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Abstract: The structure and the charge transport properties of poly(ethylene terephthalate) track 
membrane modified by pyrrole plasma were studied. It was found that polymer deposition on the 
surface of a track membrane via the plasma polymerization of pyrrole results in creation of composite 
membranes that, in the case of the formation of a semipermeable layer, possess conductivity asym-
metry in electrolyte solutions – a rectification effect. It is caused by presence in the membranes of two 
layers with various functional groups, and also by changing of the pore geometry. Such type of 
membranes can be used for creation of chemical and biochemical sensors. 
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1. Introduction 

Much attention has been recently paid to research of the 
properties of bipolar membranes (BM) involving a 
cation-exchange membrane joined to an anion-exchange 
membrane. It is connected to a number of their unique 
properties. So, at a certain orientation in the electric field 
BM generate ions H+ and OH− what determines an op-
portunity of their use for producing acids and alkalis as 
well as for realization of other chemical transformations 
with participation of hydrogen and hydroxyl ions. The 
presence of rectifying properties leads to creation of 
semiconducting devices on their basis. The ability of se-
lective passing through of ions depending on a sign and 
size of their charge makes possible their use for creation of 
chemical sensors. Therefore, the development of new 
methods of obtaining BM is of doubtless interest. In this 
connection in a number of recent publications, attempts 
were undertaken in the development of new methods of 
BM production. Initially, bipolar membranes were pre-
pared by placing the cation- and anion-exchange mem-
branes together (‘sandwich membrane’) [1, 2]. In recent 
years, some new bipolar membranes (‘single membranes’) 
have been obtained by modification of industrially pro-
duced membranes. For this purpose, various physico-
chemical methods were used: chemical [3], preliminary 
activation of the surface by radiation [4] or plasma [5] with 
a subsequent grafting of the polymer from the solution and 
so forth. This line of research relates to the formation on 
one side of the membrane of a polymer layer containing 
oppositely charged functional groups. The technique of 
plasma-chemical deposition can be used for this purpose. 
In this case, polymer layers on the membrane surface are 
obtained via polymerization of monomer vapors in a dis-
charge [5]. The use of plasma offers a number of substan-
tial advantages, namely, the possibility of controlling the 
layer thickness of the polymer deposited on the membrane 
surface, its high adhesion, a short time of the process, and a 
wide range of organic compounds applicable as modifiers. 

In this paper, a bipolar membrane was prepared from 
poly(ethylene terephthalate) track membrane (PET TM) as 
a substrate by plasma polymerization of pyrrole on the one 
side. This membrane was used as a substrate because it has 
excellent material properties and also because it is char-
acterized by the presence of cation-exchange carboxyl 
groups on the surface [6]. Moreover, the pores of these 
membranes are cylindrical channels, cross-sections of 
which practically independent of the depth, what is the 
main advantage of these type of membranes. Pyrrole is 
chosen as a monomer due to opportunity of obtaining a 
polymer layer with nitrogen-containing functional groups 
which can exchange the anion.  

 
2. Experimental 

In experiments the samples of PET TM with the thick-
ness of 9.5 µm and an effective pore diameter of 215 nm 
(pore density 2×108 cm−2) were used. In order to produce 
the membrane, poly(ethylene terephthalate) film was irra-
diated with krypton ions, accelerated in a cyclotron with 
the energy ~ 3 MeV/nucleon and then subjected to chemi-
cal etching of the tracks of these particles up to obtaining 
the pores by the method described in [7]. The deposition of 
the pyrrole polymer on the membrane surface was per-
formed by the RF-discharge (13.56 MHz) at pressure of the 
monomer vapors of 120 Pa and discharge power of 20 W 
during 60 and 300 s by using plasma polymerization tech-
nique, described in detail in [8]. Argon was used as a 
gas-carrier. Only one side of the membrane was subjected 
to plasma treatment. 

The characteristics of the initial membrane and memb-
ranes with deposited layer of plasma polymer were deter-
mined through a series of complementary procedures. The 
amount of the polymer obtained by plasma on the memb-
rane surface was defined by the gravimetric method. The 
changing of the surface properties of the membrane was 
performed by measurement of the water contact angle. For 
this purpose the sessile drop method by using a horizontal 



microscope equipped with a goniometer was applied. The 
change of the membrane thickness was measured with an 
electronic counter of thickness Теsа Unit (Austria), the 
precision of the measuring being ± 0.1 µm. The gas (air) 
flow rate through the membranes was defined by float-type 
flow meter at a pressure drop of 104 Pa. On the basis of the 
values obtained according to these experiments, an effec-
tive pore diameter was determined [9]. The study of the 
membrane microstructure was conducted by SEM using 
the JSM-840 (JEOL). Measurements of the current-voltage 
characteristics of membranes were carried out on a direct 
current using a potentiostat Elins P-8S as described in [9]. 
A two-chambered cell with Ag/AgCl electrodes, contain-
ing a water solution of potassium chloride (KCl) of iden-
tical concentration on the both sides of the membrane was 
used for this purpose. The volume of each chamber was 
2.5 ml, the working area of the membrane – 0.5 cm2. 
Concentration of the solution was varied. Before the mea-
surements, the membrane samples were maintained in a 
corresponding solution of electrolyte during 20 min.  

The chemical composition of the pyrrole polymer ob-
tained by plasma was studied by ESCA and FTIR-spectros-
copy. The ESCA spectra were recorded with the spec-
trometer Riber SIA-100 with MAC-2 analyzer (MgKa, 
100 W, 15 kV, 20 mA). The position of peaks (the binding 
energy values) was calibrated according to the С1s standard 
peak (284.6 eV). IR reflection spectra were measured on a 
Bruker Equinox 50S Fourier-transform IR spectrometer 
with a MIRacle single reflection horizontal ATR at-
tachment, using a ZnSe crystal, over the range 400- 
4000 cm–1; data of 500 scans were collected with a scan-
ning step size of 2 cm–1. In order to record the IR-spectra of 
the plasma pyrrole, the polymer was deposited on a silicon 
plate of 10×15 mm size.  

 
3. Results and discussion 

The results of measuring the current-voltage character-
istics of the membranes (Fig. 1) show that the conductivity 
of the membrane treated by plasma for 60 s does not de-
pend on the current direction. On the contrary, the analysis 
of current-voltage characteristics of the membrane modi-
fied by plasma for 300 s shows that its conductivity de-
pends on the current direction. It means that in last case the 
formation of a composite membrane possessing asymme-
try of conductivity in electrolyte solutions (the effect of the 
current rectification) takes place. These results can be 
interpreted as follows. At the treatment of the membrane 
by plasma, the growth in sample mass is observed (Table 
1) due to deposition of the polymer obtained by polym-
erization of pyrrole (PPPy). Thus, the membrane thickness 
increases, and the pore diameter decreases. These changes 
indicate that polymer deposition takes place on both the 
membrane surface and on its pore walls. Electron-micros-
copic research of the modified membranes (Fig. 2) shows 
that plasma deposition of the polymer at chosen parameters 

occurs mainly on the sample surface. For a membrane 
treated for 60 s only insignificant reduction of the surface 
pore diameter being observed. The membrane pores are 
open in this case, and the thickness of the deposited 
polymer layer on the surface is only 100 nm. At the plasma 
treatment of the membrane for 300 s, on its surface a 
semipermeable polymer layer with the thickness of 600 nm 
is obtained that completely blocks the pores (Fig. 3). The 
pore diameter of this layer which determines the selective 
properties of the membrane is much less than the pore 
diameter of the initial membrane. That is, in this case the 
formation of nanomembrane takes place. Only for the 
membrane of this type the conductivity asymmetry is ob-
served. The size of this effect can be characterized by 
rectification coefficient (kr) calculated as a ratio of values 
of the current in two mutually opposite directions at po-
tential of 1 V. The conducted research shows that the rec-
tification coefficient for the membrane treated by plasma 
for 300 s in KCl solution with concentration 10−2 mol/L 
equals 4.1, and in the solution with concentration 10−3 
mol/L is 14.3. 

The analysis of the ESCA spectrum of the PPPy layer 
shows the presence of peaks connected to atoms of carbon, 
nitrogen, and oxygen. The latter is possible due to the 
presence of residual oxygen in the vacuum reaction cham-
ber and due to subsequent PPPy oxidation at carrying out 
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Fig. 1. Current-voltage characteristics of the composite 
membranes with the PPPy layer in KCl solution with 

concentration of 10–2 (а) and 10–3 mol/L (b). 

 



on air that is characteristic for polymers synthesized by 
plasma. For pyrrole, the carbon-nitrogen atoms ratio is 
equal to 4. For the polymers obtained by plasma, this ratio 
is a little bit lower (Table 2) in view of nitrogen removing. 
At more longer duration of the process of polymerization 
(300 s), removal of nitrogen atoms out of the formed 
polymer increases. A detailed analysis of N1s spectra of 
PPPy samples shows that they are of complex character 
due to the presence in polymer of bonds =N− (397.1 eV) 
and −NH− (399.1 eV), and higher binding energy (401.6 
eV) tail due to positively charged nitrogen −N+−. Analysis 
of C1s spectra of PPPy samples shows presence of β-C in 
pyrrole ring (283.3 eV), α-C in ring and C−H bonds (285.3 
eV), and C=N, C=O or C−O (288.1 eV). The presence of 
last can means that part of carbon atoms is connected with 
oxygen. The deconvolution of the O1s peak indicates that 
the predominant groups are O−C (533.9 eV) and O=C 
(531.8 eV). There are small content O−N groups (528.8 
eV) in the polymer. Presence of O−N bonds specifies that 
part of nitrogen atoms is connected to oxygen. 

Research on the chemical structure of the plasma poly-
mer deposed on silicon plate directly in plasma reactor by 
IR-spectroscopy (Fig. 4) shows absorptions compatible 
with the structure of PPPy synthesized by chemical or 
electrochemical methods; strong absorptions between 
3350 cm−1 and 1642 cm−1 associated with N−H stretching 
and deformation bands and moderate absorptions at 1435 
cm−1 (ring vibrations), 1075 and 1030 cm−1 (the aromatic 
C−H in plane bending) and 800 cm−1 (the C−H out of plane 
bending mode). Therefore, the pyrrole rings remain as an 
important part of the plasma synthesized polymer. Another 
observation is that the band at 3100 cm−1 representing C−H 
stretching and the bands at 1030 and 1075 cm−1 repre-
senting C−H in plane bending have become relatively 
weak in comparison of the polymer with monomer [10]. 
This decreasing in intensity of these bands indicates a 
corresponding reduction in the number of C−H bands in 
the plasma polymer. From this study it is reasonable to 
conclude that polymerization has taken place through 
hydrogen abstraction of the C−H bands under the action of 
charged particles and vacuum UV-radiation of plasma. 
However, the existence of aliphatic C−H stretching ab-

sorptions (2800-3000 cm−1) and −C=N stretching absorp-
tions (2250 cm−1) indicates that some of the pyrrole rings 
in the polymer are fragmentized. Moreover, in the spectra, 
absorption band is observed at 1270 cm−1 due to stretching 
vibrations of groups C−O. It specifies that part of carbon 
atoms is in an oxidized state. Apparently, they will exist as 
functional end-groups. 

Deposition of polymer on the PET TM surface by plasma 
polymerization of pyrrole vapours leads, thus, to formation 
of composite membranes consisting of two layers with 
antipolar conductivity. Really, one of them is characterized 
by presence on the surface of end carboxyl groups − it is an 
initial polymeric matrix. The surface of this layer has an 
average hydrophilization level. The water contact angle of 
PET TM is 65°. The second layer synthesized by plasma 
polymerization of pyrrole, as our research has shown, 
contains nitrogen-containing groups. The surface of this 
layer has more hydrophilic character – the water contact 
angle of PPPy layer is 50°. рКСООН for poly(ethylene 
terephthalate) is 3.6-3.7 [6], i.e. in KCl solutions (pH of 
which is 6.0) dissociation of surface СООН-groups takes 
place that leads to formation of negatively charged seg-
ments on macromolecules of the polymer. The forming 
protons join to atoms of nitrogen in the PPPy macro-
molecules thus causing formation of positively charged 
segments. Thus, in the treated by plasma membranes there 
are both negatively and positively charged layers. The 
contact of those layers, apparently, causes conductivity 
asymmetry of composite membranes in the electrolyte 
solution under electric field. Occurrence of conductivity 
asymmetry for the modified membranes is explained by 
changing the transference numbers of ions at transition 
from one layer of the membrane to another. 

So, under direct current (dc) forward bias conditions the 
cations K+ easily pass PET ТМ, meeting a potential barrier 
as a PPPy layer for which they are co-ions. This effect is 

  
Fig. 2. Electronic micrographs of the surface of the PET 
membranes treated by plasma for 60 (a) and 300 s (b). 

 

Table 1. Change of the membrane characteristics  
after plasma treatment 

Membrane treated by plasma 
Parameters Initial  

PET ТМ 60 s 300 s 
Increase of the 
sample mass, % − 3.5 11.2 

Thickness, µm 9.5 9.6 10.1 

Effective pore 
diameter, nm 215 195 30 

Water contact 
angle, deg 65 50 50 

 

  
Fig. 3. Electronic micrographs of the cross-sections of the PET 

membranes treated by plasma for 60 (a) and 300 s (b). 

 



caused by reducing the number of transfer the ions K+ in 
the PPPy layer. Thus in a place of contact of PET TM and 
the PPPy layer the accumulation of ions K+ occurs. A 
similar phenomenon is observed for anions Cl− − they 
easily pass the PPPy layer, but meet a potential barrier as 
PET ТМ since the transfer number for ions Cl− is less, than 
in the layer of the initial membrane. At the predetermined 
current the accumulation of ions in the contact zone leads 
to their opposite diffusion flow. A stationary condition 
comes when sizes of the opposite diffusion flow of ions 
and a migratory current minus the current caused by co-ion 
movement, are leveled. For a binary symmetric electrolyte, 
concentration of ions increases linearly upon approaching 
the border of dividing the layers; the higher density of the 
current, the faster process. As a result, the transfer of 
co-ions and thus the conductivity of the composite memb-
rane grows up. The diffusion flows of co-ions are directed 
from the membrane to outside. 

Under dc reverse bias conditions the anion active layer of 
the membrane is inverted to the anode. At such orientation 
of the composite membrane there is a removal of ions of 
electrolyte from the contact zone. Their completions from 
an external solution do not occur, since ions K+ and Cl− 
meet a potential barrier as layer PPPy and PET ТМ, ac-
cordingly. The concentration of ions here decreases with 
approach to border of PET TM and PPPy layer and is get-
ting more considerable if the density of the current through 
the membrane is higher. The diffusion flows of co-ions in 
this case are directed inside of the membrane. 

One can not exclude the fact that during the plasma 
treatment of the initial PET TM, having cylindrical pores, 
in the deposition process of the PPPy layer, the pore geo-
metry changes on its surface. The membrane pores, as the 

research shows, get an asymmetric (conical) form. The 
pore diameter on the untreated side of the membrane does 
not change, and it essentially decreases on the side sub-
jected to plasma treatment. For PET TM with the conical 
form of pores the effect of asymmetry of conductivity is 
known and described in detail in [11]. According to those 
results, the asymmetry of conductivity is caused not only 
by the pore geometry, but also by the presence of the gel 
phase in a narrow part of the pore produced due to swelling 
the surface layer of the membrane. In our case, we can not 
exclude the influence of changing the pore geometry of the 
membrane on their electrochemical properties. In other 
words, the appearance of the effect of the conductivity 
asymmetry for PET TM with a semipermeable PPPy layer 
on the surface can be caused both by the contact of two 
layers with an antipolar conductivity and by changing the 
pore geometry.  
 
4. Conclusion 

Summing up the received results, we can conclude that 
the deposition of polymer on the PET TM surface by 
plasma polymerization of pyrrole in case of formation of a 
semipermeable layer, leads to creation of a composite 
nanomembrane having conductivity asymmetry in elec-
trolyte solutions − a rectification effect. It is caused by the 
presence in the membrane of two layers with functional 
groups of different natures, and also changing the pore 
geometry. Such type of membranes can be used for crea-
tion of chemical and biochemical sensors. 
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Table 2. Relative content of atoms in the layers of PPPy 

Plasma  
treatment  

time, s 
C, % N, % O, % Formula 

60 76.4 12.5 11.1 C4N0.7O0.6 

300 76.6 11.7 11.7 C4N0.6O0.6 
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Fig. 4. FTIR spectra of the plasma polymerized pyrrole film 
deposited on  silicon plate. 

 


