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ANALYSIS OF THE BACK-EXTRACTION
OF CADMIUM–NICKEL–D2EHPA

ORGANIC PHASES

Inmaculada Ortiz* and M. Fresnedo San Román

Dpto. Ingenierı́a Quı́mica y Quı́mica Inorgánica, ETSIIyT,

Avda. los Castros s/n, 39005 Santander, Spain

ABSTRACT

In this work the back-extraction reaction and equilibrium

parameter of organic phases containing Cd, Ni, and di(2-ethyl-

hexyl)phosphoric acid (D2EHPA) are presented. Using sulphuric

acid solution as stripping agent, this study is part of the analysis of

the integral separation process of Cd and Ni acidic mixtures by

means of non-dispersive solvent extraction. Discrimination of

different back-extraction mechanisms was achieved from the

comparison of kinetic results to simulated data with a previously-

reported mathematical model. Finally, it was concluded that the

formation of the organic complex species CdX2NiX2 is

responsible for the back-extraction of both metals with the

equilibrium parameter KBEX2Cd–Ni ¼ 8:8 � 1025 m3=mol:

INTRODUCTION

Among the alternatives for the treatment of aqueous streams containing

heavy metals, one of the most promising techniques is solvent extraction. Metal
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ORDER                        REPRINTS

solvent extraction has been used extensively in hydrometallurgical operations.

More recently, dispersion-free solvent extraction using microporous hollow-fiber

(HF) contactors has received considerable attention and was proven to be very

effective (1). Membrane-based non-dispersive extraction is characterized by the

stabilization of the organic–aqueous interface at a porous material, avoiding the

dispersion of the organic phase into the aqueous phase or vice versa and thus

eliminating emulsion formation and phase entrainment (2). Additional

advantages of non-dispersive solvent extraction (NDSX) are widely mentioned

in the literature (3–6).

Membrane separations, in HF modules, that combine the solvent extraction

and stripping processes in two steps, deserve special attention because of their

potential applications, which include the separation and concentration of specific

chemical species, the decontamination of wastes or biological fluids, and direct

analysis for a particular compound in a mixture (7). The efficient removal of toxic

heavy metals like Cd+2, Cr+6, Cu+2, Zn+2, Ni+2, etc., and other contaminants like

phenol from industrial wastewater (2,8–17) and the recovery of valuable solutes

from aqueous phases, e.g., citric acid, carboxylic acids, aminoacids, L-phenyl-

alanine, etc. (18,19), are well-demonstrated applications of this technique.

In previous works, the authors (20–22) studied the viability and kinetics of

the non-dispersive solvent extraction of aqueous mixtures of Cd and Ni using

di(2-ethylhexyl)phosphoric acid (D2EHPA) as the organic extractant and a

concentrated sulphuric acid solution as the stripping phase. Besides the

complexity of the extraction reactions that involve metallic components and

organophosphorous acids (23–27), only few references are found on the

mechanisms of the back-extraction processes (9,16,18,28,29). Thus, in this work

the analysis of the back-extraction of organic phases loaded with Cd and Ni is

reported as an important part in the design of the integral separation process.

EXPERIMENTAL SETUP

The feed aqueous solutions were prepared with CdSO4
:8/3H2O and

NiSO4
:6H2O (AR grade); D2EPHA (MERCK, Schuchardt, Germany) was used

as selective extractant in a concentration of 60% (v/v) and kerosene (REPSOL

S.A., Bilbao, Spain) was used as solvent. Tri-butyl phosphate (TBP), 10% v/v

(MERCK) was added to the organic phase in order to avoid segregation of a third

phase (second organic). All the components of the organic phase were used as

received, without further purification. Finally, H2SO4 was used as back-

extraction (BEX) agent.

For the simultaneous extraction (EX) and BEX two HF modules were used

in series where the organic phase flowed from the EX module to the BEX one. In

the first module, extraction of solutes was accomplished by the organic phase that

ORTIZ AND SAN ROMÁN608
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ORDER                        REPRINTS

was in contact with the BEX solution in the second module, flowed to the

homogenisation tank of the organic phase, and entered again in the extraction

step. Aqueous phases flowed through the inner side of the microporous HF

membranes whose pores were filled with the organic extractant, and the organic

extractant flowed concurrently in the shell side in both HF modules. Figure 1

shows the experimental setup comprising of two HF modules, three stirred tanks,

and accessories.

The pH of both the aqueous phases was kept constant along the runs by

means of two pH controller systems (Metrohm 691-01, Metrohm A. G., Herisau,

Switzerland). The feed phase (extraction phase) pH was kept equal to 3.5 by the

addition of a 9� 1023 mol/m3 sodium hydroxide solution. The back-extraction

solution (stripping phase) pH was kept equal to 0.5 by addition of a

10� 1023 mol/m3 H2SO4 solution. The volume added to the aqueous phases was

considered negligible compared to the total volume of the tanks. The experiments

were carried out at room temperature, 20^18C.

Pumping of both aqueous phases was achieved using polytetrafluoroethylene

(PTFE) diaphragm pumps capable of flows up to 4.8� 1022 m3/hr, and powered by

a variable speed DC motor, and the organic phase utilised a gear pump capable of

flows up to 6� 1022 m3/hr. Three teflon flowmeters were used to monitor the flow

rates of the feed, stripping, and organic streams. The flowmeters were equipped

with backpressure control valves in order to maintain the appropriate control of

differential pressure in both modules. Table 1 gives the characteristics of the

modules used in this work that were purchased from Hoechst Celanese Corp., NC.

Initially, the organic phase was loaded using only the extraction module

with Cd and/or Ni according to the experimental schedule shown in Table 2, i.e.,

the BEX part of the experimental system was excluded in this process. Cadmium

loading was carried out contacting the initial organic phase with a feed aqueous

solution containing 0.2� 103 mol/m3 of CdSO4 for 3 hr until the concentration of

Cd in the organic phase was about 0.2� 103 mol/m3 (Exp. I, III, IV). Nickel

loading was performed by contacting feed aqueous solutions of NiSO4

0.2� 103 mol/m3 for 5 hr until the concentration of Ni in the organic phase

reached a value 0.2� 103 mol/m3 (Exp. II, III, IV). When the organic phase was

conveniently loaded, the BEX part of the experimental system was included and

the EX and BEX processes were carried out by recirculation of the aqueous and

organic phases through the modules and back into the reservoirs.

The volume of the aqueous solutions in the stirred tanks was 0.6� 1023 m3

and the volume of the organic solution was 1.2� 1023 m3. The kinetic

experiments were carried out until the concentration of Cd in the aqueous phase

(feed phase) decreased below 10% of the initial concentration value. The duration

of the runs was between 1.5 and 3 hr, depending on the initial conditions of the

organic phase. The metallic content of the samples was analysed in a Perkin–

Elmer 1100 B Atomic Absorption Spectrometer (Perkin Elmer, CT).
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RESULTS AND INTERPRETATION

This paper reports the analysis of the back-extraction mechanism of

cadmium- and nickel-loaded organic phases. In the experiments the back-

extraction process was coupled to the extraction process as described in the

previous section. Table 2 shows the initial concentration of the metals in the

organic and stripping phases of the experiments. Experiments I and II were

carried out with an organic phase that had been loaded with only one of the

metals, Cd or Ni respectively; whereas the organic phase of experiments III and

IV had been loaded with both metals.

The Cd ion was transported to the BEX phase due to the initial loading of the

organic phase and also due to the transport of Cd from the feed phase; whereas in

the case of Ni, the back-extraction was only due to the initial presence of the metal

in the organic phase, since under the experimental conditions ðpHEX ¼ 3:5Þ there

was no extraction of Ni. Figures 2–4 show the kinetic results of experiments I–IV.

Table 1. Hollow-Fiber Membrane Module Characteristics

Characteristics of the Modules Values

Fiber X-30/polypropylene

Internal diameter 240mm

Wall thickness 30mm

Number of fibers 10200

Nominal porosity 40%

Effective mass-transfer length 150 mm

Effective mass-transfer area 1.4 m2

Table 2. Initial Conditions of the Experimental Runs

Initial

Concentration,

ORG Phase

(mol/m3) 103

Initial

Concentration,

Stripping Phase

(mol/m3) 103

Experiment Cd Ni Cd Ni

I 0.202 — 0.20 —

II — 0.192 0.20 —

III 0.20 0.20 0.21 0.20

IV 0.194 0.20 0.21 —
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Figure 2. Cadmium evolution in experiment I and Ni evolution in experiment II. W: Cd

concentration of the solution in the extraction phase tank. X: Cd concentration of the

solution in the stripping phase tank. A: Ni concentration of the solution in the extraction

phase tank. B: Ni concentration of the solution in the stripping phase tank.

Figure 3. Cadmium and Ni kinetic results in the extraction and back-extraction

processes of experiment III. W: Cd concentration of the solution in the extraction phase

tank. X: Cd concentration of the solution in the stripping phase tank. A: Ni concentration

of the solution in the extraction phase tank. B: Ni concentration of the solution in the

stripping phase tank.
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In experiment III the initial concentration of Cd and Ni in the organic phase

are equal to 0.2� 1023 mol/m3; Fig. 3 shows that the evolution of the

concentration of both metals in the stripping solution is very similar for the

duration of the experimental runs.

Modelling of the Back-Extraction Process

Previous works on the removal of Cr(VI) (13,14) and on the removal of

Cd (2) reported the kinetic modelling of the separation of metallic mixtures by

non-dispersive solvent extraction when the process also included the back-

extraction step for concentration of the separated metal and regeneration of the

organic phase. The mathematical model consisted of a set of coupled

differential equations, solute mass balances to the fluid phases together with

the equilibrium expressions of the interfacial chemical reactions between

aqueous solutes and the organic extractant (Appendix A). In those works it was

considered that the main resistance to solute transport lies in the microporous

membrane and that the reagent species are present in equilibrium concentration

at the whole interface.

Figure 4. Cadmium and Ni kinetic results in the extraction and back-extraction

processes of experiment IV. W: Cd concentration of the solution in the extraction phase

tank. X: Cd concentration of the solution in the stripping phase tank. A: Ni concentration

of the solution in the extraction phase tank. B: Ni concentration of the solution in the

stripping phase tank.
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For the modelling of a NDSX system that includes the extraction and the

back-extraction steps the requirements are the knowledge (i) of the equilibrium

(stoichiometry and equilibrium parameter) of the chemical reactions involved,

since it is assumed that complexing reactions are very fast, and (ii) the kinetic

parameters of the process (mass transfer coefficients). Thus, in the case under

study (after the proper description of the extraction process (21,22)), it is

necessary to be able to describe the reactions responsible for the BEX of Cd and

Ni from the organic phase.

The complexity of the description of the behaviour of chemical reactions of

phosphorous compounds has been studied extensively in the literature (30,31).

Di(2-ethylhexyl)phosphoric acid is an important acidic organophosphorous

extractant because of its high separation and extraction efficiency. In the last

decades, D2EHPA has been applied extensively to the separation and purification

processes of uranium, rare earths, and other metals such as copper and zinc. In

general, the metal ion is extracted into the organic phase by forming a complex

species with D2EHPA (32,33). Solutions of this extractant in organic diluents can

be heavily loaded by divalent metal ions without formation of a third phase or

becoming unacceptably viscous, while a favourable metal to D2EHPA ratio of

1:2 is reached (24,34,35). However, there is no agreement about the

stoichiometry of the ion exchange reactions of Cd and Ni with the organic

carrier D2EHPA; among other possibilities the stoichiometries 1:2 and 1:2.5

(Eqs. (1,2)) have been reported,

Cd12 1 2ðHXÞ2
KEX2Cd

 ! CdX2ðHXÞ2 1 2H1 ð1Þ

Ni12 1 2:5ðHXÞ2
KEX2Ni

 ! NiX2ðHXÞ3 1 2H1 ð2Þ

Discrimination of the Back-Extraction Mechanisms

The first attempt to describe the back-extraction kinetic results made use of

the previously-reported chemical equilibria, which in the case of Cd would lead

to the following BEX reaction,

CdX2ðHXÞ2 1 2H1KBEX2Cd

 ! Cd12 1 2ðHXÞ2 ð3Þ

and in the case of Ni according to the stoichiometry 1:2.5, the BEX reaction

would be,

NiX2ðHXÞ3 1 2H1 KBEX2Ni
 ! Ni12 1 2:5ðHXÞ2 ð4Þ

After introduction of Eqs. (3,4) in the kinetic model (Appendix A) the

equilibrium parameters were estimated by the comparison of experimental and

ORTIZ AND SAN ROMÁN614
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ORDER                        REPRINTS

simulated results using the minimum-weight standard deviation as optimization

criterion. In these runs, the value of the membrane mass transport parameter

previously estimated, Km ¼ 5:69 � 1024 m=hr; was used (22). As a representa-

tive example Fig. 5 gives the comparison between simulated and experimental

results of experiment IV when Eqs. (3,4) are included in the mass transport

model. Similar trends were observed in the rest of the experiments.

It is observed that the simulated concentration data are higher than the

experimental values for both metals. The standard deviations lay in the range 33–

43% for the results of Cd and in the range 12–14% in the case of Ni (Table 3).

Due to the bad agreement between the simulated and experimental data, it was

concluded that the mathematical model that included Eqs. (3,4) is not able to

describe the BEX process successfully.

Several authors pointed to the possibility of the formation of different

stoichiometric metal–organic complexes ðMX2
:H2X2Þ or ððMX2Þ2:H2X2Þ

depending on the metallic loading of the organic phase (36,37).

With these considerations, it was proposed that in the presence of a

concentrated aqueous solution containing two metals the organic extractant

would form a mixed complex species with both metals. According to the

experimental procedure the organic phase was first loaded with Ni, forming a

Figure 5. Simulated data of back-extraction of Cd and Ni in experiment IV with the

model that includes Eqs. (3–4). X: Experimental Cd concentration of the solution in the

stripping phase. - - -: Simulated Cd concentration of the solution in the stripping phase. B:

Experimental Ni concentration of the solution in the stripping phase. —: Simulated Ni

concentration of the solution in the stripping phase.
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complex species NiX2ðHXÞ3 and after that with Cd following the equation,

NiX2ðHXÞ3 1 Cd12
K
0

EX2Cd

 ! NiX2CdX2ðHXÞ1 2H1 ð5Þ

and the back-extraction process of both metals would take place following the

reactions,

NiX2CdX2ðHXÞ1 2H1
K
0

BEX2Cd
 ! Cd12 1 NiX2ðHXÞ3 ð6Þ

NiX2ðHXÞ3 1 2H1 KBEX2Ni

 ! Ni12 1 2:5ðHXÞ2 ð7Þ

Figure 6 shows the simulated results corresponding to experiment III as a

representative example obtained after inclusion of Eqs. (5–7) in the kinetic

model.

Due to the high value of the standard deviation of the back-extraction

results that lay in the range 34–47% for Cd and 16–18% for Ni, Eqs. (5–7) were

discarded in the description of the back-extraction of both metals.

Next, the formation of a different stoichiometric complex species

CdX2NiX2 was considered, which supposed the maximum metallic occupation

of the extractant and therefore allowed to get higher concentrations of free

extractant in the organic phase; the BEX of the metals proceeded according to Eq.

(8),

CdX2NiX2 1 4H1 KBEX2Cd–Ni

 ! Cd12 1 Ni12 1 2ðHXÞ2 ð8Þ

The comparison of the results simulated with this model to the experimental

data of experiment IV, as a representative example, is given in Fig. 7.

Table 3. Values of the Standard Deviation

BEX Equations Equilibrium Constant Cd (%) Ni (%)

Eqs. (3)–(4) KBEX2Cd ¼ 5:5 � 104 33–43 12–14

KBEX2Ni ¼ 0:6 � 101:5ðmol=m3Þ0:5

Eqs. (5)–(7) K
0

BEX2Cd ¼ 2 � 1022ðmol=m3Þ21 34–47 16–18

KBEX2Ni ¼ 0:6 � 101:5ðmol=m3Þ0:5

Eqs. (3) and (8) KBEX2Cd ¼ 5:5 � 104 12–13 10–11

KBEX2Cd–Ni ¼ 6:87 � 1025ðm3=molÞ

Eq. (11) KBEX2Cd–Ni ¼ 8:8 � 1025ðm3=molÞ 7–9 4–7
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Figure 6. Simulated data of BEX results of experiment III with a model that includes

Eqs. (5–7). X: Experimental Cd concentration of the solution in the stripping phase. - - -:

Simulated Cd concentration of the solution in the stripping phase. B: Experimental Ni

concentration of the solution in the stripping phase. —: Simulated Ni concentration of the

solution in the stripping phase.

Figure 7. Experimental and simulated results of the BEX process of the experiment IV

with a model that includes Eqs. (3,8). X: Experimental Cd concentration of the solution in

the stripping phase. - - -: Simulated Cd concentration of the solution in the stripping phase.

B: Experimental Ni concentration of the solution in the stripping phase. —: Simulated Ni

concentration of the solution in the stripping phase.
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It is observed that the description of the BEX results of both the metals is

pretty good—the values of standard deviation considering all the experiments

were less than 13% for both metals. The use of the mathematical model still

needed three parameters to describe the kinetic behaviour of the back-extraction

process: KBEX2Cd ¼ 5:5 � 104; Km ¼ 5:69 � 1024 m=hr; and KBEX2Cd–Ni ¼

6:87 � 1025 m3=mol:
Finally and in order to simplify the modelling, it was considered that the

two reactions responsible for the BEX of Cd, Eq. (3) and Eq. (8) could be

combined as follows,

CdX2NiX2 1 2H1
K
0

BEX2Ni

 ! Ni12 1 CdX2ðHXÞ2 ð9Þ

CdX2ðHXÞ2 1 2H1KBEX2Cd

 ! Cd12 1 2ðHXÞ2 ð10Þ

CdX2NiX2 1 4H1 KBEX2Cd–Ni

 ! Cd12 1 Ni12 1 2ðHXÞ2 ð11Þ

requiring the knowledge of only one parameter for the BEX of both metals

(Eq. 11 is the sum of Eqs. 9 and 10.)

Figure 8. Experimental and simulated data with a model that include Eq. (11). Results of

experiment IV. X: Experimental Cd concentration of the solution in the stripping phase.

- - -: Simulated Cd concentration of the solution in the stripping phase. B: Experimental Ni

concentration of the solution in the stripping phase. —: Simulated Ni concentration of the

solution in the stripping phase.
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The optimization procedure described previously was followed, obtaining

the value of KBEX2Cd–Ni ¼ 8:8 � 1025 m3=mol: Figure 8 shows the comparison of

data of experiment IV with results simulated according to this model.

Besides the good agreement between experimental and simulated data

observed in Fig. 8, the values of standard deviation were also lower than the

values obtained with previous models, lying below 9% for both metals. Therefore

it was concluded that the simultaneous Extraction and BEX process was

successfully described with a kinetic model that considered the formation of an

organic complex species where both metals were present and that was responsible

for the simultaneous BEX of Cd and Ni, needing only three parameters KEX ¼

1:82 � 1025; KBEX2Cd–Ni ¼ 8:8 � 1025 m3=mol; and Km ¼ 5:69 � 1024 m=hr to

describe successfully the dynamic behaviour of the integral separation process.

Table 3 summarizes the values of standard deviation obtained from the

comparison of experimental and simulated results with the considered models.

CONCLUSIONS

In this work the analysis of the back-extraction process of organic phases

containing Cd, Ni, and D2EHPA is reported. The back-extraction step took place

simultaneous to the extraction step in an integral separation process of Cd–Ni

mixtures. Using the kinetic model developed previously by the authors (22), the

discriminationof theback-extractionmechanismwasperformedbythecomparison

ofexperimental resultswith model predictions after inclusionofdifferent equations

of the BEX equilibria. Finally, the best description of the process was achieved

when the formulation of the organic complex species CdX2NiX2 was considered,

which was responsible for the back-extraction of both metals with a value of the

equilibrium parameter of KBEX2Cd–Ni ¼ 8:8 � 1025 m3=mol:

APPENDIX A

For the development of the mass balances of both solutes in the

components of the NDSX system the following assumptions were considered: (i)

fully developed laminar flow inside the hollow fibers, (ii) lack of backmixing

inside the modules, and (iii) linear concentration gradients, leading to the

following expressions:

Extraction Module

Differential mass balances of the solutes in the feed and organic solutions

in the extraction module are expressed through the following equations, (where

i ¼ 1 for cadmium and i ¼ 2 for nickel).
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EX, Aqueous Solution

2
›CAi

vA›t
¼

›CAi

›z
1

2pnfrf

FA

KmðCOIi
2 COi

Þ ðA:1Þ

with boundary conditions:

z ¼ 0 CAj
¼ Couti ðextraction tankÞ ðA:2Þ

t ¼ 0 CAi
¼ CAi;initial; i ¼ 1; 2 ðA:3Þ

COIi
is the interfacial concentration of the metal in the organic phase that is

related to the aqueous metal concentration through the thermodynamic chemical

equilibrium equation:

Keq ¼
½a

CdX2ðHXÞ2
	½aH 1 	2

½aCd12 	½a
ðHXÞ2
	2
¼
½CdX2ðHXÞ2	½H

1	2

½Cd12	½ðHXÞ2	
2

½g
CdX2ðHXÞ2

	½gH1 	2

½gCd12	½g
ðHXÞ2
	2

ðA:4Þ

EX, Organic Solution

›COi

vO›t
¼ 2

›COi

›z
1

2pnfrf

FO

KmðCOIi
2 COi

Þ ðA:5Þ

Boundary conditions of the organic phase:

z ¼ 0 COi
¼ Couti ðorganic tankÞ ðA:6Þ

t ¼ 0 COi
¼ COi;initial; i ¼ 1; 2 ðA:7Þ

Back-Extraction Module

BEX Aqueous solution

›CSi

vS›t
¼ 2

›CSi

›z
1

2pnfrf

FS

KmðCOi
2 COIi

Þ ðA:8Þ

Boundary conditions for the stripping aqueous phase:

z ¼ 0 CSi
¼ Couti ðstripping tankÞ ðA:9Þ

t ¼ 0 CSi
¼ CSi;initial; i ¼ 1; 2 ðA:10Þ

with the equilibrium back-extraction reactions represented by Eqs. (3–11).
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BEX Organic Solution

2
›COi

vO›t
¼

›COi

›z
1

2pnfrf

FO

KmðCOi
2 COIi

Þ ðA:11Þ

Boundary conditions of the organic phase:

z ¼ 0 COi
¼ COi

ðoutlet extraction moduleÞ ðA:12Þ

t ¼ 0 COi
¼ COi;initial; i ¼ 1; 2 ðA:13Þ

Stirred Tanks

V
dCouti

dt
¼ FðCini

2 CoutiÞ ðA:14Þ

t ¼ 0 Couti ðorganic tankÞ ¼ COi;initial ðA:15Þ

Couti ðextraction tankÞ ¼ CAi;initial ðA:16Þ

Couti ðstripping tankÞ ¼ CSi;initial ðA:17Þ

SYMBOLS

a activity, (mol/m3) 1023

C solute concentration in the stirred tanks (feed, organic,

stripping), (mol/m3) 1023

Cin inlet solute concentration to the stirred tanks (feed, organic,

stripping), (mol/m3) 1023

CO solute concentration in the organic phase, (mol/m3) 1023

COI interfacial solute concentration in the organic phase,

(mol/m3) 1023

Cout outlet solute concentration from the stirred tanks (feed, organic,

stripping), (mol/m3) 1023

F flowrate of the fluid phases, feed, organic and stripping (m3/hr)

KBEX-Cd chemical equilibrium constant of the back-extraction of

cadmium

KBEX-Cd – Ni back-extraction equilibrium constant of cadmium and nickel

KEX-Cd extraction equilibrium constant of cadmium

Km membrane mass transport coefficient (m/hr)

nf number of fibers
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rf inner radius of hollow fiber (m)

t time (hr)

V tank volume (feed, organic, stripping) (m3)

vA linear velocity in the feed aqueous phase (m/hr)

vO linear velocity in the organic phase (m/hr)

vS linear velocity in the stripping aqueous phase (m/hr)

z axial distance (m)

Greek letters

s standard deviation

Subscript

A feed aqueous phase

BEX-Cd cadmium in the back-extraction process

BEX-Cd–Ni cadmium and nickel in the back-extraction process

EX-Cd cadmium in the extraction process

i metallic solute, cadmium, or nickel

O organic phase

S back-extraction phase

w aqueous phase
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

8. Cooney, D.O.; Poufos, M.G. Liquid–Liquid Extraction in a Hollow-Fiber

Device. Chem. Engng Commun. 1987, 61, 159–167.

9. Basu, R.; Prasad, P.; Sirkar, K.K. Non-dispersive Membrane Solvent Back

Extraction of Phenol. AIChE J. 1990, 3, 450–460.

10. Yun, C.H.; Prasad, R.; Sirkar, K.K. Membrane Solvent Extraction Removal

of Priority Organic Pollutants from Aqueous Waste Streams. Ind. Engng

Chem. Res. 1992, 31, 1709–1717.

11. Alonso, A.I.; Galán, B.; Irabien, A.; Ortiz, I. Separation of Cr(VI) with

Aliquat 336 in Hollow Fiber Contactors: Mass Transfer Analysis. Sep. Sci.

Technol. 1997, 32, 1543–1555.

12. Yoshizuka, K.; Yasukawa, R.; Koba, M.; Inoue, K. Diffusion Model

Accompanied with Aqueous Homogeneous Reaction in Hollow Fiber

Membrane Extractor. J. Chem. Engng Jpn 1995, 28 (1), 59–65.

13. Ortiz, I.; Galán, B.; Irabien, A. Membrane Mass Transport Coefficient for

the Recovery of Cr(VI) in Hollow Fiber Extraction and Back-Extraction

Modules. J. Membr. Sci. 1996, 118, 213–221.

14. Ortiz, I.; Galán, B.; Irabien, A. Kinetic Analysis of the Simultaneous

Nondispersive Extraction and Back-extraction of Chromium(VI). Ind.

Engng Chem. Res. 1996, 35, 1369–1377.

15. Ortiz, I.; Alonso, A.I.; Urtiaga, A.M.; Dermircioglu, M.; Kocacik, N.;

Kabay, N. An Integrated Process for the Removal of Cd and U from Wet

Phosphoric Acid. Ind. Engng Chem. Res. 1999, 38, 2450–2459.

16. Yang, Z.-F.; Guha, A.K.; Sirkar, K.K. Simultaneous and Synergistic

Extraction of Cationic Anionic Heavy Metallic Species by a Mixed Solvent

Extraction System and a Novel Contained Liquid Membrane Device. Ind.

Engng Chem. Res. 1996, 35, 4214–4220.

17. Breembroek, G.R.M.; Witkamp, G.M.; Van Rosmalen, G.M. Extraction of

Cadmium and Copper Using Hollow Fiber Supported Liquid Membranes.

J. Membr. Sci. 1998, 146, 185–195.

18. Basu, R.; Sirkar, K.K. Citric Acid Extraction with Microporous Hollow-

Fiber. Solvent Extr. Ion Exch. 1992, 10, 119–143.

19. Escalante, H.; Alonso, A.I.; Ortiz, I.; Irabien, A. Separation of L-Phenyl-

alamine by Nondispersive Extraction and Back-Extraction. Equilibrium

and Kinetic Parameters. Sep. Sci. Technol. 1998, 33 (1), 119–139.

20. Galán, B.; San Roman, F.; Irabien, A.; Ortiz, I. Viability of the Separation

of Cd from Highly Concentrated Ni–Cd Mixtures by Non-dispersive

Solvent Extraction. Chem. Engng J. 1998, 70, 237–243.

21. Ortiz, I.; San Román, F.; Galán, B. Kinetics of the Recovery of Cd from

Highly Concentrated Aqueous Solutions by Non-dispersive Solvent

Extraction. Chem. Engng J. 2000, 81 (1–3), 131–138.

ANALYSIS OF BACK-EXTRACTION 623

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

22. Ortiz, I.; Galán, B.; San Román, F.; Ibañez, R. Kinetics of Separating
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