering valve was properly heated to prevent solvent freezing



Table 1 TAG composition in crude green coffee oil TAG



LLL



PLLn



OLL



PLL



OLO



PLO + SLL



PLP



OOO



POP



OOS



SOS



Composition (%) Peak no. in Fig. 2 a



7.76 1



2.35 2



5.84 3



32.74 4



1.56 5



19.53 6



26.74 7



0.27 8



0.65 9



1.77 10



0.79 11



a 1, LLL; 2, PLLn; 3, OLL; 4, PLL; 5, OLO; 6, PLO + SLL; 7, PLP; 8, OOO; 9, POP; 10, OOS; 11, SOS. L = linoleic acid; Ln = linolenic acid; P = palmitic acid; O = oleic acid; S = stearic acid. Ex: POP = 1,3 palmitic-2-oleic-glycerol.
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and plugging with precipitated solid solute. The precipitated oil following depressurization was recovered in the collection flasks immersed in a cooling bath. The last collection flask contained ethanol to assure complete recovery of the precipitated oil. In these particular experiments, fractions were collected at time intervals corresponding to a delivery of 183 g of CO2 to the extractor at constant pressure and temperature until oil depletion. The amount of solvent used was measured by the gas flow meter. The weight of extracted products was determined gravimetrically and the amount of oil was the difference between the total amount of extract obtained and the amount of caffeine, determined by HPLC. Fig. 4. Green coffee oil solubility as a function of CO2 density.



3. Discussion of the results 3.1. Green coffee oil extraction All the GCO fractions obtained by supercritical CO2 extraction were clear and transparent, with an intense yellow color. After the depressurization step, at the end of each experimental run, a highly viscous residue was collected in the extractor bottom. This residue did not contain triglycerides and was identified as coffee wax (polyalcohols of high polarity) extracted during the cold press process and not solubilized by supercritical CO2 at pressures below 40 MPa [15]. The TAG compositions of the oil fractions collected in each experimental run were determined by HPLC analysis and Fig. 2 shows a typical chromatogram obtained for raw coffee oil. In addition to the nine compounds identified by Gonz´alez et al. [9], two more TAG (OOS and SSO (see legend of Fig. 2) could be identified by comparing the retention times observed with standards. Table 1 shows the average TAG composition found for the raw GCO. The composition of the oil fractions collected in the supercritical extraction process was very similar among the different conditions used in the extractions. Considering the seven main TAGs (see Table 1 and legend of Fig. 2) the composition



Fig. 5. Green coffee oil solubility as a function of pressure.



was: LLL, 6.95%; PLLn, 2.37%; OLL, 5.89%; PLL, 32.39%; PLO + SLL, 19.82; PLP, 31.08%. The other TAGs amounted to approximately 1.5%. Each fraction obtained in the extractions were analyzed twice by HPLC and showed a maximum deviation of 3.7%. The lack of appreciable changes in the oil composition indicates that the extraction procedures were inefficient to frac-



Table 2 Caffeine initial mass and recovery in the supercritical CO2 extraction of green coffee oil Pressure (MPa)



Temperature (◦ C)



Oil mass fed (g)



Caffeine initial mass (g)



Caffeine mass extracted (g)



Caffeine recovered mass (%)



15.2



50 60 70



15.10 14.76 15.04



0.04077 0.03985 0.04061



0.03760 0.0299 0.02989



92.22 75.03 73.61



24.8



50 60 70



15.26 14.12 14.30



0.04120 0.03812 0.03861



0.03933 0.03366 0.03604



95.46 88.29 93.34



28.3



50 60 70



15.60 15.14 16.26



0.04212 0.04088 0.04390



0.03822 0.03877 0.03858



90.74 94.84 87.89



31.7



50 60 70



15.10 15.06 15.54



0.04077 0.04066 0.04196



0.03553 0.03536 0.03673



87.15 86.96 87.54



35.2



50 60 70



16.70 16.19 17.65



0.04509 0.04370 0.04766



0.03842 0.03759 0.04182



85.21 86.01 87.76
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tionate the TGAs, which might be attributed to the molecular weight distribution of TAGs in the coffee oil. Coffee oil is a mixture of TAGs in a narrow range of molecular weight. Perry et al. [16] reported that TAGs of same molecular weights have approximately the same volatility and it is thus expected that the TAGs contained in GCO have the same solubility in supercritical CO2 . The same trend was observed for pigments distribution in the GCO fractions collected during the extraction and a constant extraction ratio in supercritical CO2 extraction process was verified. Based on these observations it is reasonable to assume GCO as a unique pseudo-component in thermodynamic modeling. The complex mixture that constitutes GCO could then be modeled as one component, resulting in a binary system of GCO and CO2 . It is expected that the low content of wax and caffeine in the system would not influence in a significant extent the thermodynamic equilibrium. The extraction curves obtained at 50, 60 and 70 ◦ C are shown in Fig. 3A–C. Each experimental point on the extraction curves represents the average values of two independent experiments with reproducibility within ±5.4%. As can be seen in Fig. 3, the amount of coffee oil extracted per solvent mass used remains constant over the entire extraction period, until almost all the GCO is extracted, indicated by a change in the slope of the extraction curves. The arrangements of the isobaric curves shown in Fig. 3A–C reveals that as the pressure increases at constant temperature, the extraction ratio of GCO (defined as the quotient between the oil mass extracted and the solvent mass used) also increases. Assuming that equilibrium has been reached in this dynamic method, the extraction ratios of GCO obtained are also solubility data. As previously discussed, the effect of pressure can be attributed to the increase in solvent power and by the strengthening of intermolecular physical interactions [17–19]. This is confirmed by the data shown in Fig. 4, where the amount of GCO extracted per solvent mass is presented as a function of the solvent density for each isotherm. As expected, the increase in extraction ratio correlates well with the increase in solvent density. This pressure effect is in agreement with similar trends found by other authors [20,21]. The results presented in Fig. 4 also show that at the same solvent density, GCO solubility increases with an increase in temperature, which can be attributed to the increase of the oil components vapor pressure. The temperature effect on the extraction ratio of GCO is presented in Fig. 5. The experimental data indicate that at pressures below 30 MPa, an increase in temperature reduces the coffee oil extraction ratio, an indicative of retrograde behavior. The data suggests that at pressures higher than 30 MPa coffee oil extraction ratio is temperature independent, and the three isotherms merge to the same extraction ratio curve. This extraction ratio behavior with temperature found for this system is frequently observed in supercritical fluid systems and was previously reported by Hadolin et al. [22], in the study of Silybum marianum oil extraction using supercritical CO2 as a solvent and Ill´es et al. [23]



in components extraction of Rosa Canina using supercritical CO2 or propane as solvents. These authors verified that the oil solubility isotherms obtained at 35 and 55 ◦ C and in the pressure range from 10 to 40 MPa, cross at approximately 31 MPa. The retrograde behavior observed at the lower pressure levels investigated in this work is commonly found in supercritical extraction processes with vegetable oils and these results are in agreement with those obtained by Salda˜na et al. [13], Temelli [24] and Azevedo et al. [14], who identified the same value for crossover pressure in the extraction of cupuac¸u fat using supercritical CO2 .



Fig. 6. Caffeine extraction curves (a) 50 ◦ C, (b) 60 ◦ C and (c) 70 ◦ C.
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3.1.1. Caffeine extraction The raw coffee oil fed to the extractor vessel (obtained by cold press) initially presented 2.7 g caffeine/kg oil. As coffee oil was extracted, caffeine was also extracted (Fig. 6A–C). Table 2 shows the caffeine initial mass and the amount recovered. Comparing the coffee oil extracted mass percent (considering the mass fed to the extractor) with caffeine extracted mass percent for each extraction run, it could be seen that caffeine in GCO was extracted in the three or four initial fractions collected. Regarding the fractionation of caffeine in the oil, the best results were observed at 15.2 MPa and 70 ◦ C, since under these conditions, caffeine was removed from GCO with only 6% of the lipid mass extracted (see Figs. 3 and 6). In other conditions the same amount of caffeine was recovered with a higher amount of GCO. 3.2. Solubility correlations To correlate the solubility of coffee oil in the supercritical CO2 , the Chrastil [10] model was adopted. It revealed to be useful in correlating vegetable oils solubility [25,26]. By regression of the experimental data using the isotherms obtained at 50 and 70 ◦ C, expression (1) was obtained for the solubility of coffee oil in supercritical CO2 :   −2869.20 7.90 C=d exp − 42.63 (1) T where C is the solubility (g/L), d (g/L) is the density of pure CO2 and T (K) is the absolute temperature. The experimental values represented by points and the calculated solubilities (lines) are shown in Fig. 7. The percent errors in the adjustment to the model were 6.28, 6.72 and 9.89 for the isotherms obtained at 50, 60 and 70 ◦ C, respectively. The values found for the parameters are very close to previous ones reported by Azevedo et al. [14] correlating cupuac¸u fat solubility in supercritical CO2 , an indicative that vegetable oils composed by TAGs of the same range of molecular weight present similar solubility behavior. This assumption is in agreement with Del Valle and Aguilera [27] who presented a general density and temperature-dependent correlation for vegetable oils in supercritical CO2 .



Fig. 7. Experimental data of green coffee oil solubility (C, g/L) as a function of CO2 density (d, g/L) and results from the model of Chrastil (lines).
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