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LI UID-MEMBRANE TRANSPORT OF RARE 

DI 2-ETHYLHEXYL PHOSPHORIC ACID: 
FARTH METAL ioNs FACILITATED BY 

C b MPARISON WI 4 H THE RESULTS OF 
CORRESPONDING CENTRIFUGAL 
PARTITION CHROMATOGRAPHY 

T A K E 0  ARAKI,' TOMOYUKI OKAZAWA, 
YASUO KUBO, HISANORI ANDO, AND 

HIDEAKI ASAI 
Depnrtniertt of Cheniistry 

Faculty of Science 
Shimarte University 
Matsue, 690, Japan 

ABSTRACT 

Selective liquid-membrane transport of rare earth 
metal ions were found to be effectively attained by the 
use of di(2-ethylhexy1)phosphoric acid (D2EHPA) carrier. 
This finding was obtained on the basis of the idea that 
liquid-membrane transport phenomena would be basically 
correlated with those of "separator-aided centrifugal 
partition chromatography", a separation technique based 
on the counter-current continuous extraction method. 
For the rare earth metal ion samples direct comparison 
of liquid-membrane transport with the corresponding 
centrifugal partition chromatography by employing the 
same two-phase liquid systems both containing D2EHPA 
showed that a close parallelism in the results obtained 
with the two separation systems. 
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INTRODUCTION 

ARAKI ET AL. 

The selective liquid-membrane transport (LMT) of 
rare earth metal (RE) ions is a challenging problem for 
developing new techniques for a variety of analytical 
tools including RE ion-selective sensors. Izatt, et al. 
have reported the liquid-membrane transport of Eu2+ ion 
with a crown-ether carrier.(l) The present article is 
referred to selective LMT of lighter RE metal ions with 
D2EHPA carrier, which was attained based on the corres- 
ponding counter-current type chromatographic behaviors. 

Recently we developed a technique of “carrier(or 
separator)-aided centrifugal partition chromatography 
(CPC)”,(2) which is an extension of centrifugal counter- 
current continuous extraction method.(3) The classical 
counter-current distribution method(4) has been developed 
as continuous extraction technique in which a mixture of 
sample solutes distributes between two immiscible liquid 
phases (solvents) simply by the difference in partition 
coefficients. However, when a separating reagent or a 
carrier compound added in the stationary liquid phase of 
the centrifugal partition chromatography (CPC) plays a 
crucial role for the separation in problem, the chro- 
matography becomes to have an fundamental common aspect 
with the LMT system(5) in view of that both of these 
separation systems involve the following chemical pro- 
cess (eq 1)(6,7): 

s + Y -[S---Y] - Y + s (1) - 
where, S denotes a samplemolecule in CPC and a sub- 
strate molecule in LMT, Y is a separator in CPC or a 
carrier in LMT, and [S---Y] designates any type of 
interactions between S and Y leading to an effective 
separation or molecular recognition. 
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The "carrier(or separator)-aided CPC" can effec- 
tively be used when the sample components have identical 
or closely similar partition-coefficients for the two- 
solvent pair used. The example is that alkali metal 
picrates were able to separate(2) with a separator of 
benzo-crown ether which had been known as an effective 
carrier in selective LMT of the alkali metal picrates. 
(5 )  

The research field of LMT has been extensively 
developed in a past decade, but one frequently encoun- 
ters difficulty for finding out an effective carrier for 
selective transport of neutral molecules or ions with 
larger size, and the researchers have been imposed to 
design complicated carrier molecules. Recently, on the 
basis of the result of CPC data, we achieved the selec- 
tive transport of picric acid and p-nitrophenol by using 
a simple and costless compound of butan-l-o1.(6) At the 
same time we also proved(6) a direct correlation between 
CPC and LMT in the two liquid-phase system used. 

More recently, we found that lighter rare earth 
metal ions can be effectively separated by CPC contain- 
ing di(2-ethylhexy1)phosphoric acid (DZEHPA) as separa- 
tor.(8) Hence, in the present work we applied the same 
liquid system to LMT aiming to test the selective trans- 
port of RE3+ ions with this costless carrier molecule of 
D2EHPA. 

Fundamental Aspects of Relation Between CPC and LMT: 
Actually there is a common chemical behavior of eq. 

1 between LMT and CPC. However, when the mechanistic 
difference between LMT and CPC (Figure 1) is considered, 
the results of LMT and CPC are expectedto bemore 
complex as summarized in TABLE 1.(7) In TABLE 1 it is 
assumed, for simplification, that partition effects of 
the solvent are completely negligible: no transport 
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STATIONARY PHASE 

A 

LHT 
S: Substrate, Y:  car r ie r  
I ,  : Aqueous source phase 
12: Aqueous receiving phase 
11: Liquid membrane (organic) 

MOBILE 
PHASE 

i n ,  

B CPC 
S: Sample, Y :  separator 
I : Aqueous mobile phase 
11: Organic s ta t ionar  phase 

out 
'3 

Figure 1. Fundamental illustrations of LMT and CPC. 
For simplification only shown are the systems of organic 
phases as liquid-membrane and stationary phase. A: LMT 
system with aqueous source and receiving phases. B: CPC 
system with aqueous mobile phase in a descending mode. 

TABLE 1. GUIDE-LINE TABLE FOR PREDICTING THE RESULTS OF 
CPC AND LMT ON THE BASIS OF PHASE TRANSFER PROCESSES.(7) 

Phase Transfer 
Processes CPC LMT 

No, (in) (out) (Retention (Rate of 
aq. org. org. aq. Value) Transport) 

1 no ---- very low no transport 
2 ready ready low high 

5 difficult difficult very broad peak very low 

6 interphase ---- high or low no transport 

3 ready difficult high(tai1ing) 1 ow 
4 difficult ready low(1eading) low 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
only (depends on the 

partition 
coefficient) 
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through a liquid-membrane occurs in the absence of the 
carrier molecule, and retention volume of the sample 
agrees with thevalue ofthe deadvolume if a stationary 
phase containing the solvent alone is used in the cor- 
responding CPC. Hence, we also assume that the results 
of LMT (as rate of transport) and CPC (as retention 
time) solely depend on the interaction equilibria in the 
formation and dissociation of the [S---Y] state, and 
that the phase-transfer processes involved in both sys- 
tems depend only on these equilibria. (For practical 
comparison of the data of LMT with CPC, the interaction 
equilibria are conventionally and roughly designated as 
"ready" and "difficult", and "rapid" and llslow'l instead 
of more correct descriptions of "small or large equilib- 
rium constants".) 

A s  can be seen from the TABLE 1, the results of LMT 
and CPC will correlate well in the cases-2 and -3. The 
examples of these cases are behaviors of alkali metal 
picrates with crown ether(1) and of nitrophenols with 
butan-l-o1.(6) However, in the other cases-1, -4  and -5 
the correlation between LMT and CPC data will not be 
straightforward. In our preliminary tests stronger 
[S---Y] interactions such as acid-base interaction as 
for dl-mandelic acid (S) with brucine (Y) was found to 
be the case-3 with significant peak-broadening in 
CPC * (9) 

Since the interaction of the RE ions with D2EHPA is 
a type of acid-base interaction (eq 2) and significant 
peak broadening was observed in CPC,(8) we supposed the 
behavior in these substratelcarrier pairs might be clas- 
sified into the case-3 or - 4 .  

3(HG)2 + RE3+ RE(HG2)3 + 3H+ (2) 
G = (2-ethylhexyl-O)2P(=O)OH 
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2492 ARAKI ET AL. 

If it is the case-3, it seemed possible to realize 
selective transport of the RE ions by LMT with D2EHPA 
carrier, but if it is the case-4 only slow transport 
would be observed. Further, if there are other factors 
other than eq 1, correlation between LMT and CPC might 
bemuchcomplicated. Then, wetestedtheLMTof RE ions 
by theuseofthe same two-liquid phase systems as used 
in the preceding work on CPC separation of RE ions.(8) 

EXPERIMENTAL 

Materials:(8) Lighter rare earth (RE) metal ions were 
obtained from commercial suppliers and used without 
further purification: Lac13 .7H20 (Wako, first grade), 
CeC13*7H20 (Wako, >98%), PrC13=7H20 (Kanto, first 
grade), NdC13.6H20 (Wako, >97%), SmC13-6H20 (Nakarai, 
first grade) and EuC13 6H20 (Nakarai, extra pure grade). 
Di-(2-ethylhexy1)phosphoric acid (DZEHPA) (Nakarai, 
99%), n-heptane (Nakarai, extra pure grade), xylenol 
orange (Wako, analytical grade) and hexamethylenetetr- 
amine (Wako, extra pure grade) were used without further 
purification. Deionized water was used throughout the 
experiments. 

Apparatus: For analysis of RE ions a Hitachi Spectro- 
graph Model 200-20 was used, and pH measurements were 
carried out with a Horiba pH meter Model H-7LD. Centri- 
fugal partition chromatography was performed as in the 
case of the preceding paper(8) by using a Centrifugal 
Partition Chromatograph-L.L. Model NMF (Sanki Engineer- 
ing, LTD) apparatus with cartridges of Model 240W. 

Liquid membrane transport procedures: 
glass apparatus (Figure 2) was designed for liquid- 

A double-cylinder 
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9 31mm i . d .  
LJs 

dD 
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Figure 2. LMT apparatus for upper liquid-membrane 
system. 

membrane transport experiments in which liquid-membrane 
is the upper organic layer (15 ml, 0-0.10M D2EHPA in n- 
heptane) and source (containing 3-30 mM REC13) and 
receiving phases are constructed in the two lower 
aqueous layers (each 5 ml, 0.01-0.20M aq.-HC1) , respec- 
tively. The upper layer was stirred (ca. 150 rpm) at 
the top ofthe layer at room temperature witha stain- 
less-steal stirring bar connected with a Yanako electro- 
de-head motor (Model PIO-RE) which was rotated by a 
variable-rotation motor Model K-1033 (TOP, LTD). 

Analysis of RE ions in  aqueous fractions: Analysis of 
RE ions in the source and receiving phases were carried 
out at 5 min's intervals as described in the preceding 
paper.(8) From each fraction 2 ml-aliquots were taken, 
and aqueous solutions of 5.60 x M xylenol orange 
(XO)(1 ml) and 0.5 M hexamethylenetetramine hydrochlo- 
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2494 ARAKI ET AL. 

ride buffer (2 ml) were added, resulting in 5 ml of 
aqueous solutions of pH 5.6 containing 1.12 x M of 
XO and 0.2 M hexamine buffer. Concentrations of the RE 
ions thus color-developed were determined from the in- 
tensities of absorption spectra at 420 nm(lO), by compar- 
ing with the pre-calibrated values. 

Chromatographic procedures:(8) Three cartridges (Model 
240W: high resolution type) containing 400 microcells 
per cartridge were equipped in series (total 1200 micro- 
cells). A 0.1M D2EHPA solution of in n-heptane (total 
ca. 40 ml n-heptane containing 1.3 g of D2EHPA) was used 
as stationary phase, and and a given concentration of 
aqueous HC1 solution (mobile phase, elution speed (1.12 
* 0.02 ml min-I)) was pumped through the microcells in a 
descending fashion under centrifugal force (800 rpm). 
The sample (0.54 ml) was charged through the sample 
injecting valve. Analytical procedures of RE ions were 
identical with those employed in the liquid-membrane 
transport experiments. 

RESULTS AND DISCUSSION 

LMT of Rare Earth Metal Ions Under Constant Initial HC1 
Concentration: 

When n-heptane solvent alone was used as the liquid- 
membrane without D2EHPA, no transport was observed for 
all of the RE ions. Namely, the transport of the RE 
ions was confirmed to be facilitated only when the 
substrates interact with this carrier compound in the 
liquid-membrane. 

In principle, the effect of carrier concentration 
can be dual: [l] at high concentration of D2EHPA in n- 
heptane the rate of transfer from aqueous source phase 
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m 
W 
z u l  

0 60 120 min 
T I M E  

Figure 3. Effect of carrier concentration on the time- 
profile of transport of NdC13. NdC13: 0.01 M in 0.05 M 
aq.-HC1. Liquid-membrane: D2EHPA in n-heptane. 

to liquid-membrane will be increased, resulting in high- 
er rate of transport. 121 But, when excess amounts of 
carrier are present, the rate of transfer from the 
organic phase to the aqueous receiving phase will be 
decreased, leading to lower transport rate. By using 
0.01 M NdC13 in 0.05 M aq.-HC1 solution as a typical 
substrate, the effect of carrier concentration on the 
transport rate was tested (Figure 3 ) .  The apparent rate 
(V) of transport were estimated from slopes of the time 
profiles of Figure 3 ,  and they are plotted against the 
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0 . 0 1  M N d C 1 3  
0 .05  M H C 1  

I I 1 I I I I I I I 
2 4 6 8 1 0  0 

[ D Z E H P A )  / I O - ~ M  

Figure 4. Plot of apparent rates (V) vs. carrier con- 
centrations for NdCl3 (cf. Fig. 3). 

carrier concentrations (Figure 4 ) .  From these results 
the optimum carrier concentration was established as 

0.02 M. 

membrane also depends on the initial concentration of 
substrate in the source phase. In general, the higher 
rate is attained with the higher substrate concentra- 

Rate of transport of a substrate through a liquid- 
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tion. 
the relation between the rate of transport and the 
initial substrate concentration was found as illustrated 
in Figure 5. The result of Figure 5 suggests that the 
substrate concentrations higher than 0.01 M cause a 
rapid saturation of the substrate in the liquid-membrane 
and it exceeds the ability ofthe system to give a 
smooth diffusion from the organic phase to the receiving 
aqueous phase, resulting in unexpectedly large fluctua- 
tions of the rate data. Hence, we chose 0.01 M sub- 
strate concentration (the turning point in Figure 5c) as 
an optimum. 

For the case of NdC13 in 0.05 M aq.-HC1 solution 

Dependence of Initial HC1 Concentrations in the Source 
Phase on the Transport Rate of RE Metal Ions: 

In view of the chemical mechanism of interaction 
between RE3+ ions with D2EHPA (eq 2), transport beha- 
viors inour systemwere expected todepend on the 
initial concentration of HC1 in the aqueous source 
phase. Concentration of HC1 in aqueous phase was, in 
fact, also the key factor in the CPC of RE3+ ions by 
employing the corresponding two-phase system.(8) 

As expected, our LMT systems were strongly affected 
by the concentration of HC1 in the source phase (Figure 
6). With 0.01 M HC1 the transport rates of all RE3+ 
ions were very low and a slight selectivity was observed 
only for La3+ (Figure 6a,b). However, with 0.05 M HC1 
the rates increased significantly for Nd3+, Pr3+ and 
Ce3+ ions, and less extents for Sm3+, La3+ and Eu3+ ions 
(Figure 6c,d). With 0.10 M HCI the transport rates of 
La3+, Ce3+, Pr3+ and Nd3+ ions slowed down but those of 
Sm3+ and Eu3+ ions increased (Figure 6e,f). 
HC1 the behaviors of ions were somewhat modified from 
those shown in Figure 6e,f: the transport rate of  Eu3+ 
ion was considerably higher than that of Sm3+ ion (Fi- 

With 0.15 M 
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TIME 
T JME 

6 1 0.020M DEEHPA 

: 
O O  1 2 3 

Figure 5. Effect of initial substrate concentration on 
the transport rate of NdC13. HC1 concentration: 0.05 M, 
and carrier concentration in the liquid-membrane: 0.02 M 
in heptane. (a) Time-profile for 0.003-0.020 M. (b) 
Time-profile for 0.025-0.030 M. (c) Plot of apparent 
rates (V) vs. initial substrate concentrations. 
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W 

= 0  

TIME 

b 
0.01M HCl 

La Ce Pr Nd pm Sm EU 

La Ce 
I 

Pr 
--L 

Nd 

a 
--1___1-1 

Pm Sm Eu 
0 60 120 180 min 

TIME 

Figure 6. Effects of HC1 concentration on the transport 
rates of a series of RE3+ ions. 
in the liquid-membrane: 0.02 M in heptane. Substrate 
concentration: 0.01 M in aq.-HC1 solution. (a), (c), 
(e), ( g )  and (i) show time-profiles, and (b), (d ) ,  ( f ) ,  
(h) and (j) show the corresponding apparent rates (V) 
vs.  HCl concentration. (a) 0.01 M HC1. (b) 0.01 M HC1. 
( c )  0.05 M HC1. (d) 0.05 M HC1. (e) 0.10 M HC1. (f) 0.10 
M HC1. (g) 0.15 M HC1. (h) 0.15 M HC1. (i) 0.20 M HC1. 
(j) 0.20 M HC1. 

Carrier concentration 

(continued) 
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Figure 6 (continued) 
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TABLE 2. 
PAIRS OF RE3+ IONS. 

SELECTIVITIES IN LIQUID-MEMBRANE TRANSPORT FOR 

La Ce Pr Nd Sm Eu 

La -- yesa yesa Yesa Yesb b yesc 
Ce -- slight slight yesb yesC 
Pr -- slight yesb yesC 
Nd -- yesC 

With a) 0.05 M, b) 0.10-0.15 M y  c) 0.15 M, d) 0.20 M aq. 

Sm yes -- yesd 

-HC1. 

gure 6g,h). With 0.20 M HC1 transport rates of all of 
the RE3+ ions decreased, but the selectivity of Sm3+ or 
Eu3+ ion from other RE3+ ions remained effective (Figure 
6i,j). Figure 7 summarizes the dependences of transport 
rate on the HC1 concentration for all of the RE3+ ions 
tested. Under these concentrations it is possible to 

3+ realize selective transport for various pairs of RE 
ions as summarized in TABLE 2. 

Comparison of LMT w i t h  CPC for RE Metal Ions: 
Our LMT results of RE3+ ions by using D2EHPA car- 

rier in heptane indicate that La3+ is most effectively 
transported with 0.03 M HC1; Nd3+, Pr3+, and Ce3+ with 
0.05 M HC1; Sm3+ with 0.10 M HC1; and Eu3+ with 0.15 M 
HC1, i.e., the optimum HC1 concentrations for individual 
RE3+ ions increase roughly with the increasing order of 
atomic number of RE3+ metal ions (Figure 7). 

In the preceding study we observed(8) that results 
ofthe corresponding CPC ofthe RE metal ions used here 
were well correlated with the corresponding extraction 
results.(ll) And in many cases LMT behaviors have been 
shown to correlate with those of the corresponding ex- 
traction experiments. Our CPC results also showed that 
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1.01M 0.02M DPEHPA 
RECl  

Nd Sm Eu 

0.05 0.10 0.15 0.20 
(HC11 /M 

Figure 7. Summary of effects of HC1 on the transport 
rates of a series of lighter RE3+ ions. 

the optimum HC1 concentrations was increased with the 
atomic number of RE3+ ions as shown in Figure 8. 
behavior is well consistent with our present observa- 
tions in the corresponding LMT systems. 

This 

The facts that no transport in LMT was observed 
without D2EHPA, and that no effective retention times 
were recorded in CPC in the absence of D2EHPA,(8) indi- 
cates that our LMT and the corresponding CPC systems 
satisfy the assumption of complete neglect of the parti- 
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tion effect due to the mother solvent. Namely, both the 
LMT and CPC systems examined are almost solely the 
results of interaction of [S---Y] in the organic phases. 

Hence, we can conclude that the behaviors of RE3+ 
ions in the presence of D2EHPA belong to the case-3 of 
TABLE 1 as expected, and any other significant factors 
is not involved in the major parts of the phase transfer 
processes between the aqueous and organic phases. It is 
important that although significant peak broadening is 
observed in CPC (case-3), its direct application to the 
LMT systems leads to achievement of promising selective 
ion transport. In TABLE 3 ,  relative transport rates 
obtained in the LMT system using n-heptane solution of 
D2EHPA and aqueous HC1 solution are compared with the 
separation factors ( a )  obtained in the corresponding 
CPC. Both of the results show qualitatively parallel 
trends in selectivity of adjacent couples of RE3+ ions. 

tion that many types of carrier compounds other than 
DZEHPA, which have been used in the related extraction 

Then, it can be derived a further important predic- 

TABLE 3. COMPARISON OF RELATIVE TRANSPORT RATES 
(V(ma2)/V(Rel)) IN LMT W I T H  SEPARATION FACTORS ( a )  IN 
CPC . 

LMTb CPCC 

~ ~- 

La Ce 0.05 2.2 0.05 4.0 * 0.1 
Ce Pr 0.05-0.10 1.2 f 0.2 0.05 1.7 
Pr Nd 0.05-0.10 1.1 f 0.1 0.06 1.4 
Nd Sm 0.10 2.4 0.12 9.2 * 0.1 
Sm Eu 0.15 1.6 0.15 2.3 

a) Organic phase: n-heptane solution of DPEHPA; Aqueous 
phase: aq.-HC1 solution. b) 0.02 M D2EHPA. c) 0.10 M 
D2EHPA.(8) 
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Figure 8. 
used in this report. 
(ref. 8). Stationary phase: 0.1 M D2EHPA in n-heptane. 
Mobile phase: aq.-HC1 solution. Centrifugation: 800 rpm 
at r.t. Elution: descending mode. Microcells: 400 x 3 
= 1200. 

D2EHPA-aided CPC separations of lighter REC13 
Cited from the preceding report 

procedures for refining RE ions, will be effectively 
applied to selective LMT techniques leading to some 
useful sensors for RE ions in future. Since several 
types of structurally simple and costless compounds have 
been used in the extraction techniques, it seems not 
always necessary to design the guest-recognizing host 
molecules having complicated structures, in cases of 
practical applications of LMT system are aimed. 

of Er3+ and Yb3+ (the 2nd heaviest RE metal) can be 
readily attained by CPC with D2EHPA in CHC13.(12) 
means that the selectiveLMTof a series of heavier RE 
metal ions will also be realized relatively readily by 
the use of a liquid-membrane containing D2EHPA in CHC13. 
This study is now underway. 

More recently we have observed that the separation 

This 
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CONCLUSION 

According to our idea that LMT and "separator-aided 
CPC" are basically correlated each other, selective LMT 
of lighter RE3+ ions were found to be attained with a 
simple and costless carrier of DZEHPA. In this case t h e  
considerably good correlation between CPC and LMT was 
observed. On extending our present observations it may 
be realized selective LMT of heavier RE metal ions 
including Er3+/Yb3+ pair. 

Since LMT and CPC techniques are basedon the ex- 
traction behaviors, a variety of costless, simple and 
effective carriers can be used for sensing applications 
of LMT in future. This will cover the selective trans- 
port of a versatile molecular and ionic substrates which 
has been highly difficult with macrocyclic host carriers. 
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