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Abstract

The kinetics and structural changes in the solid were studied for solid-liquid extraction from plants. Two extraction systems were
investigated: tobacco leaves (Nicotiana tabacum L.)-water, and oak bark (Quercus frainetto Ten)-water. The mathematical model of the
process, accounting for variable effective diffusivity and porosity, was stated and solved numerically. The solution was checked with
experimental kinetics and porosity data to determine the effective diffusion coefficient. A very good correspondence was found between this
value and the results obtained with the regular regime and the standard function methods. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The known approaches for the calculation of solid-liquid
extraction are based on the experimental kinetics of the
process. The use of the characteristic function in the general
case of a polydispersed anisotropic solid allows for the
integral description of the diffusional resistance and struc-
tural changes without the knowledge of the respective
kinetic coefficients. In this way, the required retention time
and size of the extractor can be determined precisely [1,2].
In a second approach, a mathematical model, together with
the experimental information, is used to obtain the values of
the kinetic coefficients (D, and k), followed by the sizing up
of the extraction unit. In most cases of practical interest,
constant values of the kinetic parameters are assumed [3-5].
When the dependence of the effective diffusion coefficient
on the concentration is important, the precision of such
calculations is no longer satisfactory. When the D.(C)
function is included in the model, a possible relation to
structural changes in the solid should also be considered.
The variation in porosity with time is supported by experi-
mental observations.

The aim of the present study was to apply a mathematical
model of variable internal diffusivity and porosity to experi-
mental kinetic data, and to compare the resulting diffusion
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coefficient with the values obtained from other methods.
Two different extraction systems of interest for industrial
practice were chosen, their structural changes being char-
acterized by porosimetry.

2. Experimental

The extraction kinetics of the system tobacco (Nicotiana
tabacum L.)-water (system I) were studied in a stirred vessel
at t=20°C, liquid-to-solid ratio ¢ =0.015m>kg' and
constant angular velocity n =7 s~ '. During the experimen-
tal runs, the change with time of the extracted species in the
liquid was obtained, the liquid phase concentration being
measured by weighting (precision: 10~ g for a total amount
of sample ranging from 1to 1 x 1072 g). The extracts were
evaporated in a drying unit at r = 70°C.

The set of experimental conditions for the system oak
bark (Quercus frainetto Ten)-water (system II) was:
t = 20°C, liquid-to-solid ratio ¢ = 0.015 m’ kg~ " and angu-
lar velocity n = 5 s~ '. The initial moisture content in the oak
bark was 9.7%.

The internal diffusion was rate limiting for the extraction
kinetics in both systems (Bi = k,X/Dg > 50). The absence of
external mass transfer was proved by varying the angular
velocity until constant values for the measured liquid phase
concentration were obtained (n > 7 s for system I and
n>>5 s~ for system II).
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Fig. 1. Extraction kinetic curve: O, experimental system I; @,
experimental system II—calculated.

The tannin concentration in the liquid phase was mea-
sured by the modified Loewental method [6—8] by titration
with KMnQO, in the presence of indigocarmin—sulphonic
acid used for regulating the oxidation process. The kinetic
curves obtained are shown in Fig. 1. The experimental data
can be described accurately by the following relation result-
ing from the analytical solution [9] and the use of the
standard function method [10]:

C,=A — Bexp(—Hr) 1)

where 7 is the time, and where the values obtained for the
constants are: A =259, B=25.81 and H=4 x 103 for
the tobacco-water system; A =1.21, B=120 and
H =2.15 x 1072 for the oak bark-water system.

The internal porosity of the solid phase was determined
by Hg porosimetry for initial fresh material (totally
extracted particles), for extraction times 7 equal to 900,
1200 and 3600s. The values of ¢ for each extraction
time were obtained from the differential pore size dis-
tribution curves. A Carlo-Erba 1500 porosimeter was
used in which up to 1500 atm pressure was applied,
corresponding to a pore size of 0.005pum. The lower
limit is determined by the minimal height of 115 mm Hg,
which corresponds to a pore size of 40-50 um. Five samples
of each system were analysed, taken at different times of
extraction (7 =0, 900, 1200, 3600 and 5400 s) to show
the increasing internal porosity and anisotropy of the
solid compared to the non-extracted raw material. The
results for systems I and II are similar and can be seen
in Fig. 2 (a) and (b) where the integral curves obtained
for system I before and after 5400 s of extraction are
presented. Concerning the pore size distribution, the fresh
particles are also much more uniform. In the extracted
samples, the pore size ranges from 0.007 to 40 um for
system I and 0.001 to 60 pm for system II, thus confirming
their anisotropy. The time evolution of the internal porosity
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Fig. 2. Integral pore size distribution curve: (a) 7 = 0; (b) 7 =5400s.

is shown Fig. 3. The experimental data are described by the
following correlation:
e=ar’ +¢ 2

the constants being a = 0.053, b = 0.194 and ¢ = 0.43 for
the tobacco leaves—water system, and a = 0.0108,
b =0.369 and c = 0.55 for the oak bark—water system.
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Fig. 3. Internal porosity time evolution curve: O, experimental system I;
@, experimental system II—calculated.
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3. Numerical results

The basic diffusion model of solid—liquid extraction [9]
was used, wherein the simultaneous effect of concentration-
dependent diffusivity and variable porosity was included.
The resulting set of differential equations is

the balance equation for the particles

d(eCs) 10 OC;
= —— |x*D(C; 3
or X Ox [x (G Ox )
with boundary conditions
0C;
x|, (3a)
ocC C
-D.,—| =¢° <—S|"X — Ce) (3b)
ox |,_x m
and initial condition
Csl,_og = Co (30)

where C and C) denote the solid and liquid phase concen-
trations, respectively. Linear equilibrium is assumed at the
solid-liquid interface, the distribution coefficient being
m =~ 1, because of the low concentration range. This fact
is known from the literature and was confirmed by our
experimental investigations.

The mass balance in the extractor vessel, assuming
perfect mixing, is given by Eq. (4):

Gy @)

Vi=—= f
! dr T dr

with initial condition
C1|T:0 =0 (43-)

where C denotes the average solid phase concentration

X

S:O‘;/cs(x)dx )
0

Al

Egs. (3) and (4) were solved numerically in dimensionless
form using an implicit finite difference technique [11]
recommended for heat conduction and diffusional problems
with variable coefficients. The curves were obtained as
dimensionless liquid phase concentration (C; = C;/Cy) ver-
sus time (7 = 7Dy /X?) and compared with the experimental
values. Both systems were modelled as particles of regular
form, the form factor being o = 0 (plates) for the first, and
a =2 (spheres) for the second. The calculations were
performed for the following values of the parameters:
X=015x10"m, Cy=679.7kgm > and V/V,=
18.81 for system I, and X = 1.8 x 1073 m, Cy=204kg
m > and Vi/Vs = 13.3 for system II.

The experimentally obtained e(7) function was used in
the solution and the dependence of the diffusion coefficient

on concentration was investigated. Thus the effective dif-
fusivity, defined as D, = €D, was the adjustable parameter
dependent on C,. In dimensionless form, the effective
diffusivity was defined as

D.  eD —

and C, = (G — Co)

(CO - Cse)

D— _ e
gDy €0Dy
Dy is defined as the limiting value when C; — 0, and was
found, as a first approximation, as the constant value for
which the best coincidence with the experimental data is
obtained for the low concentration range (high extraction
times). For the tobacco leaves—water system, the value of
Do =4.5 x 10" m? s~! was found. It is in agreement with
the values obtained from the regular regime
(Dgp=3.5x 107" m? sfl) [12] and the standard function
techniques [10] (Dy = 4.31 x 107" m? sfl). The compar-
ison between the diffusion coefficients calculated by the
different approaches is made for a fixed time of 3600 s
chosen for a certain degree of extraction. For the system, oak
bark—water, the value of Dy = 8.37 X 107" m?s™! was
obtained for the same degree of extraction.

Different approaches to obtain the function D(Cs) are
known (parametric as well as non-parametric [13]). We
assumed that the latter could be described as

1
1+ oC;

D= (6)

Depending on the value of the parameter o, it can be
applied to an increasing as well as a decreasing relation of D
on C,. For both extraction systems, a decreasing 5(65)
relation was found with o = 2.5.

Going back to the diffusion coefficient D, porosity has to
be excluded from this relation. As the local porosity evolu-
tion &(x) was not known, D(Cs) was integrated to find the
volume-averaged diffusivity as a function of time:

D(r) = (a+1) /B(Es)di =(a+1) /B(T,x)dx
0 0
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Fig. 4. Diffusion coefficient vs. time.
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Fig. 5. Calculated kinetic curves for different model hypotheses: 1,
D = const, ¢ = const; 2, D # const, € # const; 3, D = const, ¢ # const; @,
experimental system II.

Here, X is a dimensionless coordinate X = (x/X). Then,
using the known &(7) relation and the values of D, and
€0, the evolution of the diffusivity (volume averaged over
the particle) with the time of extraction can be seen (Fig. 4,
system I). The extraction systems I and II are characterized
by the same order of values of the diffusion coefficient D,
(107ll m’ sfl) and similar functions of change in the
porosity Eq. (2) and the diffusion coefficient Eq. (6) with
o =2.5. So, the results presented in Figs. 4 and 5 can be
regarded as representative of both systems. For system II,
the comparison between the experimental and the calculated
data is illustrated in Fig. 5 (curve 1). In the same figure, the
sensibility of the kinetic curve towards the model hypothesis
is illustrated. The case of constant diffusivity
D=435x%x10""" (an average value for the D(C;) relation)
and variable porosity e(7) is presented (curve 2). Curve 3 is
calculated with constant parameters D = const and
€ = const. As can be seen, the consideration of the variable
model parameters is significant in the initial part of the curve
where faster extraction kinetics are observed, the &(7)
relation having a stronger effect on the calculated results.

4. Conclusions

In the present work, a mathematical model of solid-liquid
extraction, accounting for variable effective diffusivity and
porosity, was stated and solved numerically. The values of
the effective diffusion coefficient for the two extraction
systems, tobacco leaves (N. tabacum L.)-water (system I)
and oak bark (O. frainetto Ten)-water (system II), were
found. These values were compared with that obtained from
the regular regime and the standard function technique, and
a very good agreement was observed. The consideration of
the variable diffusivity and porosity is of greater importance
in the initial steep part of the kinetic curve, and could be
used in practice when a greater productivity for a fixed
degree of extraction is required.
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Appendix

Nomenclature

Bi Biot number

G liquid phase concentration (kg m )

C dimensionless liquid phase concentration

Co initial solid phase concentration (kg m>)

C; solid phase concentration (kg m )

C, dimensionless solid phase concentration

Cse equilibrium solid phase concentration

_ (kgm ™)

Cs volume-averaged solid phase concentration
(kgm )

D intraparticle diffusion coefficient (m2 s_l)

D. =¢D effective diffusion coefficient (m2 sfl)

D dimensionless effective diffusion coeffi-
cient

Dy intraparticle diffusion coefficient at C; — 0
(m*s™)

D¢y = e9Dy  effective diffusion coefficient at C; — 0
(m*s™)

k external mass transfer coefficient at (m s~ )

m distribution coefficient

n angular velocity (s~ ')

t temperature (°C)

Vi liquid phase volume (m®)

Vs solid phase volume (m3)
X coordinate (m)
X particle size (m)

Greek letters

form factor
internal porosity (m> m—>)

€0 internal porosity at C; — 0 (m*m™3)
Ds solid phase density (kg m )

o coefficient in the D(C;) relation

T time (s)

¢ liquid—solid ratio (m* kg™")
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