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초록: 본 연구의 주요 목적은 폐 폴리에틸렌의 열분해로부터 얻은 왁스 오일의 특성을 비교하는 것이다. 특성이 다른               

네 종류의 제올라이트를 사용하여 왁스 및 오일의 특성을 비교했다. 본 연구는 반응 온도, 가스 유량 그리고 제올라이트                

유형이 왁스 및 오일의 수율과 조성에 미치는 영향에 초점을 맞추었다. 회수된 왁스 및 오일의 최대 수율이 비 촉매                 

조건에서 460 ℃에서 약 71.1 wt%였다. A4 제올라이트를 적용하였을 때, 왁스 및 오일은 약 76.5 wt%의 최대 수율                 

보였다. 반면, ZSM-5 촉매를 열분해에 사용했을 때, 회수된 왁스 및 오일은 약 84.1 wt%로 전환되었다. 폐 PE의 열                 

분해 오일은 gas chromatography-mass spectrometry(GC-MS) 분석을 사용하여 특성을 비교하였다. Beta, Y zeolite 그            

리고 ZSM-5와 같은 고 산점 촉매는 22-71.9%의 방향족 탄화수소를 생산되었다. 반면, 저 산점의 A4 zeolite는 비 방향족                

탄화수소를 생산하여 알코올과 같은 산소화된 탄화수소(26%)의 생산을 극대화했다. Simulated distillation(SIMDIS) 분          

석 결과에서 A4 zeolite 사용했을 때, non-normal paraffin(-iso 및 -cyclo 구조)이 92%로 크게 전환되었다. 따라서 폐               

PE 열분해 시, A4 zeolite를 사용하면 열분해 왁스는 주로 non-normal paraffin으로 구성되어 윤활제 생산 및 화학 플                

랫폼 응용 분야에 유망한 자원임을 판단된다.

Abstract: The primary objective of this research is to compare the characteristics of waxy oil obtained from the pyrol-

ysis of waste polyethylene. Four different zeolite-based catalysts were used to compare the characteristics of waxy oil. 

This study focused on the effects of reaction temperature, gas flow rate, and zeolite type on the yield and composition 

of waxy oil. The results showed that the maximum yield of recovered waxy oil was approximately 71.1 wt% at 460 ℃                 

under non-catalytic conditions. When the A4 zeolite was applied, the yield of waxy oil reached up to 76.5 wt%. In 

contrast, when a ZSM-5 catalyst was used for pyrolysis, the recovered waxy oil was converted into gas, reaching up 

to approximately 84.1 wt%. The pyrolysis oil from waste PE was characterized using gas chromatography-mass spec-

trometry (GC-MS) analysis. High acidity catalysts such as Beta, Y zeolite, and ZSM-5 produced 22-71.9% aromatic 

hydrocarbons. In contrast, the low-acidity A4 zeolite yielded non-aromatic hydrocarbons, maximizing the production 

of oxygenated hydrocarbons (26%) such as alcohols. Simulated distillation (SIMDIS) analysis showed that A4 zeolite 

generated the maximum wax content with a boiling point above 370 ℃ and 92% non-normal paraffin (iso- and cyclo-                 

structured). The results of this experiment prove that using A4 zeolite, the waxy oil primarily consists of branched par-

affins, making it a promising resource for lubricant production and chemical platform applications.

Keywords: plastic waste, pyrolysis, polyethylene, waxy oil, zeolite, paraffin.

Introduction

For several decades, the increasing global production of 

waste plastics has become a critical environmental concern, 

primarily due to the carbon pollutants emitted during decom-

position.1 The annual accumulation of polyethylene (PE) has 

reached unprecedented levels, leading to numerous environ-

mental concerns.2 Low-density PE, high-density PE, and poly-

propylene (PP) are the most important polymers, accounting 

for over 80% of global polymer demand.3 PE is the most widely 

produced polymer after PP, significantly contributing to sub-

stantial amounts of waste.

Incineration and landfilling, the conventional means of plas-
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tic disposal, fail to mitigate these problems effectively and 

instead contribute to the release of harmful pollutants and 

greenhouse gases such as CO2.
4 In response to these chal-

lenges, pyrolysis has gained significant interest as an alterna-

tive disposal method for waste plastic. It offers numerous 

advantages, including the potential to reduce CO2 emissions 

and improve economics.5 Pyrolysis of waste plastics produces 

char, oil, and gas, which can be used to convert energy into 

many fields. It offers a promising solution by converting plas-

tic waste into valuable products while minimizing the gener-

ation of CO2.
6 The transition towards pyrolysis-based waste 

treatment aligns with emerging environmental policies to reduce 

carbon footprints and promote sustainable waste management 

practices.7 A comprehensive review of existing literature on 

plastic waste management policies and the environmental impacts 

of various disposal methods provides information on pyrolysis.8

The pyrolysis process is a chemical process that converts 

polymers into monomers or oligomers by applying heat under 

oxygen-free conditions. The reaction conditions vary depend-

ing on the characteristics of the sample. Representative exam-

ples include batch-type fixed bed reactors, continuous fluidized 

bed reactors, and conical spouted reactors. To commercialize 

the processing of these waste plastics, there must be a contin-

uous feed supply. Therefore, fluidized bed or conical spouted 

bed reactors can provide continuous feeding.9 These reactors 

facilitate rapid pyrolysis. This enables higher recovery of valuable

products such as olefins and oils from polyolefins.10 At tem-

peratures between 430 and 550 ℃, polyolefins produce mainly        

wax products, while higher temperatures around 700℃ increase       

the production of gases and oils. These include high yields of 

olefins and aromatics. For example, pyrolysis at 700–750℃ in        

a fluidized bed produces significant amounts of olefins.11 This 

is very similar to the results of the naphtha cracking process.12

Tran et al. studied the catalytic cracking of waste plastic pyrol-

ysis oil in a fluidized bed reactor. They demonstrated improved 

recovery of light olefins and oils, which are valuable hydrocar-

bons for industrial applications.13 This approach is suitable for 

recycling mixed polyolefin wastes on an industrial scale, as it 

allows the recovery of valuable hydrocarbons. The pyrolysis 

techniques offer a viable approach to managing the waste stream, 

specifically focusing on wax and fuel oil production. The wax 

markets are rapidly growing, with projections indicating over 

70% expansion in 2023.14-16 The wax recovered from pyrolysis 

has various industrial applications, such as coatings, lubricants, 

and cosmetics.11,17 Moreover, these products show potential for 

high-value chemical syntheses using additional catalysts and 

thermal cracking processes. The PE and PP are typically used 

for plastic pyrolysis, with PE yielding more wax than PP.11 The 

potential economic and environmental benefits of pyrolysis as 

a viable approach to PE waste management are further high-

lighted by exploring the growing wax market and its various 

applications.18-24 Oil extraction from plastic waste pyrolysis has 

been studied extensively. PE derivatives primarily yield waxy 

substances. Research has focused on the thermal and catalytic 

pyrolysis of PE materials, investigating wax formation during 

the pyrolysis of waste PE. Maniscalco et al. observed pyrolysis 

at lower heating rates in the 420–450 ℃ temperature range and     

achieved waxy-oil optimum yields of 42–54.5 wt%.23 Al-Salem 

et al. obtained wax from the pyrolysis of both virgin and recy-

cled PE in a reactor at 600 ℃, with a maximum wax yield of     

43.7 wt%.24 Saeaung et al. performed the catalytic pyrolysis of 

petroleum-based and biodegradable plastic wastes to obtain 

high-value chemicals, processing high-density and low-density 

PE.25 They investigated the effect of pyrolysis temperatures 

(400–600 ℃) and catalysts (zeolite, spent FCC, and MgO) on     

the yield and composition of the waxy oils, determining that 

the main components of these liquids were alkenes, alkanes, 

and aromatics. The use of spent FCC catalysts resulted in a sig-

nificant decrease in wax production and increased hydrocarbons 

and aromatics in the gasoline range. Kremer et al. performed 

catalytic pyrolysis on a mixture of mechanically non-recyclable 

waste plastics in a fixed bed reactor at 475 ℃, achieving an opti-     

mum yield of 55 wt%, with the oil and wax fraction contrib-

uting 23 and 27 wt%, respectively, using an FCC catalyst.26

Wang et al. performed catalytic pyrolysis experiments on PE 

to produce monocyclic aromatics selectively.27 Furthermore, 

the recovered liquid had high monocyclic aromatic concentra-

tions with BTX compounds. So far, most studies on catalytic 

pyrolysis have focused on the wax cracking.

More recently, there have been studies to pyrolyze waste plas-

tics to utilize wax as a potential resource. Neuner et al. studied 

the conversion of Fischer–Tropsch waxes and plastic waste 

pyrolysis condensate into lubricating oils and potential steam 

cracker feedstocks, finding that lubricants from plastic waste 

exhibit lower cloud points and higher temperature stability.28

The research demonstrates the potential for recycling plastic 

waste into high-quality lubricating oils. Among these wax 

applications, the utilization of lubricants has recently gained 

attention. Paraffinic waxes are used in the production of lubri-

cants, and the more branched olefin waxes, the better. It should 

also be aromatics-free, as polycyclic aromatic hydrocarbons 

(PAHs) are generally more reactive than saturated hydrocar-
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bons.29 This high reactivity causes undesirable chemical reac-

tions within the lubricant, which shortens its life span. Using 

aromatic-free waxes in lubricant formulations can improve sta-

bility and performance.30 Additionally, using aromatic-based 

wax dissolvers is hazardous and expensive to operate. Using 

waxes without aromatic compounds solves these problems and 

provides a safer and more cost-effective alternative.31 The lubri-

cant industry can improve product stability and performance 

by utilizing aromatics-free waxes while meeting economic and 

environmental goals.

This study investigated the optimum yield of waxy oil derived 

from pyrolysis of waste PE fractions by varying the reaction 

temperature. In particular, zeolites with various Si/Al ratios as 

catalysts were compared to waxy oil paraffin. The trend of normal 

paraffin (linear) and non-normal paraffin (non-linear) contents 

was identified by simulated distillation (SIMDIS) analysis. In 

addition, we compared the trend by classifying the hydrocarbon 

distribution and grouping of pyrolysis oil using gas chroma-

tography/mass spectrometry (GC/MS) analysis.

Experimental

Feed Material. The waste PE fraction was used as the feed-          

stock in the experiment. Pellet-type waste plastic with a diam-

eter of 6 mm was obtained from Shoko Korea Co., Ltd. (South 

Korea). The proximate and ultimate analyses were performed 

on the waste PE, revealing a high content of volatile matter. 

The ultimate analysis consisted primarily of carbon and hydro-

gen (Table 1).

Inductively coupled plasma mass spectrometry (ICP-MS) 

was used to assess the inorganic content of the waste PE, with 

the results shown in Table 2. Notably, calcium, an alkali metal, 

had the highest concentration, followed by titanium. Trace 

metals were present in the original plastic samples.32 The silica 

(Si) exhibited a relatively low concentration, with trace amounts 

of various alkali metals.

Table 2 presents the ICP-MS analysis of waste PE, identi-

fying trace metals that may influence pyrolysis performance. 

Previous studies have reported that specific metal components, 

such as Al, Fe, Ni, and Cu, exhibit catalytic effects during 

pyrolysis, promoting hydrocarbon decomposition and influenc-

ing product yields.33,34 Additionally, alkali and alkaline earth 

metals (e.g., Ca, K, Na) can alter pyrolysis stability and effi-

ciency,35 while elements like Cd and Sb are associated with 

environmental and health concerns.36 In particular, Ca contained 

in the waste PE fraction used is the highest at 2477.9 ppm. It 

is thought that this will reduce the formation of char.

Experimental Setup. The pyrolysis experiments were con-     

ducted to investigate the effects of crucial reaction conditions 

(reaction temperature and nitrogen gas flow rate). The input 

amount of each experimental material was 200 g. A diagram 

of the lab-scale pyrolysis plant is presented in Figure 1. It con-

sisted of a heating system and a quenching system. The heat-

ing system consisted of a pre-heater and a fixed-bed reactor. 

The pre-heater was used to compensate for the uneven tem-

perature distribution of the fixed-bed reactor. The temperature 

was set to 800 ℃ to prevent a decrease in the temperature of     

the reactor due to cold nitrogen gas. The fixed-bed reactor, which 

was heated indirectly by electricity, was made of a 316SS tube 

with an inner diameter of 110 mm and a height of 650 mm. 

The thermocouples were positioned at the top, middle, and bot-

Table 1. Proximate and Ultimate Analyses of Waste PE

Proximate analysis (wt%)

Moisture Volatile matter Fixed carbona Ash

0.2 99.7 0.1 0.6

Ultimate analysis (wt%)b

Carbon (C) Hydrogen (H) Oxygen (O) Nitrogen (N)

84.3 14.2 1.5 -c

aBy difference, bAsh-free basis, cLess than 0.01

Table 2. ICP-MS Analysis of Waste PE (unit: ppm)

Al B Ba Ca Cd Cu

128.5 3.7 123.3 2477.9 68.0 19.5

Fe K Mg Mn Na Ni

170.7 25.9 197.6 4.3 122.3 2.6

Si Sr Ti Zn Zr Sb

463.2 3.4 932.3 53.5 1.4 4.2

Figure 1. Experimental schematic diagram of pyrolysis system.
 Polym. Korea, Vol. 49, No. 5, 2025
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tom of the reactor, and are aligned along the centerline of the 

reactor interior. The pyrolysis reaction temperature was calcu-

lated using the average values obtained from thermocouples in 

the reactor. Efficient recovery of the waxy oil was provided by 

a quenching system comprising a condenser wrapped with a 

heating band, an ethanol-cooled condenser, and two impact 

separators. The upper tube on the condenser wrapped with a 

heating band was maintained at 250 ℃. This is to prevent the           

wax components from condensing and clogging in the upper 

tube section of the condenser. Pyrolysis wax was primarily col-

lected in the hopper of the first condenser. Additionally, rela-

tively lighter wax fractions were captured in the first impact 

separator, and a small amount of oil-like product was collected 

in the hopper of the second condenser.

The ethanol-cooled condenser was maintained at -8 ℃ to        

capture the low-viscosity liquid not collected in the first con-

denser. The impact separators were applied to collect the com-

pounds with higher and lower viscosity. During the pyrolysis 

experiment, excess gas generated from the pyrolysis reaction 

was burned in a flare stack.

Thermogravimetric Analysis (TGA). Prior to the pyrolysis      

experiments, TGA was conducted on the waste PE fraction in 

a nitrogen atmosphere using a TG analyzer (TGA 4000, Perkin-

Elmer). The experiments were conducted within a temperature 

range of up to 800 ℃ at 5, 10, and 20 ℃/min heating rates. The              

sample was 10-20 mg, and the nitrogen gas flow rate was 100 

mL/min.

The thermogravimetric (TG) and differential thermogravim-

etry (DTG) curves of the waste PE fractions are shown in 

Figures 2 and 3. The results of the TGA of the waste PE frac-

tion show that waste PE was completely decomposed. The TG 

curves of the waste PE fraction at heating rates of 5, 10, and 

20 ℃/min indicate that it was completely decomposed at 480     

and 500 ℃. Therefore, the waste PE tended to decompose at     

around 500 ℃. The TG curves at 5 and 10 ℃/min started deg-     

radation below 400 ℃, while the TG curve at 20 ℃/min exhib-     

ited degradation beginning above 400 ℃.

Also, the DTG curve at 20 ℃/min has the highest degrada-     

tion rate, with the highest peak at 4 wt%/℃. The DTG curves     

show that the primary decomposition occurred within the 400-

500 ℃ range for waste PE fraction. The DTG curve showed     

that the decomposition and pyrolysis activation temperature 

range became narrower as the heating rate increased.

Reaction Conditions. The waste PE fraction was loaded into     

a container in the fixed-bed reactor. The container, made of stain-

less steel, is cylindrical with a volume of 0.65 L. The pyrolysis 

temperatures in the experiments were based on the TGA results 

of the waste PE fraction, conducted between 440 and 500 ℃.     

The nitrogen gas flow rates were 1 and 2 L/min. The catalyst 

was mixed with the waste PE fraction and introduced into the 

reactor. To compare the effects of the catalysts, 20 g (10 wt% 

of the sample) was employed. The catalysts were then mixed 

with the sample and introduced into the reactor. The heating 

rate of the pyrolysis reactor was about 16 ℃/min. The gas res-     

idence time in the pyrolysis reactor was calculated by about 163 

seconds in a cold state. Each experiment was conducted for

2 h. The reaction conditions are shown in Table 5. Runs 1 to 

4 focused on the pyrolysis of waste PE as influenced by reac-

tion temperature. Run 5 examined the impact of increased nitrogen 

gas flow at the optimized reaction temperature for the maxi-

mum yield of waxy oil. Runs 6 to 8 investigated the changes 

in the mass balance of the products with varying amounts of 

A4 zeolite. Runs 8 to 11 observed the mass balance and product 

characteristics resulting from the catalytic pyrolysis of waste Figure 2. The TG curves of waste PE fraction.

Figure 3. The DTG curves of waste PE fraction.
폴리머, 제49권 제5호, 2025년
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PE using ion-exchanged A4 zeolite and other zeolites with dif-

ferent acid sites and structures, such as Beta, Y zeolites, and 

ZSM-5. Several of the experiments were repeated to obtain better 

results. After the pyrolysis reaction, the products were collected in 

the hopper of the quenching system. The mass balances for the 

experiments are shown Supporting Information.

Zeolite Catalysts. Zeolite catalysts play a crucial role in pyrol-         

ysis by enhancing product yield and selectivity due to their dis-

tinct structure, acidity, and porosity. These crystalline microporous 

aluminosilicates contain framework alumina (AlO2) units with 

acidic active sites, influencing their catalytic performance. Their 

efficiency depends on acid site and strength. This study com-

pared the performance of four zeolites (A4, Beta, Y, and ZSM-5,

Zeolyst Co. Ltd., USA) with different acidity and pore struc-

tures, to evaluate their impact on pyrolysis waxy oil from waste 

PE. A4 zeolite, with an 8-membered ring structure and a small 

pore size (~4.1 Å), functions as a molecular sieve with strong ion-

exchange capacity, selectively separating molecules by size.37

Beta zeolite, known for its three-dimensional pore network and 

high thermal stability, is effective in cracking complex molecules, 

as demonstrated in lignocellulosic bio-oil hydroprocessing.38 Y 

zeolite, with a larger pore size (~7.4 Å) and a 12-membered 

ring, accommodates bulkier molecules, making it suitable for 

processing aromatics, alkanes, and cycloalkanes.39 ZSM-5, rec-

ognized for its shape-selective catalysis and high thermal stabil-

ity, facilitates the conversion of PE-derived waxes into high-

value hydrocarbons, owing to its robust framework and acidic 

sites.40

The acidities of the zeolites were determined by X-ray Flu-

orescence (XRF; semi-quantitative) and inductively coupled 

plasma optical emission spectroscopy (ICP-OES; quantitative)

analyses. The results are presented in Table 3.

The acid strengths of the catalysts, as indicated by the Si/Al 

ratio, increase in the order of A4 < Y < Beta < ZSM-5, whereas 

the total acidities, related to the number of acid sites, may 

decrease in this order. In addition to their chemical composition, 

the physical properties such as surface area, framework struc-

ture, and particle size of the zeolites are summarized in Table 4.

Analysis of the Products. This study mainly compares the     

characteristics of waxy oil produced through varying reaction 

temperatures and catalytic pyrolysis. Two analysis methods 

were employed to compare the characteristics of the waxy oil. 

To identify the compounds and classify the hydrocarbons, such 

as paraffin and olefin, present in the products, a GC/MS (7890A 

5975C, Agilent Instruments, USA) analysis was performed. This 

method enables the analysis of samples with a boiling range 

that extends to a final boiling point (FBP) exceeding 250 °C. 

In general, hydrocarbons have a respecter of 1 in GC/MS analysis, 

but heteroatoms are different. Also, since it is not an accurate 

semi-quantitative analysis method, it was analyzed to compare 

the approximate distribution of some of the compounds. In the 

GC/MS analysis conditions of waxy oil, the sample was fil-

tered through a 0.45 µm Teflon filter after dissolution. The solvent 

used for the analysis was chloroform. The sample was diluted 

with this solvent before being injected. The A DB-5MS UI 

column was used with a 1 L injection at a 10:1 split ratio. The 

helium (1.0 mL/min) was used as the carrier gas, and the anal-

Table 4. Surface area, Structure And Particle Size of the Zeolites

Zeolites
Surface area 

(m2/g)
Structure and particle size

A4 
zeolite

356
Framework
Structure

(1.40-2.36 nm)

Beta
zeolite

680

BEA (Beta) 
Structure

(0.66 × 0.67 nm, 0.56 
× 0.56 nm)

Y
Zeolite

730

FAU (Faujasite) 
Structure

(0.74 × 0.74 nm)

ZSM-5 425

MFI (Mordenite 

framework 

inverted) Structure

(0.51 × 0.55 nm, 

0.53 × 0.56 nm)

 

Table 3. XRF & ICP-OES Analyses of the Zeolites

XRF (wt%)

A4 Beta Y ZSM-5

SiO2 41.7 89.7 72.3 93.6

Al2O3 36.5 7.4 24.5 2.8

SiO2/Al2O3 1.1 12.1 2.9 33.3

ICP-OES (ppm)

A4 Beta Y ZSM-5

Si 163157 318529 271908 365534

Al 94943 29937 40403 8663

Si/Al 1.7 10.6 6.7 42.2
 Polym. Korea, Vol. 49, No. 5, 2025
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ysis was conducted in scan mode with a molecular weight range 

of 30–500 m/z. To investigate the boiling point and paraffin 

content characteristics of this waxy oil, a SIMDIS (8890GC, 

Agilent Instruments, USA) analysis was conducted. Generally, 

the SIMDIS analysis was performed to examine the boiling point 

distribution of the synthetic crude oil. In the SIMDIS analysis 

of waxy oil, the C8 above hydrocarbons were analyzed using 

the standard method of ASTM D7169. This method enables 

the analysis of samples with a boiling range that extends to a 

FBP exceeding 720 ℃. The carbon number distribution results        

obtained from SIMDIS analysis can detect hydrocarbons with 

a carbon number of 120 (C120). When a sample is injected, it 

passes through a high-temperature gas chromatograph column 

and is separated. The compounds are detected in order from 

the lowest boiling point to the highest boiling point. The detec-

tion time of each compound can be related to the boiling point 

to simulate the boiling point distribution of the sample, which 

allows quantitative analysis of compounds with carbon num-

bers up to C120. In the SIMDIS analysis conditions, wax oils were 

diluted with carbon disulfide (CS2).

The pyrolysis gases were analyzed by gas chromatography-

thermal conductivity detection (GC-TCD: 7890 A, Agilent 

Instruments) and flame ionization detection (GC-FID). For 

GC-TCD analysis, a Carboxen 1000 column was applied, and 

argon was used as the reference and carrier gas. For GC-FID 

analysis, an HP-Plot aluminum oxide (Al2O3) / potassium chloride 

(KCl) column was used. Argon gas was used as a supplementary 

gas at a flow rate of 25 mL/min. The oven temperature was 

maintained at 40 ℃ for 4 min, then increased to 160 ℃ at 4 ℃              

/min, and then to 200 ℃ at 2 ℃/min. It was maintained at this     

temperature for 30 min.

Results and Discussion

The experimental conditions and yield results are summa-

rized in Table 5. In this experiment, wax oil was defined as 

containing C7 to C35, and hydrocarbons containing carbon atoms 

larger than C19 are defined as wax. Runs 1–4 involved exper-

iments with varying reaction temperatures, while Run 5 was 

conducted by increasing the N2 flow rate under optimal yield 

conditions. Runs 6–8 were performed to compare the quantity 

of A4 zeolite used, and Runs 8–11 involved experiments with 

different zeolites under optimal yield conditions. In Run 13, 

waste PE pyrolysis was performed by calcining A4 zeolite. In 

some experiments (Run 5), the yields of waxy oil that did not 

conform to the trend were observed, necessitating re-experi-

mentation. The waxy oil yield in Run 5 was 71.1 wt%, with a 

standard deviation of ± 1.1 wt%. This showed that the yield 

ranged from 70.0 to 72.2 wt%. The standard deviation obtained 

through such re-experimentation indicated the repeatability of 

the experiment and the reliability of the results.

When non-catalyst was used, the maximum yield of waxy 

oil was 71.1 wt% in Run 5. This was because the highest yield 

of waxy oil was obtained at a reaction temperature of 460 ℃.     

This temperature was selected, and the nitrogen gas rate vari-

able was set. In Run 12, the nitrogen gas rate was 3L/min, but 

the yield of waxy oil was reduced to 65 wt%. Therefore, this 

pyrolysis system was optimal when the nitrogen gas rate was 

Table 5. The Experimental Conditions and Results of Mass Balance from Pyrolysis Products

Runs
Reaction 

temperature (°C)
N2 gas flow rate

(L/min)
Catalysts/feed

(wt%)
Catalysts of 
zeolite type

Gas
(wt%)

Waxy oil
(wt%)

Char
(wt%)

Non-reaction 
product (wt%)

1 440

1
(Runs 1–4)

- - 23.5 62.5 0 14.0

2 460 - - 33.1 65.1 1.8 -

3 480 - - 35.2 65.2 0.6 -

4 500 - - 47.0 52.2 0.8 -

5 460

2
(Runs 5–11)

- - 27.9 71.1 1.0 -

6 460 1.0
A4

(Runs 6–8)

25.9 72.0 2.1 -

7 460 5.0 23.8 75.6 0.6 -

8 460

10.0
(Runs 8–11)

23.3 76.5 0.2 -

9 460 Beta 84.1 15.2 0.7 -

10 460 Y 53.8 45.6 0.6 -

11 460 ZSM-5 81.7 17.8 0.5 -

12 460 3 - - 33.7 65.0 1.3 -

13 460 2 10.0 A4 (calcination) 24.5 50.5 (Wax) 0 25.0
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2 L/min. The catalytic pyrolysis experiment was performed 

under these yields of optimum conditions. When A4 zeolite was 

used, the maximum yield of waxy oil product was about 76 

wt% in Run 8.

This outcome is primarily attributed to the ion exchange 

reaction facilitated by the Na+ metal-ion in A4 zeolite and the 

adsorption effects of its micro-sized pores. The maximum yield 

of gas product was 84.1 wt% in Run 9. This high yield can be 

attributed to the channel-type structure and selectivity charac-

teristics of ZSM-5. The linear structure of waste PE further 

facilitated rapid gas conversion through accelerated reactions.

Table 6 compares the results of polyethylene pyrolysis from 

various studies. Most studies were conducted in batch reactors 

with reaction temperatures ranging from 450 to 600 ℃. Netsch,         

N. et al. studied the pyrolysis of polyolefin waste using various 

zeolite and silica-alumina catalysts to obtain high yields of gas 

and liquid. In particular, it was shown that the catalytic reaction 

at 400–550 ℃ promoted the production of high-value com-        

pounds such as C2–C4 olefins.41 Rodríguez et al. performed the 

heating rate of the reactor at 20 ℃/min, which is higher than           

that used in our pyrolysis reactor. This higher heating rate led 

to a wax yield of 71.6 wt%.45 An increase in the heating rate 

of the reactor leads to higher wax yields. A higher heating rate 

causes polymer chains to break down rapidly, leaving behind 

a significant amount of partially decomposed intermediates. 

These intermediates are likely to remain as wax substances with 

high molecular weight. Therefore, increasing the heating rate 

leads to higher waxy product yield at approximately 500 ℃.42         

The yield of waxy oil varies depending on the reactor type, 

flow rate of carrier gas, and reaction temperature.

Mass Balance of Pyrolysis Products. The mass balance     

of the pyrolysis products was evaluated under various condi-

tions and is summarized in the Supporting information (Fig-

ures S1–S3). Figure S1 shows the product yields as a function 

of reaction temperature, highlighting changes in gas, waxy oil, 

and char fractions. Figure S2 presents the influence of nitrogen 

gas flow rate on waxy oil yield at 460 ℃. Figure S3 compares     

the product distributions obtained using different zeolite cata-

lysts under identical reaction conditions.

Results of GC/MS analysis. GC/MS analysis was con-     

ducted for oil components with boiling point below 250 ℃.     

Therefore, waxes with higher boiling points are generally not 

analyzed. Thus, this section could identify only some of the 

compounds of the pyrolysis oil with boiling points below 250 ℃     

. The distribution of recovered pyrolysis waxy oils was inves-

tigated based on the number of carbons. Additionally, the com-

pounds within this range of oil were classified, such as aliphatic 

and aromatic hydrocarbons, and the peak area values were 

expressed as percentages.

Figure 4 illustrates the compound distribution of catalytic 

pyrolysis products as a function of carbon number. The distri-

bution appears broad in Figure 4(a), whereas in Figure 4(d), it 

was distributed sharply on carbon numbers of the lower range. 

Figures 4(b)-(d) are composed of light hydrocarbons below 

C15. On the other hand, Figure 4(a) is composed of various 

hydrocarbons below C28 and is considered to be suitable as a 

Table 6. Comparison of Mass Balance Results for Pyrolysis Products from Polyethylene

Ref. Reactor type
Reaction temperature

Tmax (℃)
Used major 

Catalyst
Carrier gas
(mL/min)

Heating rate
(℃/min)

Gas
(wt%)

Liquid
(wt%)

Wax
(wt%)

Char
(wt%)

41
Auger reactor
(Pilot scale)

450
Zeolites 
(ex-situ)

19000 N/A 83.0 17.0 - -

43 Batch 450 - 200 N/A 20.0 - 80.0 -

16 Fixed-bed batch 600 - N/A 5 - - 43.7 -

25
Semi-batch 600 - 400 5 52.4 47.6 - -

Semi-batch 600 LTA Zeolite 400 5 49.0 - 49.3 1.7

44 Semi-batch 500 - 250 N/A 20.1 54.5 25.4 -

45
Stainless-steel 

Semi-batch
500 - 40 20 25.55 - 71.6 2.85

46

Schlenk vessel 
Semi-batch

500 - N/A 10 16.8 3.1 - 79.7

Schlenk vessel 
Semi-batch

500 HZSM-5 N/A 10 16.5 21.0 - 61.8

Our
experiment

Fixed-bed batch 460 - 1000 16 33.1 37.3 27.7 1.9

Fixed-bed batch 460 A4 zeolite 2000 16 23.5 46.2 30.3 -
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base resource for lubricating oil. The results of GC/MS were 

conducted to determine the specific components of the pyrol-

ysis waxy oil. The qualitative GC-MS results based on peak area 

were converted to quantitative values expressed as weight/mass 

percentages using internal standards and correction factors. 

Table 7 illustrates the composition ratios of compounds clas-

sified into paraffin, olefin, aromatic, cyclo-olefin, naphthene, 

diolefin, and alkyne groups. The oxygenated compounds were 

mainly composed of alcohol.47 The classification of hydrocar-

bon types in pyrolysis oil products follows ASTM D2425.48

The paraffin content decreases as the reaction temperature 

increases. At 440 ℃ in Run 1, the paraffin content was 43.1%,           

but it reduced to 31.1% at 500 ℃ in Run 4. This decline sug-             

gests that higher temperatures promote the cracking of paraf-

finic hydrocarbons into smaller molecules such as olefins and 

diolefins. The olefin content shows an increasing trend with 

temperature. Starting from 32.5% in Run 1 at 440 ℃, it rose to            

40.5% in Run 4 at 500 ℃. Olefins are valuable intermediates     

in petrochemical processes due to their reactivity.11 Increasing 

olefin content at higher temperatures indicates enhanced dehy-

drogenation and cracking reactions, forming more unsaturated 

hydrocarbons.49 Aromatic compounds begin to form signifi-

cantly at higher temperatures and in the presence of specific 

catalysts.50 While non-aromatics were detected in Runs 1 to 3, 

the aromatic content reached 3.0% in Run 4 at 500 ℃. The use     

of zeolite-type catalysts dramatically increases the aromatic 

content. Run 9 with Beta zeolite yielded 22.0% aromatics, and 

Run 11 with ZSM-5 produced a substantial 71.9% aromatic 

content. This enhancement is attributed to the catalytic activ-

ities of zeolites, which promote dehydrocyclization and aro-

matization reactions.51 Cyclo-olefin content varies with both 

temperature and catalyst type. It remained relatively low at lower 

temperatures but increased in Runs involving zeolite catalysts. 

Run 11 with ZSM-5 catalyst showed a cyclo-olefin content of 

7.2%. This suggests that catalytic conditions favor the formation 

of cyclic unsaturated hydrocarbons through cyclization reac-

tions.11 Naphthene content, representing cycloalkanes, shows 

slight variations across different runs. It remained below 1.1% 

in most cases but increased to 3.0% in Run 11 with the ZSM-

5 catalyst. The presence of naphthenes indicates that hydroge-

nation of aromatic rings or cyclization of aliphatic chains may 

occur under certain catalytic conditions. Oxygenated compounds 

exhibit notable increases under specific conditions. In Run 1 at 

440 ℃, the oxygenated compound content was 16.2%, which     

decreased with increasing temperature, dropping to 14.0% in 

Run 4 at 500 ℃. However, using specific catalysts like A4     

zeolite in Run 8 elevated the oxygenated compound content to 

26.0%. This increase may result from the catalyst facilitating 

the incorporation of oxygen into the hydrocarbon framework 

or from the decomposition of oxygen-containing additives in 

Figure 4. Carbon distribution of the products after catalytic pyrol-

ysis of waste PE (Runs 8 to 11).

Table 7. Aliphatic and Aromatic Hydrocarbon Content in the Pyrolysis Oils of the Waste PE Unit (Area%)

Runs
Temp.
(°C)

N2 Flow
(L/min)

Catalysts of 
Zeolite type

Paraffin Olefin Aromatic Cyclo-olefin Naphthene
Oxygenated 
compounds

Diolefin Alkyne Unknown

1 440

1
(Runs 1-4)

- 43.1 32.5 0.0 2.0 0.6 16.2 3.4 1.2 1.0

2 460 - 41.4 33.8 0.0 0.6 0.6 18.7 2.6 1.3 1.0

3 480 - 33.0 38.7 0.0 2.0 0.9 17.8 4.9 1.4 1.3

4 500 - 31.1 40.5 3.0 0.7 1.1 14.0 7.4 0.4 1.8

5 460

2 (Runs
5-11)

- 43.7 34.2 0.0 1.3 0.7 14.5 3.3 1.2 1.1

8

460

A4 32.0 32.0 0.0 0.0 1.3 26.0 3.5 0.9 4.3

9 Beta 17.8 19.5 22.0 1.0 2.8 8.3 2.4 0.0 26.2

10 Y 31.6 22.7 21.4 1.5 2.7 4.9 0.6 0.0 14.6

11 ZSM-5 2.8 0.6 71.9 7.2 3.0 3.5 4.1 0.0 6.9
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the waste polyethylene. The oxygenated compounds were mainly 

composed of alcohol.47 The diolefin content increased with ris-

ing reaction temperatures. In Run 4, the diolefin content reached 

its highest value of 7.4%.

The presence of naphthenes indicates that hydrogenation of 

aromatic rings or cyclization of aliphatic chains may occur under 

certain catalytic conditions. Oxygenated compounds exhibit 

notable increases under specific conditions. In Run 1 at 440 ℃,          

the oxygenated compound content was 16.2%, which decreased 

with increasing temperature, dropping to 14.0% in Run 4 at 

500 ℃. However, using specific catalysts like A4 zeolite in         

Run 8 elevated the oxygenated compound content to 26.0%. 

This increase may result from the catalyst facilitating the incor-

poration of oxygen into the hydrocarbon framework or from 

the decomposition of oxygen-containing additives in the waste 

polyethylene. The oxygenated compounds were mainly com-

posed of alcohol.52 The diolefin content increased with rising 

reaction temperatures. Specifically, at a reaction temperature of 

500 ℃ in Run 4, the diolefin content reached its highest value           

of 7.4%. The increased presence of diolefins is notable because 

they are more reactive species that can participate in additional 

chemical transformations, potentially enhancing the value of 

the pyrolysis products.47 These results demonstrate that reaction 

conditions significantly influence the composition of pyrolysis 

products from waste polyethylene. Higher temperatures favor 

the formation of unsaturated hydrocarbons like olefins and 

diolefins, while zeolite-type catalysts promote the production 

of aromatics and cyclo-olefins. Understanding the distribution 

of these hydrocarbon groups is crucial for optimizing the pyrol-

ysis process. Adjusting reaction temperatures and selecting 

appropriate catalysts allows the product composition to be tai-

lored toward specific hydrocarbons of higher economic value.

Classification of Recovered Wax Based on Different      

Methods: Figure 5 shows the catalytic pyrolyzed waxy oil        

classification based on a range of carbon numbers. The products 

were categorized into wax and oil using the petrochemical pro-

cess.48

Notably, an increase in the Si/Al ratio improves the conver-

sion rate to oil. The yields of oil and wax (C19 and above) were 

categorized based on GC/MS analysis results from the mass 

balance of waste PE pyrolysis with various zeolite catalysts.

The Beta and Y zeolites yielded notably low ratios of wax 

at 12.7 and 12.9%, respectively, attributed to extensive crack-

ing reactions resulting from acid-catalytic processes. However, 

when ZSM-5 was used, non-wax was produced. Conversely, 

using an A4 zeolite resulted in a significantly higher ratio of 

wax yield of 39.6%, respectively. Figure 6 classifies waxy oils 

from catalytic pyrolysis via waste PE based on the petrochem-

ical fuel range.

The classified data within the fuel range is helpful as a ref-

erence for incorporating pyrolysis wax into the lubricant-based 

oil production process. With A4 zeolite, recovered wax was 

abundant, constituting 40% of the product. When using the Beta 

and Y zeolites, a wax of 13% was produced. In contrast, ZSM-5

did not yield any wax due to its selectivity. These compositions 

predominantly consisted of compounds with fewer gases or 

carbon atoms due to the rapid reaction of pyrolysis gases from 

the linear waste PE sample. The Beta and Y zeolites, possess-

ing super-cages with mesopores, underwent cracking reactions 

based on active site distribution, determining wax yield. Con-

versely, A4 zeolite, with micropores, generated a significant 

amount of wax in pyrolysis waxy oil products due to lower 

active site distribution compared with Beta and Y zeolites.

Figure 7 illustrates the distribution of wax products resulting 

from pyrolysis based on carbon number. The experimental 

conditions of the runs are specified in Table 5. Waxes were cat-

Figure 6. Classification of the petrochemical fuel range for catalytic 

pyrolysis waxy oils.

Figure 5. Classification of wax and oil based on carbon number.
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egorized into soft wax (C19–C23), medium wax (C24–C34), and 

hard wax (C35).
53 Runs 1–4 represent wax distribution at reac-

tion temperatures of 440, 460, 480, and 500 ℃, with Run 5           

having a reaction temperature of 460 ℃ with a nitrogen flow          

rate of 2 L/min. As the reaction temperature increased, soft 

wax yield also increased due to the molecular cracking reac-

tion activity. when the nitrogen gas flow rate was at 2 L/min, 

the soft wax (Run 5) was similar to 1 L/min (Run 2). In addition, 

Run 1 had hard wax at 9.8%, including unreacted material. 

This was due to the low reaction temperature. As a result, the 

product containing unreacted material had a lower soft wax 

distribution and a higher medium wax distribution.

In the absence of a catalyst, soft and medium wax accounted 

for 52.7–63.2% and 33.0–47.3% of the product, respectively, 

whereas hard wax was not generated, except at a reaction tem-

perature of 440 ℃. Runs 8 to 10 represent the recovered wax           

distributions after catalytic pyrolysis using A4, Beta, and Y 

zeolites. Figure 11, in which ZSM-5 (Run 11) was applied, 

was excluded because wax was not produced. The Beta zeolite 

has a three-dimensional cross-pore structure. This porous struc-

ture allows for the control of various molecular sizes. As a 

result, soft, medium, and hard waxes were distributed at 46.7, 

32.0, and 21.3%, respectively. On the other hand, Y zeolite has 

a Faujasite (FAU) structure, which forms a large super-cage. 

This super-cage has large pores and can be accessed through 

the pore entrance consisting of 12 oxygen atoms. This struc-

ture allows molecules of various sizes to enter. Due to the pres-

ence of oxygen atoms, the distribution of soft, medium, and 

hard waxes was 54.4, 32.8, and 12.8%, respectively. Conversely, 

the hard wax was not produced when A4 zeolite was used. The 

structure of A4 zeolite has small pores composed of 8 oxygen 

atoms. This structure gives it the property of adsorbing or exclud-

ing only certain molecules depending on their size. Because of 

this, A4 zeolite is mainly used to filter out molecules less than 

4 Å. This property of A4 zeolite is a selective adsorption reac-

tion that does not allow large molecules to pass through. As a 

result, the soft wax of Run 8 was distributed at about 71.2%, 

which was 18.3% more distributed than the waxy oil of pyrol-

ysis without a catalyst (Run 5). This soft wax has a carbon 

chain length ranging from C19 to C23, which is ideal for lubri-

cant base oils. Hydrocarbons with these provide high viscosity 

while maintaining sufficient fluidity, which is crucial for lubri-

cation. Additionally, the relatively low boiling point of the soft 

wax makes it easier to obtain lubricant base oils during sub-

sequent refining and separation processes, improving process-

ing efficiency and increasing the yield of the desired lubricant 

products. The narrow and uniform hydrocarbon distribution 

within the C19-C23 range enables the production of consistently 

high-quality lubricant base oils, contributing to the performance 

and stability of the lubricants.28 This property makes it especially 

suitable for producing high-value products like engine oils and 

industrial lubricants. Additionally, the low volatility of this wax 

enhances environmental safety and provides notable economic 

benefits by minimizing base oil loss.

Results of SIMDIS Analysis. The waxy oil was analyzed     

to compare the waxy oil distribution based on boiling points 

and paraffin content characteristics, the primary hydrocarbon 

of waxy oil. The paraffin content identifies the distribution between 

normal and non-normal forms of paraffin in waxy oil. This 

information is valuable as it provides insights into the suitability 

of waxy oil as a feedstock for lubricant-based oil production 

processes.

Boiling Point Distribution of the Recovered Waxy Oils:     

Figure 8 shows the SIMDIS analysis results for the boiling 

point of the waxy oil from waste PE. Figure 8(a) illustrates the 

trend in waxy oil boiling points with varying pyrolysis tem-

peratures. The boiling point curves for Runs 1 and 2 show that 

the recovered mass of waxy oil reached 99.5% at 600 and 

630 ℃, respectively. In contrast, for Runs 3 and 4, the recov-     

ered mass of waxy oils reached 86 and 90% at 750 ℃. This     

indicates that compounds with higher boiling points are pro-

duced as the reaction temperature increases. Figure 8(b) shows 

the effect of A4 zeolite content on the boiling point distribu-

tion. As the amount of A4 zeolite increases, the boiling point 

distribution shifts slightly to lower boiling points. This indi-

cates an increase in the lighter hydrocarbon fraction. The A4 

zeolite (10 wt%) curve shows the largest decrease in the boil-

ing point range. This suggests that higher zeolite loading pro-

motes more active cracking, converting heavy hydrocarbons to 

Figure 7. Classification of wax from pyrolysis waxy oils.
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lighter fractions. Therefore, as the amount of A4 zeolite increases, 

the boiling point of the product decreases. This indicates that 

more effective catalytic decomposition occurs. A4 zeolite (10 

wt%) produces more low-boiling compounds, showing that 

more light hydrocarbons are produced.

Figure 8(c) compares the effect of different zeolite types (A4, 

Beta, Y, ZSM-5) on the boiling point distribution of pyrolyzed 

waxy oils. The presence of zeolites generally shifts the boiling 

point distribution toward lower boiling points, particularly in 

the case of ZSM-5, which exhibits the most dramatic shift. The 

ZSM-5, due to its microporous structure and high acidity, pro-

motes significant cracking of heavy hydrocarbons, producing a 

higher fraction of light fractions. The ZSM-5 was the most 

effective catalyst for reducing the boiling point, producing the 

largest fraction of light hydrocarbons. The Y and Beta zeolites 

exhibit moderate cracking activity compared to ZSM-5. Thus, 

the Beta, Y, and ZSM-5 zeolites appear to be suitable for oil 

and gas upgrading. On the other hand, the A4 zeolite was the 

least effective in terms of shifting the boiling point distribution. 

This variation indicates the dependence of the pyrolysis boiling 

point of waxy oil distribution on the reaction temperature, rate 

of nitrogen flow, and catalyst amount. Freund et al. reported 

the boiling point of paraffinic wax.54 The boiling point of par-

affin wax is indicated by a solid line ( 370℃) in Figure 8.

Paraffin Distribution in the Recovered Waxy Oils: Fig-     

ure 9 illustrates the content distribution of normal and non-nor-

mal paraffins at reaction temperatures ranging from 440 to 

500 ℃ during SIMDIS analysis.

At a reaction temperature of 500 ℃, the normal paraffin in     

C8 increases to around 9.8%, while the non-normal paraffin 

content decreases significantly, most likely because it is converted 

into normal paraffin. Non-normal paraffin content increases, 

indicating a reduction likely resulting from beta-scission reac-

tions.55 Except for C8, there were no notable variations in the 

normal and non-normal paraffin content as the reaction tem-

peratures varied.

Figure 8. SIMDIS analysis results of the pyrolysis waxy oil based 

on (a) reaction temperature; (b) the amount of A4 zeolite; (c) zeolite 

types.

Figure 9. The paraffin content under reaction temperatures of (a) 

440; (b) 460; (c) 480; (d) 500 ℃.
 Polym. Korea, Vol. 49, No. 5, 2025



590 J.-H. Yoon et al.

     

   

   
Figure 10 presents the paraffin form distribution when using 

a catalyst, ranging from C8 to C60. Without a catalyst, C8 par-

affin primarily comprises normal paraffin (approximately 6%), 

while from C10 to C50, non-normal paraffins dominate. When 

using A4 zeolite, the normal paraffin of C8 in this waxy oil was 

reduced by half compared to pyrolysis without a catalyst. In 

addition, normal paraffins at C26-C34 were converted to non-

normal paraffins. The Beta and Y zeolites exhibit normal par-

affin forms for compounds below C10, transitioning to non-nor-

mal forms for C11 and above, indicating the influence of 

micropores and super-cages. The higher content of normal par-

affin when using ZSM-5 is due to the improved selectivity 

towards linear compounds.

Table 8 presents the wax content from the SIMDIS analysis 

of pyrolysis waxy oil. Runs 1-4 analyzed waxy oil pyrolyzed under 

nitrogen gas at 1 L/min without a catalyst. Run 2 involves waxy 

oil pyrolyzed at a reaction temperature of 460 ℃. The maximum     

concentration of non-normal paraffin in these waxy oils was 

approximately 87.5%. This outcome suggests that increasing 

the reaction temperature in the pyrolysis system minimizes the 

conversion of waxy oil into non-normal paraffin. It also sug-

gests that the long-chain hydrocarbons in waste polyethylene were 

not cracking reactions into shorter chains at higher reaction 

temperatures. Therefore, the primary reaction of pyrolysis pre-

dominantly occurs at lower temperatures (around 440 ℃), cracking     

long-chain hydrocarbons into smaller alkanes and alkenes. In 

contrast, at 500 ℃, secondary cracking and condensation reac-     

tions become more prominent. These reactions could form heavy-

molecular-weight hydrocarbons through mechanisms such as the 

recombination of lighter molecular fragments, aromatic con-

densation, or olefin reactions.56 This explains the increase in the 

C121 compounds above, which was from 0 to 13.8%.

Figure 10. The paraffin contents: (a) without and using zeolite cat-

alysts; (b) A4; (c) Beta; (d) Y; (e) ZSM-5.

Table 8. Paraffin Contents of Pyrolysis Waxy Oils from SIMDIS Results

Type of 
Pyrolysis

Run Catalysts
Total normal 
paraffin (%)

Total non-normal 
paraffin (%)

C121 above
(%)

Sum
(%)

Pyrolysis

1

None

16.3 83.7 0 100

2 12.5 87.5 0.1 100

3 10.3 80.3 9.4 100

4 13.5 72.7 13.8 100

5 12.8 77.4 9.8 100

Catalytic 
pyrolysis

6 A4 zeolite (1 wt%) 13.3 84.3 2.4 100

7 A4 zeolite (5 wt%) 10.6 84.6 4.8 100

8 A4 zeolite (10 wt%) 7.9 92.0 0.1 100

9 Beta zeolite (10 wt%) 10.1 89.9 0.1 100

10 Y zeolite (10 wt%) 12.1 87.9 0.1 100

11 ZSM-5 (10 wt%) 63.5 36.5 0 100

13 A4 zeolite (calcination, 10 wt%) 14.8 18.1 67.1 100
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Runs 8-11 performed catalytic pyrolysis of waste PE in situ. 

In Run 8, when A4 zeolite was used, the non-normal paraffin 

content in the waxy oil reached a maximum of 92%. Com-

pared to Run 5, where pyrolysis was performed without a cat-

alyst under identical conditions, the non-normal paraffin content 

increased by approximately 15%, from 77.4 to 92%. This 

enhancement can be attributed to the cracking of A4 zeolite 

from acid sites, allowing cracking to occur primarily through 

adsorption rather than acid-induced cracking. In Runs 9 and 

10, where Beta and Y zeolites were used as catalysts, non-nor-

mal paraffin contents were 89.9 and 87.9%, respectively. The 

Beta and Y zeolites have acid site densities of 10.6 and 6.7%, 

with BEA and FAU frameworks, respectively. This contributes 

to their higher reactivity and enhanced cracking due to acid 

sites and mesoporous structures. In contrast, Run 11, which used 

ZSM-5, exhibited a significantly lower non-normal paraffin con-

tent of 36.5%. The reduced content is likely due to the channel-

like structure and high selectivity of ZSM-5, which promotes 

increased reactivity of linear polymers. In Run 13, when calcined 

A4 zeolite was used, normal and non-normal paraffins were 

14.8 and 18.1%, respectively. Also, ultra-long-chain paraffins 

(C121 and above) had the highest proportion at 67.1%. The 

comparison of SIMDIS results with and without catalyst calci-

nation is presented in Supporting Information (Figures S4–S5).

Runs 8-11 performed catalytic pyrolysis of waste PE in-situ. 

In Run 8, when A4 zeolite was used, the non-normal paraffin 

content in the waxy oil reached a maximum of 92%. Com-

pared to Run 5, where pyrolysis was performed without a cat-

alyst under identical conditions, the non-normal paraffin content 

increased by approximately 15%, from 77.4 to 92%. This 

enhancement can be attributed to the cracking of A4 zeolite 

from acid sites, allowing cracking to occur primarily through 

adsorption rather than acid-induced cracking. In Runs 9 and 

10, where Beta and Y zeolites were used as catalysts, non-nor-

mal paraffin contents were 89.9 and 87.9%, respectively. The 

Beta and Y zeolites have acid site densities of 10.6 and 6.7%, 

with BEA and FAU frameworks, respectively. This contributes 

to their higher reactivity and enhanced cracking due to acid 

sites and mesoporous structures. In contrast, Run 11, which 

used ZSM-5, exhibited a significantly lower non-normal par-

affin content of 36.5%. The reduced content is likely due to the 

channel-like structure and high selectivity of ZSM-5, which 

promotes increased reactivity of linear polymers. In Run 13, when 

calcined A4 zeolite was used, normal and non-normal paraf-

fins were 14.8 and 18.1%, respectively. Also, ultra-long-chain 

paraffins (C121 and above) had the highest proportion at 67.1%.

Conclusions

The waste PE underwent pyrolysis in a fixed bed reactor to 

recover waxy oil, and their characteristics were investigated. 

Initially, at a pyrolysis temperature of 460 ℃ and a nitrogen     

flow rate of 2 L/min, the waxy oil maximum yield was approx-

imately 71.1 wt% without catalysts. When using A4 zeolite, 

the maximum yield of waxy oil was 76.4 wt%. The ratio of 

waxes with a carbon number of C19 and above reached a max-

imum yield of around 41.7 wt%. In the GC/MS analysis, the 

components of waxy oil obtained from A4 zeolite mainly com-

prised alkene groups, such as decene and cetene. In contrast, 

the waxy oil components from Beta and Y zeolites mainly con-

sisted of aromatic olefin groups, such as benzene, naphthalene, 

and nonene. When ZSM-5 was used, the waxy oil mostly com-

prised aromatic groups like benzene, toluene, and xylene (BTX), 

naphthalene, and mesitylene. When the A4 zeolite catalyst was 

applied, the soft wax (C19-C23) was produced with a maximum 

yield of 71.2%, which can positively contribute to the produc-

tion of lubricant base oils. In the SIMDIS analysis, the waxy 

oil produced from pyrolysis from waste PE mainly generated 

compounds with high boiling points as the pyrolysis reaction 

temperature increased. Therefore, the waxy oil with A4 zeolite 

is more effective than non-catalytic pyrolysis in converting nor-

mal paraffin (C8 and C26-C34) into non-normal paraffin. Also, 

the non-normal paraffin had a maximum distribution of 92%. 

The waxes rich in branched paraffin (non-normal paraffin) can 

serve as a chemical platform, facilitating their recycling into 

virgin-grade polymers for reproducibility or reuse in various 

applications, such as lubricating materials. Depending on the 

calcination conditions of A type zeolites, the pyrolysis reaction 

path of PE shows a unique characteristic that changes signifi-

cantly. This suggests that the catalyst and pretreatment condi-

tions can be precisely controlled to obtain a desired hydrocarbon 

distribution. In the following experiment, we will experiment 

on the influence of controlling the hydrocarbon range of waste 

PE pyrolysis wax by using zeolites with various A types and 

calcination conditions as variables.
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