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ABSTRACT

PVC based MP composite membrane has been prepared by the sol–gel method of material
synthesis. This composite material as well as membrane has been characterized by SEM,
XRD, FTIR, TGA, and LCR studies which are used to show the mechanical, chemical, and
thermal properties. By the above characterizations, it is clear that the membrane has
smooth, porous, and cracks free surface as well as it also verified the material nature,
functional groups, thermal stability, phase transition, ion transportation etc. Some strong
electrolytes are used to obtain the ionic potential and charge density of membrane which
decided the nature of charge present on membrane. TMS theoretical approach is used to
obtain the other parameters of membrane like transport number, mobility ratio, charge
effectiveness etc. The observed ionic potential and charge density of used electrolytes are
following the KCl < NaCl < LiCl and KCl > NaCl > LiCl order, respectively.

Keywords: Sol–gel method; PVC based MP composite material; TGA analysis; Mechanical
and electrical properties; Charge density

1. Introduction

Ion-exchange composite membranes have much
application in various fields like chemicals, foods,
drugs, electro-dialysis, membrane electrolysis, desali-
nation, diffusion, electro-deionization, electrochemical
synthesis, fuel cells, storage batteries etc. Such types
of composite membranes are also more functional in
the field of textiles, beverages, pharmacies, medicines,
and wastewater treatment [1–5]. Due to high thermal,
chemical, and mechanical stabilities, it has much
importance to show very applicable properties in the
field of water purification and filtration technology.

The organic–inorganic composite membranes have
been designed by a uniform mixing of organic poly-
mers and inorganic particles into a particular ratio of
percentages. Therefore, such type of membranes exhi-
bit the important properties of both the used organic–
inorganic constituents [6]. In this study, PVC provides
the backbone structure and flexibility, while MP gives
the particular ion-exchange property as well as
thermal stability. By these above characteristics, the
prepared composite membrane has very unique elec-
trochemical, chemical, optical, magnetic, thermal, and
mechanical stabilities as well as excellent selectivity
for heavy toxic metal and electrolyte ions [7–10].

A wide range of membrane separation techniques
like filtrations that are microfiltration, nanofiltration,*Corresponding author.
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ultrafiltration, gas separation, and reverse osmosis
have already been studied and industrially used
[11–13]. The most important property of such type of
ion-exchange membrane is to selectively permeate the
cations or anions with respect to their charges. To
examine the conductivity, selectivity, and mechanical
property, the membrane must absorb the significant
amount of water to assist the easy ionic migration.
The high water uptake of membrane makes it mechan-
ically unstable and less selective, which means that
the morphology of membrane shows great influence
on their applicability and performances [14]. The elec-
trochemical performance and cost parameter are the
important characteristics of a well-stable ion-exchange
composite membrane. The chemical stability of mem-
brane has been examined by exposing it into the dif-
ferent harsh or modest pH solutions [15].

The observation of membrane potential is an
important criterion which characterizes the ions trans-
port property through the charged membrane [16]. If
membrane comes into the contact of aqueous or
unequal electrolyte solutions, it acquires an electric
charge through several possible mechanisms like dis-
sociation of functional groups, adsorption of polyelec-
trolyte and ions, charged macro molecules, ionic
surfactants etc. The potential observation is a simple
and prominent method which describes the transport
phenomena through charged membrane that is theo-
retically predicted by TMS method [17].

2. Theory

2.1. Teorell–Meyer–Sievers theoretical method

In TMS theory, there is an equilibrium develop-
ment taking place at the solution and membrane inter-
faces which has a proper similarity with the donnan
equilibrium. The assumptions which are made are
described as follows:

(a) The mobility of ions and concentration of fixed
charges are constant throughout the membrane
phase and it is independent of the salt
concentration.

(b) The water transference from the used solutions
may be neglected.

The implications of these assumptions have been
discussed earlier [18]. But further assumptions that are
the activity coefficient of salt is similar in solution as
well as membrane phase along with interface made
there. The introduction of activities for concentration
can be corrected by donnan potential either using the
integration of Planck’s or Henderson equations.
According to TMS theory, membrane potential is
given by the following equation:
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where

�U ¼ ð�u� �vÞ=ð�uþ �vÞ (2)

where �u and �v are the ionic mobility’s of cations and
anions (m2/v/s), respectively, in the membrane phase.
C1 and C2 are the concentrations of electrolyte solutions
on either side of membrane and �D is the charge density
of membrane which is expressed in eq/L. The graphical
method of TMS determines the fixed charge density
and cations to anions mobility ratio in membrane phase.
The used electrochemical setup is represented by Fig. 1
which indicated that the charged membrane has been
placed at the center of a measuring cell that has two
glass chambers of 35 mL capacity [19,20].

3. Experimental

3.1. Preparation of composite membrane

MP precipitated material has been synthesized by
the mixing of 0.2 M MnCl2 (Otto Kemi-India with

Fig. 1. Electrochemical setup for ionic potential measurement.
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purity of 99.989%) with 0.2 M Na3PO4 (E. Merck-
India with purity of 99.90%) solution. By the mixing
of these above MnCl2 and Na3PO4 solutions, it gets
converted into the MP precipitated solution. The
precipitated material has been filtered through What-
man filter paper and then it must be well washed
nearly 3–4 times by deionised water to eliminate the
free electrolytes and ions. Latterly, it has been
placed into an oven for 2–3 h by maintaining 100˚C
temperature. After that, the material has been
crushed into fine powder with the help of pestle
and mortar. By potential observation, it was clear
that the resulting powdered material shows good
ion-exchange property plus mechanical stability and
it has increased flexibility plus binding ability after
adding the PVC binder. The size of both the PVC
and MP powdered material must have 200 meshes
and it should be completely mixed with each other
which results to make a stable composite membrane.
There should be an appropriate ratio of binder and
inorganic material which must be dried under a
proper condition of temperature. Lastly, the compos-
ite material has been transferred into a cast die to
apply pressure for the formation of ideal size com-
posite membrane. The membrane has then incubated
into a glass cell to observe the ionic potential of
used electrolyte solutions through digital potentiome-
ter. Our main effort has been to get the membrane
of adequate chemical and mechanical stability. So,
the membrane which has been prepared by embed-
ding the 25 and 75% of PVC and MP materials,
respectively, indicated good mechanical stability and
functions. If it contains (>25% or <25%) of PVC
binder, it cannot give appropriate stability and func-
tions. Furthermore, this composite membrane has
been subjected to microscopic and electrochemical
characterization to see the morphology and mechani-
cal stability [21,22].

3.2. Potential observation

Membrane potential has been observed by using
the digital “Electronics India-118” potentiometer. The
freshly prepared charged membrane has been
installed at the center of a glass cell which has two
chambers on either side. The various salt solutions
such as chlorides of K+, Na+, and Li+ are used to show
the ionic potential. The collar-shaped glass chambers
have the cavity to introduce the electrolyte solutions
and saturated calomel electrodes. Each chamber of
glass cell contains 25 mL of solution, while the
capacity of it is near about 35 mL.

3.3. Measurement of membrane conductance

The electrical conductance of such type of mem-
brane has been measured by the method which has
already been used by various authors [23]. The mem-
brane was sealed between the two Pyrex glasses half
cells which were first filled with electrolyte solutions
of known concentration to equilibrate the membrane
and then has been replaced by the purified mercury
without removing the adhering surface liquid. Plati-
num electrodes which kept dipped into the mercury
are used to establish electrical contact. The membrane
conductance has monitored on a direct reading of con-
ductivity meter “Model No. L303”. The solutions in
both compartments have been vigorously stirred by
the magnetic stirrers at a constant 500 rpm to mini-
mize the effect of boundary layers. The whole cells
assembly has been kept immersed in a water thermo
state through maintaining the required temperature of
10–50˚C.

4. Characterization of membrane

4.1. Physico-chemical characterization of membrane

4.1.1. Measurement of thickness and swelling

The thickness of membrane has been obtained by
measuring the average thickness of 4–5th replicates by
using screw gauze apparatus. The swelling was also
measured by taking the differences between the aver-
age thickness of membrane which was equilibrated
with 1 M NaCl solution for 24 h and the dry
membrane.

4.1.2. Measurement of water absorption and water flux

Firstly, the membrane has been kept in water for
soaking the water to diffusible salt, and further, it has
been blotted quickly with Whatmann filter paper to
remove the moisture of the surface and immediately
weighted. The membrane was further dried at a con-
stant weight in a vacuum over P2O5 for 24 h. So the
water absorption of membrane has been calculated by
the following equation:

Water absorption ð%Þ ¼ Wwet �Wdry

Wdry

� �
� 100 (3)

where Wwet is the weight of swollen membrane which
was obtained by soaking water for 5 h, and Wdry is
the weight of dry membrane. The water flux has been
measured easily under a pressure difference of
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0.2 MPa at an ambient temperature and easily calcu-
lated by using the equation:

F ¼ V=At (4)

where V is the total volume of water permeated dur-
ing the experiment, t is operation time, and A is the
membrane surface area.

4.1.3. Porosity

Porosity is the volume of incorporated water in
cavities of membrane as per unit volume from the
water content data:

Porosity ð%Þ ¼ Wwet �Wdry

ALqw

� �
� 100 (5)

A = area of membrane, L = thickness the membrane,
and ρw = density of water.

4.2. Chemical stability

Chemical stability was evaluated on the basis of
“ASTMD543-95” method. In this method, the mem-
brane has been exposed into the several media like
acidic, basic, and alkaline solutions. It has been evalu-
ated after passing the 24, 36, and 48 h which analyzes
the alteration in color, texture, brightness, decomposi-
tion, splits, holes, bubbles, curving, and stickiness etc.
[24,25].

4.3. SEM investigation of membrane morphology

Scanning electron microscopy images were used to
confirm the microstructure of fabricated porous mem-
brane. The membrane morphology was investigated
by “Leo 4352” at an accelerating voltage of 20 kV. The
sample was mounted on a copper stub and sputter
coated with gold to minimize the charging.

4.4. X-ray diffraction study of composite material

X-ray diffraction pattern of PVC based MP
composite material was recorded by the “Miniflex-II
X-ray diffractometer” Rigaku Corporation, with Cu Kα
radiation.

4.5. FTIR analysis of composite material

The FTIR spectrum of pure PVC and PVC based
MP composite material was done by “Interspec 2020

FTIR-spectrometer’ spectrolab-UK. In this model, the
sample compartment is 200 mm wide, 290 mm deep,
and 255 mm high. The entrance and exit beam of sam-
ple compartment is sealed with a coated KBr window
and a hinged cover present which are used to protect
it from external environment.

4.6. Thermo gravimetric analysis of composite material

The degradation process as well as thermal stabil-
ity of PVC based MP composite membrane was inves-
tigated by using “Shimadzu DTG-60H” under the
nitrogen atmosphere by using a heating rate of
20˚C min−1 from the temperature 25–800˚C.

4.7. Dielectric properties of composite membrane

The dielectric properties as well as impedance
measurement was made from 75 kHz up to 5 MHz by
using the Agilent “Model; 4284A” precision LCR
meter.

5. Results and discussion

SEM images of PVC based MP composite mem-
brane which has been prepared at 100 MPa applied
pressure are shown in Fig. 2(a) and (b). Through the
images, it is clear that the PVC based MP composite
membrane has resistance to compaction and there is
no visible breakage or cracks and swellings found on
the surface. The information obtained by SEM images
has provided the direction of well-ordered material
preparation, micro or macro porosity, thickness,
homogeneity, surface texture etc. [26,27]. The compos-
ite powder sample has been mounted in a sample
holder by glass slides and the pattern has been
recorded by using a “Rigaku Miniflex X-ray diffrac-
tometer” with Cu Kα radiation (λ = 1.54060 Å) in 2θ
range from 20˚ to 80˚. It has indicated the structure
and lattice parameter of composite sample. The XRD
spectrum of PVC based MP composite is depicted in
Fig. 3, through which the present spectra indicated
that the most intense peak found at 2θ = 26.30˚ corre-
sponds to (2 1 1) plane of composite sample [28]. Crys-
tallite size of sample was found at near about
~26.8 nm range which has been calculated from the
most intense peak value. The presence of intense peak
in spectra indicated that the particles of material were
present in crystalline form.

FTIR spectra are used as an important tool to pro-
vide the detail of binding sites as well as various sig-
nificant bands of functional groups which are present
in the composite material. The spectra of only PVC
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and PVC based MP material are, respectively, present
in Fig. 4(a) and (b). In the first one, there is a peak
present at the range from 1,066.12 to 1,387.42 cm−1

which shows the C–H bond of polymer, where as
another peak is found at the range of 816.64–
471.63 cm−1 indicated the presence of C–Cl bond, and
the bands at 1,565.82–1,649.08 shows the presence of
methyl (–CH3) group. Sample (4b), which is PVC
based MP material, shows a broad peak at the range
of 1,010.80–1,066.30 cm−1 indicating the presence of
C–H bonds in composite material. The peak at
582.64 cm−1 shows the presence of phosphate group
and a less intense peak is found at the 1,613.40 cm−1

indicating the presence of methyl group. The broad
peak which was observed at the range from 2,319.07–
2,358.73 and 3,203.14–3,413.26 shows the N–H and
H–O–H molecule, respectively [29]. By TGA spectra,
we determine the weight gain or loss due to gas
releasing or absorbing as a function of temperature.
TGA analysis of used material is indicated by Fig. 5,

which gets two times weight reduction by increasing
the temperature from 0 to 800˚C. The first and second
weight loss took place by 0.891 mg (13.996%) at the
temperature of 127.41˚C and 0.137 mg (2.152%) at
504.79˚C, respectively. It means that the weight loss
must be there at more than one point by increasing
the temperature. Therefore, it is clear that the material
has high hydrophilic nature which can easily absorb
moisture from the surrounding atmosphere.

Dielectric properties and impedance measure-
ments were made from 75 kHz to 5 MHz. The sam-
ple was pressed into the circular pallet and coated
with silver paste on the adjacent faces which,
thereby, forms parallel plate capacitor geometry and
then the values of Z, θ, and Cp has been easily
recorded. With the help of these recorded data, vari-
ous dielectric parameters are calculated and it shows
in Fig. 6. Dielectric loss has been calculated by the
formula:

tand ¼ 1=tanh

where tanδ is dielectric loss tangent which is propor-
tional to the loss of energy of applied field into the
sample (this energy is dissipated as heat), and there-
fore, it is denoted as dielectric loss. The ac conductiv-
ity of sample was determined by the relation: σac = έ ω
tanδ, where ω is the angular frequency. Real part and
imaginary part of impedance were also calculated by
using the given formulas:

Z0 ¼ Z cos h and Z00 ¼ Z sin h (6)

Therefore, from the graph, we can easily calculate
dielectric constant with respect to the frequency and
we obtained a frequency dependent behavior which

Fig. 2. SEM images (a and b) of PVC based MP composite membrane at different magnifications.

Fig. 3. XRD spectra of the PVC based MP composite
material.
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indicated that the dielectric constant decreases with
increasing frequency. While dielectric loss shows the

complementary result with respect to dielectric con-
stant, it is also indicated by the graph that the dielec-
tric loss is proportional to dielectric constant. By the
graph, it is also clear that the real part of impedance
shows frequency dependent behavior at low frequency
but at the frequency near about 50 MHz and above it
shows frequency independent behavior. The imagi-
nary part of impedance also shows the similar result
from the real part of impedance, but it shows fre-
quency independent behavior at higher frequency
than the real part of impedance.

The thickness swelling, porosity, and water content
capability of composite membrane are clearly summa-
rized in Table 1. The water content property of a
membrane is totally associated with pressure of water
vapor from the surrounding atmosphere. The informa-
tion about pore size distribution and water structure
might be contributed to categorize the particular type
of membrane which shows a solution–diffusion, a

Fig. 4. (a) FTIR spectra of pure PVC, 1 and (b) FTIR spectra of PVC based MP composite material.

Fig. 5. TGA curve of PVC based MP composite membrane.
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fine-porous or coarse-porous type membrane [30,31].
The low order of water content, swelling, and porosity
with less thickness of membrane suggested that the
interstices are insignificant and diffusion within
the membrane would happen mostly through the
exchange sites. The PVC based MP membrane has
been tested for chemical resistance through incubating
into acidic, basic, and strongly oxidant media. In
acidic as well as alkaline medium, a few considerable
modifications have been observed after passing 12, 24,
36, and 48 h consecutively which represents that the
membrane can be effective in the above media. In

strong oxidant media, the membrane has become
weak in 36 h and can break after 48 h, which shows
that it has lost its mechanical resistance after passing
more than the given time.

The observed potential data of membrane in con-
tact with various uni-univalent electrolyte solutions is
given in Table 2. The values of ionic potential
decreases with an increase of solution concentrations,
which makes it clear that the membrane follows posi-
tive potential order. So, it is indicated that the mem-
brane has cation selective i.e. negatively charged
nature. The selectivity is directly proportional with

Fig. 6. Dielectric behavior of PVC based MP composite membrane.

Table 1
Thickness, water content, porosity and swelling properties of PVC based MP composite membrane

Applied pressure (MPa)
Thickness of
membrane (cm)

Water content as % weight
of wet membrane Porosity

Swelling of %
wet membrane

100 0.80 0.056 0.065 No swelling
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dilution through the structural changes which is cre-
ated by the electrical double layer of solution and
membrane boundary [32]. The obtained potential data
is plotted as a function of –log C2 and it is represented
by Fig. 7. The variation in selectivity nature of mem-
brane is due to the adsorption of particular ions which
leads to a condition in which the membrane surface
behaves as a cation selective nature due to the pres-
ence of net negative charge. So, the inorganic precipi-
tated composite membrane has the capability to create
potential due to interphases among electrolyte solu-
tions of having unequal concentrations [33].

The charge of the membrane plays a vital role in
the adsorption and transportation of simple electro-
lytes. In synthetic as well as ordinary membranes,
there are some significant electrochemical properties
to be found, the most important one being the

differences in permeability of co-ions, counter ions,
and neutral molecules. The number of charge needed
to generate the potential in dilute solution is small
and it totally depends on the porosity of membrane
[34]. If the pores of membrane are broad many sum of
charges are generated good potential whereas on the
other hand if they are narrow then a little quantity of
charges can give rise to appropriate potential values.
Therefore, it is clear that the transport mechanism of
simple electrolytes within the charged membrane
appear to be incomplete without the evaluation of
thermodynamically-effective fixed charge density
[35,36]. The membrane which carries various charge
densities must follow the order of �D ≤ 1. Fig. 8. shows
the theoretical and observed potential values through
solid and broken line, respectively, and it is plotted as
a function of –log C2. The coinciding position appear-
ing in figure of various used electrolytes system gives
the value of charge density �D which is represented in
Table 3.

The surface charge density of membrane is found
to depend on the initial stage of material preparation.
So the order of charge densities were found to be
KCl > NaCl > LiCl, respectively. It is higher in case of
KCl than the NaCl due to the size factor of used salts
i.e. the smaller size shows the larger ionic atmosphere.
The TMS Eq. (1) can also be expressed by the sum of
DwDon and DwDiff within the membrane [37,38].

D�wm;e ¼ DwDon þ D�wdiff (7)

Table 2
Observed membrane potential for PVC based MP compos-
ite membrane in contact with various 1:1 electrolyte
solutions

Applied pressure 100 (MPa)
Observed potential (mV)
Conc. (mol/L) KCl NaCl LiCl

1 4.2 12.5 16.6
0.1 8.2 26.5 28.5
0.01 12.2 33.0 34.6
0.001 21.4 40.0 42.3
0.0001 32.5 46.0 48.4

Fig. 7. Plots of observed membrane potentials against
logarithm of concentration for PVC based MP composite
membrane.

Fig. 8. Plots of membrane potential (theoretical and
observed) against logarithm of concentration of KCl elec-
trolyte solution for PVC based MP composite membrane.
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DwDon ¼ � RT

VkF
ln

c2�C2
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(8)

R, T, and F have their usual meanings, c1� and c2� are
mean ionic activity coefficients, �C1� and �C2� are cation
concentration in membrane phase first and second,
respectively. The cation concentration is given by the
following equation:

�Cþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vx

�D

2Vk

� �2
c�C
q
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s

� Vx
�D

2Vk
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where Vk and Vx is the valency of cation and fixed-
charge group on membrane matrix, and q is the
charge effectiveness of membrane and it is defined by
the equation:

q ¼
ffiffiffiffiffiffiffi
c�
K�

r
(10)

K± is the distribution coefficient which is expressed as:

K� ¼
�Ci

Ci
; �Ci ¼ Ci � �D (11)

�Ci and Ci is ith ion concentration in membrane phase
and external solution, respectively. The transport
property of electrolytes in membrane phase has been
controlled by ion distribution coefficients which
appear in Eq. (11). The distribution coefficient was
found to be low at lower concentration, and as the
concentration of solutions increases, the value signifi-
cantly increases, and thereafter a stable trend has been
followed.

The diffusion potential is expressed as follows:

D �wdiff ¼ � RT �x� 1

VkF �xþ 1
� ln

�xþ 1ð Þ�C2 þ VX=Vkð Þ�D
�xþ 1ð Þ�C1 þ VX=Vkð Þ�D

� �
(12)

where �x = �u/�v is mobility ratio of cation towards
anion in membrane phase. Therefore, the total

membrane potential has been obtained by the follow-
ing equation:

D �wm;e ¼ � RT

VkF
ln

c2�C2
�C1þ

c1�C1
�C2þ

� �
� RT �x� 1

VkF �xþ 1

� ln
�xþ 1ð Þ�C2 þ VX=Vkð Þ�D
�xþ 1ð Þ�C1 þ VX=Vkð Þ�D

� �
(13)

To the applicability of theoretical equation for system,
the donnan and diffusion potentials are separately cal-
culated with the help of observed potential measure-
ments [39,40]. The transport property of ions is an
important parameter to investigate the further study
of membrane, which is represented by the equation:

D �wm ¼ �RT

F
tþ � t�ð Þ ln

C2

C1
(14)

where

tþ
t�

¼ �u

�v
(15)

To get the values of transport number, Eq. (14) is
used, and subsequently the mobility ratio �x ¼ �u=�v can
also be calculated by the observed potential data. The
mobility ratio was found to follow KCl < NaCl < LiCl
order and it is clearly shown by Fig. 9. The high
mobility ratio is due to the higher transport number of
comparatively free cations of electrolytes, whereas
similar trend of mobility ratio is also seen in least

Table 3
Derived values of membrane charge density (�D × 10−3 eq/L)
of PVC based MP composite membrane

Applied pressure (MPa) KCl NaCl LiCl

100 9.617 9.878 9.66

Fig. 9. Plot for mobility ratio of PVC based MP composite
membrane for 1:1 electrolytes against concentration.
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concentrated solutions. The transport number of used
electrolytes also follows the increasing order like
KCl < NaCl < LiCl which is clearly shown by Fig. 10.
Donnan and diffusion potential has been calculated by

using the parameters c1�; c2�; �C1þ; �C2þ; �x; Vx; Vk.
The experimentally derived values of charge density
are also calculated with the help of Eqs. (8) and (12).
The values of parameters like K�, q, and �Cþ are also
derived for the system and it is represented by Table 4.

6. Conclusion

The PVC based MP composite membrane was
effectively prepared by sol–gel method of material
preparation and it is found to be of a quite stable nat-
ure. The fixed-charge density is the central parameter
that governs the transport phenomena of composite
membrane and it depends on the feed composition
and applied pressure. The structural characterization
details of membrane shows great properties in terms
of thickness, porosity, mobility ratio, and effective
charge density. The membrane potential of PVC based
MP composite membrane for different 1:1 electrolytes
was found to follow an increasing order of
KCl < NaCl < LiCl while the surface charge density
follows the reverse order of observed potential values.

Acknowledgment

The authors gratefully acknowledge the Chairman,
Department of Chemistry, Aligarh Muslim University,
Aligarh-India for providing necessary research facilities.
We are also thankful to the UGC for financial assistance,
USIF-AMU, Aligarh for scanning electron microscopy
and Department of Applied Physics for XRD analysis.

Fig. 10. Plots showing the transport number of cation for
the PVC based MP composite membrane for 1:1 electro-
lytes against concentration.

Table 4
The values of tþ; �U; �x andK�,q, �Cþ for various electrolytes
at different concentrations of PVC based MP composite
membrane

C2(mol/L) tþ �U �x K� q �Cþ

KCl (electrolyte)
1.000 0.54 0.08 1.17 0.9910 1.010 0.99105
0.1000 0.57 0.14 1.32 0.9010 1.110 0.09121
0.0100 0.61 0.22 1.56 0.4050 2.500 0.00345
0.0010 0.69 0.38 2.22 −8.600 0.100 0.00045
0.0001 0.78 0.56 3.54 −95.00 0.010 0.00005

NaCl
1.000 0.61 0.22 1.56 0.9906 1.010 0.99135
0.1000 0.73 0.46 2.70 0.9050 1.104 0.09146
0.0100 0.78 0.56 3.54 0.5300 1.886 0.00290
0.0010 0.84 0.68 5.20 −8.400 0.119 0.00030
0.0001 0.89 0.78 8.09 −93.00 0.010 0.00002

LiCl
1.000 0.65 0.30 1.85 0.9900 1.010 0.99165
0.1000 0.75 0.50 3.00 0.9000 1.111 0.91832
0.0100 0.80 0.60 4.00 0.0940 10.638 0.00327
0.0010 0.86 0.72 6.14 −8.000 0.125 0.00030
0.0001 0.90 0.80 9.00 −89.60 0.011 0.00004

Nomenclature

AR — analytical reagent
C1, C2 — concentrations of electrolyte solution

on either side of the membrane
(mol/L)

�C1þ — cation concentration in membrane
phase 1 (mol/L)

�C2þ — cation concentration in membrane
phase 2 (mol/L)

Ci — ith ion concentration of external
solution (mol/L)

�Ci — ith ion concentration in membrane
phase (mol/L)

�D — charge density in membrane (eq/L)
F — Faraday constant (C/mol)
100 MPa — pressure (MPa)
q — charge effectiveness of the membrane
R — gas constant (J/K/mol)
SCE — saturated calomel electrode
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