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Abstract

The paper studied the effect of conditions of oxidative treatment of comminuted rubber with nitrogen (I) 
oxide (the so-called ketonization) obtained by mechanical grinding of truck and passenger tires on the main cha-
racteristics of the resulting regenerate samples. As established, treatment of comminuted rubber with the initial 
amount of nitrogen (I) oxide of 2 mol for 1 h or 1 mol for 6 h at the process temperature of 230 °С ensured ob-
taining the regenerate with the optimum ratio of oligo- and macromolecules containing statistically distributed 
С=О groups. The reactive oligomeric component formed in the technical synthesis process provides the regene-
rate with the level of rheological properties required for the use in the content of elastomeric compositions. The 
presence of functional groups in the oligomer and polymer components of pilot regenerate samples leads to a 
decrease in the induction period of vulcanisation, which is driven by the acceleration of the formation process of 
a benzthiazolyl radical arising during decomposition of a vulcanisation accelerator and by the involvement of free 
sulphur that enters into regenerate composition into the vulcanisation process. The found character of the influ-
ence of pilot regenerates on structurisation processes of carbon-chain polymers allows carrying out the optimisa-
tion of the content of compositions in which it is planned to use the regenerate, and also adjusting technological 
modes for vulcanisation of rubber mixtures. As demonstrated in the carried out comparative study of strength-
elastic properties of the pilot and industrial regenerate samples, vulcanisates based on trial regenerate samples 
had high conditional tensile strengths at 200 % elongation. The resulting effect of an increase in strength is 
reached due to a more homogeneous distribution of the applied load and realisation of orientational phenomena 
in a low-modulus elastomeric matrix.
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IntroductIon

The proportion of using products of polymer 
materials has been growing consistently with the 
development of modern industry areas, and fields 
of application are constantly being extended. Due 
to a long period of decomposition of polymer 
products and waste, and also the lack of efficient 
technologies for their disposal, the annual growth 
of hard-to-degrade wastes (in particular, waste 
tires and other rubber technical goods (RTG) 
reaches tens of millions of tons [1, 2]. The reuse of 

these wastes to obtain solid products with a high 
extra cost is of considerable interest since proper-
ties of polymer base do not significantly change 
[3]. In this regard, the search for rational and ef-
ficient reuse methods of elastomer-containing 
wastes that assume their complex recycling with 
obtaining a wide range of raw materials and 
semi-finished products is relevant in solving en-
vironmental issues related to the production and 
consumption of polymer products. 

Currently, there are many techniques for the 
regeneration of rubbers that have found applica-
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tions in industry or are under development and 
implementation [4–6]. They are based on the use 
of mechanical, thermomechanical or other im-
pacts on elastomer-containing compositional ma-
terial that lead to the destruction of intra- and 
intermolecular chemical bonds. The resulting 
plastic product i.e. regenerate is able to combine 
with the polymer base of rubber mixtures and to 
covulcanize with it during structuring [2–9].

A new method for regeneration of rubbers 
with various contents that consisted in the treat-
ment of comminuted rubber or large fragments 
of rubber products with nitrogen (I) oxide in or-
ganic solvents at 200–230 °С temperatures and 
3-5 MPa pressures (so-called carboxylation or ke-
tonization method) has been developed in the 
Boreskov Institute of Catalysis, SB RAS (Novosi-
birsk) [10, 11]. A part of double bonds of the car-
bon-chain base of vulcanisate is selectively oxi-
dized during this treatment, and statistically dis-
tributed carbonyl groups are formed in polymer 
chains. A process of ketonization is accompanied 
by partial destruction of a macromolecular mat-
rix on C=C bonds reacting with N

2
O, with the 

result that vulcanisate turns into plastic products. 
The resulting regenerate can be processed using 
technological equipment, and when introducing 
into the composition of elastomer compositions, it 
ensures the improvement of their technological 
and performance characteristics [12].

The goal of the present work is the study of 
treatment conditions of comminuted rubber with 
nitrogen (I) oxide on properties of the resulting 
regenerate samples and compositions therefrom.

ExpErImEntal

Comminuted rubber obtained during mecha-
nical grinding of auto and medium truck tires with 
the following fractional composition: 4 mm and 
over – 2 % of particles from the total mass; 1.25–
4.0 mm – 51 %; 1.25–0.5 mm – 35 %; <0.5 mm – 
12 %. The treatment process of comminuted rub-
ber with N

2
O (a ketonization process) was carried 

out in a high-pressure Parr-reactor with 2000 cm3 
capacity equipped with a manometer and a stir-
rer. The reactor was loaded with 160 g of com-
minuted rubber and 100 mL of benzene (solvent), 
closed, purged with helium to remove air, and 
1–3 mole of N

2
O were introduced. Afterwards, 

the reactor was heated with 6 °C/min rate until 
the reaction temperature of 230 °С, the process 
was carried out for 1–10 h. Reaction pressure 
reached 5 MPa.

On completion of the reaction, the reactor was 
cooled to a temperature of 23 °С. Pilot samples of 

tire regenerate obtained by the ketonization 
method (the symbol is RTR) were isolated from a 
solution by benzene distillation at 50 °C using ro-
tary vacuum evaporator. 

Major varied parameters at the technical syn-
thesis of the regenerate using ketonization are 
reaction time and the ratio of the initial amounts 
of N

2
O and comminuted rubber on the constancy 

of other conditions. 
Industrial regenerates produced by Chekhovo 

regenerate plant JSC (symbol is RSHT-CHRZ) and 
Tamplier-Center JSC (symbol RShT-TTs) were 
used in the work as comparison objects in asses-
sing the quality of trial samples of regenerate.

The destruction degree of the elastomeric base 
of comminuted rubber was assessed by the con-
tent of compounds extracted by organic solvents 
(acetone, chloroform). The maintenance of free 
and bound sulphur in regenerate samples under 
study was defined by the technique recommen-
ded in [13]. 

To assess the regenerate quality a composition 
containing regenerate (110 mass parts), sulphur 
(1.5 mass parts), zinc oxide (2.5 mass parts), and 
2-mercaptobenzothiazole (0.9 mass parts) were 
used. Compositions based on regenerate samples 
under study were prepared using SM 320 160/160 L 
roller mixer. The composition of regenerate com-
positions, the temperature-time mode of their pro-
duction followed by vulcanisation, and also the 
technique for determining the quantitative content 
of extractable substances corresponded to TU 
38.108053–89 “Tire thermomechanical regene-
rate”. Plasticities of regenerate compositions were 
defined by GOST ISO 7323-96 using Wallace plas-
tometer at 70 °C.

Calculations of rheological and vulcanisation 
kinetic characteristics of regenerate compositions 
were defined by GOST 12535–84 based on the 
results obtained when piloting rubber mixtures 
on RCS-5 irrotational vibration rheometer (defor-
mation angle is 3°, the amplitude is 100 min–1) at 
143 °C.

Elastic-strength characteristics of vulcanisates 
were defined in accordance with GOST 270–75. 
Measuring hardness of samples was carried out 
by GOST 263–75.

rEsults and dIscussIon

Two competing processes proceed in the syn-
thesis of the regenerate. They are functionalisa-
tion of macromolecules due to the formation of 
statistically distributed carbonyl groups in their 
composition and partial destruction of macromo-
lecules [14]. 
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Acetone extract of the regenerate comprises 
low-molecular-weight components of elastomeric 
compositions that can be used upon their manu-
facturing, and also oligomeric compounds formed 
during the destruction of the carbon-chain basis 
of a vulcanisate.

Based on the data of Table 1a, the contents of 
acetone extract in the obtained regenerate sam-
ples, and consequently, and oligomeric destruc-
tion products increase with a rise in a synthesis 
time of the regenerate from 1 to 10 h under iden-
tical conditions. The minimum content of sub-
stances extracted with acetone in experimental 
regenerate samples is observed after treatment 
of comminuted rubber for 1 and 3 h (see Fig. 1, a, 
curve 1). A further increase in synthesis time 
contributes to even the more intense formation of 
an oligomeric phase. 

However, with regard to functional signifi-
cance, a more precious component of the regener-
ate is the high-molecular component that is able 
to further structuring during repeated vulcanisa-
tion. Its content in the regenerate depends on the 
content of chloroform extract. With increasing 

synthesis time, the content of chloroform extract 
(and hence, high-molecular fraction) in experi-
mental regenerate samples subjected to prelimi-
nary extraction with acetone passes through a 
maximum which is observed at 3–6 h (see Fig. 1a, 
curve 3). A further increase in the time of rege-
nerate synthesis contributes to intensifying de-
struction process and decreasing the amount of 
extractable high molecular weight compounds, 
which is accompanied by an increase in the num-
ber of oligomeric compounds released by acetone 
(see Fig. 1 a, curve 1). This is evidenced by almost 
unchanged contents of chloroform extract in pilot 
samples of the regenerate synthesized for 6–10 h 
(see Fig. 1 a, curve 2). 

With increasing nitrogen (I) oxide content in 
the reaction mixture used for regenerate synthe-
sis at the constancy of other conditions (160 g of 
comminuted rubber, synthesis time is 6 h, tem-
perature is 230 °С), as a whole, a similar picture 
is observed: the destruction process of carbon-
chain basis of a vulcanisate is intensified, with 
the result that both oligomeric and high-molecu-
lar fractions are formed. Herewith, extreme de-
pendence of the amount of chloroform soluble 
compounds, and consequently, the proportion of 
high molecular weight unstructured fraction on 
the amount of N

2
O in the reaction mixture is ob-

served (see 1 b, curve 3). Obviously, this is related 
to the fact that the high molecular weight frac-
tion, on the one hand, is accumulated resulting 
from the vulcanisate destruction but simultane-
ously consumed during the reaction with N

2
O due 

to its own destruction with oligomer formation. 
Accordingly, the proportion of the oligomeric 
fraction soluble in acetone constantly grows with 
increasing the amount of N

2
O (see Fig. 1 b, curve 1). 

The findings demonstrate that the optimum 
ratio of non-structured oligomeric and high mo-
lecular weight fractions in the regenerate is 
reached only under certain conditions of its syn-
thesis. Considering this, for further more detailed 
studies, two samples of the pilot regenerate were 
selected: a sample with the symbol RSHK-1, ob-
tained by processing of comminuted rubber by 
nitrogen (I) oxide (2 mol) at 230 °C for 1 h, and a 
sample with the symbol RTR-2, obtained under 
similar conditions but using 1 mol of N

2
O at reac-

tion time of 6 h. Selection of precisely these re-
generate samples is driven by the presence in 
their composition of significant amounts of the 
oligomeric phase that ensures an opportunity to 
process compositions, and also high molecular-
weight components that are able to take part in 
the vulcanisation process. All oligomers and poly-
mers extracted from pilot samples of the rege-
nerate are functional compounds, which is con-

Fig. 1. Content of substances extractable with acetone (1) 
chloroform (2) and chloroform after acetone (3) depending on 
the time of synthesis of the regenerate by the ketonization 
method (temperature is 230 °C, 2 moles of N

2
O) (a) and the 

amount of used nitrogen (I) oxide (temperature is 230 °C, 
synthesis time is 6 h) (b).
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firmed by the presence in their IR spectra of ab-
sorption bands in a region of 1710–1740 cm-1 
that correspond to the stretching vibrations of 
С=О groups in carbonyl (ketone and aldehyde) 
groups. 

Analysis of pilot samples of the regenerate 
and industrial RSHT-CHRZ and RShT-TTs re-
generates for sulphur content demonstrated that 
it is present not only as intramolecular sulphide 
bonds (bound sulphur) but also in a free state 
(Fig. 2). This indicates that the regeneration pro-
cess of rubbers by the ketonization method simi-
larly to industrial methods does not lead to comp-
lete devulcanisation of the composite, i.e. the total 
destruction of intermolecular sulphide bonds.

The regenerate quality is defined by the level 
of rheological and elastic-strength properties that 
depend on the degree of destruction of the initial 
vulcanisate and the content of auxiliary compo-
nents.

Considering that technological process of re-
generate production in each enterprise has indi-
vidual peculiarities, the ability of industrial sam-
ples of the regenerate to plastic deformation is 
mainly defined by the type and content of a plas-
ticizing agent introduced into their composition 
[15]. The highest plasticity of RSHT-CHRZ re-
generate, compared to other studied samples 
(Fig. 3) is ensured by the introduction of hydro-
carbon oils into its composition. The use of bitu-
minous plastifiers in the composition of regene-
rate RShT-TTs decreases plasticity by 36 %, com-
pared to RSHT-CHRZ, which complicates the 
reprocessability of this regenerate using techno-
logical equipment, coupled with a low content of 
acetone-soluble compounds (2.2 %). The presence 
of the oligomeric component in pilot samples of 
RSHK-1 and RSHK-2 regenerates in the amount 
of 6.5 and 18 %, respectively, ensures the required 
plasticity of these products of tire processing, and 

consequently, their good reprocessability using 
technological equipment.

Functionalisation of oligomeric and polymeric 
components in pilot samples of RSHK-1 and 
RSHK-2 regenerates defines peculiarities of vul-
canisation characteristics of regenerate composi-
tions based therefrom (Table 1). A relative de-
crease in the induction period is observed in the 
vulcanisation of these compositions, which is 
probably due to the acceleration of the formation 
process of a benzothiazolyl radical arising during 
decomposition of a vulcanisation accelerator and 
involvement of free sulphur that is a part of re-
generate into the vulcanisation process. 

As demonstrated, vulcanisates based on sam-
ples of pilot RSHK-1 and RSHK-2 regenerates on 
the background of a slight decrease in a condi-
tional stress at 200 % elongation have high condi-
tional tensile strengths compared to vulcanisates 
based on industrial RSHT-CHRZ and RShT-TTs 
regenerates (see Table 1). One may assume that 
this effect is related to the lower defectiveness of 
the structure of the resulting vulcanisation grid. 
The homogeneous distribution of the applied load 
accompanied by orientational phenomena in an 
elastomeric matrix ensures dissociation of stress, 
and consequently, high strengths of compositions 
in critical (destructive) deformations. At the same 
time, vulcanisates based on pilot samples of 
RSHK-1 and RSHK-2 regenerates have almost 
identical hardness levels, compared to vulcani-
sates of industrial regenerates (see Table 1).

conclusIons

1. It was found that treatment of comminuted 
rubber with nitrogen (I) oxide with the initial 
amount of N

2
O of 2 mol at 230 °С for 1 h or 1 mol 

for 6 h ensured obtaining the regenerate with the 

Fig. 2. Relative content of free (1) and bound (2) sulphur in 
regenerate samples under study.

Fig. 3. Content of low-molecular-weight compounds (1) in re-
generate samples under study and their plasticity (2).
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optimum ratio of destructured oligo- and mac-
romolecules comprising statistically distributed 
С=О groups.

2. It was determined that samples of pilot re-
generates provided a reclaimed product with levels 
of rheological and vulcanisation properties re-
quired for the use in the composition of elasto-
meric compositions due to the presence of oligo- 
and macromolecules, and also free sulphur.

3. The carried out complex of comparative 
studies for elastic-strength properties of vulcani-
sates based on pilot and industrial regenerate 
samples demonstrated the advantages of tire pro-
cessing products obtained by the ketonization 
method over traditionally used, which allows re-
commending it for use in the manufacture of com-
positions for various purposes.
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TABLE 1

Vulcanisation kinetic and physicomechanical characteristics of regenerate compositions

Indicators Regenerate type

RSHT-CHRZ RShT-TTs RSHK-1 RSHK-2

Minimum torsion moment, N • m 0.21 0.04 0.07 0.07

Maximum torsion moment, N • m 1.21 1.52 1.95 1.56

Structuring degree ΔМ, N • m 1.00 1.48 1.88 1.49

Initial time of vulcanisation, min 2.0 1.3 1.1 1.2

Optimum time of vulcanisation, min 5.7 3.8 4.3 3.8

Vulcanisation rate, min-1 27.3 41.5 30.8 38.9

Conditional stress at 200 % elongation, MPa 4.77 4.78 4.65 4.70

Conditional tensile strength, MPa 7.33 6.60 8.0 7.5

Elongation at break, % 227 245 285 310

Shore hardness A, cu 62 62 64 58


