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The kinetics of RE (La, Gd, Er, Yb and Y) extraction with
sec-octylphenoxy acetic acid was investigated using a constant
interfacial area cell with laminar flow at 303 K. The natures of
the extracted complexes have some effect on the extraction rate
which is controlled by the reaction rate of M(III) and extrac-
tant molecules at two-phase interface for Er(III), Yb(III) and
Y(III), by a mixed chemical reaction-diffusion for Gd (TiI)
and a diffusion for La(III). The extractant molecules tend to
adsorb at the interface. So an interfacial extraction reaction
model was derived.
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Introduction

It is well known that ytirium can be used in many
fields, such as metallurgy, ceramics, lasers and electron-
ics, especially in fluorescent materials whose need for
high purity yttrium oxide is increasing. In China, the re-
source of yttrium is rich, and the high pure yttrium is be-
ing obtained mainly with the process of naphthenic acid
extraction'”® which has some problems. It has drawn more
attention to develop a new process for separating high pu-
rity yttrium superior to the old one of naphthenic acid ex-
traction.

Ye et al. synthesized a new carboxylic acid with
very simple composition, sec-octylphenoxy acetic acid
(HA). In the same extraction conditions, HA is better
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than naphthenic acid.* Li et al. studied the extraction of
rare earth(II) with HA and put forward a HAB two-sol-
vent extraction system with HA and HB (another acidic
extractant) .>’® However, the kinetics of rare earth extrac-
tion with HA was unreported. In the present work, the
extraction kinetics of Y(III), La(IIl), G4(III), Er(IM)
and Yb(III) with HA was examined following a thermody-
namic study.’

Experimental

Apparatus and procedure for kinetics study were de-
scribed previously.’ Volumes of both aqueous and organic
phases were 9.25 x 10~> m® and the interfacial area was
2.1x 1073m?. pH in aqueous phase was adjusted by a
NaAc-HAc solution with the total concentration of 0.2
mol/L and determined with a pH meter (Model 720, Ori-
on Co., America).

The purity of HA (supplied by Shanghai Institute of
Organic Chemistry, Chinese Academy of Sciences) was
more than 93% . After being dissolved in heptane, HA
was washed in turn by sodium carbonate, hydrochloric
acid and distilled water, and then was saponified with
ammonia water to 57.3% . The stock solutions of rare
earths were prepared by dissolving their oxides
(>99.99%) in concentrated hydrochloric acid and by e-
vaporating the excess HCl. The metal concentration in the
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aqueous phases was determined by EDTA titration with a
deviation of < 1% which leads a deviation of ~ 7% in
the reaction constant. The concentration of metal ions in
the organic phase was determined by difference.

Interfacial tension measurements were performed as
described in reference 8.

Data treatment

Experimental data were treated following Danesi.’
Assuming that the mass transfer process could be formally
treated as a pseudo-first-order reversible reaction with re-
spect to the metal cation;

M@= M, (1)
The rate is given by the following equation:
- d[M](p)/dt = (Q/ V) (keu[M1() = ku[MIm) (2)

where a and o stand for the aqueous and organic phase,
respectively, ( is the area of the interface in cm®, V the
volume of the organic or aqueous phase, k., and k,, are
forward and backward pseudo-first-order rate constants re-
spectively.

Integrating gives:

In(1 - [Ml()/[M]i0)) = = (Q/V) (ko + ko)t (3)

where e refers to equilibrium.

At constant stirring speed, the pseudo-first-order
rate constants, k,, and k., are functions of the concen-
tration of HA in the organic phase and the concentration
of the hydrogen ion in the aqueous phase (where f; and
/> refer to the functions) ;

ko =fi([HA(), [H* J(o)) (4)

ko= f2([HAl(o), [H* ](n)) (5)
At equilibrium, Eq. (2) is equal to zero, then

K= (M1 /IM]%) = kar/koq (6)

where K, is the distribution ratio of metal cation.
Eq. (6) is substituted into Eq. (3), i.e.

In(1-[M])/[MI5y) = = (Q/V)(1+ Ky kgt (7)

The function In(1 — [M](,)/[MI{,)) vs. time was plot-
ted for each experiment. The slopes of the plots were used
to evaluate k,, and k,,. All plots were straight lines, in-
dicating that the mass transfer process could be treated as
a pseudo-first-order reversible reaction with respect to the
metal cation.

Results and discussion
Effect of stirring speed on k,,

The apparatus used for the kinetic experiments is a
constant interfacial area cell with laminar flow’ where the
thickness of the stationary interfacial film is thicker at a
lower stirring speed and the diffusion limits the rate. With
increase of the stirring speed, the stationary diffusion film
becomes thinner and the diffusion resistance smaller. At
some stirring speed, the extraction rate may be limited by
the chemical reaction only, or the extraction rate is inde-
pendent of the stirring rate, i.e. “kinetics plateau”. So
this instrument leads to an easy discrimination of diffusion
control or chemical reaction limitation . ® Fig. 1 shows the
effect of the stirring speed on the extraction rate of
yttrium(II[) with sec-octylphenoxy acetic acid dissolved
in heptane. When the stirring speed reached 200 r/min,
it no longer influenced the extraction rate. The other ki-
netic experiments were processed at 250 r/min in order to
maintain the same hydrodynamic conditions.
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Fig. 1 Dependence of logk,, vs. stirring speed, [HA,](,) =
1.0x 1072 kmol/m?®, pH=4.05, [Y**]=3.0x
1073 kmol/ne’.

Dependence of logk,, on pH
In pH values of ranging from 3.5 to 4.5, the effect

of pH on the extraction rate was studied (Fig. 2). The
orders of [H* ] for La(Il), Gd(III), Er(IIl), Yb(III)
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and Y(III) are ~0.32, -0.46, -1.1, -0.73 and
-0.79, respectively. The thermodynamic study indicat-
ed that the extraction rates of La and Gd are higher than
those of Er, Yb and Y, and their pH;, values are lower
than those of Er, Yb and Y. So the kinetic order of H*
for the extraction of La or Gd is lower.
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Fig. 2 Dependence of logk,, vs. pH, [HpAy]() = 1.0 x
10-2 kmol/n®, [RE** ]=2.7 x 103 kmol/nd®,
¢la, +Gd, oE, x Yb, @Y.

Dependence of logk,, on the concentration of extractant

The effect of extractant concentration on the extrac-
tion rate is shown in Fig. 3. The results show that with
increase of atomic number from La to Yb the extraction
rate decreases. The orders of extractant for La(1II), Gd
(1), Er(1I), Yb(II) and Y(III) extraction are 1.2,
1.0, 1.2, 1.2 and 1.2, respectively.
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Fig. 3 Dependence of logk,, vs. logl H,A;], [RE**1=3.0
x 1073 kmol/n?*, @ La, + Gd, 0 Er, x Yb,e Y.

Dependence of logk,, on temperatures

It was found that the extraction rate increased with

temperature and the experimental data obeyed Arrhenius
equation. The apparent activation energies for La (1II),
Gd(I), Er(II), Yb(II) and Y(III) extraction were
calculated with the slope of logk,, versus 1/T shown in
Fig. 4 to be 18.4, 30.0, 46.2, 55.2 and 49.9 kJ/mol,
respectively. Generally,’> when an extraction activation
energy (E,) is more than 42 kJ/mol, the extraction pro-
cess is controlled by chemical reaction. When E, is lower
than 20 kJ/mol, species diffusion is rate-determining
step. When E, is in ranging from 20 kJ/mol to 42 kJ/
mol, the extraction rate is controlled by a mixed chemical
reaction-diffusion. Thus, the extraction rate is controlled
by chemical reaction for Er(IlI), Yb(II) and Y(III),
by a mixed chemical reaction-diffusion for Gd(III), and
by a diffusion for La(III) .
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Fig. 4 Dependence of logk,, vs. 1/T. [HyAy](p) = 1.0 x
10"2 kmol/m®*,  [RE**]=3.0x 10~ *kmol/nm?’,
L 2 Iﬁy + Gd, O El', X Yb, [ ] Y.

According to the experimental resuits, the following
rate equations were obtained

- d[La** ](,y/dt

= k[La®* ] [HaA JL3[H* 1052 (8)
—d[Gd3+ ](a)/dt

= k[Gd* ] (o) [Hp A N{I[H* 103 % 9)
-d[ER* ](,y/de

= k[Er* ] [HA JLS(HY 165! (10)
—d[YB** (,y/de

= k[ Yb** ] [HoA IR3[H* 1397 (11)
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-d[Y3* ](,)/de
_ 3 4 2 +1-0.79 K
= k[ V" ] [HA JUS[HY 168 (12) HA(O)—Z—‘ HAg (15)
Interfacial tension measurements of HA k,
ML) + HAp=— MAZS +HG, (16)
In order to estimate the extraction mechanism of RE,
the interfacial property of the extractant HA was studied. ky . .
The interfacial excess of HA at the n-haptane-water inter- MA%S +HAg) P MAg;) + Hio (17)
face was determined from the plot of the interfacial tension
. . K
(7, mN/-m) vs. lc')gc , ¢ being the concentration of HA. MA + HA(i)_s_ Mg, + HE (18)
The plot is shown in Fig. 5.
K
2 % MAs (o) + inAz(o)"‘—4 MA3HA(,) (19)
E 45 . o000 0, 2
Z I .
Ca ¢
5 35k . where 1 refers for interface, K;, K;, K3 and K, stand for
g 5l * equilibrium constants, k; and k, are the forward reaction
g 25t rate constants while %k _; and % _, are the backward ones.
E 20} * From Egs. (14) and (15), Eq. (20) can be ob-
5 »
B 8 6 4 2 0 tained
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Fig. 5 Interfacial tension of HA vs. logc.

According to the Gibbs equation

= _.l__(_aY_)T (13)

~ 7 2.303RT\ 3loge

the interfacial excess I" derived from the linear part of the
plot is 3.54 x 1075 mol/12. Here, 7Y is the interfacial
tension (in mN/m), ¢ the bulk concentration (in mol/
L), T the absolute temperature and R =8.314 J-K~!-
mol~!. It is evident that HA has high interfacial activity
and tends to adsorb at the interface.

Because rare earth ions in aqueous solution can not
easily enter the organic phase directly, it is more likely
that the extraction reaction occurs at the two-phase inter-
face. The previous thermodynamic study showed that the
complexes extracted into the organic phase were MA; *HA
for La(1ll) , Gd(III), Er(IlI) and Yb(II), and YA, for
Y.?

Based on the results of kinetics and thermodynam-
ics, the following extraction reaction mechanism for Er
(IT), Yb(IM) and Y is given [Eq. (19) is invalid to
the extraction of Y(III) ];

K
HAy )= 2HA(,) (14)

[HA] = Ki"2K,[H A, 13 (20)
Assuming an instantaneous state and ignoring the % _, rate

constant, the concentration of [ MA%* ](;) can be easily
calculated.

[MA2* J¢y = Ky [MP* ]y [HAD (i) /

(k_1[H* )(o) + k2[HA ;) (21)

Assuming that Eq. (17) is the controlling-rate-step, the
following rate law can be written;

Ry = k,[MA?* ] [HA] (22)

Both Eqs. (20) and (21) are substituted into Eq. (22),
then:

Ri= ik K K2 [ M2 ] [HyAg ]y /

(k_1[H* ] + k2 Ko K[ H A0 1E3) (23)

When & _[H* ]y >> kKo K12 [HpA 113, Eq. (23)
can be simplified as:

Rf:: kl:M3+ ](a)[H2A2:|(0)[H+ :’(_aj
where k = klkgk:iKlK%.
This mechanism is consistent with the experimental

(24)
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results.
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