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DOUBLE SYNERGISTIC EFFECTS AND EXTRACTION

KINETICS OF A MICELLE MIXED EXTRACTANT SYSTEM?®

I  EXTRACTION KINETICS

Yu, Jingfen
Department of Chemical Engineering, Qinghua University , Beijing 100084, China

ABSTRACT

The controlling reaction for the micelle mixed extractant system D;EHPA-MPA-AI** was
proved to occur inside the micelle phase by the studies of extraction Kinetics, extraction equilibria
and interfacial chemistry. The extraction reaction mechanisms of the two components, i.e. the
micelle mixed extractant system D,EHPA-MPA- Al** and the single micelle extraction system
MPA-A**, in the micelle phase and liquid-liquid interfacial reaction regions, were suggested.
The extraction reaction rate equations were obtained and the acceleration mechanism and charac-
teristics for the micelle mixed extractant system were discussed.
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1 INTRODUCTION

Part 1 of this paper reported the double
synergistic effects of the micelle mixed ex-
tractant system D,EHPA- MPA for the ex-
traction of AI*' jons, the thermodynamics
of the synergistic extraction reactions, deter-
mined the synergistic complex compositions
and studied the equilibrium mechanisms.
Part 1 will report the results of the reaction
kinetics study.

2 EXPERIMENTAL METHODS

The chemical reagents, extractants, ap-
paratus, the analysis of AI*", the research
method for extraction kinetics and data treat-
ment process used in this paper are identical
to those in refs. [ 1 —3]. The experimental

conditions were chosen according to the
study of interfacial chemistry of various ex-
traction system.

3 RESULTS AND DISCUSSION

It was reported in ref. [ 1] that there ex-
ists non-micelle and micelle ranges in mixed
extraction system D,EHPA- MPA- A,
These two ranges have different characteris-
tics in interfacial chemistry, extraction kinet-
ics, extraction equilibria and their mechanis-
m. This part will mainly report the kinetics
in the micelle range.

3.1 Reaction Rate Equation

The relationship between the reaction
rate constant and the stirring speed (r/min)
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in Fig. 1 shows that;at the initial stage, be-
cause the diffusion controlling factor is domi-
nant, the first order apparent forward reac-
tion rate constant ( k; ) increases with in-
creasing stirring speed. When the stirring
speed reaches 1 400 r/min, the chemical re-
action rate changes very little with increas-
ing stirring speed. Therefore, the following
kinetic experiments are conducted under an
stirring speed of 1400 r/min.

With other conditions unchanged, the
influences of [ MPA ], [ D,EHPA ] and pH
values on the extraction reaction rate of
Al** jons are shown in Table 1.

Through linear regression treatment of
the data in Table 1, six straight lines can be
obtained, i.e. Ink(k) ~ In [ MPA ],
Ink;(k.) ~ In [ D,EHPA ], Ink (k) ~ In
[H* ]. The slopes of these six lines corre-
spond to the indexes of the [ MPA ], [ D,EH-
PA] and [H" ] in the extraction reaction
rate equation. Therefore, the extraction re-
action rate for the the micelle mixed extrac-
tion system D, EHPA- MPA- AP**" is as fol-
lows;

— % — ¥, [MPAT*[D,EHPAT" *

X [H*]~"° — ¥ ,[MPA] "%

X [D,EHPA]~“[H*]"" (1)
where k'; and %', represent the forwardand re-
verse reaction constants of the extraction sys-
tem respectively.

Seen from Table 1 and equation (1),
the forward and reverse rates respectively in-
creases and decreases with increasing
[MPA] and [ D;,EHPA]. With decreasing
pH values, the forward reaction rate decreas-
es and the reverse reaction rate increases, so
the total reaction rate decrease. This is con-
sistent with the formation law of the mi-
cellelt], i.e. decreasing pH values and in-
creasing [ MPA ] will help the formation of
the MPA micelle, and then lead to increas-
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Table 1 Influences of [MPA ],[ DEHPA ] and
pH values on extraction reaction rate of AI*"
ions (micelle mixed extraction system)

[D,EHMPA] [MPA]/ ke k.
/moleL~! mol+L™! /min™"' /min~—!
1.0 0. 05 0. 070 0.046 3.51x10°?
1.0 0. 05 0.105 0.064 1.41x10°3
1.0 0. 05 0. 140 0.076 1.03x10°°
1.0 0. 05 0.210 0.098 4.89x10~*
1.0 0. 075 0. 140 0.078 6.4X10°*
1.0 0. 100 0. 140 0.084 5.1X107*
1.2 0. 05 0. 140 0.115 5.1x10™"
1.4 0. 05 0. 140 0.184 2.1X10*

% experimental conditions; [AIP*]=0. 39g/L,
T =257C.

kr, k. represent the first order apparent forward and
reverse reaction constants respectively.

ing extraction reaction rate of Al*' jons.

Meanwhile, the 3' P NMR spectra study
demonstrates that the extraction of Al*T us-
ing the mixed micelle system obeys the
cation exchange extraction law. It is obvi-
ous that increasing pH values will lead to in-
creasing reaction rate. The formation of syn-
ergistic complex is not only connected with
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[MPA ], but also with [ D,EHPA]. The au-
thors believes that the effect of D;EHPA on
the reaction rate of AI3* extraction is mainly
embodied through the interfacial aggregating
effect of the MPA micelle, i.e. that the
D,EHPA dissolves into the interiors of MPA
micelle or enriches their interfaces, so that
the concentration of the D,EHPA is higher
than that in the bulk organic phase. Because
of the controlling reaction occuring inside
the micelle and the synergistic effect, the ex-
traction reaction rate of the AI}' ions is ac-
celerated. The above studies from an indirec-
tive side expresses that the controlling reac-
tion of the AI¥* extraction in the micelle
mixed extraction system occurs inside the mi-
celle phase. At the same time, the forma-
tion of the micelle and the micelle interfacial
aggregating effect at their interfaces can also
further expound the reaction rate equation
of the studied extraction system.

3.2  Reaction Mechanism

Because opinions between the con-
cerned researchers vary on why synergistic
extractants can accelerate the extraction of
metalst*], it is very complex to study extrac-
tion process, especially the reaction mecha-
nism of mixed extraction systems. The stud-
ied new type micelle mixed extraction sys-
tem is even more complex. It is not only of
thermodynamic synergistic effects, but can
accelerate the extraction rate of metallic ions
and has micelle component etc. From the
studies of extraction interfacial chemistry,
extraction kinetics, equilibrium characteris-
tics and their mechanisms, we discuss the ex-
traction reaction mechanisms as follows.
3.2.1 The Reaction Sites of the Extrac-

tion Rate Controlling Step

The authors have proved'®! that the re-
action rate of the Al*T extraction in the stud-

ied mixed system is controlled by diffusion
in combination with chemical reaction.

There probably exists three types of regions
act as the sites of chemical reactions—the in-
teriors of the organic phase, or the micelle
phase, the interfaces and the interiors of the
aqueous phase. Based on the following anal-
yses, the authors believe that the rate con-
trolling reaction of AI** extraction in the
studied mixed system occurs in essential in-
side the micelle phase.

(1) The dissolvability of the D,EHPA
and MPA in aqueous phases are very small,
but the MPA can dissolve well in nonpolar
solvents, forms reversal micelle, and forms
oil-affinitive synergistic complex in combina-
tion with the D,EHPA-AI**. Although the
[H* ] in the aqueous phase influences the ex-
traction rate of AI3* jons(Table 1), it does
not mean that the extraction reaction occurs
in the aqueous phase. The influence of
[H*] is based on the aggregating effect of
AI3T at the nucleus of MPA micelle and that
extraction of the studied extraction system
obeys the cation exchange extraction law.
This excludes the possibility that the extrac-
tion occurs in the aqueous phase.

(2) In order to further prove that the
extraction reaction occurs in essential inside
the micelle and that there also exists liquid-
liquid interfacial reaction, the authors make
the following analyses on the basis of the re-
lationship between interfacial chemistry and
extraction kinetics.

First, in the range of [ MPA ]>CMC
(critical micelle concentration), the relation-
ships between C, mC, and C, are shown in
Fig. 2, where C is the concentration of the
MPA monomers, mol/L; C, is the concen-
tration of the MPA micelle, mol/L; C.is the
total concentration of the MPA, mol/L; m
is the polymeric number of MPA micelle.

From Fig. 2, it is clear that mCincreas-
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es linearly with increasing C, , while C in-
creases very little. This is because that the
MPA forms reversal micelle in non-polar sol-
vent, the increasing €, mainly leades to in-
creasing concentration of the micelle, then
consequently make the non-micelle and mi-
celle mixed extraction systems greatly differ-
ent in interfacial absorption behaviors of the
MPA. For the non- micelle extraction sys-
tem, the interfacial tension y and interfacial
pressure 7 sharply decreases or increases
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Fig. 2 Relationships between C or mC,, and C,
[DzEHPA] =0.05 mol/L; pHZ 0.76 ;
[Al]=0.17g/L; solvent; 12-docadane;
T=257C
1—mC, ;3 2— C,

with increasing C,. However, for the mi-
celle extraction system, they gradually de-
crease or increase. Under the above condi-
tions, if the controlling step is liquid-liquid
interfacial reaction, then the extraction rate
of AI3T ions correspondingly increases very
little. But in fact, the extraction reaction

rate of the AI*' ions increases faster in the

micelle range, especially in the transition re-
gion from non- micelle extraction system

(Table 2) to micelle extraction system

(Table 1), the reaction rate of the Al** in-
creases significantly. Therefore, the increas-
ing extraction reaction rate of the AI’** ions

can be attributed to the existence of the mi-
celle and has very little relation to the inter-
facial absorption behaviors. In addition, the

reason for the existence of D,EHPA can ac-
celerate the extraction of A1+ is the synergis-
tic effects and the interfacial aggregating ef-
fect of MPA micelle.

Based on the above analyses, it can be
concluded that the reaction rate of the Al3*
extraction is closely related to the composi-
tions of the organic phase and the interfacial
aggregating effect of the MPA , and that it is
almost not influenced by the liquid-liquid in-
terfacial adsorption behaviors. Therefore,
the controlling reaction occurs in essential in-
side the micelle, not at the liquid-liquid inter-
faces. Certainly, the liquid- liquid interfa-
cial reaction still exists but it is not the reac-
tion rate controlling step.

3. 2.2 The Mechanisms

According to our studies of the interfa-
cial chemistry, equilibrium mechanisms and
extraction kinetics!'*®") and the experimental
results in this paper, the authors believe
there exist simultaneously two compo-
nents—the micelle mixed extractant compo-
nent D,EHPA- MPA and the single MPA
component, which react with the A’ jons
inside the micelle region or liquid-liquid in-
terfacial reaction region.

The basic steps of the two components
in extracting the AI*' jons in the above two
regions are as follows;

L(HA); Jo=2[ (HA) ];
(a) [(HA);Jo==[(HA);]. (1

(oil-affinitive part)
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Table 2 Dependence of &k, on [MPA ] in
non-micelle mixed extraction system”

/E::IPALl 0.01 0.02 0.03 0.04 0.07
k
i 0-004 0,008 0.010 0.0127 0.0190

% [D,EHPA]=0. 15mol/L; pH=1; T =25C

(b) [ (MPA) [i=[ (MPA), ] 2
) [APT p=[Al+ |=[ALl* ],
(nuclei) (3

(d)micelle region

v
[A13+:|m—f—2[(H2MPA) e In+F[(HA); o=
[Al- (HMPA);+2(H:MPA) ,_, *HA; |Jn+
3[HY |n 4
(APt ]+ 3[ (H,MPA), ] =
[Al* (HMPA);+3(H;MPA) ., |n+
3[H . (5)
(e)liquid-liquid interfacial region

v

LAY Ji+[HMPA Ji+2[ (HA) J=

[Als (HMPA A, |i+3[H!' ] (6)
[AI** ]+ 3[H;MPA |=
[AI(HMPA); |+ 3[H* |, 7N

(f)[Al«(HMPA),*2(H;MPA) ,_, *HA; |,—
[Al- (HMPA),+2(H,MPA) ,_, +HA,Jo (8)
[AI(HMPA);+3(H,;MPA) , | |n—>

[Als (HMPA);+3(H;MPA) .-, Jo D

(8)[AI(HMPA) A, ]—>

[AI(HMPA) - A; |o (10)

[AL(HMPA); | —[AI(HMPA);Jo (11

(W[H' Jo»—>[H" |5 a2
[(H*]i—[H"]s 13)

In equations (1)~ (13), m, i, B, O
represent micelle phase, interfacial phase,
aqueous phase and organic phase respective-
ly; nis the polymeric number of the micelle.

In order to further expound the reac-
tions occuring in the two regions, the
schematic diagrams of the MPA micelle and

MPA monomers are respectively shown in
Figs. 3 and 4.

water-affinitive
x. radical

Y
.C—H chain

nucleus
=1 A B

H G F E

Fig. 3 Schematic diagram of an
MPA reversal micelle

interface

organic phase

aqueous phase
—1 q

I
Azs.

o |B Al e

Fig. 4
and D;EHPA monomers in liquid-liquid
‘nterfacial reaction region

Schemactic diagram of MPA

In Fig. 3 the polar ends of MPA re-
verse micelle (water-affinite ends ) gather
at the inner part of the micelle, and form a
water-affinitive center, i.e. the micelle nu-
cleus (represented by AB). The nonpolar
ends of the MPA (oil-affinitive ends, repre-
sented by CD)— CH tail, stretch into the

nonpolar diluent, i.e. normal dodecane,

and form liquid-liquid interface (represented
by i) with aqueous phase(represented by E!
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and GH). In Fig. 4, AB represents organic
phase zone (expressed by O), AC and BD
represent aqueous phase zone (expressed by
B), i represents the interface of the organic
phase and the aqueous phase, E'F’ and G’
H’ represent MPA and D,EHPA monomers
respectively.

Equations (1)~ (13) are illustrated as
follows ;

(a) Equation (1) indicates that the
bulk phase—dimer HA (D,EHPA) diffuses
toward the micelle and dissolves into the oil-
affinitive part of the MPA micelle, and that
part of the dimer HA in the bulk phase de-
composes into monomers and adheres to the
interfaces.

(b) Equation (2) indicates that the
MPA polymers are in equilibrium with the
MPA monomets at the interfaces.

(c¢) Equation (3) indicates the increas-
ing dissolving of AI*T in the micelle region.
APPT jons in the aqueous phase diffuse to-
ward the interfaces; part of them at the in-
terfaces futher diffuse toward the micelle
phase and dissolve into the nucleus of MPA
micelle and their surfaces.

(d) Equations (4) and(5) indicate re-
spectively the synergistic and complexing re-
actions between the AI** jons and the MPA-
D;EHPA mixed extraction systems or the sin-
gle MPA extraction system. The synergistic
extraction complex diffuses toward the bulk
organic phase(equations(8)and(9)).

(e) Equations (6)and (7) respectively
indicates the liquid- liquid interfacial com-
plexing reactions between the AI*' ions and
the MPA-D,;EHPA mixed extractant or the
single MPA extractant. The formed synergis-
tic complex diffuses toward the bulk organic
phase (see equations(10) and(11)).

(f) The H* jons discharged from the
micelle in the micelle region and the liquid-
liquid interfacial reaction region diffuse to-

ward the bulk aqueous phase (see equations
(12) and(13)).

It should be noted that for the above ba-
sic reactions, the micelle mixed extractant
D;EHPA-MPA is the primary extractant
and the single MPA extractant is the auxil-
iary; the micelle reaction region is the prima-
ry reaction region and the liquid-liquid inter-
facial reaction region is the auxiliary. In ad-
dition, the influence of the single D,EHPA
extractant on the extraction of the AI3* ions
can be neglected because of its lower reac-
tion rate and extraction power.

When compared with single extraction
systemsMPA-AI** and D,EHPA- A1*+07],
and the non- micelle mixed extraction sys-
tems(?!, the micelle mixed extractant system
D,EHPA-MPA can accelerate the extraction
of Al*T,
are,

(a) The micelle mixed extractant sys-
tem has double synergistic effects, and the
existence of the reversal MPA micelle fur-
ther enriches the characteristics of the syner-
gistic effects.

(b) The double synergistic effects ap-
pear both in the micelle and liquid-liquid in-

The reasons and characteristics

terfacial reaction regions, and there are two
components— D,EHPA- MPA and single
MPA take part in extraction reactions.
(c)When the non-micelle mixed extrac-
tion system transits to the micelle one, the
controlling step for the AlI’* extraction tran-
sits from chemical reaction to chemical reac-
tion in combination with diffusiont®%); the
sites of the controlling reaction transits from
liquid-liquid interfaces to interiors of the mi-

celle; the compositions of the synergistic
complex formed change.

Among the factors accelerating the
AI*t extraction, the effect and character-
stics of the MPA should be emphasized. The

(To page 19)
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temperature of the molten electrolyte is 760
~ 795 C, the density is 2.50~ 2.60 g/
cm?, the electrical conductivity is 1. 6~1. 9
Q 'ecem ', The electrical conductivity in-
creases by 60~ 90 percent than that of the
traditional electrolyte.

4 SUMMARY

(1) In this paper, the research range
of the NaF-AlF;- BaCl,- NaCl system was
widened. In past studies, bath ratio was up
to 2. 5, adding amount of NaCl was up to
8%;. In this paper, the bath ratio was raised
to 6.7, NaCl adding amount was raised to
15%.

(2) Liquidus temperature,
ture-varied electrical conductivity and densi-
ty of this electrolytic system were studied.
Conclusions reached in varing temperature
conditions were very different from that un-

tempera-

der constant temperature condition, which
can closely represent practical condition.

(3) The relaionships between each-
physico-chemical property and each factor
of the electrolyte system NaF- AlF;- BaCl,-
NaCl were summarized and described. Con-
sidering the requests of industry production
for electrolyte, three groups of energy-sav-
ing electrolyte compsition whose electrical
conductivity was increased by 30~ 90 per-
cent than that of the electrolyte adopted tradi-
tionally in industry and other properties
which also meet with request were proposed
in the basis of researches.

(4) One of the three groups of elec-
trolyte composition proposed above has come
into use in Guizhou Aluminium Plant. The
energy consumption was reduced by 1200
kWh/t+Al, the output of refined aluminium
was increased by 8 percent.

(From page 25)

MPA acts both as reacting medium and react-
ing extractant, then leads to the change of
the reaction mechanisms. The accelerating
characteristics of the MPA micelle are differ-
ent from those of the micelle catalysis which
only acts as reacting medium and accelerates
the reactions, but does not changes its mecha-
nism.

4 CONCLUSIONS

(1) 1t was proved that the controlling
reaction of the micelle mixed extractant sys-
tem D,EHPA-MPA for the AI®T extraction
occurs inside the micelle phase.

(2) The reaction rate equations were es-
tablished for Al®T extraction of the studied
extractant system.

(3) The two components, in the mi-
celle region of the studied system, and their

reaction mechanisms, in the micelle and lig-
uid-liquid interfacial reaction regions, were
proposed.

(4) The accelerating mechanisms and
their characteristics of the studied micelle
mixed system were proposed and analysed.
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