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Study of time-dependent diffusion coefficient
membrane systems and its application to
extractions from sugarcane bagasse

Abstract

It is widely recognized that the mathematical modeling of mass transfer in membrane
processes is an essential component not only for understanding the underlying
mechanisms associated with the transport, but also that is a powerful tool for design, cost
estimation, control and scale-up of extraction processes. Here, a simple methodological
approach for the study and description of diffusional changes during the extraction and
transport processes in liquid membrane systems is developed and evaluated in the
extraction and transport of gallic acid from aqueous solutions. It is concluded that, in
comparison with the use of flux and distribution coefficient in function on time, a more
sensitive description of diffusion coefficient can be performed using mass-transport
coefficient in function on the time. In addition, it is concluded that, during the polyphenol
extraction by liquid membrane based on castor oil and Cyanex 921, transportation can be
affected by dissolution of membrane phase in the feed phase, and evidenced by a negative
value of g in function of time.
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Estudio del coeficiente de difusion dependiente del tiempo en
sistemas de membrana liquida y su aplicacion a extracciones de
polifenoles del bagazo de caina de azucar

Resumen Keywords
Es ampliamente reconocido que el modelo matematico de la transferencia de masa en los Coeficiente de difusion
procesos de membrana es un componente esencial no solo para comprender los Membrana liguida
mecanismos subyacentes asociados con el transporte, sino que también es una herramienta  Cuogficiente de transporte
poderosa para el disefio, la estimacidon de costos, el control y la ampliacion de la de masa
extraccién de procesos. Aqui, se desarrolla y evalta un enfoque metodolégico simple para Transporte acoplado

el estudio y la descripcion de los cambios de difusién durante los procesos de extraccion y
transporte en sistemas de membrana liquida en la extraccién y transporte de &cido galico a
partir de soluciones acuosas. Se concluye que, en comparacion con el uso del flujo y el
coeficiente de distribucion en funcién del tiempo, se puede realizar una descripcién més
sensible del coeficiente de difusion utilizando el coeficiente de transporte de masa en
funcion del tiempo. Ademas, se concluye que, durante la extraccién de polifenoles por
membrana liquida a base de aceite de ricino y Cyanex 921, el transporte puede verse
afectado por la disolucién de la fase de membrana en la fase de alimentacién, y se
evidencia por un valor negativo de g en funcion del tiempo.
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Abstract

It is widely recognized that the mathematical modeling of mass transfer in membrane
processes is an essential component not only for understanding the underlying
mechanisms associated with the transport, but also that is a powerful tool for design, cost
estimation, control and scale-up of extraction processes. Here, a simple methodological
approach for the study and description of diffusional changes during the extraction and
transport processes in liquid membrane systems is developed and evaluated in the
extraction and transport of gallic acid from aqueous solutions. It is concluded that, in
comparison with the use of flux and distribution coefficient in function on time, a more
sensitive description of diffusion coefficient can be performed using mass-transport
coefficient in function on the time. In addition, it is concluded that, during the polyphenol
extraction by liquid membrane based on castor oil and Cyanex 921, transportation can be
affected by dissolution of membrane phase in the feed phase, and evidenced by a negative
value of g in function of time.
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1. Introduction

Liguid membrane systems (bulk liquid membrane,
emulsion liquid membrane and support liquid
membranes) are promising alternatives used
widely in the substance separation such as
synthetic and natural organic molecules and ions.
71 In addition, these systems can be adapted for
the study of numerous systems and for the
characterization of properties of substances in
dissolution, by instance, the formation of
molecular complexes in the synthesis of molecular-
imprinted polymers, the capacity for the
transportation of substance through immiscible
phases for analytical applications, biomedical
simulations or the study of the interaction strength

of simulated systems. B In particular, liquid
membranes are seen to be adequate model-in-labs
for many biological systems (e.g., biological
membranes and fluids). &1

The diffusion coefficient (Di) is an important
transport parameter that characterizes the ability of
molecules to even out any concentration
fluctuation in a system; however, measured values
of D;j are not available in most cases. When a non-
equilibrium system is studied, the analysis of the
changes of Di on the time is highly necessary to
achieve a complete understanding of phenomena
which are occurring into study systems.[*?14 Many
attempts have been made in order to obtain
working equations for the calculation of the time-
dependent D; of molecules penetrating nonporous
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membranes. However, problem is found to be
highly complex when the diffusing species are the
result of chemical or physical interactions between
different molecules through interfaces, being a
typical situation in liquid membrane systems based
on coupled-transport mechanism. 2171

The initial point for the study of diffusion is based
on the Fick’s first law linking the diffusive flux
and the solute concentration; and the simpler
model for the description of molecular diffusion
coefficient at constant temperature, in very diluted
solutions, is the well-known Stokes-Einstein
equation (SEEQ).™ However, for the use of SEEq,
several approximations as spherical shape of
molecules, isotropic medium, low concentrations,
constant viscosity of solvent, null effect of
interaction with other dissolved species, among
others, are usually done producing a high over-
simplification of systems.'*¢l |n addition, the
SEEq does not include important effects as the
intermolecular interactions between molecules of
solute and between molecules of solvent and
solute, being this an aspect that is very important in
the study of diffusion through a heterogeneous
system.[l“'le' 18]

Several strategies based on models and simulations
have being developed for the study of Di among
which are included: simulation based on molecular
dynamics into equilibrium and non-equilibrium
states, simulation based on the Maxwell-Stefan
approach including models as Darken-Type
Models and Vignes-Type Models,*3 19 201 and
thermodynamic methods based on to Kirkwood—
Buff integrals in finite systems, scaling of small
system fluctuations or Kirkwood—Buff integrals.?"
221 1t has been indicated that more than 100
different mathematical models for the description
and study of mass transfer in liquid membranes
have been proposed between 1980 to 1995
alone;!?®! but, at the same time, several authors
have recognized and criticized the excessive use of
procedures based on advanced mathematics, since
the physical significance of the parameters
involved is not absolutely understood in many
case.® 21 However, it is widely recognized that
the mathematical modeling of mass transfer in
membrane processes is essential not only for
understanding  the underlying  mechanisms
associated with the transport, but also that is a
powerful tool for design, cost estimation, control
and scale-up of extraction processes.l

By the above, it is necessary to have a simple
methodology that can be easily incorporated in the
study of experimental or simulated systems based
on liquid membrane, and in addition, preferably
without additional theoretical approximations
producing oversimplification descriptions, or the
excessive mathematical parametrization supported
in high-complexity algorithms. Here, the use of
kinetic information in conjunction with a simple
correlation analysis is proposed as strategy for the
description mass-transfer coefficient (g) and time-
dependent Dj through liquid membranes. Thus, a
simple analytical methodology can be defined for
the study and adequate description of diffusional
changes in extraction and transport processes in
this kind of systems.

1.1 Method theory

In liquid membrane systems at least three phases
are contacted by two immiscible interfaces.
Therefore, typical configuration is constituted by
feed, membrane and stripping phases. In addition,
solute transport is understood to occur in several
stages including the extraction of solute molecules
from feed phase, diffusion of solute molecules or
solute-carrier complexes from feed-membrane
interface to membrane-stripping interface and the
release of solute molecules in the stripping
phase.8l

Extraction and release of solute molecules can be
described by the use of distribution coefficient (kp)
that is defined for each interface to be

Cn c,
Kp,=— and Kp, = — 1
D1 C an D2 = 1)

1 m

where ¢ is the analyte concentration in the
corresponding  phase  according to the
corresponding subscript (m = membrane phase, 1 =
feed membrane and 2 = stripping membrane).
Here, the following notation is introduced in order
to simplify the description of system: ci|cm and
Cm|C2 Where in the left and right sides are indicated
the property or properties that are being analyzed
whereas the symbol | denotes the corresponding
interface.

The approach defined by equation 1 has been
widely used for the description of changes on
concentration of solute in heterogenous systems,
where the mass transfer into cijcm has associated a
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decrease on kpi whereas, on contrary, mass
transfer into cmic, has associated an increase on
ko,2. However, the coupling of extraction and retro-
extraction, cajcm|c,, not always is completely
satisfied. Several situations can be related with a
non-adequate  solute  transport:  inadequate
extraction or retro-extraction stages, inefficient
diffusion through membrane phase, or the
combination of all of them. Though extraction or
retro-extraction stages are described by equation 1,
information about diffusion stage cannot be
directly obtained only by distribution analysis.

On the other hand, the liquid membrane system
can be understood as a system experimenting
perturbations on the time, and in consequence, for
different times a hypothetical steady-state diffusion
can be defined. Note that, though steady-state is a
hypothetical state because it implies that no
changes of solute concentration on the time is
occurring, the total description is completely
congruent with the study system (see Figure 1).

For each hypothetical steady-state the diffusion
flux (Ji) is given by

D:

Ji=9(C+C) =7 (G =) )
Feed Membrane  Stripping
phase phase phase

ko1 kp,2
Ct 9= Cn 5= C2
Solute Solute-Carrier Solute

Working equation

Where Ji is the flux of solute i, D is the diffusion
coefficient of specie i and h is the thickness of
membrane. Thus, by monitoring of solute flux in
function of time, empirical kinetic equations can be
easily obtained for a specific set of experimental
conditions, and by analysis of total behavior is
possible to obtain information about the changes
during transport stage through membrane in term
of diffusion coefficient or  mass-transfer
coefficient.

2. Materials and methods
2.1 Reagents

Gallic acid (Sigma Aldrich, USA) was used as
polyphenol model, as membrane phase was used
castor oil (Merck, USA) due to its low vapor
pressure (0.192 kPa at 299.1 + 0.1 K) and its
immiscibility with water which was used as feed
and stripping phases.?®! Phosphine trioctyl oxyde
(Cyanex® 921, Solvay) was used as carrier. lonic
strength was adjusted using NaCl (Merck, USA)
and pH was adjusted using HCI (Merck, USA) and
NaOH (Merck, USA).[?7- 281

As source of vegetal material for the obtaining of
polyphenols was wused sugarcane bagasse
(Saccharum officinarum) from local crops.

Hypothetical steady-states

C1:(to)|Cm:(to)| C2:(to) Initial state
C1:(t1)|Cm:(t1)| C2:(t1)
C1:(02)|Cm:(t2)| C2:(t2)

C1Z(tn)|cmi(tn)|C2i(tn) End state

D;
Ji=g(ci—c) = I(Cl —C3)

Figure 1. llustration of working approach: liquid membrane system (left) and hypothetical steady-state as a function on time from
the initial state (to) to end state (tn) (right). For each t a working equation can be defined and used for different experimental

conditions.
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2.2 Extraction of polyphenols

Sugarcane bagasse was dried, ground and sieved
through a 2 mm sieve. Later, 182 mL of ethanol-
water mixture (52:48 v/v) were added to 13 g of
vegetable material and sonicated using a Branson
2510 ultrasonic equipment (Marshall Scientific) at
40 kHz per 31 minutes at 62 °C.°1 Resulting
mixture was washed and filtered using 468 mL of
ethanol-water dissolution. The filtered was diluted
using deionized water (1:5 volumetric ratio).

The polyphenol content was determined by
ultraviolet-visible spectroscopy (UV-vis,
Shimadzu) at 214 nm using a calibration curve
between 0.5 - 30 ppm. In addition, the saccharose
content was measured by polarimetry at 589 nm
(P-2000 Digital Polarimeter, Jasco) using a
calibration curve between 1 and 5 % saccharose.

2.3 Bulk liquid membranes

Experiments by bulk liquid membranes were made
using batch-type parallel cells. These were
performed without transporter and with transporter,
in triplicate, using as feed phase 1.65 mL of gallic
acid aqueous dissolution (30 ppm, pH 3.0), castor
oil as membrane phase (0.8 mL), water at different
values of pH as stripping phase (pH: 3.0, 7.0 and
9.0) and Cyanex® 921 as carrier at different molar
ratio (1:1, 2:1 and 4:1).

The gallic acid concentration was measured as a
function of time t (t = 2, 4, 6 and 24 h) in the feed,
stripping and membrane phases. The gallic acid
concentration was determined by UV-vis
spectroscopy using the same method previously
described. For membrane phase, liquid-liquid
extraction was performed previously to the
quantification using deionized water at pH 7.0 and
subsequent acidification at pH 3.0.

2.4 Study of distribution and transport of gallic
acid by bulk liqguid membrane

Distribution constants were determined from
monitoring of changes of gallic acid concentrations
in the different phases and calculated by the use of
equation 1. On the other hand, mass-transferring
flows through the feed-membrane and membrane-
stripping interfaces (J1 and J., respectively) were
determined by Fick’s Law First, using the
following equations:

NG

h=— ®)
== )

where V; and V. are the volumes of feed and
stripping phases, respectively, whereas t and a are
the time and the area of interfaces in contact,
respectively; B in addition, Jm is defined to be
Jw= —J1. In addition, mass-transfer coefficient (Q)
was determined using the equation for diffusion in
steady-state occurring across thin films described
by equation 2.

2.5 Study of distribution and transport of
polyphenols by bulk liquid membrane

Extraction of polyphenols by bulk liquid
membranes was performed using the analogous
systems than that used for gallic acid: polyphenol
extract (pH 3.0) | castor oil + cyanex 921 | water
(pH 7.0). Behavior of flux rate in function of time
in each phase was determined from monitoring of
changes of polyphenols concentrations using the
total polyphenol determination by UV-vis (details
were previously described in the above sections).
In order to evaluate the stability of system, feed,
membrane and stripping membrane  were
monitored by color-based digital image analysis.*"
32]

In this case, digital image of different
compartments of membrane system are recorded in
digital format using a Nikon model Coolpix P530
coupled to sample holder with homogeneous
luminosity  (uniformity in the luminosity is
achieved by white light sources around sample
holder). After, images are processed and analyzed
using the software Digital-Micrograph 3.7.0
(Gatan inc.).13% 2]

In addition, sub-samples of phases were analyzed
by infrared spectroscopy by attenuated total
reflectance (ATR-FTIR, IR-Affinity-1) with SeZn
crystal. Since feed and stripping phases are
aqueous systems, with a relatively low concen-
tration of solutes, spectra were transformed and
analyzed functional-enhanced derivative spectros-
copy or FEDS transform (FEDS) in order to
increase the spectral resolution and achieve the
identification of highly overlapped signals. % 34
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Figure 2. Rates of flux for gallic acid in the feed phase, Ji (A), membrane phase, Jm (B) and stripping phase, J2 (C). Feed phase
at pH 3.0 and stripping phase at pH 3.0, 7.0 and 9.0 for bulk liquid membrane A|B|C being in the respective order the feed,
membrane and stripping phases (or A|C when membrane phase is omitted).

Table 1. Fitting parameters for empirical model described by Ja = r;t~" rate of flux of gallic acid at pH 3.0, 7.0 and 9.0 in the
stripping phase of bulk liquid membrane, where a is the area of the interfaces in contact. R? is the coefficient of correlation.

H Feed phase Membrane phase Stripping phase
P r ro R2 r ro R2 r ro R2
3.0 35.24 0.977 0.9999 18.31 1.808 0.8651 9.06 1.219 0.9991
7.0 31.04 0.908 0.9977 14.09 1.785 0.8704 12.52 1.176 0.9909
9.0 39.81 0.963 0.9987 1.91 0.927 0.8024 3.97 1.173 0.9516

3. Results and Discussion
3.1 Development of model and analysis of
extraction of gallic acid

The behavior of flux rate, at pH 3.0 in the feed and
pHs 3.0, 7.0 and 9.0 in the stripping phase, for
extraction of gallic acid in aqueous solution using
castor oil as membrane phase, is shown in the
Figure 2. It can be seen that, in the feed phase, a
significant effect of stripping pH on gallic acid flux
was not observed; on contrary, changes in the
concentration of gallic acid in the membrane and
stripping phases were observed. However, in all
cases the tendency was a progressive decrease of
flux rate with the time providing very little
information that allows a clear understanding of
the transportation process. For all cases, plots were
fitted by an equation type:

Ja =rt""

)

where r; and ro rare empirical constants (in ng/s or
ugx107/s). Fitting parameters obtained for kinetic
models are summarized in the Table 1.

The fitting of kinetic models was assumed to be
satisfactory when R? = 0.99 since the experimental
error in the quantification can be significant due to
that measurements were performed from several
experimental systems that were assumed to be
exact replicates of one same experiment Thus, by
comparison of equations 3 and 4 with the
respective Kinetic models is concluded that r;
corresponds to the factor vic: (i.e., r1 is the amount
of matter fluxing through 1jm and m|2). In
addition, ro = 1.0 for the diffusion in steady-state
and different to 1.0 when this condition is not
satisfied. In consequence, if ro is compared with 1
then the assumption of steady-state can be
characterized. Thus, for 1|m all values of ro were
lower than 1.0 whereas for m|2 all values of ro
were larger than 1.0. Besides, it can be seen that
correlation fitting for membrane phase was not the
better; in this particular case, the values of R? were
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lower than 0.90, but also, a strong decrease of r;
was observed as pH was increased, whereas values
of ro suggest that steady-state assumption is not
adequate for the description of membrane phase.
Finally, for each value of pH, values of r; decrease
through the way feed-membrane-stripping.

From the fitting of generalized kinetic equations is
possible to obtain equations for the description of
distribution coefficients in function of the time.
Thus, for the first interface defined by feed and
membrane phases (1|m), using the equations 1-4 is
easily concluded that

T
kpi=f, <ﬁ> t~(om="0,1) (6)
1
Where f, = V1V, and analogously for the second
interface (m|2)

T
kD,Z =f, <r1_'2> t~(o2=To,m) (7

1m
Where f, = Vi V1

In the Figure 3 is shown the modeling of
distribution constant based on equations 6 and 7. It
is observed that kp: decreases markedly at short
times for pH 3.0 and 7.0 in the stripping phase
(approximately 1 hour). The decrease of kp: is

(A) 04 4
] Feedphase at pH: 3.0
Stripping phase at
(a)pH 3.0
(b)pH 7.0
03 ] (c)pH 9.0

0,0 ] : . : (b)

0 50 100 150 200 250 300
tx102 (s)

explained due to transfer of analyte from feed
phase to membrane phase, and later, from
membrane phase to stripping phase evidencing a
coupling of extraction and retro-extraction stages.
Note that, if analyte is not transferred to the
stripping phase then an increasing in the
distribution is expected because analyte
concentration in the feed is decreased and in the
membrane is increased. But, as it is seen from
figure 3B, at pH 3.0 and pH 7.0, the increase of
ko, shows that retro-extraction is completed, and
inconsequence, the analyte concentration in the
membrane phase is decreased, and in concordance
with this, ko is also decreased. On contrary, when
stripping solution at pH 9.0 was used a weak retro-
extraction was observed. From a chemical point of
view, these results are congruent with expected
chemical behavior for gallic acid in function on
pH. Thus, at pH 3.0, both phenolic groups as
carboxylic acid group on gallic acid structure are
completely protonated favoring his interaction with
the carrier molecules by hydrogen bonds. Given
that, c1 is decreased and cm is increased, it is
expected that ko1 is increased and analogously the
analysis can be extrapolated for kp:; but, as a
result of coupling of mass-transferring processes
from 1jm and m|2, if ko is increased (see figure
3B) then kp 1 is decreased (see figure 3A).

(B) 08 , Feed phase at pH: 3.0
1 Stripping phase at (b)
] {a)pH 3.0 ;
(b)pH 7.0 /
] {c)pH 9.0 s
06 1 /

0,0 ] ; ; : : : .
0 50 100 150 200 250 300
tx103 (s)

Figure 3. Modeling of changes of distribution constants on the time.
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In consequence, at pH 3.0, the modeling defined
by equations 6 and 7 is seen to be congruent with
the expected results. However, when stripping
phase at pH 9.0 is used, phenols and carboxylic
acid groups on gallic acid molecules are
deprotonated, decreasing the interaction with the
carrier and avoiding the release of gallic acid in the
stripping phase, therefore, as gallic acid molecules
are extracted of feed phase, solute-carrier complex
remains in the membrane phase.

On the other hand, g can be easily modeled as a
function on the time at values of working pH using
previous equations. Thus, a generalized expression
to calculate g is given by

g= —Ty,t7701
acy [1 — (:1—'2) t—(ro,z—ro,ﬂ

1,1

8)

In the Figure 4 are shown the behaviors of mass-
transfer coefficients as a function of pH for all pH
gradients. For all cases, different behaviors were
obtained:

When system was 3.0/9.0, g was increased from
negative values to zero being zero a horizontal
asymptote. In the feed the gallic acid concentration
decreases (i.e., negative flux) and, when retro-

extraction occurs, it is expected that in the
stripping phase the gallic acid concentration is
being continuously increased (i.e., positive flux),
and therefore, the values of g change from negative
to positive values. In consequence, horizontal
asymptote is associated with a correct extraction at
pH 3.0 but a poor or null retro-extraction at pH 9.0.
When system is 3.0[7.0, from analysis of ¢
different stages can be described. First one, an
extraction-diffusion stage occurs at relatively low
times characterized by a variation on function on
the time greater than zero (dg/dt > 0). In this stage,
two regimes are identified, for time lower than p:
(see Figure 4), g is controlled by dissolution
reaction or distribution between membrane and
feed phase, after, from pl to po, g is controlled by
diffusion. In this point, it can be seen that the slope
between the systems is very alike. From p. to ps,
the transport is controlled by diffusion (it is not
observed a significant change in the slope). From
ps to ps, the transport is controlled by stripping
reaction, in this stage, g decreases being explained
by a decrease in the diffusion coefficient. A small
perturbation in the behavior of g suggests that
some degree of perturbation of systems is
produced at relatively long time (p. in the Figure
4B).

(A) 3,0 , — ps3 (B)
[ ' (dgldt) <0
p3
2,0 -
beggining | [_
10 | of retro- —_—
’ extraction 100 150
)
CE) 0'0 ........................... [ Qg " ——— | Py g p—— gy g gy |
= 150 200 250 300
@ tx10° (s)
1,0 -
Pe (dglay <o  (C)
2,0 ] g / /
4 %
3,0 - / p7
Extraction-Diffusion
(dg/dt) >0
——= pH3.0 —— pH7.0 ----= pHO.0

Figure 4. (A) Modelling of mass transfer coefficient (g) as a function on time for extraction of gallic acid by bulk liquid membrane

at several pH in the stripping phase (3.0/3.0, 3.0/7.0 and

3.019.0). Expanding segments of modeling results (B and C).
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This perturbation can be explained by a significant ~ According to the equation 2, D; = hg where h is
change of interface between membrane and assumed to be a constant. In consequence,
stripping phase by dissolution of membrane phase.  modeling described by equation 8 should be a
When system is 3.0|3.0, extraction occurs from t =  proper description for diffusion coefficient. Given
0 to ps being controlled by diffusion, however, a  that g is defined from experimental data easily
decrease is evidenced. The decrease between p6  measured, the importance of g as working equation
and pr suggests that process of extraction and s that changes non-evidenced by the study of the
retro-extraction are not coupled being explained flux and distribution coefficient in function on
this behavior as a result of slow diffusion of time.

polyphenol-carrier ~ complex  (Figure  4C).

(A) 80, (B) 50 - 06
] / p3
70] @ -
0,0 | e LT
6.0 6 5 i | 100 150
P2 pa Time (s) x10°
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Figure 5. (A) Rates of flux for polyphenols from bio-oil by monitoring of feed phase (a), membrane phase (b) and stripping phase
(c), in a a|bjc with the following composition: bio-oil (pH 3.0) | Cianex 921 + castor oil | H20 (pH 7.0); (B) modeling of g in function
of the time, and (C) schematic representation of visual changes in the feed and stripping phases.
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Figure 6. (A) Digital image of feed compartment: initial state (feed phase | membrane phase) (A1), digital image of feed
compartment at t = 2 hours (A2) and normalized RGB intensity in function of interface (A3). (B) Infrared spectra of feed phase at ¢
=0 s (a), feed phase at t = 2 hours (b) and membrane phase (c). (C) FEDS transform of infrared spectrum of feed phase at = 2
hours compared with the infrared spectrum of membrane phase
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3.2 Application of model in the transportation
analysis during extraction of polyphenols from
sugarcane bagasse aqueous extract

In the Figure 5A are shown the behavior of flux
rates of polyphenols in function of time for all
phases (feed, membrane and stripping phases). It is
evidenced that the data can be fitted to the model
described by equation 5, in concordance with the
behavior described for gallic acid. Respective
values associated with analysis of correlation are
summarized in the Table 2.

On the other hand, in the Figure 5B is shown the
behavior of g as a function of the time and
compared with the result obtained for gallic acid. It
can be seen that g decreases from t = 0 to p; being
an unexpected result. This behavior suggest that
mass transportation is taking place in the opposite
direction, i.e., from membrane phase to feed phase
(g is decreased in function of the time being
congruent with the decrease of ko). In addition,
visual changes associated with the formation of a
‘cloud’ were identified in the feed compartment
(illustration is shown in the Figure 5C and
analyzed below). In the Figure 6 is shown the
digital image analysis of feed compartment. The

analysis by surface anisotropy (in this case,
changes in color intensity defined in RGB space
along a path defined from x; to x3 on the image).

Thus, analysis of image shows two interesting
aspects: (i) homogeneity of dissolution in the feed
is perturbed being more intense the change in the
vicinity of the interface and (2) changes can be
explained by the instability of membrane phase
that is partially dissolved in the feed phase being
the reason of the appearing of ‘cloud’ in the feed
phase. In order to acquire more evidence
supporting the negative values of g, feed phase was
analyzed by infrared spectroscopy at different
times. It can be seen in the Figure 6C that signals
associated with the C-H are increased and
identified in the spectrum (note that qi, g2 and Qs
are highly intense into infrared spectrum of
membrane phase whereas these signals are not
identified in the infrared spectrum of feed phase; if
transportation is occurring from x; to xs then these
signals should not identified at t = 2 hours).
Returning to the analysis of g as a function of time,
g is increased from pi1 to p2 (Figure 6B) with an
analogous behavior to that observed for gallic acid
(from p2 to ps and times greater than pa).

Table 2. Fitting parameters for empirical model described by Ja = 110 for rate of flux of polyphenols at pH 3.0 in the feed phase
and 7.0 in the stripping phase of bulk liquid membrane (a is the area of the interfaces in contact. R? is the coefficient of

correlation).
H Feed phase Membrane phase Stripping phase
P r ro R? r o R? r o R?
3.0 56.40 1.077 0.9810 3.33 0.826 0.7529 3045 1112 0.7741

4. Conclusions

A simple methodology for the study of time-
dependent diffusion coefficient in liquid membrane
systems is described. For that, system is described
by a set of hypothetical steady-states which are
defined and monitored from experimental data.
From this approach a simple modeling of mass-
transport coefficient using Kinetic data was
developed and connected with  diffusion
coefficient. It is concluded that, in comparison
with the use of flux and distribution coefficient in
function on time, a more sensitive description of
diffusion coefficient can be performed using mass-
transport coefficient in function on the time. On
the other hand, it is concluded that, during the

polyphenol extraction by liquid membrane based
on castor oil and Cyanex 921, transportation can be
affected by dissolution of membrane phase in the
feed phase, and evidenced by a negative value of g
in function of time.
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