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ABSTRACT

The kinetics of solvent extraction of aluminum with di—2—ethylhexyl phosphoric acid (DEHPA) in
n-heptane have been studied in a constant interfacial area cell. A HCLKHC,H,0, (potassium biphthalate, KHL)
buffer solution was used to maintain a constant pH during extraction. The effects of the concentration of alumi-
num, pH, the concentration of the extractant, the interfacial area and the temperature on the extraction rate were
investigated. A method has been invented to determine amont of the extracted aluminum in the organic phase
with 8—hydroxyquinoline. Based on calculation of the coordination states of the aluminum ions and their contri-
bution to the reaction rate, a raaction mechanism which includes two main reaction paths, has been proposed to
describe the process. One path starts from AI(H,0);", and the other starts from AI(H,0),L". The reaction could
take place both in the aqueous phase and at the interface. The main reaction region could be changed as the con-

ditions of extraction were changed. When [HA]<0.03 mol / L the process was controlled by the interfacial reac-

tion, and when [HA]>0.03 mol / L it was shifted to a homogeneous aqueous solution reaction.

Key words: aluminum  solvent extraction kinetics

acid.

1 INTRODUCTION

The kinetics of aluminum extraction with
di—2—ethylhexyl phosphoric acid (DEHPA)
have been studied by some authors' ™. In Ma-
tsui’s view!"l, key steps in the process was
Al(H,0),A3+A™— Al(H,0);A+H,0
AI(H,0),A,+HA—>AI(H,0),A,(HA)}+H,0
or, when AI(OH)*" was extracted
Al(H,0){(OH)*— AI(H,0),(OH)**+H,0

But other authors have obtained different
results, for example, according to Sato and his

coworkers' *¥, the mechanism is SN1, so the
key steps should be
Al(H,0)5) 3% AI(H,0)3;,+H,0,

fast

AlH,0)3,HHA L AI(H,0);HAY)
fast_, AI(A,H)y

constant interfacial area cell ~ di~2-ethylhexyl phosphoric

In the present study, a constant interfacial
area cell was used to investigate the kinetics of
solvent extraction of aluminum from HCI po-
tassium biphthalate solution with DEHPA. A
model taking account of all the aluminum spe-
cies in a reaction zone extending from the in-
terface to the bulk aqueous phase was applied
to fit the experimental results.

2 EXPERIMENTAL
2.1 Analytical Methods

A mehod has been invented in this work
to determine the extracted amount of alumi-
num by directly developing colour in the or-
ganic phase with an 8—hydroxyquinoline alco-
hol solution, which produced a strong adsorp-
tion peak at 385 nm. This procedure is much
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simpler than stripping and analysis of Al in the
stripping solution and much more precise than
deter of the Al d by the dif-
ference between the aluminum in the aqueous
phase and the aluminum at the imterface.
DEHPA also reacted with oxine, but a good
experimental line could be obtained using the
same organic phase as blanks if the concentra-
tion of DEHPA wasn't too high.

2.2 Experimental Methods

DEHPA was purified by recrystallizati-
on with its copper salt, yielding a purity grea-
ter than 99 %. The improved constant interfa-
cial area cell used in the present work has al-
ready been reported'”. The same cell has also
been used to study the kinetics.of HEHEPA—
Co(ClO,),, and it was found that when the agi-
tation speed was higher than 3 s™' the system
was under kinetic control'™. Since the extrac-
tion of aluminum by DEHPA is much slower
than the above system, all the experiments
have been carried out at a stirring speed of 3
5™ inboth phases.

3 RESULTS AND DISCUSSION

3.1 Effect of Aluminum Concentration

In order to maintain a constant pH dur-
ing extraction, HCI-KHC;H,O, solutions we-
re employed as buffer systems. Although the
pH was almost unchanged, the CsH,0F which
formed coordination compounds with AI**
made the system complicated. To maintain the
ionic strength, KCI was added in feed solution.

The relationship between extraction rates
and aluminum concentrations in feed solution
at different concentrations of the DEHPA is
shown in Fig. 1. Because the coordination be-
tween H,CgH,0,and AI’" caused the change
in the pH value, the extraction rates weren’t
simply proportional to the initial feed alumi-
num concentrations.

0.01 0.02 0.03 0.04 0.05 0.
Y(A*]/ mol - L™

Effect of aluminum concentration (S[AF])

Fig. 1

on the extraction rates (R)
[HA):  1—0.0075 mol / L; 2—0.015 mol / L; 3—0.030
mol / L, 4—0.045 mol / Li 5—0.060 mol / L; T=298 K

3.2 Effect of Acidity on Extraction

The aqueous acidity not only affected the
coordination state between AI** and H,L and
the acidic dissociation, but the surface activity
equilibrium with its ions. Fig. 2 shows the ef-
fects of acidity on the logarithm extraction
rates with different concentration of DEHPA
and a constant concentration of aluminum.

3.3 Effect of Extractant Concentration on the
Extraction Rate

The extraction rates at several DEHPA
have been with dif-

ferent feed solutions. The results are shown in
Fig. 3 and 4. They show that when [HA]>0.03
mol/ L, extraction rates were directly propor-
tional to the 1.5 power of the DEHPA concen-
tration. When [HA]<0.03 mol / L, extraction
rates were directly proportional to the square
root of the DEHPA concentration. These re-
sults are in concordance with those reported

by Shingo Matsui'™l.

3.4 The Apparent Active Energy in the Ex-
traction Process

The difference in the effect of the concen-
tration of the extractant on the extraction rate
could be caused by the different mechanism.
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were determined at several temperatures. Str-

—6.004
6. aight lines between Ig R and 1/ T were obta-
ined, when DEHPA =0.03 mol / L, an appa-
=700 rent acitive energy of 57.8 kJ /mol has been
o calculated according to Arrenhus’ Equation
~ —8.00] E, s when DEHPA=0.007.5 mol/L, E,=
58.3 kJ / mol. Since the two E, above are rea-
=9.00 o P z ~
240 260 280 300 350 340 aonab.] close, .lhen it is possible tha‘l the mecha-
pH nism is remained unchanged at different con-
centrations of DEHPA.
Fig.2  Effect of pH on extraction rates (R)
[HAJ: 1—0.007.5 mol / L; 2—0.015 mol / L: 3.5 The Effects of Interfacial Area on Extrac-
3—0.030 mol / L: 4—0.045 mol / L: 5—0.060 tion Rate
i T= i Y [AP]=0.02mol / L :
L 2 In order to study the effect of the interfa-
—6.01 cial area the extraction rate, the extraction
rates at diffrent interfacial areas have been de-
=7.00| termined with chosen DEHPA concentrations.
= The results are listed in table 1.
~ =8.00f Table 1 _The extraction rate at different interfacial area
DERPA,  YIATT/ 7 Iy
o
—9.00l kmol - m”  kmol - m” 10010 kmol ™ 5
3.00 2160 120 vo0rs [T o
1g[HA],, 6267 ss19
s 004 02 a0 ame 2
Fig.3 Effect of [HA] on the a7 5
xtriction catss (K) at differeat pH General speeking, if the extraction was
R s SERp e T B controlled by chemical reactions in the bulk
A K TIAT]=002mol /L aqueous phase, the area of the interface wou-
6. Idn’t affect the extraction rate. If the extraction

~1.60 —1.20
1g[HA],,
Fig.4 Effect of [HA] on extraction
rates (R) at different [AI*]
Y [AP*): 1=0.01 mol / L; 2=0.02mol / Li 3=0.03

mol / L 4=0.04 mol / L 5=0.06 mol / L; T=298 K

To unveil the exact reason, the extraction
rates with chosen extractant concentrations

was controlled by chemical reactions at the in-
terface, the extraction rate would be directly
proportional to the inter facial area. As shown
in Table 1, the extracation rates are directly
proportional to the interfacial area at the low-
er extractant concentration, so the extraction
reaction could take place at the interface; at
the higher extractant concentration, the inter-
facial area has only a slight effect on the ex-
traction rate, so the process might be control-
led by a chemical reaction in the aqueous
phase.

It was reported that the minimum satu-
rated adsorption concentration of DEHPA at
the n-heptane-H,O interface C,;, was 6.0
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10 mol / L'”’. It is reasonable that the main
path of the reaction would change from the in-
terface to the aqueous bulk phase as the inter-
face becomes saturated.

4 MECHANISM OF THE REACTIONS

4.1 Coordination of Aluminum Ions in the
Aqueous Phase

With the addition of HCI-KHC,H,0,,
the following reactions could

(1) Al(H,0);"+A™«— Al(H,0);A>+H,0

(2) Al(H,0);A*+A" <> Al(H,0),A}+H,0

(3) Al(H,0),A3+A™ <> Al(H,0),A+H,0

(4) Al(H,0),A+HA < Al(H,0),A{(HA)+

H,0

(5) Al(H,0),A(HA)+HA<—AI(H,0)A,(HA),
+H,0

(6) Al(H,0)A,(HA),«~— AlA(HA),+H,0

(7) AlA(HA),+HA<~—AIA,(HA),

110,11

happen!'

L +H* ;ﬁg HL™ gk, =4.74 (1)
IgK,=2.66 (2)
lgf=3.18 (3)
AP AlL; 1gf,=6.32 (4
APHOH™ PO AOHY"  Igfoy=9.27 (5)

H,L stands for H,C¢H,0, in the above
equations.

Taking all of these equilibria into account,
the following equations can be obtained:

[L1=[LYJ(1+10474PH4 10474426620 H [A ] .

(10*"%4+2x 10°7[L*])) ©6)
(Al =[AF)1+10°27 PP 4L > -
(10™"*+10°2[L*]) (@]

The above two equations couldn’t be solved
directly because they are related to each other.
Therefore a sequential calculation method was
adopted to calculate the distribution of H,L,
HL", L AIL, AIL AIOH)*" and AP
with the change of AI** and pH. Fig. 5 is a
typical result.

It was found that the main forms of alu-
minum were Al(H,0),L;, Al(H,0),L* and
Al(H,0);", and that the concentration of
AI(H,0)(OH)*" was very low under the ex-
perimental conditions.

4.2 Reaction Mechanisms

The following mechanism is suggested ba-
sed on the calculation of the coordination
states of aluminum.

3+
8 CAI')
60k

CAIL") (AILY)

0595101 Dg.03 - 005 70.07 " 0,09
[AP"]/mol - L7

Fig.5 Distribution of coordinated Al
¥ [C,H,031=0.05mol / L

Each equation above includes a dissocia-
tion and a complex formation reaction, and
the dissociation process was fast. Equation (7)
was the rate-determining step which controlled
the extraction rate because this reaction has
the greatest steric hindrance. The rate equation
was

Ran+= K [AIA(HA),I[HA] ®)

The reactions (1~ 6) are fast, so they may
be expressed by a single equation.

Al(H,0)3 +3A™+2HAKL- AIA,(HA),+6H,0
Therefore
[AIA,(HA),] = K, [APTATHAT  (9)

There are two reactions starting from
Al(H,0),L":

(1) The probability that L* would disso-
ciate from the complex first is very low, be-
cause of the higher stability of the chelate
bond than the single bond.

(2) H,0 dissociated first, and it was fol-
lowed by sequential exchanges between H,O
and HA and A", so the fast-equilibrium
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reactions can be expressed as
AI(H,0),L'+A™+3HAKLAILA(HA), +4H,0
and the reaction which contains the dissocia-
tion of the chelate bond is supposed to be the
ratedetermining reaction because of the stabili-
ty of the chelate bond.

AILA(HA)#—=AL(HL)A,(HA),

The rate of the above reactions can be ex-
pressed as

Ran+= K, JAILA(HA),] (10)

and

[AILA(HA) = KAILNATIHAP (1)

The reaction in which L*" dissociated
first wouldn’t be considered for the same rea-
son stated before. The prooéss in which H,O
dissociated first is the same as the one starting
from AIL". So Al(H,0);" and AI(H,0)]L are
the only initial reactants needing to be taken
into account.

4.3 Location of the Reaction Zone

So far in most of the kinetics model of
solvent extraction, the reactions were consi-
dered to take place in a single zone such as at
the interface, in the aqueous film adjacent to
the interface or in the bulk aqueous phase. In
fact, the reactions could take place at the inter-
face and in the bulk phase simutaneously. The
over-all reaction rate should include the con-
tributions from all of the reaction no matter
where they are taking place.

If the extraction is slow, the extractant
can be considered to be in equilibrium at the
interface and in the two phases and [HA],jand
considered to be proportional to [HAI,,,

In dilute solution, employing Gibbs's ad-
sorption equation and Schishkovsky’s empiri-
cal formula one obtainned

WA,
"1+ gy HA]

If the reactions take place in aqueous

phase, therefore

[HA]

S ERe
o A1 HAIL ] +
Kon® SIAIL "] HAL 1" 5

o [AIT JHAL [H ']

K [AILTTHAL 17" (12)

If the reactions take place at interface,
then

:
Ry= TRy

=K, [AL

inAI’* ) I

Ko

w\AI
1

MAJLH ]

K [AIL ], [HATY [H ],..‘

int(AIL ™)

3+ ]( BJTHAT )5
1+ BJ[HA]
H 17 +K, e [AIL ] -

BTHAT = Ay s
(—I+ﬁ T ) H] a3

R equals the sum of R,; and R;,. The to-

tal reaction rate
R=R;,+Ry, 14

The was
with the experimental results in the following
respects:

(1) For a single extraction reaction, it is
first order with respect to [AI’] and [AIL"]. The
reason why the realationship between the de-

termined extraction rates was not linear with
aluminum concentrations, as shown in Fig. 1,
is that the pH of the aqueous phase decreased
with the increase of the aluminum concentra-
tion as the same concentration of buffer solu-
tion was used.

(2) In equation (12), R,, is directly pro-
portional to the second or third power of ex-
tractant concentration. Although R, is rela-
ted to the high power of [HA],,. [HA],, ha
no effect on [HAJ;, as the adsorption is satu-
rated. As [HA]=0.03 mol / L, Roc[HA]'“and

‘1’
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R, approximates R, 3 ks

(3) The experimental results showed Roc e *
[H+]7, but in equation (12) and (13) Rysioc e | T
[H']7 and Raw+oc [H'] ™', respectively. This 5
could be due to the dependence of [AI**] and i 1 L £ A
[AIL'] on [H']. although it is not a linear rela- *4,_;2—:._—?
tion, the overall effect R is'approximately pro- S _,_L_A_.__,_.__._.._A_._‘_‘_

& 07707 0.2 0.03 004 005 0.06 007

portional to [H'T2.

4.4 Comparison of the Calculation and the
Experimental Data

A least square regression method was ap-
plied to all of the experimental data simul-
taneously. With =197, the following parame-

ters are worked out as
wo_-

Ko oo, =371x107" s
Kprs,=235%10"" kmol ' -m ™ <57
Ky =556% 10" kmol ' -m’ -5~
Ky =646x 10" kmol -m " - 5™

v 6 -2

Y(R,—R)*=741x10"" kmol'm ‘s
i

As shown in Fig. 6, the calculated values
agree with the experimental data fairly well.

5 CONCLUSIONS

The dominate forms of aluminum in the
aqueous phase were Al(H,0);", Al(H,0),L*
and AI(H,0),L™, While the concentration of
AI(H,0):(OH)*" was very low.

Based on the calculation of the coordina-
tion states of the aluminum ions, a reaction
mechanism which included two paths has been
proposed to describe the process:

(1) The control reaction controlling the
path starting from Al(H,0);" was

AlA(HA),+HA—AIA,(HA);

(2) The reaction controlling the path star-
ting from AI(H,0),L" was

AILA(HA);—>AI(HL)A;(HA),

The extraction reactions could take place
not only at the interface but also in the bulk

[A1*]/mol - L™
(a)

9| L A
5425726 27 28 209 30 313233
pH
(b)

=22 20 -18_ -16 -14 -12
1g[HA]

R e H e P W e
1g[HA]
(d)
Fig. 6 Comparison between calculated values

and experimental results

aqueous phase: As [DEHPA]<0.03 mol / L,
the interfacial reactions were the primary con-
tributors to the extration. As [DEHPA]>0.03
mol /L, the reactions in the bulk aqueous
played the main role.
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