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Abstract

:

Spent coffee grounds (SCGs) are a waste product with no relevant commercial value. However, SCGs are rich in extractable compounds with biological activity. To add value to this coffee byproduct, water and aqueous solutions of cholinium-based ionic liquids (ILs) were studied to extract caffeine from SCGs. In general, all IL aqueous solutions lead to higher extraction efficiencies of caffeine than pure water, with aqueous solutions of cholinium bicarbonate being the most efficient. A factorial planning was applied to optimize operational conditions. Aqueous solutions of cholinium bicarbonate, at a temperature of 80 °C for 30 min of extraction, a biomass–solvent weight ratio of 0.05 and at an IL concentration of 1.5 M, made it possible to extract 3.29 wt% of caffeine (against 1.50 wt% obtained at the best conditions obtained with pure water). Furthermore, to improve the sustainability of the process, the same IL aqueous solution was consecutively applied to extract caffeine from six samples of fresh biomass, where an increase in the extraction yield from 3.29 to 13.10 wt% was achieved. Finally, the cholinium bicarbonate was converted to cholinium chloride by titration with hydrochloric acid envisioning the direct application of the IL-caffeine extract in food, cosmetic and nutraceutical products. The results obtained prove that aqueous solutions of cholinium-based ILs are improved solvents for the extraction of caffeine from SCGs, paving the way for their use in the valorization of other waste rich in high-value compounds.
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1. Introduction


Spent coffee grounds (SCGs) are the most abundant coffee by-product, being generated in coffee beverage preparation and instant coffee manufacturing, with a production of 6 million tons per year [1]. However, SCGs are not fully used in terms of valorization, since these residues are either burned for energy production or used as fertilizers [2]. However, this abundant resource is rich in valuable compounds, such as essential oils, tannins and polyphenols [3], as well as in caffeine [4]. These compounds have relevant antioxidant, anti-inflammatory radical scavenger, and antimicrobial properties [5,6], and could be used in the food, dietary, pharmaceutical and agrochemical industries [7]. Moreover, caffeine-containing drinks are very popular worldwide, with the Food and Drug Administration (FDA) regulating that any added caffeine must be labelled on human consumption products due to possible adulteration and health concerns [8]. Another worthy example is the current controversy on the consumption/use of natural versus synthetic enriched products [9]. Human consumers tend to prefer natural added-value compounds, as is the case of caffeine [9]; therefore, their extraction from natural sources has gained high importance in the past years [10,11]. Furthermore, it is expected that the Global Caffeine Market will surpass US$ 23,219 Million by 2027 [12].



Conventional extraction processes of high-value compounds from biomass or waste may present several drawbacks, such as low efficiency and non-selectivity, being time-consuming, requiring high energetic inputs, and leading to possible degradation of the target compounds [13]. Traditional methods tend to use volatile organic solvents in the extraction and separation steps, leading to safety and environmental concerns and thus preventing the targeted high-value chemicals from being used for human consumption [13,14]. The extraction of caffeine from biomass is typically carried out with supercritical CO2 [15], which, although selective and efficient, requires a high initial investment on equipment, or by applying volatile organic solvents, such as chloroform, methylene chloride, dichloromethane, ethanol, n-hexane and others [16,17].



With a view to more sustainable and selective processes for the extraction of caffeine from biomass, deep eutectic solvents (DES) and ionic liquids (ILs), as well as their aqueous solutions, have been investigated as alternative solvents. Cai et al. [18] obtained a caffeine extraction yield of 2.7 wt% from Chinese dark tea, using the DES formed by cholinium chloride–lactic acid ([Ch]Cl-LA) as the extraction solvent under the optimized conditions. On the other hand, Cláudio et al. [19] investigated the extraction of caffeine from Paullinia cupana (guarana seeds, Sapindaceae) using aqueous solutions of a series of imidazolium-, pyrrolidinium-, and ammonium-based ILs. At the optimal conditions, aqueous solutions of 1-butyl-3-methylimidazolium chloride, [C4C1im]Cl, were found to be the best solvent, with extraction yields of up to 9 wt%, compared with 4 wt% obtained by soxhlet extraction using methylene chloride [19]. Other alkaloids have been extracted from vegetable biomass using ILs aqueous solutions, namely glaucine from Glaucium flavum Cr. (Papaveraceae) [20,21], and galantamine, narwedine and ungiminorine from the aerial parts of Leucojum aestivum L. (Amaryllidaceae) [22]. In all these works, IL aqueous solutions were described as being more efficient and selective solvents than the volatile organic solvents typically used. In general, imidazolium-based ILs, combined with chloride, bromide, acetate, dicyanamide and tetrafluoroborate anions, have been the preferential choice in these extractions. However, and although it depends on the cation–anion combinations and their chemical structure, cost, toxicity and biodegradability concerns have been raised with imidazolium-based ILs paired with some of these anions [23,24]. Thus, there is still a need to identify more benign, cost-effective, and sustainable ILs for the extraction of high-value compounds from biomass.



Cholinium-based ILs have emerged as bio-derived ILs, and if properly designed can display attractive biocompatible and biodegradable features [25]. Their biocompatible nature is usually ascribed to their similar chemical structure to the water-soluble essential nutrient cholinium chloride (also known as vitamin B4), which is found in food obtained from vegetable or animal sources and supports several biological functions [26,27]. The cholinium cation has been combined with a wide variety of organic or inorganic anions, producing ILs with different properties [28,29,30]. In the field of biomass extractions, Ribeiro et al. [31] applied aqueous solutions of cholinium-based ILs as potential alternatives to imidazolium-based counterparts for the extraction of polyphenols and saponins from the leaves and aerial parts of Ilex paraguariensis (mate) and Camellia sinensis (tea). The authors concluded that [Ch]Cl was the best solvent option for the extraction of saponins and phenolic compounds, either from mate or tea [31]. Recently, cholinium-based ILs were studied to simultaneously extract and isolate antioxidants and carbohydrates from food waste [29]. Despite all promising achievements, there is still a long path to take advantage of all the potential of more biocompatible ILs as alternative solvents to extract high-value compounds from biomass.



In this work, aqueous solutions of cholinium-based ILs were investigated as alternative solvents for extracting caffeine from SCGs. Factorial planning and optimization of the operating conditions (extraction time, temperature, biomass–solvent ratio and IL concentration) were applied to pure water and to the best IL aqueous solution identified to improve the extraction yield of caffeine. Both solvent and biomass reuse have also been investigated. Soxhlet extraction of caffeine from biomass was carried out using volatile organic solvents (petroleum ether, dichloromethane and ethanol) for comparison purposes. Finally, the best IL aqueous solution for the extraction of caffeine (cholinium bicarbonate, which among the studied ILs was the one with the lowest ecotoxicity [32]), was titrated with hydrochloric acid to obtain an extract rich in caffeine and cholinium chloride. Cholinium chloride is a compound naturally present in vegetable or animal food sources [33], making it possible to envision the direct application of the obtained SCG extracts in food, cosmetic and nutraceutical products.




2. Materials and Methods


2.1. Materials


SCGs were supplied by the Cafeteria of the Chemistry Department of the University of Aveiro, in Portugal. Samples were dried until constant weight (≈ for 6 days at 100 °C), revealing an initial humidity content of (59.5 ± 2.5) wt%. After the drying step, SCGs with particles diameter <0.4 mm were isolated and used.



The ILs studied were cholinium ((2-hydroxyethyl)trimethylammonium) chloride ([Ch]Cl; 99 wt% pure), cholinium acetate ([Ch][Act]; 98 wt% pure), cholinium propanoate, ([Ch][Prop]; >98 wt% pure), cholinium butanoate ([Ch][But]; >98 wt% pure), cholinium dihydrogen phosphate ([Ch][DHP]; 99 wt% pure), cholinium dihydrogen citrate ([Ch][DHC]; 98 wt% pure), and cholinium bicarbonate ([Ch][Bic]; 80% in water). [Ch][Act] was purchased from Iolitec, whereas the remaining carboxylate-based ILs were synthetized in our laboratory according to previously described protocols [34,35]. The remaining ILs were acquired from Sigma-Aldrich. With the exception of [Ch][Bic], all ILs were purified and dried for a minimum of 24 h at constant agitation, at moderate temperature (≈60 °C) and under vacuum to reduce their volatile impurities to negligible values. After this step, the purity of each IL was confirmed by 1H and 13C NMR spectra. The chemical structures of the investigated ILs are depicted in Figure 1.



The soxhlet extraction of caffeine was carried out using the organic volatile solvents ethanol, dichloromethane and petroleum ether, purchased from Sigma-Aldrich, BDH Prolabo and Carlo Erba, respectively, with 99.9% of purity. The water employed was ultra-pure water, double distilled, passed by a reverse osmosis system and further treated with a Milli-Q plus 185 water purification equipment. The high-purity caffeine, used as a standard in the calibration curves, was obtained from Marsing & Co. Ltd. (Lanseria, South Africa), with a nominal purity ≥98.5 wt%. Finally, the conversion of cholinium bicarbonate into cholinium chloride was carried using hydrochloric acid (HCl), purchased from Sigma-Aldrich, with 37% in aqueous solution.




2.2. Caffeine Extraction


All ILs aqueous solutions were prepared gravimetrically within 10−4 g (using an analytical balance Mettler Toledo Excelence—XS205 Dual Range). Mixtures of specific amounts of SCGs and ILs aqueous solutions or water were prepared by weight in sealed glass vials. Several concentrations of ILs and different solid–liquid (biomass–solvent) ratios, times of extraction and temperatures were investigated to improve caffeine extraction yield according to the surface response methodology described below.



Extractions were carried out using commercial Carousel Radleys Tech equipment to stir and maintain the temperature within ± 0.5 °C. In all experiments, the stirring was kept at 300 rpm. After extraction, the overall solution was filtered under vacuum using 0.45 μm cellulose membrane. After filtration, caffeine in the liquid solution was quantified through UV-spectroscopy, using a SHIMADZU UV-1700, Pharma-Spec Spectrometer, at a wavelength of 274 nm using a calibration curve previously established for caffeine. The chemical structure of caffeine is given in Figure 1. The effect of each IL on the quantification technique was evaluated, and it was found to be of no major influence when taking into account the dilutions carried out. At least three individual experiments were performed in order to determine the average in the yield of caffeine extracted, as well as the respective standard deviations. The percentage extraction yield of caffeine (caffeine yield (wt%)) corresponds to the weight of caffeine present in the extract divided by the total weight of dried SCGs.



Soxhlet extractions with several organic solvents at a solid–liquid ratio of 0.05 (10 g of biomass and 200 mL of solvent) were conducted for 7 h (420 min). For the UV-spectroscopy quantification, additional calibration curves were established in the different solvents, being caffeine quantified at λ = 274 nm.




2.3. Optimization of the Operational Conditions—Surface Response Methodology


A 23 factorial planning was used to optimize the amount of extracted caffeine from SCGs and identify the most significant parameters and their interactions. Factorial planning allows the simultaneous analysis of various factors. In the 2k factorial planning, there are k factors that can contribute to a different response, and data are treated according to a second-order polynomial equation, as described by Equation (1):


  y =  β 0  +   ∑  i   β i   X  i +     ∑  i   β  i i    X i 2    ∑   i < j    β  i j    X  i      X j     



(1)




where y is the response variable and β0, βi, βii and βij are the adjusted coefficients for the intercept, linear, quadratic and interaction terms, respectively, and χi and χj are independent variables. This mathematical model allows the drawing of surface response curves and through their analysis the optimal conditions can be determined. The factorial planning is defined by the central point (zero level), the factorial points (1 and −1, level one) and the axial points (level α). The central point and the axial points are defined by their use, depending on the purpose of the work. The axial points are encoded at a distance α from the central point, as given by Equation (2):


  α =   (  2 k  )    1  4            



(2)







The 23 factorial planning used is provided in the Supplementary Materials (Tables S1–S3).



The parameters extraction time, temperature, solid–liquid ratio were considered for water, whereas for IL aqueous solutions the parameters temperature, solid–liquid ratio and IL concentration were used. The obtained results were statistically analyzed with a confidence level of 95%. Student’s t-test was used to check the statistical significance of the adjusted data. The model’s adequacy was determined by evaluating the lack of fit, the regression coefficient (r2) and the F-value obtained from the analysis of variance (ANOVA) that was generated. Three-dimensional surface response plots were generated by varying the experimental range variables and holding the other factors constant at the central point. Statsoft Statistica 8.0© software was used for all statistical analysis, and Matlab R2010a, The MathWorks, was used for representing the response surfaces and contour plots.



To evaluate the maximum amount of caffeine present in the biomass, fresh aqueous solutions of [Ch][Bic] at 1.5 M (the best identified solvent, for three cycles of extraction) were applied to the same biomass sample up to exhaustion, at the optimized operational conditions (solid–liquid ratio of 0.05 during 30 min, at 80 °C). After each extraction, the solid–liquid mixture was filtered, and a new IL aqueous solution was added to the same biomass sample. On the other hand, with the goal of developing a more sustainable extraction process, the reuse of the solvent was addressed by applying six successive cycles of extraction using the same IL aqueous solution, also under the optimum operational conditions (solid–liquid ratio of 0.05 during 30 min, at 80 °C). After each extraction cycle, the solid–liquid mixture was filtered, and a new biomass sample was added to the same IL aqueous solution.



With the aim of converting [Ch][Bic] into a compound naturally present in vegetable or animal food sources, namely [Ch]Cl [30], the extracted solution rich in caffeine (after six successive extractions) was titrated with HCl at 2 M, with simultaneous carbon dioxide (CO2) release. The extract, before and after the addition of HCl, was analyzed by 13C NMR spectra and FTIR to address the conversion of [Ch][Bic] into [Ch]Cl.





3. Results and Discussion


3.1. Optimization of the Operating Conditions Using Water


With the goal of optimizing the operating conditions to obtain high extraction yields of caffeine from SCGs, a response surface methodology (RSM) was applied with water as the solvent of extraction. This type of strategy allows the exploration of the relationship between the response (yield of caffeine) and the independent variables that can influence the extraction. An initial 23 factorial planning (three factors and two levels, presented in the Supplementary Materials, Table S1) was performed using pure water as solvent to optimize the operationing conditions (temperature (T), solid–liquid (biomass–solvent) ratio (S/L ratio) and extraction time (t)). The central point used in the planning was set at 70 °C, a solid–liquid ratio of 1:10 and a time of 30 min (all conditions used for the extraction of caffeine are presented in the Supplementary Materials, Table S2). The results obtained were analyzed statistically with a confidence level of 95%, showing a r2 of 0.904 and an average relative deviation between the experimental and the predicted values of ca. 0.30%, supporting the good description of the experimental results by the statistical model.



According to the statistical analysis (Supplementary Materials, Table S4, Figures S1 and S2) and the data depicted in Figure 2 it is evident that the caffeine extraction yield improves with an increase in temperature, with a decrease in the solid–liquid ratio and extraction times longer than 30 min. However, the Pareto chart analysis shows that the extraction time is not a parameter with a significant effect on caffeine extraction yield (Supplementary Materials, Figure S1), contrary to the temperature and solid–liquid ratio. From the optimization approach, and using water as the solvent, it can be concluded that the optimum conditions required for the extraction of caffeine are: temperature at 85 °C, solid–liquid ratio of 0.1 and 30 min of extraction. Under these optimum operating conditions, the maximum extraction yield of caffeine using pure water was 1.50 wt%.




3.2. Effect of the Ionic Liquid Chemical Structure


To improve the extraction yields of caffeine from SCGs, several aqueous solutions of cholinium-based ILs were investigated. In this screening of the best IL chemical structure able to provide high extraction yields, aqueous solutions of [Ch]Cl, [Ch][Act], [Ch][Prop], [Ch][But], [Ch][DHP], [Ch][DHC] and [Ch][Bic] at 2 M were tested, the results of which are depicted in Figure 3. The constant extraction conditions used were chosen according to the results previously discussed on the 23 factorial planning with water, in which statistical analysis showed that time is not a significant variable for caffeine extraction. Extractions were carried out with the time fixed at 30 min, and at the temperature of 85 °C and at a solid–liquid ratio of 0.1 as the best extraction conditions identified using water as solvent.



Aqueous solutions comprising ILs with anions such as acetate (0.88 wt%) and dihydrogen phosphate (0.97 wt%) lead to lower extraction yields, whereas aqueous solutions with cholinium-based ILs with the butanoate (2.29 wt%) and bicarbonate (3.10 wt%) anions lead to better extraction yields. These results demonstrate that the pH of the aqueous solutions is not a significant factor influencing the caffeine extraction. For instance, and as experimentally determined, aqueous solutions of cholinium acetate present a pH of around 8, while the aqueous solutions of cholinium dihydrogen phosphate have a pH approximately of 4, with both ILs presenting a similar ability to extract caffeine. These results are in agreement with the fact that caffeine structure does not suffer speciation within the pH range afforded by the investigated ILs, the dissociation constants (pKa) of caffeine being pKa1 = 0.12 and pKa2 = 10.5 [36,37]. On the other hand, aqueous solutions of cholinium chloride (1.47 wt%), cholinium dihydrogen citrate (1.82 wt%) and cholinium propanoate (1.88 wt%) reveal an intermediate ability to extract caffeine. Moreover, for the series of ILs with anions derived from carboxylic acids, the extraction yield of caffeine increases with the alkyl side chain of the IL anion ([Ch][Act] < [Ch][Prop] < [Ch][But]). These results suggest that dispersive-type interactions between the ILs anions and caffeine play a crucial role. On the other hand, ILs comprising anions with higher hydrogen-bond basicity, i.e., chloride and acetate, are among the ones that lead to lower extraction yields. However, if we analyze the inclusion of a hydroxyl group in the IL anion, as is the case of bicarbonate acting as a stronger hydrogen bond donor, there is a significant increase in the caffeine yield.



In general, caffeine extraction yields ranging from 0.88 wt% to 3.10 wt% were obtained, thus showing that the introduction of ILs can lead to lower or higher values than those obtained with pure water (1.50 wt%), supporting the designer solvents nature of ILs. The best IL for the extraction of caffeine is [Ch][Bic], as it is also the compound with the lowest ecotoxicity among the studied ones [32], which is a valuable feature when considering the environmental impact of the developed process.




3.3. Optimization of the Operating Conditions Using Ionic Liquid Aqueous Solutions


After identifying the best IL for the caffeine extraction from SCGs, [Ch][Bic], a factorial planning 23 was applied to the respective aqueous solutions to optimize the operating conditions. The variables investigated correspond to the solid–liquid ratio, the IL concentration and the extraction temperature. The influence of the three variables on the extraction yields of caffeine is illustrated in Figure 4. All statistical analyses are provided in the Supplementary (Table S5, Figures S3 and S4). The r2 value obtained was 0.971 and the average relative deviation between the model results and the experimental data was 0.10%, supporting the good description of the experimental results by the statistical model developed.



According to the statistical analysis provided in the Supplementary Materials (Pareto chart, Figure S3) and the data depicted in Figure 4, the most significant parameters in the caffeine extraction process are temperature (T), IL concentration (C), solid–liquid ratio (R) and the combined effects of temperature—IL concentration and the quadratic term of IL concentration (p-value < 0.05). The model expressing the relationship between significant parameters and the global function for the extraction of caffeine using [Ch][Bic] aqueous solutions is described according to Equation (3):


  C a f f e i n e   y i e l d    (  w t %  )  = 0.348 T + 0.122 C − 0.112 R + 0.112 TC − 0.0673  C 2   



(3)







The caffeine extraction increases with an increase in temperatures, particularly at temperatures higher than 80 °C. These results can be explained by the fact that an increase in temperature contributes to a decrease in the IL aqueous solution viscosity, thus favoring mass transfer, and to an enhanced swelling ability. Furthermore, higher extraction yields were obtained at IL concentrations higher than 1 M; however, only up to a maximum concentration. Figure 4 shows a region of maximum extraction yield at moderate IL concentrations (around 1.5 M). On the other hand, higher extraction yields are obtained when the solid–liquid (biomass–solvent) ratio is low, while the caffeine extraction yield significantly increases for values below 0.15. Overall, the optimal conditions (temperature of 80 °C, solid–liquid ratio of 0.05 and IL concentration of 1.5 M) allow an experimental extraction yield of caffeine of 3.29 wt%, whereas the mathematical model corresponds to a value of 3.16 wt%. This result is slightly higher than that obtained in the previous IL molecular structure screening (3.10 wt%), being achieved with a lower temperature and a lower IL concentration.



The desirable region to achieve high caffeine yields using water as solvent (Figure 2) corresponds to a temperature of 85 °C and solid–liquid ratio of 0.1, leading to a caffeine extraction yield of 1.50 wt%. On the other hand, using aqueous solutions of ILs, high caffeine extraction yields (Figure 4) are obtained at 80 °C, a solid–liquid ratio of 0.05 and an IL concentration of 1.5 M, resulting in a caffeine extraction yield of 3.29 wt%. Furthermore, and contrary to what happens when using water, the interactions between the factors are important for obtaining a high extraction yield of caffeine when using IL aqueous solutions. In summary, the presence of an IL in the solvent made it possible to double the yield of caffeine extracted from SCGs.



The extraction of caffeine from the same SCG samples using common organic solvents was carried out, allowing to directly compare the results obtained with the traditional method (Soxhlet) and the IL aqueous solutions. The caffeine extraction yields obtained by soxhlet extraction with organic solvents during 420 min correspond to 0.24 wt%, 0.56 wt%, 0.59 wt%, and 1.59 wt% with petroleum ether, n-hexane, dichloromethane and ethanol, respectively. Although significantly lower than those achieved with aqueous solutions of IL, these values are in agreement with the literature results. Bravo et al. [38] performed the soxhlet extraction of caffeine from SGCs using petroleum ether for 3 h, at 60 °C and a solid–liquid ratio of 0.09, obtaining yields of 0.359 wt% for Arabica and 0.809 wt% for Robusta SGCs. Panusa et al. [6] obtained an extract with 0.600 wt% of caffeine using a mixture of ethanol/water (60:40) (v/v) at 60 °C, a solid–liquid ratio of 0.03 and during 30 min of extraction. These results suggest that the extraction of caffeine by soxhlet extraction using organic solvents, even for a long time, is significantly less efficient when compared to the performance displayed by IL aqueous solutions.



FTIR spectra of the original feedstock and after extraction were acquired to investigate changes in the chemical structure of SCGs, whose results are depicted in Figure S5 in the Supplementary. The FTIR of standard caffeine is also included. The infrared spectrum of caffeine displays two characteristic bands, corresponding to the carbonyl (C=O) vibration frequency at circa 1655 and 1700 cm−1. Interestingly, the high relative strength band at 1655 cm−1, indicative of caffeine, is seen in the spectrum of the SCG sample before extraction, yet it is not visible in the spectra of the SCGs after the extraction procedures and that can be associated with the extraction of caffeine by the IL-water solvent. On the other hand, it seems that the carbohydrate fraction in SCGs was not significantly dissolved by the aqueous solution of [Ch][Bic], since the bending vibrational modes of the carbohydrates (bands in the region 900–1153 cm−1 are assigned to C–O and C–C stretching modes, and in the region 1400–1199 cm−1 are assigned to O–C–H, C–C–H and C–O–H) did not suffer significant modifications. Furthermore, it should be remarked that the use of aqueous solutions of ILs allows a more selective extraction of low molecular weight compounds than pure ILs, as demonstrated in the literature in the extraction of other high-value compounds and using a wide diversity of ILs [10].



To ascertain whether the total amount of caffeine present in SGCs was extracted in a single extraction step, as well as to appraise the total amount of caffeine present in the biomass samples, the same biomass was subjected to the optimum operational conditions with three sequential extractions using fresh aqueous solutions of [Ch]Bic] at 1.5 M. The results obtained are shown in Figure 5. Negligible contents of caffeine were extracted in the second and third cycles with fresh IL aqueous solutions, with the first extraction being enough to extract almost all caffeine (3.29 wt%) present in SGCs, in which the total amount of caffeine was found to be 3.30 ± 0.03 wt%.



With the goal of maximizing the cost-efficiency and sustainability of the developed method, the same IL aqueous solution was applied to extract caffeine from fresh SCGs at the optimum operating conditions for six consecutive cycles. The results obtained are shown in Figure 5. After six cycles of extraction, the caffeine total yield in the IL aqueous solution increased from 3.29 to 13.10 wt%, corresponding to an increase of the caffeine concentration in the solvent from 1.74 to 6.94 g/L. The caffeine saturation at the same temperature in the IL aqueous solution, as determined by us with standard caffeine, was 78.8 g/L, meaning that the IL aqueous solution was not saturated in caffeine. Taking into account that the extraction yield of caffeine (wt%) is defined as the weight of caffeine present in the extract divided by the total weight of dried SCGs, the maximum value of caffeine solubility that can be obtained in each cycle is of 3.30 g/L. Given the decrease in the extraction yield along the cycles, that other low molecular compounds may be extracted, and that there are solvent losses related to the solvent adsorption to the biomass, it is not cost-effective to reuse the solvent indefinitely. The solvent reuse seems feasible for three cycles, with no significant losses on the caffeine extraction yield.



There is evidence in the literature of the potential of extracts of spent coffee to reduce intracellular reactive oxygen species formation induced by hydrogen peroxide in HaCaT cells, thus reinforcing their antioxidant activity at intracellular levels [39]. Furthermore, these extracts have been shown to display free-radical scavenging activity, ABTS free-radical scavenging activity and tyrosinase inhibition capacity [40]. These findings support the potential of SCG extracts to be applied in different food, cosmetic and nutraceutical products. Envisioning these possible applications, and with the goal of guaranteeing the presence of [Ch]Cl that is already used in animal feed (pigs, poultry, ruminants and horses, pets and fish) [33,41] and cosmetic products [42,43], the aqueous solutions of [Ch][Bic] enriched in caffeine were subjected to equimolar titration with hydrochloric acid. The success of the reaction to convert the [Ch][Bic] into [Ch]Cl was verified by FTIR and 13C NMR spectra (Figures S6 and S7 in the Supplementary Materials), confirming the presence of an extract containing caffeine and [Ch]Cl.





4. Conclusions


In this work, two factorial planning assays were investigated to optimize the operating conditions to extract caffeine from SGCs using water and aqueous solutions of ILs, while foreseeing this waste valorization. A first screening of the IL chemical structure made it possible to identify cholinium bicarbonate as the IL with the best performance to extract caffeine from SCGs. By the analysis of the data obtained through factorial planning using ILs aqueous solutions, it was found that temperature is the most significant parameter, followed by the concentration of IL and the solid–liquid ratio, while for water the most significant parameters are temperature and the solid–liquid ratio. In both factorial planning assays, it was demonstrated that higher temperatures and lower solid–liquid ratio favor caffeine extraction, as expected. Moreover, moderate concentrations of ILs lead to higher extraction yields, which is probably due to mass transfer limitations and viscosity of solutions with higher IL contents.



At the optimum operating conditions, water makes it possible to extract 1.50 wt% of caffeine, whereas the aqueous solution of cholinium bicarbonate at 1.5 M provides a caffeine extraction yield of 3.29 wt%. These values are significantly higher than those obtained by soxhlet extraction with molecular organic solvents, namely 0.24 wt%, 0.56 wt%, 0.59 wt%, and 1.59 wt% with petroleum ether, n-hexane, dichloromethane and ethanol, respectively. Additional experiments carried out with three consecutive fresh IL aqueous solutions and the same biomass make it possible to demonstrate that caffeine is completely extracted in the first cycle of extraction with cholinium bicarbonate aqueous solutions at the optimal conditions (1.5 M, 80 °C, biomass–solvent ratio of 0.05). To appraise the solvent saturation and try to improve the sustainability of the proposed extraction process, the same IL aqueous solution was consecutively applied to extract caffeine from six fresh biomass samples, with the extraction yield increasing from 3.29 to 13.10 wt%. Among the studied ILs, cholinium bicarbonate presented the highest extraction performance and the lowest ecotoxicity, reinforcing its use in the extraction process. However, envisioning the IL-caffeine extract application in food, cosmetic and nutraceutical products, the cholinium bicarbonate was finally converted to cholinium chloride by titration with hydrochloric acid.
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Figure 1. Chemical structures of the ILs investigated (a) [Ch]Cl, (b) [Ch][Act], (c) [Ch][Prop], (d) [Ch][But], (e) [Ch][DHP], (f) [Ch][Bic] and (g) [Ch][DHC]; and of (h) caffeine. 
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Figure 2. Response surface plots (left) and contour plots (right) on the caffeine yield from SCGs using water as the solvent with the combined effects of (a) temperature and time; (b) temperature and solid–liquid ratio; and (c) time and solid–liquid ratio. 
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Figure 3. Caffeine yield (wt%) from spent coffee using aqueous solutions of several ILs (concentration of IL at 2 M, temperature at 85 °C, solid–liquid ratio of 0.1, time of extraction of 30 min). 
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Figure 4. Response surface plots (left) and contour plots (right) for the caffeine yields from SCGs using aqueous solutions of [Ch][Bic], during 30 min of extraction, with the combined effects of (a) temperature and IL concentration; (b) temperature and solid–liquid ratio; (c) and solid–liquid ratio and IL concentration. 
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Figure 5. Caffeine extraction yields from SCGs with the (a) biomass and (b) solvent reuse under the optimized operating conditions. 
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