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Исследована возможность использования квазиаморфного полититаната калия 

(ПТК) в качестве нового типа катализатора деструкции полимерных материалов на при-

мере полистирола (ПС). Термическую и термокаталитическую деструкцию полистирола 

проводили при 450 °С в реакторе оригинальной конструкции, предусматривающем кре-

кинг полимеров в изотермических условиях и продувку инертным газом (азот), разделение 

и накопление жидких и газообразных продуктов. Установлено, что введение порошка 

ПТК в расплав полистирола в количестве 10 масс.% обеспечивает увеличение выхода по-

лезных продуктов крекинга (газообразные и жидкие углеводороды) на 15,5 масс.%. При 

этом выход жидких углеводородов увеличивается на 13,6 масс.%, а газообразных углеводо-

родов на 1,9 масс.%.  Показано, что, в сопоставлении с термическим крекингом, введение 

в состав полимера 10% добавки ПТК увеличивает количество жидкого продукта (от 56,4 

до 70,0 масс.%) и газообразного продукта (от 17,2 до 19,1 масс.%), а количество неразло-

жившегося остатка снижается от 26,4 до 10,9 масс.%. Выявлено, что химический состав 

продуктов термической и термокаталитической деструкции полистирола значительно 

отличается. При этом в составе дистиллята продуктов термической деструкции пре-

обладают ароматические углеводороды, около 80% которых составляют бензол и толуол. 

В продуктах термокаталитической деструкции в составе дистиллята содержится на 

6,9% меньше соединений ароматического ряда и на 16,1 % увеличивается выход соедине-

ний ненасыщенного ряда (олефинов). Газообразный продукт термического крекинга обо-

гащен этиленом и изобутиленом, и в его составе отсутствуют предельные углеводороды, 

а в газообразном продукте, полученном в результате термокаталитической деструкции, 

присутствует изобутан, при этом увеличивается выход этилена - на 5,4 масс.%, пропи-

лена – на 10,5 масс.% и изобутилена – на 8,2 масс.%. Обсуждается механизм каталити-

ческого действия ПТК. 
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крекинг 
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The thermocatalytic destruction of polystyrene under the action of quasi-amorphous potas-
sium polytitanate (PPT), used as a new catalyst of the organic polymers destruction, has been stud-
ied. Thermal and thermocatalytic destruction of polystyrene was carried out at 450 °C in a reactor 
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of an original design, which provides cracking of polymers under isothermal conditions and purg-
ing with an inert gas (nitrogen), as well as separation and accumulation of liquid and gaseous 
products. It has been established that the introduction of PPT powder into the polystyrene melt in 
an amount of 10 wt.% provides an increase in the yield of useful cracking products (gaseous and 
liquid hydrocarbons) by 15.5 wt.%. The yield of liquid hydrocarbons increases by 13.6 wt.%, and 
gaseous hydrocarbons by 1.9 wt.%. It is shown that, in comparison with the thermal cracking, an 
introduction of the PPT powder (10 wt.%} in the molten polymer increases the amount of liquid 
product (from 56.4 to 70.0 wt.%) and gaseous product (from 17.2 to 19.1 wt.%), whereas, the 
amount of undecomposed residue is reduced from 26.4 to 10.9 wt.%. It is found that a chemical 
composition of the products of the thermal and thermo-catalytic destruction of polystyrene differ 
significantly. Although aromatic hydrocarbons predominate in the composition of the distillate of 
the thermal destruction (about 80% of which are benzene and toluene), liquid products of the 
thermo-catalytic destruction contain 6.9% less aromatic compounds as well as a yield of olefins 
increases by 16.1%. The gaseous product of the thermal cracking is enriched with ethylene and 
isobutylene, and does not contain alkanes, while iso-butane appeares in the gaseous product of the 
thermocatalytic destruction and a yield of ethylene increases by 5.4 wt.%, propylene - by 10.5 wt.% 
and isobutylene - by 8.2 wt.%. A mechanism of the catalytic action of PPT is discussed. 

Key words: potassium polytitanates, polystyrene, thermal degradation, catalytic cracking, cracking 
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INTRODUCTION 

Currently, there is an increase in the produc-

tion of polymers all around the world. Each year more 

than 150 million tons of plastics are consumed in in-

dustry [1]. At the same time, the consumption of plas-

tics for household needs has increased up to 1 t/year 

per person. That is why, the problem of recycling and 

reuse of polymer wastes intensifies every year taking 

into account that the industrial synthetic polymers are 

very stable materials and do not decompose in the en-

vironment for centuries. 

Traditional methods of polymer utilization 

such as waste disposal, incineration and pyrolysis, 

have a lot of drawbacks (high energy costs, inability to 

obtain valuable products, etc.) and, consequently, low 

economic efficiency [2-4]. That is why, recycling of 

polymers is the most important direction of resource 

saving. Since non-renewable hydrocarbon raw materi-

als are used for the production of polymers, chemical 

processing of polymer wastes is looking as a very 

promising direction because allows obtaining fuels 

and/or petrochemical products [5]. 
Catalytic cracking has shown high efficiency 

among the alternative methods of polymer waste recy-
cling. Thermo-catalytic degradation is the reactions of 
cleavage of plastic waste in the range of 400-500 °C in 
a presence of heterogeneous catalysts and provides 

producing some useful liquid and gaseous hydrocarbon 
products [6, 7]. This process is characterized by short 
reaction time, high concentration of distillates contain-
ing short and medium chains, and has relatively low 
yield of solid products. The traditional heterogeneous 
catalysts of the thermal decomposition of hydrocar-
bons (aluminosilicates, aluminum oxides and various 
zeolites) are the materials with Lewis acid centers in 
their structure [8-12].  

At the same time, although zeolite catalysts 
can effectively convert plastic waste into fuel products 
at lower temperatures, they produce more gaseous than 
liquid products [13-20]. Furthermore, these catalysts 
are very expensive and are characterized with exces-
sive coke formation on their surface [12, 18-25].  

 Thus, R&D activity on development of new 
low cost and high effective catalysts supporting ther-
mal degradation of different polymer wastes seems to 
be an urgent task. Taking into account that polystyrene 
makes up a significant percentage of the total amount 
of polymer wastes (5-7%), the above mentioned prob-
lem is especially important for the treatment of this 
kind of macromolecular compound. 

It is known, that the protonated forms of dif-
ferent titanates are demonstrated to function as a highly 
active solid Lewis acid catalyst even near room tem-
perature. The high catalytic activity can be attributed 
to the unique structure, which contains both Brønsted 
and Lewis acid sites [26, 27]. The hydrothermal treat-
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ment of TiO2 with alkali solution and subsequent acid-
ification significantly increases its BET surface area 
and the amount of acid sites on the surface of catalyst. 
At the same time, it was shown that the titanate cata-
lysts used in the cracking processes were characterized 
with low rate of coke formation [28]. 

Layered quasi-amorphous potassium polyti-
tanates (PPT), synthesized in the molten mixtures of 
the potassium hydroxide and nitrate [29] and charac-
terized with highly distorted defective structure, could 
be considered as potential heterogeneous catalysts for 
the cracking of polymers due to a well-developed in-
ternal surface and a presence of Ti3+ (up to 20 at.% of 
the total titanium), which, altogether with multiple ox-
ygen vacancies, forms free electron orbitals located be-
low the lower border of the conduction zone (Lewis 
acidic centers) [30]. It is also important that PPT has a 
stable structure when heated up to temperatures of 600-
700 °C, which exceed the temperature of the thermal 
cracking of polymers [6, 7]. Furthermore, the PPT syn-
thesis [29] is much more simple and cheap process in 
comparison with the titanate nanutubes and exfoliated 
nanosheets manufacturing [26, 27].   

In this regard, the aim of this research is related 
to the investigation of the catalytic effect of the PPT 
admixtures on the thermal decomposition of polysty-
rene used as a model polymer.  

EXPERIMENTAL PART 

Polystyrene granules from 0.3 mm to 0.5 mm 
in size were used as a raw material for the thermal and 
thermo-catalytic degradation.  

The PPT powder, used as a catalyst, was pro-

duced in accordance with [29] by the thermal treatment 

of TiO2 powder in the molten mixture of KOH and 

KNO3 at 500 °C for 2 h. The used raw material mixture 

contained the components in a weight ratio of 

30:30:40. The obtained potassium polytitanate was 

washed with distilled water to pH = 10.5; dried at 50 °C 

for 8 h and further dispersed in a ball milled to obtain 

a powder having average size of 2 µm.   

Thermal and thermo-catalytic degradation of 

polystyrene was carried out using the laboratory setup 

shown in Figure. 

Granulated polystyrene (25 g) or the mixtures 

of polystyrene granules (25 g) and PPT powder (2.5 g, 

10 wt.%) was introduced into the stain steel reactor and 

heated up to the temperature of the thermal cracking 

(450 C) in the atmosphere of the inert gas (N2, 99.9% 

of purity), which was fed into the reactor with a con-

trolled rate (50 ml/min) and the resulting products were 

discharged through the other tube on top of the reactor. 

The temperature used for the thermal and thermo-cata-

lytic degradation of polystyrene was selected taking 

into account a practice of this process in a presence of 

other known catalysts.  

Before each experiment, the rector was purged 

with nitrogen for 15 min to prevent oxidation pro-

cesses. The heating rate of 10 °C per minute was car-

ried out until the temperature reaches 450 °C. A tem-

perature of the process was monitored by thermocou-

ple (4) during the all cracking process (1 h). 

 

 

 

Fig. Schematic diagram of laboratory setup for thermal and thermocatalytic degradation of polymer materials. 1 - cylinder with inert 

gas; 2 - flow meter; 3 - reactor with raw materials; 4 - thermocouple; 5 - water cooler; 6 - trap-receiver; 7 - manometer; 8 - two-way 

cocks; 9 - gas meter; 10 - reservoir for displaced sodium chloride solution 

Рис. Схема лабораторной установки термической и термокаталитической деструкции полимерных материалов. 1 – баллон с 

инертным газом; 2 – расходомер; 3 – реактор с сырьём; 4 – термопара; 5 – водяной холодильник; 6 – ловушка-приёмник; 7 – мано-

метр; 8 – двухходовые краны; 9 – газометр; 10 – емкость для вытесненного газом раствора хлорида натрия 

 

The products leaving the top of the reactor 

passed through the reverse water cooler (5). After the 

reflux condenser the vapor-liquid mixture was sent to 

the receiver (6), where the liquid products were accu-

mulated. The gaseous products were collected in the 

gas-meter (9).   

The chemical composition of the gaseous and 
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liquid products of the thermal and thermo-catalytic 

cracking were investigated by gas-liquid chromatog-

raphy (chromatograph "Crystal-5000") using the chro-

matographic columns filled with Porapak N sorbents. 

RESULTS AND DISCUSSION 

In accordance with the chromatographic data 

the thermal and thermo-catalytic cracking of polysty-

rene promoted obtaining: a liquid product in an amount 

of 56.4 and 70.0 wt. %; gaseous product in an amount 

of 17.2 and 19.1 wt. % and an undecomposed residue 

of 26.4 and 10.9 wt. %, respectively.  

The complete compositions of the distillate 

products of the thermal and thermo-catalytic degrada-

tion of polystyrene, are reported in Table 1. 

The obtained results allow us to note that the 

distillate product of the thermal destruction of polysty-

rene has a multicomponent composition with the pre-

dominance of aromatic hydrocarbons. About 80% of 

which are benzene and toluene. The data obtained cor-

respond to the literature data [2, 26, 31, 32]. 

 
Table 1 

Composition of the liquid products of the thermal and 

thermo-catalytic cracking of polystyrene 

Таблица 1. Состав жидких продуктов термической и 

термокаталитической деструкции полистирола 

Group of products 

Content, wt.% 

Thermal 

destruction 

Thermo-catalytic 

destruction 

Alkenes 7.3 23.4 

Cycloalkanes 7.0 0.4 

Alkanes 3.0 1.4 

Aromatics 79.4 72.5 

Heterocyclic 

compounds 
2.1 1.3 

Ketones 1.1 1.1 

 

Based on the data reported in Table 1, we can 

note that, in comparison with the thermal destruction, 

a presence of PPT in the thermo-catalytic process pro-

vided obtaining 6.9% less aromatic compounds and 

16,1% more olefins. 

These features of the catalytic cracking could 

be explained with the following proposed mechanism. 

At the first stage of both thermal and thermo-catalytic 

destruction, the polystyrene carbon chains break with 

the formation of high-molecular free radicals 

[-CH(C6H5)-CH2-CH(C6H5)-|-CH2-CH(C6H5)-

CH2-CH(C6H5)-] = -CH(C6H5)-CH2-CH(C6H5)• +  

+ •CH2-CH(C6H5)-CH2-CH(C6H5)-  

Taking into account breaking energy of the 

chemical bonds in the individual hydrocarbons for 

E{C-C6H5} = 345-370 kJ/mol and E{H2C-C(C6H5)} =  

= 300-310 kJ/mol [33], the following decomposition of 

the above mentioned high-molecular free radicals in 

the homogeneous conditions promotes obtaining, pre-

dominantly, styrene and another high-molecular free 

radical with more brief carbon chain 

-CH2-CH2(C6H5)-CH2-CH(C6H5)• = 

= -CH2-CH(C6H5)• + CH2=CH(C6H5) 

-CH(C6H5)-CH2-CH(C6H5)-CH2• = 

= -CH(C6H5)-CH2•  + CH(C6H5)=CH2. 

However, in a presence of the PPT particles, 

high-molecular free radicals, formed onto the surface 

of the catalyst as a result of the thermal decomposition 

of the adsorbed molecules of polystyrene, or appeared 

in the molten polymer and further adsorbed by this sur-

face, could break down in other way considered below. 

The adsorption of polystyrene and high-molec-

ular free radicals formed and based thereon takes place 

due to a presence of Lewis acidic centers located onto 

the PPT surface. The electron clouds of the benzene 

rings of polystyrene interact with these surface active 

centers (free orbitals of the PPT particles), as a result 

there is redistribution of the electron density in the 

structure of the adsorbed high-molecular free radicals, 

breaking energy of the {C-C6H5} chemical bonds re-

duces and the subsequent thermal decomposition of 

free radicals can proceed as 

 

The benzyl radicals further interact with hy-

drocarbons and form benzene as in the interface (ad-

sorbed) as in the melt (after desorption); whereas a 

molecule of the alkene, depending its molecular 

weight, can participate in the following stages of the 

chain decomposition process, forming lower-molecu-

lar-weight olefins and dienes, or, after desorption, 

evaporate as a product condensed in the distillate.  

This mechanism explains a significant increase 

in the yield of unsaturated products, primarily olefins 

and dienes, in the catalytic decomposition of polysty-

rene and is also confirmed by chemical composition of 

the gaseous product presented in Table 2. 

If the gaseous product obtained as a result of 

the thermal destruction of polystyrene is mainly en-

riched with ethylene and isobutane, and does not con-

tain saturated hydrocarbons, similar to the data pub-

lished earlier [3], such product generated by the 

thermo-catalytic degradation in a presence of PPT, is 

enriched in various olefins and depleted in butane. The 

yield of ethylene increased by 5.4 wt.%, propylene – 

by 10.5 wt.% and butene – by 8.2 wt.%. At the same 
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time, an amount of isobutane and n-butane has de-

creased by 24,6 wt.%. 

The influence of the PPT catalyst on the chem-

ical composition of the thermal cracking of polystyrene 

is important due to increased producing the olefins 

which represent valuable raw materials for the organic 

and petrochemical synthesis. 

 
Table 2 

Compositions of the gaseous products of the thermal 

and thermo-catalytic cracking of polystyrene 

Таблица 2. Составы газообразных продуктов терми-

ческой и термокаталитической деструкции поли-

стирола 

Substance 

Content, wt.% 

Thermal destruction 
Thermocatalytic 

destruction 

C2H4 35.9 41.3 

С2Н6 1.2 1.7 

C3H6 5.4 15.9 

C4H8 4.3 12.5 

n-C4H10 2.4 1.9 

i-C4H10 50.8 26.7 

 

Thus, the proposed mechanism of catalytic ac-

tivity of potassium polytitanate (PPT) in the thermal 

decomposition of polystyrene (PS) is associated with 

the adsorption of high molecular weight hydrocarbon 

radicals formed during its thermal decomposition in 

the melt, which facilitate the breaking of C-C6H5 chem-

ical bonds in the alkyl carbon chains of the polymer 

and stimulates the formation of unsaturated hydrocar-

bons (first of all, liquid and gaseous olefins). As a re-

sult, the products obtained under the action of the PPT 

catalyst are characterized with significantly increased 

(up to 23 wt.%) yield of liquid alkenes, which could be 

considered as a useful secondary product. 

On the other hand, a presence of the catalyst 

ensures complete degradation of polymer chains and 

reduces the amount of solid undecomposed carbonized 

residue. It is important that the investigated catalyst fa-

vored deepen degradation of polystyrene and promotes 

a little bit increased yield of the gaseous products, in 

contrast to natural and synthetic zeolites and oxides 

[3, 34, 35], which do not influence or reduce this pa-

rameter.  

In any case, the potassium polytitante powder 

influences a mechanism of the thermal decomposition 

of polymers, could be considered as a promising cata-

lyst of their cracking process and has to be investigated 

with more details for the thermal decomposition of dif-

ferent high-molecular hadrocarbons.   

CONCLUSION 

Potassium poititanate (PPT) exhibits high cat-

alytic activity in the polystyrene thermal cracking 

process. 

A yield of the liquid hydrocarbons formed un-

der the thermal decomposition of polysterene at 450 C 

in a presence of 10 wt. % the PPT powder increases by 

13,6 wt.%, whereas a quantity of the solid residue of 

the cracking reduces in two times. 

The thermo-catalytic cracking of polystyrene 

in a presence of the PPT powder is characterized with 

a significantly increased yield of olefins: by 16.1 and 

5.4 % wt.% for liquid and gaseous products, respec-

tively.  

The change in the composition of polystyrene 

thermal cracking products in a presence of the PPT 

powder can be explained by the electron density redis-

tribution in the adsorbed high-molecular-weight hy-

drocarbon radicals, which leads to a change in the ratio 

of the probability of their further decomposition in dif-

ferent directions. 
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