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Abstract. The aim of the present work is to study the processes of oxidative destruction of waste 
vulcanizates (flakes) with nitric acid. The composition of the particles of the main reaction product 
was determined (oxidized vulcanized). The IR spectra of hexane and acetone extracts of the oxidized 
vulcanizates are also presented. It was found that the rubber component of the vulcanizates undergoes 
deep structural changes leading to the formation of products characterized by chemical heterogeneity. 
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Аннотация. Целью данной работы является изучение процессов окислительной деструкции 
устаревших вулканизатов азотной кислотой. Определен состав частиц основного продукта 
реакции (окисленный вулканизат). Также представлены ИК-спектры гексанового и ацетонового 
экстракта из окисленного вулканизата. Было обнаружено, что каучуковый компонент 
вулканизатов терпит глубокие структурные изменения, приводящие к получению продуктов, 
характеризующихся химической неоднородностью.
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Introduction

The ability of a macromolecule to take part in various reactions (chemical, electro- and 
photochemical, mechanical, thermal) facilitated the development of a number of research directions 
related to their application. One of these directions is the no-waste chemical technology with further 
recovery, modification or utilization to different extents the polymers after their initial use. In this 
respect, one method for utilization of the waste polymers is the preparation of new products from them 
by their interaction with nitric acid [1–3]. 

It has been found that nitrating, oxidative and destructive processes occur by the interaction of 
polymers with nitric acid which, depending on reaction conditions, produce polyfunctional products 
(PFP) and low molecular weight compounds (LMWC) with different yields [4–6].

In all cases of interaction of vulcanizate with nitric acid, the main product obtained is oxidized 
vulcanizate which is a mixture of polyfunctional organic products and technical charcoal (carbon 
black). The low molecular weight organic acids remain in the nitric acid solution and can be extracted 
from there at yields about 10% [7–11].

Experimental

The aim of the present work is to obtain information about the oxidation-reduction processes by 
studying the dispersion composition of the oxidized vulcanizates (OV). 

It can be assumed that the relative decrease of the particle size during the interaction results 
from the destructive processes taking place while their agglomeration – to the structuring processes. 
The studies of these two processes was carried out indirectly by varying the mass of the equal sized 
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particles, the two fractions of OV obtained by interaction of nitric acid with three frations of flakes 
from waste automobile tyres. 

Fig. 1 shows the mass of the three summary OV fractions depending on the duration of the 
interaction. It can be seen from the figure that the masses of all the three fractions continuously 
decreased as a result of the destructive processes taking place which give low molecular weight 
products. 

Fig. 2 shows three fractions of oxidized vulcanizate obtained by oxidizing initial fraction of flakes 
sized 0.80–0.63 mm depending on the duration of the oxidation. Curve 1 in the figure illustrates the 
total reduction of the mass of OV fraction up to 0.80 mm, curve 2 – OV fraction with particle size 
0.80–0.63 mm and curve 3 – OV fraction with particle size smaller than 0.63 mm. As can be seen from 
Fig. 2, as early as the first 5 min the amount of fraction 0.80–0.63 mm decreased from 100% to 27%. 
At the same time, the amount of the fraction with particle size smaller than 0.63 mm increased from 
0% to 53%. During the next 30 min, the amount of fraction 0.80–0.63 mm (curve 2) sharply increased 

Fig. 1. Amount of oxidized vulcanizate (OV) depending on the oxidation duration of waste tyre flakes at ratio 1:40 
mass parts and temperature 60 °C. Curve 1 – fraction 0.80–0.63 mm; Curve 2 – fraction 0.50–0.40 mm; Curve 
3 – fraction 0.40–0. 25 mm

Fig. 2. Change of the dispersion composition of OV obtained after the interaction between OV flakes with nitric 
acid depending on the interaction duration. Curve 1 – OV fraction with size 1.00 – 0.80 mm; Curve 2 – OV frac-
tion with size 0.80–0.63 mm; Curve 3 – OV fraction with size smaller than 0.63 mm
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while the fraction with particle size smaller than 0.63 mm decreased. Based on these results, it can be 
assumed that during the first 5 min of interaction between the flakes and the nitric acid, the destructive 
processes predominate over the others which results in strong breakdown of the particles. Later on 
within 30 min the structuring processes begin to prevail and as a result the broken down particles 
obtain higher reaction area and agglomerate. For this reason, the fraction with particle size smaller 
than 0.63 mm decreased (curve 3) at the expense of fraction 0.80–0.63 mm (curve 2) which increased.

It should be noted that the initial decrease of fraction 0.80–0.63 mm during the first 5 min was 
due not only to the predominant destructive processes but also to the structuring processes which 
were weaker. They are manifested by the agglomeration of fraction 0.80–0.63 mm (curve 1). During 
the consequent 30 in, this fraction decreased because of the breaking down of th aggregates and it 
transforms into fraction 0.80–0.63 mm.

At higher periods of interaction between the flakes and the nitric acid, the shapes of curves 2 and 
3 drastically changed. The mass of fraction 0.80–0.63 mm sharply decreased (curve 2) while the frac-
tion with particle size smaller than 0.63 mm sharply increased its mass. It can be assumed that internal 
volume interaction takes place in the aggregates forming fraction 0.80–0.63 mm after 30 min, i.e. the 
destructive processes occur not only on aggregates’ surface but also within them. As a result, new sec-
ondary breakdown takes place. Up to 120 min of the interaction between the flakes and the nitric acid, 
the fraction 0.80–0.63 mm (curve 2) and the fraction with particle size smaller than 0.63 mm (curve 3) 
did not change their mass.

Fig. 3 presents three fractions of oxidized vulvanizate obtained by interaction of fraction of flakes 
with particle size 0.50–0.40 mm with nitric acid depending on the interaction duration. The fractions 
had sizes up to 0.50 mm (curve 1), 0.50–0.40 mm (curve 2) and smaller than 0.40 mm (curve 3). It 
can be seen from the figure that the curves illustrating the change of the masses of the corresponding 
fractions have shapes similar to that shown in Fig. 2. Similarly, during the first 5 min of the interaction 
the mass of OV with particle size 0.50–0.40 mm decreased from 100% to 14%. The masses of the 
fractions with particle size up to 0.50 mm and smaller than 0.40 mm was 50% andи 30%, respectively.
Curve 3 (Fig. 3) describing the destructive processes indicates that until 15th minute of the interaction it 

Fig. 3. Change of the dispersion composition of OV obtained by interaction between flakes and nitric acid (frac-
tion 0.50–0.40 mm) depending on the duration of the interaction. Curve 1 – OV fraction with size 0.80 – 0.50 mm; 
Curve 2 – OV fraction with size 0.50–0.40 mm; Curve 3 – OV fraction with particle size smaller than 0.40 mm



– 211 –

Journal of  Siberian Federal University.  Engineering & Technologies 2021 14(2): 207-214

slowed down while the structuring processes (curves 1 and 2) became stronger. The particles with sizes 
smaller than 0.40 mm agglomerate thus entering the fraction with size 0.50–0.40 mm which, in turn, 
agglomerate into bigger aggregates (the mass of the fraction with size smaller than 0.50 mm increases). 
It means that until that moment, the structuring process prevailing over the destructive ones. By the 
further interaction until 30th minute, the mass of the fraction with particle size smaller than 0.50 mm 
decreased at the expense of the increasing masses of the fractions with particle sizes 0.50–0.40 mm and 
smaller than 0.40 mm. These results indicate that the destructive process prevails over the structuring 
one. After 30 min of interaction, the destructive process which results in breakdown of the aggregates 
enhanced to significantly higher extent – the mass of the particles with sizes smaller than 0.40 mm 
increased to reach 60%. Simultaneously, the masses of the particles sized smaller than 0.50 mm and 
0.50–0.40 mm decreased to about 15% during the consequent 120 min of the interaction. 

The results obtained by sieve analysis of the oxidized vulcanizate obtained by interaction of 
fraction of flake with particle size 0.40–0.25 mm with nitric acid are presented in Fig. 4. As can be 
seen from the figure, the structuring process is the dominant one during the first 30 min. Curve 1 in the 
figure which illustrates the particles agglomeration is increasing. Simultaneously, curve 2 which shows 
the mass of the fractions of OV with particle size 0.40–0.25 mm is constantly decreasing. In this period 
of time and under these conditions, the destructive process is weaker (curve 3). At longer interaction 
periods o 60 min, agglomerate breakdown became the dominant process. The mass of the fraction with 
particle size higher than 0.40 mm decreased (curve 1) while that of fraction 0.40–0.25 mm increased 
(curve 2). At the same time, a small increase of the mass of with particle size smaller than 0.25 mm 
was observed (up to 20%, curve 3) which indicates that the destruction of the agglomerates results in 
formation of even smaller particles. By the interaction of the flakes with nitric acid from 60 to 120 min, 
no significant change of the curves‘ shape was observed. 

Summarizing the results presented in Fig. 2–4, it can be seen that the intensity of the destructive 
and structuring processes strongly depends on the fraction composition of the initial components. For 
flakes of fraction 0.80–0.63 mm, the destructive process is the dominant one during the first period of 
interaction with nitric acid but its intensity gradually decreased while the structuring process became 

Fig. 4. Change of the dispersion composition of OV obtained by interaction of flakes with nitric acid (fraction 
0.40–0.25 mm) depending on the duration of the interaction. Curve 1 – OV fraction with size 0.63 – 0.40 mm; 
Curve 2 – OV fraction with size 0.40–0.25 mm; Curve 3 – OV fraction with size smaller than 0.25 mm
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more intense. For flakes of fraction 0.40–0.25 mm which are characterized by significantly higher 
surface area at the initial moments of its interaction with nitric acid, the structuring processes are 
definitely the dominant ones which gradually decrease by intensity but anyway remain dominant until 
the end of the reaction time (120 min). After 60 min of interaction, the percent part of the three OV 
fractions (Fig. 2–4) remained the same. 

The results obtained from the extraction of individual fractions of OV with acetone and hexane 
indicated that the rubber component in the vulcanizate had undergone deep structural changes which 
lead to the formation of polyfunctional products.

Fig. 5 sows the spectra of hexane and acetone extracts of OV with particle size up to 0.80 mm obtained 
from initial flakes of fraction 0.80–0.63 mm. In both spectra, the functional groups characteristic for 

these products are present: carbonyl group 1750 сm-1, nitrate-ester group at 1630 сm-1, antisymmetric 
and symmetric valent vibration of the nitro group at 1540 сm-1 and 1380 сm-1.

It is interesting to note that in the spectrum of the acetone extract (spectrum 2) the maximum of 
the absorption corresponding to the nitro group had intensity higher than that corresponding to the 
carbonyl group. In the spectrum of the hexane extract (spectrum 1), the ratio of the intensities of these 
two bands was the opposite. It means that the hexane extract was obtained from a product which was 
at earlier stage of the oxidative destruction of the rubber component.

Fig. 5
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Conclusion

1. The following conclusions can be made on the basis of the results obtained.
2. The interaction between nitric acid and flakes of waste tyres characterized by relatively 

monodispersed nature leads to the formation of oxidized vulcanizate (OV) with polydispersed 
granulometric composition. 

3. It was proved that the polydispersed composition of the oxidized vulcanizate is a result 
of simultaneous processes of destruction and structuring. The dominance of one process over 
the other strongly depends on the contact surface of the particles, temperature and the amount of 
oxidizer.

4. The rubber component of the vulcanizates undergoes deep structural changes leading to the 
formation of products characterized by chemical heterogeneity. 
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