
 

Papers presented before CSBE/SCGAB meetings are considered the property of the Society. In general, the Society reserves 
the right of first publication of such papers, in complete form; however, CSBE/SCGAB has no objections to publication, in condensed 
form, with credit to the Society and the author, in other publications prior to use in Society publications. Permission to publish a paper 
in full may be requested from the CSBE/SCGAB Secretary: Department of Biosystems Engineering E2-376 EITC Bldg, 75A 
Chancellor Circle, University of Manitoba, Winnipeg, Manitoba, Canada R3T 5V6 or contact bioeng@csbe-scgab.ca. The Society is 
not responsible for statements or opinions advanced in papers or discussions at its meetings. 

 

 

 

  

The Canadian Society for Bioengineering  
The Canadian society for engineering in agricultural, food, 
environmental, and biological systems. 

La Société Canadienne de Génie 
Agroalimentaire et de Bioingénierie 
La société canadienne de génie agroalimentaire, de 
la bioingénierie et de l’environnement 

Paper No. CSBE22211 

Two-stage pyrolysis of low-density polyethylene waste 

 

Laura D. MILA S.*, Simon BARNABÉ 

Université du Québec a Trois-Rivieres. 3351 Boulevard des Forges, Trois-Rivières, Quebec, 
Canada, G8Z 4M3. Email: laura.mila@uqtr.ca; simon.barnabe@uqtr.ca  

.  

Stéphane GODBOUT, Joahnn H. PALACIOS 
Research and Development Institute for the Agri-Environment (IRDA). 2700 Einstein Street, Quebec 
City, Quebec, Canada, G1P 3W8. Tel.:+1-418-643-2380, E-mail: stephane.godbout@irda.qc.ca; 
joahnn.palacios@irda.qc.ca. 

 

   Written for presentation at the 
CSBE/SCGAB 2022 Annual Conference 

Charlottetown, Prince-Edward-Island 
24-27 July 2022 

 

ABSTRACT The production of plastic waste continues to increase worldwide. The search for new 
recycling alternatives or the improvement of existing recycling technologies has been the focus of 
attention. Pyrolysis as a chemical recycling technology has taken a major interest for obtaining 
alternative fuels. In this study, pyrolysis of virgin low-density polyethylene (LDPE) and LDPE waste 
was carried out in a two-stage continuous pyrolyzer, which has an Auger reactor and a Batch reactor 
connected in series. The main objective was to evaluate this recent technique and compare the 
performance of virgin polyethylene and waste plastic. The calorific value of the pyrolysis products 
was also evaluated. The yield of pyrolytic oil from virgin polyethylene was 17 wt.% and 4 wt.% for 
waste polyethylene. However, in both cases gas production was predominant 82 wt.% and 96 wt.% 
respectively. The average calorific value of all samples was 38.6 MJ/Kg. The calorific value results 
indicate that plastic pyrolysis oil can potentially be used as a substitute for fuels such as gasoline or 
diesel. However, the yields should be optimized to obtain a higher amount of oil.  
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INTRODUCTION  

 

Since 1950, plastic production has increased 244% worldwide (Statista, 2021). This is due to its low 
cost, light weight, high durability and versatility compared to other materials (Anuar Sharuddin et al., 
2016).  In 2017, the global production of plastic reached 348 million tons presenting an annual 
increase of 3.8% in recent years, of which 30% correspond to polyethylene, 20% to polypropylene 
and 17% to polyvinyl chloride (PVC). Approximately 6.3 billion tons of plastic waste have been 
produced in the last 70 years, 79% of which has accumulated in landfills and oceans. In countries 
like the United States and Canada, only 8.7% and 9% of plastic waste is recycled (Environment and 
Climate Change Canada, 2019)(EPA, 2018). The percentage of plastics deposited in landfills is still 
high despite recycling. These residues not only emit carbon dioxide, methane, volatile organic 
compounds, and other hazardous pollutants into the air (Park et al., 2019) but also, they occupy a 
significant amount of storage space and will take millions of years to degrade naturally 
(PlasticsEurope, 2018). 

 

Since the closure in 2018 of Chinese borders to the receipt of waste for processing, companies 
including Canadian recycling companies have been forced to look for solutions to use or process 
recyclable materials (Radio-Canada, 2019). The province of Quebec has made significant efforts in 
various recycling and awareness programs however the sorting centers do not have the necessary 
equipment to perform optimum sorting and comply with market requirements for the output of treated 
material. For this reason, there is greater interest in the demand for efficient and cost-effective 
recycling technologies, as traditional waste plastic recycling systems are limited when waste plastics 
are not segregated and therefore end up being incinerated or landfilled (He et al., 2020). There are 
major challenges that complicate plastic waste recycling; among them are its high infrastructure and 
operational cost compared to mass production of virgin plastic, the complexity of handling multilayer 
materials or plastics containing organic residues or chemicals (pesticides). Chemical or thermo-
chemical recycling technologies such as pyrolysis can overcome these challenges, playing a crucial 
role in the transition to the circular economy. This technology allows the transformation of plastic 
waste into chemical raw materials or liquid fuels for transportation. 

 

Pyrolysis is a technique commonly used for the recovery of waste. It is a thermo-chemical process in 
the absence of oxygen and at temperatures between 350 and 600°C, allows to break the chemical 
links which hold together the molecules.  The three main products produced during pyrolysis are a 
liquid phase (resulting from the condensation of pyrolysis vapors), a gaseous phase consisting of 
non-condensable gases, and a solid phase that can be called coal. It is important to highlight that 
pyrolysis is considered a green technology, as it does not produce water pollution and there is an 
energy compensation during the process (Anuar Sharuddin et al., 2016).  

In the case of plastic there is no need to clean it to process it unlike recycling. In the pyrolysis of 
plastics, the typical reactors used for this process are fixed bed, stirred tank, spherical circulation, 
fluidized bed, batch type, plasma and microwave assisted. The most commonly used in the studies 
are batch and fluidized bed type. The batch reactor has been poorly documented in the field of 
plastics pyrolysis, however, Godbout et al. conducted LDPE trials with this type of reactor producing 
wax (Godbout et al., 2017). This reactor is interesting for the pyrolysis of a wide range of feedstocks, 
it is capable of operating in fast, intermediate and slow conditions (Campuzano et al., 2019), it is 
robust, simple and can be built in portable units, which would make it easy to transport (Álvarez-
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Chávez et al., 2019). These advantages promote the interest in further investigating and documenting 
the pyrolysis of plastics in screw reactors. 

 

Recently, (Park et al., 2019) performed pyrolysis of plastics with a screw reactor and a fluidized bed 
reactor connected in series, which they called a two-stage pyrolysis. The first stage occurs in a screw 
reactor between 30 °C and 300 °C functioning as an activator of the polymer molecules. During the 
second stage the main reaction occurs between 653 °C and 736 °C in a fluidized bed reactor (Park 
et al., 2019). Pyrolytic oil was produced from polyethylene in this study.  This configuration draws 
attention for the aforementioned advantages of using a screw reactor and that the multi-step pyrolysis 
process can help save energy and also ensure that a uniform temperature is maintained in the reactor 
(Oyedun et al., 2013). The objective of the present study is to evaluate the performance of a screw 
reactor that allows a two-stage reaction to convert polyethylene to pyrolytic oil. Virgin low density 
polyethylene, low density polyethylene waste from maple growing tubes and polypropylene waste 
will be evaluated. 

 

MATERIAL AND METHODS  

Feed material and thermogravimetric analysis Virgin low-density polyethylene was used in 
2.5 mm pellets supplied by Poly pellets Ontario. Low-density polyethylene waste from fertilizer pipes 
and polypropylene waste were also used. These materials were provided by the company Environek, 
which is responsible for the recovery and transformation of this type of plastic. The degradation 
behavior of the plastic and the pyrolysis reaction temperature to be adopted for the experimental 
tests were determined using a TGA Q50 thermogravimetric analyzer (TA Instruments, DE, USA). 
During these analyses, the samples were stabilized at 25 °C and heated to 600 °C at a rate of 20 
°C/min under a flow of 60 ml/min of N2. 

 

Pyrolysis System Configurations Figure 1 shows the schematic of the experimental assembly. 
This equipment was designed by the IRDA in collaboration with the Centre de recherche industrielle 
du Québec (CRIQ). It is located in the Sustainable Agriculture Energy Laboratory of the 
Deschambault Experimental Farm. To perform the two-stage pyrolysis, the initial equipment design 
was modified as described by (Álvarez-Chávez et al., 2019) and (Brassard et al., 2017). 

The two-stage pyrolysis process starts in the 1 kg capacity hopper, where the granulated plastic is 
conveyed through a horizontal auger with a stainless steel tube. Then the LDPE starts to pass into 
the Auger reactor through a vertical screw. This reactor becomes the preheating reactor to activate 
the polymer molecules without degrading them. Upon exiting the reactor, the molten plastic falls by 
gravity into the carbon tank. This tank becomes a batch reactor where the main reaction takes place. 
Electric heaters were used as heat sources for both reactors. The temperature of the reaction was 
monitored by thermocouples connected to a control panel and temperature sensors were installed at 
different locations in the system. Temperatures were recorded every minute on a data logger 
(CR10X, Campbell Scientific, Edmonton, AB, Canada). Pyrolysis vapors were vented to the 
condensation system using nitrogen as a carrier gas. The condensation system consisted of two 
condensers equipped with oil recovery tanks. The non-condensable gases were evacuated to the 
atmosphere with the help of an extractor. 
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Figure 1. Pyrolysis system (1) nitrogen tank (2) feed hopper (3) horizontal auger (4) vertical auger 
(5) reaction chamber / Stage 1 - Auger reactor (6) charcoal container / Stage 2 - batch reactor (7) 
first condenser (8) first collector (9) second collector (10) second condenser (11) non-condensable 
gas discharge. 

 

Experimental conditions Nine pyrolyses were performed, 3 replicas for each type of plastic. For 
the two-step pyrolysis, the temperature of the first reactor was established with the result of the TGA, 
it indicated that the temperature of the first reactor must be lower than 350°C to activate the plastic 
molecules without degrading them. Therefore, a temperature of 300°C was set for the first reactor 
(Auger reactor or screw reactor). For the second reactor, the temperature must be optimal to avoid 
wax formation, while minimizing the production of non-condensable gases. Based on the TGA result 
and based on the temperatures used in other studies (Godbout et al., 2017) (Scott et al., 1990). The 
temperature of the second or batch reactor was set at 550°C. The condensation system was operated 
at room temperature, which varied between 22°C and 28°C. The amount of feed material was 230 gr 
and the feed rate was 2 gr/min. The nitrogen flow rate was 5ml/min.   

 

Analysis A calorimetric analysis was done by the Laboratory of Agroenvironmental Analysis at the 
Institute of Research and Development in Agroenvironment - IRDA. This analysis was only on the 
pyrolytic liquids obtained.  The calorimeter 1266 was used to measure the calorific value. The pH 
and quantity of ashes were done at the National center in environmental technology ans 
electrochemistry. 
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RESULTS 

 

The pyrolysis temperature was determined from thermogravimetric analysis. The 
thermogravimetric curve for the plastic wastes is shown in Figure 2 and 3. This graph shows 
the temperature at which the sample begins to lose mass, i.e. degrade, and the temperature 
at which the initial mass is completely degraded. In this case, the degradation of the LDPE 
starts at 330°C and the main area of 99% mass degradation is between 450° and 500°C. 
Finally, the temperature of the first stage of pyrolysis was 300°C and the temperature of the 
second stage was set at 550 based on the results.   

 

Figure 2. Thermogravimetric curve of low-density polyethylene waste 
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 Figure 3. Thermogravimetric curve of polypropylene waste. 

 

Table 1 shows the yield of pyrolytic oil obtained from the two-stage pyroliss for each type of 
plastic tested. The pyrolytic oil yield was 4.25 times higher with virgin LDPE compared to 
polyethylene waste and 3.4 times higher compared to polypropylene waste. The production 
of non-condensable gases was predominant in the pyrolysis of the waste plastics and the 
calorific value was similar for the 3 types of plastics at around 38.5 MJ/kg, this value is 
considered high for power generation, with values close to the criteria for commercial grade 
gasoline and diesel.  Viscosity and density are variables that must be measured in the 
pyrolytic fluid to determine if their values are within the tolerated limits of the standard to be 
considered a fuel source (Anuar Sharuddin et al., 2016). 

 

Table 1. Descriptive analysis for each type of plastic and laboratory analysis 

  
Virgin LDPE   LDPE waste   Polypropylene waste 

                    Statistique    

 

  
 

σ C.V. 

   

  
 

σ C.V. 

   

  
 

σ C.V. 
    

pyrolitic oil 17 3 15   4 0,3 8   5 0,2 5 

Gaz non condesables 82 3 3   96 0,4 0   94 1,2 1 
calorific value 
(MJ/kg) 38,6 0,20 1   38,6 0,20 1   38,4 0,59 2 

pH 6,1 0,99 16   3,0 0,23 8   5 0,36 7 

ash (g/kg) 265 15 6   139 26 19   111 19 17 
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CONCLUSION  

The two-stage pyrolysis concept, with a screw reactor and a batch reactor connected in series, 
allows the production of pyrolytic liquid from virgin LDPE with an average yield of 17% and 5% with 
waste plastic in relation to the amount of incoming plastic. To achieve a higher yield, it is necessary 
to optimize the variables that have the greatest influence on plastic pyrolysis, such as temperature, 
residence time, and fluidizing gas. 
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