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Abstract: The production of bioactive products from microalgae biomass with efficient and environ-
mentally friendly technologies is a field of great research interest. The present work focuses on the re-
covery of high-added value bioactive components from Chlorella vulgaris through microwave-assisted
extraction (MAE) with aq. ethanol 90% v/v. The effect of extraction temperature (40–60 ◦C), duration
(5–25 min), solvent-to-biomass ratio (20–90 mLsolv/gbiom), and microwave power (300–800 watts)
was investigated regarding the extraction yield, extract’s chlorophyll, carotenoid and phenolic con-
tent, and antioxidant activity. MAE optimization at 60 ◦C, 300 watts, 14 min, and 22 mLsolv/gbiom led
to 11.14% w/w yield, 63.36 mg/gextr total chlorophylls, 7.06 mg/gextr selected carotenoids of astaxan-
thin, lutein and β-carotene, 24.88 mg/gextr total carotenoids, 9.34 mgGA/gextr total phenolics, and
40.49 mgextr/mgDPPH IC50 (antioxidant activity indicator). Moreover, the conventional solid-liquid
extraction (SLE) with aq. ethanol 90% v/v, the supercritical fluid extraction (SFE) with CO2, as well
as SFE with cosolvent addition (10% w/w ethanol), were also performed for comparison purposes.
The results revealed that SLE presented the highest yield. However, the non-conventional methods
of MAE and SFE led to extracts of competitive or even better quality under significantly shorter
extraction duration.

Keywords: microalgae; Chlorella vulgaris; microwave-assisted extraction; supercritical fluid extraction;
solid-liquid extraction; bioactive molecules; antioxidant activity

1. Introduction

The utilization of microalgae as a source of bioactive compounds has already inte-
grated them into industrial applications. The considerable variance of the compounds
synthesized from microalgae, such as fatty acids, polysaccharides, pigments, and phenolic
compounds, make them suitable for use in animal feed, fertilizer, food, cosmetics, and
health products [1,2].

Despite the extensive biodiversity of microalgae, the genus of Chlorella is consid-
ered the most auspicious for commercial applications, along with Dunaliella, Botryococcus,
Chlamydomonas, and Arthrospira [3]. The acceptance of Chlorella in human use and consump-
tion is responsible for its wide cultivation across Asia, the United States, and Europe [4]
and its dominance in the global microalgae market along with the well-known Arthrospira
(Spirulina) [5].

Among the Chlorella species, the most common Chlorella vulgaris (C. vulgaris) is con-
sidered a high-potential biomass. C. vulgaris cells encounter an abundance of bioactive
molecules, including phenolic compounds, chlorophylls, and carotenoids [6]. Chlorella sp.
presents higher phenolic content among other species [7]. Chlorophylls are the most plen-
tiful pigment of C. vulgaris (up to 2% dw), while the presence of the accessory carotenoid
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pigments is also considered remarkable [8]. The aforementioned biocomponents are well-
known for demonstrating curative and repairing effects and exhibiting antibacterial, anti-
fungal, and antioxidant activity [9].

In recent years, microwave-assisted extraction (MAE) has been applied to extract
biocomponents from microalgae biomass [10]. MAE is considered a non-conventional
method [11], during which microwave radiation is rapidly absorbed by the biomass and
converted into thermal energy. The biomass is heated through dipole rotation and ionic con-
duction [12]. The microwave energy absorption and, thus, heat generation can be measured
through the dissipation factor (tan δ). This term is proportional to the dielectric loss (ε′′)
and inversely proportional to the dielectric constant (ε′) of the solvent, indicating that the
presence of polar solvents is considered necessary [13]. In contrast to the conventional solid-
liquid extraction, the non-conventional method of MAE offers reduced thermal gradients
and instant heating of the biomass, as well as enhanced extraction yield during rapid extrac-
tions and decreased solvent quantities [14,15]. In the case of Chlorella, the studies of MAE
are mainly focused on lipid extraction [16–19] followed by carotenoids [20,21], whereas
few studies have dealt with the extraction of bioactive compounds such as proteins [22]
and polysaccharides [23].

The studies of MAE concerning Chlorella biomass have been limited to the investigation
of individual component categories. Nevertheless, studying a multitude of bioactive
compounds derived from Chlorella’s extracts, along with their antioxidant activity, would
be considered useful for the utilization of such products in demanding industrial fields.

The aim of the present work is the study of the non-conventional microwave-assisted
extraction (MAE) of high value-added biocomponents from Chlorella vulgaris biomass,
utilizing the green solvent aq. ethanol 90% v/v. MAE’s study included the investigation
of essential process parameters, quantitative and qualitative effect study, data correlation
and process optimization. The variations of extraction temperature (40–60 ◦C), dura-
tion (5–25 min), solvent-to-biomass ratio (20–90 mLsolv/gbiom), and microwave power
(300–800 watts) were investigated regarding the effect on the extraction yield, extract’s total
phenolic and pigment (chlorophylls and carotenoids) content, and antioxidant activity. The
advantageous acquaintance of this work is not only the effect study of MAE’s operational
conditions on extract’s several bioactive compounds and antioxidant activity but also the
beneficial comparison of MAE with different extraction methods. More specifically, the
results of optimized MAE were compared with the conventional solid-liquid extraction
(SLE) and the novel supercritical fluid extraction (SFE).

2. Materials and Methods
2.1. Materials

Commercially available biomass of Chlorella vulgaris was purchased from Go Super-
foods Ltd. (Sheffield, UK) in June 2021. The biomass was cultivated in natural water open
ponds in South China, harvested with mesh screens, milled, spray-dried and received in
powder form.

Anhydrous sodium carbonate, 99.5%, ethanol,≥99.8% (analytical reagent grade), ethyl
acetate, ≥99.9% (HPLC—Isocratic grade), gallic acid, 98% (ACS Reagent), orthophosphoric
acid, 85.4% (analytical grade reagents), methanol, ≥99.8% (HPLC grade), methyl tert-butyl
ether (MTBE), 99.5% (HPLC grade), and water (HPLC gradient grade) were purchased
from Fisher Scientific International Inc. (Pittsburgh, PA, USA). Carbon dioxide, 99.5%, was
purchased from Air-Liquid Hella (Athens, Greece). Astaxanthin, ≥98%, and lutein, ≥92%,
were purchased from Acros Organics BVBA (Antwerp, Belgium) and Extrasynthese SAS
(Lyon, France), respectively. β-carotene, 99%, and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
free radicals were purchased from Sigma Aldrich Co. (Saint Louis, MO, USA), while
Folin–Ciocalteu reagent was purchased from Carlo Erba Reagents SAS (Milan, Italy).
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2.2. Extraction Methods
2.2.1. Microwave-Assisted Extraction (MAE)

The microwave-assisted extraction was performed in a MAS-II Plus microwave syn-
thesis/extraction reaction workstation (Sineo Microwave Chemistry Technology Co. Ltd.,
Shanghai, China). Approximately 1 g of C. vulgaris powder was loaded in a double-wall
vessel along with an appropriate amount of aq. ethanol, 90% v/v. The choice of solvents
and the ethanol/water ratio resulted from a preliminary study as well as the findings
of Cha et al. [24], which exhibited the solvent’s advantage over other ratios and organic
solvents regarding the extraction of C. vulgaris’ biocomponents. The mixture was stirred
at 500 rpm, and the extraction conditions of temperature, duration, solvent-to-biomass
ratio, and microwave power were regulated according to an appropriate experimental
design (see Paragraph 2.4). Solvent losses were minimized by adjusting a condenser on
the top of the extraction vessel. After the MAE, the mixture was centrifuged at 1110× g for
8 min in a Hermle centrifuge Z206-A (Hermle AG, Baden-Württemberg, Germany). The
supernatant of the centrifuged mixture was filtered through a ChromPure PTFE/L 0.45 µm
filter and evaporated under vacuum at 100 mbar and 45 ◦C in a Hei-Vap Advantage ML
rotary evaporator (Heidolph Instruments GmbH & Co, KG, Bayern, Germany). Finally,
all the dry extracts were temporarily maintained at −18 ◦C until further analysis. The
extraction yield was determined gravimetrically by the received extracts’ weight, and the
experimental error was determined from the triple repetition of the central point of the
experimental design.

2.2.2. Solid-Liquid Extraction (SLE)

During the conventional method of solid-liquid extraction, 37 mL of aq. ethanol, 90%
v/v, and approximately 1 g of C. vulgaris powder (ratio 37 mLsolv/gbiom) were stirred at
500 rpm via a Carousel tech stirring hotplate (Radleys, Essex, UK) and heated at 30 ◦C for
24 h in a double-wall vessel placed in the dark. The extraction conditions were considered
optimum according to a previous study [25]. Solvent losses were minimized by adjusting
a condenser on the top of the extraction vessel. After the SLE, the steps described in
paragraph 2.2.1. were followed regarding the mixture centrifugation, supernatant filtration,
vacuum evaporation, and extract storage. The SLE was performed in duplicate, and
extraction yield was determined gravimetrically by the extracts’ weight.

2.2.3. Supercritical Fluid Extraction (SFE)

The supercritical fluid extraction with CO2 was performed in a bench scale apparatus
(SFE-500, SEPAREX CHIMIE FINE, Champigneulles, France), which is described in detail
by Papamichail et al. [26]. During SFE, approximately 80 g of C. vulgaris powder was loaded
along with glass beads (4.5 mm) in the extraction vessel. The extraction was performed
at 60 ◦C and 250 bar. The solvent flow rate was adjusted at 40 g/min, and total solvent
consumption was set at 100 kgCO2 /kgbiom. The solvent-solute mixture was depressurized,
and the extract was collected from 2 separators operating at 8 ◦C and 60 and 10 bar,
respectively. The extraction conditions were considered optimum according to a previous
study [27].

The cosolvent addition was also examined in the above experimental conditions by
inserting ethanol through a piston pump. The ethanol content in CO2 was set at 10% w/w.
The final mixture of ethanol solutes was vacuum evaporated at 100 mbar and 45 ◦C.

Finally, all the dry extracts were temporarily maintained at −18 ◦C until further
analysis. SFE experiments, with or without cosolvent presence, were performed in dupli-
cate and extraction yield was determined gravimetrically by the total weight loss of the
extraction vessel.
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2.3. Extract Analyses

Apart from the determination of the extraction yield, further analysis was performed
for the MAE, SLE, and SFE extracts. All the applied methods mentioned below are ade-
quately described in previous work [25].

In brief, the total phenolic content (TPC) was determined through the Folin-Ciocalteu
assay at 765 nm and expressed as the gallic acid equivalent mass of the extract (mgGA/gextr),
according to Drosou et al. [28]. The total chlorophyll (CHL) and carotenoid (CAR) contents
were determined spectrophotometrically at 480, 510, 630, 647, and 664 nm, according to the
equations derived from Jeffrey et al. [29,30] (equations are provided in Appendix A), and
expressed in the mass ratio of the corresponding compound to extract (mg/gextr). The antiox-
idant activity was determined through the DPPH• scavenging assay at 515 nm, according
to Laina et al. [31]. The indicator of half-maximal inhibitory concentration was expressed in
the mass ratio of the extract to the DPPH free radical (mgextr/mgDPPH). All the above spec-
trophotometric assays were performed in a Shimadzu UV-1900i UV-Vis Spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) using quartz cuvettes of 1 cm length.

Finally, selected carotenoids, namely astaxanthin, lutein and β-carotene, were deter-
mined through reversed-phase high-performance chromatography (RP-HPLC), according
to Stramarkou et al. [32], in a corresponding system consisting of a Jasco PU-1580 HPLC
pump (Jasco Inc., Easton, MD, USA), a Jasco LG-1580-04 gradient unit (Jasco Inc., Easton,
MD, USA), a Rheodyne 7125 injector (Rheodyne Europe GmbH, Bensheim, Germany) with
20 L loop, a Jones 7955 column chromatography heater (Jones Chromatography Limited,
Wales, UK) and a Shimadzu SDP-M20A Diode Array Detector (DAD; Shimadzu Corpora-
tion, Kyoto, Japan). The stationary phase was immobilized in a YMC C30 reversed-phase
column, 5 µm, 250 × 4.6 mm I.D. (YMC Co., Ltd., Kyoto, Japan). The mobile phase con-
sisted of methanol, MTBE and aq. Phosphoric acid, 1% v/v, the column temperature was
maintained at 35 ◦C and the flow rate at 1 mL/min. The linear gradient was adjusted
according to Table 1. All the injected external carotenoid standards and C. vulgaris extracts
were dissolved in ethyl acetate. The particular content (sel. CAR) was expressed in the
mass ratio of the selected carotenoids to extract (mg/gextr).

Table 1. The linear gradient adjusted for the RP-HPLC analysis.

Time (min) aq. Phosphoric Acid, 1% v/v (% v/v) Methanol (% v/v) MTBE (% v/v)

0 4 81 15
15 4 66 30
23 4 16 80
27 4 16 80

27.1 4 81 15
35 4 81 15

2.4. Experimental Design, Statistical Analysis & Process Optimization

In this study, a Face-Centered Central Composite Design (FC-CCD) was applied
for the effective study of 4 operational parameters of MAE at 3 levels (−1, 0, +1), and
response surface methodology (RSM) was performed for data correlation. The independent
parameters studied were extraction temperature (T) from 40 to 60 ◦C, duration (t) from 5 to
25 min, solvent-to-biomass ratio (R) from 20 to 90 mLsolv/gbiom, and microwave power (P)
from 300 to 800 watts. The examined responses were extraction yield and total phenolic
(TPC), chlorophyll (CHL), and carotenoid (CAR) contents, selected carotenoid content
(sel. CAR), and antioxidant activity (IC50). According to Table 2, the experimental design
consisted of 8 axial points, 16 factorial points and 3 repetitions of the central point. The
FC-CCD is considered one of the most popular designs of response surface methodology
(RSM) and facilitates effect studies by avoiding a full-factorial design [33,34].
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Table 2. Experimental conditions and results of MAE of C. vulgaris regarding yield, total phenolic
(TPC), chlorophyll (CHL), selected carotenoid (sel. CAR), carotenoid content (CAR) and antioxidant
activity (IC50), according to the applied experimental design.

Run
T P t R Yield TPC CHL sel.

CAR CAR IC50

(◦C) (watts) (min)
(mLsolv/
gbiom) (% w/w)

(mgGA (mg/ (mg/ (mg/ (mgextr
/gextr) gextr) gextr) gextr) /mgDPPH)

1 40 300 5 20 5.42 7.08 31.16 2.70 11.27 68.25
2 40 300 5 90 8.02 5.23 12.13 2.82 3.87 57.95
3 40 300 25 20 8.63 8.76 25.85 3.71 9.89 60.04
4 40 300 25 90 11.37 5.88 14.33 3.99 4.88 59.13
5 40 550 15 55 13.19 11.53 41.39 7.44 17.59 37.82
6 40 800 5 20 8.29 8.28 62.06 7.79 21.19 37.15
7 40 800 5 90 12.35 6.89 49.09 4.77 18.08 54.17
8 40 800 25 20 10.33 8.06 48.87 8.48 17.53 50.36
9 40 800 25 90 15.31 6.74 34.94 5.65 12.39 54.02

10 50 300 15 55 15.25 9.20 29.88 4.50 11.90 50.18
11 50 550 5 55 11.44 6.53 39.13 5.22 13.92 59.25
12 50 550 15 20 9.26 8.84 67.87 11.84 23.09 42.00
13 50 550 15 55 11.66 11.41 51.5 5.62 19.48 41.87
14 50 550 15 55 11.98 13.09 52.8 5.48 18.65 40.49
15 50 550 15 55 13.30 11.06 46.79 4.91 20.4 48.69
16 50 550 15 90 14.29 9.73 39.06 7.21 16.03 53.58
17 50 550 25 55 13.71 9.19 29.08 8.17 11.22 56.42
18 50 800 15 55 13.79 9.06 34.70 5.40 12.26 53.80
19 60 300 5 20 12.68 7.95 64.01 8.59 17.53 50.70
20 60 300 5 90 15.35 8.39 35.11 4.99 14.42 60.47
21 60 300 25 20 10.10 8.84 47.40 4.46 17.36 51.77
22 60 300 25 90 16.48 6.04 42.82 3.79 16.57 65.64
23 60 550 15 55 15.02 10.74 48.09 4.41 19.66 63.10
24 60 800 5 20 11.77 8.27 30.87 3.96 10.61 65.00
25 60 800 5 90 13.72 6.23 38.12 5.80 15.75 71.69
26 60 800 25 20 17.61 6.88 22.03 3.67 7.40 55.94
27 60 800 25 90 20.18 8.38 24.23 6.32 9.85 56.43

CV * (%) 5.77 7.48 5.12 5.78 3.66 8.20

* Coefficient of variation of the central point repetition (Runs: 13–15).

The data correlation of each response was expressed through the polynomial Equation (1).
Response transformation, according to Equation (2), was also applied where considered mandatory.

Y = b0 + ∑4
i=1 bi Xi + ∑4

i=1 bii Xi
2 + ∑3

i=1 ∑4
j=i+1 bij Xi Xj + ∑2

i=1 ∑3
j=2 ∑4

k=3 bijk Xi Xj Xk

+∑3
i=1 ∑4

j=i+1 b1ij Xi Xj
2 + ∑3

i=1 ∑4
j=i+1 b2ij Xi

2Xj
(1)

Y′ = f (Y)↔ Y = f (Y′) (2)

where Y and Y′ stand for the corresponding response and transformation, respectively, b0,
bi, bii, and bij stand for the constant, linear, quadratic and 2-factor interaction coefficients,
respectively, bijk, b1ij, and b2ij stand for the cubic coefficients, and Xi, Xj and Xk stand for
the examined independent variables.

Fisher’s statistical test (F-test) was applied for the determination of the statistical
significance with a 95% significance level. Finally, the experimental design, modeling,
and statistical analysis of the experimental data were performed using the Design Expert®

Version 13 software trial version (Stat-Ease Inc., Minneapolis, MN, USA).
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3. Results & Discussion
3.1. MAE of Bioactive Compounds

The extracts obtained from MAE demonstrated a dark green color and a slight fishy
odor. The experimental results of all the examined responses are presented in Table 2.
The extraction yield presented a wide value range depending on the applied extraction
conditions and varied from 5.42 to 20.18% w/w, which correspond to the mildest and the
most intense operational conditions, respectively.

Moreover, lutein was the dominant carotenoid among the selected carotenoids that
were identified and quantified through the RP-HPLC (Figures 1d, 2d, 3d, 4d and 5d).
Chlorella is, in fact, considered a carotenoid-abundant biomass and especially rich in
lutein [35]. Lutein has already been a dominant target compound for extraction from
Chlorella biomass with the conventional SLE [24,36–38], the innovative MAE [21], as well as
SFE [36,38,39].
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Figure 2. The effect of solvent-to-biomass ratio on MAE’s (a) extraction yield, extract’s total (b) phenolic
and (c) chlorophyll content, (d) select and (e) total carotenoid content, and (f) antioxidant activity. The
extraction conditions of the single-factor experiments were maintained at 50 ◦C, 15 min and 550 watts.
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Figure 3. The effect of extraction temperature on MAE’s (a) extraction yield, extract’s total (b) phenolic
and (c) chlorophyll content, (d) selected and (e) total carotenoid content, and (f) antioxidant activity.
The extraction conditions of the single-factor experiments were maintained at 55 mLsolv/gbiom, 15 min
and 550 watts.
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Figure 4. The effect of microwave power on MAE’s (a) extraction yield, extract’s total (b) phenolic
and (c) chlorophyll content, (d) selected and (e) total carotenoid content, and (f) antioxidant activity.
The extraction conditions of the single-factor experiments were maintained at 50 ◦C, 55 mLsolv/gbiom

and 15 min.

Additionally, the extract’s chlorophyll content mainly consisted of chlorophyll a.
Chlorophyll b was present in smaller quantities, while chlorophyll c was even more limited
(Figures 1c, 2c, 3c, 4c and 5c). This observation could be justified by the dominance of
chlorophyll a over b and c in Chlorella biomass [40,41].

Furthermore, the effect of the independent variables of extraction temperature, du-
ration, solvent-to-biomass ratio and microwave power is presented in Figures 1–5 and
discussed in detail in the following sections.
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3.1.1. Effect of Time

The effect of increasing time, from 5 to 15 and eventually 25 min, on the MAE at
50 ◦C, 55 mLsolv/gbiom and 550 watts is illustrated in Figure 1. The extraction yield was
slightly increased during the elevation of extraction duration (Figure 1a). In addition,
the total phenolic (Figure 1b), chlorophyll (Figure 1c), carotenoid content (Figure 1e),
and extract’s antioxidant activity (Figure 1e) were favored during time increase from
5 to 15 min, while extraction for 25 min led to a value decrease of the aforementioned
responses. However, the extraction for 25 min improved the selected carotenoid content,
especially lutein (Figure 1d). In general, the increase in extraction time results in the
improvement of extraction yield [42]. Still, the prolonged extraction duration and extended
exposure to microwave irradiation may lead to the degradation of certain thermolabile
bioactive compounds [43]. Similar observations were also made in other studies regarding
the deterioration of chlorophyll [44], carotenoid [21,45] and phenolic content [42,46], as
well as the extract’s antioxidant activity [42,46] of algal or different types of extracts after
prolonged MAE.
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Figure 5. The simultaneous effect of extraction temperature, duration, solvent-to-biomass ratio,
and microwave power on MAE’s (a) yield, extract’s total (b) phenolic and (c) chlorophyll content,
(d) selected and (e) total carotenoid content, and (f) antioxidant activity.

3.1.2. Effect of Solvent-to-Biomass Ratio

The increase of solvent-to-biomass ratio, from 20 to 55 and eventually 90 mLsolv/gbiom,
during MAE at 50 ◦C, 15 min and 550 watts led to extraction yield improvement (Figure 2a).
However, chlorophylls (Figure 2c), carotenoids (Figure 2e), as well as the extract’s antioxi-
dant activity (Figure 2f) were not favored by the solvent-to-biomass ratio rise and therefore
were decreased. The selected carotenoid content (Figure 2d) was negatively affected by
the ratio increase, but lutein was slightly increased above 55 mLsolv/gbiom. Finally, total
phenolic content (Figure 2b) initially improved from 20 to 55 mLsolv/gbiom, while further
solvent-to-biomass increase led to reduced values.

According to the literature, an increase in the solvent-to-biomass ratio on MAE is con-
sidered contradictory, leading either to increased extraction yield [47–49] or enhanced yield,
which afterward decreases [50–53]. The solvent-to-biomass ratio increase offers a greater
concentration gradient to the biomass-solvent system, contributes to the solvent’s amount
sufficiency and mixing adequacy and therefore offers faster and intensified diffusion phe-
nomena [54,55]. This could justify the yield’s rise during the solvent-to-biomass ratio’s
increase from 20 to 90 mLsolv/gbiom, as well as the initial enhancement of total phenolic
content from 20 to 55 mLsolv/gbiom. However, solvent increment during MAE demands
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higher microwave power and duration in order to reach the required temperature [15]. In
addition, the solvent-to-biomass ratio’s increase might lead to the dissolution and extraction
of undesirable compounds and hence lower solvent selectivity toward components of inter-
est [56]. The above reasons might be responsible for the decreasing values of the examined
pigment concentration and antioxidant activity of the extracts during solvent-to-biomass
ratio increase from 20 to 90 mLsolv/gbiom, as well as the reduced phenolic content for ratio
above 55 mLsolv/gbiom.

3.1.3. Effect of Temperature

The effect of increasing temperature, from 40 to 50 and eventually 60 ◦C, on the MAE
at 15 min, 55 mLsolv/gbiom and 550 watts is illustrated in Figure 3. The initial increase
from 40 to 50 ◦C did not favor the extraction yield, while further temperature elevation
led to improved recovery of total extract at 60 ◦C (Figure 3a). Moreover, the extract’s total
pigment content was moderately improved during temperature increase (Figure 3c,e). The
above observations could be justified by the decrease of solvent’s viscosity from 40 to 60 ◦C,
and therefore an increase of its solvation power [57,58].

On the other hand, the extract’s antioxidant activity deteriorated during the tempera-
ture increase (Figure 3f). This could be attributed to the reduced content of lutein (Figure 3d),
which presents much higher antioxidant activity compared to other carotenoids, e.g., 15-
and 10-time folds of lycopene and β-carotene [59]. In particular, the selected carotenoid
content presented a downward trend, probably due to the domination of their degrada-
tion instead of their extraction, also noted in the literature during microwave radiation at
temperatures close to 60 ◦C [60]. Moreover, chlorophylls present appreciable antioxidant
activity at high concentrations [61], and thus the moderate increase of chlorophyll content
could not significantly affect the extract’s antioxidant activity.

Finally, total phenolic content presented a slight decrease, but the temperature rise
was considered imperceptible (Figure 3b). A similar weak temperature effect was also
observed in the literature [53,62].

3.1.4. Effect of Microwave Power

The effect of increasing microwave power, from 300 to 550 and eventually 800 watts,
on the MAE at 15 min, 55 mLsolv/gbiom and 50 ◦C is illustrated in Figure 4. The extraction
yield was overall not favored by the microwave power elevation. A decrease at 550 watts
was noted, followed by a slight increase at 800 watts, which, however, did not exceed the
extraction yield at 300 watts (Figure 4a). Microwave power increase from 300 to 550 watts
significantly favored total phenolic (Figure 4b), chlorophyll (Figure 4c), and carotenoid con-
tent (Figure 4e), while the extract’s antioxidant activity (Figure 4f) was affected accordingly.
Nevertheless, MAE under the high microwave power value of 800 watts worsened the
aforementioned responses.

During the microwave power increase from 300 to 550 watts, the augmented mi-
crowave radiation improved the content of the examined bioactive compounds as a result
of the boosted molecular interaction between the biomass and the electromagnetic field.
However, further increase of the microwave power above 550 watts could possibly be
responsible for the deterioration and thermal degradation of the extract’s bioactive com-
ponents [63,64]. Similar findings were also observed regarding the extracted phenolic
compounds and pigments, as well as the extract’s bioactivity from other natural raw
materials [46,53,63]. Finally, an MAE study of proteins from C. vulgaris showed that the mi-
crowave power increase significantly reduced the protein recovery yield [22]. Considering
the high protein content of C. vulgaris, as emerged from a previous study (~45% dw) [25],
a decreasing extraction yield could be considered a possible outcome during extraction
under excessive microwave power.
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3.1.5. Synergistic Effect

The understanding of the synergistic effect of the examined operational conditions
was also attempted through Figure 5. It was observed that the simultaneous increase of
extraction temperature, duration, solvent-to-biomass ratio and microwave power led to
significantly improved yield (Figure 5a).

However, excessive values of the aforementioned parameters could be responsible for
the deterioration and degradation of the extract’s bioactive compounds [65]. More specif-
ically, improved pigment content (Figure 5c–e) and antioxidant activity (Figure 5f) were
observed under either high temperature and low microwave power or low temperature and
high microwave power during low values of extraction duration and solvent-to-biomass ra-
tio. Finally, no specific trend was observed regarding the total phenolic content (Figure 5b),
with the lowest values occurring during MAE at low temperatures and microwave power
levels and high solvent-to-biomass ratios.

3.2. Statistical Analysis & Process Optimization
3.2.1. Regression Model Equations

The analysis tool of ANOVA was employed for the statistical analysis of the exam-
ined responses. The results of ANOVA are presented and evaluated in Appendix B. The
Equations (1) and (2) were applied to fit the experimental responses of yield, extract’s
total chlorophyll and carotenoid content, as well as antioxidant activity (Table 3) and are
presented below:

Yield = − 115.1271 + 4.3438 T + 0.2334 P + 1.0443 t + 0.1885 R − 0.0090 TP − 0.0215 T t
− 0.0016 P t − 0.0374 T2 − 0.0012 R2 + 0.3828 10−4 T P t + 0.8281 10−4 T2 P

(3)

CHL′ = −0.6675 + 0.0686 T + 0.0120 P + 0.0775 t − 0.0448 R − 0.1400 10−3 T P + 0.3049 10−3 T R
− 0.3119 10−4 P t + 0.1409 10−4 P R − 0.4491 10−4 P2 − 0.0023 t2

+ 0.1540 10−3 R2
(4)

Chlorophylls = expCHL′ (5)

CAR′ = −1.5102 + 0.0580 T + 0.0124 P + 0.0964 t − 0.0506 R − 0.1365 10−3 T P + 0.4853 10−3 T R
− 0.4068 10−4 P t + 0.1564 10−5 P R − 0.4901 10−5 P2 − 0.0027 t2

+ 0.1296 10−3 R2
(6)

Carotenoids = expCAR′ (7)

IC50 = 416.4306 − 6.7840 T − 1.2351 P − 5.0817 t − 1.1183 R + 0.0237 T P + 0.0545 T t + 0.0228 T R + 0.0061 P t
+ 0.0019 P R + 0.8633 10−3 P2 + 0.0805 t2 − 0.1266 10−3 T P t − 0.3453 10−4 T P R − 0.1656 10−4 T P2 (8)

where yield is expressed in % w/w, carotenoids and chlorophylls are expressed in mg/gextr,
and the antioxidant’s activity quantitative measure IC50 is expressed in mgextr/mgDPPH.
The correlation of the extract’s total phenolic and selected carotenoid content was not
accomplished to the desired extent; thus, the corresponding models were not included.

The ANOVA results (Appendix B) led to a successful data correlation, while the
models’ satisfactory accuracy and precision are also proved by the affinity of the predicted
and experimental data presented in Figure 6. According to the information provided in
Appendix B, the extraction yield is considered highly affected by the individual effect of
temperature and solvent-to-biomass ratio and the combined effect of temperature, pressure,
and duration (T P t). Moreover, chlorophyll content is proved highly dependent on solvent-
to-biomass ratio, while the same applies between antioxidant activity and temperature.
Finally, all the successfully associated responses were significantly affected by the combined
factor of temperature and microwave power (T P).
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Table 3. Optimal MAE conditions of bioactive compounds from Chlorella vulgaris.

Factor Value

T (◦C) 60
P (watts) 300
t (min) 14

R (mLsolv/gbiom) 22

Response Predicted Experimental

Yield (% w/w) 12.00 11.14

Total Chlorophylls (mg/gextr) 67.73 63.36
Selected Carotenoids (mg/gextr) n/a * 7.06

Total Carotenoids (mg/gextr) 22.83 24.88
Total Phenolics (mg/gextr) n/a * 9.34

IC50 (mgextr/mgDPPH) 43.00 40.49
* Not applicable.
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Figure 6. Experimental versus predicted values of (a) extraction yield, (b) total chlorophyll content,
(c) total carotenoid content, and (d) antioxidant activity. The error bars refer to the experimental
coefficient of deviation.

3.2.2. Optimization of MAE’s Operational Conditions & Model’s Verification

Regarding the optimization process followed, the examined responses of yield and
pigment content were set to maximize, and IC50 was set to minimize, as the independent
variables ranged in their domain. Among the proposed solutions, the final choice was
based on the maximization of the objective function of desirability, the possibility of low
microwave power application and, thus, the moderate cooling needs of the extraction
vessel to maintain a temperature-controlled system. Therefore, MAE’s optimal conditions
chosen were 60 ◦C, 300 watts, 14 min, and 22 mLsolv/gbiom.

Finally, a confirmation experiment was carried out under the proposed set of opera-
tional conditions, the results of which are presented in Table 3. None of the experimental
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responses exceeded 10%, indicating the sufficient description and adequate precision of the
models [66,67].

3.3. Comparison of MAE, SLE & SFE

The selected methods of SLE, MAE, SFE and SFE-10% ethanol were examined for
comparison purposes. SLE, MAE and SFE were conducted under optimal conditions [25,27],
while a typical low cosolvent concentration [68,69] was also examined during SFE-10%
ethanol. The extraction conditions of each method are presented in Table 4.

Table 4. The applied conditions of conventional solid-liquid extraction (SLE), microwave-assisted
extraction (MAE), supercritical fluid extraction with CO2 (SFE), and supercriticzal fluid extraction
with CO2 and cosolvent addition (SFE-10% ethanol).

Parameter SLE MAE SFE SFE-10% Ethanol

Solvent aq. Ethanol 90% v/v aq. Ethanol 90% v/v CO2 CO2-Ethanol 90/10 w/w
Solvent-to-biomass ratio
(mLsolv/gbiom) 30 22 100 100

Stirring (rpm) 500 500 n/a* n/a*
Temperature (◦C) 30 60 60 60
Pressure (bar) 1 1 250 250
Solvent flow rate (g/min) n/a * n/a* 40 40
Microwave power (watts) n/a * 300 n/a* n/a*
Duration (h) 24 0.23 3.3 3.3

* Not applicable.

The extraction yield increased in the following order: SFE (3.32% w/w) < SFE-10%
ethanol (6.70% w/w) < MAE (11.14% w/w) < SLE (16.77% w/w; Figure 7a). The simple
yet protracted process of SLE resulted in the highest extraction efficiency. Thereinafter,
MAE resulted in a 34% decreased yield compared to SLE. However, the duration of MAE
was almost 104 times shorter than SLE. The application of SFE led to an 80% reduced
yield compared to SLE; nevertheless, it was achieved more than seven times faster. Finally,
the addition of ethanol during SFE allowed the co-extraction of more polar compounds
enhanced SFE and doubled the extraction yield. In conclusion, among all the performed
methods, MAE offered the foremost yield in the shortest possible time and with the lowest
solvent requirements.

Regarding the phenolic compounds, the use of polar solvents has been reported to
favor the extraction of flavonoid glycosides and phenols of high molecular weight, whereas
non-polar solvents are considered more effective for phenolic acids, flavonoid aglycons
and certain phenolic terpenes [70]. It could be assumed that similar types of phenolic
compounds were extracted during SLE (11.02 mgGA/gextr) and MAE (9.34 mgGA/gextr)
and that the assistance of the conventional extraction via microwave power led to a com-
parable recovery in reduced time (Figure 7b). On the other hand, SFE probably extracted
other phenolic types of lower polarity and led to a slightly enhanced phenolic content
(13.80 mgGA/gextr). Finally, the highest phenolic content was derived from SFE-10% ethanol
(17.30 mgGA/gextr), probably due to the recovery of several phenolic types of varying po-
larities. However, the significant experimental error did not allow for safe conclusions.

The individual and total chlorophyll content presented an increasing trend in the
following order: SFE < SLE < MAE < SFE-10% ethanol (Figure 7c). A polar solvent is
considered capable of easily dissolving green pigments [71]. Consequently, the chlorophyll
content of SLE (46.65 mg/gextr) and MAE (63.36 mg/gextr) emerged higher than the less
chlorophyll selective method of SFE (32.88 mg/gextr). Moreover, the presence of ethanol
has been proven efficient for the extraction of chlorophylls during SFE by modifying the
solvent’s polarity [72]. Therefore, the extract’s chlorophyll content derived from SFE-10%
ethanol (86.95 mg/gextr) prevailed over the rest of the extracts.
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Figure 7. Comparison between the conventional solid-liquid extraction (SLE), microwave-assisted
extraction (MAE), supercritical fluid extraction (SFE) and supercritical fluid extraction with 10%
w/w cosolvent addition (SFE + 10% Ethanol) of Chlorella vulgaris, regarding the (a) extraction yield,
total (b) phenolic and (c) chlorophyll content, (d) selected and (e) total carotenoid content, and
(f) antioxidant activity.

The total carotenoid content presented an increasing trend with the following order:
SLE (19.06 mg/gextr) < MAE (24.88 mg/gextr) < SFE (34.61 mg/gextr) < SFE-10% ethanol
(37.60 mg/gextr; Figure 7e). Similarly, the selected carotenoid content followed the same
increasing trend (Figure 7d). Carotenoids are non-polar components consisting of non-polar
hydrocarbons and more polar xanthophylls [73]. Among the abundance of carotenoids, the
hydrocarbon β-carotene, as well as the xanthophylls, lutein, astaxanthin, canthaxanthin,
violaxanthin and zeaxanthin have been identified in C. vulgaris biomass [8,74]. Utilizing a
polar solvent during conventional SLE favored the extraction of lutein and other more polar
carotenoids over the non-polar β-carotene. Providing microwave power through MAE
using the same solvent simply enhanced the solubility of more polar carotenoids. Applying
SFE with a non-polar solvent increased both hydrocarbons and xanthophylls, while the
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addition of a polar cosolvent during SFE-10% ethanol enhanced the coextraction of more
polar carotenoids (e.g., lutein) and led to the extract with the highest carotenoid content.

Moreover, IC50 presented a decreasing trend with the following order: SLE
(43.51 mgextr/mgDPPH) > MAE (40.49 mgextr/mgDPPH) > SFE (23.17 mgextr/mgDPPH) >
SFE-10% ethanol (18.66 mgextr/mgDPPH; Figure 7f), which is inversely proportional to
antioxidant power. Carotenoids are valuable bioactive components that present a notable
antioxidant activity [59]. Moreover, chlorophyll content can positively affect antioxidant
power in case of high concentration [61]. Consequently, the chlorophyll and carotenoid
richest extract emerging from SFE-10% ethanol presented the strongest antioxidant activity.

Finally, the extracts of SLE and MAE presented a dark green color and a characteristic
fishy odor, whereas the dark brown-green extract of SFE-10% ethanol and the dark yellow
SFE extract presented no unpleasant smell. The fishy odor of the extract was avoided
during SFE due to the abrupt depressurization of CO2 and the subsequent removal of the
VOCs, the volatile organic compounds responsible for the odor of microalgae [75].

Additionally, the evaluation of the biocomponent recovery per biomass was attempted
for each extraction method. The recovery of carotenoids is presented indicatively in Figure 8,
considering their significantly high prices (250–2000 USD/kg) [76]. The SLE presented the
highest selected (1.08 mg/gbiom) and total carotenoid (3.20 mg/gbiom) recovery. However,
MAE results (selected: 0.79 and total carotenoids: 2.77 mg/gbiom) rival those of SLE and
can support its application against the conventional technique. The rich selected carotenoid
content of SFE compensates for the noticeably lower yield (0.65 mg/gbiom); however,
this is not the case for total carotenoid content, leading to a significantly lower recovery
(1.15 mg/gbiom). Nevertheless, cosolvent addition gives SFE a comparative advantage over
the other methods regarding the selected carotenoids (2.52 mg/gbiom) and is considered
competitive with the conventional SLE and the proposed MAE referring to total carotenoids
(2.52 mg/gbiom).
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Figure 8. Comparison between the conventional solid-liquid extraction (SLE), microwave-assisted
extraction (MAE), supercritical fluid extraction (SFE) and supercritical fluid extraction with 10% w/w
cosolvent addition (SFE + 10% Ethanol) of Chlorella vulgaris, regarding the (a) selected and (b) total
carotenoid content expressed in amount of bioactive component per amount of biomass.

In conclusion, SLE provided the highest yield yet the most inferior extract in terms
of the examined bioactive compounds and antioxidant activity. On the one hand, MAE
offered the advantage of a satisfactory yield in an exceptionally reduced extraction time
and with lower solvent consumption while providing relatively improved extract quality
compared to SLE. On the other hand, SFE presented the lowest extraction yield and
selectivity towards chlorophylls, yet a significantly improved extract was obtained in
terms of carotenoid content, antioxidant activity and smell. Eventually, the addition of a
cosolvent improved the dissolving ability of SC-CO2, therefore, increasing the yield of SFE,
the bioactive compound content, and the extract’s antioxidant activity.
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4. Conclusions

In the present work, the main parameters of the extraction, i.e., temperature, duration,
solvent-to-biomass ratio, and microwave power, were examined during the microwave-
assisted extraction of bioactive compounds from C. vulgaris biomass with aq. ethanol 90%
v/v. The obtained extracts were subjected to determination of their yield, total phenolic,
chlorophyll, and carotenoid content, as well as their antioxidant activity. The correlation
between the examined parameters and the determined responses was based on the ANOVA
and led to reliable models, except for the total phenolic and selected carotenoid content,
which failed to correlate.

The data correlation proved the significance of the individual influence of temperature
and solvent-to-biomass ratio, as well as the combined factor of temperature, power, and
duration (T P t) on the extraction yield. The solvent-to-biomass ratio highly affected
chlorophyll content, while temperature proved to be the most significant factor affecting
the extract’s antioxidant activity. Nevertheless, all the responses of phenolic, chlorophyll,
carotenoid content, and the extract’s antioxidant activity were significantly affected by the
combined factor of temperature and microwave power (T P).

Consequently, MAE was optimized, aiming at the simultaneous maximization of all
the correlated responses. The determined optimal extraction conditions of temperature,
microwave power, duration, and solvent-to-biomass ratio were 60 ◦C, 300 watts, 14 min,
and 22 mLsolv/gbiom, respectively.

Furthermore, the comparison of MAE with SLE and SFE with and without cosolvent
(10% w/w ethanol) also led to important observations. During the use of the same polar
solvent, the MAE’s bioactive compounds and extract’s antioxidant activity were slightly
improved compared to SLE. Despite the higher SLE yield, the assistance of microwave
power offered a satisfactory extraction yield and an improved extract during an extremely
shorter amount of time. Alternatively, the application of SFE with a non-polar solvent
proved to be of decisive importance for the greater selectivity towards carotenoids over
chlorophylls, and the remarkably improved extract’s antioxidant activity, at the expense of
extraction yield, which was significantly lower. However, the attempt to address the yield
obstacle of SFE through the addition of a polar cosolvent narrowed the gap between MAE
and SFE and also led to an overall enhanced extract.

In conclusion, the two non-conventional time-saving methods of MAE and SFE were
considered very promising with competitive extracts compared to the conventional SLE.
SFE, with or without the cosolvent presence, offered more limited yet more competing
extracts than MAE. However, the products of both methods could be exploited in the
demanding industry fields of food, cosmetics, fertilizers, animal feed and health products,
according to their characteristics and value.
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Appendix A

Supplementary Data of Total Chlorophyll and Carotenoid Determination
During pigment measurement, the extract (~5 mg) was dissolved in the aq. acetone,

90% v/v, The equations provided for the determination of total chlorophyll (a, b and c) and
carotenoid content [29,30] are presented as follows:

ca = 11.85 Abs664 − 1.54 Abs647 − 0.08 Abs630 (A1)

cb = 21.03 Abs647 − 5.43 Abs664 − 2.66 Abs630 (A2)

cc = 24.52 Abs630 − 1.67 Abs664 − 7.60 Abs647 (A3)

cCHL = ca + cb + cc (A4)

cCAR = 7.60 Abs480 − 1.49 Abs510 (A5)

where ca, cb, cc, cCHL, and cCAR stand for the concentration of chlorophyll a, b, c, total
chlorophylls and total carotenoids, respectively (µg/mL).

The known extract concentration dissolved in the aq. acetone, 90% v/v, was used for
the expression of total chlorophyll (CHL) and carotenoid (CAR) in the mass ratio of the
corresponding compound to extract (mg/gextr).

Moreover, RP-HPLC was performed for the determination of the selected carotenoids
of astaxanthin, lutein and β-carotene. The calibration curves of each carotenoid are pre-
sented through Equations (A6)–(A8), followed by its coefficient of variation (R2), the limit of
detection (LOD) and the limit of quantification (LOQ). Moreover, Equation (A9) determines
the concentration of the selected carotenoid content. It is noted that the calibration curves
are considered applicable for the specific column and HPLC apparatus used, as well as the
time period in which the experimental study was conducted.

Abs450 = 117,582 cβ-CAR − 84,356
R2 = 0.9983

LOD = 0.0561 mg/L
LOQ = 0.1700 mg/L

(A6)

Abs474 = 222,356 cASTX − 79,159
R2 = 0.9997

LOD = 0.0321 mg/L
LOQ = 0.0971 mg/L

(A7)

Abs446 = 302,773 cLUT − 65,866
R2 = 0.9999

LOD = 0.0224 mg/L
LOQ = 0.0678 mg/L

(A8)

csel. CAR = cβ-CAR + cASTX + cLUT (A9)

where Abs450, Abs474, and Abs447 stand for the absorbance value at 450, 474 and 447 nm, re-
spectively, and cASXT, cLUT, cβ-CAR, and csel. CAR stand for the concentration of astaxanthin,
lutein, β-carotene and selected carotenoid content, respectively (mg/L).

The known extract concentration dissolved in acetone was used for the expression of
each carotenoid as well as the selected carotenoid content (sel. CAR) in the mass ratio of
the corresponding compound to extract (mg/gextr).

Appendix B

ANOVA Result of RSM Models
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B.1. Analysis of Variance

According to Table A1, all the models of yield (Equation (3)), chlorophyll content
(Equations (4) and (5)), carotenoid content (Equations (6) and (7)) and IC50 measure of
antioxidant activity (Equation (8)) demonstrated low p-values (<0.05) and were considered
statistically significant and reliable. Furthermore, the models’ lack of fit presented high
p-values (>0.1), which were considered statistically insignificant, indicating that the models
satisfyingly fit the experimental data. In addition, the appreciably high values of the
coefficient of variation and the satisfactory values of the adjusted coefficient of variation
proved the satisfactory correlation as well as the avoidance of overfitting, respectively.
Finally, the models’ accuracy was justified by the high values of adequate precision (>4).

The correlation of the extract’s total phenolic content was not accomplished to the
desired extent; thus, the corresponding ANOVA results were not included.

B.2. Model Graphs

The evaluation of the predicted model behavior is visualized through the model graphs,
which subsequently contribute to MAE’s optimization. The graphic display of each response
is presented through the two-dimensional contour plots for the selected factors of extraction
temperature and microwave power, including snapshots at the low, central and high levels of
extraction duration and solvent-to-biomass ratio (Figures A1–A4). The value increase of each
response is expressed by the color transition from dark blue to green, yellow and, finally, red.

Figure A1 confirms the positive effect of the simultaneous temperature, microwave
power, duration, and solvent-to-biomass ratio increase on the extraction yield. The most
significant combined term of temperature, microwave power, and duration (T P t), accord-
ing to Table A1, leads to a remarkable yield elevation with its increase, while the increase
of a statistically significant factor of solvent-to-biomass ratio seems to affect the extraction
yield up to 55 mLsolv/gbiom.

Table A1. The ANOVA results and statistical measures of models’ adequacy.

Yield Chlorophylls Carotenoids IC50
Source p-Value p-Value p-Value p-Value

Model <0.0001 sign.1 <0.0001 sign.1 <0.0001 sign.1 0.0013 sign.1

T <0.0001 sign.1 0.0077 sign.1 0.0018 sign.1 0.0019 sign.1

P 0.4005 0.0026 sign.1 0.0008 sign.1 0.2084
t 0.0002 sign.1 0.0025 sign.1 0.0085 sign.1 0.4539
R <0.0001 sign.1 <0.0001 sign.1 0.0002 sign.1 0.0194

T × P 0.3959 <0.0001 sign.1 <0.0001 sign.1 0.0022 sign.1

T × t 0.8838 0.2082
T × R 0.0023 sign.1 <0.0001 sign.1 0.2619
P × t 0.0214 sign.1 0.0173 sign.1 0.0018 sign.1 0.5738
P × R 0.0007 sign.1 0.0001 sign.1 0.4118
t × R

T2 0.2308
P2 0.0011 sign.1 0.0003 sign.1 0.3924
t2 0.0043 sign.1 0.0007 sign.1 0.0070 sign.1

R2 0.0342 sign.1 0.0162 sign.1 0.0262 sign.1

T × P × t 0.0057 sign.1 0.0162 sign.1

T × P × R 0.0205 sign.1

T2 × P 0.0346 sign.1

T ×W2 0.0102 sign.1

Lack of Fit 0.3828 not sign.2 0.2323 not sign.2 0.141 not sign.2 0.5726 not sign.2

R 2,3 0.9208 0.9542 0.9637 0.8831
Adj-R 2,4 0.8627 0.9206 0.9371 0.7467

Ad. Prec.5 19.51 21.21 23.65 10.79
1 statistically significant model term, 2 not significant lack of fit of the model, 3 Coefficient of determination,
4 Adjusted coefficient of determination, 5 Adequate precision.
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Figure A1. Contour plots of MAE yield as a function of extraction temperature and microwave power
at the low, central and high levels of extraction duration and solvent-to-biomass ratios.

Moreover, Figure A2 illustrates the significant effect of the combined term of tem-
perature and microwave power (T P) on the total chlorophyll content. The improved
results are observed diagonally, from moderate to high microwave power values under
lower temperatures to higher microwave power under higher temperature values. The
solvent-to-biomass ratio increase leads to severe deterioration from 20 to 55 mLsolv/gbiom
and imperceptible improvement up to 90 mLsolv/gbiom, while the duration increases up to
the central level is considered beneficial.
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Figure A2. Contour plots of extract’s total chlorophyll content as a function of extraction temperature
and microwave power at the low, central and high levels of extraction duration and solvent-to-
biomass ratios.

Similar behavior is depicted in Figure A3 regarding the total carotenoid content.
Likewise, carotenoids are increased following the same diagonal while maintaining a low
solvent-to-biomass ratio and intermediate extraction duration.
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Figure A3. Contour plots of extract’s total carotenoid content as a function of extraction temperature
and microwave power at the low, central and high levels of extraction duration and solvent-to-
biomass ratios.

Finally, according to Figure A4, significant improvement of the antioxidant activity,
i.e., a decrease of IC50, is observed during the midpoint of the extraction duration range,
while the solvent-to-biomass ratio reduction offers a positive, yet less strong, contribution.
Therefore, while maintaining a medium and a low value of duration and ratio, respectively,
stronger antioxidant activity is achieved either under high temperature and low microwave
power or under below midpoint temperature and microwave power above 400 watts.
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