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Abstract: The amount of spent coffee grounds (SCGs) created, represents an environmental challenge
worldwide. In this context, the aim of the present study was to exploit the potential of SCGs as
a source of bioactive compounds that can be utilized in high value-added products. Thus, a cost-
effective and environmentally friendly extraction technique was developed to ensure extracts with
high total phenolic content and antioxidant activity, as well as significant amounts of caffeine and
chlorogenic acid. Response surface methodology was implemented to evaluate the effects of the main
extraction parameters (i.e., time, temperature, and ethanol-to-water ratio) and their interactions on
the defined responses. The ethanol ratio was found to be the most significant variable. Then, a set of
optimum values was determined (i.e., 7 min, 75 ◦C, and ethanol:water ratio 5:95), where the predicted
values for responses were found to be 5.65% for the yield (Y1), 152.68 mg gallic acid equivalents per
L for total phenolic content (Y2), 0.797 µmol Trolox equivalent per mL for the antioxidant activity
(Y3), 30.5 ppm for caffeine concentration (Y4), and 17.4 ppm for chlorogenic acid concentration
(Y5). Furthermore, the corresponding high experimental values from the validation experiment
fitted well to these predictions, clearly clarifying the high potential of SCG extracts for use in high
value-added applications.

Keywords: circular economy; bioactive compounds; accelerated solvent extraction; process optimization

1. Introduction

Coffee is one of the most popular beverages in the world and a characteristic example
of agri-food activity, producing huge quantities of byproducts worldwide. According to the
International Coffee Organization, global coffee production is estimated at 169.60 million
60 kg bags for coffee year 2020/21, representing a 0.3% increase over 2019/20. On the
other hand, global coffee consumption is projected at 167.23 million bags in 2020/21, and
is expected to grow steadily at a healthy annual rate of 2.2% over the next years [1]. The
main byproduct that has increasingly accumulated with the growth of coffee consumption
is a solid residue known as spent coffee grounds (SCGs), which is usually a mixture of
two main species of genus Coffea, Coffea arabica and Coffea canephora, widely known as
Arabica and Robusta, respectively [2]. SCGs’ high organic content and the presence of
compounds such as caffeine and polyphenols have negative effects on the environment.
According to Poore and Nemecek [3], coffee has a significant impact on climate change,
since greenhouse gas (GHG) emissions are measured at 16.50 kg carbon dioxide equivalent
(CO2eq) per kilogram of coffee. Compared to other agri-food products, only beef products
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(59.60 kg CO2eq per kilogram), cheese (21.20 kg CO2eq per kilogram), and dark chocolate
(18.70 kg CO2eq per kilogram) appear to be more carbon-intensive products than coffee.

With respect to SCGs, according to Kamil et al. [4], one (1) ton of SCG generates 682 kg
of CO2eq, while the landfilling of SCGs produces 28.644 million tons of CO2eq per year, a
quantity comparable to the CO2 generated by 10.6 million liters of burned diesel fuel [4].
Thus, the disposal of SCGs needs to be properly managed to reduce their environmental
impact. However, most SCGs are currently being incinerated or dumped in a landfill [5,6],
although a more sustainable waste-management method has been investigated in recent
years. This has stimulated efforts to find ways to valorize SCGs within the concept of
the circular economy, minimizing the massive quantities that are disposed by exploiting
SCGs as a potential feedstock. The main valorization routes for SCGs proposed in the
literature include their direct use in waste-to-energy applications (e.g., biogas and electricity
production) [7]; in food [8], cosmetic [9–11] and pharmaceutical industries [12,13]; as well
as soil amendment, green composites, and biosorbents [5,14–17]. It should be highlighted
that other opportunities for the optimal utilization of SCGs include their use as a source
of biofuel production [18–20] and animal feed [21]. As a result, their valorization as a raw
material for the recovery of these bioactive substances seems to be a business opportunity
to produce high value-added products [22],which can be recognized as an approach
embedded in the general idea of the circular economy.

Recent studies indicated that the antioxidant capacity of SCGs ranges from 74.57 to
172 µmol Trolox equivalents/g dry SCG [19,23], and the total phenolic content between
20 and 30 mg gallic acid equivalents (GAE)/g dry SCG [24]. Furthermore, chlorogenic
acid (CGA) and its derivatives are the major phenolic compounds found in SCGs, and
are formed by esterification of a quinic acid and a hydroxycinnamic acid such as caffeic,
ferulic, or p-coumaric acid [25]. This is in accordance with the study of Okur et al. [26],
who reported that chlorogenic acid was found as the main phenolic compound in SCGs,
irrespective of the method used for their extraction. In addition, concentration of CGAs in
SCGs was found to be four (4) to seven (7) times higher than their corresponding content
in coffee brews [19]. Furthermore, coffee grounds contain methylxanthines, with caffeine
being the major compound recovered, constituting 1% to 2% of the dry SCG [2]. It should
be underlined that both caffeine and CGA’s remarkable health benefits are associated with
their strong antioxidant properties, which provide protection against free radical damage
and oxidative stress as a result of a hydrogen atom donation.

On the above basis, SCGs could be considered as a source of bioactive compounds
of potential interest to the pharmaceutical and cosmetic industries. In the literature,
there are many studies applying solid/liquid extraction for the recovery of phenols and
antioxidants from SCGs, while studying the effects of the main extraction parameters (i.e.,
time, temperature, type of solvent) [18,25–30]. The most widely used solvents include
distilled water, ethanol, or methanol, as well as their mixtures with water at different
proportions [31].

Among the most conventional technologies that are used for the recovery of bioac-
tive compounds (such as caffeine and polyphenols) from SCGs are Soxhlet extraction
and gravity filtration. However, in order to achieve a reduction in energy consumption
and processing costs, to replace toxic solvents with environmentally friendly ones, and
therefore to reduce the negative impact on the environment, new alternative extraction
techniques using supercritical fluids [27], microwaves [32,33], ultrasound [23,34] and high
pressure [35,36] are preferred [37]. Green technologies that employ solvents at high temper-
atures and pressures aim to increase the extraction efficiency. High temperature reduces the
viscosity and surface tension of the solvent while increasing the solubility of a compound,
resulting in faster diffusion rates [38]. By means of high pressure, the boiling point of
solvents is increased. As a result, when temperature is high, solvents remain liquid and
have better extraction and mass-transfer properties [39]. Therefore, a combination of high
pressure and temperature can allow a quick and efficient extraction (5–30 min), with the
amount of solvent consumed being dramatically reduced by up to 90% [40].
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In view of all the above, this work was undertaken to assess the potential content
of SCGs in bioactive substances and conduct a systematic study aiming to develop a
cost-efficient and environmentally friendly process to obtain SCG extracts with high to-
tal phenolic content and antioxidant activity, and significant amounts of caffeine and
chlorogenic acid. Hereby, we provide a systematic research comparing the conventional
Soxhlet extraction technique, with the more “green” ultrasound-assisted extraction (UAE)
and accelerated solvent extraction (ASE) ones, using different solvents and extraction
parameters. Specifically, the present work succeeds, for the first time, to compare ASE
with other extraction techniques, while applying response surface methodology (RSM) by
considering all process parameters simultaneously. Therefore, in this study emphasis was
placed on optimizing the technique presenting the best results during screening experi-
ments, employing a face-centered composite (FCC) design. Through RSM, it was feasible
to evaluate the interactions between the analyzed factors, construct a desired space (DSp),
and find an optimum combination of process parameters in which all the responses (yield,
total phenolic content, antioxidant activity, caffeine and chlorogenic acid concentration)
maximized their values, while reducing the number of necessary experiments and mini-
mizing the use of chemicals. Subsequently, this research can be considered as the initial
driving force for further investigation on how to exploit and manage SCGs and increase
the sustainability of the extraction process, as an environmentally friendly approach in the
context of bioeconomy.

2. Materials and Methods

The experimental part of this study was conducted during 2019 and 2020. The main
hypothesis concerned the potential capacity of SCGs in antioxidants and bioactive com-
pounds. That stimulated our interest in valorizing these coffee residues to recover the
bioactive caffeine and chlorogenic acid with a method optimized to present high efficacy
and the lowest possible cost and environmental footprint.

2.1. Materials

Methanol, ethanol, and n-hexane were purchased from Honeywell (Honeywell Interna-
tional Inc, Charlotte, NC, USA). Folin−Ciocalteu phenol reagent, 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH), gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
sodium carbonate, chlorogenic acid, and caffeine standards were purchased from Merck KGaA
(Darmstadt, Germany). Distilled water was used in all experiments. All UHPLC-grade solvents
(methanol and formic acid) were purchased from Merck KGaA (Darmstadt, Germany), and
water for HPLC was produced from a Milli-Q apparatus (Merck KGaA, Darmstadt, German).

Regarding the espresso SCGs, five different blends of two different varieties were
collected from six local stores and were utilized for the purposes of the adopted experimen-
tal approach. Local coffee stores (mainly distributing take-away coffee) were randomly
selected throughout the Municipality of Kalamaria, Thessaloniki, Greece, which we kindly
acknowledge. It should be noted that the first was a single blend of 100% Arabica, while
the other four were different coffee blends that consisted of Arabica mixed with Robusta in
different proportions (20%, 30%, 40%, 85%). The different coffee blends were collected in
order to evaluate the effect of Robusta variety in the antioxidant properties of the extracts
and their content in phenols, CGA, and caffeine. All samples were dried at 104 ◦C for 24 h
in a Binder Model ED 56 heating–drying oven (BINDER GmbH, Tuttlingen, Germany) to
remove humidity and prevent microbial growth. Dried SCGs were stored in the dark until
further use.

2.2. Preliminary Screening

During preliminary experiments, SCG extraction was performed using a Soxhlet
apparatus, UAE and ASE. In order to evaluate the three techniques in terms of the solid
yield they could extract, exhaustive extractions of 100% Arabica SCGs were performed,
with the use of either: (i) hexane, (ii) ethanol, or (iii) aqueous ethanol solution at a ratio of
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50:50 v/v as solvents. A single blend of 100% Arabica was used during the preliminary
experiments so the results would be comparable. The extraction conditions applied were
based on preliminary experiments. All extracts were collected in flasks to separate the
solvent from the solid residue by means of a rotary evaporator (EYELA Rotary Vacuum,
Evaporator NN Series, Digital Water bath SB-651, Tokyo, Japan).

2.3. SCG Extraction Techniques

SCGs (100% Arabica) were used for the extractions with the Soxhlet apparatus and
lasted 3, 12.5, and 24.5 h for hexane, EtOH, and EtOH:H2O, respectively, until an exhaustive
extraction was performed. For each experiment, approximately 43 g of dry SCGs and
350 mL of solvent were used.

Ultrasound-assisted extraction of 100% Arabica SCGs was furthermore performed in
a Sonorex Digital 10P ultrasonic bath (Bandelin, Germany). For each experiment, 43 g of
dried SCGs were mixed with 100 mL of solvent in a 250 mL conical flask, and the extraction
was performed in three successive cycles lasting 60 min (each cycle) at 18 ◦C. At the end of
each cycle, the extract was separated from the solid residue by filtration and replenished
by an equal amount of fresh solvent.

Finally, accelerated solvent extraction of 100% Arabica SCGs was performed with
a Dionex™ ASE™ 150 (Thermo Scientific™, Waltham, MA, USA). The amount of dried
sample (g) was placed in a 22 mL stainless steel extraction cell and loaded into the ASE
oven, preheated to the desired temperature. Then, a static extraction was performed, and
the extract was collected into the removable collection vial for further analysis. The total
solvent volume used and the extraction parameters selected in each case are presented
in Table 1.

Table 1. Accelerated solvent-extraction conditions employed.

Accelerated Solvent Extraction

Solvent n-Hexane EtOH EtOH: H2O (50:50 v/v)

Solvent vol. (mL) 199 187 163
Dry sample (g) 11.67 11.32 11.51

Static time (min) 10 10 10
Cycles 3 3 3

Rinse volume (%) 50 50 50
Temperature (◦C) 90 90 90

2.4. Experimental Design

A face-centered composite design of three factors and three levels was used to study
the effects of experimental variables: time, XA; temperature, XB; and ethanol ratio, XC; as
well as their interactions, on five responses; i.e., extraction yield (%), Y1; total phenolic
content (TPC), Y2; antioxidant activity, Y3; and caffeine and chlorogenic acid concentration
(Y4 and Y5, respectively) [41,42]. The design matrix of the employed FCC is shown in
Table 2. The variable ranges chosen were based on preliminary experiments, theoretical
background knowledge, and literature.

All experiments were carried out in triplicate for a total of 46 extraction tests, per-
formed in a randomized order to minimize the effects of variability in the observed re-
sponses. The type of waste raw material used for all the experiments was 100% Arabica.

Statistical significance of the independent variables was evaluated by means of anal-
ysis of variance (ANOVA) and values were considered significant when p-value < 0.05.
Multivariate data analysis using multilinear regression (MLR) was employed, and two-
factor interactions (2FI) or quadratic polynomial models were fitted to the experimental
data. The quality of the fit of the polynomial model was expressed by the value of correla-
tion coefficient (R2). The main indicators, demonstrating the significance and adequacy
of the used model, include the adequate precision (signal to noise ratio > 4), the repro-
ducibility of the model (coefficient of variation < 10%), and the predicted residual sum
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of square (PRESS) (values as small as possible were selected as the fittest). The optimal
region of the independent variables (desired space, DSp) was determined by conducting
three-dimensional response surface analysis of the independent and dependent variables.

Table 2. FCC experimental design and observed responses for ASE of SCGs.

Run
Factors Responses

XA (min) XB (◦C) XC (%) Y1 (% w/w) Y2 (mg GAE/L) Y3 (µmol Trolox equiv./mL) Y4 (ppm) Y5 (ppm)

1 15 100 50 8.69 117.47 0.48 11.76 7.52
2 10 130 50 11.82 88.80 0.41 10.00 5.73
3 15 70 100 15.21 66.97 0.30 10.86 4.17
4 10 100 0 7.32 152.24 0.92 24.79 13.68
5 15 130 100 19.75 34.80 0.42 5.91 2.70
6 5 70 0 5.20 146.80 0.78 32.00 18.74
7 15 100 50 8.97 75.16 0.37 2.77 5.29
8 5 70 100 15.65 28.69 0.27 10.68 2.70
9 5 70 0 5.18 150.29 0.76 35.04 19.31
10 10 70 50 7.02 148.92 0.68 22.19 14.56
11 15 130 100 17.75 25.99 0.36 4.04 2.39
12 10 100 100 17.88 62.87 0.29 12.84 3.55
13 10 100 100 19.49 49.24 0.29 9.99 3.29
14 5 100 50 7.46 125.76 0.52 17.99 9.30
15 5 130 0 8.08 121.60 0.69 19.76 13.73
16 15 100 50 8.56 159.85 0.60 19.74 9.74
17 5 130 100 18.64 78.54 0.37 6.85 3.86
18 10 100 50 8.62 95.68 0.48 8.97 6.60
19 5 70 0 5.24 143.46 0.80 30.69 18.16
20 15 70 0 6.00 162.58 0.81 31.50 18.59
21 10 70 50 7.08 146.86 0.70 20.89 14.01
22 5 100 50 6.84 163.95 0.64 18.13 13.13
23 5 100 50 8.22 87.46 0.41 10.65 5.47
24 5 130 100 16.29 76.73 0.34 8.65 7.90
25 10 100 0 8.55 146.19 0.92 21.63 12.52
26 15 70 0 5.62 162.59 0.76 33.83 17.52
27 15 130 0 12.50 86.09 0.52 12.79 6.72
28 5 70 100 18.38 43.75 0.34 8.75 3.81
29 10 100 50 8.44 148.92 0.66 17.46 9.93
30 10 70 50 7.30 144.82 0.72 19.15 13.47
31 5 130 0 8.52 122.45 0.67 19.88 12.54
32 15 130 0 12.79 99.73 0.55 12.32 7.31
33 5 130 100 21.10 80.63 0.40 10.39 6.46
34 15 130 0 13.11 113.41 0.77 12.16 7.90
35 5 70 100 13.34 13.70 0.20 11.41 1.58
36 5 130 0 8.83 122.97 0.66 18.77 11.34
37 10 100 0 6.59 158.48 0.69 27.19 14.83
38 15 70 0 5.75 161.99 0.79 32.21 18.05
39 10 130 50 11.11 132.53 0.57 16.36 8.88
40 10 130 50 12.66 45.11 0.26 8.34 2.59
41 15 70 100 15.34 38.33 0.27 7.99 3.17
42 15 70 100 15.24 9.60 0.24 6.74 2.17
43 10 100 50 8.98 58.77 0.35 5.89 5.05
44 15 130 100 21.93 43.75 0.48 8.90 4.00
45 10 100 50 8.29 79.26 0.41 6.65 4.82
46 10 100 100 21.35 35.55 0.48 6.18 3.02

XA, extraction time; XB, temperature; Xc, ethanol ratio; Y1, yield; Y2, total phenolic content; Y3, antioxidant activity; Y4, caffeine
concentration; Y5, chlorogenic acid concentration.

Experimental design was carried out using RStudio (v.1.3.959, RStudio, PBC, Boston,
MA, USA) in combination with Design Expert® (v. 12 free trial, Stat-Ease Inc. Minneapolis,
MN, USA) [42,43].

2.5. Chemical Characterization and Antioxidant Activity of the Extracts
2.5.1. Determination of Total Phenolic Content

The Folin-Ciocalteau (F-C) method [44] was used to determine the total phenolic
content in the resulting ASE extracts. Briefly, a certain amount of each sample was placed
in a 25 mL volumetric flask together with distilled water, so that the final volume was
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10 mL. Then, 0.5 mL of F-C reagent was added, and the solution was left for 5 min under
stirring. Finally, 5% w/v Na2CO3 solution and distilled water were added to reach a final
volume of 25 mL. At the same time, a blank solution was prepared.

All solutions prepared were left in the dark for 90 min. Absorbance was measured
by means of a UV–vis spectrophotometer (UV-1900 Spectrophotometer, HITACHI High
Technologies Corporation, Tokyo, Japan) at a wavelength of 750 nm and expressed as ab-
sorbance units (AU). The total phenolic content was expressed as mg gallic acid equivalents
(GAE) per L of solution, using the following calibration curve:

GAE
(mg

L

)
= 1365.90 × Absorbance − 4.0586;

(
R2 = 0.9995

)
(1)

2.5.2. Determination of Antioxidant Activity

Antioxidant activity was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH
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by means of an ultraviolet (UV–vis) spectrophotometer. For all samples, 100 µL of extract
solution (1 mg/mL in MeOH) was added to 3.9 mL of the previously prepared DPPH
solution. Samples were left in the dark for 60 min, and their absorbance was measured at
517 nm, using pure methanol as blank. The antioxidant activity was expressed as µmol of
Trolox equivalents per mL of solution using a calibration curve of Trolox standards, based
on the equation:

Trolox equivalent
(
µmol
mL

)
= −1.7762 × Absorbance + 1.0543;

(
R2 = 0.9991

)
(2)

2.5.3. Caffeine and Chlorogenic Acid Content

The quantification of caffeine and chlorogenic acid was performed by ultra-high-perf-
ormance liquid chromatography (UHPLC) using an ECOM (ECOM spol. s r.o., Chrastany,
Czech Republic) system (model ECS05). The system comprised a quaternary gradient pump
(ECP2010H), a gradient box with degasser (ECB2004), a column heating/cooling oven (ECO
2080), an autosampler (ECOM Alias), and a diode array detector (ECDA2800 UV-VIS PDA
Detector). A Phenomenex® reversed-phase column (Synergi™ Max-RP 80 Å; 4 µm particle
size, 150 × 4.6 mm) was used at 25 ◦C. The sample injection was 10 µL. Chromatographic
analysis was performed using a gradient of Milli-Q water with 0.1% formic acid (solvent A)
and methanol with 0.1% formic acid (solvent B), at a constant flow rate of 0.5 mL/min. The
gradient program was as follows: solvent A was decreased from 70% to 55% after 5 min;
followed by another decrease to 35% until 15 min; and it was finally reduced to 10% at 18 min.
Then, solvent A was maintained at 10% for 2 min and returned to initial conditions (70%
solvent A). Detection was accomplished with the diode array detector, and chromatograms
were recorded at 276 nm for caffeine and 330 nm for chlorogenic acid. Identification of caffeine
and chlorogenic acid was performed by comparing both their retention time and UV–vis
spectra with those of the standards used. Their quantification was established with the aid of
calibration curves (ranging from 5 to 100 mg/L for caffeine and 5–50 mg/L for chlorogenic
acid; Equations (3) and (4), respectively). All chromatographic data were analyzed with
Clarity Chromatography Software v8.2. Final results of the concentration of compounds in
the SCG extract were expressed as mg of each compound per L (ppm).

Caffeine Concentration (ppm) = 0.0511 × Peak Area − 0.8929;
(

R2 = 0.9995
)

(3)

Chlorogenic acid Concentration (ppm) = 0.0415 × Peak Area + 0.6909;
(

R2 = 0.9999
)

(4)

A characteristic chromatogram from the UHPLC analysis is shown in Figure S1.
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2.6. Statistical Analysis

Results are shown as mean value ± standard deviation (S.D.) of three independent
experiments. Statistical significance in the differences of means was evaluated by using
Student’s t-test or one-way ANOVA (Tukey and Scheffe tests) for the single or multiple
comparisons of experimental groups, respectively. Difference with p-value (p*) < 0.05 was
considered statistically significant. All statistical analyses were performed using SPSS 25.0.

3. Results and Discussion
3.1. Preliminary Experiments

An integral part of the whole process was the conduction of the preliminary screening.
Those experiments took place in order to evaluate the efficacy of all three extraction
techniques based on the extracting efficiency of the different solvents employed. Within
the reviewed literature, there are many research groups who studied the influence of
several solvents on SCG extraction efficiency. Indicatively, Mussatto et al. [30] reported
that methanol and its aqueous mixtures as extraction solvents did not cause significant
differences in the polyphenolic yield compared to those with ethanol, whereas Murthy and
Naidu [45] reported that methanol was less effective in extracting polyphenolic compounds
and must be removed from the extract due to its toxicity. Somnuk et al. [46] also scrutinized
the best selection among four solvents for coffee oil extraction from SCGs to obtain the
highest oil yield. Although hexane achieved the best results, the second-highest yield was
obtained when anhydrous ethanol was used. Methanol, on the other hand, was found to be
the least effective. Furthermore, Somnuk et al. [46] presented that when the environmental
effects were considered, anhydrous ethanol and hydrous ethanol were favorable due to
their environmentally friendly nature compared to toxic solvents, such as hexane and
methanol. In addition, there are numerous studies reporting that as long as the ethanol
ratio in the aqueous mixture is increased, higher yields are achieved, regardless of the
extraction method used [18,27,29]. Along with ethanol proportion in the aqueous solvent,
temperature and extraction time were found to be influential factors with a positive effect on
the extraction yield [29]. In most studies, extraction was carried out at ambient temperature.
However, Panusa et al. [25] carried out the extractions at a higher temperature, specifically
at 60 ◦C, proving that the increase in temperature resulted in higher polyphenolic yields.

The results of the present work showed that in the case of Soxhlet extraction, ethanol
achieved the highest efficiency compared to the other two solvents, achieving a yield
rate equal to 17.64% w/w. This percentage is in line with the value reported by Andrade
et al. [27]. On the other hand, in our work, UAE led to lower yields compared to Soxhlet,
regardless of the type of solvent used. This may be attributed to the higher temperature
applied in case of Soxhlet extraction and larger solvent volumes. This was also reported by
other researchers for the recovery of bioactive compounds from residual coffee [25,27,47].
As evidenced by Al-Hamamre et al. [48], the higher yield was also affected by the increased
duration of the extraction, which in the case of Soxhlet can take up to 24 h. However,
according to the results (Figure 1), the method that prevailed over the other two was ASE,
since the yields of all three solvents were higher than those obtained with either Soxhlet
extraction or UAE. These results can be assigned to the fact that extraction was performed
under higher than atmospheric pressure and a temperature close or above solvent’s boiling
point [39]. Thus, even though the temperature was high, the pressure kept the solvent in a
liquid state and facilitated the extraction of compounds located within the matrix pores [40].
In addition, the high constant operating temperature facilitated the solvent’s penetration
into the pores of the matrix, improving the extraction process. Apart from this, temperature
increased the solubility of the compounds [38]. Finally, high temperature can easily disrupt
the interactions between compounds and solid matrix that exist due to van der Waals forces,
hydrogen bonds and dipole–dipole attractions, which leads to an easier removal of solutes
from the matrix [49]. Comparing the three types of solvents used in ASE, it was observed
that the highest extraction yield was established with the binary mixture, reaching 19.81%,
followed by ethanol (19.68%). Depending on the combination of temperature and pressure,
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water can change polarity as its dielectric constant is altered. Thus, water can solubilize a
wide range of compounds of both medium and low polarity [39,49].
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3.2. FCC Optimization Results

Based on the preliminary extraction experiments and the fact that ASE showed the
best results in terms of performance compared to the other two methods, it was chosen
as the technique to be optimized. Since ethanol:water mixture in a ratio of 50:50 v/v was
the solvent with the highest yield, ethanol ratio (XC) was selected as one of the factors to
be studied, along with time (XA) and temperature (XB). Specifically, an FCC experimental
design was applied in order to optimize the extraction parameters with ASE and to examine
the effects of the main extraction factors, as well as their possible interactions on the
responses (i.e., extraction yield, Y1; total phenolic content, Y2; antioxidant activity, Y3;
caffeine concentration, Y4; and chlorogenic acid concentration, Y5). Table 2 shows the
experimental conditions of the 46 runs of the FCC design (performed in a randomized
order), as well as the values of the observed responses.

The experimental data for all the responses were statistically analyzed by analysis of
variance, and the significance of the independent variables was evaluated based on p-value.
As shown from ANOVA results (Table 3), in the case of Y1, all independent variables
(XA, XB, XC), as well as the interactions of ethanol ratio with the other two main factors
(XAXC, XBXC) and the quadratic term XC

2 were highly significant, as their p-values were
<0.001; however, the other two quadratic terms (XA

2, XC
2) and the interaction between

time and temperature (XAXB) were statistically insignificant. On the other hand, for Y2, the
independent variables XB and XC, the interactions between time and temperature (XAXB),
and between temperature and ethanol ratio (XB XC), as well as the quadratic term XC

2, were
statistically significant (p-value < 0.05). Among these, only ethanol ratio (XC) was highly
significant, as its p-value was < 0.001. Regarding Y3, the main factor identified to be highly
significant was XC; its interaction with temperature (XBXC) was also significant, with a
p-value less than 0.05. As far as Y4 is concerned, the results indicated that temperature,
ethanol ratio, and their interaction (XBXC) were highly significant, while the quadratic term
XC

2 showed a p-value < 0.05. The same terms were also highly significant for Y5, with time
(XA) and its interaction with temperature (XAXB) presenting a p-value less than 0.05.
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Table 3. ANOVA results for the employed FCC experimental design of ASE of SCGs (insignificant factors were eliminated
for the convenience of presentation).

Factors

Responses

Y1 Y2 Y3 Y4 Y5

F p-Value F p-Value F p-Value F p-Value F p-Value

XA 39.68 <0.0001 - - - - 5.27 0.0277 7.95 0.0075
XB 376.12 <0.0001 4.51 0.0407 - - 47.71 <0.0001 36.39 <0.0001
XC 1017.57 <0.0001 95.21 <0.0001 107.24 <0.0001 136.05 <0.0001 204.1 <0.0001
XAXB 4.74 0.0361 4.84 0.0344 - - - - 6.12 0.0178
XAXC 24.64 <0.0001 - - - - - - - -
XCXB 156.25 <0.0001 10.31 0.0028 9.35 0,0040 23.94 <0.0001 38.32 <0.0001
XA

2 12.34 0.0012 - - - -
XB

2 - - - - - -
XC

2 76.90 <0.0001 5.19 0.0287 4.00 0.0530
R2 0.9794 0.7759 0.7543 0.8611 0.8829

XA, extraction time; XB, temperature; Xc, ethanol ratio; Y1, yield; Y2, total phenolic content; Y3, antioxidant activity; Y4, caffeine
concentration; Y5, chlorogenic acid concentration.

MLR model fitting on the obtained FCC results was conducted based on the ANOVA
results. For Y1, Y2, and Y4, the quadratic model had the best fit (with p-values lower than
0.01), while for Y3 and Y5, a 2FI model was used. Adequate precision (depicts the value
of signal-to-noise ratio; ratio greater than is preferred) and the coefficient of variation
(measures the reproducibility of the model; a value less than 10% is desirable), all fell
within the desirable limits. The obtained MLR regression models are shown below and can
be used to predict the responses’ values based on any given independent variables:

1/Y1 = 0.289546 − 0.008050·XA − 0.000561·XB − 0.001418·XC − 0.000021·XAXB + 0.000029·XAXC
+ 0.000012·XBXC + 0.000354·XA

2 − 3.30204 × 10−6·XB
2 − 8.84796× 10−6·XC

2

Y2 = 113.85890 + 7.28431·XA + 0.704917·XB − 1.05334·XC − 0.076259·XAXB − 0.013568·XAXC
+ 0.011135·XBXC + 0.001512·XA

2 − 0.004141·XB
2 − 0.008323·XC

2

Y3 = 1.08144 − 0.002066·XA − 0.003114·XB − 0.009016·XC − 0.000017·XAXB + 0.000053·XAXC + 0.000044·XBXC

Y4 = 63.68073 + 1.02429·XA − 0.586817·XB − 0.520697·XC − 0.006321·XAXB + 0.001501·XAXC
+ 0.002443·XBXC − 0.038735·XA

2 + 0.001868·XB
2 + 0.001052·XC

2

Y5 = 25.84316 + 0.382828·XA − 0.090138·XB − 0.288914·XC − 0.006717·XAXB + 0.001669·XAXC + 0.001681·XBXC

Y1 response was transformed using an inverse algorithm in order to maintain the
ANOVA criteria valid (data following a normal and independent distribution). A high
correlation coefficient value (R2) illustrates that there is a good correlation between es-
timated and experimental data. According to the literature, for a satisfactory fit of
the model, R2 must be greater than 0.75 [50]. In case of Y1, the polynomial model
showed the highest correlation coefficient of 0.9794, while for both Y2 (R2 = 0.7759) and
Y3 (R2 = 0.7543), a moderate agreement between the calculated and observed results was
obtained. Regarding Y4 and Y5, the R2 values of 0.8611 and 0.8829 were satisfactory and
indicated that the models developed could be used to predict the concentrations of caffeine
and chlorogenic acid according to the values of the main factors with good accuracy. The
correlation between predicted values obtained from the model were in good agreement
with the actual experimental data, as shown in the graphs presented in Figure S2. Plots of
normal probability of internally studentized residuals were also obtained (Figure S3). The
normal probability plot of the residuals is an important diagnostic tool to detect whether or
not a data set follows a hypothesized distribution. In case errors are normally distributed
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independent of each other, and the error variance is homogeneous, the data are plotted in
such a way that they follow a straight line. The normal probability plots of the residuals
(Figure S3) show that there were almost no serious exogenous observations, and confirmed
that residuals were normally and independent distributed [43].

Based on the perturbation plots shown in Figure 2, it was possible to evaluate the effect
of an independent variable on a specific response. In perturbation plots, the main factors
showing a steep slope or curvature are those affecting responses the most. According to
Figure 2a, ethanol ratio (XC) exhibited a steep curvature, indicating that it had a more
significant impact on the extraction yield (Y1) compared to temperature (XB) and time (XA).
The fact that higher yields were achieved by increasing the ethanol ratio was also reported
in other studies, regardless of the extraction method used [18,27,29,37]. Furthermore, the
positive effect of XB was because high temperatures can increase not only the solubility,
but also the mass-transfer rate, and reduce the viscosity and surface tension of solvents by
allowing them to penetrate inside the sample matrix [2]. Conclusively, a positive impact of
time on extraction yield is expected, since prolonged contact periods between the solvent
and the matrix allow the solvent to penetrate the pores of the sample and solubilize the
target compounds [40].

In case of total phenolic content (Y2), a significant antagonistic effect was observed,
since the slopes of all three main factors appear to be negative (Figure 2b). Specifically,
the factor with the most negative effect is ethanol ratio, which as increases causes a sharp
decrease in total phenolic content. On the contrary, when ethanol ratio decreases and
water represents the largest percentage of the binary solvent, the total phenolic content
from SCGs increases. This is due to the high polarity of the water which implies reduced
selectivity [49]. In addition, water expands the material to be extracted allowing the solvent
to penetrate more easily into the solid matrices, dissolving the target compounds. After
all, it is well known that polyphenols are easily soluble in polar protic solvents, such as
hydroalcoholic mixtures and alterations in their proportions can have different effects on
the content of polyphenol fractions [37]. Temperature also influences the response but not
to such an extent, as evidenced by the slope of the rectilinear section, which is not as steep
as in the case of ethanol ratio. On the contrary, time does not affect total phenolic content
in a statistically significant way, which is also verified by a p-value greater than 0.05. The
same results were also observed for the antioxidant activity (Y3) (Figure 2c).

Regarding caffeine concentration (Y4), ethanol ratio showed the highest antagonistic
effect (Figure 2d), also displaying a significantly high curvature on its perturbation curve.
Thus, a higher proportion of water compared to ethanol, would probably lead to the
recovery of a higher concentration of caffeine due to its water-soluble nature. Based
on the slope of the line, the next factor that significantly affected Y4 was temperature,
indicating an antagonistic effect on caffeine concentration. This may have been due to the
fact that high temperatures can lead to the decomposition of heat sensitive compounds [49].
However, although time led to a decrease in response, it did not affect it to the same extent
compared to the other two independent variables. Conclusively, the factor with the most
significant negative effect on chlorogenic acid concentration (Y5) was also ethanol ratio
(Figure 2e). This fact could be considered as expected, since chlorogenic acid is a highly
hydrophilic compound.
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3.3. Response Surface Analysis

Using RSM, the effects of the main factors (XA, XB, XC), as well as their interaction on
the responses were graphically represented by three-dimensional response surface plots
and two-dimensional graphs (contour plots).

From Figure 3a, it is evident that yield (Y1) tended to grow with an increase in
both ethanol ratio and temperature. The maximum extraction yield was obtained at
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temperatures above 120 ◦C and ethanol ratios that exceeded 90%. As can be observed
from Figure 3b, the effect of temperature on the total phenolic content (Y2) seemed to
be negligible, notably when ethanol ratio outreached 55%. However, a decrease in both
factors caused an increase in the response, with the maximum value observed between
70 ◦C and 80 ◦C and ethanol ratio below 5%. According to Figure 3c, it is evident that
antioxidant activity (Y3) increased with a decrease in ethanol ratio, while its maximum
value was observed in the temperature range of 70–80 ◦C. The interaction effects of ethanol
ratio and temperature on concentrations of caffeine (Y4) and chlorogenic acid (Y5) are
shown in Figure 3d,e respectively. Figure 3d shows that both temperature and ethanol ratio
seemed to have positive effect on the caffeine concentration. Its maximum value (30 ppm)
was exhibited for ethanol ratio <15% and temperature between 70 ◦C and 80 ◦C, while
chlorogenic acid’s maximum concentration was obtained for temperatures up to 93 ◦C and
ethanol ratios below 20% (Figure 3e).

The interaction effect of time and temperature on the responses, as well as the one of
ethanol ratio with time, are depicted in Figures S4 and S5, respectively. Regarding the effect
of time and temperature on the extraction yield (Y1), the latter showed an increment as the
temperature rose (Figure S4a). However, when time increased, extraction yield remained
the same, provided that temperature decreased. From Figure S4a, it is also evident that
Y1 was maximized for extraction times longer than 9 min and temperatures above 120 ◦C.
According to Figure S5a, the extraction yield increased with increasing ethanol ratio above
30%; while it did not appear to be significantly affected by time. It is worth noting, though,
that when the ethanol ratio was greater than 70%, the effect of duration on the extraction
yield was close to zero.

Based on Figure S4b, it was observed that in the temperature range of 70–83 ◦C and
extraction time over 9 min, the total phenolic content (Y2) reached 120 mg GAE per L.
On the contrary, as temperature increased above 100 ◦C, total phenolic content decreased,
whereas the largest decrease was observed for time > 13 min. From Figure S5b, it can be
concluded that Y2 decreased irrespective of time when the ethanol ratio was over 40% and
increased with decreasing XC, reaching its maximum value at a time range of 5 to 9 min
and ethanol ratio <15%.

The response surface plot of XAXB (Figure S4c) indicates that antioxidant activity (Y3)
decreased as temperature increased; however, Y3 did not seem to be significantly affected
by the time in the temperature range of 90–115 ◦C. The maximum antioxidant activity
of 0.560 µmol Trolox equivalents per mL was obtained in a time range of 5–13 min and
temperatures below 75 ◦C. Based on Figure S5c, antioxidant activity was maximized for an
ethanol ratio of about 15%.

Figure S4d illustrates that caffeine concentration (Y4) tended to reduce with increasing
temperature and extraction time, while it was maximized for temperatures below 75 ◦C.
Furthermore, the response surface plot of XAXC (Figure S5d) indicated an increment of
caffeine concentration as ethanol ratio (XC) was being reduced, reaching its maximum
value when XC was below 20%. On the other hand, extraction time seemed to affect caffeine
concentration when the ethanol ratio ranged between 60% and 80%.

As depicted in Figure S4e, chlorogenic acid concentration (Y5) increased when temper-
ature decreased from 130 ◦C to 110 ◦C, and when temperature exceeded 110 ◦C, Y5 showed
a tendency to decrease. Finally, according to Figure S5e, chlorogenic acid concentration
exhibited maximum values in the range of 5 to 10 min and ethanol ratios less than 15%.
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3.4. Optimization of Independent Variables and Validation Experiment

Based on the experimental design, graphical optimization was carried out using
Design Expert® software (v. 12 free trial, Stat-Ease Inc. Minneapolis, MN), and a DSp was
constructed via overlaying the contour plots, to establish an optimum set of extraction
conditions in which most of the responses simultaneously maximized their values. To
determine these optimum conditions, some lower-limit criteria were imposed for all the
responses, while considering the economic viability of the process. Specifically, the desired
goal for Y1 was set to be 5.5%, for Y2 ≥ 140 mg GAE per L, for Y3 ≥ 0.700 µmol Trolox
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equivalent per mL, for Y4 ≥ 17.5 ppm, and for Y5 ≥ 13 ppm. These values were chosen
while taking into account those mentioned in other studies [18,19,23,25,28,35,51,52], but
aiming to be achieved under a more economically and environmentally sustainable set of
conditions (i.e., short operating times, low ethanol content, and median temperature).

The overlaying plot attained (Figure 4a,b) illustrates a bright yellow area in which all
the imposed criteria were satisfied. Results showed a DSp located at low ethanol ratio (i.e.,
below 25%), low to moderate temperature (i.e., 72–100 ◦C), and a wide range of time (i.e.,
7–15 min). Within this desired experimental space, the optimum set of conditions chosen
for the process to be viable corresponded to time (XA) of 8 min, temperature (XB) of 75 ◦C,
and ethanol ratio (XC) of 5%. Under the selected optimum conditions, the model predictions
for all responses were: 5.65% for yield (Y1), 152.68 mg GAE per L for total phenolic content
(Y2), 0.797 µmol Trolox equivalent per mL for the antioxidant activity (Y3), 30.5 ppm for
caffeine concentration (Y4), and 17.4 ppm for chlorogenic acid concentration (Y5).
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In order to examine the accuracy of the proposed model in terms of its effective-
ness to predict the responses’ values, a validation experiment—using the same type of
byproduct—was conducted under the optimal conditions selected above. Following that,
characterization of the extracts was carried out; the measured values of the responses are
listed in Table 4. It should be underlined that for the majority of the responses, there was
a good agreement between the predicted and experimental values, with the difference
between them ranging below 10% (Table 4). These results could imply the effective use of
RSM in optimizing ASE to develop a sustainable cost-effective technique.

Table 4. Confirmation factor for all responses after the validation experiment.

Response Predicted Values Experimental Values (Mean ± SD) Confirmation Factor (%)

Y1: Yield (% w/w) 5.65 6.09 ± 0.22 93
Y2: TPC (mg GAE/L) 152.67 166.77 ± 4.26 92

Y3: DPPH (µmol Trolox equiv./mL) 0.79 0.80 ± 0.04 99
Y4: Ccaffeine (ppm) 30.50 28.72 ± 1.20 94
Y5: CCGA (ppm) 17.40 16.72 ± 0.73 96

Yield: extraction yield, total phenolic content (TPC), antioxidant activity (DPPH), caffeine concentration (Ccaffeine) and chlorogenic acid
concentration (CCGA).

All the experimental values were in line or even better than those reported in the
literature. In particular, the total phenolic content was found equal to 166.77 mg GAE/L (or
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52.29 mg GAE/g dry sample) and higher compared to those obtained from other studies,
which ranged between 12.58 and 17 mg GAE/g dry sample [18,25]. This value (52.29 mg
GAE/g dry sample) was also better than the one reported by Shang et al. [35], who also
applied pressurized liquid extraction (PLE) for the recovery of phenolics from SCGs, using
water and ethanol as solvents. Similarly to total phenolic content, antioxidant activity
showed a value of 252.63 µmol Trolox/g dry sample, which was higher compared to those
measured in other studies [19,23].

Caffeine concentration in 100% Arabica SCGs was found to be equal to 9.01 mg per g
of dry sample, in compliance with the results in corresponding literature reports [28,35]. It
is worth noting that Panusa et al. [25] reported that the caffeine concentration recovered
from 100% Arabica SCGs at 60 ◦C under continuous stirring for 30 min with distilled water
as solvent was much lower, reaching a value of 0.97 mg per gram of dry sample.

On the other hand, based on the validation experiment, the chlorogenic acid concen-
tration was measured equal to 5.24 mg/g of dry sample. This value agreed with the results
of a study reporting CGA content ranging from 1.65 to 6.09 mg/g dry sample in SCGs with
various ratios of Arabica/Robusta (for an extraction of 30 min under continuous stirring at
60 ◦C). Specifically for 100% Arabica, the CGA content reached 2.26 mg/g [25].

Similarly, Lopez-Barrera et al. [51] found that chlorogenic acid varied from 1.8 to
5.6 mg/g, while in the study of Balzano et al. [52], the values reported were much lower ex-
pect from the SCG sample formed by the 100% Robusta variety. Slightly better chlorogenic
acid concentration was obtained in another study using distilled water as a solvent near the
boiling temperature for approximately the same duration as in the present work [28]. The
higher concentration could be attributed to: (i) the SCGs’ composition, which consisted of a
proportion of Robusta variety; (ii) the fact that the temperature applied was higher; and (iii)
the solvent used was water. Water generally favors the extraction of these water-soluble
phenolic compounds, and at the same time can swell the solid residues, facilitating their
penetration into them.

Based on the above, SCGs can be considered as a byproduct rich in bioactive com-
pounds, and is essential to be managed and utilized as a resource for further value creation.
To transform these residues into profitable substrates, cross-sector collaborations from
governmental organizations to academic institutions and industry are required. In this
context, new management strategies should be developed to create new opportunities for
business with crucial impact in the global economy and the environment. Among these,
several social and scientific impacts are also expected as a consequence of an integrated
exploitation of these coffee residues. Regarding the economy, the development of new
innovative cosmetic formulations with bioactive ingredients (cosmeceuticals) derived from
residual coffee fits perfectly into the profile of products that can enhance the competitive-
ness, growth, and extroversion of the companies involved. Similarly, in the context of
SCGs’ valorization, environmental awareness will be cultivated with an aim to motivate
people to be concerned about the impacts of the products they consume. Additionally,
due to these residues’ potential application in several fields, their utilization seems to be
an opportunity for the creation of new jobs. Finally, at the scientific and research level,
the expected benefits relate to the enhancement of the expertise of the research potential.
Despite that, in the context of a careful plan for the protection of property rights, the
possibility of exploiting the innovative ideas and technologies developed can generate
significant economic revenues.

3.5. Extraction of Different Coffee Blends in Optimum Conditions

The type of byproduct used to all experiments described up to this point was 100%
Arabica. In order to evaluate the effect of the Robusta variety on total phenolic content,
antioxidant activity, and the concentrations of caffeine and chlorogenic acid, a series of
experiments was performed on the optimal extraction conditions with ASE. These experi-
ments were conducted using four coffee blends of different proportions of Arabica:Robusta
varieties. The results are presented in Figure 5. All values are expressed per g of dry sample.
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From Figure 5a,b, it is evident that the presence of the Robusta variety in the coffee
blend contributed to the increase of all four measured quality characteristics. Specifically,
there was an increment in the values of total phenolic content and antioxidant activity,
and caffeine and chlorogenic acid concentrations, as the Robusta content in the coffee
blend increased. This observation coincided with the results of similar studies in the
literature [18,19,25,28,53].

In order to assess whether the differences of these values between the samples were
statistically significant, ANOVA was applied. The differences are presented in Figure S6.
In the case of total phenolic content, the only non-statistically significant difference was
observed between dry spent coffee extracts of 80:20% and 70:30%. Regarding the antioxi-
dant activity, the only non-statistically significant difference was detected between those
of 100% and 80% Arabica (Figure S6a). Correspondingly, the differences in caffeine and
chlorogenic acid concentrations were non-statistically significant between dry spent coffee
extracts of 100%, 80%, and 70% Arabica in all possible combinations (Figure S6b). For
all other samples, the p-value was less than 0.05, indicating the statistical significance
of their differences.

4. Conclusions

The aim of the present study was to assess the potential content of SCGs in bioactive
compounds, to compare different extraction techniques for the recovery of these compo-
nents, and then to optimize the extraction method with the highest yield. Based on the
preliminary experiments, ASE showed the best results in terms of this criterion, and its
optimization was conducted aiming to develop a sustainable technique for the recovery
of bioactive compounds from spent coffee grounds. For optimization, an RSM based on a
three-level FCC was implemented to evaluate the effects of the three extraction variables
(time, X1; temperature, X2; and ethanol ratio, X3) and their interactions to all responses
(yield, Y1; total phenolic content, Y2; antioxidant activity, Y3; caffeine concentration, Y4;
and chlorogenic acid concentration, Y5).

Based on ANOVA results, ethanol ratio was found to be one of the most statistically
significant independent variables, with the greatest effect in all five responses. Then, ASE
was optimized in order to find an optimal set of extraction conditions in which most of
the responses simultaneously maximized their values. Under certain constraints on the ac-
ceptable thresholds for each response, an economically viable combination of experimental
extraction conditions was chosen, with an extraction time of 7 min, a temperature of 75 ◦C,
and an EtOH ratio of 5%.

The measured values of the responses obtained under the optimum conditions were
evaluated as quite satisfactory. The high total phenolic content may be due to water, which
represented the highest percentage of the binary solvent. Water’s high polarity implies reduced
selectivity, thus increasing the overall rate of phenolic compounds recovered from SCGs. As a
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result of the high water ratio, the concentrations of caffeine and chlorogenic acid obtained were
also high, possibly due to their hydrophilic nature. Additionally, the mild temperature applied
played an important role in the extraction efficiency, as the decomposition of heat-sensitive
compounds was prevented. The extraction duration chosen also seemed to be sufficient for the
solvent to penetrate the pores of the sample and solubilize the target compounds, thus having a
positive effect on the extraction efficiency. Conclusively, based on the extractions performed on
four different coffee blends of Arabica and Robusta varieties, the inference reached was that the
presence of the Robusta variety contributed to the increase of all the responses.

This work clearly justifies that the recovery of SCG extracts with high total phenolic
content, antioxidant activity, and sufficient amounts of caffeine and chlorogenic acid can be
achieved with the use of ASE, under short operation times and mild temperatures. Addi-
tionally, the results of this study provide clear evidence that water with low ethanol content
can be used to obtain extracts rich in total phenolics, as well as caffeine and chlorogenic acid.
In light of this, extracts do not need to undergo any further solvent separation steps and
could be used directly for the development of cosmetic formulations. Thus, since the use of
toxic solvents is excluded, the claims for ‘’green” and natural extracts were supported, and
the sustainability analysis of the proposed extraction technique is expected to have positive
economic, scientific, social, and environmental impacts. Therefore, additional collective
effort from industry and research organizations is required, in order to develop a new,
integrated, and holistic exploitation/management strategy to transform SCG wastes into
resources of high commercial interest.
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array detection of caffeine at 276 nm and green line for diode array detection of chlorogenic acid at
330 nm); Figure S2: Correlation between predicted and experimental values for all the responses (a)
extraction yield (%), Y1; (b) total phenolic content (mg GAE/L), Y2; (c) antioxidant activity (µmol Trolox
equiv./mL), Y3; (d) caffeine concentration (ppm), Y4 and (e) chlorogenic acid concentration (ppm), Y5;
Figure S3: Normal probability plots versus internally studentized residuals for (a) extraction yield, Y1; (b)
total phenolic content, Y2; (c) antioxidant activity, Y3; (d) caffeine concentration, Y4 and (e) chlorogenic
acid concentration, Y5; Figure S4: Response surfaces and contour plots for all responses (a) extraction
yield, Y1; (b) total phenolic content, Y2; (c) antioxidant activity (DPPH), Y3; (d) caffeine concentration,
Y4 and (e) chlorogenic acid (CGA) concentration, Y5; as a function of time (XA) and temperature (XB);
Figure S5: Response surfaces and contour plots for all responses (a) extraction yield, Y1; (b) total phenolic
content, Y2; (c) antioxidant activity (DPPH), Y3; (d) caffeine concentration, Y4 and (e) chlorogenic acid
(CGA) concentration, Y5; as a function of time (XA) and ethanol: water ratio (XC); Figure S6: Bar charts
of statistically significant differences between the samples regarding: (a) total phenolic content and
antioxidant activity; (b) caffeine and chlorogenic acid concentration.
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