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Abstract:
Optimization of the supercritical fluid extraction of Quercus cerris cork was carried out
using Box-Behnken design of experiments and response surface methodology (RSM).
The optimized process variables were temperature (T: 40, 50 and 60 °C), ethanol content
(EtOH: 0.0, 2.5 and 5.0 wt.%) and CO, flow rate (Qco,: 5, 8 and 11 gmin~!). The
studied responses were total extraction yield (9toa), friedelin concentration of the
extract (Crriedelin), and selectivity towards friedelin (ag,r). The linear effect of EtOH

was by far the most influent operating condition (Pareto analysis) and the highest yield (

NTotal= 2.2 Wt.%) was attained with 5.0 wt.% EtOH. The RSM model estimates

maximum friedelin concentration in the extracts (38.2 wt.%) to occur without cosolvent

(0 wt.% EtOH) for the lowest T (40 °C) and Qco, (5 gco, min —1). As per selectivity, the
experimental ap ,r values were always higher than 1.0 and reached 3.1 (at 50 °C, 5 wt.%
EtOH, 11 gco, min —1). Altogether, these results suggest friedelin can be selectively

removed from Quercus cerris cork by supercritical fluid extraction within the range of

experimental conditions studied.

Keywords: Cork, Design of Experiments, Friedelin, Quercus cerris, Selectivity.



1. Introduction

Cork is a very important natural material due to its unique properties such as
compressibility, impermeability and low thermal conductivity. The cork oak tree
(Quercus suber) is the primary source for the production of cork stoppers for the wine
industry [1,2]. Nevertheless, many other products are attainable from cork such as
insulation and surfacing materials [2] or even sorbents used for the removal of heavy
metals from wastewaters [1,3]. Some of these alternative applications are based on cork
residues, which are produced in large amounts by the cork industries. For example, cork
powder represents 30 % of the raw material processed for cork stoppers production [4].

In the case of the Turkey oak tree (Quercus cerris), presently the plant is merely used as
fuel for energy production [5] despite its valuable fraction of cork. In order to boost the
economic exploitation of this species, in recent years the extraction of chemicals from
Q. cerris cork has been studied with a special focus on friedelin (C3Hs,0), one of the
most important extractives. Friedelin, whose basic information is presented in Figure 1,
is a pentacyclic triterpene ketone, solid at room conditions, and with an estimated polar
surface of 17 A2 It exhibits antioxidant features useful for retarding the progression of
some oxidative stress-related diseases [6] and with promising bioactive properties such

as analgesic, antipyretic, anti-inflammatory and anti-tumor [7, 8].

An European patent application has been filled for a process of extraction and
purification of friedelin from cork and cork-derived materials [9]. The proposal involves
the use of noxious organic solvents such as chloroform, methylene chloride or diethyl
ether, and enforces the evaporation of large amounts of such solvents before a
crystalized extract is ultimately obtained [9]. Supercritical fluid extraction (SFE) is a
greener alternative successfully applied for the extraction of multiple vegetable matrices
[10-12]. Typically, supercritical carbon dioxide (SC-CO,) is used as the non-
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polar/weakly polar extraction solvent due to its mild critical temperature and pressure (
T.=31.1°C and P. = 73.8 bar) and nontoxicity. In addition, the properties of SC-CO,
can be tuned introducing small quantities of a more polar cosolvent (e.g., ethanol) to
favor the uptake of more polar compounds. The general advantages of SFE using SC-
CO, are the prompt separation of the solvent at the end of the process, from both the
solid matrix and the produced extract, and the possibility of recycling and reusing it

multiple times.

Molecular Formula: C33H;,0

Melting Point: 263 °C
Predicted Boiling Point: 447 °C
Predicted Polar Surface Area: 17 A?

Predicted Molar Volume: 443.0 + 3.0 cm® mol!
Figure 1 — Molecular structure of friedelin and basic physicochemical properties of the
compound. Melting point: experimental database; boiling point: adapted Stein & Brown
method; surface area and molar volume: ACD/Labs Percepta Platform - PhysChem

Module. All data were retrieved from [31].

Sen et al. [5] obtained friedelin rich extracts (concentrations of 30.4-40.6 wt.%) from Q.
cerris cork using SC-CO, at 300 bar and 40-80 °C. Later, de Melo et al. [13] assessed
the influence of the cork particle size and the concentration of ethanol (cosolvent) on
total extraction yield (frota) and friedelin extraction yield (Wgriedelin)- In the case of
particle size, intermediate granulometries (from 60-80 mesh to 20-40 mesh) were shown

to be more advantageous than smaller (> 80 mesh) or coarser particles [13]. Moreover,
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although the use of 5 wt.% of ethanol can enhance 7ty up to three times (reaching 2.3
wt.%), intermediate contents of cosolvent (ca. 2.5 wt.%) are preferable in terms of
selectivity to friedelin, otherwise an abundant removal of non-target extractives prevails
[13]. A clear improvement of selectivity towards friedelin was also detected for higher
extraction times.

At the current point of research, it is necessary to study the influence of the SFE
operating conditions upon the extraction of Q. cerris cork, namely the SC-CO, flow rate
and the extraction temperature in combination with the cosolvent (ethanol) content. For
this purpose, a combined approach based on Design of Experiments (DoE) and
Response Surface Methodology (RSM) was implemented to model the individual and
crossed influence of all these parameters towards the optimum operation region for

enhanced production of friedelin-enriched extracts.

2. Materials and methods

2.1 Chemicals and biomass samples

Ethanol (purity 99.5 %) and dichloromethane (purity 99.98 %) were supplied by Fisher
Scientific (Leicestershire, United Kingdom). CO, (purity 99 %) was supplied by Air
Liquide (Algés, Portugal). Friedelin (95 % purity), chlorotrimethylsilane (TMSCI,
purity 99 %), N,O-bis(trimethylsilyl)trifluoroacetamine (BTSFA, purity 98 %) and
pyridine (purity 99.5 %) were supplied by Sigma Aldrich (Deutschland).

Q. cerris bark was obtained from Kahramanmaras, Turkey, and was granulated with a
hammer-type industrial mill. The resulting granules were separated by density
difference in distilled water, with 10 min mixing time. The floating fraction of cork-
enriched granules (subsequently named cork) was dried, grinded and sieved. The 20-40

mesh (0.42-0.84 mm) fraction was used for it comprises a trade-off between the
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negative industrial impact of grinding and the expectable yield and selectivity gain
performances [13]. The moisture content of the biomass (5.6 wt.%) was measured by

drying ca. 3 g of cork at 60 °C during 24 h.

2.2 Soxhlet and batch solid-liquid extractions

Soxhlet extractions were carried out during 8 h using ca. 3 g of 20-40 mesh Q. cerris
cork and 120 mL of dichloromethane or ethanol as solvent.

Furthermore, batch solid-liquid extractions (SLE) were performed at room temperature
(23 °C) using sealed beakers containing ca. 3 g of 20-40 mesh Q. cerris cork and 30 mL
of dichloromethane or ethanol (i.e., 1:10 w/v ratio), during 24 h with periodic shaking
(manually). In both processes, the solid was filtered off and the extract samples were
dried, weighed and analyzed by gas chromatography coupled to mass spectroscopy

(GC-MS).

2.3 Gas chromatography coupled to mass spectroscopy (GC-MS)

For GC-MS analysis ca. 20 mg of each dried extract was converted into trimethylsilyl
(TMS) derivatives [14] as follows: the sample was first dissolved in 250 pL of pyridine
containing 1 mg of tetracosane followed by the addition of 250 pL of BTSFA and 50 puL.
of TMSCI to promote the conversion of compounds with hydroxyl and carboxyl groups
into TMS ethers and esters, respectively. The ensuing mixture was maintained at 70 °C
for 30 minutes [15] and analyzed in duplicate using tetracosane as internal standard. The
reported results are the average of these measurements.

The analysis was performed in a Shimadzu GCMS-QP2010 Ultra coupled with an auto-
sampler and equipped with a DB-1 J&W capillary column (30 m x 0.32 mm 1i.d., 0.25
um film thickness). Helium was the carrier gas (40 cm s ') and the chromatographic
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conditions were as follows [5]: initial temperature of 80 °C for 5 min; heating rate at 4
°C min ~%; final temperature of 300 °C for 30 min; injector temperature of 280 °C;
transfer-line temperature of 290 °C; split ratio of 1:50. The MS was operated in the
electron impact mode with electron impact energy of 70 eV and data was collected at a

1

rate of 0.1 scans s~ over a range of m/z of 33-750. The ion source was maintained at

250 °C.

2.4 Supercritical fluid extraction

SFE experiments were performed in a 0.5 L capacity Speed™ apparatus (Applied
Separations, USA) whose flowsheet is illustrated in Figure 2. Operation starts with the
pressurization of liquid CO, by a cooled liquid pump, followed by mixing with the
cosolvent (ethanol) and heating the mixture to reach the supercritical state. Then the
supercritical solvent enters the bottom of the extractor previously loaded with biomass
(ca. 45 g of cork per run). After the predefined extraction time the outlet stream is
depressurized through a heated back pressure regulator valve (BPR) and bubbled into a
cooled vessel partially filled with ethanol. Therefore, the spent CO, is vented to the
atmosphere and the solutes remain trapped in ethanol, which is removed by evaporation.

Finally, the extract samples are weighed and analyzed by GC-MS.
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Figure 2 - Simplified flowsheet of the SFE unit. Retrieved from [32].

In the case of SFE with ethanol addition, the cosolvent was introduced using a liquid
pump (LabAlliance Model 1500) coupled to the CO,; line before the mixing/pre-heating
vessel.

Total extraction yield (9tota), friedelin concentration in the extracts (Cgriedelin), and
selectivity to friedelin (ap,r) were investigated as process responses. Their

determination was performed according to the following relations:

Wextract
MTotal(Wt.%) = ———— x 100 (1)
Whiomass
WEriedelin
NFriedelin(Wt.%) = — x 100 (2)
biomass
Nnon — Friedelin (Wt.%0) = NTotal — "Friedelin 3)
WEriedelin
Crriedelin(Wt.%) = — x 100 (4)
Wextract

NFriedelin % [XO,non — Friedelin — Mnon — Friedelin ]

)

OFnF =
Nnon — Friedelin X [XO,Friedelin — NFriedelin ]

where Weygract 1S the mass of dry extract, Wyiomass 1S the mass of cork used in each
experiment, and Wepiedelin 1S the mass of extracted friedelin (quantified by GC-MS). The

attainable contents of friedelin (X riegelin) 1n the pristine raw material are 0.46 and 0.74



wt.% for SFE with pure and ethanol modified SC-CO,, respectively. For the same fluid

types, the SFE attainable contents of non-friedelin (X¢ priedelin) are 1.70 and 3.40 wt.%,

respectively.

2.5 Design of Experiments (DoE) and Response Surface Methodology
(RSM)

Response surface methodology (RSM) is useful for process development and
optimization especially when the response (dependent variable) is influenced by several
factors (independent variables) [16]. The main objective is to establish a relationship
between the response and the operating variables in order to optimize the response(s)
towards a desirable outcome. Typically, RSM involves the fitting of empirical models
relating the studied factors and their interactions with the experimental response(s). The
first stage of RSM involves the realization of a series of experiments, which can be
planned by a design of experiments (DoE), which allows precise and complete
information to be obtained from a minimum number of assays. This methodology has
been successfully applied to SFE of natural matrices, including spent coffee grounds
[17], Cannabis sativa L. seeds [18], Eucalyptus globulus bark [15], Diospyros kaki L.
[19], Magnolia officinalis bark [20], tomato skins [21], Corydalis yanhusuo rhizomes
[22], and others [10].

In this work, the influence of the operating conditions was studied using a Box-Behnken
design (BBd) of three factors and three levels, totalizing 15 experiments randomly
performed in order to minimize unknown and uncontrollable effects (nuisance factor).
The chosen factors and respective levels were temperature (7 = 40, 50 and 60 °C),

ethanol concentration (EtOH = 0.0, 2.5 and 5.0 wt.%), and CO; flow rate (Qco,= 5, 8



and 11 g min —!) as systematized in Table 1. The remaining operating conditions were
fixed, namely: pressure (P = 300 bar), extraction time (t = 8 h), and particle size, (d,

= 20 — 40 mesh). The independent variables were codified as follows:

Xk — X0

Xk = (6)

Axy
where X, is the codified value of the independent variable xy, xg is its real value at the
central point, and Axy, is the step change between levels for the & variable.

Experimental SFE results analyzed by RSM are usually well described by a second
order polynomial function such as:

3 3 3 3
Y=30+Zﬁixi+2ﬁ’iixiz+223UX1'X1' (7)
i=1

i=1 i=1j>i

where Y is the studied response (Whether 1rotal, Crriedelin OF @F, nF ), So 1S @ constant, f3;
are model coefficients associated to linear effects, f;; are coefficients linked to quadratic
effects, and B are coefficients for interaction effects.

STATISTICA software (version 5.1, StatSoft Inc., Tulsa, USA) was used in this work.
An analysis of variance (ANOVA) was employed to assess the statistically significant
factors and interactions using Fisher’s test and its associated probability p(F). In
addition, t-tests were applied to judge the significance of the fitted coefficients of each
model. The coefficient of determination, R?, the adjusted coefficient of determination,
Rﬁdj, and the average absolute relative deviation (AARD) were used to evaluate the
goodness of fit of the regressed model [23]. The coefficients of determination were

calculated as follows:

SSE (8)
~ SSr



SSE

n—p—1 n— )
A . _ R2
Ra=1 SS, 1— n—p— (1 R%)

n—1

where SSg represents the sum of squares error, SS represents the total sum of squares, n

and p represent the total number of assays and the model degrees of freedom,

respectively. In turn, the AARD was determined as follows:

calc exp

Yi =Y

exp

(10)

100
AARD(%) =—— ). =
n = y

calc

where n is the number of data points, and yj*° and y;*P are the calculated and

experimental responses (1totals CFriedelin, OF nF)> respectively.

3.Results and discussion

3.1 Analysis of experimental results

The experimental results (9rotal, Crriedelin, and apnp) for the Soxhlet, SLE and SFE

assays are presented in Table 2 along with the corresponding experimental conditions.

The SFE 71ota values ranged from 0.6 wt.% in run SFES [50 °C, 0.0 wt.% EtOH, 5 gy,
min '] to 2.2 wt.% in both runs SFE11 [50 °C, 5.0 wt.% EtOH, 11 g¢p,min '] and
SFE15 [60 °C, 5.0 wt.% EtOH, 8 g¢p,min ~11. In turn, Soxhlet and SLE extractions with

dichloromethane yielded 4.3 and 1.5 wt.%, respectively. The equivalent assays for
ethanol yielded 7.2 and 2.2 wt.%, respectively, thus evidencing a much greater margin
for the uptake of polar extractives.

The reproducibility of the SFE assays can was determined for each response through
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runs SFE7 to SFE9, which are replicates of the central point of the studied experimental
space. The experimental errors thus obtained amounts 12.1 % for Ny, 7.0 % for
Crriedelin» and 15.4 % for o yp.

The best yields for SFE (runs SFE11 and SFE15, Table 2) are almost half of the Soxhlet
yield (4.3 wt.%), 1.5 times higher than for SLE (1.5 wt.%) and 65 % of the maximum
SFE attainable yield (X, = 3.4 wt.% for SFE using SC-CO, with 5 wt.% EtOH). In this
respect, it is worth mentioning that Soxhlet extractions are favored by both the multiple
loads of fresh solvent generated in the unit and by the extraction temperature, which is
close to the solvent boiling point (39.6 °C for dichloromethane, or 78.4 °C for ethanol)
while for SLE it was the room temperature (ca. 23 °C).

Friedelin concentration (Cpriedelin) 10 the supercritical extracts ranged from 25.3 wt.%
(SFE7: 50 °C, 2.5 wt.% EtOH, 8 gco,min ~!) to 36.2 wt.% (SFE2: 40 °C, 2.5 wt.%
EtOH, 5 gco,min ~1), meaning that the SFE assays scored higher than Soxhlet (Cyiedelin
= 24.2 wt.%) and SLE (Cgriedelin = 24.0 wt.%) with dichloromethane. The argument is
even more pertinent for ethanol extractions, where Cgriegelin Values of 6.2-6.5 wt.% were
attained. These reinforce the greater abundance of polar compounds in this biomass. On
the other hand, it is also worth noting that values of Cgyegelin @bove 30 wt.% can be
achieved by SFE for several combinations of operating conditions (i.e., different
temperatures, CO, flow rates, and ethanol content) as evidenced by runs SFE1-SFE3,
SFES, SFE10-SFE12, and SFE15 (see Table 2).

Finally, the selectivity towards friedelin (apnr) ranged from 1.1 in run SFE7 [50 °C, 2.5
wt.% EtOH, 8 gco,min 1] to 3.1 in run SFE11 [50 °C, 5 wt.% EtOH, 11 gco,min ~1]. In
fact, it is crucial to emphasize that all ap,r values scored higher than 1.0 and that the

maximum selectivity attained is higher than the selectivities reported by Melo ef al. [13]
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for an extraction time of 6 h, which emphasizes even more the relevance of process

optimization.

3.2 Statistical modeling and optimization

To compare the impact of the studied factors and their interactions on the responses,
Pareto charts of the linear, quadratic and crossed effects are presented in Figure 3. The
black and white colors indicate the type of influence (numerically positive or negative,
respectively) of each factor/interaction. Effects whose bars are shorter than the
statistical significance line (red vertical line) can be considered non-significant for a
confidence level of 95 % (rotal) OF 90 % (Cpriedelin OF Appp). It is worth noting that
initially both Cyiegelin and ag nr were tested for a 95 % confidence level but the effect
bars were all positioned below the statistical significance threshold. This is a
consequence of the more balanced distribution of the effects on those responses (see
Figures 3b and 3c), which hinders the existence of isolated influential factors or
interactions for a stricter confidence level (such as in the case of 11y, see Figure 3a).
The said balance on effects magnitude was also observed by Cossuta et al. [24] for SFE
of sea buckthorn (Hippophae rhamnoides L.) pomace, and by Oliveira et al. [25] for
SFE of Brazilian cherry (Eugenia uniflora L.). On the other hand, a common feature of
all Pareto charts is the prevalence of positive effects (in comparison to negative ones),
which is in agreement with the experimental observations (see Table 2).

In terms of total yield (Figure 3a) the three individual factors (T, EtOH, Qco,) stand out
as the most significant effects all with a linear positive impact on 9qa. Among these,

EtOH content is by far the most influential parameter causing stronger enhancements of

NTotat When increased. This behavior emphasizes the important role played by the
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cosolvent due to the polarity modification imparted to SC-CO,. In turn, the second most

influent factor is Qco, with an effect scoring ca. 42.6 % lower than EtOH in terms of
importance. In any case, an increase of the CO, flow rate (e.g., from 5Sto 11 g min ') is
able to improve 7oy as illustrated in Table 2. This is certainly due to the film
resistance to mass transfer that may prevail at lower flow rates and thus decrease the
extraction rate. Similar results were observed for SFE of E. globulus bark particles (size
<2 mm) where a significant rate improvement was attained by changing Q¢o, from 6 to
12 ¢ min ! but not from 12 to 14 gmin_1 [10,26]. Additionally, for lower Qco, the

accumulation of solutes in the fluid phase inside the extractor may decrease the driving

force for mass transfer.
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Figure 3 — Pareto charts for SFE of Q. cerris cork showing the influence of the factors

on the responses: (a) NTotal (b) CFriedelina and (C) aF,nF-

Regarding temperature, T, its effect bar lies in the vicinity of the statistically significant
exclusion limit with p = 0.053 (for 95 % confidence level). From a thermodynamic
point of view, an increment of T has two opposing effects in supercritical fluids: it

reduces the solvent power through density reduction and, on the other hand, it enhances
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solubility by increasing the vapor pressure of the solutes (friedelin and others)
[5,10,14,27]. Remarkably, within the range of our experimental conditions a positive
impact of T was observed, which means that vapor pressure growth prevailed over
density reduction. For example, nrqa increased 46.7 % when T increased from 40 to 60
°C, under fixed Q¢o, and EtOH content (SFE4 and SFE15). This result clearly differs
from studies reported for other species where lower temperatures led to higher nrotal

[15,17].

In terms of Crpiedelin (Figure 3b), the quadratic effect of ethanol content (EtOH*EtOH)
and temperature (7%<7) scored both as positive and as the most significant effects. An
important result in this graph is the non-observance of the Pareto principle in the sorting
of the effects (i.e., 20/80 rule). Instead, a step like arrangement of the bars is observed
with individual magnitudes of the bars not exceeding 2.5 units (contrarily to the Pareto
plot for nqta - see Figure 3a). This substantiates the need to consider a 90 % confidence
level to ensure statistical significance of the effects for the response Crriegelin- 1The
positive sign of all quadratic effects suggests that non-linear jumps might be expected
and that a region of minimum CEriedelin May appear. Furthermore, the combined effect
of CO, flow rate with ethanol content or temperature (EtOH X Q¢o, or T X Qco,)
contributes also with a positive synergy to Crriedelin Values.

The Pareto chart (Figure 3c) for selectivity towards friedelin allows a direct insight on
the great influence of ethanol as cosolvent. In fact, the effects involving EtOH were
ranked on top and mainly with a positive contribution to ap,r. Nonetheless, only the
quadratic term of cosolvent content (EtOHXEtOH) was deemed significant suggesting
that modification of polarity of the supercritical phase leads to favorable but non-linear

selectivity profiles along the ethanol content range of 0 and 5 wt.%.
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In what concerns regression modeling of the three responses (total > Crriedelin a0d @ np

), the data from Table 2 were coded according to Eq. (6) and submitted to RSM analysis
to obtain the individual and crossed coefficients of Eq. (7). These coefficients are listed
in Table 3, where the bold values indicate statistically significant coefficients.

For total extraction yield the results are in accordance with the information given by the
Pareto diagram (Figure 3a): only four parameters can be considered statistically

significant, namely fo, 1, f2 and 3, which correspond to the constant of the
polynomial model (Eq. (7)) and to the linear effects of T, EtOH and Qco,, respectively.

Between full and reduced model the fitting AARD score increases from 7.2 and 11.1 %
(see Table 4), but the latter falls still below the experimental errors determined between
the replicates (SFE7 to SFE9), which is worth 12.1 %.

For Cpriedelin and ag nr the results are also in agreement with the information evidenced
by the Pareto charts (Figures 3b and 3c, respectively). Nevertheless, to ensure a
reasonable goodness of fit for optimization purposes the non-significant contributions of
Qco, X Qco, EtOH X Q¢o,, T and T X Qco, (all with effect estimates above 1.4 units, see
Figure 3b) were maintained to fit the Crpiegelin T€Sponse surface model. An analogous
strategy was adopted for ag,r. This approach gives a pronounced gap between the
values of R? and Rgd]- (sensitive to excess of parameters) as shown in Table 4 for the full
models (FM), particularly for Cppiegerin and ag ,p. However, the fitting AARD values are
very good in both of these cases, scoring only 3.9-4.1 % for Cryiedelin models, and bit
higher for ag,r, namely 10.6-12.1 % (see Table 4). Once again, these errors are lower
than the respective experimental errors for each response, amounting 7.0 % for Cgriedelin

,and 15.4 % for o np.
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The reduced models (RM) were refitted to the data and then converted to uncoded
variables by substitution of Eq. (6) in the respective terms of Eq. (7). The final

expressions for each response are the following:

NTotal = —0.6038 + 0.0165 T + 0.1755 EtOH + 0.085417 Qco, (1)

Crriedelin = 136.026 — 2.994 T + 0.0247 T2 —3.783 EtOH +0.399 EtOH? .
— 6690 Qco, + 0.222Qco,2 + 0.0517 T X Qco, + 0.223EtOH X Qco, (12)

apnr = 12.128 — 0.282 T + 0.0025 T? — 1.310 EtOH + 0.076 EtOH? (13)
—0.569 Qco, + 0.028Qco,* + 0.013 T X Qco, + 0.05EtOH X Qco,

3.2.1 Total extraction yield response

Response surfaces for nrota1 (Eq. (10)) are shown in Figure 4, plotting the effect of T and
Qco, for 5 wt.% EtOH (Figure 4a) and the effect of EtOH and Qco, at 50 °C (Figure 4b).
Starting with Figure 4a, it is perceptible how an increase of Qco, has a slightly stronger
impact (i.e., larger slope) on 7ot When compared with T. Hence, when both factors are
simultaneously increased to their maximum values (11 g¢o,min ~! and 60 °C), a positive
synergy may be expected leading to the highest yield (1ot = 2.3 Wt.%). In turn, Figure
4b (with T = 50 °C) shows a surface with a bigger slope (comparing with Figure 4a),
which stresses the major impact of cosolvent content on the 7ro response. For the
lowest values of these two operating conditions (i.e., 0 wt.% EtOH and 5 gco,min —1)
the model predicts correctly the smallest 1o in agreement with the experimental data
(SFES). Furthermore, with high ethanol content (i.e., 5.0 wt.%) and low Qco, one can
obtain greater yields than when Qco, is high and EtOH is low (0 wt.%), which reiterates

the coherency of the individual effects seen in the Pareto chart (Figure 3a).
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Figure 4 — Response surfaces for total extraction yield (o) as function of: (a) T and
Qco,» for 5 wt.% EtOH content, and (b) EtOH and Qco,, at 50 °C. Dots represent

experimental data and the response surfaces are given by Eq. (10).

3.2.2. Friedelin concentration response

Response surfaces for Cgpiegelin (Eq. (11)) as function of two parameters are shown in
Figure 5a (for 5 wt.% EtOH) and Figure 5b (at 50 °C). Although represented for the
same set of independent variables and conditions, these plots are rather different from
those presented for nrora (Figure 4). Furthermore, the poor fitting quality can be
assessed visually with some data points lying farther from the predicted values (R?=
0.697), which means that conclusions about friedelin concentration can be drawn from
the model but also contrasted with experimental data. This is the reason why additional
experiments have been carried out as discussed below (Section 3.3).

In Figure 5a, (for 5 wt.% EtOH) high T and low Qco, lead to a region of low Cgyiedelin
(ca. 29 wt.%). In contrast, high Cgpiedelin 18 predicted for the combination of high T and
high Qco,, which agrees with the positive synergy of these combined factors in the

Pareto chart (Figure 3b). Furthermore, Figure 5b displays the positive effect of EtOH
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and Qco, at 50 °C, with the model estimating high Cppjegelin In two situations: (1) when
EtOH and Qco, are both at their maximum (i.e., 5 wt.% and 11 gco,min _1), or (i1) when

EtOH and Qco, are both at their minimum values (i.e., 0 wt.% and 5 gco,min ~1).

Chiiedelin (Wt. %0)

Figure 5 - Response surfaces for friedelin concentration (Cgriegelin) @s function of (a) T
and Qcop,, for 5 wt.% EtOH content, and (b) EtOH and Qco,, at 50 °C. Dots represent

experimental data and the response surfaces are given by Eq. (11).

According to the reduced model (Table 4), the operating conditions that numerically
provide maximum Crpiedelin 1N Q. cerris extracts (i.e., 38.2 wt.%) are the combination of
a low T (40 °C) and low Qco, (5 gmin~") without cosolvent addition (0 wt.% EtOH).
This is a remarkable example showing that the most aggressive SFE conditions might
not lead to better performances, particularly if the responses depend on specific
thermodynamic trade-offs. A similar trend has been reported for the concentration of

diterpenes in extracts produced by SFE of spent coffee grounds [17].
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3.2.3. Selectivity to friedelin response

The response surfaces for the selectivity to friedelin (ap ,p) are presented in Figure 6 for
fixed ethanol content (5 wt.%, Figure 6a) and fixed temperature (50 °C, Figure 6b). The
experimental and predicted ag,r datapoints are close, and the goodness of fit (R* =
0.713) is similar to that for Cppedelin (R?2= 0.697). Therefore, identical caution is
recommended as in the case of Cgriegelin, -€- the modeling results should be crossed with
the experimental data notwithstanding the modeled and experimental selectivity trends
are totally coherent. In any case, additional assays were carried out as mentioned above.
The RSM model predicts ag,r > 1.0, within the full experimental space covered by the
DoE, which means that friedelin can be extracted selectively regardless of the SFE

operating conditions.

Figure 6 — Response surfaces for selectivity towards friedelin (ag,r) as function of: (a)
T and Qco,, for 5 wt.% EtOH content; (b) EtOH and Qco,, at 50 °C. Dots represent

experimental data and the response surfaces are given by Eq. (12).

The synergy effect of T and Qo, can be visualized in Figure 6a and is coherent with the

insights from the respective Pareto chart (Figure 3c). Accordingly, increasing both
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factors simultaneously leads to a remarkably high selectivity (ag,r = 3.1, predicted with
Eq. (12)), with the maxima region (i.e., ap,r > 2.6) comprising a space triangle whose
(Qco, T) vertices are ca. (11,47), (11,60) and (8,60) in (g min ~1,°C) units.

Moreover, Figure 6b highlights the impact of ethanol on selectivity tuning. For instance,

1

selectivity increases ca. 93 % (agnr goes from 1.4 to 2.7) when Q¢o, = 11 gmin ™" and

the ethanol content increases from 0 to 5 wt.%. In turn, at lower CO, flow rates the
same increment of EtOH content induces moderate but still advantageous gains of ag .
This positive effect of ethanol on friedelin selectivity was previously reported for SFE
with extraction time of 6 h [13] but the study pointed to 2.5 wt.% EtOH as the most
favorable content. In the present study, ag,r reached 3.3 with 5.0 wt.% EtOH and Qco,
=11gmin~!,T=60°C and ¢ = 8.0 h. Once again, these results point out the
importance of SFE operating conditions optimization.

3.3 SFE experiments at optimized operating conditions

The fitted reduced models given by Egs. (11)-(13) were used to search the operating
conditions that maximize the respective response and the obtained results are listed in
Table 5.

With reference to 7otal, the optimum occurs for maximum temperature (60 °C), ethanol
content (5 wt.%) and CO, flow rate (11 gmin~?!). For this set of conditions (not
included in the experimental plan of the Box-Behnken design) the estimated results are:

NTotal = 2.2 Wt.%, Cpriedelin = 36.0 Wt.%, and ap,r = 3.3. Remarkably, the optimum for
NTotal cOIncide with the optimum conditions for enhanced selectivity towards friedelin.
This is an interesting situation in the sense that ag ¢ is rarely computed in SFE studies

and optimization is often driven merely by the bulk extract production, i.e. Notal-
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On the other hand, the preferable conditions for maximum Cppiegelin are considerably
distinct, namely: 40 °C, 0 wt.% EtOH and 5 gco, min ~1. The calculated friedelin
concentration in the extracts is 38.2 wt.%, which is only 1.06 times higher than the
value obtained for the other optimum conditions (see Table 5). At the same time, under
the best conditions for the friedelin concentration, 7ot and a¢y¢ decrease 78 % and 15
% 1in relation to their own optimum. Hence, despite the industrial preference to operate
at low temperature (40 °C) and without cosolvent (0 wt.% EtOH), the optimum
conditions for Cppiedelin IMpose a heavy penalty on total extraction yield and on
selectivity while its incremental gain is very small (from 36.0 to only 38.2 wt.%). For
this reason, experimental confirmation of the predicted responses was performed for the
optimum conditions for 7o and ag .

An additional experiment (SFE16) to validate the model was performed at 60 °C with 5
wt.% EtOH and 11 g¢o, min —1, which represents a special vertex of the cubic
experimental space considered. The SFE16 results were the following: nrora = 2.4
Wt.%, Crriedelin = 27.4 Wt.% and ag,r = 1.7. The experimental total extraction yield is
slightly higher than the estimated value (2.2 wt.%) and the other responses are
substantially lower. The underestimation of 7y at the optimum conditions is in
agreement with a previously observed underrating tendency of the RSM model in that
experimental region (see Figure 4a), but the prediction error is only 9.0 % while the
computed AARD of the reduced model is 11.1 % (see Table 4). In turn, the higher
deviations of the predicted versus experimental results for Crriegelin (36.0 vs. 27.4) and
apnr (3.3 vs. 1.7) largely exceed the AARD values of the respective reduced RSM
models, and are in agreement with the inferior adjusted coefficients of determination of

both models to represent the experimental data, as has been discussed above.
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An additional assay (SFE17) was performed to assess the impact of cosolvent addition.
Using 20 wt.% EtOH, 11 g¢o, min ~1 and 60 °C provided a total extraction yield of 4.6
wt.%, which is much higher than 1y, for SFE16 (with 5 wt.% EtOH) and even higher
than the reference value obtained by Soxhlet extraction (1ot = 4.3 Wt.%, Table 2).

In terms of Cgriedelin, SFE16 and SFE17 assays confirmed the negative effect of ethanol
content, as values of 22.2 wt.% for run SFE17 (with 20 wt.% EtOH) and 27.4 wt.% for
run SFE16 (with 5 wt.% EtOH) were attained. The friedelin content in run SFE17 was
the lowest result of this study but the specific friedelin yield from biomass (9ota1 X
Crriedelin) Was higher for SFE17 (1.02 wt.%) than for SFE16 (0.66 wt.%) although
slightly lower than in the Soxhlet extraction (1.05 wt.%).

These results are in agreement with the insights reported recently by Vieira et al [30] for
the same biomass, who studied the friedelin removal using methanol or ethanol as
solvents in batch solid-liquid or Soxhlet extraction. Accordingly, they demonstrated that
the straightforward use of these polar solvents move away the composition of the global
extracts from those of pure friedelin, at the expenses of the uptake of other types of
molecules. At the same time, the opposite effect (i.e., approximation to pure friedelin)
was observed when using petroleum ether or dichloromethane either in SLE or Soxhlet
extraction. Overall, our results suggest that high concentrations of ethanol enhance the
affinity of the supercritical fluid to more polar species such as phenolic compounds [28]
or glycosides [29], thus increasing the total yield (from SFE16 to SFE 17 the total yield
almost duplicates) but the ensuing extracts have a lower content of the target molecule

(friedelin).

4. Conclusions
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The effects of temperature (T, 40-60 °C), ethanol content (EtOH, 0-5 wt.%) and CO,
flow rate (Qco, 5-11 gmin 1) on the supercritical fluid extraction (SFE) of Quercus
cerris cork were investigated using a Box-Behnken design of experiments and response
surface methodology (RSM). The studied responses were total extraction yield (1toal)s
friedelin concentration in the extracts (Crriedelin) and selectivity to friedelin (ag np).

The fitted RSM model for 1yt estimated a maximum yield of 2.2 wt.% to occur for
the combination of maximum T, EtOH, Qco, (60 °C, 5.0 wt.%, 11 gco, min _1). At the
same time, the ap,r response scored above 1.0 within the whole experimental space
studied, thus reinforcing SFE as a strong technology for the selective uptake of friedelin
from Q. cerris cork. An additional assay with 20 wt.% EtOH (7" = 60 °C, Qco,= 11 gco,
min ~!) showed opposing effects caused by the use of cosolvent, i.e. it increases the
yield (N1oral = 4.6 Wt.%) but lowers the concentration of the target molecule (Cgriedelin=
22.2 wt.%).

Overall, the prevailing optimum conditions for the studied SFE process will depend on
the ultimate goal of the SFE process: quantity (9rota1) Or quality (Cpriegelin) Of the

extract.
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Table 1 - Selected factors (variables) and levels in codified and non-codified format.

Variable Levels
Low Medium High
(-1) (0) (+1)
x1: Temperature (°C) T 40 50 60
x,: Ethanol content (wt.%) EtOH 0.0 2.5 5.0
x3: CO, flow rate (gco, min~")  Qco, 5 8 11

Table 2 — Experimental conditions and results for the extraction assays carried out with
Q. cerris cork (20-40 mesh particles). The remaining conditions for the SFE runs were:
pressure of 300 bar and extraction time of 8 h.

o EtOH QC02 NTotal CFriedelin
Run T (C) Wi%)  (gco,min~l)  (wt%) (wt%) FFaF
SFE1 40 0.0 8 1.0 34.2 2.0
SFE2 40 2.5 5 1.0 36.2 2.3
SFE3 40 2.5 11 1.3 31.3 1.8
SFE4 40 5.0 8 1.5 29.3 1.6
SFES5 50 0.0 5 0.6 33.2 1.7
SFE6 50 0.0 11 1.1 29.0 1.4
SFE7 50 2.5 8 1.3 25.3 1.1
SFES8 50 2.5 8 1.4 26.5 1.3
SFE9 50 2.5 8 1.1 29.0 1.5
SFE10 50 5.0 5 1.6 30.5 1.9
SFEI1 50 5.0 11 2.2 33.0 3.1
SFE12 60 0.0 8 1.3 32.1 1.8
SFE13 60 2.5 5 1.0 28.4 1.4
SFE14 60 2.5 11 1.6 29.7 1.7
SFE15 60 5.0 8 2.2 32.0 2.7
Soxhlet extraction with dichloromethane 4.3 24.2 -
Solid-liquid extraction with dichloromethane at 23 °C 1.5 24.0 -
Soxhlet extraction with ethanol 7.2 6.2 -
Solid-liquid extraction with ethanol at 23 °C 2.2 6.5 -
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Table 3 — Regression coefficients of the RSM polynomial given by Eq. (7) and their
individual significance at 95% (N1ota) OF 90 % (Cpriedelin and @ nr) confidence levels.
The values in bold represent significant coefficients, and the star (*) represents
coefficients retained in the reduced models.

NTotal CFriedelin aF,nF
p p p
Bo 1.31921%* <0.001 144.25509* <0.001 14.62361%* 0.003
B1 -0.05008* 0.053 -3.11417* 0.223 -0.33708* 0.938
B2 -0.20483* 0.001 -6.36833* 0.584 -1.31000* 0.106
B3 0.12051* 0.011 -6.91065%* 0.440 -0.87361%* 0.590
B11 0.00038 0.710 0.02471%* 0.087 0.00250* 0.315
B2z 0.03127 0.098 0.39933* 0.085 0.07600* 0.088
B33 -0.0100 0.395 0.22180* 0.147 0.02780* 0.315
B12 0.0040 0.329 0.0480 0.332 0.01300 0.192
P13 0.0023 0.483 0.0517* 0.224 0.00670* 0.396
B23 0.0030 0.817 0.2233* 0.194 0.05000* 0.142

Table 4 — Goodness of fit indicators for the full and reduced RSM models.

Response (model) R? Ry; AARD (%)
N1otal (Full model) 0.937 0.822 7.2
N1otal (Reduced model) 0.845 0.803 11.1
CFriedelin (Full model) 0.789 0.262 3.9
CFriedelin (Reduced model) 0.697 0.152 4.1
g nr (Full model) 0.768 0.188 10.6
agnr (Reduced model) 0.713 0.196 12.1

Table 5 — SFE of Q. cerris cork: optimized operating conditions and estimated (RSM)

responses at those conditions using the reduced RSM models.

Optimum Conditions for maximum

T (°0)
EtOH (wt.%)
Qco, (gmin )

Estimated response at optimum conditions

NTotal (Wt.%)

CFriedelin (Wt-%)

AF nF

NTotal CFriedelin

(Wt%)  (wto)  OFnF
60 40 60

5 0 5

11 5 11
2.2 048 22
36.0 382 360
33 28 33
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Figure 1 — Molecular structure of friedelin and basic physicochemical properties.
Melting point: experimental database; boiling point: adapted Stein & Brown method;
surface area and molar volume: ACD/Labs Percepta Platform - PhysChem Module. All
data were retrieved from [31].

Figure 2 - Simplified flowsheet of the SFE unit. Retrieved from [32].

Figure 3 — Pareto charts for SFE of Q. cerris cork showing the influence of the factors
on the responses: (a) NTotals (b) CFriedelina and (C) OF,nF-

Figure 4 — Response surfaces for total extraction yield (ntota) as function of: (a) T and
Qco, for 5 wt.% EtOH content, and (b) EtOH and Qco,, at 50 °C. Dots represent
experimental data and the response surfaces are given by Eq. (10).

Figure 5 - Response surfaces for friedelin concentration (Cpriedelin) @S function of (a) T
and Qco,, for 5 wt.% EtOH content, and (b) EtOH and Qco,, at 50 °C. Dots represent
experimental data and the response surfaces are given by Eq. (11).

Figure 6 — Response surfaces for selectivity towards friedelin (ag,r) as function of: (a)
T and Qco,, for 5 wt.% EtOH content; (b) EtOH and Qco,, at 50 °C. Dots represent
experimental data and the response surfaces are given by Eq. (12).
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Highlights

e SFE of friedelin from Quercus cerris cork with pure/modified CO,.

e Experimental conditions tested: 40-60 °C, 0-5 wt.% ethanol, 5 — 11 gco, min ~".

e Optimization of the SFE following DoE and RSM approaches.
e Total yield, friedelin concentration and selectivity to friedelin were measured.
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Molecular Formula:

Melting Point:
Predicted Boiling Point:
Predicted Polar Surface Area:

Predicted Molar Volume:

C30H500

263 °C

447 °C

17 A2

443.0 + 3.0 cm3mol?
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