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Abstract
Paulownia wood demand is increasing, but other parts of the tree remain underused. The leaves have medicinal properties, and
their processing with a clean technology was explored. Supercritical fluid extraction (SFE) was proposed for the production of
extracts from Paulownia elongata x fortunei leaves. Three isotherms (35 °C, 45 °C, and 55 °C) were studied in the pressure range
of 10–30MPa to assess their influence on the extraction yield and antiradical properties. The use of ethanol as cosolvent was also
evaluated. A global extraction yield of 4 g extract /100 g of leaves was obtained at 30MPa and 45 °C using 10% ethanol (w/w) as
modifier; the last fractions reached up to 0.30 g Trolox eq./g extract. Serial extractions with different concentrations of ethanol
(60, 70, 80, and 96%) were performed. The global yield obtained with 70% ethanol in three stages was 32.9 g extract/100 g
leaves, and the antiradical capacity of the first stage extract was equivalent to 0.4 g Trolox/g extract. Extraction kinetics was
studied, and overall extraction curves were represented using Sovová’s model.

Keywords Paulownia . Valorization . Supercritical CO2
. Antiradical . Modelling

1 Introduction

Agricultural, food, and forest wastes have phytochemicals
with commercial interest that could be recovered to provide
added value to these secondary streams and has become an
interesting subject of research [1]. Most species from
Paulownia genus are widely known for their wood, which is
light and flexible, does not crack or deform easily, and has
considerable moisture resistance and flame-retardant proper-
ties. Wood industry has application in pulp and paper and
manufacture of furniture, music instrument and handcrafts,
or farm implements [2]. Furthermore, this genus comprises
nine fast-growing species with good adaptability to poor soils
and without competing for food crops [3]. Moreover, it is
being evaluated as a bioenergy crop [4]. In the last years,
sterile and non-invasive hybrid clones have been created to
preserve their genetics and guarantee homogeneity in wood

growth and quality. One of those clones is Paulownia
elongata x fortunei developed by Cotevisa (Valencia) and
named Paulownia Cotevisa 2®. Wood is the most used part,
but valorization of other parts of the plant could contribute to
sustainability following a circular economy approach.
Paulownia leaves are rich in phenolic acids and flavonoids
[5–7], and in other components, such as terpenoids and phy-
tosterols [8]. The extractives from P. tomentosa leaves have
shown metal chelating, antioxidant, antibacterial, and healing
properties [6, 9]; both the extract composition and properties
of the extracts are highly influenced by the extracting solvent
[7].

The use of “green” solvents represents nowadays the pre-
ferred way to obtain bioactive compounds from agro-food
industry wastes for food and nutraceutical applications [1].
Extraction of compounds from natural sources is the most
studied application of supercritical fluids (SCF) [10], and su-
percritical (sc) CO2 extraction can be suitable to efficiently
recover phenolics from plant materials [11]. Sustainable green
technologies often involve the use of solvent extraction pro-
cesses that rely on GRAS (Generally Recognized As Safe)
solvents, the most commonly used being ethanol, water, and
combinations of both [12]. Supercritical fluid extraction (SFE)
with CO2 is considered a green technology because carbon
dioxide can also be regarded a GRAS solvent due to its non-

* Paula Rodríguez-Seoane
paurodriguez@uvigo.es

1 Chemical Engineering Department, Universidad de Vigo (Campus
Ourense), Edificio Politécnico. As Lagoas, 32004 Ourense, Spain

2 CITI-Universidade de Vigo, Parque Tecnolóxico de Galicia, Rúa
Galicia N° 2, 32900 Ourense, Spain

https://doi.org/10.1007/s13399-020-01022-3

/ Published online: 28 September 2020

Biomass Conversion and Biorefinery (2022) 12:3985–3993

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-020-01022-3&domain=pdf
http://orcid.org/0000-0002-0290-2986
mailto:paurodriguez@uvigo.es


flammability, low toxicity, and availability [1, 13]. As far as
the authors know, this technology has not been tried for this
plant material.

The aim of this work is the valorization of leaves of the
hybrid Paulownia elongata x fortunei by the extraction of
bioactive compounds using supercritical CO2. A control ex-
periment using a conventional ethanol serial extraction exper-
iment was performed for the evaluation of extraction yield and
the antiradical properties.

2 Materials and methods

2.1 Raw material

Paulownia elongata x fortunei leaves were collected in
June 2017 from a plantation located in Nois (Foz, Lugo,
Galicia, Spain) harvested by Maderas Álvarez Oroza. SL.
The average moisture content was 74.12 ± 0.73% and was
gravimetrically determined by oven-drying until reaching a
constant weight (ISO 638/2008). Once collected, the leaves
were dried at room temperature for 15 days with manually
flip. Then, leaves were stored in airtight bags in boxes, in
the absence of light. The final moisture content was 10 ±
0.39%. Leaves were milled with a grinder (Moulinex
MC3001) and stored in a dark and dry place for further
analysis.

2.2 Conventional ethanol extraction

Serial kinetics assays were performed using ethanol at 96% in
water as solvent. Paulownia leaves were contacted with etha-
nol at a liquid to solid mass ratio of 20:1 (v/w). Samples were
maintained in a shaker at a 40 °C and 150 rpm for 24 h and
were collected at different times (1, 2, 3, 5, 7, 9, and 24 h) and
filtered, and the solids were put again in contact with 96%
ethanol. This process was carried out for four times.

Paulownia elongata x fortunei conventional extraction
with different concentrations of ethanol was performed. The
same liquid to solid mass ratio, agitation, and temperature than
in previous assays were established. The concentrations of
ethanol in water tested were 60%, 70%, 80%, and 96%
(v/v). After 24 h, a filtration process was carried out to sepa-
rate the solid and the liquid phases. Liquid phase was reserved
to analyse, and the solid was contacted again with ethanol at
the same concentration in order to repeat the process. Serial
extractions were carried out in five stages. All experiments
were carried out in duplicate.

2.3 Supercritical extraction

Paulownia leaves (20 g) were packed with glass beads in a
1000-mL extraction cell (Thar Process, Inc., USA) and

extracted using supercritical CO2 (solvent mass flow was
fixed at 25 g/min). The experiments were performed in dupli-
cate at pressures in the range 10–30 MPa and at temperatures
in the range 35–55 °C. Extraction time was fixed at 30 min.
Extraction experiments with a polar modifier were also per-
formed, using absolute ethanol at concentrations 2, 5, 10, and
15% wt%. Dynamic extractions were performed when the
desired experimental conditions in the extractor were
achieved.

Kinetic assays were performed during 3 h by
collecting extract samples at pre-established time inter-
vals. The overall extraction curves (OEC) obtained were
evaluated using the mass transfer model described by
Sovová [14]. This model is based on the assumption
that part of the extractable material is easily accessible
to the solvent because cell walls are broken after mill-
ing the samples, while the rest of the solutes remain
trapped inside of the intact cells where the solvent have
to penetrate by diffusion to dissolve the soluble com-
pounds. Therefore, the extraction process could be di-
vided into three different periods: (i) constant extraction
rate (CER) period, where easily accessible solutes are
extracted mainly by convection at a constant rate; (ii)
falling extraction rate (FER) period, where mass trans-
fer starts to be controlled by diffusion; and (iii) diffu-
sion controlled (DC) period, in which easily extractable
solutes have been removed and mass transfer is
governed by diffusion. The extracted solute as a func-
tion of time is described by the following equations:

mext ¼ Q � Y s � 1−exp −Zð Þ½ � for t≤ tCER ð1Þ
mext ¼ Q � Y s � t−tCER � exp Zw−Zð Þ½ � for tCER < t≤ tFER ð2Þ
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tFER ¼ tCER þ mS

Q �W � ln
xk þ x0−xkð Þ � exp W � x0

Y s
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2
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3
775 ð8Þ

YCER ¼ mext t ¼ tCERð Þ
Q � tCER ð9Þ

beingmext is the mass of extracted solute (kg),Q is the solvent
flow rate (kg h−1), Ys is the solubility of the extract in the
solvent (kg kg−1), x0 is the initial mass fraction of the extract
in the inert material (kg kg−1), xk is the mass fraction inside
unruptured cells (kg kg−1), mS is the mass of the inert solid
material (kg), ρf is the density of the solvent (kg m

−3), ρs is the
bed density (kg m−3), ε is the bed porosity, kfa is the fluid-
phase mass transfer coefficient (h−1), ksa is the solid-phase
mass transfer coefficient (h−1), tCER is the extraction time at
the end of the CER period (h), tFER is the extraction time at the
beginning of the diffusional period (h), and YCER is the mass
ratio of the extracted solute at the bed outlet during the CER
period (kg kg −1).

The initial mass ratio (x0) was fixed as the asymptotic value
at infinite time. YCER was employed as an initial estimation of
Ys and then fitted to the experimental data along with the
adjustable parameters of the model (kfa, ksa, xk) by minimizing
the sum of least squares between the experimental and calcu-
lated values ofmext. The fraction of broken cells r, also known
as grinding efficiency and defined as

r ¼ xo−xk
xo

ð10Þ

was employed as a model parameter instead xk, as it is expect-
ed to be practically constant in all the experiments since all the
raw material was subjected to the same grinding process.

The absolute average relative deviation (AARD) given by
Eq. (11) was used for error estimation:

AARD %ð Þ ¼ 100

n
∑
n

i¼1

mexp
i −mcalc

i

mexp
i

����
���� ð11Þ

where n is the experimental observation number and mexp and
mcalc are the experimental and calculate extract mass,
respectively.

2.4 Extracts characterization

Extraction yield was gravimetrically determined from tripli-
cate analysis.

Total phenolic content (TPC) was determined following
the Folin–Ciocalteu method described by Singleton and
Rossi [15] using 0.5 mL extract or standard (gallic acid;
Sigma), which were dispersed in 3.75 mL distilled water,
followed by 0.25 mL Folin-Ciocalteu reagent diluted 1:1
(v/v,) and 0.50 mL sodium carbonate solution (10%, w/v).

Samples were mixed and incubated for 1 h at room tempera-
ture in the darkness. The absorbance was measured at 765 nm.
Results were expressed as grams of gallic acid equivalents
(GAE) per gram of extract. All assays were carried out in
triplicate.

Trolox equivalent antioxidant capacity (TEAC) was calcu-
lated to estimate the ABTS (2,2′-azino-bis(3-ethylbenzothiaz-
oline-6-sulfonic acid) diammonium salt radical cation scav-
enging capacity with the method proposed by Re et al., [16].
The ABTS•+ solution was diluted with phosphate buffer saline
(PBS) (pH 7.4) to an absorbance of 0.70 at 734 nm. Aliquots
of extract (10 μL) or 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox) were added to 1.00 mL diluted
ABTS•+ solution. Samples were incubated in a water bath at
30 ± 2 °C for 6 min, and the absorbance was measured at
734 nm. Control samples with solvent and ABTS•+ solution
were run in each assay, and all assays were carried out by
triplicate. Results were expressed as Trolox equivalents anti-
oxidant capacity (TEAC) value.

2.5 Statistical analysis

Significant differences between results were calculated by
analysis of variance (ANOVA) using the software
STATISTICA 8 (StatSoft. Inc. USA). The significant differ-
ences (p < 0.05) were evaluated by Tukey’s test. Mean values
and their standard deviations were calculated and presented on
the figure as error bars.

3 Results and discussion

3.1 Ethanol extraction

Four serial kinetics assays with ethanol at 96% were per-
formed. Figure 1 a shows the global extraction yield obtained
for each kinetic. It could be observed that in the first kinetic,
the yield increased continuously for 24 h until reaching 14 g/
100 g leaves. The same behaviour presented the second ex-
traction, but, in this case, the growth was very light reaching
4.5 g/100 g leaves at 24 h. Nevertheless, extractions 3 and 4
exhibited a constant extraction yield in the time that varied
between 2 and 3 g extract/100 g leaves. The phenolic extrac-
tion yield (Fig. 1b) presented a similar behaviour to the global
extraction yield, increasing continuously during the first ex-
traction until reaching values of 2.28 g GAE eq./100 g leaves.
In the second extraction, the values obtained are lower than
those of the first, 0.78 g GAE eq./100 g leaves, whereas in the
following extractions a slight increase was observed in the
first 9 h, reaching values in the range of 0.34–0.45 g GAE
eq./100 g leaves. Regarding to the antioxidant activity of the
extracts (Fig. 1c), the ABTS radical scavenging increased
continuously in the first extraction up to a value of 56.8 g
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Trolox eq./100 extract. For the following extractions, the
higher increase is shown in the first 9 h, reaching at 24 h
values in the range of d 36–52 g Trolox eq./100 g extract.

Serial extractions at different concentrations of ethanol
were tested for Paulownia leaves. Figure 2a shows that
the yields obtained in first extraction were five times
higher than those obtain in the second extraction. Note
that maximum yield values were exhibited in extractions
with ethanol at 70% and 80%, 23.2 and 23.9 g extract/
100 g leaves, respectively. Second and third stages pre-
sented very similar yields that varied between 3.2 and
6.3 g extract /100 g leaves. Yields obtain in the third
stage doubled the yields determined in fourth and fifth
stages (0.3–1.9 g extract/100 g leaves). The total yield
was maximal for 70% ethanolic extraction with 35.86 g
extract/100 g leaves. In general, the total phenolic con-
tent (Fig. 2b) and the antioxidant capacity (Fig. 2c) were
maximum in extractions with 80% ethanol. The total

phenolic contents (TPCs) that were 2.6 and 0.5 g GAE
eq./100 g leaves were reached in the first and second
stages, respectively. In subsequent stages results obtain
were lower than 0.5 g GAE eq./100 g leaves. The TPC
values decreased with each extraction performed.
Antioxidant capacity reached 43.73 and 52.10 g Trolox
eq./100 g extract with ethanol at 80% in the first and
second extraction, respectively. In the following extrac-
tions, values of 24.24 (3rd stage, 80% ethanol), 36.13
(4th stage, 80% ethanol), and 28.94 (5th stage, 96%
ethanol) g Trolox eq./100 g extract were determined.
The total phenol content in the first stage was in the
range 10–15 g GAE eq./100 g extract for the different
solvents and the TEAC value between 30 and 50 g
Trolox eq./100 g extract, with maximum values for the
highest solvent concentration.

Similar values of total phenol content and antioxidant ca-
pacity were reported in ethanol extracts obtained by
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conventional extraction by Ahmad-Qasem et al. [17] in olive
leaves and by Jang et al. [18] in Oplopanax horridus leaves.

3.2 Supercritical extraction

3.2.1 Influence of pressure and temperature

The effect of the extraction pressure and temperature on
the extraction yield is shown in Fig. 3a. The lowest ex-
traction yields were obtained at 10 MPa, probably due to
the lower density of CO2, which determines the solvent
power, compared with the values at higher pressure. A
positive influence of increasing pressure from 10 to

20 MPa was noticed regardless the operation temperature,
whereas an increases in pressure from 20 to 30 MPa does
not have significant influence on extraction yield. At con-
stant pressure the effect of temperature on extraction yield
is more complex as it can act by two opposing mecha-
nisms: On the one hand, an increase in temperature in-
creases solubility due to an increase in solute vapour pres-
sure, but at the same time an increase in temperature de-
creases solubility due to a reduction in solvent density. At
10 MPa, an increase in temperature from 35 to 55 °C
significantly decreases the extraction yield from 1.28 to
0.16 g extract/100 g leaves as a result of the decrease in
solvent density, which varies from 716.6 to 348.3 kg/m3.
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At higher pressures there is no significant effect of the
increase in temperature on the extraction performance de-
spite the reduction in solvent density, suggesting that the
effect of the solute vapour pressure is beginning to be
significant.

Similar effect of pressure and temperature in the extraction
of eugenol from clove was reported by Frohlich et al. [19]. At
constant temperature an increase in extraction pressure result-
ed in a positive effect on the extraction yield whereas temper-
ature had no significant effect on the yield in the pressure
range of 18.5 to 22 MPa. In the supercritical extraction of
vetiver roots, at 14 MPa an increase in temperature from
40 °C to 60 °C reduced the extraction yield from 1.63 to
1.35%, whereas at 20 MPa, the yield varied from 1.93 to
2.23% of leaves with the same increase of temperature [20].

The conditions leading to the highest extraction yields fa-
vour the extraction of compounds that are not active and the
antioxidant activity is lower. The influence of the extraction
pressure was more marked on the antiradical properties (Fig.
3b). At higher pressures, ABTS radical scavenging was
favoured by the increase in temperature from 35 to 45 °C.

Similar behaviour was reported byMazzutti et al. [21], who
obtained the highest antioxidant activity values at 30 MPa,
improving with the increase of temperature.

3.2.2 Influence of modifier concentration

Supercritical CO2 is a poor solvent for polar components and
the extraction efficiency can be greatly improved by the addi-
tion of polar modifier. In the present work, ethanol was select-
ed for its non toxic and biorenewable character. Figure 4a
shows the influence of the addition of ethanol as polar modi-
fier on the extraction yield at 45 °C. Although in Fig. 3b it is
the temperature of 55 °C that obtains the best results also
presents greater deviations. This would make it possible for
the results at 55 and 45 °C could be similar. For this reason,
the temperature of 45 °C was chosen, because it could avoid
degradation of some compounds with lower energy consump-
tion. Extreme pressure conditions have been studied for this
temperature, observing the range of values obtained.
According to the Tukey test performed, there are no signifi-
cant differences in the values obtained with different propor-
tions of ethanol as co-solvent neither at 10 MPa nor 30 MPa.
Regarding the antioxidant activity of the extracts, the addition
of a polar modifier enhanced significantly the ABTS at
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30 MPa (Fig. 4b).The beneficial effect of the addition of eth-
anol was also reported for other leaves [20, 22].

3.2.3 Kinetic experiments and modelling

Kinetic experiments of the SFE of Paulownia leaves were inves-
tigated by fitting the extraction data at different operational con-
ditions with the Sovová’s model [14]. The experimental OECs
and the modelled results are shown in Fig. 5. The adjustable
parameters for the model and the average absolute deviation
obtained for each condition are presented in Table 1.

Three conditions for kinetics were proposed in order to
compare the results between them when different conditions
were modified at longer extraction time. One of these com-
parisons is focused on the different of pressures (10 MPa and
30MPa). The other one consisted in observing the increase of
yield when ethanol was used as cosolvent in comparison with
the extraction without cosolvent.

The total yield after 360 min of extraction with pure CO2

increases from 0.17 to 0.85 g extract/100 g leaves as pressure
increases from 10 to 30 MPa. The use of 10% ethanol as
cosolvent caused a marked increase of the global yield of up
to 4.15 g extract/100 g leaves. This indicates a positive effect
of ethanol mainly due to the increased polarity of the solvent
mixture enhancing the extraction of polar compounds [21]. As
can be seen in Table 1, that addition of ethanol increases
solubility by more than 3 times compared with pure CO2.

The OECs obtained shows the typical behaviour of SFE
kinetics and can be divided in three regions: a constant extrac-
tion rate (CER), where the easily accessible solute is extracted
and the mass transfer is mainly controlled by convection.
Once the most easily solute has been extracted, a falling ex-
traction rate (FER) period begins where a change in the mass
transfer mechanism from convection to diffusion occurs.
Finally, a diffusion-controlled rate (DC) occurs, where the
mass transfer is governed only by diffusion mechanism [23].

The parameter r represents the easily accessible extract
fraction and is affected by the sample pre-treatment process
such as drying, grinding, or sieving [24]. In the present study
the r-value remained practically constant around 0.5, for all
the conditions tested, since the raw material was subjected to
the same pre-treatment before supercritical extraction.

The mass transfer coefficients in the fluid phase, kfa, where
higher than the mass transfer coefficients in the solid phase,
ksa. The convective mass transfer mechanism is faster than the
diffusion mechanism due to the difficulty associated with the
extraction of solute from inside the solid compared with the
extraction of solute from the surface of the particles. In gen-
eral, the external mass transfer coefficient is two to three or-
ders of magnitude greater than the internal coefficient [25]. As
shown in Table 1, the effect of ethanol content on mass trans-
fer coefficients seems to be negligible, whereas pressure af-
fects to kfa and ksa in two opposite trends. ksa, increased with
increasing pressure probably due to a decrease in solid phase
resistance. Conversely, kfa decreases with increasing pressure,
which may be due to a decrease in solvent velocity due to
increased solubility resulting in an increase in resistance to
matter transfer [26]. Similar pressure effect has been reported
in the extraction of leaves and flowers of Galphimia glauca
[27] or corn distiller’s dried grain [28].

The phenolic extraction yield profile of the kinetic assays is
illustrated in Fig. 6a. At 10 MPa and 45 °C, the phenolic
extraction yield remains practically negligible. The increase
in pressure to 30 MPa leads to a slight increase in the extrac-
tion phenolic extraction yield, with a value of 0.011 g GAE
eq./100 g leaves after 360 min of extraction. Regarding the
impact of ethanol as a co-solvent, a great increase in the ex-
traction yield of phenolic compounds is observed, probably
due to the increased solvent power of the polar compounds
given the increased polarity of the solvent by the addition of
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Table 1 Kinetics parameters of the model of Sovová for the extraction
of paulownia leaves

Extraction
conditions
(P (MPa)/
T (°C)/
Ethanol
(%))

kfa ×
102

(min−1)

ksa ×
104

(min−1)

r tCER
(min)

tFER
(min)

YCER × 104

(kg kg−1)
AARD
(%)

10/45/0 61.3 6.6 0.50 92.0 248.0 0.057 7.16

30/45/0 29.6 15.2 0.49 25.6 60.0 0.78 3.06

30/45/10 34.8 13.6 0.53 48.5 127.3 2.18 4.47

kfa fluid-phase mass transfer coefficient, ksa solid-phase mass transfer
coefficient, r fraction of broken cells tCER extraction time at the end fo
the CER period, tFER extraction time at the end of the FER period, YCER
mass ratio of the solute in the fluid phase at the bed outlet, AARD absolute
average relative deviation
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ethanol. A phenolic extraction yield of 0.16 g GAE eq./100 g
leaves was obtained after 360 min.

The antioxidant activity of the fractions collected during
SFE is illustrated in Fig. 6b. Antioxidant activity was not
detected for the fractions collected at 10 MPa and 45 °C. In
the case of extraction at 30 MPa and 45 °C the TEAC values
of the fractions remained constant in the range of 1.5–4 g
Trolox eq./100 g extract. Similar to the phenolic extraction
yield, the antioxidant activity is strongly affected by the addi-
tion of ethanol as co-solvent. The fractions collected during
the SFE with ethanol as modifier exhibited the highest antiox-
idant activity with an increasing trend reaching a maximum
value of 31.61 g Trolox eq./100 g extract. The phenolic con-
tent of the fractions obtained using ethanol as co-solvent
showed a close dependence on the ABTS radical scavenging
capacity (Fig. 7), suggesting that the phenolic compounds
extracted under this conditions represent a major contribution
to the antioxidant activity.

4 Conclusions

The supercritical fluid extraction of compounds with antirad-
ical properties from Paulownia elongata x fortunei leaves
provided maximum extraction yields operating at 20 MPa

and 35 °C, but higher temperatures and pressures favoured
the ABTS radical scavenging capacities of the extracts. The
addition of ethanol as a polar modifier increased the yields by
50% or more than 100% at 30 and 10 MPa, respectively, and
doubled the ABTS radical scavenging at 30 MPa. The bene-
ficial effect of increasing operation pressure and the addition
of cosolvent was observed. The model proposed by Sovová
[14] was used to describe the supercritical extraction kinetics.
The predicted extraction curves adequately agreed with the
experimental data for the investigated conditions.
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