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Abstract
Fossil-based production of plastics represents a serious sustainability challenge. The use of renewable and biogenic resources 
as feedstocks in the plastic industry is imminent. Thermochemical conversion enables the production of the molecular build-
ing blocks of plastic materials from widely available biogenic resources. Waste cooking oil (WCO) represents a significant 
fraction of these resources. This work provides insights into the thermochemical conversion of the fatty acids present in WCO, 
where rapeseed oil is used as the source of fatty acids. The experimental results reveal that fluidized bed steam cracking of 
rapeseed oil in the temperature range of 650–750 °C yields a product distribution rich in light olefins and mono aromatics. 
Up to 51% of light olefins, 15% of mono aromatics, and 13% of light paraffins were recovered through steam cracking. This 
means that up to 70% of the carbon in rapeseed oil was converted into molecular building blocks in a single step. The main 
conclusion from this study is that WCO and vegetable oils represent viable biogenic feedstocks for the direct production of 
the molecular building blocks, where the conversion is achieved through steam cracking in fluidized beds.

Keywords  Waste cooking oil · Plastic production · Thermochemical conversion · Steam cracking · Fluidized bed · 
Rapeseed oil

1  Introduction

The circular use of natural resources is essential for achiev-
ing the 17 sustainable development goals set by the United 
Nations. For the petrochemical industry, and particularly 
that part of the industry that produces plastic materials, 
this requires a paradigm shift regarding the usage of fossil-
based resources. Fossil-based resources dominate plastics 
manufacturing industries, accounting for almost 99% of the 
total production, making production based on fossil carbon 
reserves unsustainable [1]. Replacement of fossil-based 
carbon with reusable and recycled resources is, therefore, 
necessary for the production of plastics in the context of a 
circular economy.

Thermochemical conversion presents an opportunity to 
achieve the (theoretically) endless recycling of plastic mate-
rials, where the focus is on the efficient recovery of carbon 
atoms from abundantly available anthropogenic wastes [2, 
3]. Research on the thermochemical conversion (pyrolysis, 
gasification, etc.) of plastic materials carried out over the 
last few decades has led to the creation of an extensive data-
base of experimental results related to these processes [2, 3]. 
This database will play an important role in the widespread 
industrial adoption of these recycling processes.

Thunman and colleagues have described thermochemi-
cal conversion routes that enable unlimited recycling of any 
carbonaceous material towards the sustainable production 
of molecular building blocks that are of identical quality 
to those produced from fossil-based resources [2]. Figure 1 
illustrates the three recycling routes for the thermochemi-
cal conversion of a carbonaceous feedstock, as previously 
described [2]. This combination of thermochemical conver-
sion routes enables 100% recovery of the carbon atoms in 
the feedstock.

In this system, route A represents the direct production of 
the molecular building blocks from the feedstock. Routes B 
and C represent indirect production of the molecular building 
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blocks using the by-products from route A through a com-
bination of combustion, reforming and synthesis processes. 
Route B involves steam reforming of CH4 and adjusting the 
H2/CO ratio of the syngas to allow downstream production 
of the molecular building blocks. The indirect production 
of the molecular building blocks can be implemented, for 
instance, via methanol, whereby methanol is converted to 
olefins through the methanol-to-olefins (MTO) process [4]. 
An important aspect to consider in the implementation of 
these synthesis processes is the (H2 − CO2)/(CO + CO2) ratio 
of the syngas. This ratio is commonly referred to as the ‘R 
ratio’. The conventional synthesis processes require an R 
ratio of 2 [5]. The R ratio of syngas can be increased by the 
addition of pure H2 to the gaseous mixture [6].

Route C refers to the combustion of those products that 
are not suitable for use in routes A and B, followed by the 
recovery of the carbon atoms in the form of CO2. The recov-
ered CO2 can be forwarded to synthesis processes located 
downstream [7], thereby avoiding any leakage of carbon 
atoms from the system. Synthesis of the molecular building 
blocks through route C requires an additional input of pure 
H2 to the system, which can be accomplished, for instance, 
through the electrolysis of water [8].

While route A is preferable from the thermodynamic 
point-of-view, the production of molecular building blocks 
through route A is dependent upon the molecular composi-
tion of the feedstock. This route corresponds to the naphtha 
and alkane steam cracking processes that are currently used 
for the production of the molecular building blocks at indus-
trial scale. The naphtha and alkane steam cracking processes 
yield approximately 65 and 85 wt% of the molecular build-
ing blocks, respectively [9]. Feedstocks that have molecular 
compositions similar to naphtha or alkanes are suitable for 
use in route A [2].

In this context, vegetable oils that have naphtha-like 
aliphatic chains [10] are suitable for the production of the 
molecular building blocks through route A. The introduction 

of vegetable oils into this type of thermochemical recycling 
system for plastic materials will also compensate for the 
carbon deficit caused by the unrecoverable leakage and the 
ever-growing demand for plastic materials. Furthermore, 
stringent climate mitigation rules that involve the phasing 
out of fossil-based carbon will require the use of biogenic 
carbon in the plastics manufacturing industry. Thermochem-
ical conversion of vegetable oils could be an innovative strat-
egy for the achievement of this goal.

Apart from their suitability for thermochemical conver-
sion, vegetable oils represent a major fraction of the avail-
able biogenic carbon resource. The worldwide production 
of vegetable oils reached 210 million metric tons (MMT) 
in year 2020 [11], of which the amount that ended up in 
the waste streams as waste cooking oil (WCO) has been 
estimated at 17 MMT [12, 13]. The global production of 
WCO represents a valuable feedstock for the plastics indus-
try, considering the 11.2 MMT/year increase in the demand 
for plastic materials [14]. Therefore, the carbon deficit that 
arises in the thermochemical recycling system for plastic 
materials can be compensated almost entirely by the intro-
duction of WCO into the recycling system.

A more resource-efficient way of processing the car-
bon atoms present in WCO will contribute to the transi-
tion towards a sustainable society. However, currently, most 
of the research activities aimed at WCO valorization are 
related to energy recovery, either through direct incineration 
or through the synthesis of biofuels [15–19]. That has led 
to the widespread adoption of WCO as a feedstock for the 
production of biofuels on the industrial scale. This approach 
allows the recovery of the energy content of the biogenic 
carbon but does not entail the circular use of carbon atoms.

Intensive research that focuses on the recovery of the 
molecular building blocks from WCO or vegetable oils is 
required to establish industrial processes that facilitate the 
circular use of the carbon atoms in WCO. Such processes 
would comply with the European Union’s Waste Framework 

Fig. 1   Three recycling routes 
involved in the thermochemical 
conversion of a carbonaceous 
feedstock. Adapted from [2]
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Directive (WFD), which prioritizes the order of operations 
to be followed in waste management as follows: prevention, 
re-use, recycling, recovery (including energy recovery), and 
disposal [20]. From the recycling and sustainability perspec-
tives, WCO and vegetable oils represent highly promising 
biogenic feedstocks that could be recycled to synthetic mate-
rials via thermochemical processes. Thus, WCO and vegeta-
ble oils could contribute to the phasing out of fossil-based 
raw materials used to produce new plastic materials.

To date, the literature on the direct production of the 
molecular building blocks from WCO or vegetable oils has 
been limited. A database of experimental results support-
ing the suitability of WCO or vegetable oils to produce the 
molecular building blocks is crucial for the development of 
such recycling technologies. Therefore, the present work not 
only fills an identified knowledge gap, but it also encourages 
further research into the circular utilization of these biogenic 
resources. This study aims to define the direct yields of the 
molecular building blocks from rapeseed oil, which is one 
of the most commonly used vegetable oils for cooking pur-
poses. In particular, a fluidized bed steam cracking process 
is used as the recycling route for the thermochemical conver-
sion of rapeseed oil.

2 � Theoretical background

Vegetable oils are composed of complex mixtures of fatty 
acids (FA). These FA are carboxylic acid molecules with a 
long aliphatic chain that can be either saturated or unsat-
urated. In vegetable oils, these FA are in the form of tri-
glycerides, i.e., three fatty acid molecules connected to a 
glycerol backbone through the carboxyl groups [21]. Figure 
S1 (Supplementary information) represents the molecular 
structure of rapeseed oil, which is one of the most widely 
used vegetable oils [22]. Unsaturated fatty acids (USFA), 
such as oleic acid, linoleic acid, and linolenic acid, account 
for up to 92% of the total FA content of rapeseed oil, while 
the remainder (8%) comprises saturated fatty acids (SFA). 
The SFA and USFA contents of vegetable oil depend on the 
type of vegetable oil (palm oil, sunflower oil, cottonseed 
oil, etc.). Nonetheless, the basic structure of the triglyceride 
molecules remains the same, except for the change in the 
numbers and positions of the carbon-to-carbon double [10].

The aliphatic chains present in vegetable oils make them 
a potential feedstock for the production of the molecular 
building blocks (e.g., ethylene, propylene, butadiene, ben-
zene) of plastic materials. Currently, these building blocks 
are predominantly produced from fossil-based aliphatic 
hydrocarbons, through steam cracking [23]. In the steam 
cracking process, hydrocarbon molecules, which are either 
gaseous (LPG) or liquid (petroleum naphtha) in form, are 
broken down into smaller unsaturated molecules through 

cracking reactions [24]. The structural similarities between 
petroleum naphtha and the aliphatic chains present in the FA 
of vegetable oils make vegetable oils an attractive choice of 
feedstock for the steam cracking process. This process, when 
implemented according to route A (see Fig. 1), enables the 
direct production of the molecular building blocks. Table 1 
summarizes the typical yields of the molecular building 
blocks from an industrial naphtha cracker and the product 
distribution from stream cracking of vegetable oil.

The feedstock used in the industrial steam cracking pro-
cess has a very high paraffin content, i.e., the hydrocarbon 
molecules have very few or no carbon-to-carbon double 
bonds [26]. In contrast, the FA present in vegetable oils has 
a significantly higher number of carbon-to-carbon double 
bonds (Figure S1). The presence of the double bond in an 
aliphatic hydrocarbon chain weakens the C–H bond on the 
carbon atoms in the β-position, facilitating hydrogen abstrac-
tion at that position during the cracking [27]. This results in 
the formation of products with a lower H/C ratio (aromatics), 
as compared to the products obtained from the cracking of 
saturated hydrocarbons [27]. In this sense, a higher yield of 
aromatics is expected from the steam cracking of vegeta-
ble oil compared to predominantly paraffinic feedstocks, as 
previously reported by Zamostny et al. (see Table 1) [25].

Currently, the steam cracking of hydrocarbons is carried 
out in industrial furnaces, where the reactor tubes act as 
a physical barrier between the reaction zone and the heat 
source [28]. The hydrocarbon feedstock is cracked inside 
the tubes, while the combustion process on the outside 
provides the required heat for the cracking reactions (see 
Fig. 3a). However, this configuration becomes problematic 
when there is considerable formation of aromatic hydro-
carbons, as in the case of vegetable oils. The increase in 
reactions forming aromatic hydrocarbons during the steam 
cracking process often leads to coke deposition on the tube 
walls of the cracking [29–31]. Coke deposits necessitate 

Table 1   Yields (in wt%) of petrochemicals from steam cracking of 
ethane, naphtha, and vegetable oil

Product Feedstock and reactor type

Ethane Naphtha Vegetable oil

Tubular steam 
cracker

Tubular steam 
cracker

Pyrolysis GC

800 °C 800 °C 820 °C

Ethylene 80 30 28
Propylene 2 13 11
C4 fraction 3 13 23
Aromatics 0 9 19
COx 0 0 15
References [9] [9] [25]



	 Biomass Conversion and Biorefinery

1 3

frequent shutdowns of production, to allow for decoking. 
This reduces the production capacity, increases the opera-
tional and maintenance costs, and shortens the lifespan 
of the tubes. Therefore, vegetable oils are regarded as an 
unattractive feedstock for industrial steam cracking. The 
removal of the double bonds in the feedstock molecules 
or the employment of a different reactor configuration is 
required to avoid this problem.

The processes that involve the elimination of the double 
bonds present in the triglyceride molecules of vegetable oil 
are well established [32–34]. These processes fall under 
the general umbrella of hydroprocessing technologies, 
which involve the removal of the double bonds and heter-
oatoms from vegetable oil in the presence of a catalyst and 
hydrogen atmosphere [32–34]. Since hydroprocessed veg-
etable oils (HVOs) are predominantly n-paraffins, steam 
cracking of HVO represents an opportunity to produce 
the molecular building blocks of the plastic industry [35, 
36]. Karaba et al. demonstrated the suitability of HVO for 
the steam cracking process by obtaining large yields of 
ethylene (39.9–45.6 wt%), propylene (18.7–19.2 wt%) and 
C4 hydrocarbons (15.2–18.2 wt%) from a micro pyrolysis 
reactor [36].

Despite the attractive opportunity that HVO represents, 
the research related to the steam cracking of HVO remains 
limited as of today. That is because HVOs have found a 
wide application in the biofuels industry. The hydrocrack-
ing process is the most common industrial process used for 
the production of HVO [37]. Figure 2 depicts the typical 
product distribution obtained from the hydrocracking of 
vegetable oils based on data from the literature [38, 39]. Of 
the products described in Fig. 2, the products in the range of 
C16–C18 hydrocarbons are commercially sold as HVO diesel, 
a transportation fuel. Concomitant with HVO diesel produc-
tion, propane and hydrocarbons in the range of naphtha and 
kerosene are obtained as byproducts from the hydrocrack-
ing process [38, 39]. The naphtha and kerosene fractions 
are used for the production of bio-based gasoline and jet 
fuel, respectively [38, 39]. The competing biofuels market, 

therefore, presents a significant challenge for HVO’s adapta-
tion as a feedstock to the petrochemical industry.

To address the abovementioned challenge, it will be nec-
essary to convert vegetable oils directly into petrochemicals 
through steam cracking, eliminating the need to produce 
HVO intermediately. As mentioned earlier, a reactor config-
uration, that is robust enough to handle the coke formation, 
is crucial for the steam cracking of vegetable oils. In this 
regard, the dual fluidized bed (DFB)–reactor configuration is 
an attractive alternative for the steam cracking of vegetable 
oils. A DFB system consists of two interconnected fluidized 
bed reactors with the hot bed material circulating between 
the two reactors (see Fig. 3b) [40–42]. The industrial pro-
cess that most commonly applies a DFB system is the fluid 
catalytic cracking (FCC) process [43]. The DFB system also 
has the interesting advantage over tubular reactors that the 
coke deposits on the bed material are continuously removed 
by oxidation within the combustor [44]. Several studies on 
the cracking of vegetable oils under FCC conditions can 
be found in the literature [45, 46]. In the FCC process, 
the triglyceride molecules in vegetable oils are converted 
to aliphatic hydrocarbons on the surface of a catalyst. The 
catalysts used in the commercial FCC process consist of 
microporous aluminosilicates (e.g., zeolites), which act as 
active sites for the catalytic reactions [47]. During the FCC 
process, the active sites of the catalyst undergo deactivation 
due to irreversible adsorption of the feedstock impurities and 
the formation of coke on the catalyst [47]. As a consequence, 
a part of the catalyst inventory needs to be replaced with a 
fresh catalyst to sustain the catalytic reactions [47]. The sen-
sitivity of FCC catalysts towards feedstock impurities makes 
the commercial FCC process unfavorable for conversion of 
feedstocks from waste streams, such as WCO.

Alternatively, a DFB system dedicated to the conver-
sion of feedstocks from waste streams can be operated 
with bed materials that are resistant to feedstock impurities 
(e.g., quartz sand, olivine) [40]. The industrial operation 
of such DFB systems has been successfully demonstrated 
at different locations including Gothenburg (GoBiGas and 

Fig. 2   Typical product distribu-
tion from the hydrocracking of 
vegetable oils. (The sizes of the 
colored bars are proportional 
to the yields of the respective 
products)
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Chalmers), Senden, Oberwart, Villach, and Güssing [48]. 
A DFB system that is designed for the steam cracking of 
hydrocarbons can be referred to as a “DFB cracker.” The 
schematics of a typical tubular steam cracker and a DFB 
cracker are given in Fig. 3. In a DFB cracker, the crack-
ing reactor is usually operated as a bubbling fluidized bed 
(BFB), whereas the combustor is a circulating fluidized 
bed (CFB) reactor [2, 42]. The feasibility of steam crack-
ing vegetable oils in a DFB cracker can, therefore, be stud-
ied from the product distribution obtained from the steam 
cracking of vegetable oil in a standalone BFB reactor.

In addition to the choice of reactor configuration, 
steam cracking process temperatures are also important. 
The cracking temperature determines the cracking sever-
ity, which in turn indicates how the extent to which the 
C–C bonds of the feedstock are broken down. The ther-
mal cracking of the triglyceride molecules at 400–600 °C 
yields a product distribution rich in liquid aliphatic hydro-
carbons in the range of C7–C16 [49–52]. The yield of the 
liquid hydrocarbons decreases at temperatures higher than 
600 °C due to the secondary cracking reactions [51]. When 
it comes to the production of lighter hydrocarbons, a lower 
cracking severity is unfavorable since it will require the 
conversion of the liquid aliphatic products with a second-
ary cracking stage. However, to the best of the authors’ 
knowledge, experimental data related to the cracking of 
vegetable oils at higher cracking severity remain limited 
as of today. This work aims to obtain a product distribution 
rich in C1–C4 hydrocarbons, from a one-step fluidized bed 
steam–cracking process operating at a temperature range 
of 650–750 °C.

3 � Materials and methods

3.1 � Materials

The rapeseed oil used in this work was obtained from a local 
supermarket in Gothenburg, Sweden. Rapeseed oil used in 
this work presents an elemental composition in weight of 
79.6% C, 11.4% H, 8.97% O, and 0.03% S. The elemental 
composition of the rapeseed oil presented here was calcu-
lated based on the average FA composition of rapeseed oil 
found in the literature [45, 53–55]. The physical properties 
and elemental composition of the bed material used in this 
work, as provided by the supplier, are presented in Table S1 
(Supplementary information).

3.2 � Reactor setup

The reactor setup used in this work is similar to the one 
described in a previous study [56]. The schematic of the 
experimental setup is illustrated in Fig. 4. The BFB reactor 
used in this work is a stainless-steel tube with an internal 
diameter (ID) of 88.9 mm and a height of 1305 mm. This 
BFB reactor when operated with batch feeding mimics the 
condition of a DFB cracker in which the cracking reactor is 
operated as a BFB reactor (as mentioned in Sect. 2). The flu-
idization gases are introduced from the bottom of the reactor 
through a windbox and a gas distributor plate. The fluidiza-
tion gases are premixed in the windbox before entering the 
fluidized bed via the gas distributor plate. The volumetric 
flow rate of the fluidization gases is regulated by mass flow 
controllers (MFC).

Fig. 3   Schematics of a tube from a tubular steam cracker a and a DFB cracker b 
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The reactor is heated externally with an electric furnace. 
The three thermocouples installed inside the BFB reactor 
continuously measure and log the temperature along the 
height of the reactor. The temperature of the fluidized bed 
is measured by the bottom-most thermocouple (Fig. 4). The 
other two thermocouples are used to measure the tempera-
ture in the freeboard. The bed material is loaded from the top 
of the reactor before turning on the reactor oven. In Fig. 4, 
one of the sampling ports, h1 to h3, samples a split stream 
of gases exiting the reactor.

Gas is sampled through one of the ports, while the 
remaining ports are sealed to prevent the bed material from 
entering the port. The sampling port is chosen depending 
on the height of the fluidized bed. The temperature of the 
probe is maintained at 350 °C with an electrical heating 
band, to avoid the condensation of hydrocarbons and steam. 
The sampled gas is then split into two streams, with one 
stream passing through a gas conditioning system, and the 
other passing through an amine used for solid-phase extrac-
tion (SPE). The gas conditioner consists of scrubbing and 
cooling the sampled gas with isopropanol, then drying the 

gas with silica gel beads and glass wool. The dry, cold gas is 
then analyzed by a SICK GMS 820 permanent gas analyzer. 
In this study, the SPE amine used is the SupelcleanTM Envi-
CarbTM/NH2 tube, obtained from Sigma-Aldrich. The gas 
samples are collected in a 0.5 L Tedlar gas bag.

3.3 � Steam cracking tests

Rapeseed oil (2 g per batch) was dropped directly on the top 
of the hot fluidized bed. A system with higher and continu-
ous feeding would have negligible evaporation losses due 
to the radiative heat transfer from the reactor walls. This is 
due to the lower surface area to volume ratio of the feed-
stock in such a system. In order to recreate such a feeding 
system, each batch of rapeseed oil was frozen at − 18 °C 
to reduce the surface area to volume ratio, thereby mini-
mizing the losses due to evaporation. Three sets of experi-
ments (RO650, RO700, and RO750) were conducted at the 
bed material temperatures of 650 °C, 700 °C, and 750 °C, 
respectively. Each set was performed thrice to ensure the 
repeatability of the experiments. Table  2 describes the 

Fig. 4   Schematic of the experimental setup. Adapted from [56]

Table 2   Experimental 
procedures for the steam 
cracking tests

Experimental stage Fluidization gases (lN/min) Time

Nitrogen Steam Air Helium

Oxidation of the bed material 0.00 0.00 5.00 0.00 Until 20.9 vol% O2

Pyrolysis 2.00 4.00 0.00 0.05 90 s
Coke combustion 0.00 0.00 5.00 0.05 90 s
Oxidation of the bed material 0.00 0.00 5.00 0.00 Until 20.9 vol% O2



Biomass Conversion and Biorefinery	

1 3

experimental procedures for each set of experiments. The 
experimental procedure for the steam cracking test is identi-
cal to the procedure used in a recent study [56].

The fluidized bed material was subjected to an oxidiz-
ing environment at the desired reaction temperature before 
dropping each batch of rapeseed oil on it. Oxidation was 
achieved by fluidizing the reactor with air. Slipstream gases 
leaving the reactor were sampled through sampling port h2 
and their O2 concentration (vol%) was continuously meas-
ured. The fluidized bed was considered fully oxidized when 
the O2 concentration leaving the bed matched the ambient 
O2 concentration of 20.9 vol%. During each batch of experi-
ments, the bed material was fully oxidized to simulate the 
conditions in a DFB cracker, where the bed material enters 
the cracker after having been fully oxidized. Helium was 
used as one of the fluidization gases during each experi-
ment’s pyrolysis and coke combustion stages. The volume of 
gases produced during coke combustion and pyrolysis was 
determined by using helium as a tracer gas.

Steam cracking of rapeseed oil produces three main types 
of products: gas (H2, CH4, C2H4, etc.), liquid (benzene, tolu-
ene, etc.), and solid (unconverted coke). Gases and liquids 
leave the reactor with the fluidization gases, while solids 
remain in the reactor with the bed materials.

A part of the gas sampled during steam cracking was 
used to analyze for its H2, CO, CO2, and CH4 concentrations 
(vol%). The pyrolysis process was continuously monitored 
in order to assess the total time required to pyrolyze the 
feedstock and to make sure there were no volatile gases left 
after a 90-s sampling period. The sole purpose of the meas-
urement with the continuous gas analyzer was to determine 
the total time required for the pyrolysis stage. The detection 
of hydrocarbons heavier than CH4 was beyond the scope of 
the continuous gas analyzer.

For a comprehensive analysis of the product species, a 
slip stream of the sampled gas during the pyrolysis stage 
was passed through the SPE amine. Gases that exited the 
SPE amine were collected in a 0.5-L Tedlar gas bag. The gas 
samples collected during each experiment were analyzed in 
the Agilent 490 micro-GC system. The Agilent micro-GC 
has four different columns, each with a TCD detector. A 
summary of the gases measured by the micro-GC system is 
shown in Table 3. Detection of aliphatic compounds with 
more than four carbon atoms was beyond the scope of the 
analytic methods used in this work. The uncalibrated CP-
WAX column was used to detect benzene and toluene in the 
collected gas samples.

The quantification of aromatic hydrocarbons was per-
formed with a Bruker GC-FID system according to the 
solid-phase adsorption (SPA) method described by [57]. The 
measurements carried out with the CP-WAX column of the 
micro-GC system were to ensure that all of the benzene and 
toluene were captured and quantified by the SPA method.

Solid coke remained in the reactor along with the bed 
material after the pyrolysis stage. The yield of coke was 
measured by combusting it in presence of air and measur-
ing the amounts of CO and CO2 produced during the pro-
cess. The fluidization gases were changed from steam and 
nitrogen to air, to allow combustion of the coke in the bed 
material. The combustion gases were sampled for 120 s and 
collected in a separate 0.5-L Tedlar bag for GC analysis. The 
compositions of combustion gases collected in the gas bag 
were determined using the micro-GC system.

3.4 � Data evaluation

The data evaluation method used here is adapted from a pre-
vious study [56]. The results produced in this work have all 
been subjected to the same sampling, analysis and evaluation 
methods. The systematic errors are expected to be similar 
across all the experiments, making the observed trends sta-
tistically significant. The results shown in the next section 
are the average values calculated from multiple repetitions 
of the experiments.

The overall carbon balance in this work was calculated 
based on the species collected in the Tedlar gas bags and the 
SPE amine column during each series of experiments. The 
molar yields (mol/kg) of the gaseous species collected in 
the Tedlar gas bags were calculated based on the He-tracing 
method. Equation 1 was used to determine the molar yield 
(mol/kg) of all the gaseous species collected in the gas bags.

In Eq. (1), ni is the molar yield and ci is the concentra-
tion of a gaseous species in the gas bags, as measured by 
the micro-GC, respectively; VHe-tracing and CHe are the vol-
ume and concentration of helium gas, respectively; mf is 
the mass of rapeseed oil feed for each batch, and Vm is the 
molar volume of an ideal gas at 25 °C. The molar yield of 
each species was then converted to a carbon yield according 
to its molecular formula. The yield of aromatic hydrocar-
bons was calculated based on the SPA method that can be 
found elsewhere [57]. The molar yield of each species is 
then transformed to the corresponding carbon and hydrogen 

(1)ni =
ci

mf

.

(

VHe−tracing

CHe

)

.
1

Vm

Table 3   Gases measured using the Agilent 490 micro-GC system

Column Gases Calibration

CP-Cox He, H2, air (coelution of N2 
and O2), CO, CH4

4-Point calibration

PoraPLOT U CO2, C2H4, C2H6. C2H2, C3Hx 4-Point calibration
CP-WAX 52 CB Benzene, toluene No calibration
CP-Sil 5 CB C4Hx 2-Point calibration
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yield based on the total carbon and hydrogen contents of the 
rapeseed oil.

The different species measured in this work are reported 
in %carbon to show the contribution of each of them to the 
global carbon balance. This gives a better understanding of 
how the carbon atoms are distributed among the different 
products obtained. This option of reporting was selected 
over presenting the results in wt%, since this later might 
be misleading. The feedstock mainly contains carbon and 
hydrogen as indicated in Sect. 3. Therefore, it is reasonable 
to focus on the carbon distribution.

4 � Results and discussion

4.1 � Product distribution

The products derived from the steam cracking of rapeseed 
oil are categorized as olefins, paraffins, aromatics, carbon 
oxides (COx), coke, and hydrogen (H2) (Table 4). As men-
tioned in Sect. 3, the micro-GC can detect C3 and C4 hydro-
carbons only as C3Hx and C4Hx, respectively. The separation 
of these compounds into individual olefins and paraffins was 
outside the scope of the micro-GC analysis. Therefore, for 
simplicity, C3Hx and C4Hx are placed in the olefins group 
along with C2H4. The error values indicate the reproduc-
ibility of the experiments, as they are determined by the 
standard deviation among the three repeats of the experi-
ments. Carbon oxides and hydrocarbon species are reported 
as %carbon (of the carbon content of the feedstock), and 
hydrogen gas (H2) as %hydrogen (of the hydrogen content 
of the feedstock). The results obtained with the sampling and 
the analysis employed in this work correspond to the carbon 
balance closure of 97%, 96%, and 94% for RO650, RO700, 
and RO750, respectively. The undetected carbon stated in 
Table 4 is the difference between the total carbon in the feed-
stock and the amount of carbon measured in the products.

The highest yield of olefins (51.14%) was detected in the 
RO650 experiment, and it decreased with increases in the 
bed material temperature, with yields of 46.96% obtained 
for RO700 and 37.56% for RO750. The opposite trend was 
observed for the total yield of aromatic compounds, which 
followed the behavior observed during the steam cracking 
of petroleum naphtha and polyethylene [58, 59]. The com-
positions of the hydrocarbon species obtained in this work 
are comparable to those obtained from a typical naphtha 
cracker and the cracking of vegetable oils [9, 25]. The yield 
of carbon oxides shows a remarkable difference between the 
cracking products obtained from naphtha crackers and those 
obtained in the present work. This is due to the presence of 
oxygen atoms in the feedstock used in this work. The yields 
of COx obtained in this work are in accord with the COx 
yields reported by Zamostny et al. (see Table 1) [25].

4.2 � Production of the molecular building blocks

As one of the objectives of this work was to assess the 
possibility of recovering the carbon atoms of vegetable oil 
as the molecular building blocks of plastic materials, we 
consider the direct and indirect production of the build-
ing blocks from the steam cracking of vegetable oil. The 
products obtained from the steam cracking experiments 
performed in this work can be grouped, based on the recy-
cling routes described in the Sect. 1 (see Fig. 1): route 
A (C2H4, C2H6, C3Hx, C4Hx, benzene, toluene, xylenes, 
styrene), route B (H2, CH4, CO, CO2), and route C (naph-
thalene, other aromatics, coke, undetected). The distribu-
tions of carbon atoms among the abovementioned groups 
of products are shown in Fig. 5.

The direct production through route A (as explained in 
Sect. 1) was dependent upon the bed material tempera-
ture. The highest yield of 72.13% was obtained for a bed 
material temperature of 650 °C. Slightly lower yields of 
68.53% and 60.02% were observed at bed material temper-
atures of 700 °C and 750 °C, respectively. At higher bed 

Table 4   Product distributions from the steam cracking of rapeseed 
oil. Carbon containing species are reported as their contribution (%) 
to the carbon balance, and H2 is reported as its contribution (%) to the 
hydrogen balance

*Undetected represents the difference between the total carbon in the 
feedstock and the amount of carbon in the measured products.

RO650 RO700 RO750

wt% carbon
Total olefins 51.14  ±  0.69 46.96  ±  0.36 37.56  ±  1.54
C2H4 24.12  ±  0.78 24.30  ±  0.23 23.29  ±  0.76
C3Hx 16.76  ±  0.35 14.55  ±  0.21 9.30  ±  0.57
C4Hx 10.26  ±  0.44 8.11  ±  0.08 4.97  ±  0.26
Total aromatics 19.15  ±  0.08 20.75  ±  2.68 22.72  ±  0.70
Benzene 7.67  ±  0.01 8.73  ±  1.16 10.81  ±  0.80
Toluene 4.51  ±  0.04 4.63  ±  0.66 4.37  ±  0.01
Xylene 1.44  ±  0.01 1.00  ±  0.13 0.66  ±  0.02
Styrene 1.30  ±  0.04 1.63  ±  0.24 1.76  ±  0.01
Naphthalene 0.72  ±  0.03 1.29  ±  0.16 2.06  ±  0.04
Others 3.51  ±  0.06 3.49  ±  0.33 3.06  ±  0.10
Total paraffins 12.86  ±  0.06 14.22  ±  0.07 14.92  ±  0.23
CH4 6.80  ±  0.05 8.64  ±  0.11 10.06  ±  0.29
C2H6 6.06  ±  0.01 5.57  ±  0.04 4.86  ±  0.09
Total carbon oxides 11.57  ±  1.02 11.82  ±  0.16 17.24  ±  0.77
CO 5.03  ±  0.13 5.55  ±  0.19 9.88  ±  0.37
CO2 6.54  ±  1.14 6.26  ±  0.35 7.36  ±  0.52
Coke 2.17  ±  0.29 1.90  ±  0.11 1.70  ±  0.34
Undetected* 3.11  ±  0.75 4.35  ±  2.85 5.87  ±  0.51
wt% hydrogen
Hydrogen (H2) 10.06  ±  2.65 12.33  ±  0.55 20.36  ±  0.52
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temperatures, the yields of the molecular building blocks 
were reduced by the higher yields of CO, CO2, and CH4.

The produced CH4, CO, CO2, and H2 can be considered as 
raw syngas to be sent for steam reforming and for synthesis 
processes downstream of the cracker. The yields of raw syn-
gas were 18.37%, 20.46%, and 27.29% for RO650, RO700, 
and RO750, respectively. The high yields of syngas under-
line the requirement for conversion through the proposed 
route B (recall Fig. 1), in which the syngas is converted 
to olefins to increase the recovery of carbon atoms in the 
form of the molecular building blocks. The R ratios and the 
amounts of H2 required (in mol/kg feed) for optimal produc-
tion of methanol from the syngas obtained in this work are 
presented in Fig. 6. Implementation of the proposed route 
B downstream of the cracker yields carbon recovery rates 
of 90.50%, 88.99%, and 87.32% (as the molecular building 
blocks), based on the product compositions obtained from 
the RO650, RO700, and RO750 tests, respectively.

The products, which include naphthalene, other aromat-
ics, and coke along with the undetected hydrocarbons, can 
be valorized through route C. As mentioned earlier, route C 
will increase the recovery rate of carbon atoms present in 
the feedstock to 100%.

4.3 � Discussion

This work presents the results for the steam cracking of raw 
rapeseed oil. The physical and chemical properties of WCO 

differ slightly from those of raw vegetable oil. The frying 
process leads to the formation of free fatty acids (FFA), ren-
dering WCO more-acidic than its corresponding raw vegeta-
ble oil [60]. The kinematic viscosity of the vegetable oil also 
increases during the frying process, whereas the molecular 
weight decreases. Moreover, the frying process also leads 
to the incorporation of heteroatoms (S, N, and O) into the 
WCO [51, 52].

Despite that, the total FA content of vegetable oil is 
unchanged by the frying process [60]. Accordingly, the frac-
tion of carbon atoms present as aliphatic chains (Figure S1) 
in the WCO should be the same as that in the raw vegetable 
oil. Additionally, cracking at temperatures above 600 °C can 
almost entirely remove the heteroatoms, present in the WCO, 
from the hydrocarbon species [51]. A similar product dis-
tribution can be expected from steam cracking of WCO as 
from raw vegetable oil. Nevertheless, the steam cracking of 
real-life WCO remains to be fully elucidated. The impacts 
of impurities present in WCO on the steam cracking process 
and the processes that lie downstream, a topic that is beyond 
the scope of the present work, need to be investigated.

Regardless of the possibilities for producing from WCO 
the molecular building blocks for plastics, WCO has found 
a niche application in the production of biofuels. That is 
primarily due to the fact that the current regulatory frame-
work promotes biofuel production from this renewable car-
bon. Nevertheless, in a scenario in which the use of fossil-
based carbon is phased out, it is justifiable to prioritize the 
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Fig. 5   Distributions of carbon among the product groups, based on 
thermochemical recycling routes A, B and C (route A: direct produc-
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recycling of carbon-based materials according to the waste 
hierarchy, as well as the development of recycling methods 
such as that proposed in this work. The technology readiness 
level of DFB systems in combination with the experimental 
results, such as those obtained in this work, will facilitate 
the development of such recycling methods.

5 � Conclusions

Sustainable production of plastics requires both recycled 
and renewable resources. Vegetable oils and WCO repre-
sent widely available renewable resources. An extensive 
experimental database is desirable for the development of 
technologies that enable the production of plastics from 
these resources. In this work, conversion of vegetable oil 
into monomers of plastic materials was investigated in a flu-
idized bed steam cracking process. A product distribution 
rich in light olefins (C2–C4) and mono aromatics (BTXS) 
was obtained at cracking temperatures between 650 and 
750 °C. It was found that the combined yield (wt% carbon) 
of C2-C4 olefins was 51.14% at the cracking temperature 
of 650 °C. The yield of light olefins decreased with the 
increase in the cracking temperature, to 46.96 and 37.56% 
at 700 and 750 °C, respectively. The decrease in the yield of 
light olefins translated into the increase in the yield of total 
aromatics (19.15 to 22.72%) and carbon oxides (11.57 to 
17.24%) with the increases in cracking temperature. It was 
concluded that vegetable oils and, subsequently, WCO can 
be effectively converted, in a single step, to the monomers 
of plastic materials by fluidized bed steam cracking. Using 
such a process, up to 70% of the carbon atoms in vegetable 
oils can be converted to monomers. The remaining 30% of 
the carbon atoms can be converted into monomers through 
a combination of reforming and synthesis processes down-
stream of the steam cracking step.

Finally, the present work raises the possibility of intro-
ducing other food wastes rich in fatty acids (e.g., animal 
fat) as a renewable feedstock to the petrochemical industry. 
There is also a need for further research to understand the 
consequences of the impurities present in these wastes on 
the steam cracking process.
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