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Abstract. The regularities of compaction process of foam
polystyrene plagtics in the liquid mediums have been
discovered. The influence of medium nature, temperature
and technological characteristics of foam polystyrene
(imaginary density, shredding degree) on the kinetics of gas
phase release in the conditions of polystyrene segmental
mobility has been determined. The design and method of
calculation of the reactor for the process of foam poly-
styrene degazation via the continuous scheme is of fered.
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1. Introduction

Owing to the combination of high working
properties with the processability by al methods known
for polymers, the polystyrene is widely used in the
production of goods of various applications, including the
foamed ones. Foam polystyrene is being applied in
modern construction, in buildings insulation systems [1,
2], aswell as in thermal insulation of capacitive machines
and pipeines. The combination of high hygienic
indicators [3] and heat-insulating properties of foam
polystyrene makes it an ideal material for packaging and
storage of food products. Another field of foamed
polystyrene application, in which it practically does not
have competitors, is the packaging of consumer
electronics products [4, 5]. Such wide application of foam
polystyrene in various industries causes the availability of
a large amount of wastes. The above-mentioned wastes
are mainly agglomerated in the form of utilized packaging
and industrial waste.
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Secondary processing of foamed polymers by the
traditional methods [6], such as injection molding and
extrusion requires elevated attention through the presence
of gas inclusions, which during the melting of polymer
materials adversely affect the melt homogeneity and,
certainly, the quality of finished products with
comparatively low productivity of equipment. In this
regard, it is necessary to devel op methods of raw materials
preparation that would make it possible to minimize this
negative impact. Among the methods of preparing of
foamed poly-materials for recycling the most effective in
economic and technological aspects are the methods based
on the complete or partial removal of gas inclusions
without pressure, in particular, by heating of foam plastic
wastesin theair or in the liquid phase[7].

Such prepared wastes can be applied as additives to
the primary polymer raw materials with the purpose of
their utilization, as well as improvement and regulation of
some properties of primary raw materials [8]. Further-
more, such secondary raw materials can be used to create
completely new composite materials with predetermined
technological properties[9-11].

The primary aim of the work was to determine the
influence of medium nature on the regularities of foam
polystyrene degazation and develop the design and metho-
dology for calculating the reactor for degazation process.

2. Experimental

The household and industrial wastes of foam
polystyrene with imaginary density of 10-60 kg/m® have
been applied for the research. The gas phase release from
the foam polystyrene samples was carried out in a liquid
medium in a reactor equipped with mixing device in the
air within a wide range of temperatures and pressures. The
kinetics of degazation was studied by changing the
volume of foam polystyrene samples in different
mediums. The volume change (%) has been determined
applying the spherical samples obtained by the grinding of
waste products on a gear crusher with different diameter
of holes, which provided the constant size of polystyrene
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particles (degree of grinding). The initial imaginary density
of foam polystyrene was deermined according to
| SO 845:2006.

In order to calculate the geometric dimensions of
the apparatus for conducting degazation in a liquid
medium there has been used a method describing the
particle sedimentation under the action of gravity force
[12] applying the following similarity criteria
Archimedes (Ar), Lyashenko (Ly) and Reynolds (Re).

To determine the particle sedimentation velocity,
the Archimedes criteriawere calculated at first:

- dg(r - rm)r mJ
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where p and pn, are densities of the particle and medium,
respectively, kg/m®; g is the gravitational force equivalent,
m's’, um is the dynamic viscosity coefficient of the
medium, Pas.

By the determined above described value, applying
the dependences of Re and Ly criteria on the Ar criterion
for the sedimentation of single particle [12], the Ly or Re
criteriawere defined:
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From where, the sedimentation velocity of the
degassed particle was calculated by the formula:
_Ren,
° r mdsf
where dg isthe diameter of a spherical particle, m.
Since the precipitated degassed foam polystyrene
particles, as usually, have an irregular shape, instead of
the dg value the d. value of equivalent diameter of the
irregular shape particle was used. It is calculated as the
diameter of the conditional sphere, which volume V is
equal to the volume of the body of irregular shape:

d, :s,/ﬂ :1.243\/E
¢] r

where mis the particle weight, kg.
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Fig. 1. Kinetics of FPS volume changein air depending on
temperature, K: 343 (1); 373 (2, 4); 393 (3). Pressure, kPa:
101.3(1-3) and 5.33 (4)
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3. Results and Discussion

To determine the rational parameters of compaction
of foam polystyrene (FPS) the kinetic regularities of the
volume change of the investigated samples at different
temperatures and in different mediums were researched. It
has been determined thet in the case of heating FPS in the
air (Fig. 1) the temperature and pressure significantly
influence on the velocity of gas phase release. The
temperature rise and rarefaction acceerate the velocity of
gas phase release; therefrom the degazation degree is
increasing. However, it should be noted that the process is
quite continued (1.5-2 h) and complete release of the gas
phase from the polymer cannot be achieved even a a
aufficiently high temperature and rarefaction. The process
of degazation stops when the content of the gas phase is
10-15%. This is caused by the formation of a sufficiently
dense surface crust that prevents the gas phase to be
transported from the middle of the sample.

Compaction of samples in water (Fig. 2) occurs
dower than in the air. That is probably due to the
hydrophobic nature of the gas phase containing
isopentane, which is applied for the polystyrene foaming.
The above-mentioned is confirmed by a dlightly higher
degazation degree of FPS in agueous solution of PVP,
where the presence of surface-active polymer, in some
measure, increases the affinity between gas phase and
medium. Butanol, which is related to isopentane, has the
highest velocity and degazation degree. It can be assumed
that the compaction of foam polystyrene during heating is
caused by the stress relaxation that came up in the
polymer during its foaming. This process can be realized
only in the case of the segmental mobility of
macromolecules and occurs at the temperatures exceeding
the glass transition temperature of the polymer. It should
be noted that the segmental mobility of macromolecules
may also occur at lower temperatures in the presence of
liquid phase[13, 14].
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Fig. 2. Kinetics of FPS volume change at 373 K depending on

the medium nature: water (1); 5% aqueous solution of PVP (2);
air (3); butanol (4)
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Obtained regularities of FPS degazation in different
mediums can be explained by the following. In the case of
degazation in air, the formation of a dense surface crust
prevents the gas phase transportation from the middle of
the sample. Volume reduction is primarily due to the
compaction of the surface layers while the structure of the
internal layers remains virtually unchanged owing to the
pressure created by heated gases, which thereby
counteract the relaxation of stressin the polymer. During
degazation in water, the gas output even from the surface
layersisimpaossible due to the locking of hydrophobic gas
phase by water, which leads to the decrease in the
degazation degree. At the same, butanol related to the
isopentane fraction does not interfere with the release of
the gas phase from the polymer. In addition, owing to the
partial swelling of the polystyrene, the surface crust does
not form, and the relaxation is accelerated. In this regard,
the velocity of degazation is constant and high almost
until the end of the compaction process. At the same time,
the velocity and compaction degree can be regulated
directly through the temperature of medium.

The researches concerning the release of the gas
phase in butanol depending on the temperature have
shown (Fig. 3) that the effect of temperature is displayed
in increasing the velocity and degree of degazation with
the temperature increasing. It should also be noted that at
degazation in butanol the higher velocity and the degree
of the process depth are achieved considerably more.
Compared to other media, the FPS compaction process in
butanol appears to be the most rational from the
technological point of view. It can be explained by high
productivity of the above-mentioned process and due to
achievement of higher values of the density of FPS
compared with the density of heated butanol the FPS
compaction process in butanol can be carried out in a
counter-current vertical continuous reactor.

While using butanol, the high temperature of
approximately 363-383 K is required for the complete
releese of gas inclusions. One way to reduce the
temperature is to apply the solvent which is more related
to polystyrene. Such a solvent was blend of butanol-
toluene. Thus, the temperature of the process has
significantly reduced while holding high velocity and
degree of degazation (Figs 4, 5). Application of toluene,
which is a good solvent for polystyrene, may lead to
dissolving of the latter, thus the concentration of toluene
was limited up to 10 %. The dissolution of polystyrene at
such content of toluene did not occur.

Significant intensification of the FPS compaction at
increased toluene content can be explained by the greater
movability of segments of polystyrene macromoleculesin
the presence of a good solvent for polystyrene in
degassing environment. More significant segmental
movability of polystyrene macromolecules  with
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increasing temperature aso leads to the increase in
velocity of degazation.
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Fig. 3. Kinetics of FPS volume change
in butanol depending on temperature, K: 328 (1);
343 (2); 363 (3) and 383 (4)

Since such technological characterigtics of the raw
material as shredding degree and the initial imaginary
density of FPS can have a dgnificant effect on the
degassing process, as well as to determine the optimal
technological parameters of the process, the degazation
kinetics studies were conducted depending on the
equivalent radius of the sample (re;) and the apparent
density of the FPS(r;) (Figs. 6, 7).

The time of achieving FPS maximum density is
almost unchanged for samples with an equivalent radius
of (3-5)-10°m, and at a greater radius it increases
substantially and can be described by Eq. (5):

tm=11.94ry’ — 136.32re,” + 509.56re, —534.3  (5)

In this manner, the optimal equivalent radius of
samples after grinding for degazation is (3-5)-10° m. It
should also be noted that such technological characteristic
of FPS as the imaginary density within 10-50 kg/m® does
not significantly affect the time of achievement of the
maximum density, which is 90-100s and can be
described by the following dependence:

m = 0.0064p;2 — 0.1357p; + 90.6 (6)

The studies concerning the release of gas phase
from FPS were conducted and the mathematical de-
pendencies of maximum density achievement time on
equivalent radius of the samples and the initial imaginary
density of FPS were defined. The aforesaid can be used to
determine the rational technological parameters of the
compaction process depending on the raw material
characteristics, and, thus, to obtain a secondary degassed
FPS of a given degree of compaction which can be
applied for further recycling.
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Fig. 4. Kinetics of FPS volume change at 333 K depending on

the solvent nature: butanol (1); butanol 95% + toluene 5% (2)
and butanol 90% + toluene 10% (3)
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Fig. 6. Effect of equivalent radius of the sample on time of
achieving FPS maximum density (t ) in butanol at 363 K
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Fig. 5. Kinetics of FPS volume changein the solvent (butanol
90% + toluene 10%) depending on temperature, K: 313 (1);
323(2) and 333 (3)
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Fig. 7. Influence of apparent density of the sample on time
of achieving FPS maximum density in butanol at 363 K

Table
I nfluence of medium and temper ature on foam polystyrene degazation
Technological parameters Properties of FPS
Medium P,MPa T, K t, min r, kg/m® DV, %
. 0.1 373-393 10-12

Alr 0.005 353-363 57 90 87
Water 0.1 363-373 20-30 780 73
Water + butanol 10% 0.1 363-373 10-15 930 84
Butanol 0.1 363-373 2-3 1020 93
Butanol 0.1 378-388 1-2 1040 96
Butanol + toluene 5-10% 0.1 323-333 1-15 1040 96

The obtained results of the research concerning the
gas phase release from FSP alowed determining the
optimal technological parameters of the process by
applying different mediums (Table).

The conducted researches also allow to propose a
constructive design of the degazation process. To ensure
the high efficiency and productivity of the process via the
continuous scheme a cylindrical apparatus has been
proposed, the specificity of which is a system of
continuous unloading of the degassed FPS. The
mentioned system consists of a screw conveyor and
scraper providing the gathering and delivery to the screw
of the degassed FPS.

In order to obtain a compacted FPS of the required
quality the height of the apparatus should be sufficient to
provide the necessary time for FPS staying in the reactor.
The time, as was shown by the research reating to the
regularities of FPS degazation in butanol solutions, is
1-1.5 min depending on the technological characteristics
of the secondary raw material.

Obvioudly, the main parameter for calculating the
geometric dimensions of the apparatus is the sedi mentation
velocity of the particle during the degazation. Using the
proposed calculation method and substituting Eq. (4) into
(3) we obtain the equation for calculating the sedi mentation
velocity of the FPS particle of irregular shape:
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w. = Rem, (7

. g‘i.%i/a 2
e Mg

Since the density of the FPS is changed during the
degassing process, it is necessary to determine a number
of assumptions allowing to calculate the sedimentation
start time and the velocity at which the particle of the
degassed FPS precipitates in the butanol solution. A
separate FPS particle begins to precipitate when achieving
the density of the butanol solution heated to the required
temperature. The butanol density at 363K is 758 kg/m?,
foam polystyrene (initial apparent density is 20 kg/m®)
reaches this density after 40s. At the same time, the
sedimentation velocity of PS particle with an initia
volume of about 1 cm® is 0.087 nvs. Thus, the height of
the working part of the reactor can be considered as the
track passed by the particle for 50 s (the time of reaching
the maximum density (90 s) minus the start time of the
sedimentation (409)). In this case the apparatus height
will be4.35m.

When using the apparatus of the proposed design
its productivity will depend on the area of contact FPS
with a butanol solution, i.e, on the apparatus cross
section, and can be calculated by Eq. (8):

F=—t- ®)
w

S

where V is a volumetric flow rate of granulated foam
polystyrene, m’s, o's is an average calculated
sedimentation velocity, w's = 0.5w; .

For example, with the apparatus productivity at an
initial FPS of 10 m%h, the cross-sectional area of the
apparatus will be 0.056 m?, which corresponds to the
diameter of 0.134 m.

Thus, the proposed design of the apparatus can be
applied for the process of degassing. The subsequent
improvement of the apparatus design can be achieved by
reducing the geometric dimensions, in particular, by
reducing its height. This can be achieved by the increasing
of hydraulic resistance acting on the settling particle as a
result of the counter current of the solution in the direction
the particle sedimentation. It will make possible to
decrease the velocity of its sedimentation and thus reduce
the height of the device.

4. Conclusions

Based on this research it was determined that the
optimum medium for the degassing process of secondary
FPS are the butanol mediums, in which high compaction
degree (at the level of 94-97 %) can be achieved, with
high velocity. It makes the proposed technology of
secondary FPS utilization attractive from an economic
standpoint.
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®I3UKO-XIMIYHI TA TEXHOJIOT'TYHI
3AKOHOMIPHOCTI JET A3AIII
ITHOIIOJIICTHUPOJIY B PIAKOMY CEPEJIOBHUIII

Anomauia. Buseneni 3axonomipnocmi npoyecy yujinoHeHHs
NIHONONICMUPONILHUX — WIACUKIE 8  DIOUHHUX — Cepedosuyax,
6CMAHOBNIEHO  GNIUE NPUPOOU  cepedosulyd, memnepamypu i
MEXHONOIYHUX XAPAKMEPUCUK niHonoxicmupony (VeHa 2ycmund,
cmyninb noOpiOHeNHst) HA KiHemuKy 6USLIbHEHHs 2430601 (azu 6
YMOBaAX ce2MeHmanvHoi pyxXaueocmi nonicmupony. 3anponoHoeana
KOHCMPYKYIsL | MEMOOUKy pO3pAxyHKy peakmopa Oiisl NpOBeOeHHS
npoyecy Oezazayii NiHONOICMUPONY 3a Oe3nepepeHoIo CXemoio.

Knwuosi cnosa:. ninononicmupon, oOymawnon, oezasayis,
VMURI3ayist, 6MOopPUHHe GUKOPUCTIAHHSL.



