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Waste crosslinked polyethylene (XLPE) can be a source of valuable hydrocarbons for further use. XLPE 

is widely used material which – unlike polyethylene – is very stable both chemically and mechanically. There-

fore, its waste is difficult to process. A very promising way is slow pyrolysis catalyzed by ruthenium (Ru/Al2O3) 

which allows the conversion of waste into hydrocarbons via degradation of rigid chemical structure of cross-

linked material. High hydrocarbon yields (91–92 wt.%) were achieved by slow pyrolysis without or with cata-

lyst, but significant changes in the composition of resulting gas and oil were found with the Ru/Al₂O₃ catalyst. 

To reveal the possibilities of using this catalyst for processing of XLPE at a relatively lower final temperature 

(max. 480 °C, mostly 450–470 °C), an effect of the catalyst on degradation of XLPE structure and related 

rheological properties of XLPE melt was investigated. It was found that the activation energy of degradation 

decreases significantly in the presence of the catalyst and the degradation is greatly facilitated by Ru/Al2O3 at 

the defect sites of the XLPE structure (the tertiary carbons). By the catalyst, the torque for XLPE melt and the 

its shear viscosity are significantly reduced already at 250 °C. Thus, Ru/Al2O3 catalyst, even in very small 

amounts (1 wt.% Ru), significantly promotes the degradation of XLPE structure and reduces the solid pyrolysis 

residue. This finding greatly facilitates the processing of waste XLPE. The catalytic mechanism of action of Ru 

is outlined and the equations for the XLPE cleavage are given. The main product of processing, pyrolysis oil, 

can be used as a clean heating fuel, or oil for further use, or a source of solvents, liquid and solid hydrocarbons, 

especially paraffin. 
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1. Introduction 

Because of its unique properties and stability, cross-

linked polyethylene (XLPE) is used extensively for the 

manufacture of pressure pipes for the installations of wa-

ter-, chlorinated water- and steam-distribution systems, 

thermal equipment in industrial plants and households, 

and also for underfloor heating. It is also utilized for the 

insulation of electrical conductors [1]. The wide range of 

applications is reflected in the amount of production and 

installation waste to be removed from the environment. 

Unfortunately, the disposal of this waste now consists 

mainly of incineration and landfilling, which are neither 

appropriate nor efficient ways of disposing of this pre-

cious-material waste. Therefore, it must be processed [1], 

preferably into products with a high utility value. 

XLPE has exceptional mechanical properties as well 

as very good chemical and solvent resistance, so, its re-

processing, recycling and modification remain difficult. 

Moreover, waste XLPE is not of technological nature, 

which means that it cannot be returned to the production 

process, because XLPE product quality requirements are 

too high and could not be met if waste XLPE was used as 

feedstock. Due to this, it is necessary to find an appropri-

ate method of processing, which is not only realistic, but 

also provides useful products [2]. Such a method appears 

to be slow pyrolysis at a final temperature below 500 °C 

catalyzed by ruthenium. 

The low-temperature pyrolysis of waste XLPE is 

rarely addressed in available scientific and professional 

journals [3,4,5], which rather focus on the description of 

structure of polymer material and problems of degrada-

tion of virgin polymers, mechanisms of scission of poly-

mer chains and polymer networks [6]. Recently a high-

temperature CO2 assisted gasification of XLPE waste 

with focus on the kinetics and syngas yield and properties 

was investigated [7]. On the other hand, the catalytic 

function of ruthenium has been intensively studied in re-

cent years. 

Generally, ruthenium catalysts exhibit high activity 

and selectivity and are often resistant to sulfur and other 

impurities. They are very useful for oxidative transfor-

mations (epoxidation of alkenes, formation of dioxygen 

species, dihydroxylation of olefins and oxidative dehy-

drogenation of alcohols) [8], further, for reducing car-

bonyls to alcohols and aromatics to cyclohexanes, the se-

lective reduction of 1-alkenes to alkanes and nitriles to 

amides and dehydrogenation of alcohols to aldehydes or 

ketones [9]. Further, ruthenium complexes have specific 

advantages in hydroformylation [10] and, finally, ruthe-

nium catalyst is very useful for methanation of CO/CO2 

[11]. The scission function of ruthenium has been inten-

sively studied in recent years and the results suggest that 

it can be suitable for this purpose [12–15]. Rorrer et al. 

(2021) report that the cleavage of strong C-C bonds in 

polyolefins can be performed using ruthenium and hy-

drogen via hydrogenolysis mechanism [16].  

As far as conventional polyethylene (PE) is con-

cerned, Huang et al. [17] used combination Ir-
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complex/Al2O3 and Ru2O7/Al2O3 catalysts and demon-

strated for the first time Ir-Ru efficiency in the quantita-

tive conversion of PE to a mixture of alkanes. Conversion 

of 120 mg PE with hexane to oil and wax products after 

heating for 3 days at 150 °C yielded 56–98% oil with al-

kanes and 2–44% wax with alkanes. Based on this work, 

the work of Brookhart et al. [18] and other findings 

[19,20], Farkas et al. [21] used Ru-catalysts for recycling 

of PE. The authors processed PE in two stages to the re-

sulting polypropylene. In the first stage, slow pyrolysis 

yielded oil containing long-chain olefins, and in the sec-

ond stage they used two ruthenium complex catalysts to 

split the oil in an ethylene atmosphere to produce the re-

sulting polypropylene. The authors report that 75 g of 

propylene can be obtained from 100 g of waste PE and 

45 g of ethylene. Overall, ruthenium can be used for the 

decomposition of XLPE, but the pyrolysis conditions 

must be well defined, and the ruthenium catalyst must be 

readily available. 

It must be emphasized that there is a big difference 

between pyrolysis of polyethylene (whether LDPE, or 

medium density polyethylene, or HDPE) and cross-

linked polyethylene. Due to its extraordinary chemical 

and mechanical stability [22–26], great attention must be 

paid to pyrolysis conditions. Their importance comes to 

the fore especially when processing waste XLPE on a 

large scale, as they reduce the temperature of the onset of 

decomposition, increase the efficiency of the process and 

enable a deeper degradation of XLPE structure.  

Among the catalysts most often used for decompo-

sition of polyethylenes and other plastics [27,28], the fol-

lowing were considered for the decomposition of waste 

XLPE. Amorphous and mesoporous SiO2/Al2O3 [29,30], 

MCM with Al2O3 [31], ZSM-5 zeolite [32,33], FCC [34], 

activated carbon [35] and faujasite (zeolite Y) [36]. 

These catalysts certainly work for various polyethylenes 

and blends thereof, but higher amounts of waxy com-

pounds and lower liquid yields are obtained. Therefore, a 

different approach is required for XLPE waste. The cause 

is in the undefined impurities and especially in the rigid 

structure of XLPE. Another problem is that the mass bal-

ance and efficiency of process are not evaluated.  

Therefore, this work investigates the effect of 

Ru/Al2O3 catalyst on waste XLPE degradation based on 

its behavior during pyrolysis without and with catalyst, 

kinetics of the process, the rheological properties of melt 

of material alone and with catalyst, analysis of pyrolysis 

products and estimation of the process conditions. 

 

2. Materials and methods 

2.1. Materials 

The waste used was colored silane-grafted XLPE 

flakes of a few mm up to 1 cm in size, resulting mainly 

from the production of XLPE pressure tubes, hot water 

pipes and cable insulation. The waste was obtained from 

Central Bohemian producer in quantities of several tens 

of kg. It was homogenized, then samples of 20 g, 50 g 

and 100 g were taken for analyses, rheological 

measurements and pyrolysis experiments, resp. Waste 

used contained little water (0.09 wt.%) and ash (0.66 

wt.%), and a high percentage of combustible matter 

(99.25 wt.%). The degree of crosslink of the XLPE used 

was 65% according to DIN 16892 and ASTM Standard 

F876, the Si content was of 0.05 wt.%. Lower and higher 

heating values of this waste material were LHV of 42.89 

MJ kg-1 and HHV of 45.97 MJ kg-1. 

As catalyst, ruthenium dispersed on a porous Al2O3 

matrix was used, while loading of Ru was of 5 wt.% 

(Merck Sigma-Aldrich CZ, s.r.o., powder (< 0.15 mm) 

with moisture content < 2 wt.%). 

 

2.2. Methods 

TG/DSC method. Behavior of waste XLPE alone 

and with Ru/Al2O3 catalyst during pyrolysis was investi-

gated by the thermogravimetric method (TG) on a Seta-

ram Setsys Evolution 18 analyzer. About 20 mg of XLPE 

sample or 16 mg of XLPE with 4 mg of catalyst was 

heated at the rates of 5–20 K min-1 in the temperature 

range of ~25–550 °C in an inert atmosphere He at the 

flow rate of 20 cm3 min-1. Simultaneously, differential 

scanning calorimetry (DSC) curves were recorded to de-

termine the melting point and decomposition tempera-

tures. From the TG and DSC data obtained, the depend-

ences of both overall activation energy and the frequency 

factor on the reaction progress were calculated using the 

AKTS Thermokinetics software, version 2.32. The Fried-

man differential isoconversional kinetic method was ap-

plied, while heating rates 5, 10, 15, and 20 K min-1 were 

used. 

Rheological properties. The effect of catalyst on the 

scission of the XLPE structure was also determined using 

the plastographic method and measurements of the shear 

viscosity of melt at 250 °C. The effectiveness of catalyst 

was tested by changing the torque during the kneading of 

50 g of XLPE with 5 or 10 g of catalyst on a Brabender 

PLE 651 plastograph equipped with a W 50 EHT meas-

uring mixer. The chamber temperature was of 250 °C, the 

rotor-rotation speed of 120 per min, the chamber-beam 

load was 10 kg; materials were always kneaded for 40 

min. The results were the time dependences of torque for 

material alone and material with catalyst. After kneading, 

an obtained material was cooled to laboratory tempera-

ture, crushed on a knife mill and fed into a rheometer. 

The viscosity of this material was then measured with a 

RH 2000 high-pressure capillary rheometer (Malvern In-

struments, Inc.) at 250 °C. Thus, these measurements 

provided the flow curves at 250 °C. 

Pyrolysis. Pyrolysis up to 480 °C was performed 

with waste silane-grafted XLPE, both with and without 

catalyst. A pyrolysis unit (quartz reactor with electric 

heating, cooling system, gas holder, continuous sensing 

of temperature field and gas pressure and volume) ena-

bling capture of all products was used [15]. Feedstock 

and catalyst weights were 100 g and 20 g, resp., while the 

powdered catalyst was placed in a layer above the sam-

ple, so that it does not mix with feedstock. The heating 

rate was always of 5 K min-1, final temperatures were 

https://www.sciencedirect.com/topics/chemistry/inert-atmosphere
https://www.sciencedirect.com/topics/chemistry/flow-kinetics
https://www.sciencedirect.com/topics/chemistry/thermokinetics
https://www.sciencedirect.com/topics/chemistry/kinetic-method
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450–480 °C, and the delay at the final temperature was 

of 30 min. Each pyrolysis run to a given final temperature 

was carried out three times. The relative standard devia-

tion of the oil yield was 1–2 %, that of the solid carbona-

ceous residue yield was 4–5 % and that of the pyrolysis 

gas yield was 1–2 %.  

The total gas obtained was analyzed on two Agilent 

Technologies 6890N gas chromatographs with three ca-

pillary columns 30 m × 0.32 mm while the analysis of O2, 

N2 and CO was performed on an HP-MOLSIV (40 °C) 

with carrier gas He (5 cm3 min−1) using TCD; CH4 and 

C2–C5 hydrocarbons on a GS-Gaspro (60 °C) with carrier 

gas N2 (20 cm3 min−1) using FID; CO2 on a GS-Gaspro 

(40 °C) with carrier gas He (5 cm3 min−1) using TCD; H2 

on an HP-5 (40 °C) with carrier gas N2 (7 cm3 min−1) us-

ing TCD. The relative standard deviations of individual 

gas component determinations were 1–3% (n = 6).  

Oil components were identified on an Agilent Tech-

nologies 6890 chromatograph with an MSD 5975 mass 

spectrometer and a DB XLB (30 m × 0.25 mm) capillary 

column. The column was maintained at 50 °C for the first 

min, then the temperature was increased from 50 to 

300 °C at the heating rate of 10 K min-1; the column was 

then maintained at 300 °C for 6 min. The carrier gas was 

helium. 

Analysis of Si in the starting XLPE and solid carbo-

naceous residue was performed by X-ray fluorescence 

method on a Spectro IQ, Kleve, Germany. The test sam-

ples were prepared by the pressed pellet method, where 

4.0 g of material with a particle size of 15–20 μm was 

mixed with 0.9 g of binder (HWC Hoechst wax, Ger-

many) for 10 min and pressed with a pressing force of 

80 kN. Measurements were performed on the spectrom-

eter with target Pd-material while the target angle from 

central ray was 90°. The focal point was a 1 mm × 1 mm 

square, the maximum anode dissipation was of 50 W 

with forced-air cooling (16.28 m3 min−1). The instrument 

used was equipped with a HOPG Barkla crystal. 

 

3. Results and Discussion 

To describe the effect of Ru/Al2O3 catalyst on the 

decomposition of waste XLPE, the TG/DSC method was 

firstly used, enabling the determination of melting and 

decomposition temperatures and the overall activation 

energy of decomposition. 

 

3.1. Basic thermal phenomena of XLPE decomposi-

tion 

In all cases, two important temperature intervals 

with significant heat flows were registered: 80–150 °C 

with maximum at 128–131 °C and 400–550 °C with 

maximum at 473–499 °C as DSC curves proved. In the 

first interval, melting of material occurs, in the second 

one, the total decomposition of crosslinked structure is in 

progress. DSC curves obtained are shown in Fig. 1 and 

described in Table 1. Regarding TG determination, for 

heating rates of 5, 10, 15 and 20 K min-1, typical TG 

curves were obtained both without and with catalyst; the 

similar curves were obtained at decomposition of XLPE 

from cables with heating rate of 40 K min-1 [37]. In all 

cases, conversion was completed at a temperature of 

510–550 °C. 

 

 

Fig. 1a DSC curves of waste XLPE at heating rates of 5 

(green), 10 (black), 15 (red) and 20 (blue) K min-1 

 

 

Fig. 1b DSC curves of waste XLPE with Ru/Al2O3 cata-

lyst at heating rates of 5 (green), 10 (black), 15 (red) 

and 20 (blue) K min-1 

Tab. 1 Heat phenomena at different heating rates (w). 

Tmelt – peak temperature of melting, Tendo – peak temper-

ature of decomposition (n = 5) 

Sample w (K min-1) Tmelt (°C) Tendo (°C) 

 5 128.2 ± 0.5 472.8 ± 2.4 

Waste 10 129.0 ± 0.8 481.7 ± 2.7 

XLPE 15 130.1 ± 0.8 491.8 ± 0.5 

 20 130.7 ± 0.4 498.7 ± 1.6 

Waste 5 128.6 ± 0.5 468.0 ± 2.3 

XLPE 10 129.5 ± 0.9 479.1 ± 2.6 

 + 

Ru/Al2O3 

15 

20 

131.1 ± 0.9 

131.7 ± 0.5 

488.3 ± 1.0 

496.8 ± 1.5 

 

As follows from Fig.1 and Table 1, decomposition 

of XLPE is preceded by melting. To assess the effect of 

catalyst on the process, it is therefore necessary to follow 

both its effect on melting and decomposition. As the 
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activation energy of decomposition is the key item of the 

catalyst action, attention was paid to it first. 

 

3.2. Activation energy of XLPE decomposition 

The activation energy of waste XLPE decomposi-

tion (Ea) was determined and compared with that in the 

presence of Ru/Al2O3 catalyst. TG and DSC methods 

were used, while heating rates were 5, 10, 15 and 20 K 

min-1. To determine the effect of catalyst used, Ea of de-

composition of waste XLPE alone and that with catalyst 

and their dependence on the reaction progress () were 

calculated. As decomposition of waste XLPE is an Ar-

rhenius-type process (the linear dependences ln k on 1/T, 

while k is a rate constant and T is a thermodynamic tem-

perature, was always found), the Friedman differential 

isoconversional method could be applied [38]. The re-

sults are shown in Figs. 2 and 3. As expected, it was 

found that Ea of decomposition was lower with catalyst 

than without it (Fig. 2, calculated from TG data, Fig. 3, 

calculated from DSC data).  

 

 

Fig. 2. Activation energy of decomposition of waste 

XLPE calculated from TG data for  = 0.1–0.9. Red 

(upper) line – without catalyst, blue (bottom) line – with 

catalyst (1 wt.% Ru) 

 

Fig. 3. Activation energy of decomposition of waste 

XLPE calculated from DSC data for  = 0.15–0.9. Red 

(upper) line – without catalyst, blue (bottom) line – with 

catalyst (1 wt.% Ru) 

Without catalyst, the formation of free radicals is in-

itiated only thermally, but with catalyst, the bonds are 

split also by the action of Ru/Al2O3. Under such reaction 

conditions, different bond splitting reactions occur. It is 

significant that the curves obtained for decomposition 

without catalyst (red lines) are very different from those 

obtained with the catalyst (1 wt.% Ru, blue lines).  

As follows from Fig. 2, in stages of decomposition 

 0.1–0.9, Ea is significantly lower with the catalyst com-

pared to without it. It can be deduced that the basic factor 

of decomposition is temperature, but the catalyst used 

promotes the decomposition significantly. 

Similar, though not the same, conclusions can be 

drawn from DSC data (Fig. 3). In the decomposition 

stages  0.15–0.90, significantly higher Ea values were 

recorded during decomposition without catalyst (red up-

per line in the figure) compared with it (blue bottom line 

in the figure). While without catalyst Ea did not 

change much, from 268 to 232 kJ/mol, with catalyst this 

parameter changed significantly, from 155 to 222 kJ/mol. 

From  0.2 to a flat maximum at  0.6–0.7, Ea increases 

as the blue bottom line in Fig. 3 shows, which can be ex-

plained by the deeper cleavage of crosslinked structure in 

the presence of catalyst compared to the cleavage without 

it. As Ea is always lower in the presence of catalyst com-

pared without it, it can be deduced that the thermal scis-

sion is supported by the catalyst used which at the same 

time enables a deeper splitting and depolymerization of 

XLPE structure. Scission is likely to be facilitated at de-

fect sites in the XLPE structure, particularly at the tertiary 

carbons in the main chain where cross-link branching oc-

curs (see equations 1 and 2 below). So, the effect of cat-

alyst must be reflected in the composition of pyrolysis 

products. This conclusion is further confirmed below, see 

section 3.4. 

 

3.3. Rheological properties of XLPE melt 

As mentioned above, decomposition of XLPE is 

preceded by melting. Therefore, the properties of waste 

XLPE melt were further investigated to determine if and 

how the catalyst affects its behavior. To clarify this ques-

tion, rheological properties of XLPE melt were tested. 

The basis is that scission is facilitated at defect sites of 

XLPE structure, especially at tertiary carbons in branch-

ing of main chain and crosslinks. This should be sup-

ported by catalyst while the degree of scission is reflected 

in the change in the rheological properties of melt. So, 

rheological properties of melt without and with catalyst 

should be different. 

The effect of Ru/Al2O3 catalyst on the XLPE melt 

was tested by two methods: (a) measuring the torque dur-

ing the kneading of waste XLPE while XLPE mass was 

of 50 g and initial temperature setting was of 250 °C; and 

(b) determination of shear viscosity of resulting melt after 

kneading as a function of the shear rate at 250 °C. The 

results obtained by torque measurements are shown in 

Fig. 4.  
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Fig. 4. Time dependence of the torque during kneading 

of waste XLPE recorded on the plastograph. Blue line – 

XLPE alone; turquoise line – XLPE feed with 0.5 wt.% 

Ru; red line – XLPE feed with 1 wt.% Ru. For tempera-

ture courses see the upper flat lines marked with arrows. 

It is evident from the time course of torque that an 

addition of Ru/Al2O3 catalyst led to the rapid change of 

the XLPE structure, which was reflected in a sharp de-

crease of torque after induction period (first 2 min) at the 

initial kneading stage (~3.5 min) (turquoise and red lines 

compared to blue line). The effect of catalyst is thus sig-

nificant, as the changes with catalyst occurs at relatively 

low temperatures and to a considerable extent, unlike 

XLPE changes without catalyst. (Note: A sharp decrease 

in torque was found with the addition of catalyst com-

pared to without catalyst, even though the addition of cat-

alyst implied the presence of solid particles and thus an 

increase in the average density of the sample. However, 

this is only possible if the catalyst caused the XLPE struc-

ture cleavage, resulting in a reduction in torque.) 

The rheological properties of resulting melt ob-

tained by kneading without and with catalyst were further 

determined by measuring the dependence of shear vis-

cosity on a shear rate on a high-pressure capillary rheom-

eter. The XLPE flow curves thus obtained are shown in 

Fig. 5. 

 

 

Fig. 5. Dependence of shear viscosity of waste XLPE 

melt (/Pa.s) on the shear rate (/s-1) at 250 °C. Flow 

curves: upper (red) line – XLPE without catalyst, bot-

tom (blue) line – XLPE with 1% of Ru. 

It is evident that over the entire range of shear rate, 

the shear-viscosity values are significantly lower in the 

case of incorporated catalyst (blue line), which is in good 

agreement with the decrease in torque. Overall, above-

mentioned findings suggest that catalyst used can pro-

mote the splitting of chemical structure of XLPE already 

in the melt phase. 

 

3.4. Pyrolysis with silane-grafted XLPE 

All the above findings indicate that the decomposi-

tion of waste XLPE in the presence and without catalyst 

must result in a different composition of pyrolysis prod-

ucts. In the silane process, the crosslinks consist of -Si-

O-Si- bonds (siloxane crosslinks). So, compounds with 

this bond are formed during pyrolysis, which must nec-

essarily be reflected in the pyrolysis products. The result-

ing products are then not only hydrocarbons, but also Si 

compounds. Therefore, for deeper understanding of deg-

radation of XLPE structure, pyrolysis with silane-grafted 

XLPE was performed at different final temperatures, and 

a mass balance was determined analyzing the gas, oil and 

solid carbonaceous residue (SCR) obtained both without 

and with catalyst. The results show Tables 2, 3, 4 and 5. 

 

3.4.1 Mass balance of pyrolysis 

The results obtained allowed to determine the mass 

balance of the slow pyrolysis process at final tempera-

tures of 450–480 °C for pyrolysis with and without cata-

lyst. The results are summarized in Table 2. 

 

Tab. 2 Mass balance of pyrolysis of waste silane grafted 

XLPE (wt.%) without and with catalyst at final temper-

atures 450–480 °C, delay of 30 min and the heating rate 

of 5 K min-1. SCR – solid carbonaceous residue 

Tfinal (°C)  450  460  470  480 

 Without catalyst 

Gas  4.54  4.94  5.07  5.77 

Oil 86.88 85.46 90.67 90.67 

SCR  8.58  9.60  4.26  3.56 

 With catalyst 

Gas  5.38  6.55  6.83  6.80 

Oil 86.67 91.57 90.82 91.10 

SCR  7.95  1.88  2.35  2.10 

 

From the above data it can be concluded that the 

yields of gas and oil are comparable in both cases, but at 

the final temperatures above 450 °C, a significantly 

lower SCR yields were obtained (2 wt.%) with catalyst 

compared to the yield without catalyst (4–10 wt.%). This 

fact can play an important role in large-scale pyrolysis, 

since SCR is clearly a less valuable product (see below). 

Thus, together with high production of desirable C6–C9 

hydrocarbons (see below, Table 4), this is a favorable re-

sult of catalysis. 
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3.4.2 Composition of pyrolysis gas 

The main components of total pyrolysis gas were 

light gas hydrocarbons (C1-C5), CO2, and hydrogen (Ta-

ble 3).  

 

Tab. 3 Composition of pyrolysis gas obtained without 

and with Ru/Al2O3 catalyst (vol.%) 

Tfinal (°C) 450 460  470 480 

Gas Without catalyst 

CH4 10.9 11.9  12.5  12.2 

C2–C5 64.2 67.1  66.1  65.2 

CO  3.1  2.1  2.5  1.9 

CO2  2.1  1.8  1.6  1.6 

H2 19.7 17.1  17.2  19.2 

  With catalyst 

CH4  9.7  9.4  9.2  9.7 

C2–C5 46.9 46.3 45.9 50.9 

CO  2.0  3.4  4.5  2.1 

CO2 15.2 14.0 12.6 11.9 

H2 26.2 25.9 27.8 25.0 

 

This observation is consistent with simulation re-

sults [39]. It is evident from Table 3 that the total gas ob-

tained with Ru/Al2O3 catalyst showed a significant in-

crease in CO2 and H2 concentrations (at the expense of 

gaseous hydrocarbons) compared to that obtained with-

out catalyst. This comparison indicates that the catalyst 

significantly promotes the cleavage of XLPE and leading 

to gas formation. The source of CO and CO₂ is attributed 

mainly to the decomposition of siloxane cross-links (Si–

O–Si), which introduce oxygen into the system. These 

can originate from oxygen present in the feedstock (ele-

mental analysis indicates ~3 wt.% O), which is likely as-

sociated with siloxane groups, and from residual mois-

ture in the Ru/Al₂O₃ catalyst (~2 wt.%). 

The gas did not contain undesirable components 

such as hydrogen sulfide or ammonia which is favorable 

from a practical point of view. 

 

3.4.3 Composition of pyrolysis oil 

As expected, both liquid (C10–C17) and dissolved 

solid (C18–C35) hydrocarbons were identified in the py-

rolysis oils. However, liquid hydrocarbons C6–C9 were 

detected only in oils obtained with catalyst (Table 4). 

A significant and unexpected finding was the pres-

ence of cyclic siloxanes, namely hexamethylcyclot-

risiloxane and octamethylcyclotetrasiloxane were de-

tected by GC-MS in all pyrolysis oils obtained without 

catalyst, whereas they were not detected in oils produced 

with the catalyst. The content of hexamethylcyklot-

risiloxane in the oil obtained without catalyst was 0.34–

0.57 wt.% and that of octamethylcyklotrisiloxane was 

0.10–0.27 wt.% (Table 4). These results suggest that 

Ru/Al2O3 promotes the complete scission of siloxane 

crosslinks, preventing the formation of cyclic siloxanes.  

 

Tab. 4 Composition of pyrolysis oil obtained without 

and with Ru/Al2O3 catalyst (wt.%) 

Tfinal  

(°C) 

Without catalyst 

 C6–C9 C10–C17 C18–C35 C6H18O3Si3 / 

C8H24O4Si4 

450 0.00 90.61  9.39 - 

460 0.00 94.49  5.51 0.34/0.13 

470 0.00 69.50 30.50 0.57/0.27 

480 0.00 69.78 30.22 0.37/0.10 

 With catalyst 

 C6–C9 C10–C17 C18–C35 C6H18O3Si3 / 

C8H24O4Si4 

450 37.10 57.14  5.76 0.00 

460 39.23 52.89  7.88 0.00 

470 19.79 64.97 15.24 0.00 

480 11.09 38.60  50.31 0.00 

 

It can be concluded that the catalyst promotes the 

cleavage of the XLPE structure, especially at final tem-

peratures of 450 and 460 °C, which leads to the formation 

of highly desirable C6–C9 hydrocarbons (up to 39 wt. %, 

Table 4). This observation is consistent with the in-

creased CO₂ formation in the presence of the catalyst, 

suggesting that siloxane structures are more extensively 

decomposed. 

 

3.4.4 Characterization of solid carbonaceous residue 

(SCR)  

No coke formations were found in the SCR, either 

in the absence or presence of the catalyst. The habitus of 

SCR clearly indicated an asphalt-like solid without po-

rous texture (Fig. 6). (Note: in FTIR spectrum, did not 

confirm the presence of polyaromatics or aromatics, typ-

ical for coke). 

 

 

Fig. 6. Asphalt-like solid carbonaceous residue. 
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The resulting SCR was further analyzed by XRF. 

The most important item was Si (present as SiO2), as its 

analysis enabled the evaluation of the silicon mass bal-

ance in the pyrolysis process. The results are summarized 

in Table 5, while the Si content in the gas phase was as-

sumed to be zero. Table 5 shows that the input material 

contained 0.05% Si. In the case of pyrolysis without cat-

alyst, 0.045% Si was found in the obtained oil and 

0.006% Si in the obtained SCR, so, giving a total of Si 

0.05%, which corresponds to the Si content in the input 

XLPE. In contrast, for pyrolysis with catalyst, no Si in 

the obtained oil was detected, whereas the obtained SCR 

contained 0.05% Si, again corresponding to the initial sil-

icon content. 

 

Tab. 5 Mass balance of Si (wt.%) for pyrolysis with and 

without catalyst. SCR – solid carbonaceous residue. Ini-

tial XLPE: Si 0.049 ± 0.001 wt.% 

Status Oil 

 Si concentration Yield Si amount 

No catalyst 0.053 ± 0.004 85.46 0.045 

With catalyst 0.000 9.57 0.000 

 SCR 

 Si concentration Yield Si amount 

No catalyst 0.062 ± 0.001 9.60 0.006 

With catalyst 2.766 ± 0.003 1.88 0.052 

 Total 

No catalysts   0.051 

With catalyst   0.052 

 

Overall, in pyrolysis without catalyst, Si (originally 

organically bound) was almost completely transferred to 

the oil phase, while in the case with catalyst, Si (present 

as SiO2) was completely retained in the SCR. This behav-

ior can be explained by the enhanced cleavage of cross-

linked siloxane bonds in the presence of the catalyst.  

 

3.4.5 Mass balance of pyrolysis with FCC catalyst 

For comparison with the effect of the widely used 

catalysts mentioned in the Introduction, the FCC catalyst, 

which is a well-known cracking zeolite catalyst, was used 

to degrade the waste silane-grafted XLPE. The FCC cat-

alyst used contained 50% zeolite and pyrolysis was car-

ried out at 470 °C. (For other pyrolysis conditions see 

Section 2.2.) The mass balance and composition of the 

key product, oil, were evaluated and compared with those 

from pyrolysis of XLPE with Ru/Al2O3. The results are 

presented in Tables 6 and 7. 

Table 6 shows that the cleavage of XLPE structure 

by slow pyrolysis proceeds differently without catalyst, 

in the presence of Ru/Al2O3 and in the presence of FCC 

catalyst. Pyrolysis without or with Ru/Al2O3 catalyst 

gave practically the same oil yield (91 wt.%), but gas was 

5 and 7 wt.%, resp., and SCR was 4 and 2 wt.%, respec-

tively.  

Tab. 6 Mass balance of slow pyrolysis of waste silane-

grafted XLPE (wt.%) without and with catalysts at the 

final temperature of 470 °C, delay of 30 min and the 

heating rate of 5 K min-1. SCR – solid carbonaceous res-

idue. 

 Oil Gas SCR 

Without catalyst 90.67  5.07  4.26 

With Ru/Al2O3 (1% Ru) 90.82  6.83  2.35 

With FCC (1%) 86.34  11.13  2.53 

 

Tab. 7 Oil composition from slow pyrolysis of waste 

silane-grafted XLPE (wt.%) without and with catalysts 

at the final temperature of 470 °C, delay of 30 min and 

the heating rate of 5 K min-1. 

 C6–C9 C10–C17 C18–C35 >C35 

Without catalyst  0.00 90.61 9.39  0.00 

With Ru/Al2O3 

(1% Ru) 
39.23 52.89 7.88 0.00 

With FCC (1%) 36.74 37.46 6.19 19.61 

 

However, pyrolysis without catalyst gave high yield 

of liquid hydrocarbons (91 wt.%, Table 7), but no signif-

icant C6–C9 fraction was found. In the presence of 

Ru/Al2O3, a significant proportion of C6–C9 (39 wt.%) 

was obtained in the oil, as well as a high yield of liquid 

hydrocarbons. 

However, the action of FCC catalyst resulted in a 

high portion of solid hydrocarbons >C35 (20 wt.%, Table 

7) at the expense of liquid hydrocarbons (with Ru/Al2O3, 

liquid hydrocarbons C6–C17 were 92.12 wt.%, those with 

FCC catalyst only 74.20 wt.%). On the other hand, the 

long-chain hydrocarbons >C35 can be successfully hy-

drocracked to produce lubricating oils. Slow pyrolysis in 

the low-temperature range therefore provides several op-

tions for obtaining hydrocarbon mixtures. Moreover, at 

pyrolysis without catalyst, the olefins content in the oil 

was 31–32 wt.%, with catalyst 44–45 wt.% (determined 

by GC-MS method). Using the catalyst, significantly 

more olefins can therefore be produced if necessary. 

 

3.5. Description of Ru/Al2O3 catalyst activity 

From the data presented it can be inferred that the 

crosslink is split to SiO2, CO2 and H2 by the action of 

higher temperature with promotion of Ru/Al2O3 catalyst 

unlike the case without catalyst. This finding can be ex-

pressed by the proposed equations (1) and (2): 

 

(1) – without catalyst: 

 
 

(2) – with catalyst: 
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Equation (1) expresses that scission without catalyst 

occurs firstly on the ternary carbons of crosslinked struc-

ture while hydrocarbons (mainly alkanes) and hydrogen 

are formed. The split siloxane crosslinks are thermody-

namically stabilized by closing into the cyclic structures 

as clearly evidenced by aforementioned presence of both 

hexamethylcyclotrisiloxane and octamethylcyclotetra-

siloxane in the pyrolysis oils obtained without catalyst. 

(Table 4).  

Equation (2) then express promotion of depolymer-

ization and scission reactions whereby the siloxane cross-

links are completely split by catalyst action to CO2, H2 

and SiO2. This is evidenced by (i) the mentioned high 

contents of CO2 and H2 in the total pyrolysis gas (Table 

3), (ii) absence of hexamethylcyclotrisiloxane and oc-

tamethylcyclotetrasiloxane in the pyrolysis oils obtained 

with Ru/Al2O3 catalyst (Table 4), (iii) by the presence of 

total Si in the solid pyrolysis residue obtained with cata-

lyst (Table 5). 

Overall, the catalyst used significantly promotes the 

depolymerization and cleavage of XLPE. During the 

thermal degradation of XPLE, reactions similar to those 

at the degradation of polyethylenes proceed [40,41,42] 

(including production of olefins), but they are promoted 

by the joint action of ruthenium and catalytically strongly 

acidic sites in Al2O3. In more detail, Al2O3 is known to 

have pronounced Lewis acidic sites [43,44]. However, 

because the electron configuration of Ru is [Kr] 4d7 5s1, 

Ru contains a vacant d-orbital in a valence shell that is 

able to accept an electron pair. Due to this, it can act as a 

Lewis acid, too. Equation (2) can therefore be explained 

by the joint action of two catalysts with different Lewis 

acid sites, which can act in different ways. As the result, 

cleavage and depolymerization of XPLE polymer struc-

ture occurs. The contribution of Ru and Al2O3 to the total 

catalytic effect is 83% and 17%, respectively, as follows 

from the fact that at the final temperature 460 °C, with 

Al2O3 alone the SCR yield was 9.08 wt.%, but with 

Ru/Al2O3 only 1.88 wt.% (Table 2). As 9.08/1.88 = 4.83, 

it can be inferred that Ru/Al2O3 is approximately 5 times 

more effective than Al2O3 alone, in percentage it is 83% 

vs. 17%. Another approach to interpreting the cleavage 

properties of Ru is as follows. 

 

3.5.1 The catalytic mechanism of Ru action 

The catalytic mechanism of action of Ru can be 

(simplistically) described as follows. The +I inductive ef-

fect of CH2 groups in the vicinity of tertiary carbons in-

creases the electron density on the tertiary carbons, thus, 

the tertiary carbons are more reactive compared to sec-

ondary ones. In the branched structure of XLPE (see 

equations (1) and (2)), the tertiary carbons are hydrogen-

bonded and surrounded by CH2 groups. These groups 

tend to give electrons leading to the induction effect. 

They are less electron-withdrawing than hydrogen, so, 

they are electron-releasing (electron-donating). This 

electron-releasing function (indicated by the +I effect) 

leads to increase of electron density on the tertiary car-

bon. The increased electron density on the tertiary carbon 

allows interactions with the Lewis acid site in alumina 

and vacant d-orbital in a valence shell of Ru. This creates 

a very unstable complex that decomposes into the de-

scribed products. 

A possible variant of the action of Ru is that the Ru 

atom has an s-orbital with only one electron in its valence 

shell. This s-orbital can therefore accept a second elec-

tron to complete the maximum number of 2. Thus, the Ru 

atom can act as a reactive agent and withdraw electrons 

from the polymer chain, i.e. cleave C–H bonds to form 

radicals in this way: 

 

Ru· + R–CH2–R~ → Ru–H + R–ĊH–R~  

→ Ru· + H· + R–ĊH–R~   (3) 

 

3.6. Regeneration of ruthenium catalyst 

From a practical point of view, it is important that 

the Ru/Al2O3 catalyst can be regenerated by chemical 

methods [47–50]. However, Ru/Al2O3 can also be reused 

directly. This is possible if the catalyst is placed in a layer 

above the sample, so that it does not mix with the feed-

stock. Although the catalyst was placed above the sam-

ple, it reacts with the volatile decomposition products 

which pass through the catalytic layer. The reusability of 

catalyst was tested in this way by pyrolyzing XLPE with 

the same catalyst 5 times, determining the mass balance 

of each experiment. If the catalyst was not reusable, the 

yields of each product would have to change signifi-

cantly. The result obtained are in Table 8. Since no sig-

nificant changes in the mass balance were observed, it 

can be deduced that the possibility of reusing this catalyst 

is real. This conclusion is based primarily on the small 

standard deviation of main product, pyrolysis oil, which 

was only 1%. The standard deviations achieved for the 

minor products, gas and SCR, 23 and 20%, respectively, 

can be qualified as acceptable. 

 

Tab. 8 Mass balance of 5 times repeated pyrolysis of 

waste XLPE with catalyst (wt.%) at the final tempera-

ture of 470 °C, delay of 30 min, the heating rate of 5 K 

min-1. SD – standard deviation 

Item Gas Oil SCR 

Average 6.83 90.82 2.35 

SD 1.55 

(23%) 

1.09 

(1%) 

0.47 

(20%) 

 

3.7. Outline of possible uses of pyrolysis products 

Pyrolysis is generally considered a costly process, in 

terms of both investment and operation. Therefore, the 

utilizations of its main products, especially the gas and 

oil, is of key importance. In this work, only indicative ap-

plication possibilities based on composition and basic 

properties are discussed. A detailed evaluation of product 

utilization and process integration is beyond the scope of 

this study. 

From gas obtained composition (Table 3), the heat 

content was evaluated as HHV and LHV. The gas ob-

tained without catalyst had HHV 55.44–70.12 MJ m-3 
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and LHV 51.04–64.72 MJ m-3. In the case of catalyzed 

pyrolysis, the heating values were lower HHV 40.41–

58.25 MJ m-3, LHV 37.37–53.75 MJ m-3, due to a re-

duced content of gaseous hydrocarbons in the total gas. 

Nevertheless, these values remain sufficiently high (for 

comparison: natural gas has HHV 35.09–45.17 MJ m-3 

and LHV 31.67–40.84 MJ m-3) and allow further use of 

gas obtained, e.g. in cogeneration units, in gas engines or 

for heating the waste treatment unit. Such a unit would 

then be energy efficient or even completely energy self-

sufficient. 

For the oils obtained (Table 4), the following HHV 

and LHV values were determined. The HHV ranged 45–

51 MJ kg-1 and the LHV ranged 42–47 MJ kg-1 (Table 9). 

The oils obtained with and without catalyst showed sim-

ilar heating values, although at relatively higher final py-

rolysis temperatures of 470 and 480 °C, slightly lower 

values of both LHV and HHV were observed. 

 

Tab. 9 HHV and LHV of oils obtained without and with 

catalyst at different final temperatures of pyrolysis 

Tfinal (°C) HHV (MJ kg−1) 

without catalyst with catalyst 

450 49.74 50.63 

460 49.95 49.27 

470 45.31 47.11 

480 44.63 46.52 

Tfinal (°C) LHV (MJ kg−1) 

without catalyst with catalyst 

450 46.55 47.26 

460 46.77 46.00 

470 42.41 43.99 

480 41.86 43.71 

 

However, the use of obtained oils as liquid fuels is 

related to ash, sulfur and nitrogen contents, which must 

be as low as possible. The proximate and organic ele-

mental analyses showed that the contents of these com-

ponents were very low to negligible: oils contained no 

ash, only 0.02–0.04 wt.% of S and 0.02–0.05 wt.% of N. 

Thus, all oils can be considered practically ash-free, sul-

fur-free, and nitrogen-free liquids, classifiable as rela-

tively clean fuels. Overall, the oils obtained can be used 

as a clean liquid fuels or as substitute fuels. 

Another possibility of using the obtained oil arises 

from their physical properties, namely density, viscosity, 

and fluidity, which were determined at 20 °C. The results 

are summarized in Table 10 (to assess changes in physi-

cal properties, oils obtained at temperatures up to 500 °C 

were analyzed). The viscosity measurements are in-

tended as a preliminary characterization of the oil prop-

erties; however, detailed evaluation for industrial oil ap-

plications would require fractionation into defined cuts. 

It is evident from the values shown that, in the case of 

oils obtained without catalyst, their dynamic and kine-

matic viscosity sharply increased at the final pyrolysis 

temperature above 470 °C, whereas their fluidity rapidly 

decreased. A similar trend was observed for oils obtained 

with catalyst; however, the differences between the 

values were less pronounced. This behavior is likely re-

lated to the formation of solid C18–C35 hydrocarbons by 

recombination, whose increasing concentration signifi-

cantly affects the viscosity. 

As mentioned, in the case of the oils obtained with 

catalyst, the differences in the measured properties were 

less pronounced. This may also be attributed to the for-

mation of C6–C9 liquid hydrocarbons (Table 4).  

 

Tab. 10 Density (), dynamic viscosity (), kinematic 

viscosity () and fluidity () of oils obtained without 

and with catalyst at different final temperatures of py-

rolysis 

Tfinal 

(°C) 

Without catalyst 

 (kg.m-3)  (mPa.s)   (mm2.s-1)  (Pa.s)-1 

450 794.6  3.28  4.13 304.88 

460 795.4  2.98  3.74 335.91 

470 797.2  4.21  5.28 237.70 

480 801.4 141.01 175.95  7.09 

490 804.6 136.67 169.86  7.32 

500 806.3 157.33 195.13  6.40 

Tfinal 

(°C) 

With catalyst 

 (kg.m-3)  (mPa.s)  (mm2.s-1)  (Pa.s)-1 

450 774.4  4.56  5.89 219.30 

460 779.0  7.41  9.51 134.93 

470 783.4  9.12 11.64 109.65 

480 788.7 19.85 25.17  50.38 

490 795.8 32.89 41.33  30.40 

500 801.8 60.47 75.42  16.54 

 

Tab. 11 Kinematic viscosity at 40 °C () of oil ob-

tained without and with catalyst at different final tem-

peratures of pyrolysis 

Tfinal (°C) 
40 

(without catalyst) 

40  

(with catalyst) 

450  4.10  5.18 

460  3.50  5.80 

470  4.65  7.04 

480 61.24 11.03 

490 58.06 18.04 

500 70.34 28.81 

 

Table 11 shows the kinematic viscosity of the oils at 

40 °C. This parameter indicates the potential classifica-

tion of the oils obtained as industrial oils, as these are 

classified according to the ISO VG viscosity classes 

based on kinematic viscosity at 40 °C (ISO 3448 [16]). 

In this case, the oils obtained without catalyst exhibited 

viscosities of  3.50–70.34 mm2 s−1, corresponding to 

ISO VG viscosity classes 3, 5 and 68, while oils obtained 

with catalyst showed viscosities of 5.18–28.21 mm2 s-1, 

corresponding to ISO VG viscosity classes 7, 10 and 32. 

These classifications suggest potential application areas 

of use according to ISO 6743 [17]. Thus, the oils obtained 

can also serve as various oils for further use.  
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The possibilities of using the oils mentioned above 

are only outlined here, and their practical application re-

quires further investigation. However, one clear applica-

tion is the use of oils obtained from catalyzed pyrolysis 

as solvents and chemicals. It follows from Table 4 that 

the oils can serve as a source of solvents (high content of 

C6–C9 hydrocarbons 37–39 wt.% at final temperatures of 

450 and 460 °C), liquid hydrocarbons (high content of 

C10–C17 hydrocarbons 53–55 wt.% at final temperatures 

of 450–470 °C), and solid hydrocarbons (content of C18–

C35 hydrocarbons 6–50 wt.% depending on the final tem-

perature of 450–480 °C), especially paraffin. A more de-

tailed evaluation of oil utilization (e.g., fractional distil-

lation and chemical upgrading) is beyond the scope of 

this study, but the obtained composition suggests its suit-

ability as a feedstock for fuels and petrochemical appli-

cations.  

As for the minor product, SCR (yield 2–4 wt. %, Ta-

ble 2), it can be considered a less valued product because, 

according to a proximate analysis of small amounts ob-

tained, it contains a relatively high amount of ash and 

shows very low energy content. Therefore, minimizing 

SCR formation is desirable, which is achieved by using 

the catalyst. 

Overall, the main benefit of catalyzed pyrolysis of 

waste XLPE is the production of valuable hydrocarbons. 

Due to the high heating values of the input material (LHV 

of 43 MJ kg-1 and HHV of 46 MJ kg-1), this waste can 

also be used as a solid fuel, however this would result in 

the permanent loss of valuable hydrocarbon structures. 

 

4. Conclusion 

The amount of XLPE waste is still growing and 

needs to be processed. The low-temperature slow 

Ru/Al2O3 catalyzed pyrolysis of waste XLPE seems to be 

a promising way to convert this material into valuable 

hydrocarbons and energy gas. Therefore, the effects of 

Ru/Al2O3 catalyst on the degradation of XLPE structure 

was investigated and described, and the process condi-

tions were tested. 

It was proved that the thermal degradation of XLPE 

is promoted by Ru/Al2O3 catalyst which at the same time 

enables a deep cleavage of rigid XLPE structure. The ev-

idence is that the activation energy of the process is sig-

nificantly lower in the presence of catalyst compared 

without catalyst. Further, the torque and shear viscosity 

values of XLPE melt at 250 °C showed that even small 

amounts of catalyst used (1 wt.% Ru) promotes the cleav-

age of XLPE structure already in the melt phase. 

Significant results were achieved by slow catalyzed 

pyrolysis of XLPE up to 470 °C. Analysis of pyrolysis 

oil as the main product showed that the catalyst used al-

lows for a high content of low C6–C9 hydrocarbons 

(39 wt.%) and liquid hydrocarbons C10–C17 (53 wt.%), as 

well as solid hydrocarbons including paraffin (8 wt.%). 

Assessment of the physical properties of the oil shows 

that it can be used as a liquid fuel (LHV 42–47 MJ kg-1, 

HHV 45–51 MJ kg-1). Furthermore, the oils obtained 

without catalyst had kinematic viscosity at 40 °C 3.50–

70.34 mm2 s-1, which classifies them into the ISO VG 

viscosity classes 3, 5 and 68, and the oils obtained with 

catalyst 5.18–28.21 mm2 s-1, which classifies them into 

the ISO VG viscosity classes 7, 10 and 32. The obtained 

oils can therefore also serve as industrial oils. 
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