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ABSTRACT

This study aims to describe the mass transfer in a membrane-based solvent extraction system for the
extraction of molybdenum(VI) from aqueous solutions, identifying chemical kinetics of the complex
formation at the interface. The analyzed process is the membrane-based solvent extraction of molyb-
denum(VI) from aqueous solutions with n-hexane containing Alamine 336 as extraction phase using a
hollow fiber contactor. This extraction process has been described through a resistances-in-series model,
taking into account transport and thermodynamic relationships. In this work, the model has been used
to identify an effective reaction rate expression and to describe the mass transfer by complex formation
at the interface. The reaction rate expression has been estimated from experimental data obtained in a
previous work [F. Valenzuela, H. Aravena, C. Basualto, J. Sapag, C. Tapia, Separation of Cu?* and molybde-
num(VI) from mine waters using two microporous extraction systems, Separation Science and Technology
35(2000) 1409-1421]. The proposed calculation methodology can be used as a tool to scale-up when the
information about chemical kinetics of complex formation is not available.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Pollution in soils and water generated by the presence of heavy
metals represents an important problem, especially in regions
where mining industry on a large scale is present. Generally, some
elements as selenium, molybdenum or arsenic are not considered
like heavy metals but in terms of pollution they can generally be
qualified in this category. Up to now in the literature, separation
or recovery processes of these elements (or compounds) have not
been completely characterized.

Accumulation of heavy metals in downstream waters generates
putrefaction of the flora and consumption of oxygen, which alters
ecosystems and involves serious consequences to the human health
[2].

Molybdenum is generally used in alloys because it contributes
to increase the steel resistance at high temperatures and corrosion
conditions. Molybdenum compounds are also used as catalysts in
oil industry and processes involving dyes, plastics and rubber com-
pounds as well as in different pigments (orange color) [3-5]. In
the last years, the commercial value of this metal has been signif-
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icantly increased due to the demand on the part of the emergent
economies.

Currently, the extraction of heavy metals like molybdenum, from
aqueous solutions is accomplished by solvent extraction (SX), but
this process presents some disadvantages (e.g. large volumes of sol-
vents, high operation costs, possible formation of emulsions, large
equipments and high residence time).

Several authors report the solvent extraction of molybdenum
using different solvents, extractants agents and types of con-
tactor [6-15]. A vast body of literature has been published to
describe membrane-based solvent extraction processes applied to
the separation or purification of different types of compounds
as metals, phenol compounds, organic acids, aroma compounds
and pharmaceutical products [16-39]. An interesting alternative
for extraction of molybdenum can be developed by means of
membrane contactors. Among the most studied membrane-based
extraction processes of molybdenum, liquid-liquid membrane con-
tactors, supported liquid membranes (SLM) and emulsified liquid
membranes (ELM) have been analyzed in different works [40-44].

In general, systems based on membrane contactors consider
the use of hollow fibers modules [45-48]. This type of contactors
offers great extraction efficiency and other several advantages, as
such as, the available surface area remains undisturbed at high and
low flow rates because the two fluid flows are independent, unlike
traditional contactors, no density difference is required between
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Nomenclature
A surface area (m?)
a kinetic parameter in Eq. (5)
b kinetic parameter in Eq. (5)
C concentration (molL-1)
d diameter (m)
D diffusion coefficient (m?s—1)
e thickness of fiber (m)
FR fractional resistance
HTU high transfer unit (m)
J flux (mols—1)
k individual mass transfer coefficient (ms=1)
Kt Boltzmann’s constant (kgm2s—2 K1)
kq chemical kinetics constant
(mol1 —(a+b) (cm3 )(a+b) 51 )
L length (m)
M mass molar (kg mol~1)
Mo Mo(VI) as molybdenite
MoR complex
p permeate side
P permeability (ms—1)
Q circulation rate (Ls~1)
Re Reynolds number
r radius (m)
R constant of gases (kgm2 mol~! K~152)
Sh Sherwood number
Sc Schmidt number
T temperature (K)
bY molar fraction

Mo
MOi
m
org
organic
P
R3N;
R3Np
S
shell
T

Greek letters

o density (kgm3)

" viscosity (kgm~1s-1)

v velocity (ms—1)

A gradient

£ porosity

T tortuosity

A free mean path (m)
Subscripts

aq aqueous solution

aqueous referred to aqueous solution
A component A

B component B

ET outside diameter of fibers

eq hydraulic diameter

fiber referred to fibers

i component i

IT inside diameter of the fiber
kinetic referred to complex formation at the interface

membrane referred to membrane pores filled with organic

phase

metal ion

metal ion (at the interface)
membrane

organic phase

referred to organic solution
membrane pore

Alamine 336 (at the interface)
Alamine 336 (at the pore entrance)
shellside

referred to shell

tube or lumenside

fluids, interfacial area is known and is constant, which allows
performance to be predicted more easily than with conventional
dispersed phase contactors. The scale-up of membrane contactors
can be practically linear.

The analysis of extraction processes using membrane contactors
requires the integration of mass transfer equations and chemical
kinetics relationships, which must describe the complexation rate
atthe interface. This approach canrepresent a disadvantage in order
to describe the operation because the reaction rates are not always
well known [49,50].

The main goal of this study is to describe the overall mass trans-
fer of molybdenum(VI) in a membrane extraction process using
hollow fibers contactors and the application of these results to iden-
tify a general relationship of the complexation rate at the interface
explaining the formation rate of the metal-extractant complex. This
approach is proposed as a generalized description of membrane-
based solvent extraction of metals, which may be applied to identify
chemical kinetics and phenomenological aspects in a first step, and
to design and scale-up this type of systems in a future step.

2. System studied

In this study is developed a resistances-in-series model for the
simulation of an extraction system of molybdenum(VI) from liquid
effluents by means of a liquid-liquid membrane contactor, when
the rate of the complex formation is not known. The model consid-
ers the correlation of a local kinetics relationship from experimental
data and its integration in a resistances-in-series model.

The macroporous membrane used in this process is hydropho-
bic and in consequence the aqueous solution cannot penetrate in
the pores, which is filled with the extraction solvent. Therefore,
aqueous-organic interface is stabilized at the entrance of the pores
and molybdenum(VI) present in the aqueous phase as molybden-
ite will be extracted by complexation at this interface. Fig. 1 shows
an outline of mass transfer for this process, where molybdenite is
transported from the aqueous solution to the organic one by means
of four steps: (1) transport through the aqueous boundary layer; (2)
complexation and transfer with the extractant agent at the inter-
face; (3) diffusion of complex within the pores filled with organic
phase; (4) transport through the organic boundary layer. The con-
centration profiles of molybdenite [Mo(VI)], extractant [R3N], and
complex [MoR], are schematically presented in Fig. 1.

2.1. Description of the membrane contactor process

The system studied in this work is a membrane-based solvent
extraction using a hollow fiber contactor (HFC). The goal of this
extraction operation is the removal of molybdenum(VI) from an
aqueous solution using an organic extraction solution of Alamine
336 in n-hexane. Experimental data used in this work to validate
the proposed model developed herein was obtained and presented
by Valenzuela et al. in a previous work [1].

In those experiments, an acid aqueous solution of Mo(VI) as
molybdenite was circulated in the lumenside of a hollow fiber con-
tactor. Membrane extractor was built using a reactor comprised of a
glass shell and three hollow fibers made of polytetrafluoroethylene
(PTFE). Hollow fibers were supplied by Japan Goretex Co. Organic
extraction solution was circulated co-currently outside the fibers in
order to maximize the stability of the interface decreasing the trans-
membrane pressure drop that could be generated if counter-current
mode were applied. Masterflex microtube pumps were used to cir-
culate the aqueous feed and the organic extraction solution through
the contactor. Operation pressure was controlled to maintain the
stability of the interface at the pore entrance (Pgpe; = Psheli +3 PSi).
Operation variables and structural parameters of the extractor sys-
tem are summarized in Table 1.
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macroporous hydrophobic membrane

Aqueous solution
of molybdenite

Interface —
(complexation)

[Mo(V1)],

[Mo(VI)];

Extractant
(Alamine 336)
+

solvent

[RsN],

[MoR],

Fig. 1. Outline of mass transfer and concentration profiles of molybdenite (Mo(VI)), extractant (R3N) and complex (MoR) in the proximities of the membrane. Subscripts ‘b’,

‘p’ and ‘i’ are related to bulk conditions, pore entrance and the interface, respectively.

The organic solution was prepared by dissolving tri-(Cg—Cyg)
amine (Alamine 336) in n-hexane. An acid leach residual solution
of MoS, concentrate with nitric acid, provided by El Salvador Divi-
sion of Copper Corporation of Chile (CODELCO), was used as the
feed molybdenum-donor solution. Residual solutions considered in
those experiments contain 1.0 g/L of molybdenum, 0.4 g/L of cop-
per, 0.4¢g/L of iron, 0.1 g/L of rhenium and minor concentration
of other non-valuable metals. The pH was continuously adjusted
to a suitable value for metal recovery and especially to prevent
iron precipitation when the nitric acid leach residual solution was
employed.

The main goal of this work involves the identification of the
effective kinetic of the complex formation at the interface; these
results could be applied to different process under different cir-
culation modes and hydrodynamic conditions. An outline of this
operation is presented in Fig. 2.

The pores of hydrophobic PTFE fibers are impregnated with the
organic phase and the aqueous-organic interface is stabilized at the
pore entrance on the lumenside. In this way, the mass transfer of
molybdenum(VI) can be described by four steps:

Table 1

Structural parameters of the membrane contactor system.

Property Value Unit
Circulation rate of aqueous solution 1.5 x 1072 mLs™!
Circulation rate of organic solution 1.5 x 1072 mLs™!
Number of fibers 3 -

ID of the fiber 103 m

0D of the fiber 1.8 x 1073 m
Length 0.12 m
Internal diameter of the shell 0.015 m
Length of the shell 0.12 m
Porosity 0.60 -
Tortuosity 1.67 -
Surface area for mass transfer inside the fiber 113 x 103 m?
Surface area for mass transfer outside the fiber 2.04x 103 m?
Surface area of flow in the lumenside 2.36x10°° m?
Surface area of flow in the shellside 1.69 x 104 m?
Hydrodynamic diameter 1.06 x 102 m

(1) transfer of molybdenite through the boundary layer of aqueous
phase to be treated in the lumenside;

(2) reaction of complex formation at the aqueous-organic inter-
face, where the complexation of molybdenite can be described
by the following global reaction:

(R3sN)org + (H2M004),q ¢ (RsNH")(HMoO,), . (1

(3) diffusion of the complex in the membrane pores filled with
organic phase;

(4) transfer of the complex through the boundary layer of organic
extraction phase in the shellside.

2.2. Formulation of the mass transport model

Few assumptions and considerations have been taken into
account to apply a resistances-in-series approach to describe the
overall mass transfer through the membrane, which is controlled
by the four steps detailed in Fig. 1. This model was based on the
following assumptions:

(a) aqueous and organic phases are completely immiscible;

PTFE hollow fiber Organic phase
= (shellside)
~ M
- ==
Aqueous phase
— (lumenside)

Fig. 2. Description of the hollow fiber membrane contactor used in experimental
runs by Valenzuela et al. [1].
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(b) the solutions are diluted and hydrodynamic properties are very
close to the values of solvents (water and n-hexane). These phys-
ical properties have been considered constant;

(c) the system works under steady-state conditions. Nevertheless,
experimental data used for parameter estimation have been
obtained under transient conditions, but using large volumes of
solutions with stable values of the concentrations in the time;

(d) reaction is limited at the aqueous-organic interface;

(e) circulation rates of the solutions in the membrane contactor are
under laminar flow conditions.

In the next sections, mass transfer equations of each step
described in Section 2.1 are developed.

2.2.1. Mass transfer through the aqueous solution boundary layer

According to assumptions b, e, and f, the flow of Mo(VI) (Jm,
mols~1) through the boundary layer of the aqueous solution circu-
lating on the lumenside can be estimated by Eq. (2):

Jm = kmoSi(Cmo — CMoi) (2)

where kyo is the mass transfer coefficient, S; is the surface area
available for mass transport on the lumenside; Cyo and Cyyo, are
the concentrations of molybdenite at bulk and interface conditions,
respectively.

The prediction of the mass transfer coefficient, kg3y, in the
lumenside has been done by means of the well-known equation
of Sieder and Tate [51] for laminar regime, where the Sherwood
number is given by the following correlation:

do 1/3
Shr = 1.86 (ReTSCTLi> (3)
T

2.2.2. Complex formation at the interface

In order to fit an effective relationship to estimate the reaction
rate of the complex formation at the aqueous-organic interface
described by Eq. (1), a simple kinetics equation can be proposed:

r = k[Mol{[R3N]? (4)

In Eq. (5), r represents the reaction rate (mols~1); [Mo]; and [R3NJ;
are the concentrations (mol L-1) of Mo(VI) and Alamine 336 at the
interface, respectively.

This rate of the complex formation at the interface may be mod-
ified by the pH value, but in the experimental runs [1] considered
to validate the model developed in this study its value was contin-
uously adjusted to pH 2.0.

2.2.3. Diffusion through the membrane pores

When the pores of a macroporous membrane are filled with
stagnant liquid, the most probable mechanism to describe the mass
transfer is molecular diffusion. The flow (mols~1) of Alamine 336
through the membrane pores can be estimated by the following
equation:

Dr.NE
Jm = %Save(clﬁNp - CrsN;) (5)

where ¢ is the porosity, [ is the thickness and 7 is the tortuos-
ity. In this case, the mass transfer flow of extractant represents
the mass transfer of complex, since under steady-state conditions,
the amount of moles of complex transferred from the interface to
the bulk of the organic phase would be considered identical to the
amount of moles of extractant transferred from the bulk to the inter-
face. This assumption is valid if the stoichiometry of the complex
formation is described in Eq. (1).

Diffusion coefficient can be estimated by means of the
Stoke-Einstein equation [52]:

 keT
T 6mru

(6)

where parameters kg, r and u are the Boltzmann constant,
molecular radius and viscosity, respectively. From Eq. (6), the
values of the diffusion coefficient of molybdenite in aqueous
solution and Alamine 336 in organic phase are 9.31 x 10~ and
5.08 x 10-% cm?2 s~1, respectively.

2.2.4. Mass transfer through the organic solution boundary layer

Mass transfer of the molybdenite-extractant complex through
the boundary layer on the organic phase side can be described
applying the same assumptions considered on the side of the aque-
ous solution to obtain Eq. (2).

Under steady-state conditions and taking into account the sto-
ichiometry of the complex formation, the flow of Mo(VI) (as
complex) through the boundary layer of the organic phase can be
equalized to the counter-flow of extractant to the interface. Then,
the effective flow of Mo(VI) through the boundary layer is given by

Jm = kryNSshen(CrsN, — Cr3N, ) (7)

where krsy represents mass transfer coefficient of extractant on
the organic boundary layer, Sgpe is the mass transport surface area
in the shellside; Cr,n, and Cg,n, are the concentrations of extrac-
tant in the bulk of the extraction solution and at the pore entrance,
respectively.

Several correlations for mass transfer coefficient have been pro-
posed in literature for hollow fiber contactors and presented in
a review reported by Gabelman and Hwang [45]. These correla-
tions were tested in this work, identifying two equations capable
to estimate mass transfer liquid-liquid membrane contactors when
a solution is circulated into a shell without baffles.

If 0.11 <Re < 7.3, the correlation proposed by Viegas et al. [53]
can be applied to estimate the value of Sherwood number on the
shell-side in function of Reynolds and Schmidt numbers, consid-
ering the values of hydrodynamic diameter (dy) and the length of
the membrane module (L). This relationship is represented by the
following equation:

Shs = 8.71 (dT“) ReQ7scl/3 8)

This correlation was obtained by the Wilson-plot method, which
has proved to be suitable for systems operating at steady-state con-
ditions and where the only variable is the fluid velocity. Eq. (8)
has been analyzed and applied to describe mass transfer rate on
the shell-side in different systems with hollow fibers membrane
contactors [23-27,53]. The good agreement of this equation with
experimental information represents the main reason of choice.

Finally, Egs. (2), (4), (5) and (7) must be equalized to calculate
transmembrane flow at steady-state conditions.

2.3. Physical properties of aqueous and organic solutions

Values of density and viscosity of aqueous solutions of molyb-
denite at 30°C have been reported by Valenzuela et al. [1] they are
summarized in Table 2.

Properties of the organic extraction phase as density and con-
centration of extractant were directly obtained from data reported
by Valenzuela et al. [1] as well as the viscosity of the Alamine 336.

On the other hand, the viscosity of organic solution was calcu-
lated by means of Eq. (9) proposed by Kendall and Monroe [54]:

3
tm =y + 202121 9
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Table 2

Physical properties of the feed and extraction solutions.

Property Aqueous phase Organic phase Unit
Density 1050 654 kgm3
Viscosity 9.00 x 104 332x104 kgm-1s!
Temperature 303 303 K

pH 1.6 - -

[Mo], 6.25x 103 = mol L'
[R3N]p - 0.042-0.167 mol L-!

where um represents the viscosity of the solution; u; and x; are
the viscosity and molar fraction of each compound (n-hexane and
Alamine 336), respectively.

Values of the diffusion coefficient of molybdenite in water as
well as the diffusion coefficient of Alamine 336 and complex (MoR)
in n-hexane have been calculated by means of Stoke—Einstein equa-
tion [53]. Molecular radius of compounds required for estimation
of diffusion coefficients are reported by Marchese et al. [41]. The
molecular radius of molybdenite and Alamine 336 are 2.65 x 10~10
and 1.33 x 10-2 m, respectively.

3. Determination of chemical kinetics at the interface

Experimental data reported in a previous work by Valenzuela
et al. [1] has been used in this work to fit a kinetics relation-
ship for complex formation at the aqueous-organic interface. The
experiments have been done in order to analyze the effect of the
concentrations of extractant on the molybdenite transmembrane
flow.

A correlation of interfacial concentrations, which were calcu-
lated from experimental data, was applied to obtain a chemical
kinetics relationship describing the rate of complex formation at
the interface according to Eq. (4). Interfacial concentrations and
its correlation have been estimated by means of the following
steps:

(1) Considering experimental values of flow of Mo(VI) reported in
the literature [1] and taking into account the operation con-
ditions of these experiments, concentration value of Mo(VI)
at the interface (aqueous phase) is calculated by means of
Eq. (2).

(2) Using the concentration of Mo(VI) at the interface estimated by
Eq. (2), and the same values of experimental transmembrane
flow, concentration of extractant agent (Alamine 336) at the
pore entrance on the side of organic phase was estimated by
means of Eq. (7).

(3) Under the same conditions, concentration of extractant at the
interface (organic phase) was calculated by Eq. (5).

(4) With the concentration values of Mo(VI) and extractant agent
estimated using Eqs. (2), (5) and (7), it is possible to correlate
mass transfer flow of Mo(VI) through the interface using Eq.
(4), obtaining a chemical kinetics relationship at the interface
in function of parameters k, a and b. These parameters were
calculated by multiple regressions using Labfit®.

Experimental values of transmembrane flow of Mo(VI) as
molybdenite in function of concentration of extractant in the
organic phase reported by Valenzuela et al. [1] are summarized in
Table 3.

Kinetics relationship fitted in this work was obtained from
averages experimental values of Mo(VI) flow because the system
worked in transient regime with recirculation of solutions. How-
ever, this operation configuration involved a weak modification of
the concentration - less than 2% related to the initial value - during
the experiment extent.

Table 3
Experimental values of transmembrane flow of Mo(VI) obtained
for different concentrations of Alamine 336 in extraction organic

phase [1].

[R3N] (molL-1) Flux of Mo(VI) (molm—2s~1) x 10°
0.042 0.99 + 0.05

0.061 1.08 + 0.06

0.083 1.19 £ 0.06

0.099 1.27 £ 0.07

0.135 1.40 + 0.05

0.167 1.61 + 0.08

4. Simulation algorithm to prediction of the mass transfer

Once defined a kinetics relationship of the complex formation at
the interface, a resistances-in-series model may be applied to esti-
mate mass transfer of molydenite from the aqueous solution to the
organic solution. This model represents the overall mass transport
considering local resistances of each step described in Section 2.2
by means of Egs. (2), (4), (5) and (7).

Resistances-in-series model is solved estimating the interfacial
concentrations that involve the steady-state condition when Eqs.
(2), (4), (5) and (7) represent the same value of the flow obtained
by mass transfer and kinetics equation (Jy, =1).

The algorithm applied to identify values of interfacial concen-
trations and flows is represented by the diagram presented in Fig. 3,
which explains iterative calculations. The rate of convergence to the
root representing the steady-state condition is accelerated apply-
ing a Regula Falsi method between an initial interval of interfacial
concentrations.

Input of structural parameters of the membrane,
operation variables and physical properties

!

Calculation of mass transfer coefficients of boundary layers
(equations 3 and 8) and membrane porosity (equation 6)

!

Generation of values of concentration of molybdenite, [Mo(V1)];,
at the interface by means of Regula Falsi method S

}

Estimation of mass transport flow of Mo(VI) inside the
fiber (Jm, mol s") by equation 2

Y

Estimation of concentration of Alamine 336 at the pore entrance on the side
of organic phase, [RsN],, taking into account steady-state conditions
(equation 2 = equation 7)

}

Estimation of concentration of Alamine 336 at the pore entrance on the side
of aqueous phase, [R3N];, taking into account steady-state conditions
(equation 7 = equation 5)

b

Calculation of mass transfer flow of Mo(V1), r (mol ™), by means of
kinetic equation 4

Identification of steady-state conditions: mass transfer flow (mol s and
concentrations of Mo(V1), Alamine 336 and complex at the interface

y

END

Fig. 3. Outline of the simulation algorithm applied in this work.
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When the iterative cycle defined in the diagram presented in
Fig. 3 identify the root or interfacial concentration that fulfills the
steady-state condition (Jm =7). A program developed in Matlab®
allows carrying out this calculation and to print the value of extrac-
tion percentages in a final step.

5. Determination of the rate-controlling steps

According to the resistances-in-series model proposed to
describe the mass transfer through the membrane, the rate-
controlling steps can be identified by means of the quantification
of the fractional resistances of the respective step to the overall
transport process. Juang and Chen [34] reported the estimation
of fractional resistances in the extraction of citric acid using a
supported liquid membrane. These calculations can be adapted
to the system studied in this work. Thus, the flow of Mo(VI)
under extreme conditions through the aqueous boundary layer,
the aqueous-organic interface, the pores (organic), and the organic
boundary layer is given by Egs. (10)-(13), respectively.

Um)aqueous = kMosl(CMo) (10)
(Jm)kinetic =Tr= kC](\l/[oC]g3Nb (11)
DRr.néE
Um)membrane = Lsave(C&Nb) (12)
It
Um )organic = kR3 NSShell(Cngb) (13)

The fractional resistances of the respective step to the overall
mass transport process are calculated by means of Eqgs. (14)-(17)
from the values of J;, obtained by Eqgs. (10)-(13):

( 1 /.lm )aqueous
{1 /Jm )aqueous +(1 /]rn )kinetic
+(1 /]m )membrane +(1 /Jm )organic}

Raqueous(%) = x 100 (14)

(1 /]m )kinetic
{1 /Jm )aqueous +(1 /]rn )kinetic

+(1 /Jm )membrane +(1 /]m )organic}

Riinetic(%) = x 100 (15)

_ (1/Jm )membrane
{( 1 /]m )aqueous + (1 /Jm )kinetic

+( 1 /]rn )membrane + ( 1 /]rn )organic}

Rmembrane( %)

x100  (16)

(1 /]m )organic
{( 1 /.Im )aqueous + ( 1 /.]m )kinetic
+( 1 /]m )membrane + (1 /]m )organic}

The rate-controlling steps of mass transfer can be quantitatively
identified by comparing the above four values obtained from these
equations.

Rorganic(%) = x 100

6. Results and discussion
6.1. Prediction of the complexation rate at the interface

In this study is presented a simplified methodology to estimate
effective chemical kinetic parameters in membrane-based solvent
extraction of Mo(VI) applying well-known equations of mass trans-
fer through boundary layers and membrane pores.

Kinetics relationships supposed for these calculations are
arbitrary, but they allow fitting the rates of chelation at the
interface. Nevertheless, any reaction mechanism of complex for-
mation cannot be deduced from Eq. (4). Calculation of the

parameters k, a and b in Eq. (4) was done by means of
multiple regression of mass transfer flow in function of concen-
trations at the interfaces. The value obtained for the constant
k is 0.344 x 10712 mol!~(@*b) (cm3 )(@*b) s=1 where a=-0.9166 and
b=0.0530. These calculations were described in Section 3.

This procedure requires a correct characterization of the mass
transfer through the membrane contactor module, since the con-
centrations of each compound at the interfaces were estimated
applying correlations of dimensionless number related to a par-
ticular geometry. The choice of an adequate correlation to describe
hydrodynamic conditions at both sides of the membrane is the first
requirement to obtain reliable results.

This method has been proposed in order to isolate the effect
of the chelation at the interface obtaining the parameters of Eq.
(4); the information concerning chemical aspects in this type of
operations could be used with other hydrodynamic conditions in
simulations without requirement of additional experimental runs.

6.2. Simulations of mass transfer: advantages and limitations of
the described methodology

The mass transfer model developed in this work considers all
steps applying a resistances-in-series approach to estimate the
interfacial rate of the complex formation. This fact explains that
the implementation of a simulation algorithm (described in Fig. 3)
from those results to predict transmembrane flow of molybdenite
gives a good agreement with experimental data. Fig. 4 shows pre-
dictions of transmembrane flow of molybdenite, which have been
obtained by simulations and compared to the experimental ones
reported by Valenzuela et al. [1].

The variability of experimental data used to correlate chemi-
cal kinetics and a correct choice of equations to estimate mass
transfer coefficients in boundary layers can modify the predictive
capacity of the mass transport model. However, under an adequate
description of membrane contactor hydrodynamics, the model
can extrapolate the transmembrane flow of the transferred com-
pound and it can represent a rapid and accessible way to scale-up
different membrane-based solvent extraction systems, especially
when hollow fiber contactors are used. Nevertheless, the chemical
mechanism for the complex formation at the interface cannot be
identified with this methodology as it was explained in Section 6.1.

6.3. Real contribution of chemical kinetics on the overall mass
transfer

The combined effect of the boundary layers and the complexa-
tion rate at the interface on the performance of extraction process
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0.00 0.02 004 006 008 010 0.12 0.14 0.16 0.18 0.20
Cran (mol LJ)

Fig. 4. Mean values of mass transfer flow of molybdenite (Mo(VI)) in function of
the concentration (mol L1) of extractant (Alamine 336) obtained from experiments
[1] and simulations using the algorithm described in Fig. 3 (this work). T=303K;
Qaq=Qorg =1.5x 102 mLs 1.
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Fig. 5. Values of overall molybdenite (Mo(VI)) flow obtained from simulations in
function of the circulation rates of both solutions. Concentration of molybdenite
1gL', T=303 K. Concentration of Alamine 336 among 0.0267 and 0.040 molL~".

may be observed in Fig. 5. This figure shows results obtained from
simulations of mass transfer flow of Mo(VI) in function of the circu-
lation rates of the aqueous and organic solution (Qag = Qorg, mLs™1)
for different values of concentration of extractant agent Alamine
336 in organic phase. The influence of the circulation rates on the
mass transfer is observed when the concentration of Alamine 336
is lower 0.0334 mol L~1. Over this value the transmembrane flow of
Mo(VI) shows a plateau where the increase of the circulation rates of
solutions does not involve an increase of transmembrane flow. This
fact can be explained by the availability of Mo(VI) and extractant
at the reaction interface. If the concentrations of the reactants at
the interface become constants in function of the circulation rates,
the mass transfer resistances represented by the boundary layers
of the aqueous and organic solutions can be considered negligi-
ble compared to the resistance represented by the reaction rate.
The maximum value of the mass transfer flow that can be obtained
under specific conditions will be determined by the complexation
rate and the diffusion conditions through the membrane pores.

The parametric study on influence of the process parameters
based on the presented model has been done out of experimental
interval of extractant concentrations, since under those experimen-
tal conditions the influence of the circulation rates of solution on
the transmembrane flow was not significant.

6.4. Analysis of individual mass transfer resistances

The resistances-in-series model presented in this work allows
the estimation of the concentrations for each species at the prox-
imities of the fibers. In this way, it is possible to quantify the relative
contribution of each individual mass transfer resistances as a func-
tion of the operation conditions as circulation rates of solutions
or concentrations, and its influence on the transmembrane flow of
Mo(VI).

Fig. 6 shows the calculated values of concentration of molyb-
denite at the interface on the aqueous solution side as a function of
the circulation rate of the solutions for different values of concen-
tration of extractant (Alamine 336) in the organic solution. When
the circulation rate of the solutions and the concentration of extrac-
tant increase it is possible to observe a convergence of the curves
on this figure. This convergence in the value of the concentration of
molybdenite at the interface is explained by the condition of limit-
ing reactant of this compound. The increase of the circulation rate
minimizes the mass transfer resistance of the boundary layer of the
aqueous solution, and then the concentration value of molybdenite
at the interface is close to its bulk concentration.

On the other hand, the same increase of circulation rate was
applied to the organic solution, minimizing the effect of the mass
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Fig. 6. Values of concentration of molybdenite (Mo(VI)) at the aqueous—organic
interface obtained from simulations as a function of the circulation rates of both
solutions for different values of concentrations of extractant agent (Alamine 336).
Concentration of molybdenite 1.0gL-1, T=303 K.
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Fig. 7. Values of concentration of Alamine 336 at the aqueous-organic interface
obtained from simulations as a function of the circulation rates of both solutions for
different values of bulk concentrations of extractant agent (Alamine 336). Concen-
tration of molybdenite 1.0gL~!, T=303K.

transfer resistance represented by its boundary layer in the prox-
imities of the membrane. This effect was explained in Section 6.3.
Nevertheless, Alamine 336 is not the limiting reactant in this sys-
tem and its concentration at the aqueous-organic interface does
not show convergence to a specific value when the circulation rate
of solutions increases. This is shown in Fig. 7.

Under the operation conditions applied in this work, the rel-
ative contribution of the boundary layers to the overall mass
transfer resistance decrease rapidly when the circulation rates are
increased. High flows of solutions in this type of contactors gener-
ate a transmembrane flux controlled by the chemical kinetics and
the diffusion through the membrane pores, but it is necessary to
consider the stoichiometry, the rate, and the mechanisms of the
reactions for specific applications.

Table 4 shows the values of fractional resistance of the respec-
tive step to the overall mass transport process obtained from Eqs.
(14)-(17). These calculations were obtained under extreme condi-

Table 4

Mass transfer fractional resistances on a function of the circulation rates of the solu-
tions and the concentration of Alamine 336. Fractional resistances for the aqueous
boundary layer (FRaqueous), the rate of the complex formation (FRyiperic ), the mem-
brane pores (FRmembrane ) and the organic boundary layer (FRorganic)-

Variable concentration of extractant 0.027 0.027 0.040 0.040
[R3N] (molL-1)

Volumetric rate, Q (mLs™") 0.009 0.019 0.009 0.019

FRaqueous (%) 12.06 10.63 14.36 12.53

FRinetic (%) 4142 46.86 48.28 54.04

FRmembrane (%) 24.55 28.07 19.73 22.07

FRorganic (%) 21.97 14.44 17.63 11.36
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tions, but the high value of fractional resistances of the chemical
kinetics at the interface and the pores filled with organic phase can
be verified, both individual resistances represent between 66 and
76% of the overall mass transfer resistance.

The improvement of the design of membrane contactor mod-
ules gives greater importance to the chemical kinetics aspects in
the development of new membrane-based reactive extractions.
The integration of transport phenomena, thermodynamics and
chemical kinetics are necessary to describe these processes. The
methodology described in this study is presented in order to sim-
plify this analysis.

7. Conclusions

A study about the mass transfer of a membrane-based solvent
extraction process to remove molybdenum(VI) from aqueous solu-
tions was done in this work. The proposed approach considers
a resistances-in-series model based on a group of mass trans-
port equations, which has been applied to explain experimental
data reported by Valenzuela et al. [1] extracting molybdenite from
aqueous solutions with a solution of Alamine 336 in n-hexane as
extraction phase using a hollow fiber contactor. An effective kinetics
relationship was correlated in order to describe the rate of the com-
plex formation at the aqueous-organic interface. This methodology
allows obtaining a local quantification of the complex formation,
which can be used to extrapolate or to scale-up this type of sys-
tems. Nevertheless, any mechanism cannot be directly inferred
from these calculations.

The availability of the limiting reactant at the interface given
by the hydrodynamic conditions in the membrane contactor and
mass transfer in the membrane pores will establish the maximum
transmembrane flux value. Under the operation conditions applied
in this work, the mass transfer flow is controlled by the rate of the
complex formation and the diffusion through the membrane pores.

The methodology described herein has been presented in order
to simplify the analysis of the reactive extraction of Mo(VI). This
approach could be applied to other membrane-based reactive
extractions when its description needs the integration of phe-
nomenological and kinetics aspects.
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