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A B S T R A C T

Salvia officinalis is the source of a vast variety of compounds valuable for pharmaceutical and food industry. The
extractability of lipophilic diterpenoids from S. officinalis(L.) by petroleum ether is studied using Soxhlet, reflux,
and percolation methods. The binding of the solute to the plant matrix is described by the Hill-Langmuir des-
orption model. The Monte Carlo sampling method is used to constrain the parameters of the extraction model
and perform the resolution analysis of the extraction data. The percolation, followed by extraction at reflux, is
demonstrated to be the most efficient method of extraction. The freely available content is estimated to be
ye=20.0 ± 2.9mg g–1, while the total content in our case is shown to be 50–55mg g–1 or higher. For en-
gineering applications, the estimate of 60–70mg g–1 is suggested as the upper limit.

1. Introduction

Extracts of Salvia officinalis leaves are widely used in the pharma-
ceutical industry. They contain a diversity of active components
(Durling et al., 2007; Lu and Yeap Foo, 2002; Miura et al., 2002; Perry
et al., 1999), and exhibit numerous biological activities: antibacterial,
antioxidant, antifungal etc. (Kolac et al., 2017; Longaray Delamare
et al., 2007; Raut and Karuppayil, 2014). Potentially extracts can treat
emerging bacteria strains such as Methicillin-resistant Staphylococcus
aureus (Longaray Delamare et al., 2007), which are responsible for
several difficult-to-treat human infections.

Abietane diterpenoids, such as carnosic acid and its major derivative
– carnosol, comprise one of the most valuable groups of sage metabo-
lites (Birtić et al., 2015; Munné-Bosch and Alegre, 2001; Okamura et al.,
1994; Schwarz and Ternes, 1992; Thorsen and Hildebrandt, 2003).
They demonstrate high antioxidant activity (Huang et al., 1996; Miura
et al., 2002), being comparable to those of butylated hydroxyanisole
(BHA) and butylated hydroxytoluene (BHT), powerful synthetic anti-
oxidants commonly used as food additives (Chang et al., 1977).

While the biological activity of the target compounds of S. officinalis
has been widely studied (Birtić et al., 2015), the renewed attention to
natural diterpenes requires further development of extraction protocols
aimed at quantitative control of the raw material optimized in terms of
labour, time, and cost. Therefore, a better understanding of the

extraction kinetics is one of the challenging priorities. Two major fac-
tors that affect the extraction kinetics of target metabolites could be
distinguished: the solvent chosen for extraction, and distribution, sto-
rage, and binding of the metabolites within the plant matrix. All these
factors should be carefully taken into account in interpreting the ex-
traction data.

The abietane diterpenoids of interest are lipophilic compounds.
Thus, non-polar solvents, like petroleum ether (PE), are suggested for
extraction (Khaliullina et al., 2017; Xie et al., 2016). The PE fraction
contains a number of lipophilic compounds, like monoterpenes, ses-
quiterpenes, triterpenoids, diterpenoids, sterols, lipids etc. (Anastasaki
et al., 2017; Ibrahim, 2012; Kintzios, 2000; Kontogianni et al., 2013;
Thorsen and Hildebrandt, 2003). However, only the abietane diterpe-
noids, like carnosic acid and its derivatives, contain the aromatic ring in
their chemical structure. For comparison, the structure of major abie-
tane diterpenoids is shown in Fig. 1. Thus UV-spectrophotometry is
suggested (Anastasaki et al., 2017; Kontogianni et al., 2013; Thorsen
and Hildebrandt, 2003) for the determination of the sum of diterpenes
in PE fraction at the analytical wavelength 285 nm.

The low overall content of the target compounds, i.e., of
∼40–60mg g–1 (Jassbi et al., 2013), assumes that the extraction is
essentially a desorption process (Bucić-Kojić et al., 2013; del Valle and
Urrego, 2012; Durling et al., 2007; Liu, 2015; Perrut et al., 1997), and
its primary characteristic is the equilibrium desorption isotherm. The
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Nomenclature

A [–] solution absorbance at the wavelength 285 nm
c [ppm] current solution concentration during extraction
c0 [ppm] concentration scaling factor for the equilibrium desorption

isotherm
c∞ [ppm] solution concentration in equilibrium with the target

compounds y∞ remained in the raw material
d [mm] cell thickness, for the absorbance A measurements
E1cm

1% [dL cm–1 g–1] specific absorbance coefficient, i.e. absorbance
of carnosic acid per 1 dL of petroleum ether solution in cell

k [–] Hill coefficient (index)
L [mL g–1] solvent volume used for extraction per unit dry mass of

raw material
m [g] dry mass of the ground raw material used for extraction
n [–] dilution factor
t [min] current time
T [min] total extraction time
x [%] percent ratio of target compounds mass extracted from the

raw material to the total (dry) mass of the material
y [%] ratio of target compounds mass, which are still in the raw

material to the dry mass of the raw material
ye [%] target compound mass content that is easily available for

extraction, i.e. stored in chloroplasts
yh [%] target compound mass content that is strongly bound to

the raw material matrix, i.e. adsorbed on the surface of ER
and IM

y0 [%] total content of target compounds in the unit dry mass of
the raw material

y∞ [%] current content of the target compounds in the raw ma-
terial that is in equilibrium with the solute concentration
c∞ in the solvent

Y0 [%] pre-extracted amount of target compounds
ER endoplasmic reticulum
IM intracellular membranes
PE petroleum ether
SI supplementary information

Fig. 1. Structures of carnosic acid (1) and of phenolic diterpenes similar to carnosic acid (1): 1 – carnosic acid; 2 – carnosol; 3 – rosmanol; 4 – isorosmanol; 5 –
rosmanol-7-ethyl ether; 6 – epirosmanol; 7 – 12-O-methylcarnosol; 8 – 6,7-O-dimethylepirosmanol; 9 – galdasol.
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latter one relates the equilibrium solution concentration, c = c∞, and
the corresponding content of target compounds, y = y∞, in the solid
phase (plant matrix), predicting the current driving force of extraction
in the course of system equilibration.

The choice of the correct, physically meaningful desorption curve
depends on the nature of ligand-to-protein binding (Wyman and Gill,
1990). For the rosemary leaves (as the most studied diterpenes-con-
taining herb), existence of at least two storage mechanisms is confirmed
(Kleinig, 1989; McGarvey and Croteau, 1995; Munné-Bosch and Alegre,
2001). On one hand, carnosic acid was found in the chloroplasts and
Intracellular Membranes (IM) (Knudsen et al., 2018). On the other
hand, some of plant metabolites are synthesized at different regions of
Endoplasmic Reticulum (ER). Hence, one could also expect the target
diterpenes to be attached to the highly developed surface of ER. Ad-
ditionally, some Salvia species contain diterpenes in glandular tri-
chomes that cover the surface of leaves. The IM and ER are char-
acterized by high specific surface area (surface-to-volume ratio).
Consequently, on the level of the cell compartments, certain molecules
of carnosic acid are adsorbed, i.e., directly attached to the surface,
while the others are stored in plastids and trichomes and are not
strongly bound up with the plant matrix. The described model of sto-
rage mechanisms explains the observed equilibrium data discussed in
detail in Sect. 3.

Usually (Bucić-Kojić et al., 2013; del Valle and Urrego, 2012; Perrut
et al., 1997) the freely available solute, not attached to membranes in
our case, is considered separately from the adsorbed fraction described
by the linear adsorption model. This approach does not account for
possible cooperative effects, i.e., lateral interactions between adsorbed
molecules (Ayawei et al., 2017; Goutelle et al., 2008; Liu, 2015; Stefan
and Le Novère, 2013; Wyman and Gill, 1990). The lateral interactions
are typical for the adsorption of macromolecules on membranes and
proteins (enzymes) containing multiple sorption sites. These systems
are non-ideal. Quantitatively, the non-ideal desorption can be described
in terms of the so-called Hill (or Hill-Langmuir) adsorption isotherm. It
was originally proposed to interpret the sorption of oxygen by hae-
moglobin and since then was successfully used to fit experimental data
from various physicochemical reactions (Goutelle et al., 2008).

The aim of the present study is to investigate the binding of abietane
diterpenoids to the plant matrix in S. officinalis within the framework of
the Hill-Langmuir desorption isotherm and suggest a general optimum
protocol to estimate the total content of the target compounds. Three
extraction techniques, reflux, Soxhlet, and percolation, are used to
constrain the two parameters of the Hill-Langmuir equation as well as
the total and freely available content of target metabolites.
Corresponding (inverse) problem is highly non-linear, and its solution
requires analysis of naturally complex information. Only a maximum-
likelihood model (Menke, 2012) alone is not sufficient here, and the
resolution power of the data becomes also of primary importance. This
implies application of the Monte Carlo method (Menke, 2012) devel-
oped by Tarantola and Mosegaard (Cordua et al., 2012; Mosegaard,
1998; Tarantola, 2005). Such an approach also allows estimation of the
model parameters uncertainty induced by the measurement errors of
different origin.

2. Materials and methods

2.1. Sample preparation and reagents

S. officinalis (L.) was the commercial sample available from ZAO “St-
Medifarm” through pharmacies in the form of tea bags. The package
description stated that the bags contained dried ground leaves with the
characteristic size less than 2 mm determined by the sieve analysis. The
material was additionally milled in the laboratory using the laboratory
grain mill LGM-1 (OLIS LLC, Russia) to significantly decrease the
characteristic size of particles. The average diameter of the final par-
ticles was less than 150 μm. About 60 g of ground raw material was

prepared in this way. The whole mass was well-mixed each time before
the preparation of samples for the extraction. The solid (dry) content of
ground leaves was determined as 92%. Hereinafter, the sample mass is
given as the dry mass, and the diterpene content is reported in mg g–1 of
dry plant weight. Analytical balances GR-200 from A&D Company,
Japan, with the standard measurement accuracy of 0.1 mg were used to
weigh each sample. Petroleum ether (40–70 °C) was of analytical grade
from JSC “EKOS-1”, Moscow, Russia.

2.2. Extraction at reflux

The dynamics of extraction of phenolic diterpenes by PE at reflux
had been studied earlier (Khaliullina et al., 2017; Salamatin et al.,
2015). The same experimental conditions were used in the present
work. Each sample (∼1 g, measured precisely) was mixed with the
volume of 50, 100, 200, or 400 mL of PE in the flask at the room
temperature. Then, the flask was connected to the reflux system, and
heated by boiling water. Typically, after 2–4 min the solvent started to
boil.

Once the raw material is mixed with the solvent, the experimental
run results in a single data point: equilibrium concentration c = c∞ of
diterpenes in the solution after the time T of extraction. Our previous
results (Khaliullina et al., 2017) show that ∼30 min is typically suffi-
cient to reach the equilibrium distribution of target compounds in the
flask. The time was doubled in the present work with T =60 min.

Some samples were subject to double extraction, i.e., the same plant
material was extracted one time at a fixed solvent-to-solid ratio L, se-
parated from the solution, and then mixed with the new portion of pure
solvent at the same ratio to be extracted again.

Extraction was terminated by removing the flask from the heating
element and cooling under a stream of the cold running water. The
liquid solution was filtered through the Whatman no. 4 paper filter to
separate it from dispersed plant particles.

Experimental conditions (exact sample mass, total solvent volume
and corresponding specific volume) are listed in Supplementary
Information (SI), Table S1, Sect. 1.1.

2.3. Percolation

In these experimental series, a 1 g-sample of the raw material
(measured precisely) was placed on the Whatman no. 4 paper filter that
was fixed above the collecting flask, initially empty. Doses of 10–15 mL
of pure hot, boiling solvent were sequentially poured on the sample and
percolated, led by gravity into the collecting flask below. The contact
time between the solid and the solvent was 3–4 min per each 15mL-
portion of the solvent. The concentration of diterpenes in the solution in
the flask was determined each time when a new portion of 50mL of the
pure solvent was percolated.

Once 200 mL of solvent had been percolated, the total extracted
mass of target compounds was measured, and the depleted sample was
subject to extraction at reflux for 60min, using 100 mL of solvent. Two
samples were examined according to this protocol (combination of
percolation and extraction at reflux). Results are given in Table S2 of SI
Sect. 1.2.

2.4. Soxhlet extraction

Five samples were extracted in the Soxhlet apparatus for 10 h each
to determine the lower estimate of the total content of diterpenes in the
raw material. The average value for the extracted content of target
compounds was 36.4 ± 1.36mg g–1 dry plant weight.

2.5. Determination of extracted mass of target compounds

Quantification of the total diterpenes content was based on spec-
trophotometric method and Beer-Lambert law (Ingle and Crouch,
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1988). A 5mL aliquot of extract was used for this analysis in LAMBDA
25 spectrophotometer (Perkin Elmer, United States) with the cell
thickness d =1 cm. The corresponding analytical wavelength is 285 nm
(Bicchi et al., 2000; Carvalho et al., 2005; Thorsen and Hildebrandt,
2003).

This procedure measures the diterpene fraction mainly comprised of
carnosic acid and carnosol as equivalent to carnosic acid. The two
compounds have close molar masses, 332.44 g mol–1 and 330.42 g
mol–1, respectively. The absorbance of 1 g of carnosic acid per 1 dL of
PE solution in 1 cm cell, i.e. specific absorbance coefficient, is E1cm

1% =
40.92 dL cm–1 g–1 (Moreno et al., 2006; Zilfikarov and Zhilin, 2007).

If required, solutions were additionally diluted to stay within the
applicability region of the Beer-Lambert law (see Sect. 2.6 for details).
The correlation between the diterpene concentration c in the liquid
solution and the absorbance A is given by the following equation

=
=

c An E d
x cL

,1cm
1%

(1)

where n – dilution factor, x – specific extracted mass of diterpenes per
dry unit mass of the solid sample.

2.6. Dilution of aliquot

To determine the applicability region of the Beer-Lambert law, the
test solution was prepared in the course of 20-min extraction. The dry
sample mass was 0.9462 g, solvent volume – V=200mL (L=211.37mL
g–1). The aliquots of solution were diluted with the dilution factor
n=2, 4, 5, and 10. For each dilution factor, two aliquots were pre-
pared, and the absorbance of each was measured at the analytical
wavelength two or three times. Dilution factors 2, 4, and 5 span the
interval of 0.095< A<0.3, and the corresponding calculated value of
x=2.54% remained constant in all tests, indicating applicability of the
Beer-Lambert law within the above stated range of A. In contrast, the
original non-dilute solution demonstrated the absorbance of 0.52, and
Eq. (1) at n=1 yielded the overestimated result x=2.7%. The un-
derestimated value x=2.22% was obtained for the dilution factor
n=10 at A=0.043. More details are given in SI, Sect. 1.3.

Thus, the dilution factor n was determined in each experiment by
trials and errors to provide the measured absorbance value A to stay
between 0.1 and 0.3.

2.7. Inverse Monte Carlo method

Statistical analysis of the collected data was carried out with the use
of the inverse Monte Carlo sampling method (Cordua et al., 2012;
Menke, 2012; Mosegaard and Sambridge, 2002; Tarantola, 2005). The
output of the algorithm is the probabilistic estimates of the model
parameters in terms of the probability density as a function of these
parameters considered as random variables.

This method is based on a priori information about model para-
meters and modifies it taking into account the a posteriori measurement
statistics of the data available from various sources and experimental
protocols. In our case, a priori information, being the knowledge
available before the experiments, is the preliminary estimates and
ranges of the solution concentration, absorbance, total content, and
other characteristics of equilibrium desorption isotherm that are es-
sentially non-negative quantities. Introducing a reasonable upper limit
for each quantity, the corresponding random variable is considered to
be uniformly distributed on the respective interval. Its exact value is not
known a priori.

The a posteriori information about model parameters is the data
obtained in the research. In our case, multiple extractions (Khaliullina
et al., 2017) at various specific volumes L (Sect. 3.2), percolation (Sect.
3.3), and Soxhlet extractions (Sect. 2.4) were conducted. The Monte
Carlo sampling method is the rigorous way to constrain the intervals
introduced as the a priori information and decrease the uncertainty of
the model parameters. In particular, the results of Soxhlet extraction
experiments constrain the lower boundary of interval for the total
content of target metabolites.

3. Results and discussion

3.1. Kinetics of extraction process

Extraction kinetics of diterpenes with PE from finely ground mate-
rial has been previously discussed in Khaliullina et al., 2017 and
Salamatin et al., 2015. The results are briefly summarized as follows.
The solute concentration in the solvent phase almost instantaneously,
that is as soon as the solvent starts to boil, grows up to 70–85% of the
equilibrium value, c∞, at the fine grinding of the raw material. The
equilibrium distribution is reached within the next 20–30min. It re-
mains constant up to 120min of extraction, indicating that the solute
degradation does not take place at the boiling temperature of the PE. A
similar kinetics is observed in extraction of phenolic compound from
the grape seeds, and in other cases (Bucić-Kojić et al., 2013; Egorov
et al., 2014; Egorov and Salamatin, 2015).

3.2. Effect of specific volume on equilibrium phase distribution of diterpenes

Analysis of the equilibrium distribution of target diterpenes be-
tween solid and liquid phases is carried out for the specific volume
range of 50mL g–1< L<400mL g–1 following the protocol of
Khaliullina et al., 2017. The results are presented in Fig. 2.

First, we note that the 20min extraction is not sufficient to obtain
the equilibrium distribution of the target compounds between solid and
liquid phases. This is in accordance with the previously published re-
sults (Khaliullina et al., 2017).

Second, it should be emphasized that neither the solvent saturation

Fig. 2. (a) Specific mass x = cL of extracted
solute and (b) solution concentration c at ex-
traction times T=20 and 60min (grey and
white bars respectively) at reflux versus L-ra-
tios (abscissa), see SI for the exact values of L,
Tables S1 and S4. Specific mass x provides a
lower estimate of the total content y0 of di-
terpenes in the raw material. Error bars are
standard deviations based on two measure-
ments.

A.A. Salamatin, et al. Industrial Crops & Products 143 (2020) 111909

4



by diterpenes nor the complete extraction has been achieved within the
test range of equilibrium solute concentrations, 70 ppm<
c∞<390 ppm. Thus, the observed value of c∞ steadily decreases with
specific volume L, and the value of the extracted specific mass x = c∞L
is not constant as well. The respective increase in specific mass x is
about 50%, from 21.5mg g–1 dry plant weight at L =50mL g–1 to
30.3 mg g–1 dry plant weight at L =400mL g–1, while the value of L
varies by almost one order of magnitude. This observation proves that
the irreversible desorption is the governing mechanism of the extrac-
tion. Consequently, single extraction at reflux does not lead to the
complete leaching of target compounds. The results of multiple ex-
tractions (Khaliullina et al., 2017) discussed in Sect. 3.3 confirm this
statement.

3.3. Percolation experiments

Let us compare the efficiency of percolation with the single ex-
tractions at reflux at different specific volumes L (see Figs. 2a and 3 ).
Percolation of 50mL of solvent per 1 g of the solid sample
(x=21mg g–1) is practically equivalent to the much longer extraction
at reflux (x=21.5mg g–1) with the same specific volume L =50mL
g–1. Importantly, sequential filtration of 200mL g–1 of solvent results in
the same amount of diterpenes (x=29.7mg g–1) as the extraction at
reflux (x=30.3mg g–1) with the two times higher solvent consumption
at L =400mL g–1. Finally, when the raw material after percolation was
subjected to the extraction at reflux with L =100mL g–1, additional
amount of x=7.3mg g–1 (see Fig. 3, bar 5) was obtained, and the total
extracted mass made up 36.9mg g–1, that is about 23% more than the
single extraction at reflux delivered at L =400mL g–1. Evidently, these
observations demonstrate the importance of desorption model devel-
opment and wide possibilities of optimizing the desorption process to
achieve the efficient use of labour, time, and materials.

The experimental results discussed above are interpreted in Sect. 3.4
in terms of the mass balance of target compounds in the system of the
raw material and the solvent in the framework of corresponding model
of the equilibrium desorption isotherm. In Sect. 3.5, the total content y0
of abietanes (carnosic acid and its derivatives) in the raw material is
estimated, and significantly non-linear behavior, i.e., deviation from
Henry’s law, of the isotherm is demonstrated. The diverse data on the
extractability of solute subject to various uncertainties is analysed using
the inverse Monte Carlo sampling approach (Cordua et al., 2012;
Menke, 2012; Tarantola, 2005).

3.4. Equilibrium phase distribution of diterpenes

It is assumed that only extraction at reflux conditions correspond to
the equilibrium distribution of target compounds determined by the
Hill-Langmuir desorption isotherm. Percolation experiment is not suf-
ficiently long to attain the equilibrium (c∞, y∞) point, and the tem-
perature in the thimble of the Soxhlet apparatus is lower than the one in
the flask at reflux. Nevertheless, followed by extraction at reflux, all
other preliminary treatments of the raw material samples can be taken
into account in the mass balance as the pre-extracted amount Y0 of the
target compounds.

With this in mind, first, let us consider the extraction at reflux when
the plant material is added to the pure solvent. Metabolites diffuse with
time to the liquid phase; simultaneously, the concentration increases, c
→ c∞, and the content in the plant matrix decreases, y → y∞, until the
equilibrium distribution is reached after a sufficiently large time.
Various equilibria can be sampled performing percolation followed by
the extraction at reflux. The total content of metabolites decreases by a
measured value Y0 after percolation as demonstrated, for example, by
the bar 4 in Fig. 3. The final product x is given by the bar 6 as the sum of
the results of all consecutive treatments of the sample, bars 4 and 5.
Alternatively, different solvent-to-solid ratios can be used or multiple
extractions at reflux can be performed. In the latter case, Y0= 0 for the

first extraction, and, for the second run, Y0 is equal to x= c∞L obtained
at the first run and etc.

The particle size is sufficiently small to assume uniform distribution
of y in the solid phase. The same we assume for the liquid phase in-
troducing an average concentration c = c(t) of abietane diterpenoids in
the solution. Thus, the solution concentration c, current diterpene
content y, and initial content y0 are related through the mass balance
equation

= =y t y Y c t L x cL( ) ( ) ( ) ,0 0 (2)

= = = == = = =c y y Y c c y y| 0, | , | , |t t t t0 0 0 0

The desorption isotherm predicts the ultimate, equilibrium dis-
tribution (c∞, y∞) that is attained at infinite extraction time. Particular
isotherm (Ayawei et al., 2017; del Valle and Urrego, 2012; Liu, 2015;
Perrut et al., 1997) reflects our understanding of the storage mechan-
isms and the nature of bonds that bind the target compounds to the
plant matrix. The so-called cooperative adsorption (or binding) (Liu,
2015) occurs, when the (lateral) interactions between molecules on the
active surface play a significant role. As discussed in the introduction, at
least two fractions of target compounds characterized by different
storage mechanisms can be distinguished in our case. One is assumed to
be strongly bound to the plant matrix, mainly the endoplasmic re-
ticulum and intracellular membranes, and the other is freely available
for extraction in chloroplasts. Accordingly, the respective contents are
designated hereinafter as yh and ye, and the total content y0= ye + yh.

Let us first consider single extraction at reflux with Y0= 0. It is
assumed that the freely available molecules diffuse with a much higher
rate. They dissolve in the solvent and almost instantaneously increase
the current solution concentration c, as discussed in Sect. 3.1. Then,
desorption of strongly bound molecules takes place at much lower rate
and is interpreted in the framework of the Hill correlation (Stefan and
Le Novère, 2013)

=
+

y
y
c c1 ( / )

h
k

0 (3)

Here, the Hill index k describes the cooperativity of target compounds
binding. The cooperativity is positive at k>1 if binding of a target
compound molecule (ligand) increases the receptor’s (membrane’s)
apparent affinity, and hence increases the chance of another ligand
molecule binding. The cooperativity is called negative if opposite be-
havior is observed at 0< k<1. The parameter Kd= c k

0 is the apparent
dissociation constant of sorption/desorption reactions. The scaling
factor c0 is the concentration that produces half occupation, y∞ = yh/2
at c∞ = c0.

Fig. 3. Results of percolation. Bars 1–4: accumulated x-value obtained after
filtration of every 50mL of solvent; Bar 5: extraction of the same, depleted plant
material with residual diterpenes at reflux for 60min at L =100mL g–1; Bar 6:
total extracted amount of diterpene acids within the experiment (the sum of
bars 4 and 5).
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The system of the two equations, Eqs. (2) and (3), can be solved for
the (c∞, y∞)-distribution of target compounds between phases at
equilibrium for any given L, total content y0, and parameters of the
isotherm. Substitution of y∞ given by Eq. (3) into the mass balance Eq.
(2) yields

+
= + = +

y
c c

y y Y c L y y y
1 ( / )

( ) ,h
k e h e h

0
0 0 (4)

This non-linear relationship implicitly determines the equilibrium
solute concentration c∞, deduced in the experimental runs from Eq. (1),
as the function of model parameters ye, yh, k, c0 at given L and Y0.

3.5. Monte Carlo sampling approach

Based on the available data, model (4) can be constrained and its
parameters can be inferred through the solution of the so-called inverse
problem, using the Monte Carlo sampling method (Cordua et al., 2012;
Menke, 2012; Mosegaard, 1998; Tarantola, 2005). The best-fit values of
the model parameters minimize the so-called misfit function S(ye, yh, n,
c0). It is the measure of distance between the observed data (superscript
exp) and the theoretically predicted values of the equilibrium solution
concentration c∞ at given specific volume L and pre-extracted value Y0

=S y y n c
c c L Y y y n c

( , , , )
|˜ ˜ ( , | ˜ , ˜ , ˜, ˜ )|

h
i

i
exp

i i e h

c
0 0

0, 0

= = = = = =c c c c y y y y n n c cln , ln , ln , ln , ln , lni
exp

i
exp

e e h h 0 0

Here, index i spans over all experimental runs (except for Soxhlet ex-
traction) represented by the observed triplets (c̃i

exp, Y0,i, Li). The log-
Laplace distribution of random errors is employed for the observed
solute concentration c to construct the misfit function in our study. Log-
type distributions are typical for non-negative quantities, while the
Laplace distribution, as an absolute norm with the exponent factor
equal to unity, assigns commensurable weights to each data point
(Menke, 2012) and remains stable with respect to small number of
outliers in contrast to (log-) normal distributions (Tarantola, 2005) with
the exponent factor equal to two.

Each parameter is considered as a random variable, and their joint
probability distribution function f(ye, yh, n, c0) is proportional to the
likelihood function ℓ = exp(– S), where σc is understood as the variance
of the distribution. There are multiple sources of random errors that
arise on the stages of sample and solvent preparation, separation of
liquid solution from dispersed solid phase, making of aliquot, dilution,
measurement of absorbance etc. The combined uncertainty σc is esti-
mated based on the extraction data at L =100mL g1 as the average
absolute deviation from the median of the sample. Eight data points are
available, and the assumed estimate is σc=0.0572.

As a priori information, two constraints, 40 mg g–1< y0 and
y0< 70mg g–1, were introduced. The lower estimate is based on the
results of double extraction at reflux at L =400mL g–1. The upper
bound is chosen to be slightly higher than the estimate available from
literature (Jassbi et al., 2013).

The obtained results of the Monte-Carlo resolution analysis are
discussed below.

3.6. Discussion

3.6.1. Best-fit parameters of desorption isotherm
First, let us discuss the deduced best-fit model parameters. They are

y0= 59mg g–1, ye=20mg g–1, yh=39mg g–1, c0= 43.4 ppm, and
k=1.21. The corresponding dependence of interphase equilibrium
distribution of abietanes on L is presented in Fig. 4. According to the
mass balance, Eq. (2), the system evolution during the single extraction
at reflux from the starting moment of mixing in the flask towards the
equilibrium can be represented as a straight line on the (c, y) plane with
time 0< t<∞ considered as a parameter along the trajectory. Its in-
itial point and slope are determined by y0 – Y0 and L, respectively, while
the equilibrium distribution of the target compounds (c∞, y∞) is the
end-point of the trajectory that falls, by definition, on the desorption
isotherm (smooth solid curve in Fig. 4a).

Each calculated trajectory in Fig. 4a corresponds to the best-fit va-
lues and starts from the same point, c = 0, y = y0= 59mg g–1. Dashed
broken line illustrates the trajectory of two sequential extractions (at
L=400mL g–1) of the same sample of the raw material. The horizontal
segment reflects the separation of the dispersed phase from the solu-
tion, and mixing with the new portion (400mL g–1) of the pure solvent.
The total content for the second extraction has to be reduced by the
amount Y0= 33.1mg g–1 (theoretical value) extracted at the first step,
and the initial point for the last segment is y0 – Y0= 25.9mg g–1.

The shape of the equilibrium desorption isotherm in Fig. 4a de-
monstrates the asymptotic saturation at the level of y= yh and explains
the necessity and efficiency of percolation or multiple extractions to
proceed with further depletion of the raw material. In other words, at
the beginning of extraction the freely available content of the target
compounds, ye = y0 – yh, is separated first. The solution concentration
almost instantaneously grows up to c≈ye/L< c∞ following the corre-
sponding (c, y)-trajectory towards the desorption isotherm, while the
content of target components in the plant matrix drops down to y≈
yh< y0 (see the dash-dotted line in Fig. 4a). Then, a further increase of
concentration is observed along the trajectory. Depending on L, the
increase is relatively small with y∞≈ yh at L<100mL g–1, but sig-
nificant at L>200mL g–1, resulting in y∞< yh (consider the set of
straight lines in Fig. 4a). Obviously, the solvent “strength” non-linearly
increases with the decrease in the solute concentration, getting

Fig. 4. The equilibrium extraction data (points
with error bars) and (a) the best-fit equilibrium
desorption isotherm, y∞ versus c∞, and (b) the
equilibrium solution concentrations c∞ versus
the specific volume L. Markers: the black
colour – first extraction at reflux (Y0= 0 in the
mass balance), the red colour – extraction after
percolation (Y0= 2.98%), and the blue colour
– second extraction at reflux at L =400mL g–1

(Y0= 2.81%). The black thin segments in (a)
are the calculated mass balance trajectories,
Eq. (2), corresponding to the best-fit model
parameters, Eq. (3), at L= {50, 100, 200, 400}
mL g–1. The arrow indicates the direction of L
increase. The dashed broken line with hor-
izontal segment is the trajectory of the double
extraction at the same L = 400mL g–1. The
horizontal dash-dotted segment is the asymp-
totic value of the isotherm equal to yh.
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sufficiently large to “tear the adsorbed molecules off” the membranes.
The observed equilibrium solute concentration c∞ is plotted versus

corresponding specific volume L in Fig. 4b. A set of curves is obtained
for different pre-treatment parameters Y0. The main curve that spans
over the entire range of L corresponds to Y0= 0. The black circles show
the data corresponding to single extractions. Two other curves corre-
spond to non-zero Y0 conditions and calculated for a smaller L-interval.
Two red points at L =100mL g–1 are obtained after percolation ex-
periment with the extracted amount of diterpenes Y0= 29.8mg g–1.
The blue point is the second extraction at 400mL g–1 in the series of two
experiments with the same sample.

3.6.2. Resolution analysis
While the best-fit values always exist, in general, it does not mean

that they are resolved sufficiently well by the observed data, and the
corresponding variances are reasonably small. Here, the resolution
analysis is performed by means of the random-walk sampling

(Mosegaard, 1998; Tarantola, 2005), and the obtained histograms of
the marginal probability densities are shown in Fig. 5.

The calculated means and standard deviations for ye, yh, y0, k, and c0
are respectively 18.7 ± 2.9mg g–1, 40.4 ± 8.3mg g–1, 59.1 ± 7mg
g–1, 1.422 ± 0.457, and 55.8 ± 16 ppm. Observe the slight deviation
of the mean from the best-fit values, i.e. modal ones. It is due to un-
symmetrical marginal distributions with heavy tails. The standard de-
viations are within 30% of the mean values, and from Fig. 5d one can
observe that the cooperative adsorption is more likely to be positive
with k≥ 1.

Although being asymmetric, the histograms for ye, k, and c0 in
Fig. 5a, d, and e are rather sharp, and the latter model parameters are
thought to be relatively well resolved. At the same time, practically
uniform sampling frequency is observed in Fig. 5c for y0> 50mg g–1 up
to the imposed a priori bound y0= 70mg g–1. Additional numerical
experiments (not discussed here) show that this constant-probability-
density zone extends to even higher values of the total content y0 with

Fig. 5. Histograms of marginal probability densities of equilibrium isotherm parameters of Hill equation, (a) target compounds content freely available for extraction
ye, (b) target compounds content bound to the plant matrix yh, (c) total content of target compounds y0, (d) the Hill coefficient (index) k, and (e) concentration scaling
factor for the equilibrium desorption isotherm c0.
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increase of its upper bound. Accordingly, the histogram of yh-prob-
ability distribution in Fig. 5b also becomes broader. Thus, regular la-
boratory-scale experiments, such as multiple extractions at reflux,
percolation, and Soxhlet extraction considered in our study, do not
allow for the reasonable estimation of the upper limit of the target
content yh, bound to the plant matrix, as well as the total content y0.
Special experiments are needed for the better resolution of these
characteristics. Yet, the lower estimate, y0> 50–55mg g–1, seems to be
well established and is in agreement with the published data (Jassbi
et al., 2013).

4. Conclusion

The PE is tested as a solvent for extraction of diterpene acids and
their derivatives from S. officinalis (L.). The non-polar solvent dissolves
the lipophilic compounds, however, the sorption effects hinder the
extraction kinetics, and the complete extraction with a single portion of
the solvent is not possible. The observed binding of target metabolites
to the plant matrix is positively cooperated. A simple, linear Henry’s
desorption isotherm cannot capture these effects. Thus, the particular
system of S. officinalis and PE differs from many other pairs of plant
matrices and solvents.

It is demonstrated that percolation is evidently more efficient than
extraction at reflux both in time, consumed materials, and the level of
the raw material depletion. The key factor here is the distribution of the
available solvent by smaller portions among the sequential extraction
steps. Once the freely available solute is depleted, the larger contact
times are required to reach an equilibrium, and extraction at reflux
could follow the percolation to increase the extraction efficiency.

As for the deduced estimates of the model parameters of the non-
linear desorption isotherm, the freely available fraction of the target
compounds, which requires minimum consumption of solvent, is found
to be 20.0 ± 2.9mg g–1 dry raw material. Another principal char-
acteristic (a measure of the extraction protocol efficiency) is the total
content of the target compounds. Our experimental runs of the double
extraction at reflux, predict that this quantity is not less than
43.1 ± 5.2mg g–1 of dry raw material. The Monte Carlo resolution
analysis based on all our laboratory data suggests a lower estimate of
50–55mg g–1 of dry raw material, which is in agreement with an in-
dependent study (Jassbi et al., 2013). However, the upper bound of the
total content cannot be reliably deduced from the standard laboratory
experiments, and 60–70mg g–1 dry plant weight seems to be a rea-
sonable estimate of the target compounds mass that can be separated
from the plant matrix in practice.
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