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We performed a unique separation based on extraction kinetics using a liquid-liquid countercurrent 

centrifugal contactor that induces Taylor-Couette (TC) flow. Conventional extraction systems typically 

involve a mixer-settler extractor, which relies on an equilibrium being established. In the case of TC 

flow, species with faster extraction kinetics can be extracted more efficiently than those with slower 

kinetics, due to the countercurrent contact of the organic and aqueous phases. In this study, the separation 

of Fe(III) and Y(III) was achieved by using di(2-ethylhexyl) phosphoric acid (D2EHPA), for which the 

extraction kinetics are fast forY(III) but slow for Fe(III). Under equilibrium conditions, Fe(III) is more 

readily extracted than Y(III), but during countercurrent operation with TC flow, the order of 

extractability is reversed, with Y(III) being more readily extracted than Fe(III). For the condition where 

the metal ion concentrations are higher than the ligand concentration, which is a more competitive 

extraction condition for metal ions, the distribution ratio (D) values for both Y(III) and Fe(III) were 

decreased, but the selectivity for Y (SFY/Fe = DY(III)/DFe(III)) increased. Thus, solvent extraction with TC 

flow may allow the design of effective, efficient separation processes. 

1. Introduction

Solvent extraction is one of the most reliable and effective methods for separation of metal 

ions in solution. Designing ligands with high selectivity for specific ions is important, and for large-

scale operations, the design of an appropriate extractor system that provides a sound practical and 

theoretical basis for a flowsheet is a further requirement. In this study, we investigated effective 

separation by solvent extraction using a liquid-liquid counter-current centrifugal contactor that induces 

a series of Taylor vortices inside a narrow region with a high aspect ratio. The contactor consists of an 

inner rotor and static outer wall and facilitates extraction with multiple theoretical stages due to 

countercurrent contact between the organic and aqueous phases. To evaluate extraction performance, 

the oil-water dispersion, extraction/separation behavior, and mechanism of multi-staging were 

investigated. The flows inside the contactor were observed and measured by the ultrasonic velocity 

profiler method and the results were verified by numerical simulation of a single-phase flow [1]. A fine 

dispersion inside the contactor was simulated by altering the volume of the fluid model in the multiphase 

flow simulation, and the effects of the wetting properties of the inner rotor and interfacial tension were 

highlighted [2]. Continuous extraction experiments have been performed to study the effects of 
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operating conditions (e.g., axial flow rates and rotation speed) and extraction systems with fast and slow 

extraction kinetics (e.g., Zn(II) extraction by di(2-ethylhexyl) phosphoric acid (D2EHPA) and Cs(I) 

extraction by calix[4]arene-bis(t-octylbenzo-crown-6) (BOBCalixC6)) in the presence of certain 

additives [1,3]. Multi-staging was readily accomplished by D2EHPA-Zn(II) due to its fast kinetics, 

whereas multi-staging was difficult for BOBCalixC6-Cs due to slow extraction kinetics. However, using 

a more lipophilic inner rotor resulted in a finer dispersion and some multi-staging was observed. Surface-

activating agents, such as sodium di(2-ethylhexyl) sulfosuccinate and sodium dodecyl sulfate, and a 

surface-protective agent, polyethylene glycol, have also been used in Taylor-Couette (TC) flows under 

appropriate conditions for phase separation [4]. The effect of synergistic agents on lanthanide extraction 

have also been studied for N,N,N′,N′-tetraoctyl diglycolamide (slow extraction kinetics) in the presence 

of a water-soluble masking agent and synergist (such as N,N,N’,N’-tetraethyl-3,6-dioxaoctane-1,8-

diamide and nonanoic acid) [5]. Interestingly, such chemicals worked more effectively in TC flows 

compared with batch extraction. A back extraction has also been performed and the acid concentration 

needed for the back extraction was greatly minimized [6]. These results suggest that fast extraction 

kinetics are needed for effective multi-staging in TC flows. Therefore, the effect of extraction rate on 

separation performance in TC flows was studied for Sm(III)/Eu(III) separation by comparing the 

distribution ratio (D) and the separation factor (SF; ratio of distribution ratios, D) under equilibrium and 

non-equilibrium conditions [7]. For separating Sm(III) and Eu(III) by D2EHPA, the extraction rates of 

Sm and Eu were similar because they are adjacent trivalent lanthanides. For non-equilibrium conditions, 

the ratio of the gradient of D with respect to time, SFEu/Sm,non-eq. = (dDEu/dt)/(dDSm/dt), was SFEu/Sm,non-eq. 

< SFEu/Sm,eq. Correspondingly, the number of theoretical stages for Sm estimated for extraction at 

equilibrium was lower than that of Eu, that is, SFEu/Sm,TC. < SFEu/Sm,eq, where SFEu/Sm,TC indicates the SF 

in case of continuous extraction operation with TC flow. If extraction is based on equilibrium conditions, 

the number of theoretical stages for each metal ion should be the same. In the case of separations with 

a large difference in extraction kinetics resulting in a large difference in the SF values, that is, SFnon-eq. 

> SFeq, it is expected that separations not governed by the extraction equilibrium may be possible. Under 

such circumstances, the separation of Fe(III)/Y(III) by D2EHPA has been re-examined. The D2EHPA 

can extract Fe(III) effectively but the extraction has slow kinetics [8, 9]. Thus, for the Fe(III)/Y(III) 

system, we compared the extraction kinetics for conventional liquid-liquid extraction performed under 

equilibrium conditions and continuous extraction with a TC flow.  

 

2. Experimental 

2.1 Centrifugal Contactor 

A schematic of the centrifugal contactor is given in Figure 2 [7]. When the rotation speed of 

the inner rotor reaches a critical point, a series of Taylor vortices are induced [10]. The TC flow in this 

study has a flow region with a high aspect ratio and the rotation speed is high enough to produce stable 

turbulent Taylor vortices [11]. The dispersed organic phase from the bottom inlet ascends through a 

series of Taylor vortices and comes into contact with the continuous aqueous phase, which originates 

from the inlet at the top. The lighter organic solvent (n-dodecane) ascends the column because of the 

difference in specific gravity and overflows from the top outlet. The heavier aqueous phase is pumped 
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out from the bottom outlet. Phase separation was achieved in the settling zones (intact tube covering the 

inner rotor, 20 mm in height) at the top and bottom of the contactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Solutions and experimental conditions 

The experimental conditions for batch extraction and continuous extraction with TC flow are 

listed in Tables 2 and 3, respectively. The change in the metal ion (Fe(III) and Y(III)) distribution over 

time was used to assess performance. To compare separation performance in batch extraction and 

continuous extraction with TC flow, solutions containing various Fe(III) concentrations and a fixed 

Y(III) concentration were tested. The Fe(III) and Y(III) concentrations in the aqueous phase were 

measured by inductively coupled plasma atomic emission spectrometry (ICPE-9000, Shimadzu). 

Several approaches have been described for measuring extraction kinetics, including the batch method 

[12], the single droplet method [13], stopped-flow apparatus [9], the constant area cell approach 

[8,14,15], and using specialized equipment [16]. In this study, the batch method was used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of contactor 
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Table 1. Dimensions of the contactor.  

Table 2. Experimental conditions for batch 

extraction tests. 

Table 3. Experimental conditions for continuous 

extraction tests with TC. 
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The extraction equilibrium of trivalent metal ions (M3+ = Fe3+, Y3+) with D2EHPA is described as 

equation (1), where HR and (HR)2 indicate monomeric and dimeric formation of D2EHPA because 

D2EHPA exists in dimer form in a long-chain hydrocarbon, such as n-dodecane. The species with bar 

and non-bar indicate the species exist in organic phase and aqueous phase, respectively. 

 3

2
3M HR    ⇄   3 3

3MR HR H               (1) 

The distribution ratio is defined as the ratio of metal ion concentrations in the organic (Corg.eq) and 

aqueous (Caq,eq) phases at equilibrium, D = Corg.eq/Caq,eq. In the D2EHPA system, the extraction equation 

is given by equation (2),  
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where the bars indicate “in the organic phase” and [(HR)2]* denotes the effective molar concentration 

of (HR)2 calculated by Alstad’s equation [17]. The extraction at equilibrium is described by equation 

(3), 
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where A = 0.83 for n-dodecane [18], and the effective concentration of the D2EHPA dimer is used as 

shown in equation (4). 

 

 
*

2
log 3log[ ] 3log log exD H HR K         (4) 

Equation (4) is derived from equations (2) and (3), and the log-log plot gives the extraction coefficient, 

Kex. 

 

3. Results and Discussion 

3.1 Extraction in equilibrium state 

 Figure 4 shows the results of the slope analysis by the least squares method for a fixed gradient 

of 3. In the equilibrium state, Fe(III) was more readily extracted than Y(III), namely, DY(III),eq < DFe(III),eq 

was confirmed. The kinetics of the extraction, where there is a contact time dependency for DY(III) and 

DFe(III), by D2EHPA, are shown in Figure 5. Before the extraction reached equilibrium, the order was 

DY(III) > DFe(III). Fe(III) has slow extraction kinetics, but at equilibrium was more readily extractable than 

Y(III) by D2EHPA. The slope analysis confirmed that the stoichiometries of Y(III)- and Fe(III)-

D2EHPA were the same, which implies that the extraction mechanisms for the two metal ions were the 

same; hence, the difference in extractabilities was attributed to the slow exchange reaction of hydrated 

water molecules. The rate-determining step for D2EHPA extraction of Fe(III) and Y(III) may be the 

complexation step at the oil-water interface where the intermediate, MR2
+ (M: metal ion, R: D2EHPA), 

is transferred to the organic phase [19-21].  
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3.2 Comparison of batch extraction and continuous extraction by the centrifugal contactor 

Figure 6 compares DY(III), DFe(III), and SF Y(III)/Fe(III) for (a) batch extraction and (b) continuous 

extraction with TC flow. In the case of batch extraction, DY(III),eq < DFe(III),eq was obtained, and 

SFY(III)/Fe(III),eq was less than 1, namely, Y(III) cannot be concentrated from the mixture of Y(III) and 

Fe(III) using conventional batch extraction. For continuous extraction with TC flow, the order of D was 

reversed compared with batch extraction, that is, DY(III),TC > DFe(III),TC, so that DFe(III) was lower and DY(III) 

was higher for the TC extraction experiment. This reversal of order of D term resulted in SFY(III)/Fe(III),TC 

being much greater than 1, indicating that Y(III) can be effectively separated from a mixture of Y(III) 

and Fe(III) based on the extraction kinetics. Furthermore, when the metal/ligand ratio and ratio were 

high, namely, when extraction of Y(III) and Fe(III) was more competitive, SFY(III)/Fe(III) was high. This 

effect is also attributed to the difference in the extraction kinetics of Y(III) and Fe(III) by D2EHPA as a 
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Figure 5. Contact time dependency of DFe(III) 

and DY(III).  

Figure 6. Comparison of D and SF for Fe(III) and Y(III) during (a) batch extraction (equilibrium) 

and (b) continuous extraction with TC flow (non-equilibrium). 

Figure 4. Slope analysis for Y(III)/Fe(III)-

D2EHPA extraction systems in nitric acid 
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result of high mass transfer due to the countercurrent contact of both phases in a TC flow. Thus, by 

combining forward and back extractions in a TC flow, much more effective separation can be achieved. 

 

4. Conclusion 

A unique separation using a liquid-liquid countercurrent centrifugal contactor was 

demonstrated by comparing the performance for continuous and batch extractions of Fe(III) and Y(III) 

by D2EHPA. Separation with countercurrent TC flow was governed by the extraction equilibrium and 

by the difference in extraction kinetics between the equilibrium and non-equilibrium states. In the batch 

extraction experiment, Fe(III) was more readily extracted than Y(III) (DY(III),eq < DFe(III),eq), but for non-

equilibrium conditions, Y(III) was more readily extracted than Fe(III) (DY(III),non-eq > DFe(III),non-eq). For 

continuous extraction with a TC flow, Y(III) was more readily extracted than Fe(III) (DY(III),TC > 

DFe(III),TC), For conditions with higher metal/ligand and Y(III)/Fe(III) ratios in the case of continuous 

extraction with a TC flow, SFY(III)/Fe(III) was slightly increased. There have been few studies of the 

differences in extraction kinetics. Further research on extraction kinetics, including the effect of 

synergistic agents, the effect of masking agents on extraction performance in a TC flow, and 

relationships between extraction kinetics and separation performance, will provide new 

extraction/separation methods. 

 

Acknowledgement 

This study was supported by a Grant-in-Aid for Scientific Research B (No. 25289352) and 

Overseas Research Fellowship (434) from the Japan Society for the Promotion of Science. 

 

References 

1) M.Nakase, R. Makabe, K.Takeshita, J Nucl Sci Technol, 2013, 50, 287-295. 

2) M.Nakase, H.Kinuhata and K.Takeshita, J Nucl Sci Technol, 2013, 50, 1089-1098. 

3) M.Nakase and K.Takeshita, Procedia Chemistry, 2013, 7, 288-294. 

4) M.Nakase, H.Rokkaku and K.Takeshita, J Nucl Sci Technol, 2013, 50, 723-730 

5) M.Nakase, Y.Sasaki, K.Takeshita, Separ Sci and Technol, 2014, 49, 2478-248 

6) M.Nakase and K.Takeshita, Transactions of the American Nuclear Society, 2012, 107, 277-278. 

7) M.Nakase, M.Tanaka, K.Takeshita, Energy Procedia, 2015, 71, 106-111. 

8) J.W. Roddy, C. F. Coleman, S. Arai, J Inorg Nucl Chem,1971, 33(4), 1099-1118. 

9) H.Matsumiya et al., Hydrometallugy, 1990, 24, 37-51. 

10) G.I. Taylor, Stability of a viscous liquid contained between two rotating cylinders, Phil Trans R Soc 

Lond A, 1923, 223, 289-343. 

11) R.M. Lueptow, Andreas Docter and Kyungyoon Min, Stability of axial flow in an annulus with a 

rotating inner cylinder, Phys Fluids A, 1992, 4, 2446-2455. 

12) J.Shibata et al., Journal of MMIJ, 1992, 108, 117-121. 

13) F.Baumgärtner and L. Finsterwalder, J Phys Chem, 1969, 74, 108-112. 

14) I.Komasawa, T.Otake, Ind Eng Chem Fundam, 1983, 22, 122-126. 

15) J.B.Lewis, Chem Engng Sci, 1954, 10(3), 248-259. 

- 192 -



ISEC 2017 - The 21st International Solvent Extraction Conference 

16) H.Johansson and J.Rydberg, Acta Chem Scand,1969, 23, 647-659

17) J.Alstad et al., Proc Int Solv Extr Conf, Lyon, Society of Chemical Industry, 1974, 2, 1083-1102.

18) P.R.Danesi and G.F.Vandegrift, Inorg Nucl Chem Letters, 1981, 17, 109-115.

19) H.Kim, T.Kanki and T.Asano, KAGAKU KOGAKU RONBUNSHU, 1997, 23, 95-102.

20) T.Kanki, et al., Sep Purif Technol, 2000, 19(1,2), 93-102.

21) A.Tomita, et al., Dev Chem Eng Mineral Process, 2003, 11, 539-555.

- 193 -




