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A B S T R A C T

Due to its rapid growth and important biomass production abilities, black locust (Robinia pseudoacacia L.) wood
could represent an interesting source of natural compounds. Here, we optimized the extraction of the two main
flavonoids accumulated in this species wood (i.e.: robinetin and dihydrorobinetin) with 80:20 (w:w) ethanol:-
water solvent well adapted for further industrial uses such as cosmetics. Our experimental design focused on two
main extraction parameters: temperature and wood/solvent volume ratio that were optimized to 27.5 °C and
177 g L−1, respectively. These conditions lead to an optimal recovery of about 3000mg L−1 of dihydrorobinetin
and 700mg L−1 of robinetin in the extracts. Interestingly, the effect of temperature could be neglected allowing
reduced energy consumptions at the industrial level. Analysis of the evolution of robinetin and dihydrorobinetin
concentrations during the timespan of the experiments revealed similar behaviours for both molecules. Kinetic
modelling of robinetin and dihydrorobinetin release showed that pseudo-second order rate laws described well
the extraction process with r2 values over 0.91. In the end, the results of this study provided useful insights to
scale-up the extractions and lead to an industrial production of black locust wood extracts enriched in both
flavonoids of interest.

1. Introduction

Since its introduction in France by Jean Robin in 1601, black locust
(Robinia pseudoacacia) has spread within the temperate regions of most
continents. Characterized by rapid growth rates, important flowering
and seed production abilities, this species also proved to be well
adapted to a wide range of environmental conditions and became the
third hardwood tree species harvested worldwide for its wood (Barbier
et al., 2016). Compared to poplars and eucalyptus, black locust wood is
characterized by very high natural durability ratings (Scheffer and
Cowling, 1966). Hence, besides being advantageously logged for energy
production, its timber is also particularly appreciated for outdoor uses
as fence posts, furniture, decking, and cladding. Considered in Europe
as a dangerous invasive species (Weber and Gut, 2004; Benesperi et al.,
2012), it is commonly represented all over the French and European

territories and its wood could represent an interesting sourcing of
natural compounds.

In many hardwood species, different flavonoid subclasses of poly-
phenols have been linked to wood color and heartwood natural dur-
ability properties (Hillis, 1987). Accumulated in large quantities in the
wood, they often present interesting antioxidant and antimicrobial
properties (George et al., 2017). In R. pseudoacacia, dihydrorobinetin
(DHR) and Robinetin (Rob) are the two major flavonoids detected in
wood extractives (Magel et al., 1994; Sergent et al., 2014; Magel,
2000). Interestingly, these extracts presented some antifungal proper-
ties and Rob was also shown to present fluorescent properties (Shain,
1977; Guharay and Sengupta, 1997). Due to both of these properties, it
seemed interesting to prospect the use of black locust wood as source of
bioactive extracts for cosmetics. In the end, these extracts or molecules
could be used as natural dye or preservative. Polyphenol extractions are
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generally achieved at various temperatures and with solvent mixtures
based on large ranges of ethanol and water ratios. Jurinjak Tušek et al.
(2016) used deionized water at temperatures varying between 40 °C
and 80 °C whereas Mkaouar et al. (2016) used 95% ethanol at 55 °C. In
R. pseudoacacia, wood macerations have already been described with
different solvents (80% acetone, 50% ethanol or methanol mixtures)
and experimental conditions (40 °C, 4 h or 20 °C, 24 h) (Magel et al.,
1994; Sanz et al., 2011; Sergent et al., 2014; Destandau et al., 2016).
These studies aimed at determining wood phenolic compound and
flavonoid contents linked to heartwood formation. In the present work,
acetone and methanol were not considered since the extracts could
potentially be used as colorant or natural protective phytochemical for
pharmaceutics, cosmetics and/or phytosanitary industries. Hence, we
focused on the optimization of Rob and DHR extraction conditions and
on modeling their kinetics. A design of experiment (DoE) was set-up to
generate polynomial models and response surfaces in order to define
the optimal extraction conditions. Three-level factorial, Box–Behnken,
central composite, and Doehlert experimental designs may be used to
address such models (Bezerra et al., 2008). Indeed, the extractions of
different polyphenols have already been described through three-level
factorial designs (Sant’Anna et al., 2012; Odabaş and Koca, 2016;
Katsampa et al., 2015). Interestingly, Doehlert designs allow the de-
termination of a second-order model based on response surface meth-
odology with a minimum number of experiments (Chartier et al., 2013;
Moreno-Vilet et al., 2014).

In this paper, we also took advantage of the Doehlert design to apply
the simplex methodology that allows the initial experimental domain to
be extended in order to determine an optimal value for each studied
parameter. In the end, our goal was to propose the most efficient and
cost-effective process of extraction in order to insure an industrial
transfer. Considering wood sawdust as starting material, we directed
our experiments towards a traditional liquid–solid extraction and op-
timized the extraction conditions through a Doehlert design focused on
two main parameters: temperature and solid/solvent mass volume
ratio. Based on the results of this approach, DHR and Rob extraction
kinetics were determined and lead us to successfully transfer the ex-
traction process to a pre-industrial level.

2. Materials and methods

2.1. Materials, reagents and extract analysis

R. pseudoacacia wood particles used for extraction optimization and
kinetic analysis were obtained and prepared as in Destandau et al.
(2016). The majority of wood particle was sized between 0.4 and 1mm.
Thinner wood particles were sieved out in order to avoid clogging
during the solid/liquid filtering step allowing the recovery of the ex-
tracts. Ethanol, methanol, acetonitrile (analytical reagent grade, VWR,
Fontenay-sous-Bois, France) and purified water (Elgastat UHQ II
system, Elga, Antony, France) were used for extractions and analysis.
Robinetin (Rob) and dihydrorobinetin (DHR) (Extrasynthese, Genay,
France) were purchased as standards for calibration curves establish-
ment.

The wood used for industrial trials (400 kg of wood pellets) was
obtained and prepared through a local (< 200 km) chain of suppliers
and manufacturers established in collaboration with the Arbocentre
association (Orléans, France). Industrial pilot extractions (50 kg of
wood particles) were realized at Alban Müller International facilities
(Fontenay-sur-Eure, France).

For each experimental point, the contents of DHR and Rob were
determined by HPLC analysis of extract aliquots as in Destandau et al.
(2016). Five diluted solutions of DHR and Rob (10mg L−1 to
500mg L−1) were injected to determine both calibration curves:
YRob=22.084x+91.996 (r2=0.9997) and YDHR=46.165x
−254.45 (r2= 0.9992) used to estimate their amounts within the ex-
tracts.

2.2. Rob and DHR extraction

Solid–liquid extractions were performed in a 1.5 L batch reactor
equipped with a HUBER ministat thermocryostat and an IKA EUROS-
TAR stirring system (Fischer Scientific, Illkirch, France) to precisely
control the temperature and provide constant homogenization during
maceration. The stirring was set at 250 rpm. During the optimization
process, solvent mass was kept at 300 g (corresponding to 356mL at
20 °C) while the mass of wood matter to be extracted was adjusted to
the different wood/solvent mass ratios selected. For each condition,
extract aliquots of 5mL were collected every hour until 4 h in order to
determine Rob and DHR concentrations and their kinetics of extraction.

2.3. Doelhert experimental design

To optimize solid–liquid extraction of DHR, five parameters had
previously been studied: solvent nature, solid granulometry (wood
particle size), temperature (T), solid/solvent weight ratio (R) and, re-
sidence time (t) (Destandau et al., 2016). Based on these results, only
temperature and solid/solvent weight ratio have been retained as
parameters for the design of experiment (DoE) of the present study. The
chosen solvent is a mixture of ethanol and water at 80:20, respectively.
For response surface methodology, a Doehlert experimental design was
chosen as it requires less experiments to estimate the terms of a second-
order equation (Eq. (1)) model for two independent parameters
(Chartier et al., 2013). According to this design, only six experiments
are required to determine the terms of this equation and three addi-
tional repeats are generally performed in the domain center in order to
estimate the experimental errors. In the end, the experimental points
define a sphere in which each parameter is analyzed at different level
numbers according to its influence on the extraction (Fig. 1; Table 1).
For each parameter, the number of levels is mainly dependent upon the
possibility to precisely control its value and its influence on the ex-
traction. T was studied at 5 levels between 15 and 40 °C and R at 3
levels (i.e.: 0.01, 0.05 and 0.09 g/g corresponding to 84.3, 42.15 and
75.87 g L−1 respectively) and two responses were followed, i.e.: Rob
concentration (Crob) and DHR concentration (Cdhr). According to Eq.
(1), the experimental results will allow the estimation of six coefficients
corresponding to the following second-order polynomial model in
which the two independent and studied variables are represented by X1

(T) and X2 (R).

= + + + + +Y b b X b X b X b X X b X0 1 1 2 2 11 1
2

12 1 2 22 2
2 (1)

This model is defined by first-order terms (bi), square terms (bii) and
first-order interaction term (bij). The coefficients of the polynomial
model (b0, bi, bii and bij) were estimated through the least-square
method (Statgraphics Centurion, XVI Version Software, Sigma-Plus,

Fig. 1. Graphical representation of the Doelhert design summarizing the dif-
ferent experimental conditions tested to optimize the extraction of dihydror-
obinetin (DHR) and Robinetin (Rob) from black locust wood ( ). The Doelhert
plan is then extended through the simplex method given experiments 10 and 11
( ).

S. Bostyn et al. Industrial Crops & Products 126 (2018) 22–30

23



Paris, France). Each term was validated by F-tests with a probability of
95% (p= 0.05) on mean squares. Once defined, the equation is used to
establish the response surface.

On a practical point of view, the temperature range of study was
defined by the fact that the results could be implemented for industrial
use. Temperature being a costly feature in industrial process, a lower
limit of 15 °C was chosen to minimize future energy consumption. On
the opposite, the upper level was defined to reduce the possibility of
thermal degradation of the target molecules. Preliminary experiments
proved that no degradation of Rob and DHR were observed after the
extracts were submitted to 8 h of heating at 50 °C. Based on these re-
sults, the upper temperature limit of the experimental design was set at
40 °C.

2.4. Simplex method

The simplex method is a progressive experimental condition opti-
mization method based on the removal of the worst experimental
condition from the initially tested set that is then replaced by a new
condition chosen in the opposite direction of the eliminated one. The
process is repeated until optimal conditions are reached (Spendley
et al., 2012; Bostyn et al., 2009; D’Attoma et al., 2017). In this process,
the new condition to be tested (Xr,j) are calculated according to Eq. (2):

= +Xr j Xg j Xg j Xw j, , ( , , ) (2)

where Xr,j represents the reduced coordinates of the new point for the
variable j, Xg,j the average levels of the remaining conditions, Xw,j the
rejected condition and α an expansion or contraction coefficient chosen
to determine the new point's coordinates.

2.5. Kinetic model

Two models were selected to establish correlations between the
experimental data and a mathematical model in view to represent the
evolution of Rob and DHR concentrations in the extract in function of
time:

2.5.1. The pseudo-second order rate model
The kinetic models describing the evolution of Rob and DHR con-

centrations within time were determined according the pseudo-second
order rate law described by Su et al. (2014). In brief, this model is based
on the following general Eq. (3) that determines the extraction
rate (mg L−1min−1) according to the extraction rate constant k
(L mg−1min−1), the equilibrium concentration (Ce) of either Rob or
DHR and their concentrations (Ct) in the suspension at any given ex-
traction time (t):

=dc
dt

k C C( )t
e t

2
(3)

When t≈0, the initial extraction rate (h) is defined with the Eq. (4):

=h k Ce2 (4)

The kinetic parameters h and k are then obtained by integrating Eq.
(3) with t and Ct values ranging from 0 to t and 0 to Ct, leading re-
spectively to Eqs. (5) and (6) after linearization:

=
+

c c kt
c kt1t

e

e

2

(5)
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C kC

t
C h
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C

1 1
t e e e

2 (6)

An equivalent formulation of Eq. (6) would be Eq. (7) as described
by Jurinjak Tušek et al. (2016):

=
+

C t
K K tt

1 2 (7)

This latest formulation represents the model developed by Peleg
(1988) in which K1 is Peleg's rate constant (related to the initial ex-
traction rate) and K2 represents Peleg's capacity constant corresponding
to Crob and Cdhr maximum values observed in the extracts for both
molecules at the equilibrium.

2.5.2. Power law model
This model has been used by Sant’Anna et al. (2012) and Patil and

Akamanchi (2017). Its mathematical form is represented by Eq. (8),

=C ktt
n (8)

where Ct is the concentration either of DHR or Rob at a specific time
(min), n a power law exponent, and k a constant related to the ex-
traction (L mg−1min−1). The following linear form of Eq. (8) is

=c k n tln ln lnt

3. Results and discussion

3.1. Optimization of Rob and DHR extraction process

Rob and DHR concentrations measured after an extraction time of
4 h according to the Doelhert experimental design used are reported in
Table 1 for each experiment number (1–9). In the studied domain, Crob
varied between 30.8 (Exp. 3) and 323.6mg L−1 (Exp. 4) suggesting a
range factor of 11 whereas CDHR between 119.1 (Exp. 3) and 1379.8
(Exp. 4) for a range factor of 12. In general, one can extract four to five
times more DHR than Rob. Interestingly, extreme results are observed
for the same experiment number for both molecules. The same profile
of concentration can also be observed according to each experiment
number. This similitude of profile reveals equivalent behaviors for both
molecules with respect to the studied parameters (T and R). Indeed,
Fig. 2 highlights the close chemical relationship between Rob and DHR.

Table 1
Doehlert matrix design (1 to 9) and simplex experiments (10 to 11) with experimental results.

Experiment number T (°C) R (g g−1; g L−1) CDHR (mg L−1) CRob (mg L−1) Cpred DHRa (mg L−1) Cpred Roba (mg L−1)

1 15.0 (−1) 0.05; 42.15 (0) 505.8 104.4 613.67 137.24
2 27.5 (0) 0.05; 42.15 (0) 748.3 172.0 688.10 156.88
3 21.2 (−0.5) 0.01; 8.43 (−0.866) 119.1 30.8 69.73 12.16
4 21.2 (0.5) 0.09; 75.87(+0.866) 1281.4 300.6 1232.03 281.96
5 33.8 (+0.5) 0.09; 75.87 (0.866) 1089.8 233.5 1190.27 265.29
6 27.5 (0) 0.05; 42.15 (0) 770.8 175.1 688.10 156.88
7 40 (+1) 0.05; 42.15 (0) 804.5 194.1 762.53 176.51
8 33.8 (+0.5) 0.01; 8.43 (−0.866) 159.9 36.3 260.37 68.09
9 27.5 (0) 0.05; 42.15 (0) 713.3 165.1 688.10 156.88
10 27.5 (0) 0.13; 109.59 (2) 1782.1 398.4 – –
11 27.5 (0) 0.21; 177.03 (4) 2997.3 671.2 – –

In brackets, reduced coordinates of each experiment.
a Values calculated with model.
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The only structural difference between both of these flavonoids corre-
sponds to a double bond on position 2,3 for Rob.

The main effect graphics (Fig. 3) show the impact of both para-
meters on Rob and DHR concentrations. One can conclude for both
molecules that each parameter has a positive effect on the extraction
process with R being more important than T.

3.1.1. Optimization of DHR extraction
F-test results are reported in Table 2. Out of the two parameters

tested, only R is significant for the extraction process of DHR (p-
value < 0.05). Therefore, unsignificant terms have been removed
taking into account the evolution of the r2 and r2adj values (Chartier
et al., 2013). The maximal value of r2adj is 0.932 with a r2 equal to
0.957 obtained with the following model: CDHR=688.1+74.43T
+603.98R−134.18RT. With values higher than 0.8, the calculated
regression coefficients suggest good correspondences between our ex-
perimental results and the predicted values (Odabaş and Koca, 2016).
For this model, the standard error of estimate is 99.5 mg L−1 for CDHR.
Being superior to the confidence interval of 72.5mg L−1 calculated
with the Student tests applied to experiments: 2, 6, and 9 (p < 0.05
with degree of freedom=2), it shows that the standard deviation of
residues is greater than the experimental errors. The F-ratio between

Fig. 2. Structures of Robinia's major wood flavonoid molecules: robinetin (3,3′,4′,5′,7-Pentahydroxyflavone) (Rob), dihydrorobinetin (3,3′,4′,5′,7-
Pentahydroxyflavanone) (DHR).

Fig. 3. Main effect plots for temperature (T) and solid/solvent weight ratio (R)
on Robinetin (Rob) (A) and dihydrorobinetin (DHR) (B) extraction.

Table 2
F-test results of the quadratic polynomial model variables influencing dihy-
drorobinetin (DHR) concentration in the extracts.

Sourcea Sum of squares Df Mean square F-ratio p-Value

T 16,621.0 1 16,621.0 1.41 0.3205
R 1.09433E6 1 1.09433E6 92.86 0.0024
TT 9501.64 1 9501.64 0.81 0.4354
TR 13,502.4 1 13,502.4 1.15 0.3629
RR 7511.34 1 7511.34 0.64 0.4830
Total error 35,354.2 3 11,784.7
Corrected total 1.174E6 8

r2= 97.0%
r2adj= 92.0%

a Studied variables: temperature (T); solid/solvent weight ratio (R).

Fig. 4. Pareto diagrams describing the effects of R and T and their interactions
(RT) on dihydrorobinetin (DHR) (A) and Robinetin (Rob) (B) concentrations.

S. Bostyn et al. Industrial Crops & Products 126 (2018) 22–30

25



the lack of fit and pure error is 19.00. This value is inferior to 19.19
corresponding to the tabulated value (p= 0.05; 3; 2) meaning that
variances are identical. Nevertheless, the predicted coefficient of de-
termination (r2pred) is equal to 0.72. Hence, the use of the model in view
to calculate predictive values is limited. The pareto diagrams (Fig. 4A)
confirms that temperature does not influence DHR extraction. This re-
sult is particularly interesting as it allows to conclude that an extraction
performed at room temperature is statistically equivalent to an ex-
traction performed at 40 °C. Hence, DHR extractions performed at room
temperature will lower energy consumption and costs at an industrial
level. Fig. 5A represents the response surface of DHR extraction ac-
cording to T and R. One can observe that the lines are almost horizontal
in the T direction due to the weak influence of this parameter. In the
end, an estimated maximum concentration of extracted DHR would be

Fig. 5. 2D contour plot of temperature (T) versus solid/solvent weight ratio (R) on the extraction of DHR (A) and Robinetin (Rob) (B).

Table 3
F-test results of the quadratic polynomial model variables influencing Robinetin
(Rob) concentration in the extracts.

Sourcea Sum of squares Df Mean square F-ratio p-Value

T 1156.4 1 1156.4 0.90 0.4135
R 54,522.2 1 54,522.2 42.29 0.0074
TT 553.84 1 553.84 0.43 0.5590
TR 1317.69 1 1317.69 1.02 0.3865
RR 484.008 1 484.008 0.38 0.5834
Total error 3867.69 3 1289.23
Corrected total 61,729.4 8

r2= 94.7%
r2adj= 83.3%

a Studied variables: temperature (T); solid/solvent weight ratio (R).
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Fig. 6. Comparison of the experimental data obtained for solid–liquid extractions of dihydrorobinetin (DHR) and Robinetin (Rob) (plotted for each DoE experiment)
with those calculated according to the kinetic model simulations (solid lines).

Table 4
Comparison between power law model and pseudo-second order rate model.

Experiment number Pseudo-second order model Power law model

r2 DHR RMSDDHR r2 Rob RMSDRob r2 DHR RMSDDHR r2 Rob RMSDRob

1 0.913 38.0 0.947 6.9 0.847 29.3 0.890 4.6
2 0.992 18.2 0.964 7.0 0.944 31.5 0.931 10.3
3 0.940 7.9 0.966 1.4 0.601 7.6 0.716 1.2
4 0.997 29.5 0.998 5.3 0.919 30.7 0.972 5.7
5 0.970 48.0 0.990 13.6 0.944 35.1 0.474 8.1
6 0.912 40.6 0.966 3.4 0.922 54.2 0.982 6.0
7 0.995 29.0 0.997 4.8 0.717 34.1 0.847 6.3
8 0.925 9.7 0.937 2.7 0.889 13.3 0.823 3.6
9 0.998 10.3 0.999 1.5 0.960 20.6 0.973 4.2
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1400mg L−1 within the studied domain for an optimized wood/solvent
mass ration value of 0.9 (0.095 g g−1 or 74.9 g L−1) and for reaction
temperatures varying between −0.2 (25 °C) and −0.9 (16.5 °C), re-
spectively.

3.1.2. Optimization of Rob extraction
The results of F-test concerning Rob extraction sources of variation

are reported in Table 3 and also reveal that R is the only significant
term. The same strategy as Section 3.1.1 was applied to determine the
CRob extraction model and lead to the following relation:
CRob=156.88+19.63T+134.81R−41RT with r2adj=0.877 and
r2= 0.923 (barely less descriptive than for DHR). In our hand however,
the mean experimental errors are less important for Crob than for CDHR if
we consider their respective coefficients of variation obtained for ex-
periments 2, 6 and 9: 2.99% and 3.89%. CRob standard error of the
model estimate is equal to 30.85mg L−1 for a confidence interval of
12.75mg L−1 with t (p < 0.05, 2). The F-ratio between the lack of fit
and pure error is 59.53. This value is superior to 19.19 corresponding to
tabulated value (p= 0.05; 3; 2) meaning in this case that lack of fit is
more important that pure error. This is observed by value of standard
error of the model higher than the confidence interval. Its predicted
coefficient of determination (r2pred) is equal to 0.44. Hence, the use of
model to calculate predictive values of Crob, is rejected. As for DHR, the
Pareto diagram shows that R is the most influent parameter for Rob
extraction (Fig. 5B). However in this case, the second most important
influencing parameter appears to be the interaction term (RT). Inter-
estingly, the response surface of Rob extraction shows similitude
with the DHR one (Fig. 6). Indeed, maximum Rob concentration
(325mg L−1) is obtained in the same area for R values (R over 0.9 and T
values between −0.2 and −1).

3.2. Kinetic modeling of Rob and DHR extraction

In the literature, several kinetic models are available to describe the
release of target molecules from solid matters in solvents during

solid–liquid extractions (for review: Sant’Anna et al., 2012). These
models are: the power-law model, the Weilbull type model, the two
rates model, the swelling/diffusion model, the sorption/desorption
model (also called pseudo-second order rate model), the pseudo-first
model, and the Minchev and Minkov model. Finally, the general mass
transfer model can also be applied (Wongkittipong et al., 2004). In
order to apply the swelling/diffusion and pseudo-first order models, the
equilibrium concentration needs to be known. In our study, a 4 h limit
was applied. At the end of this time, the equilibrium concentration was
not necessarily obtained (Fig. 6) discarding the use of this model. The
Weilbull type of model was also rejected due to the fact that the initial
concentration at t=0min is supposed to be different from zero. Dutta
et al. (2016) limited their studies to the pseudo first and second order
models applied to batch extraction of seed oils from the fiber crop
Crotalaria juncea (Sunn hemp). They showed that the pseudo-second
order model lead to the highest r2 value (0.97). Jurinjak Tušek et al.
(2016) also showed that this model was the most representative com-
pared to the two other tested (Weilbull and logarithmic models). In the
end, the pseudo-second order model was also used as a single modeling
solution in other kinetic studies (Ho et al., 2005; Rakotondramasy-
Rabesiaka et al., 2007; Su et al., 2014). In fact, solid–liquid extractions
can be considered as the reverse operation of adsorption (Ho, 1995; Ho
and McKay, 2000; Ho et al., 2005).

In the end, both power law and pseudo-second order models were
tested to establish a kinetic description of CDHR and CRob in the different
experiments of the Doelhert design (Table 4). The r2 estimations show
that the pseudo-second order model is more descriptive for both mo-
lecules and every Doehlert experiments except for Exp. 6. The values of
initial extraction rates and equilibrium concentration obtained ac-
cording to this model are reported in Table 5. The curves corresponding
to each model from Table 5 are confronted with our experimental data
in Fig. 6. With r2 higher than 0.9, they show that the pseudo-second
model is indeed well descriptive of the extraction process for both
molecules and for every experimental conditions tested. As one can
notice, the initial extraction rate values (h) estimated are quite variable
between experiments and range between 1.95 (Exp. 8) to
72.12mg L−1.min−1 (Exp. 4) and between 0.64 (Exp. 8) to
13.05mg L−1min−1 (Exp. 5) for DHR and Rob, respectively. In the case
of equilibrium concentrations (Ce), the range is between 251.3 (Exp. 8)
to 1392.2mg L−1 (Exp. 4) and between 31.2 (Exp. 3) to 389.3 (Exp. 6)
for DHR and Rob, respectively.

In Table 5, we were able to estimate for each experiment the relative
deviation (RD) comparing the experimental concentrations measured
after 4 h of extraction with the theoretical equilibrium concentrations
calculated (Ce). Our results show that these RD are systematically ne-
gative suggesting that 4 h of extraction are globally insufficient to reach
the equilibrium. In Table 6, the time to reach 95% of Ce is calculated by
using Eq. (6). It allows us to appreciate the balance between reaching
maximal concentrations of DHR and Rob and the time required to do it.

Table 5
Kinetic modeling of dihydrorobinetin (DHR) and Robinetin (Rob) extraction: results of pseudo-second model application.

Experiment number T (°C) R (g g−1) hDHR (mg L−1min−1) CeDHR (mg L−1) RDDHR (2) (%) hRob (mg L−1min−1) CeRob (mg L−1) RDRob (2) (%)

1 15.0 0.05 7.87 644.3 −21 1.79 134.0 −22
2 27.5 0.05 13.19 983.5 −24 2.10 265.0 −35
3 21.2 0.01 4.92 120.5 −1 1.37 31.2 −1
4 21.2 0.09 72.12 1394.2 −8 10.75 341.0 −12
5 33.8 0.09 23.22 1282.8 −15 13.05 242.6 −4
6 27.5 0.05 7.71 1345.4 −43 1.34 389.3 −55
7 40 0.05 59.31 850.2 −5 10.77 208.5 −7
8 33.8 0.01 1.95 251.3 −36 0.64 50.1 −28
9 27.5 0.05 16.21 870.2 −18 3.83 203.2 −19
Standard deviation (1) 4.68 265 1.25 102.7

Data are calculated with experiments number: 2,6,9.
Relative deviation: (Cexpi− Cei)/Cei with i=Rob or DHR.

Table 6
Calculated extraction times to obtain 95% of the equilibrium concentration (Ce)
for dihydrorobinetin (DHR) and Robinetin (Rob) for each experiment of the
DoE.

Experiment number t(95,DHR) (min) t(95,Rob) (min)

1 1554 1398
2 1416 2395
3 476 434
4 367 603
5 1049 353
6 3314 5517
7 272 368
8 2437 1474
9 1020 1007

S. Bostyn et al. Industrial Crops & Products 126 (2018) 22–30

28



3.3. Evolution of the experimental design – simplex method

As visualized in Fig. 5, the highest concentrations of Rob and DHR
are obtained for R > 0.9 at the limit of the studied domain suggesting
that higher concentrations of both molecules could be obtained with
conditions located outside of this domain. According to the Doehlert
design properties and the previously described results, we applied the
simplex method to complement this experimental plan in order to find
optimal conditions (Fig. 1). Due to the fact that the best design border
was for R=1, we defined the initial simplex by associating the ex-
perimental points: 5, 4 and the central point corresponding to the ex-
periments 2, 6 and 9. In this initial simplex, the central point corre-
sponds to the less effective extraction conditions for R. According to Eq.
(2) and for α=1, we determined the new experimental conditions
(Exp. 10) to be tested (Fig. 1). For convenience, the results of the
simplex complementary approach were added to those obtained
through the Doelhert plan (Table 1 and Fig. 1). Exp. 10 allowed to
increase the extraction efficiency of Rob and DHR from wood leading to
CDHR and CRob of 1782.1mg L−1 and 398.4mg L−1 in the extracts, re-
spectively. In view of the results, an expansion of simplex 5, 4 and 10
was undertaken leading to experimental conditions 11. Upon comple-
tion of this experiment, CDHR and CRob increased approximately by 1.7
fold in comparison with Exp. 10 confirming again a similar behavior for
both molecules. Unfortunately, any further attempts to expand the
simplex by increasing the value of R were not possible due to too high
viscosities of the corresponding wood/solvent mixtures.

In the end, our results show that both molecules of interest char-
acterizing R. pseudoacacia wood present similar responses toward the
different extraction conditions that we have tested. In our hand, and
considering the size of the wood particles used (0.4–1mm), the optimal
conditions determined for an efficient and simultaneous extraction of
DHR and Rob correspond to those of Exp. 11 of the extended Doehlert
plan (T=27.5 °C; R=0.21 g g−1 or 177 g L−1). These conditions al-
lowed us to obtain concentrated extracts of DHR and Rob of
2997.3mg L−1 and 671.2mg L−1, respectively. Based on the volume of
extract recovered at the end of the experimentation 11, the quantity of
DHR and Rob extracted per gram of wood were estimated: 16 and 3.8,
respectively. Sanz et al. (2011) reported higher yields of 32.3 mg g−1

and 7.8 mg g−1 for DHR and Rob, respectively. However, only heart-
wood presenting normally higher contents of extractives was used in
this study. In addition, the wood particles used were of smaller sizes
(0.28–0.80mm) and also extracted for much longer time (24 h) with
much more solvent (R=0.01). Adapted to the limited timespan of 4 h
corresponding to industrial requirements, our conditions were chosen
as reference for scaling-up.

3.4. Industrial transfer

The DHR and Rob extraction conditions optimized in the laboratory
were used to initiate an industrial production of Robinia wood extracts.
Four pre-industrial pilot extractions were realized with about 50 kg of
black locust wood each. The highest DHR and Rob contents within the
different extracts obtained the different processes tested ranged be-
tween 35–42% and 9–11% (dry weight), respectively (Fig. 7). Initially,
native industrial extracts (Fig. 7A) contained relatively lower amounts
of Rob (1.5–2.5% dry weight) than those produced in the laboratory.
Hence, the process was also adapted to produce extracts particularly
enriched in Rob (Fig. 7B). These highly fluorescent extracts shows very
promising perspectives for innovative applications in cosmetics
(Fig. 7C). The biological properties of both types of extracts are cur-
rently being studied.

4. Conclusion

This study examined the effect of temperature and wood/solvent
weight ratio on the extraction process of the two main extractives of R.
pseudoacacia wood: robinetin and dihydrorobinetin. Our results show
that wood/solvent mass (or volume) ratio was the most influent para-
meter and that the effect of temperature applied during the extraction
process was negligible. The possibility to perform extractions at room
temperature will insure minimal energy consumption during the fore-
seen industrial developments. Parallel evolutions of DHR and Rob
concentrations during the extraction process also revealed that both
molecules presented similar behaviours. The maximum concentrations
obtained in the laboratory were about 3000mg L−1 and 670mg L−1 for
dihydrorobinetin and robinetin, respectively. With r2 superior to 0.91,
kinetic results also showed that Rob and DHR extraction process are
well described by pseudo-second order models. Modelling the extrac-
tion process showed that even though 4 h extractions did not allow us to
reach DHR and Rob concentration equilibrium corresponding to max-
imum yields, this timespan represented a good compromise for an in-
dustrial production. In the end, we show that R. pseudoacacia wood
represents a promising source of both of these flavonoids.
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Fig. 7. Different types of Robinia pseudoacacia wood extracts
were produced industrially. (A) Typical native extract batch
containing dihydrorobinetin (DHR) (42%) and Rob (1.7%
DW); (B and C) Robinia wood extract enriched in Robinetin
(Rob) (9.2% DW) solubilized in 80% ethanol, observed under
daylight and under U.V. light exposure (360 nm) equivalent to
a standard “black light”, respectively.
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