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Abstract

Studies have been made on the kinetics of ytterbium(lil) with bis-(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272pHé&ptane
using a constant interfacial cell with laminar flow. The stiochiometry and the equilibrium constant of the extracted complex formation reaction
between YB* and Cyanex 272 are determined. The extraction rate is dependent of the stirring rate. This fact togetherByitraltne
suggests that the mass transfer process is a mixed chemical reaction—diffusion controlled at lower temperature, whereas it is entirely diffusio
controlled at higher temperature. The rate equations for the ytterbium extraction with Cyanex 272 have been obtained. The rate-determinin
step is also made by predictions derived from interfacial reaction models, and through the approximate solutions of the flux equation, diffusion
parameters and thickness of the diffusion film have been calculated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction oxide as impurities has several advantages including high
selectivity, low aqueous acidity in extraction and stripping
It is well known that kinetics separation is a possibility and high separation factors of rare earth ions by contrast with
for the quantitative separation of metal ions, which cannot DEHPA and HEH/EHP4-5]. Golding et al. investigated
be separated in the equilibrium stié. It exists unresolved  extraction kinetics of nickel with Cyanex 272 using the rising
fundamental problems on the kinetics of mass transfer in thedrop method[6]. Saleh et al. also studied kinetics of lan-
bi-phasic liquid/liquid extraction system. Thus, the kinetics thanum (IIl) with Cyanex 272 using the single drop technique
studies of the extraction of individual elements are definitely [7]. But to date, few literatures reported the extraction kinet-
necessary for the development of the experimental procedureics of rare earth with Cyanex 272 by constant interfacial cell
and accumulation of data. In our experiments, constant inter-with laminar flow. In earlier work, we reported the kinetics
facial cell with laminar flow developed by Zheng and Li was of Y(lIl) with Cyanex 272 using this apparat[8. As part of
used because it is carried out under laminar flow, which can our continuing interest in the kinetics mechanism and mass
keep the interface steady and smooth as the result of no flowtransfer models, we investigated the kinetics of ytterbium(l11)
towards the interface. The previous work of our group using with Cyanex 272, and find that it is different from the kinetics
this apparatus has been reported in literaf2+&]. mechanism of Y(lll). In this paper, the research results on
Cyanex 272 containing bis(2,4,4-trimethylpentyl) phos- the extraction kinetics of Yb(IIl) with Cyanex 272 dissolved
phinic acid as the main constituent and trioctylphosphine in heptane using a constant interfacial cell with laminar flow
are reported. The extraction regime and rate determining
* Corresponding author. Tel.: +86 431 5262036; fax: +86 431 5698041. Stage are determined and extraction reaction models are
E-mail address: |dg@ciac.jl.cn (D. Li). brought.
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2. Experimental log[H,A,]
25 2.0 -15 -1.0
2.1. Reagent T . -4

Di-(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272,
HA) was kindly supplied by CYTEC Canada Inc., and it
was used without purification. All other reagents were of
analytical grade. Ytterbium stock solutions were prepared by
dissolving ytterbium oxide (99.9%) in hydrochloric acid and
standardized by EDTA titration using xylenol orange as an
indicator.

y=2.79x-6.27

logD
LogD-3pH

y=4.16x+1.28

2.2. Procedure L L -7

The concentration of Cyanex 272 in the organic phase PH

and pH value of aqueous phase used in all eXperimentS WerE}:ig. 1. Dependence of distribution coefficient on equilibrium pH and extrac-
3.0x 10?2moll~1 and 2.69, respectively, and varied When tant concentration. [Cyanex 272]= 30102 M, [Yb3*]=3.0x 10-3M,
studying their effect on the rate. The aqueous phases con-I'=303K.

tained 3.0x 10-3 mol I-1 ytterbium ion. The interfacial area

was 19.4 crf. Both aqueous and organic phase volumes were

98 cn?. The extraction kinetics was investigated by using a 3. Results and discussion

constant interfacial area cell with laminar described previ-

ously[2]. 3.1. Extraction equilibrium

2.3. Theoretical The stoichiometry of the complex formation reaction
) between the ytterbium ion and Cyanex 272 in heptane has
Assuming thatthe mass-transfer process could be formally heen evaluated by studying the dependence oblog pH
treated as a pseudo-order reversible reaction with respect toyt constant extractant concentration andiog 3 pH on the

the metal catiorf9], one can write the following equation:  |ggarithmic Cyanex 272 concentration at constant pH. The
3+ slopes (shown ifrig. 1) are approximately equal to 3 and 4,
YT < Yb(llh) o) @ respectively. Thus, the equilibrium equation can be proposed
The following equation can be obtained as: as follows:
3+ Ke +
B d[Ydt;](o) _ —%(kr[Yb(”D] o~ kf[Yb3+](a)) ) Yb(a) + 4H2A2(0) <— YbA3(HA)5(0) + 3H (6)
where BA, represents the dimer of Cyanex 272;
o= [Yb(IN] (o). _ ke ©) YbA3(HA)s is the organic complex of the metal cation. From
[Yb3+](a)’e ky the slope and intercept values showrfig. 1, the values of
Ke is calculated to be P4
[Yb] (o) 0
In|1- = ——(14 Ke)kit 4
[Yb]§ V( + Kelkr @ 3.2. Extraction regime
(0)
in(1_ [Yblo) | 0 n 1 it 5) 3.2.1. Depen_denc_e of_log kyon t_he stirring specfd _
e |~ n extraction kinetics experiments, the criterion generally
[YbIE, % Ko) ' I K h |

used to identify the extraction regime is the dependence of
where “a” refers to the aqueous phase, “0” is the organic the extraction rate on the stirring speed in constant interfacial
phase, “e” indicates the equilibrium of extractiok;™and area cell[10]. The influence of the stirring rate of the two
“k" are respectively the forward as well as reverse pseudo- phases ork; has been studied for Yb(lIl) at other constant
first-order rate constantsKe” represents the equilibrium  conditions (shown ifrig. 2). The extraction rate is dependent
constants of ytterbium,Q” stands for the interfacial area, on the stirring rate indicates that it is diffusion controlled
and “V” is the volume of the aqueous phase or the organic in the range from 150 to 350rpm. Nevertheless, a “no
phase. plateau region” can be also generated by other phenomena,
The slopes of the plots In@l[Yb](o)/[Yb]?o)) versust and it is still possible that in spite of the experimentally
have been used to evaludteandks. All plots were straight determined dependence of extraction rate on the stirring
lines in the work, indicating that above assuming was reason-speed, the rate of extraction is still kinetics controlled or,
able. at least not fully kinetics controlled. So, it is necessary
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Fig. 2. The effect of the stirring speed on the extraction rate.
pH=2.69, [NaCJ=1M, T=303K, [Yb**]=3.0x10°3M, [Cyanex
272]=3.0x 102 M.

with the help of other approach to identify the extraction
regime.

3.2.2. Dependence of log k on the temperature
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Fig. 4. The effect of pH on the extraction rate. [NRELM,
rpm=250r/min,  T=303K, [YB**]1=3.0x 103 M, [Cyanex

272]=3.0x 1072 M.

sion, will both be discussed and as follows. All other kinetics
experiments are measured at 250 rpm/min and 303 K in order
to maintain the same hydrodynamic conditions.

3.3. Extraction rate equation and chemical

A further criterion that enables distinguishing between a mass-transfer model

diffusion-controlled and a kinetics regime is the experimen-
tal determination of the activation energy of the extraction

The influence of extraction rate on the concentration of

process. The effect of the temperature on the extraction rateextractant and hydrogen ion is showrHigs. 4 and 5Srespec-
is studied in the temperature range of 293-313 K. From the tively. The relationship between extraction rate and extrac-

slope of logks versus 1000 T1 shown inFig. 3, the apparent
activation energyKsy) for Yb(lll) extraction is calculated to
be 35.58 kJmol! in the temperature range 293-303K, and
8.76 kJ mot® from 303 to 313 K. According to the theory by
Yu et al.[8,11], the obtained value df; suggests a possible

tant concentration remains linear. However, the relationship
between extraction rate and pH does not remain linear with
increasing the bulk aqueous pH. The reason is that the rate is
proportional to the hydrogenion concentration atthe interface
rather than its bulk concentrati¢t3]. Thus, from the slopes

mixed reaction control regime in the temperature range of of log ks and logk, versus pH with a linear range, one can cal-

293-303 K and a diffusion regime from 303 to 313 K.
According to consistent estimate from two ways, we can

culate that the orders of hydrogen ion concentration are 0.77
and—1.80, respectively, and the orders of extractant concen-

conclude that the extraction rates which are either controlled tration at a constant pH are 0.46 and.33, respectively. The

by interfacial film diffusion or interfacial chemical reaction
[12]. Therefore, the two limiting and alternative possibility,

extraction rate constants of the forward as well as reverse are
calculated to be 16%°and 104>*ms1, respectively, and

which is mass-transfer rate controlled by chemical reaction give anke value of 16-5°. So thek, value obtained from the

and mass-transfer rate controlled by interfacial film diffu-

y=-0.46x-2.15

logk,

y=-1.86x+2.47
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Fig. 3. The effect of the temperature on the extraction rate. pH=2.69,
[NaCl[=1M, rpm=250/min, [Yb3]=3.0x103M, [Cyanex
272]=3.0x 102 M.

rate study is in agreement with that obtained from the equi-
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Fig. 5. The effect of the extractant concentration on the extraction rate.
[NaCIll =1 M, rpm = 250r/min, T= 303K, pH=2.69, [Y§*]=3.0x 1073
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Considering equilibrium (11) as the rate-controlling step,
one can write the following equations, whéfris the reaction
surfaceky, k_1 are the forward and the reverse reaction rate
. . . . constants for step (11), respectively; aad Ko, K3, K4, K5
represent the equilibrium constants, respectively.

Based on Eqg9)—(14) one can write the following equa-

. * * tion:

T

logk, or logk
A

[HAIE,)
. Ki=——7" 15
sl logk, L= [HoAg] o (15)

+ logk,
. . H+ A7
0.0 0.4 0.8 K> = M (16)
HA
[cf] [HA] iy

Fig. 6. The effect of chlorine ion concentration on the extraction rate. — (17)
pH=2.69, rpm=250r/min,T=303K, [Yb**]=3.0x 10-3M, [Cyanex [YbA2+](a)[HA] @)
272]=3.0x 102 M.
_ [YbA3](g)[H"](a) 18
librium study (18-5%). Moreover, the extraction rate does not %4 = [YbA ], [HA]; (18)
i i ; A : 2 1@ (i)
change with varying concentration of chloride ion (shown in
According to the above results, the forward and reverse ™5 = [YbA 3] o) [HA] 5 (19)
rate equations for the extraction of Yb(lll) with Cyanex 272 ©
can be written as: Base on Eqq15) and (16)we obtain then for the forward
dlYb(IIN] (o) initial rate of extraction:
- dr Rf = ka[Yb* ] @[ A—] ¢y
_ 10-3.99v 3+ 0.46p4+7-0.77 2 1 _
= 107 Yo ] @H2A2] () TH @) kmolm™=s = k1aK QP Ko[YD3H] @ H2A%SH 1 ) (20)
() wherea is the adsorption constant of extractant. Base on Egs.
d[Yb3+] (17)—(19) one can write the following equation:
Rr = —
dr Rr = k_1[YbAZ ]
= 10~ *SYb(IIN)] H2A2l S H Ty kmol m 2572

= k_1a72K173'5K371K471K571[H+](2a)

8
© x [YbA3(HA)s] )H2A2] o5 ° (21)

Asimple rate equation for the mixed regime can be derived S
by assuming that the reaction zone is represented by a surface, Eds.(20) and (21)an be simplified as follows:
which lies parallel to the interface and located in the aqueous

_ 3+ 0.5ry+7-1
phase at a distance from the interface that is negligible com- Rt = kilYD™ | @[H2A2]0)TH ] (22)
pared to the thickness of the diffusion films. Thus, referring & 112 _35
to the interfacial reaction model proposed by Danesi et al. Rr = ka[H™]o)[YbA3(HA)s] ()[H2A2] () (23)

[10], the following reactions will be considered: wherek; = klaK2K2-5, andk, = a—zk_lKl‘S‘SKglKglKgl.

Above mechanism is consistent with the rate equatif@ns
and (8)obtained from experimental results. Comparing the
Ko 4 - result of Yb(IIl) with Y(IIl) [8], we can find that the kinet-
HA H A 10 . . L
) < @A) (10) ics mechanism of Yb(lll) is different from that of Y(lII) by

K
H2A2(0) PLEN 2HA(g) 9)

34 _ kikg o Cyanex 272. The extraction rate equation of yttrium-Cyanex
Ybiy +Aw) < YPAR) A1 272in heptane is:
2 K3 _ -1
YOALS + HA@) < YbAL + He, (12) Ry = 1041 Y(OH)> | @HAZIRH 1)
—2 1
YDAZ,, + HAG) < YbAggy + Hy (13) kmol m™*s
Ks which is only controlled by interfacial chemical reaction, but
YbAg() + SHA@) <= YbA3(HA)s5(0) (14) not controlled by the mixed reaction.
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3.4. Mass-transfer rate controlled by interfacial film respectively. The mass transfer process is a mixed chemical
diffusion reaction—diffusion controlled at lower temperature, whereas
it is entirely diffusion controlled at higher temperature. The
The rate-determining processes would then be diffusion extraction rate constants of the forward as well as reverse
of each species to and from the interface through stagnantare calculated to be 1§°°and 1045*ms™1, respectively.
organic and aqueous diffusion zones of thicknigsznds,y, The rate equations are obtained, and the formation of 1:1
then[12,14} complex of YB* with A~ at the reaction surface is the
rate-determining step when mass-transfer rate is controlled
J = ki([YD*] @) JA)([HaA2 () — (1/4)74) by chemical reaction. Through the approximate solutions of
+43 the flux equation that we obtained when mass-transfer rate
~k([YPAs(HA)sl o) + JANH ) + (1/3)74) (24) is controllqed by partly interfacial film diffusion, diffusion
whereAy = Ay =680/Do = éw/Dy, are the diffusional parame-  parameters and thickness of the diffusion film is calculated
ter, that is the ratios between the thickness of the diffusion to be 0.23cm<s! and 1.15< 10-% cm, respectively.
films and the diffusion coefficient®, assumed to depend
only on the nature of the liquid phase. In this case the rate-
determining step in the extraction is considered to be diffu- Acknowledgements
sional instead of chemical, and local chemical equilibrium at

the interface is assumed, i.e. The authors wish to thank CYTEC Canada Inc. for sup-
3 plying the Cyanex 272. This project is supported by the
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_ YPASHA)g]o +JA)(Ha+ (/DIA° o
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([Yb3*]o — JA)([H2AZ]o — (1/4)JA)

An approximate and explicit form of can be easily
obtained from Eq924) and (26)y neglecting the terms be
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