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Extraction of Lanthanoids by Liquid
Surfactant Membranes
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YOSHIKAZU MIYAKE

DEPARTMENT OF INDUSTRIAL CHEMISTRY
KYOTO INSTITUTE OF TECHNOLOGY
MATSUGASAKI. SAKYO-KU. KYOTO 606, JAPAN

Abstract

Separation and concentration of lanthanoids such as La®*, Nd**, Sm**, Eu'*,
Gd3*, Dy**, and Yb** were carried out using liquid surfactant membranes
containing 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester as a carrier.
Under the condition of sufficiently high distribution ratio, more than 98% of these
metal ions was extracted within 5 min even if the volume ratio of W/O emulsion
to the external aqueous phase was as low as 1/32. The ratio of the concentration of
metal ions in the internal aqueous phase to that in the external feed phase
reached about 50,000 within 20 min. In the conventional solvent extraction of
Yb3*, the aggregates of metal-carrier complexes, which were insoluble in the
organic membrane phase, were formed at high loading ratio. In the extraction of
Yb** by liquid surfactant membranes, however, formation of such aggregates was
suppressed because both extraction and stripping occurred simultaneously on
both sides of the membranes. The rate of interfacial reaction between lanthanoids
and the carrier was remarkably reduced by the presence of the emulsifier, and the
forward reaction rate was represented by

rr= kALn3¥][(HR),])%/[H*}?

where [(HR),] is the concentration of the dimer of the carrier. The rate of the
extraction by liquid surfactant membranes was satisfactorily simulated by a
proposed permeation model, ie., a “multilayer shell model.”

*To whom correspondence should be addressed.
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INTRODUCTION

The separation technique using liquid surfactant membranes has been
noted as a unique method for the separation and concentration of such
solutes as metal ions, weak bases, weak acids, and amino acids (7). The
most promising application among these is the concentration of metal
ions by the active transport mechanism where carriers play important
roles in fast and selective permeation. It was reported that various metal
ions such as copper(Il) (2), zinc(I1) (3), chromium(IV) (¢, 5), cobalt(I1) (6),
uranium(VI) (7), and mercury(Il) (5) were successfully extracted by liquid
surfactant membranes. However, very few papers (8, 9) were presented on
the extraction of lanthanoids which are essential elements, especially in
the electronic industries. Changyin et al. (§), and Yongjun et al. (9) carried
out experiments on the extraction of Eu’* and La’* using liquid
surfactant membranes containing di-2-ethylhexyl phosphoric acid as a
carrier, and the data were simulated by the advancing front model (9).
However, the resistances of the interfacial reactions and the diffusion of
the metal ions in the external aqueous phase, which are often important
depending on the experimental condition, were not considered in their
model.

In order to discuss systematically the behavior of the extraction of
lanthanoids, it is desirable to obtain experimental data on the extraction
of a wide variety of lanthanoid ions. The purpose of the present study is
to investigate the rate of permeation of such lanthanoid ions as La’*,
Nd*, Sm**, Eu**, Gd**, Dy**, and Yb®** by liquid surfactant membranes
containing 2-ethylhexyl phosphoric acid mono-2-ethylhexyl ester {ab-
breviated as PC-88A) as a carrier. The distribution ratio of the metals and
the kinetics of the interfacial reaction between the metals and the carrier
were also investigated. The effect of the experimental conditions on the
extraction rate was satisfactorily simulated by a new permeation model,
i.e., the “multilayer shell model.”

MULTILAYER SHELL MODEL

The present authors earlier presented a model of the permeation of
metal ions through liquid surfactant membranes by which the rates of
both batch and continuous extractions of copper could be satisfactorily
simulated (10, 1I). Because the basic equations of the model are
expressed by simultaneous partial differential equations, the integration
is rather complicated. In the present study a simplified model, ie., a
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“multilayer shell model,” is proposed. The computation time is consider-
ably reduced by using this model.

The schematic diagram of the W/O emulsion drop is shown in Fig. 1.
In this model the W/O emulsion drop is considered to consist of
multilayer shells, each of which contains the oil membrane phase and the
internal droplets. The mass transfer of the carrier and the complex occurs
between adjacent shells, and the concentrations of the chemical species
are uniform in each shell.

The reaction between lanthanoid ion (abbreviated as Ln**) and PC-
88A, and its equilibrium are expressed by the following equations (12):

Ln** + 3(HR), 2 LnR;3(HR) + 3H* (1)
4 +3B =2C + 3H)
K. = ([LnR;3(HR)][H*]*/[Ln**][(HR),]),, = (CH?/AB%),, (2)

Here, (HR), is the dimer of PC-88A. As the solubility of PC-88A in the

FiG. 1. Multilayer shell model. 1: External aqueous phase. 2: Stagnant film of the external

aqueous phase outside W/O emulsion drop. 3: Interface between external aqueous phase

and W/O emulsion drop. 4: Peripheral oil layer. 5: Oil membrane phase. 6: Internal aqueous
phase.
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aqueous phase is very low, it is deduced that the reaction occurs at the
aqueous-organic interface. Here it is assumed that the reaction rate is
represented by

r = k(L] [(HR)]"/[H*] - [LoR,3(HR)I/K.,,)
- K, (ABY/H — CIK.) *

where k; is the forward reaction rate constant.
The elementary steps of the metal permeation are as follows.

(1) Diffusions of Ln** and H* through the stagnant film of the external
aqueous phase.

(2) Interfacial reaction between Ln’** and the carrier.

(3) Diffusions of the carrier and the complex through the peripheral
oil layer of the W/O emulsion drop.

(4) Diffusions of the carrier and the complex between the adjacent
shells.

(5) Stripping of the metal at the interface between the membrane
phase and the internal aqueous phase.

The mass balance equation of Ln’" in the external phase is represented
by

(1 - ¢,)(dAex/dt) = _kA(ST/VT)(Aex - Aex,i) + (vb/VT)An (4)

where k, is the mass transfer coefficient of Ln** through the external
stagnant film, Sy is the total external surface area of the W/O emulsion
drops, V7 is the total volume of the W/O/W emulsion, ¢’ is the volume
fraction of the W/O emulsion drop (= V,/V7), and v, is the volumetric rate
of the leakage of the internal aqueous phase to the extenral phase due to
the breakage of the membranes. The last term of Eq. (4) represents the
rate of the leakage of Ln** from the internal aqueous phase in the nth
shell to the external phase (10).

The mass balance equations of the carrier B and the complex C in each
shell are represented by

(1 — ¢)VAdB;/dt) = kg;-1S;-((Bj-y — B;) — kg;S{B; — B;+1)

+ (90V,/R )k (C; — K o.A,B}/H;) ()
(1 = o)V(dC;/dt) = kc;-1S;-((Ciy — C;) = ke ;S{C; — Civy)

- (3¢V,/R )k (C, ~ K AB}/H}) (6)
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V6(dA,/dt) = (3¢V;/R)kAC; ~ K, A;B}/H}) @)

where k, is the reverse reaction rate constant (= k/K,). The above
equations hold fori = 1,2,..., n. Here, k; is the mass transfer coefficient
between the jth and the (j + 1)th shell. It should be noted that S, is zero,
and the (n + 1)th shell corresponds to the peripheral oil layer.

The inital conditions (I.C.) and the boundary conditions (B.C.) are as
follows.

IC Aex = Aex,07 Bj = BOa Cj = CO’ Aj = Ain.O’ (IIj = Hin.O)
att=0,(=1-n) (8)

BC kA(Aex - Aex,i) = kH(Hex,i - Hex)/3 = k/(Aex,iB?/Hex,? - Ci/Kex)
= kg(B, — B;))/3 = kc(C, - C,) ®

The charge balance equation in the internal aqueous phase is given by
34, + H;=34,,,+ H,, (10)

The way to divide the W/O emulsion drop into shells is important in
this model. As the flux is closely related to the concentration profiles near
the peripheral part of the W/O emulsion drop rather than those in the
inner part, the division which results in thinner shells in the peripheral
part for a given value of »n is desirable. From this point of view, the drop
was divided into shells of equal volume in this study. Then the following
equations hold:

r,= (j/n)" R (1)

S; = 4n(j/n)*’R? (12)
V,i=V,/n= (4n/3)R*/n (13)

Ar, = [(j/m)" = {(j = D/n}'"IR (14)

Here, r; and Ar; are the outer radius and the thickness of the jth shell,
respectively. Mass transfer coefficients kp; and k; are approximated by

kg; =D, p/[(Ar; + Ar;)/2] = (2D, 5/R)/[{(j + 1)/n}'?
- {(j = D)Y/n}'") (15)

ke = (2D./R)/{( + D/n}'® = {(j = D/n}"] (16)
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where D, is the effective diffusivity. The average thickness of the adjacent
shells was taken as the diffusion length.

The basic equations are transformed to dimensionless forms by use of
the variables and the parameters given by Eq. (24).

dy/de = —{3Bl¢’/(1 - ¢’)}(y - yl) + [aBimI-I,in/{zmA,ex(l - q),)”an

17)

db,/d6 = [3/{(1 - (D)vj}][KB,j—lsj—l(bj—l - bj) - KB,jsj(bj - bj+l)]
+ {30gBi/(1 — 9)}z; (18)

de/de = [Brep/{(1 — ¢)vj}][KC,j—1sj—l(cj—l —¢;) — Kes{c; — Cj+1)]
— {30¢Bi/(1 — 0)}z; (19)
da;/d8 = (3Big/my,,)z; (20)
Zj= ¢ — Kexajb;/{mil,in(l + My /My, — aj)s} (21)

ICy = 1’ a;=ay= 3Ain,0/Hin,05 b, = 1’ Cj = Co

J J

3C0/B0 atg =0 (22)

B.C..y =y = (numpex/3M g 0)(Hop i/ Hoe — 1)
= nAWib} /My )(H o/ Hov i) = ¢/ (3K ot g e0)}
= (ng/3my.)(b, — b))
= (nc/3my.)(ci — ¢,) (23)

a; = 34,/H,,,, b, = B;/B,, ¢;=3C/By, y=A,/Auo

Bi = kAR/DeBaV Myex = Aexo/Bos M yin = 3Aino/Bo,

My ex = Hop o/ B, Myin = Hi, /By, ng = kp/ky, ne = kelka

ny=kgky, ng = kylky, q = Rk,/Rk,, rce = Doc/D.p,

s;= S/4nR%, v, = V)V, a=Rv/k V7,

kg = ks;(R/D.s),  %c; = ke(R/Des), 8= Dpt/R? (24)
It can be recognized from a comparison of these parameters with those

in the previous model (/0) that the present model is essentially the same

as the previous model. In the present model, however, the method of
division is more flexible, and the computation time is considerably
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reduced. Furthermore, the nonideal behavior such as the swelling of the
W/0 emulsion can be more easily taken into account in this model.

If the values of 15 parameters (a, ¢, ¢', Bi, M o My Mg e Myin, Ap Ac,
ng g q, K, rcg) are given, the basic equations can be numerically
integrated. Here, the Runge-Kutta-Verner method was used.

EXPERIMENTAL

The extractant PC-88A, kindly supplied by Daihachi Chemicals Ind.
Co. Ltd., Japan, with a purity of 95%, was used without further
purification. This extractant has been developed especially for the
separation of cobalt(Il) and nickel(II), and also for the separation of rare
earth metals (/3). It was reported that in comparison with di-2-ethylhexyl
phosphoric acid, PC-88A is suitable to the extraction of heavy rare earth
metals because the stripping is much easier compared to di-2-ethylhexyl
phosphoric acid. The aqueous solutions of lanthanoids were prepared by
dissolving their chloride salts in deionized water. Distribution ratios were
measured by the conventional method. An organic solution and an
aqueous solution, the ionic strength of which was adjusted to 0.1 mol/dm?
by sodium chloride, were equilibrated at 298 K, and the resulting aqueous
solution was analyzed. The feed concentrations of the metal ions were
about 100 ppm, and the pH was adjusted by hydrochloric acid.

The experimental apparatus used for the extraction by liquid sur-
factant membranes was the same as reported in a previous paper (/0).
The W/O emulsion was formulated from the organic and aqueous
solutions. The organic membrane phase consisted of Dispersol, a sort of
kerosene supplied from Shell Chemical Co. Ltd., in which were dissolved
PC-88A and Span 80, an emulsifier. The concentration of Span 80 was 5
vol%. The equal volumes of organic solution thus prepared and the
aqueous solutions containing hydrochloric acid and lithium chloride,
which was used as a tracer for measuring the membrane breakup, were
sonicated for 2 min by an ultrasonic homogenizer. W/O emulsion (20
cm’) was dispersed in an agitation vessel containing 0.65 dm* of the feed
solution. The stirring speed was 250 rpm, and the temperature was 298 K.
The pH of the feed solution was adjusted by 0.3 mol/dm’ formic acid-
sodium formate buffer solution in the range of pH above 2.6 and by
hydrochloric acid in the lower pH range. Samples were taken from the
external phase, and the lanthanoid concentration was determined by the
Arsenazo III method or flame emission spectrometry. The drop size
distributions of W/O emulsion drop and the internal droplet were
measured by the photographic and microscopic methods, respectively.
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Unless otherwise stated, the concentration of hydrochloric acid in the
internal aqueous phase was 1 mol/dm®.

RESULTS AND DISCUSSION

Extraction Equilibria
If Eq. (2) holds, the distribution ratio is expressed by
D = [LnR3(HR))/[Ln*"] = K ([(HR),]/[H*])’ (25)

Experiments were carried out under the condition of low loading ratio,
i.e., the condition that [LnR;3(HR)] was less than 5% of the total carrier
concentration. Here, it was assumed that PC-88A exists as its dimer in
Dispersol. Figure 2 shows the plot of D against pH. The slopes of these
plots for all metals are approximately 3. It was found from the plot of D vs
[(HR),] at constant pH that D is approximately proportional to [(HR),]".
D was independent of the metal concentration. Thus, the extraction
equilibria can be expressed by Eq. (2). The determined values of K, are
shown in Table 1.

10°

PYT T VT erTary T rTd
slope=3

pre el ettt
05 1.0 15 2.0 25
pH

FIG. 2. Plot of D vs pH. [(HR),] = 73.5 mol/m’, [Ln**), = 100 ppm.
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The effect of the addition of Span 80 on K,, was investigated using W/
O/W emulsion systems by means of the same technique employed in the
extraction of phenol and cresol (/4). However, a noticeable effect was not
found in the concentration range of Span 80 below 5 vol%.

Extraction by Liquid Surfactant Membranes

Comparison of the Extraction Rates of Lanthanoid lons by Liquid
Surfactant Membranes

The comparison of the extraction rates of various lanthanoid ions by
liquid surfactant membranes at pH = 2.3 is shown in Fig. 3. The order of
the extraction rate is essentially the same as the order of K,,, and the
metal of higher atomic number is extracted more rapidly.

In the conventional extraction of Yb** carried out at high loading ratio,
the aggregates of metal-carrier complexes were formed, and the organic
phase set to gel. However, in the case of liquid surfactant membranes, the
formation of such aggregates was suppressed because both the extraction
and the stripping occurred simultaneously on both side of the mem-
branes. Thus, the liquid surfactant membrane is recommended in such
systems.

1o°m PR
‘ Illl*l 1’1—[_5
F 9Bgo )
- vel .

10" V: o E
> C V¥ La o8
[ A Nd g 7]

| 8 Sm i

Eu 0

162_—D Gd . D
- @ Dy 3
—Ivll S |'|J,"L1 1]

0 10 20 30

t / min

FiG. 3. Extraction of various lanthanoids by liquid surfactant membranes. [L“H]ex,o =200
ppm, pH = 2.3, [(HR),]y = 73.5 mol/m?, [H*};, o = 1000 mol/m;.
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FiG. 4. Effect of hydrogen ion concentration on the extraction rate of samarium(III).
[Sm?* g = 1.32 mol/m?, [(HR)lg = 73.5 mol/m?, [H};,0 = 1000 mol/m>.

Determination of the Rate Constant of the Interfacial Reaction

The effect of pH on the extraction rate of samarium(lIl) is shown in
Fig. 4. The extraction rate increases with pH. However, in the range of
high pH, further increase in pH does not increase the extraction rate.
Similar behavior was observed in the extraction of copper(1l) (10). This
can be explained as follows. When the pH is low, both the interfacial
reaction rate and the distribution ratio are low, and the extraction rate
decreases with a decrease in pH. On the other hand, when pH is high and
the metal concentration is low, both the interfacial reaction rate and the
distribution ratio are high. Therefore, the resistances of the reaction and
the diffusion of the complex in the membrane can be neglected while the
diffusion of Sm** in the stagnant film of the external aqueous phase is
rate-determining, Thus, the extraction rate is not influenced by pH in the
range of high pH. The value of k, was obtained from Eq. (26) by using the
data in this region.

ln([sm]ex/[smlex,()) = lny = —(kAST/Vex)t = —(3kAVe/R Vex)t (26)

To examine whether the rate of the interfacial reaction follows Eq. (3),a
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series of experiments on the extraction of europium was carried out
under the condition of reaction rate-controlling. Here, it was assumed
that at low pH the rate-determining step is the interfacial reaction. The
rate of the reverse reaction could be neglected under the experimental
condition. Then, the relation of y (= [Eu].,/[Eu]..o) vs ¢ at low pH is given
by

Iny=—kt 27)
k = (kBy/H.)(S1/Va) = (kBy/H,)(3V./RV.,) (28)

It was found that the plots of In y vs ¢ gave straight lines, and the values of
k were calculated from the slopes. As shown in Fig. 5, the plot of k vs
hydrogen ion concentration at constant carrier concentration gives a
straight line with a slope of —3. It was also found that the slope of the plot
of k vs carrier concentration was 3 as shown in Fig. 6. These results are in

lo TII!I 4 1T llli
10° -
T C 3
£ N slope=-3 ]
~ - -
= F o
1(57:‘ —
-8 nn’ N N e

10

10 102

Hex / mol.m3

FIG. 5. Plot of k vs H,,. [Eu’*], = 132 mol/m? [(HR),]o = 73.5 mol/m?, [H*];,o = 1000
mol/m”.
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FIG. 6. Plot of k vs [(HR),lp. [Eu*¥],0 = 1.32 mol/m?, pH = 2, {H*],, = 1000 mol/mj,

agreement with the proposed rate equation. The values of k, thus
obtained are shown in Table 1.

The plot of k, vs K,, is shown in Fig. 7. The slope is approximately 0.67,
and k, for Yb’* is about three orders of magnitude higher than k, for
La’t.

On the other hand, if it is assumed that even at low pH, the interfacial
reaction is so fast that the chemical equilibrium holds at the interface
between the external aqueous phase and the W/O emulsion drop, and
also that the diffusion of the complex through the peripheral oil layer
around the W/O emulsion drop is rate controlling, the following rate
equation can be obtained which shows the same concentration de-
pendencies as Eq. (3).

rf = kCCi = kCKeerx.iB?/ng,i = kCKeerxB(J)/HZX (29)

Here, k. is the mass transfer coefficient of the complex through the
peripheral oil layer. From the comparison of Eq. (29) with Eq. (3), it is
recognized that &k, in Eq. (3) corresponds to kK., in Eq. (29). As will be
shown later, the value of k. was determined as 2.1 X 10° m/s. The solid
line in Fig. 7 shows the relation of k,= kcK,.. The large discrepancy
between the data and the solid line indicates that the assumption of
chemical equilibrium at the interface is not reasonable. Thus, it may be
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F1G. 7. Plot of k;vs K.

considered that k, shown in Fig. 7 is the interfacial reaction rate constant
rather than k-K,,.. However, if the interfacial reaction follows the Eigen
mechanism (/5), the values of k, are roughly of the same order of
magnitude for these lanthanoids. Further investigation is needed to
interpret the behavior shown in Fig. 7.

It had been found from an experiment using a Lewis-type transfer cell
that the extraction rate of copper(Il) with SMES29 was remarkably
reduced by the addition of Span 80 (16). A similar experiment was carried
out on the extraction of Eu**. The organic phase containing PC-88A and

"
.'E -5
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€ EO
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varying amounts of Span 80 was contacted with an aqueous solution of
europium(IIl). The details of the experimental apparatus and the
procedure are described elsewhere (/7). As shown in Fig. 8, the extraction
rate was considerably decreased by the presence of a very small amount
of Span 80.

Effect of Experimental Condition on the Extraction Rate

Figure 9 shows the effect of pH on the extraction rate of Eu**. The
volume ratio of the W/O emulsion to the external feed solution was as
low as 1/32. In the range of pH above 2.95, the extraction rate is not
influenced by pH as in the case of the extraction of Sm**. It should be
noted that in spite of a very low volume ratio, 99% of europium was
extracted within 10 min, and that the ratio of the concentration of Eu** in
the internal aqueous phase to that in thc external feed solution reached
about 50,000 in 20 min.

10-];— 7
- f :
- .
104 —
— D_

VR TS T W U S VN SO

0 5 10

t / min

FiG. 9. Effect of pH on the extraction rate of europium(IIl). [Eu**], o= 1.32 mol/m’.
[(HR),]p = 73.5 mol/m?, [H*];n0 = 1000 mol/m?>.
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The effects of pH on the extraction rates of La’* and Nd** are shown in
Figs. 10 and 11, respectively. In the extraction of La®*, the critical pH
above which the extraction rate becomes almost constant is considerably
higher than in the extraction of Eu**.

Figure 12 shows the effect of europium concentration in the feed
solution. It is seen that the degree of the extraction decreases with the
increase in [Eu’*],.,. This is explained as follows. When [Eu’*],,, is high,
the internal droplets in the peripheral region of the W/O emulsion drop
are more rapidly saturated, and the rate is controlled by internal
diffusion, ie., by the diffusion in the W/O emulsion drop, and —dy/dt
becomes low. On the other hand, when [Eu’*],,, is low, ~dy/dt becomes
high because the rate is controlled by external diffusion, i.e, diffusion of
Eu'* in the stagnant fitm outside the W/O emulsion drop, and other
resistances can be ignored (10).

Figure 13 shows the effect of the carrier concentration on the extraction
rate of Eu’*. The rate increases with increasing carrier concentration
because both the interfacial reaction rate and the distribution ratio
increase. However, in the concentration range above 28 mol/m’, the rate
is independent of the carrier concentration since the external diffusion is
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FIG. 10. Effect of pH on the extraction rate of lanthanum(III). [La3+]gx~0 = 1.44 mol/m?,
[(HR),]o = 73.5 mol/m?>, [H*);,0 = 1000 mol/m’.
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Fi1G. 11. Effect of pH on the extraction rate of neodymium(III). [Nd“]a_o = 1.39 mol/m?,
[(HR),]p = 73.5 mol/m?, [H*],, 5 = 1000 mol/m>.

rate controlling in this concentration range. Thus, it should be empha-
sized that external diffusion is very important when the extraction rate is
fast and the metal concentration is low.

The effect of hydrochloric acid concentration in the internal aqueous
phase is shown in Fig. 14. It is seen that when [Eu**],,, is low, the effect of
[HCl],,, is not observed because the external diffusion is rate controlling.
On the other hand, when [Eu®'],,, is high, the internal diffusion becomes
important, and the rate increases with increasing [HCl],,, because the
capacity of the internal aqueous phase as a sink for Eu’* increases and
the resistance of the internal diffusion decreases.

Comparison of the Experimental Data with the Computed Results

The parameters involved in the multilayer shell model were estimated
as follows. The value of k, was estimated by Eq. (29) by using the data
obtained under the condition of external diffusion control. The mass
transfer resistance of H* in the external phase is important only when the
extraction rate is fast, i.e., at high pH. However, in the experiment at high
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FiG. 13. Effect of the carrier concentration on the extraction rate of europium(III).
[Eu¥t],0 = 1.36 mol/m?, pH =2, [H*],,o = 1000 mol/m’.
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Fi1G. 14. Effect of hydrochloric acid concentration in the external phase on the extraction
rate of europium(IIT). pH = 2.

[ | a ® e}
[Eu’t],. (mol/m?) 6.58 6.58 329 3.29
[H" )0 (mol/m?) 1000 1500 1000 1500

pH, buffer solutions were used. Therefore, this resistance was not
considered. D,z and ky were determined so that the computed results
could be compared with the experimental data. Here, it was assumed that
the equations D¢/Dg = D,/D.s = kc/ky, and Dy/Dy = {(molar volume of
B)/(molar volume of C)}*® (18) hold. The estimated values are shown in
Table 1. The ratio of D,z to Dy, the bulk diffusivity of the carrier, is 0.75.
This value is considerably higher than 0.24 which was obtained in the
extraction of copper by liquid surfactant membranes (/0). It was observed
that the W/O emulsion used in the present experiment was less viscous
than those in the copper extraction. Thus, some convection in the W/O
emulsion drop may contribute to the higher value of D,3/Ds.

The solid lines in Fig. 4 and Figs. 9-14 are computed results. It is seen
that the experimental data could be satisfactorily simulated by the
proposed permeation model. It was found from the computed concentra-
tion profiles in the W/O emulsion drop that chemical equilibrium is
established between the oil membrane phase and the internal aqueous
phase.
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CONCLUSION

Extractions of La**, Nd**, Sm*" , Eu**, Gd**, Dy**, and Yb** by liquid
surfactant membranes were carried out using 2-ethylhexyl phosphonic
acid mono-2-ethylhexyl ester as a carrier. It was found that the kinetics of
the interfacial reaction follow Eq. (3), and also that a correlation holds
between the rate constant and the extraction constant. The effects of the
experimental conditions on the extraction rate were satisfactorily simu-
lated by the proposed permeation model, ie., the multilayer shell
model.

SYMBOLS

concentration of Ln** (mol/m?)

concentration of Ln*" in internal aqueous phase of jth shell
(mol/m?)

concentration of carrier (mol/m®)

B/B,

Biot number (= kR/D,g)

concentration of complex (mol/m®)

3C/B,

molecular diffusivity (m?/s)

effective diffusivity (m%/s)

concentration of H* (mol/m?)

concentration of H* in internal aqueous phase of jth shell
(mol/m?)

extraction constant

quantity defined by Eq. (28) (1/s)

mass transfer coefficients of Ln’* and H* through external
aqueous stagnant film, respectively (m/s)

mass transfer coefficients of carrier and complex through the
peripheral oil layer of W/O emulsion (m/s)

forward and reverse reaction rate constants, respectively, (m/
s)

mass transfer coefficient between jth and (f + 1)th shell (J = B,
0) (m/s)

initial concentration ratio defined by Eq. (24)

number of division of W/O emulsion drop

kiky (/=B C H,andf)

Rk /R K,

radius of W/O emulsion drop (m)

TTPoCakTw

I N s
Fox =
A ]

S =3

P
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R, radius of internal droplet (m)

r rate of interfacial reaction (mol/m?-s)

Tcp D¢/Dy ot Do/Dg

S, interfacial area between jth and (j + 1)th shell (m?)

Sr total surface area of W/O emulsion drops (m?)

5; S/(4nR%)

t time (s)

Vv, total volume of W/O emulsion (m?)

V. volume of external aqueous phase (m?)

Vr total volume (= V, + V) (m?)

v, volumetric rate of leakage of internal phase to external phase
due to membrane breakup (m®/s)

Vi VilVe

Wi 34,/H,0

y Aex/Ae.V,O

Subscripts

0 initial value

A lanthanoid

B carrier

b bulk liquid

C complex

H hydrogen ion

e W/O emulsion

ex external aqueous phase

f forward reaction

i interface between external aqueous phase and W/O emulsion
drop

in internal aqueous phase

J Jjth shell

r reverse reaction

Greeks

o Rv,/k V;

o) volume fraction of internal aqueous phase in W/O emulsion
(= VilVe)

¢’ volume fraction of W/O emulsion in W/OQ/W multiple emul-
sion (= V./V7)

0 D pt/R*
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