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2-Ethylhexyl Phosphonic Acid Mono-2-ethylhexyl Ester
Using a Hollow Fiber Membrane Extractor
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KYUSHU UNIVERSITY
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OITA 870-11, JAPAN

ABSTRACT

A kinetic study concerning chemical complexation-based solvent extraction of
rare earth metals with 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester dis-
solved as an extractant in n-heptane was carried out using a microporous hydro-
phobic hollow fiber membrane extractor. The effects of concentration of chemical
species in aqueous and organic feed solutions on the apparent permeabilities of
metal species for extraction and stripping, respectively, were investigated to clar-
ify the permeation mechanism. From the experimental results it was predicted
that the permeation rate is controlled by diffusion of the chemical species in aque-
ous and organic phases and by interfacial chemical reaction. The experimental
data were analyzed by the diffusion model accompanied with an interfacial reac-
tion, taking into account the velocity distributions of the aqueous and organic
phases through the inner and outer sides of the hollow fiber.

INTRODUCTION

There has been increasing interest in the development of new advanced
materials by utilizing rare earth metals in a highly-purified state. Mul-

* To whom correspondence should be addressed.
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tistage solvent extraction is known as the most effective method for the
separation and purification of rare earth metals on an industrial scale.
However, the similarity of the chemical and physical properties of rare
earth elements complicates the processes used to produce metals of high-
purity from raw materials, even in solvent extraction (1).

A membrane-based solvent extraction process was recently shown to
be an effective alternative to conventional solvent extraction technology.
A supported liquid membrane (SLLM) is one way to realize this new tech-
nology (2). The use of SL.Ms eliminates the problems caused by the mixing
of aqueous and organic phases in conventional solvent extraction pro-
cesses, e.g., loading, flooding, and emulsification. In addition, a mem-
brane module of the hollow fiber type offers a very large interfacial area
per unit equipment volume. Owing to these attractive advantages, hollow
fiber modules have been used to study the recovery of various metal ions
(3-8) and the extraction of organic compounds (9-13).

The success of separation with SLMs depends on selective permeation
through the membrane. In a number of studies concerning the permeation
of metal ions through SLMs, it has been suggested that the interfacial
chemical reaction plays a predominant role in extraction Kinetics (8,
14-21). If a sufficient difference between permeation rates is obtained
under a nonequilibrium state for neighboring metals, a hollow fiber mem-
brane can be applied to the separation and purification of rare earth metails.

The extraction equilibrium of rare earth metals was investigated with
2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (commercial name,
PC-88A, henceforth abbreviated HR) in a previous paper (22). In this
study the extraction and stripping of rare earth metals with PC-88A were
carried out by using a membrane extractor which consisted of a single
hollow fiber in order {0 obtain more detailed information on the permea-
tion mechanism of rare earth metals.

EXPERIMENTAL
Reagents

PC-88A was from Daihachi Chemical Industry Co. Ltd. (Lot No.
N10102) and used without further purification. n-Heptane of commercial
GR grade was used as the organic solvent without further purification,
All other inorganic reagents used were GR grade.

The metal complexes of PC-88A, MR;, were prepared by adding an
aqueous solution of the chloride sait of a rare earth metal to a methanol
solution of PC-88A at about 333 K, adjusting the pH of the solution with
aqueous ammonia solution. The resulting complexes were purified by re-
crystallization in a mixture of methanol and chloroform to obtain solids.
These were analyzed by elementary analysis.
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Analysis: Calculated for C4H02P309Y(H,0): C, 56.70; H, 10.20%.
Found: C, 56.35; H, 10.25%.

Analysis: Calculated for CssH102P309Ho(H>0): C, 52.35; H, 9.33%.
Found: C, 52.45; H, 9.54%.

Analysis: Calculated for CssH,02P:OEr(H,0): C, 51.93; H, 9.28%.
Found: C, 52.34; H, 9.51%.

Organic solutions were prepared by dissolving PC-88A or/and metal
complexes in n-heptane. Aqueous solutions containing rare earth metals
were prepared by dissolving chloride salt hexahydrates of rare earth met-
als in nitric acid solutions and adjusting the pHs and ionic strengths of
solutions with sodium acetate—nitric acid solution or sodium nitrate—nitric
acid solution. Nitric acid solution was used for stripping.

Measurement of Extraction and Stripping Rates

The extraction and stripping rates were measured at 303 K with the
membrane extractor shown schematically in Fig. 1. The extractor is com-
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FIG. 1 (a) Schematic diagram of the hollow fiber membrane extractor. (b) Flow pattern
of each phase in the membrane extractor.



12: 06 25 January 2011

Downl oaded At:

780 KUBOTA ET AL.

posed of a glass tube and a microporous hollow fiber made of polytetraflu-
oroethylene (Japan Gore-tex Inc.). The characteristics of the hollow fiber
were measured and are shown in Table 1. The aqueous and organic solu-
tions were fed cocurrently along the inner and outer sides of the hollow
fiber, respectively, by a microtube pump (Tokyo Rika MP1001). Since
the fiber is hydrophobic, the pores of the membrane are filled with the
organic solution containing extractant. At the steady state, the concentra-
tions of rare earth metals and metal complexes in effluent solutions were
measured by ICP-atomic emission spectroscopy (Seiko SPS-1200VR).

To discuss the extraction results, the apparent permeabilities for the
extraction and stripping of rare earth metal, Py and Py, respectively,
were defined as follows:

Py (= Jm/Cwnio) = EQaq/(2mriL) (M
Py (= Jm/Cur3snro) = E'Qorg/(2mri L) @)

where Jyv and Ju are the average extraction and stripping rates, Q. and
Qore are the volumetric flow rates of the aqueous and organic solutions,
and E and E’ are the extents of metal extracted and stripped, respectively.

RESULTS AND DISCUSSION
Extraction and Stripping Rates of Rare Earth Metals

Figure 2 shows the relation between Py and pH of the feed solution.
The slopes of the correlation for each metal in the low pH range were
almost 3, while Py was not affected in the high pH range. Figure 3 shows
the relation between Py, of middle rare earth metals and the concentration
of metal in the feed solution, Cymo. Pm Was not affected by Cumo under the

TABLE 1
Specifications of Membrane Extractor

Polytetrafluoroethylene

Material (made in Japan by Gore-Tex Inc.}
Hollow fiber type A B
Inner diameter, 2r, (m) 9.38 x 10~ 1.02 x 1073
Outer diameter, 2r; (m) 1.84 x 1073 1.86 x 1073
Porosity, € (—) 0.45 0.43
Tortuosity factor, 7 (—) 1.60 1.14

Inner diameter of extractor, 2r; (m) 2.4 x 1073

Length, L (m) 0.25
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FIG.2 Relation between Py and pH of feed aqueous solution. Cmie = 0.5 mol/m?*, Curyzo
= 23.6 mol/m?; (A) Pr and (A) Nd, hollow fiber type A; ((1) Sm, (x) Eu, (W) Gd, (+) Ho,
(O) Y, and (@) Er, hollow fiber type B.
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FIG. 3 Relation between Py of middle rare earth metals and feed concentration of metal
ions. Cryzo = 23.6 mol/m?, type B; (OJ) Sm, (x) Eu, and (W) Gd, pH 1.5; (@) Sm, (ds)
Eu, and () Gd, pH 2.5.
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present experimental condition; that is, the extraction rate was propor-
tional to Cmo. Figure 4 shows the relation between Py and the concentra-
tion of the dimeric extractant in the feed organic solution, Caryz. Pm
increased with Cur)20 in the low pH and Cr)o range whereas it was
scarcely affected by Cur)zo in the high pH and Cyryz0 range.

Figure 5 shows the relation between Py and the activity of hydrogen
ion of the feed aqueous solution, agg. Py increased with aye at low ano
and approached a constant at high auo. Figure 6 shows the relation be-
tween Py of light rare earth metals and the concentration of metal com-
plex, Cmrisnro, in the feed organic solution. Py was not affected by
CwMmr33ur under the experimental condition, hence the stripping rate was
proportional to Curisnre. Figure 7 shows the relation between Py and
the feed concentration of dimeric extractant, Cgryo. At high acid concen-
tration, Py was scarcely affected by Ciuryze, While at low acid concentra-
tion Py decreased with increasing Cyry2o.

Analysis of Extraction and Stripping Rates

The experimental results suggest that the extraction and stripping rates
of rare earth metals are controlled by the interfacial reaction and/or by
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FIG. 4 Relation between Py of middle rare earth metals and feed concentration of dimeric

PC-88A. Cmio = 0.5 mol/m?; (0) Sm, (x) Eu, and (B) Gd, pH 1.5, type B; (d) Sm, (db)

Eu, and (©) Gd, pH 2.5, type A; (—) calculated lines; (- - -) calculated lines for Gd assum-
ing that diffusion was the rate-controlling step.
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FIG. 5 Relation between Piy and auo of feed aqueous solution, Cwmio = 0.5 mol/m3, Cryzo
= 23.6 mol/m?; (A) Pr and (A) Nd, type A; ((0) Sm, (x) Eu, (W) Gd, (+) Ho, (0) Y, and
(®) Er, type B.
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FIG. 6 Relation between Piy of light rare earth metals and feed concentration of metal
complexes. Caryzo = 23.6 mol/m?, type A; (A) Prand (A) Nd, ano = 5 mol/im?; (V) Pr and
(¥) Nd, apo = 79 mol/m®.
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FIG. 7 Relation between Py of light rare earth metals and feed concentration of dimeric
PC-88A. Cmio = 0.5 mol/m?, type A; (A) Pr and (A) Nd, ano = 5 mol/m*; (V) Pr and (V)
Nd, ayo = 79 mol/m3.

the diffusion of chemical species. That is, the metal ion in the aqueous
phase diffuses from the bulk to the aqueous—organic interface at the inner
surface of the hollow fiber. Then the metal ion reacts with the extractant
at the aqueous—organic interface to form the metal complex, and the com-
plex diffuses to the organic bulk phase through the membrane pore. Figure
8 shows the schematic concentration profile of the radial direction in a
hollow fiber extractor for the extraction of rare earth metal.

The equilibrium study shows that the rare earth metal was extracted
with the dimer of PC-88A, (HR),, as follows (22):

M2d + 3(HR)20,0re = MR33HR,re + 3HS Kex 3)

where the subscripts aq and org indicate the aqueous and organic species,
respectively, and K., denotes the extraction equilibrium constant. On the
basis of the experimental results mentioned above and previous studies
on the adsorption equilibrium of PC-88A in n-heptane (19), the following
interfacial reaction mechanism is suggested:

(HR)20rg = (HR)2a4; Kairy2 (CY)
M + (HR)zaga = MR%4 + 2Ha; K, &)
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FIG. 8 Schematic concentration profile of the radial direction in a hollow fiber extractor.

MR%4 + (HR)2org = MR3HR.g + Hig; K, {6)
MR;:HR.q + (HR)20rg = MR33HR e K; (= kilk,) 7

where Kur)y2 is the adsorption equilibrium constant of the dimeric PC-
88A and K, K, and K; are the equilibrium constants of Egs. (5), (6),
and (7), respectively. In Eq. (7), kf and k, are the forward and backward
reaction rate constants, respectively. The subscript ad denotes the ad-
sorbed state at the interface. From the fact that the apparent order of Py
is almost 3 with respect to pH at low pH values and more than 2 with
respect to the dimeric concentration of PC-88A in low C gy, the reaction
of Eq. (7) is considered to be the rate-controlling step in the interfacial
reactions. Therefore the interfacial reaction rate is expressed as follows:

R = kiCumriuradCHRr)2org — krCMR331ROME (8)
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By using the Langmuir adsorption isotherm for the adsorbed species
and assuming that the interfacial area occupied by the unit mole of each
adsorbed species is equal to that of (HR)», Swr)2, R is ultimately written
as follows:
kK, K> IS(.(HR)Z _%3@1_22 k:Cmr33HR
R = (HR)2 an 9)

K.
1 + (1 + a) KyrCur + Karp2Cury

CmC CmCh
M (HR)2 + KKK M (HR)Z

+ KiKur)2
where K, and Kyr are the dissociation constant of PC-88A and the adsorp-
tion equilibrium constant of monomer species, respectively. The forth and
fifth terms in the denominator, which represent the extent of intermediate
complexes adsorbed at the interface, MR3,q and MR3;HR,4, are consid-
ered to be negligible under the present experimental conditions since the
concentration of extractant is fairly higher than those of the complexes.

Hence the interfacial extraction and stripping rates of rare earth metal
are simplified as follows:

R = k((CmClari2/ati — Cumrszar/Kex)lo (10)
R' = k((Curasur — KexCmCluryp/ai)lo (1)
where
ke = ki K1 Ko(Kpry2/Swrz) (12)
and
=1+ (1 + Kalaw)KurCur + Kmr2Cury (13)

In laminar flow, the linear velocities of the aqueous and organic solu-
tions in a tubular extractor, uaq(r) and wu.re(r) shown in Fig. 1, are ex-
pressed as follows:

Q*‘“ 1~ (rlry)?} (14)

“aq(r) =

— 2
(r+/r))? — (rlr))? + (ralry)? (ralry)

In(r/r3)
N ZQorg ln(rg/rz)
uorg(r) - ,.n,r% X 4 4 {(r;/rl)z - (r2/r1)2}2 (15)
(r3/r)* = (ralry)* — In(r+/r7)

The mass balance equations at steady state are derived as follows for
each region of the membrane extractor. In the aqueous phase (0 < r <
I )9
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ACm 9°C 18C
an(r) 61 = DM( = M)

ot T or

aa . azaH 1 daygy
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(16)

17)

In the organic phase of the outer side of the hollow fiber (r» < r < r3),

(r )aC(HR)Z - D 32C(HR)2 1 0C g2
org (HR)2 arZ r or
0Cmr3z3HR #Cmrizur | 1 0CMr33HR

Uogre(r )—— Dyrizur ) + - or

In the porous membrane of the hollow fiber (r; < r < 1)

&#C, 16C
Dyry = ( a(rI;R)z + p S;R)z) =0

*C 1aC
o N— ( 1:;1:{233HR + : M;33HR) -0

The boundary conditions are expressed as follows:
l=0,0<r<r1; Cm = Cmo, au = auo

=0, n<r<r; C(HR)2 = C(HR)ZO; Cumrasur = CMR33HRO

0
1>0,r=0; DM—éC;—M=0

aC 1 a 1 0
1>0,r=r; —Dy—2 =3 % 3 Dwryz = : _—C:;:R)Z

_ € ICMR33HR .
= —Dwmrazur = : ar =R(=R’)

dCwur)2
or

D € aC(HR)z
HR2 =™ or

[ >0,r = r2; Dury

ra_g r2+0

aCwMR33HR
or

€ JCMR33HR
= DMr3sur - ————
T ar

2-0

Dyr3sur

C(HR)Z’rz_0 = C(HR)2|r2+o, CMR33Her2_(,

= CMR33HR|r2+0

(18)

(19)

(20)

@n

(22)
(23)

249

25

(26)

2+0
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9C HRr)y2 dCMR33HR
1>0,r = r; Dry2 ar Durssur Y

=0 @27

where Dy, Daaryz» and Durasur are the diffusivity of metal in the aqueous
solution, dimeric PC-88A, and the complex in the organic solution, respec-
tively.

The basic equations (16)—(21) were solved numerically by using the
boundary conditions to obtain the concentration profiles in the extractor
(16). The apparent permeability for the extraction and stripping, Py or
Py, were obtained from Egs. (1) and (2) using £ and E’, which were
calculated by the model mentioned above.

The values of K., Kur, Kair)2, and K¢, for each metal were determined
in previous papers (19, 22). The overall forward reaction rate constant,
k¢, was evaluated with the trial-and-error method so as to minimize the
standard deviation between the experimental and calculated permeabil-
ities (17). The values of diffusivities, Dy and Dyriaur, Were also evalu-
ated by analyzing the experimental data, whereas Dugr)» was estimated
by the Wilke—Chang correlation (23). These values are listed in Table 2.
The values of 4r for each metal are shown in Table 3, and the calculated
results are shown in Figs. 2—-4 as solid lines.

The dashed lines in Fig. 4 were calculated for Gd assuming that the
diffusion on both sides of the interface was a rate-controlling step. The
deviation of the dashed lines from experimental data predicts the permea-
tion at low pH and in the low Cry20 region is controlled by the interfacial
chemical reaction.

On the other hand, the experimental results for stripping were in excel-
lent agreement with the lines calculated by assuming that the interfacial
backward reaction was very fast and that the diffusion process was rate
controlling, as shown in Figs. 5-7. Though Py was found to be slightly
affected by chemical reaction at the high range of apo and Cug)20 in Fig. 7,
it was difficult to estimate the backward reaction rate constants accurately
since the influence of the interfacial reaction was observed at limited con-
centration range.

TABLE 2
Constants Used for Numerical Analysis
KHR = 4.65“9’ (m‘/mol) K(HR)Z = 1.80“9) (m‘/mol)
K. = 4.79"% (mol/m?) Kp = 3.00°® (m?/mol)
Dy = 7.2 x 1071° (m%/s) Dryz = 1.1 % 1072 (m?/s)

Dursspr = 4.5 x 10719 (m?/s)
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TABLE 3
Rate Constants, Equilibrium Constants, and Separation Factors (303 K)
Pr Nd Sm Eu Gd Ho Y Er
ke x 105 (mis) 0.86 1.6 16 27 57 1400 2000 3200
Brii 1.9 10 1.7 2.1 25 1.4 1.6
Kex (—) 0.052 0,082 1.0 2.4 36 94 150 180
Boij 1.6 12.5 2.4 1.5 26 1.5 1.2

The results in Figs. 2, 3 and 5 were obtained by using two different
hollow fiber membranes whose physical characteristics are shown in
Table 1. The difference in the magnitude of permeabilities was observed
in the region of approximately constant Py, in Fig. 5.

By considering that the permeation for stripping in the high ay range
of Fig. 5 is controlled by the diffusion of metal complex in the organic
phase of a membrane pore, the dependence of permeability on an can be
approximately expressed as follows:

. _ € Duyr3anr
Py = T s (28)

The approximated thickness of the organic side diffusion layer, 8, for
the hollow fiber membranes used were determined by using Eq. (28) as
3.22 x 107%m and 3.04 x 10~ *m for types A and B, respectively. The
ratio of these values are in reasonable agreement with that of membrane
thickness.

In contrast, as shown in Figs. 2 and 3, the permeation rate of extraction
at the range of approximately constant permeability was the same irre-
spective of the fibers used. This suggest that permeation was controlled
by the diffusion of metal ion in the aqueous phase.

Separation Factors

The separation factors for neighboring members of rare earth metals
are defined by the following equation and are listed in Table 3.

BPij = kﬁ/kfj (29)

Compared with the separation factors reported in our previous paper (22),
the efficiency of the mutual separation in the present hollow-fiber extrac-
tor, which is based on the difference of extraction rates, is nearly equal
to that in the process based on the difference of extraction equilibria.
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Relation between Extraction Rate Constants and
Equilibrium Constants

The relation between k¢ in the present study and Kex in the previous
study (22) obtained for the series of rare earth metals is shown in Fig. 9.
It is found that k¢ is proportional to K« in two kinds of solvent.

From Eq. (3) and Egs. (4)-(7), K.« is represented as follows:

Kex = K1K2K3(K(HR)2/S(HR)2) (30)

From a comparison of Eq. (30) with Eq. (12), the linear dependence be-
tween Ar and Kex implies that the forward reaction rate constant and the
equilibrium constant of the rate-controlling step shown by Eq. (7), k¢ and
K; respectively, bear a linear relationship to each other. This suggests
that the backward reaction rate constant, k., does not vary in the series
of rare earth metals since the ratio of ks to k. is considered to be equal to
K.« for each metal.

A more detailed study is required to interpret the linear relationship in
Fig. 9.

102
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104 F

k¢ [m/s]

105

! 1
106 |

10-7 NI U U TN EEPETETITT. R Tr I a Ty

\maL

Lt

102 1071 100 101 102 103
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FIG. 9 Relation between ks and Kex. Solvents: (O) heptane, (¢) toluene (25).



12: 06 25 January 2011

Downl oaded At:

EXTRACTION KINETICS OF RARE EARTH METALS 791
CONCLUSION

A kinetic study on the solvent extraction of rare earth metals with PC-
88A in n-heptane was carried out using a microporous hydrophobic hol-
low-fiber membrane extractor. The following results were obtained.

1. The interfacial reaction was composed of four steps expressed by
Egs. (4) to (7). The rate-determining step was the formation of a final
complex between the intermediate complex, MR;HR, at the interface
and the extractant in the organic phase. The interfacial reaction rates
are described by Eqs. (10) and (11).

2. The experimental results of extraction were analyzed by the diffusion
model accompanied with a interfacial reaction, taking into account
the velocity distributions of the aqueous and organic phases through
the inner and outer sides of the hollow fiber, respectively. The model
predicted satisfactorily the experimental results, and the forward reac-
tion rate constants were determined. The experimental results of strip-
ping were also explained by the same model with a fast interfacial
reaction, that is, the reaction was in the equilibrium state.

3. The separation factors for neighboring members of rare earth metals
in the present membrane extractor were nearly equal to those in ex-
traction based on the difference of extraction equilibria. The interfa-
cial forward reaction rate constants were proportional to the extrac-
tion equilibrium constant.
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