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Abstract: Supercritical fluid extraction (SFE), using CO2, is a novel, sustainable and very efficient
technique for the recovery of highly apolar compounds. However, the recovery of phenolic com-
pounds requires the use of different co-solvent combinations such as water and ethanol to enhance
the recovery of these compounds through the optimization of a number of variables. In this sense,
the effect of pressure (100, 150 and 200 bar), temperature (50, 65 and 80 ◦C), extraction time (30,
60, 90, 120, 150 and 180 min) and the effect of the different percentages of ethanol and water as
co-solvents on the composition and phenolic content of moringa leaf extracts were evaluated. Six
major flavonoids were identified by ultra-high-performance liquid chromatography coupled to a
quadrupole-time-of-flight mass spectrometer (UHPLC-Q-ToF-MS). Pressure and temperature had
a significant effect on the phenolic composition of the extracts, as well as on their concentrations.
The highest concentration of total flavonoids compounds (TFCs) was obtained by using a mixture
of CO2 and water of 50:50 (v/v) at 100 bar, at 65 ◦C after a 120 min extraction time that produced
a concentration of 11.66 mg ± 0.02 mg TFC g−1 sample, which corresponds to 89.0% of the total
flavonoids of the sample, obtained by exhaustive extraction.

Keywords: Moringa olifera Lam.; green technology; supercritical fluid extraction; co-solvent; phenolic
compounds; flavonoids

1. Introduction

Moringa oleifera Lam., commonly known as moringa, belongs to the Moringaceae
family of which there are 13 different varieties, with Moringa oleifera Lam. being the most
frequently cultivated because of its rapid growth and its good adaptability to any soil [1].
It is native to the Himalayan mountain ranges and is now cultivated in numerous regions
such as India, Africa, South and Central America, Mexico, Hawaii and throughout Asia
and Southeast Asia [2]. Moringa leaves are of special interest because of their medical
and pharmaceutical applications based on their high nutritional value as a rich source
of proteins, vitamins, beta-carotene, amino acids and phenolic compounds [1,3,4]. Phe-
nolic compounds are secondary metabolites present in plants and several studies have
demonstrated the beneficial relationship between their consumption and a lower risk of
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cardiovascular and neurodegenerative disorders thanks to their diverse molecular activ-
ities: antimicrobial [5], anti-inflammatory [6], antidiabetic [7,8], antioxidant [9,10] and
anticarcinogenic [11]. It is therefore of great importance to broaden our knowledge on their
phenolic compound content and to determine the best conditions for their extraction and
purification so that they can be subsequently applied in different fields. These compounds
have already been obtained by different conventional techniques, such as maceration,
or other non-conventional techniques such as microwave-assisted extraction (MAE) [12],
ultrasound-assisted extraction (UAE) [13] or pressurized liquid extraction (PLE) [14].

However, in recent years, supercritical fluid extraction (SFE) has attracted the attention
of the food, pharmaceutical and cosmetic industries because of its numerous advantages.
Unlike conventional techniques, SFE uses a supercritical fluid (SF), which can be any
substance under thermodynamic pressure and temperature levels above its critical point,
i.e., conditions under which a gas neither condenses as the temperature decreases isobari-
cally nor as the pressure increases isothermally [15]. It has been proven that SFE decreases
interfacial tension and viscosity, which enhances the diffusion in the system and fosters
the mass transfer between the fluid and the solute [12,16]. SFs present physicochemical
properties that are midway between a liquid and a gas, which confer them with the pen-
etration capacity of gases and the density of liquids [17]. These properties make them a
highly valuable alternative for the extraction of bioactive compounds, since unlike con-
ventional solvents neither drastic temperature changes nor the use of additional solvents
are required to enhance their extraction capacity. Thus, CO2 is generally the SF most often
used to extract phenolic compounds [18,19], since its critical temperature (31.1 ◦C) and
pressure (73.8 bar) are quite easily reached. In addition, CO2 is non-toxic, non-corrosive,
inexpensive, non-flammable, environmentally friendly and can be easily removed from the
extracted materials as it expands when under regular ambient conditions [20]. Previous
studies have reported that pressures and temperatures from 100 to 400 bar and 55 to 100 ◦C,
respectively, are feasible for the extraction of phenolic compounds from different matrices
such as Mangifera indica [18], Olea europaea [21], Moringa oleifera [22,23] or mango leaves [24].

The solutes generally exhibit highly marked variations in their fluid solubility depend-
ing on the operating pressure and temperature conditions. In this sense, this study has
focused on determining the different results obtained as pressure, temperature, extraction
time and different co-solvents are modified. The combined effect of pressure, temperature
and extraction time plays an important role on the stability and SFE yields of the com-
pounds of interest. Furthermore, since the SFE yields of phenolic compounds are known
to be low, they have been improved by adding co-solvents with a higher polarity. The
implementation of enhanced solvent extraction (ESE) using co-solvent mixtures has proven
to be effective for this purpose [20]. Among the high-pressure extraction techniques, ESE
stands out as a selective process for the extraction of polyphenols that also reduces the
use of organic solvents, the extraction time and the concentration steps that may cause
the degradation of the antioxidant compounds [18,23,25]. On the other hand, the use of
co-solvent contributes to an augmentation of the magnitude of dipole–dipole, induced
dipole–dipole and induced dipole–induced dipole interactions between the solute and the
solvent molecules, which results in an overall enhancement of solubility [26]. Nevertheless,
the composition of moringa extracts varies with the extraction solvent’s polarity, which,
in turn, results in the extraction of compounds with a different polarity, such as organic
acids, phenolic acids, lignans or flavonoids, which are compounds of an average polar-
ity [27,28]. This leads to the optimization of different variables, not only regarding the
specific CO2:co-solvent ratio, but also of the alternatives to the composition of such a co-
solvent, which may lead to the convenience of using ternary mixtures. In this sense, in this
study different percentages of water in CO2 and mixtures of water with ethanol were used,
because they are low-toxicity solvents compared to methanol or other organic solvents and
they are considered generally recognized as safe (GRAS) solvents, which are acceptable in
food and pharmaceutical applications. Despite the great potential demonstrated by SFE,
only a few studies have been described in the literature focused on the composition of
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the phenolic compounds present in moringa leaves, but not on optimizing the extraction
and quantification of individual compounds by SFE. Therefore, since there are no studies
where the phenolic quantification of supercritical extracts from moringa leaves has been
investigated, the objective of this work is to determine the optimum pressure, temperature
and extraction time values for the SFE of phenolic compounds from moringa leaves.

2. Materials and Methods
2.1. Biological Material

The fresh moringa leaves for the experiments were grown at the Instituto Tecnológico
Nacional de México campus Veracruz (Veracruz City, Veracruz, Mexico). The dust was
washed off the leaves using distilled water, the leaves were then drained in a colander
and the excess water was removed using paper tissue. The leaves were then stored in
150 g batches, wrapped in paper and placed in ziplock bags until fluidized-bed drying,
which was carried out using an Apex Model SSE65 fluidized-bed dryer (Veracruz, Mexico).
For this purpose, 150 g of fresh moringa leaves were placed in the drying chamber at a
temperature of 55 ◦C and a dry air flow was applied at 0.5 m/s for 90 min. Finally, the
dried moringa leaves were stored in vacuum laminated polyethylene bags at (−20 ◦C) until
the extraction process was to be carried out.

2.2. Reagents and Solvents

The ethanol was procured from Panreac Química, S.A.U. (Castellar del Vallés, Barcelona,
Spain) and the CO2 (99.995%) was supplied by Abello-Linde S.A. (Barcelona, Spain). Milli-
Q water was obtained using a Millipore water purification system (Bedford, MA, USA). The
standard used for the quantification of the identified flavonoids was quercetin 3-glucoside
(Q3GLU) purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).

2.3. Selecting the Co-Solvent

The first step to carry out the SFE process involved selecting the appropriate co-solvent
and the appropriate proportions that would allow TFCs to be obtained. For this purpose,
the following percentages were used: 25, 50, 75 and 100% for water and ethanol, as well
as a ternary mixture of CO2 (50%), ethanol (10%) and water (40%) in order to enhance
the extractions. The percentages employed are expressed with respect to a constant CO2
flow rate (20 mL/min). The pressure and temperature were set at intermediate levels:
150 bar and 65 ◦C, respectively. Each experiment was conducted in duplicate and the TFC
concentrations were measured by chromatography, as described later in Section 2.6.

2.4. Moringa Leaf Characterization

Once the co-solvent and the appropriate concentration had been established, an
exhaustive extraction was carried out for the concentration of extractable TFCs. Such
extraction consisted in placing approximately 5 g of sample in 50 mL of co-solvent. The
pressure and temperature conditions were set at the intermediate values already mentioned
in Section 2.3. and the extraction time was set for two hours. At the end of this period, the
extract obtained was collected and the TFC concentration was measured. The leaves were
re-extracted two more times under the same conditions until the compounds of interest
were totally depleted. Finally, the concentration of the extractable TFCs was calculated as
the sum of the concentrations from each extraction step. The results were expressed in mg
TFC g−1 sample and based on the TFCs obtained performance values were calculated. All
the experiments were conducted in duplicate.

2.5. High-Pressure Extraction Procedure

The extractions were carried out using a supercritical extraction plant by Thar Tech-
nologies (Pittsburg, PA, USA) SF100 model, whose flow diagram is shown in Figure 1.
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Figure 1. Diagram of the supercritical extraction equipment used.

The equipment consisted of a 100 mL extraction vessel with a thermal jacket, two
high-pressure pumps with a maximum flow rate of 50 g/min for carbon dioxide (CO2) and
co-solvent and a cyclone separator (100 mL). The extraction process consisted in packing
5 g of dried moringa leaves in the extraction vessel, which had metal filters at the top and
bottom to avoid any clogging of the system that might cause drastic pressure changes;
the cell containing the sample was preheated according to the conditions described for
the experimental design. Once the CO2 reached its supercritical point after being heated
up to the desired temperature in a heating bath and delivered into the extractor vessel,
the co-solvent was pumped into the extractor simultaneously with the CO2 at the desired
ratio, so that the required proportion was reached before the static extraction period. The
extractions were performed in batch mode using a CO2:co-solvent mixture. The SFEs were
initially performed using a dynamic time of 10 min to equilibrate the system followed by
a static extraction time of 90 min. This second period was followed by an expansion step
where the pressure was reduced and the temperature was adjusted. Finally, the extracts
were collected into amber colored flasks using a cyclone separator and stored in the absence
of light at −20 ◦C to avoid the degradation of the bioactive compounds until their analysis
by UHPLC.

The experimental design consisted in analyzing the influence of pressure (P) and tem-
perature (T) since most of the studies that addressed the extraction of bioactive compounds,
specifically phenolic compounds and flavonoids, had concentrated on temperatures within
the range 40–80 ◦C to avoid the degradation of thermally labile compounds [18,21,23,24].
Aldditionally, a pressure range of 100 to 200 bar was used in agreement with previous stud-
ies that had intended to obtain phenolic compounds from different plant matrices [18,29].
The conditions selected to carry out the study were: 100, 150 and 200 bar and 50, 65 and
80 ◦C, respectively, resulting in 9 P and T configurations. Finally, based on the optimal P and
T values obtained from the ANOVA, an extraction kinetic study was performed for 180 min
while measuring the TFC concentrations every 30 min in order to determine the optimal
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extraction time while avoiding the degradation of the compounds of interest because of an
excessive exposure time. All the extracts were collected in amber vials and stored at −20 ◦C
to prevent any degradation of the compounds of interest until their UHPLC analysis.

2.6. Identification of Flavonoids by UHPLC-Q-ToF-MS

The identification of the phenolic compounds was performed by ultra-high-
performance liquid chromatography (UHPLC) coupled to a quadrupole-time-of-flight mass
spectrometer (Q-ToF-MS) (Synapt G2, Waters Corp., Milford, MA, USA). The method em-
ployed was the one described by Yerena-Prieto et al. [13], using full scan mode
(m/z = 100–600). The following compounds (Figure S1) were individually identified based
on their retention time and m/z [M − H]− molecular weight: apigenin glucoside isomer
1 (AP1), 432.4021; apigenin glucoside isomer 2 (AP2), 432.4021; quercetin 3-O-glucoside
(Q3GLU), 463.4038; quercetin malonyl glucoside (QMGLU), 549.4083; quercetin acetyl glu-
coside (QAGLU), 505.4038; kaempferol 3-O-glucoside (K3GLU), 447.0931 and kaempferol
malonyl glucoside (KMGLU), 534.4073, with retention times of 3.702, 3.768, 3.849, 4.163,
4.366, 4.475, 4.922 min, respectively.

The equipment was controlled by means of the software application MassLynx (Waters
Corp., Milford, MA, USA), where the SmartFormulaTM editor provides a list of potential
elemental formulas. The final compounds were identified based on the elution order of the
flavonoids and the existing literature [30–33].

2.7. Quantification of Flavonoids by UHPLC-PDA

The extracts obtained from the SFE were filtered through a 0.20 µm nylon syringe filter
(Membrane Solutions, Dallas, TX, USA). The quantification of phenolic compounds was
performed by ultra-high-performance liquid chromatography coupled to a photodiode
array detector (UHPLC-PDA) (ACQUITY UPLC® H-Class, Waters Corp., Milford, MA,
USA). The column used was a reverse phase C18 (UPLC®BEH C18, Waters Corp., Milford,
MA, USA, 50 mm × 2.1 mm i.d., 1.7 mm particle size). The column temperature was 47 ◦C,
the flow rate was 0.6 mL min−1 and the injection volume 3.0 µL. The mobile phase consisted
of two solvents: phase A was made up of 2% Milli-Q water in acetic acid and phase B
was formed by 2% acetonitrile in acetic acid. The gradient used was the one reported in a
previous work by Yerena-Prieto et al. [13]. The quercetin 3-O-glucoside calibration curve
was constructed for a range of 50, 10, 5 and 1 mg L−1. The rest of the quantified compounds,
for which no standard was available, were quantified by extrapolation with respect to the
Q3GLU calibration curve, by assuming similar molar absorptivities and taking into account
the molecular weight of the compound to be quantified. All the data were obtained by
means of the software EmpowerTM 3 (Waters Corporation, Milford, MA, USA).

2.8. Statistical Analyses

An analysis of variance and a Tukey’s test were performed in order to evaluate the
statistical differences at a 95% confidence level (p ≤ 0.05) for each extraction parameter
studied. All experiments have been performed in duplicate. The graphical representations
of the data obtained were analyzed using the software Minitab 19 Statistical (Minitab Ltd.,
Coventry, UK).

3. Results and Discussion
3.1. Effect of the Co-Solvent on the Extraction Yields and Their Flavonoid Content

In order to determine the best SFE operating conditions to obtain TFC-rich extracts,
the first step consisted in finding the appropriate co-solvent proportion to favor an efficient
flavonoid extraction, as described in the methodology. The results from this study can be
seen in Table 1. Although there are reports that claim that the use of ethanol as co-solvent in
SFE increases the yield percentages thanks to the increased polarity of the solvent [34,35], in
the case of the flavonoids from moringa leaves, no noticeable amounts of these compounds
were detected in the extracts obtained when using any of the ethanol percentages tested
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in this work, which means that the mixture of CO2:ethanol does not exhibit sufficient
polarity for the extraction of the flavonoids [35,36], while it presents a greater affinity with
apolar compounds [36]. This behavior is explained by the apolarity of CO2, that favors
the extraction of low-polarity compounds rather than polar ones, such as flavonoids [19].
On the other hand, when water was used as co-solvent it had a positive effect with regard
to the extraction of flavonoids, so that they could be detected in all the extracts that had
been obtained using CO2:water regardless of the proportions used. Thus, the highest
concentration was obtained when water was added at 50% with respect to the flow of CO2,
with flavonoid concentrations at 6.931 mg TFC g−1 sample. In addition, water in contact
with CO2 becomes acidic due to the formation and dissociation of carbonic acid [37]. This
acidification of liquid water contributes to breaking chemical bonds, specifically glycosidic
bonds, characteristic in phenolic compounds, such as flavonoids and anthocyanins, and
this, in turn, increases the diffusion coefficient and releases phenolic compounds [38,39]. It
has also been reported that the presence of water may increase the density of the mixed
fluid and cause the swelling of the solutes, which consequently would improve the internal
diffusion and the solubility of the compounds of interest [38]. Once the appropriate CO2:co-
solvent ratio had been established at 50:50, two additional experiments as described in
the methodology were conducted, where the 50% water content was replaced by 40:10
and 10:40 water:ethanol hydroalcoholic mixtures. These experiments intended to improve
the extraction yields, given that according to several studies the extraction of phenolic
compounds increases when ethanol and water mixtures are used. On the one hand, these
mixtures also give rise to specific interactions, such as hydrogen bonding between solute
and co-solvent molecules, resulting in greater solubility enhancement than is obtained with
non-specific interactions alone [26,40], on the other hand, it increases the permeability of
leaf tissue which, in turn, promotes mass transport through molecular diffusion. Although
other authors have been able to obtain phenolic compounds, they did not obtain greater
concentrations by increasing the percentage of water than those achieved when using a
50:50 CO2:water mixture [39,41–44]. It is also important to mention that, unlike ethanol,
water in the used operating conditions remains in liquid phase, so that there are two phases
involved, i.e., supercritical and liquid, whereas when ethanol is used as the co-solvent, it is
totally solubilized in the CO2 [45]. We could, therefore, conclude that a 50:50 CO2:water
ratio achieved the highest TFC concentration in the extracts (6.931 mg g−1 sample).

Table 1. TFC concentration obtained from the different water, ethanol and ethanol:water proportions
with respect to CO2 flow (20 mL min−1) while at constant temperature and pressure conditions: 65 ◦C
and 150 bar (n = 2).

% CO2 % EtOH % H2O mg TFC g–1 Sample

75.0 25.0 0.0 0.0 e

50.0 50.0 0.0 0.0 e

25.0 75.0 0.0 0.0 e

75.0 0.0 25.0 2.478 ± 0.104 d

50.0 0.0 50.0 6.931 ± 0.258 a

25.0 0.0 75.0 4.749 ± 0.148 b

50.0 40.0 10.0 3.828 ± 0.355 c

50.0 10.0 40.0 2.010 ± 0.123 d

Data are expressed as mean ± standard deviation. Different letters in the same column indicate significant
differences (p < 0.05).

3.2. Effect of Pressure and Temperature on the Extract’s Flavonoid Composition

Once the optimum extraction co-solvent had been determined, the second step for
the optimization of the SFE of flavonoids from moringa leaves consisted in determining
the most efficient operating conditions in terms of pressure and temperature. It can be
observed from Table 2 that pressure and temperature had a significant effect (p < 0.05) on
the phenolic composition and concentration of the obtained extracts.



Agronomy 2022, 12, 1450 7 of 13

Table 2. Independent variables for the 3 × 3 full factorial design and experimental values obtained
for the response variables at a constant ratio of CO2 and water of 50:50 and 90 min extraction time
(n = 2).

Variable mg Flavonoid g–1 Sample

P (Bar) T (◦C) AP1 AP2 Q3GLU QMGLU QAGLU K3GLU KMGLU TFC

100 50 0.18 ± 0.03 b 0.12 ± 0.05 b 1.21 ± 0.015 e 3.79 ± 0.05 b 0.09 ± 0.00 a 0.46 ± 0.04 e 1.98 ± 0.09 b 7.85 ± 0.16 c

100 65 0.12 ± 0.03 c 0.12 ± 0.00 b 2.18 ± 0.07 c 4.77 ± 0.02 a 0.05 ± 0.01 b 0.62 ± 0.03 d 2.12 ± 0.05 a 9.98 ± 0.22 a

100 80 ND 0.29 ± 0.05 a 2.83 ± 0.02 a 3.10 ± 0.01 cd ND 1.77 ± 0.07 a 1.46 ± 0.09 d 9.47 ± 0.14 b

150 50 ND ND 0.86 ± 0.03 g 3.40 ± 0.02 c ND 0.21 ± 0.03 f 1.79 ± 0.05 b 6.27 ± 0.12 d

150 65 0.12 ± 0.05 c ND 1.01 ± 0.04 f 3.09 ± 0.20 de ND 0.35 ± 0.04 ef 1.63 ± 0.04 c 6.23 ± 0.16 d

150 80 0.30 ± 0.02 a ND 2.44 ± 0.06 b 2.64 ± 0.07 f ND 1.51 ± 0.04 b 1.33 ± 0.05 de 8.23 ± 0.12 c

200 50 ND ND 0.42 ± 0.05 h 1.80 ± 0.05 g ND ND 0.84 ± 0.03 f 3.07 ± 0.08 f

200 65 0.07 ± 0.03 d ND 0.89 ± 0.03 g 2.68 ± 0.08 ef ND 0.22 ± 0.03f 1.28 ± 0.02 e 5.16 ± 0.15 e

200 80 0.16 ± 0.01 b ND 1.49 ± 0.04 d 1.78 ± 0.02 g ND 0.96 ± 0.06c 0.82 ± 0.08 f 5.22 ± 0.07 e

ND: Not detected. Significantly different means do not share the same letter over the column (p < 0.05).

The results obtained from the examination of the effect of pressure and temperature
on the concentration of TFC are shown in Table 2. This table contains the individual
concentration of each compound, as well as the total concentration of all the compounds.
An analysis of variance was performed using Tukey’s method at 95% confidence, both for
TFC and for Q3GLU, QMGLU and KMGLU. It can be observed that not all the compounds
were extracted under all the conditions, with compounds Q3GLU, QMGLU and KMGLU
being the most representative compounds and the ones that were recovered under every
pressure and temperature configuration. Consequently, they were the compounds to be
analyzed in more detail. If we examine the results with respect to the experimental design
(Figure 2), it can be seen that pressure and temperature are significant variables (p < 0.05)
with regard to the recovery of TFCs.
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TFC, Q3GLU, QMGLU and KMGLU concentration data have been graphically repre-
sented using a standardized Pareto chart (Figure 2), where both the linear and quadratic
effects and their interactions have been plotted in a decreasing order of significance. The
vertical line represents the statistically significant limit at a 95% confidence level and, in
this regard, pressure with an inverse effect (−2.294) followed by temperature with a di-
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rect effect (+0.926) are the factors that exhibited a significant effect (p < 0.05). Thus, the
extraction behavior of Q3GLU followed this pattern, with coefficients for pressure and
temperature values of −0.579 and 0.711, respectively. In the case of QMGLU, the linear fac-
tors of pressure (−0.899), temperature (−0.262) and temperature–temperature interaction
(−0.719), had a negative effect, which indicates that higher extractions were achieved at the
lower levels of the studied range. Finally, KMGLU displayed a significant inverse effect of
pressure (−0.422), temperature (−0.167) and of the temperature–temperature (−0.317) and
pressure–pressure (−0.192) interactions, while a positive effect of the pressure–temperature
(0.101) interaction could be observed.

Response surface plots were also generated (Figure 3), where we can observe that TFC
concentration decreases with increasing pressure (Figure 3A), which could be attributed
to a greater solubility of CO2 in water as the temperature was also increased. The highest
concentration of 9.98 ± 0.02 mg TFC g−1 sample was obtained at low pressure (100 bar)
and intermediate temperature (65 ◦C). Figure 3B–D show the results obtained for Q3GLU,
QMGLU and KMGLU, respectively. In the case of Q3GLU, the highest concentration
(2.83 ± 0.024 mg Q3GLU g−1 sample) was obtained at high temperature and low pressure,
while QMGLU and KMGLU’s highest concentrations (4.77 ± 0.019 mg QMGLU g−1 sample
and 2.12 ± 0.01 mg KMGLU g−1 sample) were obtained at low pressure and intermediate
temperature. These results are similar to those reported by Solana et al. [38], who affirmed
that the effect of temperature on the extraction yield in the studied range was less significant
than the effect of pressure.
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3.3. Optimal Extraction Conditions

By means of the regression Equations (1)–(4) fitted to the data for each response, the
estimated values of TFC, Q3GLU, QMGLU and KMGLU, respectively, for the different
operating conditions of pressure (A) and temperature (B) can be estimated. The results
are shown in Table 3, as well as the R2 statistic, which indicates the extent to which the
fitted model explains the degree of variability of each one of the response variables in the
study. As can be seen in Table 3, the values of the adjusted coefficient of determination
ranged from 84.352 up to 94.788, which means that there was a close correlation between
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the experimental values and the predicted values. These experimental values have been
obtained under the operational conditions shown in Table 2.

TFC (mg g−1 sample) = 7.150 - 2.294A + 0.926B − 0.094A2 + 0.070AB − 0.415B2 (1)

Q3GLU (mg g−1 sample) = 1.337 − 0.579A + 0.711B + 0.042A2 − 0.151AB + 0.180B2 (2)

QMGLU (mg g−1 sample) = 3.465 − 0.899A − 0.262B + 0.011A2 + 0.152AB − 0.719B2 (3)

KMGLU (mg g−1 sample) = 1.882 − 0.422A − 0.167B − 0.192A2 + 0.101AB − 0.317B2 (4)

Table 3. Experimental values (mg g−1 sample) vs. design-estimated values (mg g−1 sample).

Observed Values Estimated Values

Q3GLU QMGLU KMGLU TFC Q3GLU QMGLU KMGLU TFC

Exp./R2 0.94788 0.84352 0.92937 0.90605

1 1.211 3.798 1.986 7.851 1.277 4.070 2.001 8.078
2 2.187 4.770 2.124 9.998 1.959 4.374 2.049 9.350
3 2.839 3.102 1.467 9.471 3.002 3.242 1.462 9.790
4 0.864 3.403 1.793 6.275 0.807 3.008 1.669 5.808
5 1.017 3.098 1.632 6.230 1.337 3.465 1.818 7.150
6 2.442 2.645 1.333 8.238 2.229 2.484 1.333 8.158
7 0.425 1.802 0.848 3.075 0.422 1.967 0.952 3.140
8 0.893 2.682 1.284 5.165 0.801 2.576 1.203 5.095
9 1.496 3.798 0.820 5.220 1.542 1.747 0.820 5.342

Following the statistical model, the maximum values of the response variables were
calculated, as well as the optimum values of the independent factors for a maximum
response. These values are presented in Table 4 as mg of compound g−1 sample. As can be
seen, the optimum pressure conditions for the response variables studied were 100 bar and
the temperature levels ranged from 55 up to 80 ◦C, depending on the target compound.
Pressure values lower than 100 bar were not tested since CO2 critical pressure is 73 bar
and, generally, at pressure levels close to that critical point, the effect of temperature on the
solvent density is stronger than that of pressure [46], therefore, under such pressure levels,
the solubility of the solutes decreases with the temperature. It was, therefore, decided
not to test any higher temperatures in order to avoid the degradation of the QMGLU
and KMGLU compounds, which presented optimum extraction temperatures at 55.80 and
53.8 ◦C, respectively. The highest TFC concentration was obtained at 100 bar and 80 ◦C with
a value of 9.79 ± 0.02 mg TFC g−1 sample. In this sense, these are the optimal conditions
to extract the greatest amount of flavonoids from moringa by means of SFE. Changing
these conditions, the extraction will not be so favored. In any case, the more polar solvent
mixtures will favor the extraction of those more polar flavonoids and vice versa. These
results are in agreement with the SFE optimum phenolic compound extraction values
reported by other authors. For example, Solana et al. [38] evaluated the effect of pressure
and temperature on the SFE of phenolic compounds from Asparagus officinalis L. and
reported that the final extraction yield decreased with increasing pressure levels and that, at
80 ◦C, the final extraction yield (35.2%) was greater than that at 50 ◦C or 65 ◦C at 32.3% and
34.0%, respectively. The main difference in this work is that the seven main compounds
present in moringa leaves are quantified individually, while the mentioned studies of Zhao
and Zhang and Rodríguez-Pérez et al. [22,24] focus first on the identification and, on the
other hand, on the quantification of the total phenolic compounds by Folin–Ciocalteu and
determination of antioxidant activity by ABTS and DPPH.

Given that not all the compounds have the same optimum extraction temperature, the
optimum extraction conditions for TFC at 100 bar and 80 ◦C were established as the most
convenient to investigate the extraction kinetics.
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Table 4. Optimal values of the independent factors that maximize TFC, Q3GLU, QMGLU and K3GLU
concentrations in the extracts.

Factors TFC Q3GLU QMGLU KMGLU

Pressure (bar) 100 100 100 100
Temperature (◦C) 80 80 55.8 53.8

Maximum concentration
(mg g−1 sample) 9.791 3.003 4.435 2.107

3.4. Extraction Kinetics

Figure 4 shows the concentration values of the main phenolic compounds found in
the samples obtained after 30, 60, 90, 120, 150 and 180 min extraction time. Regarding TFCs
(Figure 4A), it can be observed that after 120 min the highest concentration was achieved
with 11.66 mg TFC g−1 sample that corresponds to a yield of 89.0% with respect to the
phenolic fraction obtained by exhaustive extraction, which was 12.572 mg TFC g−1 sample.
In this sense, if the extraction process was continued for a longer time, only 11% more
could be obtained, which represents 1.29 mg TFC g−1 sample but would require a rather
inefficient expenditure of CO2 and power. Figure 4B–D show the results of the extraction
kinetics of Q3GLU, QMGLU and KMGLU, respectively. These are the major compounds in
moringa, i.e., those that would provide the highest biological activity [7,9]. The extraction
time to produce the highest concentration of 4.262 mg Q3GLU g−1 sample and 4.471 mg
QMGLU g−1 sample was 120 min, while for KMGLU an amount of 2.701 mg g−1 sample
was obtained after 90 min. However, if an extract containing all the flavonoids that have
been analyzed in this study is to be obtained, the optimum time should be extended to
120 min. The study by Zhao and Zhang [22] reported similar results, since, according to
their data, extraction yields increased gradually as the extraction time was extended, so
that, for the tested range, the maximum extractions were achieved after 2 h.
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4. Conclusions

This work addresses, for the first time, the SFE and quantification of the main
flavonoids in moringa leaves. It has been demonstrated that SFE when using water as a
CO2 co-solvent is an efficient option to extract the phenolic compounds present in moringa
leaves, with the main extracted compounds being AP1, AP2, Q3GLU, QMGLU, QAGLU,
K3GLU and KMGLU. The highest phenolic content was obtained when water was used as
co-solvent at a 50:50 ratio. Accordingly, the effect of pressure, temperature and extraction
time with this co-solvent was evaluated. The maximum extraction yield (89.0%), equivalent
to 11.66 mg TFC g−1 sample, was obtained at 100 bar and 80 ◦C in 120 min. It has also been
found that the extracts obtained at different pressures and temperatures presented different
compositions, but in all the cases, Q3GLU, QMGLU and KMGLU were the predominant
and most abundant compounds regardless of the pressure and temperature levels used. If
Q3GLU and QMGLU are to be obtained separately, the optimum extraction time would
be 120 min, while 90 min would be the ideal extraction time for KMGLU. In addition, SFE
minimizes the use of organic solvents and reduces concentration steps, which cause the
degradation of antioxidant compounds, such as the flavonoids studied in this work. In
conclusion, this study has demonstrated that suitable extracts can be obtained to be used
as food preservatives, cosmetics, pharmaceutical applications or other formulations, since
they can provide a high antioxidant effect thanks to their flavonoid content, which can
contribute to improving the health of consumers.
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