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Extraction of Nickel by Liquid Membranes in an
Electric Field

V. E. SERGA,* L. D. KULIKOVA, and B. A. PURIN
INSTITUTE OF INORGANIC CHEMISTRY

34 MIERA STR., SALASPILS, LV-2169, LATVIA

ABSTRACT

The known liquid membranes (impregnated and emulsion) based on di-2-ethyl-
hexylphosphoric acid (D2EHPA) extract nickel only out of weakly acid and neutral
solutions. We have found out that direct current applied to an extraction system con-
tributes to the complete extraction of nickel cations (0.003–0.009 M NiSO4) out of
more acidic solutions (CH2SO4

# 0.05 M) as well. The organic membrane phase is a
D2EHPA solution (20 vol%) in 1,2-dichloroethane with 5–20 vol% of tributyl phos-
phate (I) or 1–2 vol% n-trioctylamine (II) added. These additions increase the electri-
cal conductivity of the system 10–20 times. This allows for the extraction of nickel
cations at optimal values of current density (for I: i # 2.1 mA/cm2; for II: i $ 4.9
mA/cm2). It is shown that the flow of nickel cations through the feed solution/organic
phase interface increases with a certain increase of current density, metal content in
the aqueous phase, and amount of addition of I or II in the studied concentration range.
Chronopotentiograms can be used to estimate the efficiency of nickel extraction. If an
electric field is applied, the transfer of nickel cations is codirected with that of hydro-
gen ions through the interface. Kinetic measurements of nickel cation as well as of hy-
drogen ion transport numbers revealed that the nickel cation extraction process was
preceded by the transport of hydrogen ions through the feed solution/organic phase
interface.

INTRODUCTION

Di-2-ethylhexylphosphoric acid (D2EPHA) is widely used in the nickel sol-
vent extraction processes as well as for the separation of nickel and cobalt
(1–3). The extraction of these metals in dependent on the pH value of the
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aqueous phase, the solution temperature, the nature of a diluent (4–6), as well
as on the presence of condensed interfacial films affecting the kinetics of in-
terfacial transfer (7–9). In practice, D2EPHA is often used in mixture with
other substances (modifiers); for example, tributyl phosphate (TBP) (10–12),
SME 418 (13), amines or quaternary ammonium salts (14). The effective sol-
vent extraction of nickel is possible from weakly acid and neutral media (pH
$ 4).

Different methods of membrane extraction (15–25), mostly with impreg-
nated liquid membranes (16–18) and membrane extraction in a multiple emul-
sion (17–19, 26), are suggested for the extraction of nickel and the separation
of nickel and cobalt. Membrane extraction is a promising technological
method (27–29). It provides a higher degree of substance extraction out of
highly diluted solutions and a much more effective separation of components
that have similar properties at a smaller consumption of organic reagents when
compared with the solvent extraction method. A cation-exchange extractant—
D2EPHA (RH) in different diluents—is often used as a liquid membrane. In
this case the reaction for the formation of a transported compound (RnMe) can
generally presented as

Me(a)
n1 1 nRH(o)

→
← RnMe(o) 1 nH1

(a) (1)

where nRH is the number of molecules (C8H17O)2(OH)PO involved in the re-
action; Rn is the number of anions (C8H17O)2PO2

2 entering into the composi-
tion of a compound being formed, and (o) and (a) are the organic and aqueous
phases, respectively.

The entire process, in general, is the counterdirected active transport of
metal cations and hydrogen ions. That is why the pH value of a feed solution
is reduced and mass transfer stops. It is shown in Ref. 17 that the membrane
extraction of cobalt and nickel D2EPHA in CCl4 in a multiple emulsion pro-
vides a deep (more than 95%) one-step extraction of these elements from
aqueous solutions. To prevent the stoppage of mass transfer due to a displace-
ment of hydrogen ions, the pH value in the feed solution should be kept con-
stant (5.0). Lower pH values (2.25 and 3.1) make the nickel and cobalt ex-
traction process into an emulsion ineffective (19). In a diffusive cell with an
impregnated membrane (i.e., a nucleus filter impregnated with a D2EPHA so-
lution in CCl4), active transport of cobalt and nickel is abnormally slow (17)
due to the formation of condensed interfacial films at an unrenewed phase in-
terface (7).

In some cases an external electric field applied to the extraction process
considerably strengthens the interfacial transfer phenomena (30, 31). For cer-
tain processes the application of an external electric field is a necessary con-
dition (32).

The current paper investigates the influence of direct current on the extrac-
tion of nickel cations from acidic solutions by voluminous liquid membranes
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enclosed between two semipenetrable films that are a mixture of extractants
in a polar diluent.

EXPERIMENTAL

The experiments were carried out in a five-chambered Teflon dialyzer with
two platinum electrodes and rigid anion-exchange membranes (MA-40) that
separate the near-electrode chambers (a, f) from the feed (b) and strip (d)
chambers:

a b c d f
1Pt,H2SO4  NiSO4  liquid membrane  HCl  H2SO4,Pt2

H2SO4

MA-40 1 2 MA-40

where 1 is the feed solution/liquid membrane interface and 2 is the liquid
membrane/strip solution interface.

The interface of such pattern is positioned vertically, and the electric field
is distributed uniformly over the interface surface and the membrane volume.
The liquid membrane is a D2EPHA solution with added TBP or n-triocty-
lamine (Oct3N). It is placed between two hydrocellulose films preliminary
steeped in distilled water. The contact square (an observed surface of cellu-
lose) is 7.1 cm2. The thickness of the liquid membrane is lm 5 0.2 cm. The ra-
tio of aqueous and organic phases B:O 5 2.5:1. The extraction is carried out
under a galvanostatic regime; variations in the system voltage are registered
during extraction.

The Oct3N content was 95%: nD
20 5 1.449, d4

20 5 0.811. D2EPHA was pu-
rified by the method in Ref. 33. A basic substance content was not less than
95% after purification. 1,2-Dichloroethane was purified by the method in Ref.
34 using a fraction with tboil 5 83.4–83.5°C.

Nickel solutions were prepared by using a previously weighted sample of
nickel sulfate in a H2SO4 solution. The metal content in an aqueous solution
was defined spectrophotometrically by using dimethylglyoxime (35); the con-
tent of chlorions was defined by using mercuric thiocyanate (36).

RESULTS AND DISCUSSION

D2EPHA was selected as the basic component of a liquid membrane used
to extract nickel since this cation-exchanger satisfies the most requirements of
extractants used in the extraction processes when an electric field is applied
(37). However, solutions of this acid, even in such polar diluents as 1,2-
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dichloroethane, have a low electric conductivity (see Table 1). The current
density achieved does not permit complete extraction of nickel out of the
aqueous phase. It is known (38) that a highly effective extraction is achievable
if the electrodialysis process is conducted at nearly ultimate diffusion current
densities for the ion under extraction. The current density in our system can be
decreased either by reducing the thickness of a liquid membrane or by select-
ing the components of a liquid membrane that have a higher electric conduc-
tivity. It has been shown experimentally that if one uses a liquid membrane
with a thickness lm , 0.2 cm, this destabilizes the system and causes an elec-
tric breakdown (39).

Since D2EPHA solutions (10–30 vol%) with a low electric conductivity are
likely to form stable dimers independent of the nature of the diluent (40, 41),
in some cases a modifier, e.g., TBP, should be used because these inhibit the
intermolecular extractant association (42).

An addition of 5–20 vol% TBP to a D2EPHA solution (20 vol%) increases
its electric conductivity 2–4 times (see Table 1) which allows nickel to be ex-
tracted at higher current densities. Moreover, the flow of nickel cations
through both interfaces increases (see Table 2) as well as does the degree of
nickel extraction. An increase of TBP (to 20 vol%) in a membrane containing
20 vol% D2EPHA results in a significant increase in the flow of nickel

302 SERGA, KULIKOVA, AND PURIN

TABLE 1
Electrical Conductivity of a Liquid Membrane

Membrane composition Vol% x 3 105 V21·cm21

D2EPHA 10 0.11

D2EPHA 20 0.16

D2EPHA 30 0.19

D2EPHA 20 0.35
TBP 5

D2EPHA 20 0.58
TBP 20

D2EPHA 50 0.29
TBP 10

D2EPHA 20 1.56
Oct3N 1

D2EPHA 20 1.95
Oct3N 1.5

Oct3N 1.5 0.33
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cations, j1 (ion flow through the feed solution/liquid membrane interface), and
an increase in their degree of extraction to 99.6% (i 5 2.1 mA/cm2), but j2 (ion
flow through the liquid membrane/strip solution interface) is not changed (see
Table 2).

A content of 20 vol% D2EPHA and 5–20 vol% TBP obviously seems to be
optimal for the electrodialysis extraction of nickel cations. An increase of
D2EPHA to 50 vol% decreases the electric conductivity of a liquid membrane
if it is compared to the optimal content (see Table 1) and the flow of nickel
cations through both interfaces (see Table 2). Because of comparatively low
densities of current flow through liquid membranes containing D2EPHA and
TBP, electrodialysis transport processes of nickel cations take much time: the
time for the quantitative extraction of nickel cations from a feed solution with
a 0.003 M nickel sulfate concentration is 3000 seconds at I 5 2.1 mA/cm2. If
the conditions of an experiment change (i.e., the concentration of nickel salt
in the feed solution increases, liquid membranes with lm . 0.2 cm are used,
the volumes of the feed and strip solutions increase, etc.), the time for an ex-
periment greatly increases, too. In this case, water was often found to accu-
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TABLE 2
Dependence of the Flow of Nickel Cations through the Interfaces on the Experimental

Conditions

j(mol/m2·s)

Membrane composition Vol% i (mA/cm2) j1 3 105 j2 3 105

D2EPHA 20 — 0.2 0
0.7 0.5 0.3

D2EPHA 30 1.1 0.7 0.4

D2EPHA 20 0.7 0.4 0.3
TBP 5 1.4 1.2 0.5

2.1 1.4 0.9

D2EPHA 20 2.1 2.5 0.9
TBP 20

D2EPHA 50 2.1 0.9 0.3
TBP 10

D2EPHA 15 4.9 3.2 1.0
Oct3N 1.5

D2EPHA 20 4.9 2.6 1.0
Oct3N 1

D2EPHA 20 4.9 3.7 1.5
Oct3N 1.5D
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mulate in the liquid membrane volume. The water accumulation is brought
about by electroosmosis, by a tendency of TBP to form associates of the
(TBP?nH2O) type (43), and also by water transfer in the composition of the
nickel cation hydration sheath. A direct dependence of the amount of water in
a membrane on the salt concentration in a feed solution has been found. In the
course of an experiment an forms emulsion in the membrane, and water drops
containing nickel cations can form conducting channels in the emulsion. This
results in an electrical breakdown (39); in this case the membrane becomes
nonselective (44). Although an increase of current density through a system
accelerates water accumulation in the liquid membrane, the time of an exper-
iment decreases significantly at the same time. This fact permits determination
of the conditions under which a liquid membrane can function without elec-
trical breakdown.

The addition of small amounts of Oct3N (1–1.5 vol%) results in a 20-fold
increase of the electrical conductivity of liquid membranes (20 vol%
D2EPHA solution) (see Table 1). It has been found out experimentally that the
type of addition is not of principal importance [either an amine or its prelimi-
nary prepared salts Oct3NHCl and (Oct3NH)2SO4]. As a strong nucleophilic
agent, Oct3N can add the molecules of an acid to form salts (45). The electric
conductivity of n-trioctylamine salt solutions in 1,2-dichloroethane is highly
dependent on the nature of the anions. Solutions with more lypophilic anion
salts [ClO4

2, Au(CN)2
2] show a 4 to 8 times higher conductivity compared to,

e.g., chloride ions (46). We presume that such a large increase in the electric
conductivity of a solution containing 20 vol% D2EPHA and 1–1.5 vol%
Oct3N is related to the formation of Oct3NHR salt in the membrane phase ei-
ther due to the neutralization reaction (when the membrane has Oct3N added)
or due to anion exchange [when the membrane has Oct3NHCl and
(Oct3NH)2SO4 added]. An increase of Oct3N from 1 to 1.5 vol% at 20 vol%
D2EPHA in the liquid membrane results in an increase of nickel cation flow
through both interfaces. If the Oct3N content remains constant (1.5 vol%), a
decrease of D2EPHA to 15 vol% in the liquid membrane reduces these flows
(see Table 2).

The investigations carried out lead us to propose that with such a liquid
membrane content (20 vol% D2EHPA and 1.5 vol% Oct3N), the nickel
cations are effectively extracted directly from acidic solutions as well as from
weakly acid and neutral ones without the pH value of the feed solution being
corrected.

The dependence of the degree of extraction (E) and the nickel cation flow
through both interfaces on the concentration of metal (Fig. 1) and the current
density (Fig. 2) shows that at i 5 5.6 mA/cm2 and at a NiSO4 concentration of
0.003 M, it is possible to extract nickel completely from the feed solution.
However, while 60% of the nickel transfers into the strip solution (2 M HCl),
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FIG. 1 Nickel flow (1–4) and degree of nickel extraction (5) versus the concentration of feed
solution NiSO4 in 0.005 M H2SO4; CHCl

strip 5 2 M; tex 5 900 seconds (*tex 5 315 seconds): (1, 2)
the feed solution/liquid membrane interface; (3, 4) the liquid membrane/strip solution interface; 

(1, 3) i 5 7.0 mA/cm2: (2, 4, 5) i 5 5.6 mA/cm2.

FIG. 2 Degree of nickel extraction (1) and flow (2, 3) versus the current density. Cfeed
NiSO4 5

0.008 M in 0.005 M H2SO4. CHCl
strip 5 2 M; tex 5 900 seconds. 2—the feed solution/liquid 

membrane interface; 3—the liquid membrane/strip solution interface.

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



ORDER                        REPRINTS

40% stays in the liquid membrane. The increasing current density intensifies
the nickel cation flow through both interfaces (Fig. 2), and the higher the con-
tent of nickel salt in the feed solution, the higher the current density that is
needed for complete extraction of the metal.

The chronopotentiograms registered in the course of electrodialysis in the
investigated systems have a specific shape (Figs. 3 and 4) and consist of two
different parts (Fig. 3, Run 1). Part AB shows some gain in the electric con-
ductivity of the system, the Part BC shows a sharp decrease in electric con-
ductivity accompanied by a voltage jump. A major change of the pH value of
the feed solution from 2.2 (Point A) to 3.8 (Point B) was registered in Part AB.
In this region the current through Interface I is transported by cations of the
feed solution (tH

1 > 0.3 and t1
Ni > 0.2) and chlorions of the strip solution.

Hence, if an electric field is applied to the investigated system with the liquid
membrane, the extraction of nickel from acidic solutions goes codirectionally
with the transfer of hydrogen ions. In Part AB (Fig. 3, Run 1) the electric con-
ductivity of the system is mostly determined by the ohmic resistance of the
membrane. Some increase of electric conductivity in the course of the process

306 SERGA, KULIKOVA, AND PURIN

FIG. 3 Voltage versus the time of experiment. i 5 5.6 mA/cm2; CHCl
strip 5 0.1 M. The feed so-

lution contents: (1) 0.003 M NiSO4 in 0.005 M H2SO4; (2) 0.003 M NiSO4 in 5 3 1024 H2SO4; 
(3) 0.005 M H2SO4; (4) 5 3 1024 H2SO4. *Final pH values of the feed solutions.D

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



ORDER                        REPRINTS

is likely to be related to the formation of an emulsion in the liquid membrane
volume when an external electric field is applied. Considering the high mo-
bility and lower hydration energy of hydrogen ions as well as the above-men-
tioned transport numbers, one can say that hydrogen ion transport is mainly
responsible for the increase, not of nickel cations, at least at the beginning of
the process. The increase of the pH value to 3.8 (Point B) registered in Part AB
of the feed solution makes it possible to extract D2EPHA nickel cations due
to Eq. (1).

Part BC (Fig. 3, Run 1) differs greatly from Part AB. It is characterized by
a sharp decrease of the system’s electric conductivity due to some growth of
the pH value of the feed solution from 3.8 (Point B) to 4.5 (Point C) and by an
almost complete absence of nickel cations in the feed solution at the comple-
tion of the experiment (Point C). D2EPHA nickel cation extraction in this re-
gion is accompanied by the formation of NiR2?H2O compound which tends to
aggregate in the organic phase (47). At that time the total electric current from
the feed solution to the membrane is transported by nickel cations (tH

1 > 0 and
t1
Ni > 0.6). The current transported by chlorions of the strip solution through

Interface 1 is t2
Cl > 0.4. When the quantity of cations in the feed solution is in-

sufficient, the resistance of Interface 1 in Part BC considerably exceeds the
ohmic resistance of the membrane. As a result, the system conductivity drops.

EXTRACTION OF NICKEL BY LIQUID MEMBRANES 307

FIG. 4 Voltage versus the time of experiment. i 5 5.6 mA/cm2; Cfeed
NiSO4 5 0.003 M in 0.005 M 

H2SO4; CHCl
strip 5 0.1 M. For the explanations of Runs 1–5, see in text.
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If after a complete extraction of metal we exchange the used nickel salt feed
solution (chamber b) for a new one with the same initial nickel concentration
(0.003 M in 0.005 M H2SO4), then for a multiple use of the membrane solu-
tion the volume of liquid membrane greatly increases as does the initial elec-
tric conductivity of the system (approximately 4 times after the liquid mem-
brane is used twice) (Fig. 4, Runs 3, 4, and 5). This phenomenon occurs in the
presence of a water/oil microemulsion (48). Still, the trend of the curves does
not change. After the voltage jump occurred in all experiments of this series,
there were almost no nickel cations in the feed solution. Hence, the chronopo-
tentiograms can be used to estimate the efficiency of nickel extraction.

If one exchanges the solutions in feed chamber b and in chamber c of the
liquid membrane by new ones following every experiment, then for five stages
of the process the strip solution reaches a nickel concentration 3 times larger
the initial one. j1 increases until the metal concentration in the strip solution
reaches that of the initial solution; j2 is constantly tends to decrease as the
metal concentration in the strip solution increases (Fig. 5).

The hydrogen ion concentration decreases by an order of magnitude when
the nickel concentration is kept constant (Cfeed

NiSO4 5 0.003 M), which consid-
erably reduces the time needed for complete extraction of nickel from the ini-

308 SERGA, KULIKOVA, AND PURIN

FIG. 5 Nickel cation flow through the interfaces versus the metal content in the strip solution.
Cfeed

NiSO4 5 0.003 M in 0.005 M H2SO4; CHCl
strip 5 0.1 M; i 5 5.6 mA/cm2: (1) the feed solution/

liquid membrane interface; (2) the liquid membrane/strip solution interface.
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tial solution (Fig. 3, Run 2). The trend of the curve is the same, but the initial
part is determined, as stated above, by emulsion formation due to the transport
of hydrated nickel cations, and the transport of hydrogen ions into the organic
phase is significantly reduced. Increasing the concentration of hydrogen ions
in the feed solution sixfold increases the time of the experiment. If the feed so-
lution has one type of cation—hydrogen ions (Fig. 3, Runs 3 and 4)—there is
a reduction in the dependence of the initial part on Run 3 on U 5 f (t) and a
change of its shape on Curve 4. Without regard to the composition and acid-
ity of the feed solution, the pH value registered at the completion of the pro-
cess exceeds the initial one (Fig. 3).

The run in Fig. 6 validates the data because it shows an increase of cation
flow through the feed solution/liquid membrane interface when the acidity of
the aqueous phase decreases.

Figure 7 is a schematic presentation of the transfer of ions through the liq-
uid membrane in the course of electrodialysis.

In case of liquid extraction, a complete transfer of nickel from the organic
phase into the strip solution is achieved by acidic reextraction (3). Referring to
the investigated system, an increase of HCl concentration from 0.001 M to 0.1
M in the strip solution does not change the j2 value. A further increase of acid
concentration to 2 M results in an approximately 2 fold decrease of j2. These ex-
perimental data agree with the proposed model of ion transfer during electro-
dialysis. When an external electric field is applied under the effective conditions
of nickel extraction (pH $ 3.8) and its accumulation in the organic phase, the

EXTRACTION OF NICKEL BY LIQUID MEMBRANES 309

FIG. 6 Nickel cation flow through the feed solution/liquid membrane interface versus the pH
value of the feed solution. Cfeed

NiSO4 5 0.003 M; CHCl
strip 5 0.1 M; i 5 5.6 mA/cm2.
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FIG. 7 Schematic of ion electrodialysis through the liquid membrane. Initial
stage conditions: (I) CH

1 > CNi
21; (II) CH

1 , CNi
21; (III) CH

1 ,, CNi
21.
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amount of protons in the initial solution is actually insufficient to implement a
complete reextraction of nickel (Fig. 7, Stage III). It is impossible to accomplish
qualitative extraction and reextraction of nickel simultaneously using the above
method. The complete transport of nickel from the organic phase into the strip
solution can be achieved by introducing the a second process stage, particularly
by exchanging the solution in feed chamber b by a solution of acid after the
metal is transported into the organic phase. The time of nickel extraction into the
strip solution is determined by the concentration of acid in chamber b.

CONCLUSION

Our experimental results show that at the beginning of the extraction pro-
cess the electrical current from the feed solution into the liquid membrane is
transported mainly by hydrogen ions and partially by hydrated nickel cations,
i.e., an electrodialysis transport of metal ions is accompanied by the formation
of an emulsion in the organic phase. When the aqueous phase adjacent to the
interface layer loses hydrogen ions, the nickel transport numbers increase.
Due to the considerable decrease in hydrogen ion concentration, the pH value
of the initial solution makes the extraction of D2EPHA nickel cations possi-
ble. At this stage the electric current from the feed solution to the liquid mem-
brane is transported mainly by nickel cations.

NOTATION

D2EPHA (HR) di-2-ethylhexylphosphoric acid
E degree of extraction (%)
I current density (mA/cm2)
j1 ion flow through the feed solution/liquid membrane in-

terface (mol/m2?s)
j2 ion flow through the liquid membrane/strip solution in-

terface (mol/m2?s)
lm membrane thickness (cm)
M concentration (mol/L)
Oct3N n-trioctylamine
TBP tributyl phosphate
x electric conductivity of a liquid membrane (V21?cm21)
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