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Abstract

Studies have been made on the kinetics of ytterbium(III) with bis-(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272, HA) inn-heptane
using a constant interfacial cell with laminar flow. The stiochiometry and the equilibrium constant of the extracted complex formation reaction
between Yb3+ and Cyanex 272 are determined. The extraction rate is dependent of the stirring rate. This fact together with theEa value
suggests that the mass transfer process is a mixed chemical reaction–diffusion controlled at lower temperature, whereas it is entirely diffusion
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ontrolled at higher temperature. The rate equations for the ytterbium extraction with Cyanex 272 have been obtained. The rate-d
tep is also made by predictions derived from interfacial reaction models, and through the approximate solutions of the flux equatio
arameters and thickness of the diffusion film have been calculated.
2005 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that kinetics separation is a possibility
or the quantitative separation of metal ions, which cannot
e separated in the equilibrium state[1]. It exists unresolved

undamental problems on the kinetics of mass transfer in the
i-phasic liquid/liquid extraction system. Thus, the kinetics
tudies of the extraction of individual elements are definitely
ecessary for the development of the experimental procedure
nd accumulation of data. In our experiments, constant inter-

acial cell with laminar flow developed by Zheng and Li was
sed because it is carried out under laminar flow, which can
eep the interface steady and smooth as the result of no flow
owards the interface. The previous work of our group using
his apparatus has been reported in literature[2–3].

Cyanex 272 containing bis(2,4,4-trimethylpentyl) phos-
hinic acid as the main constituent and trioctylphosphine

∗ Corresponding author. Tel.: +86 431 5262036; fax: +86 431 5698041.
E-mail address: ldq@ciac.jl.cn (D. Li).

oxide as impurities has several advantages including
selectivity, low aqueous acidity in extraction and stripp
and high separation factors of rare earth ions by contras
DEHPA and HEH/EHP[4–5]. Golding et al. investigate
extraction kinetics of nickel with Cyanex 272 using the ris
drop method[6]. Saleh et al. also studied kinetics of la
thanum (III) with Cyanex 272 using the single drop techn
[7]. But to date, few literatures reported the extraction ki
ics of rare earth with Cyanex 272 by constant interfacial
with laminar flow. In earlier work, we reported the kinet
of Y(III) with Cyanex 272 using this apparatus[8]. As part of
our continuing interest in the kinetics mechanism and m
transfer models, we investigated the kinetics of ytterbium
with Cyanex 272, and find that it is different from the kine
mechanism of Y(III). In this paper, the research result
the extraction kinetics of Yb(III) with Cyanex 272 dissolv
in heptane using a constant interfacial cell with laminar
are reported. The extraction regime and rate determ
stage are determined and extraction reaction model
brought.
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.12.127
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2. Experimental

2.1. Reagent

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.

2.2. Procedure

The concentration of Cyanex 272 in the organic phase
and pH value of aqueous phase used in all experiments were
3.0×10−2 mol l−1 and 2.69, respectively, and varied when
studying their effect on the rate. The aqueous phases con-
tained 3.0×10−3 mol l−1 ytterbium ion. The interfacial area
was 19.4 cm2. Both aqueous and organic phase volumes were
98 cm3. The extraction kinetics was investigated by using a
constant interfacial area cell with laminar described previ-
ously[2].

2.3. Theoretical

ally
t ect to
t :

Y

−

K

l

l

w anic
p
“ udo-
fi m
c a,
a anic
p

h t
l son-
a

Fig. 1. Dependence of distribution coefficient on equilibrium pH and extrac-
tant concentration. [Cyanex 272] = 3.0×10−2 M, [Yb3+] = 3.0×10−3 M,
T = 303 K.

3. Results and discussion

3.1. Extraction equilibrium

The stoichiometry of the complex formation reaction
between the ytterbium ion and Cyanex 272 in heptane has
been evaluated by studying the dependence of logD on pH
at constant extractant concentration and logD – 3 pH on the
logarithmic Cyanex 272 concentration at constant pH. The
slopes (shown inFig. 1) are approximately equal to 3 and 4,
respectively. Thus, the equilibrium equation can be proposed
as follows:

Yb3+
(a) + 4H2A2(o)

Ke←→YbA3(HA)5(o)+ 3H+ (6)

where H2A2 represents the dimer of Cyanex 272;
YbA3(HA)5 is the organic complex of the metal cation. From
the slope and intercept values shown inFig. 1, the values of
Ke is calculated to be 100.54.

3.2. Extraction regime

3.2.1. Dependence of log kf on the stirring speed
In extraction kinetics experiments, the criterion generally

used to identify the extraction regime is the dependence of
the extraction rate on the stirring speed in constant interfacial
a o
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d rring
s or,
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Assuming that the mass-transfer process could be form
reated as a pseudo-order reversible reaction with resp
he metal cation[9], one can write the following equation

b3+ ⇔ Yb(III) (o) (1)

The following equation can be obtained as:

d[Yb](o)

dt
= −Q

V
(kr[Yb(III)] (o)− kf [Yb3+](a)) (2)

e =
[Yb(III)] (o),e

[Yb3+](a),e
= kf

kr
(3)

n

(
1− [Yb] (o)

[Yb]e
(o)

)
= −Q

V
(1+Ke)krt (4)

n

(
1− [Yb] (o)

[Yb]e
(o)

)
= −Q

V

(
1+ 1

Ke

)
kf t (5)

here “a” refers to the aqueous phase, “o” is the org
hase, “e” indicates the equilibrium of extraction, “kf ” and
kr” are respectively the forward as well as reverse pse
rst-order rate constants, “Ke” represents the equilibriu
onstants of ytterbium, “Q” stands for the interfacial are
nd “V” is the volume of the aqueous phase or the org
hase.

The slopes of the plots ln(1− [Yb] (o)/[Yb]e
(o)) versust

ave been used to evaluatekr andkf . All plots were straigh
ines in the work, indicating that above assuming was rea
ble.
rea cell[10]. The influence of the stirring rate of the tw
hases onkf has been studied for Yb(III) at other const
onditions (shown inFig. 2). The extraction rate is depend
n the stirring rate indicates that it is diffusion control

n the range from 150 to 350 rpm. Nevertheless, a
lateau region” can be also generated by other phenom
nd it is still possible that in spite of the experiment
etermined dependence of extraction rate on the sti
peed, the rate of extraction is still kinetics controlled
t least not fully kinetics controlled. So, it is necess
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Fig. 2. The effect of the stirring speed on the extraction rate.
pH = 2.69, [NaCl] = 1 M, T = 303 K, [Yb3+] = 3.0×10−3 M, [Cyanex
272] = 3.0×10−2 M.

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

3.2.2. Dependence of log kf on the temperature
A further criterion that enables distinguishing between a

diffusion-controlled and a kinetics regime is the experimen-
tal determination of the activation energy of the extraction
process. The effect of the temperature on the extraction rate
is studied in the temperature range of 293–313 K. From the
slope of logkf versus 1000 T−1 shown inFig. 3, the apparent
activation energy (Ea) for Yb(III) extraction is calculated to
be 35.58 kJ mol−1 in the temperature range 293–303 K, and
8.76 kJ mol−1 from 303 to 313 K. According to the theory by
Yu et al.[8,11], the obtained value ofEa suggests a possible
mixed reaction control regime in the temperature range of
293–303 K and a diffusion regime from 303 to 313 K.

According to consistent estimate from two ways, we can
conclude that the extraction rates which are either controlled
by interfacial film diffusion or interfacial chemical reaction
[12]. Therefore, the two limiting and alternative possibility,
which is mass-transfer rate controlled by chemical reaction
and mass-transfer rate controlled by interfacial film diffu-

F 2.69,
[
2

Fig. 4. The effect of pH on the extraction rate. [NaCl] = 1 M,
rpm = 250 r/min, T = 303 K, [Yb3+] = 3.0×10−3 M, [Cyanex
272] = 3.0×10−2 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
mass-transfer model

The influence of extraction rate on the concentration of
extractant and hydrogen ion is shown inFigs. 4 and 5, respec-
tively. The relationship between extraction rate and extrac-
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 hydrogen ion concentration at the interface
rather than its bulk concentration[13]. Thus, from the slopes
of logkf and logkr versus pH with a linear range, one can cal-
culate that the orders of hydrogen ion concentration are 0.77
and−1.80, respectively, and the orders of extractant concen-
tration at a constant pH are 0.46 and−3.33, respectively. The
extraction rate constants of the forward as well as reverse are
calculated to be 10−3.99 and 10−4.54m s−1, respectively, and
give anKe value of 100.55. So theKe value obtained from the
rate study is in agreement with that obtained from the equi-

F rate.
[

ig. 3. The effect of the temperature on the extraction rate. pH =
NaCl] = 1 M, rpm = 250r/min, [Yb3+] = 3.0×10−3 M, [Cyanex
72] = 3.0×10−2 M.
ig. 5. The effect of the extractant concentration on the extraction
NaCl] = 1 M, rpm = 250r/min, T = 303 K, pH = 2.69, [Yb3+] = 3.0×10−3.
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Fig. 6. The effect of chlorine ion concentration on the extraction rate.
pH = 2.69, rpm = 250 r/min,T = 303 K, [Yb3+] = 3.0×10−3 M, [Cyanex
272] = 3.0×10−2 M.

librium study (100.54). Moreover, the extraction rate does not
change with varying concentration of chloride ion (shown in
Fig. 6).

According to the above results, the forward and reverse
rate equations for the extraction of Yb(III) with Cyanex 272
can be written as:

Rf = −
d[Yb(III)] (o)

dt

= 10−3.99[Yb3+](a)[H2A2]0.46
(o) [H+]

−0.77
(a) kmol m−2 s−1

(7)

Rr = −d[Yb3+]

dt

= 10−4.54[Yb(III)] (o)[H2A2]−3.33
(o) [H+]

1.80
(a) kmol m−2 s−1

(8)

A simple rate equation for the mixed regime can be derived
by assuming that the reaction zone is represented by a surface
which lies parallel to the interface and located in the aqueous
phase at a distance from the interface that is negligible com-
pared to the thickness of the diffusion films. Thus, referring
to the interfacial reaction model proposed by Danesi et al.
[

H

H

Y

Y

Y

Y

Considering equilibrium (11) as the rate-controlling step,
one can write the following equations, wherei′ is the reaction
surface;k1, k−1 are the forward and the reverse reaction rate
constants for step (11), respectively; andK1, K2, K3, K4, K5
represent the equilibrium constants, respectively.

Based on Eqs.(9)–(14), one can write the following equa-
tion:

K1 =
[HA] 2

(o)

[H2A2](o)
(15)

K2 = [H+](a)[A
−](i′)

[HA] (i′)
(16)

K3 =
[YbA+2 ](i′)[H

+](a)

[YbA2+](a)[HA] (i′)
(17)

K4 =
[YbA3](o)[H

+](a)

[YbA+2 ](i′)[HA] (i′)
(18)

K5 =
[YbA3(HA)5](o)

[YbA3](o)[HA] 5
(o)

(19)

Base on Eqs.(15) and (16), we obtain then for the forward
initial rate of extraction:

R = k [Yb3+] [A−] ′

w Eqs.
(

R

R

R

w
s

a the
r t-
i y
C nex
2

R

w but
n

10], the following reactions will be considered:

2A2(o)
K1←→2HA(o) (9)

A(i′)
K2←→H+(a)+ A−(i′) (10)

b3+
(a) + A−(i′)

k1k−1←→YbA2+
(i′) (11)

bA2+
(i′) + HA(i′)

K3←→YbA+2 + H+
(a) (12)

bA+2(i′) + HA(i′)
K4←→YbA3(i′) + H+

(a) (13)

bA3(i′) + 5HA(o)
K5←→YbA3(HA)5(o) (14)
,

f 1 (a) (i )

= k1aK0.5
1 K2[Yb3+](a)[H2A2]0.5

(o) [H
+]
−1
(a) (20)

herea is the adsorption constant of extractant. Base on
17)–(19), one can write the following equation:

r = k−1[YbA2+](i′)

= k−1a
−2K1

−3.5K3
−1K4

−1K5
−1[H+]

2
(a)

× [YbA3(HA)5](o)[H2A2]−3.5
(o) (21)

Eqs.(20) and (21)can be simplified as follows:

f = kf [Yb3+](a)[H2A2]0.5
(o) [H

+]
−1
(a) (22)

r = kr[H
+]

2
(a)[YbA3(HA)5](o)[H2A2]−3.5

(o) (23)

herekf = k1aK2K
0.5
1 , andkr =a−2k−1K

−3.5
1 K−1

3 K−1
4 K−1

5 .
Above mechanism is consistent with the rate equation(7)

nd (8)obtained from experimental results. Comparing
esult of Yb(III) with Y(III) [8], we can find that the kine
cs mechanism of Yb(III) is different from that of Y(III) b
yanex 272. The extraction rate equation of yttrium-Cya
72 in heptane is:

f = 10−4.41[Y(OH)2+](a)[H2A2]0.79
(o) [H+]

−1.06
(a)

kmol m−2 s−1

hich is only controlled by interfacial chemical reaction,
ot controlled by the mixed reaction.
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3.4. Mass-transfer rate controlled by interfacial film
diffusion

The rate-determining processes would then be diffusion
of each species to and from the interface through stagnant
organic and aqueous diffusion zones of thicknessδo andδw,
then[12,14]:

J = kf ([Yb3+](a)− J∆)([H2A2]4(o)− (1/4)J∆)

−kr([YbA3(HA)5](o)+ J∆)([H+]
3
(a)+ (1/3)J∆) (24)

where∆o =∆w = δo/Do = δw/Dw are the diffusional parame-
ter, that is the ratios between the thickness of the diffusion
films and the diffusion coefficientsD, 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-
sional instead of chemical, and local chemical equilibrium at
the interface is assumed, i.e.

Ke =
[YbA3(HA)5](o,i)[H

+]3(a,i)
[Yb3+](o,i)[H2A2]4(o,i)

(25)

Ke = ([YbA3(HA)5]o+ J∆)([H+]a+ (1/3)J∆)3

([Yb3+]o− J∆)([H2A2]o− (1/4)J∆)4
(26)

An approximate and explicit form ofJ can be easily
o e
c w
fl ra-
t

k

or
t a
d s
o
2

4

-
p sto-
i ium
c

respectively. The mass transfer process is a mixed chemical
reaction–diffusion controlled at lower temperature, whereas
it is entirely diffusion controlled at higher temperature. The
extraction rate constants of the forward as well as reverse
are calculated to be 10−3.99 and 10−4.54m s−1, respectively.
The rate equations are obtained, and the formation of 1:1
complex of Yb3+ with A− at the reaction surface is the
rate-determining step when mass-transfer rate is controlled
by chemical reaction. Through the approximate solutions of
the flux equation that we obtained when mass-transfer rate
is controlled by partly interfacial film diffusion, diffusion
parameters and thickness of the diffusion film is calculated
to be 0.23 cm s−1 and 1.15×10−6 cm, respectively.
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