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LIQUID-LIQUID PHASE EQUILIBRIUM
UNDER EXTERNAL ELECTRIC FIELDS

G. S. Luo,* S. Pan, J. G. Liu, and Y. Y. Dai

Department of Chemical Engineering, Tsinghua University,
Beijing 100084, China

ABSTRACT

With the development of novel combined-field separation tech-
niques, the influence of external fields on the thermodynamic
properties of working systems is an important area of study. A
study on the phase equilibrium of n-butanol/citric acid/water under
an electric field was carried out. The effects of field strength, tem-
perature, and solute concentration in the aqueous phase on the dis-
tribution coefficients were investigated, and the results were ana-
lyzed through chemical potential equations. The experimental
results show that, if enough time is allowed, an equilibrium state
will be reached for the working system under the action of an elec-
tric field. Increased voltages and temperatures resulted in higher
distribution coefficients between butanol and water. If the solute
concentration in the aqueous phase is lowered, the distribution co-
efficient is strongly increased with an increase of the field strength.
However, at unchanged field strength, a higher solute concentra-
tion will cause a decrease in the distribution coefficient. Also, the
logarithm of the ratio defined by the distribution coefficient under
an electric field to the distribution coefficient without an electric
field is directly proportional to the voltage applied to the system.
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INTRODUCTION

Separation processes are very important in the chemical process industries.
They are used for the removal of contaminants from raw materials, for the re-
covery and purification of primary products, and for the elimination of contam-
inants from effluent streams. The novel separation techniques bring additional
driving forces (electric, magnetic, ultrasonic, microwave, etc) into a separation
system, which is considered an effective way to enhance mass transfer perfor-
mance (1–2).

Electro-extraction, a novel combined-field separation technique, is showing
good prospects for many applications. In 1987, J. Stichlmair (3) proposed this
technique. It is similar to electrophoresis and electrodialysis on one hand and to
traditional extraction on the other hand. In this technique, 2 distinct liquid phases
within the separation device compensate for the harmful effects of thermal con-
vection. One of the phases contains the mixture to be separated and the other one
acts as a solvent to remove the components separated (4). An electric field per-
pendicular to the interface is imposed on the system, making oppositely charged
particles move into different phases. Levine and Bier (5) studied the elec-
trophoretic mobility of a protein in an aqueous 2-phase system by using a U-tube
electrophoresis device. Theos and Clark (6) and Marando and Clark (7) used the
dextran/polyethylene glycol/water system to separate mixtures of hemoglobin and
albumin. The experimental results showed significant improvements of the sepa-
ration obtained with the application of an electric field over that obtained from the
same 2-phase system without an applied field. In our previous research, we ex-
amined the separation effect of organic acids and dyestuffs (8–11) by electro-ex-
traction. In these studies, we showed that purification can be significantly en-
hanced by the electric field. Electro-extraction can be utilized in many separation
processes, particularly for diluted or multicomponent systems. Because it is
widely applicable and easily controllable, electro-extraction has the prospect for a
variety of industrial uses.

All current research focuses on the performance of mass transfer. As
stated in Astarita’s textbook, Thermodynamics, an electric field penetrates into a
dielectric fluid so that the field energy contributes to the internal energy of a sys-
tem. The interaction has a great effect on thermodynamic properties of a dielec-
tric medium, which leads to a change of the phase equilibrium (12). However,
the question of strong field influence on the thermodynamics of phase equilib-
rium is not yet clear (13–16). Therefore, the study of phase equilibrium under an
external electric field is important for developing novel separation techniques. In
the present work, a study on the liquid-liquid phase equilibrium under an elec-
tric field has been carried out with n-butanol/citric acid/water in an experimen-
tal system.
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MASS TRANSFER MECHANISM

In the electro-extraction process, the stable interface plays an important role
in mass transfer performance. The whole space where mass transfer activity oc-
curs is divided into 4 sections: an anode zone, a cathode zone, an aqueous phase,
and an organic phase. Figure 1 shows how the solutes permeate through the inter-
face from one phase to the other one. To describe the mass transfer mechanism,
we denote the molecule of organic acid as HA. The cathode is allocated in the
aqueous phase, and the mass transfer direction of A� is from the aqueous phase
into the organic phase. The mass transfer mechanism is discussed under the as-
sumption that water and n-butanol are mutually saturated, so dissociation of or-
ganic acid molecules occurs because H� and A� ions are present in both phases.
However, the dissociation constant in the organic phase is much lower than it is in
the aqueous phase. If the organic solvent molecule and A� ions are inert to elec-
trode reactions, the cathode reaction is 2H� � 2e → H2 ↑, and the anode reaction
is H2O → 2H� � �

1
2

�O2 ↑ �2e.
The whole reaction can be regarded as a process of splitting water. In the

bulk of the aqueous phase, the H� move toward the anode and take part in the an-
ode reaction. At the same time, A� migrates to the anode. When the A� passes
through the interface, it combines with H� from the anode reaction to form an HA
molecule because the HA molecule in the organic phase could dissociate little.
With the increase in the concentration of organic acid in the organic phase, the or-
ganic acid molecule will diffuse back to the aqueous phase. When the mass flux
caused by the electric driving force is equal to that caused by the concentration dif-
ference, an equilibrium state (a quasi equilibrium) is reached.

EQUILIBRIUM UNDER ELECTRIC FIELDS 2801

Figure 1. Mass transfer mechanism in the electro-extraction process.
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MATERIALS AND EXPERIMENTAL

The experimental apparatus is shown in Fig. 2. A glass tube, which is 1.5
cm in diameter, 12 cm high, and enclosed in a water jacket is the principal com-
ponent. The 2 platinum electrodes connected to the electrophoresis apparatus are
made of 0.5-mm diameter platinum wire. The distance between the 2 electrodes is
7.5 cm. The lower electrode is covered with a micropore hollow fiber to discharge
the gas produced by the electrode reactions. The cut-off molecule weight of the
membrane is 30 000. The water jacket is connected with a thermostatic bath to
keep the system at a constant temperature.

To avoid the phase volume change caused by mutual dissolution, the system
of n-butanol/citric acid/water was fully mixed for more than 24 hours without an
applied electric field. After the two phases were mutually saturated, the equilib-
rium state was achieved, and 23 mL of water phase was fed into the electro-
extraction tube. Then, 10 mL of organic phase was fed to a beaker and pumped
into the electro-extraction tube. The distance between anode and interface was 1
cm, and that from cathode to interface was 6.5 cm. After the system was stable, a
constant electric field was applied to the working system. To overcome the vol-
ume changes of the 2 phases due to the electrode reactions, the electric currents
were limited to less than 5 mA.

Figure 2. The setup of experimental apparatus. 1, electrophoresis apparatus; 2, electro-
extraction equipment; 3, pumps; 4, organic phase tank; 5, magnetic stirring apparatus.
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After the electric field was applied, the solute concentration in the organic
phase was analyzed at different times until the relative deviations of the concen-
tration in the organic phase were less than � 5%, and we could assume that a new
equilibrium state had been reached. Then the 2 phases were separated, and the so-
lute concentrations in the 2 phases were analyzed with titration. The relative de-
viation of this analysis method was determined to be less than � 2%. In this work,
the distribution coefficient was defined as a ratio of the solute concentration in the
organic phase to solute concentration in the aqueous phase at an equilibrium state.

RESULTS AND DISCUSSION

Distribution Coefficient Without Electric Field

An experimental study of the phase equilibrium without electric field was
carried out. The results are listed in Table 1. The distribution coefficient was be-
tween 0.3 and 0.4, and slightly increased with increasing temperature.

Phase Equilibrium Under Electric Fields

Figure 3 shows the curve of the citric acid concentration in the organic phase
versus time at 26.5°C under 100 V. The initial solute concentration in the organic
phase and in the aqueous phase was 0.025 N and 0.066 N, respectively. The con-
centration in the organic phase increased after an electric field had been applied to
it, which demonstrated that the conventional 2 phase equilibrium state can be bro-
ken by the application of an electric field. At first, the concentration increased

Table 1. Distribution Coefficients Obtained Without Electric Field

Temperature
(�C) 1 2 3 4 5 6 7

25.6
Y (N) 0.008 0.013 0.024 0.031 0.046 0.050 0.062
D 0.33 0.33 0.32 0.32 0.34 0.33 0.34

30.0
Y (N) 0.010 0.015 0.028 0.039 0.044 0.052 0.063
D 0.37 0.34 0.34 0.36 0.37 0.33 0.34

35.0
Y (N) 0.009 0.014 0.027 0.032 0.040 0.052 0.066
D 0.38 0.38 0.36 0.34 0.36 0.35 0.36

Y � organic phase concentration.
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only slowly, then sharply, then slowly again. Finally, almost no change occurred
over time as a new equilibrium state was achieved. For the system considered, 6.5
hours were required to reach the equilibrium state. In subsequent experiments, the
equilibrium was considered to be reached when the concentration in organic phase
varied by less than � 5%.

The influence of the electric field on the 2-phase equilibrium was studied
under 100, 200, 300, 400, 500, and 600 V at 26.5°C for different initial concen-
trations. The initial concentrations in the organic and water phases were 0.018 N,
0.040 N; 0.026 N, 0.066 N; 0.033 N, 0.095 N; 0.044 N, 0.122 N. Figure 4 shows
the experimental results.

Figure 3. The concentration of organic phase vs. time.

Figure 4. The influence of field strength and concentration on equilibrium. Y is organic
phase and X denotes the aqueous phase.
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The equilibrium concentration in the organic phase and, in turn, the distri-
bution coefficients increased with increasing voltage for experiments conducted at
the same initial concentrations. Table 1 shows that the distribution coefficients do
not depend on the initial concentrations. However, when an electric field was ap-
plied, the influence of the initial concentration was considerable. When the applied
electric field strength was low, the linear relationship between the concentrations
in the 2 phases was still evident. As the electric field strength increased, the influ-
ence of electric field on the system gradually increased. When the concentration in
the water phase was low, the increase of the concentration in the organic phase was
greater under high electric field. However, the concentration in the organic phase
increased only slowly if the solute concentration in water phase was high.

The equilibrium of a liquid-liquid system can be analyzed from the chemi-
cal potential. For any working system, with no electric field, the chemical poten-
tial of the solute in the 2 phases can be written as

�a � �a
	 � RT ln (
aCa) � ZF�a (1)

�o � �	
o � RT ln (
oCo) � ZF�o (2)

where � is the chemical potential; 
 is activity coefficient; C is concentration; Z
is the charge number of the ion, F is the Faraday constant; and � is the electric po-
tential in the bulk phase. The subscripts a or o represent the water and organic
phases, and superscript 	 represents normal condition. If an equilibrium state is
reached, then

�a � �o (3)

According to the first and second Wien effects, the dissociation constant and
the ion activity coefficient vary with the strength of the electric field. When the
applied electric field is larger than 105 V/cm, the effect is considerable. Obvi-
ously, the applied electric field in our experiment was so small that the Wien ef-
fect could be neglected (17). Therefore, when an electric field is applied to the sys-
tem and the system is in the equilibrium state, the chemical potential will change
according to the Eqs. (4–6).

��a � �a
	 � RT ln (
�aC�a) � ZF��a (4)

��o � �	
o � RT ln (
�oC�o) � ZF��o (5)

�a � ��o (6)

When an electric field is applied, the first equilibrium state will shift to a
new one, and ZF�a and ZF�o are changed greatly. The changes lead to a mass
transfer of citric acid from the water phase into the organic phase.

For the relation of the first equilibrium state to the new equilibrium state, the
variation of electrochemical potential of citric acid in the water phase and in the
organic phase can be described by Eqs. (7–9).


�a � RT ln (
a1C�a/
a1Ca1) � F(��a � �a) (7)
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�o � RT ln (
�oC�o/
oCo) � F(��o � �o) (8)


�1 � 
�2 (9)

Because the system is dilute, we suggest that 
 � 1, and the following equa-
tion is obtained:

ln ��
D
D

�
�� � F(�a � �o)/RT � F(��a � ��o)/RT (10)

Here D�/D is the ratio of the distribution coefficient obtained for phases under an
electric field to that measured for phases without an applied electric field.

In Eq. (10), F(�a � �o)/RT is not related to the electric field, but 
F(��a � ��o)/RT is strongly dependent on the applied electric field. Hence, ln
(D�/D) is a function of the voltage applied. Figures 5–8 show the relationships be-
tween ln (D�/D) and the applied voltage for different initial concentrations.

Figure 5. ln (D�/D) vs. voltage at initial concentration of 0.018 N.

Figure 6. ln (D�/D) vs. voltage at initial concentration of 0.026 N.
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Under the experimental conditions, ln (D�/D) and applied voltage can be de-
scribed by a linear relation. From this result and Eq. (10), we found that 
(��a � ��o) is directly proportional to the voltage applied on the working system.

Influence of Temperature on Equilibrium Under An Electric Field

To study the influence of temperature on the distribution coefficients ob-
tained from phases under electric field, experiments were carried out with an ini-
tial concentration in the organic phase of 0.018 N and in the water phase of 0.040
N at different temperatures. The experimental results obtained at 26.5°C and 30°C
are shown in Fig. 9. At low voltage, the influence of the temperature on the distri-

Figure 7. ln (D�/D) vs. voltage at initial concentration of 0.033 N.

Figure 8. ln (D�/D) vs. voltage at initial concentration of 0.044 N.
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bution coefficient was inconspicuous. However, if the applied voltage was higher,
the partition coefficient at 30°C was considerably larger than it was at 26.5°C. Ob-
viously, the increase in temperature caused a considerable increase in the electri-
cal conductivity for the working system, especially for the organic phase.

CONCLUSION

From the above experimental and theoretical results, we concluded that, if
enough time is allowed, a new equilibrium state (a quasi equilibrium state) can be
reached under the action of an electric field. Higher voltages and temperatures re-
sult in higher distribution coefficients. When the concentration of the aqueous
phase is low, the distribution coefficient is increased rapidly with an increase of
the field strength. However, under the same field strength, the higher concentra-
tion will cause the decrease of the distribution coefficients. Also, the logarithm of
the ratio defined by the distribution coefficient for phases under electric field to
the distribution coefficient for phases without electric field is directly proportional
to the applied voltage.

Although some mass transfer mechanisms have been briefly discussed in the
present work, a more detailed study of the dynamic mass transfer equation is
needed. Further study will help us to understand the equilibrium state more clearly.
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Figure 9. The influence of temperature on distribution coefficients.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

EQUILIBRIUM UNDER ELECTRIC FIELDS 2809

REFERENCES

1. Muralidhara, H.S. Enhance Separations with Electricity. CHEMTECH
1994, 5, 36–41.

2. Humphrey, Jimmy L. Separation Processes: Playing a Critical Role. Chem.
Eng. Prog. 1995, 10, 31–41.

3. Stichlmair, J. DBP 3742292, 1987.
4. Stichlmair, J.; Schmidt, J.; Proplesch, R. Electroextraction: A Novel Sepa-

ration Technique. Chem. Eng. Sci. 1992, 47 (12), 3015–3022.
5. Levine, M.L.; Bier, M. Electrophoretic Transport of Solutes in Aqueous

Two-Phase Systems. Electrophoresis 1990, 11, 605–611.
6. Theos, C.W.; Clark, W.M. Electroextraction Two-Phase Electrophoresis.

Appl. Biochem. Biotech. 1995, 154, 143–157.
7. Marando, M.A.; Clark, W.M. Two-Phase Electrophoresis of Proteins. Sep.

Sci. Technol. 1993, 28 (8), 1561–1577.
8. Luo, G.S.; Zhu, S.L.; Fei, W.Y.; Wang, J.D. A Coupled Separation Tech-

nique of Solvent Extraction with Electrophoresis. Solvent Extr. Res. Dev.
1997, 4, 135–139.

9. Luo, G.S.; Yu, M.J.; Jiang, W.B.; Zhu, S.L.; Dai, Y.Y. Electro-extraction
Separation of Acid Chrome Blue K. In Advances in Environmental Engi-
neering and Chemical Engineering; Qian, 1997.

10. Luo, G.S.; Yu, M.J.; Zhu, S.L.; Dai, Y.Y. Electro-Extraction Separation of
Dyestuffs. Sep. Sci. Technol. 1999, 34 (5), 781–792.

11. Luo, G.S.; Lu, Y.C.; Zhu, S.L.; Dai, Y.Y. Recovery of Dyestuffs from Di-
lute Solution with Two-Phase Electrophoresis. Chinese J. of Chem. Eng.
2000, 8 (1), 80–84.

12. Astarita, G. Thermodynamics; Plenum Press: New York, 1989.
13. Landau, L.D.; Lifshitz, E.M. Electrodynamics of Continuous Media; Perga-

mon: Oxford, UK, 1984.
14. Landau, L.D.; Lifshitz, E.M. Statistical Physics; Pergamon: Oxford, UK,

1980.
15. Vorobev, V.S.; Malyshenko, S.P. Thermodynamics of Phase Equilibrium in

Nonuniform Fields. Physical Review 1997, 56 (4), 3959–3967.
16. Ptasinski, K.J.; Kerkhof, P.J.A.M. Electric Field Driven Separations: Phe-

nomena and Applications. Sep. Sci. Technol. 1992, 27 (8 & 9), 995–1021.
17. Hetong, Guo; Shulan, Liu. Theory of Electrochemistry; Yuhang Press: Bei-

jing, China, 1984. (in Chinese)

Received December 2000
Revised March 2001

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS100107227

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=LIQUID-LIQUID+PHASE+EQUILIBRIUM+UNDER+EXTERNAL+ELECTRIC+FIELDS&offerIDValue=18&volumeNum=36&startPage=2799&isn=0149-6395&chapterNum=&publicationDate=09%2F30%2F2001&endPage=2809&contentID=10.1081%2FSS-100107227&issueNum=12&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A39%3A26&publisherName=dekker&orderBeanReset=true&author=G.+S.+Luo%2C+S.+Pan%2C+J.+G.+Liu%2C+Y.+Y.+Dai&mac=NuPpHsaATBmjQN$Qw4b$ng--

