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SOME CHARACTERISTICS OF LIQUID MEMBRANE
WITH TRI-tf-OCTYLAMINE
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Institute of Atomic Energy, Kyoto University, Uji 611

Key Words: Liquid Membrane, Extraction, Tri-rc-Octylamine, Enrichment of Iron, Permeation Rate

The characteristics of the liquid membranewith tri-w-octylamine were elucidated. This liquid membrane
spontaneously concentrates metals without controlling the concentrations of the agent which provides the driving
force to the uphill transport of metals. The rate of iron permeation through the liquid membraneis dependent on the
diffusional resistances in two aqueous phases, the diffusional resistance in the membrane phase, and the inter facial
resistances. Whenthe acid concentration in the aqueous raffinate phase is large, the inter facial resistances are
negligibly small, and the diffusional resistance in the membranephase is also negligibly small at high amine
concentration in the membrane phase. In this case, the permeation rate is controlled only by the diffusional
resistance in the raffinate phase.

Introduction

Uphill transport by means of liquid membraneis
performed with the aid of an agent which provides the
driving force to the transport by coupling with a
carrier involved in the membrane.1>3) If we use a

carrier such as a chelating agent, hydrogen ion con-
trols the uphill transport.^ The hydrogen ion per-

meates through the membrane, causing uphill trans-

Received October 24, 1983. Correspondence concerning this article should be addressed
to M. Harada. F. Yamazaki is now at Nippon Steel Corp., Kimitsu 292, and W. Eguchi is
now at Dept. ofChem. Eng., Kyoto Univ., Kyoto 606.

VOL. 17 NO. 5 1984

port of the solute. Thus the concentrations of hy-

drogen ion in two aqueous phases must be controlled
to requisite values, because the concentrations vary

greatly during uphill transport. If, however, an amine
of high molecular weight is used as the metal carrier,
the concentrations of the agent providing the driving
force to the uphill transport would spontaneously be
maintained at the initial values during the transport
of solute, because the amine acts as a carrier at high
concentration of the agent and permeation of the
agent by the other mechanism hardly occurs com-
pared to the permeation of solute accompanied with
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uphill transport.40
This work aims at the elucidation of this character-

istic of the amine carrier. First, the characteristic of

concentrating metals by amine carrier is discussed
theoretically. The maximumenrichment factor is
introduced to evaluate the enrichment ability of the
carrier. Second, the spontaneous enrichment of metal
by amine carrier without controlling the agent con-
centrations is experimentally demonstrated. Finally,
the kinetics of iron enrichment through the liquid
membrane is discussed by taking into account the

inter facial rate process accompanied by iron en-
richment.^ It will be shown that the permeation
resistance in the liquid membrane is negligibly small
under appropriate operation conditions.

1. Characteristic of Liquid Membranewith Amine
Let us first consider the liquid membrane system

with an amine as the carrier, where ion pairing is

simplified as
f+H *± TH; KH=Cm)/(T)C2H

TH+M ^THM; KM=(THM)/(TH)CMCmu (1)

In the ion pair system, the amine-metal complex THM
is formed from the amine-acid complex TH, and thus
THM is formed by consecutive reaction. The for-

mation constants of acid and metal complexes are
also given in Eq. (1). The m value is determined by the
metal-ion charge and is set at 2 for the sake of
simplicity.

A liquid membranecontaining the carrier is located
between two aqueous phases, 1 and 2. Wepostulate
for the sake of simplicity: 1) the thickness of the liquid
membrane L is small so that the holdup of metal in
the membrane is negligibly small; 2) a steady con-
centration profile is formed in the membraneand the
reactions between the aqueous and the membrane
phases are rapid enough to be equilibrated; and 3) the
diffusion coefficients of the species in question have a
unique value irrespective of species and the total
concentration of the carrier, CN, is kept constant
through the membrane.
The concentrations of the species in the membrane
are expressed at the two interfaces:

(t)j = Q/(l +KHC2Hj+KjC^CMj)

(TH); = KHC2HjCN/(l + KHC2Hj + KjC%jCMj)

(TBM)j= KjC5jCMjCN/(l + KHC2Hj + KjCijCMj)

(7= 1,2) (2)

Here, Kj=KHKMC2Hj.The fluxes of metal and acid
through the membraneare expressed as
JM = km[(THM)1 - (THM)2]

Jh=U(CTH)i +(THM),} -{(TH)2+(THM)2}] (3)
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where km is the mass transfer coefficient in the mem-
brane. Weassume negligible resistances for acid and
metal transfer in the two films of the aqueous phases.
Figure 1 shows the equilibrium relation calculated

from Eq. (1) and the phase trajectroy of metal
enrichment, which is calculated for the batch oper-
ation with the use of Eqs. (2) and (3) and the balance
equations of the acid and the metal species.

Figure l(a) shows typical features of the equilib-

rium relationships in the ion-pairing system, where
metal complex is formed by reacting with acid com-
plex without releasing acid. The total concentration
of acid in the membrane phase CHincreases with CH,
approaching a saturated value, CN. Since mineral acid
reacts with free amine to yield stable amine-acid
complex, the acid concentration in the membraneis
kept nearly constant in a wide range of CH, with and
without metal loading. Thus, the JH value is kept at a
very low value during metal enrichment. Figure l(b)
shows typical features of the phase trajectory. The
metal is concentrated towards the aqueous phase 2,
accompanied with negligible change of the acid con-
centrations in both aqueous phases, until the metal
concentration reaches the Jm=Q curve. Thereafter,
the trajectory changes along the curve JM=0, ap-

proaching the thermodynamic equilibrium state, Eq.
(2). A quasi-equilibrium state is attained after the
trajectory changes on the JM=0 curve, because the

metal flux is actually maintained at a negligibly small
value and the acid flow is fixed at a small value. Thus,
it requires a very long period until the concentrations
of acid and metal appreciably change. This causes
spontaneous enrichment of metal without controlling
the acid concentrations in either aqueous phase.
The maximumdegree of metal enrichment E is

obtained from point M as shown in Fig. l(b), which is
evaluated by postulating a negligible change of acid
concentrations in both aqueous phases.

E= [Cmi/CMi\cH2=cH20, cm =cH1Q (4)

The real degree of enrichment takes a value close to
this maximumvalue.

Let us next consider the application of metal
enrichment by amine membrane to the ferric ion
system. The distribution of iron(III) between the
hydrochloric acid aqueous solution and tri-n-

octylamine in benzene solution is described as5)
mFe+3+3mCl" +«R3NHC1 +±

(R3NHCl)n(FeCl3)m (5)

CF =f(CN^ CF) (6)

cj) is the function of acid concentration in the aqueous
phase, which is a catch-all coefficient for grasping the
effects of the aqueous-phase activity coefficients and
activity of chloride ion. A typical example of the
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Fig. 1. Characteristics of amine-ion pairing extraction and
trajectories of metal enrichment by liquid membrane in batch

operation.
(a) Equilibrium relationship, KH= l03, KM= l06, CN=OA,
CM=0.01, in mol/dm3 units.

(b) Trajectories of metal enrichment, CM10= lQ~2, CM20=
1(T3, Cfllo=1.0, CH20=OA for a, CH20=0.5 for b, CN=0.l,
in mol/dm3 units, VJV2= 100.

distribution of iron(III) is demonstrated in Fig. 2. The
distribution can be described by Eq. (6), as is clear
from Fig. 2. The Rvalue is strongly dependent on the
acid concentration, as shownin the previous report.6)

A quasi-equilibrium state of the liquid membrane
operation is described as

CF1 = CF2 (7)

The maximumdegree of enrichment is expressed by
use ofEqs. (7) and (6):

£= 0l/02 (8)

In Fig. 2, the total concentration of acid in the
organic phase is also shown. It attains a saturated

value which is equal to CN in a wide range of acid
concentration. Since the acid transport through the

membrane is expected to be negligibly small, Eq. (8)
can be used for evaluating maximumdegree of en-
richment. The E value is about 104 if Cm=3 and
CH2 =0A mol/dm3, and one can expect very effective

enrichment with the help of a liquid membrane
containing the amine as the metal carrier.

The following experiments were performed to en-
sure that spontaneous enrichment is realized in the

iron-TOA system and to elucidate the rate of iron
permeation through the liquid membrane.

2. Experimental

All reagents used in this work were the same as
reported elsewhere.5)

Ferric chloride was concentrated with the use of a
liquid membrane, supported by a porous filter made
of Teflon (fluoro milipore filter, Sumitomo Electric
Company, mean pore size 0.65/mi, thickness 50/mi
and void fraction 0.75). The liquid membrane con-

sisted of tri-«-octylamine (TOA)-acid complex in
benzene solution.

The experimental set-up is shown in Fig. 3. The
VOL. 17 NO. 5 1984

Fig. 2. Distribution equilibrium of iron extraction by TOA
in benzene and equilibrium in acid extraction.
(a) Distribution of iron(III) by TOA-acid complex in benzene
CN=0.236 mol/dm3. The several types of keys correspond to
the experimental results for various acid concentrations in
aqueous phase.

(b) Distribution of hydrochloric acid at CN=0.236 mol/dm3.

Fig. 3. Experimental apparatus of liquid membrane. 1, 2,
aqueous phase compartment; 3, liquid membrane; 4,4',
stirrers.

liquid membrane was supported between two hy-
drochloric acid solutions. Both aqueous phases were
stirred by impellers, one being driven magnetrically

and the other driven by the usual agitator. Two
stirrers were located at symmetrical positions from

the membrane.The start-up of the membraneoper-
ation was performed as follows: First, the aqueous
phase was fed to the lower compartment. Then the
teflon filter was set and filled with the amine solution.
Finally, the other aqueous phase was fed to the upper

compartment and stirring was started. Concentra-
tions of ferric ion were measured on-line by circulat-

ing both aqueous phases through the cells of spec-

trophotometers with pumps. The pHmeter was
located at the circulating line of the aqueous phase of
lower acid concentration. The inter facial area A of the

membrane was 19.6cm2 and the volumes of the
aqueous phases were 30-50 cm3.

The resistances existing in the two aqueous films

and in the membranewere determined by transferring
phenol and acetone between the two aqueous phases.
In this case, the membranecontained benzene only.
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The stirring speed was changed to evaluate separately
the resistances in the aqueous films and in the mem-
brane. All experiments were performed at 25°C.

3. Results and Discussion

3.1 Iron enrichment
The course of enrichment of iron is demonstrated in
Fig. 4. The experimental condition is shown in the

figure. The time course of the concentration changes
of iron shows that iron was concentrated from aque-
ous phase 1 (CH1=1.0 mol/dm3) to phase 2 (CH2=
0.05 mol/dm3). The phase trajectory of the enrich-
ment is shown in Fig. 5. The initial states for the two

aqueous phases were located at Ix and I2. During

enrichment, the acid concentrations were kept to their
initial values and effective enrichment was realized in

this system. After reaching the curve JF=0, the

concentrations of acid and iron changed on the curve
/F=0. The feature of the trajectory is the same as

mentioned in the preceding section. The closed circles
represent the quasi-equilibrium points, which are
estimated by assuming immobility of the acid. The
experimental results (open circles) approaches the

closed circles. The maximumdegree of enrichment is
calculated from Eq. (8) to be 410 at this experimental
condition, while the corresponding value obtained
experimentally was 110. This difference arises from

acid permeation during enrichment due to partial
rupture of the liquid membraneand to the formation

of a small amount of excess acid-amine complex,
THX +n, at the interface contacting with higher-acidity

aqueous phase.
3.2 Kinetics of iron permeation

The transport of solutes through carrier-free mem-
brane is described as

Js=UQi - Qi<)=km(Csli- cS2i)

= K(CS2i - CS2) (9a)

where the subscript i represents the value at the
boundary between aqueous and membranephases.
The mass transfer coefficients in both aqueous phases

agree with each other, because agitation in both
phases was performed under almost the same con-

ditions. Thus the overall mass transfer coefficient Kov
is given by

l/K0V=2/kw+ l/Pkm , (10)

where P is the distribution coefficient of the solute
between the aqueous phase and the membrane. In
deriving Eqs. (9) and (10), we assume steady transport
in the membranephase, because the time delay to

approach steady transport is about 120s.
Equation (10) can be rewritten by use of diffusion

coefficients :

l/K0V =2LJD+LX/PDe (1 1)
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Fig. 4. Time course of enrichment in batch operation.

Fig. 5. Trajectory of enrichment of iron obtained in the
experiment shown in Fig. 4.

Here, D is the diffusion coefficient of the solute, s and
X represent the porosity and the tortuosity of the

membrane filter. In deriving Eq. (ll), film theory is
assumed for the sake of simplicity. The thickness of

the aqueous phase film Lwand the membranethick-
ness L are separately evaluated from the observed

values of Kov for different solutes, acetone and phenol,
with the help of the diffusion coefficients in the

aqueous and organic phases. The resultant value is
Xiye=1.3x l(r4m (12)

The Lwvalue can be correlated with the stirring speed
as

Lw= 1.02x Kr47V-°-67m (13)

N is the stirring speed in r.p.s.
Permeation of iron through the liquid membrane

was carried out at 5 r.p.s. The initial fluxes measured
are shown in Fig. 6. The open circles are the experi-

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



Fig. 6. Initial flux of iron permeation through membrane.
CF1=CF2=1.0x l(T3, CH2=0.05 mol/dm3. Keys: solid cu-

rves, calc. by taking into account all resistances; broken

curve, calc. by assuming diffusional resistances; dotted line,
calc. by assuming diffusional resistance in aqueous phase 1.

mental results at CH1=1.0 mol/dm3 and CH2=0.05
mol/dm3. The broken curve represents the result of

calculation from Eq. (9b).
JF=kw(CF1 - CFli) =km(CFli- CF2i)

= kw(CF2i - CF2) (9b)

Weassumed equilibrium between aqueous and mem-
brane phases. D and D were taken as 5 x 10~10 m2/s

and the average of the diffusion coefficients for the
amine-acid complex and the amine-iron complex, re-
spectively.^ The experimental results at low TOA
concentrations agree well with the broken curve but
take much lower values at high TOAconcentrations
when Cm =1.0 mol/dm3. This disagreement arises
from the resistances due to the inter facial processes
at the phase boundaries betweenthe aqueous phases
and the membrane.
The inter facial process concerned with iron extrac-

tion by TOAwas elucidated in the previous report.
The rate of inter facial process can be expressed by6)

JF=krj(CFji- CFji) ,

7=1,2 (14)

where C|£ represents the concentration in equilibrium
with CFi. KTHis the adsorption constant of TH.

KTH = 14000 dm3/mol (15a)

and k is given as
yfc=2.1 x l0-5m4/mol-s. (15b)

In this case, the iron flux given by Eq. (14) is balanced
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with Eq. (9b). (TH)f can be evaluated from the
equilibrium relationships reported previously.5)

Combination of Eq. (9b) with Eq. (14) yields
^ = (1/^)(CF1 - CF2P2/P1) (16a)

where Rov is the overall resistance and is related with

Kv= IIK+ l/krl + l/kmPx +P2/PA2+P2/Pikw

=Rwl +Rrl +Rm+Rr2 +Rw2 (16b)

where Pj is the distribution coefficient of iron:
Pj=CF3/C$j9. 7=1,2

The iron flux calculated from Eq. (16) by use of the
diffusion coefficients mentioned previously is shown
in Fig. 6 as the solid curve. The curve well interprets
the trend of the experimental results.

The contributions of all resistances to the overall
total are shown in Fig. 7. The open circles are the

results for CH1=1.0 mol/dm3 and CH2=0.05

mol/dm3. In this case, the inter facial resistances Rrl
and Rr2 play a major role in the overall value at higher
CNvalue. On the contrary, at lower concentrations of

CN,the dominant resistance is the resistance in the
membrane, Rm.
The experiment shown in Fig. 5 was performed at

the same condition for the acid concentrations as in
Fig. 6 (open keys). The time course of the con-

centration changes as shownin Fig. 4 can be calcu-
lated by Eqs. (9), (14) and (15), (16), and is shown in

the same figure as the solid curves. The trajectory
calculated is also shown as the solid curve in Fig. 5.
The agreement of the calculated value with the ex-

perimental one is satisfactory.
The methods of decreasing permeation resistance

can be estimated from the relation, Eq. (16b). One is
to increase the Px value and the other is to increase the
</>!-value. Both conditions are satisfied by increasing
the CH1 value. To ensure this, iron was transferred
from the aqueous phase 1, (CH1 =3.0 mol/dm3) to the

other aqueous phase 2 (CH2=0.05 mol/dm3). The

experimental fluxes are shown in Fig. 6 as the closed
keys. The flux in this case is much higher than that at

CH1=1.0 mol/dm3 and CH2=0.05 mol/dm3. The

overall resistance and the contributions of each re-
sistance to the overall total are shownin Fig. 7. The
overall resistance is controlled by the Rmat lower CN
values, but approaches the Rwl value as CNincreases.
When CN is large, iron transport is controlled only by
the diffusion step in the aqueous film of phase 1. The

amine carrier in this case gives full play to the
facilitated transport of metal.

Conclusion

Characteristics amine-facilitated transport through
liquid membrane were elucidated. TEe liquid mem-
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Fig. 7. Overall resistance and contributions of individual

resistances thereto. Keys: curves, calculated resistances; con-
ditions of experiment, CFl =CF2= l.O x 10~3 mol/dm3. For
CH1=3.0 mol/dm3, Rr2 and Rw2 are less than 103s/m.

brane with amine carrier can concentrate metals
spontaneously without controlling the concentrations

of the agent which provides driving force to the
uphill transport. The resistance to metal transport

in the membrane can be reduced to a negligible
order of magnitude under appropriate conditions.
This result shows that a liquid membrane of hollow-
fiber type is effective in practice.
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Nomenclature

CF, CF = concentrations of iron in aqueous and
organic phases [mol/dm3, or mol/m3]

CH = concentration of acid in aqueous phase
[mol/dm3, or mol/m3]

CM = concentration of metal [mol/dm3, or mol/m3]
CN = concentration of amine in membranephase

[mol/dm3, or mol/m3]
Cs = concentration of solute [mol/dm3, or mol/m3]
D = diffusion coefficient [m2/s]
E = maximum degree of enrichment [-]

å  JF = flux of iron [molm^s"1]
JH = flux of acid [molm"2s"1]
JM = flux of metal [molm"2s"1]
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Js = flux ofsolute [molm 2s 1]
KH, KM = equilibrium constants defined by Eq. (1)

[inmol, dm3]

Kov = overall mass transfer coefficient [m/s]
k = inter facial reaction rate coefficient

[mol^ m's"1]
km = mass transfer coefficient in membrane [m/s]
kr = mass transfer coefficient for inter facial

process [m/s]
kw = mass transfer coefficient of aqueous phase

[m/s]

L = thickness of membrane [m]
Lw = thickness of stagnant layer in aqueous phase [m]

TV = agitation speed [s"1]
P = distribution ratio [-]

Rm = resistance in membrane [s/m]
Rov = overall resistance [s/m]

Rr = resistance due to inter facial reaction [s/m]
Rw = resistance in aqueous phase [s/m]
V = volume of aqueous phase [m3]

8 = porosity [-]
<fi = a coefficient to relate concentration of iron

in neutral from to total concentration of
iron in aqueous phase [-]

X = tortuosity [-]
( ) = concentration [mol/dm3]

<Subscripts )
0 = initial state

1,2 = aqueous phases 1 and 2, and values in
membraneadjacent to aqueous phases 1 and 2

/ = value at interface
j = aqueous phasej
F = iron
N = amine
H = acid
S = solute

(Subscripts )
* = value in equilibrium with membrane phase
+ = value at condition CM1=CM2

= value in organic phase

(Chemical species)
T = free amine

TH = amine-acid complex
H = acid
THM = amine-metal complex
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