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INTRODUCTION

The history of invention and development of track�
etched membrane technology began more than
35 years ago [1–4]. Track�etched membranes (TMs)
are thin polymer films, the macrostructure of which is
formed by their cyclotron irradiation with energetic
ions of inert gases followed by physicochemical treat�
ment (UV irradiation and selective chemical etching
of latent tracks). A characteristic feature and advan�
tage of TMs is a regular geometry of pores with the
possibility of controlling their number per unit area
and a record�breaking narrow pore size distribution.
This in turn ensures the preset selectivity and specific
productivity of the membranes [5, 6].

Track�etched membranes manufactured from vari�
ous polymers are widely used, for example, in the pro�
cesses of precision ultra� and microfiltration of liquids
and gas purification; in the system of analytical con�
trol of substances; food, pharmaceutical, and chemi�
cal industries; microelectronics; and other fields of
science and industry.

A small thickness and pore size homogeneity deter�
mine the main advantages of TMs: high quality of sep�
aration, insignificant adsorption of solutes, and ease of
regeneration [7–17]. Besides, TM is a nonradioactive,
nontoxic, biologically inert filtering material with the
“smooth” surface, the absence of extractants, and
structural resistance to sterilization. All these charac�
teristics make the application of nuclear membranes
more urgent in biotechnology (drug concentration,
separation of biological objects, fine purification of
biopolymer solutions, microbiological analysis of the
sample composition, purification of biological prepa�

rations from colloid and mechanical impurities) and
medicine (therapeutic and donor plasmapheresis, bio�
sensors for blood composition analysis, filtration of
parenterally infused drug solutions, biopolymers, etc.)
[18–23] (Fig. 1).

However, the efficient application of TMs in the
field of specific separation of biological objects
requires the range of their characteristics to be sub�
stantially extended. The parameters of such mem�
branes are determined by the material properties of the
base polymer and the conditions of its physicochemi�
cal treatment.

Today, TMs in Russia are industrially produced on
the basis of poly(ethylene terephthalate) (PET), and
operating conditions of their manufacture are well
documented. Along with valuable performance char�
acteristics, PET TMs have quite a high adsorption
capacity for proteins and moderate hydrophilicity,
properties that somewhat undermine the potential of
their application in biotechnology and medicine.

The low porosity (up to 10%) of TMs, which is due
to the structural and strength characteristics, results in
an increased membrane area and dimensions of a
membrane apparatus [24–29].

All these reasons are fundamental for developing
TM modification methods as applied to separation of
biological objects with the aim to impart to the mem�
branes the required hydrophilic–hydrophobic proper�
ties, a charge of a particular sign and magnitude, and
controlled adsorption of bioactive substances; to
enhancement of hemo� and biocompatibility; to
increase the specific productivity; and to vary of the
selective properties of TMs by forming different func�
tional groups on their surface.
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The purpose of this study is to consider and analyze
the existing and promising TM modification methods
and, on the basis of their comparison, to get an idea of
how to cope with the tasks of specific separation of
biological objects, such as removal of pathogenic low�
density lipoproteins (LDL) from human blood
plasma, microbial and cytological analyses, plasma�
pheresis, filtration of infusion solutions, final purifica�
tion of different drugs and biopreparations, etc.

PHYSICOCHEMICAL MODIFICATION 
METHODS FOR TRACK�ETCHED 

MEMBRANES

Methods for modification of TMs can be divided in
principle into two groups, the conventional chemical
methods consisting in treatment of the membrane sur�
face with different reagents and the physicochemical
ones when chemical transformations are induced by
an external factor.

In the first case, the TM surface is coated with a
low� or high�molecular�weight compound; in the sec�
ond case, the properties a very thin surface layer of a
membrane are altered, varying the transport, sorption,
and selective characteristics of the membrane.

Low�Temperature Plasma Treatment

One of the most extensively studied physicochem�
ical methods of modification is the treatment of TMs
in a low�temperature plasma, in which an average
energy of electrons is lower than the characteristic ion�
ization potential of the atom (<10 eV) and the temper�
ature usually does not exceed 105 K. Low�temperature
plasma is most often generated by the gas discharge
technique. The plasma is formed as a result of current
flow in a gas between electrodes onto which a contin�
uously maintained potential difference is applied. Gas

discharge is excited in various modes determining its
specific properties and is therefore categorized with
several types: alternating�current (ac), radiofrequency
(RF), microwave (MW), and direct�current (dc) dis�
charges. Both nonpolymerizable gases (inert, air,
halogens, nitrogen oxides, O2, N2, NH3, H2) and
vapors of organic and organoelement compounds are
used as plasma�forming gases. By varying the dis�
charge type and the nature of the plasma gas, it is pos�
sible to purposefully modify the structure and chemi�
cal compositions of the TM surface layer.

There are four main types of low�temperature
plasma treatment processes:

Activation of the membrane polymer surface
accomplished by TM treatment with a nonpolymeriz�
able�gas plasma. During bombardment of the polymer
surface by energetic plasma particles, covalent bonds
between surface atoms break and radicals are pro�
duced. The radicals, in turn, interact with the active
plasma species to form various functional groups. For
example, TM treatment in oxygen and nitrogen plas�
mas for a few minutes to tens of minutes leads to sub�
stantial improvement of the adhesive ability, hydrophi�
licity, and biocompatibility of the TM surface and to
the formation of asymmetric pores;

Deposition of thin polymer film on TM surface by
membrane treatment with vapors of various organic
compounds. In this case, composite TMs consisting of
the top, plasma�deposited polymer layer and the bot�
tom layer of the initial TM are formed. The surface
properties of such membranes substantially depend on
the nature of the compound used. This method is used
for a targeted change of the hydrophilic–hydrophobic
properties, decrease of protein adsorption, and
increase of the membrane biocompatibility.

Preactivation of polymer surface followed deposi�
tion of thin polymer film on TM surface is mainly used

10 μm×2.00010 μm×2.200

Fig. 1. (a) Rhizopus stolonifer spores and (b) whole blood cells on TM surface.
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in combination with the methods described above
basically for increasing the adhesion of the plasma�
deposited polymer.

Preactivation of polymer surface followed by graft�
ing in conventional modes, a process in which the poly�
mer after TM treatment in an nonpolymerizable�gas
plasma is subjected to grafting from liquid or gas phase
with the aim to create composite membranes charac�
terized by high separation selectivity and wettability
[30–33].

Thus, modification by low�temperature plasma
treatment leads to a substantial change of the whole
spectrum of TM surface properties and, as a result,
broadens the options for of their application in medi�
cine and pharmaceutics.

For example, efficient application of nanostruc�
tured PET TMs as a drainage material in glaucoma
surgery (Fig. 2) was reported [22]. The surface�modi�
fied TMs were obtained by activating the polymer in
nitrogen and air RF�discharge plasmas or an oxygen–
nitrogen plasma at different gas ratios.

As a result of treatment, the pores of the sample
acquired an asymmetric (conical) form; by virtue of
the formation of conical pits in the membrane layer,
the bulk porosity increased, the TM surface became
rougher, and the properties of the surface layer altered:
the formation of carboxyl groups causing an increase
of negative charge took place.

Substantial hydrophilization (contact angle θ
decreased from 65° to 20°–30°) and erosion of modi�
fied TM surface provided a decrease in sorption of
proteins and other constituents of intraocular fluid. It
was found that TMs modified in this way are not sub�
jected to biodegradation and can reside in the ocular
cavity for a long time.

The manufacture by plasma�chemical modifica�
tion of composite TMs that hold promise for applica�
tion as biosensors and hydrophobic medical filters (to
prevent the ingress of air bubbles into patient’s blood,
to protect pressure sensors of medical devices from
liquid) and for targeted drug delivery in the human
body is surveyed in [30].

The deposition of polymer layer in aniline or
thiophene plasma results in the formation of “smart
membranes” with two layers with the antipolar surface
saturated by functional nitrogen� or sulfur�containing
groups, respectively. When such layers contact with the
membrane surface, anisotropy of conductivity is
observed and the TMs formed are capable of rectifying
current, becoming suitable for creation of biochemical
sensors. The modification of PET TM surface by dep�
osition of a polymer layer from a dimethylaniline [34]
or tetrafluoroethane [35] plasma leads to change in the
transport properties. The water permeability of such
membranes significantly depends on the pH of the fil�
trate and pressure. Besides, TMs with the rectifying
effect are also formed.

To treat roll materials by low�temperature plasma,
special plasma reactor systems, schematically shown
in Fig. 3, are produced.

However, despite the existence of appropriate
equipment and the feasibility of efficient regulation of
some important morphological and physicochemical
properties of TMs, methods of plasma modification of
TMs have not found wide use. In [37, 38], this is
explained by the “aging effect,” i.e., the recovery of
the initial properties of the modified material with
time, since only a very thin TM surface layer is sub�
jected to change during low�temperature plasma
treatment.

Ion�Beam and Ion–Plasma Treatment

The second type of known physicochemical meth�
ods of TM modification is ion treatment performed by
a beam of charged particles formed and accelerated to
a required energy in an ion source. In this case, the
location of the object under treatment relative to the
medium in which the working gas ions are formed
plays an important role.

During treatment by ion beams created by inde�
pendent sources (for example, with cold cathode), the
object under treatment is separated from the region of
gas�discharge plasma (ion�beam treatment). In the
case of ion–plasma treatment, the object is placed
immediately into gas�discharge plasma, which is a
source of bombarding ions.

The methods of ion treatment of materials are
widely used in quite different areas: micro� and nano�
electronics for etching materials in fabrication of MW
transistors, optics (surface polishing; etching diffrac�
tion optics elements, diffraction gratings, and magne�
tooptical disks), microelectromechanical systems

Fig. 2. Scheme of drainage in therapy of refractory glau�
coma [36].
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(deep silicon etching), laser technology (etching
materials for solid�state lasers), mechanical engineer�
ing (deposition of corrosion�resistant and antifriction
film coatings), and medicine (creation of protective
and reinforcing film coatings) [39].

The use the ion treatment technology for modify�
ing TM properties with the aim to efficiently use the
membranes in biotechnology is generally focused on
changing the contact angle of water on the surface. For
example, Pronin et al. [40] realized ion�beam surface
treatment of nuclear filters using ions generated in a
magnetron sputtering device and an ion gun on its
basis, with both sources operating in the mode when
the flux of plasma matter during irradiation can be
ignored in comparison with the ion flux. The process
of simultaneous bombardment of a TM sample by gas
ions and metal (Al, Ti, W, and Mo) deposition on its
surface to form coating of 0.05–0.15 μm thickness was
also described in the cited paper.

Authors [40] determined optimal process condi�
tions for ion�beam treatment of test TM samples and
established that irradiation by ion flow formed in both
sources leads to a decrease in the contact angle from
the initial value of ∼65°–75° to 15°–30°.

Metal ion sputtering does not give substantial
advantages in surface modification regarding the
reduction of the contact angle in this case. After 1 or
2 days of storage of TM samples in air at room temper�
ature, the values of the contact angle are restored to
the initial ones, and the TM surface becomes hydro�
phobic again.

Pronin et al. [41] investigated the TM modification
process based on ion deposition of thin SiO2 films by
electron�beam evaporation of SiO2 tablets in a vacuum
chamber. The contact angle of the resulting TMs with
a pore diameter in the range of 0.05–0.2 μm was
decreased to 20°–25° and remained unchanged for
30 days. Thus, the hydrophilic state of the TM surface

was maintained for a longer time than in [40],
although it was not permanent.

Khlebnikov and coworkers, engineers at the Insti�
tute of Solid�State Chemistry (Ural Branch, Russian
Academy of Sciences), designed an ion–plasma mod�
ification technology for manufacturing nanocompos�
ite TMs with the reinforcing coating characterized by
enhanced chemical resistance, mechanical strength,
and electrical conductivity. Sputtering of the cathode
material made from one of the metals Ti, Zr, Hf, Cr,
Al, Cu, Ni, Nb or their alloys also allows the magni�
tude of membrane pore “blocking” to be varied.

The resultant TMs with a pore diameter of 1 to
6 nm can be efficiently used for isolation of nanosized
particles, and the conductive surface of the modified
membranes will ensure the selective fractionation of
cation� or anion�containing fractions. TMs modified
in this manner with a titanium oxynitride coating were
efficiently used for isolation and analysis of radionu�
clides and pathogenic germs comprising river pollut�
ants [42].

A fundamental disadvantage of the ion treatment
methods is a complexity of the engineering design and
a high cost of industrial units (~20–30 million rubles)
for the treatment of roll materials including TMs.

Radiation Polymerization

Radiation�induced graft polymerization (RGP) is
based on generation of radical and ion active sites in
different polymers by the action of ionizing radiation
followed by graft polymerization of various monomers
(acrylates, vinylpyridines, acrylamides, N�isopropyl�
acrylamide, N�vinylpyrrolidone, etc.). RGP is one of
the processes for manufacturing new polymer materi�
als by modifying well�known commercial polymers
(polyolefins, fluorine�containing polymers, poly�
amides, polyvinyl chloride, polyethylene, etc.).
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Fig. 3. Schematic of UPKh�140 industrial apparatus for plasma treatment of rolled materials (developed in NIEKMI, Ivanovo)
[39].
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The advantages of RGP are universality, since poly�
mers of almost any nature, size, and shape (films,
fibers, powders, etc.) can be modified and the possibil�
ity of modifying to any given depth—via changing the
radiation energy—and in a wide temperature range
including low temperatures [43].

High radiation resistance of PET and preservation
or an insignificant change of the most important per�
formance characteristics, including the strength prop�
erties, during irradiation allow RGP method to be
used for modification of TMs properties. The mem�
branes obtained by such treatment have functional
properties of graft polymers [37].

Zhdanov et al. [37] developed a procedure for graft
polymerization of methacrylic acid (MAA) onto a TM
preliminarily γ�irradiated in air and chose optimal
parameters of the modification. It was found that the
graft polymerization in this case proceeds only on the
membrane surface and does not affect the TM pores
even at 20–25% degree of PMAA grafting. To obtain
biocompatible track�etched membranes with a
decreased adsorption activity for enzymes and pro�
teins, they proposed to the TMs with radiation�grafted
PMAA to be treated with poly(ethylene glycol) (PEG)
and poly(vinyl pyrrolidone) (PVP) [37].

The introduction of hydrophilic polymers PEG
and PVP into membrane leads to a decrease in the TM
sorption capacity, which is caused by interaction of
carboxyl groups on the membrane surface with
hydroxyl groups of modifiers (Fig. 4).

To obtain track�etched membranes with bacteri�
cidal activity (for example, for disinfection of fresh
water polluted by pathogenic microflora, in domestic
filters at the final purification stage), silver ions were
deposited on the surface of TM with radiation�grafted
PMAA. The introduction of carboxyl and hydroxyl
groups is the most widespread method of immobiliza�
tion of metal ions on polymer filtering materials and
makes it possible to obtain strong and stable bacteri�
cidal coatings.

Thus, the main advantages offered by radiation
grafting as a TM modification technique are possibili�
ties of varying the degree of hydrophilicity and charge
properties of the surface and the sorption capacity.

The disadvantages are a substantial decrease of TM
pore diameters because of filling of the pore mouths by
a modifying agent and the complexity of treatment of
membranes with a pore diameter of ≤200 nm because
of uneven treatment of the entire pore space of the
membrane [27].

Thermal Treatment, UV Irradiation, etc.

Apart from the provision of the required selectivity
for desired components, filtering materials for separa�
tion of biological objects (plasmapheresis, filtration of
biopolymers, infusion media, fractionation of blood
plasma, etc.), including track�etched membranes,
should have a high specific permeability. Low
mechanical strength and low (to 10%) porosity in
comparison with other types of flat polymer mem�
branes limit the application of TMs in most cases to
fine purification and low�throughput processes.

In this connection, the development of technology
for industrial production of asymmetric track�etched
membranes (ATMs) with a one to two order of magni�
tude greater productivity at the same selectivity as that
of TMs with the isotropic structure is of great practical
interest.

To solve this problem, it is proposed to use the
physical TM structure modification methods, of
which the following are the best documented in the lit�
erature:

• double irradiation of a film by beams of charged
particles with different energies;

• thermal treatment of an irradiated film or mem�
brane (IR radiation of СO2 laser, deposition of refrac�
tory metals, deposition of thin layers of metals with a
high electrical conductivity or high magnetic perme�
ability followed by RF or MW heating, rolling a film or
membrane between rolls with different temperatures);
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• orientation stretching (postorientation) of irradi�
ated films [44–47].

It should be noted that all these methods require
following carefully the operating conditions and intro�
ducing additional equipment of different complexity
significantly increasing the final cost of TM. It is likely
for this reason that there is still no information about
the development of an industrial modification tech�
nology for manufacturing high�productivity ATMs.

Tracks membranes with a very narrow (monodis�
perse) pore size distribution are also obtained with the
use of variation of UV radiation dose: an increase in
the dose leads to narrowing the dispersion of the pore
size (Fig. 5) and, as a result, enhancement of the spe�
cific productivity and selectivity of the membrane.

CHEMICAL METHODS OF MODIFICATION 
OF TRACK�ETCHED MEMBRANES

Chemical modification is a traditional method for
targeted regulation of the properties of track�etched
membranes by their treatment with different reagents
in the static (immersing in a modifying�solution bath)
and dynamic (filtration of modifying solution through
TM pores) modes or by addition of various reactive
compounds into the etching solution.

The chemical modification processes comply well
with the TM production flow charts used by the
majority of manufacturers, they basically make only a
complementary step of the chemical treatment of
membranes (similar to the neutralization or etchant
washing steps). In contrast to different physical meth�
ods, the chemical methods do not require additional
sophisticated engineering equipment. One of the main
advantages of this group of methods is the possibility of
treating finished membrane elements or apparatuses.
With an appropriate selection of the modifier and the
treatment conditions, chemical modification in most
cases affects the surface of the entire pore space of
membrane.

Sorption Modification

Hydrophobization of TM surface. The methods of
TM chemical modification with the aim of subsequent
application in medicine and biotechnology are
designed for improving the qualitative and quantitative
mass transfer parameters, and a wide variety of com�
pounds suitable for treatment of PET TMs allows
quite a large number of their properties to be varied.

Thus, Voznyakovskii et al. [48] made an attempt to
prepare a composite TM with a hydrophobic layer of
ultrathin polymer film of polysiloxane copolymers
modified with fullerene nanoclusters. The contact
angle (θ) of distilled water on the initial and modified
TM surface was 73° and 98°, respectively, with the
porosity parameters of the membrane remaining
almost unchanged after the treatment.

Karmazinov et al. [49] showed that along with
water� and dirt�repellency achieved by applying a po�
lysiloxane block�copolymer coating layer, the TM sur�
face modified by this method acquires bactericidal and
antiviral properties due deposited carbon particles as
C60, C70, etc. fullerenes, which promote the transfor�
mation of oxygen dissolved in feed water into the sin�
glet form under irradiation in the visible wavelength
range.

The TM hydrophobization can also be achieved
with the use of various organosilicon compounds
(HPhob), when a thin water�permeable film is formed
on the membrane surface. An additional advantage of
this treatment is a decrease in the adsorption ability of
TM (Fig. 6) [37].

Technically, modification by these methods is per�
formed by either filtering a hydrophobing solution
through membrane pores as described in [48] or
immersing the membrane in a solution of an organo�
silicon compound of an appropriate concentration,
holding, and subsequent drying [37]. No data on the
retention in time of the properties of TMs modified in
this way have been presented in the works cited.

Hydrophobic TMs can be efficiently used for air
pollution control and as a filtering material of the infu�
sion filters to prevent the entry of air bubbles into
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patient’s blood channels, air filters mounted in trans�
fusion systems, etc.

Hydrophilization and imparting bio� and hemocom�
patibility to TM surface. The extension of the applica�
tion fields of track�etched membranes in purification
and concentration of the biological objects is directly
connected with the increase of the hydrophilicity of
their surface which for PET TM can be characterized
as moderate.

Hydrophilic nonadsorbing TMs are promising in
processes of clarification and sterilization of the ocular
solutions, biopreparations and vaccines, vitamin and
galena preparations, etc. Since water is most often
used as a medium, so it is important to provide the
maximal water permeability of the membrane ele�
ment/apparatus. Besides, the hydrophobic parts and
acid centers on TM surface make it restrictedly com�
patible with different biological objects.

That is why the majority of chemical methods of
modification are directed to increase of hydrophilicity
and improve the bio� and hemocompatibility of TM
surface. Hydrophilization of such membrane surface is
achieved at the expense of its treatment by the com�
pounds with low surface tension: for example, solu�
tions of surfactants or water�soluble polymers.

Vakulyuk et al. used for this aim oligomeric surfac�
tants, cationic and anionic urethane bianchor com�
pounds (BAC). The TM samples were modified by
dipping into reagent solutions with different concen�
tration for particular time intervals. It was shown that
the modification of TM surface by BAC substantially
changes their separation properties (rejection coeffi�
cient and permeability), which is associated with both
change of the membrane pore size because of BAC
sorption and character of interaction in the “adsor�
bate–membrane” system in the case of filtration of
aqueous electrolyte solutions (Fig. 7). The adsorption
of proteins of different types on the TM surface in bio�
technology (for immobilization of biopolymers in
bioreactors, in ultra� and microfiltration for purifica�

tion and concentration of biopolymers) decreases the
productivity of the filtration process, leads to losses of
the separable compounds. In membrane plasmapher�
esis apparatuses, the sorption of lipophilic compo�
nents and blood plasma proteins because of slight TM
wetting takes place, presenting a hazard of formation
of microthrombi on the surface and in the pores of
track�etched membranes.

To decrease the activity of TM surface in relation to
protein adsorption the method of its modification by
solutions of polymers with the base properties was
developed: polyethylene imine (PEI) as the “media�
tor” polymer, poly(ethylene glycol) (PEG),
poly(vinylpyrrolidone) (PVP), heparin (HP), etc. [51,
52]. The application of such treatment for different
types of membranes is widely described in literature.
For example, PEI is used as a functionalizing layer
during HP “grafting” to create athrombogenic syn�
thetic membranes in Gambro Medical hemodialyzers
[53], and PVP is applied as a standard wetting com�
pound of TM (WHATMAN, USA) for microbiologi�
cal analysis [54].

Apel et al. [52] proved that the compounds with
base properties (cytochrome C protein, rhodamine
6G dye) because of attraction molecules gaining posi�
tive charge in solution to negatively charged mem�
brane surface are predominantly sorbed on track�
etched membranes. The data on the adsorption activ�
ity (expressed by distribution coefficient K), adsorp�
tion A, and electrical surface properties of initial and
modified TMs are summarized in Tables 1 and 2. It
was found that with an increase in the pore diameter,
the magnitude of their surface charge caused by the
membrane manufacturing conditions increases. The
treatment of the surface with the aforementioned
polymers led to fall of the pore charge density to zero.
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Hydrodynamic studies showed only a slight (at the
level of experiment error) decrease in the pore diame�
ter. The specific productivity of TM in this case
decreased only by 4%.

An alternative method for enhancing hydrophilic�
ity and imparting efficient bio� and hemocompatibil�
ity is immobilization of natural biopolymers on the
blood�contacting surface [55]. The hydrophilization
procedure comprised alternating sorption of oppo�
sitely charged polyeletrolytes followed by covalent
crosslinking of serum albumin (SA) and HP layers
with glutaric aldehyde.

The multilayer protein and heparin�containing
coatings obtained are uniformly distributed both on
the flat�plate filtering surface and the inner cylindrical
pore surface of the track�etched membrane. For the
membrane sample with the SA and HP coating, the
value of the contact angle θ in comparison with the
initial sample changes from 75° to 40°. The applica�
tion of this method of modification allowed the activa�
tion of thrombocytes and, hence, thrombus formation
on the surface of the track�etched membranes to be
reduced.

Addition of Chemicals to Etching Solution

The addition of various reagents into the etching
solution is the second type of the TM chemical treat�
ment methods, the aim of which is the production of
asymmetric high�productivity track�etched mem�
branes. In this case, surfactants of different types
(PVP, dodecyldiphenylene oxide disulfonate, sodium
dodecyl benzenesulfonate, etc.) are most often used as
a modifying agent. The surfactants introduced into the
solution are adsorbed on the polymer film surface and
decrease its vulnerability to chemical attack by the
etching agent and sharply decrease the etching rate. In
addition, surfactants have a substantial effect on the

track etching process: their molecules penetrate into
the track more slowly than the etchant molecules; as a
result, the surfactant is localized at the pore entrance
to form a narrow “neck” of the channel etched. The
TMs with a thin selective layer as prepared by such
treatment are characterized by an order of magnitude
higher specific productivity in comparison with the
traditional TMs, preserving the preset quality of sepa�
ration [44–46, 56].

Thus, Nechaev et al. [44] prepared conventional
and asymmetric TMs with a diameter in the selective
layer of d = 20 nm. To study the structural–selective
properties of the TMs, the method of their calibration
by mixtures of model proteins was used. Figure 8a
shows rejection curves for TMs with the cylindrical
and asymmetric shape of pores. The rejection curve for
the “perfect” ultrafiltration membrane with a mono�
disperse pore distribution, the membranes created by
Sleytr and Sara, is also presented for comparison.
These membranes are composite in which the crystal�
line blocks of protein components of the cell envelope
of bacteria play the role of the selective layer and
microfiltration TMs with a pore diameter of 100 nm
serve as the substrate.

It is seen that like the perfect of Sleytr–Sara mem�
branes, the modified TMs are characterized by a sig�
nificant slope of the rejection curve of the proteins,
which suggests quite a narrow pore size distribution of
the membranes obtained. At the same time, the tradi�
tional TMs with pores in the nanorange are character�
ized by a rather broad size distribution. Figure 8b
shows a diagram that makes it possible to classify ultra�
filtration membranes by the thickness of their selective
layer ls, productivity G, and selectivity φ. The latter is
characterized by the nominal molecular weight cut�off
ML of proteins. The inclined straight lines correspond
to different thicknesses of the selective layer of the
ultrafilter. The diagram shows that the thickness of the
selective layer of traditional TMs is equal to the thick�
ness of the membrane itself, and new types of asym�
metric track�etched ultrafilters have a selective layer of
less than 1000 nm thickness. It should be especially
noted that this type of ATM has one to two orders of
magnitude higher productivity than traditional track�
etched membranes. Thus, these asymmetric ultrafil�
tration membranes can be categorized with to the

Table 1. Adsorption characteristics of proteins on reactor symmetric PET TMs (dpore = 0.2 μm)⎯initial and modified by
PEI, PVP

Protein
Initial membrane Modified membrane

K, mL/cm2 A, μg/cm2 Losses, % K, mL/cm2 A, μg/cm2 Losses, %

Cytochrome C (base protein) 3.9 8.2 88 <0.01 <0.1 <1

Lysozyme (base protein) 3.1 10.4 84 0.09 1.8 14

Hemoglobin (neutral protein) 2.2 7.9 80 0.14 1.8 14

Ovalbumin (acid protein) 0.02 1.5 6 0.05 2.3 8

Table 2. Electrical surface properties of initial and PEI� or
PVP�modified reactor symmetric PET TMs (dpore = 0.2 μm)

Parameter Initial membrane Modified membrane

ζ�potential, mV  1.8 × 10–1 0 ± 0.01
σ,  C cm–2  4.25 × 10–9 0 ± 2 × 10–10
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most productive ultrafiltration membranes having the
cut�off in the range of 20–130 kDa.

The authors of this work also specified the areas of
application of the ATMs in separation of biological
objects: desalination and purification from low�
molecular�weight impurities of a genetically engi�
neered superoxide dismutase enzyme (М = 39 ×
103 Da) obtained from Sacharomyces cerevisia yeast
and a genetically engineered catalase enzyme (М =
240 × 103 Da) obtained from Aspergillius fungus. The
membrane permeability in the former and latter cases
decreased by factors of 3–10 and 3, respectively.

Thus, ATMs can be successfully used in the pro�
cesses for production of genetically engineered bio�

preparations at the stages of purification and desalina�
tion of molecular solutions after chromatographic
purification, for filtration sterilization, etc.

CONCLUSIONS

The development of efficient modes of modifica�
tion opens new possibilities of domestic technology of
track�etched membranes and their application in
medicine and biotechnology. The most widespread
membrane modification methods designed to broaden
the area of application of PET TMs in separation and
purification of the biological objects are described in
this paper (Table 3).
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Fig. 8. (a) Selectivity as a function of molecular weight of calibrant proteins: (1) conventional symmetric TMs, (2) asymmetric
TMs, and (3) Sleytr–Sara membranes. (b) Flux (at ΔP = 0.1 MPa) through a membrane as a function of the nominal molecular
weight cut�off for (1) asymmetric TMs, (2) Sleytr–Sara membranes, and (3) conventional symmetric TMs.

Table 3. Comparative analysis of main methods of TM modification

No. Characteristic

Modification method

plasma 
treatment

ion 
treatment

radiation 
polymerization

thermal 
treatment UV radiation chemical 

treatment

1. Instrumentation complicated complicated complicated complicated simple simple

2. Relative power consumption high high high average average low

3. Possibility to modify final
elements/apparatuses

no no no no no yes

4. Stability of properties of
layer modified in time

low average average high high high

5. Mechanical strength of layer 
modified

low average average average average average

6. Improvement of bio� and 
hemocompatibility of TM

yes yes yes no no yes

7. Production of TM with 
asymmetric pores

yes yes yes yes no yes

8. Regulation of hydrophilic–
hydrophobic balance

yes yes yes no no yes
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Based on the analysis performed, we can conclude
that the most simple and technically convenient
method is the sorption modification of TMs. The
main advantages of this method are the possibility of
treating finished membrane apparatuses, inexpensive
equipment, and low power expenditures. A broad
range biocompatible modifying agents with different
properties allows the selective properties of TMs to be
purposefully controlled. Application of modified
track�etched membranes will make it possible to
decrease the cost of a membrane apparatus with pres�
ervation of the required quality.

REFERENCES

1. G. N. Flerov and V. S. Barashenkov, Practical applica�
tion of heavy ion beams, JINR Preprint No. R14�7754b
(Dubna, 1974); Usp. Fiz. Nauk 114, 351 (1974).

2. K.�J. Kim, P. V. Stevens, and A. G. Fane, J. Membr.
Sci. 93, 79 (1994).

3. T. S. Zvarova, B. A. Gvozdev, and I. K. Zvara, The Pro�
cedure for Preparing Nuclear Filters, Available from
OIYaI, No. B.1�14�8214 (Dubna, 1974).

4. G. N. Flerov, Vestn. Akad. Nauk SSSR, No. 4, 35
(1984).

5. B. V. Mchedlishvili and G. N. Flerov, Zh. Vses. Khim.
O�va im. D.I. Mendeleeva 32, 641 (1987).

6. V. S. Barashenkov, Pore Dispersion of Nuclear Mem�
branes, Available from OIYaI, No. R.14�10532
(Dubna, 1977).

7. G. N. Akap’ev, V. S. Barashenkov, V. Ya. Botsan, et al.,
Use of Nuclear Filters for Purification of Semiconductor
Manuifacturing Process Media, Available from OIYaI,
No. B1�14�7857 (Dubna, 1974).

9. G. N. Akap’ev, V. S. Barashenkov, L. N. Evdokimova,
et al., Use of Nuclear Filters for Purification of Semicon�
ductor Manufacturing Process Media, Available from
OIYaI, No. B3�14�8292 (Dubna, 1974) [in Russian].

10. G. N. Flerov, T. I. Mamonova, N. F. Karzhavina, et al.,
A Nuclear Filter Study of Contamination of Ampulized
Drug Preparations by Mechanical Trace Impurities,
Available from OIYaI, No. 18�87�598 (Dubna, 1987).

11. V. V. Ovchinnikov, I. A. Belushkina, E. D. Vorob’ev, and
V. D. Shestakov, Nuclear Polymeric Membranes for Fin�
ishing Air Cleaning of Microparticles of More than 0.3 µm
Size, Available from OIYaI, No. D18�90�443 (Dubna,
1990).

12. A. P. Akishina, V. S. Barashenkov, and Yu. G. Ivanov,
Use of Nuclear Filters for Water Treatment in Public
Water System, Available from OIYaI, No. B3�14�9332
(Dubna, 1975).

13. V. D. Shestakov, V. P. Demkin, V. I. Kuznetsov, and
Yu. I. Tychkov, Krit. Tekhnol. Membr., No. 5, 25
(2000).

14. L. I. Kravets, S. N. Dmitriev, and P. Yu. Apel’, Krit.
Tekhnol. Membr., No. 7, 38 (2000).

15. V. I. Kuznetsov, B. V. Mchedlishvili, A. N. Sisakyan,
et al., Krit. Tekhnol. Membr., No. 11, 12 (2001).

16. V. A. Timkin, A. D. Titorova, and L. Kh. Khafizova,
RU Patent No. 2274590 (2006).

17. M. F. Kudoyarov, A. P. Voznyakovskii, and B. Ya. Basin,
Ross. Nanotekhnol. 2 (9/10), 90 (2007).

18. B. V. Mchedlishvili, in Abstracts of Papers of the Warsaw
Workshop Exposition, 2003 (RKhTU, Moscow, 2003),
p. 33 [in Russian].

19. C. G. J. Koopal, M. C. Feiters, and R. J. M. Nolte,
Biosensors Bioelectronics, No. 7, 461 (1992).

20. I. A. Bogatyreva, A. E. Nedachin, and G. S. Zhdanov,
Vodosnabzh. Sanit. Tekh., No. 5, 17 (2007).

21. B. Ya. Basin, B. M. Zelikson, K. Ya. Gurevich, et al.,
RU Patent No. 2021823 (1994).

22. T. V. Ryazantseva and L. I. Kravets, Izv. Saratovsk.
Univ., Ser. Fiz. 11, 59 (2011).

23. B. B. Berezkin, B. A. Bogdanovskaya, A. I. Vilenskii,
et al., Kolloidn. Zh. 55, 10 (1993).

24. Rao Vijayalakshmi, J. V. Amar, D. K. Avasthi, and
Charyulu R. Narayana, Radiat. Meas. 36, 585 (2003).

25. A. N. Cherkasov, Krit. Tekhnol. Membr., No. 14, 3
(2002).

26. T. D. Khokhlova and B. V. Mchedlishvili, Colloid J. 58,
793 (1996).

27. A. V. Sergeev, A. N. Nechaev, N. V. Pervov, et al., Krit.
Tekhnol. Membr., No. 1, 19 (2004).

28. T. K. Shataeva, I. Yu. Ryadnova, A. N. Nechaev, et al.,
Colloid J. 62, 113 (2000).

29. A. Yu. Solov’ev and L. K. Shataeva, in Proceeding of All�
Russia Conference “Membranes’2001” (Moscow, 2001),
p. 71 [in Russian].

30. L. I. Kravets, S. N. Dmitriev, and A. B. Gil’man, High
Energy Chem. 43, 181 (2009).

31. www.femto.com.ua/.
32. Electronic Encyclopedia of Physics and Technics. http://

do.nano.fcior.edu.ru/mod/page/view.php?id=775.
33. S. N. Dmitriev, L. I. Kravets, V. V. Sleptsov, et al., Study

of Water Permeability of Plasma�Modified Poly(Ethylene
Terephthalate) Track�Etched Membranes, Available
from OIYaI, No. R18�2001�46 (Dubna, 2001).

34. L. I. Kravets, S. N. Dmitriev, A. B. Gil’man, and
A. I. Drachev, Transport and Electrochemical Properties
of Track�Etched Membranes Modified in Dimethyl�
aniline Plasma, Available from OIYaI, No. R18�2004�
71 (Dubna, 2004).

35. L. I. Kravets, S. N. Dmitriev, T. A. Goryacheva, et al.,
Structure and Electrochemical Properties of Track�
Etched Membranes Modified in Tetrafluoroethane
Plasma, Available from OIYaI, No. R18�2010�117
(Dubna, 2010).

36. N. P. Pashtaev and N. Yu. Gorbunova, Oftal’mokhiru�
rgiya, No. 2, 11 (2006).

37. G. S. Zhdanov, N. K. Kitaeva, E. A. Bannova, and
L. V. Minyailo, Krit. Tekhnol. Membr., No. 2 (22), 3
(2004).

38. V. V. Rybkin, Soros. Obraz. Zh. 6 (3) 58 (2000).
39. www.ftian.ru/works/work2/.
40. V. A. Pronin, V. N. Gornov, A. V. Lipin, et al., Pis’ma

Zh. Tekh. Fiz. 71 (11), 96 (2001).
41. V. A. Pronin, V. N. Gornov, A. V. Lipin, et al., Pis’ma

Zh. Tekh. Fiz. 28 (1), 11 (2002).
42. http://kulibin.org/projects/show/69/.
43. http://bse.sci�lib.com/article094846.html.



PETROLEUM CHEMISTRY  Vol. 53  No. 7  2013

METHODS FOR MODIFICATION OF TRACK�ETCHED MEMBRANES 481

44. A. N. Nechaev, P. Yu. Apel’, A. N. Cherkasov, et al.,
Krit. Tekhnol. Membr., No. 4 (20), 18 (2003).

45. A. N. Nechaev, V. V. Berezkin, A. I. Vilenskii, et al.,
Membrany, No. 6, 17 (2000).

46. P. Yu. Apel’, V. V. Berezkin, A. B. Vasil’ev, et al., RU
Patent No. 2327510 (2006).

47. Yu. K. Kochnev, Candidate’s Dissertation in Chemistry
(Moscow, 2012) [in Russian].

48. A. P. Voznyakovskii, M. F. Kudoyarov, and M. Ya. Pat�
rova, Pis’ma Zh. Tekh. Fiz. 33 (16) (2007).

49. F. V. Karmazinov, A. K. Kinebas, and G. V. Bass, RU
Patent No. 2384360 (2006).

50. P. V. Vakulyuk, A. F. Burban, M. T. Bryk, and
B. V. Mchedlishvili, Krit. Tekhnol. Membr., No. 17, 9
(2003).

51. T. D. Khokhlova, P. Yu. Apel’, V. V. Berezkin, et al.,
Krit. Tekhnol. Membr., No. 2 (30), 11 (2006).

52. P. Yu. Apel’, V. V. Berezkin, A. B. Vasil’ev, et al., Krit.
Tekhnol. Membr., No. 3 (31), 45 (2006).

53. www.gambramedical.ru/assets/files/Laville%20Moscou%
20Evodial(1).pdf.

54. www.whatman.com/NucleporeTrackEtchedMem�
branes.aspx.

55. A. Yu. Solov’ev, Candidate’s Dissertation in Chemistry
(Moscow, 2004).

56. P. Yu. Apel’, I. V. Blonskaya, O. L. Orelovich, et al.,
Factors Determining the Pore Shape of Polycarbonate
Track�Etched Membranes, Available from OIYaI,
No. R18�2004�52 (Dubna, 2004).

Translated by K. Aleksanyan


