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The results of research on the influence of different factors on disintegration of rubber goods by the ozone-
dynamic method are presented. The dependence of disintegration rate on the time of treatment, temperature and hu-
midity of gas in the chamber, ozone concentration and the activating chemical reagents were studied. This allows
increasing efficiency of rubber goods processing by 30%. The dependence of the starting time for disintegration
stages on o0zone concentration in the chamber was determined. This allows optimizing the process of disintegration
for rubber goods and gives the mechanism to control the process.
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INTRODUCTION

Annually more than 2 billion of used tires generated
in the world and they should be utilized. Taking into
account that tires are a multi component product and its
composition includes rather expensive materials, the
ideal method for tire processing, from the point of view
utilization, is a separation of a tire in components (rub-
ber, metal and textile) and subsequent individual pro-
cessing of each component. Such approach with using
mechanical grinding is the most popular today in the
developed countries. Unfortunately, only 23% of used
tires are treated in such way [1] due to high energy in-
tensity of the treatment process which becomes eco-
nomically feasible only for large processing capacitanc-
es (more than 2000 tons per year).

In the 90s, a new approach to the used tire treatment
has begun to develop [2]. A well-known phenomenon of
rubber cracking under the exposure in an ozone atmos-
phere was exploited for the used tire processing. Further
research on the application of ozone-enriched gas for
tire disintegration with subsequent separation of materi-
als included in tire composition was fulfilled in [3]. As a
result, the high rate of the tire disintegration was
demonstrated. The amount of rubber crumb getting from
the treated tire was 90...95% of total amount of rubber
in tire. In addition, textile and metal cord with insignifi-
cant remaining rubber were obtained. It should be noted,
that the obtained rubber crumb is completely free from
metal and textile impurities, and also percentage of rub-
ber powder with the size less than 1 mm is a very high
for a single-stage process and makes 10...15% of total
amount rubber crumb [4].

For further optimization of the ozone-dynamic tech-
nology for tire processing, the dynamics of rubber
cracking was studied depending on ozone concentration,
temperature and humidity of gas, activating chemical
admixtures and etc.

EXPERIMENTAL STAND

The stand for conducting experimental research on
tire disintegration was developed and built. The stand
allows studying the dynamics of cracking forming for
tire samples under different controlled conditions and as
a result, the rate of disintegration, total weight and
crumb rubber particle size distribution were studied.

The experimental stand is presented at Fig. 1 and in-
cludes the following components: 1 — oxygen generator
ONYX+; 2 — gas flow meter; 3 — Stream Ozone ozone
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generation system; 4 — ozone monitor Mini-HiCon; 5 -
chamber for tire sample treatment; 6 — hydraulic press.
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Fig. 1. Schematic of the experimental stand

Also, the working chamber was equipped with hu-
midity meter IVTM-7 for control of humidity and tem-
perature of gas during experiments.

To control the concentration of the different activat-
ing chemical admixtures during the fulfilled research on
the combined action of the ozone environment and acti-
vating substances on the dynamics of tire sample disin-
tegration, the chromatographic analysis of gas composi-
tion was carried out by using a gas chromatograph HP
5890 Series Il with capillary chromatograph column
Rtex-5 30m*0.53mmID*1.5um df.

Ozone for experimental research was generated by
the ozone generation station «Stream Ozone» (Fig. 2)
with the productivity of 12 g [Os]/h. Maximal ozone
concentration is of 60 g/m®. The flowrate of ozone-
enriched gas mixture changed from 0.06 to 0.6 m*/h and
was controlled by flow meter RM2-0.6 GUZ. Ozone
concentration in the mixture changed within the range
of 10...40 g/m® and was controlled using the ozone
monitor Mini-HiCon with the accuracy of 0.1 gO4/m?>.

Fig. 2. The ozone generation station «Stream Ozone»

As the chamber for ozone-dynamic disintegration of
tire samples the metallic cylinder with the diameter of
170 mm and height of 400 mm was used. The module
for application and distribution the dynamic mechanical
impact on the tire sample has been mounted inside the
cylinder. The mechanical load was applied using the
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hydraulic press JTC-HD210 with the maximum load of
10 tons. For the experiments, the tire samples were cut
out from the protector part of the tire Voltyre Start VS-6
195/65 R15 91U. All the samples had the same size of
100x100 mm. The samples were put in between the
movable and stationary flanges with the welded ribs that
allowed creation of the undulating influence on the tire
sample. The picture of tire sample in the module for the

application of mechanical load is shown on Fig. 3.
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Fig. 3. Tire sample in the module for the application of
mechanical load (a — before the disintegration process;
b — after the disintegration process)

For studying the dynamics of crack forming in a tire

under the desired ozone concentration and constant me-
chanical load, other type of chamber was used (Fig. 4).
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Fig. 4. Experimenta_l chamber with a transparent
window

This chamber had a transparent window that allowed
making photo and video for the tire disintegration pro-
cess. It was the sealed chamber. The ozone-air mixture
with the desired ozone concentration was pumped
through the chamber. The volume of the chamber was
1.2 liter. The ability to apply only static load to the tire
sample was in this chamber.

EXPERIMENTAL RESULTS

Rubber cracking under ozone-mechanical impact is
a complicated physical and chemical phenomenon, in
which the ozone initiates the rubber bonds breaking and
if simultaneously tensile load is applied to rubber the
broken bonds can not be bonded again. This results in
crack formation. The cracks are developed while there
is ozone and applied tensile load prevents the reverse
bonding of the broken rubber bonds after oxidation by
ozone of the double bonds with sulfur. Thus, the ozone-
mechanical impact on the tire results in disintegration of
tire structure and the crumbling of crumb rubber from
the metal and textile carcass of a tire. The rate of tire
disintegration or percentage of the crumb rubber output
(a) can be determined as the ration of quantity of the
obtained crumb rubber to the total weight of rubber in
the tire. Usually the average amount of rubber makes
65...70% of the used tire weight, i.e. at the rate of disin-
tegration 100% it can be obtained the different fractions
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of crumb rubber with the total weight of 65...70% from
the initial weight of the tire. Residuals after treatment
are the composite mix from a bead ring, textile and met-
al cord.

The researches on depending of rate of tire samples
disintegration under the ozone-mechanical impact with
different ozone concentration in gas mixture at the inlet
into the experimental chamber were conducted. The
following experimental parameters of gas mixture were
used: gas flowrate — 0.2 m*h, ozone concentration at
the inlet of the chamber was set in range from 1 to
30g/m®. Ozone was generated from the oxygen-
enriched mixture with oxygen concentration of 92%.
The temperature and gas humidity in the experimental
chamber was controlled and kept a constant. The mod-
ule for application the dynamic mechanical impact on
the tire sample was used to provide the periodic recipro-
cating motion within the period of 3 minutes. The me-
chanical load in all experiments was applied in the same
way. The time for tire sample treatment was 2 hours; it
means that mechanical impact applied 40 times during
the treatment.

The maximum ozone concentration in the chamber
depends on the ozone concentration at the inlet in the
chamber and on the kinetics of ozone decomposition at
the surface of chamber construction and tire sample.
The detailed description of this process is presented in
article [5].

The experimental dependence of crumb rubber out-
put on the ozone concentration in the gas mixture at the
constant treatment time is shown on Fig. 5.
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Fig. 5. Dependence of the rate of the tire disintegration
on the ozone concentration at the constant treatment
time of 2 hours

The results at Fig. 5 show that the crumb rubber out-
put grows practically linearly with the growth of ozone
concentration in the gas mixture. After exceeding the
ozone concentration 20 g/m?, the rate of disintegration
slightly slows down due to the increasing of the ozone
decomposition rate on both the structural parts of the
working chamber and on the tire sample.

The dependence of the crumb rubber output on the
treatment time at the constant ozone concentration
(20 g/m®) is shown on Fig. 6.
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Fig. 6. The rate of tire sample disintegration vs
the time of treatment. Ozone concentration is 20 g/m°
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The experimental data at Fig. 6 show that at the con-
stant ozone concentration 20 g/m® if the treatment time
for the tire sample is increased, the rate of rubber disin-
tegration also is increased. At the beginning stage of
treatment (under experimental conditions it is 2 hours),
the rate of disintegration grows linear, and then the rate
of the rubber disintegration decreases. A conclusion can
be made, that the tire treatment time should be matched
with the desired rate of tire disintegration and a specific
power consumption to produce a crumb rubber.

Next the influence of temperature on the rate of rub-
ber disintegration was studied. The experiments were
carried out under the constant ozone concentration at the
inlet in the chamber of 20 g/m® and constant relative
humidity of gas in the chamber of 25%. Time of treat-
ment is 2 hours. The experimental data are presented in
table below.

Ne 1Os], Time Temperature | Rate of rubber
- disintegration
sip | am? 1 T, .
hours c %
1. 20 2 25 62
v 20 2 35 74
3. 20 2 45 67
4. 20 2 55 65

The maximal rate of the tire sample disintegration
was achieved for a temperature in the working chamber
of 35°C. The subsequent increasing of temperature in
the working chamber results in the decreasing the rate
of the rubber disintegration due to acceleration of ozone
decay in the gas mixture. Under temperature below
35°C the rubber disintegration in the ozone-dynamic
method is running slowly.

The influence of gas humidity in the working cham-
ber was also studied. The humidity (and the moisture
content, correspondingly) was changed at the controlled
temperature by injection of the required quantity of wa-
ter steam to the working volume of the chamber. Hu-
midity was measured by the humidity meter IVTM-7.

The experimental results on the influence of humidi-
ty on the rate of rubber disintegration at the constant
temperature of 25°C and ozone concentration of 20 g/m®
are presented in Fig. 7. Time of treatment is 2 hours.
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Fig. 7. Dependence of the crumb rubber output
on humidity of gas in the chamber. Temperature
is 25°Cand ozone concentration is 20 g/m®.
Time of treatment is 2 hours

The presented experimental data show that as the
moisture content grows in the working chamber, the
output of crumb rubber from the tire sample decreases.
It is explained by two effects. First, the increase of
moisture content in the working chamber results in the
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formation of water film on the surface of tire which pre-
vents ozone penetration to the internal layer of the tire.
Second, the increase of water content in gas of the
working chamber results in the increase the rate of
ozone decomposition because the water molecules are
an additional channel for reaction with ozone.

The activating chemical admixtures also can make
the influence on rate of rubber disintegration. To study
the rate of rubber disintegration for the tire samples de-
pending on the level of chemical substances in gas of
the working chamber, the only chemically pure sub-
stances were used, so that the presence of admixtures of
other substances did not change the process dynamics.
The solvents of benzol group (from benzol to isooctane)
and ethyl acetate (containing oxide group) were selected
as activating chemical substances. The concentration of
chemical substances in the volume was 5 ml/l.

The histogram showing the change in the crumb
rubber output for different activating chemical sub-
stances in the gas of the working chamber at the con-
stant temperature of 25 °C and ozone concentration of
20 g/m? is presented in Fig. 8. Time of treatment is 2
hours.
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Fig. 8. The crumb rubber output for the different acti-
vating chemical substances in the working chamber.
Temperature is 25°C and ozone concentration is
20 g/m®. Time of treatment is 2 hours

The experimental results show that the input of hy-
drocarbons to the working volume of the chamber al-
lows increasing the crumb rubber output due to the ini-
tial softening of the tire surface that provides more ef-
fective penetration of ozone into the internal layers of
rubber. Within the range of chemical substances from
benzol (CgHe) to isooctane (CgHasg), their oxidizing pow-
er decreases, that results in reduction of ozone losses for
the reaction of oxidation with these substances. Ethyl
acetate (CH3-COO-CH,-CHs), as the chemical sub-
stance, contains an oxide group that decreases the rate
of reaction for interaction with ozone and not only con-
tributes to the softening of rubber surface, but also al-
lows ethyl acetate to be the oxidant simultaneously with
ozone.

To control the process of rubber disintegration, the
experimental research on the dependence of time when
the stages of disintegration appear on different factors
were carried out. Using photo and video registration
allowed specifying the characteristic stages of rubber
disintegration process. The rubber crack formation un-
der the influence of ozone is caused by oxidation of
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sulphur which is a vulcanizate. The development of
cracks under given ozone concentration is taken place
due to the mechanical load applying to rubber body to
prevent the reverse bonding of the active bonds of pol-
ymeric molecules. Due to video registration it was de-
termined that the tire disintegration process can be di-
vided into 6 stages, presented in Fig. 9: 1 — formation of
small cracks, 2 — junction of small cracks, 3 — appear-
ance of big cracks, 4 — crumbling of the first crumb rub-
ber, 5 — junction of big cracks, 6 — propagation the big
cracks to the cord.

. 5. Junction
of big cracks  the big cracks
to the cord

1.Formation 2. Junction 3. Appearance 4. Crumbling
of small of small of blg cracks  of the first
cracks cracks crumb rubber

6. Propagation

Fig. 9. Stages of tire disintegration

In accordance with the experimental results, the de-
pendence of time for different rubber disintegration
stages on ozone concentration in the chamber with the
linear scale for y-axes was built (Fig. 10). The experi-
ments were carried out with ozone concentrations in the
gas mixture of 1, 5, 10, 20 and 30 g/m®.
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Fig. 10. The dependence of time for tire disintegration
stages on ozone concentration in the chamber

In accordance with the equation presented below, the
approximating lines are calculated and presented in the
graphs with the logarithmic scale for y-axes (Fig. 11).
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Fig. 11. The dependence of time for tire disintegration
stages on ozone concentration in the chamber
with the logarithmic scale for y-axes

T([Os]): Ty x K x exp(—ﬂ X [03])'
where T, — time of the beginning of the disintegration
stage of starts at the minimum ozone concentration;
K - constant depending on the stage of disintegration;
B — angle of approximating line slope; [O;] — ozone
concentration in mixture.

The experimental data show that in the logarithmic
scale the change of time for the rubber destruction stag-
es in the experimental chamber is almost straight within
a very wide range of ozone concentration change, that
corresponds to the exponential character of dependence
of time for the stages on ozone concentration.

CONCLUSIONS

The following conclusions can be made:

As a result of the fulfilled extensive research on the
influence of different factors on disintegration of tire
samples by the ozone-dynamic method, the dependence
of disintegration rate on the time of treatment, tempera-
ture and humidity of gas in the chamber, ozone concen-
tration and pactivating chemical reagents in the working
gas is determined. This allows increasing efficiency of
the tire disintegration at 30%. The dependence of time
for the beginning of rubber disintegration stages on
ozone concentration in the chamber was determined.
This allows optimization of the rubber disintegration
process and gives the mechanism to control the process.
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YCOBEPIIEHCTBOBAHHUE O30HO-TMHAMUYECKOM TEXHOJIOI'MA IEPEPABOTKH
PE3MHOTEXHUYECKHUX U3JEJIUN

B.U. I'onoma, I'.B. Tapan, A.A. 3amypues

[IpuBeneHs! pe3ynbTaThl HCCIIEI0OBAHUN BIMSHHS PA3TUIHBIX (PAKTOPOB HA JE3MHTETPAIHIO PE3MHOTEXHIUECKIX
M3 030HO-THHAMHYECKIM MeTo oM. OTpeiene s 3aBUCUMOCTH CTENICHH JIe3MHTErpali OT BPEMEHHU BO3/IEH-
CTBUSI, TEMIIEPATypPHl U BIQXKHOCTH Ta3a B KaMepe, KOHIIEHTPAIMH O030HA W HAJMYUS XUMHUECKUX PEarcHTOB B CO-
craBe pabouero rasza. 9T0 MO3BOJIMIO MOBBICUTH 3((HEKTUBHOCTH TpoIiecca MepepaboTKH Pe3MHOTEXHUYCCKUX H3-
nenuit moutu Ha 30%. OmnpeneneHa 3aBUCMMOCTh BPEMEHHM Hauaia HACTYIUICHHS DTaIlloOB JE3WHTETpallid Pe3uHO-
TEXHUUECKHUX U3JIENHUIA OT KOHIIEHTPAIIMU 030Ha B KaMepe. DTO MO3BOIUT ONTUMH3UPOBATH MPOLIECC AC3UHTETPaIluU
PE3HHBI U JaCT BO3MOXHOCTh YIPABJISATH MPOIIECCOM.

YJIOCKOHAJIEHHA O30HO-TMHAMIYHOI TEXHOJIOT'TI MIEPEPOBKHU I'YMOTEXHIYHUX
BHUPOBIB

B.I. I'onoma, I'.B. Tapan, O.0. 3amypice

[IpuBeneHo pe3yapTaTH JOCHTIHKEHb BIUIMBY PI3HUX YHHHHUKIB Ha AE3MHTETPAII0 TYMOTEXHIYHUX BHPOOIB 030-
HO-JMHAMIYHUM METOIOM. BH3HaueHa 3aleXHICTh CTYIEHs Je3HHTerpalii BiJ yacy Aii, TeMIepaTypu Ta BOJOTOCTI
ra3y B Kamepi, KOHIICHTpaIlii 030HY i HaIBHOCTI XIMIYHHUX PEarcHTiB y cKiani pododoro rasy. Lle mo3Bommio mif-
BUIIUTH €()EeKTHBHICTH MpOIECy NepepoOKH TyMOTEXHIYHIX BHPoOiB Maibke Ha 30%. BusHaueHa 3anexHicTh gacy
MOYaTKy HACTaHHS €TaIliB Je3MHTerpallii F'yMOTeXHIYHUX BUPOOIB BiJl KOHIEHTpalii 030Hy B kKamepi. Lle n03Bonuth
OINTHMI3YBaTH MPOIEC IE3UHTETPALI] I'YMH 1 JaCTh MOXKJIMBICTD YIPABIISATH MPOLIECOM.
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