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Editorial on the Research Topic

Exploring the Potential of Natural Products Through Advanced Techniques and

Green Solvents

This Research Topic presents a brief overview on a number of relevant studies that focus on two
main aspects, i.e., on the one hand, the potential of natural products of interest obtained through
extraction, separation, purification, or transformation by applying novel and advanced extraction
and conservation techniques and on the other hand, the study of green methodologies that intend
to either minimize the use of harmful solvents or favor the use of green solvents.

A wide and complex range of plants, animals, insects, and microorganisms that can be found
in nature exhibit the capacity to produce a broad range of chemical compounds with interesting
properties regarding human health and are still to be explored from a diversity of approaches.
These include the attempts to replace synthetic food additives for health concern reasons or the
production of second generation ethanol from biomass, just to mention a couple of them. In
this regards, Science is increasingly discovering the potential of natural products and gradually
changing our world and reshaping the way our society contemplates them.

If the use of natural products is to become a reality, there are several aspects whichmust be taken
into consideration. Thus, their effectiveness or even their possible negative effects on human health
as well as other aspects such as the methodologies employed in their production, their processing
costs and also their environmental impact are important matters of concern. At the same time, the
varying form in which they can be found in nature and the specific requirements that to ensure
their production according to a satisfactory standard quality so that they are generally accepted by
consumers are some of the issues to be seriously considered.

Consequently, natural products are constantly gaining weight and leading to the emergence
of new technologies, processes, and methodologies applied to their extraction, separation,
purification, transformation or analysis.

Even though considerable advances are being made, the challenge to develop new techniques
and more efficient, greener, more rapid and affordable methods is still a pressing need. The use of
green solvents, such as CO2, water or biobased ones that intend to reduce environmental impact,
while improving selectivity and yields, have proven to be of special interest, since they can largely
contribute to perfect old production processes, particularly when combined with particularly
advanced and innovative techniques. In this sense, supercritical fluid technology deserves special
attention for its potential to do away with the use of the toxic or polluting solvents that have been
traditionally used by other methods. The extraction of hydrophobic compounds using supercritical
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CO2 or the hydrolysis of cellulose from biomass using subcritical
water are only some of the examples of a great potential still to be
further investigated. Ultrasound is another technology that has
been widely used to enhance some old processes by combining
it with a number of new technologies and methodologies.
Microwaves and electric fields have also proven their efficiency
as an alternative processing method with a great potential.

In order to truly and deeply understand the mechanisms
involved, we should still gather a considerable amount of data
that would allow us to determine the influence of the process
parameters to be considered in relation to each technology;
i.e., temperature, pressure, power input, processing time, raw
material features, stability, etc. And such knowledge should
lead us to a further and more successful development of those
attractive and novel technologies.

“Exploring the Potential of Natural Products through
Advanced Techniques and Green Solvents” is a special issue of
Frontiers in Chemistry that intends to illustrate the state of the art
in this field through six outstanding contributions.

Chaves et al. contribution consists on an exhaustive
revision on the use of modern techniques for the extraction of
flavonoids from natural sources. Flavonoids are natural phenolic
compounds that are synthesized by some plants as secondary
metabolites and can be widely found in the vegetable kingdom.
They are responsible for the flavor, color, and pharmacological
activities of plants and plant products. Flavonoids exhibit rather
marked and interesting biological properties, such as antioxidant,
anti-inflammatory or anti-tumor activities, among others. Those
beneficial properties make of them the focus of interest for a
large amount of projects and papers that are currently addressing
a number of specific aspects, such as their biological synthesis,
extraction, analysis or stability. In this review, the newest natural
compound extraction techniques that are currently being used
are addressed in detail. Those techniques intend to minimize
solvent consumption, increase extraction yields, improve
extraction selectivity, reduce processing times, and minimize
the degradation of the target compounds, thus reducing process
costs and environmental consequences. ultrasound assisted
extraction (UAE), supercritical fluid extraction (SFE), microwave
assisted extraction (MAE), pressurized liquid extraction (PLE or
accelerated solvent extraction-ASE), along with a combination
of different techniques are among those novel techniques that
are being employed to extract both flavonoids as well as bioactive
compounds from natural sources (Barba et al., 2016).

In another study, Kalra et al. investigated fungi as a
potential source of pigments. A growing concern related to the
harmful effects of synthetic colorants on both human health
and the environment has given place to a substantial interest
in natural coloring alternatives. Thus, the world demand for
natural colorants that can be used by the food, cosmetic and
textile industries is rapidly increasing. At present, plants and
microorganisms are the main source of dyes and pigments used
by modern industries. Among other unconventional sources
of dyes and pigments production, filamentous fungi and,
particularly, ascomycete and basidiomycete (mushroom) fungi,
and lichens, are known to produce an extraordinary range
of colors that comprise several chemical classes of pigments

such as melanins, azaphilones, flavins, phenazines, and quinines.
Filamentous fungi are an important source of a wide range
of metabolites such as polyphenols, polyketides, carotenoids,
terpenoids and a broad range of colored compounds. Selecting
the extraction techniques is one of the crucial steps for the
efficient recovery of these metabolites and it mainly depends
on the nature of the metabolites of interest as well as on
the location of such metabolites in the mushroom culture
(Chadni et al., 2017). Some of the pigments are extracellular
and in those cases, they are easily released into the fermentation
broth, which makes their extraction generally more feasible
than in the case of intracellular pigments, which require
specialized extraction techniques to be removed from the
biomass containing them. The use of inexpensive, efficient,
and safe extraction methodologies for the recovery of natural
pigments is one of the main challenges to be overcome in
order to enable large-scale production. For easier and more
feasible further processing, extracellular, and water-soluble
pigments obtained by submerged cultures are preferred. For
the extraction of hydrophobic and intracellular compounds,
green extraction methods seem to be the most suitable,
since they are free from organic solvents or require smaller
amounts of the same and are, therefore, considered both safer
and more environmentally friendly. Some of these extraction
techniques can also be successfully used at low temperature.
This contributes to the extraction of thermolabile pigments
while avoiding their degradation. UAE, PLE, MAE, SFE, ionic
liquid-assisted extraction and pulsed electric field (PEF) assisted
extraction are among the latest techniques used to obtain
fungal dyes.

With respect to original research articles, Song et al. extracted
and synthesized five pyrethroid insecticides by applying, for the
first time, deep eutectic solvent micro-functionalized graphene
(DES-G) as the adsorbent of the dispersive micro solid-phase
extraction (DMSPE). While food safety is generally a matter of
major concern for most consumers, pesticides, and other additive
residues have always been considered a serious problem when
it comes to human safety. The use of certain pesticides such
as organochlorine, organophosphorus or pyrethroid insecticides
greatly contribute to the control of pests and to the increment of
crop yields. However, airborne pesticides may accumulate on the
surface of crops and enter the food chain causing considerable
damage to consuming species. Pyrethroid insecticides are
particularly toxic to mammals because of their low water
solubility, high liposolubility, and a considerable capacity to pass
through biofilms (Feo et al., 2010). It is therefore necessary
to develop the adequate analytical methods that allow for the
extraction and analysis of pyrethroid insecticides, especially
from complex matrices. In this sense, in order to improve the
detection efficiency of pyrethroid insecticide analytical methods
and to reduce organic solvent consumption, a green and efficient
microextraction method was to be developed. Thus, such a
method has been developed in this research, where several DES-
Gs have been synthesized by simple procedures and an optimum
DES-G has been selected as the adsorbent of DMSPE. The
developed method has been successfully applied to determine
pyrethroid insecticides residues in beebread, Curcuma wenyujin
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and Dendrobium officinale with recoveries in the range of 80.9–
114.1%. Another article by Chang et al. described the production
of the hydrogen-donor solvent tetralin by means of the direct
liquefaction of coal. Pure tetralin liquid as well as mixture of
tetralin and Wucaiwan coal (WCW) were separately reacted
under a liquefaction conditions. Direct liquefaction of coal is
an efficient option for the green use of coal, since it transforms
solid coal into liquid solvents by adding hydrogen (Vasireddy
et al., 2011). When tetralin is used as the hydrogen-donor
solvent the liquefaction rate of WCW at 380 and 420◦C reaches
between 69.76 and 83.86%, respectively. Xu et al. have studied the
extraction and purification of phenylethanoid glycosides (PhGs)
from Cistanche tubulosa, by adsorption of its extracts. PhGs are
the main active compounds in Cistanche tubulosa, which exhibit
several pharmacological activities including the protection of
neurons and liver, the regulation of the immunological system
as well as anti-inflammatory and antioxidative properties. For
the extraction and purification of these compounds a new
adsorption material was tested, namely the mesoporous carbon
(Qin et al., 2018). Three types of mesoporous carbons were
tested and compared for PhGs extraction and purification:
ordered mesoporous carbon (CMK-3), disordered mesoporous
carbon (DMC), and three-dimensional cubic mesoporous carbon
(CMK-8). The results indicated that CMK-3 showed the highest
adsorption capacity due to its highly specific surface area, its large
number of pores and its oxygen-containing functional groups.
Finally, Zhao et al. also presented the purification of the acteoside
(main PhG from Cistanche tubulosa) in its extracts by means
of other adsorbing substances such as molecularly imprinted
polymers (MIPs) (Lulinski et al., 2016). In their study, the MIPs

were designed and synthesized to selectively adsorb acteoside.
The effects of different functional monomers, crosslinkers, and
MIP solvents were investigated. The MIPs were studied in static
adsorption, dynamic adsorption, and selectivity experiments.
The results proved that MIPs can be employed as an adsorption
material to purify the active ingredients that can be found in
plant extracts.

In this Research Topic, we have tried to present the state
of the art on the use of novel techniques for the extraction
and/or purification of different natural compounds of interest for
human health that can be found in a variety of plant matrices. A
number of advanced techniques, new materials, and the use of
green methodologies have been described and their promising
results lead us to think that they will soon be replacing older,
traditional methods that demand larger amounts of energy, time,
and solvents, with the subsequent environmental and economic
negative effects.
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Deep Eutectic Solvent
Micro-Functionalized Graphene
Assisted Dispersive Micro
Solid-Phase Extraction of Pyrethroid
Insecticides in Natural Products

Xiaoyu Song 1, Rui Zhang 1, Tian Xie 1*, Shuling Wang 1* and Jun Cao 1,2*
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Deep eutectic solvent micro-functionalized graphene (DES-G) was synthesized and first

applied as the adsorbent of dispersive micro solid-phase extraction (DMSPE) to extract

five pyrethroid insecticides. In DMSPE, the target analytes were absorbed by DES-G and

then desorbed by trace eluent, next, the treated samples were quantified via ultra-high

performance liquid chromatography equipped with diode-array detection. A scanning

electron microscope, transmission electron microscopy and Fourier transform infrared

spectrometer were used to characterize the prepared DES-G. Furthermore, this method

was verified under the selected conditions with the precision for retention times ranging

from 0.43 to 0.57%, and repeatability ranged from 0.04 to 2.41% for peak areas.

The developed method was successfully applied to determine pyrethroid insecticides

residues in beebread, Curcuma wenyujin and Dendrobium officinale with the recoveries

in the range of 80.9–114.1%.

Keywords: deep eutectic solvent, graphene, dispersive micro solid-phase extraction, pyrethroid insecticides,

beebread, Curcuma wenyujin and Dendrobium officinale, ultra-high performance liquid chromatography

INTRODUCTION

Graphene, similar to graphite, C60 and carbon nanotubes in chemical structure composed of sp2

hybrid carbon atoms, is a new carbon nanomaterial. It contains a two-dimensional (2D) single layer
carbon sheet structure stacked by hexagonal honeycomb lattices (Liu et al., 2012). In recent years,
graphene has been used as adsorbent due to its large surface area and ease of adsorbing multiple
compounds (Geim, 2009; Chandra et al., 2010; Li et al., 2011; Zhao et al., 2011). However, the
main disadvantage tending to agglomerate leads to the instability of graphene in aqueous phase
and limits its wider application (Stankovich et al., 2006a). The agglomeration is caused by the
effects of π-conjugated and van der Waals forces, so it is able to solve this problem through the
functional modification of graphene (Hayyan et al., 2015). To date, a variety of materials have
been used to functionally modify graphene, such as polyoxometalates (Camille and Bandosz, 2009;
Zhou and Han, 2010), organic diazonium salts (Englert et al., 2011), poly (oxyalkylene) amines
(Hsiao et al., 2010), ionic liquids (ILs) (Zhao et al., 2014), deep eutectic solvent (DES) and so on.
DES, a new green solvent, is a two-component or three-component eutectic mixture consisting of
hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) in a suitable stoichiometric
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ratio. Choline chloride and betaine are commonly used as
HBA of DES, while urea, polyols, and sugars are often used
as HBD (Shishov et al., 2017). Owing to the low melting
point, low toxicity, ease of synthesis, DES has been used to
modify some materials such as cotton (Karimi et al., 2017),
magnetic nanoparticles (Karimi et al., 2016) and grapheme, and
then applied as the sorbents in the micro-extraction methods.
In particular, the DES functionalized graphene (DES-G) has
good dispersibility and stability in the aqueous phase, and
has enormous potential application in the field of analytical
chemistry (Radosevic et al., 2015).

The direct determination of trace analytes is usually limited
due to the low analyte contents and complicated sample matrix,
so the sample pretreatment is extremely necessary to extract
target compounds from various complex samplesNowadays,
the sample extraction methods including solid-phase extraction
(SPE) (Yilmaz and Soylak, 2016; Yilmaz et al., 2018), pipette-tip
solid-phase extraction (PT-SPE) (Wang et al., 2014), headspace
solid phase micro-extraction (HS-SPME) (Farhadi et al., 2014),
Quick Easy Cheap Effective Rugged Safe (QuEChERS) method
(Zheng et al., 2013), liquid-phase microextraction (LPME),
hollow fiber-based liquid-phase microextraction (HF-LPME),
single-drop microextraction (SDME) and dispersive micro solid-
phase extraction (DMSPE) have been reported. Among them,
DMSPE introduced by Tsai et al. (2009) has attracted the
attention of researchers because of its low consumption of
organic solvents, and simple sample pretreatment manipulation
(Kocot et al., 2013; Zheng et al., 2013). The process of DMSPE
includes the sorption of compounds on adsorbent and following
desorption by eluent at µL level. Therefore, the core of DMSPE
is the choice of adsorbent. However, the use of DES-G as an
adsorbent in DMSPE, as far as is known, has not been reported.

Food safety has always been a serious and controversial
issue for the consumers, who paid close attention to the food
safety-related events (Beulens et al., 2005). Pesticide residues
and various additives have always been a hot topic in food
safety. The use of pesticides such as organochlorine pesticides,
organophosphorus pesticides, and pyrethroid insecticides, could
control pests and increase crop yields. However, pesticides
scattered in the air accumulated on the surface of crops and
flowed into the food chain, causing serious damage to other
species (Carvalho, 2006). Especially pyrethroids insecticides are
more toxic for mammals due to their low water solubility,
high liposolubility and ease of pass through biofilms (Feo
et al., 2010). Therefore, some analytical methods were developed
to extract and analyze pyrethroid insecticides in various
complex matrices. For instance, Esteve-Turrillas et al. (2005)
determined several pyrethroid residues in olive oils by SPE,
in which the mixture of basic alumina and C18 was used
as the adsorbent. Giroud et al. (2013) detected lambda-
cyhalothrine, cypermethrine, deltamethrin, and esfenvalerate in
beebread at trace level using the method of acetonitrile-based
extraction. The improved QuEChERS method was proposed
by Li et al. (2016) for the detection of pyrethroid insecticides
in fruits and vegetables. Torbati et al. (2018) analyzed ten
pyrethroids in apple and strawberry by homogeneous liquid-
liquid microextraction. In order to improve the detection

FIGURE 1 | FTIR spectra of DES, Graphene, and DES-G.

efficiency of pyrethroid insecticides and reduce organic solvent
consumption, it is necessary to develop a green and efficient
sample microextraction method.

In this work, several DES-Gs were synthesized by simple
procedure and an optimum DES-G was selected as the adsorbent
of DMSPE. Moreover, DES-G-based DMSPE method was
investigated for the microextraction and determination of
pyrethroid insecticides by ultra-high performance liquid
chromatography (UHPLC). To confirm the reliability of this
method, scanning electron microscope (SEM), transmission
electron microscopy (TEM) and Fourier transform infrared
spectrometer (FT-IR) were used for characterizing the functional
changes of graphene. After a series of optimizations, the
precision, repeatability, and linearity were studied under
optimum conditions. Moreover, the proposed extraction
approach was used for determining pesticide residues
(fenpropathrin, ethofenprox, bifenthrin, fenvalerate, lambda-
cyhalothrin) in natural products [beebread, Curcuma wenyujin
and Dendrobium officinale (D. officinale)].

RESULTS AND CONCLUSIONS

FTIR, SEM, and TEM Analysis
FTIR, capable of qualitative and quantitative analysis of samples,
was conducted to confirm the synthesis of DES and compare
the changes before and after functionalization of graphene.
Figure 1 shows the FTIR spectra of DES (DES 5), graphene
(monolayer GO) and DES-G (DES 5-functionalized monolayer
GO) as examples. As shown in the FTIR spectra of DES, the
bonds of 3416.56 cm−1 and 1628.76 cm−1 represented −OH of
betaine and−C=O− of glycerol, respectively. It is concluded that
betaine and glycerol synthesized a new compound. Comparing
the FTIR spectra of DES-G with DES and graphene, the −OH
of DES and −C−O−C− (1052.37 cm−1) of graphene were
obviously weakened.

In order to explore the influence of DES on the morphology,
composition and internal structure of graphene, several samples
were analyzed by SEM and TEM. The SEM and TEM images
of three types of graphene were exhibited in Figure 2. For the
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FIGURE 2 | (A) SEM images of monolayer GO (a1), rGO-TEPA (b1), GO-COOH (c1),DES-monolayer GO (a2), DES-rGO-TEPA (b2), and DES-GO-COOH (c2). (B) TEM

images of monolayer GO (a3), rGO-TEPA (b3), GO-COOH (c3),DES-monolayer GO (a4), DES- rGO-TEPA (b4), and DES-GO-COOH (c4).

longitudinal comparison of Figure 2A, considerable differences
were observed in the morphology of the three functionalized
graphenes (a2, b2, c2) compared to the original graphenes (a1, b1,
c1). The loose stacking of functionalized graphenes, a structural
deformation caused by the modification of DES, contributed to
the dispersion of graphene in water and improved the stability of
graphene in the aqueous phase (Hayyan et al., 2015). The sheet
structure of graphene was clearly shown in the TEM images of
Figure 2B. As can be seen from the pictures (a4, b4, c4), the
functionalized graphene had a thinner sheet shape, which was
consistent with the loose structure shown in the SEM images.
The further horizontal comparison of SEM and TEM images was
shown in the section of “Choice of the Type of Graphene.”

Optimization of Extraction Conditions
The extraction efficiency was affected by various factors. The
study selected several major factors to optimize extraction

efficiency, starting with the initial conditions (1µg/mL of sample
solution, 2.5µg/mL of graphene, shaking 2min, 100 µL of
methanol as the elution solvent).

Choice of Deep Eutectic Solvent
In order to select DES with good dispersion and suspension
stability, six kinds of DES listed in Table 1 were prepared and
five DES-Gs were synthesized under the same conditions. The
DES1 (choline chloride:glucose = 1:1) was discarded because it
was easy to solidify and difficult to mix uniformly with graphene.
Then the five DES-Gs were prepared into relatively high
concentrations (1,000µg/mL), sealed and stood still. Figure S1
showed that all of the DES-Gs were dispersed homogeneously
in water after sonication. However, the samples of Gr1 and Gr2
were precipitated rapidly only within 5min and the Gr3 was
precipitated gradually at 10min. After standing for more than
48 h, Gr1, Gr2, and Gr3 were fully agglomerated and a clear
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TABLE 1 | Types and abbreviations of deep eutectic solvent.

Salt HBDa type Mole ratios of Abbreviation

salt:HBD (DESb)

Choline chloride D-(+)-Glucose 1:1 DES1

Propylene glycol + Water 1:1:1 DES2

Glycerol 1:2 DES3

Urea 1:2 DES4

Betaine Glycerol 1:2 DES5

Glycerol + Propylene glycol 1:1:1 DES6

aHBD, hydrogen bond donors.
bDES, deep eutectic solvent.

water layer appeared. Meanwhile, Gr4 and Gr5 showed long-
term stability. The results related to that the DES prepared by
different mixtures had a discrepant dispersibility for graphene
due to the different interaction of salts and HBDs, and the
carboxyl functional group of betaine provided more oxygen
atoms for forming hydrogen bonds with the HBD. So Gr4
and Gr5 were selected as the dispersant for extracting pesticide
samples in subsequent dispersion studies. The result was shown
in Figure 3A with the best extraction efficiency obtained by Gr4.
This result was attributed to that the water-insoluble graphene
was highly soluble in polyalcohol based-DES which had the least
polarity (Zahrina et al., 2018). Consequently, the DES5 (Gr4) was
selected for further research.

Choice of the Type of Graphene
The structure of the base surface of graphene has a vital effect on
its physicochemical properties such as the adsorption capability
and solubility, which directly influence the concentration
efficiency. To evaluate the effect of the type of graphene,
monolayer GO, rGO-TEPA and GO-COOH were treated
by DES5 under the same conditions. On the basis of the
experimental results of Figure 3B, rGO-TEPA had the highest
extraction efficiency for target analytes in comparison with
monolayer GO and GO-COOH. That was because the base
surface of monolayer GO mainly contained oxygen-containing
functional groups, which changed the van der Waals force
of the graphite molecules and affected their state in aqueous
solution (Stankovich et al., 2006b). However, rGO-TEPA treated
by DES began to precipitate at 30min and showed visible
delamination at 60min (Figure S2). This phenomenon was likely
attributed to the formation of intramolecular hydrogen bonds
in rGO-TEPA, which competitively inhibited the interaction
of graphene with DES, resulting in poor stability in water. It
can be confirmed in Figure 2, the distinct sheet structures of
functionalized rGO-TEPA that showed in the SEM images (b2)
and its tightly stacked carbon layers resulted in a tendency
to promote easy agglomeration. Additionally, no significant
changes in the internal structure of functionalized rGO-TEPA
(b4) compared to functionalized monolayer GO and GO-COOH
(a4, c4) from the TEM images. The poor extraction efficiency
of GO-COOH may be attributed that the carboxyl group of
GO-COOH affected the adsorption of the target analytes by the

graphene sheet. From Figure 3A, the surface of the GO-COOH
before and after modification (c1, c2) was relatively smooth,
without much continuous fold and wrinkle, resulting in the
weak adsorption capacity. Therefore, considering the suspension
stability and the extraction efficiency, monolayer GO was chosen
for the next work.

Effect of Graphene Concentration
Due to the unique two-dimensional nanosheet structure with
the porous surface, graphene was used as adsorbent for indirect
enrichment of target analytes (Liu et al., 2012). Therefore,
the amount of graphene had an essential influence on the
extraction efficiency. The effect of graphene was studied by
changing its concentration of 0.5, 1.5, 2.5, and 3.5µg/mL,
respectively. From Figure 3C, the highest peak areas were
achieved at the concentration of 1.5µg/mL and the peak areas
were significantly decreased when the concentration exceeded
1.5µg/mL. This result was related to the adsorption saturation
of the porous surface of graphene. It was well-known that
the high concentration of graphene provided a large surface
area and a large number of adsorption sites for the adsorption
of the target analytes, thereby improving the concentration
efficiency. However, the higher concentration of graphene
produced stronger adsorption capability for the target compound
that was difficult to be eluted by the eluent, resulting in
poor concentration efficiency. So, in the following experiments,
1.5µg/mL of monolayer GO was added to 5mL of sample
solution for adsorption.

Effect of Extraction Time
In the course of preliminary experiment, it was found that the
extraction time had an essential influence on the concentration
efficiency. Thus, in the study, the effect of extraction time was
investigated by using the oscillating shaker at the maximum
speed (500 r) for 1.0, 1.5, 2.0, and 2.5min. As shown in
Figure 3D, the peak areas of the five pyrethroid insecticides
increased to a maximum when the mixture was shaken for
1.5min. Adequate extraction time ensured sufficient contact
of the compounds of the sample solution with the surface of
graphene, and improved the adsorption efficiency of graphene to
the target analytes. However, it was observed that the response
progressively decreased with the extraction time changing from
1.5 to 2.5min. The result was ascribed to the enhancement
of the interaction between analytes and graphene induced by
extended extraction time, making the analytes difficult to elute
by the eluent, thus resulting in the loss of analytes and decreased
response. Therefore, the extraction time of 1.5min was selected
for the subsequent experiments.

Choice of Elution Solvent
The type of elution solvents is a critical parameter that directly
affected the concentration efficiency in the DMSPE. The elution
solvents should be miscible with the target compounds and
elute the compounds easily from the graphene in a small
volume. In addition, the pyrethroid insecticides are lipophilic
compounds (Serôdio and Nogueira, 2005). In order to find the
suited eluent solvents for the analytes, methanol, acetonitrile,
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FIGURE 3 | Effect of (A) the type of deep eutectic solvent, (B) the type of graphene, (C) graphene concentration, (D) shake time, (E) the type of elution solvent on the

extraction of pyrethroid insecticide. The initial conditions were as follow: 1µg/mL of sample solution, 2.5µg/mL of monolayer GO, shaking 2min, 100 µL of methanol

as the elution solvent.

ethyl acetate, chloroform, petroleum ether and acetone were
evaluated by comparing the response of the five compounds
on the same condition (1µg/mL of sample solution, 1.5µg/mL
of monolayer GO, shaking 1.5min at 500 r, 100 µL elution
solvent). The result is shown in Figure 3E. It was observed
that acetonitrile showed a relatively high peak areas for five
pyrethroid insecticides, followed by acetone, ethyl acetate and
methanol, whereas chloroform and petroleum ether provided a
poor response which was barely detectable. This phenomenon
can be explained by the high elution ability of acetonitrile and the
poor solubility of chloroform and petroleum ether to pesticides.
Based on the above experimental results, acetonitrile was selected
as the optimum elution solvent for further studies.

Analytical Performance
The methodology of DES-G-based DMSPE was examined and
evaluated with respect to linearity, precision, repeatability,
the detection limit (LOD) and the quantitation limit (LOQ)
under the above optimal conditions, 1.5µg/mL of DES-G (as
monolayer GO) used for adsorbing analytes, shaking 1.5min at
500 r and 100 µL acetonitrile as the elution solvent. The linearity
was investigated for the concentration of target compounds in
the range of 0.01–1.0µg/mL and the linear regression data was

presented in Table 2. Analytical performance data of the target
analytes was shown in Table 3. The precision, calculated on the
basis of the relative standard deviations (RSDs, %), was used to
verify the stability of the instrument. The intra-day precision
of the presented method was studied by using six replicates in
a day ranged from 0.43% to 0.57% for retention time, and the
inter-day precision was obtained by injecting two needles at
the same time for three consecutive days in the range of 0.43–
0.56% for retention time. In order to verify the reliability of
the proposed method, the repeatability was measured by three
parallel sample preparation steps of the sample solution. The
repeatability values, expressed as RSDs (%), varied between 0.04
and 2.41% for peak areas. The LODs were 0.016–0.24 ng/mL for
five pyrethroid insecticides at signal-to-noise ratio of 3 and the
LOQs (S/N ratio of 10:1) were 0.054–0.784 ng/mL.

Analytical Application
The real samples, including beebread, Curcuma wenyujin and
D. officinale were determined and analyzed to examine the
availability of the developed method. The experimental results of
typical chromatograms displayed in Figure 4. In order to further
study the effect of the sample matrix on the detection sensitivity
of the method, the spiked recovery was studied by spiking three
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levels of concentration (0, 0.05, and 0.5µg/mL) of standard
solution in real samples and the results were summarized in
Table 4. The recoveries for beebread, Curcuma wenyujin and
D. officinale were 80.9–112.9, 81.5–111.1, and 86.4–114.1%,
respectively. The enrichment factor, as calculated by comparing
the response of five compounds before and after the DES-G-
based DMSPE process, was 46–59-folds (the concentration effect
was shown in Figure S3). In addition, LC-MS/MS was performed
to define the target analytes of real samples and the parameters
were listed in Table 4.

Comparison of DES-G-Based DMSPE With

Other Methods
The proposed method was compared with other extraction
methods that applied for the determination of pyrethroid
insecticides. The characteristics of developed method and the
comparison of the amount of adsorbent, the type and amount
of extraction solvent, extraction time, RSD (%) and LOD were
listed inTable 5. It can be seen that the LODs of this method were
lower than those achieved by SPE (Esteve-Turrillas et al., 2005),
LLE-DLLME (Farajzadeh et al., 2014), and MDSPE (Badawy
et al., 2018). In comparison with other methods, the amounts of
adsorbent and extraction solvent were obviously reduced: only
1.5µg/mL of DES-G and 100 µL of acetonitrile. Furthermore,
the extraction time of only 1.5min significantly improved the
extraction efficiency. It is worth mentioning that the RSD (%)
was relatively low, which proved the stability of the method.

TABLE 2 | Linear regression data of the investigated analytes.

Pyrethroid

insecticide

Linear range

(µg/mL)

Linear equation Correlation

coefficient (R2)

Fenpropathrin 0.01–1 y = 3493.5 x – 87.577 0.9985

Ethofenprox 0.01–1 y = 3664.2 x – 2.166 0.9970

Bifenthrin 0.01–1 y = 3444.0 x + 15.584 0.9948

Fenvalerate 0.01–1 y = 3111.2 x – 50.736 0.9979

Lambda-

cyhalothrin

0.01–1 y = 4790.3 x + 35.660 0.9956

Conditions: 1µg/mL of sample solution, 1.5µg/mL of monolayer graphene oxide, shaking

1.5min, 100 µL of acetonitrile as the elution solvent.

Thus, DES-G-based DMSPE combined with UHPLC-DAD was
rapid, stable, sensitive and environmentally friendly for the
determination of pyrethroid insecticides in natural products.

CONCLUSIONS

The method of DES-G assisted DMSPE with UHPLC-DAD was
developed for the trace analysis of five pyrethroid insecticides
in beebread, Curcuma wenyujin and Dendrobium officinale. In
this work, the DES, easy to be produced and low toxicity, was
a new type of functional reagent and effectively modified the
graphene. Moreover, the graphene, micro-functionalized by DES,
not only retained the high adsorption capacity of graphene,
but weakened its main defect that was prone to agglomeration.
After the optimization of a series of parameters, under optimized
conditions, the sensitivity, reliability and practicability of this
method were verified with the LODs were 0.016–0.24 ng/mL, the
repeatability was 0.04–2.41% and the recovery ranged from 80.9
to 112.9%. Based on the above experimental results, the method
was simple, rapid, sensitive, efficient and environmentally
friendly. In addition, the functionalization method of graphene
and the application of DES-G are worthy of further exploration.
There is no doubt that the future of graphene in the field of
analytical chemistry is still very bright and is full of potential.

MATERIALS AND METHODS

Reagents and Materials
Fenpropathrin, ethofenprox, bifenthrin, fenvalerate, lambda-
cyhalothrin were produced by Shanghai Pesticide Research
Institute Co., Ltd. (Shanghai, China). Trichloromethane and
glycerol were purchased from Xilong Scientific Co., Ltd.
(Shantou, China). Methanol (HPLC grade), acetonitrile (HPLC
grade), ethyl acetate [analytical grade (AR)], petroleum ether
(AR), acetone (AR), choline chloride (AR), and betaine (purity
98%) were provided by Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). D-(+)-Glucose was purchased from
Shenggong Biological Engineering Co., Ltd. (Shanghai, China).
Propylene glycol (99.8%) was purchased from Beijing Bailingwei
Technology Co., Ltd. (Beijing, China). Ultrapure water was
supplied by Hangzhou Wahaha Group Co., Ltd. (Hangzhou,

TABLE 3 | Analytical performance data of the investigated analytes.

Pyrethroid insecticide Intra-day precisiona

(RSD%, n = 6)

Inter-day precisiona

(RSD%, n = 6)

Repeatabilitya

(RSD%, n = 3)

LODb (ng/mL) LOQb (ng/mL)

Retention

time

Peak

area

Retention

time

Peak

area

Retention

time

Peak

area

Fenpropathrin 0.571 0.442 0.560 1.847 0.039 2.220 0.045 0.151

Ethofenprox 0.514 0.433 0.502 2.751 0.048 2.406 0.067 0.223

Bifenthrin 0.538 0.439 0.527 3.129 0.046 1.951 0.240 0.784

Fenvalerate 0.501 0.457 0.492 2.556 0.051 1.403 0.110 0.381

Lambda-cyhalothrin 0.429 0.533 0.425 3.157 0.056 2.305 0.016 0.054

aPrecision and repeatability are defined as the RSD (%).
bLOD and LOQ are calculated on the basis of the signal-to-noise ratio of 3 and 10, respectively.
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FIGURE 4 | UHPLC-UV chromatograms of (a) beebread, (b) Curcuma wenyujin, (c) Dendrobium officinale, spiked with 0.05µg/mL mixed standard of five pyrethroid

insecticides. 1, fenpropathrin; 2, ethofenprox; 3, bifenthrin; 4, fenvalerate; 5, lambda-cyhalothrin.

TABLE 4 | Determination of five pyrethroid insecticides in spiked samples.

Analyte Added

(µg/mL)

Beebread Curcuma wenyujin Dendrobium officinale M M+23

Found

(µg/mL)

Recoverya

(%)

Found

(µg/mL)

Recoverya

(%)

Found

(µg/mL)

Recoverya

(%)

Fenpropathrin 0 n.d.b – n.d.b – n.d.b – – 372.43

0.05 0.0536 107.1 0.0459 91.9 0.0570 114.1

0.5 0.5019 100.4 0.5465 109.3 0.4320 86.4

Ethofenprox 0 n.d.b – 0.0094 – n.d.b – – 399.49

0.05 0.0451 90.3 0.0417 83.4 0.0535 106.9

0.5 0.5351 107.0 0.5138 102.8 0.4957 99.1

Bifenthrin 0 n.d.b – n.d.b – n.d.b – – 445.86

0.05 0.0436 87.3 0.0407 81.5 0.0563 112.6

0.5 0.5398 108.0 0.5503 110.1 0.5125 102.5

Fenvalerate 0 n.d.b – n.d.b – n.d.b – – 442.90

0.05 0.0457 91.4 0.0467 93.3 0.0542 108.5

0.5 0.4856 97.1 0.5555 111.1 0.4868 97.4

Lambda–cyhalothrin 0 n.d.b – n.d.b – n.d.b – 449.85 –

0.05 0.0404 80.9 0.0490 98.0 0.0606 101.2

0.5 0.5643 112.9 0.5262 105.2 0.5034 100.7

aRecovery (%) = (the amount found in the spiked sample – the amount found in the sample) × 100 / the amount added.
bn.d., not detectable.

China). Monolayer graphene oxide (GO) was purchased from
Suzhou Carbon Graphene Technology Co., Ltd. (Suzhou, China).
Reduced graphene oxide-tetraethylene pentamine (rGO-TEPA)
and carboxyl functionalized graphene oxide (GO-COOH) were
supplied by Nanjing Xianfeng Nano Material Technology Co.,
Ltd. (Nanjing, China). Beebread, Curcuma wenyujin and D.
officinale were purchased from local market in Beijing (Beijing,
China), Wenzhou (Wenzhou, China) and Zhuji (Zhuji, China),
respectively. All stock solutions of pyrethroid insecticides were
dissolved by methanol at 1,000µg/mL and stored at 4◦C.

Working solutions were obtained by diluting the stock solution
with ultrapure water.

Instrumentation and Conditions
Agilent 1,290 series UHPLC system (Agilent Technologies Co.,
Ltd., USA) coupled with a high speed binary pump and a
diode array detector (DAD) was used for the quantitative
analysis of the pyrethroid insecticides. The separation of
target analytes was carried out on Agilent SB-C18 column
(2.1 × 100mm, 1.8µm). The detection wavelength was set
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TABLE 5 | Comparison of DES-G based DMSPE method with other methods for the analytes of pyrethroid insecticides.

Sample Extraction

methoda
Analysis

technique

Adsorbentb Extraction

solventc
Extraction

time

Linear

range

Repeatability

(RSD,%)

LOD References

Vegetable oils SPE GC-MS-MS C18 (500mg)

and basic

alumina (2 g)

acetonitrile (10mL) 40min 10–1000

µg/L

4–13% 0.3–1.4 ng/g Tsai et al., 2009

Beebread acetonitrile-based

extraction

UHPLC-MS PSA (150mg) heptane (5mL) – 0.1–10

ng/g

<20% 0.013–0.100

ng/g

Kocot et al., 2013

Fruit juices SPI-SFO-HLLME GC-MS – pivalic acid

(260 µL)

5min 0.023–

500 ng/mL

4–7% 0.006–

0.034 ng/mL

Carvalho, 2006

Vegetable oil LLE-DLLME GC-FID – DMF (1.0mL) and

1,1,2-

trichloroethane (75

µL)

10min 55–6000

ng/g

5–13% 20–170 ng/g Torbati et al., 2018

Water MDSPE HPLC Ch-Si MNPs

(50/100/200mg)

acetonitrile/methanol

(1:1, 5mL)

20min 0.0125–

0.15µg/mL

– 0.002–

0.046µg/mL

Zahrina et al.,

2018

Beebread and

apple

DMSPE UHPLC-

DAD

DES-G

(1.5µg/mL)

acetonitrile (100

µL)

1.5min 0.01–

1.0µg/mL

0.04–

2.41%

0.016–

0.24 ng/mL

This work

aExtraction Method: SPE, solid-phases extraction; HLLME, homogeneous liquid–liquid microextraction; LLE-DLLME, liquid-liquid extraction-dispersive liquid-liquid microextraction;

MDSPE, magnetic dispersive solid-phase extraction; DMSPE, dispersive micro solid-phase extraction.
bAdsorbent: PSA, primary and secondary amines; Ch-Si MNPs, chitosan-siloxane magnetic nanoparticles.
cExtraction Solvent: DEF, dimethylformamide.

FIGURE 5 | The brief procedure of DES-G assisted DMSPE combined with UHPLC-DAD method.

at 210 nm. The mobile phases were (A) water and (B)
acetonitrile with the gradient as follows: 70–90% (B) for
0–5min, 90–100% (B) for 5–8min and then a re-equilibration
of 5min. After being filtered through 0.22µm filter, the
sample solution of 2 µL was injected to UHPLC system and
analyzed at 35◦C with the flow rate at 0.4 mL/min. The SEM
(Hitachi S4800, Tokyo, Japan), TEM (Hitachi HT-7700, Tokyo,
Japan) and FT-IR (Thermo Scientific Nicolet iS5 spectrometer,

Madison, USA) were used for the characterization of DES,
graphene and DES-G.

DES Preparation
All DESs were synthesized by mixing different salts and HBD
listed inTable 1 according to previous works (Hayyan et al., 2015;
Ruesgas-Ramón et al., 2017; Zahrina et al., 2018). The choline
chloride and betaine were dried at 60◦C for no more than 6 h
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under vacuum before utilization due to the hygroscopic nature.
Then the mixture was added to a jacketed vessel and heated at
70◦C while stirring at 300 r. The final liquid was transferred to
a well-sealed glass bottle until a uniform transparent liquid was
obtained. The fresh DES samples were used through all the work
in order to avoid any differences in DES properties caused by
temperature and humidity changes.

Graphene Functionalization Process
The treatment of graphene functionalization was based on
previous research (Hayyan et al., 2015). Seven milliliter of DES
and 200mg of graphene were separately weighed and placed in
a beaker. The mixture was stirred at room temperature until it
was completely mixed. After sealing, it was sonicated at 60◦C
for 3 h and then dried under vacuum at 100◦C for 3 h. The
appropriate DES-G was weighed and diluted with water to
prepare a 1,000µg/mL stock solution for subsequent use.

Sample Preparation
A sample processing method of fresh fruits and vegetables
reported by Li et al. (2016) was adopted for the preparation of
the beebread with minor modifications. Briefly, 15 g of sample
was weighed and 15mL of acetonitrile were placed and mixed
in a 50mL centrifuge tube. Following full extraction, 1.50 g of
NaCl and 6.00 g of anhydrous magnesium sulfate (MgSO4) were
added and swirled for extraction and salting out until the solvent
interacted sufficiently with the entire samples. The supernatant
was transferred into a 15mL centrifuge tube containing 2.4 g of
C18, 1.16 g of MgSO4 and 0.04 g of graphitized carbon black after
centrifugation for 10min at 4,000 r. The mixture was swirled to
mix thoroughly and then centrifuged for 5min (4,000 r). Finally,
the supernatant was decanted and stored in a glass bottle (4◦C).

The sample treatment procedure of Curcuma wenyujin and
D. officinale was based on the Chinese Pharmacopeia (2015
edition). The specific steps are as follows: A precisely weighed 3 g
of Curcuma wenyujin powder (40 mesh) was placed in a 50mL
centrifuge tube and 15mL of 1% glacial acetic acid solution was
added. The mixture was vortexed to completely infiltrate and
left for 30min, then 15mL of acetonitrile was added into the
centrifuge tube and swirled on a vortex mixer to homogenizing
the sample. After the mixture was vigorously oscillated by vortex
for 5min (500 r), 6.00 g of MgSO4 and 1.50 g of anhydrous
sodium acetate were mixed with the sample, shook the mixture
immediately and then oscillated (500 r, 3min), cooled in ice

bath (10min), centrifuged (4,000 r, 5min). Next, the supernatant
of 9mL was transferred to a 50mL centrifuge tube containing
900mg of MgSO4, 300mg of N-propylethylenediamine (PSA),
300mg of C18, 300mg of silica gel, and 90mg of graphitized
carbon black. The mixture was swirled to mix thoroughly and
was oscillated vigorously (500 r, 5min). After centrifugation for
5min (4,000 r), 5mL of the supernatant was accurately pipetted
and stored in a glass bottle (4◦C).

Extraction and Analysis
The sample solution and graphene were placed in a 25mL
centrifuge tube at a concentration ratio of 1:2.5. The mixture was
shaken to make the compounds fully bind with graphene at 500
r for 2min. After adsorption, the graphene-bound analytes were
filtered by a 0.22µmnylon filter and left in the filter head. Finally,
the target analytes were separated from graphene by 100 µL of
eluent, and the eluate was further centrifuged at 13,000 r (5min)
for UHPLC analysis. The brief procedure of this work was shown
in Figure 5.
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The aim of this study is to investigate the transformation of hydrogen-donor solvent

tetralin in the direct liquefaction process of coal. Pure tetralin liquid as well as mixture

of tetralin and Wucaiwan coal (WCW) were separately reacted under a liquefaction

condition, and constituents of liquid product were analyzed by GC-MS. The results show

that after the tetralin liquid reacts with high-pressure hydrogen, 90% of the reaction

product is in liquid state, the gaseous products mainly include alkane gas and COx

gas. When the reaction temperatures were set at 380 and 420◦C, respectively, the

corresponding transformation rates of tetralin can be 34.72 and 52.74%. At 380◦C,

the tetralin mainly plays a role of passing active hydrogen, while at 420◦C, it mainly

occurs dehydrogenation transformation to provide active hydrogen, as well as generate

naphthalene, methyl indan, and substituted benzene, etc. Taking tetralin as the hydrogen-

donor solvent, the WCW was performed liquefaction reaction, and the obtained results

show that the transformation rates of tetralin are 69.76 and 83.86% at liquefaction

temperatures of 380 and 420◦C, respectively. Tetralin mainly occur to dehydrogenation

transformation to generate naphthalene, followed by methyl indan, where contents

order of main constituents of the liquefaction products were: naphthalene> tetralin >

methyl indan.

Keywords: coal liquefaction, tetralin, oil analysis, Gas analysis, transformation (of products)

INTRODUCTION

Direct liquefaction of coal is an effective measure for clean utilization of coal, which converts
solid coal (H/C ratio ≈ 0.8) to liquid fuels (H/C ratio ≈ 2) by adding hydrogen (Ren et al., 2010;
Vasireddy et al., 2011). It is vital to provide enough hydrogen in a timely manner to stabilize free
radicals from coal pyrolysis for getting more liquid fuels and inhibiting coke formation in the
direct liquefaction process (Shui et al., 2010). It has been found solvent as a media plays a very
important role in liquefaction process of coal (Mochida et al., 1990; Xue et al., 1999; Yan et al., 2001;
Zhang et al., 2009), such as dissolving, providing, and passing active hydrogen as well as stabilizing
free radicals, etc. Studies have revealed that tetralin is a kind of excellent hydrogen-donor solvent
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TABLE 1 | Proximate analysis and ultimate analysis of WCW coal.

Sample Proximate Analysis Ultimate Analysis (wt.%, daf)

Mad Aad Vdaf C H N S O

WCW 12.28 6.11 31.13 79.75 3.55 0.63 0.59 15.48

(Neavel, 1976; Ishihara et al., 2002; Shu et al., 2003; Li and
Ling, 2007; Zhang, 2011; Hou et al., 2018), where it can
well dissolve and disperse coal particles, has strong ability
to donate hydrogen as well as quickly stabilize free radicals,
etc. Hydrogen transferred from tetralin affects oil yield and
coal conversion significantly in the preheating stage of coal
liquefaction (Hao et al., 2017). Approximately same total
hydrogen consumption is observed under N2 and H2 with
tetralin, and the hydrogen consumption from tetralin is higher
than that from H2 (Hao et al., 2018). It should be noted that
tetralin is generally selected as hydrogen-donor solvent in direct
liquefaction of coal conducted in laboratories. However, part of
the tetralin tends to transform under the liquefaction conditions
(Zhang et al., 2009). Since the specific transformation of
tetralin is associated with the calculation of liquefaction product
yield and understanding of liquefaction mechanism, knowing
the transformation characteristics of tetralin during direct
liquefaction process is a basic question that needs to be addressed.
Yang et al. (1985a,b) studied the pyrolysis process of tetralin and
found that the tetralin mainly leads to dehydrogenation reaction
to generate naphthalene and isomerization reaction to generate
methyl indan. Furthermore, they proposed the mechanism of
radical reaction. Yang et al. (2011) summarized the reaction
mechanism and reaction dynamics in tetralin hydrogenation
pyrolysis. Ishihara et al. (2002) applied isotope labelingmethod to
study the hydrogen transfer behaviors between coal and tetralin
in direct liquefaction process, and they obtained the hydrogen
donating pathways: I. Directly transferring active hydrogen; II.
Transforming to naphthalene by dehydrogenation. Studies have
reported the mechanism of tetralin pyrolysis as well as hydrogen
donating behavior of tetralin in direct liquefaction process using
isotope label method, but the transformation of tetralin itself
in direct liquefaction process is still unknown. In this study,
we obtained liquid products by separately performing reaction
using pure tetralin as well as mixture of coal and tetralin
under direct liquefaction condition. Then we utilized GC-MS to
quantitatively analyze constituents of the liquid and changes of
their contents, utilized GC to obtain the composition distribution
in gas phase, hereby to study the transformation features of
tetralin, so as to enrich the understanding of the mechanism of
direct coal liquefaction.

MATERIALS AND METHODS

Materials
A Chinese WCW coal was used. Its ultimate and proximate
analyses are listed in Table 1. The coal sample was ground
to pass 200 mesh sieve and dried under a vacuum at
105◦C for 4 h. Tetralin (AR) and Hexane (AR) provided

by Sinopharm Chemical Reagent Co., Ltd were used in
the experiments.

Direct Liquefaction Experiments
Coal Direct Liquefaction Procedure
Two grams of WCW coal (200 mesh) and 4 g tetralin were
weighted and transferred to the autoclave, added with catalyst
(Fe2O3) (iron amount: 3 wt % of coal was transformed to Fe2O3)
and co-catalyst S (0.4 times of Fe mass). The initial pressure of
hydrogen was 5 MPa, and the temperature was set to be 380 and
420◦C, respectively. The reaction was persisted for 60min after
obtaining the pre-set temperature, and then the experiment was
terminated. Gas was collected after the autoclave cooled to room
temperature. After the autoclave was opened, the oil and residue
were fully transferred to paper-cylinder filtration and placed into
an extraction tube, which was placed into a flask containing 200 g
hexane, and refluxed in 107◦C silicon oil bath pan for 48 h, hereby
to obtain orange oil. Constituents of gas were analyzed using
gas chromatograph and those of oil were analyzed using gas
chromatograph-mass spectrometer.

Tetralin Direct Liquefaction Procedure
Four grams of tetralin were weighted and transferred to the
autoclave, added with catalyst (Fe2O3) [iron amount: 3 wt %
of coal (2 g) was transformed to Fe2O3] and co-catalyst S (0.4
times of Fe mass). The initial pressure of hydrogen was 5 MPa,
and the temperature was set to be 380 and 420◦C, respectively.
The reaction was persisted for 60min after obtaining the pre-
set temperature, and then the experiment was terminated. Gas
was collected after the autoclave cooled to room temperature.
After the autoclave was opened, the oil and residue were
fully transferred to paper-cylinder filtration and placed into an
extraction tube, which was placed into a flask containing 200 g
hexane, and refluxed in a 107◦C silicon oil bath pan for 48 h,
hereby to obtain orange oil. Constituents of gas were analyzed
using gas chromatograph and those of oil were analyzed using
gas chromatograph-mass spectrometer.

GC/MS Analysis
GC-MS Thermo Trace GC ISQ was used to analyze liquid phases
in the experiments. Its key parameters include TR-5MS capillary
column (length 30m, inner diameter 0.25mm, film thickness
0.25µm); carrier gas: helium, flow rate 1.5mL/min; split flow
20:1; temperature of injection port 280◦C; EI source, ionization
voltage 70 eV, temperature of ion source 275◦C; mass scanning
range 50–550 amu. The elevation of temperature was programed
as follows: initial temperature of 50◦C (1min), and elevated to
90◦C (5◦C/min, 2min) and elevated to 240◦C (10◦C/min, 1min).
The constituents of the obtained oil were analyzed, and the
relative percentage of each constituent was calculated using area
normalization method.

RESULTS AND DISCUSSION

Composition of Products of Tetralin and
High-Pressure Hydrogen
Liquid, gas, and residue yield were calculated by equations shown
as below,
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TABLE 2 | Contents of products obtained by tetralin and high-pressure hydrogen

reaction.

Temperature Yield/%

Liquid Gas Residue

380◦C 92.14 4.93 2.93

420◦C 85.76 8.39 5.85

TABLE 3 | Composition of the raw material tetralin.

NO. Compound Molecular formula Area%

1 Tetralin C10H12 97.04

2 Naphthalene C10H8 1.09

3 Methyl indan C10H12 0.46

4 Butadiene styrene C10H14 0.15

5 Ethylbenzene C8H10 0.27

6 m-xylene C8H10 0.22

7 Ethyltoluene C9H12 0.28

8 n-decane C10H22 0.15

Liquid yield: Yl =Ml/(Mt +Mh)
Residue yield: Yr = (Mr – Mcat.)/(Mt +Mh)
Gas yield: Yg = 1 – Yl – Yr

Yl, Yr, Yg are the yield of liquid, residue and gas. Mt, Mh, Mcat.

are weight of tetralin, molecular hydrogen, and catalyst (Fe2O3).
Ml, Mr are weight of liquid and residue after the reaction.

Table 2 lists the contents of gas, liquid, and solid obtained
by tetralin under high-pressure hydrogen reaction at 380
and 420◦C. At the designated temperature, contents of each
constituent were ordered by: liquid >gas>solid, of which
the contents of liquid constituent were 92.14 and 85.76%,
respectively, which indicated that the tetralin is mainly in a
liquid state during the reaction process, while part of it is
transformed into gas and solid. Comparing products obtained
at two temperatures revealed that with increasing temperature,
content of liquid constituents was decreased and contents
of gas and solid constituents were increased. Based on the
above results, it indicated that an elevated temperature is
prone to aggravate the liquid tetralin to transform to gas
and solid products. Thus, it can be inferred that in direct
coal liquefaction experiment using tetralin as hydrogen-donor
solvent, part of tetralin will transform to gas and solid. Since
the coal liquefaction requires a large amount of tetralin, effect
of tetralin transformation on products of coal liquefaction is
worthy of concern.

GC-MS Analysis of Liquid Obtained by
Tetralin and High-Pressure Hydrogen
Reaction
GC-MS Analysis of Pure Tetralin
In this paper, the transformation characteristics of tetralin
were discussed on the basis of comparative analysis. In order
to make the analysis results more reliable and accurate, the

TABLE 4 | Relative content of hydrocarbons in liquid products.

No. Compound Molecular formula Area%

380◦C

1 Tetralin C10H12 65.28

2 Naphthalene C10H8 13.71

3 Methyl indan C10H12 12.48

4 Butylbenzene C10H14 5.30

5 Ethylbenzene C8H10 1.18

6 n-heneicosane C21H44 0.48

7 Indane C9H10 0.47

8 n-eicosane C20H42 0.45

9 Hexadecane C16H34 0.18

10 Methylnaphthalene C11H10 0.17

11 Diethylbenzene C10H14 0.16

12 m-xylene C8H10 0.07

13 Ethyltoluene C9H12 0.06

420◦C

1 Tetralin C10H12 47.26

2 Naphthalene C10H8 15.61

3 Methyl indan C10H12 20.80

4 Butylbenzene C10H14 5.68

5 Ethylbenzene C8H10 4.95

6 Indane C9H10 3.59

7 Methylnaphthalene C11H10 0.57

8 n-eicosane C20H42 0.42

9 Diethylbenzene C10H14 0.30

10 Isopropyl benzene C9H12 0.29

11 m-xylene C8H10 0.28

12 Ethyltoluene C9H12 0.12

13 Tridecane C13H28 0.09

components of tetralin solvent were analyzed by GC-MS. Results
(Table 3) show that 97.04% of the tetralin solvent exists in the
form of tetralin, 2.62% in the form of non-tetralin, and 0.34%
in the form of unknown components. The blank analysis of
tetralin solvent is helpful to further study the transformation
mechanism of tetralin in the liquefaction process of tetralin
and coal liquefaction process using tetralin as hydrogen-
donor solvent.

GC-MS Analysis of Oil Products Obtained by Tetralin

and High-Hydrogen Reaction
Table 4 shows GC-MS analysis results of liquid obtained
by tetralin and high-pressure hydrogen reaction, which
demonstrated that at 380◦C, contents of the main constituents
of the liquid were ordered by: tetralin>naphthalene>methyl
indan, of which the percentage of tetralin was 65.28%, which
was significantly lower than the GC-MS analysis results of
97.04% of pure tetralin liquid. The reason is that the tetralin
transforms to generate naphthalene (13.71%), methyl indan
(12.48%), and substituted benzene (6.77%), as well as a small
amount of straight-chain alkanes and methylnaphthalene, etc.
At 420◦C, contents of the main constituents of the liquid were
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ordered by: tetralin> methyl indan> naphthalene, of which
the content of tetralin was only 47.26%, while the contents
of other constituents were increased. In details, the content
of methyl indan was significantly increased to 20.80%, the
content of naphthalene was increased to 15.05%. In addition,
the content of substituted benzene was increased from 6.77 to
11.62%. These results indicated that an elevated temperature
tends to enhance the transformation of tetralin, and tetralin is
mainly transformed into methyl indan, followed by naphthalene
at 420◦C. In summary, analysis of constituents of the liquid
showed that in the reaction process of tetralin and high-pressure
hydrogen, tetralin could play a role of transferring hydrogen
as illustrated in formula R-1 shown in Scheme 1, which was
denoted as THN1, meanwhile it could also provide hydrogen
through its own dehydrogenation transformation as illustrated
in formula R-2 shown in Scheme 1, which was denoted as
THN2. From Table 2, the transformation rates of tetralin were
34.72 and 52.74%, and the THN1/THN2 was 1.88 and 0.90 at
380 and 420◦C, respectively. These findings revealed that at
a lower reaction temperature (such as 380◦C), the hydrogen-
donor solvent tetralin mainly plays a role of transferring active
hydrogen. However, at a higher reaction temperature (such as
420◦C), tetralin mainly provides active hydrogen through its own
dehydrogenation transformation.

GC-MS Analysis of Oil Products Obtained by

Liquefaction of WCW
Table 5 shows the GC-MS analysis of the oil products obtained
by direct liquefaction of WCW, while taking tetralin as exxon

SCHEME 1 | Possible mechanism of hydrogen transfer or dehydrogenation of

tetralin in direct liquefaction process.

donor solvent. As can be seen from the table, at a liquefaction
temperature of 380◦C, contents of the main constituents of oil
were ordered by: naphthalene>tetralin>methyl indan, of which
the content of naphthalene was highest, accounting for 58.67%
of the total amount, while the content of tetralin was 26.42%
(transformation rate of tetralin was 69.76%). At a liquefaction
temperature of 420◦C, contents of the main compositions of
oil were still ordered by: naphthalene>tetralin>methyl indan,
of which the content of naphthalene was as high as 65.96%,
while the content of tetralin was only 14.86% (transformation
rate of tetralin was 83.86%), which can be ascribed to the tetralin
occurs dehydrogenation transformation to generate naphthalene,
methyl indan, and other products.

As shown in Table 6, the oil yield of WCW at liquefaction
temperature of 380 and 420◦C were 29.30 and 17%, respectively.
In liquefaction reaction, coal macromolecules can decompose to
generate part of the naphthalene in the oil. Mass conservation
proves that the naphthalene in the oil mainly derives from
transformation of tetralin. Assuming the percentages of tetralin,
naphthalene and methyl indan in oil product were denoted as

TABLE 5 | Relative content of hydrocarbons in oil.

No. Compound Molecular formula Area%

380◦C

1 Naphthalene C10H8 58.67

2 Tetralin C10H12 26.42

3 Methyl indan C10H12 5.49

4 Alkanes C8-C20 3.56

5 Butylbenzene C10H14 1.68

6 Methylnaphthalene C11H10 1.15

7 Indane C9H10 0.94

8 Ethylbenzene C8H10 0.65

9 Pyrene C16H10 0.36

10 Anthracene C14H10 0.30

11 Fluorene C13H10 0.20

12 Phenylpropane C9H12 0.20

13 Acenaphthene C12H8 0.18

14 2-methylbiphenyl C13H12 0.18

420◦C

1 Naphthalene C10H8 65.96

2 Tetralin C10H12 14.86

3 Methyl indan C10H12 7.12

4 Alkanes C13-C20 4.04

5 Indane C9H10 2.16

6 Methylnapht halene C11H10 1.77

7 Ethylbenzene C8H10 1.40

8 Butylbenzene C10H14 1.00

9 Pyrene C16H10 0.36

10 Anthracene C14H10 0.24

11 Fluorene C13H10 0.21

12 Phenylpropa ne C9H12 0.30

13 Acenaphthene C12H8 0.14

14 2-methylbiphenyl C13H12 0.43
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TABLE 6 | Oil yield, transformation rate, and residue rate in liquefaction of WCW.

Temperature ηoil/% ηconv/% ηchar/%

380◦C 29.30 48.42 51.58

420◦C 17.00 48.15 51.84

TABLE 7 | Balancing results of mass of tetralin in oil product obtained by

liquefaction (Assuming: under liquefaction conditions, the tetralin is completely in

the liquid state and its mass is denoted as mT, while the mass of oil product from

coal transformation is denoted as mo ).

Temperature mT –(mo+mT) ·x (mo+mT) ·y+(mo+mT)·z 1

380◦C 2.82 3.02 −0.20

420◦C 3.32 3.23 0.090

x, y, and z, respectively, while the total mass of oil product
obtained by liquefaction was mo+mT, we might obtain the
masses of tetralin, naphthalene and methyl indan as (mo+mT)
·x, (mo+mT) ·y and (mo+mT)·z, respectively. Table 7 shows
the balancing results of tetralin in oil product obtained by
liquefaction, from the 1 value, reduction of tetralin is about the
summation of masses of naphthalene and 2,3-indanyl, hereby
proves that the naphthalene in oil product is mainly transformed
from tetralin.

In addition, the main constituents of oil product obtained
by liquefaction of WCW include tetralin, naphthalene, and
methyl indan, and their contents were ordered by: naphthalene>
tetralin> methyl indan. Therefore, it could be inferred that the
tetralin was mainly transformed into naphthalene and methyl
indan in liquefaction reaction of WCW, which was consistent
with the constituents of oil obtained by reaction of tetralin and
high-pressure hydrogen. In this study, liquefaction temperatures
of 380 and 420◦C were selected. Constituents of oil at these
two temperatures were compared, and the results showed that
the tetralin in the oil was significantly decreased with elevating
temperature, which was reduced from 26.42 to 14.86%, and the
content of naphthalene was increased from 58.67 to 65.96%,
while the content of methyl indan was slightly increased from
6.43 to 9.28%. In addition, by comparison of the data in
Tables 3, 4, the results revealed that the main constituents of
oil presented a change of “two decrease, one increase,” i.e.,
contents of tetralin and methyl indan were decreased, while
content of naphthalene was significantly increased. Therefore,
it can be inferred that during the liquefaction of WCW, the
hydrogen-donating paths for the tetralin are: (a) Mainly, it
is a process for tetralin occurs dehydrogenation reaction to
produce naphthalene; (b) C-C bond of tetralin molecules tends
to break and reconstruct to generate isomer methyl indan,
part of which occurs demethylation reaction to produce indan
and methane gas; (c) C-C bond at α site of tetralin molecules
tends to cleavage into benzene butyl free radicals, and then
transforms to substitute benzene and paraffin gas; (d) Tetralin
molecules directly transfer active hydrogens as illustrated in
formula (1). Overall, during the liquefaction process of WCW,

TABLE 8 | Constituents of gas obtained by tetralin and high-pressure hydrogen

reaction.

Tetralin CH4 C2H6 C3H8 C4H10 CO CO2

380◦C 0.49 0.27 0.060 0.010 0.10 0.24

420◦C 0.42 0.50 0.070 0.010 0.090 0.13

the hydrogen-donating path of hydrogen-donator solvent was
similar to the reaction process of tetralin and high-pressure
hydrogen. It is worth noting that the content of naphthalene
was significantly higher than the contents of methyl indan and
tetralin in oil obtained by liquefaction of WCW. The reason is
that the path (a) is the main transformation process, and the
naphthalene has a weaker hydrogen-donating ability and has a
better thermal stability.

Compared with constituents of liquid obtained by reaction of
tetralin and high-pressure hydrogen, the oil products obtained
by coal liquefaction contain benzo pyrene, anthracene, fluorene,
acenaphthene, and other polycyclic aromatic hydrocarbon
structures. This part of aromatic constituents is mainly produced
by coal macromolecule, i.e., at reaction temperature, weak
bonds in coal macromolecule structure will break to produce
aromatic free radicals, which bond to active hydrogen to produce
aromatic compound.

Constituents of Gas Obtained by Tetralin
and High-Pressure Hydrogen Reaction
GC-9160 gas chromatograph was used to analyze the gas
obtained by reaction of tetralin and high-pressure hydrogen,
and the results (Table 8) showed low contents of alkane gas
and COx gas. For COx gas, the distribution was characterized
by CO2 >CO at two reaction temperatures. For alkane gas,
contents of gas were ordered by CH4 >C2H6 >C3H8 >C4H10

and C2H6 >CH4 >C3H8 >C4H10 at reaction temperature
of 380 and 420◦C, respectively. From the point of view of
conservation of carbon atoms, both alkane and COx gases
are transformed from tetralin. In summary, among the gas
obtained by reaction of tetralin and high-pressure hydrogen,
the content of alkane gas was greater than that of COx gas,
where contents of the former were 2.4 and 4.5 times of those
of the latter at 380 and 420◦C, respectively, which in a whole
presented distribution characteristics of rich alkanes, methane,
and carbon dioxide.

CONCLUSION

In conclusion, when the pure tetralin liquid reacts at liquefaction
conditions, the tetralin mainly exists in a liquid state, while
part of it may transform into gas and solid. In addition,
the content of liquid constituent is decreased while the
contents of gas and solid constituents are increased with
elevating temperature.

In the reaction process of tetralin and high-pressure
hydrogen, part of tetralin plays a role of transferring hydrogen,
and the remaining part tends to provide hydrogen through
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its own dehydrogenation transformation. At the lower
temperature (such as 380◦C), tetralin mainly plays a role
of transferring active hydrogen with a transformation rate
of 34.72%. Meanwhile, at a higher temperature (such as
420◦C), tetralin mainly provides active hydrogen through
dehydrogenation transformation and has a transformation rate
of 52.74%, while it can transform into naphthalene, methyl
indan, and substituted benzene, etc. In addition, gas phase
produced from the reaction generally presents distribution
of high concentration of alkanes, methane, and carbon
dioxide, and both the alkane and COx gases are transformed
from tetralin.

As the hydrogen-donor solvent, the transformation rates
of tetralin are 69.76 and 83.86% in liquefaction of WCW at
temperatures of 380 and 420◦C, respectively. The contents of
main constituents of oil are ordered by: naphthalene>tetralin>

methyl indan. In addition, compared with the oil product
obtained by liquefaction of pure tetralin, content of tetralin in oil

product obtained by liquefaction of coal is significantly reduced.
Meanwhile, the content of methyl indan is decreased. However,
the content of naphthalene is significantly increased.
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PhGs are themajor active compounds ofCistanche tubulosa, and it is extremely desirable

for obtaining high purification of PhGs by adsorption from their extracts. To explore highly

efficient adsorption of PhGs, a novel adsorption material for the efficient separation and

purification of phenylethanoid glycosides (PhGs) from Cistanche tubulosa was explored.

The three mesoporous carbons of ordered mesoporous carbon (CMK-3), disordered

mesoporous carbon (DMC), and three-dimensional cubic mesoporous carbon (CMK-8)

were compared for adsorption of PhGs. Meanwhile, adsorption isotherms, adsorption

kinetics, and the optimization of adsorption conditions were investigated. The results

indicated that CMK-3 showed the highest adsorption capacity of 358.09 ± 4.13 mg/g

due to its high specific surface area, large pore volume and oxygen-containing functional

groups. The experimental data can be accurately described using the Langmuir model

and pseudo-second-order model. The intra-particle diffusion model suggested that the

rate-limiting steps of adsorption were intra-particle diffusion.

Keywords: Cistanche tubulosa, acteosides, echinacosides, phenylethanoid glycosides, mesoporous carbon,

kinetic model, isothermal model

INTRODUCTION

Cistanche tubulosa was an Orobanchaceae parasitic plant (Li et al., 2016; Wang X. et al., 2017), and
it mainly grown on the roots of Tamarix plants and Calotropis species (Zhang W. et al., 2016; Yan
et al., 2017). Cistanche tubulosa was originally recorded in Shen Nong’s Chinese Materia Medica
in ca. 100 B.C. The growth and cultivation of Cistanche tubulosa required severe environmental
conditions, and it was widely planted in arid lands and deserts of the northern hemisphere, such as
the provinces of Xinjiang, Inner Mongolia, Gansu, Qinghai, and the Ningxia Autonomous Region
in China (You et al., 2016). Cistanche tubulosa was a precious Chinese tonic herb which had the
functions of nourish the kidney, anti-aging, boosts the essence of blood, and moistens the large
intestines to free stool (Gu et al., 2016; Shimada et al., 2017; Cui et al., 2018), and it has been
reputation as “Ginseng of the Deserts” (Song et al., 2016; Wang et al., 2018). Cistanche tubulosa
was officially recorded in the Chinese Pharmacopeia as the authentic source of Cistanches Herba
(Chinese name: Roucon-grong) from 2005 edition (Wang T. et al., 2016; Pei et al., 2019).

Previous study had revealed several main chemical constituents of Cistanche tubulosa, including
PhGs, iridoids, and polysaccharides (Li et al., 2018a). The structures of PhGs weremainly composed
of cinnamic acid and phenylethyl alcohol that were attached to a β-glucopyranose through ester
and glycosidic linkages (Luo et al., 2010), and PhGs have been regarded as the major active
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components of Cistanche tubulosa possessing various
pharmacological activities (Liao et al., 2018). The study
shown that PhGs had a variety of medicinal properties, such as
neuroprotection, immune regulation, anti-inflammatory, liver
protection and antioxidant (Aiello et al., 2015; Shiao et al., 2017;
Wu et al., 2018, 2019). According to phytochemical evaluations,
PhGs such as echinacoside, acteoside were considered to be main
active components and markers of Cistanche tubulosa (Li et al.,
2017b), which were usually chosen as marker compounds for
the quality evaluation of Cistanche tubulosa and the species of
Cistanche were distinguished through these compounds. PhGs
were naturally occurring water-soluble compounds because it
had many hydroxyl groups and phenolic hydroxyl groups in
the molecule. Thus, the PhGs can be separated from Cistanche
tubulosa in an aqueous solution.

Many methods for the separation and purification of natural
products have been developed including adsorption (Liu et al.,
2016), membrane separation (Zhang et al., 2018b; Li et al., 2019)
and solvent extraction, and so on (Li et al., 2015a,b; Wang
S. et al., 2016; Zhang H. et al., 2016). However, membrane
separation and solvent extraction were not suitable for large-
scale preparation and they were difficult to achieve high recovery
of the products (Zhang et al., 2018a). Adsorption was one of
the most widely adopted methods for the separation natural
products (Wang S. et al., 2016; Konggidinata et al., 2017).
Owing to its unique and tunable pore structures, high surface
areas and mechanical stability, mesoporous carbons (pore size
between 2 and 50 nm) have been proven to be a kind of efficient
adsorbents for adsorptive natural products. The study shown
that mesoporous carbons were more suitable for adsorbing
macromolecules, such as mesoporous carbons have been used
by Qin et al. to enrichment of chlorogenic acid from eucommia
ulmoides leaves (Qin et al., 2018). Li et al. synthesized two
mesoporous carbons via a hydrothermal treatment approach, and
evaluated adsorption performance of two mesoporous carbons
for berberine hydrochloride and matrine from water (Li et al.,
2018b). It was considered to be kind of promising material as a
highly efficient adsorbent (Zhang et al., 2013; Tian et al., 2015;
Zhou et al., 2016). Additionally, mesoporous carbons also have
been applied on adsorptive removal of aromatic compounds,
dyes, and heavy metals from wastewater (Kong et al., 2016). In
previous published works, Liu et al. used a macroporous resin to
adsorb PhGs from Cistanche tubulosa, and the purity of the PhGs
increased but the adsorption capacity and desorption rate were
low. Compared with macroporous resin, mesoporous carbons
had the characteristics of large specific surface area, suitable pore
size, and a high pore volume. Therefore, mesoporous carbon
was considered to be a highly efficient adsorbent for PhGs. In
this study, the three kinds of mesoporous carbon were selected
as adsorbent for separation and purification of PhGs from
Cistanche tubulosa.

This work main objective was to explore the adsorption
performance of CMK-3 for separation and purification PhGs
from Cistanche tubulosa. The effects of different concentrations,
pH and temperature on the adsorption performance of CMK-
3 were investigated and optimal adsorption conditions of PhGs
were screened out. Mesoporous carbons were characterized by

FT-IR, BET, TEM, and TGA, adsorption isotherms and kinetics
were performed and analyzed in detail.

EXPERIMENTS

Materials and Reagents
Cistanche tubulosa stem was purchased from Congrongtang
Biological Technology Co., Ltd. (Xinjiang). The standards of
enchinacoside (purities ≥ 98%) and acteoside (purities ≥ 98%)
were purchased from Sunny Biotech Co., Ltd. (Shanghai).
Acetonitrile, methanol and acetic acid of HLPC were purchased
from Thermo Fisher Scientific Co., Ltd. (Shanghai). The
ethanol of analytical grade was purchased from Yongsheng
Fine Chemical Co., Ltd. (Tianjin). Ordered mesoporous carbon
(CMK-3), disordered mesoporous carbon (DMC) and three-
dimensional cubic ordered mesoporous carbon (CMK-8) were
purchased from Xianfeng Nano Material Technology Co.,
Ltd. (Nanjing).

Characterization
The morphology and microstructures of the prepared samples
were investigated using Transmission electron microscopy
(TEM, Tecnai G2 F20) operated at 200 KV. The TEM samples
were prepared under ambient conditions by depositing droplets
of the ethanol solution with the mesoporous materials onto
carbon films supported by Cu grids. Generally, a light source with
a shorter wavelength was selected to increase the resolution of the
microscope, and the structure of the mesoporous carbons can be
clearly observed. The surface functional groups were qualitatively
measured by Fourier transform infrared spectoscopy (FT-IR,
AVATAR360) using the interaction between infrared radiation
and matter molecules. FT-IR use attenuated total reflection
method test, the conditions was step size of 2 cm−1 and scanning
range was 4,000–400 cm−1. The physical structure data such
as the specific surface area, pore size and pore volume of
the mesoporous carbons calculated by Brunauer-Emmett-Teller
(BET, ASAP 2460). The procedure for the adsorbent was as
follows: mesoporous carbons were degassed at 60◦C for 12 h, and
the N2 adsorption-desorption curves were tested at −196◦C to
calculate the specific surface area, pore size and pore volume
of the mesoporous carbon. Thermo gravimetric analyzer (TGA,
STA 449 F3) is an instrument that it uses the thermo gravimetric
to detect the temperature-mass relationship of a substance,
and TGA measures the mass of a substance as a function of
temperature under program temperature control. TGA data was
obtained using a TGA in the temperature ranging from 30 to
800◦C at a heating rate of 10◦C/min under air atmosphere.

HPLC Analysis
The content of echinacoside and acteoside was detection by
high performance liquid chromatography (HPLC, Waters Co.,
USA). The system included an autosampler, high pressure pump
and ultraviolet (UV) detector. The analysis was conducted on
a symmetry C18 column (100Å, 5µm, 4.6 × 250mm). HPLC
used gradient elutionmethod to separate and detect samples. The
volume of injection loop was 10µm, the column temperature
was 30◦C, detection wavelength of UV spectrophotometer was
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330 nm, the flow rate was 1 ml/min and the mobile phase was (A)
acetonitrile and (B) acetic acid/water (1:44, v/v).

Adsorption Equilibrium
The optimization experiment of adsorption condition for CMK-
3 has been carried out using a mixture of acteoside and
enchanoside and under the optimal conditions, the crude extract
of Cistanche tubulosa was carried out on adsorption cycle
experiment and all adsorption experiments were repeatedly
carried out at least 3. In the same batch of experiments,
mesoporous carbons of CMK-8 and DMC were run in parallel
with the CMK-3. The three kinds of mesoporous carbon (CMK-
3, DMC and CMK-8) each 10mg were added to the three
bottles, respectively. Then 15mL sample solution with initial
concentration of C0 (mg/mL) was added to bottle. The bottle
was placed in constant temperature shaker of 30◦C for 24 h
until the adsorption equilibrium was reached. Then 1ml of
adsorption solution was filtered through a 0.22µm filter and the
equilibrium concentration Ce (mg/mL) of the sample solution
was determined by HPLC.

Desorption Experiment
Then the desorption experiment of mesoporous carbon were
carried out. The adsorbed mesoporous carbon under 15mL of
methanol/acetic acid (9:1, v/v) mixed solution, which was placed
in the water bath of ultrasonic for 1 h at 30◦C. The obtained
desorption solution was filtered by a 0.22 filter before analyzing
by HPLC.

The adsorption capacity qe (mg/ml) was evaluated as follows:

qe = (C0 − Ce) · v/w (1)

where V is the volume of the solution (mL) and W is the weight
of the mesoporous carbons (g).

RESULTS AND DISCUSSION

Characterization
Figure 1 showed a TEM of the three kinds of mesoporous
carbons. DMC was a disordered porous network, CMK-8 was a
network structure of three-dimensional porous, and CMK-3 was
a clearly striped structure with ordered one-dimensional pore,
which was similar to the reported results (Wang et al., 2006; Luo
et al., 2010).

Figure 2 showed the FT-IR spectrum of the mesoporous
carbons (CMK-3, DMC, and CMK-8) and FT-IR spectrum before
and after CMK-3 adsorption. It can be seen from in Figure 2A

that the functional groups on the surfaces of the mesoporous
carbons were mainly oxygen-containing groups. The overall
shapes of the spectra for the three kinds of mesoporous carbons
were similar. The mesoporous carbons showed a peak band
at 3,423 cm−1 referring to stretching vibration band of O-H.
The bands in the region of 1,580 and 1,629 cm−1 correspond
to stretching vibrations of the carbonyl and carboxyl C=O.
Additionally, the peak occurring at 1,384 cm−1 was found to be
stretching vibrations of alcoholic C-O and the tensile vibration at

2,922 and 2,852 cm−1 are correspond to the C-H on methylene
and methyl groups, respectively. This indicated that the oxygen-
containing groups existing on the surfaces of the mesoporous
carbons might lead to a weak chemical interaction between PhGs
molecules and the mesoporous carbons.

Figure 2B shows the FT-IR spectra of CMK-3 before and
after adsorption, acteoside and enchanoside. The characteristic
peak at 1,697 cm−1 derived from the C=C of olefin in acteoside
and enchanoside, while the bands in the region of 1,519–1,423
cm−1 corresponded to stretching vibration peak of the aromatic
ring C=C in acteoside and enchanoside. The tensile vibration
at the 1,604 cm−1 was the C=O bond and the peak at 1,157
cm−1 caused by the stretching vibration of the ether bond in
acteoside and enchanoside. Compared with the FT-IR spectrum
of CMK-3 before adsorption, the FT-IR spectrum of CMK-3
after adsorption appeared the new peaks, which belonged to the
characteristic peak of acteoside and enchanoside.

The N2 adsorption-desorption isotherms was an important
parameter for adsorption of PhGs on CMK-3 and comparison
of adsorbent structure. Figure 3 showed the N2 adsorption-
desorption isotherms of CMK-3, CMK-8, DMC, and CMK-3
after PhGs adsorption, respectively. As can be seen from the
Figure 3, the isotherm of the mesoporous carbons were similar
to type-IV isotherm that this type of isothermwas predominantly
mesoporous, in which the range of pore size was between 2 and
50 nm (Sanz Pérez et al., 2019). The gap between adsorption and
desorption isotherm was referred to hysteresis loop that caused
by capillary condensation reaction. For capillary condensation
reactions, capillary condensation occurs first in the smallest pores
(Barsotti et al., 2016). This shows that CMK-3 had a smaller
mesopore than does DMC and CMK-8, which was consistent
with the results of Table 1. The isotherm of CMK-3 exhibits an
H1 hysteresis loop that was indicative of the rapid pore filling
associated with capillary condensation and the pore structure of
CMK-3 was reasonably orderly. The isotherm of DMC exhibits
H3 hysteresis loop, this type of hysteresis had disordered pores
due to network of pores that caused an undefined structure of
porous adsorbent. CMK-8 isotherms exhibit an H2 hysteresis
loop, indicating that pore structure was complicated and pore
size distribution was uneven.

The N2 adsorption-desorption isotherms of CMK-3 was
compared before and after adsorption of PhGs. The isotherm of
the CMK-3 after adsorption was also similar to type-IV isotherm
in Figure 3B. It indicated that the CMK-3 maintained their
mesoporous structure after the adsorption. As can be seen from
Table 1, the specific surface and pore volume of CMK-3 after
adsorption exhibited a marked decrease, the specific surface area
of CMK-3 before and after adsorption decreased from 1,098.02
to 227.75 m2/g, and the pore volume of that reduced from 1.32
to 0.42 cm3/g. It indicated that PhGs molecules were adsorbed
on CMK-3.

Table 1 summarized the BET specific surface area, pore
volume and pore size of the four samples. The BET surface
areas of CMK-3, DMC and CMK-8 were 1,098.02, 430.42, and
596.00 m2/g and the pores volume were 1.32, 0.70, and 0.85 m3/g,
respectively. The pore size of CMK-3 was 4.31 nm, lower than
that of CMK-8 (9.58 nm) and DMC (5.18 nm). It can be seen
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FIGURE 1 | TEM of (A) CMK-3, (B) DMC, and (C) CMK-8.

FIGURE 2 | FT-IR spectra of (A) CMK-3, DMC, CMK-8, and (B) CMK-3 before and after adsorption, Echinacoside and Acteoside.

that the pore volume and specific surface area follows the order:
CMK-3 >CMK-8 >DMC, while pore size follows the order:
DMC >CMK-8 >CMK-3.

Figure 4 shows the TGA curves of the three kinds of
mesoporous carbons (CMK-3, CMK-8, and DMC). As can be
seen from the Figure 4, the three kinds of mesoporous carbons
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FIGURE 3 | (A) N2 adsorption-desorption isotherms and (B) Pore size distributions of the mesoporous carbons, and CMK-3 after adsorption.

TABLE 1 | BET characterization data of mesoporous carbons.

Mesoporous carbon Hysteresis

curve

Pore size

(nm)

Pore volume

(cm3/g)

Specific surface

area (m2/g)

CMK-3 H1 4.31 1.32 1,098.02

DMC H3 9.86 0.70 430.42

CMK-8 H2 5.18 0.85 596.00

CMK-3 after adsorption H1 6.03 0.42 227.75

all have two distinct stages of mass loss: the first stage of mass
loss was due to the evaporation of moisture in the mesoporous
carbons before 100◦C, the second mass loss stage of CMK-
3, DMC and CMK-8 approximately occurs at 660, 427, and
615◦C, respectively, which corresponds to the oxidative thermal
decomposition of mesoporous carbons materials. It can be seen
that the thermal decomposition temperature of CMK-3 was
higher than CMK-3 and CMK-8, the thermal stability of CMK-3
was better than that of CMK-8 and DMC.

Comparison of the Three Mesoporous

Carbons Adsorption Performance
Because the three adsorbents are mainly composed of carbon,
the adsorption interaction between PhGs and the mesoporous
carbons was considered to be the same. Therefore, it was
considered that the difference in adsorption performance
was derived from the difference in the physical structure of
mesoporous carbons. Table 2 shows the adsorption performance
of the three kinds of mesoporous carbons. It can be seen from
Table 2 that the three kinds of mesoporous carbons all can adsorb
PhGs, and CMK-3 had the better adsorption performance than
CMK-8 and DMC. This indicates that pore size of mesoporous
carbons was larger than PhGs molecules, and pore size was
not the main factor to affect the adsorption capacity for three
mesoporous carbons. The adsorption capacity and desorption
rates of CMK-3 were up to 189.37 mg/g and 94.96%, respectively.
The adsorption capacity of CMK-3 was higher than that of

FIGURE 4 | TGA curves of three kinds of mesoporous carbons.

TABLE 2 | Adsorption performance of three kinds of mesoporous carbons.

Mesoporous

carbon

Adsorption quality

(mg/g)

Desorption quality

(mg/g)

Desorption rates

(%)

CMK-3 189.37 ± 4.52 179.86 ± 3.36 94.98 ± 1.34

DMC 80.25 ± 2.60 74.05 ± 0.62 92.28 ± 0.77

CMK-8 135.75 ± 5.41 128.08 ± 3.18 94.35 ± 1.16

CMK-8. Because the pore volume and specific surface area of
CMK-3 were larger than DMC and CMK-8, it indicated that the
pore volume and specific surface area was main factor to affect
the adsorption performance.

Optimization of Adsorption Conditions
The optimization of adsorption experiment for CMK-3 has been
carried out using a mix of both acteoside and enchanoside.
Temperature, pH and concentration were the main influencing

Frontiers in Chemistry | www.frontiersin.org 5 November 2019 | Volume 7 | Article 78127

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Xu et al. Adsorption Phenylethanoid Glycosides Mesoporous Carbon

FIGURE 5 | The effect of sample concentration on the adsorption of CMK-3.

factors of CMK-3 adsorption performance. Thus, the effects
of these three influencing factors on CMK-3 adsorption
performance were investigated.

Effect of Sample Concentration on

Adsorption Performance of CMK-3
The effect of sample concentration on the adsorption
performance of CMK-3 was shown in Figure 5. With the
concentration increases, the capacity of adsorption increases.
The adsorption capacity no longer increases with the increase of
the sample concentration when the sample concentration was
reached at 0.41 mg/g. At low initial concentration of sample, the
adsorbent active sites were sufficient for adsorption of relatively
small amount of PhGs molecules. In contrast, at high initial
concentration of sample, the fixed amount of active sites on the
adsorbents was not able to adsorption increasing amount of
PhGs molecules. Thus, the adsorption capacity of CMK-3 for
PhGs molecules tends to be balanced.

Effect of pH on Adsorption Performance of

CMK-3
Figure 6 showed the effect of pH on the adsorption performance
of CMK-3. It can be seen from Figure 6 that the optimal pH
value was 6 for adsorption of PhGs by CMK-3. The reasons
as follows: PhGs had a large number of phenolic hydroxyl
groups and belonged to the weak acidic molecules, the different
pH values affected the ionization and stability of the PhGs
molecules. The ionization of phenolic hydroxyl groups would
be inhibited at low pH value, while the stability of phenolic
hydroxyl groups on PhGs would decrease at high pH value.
The inhibited ionization of phenolic hydroxyl groups on PhGs
resulted in a decrease in the electrostatic interactions between
PhGs and CMK-3, decreasing the adsorption performance of
CMK-3 for PhGs. Thus, the optimum pH was 6 for CMK-
3 adsorption.

FIGURE 6 | The effect of pH on the adsorption of CMK-3.

Effect of Temperature on Adsorption

Performance of CMK-3
Temperature was an important parameter in the adsorption
process. Temperature not only affects the diffusion of PhGs
molecules at the external boundary layer interface, but also inside
the adsorbent pores. Figure 7 showed the effect of temperature
on the adsorption capacity of CMK-3. The adsorption capacity
of CMK-3 increase with temperature increased from 30 to 60◦C.
It has been reported the main reason was that the active site
increases with increasing temperature duo to endothermic nature
of the process, and the intra-particle diffusion of the adsorbents
increased with the increase of the adsorption temperature (Peng
et al., 2015). In addition, the mobility of the PhGs molecules
increased and their diffusion resistance decreased with increasing
temperature. The adsorption capacity decreases with increasing
temperature when the temperature was 60–80◦C. It indicated
that the adsorption temperature had an optimum value and PhGs
molecules may be instability at high temperatures. Therefore, the
optimum adsorption temperature was chosen to be 60◦C.

The optimum adsorption conditions of CMK-3 were as
follows: the sample concentration was 0.41 mg/g, solution pH
was 6, and adsorption temperature was 60◦C. Under optimal
condition, the adsorption capacity of PhGs in crude extract on
the CMK-3 was 358.09 ± 4.13 mg/g, which was more than
three times the adsorption capacity of PhGs on macroporous
resins (HPD300, 94.93 mg/g) (Liu et al., 2013). Meanwhile,
desorption rate of CMK-3 was 94.67% higher than that of
macroporous resin.

Adsorption Isotherms
The adsorption isotherms were shown in Figure 8A. With the
increase of equilibrium concentration, the adsorption capacity
for PhGs increased and reached saturation status. To further
understand the adsorption performance of PhGs on CMK-
3, the adsorption isotherms of CMK-3 were investigated
using Langmuir and Freundlich models. The parameters of
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adsorption was obtained from different models provide some
useful information on the adsorption mechanisms. Figures 8B,C
depicted the CMK-3 adsorption isotherms that modeled by
Langmuir and Freundlich model.

The Langmuir model was based on the assumptions that
adsorption takes place at specific homogeneous sites within the
adsorbent, no significant interaction occurs among adsorbed
species, and the adsorbent was saturated after one layer of

FIGURE 7 | The effect of temperature on the adsorption of CMK-3.

adsorbent molecules forms on the adsorbent surface. The
linearized Langmuir isotherm equation can be written as follows:

ce

qe
=

1

KLqm
+
ce

qm
(2)

The Freundlich model was commonly used to describe the
adsorption characteristics of multilayer and heterogeneous
surfaces (Wu et al., 2017). Its linearized form is given as follows:

lnqe = lnKF+
1

n
lnce (3)

where qm (mg/g) is the theoretical maximum monolayer
adsorption capacity, KL (mL/mg) is the Langmuir constant
related to the adsorption energy reflecting the affinity between
the adsorbate and adsorbent (Wu et al., 2017; He et al., 2019),
KF [(mg/g)•(mL/mg)1/n] and n are the Freundlich constants. KF

is an indicator of the relative adsorption capacity, n is related to
the magnitude of the adsorption driving force and heterogeneity
of the binding sites, and 1/n indicates the favorability of
the adsorption.

The parameters of the isotherm models were summarized
in Table 3. The Langmuir model was more better than the
Freundlich model for describing the adsorption data of PhGs
on CMK-3, which indicated that the adsorption of the PhGs on
the CMK-3 was a simple monolayer adsorption process (Wang
F. et al., 2017). In addition, the presence of oxygen-containing

FIGURE 8 | (A) Adsorption Isotherms (B) Langmuir and (C) Freundlich adsorption isotherm of PhGs on CMK-3.
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TABLE 3 | Model parameters for adsorption of PhGs on CMK-3.

Langmuir adsorption isotherm

(n = 5)

Freundlich adsorption isotherm

(n = 5)

K L qe(mg/g) R2 KF 1/n R2

0.038 ± 0.025 380.70 ± 16.23 0.999 ± 0.005 99.32 ± 20.46 0.22 ± 0.074 0.737 ± 0.086

FIGURE 9 | Adsorption kinetic models of PhGs onto CMK-3: (A) Adsorption kinetics of CMK-3 (B) pseudo-first-order, (C) pseudo-second-order, and (D) intra-particle

diffusion model.

functional groups on the surface of CMK-3 enhanced the
adsorption of PhGs. The maximum adsorption amount (qm)
can reach 380.70 mg/g that was similar to the experimental
value. In addition, the 1/n value of PhGs was calculated to
be 0.22, which was <0.5. It indicated that the adsorption of
the PhGs on the CMK-3 could take place easily (Fu et al.,
2007; Gan et al., 2018). This indicated that the adsorption of
PhGs on CMK-3 was not completely a physical adsorption
process. PhGs contain multiple hydroxyl groups which might
form hydrogen bonds with the oxygen-containing functional
groups on the CMK-3 and offer weak chemical adsorption
for the adsorption. Therefore, CMK-3 adsorption of PhGs was
a complex adsorption process combining physical adsorption
with chemisorption.

Adsorption Kinetics
CMK-3 adsorption capacities were investigated as a function
of time to determine the adsorption equilibrium time in
Figure 9A. The investigation shows that the equilibrium
adsorption rate gradually decreases and gradually leveled off
as the adsorption capacity approaches equilibrium. It was
found that the adsorption equilibrium was reached after 14 h.
The rapid initial adsorption rate could be due to the high
concentration gradient between the PhGs and CMK-3 in the
solution and the surface of CMK-3 had large availability of
active sites.

Adsorption kinetics was evaluated by the
application of the pseudo-first-order, pseudo-second-
order and intra-particle diffusion models. The
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TABLE 4 | Parameters for the kinetic model of PhGs on CMK-3.

Pseudo-first-order model

(n = 5)

Pseudo-second-order model

(n = 5)

K1 qm(mg/g) R2 K2 qm(mg/g) R2

0.090 ± 0.043 8.614 ± 3.62 0.84 ± 0.006 0.003 ± 0.001 373.13 ± 12.26 0.998 ± 0.005

plotted graphs of pseudo-first-order, pseudo-second-
order models, and intra-particle diffusion model
for adsorption PhGs onto CMK-3 were shown in
Figures 9B–D, respectively.

The linear form of the kinetics models are expressed
as follows:

Pseudo-first-order (Li et al., 2017a):

log (qe − qt) = logqe −
K1

2.303
t (4)

Pseudo-second-order (Tang et al., 2018):

t

qt
=

1

K2q2e
+
t

qt
(5)

where K1 (1/min) and K2 (g/mg·min−1) are the rate constants of
pseudo-first order rate equation and pseudo-second order rate
equation, respectively. qe (mg/g) is the theoretical adsorption
capacity at equilibrium.

Intra-particle diffusion model:

qt =Kpt
1
2 +C (6)

where Kp is the intra-particle diffusion constant (mg/g min) and
C is the reflection of boundary layer effect (mg/g).

The calculated values of qe, rate constants and
correlation coefficient are shown in Table 4. The pseudo-
second-order model gave an R2 value of 0.998, while
R2 value of pseudo-first-order model was 0.84. It
implies that the pseudo-second-order model exhibits
better linear relationship than the pseudo-first-order
model. Figure 9C shows that the linear plots of t/qe
vs. t show good agreement with the experimental data
from the pseudo-second-order model. The calculated
qe of pseudo-second-order was quite similar to
experimental data (Table 4). These results indicated that
pseudo-second-order was more suitable kinetics model
than pseudo-first-order.

However, the evaluation results of the pseudo-second-order
model cannot determine the potential adsorption mechanism. It
was generally accepted that adsorption kinetics was controlled
by the diffusion mechanism, which consists external diffusion,
boundary layer diffusion and intra-particle diffusion (Wong
et al., 2019). The intra-particle diffusion model was used to
determine if intra-particle diffusion were the rate-limiting steps.

FIGURE 10 | Cycle adsorption performance test of CMK-3.

The intra-particle diffusion was said to be the rate limiting
step when the qt vs. t

1/2 was linear. The intra-particle diffusion
was only rate controlling step when the curve passes through
the origin. It can be seen from Figure 9D, the intra-particle
diffusion was governed by two different stages. The first stage
of the curve represents surface adsorption. The second stage
indicates intra-particle diffusion in the CMK-3 pores. As the
intra-particle diffusion plot did not pass through the origin,
the model indicated that the adsorption mechanism was more
than one mechanism and intra-particle diffusion was not the
only rate-limiting step. Thus, it can be concluded that the
mechanism of PhGs adsorption on CMK-3 was complex that
both the external surface adsorption and intra-particle diffusion
occurred simultaneously.

Repetitive Experiment
Reusability was an important factor for considering the use
and value of adsorbents in practical applications. Therefore, the
cyclic adsorption performance of CMK-3 for the crude extract
was tested. Figure 10 showed the results of cyclic adsorption
of CMK-3 for crude extract of Cistanche tubulosa. It can be
observed from the Figure 10 that the adsorption capacity of
CMK-3 changed from 358.09 ± 4.13 mg/g to 320.78 ± 5.62
mg/g after three cycles of adsorption, which indicated the CMK-
3 had good repeatability, and CMK-3 can be repeatedly used to
adsorb PhGs.
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CONCLUSIONS

The adsorption properties of PhGs on the three kinds of
mesoporous carbons were investigated and the mesoporous
carbon before and after adsorption were characterized. The
results showed that CMK-3 had a largest specific surface
area and pore volume among the three adsorbents (CMK-
3, DMC, and CMK-8), and it can adsorb PhGs molecules
more effective than DMC and CMK-8 from the extracts of
Cistanche tubulosa. Because the oxygen-containing functional
groups on the surface of CMK-3 can provide a large number
of active adsorption sites for the PhGs molecules. In addition,
hydrogen bonds were formed between hydroxyl groups of
PhGs and the oxygen-containing functional groups of CMK-
3. The adsorption capacity of crude extract for PhGs was
358.09 ± 4.13 mg/g at the optimal conditions of 0.41 mg/L,
pH = 6 and 60◦C, and the corresponding desorption rate
of CMK-3 was 95.02%. The adsorption data exhibited that
adsorption of PhGs closely followed the Langmuir model
and pseudo-second-order models, the intra-particle diffusion
model suggested that the rate-limiting steps of adsorption were
intra-particle diffusion model. The CMK-3 can be used as
a potential adsorbent to highly efficient adsorb PhGs from
Cistanche tubulosa.
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Acteoside (ACT) is the main component of phenylethanoid glycosides in Cistanche

tubulosa, and it is extremely desirable for obtaining high purification of ACT bymolecularly

imprinted polymers (MIPs) from their extracts. In this study, MIPs were designed and

synthetized to adsorb selectively the ACT inC. tubulosa. The effects of different functional

monomers, cross-linkers, and solvents of MIPs were investigated. MIPs were studied in

terms of static adsorption experiments, dynamic adsorption experiments, and selectivity

experiments. The optimal functional monomer, cross-linking agent, and solvent are

4-vinylpyridine, ethylene glycol dimethylacrylate, and the mixed solvent (acetonitrile and

N,N-dimethylformamide, 1:1.5, v/v), respectively. Under the optimal conditions, the

synthesized MIP1 has a high adsorption performance for ACT. The adsorption capacity

of MIP1 to ACT reached 112.60 mg/g, and the separation factor of ACT/echinacoside

was 4.68. Because the molecularly imprinted cavities of MIP1 resulted from template

molecules of ACT, it enables MIP1 to recognize selectively ACT. Moreover, the N–H

groups on MIP1 can form hydrogen bonds with the hydroxyl groups on the ACT; this

improves the separation factor of MIP1. The dynamic adsorption of ACT accorded with

the quasi-second-order kinetics; it indicated that the adsorption process of MIP1 is the

process of chemical adsorption to ACT. MIPs can be applied as a potential adsorption

material to purify the active ingredients of herbal medicines.

Keywords: molecularly imprinted polymer, Cistanche tubulosa, acteoside, adsorption, hydrogen bond

INTRODUCTION

Cistanche tubulosa is one of the valuable Chinese herbal remedies (Li et al., 2016;
Morikawa et al., 2019). The crude extract of C. tubulosa mainly contains phenylethanoid
glycosides, polysaccharides, oligosaccharides, flavonoids, polyphenols, and proteins, among which
phenylethanoid glycosides are the most effective components of C. tubulosa (Wang et al., 2015,
2017; Yan et al., 2017). Studies have shown that phenylethanoid glycoside compounds have the
effects of tonifying kidney Yang, anti-oxidation, anti-tumor, anti-aging, enhancing memory, etc.
Phenylethanoid glycosides have a wide range of applications in medicine, health care, food, and so
on (Yang et al., 2017; Fu et al., 2018; Wu et al., 2019; Xu et al., 2019). In order to obtain high-purity
products, the highly selective separation of the target substance is the key to the problem. Therefore,
it is of great significance to design and develop a purification method with good selectivity, high
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efficiency, energy saving, and environmental friendliness for the
development and utilization of C. tubulosa.

Phenylethanoid glycosides are the most important
pharmacological active ingredients in C. tubulosa, including
echinacoside (ECH), acteoside (ACT), isomeric, and 2-acetyl C.
tubulosa glycosides. ECH and ACT are the main components
of phenylethanoid glycosides, with content up to 90%. At
present, the research of C. tubulosa mainly focuses on its
pharmacological components. The separation and purification
methods mainly include macroporous adsorption resin, high-
speed countercurrent chromatography, membrane separation,
and molecular imprinting (Han et al., 2012; Dong et al.,
2015; Zhang et al., 2018a; Pei et al., 2019; Si et al., 2019).
Macroporous adsorption resin is a mature technology, but there
are some shortcomings such as a large amount of solvent, long
time, low yield, and complex process. High-purity monomer
compounds can be extracted from natural products by high-
speed countercurrent chromatography. Membrane separation
is a new kind of separation technology, which can make the
effective components of natural products rich and with few
impurities, but the separation process is complicated (Li et al.,
2015a,b; Wang et al., 2016; Zhang et al., 2016, 2018b; Li X. et al.,
2019). As a new separation technique, molecular imprinting
can make the active components of natural products highly
concentrated with few impurities and effectively improve the
purity of products. Molecularly imprinted polymers (MIPs)
have shown the important applications for the purification and
preconcentration of biomolecules from complex human fluids
such as urine or postmortem blood (Lulinski et al., 2015, 2016).

Molecular imprinting technology synthesizes highly cross-
linked MIPs through template orientation, generating cavities
that mimic binding sites of antibodies, enzymes, and other
biological materials, and give priority to bind with template
molecules, providing an effective method for molecular
recognition (Hrobonova et al., 2018; Liang et al., 2018; Hong
et al., 2019; Ma et al., 2019). MIPs have attracted wide attention
in the fields of solid phase extraction, sensors, antibodies, enzyme
simulation, receptors, and catalysts (Zhang et al., 2013; Ansari
and Karimi, 2017; Diltemiz et al., 2017; Xiao et al., 2018; Yu
et al., 2019). Recently, MIPs have potential applications in drug
delivery devices or chiral resolution (Lulinski, 2017; Marc et al.,
2018; BelBruno, 2019; Sobiech et al., 2019). The main advantages
of MIPs are the ease of preparation and creation of “custom”
possible binding sites, by adjusting the target molecule’s synthesis
process needed as a template in the polymerization process,
as well as the advantages of low production cost, stability,
robustness, and acid and alkali resistance (Speltini et al., 2017;
Wu et al., 2017; Xu et al., 2017; Li F. et al., 2019; Zhang et al.,
2019). In particular, MIPs have been successfully used as a
selective adsorbent for solid phase extraction to extract active
ingredients from natural products (Huang et al., 2019; Li Z.
et al., 2019; Wang Y. et al., 2019). Molecular imprinting is
divided into covalent molecular imprinting and non-covalent
molecular imprinting. Covalent molecular imprinting has the
characteristics of strong adhesion and difficult elution of template
molecules, while non-covalent molecular imprinting has the
characteristics of strong adhesion and easy elution of template

molecules. Therefore, non-covalent molecular imprinting
polymers are often used for the separation and purification of
natural products. The binding mode of non-covalent molecular
imprinting method and target components is generally weak
covalent bond binding, such as hydrogen bond, van der Waals
force, hydrophobic interaction, π-π accumulation (Yoshikawa
et al., 2016; Vicario et al., 2018), etc. The recent literatures
have reported that the interaction between the components of
prepolymerization complex can be discussed by the theoretical
analysis for design of functional monomers, cross-linking
agents, and solvents (Sobiech et al., 2014, 2017; Cowen et al.,
2016; Giebultowicz et al., 2019). Precipitation polymerization
is the most commonly used method in the synthesis of imprint
materials, but the main disadvantage of this method is that
the steps required for the preparation of imprint materials are
complex and numerous (Phungpanya et al., 2018). Therefore,
this studymainly obtained a kind of imprintedmaterial with high
selective adsorption capacity for ACT by bulk polymerization,
which is a simple and rapid synthesis method (Cantarella et al.,
2019; Wang H. et al., 2019).

The aim of this study is to obtain an imprinted material
with high selective adsorption capacity for ACT by a simple
and rapid synthesis method. A series of MIPs of different
functional monomers and different solvents were synthesized by
bulk polymerization. The synthetic materials were characterized
by scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FT-IR). The adsorption performance of
phenylethanoid glycoside aqueous solution was evaluated, and its
binding selectivity was studied in depth. The MIPs with optimal
adsorption performance were used to adsorb and purify ACT
from crude extract of C. tubulosa.

MATERIALS AND METHODS

Materials
Echinacoside (ECH, ≥98%) and Acteoside (ACT, ≥98%) were
obtained from Sunny Biotech Co., Ltd. (Shanghai, China). C.
tubulosa was obtained from Cistanche Rongtang Biotechnology
Co., Ltd. (Xinjiang, China). 4-Vinylpyridine (4-VP, 98%),
methacrylic acid (MAA, 98%), 2-hydroxyethyl methacrylate
(HEMA, 98%), ethyleneglycol dimethacrylate (EGDMA, 98%),
azodiisobutyronitrile (AIBN, 98%), divinylbenzeneare (DVB,
98%) andN,N-dimethylformamide (DMF, 99.5%) were obtained
from Adamas Reagent Co., Ltd. (Shanghai, China). Acetonitrile
(ACN, ≥99.9%), methanol (≥99.9%), and acetic acid (≥99.9%)
were obtained from ThermoFisher Scientific Co., Ltd. (Shanghai,
China). Ethanol (≥99.7%) was obtained from Yong sheng Fine
Chemical Co., Ltd. (Tianjin, China). Deionized water is prepared
from laboratory pure water Smart-S15 system (Shanghai, China).

Instruments
The surface morphology and microstructure were examined by
scanning electron microscopy (SEM, SU8010, Hitachi, Japan).
The chemical structure of MIPs (FT-IR, icolet AVATAR360,
Nikolai, USA) was measured by FT-IR. FT-IR test conditions: the
step length is 2 cm−1 and the scanning range is 4,000–500 cm−1,
and attenuated total reflectionmethod is used to prepare theMIP.
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TABLE 1 | The gradient elution program of HPLC.

T (min) A (%) B (%)

0–8 13 87

8–20 13–20 87–80

20–23 20–50 80–50

23–25 50–13 50–87

25–28 13 87

TABLE 2 | Calibration curves of ECH and ACT.

Component Regression equation R2 Linear range (µg/ml)

ECH Y = 1.32 × 107X – 1.50 × 104 0.999988 1.6–2,000

ACT Y = 1.71 × 107X – 1.57 × 103 0.999987 1.6–2,000

The pore size, distribution and specific surface area of MIPs are
measured using a special physical adsorption device (Mike, ASAP
2460). Adsorbent test conditions: degassing at 60◦C for 12 h, N2

adsorption and desorption curves were measured at−196◦C. 1H
nuclear magnetic resonance (1H NMR) spectra were recorded in
DMSOd6 on an AV-300 spectrometer (Bruker, Switzerland) with
TMS as internal standard and values are shown in ppm (δ).

High-performance liquid chromatography (HPLC) with
ultraviolet (UV) ray detector was performed with a 2695 solution
system (Waters, USA). A chromatography was performed on
a reverse-phase C18 column (Symmetry, 250 ×4.6mm, 5µm).
The analytical methods were as follows: the mobile phase was
acetonitrile (A) and acetic acid/water (1:44, v/v) (B) at a flow
rate of 1 ml/min with 10-µl injection volumes and the UV
detector wavelength was set at 330 nm. The column temperature
was maintained at 30◦C (Yang et al., 2018). Gradient elution
conditions are listed in Table 1.

HPLC analysis using ECH and ACT standard solutions (2
mg/ml, 1 mg/ml, 0.2 mg/ml, 0.04 mg/ml, 0.008 mg/ml, and
0.0016 mg/ml) gave ECH and ACT calibration. The linear
regression equation is shown in Table 2.

The limits of detection for ACT and ECH were 0.528 and
0.528µg/ml, respectively. The limits of quantification for ACT
and ECH were 1.60 and 1.60µg/ml, respectively. The accuracy
of ACT and ECH were 1.40 and 1.89%, respectively. The same
sample was injected five times to obtain ACT and ECH precision
of 1.40 and 1.71%, respectively.

Synthesis of MIPs
The preparation process of MIP1 as follows: firstly, the template
molecule ACT (125.00mg) and the functional monomer 4-
VP (210.00mg) were dissolved sufficiently in mixed solution
(2.50ml) of acetonitrile and N,N-dimethylformamide (1:1.5,
v/v). Then, the prepolymerization reaction of the mixture
was carried out at 25◦C for 20min. Subsequently, EGDMA
(1.12 g) and AIBN (15.00mg) were added and dissolved fully
into the pre-polymerization mixture. The obtained prepolymer
solution was evacuated and filled with argon gas. The process of

TABLE 3 | Ratio of raw materials for molecularly imprinted polymerization.

Polymers Template Functional

monomer

Cross-linker Solvent

MIP1 ACT 4-VP EGDMA ACN:DMF (1.5:1, v/v)

MIP2 ACT MAA EGDMA ACN:DMF (1.5:1, v/v)

MIP3 ACT HEMA EGDMA ACN:DMF (1.5:1, v/v)

MIP4 ACT 4-VP DVB ACN:DMF (1.5:1, v/v)

MIP5 ACT 4-VP EGDMA Methanol

NIP1 - 4-VP EGDMA ACN:DMF (1.5:1, v/v)

NIP2 - MAA EGDMA ACN:DMF (1.5:1, v/v)

NIP3 - HEMA EGDMA ACN:DMF (1.5:1, v/v)

NIP4 - 4-VP DVB ACN:DMF (1.5:1, v/v)

NIP5 - 4-VP EGDMA Methanol

The molar ratio of template molecule to monomer in MIPs is 1:10, and the molar ratio of

monomer to cross-linker of MIPs and NIPs is 1:3.

polymerization was carried out at 60◦C for 24 h. Finally, the pale-
yellow bulk polymers were obtained and grounded to powder,
which was sieved through a 200-mesh screen.

The mixed solution of methanol and acetic acid (9:1, v/v) was
used to elute template molecules of ACT. The ACT molecules
were eluted and repeated to wash until no ACT molecules were
found inMIP1. The residual acetic acid inMIP1 was washed with
methanol, and then MIP1 were dried at 40◦C.

ACT was used as the template molecule, and different
functional monomers, cross-linkers, and solvents are listed in
Table 3 and used to synthesize MIPs and NIPs.

Static Adsorption Experiments
Ten milligrams of ACT MIPs was accurately weighed and placed
in a 10-ml black cap bottle. Ten milliliters of ACT standard
solution with 0.50mg/ml concentration was added. The black cap
bottle was placed in a thermostatic shaker. The temperature was
set at 30◦C, the speed was 150 rpm, and the adsorption process
was 24 h. One milliliter of the solution was used to determine the
content of ACT in the filtrate by HPLC.

Dynamic Adsorption Experiments
Fifty milliliters of sample solution (standard solution or
C. tubulosa extract) was placed in a cap bottle, and 20.00mg
MIPs was added and placed in a shaker at 30◦C for 24 h. The
samples were sampled at a set time within 24 h. Compared with
SPE, d-SPE was more valuable, because the process of d-SPE
can avoid the problems on variations of pressure and flow rate.
One milliliter of solution was taken from each sample and the
concentration of ACT in the solution was determined by HPLC.

In order to investigate the adsorption process, the pseudo-
first-order reaction model equation and pseudo-second-order
reaction model equation were used to describe the adsorption
process of ACT on adsorbents. The pseudo-first-order reaction
model equation was as follows:

log
(

qe − qt
)

= log qe −
K1

2.303
t (1)
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where K1 is the adsorption rate constant of pseudo-first-order
kinetic model; t (min) is time; qt is the adsorption capacity of
time t.

The quasi-second-order reaction model equation is as follows:

t

qt
=

1

K2q2e
+

1

qe
(2)

where K2 is the adsorption rate constant of the pseudo-second-
order kinetic model.

Selectivity Experiments
The standard solutions of ACT and ECH with a concentration
of 0.50 mg/ml were put into the black cap bottle for adsorption
experiments, such as the static adsorption conditions above. One
milliliter was extracted from the adsorbed solution, and the ACT
and ECH content in the filtrate were determined by HPLC.

The adsorption capacity Q (mg/g) for the template bound to
MIPs was calculated according to the following equation (Zhao
et al., 2017):

Q =
(C0 − C1)

m
V (3)

where C0 (mg/ml) and C1 (mg/ml) are the initial concentration
and equilibrium concentration of standard solutions (Wang H.B.
et al., 2019), V (ml) is the volume of standard solution, andm (g)
is the weight of the MIP.

The adsorption selectivity of MIPs was evaluated by tow
parameters such as the imprinting factor (IF) and adsorption
separation factor (α).

The calculation of the imprinting factor is as follows:

IF =
QMIP

QNIP
(4)

where QMIP and QNIP are the adsorption capacity Qe (mg/g)
of the bound analyte at equilibrium on the MIP and the
NIP, respectively.

The calculation of the adsorption separation factor is
as follows:

α =
KD,template

KD,analog
(5)

KD =
(C0 − Ce)V

Cem
(6)

where Ce (mg/ml) is the concentration of the solution after
absorbed, C0 (mg/ml) is the initial concentration of the solution,
V (ml) is the volume of the solution in the absorbed process, and
m (g) is the mass of the sorbent. KD,template and KD,analog are the
static distribution coefficients toward the template molecules and
analog, respectively (Singh et al., 2013).

FIGURE 1 | SEM of (A) MIP1, (B) NIP1, (C) MIP2, (D) NIP2, (E) MIP3, (F)

NIP3, (G) MIP4, (H) NIP4, (I) MIP5, and (J) NIP5.

RESULTS AND DISCUSSION

Characterization of MIPs
The SEM images of MIPs and NIPs are shown in Figure 1.
As can be seen from Figure 1, MIPs and NIPs show different
loose structures in different monomers, cross-linking agents,
and solvents. MIP1–MIP4 and NIP1–NIP4 are heterogeneous
particles with irregular shape and different size. MIP5 and NIP5
are heterogeneous lamellar with irregular shape and different
size. The structure of MIP1 prepared in EGDMA is looser than
that MIP4 prepared in DVB (Figures 1A,G). The structure of
MIP1 with ACN and DMF as solvent (1:1.5, v/v) is looser than
that of MIP5 with methanol as solvent (Figures 1A,I). The loose
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FIGURE 2 | (A) FT-IR spectra of MIPs with different functional monomers: (1) 4-VP of MIP1; (2) MAA of MIP2, and (3) HEMA of MIP3; (B) FT-IR spectra of MIPs with

different cross-linkers: (1) DVB of MIP4 and (2) EGDMA of MIP1; (C) FT-IR spectra of MIPs with different solvents: (1) MIP5 and (2) MIP1; (D) FT-IR spectra of (1) NIP1,

(2) MIP1-ACT, and (3) MIP1.

structure can speed up the molecular mass transfer and improve
the binding speed of MIPs and ACT.

Figure 2 shows FT-IR spectra of MIPs with different
functional monomers (A), cross-linkers (B), and solvents (C).
As shown in Figure 2A, the C=N stretching vibration peak and
the C=C stretching vibration peak appeared in 4-VP at 1,637
cm−1 and 1,456 cm−1, respectively (Figure 2A, trace1). The
C=O stretching vibration peak and the C-O stretching vibration
peak appeared in MAA at 1,730 and 1,260 cm−1, respectively
(Figure 2A, trace2). The stretching vibration peak of β-hydroxy
and the stretching vibration peak of methylene appeared in
HEMA at 3,436 and 2,958 cm−1, respectively (Figure 2A,
trace3). The results indicate that 4-VP, MAA, and HEMA were
successfully polymerized into the MIPs. As shown in Figure 2B,
the stretching vibration absorption peaks of unsaturated C–
H bond and skeleton vibration absorption peaks of benzene
ring appeared in DVB at 3,021 and 1,600 cm−1, respectively
(Figure 2B, trace1). The stretching vibration absorption peaks
of C=O and the stretching vibration absorption peaks of O-C-
O appeared in EGDMA at 1,730 and 1,160 cm−1, respectively
(Figure 2B, trace2). The results indicate that MIP4 and MIP1
were successfully polymerized. As shown in Figure 2C, it can be

seen that MIP1 and MIP5 had no peculiar characteristic peak,
indicating its chemical structure is similar.

Figure 2D is the FT-IR spectra of NIP1, MIP1-ACT, and
MIP1. The infrared spectrum of the NIP1 and the infrared
spectrum of the MIP1 have the same characteristic peak,
indicating that its chemical structure is similar (Figure 2D, trace1
and trace3). The infrared spectrum of the MIP1-ACT produced
a new peak at 2,956 cm−1 compared to the infrared spectrum
of the MIP1 (Figure 2D, trace2 and trace3), due to the acyl
group of ACT that interacts with 4-VP to form a hydrogen bond
association on the MIP1, indicating that the template molecule
has been adsorbed to the MIP1 through hydrogen bonding.

The hysteretic curve and pore size distributions of MIPs and
NIPs are shown in Figure 3. The hysteretic curves of MIPs and
NIPs exhibited “type IV” isotherm (Figures 3A,B). The pore size
distributions of MIPs and NIPs were distributed in the range
of 5–50 nm, which indicated that the pores of MIPs and NIPs
belonged to mesopores (Figures 3C,D).

The data of specific surface area, pore volume, and pore size
for MIPs and NIPs are listed in Table 4. The specific surface
area of MIP1 was 593.91 m2/g with a pore size of 10.91 nm. The
specific surface area of NIP1 was 427.12 m2/g with a pore size of
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FIGURE 3 | BET data (A) hysteresis curve of MIPs, (B) hysteresis curve of NIPs, (C) pore distribution diagram of MIPs, and (D) pore distribution diagram of NIPs.

TABLE 4 | BET data for MIPs and NIPs.

Polymers Hysteresis

curve

Pore size (nm) Pore volume

(cm3/g)

Surface area

(m2/g)

MIP1 H4 10.91 1.08 539.91

MIP2 H4 10.01 0.81 317.76

MIP3 H4 9.09 0.54 232.76

MIP4 H4 8.91 0.74 327.49

MIP5 H4 10.06 0.13 51.88

NIP1 H4 8.41 0.89 427.12

NIP2 H4 7.94 0.57 206.95

NIP3 H4 7.11 0.28 159.88

NIP4 H4 8.12 0.44 215.24

NIP5 H4 10.29 0.11 41.83

7.94 nm. Obviously, the specific surface area and pore size of the
MIP1 were larger than that of the NIP1. This can be attributed to
the presence of imprinted holes on the surface of MIP1. The high
specific surface area and large pore size of MIP1 are favorable for
increasing the adsorption capacity of MIP1 for ACT.

The 1H NMR spectra of ACT, monomers, and prepolymers
are shown in Figure 4. The proton peaks of different phenolic
hydroxyl groups on ACT appeared at 7.50, 6.75, 6.20, 5.02,
4.35, and 3.52 ppm (Figures 4A–C). As shown in Figure 4A,
the proton peaks on the pyridine groups of 4-VP exhibited at
8.64, 7.45, 6.75, 6.17, and 5.54 ppm. Compared with the proton
peaks of ACT and 4-VP, prepolymer of MIP1 appeared new
proton peaks at 8.52, 8.01, 7.49, 6.67, 6.13, and 5.54 ppm, which
resulted from the formed hydrogen bonds between ACT and 4-
VP. As shown in Figure 4B, the proton peaks of MAA exhibited
at 5.94, 5.53, and 1.47 ppm. Compared with the proton peaks
of ACT and MAA, prepolymer of MIP2 presented new proton
peaks at 7.95, 5.98, 5.67, and 1.03 ppm, which resulted from the
formed hydrogen bonds between ACT and MAA. As shown in
Figure 4C, the proton peaks of HEMA exhibited at 6.04, 5.56,
4.85, 4.11, and 3.75 ppm. Compared with the proton peaks of
ACT and HEMAA, prepolymer of MIP3 exhibited new proton
peaks at 7.95, 6.15, 5.76, 4.32, and 3.66 ppm, which resulted from
the formed hydrogen bonds between ACT and HEMA.

Adsorption Experiment
In the process of MIPs preparation, the appropriate functional
monomers determine whether molecularly imprinted polymers
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FIGURE 4 | The 1H NMR spectra of (A) ACT, 4-VP, and ACT-4-VP prepolymer, (B) ACT, MAA, and ACT-MAA prepolymer, and (C) ACT, HEMA, and ACT-HEMA

prepolymer.

TABLE 5 | Adsorption data of MIPs and NIPs.

Polymers QACT (mg/g) IF

MIP1 168.05 ± 4.65 2.69 ± 0.13

MIP2 113.58 ± 5.64 2.42 ± 0.15

MIP3 124.01 ± 4.39 0.87 ± 0.008

MIP4 124.59 ± 5.64 0.84 ± 0.005

MIP5 5.79 ± 6.34 0.32 ± 0.21

NIP1 62.58 ± 4.85 -

NIP2 46.91 ± 5.76 -

NIP3 143.13 ± 5.83 -

NIP4 147.77 ± 6.32 -

NIP5 17.96 ± 5.34 -

-, not available for data (n = 3).

have excellent recognition ability. This is because different
functional monomers contain different functional groups and the
interaction between template molecules is different. According
to the acidity and alkalinity, functional monomers can be
further divided into acidic functional monomers, basic functional
monomers, and neutral functional monomers, and acidic
template molecules should be selected as basic functional

FIGURE 5 | The effect of pH on the adsorption experiments of MIP1 and NIP1

for ACT.

monomers. Hydrogen bonds can be formed between different
functional groups of monomers and hydroxyl groups of the
template molecules in MIPs (Hammam et al., 2018; Panjan et al.,
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2018). 4-VP contains pyridine groups, and the pyridine groups
can form hydrogen bonds with the hydroxyl groups in the
template molecule of ACT. MAA contains carboxyl groups, and
carboxyl groups can form hydrogen bonds with the hydroxyl
groups in the template molecule of ACT. HEMA contains
hydroxyl groups, and hydroxyl groups can form hydrogen bonds
with template molecules of ACT (Yesilova et al., 2018; Haginaka
et al., 2019; Luo et al., 2019). The static adsorption data of MIPs
and NIPs are listed in Table 5. According to the data listed in
Table 5, MIP1 has the highest adsorption capacity and the highest
imprinting factor. The adsorption capacity of MIP1 was 168.05
mg/g, and the imprinting factor was 2.69. On one hand, MIP1
had large amounts of imprinted holes, which can match the
spatial configuration of ACT, achieving selective adsorption for
ACT. On the other hand, the hydroxyl groups on ACT contacted
with the N–H groups of MIP1 in the adsorption process to
form hydrogen bonds, which can increase adsorption capacity
of ACT.

FIGURE 6 | Adsorption isotherms of MIP1 and NIP1 for ACT.

The effect of pH on the adsorption performance of MIP1
and NIP1 for ACT is shown in Figure 5. It can be seen from
Figure 5 that the optimal pH value was 7 for adsorption of ACT
by MIP1 and NIP1. The reasons are as follows: ACT had a
large number of phenolic hydroxyl groups and belonged to the
weak acidic molecules, and the different pH values affected the
stability of ACT. The stability of phenolic hydroxyl groups on
ACT molecules would decrease at pH>7 and pH<7. This will
reduce the amount of ACT adsorbed by MIP1 and NIP1. Thus,
the optimum pH was 7 for MIP1 and NIP1 adsorption.

Isothermal Adsorption Experiment
The isotherm adsorption curves of MIP1 and NIP1 for ACT
were shown in Figure 6. It can be seen that the adsorption
capacity of MIP1 for ACT increases with the increase of the
initial ACT concentration, and this might be the reason that
the amount of ACT was not enough to saturate the specific
binding cavities. The adsorption curve reached the saturation
and tended to be stable when the initial concentration exceeded
1.50 mg/ml, and the maximum adsorption capacity of MIP1 was
250.00 mg/g, which indicated that a great many ACT specific
binding sites were produced during imprinting process. Figure 4
also shows that the amounts of ACT bound to the MIPs were
in a high level compared with those of the NIPs under the
same conditions.

Scatchard Plot Analysis
The Scatchard plot of MIP1 and NIP1 for ACT is shown in
Figure 7. The binding properties of MIPs were determined
by Scatchard plot analysis, which was based on the
following equation:

qe

ce
=

Bmax − qe

Ka
(7)

where ce is the equilibrium concentration of ACT in the solution,
qe is the amount of ACT bound to the MIPs at equilibrium,
Bmax is the apparent maximum binding amount, and Ka is the
dissociation constant.

FIGURE 7 | Scatchard plot of MIP1 (A) and NIP1 (B) for ACT.
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The Scatchard plot of MIP1 contained two different linear
regression lines, suggesting two types of binding sites. As shown
in Figure 7A, the left line suggested that the MIP1 had high
binding affinity with ACT in the concentration range of 0.005–
0.25 mg/ml. The Ka and Bmax were found to be 1.94 mg/ml
and 18,080.15 mg/g for dry polymer, respectively, and they were
calculated from the intercept and slope of the regression equation
qe/ce =−86.54qe + 9310.66 (R2

= 0.98). The right line indicated
that MIP1 had low binding affinity in the concentration range
of 0.25–4.00 mg/ml. The Ka and Bmax were found to be 127.31
mg/ml and 54,316.81mg/g for dry polymer, respectively, and they
were calculated from the regression equation qe/ce = −1.32qe
+ 426.65 (R2

= 0.91). Meanwhile, it can be seen from the two
equations that the slope of the straight line on the left side was
small, and the slope of the straight line on the right side was large.
The small slope had high binding affinity with ACT for MIP1.

FIGURE 8 | Adsorption kinetics of MIP1 on ACT.

The Scatchard plot of NIP1 shows a straight line, indicating
that there is only one type of binding site in NIP1. The
Ka and Bmax were found to be 12.19 mg/ml and 10,689.41
mg/g for dry polymer, respectively, and they were calculated
from the regression equation qe/ce = −5.13qe+ 876.91
(R2 = 0.89).

Adsorption Kinetics Study
Figure 8 shows the adsorption kinetics curve of MIP1 for
ACT. The dynamic adsorption experiments were carried out
in ACT solution with an initial concentration of 0.50 mg/ml;
it can be seen that the adsorption capacity of MIP1 for ACT
increases rapidly in 20min and slowly in 100min, but it does
not change much after 150min. Therefore, the equilibrium
adsorption time of MIP1 is 150min and the equilibrium
adsorption capacity is 204.08 mg/g. At the beginning of dynamic
adsorption, there are more free ACT molecules in ACT solution
and more specific recognition sites in MIP1, so the hydrogen
bonding rate between MIP1 and ACT is fast. After 20min,
the number of specific recognition sites of MIP1 and the
number of free radicals in the ACT solution decreased, which
reduced the binding rate of MIP1 and ACT, eventually reaching
dynamic equilibrium.

Figure 9 shows the quasi-first-order kinetic model and
quasi-second-order kinetic model of ACT adsorption on
MIP1, and Table 6 shows the data fitted by the kinetic
model. The equilibrium adsorption capacity in the dynamic
adsorption equilibrium experiment of MIP1 was 204.08

TABLE 6 | Fitting of quasi-first-order and quasi-second-order dynamic models.

Adsorbent Quasi-first-order kinetic fit

curve

Quasi-second-order

dynamic fitting curve

K1 Qe (mg/g) R2 K2 Qe (mg/g) R2

MIP1 0.0044 21.39 0.15 0.0052 204.08 0.99

FIGURE 9 | Adsorption dynamic curves of ACT with the fitting to (A) the pseudo-first-order model and (B) the pseudo-second-order model.
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FIGURE 10 | The relationship between effluent volume and effluent concentration in (A) MIP1 and (B) NIP1 adsorption process.

mg/g. The experimental data are consistent with the pseudo-
second-order kinetic fitting data, which proves that the
adsorption behavior of MIP1 conforms to the pseudo-
second-order kinetic model (R2 > 0.99). The dynamic
adsorption equilibrium accords with the quasi-second-
order kinetics; it indicates that chemical adsorption is a
speed-control step in the adsorption process. Therefore,
the adsorption behavior of ACT on MIP1 may be
hydrogen bonding.

Purification of ACT From C. tubulosa
Preparation of the Extracts of C. tubulosa
Twenty grams of C. tubulosa powder was dispersed in a 50%
ethanol solution at 70◦C. The extraction was carried out for 2min
under a high shear homogenizer at 16,000 rpm. The extracts
were filtered through a 0.22-µm filter to obtain the extract of
C. tubulosa.

Preparation of Solid Phase Extraction Column and

Solid Phase Extraction of ACT in the Extracts of

C. tubulosa
One hundred milligrams of MIP1 was dispersed in the 50%
ethanol solution and loaded into a solid phase extraction column,
and the SPE column of MIP1 was then rinsed with a 50%
ethanol solution at a flow rate of 2.00 ml/min for 10min. The
extracts of C. tubulosa were injected into the SPE column at
a flow rate of 2.00 ml/min, and the sample concentration of
the effluent was measured. The eluate was collected after the
SPE column of MIP1 was eluted with 90% ethanol solutions
and 10% ethanol solutions, respectively (Gao et al., 2016).
The collected eluent was dried and dissolved in water for
constant volume, and then the content of ACT was measured
by HPLC.

Figure 10 shows the relationship between effluent volume
and effluent concentration in the adsorption process of MIP1
and NIP1, respectively. The contents of ECH and ACT in the
extract of C. tubulosa were 2.44 and 0.53 mg/ml, respectively.
As can be seen from Figure 10, when the effluent volume is

40.00ml, the concentrations of ACT and ECH in the effluent
are the same as those in the extract of C. tubulosa, indicating
that MIP1 reaches the adsorption equilibrium. When the effluent
volume was 23.00ml, the concentrations of ACT and ECH in
the effluent were the same as those in the extract of C. tubulosa,
indicating that NIP1 reached the adsorption equilibrium. The
binding amount of ACT by MIP1 solid phase extraction
column is larger than that by NIP1 solid phase extraction
column; it indicated that MIP1 has excellent imprinting effect
on ACT.

The content of ECH in the extract of C. tubulosa was 4.58
times that of ACT. The adsorption capacity of MIP1 on ACT
and ECH was 36.86 and 88.67 mg/g, respectively. After the
eluent is eluted, the recovery rate of ACT was 90.09%. The
purity of ACT increased from 1.99 to 27.88%, and the increasing
amplitude of purity is 1301.00%, which was higher than the
increment of 960.00% by adsorption of microporous resins
(HPD300) (Liu et al., 2013). The increase in purity of ACT
results from the selective adsorption of ACT by molecularly
imprinted cavity.

CONCLUSIONS

An imprinting material with a high selective adsorption capacity
is used for simple and rapid separation of ACT. MIPs
were investigated in terms of static adsorption experiments,
dynamic adsorption experiments, and selectivity experiments.
The experimental results showed thatMIP1 exhibited the optimal
adsorption performance to ACT. MIP1 was prepared with ACT
as template molecule, 4-VP as a functional monomer, EGDMA
as a cross-linking agent, the volume ratio of ACN and DMF of
1:1.5 (v/v) as a solvent, and AIBN as initiator. The adsorption
results displayed that the adsorption capacity of MIP1 to ACT
reached 112.60 mg/g, and the separation factor of ACT/ECH was
4.68. The dynamic adsorption of ACT accorded with the quasi-
second-order kinetics; it indicated that the adsorption process of
MIP1 is the process of chemical adsorption to ACT. MIPs with
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high selectivity make it a potential adsorption material for the
purification of plant active ingredients.
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The growing concern over the harmful effects of synthetic colorants on both the

consumer and the environment has raised a strong interest in natural coloring

alternatives. As a result the worldwide demand for colorants of natural origin is

rapidly increasing in the food, cosmetic and textile sectors. Natural colorants have the

capacity to be used for a variety of industrial applications, for instance, as dyes for

textile and non-textile substrates such as leather, paper, within paints and coatings, in

cosmetics, and in food additives. Currently, pigments and colorants produced through

plants and microbes are the primary source exploited by modern industries. Among

the other non-conventional sources, filamentous fungi particularly ascomycetous and

basidiomycetous fungi (mushrooms), and lichens (symbiotic association of a fungus with

a green alga or cyanobacterium) are known to produce an extraordinary range of colors

including several chemical classes of pigments such as melanins, azaphilones, flavins,

phenazines, and quinines. This review seeks to emphasize the opportunity afforded by

pigments naturally found in fungi as a viable green alternative to current sources. This

review presents a comprehensive discussion on the capacity of fungal resources such

as endophytes, halophytes, and fungi obtained from a range or sources such as soil,

sediments, mangroves, and marine environments. A key driver of the interest in fungi

as a source of pigments stems from environmental factors and discussion here will

extend on the advancement of greener extraction techniques used for the extraction of

intracellular and extracellular pigments. The search for compounds of interest requires a

multidisciplinary approach and techniques such as metabolomics, metabolic engineering

and biotechnological approaches that have potential to deal with various challenges

faced by pigment industry.

Keywords: fungi, pigments, endophytes, lichen, halophytes

INTRODUCTION

Color is both the first and most pleasing feature an individual notices when approaching food
and this feature is known to be associated with the flavor, safety, and nutritional value of the food
item in question (Pathare et al., 2013; Spence, 2015). This has been a consistent theme throughout
history with the ancient Egyptians and Romans around 1500 B.C describing the concept food colors
and how they relate to bioactivity (Adam Burrows, 2009). Initially nature was the only source of
food colors (Rohrig, 2016; Yusuf et al., 2017), however, the high cost of extraction and instability
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of the traditionally natural colors drove the development of
synthetic colors during the 1800s. Perkin’s mauve pigment
was the first synthetic color discovered by English chemist
Sir William Henry Perkin in 1856 (Garfield, 2002). This
discovery led to the foundation of new era of synthetic
dyes commonly known as “coal-tar colors,” derived from
aniline and other organic compounds. These synthetic colors
were widely used in industries having an impact in textiles,
cosmetics and pharmaceuticals (Morris and Travis, 1992; Adam
Burrows, 2009). More, serious apprehensions against synthetic
colors were raised in 2007 after a study at University of
Southampton highlighted the link between some artificial colors
and hyperactivity in children (McCann et al., 2007; Arnold
et al., 2012). These colors known as “the Southampton six”
including sunset yellow FCF (E110), quinolone yellow (E104),
carmoisine (E122), allura red (E129), tartrazine (E102), and
ponceau 4R (E124) became the focus of the impact of colorants
on humans.

In 2010, European Union (EU) regulators directed
compulsory warnings on children’s food labeling and
recommended the limited acceptable daily consumption levels of
some colourings. Similarly, organizations like the United States
Food and Drug Administration (US-FDA) and World Health
Organization (WHO) also regulated the usage of these colors in
food, drugs, and cosmetic items. With the advent of the various
issues associated with the over use of synthetic pigments, intense
research in natural color dyes has been initiated in recent years
(Mapari et al., 2010; Aberoumand, 2011; FDA, 2011; Harasym
and Bogacz-Radomska, 2016; Mehrad et al., 2018; Duarte et al.,
2019).

Natural food coloring is a major focus of the modern
food manufacture industry and is an ever growing market
allowing an increase in research in this space (Faustino et al.,
2019). This has been led by growing customer awareness and
demand for products without synthetic colorants and has fueled
the growth of natural color industry. Natural food color not
only gives an appealing and appetizing look but might also
possesses nutritional and health benefits (Delgado-Vargas and
Paredes-Lopez, 2003; Bora et al., 2019). Nature has always
been considered a treasure trove of organisms comprising
plants, animals, and microorganisms with a capacity to produce
pigments. Some of the established natural pigments that are
frequently employed to provide color to food and are considered
safe include anthocyanins, carotenoids, betalains, chlorophylls,
and curcumin (Mortensen, 2006; Socaciu, 2007; Gengatharan
et al., 2015; Janiszewska-Turak et al., 2016; Corrêa et al., 2019).
These components not only provide the coloring property
to the food industry but also enhance the nutritious and
pharmacological potential of the food product through primarily
acting as antioxidants. Detailed studies on the characteristics and
properties of these natural pigments has been conducted and
discussed by research groups, however the potential of these
pigments as a source of new commercial pigments is limited by
a number of factors. Some of the challenges which the natural
color industry is facing include raw material availability and the

stability and sensitivity of these natural pigments toward various
external parameters (Scotter, 1995; Mercadante, 2007; Galaffu
et al., 2015). To better understand the opportunity for colors
from natural sources what is known about the well-studied plants
and animal sources needs to be extended into microorganisms
which have the potential as a source for biopigments production
(Sen et al., 2019).

Pigments produced from microbial origin have several
advantages over those obtained from plant or animal including
supply sustainability; yield; cost efficiency; stability; labor cost
and ease of downstream processing (Joshi et al., 2003; Tuli et al.,
2015). Innumerable reports are available on the application of
various biotechnological tools for the isolation of a plethora
of new colors from microbial origin (Joshi and Attri, 2005;
Rymbai et al., 2011; Gharibzahedi et al., 2012). Among
various microbial alternatives, microalgae and fungi produce
a remarkable range of water soluble biopigments that have
a range of ecological functions (Gmoser et al., 2017; Heer
and Sharma, 2017), however, lower harvest yields of the algal
cultures is the major bottleneck to exploit its potential for
commercial production (Hejazi and Wijffels, 2004). In efforts to
utilize fungi for biopigment production, basidiomycetous fungi
which have been utilized by ancient cultures for dying silk
and wool (Hernández et al., 2019) have been studied. However,
bulk production of these fungi for commercial purpose is not
feasible. Thus, the industry is more focussed on filamentous
fungi which can be easily grown in lab and allowed for the
opportunity for large scale production. This include fungi from
a broad range of environments of marine origin, soil endophytic
fungi from terrestrial and marine flora and endolichenic
fungus (Mapari et al., 2010; Gao et al., 2013; Dufosse et al.,
2014).

Many colors produced by the filamentous fungi for example
ankaflavin and canthaxanthin from Monascus sp. and Arpink
redTM pigment (Natural redTM) from the strain Penicillium
oxalicum var. armeniaca are already in the market (Mapari
et al., 2009). Though natural colors have taken a lead in
comparison to the synthetic ones in a rapidly changing
industry, the exploration of fungal based pigments still needs
attention toward their potential as future industrial pigment.
This review will highlight the potential filamentous fungi
sources that have the capacity to be explored in order
to produce these pigments, their application as commercial
natural colorants and challenges faced by the industry for
the commercial application of these pigments. Focus will be
given to the advanced analytical techniques that are currently
used to identify novel pigment components and how these
techniques can be applied to study the biosynthetic pathway.
In addition to these, metabolic engineering approaches that
have the potential to enable the mass production of the
fungal resources of colorants for a broad range of industries
will also be studied. Further newer greener and sustainable
extraction techniques used for the isolation of the pigments for
industrial application will be explored highlighting the emerging
green economy.
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FUNGI AS A SOURCE OF PIGMENTS

Increasing demand, limited resources and various disadvantages
associated with the currently authorized natural pigments such
as limited availability throughout the year, instability against
light, heat and adverse pH, variation in pigment extraction and
low water solubility, demands new research into the sustainable
sources of natural colorants. Recently, fungi have attracted special
attention for the production of natural pigments based on the
fact that they contain compounds with high light and chemical
stability, a spectrum of colors, high yield and a sustainable supply
(Durán et al., 2002; Fouillaud et al., 2016; Chen et al., 2017).

Pigments production by fungal colonies has kindled

interest among mycologist since the 19th century and can

be considered a microbial reserve for the production of food

grade pigments. Fungi are known to produce a wide array of

pigments which includes metabolites from several classes such as

melanins, anthraquinones, hydroxyanthraquinones, azaphilones,

carotenoids, oxopolyene, quinones and naphthoquinone

(Figure 1) (Mapari et al., 2005; Osmanova et al., 2010; Xie
et al., 2016; Chuyen and Eun, 2017; Pombeiro-Sponchiado
et al., 2017). In Figure 1 some of the shades and colors hues

produced by different class of metabolites and their basic

chemical structures can be observed. Arpink redTM pigment

(Natural redTM) which is the first commercial red color from a

fungus has been produced from the strain Penicillium oxalicum

var. armeniaca CCM 8242 isolated from soil (Caro et al.,

2017). Biosynthetically, many of these pigments are polyketides
derivatives which are produced abundantly in the majority of the
ascomycetous fungi. g Neurospora spp. and Monascus spp. are
such examples of ascomycetes fungi highlighting a key area for
further development. Besides, polyketide based molecules; other
classes of pigmented metabolites present in various filamentous
fungi are terpenoids, polyphenols, and carotenoids. To gain
an understanding of the breadth of color afforded by these
molecules some of the common pigments produced by these
species are displayed in Table 1.

Many of these natural pigments are found to have a range of
pharmacological activities and help fungi in various biological
roles such as compounds acting as enzyme cofactors (flavins)
(Rao et al., 2017); prevention against the harmful effects of photo-
oxidation (carotenoids) (Gmoser et al., 2017) and the protection
against environmental stress (melanins) (Dufosse et al., 2014).
Though these fungal pigments have been found to be associated
with diverse biological activities, the physiological role and
factors regulating their production are largely unstudied (Sen
et al., 2019). Recent advances in analytical and biotechnological
tools employing computational and molecular means helps in
deciphering the components responsible for color production,
their de novo pathway and genome responsible for its production.
Concurrently, alternative routes for mass production of these
metabolites may be achieved using heterologous expression.
Manipulation of culture conditions and co-culturing can also
help to enhance the expression and yield of a particular pigment.

FIGURE 1 | Different hues of colors produced by different classes of compounds.
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TABLE 1 | Examples of selected pigments produced by different fungal species grouped with respect to genus producing them.

S.no. Fungal/lichen species Pigment Class of

compound

Pigments

color

Molecular

formula and

weight

References

1. Alternaria solani, Alternaria

porri, Alternaria tomatophila

Altersolanol A Hydroxyanthraquinone Yellow C16H16O8;

336.3

Andersen et al., 2008

2. Alternaria sp. ZJ9-6B Alterporriol K Anthraquinone Red C32H26O10;

586.14

Huang et al., 2011

3. Alternaria sp. ZJ9-6B Alterporriol L Anthraquinone Red C32H26O12;

602.54

Huang et al., 2011

4. Alternaria sp. ZJ9-6B Alterporriol M Anthraquinone Red C32H25O12;

601.13

Huang et al., 2011

5. Alternaria sp. ZJ9-6B Macrosporin Hydroxyanthraquinone Yellow C16H12O5;

284.2

Huang et al., 2011

6. Alternaria sp. ZJ9-6B Dactylariol Hydroxyanthraquinone Not mentioned C16H16O7;

320.2

Huang et al., 2011

7. Alternaria sp. ZJ9-6B Tetrahydroaltersolanol B Hydroxyanthraquinone Not mentioned C16H20O6;

308.3

Huang et al., 2011

8. Alternaria sp. (SK11) Alterporriols C Hydroxyanthraquinone Orange C32H26O13;

618.5

Xia et al., 2014

9. Amygdalaria panaeola Panaefluorolines A Isoquinoline Yellowish

green

C19H24NO
+

4 ;

330.4

Kinoshita et al., 2003

10. Amygdalaria panaeola Panaefluorolines B Isoquinoline Yellowish

green

C17H20NO
+

4 ;

302.34

Kinoshita et al., 2003

11. Amygdalaria panaeola Panaefluorolines C Isoquinoline Yellowish

green

C18H22NO
+

4 ;

316.4

Kinoshita et al., 2003

12. Aspergillus sulphureus Viopurpurin Naphtoquinones Purple C29H20O11;

544.5

Durley et al., 1975

13. Aspergillus sulphureus Rubrosulfin Naphtoquinones Red C29H20O10;

528.5

Durley et al., 1975;

Stack et al., 1977

14. Aspergillus ochraceus Viomellein Quinone Reddish-

brown

C30H24O11;

560.50

Stack and Mislivec,

1978

15. Aspergillus ochraceus Xanthomegnin Dihydroisocoumarin Orange C30H22O12;

574.48

Stack and Mislivec,

1978; Frisvad et al.,

2004,

16. Aspergillus glaucus Catenarin Hydroxyanthraquinone Red C15H10O6;

286.2

Anke et al., 1980

17. Aspergillus glaucus Rubrocristin Hydroxyanthraquinone Red C16H12O6;

300.3

Anke et al., 1980

18. Aspergillus glaucus,

Aspergillus cristatus,

Aspergillus repens

Erythroglaucin Hydroxyanthraquinone Red C16H12O6;

300.26

Durán et al., 2002

19. Aspergillus glaucus Aspergiolide B Hydroxyanthraquinone Red C26H17O9

473.08

Du et al., 2008

20. Aspergillus variecolor Variecolorquinone A Quinone Yellow C20H17O9;

401.08

Wang et al., 2007

21. Aspergillus variecolor Variecolorquinone A Quinone Yellow C17H15O6;

315.08

Wang et al., 2007

22. Aspergillus sp. strain 05F16 Bostrycin Anthraquinone Red C16H16O8;

336.29

Xu et al., 2008

23. Aspergillus sp. strain 05F16 Tetrahydrobostrycin Anthraquinone Yellow C16H21O8;

341.12

Xu et al., 2008

24. Aspergillus sp. strain 05F16 1-

deoxytetrahydrobostrycin

Anthraquinone Yellow C16H21O7;

325.12

Xu et al., 2008

25. Aspergillus fumigatus Melanin 1,8-

dihydroxynaphthalene

Dark-brown C18H10N2O4;

318.28

Gonçalves et al., 2012

26. Aspergillus niger Azanigerones B Azaphilones Yellow C21H28O6;

376.44

Zabala et al., 2012

(Continued)
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TABLE 1 | Continued

S.no. Fungal/lichen species Pigment Class of

compound

Pigments

color

Molecular

formula and

weight

References

27. Aspergillus niger Azanigerones C Azaphilones Yellow C21H26O7;

390.43

Zabala et al., 2012

28. Aspergillus glaucus Physcion Hydroxyanthraquinone Yellow C16H12O5;

284.3

Gessler et al., 2013

29. Aspergillus nidulans Emodin Hydroxyanthraquinone Yellow C15H10O5;

270.2

Gessler et al., 2013

30. Blakeslea trispora Lycopene Carotenoids Red C40H56;

536.87

Wang et al., 2012

31. Blakeslea trispora β-carotene Carotenoids Yellow-orange C40H56;

536.87

Yan et al., 2013

32. Curvularia lunata Chrysophanol Hydroxyanthraquinone Orange-red C15H10O4;

254.2

Durán et al., 2002

33. Curvularia lunata Cynodontin Hydroxyanthraquinone Bronze C15H10O6;

286.2

Durán et al., 2002

34. Curvularia lunata Erythroglaucin Hydroxyanthraquinon Red C16H12O6;

300.26

Caro et al., 2017

35. Dreschlera teres, Dreschlera

dictyoides, Dreschlera

avenae.

Helminthosporin Hydroxyanthraquinone Maroon C15H10O5;

270.2

Durán et al., 2002

36. Dreschlera teres, Dreschlera

dictyoides, Dreschlera

avenae.

Catenarin Hydroxyanthraquinon Red C15H10O6;

286.2

Durán et al., 2002

37. Dreschlera teres, Dreschlera

dictyoides, Dreschlera

avenae.

Tritisporin Hydroxyanthraquinon Brownish-red C15H10O4;

254.2

Durán et al., 2002

38. Daldinia concentrica Daldinin A Azaphilones Yellow C15H18O5Na;

301.1

Shao et al., 2008

39. Daldinia concentrica Daldinin B Azaphilones Yellow C15H18O4;

285.1

Shao et al., 2008

40. Daldinia concentrica Daldinin C Azaphilones Yellow C15H21O4;

265.1

Shao et al., 2008

41. Emericella purpurea Epurpurins A Dicyanide

derivatives

Greenish-

yellow

C28H28N2O2;

424

Takahashi et al., 1996

42. Emericella purpurea Epurpurins B Dicyanide

derivatives

Greenish-

yellow

C23H20N2O2;

356.19

Takahashi et al., 1996

43. Emericella purpurea Epurpurins C Dicyanide

derivatives

Greenish-

yellow

C18H12N2O2;

288.08

Takahashi et al., 1996

44. Emericella falconensis and

Emericella fructiculosa

Falconensin A Azaphilones Yellow C23H23O6Cl2;

466.33

Ogasawara et al., 1997

45. Emericella falconensis and

Emericella fructiculosa

Falconensin E Azaphilones Yellow C23H25O7Cl;

448.9

Ogasawara et al., 1997

46. Eurotium amstelodami Erythroglaucin Hydroxyanthraquinone Red C16H12O6;

300.26

Podojil et al., 1978

47. Eurotium repens Auroglaucin Hydroquinones Orange-red C19H22O3;

304.4

Podojil et al., 1978

48. Eurotium repens Physcion Hydroxyanthraquinone Yellow C16H12O5;

284.3

Podojil et al., 1978

49. Eurotium rubrum and

Eurotium cristatum

Rubrocristin Hydroxyanthraquinone Red C16H12O6;

300.3

Anke et al., 1980

50. Eurotium chevalieri Flavoglaucin Hydroquinones Yellow C19H28O3;

304.4

Ishikawa et al., 1984

51. Eurotium rubrum and

Eurotium cristatum

Catenarin Hydroxyanthraquinone Red C15H10O6;

286.2

Durán et al., 2002

52. Eurotium sp Isodihydroauroglaucin Hydroquinones Orange C19H24O3;

300.4

Gawas et al., 2002

(Continued)
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53. Eurotium sp. Tetrahydroauroglaucin Hydroquinones Yellow C19H26O3;

302.4

Gawas et al., 2002

54. Eurotium rubrum 3-O-(α-D-ribofuranosyl)-

questin

Hydroxyanthraquinone Orange C21H19O9;

415.10

Li et al., 2009

55. Eurotium rubrum Asperflavin Hydroxyanthraquinone Greenish C16H16O5;

288.29

Li et al., 2009

56. Eurotium rubrum 2-O-methyleurotinone Eurotinone analogs Not mentioned C16H14O6;

302.27

Li et al., 2009

57. Fusarium fujikuroi Norbikaverin Benzoxanthentrione Red C19H12O8;

368.29

Kjær et al., 1971;

Medentsev and

Akimenko, 1998

58. Fusarium fujikuroi Bikaverin Benzoxanthentrione Red C20H14O8;

382.32

Kjær et al., 1971;

Wiemann et al., 2009

59. Fusarium fujikuroi β-carotene Carotenoids Red C40H56;

536.87

Avalos et al., 2017

60. Fusarium oxysporum 13-hydroxynorjavanicin Naphthoquinone Red C14H12O7;

292.06

Tatum et al., 1985

61. Fusarium oxysporum 1,4-naphthalenedione-

3,8-dihydroxy-5,7-

dimethoxy-2-(2-

oxopropyl)

Naphthoquinone Red C15H14O7,

306.08

Tatum et al., 1985

62. Fusarium oxysporum 5-O-methyljavanicin Naphthoquinone Red C16H16O6;

304.09

Tatum et al., 1985

63. Fusarium oxysporum 9-O-

methylanhydrofusarubin

Naphthoquinone Purple C16H14O6,

302.79

Tatum et al., 1985

64. Fusarium oxysporum 5-O-methylsolaniol Naphthoquinone Red C16H18O6;

306.31

Tatum et al., 1985

65. Fusarium oxysporum 8-O-methylbostrycoidin Naphthoquinone Red C16H13NO
5;

299.08

Tatum et al., 1985

66. Fusarium oxysporum 8-O-

methylanhydrofusarubinlactol

Naphthoquinone Red C16H14O7;

318.07

Tatum et al., 1985

67. Fusarium culmorum Aurofusarin Naphthoquinone Red C30H18O12;

570.46

Medentsev et al., 2005

68. Fusarium culmorum Bostrycoidin Naphthoquinone Red C15H11NO5;

285.26

Medentsev et al., 2005

69. Fusarium fujikuroi 8-O-methylfusarubin Naphthoquinone Red C16H16O7;

320.29

Studt et al., 2012

70. Graphis desquamescens Graphisquinone Quinone Red C11H10O5;

222.19

Miyagawa et al., 1994

71. Graphis scripta Graphenone Furandione Yellow-orange C14H14O4;

246.26

Miyagawa et al., 1994

72. Monascus sp. Monascin Azaphilone Yellow C21H26O5;

358.43

Karrer and Helfenstein,

1932; Feng et al.,

2012; Wang C. et al.,

2017

73. Monascus rubropunctatus Rubropunctatin Azaphilone Orange C21H22O5;

354.39

Haws et al., 1959

74. Monascus purpureus Monascorubramine Azaphilone Red C23H27NO4;

381.46

Fielding et al., 1960

75. Monascus rubropunctatus Rubropunctamine Azaphilone Red C23H30O5;

386.48

Fielding et al., 1960

76. Monascus purpureus Monascorubrin Azaphilone Orange C23H26O5;

382.45

Fielding et al., 1960

77. Monascus sp. Ankaflavine Azaphilone Yellow C23H30O5;

386.48

Mapari et al., 2006

(Continued)
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78. Monascus purpureus Monapilol A Azaphilone Orange C23H29O5;

385.20

Hsu et al., 2011

79. Monascus purpureus Monapilol B Azaphilone Orange C21H25O5;

357.17

Hsu et al., 2011

80. Monascus purpureus Monapilol C Azaphilone Orange C26H33O6;

441.22

Hsu et al., 2011

81. Monascus purpureus Monapilol D Azaphilone Orange C24H29O6;

413.19

Hsu et al., 2011

82. Penicillium multicolor Pencolide Maleimide Yellow to

orange

C9H9NO4;

195.174

Birkinshaw et al., 1963

83. Penicillium frequentans Questin Hydroxyanthraquinone Yellow to

orange-brown

C16H12O5;

284.26

Mahmoodian and

Stickings, 1964

84. Penicillium rubrum Mitorubrin Azaphilone Yellow C21H18O7;

382.4

Büchi et al., 1965

85. Penicillium purpurogenum Purpurogenone Quinone Yellow-orange C29H20O11;

544.10

Roberts and

Thompson, 1971

86. Penicillium phoeniceum Phoenicin Toluquinone Yellow C14H10O6;

274.23

Steiner et al., 1974

87. Penicillium cyclopium,

Penicillium viridicatum

Xanthomegnin Dihydroisocoumarin Orange C30H22O12;

574.48

Stack and Mislivec,

1978; Frisvad et al.,

2004,

88. Penicillium cyclopium,

Penicillium viridicatum

Viomellein Quinone Reddish-

brown

C30H24O11;

560.50

Stack and Mislivec,

1978; Frisvad et al.,

2004

89. Penicillium paraherquei Atrovenetin Furanone Yellow C19H18O6;

342.34

Ishikawa et al., 1991

90. Penicillium sp. AZ. PP-V, 12-

carboxylmonascorubramine

Azaphilone Purple-red C23H25NO6;

412.17

Ogihara et al., 2000

91. Penicillium sp. AZ. PP-R,

7-(2-hydroxyethyl)-

monascorubramine

Azaphilone Purple-red C25H31N;

426.22

Ogihara et al., 2000

92. Penicillium oxalicum Arpink redTM Anthraquinone Red C25H26O14 Sardaryan, 2002;

Dufossé et al., 2005;

Caro et al., 2017

93. Penicillium bilaii Citromycetin Chromene Yellow C14H10O7;

290.22

Capon et al., 2007

94. Penicillium bilaii Citromycin Chromene Yellow C13H10O5;

246.21

Capon et al., 2007

95. Penicillium bilaii (–)-2,3-

dihydrocitromycetin

Chromene Yellow C14H12O7;

292.24

Capon et al., 2007

96. Penicillium bilaii (–)-2,3-

dihydrocitromycin

Chromene Yellow C13H12O5;

248.07

Capon et al., 2007

97. Penicillium purpurogenum N-

glutarylmonascorubramine

Azaphilone Purple-red C28H33NO8;

511.23

Mapari et al., 2009

98. Penicillium purpurogenum N-

glutarylrubropunctamine

Azaphilone Purple-red C26H29NO8;

483.20

Mapari et al., 2009

99. Penicillium marneffei Monascorubrin Azaphilone Orange C23H26O5;

382.45

Woo et al., 2014

100. Penicillium aculeatum Ankaflavine Azaphilone Yellow C23H30O5;

386.48

Krishnamurthy et al.,

2018

101. Phycomyces blakesleeanus β-carotene Carotenoids Yellow-orange C40H56;

536.87

Garton et al., 1950

102. Talaromyces funiculosus Ravenelin Xanthone Yellow C14H11O5;

259.06

Padhi et al., 2019

(Continued)
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103. Trichoderma aureoviride Chrysophanol Hydroxyanthraquinone Orange-red C15H10O4;

254.2

De Stefano and

Nicoletti, 1999

104. Trichoderma harzianum Emodin Hydroxyanthraquinone Yellow C15H10O5;

270.2

Lin et al., 2012

105. Trichoderma harzianum Pachybasin Hydroxyanthraquinone Yellow C15H10O3;

238.3

Lin et al., 2012

106. Trypethelium eluteriae Trypethelonamide A Naphthoquinone Yellow C23H29NO5;

400.21

Basnet et al., 2019

107. Trypethelium eluteriae 5′-hydroxytrypethelone Naphthoquinone Violet red C16H16O5;

289.10

Basnet et al., 2019

108. Trypethelium eluteriae (–)-trypethelone Naphthoquinone Violet red C16H16O4;

372.29

Basnet et al., 2019

109. Trypethelium eluteriae (+)-trypethelone Naphthoquinone Violet red C16H16O4;

372.29

Basnet et al., 2019

110. Trypethelium eluteriae (+)-8-hydroxy-7-

methoxytrypethelone

Naphthoquinone Violet red C17H19O5;

303.12

Basnet et al., 2019

Fungi capable of producing pigments can be sourced from
diverse environmental conditions and lend them to be explored
as a source of commercial pigments (Figure 2).

DIFFERENT SOURCES OF FUNGI
PRODUCING PIGMENTS

Marine Ecosystems
Fungi derived from marine environments have higher diversity
and a unique scaffold of secondary metabolites which helps
in their survival and their presence in extreme environmental
circumstances such as absence of light, high salinity, high
pressure, and low temperature. These circumstances lead to the
development of extremophile microorganisms with the capacity
to produce some unique molecules (Coker, 2016; Duarte et al.,
2019). Fungal isolates from differential marine environment
represent a major source of undiscovered pigment potential and
should be target areas for commercial investigation.

Marine Sediment
Penicillium bilaii is a marine derived fungi isolated from the
Huon estuary (Port Huon, Tasmania, Australia) yielding a yellow
colored fungal pigment known as citromycetin and citromycin
together with two dihydro analogs, (–)-2,3-dihydrocitromycetin
and (–)-2,3-dihydrocitromycin (Capon et al., 2007). Similarly,
Microsporum sp., isolated from the sample collected from
Golmae Village (Ulsan City, Korea) was found to produce yellow
compound flavoglaucin (Li et al., 2006). Aspergiolide B and
(+)-Variecolorquinones A metabolites having red and yellow
color, respectively, have been isolated from Aspergillus glaucus
collected from marine sediment surrounding mangrove roots
of Fujian Province (China) (Du et al., 2008). A water soluble
red color pigments was also reported from a fungus isolated
from the marine sediment sample collected from Miramar

(India). The sample was identified as Penicillium sp NIOM-
02. Release of red pigment around the colony on malt extract
agar (MEA) plate indicated its hydrophilic behavior (Dhale
and Vijay-Raj, 2009). In a recent study, Talaromyces spp., and
Trichoderma atroviride strains obtained from marine sediment
were identified as potential red pigment producers (Lebeau
et al., 2017). Talaromyces albobiverticillius 30548, a red pigment
producer strain was also isolated from sediment obtained
from Reunion Island (Indian Ocean). Most of the compounds
identified from this strain have been characterized as azaphilones
(Venkatachalam et al., 2019). With the interest in both red and
yellow hues for food colouration marine sediments are an area
that could be targeted for the identification of further pigments.

Invertebrate Inhabitant Fungi
Sessile and non-sessile invertebrates such as corals, sponges
and squirts, present in marine environment are often brilliantly
colored. This bright color present in these invertebrates
may be derived from photosynthetic pigments of symbiotic
microorganism present in these organisms. Xu et al. (2008)
has investigated fungi isolated from tropical coral reefs in
order to study the extent of the bioactive molecules they
contain. The team was able to isolate two novel yellow
colored hexahydroanthrones named tetrahydrobostrycin and 1-
deoxytetrahydrobostrycin together with red pigment bostrycin
from the Aspergillus sp. strain of fungus isolated from coral
reef off Manado, Indonesia (Xu et al., 2008). Similarly, ethyl
acetate extract of the fungus Eurotium cristatum (ECE), isolated
from the marine sponge Mycale sp., furnished a yellow colored
compounds 2-(2′, 3-epoxy-1′,3′-heptadienyl)-6-hydroxy-5-(3-
methyl-2-butenyl) benzaldehyde and 1,8-dihydroxy-6-methoxy-
3-methyl-9,10-anthracenedione (physcion) (Almeida et al.,
2010). In a recent study, Fouillaud and her team collected
coral rubble and living coral from underwater volcano slopes,
hard substrates, open water and sediments from different
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FIGURE 2 | Different environments as a source of pigment producing fungi.

marine environments around Reunion Island in the Indian
Ocean (Fouillaud et al., 2017). Talaromyces albobiverticillius (B
and C) strains isolated from these samples were explored for
pigment production and were found to generate an array of
pigments unveiling specific orange/red hues under submerged
fermentation in potato dextrose broth (PDB) (Venkatachalam
et al., 2018). The team has isolated 42 colored compounds
highlighting a range of promising hues and molecules. These
isolates belong mainly to the Aspergillus, Penicillium and
Talaromyces genera in the family of Trichocomaceae (Fouillaud
et al., 2017) and as such are key species for industrial scale
production.Alternaria is also known for its bioactivemetabolites,
most of which are anthraquinone derivatives which are mostly
pigmented molecules having wide range of biological activities.
Zheng et al., has isolated several hydroanthraquinones and
anthraquinone dimers from the Alternaria sp. ZJ-2008003,
a fungi found in soft coral of South China Sea. Some of
these are bright pigmented molecules having red, pink and
yellow hues (Zheng et al., 2012) which are further evidence
of the broad range of colors available from invertebrate
inhabiting fungus.

Halophytes
Microorganisms that can survive and grow well in areas
of high salt (NaCl) concentration are known as halophilic
extremophiles. Halophilic fungi possess great significance in
biotechnological applications due to their ability to produce
ample amounts of extracellular metabolites (Oren, 2010; Singha,
2012; Ali et al., 2014). Melanins are one such class of pigmented
molecules and hold an important position in various cosmetic
and pharmaceutical applications. The halophilic fungal strain
Trimmatostroma salinum and Phaeotheca triangularis isolated
from the halophiles of eastern coast of the Adriatic Sea, produce
melanin pigments in solutions of saturated concentrations of

sodium chloride (Kogej et al., 2004). Similarly, it was also
found that a diffusible dark pigment is released on potato
dextrose agar by the black yeast named Hortaea wernecki. This
pigment holds great importance as medicinal value owing to
its activity against Salmonella typhi and Vibrio parahaemolyticus
(Rani et al., 2013). Further a distinctive isolate collected from
a hypersaline water sample from Puerto Rico was identified
as new species of Periconia genus and found to produce
an unusual blue pigment (Cantrell et al., 2006). Halotorelant
fungi have also been reported to contain some bright colored
quinone compounds. Variecolorquinones A and B are two
yellow colored quinone compounds that have been obtained
from a halotolerant fungal strain Aspergillus variecolor B-17
(Wang et al., 2007). With the capacity to produces colors
into the blue range the halophytes are of interest to the
food industry in order to extend the color spectrum available
to them.

Mangrove Ecosystem
Mangrove ecosystems afford a remarkably diverse habitat
presenting unique properties of both marine and terrestrial
environment in a single ecosystem. However, the fluctuating
saline and tidal habitat, extreme stress conditions and
high temperature of the mangrove allows only a limited
number of species that can survive in such hostile
environment (Kathiresan and Bingham, 2001). Thus, the
species inhabiting this intimidating environment offers
an extremely affluent reserve for significant novel and
biologically active compounds. However, only a small
amount of mangrove fungi have been studied so far in
spite of their potential for production of array of natural
pigments (Das et al., 2002; Zhang et al., 2012). Some of
the key findings from these reports are described in the
following sections.

Frontiers in Chemistry | www.frontiersin.org 9 May 2020 | Volume 8 | Article 36955

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Kalra et al. Fungi as a Potential Source of Pigments

Mangrove Sediment
Chintapenta et al. (2014) has isolated ∼100 mangrove fungi
from the Godavari mangroves of India. Most of the strains were
found to be pigment producers however special interest toward a
red color directed further study on Penicillium, which was then
interogatted for optimization of its media conditions and the
effect of metals and salts on pigment yield. The main purpose
of the study was to optimize the effect of various bioelements
(Chintapenta et al., 2014) and it was shown that a higher
concentration of salt has a negative effect on pigment yield. This
is due to the fact that the presence of these electrolytes alter the
pH of themedium and prevent diffusion of pigment. On the other
hand, calcium, iron, zinc enhanced the pigment yield and those
correlates well with typically beneficial elements that form part of
plant growth.

Mangrove Derived Endophytes
Mangrove endophytic fungi encompasses the second largest
assemblage of marine fungi and support the host plants by
releasing some unprecedented metabolites which protect
them from various harsh geoclimatic conditions. These
endophytic fungi have been known for their various prospective
applications in biotechnological and pharmaceutical field owing
to the presence of structurally unique bioactive and diverse
biomolecules including pigments. In an attempt to study the
diversity of endophytic fungi from the tropical mangrove
species, Rhizophora mucronata, 78 fungal isolates harboring
inside the leaf tissues have been identified. Some of these isolates
displayed distinctive pigmentation and are also reported to
deliver a range of biological activities. These isolates produce
an array of color such as green, gray/black, brown, orange,
yellow, purple, and violet (Hamzah et al., 2018). Similarly, an
endophytic fungus of the Alternaria sp., isolated from fruit
of the mangrove tree Aegiceras corniculatum (South China
Sea) is able to produce bright colored anthraquinone based
compounds having hues of yellow to red. These compounds were
identified as altersolanol A, alterporriols C–M, macrosporin,
dactylariol, tetrahydroaltersolanol B and physcion (Huang
et al., 2011). In an attempt to isolate potent radical scavenging
compounds from endophytic fungi an isolate of Eurotium
rubrum has been cultured from the inner tissue of the stem of the
mangrove plant Hibiscus tiliaceus from Hainan Island (China).
Several new pigmented components has been isolated from this
fungi including questin and 3-O-(α-D-ribofuranosyl)-questin
having an orange shade, asperflavin having a yellow shade,
and the 2-O-methyleurotinone having a brown shade (Li et al.,
2009). Similarly the Eurotium Sp.has also been obtained from
leaves of a mangrove plant Porteresia coarctata (Roxb) and
led to the isolation of two colored compounds identified as
tetrahydroauroglaucin (yellow) and isodihydroauroglaucin
(orange) (Gawas et al., 2002).

Terrestrial Ecosystem
Terrestrial systems are a rich source of filamentous fungi
and the presence of the fungi in a particular system such
as sediments, soil, and decaying matter and as endophytes
are mostly correlated with the production of some unique

metabolites. Terrestrial microbes are also good sources of
pigment producing fungi and have been relatively more explored
than the aforementioned systems.

Terrestrial Sediments and Soil
Terrestrial sediments and soil supports the growth of filamentous
fungi because of a lower level of mechanical disturbances and
sheer forces that may disrupt fungal mycelia. Several studies
revealed the production of pigmented components from fungi
collected from soil sediments. In a study, soil sample collected
from a volcanic ash from Japan yielded four bianthraquinones
and two monoanthraquinones compounds having orange-
red hues. These compounds were found predominantly in
various soils samples collected from Japan and Nepal (Fujitake
et al., 1998). An Australian terrestrial isolate of Penicillium
striatisporum collected near Shalvey, New South Wales yielded
yellow pigments. These pigments were identified as citromycetin,
citromycin, dihydro analog (–)-2,3-dihydrocitromycetin (Capon
et al., 2007). Fusarium verticillioides isolated from soil (Chiang
Mai, Thailand) was found to be a potential producer of
naphthoquinone pigment (Boonyapranai et al., 2008). In a
study conducted to investigate and optimize the production of
pigments in submerged culture of Penicillium purpurogenum
DPUA 1275, a strain isolated from soil samples was found to
release yellow, orange, and red color (Santos-Ebinuma et al.,
2013). Similarly, bioprospecting of fungi collected from an
Amazon soil for the possibility of pigment production yielded
five strains Penicillium sclerotiorum 2AV2, Aspergillus calidoustus
4BV13, Penicillium sclerotiorum 2AV6, Penicillium citrinum
2AV18, and Penicillium purpurogenum 2BV41. All of these
strain were able to produce pigmented molecules however, P.
sclerotiorum 2AV2 produced intensely colored pigments (Dos
Reis Celestino et al., 2014). With the intention to evaluate
the capacity of ascomycetous fungi as a promising source for
the production of various components including color, Lebeau
et al. (2017) has analyzed 15 ascomycetous fungal strains, out
of which 11 fungal strains were of terrestrial origin. Out of
all of these two terrestrial strains Penicillium purpurogenum
rubisclerotium and Fusarium oxysporum, and two marine strains
identified as Talaromyces spp., and Trichoderma atroviride were
identified as potential red pigment producers (Lebeau et al.,
2017). Recently, a cold adapted fungal strain of Penicillium
sp. (GBPI_P155) isolated from the high altitude soil of Indian
Himalayan region was reported to produce dark orange pigment.
This extracted pigment was also found to be active against
actinobacteria and several Gram-positive and Gram-negative
bacteria (Pandey et al., 2018).

Endophyte Fungi From Terrestrial Plants
Endophytic fungi isolated from higher plants are a lucrative
source of bioactive molecules and as such are gaining
considerable attention from industries and various natural
product chemists. Consequently, the numbers of scientific
investigations have focussed on the isolation and identification
of novel endophytes from these plants in order to obtain various
bioactive molecules. These endophytic fungi are also known
to produce various pigmented molecules which are mostly
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associated with certain specific biological activity of plants (Kaul
et al., 2012). An endophytic fungus Phyllosticta capitalensis
harbor as a foliar endophyte in a number of geographic regions
tending to be hosted mostly in woody trees. To investigate the
production of melanin production in this endophytic fungus,
Suryanarayanan and co-workers have isolated this strains form
diverse locations such as dry deciduous forests, moist deciduous
forests and semi-evergreen forests. The production of melanin
in the hyphae of P. capitalensis found to be liable for the fitness
and survival of this fungus as a cosmopolitan endophyte, was
shown to produce the melanin in order to help in sustaining
the of fungi in stressful environments (Suryanarayanan et al.,
2004). Similarly, a strain SX01, obtained from the twigs of
Ginkgo biloba, was found to be a strong producer of red pigment
which can be used as a producer of natural food additive
(Qiu et al., 2010). In a similar study, Aegle marmelos which
is a medicinal tree acclaimed for curing a range of disorders
was investigated for the isolation of endophytic fungi. This
experiment led to isolation of 169 endophytic fungal strains
and importantly 67 among those were found to be pigmented
(Mani et al., 2015).

Endophytes From Plants Inhabiting Geothermal Soil
Geothermal ecosystems are an exclusive combination of
scarce microclimatic and edaphic environments which provides
distinctive habitats enabling the survival of unique vegetation.
The environmental stresses of these areas includes elevated
soil temperatures, elevated air temperatures, humidity, excess
alkalinity, acidity and the presence of higher concentrations of
some metals such as aluminum which eliminates most vascular
plant species from surviving in these conditions. Species which
can survive such circumstances are mostly unique to these
specific regions or have some unique features which enable them
to survive in such adverse conditions (Smale et al., 2018). Redman
et al. (2002) proved that the presence of mutualistic fungi
particularly endophytic fungi in Dichanthelium lanuginosum
assist in the survival of plant in geothermal soil and is the basis for
the thermo-tolerance to the plant. The author also inferred that
thermal protection in plants could be due to the production of
the fungal pigment melanin which aids in the dissipation of heat
along the hyphae (Redman et al., 2002).

Lichens and Endolichenic Fungi
Among the broad range of microbial resources, lichens are
the ones which are gaining importance and have become
the focus of significant pharmaceutical companies due to
the presence of unique metabolites (Stocker-Wörgötter et al.,
2013; Calcott et al., 2018). Lichens are microbial assemblages
having a close symbiotic relationship between the fungal
partner known as mycobiont and a photosynthetic algal
partner known as photobionts (Culberson and Culberson,
1970; DePriest, 2004). In this association the fungal partner
protects the algal partner from adverse geoclimatic influences.
One way this protection is provided is the production of
pigmented molecules by the fungal partner which are known
to be effective in shielding algal partner from ultraviolet
radiation (Nybakken et al., 2004; Nguyen et al., 2013).

However, the slow growth rate of lichen in nature is a major
hurdle to obtain these pigments for commercial exploitation.
Considering this, recent reports have described obtaining
pigments from cultured mycobionts opening new pathways for
commercialization of these compounds from lichens (Stocker-
Worgotter, 2008; Calcott et al., 2018). Miyagawa et al. (1994),
isolated two novel pigments, identified as graphisquinone and
graphenone from the cultured mycobionts of the lichens
Graphis desquamescens and Graphis scripta and these are
red quinone and a yellow-ornage furandione, respectively
(Miyagawa et al., 1994).

It has also been observed that some of the isolated lichen
mycobionts produce new metabolites under laboratory driven
stressed conditions such as osmotic stress, which are otherwise
not produced by the natural lichen thallus (Miyagawa et al.,
1993). Moriyasu et al.’s team (2001) found a bright yellow
pigment yielded by the spore-derived mycobiont culture from
a lichen of the Haematomma sp. (Moriyasu et al., 2001).
Importantly this pigment could not be found in natural sample
with the aid of traditional chemical analysis. It was also observed
that some mycobionts release fluorescent pigments which
were otherwise not present in lichen thallus growing naturally.
A cultured mycobiont from the lichen Amygdalaria panaeola
released three new fluorescent pigments namely panaefluorolines
A–C (Kinoshita et al., 2003) extending the color range and utility
of these types of sources to industrial applications. A wide range
of hues and shades have been reported from the mycobiont
of lichen Trypethelium eluteriae which includes a yellow
pigment, trypethelonamide A and a novel dark violet red
pigment 5′-hydroxytrypethelone along with three known dark
violet-red pigments (–)-trypethelone, (+)-trypethelone and
(+)-8-hydroxy-7-methoxytrypethelone (Basnet et al., 2019).
Isolation of endolichenic fungi from the lichen thallus has
also attracted attention for their potential to produce a range
of bioactive molecules including pigments. A recent study
on the isolation of bioactive molecules from the endolichenic
fungus Talaromyces funiculosus yielded three compounds
including ravenelin which is a yellow colored homogeneous
powder that also possess good antimicrobial activity thus
making it advantageous to the pharmaceutical and food
sectors (Padhi et al., 2019).

CURRENT CHALLENGES IN HARNESSING
THE POTENTIAL OF FUNGI

Although, there are a plethora of fungal resources which can
serve as a source of potential pigments it is important to note
that there are several challenges faced by industry which curtail
the process of commercialization. Sustainability and progression
of the fungal based pigment industry is mainly reliant upon
three important factors (a) absence of mycotoxin in fungal
pigments (b) pigment yield (c) pigment stability and purity
(Lebeau et al., 2017).

Food grade pigments need approval through regulatory
agencies and the most important precondition in their
consideration is toxicological safety of the product (Food
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Administration Drug, 2015; Sigurdson et al., 2017). Most of the
fungi producing pigments are known to synthesize some toxic
metabolites known as mycotoxins along with the pigments.
The production of these mycotoxins irrefutably restricts the
application of these pigments either directly in food or as an
additive owing to its own safety issue (Dufossé et al., 2005). A
well-known example is the production of toxin citrinin along
with Monascus pigments which posed a challenge over its safe
use and thus was prohibited in the European Union and the
United States (Carvalho et al., 2005). Another major challenge
in fungal pigments is the pigment yield. The range of chemical
entities and the range of properties limit its profitable yield with
targeted isolation methodologies (Chadni et al., 2017). Pigment
yield in a culture can be enhanced by increasing the biomass
growth or by enhancing the accumulation of intracellular
pigments (Das et al., 2007; Dufosse et al., 2014). Medium
optimization which includes monitoring of operating conditions
such as media composition, temperature, agitation, aeration
and pH are critical parameters to regulate in order to reach
optimum pigment production (Mondal et al., 2015). The cost
effectiveness of the selected media is also an important parameter
to consider and at scale is particularly important for industrial
processing. Another important challenge is the stability of
natural pigments against environmental factors such as pH,
light, moisture, temperature and food matrices (Ogbonna, 2016)
where a shorter shelf life due to instability of molecule at varied
conditions may limit its application as commercial pigments.
However, such stability issues can be addressed with the help
of novel approaches such as microencapsulation (Ersus and
Yurdagel, 2007; Özkan and Bilek, 2014) and nanoformulation
(Mehrad et al., 2018). These formulations can help to improve

the physical properties and stability which have been routinely
used for other purposes in the food industry including
milk processing.

Technology that use shell materials as the basis for
the microencapsulation of pigments include freeze-drying,
spray-drying, emulsion and coacervation. Spray-drying is the
most widely used technique in food industry for pigment
stabilization and increases the shelf life of the product
significantly. Several studies have discussed the food applications
of microencapsulated natural colorants (Azeredo et al., 2007;
Ersus and Yurdagel, 2007) which have been broadly accepted
by the industry. However, there is another technique called
asnanoencapsulation, the application of this technique is limited
in industries till date. Nanoencapsulation can be employed to
enhance the stability and solubility issues associated with natural
pigments. The considerably small size of nanoemulsions and
nanocapsules make them a useful vehicle for the distribution of
non-polar pigments in aqueous solutions of those from fungal
sources. Matsuo and his co-workers in a recent study prepared
two types of nanoparticles encapsulating Monascus pigments
employing a hydroxypropyl cellulose (HPC) and poly (lactic-co-
glycolic) acid (PLGA) copolymer. These formulations were found
to enhance the photostability of theMonascus based pigment and
drew the attention of researchers in this field. It is important to
note however that the PLGA based nanoparticle were effective
toward improving the stability upon photobleaching of the
pigments as compared to the HPC nanoparticles (Matsuo et al.,
2018). Application of these approaches to enhance the solubility
and stability of natural pigments as per the requirement based
on food commodity could be a promising area of research for
further advancement.

FIGURE 3 | Schematic roadmap for a pigment journey from lab scale to industrial scale (Subimage—fermenter picture has been adapted from “https://commons.

wikimedia.org/wiki/File:Institut_de_chimie_des_substances_naturelles_de_Gif-sur-Yvette_en_2011_109.jpg” under the “Labeled for reuse” right.
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BIOTECHNOLOGICAL ADVANCES IN
PIGMENT PRODUCTION

Metabolomics
A number of technologies to overcome issues associated within
the pigment industry are already in place and many are in the
process of implementation. The recent advent of biotechnological
based approaches have been established toward intelligent
screening methods for the selection of appropriate strains
and exploit the traditionally overlooked potential of pigment
production by various fungal strains. A step stage in the use
of biotechnological approaches has been observed within the
industry in the past decade with a focus on the execution
of different ways for intelligent screening (excluding toxic
producing strains) which has been shown to increase the yield of
pigment production (Mapari et al., 2005). Screening of possible
pigment-producing fungal strains with the help of metabolomic
tools helps in clustering strains on the basis of their characteristic
metabolites including functional groups associated with color
and also allows for some control over the selection of the
strains with known toxic metabolites (Hajjaj et al., 1999; Archer,
2000). Approaches involving the latest data handling methods
and chemoinformatics tools for the identification of metabolites
help to perform a systematic study of these molecules in target
species. These studies not only assist in dereplication of already
known molecules but also help in targeting novel pigments
with a chromophore similar to already established pigments
(Elyashberg et al., 2002). An example of using automated
techniques for the targeted screening of molecules of interest has
been performed with the aid of computerized screening which
has led to the novel production of monascus like pigments. An
approach using X-hitting algorithm was shown to be useful when
applied to the UV-vis spectra of metabolites (cross hits). The tool
has been used as a quick way to screen ascomycetous filamentous
fungi belonging to Penicillium subgenus Biverticillium which is
not reported to produce citrinin or any other mycotoxin (Mapari
et al., 2008).

Metabolic Engineering
Besides the identification of metabolites with these mass-
metabolomics techniques, genome knowledge also helps
in identification of desired secondary metabolites (Arora,
2003). Recent advances in molecular biology and metabolic
engineering has helped in streamlining the process of pigment
industrialization as described in Figure 3. For instance, tools
involved in molecular biology helps in sequencing of fungal
genomes and thus assist in identification of genes involved
in production of pigmented metabolite (Sankari et al., 2018).
The use of genome mining strategies for the discovery of new
pigmented molecules is one of the most constructive techniques
as it not only allows studying the complete metabolic capacity of
fungal strain but also allows studying the gene clusters that are
not expressed in standard laboratory culture conditions (Nielsen
and Nielsen, 2017). These gene clusters can then be engineered
in controlled ways for the overproduction of a desired pigment
or expressed in a heterologous host for the large scale production
of selected pigments (Pfeifer and Khosla, 2001; Jiang et al.,

2010). Cloning the genes and encoding for a selected pigments
biosynthesis into microbial vectors such as Bacillus subtilis, E.
coli, Corynebacterium glutamicum, Pseudomonas putida, and
Pichia pastoris has been considered as a more reliable and cost
effective approach for industrial production process. Production
of carotenoids mainly β-carotene and torularhodin has been
enhanced in Rhodotorula mucilaginosa KC8 by using metabolic
engineering and a mutagenesis approach (Wang Q. et al., 2017).
Further, novel betalain derivative production has been shown
to be induced in Saccharomyces cerevisiae as a heterologous
microbial host by using glucose as a substrate and by using
different amines in the culture (Grewal et al., 2018). This is
particularly important as it leads to control of the biological
process in an industrial setting and could be the key to realizing
the potential of this field.

In a recent study conducted by Chen and co-workers,
production of monascin and ankaflavin pigments have been
studied by knockout of the mrPigF gene and elucidation of
the MonAzPs biosynthesis in Monascus ruber M7. The findings
in this study provided a roadmap toward the selective and
controlled biosynthesis of the desired MonAzPs constituents
(Chen et al., 2017). Similarly, Balakrishnan et al. (2013) studied
the azaphilone pigment biosynthetic gene cluster using the T-
DNA random mutagenesis inMonascus purpureus. It was found
that transcription of transcriptional regulator gene (mppR1)
and the polyketide synthase gene (MpPKS5) was significantly
repressed in the W13 albino mutant. Additionally, targeted
inactivation of MpPKS5 gave rise to an albino mutant, validating
the role of mppR1 and MpPKS5 toward azaphilone pigment
biosynthesis. Importantly the MpPKS5 gene cluster includes
SAT/KS/AT/PT/ACP/MT/R domains, which is also preserved in
other azaphilone polyketide synthases. Likewise, six azaphilone
compounds, azanigerones A–F have also been linked with aza
gene cluster in Aspergillus niger ATCC 1015. This was confirmed
with the help of transcriptional analysis and deletion of a key
polyketide synthase (PKS) gene (Zabala et al., 2012) where whole
genome expression analysis together with existing knowledge
of polyketide synthase (PKS) genes helped in identification of
three novel clusters of co-expressed genes in F. verticillioides.
With the help of functional analysis of PKS genes linked
to these clusters, a violet pigment in sexual fruiting bodies
(perithecia) and the mycotoxins fusarin C and fusaric acid were
identified (Brown et al., 2012). In an another study, attempt
was made to identify the gene responsible for the production of
1,8-dihydroxynaphthalene-melanin pigment (DHN-melanin) in
Ascochyta rabiei. Degenerate PCR primers were used to obtain an
ArPKS1 which is encoding for a polypeptide with high similarity
to polyketide synthase (PKS) involved in biosynthesis of DHN-
melanin in other ascomycetous fungi through site-directed
mutagenesis of ArPKS1 in A. rabiei generated melanin-deficient
pycnidial mutants confirming the linkage of ArPKS1 with
melanin production (Akamatsu et al., 2010). Two strains
of Streptomyces galilaeus ATCC 31133 and ATCC 31671
known to produce anthracyclines namely aclacinomycin A
and 2-hydroxyaklavinone, anthraquinones, aloesaponarin II
after transformation with DNA from Streptomyces coelicolor
containing four genetic loci, actI, actIll, actlV, and actVII (Bartel
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et al., 1990). Identification of gene cluster and elucidation of
the promoters regulator using various molecular biology tools
such as sequencing of fungal genomes would help in studying
the molecular aspects of pigment generation. These advances
will also assist in understanding the complexity associated with
the biosynthetic pathways of pigment metabolites which can be
exploited for industrial application.

Culture Optimization
The culture environment presents a range of critical parameters
than can be studied in order to control the composition and yield
of fungal secondary metabolites. One Strain Many Compounds
(OSMAC) is a well-known model which has highlighted the
concept of changes in the fungal secondary metabolism with
respect to growth conditions (Romano et al., 2018). Thus, media
optimization is also a prerequisite parameter to be considered for
maximizing the yield of the fermentative product. This strategy
involves the abiotic modifications to the culture environment
by modifying the culture medium composition such as altering
the source of carbon and nitrogen and controlling the operating
parameters like the redox status, temperature, light intensity,
wavelength, culture configuration (aeration, agitation, static,
liquid, or solid) and pH. In an attempt to identify the effect of
media composition on pigment yield the effects of glutamic acid
on the production of monacolin K pigment and expression of
the monacolin K biosynthetic gene cluster has been studied. The
presence of glutamic acidmedium in spite of the original medium
increased the monacolin K production from 48.4 to 215.4mg l−1

which is equivalent to 3.5 times. Upregulation of the expression
of mokB-mokI; on day 8 in the presence of glutamic acid was
the driver behind this upsurge (Zhang et al., 2017). Beyond the
substrate and culture conditions, bioreactor design also plays a
significant role in optimizing the process of pigment production
and this is an area that the process industry will be able to add
their expertise for the realization of efficient controlled natural
pigment manufacture (Zhong et al., 1992; Spier et al., 2011).

PROCESSING AND EXTRACTION OF
NATURAL PIGMENTS

Filamentous fungi are a great source of wide range of
metabolites such as polyphenols, polyketides, carotenoids and
terpenoids (Rao et al., 2017). Selection of extraction techniques
is one of the crucial step for the efficient recovery of these
metabolites and mostly reliant upon the nature of metabolites
of interest and localization of these metabolites in the fungal
culture (Chadni et al., 2017). Some of the pigments are
extracellular and released in the fermentation broth which makes
their extraction downstream less trivial than the intracellular
pigments that requires specialized extraction techniques for
their removal from biomass (Morales-Oyervides et al., 2017).
Introduction of cheap, efficient and safe extraction methodology
for the recovery of natural pigments is one of the major
challenges to be overcome in order to enable production
at a large scale. A series of conventional techniques which
includes organic solvent extraction (soxhlet, homogenization,

and shaking), hydrodistillation, centrifugation extraction, and
steam distillation have been worked upon in order to extract
pigments from various fungi although the upscaling of these
processes is a non-trivial exercise. Nevertheless, the quest
of biotech industries for unearthing the safer extraction
technologies over the last two decades fuelled a tremendous
amount of research toward the development of newer greener
extraction and separation methods. Once these major issues have
been addressed by the industry, focus can be placed on the
challenge of keeping the process cheap, efficient and fast.

Extraction of Extracellular Pigments
For the purpose of easy and feasible downstream processing,
extracellular and water soluble pigments obtained from the
submerged culture are preferred (Velmurugan et al., 2010).
Water soluble pigments do not require any organic solvents
for their extraction thus are considered safe and also can
be used directly in different food commodities without
further modification or engaging any carriers/stabilizers.
Conversely, intracellular and water insoluble compounds
requires conventional extraction processes with organic solvents,
which are not only complicated (due to safety and environmental
impact) and time-consuming processes but also bring the need
for more costly and rigorous regulatory controls. Therefore,
removing these tedious extraction processes would help in
alleviating the use of large amount of solvents, which not only
reduce the production time but also eliminates the cost of an
extraction process and assists in making the pigment production
more economical and safer and environmentally friendly (Hu
et al., 2012). Extraction of extracellular pigments through
submerged culture is mainly controlled by two parameters
fermentation optimization and fermentation processing which
we shall focus on in the next two sections.

Fermentation Optimization
Although the cellular mechanism behind the secretion of these
metabolites are still not known a number of studies have
highlighted the effect of various growth conditions, such as
medium composition and process parameters on the nature
and yield of these metabolites. Thus by altering various growth
conditions in submerged culture such as pH, aeration, light
exposure, concentration of carbon and nitrogen in the medium
and their ratio, production of extracellular and water soluble
pigments can be altered (Figure 4) (Hajjaj et al., 1998). For
example, changes in the pH of culture medium of Monascus sp.
alter the concentration of extracellular pigments in particular
(Mukherjee and Singh, 2011). Similarly, Lebeau et al. (2017)
emphasized the fact that medium composition plays a very
important role for the selection of extracellular pigments. In their
study the effect of simple and complex forms of carbon sources
on the mycelium biomass and extracellular pigment production
has been discussed and it was concluded that simple form of
carbon such as defined minimal dextrose broth (DMD) favors
the production of higher biomass but low pigment production.
Additionally the complex form of carbon and nitrogen sources
present in potato dextrose broth (PDB) along with essential
cofactors including magnesium, calcium, iron, phosphor, zinc,
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FIGURE 4 | Various factors effecting the growth of biomass and pigment yield.

manganese and copper (all present in PDB broth) encourages the
production of extracellular pigments over biomass production.

A successful industrial bioprocess development relies
on the optimization step which includes optimization of
biomass yield and its bioactive production with stimulating
metabolic precision. On industrial scale, two major submerged
fermentation techniques are mostly applied in order to discover
metabolites of interest by amplifying their production from
a laboratory to large scale. First is fed-batch approach (Caro
et al., 2017) which primarily works like batch fermentation
until the exhaustion of one or more substrates which are then
renewed by addition of fresh medium through a targeted feeding
regime. A fixed volume or variable volume of substrate or
medium is then used accordingly (Li et al., 2000; Amanullah
et al., 2010). Krairak et al. (2000) and Chen et al. (2015) have
used the fed-batch fermentation technique and optimized
the condition required for the maximizing yellow pigment
yield from different Monascus sp. Their studies provided an
appropriate fermentation strategy to produce high proportion
of yellow pigments in high cell density culture (Krairak et al.,
2000; Chen et al., 2015). On the other hand the continuous
mode approach works on the delaying of the exponential phase
by feeding the microbial cells with fresh nutrients and the
cells are routinely collected from the bioreactor at the defined
rate and reaction time point (Vogel et al., 2012). Both of these
techniques are also popular among pigment industry with the
implication that together with suitable optimization process
would result in production of large amount of extracellular
pigments which can be easily collected or processed without
solvent extraction.

Fermentation Processing
Aqueous two-phase system (ATPS) is one of the most popular
methods used for the extraction of pigmented compounds
from the fermented broth (Iqbal et al., 2016). This approach
uses liquid-liquid fractionation and is based upon the use
of green ionic liquids for extraction of pigmented molecules.
Separation of different hydrophilic solutes into two immiscible
aqueous phases is mainly based upon their differential selectivity
toward different polymer–polymer, polymer–salt, or salt–salt and
solute combinations formed in these two phases. Aqueous two-
phase systems offers several advantages for downstream control
of biomolecules (1) both the phases are composed of water
compared to organic solvents in conventional extraction thus
provides favorable environment to molecules and supports the
stability of their structure and bioactivity, (2) an environmental
friendly process, (3) are economically favorable (McQueen and
Lai, 2019).

Several researchers have implemented ATPS extraction
approaches for the isolation of pigments from submerged
culture broths. Ventura and co-workers implemented ATPS
based on quaternary ammonium and imidazolium system for the
recovery of red pigment from the fermented broth of Penicillium
purpurogenum DPUA 1275. The purpose of the study was to
separate red pigment molecule from the remaining colorants
and contaminant proteins present in the fermented broth. They
have concluded that the optimal extraction system based upon
tetraethylammonium bromide ionic liquid assisted in the high
partition coefficients of the red pigment (Kred = 24.4 ± 2.3) and
protein removal (EETotal =60.7 ± 2.8 %) from the fermentation
broth (Ventura et al., 2013).
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Extraction of Intracellular Pigments
For the extraction of hydrophobic compounds and intracellular
compounds, green extraction methods are more preferable as
they are either free from organic solvents or need fewer amounts
of solvents and thus are considered more safe and environment
friendly. Some of these extraction techniques also work on low
temperature which also helps in the extraction of thermolabile
pigments without their degradation. These extraction techniques
include ultrasound-assisted extraction (UAE) (Vilkhu et al.,
2008; Cheung et al., 2013), pulsed electric field (PEF) assisted
extraction (Goettel et al., 2013; Fincan, 2017), pressurized
liquid extraction (Lebeau et al., 2017, 2019), microwave-assisted
extraction (MAE) (Vázquez et al., 2014), ionic liquid–assisted
extraction (Ventura et al., 2013; Grosso et al., 2015; Lebeau
et al., 2016) and supercritical CO2 extraction (Cocks et al., 1995;
Chaudhari, 2013). Most of these techniques have been tested for
the extraction of bioactive compounds from numerous natural
resources. Only few reports are available for the extraction
of carotenoids pigments using green extraction methods from
raw plant materials, microalgae and seaweeds (Poojary et al.,
2016). The implication of all these novel extraction techniques in
extraction of fungal based pigments with or without involvement
of GRAS (generally regarded as safe) solvents could be an
interesting avenue to be explored further by research teams
and industry.

Ultrasound-Assisted Extraction (UAE)
Ultrasound-assisted extraction (UAE) has been well-
acknowledged as an efficient and environmentally safe extraction
methods in number of phyto-pharmaceutical industries (Chemat
et al., 2017). Owing to the thermolabile nature of most of the
natural metabolites, possibility of their degradation during
thermal extraction is very high. In contrast, ultrasound-assisted
extraction resulted in increased extraction efficiency at lower
temperature. This method of extraction is mainly based upon
the employment of high-intensity ultrasound pressure waves to
accelerate the extraction of a solid material in a liquid solvent.
These waves works by generating localized pressure which
ultimately cause the tissue to rupture and assist in release of
intracellular substances into the solvent. It is mainly working
on acoustic energy which is not absorbed by molecule but
is transmitted through the medium. Ultrasound waves are
transmitted through medium by means of pressure waves
induced vibrational motion of the molecules (Tiwari, 2015).

The major advantage of using ultrasound-assisted extraction
is its faster kinetics which further contributes toward enhanced
extraction yield. The other benefit of using UAE is that its
apparatus is simple and cheap and is quite easy to use compared
to other novel extraction techniques. Further, UAE can be done
with a smaller amount of solvent which helps in extracting a wide
variety of bioactive compounds including those that are water
soluble (Vilkhu et al., 2008).

Pressurized Liquid Extraction (PLE)
Pressurized liquid extraction (PLE) also known as accelerated
solvent extraction (ASE), is a very recent extraction technique
and has emerged as an advanced technique to conventional

solvent extraction methods such as reflux, Soxhlet extraction,
percolation or maceration in terms of solvent consumption,
extraction time, extraction yields and reproducibility (Mustafa
and Turner, 2011). It is an automated technique used for
the exhaustive extraction from solid matrices with the help
of elevated pressure and temperature and diminishing solvent
consumption. Both the parameters work together for the
complete removal of metabolites from matrix and the high
pressure assists in the penetration of solvents in the sample while
with the help of higher temperature the solubility and diffusion
rate of the metabolites is enhanced by breaking the interactions
between matrix and analytes (Richter et al., 1996). Application
of the elevated conditions in PLE helps in the reduction of
total extraction time and consumption of extraction solvents.
Recently, PLE has been shown to be the most popular technique
for extraction of bioactive molecules from plants and fungi owing
to its advantage to preserve the closest possible compositions
of the molecule (Camel, 2001). In a recent study performed by
Lebeau et al. (2017), extraction of intracellular pigments from the
fungal biomass was performed using six-stage pressurized liquid
extraction (PLE). Extraction of red pigments in optimum yield
from Talaromyces species proved PLE as a faster and greener
extraction technique as compared to conventional extraction
techniques (Lebeau et al., 2017)

Microwave-Assisted Extraction (MAE)
Microwave (MW) radiation falls between frequencies
ranging from 300 MHz (radio radiation) to 300 GHz in the
electromagnetic spectrum. Microwave-assisted extraction
(MAE) employs microwave radiation as the source of energy
to heat the sample and solvent mixture based of the dipole
moments (Li et al., 2012; Xiong et al., 2016). Microwave-assisted
extraction is one of the advanced extraction technique known
for its efficient extraction efficiency with minimum solvent
consumption and lower extraction time. This technique is mostly
used for the extraction of high-value bioactive compounds
present in various biological matrices and helps in producing
high quality extracts (Pare et al., 1991). Factors which are
considered to demonstrate an important role in the extraction
and separation efficacy and selectivity of MAE are the substrate
material, solvents, solid–liquid ratio, temperature, pressure, and
particle size (Chupin et al., 2015).

The relevance and potential of water as the only solvent or in
solvent free microwave assisted processes for the extraction of
bioactive metabolites has been critically discussed by a number
of reviews (Filly et al., 2016; Seoane et al., 2017). Water being
the most safe, nontoxic, non-flammable, non-corrosive, and
environmentally benign falls under the category of green solvent
and in combination with microwave assisted water extraction
helps in the extraction of wide range of metabolites from fungal
and plant matrices (Flórez et al., 2015). Pasquet et al. (2011)
identified MAE as the best extraction technique for the isolation
of pigments from microalgal sources owing to its reproducibility
rapidity, uniform heating, and high extraction yields (Pasquet
et al., 2011). Similarly, some other studies have also reported
potential of MAE in the extraction of pigments from plant
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sources and what has been learnt by these experiment can be
exploited in this field (Kiss et al., 2000; Liazid et al., 2011).

Supercritical Extraction (SFE)
A surge in the application of supercritical extraction (with CO2)
as a greener extraction technique in natural product chemistry
was observed during the last decade (Da Silva et al., 2016).
Supercritical extraction is an innovative extraction technique
based upon the employment of liquefied carbon dioxide gas as
the supercritical fluid for the extraction of bioactive molecules
from sold matrices (Khaw et al., 2017). This technique is working
on the principle of augmented solvating power of specific
gases above their critical limit and thus the gas behave like a
supercritical fluid having properties of liquid together with gas as
extracting fluid. Combining the transport properties of a gaseous
phase with density like a liquid phase provides the supercritical
fluid, a cutting edge feature as a novel extracting medium.
Dissolving power of these supercritical fluids is determined by
the pressure and temperature employed during the extraction
process which can be adjusted by manipulating these parameters
(Zabot et al., 2012). One of the major advantages of using
SFE for the extraction of natural metabolites is the extraction
of thermolabile compounds as extraction can be performed at
low temperatures. It has also been acknowledged as a green
sustainable technique for the selective isolation of molecules.

However, supercritical CO2 is mainly used for the extraction
of non-polar compounds due to its hydrophobic nature but
its polarity can be tailored in combination with different
co-solvent such as ethanol for the extraction of relatively
polar compounds as xanthophylls and ethylene for extraction
of carotenoids. Several examples of employment of SFE for
carotenoids extraction from several substrates from laboratory
to the commercial scale have been reported (Nobre et al., 2006;
Kitada et al., 2009). Several parameters such as temperature,
time, pressure, flowrate, choice of co-solvent can considerably
modify the extraction yield and efficiency along with selectivity
for compounds of interest. Accordingly, selection of these
parameters must be judiciously taken into account for an efficient
and selective recovery of target analytes.

Ionic Liquid–Assisted Extraction
Ionic liquids (ILs) have emerged as tailor-made solvents for the
extensive extraction and purification of natural-derived bioactive
compounds. It has been recognized as tuneable designer solvent
owing to its diverse array of salt combination fabricated for
particular range of compounds and helps to overcome the
drawback of limited selectivity associated with the usage of
organic solvent (Passos et al., 2014). Moreover, implementation
of ILs helps to make the process more economical and also helps
to diminish the environmental footprint.

These ILs in combination with water or organic solvents can
be implemented directly in extraction of bioactive molecules
from biomass known as simple ILs assisted SLE (Solid liquid
extraction). However owing to its ionic behaviors, these ILs can
interact with electromagnetic fields and therefore can be used in
combination with MAE known as IL-based microwave-assisted

extraction or UAE known as IL-based ultrasonic-assisted
extraction (Ventura et al., 2017).

A very recent study has discussed the application of protic
ionic liquids (PILs) as cell lytic agents to extract and improve
the extractive yield of intracellular carotenoids from yeast
Rhodotorula glutinis biomass (Mussagy et al., 2019).

Pulsed Electric Field (PEF) Assisted Extraction
Pulsed electric field (PEF) processing is a non-thermal extraction
technique working on the principle of electroporation or electro-
permeabilization. It is a process of exposing the sample matrix
to short impulses of high intensity electric field which eventually
result in cell membrane disintegration and increased its
permeability. This effect can be of reversible or irreversible nature
depending on process parameters which includes amplitude,
intensity, number, duration and frequency of the external electric
waves. Most of the secondary metabolites are positioned inside
the plant cells and increased permeability of the cell membrane
helps in the rapid diffusion of the solvent inside the cell and
removal of these metabolites in external environment. Unipolar
or bipolar pulses with square-wave shaped or exponential
frequencies are mostly used in this treatment. Pulsed electric
field assisted extraction can be used for the selective extraction
of metabolites by manipulating the intensity of treatment which
is mainly controlled by pulse duration, electric field strength,
treatment time or energy input. Numbers of studies have
discussed the potential of using PEF in pigments extraction from
algal cells and different matrices (Grimi et al., 2014; Luengo et al.,
2015). Parniakov et al. (2015) has also discussed the effect of the
combination of PEF and solvent extractions containing biphasic
mixture of organic solvents at different pH for the recovery
of hydrophobic carotenoids and other pigments in an efficient
manner. Result of their study highlighted the effect of two step
extraction as high levels of extracted non-degraded proteins was
recovered at the first step during PEF extraction and substantial
enhancement of pigments yield at the second step. Also, this
two stage PEF-assisted procedure allowed also effective extraction
using lower amount of organic solvents (Parniakov et al., 2015).

CONCLUSION

The major aim for the pigment industry, especially for food
grade pigments is to look for a sustainable and potential source
of pigments which is relatively safe for human health and the
environment. The modern inclination in society for “natural”
ingredients and consumer concern toward the deleterious effects
of synthetic pigments on health and environment rekindled
the interest toward the use of natural colorants. Progressive
growth involving various biotechnological tools for the supply of
nutritive, attractive healthy and high sensorial quality products
has been observed in last decades which has made this process
more economical and suitable for mass applications. Nature
may be excellent source of safe colors, however, key limitations
such as raw material availability and variation in pigment profile
associated with colors obtained from plant source, navigate color
industry toward the potential of colors obtained from microbial
sources particularly fungal resources.
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Keeping the advantages afforded by fungal diversity in mind,
fungi are considered as cell factories for pigment production,
where researchers can play with functionality. Fungal species
obtained from various sources are known to produce and
yield wide array of pigments which are usually associated with
multifaceted biological activities together with extraordinary
range of colors. Although the number of traditional technologies
for the production of pigments such as monascin (from
a fungus) are already well-advanced a lot of research on
new alternatives, exploring novel means and sources for the
biotechnological production of these pigments in profitable yield
are in progression. Thus, further research is necessary to find
optimize pigment properties such as yield and composition by
optimized growth parameter, using metabolic engineering tools,
introduction of low cost organic substrates for value addition,
presence of different elicitors for pigment production, stabilizing

methods for improving pigment application and suitable greener
and environmentally safer extraction methods for the extraction
at large scale.
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Flavonoids are one of the main groups of polyphenols found in natural products.

Traditional flavonoid extraction techniques are being replaced by advanced techniques

to reduce energy and solvent consumption, increase efficiency and selectivity, to meet

increased market demand and environmental regulations. Advanced technologies, such

as microwaves, ultrasound, pressurized liquids, supercritical fluids, and electric fields, are

alternatives currently being used. These modern techniques are generally faster, more

environmentally friendly, and with higher automation levels compared to conventional

extraction techniques. This review will discuss the different methods available for

flavonoid extraction from natural sources and themain parameters involved (temperature,

solvent, sample quantity, extraction time, among others). Recent trends and their

industrial importance are also discussed in detail, providing insight into their potential.

Thus, this paper seeks to review the innovations of compound extraction techniques,

presenting in each of them their advantages and disadvantages, trying to offer a broader

scope in the understanding of flavonoid extraction from different plant matrices.

Keywords: flavonoids, natural products, extraction, sample preparation, modern techniques

INTRODUCTION

Flavonoids are a class of natural phenolic compounds synthesized in plants as bioactive secondary
metabolites (Nabavi et al., 2018) that are responsible for the characteristics of flavor, color,
and pharmacological activities (Scarano et al., 2018). They are potent antioxidants protecting
plants from unfavorable environmental conditions (Nabavi et al., 2018). Studies have shown that
flavonoids have immunomodulatory, anti-inflammatory (Yahfoufi et al., 2018) and anticancer
activities (Abotaleb et al., 2018; Chirumbolo et al., 2018; Rodriguez-Garcia and Sanchez-Quesada,
2019).

All flavonoids are based on a fifteen-carbon flavone skeleton C6 (A ring)-C3 (C ring)-C6 (B
ring), composed by two benzene rings (A and B) connected by a heterocyclic pyrene ring (C)
containing oxygen, as shown in Figure 1. They can be grouped into different classes (flavonols,
isoflavones, flavones, chalcones, flavanones, and anthocyanidins) (Table 1), depending on the
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FIGURE 1 | Chemical structure of flavonoid.

carbon of the C-ring in which the B-ring is bound and the degree
of saturation and oxidation of the C-ring (Panche et al., 2016;
Abotaleb et al., 2018; Durazzo et al., 2019). The various classes
of flavonoids differ in the oxidation level and substitution pattern
of the C ring, while individual compounds within a class differ in
the substitution pattern of the A and B rings (Kumar and Pandey,
2013; Panche et al., 2016). A chromane ring (A and C) is attached
to a B ring (Figure 1) at C2 in flavonoids or C3 in isoflavonoids
(Panche et al., 2016) (Figure 2).

Based on their potential and the importance of foreseen
applications, researchers have been extensively studying
techniques and conditions specifically for the extraction of
flavonoids from natural products and foods either for analytical,
preparative, or industrial purposes. Therefore, several techniques
for extracting flavonoids to increase the extraction yields of
these major bioactive compounds have been implemented.
Various techniques have been proposed, including maceration,
percolation, hydro-distillation, boiling, reflux, soaking, and
soxhlet (Alara et al., 2018a). However, these techniques are
characterized by the use of large amounts of organic solvents
with high purity, lower extraction yields, low selectivity, long
extraction times, thermal degradation of target compounds,
associated environmental concerns and costs, compared to other
techniques (Rostagno et al., 2010; Galanakis, 2012; Farzaneth
and Carvalho, 2017).

Advanced techniques and strategies are continually being
developed to overcome the limitations of conventional methods
for the extraction of these compounds. These techniques
include ultrasound-assisted extraction (UAE), supercritical fluid
extraction (SFE), microwave-assisted extraction (MAE), solid-
phase extraction (SPE), enzyme-assisted extraction, pressurized
liquid extraction (PLE or accelerated solvent extraction—
ASE), extraction assisted by pulsed electric field (PEF), and a
combination of different techniques. These modern techniques
are very effective in the removal of flavonoids from the most
diverse types of natural matrices. More importantly, they also
allow reducing the use of organic solvents and replacing them
with alternative “green” solvents while achieving high yields

in short extraction times. Therefore, these techniques can be
categorized as “green extraction” techniques (Chemat et al., 2012;
Khoddami et al., 2013; Galván et al., 2018; Alexandre et al., 2020;
Dzah et al., 2020; Pashazadeh et al., 2020; Sarfarazi et al., 2020;
Sengar et al., 2020; Tungmunnithum et al., 2020).

There are several reviews available in the literature focusing on
one or more extraction techniques, compounds and compound
classes and tissue type or plant (Rostagno et al., 2009; Chan et al.,
2011; Mustafa and Turner, 2011; Miljevic et al., 2014; Barba et al.,
2016; Kala et al., 2016; Roohinejad et al., 2016; Sookjitsumran
et al., 2016; Vinatoru et al., 2017; Galván et al., 2018; Dzah et al.,
2020).

Due to the complex nature of sample matrix and diverse
chemical characteristics of flavonoids, it is consensual among
scholars in this field that there is no single and standard method
to be used for every material or flavonoids to be extracted at
this time.

Thus, this article seeks to revise the innovations of
the techniques available, offering a broader scope in the
understanding of the extraction of flavonoids from different
matrices to be explored by researchers working in this field.

ADVANCED EXTRACTIONS TECHNIQUES

Ultrasound-Assisted Extraction (UAE)
Fundamentals
Ultrasound is an intensification technique which is widely used
for the extraction of bioactive compounds from natural products
with applications in industries such as food and pharmaceuticals
(Akbari, 2019). The intensification process is based on the
acoustic cavitation phenomena, which consists of the formation
of stable or transient gas bubbles by the compression and
expansion cycles caused by the passage of ultrasonic waves
through the liquid (Leong et al., 2011) and the subsequent
rupture, which causes the release of bioactive compounds, and
this rupture depends on the extraction conditions (Chen X. J.
et al., 2007; Um et al., 2018). As bubbles accumulate energy, they
reach a critical point where they implode and release this energy
instantaneously, breaking intermolecular interactions between
target compounds and the matrix of the sample as well as
causing mechanical effects in the extraction medium and the
structure of the sample matrix. The mechanical effects include
the reduction of particle size and damage of cells, allowing
more significant interaction between the solvent and the sample,
and consequently, improving mass transfer, which in turn will
return higher yields in shorter times (Um et al., 2018). Increased
solubilization of the mixture formed in the extraction is also
one of the effects of cavitation since the ultrasonic waves allow
movement of the liquid from shear forces and turbulence caused
by bubbles imploding (Vilkhu et al., 2011; Meullemiestre et al.,
2016).

In general, UAE can be explored in more sustainable processes
due to the high efficiency associated with its use, allowing
lower consumption of solvents and energy. UAE also provides
faster extractions, with high reproducibility, rapid return on
investment, simplification of manipulation and processing,
and higher purity of the final product when compared to
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TABLE 1 | Classification of flavonoids and their classes according to their skeletal structure.

Flavonoid

group

Compound Skeletal structure 3′ 4′ 5′ 3 5 7

Flavonol Quercetin OH OH – OH – –

Isorhamnetin O-CH3 OH – OH – –

Kaempferol H OH – OH – –

Spiraeoside OH O-glucose – OH – –

Quercitrin OH OH – O-rhamnose – –

Isoquercitrin OH OH – O-glucose – –

Isoflavone Genistein – OH – – OH OH

Genistin – OH – – OH O-glucose

Daidzein OH – – – OH

Daidzin OH – – – O-glucose

Biochanin A O-CH3 – – OH OH

Formononetin O-CH3 – – – OH

Flavone Apigenin H – – – – –

Luteolin OH – – – – –

Chalcones Phloretin OH – OH – – –

Chalconarigenin – – OH – – –

Flavanone Narigenin H OH – – – OH

Hesperitin OH O-CH3 – – – OH

Narirutin H OH – – – O-rutinoside

Naringin H OH – – – O-

neohesperidose

Hesperidin OH O-CH3 – – – O-rutinoside

(Continued)
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TABLE 1 | Continued

Flavonoid

group

Compound Skeletal structure 3′ 4′ 5′ 3 5 7

Anthocyanins Cyanidin OH OH – OH OH OH

Cyanin OH OH – O-glucose OH OH

Delphinidin OH OH OH OH OH OH

Pelargonidin – OH OH OH OH OH

FIGURE 2 | Chemical structure of isoflavonoid.

conventional extraction methods (Palma et al., 2013; Chemat
et al., 2017). UAE can be used in many types of matrices, such
as fruits, teas, seeds, vegetables, or flowers, which are sources of
many bioactive compounds of different classes (Shirsath et al.,
2012; Tabaraki et al., 2012). However, the conditions and the
combinations of the variables of the process must be cautiously
defined according to the type of sample and compound to
be extracted, including factors such as the frequency used
and usually between 20 kHz and 100 MHz, ultrasound power,
time, temperature, quantity and preparation of the sample, and
selection, volume, and concentration of solvent (Rostagno et al.,
2010; Da Porto et al., 2013).

Parameters Influencing UAE Processes
The extraction of natural products is a complex process, where
each variable, individually or combined with others, can affect
the results. It is of the utmost importance to evaluate each
component of the process and their interactions, such as solvent,
sample, power, frequency, and intensity, temperature, time, and
make of the equipment.

Extraction solvent
Without a doubt, the choice of solvent is the primary variable in
any extraction method. The extraction solvent should be chosen
based mainly on the solubility and intensity of the interactions
with the matrix. The characteristics of the solvent to be observed
are, among others, polarity, pH, viscosity, surface tension, vapor
pressure, melting point, boiling point, density, specific gravity,
as well as the effect on purity, and activity of the extracted
compound (Mason, and Lorimer, 2002). These factors should
be thoroughly thought out, mainly because they decrease the
cavitation threshold, disfavoring the removal of the compounds
from the matrix (Mason, and Lorimer, 2002).

Consideration should also be given to the extraction
parameters and their suitability for the solvent, the intermediate
and final products to be used, and how the solvent can react with
the target compounds under extraction conditions. An important
factor is the biochemical and physicochemical properties of
the solvents because they define the nature of the medium in
addition to interacting with the treated material and extracted
compounds. The possible changes that can occur in the solvents
during the extraction process can have significant effects on the
stability of the flavonoids and the efficiency of the treatments
(Dzah et al., 2020).

A solvent with low vapor pressure, at the adjusted
temperature, facilitates cavitation increasing the effects of
ultrasound in the process. In contrast, viscous solutions, such
as oils, increases the amplitude of the waves, hindering the
propagation of ultrasound, and mechanical effects on the sample
caused by the cavitation (Santos et al., 2009; Flannigan and
Suslick, 2010).

In general, organic solvents (methanol, ethanol, acetonitrile,
petroleum ether, acetone), water, and mixtures of these solvents
are used for the removal of flavonoids from plant matrices,
such as herbs, industrial residues, stems or plant seeds. Organic
solvents such as ethanol, methanol, acetone, and isopropanol,
mixed with varying proportions of water, have been widely
used to extract flavonoids from plant sources using UAE. There
are extractions with 100% of either organic solvent or water
used for extraction. In some studies, extraction solvents can
be acidified to preserve sensitive flavonoids from oxidative
degradation (Dzah, 2014). The acids produce hydrogen ions
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(H+) that stabilize free radicals that may be produced during
ultrasonication (Dzah et al., 2020). Several studies have shown
that due to the polarity of flavonoids, organic solvents, such as
methanol, are more efficient for their extraction. Non-toxic and
biodegradable alternatives, such as ethanol, are being explored
to some extent in extraction methods to reduce the impact of
organic solvents on the environment while providing similar, or
even superior performance (Fu et al., 2019). Ionic or eutectic
solvents containing acids citric and lactic acid and multiphasic
systems, such as cloud point extraction, are also new alternatives
to toxic solvents (Vankar and Srivastava, 2010; Ekezie et al., 2017;
Cunha and Fernandes, 2018; Biata et al., 2019)

The extraction performance can also be affected by the
solvent pH by altering the ionic strength, which affects the
solubility of the compounds and their interactions with the
sample matrix. Several studies have evaluated the optimum pH
to extract flavonoids from plant matrices. A recent report (Mai
et al., 2020) investigated the influence of the pH of the solvent
on the recovery of Euonymus alatus flavonoids and suggested
that recoveries increased in acidic pH (2.5–3.5) and decreased
at higher pH. Another report, which in this case evaluated
polyphenols, indicated that its extraction from pomegranate peel
is affected by the solvent’s pH, with the best results being observed
in acidic medium (Motikar et al., 2020). On pH above 7,0, lower
extraction yields were recorded.

For the ultrasound-assisted extraction of bioactive
compounds from the Citrus reticulata bark, slightly acidic
electrolyzed water (pH 6.20) produced the best results for the
extraction of total phenolic compounds. Still, higher yields of
flavonoids were reported with acid electrolyzed water pH 3.24
(Soquetta et al., 2019).

Another example of the influence of the pH was reported for
the ultrasound-assisted extraction of polyphenols from Satsuma
mandarin leaves, where a higher yield of total flavonoids was
observed at pH 2 in water. The highest amounts of total phenolic
compounds and total flavonoids were achieved in acidic media
(Cigeroglu et al., 2017).

The reports available in the literature suggest that higher
flavonoids yields are usually produced in acidic medium. For
polyphenols, this trend can be explained by the fact that an
acidic pH supports the cleavage of phenolics bound to proteins
and carbohydrate polymers (Ilbay et al., 2014). With a low
pH value, phenols are protonated that take the hydrophobic
nature to molecules that interact more strongly with the
hydrophobic micellar surfactant and, therefore, readily penetrate
the micelles (El-Abbassi et al., 2014). At a higher pH, phenols are
deprotonated, and their ionic characteristics increase, leading to a
decrease in the solubility of hydrophobic phenolic compounds in
micelles due to the higher activity of protons. Thus, the amount of
phenols extracted increases with the reduction of the pH (Gortzi
et al., 2008; El-Abbassi et al., 2014).

Sample
Depending on the target compounds, the sample may be fresh
or dry (plants, oleaginous, seeds, yeast, algae, among others),
and the structure, moisture, plasticity, and composition of the
material will entail the recovery of compounds from the sample

matrix. Thus, the preparation of the sample matrix before
extraction is of paramount importance, especially because some
compounds are sensitive to the processes of preparation, such as
drying, homogenization, and sifting. In addition to preserving
the matrix compounds, the sample preparation also ensures the
extraction efficiency as it can eliminate interferences, increase
the concentration of the analyte in the mixture and provide the
optimum particle size (Rostagno et al., 2009).

The ratios between sample quantity and solvent, as well
as particle size, are also factors that should be taken into
consideration to maximize extraction yield because they
influence the cavitation phenomena and final concentration of
the extracts (Vilkhu et al., 2011). It has been suggested that a
proportion between 1:5 and 1:10 sample/solvent (solid vegetal
material) for ultrasonic bath extraction is suitable for the recovery
of bioactive compounds from plants (Vinatoru et al., 2017). Such
high ratios may be adequate when considering the production of
a concentrated extract. Still, when the objective of the extraction
is sample preparation for quantitative analysis of flavonoids, a
higher solvent amount (1:50, 1:100, or even higher) may be
required to ensure that target compounds were removed entirely
from the sample matrix. The ranges of the solid / solvent ratio are
reported in the literature and it is often not indicated whether it is
on a dry or wet basis. It is understood that it usually refers to fresh
and not dry material. In the case of material that has been dried,
it is necessary to hydrate the matrix to allow the solubilization of
the compounds of interest and consequently it may be necessary
to increase the ratio.

Higher efficiency can be achieved using sequential extraction
processes as in each extraction, as the fresh solvent will be
available and will improve solubility. Still, additional steps will be
required between extractions, such as centrifugation or filtration.

Particle size is also a factor that influences the efficiency of
the UAE. It should be evaluated according to the matrix, and as
a function of the compounds to be extracted. In general, small
particles remain on the solvent surface and are not affected by
cavitation bubbles, while large particles decrease the permeability
or diffusion of solvent in the sample (Khan et al., 2010). A study
developed for Arecanut polyphenol extraction tested particle
sizes between 841, 425, 250, and 180µm, and the highest
recoveries were obtained with a particle size of 250µm (Chavan
and Singhal, 2013). Another study using UAE for orange peel
flavone extraction tested particle sizes between 0.5, 1.0, 1.5, 2.0,
and 2.5 cm2, with the best yielding particle size being 2 cm2.

Ultrasound power, frequency, and intensity
Ultrasound power directly affects the cavitation and shear forces
in the extractionmedium. As ultrasound power increases, so does
the cavitation and its mechanical effects as well as mass transfer
of compounds from the sample matrix to the solvent. However,
excessive power can negatively affect the extraction process due
to the degradation of target compounds, reducing yields. To fully
explore UAE as an intensification technique, it is required to
adjust power considering sample moisture, the temperature of
the medium, and solvent used (Wei et al., 2010).

Another critical parameter in UAE is frequency. The
frequency used for the extraction of bioactive compounds from
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natural products usually ranges between 20 and 120 kHz. There
are some reports that frequency can modulate the removal of
different compounds from the sample matrix (Machado et al.,
2019). In the case of phenolics from grapes lower frequency of
40 kHz provided higher yields than 120 kHz (González-Centeno
et al., 2014). On another recent report, a higher yield of phenolics
from pomegranate peels was also achieved with lower frequency
(37 kHz). Still, higher antioxidant capacity was observed in the
extracts obtained with higher frequency (80 kHz), indicating that
frequency can affect the composition of the extract.

High frequencies do not allow the process of cavitation to
happen fully, because they decrease the time of expansion of
the bubbles, thus reducing the size and impact of these in the
sample (Mason, and Lorimer, 2002). On the other hand, in low
frequencies, the bubbles are in smaller quantities, but with larger
diameters, which assists the physical effects generated in the
sample, such as the transfer of masses between the sample and
the solvent (Esclapez et al., 2011).

It is also essential to consider ultrasound intensity, which is
the energy emitted per second per area of the emitting surface,
being directly connected with the amplitude of the transducer
and the sound wave. Thus, the higher the ultrasonic intensity,
the greater the amplitude, and the better the extraction efficiency.
Higher amplitudes are associated with the more significant
collision between the bubbles originating from the cavitation
and the sample. However, very large amplitudes can also lead
to the rapid deterioration of the ultrasonic transducer, leading
to liquid agitation and not to the cavitation phenomenon. Thus,
attention should be paid to the amplitude, especially considering
the solvent, where high amplitudes are suitable in more viscous
solvents such as the oils (Tiwari, 2015; Machado et al., 2019).

Temperature and extraction time
The temperature of the medium should be closely related to the
properties of the solvent since the temperature increase causes a
decrease of the viscosity and surface tension of the solvent but
increases the vapor pressure. Increased vapor pressure decreases
the effectiveness of the cavitation process and leads to lower
extraction efficiency.

The vapor pressure of the liquid influences the cavitation
process, and lower vapor pressure solvents are more advisable
in UAE extractions because they induce a more significant
collapse between cavitation bubbles. Thus, solvents with high
vapor pressure and, consequently, high boiling temperatures, do
not fully explore the potential of UAE due to reduced cavitation
(Flannigan and Suslick, 2010).

High temperature, however, also facilitates the increase of
cavitation bubbles, increasing the contact area and diffusion
between solid and solvent. Thus, for better effects of ultrasound
associated with cavitation, medium to low temperatures are
indicated (between 20 and 70◦C), depending on the sample, and
especially for thermosensitive ones (Palma et al., 2013; Pasrija and
Anand haramakrishnan, 2015).

Maran et al. (2017) studied the effect of extraction
temperature, among other parameters, on the recovery of
anthocyanin, flavonoids, and total phenolics of Nephelium
lappaceum bark extracts obtained through the UAE. It was

observed that the yield was increased due to the increase in
porosity of the material, more significant solvation, and mass
transfer when the extraction temperature increased.

On the other hand, the required extraction time of the process
will depend on several factors. The overall extraction kinetic
curve can be divided into three stages: constant extraction rate
(CER), where compound are more easily extracted from the
sample matrix; falling extraction rate (FER), where compounds
being extracted present some interactions with the matrix,
hindering their removal; and diffusional controlled (DC), where
compounds depend on diffusion to be removed (Palma et al.,
2013).

When considering the production of extracts, the extraction
time is usually determined by the conditions that are most
favorable to the mass transfer from the matrix to the medium,
generally between CER and FER part of the extraction curve.
However, the exact extraction time will depend on several
economic factors and manufacturing costs, but especially the
raw material cost (Palma et al., 2013). In contrast, for analytical
purposes, it is necessary to ensure that target compounds where
completely removed from the sample, which is usually done by
overextending the extraction time.

Applications for obtaining concentrated extracts of
flavonoids, which usually exploit the first stages of the extraction
process (CER and FER), can also explore the benefits of the
use of ultrasound. There is a more significant potential of this
technique in the preparation of samples for quantitative analysis
since ultrasound has a substantial effect on diffusion and can
accelerate the final phase of the diffusion-controlled extraction
process (CD).

There are other important aspects associated with extraction
time, including the amount and type of solvent used, the
amount and characteristics of the sample (protein content
for example), temperature, flow rate (in dynamic extractions),
ultrasound intensity and frequency, potential degradation of
target compounds, among others, making this one of the most
challenging techniques to be optimized. Usually, extraction time
is determined experimentally on a case by case basis.

Applications of UAE to Flavonoids From Natural

Products
During the last decade, several UAE methods have been
developed, and a significant number of applications for the
recovery of flavonoids can be found in the literature. Some of
these applications are shown in Table 2. The use of ultrasound
has grown in recent years. In most cases, the produced results
indicate that it accelerates the extraction process and decreases
the amount of solvents used (Zhang L. et al., 2009; Oniszczuk
and Podgórski, 2015). The most used solvents for the extraction
of flavonoids are ethanol, mixtures with water at different
proportions, and natural deep eutectic solvents (NADES), which
are based on their ability to solubilizemoderately polar flavonoids
with a relatively low cost and environmental impact. Regarding
ultrasound, the most used type of equipment is the ultrasonic
bath operating at 40 kHz with fixed power. Specific conditions,
such as temperature and extraction time, vary significantly due to
the particularity of the composition of each raw material.
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TABLE 2 | Experimental conditions used for extraction ultrasound flavonoids from natural products.

Sample Solvent

(%)

Power (W) Frequency

(kHz)

Temperature

(◦C)

Time

(min)

Sample/

volume

(g:mL)

Equipment Target

compounds

Yield or recovery Reference

Cocoa Shells

(Theobroma cacao)

70–90

ethanol

296 40 45–65 30–60 1:50 Bath Total flavonoids 7.47 mg/g Md Yusof et al.,

2019

Basil leaves (Ocimum

tenuiflor)

30–70

Ethanol

50 30 40 5–15 1:40 Ultrasonic

processor

Total flavonoids 6.69 QE mg/g Upadhyay et al.,

2015

Eucommia leaves

(Folium eucommie)

30–50

ethanol

850 59 5 5–75 1:50 Bath Total flavonoids 41% Huang et al.,

2009

Guava leaves (Psidium

guajava)

Water 250–450 – 0–80 5–45 5:200 Bath Total flavonoids Not mentioned Li et al., 2019

Sophora leaves

(Sophora flavescen)

40–80

methanol

120 40 20–80 20–80 1:26 Bath Trifolirhizin

Formononetin

Isoxanthohumol

Maackiain

Kurarinone

2.570 mg/g

0.213 mg/g

0.534 mg/g

0.797 mg/g

3.091 mg/g

Zhou et al., 2019

Rugosa rose fruit (Rosa

rugosa Thunb.)

50–95%

ethanol

200 40 30–50 30–50 1:20 Bath Individual

flavonoids

54.32–75.23 mg/g Um et al., 2018

Hawthorn seed 55–85%

ethanol

40 40 55–75 30–50 1:22 Bath Total flavonoids 16.45 mg/g Pan et al., 2012

Flower (Citrus

aurantium L. var. amara

Engl)

40–80%

ethanol

200 – 30–80 10–80 1:20 Bath Total flavonoids 1.87% Yang et al., 2010

Grapefruit (Citrus

paradisi L.)

20–100%

ethanol

100 40 4–70 5–48 1:8 Bath Total flavonoids 50% Garcia-Castello

et al., 2015

Curry leaf (Murraya

koenigii L.)

40–80%

methanol

880–150 – 40–80 20 1:20 Bath Naringin

Epicatequin

Catequin

Quercetin

Myricetin

0.203 mg/g

0.678 mg/g 0.325

mg/g

0.350 mg/g

0.703 mg/g

Ghasemzadeh

et al., 2014

Canna indica Methanol.

ethanol.

ethyl-

acetate.

acetone

and water

100–500 20 25–30 5–20 20:50 Bath Total flavonoids 0.3409 g/g Srivastava and

Vankar, 2010

Wine less NADES 380 37 35 5–45 0.1:1 Bath Anthocyanins Not mentioned Bosiljkov et al.,

2017

Dittany (Origanum

dictamnus), fennel

(Foeniculum vulgare),

manjoram (Origanum

majorana), sage (Salvia

officinalis) and mint

(Mentha spicata)

NADES 140 37 80 90 0.1:15 Bath Total flavonoids 109.67mg GAE

g−1 dw

Bakirtzi et al.,

2016
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Microwave-Assisted Extraction (MAE)
Fundamentals
Currently, novel green extraction techniques with efficient and
rapid process have appeared to correct the limitations of
conventional extraction methods, such as the vast quantities
of solvents used, the high temperatures applied, or the long
extraction times needed (Dahmoune et al., 2014).

Microwaves are non-ionizing electromagnetic (EM) waves
located between the radio-frequency range at the lower frequency
and infrared at the higher frequency in the electromagnetic
spectrum within the frequency band of 300 MHz to 300 GHz.
In this extraction technique, the microwave energy is delivered
through polar components interactions to generate heat by
conversions of electromagnetic into thermal energies (Pimentel-
Moral et al., 2018b). This conversion occurs via two mechanisms:
by dipole rotation, i.e., through reversals of dipoles and by ionic
conduction, i.e., by displacement of charged ions present in the
solute as well as the solvent (Dean et al., 1995). When microwave
energy absorption occurs, the conversion of electromagnetic
energy into heat depends on the relation between the dielectric
loss factor (ε′′) and the dielectric constant (ε′) for a givenmaterial
(Mello et al., 2014). This relation is known as the dissipation
factor (or loss tangent, tan δ). MAE heats all the sample fluid,
allowing the extraction solution (solvent and sample) to reach the
desired temperature more rapidly. It avoids the thermal gradient
caused by conventional heating (Biesaga, 2011), which increases
the risk of degradation of thermolabile bioactive compounds (Wu
et al., 2001). Therefore, the improvement in extraction yields
is not only produced by the increase in temperature within

the extraction medium, but also by the effect of microwave
electromagnetic radiation on vibrations of both types of bonds
(extraction solvents and the analytes to extract) (Ameer et al.,
2017). Concerning the release of the compounds from thematrix,
during microwave heating, a considerable amount of pressure
builds up inside the biomaterial, improving the porosity of the
matrix, which allows better penetration of extracting solvent
through it (Kratchanova et al., 2004). Figure 3 represents a
microwave extraction system, both in a closed system and in
an open system, in addition to diagramming the difference
between conventional heating and microwave heating (Camel,
2001; Destandau et al., 2013; Rosa et al., 2018).

Influential Parameters in the Extraction Process
The degradation of flavonoids can be caused by several factors
such as light, air, time, and temperature. Furthermore, the
efficiency of MAE depends to a great extent on the selection
of the operating conditions and the parameters that affect
the extraction mechanisms and performance. The choice of
an extraction method is based on the highest recovery of
the targeted compound, retention of the required properties
of the compound ease of application of the extraction
method with available resources, and the properties of the
targeted flavonoid compound. Various factors influence the
performance of the MAE, such as the nature of the solvent,
the ratio sample amount: solvent volume, the extraction
time, the microwave power, the temperature, among others
(Chan et al., 2011).

FIGURE 3 | Representative diagram of a microwave extractor in both closed and open systems (A) adapted of Camel (2001); Representative diagram of the

conventional heating and microwave heating (B) adapted of Rosa et al. (2018) and Destandau et al. (2013).
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Extraction solvent
As mentioned above, the dielectric constant and the dissipation
factor are two critical parameters involved in MAE. Therefore,
it is essential to choose solvent mixtures to modify the dielectric
constant until obtained suitable characteristics for the extracted
sample. On the one hand, solvents like ethanol, methanol, or
water can absorb microwave energy due to their high dielectric
constant and dielectric loss, which can lead to a faster rate of
heating of the solvent concerning the plant material (Zhang
F. et al., 2009). On the other hand, for the extraction of
thermolabile compounds, a solvent combination with relatively
lower dielectric properties can be used to ensure that the solvent
temperature will remain lower to cool-off the solutes once they
are liberated into the solvent (Routray and Orsat, 2012).

The polarity of the solvent and the solubility of the targeted
compound in the solvent must also be considered. There is
no standardized solvent composition for all since it is difficult
to establish general rules, so the best solvent varies with
each targeted compound (Xiang and Wu, 2017). In general,
the solvent most used for polar flavonoids extraction is a
mixture of water and organic solvents. Within these, methanol
is highly toxic and is not practical for use in the processing
of food and pharmaceutical products. It is generally used in
analytical applications in different proportions depending on
the compounds to be extracted (Chen et al., 2008). The most
commonly used is ethanol, as it is a green solvent with low
toxicity. As mentioned above, adding a certain amount of water
to the ethanol solvent has been shown to improve extraction
efficiency. However, as can be seen in Table 3, the best extraction
yields are obtained with different concentrations of ethanol (35–
90%) in aqueous solution, according to the literature consulted.
The presence of water would improve the mass transfer between
the solid and the liquid by increasing the permeability of the
matrix of the plant, thus improving heating efficiency (Zhang
et al., 2007; Zhong et al., 2016). However, the optimal percentage
of water-ethanol will depend on the characteristics of the
matrix, the extraction conditions (power, temperature, time,
among others), and the compounds to be extracted. For less
polar flavonoids, such as aglycones of isoflavones, flavanones,
methylated flavones, and flavonols, solvents used also include
chloroform, acetone, dichloromethane, diethyl ether, hexane or
ethyl acetate (Grigonis et al., 2005). Some specific examples for
diverse matrices using the mentioned above solvent are shown in
Table 3.

The pH of the solvent can also significantly affect the
efficiency of the extraction steps. The effect of pH on the
flavonoids extraction is closely related to their structure. Given
the broad class of existing flavonoids, authors have reported
different optimal pHs for its extraction. Some authors (Xin
et al., 2008; Xiangnan et al., 2014; Bouras et al., 2015) have
shown that alkaline extraction was more efficient in recovering
flavonoids than acidic solvent extraction (pH 12 > pH 7 >

pH 2). Specifically, Bouras et al. (2015), founded that flavonoid
compounds [naringenin, (+)-catechin, (–)-epicatechin, (–)-
epigallocatechin] increased ∼1.25 times with the presence
of 0.01M sodium hydroxide compared to pure water, when
extracting flavonoids from Quercus bark using MAE. This

behavior is linked to the fact that basic pHs remove tannins,
phenolic acids, and other polyphenols linked by ester bonds,
reduces bark extract viscosity, and increases the reactivity of the
extract, increases the accessibility of solid residue by removing
the lignin physical barrier, and damages the cell structure. Other
authors showed better extractions with acidic solvents. It happens
when anthocyanins are studied, a class of flavonoid which have a
stable conformation, the cation flavilium, at pH from 1.0 to 3.0.
In cases where the use of acid is necessary, low concentrated acids
and mainly hydrochloric acid can be used until a pH between 1
and 4.5 is achieved (Yang and Zhai, 2010; Teng et al., 2013).

In addition to common solvents, ionic liquids (ILs) have
been reported as eco-friendly solvents for the MAE of
several flavonoids. Room-temperature ILs, resulting from
the combination of organic cations and various anions that
may be liquids at room temperature, are salts with melting
points of below ca. 100◦C. The main ILS used in the literature
are: 1-butyl-3-methylimidazolium chloride [[bmim]Cl],
1-butyl-3-methylimidazolium bromide [[bmim]Br], and 1-
butyl-3-methylimidazolium tetrafluoroborate [[bmim]BF4]
between others. For the synthesis of [bmim]Cl and [bmim]Br,
a mixture between 1-methylimidazole and the corresponding
halogenoalkane in a 1:1.2 molar ratio is employed. [bmim][BF4]
is prepared by the reaction of [bmim]Cl and NaBF4 at
the same molar ratio. All the solutions are prepared at
different concentrations with deionized water (Liu et al.,
2005). Specifically, ILs have extended into areas of analytical
chemistry and liquid-liquid extraction, and show excellent
solvent properties: negligible vapor pressure, a wide liquid
range, good thermal stability, tunable viscosity, miscibility with
water and organic solvent, and good solubility and capacity
of extraction for several organic compounds (Deng et al.,
2006). The ionic liquids employed and their concentrations
(usually between 1.5 and 3mol L−1) have great influence in
the MAE extractions of the flavonoids. Concerning the type
of IL employed, the extraction yields of flavonoids are largely
dependent on the anions for the same class of ILs, highlighting
Br−, Cl−, BF−4 , SO

2−
4 , N(CN)−2 , H2PO

−

4 , PF
−

6 , CF3SO
−

3 , and
CF3CO

−

2 , due to the anion-dependency of the solubilities of
analytes in ILs (Du et al., 2009). Furthermore, ILs which have
cationic moieties with an electron-rich aromatic π-system
produced stronger interactions with solute molecules capable of
undergoing polarity, π-π and n–π interactions (Du et al., 2007).
Concerning the ILs concentration, Du showed that the yields
of the extraction of polyphenolic compounds from P. guajava
leaves and S. china tubers increased with the increase in the
concentration of [bmim]Br. This behavior is due to the solvation
power and multiple interactions of [bmim]Br and its capacity to
change the dissipation factor of the solution and improved the
transfer efficiency of microwave energy.

Sample: volume ratio
Another factor that affects MAE is the relationship between
the amount of sample and the solvent volume. The objective
should be to minimize the use of solvent and maximize the
yields. On the one hand, high volumes of solvent require more
microwave energy due tomicrowave radiation would be absorbed
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TABLE 3 | Some representative applications involving the use of MAE for the recovery of flavonoids from natural sources.

Sample Solvent (%) Power (W) Extraction

volume (mL)

Temperature

(◦C)

Time (min) Sample/volumen

(g:mL)

Target

compounds

Quantification

method

Yield or recovery Reference

Grapes skin

(Tintilla de

Rota)

40:60%

methanol:water

500 25 100 5 2:25 g DW:mL

solvent

Individual

Anthocyanins

HPLC-DAD, using

malvidin-3-glucoside as

standard

1.86mg

standard/g DW

Liazid et al., 2011

Morus alba L.

leaves

60:40%

etanol:water

560 250 100 5 1:15 g FW:mL

solvent

Total flavonoids NaNO2-

Al(NO3)3-NaOH

colorimetric assay,

using rutin as standard

2.5% Li et al., 2009

Platycladus

orientalis L.

leaves

80:20%

methanol:water

80 5 – 5 1:5 g DW:mL

solvent

Total flavonoids Dynamic MAE coupled

with on-line

derivatization and

UV–vis detection, using

quercitrin as standard

98.5% (w/w) Chen L. et al.,

2007

Gordonia

axillaris

36.89:63.11%

ethanol:water

400 15 40 71.04 1:29.56 g DW:mL

solvent

Total flavonoids Method described by

Lamaison and Carnet

(1990) with some

modifications, using as

standard solution

3.11mg

standard/g DW

Li et al., 2017

Tomato

(Round

tomato)

100% water 200 20 60 20 45:1,000 g DW:mL

solvent

Individual

flavonoids

HPLC, using external

standards for each

flavonoid

6.78–11.7mg

standard/g DW

Pinela et al., 2016

Morus nigra

L.

70:30%

ethanol:water

500 125 35 10 1:50 g DW:mL

solvent

Total flavonoids Aluminum chloride

method, using

quercetin as standard

2.35–2.83mg

standard/g DW

Koyu et al., 2018

Radix

Astragal roots

90:10%

ethanol:water

1,000 50 110 25 1:25 g DW:mL

solvent

Individual

flavonoids

HPLC-UV, using

external standards for

each flavonoid

1.190mg

standard/g DW

Xiao et al., 2008

Apple (Malus

domestica)

roots

60:40%

ethanol:water

1,500 20 100 20 0.1:20 g DW:mL

solvent

Individual

flavonoids

HPLC, using external

standards for each

flavonoid

17.1mg

standard/g DW

Moreira et al.,

2017

Black rice

(Oryza sativa

cv. Poireton)

husk

67.34:32.66%

ethanol:water

640 – 49.5 0.5 1:40.79 g DW:mL

solvent

Total flavonoids Aluminum chloride

method, using catechin

as standard

0.0304mg

standard/g DW

Jha et al., 2017

Green tea

(Camellia

sinensis L.)

100% water 100 200 50 15 1:20 g DW:mL

solvent

Total and individual

catechin

Folin-Ciocalteu (Total)

and various

spectroscopic analysis

along with their

respective catechins

(individual)

8.80% Kalai and

Ignasimuthu, 2018
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by the solvent. This additional power could cause the solvent
heating rate to increase drastically, which results in the thermal
degradation of the bioactive compounds (Spigno and De Faveri,
2009; Alara et al., 2018a). On the other hand, low volumes of
solvent promote the mass transfer barrier, since the distribution
of the active compounds is concentrated in certain regions, which
limits the movement of the compounds outside the matrix of the
cell (Hao et al., 2002). An optimum ratio sample amount: solvent
volume assurance uniform and effective heating (Zhou and Liu,
2006). Some authors indicate that the ratio most used for the
extraction of this type of compound is around 1:30 g/mL (Zhao
et al., 2018). For much of the matrices shown in Table 3, ratios
around this value were used.

Microwave power
The plant cell walls tend to absorb microwave energy and cause
an increase in internal superheating resulting in cell disruption
that facilitates leaching out of flavonoids from the samples and so
that the analytes can diffuse and dissolve in the solvent (Bouras
et al., 2015). In general, the extraction performance increases
with higher microwave power, up to 500W (1 g of leaf powder)
(Mandal and Mandal, 2010). For many of the matrices shown in
Table 3, microwave powers up to this value were used. In any
case, it is necessary to take into account not only the applied
power but also its relation to the sample mass (power density).
However, very high power can lead to lower yields, which can
be attributed to the heat generated by the microwave energy
causing the disintegration and thermal degradation of the total
flavonoid content in the sample (Dahmoune et al., 2014; Alara
et al., 2018b). Alara et al. (2018a) obtained an improvement in
the yields of the total flavonoids as the level of microwave power
increased from 400 to 500W (10 g of leaf powder). However, the
yields declined with power above 500W, with the lowest values
observed at 600 W.

Extraction temperature
Concerning the extraction temperature, it is an essential factor
to be considered both in open system extraction and in
closed system extraction. High temperatures cause a decrease in
viscosity and surface tension, which allows better penetration
of the solvent into the sample matrix. Also, it increases
the molecular movement by accelerating the mass transfer
of intracellular bioactive compounds from the plant matrix
(Zhao et al., 2017). However, above 100◦C, the extraction yield
decreases by breaking down the molecular structure of the
bioactive compounds (Pimentel-Moral et al., 2018b). However,
this temperature limit varies with the type of compounds to be
extracted, since the degradation temperature of each compound
is different. The number and type of substituents present in
the aromatic ring, as well as the position, influence stability. A
smaller number of substituents increase flavonoid stability.

Additionally, when the compounds have several substituents
on the ring, the hydroxylates are more readily degradable than
the methoxylated ones (Routray and Orsat, 2012). Also, the sugar
portion stabilized the flavonoids during the extraction process.
Several researchers use temperatures around 60◦C since it is
sufficient to extract the compounds of interest without causing

their degradation (Jin et al., 2017; Xiang andWu, 2017). However,
there are other authors that for certain compounds use higher
temperatures, even higher than 100◦C (Pinela et al., 2016).

Finally, it is also essential to have in mind the relationship
between temperature and extraction time. With increasing
extraction time, the extraction yields will firstly increase and
then will decrease, probably because over-exposure to microwave
temperature may lead to thermal degradation of bioactive
compounds. So, it is necessary to reach equilibrium between the
applied extraction time and temperature.

Extraction time
The yields of extracts tend to increase when the extraction time
increases. However, at prolonged time of exposure to microwave
radiation, even at low temperatures or low operating power, the
risk of thermal degradation of polyphenols chemical structures
is inevitable (Wang et al., 2010). Therefore, there will be an
irradiation time limit for each of the bioactive compounds
present in the matrix in which quality yields can be obtained
(Yedhu and Rajan, 2016). For this reason, the extraction time of
the MAE can vary from a few minutes (Carniel et al., 2017; Liang
et al., 2017) tomore than half an hour in some cases (Bouras et al.,
2015; Zhao et al., 2018). If a longer extraction time is required,
extraction cycles can be used, which consists of the extraction of
the sample in several successive stages in order not to use severe
conditions (Zhao et al., 2018).

Plant matrix characteristic
Besides the operating conditions discussed in the previous
sections, the characteristics of the sample also affect the
performance of MAE. A critical factor in the recovery of
flavonoids is the particle size of the sample. Fine powders can
improve the extraction process by providing a large surface
contact area between the solvent and sample. Sample diameter
reduction also ruptures cell walls, which increase the penetration
of the microwave radiation. Thus, they are directly exposed to
extraction solvent as well as a shorter distance for the transfer of
target compounds through cell walls to solvent, thus increasing
the extraction yields (Kong et al., 2010). For the production
of fine powders, the sample preparation steps are essential and
include drying, milling, grinding, and homogenization of the
sample before the extraction for optimum extraction yield. The
only problem associated with the use of fine particles is that it
would cause difficulty in separating the extract from the residue,
and probably, additional clean up steps may have to be employed
(Chan et al., 2011).

Furthermore, to this essential step, other pretreatments can be
applied to the sampled. For example, samples treated by solvent
for 90min before extraction can enhance the heating efficiency
of MAE, promote the diffusion and improve the mass transfer
of active compounds to the solution (Pan et al., 2003). Also,
the dried sample matrix pretreated with water helps localized
heating of microwave. In this sense, apart from the particle size,
the solvent pretreatment has considerable effects on the sample
matrix for efficient extraction.
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Applications of MAE to Flavonoids From Natural

Products
MAE has been applied successfully in the development of
methods for the extraction of bioactive compounds of interest,
both polar and non-polar, in multiple matrices. Specifically,
MAE has been increasingly recommended in the last few
years as an excellent method for the lab-scale, precision, and
quantification studies of flavonoid samples. However, scale-up
based on microwave extraction for the large-scale production
of flavonoids is still under research and development (Orsat
and Routray, 2017). Furthermore, in comparison with UAE,
the extraction technique aforementioned, it has been observed
that microwave extraction obtains similar or higher yields in
the case of flavonoids (Gao and Liu, 2005; Chen X. J. et al.,
2007). For example, Casazza et al., 2010, achieved higher amounts
(46.7mg GAE/g DW) of total flavonoids employing MAE than
employing UAE (39.5mg GAE/g DW) in Vitis vinifera wastes.
Similar behavior was obtained by Gao and Liu (2005) (yield
of flavonoids of 4.1% using MAE and 3.5% using UAE) from
cultured cells of Saussurea medusaMaxim.

MAE in a closed system is quite similar to the PLE technology,
as the solvent is heated and pressurized in both systems (Camel,
2001). According to Søltoft et al. (2009), the efficiencies of PLE
was comparable and at the same level as MAE for the extraction
of flavonoids in onions. Specifically, about 500 µg quercetin
g−1 dry weight was achieved, showing a significantly better PLE
extraction in the case of the quercetin-4-glucoside compound.
For example, extraction yield and total flavonoid content under
optimal PLE conditions were higher than MAE (56 ± 2%, 6.5 ±
0.2mg Eq quercetin/g and 26 ± 2%, 2 ± 0.5mg Eq quercetin/g
dry leaf, respectively) for the extraction of bioactive compounds
from M. oleifera leaves. However, the antioxidant activity was
higher in MAE extracts than PLE (16 ± 1 Eq Trolox/100 g dry
leaf and 12 ± 2 mmol Eq Trolox/100 g dry leaf) (Rodríguez-
Pérez et al., 2016). Specifically, these authors highlighted that
the extraction method should be selected depending on the
target compounds to be isolated. According to their results, PLE
was more suitable for extracting phenolic compounds having
a higher number of hydroxyl-type substituents (kaempferol
diglycoside and its acetyl derivatives or malonyl, hydroxyl, or
acetyl glycosylated of quercetin) and those that are sensitive to
high temperatures (glucosinolates or amino acids). Therefore,
according to these authors, MAE, and PLE seem to be good
options to extract bioactive compounds such as flavonoids, with
little difference in their yields and due, in many cases, to the
target extraction compounds rather than the technique itself. It
should be noted that powers used in microwave pretreatment are
lower than in PLE because high microwave power values result
in lower total dry extract yields due to degradation of the target
compounds (Kovačević et al., 2018). However, due to the few
articles found in the bibliography where both techniques have
been applied under the same matrices and conditions, no general
conclusion can be reached.

According to the comparison with the other extraction
techniques previously described, although SFE is a promising
method in terms of extraction performance, some of its
operational attributes are less versatile than in the case of other

techniques, such as MAE. For example, Mustapa et al. (2015)
obtained a low yield for the extraction of compounds from the
medicinal plant Clinacanthus nutans Lindau using SFE, with a
value of only 3.19% g/g DM; compared to MAE that obtained an
amount of 17.39% g/g DM. The lower SFE yield is probably due
to the non-polar nature of the carbon dioxide solvent employed
in SFE, which is unfavorable for extracting the abundant polar
compounds present in this sample, such as various flavonoids. In
supercritical extraction, CO2, the primary solvent used, has low
polarity. For these reasons, for the removal of polar compounds,
polar solvents must be added, which decreases the extraction
selectivity. Furthermore, a high concentration of a polarity
modifier can lead to a temperature of the mixture lower than
the critical temperature, which cancels the benefit of using
supercritical extraction (Camel, 2001).

Bioactive flavonoids are mainly present in edible parts but can
also be present in other non-edible parts of the plants, including
leaves, stem, and root. Where in some instances, the amount
of these compounds is comparable or higher than the amount
reported in edible parts of the same plant. It has been widely
employed in the extraction of a different kind of matrix, i.e., fruits
like grapes and apples, vegetables such as onions and tomatoes,
different types of leaves like olive leaves and green tea leaves, or
even in blackcurrant marc, among others. It can also be used
directly on the fresh sample or after a drying and lyophilization
process. Extraction of flavonoids with optimizedMAE technique,
could not only contribute to the nutraceutical industry (health-
promoting foods) but could also aid in decreasing by-product
pollution, in the reduction of energy consumption and the
creation of new sources of income (Sillero et al., 2018). Table 3
lists examples of successful MAE applications for the extraction
of flavonoids in different matrices in recent years.

Pressurized Liquid Extraction
Fundamentals
Pressurized liquid extraction (PLE) has also been referred to in
the literature as pressurized fluid extraction (PFE), accelerated
solvent extraction (ASE), and pressurized solvent extraction
(PSE). It is an automated technique for extracting solid samples
with liquid solvents. When water is used as an extraction solvent,
different terms can be used to define the method, including
hot water extraction (HWE), subcritical water extraction (SWE),
high-temperature water extraction (HTWE), hot water extraction
pressurized (PHWE), liquid water extraction or superheated
water extraction.

PLE was introduced in 1995 by Dionex Corporation as an
alternative to maceration, percolation, sonication, ultrasound,
microwave-assisted, soxhlet extraction, and other extraction
techniques such as supercritical fluid extraction (SFE) and
microwave-assisted extraction. It was initially termedAccelerated
Solvent Extraction technology (ASE).

In PLE, environmentally friendly liquid solvents are used
at moderated-elevated temperatures and pressures to increase
the efficiency of the extraction process. Under PLE conditions,
the solvent is kept in a liquid state, providing a better mass
transfer of the essential compounds present in the plant matrix
to the solvent, as well as the stability of the process (Evstafev
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and Chechikova, 2016). The increase of the temperature causes
dramatic changes in the physical-chemical properties of water,
enhances the solubility of the analytes, breaking matrix-analyte
interactions achieving a higher diffusion rate, and especially in its
dielectric constant (ε). In contrast, the increase of the pressure
allows keeps the solvent below its boiling point. Dielectric
constant (polarity of the solvent) is a critical parameter in
affecting solute-solvent interactions, and in the case of water,
increasing the temperature under moderate pressure can mainly
decrease this constant. At standard conditions of pressure and
temperature, water is a polar solvent with a high dielectric
constant (ε = 78). Still, at 300◦C and 23 MPa, the ε decreases
to 21, which is similar to the value for ethanol (ε = 24 at 25◦C)
or acetone (ε = 20.7 at 25◦C). This means that at moderated-
elevated temperatures and moderate pressures, the polarity of
water can be reduced considerably and can act as if ethanol or
acetone were being employed (Plaza and Turner, 2015; Lachos-
Perez et al., 2017; Tena, 2018).

The main advantages of PLE are the following: faster
extractions (around 15–50min), low amount solvent (15–40mL),
no extract filtration required. The main drawbacks are the
high cost of the equipment and the need for a thorough
optimization of variables to avoid a matrix-dependent efficiency
(Wijngaard et al., 2012). PLE, either an aqueous or an organic
solvent can be carried out in the static, dynamic mode, or a
combination of both. In the static mode, the sample, and solvent
kept for a specified time at constant temperature and pressure,
whereas in the dynamic mode, the solvent flows through the
sample continuously. A more detailed description of the main
principles of PLE and the influence in the extraction process of
different parameters that affect performance are described in the
next section.

Operating Parameters for Pressurized Liquid

Extraction
Several factors that influence the pressurized liquid extraction
process, such as sample size, solvent, pressure, temperature,
pH, flow rate, and extraction time, must be considered. The
parameters with the most significant effect in the PLE process are
the type of solvent and the temperature (Wijngaard et al., 2012).

Sample size
The size of the particle is a crucial factor. The reduction of
the particle size facilitates contact with the solvent and the
extraction of the solute from inside the matrix due to the smaller
diffusion path (Mustafa and Turner, 2011). Consequently, the
extraction process would result in shorter processing time due
to the exhaustion of the solute within each part of the matrix.

Solvents
The selection of the solvent in the PLE for a solid-liquid system
is significant since the desired compounds must have a high
solubility in the solvent. The characteristics of the solute and
solvent must be identical (Azmir et al., 2013), polar solute in a
polar solvent, as well as the non-polar solute, solubilized in a non-
polar solvent (Machado et al., 2015). The chemical properties of
the solvent must guarantee a higher solubility of the solute, as

well as its selectivity. However, achieving selectivity is a great
challenge, and the scientific community has focused on research
to optimize the experimental conditions to obtain a specific
compound, as shown in Table 4.

The use of solvents in this context is based on the concept of
green chemistry, that during the development of the extraction
process is necessary minimum quantities of solvent (Ibañez
et al., 2012), as well as its easy recovery and reused that unlike
conventional techniques becomes less sustainable (Mustafa and
Turner, 2011; Wijngaard et al., 2012). The type of solvent to be
used within the must present characteristics that are less toxic
to reduce the environmental and economic impact, favoring a
smooth recovery (Azmir et al., 2013). Besides, the few volumes
of solvents used in PLE due is a consequence of the combination
exerted by high temperature and pressure, reducing the time of
the process (Ibañez et al., 2012).

The most used solvents are water and ethanol for PLE,
of the most popular methods of extraction according to the
solvent used, there is the denomination of extraction with
subcritical water, where the solvent is 100% water (Wijngaard
et al., 2012). However, in the subcritical state, the application
for the extraction of thermally unstable compounds, such as
anthocyanins, may be limited. Whose mixtures have also proven
to be more 20 effective than traditional extraction solvents, as was
already evidenced in some investigations (Machado et al., 2015;
Pereira et al., 2019), demonstrating that the mixture of solvents
with a moderate polarity has a positive influence on the recovery
of phenolic compounds (Xynos et al., 2014).

Pressure
The high pressure applied in the PLE is to maintain the solvent
in the liquid state, being able to vary the temperature in ranges
above the boiling point. The effect of the high pressure of the
system gives rise to a phenomenon called penetration, which
directs the solvent into the pores of the solid matrix by extracting
the analytes (Wijngaard et al., 2012). The effect of high pressure
is an essential factor in the changes in the physical-chemical
properties of the solvent, such as density, diffusivity, viscosity,
and dielectric constant. That is a particular part it improves
the penetration phenomenon of the liquid phase in the solid
matrix (Mustafa and Turner, 2011). In literature, it is possible
to find several studies that report that pressures above of 100
bar increase the PLE yield, from a different matrix, for instance,
goldenberry, grape marc, citrus by-products, passion fruit rinds,
Lippia citriodora leaves (Viganó et al., 2016; Barrales et al., 2018;
Corazza et al., 2018; Leyva-Jiménez et al., 2018; Pereira et al.,
2019). However, in the case of flavonoid glycosides and aglycones,
such as quercetin, luteolin, apigenin, narirutin, naringin, etc., it is
possible to obtain high extraction yields at pressures low as 30 bar
(Kamali et al., 2016; Cvetanović et al., 2018; Munir et al., 2018).

Temperature
The temperature is a critical factor within the PLE, and the
thermal effect is of significant influence on the stability of the
compounds within the plant matrix. The bioactive compounds
can be selectively removed by modifying the temperature;
however, the degradation of the thermosensitive compounds can
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TABLE 4 | Survey on the applications of PLE to obtain flavonoids from natural sources using environmentally-friendly organic solvents.

Sample Solvent (%) PLE conditions (mode,

reactor volume, extraction

time, solvent flow rate)

Temperature

(◦C)

Pressure

(bar)

Target

compounds

Yield or recovery Reference

Goldenberry Ethanol (70%) Dynamic, 7.5mL, 10–60min,

1–3 mL/min

N/I 100–200 Quercetin

Rutin_hydrate

Mangiferin

0.57 mg/L

1.20 mg/L

3.57 mg/L

Corazza et al.,

2018

Grape marc Ethanol (50–100%)

Water-ethanol acidified

N/I, 50mL, 220min, 5 g/min 40–100 100 Anthocyanins 10.21mg malvidin-3-

O-glucoside/g

dr

Pereira et al.,

2019

Citrus by-products Ethanol (50–99.5%) Dynamic, 10mL, 5–40min, 2.37

g/min

45–65 100 Hesperidin 19.3 mg/g dry peel Barrales et al.,

2018

Passion fruit rinds Ethanol (70–100%) Dynamic, 10mL, 60min, 2.7–3

mL/min

30–60 100 Isoorientin

Vicenin

Orientin

Isovitexin

Vitexin

118µg/g dried rind

85µg/g dried rind

25µg/g dried rind

34µg/g dried rind

17µg/g dried rind

Viganó et al.,

2016

Waxy barley Ethanol (5–20%) Static, 100mL, 15–55min, 2–6

mL/min

135–175 150 Catechin,

Naringinin, Morin,

Rutin, and

Quercetin

N/I Benito-Román

et al., 2015

Dracocephalun

kotschyi

Methanol Static and dynamic, 100mL, N/I,

0.4–0.8

50–80 20–40 Quercetin

Luteolin

6.13 mg/g

13.25µg/g

Kamali et al.,

2016

Lippia citriodora

leaves

Ethanol (15–85%) Static, 33mL, 5–20min, N/I 40–180 110 Luteolin-7-

diglucuronide,

apigenin-7-

diglucuronide,

chrysoeriol-7-

diglucuronide,

acacetin-7-

diglucuronide,

methyl quercetin,

dimethyl

kaempferol, and

dimethyl quercetin

N/I Leyva-Jiménez

et al., 2018

Moringa oleifera

leaves

Ethanol (55–100%) Static, N/I, 60–210min, N/I 110–140 N/I Quercetin and

kaempferol

N/I Wang et al.,

2017

take place at higher temperatures, and consequently promote
the formation of undesirable compounds (Wijngaard et al.,
2012; Evstafev and Chechikova, 2016; Lachos-Perez et al., 2020).
The effect of the temperature generates a high solubility of
the analytes extracted in the solvent because the increase in
temperature reduces the viscosity resulting in an increase in the
extraction rates of the analyte by diffusion to the solvent (Mustafa
and Turner, 2011; Evstafev and Chechikova, 2016). However, the
high extraction rates are due to a rupture of solute ligations in the
matrix due to temperature (Machado et al., 2015).

Among the different studies carried out in extraction, the
temperature ranges from 40 to 60◦C for optimal extraction
of polyphenol compounds. Being the flavonoids within the
bioactive compounds, the most stable to the thermal effect,
being able to be extracted at temperatures higher than
150◦C. Temperature and pressure adjustment guarantees the
optimization of the PLE concerning high extraction yields but
in conjunction with a reduction of the organic solvent used
and shorter process times (Santos et al., 2012; Evstafev and
Chechikova, 2016). These characteristics make the PLE as a
superior process when compared to other researches that used

conventional techniques to project a larger scale of extraction of
polyphenols from food waste by-products (Wijngaard et al., 2012;
Evstafev and Chechikova, 2016).

pH
The effect of the solvent pH, adjusting the temperature or
including a buffer, is crucial where target compounds are soluble
at selected pH levels. Few studies report the effect of pH in PLE,
the works found in literature mention the anthocyanins as the
main compound extracted when the pH is altered. Anthocyanins
are phenolic compounds belonging to the flavonoid family
responsible for the colors of the petals of flowers and fruits;
anthocyanins are water-soluble vacuolar pigments that may
appear as red, purple, or blue depending on pH values (Bleve
et al., 2008; Ren et al., 2020). Pereira et al. (2019) performed PLE
for anthocyanins extraction using ethanol-water pH 2.0 (50%
w/w) as a solvent. The anthocyanins recovery in acid medium is
increased due to their stability in pH from 1.0 to 3.0. The results
show that low pH helped to increase their extraction yield.

Espada-Bellido et al. (2018) carried out the extraction
of anthocyanins from Mulberry (Morus nigra L.) by
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PLE, investigating different operating conditions: solvent,
temperature, pressure, purge time, pH: 3–7, and flushing, the
authors obtained an improvement in the yields of anthocyanins
as pH decreased from 7 to 3. However, the yields for total
phenolic compounds increased with a pH of 7. Therefore, more
studies need to be carried out to investigate the recovery of the
extraction of flavonoids by altering the pH.

Flow rate and extraction time
The flow rate is a parameter in the process of extracting great
importance of research, which is directly related to the residence
time. Higher flow rates result in shorter residence times of
analytes, as well as the rapid extraction of compounds extracted
from the plant matrix (Plaza and Turner, 2015; Lachos-Perez
et al., 2018). The majority of PLE works use relatively low flow
rates (Kamali et al., 2016; Corazza et al., 2018; Pereira et al.,
2019) because phenomenologically the desorption and diffusion
of the solvent within the pores of the plant matrix used in the
extraction process (Plaza and Turner, 2015). Some studies in the
literature report flow rates of 0.2, 0.4, 0.6, 0.8, 1 mL/min (Kamali
et al., 2016), others report flows of 1.0, 2.0, and 3.0 mL/min for
pressurized liquid extraction (PLE) for goldenberry, passion fruit
rinds, citrus by-products (Viganó et al., 2016; Barrales et al., 2018;
Corazza et al., 2018).

In terms of rapid extraction, the process is more careful,
because the thermal effect can form other compounds; the
continuous flow of solvent that enters the extraction cells has
the objective of extracting the soluble analytes. If the solubility
of the compounds in the solvent is limited, the flow velocity
must be varied, in the manner of reducing the residence time
of the components soluble in water at high temperature, this
increase in the flow rate is more effective in terms of using
lower amounts of solvent. A study conducted in 2018 reported
an extraction time of 60min for PLE of polyphenols from
Goldenberry (Corazza et al., 2018). Another study used a similar
extraction time and obtained high yield for PLE of β-glucans and
phenolic compounds (Benito-Román et al., 2015). However, it
can lead to low solute concentrations within the collected liquid.
What originated the use of other operations to reduce the solvent
content within the liquid sample to concentrate the extract (Liu
et al., 2014).

Supercritical Fluid Extraction
Fundamentals, Main Influencing Parameters, and

Applications
Supercritical fluid extraction (SFE) is a green extraction
technology that has been widely applied for the recovery
of valuable compounds from different materials, both at the
laboratory and industrial levels (Herrero et al., 2015). In some
cases, laboratory-scale studies were performed to fully recover
the compounds of interest for quantification purposes, while in
other cases, the aim was to provide optimum conditions for
the recovery of bioactive compounds to increase the scale for
commercial extraction. The most well-known examples in which
scaling has been carried out are decaffeination of coffee beans
(Zosel, 1981) and extraction of α-acids from hops to produce hop
resins (Laws et al., 1980).

In SFE, the extractor is in its supercritical state, which means
that both pressure and temperature are above their critical values.
Supercritical fluids have intermediate properties between those
of gas and liquids, which depend on the pressure, temperature,
and composition of the fluid. In particular, their viscosity and
surface tension is similar to that of liquids. At the same time,
the diffusion coefficients are similar to those of gases, which
allows for more efficient extractions by diffusing more quickly
through the solid matrix (Azmir et al., 2013). These properties
make it suitable for the extraction of compounds in a short
time with higher yields (Azmir et al., 2013). Also, the density
(and hence the solvation power of the fluid) can be adjusted by
varying the pressure and temperature, providing the opportunity
to theoretically perform highly selective extractions (Camel,
2001). Because of the mentioned advantages, the extraction with
supercritical fluid is a process of growing interest in areas such as
food, pharmaceutical, and cosmetic industries. This method is a
powerful tool in the case of the extraction of natural compounds
from food products (Justyna et al., 2017).

A basic SFE system consists of the following parts: a mobile
phase tank (generally CO2), a pump for transporting and
pressurizing the solvent, cosolvent vessel, and pump, a heater
for heating the solvent or the supercritical mixture, a pressure
vessel where it occurs the extraction, a controller to maintain the
high pressure of the system and a collection vessel to collect the
extract. A schematic diagram of the typical SFE unit is shown
in Figure 4. Individual units may have different configurations,
instrumentation, valves, by-pass, gas purging systems, and safety
features not shown here (Azmir et al., 2013; Yahya et al., 2018).

SFE can be performed in static or dynamic mode. For
processing, the raw material is placed in the extractor vessel, in
which the temperature and pressure are controlled. The extractor
vessel is then pressurized with fluid by the pump. Afterward,
the analyte is collected in the collection vial due to solvent
depressurizing. The fluid is then rejuvenated and recycled or
released into the environment in the last step (Camel, 2001; Yahya
et al., 2018).

Although a variety of solvents may be employed in
supercritical conditions, such as those mentioned in Table 5,
carbon dioxide (CO2) is by far the most widely used
supercritical fluid for the recovery of bioactive compounds
from natural matrices (Silva et al., 2016). CO2 has several
advantages, including moderate critical conditions (Tc ≈ 31
◦C and Pc ≈ 74 bar), inert, non-toxic, non-flammable, non-
explosive, environmentally friendly, recognized as safe by the
European Food Safety Authority (EFSA) and by the Food and
Drug Administration (FDA) of the United States of America.
Furthermore, it is cheap and readily available (Herrero et al.,
2015; Yahya et al., 2018). Another advantage is that CO2 is
gaseous at ambient temperature and pressure, which makes the
recovery of the analyte solvent-free and straightforward. These
characteristics are of significant interest for the production of
bioactive compounds to be used in the food, pharmaceutical,
and cosmetic industry. It avoids subsequent steps to remove
the extractor solvent, which are usually needed when other
modern extraction techniques are chosen to capture bioactive
from natural sources. In addition, SFE using CO2 allows the
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FIGURE 4 | Schematic diagram of a typical supercritical fluid extractor. Adapted of Azmir et al. (2013) and Yahya et al. (2018).

TABLE 5 | Critical properties of some pure components used in SFE (Sahena

et al., 2009; Silva et al., 2016).

Component Critical property

Temperature

(◦C)

Pressure

(MPa)

Density

(g/cm3)

Ethylene (C2H4) 9.4 5.04 0.215

Carbon dioxide (CO2) 31.1 7.38 0.470

Ethane (C2H6) 32.4 4.82 0.203

Nitrous oxide (N2O) 36.7 7.17 0.460

Sulfur hexafluoride 45.8 3.77 0.730

Propylene (C3H6) 91.9 4.60 0.232

Propane (C3H8) 96.8 4.25 0.217

Freon-134a (CH2FCF3) 101.1 4.06 0.512

Freon-12 (CCl2F2) 111.9 4.14 0.565

Acetone (C3H6O) 235.1 4.70 0.278

Methanol (CH3OH) 239.6 8.09 0.272

Ethanol (C5H5OH) 240.9 6.14 0.276

Ethyl acetate (C4H8O2) 250.2 3.83 0.360

Water (H2O) 374.1 22.06 0.322

extraction of easily oxidizable or thermosensitive compounds
(which are characteristic of some flavonoids) by operating at
low temperatures using a non-oxidizing medium (Herrero et al.,

2010). The only drawback of CO2 is its low polarity, which
makes it ideal for lipid, greasy, and non-polar substances (such
as carotenoids, aromas, volatile compounds), but unsuitable for
polar flavonoids.

The limitation of the low polarity of CO2 has been successfully
overcome by the use of chemical modifiers or cosolvents, such
as methanol, water, acetone, ethanol, and acetonitrile. These
cosolvents can increase the polarity of the supercritical fluid
mixture, and consequently, the solvation concerning the target
bioactive compounds (Azmir et al., 2013; Bubalo et al., 2018;
Yahya et al., 2018). These are employed during extraction in small
proportions, typically 1–10% (Herrero et al., 2015). Modifiers
may be introduced as mixed fluids into the pumping system
with a second pump and a mixing chamber (see Figure 3), or
by merely injecting the modifier as a liquid in the sample before
extraction. The second way is less successful because it leads to
the formation of concentration gradients within the sample. The
third very rarely applied form is the use of a cylinder tank with
modified CO2 (Bubalo et al., 2018).

Among the cosolvents for SFE, ethanol is considered the best
for the extraction and fractionation of bioactive compounds, such
as flavonoids, for nutraceutical and food application, due to its
lower toxicity and less selectivity when compared to methanol
and other organic solvents. Inversely, water is not generally
used as the only cosolvent for SFE, primarily because of its low
solubility in CO2 (Bubalo et al., 2018). Therefore, binarymixtures
of water and ethanol are generally employed for extracting SFE
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TABLE 6 | Some representative applications involving the use of SFE for the recovery of flavonoids from natural sources.

Natural source of

flavonoids

Solvent Co-solvent Extraction mode T (◦C)/P (MPa) Flow rate Time (mim) Target compounds Yield Reference

Black poplar buds CO2 – Dynamic 40-60/12-30 2

kg/h

60 Individual flavonoids 0.42–79.56 µg/mg Jakovljevi et al., 2018

Haskap berry pulp CO2 Water (2.2–5.5 g) Static + dynamic 35-65/10-52 10

mL/min

15–120 Anthocyanins 16.6–52.7% Jiao and Kermanshahi,

2018

Brown onion skin CO2 Ethanol 85%

(5–15%)

Dynamic 10/40 10

mL/min

120 Quercetin and

derivatives

65–118% Campone et al., 2018

Odontonema strictum

leaves

CO2 Ethanol 95%

(15%)

Static + dynamic 55-65/20-25 15

g/min

210–270 Total flavonoids 10.68–18.92 mg/g Ouédraogo et al., 2018

Cipó-pucá CO2 Ethanol (0–10%) Static + dynamic 40-60/20-40 4.52

g/min

210 Total flavonoids 0.28–13.44 mg/g Salazar et al., 2018

Opuntia ficus indica (L.)

Mill

CO2 Ethanol (5%) Dynamic 35-65/20-40 60–100

g/min

120 Isorhamnetin

conjugates

12.45–188.07

mg/100 g

Antunes-Ricardo et al.,

2017

Citrus unshiu peels CO2 Ethanol (0–50

mol%)

Dynamic 60/30 0.026

mol/min

180 Nobiletin 0.13–0.57µg/g Oba et al., 2017

Tea leaves CO2 Ethanol (1–3

g/min)

Static + dynamic 40-60/10-20 8

g/min

60 Total flavonoids 1.87–1.95 mg/mL Maran et al., 2015

Myrtle leaves CO2 Ethanol Dynamic 45/23 0.3

Kg/h

120 Quercetin and myricetin 2–8 (10−3) mg/g Pereira et al., 2016

Hibiscus sabdariffa CO2 Ethanol (7–15%) Dynamic 40-60/15-35 25

g/min

90 Methyl-epigallocatechin 0.34–0.53 mg/g Pimentel-Moral et al.,

2018a

Agroindustrial soybean

residue

CO2 Ethanol (3%) Dynamic 35-40/40 0.5

Kg/h

– Total flavonoids 31.3–65.0 mg/100g Alvarez et al., 2019

Radish leaves CO2 Ethanol Dynamic 35-50/30-40 0.6

Kg/h

– Total flavonoids 13.9–21.8 mg/100g Goyeneche et al., 2018
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(Yahya et al., 2018). The properties of the sample and the solutes
of interest, the affinity of the application, and the previous results
published in the literature are the primary basis for the selection
of the best modifier (Azmir et al., 2013). Table 6 summarizes the
most relevant published works in the last 3 years using the SFE
technique, using pure supercritical CO2 and CO2 mixed with a
cosolvent (water and/or ethanol) for the extraction of flavonoids.

It is noted in some of these studies that the use of cosolvent
significantly improved the yield of the target flavonoid extraction.
For example, (Salazar et al., 2018), achieved higher yields (9.01–
13.44mg QE/g of extract) of total flavonoids employing 10%
cosolvent when compared to the conditions in which was used
pure CO2 (0.14–1.08mg QE/g of extract) and supercritical
mixtures with lower cosolvent content (3.70–5.52mg QE/g of
extract). Behavior similar to that was verified by Oba et al.
(2017) in the capture of flavonoid nobiletin. Also, the use of
modifiers/cosolvents in the SFE process produces extracts with
flavonoid yields as good as those produced by other emerging
extraction techniques mentioned earlier in this work. Garcia-
Mendoza et al. (2017) when extracting anthocyanins from juçara
(Euterpe edulisMart.) residue obtained higher extract yields (22.0
mg/g dry residue) using supercritical extraction with CO2-water-
ethanol (90 CO2 and 10% cosolvent) compared to the acidified
hydroethanolic extract obtained by the PLE technique (7.7mg /g
dry residue). Similarly, Song et al. (2019) noted an improvement
in the recovery of kaempferol and quercetin glycosides from
Xinjiang jujube (Ziziphus jujuba Mill.) leaves, when employing
the SFE-CO2/ethanol technique compared to UAE extraction.

In addition to the supercritical solvent, modifier nature,
modifier proportions, other factors such as physical-chemical
characteristics of the vegetable matrix (moisture content, particle
size, chemical composition, etc.), solvent flow rate, extraction
mode, extraction time, solvent-feed ratio, the porosity of the
extraction bed, diameter-extractor length ratio, extractor free
volume, and highlighted, pressure and temperature are involved
in the extraction process of flavonoids by SFE (Pourmortazavi
and Hajimirsadeghi, 2007). In previous papers (Pourmortazavi
and Hajimirsadeghi, 2007; Bubalo et al., 2018), there is a detailed
review of the influence of these factors/parameters on the
SFE system.

In general, the extraction efficiency of bioactive compounds
is increased by increasing the pressure and temperature of the
supercritical CO2, to an ideal level (Molino et al., 2020). It
happens, for the reason that both parameters play a significant
role in the solubility of solutes in the solvent (Bubalo et al.,
2018; Molino et al., 2020). At constant temperature, the increase
in pressure causes an increase in the density of CO2 and its
solvation power, which consequently improves the diffusivity and
mass transfer of the target compounds into the fluid (Silva et al.,
2016; Molino et al., 2020). At constant pressure, by increasing
the temperature of the medium, the fluid becomes less viscous,
and the vapor pressure of the solutes increases, leading to a
rise in the extraction yield (Bimakr et al., 2011; Bubalo et al.,
2018). However, there are studies that, for specific temperature
ranges employed, have noticed an opposite effect on this. Wang
et al. (2008) noted that total flavonoid yield, extracted from the
Chinese medicinal plant Pueraria lobata, decreased from 16.8

mg/g to 14.2 mg/g when the temperature was changed in the
range of 50–60◦C. According to reports contained in this work
and the specific literature, this happens because a moderate
increase in temperature, when applied at relatively low pressure,
can lead to a sharp decrease in the density of CO2 with a
consequent reduction in the solubility of the target compounds
(Wang et al., 2008; Essien et al., 2020; Molino et al., 2020). A
similar effect was observed in the studies of Liu et al. (2011) and
Song et al. (2019), which extracted flavonoids from the Asian
speciesMaydis stigma and Ziziphus jujubaMill., respectively.

In addition to the ideal temperature and pressure conditions,
maximizing the contact of the supercritical solvent with the
flavonoid source plant material is necessary to obtain the best
efficiency of the SFE extraction. Extraction time, solvent flow
rate, and extraction mode (static and dynamic) are variables
that directly influence the contact of the solvent with the
sample material (Pourmortazavi and Hajimirsadeghi, 2007). The
introduction of a static period before dynamic extraction is
used to allow the solvent to penetrate the plant matrix and,
therefore, improve the mass transfer of the solute to the fluid
by diffusivity, besides increasing the yield, and reducing the
total extraction time (Alexandre et al., 2020). Static periods
between 10 and 30min are the ones that have been most used
to capture phenolic compounds of the flavonoid class (Wang
et al., 2008; Liza et al., 2010; Song et al., 2019; Yang et al., 2019).
For dynamic extraction, a more extensive range is observed,
reaching periods of up to 270min (Ouédraogo et al., 2018; Yang
et al., 2019). However, it is essential to indicate that extraction
time is determined by the quantity and composition of the feed
raw material. Generally, the extraction yield increases with the
increase in the extraction time until the solubility reaches its limit.
(Song et al., 2019) found a significant increase in total flavonoids
when the time changed from 30 to 120min. Ouédraogo et al.
(2018) observed similar behavior when extracting polyphenols
from Odontonema strictum leaves. However, in the study by
Jiao and Kermanshahi (2018), no significant effect was noted
when extracting anthocyanins from haskap berry pulp in periods
15–120min of static time and 20–60min of dynamic time.

The CO2 solvent flow rate or the supercritical mixture (CO2-
modifier) directly influences the contact time and the mass
transfer phenomenon by convection. Typically, an increase in the
solvent flow rate increases the extraction capacity by reducing the
external resistance to mass transfer and increasing the chances of
intermolecular interactions between the solvent and the solutes
(Essien et al., 2020; Molino et al., 2020). Ruslan et al. (2018)
recovered a higher catechin content (565.38 ppm) from betel nuts
at the highest flow rate studied (4 mL/min). However, as noted
in a previous study (Ruslan et al., 2015), very high solvent flow
rates can substantially reduce extraction yield due to insufficient
contact time between the compounds and the extraction fluid
(Essien et al., 2020).

As can be seen, in general, all parameters of the SFE process
can be adjusted and, depending on the extraction conditions, can
interact with each other to maximize the extraction efficiency.
For this reason, experimental designs to determine the best
extraction conditions in a particular SFE extraction process
are widely needed and used so that a systematic study can be
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performed with a statistically supported selection of influential
variables (Camel, 2001; Azmir et al., 2013; Herrero et al., 2015).
The knowledge of these effects is also useful for the economic
evaluation of the process to predict the capacity of the process
in an increase of scale and to optimize an industrial plant
(Bubalo et al., 2018).

CONCLUSIONS

There is a clear and growing interest in the extraction
and isolation of natural products and their applications. The
primary importance of modern analytical research is innovative
and safe extraction processes, which are economically viable,
and environmentally correct for higher recovery of bioactive
compounds in shorter process time from natural sources. The
advantages of such techniques have been immense in the
production of extracts with good quality and yield, lower
consumption of solvent, energy, and shorter extraction time.
The most appropriate extraction technique depends on plant
matrices and the type of compost, and defined selection criteria
should be followed. Recent studies have shown that green
extraction methods offer excellent alternatives to traditional
methods. Many studies are still being carried out in this field,
to improve these new green extraction techniques further, with
the intention always to reduce the cost of extraction, the
time consumed, the quality of the extract, the environmental
safety, and health. Also, the combination of extraction methods
usually presents advantages to overcome the limitations of
a particular approach. Ironically, the massive volume of
information available regarding the extraction of flavonoids
from the most diverse types of samples makes it difficult to
draw overall conclusions. However, the variability of the results
reported in the literature for similar compounds is intrinsically
related to the sample characteristics, which play a critical role
in releasing them to the extraction 6 solvent. Fortunately, our
knowledge about the process and how the variables can be

used to control the process is increasing at a fast pace, which
is leading to innovative approaches to maximize yields and
reduce degradation while at the same time minimizing its
environmental impact.
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