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Preface

One of the recently emerging techniques of fibrous materials production, melt
blowing, consists of forming fibers from substances heated above their melting
(crystalline) or glass transition (glass-like) point with further blowing by gas
flow. The sprayed fibrous mass is then cooled to solidification either in a gas
flow or upon deposition on the forming substrate.

Realized from polymers and then ceramics, the melt blowing technique
has enriched materials science, engineering, and all commodity products by
novel types of fibrous materials and products made from them with a unique
combination of properties. The reasons for the popularity of melt blowing are
the following.

The shape stability and strength of melt-blown materials and products
are controllable technological parameters that depend on the diameter and
the intensity of the adhesive interaction between fibers and the number of
contacts between them.

The greater area of fiber surface in contrast to negligible clearances in
between is the source of the uniqueness of melt-blown materials as systems
whose properties are governed to a great degree by surface phenomena.

Dielectric materials manufactured by melt blowing are subjected to the
rigorous effects of heat, deformation, and friction during processing which
is accompanied by natural electrical polarization of fibers. The fibers are
transferred into an electret state (an electret is a dielectric that preserves its
electrical polarization for a long time), which makes melt-blown materials the
source of a permanent electrical field.

The melt blowing technique creates new vistas for controlling the struc-
ture and properties of fibrous materials. At least four areas of control can be
outlined.

First is the chemical composition of the material extruded into fibers. The
second area is fiber transportation within the gas flow where the material is in
a structurally sensitive state, either viscous-flow or viscoelastic. At this stage,
it is convenient to modify fibers by chemical, physical, and biological methods.
Third, the fiber diameter (from portions a micrometer to a millimeter) and
a uniformity of the adhesion of dispersed components to the fibers can be
adjusted to impart new functional properties to the material as a whole.
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The fourth area is the texture of melt-blown materials and products that is
determined by the mutual disposition and bonding of fibers to one another.

Development of a great variety of melt-blown materials has perceptibly
impacted engineering domains and life as a whole. Following are some exam-
ples that confirm this fact.

Melt-blown materials can serve an ideal basis for biosorbents and bio-
catalysts in a number of biotechnological processes whose success influences
their commercial prospects (biotechnology is a combination of industrial pro-
cedures using living organisms and biological processes in manufacture). Mi-
croorganisms immobilized on a fiber surface are easily accessible to reagents
in liquid and gaseous phases. However, the shape stability of the fibrous car-
cass presents a mechanical barrier that separates microbial colonies from the
environment. Weak and superweak physical fields generated by melt-blown
materials also stimulate the vitality of microorganisms.

Melt-blown materials have opened new ways of solving problems in en-
gineering ecology. Its methodology and tools require constant change in the
range of filtering materials. Melt blowing technology has made it possible
to simplify the problem of cleaning industrial wastewater and gas ejections,
and to develop systems for entrapping petroleum products, organic solvents,
heavy metal ions and to inactivate them biologically.

Recently elaborated melt-blown materials based on readily fusing glue
compositions, also soft but preserving their shape lining, decorating, and
other accessory materials have enriched light industry with novel techniques
and products.

Melt-blown materials based on water-soluble polymers and their gels have
formed the basis of a vast variety of medical, hygiene, cosmetic, and perfume
products of a new generation without which modern civilization is unthink-
able.

Unfortunately, despite almost a 50-year history, the melt blowing tech-
nique, for a number of reasons to be expounded further, is little known thus
far. Until now, there has not been in any monograph in the literature that
generalizes its objectives, means of attainment, and recent successes. What
is more, the methodology, including its original tools, design of technological
equipment, and instrumentation for implementing this unusual technology
has not yet been elucidated. This book is the first publication where the
physicochemical basis of the melt blowing technique is systematized, and
fundamental flow charts, designs of the main joints, characteristics and fields
of application for melt-blown materials are correlated. The authors have en-
deavored to describe precursors’ works at length, even though the essentials
of the book constitute investigations of their own completed at the Metal-
Polymer Research Institute (MPRI) of the National Academy of Sciences of
Belarus (Gomel, Belarus) with a Design Bureau and pilot plant.

The authors express their gratitude to MPRI’s Director, Correspondent
Member of NASB, Prof. Yu. M. Pleskachevsky for attention to this work;
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Head of “Metal-Polymer” Co., Ph.D. A.I. Chernorubashkin, and Chief De-
signer of the company, A.V. Sikanevich, for permission to present data of the
commercial use of melt-blown materials; Ex-Vice President of Korea Insti-
tute of Science and Technology (KIST), Prof. O.K. Kwon, Head of Tribol-
ogy Center, Dr. U.S. Choi and Principal Researcher, Dr. B.G. Ahn of this
Institute for cooperation in modernizing the melt blowing equipment, inves-
tigations, and the adoption of magnetic filtering materials in industry. We
are also grateful to researchers, Ph.D. A.G. Kravtsov, I.Yu. Ukhartseva, and
Yu.V. Gromyko for creative contributions to the experimental investigations
of magnetic melt-blown materials. The authors are thankful to postgraduate
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1. Introduction (Historical Review)

Melt blowing belongs, without doubt, to a newly developed industrial tech-
nique, though its onset dates back to the early 1950s. By that time, the world
industry of chemical fibers already had at its disposal such highly productive
and high-speed technologies as fiber formation from solutions and melts fol-
lowed by linear extension (1, 2]. During the Cold War the U.S. administration
showed an interest in producing of microfibrous polymer adsorbents intended
for capturing radioactive particles in upper atmospheric layers which were
signs of nuclear weapon tests intensively carried out in the U.S.S.R. during
those years.

This order was fulfilled by National Aeronautics and Space Administra-
tion (NASA). One of its workers, van Wente, developed a piston extruder that
forced a thermoplastic melt through a fine orifice. The melt stream, picked
up by moving two flows of heated air at different speeds, was stretched out
and dispersed. Upon cooling to a solid state, the fibrous fragments produced
were placed on a substrate. By this method, 0.3 mm diameter fibers were
produced. Van Wente encountered, however, a problem of instability in the
technological process elaborated by him, which led to the formation of “pel-
lets” between fibers. He could not solve this problem; so, at the end of the
1950s governmental financing of new technology ceased [3] because less labor-
intensive technologies and less costly methods of detecting nuclear bursts had
been developed by that time.

In 1965, Esso Research (at present Exxon Research and Engineering) re-
vived this technology in search of new areas for polypropylene application.
The problem of fiber formation without “pellets” was solved by a new design
of an extrusion head. It substituted van Wente’s one orifice head with a mul-
tihole head that had many orifices located in one line. The first products that
Exxon developed by using this head were polypropylene battery separators
and other electrochemical power sources, which have brought great success
to the company. Probably, experiencing difficulties in increasing the output
of melt-blown articles whose range and market were rapidly expanding, the
company started selling licenses for the melt blowing technique. This was a
decisive factor in further refining the method and perfecting the equipment.

The first among those who bought the license were V.R. Greis, James
River, Kimberly Clark, and Minnesota Mining and Manufacturing. At present,

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002



2 1. Introduction (Historical Review)

this technology is being intensively developed at Hoechst AG, Johnson &
Johnson, Procter & Gamble, Mitsubishi Gas Chemical, E.I. Du Pont de
Nemours, Phillips Petroleum, Reifenhdauser GmbH, and other companies. It is
natural that, companies, which received an exclusive right to use the licensed
technology at a higher price did not rush to publish papers disclosing their
knowhow. Until now, firms have been publishing mainly advertising infor-
mation showing the advantages of the technique and manufactured products.
This has become the main reason why there is, first, information “starvation”
in all aspects of melt blowing realization and, second, practically a complete
absence of publications about the effect of melt blowing technological regimes
on the formation of melt-blown materials and products, as well as on their
structure and properties.

From the end of the 1970s till the early 1990s, patents appeared, which
proved the priorities of the firms mentioned in creating basic modifications of
the melt blowing technique and major equipment designs [4]. The preceding
years of long silence and the publications were signs that the secrecy period
expired because the danger of losing the lead excited the firms more than
probability of using data from patents published by competitors.

As for the former U.S.S.R., the history of the melt blowing technique
started in 1970 when Academician V.A. Belyi (Director of MPRI in those
years) invented a method for manufacturing coatings [5] by applying polymer
melt simultaneously heated by IR radiation on a solid substrate. Curious
enough that the argument, which forced an expert from a patent service to
make a positive decision on this application, was the specific effect of pressure
generated by a filament lamp light on molten polymer fibers when in dynamic
contact with the substrate. They failed to obtain good quality coatings by this
method, but this invention initiated an extensive complex of investigations at
MPRI in developing polymer fibrous materials, technologies, and equipment
for producting them.

This stage of melt blowing refinement is connected with the name of a
talented Belarussian scientist, designer, and inventor V.P. Shustov. His cre-
ative ideas helped to further upgrade Belyi’s achievements in manufacturing
fibrous products displaying dimensional stability and to devise tens of tech-
nological modifications, new designs of aerodynamic heads enabling control
of material texture, and new types of fibrous articles [6].

V.P. Shustov and his colleagues [7,8] extended the method to melioration
which was intensively adopted in the U.S.S.R. during the years of “devel-
oped socialism”. Ceramic drainage pipes fitted with melt-blown polyethylene
connecting elements and polymer pipes with filtering melt-blown shells used
for marshland reclamation were adopted almost all over the Soviet Union. A
systematic approach to studying polymer melt dispersion gave birth to the
scientific basis of the melt blowing technique.

Aerodynamic extrusion heads with a single hole proposed by Shustov were
intended mainly for forming structural parts with a preset fibrous texture.
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The production technique of melt-blown materials was further developed at
the beginning of the 1970s in the All-Union Research Institute of Synthetic
Fibers (Tver, Russia). A modification of fiber forming by a spinneret method
complemented by interweaving fibers by airflow and thus forming a nonwo-
ven fibrous cloth (the melt spinning process [9] ) was named “aerodynamic
forming” in Russia. The merit of this method is controllable production by
a multihole die head and extruder as a whole. IR images and computer fore-
casting of mechanical properties of the formed melt-blown materials were
used to study the formation regularities of sheet materials [10].

At the end of 1960s, the melt blowing method was used in Russia and
Ukraine to produce fibrous materials based on ceramics: kaolin, basalt, refrac-
tories, and others [11]. This work continued in Belarus in the 1990s within the
framework of the State Scientific and Technical Program “Triboengineering”
and is underway today.



2. Melt Blowing Techniques

The melt blowing technique presents the unique possibility of varying the
structure and properties of fibrous materials across a wide range, which at-
tracts plastics manufacturers and designers. This variation might be realized
at any stage of material molding, beginning with extrusion till cohesive bond-
ing of cooled fibers on a substrate.

The basic technological procedures used to impart certain qualities to
melt-blown materials will be considered in the first two chapters. Some orig-
inal processes that create a diversity of physicochemical effects on materials,
which conceal know-how prudently guarded by the developers, are also de-
scribed here. As further narration will prove, they do not involve unpublished
secrets, nevertheless, melt blowing is a rather freakish process and depends
strongly on a number of factors, including the temperature and humidity of
the granulate, the atmosphere and kind of the spray gas, and many others.
The description of efforts to refine the melt blowing process will take into
account all of these factors.

2.1 Main Technological Procedures

The key diagram of the melt blowing process is shown in Fig. 2.1. Polymer
granulate 1 of composition C'is processed in extruder 2 by regulating the
rotational speed n of the worm and the temperature gradient 7' along the
cylinder length. The melt is forced through the extrusion head dies 8 and is
picked up by a gas flow from connecting pipe 4. Molten fibers are elongated,
transported in the gas-polymer flow 5 to the forming substrate 6 (revolving
drum or mandrel, continuous band, immovable part, etc.), and deposited as
a fibrous mass 7.

The spray is controlled by regulating the melt temperature 7T; in the
extrusion head and the spray gas pressure p. The fibrous structural formation
of the melt-blown material is conditioned by technological factors; the most
important among them are the nozzle-to-substrate distance L and the velocity
v of the substrate motion relative to the gas-polymer flow. Their upper limits
are bound by cohesive bond formation between fibers.

The criterion for optimizing technological regimes is the attainment of
perfect service characteristics of melt-blown materials. They depend, all other

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002



6 2. Melt Blowing Techniques

Fig. 2.1. Diagram of the melt blowing process: 1, granulate; 2, worm extruder;
3, spray head; 4, gas-feeding connecting pipe; 5, gas-polymer flow; 6, forming sub-
strate; 7, fibrous mass. The remaining notations are in the text

conditions being equal, on two structural parameters, fiber diameter d; and
density p (or porosity P) of the fibrous body.

The melt blowing technique has been embodied in multiple design modi-
fications; among them the most wide spread are the following.

The arrangement of the forming substrate relative to the gas-polymer
flow directed on it is selected from the criteria of technological losses upon
formation of melt-blown materials with a given fibrous structure. As a rule,
the flow is directed along the normal to the substrate. The basic schemes
usually differ from those with horizontally [1] or vertically positioned sub-
strates (Figs. 2.2a,b). Schemes with a vertically directed upward flow have
not been used in melt blowing techniques. The flow can not be perpendicular
to the substrate (c) which has been demonstrated elsewhere [2] in forming
tubular elements by continuous withdrawal of the pipe and cutting it into
sections (d).

The number of extruders serving gas-polymer flow generators is de-
termined by the amount of components in a melt-blown material; yet, more
than two or three extruders are rarely used simultaneously in practice. In
Fig. 2.3, diagrams of the melt blowing process with two extruders are shown
where the fiber flow is directed (a) along the normal or (b) at an angle to the
substrate to govern either (a) layer by layer packing of fibers supplied from
separate extruders or (b) mixing them on the substrate or in the gas flow.
The flat forming substrate can be installed vertically.

Melt-blown articles can be formed from a mixture of fibers on rotating
forming mandrels or by sequential deposition of layers. The latter variants
are shown in Figs. 2.3c,d where the difference is in the coaxial or mutually
perpendicular positions of the extruders.

Combination of the main melt blowing schemes with other proce-
dures for woven and nonwoven material formation has given birth to a variety
of original technologies [3]. Special technologies of fiber packing provide for
control of nonwoven base texture in a melt-blown layer and the prevalence of
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Fig. 2.2. A diagram of melt-blown material forming with fiber flow direction: (a)
in the vertical plane; (b) in the horizontal; (¢) and (d), in other planes with fiber
deposition onto flat and cylindrical substrates. 1, extruder with a spray head; 2,
gas-polymer flow; 3, forming substrate; 4, melt-blown material; 5 and 6, drawing
and cutting devices; 7, tubular element

one kind of fiber on one side and of another kind on the opposite side of the
cloth. Spunbonding techniques are closely related to melt blowing techniques.
They employ high-voltage discharges in controlling relative fiber disposition,
active gas media, mechanical fiber extension, and exposure to ionizing radi-
ation. One more melt blowing analogue is radial extrusion of web materials
through disk heads with spinneret holes along the cylindrical generatrix of
the disk. It is often supplemented by the melt blowing technique to overlap
web cells with thinner fibers.

There is also a large group of methods that use a combination of textile
and melt blowing techniques. Although melt blowing ensures fiber cohesion
at contact sites, the strength of the fibrous material is, in a number of cases,
additionally improved by HFC welding, thermal and supersonic treatment of
fiber contact zones, mechanical entanglement of fibers, including hydraulic
methods, and by fastening melt-blown cloth using needle-punching.

Solid components are introduced into fibrous materials at different
melt blowing stages (Fig. 2.4). Heat-resistant components, e.g., ferromagnetic
powders, are processed together with the polymer binder in the extruder
[4]. Often it is a necessary to fix solid particles on polymer fibers. Various
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Fig. 2.8. Forming of melt-blown materials from two gas-polymer flows: (a) flows
are normal to the flat substrate; (b) flows are perpendicular to the substrate; (c)
and (d) fibrous layer application on a revolving mandrel in axial and mutually
perpendicular flow directions. 1 and 2, extruders; 3 and 4, gas-polymer mixtures;
5, forming substrate; 6 and 7, melt-blown material layers

technological means are used to do this. The simplest is when particles are
spilled onto the gas-polymer flow; this causes maximum powder losses. They
san be reduced by counterflow mixing of polymer and modifying components
(b) or over the forming substrate [5].

Powder particles can be satisfactorily fixed on fibers (c) by feeding pow-
der on the deposited fibrous mass in a viscous-flow state or (e) by spraying
polymer by solid particle aerosol. In diagram (d), the process uses three ex-
truders and two powder flows. Due to this, the material achieved consists of
three different polymers modified by two types of active . To reduce powder
losses, the flow of modifier is directed between two gas-polymer flows. Mixing
of components can be realized (f) on the mandrel surface at the moment of
fiber deposition or (g) at an earlier stage before the flows reach the forming
surface.

Modification of melt-blown materials by liquids is limited to a few vari-
ants. The most wide spread involves introducing components in a liquid phase
into the extruded mixture (adjustment of composition C' is shown in Fig. 2.1).
In this way, plasticizers for the polymer binder are introduced and also, e.g.,
water that assists fiber dispersion in polymer melt spraying [6]. A fibrous
mass can be settled on a liquid surface. In this case, fibers in a viscous-flow
state actively interact with liquid components, in particular, with polymer
solvents and plasticizers.
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Fig. 2.4. Modification of melt-blown materials by solid-phase components: (a)
powder feeding along the normal to the gas-polymer flow; (b) counterflow intro-
duction of powder; (¢) and (d) powder spilling on fibrous mass deposited by one
and three extruders; (e) powder introduction into the sprayed gas flow; (f) and (g)
powder flow directed between two gas-polymer flows mixed on a mandrel surface or
before it. 1, 6, and 10, extruders; 2, 7, and 11, gas-polymer flows; 3, rotating man-
drel; 4, 8, and 12, deposited fibrous mass; 5 and 9, powder flows; 13, gas-powder
mixture generator; A, zone of mixing flows

Fiber treatment in gas media requires specific equipment, which iso-
lates the process zone from the atmosphere (Fig. 2.5).

The gas-polymer flow is forced through a chamber limited by a hollow
body where active or inert gases, sublimation vapor, or modifying liquid
vapors are fed (a). Fiber treatment in gas media is often combined with
modification by solid components. These procedures can be conducted in
sequence (b) separated in time and space or simultaneously (c¢) when fibers
are modified by solid particles in a gaseous chamber.
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Fig. 2.5. Flow diagrams for processing melt-blown materials in gaseous media: (a)
vapor-gas modification; (b) and (¢) combined modification by gas media and solid-
phase components, both sequential and simultaneous. I, extruder; 2, gas-polymer
flow; 3, substrate; 4, fibrous material; 5, gaseous medium; 6, gas source; 7, body;
8, powder flow

The flow charts previously considered admit additional effects on polymer
fibers in the process of material melt blowing. These can be heat fluxes,
electrical or magnetic fields, and electromagnetic radiation.

It is evident from the examples cited that melt blowing is conducted
on special purpose unconventional equipment of unique design. Further, the
structural and technological peculiarities of extrusion spray heads as well as
some devices for fibrous mass deposition and finished melt-blown material
removal is discussed.

2.2 Modern Trends in Melt Blowing Techniques

Achievements in melt blowing techniques attained during recent decades have
defined trends in refining it in the near future. Most important among them
are the following:

e productivity increase and reduced power consumption;

e climination of polymer destruction and improvement of fibrous material
strength;

e fiber modification upon leaving the extrusion head before solidification;

e the use of physical fields to control the process and impart additional func-
tional properties to melt-blown materials;

e development of specialized technological procedures perfectly adjusted for
forming certain types of products.

Increased productivity of the melt blowing method has always been a
significant issue for the user because the efficiency of extrusion equipment is,
as a rule, much higher than the carrying capacity of spray heads where the
melt is forced through a limited number of small-diameter spinneret holes.
This limitation brought about by different causes, including technological and
designs, as well as consumer and ecological factors has conditioned the search
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for unusual ways of solving the problem. It consists of combining polymer
protection against destruction with the strength improvement of fibrous
materials.

The melt blowing process is usually run at temperatures corresponding to
low-viscosity polymer melts. This is a double-edged weapon because of the
danger of initiating thermal oxidative destruction of macromolecules when
overheated polymer melt is sprayed in air. Biax-Fiberfilm Co. has patented
a melt blowing process [7] that ensures two-step heating of the molten poly-
mer. First, the extrudate is fed into an elongated channel of the spray
head characterized by an insignificant temperature gradient across its length
(~ 10°C/cm). Then, it flows into the feeder subchannels. The melt remains
in the elongated subchannels for less than 30 s after which is transferred into
the heated spinneret channels from which is squeezed into fibers and sprayed
by a hot air flow. In spinneret channels with a high temperature gradient,
molten polymer remains for less than 2 s reaching a dynamic viscosity p <
4.5 Pa-s at the moment it is sprayed. Such a heating regime produces condi-
tions, first, for high productivity of the process owing to low melt viscosity
and high fiber spraying velocity, close to the speed of sound. Second, this
regime prevents exceeding the limits of intensive thermal oxidative destruc-
tion of macromolecules: the molecular mass of the fiber material is rather
high, M > 0.4 My, where My is the molecular mass of the initial polymer.

The same Biax-Fiberfilm Co. has elaborated a process [8] realizing high
productivity melt blowing in combination with heightened quality of the ar-
ticles produced. The polymer melt is sprayed at T < T,,, + 50°C (T}, is the
polymer melting point) with melt viscosity below 5Pa -s and 150 to 300 m/s
initial velocity. The regime requires a high degree of fiber orientation on a
rotating mandrel. To control the shrinkage and density of fibrous tubular
articles, the fibers deposited on the mandrel are blown off by a hot gas jet.

The spray gas temperature is a key factor determining energy consump-
tion during the process and the quality of melt-blown products. The method
already mentioned [1] presupposes melt spraying by gas flow at a tempera-
ture lower than that of the polymer in the head outlet. In this case, fibers
are cooled down faster compared to the usual procedure. This is the basis
for decreasing head to substrate distance and eliminating of pellets, fiber
bulging, and other structural nonuniformities. It is obvious that the need to
heat great volumes of the spray gas is avoided thus making the process more
economical. Spraying with a cold gas protects the polymer from intensive
thermal oxidative destruction even when air is used.

One of the ways of improving the strength of melt-blown materials is im-
parting an optimum fibrous structure to them. An original procedure of form-
ing an anisotropic polymer body in porous materials [9] consists of stratifying
the fiber on the forming substrate along a helical trajectory. To accomplish
this, spraying is performed by a twisted gas jet. Polymer fibers are laid on the
substrate in helical coils (Fig. 2.6) whose amplitude A and pitch H depend
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Fig. 2.6. Diagram of fibrous texture formation of a porous material: (a) arrange-
ment of equipment; (b) trajectory of polymer fiber laying on the substrate. I, spray
head; 2, gas-polymer flow; 3, forming substrate; 4, polymer fibrous element

on substrate displacement parameters, as well as, the velocity and direction
of the gas-polymer flow.

Fiber modification in a viscous-flow state is a convenient technological
prerequisite for imparting unusual properties to melt-blown materials and
products.

One of the first analogues of the technological method mentioned [10]
involves simultaneous action of heat fluxes and the organic solvent vapors
of decalin on the sprayed PE flow. This improves the strength of cohesive
junctures between fibers and the density of the fibrous material.

A method of producing filtering materials [11] includes depositing a mod-
ifying layer adsorptionally active to sewage cations on the fiber surface. For
this purpose, spray air is mixed with modifier vapors obtained by subliming
of 8-hydroxyquinoline or o-aminobenzoic acid. To improve the of the modi-
fying layer to the fibers, the mixture of air and modifier vapors is saturated
with a polymer-solvent aerosol (e.g., vaseline oil) during material formation
from polyolefins. The procedure is shown in Fig. 2.7.

Layers precipitated from the gaseous phase are thin and have technical
potential. Fiber modification by a liquid-drop phase aerosol is more efficient.
To produce filtering materials that can interact physically, chemically, or bi-
ologically with contaminants in the filtered media, the sprayed gas is mixed
with an aerosol whose dispersed liquid bears active functions [12]. The fol-
lowing aerosols can be used with this aim:

o threebutyl phosphate which complexes with heavy metal ions that are typ-
ical sewage contaminants;
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Fig. 2.7. Melt-blown material modification by subliming and depositing active

components on the fiber surface. 1, gas flow; 2, modifier; 3, aerosol flow; 4, vessel;

5, heater; 6, aerosol flow with modifier vapors; 7, extruder; 8, spray head; 9, gas-
polymer flow; 10, substrate; 11, melt-blown material

e dithizone solution (complex) in tetrachloride carbon (a solvent for many
thermoplastics);
e benzoic solution (microbicide) in vaseline oil (polyolefin solvent).

Solid modifier particles can be, in fact, brought into contact with polymer
fibers in the viscous-flow state at any melt blowing stage (Fig. 2.4). The
problem consists of realizing the process with minimum powder losses. One of
the conditions here is prolongation of powder particle contact with the fibers.
This condition is reflected in Fig. 2.4e, according to which the polymer melt
is dispersed by a mixture of the spray gas and the powder modifier.

In Fig. 2.8, a scheme is given for one of the variants of the present technol-
ogy [13] that provides for employing different powders as modifiers of polymer
filtering materials:

e solid dielectric powders first subjected to electrical polarization before mix-
ing with the spray gas;

e a mixture of powders with liquid glue aerosols, particularly, silicone-organic
liquids in polyolefin processing;

e a mixture of powders, nitrogen, and bactericidal or aromatic substances.

The use of physical fields in melt blowing makes it possible to solve two
groups of problems simultaneously: firs, addition of certain functional prop-
erties to fibrous materials and, second, control of the technological process
itself.
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Fig. 2.8. A method for manufacturing fibrous nonwoven materials. 1, 2, and 6,
spray gas, modifier and flows of their mixtures; 3, mixer; 4, thermostat; 9, electrode;
7, extruder; 8, spray head; 9, polymer-modifier gaseous flow; 10, substrate; 11,
fibrous mass; 12, grounding grid

Electrical fields help to solve the problems in a very simple way. The
method [14] described in Fig. 2.8 involves supplying an electrical voltage U
from an outer source to electrode 5. Solid particles fed into mixer & acquire
under U a polarizing charge (predominantly unipolar) owing to which fiber
polarization takes place during flow 9 shaping and transportation. Free charge
carriers are removed to the grounding grid 12 as soon as fibers enter into
contact with conducting substrate 10. Electrical forces of the particle and
fiber attraction to the substrate compact fibrous mass 77 and reduce its
porosity. Simultanecously, particle losses during the process are reduced. This
effect is intensified when an electrical potential is fed to the substrate whose
sign is opposite to that of the polarized particles. When a potential unipolar
to the fiber charge is supplied to the substrate, the porosity of mass 11
increases, and its density is reduced.

A new method of polarizing melt-blown fibers has been realized elsewhere
[13]. In this method, fibers are obtained by forcing a melt through specially
designed spinnerets in the extrusion head under an applied electrical po-
tential. Because of this, the gas-polymer flow transported to the substrate
carries its own electrodynamic field that interacts with the electrostatic field
of the electrodes used to change the direction, density, velocity, and size of
the flow cross section, thus adjusting it to the geometrical parameters of the
substrate. The electrical charge on the fibers can be diminished by passing
a gas-polymer flow through the aerosol cloud that serves as a fiber modi-
fier. Grounding of the substrate brings about attraction of charged fibers by
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electrostatic forces and reduction of material losses during the process (see
also Sect. 3.2, Fig. 3.22).

The method of manufacturing electret filtering materials [15] presumes
grounding of the metallic forming substrate and application of a potential
U = (5—50) kV to a conjugated (with a 10 mm clearance) high-voltage
electrode. The latter is fitted with a set of fine-pointed corona electrodes.
Molten fibers are deposited on the substrate and transported together into
the high-voltage electrode area to be cooled and transferred into the electret
state during solidification in the U field (see detail in Chap. 7).

It is worthwhile using magnetic fields in the melt blowing process when
forming magnetic-filled fibrous materials.

One of the firsts in this type of application [4] uses a sign-varying electro-
magnetic field to raise the degree of dispersion of a melt filled with ferromag-
netic powder during fiber low passage through the effective area of the field.
A wide variety of technological means for controlling the structure of melt-
blown material was found thanks to magnetic polymer filtering materials,
many of which were created at MPRI NASB [16]. In Fig. 2.9 a scheme is pre-
sented to produce such materials. A polymer composition filled with a finely
dispersed powder of magnetosolid barium or strontium ferrite is processed by
a worm extruder and is squeezed through a spinneret as fibers.

At the outlet from the spray head 1, circular electromagnet 2 creates
the first texturing magnetic field whose intensity in the axial direction
H; ~ 200 kA/m. Afterward, gas-polymer flow 3 passes through generator

Fig. 2.9. A method of producing polymer melt-blown material: (a) general scheme;
(b) scheme where fibrous mass stratifies on the substrate (see explanations in the
text)



16 2. Melt Blowing Techniques

4 of electromagnetic field Hg ~ 150 kA/m rotating at v = 357! frequency
and is directed onto mesh 5 where melt-blown mass 6 is precipitated in the
second electromagnetic field Hy ~ 300 kA /m. Its source is permanent magnet
7 located on the back side of the mesh.

Thus, the texture of magnetic melt-blown material is controlled in three
areas:

e in the first texturing field H,, particles of magnetic filler orient, in spite of
short-term action, by the axes of slight magnetization along fibers;

e in the rotating magnetic field Hg, gas-polymer flow & deviates from its
straightforward trajectory and juxtaposes on rotating and reciprocating
mesh 5 as helical strips (Fig. 2.9);

e in the second texturing field H,, fibers precipitate on the mesh predomi-
nantly along the normal which produces conditions to elevate the degree of
magnetization of the melt-blown material by 10-15% in the outer magnetic
field in contrast to the non textured one.

The magnetic field of the fibers filled with finely dispersed particles can be
employed as technological and service factors in fixing coarse magnetic parti-
cles inside the fibrous matrix. Such a necessity arises in creating an intensity
gradient in the filtering material in a magnetic field or when magnetosolid
powders of coarse grist unsuitable for fiber filling are used as components.
In this case, powders with particle size below 5 um and, for spray gas, up to
200 um are used for filling [17]. Consumption of coarse particles is controlled
to form a concentration gradient of magnetosolid modifier in the filtering ma-
terial. They are kept on the fibers by adhesive forces and magnetic attraction
to filler particles encapsulated in the fibers. This can be attributed to mag-
netic saturation of particles introduced into the flow of spray gas and used as
the filler owing to intensity H > 8-10° A/m of the texturing magnetic field.
This fact opens the possibility to

e form melt-blown materials with a stable fibrous structure because filler par-
ticles do not protrude outside the fiber contour and have rather low heat
capacity which makes them unable to form “beads” and other nonunifor-
mities in the fibrous body;

e raise the concentration of magnetosolid modifier perceptibly by fixing
coarse particles between fibers not inside;

e lower consumption of deficient magnetosolid powders significantly by con-
trolling their concentrations in the spray gas to generate a magnetic con-
centration gradient corresponding to the distribution of contaminants cap-
tured by the filter [17].

Melt blowing of magnetic polymer materials is hampered, to some extent,
by the tendency of finely dispersed magnetosolid powders to form aggregates.
This makes orientation of all particles by the axes of slight magnetization in
the texturing field direction and, consequently, attainment of limiting values
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of material magnetic characteristics impossible. The method described in [18]
involves extruding a mixture of polymer binder and magnetosolid filler under
the simultanecous effects of static and variable magnetic fields. The static
field has magnetic induction B = 16-18 mT, and the variable — magnetic
induction gradient G = 700-800 mT/m and frequency v =50 Hz.

Under the action of these fields, high local inhomogeneity of the magnetic
field appears in the aggregate formed by a group of magnetosolid particles.
As a result, each particle individually describes complex motions whose tra-
jectory depends on mass, magnetic induction, and orientation of the particle
and constitutes a combination of reciprocating and oscillatory-rotary dis-
placements. Finally, internal friction in the polymer melt reduces, and the
aggregate volume increases. Under an optimum correlation among param-
cters B, GG, and v and the time of field effect, an intensive destruction of
aggregates occurs. Separated from the aggregate, particles are moistened by
the melt averting further formation of aggregates.

The examples cited show that wide vistas are possible in using physi-
cal fields to control the production process and modification of melt-blown
materials.

Specialized methods of manufacturing melt-blown articles are original
technologies adjusted maximally for mass production of products of specific
designs and designations. Articles such as bodies of revolution with intricate
geometry are obtained by spraying fibers on a gas-permeable rotating mandrel
inside which a vacuum or over pressure is created. Such a process scheme is
shown in Fig. 2.10 [19].

Inside a perforated forming mandrel on which a fibrous mass is deposited,
on over pressure p > 0.1 MPa is created. The flow of compressed air running
through perforated holes reduces fibers packing density, elongates them on

Fig. 2.10. Control of melt-blown article density. I, rotating mandrel; 2, hole; 3,
fibrous mass; 4, gas-polymer flow; 5, extruder spray head
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Fig. 2.11. A production scheme for sheet materials with controlled surface struc-
ture. 1, extruder spray head; 2, gas-polymer flow; 3, heated plate; 4, cooled drum;
5, sheet material

local sites, and changes product geometry. A gas “pillow” between the man-
drel and the product facilitates removal of the latter from the mandrel.

An original method [20] of producing melt-blown sheet materials that
have a fluffy, porous surface on one side and a smooth surface impermeable
to liquids on the other side provides for temperature gradient generation
across the sheet thickness. A gas-polymer flow (Fig. 2.11) is directed into the
clearance between the cooled (T = 40°C) drum and heated (T ~ 200°C)
plate whose surface is coated with an antiadhesive.

When passing through the clearance, the fibrous mass is compacted and
preserves its initial structure in contact with the drum, but while contacting
the plate it partially fuses and becomes smooth and impermeable to media.

A special procedure has been proposed to manufacture drainage pipes
with varying porosity across their thickness [21]. It consists of shifting the
gas-polymer axis above that of the rotating mandrel during fibrous mass
deposition. Due to this, part of the flow not overlapped by the mandrel forms
a “tail” behind it from cohesively bonded fibers. The latter are additionally
extended under the dynamic effect of the heated gas flow. During mandrel
rotation, the tail is wound on it and fuses with fibers deposited on the mandrel
that have a coarser structure. So, melt-blown pipes consisting of layers with
different diameter fibers are formed during a single production cycle.

A special requirement imposed on a number of melt-blown articles is pre-
set porosity of the fibrous matrix whose independent adjustment presents a
serious technological problem. A method [22] helps to solve it by using two
gas flows that fall on the forming substrate from both sides of the zone of de-
position in the direction of substrate motion (Fig. 2.12). The gas temperature
T is regulated, depending on the porosity gradient needed across the article
thickness ¢, i.e., with rising 7" and 9§, the density of the article increases from
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Fig. 2.12. A method layout with provision for controlled porosity of a fibrous ma-
trix. 1, extruder spray head; 2, gas-polymer flow; 3 and 4, gas flows with controlled
temperature; 5, rotating mandrel

Fig. 2.13. Cross section of aerating element. See explanation in the text

the inside to the outer layer and upon reduction, vice versa, it diminishes in
this direction.

Tubular aerating fibrous elements are often used to purify sewage with a
high concentration of organic contaminants. They are insufficiently rigid upon
bending, and during operation, air bubbles escaping from them coalesce and
impair aeration efficiency. An aerating element that has a trihedral profile
and curvilinear faces does not have these disadvantages (Fig. 2.13).

The radius vector of the profile is p = R — e + (1 — 3¢/m)?, where R is
the rib radius, e = max(R — p), and ¢ is an angular parameter [23]. Such
elements are manufactured by depositing polymer fibers on the mandrel of
a corresponding profile. Under constant angular rotational velocity of the
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mandrel, the linear velocity of points on the surface is different, i.e., from
w - R on its ribs to w - (R — e) on the middle of the face. As a result, the
thickness 0 and the porosity of the element walls are also different: ¢ is greater
on the ribs compared to the faces, and the porosity is, vice versa, less. This
distribution of thickness and porosity hampers the coalescence of air bubbles
on the profile edges, and aeration efficiency improves.

The approaches in melt blowing techniques cited have been adopted in
practice using original equipment and instrumentation, some of which will be
covered in the following chapters.
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Equipment for melt blowing resembles facilities for coating more than ma-
chines for plastics processing, though it includes such traditional units as
extruders fitted with high precision spray heads which are manufactured by
special methods comparable to jeweler’s art. That is why experiments con-
nected with modification of precision elements of spray heads, receiving units,
and other special equipment are highly expensive. So, the developers of melt
blowing equipment highly rate the experience accumulated by them and this
is, probably, the main reason why there is a scarcity of publications reflect-
ing melt blowing problems in the scientific literature. Every design described
in this chapter is based on know-how without which highly productive and
reliable operation of equipment is improbable.

3.1 Spray Heads

Spray heads are devices located at the extruder outlet and that are designed
to form fibers from the polymer melt. The fibers are further extended by gas
flow, and the gas-polymer mixture is sent either on the forming substrate or
into a medium where the fiber solidifies.

3.1.1 Basic Designs

Single-channel heads are the simplest type of spray devices. The first mod-
ifications of the device created by van Wente were equipped with a central
channel through which polymer melt was forced, and a ring channel was lo-
cated coaxially to the central one and connected with a gas source (Fig. 3.1a).
The second type of head (b) involves gas flow through the central channel,
and the polymer melt is forced through the ring channel embracing it that is
connected with the working volume of the extruder [1].

An advantage of the first type is design simplicity and reliability; the
second type of head has two times higher productivity compared to the other,
all other conditions being equal [1].

Single-channel heads were refined in the 1970s and 1980s. Two main
problems were solved during their modernization: control over the spatial

L. S. Pinchuk et al., Melr Blowing
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Fig. 3.1. Single-channel spray heads characterized by feeding either polymer melt
((a) type I) or compressed gas ((b) type II) through the central channel. I and 2,
worm and extruder cylinder; 3, channel for polymer melt; 4, cavity for compressed
gas; 5, compressed gas main

disposition of fibers during packing on the substrate and intensification of
the polymer melt dispersion in the viscous-flow state.

The first problem was solved by imparting a helical trajectory to the gas-
polymer flow. An example of the first type of head is device [2]. The channel
for the melt is inside a cone detail fixed on the worm of extruder. Upon worm
rotation, the cone that is fit with a system of grooves of a slide valve type
gradually passes the gas flow through a set of holes around the channel. As
a result, the gas-polymer flow acquires a spiral motion in the head outlet.

An analogous head of a more intricate design [3] is intended for apply-
ing melt-blown coatings on cylindrical articles, e.g., perforated pipes used
in melioration. A swirler is installed inside a channel for spray gas delivery
to initiate turbulence in the gas-polymer flow. Thus, the coating formed has
many fiber welding “bridges” that make the coating stronger.

Dispersion of highly viscous melts can be intensified by employing vibra-
tion. Such a spray head is fitted with an electromagnetic vibrator [4] inter-
acting with the extruder end piece. The latter serves as an electromagnetic
armature and has a channel for melt release (Fig. 3.2). End piece vibration is
transferred to the melt, excites pressure oscillatory pulses, and changes the
sprayed gas direction. These intensify fiber stretching and breakage.

The main drawback of single-channel heads is their order of magnitude
lower productivity than that when they are incorporated in extruders. Be-
cause of that, a key problem that faced to designers of melt blowing equipment
was aligning of extruder and spray head efficiencies. The drawback was over-
come by elaborating swirl (centrifugal) and multichannel heads whose basic
designs are shown below.



3.1 Spray Heads 23

Fig. 3.2. Spray head with electromagnetic vibrator: 1, extruder; 2, head body; 3,
end piece; 4, channel; 5, gas-distributing chamber; 6, electromagnetic vibrator; 7,
spray chamber; &8, substrate

Fig. 3.3. Rotary spray head. See explanation in the text

Rotary spray heads disperse polymer melts by centrifugal force. They
are close to single-channel heads because of the radial clearance for melt
release and are proximate to multichannel heads because the clearance is
usually divided into multiple radial outlet channels.

The operating principle of the rotary spray head can be considered by
way of an example of a modification shown in Fig. 3.3 [5].

The outlet channel of extruder I is connected with clearance 2 between
disks 3 and 4 where a temperature corresponding to the optimum melt viscos-
ity is maintained by using heater 5. Clearance 2 on the disk periphery breaks
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into open channels 6. Spring-controlled sectors 8 overlapping from outside
channels 6 are placed on disks 3 and revolve on axes 7. Disk 4 is installed on
the shaft of electric drive 9.

When the electric drive is actuated, its system of disks starts to revolve,
and the polymer melt moves into channels 6 in response to centrifugal force.
When passing the effective zone of electromagnet 10, sector § revolves under
the action of electromagnetic forces of attraction around axis 7, and over-
coming spring resistance, opens outlet channels 6.

The structure of the fibrous material is determined by the melt tempera-
ture in clearance 2, disk 4 rotational velocity, and the sizes of channels 6.

A similar design for polymer waste processing does not include any ex-
truder [6]. It is made of two concentric chambers of a special shape installed
on a vertical shaft, which are electrically heated. The polymer is loaded into
the inner chamber, the heating system is switched on, and the shaft is set into
rotation. The polymer melt is pressed against the chamber walls under cen-
trifugal force and flows through special channels into the outer chamber from
which it is then sprayed through the radial clearance. Substandard polymer
containing impurities drops under the action of centrifugal and gravitational
force down along the sloping wall in the inner chamber bottom and is also
pulverized but through the lower radial clearance. In this way, spraying pro-
ceeds in two flows containing predominantly pure or substandard polymer
materials.

An original device using inertial forces for polymer melt spraying [7] ap-
proaches rotary heads in its operating principle (Fig. 3.4).

Fig. 3.4. A device for dispersing polymer melt film. See explanation in the text
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The device consists of extruder 1 with a slot head and deflecting 2 and
spraying & connecting pipes coupled to a compressed air main. Film / of the
polymer melt issuing from the extruder head is deflected from the vertical
direction by the dynamic action of a flat gas stream emanating from connect-
ing pipe 2 that is parallel to the connecting pipe 3 face. A vigorous gas flow
6 emanating from it disperses the film, extends melt drops into fibers 7, and
transports them to tank & where they precipitate as a fibrous mass.

Multichannel spray heads are the main technological equipment for
manufacturing melt-blown materials. Since their adoption, melt blowing tech-
niques have become a flourishing industrial sector with a stable product range
and market.

The basic designs of multichannel heads are not numerous. In Fig. 3.5,
one can see a head with a wedge-shaped housing [8]. Housing I (the angle at
the wedge vertex a = 30-90°) is fitted with a set of holes 2 connected with
extruder outlet 3. The holes come out on the wedge face close to its edges to
avoid dead zones. A 0.05-mm wide ledge between the hole edges and the face
is believed to initiate dead zones. Cover plates § are installed on the head
with clearances 4 relative to wedge planes. The clearances are connected to
a compressed air source.

The head patented in 1972 by Exxon Research & Engineering Co. has
become the prototype for several further generations of multichannel heads.

A similar design created in the 1980s (type II head) is shown in Fig. 3.6
[1]. The extruder forces the polymer melt into a heated chamber of the head
where it is distributed among spinneret holes (a). The latter can be of various
designs whose difference is in their location relative to nozzles connected to
a compressed gas source (b-g).

Fig. 3.5. Basic design of multichannel spray head. See explanation in the text
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Fig. 3.6. A general diagram (a) of a multichannel head and modifications (b-g)
of arrangements holes for melt release and compressed gas nozzles. I, extruder; 2,
chamber; 3 and /, channels; 5 and 6, spinneret holes; 7, gas nozzle; 8, compressed
gas source



3.1 Spray Heads 27

Fig. 3.7. Slot spray head. Slots: (a) symmetrical; (b) asymmetrical; (c) divided by
a screen. 1, housing; 2 and 2’, slots; 3 and 4, cover plates; 5, clearances; 6, screen

It is seen from the scheme (3.6 ¢, d) that channel 5 for melt release can
be a rectangular slot which enables evening extruder and head productivity.

Such a design was first elaborated at Kimberly -Clark Corp. for type I
heads [9]. The slot can be symmetrical (Fig. 3.7a) or asymmetrical (b) relative
to clearances § through which gas streams are flowing. It may be divided into
two channels by flat screen 6 (c). Due to this, simultaneous processing of two
polymer materials has become possible; each is squeezed through flat channels
on either side of the screen.

However, it was not the slot head that assured the success of melt blowing
technology. Heads with numerous spinneret holes have played a decisive role
in polymer melt release.

How to balance melt pressure which drives apart large size spinnerets has
become a serious problem in designing heads with a multihole spinneret. A
typical design, which outlined directions for solving this problem, is shown
in Fig. 3.8 [10].

Head (a) includes a housing made of two rigidly connected parts with a
spinneret fixed to it that consists of two halves 2 and 3 and a pair of blocks
4 and 5. There are numerous holes in spinneret 6 (4 to 16 holes per cm
with a 0.25-0.60 mm diameter) connected through channels 7, 8, and 9 with
the extruder working volume. Perforated plate 10 at the spinneret inlet is
intended to apportion the melt evenly among holes 6.

The spinneret is secured on the housing by bolts 17 and 12. Tightening
them seals the junctions of the polymer melt channels and brings about
stresses preventing the spinneret lips from opening (described below). Blocks
4 and 5 form cavities 13 and 1/ together with the housing where compressed
gas is fed through connecting pipes 15 and 16. Gas flowing through channels
17 and 18 transports fibers squeezed through the spinneret to the receiving
unit.

The main drawback of multichannel spinneret operation is that the spin-
neret is pushed open under extrusion pressure. As a result, the melt in the
central part of the spinneret is not squeezed through holes 6 but through a



28 3. Equipment

Fig. 3.8. Principal diagram (a) of the head and (b) distribution of forces in a
spinneret at head installation. See explanation in the text

slot formed when the spinneret lips are forced apart. Naturally, the quality
of melt-blown materials drops. In this connection, grooves were made on the
spinneret bearing surface, so that when tightening bolts 17 and 12, planes A
and A’ are first brought into contact with housing 1 (Fig. 3.8b). Tightening
forces F' and F’ create bending moments relative to A and A’ which generate,
in their turn, oppositely directed and equal forces B and B’ counterbalancing
the extrusion pressure. The spinneret dimensions and those of the coupled
part of the housing should produce conditions so that forces B and B’ ap-
pear earlier than forces C and C’, thus ensuring melt channel sealing. The
range of compression stresses generated in response to forces B and B’ (from
7-70 to 138 MPa) provides for normal operation of heads with a multichannel
spinneret.

3.1.2 Modified Heads

Control over temperature in spray heads is an actual problem whose solution
determines process productivity and the quality of melt-blown products.
Kimberly—Clark Co. has suggested original methods for stabilizing tem-
perature in heads. A spray head [11] contains heat-insulating elements, which
prevent spray gas heating on contact with the heated spinneret. With this
aim, a metallic spinneret is furnished with 6 ~ 0.5 mm thick coatings of
silicon ceramics, e.g., porous boron silicate, applied to surfaces washed by a
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Fig. 3.9. Regulation of spray head temperature using: (a) heat-insulating coatings;
(b) air gaps; (c) heating elements. 1, spinneret; 2, outlet for polymer melt release;
3, gas flow guide; 4, gas nozzle; 5, heat-insulating coating; 6, air gap; 7, electric
heater; 8, electrically heated coating

gas flow (Fig. 3.9a). Heat insulation can result from an air gap (b) between
the spinneret and the wall of the gas channel. In some cases, the spinneret
temperature is controlled by band heaters, including electrically heated coat-
ings (c).

All of these measures are intended to reduce the distance L from the
spinneret to the forming substrate (see Fig. 2.1). In the majority of cases,
melt-blown material is obtained with satisfactory properties when fibers have
a diameter dy ~ 10um and length [ ~ 5 mm. For this purpose, gas flow is
sprayed at T = 38-40°C, and L = 200-300 mm. The proposed head reduces
L to 150-180 mm without any special cooling of the spray gas.

When a wide (more than 1 m) melt-blown fabric is manufactured, a prob-
lem arises of uniform polymer melt supply to spinneret holes situated at dif-
ferent distances from the central channel through which melt is fed to the
head. The problem is solved by a multihole-spinneret head [12] that has a
full-length hollow chamber where the heated gas (T' ~ 290°C) is delivered
by a compressor. It heats the pipe connecting the working volume with the
feeder through which melt (7" < 290°C) is supplied to the spinneret holes,
the spinneret, and the head body. Gas flowing from the nozzles (at a pitch
h = 1-4 mm along the head length) blows out polymer fibers squeezed from
the spinneret.

A number of computer programs have been elaborated to calculate gas
and heat flows in such heads, e.g., Fluent (suggested by Fluent Inc.). The
initial parameters are the mass of the head, the gas flow, and the polymer melt
characteristics and melt blowing efficiency. At an optimum distribution of the
cross-sectional area along the gas channels, the gas flow velocity (v = 3-6 m/s
in the inlet) will grow with the flow and reach 24-57 m/s in the chambers
transporting gas further to the nozzles. As a result, the pressure drop of the
gas between the head inlet and the nozzle is only Ap = 3-10 kPa, and the
temperature difference AT between the central part and head edges does
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not exceed a few degrees. This is much better than traditional multichannel
heads with electric heating (Ap =35-50 kPa, AT ~ 40°C). Heat exchange
between the housing and gas is approximately five times higher than between
the head walls and the atmosphere. When the head is insulated, its surface
temperature will not exceed 40°C [12].

With the dissemination of the method, the amelioration of the technical
and economic parameters of melt-blown materials and their production pro-
cess is becoming a still more urgent problem. Implementation of the process at
high melt viscosity consumes large amounts of spray gas (¢ > 20 g of gas per
g of product) under a fiber spray velocity less than sonic. Viscosity reduction
leads to a perceptible lowering of air consumption and attainment of optimum
process productivity but is connected with macromolecular degradation. The
latter results in impaired deformation and strength characteristics of fibers
and the product as a whole.

Heads have been created by the Biax—Fiberfilm Corp. to overcome this
contradiction. The head [13] design is based on the following requisites. Poly-
mer diskharge through a spinneret hole should be rather low to form superfine
melt-blown fibers. The fiber diameter is d; = \/4Q/7mv, where @ is the poly-
mer mass flow rate through the hole, and v is the fiber spray velocity, which
is below sonic velocity. This is the reason why @ values at df ~ 1 mm are
very low. To achieve high process productivity in such conditions, a head is
required with a great number of spinneret holes.

The head structure is shown in Fig. 3.10. Pipe I connects extruder working
volume 2 with cavity & in plate 4. A few rows of tubes 5 whose through holes
connect with cavity 3 are secured in the plate (silver soldered). The tubes
pass through collector 6 connected with compressed air main 7 and come out
on the head face through holes 8 in plate 9.

The bottom view of plate 9 is shown in Fig. 3.10b,c, where air streams are
emanating from the collector parallel to tubes through cavities in the corners
of square or triangular holes.

The collector is equipped with manometer 710 and thermocouple 11.
Flowmeter 12 and heater 13 are installed on tube 7. The polymer mass tem-
perature in pipe I is controlled by thermocouples 1/-16. Polymer pressure
pickup 17 is located in cavity & near the inlet to the tubes. Bypass pipe 18
and valve 19 are intended to shunt the polymer flow through the head and
to reduce the flow rate in tubes 5. Valve 19 is used to regulate heat exchange
and melt temperature in pipe I and the tubes.

A variant of arranging holes in plate 9 for air outlet from the collector
is shown in Fig. 3.10d. The holes are shaped by mesh 20 and airflows 21
emanating from clearances between the wire, and tubes disperse the polymer
fibers, which are squeezed through the tubes.

A physical model has been proposed to describe the heat exchange pro-
cesses in this head [13]. The Fourier equation for heat exchange in cylindrical
tubes is as follows:



3.1 Sprav Heads 31

12 7 17

13

Fig. 3.10. A spray head for forming micron size fibers from polymer materials with
a reduced degree of destruction: (a) general view; (b) and (c) head face; (d) a view
of holes for air outlet through a metal mesh. See explanation in the text

T 1dT

dr?  adt’
where T is temperature,®C; 7 is tube radius, cm; ¢ is time, s; a is A/(c- p) —
thermal diffusivity, cm?/s; A is thermal conductivity, cal/(°C-s-cm); ¢ is heat
capacity, cal/(g-°C); and p is density, g/cm?.

Although (3.1) describes an ideal system and does not account for local
temperature changes, boundary conditions or pipe cross section, it approxi-
mates kinetic processes and design peculiarities perfectly. The dimensionless
relation at/r? (Fourier number) characterizing immovable (fixed) systems can
be used to describe the polymer flow in the spinneret channels. If v, = [/t
and A = Q/vp, thent = A-1/Q, where v, and t are the polymer flow velocity
and the time for passing through a channel of length [, A is the channel cross
section, and @ is the polymer flow rate (volume/time) through A. Conse-
quently, at/r* = wal/Q. For noncylindrical channels, r = 24/P, where P is
the perimeter of the channel wetted by the polymer.

(3.1)
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As can be seen, the polymer melt fed from the extruder into the head
[13] passes, sequentially, the first heating zone (pipe ) characterized by a
low temperature increment, and the second zone (tubes 9) where it is quickly
heated to high (370-400°C) temperatures. Low melt viscosity ensures mini-
mum residence time of the polymer in the tubes, preserves it from intensive
destruction, and ensures conditions of high (equal to sonic) spray velocity
which guarantees high head productivity.

A multichannel spray head [14] outdoes the previous head in the efficiency
and quality of melt-blown products and prevents the formation of pellets in
the fibrous structure. It was noticed during operation [13] that the main factor
in producing high-quality fibers was the central location of tubes relative to
the spray gas flows in the head. It was proved that round holes for the gas
were more advantageous than square or triangular holes (Fig. 3.10b,c). If the
tubes are arranged in more than four rows, then to attain even formation of
fibers, it is worthwhile to lengthen them up to [ ~ 6d, where d is the tube
inner diameter. The tubes should be at sufficient a distance from each other
to avoid sprayed fiber interaction with the neighboring gas flow blowing fibers
from another tube.

A head design based on these principles is shown in Fig. 3.11. Cavity 2 in
housing 1 supplies polymer melt from the extruder. It connects with holes in
tubes 3 installed in plate / at a distance s > 1.3d from one another (d is the
inner diameter of the tube). Beneath is chamber 5 whose height H is know-
how in the patent [14]. Compressed gas from connecting pipes 6, cavities 7,
and slots 8 (1-1.5 mm wide) is fed into the upper part of the chamber. Inside
chamber & are tubes & 290-300 mm long joining a set of gas plates 9-12.
The latter are tightly secured coaxially in plate 9 with clearance to holes 13
and 14 in plates 11 and 12. Separator plate 10 forms cavity 15 of h > d/2
between plates 9 and 11, and the total thickness of the set of plates 9-11 is
not less than 10d.

The gas issues from chambers 5 through holes 16 in plate 9 into cavity
15, then evenly flows around the nozzles, leaves the head through holes 13
and 14 (in holes 14 gas expands), and disperses fibers 17 which are forced
through the tubes.

Variants of hole arrangements in the gas plates to raise the productivity
of the head and obtain micron size fibers and uniform fibrous structure are
shown in Fig. 3.11b-e.

Strengthening of melt-blown articles is an actual objective retained in var-
ious circumstances (production facilities, designation of products, processed
materials, etc.). It is essentially solved by designing heads that can control
mechanical and cohesive bonding of fibers during their travel from the head
to the substrate and during packing.

An example of an extrusion head [15] distinguished from the basic design
[8] by the location of spinneret hole axes at an angle o = 2-10° to the spray
direction is shown in Fig. 3.12a.
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Fig. 3.11. A spray head with multiple rows of spinneret holes to form homogeneous
melt-blown materials: (a) general view; (b) and (c), bottom view of plates 9 and
11; (d) and (e), modifications of plate 9
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Fig. 3.12. An extrusion head imparting nonlinear trajectories to sprayed fibers:
(a) and (b), unlike slopes of spinneret hole toward spray direction; (c¢) and (d),
asymmetry of spray gas flows; (e) and (f), spray flows are helical. (a), (¢), and (e),
head designs; (b), (d), and (f), fiber trajectories. I, housing; 2, cover plate; 3 and
9, gas gaps; 4, spinneret hole; 5 and &', grooves

An asymmetrical arrangement of holes leads to a quasi-sinusoidal trajec-
tory of fiber motion toward a substrate, whose amplitude is reducing and
period is increasing with distance from the head (b). Fibers squeezed from
odd holes will cross the plane perpendicularly to the spray direction in points
along line A, and fibers from even holes — along line B. The greater angle «,
the longer is the distance between lines A and B, the longer the fiber loops
laid on the substrate.

In Fig. 3.12¢, a variant of the head is illustrated with asymmetry of spray
gas flows relative to a spinneret hole. Grooves § and & connect with clearances
g and & that join with the housing cover plates. The groove is made in only
one cover plate near each hole at a pitch H = 2h, where h is the center-
to-center distance between holes. During operation (c), gas flow power from
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gap & and groove § is greater than that of the gas flow from the opposite
gap J. This is the reason why trajectory (d) of fiber squeezed from hole 4
deviates during motion with the gas flow to the opposite groove 5 side. Fiber
trajectories cross the plane normal to the spray direction in points on lines
A and B. The larger the cross-section of grooves 5 and &, the greater the
distance between A and B.

Such a head acquires unusual features if grooves in both cover plates
are helical to hole axes (e). In this case, leaving grooves 5 and &, the gas
(f) creates a concentric flow which draws fibers into a spiral motion thus
increasing the probability of contacts and splices with neighboring fibers.

The heads imparting nonlinear trajectories to sprayed fibers are the means
of simple and efficient textural and strength control of melt-blown materials.

Analogous problems can be solved by heads [16] that issue pulse gas flows.
Their design is conventional (Fig. 3.13a) except for channels 7 and 8 in cover
plates adjacent to spinneret holes and connecting with gas distributor 9. In
operation, gas flows from the holes (indicated by letters) in the cover plates
and diverts sprayed fiber trajectories from their direction along the OO’ axes
of the spinneret holes.

When gas flows from upper holes (b, d, f, h, j, 1, n, p...) and lower holes
(a, c, e, g, i, k, m, o...) are switched on in turn, fiber trajectories acquire
a congruent sinusoidal shape (b). They occupy vertical planes, which cross
spinneret hole axes. The sinusoid amplitude depends on pressure, and its
period on the time of gas flow switching.

Fig. 3.13. An extrusion head that creates pulse gas flows: (a) general view; (b)
(d), sprayed fiber trajectories. 1, housing; 2, spinneret holes; 8 and 4, cover plates;
5and 6, gaps; 7and 8, channels; 9, gas distributor. Letters denotes channel outlets
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When pulsating flows from hole pairs a-b, e-f, i-j, m-n... situated between
holes 2 are switched on, then fiber trajectories will be in the horizontal plane
(¢) and look like sinusoids different in phase by 27.

When the flow from holes ¢, h, k, p... and d, g, 1, o... situated on the
vertical axes of the holes are switched on alternately, fiber trajectories are
of the type shown in Fig. 3.13d. Sinusoids are arranged in vertical planes
passing spinneret hole axes and differ from the neighboring sinusoid value
by .

So, by using such a head [16], it has become possible to control the struc-
ture, density, and strength of melt—blown materials by alternating pulsating
gas flows and by varying their velocity and treatment time.

Fiber modification by solid particles using special spray heads is commonly
included in the melt blowing procedure.

The head described in [17] sprays three flat gas-dispersed flows simultane-
ously, namely, gas—powder with a modifier and two fiber-carrying flows above
and below the first. This is attained by a torpedo-like splitter connected to
a dividing plate 6 in a conventional multihole head (Fig. 3.14a). The splitter
contains chamber 10 connected to a gas—powder generator which processes
the solid dispersed modifier for polymer fibers. The chamber comes out onto
the mouthpiece face as slot 12. Spinneret holes are situated on both sides
of the slot so that their axes together with the slot axes form angles « that
converge in the spray direction.

Upon extruder actuation, the polymer melt circumvents torpedo 5 and
splits into two parts. Polymer flows pass channels 7 and 7 and are squeezed
through the spinnerets as fibers. After this, generator 11 is switched on and
compressed gas is fed into clearances 1/ and 14’. Under the joint action of
gas flows 18, 18 and gas—powder flow 16, the fibers are stretched, dispersed,
and transported to the substrate by flows 17 and 17 (Fig. 3.14b). Behind the
intersection of the spinneret axes arranged at angle « to the spray direction,
all of the flows join together. Solid particles stick to fibers while contacting
them.

A difficulty often arises in manufacturing melt-blown materials of imple-
menting local modification of fibers by solid particles of different natures with
independent control of the distribution of each component across the mate-
rial bulk. This can be resolved by the special extrusion head [18] shown in
Fig. 3.15.

The head peculiarity isin the following. Fibers squeezed from a usual mul-
tichannel spinneret are sprayed by gas-powder flows prepared in generators
10-12 on a base of components of different natures, e.g., complexing agents
with heavy metal ions, adsorbents, electret or magnetosolid substances, bio-
cides, and surfactants. By varying generator regimes, the concentration gra-
dient of each modifier in the final material can be controlled independently.
This provides the basis for creating unique melt-blown articles with reduced
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Fig. 3.14. An extrusion head simultaneously spraying fiber flows and their modi-
fier: (a) principle view; (b) scheme of flows. I, mouthpiece; 2 and 3, cylinder and
extruder worm; 4, housing; 5, torpedo; 6, dividing plate; 7 and 7, channels; 8 and
&, spinnerets; 9 and ¢, spinneret holes; 10, chamber; 11, generator of gas powder
mixture; 12, slot; 13 and 1%, cover plates; 14 and 14, clearances; 15, compressed
gas manifold; 16, gas-powder flow of modifier; 17 and 17, fiber flows; 18 and 18,
gas flows; 19, substrate

Fig. 3.15. An extrusion head for independently modifying melt-blown materials
by different formulations of powder components. 1, housing; 2, cavity; 3, spinneret
holes; 4 and 4, 5 and &', 6 and 6, cover plates; 7 and 7, 8§ and &, 9 and ¢,
clearances; 10, 11, and 12, generators of gas—powder mixtures
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modifier consumption without increasing the cost of the process or equipment
complexity.

Electrical polarization of fibers can be realized with special spray heads.
Such a head [19] polarizes fibers as the polymer melt squeezes through the
spinneret without applying any outer electrical source. In contact with elec-
trically closed plates of unlike metals, polymers polarize and form so-called
metal-polymer electrets [20]. This principle is the basis for the extrusion head
design illustrated in Fig. 3.16.

The steel housing of the head has cavity 2 connected with the extruder
working volume and conjoined with cover plates installed with gaps 4 on the
housing. The gaps are connected with a compressed gas source. The spinneret
consisting of copper and aluminum parts separated by dielectric pad 7, e.g.,
mica, is pressed into the housing. The spinneret press fit allows for electrical
contact between parts 5 and 6. Spinneret holes 8 are located so that their axes
are inside the cross-sectional contour of pad 7 and their diameter exceeds the
thickness of the pads, d > h.

The head performs a traditional melt blowing process except for one thing.
While running through the spinneret, the polymer mass is brought into con-
tact with parts 5 and 6 made of unlike metals. Because of a difference in

Fig. 316a—d. A polarizing extrusion head. 1, housing; 2, cavity; 3, cover plate; 4,
clearance; 5 and 6, copper and aluminum parts of the spinneret; 7, dielectric pad;
8, spinneret holes



3.1 Spray Heads 39

the electrode potentials of Cu-Al and the melt conductivity, current flows
in a closed circuit consisting of part 5, polymer melt, and part 6, housing.
This causes electrical polarization of fibers, which is intensified during their
extension and dispersion. The surface charge density of articles reaches 1078~
107° C/em?.

Schemes of spinnerets are shown in Fig. 3.16¢,d, where holes 8§ are located
in two or three rows and metal parts are separated by two and three dielectric
pads, respectively, (oxide ceramics, filled teflon, textolite, etc.). Each pair of
parts is closed to an outer circuit, which is the head body.

The operation of such a head does not necessitate any power source.
Polarization is naturally combined here with the fiber forming processes.
The head is characterized by simple design and maintenance.

Original spray heads as a rule blow special-purpose articles. The head
described in [21] is intended for molding polymer packaging, sound- and
heatproof materials incorporating film layers with a fixed fibrous mass. Its
modification is presented in Fig. 3.17a. The design includes body 1 with two
annular clearances 2 and 3 connected through channels 4 and 5 with working
volumes 6 and 7 of the extruder. Along the circumference of an annular site
between slots 2 and 3, holes 8 are connected with extruder working volume
10 through channels 9. Annular nozzle 11 is installed near holes 8 at an angle
15° < o < 45° to them and is connected through channels 712 with a com-
pressed gas source. On the site between slots 2 and 3, hole 13 is connected to
suction pump 15 through channel 74. In the center of the annular site bound
by slot 3, hole 16 is connected through channel 17 with a compressed gas
source. Gas tubes with regulating valves 18, 19, and 20 are connected with
gas channels 12, 14, and 17.

Operation of the head includes the following steps. Upon actuation of
extruders 6 and 7, films 21 and 22 are squeezed from slots 2 and 3. They
are inserted into the receiver of a hose aggregate. When valve 20 is open,
compressed gas is fed through channel 17 and hole 16 into the hose cavity
formed by film 22. Gas blows the hose out and brings films 21 and 22 into
contact below the solidification line AB. Polymer fibers are forced through
spinneret holes 8 upon extruder 10 actuation. As soon as valve 18 is open,
compressed gas starts to run into channels 72 and annular nozzle 11. The
gas flow picks up molten fibers, disperses them as a gas-polymer mixture
21, and transports them into the clearance between films 21 and 22. Films
and fibers in a viscous-flow state are brought into contact and, upon cooling
form, adhesive bonds between the material components above line AB. The
pressure in the cavity between the films is regulated by valve 19 by evacuating
excess gas through hole 13 and channel 14 using pump 15. A layer of fibrous
mass deposited between the films upon blowing the hose is compacted into
layer 24. Thus, a sheet material is obtained that consists of polymer films 21
and 22 adhesively bonded with fibrous-porous layer 24.
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Fig. 3.17. An extrusion head for blowing fibrous-film materials: (a) three-layer;
(b) and (c) two-layer; (d) five-layer materials

The heads illustrated in Fig. 3.17b and ¢ are for polymer film production
with an adhesively fixed fibrous-porous layer on either the outer (b) or inner
(c) side of the hose. In Fig. 3.17d a head is shown for forming a five-layer
material with a P-F-P-F-P structure, where P is a polymer film and F is a
fibrous-porous polymer layer. The head differs from that shown in Fig. 3.17a
by the number of channels for polymer melt and compressed gas. Its operating
principle and actuation scheme are analogous to those cited before.

The head presented in [21] widens the technological potentialities of the
extrusion methods for molding sheet and film materials on a polymer base. It
‘an serve to control a wide range of deformation, soundproofing, thermophys-
ical, and other characteristics of materials produced without changing their
composition but by varying the technological regimes of the melt blowing
process. The head allows increasing adhesion between the hose layers due to

e viscosity reduction of the melt sprayed on the film;

e pressure augmenting of the gas-polymer flow on the film surface;

e temperature increase in the film-fiber contact by overheating fiber at an
optimum hose temperature;

e regulating the time when the contacting materials are in a viscous-flow
state by changing the position of AB line of the hose solidification.
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A problem often arises in creating melt-blown products of filling pipes,
housings, and cavities where a fibrous mass imitates a body of revolution.
This is advisable to fulfill at an elevated filler deposition velocity per cavity
unit area and provide the possibility of fiber weaving.

An extrusion head [22] has been developed which can solve the problem.
It is distinguished by the compact location of spinneret holes in conformity
with nozzles through which spray gas flows.

The head is shown in Fig. 3.18a—c. Housing 1 has cavity 2 connected with
the extruder working volume. Rotor & is movably joined with the housing
by annular jut / inside a corresponding groove on the housing face. The
cylindrical surfaces of rotor 3 contacting housing 1 have antifrictional coatings
5 serving as a sealant. The rotor is provided with a cruciform slit 6 connecting
cavity 2 with spinneret channels 7. The latter are in lid 8 fixed to the rotor.
The rotor is installed rotationally on the housing through threaded bushing
9. Inside the bushing is pipe 10 connected with a compressed gas manifold.
Annular recess 11 on the cylindrical surface of the rotor connects with grooves
12 in lid 8 on both sides of each row of spinneret holes. Tube 1.3 connected
to an aerosol generator is installed along the axis of cavity 2 in housing 1. It
is joined movably to lid & by a sealing coating 5.

The head operates as follows. Upon extruder actuation, the polymer melt
is forced into cavity 2, then flows into the cruciform slit in the rotor, and is
squeezed through spinneret channels 7. The gas flow is fed from the manifold
through pipe 10 into annular recess 11 and issues from grooves 12. It takes up
molten fibers and extends and transports them to the substrate. An aerosol
supplied through pipe 13 contains either solid (activated carbon, ferrites,
polymers, etc.) or liquid-phase (solvents, plasticizers, corrosion inhibitors,
ete.) modifiers. They are transported in the central part of the gas-polymer
flow issuing from the head with minimum losses.

Thanks to antifrictional sealing coatings 5 on rotor 3 and pipe 15, the
rotor revolution (drive is not shown) about the body does not lead to any
noticeable frictional forces or leaks of the melt and gas. When the rotor
starts revolving, aerosol flow is surrounded by interweaving melt fibers, which
reduces the probability of modifier losses still more. Cylindrical gas-polymer
flows were found convenient for filling cavities in bearing members.

The head illustrated in Fig. 3.18d makes fibers for deposition at high
speed (up to 10 g/s-cm?), limited only by the extruder efficiency. The lines
are geometrical centers of spinneret holes 7, look like sinusoids originating
from the center of the head symmetry, and increase with the distance from
the center amplitude. Grooves 12 connected with a compressed gas manifold
are equidistant to those lines on both sides of the holes. The head (d) operates
similarly to the previous one (a-c¢). During operation, a concentrated gas-
polymer flow is created whose density is constant in the radial direction.

It is evident that extrusion heads for melt blowing processes are an in-
dividual and intensely developing type of technological equipment. Their
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Fig. 3.18. An extrusion head for filling cavities in body parts with a fibrous mass:
(a)-(c) side view, front view, and A-A section; (d) face of the head with elevated
productivity

specific design, expanding fields of application, strict requirements for preci-
sion parts, and high cost put them among traditional equipment for plastics
processing.

3.2 Auxiliary Equipment

The schematic diagram of an installation for a melt blowing process in Fig. 2.1
gives only a general idea of its technological instrumentation. Modern installa-
tions are more intricate and contain many pieces units of auxiliary equipment.
In Fig. 3.19, the scheme of a melt blowing system produced by Reifenhauser
Co. is presented.

The system consists of five main blocks. Each block presents a separate
unit of technological equipment, and a complex of standby machines and
instruments is necessary to handle them. As an example, a complex is shown
schematically in Fig. 3.20. The complex developed at Biax-Fiberfilm Corp.
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Fig. 3.19. The scheme of a Reicofil system for manufacturing melt-blown thermo-
plastic sheets. 1, extruder; 2, melt distributor; 3, head with a spinneret; 4, collector
block; 5, block for sheet cutting and winding

Fig. 3.20. The scheme of a melt blowing system developed by Biax—Fiberfilm Corp.
[23]. 1, spinneret; 2, head block; 3, air distributor; 4, air flow from heat exchanger;
5, valve; 6, heater; 7, pump for polymer melt; 8, coupling; 9, reducer; 10, dc electric
motor; 1, polymer melt flow from extruder

(USA) provides for operation of blocks 2 and 3 (melt distributor and spray
head, respectively) in combination with multichannel spinneret heads [13,14]
with up to 80 spinneret holes per centimeter arranged in 10 rows.

The system also includes one or more gear pumps for even distribution of
the polymer mass along the spinneret. Each pump is actuated by an individ-
ual drive for flexible control of melt flows. Only hot air is used for heating to
exclude electrical heaters. The block has a modular structure, which permits
fast replacement of sections for cleaning or maintenance [23].
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Batch production of melt-blown products of a certain type necessitates
unconventional design of auxiliary equipment. An example is a system for
manufacturing tubular filtering elements [24]. It includes (Fig. 3.21) a cylin-
drical rotor along whose axis a spray head is installed connected to the ex-
truder. Around it are forming mandrels rotated by a special drive.

The edges of the rotor are sealed by lids with hatches to remove finished
products and connect the rotor cavity with the ventilation system. Operation
of the system includes the following steps.

First, the generator of the melt-blown fibers is actuated, then the rotor
and mandrels start to rotate. The fibers deposit on the mandrels as tubular
articles whose shape is determined by the mandrel configuration. Rotor ro-
tation intensifies fiber dispersion, which is important in processing materials
with low melt index, e.g., secondary polymers. To reduce waste, the mandrels
are arranged at 20+ D > H > 2D pitch, where D is mandrel diameter and ¢ is
the article wall thickness. The sealed rotor isolates the working volume from
the environment and makes it possible to remove toxic products of polymer
breakdown by exhaust ventilation.

Application of electrical fields adds specific features to auxiliary equipment
design. These include special polarization units, electrical insulation systems
and original control systems, of the melt blowing process using electrical
potentials.

Fig. 3.21. A system for manufacturing tubular melt-blown articles. I, rotor; 2,
spray head; 3, mandrel; 4, lid; 5, fiber flow; 6 and 7, cylindrical and polyhedral
articles
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Fig. 3.22. An electrostatic device to produce fibrous articles. 1, extruder; 2, spin-
neret; 3, dielectric pad; 4, spray head body; 5, gas-polymer flow; 6, electrodes; 7,
aerosol generator; &, aerosol cloud; 9, mandrel; 10, ground grid; 11 gas flow

A device [25] for producing fibrous structural elements includes electrical
equipment, which helps to reduce polymer waste and regulates the structure
and density of fibrous materials. The scheme of the device is presented in
Fig. 3.22.

The device includes spinneret 2 insulated from extruder 7 by dielectric
pad & and connected to the negative pole of high-voltage source U;. Between
the extruder and forming mandrel 9, there are plate electrodes 6 connected
to the negative terminal of the Uy potential source. Generator 7 of aerosol 8
in a liquid-drop phase is installed before forming mandrel 9.

Polymer melt is squeezed through the spinneret connected to the U,
source pole, which induces contact polarization of fibers. The fibers are ho-
mocharged and acquire negative polarity. The electromagnetic field of fiber
flow & interacts with the permanent electrical field of electrodes 6 that has
a negative potential. The force of fields’ interaction moves outer layers of
the flow to its axis and transforms the flow from divergent into plane flow.
Under optimum regimes the width of flow 5 does not exceed diameter D of
mandrel 9.

Flow 5 passing through aerosol cloud & is accompanied by neutralization
of the fiber polarizing charge when the dispersed aerosol is a conducting
liquid. The degree of charge relaxation depends on the aerosol density, cloud
size, flow velocity and charge state. When a dielectric forms an aerosol, it can
affect only the fiber temperature. Depending on the polarity of the charged
aerosol drops, their repulsion or adsorption on the fibers dominates during
interaction between flow 5 and cloud &.

Grounding of mandrel 9leads to fiber surface charge leakage and to denser
fiber packing on the mandrel. Electrostatic attraction of charged fibers to a
grounded mandrel is the reason for reduced polymer wastes because fewer
fibers fly past the mandrel in the gas-polymer flow.

The system presented in [26] is intended for nonwoven fabric manufac-
ture from polymer solutions, i.e., it does not use the melt blowing tech-
nique. Nevertheless, except for polymer preparation for processing and fiber
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solidification, the procedures are very close to those of the melt blowing pro-
cess. In our opinion, an analysis of the system design is rather important for
optimizing auxiliary electrical equipment of melt blowing systems.

The structure of the installation [26] is shown in Fig. 3.23. Polymer solu-
tion is forced from a special device 1 into spinneret 2 and flows from hole 3.
Owing to the pressure drop due to flow and the high temperature of the solu-
tion, a flow of vapor is formed in the system cavity in the direction (shown by
arrows) of the polymer mass motion. The flow is intensified by the revolution
of baffle 4, which changes the direction of solution stream, disperses it, and
forms fibrous mass 3. :

The fibrous mass passes between parts 6, 7, and 8§ which direct both
vapor flow and the sheet to the substrate. Needle electrodes 9 in part 6 are
connected to high-voltage source 10. A corona discharge is generated between
needles 9 and circular target 7 grounded on a brush and commutative ring.
The target can revolve independently of baffle 4. When revolving, its surface
is cleaned by brush 17 to make the corona discharge stable.

Fig. 3.23. A system for manufacturing nonwoven sheets from polymer fibers [26]
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A fibrous mass is deposited as a fabric on the substrate formed as a con-
ducting continuous band 12 set in motion by rollers. It can be either grounded
or connected to constant voltage source 13. Because it has opposite polar-
ity, the fabric is attracted to band 12 and sticks to it. Forces of electrostatic
attraction are, as a rule, sufficient to overcome the destructive effect of the
turbulent vapor stream. If needed, an additional generator 15 is used. Then,
the fabric is prepressed by roller 16 and wound on spool 17. Unit 18 for
solution regeneration improves the ecological parameters of the system.

The electrostatic attraction of fibrous fabric to the substrate is a major
factor influencing the final product quality. To govern the degree of fibrous
mass charging, meter 19 is installed in part 6. The corona discharged and
oscillating under a baffle effect mass induces an alternating current in the
meter proportional to the charge value of the mass. The signal is picked up
by recorder 20, which warns the operator of insufficient charging of the mass
to avoid the risk of rejects.

The specifics of the melt blowing technique involving unusual procedures
lead to the development of new designs of auxiliary equipment.

A typical example is a device for molding tubular melt-blown elements
[27]. Tts design includes moving joints where the forming mandrel rotates and
reciprocates about the spray head. As soon as the sprayed tubular element
has reached a preset thickness, it is automatically moved to a certain pitch at
the mandrel edge, and the formation of the next portion of continuous tube
is formed on the cleared surface of the mandrel. The distinguishing feature of
the design is in the velocity of tubular element reciprocation relative to the
immovable spray head, which is preserved constant independently of whether
or not the finished article is moved away from the rotating mandrel. This
happens because the finished tube is moved away in a direction opposite that
of the mandrel, which has the sprayed tube on it, at a velocity twice as high as
that of the mandrel linear motion. The device is helpful in molding continuous
melt-blown tubes with a uniform thickness, which can be controlled in a wide
range.

The trend to attain a high-efficiency melt blowing process is often in con-
tradiction with the requirement to deposit fibers accurately onto the local
substrate spots with a controlled degree of cohesion. Biax Fiberfilm Corp.
has created an unusual setup [28], which forms articles from cohesively un-
bonded and practically continuous fibers subjected to a high degree of exten-
sion. Interwoven and highly oriented disconnected fibers are processed into
filtering elements that display higher productivity compared to analogous
products made of fibers welded by bridges. With this aim, the property of
oriented fibers to shrink at a temperature higher than that of the polymer
glass transition, which lead to a 20-fold increase in density of melt-blown
materials from 0.01 to 0.20 g/cm? is used.

The setup (Fig. 3.2) consists of spray head 1 connected through heated
pipe 2 to extruder 3. Melt-blown fibers / are supplied from the head into a
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Fig. 3.24. A system for molding articles by
orienting and shrinking melt-blown fibers

pyramidal chute 5 which directs the fibers to revolving (n = 10-250 rpm)
mandrel 6. Mass 7 of strongly entangled incoherent fibers is wound on the
mandrel and is blown underneath by a flow of hot air (" = 70-265°C). It
issues from blast device 8 at an initial speed v = 150-300 m/s. The air heats
the fibrous mass, which shrinks on the mandrel and forms a tubular article.
Analogous equipment [28] is used to produce fibrous materials intended for
sleeping bags, gloves, winter jackets, pullovers, etc.

Often there is a problem of biaxially extending of fibrous fabrics for
isotropic reinforcement. It was attempted to solve the problem by traditional
methods, but tearing of separate fibers and breaking welding bridges be-
tween them and frequently occurred, consequently, the fabric narrowed. A
device [29] for biaxially extending of fabrics formed by unoriented fibers has
overcome this drawback. It involves two sets of drawing rollers grooved on
a generatrix. In the first set, the grooves are parallel; in the second, they
are perpendicular to the roller axes. The groove profile is sinusoidal with
H < 1.0 mm pitch at a specific mass of fabric up to 10 g/m?.

When the fabric passes the first pair of rollers whose grooves are parallel to
the roller axes, the fabric is extended longitudinally. Sinusoidal roller grooves
engage with juts on another roller as in a pair of pinions. The fibrous mass
in the clearance between them is drawn to a value equal to the length of a
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Fig. 3.25. A device [30] for manufacturing fibrous nonwoven materials

sinusoidal period. Pressure rollers avert fabric slippage. Using the previously
mentioned parameters for the grooves and fabric, neither fiber rupture nor
fabric narrowing were recorded during longitudinal extension.

After this, the fabric undergoes transverse extension by passing over
stretching fixtures and rolling by rollers whose are grooves perpendicular to
the roller axes. The finished fabric is reeled on a spool. These procedures are
repeated to reach the needed extension value and homogeneity of properties.
Thus, fibrous fabric the setup described processed in [29] becomes softer than
the initial material and acquires a decorative structure.

Modification of polymer fibers by substances that can be in any aggregate
state creates the possibility of their physicochemical interaction with the
polymer melt. Because this might impair service conditions, the reaction
volume of the melt blowing setups is made airtight and intended for spray
gaseous dispersed systems circulating in closed containers. An example of
such a setup [30] is shown in Fig. 3.25.

Extruder 1 is equipped with spray head 2 connected through channel &
with compressed gas source 4 and aerosol generator 5. Hollow casing 6 is
hermetically fixed on the extruder, and conveyor belt 7 on its face is super-
imposed. Discharge chambers 8 are installed on the casing face and connected
to a compressed gas source. The cavity of casing 6 is connected to aerosol
generator 5 through channels 9 and 10 where delivery 11 and suction 12
pumps are placed.

Upon extruder actuation. molten polymer fibers are squeezed from head
2. A gas flow from source 4 is fed to generator 5, and aerosol is supplied
along channel & to the forcing zone. Fibers are picked up by the flow and
are deposited on belt 7 as a jet of aerosol-polymer mixture 13. When the
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conveyor is switched on, a continuous layer of fibrous mass is formed on the
belt.

The fibers are modified in contact with the dispersed phase of the aerosol.
To prolong the contact, it is worthwhile to feed the aerosol from generator 5
to cavity 6 along channel 10 using delivery pump 11. Used aerosol is returned
by pump 12 through channel 9 into the generator. Compressed gas is fed to
the discharge chambers to reduce modifier leakage from the casing. The gas
excess is evacuated from the casing by pump 12.

The fibers can be modified by toxic, explosive, or inflammable agents using
a device described in [30]. A closed gas circulation system makes the melt
blowing process reliable and ecologically safe in operation with any modifiers.

The melt-spinning process is the nearest analogue to the melt blowing
technique. The difference is in the method of fiber extension which takes
place under its own weight, while gas streams participate in controlling the
processes of fiber cooling, interweaving, and packing on the substrate [31].
An analysis of auxiliary devices for the spinning process could also show ways
of refining the melt blowing process.

In the late 1980s, the Reifenhduser Co. patented a set of systems for
producing fibrous nonwoven materials. A typical design of such a system [32]
is presented in Fig. 3.26.

Polymer fibers 2 are extruded through multichannel head 7 and then
blown off by airflow in cooling compartment 3. The airflow from nozzles 4
of chambers 5 and 6 of intensive and additional cooling is connected with
a compressed gas manifold. The flows make fibrous roving narrower like a
wedge directed to slot zone 7 where it is drawn through the clearance be-
tween screens 8 swiveling about their horizontal axes. Then the fibers pass

Fig. 3.26. Reifenhéuser’s system for manufacturing fibrous nonwoven materials
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diffusion compartment 9 fit with swivel screens 10 and blades 11. After this,
the roving is laid by its loops on air permeable conveyor belt 12 where fi-
brous fabric 13 is formed. Beneath the conveyor belt, gates 1/ are installed
to permit displacement over the belt and shaping into a chute for exhaust air
evacuation.

By varying turn angle « of screens 8, 10 and blades 11 relative to the
extrusion direction, the fiber packing pitch on the conveyor belt and the
fibrous fabric density can be changed. When the pitch is larger then the
preset pitch, the deflection of blades 11 from the vertical line is increased.
When the fabric density exceeds that required, screens 8 are turned so that
angle « increases. The intensity of fabric cooling is controlled by varying the
width of the conveyor belt sucked through the airflow by displacing gates 11.

The simplicity and compactness of this structure furnishes wide possibil-
ities in controlling the technological parameters, which have led to a decision
to launch batch production of systems for license sales.

Nonwoven fibrous materials can be used in industries other than the tex-
tile industry. Historically, in the manufacture of high-strength, unshrinking
filaments, fibers, strings, and ropes, preference has been given to artificial
silk, then to nylon; in the 1970s, to polyesters, later to polyethylene tereph-
thalate and since 1985, to new grades of high-strength polyesters. One of the
modern trends in improving the strength and stability of continuous articles
on the materials mentioned base is realized by the spinning process.

A typical structure of auxiliary equipment [33] for producing continuous
fibrous articles consists of a 5-9 m long vertical hollow column with a 30-cm
inner diameter. A bunch of fibers extruded through a spinneret is let down
into the column, drawn under its own weight, after which it passes through
four to seven heating zones and is woven in the lower part of the column
into threads, braids, strings, etc. by air flows from a perforated cone installed
about the column axis. Upon removing static electricity the product is reeled
on spools. The productivity of the system developed at Hoechst Celanese
Corp. at a fiber velocity of about 3000-5800 m/min is 5-25 kg/h. The product
is used to manufacture cord, cloth for canvases, mats for road construction,
drive belts, ropes, composite layered materials.

As seen, technological equipment for the melt blowing process has an
unusual structure with modifications, which reflect the specifics of the method
and determine the external appearance of the devices. This shows that melt
blowing instrumentation has merged with standard industrial equipment for
plastics processing widely applicable in engineering.



4. Structure of Melt-Blown Polymer
Fibrous Materials (PFM)

The method of melt blowing differs essentially from traditional methods of
plastics processing. It proceeds at the boundary of oxidizing destruction of
polymers when their technological properties are specified by low viscosity
of the polymer mass in a viscous-flow state. This brings about active oxida-
tion of the fiber surface layer, and intensified adhesive interaction between
fibers and solid modifiers. The indicated phenomena, together with adsorp-
tive interaction of fibers with modifiers in a liquid or gaseous state, condition
the specific structure of melt-blown materials. They are characterized by the
fiber diameter, the density of cohesive bonds between fibers, the porosity of
the fibrous mass, the modifier concentration, etc. The structural parameters
are determined by the technological regimes of material manufacture.

4.1 Major Structural Parameters

Polymer fibrous materials (PFM) obtained by the melt blowing method are
heterogeneous systems. They are composed of at least two phases (in the ab-
sence of modifiers and fillers), namely, a fibrous polymer matrix in the shape
of fibers chaotically disposed in space and adhesively bonded in contacts, and
a combination of vacancies between them.

Many of the PFM functional characteristics (in particular, for filtration)
are defined by the parameters of the materials fibrous-porous structure. To
these belong the fiber mean diameter (dy), the fiber distribution by diameters,
the volume density (p) and general porosity (P) of the material, the pore
section distribution by size, the fiber specific area (Ssp). and others.

The fluctuation of temperature and gasodynamic regimes of polymer melt
spraying in PFM production creates the possibility of controlling these pa-
rameters (see Sect. 4.2.). Moreover, PFM structure can be anisotropic due to
the peculiarities of the melt blowing technique, which requires special accu-
racy of the methods used to investigate the structural characteristics of such
materials.

In [1, 2], a comparative estimate is given of different structural and an-
alytical methods of melt-blown materials research by criteria for their labor
intensity, rapidity, and reliability; the interrelations among the structural pa-
rameters of PFNM are also described.

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002
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Fig. 4.1. Electron-microscopic images of melt-blown PE-based PFM: (a), (b), (c),
samples corresponding to 1, 3, 5 in Table 4.1

The simplest PE-based PFM samples with different fibrous-porous struc-
tures were investigated (Fig. 4.1).

To determine the structural parameters of PFM, the following methods
were chosen: measurement and weighing of the samples (p, P), optical and
scanning electron (SEM) microscopy (P, dy, etc.), and sorption analysis (Ssp)-

The weight-space method of measuring the density and general porosity
of materials provides sufficiently high accuracy; it is rather simple and is not
time-consuming. General porosity is determined by the formula

P=(1-p/pp)-100% , (4.1)

where p is the volume density of a PEM sample, and p,, is the polymer density.
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The distribution of vacancy sections in a PFM matrix by size, their mean
characteristic dimensions d; (by length) and d,, (by width) [3], general poros-
ity P, and fiber mean diameter d; were determined by automatic optical
image analysis (AOIA) using the Min-Magescan analyzer. For this purpose
sheet PFM samples were impregnated with epoxy resin (cold pouring) upon
which setting cuts were made at different depths of the sample parallel to
the sheet surface. Samples were then polished by diamond pastes of various
graininess till a mirror-like smooth surface of the cut was obtained (Fig. 4.2).
An image analyzer was assigned the program of constructing histograms of
dy, dy and dy distributions by size and calculating the mean parameters of
dy, dy, ds [3, 4]. General porosity was calculated from the relation

P =(8/Ss)100% , (4.2)

where S is the area of resin-filled vacancy sections detected by the analyzer,
and Sy is the total area analyzed. As a rule, the porosity calculation using
AOIA yields reduced values of P (Table 4.1).

On the contrary, when determining dy parameters, the method overstates
their values (Table 4.1) because the analyzer can not discern between images
of a single fiber and twinned fibers accidentally occurring in the scanning
path. Estimates of d¢ (d, and dy as well) presented by computer processing
of SEM images are more correct [5].

It is worthwhile using an updated optical-microscopic method (OM) for
constructing histograms of d; distribution by size and d; calculations [1]. Tt
accounts for PFM structural peculiarities, including the polydispersed com-
position of fibers and material structural anisotropy. The latter occurs be-
cause one of the sides of the PFM article contacts the forming substrate
during manufacture. Due to intensive heat removal through the substrate

Fig. 4.2. Optical image of a longitudinal cut of sample 3 (Table 4.1) with param-
eters d), dy and d¢
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Table 4.1. Parameters of PE-based PFM sample fibrous structure

Sample No. | p(kg/m?) P(%) dy () dy (wm)

Measure- AOIA¢ om! AOIA SEM AOTA SEM

ment and
b

weighing
1 369+7 61.6 27.0 18+2 56+2 | 295+10 128%+15
2 419+4 54.4 - 59+3 - - - -
3 373+7 59.5 38.7 125+6 166+6 145+3 | 463+£20 21110
4 320+10 65.2 - 17946 — - - -
5 2505 72.8 45.6 25 - 67+3 | 37010 9543

(estimate)

ASample 1. HDPE: the rest. LDPE; PFrom (4.1): “From (4.2): 9By the method in [1]

Sample No. dy (um) di/dw | di x dy | Ssp(m?/kg)
(mm?)
AOITA SEM AOIA AOIA | By V,, By
BET
1 19247 59+4 1.54 0.057 92 109
2 - — - 82
3 253+13 116£10 1.83 0.117 51 42
4 - - - 37 40
5 24010 48+2 1.54 0.089 -

during melt solidification, a fibrous matrix is formed with an irregular ds
distribution across the PFM thickness. Because of this, the relative number
of dy measurements on both the surface and inside the sample is preset by
the technique. For this purpose, the material thickness, approximate mean
diameter of fibers dy, and relation & = h/dy must be found. Measurement ra-
tios in the inner layers (N;) and on the sample surfaces (Ns2) should roughly
correlate in the proportion Ny /Ny = k/2.

The reliability of estimates is determined by the criterion: whether the
real number of parameter measurements reaches the minimum needed numn-
ber when statistical distributions are justifiable [6, 7]. Only an appreciable
number of measurements produces results that reflect the real character of
distribution.

It has been established that the sequential increment of the dy measure-
ment number from 50 to 800 leads to a maximum shift of the d¢ distribution
curve by size into the region of lower values of the parameter and to conver-
sion of the differential curve ¢(d) pattern (Fig. 4.3).

Along with this, other characteristics of the distribution function also
vary. It turned out that the minimum number of di measurements should
be 600-800 to obtain reliable analytic results. It is seen that the right-hand
portion of the decline of the differential curves ¢(d¢) under investigation
slopes more gently then the left, and the peak is more acute in contrast
to the curve of normal distribution. The scattering of dy values compared
to the mean (variation ratio), does not, in fact, depend on the number of
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Fig. 4.3. Differential curves of fiber distribution by diameter for different numbers
of diameter measurements: 1, 200; 2, 300; 3, 600; 4, 1000. PFM sample 1 from
Table 4.1

measurements. Considering the established inconsistency between experimen-
tal data and normal, the logarithmic normal, and the Weybull-Gnedenko
distribution, methods have been recommended in [1] for calculating the con-
fidence interval of dy using Chebyshev’s inequality [6]. The method developed
makes it possible to obtain reliable data reflecting the character of PFM fiber
diameter distribution by size and mean dy value.

An important structural and filtering characteristic of PFM is the vacancy
size between fibers. As seen from Figs. 4.1 and 4.2, vacancy cross sections
are anisotropic by shape and size. In this case, it is convenient to use the
distribution of section size by length d} (maximum Feret diameter) and width
dy (Fig. 4.4), as well as corresponding mean values d, and d, shape factor
dy/dy, and flow section d; x dy, (Table 4.1).

AOTA seems to be a fairly justifiable method for determining the size of
PFM filtering channels in separate filtering planes. Along with this, another
method based on computer processing of SEM images of PFM (Fig. 4.1)
gives additional information on the size of flow sections and accounts for
PFM specifics as volume (depth) filtering materials (see Chap. 6).

PFM consist of smooth nonporous fibers (Fig. 4.1). Their specific area
is, apparently, not large. Because of that, the problem of defining Sy, can
be best solved by the method of low-temperature adsorption of inert gases
(nitrogen, krypton, argon, and others) [8].

The specific area was found by isotherms of low-temperature adsorption of
nitrogen (Fig. 4.5) using the Brunauer-Emmet-Teller (BET) theory and the
method of a characteristic point on the isotherm corresponding to a specific
adsorption value (V,,, cm?®/g) for formation of an adsorbate monomolecular
layer on the polymer fiber surface (p = py,) [9]. The specific area (S, m?/g)
was calculated by the formula

Ssp = ‘/mNAS()/Wm s (43)
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Fig. 4.4. Distribution histograms of PFM flow sections by size in two mutually per-
pendicular directions: (a), lengthwise (di); edgewise (dw) (see sample 5, Table 4.1)

Fig. 4.5. Isotherms of low-temperature adsorption of nitrogen on PFM samples:
Va, liquid adsorbate volumme; p/ps, adsorbate relative pressure. Curves are indicated
according to the numbers of samples in Table 4.1
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where Ny = 6.023 - 10?2 mole™" is Avogadro constant, Sy = 16.2 - 1072° m?
is the area occupied by the nitrogen molecule, and wy, = 22.4-10° cm?®/mole
is the molar gas volume.

When processing experimental data by the two methods (BET and the
characteristic point), good enough correlation was obtained for S, values for
each sample (Table 4.1).

The PFM specific area is determined by fiber diameter. Values of S,
and d¢ within the interval 15 to 180 wm are interrelated through a linear
correlation (Fig. 4.6).

An analysis of the data shown in Table 4.1 of the fibrous-porous structure
of PFM has drawn us to the following conclusions.

1. The density reduction of PEM at constant d; (samples 1 and 5) is accom-
panied by increasing general porosity and the size of the cross sections
d, x d, of vacancies between fibers.

2. With similar volume density and general porosity, materials with more
fine fibers show fewer cross sections of vacancies between fibers (samples
I and 3).

3. The surfaces of fibers developed and the twisting of vacancies between
them provide mechanisms for realizing depth filtration using PFM as a
filtering material (see Sect. 6.2).

4. PFM with a considerable vacancy volume and developed fiber surface
are promising materials for adsorptive and biotechnological systems (see
Chap. 9 and 10).

S, (m*/kg)

100
O
80 | Q
60 f
[9)
40 - 0
1 1 L
0 50 100 150 d, (um)

Fig. 4.6. PFM specific area dependence on mean fiber diameter



60 4. Structure of Melt-Blown Polymer Fibrous Materials

4.2 Effect of Different Technological Regimes
on PFM Structure

The mean diameter d¢ of fibers and the density of melt-blown materials are
easily controlled structural parameters that predetermine the service char-
acteristics of different purpose materials and articles made from them. The
parameters depend on four independently controllable technological factors
that govern the efficiency of melt-blowing process: rotational speed n of the
extruder worm, pressure p, temperature 1" of the spray gas, and the distance
L from the spray head to the substrate.

The experimental data cited following were obtained using a laboratory
setup whose diagram is given in Fig. 2.1. The extruder with a worm diameter
of 20 mm was fitted with a single-hole type I spray head (see Fig. 3.1a).
Extrusion regimes are described in Table 4.2.

Table 4.2. Temperature in extruder zones and spray head for melt blowing polymer
materials

Material Temperature in the zones (°C)

st 2nd 3rd Head
LDPE 200 310 450 440
LDPE + SF* 190 320 440 430
PA 280 330 390 380
PA + SF 285 350 390 380

“* SF, dispersed strontium ferrite (20 mass %)

The fiber diameter depends strongly on the technological parameters
of the melt blowing process. It is seen from Fig. 4.7, that all other condi-
tions being equal and averaged by varied parameters T, p, L (Figs. 4.8-4.10),
increased rotational speed of the worm leads to the growth of the fiber diam-
eter.

The greatest dy growth is characteristic of polyethylene (curve 1), and the
flattest curve 3 reflects polyamide. Dependencies 2 and 4 corresponding to
ferrite-filled materials practically coincide. This fact proves that the diameter
of fibers from filled thermoplastics is determined mainly by the degree of
filling. )

Increased rotational speed of the worm leads to growing efficiency of the
process (Fig. 4.7b); maximum values are shown by filled materials. It can be
anticipated that the behavior of df = f(n) dependencies is governed by the
overlap of two interrelated factors, extrusion efficiency and extrudate viscos-
ity. Increased productivity under other conditions of extrudate spraying are
equal and lead to increased diameter of fibers. The degree of their extension
upon spaying depends considerably on the polymer mass viscosity. PA melt
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Fig. 4.7. Mean fiber diameter (a) and productivity (b) of polymer material melt
blowing versus worm rotational speed. 1, LDPE; 2, LDPE + SF: 3, PA; 4, PA + SF

viscosity is the lowest, thanks to which curve 3 in Fig. 4.7a is the flattest.
Filled material binders acquire high fluidity due to the additional heat re-
turned to the polymer melt by filler particles. The latter have relatively low
heat capacity and are heated to higher temperatures than the polymer dur-
ing extrusion. Probably, one of the factors affecting the degree of filled fiber
extension is the difference between the displacement velocities of the polymer
binder and filler particles adhering to it inside a gaseous flow. That is why
curves 2-4 are located below curve I that corresponds to a highly viscous
melt of LDPE.

When the temperature of the spray gas rises, the mean fiber diameter
of the materials studied exponentially approaches some minimum values
(Fig. 4.8a). Curves 3 and 4 reflecting PA behavior are located above the
LDPE curves (I and 2). This is a confirmation of the heat-induced increase
in the fluidity of PA-based extrudates within the temperature range studied,
in contrast to LDPE-based materials whose melt fluidity rises insignificantly
under these conditions. This supposition has been experimentally confirmed
as will be shown below (see Fig. 5.1). Fibers from filled PA are thinner than
those from unfilled PA owing to the larger heat quantity accumulated by the
filled extrudate and the elevated PA fluidity that serves as a binder in the
filled system. Curves I and 2 related to materials based on LDPE practically
coincide. This means that the spray gas temperature in fiber formation from
these materials is a more important factor than filling.

The mean fiber diameter dependence on spray gas pressure has the same
character (Fig. 4.8b), that is, with an increase in pressure, the fiber diameter
is reduced exponentially. Note that a pressure rise leads to cooling of the
spray flow. If it were possible to maintain a constant temperature in the
gas flowing under various pressures, then the exponential curves in Fig. 4.8b
would occupy lower positions. All other conditions being equal, the fiber
diameter of filled materials (curves 2 and 4) is less compared to fibers of
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Fig. 4.8. Fiber diameter dependence on temperature (a) and pressure (b) of spray
air. Curve designations are the same as in Fig. 4.7

unfilled materials (1 and 3) due to the previously mentioned spreading of
binders when they absorb heat stored by filler particles.

The dependence of fiber diameter on the distance L between the spray
head and the substrate to which the fibers are extended is a curve with a
minimum (Fig. 4.9). First, with an increase in L, fiber extension and thinning
conditions improve. Further, an increase inL intensifies molten fiber cooling
and causes shrinkage and diameter growth. To a greater extent this is unequal
to LDPE (1 and 2) and less so for PA (3 and 4) whose fibers do not, in fact,
shrink under the L values investigated. The general trend here is the location
of curves for filled materials that are lower than those of unfilled materials.

The density of melt-blown materials can be controlled by varying
the technological parameters across a wide range (Fig. 4.10).

Density increases with growing rotational speed of the worm (Fig. 4.10a)
due to increased fiber diameter. The density of fibrous materials made of

d; (um)
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50T ]
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201
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Fig. 4.9. Fiber diameter dependence on the distance between spray head and
substrate. Designations are the same as in Fig. 4.7
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Fig. 4.10. Density of fibrous materials versus (a) worm rotational speed, (b) spray
air temperature, (c) pressure, and (d) distance between the extruder head and the
substrate. 1, LDPE; 2, LDPE + SF; 3, PA: 4, PA + SF

unfilled polymers is lower than that of filled ones containing ferrite particles
whose density is five to seven times higher than that of the binder. This is
especially evident for melt-blown materials based on LDPE (curves 1 and 2).
The negligible difference in the density of materials based on PA (3 and /) is
explained by only an 8% difference in density between filled and unfilled PA,
whereas for LDPE this difference is more than 18%.

An increase of the spray gas temperature (Fig. 4.10b) affects the density of
materials based on LDPE (7 and 2) at T > 150°C, after which further heating
leads to increasing stickiness of fibers and the number of welding “bridges”
between them. Fiber welding makes their packing denser inside melt-blown
materials. PA-based material density does not practically change within the
temperature range studied (up to 250°C). This is natural if the melting tem-
perature difference between LDPE (110°C) and PA (250°C) is considered.
The density of filled fibrous materials is higher than that of unfilled materi-
als because, first. the filler is heavier than the binder and, second, filled heavy
fibers in the viscous-flow state cool down more slowly than unfilled fibers and
so pack more densely on the substrate.
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The dependencies of fibrous material density on spraying gas pressure
(Fig. 4.10¢) can be divided into two groups. For LDPE-based materials, all
other conditions being equal and averaged by n, T, L, the exponential growth
of density is unique. The reason is the formation of welding bridges whose
number increases as the pressure increase in the gas flow reaches its limit,
which corresponds to the maximum productivity of the spray head and fiber
temperature when the tackiness is the highest. PA-based materials show neg-
ligible density reduction with pressure increase because of fiber cooling in the
gas flow and weakening of bonds in welded bridges. As a result, a looser and
less dense structure is formed.

The general trend of density dependence on spray distance (Fig. 4.10d)
consists of an exponential reduction in density at increasing distance from the
head to the substrate. This happens because of fiber cooling and weakening
of cohesion between fibers for greater L values. Limiting density value at
L — oo corresponds to that of wool made of non-bonded fibers. Presumably,
this is the reason that the curves of unfilled PA and LDPE practically coincide
despite the difference in the specific mass of these polymers. Filled materials
are heavier and their dependencies p = f(L) differ significantly.

The regularities cited reflect general trends in the formation of material
structure by the melt blowing technique. The scatter of structural parameters
governed by polymer composition is found within those trends that determine
the technological potentialities of producing fibrous materials for different
purposes.

Concluding the review of the technological aspects of melt-blown material
formation, it is to be emphasized that the technology provides for multilevel
control of material structure from the molecular level to their fibrous texture.
Fibers can be modified at any operating stage of the melt blowing process,
including dispersion by gas flow and fiber deposition on the substrate. Owing
to this fact, the range of technical materials has been enriched by the multi-
tude of multifunctional fibrous composites with unique properties and fields
of application.
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The specific structure of melt-blown materials conditions their unusual ser-
vice characteristics, which are determined by porosity, the large specific arca
of PFMI, and the high physicochemical activity of the fiber surface layer. Such
activity is caused by the specifics of the melt blowing process when fibers are
formed from the polymer melt at the boundary of thermal-oxidation destruc-
tion. Melt blowing leads to the generation of a spontancous polarizing charge,
which imparts unexpected properties to PFM. Some of them are considered
in this chapter.

5.1 Physicochemical Characteristics

The melt blowing process in air is accompanied by thermal-oxidation de-
struction of the processed polymers. These processes run most intensively
in the fiber surface layer due to which is saturated with radicals and active
eroups (branched end, unsaturated, polar oxygen-containing - hydroxyl, car-
bonyl. etc.). The processes of thermal-oxidation destruction multiply, and
filled polymers acquire specific traits at melt blowing.

As a result, melt-blown PFM do not achieve the characteristics of elevated
reactivity for pure polymers. This is manifested in strengthened adhesive in-
teraction between polymer fibers and modifiers (gas, liquid, and solid phase)
and in increased adsorptivity of melt-blown materials filtering admixtures
from filtered media (see Chap. 9). This creates the conditions for marked
improvement of the sorptive capacity of filtering materials. Hereinafter, some
-experimental data are cited on the transformation of polymeric physico-
chemical structure during melt blowing.

Reduction of macromolecular length is an inevitable outcome of
polymer spraying in the viscous-flow state. The melt indexes (MI) of pure
thermoplastics and melt-blown materials are given in Fig. 5.1.

MI was determined following Russian State Standard 11645-73 using a
capillary viscosimeter (nozzle diameter: 2.005+0.005 mm; load: 11.7 N: time
of melt endurance in heated instrument: 5 min). An analysis of the dependen-
cies in Fig. 5.1 proves the supposition that PA fluidity within the 7" interval
190-250°C increases with temperature rise faster than that of LDPE. As
seen from the figure, the MI of LDPE increases two orders as a result of

L. S. Pinchuk et al., Melr Blowing
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Fig. 5.1. Temperature dependencies of MI of pure thermoplastics (1, 2) and melt-
blown materials (3, 4): 1, LDPE; 2, PA; 3 and 4, melt-blown LDPE fibers with
diameter 70-80 and 30-40 um, respectively

melt blowing. The MI of melt-blown fibers is higher, the thinner the fibers.
This is evidence of molecular mass reduction of the polymer processed by
the melt blowing method, because molecular breakage via oxidation occurs
more actively in thin fibers. Curve I reflects the LDPE tendency to flow at
melt blowing: 320°C is the minimum temperature at which fibers are formed;
340°C is optimum temperature of product manufacturing; 350°C is the tem-
perature of thin-fiber material formation.

Oxidation of a polymer 1 begins upon extrusion and is accompanied by
formation of oxygen-containing hydroxyl —OH (alcohol) and carbonyl >C=0
(ketone, aldehyde, acidic, ester) groups in macromolecules [1]. Moreover, the
authors [2] have identified peaks in the IR spectra of melt-blown LDPE sam-
ples corresponding to vinylidene, vinyl, and trans-vinylene groups (Fig. 5.2).

A number of fillers promote polymer oxidation during melt blowing;
among them are barium and strontium ferrite powders (BaO-6Fe;O3 and
SrO-6Fe2O3) used in producing magnetic filtering PFM (see Chap. 8).

As structural investigations have shown, these finely dispersed magneto-
solid ferrites consist of single-domain magnetic particles of 1.8 x2.7um average
size (Fig. 5.3a). These ferrite particles that experience magnetic attraction,
having developed surface and excess surface energy, are prone, however, to
combine in aggregates consisting of two to four particles. The characteristic
dimensions of such aggregates are 5.5 x 8.7um (Fig. 5.3b).

Aggregates of particles formed during ferrite powder transportation and
storage, usually display high strength. They do not collapse during extrusion
with a polymer melt, either in granulation or in forming melt-blown PFM.
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Fig. 5.2. IR adsorption spectra of LDPE films formed from melt-blown fibers (1)
and pure polymer (2)

According to X-ray spectral microanalysis (XSMA) data, magnetic particle
aggregates are distributed discretely in the bulk of the polymer granules
processed into fibers (Fig. 5.4a). Analogous concentration curves of ferrite
distribution are observed in fiber cross-sectional investigations of magnetic
PFM (Fig. 5.4b). Particle aggregates of about 5 um (along the peak half
width of XSMA concentration curves) are encapsulated inside the binder
and do not migrate to the fiber surface.

Chemical interaction between the ferrite and the polymer melt oc-
curs during extrusion of the polymer composition containing dispersed ferrite
filler. Ferrite-filler-induced thermal and mechanical oxidation processes in the
polymer binder confirm this, in particular, during magnetic composite melt
blowing into PFM. Thus, the comparison of the IR spectra of PFM samples
shown in Fig. 5.5 has made us conclude that degree of the PE oxidation
in ferrite-filled material is much higher than in unfilled analogues produced
under identical conditions.

As mentioned before, oxidation of polymers is accompanied by the for-
mation of acidic, aldehyde, ketone, alcohol, ester, and other side and end
groups in polymer macromolecules. The relative intensity of the adsorption
bands corresponding to valence (v) and deformation (J) fluctuations of these
groups (vc—o at 1730-1750 em ™!, ve_o at 1080-1130 em ™! and vc_o. do—n
at 12501380 cm ') is considerably higher in the IR spectrum of ferrite-filled
PFM.

It was shown earlier [3-8] that in the oxidation of PE in contact with
active metal substrates (steel, copper, zinc, etc.) forming ion oxides, the ox-
idation velocity in the metal-bordering polymer layers is much higher than
in those distant from the substrate. An accelerated accumulation of oxygen-
containing groups in the PE layers adjoining the substrate is accompanied
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Fig. 5.3. Electron microphotographs and histograms showing strontium ferrite
particle distribution lengthwise: (a) separate particles dispersed by a supersonic
effect: (b) aggregates

by the formation of metal carboxylates as a result of the interaction between
the oxidized polymer melt and the metal surface. Thus “dissolved” metal in
the ionic state migrates into the polymer to a distance of tens of micrometer,
and the oxygen liberated from metal oxides might participate in oxidation
reactions.

Some metal fillers (copper powder, etc.) also intensify oxidation reactions
in the polymer binder, especially around filler particles in the initial stage of
thermal treatment [5].
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Fig. 5.4. Concentration curves of strontium ferrite distribution in X-ray character-
istic beams of FeK, along the cross-sectional radius of a composite material (PE
+ 15 mass% of ferrite): (a) granule; (b) fiber. Ir. and I - radiation intensities of
the sample and standard, respectively

Fig. 5.5. IR adsorption spectra of melt-blown materials: 1, LDPE; 2, LDPE filled
with strontium ferrite

Analogous processes obviously occur when complex iron oxides (including
ferrites) come in contact with polymer melts. Some model experiments were
sarried out to elucidate their mechanisms.

LDPE film was oxidized at 110-140°C for 5 days on a substrate of a
strontium ferrite permanent magnet. During reference testing, LDPE film
was endured under conditions similar to a Teflon substrate.

The chemical structure and composition of the films were investigated
using XPS, AFM, XSMA, DSC, and IRS.
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Fig. 5.6. X-ray electron spectra of sample surfaces: a, ferrite substrate (strontium
ferrite); (b) and (c), oxidized LDPE films (t = 5 days, 7" = 110-140°C); (b)
contacted ferrite substrate; (c¢) reference sample

X-ray electron spectra of strontium ferrite (mixed oxide SrO-6Fe2O3) dis-
play broadened split spectral lines of Ols, Sr3p, Fe2p (Fig. 5.6a). The con-
stituent of the Ols line with a maximum at bond energy of 533.1 eV probably
belongs to oxygen-containing admixtures, and peaks at 531.8 and 530.6 ¢V
belong to oxygen in metal compounds SrO and FeaOg [9, 10]. In the broad-
ened Fe2p line, one can see maxima at 710.6 eV (characteristic of FeaO3 in
mixed oxides) and 714.8 eV. Spectral lines Sr3d and Sr3p are multiple: the
main Sr3d peak at 135.5 ¢V and peaks at 266.0, 267.6, and 271.1 eV. Tab-
ular values of bond energy for SrO are 135.1 (Sr3d) and 269.2 eV (Sr3p),
respectively [9]. Broadening and multiple splitting of the lines in X-ray elec-
tron spectra of strontium ferrite are obviously connected with the magnetic
properties of the compound.

Cls and Ols lines are present in the X-ray electron spectrum of the test
film surface oxidized in contact with a ferrite magnet (as in the Reference,
Fig. 5.6b) along with weak Sr3p, Sr3d, and Fe2p strips (Fig. 5.6c). The Ols
line has a relatively strong intensity and includes a new high-energy compo-
nent at 532.2-532.5 eV. Its location on the energy scale coincides with the Ols
line in metal carboxylates (532.0-532.5 eV), particularly, of Sr(OOCCH3)-
[9]. This Ols component is absent in ferrite spectra and those of the refer-
ence sample. In the latter case, the main peak of Ols is found at 531.8 eV,
which is typical of high-molecular weight compounds containing carbonyl and
hydroxyl groups [9].

Of interest is the Cls line broadening (within the test sample in contrast
to the reference) and the appearance of a low-intensity shoulder added to
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the main peak of carbon at 288-290 eV. Probably, this can be explained by
the location of a maximum in the Cls line of metal carboxylate spectra at
289.0-289.3 eV [9].

So, the presence of Sr3p, Sr3d, and Fe2p lines in the spectra of experi-
mental samples in the regions typical of bivalent strontium compounds and
trivalent iron is proof of ionic transfer of these metals (or their compounds)
into the polymer film.

The Fe2p band is broadened and has maxima at 714.8 and 711.6 eV.
According to the literature [9], the Fe2p line with a maximum at about
711.4-711.5 €V conventionally belongs to chemically pure FeoO3. There are,
however, data evidencing that the Fe2p line in the spectra of carboxylate iron
(I11) compounds is located in the 714 eV region (e.g., the Fe2p line of iron
oxalate corresponds to 713.8 eV).

Multiple bands Sr3d and Sr3p contain components typical for SrO (Sr3p:
269.2 eV; Sr3d: 135.1 eV) and complex strontium oxides (Sr3d: 133.7 eV)
[9]. However, there are also low-energy components (Sr3d: 130.2 eV; Sr3p:
263.3 eV) which are absent in initial ferrite spectra (Fig. 5.6a). They evi-
dently, belong to some other, possibly metal-polymer compounds of stron-
tium.

As follows from the previous analysis of X-ray electron spectra of model
samples, the dissolution of the strontium ferrite surface layer takes place on
contact with oxidized molten PE. Sr and Fe oxides are solvated by oxidized
macromolecules and by products of their thermal destruction and transfer
into the ferrite-bordering polymer layer. The oxides start to crystallize in the
polymer matrix during melt cooling. Along with this, part of the oxides enter
into a chemical reaction with low- and high-molecular weight components of
oxidized melt- forming metal-containing carboxylate compounds.

This conclusion is supported by the results of the system under study
that were deduced by other physicochemical methods. Thus, AFN images of
the test sample (oxidized in contact with ferrite) and the reference display
apparent differences (Fig. 5.7). The surface layer material of the reference film
is mostly homogeneous in its rigidity. Darker and lighter portions located, as
a rule, within spherulite boundaries (Fig. 5.7¢) are, probably, the result of
negligible changes in the degree of polymer crystallinity across the sample
surface area. Characteristic spherulite dimensions are 1-1.5 wm.

The surface topography of the test sample (Fig. 5.7a) has another relief
and is mostly composed of submicron structural formations. The melt crys-
tallization process turned out to be faster here, presumably because of altered
heat and physical properties of the material and the formation of additional
crystallization centers. The phase contrast image (Fig. 5.7b) clearly shows
more rigid phase inclusions of a different nature in the polymer matrix (light
portions). These inclusions are 0.1-0.5 wm in size and can be related. most
likely, to Fe and Sr oxides. The oxides are transferred from the ferrite sur-
face via “dissolution” by the polymer melt and crop up during crystallization
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Fig. 5.7. AFM images of surfaces oxidized in melt LDPE film in topographic
exposure regines ((a), (¢)) and phase contrast in the rigidity parameter ((b), (d)):
(a), (b), sample contacted by a ferrite magnet; (c¢), (d), reference sample

in the polymer surface layer as a colloidal phase. Evidently. just these new
phase centers influence (as described before) the behavior of polymer struc-
tural formation during crystallization.

The fact of varying thermophysical characteristics, in particular, the
change of PE phase transition temperatures upon contact oxidation on a
ferrite substrate or combined processing with a highly dispersed ferrite filler,
is supported by DSC data (Table 5.1). The melting peak of these materials on
DSC curves is expanded and is located in the region of higher temperatures
(113-116°C). Positive (compared to pure LDPE samples) melting AT;, and
crystallization AT, temperature increments indicate the formation of a new
metal-polymer phase in the materials under study.

Ferrite diffusion into the polymer has been confirmed by X-ray spectral
microanalysis (microprobe Comeka MS-46, FeK,, and SrK,, radiation) by X-
ray scanning of the film cross-section. According to XSMA data (Fig. 5.8),
the penetration depth of “dissolved” metals into the polymer layer in model
experiments is 5-7 wm for Fe and 8-10 wm for Sr. There are two maxima on
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Table 5.1. Thermophysical characteristics of LDPE-based samples, according to
DSC data

Sample type Tw (°C) T (°C)
Filler-free granulate 110 94
Filler-free melt-blown material 109 95
Film oxidized on ferrite substrate® 113 98
Granulate with ferrite filler® 116 102
Melt-blown material with ferrite filler® 114 98

*Strontium ferrite SrO-6Fe, O3

I (rel. un.)

h (um)

Fig. 5.8. Concentration curves of Fe (1) and Sr (2) depth distribution across the
surface layer of melt-oxidized (t = 5 days) LDPE filim in contact with a ferrite
magnet (according to XSMA)

the concentration distribution curves of these elements across the depth of
the film surface layer. The first of them evidently corresponds to cropped-up
oxides: the second, to more deeply penetrated organometallic compounds.
Note that strontiuun oxide incorporated into the ferrite composition interacts
with the polymer melt more actively than ferric oxide. Due to this, dissolved
SrO and its products of interaction with the melt are accumulated faster and
penetrate deeper into the polymer layer.

Finally, interesting information on the strontium ferrite interaction with
PE melt was furnished by the IRS method (Figs. 5.9, 5.10, Table 5.2). In-
deed, the processes of PE thermal and oxidation destruction accompanied
by the accumulation of unsaturated and oxygen-containing groups in macro-
molecules proceed faster and deeper in the polymer-ferrite pair than in the
reference polymer-neutral substrate (Teflon). In the first case, the relative
intensity of bands related to the groups indicated in the IR spectra are con-
siderably higher in both the polymer film bulk (Fig. 5.9) and in the surface
layers (Fig. 5.10).

In addition, a number of new rather intensive bands appear in the IR
internal reflection spectra of the test sample, predominantly from the ferrite-

I3

contact side in contrast to the reference (Fig. 5.10, Table 5.2). The first group



74 5. Specific Properties of Melt-Blown PFM

Fig. 5.9. IR absorption spectra of melt-oxidized LDPE films (¢t = 5 days): 1, sample
contacted by a ferrite magnet; 2, reference sample

Fig. 5.10. IR internal reflection spectra of melt-oxidized LDPE films (¢ = 5 days,
T =110-140°C): 1 and 2, test sample from ferrite contact side (1) and back side
(2); 3, reference sample

of bands at 1658, 1550, and 1397 cm ™! is unique to valent (asymmetrical and
symmetrical) fluctuations of the C=0 bond within the carbonic acid layers
[6-8, 10-12]. The second group at 448, 550, and 598 cm~'is specific for valent
fluctuations of Me=0 and Me-O bonds in FesOzand SrO oxides [12-14].
Thus, IRS data confirm the hypothesis formulated on the mechanism of
ferrite and LDPE interaction through dissolving Sr and Fe ion oxides by the
oxidized melt and their interaction with the latter leading to the formation
of carboxylate type compounds. As a result, a new metal-polymer phase is
formed that has higher T}, and T, than pure LDPE, which plays an inde-
pendent part in electropolarizing processes. Particularly, this phase contains
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Table 5.2. Characteristic bands of valent (v) and deformation () fluctuations
of unsaturated and oxygen-containing groups in IR internal reflection spectra of
oxidized LDPE films (¢t = 5 days, T'=110-140°C)

Observed frequencies (cm™')* Band classification
Test sample according
Ferrite-contacted side | Back side | Reference sample to [1, 11-14]
3300,y wide 3300.vwide — v(O—Hassoc.)
17454 1745, 1745, v(C=0)
1715, 1714, 1714, v(C=0)
1658, 1658, 1656, .« v(C=C), v.s(COO7)
1550.y 1550 - Vas (COO ™)
1397y 13970 - vs(COO™)
1240, 1239 - v(C-0)
1170,y 1160..v 1160, v(C-0)
10934+ 1094,y v(C-0)
1050, 1050, 10605 wide v(C-0)
920.,v 925 shoulder - 0(=CHy)

- 876 890, 0(=CHa)
853y 854 - 0(=CH-)
598t v(Sr=0)
5500y - v(Fe=0, Fe—0)
448,y v(Fe=0, Fe—0)

497 shoulder 503av 0(=CH-)

st: strong; av, average; w, weak; assoc, associative; s, symmetrical; as, asymmetrical.

additional spatial localization centers of charge carriers, which implement
strong trapping (see Sect. 5.2).

Furthermore, a metal-polymer phase formed at the ferrite filler-binder
interface affects the topography of the magnetic field generated by the filter-
ing material and makes a certain contribution to the mechanism of filtering
processes conditioned, in particular, by the phenomena of magnetic and het-
erocoagulation of contaminants (see Chap. 8).

5.2 Electret Charge in Melt-Blown Materials

Unusual physicochemical characteristics of PFM melt-blown materials arise
from chemical modification of the surface layer and also from physical mod-
ification of the fiber permolecular structure. Fiber formation is accompanied
by severe thermal and mechanical effects on the polymer melt in a viscous-
flow state, which brings about a spontaneous electric charging of the fibers
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transforming them into the electret state. An electret is a dielectric that pre-
serves its clectrified state for a long time and creates an electrical field in the
environment like permanent magnets create magnetic fields.

In [2], the parameters of electrical polarization have been estimated in
melt-blown materials obtained by LDPE deposition on a grounded metal
substrate under various melt-blowing regimes. The speed of extruder worm
rotation n, the temperature T of spray head, and the pressure p of air supplied
to the head were varied. Before measurements, the samples were calibrated
and conditioned according to Russian State Standard (RSS) 6433.1-77. After
that, the efficient surface charge density oor (ESCD) of the electret was esti-
mated by the compensation method, according to RSS 25209-82. Then, the
activation energy W, relaxation time of residual charge 7, trapping section S,
and the frequency of liberation attempts v, of the carriers from the trapping
center were determined by the method of thermally stimulated depolarization
(TSD).

TSD current spectra of all samples investigated show a characteristic peak
at 102+5°C corresponding to negative charge relaxation (Fig. 5.11). After
160 days in a humid atmosphere, the samples showed a reduction in peak
intensity of 40%. The presence of a single peak provides the basis for a sup-
position that a volume charge is formed in the sample by the carriers captured
by localized traps of a similar localizing depth in a forbidden band [15].

The main parameters describing the capture and recombination of charge
carriers are given in Table 5.3. Analysis leads to the following conclusions.

A bipolar polarizing charge is formed in the samples when oo = 0.39—
0.43 nC/em? and W = 0.83-0.85 eV. It is sufficiently stable, which is sup-
ported by negligible changes in charge characteristics upon sample storage.
An increase in o.¢ is probably due to relaxation of the negative sign. That is

1(pA)

0
80 100 120
T(°C)

Fig. 5.11. TSD current spectra of LDPE-based fibrous material taken during 1 day
(1), 30 (2), 60 (3) and 160 (4) days after sample fabrication
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Table 5.3. Variation of charge state characteristics of melt-blown materials with
time

Time from ESCD Activation Relaxation Capture Frequency of
sample Oof energy W time section liberation
fabrication  (nC/cm?) (eV) 7(10° s) S(10720m?) attempts
till testing vo(10*0 s 1)
(days)
1 0.39 0.84 2.7 1.9 8.0
30 0.41 0.83 2.5 3.7 1.5
60 0.43 0.83 3.1 5.7 2.3
160 0.42 0.81 3.4 4.5 1.8

why the relaxation time of the total charge increases, and the frequency of
escape attempts is reduced with storage time under constant conditions.

The electret charge is identified by three interconnected criteria [16}:
(1) the presence of bulk electric charge in the sample; (2) its prolonged
preservation, and (3) generation of TSD currents in the “electrode-sample-
electrode” circuit upon electrode shorting and sample heating. The results
cited prove the presence of these criteria in the samples under study and also
point to the fact that the melt blowing technique leads to the generation of
an electret state in nonpolar and weakly polarizing LDPE without using any
electrical sources [2].

The technological regimes of the melt blowing process influence the
electret charge value in fibrous materials. In Fig. 5.12, TSD current spectra
of samples formed under different conditions are presented, where n is the
worm rotational speed, p is the pressure of spray air, and 73 is the melt
temperature in the extrusion head. It is evident that as the influence of each
of these factors intensifies, the current value also increases.

It was shown earlier (see Fig. 4.8) that increases in T and p lead to reduced
fiber diameter d¢. Simultaneously, oo and W values increase (Table 5.4). The
growth of n (at T', p = const) is also accompanied by o.¢ increase in spite of
dg increase (see Fig. 4.7), although an increase in W is not noticed. So, it can
be anticipated that with an increase in n, the degree of macromolecular de-
struction also increases, and consequently, new trapping centers appear. Pre-
sumably, an increasing number of trapping centers affects o.; more strongly
than a dy increase.

The TSD current spectra presented in Fig. 5.12 are a result of the super-
position of currents generated from the thermal relaxation of fiber volume
and surface charges. These charges possess different signs, and their value is
correlated with the material structural parameters and, consequently, with
the technological regimes of the melt blowing process.

The electrification mechanism of melt-blown materials can be pre-
sented in the light of the previously cited experimental data.
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Fig. 5.12. TSD current spectra of fibrous materials formed under various tech-
nological regimes: (a), n = 20 min~ ', p = 30 kPa, T} = 310, 340, 360, 380, and
390°C for curves 1-5, respectively; (b), Th = 390°C, p = 30 kPa, n = 4, 20, 25, and
30 min~"' for curves 1-4, respectively; (c¢), 71 = 390°C, n = 20 min~ ', p = 10, 20,
30, and 40 kPa for curves 1-4, respectively

Table 5.4. Characteristics of the charge state of melt-blown materials depending
on their technological regimes

Forming regimes r Charge state characteristics
Extrusion Parameter Tof Wi(eV) 7( 10° s) S Ve
parameter values (nC/cm?) (1072 m?)  (10'%s™ )

310 0.13 0.82 0.1 19.0 7.9

340 0.16 0.81 4.2 3.8 1.5

T:(°C) 360 0.25 0.84 3.1 5.1 9.0
380 0.27 0.83 4.7 5.3 7.1

390 0.55 0.85 5.0 6.0 8.2

14 0.3 0.87 0.9 3.0 0.5

n(min ") 20 0.35 0.82 1.6 3.7 3.2
25 0.37 0.86 3.1 4.0 2.1

30 0.43 0.88 4.2 6.9 1.8

10 0.14 0.83 1.9 0.2 0.5

p(kPa) 20 0.22 0.82 3.3 3.7 1.5
30 0.42 0.84 4.2 2.8 2.8

40 0.55 0.85 7.1 4.8 1.6
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Trapping centers in solid polymers are subdivided by the criterion of
spatial localization of charge carriers into coulombic centers of attraction,
repulsion, and neutral ones [15]. Capture cross sections of coulombic centers
vary from S = 107" m? (attraction) to 1072 m? (repulsion), and S of neutral
centers is found between those values. Strong capture trapping centers are
characterized by the frequency of carrier escape attempts v, = 108102 s71;
those with weak capture are 10'3-10'* s~!. From the analysis of the data
presented in Tables 5.3 and 5.4, it is evident that charge carriers in melt-
blown materials localize in neutral centers, which realize strong capture.

Elevated temperatures at which polymers are sprayed approach their de-
struction thresholds and initiate breakage of the main chain bonds in macro-
molecules together with the formation of radicals. The breakage is preceded
by thermal-fluctuation-induced elongation of bonds. At sufficiently large elon-
gation, self-ionization of macromolecules can occur, when bound electrons
“soak” through the potential barrier of the macromolecular force field thus
realizing the tunnel effect [17]. When a polymer undergoes melt blowing,
the probability of self-ionization is highest during intensive stretching and
dispersion of overheated fibers in a compressed air flow. The number of ion-
ized macromolecules increases with the rising 77, which is evident from the
increase in oe, S, and 7 (Table 5.4). The ionized state of macromolecular
patches is stable enough because correlation between T7 and frequency v, is
not observed.

A lot of macromolecules in a viscous-flow polymer mass have “innate”
defects. These are oriented in a certain manner atomic groups with either
constant or induced dipolar moments. Such defects can act as structural
traps [18]. When the polymer mass in a viscous-flow state contacts the metal
parts of the spray head, charge carriers injected from the metal localize on
these centers. This is the reason that the increase in contact interaction in-
tensity is immediately recorded as a T'SD current gain in melt-blown material
(Fig. 5.12). When n increases from 20 to 30 rpm (Table 5.4), the frequency v,
of charge carrier escape attempts is reduced. This agrees with the proposed
hypothesis for the polarization mechanism of fibrous materials and supports
the high probability of macromolecular self-ionization and mechanical de-
struction during melt blowing.

Charges acquired by fibers at the high-temperature processing stage are
rather stable. They do not manage to escape from the traps during spraying
due to fast cooling of the fibers and remain “frozen™ in their localized states.
It is seen from Table 5.4 that all of the parameters of the sample charge state
increase with a p rise. Probably, the processes of macromolecular ionization
and mechanical destruction go on during melt spraying. It is natural that the
processes of polymer-metal contact breakage make an essential contribution
to the mechanism of fiber polarization. This takes place when the gas flow
tears fibers forced through the die away from the head. With a rising p,
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dispersed fiber fragments become shorter, the frequency of their separation
increases, and the polarizing charge on the fibrous material grows.

The hypothesis for carrier localization on readily polarizing macromolec-
ular groups with double bonds has one more confirmation. Carrier capture
just by neutral centers conditions high stability of the electret charge of melt-
blown materials with time.

The processes of carrier entrapment and polarizing charge relaxation con-
tinue during fibrous mass deposition on the substrate. Their intensity is,
however, two orders lower than at the high-temperature stage of the process.
Charge transfer localizes on fiber contact sites. Secondary polarization pro-
cesses induced by electrical fields of neighboring fibers proceed till polymer
hardening.

The filler effect on polarizing charge generation in melt-blown materials
can be explained by the example of magnetic PFM based on ferrite-filled
LDPE.

For pure LDPE samples, only one discharge current peak is typical at
104-105°C. Two additional peaks at 75-77 and 115-120°C are seen on the
spectra of samples filled with ferrite (Fig. 5.13). This suggests that three
trapping center types appear in the material responsible for spatial localiza-
tion of charge carriers (Table 5.5). The peak of pure LDPE corresponds to
relaxation of the natural polarizing charge of melt-blown material. The low-
temperature peak (75-77°C) arising from fiber filling with ferrite is brought
about by Maxwell-Wagner polarization. This means that charge carrier accu-
mulation at the filler-binder interface results from the difference in ferrite and
LDPE conductivities. The high-temperature peak (115-120°C) is the result
of polarizing charge relaxation occurring in the phase of metal-polymer com-
pound, which is formed, according to the hypothesis proposed in Sect. 5.1,

I(pA)
10

11 1

60 80 100 120 140 T(C)

Fig. 5.13. Temperature dependence of TSD currents in melt-blown materials based
on LDPE: 1, pure; 2 and 3, filled with strontium ferrite (15 mass %) nonmagnetized
and magnetized, respectively
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Table 5.5. Characteristics of the melt-blown PFM charge state of LDPE + stron-
tium ferrite (15 mass%) composition

Sample Oof Trnax w T S v,
(nC/cm?) (°C) (eV) (10°s) (1072 m?) (10" s ")
Nonmagnetized 0.41 7577 0.79 0.3 6.5 21.0
104-105 0.83 3.2 4.0 5.0
115-120  0.86 30 0.47 0.02
Magnetized, 0.51 104--105 0.84 1.0 4.0 1.0
B, =04 mT 115-120 0.9 20 0.013 0.032

through a carboxylate mechanism. The presence of a high-temperature peak
is a confirmation of this fact [19].

The low-temperature peak corresponds to the temperature of the A\; relax-
ation transition related to the mobility of physical nodes in the molecular net
of the LDPE amorphous phase [20]. When the sample is magnetized the peak
lessens or disappears completely, and the intensity of the main peak increases.
This means that the A transition in a strong magnetic field is accompanied
by migration of charge carriers from low- to high-temperature trapping cen-
ters. When material is demagnetized during storage, a low-temperature peak
appears again on TSD curves.

Proceeding from this, magnetic melt-blown PFM [21] serve as carriers of
both magnetic and electrical fields, which expands their field of application.



6. Fibrous Materials in Filtration Systems

One of the most positive trends in melt blowing technology is the production
of fibrous materials for filtering systems. Filtration is the motion of liquids
or gases through a porous medium. Liquid or gaseous media are separated
from contaminants during filtration. In the process of filtration suspensions
or aerosols are separated by porous screens letting liquid or gas pass but
keeping solid particles back. Filtration is performed by filters whose major
part is the filtering element (FE), which is a porous screen made of a fil-
tering material (FM). A diversity of filtration conditions exist (various sizes
and types of contaminants, volumes of media being filtered and velocity of
filtration, degree of cleaning, and so on) which determine the use of a wide
range of FM, including paper, metal meshes, synthetic and natural fabric and
fibers, porous plastics, and powder materials. Melt-blown polymer materials
occupy their own merited place within the combinations of synthetic FM and
are efficiently used in the techniques of purifying technological and working
media, as well as industrial wastes.

6.1 Efficiency of Filtration Systems

The main service characteristics of filters and FEs as well as terms denoting
filtering efficiency have been standardized in Russia at the state level [1-4]
and are also reflected in international standards [5].

The filtering factor or (3 coefficient corresponds to each contamination
fraction with a maximum particle size x:

/‘j.lt - NI/N2 s

where x is the index of chosen particle size in micrometers, N; is the number
of particles larger than = per milliliter of liquid before the FE, and N; is the
number of the same fraction of particles per milliliter of liquid after passing
the FE.

In practice, particle size is chosen depending on filter designation and
filtering conditions. It is usually of the series 5, 10, 20, 30, and 40 wm, and
the (3 factor is determined for particles of a fixed size. For example, 3¢ is the
filtering factor for a particle size above 10 wm.

L. S. Pinchuk et al., Melr Blowing
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The filtration ratio is the relation of the amount of particles captured by
the FE with sizes exceeding the preset size to the amount of particles with
the same size per unit volume of the liquid before the FE:

Ny — N,

Ne = N,

The filtration ratio and the filtering factor 3, are interrelated through the

relationship
1 1

Ne=1—— .

e 3

The term efficiency rating denoted as E, is often used in scientific and
technical literature [5]:

Ny — N: . 1
By =2 100% = (1 - — ] - 100%
Nl /))13

Filtration fineness (sifting) characterizes the capability of a FE to capture
contaminant particles of a certain size. The absolute and nominal fineness of
filtration are distinguished. The absolute filtration fineness d,p,s is the maxi-
mum particle size (wm) of a spherical artificial contaminant found in filtered
liquid. The parameter of absolute filtration fineness is used in practice if
the filtering factor of the particle size x is 3, > 75 or the filtration ratio is
1. > 0.987. The nominal filtration fineness dyeop is the minimum size (um)
of contaminant particles captured by a FE whose filtering factor is 3, > 20
or filtration ratio is 7, > 0.95.

The FE efficiency by filtration mass indexes is reflected by sifting and
transmission coefficients. The sifting coefficient ¢ is the relation of the con-
taminant mass captured by a FE to that found in an unfiltered working fluid:

My - M
L VAR

where M, is the contaminant mass in the initial working fluid before a FE;
M, is the contaminant mass in filtered liquid after the FE.

The transmission (skipping) factor is the ratio of contaminant mass in
the filtered working fluid (after a FE) versus the contaminant mass in an
unfiltered working fluid (before a FE).

An important parameter that reflects filter efficiency is the pressure dif-
ferential in a FE, i.e. the pressure difference (Ap) between the FE inlet and
outlet when a medium is being filtered. Nominal, maximal, and breaking pres-
sure differentials are discriminated. The nominal pressure differential Appom
is measured on an uncontaminated FE under nominal liquid discharge and a
given viscosity value. The mazimal pressure differential Ap,, .« is the limiting
differential value under which FE operation is admissible. The breaking pres-
sure differential Apy, brings about either residual deformation or tightness
violation of a FE.
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The mud capacity of a FE is the artificial contaminant mass of a pre-
set particle size captured by a FE from the beginning of filtration till the
maximum pressure differential is attained under nominal liquid consumption
and a given viscosity. To determine the mud capacity, a system of continuous
circulation of contaminated liquid flow through the filter being tested is used
at a preset temperature and flow rate. Portions of an artificial contaminant
are introduced into the liquid flow before the filter until a limiting pressure
differential is reached. The latter is usually indicated either in standards or
technical specifications for a certain filter type. Mud capacity is calculated
using the formula

G =DMn .

where M is the mass of contaminant specimen in the filtered media in
milligrams, and n is the number of specimens needed to increase the pressure
differential from nominal to the limiting pressure.

6.2 Filtration Mechanisms

The filtration of gases or liquids is accompanied by precipitation of suspended
particles on a FE. In this connection, general regularities typical of all kinds
of filtration and the main features of the purification process of gases and
liquids are discussed following.

6.2.1 Mechanisms of Particle Precipitation

Among the major reasons ensuring particle capture by a filtering screen, the
following phenomena are named by the classical theory of filtration: direct
interception, inertial impaction, diffusion, screening effect, as well as gravita-
tional, electrostatic, and magnetic precipitation [5, 6].

Coarse particles (> 20 um) are entrapped mainly by inertial capture, grav-
itational precipitation, and screening. Inertial impaction consists of the fol-
lowing: a particle bypasses an obstacle (a structural element of FM) in the
medium flow, but under inertial forces, it is deflected from the flow direction
and collides with the obstacle. The probability of such a capture is higher, the
larger the particle size; so inertia has little effect on particles less than 1 wm
in diameter. Gravitational precipitation occurs by the action of the earth’s
eravity. Screening effect is observed when the particle size is too large to pass
through the FM pores and channels.

Therefore a filter for eliminating coarse contaminants can be presented as
a “mechanical” porous screen that prevents particle penetration but does not
impede liquid or gas flow through it. Separation of fine impurities (< 20 um)
is much more complicated. The main role here is played by precipitation
mechanisms based on impaction and diffusion.
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Fig. 6.1. Particle precipitation mechanisms on a single fiber [5]

Direct interception takes place when a particle approaches an obstacle
at a distance less than its radius. Particles stick and are retained under the
action of van der Waals forces. Diffusive precipitation is typical for extremely
small particles (below 1 um), which travel chaotically as a result of Brownian
motion and might settle on a FE screen due to random deflection from the
flow direction.

The dominance of one or a few precipitation mechanisms is determined
by the parameters of the filtered medium, the contaminant particle size, and
filtration conditions. A scheme is given in Fig. 6.1 of particle precipitation
on a single filament when the main precipitation mechanisms are inertial
impaction, direct interception, and diffusion.

6.2.2 Surface and Depth Filtration

There is a distinction between surface and depth (bulk) filtration. Surface fil-
tration proceeds mainly by direct interception and screening. Particles with
diameter larger than inlet openings of a FM channel are retained on a FM
surface. Smaller particles can be blocked in the channels. Adsorptive inter-
actions between contaminants and a FM are usually negligible. The simplest
type of “mechanical” filter realizes surface filtration, i.e., a FE serves as a
screen that does satisfactorily rough cleaning. During prolonged service of
such filters, two effects arise:

1. Gradual narrowing of the FM channel cross section due to partial block-
ing by particles that leads to “finer” filtration, i.e., the FE starts to cap-
ture finer particles because fine particles are retained on channel walls
by adsorptive forces (Fig. 6.2).

2. A bed (thick layer) of contaminant particles starts to grow on a FE
surface thus forming an additional filtering screen which is blocked by a
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mechanism analogous to that previously noted and becomes a finer FE
with time (Fig. 6.3).

Another type of mechanical filter presupposes FE employment of consid-
erable thickness, which provides depth filtration. In this case, the filtration
mechanism becomes more intricate because particle passage through a FE
has prolonged and random behavior which furnishes more chances for direct
interception and retention of contaminants. Coarser particles are, as a rule,
captured by a FE surface, and smaller ones by subsequent layers. The optimal
structure of a FE for depth filtration is characterized by a density (porosity)
gradient. This is important when impurities have a large size scatter. If the
particles are more homogeneous in size, a surface type FE can be used in
place of a depth filter. This circumstance sometimes plays an important part
in choosing a FE type because the pressure differential on a depth filter is
usually larger than that on a surface filter.

Fig. 6.2. Blocking effect of fine particles retained by a surface FE [5]

Fig. 6.3. Formation of a bed from particles captured on a FE surface [5]
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The total efficiency of a depth type filter is higher than that of a surface
filter. In inertial interception of particles, adsorptive forces take part. and, in
addition, fine particles in Brownian motion are entrapped by the adsorptive
capture mechanism. As a result, a depth filter can intercept finer particles
than a surface filter.

An ideal structure of a depth FE presumes a density gradient growing in
the flow direction of the filtered medium (Fig. 6.4). Thus, the probability of
intercepting fine particles increases during passage through the FE.

There are three types of depth filters: fibrous, porous, and cake-like [5].
A fibrous FFE consists of a layer of thin fibers oriented randomly relative to
each other. Depending on the fiber material and the production technique,
their diameter can be from 0.5 wm to a few tens of micrometers. The fibers
are mixed and interwoven so that numerous twisting channels are formed in
between where particles are entrapped and retained by the mechanisms previ-
ously described. In practice, along with synthetic polymers, cellulose, cotton,
and glass microfibers are widely used to manufacture fibrous filters. Filtra-
tion efficiency depends strongly on fiber diameter. The thinner the fibers, the
denser they can be packed, and the shorter will be the path of contaminant
particles through a FE.

A fibrous FE layer is usually about 0.25-2.0 mm thick, and the fibers are
adhesively bonded. The latter is requisite for a FE structure, including its
pores, which ensures, in its turn, stable filtration characteristics. A distinctive
feature of melt-blown fibrous materials is welding “bridges” between fibers
that impart structural stability and permanence to a FE without using glue
compositions. However, there is also an opinion [7] that the filtration efficiency
of a FM consisting of nonbonded fibers exceeds that of an FM whose fibers
are bonded to each other.

A porous filter is like a fibrous FE in providing of capillary penetration
of the medium through the pores. The latter are formed either by foaming
plastic material (e.g., polyurethane) or by sintering quasi-spherical particles
of a solid material (metal. ceramics. polymers [8]).

Fig. 6.4. A model of an ideal structure of a depth fibrous FE
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Cake-like (filled) filters are formed in application, and are used mostly to
remove solid particles from sizeable volumes of liquids. The simplest cake-like
filter is a layer of solid particles, which are placed on a support screen or a
mesh. Voids between particles form pores and channels for filtration. Any
binders to bond particles are excluded. This structure of the filtering layer
makes the filters unsuitable for purifying technical fluids because for this
purpose it is important to have a stable, compact FE structure insensitive to
vibration. Typical materials for cake-like filters are diatomite, sand, clay, as
well as wood and cotton fibers.

6.2.3 Electrostatic Precipitation

Aside from impaction, gravitational precipitation, and inertial and diffu-
sion interception of contaminant particles, electrostatic interaction of unlike
charged bodies is the main filtration mechanism for gaseous media. Con-
taminated gas passage through an electrostatic field is a widely applicable
industrial process for removing dust from gas streams. Its main merit con-
sists in realization of significant electrical forces act directly on particles but
do not depress the medium stream. This also makes it possible to use some of
the advantages of electrostatic precipitation, including the chance of remov-
ing particles below submicron size from the gas stream, realization of a high
degree of purification (99% and more), and low hydrodynamic resistance of
electrostatic filters. [6].

Let us consider a scheme for precipitating of contaminant particles in an
electrical field created by charged fibers in an electret FM (for more detail, see
Chap. 7). The operating principle of a fibrous electret filter is the interception
of contaminants in response to coulombic and inductive forces (Fig. 6.5). The
former are efficient in charged particle capture; the latter cause attraction of
neutral particles by inducing dipolar electrical moments in them. Because
the interceptive mechanism is conditioned by long-range electrical forces, an
electret FM might have voids whose cross sections exceed the typical size of
filtered particles. This is why electret filters display low pressure differentials
at high filtration efficiency. For example, in filtering a submicron NaCl aerosol
through a polypropylene electret filter at a flow rate of 20 cm/s, the pressure
differential is 4 to 20 times less than that in a glass-fiber filter of similar
permeability [9].

Electric forces are effective when either a FM or dust particles are charged.
Dust particles or FM fibers can be charged by triboelectrification during
filtration. Synthetic fibers acquire electret properties during molding and
stretching in the melt blowing process (see Sect. 5.2). Fibers or contaminant
particles can also be charged by, e.g., corona discharge (see Chap. 7).

When describing particle charging in a corona discharge field, the majority
of scientists [10-12] proceed from the existence of two charging mechanisms,
that is, ion and diffusion. The former includes particle charging by ions mov-
ing in an external electrical field; the latter is conditioned by diffusion of so
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Fig. 6.5. A scheme of particle (1 and 2) attraction by a charged fiber (3) under
coulombic (1) and inductive (2) forces; 4, lines of electrical field intensity around a
charged fiber; 5, filtered aerosol flow lines

called thermal ions whose velocity depends on heat energy. Electrical field
action is considered to charge particles mainly larger than 0.5 wm, whereas
the diffusion process includes particles below 0.5 wm [6].

When moving in a medium a particle in an electrostatic field is affected
mainly by electrical forces and gas-dynamic resistance. Using Coulomb’s law
to describe the former and Stokes-Kaningham’s law for the latter, White
obtained an equation to calculate the velocity of particle drift in a laminar
gas stream [12]:

qF A .
vy = 1 -1, 6.1
vo 6mnr ( 4 7') (6.1)

where ¢ is particle charge, C; E is field intensity, V/m; 7 is gas viscosity,
Pa-s; r is particle radius, m; A is the mean free path length of surrounding
gas molecules, m; and A is a dimensionless parameter (for air, A = 0.86).
Commonly, particle drift velocity noticeably determines dust collection ef-
ficacy. Equation (6.1), however, does not consider a number of factors arising
from the nature of the dust, particle size inhomogeneity, and specific electrical
resistance. These factors are taken into account by the notion of “effective
drift (migration) velocity”. Frederick [13] divided dust particles into three
groups depending on their specific resistance. The first group includes par-
ticles with low specific resistance (below 102 ohm-m) for which dust layer
discharge time is rather small. Therefore, a particle captured by a FE can
eject back into the gas flow if its momentum is recharged. The second group
involves dust particles with specific resistance of about 10%-10% ohm-m. The
particle discharge time is optimum for dust layer formation of sufficient thick-
ness on the electrode or FE. The third group includes dust particles with high
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specific resistance (above 10% ohm-m). Such particles are difficult to intercept
because the layer formed on the electrode (for example, on fiber) behaves like
an insulator due to its considerable discharge time. This can bring about a
so-called “reverse corona”’ and abrupt reduction of cleaning effectiveness of
the gas flow.

Zimon [14] somewhat modified Frederick’s classification by taking into
account adhesive forces in dust deposition. Electrically active dust whose
adhesive forces upon precipitation exceed cohesive forces and where particle
aggregation does not take place are related to the first class. It includes
burnt silicate and zinc oxide, cement, furnace black, corn starch, lumpy clay,
and diatomite upon thermoalkaline treatment. The second class consists of
electrically active dusts, which can discharge upon adhesion and form strong
aggregates. It embraces smoke efluents of the zinc oxide type, raw cement,
emission of a nickel melting furnace, magnesites, chromium ore, wheat starch,
powdered sugar, and molybdenum oxide. To the third class belong electrically
inactive dusts insensitive to the electrical effect of a FE, including soot, silicon
dioxide, kaolin clay, and ground oats.

This subdivision is conventional because contact potential difference and
charge leakage rate depend on dust properties and also on the properties of
the filtering material as well. Thus, for example, fabric and fibers employed
as filtering materials can be placed in a triboelectrical series depending on
their ability to electrify from friction [15]. The triboelectrical series should
be also treated as a rough estimate of filtering materials because the techno-
logical peculiarities of production and fiber surface modification can change
the position of the material in the series.

6.2.4 Precipitation and Coagulation in a Magnetic Field

Using a magnetic field for cleaning liquid and gaseous media from impu-
rities is, at first glance, limited by the specificity of the particles, that is,
they must display ferromagnetic properties. First and foremost, these are
iron-containing impurities formed from continuous or progressive corrosion
and wear of machine parts. Note, that iron-containing particles also fulfill a
supplementary function of transporting other contaminants and ions in the
process of magnetic precipitation. This leads to deeper purification of liquids
and gases even from the contaminants that do not precipitate in a magnetic
field [16].

Magnetic precipitation is, as a rule, carried out by magnetized elements
(packing) directly contacting liquid or gas flow. Iron-nickel spheres, shot, wire
chips, crushed ferrite, ferromagnetic powder, ferrite magneto-soft granules,
and magnetic fibrous materials can be used as magnetic elements of filters.

The probability of capturing particles with a magnetized FE is condi-
tioned by the competing effects of different forces: inertial, magnetic, hydro-
dynamic (in the Stokes approach), buoyant (Archimedean), and gravitational.
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If we consider only apparently dominating forces (magnetic, Stokes, and in-
ertial), then the equation for the motion of a particle of mass myg is [16]

d
mo% +Fu+F, =0, (6.2)

where modvo/dt = F; is the inertial force; Fp, = uyxVoHgradH is the mag-
netic force; Fg = 3mdn(v —vo)ko is the Stokes force; pu, = 471077 H/m is the
magnetic constant; x, Vo, and § are, respectively, the magnetic susceptibility,
volume, and equivalent effective diameter of a particle; H is the magnetic
field intensity in vicinity; n is the dynamic viscosity of liquid (gas); v and v
are the liquid (gas) and particle velocity; ko is the dynamic particle shape
factor (it is, on average, equal to 1.15 for a length to width ratio of particle
size within 0.25-4).

When purifying from highly dispersed particles with low inertial forces,
Eq. (6.2) will be capture condition in a scalar form:

Fn > Fs . (6.3)

The correctness of this condition and the resultant regularities of magnetic
filtration are supported by experimental data.

It has been found that magnetic force F, depends to a great degree on
particle size and its magnetic properties (magnetic susceptibility). In ad-
dition, particle precipitation intensity in an inhomogeneous magnetic field
increases with increasing H and grad H.

If we imagine that a filtered medium is a flow of roughly similar particles in
a carrying liquid (gas) and a magnetized filtering element is a quasi-uniform
absorbing screen, then an equation can be written for magnetic filtering in a
most general form:

/A =1-exp(—al);§ =alL , (6.4)

where ¢ = C”C;C is a precipitation index of the active fraction of particles,
Cp and C are the initial and final content of ferromagnetic particles in the
purified medium, A is the portion of the active fraction of particles capable
of magnetic precipitation, « is absorptivity, L is the filtering layer thickness,
and £ = —1In(1 —v/A) is the logarithmic purification index.

Absorptivity o depends on magnetic field intensity H: o ~ H/, where
f varies from 0.4 to 1. Consequently, the dependences of the precipitation
index and purification factor on field intensity will acquire, respectively, log-
arithmic and exponential behavior. It is seen from Fig. 6.6. that the & versus
H dependence is really close to exponential and exponent f can vary from
0.7 to 0.8 (for real contaminants in technological liquid and gaseous media,
the mean value is f ~ 0.75).

Coagulation means sticking of colloidal particles together from directed
motion during filtration under a force field action. It has been shown in the
literature that particle precipitation in a magnetic field is attained due to
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Fig. 6.6. The dependence of the precipitation index ¥ (a) and logarithmic purifi-
cation factor £ (b) of magnetite particles on magnetic field intensity. The effective
diameter of particles varies from tenths to tens of micrometers (1), below 8 um (2),
above 8 um (3). The filtration rate v = 5.6 cm/s, and the magnetic filtering layer
thickness L = 4.2 ¢cm. The filtered liquid is an aqueous suspension of contaminants
from a nuclear power station drain condensate [16]

intense magnetic coagulation in the dust-gas flow that leads to the forma-
tion of aggregates from ferromagnetic particles oriented along the field force
lines. The aggregates reach 10-50 mm in length, and, what is more, when
gases or liquids are purified by magnetic filters, coagulation and interceptive
phenomena are observed with magnetic and also with other contaminant par-
ticles under the magnetic field effect. As a result, cleaning efficiency improves
significantly. These problems are discussed in more detail in Chap. 8 using
fibrous FM as an example.

Magnetic precipitation of particles can also be used for dusts that do not
exhibit magnetic properties but have a preliminary charge. In a magnetic
field of intensity H, an electrically charged solid particle moving in a gas flow
at speed vy will experience a Lorentz force setting it into a spiral rotation.
Within the Stokes law region the final drift velocity of a particle in electro-
magnetic field is determined by its charge, mass, and size, and is proportional
to the linear velocity of the gas stream [6].

During gas flow filtration particle coagulation can take place in a magnetic
and also in an acoustic field as well. Acoustic coagulation (agglomeration, floc-
culation depends on a number of factors, including sound radiation pressure,
the probability of particle and gas joint oscillation (orthokinetic coagulation),
and the relation between hydrodynamic forces of particle attraction and re-
pulsion. The main reason for particle coagulation at frequencies up to 50 kHz
is orthokinetic flocculation; at higher frequencies, the effect of air-dynamic
forces dominates. In [11], the relations are illustrated for the critical frequency
of sound waves, the critical size of particles isolated from the flow, the sound
radiation pressure of oscillating gas, the particle velocity under this pres-
sure, and the time of particle occurrence in an acoustic field. Optimum value
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regions for acoustic coagulation and particle precipitation are the following:
sound oscillation frequency - 1-4 kHz; oscillation intensity — not less than
11.5 Wt/m?; particle size — 1-10 wm; particle concentration — 2-200 g/m?;
time of particle contact in an acoustic field — 24 s.



7. Electret Filtering PFM

Cleaning of air and gas from suspended solid and liquid particles is of
paramount importance in medicine, biochemistry, electronics, the atomic
power industry and many other fields. The most simple, reliable and eco-
nomical way of cleaning gaseous media of highly dispersed aerosols is using
filters with a fibrous FE. The search for highly efficient purification systems
able to remove submicron particles from air has led to the development of
electret filters consisting of a FE with charged polymer fibers [1--4].

7.1 Mechanism of PFM Polarization

Because electret polymer fibrous materials (PFM) have extensively widening
fields of application, it seems significant to improve such parameters as the
magnitude and stability of the electret charge that affects the service char-
acteristics of fibrous filters. In [5], results are cited of PFM polarization in a
corona discharge, particularly, the effect of fibrous structure on the processes
of electret charge generation and relaxation.

Test samples were 2 mm thick PFM plates obtained by melt blowing of
LDPE. Fiber diameter did not exceed 50 70 wm, volume porosity of the mate-
rial was about 50%. To estimate the polarization features of fibrous materials,
reference samples were used as 400 -500 win thick coatings on aluminum foil
produced by hot pressing initial PEM. The samples were polarized in a corona
discharge at field intensity £, = 3 kV/cm, temperature T}, = 30-100°C for
t = 10 min.

In Fig. 7.1, the temperature dependencies of polarizing state parameters of
melt-blown samples are compared with those of continuous coatings. Fibrous
materials having a heterogeneous macro- and complex microstructure and
greater in contrast to the coating thickness show lower j values than coatings.
However, the T}, rise leads to current density increases in both cases due to
the increased conductivity of materials (Fig. 7.1a).

Still more noticeable differences are observed for ESCD dependencies
on polarization temperature (Fig. 7.1b). The electret coating shows a ho-
mocharge within the whole temperature range, i.e., the charge sign does not
change (curve 2). The PFM electret under low T, displays a homocharge,
and at high T}, it acquires a heterocharge. The temperature at which charge

L. S. Pinchuk et al., Melr Blowing
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Fig. 7.1. The dependence of polarization current density (a) and ESCD (b) of
PFM (1) and coating (2) versus polarization temperature T},

inversion of ESCD takes place (~ 55°C) is close to that of the A\, transition
in polyethylene [6] which is related to “defrosting” of the molecular mobility
of molecular net nodes of the noncrystalline phase. The T}, rise from 40 to
100°C is accompanied by growing ESCD relaxation time in an electret PFM
from 22 to 132 hours.

Information on electret charge gencration in PFM can be obtained from
the analysis of TSC spectra (Fig. 7.2). TSC spectra of coatings and PFM
polarized at T}, = 30°C (curves I and 3) are characterized by one peak (max-
imum). Shift of the temperature corresponding to the PFM peak to the side
of higher temperatures occurs because of the larger thickness of the samples
and, consequently, their lower heat conductance compared to coatings. The
TSC spectrum of PFM electrets obtained at T', = 90°C shows two inverse
peaks (curve 2). The first peak seen at T}, = 90°C is related to homocharge
relaxation, and the second is at T, = 100°C, which corresponds to hete-
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Fig. 7.2. TSC of LDPE corona electrets: 1 and 2, PFM: 3 and 4, coatings. T}, =
30°C (1, 3): T, = 90°C (2, 4)

rocharge relaxation. The high-temperature peak of both coatings and PFM
is more evident on the TSC of electrets polarized under high temperatures
(curves 2 and 4).

The appearance of two peaks on TSC spectra at high T}, provides the
basis for the supposition that carriers entrapped at various depth within
a forbidden band generate an electret charge in LDPE. The use of partial
thermal cleaning of peaks [7] has made it possible to evaluate the activation
energy W. the capture sections S, the escape attempt frequency of trapping
centers v,, the residual charge value .5, and the charge distribution by
types of trapping centers M = Qpeak/Qgen (Table 7.1).

As noted carlier. trapping centers in solid bodies can be subdivided into
three types: coulombic centers of attraction, neutral, and coulombic centers
of repulsion [8].

Trap cross sections vary from 107 m? (for centers of attraction) to
1072 m? (for centers of repulsion). Strong capture centers show escape at-
tempt frequency within the 10810 s=! range. and those of a weak capture

Table 7.1. Localized state parameters of LDPE-based corona eclectrets polarized

at T, = 90°C

Sample No. of TSD Toae("C) W (V) vy (s7) S (m*) Qree (0C) M (%)
type  curve peaks
in Fig. 7.2

Coating 1 73 0.80  1.7-10° 10! 1.10 70
2 92 1.14 5101 1071° 0.47 30

PFM 1 89 1.20 610" 107" 0.15 31
2 100 0.90 6-10° 1072 0.33 69
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are 10'3-10'* s~!. Analysis of Table 7.1 allows us to draw the conclusion that
charge carriers in both PFM and coatings localize in two types of traps, that
is, neutral centers that realize strong capture (peak 1 for coatings and peak
2 for PFM) and coulombic centers of attraction that realize weak capture
(peak 2 for coatings and peak 1 for PFM). Major portion of electret charge
is formed by carriers localized in neutral trapping centers as in coatings, so
in PFM. For PFM, it is typically carriers that generate a heterocharge.

The analysis of experimental data makes it possible to suggest the fol-
lowing mechanism for homo- and heterocharge formation in electret fibrous
material.

Under low-temperature polarization of LDPE (within the 30-50°C range),
filling of localized states, both centers of attraction and neutral, proceeds ow-
ing to carriers injected by corona discharge. Entrapped by the centers, carriers
generate a homocharge in both coatings and PFM. Their delocalization dur-
ing thermal depolarization leads to formation of only one TSC peak (Fig. 7.2,
curves 1, 3).

The increase of polarization temperature (T, = 60-100°C) leads to aug-
mented equilibrium conductivity of the material, i.e., to a heat-induced in-
crease of carrier concentration within the polymer conduction band. In a
continuous coating, intrinsic carriers drift to the corona electrode and recom-
bine with carriers injected by corona discharge. Because the concentration
of intrinsic carriers is lower than that of injected carriers, the portion of
unrecombined injected carriers localizes in the trapping centers to form a
homocharge. Its value is, nevertheless, less than that of the charge formed
in low-temperature polarization. This can be seen from the reduction of the
arca beneath curve 4 in contrast to that of curve 3 (Fig. 7.2).

In polarizing PFM with a discrete structure, the migration of intrinsic and
injected charge carriers is complicated. As a result, intrinsic carriers localize
in neutral trapping centers within the fibrous bulk at the interface between
crystalline and noncrystalline phases and thus create Maxwell-Wagner polar-
ization. These carriers form a heterocharge, and their delocalization in ther-
mal depolarization gives rise to the second (negative) TSC peak (Fig. 7.2,
curve 2). Its location in a high-temperature region is connected with iner-
tial heating of the fibrous material that have low heat conductance. Corona
injected carriers localize in coulombic centers of attraction in fiber surface
layers and form a homocharge which produces the first (positive) TSC peak
in depolarization.

During PFM production by melt blowing, the polymer is subjected to
intense temperature and mechanical effects leading to its thermal and ther-
mally oxidizing destruction. The latter is intensified in polarization by corona
discharge at elevated temperatures. These processes are accompanied by an
increasing number of unsaturated links induced by formation of vinylidene,
vinyl and trans-vinylene groups in the fiber bulk, as well as hydroxylic and
carbonyl groups on its surface. The groups with easily polarizable double
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links (vinylidene, vinyl and trans-vinylene) interact with charge carriers (in-
trinsic or injected) as neutral trapping centers making capture, probably,
analogous to the mechanism of small-radius polaron formation [8]. Charge
carrier trapping by the centers of attraction occurs, probably, due to their
coulombic interaction with polar groups (hydroxylic and carbonylic) concen-
trated mainly in the fiber surface layers.

Carrier localization in neutral trapping centers is advantageous from the
viewpoint of increasing the temporary stability of the electret charge. This is
explained by the absence of the Pool Frenkel effect [9] in these centers, i.e.,
no potential barrier reduction that hampers charge carrier delocalization is
observed in the strong inner field of the electret.

From the analysis of probable polarization mechanisms of fibrous materi-
als by corona discharge, the following conclusions can be drawn:

e Heterocharge formation in PFM takes place in polarization at elevated
temperatures, is conditioned by a nonhomogeneous material structure, and
follows a mechanism analogous to that of Maxwell-Wagner polarization in
heterogeneous dielectric media.

e Electret heterocharge carriers are not injected but are intrinsic and are
localized in neutral trapping centers which assists in increasing the electret
charge relaxation time and the electret stability.

e It can be anticipated that high-temperature treatment of PFM by corona
discharge along with spontaneous fiber polarization during melt blowing
(see Sect. 5.2) makes it possible to achieve electret charge parameters that
will provide highly efficient trapping of submicron size particles by a fibrous
polymer FE.

7.2 Capillary Phenomena

The PFM structure presupposes the presence of a developed system of pores
and capillaries in the filtering material bulk. It is common knowledge [10]
that high relative air humidity gives rise to capillary condensation. This phe-
nomenon can significantly effect the gas filtration process. The liquid layer
between a contaminant particle and the fiber surface in electret filters sub-
stantially weakens the effect of electrical forces. In an air medium with high
humidity, capillary forces prevail over other forces responsible for retaining
particles on a fiber surface. Capillary forces depend on the physicochemical
properties of interacting surfaces, but mainly on the hydrophilic-hydrophobic
balance.

Capillary condensation can be presented schematically as follows [10]. In
the clearance between contacting bodies, water vapor condenses (Fig. 7.3).
The meniscus formed draws the particles together by surface tension forces,
on one hand, and reduces capillary liquid pressure due to its concavity (in
conditions of surface wetting), on the other hand. In full wetting, v — 0
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(Fig. 7.3), and the formula for capillary interaction between two spherical
particles is

F = 2nogr , (7.1)

where oy is the coefficient of surface tension at the solid-liquid interface, and
r is the particle radius. If one of contacting surfaces is flat (Fig. 7.3b,c), then
the liquid layer thickness h becomes approximately two times less; then

Fio =dnogr . (7.2)

Relations (7.1) and (7.2) are true in conditions of full wetting of smooth
surfaces (v — 0) and for relatively large particles. For nonwettable (or not
fully wettable) surfaces, the right-hand sides of (7.1) and (7.2) should be
multiplied by cos € (0 is the edge wetting angle); then

Fi = 2nogrcost (7.3)
Fyo = 4mogrcost . (7.4)

According to (7.4), capillary forces exert the most influence on particle
adhesion to a fiber when the surfaces are hydrophilic (6 — 0) and the least
effect when they are hydrophobic (6 — 90°).

At 100% relative humidity when particle sticking is caused exclusively by
capillary phenomena, experimentally estimated adhesive forces [10] are less

Fig. 7.3. Diagram of capillary condensation in the contact between two spherical
particles (a) and of a particle with a fiber (b, ¢): (a), (b), without a liquid layer;
(c), with a liquid layer in the contact area
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than those calculated by formulas (7.2) and (7.4). The point is that these
equations do not consider the wedge pressure of the thin liquid layer, which
weakens capillary interaction.

Wedge pressure characterizes the intensity of interaction between surface
layers of a thin liquid film in the clearance between contacting bodies. It
is determined by the difference between the thermodynamic and chemical
potentials of the layers from those in the bulk liquid phase due to the in-
fluence of neighboring (bordering on the film) phases. The notion of wedge
(disjoining) pressure for a thin liquid layer between the surfaces of solids was
established by B.V. Derjaguin [11.12] and was expanded afterward to a wide
circle of problems, including the stability of lyophobic colloids [13], lubricity
[14], moisture equilibrium, motion in the ground, and other processes [15].

Wedge pressure is conditioned by two phenomena: molecular (van der
Waals) interaction between a solid phase and a boundary layer of the liquid
(molecular component) and formation of an electrical double layer at the
interface (electrical component). The electrical component includes, in its
turn, ionic and diffusion constituents. So, it turns out that the total wedge
pressure of a liquid layer of thickness h is

P(h) = Pu(h) + Pu(h) = P.(h) + Py(h) + Pu(h) . (7.5)

where indexes e, i, d, and m are, respectively, the electrical, ionic, diffusive,
and molecular constituents of wedge pressure.

The electrical component of wedge pressure is related to the electrical
field intensity E which is directed normally to the contact surfaces of the
bodies. The Derjaguin-Landau theory gives an opportunity to evaluate the
electrical component of wedge pressure for low-concentration electrolytes,
e.g., condensed liquid filins on charged fiber surfaces in an electret FE [13]:

cE2 = [(0p\° :

where ¢ is the dielectric constant of the condensate, and ¢ is the fiber surface
potential. As calculations have shown [16], wedge pressure depends on the
clearance h between contacting bodies and increases with a reduction in h.

Another factor influencing capillary force interaction between a particle
and a fiber (see formula 7.4) is variation in the edge wetting angle # under
the action of an electric field created by the charged fiber (the so-called
electrocapillary effect).

The electrocapillary phenomenon, first studied by A.N. Frumkin, is the
variation in surface tension at the solid-liquid interface owing to the electrical
potential jump at the interface in metal electrode-electrolyte systems [17].

Data are available on both improving and impairing the wettability of
polymer materials subjected to electrification. For example, thermal [18],
corona [19], and radio-electret [20] polymer films and coatings are more water-
wettable than corresponding unpolarized samples. Independent of the surface
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charge sign, edge water-wetting angles of HDPE and PTPCE-based thermo-
electrets reduce with increasing ESCD [18]. Improved wettability in these
cases is attributed to increased surface energy at the polymer-air interface in
polymer polarizing. At the same time, it has been found that edge glycerin-
wetting angles of thermal and corona-electrets made of pentaplast [21] and
some minerals subjected to v radiation [22] increase substantially. These re-
sults, at first sight contradictory, can be explained as follows.

According to adopted notions on wetting processes, the value of the equi-
librium wetting angle depends on the correlation between surface tension
forces active in wetting at the interface (solid body, liquid, gas). This depen-
dence is expressed through Young’s law,

cost = (04 — 041)/01g » (7.7)

where o, and oy, are the coefficients of surface tension, respectively, at the
solid-gas and liquid-gas interfaces. Relation (7.7) can be presented as the
Dupret-Young equation relating the work of adhesion W, to the liquid surface
tension and the edge angle:

Wa/olg =1+ cosf , (7.8)
or as the correlation between the work of adhesion and cohesion:
Wo/We = (1+cosh)/2, (7.9)

where W, = 013 + 04y — 04 is the work of adhesion, and W, = 20y, is the
work of cohesion.

Analysis of Eq. (7.7)(7.9) shows that wetting quantitatively determined
by cos # depends on the correlation between the adhesive and cohesive work
of a wetting liquid. A liquid, whose surface tension oy, or cohesive work is
less, wets better.

To comprehend the regularities of the effect of solid body polarization on
wetting and spreading, it is important to take into account that the moving
force of spreading Ao per unit length of wetting perimeter is conditioned
by those constituents of the system’s free energy which are diminishing by
wetting [22]:

Ao = 04 — 05 — 015 cOs 0y, (7.10)

where 64 is the dynamic edge wetting angle.

Summarizing, it can be supposed that solid body polarization leads to
increasing adhesive work by increasing its free surface energy, i.e. it assists
wetting and spreading. On the other hand, an electrified substrate brings
about polarization of a contacting liquid and increases the cohesive forces
inside a droplet. Liquid contact polarization reduces the moving force of
spreading, Ac. Depending on what effect prevails, both wetting improvement
and spreading acceleration, or vice versa, can be observed as a result of
polarization.
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For viscous easily polarizable liquids, e.g., glycerin and DEG studied in
[21], their contact polarization effect probably prevails. It is also not excluded
that wetting of electret polymer films by glycerin or DEG is hampered by lig-
uid diffusing and dissolving in the polymer surface layer. The more intensive
liquid transfers through the interface, the stronger the oy reduction leading,
in its turn, to increased W, and wetting relief. As proved in [23], polarization
of a polymer film retards liquid diffusion transfer through the interface and,
consequently, hampers wetting,.

Thus, understanding the polarizing charge effect in liquid wetting and
spreading over a polymer electret surface provides a basis for forecasting the
efficiency of an electret PFM in air filtering systems where relative humidity is
high, as well as in gas cleaning where organic liquid vapor content is high. The
efficiency of an electret fibrous FE based on PE is assumed to be impaired in
air filtration in elevated humidity because polarized fibers are wetted better
by water whose drops spread perfectly across the fiber surface, thus reducing
the electrostatic interaction between the fibers and dust particles. In this
case, the retention of dust particles on the fiber surface is determined by
capillary force acting through the layer of wetting liquid. A different situation
is observed in oil mist filtering through an electret FE based on PP. Oil
drops deposit on fibers without wetting and are retained there by electrostatic
forces. In this case, the filter efficiency will be higher if fibers possess an
electret charge.

7.3 Production Process and Properties of Electret PFM

Mainly PFM with preliminarily charged fibers are employed for manufactur-
ing electret FEs. The fibers are charged in a high-voltage field or in a corona
discharge.

A method is described in [4] for producing an electret FM from a
polypropylene film stretched to increase its mechanical strength and subse-
quent electrification in a corona discharge. Preliminary unidirectional exten-
sion of the film makes its splitting into separate fibers easier after charging.
The film can be charged one-side or two-sides in corona discharge. In the
first case, the filin is bipolar, i.e., it attains a negative charge on one side and
a positive charge on the other. The opposite charge is generated in the air
gap between the film and the metal plate along which the filim slides during
charging. The method of two-side charging by corona devices that inject op-
posite sign charges makes it possible to increase film speed in charging to 100
m/min and to increase the charging stability owing to reduced losses from
spark breakdown.

The production of electret FMs from the films has not been commercially
adopted because of, first, laboriousness and low productivity and, second,
the physicomechanical characteristics of such a PFM are not high enough.
The latter disadvantage has been partially eliminated in Petryanov’s FM
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produced by a solution technique [24,25] that is employed in highly efficient
dust-fighting respirators. The present-day manufacturing of fibrous filters is
characterized by a tendency to supplant ecologically harmful technologies,
therefore, melt-blown PFM successfully compete with Petryanov’s FM. The
high productivity of the melt blowing method and the wide capability of
controlling the fiber charge state allows us to forecast the future production
growth of highly efficient PFN-based electret filters.

Use of the PFM polarization technique during polyethylene melt blowing
has been patented [26]. The fibers are deposited on a revolving steel drum in
a high-voltage electrical field or corona discharge. To create a high-voltage
electrical field a system of coaxial cylindrical electrodes is used, one of which
is the grounded receiving drum, and the high-voltage electrode embraces the
drum brass cylinder with a strip recess along the generatrix. The cylinder is
installed so that fiber spraying is carried on through the recess on the drum
surface.

Corona discharge is created by a system of needle electrodes 1 mm in
diameter installed in the cylinder at a 20 mm pitch and 10 mm from the
drum surface. A negative potential is applied to the corona electrodes from
a high-voltage source.

In Table 7.2, the main characteristics of electret FM on a PE base are
shown with fiber diameter of about 100 um, depending on the PFM electrifi-
cation regimes. Filtering parameters were evaluated by the degree of purifica-
tion of a solid aerosol with particles 0.5-0.6 wm in effective size. In contrast, a
FE obtained by a similar melt-blowing technique but without electrical fields
displays approximately two times higher resistance, and skipping coefficient
K=1.1

Table 7.2. Characteristics of electret PFM [26]

Method of Field Material characteristics

fiber electri- intensity ESCD* Density Pressure Skipping
fication in spraying  o.r(nC/cm?)  p(g/cm?) drop Ap coefficient

zone across filter K (%)

(kV/cm) (Pa)

In high- 5 +0.9/-0.4 0.25 10.1 0.30

voltage field 25 +1.9/—-1.0 0.30 10.2 0.10

50 +2.2/-15 0.25 10.0 0.10

In corona 5 -2.3/-1.5 0.20 10.3 0.10

discharge 10 -2.0/-0.9 0.19 10.1 0.10

15 -1.5/-1.0 0.22 10.5 0.19

* In numerator and denominator - on opposite sides of the sample.
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The most rigid requirements for acrodynamic resistance and skipping co-
efficient are imposed on fine-cleaning filters. The antismoke FEs of gas masks,
respirators, etc. are tested in a standard oil mist with a mean droplet size of
0.1-0.2 pn and a filtration rate of about 1 cm/s.

Electret FMs obtained from melt-blown fibers based on LDPE and PP,
subjected to corona discharge, show the following characteristics: fiber diam-
eter 1-5 wm. packing density 0.37-0.55; .y = 11-15 nC/cm?. Such 3-4 mm
thick FEs ensure a skipping coefficient of less than 0.1standard oil mist and
resistance to air flow below 40 Pa [26].

In prolonged storage under mechanical loading, ionizing radiation, or high
humidity, leakage of electret PFM charges occurs. Discharge of an electret FE
is also the result of an accumulation of conducting dust. Filter efficiency drops
under high filtration rates (above 20 cm/s) because traveling particles do not
succeed in sticking to fibers under electrical forces. Nevertheless, available
data show that electret PFM preserve a sufficiently stable charge at elevated
temperatures and humidity, as well as when dipped into water or alcohol. FE
testing at 80°C for 100 days leads to impaired filtration efficiency from 99.5
to 92% [4].

The choice of polymer melt-blown materials for electret filters is restricted
by the chemical and thermal resistance of the polymer, its ability to gain a
stable charge in time, and its processability into fibers with acceptable me-
chanical characteristics. If PFM are produced from polymer blends, their
electret charge can be increased. In [28], it is shown that the ESCD value
in corona electrets based on a mixture of HDPE (75 mass%) and PVC (25
mass%) exceeds the analogous index of a corona electret based on pure HDPE
by 2.2-2.4 times. This is because the electret charge of polymer blends electri-
fied by corona discharge is mainly induced by ionization of localized energy
states formed at phase interfaces. Polyethylene possesses a more heteroge-
neous structure compared to PVC because of numerous interfaces of crys-
talline and noncrystalline phases. The structural heterogeneity of their blend
characterized by interfacial areas of structural elements is greater in con-
trast to pure components. This produces a higher deunsity of surface states
and a higher capacity of blends to be electrified. A dominating role in elec-
tret charge generation and transformation in polymer blends is played by
Maxwell-Wagner polarization, whereas volume-charge and dipolar polariza-
tion are typical for homogeneous materials.

The choice of fiber diameter and density of electret FM is predetermined
by the degree of cleaning and the filtration regimes: rate, temperature, hu-
midity of filtered gas flow, and filter service life. The melt blowing technique
enables variation of fiber diameter and FM density in a wide range. Filters
with a FE of variable density are more efficient. Thus. FE can be made of
different density layers consisting of synthetic fibers of different diameters
[29]. One of the blend components has, as a rule, a fiber diameter 4-10 times
larger than the rest, and the amount of this component is varied following a
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specific law in the direction of the filtered gas stream. The cleaning efficiency
of such filters is intensified by reduction in the turbulence of the filtered gas.
Increasing aerodynamic resistance within the filter inlet-outlet path reduces
the probability of particles tearing from the fiber surface.

7.4 Applications

The main fields where PFM-based electret filters are used are fine purification
of air and personal means of protecting respiratory organs (respirators).

Fine air purification in industrial locations presumes the reduction of
highly dispersed aerosol concentrations in air to values less than permissible
limits or required in a process. This is especially required for the production of
radio and electronic instruments, nuclear power, the manufacture of medicinal
preparations, and superpure chemical substances.

Fine-purification filter (FPF) efficiency is determined by the aerodynamic
resistance (or thickness) of the filtering layer and the air filtration rate. The
thicker the FM layer, the higher the filter efficiency. However, FM thicken-
ing leads to increased filter resistance. PFM-based FPFs ensure the needed
efficiency of purification systems at rather thin filtering layers. Besides high
efficiency, FPFs should have sufficiently high mechanical strength, be a con-
venient size and shape, assist sealing, and create a few times less resistance
to air flow than the pressure from the pumping device [24].

Most widely spread FPFs for air ventilation are the frame and hose de-
signs. The frame filter consists of a box-type casing where the FE is installed
in a specific manner. It is made as a strip of FM fixed tightly on the bottom
and cover of the box. The strip is pleated to make up a set of frames in a U
formopen from opposite sides of the box. Air is supplied to the casing and en-
ters the frames open from the side of the inlet pipe. Then it is filtered by the
FM strip and sucked off the frames open from the opposite side of the casing
through the output pipe. The geometrical parameters of the frame depend
on the filtration velocity and filter resistance, i.e. based on filter designation
and required degree of air purification.

Hose type filters are made as cylinders 20-30 ¢m in diameter and up to
several meters long. These filters have found much use owing to their simple
design, low resistance to the filtered air stream, and easy substitution of a
used FE.

Electret PFMs have made it possible to elaborate new types of respirators
displaying high filtration efficiency and ease of handling.

The respirators are intended for protecting respiratory organs from met-
allurgical, ore, cement, coal, tobacco, tea, and other dusts contained in air
in concentrations exceeding 200 permissible limits. The main element of the
respirator is the housing that serves simultaneously as a filter and a mask
and consists of one or more layers of filtering material. The skeleton of the
housing is supported by a spacer or stiffening ribs installed on the inner layer
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of the mask made by hot pressing a fibrous material. The mask fits snugly to
the face owing to a rubber lace or a strip of soft foam plastic around its inner
perimeter. This practically excludes penetration of unfiltered air through the
seal and makes respirator use suitable for people with any facial features.

I.V. Petryanov’s filtering materials made of polymer solutions have long
been used in Russia for respirator production. The material of Petryanov’s
filter (PF) is a system of isotropic layers of ultrathin (~ 0.3-1 wm) polymer
fibers applied on a cloth substrate (gauze, percale, or coarse calico) or on a
base of bonded thick polymer fibers. Despite their satisfactory service charac-
teristics, the production process is rather costly and ecologically unsafe. That
is why the problem of PF substituting by cheaper and more technologically
effective filters with no less performance has now become actuality in CIS
countries.

The filtering properties of electret melt-blown PFM based on polypropy-
lene have been studied by authors [27]. The objects of investigation were three
types of PFM sheet samples: 1, single-layer, uncharged 3-mm thick sheet; II,
the same thickness sample charged by corona discharge (10 kV/em) during
polymer melt blowing; 111, two-layer PFM having an uncharged first layer
(~ 1.5 mm) and charged during melt blowing by corona discharge second
layer. Filtering efficiency was judged from the skipping coefficient K of an oil
aerosol through PFM samples.

In Fig. 7.4a, the kinetic dependence of coefficient K shows the character of
filter degradation during service life. As can be seen, K of nonelectrified sam-
ple I (curve 1) ascends smoothly and stabilizes with time and then abruptly
drops after the first hour of operation. The pores in the FM surface layer
probably become blocked with aerosol particles. Particle capture can take
the following pattern. Oil mist drops spread over the fiber surface and form
a film that gains thickness as the aerosol arrives. Under the action of a gas
stream and gravitational forces, the liquid piles up in contacts with the fibers
forming droplets which first cut off the fine pores and then the coarser ones.
A natural obstacle that hampers mass penetration of aerosol particles into
the FM occurs that leads to elevated aerodynamic resistance of the sample
[1].

The K value of a single-layer PFM of type II sample (curve 2) rises
negligibly for some time and then reaches a constant magnitude. This can
be attributed to an insignificant decay of the electret charge due to charged
fiber screening by an oil film and its stabilization at saturation of the charged
fiber sorptive volume [21]. It corresponds to a state when aerosol particles
(oil drops) are distributed evenly along fiber surfaces. The behavior of curve
3 (a two-layer sample, type III) is probably governed by a total effect arising
from electrified and nonelectrified layers of the samples.

The K dependence on dispersed aerosol particle diameter is presented in
Fig. 7.4b. The two-layer PFM has a lower K coefficient than type I and II



108 7. Electret Filtering PFM

K (%) a K (%) b
0.7
1.0f
06[
08r ! 05F
0.6[ o4r
0.3 /
04}
/2——/‘ 0.2fF
0.2t //\_/ 01t
: 2
’ 0 N
% 20 40 60 80 0 1 2 3 4 5
t (min) d (um)
K (%) ¢
1.0
09}
0.8f J
07}
06f
0.5
0.4f
0.3}
02f 2
0.1} 4
00 2 4 6 8 1012 14 16 18 20 22 24
v (cm/s)

Fig. 7.4. The dependence of aerosol particle skipping coefficient versus (a) test time
(d- = 0.2 um, v = 1.5 cm/s); (b) acrosol particle diameter (¢t = 5 min, v = 1.5 m/s);
(c) filtration rate (d. = 0.2 um, ¢t = 5 min); 1, nonelectrified sample (type I); 2,
sample electrified by negative corona discharge (type IT); 3, two-layer sample with
charged and uncharged layers (type I1T), 4, sample (like type 1) charged in positive
corona discharge

samples, and its filtration efficiency in capturing particles with mean diameter
de =3-5 um approaches 100%.

The filtration efficiency of electret PFM depends little on the corona dis-
charge polarity used for electrification (Fig. 7.4c). The K of a positively
charged PFM is somewhat lower than that of a negatively charged mate-
rial at a filtration rate v =1-7 cm/s of an oil aerosol, however, the values
practically coincide when the velocity approaches 8-15 cm/s.

The reduction of filtration efficiency is accompanied by almost linear
growth of aerodynamic resistance R of filtering materials with increasing
filtration rate. The least resistance to air stream is typical for electret PFM
that emphasize a more ordered distribution (under electrostatic field action)
of captured particles across the fiber surface. A great volume of connecting
vacancies remain unoccupied within the interfiber space, which is why the
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filtration efficiency of PFM does not drop. This supposition is supported by
acrodynamic resistance two to four times higher in a nonelectrified FE that
executes only mechanical capture of contaminants compared to an electret
FE. Mass choking by aerosol particles probably takes place in a nonelectret
FM that causes an R increase.

So, when PFM are used in fine gas filtration, including respirators, ma-
terials combining electret and nonelectret filtering layers have proved to be
the most efficient. Alternation of these layers as well as thickness variation
perceptibly improves PEM filtration characteristics.

The diversity of operating regimes has resulted in the development of a
multitude of respirator modifications. Several types of “Lepestok” respirators
are produced in Russia where PF materials are gradually substituted by melt-
blown electret PEM. One of the major manufacturers of means for protecting
respiratory organs, 3M Co., produces respirators with a multilayer FE (three
to seven layers) where the middle layer carries the electret charge. These
respirators possess insignificant resistance to breathing (1-20 Pa) and display
96 to 99.9% efficiency in filtering 0.1-0.2 um particles. Their service life is
rather long and lasts from one labor shift (in protection against highly toxic
substances) to 8-10 (in low concentrations of usual dusts).
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The V.A. Belyi Metal-Polymer Research Institute of NASB (MPRI) has elab-
orated a new class of filtering materials — magnetic PFM [1-8]. The techno-
logical base for manufacturing such materials is the melt blowing technique
involving the following procedures: extrusion of a polymer melt filled by fer-
rite (bariumm or strontium) powder, fiber extension by gas flow, and fiber
treatment in a magnetic field. The polymer melt is extruded through spin-
neret holes whose diameter far exceeds that of the filler particle. The thermal
regime of spraying provides for cohesive bonding of the fibers on the forming
substrate. The material is also textured during spraying. The final stage of
magnetic PFM or finished FE manufacture is filler particle magnetizing in a
permanent or pulse magnetic field.

8.1 Background

A means of improving the properties of lubricating oils and working fluids
in hydraulic systems is cleaning them from wear debris. Because the major
part of the impurities, as a rule, possesses ferromagnetic properties, there
are real grounds for applying methods and devices to precipitate these par-
ticles magnetically. Magnetic filters based on either permanent or electrical
magnets are in a wide use at present [9]. So, particles from a filtered liquid
are precipitated magnetically in a ferromagnetic FE located inside a hollow
magnetizing coil or permanent magnet. The degree of filtration is a function
of the magnetic field intensity, flow rate, viscosity of the working liquid, and
the origin and size of the impurity particles. Filtration efficiency can be in-
creased by increasing the FE mass or dimensions, although in many cases it
is impossible or not justified from an economic viewpoint.

Analysis of filtration principles and design solutions employed in engineer-
ing have proved that fibrous FM generating magnetic fields are a most simple
and efficient way of solving the problem of purifying liquids that contain iron
impurities. In contrast to fibrous electret materials employed for many years
to clean gases, no large customer magnetic has yet recognized fibrous FM.
The reasons are high power consumption and the technological complexity
of the production process for ferromagnetic fibrous materials.

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002
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The structure of magnetic PFM is a combination of cohesively bonded
fibers with incorporated ferrite filler particles (Fig. 8.1). It is seen from the
figure that “thick” (up to 100 um in diameter) filled fibers alternate with
thin ones that have encapsulated ferrite particles cohesively fixed on their
surfaces. Mark “4” denotes the location of fiber section (b) whose results by
XSMA were previously cited in Fig. 5.4.

By choosing a technological regime of magnetic PFM formation, their
density, porosity and mechanical parameters can be controlled across a wide
range (see Sect. 4.2). As an example, the range can be taken of the physicome-
chanical characteristics of PE-based PFM containing 15 mass% of barium
ferrite: density, 0.2-0.6 g/cm?, porosity, 30-80%, fiber diameter, 5200 um,
breaking stress under tension, 0.3-5.0 MPa, and relative elongation at rup-
ture, 60-180%.

The filtration efficiency of liquids containing ferromagnetic impurities is
determined by a combination of a number of factors. It depends on such
parameters of magnetic PFM as ferrite particle size and concentration, their
magnetization level, FM density and fiber diameter, FE thickness, as well as
on the characteristics of the filtered medium and the filtration conditions,
contaminant particle size, and filtration rate etc.

Fig. 8.1. Electron microphotographs of magnetic PFM based on PA (a) and PE
(b) filled with 15 mass% of strontium ferrite
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8.2 Simulation of Magnetic Deposition in PFM

The process of cleaning a liquid of fine (below 20 um) contaminating parti-
cles using a magunetic FM has its specific features. In [10], the efficiencies of
various filtration mechanisms in ferrite-filled PFM are estimated using the-
oretical dependencies for the precipitation energy of contaminant particles.
The magnetic interaction energy FE,, between fiber and particle exceeds the
energy of van der Waals attraction F, and diffusive precipitation Fy. The
latter value is considerably less than (by a few orders) the first two and can
be neglected. In this way, the main mechanisms affecting fine iron-containing
impurities are interceptive and magnetic precipitation.

Calculation of E,, and F\, energies has shown that, even for nonmagne-
tized FM filled by single-domain ferrite particles where the distance between
ferrite particle and contaminant » < 2 wm, energy F,, exceeds F roughly by
three to seven times. Magnetization of the material augments the magnetic
interaction energy in response to an increasing induced magnetic moment on
contaminants and brines about their coagulation with more effective precip-
itation. Other conditions being equal, the increase in the amount of ferrite
and its magnetization assist in intensified magnetic interaction between the
FM and contaminants (Fig. 8.2). At the same degree of filling, more intensive
magnetic interaction is realized in magnetized FM filled with single-domain
ferrite particles.

The efficiency of contaminant precipitation has been evaluated on the
simplest model of a magnetic FE. The model presents an individual fiber
with spherical particles of magnetosolid ferrite filler evenly distributed inside
it [7]. The model is based on a theory according to which filter productivity
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Fig. 8.2. Calculation dependencies of magnetic interaction energy between con-
taminant and ferrite particles in PFNM: 1, magnetized FM filled by agglomerates of
ferrite particles; 2 and 3, magnetized and nonmagnetized materials filled by single-
domain ferrite particles
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is ensured by the capability of an individual fiber of capturing contaminants
from the fluid stream of a given viscosity. Proceeding from this, the efficiency
of solid contaminant particle capture by a fiber is reflected by the relation

1]
By = Qr:La {2 In <%> 1+ (%)2 + 5(’;)——5] : (8.1)

where r is the particle to fiber distance; r¢ is the fiber radius; La =
2.002—1nRe, where Re is the Reynolds number; F(r) is the force of magnetic
attraction between the particle and fiber; 8 = 1/(67r.n), where r. is the con-
taminant particle radius, 7 is the liquid dynamic viscosity; and v is the mean
liquid flow rate inside the filter (around the fiber). The addend F(r)3/v in
Eq. (7.1) characterizes the magnetic interaction between contaminant parti-
cles and the FM.

Let us consider four models of fibrous FE differing by the value F(r): I,
fibers without magnetic filler, F'(r) = 0, and the last member of the right-
hand side in relation (8.1) is absent; I1, fibers contain magnetic filler as single-
domain ferrite particles, and the FE is nonmagnetized; 11, the same as in 11,
but the FE is magnetized; IV, fibers contain agglomerated ferrite particles
and the material is magnetized. In Table 8.1, formulas are presented for
models TI-IV used to calculate the force of magnetic attraction between a
contaminant particle and a fiber [12]. The filtration efficiency of a fibrous FE
has been calculated according to Davies’s equation [11]:

2Fch >

re

E=1-—exp <— (8.2)
where ¢ is the FM packing density (the ratio of FM apparent density to
the density of material from which the FE is produced); and h is the FE
thickness.

In Figs. 8.3a and 8.4a, calculation dependencies are shown for water and
mineral oil filtration efficiency versus contaminant particle diameter with the
following chosen values: 7y = 10 wum; h = 2 mm; ¢ = 0.3; C,, = 20 mass%;
v = 0.5 m/s; kinematic viscosity of water 1 mPa-s and oil 20 mPa-s; amount of
single-domain particles in agglomerate n = 10. Fiber filling by single-domain
ferrite particles does not in fact change the filtration efficiency which is seen
from the coinciding graphs for models I and II. Further magnetizing (model
III) substantially increases filtration efficiency, which reaches a maximum
in catching contaminant particles with d. > 3 wm in water filtration and
d. > 9 wm in oil filtration.

Without magnetization, the efficiency of intercepting particles of the sizes
mentioned does not exceed ~25% (for water) and ~60% (for oil). The use of
an agglomerated magnetic filler (model IV) increases the filtration efficiency
but insignificantly in contrast to unfilled fibers.
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Table 8.1. Simulation of magnetic interaction between ferromagnetic contaminant
particles and the filler in PFM

Model type Force of magnetic attraction Notations
1l r. contaminant particle to
Single- 423 fiber distance:
d & . F() _ 4m Te m. magnetic moment of
omain r)= 7 single-domain particle: 1
non- average distance from

magnetized ferrite to contaminant
particle:

filler re . contaminant particle
radius
'I“ Nj N, o me magnetic moment of
Single- F(r) = mom Z Z Z 2 4a2it2raisin at+4a?2 Hmlmlt”” muiputrn«lxu
: = mg 5 : a. distance “hetween
domain (r2+a2i+2raisin rv+az_;2)3 forrite particles:
: =—N; i=0 a=0 =
magnetized J j =0 - (g — 1)/

filler rp, ferrite particle radius;
re. fiber radius;

I

N = Loog fiber half
] o

length: o varies with

step 1/14

v

aq. distance Phetween

N N; 2n . . 5 .
Agglo- | ,.2+"2i+2,.”“ isin a+4"2j2 ngglvunu'rutvs: " nmn}u-r
F (r) =nmom Z Z Z - S5 of single-domain particles
merated . (r2+a2it2ragisinata? j2)? o olomerate:
magnetized J=o Ny =0 a=0 No o= A
filler T T
Ra = rp 3 /2
k- ferrite particle
packing factor in

Y L . (1 = 1) (g — 1y 1) 3 pr
"Value a is found from the equation: % = % ,’“
a- b
b X cle . e Grpmra) (g —rataa) 3 pp "Fa e e i 3
Value a, is found from the equation: 203 = g% EO"‘?)— + , where py is the fiber

density: p,, is the density of ferrite particles; and C, is the ferrite content (mass%) in the PFM.

The main parameters characterizing magnetic filtering PFM are fiber di-
ameter, FM density, ferrite concentration and particle size. Calculation de-
pendencies for filtration efficiency versus the parameters named are shown
in Figs. 8.3b-d and 8.4b-d for a contaminant particle size of about 5 um.
By reducing the fiber diameter in a type III FE from 40 to 6 wm for oil
and to 20 um for water, the filtration efficiency increases from 10 to about
100% (Figs. 8.3b and 8.4b). If the fibers do not contain magnetic filler, the
dependence shifts to the side of lower fiber diameter values, i.e., to capture
all particles being tested the fiber diameter should be below 3-4 um which
inevitably leads to increasing hydrodynamic resistance of the FE.

When the amount of ferrite filler is increased from 5 to 30%, the calculated
filtration efficiency for oil in a type III FE rises from 30 to about 100% and
for water from 60 to 100% (Figs. 8.3¢ and 8.4¢). For complete purification of
water from contaminants of more than 5 um diameter, a ferrite concentration
of about 20 mass% is sufficient. The filtration efficiency of type IV FE does
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Fig. 8.3. Theoretical (without dots) and experimental (with dots) dependencies
of the efficiency of water filtration through PE-based PFM on (a) contaminant
particle size, (b) fiber diameter, (c) ferrite concentration, and (d) FM density [12].
Curves 1-4 correspond to models 1-1V
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Fig. 8.4. Theoretical (without dots) and experimental (with dots) dependencies of
the efficiency of mineral oil filtration through PA-based PFM on (a) contaminant
particle size, (b) fiber diameter, (c) ferrite concentration, and (d) FM density [12].
Curves 1-4 correspond to models -1V
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not practically depend on the ferrite concentration in the fibers. The type I11
FE with a material density above 0.6 g/cm? completely cleans water and oil
(Figs. 8.3d and 8.4d).

The reported analysis of calculation dependencies has proved these FE
containing magnetized single-domain ferrite particles (model I11) is preferable
to the other types of FEs considered. In a real FM, however, the magnetic
filler consists of a mixture of single-domain particles and agglomerates, so in
calculations according to the formulas in Table 8.1 its worthwhile using an
averaged n value.

8.3 Theory versus Experiment

The validity of using mathematical models for studying filtration efficiency
has been checked by experiments. PE and PA-based filtering materials pro-
duced by the melt blowing technique underwent testing. Samples of 60 mn
diameter were cut from a 2 mm thick FM sheet. The mean fiber diameter
was 20 wm, the average particle number in agglomerates was four, and ferrite
concentration in fibers was 20 mass%.

The filtration characteristics were estimated on a test bench by pumping
contaminated liquid through FM samples. Liquid specimens before and after
filtration were analyzed by an optical-magnetic detector [13]. Its operating
principle is based on recording optical radiation which has passed through
the specimen in an applied magnetic field (see details in Sect. 8.5). The total
contamination of the liquid was recorded by relative optical density variation
Dy = In(I,/1s), where I} and Iy are transmittance of the pure liquid and
that contaminated but cleaned by the filter, respectively. To determine the
concentration of ferromagnetic particles, the relative optical density Dy =
In(I3/15) was found, where I3 is the transmittance of liquid passed through
the filter in an applied magnetic field. Then, using a calibrating plot, the
concentration of ferromagnetic particles in the specimen was determined.

Water was used as a liquid carrier in testing a PE-based FM and mineral
oil in testing a PA-based FM. The liquids were contaminated by carbonyl
iron with a 0.5-12 wmn dispersion (the mean particle size was 5 wm).

It is seen (Figs. 8.3b-d and 8.4b-d) that the experimental dependencies
are located between calculation curves for model 111 (single-domain magne-
tized ferrite particles) and model IV (agglomerated magnetized ferrite parti-
cles).

8.4 Magnetization of PFM

The filtration efficiency for liquids containing ferromagnetic contaminants is
conditioned by a set of factors involving ferrite concentration in PFM and



118 8. Magnetic Filtering PFM

Table 8.2. Residual magnetic induction B, of FM with different ferrite filler content
(FM density, 0.3 g/cm?)

B, (nT) depending on filler content (mass%)

Filler
5 10 15 20
Barium ferrite 0.25 0.51 0.72 1.00
Strontium ferrite 0.32 0.65 1.03 1.33

its magnetization. Increasing ferrite concentration enables raising the values
of the residual magnetic induction B, of PFM (Table 8.2). The experimental
values obtained are a bit less than the theoretical limits of magnetization.
For example, the calculated maximum magnetic induction of PA-based PFM
filled by 20 mass% of SF is 1.64 mT, and the experimentally achieved value
is 1.33 mT (see Table 8.2).

As already stated, the ferrite concentration, FM magnetization, and parti-
cle size of a ferromagnetic contaminant influence the liquid filtration efficiency
(Fig. 8.5). This is related to the increased probability of magnetically inter-
cepting carbonyl iron particles with increasing residual magnetic induction
values in response to growing ferrite concentration (curves 2, /). This effect
is most evident in cleaning liquids with fine contaminant particles (curves
1, 2).

It should be emphasized that when fine contaminants are to be captured,
liquid filtration efficiency depends strongly on both FM density and the fer-
rite content in the FM (Fig. 8.6). Along with the intensification of tradi-
tional filtration mechanisms (inertial interception, gravitational precipitation,
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Fig. 8.5. The effect of the barium ferrite content in nonmagnetized (1, 3) and
magnetized (2, 4) PA-based FM on the filtration efficiency of a machine oil con-
taining carbonyl iron with particle size up to 12 um (1, 2) and to 50 um (3, 4). FM
thickness, 2 mm
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Fig. 8.6. The dependence of the filtration efficiency of machine oil contaminated
by carbonyl iron with mean particle size 5.6 um versus density of PA-based FM
containing, respectively, 5 (1), 10 (2), 15 (3), and 20 (4) mass% of strontium ferrite.
FM thickness, 2 mm
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Fig. 8.7. Residual magnetic induction of PA-based FM depending on its density
with various barium ferrite contents, mass%: 10 (1), 15 (2), 20 (3)

screening effect), increased FM density leads to shortening the distance be-
tween local sources of the magnetic field (magnetized ferrite particles), thus
assisting in augmenting residual magnetic induction (Fig. 8.7) and increasing
the magnetic capture of contaminant particles. The filtration fineness also
depends on the FM density (Table 8.3). For comparison, analogous data for
a pleated cardboard filter are given in the table.

One of the problems arising in processing polymer materials filled by
magnetics consists of the following: ferrite particles tend to form aggregates
retained by the forces of molecular and magnetic interaction. This hampers
magnetic particle orientation in the polymer binder under the action of a
texturing magnetic field, reduces the anisotropy of magnetic properties, and
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Table 8.3. Various size particle content (in % of the total particle number) in oil

samples upon filtration through FMs of different densities

Filtering material Particle size, um
(density) 05 6 10 11-20 21-30 31-40 > 40
Magnetic PFM 100.00 - - - -
(¢ =0.18")
Magnetic PFM 99.00 1.00 - - -
(¢ =0.16")

Pleated cardboard 96.53 2.60 0.43 0.22 0.22
(p=0.54 g/cm?)

“c is packing density, see explanations of formula (8.2).

limits the magnetic characteristics of a FM. By applying various methods
of filler dispersion, a considerable increase in the amount of single-domain
magnetic particles in a magnetic PFM can be attained [8].

In Fig. 8.8 the dependencies of magnetic induction on strontium ferrite
(SF) content are presented in model samples based on paraffin (10 mm in
diameter and 40 mm high cylinders) under various conditions of ferrite filler
dispersion. Ultrasonic (US) ferrite dispersion in the binder melt partially
breaks aggregates and makes filler particle distribution more even. As a re-
sult, further magnetizing of the sample yields higher B, values in contrast to
mechanical homogenizing of the blend (curves 1 and 2).
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Fig. 8.8. The dependence of residual magnetic induction of a model paraffin-based
sample versus SF concentration and dispersion procedure: 1, mechanical dispersion;
2, ultrasonic; 3, magnetic: 4, magnetic + ultrasonic
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The intrinsic magnetic moment of a ferrite particle is rigidly bound to
the axis of light magnetization; to change its direction by the action of a
medium intensity magnetic field is possible only by turning the particle it-
self. This is achieved when the binder in a viscous-flow state is magnetized.
The mold with paraffin + SF composition was placed inside a magnetizing
coil (H = 30 kA/m) and heated up to the paraffin melting point. The com-
position was shaken up by periodical switching of short-term current in the
coil, upon which the sample was cooled under a passing magnetizing current.
A significant growth of B, (curve 3) was observed after this procedure. Even
higher B, values were obtained under a combined US and magnetic effect
(curve 4).

So, it is obvious that the additional use of US and magnetic treatment
during magnetic PFM production helps to break magnetic filler aggregates
and improve critical magnetic characteristics (and, consequently, filtration
efficiency) of PFM owing to perfected magnetic anisotropy and particle ori-
entation by the axes of light magnetization along the texturing magnetic
field.

8.5 Magnetic Coagulation of Particles in PFM

A distinguishing feature of traditional commercial apparatuses for magnetic
filtration of contaminated liquids is the availability of a strong inhomogeneous
magnetic field. Interception of magnetic contaminants proceeds within the
zone of the highest field intensity gradient. The major regularities of the
processes named have been described elsewhere [9,14].

Magnetic PFM can be referred to as a new modification of magnetic sep-
aration systems. Pores and channels in PFM generate relatively weak (0.2
2 kA /m) but high-gradient magnetic fields (MF) active in filtration processes.
When different media are passed through PFM, traditional mechanisms of
depth filtration are realized, namely, inertial interception and screening, grav-
itational precipitation, diffusion, and impaction. However, investigations have
proved that the decisive effect here is exerted by coagulation and interception
of both magnetic and nonmagnetic particles under the magnetic field of the
PFM itself.

Model dispersion systems approaching real contaminated media have
been chosen to describe the phenomena of magnetic coagulation in indus-
trial wastewater cleaning through PFM [15]. Suspensions of river sand at-
omized by a jet mill to d = 1-5 um particle size and powdered nickel with
d = 5-10 wm in dioctyl phthalate (DOP) and vacuum oil have been used.
In addition, Charcoal suspensions (d = 20-50 um) and DOP emulsions in
distilled water stabilized by 0.1% addition of an anionic surfactant (sodium
sulphoethoxylate), as well as hydrosols of chemically pure silicic acid at pH
9 (NaOH alkali agent), have also been studied. The initial concentrations
of the dispersed phase in sand suspensions were 0.075 and 0.15, and in the
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2

Fig. 8.9. A diagram of a magneto-optical analyzer: 1, radiator (IR diode, A =
950 nm); 2, detector with photoreceiver and preamplifier; 3, electromagnetic coil;
4, vessel with liquid sample; 5, voltmeter

remainder, 0.075 mass%. Before dispersion, sand particles were electrified in
a negative corona discharge field. The efficient surface charge density ESCD
(0ef) of the particle layer was estimated by a contactless induction method
(16].

The processes of separation and coagulation in dispersed systems were
examined by a magneto-optical analyzer (Fig. 8.9) whose operating principle
is based on recording variations of light signals passing through the dispersed
system in an applied spatially inhomogeneous MF. Also considered was the
field intensity gradient grad, H in the radial direction of a vessel containing a
liquid sample inside an electromagnetic coil.

The optical density of suspensions and emulsions varying in time was
calculated by the formula

D(t) = —1n[U(t)/Uy] (8.3)

where U(t) and Uy are measured by detector voltage values corresponding to
optical radiation intensity through a dispersed system and a pure dispersed
medium.

It was established that Ni and sand suspensions in oils (DOP and vac-
uum oil) have a relatively high aggregation and sedimentation stability in
the absence of an external MF. This is, in particular, expressed in a rather
low variation of suspension optical density with time (Fig. 8.10, curves I,
1"). The important factors for the stability of these lyophobic dispersed sys-
tems are, evidently, low dispersed phase concentration and high dispersive
medium viscosity. Along with this, electrified sand suspensions in oil are sta-
bilized through electrostatic repulsion of solid particles whose surface layer
bears a negative electrical charge. The charge in media unsusceptible to ionic
or electron conductivity is preserved for a relatively long time. Its to be con-
sidered that because of intrinsic dipolar moment in DOP molecules and their
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Fig. 8.10. Optical density D variation of sand (1-5) and nickel (6) suspensions in
DOP without (7, 1') and with an inhomogeneous MF (2-6). Field intensity in the
coil center [y = 24 kA/m. The ESCD of sand particles (nC/cm?): 0 (1, 2); 1 (3);
2 (4); 3 (1', 5). Curves 3', 4, 5" upon turning off the MF

ability to polarize, oriented adsorption of DOP dipoles on the particle surface
and formation of a double electrical layer (DEL) occurs.

As soon as the electromagnet is actuated, the system stability is vio-
lated. The optical density of Ni suspensions drops within a short time to
zero (Fig. 8.10, curve 6). Magnetic particles start to migrate intensely to
the vessel side walls, where they coagulate and precipitate upon field re-
moval (Fig. 8.11a). Sand particles travel, though slower by far, in the grad, H
direction, too, and the circular zone of sedimentation remains rather wide
(Fig. 8.11b). The linear variation of D with time, i.e., the independence of
the process rate on particle concentration, shows that coagulation goes on
beyond the limits of the detection region (that is, the sample volume affected
by the analyzer light flux). Angle indexes k of linear dependencies D(t) char-
acterize the rate of particle number reduction (per unit detected volume)
induced by their magnetic drift.

The drift, it has been noticed, accelerates when the polarizing charge of
the particles and the MF intensity increase (Fig. 8.12). Migration is impeded
by the high viscosity of the dispersed medium. For example, k values for
charged sand in vacuum oil are, on average, 3.3 £0.3- 1074 s~

Based on the results obtained, the mechanism of magnetic coagulation
processes can be presented as follows. A directed motion of particles occurs
in the liquid due to the action of magnetic force F},, compared to which other
forces (inertial, gravitation, etc.) can be neglected (see Sect. 6.2). When a
charged particle moves across MF force lines, it experiences Lorentz force
Fy, which distorts the particle trajectory. Calculations have, nevertheless,
proved that Fj, < F,, so both particle travel velocity and behavior are
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Fig. 8.11. Distribution of coagulated sediments for Ni (a) and sand (b) on the
vessel bottom upon the inhomogeneous MF action on dispersed systems (dispersion
medium, DOP)
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Fig. 8.12. Effect of sand particle ESCD and MF intensity in the coil on the constant
of the reduction rate of particle concentration within the optical detection zone. Hy

(kA/m): 12 (1) and 24 (2)

defined by relation F), /v, where ~ is the Stokes coefficient that depends on
liquid viscosity, particle size, and shape.

Ni is quickly separated from suspensions in a gradient MF owing to high
magnetic sensitivity of this substance [17]. In contrast to Ni, sand particles
acquire just a slight magnetic moment because of admixtures of antiferro-
magnetic a-FeaO3 (up to 7%) of a geologic nature and ferromagnetic Fe3O,,
probably introduced into the sand during milling. Magnetite is, in fact, an
inevitable product of the corrosion steel part in technological equipment and
a most common contaminant encountered in technical media [9].

Weakly magnetic particles migrate in the grad, H direction very slowly
(Fig. 8.10). If preliminarily electrified, their drift velocity grows significantly.
Supposedly, electrical polarization of the sand reconstructs the magnetic
structure of admixtures that bring about magnetization I = SE(( is coeffi-
cient) whose value depends on the affecting electrical field intensity. So, the
magnetic moment of particles increases, and their drift velocity in a gradient
MF also increases. A magnetic electrical effect is also observed in antiferro-
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magnetics whose magnetic structure is similar to a-Fe,O3 and in magnetite
(Fes0y) [17,18].

Magnetic treatment initiated coagulation with further phase separation
in the microheterogenous systems under investigation. The mechanisms of
coagulation processes in high and low-magnetic dispersed phases are different,
however.

In the former case, the high concentration of magnetic particles (Ni) is
reached within the zone of maximum intensity of the MF. The interaction en-
ergy (W) of magnetic dipoles (1) located close (1) to each other increases sig-
nificantly because W = p?/13. Thus, chains of magnetic particles are formed
that are oriented along the field intensity lines [13]. Chain aggregates start
to sediment upon MF removal.

Individual slightly magnetic sand particles can also experience magnetic
attraction when traveling in the medium and approaching each other under
the grad, H effect. But a more important coagulation factor in such systems
is interaction between electrical dipoles that results from DEL deformation
of moving particles. The effect of long-range forces of attraction between in-
duced dipoles causes the formation of particle aggregates, probably, chain
aggregates. Loss of aggregate stability makes a suspension sediment, which is
observed, even in the zone neighboring the detection region. This type of co-
agulation is irreversible: upon MF removal, the optical density of suspensions
continues to be impaired (Fig. 8.10).

Now, let us discuss the phenomena arising in aqueous systems with a
diamagnetic (either solid or liquid) dispersed phase under inhomogeneous
MF action.

The dispersion of hydrophobic solid particles (coal) or oil drops (DOP)
in aqueous solutions of sodium sulphoethoxylate is accompanied by anion
adsorption of this surfactant on dispersed particle surfaces. The particles
gain a negative charge and attract an equivalent number of Nat cations in
the solution. Thus, an adsorptive DEL is formed that displays electrostatic
and mechanical-structural barrier properties that prevent coagulation.

Electrostatic stabilization of silicic acid hydrosols is chiefly a result of the
dissociation of surface silanol groups upon NaOH addition to the water base
(resulting pH = 9) [19]. In this case, DEL formation can be attributed to a
layer of SiO%‘ and SiO3H™ ions on the particle surface, as well as to diffusive
concentration around it of Na™ counterions in the liquid.

When a MF is absent, infringement of the dispersed phase distribution
within the dispersion medium due to insufficient kinetic stability of the sys-
tems under study is expressed by the variation of their optical densities
(Fig. 8.13a—c, curves ). Nevertheless, any coagulation phenomenon in the
samples was not recorded during the experiment (to 10 min).

When the coil was actuated, diamagnetic particles of coal, silicic acid,
or DOP droplets that have negative magnetic receptivity start to move un-
der F,, action opposite to the grad,H direction. Their concentration in the
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Fig. 8.13. Variation in the kinetics of optical density D of silicic acid (a) and coal
(b) suspensions, as well as DOP emulsion (c) in distilled water with additions of
stabilizers: NaOH (a) and 0.1% sodium sulphoethoxylate (b, c). 1, MF is absent;
2, inhomogeneous MF; Hy = 24 kA/m

Fig. 8.14. Distribution of silicic acid coagulation sediments (a) and floating up
drops of DOP (b) upon the inhomogeneous MF effect on dispersed systems (the
dispersing medium is water)

central portion of the vessel increases. Nevertheless, the optical density of
suspensions decreases (Fig. 8.13a,b) because solid particles form aggregates
and precipitate (Fig. 8.14). The coagulation mechanism is related to DEL
deformation in response to particle drift and the appearance of nonequilib-
rium electrical surface forces which bring about oriented aggregation. The
behavior of curves D(t) in Fig. 8.13a,b confirms that the coagulation rate de-
pends on the particle concentration, and the formation of particle aggregates
terminates within the time of detection.

A more intricate picture (Figs. 8.13c and 8.14b) is observed in DOP-water
emulsions. The optical density of the sample placed in a homogeneous MF
periodically drops and rises. Presumably, when oil drops migrate in an aque-
ous medium under the Fy, effect, the DEL of the drops becomes polarized.
The dipole interaction of DELSs leads to the coalescence of drops. In addition,
DEL polarization generates mechanical forces which stretch the drops [20].
The drops take the shape of stretched spheroids and break under some criti-
cal stress. This is characteristic of coarse drops whose surface tension forces
are insufficient to compensate for stress in tension. Thus, the coalescence of
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fine drops is followed by the breakage of coarser ones. As can be seen, the
nonequilibrium processes described violate the kinetic stability of emulsions
and lead to separation of coagulation products of the organic phase.

Aside from the aforementioned, coagulation processes in the aqueous sus-
pensions and emulsions under study are supposed to be activated by electro-
magnetic microhydrodynamic phenomena in the boundary layers of charged
particles migrating in a MF [21]. The reason for such phenomena is in the
oppositely directed ion charge sign and value of Lorentz forces which affect
anions and cations situated, respectively, in the dense and diffusive parts of
the DEL. That means that cations and anions gain a tendency to come apart
which is hindered by their coulombic attraction. As a result, local potential
differentials and magnetic hydrodynamic strains occur at the interface in the
diffusive parts of the DEL. These phenomena might bring about deformation
or even violation of particle solvate layers and surfactant adsorption filins
which promote coagulation and particle coalescence.

As can be seen, coagulation of suspensions is irreversible. Coarse drops
formed by coalescence are deformed and start to break upon motion. The
loss of aggregate stability under an inhomogeneous MF leads in all cases to
phase separation in dispersed systems.

The processes considered evidently take place in filtration through mag-
netic PFM. A local high-gradient MF are generated in PFM, and their con-
figuration depends on the material structure and magnetizing conditions.
Magnetic coagulation phenomena increase the efficiency of other mechanisms
of depth filtration and improve contaminant capture from liquids flowing
through PFM.

8.6 Magnetic Capillary Phenomena

One of the factors of governing PFM filtration efficiency is fiber wetting by the
filtered liquid which is interrelated with capillary phenomena in the filtering
material bulk.

The magnetic field effect on liquid wetting and spreading on solid surfaces
was recorded in the 1960s [22]. Interpretation of those effects has evoked a
great deal of contradiction often in disagreement with established notions in
physics. Nevertheless, investigations into the magnetic field effect on liquids
in engineering systems and biological objects continued and their results were
commercialized afterward [23-25].

Interest in these phenomena rests on their novelty and also on the ecolog-
ical safety of a magnetic field as a technical factor. Its use has arisen because
of the possibility of reducing the amounts of chemical reagents employed in
industrial processes, of simplifying machine designs, and of prolonging filter
service life.

The effect of an inhomogeneous MF on the capillary permeation of aque-
ous systems in PFM pores has been studied on the experimental system
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Fig. 8.15. A diagram of an experimental system to investigate capillary permeation
of water in PFM. See explanation in the text

shown in Fig. 8.15 [26]. A pair of disks (1, 2) 42 mm in diameter made of
a nonmagnetic material was placed inside a circular solenoid 3. The axes of
the disks and that of the solenoid are aligned, so that the force lines of the
solenoids MF can be taken as if it is directed along the normal to the disk
surfaces. In the lower disk 2, there is a channel 4 connected by tube 5 with a
measuring glass capillary 6. Tubes 5 and 6 are filled with water upon upper
disk removal. Sample 7 (250 um thick) from a LDPE-based magnetic PFM
filled by 15 mass% of ferrite is installed between the disks. The PFM fiber
diameter was 15-20 um, and the porosity was 40%. Under capillary pressure,
water from channel /4 fills the PFM pores. The process kinetics is evaluated
by the liquid column height A drop in measuring capillary 6.

In Fig. 8.16, the following cases of a MF effect on water flow in the cap-
illary system under study are depicted.

A. The sample is not magnetized; the solenoid field is either switched off
(curve 1) or switched on (curve 2). Ferrite particles in a nonmagnetized
sample show a natural spontaneous magnetization. The magnetic mo-
ments of particles orient in the external MF direction after switching the
solenoid on. The total MF of the solenoid and the sample accelerates the
capillary motion of water as reflected in the location of curve 2 below
curve 1.

B. The sample is magnetized in a direction normal to the surface, and the
solenoid field is removed. The kiinetic curves 3 of capillary flow coincide
at any position of the magnetic poles of the sample relative to the disks.
The requisite condition for the magnetic treatment of liquids is said to be
crossing of MF force lines by the liquid flow [24]. So long as the force lines
of the sample MF are always normal to the disk surface, capillary flow
between disks crosses them similarly at any location of the poles. Hence,
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change of the force lines to the opposite direction does not influence the
efficiency of the magnetic treatment of water.

C. The sample is magnetized, solenoid switched on. The behavior of kinetic
curves (4, ) of water flow is conditioned by the intensity of the total MF
of the solenoid and sample. The effect of the magnetic treatment of water
is stronger in similar field directions of solenoid and sample (5) and is
weaker in the opposite (4).

The experiments described with running water containing considerable
amounts of ferromagnetic admixtures were repeated with distilled and double
distilled water at sample magnetization B, = 0.2 mT. The difference in the
velocity of capillary spreading in a magnetic field and without, it has been
found, increases with an increasing degree of purification of water.

The results obtained can be explained by varying properties of water flow-
ing in the clearance between disks through PFM pores and crossing MF force
lines. This is, probably, one of the manifestations of the magnetic treatment
of water [24].

The liquid flow rate in a horizontal capillary is known to be directly
proportional to the cosine of the wetting angle, the liquid surface tension,
and inversely proportional to the liquid viscosity [27]. Let us analyze how
these water parameters vary under the influence of a MF.

It was definitely determined that the variation of the MF intensity from 0
to 100 kA /m did not change the water surface tension. e.g., double distilled
[24]. whereas the magnetization of water worsened solid surface wetting [24.

Ah (mm)
0

10
15
20 [ I | 1
0 1 2 3 4 5
t(min)

Fig. 8.16. Kinetics of water level variation in a measuring capillary when a sample
of PFM is placed between brass disks having the following magnetic induction B,
(mT): 0 (1, 2) and 0.2 (3-5): 1. 5 — the solenoid is switched off (H = 0); 2, 3. 4.
the solenoid magnetic field is switched on (H = 0.7 kA/m)
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28]. Contradictory information is available in the scientific literature on liquid
viscosity variation in response to magnetic treatment [24, 25, 29]. It has been
experimentally established that the capillary flow of water is accelerated by
a MF. This proves that when the edge-wetting angle is really enlarging, the
water viscosity will reduce. Moreover, the effect of viscosity reduction on the
flow rate is stronger than that of wetting impairment. To interpret the results,
let us examine the effect of water purification on these two parameters.

Wetting occurs when water touches the surface of a PFM sample and
depends rather on the molecular properties of water than on those of the ad-
mixture ions. The latter concentration in the surface layer of running water
is insignificant. Therefore, the variation in the edge-wetting angle from mag-
netic treatment does not, in fact, depends on the degree of water cleaning.
With a certain amount of approximation, wetting parameters could be taken
as constants in experimental conditions.

It will be convenient to consider the effect of contaminants on water vis-
cosity from the viewpoint of representations on clathrate hydrates [30]. When
coupled through hydrogen bonds with one another, water molecules form a
three-dimensional skeleton in whose voids admixture molecules and ions are
found. Electronic interaction between them and water molecules (hydration
effect) is a more strong structure-forming factor than the association of water
molecules due to hydrogen bonds. This is the reason that viscosity reduces
within the “running water-distilled-double distilled” series. Naturally, all con-
ditions being equal, the velocity of capillary penetration of liquids increases in
this series. The effect of magnetic treatment which breaks clathrate hydrates
becomes stronger with increasing cleaning of water. The viscosity of running
water is changed less then that of double distilled after magnetic treatment;
influence on capillary penetration is, respectively, increased within the “run-
ning water-distilled-double distilled” series.

The supposition is just one in a series of hypotheses about the MF effect
on water systems which can be categorized in three groups:

1. A MF affects water molecules and permolecular structures.
2. A MF influences ions and other contaminants in water.
3. New compounds are formed in water by magnetic treatment.

In the hypotheses of the first group [31], the MF is presumed to gener-
ate Larmor precession of electron orbits and nuclei along with polarization
of electron clouds in water molecules thanks to which the molecules gain an
induced moment antiparallel to the external field. As a result, partial bend-
ing and disruption of hydrogen bonds takes place. The number of molecules
leaving quasi-crystalline lattice sites and filling their cavities grows.

Yashkevich’s model [32] subdivides aqueous molecules into two types.
Molecules constituting the base of the liquid water skeleton (i.e., molecules
with four hydrogen bonds) form a subsystem “quasi-skeleton”, and the re-
maining molecules carrying three and lower hydrogen bonds are related to the
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subsystem “structural defects”. The molecules can transfer from one subsys-
tem into another. A MF might either assist in formation of hydrogen bonds
(“birth” of a quasi-skeleton) or, vice versa, stimulate the “destruction” of a
quasi-skeleton when hydrogen bonds start to rupture thus either elevating or
lowering water activity.

The second group of hypotheses, where the authors try to isolate certain
admixtures and make them responsible for the phenomenon as a whole, are
more numerous.

A supposition has been put forward in [33, 34] that the magnetic treat-
ment’ of aqueous solutions becomes efficient under two conditions: solution
saturation by a scale-former and the presence of ferromagnetic particles in
it. Ferromagnetic particles are magnetized in a MF and start to aggregate.
The aggregates sorb ions and molecules of the scale-former on their developed
surfaces. These were conclusions based on experiments with water containing
ferromagnetic particles.

Other investigators assigned the leading role in interactions with a MF to
ions. Yu.V. and L.V. Myagkov [35] supposed that ions form quasi-crystalline
ordered sublattices from cations and anions with more than 10° number of
ions. The magnetic field brings about a head-on drift of cation and anion
sublattices.

The second group also includes hypotheses asserting that magnetic treat-
ment is reduced to degassing of the liquid [21, 24]. Lorentz force affecting
charged gas bubbles is neglected in calculations in contrast to the Stokes
resistance. Nevertheless, flow pressure changes jumpwise under gradient hy-
drodynamic flow (i.e., flow with a variable cross section), and especially in
periodical variation of a capillary section. Gas microbubbles begin to pulse
intermittently constricting and extending. Coulombic and van der Waals mu-
tual attraction forces act between the charged pulsing bubbles. When a MF
is actuated, a strong effect is exerted by Lorentz forces which shift charge
carriers of different sign surrounding each of approaching bubbles to oppo-
site sides. Elementary charges (or ions) change position and fall behind the
moving bubble wall at the moment of contraction. When the charge is re-
moved from the bubbles, the coulombic force of repulsion is eliminated, and
the bubbles stick together from the force of attraction.

The third group of hypotheses attributes all phenomena occurring at mag-
netic treatment of aqueous solutions to formation of new compounds not
found previously in water. According to [36], hydrogen peroxide, ozone, ni-
trogen oxides, and other active substances are formed in water by magnetic
treatment. It was shown that the amount of hydrogen peroxide increases in
water after magnetic treatment by 1.5-107° mol/L. But other authors could
not confirm this result [24].

The previously cited hypotheses do not contradict, in principle, exper-
imental results cited earlier. Moreover, each hypothesis can be successfully
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used to explain these results and prove the reliability of the proposed model
of water filtration through magnetic PFM.

8.7 Serviceability of Magnetic PFM-Based Filters

Filter performance and service life depend strongly on the pressure differ-
ence in the filtered medium passing across a FE. The filter was tested by
passing liquid through it once [5, 6] (Fig. 8.17). PFM filling with ferrite and
magnetizing brings about just a negligible pressure rise of the liquid before
the filter (pressure after the filter is, as a rule, constant). This regularity is
weaker when coarse particles (below 50 wm) of carbonyl iron are filtered.
Finer particles probably penetrate deeper into the FM and block its pores.

When liquids containing nonmagnetic contaminants are filtered through
ferrite-filled PFM, filtration rating values are 7-15% higher compared to un-
filled PFM. As noted previously, nonmagnetic contaminants precipitate in
FM mainly by the mechanisms of inertial interception, gravitational precip-
itation, and van der Waals interaction. Magnetization initiates additional
particle coagulation and screening, although the pressure difference increases
negligibly (Table 8.4).

p(kPa)

4.5

3.0

0 50 100 150 200 250
1(s)
Fig. 8.17. Variation of oil pressure with time before a Pa-based PFM without filler
(1) and filled by 15% SF (2, 3): 2, non-magnetized sample; 3, magnetized up to
By = 1.2 mT. Carbonyl iron particle size up to 12 um; filtration rate, 1 L/min

Table 8.4. Pressure difference (Ap) in filtration of mineral oil containing nonmag-
netic particles (d. < 50 wm)

Ap (kPa) across filtering element

Particle material Nonmagnetized Magnetized
Quartz sand 6.0 7.0
Aluminosilicate enamel 6.5 7.5

Porcelain 7.0 8.(

<
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Fig. 8.18. The effect of oil filtration rate on pressure difference across a FE made of
PA-based PFM (barium ferrite content 15 mass %) with various packing densities
(1-4) and across a paper FE with the same dimensions (5). Packing density: 0.139
(1): 0.125 (2); 0.111 (3): 0.097 (4)

Table 8.5. Fuel consumption and oil pressure in an internal combustion engine
(ICE) in filter bench tests

Regime of ICE Fuel consumption (L/h) Oil pressure (kPa)

operation
Rotation Torque For PFM with  For paper  For PFM with  For paper

n packing density filter packing density filter

(rpm) (N-m) 0.111 0.125 0.111 0.125

1650 18 2.05 2.06 2.06 180 170 170

2350 22 3.33 3.35 3.35 270 260 262

3800 33 6.6 6.64 6.63 340 325 328

Combined investigations in the serviceability of oil filters based on mag-
netic PFM have been carried out at the Korea Institute of Science and Tech-
nology (KIST) [12]. The pressure difference was measured for a FE made of
PA-based PFM with varied packing density and fixed barium ferrite content
(15 mass%). The pressure difference, it was noticed, grew with intensified
filtration rate and increased material density (Fig. 8.18). It is obvious that
the pressure difference across a conventional paper filter is approximately
the same as that across a PFM-based FE that has a packing density of 0.111
(curves 3 and 5).

The prolonged serviceability of filters was examined on a test bench for
studying internal combustion engines (Benz M102E). Motor oil 10W /30 was
filtered for 120 h which corresponds to 10,000 km of automobile mileage. It
was established that a PFM-based filter with 0.125 and 0.111 packing density
intercepts particles above, respectively, 5 and 20 wm, whereas a paper filter
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removes particles that exceed 40 wn from oil. It was also noticed that the
metal wear debris content (Fe, Cr, Cu, and Pb) in waste oil was 1.2-1.8 times
less in a fibrous filter application compared to that using paper filters. At the
same time, substitution of paper oil filters for fibrous filters does not influence
fuel consumption or oil pressure in the engine (Table 8.5).

The results of bench tests confirmed earlier conclusions that a difference
exists between the filtration mechanisms of filters made of paper and PFM.
The efficiency of paper filters is fully determined by material porosity and
depends on the ratio of pore size to entrapped debris dimensions. In magnetic
fibrous filters, the capture of fine metal particles is effected by the internal
magnetic field of a FM.



9. Adsorptive and Microbicidal PFM

Adsorptive PFM are designed for combined deep filtration of industrial
sewage where fine suspensions of solid particles, emulsified petroleum prod-
ucts, dissolved heavy metal salts, organic toxicants, and detergents are
present simultaneously in significant variations in pH and waste composi-
tion.

Such FM contain adsorptive substances immobilized in a polymer fibrous
matrix, including

e highly-porous carbon and other inorganic adsorbents (natural and syn-
thetic active coal, carbon fibers, zeolites, aerosil, etc.);

e ion-exchange polymer fibers (based on modified PAN, PVA, PA) and some
other types of ionites;

e complexing agents (crown esters, nitrogen-containing heterocyclic com-
pounds, ferrocyanides, and so on).

Porous adsorbents might be impregnated with deodorizing and aromatic
compositions. In this case, deodorizing PFM are used in cleaning gas emis-
sions.

9.1 PFM Modified by Porous Adsorbents

A distinguishing feature of these PFM is adhesive fixing of adsorbent particles
on fibers (Fig. 9.1a). It is not expedient to process adsorbents simultaneously
with polymer extrusion because porous particles become encapsulated by the
binder and thus lose their adsorptive ability (Fig. 9.1b). If adsorbent particles
are injected into the gas-polymer flow during PFM formation. they collide
with and adhere to fibers which are in the viscous-flow state and firmly fix
on the fiber surface upon solidification [1, 2].

Upon computer processing of electron microscopic images (Fig. 9.1a), it
was found that the particles of 13.8 mass% activated charcoal (AC) content
occupy about 37.8% of the fiber surface area (the mean particle size and
fiber diameter d;¢ are commensurable). Evidently, to cover 100% of the fiber
surface with AC particles, the maximum amount introduced into the PFM
should not exceed 35-40 mass%. In reality, it is probable that introducing
less than 20-25% of modifier will not affect its adhesion to fibers.

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002
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Fig. 9.1. Electron microphotographs of LDPE-based PFM modified by AC (13.8
mass%): (a) charcoal particles injected into the gas-polymer stream; (b) charcoal
particles extruded simultaneously with the polymer melt

Filtration of various media through PFM modified by adsorbents is ac-
companied by the capture of both solid and liquid dispersed contaminants
as well as by adsorptive concentration of dissolved organic and inorganic
admixtures. When a PFM follows the mechanism of physical sorption, the
parameters of its porous structure of importance are, the volumes of sorp-
tion (V4), the micro- (Viuie) and mesopores (Vines), the mean efficient pore
diameter, and the specific surface of sorption (Sp).

The sorptive characteristics of AC and PFM modified by it have been
calculated using sorption isotherms of benzene vapors (Fig. 9.2). It was es-
tablished that micro- and mesopores of AC and mesopores formed in the gaps
(openings) between fibers and charcoal particles at contact sites in composite
PFM are adsorptive. The characteristic size of the mesopores formed is 250-
350 A which is in conformity with a definitely expressed peak on differential
curves of mesopore distribution by size. Maximum corresponding to this pore
size is absent on an analogous curve for AC.

Analysis of the data presented in Table 9.1 proved that the method of
introducing porous adsorbents into melt-blown PFM excludes encapsulation
by the binder and achieves materials with highly adsorptive characteristics.
PFM containing 11-14 mass% of AC possesses a developed surface Sgp that
is three orders larger than that of an unmodified surface, and its volume of
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Fig. 9.2. Isotherms of benzene vapor sorption at T'= 20°C on AC (1) and PFM

with AC content (mass%): 13.8 (2), 12.6 (3), and 10.8 (4). Vi, (cm?/g) is the adsor-
bate volume in a liquid state; p/ps is the relative pressure of the adsorbate vapor

Table 9.1. Sorption characteristics of AC and LDPE-based PFM modified by AC

Sample Sorption Specific Pore volume (cm?/g)
capacity surface Ssp
SCus (m*/g) by
(IIlg/g) BE'F V; ‘/n]ic Vmcs
AC 167 400.4 0.415 0.309 0.156

PEFM with
AC content

(mass%):
13.8 - 63.3 0.139 0.048 0.132
12.6 10.7 57.5 0.133 0.043 0.129
10.7 6.5 64.4 0.154 0.043 0.155
0 0.1 0.02-0.1"

“by sorption isotherm of nitrogen at different PFM fiber diameters.

sorptive micro- and mesopores is rather appreciable. The PFM adsorption
index of methylene blue (SCy) from aqueous solutions increases by two
orders upon modification with charcoal.

9.2 PFM as Adsorbents of Oil Products

In some cases the efficiency of adsorptive filtration is conditioned by the na-
ture and structural parameters of the fibrous matrix itself (P, dr, Sy,). Note
that melt-blown materials consisting of thin lipophilic fibers (PE, PP) are per-
fect petroleum absorbers [3]. Their petroleum-retaining capability in static
conditions reaches 10g/g and far surpasses, in this respect, composite materi-
als intended to pick up oil products (Table 9.2). A promising sphere of PEM
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Table 9.2. Static adsorptive capacity for oil products (SCop) depends on PFM
composition and structural parameters

Material and its composition Structural parameters SCop
(mass%) Mean fiber or plkg/m*)  (g/g)
adsorbent particle
diameter (um)

Melt-blown PFM based on

PE fibers, 100 30 300 8
PP fibers, 100 20 140 4
PP fibers, 100 15 100 10.4
PP fibers twisted into
braids and balls [5] 5-20 10-200 16-53
Petroleum sorbents produced at
3M Co. on PP fiber base - - 815
Fibrous-porous nonwoven material
“POROIL"” produced by Catensa Ltd. — — 20
Nonwoven needle-punched PFM of
Toytingen Co. containing 110 7.6
PAN fibers, 72 20
Cellulose fibers, 22 70-100
Lignocellulose particles, 6 1000

application is elimination of the emergency aftereffects in petroleum spills.
PFM are made as rolls, hoses, or floating cushions and remove petroleum
from the surface of water to protect the banks of ponds and accumulation of
petroleum spilled in accidents in industry or transport [4].

A high degree of adsorption of emulsified petroleum oil (60-90%) is ob-
served in filtering oily water through melt-blown PFM, even under tough
dynamic regimes [3]. The filtration efficiency is all other conditions being
equal, inversely proportional to p and d¢ and depends on the lipophilic prop-
erties of the polymeric fibers (Fig. 9.3).

The behavior of E(d;) and E(p) dependencies reflects the fact that oil
products are captured n as a result of their adsorption on fiber surfaces, and
also by capture of coagulating oil droplet in the material pores. This agrees
well with the theoretical understanding of the filtration mechanisms for oil
emulsions in fibrous materials [6].

9.3 Complex-Forming PFM

This type of material is characterized by the presence of particles of func-
tional components (FC) fixed on fibers that can interact with heavy metal
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Fig. 9.3. The filtration efficiency of petroleum oil emulsion in water (200 mg/L)
depends on the structural parameters of PFM based on PE (1) and PP (2): (a),
p = 350 kg/m?*; (b), df = 30 um. FE thickness: a, 9 mm, b, 3 wm.

ions dissolved in the filtered liquid and form stable insoluble coordination
compounds (CC) [7-10].

Polynitrogen heterocyclic compounds (PHC) containing one or a few
tetrazole (Tet) cycles in a molecule were used as FC (Table 9.3). These PHC
are apt to behave as polydentite bridge or chelate ligands during complexing
reactions with metal ions [11-15]. In addition to, due to their high thermal
resistance, they proved suitable for processing with thermoplastic melts.

PhTet, BTet, and TTet were synthesized at St. Petersburg’s State Tech-
nological Institute. They are white crystalline powders with needle-like par-
ticles 100-150 um long and 5-10 wm in cross section.

Filter materials were obtained by melt blowing using _ worm extruder with
a special spray head [9]. The fiber melt was sprayed with dry compressed air at
80°C. Tetrazole powders were fed continuously by a specially designed device.
Isolated by a tubular jacket, flow was supplied to a continuous band where a
fibrous mass was deposited. Upon cooling to LDPE solidification, the latter
was separated from the band. The extrusion temperature and aerodynamic
regimes of the gas-polymer-tetrazole spray mixture were varied to control the
fiber diameter of the polymer matrix and the degree to which it was filled
by tetrazole. The matrix porosity was monitored by rolling down the fibrous
mass deposited on the substrate with a special roller.

Complexing agents poorly or completely insoluble in water would be ap-
propriate for use as components of PFM intended for capturing metal ions
from wastewater. PhTet, Btet, and TTet meet this requirement. PhTet sol-
ubility in HoO at 20°C is only 0.06%; BTet and Ttet are even less soluble.
It should be, of course, borne in mind that the solubility of these compounds
(like NH acids) might increase in alkaline media.

The results of complexometric analyses [10] have shown that the static
sorptive capacities (SC¢y, ) of PhTet, BTet, and TTet for the ions of Cu (II)
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Table 9.3. Heterocyclic compounds in tetrazole series

Designation and structural formula Molecular Melting
mass point (°C)
5-Phenyl-tetrazole (PhTet) 146 213

CeHs——(C—NH

\

N N
AN
Bis(3-tetrazole-2-ilethyl) ether (BTet) 210 200
CHZ—CHZ\ /CHZ_CHZ
HN——C 0 Nc—nn
/7 \
7\ P!
\ y \N
N
Tris(-tetrazole-5-ilethyl)nitromethane (TTet) 349 211
HN— C—CH, NO,
S
/ \\N CHa— C=CHy
N |
\N/ CH, CH,—C——NH
LH:
H,C /A
1 N N

are 6.4, 10.5, and 5.7 mg-eq/g, respectively. PFM containing 15-20% of the
PHC cited, this index is about 0.5-2 mg-eq/g.

The values of SC¢, obtained make it possible to suppose that PhTet
forms coordination compounds with Cu (II) in neutral aqueous solutions in
a 2:1 stoichiometric ratio, whereas BTet and TTet are in a 1:1 ratio. This
is supported by elemental analysis of CC (Table 9.4) and agrees well with
reported data on analogous PHC complexing with metals [11, 13, 16).

A distinguishing feature of PhTet, BTet, and TTet interaction with Cu
(II) during experiments was its heterogeneous behavior limited kinetically by
diffusive processes at the solid (PHC)-liquid (CuSOgysolution) interface.

Comparison of the IR spectra of PHC under study and their coordination
compounds with Cu (II) yields the following conclusions:

1. Hydrated (or aqueous) complexes are formed upon PHC coordination: a
strong wide band of v(O-Hassoc) is present at 3468 ecm~' (Cu/BTet) or
3422 em~! (Cu/TTet), band §(HOH) is near 1640 cm~!, and adsorption
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Table 9.4. Element analytic data of coordination compounds of PHC with CuSO4
(H20, 20°C)

Coordination Content of elements (%)
compound Experiment Calculations
C H N C H N
Cu(CeH5CNy)2 - 1.5H20 44.16  3.33 2936 | 43.69  3.64  29.13
Cu(CsHsNgO)-1.5H2 0O 25.19 3.72 37.42 24.12 3.68 37.52
Cu(C1poH3N1302)-1.5H,O | 27.63  4.84 40.7 27.43  3.66 41.6
Cu(C1oH5N1302)-2H,0 - - B 26.88 381  40.7

takes place in the 500-700 cm ™! region due to liberation oscillations of
water molecules in the solid phase p (HOH) [17].

2. Heterocycles take part in the formation of coordination links: upon PHC
coordination, the whole of the IR spectrum varies responding to valent
and deformation vibrations of ring links (within 500-1600 cm~'); spectral
bands are present in low-frequency, some of which can belong to valent
vibrations of coordination links v(Cu-N) [13, 16-18].

3. Deprotonated cycles are brought into coordination with the metal: outer
sphere anions SO3~ are absent in CC according to IRS and elemen-
tal analysis; within the vibration spectra of CC, the group of 3100-
2200 cm~! bands which is found in the initial spectra of PHC is not
discerned, and it is related to valent vibrations of the iminogroup of the
ring v(N-H) and v(N-H,xoc) in a system of associative cycles interlinked
through hydrogen bonds [19].

4. PhTet probably forms bridge type, and BTet and TTet form chelate
types of CC [16, 21].

A plain model was made of a composite complexing sorbent to clarify the
mechanism of metal ion interception by PFM modified by PHC. It is simply
a PE film filled with tetrazole particles.

The main problem to be solved was whether the mechanism of spatial
and electron interaction between the ligand and the metal is preserved when
complexing proceeds in situ, on the surface, or in the polymer bulk.

With this aim, the physicochemical properties and crystalline structure of
two types of CC were studied: (1) that obtained as a result of mixing aqueous
solutions of Tet and FeCly or CuNOj3 (method A) and (2) that forming on
the surface of PE film filled with Tet on exposure in aqueous solution of
the salts named (method B). It was shown earlier that by introducing Tet
(15-40 mass%) into the polymer binder followed by hot pressing at T'= 135
140°C, the respective powder compositions does not give rise to any chemical
bonds between the binder (PE) and the filler (Tet), and the latter did not
lose its individual features.
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Elemental analysis as well as IRS, have shown that, independently of the
method of synthesis (A or B), CC of the same composition are formed, i.e.,
Fe(CHNy)-2H50 or Cu(CHNy)-1.5H50. The difference is not observed in the
molecular structure of the complex but only in the rate of complex formation.
The rate drops abruptly upon transfer from the reaction of reagents dissolved
in water (A) to the heterogeneous reaction (B) which is limited by diffusion
processes. The latter, it was noted, accelerates with rising temperature in the
medium in which the polymer matrix filled with complexing agent is highly
permeable.

By comparing the IR spectra of tetrazole, its sodium salt and coordination
compounds Tet with Fe (IT) and Cu (IT) it has been established that the role
of the ligand in the CC under investigation is played by the tetrazolate anion.
Tet is a weak N-H acid tending to enter into coordination linkage with ions
of transient metals in deprotonated form CHN, (Tet™) at complexing in a
medium at pH > 2 [9].

The IR spectra of sodium tetrazolate and CC containing a deprotonated
cycle are devoid, in contrast to the Tet spectrum, of the bands corresponding
to the link v(H-N) and associative links (N-H...N) at 3050 cm ™! and 2300~
2900 cm ™!, as well as off-plane deformation vibrations §(N-H) at 935 cm ™!,
A typical initial Tet band at 1520 cm ™! induced mainly by valent oscillations
of C=N and N=N ring fragments is also absent. The power field of the Tet
molecule changes, probably, so that the differentiation of valent vibration
bands of the cycle at 1520 and 1450 cm ™! disappears.

When Tet interacts with Fe (II) and Cu (II), coordination takes place
with the atoms of the heterocycle nitrogen. This is proved by the emergence
of valent vibration bands in the IR spectra of the CC corresponding to Fe-
N and Cu-N links in the low-frequency region and a number of intensive
bands within the 13151365 cm ™! region. The latter are not observed cither
in the Tet or sodium tetrazolate spectra and are probably the constituent
frequencies of v(Me-N) and v, d(ring) at 1015-1060 cm™!. Furthermore, the
N1s band in the X-ray electronic spectra corresponding to cyclic nitrogen
atoms expands and changes a lot upon T'et transfer to a CC. This is a evidence
that nitrogen atoms participate in coordination.

If we consider the peculiarities of the electronic structure of tetrazole and
its anion, it becomes obvious that coordination of the cycle with Cu (II) by
carbon atom is highly unlikely. This is proved by CC spectroscopic data.

Together with Tet, water molecules could be involved into coordination
with ions of transient metals. So, a band appears at 415420 cm ™! in the IR
spectra of CC which can be related to valent vibrations v(Me-O) of water
linked with a metal ion through a partially covalent bond [17]. However, it
is improbable that any clear boundary can be drown between the states of
coordinated and crystalline water in the CC according to IR spectral data.

Experimental results agree with suppositions formulated in the literature
on the bidentate-bridge function of the tetrazole ligand [12, 13]. According to
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quantum-chemical notions of the electronic structure of the Tet molecule and
its anion [21], atoms of Ny. Na, or the Ny ring are said to be the most probable
donor centers for coordination with a metal. Probably, each Tet cycle joins
by two nitrogen atoms (by the main and side valences) to different Me (II)
ions, so that the CC formed has a polynuclear structure. One of the links
(through the Nj pyrrole atom of the cycle) bears a chiefly ionic character.
The other that has the donor-acceptor type through a pyridine atom (N3 or
Ny) of cycle is covalent. The (Me-N) band at 250-255 cm ™! in the IR spectra
of the CC can be, most probably, referred to as an ion type link, whereas
v(Fe-N) frequencies at 390 cm ™! and v(Cu-N) at 325 cm ™! are related to a
coordination link.

X-ray diffraction analyses have visualized that copper (II) tetrazolate pos-
sesses a crystalline structure and iron (II) tetrazolate has a partially crys-
talline structure. The data on stoichiometry of the CC and on a bidentate
character of the tetrazole ligand provide grounds for a supposition about ei-
ther an octahedral structure (with at least one water molecule participating
in the coordination) or a tetrahedral (if water is only crystalline) structure
of the coordination node (respectively, MeN,Oo or MeNy). The insolubility
of substances in water and organic solvents speaks in favor of a polynuclear
structure of the CC molecule.

From the preceding procedure, it follows that introduction of a complex-
ing functional component into the polymer matrix, in particular into a PFM,
does not influence on the CC molecular structure formed by its interaction
with metal ions, but facilitates diffusive control of the process. So, based on
results of physicochemical investigations the following principal factors af-
fecting the complexing properties of composite PFM can be singled out: (1)
complexing ability of PHC under study; (2) their concentration in a FM; and
(3) system parameters determining the kinetics of diffusion processes at the
composite sorbent-liquid interface. It is also to be taken into account that,
cation-exchange groups (-COOH and other) are found on the surfaces of oxi-
dized polymer fibers of PFM that canto participate in metal ion interception
from filtered media.

9.4 Adsorptive-Microbicidal PFM

When PFM incorporate particles of porous adsorbents fixed on fibers, they
can be easily impregnated with microbicidal preparations (either natural or
synthetic). Such treated PFM can simultaneously fulfill the functions of fil-
tration and adsorptive cleaning, as well as disinfection of gases and fluids.
Sometimes, sorptive modifiers have bactericidal activity of their own. This
feature is ascribed, particularly, to some of the tetrazole compounds. Micro-
biological tests were conducted on PFM with fibers plasticized by oil extracts
of birch leaves (BLE) or coniferous needles (CNE) as well as fibers contain-
ing adhesively bonded particles of tetrazole or AC impregnated by these
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Fig. 9.4. Photos of Petri dishes with an agar culture medium and samples of PhTet
(a) and PFM modified by PhTet (b) after 48 h of Sarcina flavus bacteria cultivation:
1, samples; 2, colony of microbial cells; 3, zones of microbial growth suppression; [,
zone 3 width

0 10 20 ;. OO 10 20 ;.(n)

Fig. 9.5. Kinetics of optical density (D) variation of Sarcina flavus suspensions
(a) and Pseudomonas fluorescens (b) in a aqueous culture medium: 1, check test;
26, upon introducing different composition of PFM into suspensions: 2, pure PE;
3, PE + AC; 4 and 5, PE and PE + AC impregnated by coniferous needle extract;
6, PE + PhTet

extracts. All they display a distinctly expressed antibacterial effect in re-
spect to coccus microflora, gram-negative sporeless, and gram-positive spore
bacteria (Fig. 9.4, Table 9.5).

The effect of biocidic PFM on the growth dynamics of test-microbes in
aqueous culture media consists of prolonging the growth-adaptation phase
(lag-phase) and in fact full suppression of the logarithmic growth phase
(Fig. 9.5) [10, 12].

It has been found that even nonmodified melt-blown PFM on a PE
base intercept bacterial contaminants efficiently, especially coccus microflora.
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Table 9.5. Zone width (1) of microorganism suppression around microbicidal FC

and PFM samples modified by these FC (30°C, agar culture medium)

Sample Sample Cultivation Zone width [ (mm) in
type composition time (h) cultivation of microorganisms
Sarcina  Proteus  Bacillus
flavus vulgaris  subtilis
FC CNE? 48 5-9 3-7 79
BLE" 48 2 2 1-3
AC + CNE® 24 13-14 5-7 12-13
72 6-8 4-5 6-7
PhTet 48 15-20 5-7 10-15
PFM  PE + CNE® 24 57 2-3 2-4
72 2-3 1-2 2-4
PE + BLE" 24 4-5 2-3 34
72 2-3 1-2 2-4
PA + CNE" 24 4-5 2-4 4-5
72 3 2-3 3-5
PA + BLE" 24 56 3 4
72 3 2-3 4
PE + AC 4 CNE* 48 = 2-3 6-8
PE + PhTet 48 10-12 2-3 7-10

“alcohol or alcohol-acetone extracts.

Pextracts in Vaseline oil.

Investigations were carried out at the Department of Prophylactic Toxicol-
ogy of the Hygiene and Toxicology Center of the Belarus. Samples based on
running water contaminated with microbiological admixtures were used for
testing. The greatest filtration efficiency was observed with microorganisms:
86% for cleaning from Enterobacteriacae, 78% from coccus microflora, and

30-38% from spore bacteria.
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A present trend in industrial technologies is the growing role of catalytic
biotechnological systems, in particular, systems for biologically cleaning air
and water by employing of biologically active polymer materials (BAPM).
The functional mechanisms of these materials (where a high molecular weight
matrix is the carrier of live cells of microorganisms, plants, animals, or men)
are governed by the metabolism of immobilized cell cultures under given
conditions. The rapid widening of the BAPM range in recent decades can be
attributed to the strengthening of the biotechnology sectors in a number of
the vital domains of economy, including fine organic synthesis, the pharma-
ceutical and food industries, medicine, agriculture, and industrial ecology [1].

10.1 Biofilters with Polymer Fibrous Biomass Carriers

Biofilters can be used for efficient and simple cleaning to carry out thorough
biological utilization of sewage contamination (through biological conversion
into nontoxic forms using microorganisms immobilized on carriers) [2-5]. Aer-
obic film biofilters with immobile packing (microorganism carriers) are one of
the cheapest and most reliable types of such filters. Microbiological degrada-
tion of admixtures found in sewage cleaned through biofilters simulates the
natural biochemical phenomena of “self-cleaning” in nature. Under optimum
regimes of biological cleaning, extremely high levels of adsorption and bio-
conversion of wide spectrum organic and inorganic contaminants are reached.

The key to successful biocleaning is the choice of active strains of microor-
ganisms or their consortiums, which are first and quick in metabolism in the
trophic chain of biologically converting contaminants. The efficiency and re-
liability of biofilter operations are chiefly determined by the characteristics
of the biomass carrier.

Contradictory demands are imposed on the carrier because, on one hand,
it should be permeable to the air stream and the medium being filtered and,
on the other hand, should keep biomass and protect it against mechanical,
aero- or hydrodynamic effects; buffer extra loads for abrupt changes in sewage
composition; and provide for maximum cleaning of contaminants. From this
standpoint, the most significant parameters of the carrier are the follow-
ing: the surface developed, the porosity, satisfactory mechanical strength and

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002
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chemical stability, biocompatibility; that is, nontoxicity to microbial cells and
the ability for provide of stable vital activity of microbial associations [5, 6].
Also of great importance are the technical and economic characteristics of
the carrier, namely longevity, resistance to heat sterilization, light weight
and shape stability, highly efficient production technique, and low cost.

So far, the selection of a carrier for certain industrial biocleaning cycles
has been based on considerations of available conventional and cheap materi-
als. Nevertheless, known carriers, both inorganic (sand, crushed stone, gravel,
glass, brick, slag, coke, claydite, zeolite, activated coal) and organic natural
(shavings, bark, sawdust, peat) as well as artificial and synthetic polymers
(cellulose acetate, PE, PP, polyurethane foam, PVC, PS, PVOH, and oth-
ers) often do not meet the complex requirements cited. Most promising in a
number of parameters (including biocompatibility), polymer and composite
carriers are today on a par in cost with typical structural and building ma-
terials employed for this purpose. Note that most polymer carriers (smooth
and crimped filims, strips, rods, broaches, rings, tubes, discs, seats, cellular
structures of polymer sheets, etc. [7-12] have weakly developed surfaces (50
to 300 m?/m?). A layer of foam polymer granules [13] is poorly permeable
and is blocked in time. Fine-grain polymers, including gel-formed carriers can
to operate only in conditions of fluidization [12, 14]. More suitable for their
sorption and other service characteristics, familiar types of fibrous woven
and nonwoven carriers [15-17] are not stable in shape. To impart structural
permanence to such materials, they are reinforced by frames that make car-
rier production and operation complicated and impose additional mechanical
loads on the bioreactor.

A refined melt blowing procedure has united the production and modifi-
cation processes for shape-stable fibrous polymer carriers (FPC) into a single
production cycle which adds certain functional properties that make them
biocompatible with microorganisms and regulates their activity [18, 19].

FPC were formed into cylindrical elements (rings) based on PA, PP, or
HDPE with a mean diameter of 40 mm, height 30 mm, and thickness 5 mm.
Their structural parameters were varied across a wide range, including ds
from 10 to 140 wm and p from 100 to 400 kg/m?.

Optimal shape and dimensions were chosen as a result of the analysis
of known charging systems used in chemical or biological catalysis 3, 20].
When optimizing the thickness of FPC walls, it was taken into account that
the maximum depth of aerobic microorganism film ingrowth did not exceed
2-4 mm under conditions of conventional metabolism [11].

A poured layer of FPC of a chosen shape and dimensions ensures the most
balanced and rapid mass exchange in the bioreactor bulk, good permeabil-
ity for flows in every direction. uniform distribution of mechanical loads on
bearing structures, and simplifies carrier substitution and regeneration [21].

The structural parameters of FPC were optimized according to a complex
of the following criteria: the mechanical strength and shape stability of the
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fibrous elements, the porosity and specific surface of the carrier developed to
ensure perfect air and water penetrability. as well as sorptive capacity with
respect to the microorganisms and admixtures in the filtered media. Tt has
been found that FPC, where p = 200-250 kg/m? and dy = 40-50 wm for
PP or 70 90 wm for PA. correspond best to these requirements. FPC on an
LDPE base are less preferable due to their low heat stability under conditions
of regeneration by steam sterilization.

Optimum FPC structures can be characterized by rather high breaking
stress values under tension (2-3 MPa) and limiting loads under ring element
compression (40 120 N) which is especially important in operating indus-
trial bioreactors having a thick filling layer. The specific filling area Sy, in
FPC reaches (7 —11) - 10* m?/m? with a filling ratio of the biofilter by a fi-
brous material equal to 0.5. This is much better than the conventional filling
(Sep = 2-10%-2-10% m?/m?). The pressure differential Ap in water filtration
through FPC walls is below 1 kPa, which is one to two orders of magni-
tude less than the corresponding values typical of common carriers. Among
the advantages of FPC based on melt-blown materials are also low filling
mass (~ 100-120 kg/m?). chemical and biological inertness, and broad op-
portunities for imparting additional useful functional properties to the carrier
material (sorptive, electret, magnetic, etc.)

FPC performance in biofilters has been evaluated by the following param-
eters:

e specific sorption of complex microorganisim cultures per unit mass (a,,),
unit geometrical surface (ay) and unit carrier volume (ay);

e comparative filtration efficiency (E) of sewage by biofilters filled with FPC
under study and conventional (claydite) carriers;

e time for the biofilter to reach steady-state operation regime from initial
start-up and upon the prolonged absence of loading.

Indexes an,, ay, and a, were estimated by a standard microbiological
method that judges by the difference between the carrier mass before and
after immobilization of reference microorganism culture (Bacillus cereus,
Aeromonas spec.. and Pseudomonas spec.).

In Table 10.1, specific sorption indexes are shown for complex microor-
ganism cultures on differently structured FPC samples in contrast to typical
carriers. As typical carriers, we used Rashig rings of oxide ceramics with
a 30 mm mean diameter, 5-50 um (R-1) and 200 500 wm (R-2) pore size;
20 mm diameter polyurethane foam (PUF) granules; and 20 40 mm fraction
of claydite spherical grains. It is evident that FPC surpasses typical microor-
ganism carriers in sorption parameters. The time for optimum structure and
composition of FPC for wetting by a culture medium is from 5 to 30 min. A
high degree of oxidation of the polymer in the fiber surface layer, it has been
noticed. promotes wetting.

Aerobic biological cleaning of wastewaters has been investigated us-
ing pilot biofilters (Fig. 10.1) developed at the State Scientific Center for
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Table 10.1. Specific sorptive capacity of different carriers for association of the
microorganisms Bacillus cereus, Aeromonas spec., and Pseudomonas spec.

Carriers am (mg/g) as (mg/cm?) ay (mg/cm?)
Typical R-1 0.6 £0.2 0.06 = 0.02 0.9+0.3
R-2 1.6 £ 0.5 0.14 £ 0.03 1.1£0.2
PUF 26+1.3 0.14 £ 0.05 1.1+04
Claydite 4.4+ 0.6 0.28 + 0.04 1.3£0.2
FPC PP-1? 8.5£14 0.29 £ 0.07 1.6+0.4
(df = 10 wm,
p = 130 kg/m?)
PP-2 7.6 £04 0.42 £ 0.03 1.7+0.1
(df = 50 wm,
p = 220 kg/m?)
PA? 19.24+4.0 1.20 £ 0.19 4.8+ 0.6
(df = 25 um,
p = 250 kg/m?)

“The material partially swells during sorption.

Applied Microbiology (Russian Federation, Obolensk). The biofilter volume
was 5.3 dm?, the volume and height of the carrier layer were 4.8 dm® and
1.75 m, respectively. The specific flow rate of wastes @ (relative to carrier
volume) was varied within 0.1-7.3 dm?®/(dm?-day). The term of regime main-
tenance under a constant waste rate was, as a rule, 514 days.

The filtration efficiency (£, %) of the chemical wastes was estimated by
the dichromatic standard method [5] that judges by reduced contamination
at the biofilter outlet relative to the inlet value of chemical oxygen demand

(COD):

C()]:)in - CODout
COD;yy

The efficiency of biological filtration for separate contaminants was es-
timated by gas chromatograph. The analysis of oil products content (C) in
wastes consisted of extraction by chloroform followed by solvent removal and
weighing the remainder. The efficiency was calculated by the formula

E = Cin - Cout

Cin

The time for the biofilter to reach steady-state regime was considered
period elapsed from actuation till reaching a stable value of F = 90% and
more (for oily wastes).

The FPC efficiency was compared to that of the best typical carriers
(claydite) during filtration of wastes from a chemical enterprise, recirculating
‘waters from the cooling network of an atomic power station, and wastes from

E = - 100% (10.1)

- 100%. (10.2)
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contaminated water

waste air

151

pure water

Fig. 10.1. A diagram of a biofilter for aerobically cleaning wastewater: 1, casing;
2, cover; 3, layer of carrier with immobilized mass; 4, bearing mesh; 5, spray device;

6, 7, lowmeters; 8, level gage

Table 10.2. Compositions of industrial wastewaters subjected to cleaning by

biofilters
Composition Type of waste Contaminants
No. COD (g/L) Type (concentration, mg/L)
1 Wastes of chemical 14.1 Isopropynol (770), ethyl hexane
enterprise (2530), chlorethyl hexil (1840),
acetone (900), methyl isobutyl ketone
(200), esters (200), sodium chloride
(1200), mesityl oxide (100), toluene
(50), diacetone alcohol (30)
2 Recirculating water Oil-products (10-270)
from an atomic
power station
3 Water purposely Oils (60-90), heavy metals,
contaminated by antifreeze, and other additions
waste oil
4 Wastewater from 7-10 Culture liquid residue, antibiotics
antibiotics (benzyl penicillin, oleandomycin),
production organic solvents (butanol, acetone,

benzyl acetate)

antibiotics production. The compositions of the wastes studied are presented

in Table 10.2.

It has been found that a biofilter with PP-2 based FPC was highly compet-
itive with a claydite-filled biofilter in purification quality of chemical wastes
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(Fig. 10.2). The degree of bioconversion of individual contaminants is within
35-100% independent of the biofilter filling type. However, at start-up, the
biofilter with FPC operates better (fresh biofilm).

The time for reaching a steady-state regime in purifying wastewater con-
taminated by oil products is reduced from 30 to 14 days when the claydite
biomass carrier in the biofilter is substituted by the FPC carrier. Aside from
this, FPC provides more efficient biocleaning at extensive flow rates, consid-
erable content of oil products in the inlet, and the presence of toxic substances
in the wastewaters (Fig. 10.3).

The cleaning of oily wastewater has been modeled under conditions where
temporary interruption or appreciable reduction of the waste supply takes
place while the biofilm viability is supported by recycled moistening of the
carrier or by a small flow through the reactor of water with relatively low oil
(below 10 mg/L) and biogenous additive content. After 2 months of operation
while keeping the biofilm viable, a rigid filtration regime was upset by an
abrupt daily increment of highly contaminated waste flow rate for 5 days. In
such conditions an FPC-filled biofilter quickly reaches and shows high stable
filtration indexes in contrast to that filled by claydite (Fig. 10.4).

The improved biofiltration efficiency through a FPC-based filter is prob-
ably related to the affinity of its carrier with the biomass (Table 10.1) as well
as favorable conditions for biofilm growth in fast mass exchange processes
due to the perfect air and water permeability of fibrous elements.

The advantages of polyolefin based FPC in systems for biological filtration
of oily wastewaters depend significantly on the ability of lipophilic polymer
fibers to adsorb great amounts of oil products thus providing free access by the

0, dm*/(dm’-day)

Fig. 10.2. Efficiency (E) of biological cleaning of wastewater from a chemical
factory (composition no. 1 in Table 9.2) during one stage by biofilters with claydite
(1) and FPC (PP-2) (2) carriers depending on the specific flow rate of wastes
(Q). Working association of microorganisms Bacillus cereus, Aeromonas spec., and
Pseudomonas spec.
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Fig. 10.3. Efficiency (F) of biological cleaning of wastewater contaminated by oil
product steady state process regimes versus specific flow rate (Q), inlet concentra~
tion of petroleum products (Cin), and the presence of toxic substances. Contami-
nant: (a) waste toxic oils with admixtures of antifreeze and ions of heavy metals; (b)
transmission oils with additives; (¢) oil products of APS cooling waters. Microor-
ganism carriers: 1, claydite; 2, FPC (PP-2). Working association of microorganisms
Acinetobacter spec., Pseudomonas spec., and Mycobacterium flavescens

0, dm*/(dm*-day)
(Cin, mg/dm’)
Fig. 10.4. Efficiency (E) of biological cleaning of wastewater contaminated by

used transmission oils with an abrupt change of the biofilter regime from “biofilm
maintenance” to “operation.” Carriers: I, claydite; 2, FPC (PP-2)

biofilm to the substrate. In Chapter 9, the high adsorptive capacity of polymer
fibrous materials on PP and PE bases for oil products has been described
in detail (see Table 9.2). The amount of oil products isolated from FPC
samples during extended operation in a biofilter is, nevertheless, negligible
(5-8 mg/g) because the contaminant is converted by vital activity of the
microbial association.
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Table 10.3. Biocleaning efficiency of antibiotics production wastewater following
a one-stage continuous flow scheme without recirculation

Biocleaning cycle, Q, E(%) for biofilter filled with carrier:
CODiy, g/L [dm?*/(dm®-day)]  Claydite FPC (PP-2)
Steady-state regime®
I 0.28 94.0 95.2
8.3 0.50 88.6 98.8
0.86 88.0 92.2
11 0.42 82.0 94.4
8.0 0.99 58.1 89.4
0.56 83.8 91.2
2.65 38.1 63.1
11 1.04 75.6 94.4
8.0 1.67 88.1 88.1
2.14 47.5 93.8
I\Y 1.52 70.1 91.0
7.2 2.06 53.5 86.1
3.13 38.9 58.3
4.01 41.7 44.4
\Y 1.07 70.3 45.9
7.4 2.08 56.8 70.3
3.07 40.5 67.6
4.62 51.3 37.8
Transient regime after a 3-week stop”
VI 0.51-0.56 70.0 88.0
10 0.74-1.54 42.0 54.0
(wastes with 1.03-1.89 48.0 76.0
suspension) 1.63-2.65 56.0 50.0

*Q was gradually increased daily.

PQ was increased for a day (“acute” test).

Moreover, FPC shows the ability to damp toxicological effects on the
biofilm. This was proved during biological purification of wastes contaminated
by toxic oils (Fig. 10.3a,b) and was especially evident in filtering wastes from
antibiotics production. When considerable amounts of organic solvents and
antibiotics toxic to microorganisms are present in wastewater, the process
is insufficiently stable in both the transient and steady-state regimes (Ta-
ble 10.3). But as a whole, biofilters with FPC operate more efficiently and
reliably than those with claydite filling.

Thus, FPC provide highly efficient operation of biofilters and outdo typ-
ical microorganism carriers in all key criteria. For example, FPC which have
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been used for 4 years in pilot biofilters in biological cleaning of heavy duty
wastewater and have undergone multiple charging, discharging, and vapor
sterilization, have not shown any signs of breakdown or impairment in tech-
nical parameters. Long experience in the operation of pilot biofilters with
FPC as well as analysis of accumulated statistical data have provided the
basis for scaling the process up to the commercial level of biological cleaning.

Furthermore, prospects of improving the service characteristics of the pro-
posed FPC are connected with physicochemical methods of polymer modi-
fication during the melt blowing process, namely, electric polarization, fiber
filling with magnetic and conducting substances, fixing of selective dispersed
adsorbents on the fiber surfaces, and impregnation of culture media for mi-
croorganisms into the fiber surface layer. In particular, adsorptive concentra-
tion of admixtures on the carrier occurs when filtering through a composite
FPC containing highly porous adsorbents (AC and other) which alleviates
microbial degradation.

FPC can acquire new properties as a result of their chemical structure
modification for affinity to microbial cell membranes. They can generate sys-
tems controlling the biological activity of immobilized microorganisms and its
feedback for processes of biological cleaning. Qualitatively new potentialities
of FPC with controllable microorganism activity allow us to relate them to
the latest generation of biocatalysts and bioadsorbents governing progressive
trends in engineering ecology.

10.2 Effect of Magnetic Fields on the Growth Processes
of Microorganisms

Taking into account information on the orienting and stimulating influence
of a MF on microbial cells [22-24], it would be sound to suppose that the
application of magnetic-filled PFM as a microorganism carrier would assist in
biofilter operation. Thanks to a MF it is possible to control the distribution
and enhance the retention of microorganisms on a magnetic carrier, to inten-
sify their growth, and to magnify their biodestructive ability. In particular,
the rapid growth of a biofilm is important for prompt biofilter actuation. In
our view, among promising microorganism carriers the best are melt-blown
PFM to be modified by dispersed magnetosolid ferrites.

In [25], the regularities of a weak MF effect of magnetic PFM have been
studied, as well as solid and film samples of magnetic plastics in the processes
of microorganism test-culture growth in solid and liquid culture media. The
degree of magnetoplastics filling by magnetic was varied within the C = 1
90 mass% range. Ferrite-filled cylindrical samples magnetized by pulse MF in
axial and radial directions displayed surface magnetic induction of about B, =
0.05-27.6 mT which depended upon magnetic filler concentration, material
texture, and magnetizing regimes.
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Fig. 10.5. Ring zones of Ps stimulated cell growth on meat-peptone agar around
cylindrical samples of magnetoplastics: (a) radial magnetization, B, = 5.75 mT;
(b) axial magnetization, the north pole is in the agar, B, = 0.25 mT

The MF of magnetoplastics, it was found, exerts intense action on the
growth processes of Pseudomonas fluorescens (Ps), Staphylococcus (St), and
Aspergillus niger (As) test microbes on solid culture media. Cylindrical sam-
ples of fibrous and solid magnetoplastics magnetized in the radial direction
were placed in Petri dishes with meat—peptone agar. After 48 h of Ps bac-
terial cultivation, ring zones of stimulated microbial cell growth interpolated
with those of retardation were observed around the samples. Their width
and location relative to the samples, it was found, depend on the B, value.
The most favorable conditions for accelerated growth of Ps arose in a weak
MF of fibrous and solid magnetoplastics with low ferrite concentration (B, =
0.1-0.5 mT). In this case, growth zones with [ = 7-12 mm wide were located
along the sample perimeter. At B, = 1.6-5.8 mT zones of stimulated growth
shifted some distance from the MF source, and zones of retarded microbial
cell growth started to nucleate around the magnetoplastics (Fig. 10.5a). Fur-
thermore, at B, = 27.6 mT, ring zones of stimulated growth were found
again close to the sample vicinity. Using blocks formed from magnetized fer-
rite powders without polymer binder, only 3-5 mm wide zones of Ps growth
retardation were detected. Presumably, ferrite particle encapsulation by the
polymer improves the biocompatibility of magnetic materials with microbial
cells.

Microscopic analysis of microorganism samples cultivated for 6 days
proved that large viable cells typical of Ps were present in the ring zones
of stimulated growth. Beyond these zones, polymorphism of microbial cells
was recorded which was the sign of the onset of growth attenuation [26].
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Fig. 10.6. Oriented Ps cell growth on an agar culture medium in a MF generated
by a magnetoplastic cylindrical sample: axial magnetization B, = 2.6 mT

As can be scen, microbiological testing has shown that MFE of a certain
energy generated by magnetoplastics positively influences the processes of
cellular component replication that lead to accelerated multiplication of Ps
cells and prolong their metabolic vitality.

Samples of As and St microorganisms magnetized in radial direction re-
acted less selectively to the MF effect. Nevertheless, in all cases of MF ap-
plication, more intense microbial growth was observed on the solid culture
medium in contrast to the reference tests in the absence of a MF.

The following phenomena recorded during experiments with samples mag-
netized in the axial direction are to be noted. The hastened growth of Ps
test microbes occurred in the vicinity of the north pole of samples immersed
in the culture medium (Fig. 10.5b). Near the south pole microbial growth
was, vice versa, suppressed. The St population grew evenly across the whole
agar area in the Petri dish, whereas replication of microbial cells increased
in response to augmented MF induction. Under analogous conditions, com-
plex vortical behavior of heaps of Ps bacteria cells (Fig. 10.6) or fungi As
mycelium was detected on the surface of the culture medium. This proves
orienting effect of a magnetoplastic induced spatially inhomogeneous MF on
the growth processes of the microorganisms mentioned.

The oriented growth of Ps bacteria in a spatially inhomogeneous MF can
be attributed to their paramagnetic properties. This was supported by EPR
spectra of Ps cells adsorbed from a liquid phase on PA-based PFM samples
(Fig. 10.7). The EPR signal generated by immobilized bacteria evidently
belongs to organic radicals that arise due to ion-radical biochemical reactions
in the cells [27].

Cylindrical blocks of magnetoplastics magnetized in the axial direction
and placed in a Petri dish (shown in Fig. 10.6) generate a MF whose force
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Fig. 10.7. Electron paramagnetic resonance (EPR) spectra of PA-based PFM sam-
ples before (1) and after (2) adsorptive immobilization of Ps cells from an aqueous
culture medium
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Fig. 10.8. The kinetics of the variation in optical density (D) of Ps suspensions
in an aqueous culture medium: 1, reference test; 2-5, in placing polymer samples
into suspensions; 2 and 3, nonmagnetic PE- and PA-based PFM; 4 and 5, magnetic
PE- and PA-based PFM (B, = 0.1-0,3 mT)

lines are perpendicular to the agar substrate surface. Due to the structural pe-
culiarities of PFM, the field is, however, distributed unevenly in space where
intensity splashes alternate with a drop. Under such a field configuration,
Ps test microbes, it is anticipated, localize in areas where energy levels of
electromagnetic effects are most favorable for their vitality.

The biological activation of Ps cells in liquid cultural media induced
by the MF of magnetoplastics leads to an accelerated phase of logarithmic
growth of the bacteria (1.2-2 times) and, consequently, to a biomass incre-
ment (Fig. 10.8).



10.2 Effect of Magnetic Fields on the Growth Processesof Microorganisms 159

As result, a weak MF generated by magnetoplastics (mainly showing
B, = 0.1-1 mT) was established to exert a stimulating effect on the growth
and metabolic processes of microbial cells. The mechanism of the magnetobi-
ological effect probably consists of MF interaction with paramagnetic molec-
ular targets in the cellular structures. They include, e.g., some enzymes that
participate in biochemical reactions with electron transfer. These reactions
can be involved with the main processes of microbial cell survival (energy
supply, breathing) and replication [27-29].

So, available data on the spatial orienting and growth stimulating effects of
a MF generated by magnetoplastics on microbial cells suggest that magnetic
PFM are a promising tool for use as microorganism carriers in biological
filters. The spatial orienting effect of a MF on microbial cells growth can be
efficiently employed to control immobilization processes of microorganisms
on magnetic carriers and to establish a preset biomass distribution within
the filtering layer of a bioreactor.

At present, these ideas are realized in biofilters for wastewater purification
in some enterprises in Russia and South Korea.
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The service characteristics of melt-blown materials depend strong on the
high specific area and nonequilibrium state of the fiber surface layer that
has rather high surface energy. The physicochemical activity of this class of
materials in various technological, working and natural media has defined
their optimum fields of application in industry, medicine, construction, and
other important spheres. New means of efficiently cleaning running water and
foodstuffs, as well as technological media, wastes, and industrial waste gases
are extensively explored now. Disposable melt-blown hygienic and engineer-
ing products, novel grades of textile decorative fabric, leatherette, carpeting,
and other household articles have become of paramount importance for the
modern generation. Melt-blown materials have already occupied a signifi-
cant place in civil construction successfully solving problems in heat, sound,
and waterproofing of buildings and various structures. Today’s advances and
prospects in medical technique development are also improbable without fi-
brous materials. A powerful global packaging industry that has expanded
during the last half century employs melt-blown products widely, too. A dia-
gram presented in Fig. 11.1 shows the potentialities of melt-blown materials
and visualizes the main trends in their use. Following, some characteristics
of the group of materials mentioned in the diagram are given.

11.1 Household Uses

These embrace a broad range of melt-blown materials processed into indi-
vidual articles or components of composite materials and combined articles,
including disposables (napkins, towels, kerchiefs, clothes, linings, ete.), tex-
tiles for decorative and household use, leatherette, carpets, and soft carpeting
for floors.

Melt-blown disposables consist of a wide range of products.

Towels are obtained through a diversity of technological effects on fibrous
cloth, which add to them a number of textural peculiarities and attractiveness
for consumers. Such towels can

e be fluffy on one side and smooth on the other;
e have two water absorbing surfaces;

L. S. Pinchuk et al., Melr Blowing
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Fig. 11.1. Fields of application of melt-blown materials

e have a surface formed by areas of unlike wettability;

e contain mineral adsorbents;

e be multilayered with the middle absorbing layer of greater mass compared
to the outer fluffy layers.

Original techniques have been developed for each of articles named, as
well as for equipment and rigging [1].

Hygienic napkins are to meet a combination of rather incompatible and
even mutually exclusive requirements. One of most practical problems en-
countered in their design is how to lower the fiber tendency to crack in
bending that leads to loss of shape, skin irritation, and discomfort. To elim-
inate this disadvantage, it is necessary to introduce lubricating-plasticizing
additives into the fiber composition, which prevent the pile from sticking
together, impart softness to the product and a feeling of comfort in appli-
cation. Kimberly-Clark Corporation was the first to design such napkins.
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Another way of solving this problem is to increase the deformability of the
product. For example, melt-blown polypropylene napkins with an assigned
fibrous structure are subjected to extension under optimum technological
regimes to 150length without rupture, e.g., by process [2]. They are employed
in manufacturing nappy liners and diapers.

Sanitary napkins are most often produced from two and more types of
fibers one of which forms a reinforcing network (e.g., the base is PE, and
the network is PP). The leading trend in designing multilayer napkins has
become inserting absorbing layers within the fibrous structure that provide
regulated density to force the capillary flow of absorbed moisture in a prefer-
able direction. This condition is especially important for hygienic napkins
whose length far exceeds their width.

Biodegradable articles represent the leading trend in modern production
that develops in conditions of environmental global pollution. Melt-blown
fibers bonded together by a resin based on cellulose sulfur ester salts are
sufficiently strong and resistant to abrasion in the dry state and also when
moistened with urine, blood, menstrual fluid, etc. as well. At the same time,
they are readily soluble in water and antiseptic solutions, can be flushed
down the toilet and do not clog piping. Analogous properties are displayed by
melt-blown napkins based on a cationic PU binder. Along with this, a series
of products has been elaborated based on fibers bonded by a binder that
decomposes in enzyme-containing media so that it is, e.g., a piping effluent.
A variant of this solution consists of using pH-sensitive polymer binders, in
particular, alkyl-acrylics. Toilet melt-blown towels moistened at usage readily
disintegrate in water and easily pass through pipelines.

Disposable clothes whose strength is not impaired by wetting are most of-
ten produced from a mixture of twisted cellulose and synthetic filaments me-
chanically hooked. Disposable materials for clothing are also made by adding
polymer binders (acrylic, cellulose) by drying a layer of foamed suspension
based on a binder and fiber mixture. Another material production technique
also widespread uses a layer of short fibers glued to a melt-blown cloth.

Fabrics for cleaning and polishing floors coated by asphalt, linoleum, tile,
polyvinyl chloride plastic, and so on, have a melt-blown base of about 40 g/m?
specific mass impregnated with a water-based polishing composition. It incor-
porates solvents, alcohol additions, and polymer emulsions. The composition
mass ratio to that of the base is from 3.0:1 to 6.5:1. Multifunctional materials
are intended for wiping spilled oils, and drying smooth surfaces using solvents
or wet cleaning.

Textile materials for trimming clothes and for domestic use consist of
the following categories of melt-blown products.

Fluffy articles are attractive and highly resistant to abrasive wear. In the
simplest case, they consist of finefibrous cloth and coarse linen connected
by needle punching [3]. As a rule, the product obtained by needle punching
two cloths having a pile only on one side and folded by smooth sides loses,
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with time, the elasticity intrinsic for melt-blown materials. To preserve the
shape of such a multilayered material and the finished article at a maximum,
a binder is often applied on the facing sides, which is set either by heat or
chemicals. Decorative textile products are made of a colored terry fibrous
material connected by either needle punching or by a binder with a cloth-
substrate of a certain color, e.g.. to form an ornament.

Articles with characteristic trimming have appeared thanks to wide tech-
nological potentialities from combining melt blowing with other techniques
for fibrous materials processing. First of all, these are boucle products with
a wavy surface resembling fine karakul. They are made by processing melt-
blown materials using an original technique uniting needle punching and fiber
contraction [1]. Downy ware consists of a fabric formed by multicomponent
fibers adhesively bonded at contact sites and fleecy in free portions. The mass
of fleecy fibers reaches 60% of that of the fabric. Wrinkly materials are pro-
duced by needle punching a layer of fibers that curl and shrink when heated
laid on a substrate which is followed by thermal treatment of the sewn cloth.
Depending on the regimes of thermal treatment, the needed degree of crum-
pling and unevenness of the outer layer is obtained. Various ornaments can
be made on decorative melt-blown products by bonding fibers at local sites.
Highaesthetic quality is imparted to melt-blown textile products by special
processing on a carding machine. Original technologies have been developed
to confer on fibrous fabrics the texture of materials manufactured by weaving
and knitting.

Elastic products are produced from usual isotropic melt-blown materials
[4] using special technologies [5] from which they acquire the ability of consid-
erable clastic deformation in two directions, as well as the density. porosity.
strength and thickness, elasticity and softness, and visual and palpable qual-
ities approaching those of textile materials.

Miscellaneous textile articles are in growing use today. Melt-blown compo-
nents are included in the structure of multilayer washable protective sheets.
Materials for ladies” underwear on a PA, polyacrylate, and PU base have
multitudinous adhesive bonds between fibers due to special treatment. They
combine of such properties as resistance to attrition, scratching, deterioration,
and tensile strength with extreme softness and elasticity. Electrically heated
textile articles present a fibrous mass inside of which wires are installed at
a safe distance one from another (i.e.. eliminating shorting) connected to a
power supply.

Leather substitutes are polymer materials used instead of natural
leather in manufacturing footwear, clothing, haberdashery, and engineering
products. Conventionally, these materials are composites based on fabrics
provided with coatings on a PU or PVC base. Their main disadvantages,
low wear resistance and air permeability, were successfully overcome when
melt-blown materials appeared.
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A novel leatherette that have a density gradient across its thickness is
obtained by impregnating needle-punched melt-blown sheets with curable
natural rubber or modified by N-methylolacrylamide latexes. To increase its
strength nearer to that of natural leather, it undergoes impact loading under
temperatures up to the fiber softening point.

Special impregnation procedures for a melt-blown base upgrade the ap-
pearance of leather substitutes, for example, eliminate the “orange peel” ef-
fect on materials imitating calf leather or add to them a nacreous tint.

The penetrability of leather alternatives should ensure adsorption of per-
spiration by the footwear or clothes to provide for comfortable wear. To con-
trol the penetrability, the fibrous skeleton is impregnated with compositions
of polyethylene oxide or components containing NH-groups.

The melt blowing method is highly efficient in molding substrates for
leatherette. They can be made as sheets with transversely disposed PU fibers
colesively bonded at contact points (upholstery, car seats) or formed by
bunches of adhesively bonded extremely thin fibers (imparting rigidity in
bending and shape stability).

Carpets and protective fabrics comprise a backing that ensures tough-
ness and a soft fibrous coating fixed on it.

The backing even of minimum thickness should be rather tough and dis-
play dimensional stability. The melt-blown backing makes it possible to use
carpeting outdoors and on wet ground [6]. The backing often includes heat
insulating layers fixed to the melt-blown fabric by either needle punching or
gluing. Original technologies are available for reducing punching force and
reinforcing the fibrous backing periphery [1].

Melt-blown components confer a number of specific properties on car-
pets. Antistatic carpets include a melt-blown backing with an insignificant
tendency to generate or accumulate static electricity. The carpet contains
up to 30% of carbon-filled fibers that have about 10~ %*ohm-cm resistivity. In
addition, carpets can be stitched with conducting threads. Heat insulating
carpets are made of fibrous material fused to a thermally shrinking substrate.
On shrinkage, the fibrous upper side of the carpet acquires a greater amount
of fibers per unit area. The substrate is often made of a material containing
foaming agents that react fusion and shrinkage. Melt-blown fabric can also be
modified by foam plastic granules. A great deal of attention has been focused
on the fire and explosion safety of textile materials. To reduce the rate of
flame propagation, a melt-blown substrate of carpets that looks like coarse
linen is needle-punched to metal foil components that can dissipate heat.

11.2 Industry

An extensive range of melt-blown products is used in present-day industry.
The major categories of these products are discussed here.



166 11. Other Applications of PFM

Filtering materials are intended for purifying liquid and gaseous tech-
nological and natural media, as well as industrial waste [7]. Based on the
dominant filtration mechanism, they can be subdivided into electret, mag-
netic, adsorption, bactericidal, microorganism carriers, and other materials.
The most significant notions of the theory of filtration as well as the range
of filtering materials produced by melt blowing have been treated in
Chaps. 7-10.

Electric, sound, and heat insulation problems are successfully solved
today in many branches of industry by employing melt-blown materials and
articles.

The electrical insulation for some industrial equipment can be achieved
only by using rigid and sufficiently strong dielectric plates. For this purpose,
traditional insulating materials (lacquer, epoxy resin, mica, etc.) are coated
on substrates of glass fabric, fiber plastic, or special paper. Melt-blown ma-
terials constitute a new means of solving this problem. Insulating plates are
formed from aramide fibers (aramide is aromatic PA whose molecules contain
amine and carboxylic groups bonded to an aromatic ring; it decomposes at
700°C without melting). A mixture of aramide and other polyamide melt-
blown fibers is converted into a pile upon treatment in a carding machine
and is then processed into insulating plates by hot calendering. The plates
display stable dielectric and mechanical parameters up to 180°C, negligible
shrinkage, elevated resistance to bending, and sufficient flatness.

Soundproofing with melt-blown materials presumes the formation of sand-
wich structures. A facing which includes a melt-blown layer laminated by a
neoprene composition filled with fine-ground particles of iron and barium
oxides and sulfides reduces the level of acoustic noise in buildings consider-
ably. Such facing fixed on walls or panels outdoes all other traditional build-
ing sound-absorbing materials, namely, sound absorbing indoors (e.g., foam
plastic, mineral wool) and soundproofing materials for protecting rooms from
sound penetration from the outside (sawdust boards, glass wool, porous rub-
ber).

Heat insulation based on melt-blown components solves the problem of
protecting engineering and other objects from undesirable heat exchange with
the environment.

It is common practice to use melt-blown fabric consisting of microfibers
(df ~ 10 wm) that have high heat insulating characteristics for manufacturing
warmed clothing. The fabric is subjected to pressure treatment during which
its density exceeds the initial density and surpasses by nearly fivefold that
of other types of fibrous insulation. A mass of heat insulating components
is not essential in producing small-size articles, such as gloves or footwear,
but becomes a matter of concern for coats, winter sportswear, or sleeping
bags [4]. To decrease the mass of the clothes, heat insulating components are
made of a mixture of thick and microfibers (to 10 mass%). The former are
incoherent and undergo a special coiling action to separate the microfibers
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in the mixture. Blend fabrics are highly elastic, and their volume and heat
insulating parameters are, all other conditions being equal, much higher than
those of fabrics consisting only of microfibers.

Separators of chemical current sources (CCS) are capillary-porous
partitions installed between electrodes and contain electrode-wetting elec-
trolyte in their pores. Such separators used in CCS make them compact,
simplify their production and operation, and hinder mass transfer.

The melt blowing process is convenient for separator production because
fibrous sheets are molded with controlled porosity, rigidity, and electric resis-
tance. Of importance is the fact that the process proceeds at the boundary of
the thermal oxidation destruction of the polymer which confers fibers surface
activity, i.e. the ability to retain electrolyte in the separator pores. The same
problem can be solved by electret properties imparting to the separator ma-
terial [8]. During separator production, melt-blown sheets consisting of PP
fibers (df ~ 0.3 mm) are premolded under p ~ 10 kPa and 7" = 140-180°C.
To add tensile strength to separators and simultancously resistance to scoring
they are formed as mats consisting of adhesively connected sheets.

Production of paper and binding materials is a specific branch of
industry where a mixture of a water suspension of plant fibers and target
additions (paints, glue, and so on) of the paper mass are processed. Melt-
blown materials here play the role of both the production means and the raw
material.

Meshes of paper-making machines simultaneously support the wet cloth
of the paper mass and container the water which runs off and is removed
by pressing, evacuation, and drying. The melt blowing technique makes it
possible to produce unusual meshes where the paper contacting surface layer
is formed from flat fibers [7]. Such fibers are rectangular in cross section and
their sides are in a ratio of 3:1 and more. This increases the contact area and
the mesh to cloth adhesion, enhances paper cloth pressing, and speeds up
its dehydration. The upper layer of the mesh is commonly fixed on the fiber
bearing layer by needle punching.

Materials for binding need to be wear resistant to protect a book binding
from crumbling and paint from tarnishing. Therefore, special technologies
for processing melt-blown blanks of binding material have been developed.
According to one of them [1], a fibrous sheet of a carefully controlled basic
weight and density is formed by melt blowing and is afterward subjected to
calendering under optimum regimes. The sheet develops a considerable resis-
tance to delamination, abrasive action, impermeability to light, and improved
printing ink adhesion.

Another method includes impregnating melt-blown blank with a binder
apable of thermally induced polymerization. Upon binder coagulation, a
water repelling agent is applied onto the blank as a paste or foam which is
then dried or hot pressed. Paint on such surfaces intrudes between the fibers
and confers elevated wear resistance on the binding.
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Conveyor belts, drive belts, hoses, tracks of vehicles, etc. usually achieve
their structure from the fibrous reinforcing element found within the elas-
tomeric binder (rubber, PU, PVC, etc.). Reinforcements and elastomer are
bonded to each other. Melt-blown materials used as reinforcements add negli-
gible specific mass to the articles but impart considerable strength exceeding
that of alternatives, plus elasticity, and resistance to dynamic tension, com-
pression, and creep.

11.3 Construction

A wide group of melt-blown materials is used, among other building materials,
in the construction and maintenance of buildings and structures.

Floor materials differ in their structure depending on the design of
buildings.

Asphalt floors in industrial areas are made by gluing asphalt-modified
fibrous plates on the floor backing surface. Melt-blown sheets mainly of PP
fibers are saturated with molten asphalt (softening point ~ 90°C). Evenly
saturated 4-5 c¢m thick sheets are obtained by dipping them in a certain
manuer into an asphalt bath with a temperature gradient (140°C on the
melt surface and 150°C on the bottom) where molten asphalt squeezes air
from between the fiber spaces. Fibrous materials with asphalt coatings are
formed by short-term dipping of melt-blown sheet blanks (h = 4-8 mm)
into the bath and further removal of excess asphalt by a rake so that an
asphalt layer 0.5-1.0 mm thick is left on both sides of the sheet. The bottom
side of such sheets is coated in addition by a catalytically active asphalt
composition that provides good adhesion to the floor. The upper side is often
covered by rubberized asphalt for waterproofing. When a layer of foamn PU
(h = 10-15 mm) is applied on the upper surface of asphalt-modified sheets,
the materials acquire heat-proofing properties. They can be dressed up with
decorative coatings, e.g., on a PVC base.

Floors for gym-halls must meet a unique complex of requirements; they
must have a rough surface and create a feeling of comfort when walking
barefooted, be dimensionally stable and show low residual deformation un-
der compression, provide for ball rebound similar to a wooden floor, possess
frictional characteristics to allow safe running and stopping, self-restore upon
being imprinted by spikes, and not become slippery when wet.

The material for such a floor has a multilayer structure; every layer fulfills
a certain function, and the combination of layers provides for realization of
the set of characteristics named. Its fibrous melt-blown substrate is made of
PA, PP, polyester, polyacrylate, or mixtures. The substrate is bonded with
a melt-blown cloth by needle punching so that the substrate fibers penetrate
through the cloth and extend 5-6 mm above the other side of the cloth. The
fibers are impregnated with latex and bonded by curing with a elastomer PU
layer upon which a PU-based outer coating is applied.



11.3 Construction 169

Decorative floors are elastic because a melt-blown cloth is used as a sub-
strate. Cloths are placed on both sides of a reinforcing glass-fiber sheet, and
the three-layer mat is fixed by needle punching. A latex-based coating is
formed on the upper surface of the mat, which can be then decorated by an
embossed pattern using a foam plastisol.

Heat- and soundproofing coatings as well as facing and wallpaper on
a melt-blown base are employed in buildings where they simultaneously have
technical and decorative functions.

Relief fibrous facings are made on walls from needle-punched melt-blown
cloth and linens Decorative pictures are embossed on the fibrous mat thus
obtained using heated rollers. Fibers are heated to their melting point and
then premolded at local sites to obtain an ornament or picture.

Sound-insulating wallpapers are also multilayer products whose face is
formed from a melt-blown sheet based on antipyrene-modified PP or polyester
and is fitted with decorative trimming. A microporous layer of a synthetic
foamed resin is secured to such a sheet, and a melt-blown cloth formed from
fibers modified by a pressure-sensitive adhesive composition contacts the wall
layer. The elements of this wallpaper are bonded using ultrasonic welding or
are fused together by passing current through to generate the effect of a
quilted article.

A fibrous coating pasted to a wall contains a melt-blown mat, including
a pair of fleecy cellulose cloths, similar to those used in throwaway washing
napkins, and a reinforcing mesh between the cloths. The mat adheres to a
technical paper sheet over whose surface a decorative pigment layer is spread.
The sheet is impregnated with a synthetic resin that fixes the pigment parti-
cles and fleecy cloths in mesh holes. This system is laid on the wall and rolled
down for the binder to adhere to the wall, after which the technical sheet is
peeled off.

Supporting and waterproof mats are used in construction as different
purpose structural elements.

Load-carrying mats are produced by depositing of polymer-melt filaments
emanating from a multihole head on a liquid surface. The liquid performs
the functions of precipitating substrate and cooling agent. The fibrous mass
plunges into the liquid that passes between guides placed under the liquid
surface, thanks to which a given density and texture of the fibrous mass are
attained. Following the technology described mats of unlimited length and
controlled thickness or density can be formed in response to the required
flexibility and elasticity of structural elements. The mats are employed as
light panels for slight load-bearing walls, insulating dividing walls, overhead
ceilings, or exhibition wainscots.

Waterproof mats consist of a melt-blown framework impregnated with
sulfur and a bitumen-based composition. Liquid bitumen is modified at 120-
160°C by sulfur (sulfur to bitwmen ratio is 15:85 to 30:70 mass%) or, if
necessary, by solvents, pigments, herbicides, fungicides, or other agents. The
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fibrous framework, either dry or moistened (upon treatment by an adhesive),
is impregnated by the mass described in a viscous-flow state. Articles thus
produced are additionally treated by latexes and undergo calendering after
which they can be successfully used in construction as light structural mem-
bers of systems for water- and moistureproofing ceilings, walls, and floors.

Linning materials for reservoirs prevent liquid from soaking through
to the load-carrying walls. The problem of protecting walls becomes of
paramount importance in the storage of hostile media. The manufacture of
reservoirs made entirely from inert materials can hardly be justified from
the viewpoint of economy. It is worthwhile to make them from conventional
structural materials and to insulate against such liquids by a resistant lining.

Reservoirs where liquids are stored layer by layer where the upper is hos-
tile and the lower inert are lined in the upper part by a belt of chemically re-
sistant material. The belt is made of melt-blown sheets saturated with binders
indestructible in hostile media, namely, nitrile rubber, PU, and acrylonitrile-
butadiene-styrene. The lower part is faced with melt-blown sheets saturated
with asphalt.

A polymer laminate is used to line reservoirs for storing hydrocarbon
liquids. It involves a PP melt-blown sheet (specific mass 100-250 g/m?, pro-
duced by method [9]) welded to a 0.2-1.3 mm thick PE film. To raise the
strength of the lining, fibers from the reverse side are fused together. The fol-
lowing laminate modifications with fibers fused from both sides can be used:
film + melt-blown sheet; film + sheet + film; sheet + film + sheet.

11.4 Medicine

Medicinal materials and products on a melt-blown base include surgical and
dressing means as well as medical equipment.

Surgical materials are employed in operations involving tissue dissec-
tion.

Surgical serviettes are two-layer fibrous structures whose lower layer
formed by a melt spinning procedure consists of orientation-reinforced fibers
12-25 (to 50) wm in diameter. The upper layer is produced at a small dis-
tance L by melt blowing (see Fig. 2.1) and includes short microfibers 2-6 (to
10) um in diameter. The layers can be molded from polyolefins, polyamides,
polyesters, PU, and other thermoelastoplasts. The addition of pigments into
the extruded material makes it possible to obtain colored layers. The relation
of the upper and lower layer masses varies within 0.2:1 to 4:1, depending on
the strength of the napkin needed. Layers put together undergo calendering
and are passed between a pair of heated rollers, one of which possesses a re-
lief as regularly spaced projections. During rolling, some discrete areas of the
adhesive bonds between the fibers of the two layers are formed in the zones
of the projections. They occupy about 10-30% (up to 50%) of the whole area
of the cloth. From a technological standpoint, it is advisable to maintain the



11.4 Medicine 171

softening temperature difference in the upper (77) and lower (75) layers equal
to Ty — T = 10-40°C.

Five-layer surgical towels are disposables that have high absorptive capac-
ity; they absorb moisture perfectly but do not admit it through the layers.
Usually, about 15-30 g of water remains on surgeon’s hands after washing
before an operation. The towel of 30 g mass absorbs 4 to 7 g of water per 1 g
of its mass.

The outer layers of a surgical towel are laminated and include melt-blown
PP cloths of an average density (specific mass ~ 15 g/m?) glued by a latex
to a paper napkin. The napkins are treated with special compositions to
improve their wettability and resistance to abrasion. The outer layers acquire
an embossing which perfects the surface texture and makes the product softer.
The middle layer (~ 30 g/m?) of the towel consists of ultrathin melt-blown
PP fibers. The layers are bonded to each other by the edges, lengthwise
and widthwise, using seam resistance spot welding. The regular position of
welding spots improves the product appearance.

Such a towel meets practically all of a surgeon’s requirements; it is much
cheaper and softer than the cotton one, pleasant to the touch, dries perfectly,
is resistant to abrasion, and is strong.

Vessel endoprostheses are tubular elements implanted into the blood
circulation system by surgical methods. They must meet contradictory de-
mands, i.c., on one hand, they must be tight but allow for blood circulation
without leakage and, on the other hand, they should be porous to create
conditions for soft tissue growth into the tube walls to form a single vascular
system.

The problem is solved by formation of initially tight tubular elements
whose walls are furnished with holes shut off by plugs made of a special co-
agulant, whose composition is the know-how in many patents at the base
of artificial vessel technologies. Upon endoprosthesis implantation, the plugs
resorb, and soft tissues start to grow into the tube walls. These coagulants in
the wall structure of artificial vessels are, however, unsafe because of throm-
bogenesis. To reduce the danger, the plugs are made of a material that can
retard blood coagulation and adhere well to the coagulated fragments. Such
precautions reduce the probability of thrombus escape and travel through
the blood system.

Vessel endoprostheses on a melt-blown base are produced by winding
a fibrous blank onto a conical mandrel followed by hardening and needle-
punching it. A continuous technological process has been developed to pro-
duce tubes with a homogeneous structure 4-5 mm in diameter and 0.5 mm
thick. Generation of a negative electret charge on the inner side of man-made
vessels is known [10] to reduce the risk of thrombogenesis. The use of elec-
tret melt-blown components in endoprostheses helps to attain this aim with
minimum expense.
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Bandages and splints are medical materials designed to immobilize
injured or sick internal organs, bones, joints, or soft tissues during patient
transport and cure.

Nonwoven spun bandages based on melt-blown (or spun-bond) materi-
als have now superseded fixed gauze dressings. The latter are insufficiently
strong, their absorptive capacity is rather low, and they fray quickly. A melt-
blown bandage displays higher values of air permeability and strength, along
with elasticity. With careful handling such bandages absorb blood like a
sponge, do not practically wear out, and can be reused after washing and dry-
ing. The optimum density of a standard thickness bandage is 20-40 g/m?; at
lower density they are insufficiently strong, and at higher density are strong
in excess. By optimizing substrate displacement during melt blowing, most
convenient anisotropic bandages are formed whose lengthwise and widthwise
elasticity can be controlled.

Water-curable splints look like a fibrous cloth spun onto an immobilized
part of the body which solidifies when wet. The fibrous base of the splint
consists of two layers where the woven cloth is doubled by a melt-blown
cloth. The latter is impregnated with a paste which includes a mixture of
ion-salt inorganic material (e.g., aluminosilicate glass powder) and a disper-
sion or solution of a polycarboxylic acid in an organic solvent (methylethyl
ketone, cyclohexanone, methylene chloride). The substrate impregnated by
the paste is then dried by evaporating the solvent. The amount of modifier
precipitated on the fibers is 60-90% of the splint mass. The paste can also
include a binder which increases the modifier adhesion to PVC or PVA fibers
(0.1-1.0% of the paste mass). The penetrability of the fibrous melt-blown
base by the paste simplifies the impregnation process, and the splint thus
obtained becomes airpermeable, which is valuable for the accelerated healing
of injuries. The splints are simple to use, rather strong, solidify upon wetting
at room temperature, are resistant to hot and cold water, and are transparent
to X rays.

Materials for curing burns are suitable for solving the main problem
of burn wounds. Skin on such wounds is absent or damaged so that its major
physiological functions are not carried out. It can not be a barrier to infection
or prevent liquid and protein loss. The evaporation rate of water through
sound skin is 2 mg/(h-cm?), whereas burnt skin loses 25-45 mg/(h-cm?) of
water, and this figure is even higher during the first hours after the trauma.

Membranes of silicone rubber are only 50-60 um thick and are fit with a
special surface texture on either one or both sides. They are fabricated by
applying a silicone rubber coating to a fibrous substrate made of a freely
soluble polymer. When the rubber cures, the substrate is removed by dis-
solving the fiber in certain solvents. According to a number of parameters,
this biologically inert membrane is an analogue of human skin. Its elonga-
tion is above 100% in all directions, its porosity reaches 60%, and its water
evaporation rate is 2-20 mg/(h-cm?). The texture of the membrane surface
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layer features numerous microridges formed by rubber leaking into cavities
between substrate fibers and microvalleys formed after fiber dissolution. The
texture described provides perfect adhesion between the membrane and the
wound and imparts to the membrane the property of absorbing foreign par-
ticles in the wound. These membranes are convenient, can be transparent or
semitransparent and endure prolonged storage.

A nonwoven protein material is produced by melt spinning (see Fig. 3.23)
water solutions of a collagen purified from peptides (organic substances based
on aminoacid residues connected by peptide links are formed by enzymatic
splitting of proteins). Fibers are cut into short chips from which a cloth is
formed of 0.05 0.4 g/cm?® density by either a papermaking machine (“wet”
technology) or using a collagen binder (“dry” technology). The cloth is then
treated by a tannin to increase its water resistance, is cut into sheets, and
sterilized. Such a material cleans a wound by interacting with the organ-
ism’s fluids and forms a protecting crust. No other man-made materials can
exert such a unique effect on burn wounds. This collagen material demon-
strates adsorptive characteristics and permeability to water vapors similar
to human skin. The collagen dressing can be left on the wound because it is
self-resorbing.

Napkins for burnt wounds are laid between wounds, and a sheet or blan-
ket does not let them stick to the wound. They are also spread on surgical
tables and other medical equipment that supports burned parts of a body
during wound cleansing. The napkins include three layers of laminated mate-
rial whose outer layers are antiadhesive; the middle one is elastic because it is
made of polyurethane open cell foam. Antiadhesive layers are formed as cloths
consisting of viscose fibers oriented longitudinally and fixed by acrylic resin
applied on the outer surfaces of the cloths. So, the cloths obtain a smooth
outer surface and a rough reverse side that is glued to the middle elastic
layer. To avoid a shift of separate fibers, they are fixed on smooth surfaces by
the resin, and specific properties of the viscose make the contact between the
napkin and the wound painless. An original lamination technique by heated
rollers to produce napkins employs melt-blown components.

11.5 Packing

Packing materials and articles are numerous and their range is commensu-
rable with that of industrial and agricultural products that are packaged.
Due to their unusual properties, melt-blown materials have occupied a sepa-
rate and deserved place in this sphere which is constantly widening because
traditional packages for liquid and bulk cargoes (cans, boxes, and rigid con-
tainers) are easily damaged, especially at limiting pressures experienced by
the contents or when the cargo volume is large. In addition, transportation of
these empty packages is highly inefficient. Melt-blown materials have made



174 11. Other Applications of PFM

it possible to improve packing reliability, reduce its weight, and return it to
a producer collapsed as a stack of fibrous sheet materials.

Materials for marine containers used to ship bulk cargoes (soybean, nuts,
granulated industrial goods, etc.) consist of four adhesively bonded sheets
based on isotactic PP fibers made by process [11]. The mass of a sheet con-
stitutes about 22-28% of the total material mass. The sheets also include a
thermoplastic melt-blown binder. PP fibers in the inner sheets are mutually
perpendicular and are located at a 45° angle to the fiber direction in the
outer sheets. The sheets are glued together by rolling with hot-vapor heat-
ing. Binder spreading in the sheets depends on their position relative to the
vapor source upon rolling. Bags made of such materials endure falling from
a few meters of height, do not laminate, and possess low specific mass and
porosity which prevent bulk cargo losses.

Containers and bags for medical instruments are made of either melt-
blown or spun-bonded polyolefin cloths. It is convenient when one of the
containers walls is made of a transparent plastic, and others of nontrans-
parent elastic melt-blown material. The fibrous and transparent sheets are
bonded together, and the permeability of the fibrous walls is controlled by
the combined action of heat and pressure. Under optimum hot premolding
regimes, the needed strength of containers is attained along with their ability
to “breathe” that is necessary for storing a number of goods.

The material for tight containers is a multilayer sheet consisting of the fol-
lowing adhering to the other main layers: a melt-blown or spun-bonded outer
fibrous layer, made of a foil middle layer, and a inner layer based on poly-
olefin film. An outer layer based on polyolefin or polyester displays the highest
static and fatigue strength. Its thickness and specific mass (60-80 g/m?) are
selected according to the mass and volume of goods to be packed. A layer of
foil 6-25 wm thick makes the container resistant to UV radiation and imper-
meable to gases and liquids. An inner layer of film 40-140 wm thick is welded
for tightness after filling.

Some modifications of the material employ additional adhesive layers, e.g.,
outer layer fusion with the foil by a PE film or outer fibrous layer protection
from scratching by gluing a kraft paper, etc. Upon filling, the container may
be evacuated or filled with inert gas and sealed by welding an inner layer.

Antistatic frictional coatings are applied to packages that have a melt-
blown or some other fibrous outer layer on a polyolefin base by spraying a
composition consisting of an aqueous wax dispersion (up to 10%), surfactant,
antistatic agent, and water-insoluble resin which wets polyolefin. When the
coating dries, the fibrous package acquires an antistatic quality and water
repellency. Such coatings prevent slippage of containers filled with goods when
stockpiled. A steel plate (mass, 2.3 kg; contact area, 106 cm?) packed in a
melt-blown PE net covered with an antifrictional coating has a sliding angle
over an inclined stainless steel plane of about 30°. It is possible to apply
pigments on the coating to produce a colored package.
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Foodstuff packages based on melt-blown materials solve problem of trans-
porting meat from the slaughterhouse to the processor and distributor of
meat products. Meat cut into slices usually contains sharp projecting bones,
which could damage a package. This is undesirable. The package should be
tight to eliminate meat drying or getting soiled and to prevent insect access.

The problem is solved by a special packaging material involving an outer
PA film, a melt-blown cloth, and a meat contacting film based on polyesters,
or ethylene and vinyl acetate copolymers. The layers are joined together by
an adhesive, e.g., wax, which saturates the melt-blown layer. The material
becomes resistant to cutting, rupture, or scratching. The inner layer fuses
readily, thus sealing the meat package.

11.6 Protection of Products and Environment

The title defines the sphere of application of the last group of melt-blown
materials.

Cleaning and polishing materials are intended for cleaning, selective
washing, and polishing articles in the industrial, construction, and household
domains.

Napkins for furniture polishing are disposables made of melt-blown cloths
impregnated with a polishing composition. The cloth of ~ 40 g/m? density
absorbs up to 600 mass% of liquid. The content of the polishing composi-
tion constitutes about of the half absorbing capacity of the cloth (ratio of
composition-cloth mass is from 1:1 to 3:1). The composition is an aqueous
emulsion of mineral oil (4-65 mass%), including also a silicone liquid and
emulsifier. Wiping with napkins imparts a gloss to furniture and smoothes
the lacquer coating. The napkins are resistant to abrasion.

A wiping material that contains surfactants is used for wet cleaning and
for washing machines and equipment, as well as buildings. It is based on a
melt-blown cloth pretreated with water (e.g., splashed) containing surfactants
and is rolled by rollers with a clearance less than the cloth thickness. Rolling
brings about a mutual shift of fibers that forces surfactant to spread evenly
across the cloth volume. Upon drying, the wiping material is stored without
any change in properties for a prolonged time. Before usage, it is moistened
slightly to facilitate dust removal from machine parts.

Napkins with a rubber foam coating to clean windows and glass facings
consist of a nonwoven fibrous sheet based on a melt-blown and needle-
punched substrate fitted with a two-layer coating on a butadiene-nitrile
rubber base. The sheet is formed from a mixture of fibers (1:1) that can
absorb moisture (cotton, viscose) and synthetic thermoplastics (polyesters,
polyolefins, polyamides, and so on). The sheet surface is furnished with a
discrete coating based on a latex that is applied by an offset duplicator. The
coating is made as a pattern of circles or squares, cells, twisting lines, etc.
projecting across the surface and occupies up to 70% of the sheet area. When
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glass is rubbed by a moistened napkin, the rubber projections of the napkin
absorb water and dust and add wear resistance to the napkin. The fibrous
base of the napkin absorbs water, and dust accumulates within the depres-
sions between projections. The mass of the napkin is about 200 g/m?, and
the share of 30 g/m? on each side belongs to the rubber foam coating.

Sheets that selectively absorb certain components of liquid blends are de-
signed mainly to isolate hydrocarbons (petroleum, oils) from aqueous mix-
tures. They include a pair of layers from nonwoven materials chiefly on a
cotton or viscose base and a separating and strengthening interlayer of melt-
blown polyolefins. Cotton layers are modified by oil-absorbing agents (wax,
asphalt, rosin, fatty acid anhydrides, tall oil derivatives, etc.), and their sur-
face is treated by water repellents, including silanes, olefins, and ammonia
complexes. The layers are glued by an adhesive (starch, PVA, proteins, la-
texes, resin solutions, etc.) and cut into 30 x 30 cm squares after setting.
Material thus obtained is rather flexible, strong, and lightweight.

Mats for collecting petroleum look like fibrous sheet materials with a cel-
lular structure. A highly dense cloth contains projections (either spherical or
elongated) whose density is minimum while the free volume is maximum. The
materials are produced by depositing melt-blown fibers on substrates with a
special forming surface where depressions with D = 5-10 mm and more are
at a regular from one another. The dense cloth adds strength to the mat (by
reinforcing it with wire or glass fibers) in contrast to padprojections that have
a stable shape and a friable multilayer structure that can absorb petroleum
products. The spray distance and projection diameter are related as L/D =
5:1-10:1 (commonly L > 4 cm). The spray gas pressure is p = 0.1-0.2 MPa,
fiber diameter df = 1-100 wm and length [ ~ 10 cm. The mats are often of
a sandwich type whose outer layers are strong enough to protect the middle
adsorptive one from mechanical damage. They are formed by multihole spray
heads [12, 13], that have three rows of spinnerets of which the middle row
has the smallest diameter and hole pitch.

Materials hindering soil erosion are intended to prevent water- and
wind-induced disintegration of the upper soil layer.

Melt-blown mats for keeping soil on steep uncovered slopes, particularly,
along highways and canals, are composite products based on wire or plastic
net reinforcements. The reinforcement is covered by a melt-blown layer so that
a portion of the fibers protrudes into the net cells and adheres to them. The
fibrous coating is deposited on both sides of the net. Such mats are installed
on a damaged slope and are powdered with soil. Stony slopes are covered by
soil with the addition of grass or seeds and a fertilizer. Such measures lead
to fast landscaping of bare slopes and make them resistant to soil erosion.

Camouflage materials are aimed at changing the external view and
misrepresenting the outlines of disguised objects.
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Camouflage meshes are based on a reinforcing cellular backing on which
various shape and color spots and strips are deposited by the melt blowing
technique.

Radio-absorbing meshes hamper radio detection and the range of mili-
tary and industrial objects. The mesh consists of a base made of strands of
PA or polyester fibers and conducting fibers (2-10 mass%) made from ei-
ther stainless steel or graphite. The strands are interlaced into parallelogram
shaped cells with 100-105° and 75-80° angles. The base is covered on both
sides by melt-blown polymer coatings, which are fastened mechanically in the
cells. The mesh acquires the form of a flexible cloth whose radio-absorbing
characteristics are not impaired by bending or folding.

Means for protection against biological injury of industrial equip-
ment and agricultural products consist of components in the form of specially
designed melt-blown materials.

A material to protect wood against spoiling by marine parasites is made
as a melt-blown sheet on a PP base with a pore size from 150 to 180 wm.
Wood placed in a bag made from such material is not spoiled by worms
even after long exposure in seawater containing these parasites in abundance.
When used wood populated by parasites is placed in this package, the worms
soon loose their activity and die. Tests carried out in one of Alaska’s gulfs
populated by teredo worms have proved the high efficiency of melt-blown
material in guarding pine wood [1].

An insecticidal material is produced as a melt-blown cloth (85-97% poros-
ity, 0.5-5.0 cm thick) impregnated with special additions. The cloth is made
of structural thermoplastics, including polyesters (chiefly PET), polyamides,
PVC, and polyacrylates. Its surface is saturated with volatile insecticides:
pyrethroids, chlorinated hydrocarbons, or naphthenates, and others. The con-
centration of insecticides in the material varies depending on their efficiency
and the minimum level of toxic effect on insects during a given time. When
the cloth is 1 ¢m thick, the typical concentration varies within 1-20 mg/cm?
of the material. The cloth can be modified by an attractant, a substance with
a specific smell for attracting insects.

The material is left in a place inhabited by certain insects for some time.
The cloth is compressible and possesses memory, so it can be placed in narrow
gaps, e.g., behind kitchen devices not blocking the gap but making a lethal
concentration of insecticides for insects. As soon as the problem with insects
is solved, the cloth is removed and thrown away, and the remainders of the
insecticides left by the cloth continue acting for some time.

This review of the fields of application of melt-blown materials and prod-
ucts on their base does not, certainly, embrace all of the applied aspects of
the melt blowing technique. It suffices to recall the use of melt-blown ad-
hesive linings in light and textile industries, deicer systems for planes and
helicopters, nonerasable inscriptions, labels, and many other melt-blown ele-
ments of modern clothes. There is no doubt that melt-blown materials have
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come into our lives for years in the form of numerous technical products of
contemporary society and they are unlikely to be superseded for the present
by any other materials or articles.



12. Ecological and Social Problems

By now, the volume of consumption of melt-blown materials has reached a
critical point in response to the perceptible influence of those products on
society and the state of the environment.

However, the public recognition of successes in this field is not as promi-
nent as it could be because a major part of the melt-blown articles used
generates a heap of wastes and solid rubbish whose use has grown into an
acute global problem. Regeneration and recycling of melt-blown products
constitute part of a problem of polymer waste recovery. It is complicated by
such specific features as the nonequilibrium state of fibers and their intense
interaction with other components and the environment.

12.1 Solution of Ecological Problems

Ecology is the science of studying vegetable and animal organisms, formed
by their communities and their relations with the environment. Unfavorable
ecological conditions on the earth in the second half of the twentieth century
have put the problem of protecting nature in the forefront of human activities
and have forced reevaluation of the final targets of human economic activi-
ties within the framework of sensible and reasonable use of natural resources.
Some time ago, the Russian scientist V.I. Vernadsky considered progress in
nature in interrelation with the human history by distinguishing the anthro-
pological factor of natural variation (i.e., based on the notion of “humans”
as a conceptual category). He put forward an idea that the biosphere is de-
veloping in dialectic integrity with natural and man-made factors [1]. In the
twentieth century, ecology has formed a scientific base for rationally treat-
ing nature and safeguarding living organisms. It split into some branches,
including engineering ecology. a science studying the reasonable limits of hu-
man activities. Melt-blown materials turned out to be a highly efficient means
of solving a number of questions posed by engineering ecology. Some aspects
of their use in cleaning industrial gas emissions and wastewater, in draining
swampy lands, and in picking up spilled hazardous liquids are discussed here.

L. S. Pinchuk et al., Melr Blowing
© Springer-Verlag Berlin Heidelberg 2002
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12.1.1 Purification of Industrial Gases

Purification from the numerous contaminants found in the air basin of towns
and in the countryside is an objective necessity of modern industrialized
society [2].

Since the beginning of the twentieth century to today the emission of
harmful substances into the atmosphere from all power stations on the earth
has grown at least by an order. The growth of the main components of
these emissions can be characterized by the following numbers (in million
tons/year): dust-like matter, from 10 to above 100, sulfur dioxide, 12 to 150,
carbon monoxides, 30 to 300, and nitrogen oxides, 1 to 50 [3]. Contamination
of the atmosphere by industrial wastes has brought the danger of injuring
the ozone layer - a specific protecting jacket which guards our flora and
fauna from the detrimmental action of cosmic rays. Air pollution could bring
about climate warming and will change the ecological balance of the earth
significantly as ice melt and the level of the world ocean rises.

The filtration of gas emissions is a multistage process involving the cap-
ture of solid and liquid contaminants and the removal of ecologically unsafe
gaseous impurities from emissions by physicochemical methods (absorption,
adsorption, and chemisorption). Filters for cleaning gases from solid parti-
cles of a typical structure usually include three components: (1) a prelimi-
nary cleaning filter that traps coarse dirt particles and possesses high mud
apacity; (2) a main filter that captures particles 0.5-5.0 um in size which
passed through the preliminary filter and are very hazardous to the facades
of houses, presses and precision machine parts; (3) a filter for gases cleaning
from submicron size particles where mostly electret materials are employed
[4]. Each of the components named incorporates melt-blown materials. To
absorb hazardous gases from industrial emissions, it is worthwhile to use the
adsorptive melt-blown materials described in Chap. 9. Among the strictest
limitations for melt-blown PFM in gas purification systems is the rather low
upper service temperature of 90°C for PP and 150°C for polyesters.

There are, nevertheless, numerous examples in international practice of
highly efficient operation of melt-blown materials in industrial gas cleaning
systems. The Verseidag Company in Germany has developed a unified design
of a gas filter successfully operating in environmental protection systems.
Original modules for superfine gas cleaning systems were created at Vokes
(GB), Ultrafilter (Germany), and Filtrair (Netherlands). Widely known in
the field, 3M (GB) and Lydall (USA) employ carbon-modified adsorptive
melt-blown materials for isolating ecologically unsafe components from gas
emissions. The excellent reputations of these companies speak in favor of
melt-blown PFN as efficient components of industrial gas cleaning systems.
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12.1.2 Wastewater Purification

The purification of industrial, domestic, and rain sewage containing haz-
ardous contaminants is an urgent problem of modern nature management.

The main source of soil contamination is considered to be industrial wastes
because the product yield of the technological chain “raw material  target”
rarely exceeds 10% but usually corresponds to merely 1- 3%. From the view-
point of ecology. most dangerous wastes are industrial effluents. Soil is grad-
ually contaminated by deep water spilling into drilling wells (salinization,
swamping), by the effluents of chemical plants (acid, alkali, pesticide pro-
duction. etc.), those of plastics and rubber processing plants, gas and coke-
chemical plants. wood processing, textile, and tanning and paper-making
factories. The world industry consumes more than 10-12% of fresh water
from global circulation for technological needs. In addition, 30% is used for
effluent dilution in neutralizing which is, unfortunately, not always and not
fully efficient. The intense growth of urban areas has led to contamination of
soils by domestic wastes, because about 9 liters of effluents are generated by
each citizen each day.

Requirements for cleaning effluents differ considerably from enterprise to
enterprise. The common problem for all of them is petroleum admixtures
in effluents, which create additional difficulties in separating suspended or
sedimentary solid particles found in solutions with a wide pH range. Almost
all types of standard equipment for neutralizing effluents (gravitational, and
coalescent separators, centrifugal and gravitational precipitators and filters,
systems for chemical treatment of effluents) incorporate filtering elements at
the stage of pneumatic aeration and at the last stage of effluent cleaning
by adsorptive, bactericidal, and microfilters. Pneumatic aerators with melt-
blown elements developed in the MPRI are successfully operating in systems
for effluent clemiiug with the following service characteristics: aeration effi-
ciency 3.6 kg/kWt-h at an air discharge of 3.4 m?/h and oxygen dissolving
rate up to 44 g/h [5]. In Chap. 9. data on the performance of adsorptive and
bactericidal melt-blown FM are cited.

A promising direction in wastewater cleaning is biodestruction of admix-
tures by microorganisims in biofilters where biophysical and biochemical pro-
cesses simulate water self-cleaning in nature. Chap. 10 deals with the pro-
found potentialities of melt-blown materials as microorganism carriers in a
new generation of biofilters. The fields of their application are continuously
expanding and have occupied a leading place in engineering ecology.

Equipment for cleaning effluents manufactured at such companies as Os-
monics Inc. (USA). Schenk Filterbau (Germany), Sartorius Ltd.. Wemco and
3M (GB) also contains FEs made of melt-blown polymer materials.
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Fig. 12.1. A diagram of subsoil water flow to the drain: (a) without filter; (b) with
a filtering shell; 1 and 2, pipes; 3, gap; 4, filtering shell. Arrows indicate the flow
direction; dashed lines are discharge isolines

12.1.3 Melioration

Melioration includes a combination of measures for land reclamation on which
water and air regimes are considered adverse. One of the popular types of
melioration in the middle belt is drying, i.e., moisture removal from root-
inhabited zones of soil. Excess water is removed using drainage systems, the
main elements of which are drains, so-called man-made underground channels
consisting of either porous ceramic or perforated plastic pipes laid in the soil.
To protect the pipes from silting (pipes clogging with silt), they are isolated
from the soil by filtering shells.

Another important function of the shell is contribution to the efficiency of
drainage systems. As shown in Fig. 12.1, subsoil water streams concentrate
near the drain inlet when there is no filter (a) thus leading to increased inlet
resistance of the system and hydrostatic pressure loss. The filtering shell
directs subsoil streams along the normal to the drain making water discharge
more uniform (b) and reducing pressure loss at the drain inlet.

In the 1980s an original design for drains was developed at the MPRI on
the basis of plastic pipes with a melt-blown coating. This has improved the
productivity of drainage systems by trenchless drainlayers significantly. The
performance of the new drains was rather high: filtration rating of melt-blown
coatings, 100-200 m? /day; maximum water runoff over the drain, 0.87 cm?/s.

12.1.4 Oil and Chemical Sorbents

One of the most difficult problems in engineering ecology is collecting the
spills of ecologically unsafe liquids. Oil is necessary everywhere in modern
industry either as a raw material or lubricant or as a power source. Unfor-
tunately, danger always exists of spilling during refining, storage, or trans-
porting. Spillage might occur in oil well drilling, pipeline and cistern failure,
dumping bilge water from ships, and carrying effluents out into the sea. which
threatens all forms of life. One ton of spilled oil is known to form a continuous
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film 2.6 km? in area on water. As for ice, it absorbs oil up to one-quarter of its
mass. When the oil concentration in water exceeds 800 mg/m?, metabolism
is suppressed bringing about the death of plankton, the abrupt reduction of
oxygen liberation by ocean algae, and worsened fish breeding gain [3]. Burn-
ing of spilled oil threatens every live creature on the earth and in the water.

Spills of phenol, semiproducts of oil and wood chemistry, and other chem-
ical branches represent a great danger to the existence of flora and fauna. Be-
ing strong antiseptics, phenolic waters intrude into biological processes taking
place in water and on land. During recent decades, the danger of contamina-
tion with synthetic surfactants widely used in drilling gas and oil wells, min-
erals dressing (flotation), and the production of detergents, lacquers, paints,
pesticides, and food products has risen perceptibly. The surfactants form
stable foams that reduce the efficiency of biological cleaning of both soil and
water, and stop algae and other vegetative growth. In this connection, spills
of hazardous liquids should be treated as serious accidents independently of
their dimensions. With increasing scales of spills, the border between the eco-
logical aftereffects of spills and natural disasters that can lay waste to the
human habitat vanishes.

Information on the efficiency of melt-blown PFM as sorbents of oil and
other hostile media is given in Sect. 9.2. The melt blowing technique serves
as an innovation base for a wide range of highly efficient sorbents produced
by the 3M company [6].

Oil sorbents of 3M (trademarks T and HP) are highly efficient on land,
and such properties inherent to their melt-blown base as water repellency
along with perfect wettability by oil-products make them ideal for collecting
oil from a water surface. The 3M Company manufactures sorbents of various
kinds, including

e bands recommended for collecting small oil spills or other hydrocarbons;

e rolls for spills on great areas both on land and water;

e pads for absorbing oil in hard to reach zones (bilge, tanks, cisterns, gutters,
settlers, etc.);

e booms to remove oil filims, also for enveloping and absorbing oil spills on
inner water routes, in harbors, and ports;

e sweeps, i.e., melt-blown bands which collect oil when pulled over a water
surface by a fleet.

Chemical sorbents of 3M (trademark HSRK) are intended to eliminate
emergency spills of a wide range of hostile media. They are produced similarly
to oil sorbents either as sheets (small spills, final operations on elimination of
large spills) or pads (sorption capacity, to 2 L of liquid), minibooms, or rolls.

Analogous materials of grades SXT, UXT. CC and KC are produced
by Sorbent Products Co., Inc. (USA and Belgium). Melt-blown meshes and
seines of this company can be reused many times by returning the oil removed
from water into fuel tanks [7].
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Melt-blown oil sorbents make it possible to eliminate spills with a min-
imum of material and labor consumption: they can be regenerated and are
easily burned leaving less than 0.02% of sinter. In use, chemical sorbents
acquire the property of absorbed liquids, so they should be handled with
precautions like hazardous liquids. They are disposed of according to state
regulations.

Data noted earlier are limited only to the main fields of melt-blown ma-
terial use in solving ecological problems. Beyond these bounds, such urgent
aspects of the problem remain as elimination of domestic wastes by dispos-
ables, filtration of running water, protection of breathing organs, and some
other questions treated partly in previous chapters. Summarizing, it should
be emphasized that melt-blown materials in their technical and economic as-
pects are a highly efficient means of successfully solving many problems in
environmental protection.

12.2 Regeneration, Utilization, and Burial

In 1977 in Geneva, 34 European states adopted the Convention “On pro-
hibition of using military or any other hostile means in respect to natural
environment.” Two years later, another document was signed there: “Decla-
ration on low-waste and waste-free technology, and waste reclamation.” In
fact, all countries, at to the present moment, have restricted legislatively and
in the spirit of these documents, methods of waste storage, control, and recla-
mation and have fixed responsibility for contamination and the use of dumps
and installations for refuse incineration. The time when manufacturers could
peacefully return to other activities after collecting their wastes has passed ir-
revocably. Hereinafter, some aspects will be discussed of the way this ideology
has touched upon the production and application of melt-blown materials.

Regeneration is the restoration of the initial properties of a used up
product.

Melt-blown filters belong to a group of depth (volume) filtration filters,
which are, as a rule, not subjected to regeneration. For partial regeneration,
only those filters are suitable which are clogged by contaminants apt to be
transferred into a movable phase by special treatment and then removed from
the fibrous matrix. Solid particles could be, e.g., sublimated or dissolved in a
technological liquid and washed out, and drops and liquid films precipitated
on fibers can be evaporated or extracted by other liquids. FEs employed in air
cleaning in salt mines, drying compressed air, or water removal from benzene,
“an undergo these procedures.

Regeneration of melt-blown sheet sorbents intended for petroleum prod-
ucts is performed by squeezing and washing with hot water. Upon oil removal,
sorbents of SXT, UXT grades, meshes, and seines of the SPC Co. can be used
repeatedly. The company also offers extractors — special equipment for sor-
bent regeneration and isolation of liquids collected by them.
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Utilization means use with profit and presupposes repeated use of ma-
terials or articles after they are work out. The main types of melt-blown
material use are recycling, incineration, pyrolysis, and depolymerization.

Recycling is the most effective method of using worn out products. With
the help of a special processing technique, the product is transformed into
a recycled material. Recycling of used up polymer products gives rise to a
number of problems which involve gathering, sorting, and primary process-
ing of wastes; selection of processing methods and modification of recyclable
materials; development of a range of articles produced from waste, and so on.
Experience in reprocessing plastic products has specified the structure and
methods of returning the wastes of melt-blown materials into the production
sphere.

Technological wastes derived in the polymer melt blowing process are
rather negligible. They are mainly produced either at start-up and stoppage
of equipment or when some disorders in spraying, cutting, or molding of
sheets, cartridges, or some other melt-blown products occur. Losses in fiber
and modifier spraying can be completely eliminated by controlling the spray
jet and forming substrate dimensions, by optimum sealing of the spray cham-
ber, and other methods described in Chap. 2. This is why the total amount of
technological wastes does not exceed 5%. Wastes of the melt blowing process
differ essentially in molecular mass and physical and mechanical characteris-
tics from the starting polymer due to process specificity (the high tempera-
ture of the sprayed melt and intensive mechanical destruction and oxidation
of the fiber material). Adding up to 15% of recycled material to the initial
raw polymer is recommended.

Production wastes are accumulated with time as melt-blown articles break
down. Among all other types of wastes, melt-blown wastes are the most
uniform and so present great interest from the viewpoint of recycling them.

A typical recycling technology for worn out melt-blown products usually
includes initial sorting and identification of articles by their fiber material,
followed by milling, grading of mixed wastes, washing, drying, and granula-
tion, if necessary.

Fibrous articles are cut into fragments 5-30 mm in size using rotary knife
mincers. Milling of polymer wastes presents a serious engineering problem of
achieving a uniform supply of the fibrous mass in the cutting zone, timely
sharpening of the knives with minimum stoppage, reducing the energy re-
quirements of the process, and so on. Original designs of highly efficient
mincing machines for milling fibrous materials have been elaborated at MPRI
[8]. A revolving knife block of the mincer is aligned with a stationary knife
installed inside the drum housing on which milled fibers are wound. Knives
of the revolving block are brought into contact with the stationary knife and
enter into ports in the wall of the drum rotating synchronously with the knife
block [9]. Such mincers contain abrasive tools for knife sharpening [10] and
devices to regulate clearances between the stationary and rotating knives
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[11, 12] which can be set automatically to adjust the clearances, depend-
ing on the regime of material supply to the milling zone [13]. The cutting
edges of knives are made in a form of generatrix of a one-pole hyperboloid
of revolution [14]. The degree of atomizing of melt-blown product defines the
volume density and friability of secondary material, as well as the necessity
for granulating it.

During waste milling and further grading (flotation, aero- and electrical
separation, chemical methods, etc.), the fibrous base of melt-blown products
can be separated from modifiers and entrained by FM solid contaminants.

The expediency of granulating milled melt-blown wastes is determined
by the method of further processing, depending on whether they are treated
as an independent product or in mixture with the initial polymer material,
and on the latter’s share in the mixture. The granulation efficiency of plastic
wastes by standard extrusion equipment is comparatively high and depends
on the type of recyclable thermoplastic and its rheological characteristics (for
example, it consists of 40-50 kg/h for melt-blown LDPE).

The kind and prehistory of used articles dictate the purpose and method
for recycling them. Recycled materials obtained from unmodified melt-blown
products and those containing inert components are reprocessed either in a
mixture with initial polymers or separately. Inert modifiers and contaminants
captured by FM play the role of fillers in secondary materials. Recycled ma-
terials produced from magnetic melt-blown articles are used to impart a weak
magnetic field source to a final product. The electret charge is relaxed when
recycling melt-blown fibers. Oil sorbing materials and goods are reprocessed
into plasticized secondary materials. Used up filtering materials containing
concentrated hazardous contaminants in the solid or liquid phase are not sub-
jected to recycling. It is worthwhile to reprocess melt-blown biomass carriers
into biodegradable films and packing materials. Problems of recycling these
and some other types of melt-blown materials are discussed following.

Domestic wastes are accumulated in dwelling areas, at catering establish-
ments, public facilities, and etc. Such wastes in urban dumps turn into a
category of “mixed wastes” which comprise more than half of all waste ma-
terials. The share of melt-blown wastes varies in different countries between
1 and 10%.

Processing mixed wastes presents much difficulty necessitating stage by
stage sorting of various types into categories. Gathering of used up polymer
and, in particular, melt-blown materials, is hard to organize, so in many
countries it is not yet launched. That is why the amount of domestic waste
recycled into renewed products is in fact nil.

Incineration of plastic wastes is most often performed to use heat gener-
ated in burning to produce vapor and electrical power. However, the heat
value of such a fuel, especially a melt-blown one, is rather low; there-
fore, power plants operating on it are, as a rule, inefficient. Besides, toxic
gases generated by plastics incineration pollute the atmosphere. In addition,
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incomplete combustion of polymer wastes is accompanied by soot formation
leading to rapid corrosion of furnaces.

Pyrolysis and depolymerization processes deriving monomers or oligomers
are ecologically safer alternatives to plastic waste incineration.

Pyrolysis includes temperature-induced (800-1000°C) decomposition of
substances. It is considered one of most productive methods of regenerating
plastic wastes and is widely applicable all over the world. Melt-blown waste
is transformed through pyrolysis into highly efficient fuel, and also into raw
materials and semiproducts intended for the chemical industry. Recently, cat-
alytic hydrocracking processes have been elaborated to produce benzene and
fuel oils from polymer refuse. PE wastes are decomposed thermally without
oxygen access to obtain activated and technical carbon wanted in numer-
ous industrials sectors. Hazardous fiber modifiers released during pyrolysis of
melt-blown wastes, as well as heavy and radioactive metal particles, undergo
special treatment after which they can be reused in small-tonnage chemistry.

Depolymerization converts melt-blown wastes into low molecular weight
saturated hydrocarbons. The latter are then subjected to cracking to a yield
of unsaturated compounds used afterward in polyolefin synthesis. So, melt-
blown wastes that have a lower molecular mass in contrast to starting ther-
moplastics decompose giving monomers at comparatively low temperatures
and have proved to be an optimum raw material for depolymerization.

Burial of wastes has become a global problem at the border of twenties
and twenty-first centuries [15]. The strategy of engineering ecology in this
respect can be characterized as follows today. In human history, the main
portion of refuse is either buried in the earth or incinerated. At present, a
number of countries have adopted laws in the sphere of ecology, which limit
inefficient, hard to implement, and hazardous ways of waste disposal. To
obtain official permission to build a modern setup for refuse incineration is
almost impossible in the majority of countries. Communities are extremely
anxious now about air purity and are eager to diminish atmospheric contam-
ination by fumes and waste gas emissions. An overwhelming part of wastes
replenishes dumps and constitutes 90% in Europe, and a bit less in North
America thanks to advances in recycling programs. Domestic and ecologi-
cally safe refuse is transported to great distances outside residential areas
and finding new places for dumps is becoming practically impossible day by
day. The storage of hostile wastes is highly expensive and will multiply in
the near future. The European community is going to adopt even tougher
standards for waste burial methods and dump projects.

Burial in the ground is the most widespread method of waste disposal
despite the fact that polymer assimilation in soil proceeds for 70-80 years
[16]. and dumps occupy farmlands.

The specificity of melt-blown materials as biodegradable objects of burial
is in their fibrous structure and the presence of an active surface layer
on the fibers. The layer, as has been shown previously, contains a great
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number of free radicals and unbalanced oxygen- containing groups. Along
with this, melt-blown materials are a source of weak electrical fields, which
stimulate microorganism multiplication and vitality at optimum intensity
[17]. This is the reason why melt-blown materials degrade biologically much
faster than common polymer waste. In this respect, they resemble bio-, photo-
and water-soluble polymers, work on which was gaining strength at the be-
ginning of 1970s. The development of such materials has taken the following
routes: (1) introduction into macromolecules of functional groups that can
decompose under UV rays and aerobic and anaerobic microorganisms; and
(2) filling polymer binders with biological matter that serves as a culture
medium for microorganisms [18]. It was soon found that the high physi-
comechanical characteristics of structural plastics were hard to match with
a nice appearance and preset service life without quality impairment. Never-
theless, this idea can be applied well and extended to melt-blown materials
because requirements for their external appearance and strength are not so
rigid. Progress in this direction could give rise to a new generation of filtering,
medical, and disposable materials whose biodegradation does not present any
problem.

12.3 Economic Estimates

Beginning with the 1970s, melt-blown materials have occupied a leading place
in the world’s production of fibrous materials immediately after Exxon Co.
started to sell licenses for melt blowing technology. In the 1960s. the use
of melt-blown materials was limited just to separators of chemical current
sources, whereas 20 years later, practically all classes of fibrous materials
have been enriched by melt-blown analogues followed by elaboration of novel
types of commercial products on a melt-blown base.

Commercialization of the melt blowing technique was a significant event
in the international development of the industrial structure with far-reaching
outcomes:

e the number of operations in fibrous material production cycle reduced
(spinning was eliminated, trimming and fiber tying were simplified, etc.);

e the productivity of textile equipment increased owing to combined opera-
tions of molding, modification and tying, canceling thread cutoff, as well
as fiber strengthening by orientation extension;

e the material consumption of fibrous articles reduced through fiber thinning
during the melt blowing process;

e the assortment of textiles extended thanks to the diversity of chemical
and physical treatments of the sprayed melt fragments, and melt blowing
combinations with other processes;

e the service characteristics of fibrous products improved, they have be-
come multifunctional through control of shape stability and fibrous carcass
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rigidity and serve as electrical and magnetic field sources, as well as carriers
for microorganisms, adsorbents, and other target additives.

Filtration has beconie one of the main fields for application of melt-blown
articles because melt blowing furnishes wide technological means to (1) con-
trol the porosity and strength of a FE, (2) mold and original FE of practically
any shape having a porosity gradient and that of functional components dis-
tribution. (3) modify FM by physical fields and chemical and biological pro-
cedures, (4) stimulate the growth and active life of microorganisms settled on
fiber surfaces, and (5) realize various mechanical and physicochemical mech-
anisms of contaminant entrapment in a melt-blown FE. The appearance of
technically perfect means of filtration has made it possible in recent decades
to solve most advantageously a wide circle of problems in engineering ecology
and to increase the life of equipment.

Melt-blown materials have entered a range of construction goods first as
exotic decorative elements of buildings and then as irreplaceable heat and
sound insulating boards, waterproofing facings, and multifunctional compo-
nents of floors. Modern medicinal technique is impossible to imagine without
vessel endoprostheses with melt-blown elements, novel generations of dress-
ing materials convenient for medical staff and patients, bandages, splints, and
new curing remedies for burns which are highly efficient due to melt-blown
components.

Unconventional structures and shapes of certain products on a melt-blown
base (chemical current sources, electrical insulation, packages, etc.) form a
totality of contemporary technical goods that have superlative performance.

The role of melt-blown materials, which compete with or/and supplement
traditional fabric, leather, and carpet goods, is to be emphasized separately.
Their unusual texture, color, and attractive appearance have enriched textile
and light industry potentialities in creating super comfortable, fine, compet-
itive. and efficient products.

The modern world uses a broad range of melt-blown disposables (napkins,
diapers, towels, clothes, cleaning and polishing agents) which constitute a
separate production branch.

The dynamic advancement in production and consumption of melt-blown
materials and products in all countries have led to a substantial renewal of
their range and affected the international economy profoundly.

Beginning with the 1970s. the global production of melt-blown articles
has grown rapidly at a 80-100% yearly increment in production volume far
surpassing that of textile fiber manufacture. Geographically the melt-blown
industry is concentrated largely in the U.S., Japan, and European countries.
As for CIS states, a greater portion of melt-blown goods is produced by small
ventures, and the quality of their production depends on the technical level
and industrial engineering at an enterprise.

The cost pattern of the basic productive assets of the melt-blown goods
industry approaches that of chemical fibers, allotting 45% to buildings and



190 12. Ecological and Social Problems

structures, and 49% to machines and equipment. Within the pattern of ex-
penses for producing melt-blown products, about 50% goes to raw materials,
20% for power charges, and about 10% for salaries.

The gradual depletion of oil, coal, and gas resources along with the grow-
ing complexity of their extraction and the increase in energy cost are the
reason why the starting polymer materials and, consequently, melt-blown ar-
ticles are becoming more and more expensive. The way out is upgrading the
productivity of the melt blowing technique and increasing production volume.
Melt-blown products with a minimum prime cost have a polyolefin base; the
maximum costs are for articles based on polymers that form highly viscous
melts at a temperature below their thermally induced oxidative destruction
temperature, i.e., high molecular mass polymers with a large amount of ac-
tive side groups (high molecular weight PE. polyesters, polyarylates, and so
on).

Production of melt-blown products is one of most profitable plastics pro-
cessing areas today. The ratio of income to productive assets is 25-27% in
this sphere. The benefits of further progress here are conditioned by a satis-
factory state of the raw materials base, advantages in contrast to more costly
alternative products based on synthetic fibers, and vast markets for diverse
melt-blown materials and products.



13. Conclusion

Little known so far to a customer at large melt-blowing technique is now
seriously and for long holding its place among a totality of production tech-
nologies being the base of modern industry. Recently elaborated numerous
melt-blown materials and articles have speeded up the development of a num-
ber of major fields of human activities (industry, construction, engineering
ecology, etc.) and are rightfully associated with the contemporary level of
civilization.

This science-consuming technique will, obviously, be intensively advancing
by utilizing fundamental knowledge in physics, chemistry and mechanics of
contact interactions between solid, liquid and gas and tending to interlace
with biology and medicine. Joint efforts of experts in various domains are
anticipated to impact the search of the following new directions in melt-
blowing process.

A novel class of polymer materials is expected to be created specifically
for melt-blowing procedure which will display high flow at processing temper-
atures avoiding macromolecular destruction. Groups of easily sprayed blend
composites, new combinations of plastic components serving simultaneously
to regulate molten binder viscosity are to be developed soon.

Refined melt-blowing equipment will allow composite plastic processing
and forming of combined parts that incorporate metals, ceramics and plastics.
Break-through in designing extrusion heads is also anticipated as a result of
substitution of costly multihole heads by more simple and highly efficient slot
heads and improved spraying quality.

New application fields of melt-blowing technique will be open by the
chance to regulate cohesive interaction and spreading of deposited on sub-
strate fibers. Wide range of structural and technological characteristics im-
provement is furnished by the transfer from traditional fibrous materials to
pore-free plastics produced from pressed melt-blown half-finished products.
This opens new possibilities to upgrade service characteristics of melt-blown
articles intended for triboengineering, sealing and anticorrosion technique.

Up till now melt-blowing was mainly directed to processing thermoplastics
into fibrous materials with various degree of fiber bonding. It could be an-
ticipated that melt-blown materials will tend to be basically multifunctional

L. S. Pinchuk et al., Melr Blowing
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composites intended not only for engineering, but for biology, medicine and
other spheres of human activity too.

Engineering ecology has become a branch of using melt-blown materials
on a large scale. The structure of these materials facilitates interactions of
natural phenomena, such as moisture permeation, diffusion of organic com-
pounds, microorganism growth, and so on. The nearest prospect in this field
is expected to be price cut of melt-blown means for engineering ecology by
processing recyclable polymers and development of composites on their base
with regulated biocompatibility and biodegradability degree.

Biotechnology has contributed much into solution of global problems be-
ing a spacious proving ground for melt-blown materials testing as microor-
ganism carriers. Named materials are water and air permeable, their electric
field effects surrounding and stimulates multiplication and active life of mi-
croorganisms. Todays melt-blown materials outdo all other known engineer-
ing materials in properties specifying them as microorganism habitat.

A powerful impetus on improving quality of melt-blown materials and
refining equipment designs can make the development of a physics-chemical
model and methods of describing melt-blowing process using representations
of the theory of oxidation, aero-, hydro and thermodynamics. The familiar
models of liquid spraying will be thus modified to consider specificity of over-
heated polymer melt flowing in a viscous-flow state through extrusion head
spinnerets and peculiarities of a compressed gas or liquid spraying kinetics.

So, prospects in advancement of melt-blown materials are connected with
imparting additional functional properties to them. Along with their major
designation in one or another sphere, they will also fulfill auxiliary func-
tions of being carriers of electric or magnetic fields, bactericides or corrosion
inhibitors, and so on. The creation of such kind materials is, as a rule, con-
nected with overcoming preconceptions concerning probability of their use
while their technological processing, formulations and areas of optimum ap-
plication are characterized by the novelty and competitiveness. Although tra-
ditional melt-blown materials are still keeping their importance, search for
new raw material sources and their rational processing methods into com-
posites on melt-blown base is being under way. The latter are enriching the
generation of smart materials whose structure and properties are prone to
regulation under varying operation regimes.

As can be seen, together with traditional representations on the family
of melt-blown materials the authors tried to reflect unacknowledged univer-
sally but being in accord with tending to refinement melt-blown production
concepts. The authors hope that the book will be a stimulus for fresh inves-
tigations in the field of polymer fibrous materials.
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