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A Mechanistic Study of Uphill Transport of Metal 
Ions through Countertransport Supported 
Liquid Membranes 

RUEY-SHIN JUANG* and HWAI-LUH CHANG 
DEPARTMENT OF CHEMICAL ENGINEERING 
YUAN-ZE INSTITUTE OF TECHNOLOGY 
NEI-LI, TAOYUAN 32026, TAIWAN, REPUBLIC OF CHINA 

ABSTRACT 

The uphill transport of vanadium(1V) through a countertransport supported liq- 
uid membrane containing di(2-ethylhexyl)phosphoric acid (DZEHPA) as a mobile 
carrier was examined as it relates to its transport mechanism. The experiments 
were carried out in a stirred permeation cell with well-defined hydrodynamics. A 
transport model was presented that takes into account all possible resistances. 
The degree of uphill transport was found to depend strongly upon the transport 
mechanism, especially as the concentration of vanadium(1V) in the strip phase 
was greater than that in the feed phase. In general, the degree of uphill transport 
remained comparatively larger when the role of membrane diffusion was more 
significant. 

Key Words. 
membrane; D2EHPA; Vanadium(1V); Transport mechanism 

Uphill transport; Countertransport supported liquid 

INTRODUCTION 

Liquid membranes containing mobile complexing carriers have been 
shown to be effective and attractive for the selective separation and con- 
centration of the solute of interest from dilute solutions (1). These solutes 
include metal ions, weak acids and bases, hydrocarbons or biologically 
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366 JUANG AND CHANG 

important compounds, and gaseous mixtures. The transport of the solute 
through liquid membranes, which couples the flow of two or more species, 
is known as coupled-transport. When these reactions produce two fluxes 
in opposite directions, the behavior is called countertransport. When the 
solute, the coupled species, and the mobile carrier engender two fluxes 
in the same direction, the behavior is called cotransport (1-3). 

A supported liquid membrane (SLM) which uses a porous membrane 
support impregnated with complexing carriers to separate the feed and 
strip phases represents one of the feasible types of liquid membranes 
(1-15). The use of carrier-coupled SLM in the separation and concentra- 
tion of metal species has received much attention as a possible alternative 
to solvent extraction because of the uphill transport or chemical pumping 
of a metal species against its concentration gradient (2, 3). 

The uphill transport of metal species, through either a counter- or co- 
transport SLM, has been extensively studied since the early 1970s (4-10). 
For example, Cussler (4) described the countertransport of Na' and H+ 
across a monensin/hexanol SLM. The large pumping observed experimen- 
tally can be explained by a theory based on the rapid competitive reaction 
of the carrier with two simultaneously diffusing solutes. Caracciolo et al. 
(5 )  demonstrated the cotransport of K +  and C1- through a dibenzo-18- 
crown-6/tetrachloroethane bulk liquid membrane. This process can pump 
K +  against its concentration gradient up to 30%. Baker et al. (6) examined 
the counter-transport of Cuz+ and H +  , using LIX 64N/kerosene, across 
a microporous membrane. Under favorable conditions, Cuz + is concen- 
trated 4000-fold. Babcock et al. (7) studied the cotransport of UO$+ and 
SO$- through a Alamine 336-SLM and found that the final concentration 
factor can be greater than 2000 times the initial concentration. Matsuoka 
et al. (8) studied the cotransport of UOt+ and NO< by entrapping tributyl 
phosphate in a cellulose triacetate membrane. No transport occurs when 
the feed phase initially contains UOt' and the strip phase contains no U 
O$+ , though the concentration gradient of coupling NOT exists. More- 
over, Babcock et al. (9) showed the selective uphill transport of uranium 
from hydrometallurgical leach solutions containing iron, vanadium, and 
molybdenum in admixture by a tertiary amine. 

In all of the above-mentioned studies, however, the uphill transport 
observed from SLM experiments was not analyzed theoretically (8) or 
was qualitatively described only by assuming that membrane diffusion is 
rate-controlling (4-7, 9). The assumption that only diffusion in the mem- 
brane is regarded as a possible resistance to the carrier-coupled SLM 
transport process is somewhat critical (1 1, 13, 15). This situation may be 
due to the lack of information on the cell hydrodynamics and the kinetic 
scheme of chemical reaction occurring at the aqueous-organic (mem- 
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brane) interface. Recently, Kim and Stroeve (10) theoretically analyzed 
the uphill behavior of cotransport in the parallel flat or tubular membrane 
separator. The effect of diffusion and reaction parameters were examined 
in terms of the wall Sherwood number and the dimensionless equilibrium 
constant, respectively. Nevertheless, the influence of the contribution of 
chemical reactions was not clarified. 

In our earlier work (16) the countertransport of V02+ across a di(2- 
ethylhexy1)phosphoric acid (D2EHPA) SLM was proven to be governed 
by mixed membrane diffusion and chemical reaction under typical SLM 
experimental ranges. In this paper the phenomena of uphill V02+ trans- 
port is investigated experimentally and compared with the calculated re- 
sults by considering all possible resistances during transport. The depen- 
dence of uphill transport on the transport mechanism is also emphasized 
and discussed. 

TRANSPORT MODEL 

Solvent Extraction Chemistry 

The reaction stoichiometry for the extraction of V02 + from sulfate solu- 
tions with D2EHPA in kerosene at low organic loadings can be expressed 
as (17) 

V02+ + (3/2)(HR)2 VORz(HR) + 2H’ (1) 

where (HR)2 represents the D2EHPA dimers and the overbar refers to 
the organic (membrane) phase. The extraction equilibrium constant of Eq. 
(l), K,,, is given by 

[VORz(HR)][H+ 1’ 
[V02 + ] [ r n ] 3 / 2  

K e x  = 

In the present study the organic loading was kept low enough so that the 
complex formulation of Eq. (1) was established. The value of K,, under 
consideration has been obtained as 20.3 (m01/m3)’” at 298 K (17). 

The kinetics of V02+ extraction from sulfate media with kerosene solu- 
tions of D2EHPA has been examined using a membrane-based permeation 
cell (18). In this apparatus the contribution of diffusion resistance to the 
overall extraction process can be estimated and eliminated by correlating 
the rate data to interfacial concentrations of reactive species. Under the 
conditions studied, the intrinsic formation rate of the complex VOR2(HR) 
per unit area, R, is given by (18) 

R = k~[VOZ’][H+]-’/Z[(HR)2]1’2 
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368 JUANG AND CHANG 

where kl and k - ]  are the forward and backward rate constants, respec- 
tively. They are determined to be 4.19 x m/s and l.% x (mS/ 
mol.s2)1" at 298 K (16, 18). For simplicity, the organic complex VORz(HR) 
is written as VOR2 hereafter. 

SLM Transport Model 

The concentration profile of species through a D2EHPA-SLM is shown 
in Fig. 1. All possible steps are essentially considered in the present trans- 
port model, including 1) diffusion of V02+ and H +  across both aqueous 
stagnant layers of feed and strip phases, 2) diffusion of D2EHPA itself 
(monomer and dimer) and the complex in the membrane phase, and 3) 
chemical reaction of V 0 2 +  and D2EHPA at both aqueous-membrane 
interfaces. The steady-state transport rates of these steps are as follows. 

1-2. Diffusion of V 0 2  + and H +  in the feed phase toward the membrane: 

(4) 

(5 )  

3. Formation reaction of the complex at the feed-membrane interface 

J1 = k"o,f([vo2+lf - [VO2+1f,J 

J2 = k ~ , d H + I f . l  - [H'lf) 

(Eq. 3): 

(6) J 3  = k ~ ( [ V o ~ +  lf.i[Hflf,11'2[~II,!2 
- K,'[VOR2If,i[H+ lf.i[(HR)21~''~) 

feed liquid strip 
solution membrane solution 

bulk I film 1 I film bulk 
I 
I 

f,i s,i 
x=o x=L 

FIG. 1 Concentration profiles of the species through a D2EHPA-SLM. 
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UPHILL TRANSPORT OF METAL IONS 369 

4-6. Diffusion of the complex and carrier through the liquid membrane: 

(7) 

(8) 

(9) 
7. Dissociation reaction of the complex at the membrane-strip in- 

54 = ~voR,.,([VOR~I~.~ - [VOR2ls,i) 

J5 = ~HR)~.,([(HR)zIs.~ - [(HR)2lf,i) 

J6 = kHR,m([mls,i - [mlf.i) 

terface: 

(10) 

8-9. Diffusion of V02+ and H +  in the strip phase outside the mem- 

(1 1) 

(12) 
These flux equations are basically similar to those presented earlier in 

the countertransport of Zn2+ through a dithizone-SLM (13) and in the 
kinetic studies of Cu2+ extraction with LIX 65N using a rotating diffusion 
cell (19). In comparison with the present model, however, the nature of 
carrier (dimeror monomer) and the rate equations (Eqs. 6-10) are different 
from those in the former paper (13); moreover, the counterdiffusion of 
carriers (Eqs. 8 and 9) was not considered in the earlier work (19). 

The solubility of D2EHPA carriers in acidic aqueous solutions is re- 
ported to be negligibly small (14-18, 20), so the total amount of D2EHPA 
in the membrane phase is kept constant. 

J7 = k -  1([VOR2ls,i[H+ ls.i[(HR)21Lil’2 

- Kex[VO2+Is,i[H+ lLi”2[m1B!f) 

brane: 

J8 = kV0.s([vo2’ls,i - [vo2-c]s) 

59 = k~,s([H’Is - [H+ls,i) 

L 

[ m I o  = I ( [ m ]  + 2[(HR)2] + 3[=]) dx (13) 
0 

Assuming that the concentration profile of species in the membrane phase 
is linear, we have 

[ m I o  = (1/2)([mIf,i + [mIs,i) + K2([mIf,i + [HRIZ,i) 
+ (3/2)([VOR2If,i + iVOR2Is . i )  

(14) 

where K2 is the dimerization constant of D2EHPA in the organic phase, 
namely, 

2 m a m ,  K2 = L(HR)Z]/[HR]2 (15) 
The value of K2 in kerosene is adopted to be 12 m3/mol at 298 K (20). 

Because counterdiffusion of D2EHPA itself and its metal complex occurs 
in the membrane phase, the continuity of the total flux of D2EHPA is 
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expressed by 

At steady state, the following equality 

J6 

+T 
holds: 

JUANGANDCHANG 

(16) 

(17) 
J2 59 

2 J I = - = J  3 = J  4 - - J 7 =  J s = - =  J v o  

Provided that the mass transfer coefficients in Eqs. (4)-(12) are avail- 
able, it ns possible to calculate the steady-state transport rate, Jvo, by 
solving the system of Eqs. (4)-(12) with the additional conditions of Eqs. 
(14)-(17) using a trial-and-error method. 

EXP E R I MENTAL 

Apparatus, Membrane, and Solutions 

The permeation cell used in this study is illustrated in Fig. 2. Two cham- 
bers were stirred at the same speed (300 rpm) but in the opposite direc- 

FIG. 2 The stirred permeation cell used for.measuring the transport rates. (1)  supported 
liquid membrane, (2) magnetic stirrer, (3) PTFE impeller, (4) strip phase, (5) feed phase, 

and (6) Pyrex glass cell. Dimensions given in millimeters. 
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UPHILL TRANSPORT OF METAL IONS 371 

tions. The entire cell was immersed in a thermostat controlled at 298 K. 
The microporous membrane used was a hydrophobic PVDF disk filter 
(Durapore GVHP, Millipore Co.). It had a nominal thickness of 125 bm, 
an average pore size of 0.22 pm, and a porosity of 75%. 

The source and pretreatment of D2EHPA, kerosene, and all other inor- 
ganic chemicals were the same as those described previously (14). The 
membrane solution was prepared by diluting D2EHPA with kerosene and 
presaturating with the metal-free aqueous phase. The pores in the mem- 
brane support were filled with D2EHPA under vacuum as reported else- 
where (12, 141, and the resulting liquid membranes were immersed in the 
membrane phase before use. 

The experimental conditions investigated in this work are listed in Table 
1. The feed and strip phases were prepared by dissolving VOS04 in dis- 
tilled water, to which Na2S04 and H2S04 were added to maintain a 500 
mol/m3 total sulfate concentration. The aqueous pH was adjusted by 
changing the fraction of the combination of Na2S04 and H2S04 .  1411 aque- 
ous phases were presaturated with kerosene. 

Experimental Procedure 

In the beginning of each run, the membrane impregnated with D2EHPA 
was first clamped and the apparatus was assembled. Feed and strip phases 
were then introduced into the upper and lower chambers, respectively, 
and the mixing was started. When steady state was reached (about 30 
minutes), a sample ( 5  cm3) was taken from the feed phase at preset inter- 
vals, and more original solution was immediately added to maintain the 
volume unchanged. The aqueous pH values were measured with a pH 
meter (Radiometer Model PHM82). The concentration of V 0 2 +  in the 

TABLE 1 
The Experimental Condition Sets Investigated in This Work” 

- 
Set tV02+l  P H ~  [(HRMO P Jvo Aa A, A, 

A 11.8 1.30 502 17.4 1.7 X lo-’ 0.05 0.85 0.10 
B 4.7 1.4 x 0.04 0.88 0.08 
C 38.5 2.01 250 17.4 4.0 x lo-’ 0.02 0.73 0.25 
D 4.7 2.2 x 0.02 0.83 0.15 
E 10.5 3.66 90 2440 2.6 x 0.08 0.42 0.50 
F lo00 2.3 x 0.07 0.48 0.45 
G 17.4 3.0 x 0.01 0.90 0.09 
H 10 2.4 x 0.01 0.93 0.06 

a The measured values of Jvo and the calculated values of A,, A,, and A, are shown at (Y = 0. The 
unit of each symbol is given in the Nomenclature Section. 
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372 JUANGANDCHANG 

sample was analyzed with an UV-visible spectrophotometer (Hitachi 
Model U-3410) at a wavelength of 445 nm (17), and corrections due to 
volume replacement were made. The steady-state transport rate, Jvo, 
was obtained according to 

(18) Jvo = - ( Vf/S) ( d[V02 + ]f/dt ) 

RESULTS AND DISCUSSION 

Under the conditions investigated, the mass transfer coefficients perti- 
nent to the present permeation cell shown in Eqs. (4)-(12) were measured 
or correlated earlier (16, 18). They, together with the equilibrium and 
kinetic parameters of solvent extraction, are compiled in Table 2. Since 
VO? + is expected to be “chemically pumped” through a D2EHPA-SLM 
against its concentration gradient by allowing the counter-flow of a cou- 
pled H ‘, the following two parameters are defined and will be used in 
the discussion of uphill transport in this work. 

a = [V02+],/[V02’]f and p = [H+],/[H+lf (19) 

The degree of uphill transport, a, for a fixed value of p is defined as 

= JVOla=u~JVO/m=O (20) 

TABLE 2 
Values of Parameters Used for the Calculation of Transport Rates in This Work 

Parameter V02+  /DZEHPA-SLM system Reference 

Dimerization constant: 

Extraction equilibrium constant: 

Reaction rate constant: 

K2 12 m3/mol 20 

K., 20.3 (m~Vm’)’’~ I8 

ki 4.19 x 10-7 m / s  18 
k -  1 1.96 x (m5/mol.s2)In 18 

kvo.r, kvo.s 3.80 x 10-’m/s 16 
kH.f, kn.s 1.40 x 10-4 m/s 16 
kVOR2.m 8.52 x 10-7 m/s 16 
k(HR12.m 1.16 x m/s 16 

1.80 x m/s 16 

Mass transfer coefficient: 

kHR,m 
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UPHILL TRANSPORT OF METAL IONS 373 

Figures 3-5 show the degree of uphill transport under various condition 
sets. The solid curves in these figures were calculated by the present 
transport model. Close agreement between the measured and calculated 
rates is observed (average standard error, 5%). In the majority of cases 
studied, an increase in the value of a, the degree of uphill transport, either 
slightly decreases or remains nearly constant when a < 1, but decreases 
sharply when a > 1. 

The transport resistances due to aqueous layer diffusion, interfacial 
chemical reaction, and membrane diffusion were measured to clarify the 
dependence of degree of uphill transport on the transport mechanism. For 
a = 0, the rate equations under these extreme conditions are given as 
follows. 

1. Aqueous layer diffusion control, JVO.a: 

10 -a 10 -’ 1 10 

a 
FIG. 3 Dependence of the degree of uphill transport on the value of Q for condition sets 

A-D. The solid curves are calculated by the transport model. 
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374 JUANG AND CHANG 

FIG. 4 

10 

10 -= 10 -' 1 10 

Dependence of the degree of uphill transport on the value of a for condition 
E-H. The solid curves are calculated by the transport model. 

sets 

2. Interfacial chemical reaction control, Jvo,c: 

Conceptually, the fractional resistance of the respective step to overall 
transport process, A,, A,, and A,,,, can be calculated according to Eqs. 
(24)-(26). 
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UPHILL T R A N S P O R T  OF METAL IONS 375 

10 10 10 

P 
FIG. 5 Dependence of the degree of uphill transport on the value of p for condition sets 
E-H. a = 0.5 (O), 2 (A), and 6 (U). The solid curves are calculated by the transport model. 

In other words, the rate-determining steps during transport can be iden- 
tified quantitatively by comparing the values of A,, Ac, and A,. As shown 
in the last three columns of Table 1, the present transport process is mainly 
controlled by combined interfacial chemical reaction and membrane diffu- 
sion for the described conditions. Furthermore, the value of A, is found 
to be larger for lower f3, whereas the value of A, is larger for higher p. 
In fact, the above results are obtained only for a = 0. It is highly desired 
to calculate the values of Aa, A,, and A, when the value of (r is varied. 
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They are listed in Table 3. It is evident that the value of A, increases with 
the value of a, but values of both A, and A,,, decrease. 

As clearly seen in Figs. 3-5, under the same base conditions (i.e., sets 
A-B, C-D, and E-G) the degree of uphill transport remains relatively 
larger for either higher p or lower a; both correspond to situations where 
the role of membrane diffusion becomes more important. This may be 
explained by the fact that the uphill transport of solute is acting against 
its “concentration gradient” between the membrane by coupling the flow 
of the other species. It should be noted that the separation behavior of 
Co2+ and Ni2+ across an SLM containing 2-ethylhexyl phosphonic acid 
mono-Zethylhexyl ester as mobile carriers (12) and of Zn2+ and Cu2+ 
through a D2EHPA-SLM (14) may be interrelated with the present find- 
ings. Higher selectivity is obtained when diffusional resistance in the mem- 
brane phase is more dominant. 

Several related results have been reported previously in the coupled- 
transport SLM processes. For example, Baker et al. (6) studied the coun- 
tertransport of Cu2 + and H + across an LIX64N-SLM. The concentration 
factor (equivalent to the degree of uphill transport) is highly sensitive to 
the strip pH, and the flux of Cu2+ increases as the strip pH decreases. 
Kim and Stroeve (10) analyzed numerically the uphill behavior of co- 
transport in the parallel plate or tubular membrane separator. The degree 
of uphill transport increased with the maximum cotransport factor (equiva- 
lent to the concentration difference of the coupled species). Also, by in- 
creasing the dimensionless equilibrium constant, the degree of uphill trans- 
port decreases. This is attributed to the fact that the chemical reaction is 
essentially saturated within the membrane and the cotransport flux is small 
when the dimensionless equilibrium constant is large. Furthermore, the 

TABLE 3 
The Calculated Values of A=, Ac,  and A,, under Different Conditions 

No, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

- 
[VO’+If pHf [(HRhlo a P 

41 1.91 250 0.12 6.9 
0.37 
1.37 
2.93 

12.2 
41 1.91 502 0.12 6.9 

0.37 
1.37 
2.93 

12.2 

A, A, Am 

0.02 0.78 0.20 
0.02 0.78 0.20 
0.01 0.83 0.16 
0.01 0.87 0.12 
Nil 0.97 0.03 
0.03 0.82 0.15 
0.03 0.82 0.15 
0.02 0.86 0.12 
0.01 0.90 0.09 
Nil 0.98 0.02 
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UPHILL TRANSPORT OF METAL IONS 377 

degree of uphill transport is increased with the wall Sherwood number, 
defined as the ratio of mass transfer resistance in the aqueous film to that 
in the membrane. 

An attempt was also made in this study to extend the above observation 
that the degree of uphill transport is larger when the role of membrane 
diffusion is more dominant to different base conditions, such as the condi- 
tion sets A, C, and G. Figure 6 shows the results obtained for a fixed p 
value of 17.4. Unfortunately, such a dependency does not exist, not even 
inversely, because the value of Am for the upper curve (A) is not necessar- 
ily larger than that for the lower curve (C), as clearly shown in Fig. 6. 
However, it is surprisingly observed that the smaller the value of A,, the 
smaller the degree of uphill transport, although A, is comparatively small 
in the present transport process. More research efforts must apparently 
be made to justify such observations. 

1 

a 
FIG. 6 Dependence of the degree of uphill transport on the value of (Y for condition sets 

A, C, and G. The solid curves are calculated by the transport model. 
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378 JUANG AND CHANG 

CONCLUSIONS 

The degree of uphill transport of V02+ from 500 m01/m3 (Na,H,VO)S04 
feed solutions through a D2EHPA-SLM has been quantitatively related 
to its transport mechanism. Under the conditions examined, the transport 
process i s  controlled by combined interfacial chemical reaction and mem- 
brane diffusion. In addition, the transport rates calculated from the present 
model are in good agreement with the measured ones (average standard 
deviation, 5%). For the same base conditions, the degree of uphill trans- 
port remains relatively larger whether for either higher p or lower a, both 
of which exactly correspond to situations in which the role of membrane 
diffusion becomes more important. 
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NOMENCLATURE 

D2EHPA 
HR 
(HN2 
J 
k 
ki 
k -  I 

K2 

R 

S 
t 
V 
[ I  

di(2-ethylhexy1)phosphoric acid 
D2EHPA monomer 
D2EHPA dimer 
transport rate (mol/m2.s) 
mass transfer coefficient ( d s )  
forward reaction rate constant defined in Eq. (3) (m/s) 
backward reaction rate constant defined in Eq. (3) (mS/ 
mol. s2) 
dimerization constant of D2EHPA in the organic phase 
(m3/mo1) 
extraction equilibrium constant defined in Eq. (2) (moY 
m3Y2 
formation reaction rate of V 0 2 +  and D2EHPA per unit 
area (mol/m2.s) 
membrane cross-section area (m2) 
time (s) 
volume (m3) 
molar concentration of species in the brackets (moYm3) 

Greek Letters 

a7 P parameters defined in Eq. (19) 
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Subscripts 

f, m, s 

0 
1 

Superscript 

(overbar) 

fractional resistances of aqueous layer diffusion, inteifa- 
cia1 chemical reaction, and membrane diffusion to overall 
transport process, respectively 
degree of uphill transport defined in Eq. (20) 

feed, membrane, and strip phases, respectively 
aqueous-membrane interface 
initial 

species in the membrane or organic phase 
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