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Abstract

The instability of liquid oils issued from the pyrolysis of plastics usually leads to the
degradation and the deterioration of their different properties. In this study, the stability of oils
produced from the pyrolysis with and without reflux of polypropylene (PP) was investigated in
a standard test device called PetroOxy. This work compares the stability of PP liquid oils with
kerosene throughout their induction period and hydroperoxide (ROOH) content, two well-
known stability parameters. Moreover, experimental investigations of the impact of a
stabilizer (BHT=butylated hydroxytoluene) on the same stability parameters were achieved.
A titration method and GC-MS were used to quantify ROOHs and to identify the oxidized
liquid compounds, respectively.

PetroOxy tests with BHT showed an enormous influence of BHT on the oxidation stability
compared to all other oxidative tests. Adding 500 ppm of BHT multiplied the induction period
by 5.9, 4.3, 10.7 and 6.7 for reflux liquid oils, no-reflux liquid oils mixed with kerosene, reflux
liquid oils mixed with kerosene and pure kerosene respectively. The ROOH concentration

was divided by up to 16.9 for reflux liquid oil when BHT was used.
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Based on the results, it can be concluded that the liquid oils obtained by pyrolysis with reflux
are less stable than without reflux, and both of them are less stable than kerosene used as
reference model. But using kerosene as solvent mixed with liquid oils obtained by pyrolysis
with and without reflux increases their oxidative stability. The use of BHT as an antioxidant

contributes to make these oils compatible for use as fuels.

1. Introduction

The production and use of plastics have exploded over the last decades in the world. The
amount of plastic solid wastes produced in Europe is estimated to increase four-fold by 2050
[1] despite the continuous efforts to reduce, re-use, recycle and recover. Therefore, recycling

methods are generally necessary for a long-term solution.

However, one of the promising alternatives to classic treatment of plastic waste recycling can
be pyrolysis. It has received a lot of attention from the scientific community [2-7], not only
because it is a rather eco-friendly technology but also because the process can produce oil
considered as fuels and chemicals up to 80 wt.% at an easily achievable temperature of
about 500 °C [8]. The converted products could be integrated in standard petrochemical or
petroleum refining industry operation, and the recovered monomer can be used to produce

new polymer, fuel and detergent.

Nevertheless, during the entire lifetime of oil issued from pyrolysis of plastics, from when it is
first produced in the laboratory or the refinery, until the moment when it is transformed to new
polymer or fuel, the problem of fuel instability exists. Since several contaminants are present
in these oils, their presence can also affect the oil oxidative properties if they are not
removed and their degradation can also cause engine failure and malfunction that affect the
engine performance. Low stability can lead to increased maintenance problems and
maintenance costs, equipment vulnerability, decreased reliability, and numerous other

problems which may result in profit losses [9,10].
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The term of liquid stability refers to the general resistance of a liquid to change its properties.
Two types of stability exist in this context: “storage stability” which refers to the ability of a
liquid to remain in storage over extended periods of time under ambient conditions and
without significant deterioration; “thermal stability”, which refers to the ability of a liquid to
resist to relatively high temperatures for short periods of time without significant deterioration.
This change or degradation in liquids can be seen in a variety of ways, including the change
of color (the change occurs as a deepening or darkening in color), change in physical
properties (such as viscosity or density that tends to reduce the quality of an oil which then
does not comply with the specifications and the standards anymore), change in chemical
properties (such as formation of peroxides or hydroperoxides), and therefore change in
combustion properties (such as autoxidation that leads to changes in burning efficiency,
changes in the heat of combustion and ignition qualities of the liquid), change in compatibility
with other types of hydrocarbon liquids and fuels, particle formation followed by sediment and
deposits (which may solidify in tanks, fuel heaters, plug strainers, and cause pump
breakdowns and plug lines), appearance of soluble and/or insoluble gum that may be
troublesome in engine performance, and appearance of coke and clogging materials in

engine filters [10].

Several researchers have reviewed, studied and investigated fuel stability since the
beginning of the 19" century and they confirmed that the stability of fuels depends on factors
such as the fuel hydrocarbon composition, source of crude oil, boiling range, type and
severity of the refining process, and storage conditions [9-17]. They reported that the
stability decreases in the increasing order of paraffins, naphtenes, aromatics, olefins, and
diolefins. They also emphasize that there are some conditions that play a key role in fuel
stability such as temperature, pressure, oxygen content, storage time, light intensity and
wavelength, and type of storage. Low stability will then result from high temperature, high
oxygen content, exposure to light, or extended storage time [10]. These effects justify the

existence of regulation regarding these parameters for the use of oil as a fuel. For the
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induction period, an international standard ASTM 7525 characterizes the stability of gasoline
and Diesel fuels. This data is often linked to another standard regarding the total content of

hydroperoxides in fuels ASTM D3703 [18].

The influence of the complexity of the recovery process of fuel or liquid oil issued from the
pyrolysis of plastics is not negligible. There is not a single explanation for all the phenomena
and processes associated with fuel degradation. However, most researchers agree that the
instability of fuel is highly linked to the oxidation reactions in the liquid phase. Reactive
organic compounds involving sulfur, nitrogen, and oxygen atoms in the feedstock are also
responsible for the deterioration and instability. Catalytic effects during the pyrolysis

experiment could also lead to degradation of the fuel when the storage time is not negligible.

An overall conceptual process of fuel instability is proposed in Fig.1 [19].

Fuels Soluble Oxidized
* Paraffins, Products
naphtenes and 0,
aromatics » Hydroperoxide
* Qlefins
* Trace heteroatoms Insoluble Oxidized
compounds Products
* HighO,S&N
* MW e [200,600]

Storage conditions Nucleation Thermal Migration and

Sediment g or ——— adherance to form
. conditions .
Agglomeration surface deposit

Fig 1. Overall conceptual process of fuel instability [19].

This article focuses on the study of the stability of liquid oil produced from the pyrolysis of

polypropylene (PP), one of the most produced commodity plastics [20]. This choice of
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polymer is highly supported by the achievement of our previous study which investigated the

pyrolysis of PP in a detailed framework with and without reflux [21].

The principle of reflux is to separate the gas mixture in the reflux zone by selectively
condensing the liquid and continuously removing heat. Reflux condensation works as
described in our previous work [21]. Heavy components are continuously removed from the
mixed vapor upstream, and the reflux liquid stream is enriched in these components. The
principle of reflux is similar to conventional distillation. When the boiling point of the gas
mixture is higher than the temperature of the reflux zone, the gas condenses and the liquid
flows downward along the wall of the reactor condensation tube, while the range of light
compounds with a boiling point lower than the temperature of the reflux zone remains in the

gas phase and escapes from the reactor [21].

Previous pyrolysis results of PP [21] showed that the use of reflux condenser greatly affects
the decomposition of PP. Propylene was the main gas detected in all experiments, followed
by butadiene. GC-MS/FID characterization of the liquid product showed that when the reflux
temperature was 125°C, the main compounds were the Cy hydrocarbons, and their fraction
was 71.2 wt% of the liquid oil. Characterization of the liquid product by FT-ICR MS showed
that hydrocarbons formed by pyrolysis without reflux can reach up to 65 carbons, while
hydrocarbons formed by reflux pyrolysis do not exceed 35 carbons and most of them are
shorter than 20 carbons. Nevertheless, the Double Bond Equivalent slightly increases by

using the reflux.

The stability tests on these oils were achieved with and without stabilizer in a
microprocessor-controlled automatic test device called PetroOxy under pure oxygen, then
the different liquids obtained were analyzed by GC-MS to identify the components of oxidized

liquid oils and an iodometric titration was used to quantify hydroperoxides.

To the best of our knowledge, this article presents the first oxidative study of the stability of

hydrocarbons produced by plastics recycling and more specifically by a thermochemical
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method (pyrolysis of polypropylene).The main objective of this research is to test the stability
of the liquid oils issued from the pyrolysis of polypropylene with and without reflux and to find
a practical solution to avoid the degradation and the deterioration of the oils by keeping their

different properties (chemical, physical, color...).

2. Materials and methods

2.1. Materials

Oil was produced from the pyrolysis of virgin PP [21] which was provided by Total
Petrochemicals (PPH9020) in the form of pellets (2-3 mm) and with the following properties:
melting point of 165°C and density of 0.905 g/cm®. Dichloromethane (DCM) with a purity
above 99.8 mol% was used as solvent and was purchased from Fluka. 1-Decanol with a
purity above 98 mol% was purchased from Sigma Aldrich and chosen as the internal
standard. O, provided by Messer (purity above 99.995 mol%) was used to feed the
PetroOxy. Butylated hydroxytoluene (BHT), also known as dibutylhydroxytoluene with a
purity above 98 mol% was purchased from Sigma Aldrich and chosen as stabilizer
(antioxidant). Liquid kerosene was purchased from Sigma Aldrich. It was used as fuel
reference since the boiling points and the composition are similar to those of the pyrolysis oil
and it has the following properties: kinematic viscosity of 1.43 cSt (at 40 °C), density of 0.758
g/cm?® (at 15.6°C), storage temperature of 2-30°C and a distillation range between 65°C and
230°C. Since the oil without reflux was highly viscous, liquid oils from 1 g to 5 g were mixed
with 25 mL of kerosene otherwise the oxidation tests could not be performed for liquid oil

without reflux.

Triphenylphosphine used for iodometry (TPP reagent plus 99 mol%) and acetic acid (= 99.8

mol%) were purchased from Sigma Aldrich. n-Decane used as the solvent of the titrant was

purchased from ACROS Chemicals.
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2.2.Experimental apparatus and procedure

2.2.1. PetroOxy

PetroOxy, a RSSOT (Rapid Small-Scale Oxidation Test) device developed over the last few
decades as an alternative to traditional oxidation stability testing methods, based on
reflectance and less accelerated oxidation (45°C) for long time period (ASTM D6468), was
used (Fig.2). It is a microprocessor-controlled automatic batch reactor for the rapid and
reliable measurement of the oxidation. The experimental apparatus has been described in
detail previously by Zabarnick et al [9,22,23]. It measures the induction period of fuels under
accelerated oxidation conditions with an uncertainty of 10%. A typical test is carried out with
a small sample volume of 5 £ 0.01 mL which is introduced into a test chamber charged with
oxygen at 700 + 3 kPa at a starting temperature of 25°C. The measurement begins by
heating the test chamber to 130 = 1°C and lasts until the endpoint is reached, which is
defined as a pressure drop of 10% below the maximum test pressure. The induction period is
specified as the time from the start of the test chamber heating procedure to the endpoint
(Pmax - 10%), which is usually measured in minutes and a good representative indicator of the

fuel stability.
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Fig 2. Front and top view of the PetroOxy [44].

(1) Screw cap for closing the test chamber; (2) Test chamber; (3) Display; (4) Softkeys;
(5) Latch to lock/ unlock the safety hood; (6) Insulated safety hood; (7) Oxygen outlet;
(8) Oxygen inlet; (9) Oxygen inlet/outlet of the test chamber; (10) Locking latch for the

safety hood; (11) Enter key and arrow keys

2.2.2. Experimental parameters and conditions

Each PetroOxy experiment was carried out at least three times and the result expressed in
this study is the average with standard deviation. The experiment 1, which was also called «
experiment without reflux », was performed with the oil obtained by pyrolysis with a reflux
zone heated at the same external temperature than the feedstock zone [21]; this experiment
consisted of 5 sub-experiments with different no-reflux (NR) liquid oil masses that have been
mixed with 25 mL of kerosene to study its effect as an additive. These experiments were
performed in order to analyze and study the effect of the mixture of different masses of the
liquid oil and the kerosene on the induction time of the oxidation tests. It should be noticed
that the no-reflux liquid oil is too viscous to be used pure in the PetroOxy device. The
experiment 2 consisted of 2 g of liquid oil obtained by pyrolysis with reflux at 200 °C (AR_29)
and mixed with 25 mL of kerosene. This experiment was performed in order to study and
compare the influence of the reflux over the oxidation stability of the produced oil, and
especially when the oil is used as an additive in the kerosene. The experiment 3 was
performed with oil obtained by pyrolysis with a reflux temperature of 200°C in order to see

the influence of the reflux on the yielded oil stability.

The experiment 4 which is also called “reference experiment” was performed using kerosene
model to compare its stability with the oil produced from the pyrolysis of PP. The experiments
5, 6, 7 and 8 were performed with BHT stabilizer to visualize its influence during the oxidation

tests and to be compared with the experiments 1, 2, 3 and 4.
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The BHT was chosen as a stabilizer because it is widely used to prevent free radical-
mediated oxidation in organic fluids (e.g. fuels, oils) and other materials, and it is recognized
as safe and noncarcinogenic. Moreover, BHT is proved to be the more effective antioxidant
during PetroOxy test compared to other antioxidants such as 2,4,6-tris isopropylbenzoic
hydrazide and benzoic hydrazide [24]. For reference, 500 ppm of BHT was used for all

PetroOxy tests with antioxidant.

Table 1. Description of the oxidation experimental tests.

Use of
Name of the experiment Description of the experiment
antioxidant
NR_1g
NR_2g
Different masses of oil without reflux
Experiment1 | NR_3g
and with kerosene
NR_4g
No BHT NR_5g
2 g of oil with reflux at 200°C and with
Experiment2 | AR_2g
kerosene
Experiment3 | AR Oil with reflux (200°C)
Experiment 4 | Kero 2 g of kerosene
2 g of oil without reflux and with
Experiment5 | NR_2g BHT
kerosene
With BHT 2 g of oil with reflux at 200°C and with
Experiment6 | AR_2g_BHT
kerosene
Experiment 7 | AR_BHT Oil with reflux (200°C) with BHT
Experiment 8 | Kero_BHT 2 g of kerosene with BHT

2.3.Analytical methods after PetroOxy tests
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2.3.1. Analysis of liquid oil by GC-MS

After oxidation tests, liquid oils were analyzed using a GC-MS and were dissolved in DCM.
Other solvents were tested, but the extracted oil was soluble only in DCM [25]. The internal
standard was 1-decanol because it is a linear carbon chain alcohol that cannot be produced
by polyolefins and comes out halfway through the GC-MS analysis. Therefore, it could be

easily distinguished in the chromatogram.

For the qualitative analysis, a GC-MS was used to identify unknown compounds in the liquid
products. Shortly, the experimental conditions of the GC-MS method for the pyrolysis
products were similar to our work for polypropylene (PP) [21]. An Agilent 7890A Gas
Chromatography system coupled to an Agilent 5975C TAD (Triple-Axis Detector) Series
GC/MSD (Mass Selective Detector) system was used. The solution was injected with a split
ratio of 50 into an Agilent HP-5MS (diphenyl 5%, dimethylpolysiloxane 95%, non-polar, 30 m
x 250 ym x 0.25 ym) column. The GC oven temperature was stabilised at 50 °C for 5 min,
then increased with a 5 °C/min ramp to 320 °C and held at this temperature for 10 min.

Different previous research studies provide also more details for this section [26,27].
2.3.2. Analysis of the liquid oil by titration method

The total hydroperoxide content of oxidized liquids was determined by iodometric titration,
with triphenylphosphine in n-decane titrant, [28] and the titration endpoint was measured with

a G10S Compact potentiometric titrator (Mettler Toledo).

The reaction between ROOHSs and iodide is widely known since this reaction is the basis of
the ASTM D3703 method [18]. The iodine liberated from the reaction of ROOHs with iodide

ions was titrated with a standardized TPP solution thanks to the equations below.

ROOH+2H* +2]~ — ROH + I, + H,0 1)

TPP + I, — [TPPI]* [I]~ )

10
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The titration method used in this study is a potentiometric method that is known to be more
precise and more effective for the detection of ROOHs than other titration methods [28,29].
The total ROOH concentration in the samples was then calculated. The uncertainty of the
hydroperoxide concentration through this method is 9% of the final result, corresponding to

95% of the confidence interval [29].

The experimental protocol observed in Fig.3 consisted in heating the solvent mixture
including solid potassium iodide in the presence of acetic acid for 5 min at a temperature of
68 °C to get a saturated solution of iodide ions. Then, without cooling, 1 mL of the sample
containing the ROOHs was added and was kept at a temperature of 68°C for 15 min. At this
stage, the reaction of ROOHs with iodide ions was complete and iodine was released. The
amount of iodine released is equal to the stoichiometric amount of ROOHs present in the
sample, and the iodine was titrated with TPP solution. It is predicted that a colorless charge
transfer (CT) complex [TPPI]" [I] is formed from titration of the produced iodine with TPP as

given below.

The proposed titration method had a clear endpoint, and the type of potentiometric endpoint
detection was based on the visible changes of the potential of the solution by the complex

formation.

Kl + Acetic Acid + Tﬁphenylphosphine
EtOH ROOH solution solution (TPP)

«—— Potentiometry

ROOH +2H¥ +21-
— ROH + 1, +H,0

68°C : 68°C
= s —litee—

TPP+ I, —
[rPPI)* (17

11
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Fig.3. Scheme of the iodometric method using triphenylphosphine solution and potentiometry

[22].

3. Results and discussion

3.1. Oxidation stability tests results

The kerosene and the oils issued from the pyrolysis of PP are composed of a wide range of
hydrocarbons; during their oxidation tests, the reactions proceed via a free radical chain
reaction mechanism [9,22,30], leading to the formation of a mixture of ROOHs and
oxygenated hydrocarbon derivatives (alcohols, ketones, carboxylic acids...) via radical

termination pathways [9,22,30].

In the first series of measurements shown in Table 2, the effect of the addition of different
guantities of liquid oil, produced without reflux, to kerosene was investigated. Then an
oxidative test of liquid oil produced with reflux was performed to compare the influence of the
reflux on the stability of these oils. An additive concentration of 2.2 mmol/kg was chosen for
BHT. This concentration corresponds to approximately 500 ppm. BHT was then added in a

series of further tests to point out the relevance of the antioxidant effect.

Table 2. Results of oxidative analysis by PetroOxy tests and triphenylphosphine iodometric

titration.
PetroOxy Concentration
Use of
Name of the experiment induction of ROOHSs
antioxidant
period (min) (mmol/L)
NR_1g 170.5+£6.7 87.8+12.7
NR_2g 157.9+ 8.4 66.4 +9.8
No BHT Experiment 1
NR_3g 127.4+£5.2 67.4+9.4
NR_4g 106.9+4.1 61.9+8.7

12
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NR_5g 90.9+3.9 56.8+8.1
Experiment2 | AR_2g 60.6 £ 2.7 90.5+12.9
Experiment3 | AR 122+1.7 174.2 + 18.5
Experiment4 | Kero 150.5+5.9 81.8+11.8
Experiment 5 NR_2g BHT | 681.6 £ 13.8 57.7+7.3
With BHT Experiment6 | AR_2g BHT | 650.8+12.1 31.3+34
Experiment7 | AR_BHT 719122 103+1.1
Experiment 8 Kero_BHT 1011.2+ 12.6 36.2+5.5

Under the investigated conditions and without BHT, the oil produced by pyrolysis with reflux
(AR) presented the lowest induction period of 12.2 min. Also, experiment 2, where 2 g of AR
is added to the kerosene, showed a low induction period of 60.6 min compared to the
experiment 1.2 (2 g of NR blended with the kerosene, IP of 157.9 min) and all the sub-

experiments of the experiment 1.

Based on these results, we can conclude that the liquid oils obtained by pyrolysis with reflux
are less stable than liquid oils obtained without reflux. Also, using kerosene as solvent mixed
with liquid oils obtained with and without reflux can help to stabilize these oils and increase

their oxidation stability.

Qils issued from plastics pyrolysis do not contain any antioxidants and therefore they exhibit
a poor stability towards oxidation. This effect can be explained through the composition of
the pyrolysis oils. Indeed, the plastic pyrolysis oils contain a large amount of linear
carbonated chains with an average number of Cy9, and the literature shows that these
hydrocarbons are stable [30]. However, the presence of alkenes drastically changes the
oxidation chemistry of these oils. The reactions between alkenes and oxygen are easier than
those for linear alkanes, which leads more rapidly to the formation of unstable compounds
such as ketones and aldehydes [31]. So, when an oxidative stress occurs, the oil is less

stable than the kerosene since the kerosene composition is mainly alkanes which are known

13
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to be rather stable products. Moreover, the pyrolysis oil obtained with reflux exhibits a higher
Double Bond Equivalent (DBE) than without reflux [21], which explains the lower stability of
oil obtained with reflux than that obtained without reflux. Indeed, without reflux, most
compounds have a DBE of 2, whereas with reflux, the DBE of most compounds is between 2
and 4, with a high proportion of DBE of 3 and 4. Note that the DBE of the C.H,O, ions has
been calculated according to the general formula 1+ ¢ — h/2, and the molecular formulas

have been previously determined by GC-MS/FID and FT-ICR MS [21].

Fig.4 show the effect of the addition of NR oil on kerosene model on the induction period and

on the ROOH content of the aged fuel blend.

200 1 170.5 1%

180 4 157.9 L 160

160 Kerosene: 150.5 min | 140
i 127.4 o=
140 L 120 S
—_ 120 " g
£ + 100 £
E lm y ~—
S— 4 [ 80 —
& 80 r (‘YOSQHQ g
60 4 81.8 mmol/L r 60 g

40 ; I 40

20 4 - 20

0 0
NR_1g NR_28 R_3g NR_4g NR_Sg
mm |P: Induction period (min) 4 [ROOH]: Concentration of ROOH (mmol/L)

Fig.4. Influence of the mass of NR liquid oil added to kerosene on the PetroOxy induction

period and the concentration of ROOHSs (error of [ROOH] represented as orange cloud).

The results in Fig.4 showed that mixing a low quantity of plastic pyrolysis oil can increase the
oxidation stability of the pure kerosene model since its IP increased from 150.5 min to 170.5
min and 157.9 min when we mixed it with 1 g and 2 g of NR liquid oils respectively. However,

the addition of high quantities of plastic pyrolysis oil lowered the induction period drastically;

14
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the induction period decreased from 170.5 min to 90.9 min when the quantity of NR liquid oil
added increased from 1 to 5 g. So, a low quantity has a positive effect on stability, which
could be due to the production of stabilized allyl radicals from alkenes, but when the quantity

increases the inhibition effect is lost, since alkenes are very sensitive to oxidation.

For comparative purposes, experiment 2 was performed (oil produced by pyrolysis with reflux
added to kerosene) and results showed that its IP is the lowest compared to experiment 1
(Fig.4) and experiment 4 (pure kerosene), although it is better than for pure oil produced with
reflux. However, it will be difficult to conclude on the relative stability of the oils with and

without reflux by comparing their mixture with kerosene [29].

3.2. Characterization of the oxidized liquid oils

3.2.1. Analysis by GC-MS

The PetroOxy oxidized liquid oils obtained from the pyrolysis of PP were dissolved in

dichloromethane and semi-quantitatively analyzed to identify their chemical compositions.

The major compounds identified in some oxidized oils obtained by pyrolysis with and without
reflux and antioxidant are presented in the supplementary material. All the oils identified
consisted of alkanes, alkenes and small quantities of ketones. No hydroperoxides and
carboxylic acids were detected in all the oils analyzed. Since ketones were detected in all
oxidized liquid oils except kerosene and kerosene mixed with NR liquid oils, it can be
confirmed that the oxidation process was rather advanced in the oxidized oils obtained by
pyrolysis with reflux. Nevertheless, the GC-MS could not identify and quantify the

hydroperoxides and oxidation compounds due to their fragility.

The major compounds included a range of hydrocarbons from Cg to Cy9 when the reflux was
used, with and without BHT. For kerosene and all NR liquid oils (1, 2, 3, 4 and 5 g) mixed
with kerosene, no significant change was noticed, and the major compounds included a
range of hydrocarbons from Cg¢ to Cy4. Small amounts of ketones and alcohols such as
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CgH150, CgH»0, CioHisO and CyioHi180 were detected in the oxidized oil obtained by

pyrolysis with reflux.

Regarding the abundance, it was observed that when the NR oil mass increased from 1 g to
5 g, it drastically decreased between a retention time of 10 to 20 min and it slightly increased
between 20 to 35 min, due to the increase of the concentration of hydrocarbons of high

molecular weight [21].

To overcome some GC-MS limitation (identification of all the liquid oil compounds in the
NIST bibliography and decomposition of ROOHs in the column), a titration method was

necessary to determine the hydroperoxide (ROOH) concentration in all the oxidized oils.

3.2.2. Analysis by titration method

In order to control the laboratory and industrial production processes of ROOHS, it is required

to know their concentration during the oxidation reactions and processes.

As presented in the experimental protocol in Fig.3 (section 2.3.2), iodometric titration
methods for the quantification of ROOHSs are simple, rapid, and need only simple laboratory
equipment. TPP method was water-free and was suitable for organic ROOH quantification.
lodine released from the reaction of iodide ions with ROOHs was completely soluble in an

organic media and formed a charge transfer complex with TPP in an organic solvent [32].

Results of ROOH quantification with TPP iodometric methods using the acetic acid and EtOH
as solvent and Kl as an iodine source are given in Table 2. The interpretation of ROOH
concentration should be done cautiously, since a low ROOH concentration could indicate,
either a rather stable oil or an oil in an advanced state of oxidation. Indeed, first ROOHs
accumulate and then decompose to produce other oxidized compounds. ROOHs produced
from PP pyrolysis oil are particularly unstable since they contain double bonds. So, it could
be difficult to compare the concentration of ROOHs produced from kerosene (mostly
alkanes), from oil obtained by pyrolysis without reflux, and from oil obtained by pyrolysis with

reflux (higher DBE).
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Nevertheless, some comments can be proposed. Liquid oil obtained by pyrolysis with reflux
(AR) presented the lowest oxidation stability and it showed the highest concentration of
ROOHSs at the end of the induction period with 174.2 mmol/L. Also, experiment 2 showed
that the second highest hydroperoxyde concentration with 90.5 mmol/L compared to the
experiment 4 and all the sub-experiments of the experiment 1. Based on these results, we
can confirm again that the liquid oils obtained with reflux are less stable than liquid oils

without reflux and kerosene model.

Moreover, the results of liquid oils obtained by pyrolysis without reflux showed that mixing
high quantities of plastic pyrolysis liquid oil lowered the concentration of ROOHSs; it
decreased from 87.8 mmol/L to 56.8 mmol/min when the quantity of NR liquid oil added
increased from 1 to 5 g. Regarding the oxidative test with only kerosene (experiment 4-Kero),
it presented a concentration of 81.8 mmol/L. The oxidation stability got impoverished by
unsaturated and polyunsaturated compounds present in NR liquid oil [22]. These
compounds tend to initiate a classical free radical chain reaction mechanism (autoxidation)

[35].

3.3.Antioxidant effect of BHT in liquid oils

The antioxidant effect of BHT depends on the chemical structure of the hydrocarbon oils.
During the oxidation of hydrocarbons in the liquid phase, a specific mechanism of formation
of hydroperoxides is involved. Le et al. [36] summarized it in Fig.5. The H-atom abstractions
by peroxy radical (ROO¢-) and alkoxy radical (RO¢) represent the main consumption channels
of an alkane (RH) in order to yield the main alkyl radical R+ that reacts with dissolved O, and

produces the corresponding peroxy radical ROOe.

Then, the peroxy radical ROO- produces the peroxide ROOH via H-atom abstractions from
the reactant in a main consumption reaction and the remaining non-consumed ROQO-

involves self-reactions (ROO+ + ROOQO¢) to produce a ketone (or aldehyde) (R(C=0)) in a
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termination step by the Russell mechanism and an alcohol (ROH) or two alkoxy radical RO

and O, [36-38].

In alkanes, ROOHs are entirely decomposed into a hydroxyl radical OHe and an alkoxy
radical RO that subsequently produce an alcohol ROH by H-atom abstraction from the
reactant RH by the alkoxy radical RO-. After that, ROH is oxidized into ketone (or aldehyde)

R(C=0) by some successive reactions, which follow a similar scheme to that of the alkanes.

Yehye et al. [36] and Jia et al. [40] had described deeply the influence of the BHT in the
thermal oxidation stability of fuels and they confirmed that BHT interrupts the chain
propagation of the fuel auto-oxidation by reacting with peroxy radicals via H-atom abstraction
reactions by the hydrogen atom of phenolic group. These reactions are favored as the
radicals produced from hindered phenols are relatively stable thanks to the electron

delocalization due to the resonance effect.

These reactions are in competition with H-atom abstractions from parent fuel and then

slowdown the liquid-phase reactivity.

RH
+ROQ*/-RO0H
| +RO*/-ROH
Re
‘0, y ROGH
Rdb- ROOs/-0 o
+ROO* \ ROe
_02
)
R(C=0)

Fig. 5. Simplified reaction pathway of an alkane RH in the liquid phase.
(Re is an alkyl radical, ROO- a peroxy radical, RO+ an alkoxy radical, ROOH a hydroperoxide,

ROH an alcohol, and R(C=0) an aldehyde or a ketone) [36].
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The PetroOxy tests with BHT showed (Fig.6) a huge stability compared to all other oxidative

tests. However, BHT increased the induction period of 59.7 min (ratio of 5.9) for liquid oils

with reflux, 523.7 min (ratio of 4.3) for liquid oils without reflux mixed with kerosene (NR_2g),

590.2 min (ratio of 10.7) for liquid oils with reflux mixed with kerosene (AR_2g) and 860.7

min (ratio of 6.7) for kerosene. Regarding the concentration of ROOHSs, it was divided by

16.9 (from 174.2 to 10.3 mmol/L), 2.6 (from 81.8 to 36.2 mmol/L), 2.9 (from 90.5 to 31.3

mmol/L) and 1.2 (from 67.4 to 57.7) for liquid oil with reflux (AR), kerosene (Kero), liquid oil

with reflux mixed with kerosene (AR_2g) and no-reflux liquid oil mixed with kerosene

(NR_2g) respectively when BHT was used.

1011.2

36.25 [

1000 -174.2 —_—
157.9 150.5
> 100 606 719
£
£ - ap, 81,8
; L 905
J-66.4 N 122 5.7
10 1
\
N
%
§ 10.3
, N N
NR_2g AR_28 AR Kero NR_BHT 2g AR_BHT

1 IP: Induction period (min)

No BHT

BHT

£ [ROOH]: Concentration of ROOH [mmol/L)

Kero_BHT

200

- 150

+ 100

[ROOH] (mmol/L)

Fig.6. Influence of BHT on the PetroOxy induction period and the concentration of ROOHSs

on NR, AR and kerosene liquid oils
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The overall analysis of the results showed significant influence in the stability towards
oxidation when BHT was used as an antioxidant. A number of studies showed that oxidation
conditions such as temperature and oxygen partial pressure have a substantial impact on the
efficiency of antioxidants but whatever the chosen antioxidant, the stability towards oxidation
is always highly improved [24,41-43]. Nevertheless, adding BHT to pyrolysis oils mixed with
kerosene is less efficient than adding BHT to pure kerosene, although the stability of pure
kerosene is about the same or worse than that of kerosene mixed with small amounts of
pyrolysis oil obtained without reflux. Developing the detailed mechanism of oxidation in both

cases could help to understand these phenomena.

Based on the results it can be confirmed that the addition of a highly effective BHT

antioxidant is then strongly recommended to increase long-term stability.

4. Conclusion

The stability of hydrocarbons produced by pyrolysis of PP was investigated in a
microprocessor-controlled automatic test device called PetroOxy in an oxygenated
environment. This study provides a highlight on the induction period under accelerated
oxidation conditions and a quantitative analysis of the concentration of ROOH compounds in
all oxidized oils. It has been shown that PP pyrolysis oils are less stable than kerosene, due
to the double-bonds they contain, especially for the oils obtained by PP pyrolysis with reflux.
Mixing small amounts of oils with kerosene increases their stability towards oxidation. This
might be due to the production of stabilized allyl radicals which lead to an inhibition effect, but
the inhibition effect is lost when the amounts of alkenes present in the mixture increase,
since alkenes are very sensitive to oxidation. Further research is needed to confirm this
hypothesis. Moreover, the use of BHT increased the induction period from 12.2 to 174.2 min
for oils obtained by pyrolysis with reflux (AR), from 157.9 to 681.6 min for oils obtained
without reflux mixed with kerosene (NR_2g), from 60.6 to 650.8 min for oils obtained with

reflux mixed with kerosene (AR_2g) and from 150.5 to 1011.2 min for pure kerosene (Kero).
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Regarding the concentration of ROOHSs, it decreased from 174.2 to 10.3 mmol/L, from 81.8
to 36.2 mmol/L, from 90.5 to 31.3 mmol/L and from 67.4 to 57.7 for oil produced with reflux
(AR), kerosene (Kero), liquid oil with reflux mixed with kerosene (AR_2g) and no-reflux liquid
oil mixed with kerosene (NR_2g) respectively, when BHT was used, although it could be
difficult to precisely interpret these results, especially between different types of oil, since a
low ROOH concentration could indicate, either a rather stable oil or an oil in an advanced

state of oxidation.

Previous experiments had demonstrated that the reflux allows to narrow the molecular
weight distribution range of the liquid obtained by PP pyrolysis, yielding interesting molecules
corresponding to the naphtha cuts. The present results showed that combining BHT
antioxidants to the liquid oils obtained by PP reflux pyrolysis increases a lot their stability,
although they remain much less stable than kerosene, for instance. Further research may be
useful to improve the stability of these liquid oils. Nevertheless, adding BHT contributes to
preserve the narrow molecular weight distribution of the liquid oils obtained by reflux
pyrolysis, increases their long-term stability, and contributes to make them compatible for

use as fuels.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

5. Acknowledgments

The authors are very thankful to their colleague, Anthony Dufour for his support and help.
This work has been funded by CNRS, University of Lorraine and ICEEL. Ryma Benrabah

and Baptiste Sirjean acknowledge the European Research Council (ERC) under the

21



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

European Union’s Horizon 2020 research and innovation program (grant agreement No

101003318) for the financial support.

6. References

[1] Stiftung HB. Plastics Atlas: Facts and figures on the world of synthetic polymers 2020.

https://ps.boell.org/en/plastic-atlas [accessed 20 July 2023].

[2] Soni VK, Singh G, Vijayan BK, Chopra A, Kapur GS, Ramakumar SSV. Thermochemical
recycling of waste plastics by pyrolysis: a review. Energy Fuels 2021;12763:1280835-35.

https://doi.org/10.1021/acs.energyfuels.1c01292

[3] Dogu O, Pelucchi M, Van de Vijver R, Van Steenberge PH, D'hooge DR, Cuoci A, Mehl
M, Frassoldati A, Faravelli T, Van Geem KM. The chemistry of chemical recycling of solid
plastic waste via pyrolysis and gasification: State-of-the-art, challenges, and future directions.

Prog Energy Combust Sci 2021;100901-84. https://doi.org/10.1016/j.pecs.2020.100901.

[4] Sharuddin SDA, Abnisa F, Wan Daud WMA, Aroua MK. A review on pyrolysis of plastic
wastes. Energy Convers Manag 2016;115:308- 326.

https://doi.org/10.1016/j.enconman.2016.02.037

[5] Jha KK, Kannan TTM. Recycling of plastic waste into fuel by pyrolysis - a review.
Materials Today: Proceedings 2021;37:3718- 3720.

https://doi.org/10.1016/j.matpr.2020.10.181

[6] Al-Salem SM, Lettieri P, Baeyens J. Recycling and recovery routes of plastic solid waste
(PSW): A review. Waste Manage 2009;29:2625- 2643.

https://doi.org/10.1016/j.wasman.2009.06.004

22


https://doi.org/10.1016/j.pecs.2020.100901

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

[7] Panda AK, Singh RK, Mishra DK. Thermolysis of waste plastics to liquid fuel: A suitable
method for plastic waste management and manufacture of value added products—A world
prospective. Renew Sustain Energy Rev 2010;14:233- 248.

https://doi.org/10.1016/j.rser.2009.07.005

[8] FakhrHoseini SM, Dastanian M. Predicting Pyrolysis Products of PE, PP, and PET Using

NRTL Activity Coefficient Model. J Chem 2013;487676. https://doi.org/10.1155/2013/487676.

[9] Zabarnick S, West ZJ, Shafer LM, Mueller SS, Striebich RC, Wrzesinski PJ. Studies of the
Role of Heteroatomic Species in Jet Fuel Thermal Stability: Model Fuel Mixtures and Real

Fuels. Energy Fuels 2019;33:8557-65. https://doi.org/10.1021/acs.energyfuels.9b02345.

[10] Batts BD, Fathoni AZ. A literature review on fuel stability studies with particular

emphasis on diesel oil. Energy Fuels 1991;5:2-21. https://doi.org/10.1021/ef00025a001.

[11] Thompson RB, Druge LW, Chenicek JA. Stability of Fuel Oils in Storage: Effect of Sulfur

Compounds. Ind Eng Chem 1949;41:2715-21. https://doi.org/10.1021/ie50480a016.

[12] Thompson RB, Chenicek JA, Druge LW, Symon T. Stability of Fuel Oils in Storage -
Effect of Some Nitrogen Compounds. Ind Eng Chem  1951;43:935-9.

https://doi.org/10.1021/ie50496a043.

[13] Walker AC, Stanton JP. Examine fuel oils with microscope. Pet Refiner; (United States)

1954;33:11.

[14] Bannister CD, Chuck CJ, Bounds M, Hawley JG. Oxidative Stability of Biodiesel Fuel.
Proceedings of the Institution of Mechanical Engineers, Part D: Proc Inst Mech Eng Pt D J

Automobile Eng 2011;225:99-114. https://doi.org/10.1243/09544070JAUTO1549.

[15] Pasel J, Samsun RC, Peters R, Thiele B, Stolten D. Long-term stability at fuel
processing of diesel and Kkerosene. Int J Hydrog Energy 2014;39:18027-36.

https://doi.org/10.1016/j.ijhydene.2014.03.148.

23



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

[16] Miyata |, Takei Y, Tsurutani K, Okada M. Effects of bio-fuels on vehicle performance:

degradation mechanism analysis of bio-fuels. SAE technical paper; 2004.

[17] Rawson PM, Webster RL, Evans D, Abanteriba S. Contribution of sulfur compounds to
deposit formation in jet fuels at 140 °C using a quartz crystal microbalance technique. Fuel

2018;231:1-7. https://doi.org/10.1016/j.fuel.2018.05.084.

[18] Standard - Standard Test Method for Hydroperoxide Number of Aviation Turbine Fuels,

Gasoline and Diesel Fuels ASTM D3703 - Swedish Institute for Standards, SIS. n.d.

[19] Taylor W, Frankenfeld J. Chemistry and mechanism of distillate fuel stability,
Proceedings, 2™ International Conference on Long Term Storage Stabilities of Liquid Fuels,

San Antonio TX, 1986, p. 260—71.

[20] Plastics Europe (Association of Plastics Maufacturers). Plastics — the Facts 2022 An
analysis of European plastics production, demand and waste data 2022.

https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/ [accessed 15 July 2023].

[21] Hassibi N, Quiring Y, Carré V, Aubriet F, Vernex-Loset L, Mauviel G, Burklé-Vitzthum V.
Analysis and control of products obtained from pyrolysis of polypropylene using a reflux
semi-batch reactor and GC-MS/FID and FT-ICR MS. J Anal Appl Pyrolysis

2023;169:105826. https://doi.org/10.1016/j.jaap.2022.105826.

[22] Zabarnick S. Studies of Jet Fuel Thermal Stability and Oxidation Using a Quartz Crystal
Microbalance and Pressure Measurements. Ind Eng Chem Res 1994;33:1348-54.

https://doi.org/10.1021/ie00029a034.

[23] EI-Sayah Z, Glaude P-A, Fournet R, Sirjean B. Comparison of the Effects of Different
Biofuels on the Oxidation Stability of a Hydrocarbon Fuel. SAE Powertrains, Fuels &

Lubricants Meeting, SAE International; 2020. https://doi.org/10.4271/2020-01-2101.

24



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

[24] Bar F, Hopf H, Knorr M, Krahl J. Rancimat and PetroOxy oxidation stability
measurements of rapeseed oil methyl ester stabilized with hydrazides and antioxidants. Fuel

2018;232:108-13. https://doi.org/10.1016/j.fuel.2018.05.095.

[25] Costa PA, Pinto FJ, Ramos AM, Gulyurtlu IK, Cabrita 1A, Bernardo MS. Kinetic

evaluation of the pyrolysis of polyethylene waste. Energy Fuels 2007;21:2489-98.

[26] de Saint Laumer J-Y, Cicchetti E, Merle P, Egger J, Chaintreau A. Quantification in gas
chromatography: prediction of flame ionization detector response factors from combustion

enthalpies and molecular structures. Anal Chem 2010;82:6457—62.

[27] de Saint Laumer J-Y, Leocata S, Tissot E, Baroux L, Kampf DM, Merle P, Boschung A,
Seyfried M, Chaintreau A. Prediction of response factors for gas chromatography with flame
ionization detection: Algorithm improvement, extension to silylated compounds, and
application to the quantification of metabolites. J Sep Sci 2015;38:3209-17.

https://doi.org/10.1002/jssc.201500106.

[28] Roohi H, Rajabi M. lodometric Determination of Hydroperoxides in Hydrocarbon
Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol. Ind

Eng Chem Res 2018;57:6805—14. https://doi.org/10.1021/acs.iecr.7b05403.

[29] Le MD, El Sayah Z, Benrabah R, Warth V, Glaude P-A, Privat R, Fournet R, Sirjean B.
An experimental and detailed kinetic modeling of the thermal oxidation stability of n-decane
as a jet fuel surrogate component. Fuel 2023;342:127754.

https://doi.org/10.1016/j.fuel.2023.127754.

[30] Chatelain K, Nicolle A, Ben Amara A, Catoire L, Starck L. Wide Range Experimental and
Kinetic Modeling Study of Chain Length Impact on n-Alkanes Autoxidation. Energy Fuels

2016;30:1294-303. https://doi.org/10.1021/acs.energyfuels.5b02470.

25



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

[31] Emanuel NM. The problem of the control of the chain reactions taking place in the liquid-
phase oxidation of hydrocarbons. In: Emanuel NM, editor. The oxidation of hydrocarbons in

the liquid phase. Pergamon; 1965. p. 1-31. https://doi.org/10.1016/C2013-0-01795-1

[32] zhang YR, Aronson S, Mennitt PG. lonic dissociation in complexes of iodine with
triphenylphosphine and triphenylamine. Can J Chem 1992;70:2394—7.

https://doi.org/10.1139/v92-303.

[33] Rawat DS, Joshi G, Lamba BY, Tiwari AK, Kumar P. The effect of binary antioxidant
proportions on antioxidant synergy and oxidation stability of Jatropha and Karanja biodiesels.

Energy 2015;84:643-55. https://doi.org/10.1016/j.energy.2015.03.024.

[34] Prieto MA, Murado MA, Vazquez JA. Quantification, characterization and description of
synergy and antagonism in the antioxidant response. Food Res Int 2014;60:218-29.

https://doi.org/10.1016/j.foodres.2013.09.033.

[35] Flitsch S, Neu PM, Schober S, Kienzl N, Ulimann J, Mittelbach M. Quantitation of Aging
Products Formed in Biodiesel during the Rancimat Accelerated Oxidation Test. Energy Fuels

2014;28:5849-56. https://doi.org/10.1021/ef501118r.

[36] Le MD, Matrat M, Amara AB, Foucher F, Moreau B, Yu Y, Goussougli M, Fournet R,
Sirjean B. Glaude P-A. Antioxidant effect of 2—4 xylenol on fuel oxidation in liquid and gas
phase over a wide temperature range. Fuel Process Technol 2022;236:107414.

https://doi.org/10.1016/j.fuproc.2022.107414.

[37] Howard JA, Ingold KU. Self-reaction of sec-butylperoxy radicals. Confirmation of the

Russell mechanism. J Am Chem Soc 1968;90:1056—-8. https://doi.org/10.1021/ja01006a037.

[38] Le MD, Warth V, Giarracca L, Moine E, Bounaceur R, Privat R, Jaubert J-N, Fournet R,

Glaude P-A, Sirjean B. Development of a Detailed Kinetic Model for the Oxidation of n-

26



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589
590
591
592

593

594

595

596

Butane in the Liquid Phase. J Phys Chem B  2021;125:6955-67.

https://doi.org/10.1021/acs.jpcb.1c02988.

[39] Yehye WA, Rahman NA, Ariffin A, Abd Hamid SB, Alhadi AA, Kadir FA, Yaeghoobi M.
Understanding the chemistry behind the antioxidant activities of butylated hydroxytoluene
(BHT): A review. Eur J Med Chem 2015;101:295-312.

https://doi.org/10.1016/j.ejmech.2015.06.026.

[40] Jia T, Zhang X, Liu Y, Gong S, Deng C, Pan L, Zou JJ. A comprehensive review of the
thermal oxidation stability of jet fuels. Chem Eng Sci 2021;229:116157.

https://doi.org/10.1016/j.ces.2020.116157.

[41] Burton GW. Antioxidant Action of Carotenoids. J Nutr 1989;119:109-11.

https://doi.org/10.1093/jn/119.1.109.

[42] Brewer MS. Natural Antioxidants: Sources, Compounds, Mechanisms of Action, and
Potential  Applications. Compr Rev Food Sci Food Saf 2011;10:221-47.

https://doi.org/10.1111/j.1541-4337.2011.00156.X.

[43] Réblova Z. The effect of temperature on the antioxidant activity of tocopherols. Eur J

Lipid Sci Technol 2006;108:858—63. https://doi.org/10.1002/ejlt.200600091.

[44] Petro Test — Rapid Small Scale Oxidation Test (RSSOT)- A new Method for the
Determination of the Oxidation Stability.
https://laboaragon.com/docs/marcas/petrotest/Oxidation%20Stability%20-%20PetroOXY .pdf
[accessed 10 June 2023].

27



597

598

28



