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Extraction and stripping of copper with 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester dissolved in n-
heptane were carried out at 303K in both a stirred transfer cell and a membrane extractor using a hollow fiber,
along with a study of the interfacial adsorption equilibria of extractant and copper complex between aqueous and
organic solutions. These results obtained by use of both the stirred transfer cell and the membrane extractor were

explained by a diffusion model with interfacial reaction,

Introduction

Recently, the application of hollow-fiber modules
has been attempted for metal recovery*!??! and
protein extraction processes> as a potentially attrac-
tive alternative to solvent extraction. In developing
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membrane extraction processes, it is very important to
elucidate the kinetics and mechanism of extraction
and stripping through the membrane, because the
major difference between solvent extraction and mem-
brane extraction processes is that the latter are gov-
erned by kinetics rather than equilibrium.
Alkylphosphoric acid has received much attention
due to its potential in the reprecessing of nuclear
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fuel and in selective hydrometallurgical recovery of
metals.'” Many studies of metal extraction with
alkylphosphoric acid, especially di(2-ethylhexyl)-
phosphoric acid (henceforce D2EHPA), have been
carried out from the viewpoint of equilibrium and
kinetics.!-0-8:11.13.14.15,18.200  Qtyidies of extraction
kinetics were reviewed by Coleman® and Danesi
et al” In most of the papers reported, it was em-
phasized that in the exttaction kinetics of metal
species by D2EHPA, interfacial chemical reactions
play a predominant role.®%!5:29 However, too few
results are available to draw any generalization about
the type of mechanisms, because the interfacial mech-
anism is strongly dependent on the metal species
and the extractants.*”

In the present study, the extraction and stripping of
copper with 2-ethylhexyl phosphonic acid mono-2-
ethylhexyl ester (henceforce referred to by the com-
mercial name PC-88A, or abbreviated as HR) are
carried out by using both a stirred transfer cell and a
membrane extractor made of a hollow fiber, along
with measurements of the interfacial adsorption equi-
libria of the extractant and the copper comiplex, in
order to obtain more definite information on the
kinetics and mechanism of copper extraction with PC-
88A.

1. [Experimental

1.1 Reagents

PC-88A (purity 95.5%) from Daihachi Chemical
Industry Co. Ltd. was used without further purifi-
cation in the extraction experiments because the
purity did not affect the extraction efficiency.

n-Heptane of commercial GR grade was used as the
organic solvent without purification. All other in-
organic reagents used were GR grade.

The copper complex of PC-88A was prepared by
adding an aqueous solution of copper acetate to a »-
heptane solution of PC-88A, adjusting pH of the
solution by aqueous ammonia solution. The complex
was washed by methanol and purified by recrystalli-
zation from diethylether to obtain a bluish solid. The
results of elementary analysis were as follows. Anal.
Cald. for C;,HegP,OxCu: 57.00; H, 10.16; Found:
C, 56.80; H, 10.11. For C,;H;sPO,(PC-88A): Anal.
Cald. C, 62.72; H, 11.51; Found: C, 62.54; H, 11.64.

The organic solution was prepared by dissolving
PC-88A in nm-heptane. The aqueous solution was
prepared by dissolving copper nitrate in deionized
water and adjusting pH and ionic strength of the
solution with 100 mol/m® sodium acetate-acetic acid
buffer solution and/or hydrochloric acid.

1.2 Interfacial tension

Interfacial tension between the organic and aque-
ous solutions was measured at 303K by the drop
weight or the pendant drop method to determine the
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characteristic of the interfacial adsorption equilibria
of the extractant and the copper complex. In the case
of the pendant drop method, the capillary surface was
treated with dimethylsilane and the pointed end was
polished like a mirror face. It was confirmed that the
experimental results obtained by both the drop weight
and the pendant drop methods agreed very well with
each other.
1.3 Extraction and stripping rates

The initial extraction and stripping rates of copper
were measured at 303 K using the same transfer cell as
described in previous papers,'®!? in which the ex-
perimental procedure is also explained. The average
extraction rates of copper were also measured at
303K using the same hollow fiber membrane extrac-
tor as described in a previous paper.?!’ The organic
solution used in the stripping experiment was pre-
pared by adding PC-88A to CuR, organic solution
based on the relation of extraction equilibrium clari-
fied in a previous paper.!” The experimental con-
ditions of extraction were as follows: copper con-
centration was 0.1-10 mol/m?, PC-88A concentration
1-100 mol/m?, pH range 2.5-6.3 and stirring speed
2.5s7 ! in the transfer cell or flow rate of aqueous and
organic solution 2.3 x 107° and 4.0 x 107° m?/s in the
hollow fiber membrane extractor.

2. Results

2.1 Interfacial tension

The relation between interfacial tension, 7y, and
concentration of PC-88A, Cyy, for various pH values
is shown in Fig. 1. The relation between y and
concentration of the copper complex, Cey,, is shown
in Fig. 2. The results suggest that both PC-88A and
copper complex have interfacial activities.

This extractant mainly exists as.dimer in #-heptane,
as shown in the previous paper.!” The interfacial
adsorption equilibria are considered to be:

2HR,, == (HR),,, : K, )
(HR), oy, == (HR), 4 C Kary,  (2)
~ HR,, —HR,, : Kg 3)
HR,, =R ;+H"* . K, 4

CURZOrg ~ CuRZad : KCuRz (5)

The relation between y and the amount of molecules
adsorbed at the interface is expressed by Gibbs’
adsorption equation. Assuming a Langmuir adsorp-
tion isotherm between the amount of molecule ad-
sorbed and its bulk concentration,'® the relation
between y and the concentration of each species in the
organic solution is written as follows:

?="Yo— {oy/n(B; Cyg + 1) + o /n(f,Cypp + 1)} (6)
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Table 1. Values of constants

Adsorption equilibrium constants and interfacial area occupied by unit mole

Ky  =465+1.11 {m?/mol]
Kuwy, =1.80+0.41 [m?/mol]
Kew, =1.60+0.93 [m?/mol]
K, =4,79+1.10 [mol/m?]
K, =3.50x10741® [m?/mol]

Kinetics parameters
transfer cell

k —(2.4442.12)x 1075 [m/s]
k, =2.44x107* [m/s]
ke =(1.06+0.21)x107°  [mys]
kur =(4.18+1.56)x 1075  [m/s]

kewppmr =(1.2440.21)x 1075 [m/s]

Sue =(3.97£091)x10°  [m?/mol]
Sy,  =(0.68+222)x10°  [m?/mol]
Sea, =(7.00+186)x10°  [m?/mol]
K, =3.00'% [m?/mol]
K., =100x107%1® (]

membrane extractor

ks =(5.040.8)x 1078  [m/s]
k, =(6.3+2.7)x107* [m/s]
De, =7.20x10710* [m?/s]
Dyg,, =1.62x107%% [m?/s]
Deyryonr =7.07 x 10710 % [m?/s]

Physical properties of hollow-fiber membrane used polytetrafluoroethylene (Japan Goretex Co., Ltd.)

2, =9.83x 10~*[m],
L =025 [m], €
0,=2.3x107% [mfs],

=0.45

2r, =1.84x107%[m],

2r; =2.40 x 1073 [m]
1 T =160 [l

Qg =4.0x107° [m?/s]

* Estimated value by the Wilke-Chang correlation.

_ RT[B Kyx(1+ K,/C)/Sim — KpKamy,/Sam).]

U BK R+ K /Cy)’ — 4K pK gy}
()
o= RT[K pK o),/ Smy, — P Kiw(1 + Ko/Cri)/Syr]
B K ir(1+ K ,/Cy)* —4K pK iy, 112
By =[Kur(1+ K,/Cy)
+{Kir(1 + K,/ Cy)* — 4K, K e, } 21/2 ®

B, =[Kup(1 + K,/Cy)
—{Kir(1 + K,/ Cy)* — 4K pK i), } ' %12
In deriving Eq. (6), Sg- is assumed to be equal to

Shr- As to the copper complex, the relation between 7y
and Cg,, in the organic solution is written as follows:

Y=Yo— (RT/SCURZ) In(1+ Keur, CCuRz) )

The values of K; and S; were obtained from experimen-
tal results of interfacial tension and Eq. (6) or (9) by
nonlinear regression using the modified Marquardt
method, and are shown in Table 1. The solid curves in
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Figs. 1 and 2 were calculated by Egs. (6) and (9) using
the respective constants obtained.
2.2 Initial rates of extraction and stripping in stirred
transfer cell
2.2.1 Initial rate of extraction

The initial extraction rate, J,,,, was obtained from
the relation between extent of copper extracted and
extraction time. The effect of pH on J,, is shown in
Fig. 3. It is found that J,,, varies in inverse proportion
to the approximate square of hydrogen-ion activity in
the low pH range, but in the high pH range J,, is not
affected by ayo. Therefore, it is anticipated that the
extraction mechanism in the high pH range was
different from that in the low pH range, namely that
the extraction rate was controlled by interfacial re-
action in the low pH range and by diffusion of
chemical species in the high pH range. The effect of
copper concentration, Cg,g, 0N Jy0 is shown in Fig. 4.
It is found that J,,, is proportional to Cc,,. The effect
of PC-88A dimer concentration, Cypgy, 0> 0N Jypg is
shown in Fig. 5. In the low pH and C,, , ranges,
Juo varies in proportion to the approximate square of
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Cir),.0 but is scarcely affected by Cyg,, o in the high
pH and Cy,, o ranges.

2.2.2 Initial rate of copper stripping

The effects of ayg, Ceur,omro aNd Ciygy, 0 ON the
initial stripping rate, Jy, are shown in Figs. 6 to 8,
respectively. From the results, it is evident that the
initial stripping rate is proportional to Cgug,2ure but
that Jy, is not affected by either ayo or Cypy,.o-
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2.3 Extraction and stripping rates of copper in hollow
fiber membrane extractor

2.3.1 Extraction rate
The effects of pH, Cg, and Cyy,,o on the average

extraction rate of copper, J,;, which is defined by Eq.
(10), are shown in Figs. 9 to 11, respectively.
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The experimental results are similar to those using the
transfer cell except that J,, is somewhat small because
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of the membrane resistance.
2.3.2 Stripping rate

The effects of ayg, Ceur,omro aNd Cigg),o on the
average stripping rate of copper, J;,;, which is defined
by Eq. (11), are shown in Figs. 12 to 14.

jfw = CCuR;ZHROE/Qaq/(anlL) an

From the result in Fig. 12, it is evident that J}, is not
affected by ay, in the range of high a,,, but in the
range of low ayq, J}, decreases as ay, decreases, being
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affected by the extraction equilibrium. It is also found
that J}, is not affected by either Ce,g,21r0 OF Cpiry 0 at
pH 1.0, but that at pH 4.5 J;, decreases as Ceur, 21r0
and Cy,,o increase, because of the shielding effect
caused by the adsorption of free extractant and/or
CuR,.

3. Discussion

3.1 Extraction mechanism
In the previous paper,'” the extraction equilibrium
of copper by PC-88A was shown as follows.

Cu2’ +2(HR),,,= CuR,2HR,, +2H; : K,,, (12)

and in the region of low ratio of extractant to copper
concentration;

Cu§q+ + (HR)Z org: CuRZ org + 2H;1 : Kexl (1 3)

In this paper, the following extraction mechanism is
deduced from the experimental results of the extrac-
tion equilibrium, the interfacial adsorption equilib-
rium and the extraction and stripping rates.

(HR)Zorg == (HR), 4 © Ky, (2
Cu?* +(HR),,q == CuR,,,+2H" : K (14)
CuR, 4+ (HR),; == CuR,2HR,; s kyk_,  (15)

From the fact that the reaction order with respect
to Cyry, Was 2.0 power in the low Cyy,, range, the
interfacial reaction step shown by Eq. (15) could be
considered as rate-controlling among the interfacial
rate steps.!® Therefore, interfacial reaction rate, R, is
written as follows:

kZKl K(HR)Z/SCuRz(CCuiC(ZHR)zi/a I%li - CCuRzZHRi/Kex)

B (1 + KHR(I + Ka/aHi)CHRi + K(HR)zc(HR)zi + KCuR2CCuRzi)

(16)

Since the extraction rate at steady state is con-

sidered to equal the mass transfer rate of each species

in the aqueous and organic stagnant layers, the
extraction rate is expressed as follows:

JM = kCu(CCu - CCui)
= (k(HR)z/ 2)(C(HR)2 - C(HR);i)
= kCuR;ZHR(CCuRZZHR - CCuR;ZHRi) (17)

The activity of hydrogen ion adjacent to the in-
terface, ay;, is considered to be equal to the bulk
concentration, ay, on account of the buffer solution.
3.2 Analysis of initial rates of extraction and strip-
ping in stirred transfer cell

Since in the initial period of copper extraction the
term of reverse reaction in Eq. (16) is negligibly small
as compared with that of forward reaction, the initial
extraction rate, R, is expressed as follows:

_ sz1K(HR)Z/SCuRz(CCusC(ZHR)zi/a%{o)
1+ Kyr(1 + K /a430)Cg; + K 1wy, Curyi

R, (16
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Jmo= kCu(CCUO - CCui)
= (k(HR)z/z)(C(HR)zO - (HR)zi) =R, 17y

The values of k¢, k¢, kyr), and k¢, ur could be
evaluated from the experimental results of J,,, and
the equations above by non-linear regression, and are
shown in Table 1. The solid curves shown in Figs. 3 to
5 and Figs. 6 to 8 are calculated by using Egs. (16)’
and (17)’. The calculated results agree with the ex-
perimental ones.

3.3 Simulation of relation between extent of copper
extracted and time in stirred transfer cell

To confirm the validity of the diffusion model with
interfacial reaction in the range of high extent of
copper extracted, the relation between extent of cop-
per extracted and time was calculated by using Egs.
(16) and (17). Mass balances of the species in the
aqueous and organic solutions are expressed as
follows:

- VaquCu/dt = ( Vorg/z)dC(HR)z/dI
= VorgdCCuR;,ZHR/dt =4- JM (18)

Using the initial conditions and the values shown in
Table 1, Egs. (16), (17) and (18) were simultaneously
solved by the Runge-Kutta-Gill method to obtain the
extent of copper extracted.

Figures 15 and 16 show the fit between E.,q and
Eqbs, and that between E¢yq and E 4 for the experi-
mental results of extraction and stripping, respective-
ly, confirming close agreement between the observ-
ed and calculated results over a wide range of the
extent of copper extracted and stripped.

3.4 Application of diffusion model with interfacial
reaction to hollow fiber extractor

As mentioned above, it is important to know what
affects the permeation rate through the porous mem-
brane of the hollow fiber. To obtain k; and %,, the
experimental results for the hollow fiber membrane
extractor were analyzed by the diffusion model with
interfacial reaction, taking account of the laminar
velocity distributions of the aqueous and organic
solutions which flow along the hollow fiber.?!:22) The
solid curves shown in Figs. 9 to 14 are the calculated
results. Close agreement between the observed and
the calculated results is obtained over a wide range of
experimental conditions. The ratio of &, to &, gives a
value of the extraction equilibrium constant. The
value thus obtained k/k,, is 0.8 x 10™* and it agrees
with K., 1 x 107%, shown in Table 1. Also, the values
of both k; and &, agree with those for the transfer cell,
shown in Table 1, within experimental error.

Conclusion

Kinetic studies of extraction and stripping of cop-
per with 2-ethylhexyl phosphonic acid mono-2-
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ethylhexyl ester were carried out by using both the
stirred transfer cell and the hollow fiber membrane
extractor, along with a study of the interfacial ad-
sorption equilibria of the extractant and the copper
complex between the aqueous and organic solutions.

From the experimental results of the interfacial
adsorption equilibrium, it was concluded that both
monomer and dimer species of the extractant are
adsorbed at the interface, and the interfacial adsorp-
tion equilibrium constants and the interfacial area
occupied by unit mole of the extractant and the
copper complex were obtained.

From the experimental results of the kinetic study,
a diffusion model with interfacial reaction was pre-
sented, where the step in which the extraction species,
CuR,2HR is formed at the interface and diffuses to
the bulk organic solution is the rate-determining one.
The values of constants in the rate equations were
obtained from the experimental results at the early
stage of extraction by non-linear regression. Fur-
thermore, the relations between the extent of cop-
per extracted and time were simulated over a wide

188

range of experimental conditions to confirm the fit
between the observed and calculated results.

Similarly, the experimental results for the hollow
fiber membrane extractor were explained by the same
diffusion model with interfacial reaction as in the
transfer cell, taking account of the laminar velocity
distributions of the aqueous and organic solutions
which flow along the hollow fiber.
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Nomenclature
A = interfacial area [m?]
ay = activity of hydrogen ion [miol/m*]
C; = concentration of species j

(j=Cu, (HR),, CuR,2HR) [mol/m?]
D; = Diffusivity of species j [m?/s]
EY = extent of copper extracted (stripped) ]
JW = extraction (stripping) rate of copper  [mol/m?s]
K,. = acid dissociation constant of

extractant [mol/m?]
K, = dimerization constant of extractant [m3/mol]
K, = extraction equilibrium constant [—l]
K; = adsorption equilibrium constant of

species j [m?/mol]
K, = equilibrium constant defined

by Eq. (12) [mol/m?]
ke, = overall extraction rate [mys]
k, = overall stripping rate [m/s]
k; = mass transfer coefficient of species j [m/s]
ky = forward reaction rate constant

. of Eq. (13) [m?/mol]

L = effective length of hollow fiber [m]
0 = volumetric flow rate [m3/s]
RV = interfacial extraction (stripping) rate  [mol/m?s]
r = inner radius of hollow fiber [m]
r, = outer radius of hollow fiber [m]
rs = inner radius of membrane extractor [m]
S; = interfacial area occupied at interface by

unit mole of species j [m?/mol]
14 = volume [m?]
o = constant defined by Eq. (7) [N/m]
B = constant defined by Eq. (8) [m3/mol]
7 = interfacial tension [N/m]
€ = porosity of hollow fiber [—]
T = tortuosity of hollow fiber [—)
{Subscripts)
ad = adsorption state
aq = aqueous solution

cald = calculated value

i = adjacent to interface
obs = observed value

org = organic solution

0 = initial state

- = average
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