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Abstract

:

To take advantage of the residues generated in the production of products from green coffee and due to the special interest in the compounds contained in the bean, a by-product obtained after the extraction of the oil was studied. The physical characterization of the green-coffee-bean by-product was carried out. Subsequently, the extraction of compound 5-CQA was carried out via leaching using central composition design 24 and evaluating factors such as temperature, time, solid/solvent ratio, and ethanol percentage, and its yield was quantified using HPLC. In addition, the response-surface methodology was used to maximize the efficiency of 5-CQA extraction and to perform the kinetic study. Yields of 59 ± 2 mg of 5-CQA/g from the by-product were obtained, and by selecting the best leaching conditions, the kinetic study was performed at 45, 60, and 75 °C, increasing the yield to a total of 61.8 ± 3 mg of 5-CQA/g. By applying the kinetic model of mass transfer, a fit of R2 > 0.97 was obtained, with    K L  a   values between 0.266 and 0.320 min−1. This study showed an approach to optimize the 5-CQA extraction conditions, resulting in a simple, fast, reproducible, accurate, and low-cost method.
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1. Introduction


Coffee is one of the most consumed beverages in the world, prepared from roasted coffee beans, which are considered the second most valuable export product and the most traded and commercialized after petroleum [1,2]. Globally, about 10.47 million tons of coffee are produced per year in more than 50 countries [3]. Among the bioactive compounds in coffee, polyphenols stand out for their antioxidant properties, which have metabolic benefits [4]. Within coffee, there is chlorogenic acid (CGA), which is one of the most abundant polyphenols in green coffee beans [5]. Structurally, CGA is a family of esters formed between caffeic acid and quinic acids, and 5-O-caffeoylquinic acid (5-CQA) is the most common isomer in CGA. Recently, 5-CQA has gained attention due to several important and therapeutic functions, such as antioxidant, antibacterial, antihypertensive, hepatoprotective, cardioprotective, antipyretic, antiviral, and antiobesity functions, among others [6]. Furthermore, as the global economy mends, the 2021 growth of chlorogenic acid had a significant change from the previous year. According to a study conducted by Market and Research, the market size for this compound will reach 175.8 USD million in 2028, growing at a CAGR of 3.2% during 2022–2028 [7]. However, the coffee industry is in crisis due to oversupply over demand causing a decrease in coffee price; therefore, the development of value-added products from coffee or coffee industry waste could be a solution to stop this trend [8].



Currently, another commercial activity has been introduced in the coffee industry, the extraction of oil from green coffee bean by means of pressing, which to some extent generates a by-product known as pressed cake. This by-product still contains a substantial content of oil and also presents a great content of bioactive compounds, which are mainly hydrophilic, that remain in the biomass and that could be of interest in different sectors [9]. In recent years, the use of coffee by-products has been suggested as a promising source of functional and bioactive chemicals for the food, pharmaceutical, and cosmetic industries. However, the obtained by-product known as pressed cake is a chemically rich material that is usually neglected by the coffee industry, and there is not enough information in the scientific literature concerning its chemical composition and biological properties. Thus, this is an economically valuable industrial output that can be exploited [10].



Generally, there are a variety of methods for extraction, including solid–liquid extraction with organic solvents, ultrasound-assisted extraction, microwave-assisted extraction, supercritical fluid extraction, and high-pressure processes [11]. However, in order to exploit this by-product, solid–liquid extraction may be an interesting proposal as a first step [9,12]. In particular, for the extraction processes of phenolic compounds and chlorogenic acids, in order to achieve the highest recovery of said compounds, we studied how certain variables that affect the process are the type of solvent and concentration, the ratio of grams of sample per volume of solvent, the number of extraction stages, pH, extraction time, temperature, particle size of the solid matrix, and agitation [13,14]. In this sense, the response-surface methodology (RSM) is commonly used to achieve optimized extraction conditions, and it is important because it allows a more adequate and complete exploitation of the raw material to be conducted, evaluates the relative importance of each independent variable, and determines the optimal operating conditions for the predicted responses [15,16]. In addition, it has been successfully applied to optimize parameters in various investigations, as performed by Pavlovi’c et al. (2013) and Pettinato et al. (2019), for instance, the recovery of antioxidants from spent filter coffee [17,18].



Therefore, the objective of this study was the valorization of a green-coffee by-product (pressed cake), which was used as raw material for the extraction of 5-CQA. For this purpose, the extraction conditions (temperature, time, solid/solvent ratio, and ethanol percentage) were optimized by means of leaching using the response-surface methodology. In addition, based on the optimal conditions, a mathematical model was proposed to describe the extraction kinetics.




2. Results and Discussion


2.1. Characterization of Raw Material


From a green-coffee by-product, we obtained a moisture content of 7%, a value that is ideal to avoid fungal growth and is within the permitted range according to NMX-F-177-SCFI-2009 [19]; this value was also used to express the results of 5-CQA quantification on a dry-weight basis. The particle size distribution was 0.44 mm (Figure 1) and coincided with the size range suggested for the industrial production of extracts [20]. This parameter is important because it is directly related to the internal mass strength. Therefore, to increase the overall extraction yield, a reduction in the particle size increases the contact surface between the solid and the solvent, thus decreasing the distance the solute travels within the porous particle to the surface [21]. This effect was demonstrated by several authors, with the extraction yield being considerably improved, as reported by Jokić et al. (2012) [22] in his work to improve the yield of soybean oil, by Oliveira et al. (2018) [23] in obtaining an extract rich in diterpenes from green coffee, and by Gião et al. (2009) [24] in obtaining an extract with antioxidant properties from a vegetable source. Consequently, the particle size of plant matrices is an important consideration in extraction.




2.2. 5-CQA Quantification via Liquid Chromatography


The yields obtained in the extracts were 15–59 mg 5-CQA/g of dry green coffee (Table 1). The average maximum yield obtained in one of the extracts was 59.62 ± 2.36 mg/g, a value that was higher than those already reported by other authors. In a study where researchers worked with the extraction conditions to obtain a product rich in antioxidants from green coffee beans, values of 30.19 ± 0.53 mg/g of dry sample were obtained, using as solvent an isopropanol–water solution; later, optimization was performed, and the maximum value was 56 ± 11 mg/g of dry sample [8]. In other studies, to obtain chlorogenic acids, spent coffee and roasted coffee were used, and the concentration obtained was 54.6 ± 0.7 mg CGA/g of total solids [25] and 32.3 mg CGA/g of dry sample [26], respectively. Finally, in an investigation carried out for the extraction of CGA from green coffee, the highest value obtained was 176.7 ± 12.0 mg CGA/g of dry sample [27], so this last value is higher than that reported in the present work.




2.3. Optimization of 5-CQA Extraction Parameters from Green-Coffee By-Product via RSM


The experimental design for 5-CQA was based on a four-factor two-level central composition design (CCD). Table 1 shows the CCD with 28 experimental runs and the corresponding extraction yield response. The RSM method was used to investigate the interactions between the factors in the extraction and optimize the independent variables. The following quadratic equation was obtained using multiple regression analysis based on the experimental data:


   Y = 45.6171 − 0.2698  X 1  + 0.3328  X 2  − 0.1985  X 3  + 0.1783  X 4  + 0.0057  X 1   X 2     − 0.0025  X 1   X 3  + 0.0029  X 1   X 4  − 0.0033  X 2   X 3  + 0.0024  X 2   X 4  + 0.0029  X 3   X 4  + 0.0034  X 1 2  − 0.0078  X 2 2  + 0.0003  X 3 2  − 0.0052  X 4 2    



(1)




where  Y  is the 5-CQA extraction yield (mg/g) and    X 1   ,    X 2   ,    X 3   , and    X 4    are variables coding temperature (°C), time (min), solid/solvent ratio (mg/mL), and ethanol (%v/v), respectively. The equation expressed can be used to predict the response of each factor at a given level, and the relative impact of these factors can be identified by comparing the coefficients of the factors. Statistical tests in the form of an analysis of variance (ANOVA) were performed to study the goodness-of-fit and the appropriateness of the model to the responses in the fitted quadratic polynomial model of 5-CQA extraction yields.



2.3.1. Statistical Analysis of the Model


The results of the ANOVA for the extraction yields of 5-CQA are presented in Table 2. The model’s F-value of 13.43 implies the model was significant; this was corroborated by the value of p < 0.0001, indicating that there was only a probability of 0.01% that a higher F-value could occur due to noise. p-values less than 0.05 indicated that the model terms were significant, and in this model, X1, X3, X4, X3X4, and X42 were significant model terms. A significant lack of fit (p < 0.05) indicates the failure of the model to represent the data in the experimental domain, and these points are not to be included in the regression [28]. In the present investigation, the F-value and p-value of the lack of fit were 0.9433 and 0.5912, respectively, indicating that the model equation was suitable for predicting the extraction yield of 5-CQA.



The coefficient of determination (R2) was 0.9353 for the extraction yield of 5-CQA, inferring that the accuracy and general predictive ability of the quadratic polynomial regression model represented by Equation (1) was very good, since, for a good fit of the model, R2 should not be less than 80% [29,30]. Furthermore, the discrepancy between the predicted R2 value and the adjusted R2 value was less than 0.2, indicating that they were in the reasonable range of fluctuation (Table 3).



The coefficient of variation (C.V.) is the ratio of the standard deviation to the mean and shows the extent of the variability in the mean. Small values of the C.V. represent better reproducibility. Overall, a C.V. higher than 10% signifies that the variation in the mean value is high and does not satisfactorily develop an adequate response model [31]. In this study, a value of 8.75% demonstrated that the model adequately explained the response. Adequacy accuracy is a signal-to-noise ratio. It compares the range of predicted values at the design points to the mean prediction error, and a value greater than 4 is adequate [29,32], which was verified in our case (15.5083). Thus, the regression equation could be applied for the prediction of the optimal conditions of the extraction process.




2.3.2. Analysis of Response Surface


The response surfaces can be illustrated as three-dimensional plots as presented in Figure 2, which shows the response surface for the 5-CQA yield as a function of two variables. In each of the interactions shown in the different graphs, it was observed how temperature (X1), time (X2), solid/solvent ratio (X3), and ethanol percentage (X4) influenced the extraction yield of 5-CQA. In Figure 2a, the maximum yield values were found in the combination of the highest temperature and time; for this particular case, only the temperature variable was significant in the design.



In the interaction between factors X1 and X3, it was observed that increasing the temperature and having a low solid/solvent ratio increased the yield of 5-CQA (Figure 2b). In Figure 2c, the region that had the highest yields was found by combining a high temperature and an ethanol percentage between 40 and 60%. In the relationship between factors X2 and X3 shown in Figure 2d, it could be observed that the solvent/solvent ratio at its lowest levels has a marked zone for obtaining maximum yields, while time had a wide interval as it was not a significant factor; the same occurred as shown in Figure 2e, in which the interaction of variables X2 and X4 showed a poorly defined zone for obtaining maximum yields. Finally, the synergistic effects of X3 with X4 were the most significant in improving the yield of 5-CQA, as the p-values were less than 0.05. It could be observed that the region where the highest 5-CQA concentrations were reached was when ethanol percentages were at their mid-high levels (40–60%) in combination with a low solid/solvent ratio (Figure 2f).



What was obtained in the statistical analysis for the yield of 5-CQA agrees with what was mentioned by authors such as Soto-García and Rosales-Castro, (2016) [33], who reported that the concentrations in plant extracts with antioxidant compounds are directly affected by the mass–solvent ratio, as well as the percentage of solvent used. In addition, Sharapin et al. (2000) [20] mentioned that factors such as the percentage in which a solvent is used selectively determine or not the extraction of certain compounds, so it can become one of the most influential factors in the process.




2.3.3. Optimization of Extraction Parameters and Verification of Optimized Conditions


To determine the optimal operating conditions, the fitted model was used to predict the yield of 5-CQA, which was set to a maximum, and the extraction parameters were set to the appropriate range. Numerical optimization was selected because it locates a point that maximizes the desirability function [34]. The predicted optimum conditions for 5-CQA extraction were calculated as a temperature of 60 °C, a time interval of 45 min, a solid/solvent ratio of 25 mg/mL, and ethanol at 51.09% (taking into account actual operating conditions, the percentage of ethanol was modified to 50%), and the model predicted a maximum 5-CQA yield of 57.76 mg/g. To verify the optimum conditions predicted using RSM, extraction experiments were conducted in triplicate under the optimum conditions. It was demonstrated that the experimental average extraction yield was 55.47 ± 2.68 mg/g, similar to the predicted value (57.76), indicating that the established model was statistically reliable.



According to everything previously analyzed, it could be determined that the extract obtained from the green-coffee by-product, which are currently discarded, could be considered a natural source with a high content of 5-CQA. This extract could be used in dietary supplements, cosmetics, or pharmaceutical formulations as an antioxidant agent or as a source of important coffee secondary metabolites. Furthermore, this research study has also importance from an environmental point of view and can meet the principles of green chemistry through the reuse of by-products generated by the industry, minimizing their disposal in the environment.





2.4. Analysis of 5-CQA Extraction Kinetics


In recent years, the solid–liquid extraction of bioactive compounds from natural sources has received considerable attention, while kinetic modeling is a valuable tool for understanding the complex heating and mass transfer behavior during extraction [1,35]. Therefore, the extraction kinetics of 5-CQA were studied, as was the influence of the temperature over the volumetric mass transfer coefficient.



Figure 3 shows the comparison between the predictions of the proposed model against the experimental data of 5-CQA extraction at different temperatures (45, 60, and 75 °C); it was seen that the model and estimated    K L  a   adequately described the extraction kinetics, reaching fits higher than 97%, as shown in Table 4 (R2 > 0.97). As a precedent, the same mass transfer kinetic model was employed by Handayani et al. (2008) [36] and Lau et al. (2015) [37], who reported coefficients of determination of 0.98 and 0.97 for the extraction of astaxanthin and rosmarinic acid, respectively. These coefficients were similar to those obtained in this work.



The extraction kinetics showed that from minute 25, the asymptotic region was reached, recovering between 97–99% of 5-CQA during this time. A pattern that was observed in other studies of the same type shows that the increase in temperature increases the diffusivity coefficient and the mass transfer rate [36,38,39]. In this study, a 53.8% increase in the yield of 5-CQA was observed when the temperature was increased from 45 °C to 75 °C. This increase indicates that 5-CQA is a thermo-resistant phenolic compound and could be extracted at a higher temperature range [40]. However, it must be taken into account that some biologically active important substances can be degraded at high temperatures [39].



   K L  a   values also increased with the temperature, as shown in Table 2. The dependence of    K L  a   on temperature was established with the Arrhenius equation, which was written in a linearized form, plotting Ln (   K L  a  ) versus 1/T, as shown in Figure 4. From the slope and the intercept, the activation energy (   E a    = 5.73 kJ/mol) and the frequency factor ( A  = 2.31 min−1) were obtained. The value obtained for the activation energy in the present investigation was similar to the 9.74 kJ/mol reported by Dibert and Andrieu, (1989) [41] for the extraction of chlorogenic acid with green coffee. Some reports in the literature mentioned that when the activation energy is less than 20 kJ/mol, the extraction process from solid to liquid is controlled by diffusion; such was the case of 5-CQA in this study.



The purpose of the extraction model, as well as    K L  a   estimation, was to provide us with enough information to scale batch extraction and even design an extraction process in a continuous system.




2.5. Extraction by Stages


To evaluate whether it is possible to increase the extraction yield of 5-CQA, the process was performed in three stages. Figure 5 shows the yield of 5-CQA by stages; in the first extraction, the yield achieved (55.47 ± 2.68 mg/g) was considerably higher than those of stage 2 (2.0 ± 0.26 mg/g) and stage 3 (0.72 ± 0.04 mg/g). Thus, the recovery of 5-CQA in the first stage was 95.3%; in the second, 3.4%; and in the third, 1.2%, respectively. The results presented for the extraction stages were similar to those reported by Butiuk et al. (2021) [39] and Liu et al. (2010) [42], who recovered more than 90% of chlorogenic acid in the first extraction stage.



The overall yield of 5-CQA achieved in the three stages was 58.19 mg/g. This value differs from that obtained using the kinetics at 60 °C (61.85 mg/g; Table 4). However, it should be noted that increasing the extraction time by incorporating more stages and adding fresh solvent could influence the oxidation of polyphenolic compounds, reducing the extraction efficiency [43,44].





3. Materials and Methods


3.1. Raw Material


A by-product known as pressed cake, generated from the process of defatting green coffee beans (Coffea arabica) by means of cold pressing, was used. Green coffee beans were from Talpa de Allende, Jalisco, Mexico. Defatted green-coffee by-product in the form of cake was processed in a disk mill (TA PPA-44; MAREN, CDMX, Mexico) for size reduction. Subsequently, it was characterized by determining the moisture content using the NMX-F-083-1986 standard [45] and the particle size distribution (PSD) using a sieve (RX-29; WS Tyler, Mentor, OH, USA); the latter was calculated using Equation (2):


  P S D =    W 1   D 1  +  W 2   D 2  + … +  W n   D n    W T    



(2)




where    W  1 − n     is the weight of particles retained on each sieve,    D  1 − n     is the mesh aperture of each sieve, and   W T   is the total weight of the processed sample.




3.2. Reagents


Phosphoric acid (H3PO4) was purchased from Karal (Leon, Gto, Mexico); methanol (CH3OH) was purchased Sigma-Aldrich Co. (St. Louis, MO, USA); and ethanol (C2H5OH) was of reactive grade (Zapopan, Jal, Mexico).




3.3. Extraction of 5-CQA from Green-Coffee By-Product


The extracts were prepared via leaching according to the method by Meinhart et al. (2017) [46] and Ruiz-Palomino et al. (2019) [47] with modifications. In a 100 mL volumetric flask, the previously weighed quantity (in grams) of green-coffee by-product was added, and 25 mL of the solvent was added at different concentrations for each experiment. An isothermal heating system was set up using a beaker with demineralized water to ensure convective heat transfer to the flask. The design temperature was set, and the flask was shaken at 120 pm for the indicated time intervals using a digital shaking plate (C-MAG HS4; IKA Words Inc., Staufen, Brisgovia, Alemania); at the end of extraction, the flask was gauged to 100 mL with the corresponding solution according to the design. Subsequently, filtration was performed to separate the supernatant, using Whatman No. 1 filter paper to retain the solids; finally, the extracts were stored in amber bottles and refrigerated at 4 °C until analyses.




3.4. HPLC Analysis of Extracts


The extracts from green-coffee by-product (EGCP) were analyzed using high-performance liquid chromatography (HPLC). A chromatograph with a 996-diode array detector (Waters Corporation, Milford, MA, USA) was used. A volume of 20 µL of the extracts was injected onto a Kromasil C18 5 µm column (4.6 mm × 250 mm). Mobile phase A was 5 mM phosphoric acid solution, and mobile phase B consisted of HPLC-grade methanol. The gradient mode was initially set at an A/B ratio of 85/15 from 0 to 5 min, 80/20 from 6 to 10 min, 60/40 from 11 to 20 min, 70/30 from 21 to 25 min, 80/20 from 26 to 30 min, and finally 80/20 from 31 to 35 min. The feed flow rate was 1 mL/min, and the analysis was performed at room temperature. The UV detector was set at a wavelength of 325 nm to measure the absorbance of 5-CQA.




3.5. Extraction Optimization via RSM


To further evaluate the main factors affecting extraction, the operating conditions were optimized using RSM and central composite design 24, which includes center points and star points centered on the faces. The variables and levels studied were the temperature (30 to 60 °C), time (15 to 45 min), the solid/solvent ratio (25 to 75 mg/mL), and the percentage of ethanol in the extraction solution (0 to 70%). The 5-CQA yield was set as the response.



According to the experimental design, extraction was performed under different conditions, and 28 experiments were carried out. The model was fitted with the quadratic equation given below:


  Y =  b 0  +   ∑   i = 1  4   b i   X i  +   ∑   i = 1  4   b  i i    X i 2  +   ∑   i = 1  4    ∑   j = i + 1  4   b  i j    X i   X j   



(3)




where  Y  represents the response variable;    b 0    is the constant term of the regression equation; coefficients    b i    are the linear terms,    b  i i     are the quadratic terms, while    b  i j     is the interaction terms; and    X i    and    X j    are the independent encoded variables.



Data analysis, response surfaces, polynomial models, and ANOVA were performed with Design-Expert 11 software (Stat-Ease Inc., Minneapolis, MN, USA). The statistical significance of the variables was determined at a probability level of 5% (p < 0.05).




3.6. Kinetic Model


According to Geankoplis (1993) [48], when a material dissolves from solid form in a solvent solution, the rate of mass transfer from the solid surface to the liquid is usually the controlling factor. For a batch system, from the mass balance, the rate of transfer of 5-CQA from solid form (by-product) in bulk liquid (solvent) can be written as:


    d  N A    d t   =  K L  A  (   C  A , S   −  C A   )   



(4)




where    K L    is the mass transfer coefficient in the liquid phase,  A  is the surface area of the particles, and    C  A , S     and    C A    are the concentrations of 5-CQA on the surface of the solid and in the bulk liquid at time (t), respectively. Assuming that extraction is performed at constant volume, the accumulation term can be rewritten as a function of the 5-CQA concentration:


    d  C A    d t   =  K L  a  (   C  A , S   −  C A   )   



(5)




where  a  is the interfacial surface    (  A / V  )   , while term    K L  a   is defined as the volumetric mass transfer coefficient. At the beginning of extraction (t = 0), it is considered that the concentration of 5-CQA in the liquid is zero (   C A    = 0). Equation (5) can be written in terms of the yield (   Y A   ), i.e., in milligrams of 5-CQA per gram of dry sample:


    d  Y A    d t   =  K L  a  (   Y  A , S   −  Y A   )   



(6)




where    Y A    and    Y  A , S     are the 5-CQA yields in the bulk liquid and at equilibrium per mass of by-product, respectively. The solution of Equation (6) and the estimation of    K L  a   were performed simultaneously in MATLAB numerically using functions ode23tb and fminsearch as shown in the optimization algorithm described in Figure 6, where the objective function was to minimize the sum of the squared error (SSE) between the experimental data (   Y  A e x p    ) and the data predicted by the model (   Y  A p r e    ). The coefficient of determination, R2, was evaluated to determine the fit of the model to the experimental data.



To establish the effect of the temperature on the extraction of 5-CQA, the analysis of the extraction kinetics was performed under the optimal conditions of the experimental design using different temperatures (30, 60, and 75 °C). Then,    K L  a   was written using the Arrhenius equation in a linearized form:


  Ln    K L  a = Ln A −    E a    R T    



(7)




where    E a    is the activation energy,  R  is the universal gas constant (8.31 J/mol K),  A  is the pre-exponential factor or frequency factor (min−1), and  T  is the absolute temperature (K).




3.7. Effect of Extraction in Stages


Three successive extractions were performed under the optimal conditions of Section 3.5 according to the method described in Section 3.3. After the first extraction, the solid residue was resuspended in 100 mL of fresh solvent. The extraction process was repeated twice.





4. Conclusions


The leaching process used, although it is a conventional method, provided some advantages; for example, the traditional solvents were replaced by ethanol, reducing the potentially negative environmental impact and creating more ecological and environmentally friendly extraction techniques.



This study showed an approach to optimize the 5-CQA extraction conditions. The optimal condition consisted of a temperature of 60 °C, a time interval of 45 min, a solid/solvent ratio of 25 mg/mL, and ethanol at 50%, resulting in a simple, fast, reproducible, accurate, and low-cost method. Observing that good yields were obtained with leaching, the use of extraction methods with emerging technologies can be considered, with the aim of improving the obtaining of compounds of interest such as 5-CQA. Through the Arrhenius equation, it was possible to determine the dependence of    K L  a   on the temperature and the nature of the process, which was diffusional.



Moreover, the present method can be easily used in coffee waste utilization laboratories and could also be seen as the first step in research aiming to develop new 5-CQA-rich products from this green-coffee by-product as antioxidant agents in cosmetics or pharmaceutical formulations, and dietary supplements.
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Figure 1. Green-coffee by-product before and after grinding. 
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Figure 2. Response-surface representations for the yield of 5-CQA: (a) varying temperature and time; (b) varying temperature and solid/solvent ratio; (c) varying temperature and % ethanol; (d) varying time and solid/solvent ratio; (e) varying time and % ethanol; (f) varying solid/solvent ratio and % ethanol. 
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Figure 3. Extraction kinetics at different temperatures: model prediction versus experimental data at 45 °C (Δ), 60 °C (o), and 75 °C (□). 
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Figure 4. Activation energy calculation from plot of Ln    K L  a   versus 1/T (*). 
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Figure 5. Yields of 5-CQA per extraction stage. 
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Figure 6. Optimization algorithm for the solution of the differential equation and the estimation of    K L  a  . 
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Table 1. Central composite design matrix and results obtained in the study of 5-CQA extraction yield from green-coffee by-product.
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Run

	
Variables a

	
5-CQA Extraction Yield (mg/g)




	
X1

	
X2

	
X3

	
X4

	
Experimental Data b

	
RSM-Predicted






	
1

	
30

	
15

	
75

	
0

	
22.56 ± 0.61

	
23.71




	
2

	
45

	
30

	
50

	
35

	
49.49 ± 2.27

	
43.33




	
3

	
45

	
30

	
75

	
35

	
38.8 ± 1.68

	
36.47




	
4

	
60

	
45

	
75

	
0

	
23.32 ± 0.06

	
20.71




	
5

	
45

	
30

	
50

	
35

	
43.60 ± 0.22

	
43.33




	
6

	
30

	
45

	
75

	
0

	
15.11 ± 1.23

	
17.43




	
7

	
45

	
15

	
50

	
35

	
39.47 ± 3.60

	
40.92




	
8

	
45

	
30

	
25

	
35

	
46.58 ± 2.39

	
50.51




	
9

	
45

	
30

	
50

	
35

	
43.61 ± 1.46

	
43.33




	
10

	
30

	
15

	
25

	
70

	
39.04 ± 0.85

	
39.02




	
11

	
30

	
45

	
25

	
70

	
39.78 ± 2.40

	
42.76




	
12

	
60

	
45

	
25

	
70

	
59.62 ± 2.36

	
55.85




	
13

	
45

	
30

	
50

	
70

	
43.8 ± 1.83

	
42.49




	
14

	
30

	
30

	
50

	
35

	
42.28 ± 2.62

	
41.29




	
15

	
60

	
30

	
50

	
35

	
44.31 ± 0.51

	
46.90




	
16

	
45

	
30

	
50

	
0

	
28.4 ± 3.69

	
31.31




	
17

	
60

	
15

	
75

	
0

	
22.58 ± 0.09

	
21.83




	
18

	
30

	
45

	
75

	
70

	
34.94 ± 0.24

	
33.21




	
19

	
30

	
15

	
25

	
0

	
39.8 ± 0.06

	
38.52




	
20

	
30

	
45

	
25

	
0

	
39.94 ± 3.12

	
37.19




	
21

	
60

	
15

	
25

	
70

	
47.06 ± 0.68

	
46.96




	
22

	
60

	
45

	
75

	
70

	
39.07 ± 1.84

	
42.57




	
23

	
60

	
45

	
25

	
0

	
42.28 ± 2.47

	
44.19




	
24

	
45

	
30

	
50

	
35

	
41.43 ± 0.14

	
43.33




	
25

	
60

	
15

	
75

	
70

	
38.50 ± 1.28

	
38.63




	
26

	
30

	
15

	
75

	
70

	
34.11 ± 0.84

	
34.42




	
27

	
60

	
15

	
25

	
0

	
41.27 ± 0.44

	
40.37




	
28

	
45

	
45

	
50

	
35

	
42.08 ± 0.71

	
42.23








a Independent variables: X1, temperature (°C); X2, time (min); X3, solid/solvent ratio (mg/mL); X4, ethanol (%v/v). b Average values of the determinations (±SDs; n = 2).
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Table 2. ANOVA results from CCD for extraction yields of 5-CQA.
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	Source
	Sum of Squares
	DF
	Mean Square
	F-Value
	p-Value





	Model
	2153.36
	14
	153.81
	13.43
	<0.0001



	X1 a
	141.40
	1
	141.40
	12.35
	0.0038



	X2 a
	7.67
	1
	7.67
	0.6698
	0.4279



	X3 a
	887.33
	1
	887.33
	77.48
	<0.0001



	X4 a
	562.91
	1
	562.91
	49.15
	<0.0001



	X1X2
	26.57
	1
	26.57
	2.32
	0.1516



	X1X3
	13.91
	1
	13.91
	1.21
	0.2904



	X1X4
	37.03
	1
	37.03
	3.23
	0.0954



	X2X3
	24.40
	1
	24.40
	2.13
	0.1681



	X2X4
	25.65
	1
	25.65
	2.24
	0.1583



	X3X4
	104.24
	1
	104.24
	9.10
	0.0099



	X12
	1.53
	1
	1.53
	0.1333
	0.7209



	X22
	7.91
	1
	7.91
	0.6903
	0.4211



	X32
	0.0697
	1
	0.0697
	0.0061
	0.9390



	X42
	106.50
	1
	106.50
	9.30
	0.0093



	Residual
	148.88
	13
	11.45
	
	



	Lack of Fit
	112.95
	10
	11.30
	0.9433
	0.5912



	Pure Error
	35.92
	3
	11.97
	
	



	Cor Total
	2302.24
	27
	
	
	







a Independent variables: X1, temperature (°C); X2, time (min); X3, solid/solvent ratio (mg/mL); X4, ethanol (%v/v). DF: Degree of freedom; F-Value: Fisher distribution value; p-Value: Significance. 
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Table 3. Analysis of variance for the fitted models (Fit statistics).
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	Fit Statistics
	Yield (mg/g)





	R2
	0.9353



	Adjusted R2
	0.8657



	Predicted R2
	0.6690



	C.V. %
	8.75



	Adeq Precision
	15.5083
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Table 4. Estimated    K L  a   values, equilibrium yields, and correlation coefficients at different temperatures.
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	T (°C)
	T (K)
	     K L  a   (  min  − 1   )    
	     Y  A , S     ( mg / g )    
	R2





	45
	318.15
	0.266
	46.0356
	0.978



	60
	333.15
	0.289
	61.8535
	0.987



	75
	348.15
	0.320
	71.1760
	0.976
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