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Abstract In this research, a supercritical CO2-ethanol

extraction was optimized to obtain a green coffee oil rich in

bioactive compounds. A face-centered central composite

design was used to evaluate the effect of temperature

(50–70 �C), extraction pressure (15.0–30.0 MPa), and

cosolvent content (5–20%) on the extraction yield and total

phenolic compound content of green coffee supercritical

extract (GCSE). The experimental data were fitted to a

second-order polynomial model. According to the statisti-

cal analyses, the lack of fit was not significant for either

mathematical model. From the response surface plots, the

extraction pressure and cosolvent content significantly

impacted the extraction yield, while the total phenolic

compound content was impacted by temperature and

cosolvent content. The optimal conditions were a 20%

cosolvent content, a pressure of 30 MPa, and a temperature

of 62 �C, which predicted an extraction yield of 7.7% with

a total phenol content of 5.4 mg gallic acid equivalent

g GCSE-1. The bioactive compounds included 5-caf-

feoylquinic acid (11.53–17.91 mg g GCSE-1), caffeine

(44.76–79.51 mg g GCSE-1), linoleic acid

(41.47–41.58%), and palmitic acid (36.07–36.18%). Our

results showed that GCSE has the outstanding chemical

quality and antioxidant potential, suggesting that GCSE

can be used as a functional ingredient.
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Abbreviations

GCSE Green coffee supercritical extract

TEAC Trolox equivalent antioxidant capacity

TPC Total phenolic compound content

EY Extraction yield

Co Cosolvent content

GCSEEY Green coffee supercritical extract at optimal

yield extraction conditions

GCSEOP Green coffee supercritical extract under

optimal conditions

Introduction

Coffee is one of the most important industrial and eco-

nomic products worldwide. In 2018, Mexico produced

860,000 tons of coffee beans, reaching 11th place world-

wide in coffee production (Servicio de Información

Agroalimentaria y Pesquera 2019). Green coffee beans are

good sources of proteins, lipids, and bioactive compounds,

such as polyphenols, diterpenes, and caffeine (De Oliveira

et al. 2014; Bitencourt et al. 2018; Efthymiopoulos et al.

2019; Granados-Vallejo et al. 2019). Coffea arabica con-

tains approximately 15% lipids, composed mainly of tria-

cylglycerols, sterols, and tocopherols (Frost-Meyer and

Logomarsino 2012). Palmitic, oleic, linoleic, stearic, ara-

chidic, and behenic acids are the most prevalent fatty acids

in green coffee beans (Andrade et al. 2012; Frost-Meyer
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and Logomarsino 2012; Hurtado-Benavides et al. 2016).

The antioxidant activity of green coffee beans is attributed

to phenolic compounds such as chlorogenic acids, caffeic

acid, anthocyanins, tannins, and lignans (Farah and

Donangelo 2006). The regular consumption of chlorogenic

acids mainly regulates glucose metabolism and promotes a

reduction in free radicals, visceral fat, body weight, and

blood pressure (Onakpoya et al. 2011; Liang and Kitts

2015). Additionally, the chlorogenic acids were linked to

cancer chemoprevention and the risk reduction of cardio-

vascular diseases (Palmioli et al. 2017; Martı́nez-López

et al. 2019). The global market of chlorogenic acids was

valued at 132.2 million USD in 2020 and is projected to

reach USD 154.2 million USD by 2026 (Research-Reports

2020). Likewise, caffeine is the most popular alkaloid from

green coffee beans. Caffeine consumption helps to reduce

fatigue, enhance the capacity to remain awake, stimulate

the central nervous system, increase blood pressure, and

accelerate metabolism (Frost-Meyer and Logomarsino

2012; Babova et al. 2016; Ilgaz et al. 2018). Additionally,

caffeine enhances long-term memory retention and reduces

the symptoms associated with Parkinson’s disease (Ludwig

et al. 2014).

Alkaloids, phenols, and oils from coffee beans are

extracted by mechanical pressing, solvent extraction, or

supercritical fluid extraction (Efthymiopoulos et al. 2019).

Of these methods, supercritical fluid extraction is used to

selectively remove chemical compounds using a solvent in

its supercritical state, but this extraction process also

reduces the undesirable organic pollutants, toxins, and

pesticide residues present in natural products and food

crops (Cavalcanti et al. 2012; Banchero et al. 2013;

Jitrangsri et al. 2020). Carbon dioxide is an inexpensive,

tasteless, and inert supercritical solvent used in pharma-

ceuticals, nutraceuticals, and food applications (Machmu-

dah et al. 2011). The CO2 solvation power is modified by

adding cosolvents and changing the temperature and

pressure of the extraction (Akay et al. 2011). The most

common cosolvents used are hexane, isopropanol, ethanol,

ethyl acetate, or water (Couto et al. 2009; Andrade et al.

2012). However, the extraction yield of the bioactive

compounds depends on the chemical parameters of the

compound of interest (solubility, polarity, and molecular

weight) and the extraction parameters (particle size, pres-

sure, temperature, cosolvent concentration, time, and sol-

vent flow rate). For example, the extraction yield of coffee

oils with supercritical CO2-ethanol was higher than that

obtained with supercritical CO2 alone (Couto et al. 2009).

Bitencourt et al. (2018) found that supercritical extracts

from crude green coffee oil contained free fatty acids and

diterpenes.

Additionally, coffee oils extracted with supercritical

CO2-ethanol contained phenolic compounds and caffeine

(Andrade et al. 2012; Barbosa et al. 2014; Bitencourt et al.

2020). However, de Azevedo et al. (2008) reported that a

low mass of caffeine and chlorogenic acids (approximately

30 mg) was extracted from green coffee beans using

supercritical CO2-ethanol (5%) at 35.5 MPa and 60 �C.

This result suggested inefficient extraction for chlorogenic

acids under the supercritical conditions tested. In light of

this, we decided to explore the impact of a higher cosolvent

content that 5% and different supercritical conditions on

the total phenolic compound content of green coffee

extracts to obtain supercritical extracts with optimized

amounts of chlorogenic acids and caffeine. This work

aimed to investigate the impact of temperature, extraction

pressure, and cosolvent content on the extraction yield and

total phenolic compound content from green coffee beans

according to response surface methodology. Then, the

functional compounds, including 5-caffeoylquinic acid and

caffeine and the fatty acid profile, were identified in the

supercritical extract under the optimal extraction

conditions.

Materials and methods

Materials

Green coffee beans (Coffea arabica) were harvested in the

autumn of 2019 in Talpa de Allende, Jalisco, Mexico (20�
220 5000 N, 104� 490 1900 W). Fruits were husked and dried

in an oven at a low temperature (approximately 50 �C).

The proximate composition was 3.7% ash, 5.6% moisture,

13.3% proteins, 13.4% lipids, and 64.0% carbohydrates.

Typically, the concentrations of caffeine and 5-caf-

feoylquinic acid in green coffee beans are * 10 mg/g-1

and * 29 mg/g-1, respectively (Farah 2012; Ruiz-Palo-

mino et al. 2019). Folin-Ciocalteu reagent, 2,2-diphenyl-1-

picrylhydrazyl hydrate (DPPH), 2,20-azino-bis (3-ethyl-

benzothiazoline-6-sulfonic acid) diammonium salt

(ABTS), synthetic vitamin E, Trolox, (±)-6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid, gallic acid,

potassium persulfate, sodium carbonate, ethanol, toluene,

hexane, ethyl acetate, acetic acid, formic acid, and caffeine

and 5-caffeoylquinic acid standards were purchased from

Sigma-Aldrich (State of Mexico, Mexico). Dichlor-

omethane was purchased from Fermont (Mexico City,

Mexico). Carbon dioxide was acquired from Grupo-Infra

(Jalisco, Mexico). The other chemical reagents purchased

were of analytical grade.

Supercritical fluid optimization

Dried green coffee beans were milled using a disk mill

(Maren, Pulvex, City of Mexico, Mexico) and sifted

J Food Sci Technol (December 2021) 58(12):4514–4523 4515

123



through a 35-mesh sieve. The green coffee oil was

extracted using a supercritical fluid extractor (SFE-500MR,

Thar Designs, Inc., Pittsburgh, PA, USA), as shown in

Fig. 1 (Waters 2018). One hundred forty-five grams of the

milled beans were placed into the extraction vessel

(500 mL) for each extraction. Carbon dioxide was mixed

with ethanol (cosolvent) at predetermined ratios. The CO2-

ethanol mixture was pumped into the extractor vessel with

a constant total flow rate of 10 g min-1 for 180 min (Couto

et al. 2009). Then, the extraction fluid was pressurized to

the desired pressure and heated to the specified temperature

to reach the supercritical state. The equipment software

adjusted the solvent flow rates automatically (Table 1), i.e.,

the flow rate for CO2 varied from 8 to 9.5 g min-1, while

the flow rate for ethanol was 0.5–2.0 g min-1. The impact

of temperature (T, 50–70 �C), extraction pressure (P,

15.0–30.0 MPa), and cosolvent content (Co, 5–20 wt. %)

on the extraction yield (EY) and total phenolic compound

content (TPC) was evaluated using a face-centered central

composite experimental design. The residual ethanol was

removed after the supercritical extraction process by con-

vection oven drying at 50 �C. The obtained GCSE was kept

in amber flasks and stored at 4 �C until analysis.

Extraction yield (EY)

The extraction yield was estimated as the ratio of the GCSE

mass recovered to the mass of the coffee beans by 100%.

Total phenolic compound content (TPC)

The total phenolic compound content was determined

using Folin-Ciocalteu reagent (Jeszka-Skowron et al.

2016). Gallic acid was used as a standard (R2 = 0.995).

Approximately 30 mg of GCSE was diluted in 2 mL of

ethanol. An aliquot of 30 lL was mixed with 150 lL of

2 N Folin-Ciocalteu reagent (diluted with water, 1:10 v:v).

After four minutes of reaction, 120 lL of Na2CO3 (0.71 M)

was added, and the mixture was stored in the dark for one

hour at 20 �C. The absorbance was measured spectropho-

tometrically at 765 nm (MultiskanTM GO, Thermo Scien-

tific, Waltham, Massachusetts, USA). The total phenolic

compound content was calculated and expressed as mg of

gallic acid equivalent per g of the green coffee supercritical

extract (mg GAE g GCSE-1).

Statistical analysis

The optimization conditions for supercritical CO2-ethanol

extraction of oil from green coffee beans was carried out

Fig. 1 Schematic diagram of the supercritical fluid extraction process (Adapted from Waters (2018))
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using RSM. A central composite face-centered 23 experi-

mental design with three central points was used to eval-

uate the effects of the extraction pressure (P, MPa),

temperature (T, �C), and cosolvent content (Co, %) on the

extraction yield (EY) and total phenolic compound content

(TPC). The experimental variables varied according to

Table 1. All factors and levels tested were x1 for a low

temperature (50 �C) and high temperature (70 �C), x2 for a

low extraction pressure level (15.0 MPa) and high extrac-

tion pressure level (30.0 MPa), and, finally, x3 for a low

cosolvent content (5%) and high content (20%). A second-

order model fitted the experimental data, obtaining the

regression coefficients:

Y ¼ b0 þ
X3

i¼1

bixi þ
X3

i¼1

biix
2
i þ

X3

i¼1

X3

\j¼1

bijxixj ð1Þ

where Y is the predictable response, xi is the code of the

process variables, b0 is the interception value (constant), bi
is the model coefficient linked to the linear effect, bii is a

value related to the quadratic impacts, and bij is the coef-

ficient for interaction effects. The quality of the adopted

model fitting is expressed by the most important statistical

factors, such as the coefficient of determination (R2),

adjusted coefficient of determination (Radj
2 ), lack of fit,

model of F-value, and p values. The coefficient of deter-

mination was calculated according to R2 ¼ 1 � SSresidual=

SSmodel þ SSresidual.

Statgraphics Centurion XVII software (Version 17.0.16

Statpoint Technologies, Inc., Warrenton, VA, USA) was

used for the statistical treatment of the results. The p values

of the independent variables determined the regression

coefficient importance. When the p value\ 0.05, the

examined factor showed statistical significance. The

response surfaces were used to specify the interrelation-

ships between significant variables. To determine the

optimal extraction conditions for the GCSE, the study

assessed the maximum values of the independent variables

(T, P, and Co) and the responses (EY and TPC). The values

of the determination coefficients (R2) and their adjusted

values (Radj
2 ) were used to assess the acceptability of

regression models fit.

Analysis of variance (ANOVA) was performed to

determine the differences between treatment means,

according to Tukey’s test (p\ 0.05).

Characterization of the GCSE

The DPPH and ABTS ? radical scavenging activities,

caffeine content, 5-caffeoylquinic acid content, and fatty

acid composition of selected GCSEs were determined

under the optimal conditions.

Free radical scavenging activity (DPPH)

The ability of the extracts to scavenge DPPH (2,2-diphe-

nyl-1-picrylhydrazyl) radicals was measured according to a

method reported by Jeszka-Skowron et al. (2016). Briefly,

the GCSE was diluted in ethanol (15 mg mL-1). Then, the

sample (20 lL) was mixed with 200 lL of an ethanolic

Table 1 Experimental data of

the face-center central

composite design

Name T (�C) P (MPa) Co (%) EY (%) TPC (mg GAE g GCSE-1)

GCSE-1 50 15.0 5.0 0.8 0.15

GCSE-2 70 15.0 5.0 0.6 0.49

GCSE-3 50 30.0 5.0 4.0 0.01

GCSE-4 70 30.0 5.0 4.1 0.58

GCSE-5 50 15.0 20.0 6.1 3.85

GCSE-6 70 15.0 20.0 7.1 1.36

GCSE-7 50 30.0 20.0 8.0 3.74

GCSE-8 70 30.0 20.0 8.1 4.95

GCSE-9 50 22.5 12.5 5.5 2.34

GCSE-10 70 22.5 12.5 6.1 2.03

GCSE-11 60 15.0 12.5 5.4 3.85

GCSE-12 60 30.0 12.5 5.5 3.62

GCSE-13 60 22.5 5.0 2.9 0.24

GCSE-14 60 22.5 20.0 6.6 5.82

GCSE-15 60 22.5 12.5 5.4 2.46

GCSE-16 60 22.5 12.5 5.3 2.62

GCSE-17 60 22.5 12.5 5.9 2.78

The mean value is reported (n = 3). Green coffee supercritical extract (GCSE), temperature (T), pressure

(P), cosolvent content (Co), extraction yield (EY), and total phenolic compound content (TPC)
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DPPH solution (500 lM). The mixture was left to rest at

room temperature in the dark for 30 min. The absorbance

was evaluated spectrophotometrically at 516 nm. The

results are expressed as the Trolox-equivalent antioxidant

capacity (lM TEAC g GCSE-1). The synthetic vitamin E

compound Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-

2-carboxylic acid) was used as an antioxidant reference and

was diluted in ethanol as a standard solution (R2 = 0.998).

ABTS? radical scavenging activity

This assay was carried out according to a method reported

by Jeszka-Skowron et al. (2016). Briefly, GCSE was

diluted in ethanol (15 mg mL-1). Subsequently, an aliquot

of 20 lL of the sample was mixed with 200 lL of the

ABTS? solution prepared 24 h earlier with 7 mM ABTS

and 2.45 mM potassium persulfate. The solution was

diluted in ethanol, reaching an absorbance of 0.70 ± 0.02

at 734 nm. The mixture was left for six minutes at room

temperature in the dark. The absorbance was measured

spectrophotometrically at 734 nm. The radical scavenging

activity is expressed as the Trolox-equivalent antioxidant

capacity (lM TEAC g GCSE-1).

Caffeine and 5-caffeoylquinic acid composition detection

by high-performance thin-layer chromatography-UV

(HPTLC-UV)

The caffeine and the 5-caffeoylquinic acid contents were

estimated by HPTLC-UV equipment (Linomat 5,

CAMAG, Muttenz, Switzerland). Samples and standards

were applied on the surface of an HPTLC plate

(20 cm 9 10 cm). Application positions were at least

10 mm from the sides and 5 mm from the bottom of the

HPTLC plate. A standard curve was generated with caf-

feine and 5-caffeoylquinic acid standards at concentrations

from 0.5 to 7 lg mL-1. Five microliters of the samples

were sprayed on the HPTLC plate with the help of a sample

applicator under nitrogen gas flow. The mobile phase for

caffeine consisted of a mixture of ethyl acetate/hexane/

water/acetic acid (6:4:3:2 v/v/v/v). The mobile phase for

5-caffeoylquinic acid consisted of a mixture of ethyl

acetate/toluene/dichloromethane/formic acid/water

(11.00:1.95:0.73:0.65:0.65 v/v/v/v) (Ochoa Becerra 2020).

The HPTLC plate was dried on a hot plate. Detection and

densitometric scanning were performed by a TLC scanner

(CAMAG, Muttenz, Switzerland) in adsorption mode at

UV 273 nm for caffeine and 315 nm for 5-caffeoylquinic

acid. The HPTLC equipment was controlled by winCATS

software (CAMAG, Muttenz, Switzerland, version

1.4.4.6337).

Determination of fatty acid composition by GC

The fatty acid composition (linoleic, palmitic, oleic, stea-

ric, and linolenic acids) of the GSCE was identified by GC.

Samples were analyzed by a method described by Grana-

dos-Vallejo et al. (2019). The saponification reagent was a

KOH solution (0.5 N). Boron trifluoride-methanol was

used as the esterification reagent. The analysis was per-

formed by gas chromatography (GC 7820, Agilent Tech-

nologies Inc., Palo Alto, CA, USA) equipment with a

DB23 column (6 m 9 0.25 i.d. 9 0.25 lm of stationary

phase) and a flame ionization detector. Quantification of

the fatty acids was performed using external standards.

Results and discussion

Optimization of the supercritical extraction

conditions

Supercritical fluid extraction is a useful technology for the

extraction of oils from natural products. The response

surface methodology evaluated the impact of the temper-

ature, extraction pressure, and cosolvent content on the

extraction yield and total phenolic compound content of the

GCSE (Table 1). The extraction yield of the GCSEs ranged

from 0.6–8.1%, while the total phenolic compound content

ranged from 0.01–5.82 mg GAE g GCSE-1.

Extraction yield

The statistical significance of independent variables in the

extraction yield was evaluated using ANOVA. The reduced

ANOVA model for extraction yield is shown in Table 2.

According to the p values obtained, only three factors

significantly impacted extraction yield (p\ 0.05): the

extraction pressure, cosolvent content, and quadratic term

of the cosolvent content. The other factors did not show

significant effects on the extraction yield at the evaluated

levels. However, the temperature and the interaction of

P�Co were present in the mathematical model to maintain

its robustness. In this sense, the lack of fit was not signif-

icant at the 0.05 level, and the experimental data fit well

with the mathematical model. Additionally, the results

showed a coefficient of determination of 0.9510, which

means that the adopted quadratic model explained 95.10%

of the data at the 95% confidence level. The small differ-

ence between the R2 and Radj
2 values suggested the ade-

quacy of the reduced regression models for fitting the data.

According to the coefficients of the mathematical model,

the linear coefficients of the P, T, and Co content had

positive effects on the extraction yield. However, the

quadratic coefficient of Co content and the interaction P�Co

4518 J Food Sci Technol (December 2021) 58(12):4514–4523
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showed a negative impact on the estimated maximum

extraction yield value. The 3D surface plot displays the

expected extraction yield as a function of extraction pres-

sure and cosolvent content at 60 �C (Fig. 2a). We found

that the cosolvent content increased the extraction yield

from green coffee beans. The extraction yield predicted by

the reduced regression model was approximately doubled

when the cosolvent content increased from 5% to 20% at

30 MPa. For comparison purposes, the extraction yield was

0.9% using pure supercritical CO2, a pressure of 22.5 MPa,

and a temperature of 60 �C. de Azevedo et al. (2008) and

Ahangari and Sargolzaei (2013) suggested that the

extraction pressure, rate flow, nature, and cosolvent content

increased the extraction yield significantly in spent coffee

grounds due to changes in the intermolecular interaction

forces of the system. However, when the extraction pres-

sure increased from 15 to 30 MPa, the extraction yield

improved approximately four-fold at a low cosolvent

content. Similar behavior was observed by Andrade et al.

(2012) and Hurtado-Benavides et al. (2016). They sug-

gested that the extraction yield increases at high extraction

pressures due to an increase in the solvent density favoring

the interaction between the solute and solvent. The math-

ematical model of the present work approached a maxi-

mum extraction yield at a high cosolvent content

(approximately 20% ethanol). The optimal conditions

predicted by the model for extraction yield (GCSEEY) were

7.68% using 20% cosolvent, a pressure of 30 MPa, and a

temperature of 50 �C.

Total phenolic compound content

The reduced ANOVA model for the total phenolic com-

pound content is shown in Table 3. According to the

p values, two factors significantly affected the total

phenolic compound content (p\ 0.05): the cosolvent

content and the quadratic effect of the temperature. The

other factors did not have a significant impact on the

evaluated levels. However, the linear coefficients T, P and

the interactions T�P and P�Co were maintained to preserve

the robustness of the statistical model, making the lack of

fit nonsignificant (p\ 0.05). The reduced ANOVA model

indicated a coefficient of determination of 0.8449,

explaining 84.49% of the data by the quadratic model with

a 95% confidence level. According to the mathematical

model, the linear coefficients of the T and Co content and

the interactions T�P and P�Co showed positive impacts on

the total phenolic compound content, while the linear

coefficient of P and the quadratic coefficient of T exhibited

negative influences. The three-dimensional surface plot

shows the estimated total phenolic compound content as a

function of temperature and cosolvent content at 30 MPa

(Fig. 2b). The addition of a cosolvent changes the solu-

bility, density, transport properties, and intraparticle resis-

tance in the green coffee beans, increasing the total

phenolic compound content in the GCSE (de Azevedo

et al. 2008; Akay et al. 2011). Akay et al. (2011) found that

increasing the cosolvent content from 0% to 20% almost

doubled the total phenolic compound content extracted

from strawberries at 30 MPa and 80 �C. Similarly,

Andrade et al. (2012) reported that the total phenolic

compound content of spent coffee increased from approx-

imately 24 to 57 mg chlorogenic acid equivalent g

extract-1 with an increase in the ethanol content from 0%

to 4% at 20 MPa and 50 �C. However, when the cosolvent

content increased from 4% to 8%, a slight decrease was

observed (approximately 42 mg chlorogenic acid equiva-

lent g extract-1). Our results showed that the total phenolic

compound content in the GCSE had a maximum value at

62 �C, independent of the cosolvent content (Fig. 2b). In

Table 2 Reduced ANOVA and

reduced regression model for

extraction yield of the GCSE

Source of variability Sum of squares Degree of freedom Mean square F ratio p value

T 0.256 1 0.256 2.48 0.2561

P 9.409 1 9.409 91.05 0.0108

Co 55.225 1 55.225 534.44 0.0019

PCo 1.805 1 1.805 17.47 0.0528

Co2 2.35161 1 2.35161 22.76 0.0412

Lack of fit 3.3479 9 0.371989 3.60 0.2363

Total error 3.81057 2 0.103333

Total (corr.) 72.6012 16

EY = - 6.68 ? 1.6 9 10-2T ? 2.35 9 10-1P ? 8.39 9 10-1Co – 8.44 9 10-3PCo – 1.34 9 10-2Co2

R2 0.9510

Radj
2 0.9288

T is the temperature (�C), P is the pressure (MPa), Co is the cosolvent concentration (%), EY is the

extraction yield (%), and TPC is the total phenolic compound content (mg GAE g GCSE-1). Significant

variables at the 0.05 level are presented in bold
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general, when the temperature of extraction increases in the

supercritical process, the solvation power increases. How-

ever, it has been reported that several bioactive compounds

can be inactivated or degraded when the temperature

reaches a critical value (Barbosa et al. 2014; Marques et al.

2016). The optimal condition predicted by the model for

total phenolic compound content was 5.38 mg GAE

g GCSE-1 using 20% cosolvent, a pressure of 30 MPa, and

a temperature of 62 �C.

The overlaid contour plots showed the impact of the

pressure and cosolvent content on the extraction yield and

total phenolic compound content of the GCSE at 60 �C

(Fig. 2c). The shaded region shows that several combina-

tions of pressure and cosolvent content were satisfactory to

obtain a high extraction yield of GCSE rich in phenolic

compounds. The symbol shows the desirability conditions

(0.9374) within this region. The optimal extraction condi-

tions were similar to the optimal total phenolic compound

content conditions (GCSEOP, 20% cosolvent, a pressure of

30 MPa, and a temperature of 62 �C), predicting an

extraction yield of 7.7% with a total phenol content of

5.4 mg gallic acid equivalent g GCSE-1.

Chemical characterization of the GCSE

The fatty acid composition of the GCSE was analyzed in

samples from two different extraction conditions (Table 4):

(a) GCSEEY (20% cosolvent, a pressure of 30 MPa, and a

temperature of 50 �C) and (b) GCSEOP (20% cosolvent, a

pressure of 30 MPa, and a temperature of 62 �C). The

GSCEs contained significant amounts of unsaturated and

polyunsaturated fatty acids, of which palmitic and linolenic

acids were the most abundant. The GCSEs contained

monounsaturated and polyunsaturated fatty acids of nutri-

tional and health importance. Linoleic and a-linolenic

acids are essential polyunsaturated fatty acids for human

health, while palmitic, stearic, and oleic acids are important

raw materials for the cosmetic industry (Hurtado-Bena-

vides et al. 2016). Cornelio-Santiago et al. (2017) reported

that the most abundant fatty acids in green coffee beans

were linoleic (32–34%), palmitic (30–31%), and oleic

(12–13%) acids. De Oliveira et al. (2014) showed a fatty

acid composition of green coffee oil obtained by super-

critical CO2 of 38% linoleic acid, 32% palmitic acid, and

12.8% oleic acid. The difference between our results and

those of the other works could be due to the origin and

harvest of the coffee beans.

On the other hand, the concentrations of caffeine and

5-caffeoylquinic acid were quantified by using HPTLC

(Table 4). The caffeine content varied between 44.76 and

79.51 mg g GCSE-1 (between approximately 35.8% and

61.2% of the caffeine in green coffee beans). The caffeine

content in GCSEOP was 1.78 times higher than that in

GCSEEY. Araújo et al. (2019) reported that the amount of

caffeine in spent coffee ground extracts increased approx-

imately 1.52 times at 80 �C compared with that in samples

obtained at 40 �C. In this sense, according to Kopcak and

Mohamed (2005), the positive effect of the cosolvent on

the extraction of caffeine and 5-caffeoylquinic acid was

enhanced with increasing temperature from 50 to 62 �C.

This behavior is related to a decrease in the density of the

solvents from 866 g/mL to 816 g/mL for GCSEEY and

GCSEOP, respectively (estimated from Peng-Robinson

equation state).

Fig. 2 a Response surface plot of the extraction yield as a function of

extraction pressure and cosolvent content at 60 �C, b Response

surface plot of the total phenolic compound content as a function of

the temperature and cosolvent content at 30 MPa, and c Overlaid

contour plots of the extraction yield and total phenolic compound

content at 60 �C. The shaded region is acceptable: total phenolic

compound content[ 4.0 and extraction yield[ 7.0
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On the other hand, the 5-caffeoylquinic acid extracted

content ranged from 11.53 to 17.91 mg g GCSE-1 (be-

tween approximately 3.1 and 4.7% of 5-caffeoylquinic acid

in the green coffee beans). According to de Azevedo et al.

(2008), chlorogenic-caffeine complexes are present in

green coffee beans. These complexes are broken after the

supercritical extraction process, increasing the concentra-

tion of the bioactive compound in the supercritical extract.

However, these researchers reported traces of chlorogenic

acids (lower than 0.5 mg) and a high amount of caffeine in

green coffee supercritical extracts obtained with CO2-

ethanol and CO2. Differences in the contents of bioactive

compounds between this work and those reported in the

literature were associated with the percent of cosolvent

used. The solubility of 5-caffeoylquinic acid in CO2 is

lower than that of caffeine due to its high molecular weight

and its polar groups, which make caffeine easier to extract

even with the addition of ethanol (Machmudah et al. 2011).

The antioxidant activities in GCSEOP were higher than

those in GCSEEY. These compounds, such as chlorogenic

acids and caffeine, could act as antioxidant agents,

improving the chemical stability of green coffee oil and

reducing the presence of free radicals. Similar results were

found by Araújo et al. (2019), who reported that the

antioxidant activity of spent coffee grounds increased with

increasing temperature. Our results show that GCSEs could

be used in human nutrition and cosmetic formulations due

to the high amount of linoleic acid but also due to the

presence of palmitic, stearic, and oleic acids and antioxi-

dant compounds such as chlorogenic acids.

Conclusion

Green coffee oil was obtained using supercritical carbon

dioxide with ethanol as a cosolvent. The extraction pres-

sure presented a positive effect on the green coffee oil

extraction yield. The addition of ethanol as a cosolvent

significantly increased the extraction yield and the total

phenol content. A second-order polynomial model pre-

dicted the extraction yield and total phenolic compound

content with accuracies of 0.95 and 0.84, respectively, and

the lack of fit was nonsignificant. The mathematical model

obtained with the experimental design could predict the

extraction yield and the total phenolic compound content of

GCSE under the conditions analyzed. The optimum

Table 3 Reduced ANOVA and reduced regression model for TPC of the GCSE

Source of variability Sum of squares Degree of freedom Mean square F ratio p value

Co 33.3282 1 33.3282 103.02 0.0002

T2 5.03972 1 5.03972 15.58 0.0109

T P 1.93651 1 1.93651 5.99 0.0582

PCo 1.56291 1 1.56291 4.83 0.0793

Lack of fit 6.05054 7 0.764362 2.67 0.1484

Total error 1.61757 5 0.323514

Total (corr.) 49.5354 16

TPC = - 28.75 ? 1.18T – 4.92 9 10-1P ? 6.66 9 10-2Co – 1.11 9 10-2T2 ? 6.56 9 10-3TP ? 7.86 9 10-3PCo

R2 0.8449

Radj
2 0.7936

T is the temperature (�C), P is the pressure (MPa), Co is the cosolvent concentration (%), EY is the extraction yield (%), and TPC is the total

phenolic compound content (mg GAE g GCSE-1). Significant variables at the 0.05 level are presented in bold

Table 4 Fatty acid, caffeine, and 5-caffeoylquinic acid contents and

antioxidant activities of the green coffee oil obtained by supercritical

fluid extraction under optimal conditions

Compounds GCSEEY GCSEOP

Saturated fatty acids 43.75 ± 0.02a 43.64 ± 0.34a

Monounsaturated fatty acids 7.52 ± 0.01a 7.62 ± 0.04b

Polyunsaturated fatty acids 42.85 ± 0.05a 43.18 ± 0.31a

Palmitic acid (C16:0) 36.18 ± 0.0a 36.07 ± 0.28a

Stearic acid (C18:0) 7.57 ± 0.02a 7.57 ± 0.07a

Oleic acid (C18:1) 7.52 ± 0.01a 7.62 ± 0.04b

Linoleic acid (C18:2) 41.47 ± 0.05a 41.58 ± 0.29a

Linolenic acid (C18:3) 1.39 ± 0.00a 1.59 ± 0.01b

Caffeine (mg g-1) 44.76 ± 5.02a 79.51 ± 5.19b

5-caffeoylquinic acid (mg g-1) 11.53 ± 0.18a 17.91 ± 0.72b

Antioxidant activity ABTS (TEAC) 7.30 ± 0.19a 10.98 ± 0.32b

Antioxidant activity DPPH (TEAC) 41.42 ± 0.57a 64.05 ± 0.97b

The mean values are reported (± SD, n = 3). The same letter in a row

indicates a significant difference, according to Tukey’s HSD test

(p\ 0.05). GCSEEY is the optimal conditions predicted for extraction

yield, and GCSEOP is the extract with predicted optimal conditions
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conditions to increase the extraction yield (7.7%) were

obtained using a cosolvent content of 20%, 30.0 MPa, and

50 �C. A high total phenolic compound content (5.38 mg

GAE g GCSE-1) was reached using cosolvent contents of

20%, 30 MPa, and 62 �C. The GCSE contained significant

amounts of 5-caffeoylquinic acid (11.53–17.91 mg g

GCSE-1), caffeine (44.76–79.51 mg g GCSE-1), linoleic

acid (41.47–41.58%), and palmitic acid (36.07–36.18%).

Although the use of cosolvent could increase the separation

cost, the obtained GCSE contained several bioactive

compounds with high commercial value. These results

could promote the use of green coffee supercritical extract

as a functional ingredient in the cosmetic and food

industries.
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