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Abstract

Purpose A new approach was proposed to model the extraction kinetics according to the operating parameters. This approach is
based on the determination of the critical time 7. (a characteristic time which depends on the operating parameters).

Methods It is necessary to start by collecting the experimental values of 7, from experimental kinetics using the second derivation
of extraction yield. Then, a full factorial design 2 is used to model ¢, as function of studied factors: temperature, solid-liquid ratio
and ultrasonic power. The obtained expression of 7, was used in second time as the basis of the modeling of extraction kinetics. It
made possible to locate the inflection point that separates the two intervals of the extraction. To assure continuity in this point, we
changed variable of time for the second phase of extraction and we started fitting from the last calculated point from the first
phase. Seven models were tested to fit studied kinetics.

Results A mathematical model was proposed to express 7. according to the operating parameters of the studied extraction.
Patricelli (composed of two exponential terms) and the exponential models showed the best fitting results for all experiments.
Patricelli model fitted very well the first phase of experiments and the exponential model fitted the second phase.

Conclusion This confirms a new coupled washing/diffusion hypothesis of extraction performing in three steps: washing, first
diffusion step, and second diffusion step.

Keywords Ultrasound - Extraction kinetic modeling - Full factorial design - Carob (Ceratonia silique L.) - Polyphenols

Introduction

Extraction is frequently used in our daily life from preparing
tea to doing laundry. The principle of extraction is very sim-
ple, and it consists of passing compounds from one phase to
another. However, there is much subtlety because separations
go against a thermodynamic intuition, and entropy is obtained
by dispersion and not by separation. Many phenomena can
take place and interpretation is difficult.

< Bilel Hadrich
bilel.hadrich@enis.tn

Department of Chemical Engineering, National School of Engineers
of Gabes, University of Gabes, Gabes, Tunisia

College of Engineering, Al Imam Mohammad Ibn Saud Islamic
University (IMSIU), PO Box 5701, Riyadh 11432, Saudi Arabia

Unité de Biotechnologie des Algues, Biological Engineering
Department, National School of Engineers of Sfax, University of
Sfax, Sfax, Tunisia

Several studies continue to deepen on the extraction and
mainly with the use of new technologies such as ultrasounds,
microwaves, and supercritical fluids. Different vegetable
sources were studied such as grape pomace [1], grape marc
[2], black chokeberry [3], lemongrass (Cymbopogon
flexuosus) [4], microalga (Chlorella sp.) [5] and carob [6-8].
Generally, the studies consist of the description of the kinetics
or see the effect of the operating parameters on the extraction
yield to optimize the processes.

In our study, we propose a new approach to explain a re-
markable behavior that is often neglected by the researchers and
considered as an experimental error. In fact, we suppose that the
extraction kinetics can be influenced by the non-uniformity of
the vegetable matrix which is generally constituted of a number
of layers with different densities and compositions.

Problematic

Extraction kinetics has always been a tendency to an equilibri-
um stage. It starts with a maximum rate and stabilizes to zero
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(the equilibrium). A typical extraction kinetics (Fig. 1) presents
a first fast step of washing dominated by solute partition then a
slow step of diffusion controlled by solute diffusion [10—13].

Several mathematical models can verify this progress, and
generally laws of power can describe the asymptotic behavior.

During our studies on extraction, we noticed an evolution
of kinetics on two stages as shown in Fig. 2.

A bibliographic study required to understand this aspect.
The same behavior was found but we notice that authors ne-
glect this variation in kinetics and they consider it as errors due
to manipulation. This occurrence has been observed in several
extraction studies of bioactive components (such as polyphe-
nols, active ingredients ...) from different vegetal matrices by
using various extraction techniques (ordinary extraction, ul-
trasound, high-pressure CO,, pulsed electric fields, high-
voltage electrical discharges ...). Figure 3 shows six examples
(from literature) of extraction kinetics [1, 3, 14-17].

The usual mathematical models do not describe this look.
This is a two-stage kinetics. Two stages are noted, and three
steps will be assumed: washing step (I), a first diffusion step
(ID), and a second diffusion step (III).

The first stage contained step (I) and step (II); then, the
second stage contained step (III) is characterized by the appear-
ance of a second bearing corresponding to a second diffusion
equilibrium. The time of appearance of the second diffusion
depends on the operating conditions. This critical time noted
t. and will be modeled according to the operating parameters.

For this, we must find #. (beginning of the second stage).
After that, we can study the effect of operating parameters on
its variation. Then, we propose a mathematical model of the
extraction kinetics.

Material and Methods
Sample Preparation
Dried carob pods from the local market of Sfax—south of

Tunisia—were packet stored at room temperature (7=20=+
2 °C) in burlap sacks. Samples were deseeded and cut just into

__ W

%"~ Transition region

Extraction yield

Washing region

Extraction progress

Fig. 1 Typical extraction kinetics with three regions: a washing region, a
diffusion region, and a transitional region, adapted from [9]
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Fig. 2 Observed curve of extraction yield versus time

two halves before the extraction process. The size of the carob
samples was 2.0 £0.2 x 1 +0.1 cm? and their moisture content
was 17+2.6% d.b.

Experimental Setup and Methods of Extraction

The used experimental system is 1-L agitated reactor equipped
with an ultrasonic generator [3, 8]. Agitation was fixed at
400 min '. A temperature control system was used to keep
the medium temperature constant. Sample preparation and
polyphenol concentration were determined by using the same
method presented by Hadrich et al. [8]. The extraction yield
(%) is calculated by Eq. 1:

Content of polyphenols

(1)

™ Maximum content of polyphenols

Determination of Critical Time (t,)

The first step is to identify critical time (7.;) for each exper-
iment i (1 <7<8). For thus, the first derivation (dY/dt);, and
the second derivation (d*Y/dt?); of extraction yield were
calculated. The two derivations were obtained by a polyno-
mial regression (within a sliding interval) using “polyfit”
and “polyder” Matlab functions. In fact, the “polyfit” func-
tion is used to fit the best second order polynomial equation
for each three successive experimental points (by iterative
calculation) and “polyder” function calculates the corre-
sponding derivation.

The time ¢.; is defined as the beginning of the second in-
creasing stage of extraction yield after stabilization (end of
step (Il)-beginning of step (III), Fig. 2).

At the end of step (II) (Yalmost constant): (dY/dt); — 0.

At the beginning of the step (II), (dY/dt); follows a sharp
increase. This is expressed mathematically by a maximum
value of (d*Y/dt?);,. Thus, the 7; value finally corresponds to
the maximum value of (&*Y/dt?),.
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Fig. 3 Examples of kinetics extraction from bibliography

Modeling of Critical Time (t.) Using an Experimental
Design

A 2% experimental design was used to study the effect
of three factors and their interactions, on the critical
time value (). Table 1 shows maximum (+1) and min-
imum (—1) levels for each factor. In fact, ultrasonic was
operated in continuous mode with and without power
(100 W and 0 W, respectively) at fixed frequency of
30.8 kHz. Chosen levels for temperature and solid-
liquid ratio (noted by S) were 40-60 °C and 1:3-
1:19 w/v, respectively.

The experimental response 7, was modeled using the fol-
lowing equation:

m-1 m

te=PBp+ X B;X;j+ X ¥ BuXjXk+e€ (2)
=1 =y

where 3, is the constant term, 3;and (3 are the regression
coefficients, ¢ is the error between calculated and experimen-
tal data, X; are the factors and  is the number of factors.

A reduced regression model shown only the significant
variables, was determined after testing coefficients by the
analysis of variance test (ANOVA) at 95% significance level
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Table 1 Full factorial design 2

and experimental response Experiment T S P Critical time
(Temperature in °C) (Solid-liquid ratio in w/v) (Utrasonic power in W) (. in min)

1 —1(40) —-1(1:3) —-1(0) 90.24

2 +1(60) —1(1:3) —-1(0) 91.49

3 —1(40) +1(1:19) -1(0) 114.07

4 +1 (60) +1(1:19) -1(0) 122.59

5 —1 (40) —-1(1:3) +1 (100) 39.28

6 +1 (60) —-1(1:3) +1 (100) 50.66

7 —1(40) +1(1:19) +1(100) 52.89

8 +1(60) +1(1:19) +1(100) 76.49
corresponding to a probability value p < 0.05. The design and ~ Elovich Model
all analysis of the full factorial design were performed with
Minitab (Minitab Inc.) Release 16.0 statistical package. 1 1

Y(t) = X ‘In(K-K3) + K—l-ln(t) (6)

Mathematical Models

Seven mathematical models were chosen from literature to
predict the yield as function of extraction time: [18]; Eq. 3);
Power model ([19]; Eq. 4); Parabolic diffusion model ([20,
21]; Eq. 5); Elovich model ([22]; Eq. 6); Exponential model
(Eq. 7); Weibull model (Eq. 8); and Patricelli model ([23]; Eq.
9). All models were applied to all experimental kinetics.

Peleg Model
t
V() =4—1— (3)
—+—xt
K"

where K is Peleg’s rate constant (min g/mg) and K5 is Peleg’s
capacity constant (g/mg) (K> <1).

Power Model

Y(t) =K, x % (4)

where K is a constant incorporating the characteristics of the
carrier-active agent system (min X2 ) and K, is diffusion ex-
ponent. For the extraction from vegetal material, K, < 1.

Parabolic Diffusion Model

Y(1) = Ky + Kpt? (5)

where K is washing coefficient and K is diffusion rate con-
stant (min **).
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Fig. 4 Organigram of numerical treatment
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Fig. 5 Experimental yield (A) versus extraction time for all studied conditions; in dotted the starting area of the second stage
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Fig. 6 Photography of cutted
carob pod

where K is a coefficient of Elovich’s equation (g biomass
d.b./mg GAE) and K, is a coefficient of Elovich’s equation
(mg GAE/g biomass d.b. min).

Exponential Model

Y(t) = A-(1-exp(—K;+1)) (7)

where A is the highest yield and K| is a constant (min ).

Weibull Model

Y(£) = 1—exp ( (KLI)K> (8)

where K is a scale parameter, which is related to the recipro-
cal of the extraction rate constant and K5, is a shape parameter.
In the case of extraction K, < 1.

Patricelli Model

Y(¢) = A-(1—exp(—K 1)) + B-(1—exp(—K,t)) 9)

where A and B are final yield (hypothetical) in solution due to
the washing step and the diffusion step, respectively, and K;
and K, are kinetic coefficient for the washing step and the
diffusion step, respectively.

Statistical Tests of Fitting Quality

Studied models were checked to fit experimental kinetics with
its two phases using nonlinear least squares regression method
carried out with Matlab, R2010a (The MathWorks, Inc.).
Coefficient of determination (R*) and sums of squared error
(SSE) show the fitting quality of models. The corresponding
equations are presented:

@ Springer

n A\ 2
R =1- ; (Yi_Yi)z (10)
p (Y,»—Y)
n N2
SSE = 3 (Yi—Y,-) (11)

with ¥;: experimental yield; ¥;: calculated yield by using re-
gression model; Y: arithmetic average of experimental yield;
n: number of experimental points.

All models’ coefficients were calculated with 95% confi-
dence limits (i.e., p < 0.05).

Data Treatment Organigram

At first, a Matlab program was developed to find the critical
time ¢, for all experiments. Then, a full factorial experimental
design 2° will be proposed to model ¢, as function of operating
parameters: temperature, solid-liquid ratio, and ultrasound
power. After that, a second Matlab program was developed,
to test the fitting quality of seven studied models, for kinetics
extraction involving the two suggested extraction stages
delimited by the time #.. This program is applied for all ex-
traction conditions to find all mathematic parameters, for the
best model fitting the extraction kinetics with two phases.

The second Matlab program used for fitting the extraction
kinetics follow the organigram shown in Fig. 4.

After inputting experimental points of kinetics extraction
(presented as yield versus time, Y; =f{f); 1 <i <8 experiments):

—  The time #; will be determined for all conditions and a full
factorial experimental design 2° will be used to model
1, = f(T,S,P); with T: temperature; S: solid-liquid ra-
tio; P: ultrasonic power. The influencing factors are de-
fined with an ANOVA test for p <0.05.

—  Fitting step is based on the separation of the kinetics ex-
traction in two stages; the first one containing steps (I)
and (II) of Fig. 2 and the second stage containing the
latest step (III). Then, the fitting will be performed on
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Fig. 7 Variation of &Y/ (e) and Y (A) versus extraction time for all studied experimental conditions. Dashed lines: experimental 7,
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Table 2 Analysis of variance for

the factors and the interactions Source Degree of ~ Sum of Adjusted sum of  Adjusted mean ~ F'value  p value
model of the responses freedom square (SS)  square (adj SS) square (adj MS)
Main effects 3 6317.14 6317.14 2105.71 687.51  0.028*
T 1 250.32 250.32 250.32 81.73 0.070™S
S 1 1113.21 1113.21 1113.21 36346  0.033*
P 1 4953.61 4953.61 4953.61 1617.34  0.016%
2-way interactions 3 156.92 156.92 52.31 17.08 0.176N8
TxS 1 4748 47.48 47.48 15.50 0.158™5
TxP 1 79.44 79.44 79.44 25.94 0.123%8
SxP 1 29.99 29.99 29.99 9.79 0.1978
Residual error 1 3.06 3.06 3.06
Total 7 6477.12

S =1.75009, PRESS = 196.02. R* =99.95%, R* (pred) = 96.97%, R* (adj) = 99.67%

All variables are in coded units, 7'is the coded value of temperature (°C), S is the coded value of; solid-liquid ratio
(w/v), P is the coded value of ultrasonic power (W)

NS not significant
*Significant at the level 5%

two intervals [0, ] and [z, 150], for each experiment.
The value of ¢, used in this part, is calculated using the
established model described above (Eq. 2).

Results and Discussion
Experimental Results

Figure 5 shows eight kinetics of extraction at different condi-
tions of temperature, solid-liquid ratio, and ultrasonic power.
It is noted that the extraction kinetics presents a rise at two
stages. However, the second stage’s appearance time varies
with operational parameters from 30 min to 2 h of extraction.
This phenomenon may be explained by the presence of two
layers presenting different textures as shown in Fig. 6. Those
behave as two consecutive sources of polyphenols. Therefore,
two successive extractions are from two solid matrices of dif-
ferent structures: a first layer, easily releasing his
exracts, that is enveloped in a another harder and more com-
pact protective skin which releases its extracts after some de-
lay of swelling. The more the operating parameters favor the
puffing, the more the appearance time of the second stages
will be reduced. As described in Fig. 2, stage 1 and stage 2
contain a washing phase (I) and a two diffusion steps (II and
III). And, the second extraction operates after a characteristic
delay called critical time ¢, which characterizes the swelling
time, and which is directly related to the operating parameters.

Determination of the Critical Time ¢,

The determination of the critical time ¢, is important to delimit
the two stages of the extraction kinetics and it is indispensable

@ Springer

for the modeling study of #. according to the operating
conditions.

The time 7, corresponds to a second rise in the kinetics of
extraction after a first stabilization (first stage) which mathe-
matically corresponds to a maximum second derivative of the
yield (@*Y/dt).

The Matlab software was used to determine the critical time
t. and we started by collecting the experimental data by the
function “xlIsread”; then, we calculate the maximum of the
second derivative using the function “max”; then, we plot in
dashed lines with dots (x =t,).

Figure 7 shows the result of the experimental time 7, with
the kinetics yield as a function of extraction time.

Full Factorial Experimental Design for Critical Time ¢,

The critical time, 7., was determined and presented in experi-
ment matrix (Table 1). The response #., was found in range
from 39.28 to 122.59 min (less than 160 min). The value of
t. depends on the tested experimental conditions. Therefore,
the ANOVA test is applicable in this case. In fact, the presence
of a multi-linear dependence of 7. on the different tested fac-
tors and their interactions required this statistical test to deter-
mine the significant effects from all of them. Table 2 presents
the result of ANOVA test. Only main effects, solid-liquid ratio
(S) and ultrasonic power (P), are significant (p < 0.05).

The largest effect decreasing the f. value is the power of
ultrasound with a p value of 0.016 (versus 0.033 for solid-
liquid ratio). All interactions are insignificant. High coeffi-
cient of determination (R” = 99.95%) and high adjusted coef-
ficient of determination (Rz(adj) =99.67%) indicate the valid-
ity of the multi-linear model for z, response. The very low
standard error of the multi-linear regression (S = 1.750) proves
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Fig. 8 Modeling results of all experimental extraction conditions. A: experimental data; continuous lines: model; dashed lines: calculated 7,
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Table 3 Modeling results of experimental data (p < 0.05)
Step 1: A x (1—exp(—K % 1)) + B x (1—exp(—K, x ) Step 2: A" x (1—exp(—K"} X 1))
Statistics Patricelli et al. model parameters Statistics Exponential model parameters
R? SSE A K, B K, R? SSE K" A’
Exp. 1 0.998 6.036x107° 0.163 0.055 0.060 0206  0.796 1.144x 107 6.241 %102 0.081
Exp.2 0999  3.767x107° 0.096 0.041 0.179 0637 0899  2378x107* 3380 x 1072 0.140
Exp. 3 0.994 1202x107° 0.092 0.028 0.384  0.027  0.807 1.491 x 107 1429 107 2.963 x 107
Exp.4  0.990 1334x107° 0.497 0.023 0.001 0.809 1.000  7.812x107'"%  5183x107 0.111
Exp. 5 1.000  7.105x107*  0.002 0.017 0242 0.172 0972 8917x107° 4232x1072 0.129
Exp. 6 1.000  5255x107*  0.002 0.733 0.527  0.078  0.761 2.197x 107 8.383x 107 0.142
Exp.7 098  5.606x10%  4831x10™* 0034 0264 0054 0844  6.599x107* 3388 x 1072 0.116
Exp. 8 1.000  5493x107*  3701x107* 0727 0642 0037 0985 1.490x 1074 1.470x 107 0.972
this hypothesis. Therefore, maintained model is expressed by ~ with
Eq. 12:
d T = t-1;

fe=79.71+11.80-5-24.88 - P (12)

This agrees with our hypotheses. Thus, the ultrasound
power is the most influential parameter in the reducing of time
t. (this explains the minus sign of —24.88 - P). Ultrasounds
allow exploiting the hard layer of our plant source and extract
the contained polyphenols. However, the solid-liquid ratio has
a latecomer effect by increasing the time . (the positive sign
of + 11.80 - S) because it reduces the specific ultrasonic energy
per unit mass.

Equation 12 will be the basis of our modeling study. It will
be possible to define the two intervals of time corresponding
to the two extraction stages. These two stages will be succes-
sively modeled by testing seven mathematical models for each
extraction.

Modeling Results

In this study, modeling starts by the determination of the two
extraction stages for experiment i (1 <i < 8). For this, #; values
were calculated from Eq. 12 for each experiment. Figure 8
shows the calculated #.; for each experiment, corresponds al-
ready to the end of stage 1 of the extraction kinetics (¥ =f{?)).
This result approves very well the fundamental hypothesis of
the present work.

After that, the seven presented models in the “Mathematical
models” section were tested to fit the first extraction stage (for
0<t<t). Statistical parameters (R* and SSE) are the criteria
for choosing the best model. The same seven models’ equations
were tested similarly for the second phase (for . <t <tgpa). In
order to have continuity in fitting results, we change the vari-
able according to Eq. 13:

Y=7(1)+7Y. (13)
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Y.: yield at the time #.; calculated with the best model for
the first step (%).

The same statistical criteria for choosing the best model are
retained (R and SSE).

Both Patricelli and exponential models were retained for
the first and the second stages, respectively, showing the best
regression results for all experiments (Table 3). It can be ob-
served that the fitting quality is characterized by a high R*
(between 0.761 and 1) and an insignificant SSE (between
7.812x 107" and 2.197 x 10~%), in both stages. All models’
parameters are also determined, with a high significance level
(95%), for the two identified extraction kinetics stages (Table
3). Those results show the importance of the fitting protocol
established in this work using the presented fundamental
hypothesis.

A good agreement between experimental and modeling
data can be observed during all extraction time (for the two
stages), for all established experiments (Fig. 8). It can be noted
that the models chosen by the performed program check 56
experimental points from 57. Generally, we have not seen
such result in bibliography (particularly at the end of kinetics
extraction) and the gap between experiment and modeling
results was explained as operational errors even if experiment
was made at triplicate.

Conclusions

Ultrasound extraction of the polyphenols from carob kibbles
was studied. In this work, extraction kinetics show two in-
creasing stages. This behavior has been observed in several
works in literature on extraction of bioactive extracts from
various vegetal matrices. This phenomenon can be explained



J Pharm Innov (2019) 14:141-151

151

by two consecutive sources of extracts from non-uniform sol-
id matrix. Therefore, two stages of extraction and through
three steps were noted: washing, first diffusion, and second
diffusion. Then, the second extraction stage was considered
operating after a critical delay #.. A new approach based on a
mathematical investigation is proposed to model the observed
extraction kinetics.

Firstly, a mathematical protocol was carried out to determi-
nate the critical time 7, which separate the different extraction
stages.

Secondly, a full factorial experimental design was used to
express /. as function of operating parameters. Only ultrasonic
power and solid-liquid ratio are significant and the largest
effect decreasing the #. value is the power of ultrasound (P),
for 95% significance level.

Then, the experimental data are fitted on both stages.
Patricelli model and exponential model were chosen from
seven tested models, to fit the first and the second extraction
stages, respectively. They show the best fitting result for all
tested conditions (high R* and insignificant SSE).

This work was carried out on the ultrasonic extraction of
polyphenols from carob. However, it can be generalized to
other vegetable sources to describe the kinetics of other ex-
tracts and to examine the effects of other extraction techniques
(such as microwaves and supercritical extraction), on the re-
ducing of the critical time 7, to accelerate the apparition of the
second stage, corresponding to the maximum of the extraction
yield.
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