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a  b  s  t  r  a  c  t

The  separation  of  a mixture  of  tantalum  and niobium  in dilute  hydrofluoric  media  via hollow  fiber  sup-
ported  liquid  membrane  (HFSLM)  was  examined.  Quaternary  ammonium  salt  (Aliquat336)  diluted  in
kerosene  was  used  as  a  carrier.  The  various  effects  on  the  transport  and  separation  of  tantalum  and  nio-
bium  were  studied:  concentration  of hydrofluoric  acid in  the  feed  solution,  concentration  of the  carrier
(Aliquat336)  in  the  membrane  phase,  types  of  stripping  solutions  (NaClO4, thiourea  and  HCl)  and  their
concentration.  The  extraction  of tantalum  in  the  membrane  phase  from  0.3 M hydrofluoric  acid  (HF)  by  3%
(v/v)  Aliquat336  was  achieved  by leaving  niobium  in  the  feed  solution.  Quantitative  recovery  of  tantalum
was achieved  by 0.2  M NaClO4. Furthermore,  a mathematical  model  focusing  on  the  extraction  side of
the  liquid  membrane  system  was  presented  in order  to predict  the  concentration  of  tantalum  at  different
odeling
iobium
antalum

times.  The  mass  transfer  coefficients  of  the aqueous  feed  (ki) and  the organic  membrane  phase  (km)  were
estimated  as  1.19  × 10−5 and  1.39  ×  10−7 cm/s,  respectively.  Therefore,  the  mass  transfer  limiting  step  is
the  diffusion  of  tantalum–Aliquat336  through  the liquid  membrane.  Moreover,  mass  transfer  modeling
was  performed  and  the  validity  of  the  developed  model  evaluated.  Experimental  data  and  theoretical
values  were  found  to be  in  good  agreement  when  the  concentration  of Aliquat336  in the  membrane
phase  was  below  4%  (v/v).
. Introduction

Tantalum and niobium usually occur together in nature. Both
lements are deposited in various ores such as columbite, tantalite,
apiolite, pyrochlore, microlite and euxenite [1].  Because of their
imilar chemical properties, separation of the two  elements is dif-
cult. Consequently, their efficient separation and purification is
f great importance, due to their promising applications in various
ndustries. In addition, the industrial demand for both elements
s continuously increasing [2,3]. Niobium is a good conductor of
eat and electricity, has a high melting point, and resists corrosion.
ccordingly it is widely used as an alloy element in super alloys for
pplication in jet engine components. Tantalum is widely used in
he electronics industry, mainly in capacitors, because its melting
oint is very high (3000 ◦C) and it has good corrosion resistance.
herefore, it is also used in aerospace structures, such as jet engine

omponents, as well as in equipment in the chemical industry such
s heat exchangers, evaporators, pumps, pipelines and tanks [4].

∗ Corresponding author. Tel.: +66 2218 6891; fax: +66 2218 6877.
E-mail address: ura.p.@chula.ac.th (U. Pancharoen).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.078
© 2011 Elsevier B.V. All rights reserved.

Many research studies have dealt with the separation and
purification of these two elements. Most techniques have used
liquid–liquid extraction, and a few have used a supported liquid
membrane by using various extractants and mineral acid media.
The separation of niobium from tantalum in chloride media has
been achieved using tributylphosphate (TBP) and a synergistic mix-
ture of TBP and Alamine 336 as carriers through a supported liquid
membrane; this technique attained about 55% extraction of nio-
bium, as reported by Campderrós and Marchese [5,6]. Mayorov and
Nikolaev [7] performed liquid–liquid extraction for the purification
of tantalum and niobium from fluoride–sulfuric acid media using
octanol as a carrier. The result obtained completely separated tanta-
lum from niobium at low acidity. Furthermore, Agulyansky et al. [8]
achieved separation of tantalum and niobium in fluoride–sulfuric
acid media with liquid–liquid extraction by using 2-octanol as an
extractant in a multistage process. About 80% of the tantalum was
extracted, but niobium was  poorly extracted. Htwe and Lwin [9]
extracted columbite–tantalite with a liquid–liquid extraction pro-
cess using methyl isobutyl ketone (MIBK) in an HF–H2SO4 system,

and recovered niobium using sulfuric acid solution as stripping.

In all the aforementioned literature, the separation of niobium
and tantalum was successful using either a liquid–liquid extrac-
tion process, or (in a few cases) a flat sheet supported liquid

dx.doi.org/10.1016/j.jallcom.2011.07.078
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ura.p.@chula.ac.th
dx.doi.org/10.1016/j.jallcom.2011.07.078
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Fig. 1. Transport scheme of extraction and stripping in a liquid membrane process
using Aliquat336 as an extractant.
550 D. Buachuang et al. / Journal of Alloy

embrane. Recently, a supported liquid membrane process has
ecome an attractive alternative to liquid–liquid extraction for
etal separation because it can overcome the shortcomings of

he traditional solvent extraction process: for example, emulsifica-
ion, flooding, phase disengagement, large solvent inventory, and
olvent evaporation [10]. Furthermore, there are various types of
upported liquid membrane, including flat-plate type (FLM), spi-
al type, and hollow fiber supported liquid membrane (HFSLM),
hich is comprised of three phases: namely feed, organic, and

tripping phases. The organic phase is a carrier which is embed-
ed in the pores of the membrane, supported by capillary forces
11]. The organic phase contacts both feed and stripping phases.
he target ions which dissolve in the feed phase then diffuse to
he feed/membrane interface, react with the carrier to form a
omplex compound, and diffuse through the membrane to the
embrane/stripping interface. They are then back-extracted by

eacting with the stripping agent. Finally, the target ions are
eleased into the stripping solution. Of the several types of SLM, a
ollow fiber supported liquid membrane is the most promising. It
ossesses several advantages over a traditional solvent extraction
ethod, such as simultaneous one-step extraction and stripping,

igh selectivity [12,13],  low extractant and energy consumption,
ow capital and operating cost [14], large surface area to volume
atio, high mass transfer rate, no flooding [15], and easy scale-up
16]. For these reasons, HFSLM has been widely investigated for
pplication in various fields: for instance, water treatment [17], and
ecovery of precious metals [18], rare earth metals [19] and radioac-
ive metals [20] by using commercial extractants. In recent years,
here have been no reports relating to the separation of tantalum
nd niobium using HFSLM. Because of the aforementioned advan-
ages, the HFSLM process is promising for application in separating
antalum and niobium.

Aliquat336, a quaternary ammonium salt, is a stronger extrac-
ant than tertiary or secondary amines; the arrangement is
4N+ > R3NH+ > R2NH2

+ > RNH3
+ [16]. It has been shown to be effi-

ient in extracting various metals, e.g. arsenic (V) [21], cobalt (V)
22] and rhodium (III) [23]. Hence, it is a promising extractant for
se in separating niobium and tantalum in a HFSLM process.

This work investigates the separation of tantalum and niobium
rom dilute hydrofluoric acid (HF) media, using Aliquat336, a qua-
ernary ammonium salt, dissolved in kerosene as a carrier. The
tudy focuses on optimizing the chemical condition to separate
antalum and niobium from their mixture. Several parameters were
nvestigated, such as concentration of hydrofluoric acid (HF) in feed
olution, concentration of Aliquat336, and types and concentra-
ions of stripping agents. Additionally, we studied the modeling
f this process. A model was presented to describe the transport
echanism through HFSLM. The mass transfer coefficient of the

queous feed (ki) and membrane phase (km) were estimated, and
he rate-limiting step was found. Eventually, the theoretical values
rom the model were compared with experimental data.

. Theory

The HFSLM system consists of a feed phase, organic membrane
hase and stripping phase. The feed phase and stripping phase were

n contact with the organic membrane phase. The organic mem-
rane phase consisted of carriers embedded in porous material to
nhance separation. The transport mechanism of metal ion is so-
alled “couple facilitated counter-transport,” as shown in Fig. 1. The
oncentration gradient of ClO4

− is the driving force of this process.

he perchlorate ion is counter transport with tantalum ion. The tar-
et metal ion (TaF7

2−) diffuses from the bulk feed phase through
he stagnant layer of the feed side to arrive at the feed/membrane
nterface and react with the extractant (R4N+X−) to form a complex
Fig. 2. Flow pattern in the hollow fiber supported liquid membrane module.

compound. X− is denoted as Cl− in feed and membrane phase in the
first cycle, and ClO4

− (a co-ion in the stripping phase) will replace
Cl− for the following cycle. Subsequently, the complex compound,
(R4N)2TaF7

2−, diffuses across the organic membrane phase to reach
the membrane/stripping interface, where it reacts with the strip-
ping agent (ClO4

−). The target metal ion diffuses pass the stripping
layer, while the extractant is regenerated by diffusing back to the
feed/membrane interface. Lastly, the target ions are released to the
stripping solution. The extraction and stripping reaction are shown
in Eqs. (1) and (2),  respectively.

The flow pattern in the HFSLM module consists of feed and strip-
ping solutions, with countercurrent flows of feed solution in the
tube side and stripping solution in the shell side, as illustrated in
Fig. 2. The organic phase was filled in the pores of fibers by capillary
force, acting as a barrier between the feed and stripping solu-
tions. The extraction and stripping reactions occur at the interfaces
(feed/membrane and membrane/stripping interface).
Tantalum and niobium have difference valences in a complex
compound. Nevertheless, in a dilute HF solution, tantalum performs
as an anionic complex of TaF7

2− [8].  Methyltrioctylammonium



s and Compounds 509 (2011) 9549– 9557 9551

c
w
m
t

T

m
d
r
i

(

t
t
o

f

%

%

w
i
i

e
m

K

D

t
w
a
c

−

ˇ

w
t
(
e
i
fi
o
h

A

3

3

(
S

Table 1
Properties of the hollow fiber module.

Properties Descriptions

Material Polypropylene
Inside diameter of hollow fiber 240 �m
Outside diameter of hollow fiber 300 �m
Effective length of hollow fiber 15 cm
Number of hollow fibers 10,000
Pore size 0.03 �m
Porosity 25%
Effective surface area 1.4 × 104 cm2

Area per unit volume 29.3 cm2/cm3

Module diameter 6.3 cm
Module length 20.3 cm
Tortuosity factor 2.6
D. Buachuang et al. / Journal of Alloy

hloride (Aliquat336), a basic extractant, was a liquid membrane
hich was embedded in the hydrophobic microporous hollow fiber
odule. The extraction reaction of Aliquat336, (R4N+)Cl−, with tan-

alum ions, TaF7
2−, was according to Eq. (1):

aF7
2− + 2(R4N+Cl−) � (R4N)2TaF7 + 2Cl− (1)

The complex of tantalum ions–Aliquat336 diffused across the
embrane phase to the opposite side due to the concentration gra-

ient, and reacted with the stripping agent, ClO4
−; then TaF7

2− was
eleased to the stripping solution. The stripping equation is shown
n Eq. (2):

R4N)2TaF7 + 2NaClO4 � 2(R4N)ClO4 + TaF7
2− + 2Na+ (2)

TaF7
2− ions were transferred to the stripping phase, whereas

he extractant returned to the membrane phase and diffused to
he feed–membrane interface due to the concentration gradient in
rder to react once again with TaF7

2− in the feed solution.
The percentage of extraction and stripping were identified as

ollows:

Extraction = Cf,in − Cf,out

Cf,in
× 100 (3)

Stripping = Cs,out

Cf,in
× 100 (4)

here Cf,in and Cf,out are the inlet and outlet of metal concentration
n the feed solution, and Cs,out is the outlet of metal concentration
n the stripping solution.

The extraction equilibrium constant Kex of tantalum ions
xtracted by Aliquat336 in Eq. (1) was derived from the experi-
ental data and determined using Eq. (5):

ex = [(R4N)2TaF7][Cl−]
2

[TaF7
2−][R4N+Cl−]

2
(5)

The distribution ratio of tantalum is shown in Eq. (6):

 = [(R4N)2TaF7]

[TaF7
2−]

= Kex[R4N+Cl−]
2

[Cl−]
2

(6)

The permeability coefficient (P), fast interfacial reactions, and
he distribution of tantalum between the feed and membrane phase
ere calculated to be higher than those between the membrane

nd stripping phase. The equation for determining the permeability
oefficient was expressed by Denesi [24]:

Vf ln

(
Cf

Cf,0

)
= AP

ˇ

 ̌ + 1
t (7)

 = Qf

PLε�Nri
(8)

here P is the permeability coefficient (cm/s); Vf is the volume of
he feed reservoir (cm3); Cf,0 is the initial tantalum concentration
mol/L); Cf is the tantalum concentration at time t (mol/L); A is the
ffective area of the hollow fiber module (cm2); t is time (min); Qf
s the volumetric flow rate (cm3/s); L is the length of the hollow
ber (cm); ε is the porosity of the hollow fiber (%); N is the number
f hollow fibers in the module; and ri is the internal radius of the
ollow fiber (cm).

The plot of −Vf ln(Cf/Cf,0) as the function of t in Eq. (7) obtained
P(ˇ/  ̌ + 1) as the slope; and P can be obtained by Eq. (8).

. Experimental
.1. Chemicals and reagents

All reagents used in this work – tantalum oxide (Ta2O5) and niobium oxide
Nb2O5) were purchased from Sigma–Aldrich (Germany) and Acros Organics/Fisher
cientific (USA), respectively. Aliquat336 (trioctylmethylammonium chloride)
Fig. 3. Chemical structure of trioctylmethylammonium chloride (Aliquat336) [11].

extractant was  obtained from Sigma–Aldrich. The extractant was  diluted in kerosene
from Shell (Thailand). The structure of Aliquat336 is shown in Fig. 3. The reagents
tested as stripping were NH2CSNH2 from QReC (New Zealand), and NaClO4, analyti-
cal  grade, from Acros Organics. Hydrofluoric acid (HF) analytical grade, used as acid
media in feed solutions, was  obtained from RFCL (India).

The stock solution of tantalum and niobium (1000 mg/L) was prepared by fusing
tantalum oxide (Ta2O5) or niobium oxide (Nb2O5) with potassium bisulfate (KHSO4)
in  a ratio of 20:1 by weight at 800 ◦C for 60 min. The melt was dissolved in 4% solu-
tion of ammonium oxalate [(NH4)2C2O4·H2O]. Feed solutions with various initial
hydrofluoric acid (HF) concentrations were then prepared from this stock solution
by proper dilution with deionized water and HF.

3.2. Apparatus

The hollow fiber module (Liqui-Cel extra-flow module) was manufactured by
Polypore (USA). This module uses Celgard microporous polyethylene fibers that are
woven into fabric and wrapped around a central tube feeder that resembles a shell
and tube configuration, with inlet/outlet ports for the shell and tube sides. The mem-
brane is made from polypropylene, which is a hydrophobic material. The woven
fabric provides more uniform fiber spacing, which in turn leads to a higher mass
transfer coefficient than those obtained with individual fibers [25]. The properties
of  a hollow fiber module are listed in Table 1.

The hollow fiber module system is composed of two gear pumps, two  variable-
speed controller, two rotameters, and two  pressure gauges. The system used in this
study is displayed in Fig. 4.

3.3. Analytical instrument

Tantalum and niobium concentrations were determined using an inductively
coupled plasma spectrometer (ICP-AES) (Perkin Elmer, USA).

3.4. Procedure

Batch system operation using a single module is shown in Fig. 4. The liquid mem-
brane was prepared by dissolving Aliquat336 in 500 ml  kerosene. This was slowly
circulated in the lumen and shell sides of the module for 50 min  to ensure that the
extractant was  entrapped in the micropores of hollow fibers. The experiment began
by  flowing the synthetic feed solution into the lumen side, whereas the stripping
solution was  fed counter-currently into the shell side. Flow rates on both sides were
controlled to keep them equal, and circulation mode operation was performed. The
system was  carried out at room temperature (25 ◦C). The concentration of tantalum
and niobium in the synthetic feed solution was equal to 10 mg/L. The concentra-

tion of HF in the feed solution was varied to attain the separation of tantalum and
niobium. The concentration of Aliquat336 in the liquid membrane, and types and
concentrations of stripping solution were investigated. The operating time for each
experiment was 50 min. The concentration of tantalum and niobium ions in samples
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Fig. 4. Schematic counter-current flow diagram for a single-module operation in the
HFSLM: (1) feed reservoir; (2) stripping reservoir; (3) gear pumps; (4) inlet pressure
gauges; (5) outlet pressure gauges; (6) flow meter; (7) hollow fiber module.
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f feed and stripping solutions, taken from outlets on both sides, were analyzed by
CP  to estimate the percentage of extraction and stripping.

. Results and discussion

.1. Effect of hydrofluoric acid concentration in the feed phase

The influence of HF concentration in the feed solution on the
ercentage of extraction of tantalum and niobium were studied

n the range of 0.01–1 M.  The results are shown in Fig. 5. At low
oncentrations of HF, poor extraction of niobium was observed. It
as observed that the concentration of HF in the feed phase has

 strong effect on selective extraction of tantalum over niobium.
or this reason, an appropriate concentration of HF is necessary
or the formation of an anionic complex of tantalum and nio-
ium. The fluoro-tantalum complex is stronger compared to the
uoro-niobium complex [26]. At low HF concentration, tantalum

erforms as [TaF7]2− [8,26],  whereas the anion complex of niobium
ccurs when HF concentration is above 10 M,  forming [NbOFn]3−n

r [Nb(OH)2Fn]3−n (n = 2–6) [26]. Therefore, 0.3 M HF of feed solu-
ion is adequate to separate tantalum from niobium. The extraction
eaction of tantalum is shown in Eq. (1).
Fig. 6. Percentage of extraction against Aliquat336 concentration in the liquid mem-
brane: 0.3 M HF, 10 ppm Ta and Nb in the feed solution, and 0.1 M H2CSNH2 in the
stripping solution. Flow rates of the feed and stripping solutions were 100 ml/min.

4.2. Effect of carrier concentration in liquid membrane phase

The effect of carrier concentration on the percentage of extrac-
tion was  studied. The experiments were performed for different
Aliquat336 concentrations, ranging from 0.25 to 4% (v/v) in the
membrane phase. The results are presented in Fig. 6. The concen-
tration of Aliquat336 plays an important role in the percentage of
extraction of metal ions in the feed solution. Increasing the Ali-
quat336 concentration from 0.25 to 3% (v/v) results in an increase in
the percentage of extraction of tantalum. Nevertheless, a decrease
in the percentage of extraction was  observed for 4% (v/v) Aliquat336
concentration. It can thus be seen that increasing the concentra-
tion of Aliquat336 leads to increasing viscosity of the membrane
phase; this obstructs diffusion, because viscosity and diffusivity
are reversely correlated, by Eq. (9) [27]. The diffusion coefficient
has a significant effect on the transport efficiency, and is associated
with viscosity by the Stokes–Einstein equation. Increasing viscosity
causes decreasing diffusivity and increases membrane phase resis-
tance so that, in effect, it reduces the percentage of extraction, as
in Eq. (9):

D∗ = kT

6��r
(9)

where D* is the diffusion coefficient (cm2/s), k is the Boltzmann
constant, T is the absolute temperature, � is the viscosity of the
organic phase, and r is the molecular radius of the solute (cm).

For Aliquat336 concentrations in a range of 0.25–3% (v/v), the
percentage of extraction increases with increasing carrier concen-
tration because of Le Chatelier’s principle. From the results, 3%
(v/v) Aliquat336 was  selected as the optimum concentration, which
attained a percentage of extraction of tantalum of about 80%.

4.3. Effect of types of stripping solution

In order to examine the effect of stripping agents on strip-
ping efficiency, several different stripping types were used, such
as NaClO4, HCl, and thiourea, at identical concentrations of 0.1 M.
The percentage of stripping by various stripping agents is presented
in Fig. 7. It can be observed that the stripping efficiency for tanta-
lum decreased in the order ClO4

− > thiourea > Cl−. Perchlorate was
found to be the most efficient stripping agent, resulting from the
higher anion lipophilicity and hydration free energy of perchlo-

rate anions, as well as the large anions of perchlorate; hence it
more easily dehydrated and more readily entered the membrane
to facilitate transport [28]. In additional, the behavior of the reac-
tant species can be explained by Lewis Acid–Base Theory (Hard and
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oft Acid/Base Theory). Thus, the cation of Aliquat336 is consid-
red as a soft acid whereas Cl− a hard base, ClO4

− a soft base and
H2CSNH2 a very soft base. Therefore, the reaction between Ali-
uat336 and ClO4

− species is favored in front of the other because
oth are soft. Perchlorate has been found to be a promising stripping
gent, with indications that the tantalum–Aliquat336 complex can
e decompounded by perchlorate. Whereas the niobium ion was
oor extracted hence its stripping reaction was  poor. Therefore,
he subsequent experiments were carried out by using perchlorate
s stripping solution.

.4. Effect of stripping phase concentration

The influence of the concentration of NaClO4 in the stripping
hase was also studied. The concentration of NaClO4 varied from 0.1
o 0.4 M.  As seen in Fig. 8, a progressive increase in the percentage
f tantalum stripping was found when the concentration of NaClO4
ncreased up to optimum values of 0.2 M NaClO4, which obtained
he highest percentage of tantalum recovery (about 60%). At more
han 0.2 M NaClO4, it can be seen that the percentage of tantalum

ecovery was essentially constant.

The suggested mechanism for the transport of tantalum ions
hrough the HFSLM is illustrated in Fig. 1. This couple facili-
ated counter-transport was achieved by the driving force of the
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Fig. 9. The equilibrium constant: plot of [(R4N+)2TaF7][Cl−]2 and [TaF7
2−][R4N+Cl−]2

at equilibrium for tantalum.

concentration gradient of NaClO4. At the initial condition, in feed
phase NaClO4 was nil; while in stripping solution it varied in a range
of 0.1–0.4 M.  It was found that 0.2 M NaClO4 was  enough for the
recovery of tantalum.

4.5. Extraction equilibrium constant and distribution coefficients

The extraction equilibrium constant of tantalum (Kex) was esti-
mated according to Eq. (5),  by plotting of [(R4N+)2TaF7][Cl−]2

against [TaF7
2−][R4N+Cl−]2 at equilibrium; the slopes obtained

in Fig. 9 showed the equilibrium constant of tantalum (Kex) as
2 × 10−6. The distribution coefficients (D) of tantalum from the
separation by HFSLM, presented in Table 2, were calculated by
the linear curve in Fig. 9, using Eq. (6).  It was observed that
the distribution coefficient depended on the Aliquat336 con-
centration in the membrane phase. The distribution coefficient
increased with increasing Aliquat336 concentration until reaching
an optimum of 3% (v/v), and then decreased at Aliquat336 con-
centrations greater than 3% (v/v). This result can be explained by
the increased Aliquat336 concentration resulting in sufficient car-
rier to extract tantalum into the membrane phase and diffuse it
to the opposite side. On the other hand, at above the optimum
point, the distribution coefficient of tantalum decreases due to the
increase in viscosity of the organic phase with carrier concentra-
tion. In fact, increasing viscosity in the membrane phase leads to
increased membrane resistance and difficulty in diffusion of the
tantalum–carrier complex [29]. This result indicates that the Ali-
quat336 concentration should not exceed 3% (v/v).

4.6. Permeability coefficient
The permeability coefficients for tantalum separation at dif-
ferent Aliquat336 concentrations in the range of 0.25–4% (v/v)
were calculated by the slopes obtained in Fig. 10,  as shown in
Table 2. It can be observed that permeability increases with carrier

Table 2
The distribution ratio (D) and the permeation coefficients (P) of tantalum at Ali-
quat336 concentrations of 0.25–4% (v/v).

Aliquat336 (% v/v) D P × 103 (cm/s)

0.25 0.151 1.082
0.5  0.301 1.800
1  0.667 3.374
2 2.206 6.540
3  3.584 13.681
4 2.191 12.082
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oncentration until reaching optimum values, and then decreases.
hese results are similar to distribution coefficient values. The rea-
on for the decrease of the permeability coefficient beyond 3% (v/v)
liquat336 concentration was due to increasing viscosity in the
embrane phase, as described in Section 4.2.  In addition, the rela-

ionship of the permeation coefficient and viscosity is shown by the
mpirical Stokes–Einstein equation, Eq. (10) [30]:

 = kTKf

6��rsd
(10)

here k is the Boltzmann constant, T is the absolute temperature,
 is the viscosity of the organics phase, rs is the molecular radius of
he solute, d is the thickness of the membrane, Kf is the partition of
he solute between the organic phase and feed phase, and P is the
ermeation coefficient.

.7. Estimation of mass transfer coefficient
The main mass transfer rates through a hollow fiber sup-
orted liquid membrane are the diffusion steps. They are: the mass
ransfer coefficient of tantalum through the feed diffusion layer
ofiles of tantalum transport through the HFSLM.

(ki), the mass transfer coefficient of tantalum-carrier complexes
through the organic phase (km), and the mass transfer coefficient
of tantalum through the stripping diffusion layer (ks), as shown in
Fig. 11.  Because the stripping reaction is instantaneous, the distri-
bution of the stripping phase is neglected. It is noteworthy that ks

values are very high when compared with ki and ks values [31].
Theoretically, the flow through the tube side of a hollow fiber

is laminar; hence the mass transfer coefficient of the feed phase
(ki) which flows in the tube side can be estimated based on the
Sherwood–Graetz correlation [32]:

Gz = d2
i
v

LDaq
(11)

Sh = mGzn (12)

Sh = kidi

Daq
(13)
where Sh and Gz are Sherwood and Graetz numbers, respectively;
di is the inner diameter of fiber (cm); L is the length of fiber (cm); v
is the linear velocity of the feed solution in the lumen side (cm/s);
and Daq is the diffusion coefficient of tantalum in the aqueous phase,
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ig. 12. Concentration of tantalum ions in the feed solution, plotted as a function of
d)  2% (v/v); (e) 3% (v/v); (f) 4% (v/v). Feed solution, 0.3 M HF and 10 ppm Ta and N
00  ml/min. Symbols correspond to experimental values; the solid curve was calcu

hich is estimated based on the Wilke–Chang equation [13], equal
o 3.736 × 10−9 cm2/s. Theoretically, for a diffusion process with
ast chemical reaction m = 1.62, n = 0.33 approximate by Leveque
17,33]. The estimation of ki from Sherwood–Graetz correlation is
.19 × 10−5 cm/s.

The individual mass transfer coefficient in the membrane phase,
m, can be approximated as follows [34]:

m = εDm (14)

�ri ln(ro/ri)

here ε and � are the porosity and tortuosity of the fiber mem-
rane; Dm is the diffusivity of the tantalum–carrier complex in
he membrane phase, 3.219 × 10−9 cm2/s; and ri and ro are the
t different concentrations of Aliquat336: (a) 0.25% (v/v); (b) 0.5% (v/v); (c) 1% (v/v);
ipping solution, 0.2 M NaClO4. Flow rates of the feed and stripping solutions were
sing Eq. (31).

internal and outer radii of the fiber (cm), respectively. The esti-
mated km value is 1.39 × 10−7 cm/s.

The membrane mass transfer coefficient (km) is much less
than the aqueous feed mass transfer coefficient (ki). From these
results, the mass transfer across the membrane phase is the rate-
controlling step.

4.8. Mass transfer modeling of tantalum through a hollow fiber

supported liquid membrane

The transportation and concentration profile of tantalum
through HFSLM is shown in Fig. 11.  The tantalum ions (TaF7

2−)
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iffuse through the film layer of the feed phase towards the
eed/membrane interface, where they instantly react with Ali-
uat336 to form a complex (R4N)2TaF7). The complex diffuses
cross the membrane phase to reach the membrane/stripping
nterface, where de-complexing of (R4N)2TaF7 occurs by react-
ng with perchlorate. Finally, TaF7

2− diffuses through the stagnant
ayer of the stripping phase to the stripping solution. The diffusion
rocess is explained by Flick’s law. Mass transfer flux was presented

n this model.
Consider the extraction reaction presented in Eq. (1).  We  denote

hat [Ta]org and [Ta]i are the concentrations of tantalum in the
rganic phase and at the interface between the feed and organic
hases, respectively, where:

Ta]org = [(R4N+)2TaF7]org (15)

From Eq. (6),  [(R4N+)2TaF7]org,f can be written in terms of the
quilibrium constant as follows:

Ta]org,f = [(R4N+)2TaF7]org,f = Kex[(R4N+Cl−)]
2

[Cl−]
2

[Ta]f,i (16)

The diffusion of the tantalum–carrier complex through the
rganic phase can be written as follows:

mRm = [Ta]org,f − [Ta]org,s (17)

here Rm = organic resistance results from diffusion through the
embrane, and [Ta]org,f and [Ta]org,s are the concentrations of

he tantalum–carrier complex at the feed/membrane and mem-
rane/stripping interfaces, respectively.

The distribution of tantalum between the membrane and strip-
ing phase is much less than that between the feed and membrane
hase [35]. As a consequence, [Ta]org,s can be neglected. Therefore,
q. (17) can be simplified to:

mRm = [Ta]org,f (18)

The diffusion of tantalum from the bulk feed phase to the aque-
us layer can be expressed by Flick’s law as:

iRi = [Ta]f − [Ta]f,i (19)

here Ri is the aqueous phase resistance, and [Ta]f and [Ta]f,i are
he concentrations of the tantalum complex in the feed solution
nd at the feed/membrane interface at time t, respectively.

The chemical reaction performed in Eq. (1) was considered to be
ast compared to the diffusion rate. The reaction at the interface to
each equilibrium and the concentration at the interface are related
y Eq. (16) [35]. Thus, [Ta]org,f from Eq. (16) was substituted in Eq.
18) to obtain:

JmRm[Cl−]
2

J =
2Rm[Ta]f + Ri[R4N+Cl−]0 +

√

√
(2Rm[Ta]f + Ri[R4N+Cl−]0)

2 − 8
Ta]f,i =
Kex[R4N+Cl−]

2
(20)

At steady state, Jm = Ji = J, and by rearrangement of Eqs. (19) and
20), the expression for flux is obtained as follows:

 = Kex[R4N+Cl−]
2

Rm[Cl−]
2 + RiKex[R4N+Cl−]

2
· [Ta]f (21)
 Compounds 509 (2011) 9549– 9557

The description of [R4N+Cl−] in the membrane phase is:

[R4N+Cl−]o = [R4N+Cl−]free + 2[Ta]org,f (22)

where [R4N+Cl−]o is the initial concentration of Aliquat336 in the
organic phase. When [R4N+Cl−]o is low, it can be assumed that all
of the Aliquat336 will react with tantalum ions. Hence, Eq. (22) can
be rewritten as:

[R4N+Cl−]o ≈ 2[Ta]org,f (23)

By combining and rearranging Eqs. (23) and (16), we obtain Eq.
(24):

[R4N+Cl−]
2 = [R4N+Cl−]0[Cl−]

2

2Kex[Ta]f,i
(24)

Substituting Eq. (24) into Eq. (21), we have:

J = [R4N+Cl−]0

2Rm[Ta]f,i + Ri[R4N+Cl−]0
· [Ta]f (25)

Due to the concentration of tantalum at the interface, ([Ta]f,i)
cannot be measured. Consequently, Eq. (19) was substituted and
rearranged into a quadratic equation:

2RmRiJ
2 − (2Rm[Ta]f + Ri[R4N+Cl−]0)J + [R4N+Cl−]0[Ta]f = 0 (26)

Therefore, the flux equation is obtained as:

[Ta]f + Ri[R4N+Cl−]0)
2 − 8RmRi[R4N+Cl−]0[Ta]f

4RmRi
(27)

because

i[R4N+Cl−]0[Ta]f � 2Rm[Ta]f + Ri[R4N+Cl−]0

so the term

√
(2Rm[Ta]f + Ri[R4N+Cl−]0)

2 − 8RmRi[R4N+Cl−]0[Ta]f

can be neglected and the overall flux expression obtained as fol-
lows:

J = [Ta]f

2Ri
+ [R4N+Cl−]0

4Rm
(28)

with the definition of flux as:

J = −d[Ta]f

dt
· Vf

A
(29)

where Vf and A are the volume of the feed reservoir (cm3) and the
effective area of the membrane (cm2), respectively.

By combining Eqs. (28) and (29), we  get:

−d[Ta]f

dt
· Vf

A
= [Ta]f

2Ri
+ [R4N+Cl−]0

4Rm
(30)

Integrating Eq. (30) with initial condition t = 0 and [Ta]f = [Ta]f,o,
the final equation for estimating tantalum concentration in feed
solution can be expressed as:

[Ta]f = −[R4N+Cl−]0Ri

2Rm
+

{
[Ta]f,o + [R4N+Cl−]0Ri

2Rm

}

× exp
( −A

2RiVf
· t

)
(31)

Fig. 12(a–f) illustrates the comparison of concentrations of tan-
talum from experimental data and theoretical values estimated
using Eq. (31). The results indicate that when the concentration

of Aliquat336 was  lower than 4% (v/v), the mass transfer model
was satisfactory, as demonstrated in Fig. 11(a–e). Nevertheless,
when the concentration of Aliquat336 was more than 3% (v/v),
the mass transfer model was poor. This error is likely due to the
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ssumption that the initial concentration of Aliquat336, [R4N+Cl−]0
s low and all of the Aliquat336 molecule will react with tantalum
ons. So, when the concentration of Aliquat336 is higher than 3%
v/v), the liquid membrane’s viscosity is very high. It obstructs the

ass transfer and the metal-complex is accumulated in the liquid
embrane. Moreover, the free Aliquat336 molecule is difficult to

ransport to react with tantalum ion. Therefore, the higher than 3%
v/v) of Aliquat336 brings the system to be out of the assumption.

. Conclusions

Tantalum ions were purely extracted from niobium by HFSLM.
he best conditions were 0.3 M HF, 3% (v/v) Aliquat336 and 0.2 M
aClO4 of stripping solution, which resulted in the highest percent-
ge of extraction and stripping of tantalum at optimal conditions
about 78% and 66%, respectively). The mass transfer coefficients
f the aqueous feed phase (ki) and membrane phase (km) were
.19 × 10−5 and 1.39 × 10−7 cm/s, respectively. The mass transfer
ontrolling step is the diffusion of tantalum–Aliquat336 through
he organic membrane phase. Mass transfer modeling fit well with
he experimental data when the concentration of Aliquat336 was
ower than 4% (v/v).
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