EP 4 389 856 A1

(19) Europdisches

: Patentamt

European
Patent Office

Office européen
des brevets

(11) EP 4 389 856 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
26.06.2024 Bulletin 2024/26

(21) Application number: 22214609.4

(22) Date of filing: 19.12.2022

(51) International Patent Classification (IPC):

C10G 1/10 (2006.01)
C10G 67/02 (2006.01)

C10G 1/00 (2006.01)
C10G 45/24 (2006.01)

(52) Cooperative Patent Classification (CPC):

C10G 45/24; C10G 1/002; C10G 1/10; C10G 67/02

(84) Designated Contracting States:
AL ATBE BG CH CY CZDE DKEE ES FI FR GB
GRHRHUIEISITLILTLULVMC ME MK MT NL
NO PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA
Designated Validation States:
KH MA MD TN

(71) Applicant: Borealis AG
1020 Vienna (AT)

(72) Inventors:

 DENIFL, Peter
4021 Linz (AT)

* REDANT, Emile
9880 Aalter (BE)

* GRYMONPREZ, Brent
8310 Asserbroek (BE)

(74) Representative: Kador & Partner Part mbB

CorneliusstraBe 15
80469 Miinchen (DE)

(54) PYROLYSIS OIL PURIFICATION

(57) The presentinvention provides a process for the
purification of a crude pyrolysis oil, the process compris-
ing the steps of a) providing a crude pyrolysis oil, the
crude pyrolysis oil comprising hydrocarbons and impuri-
ties, b) hydrogenating the crude pyrolysis oil in the pres-
ence of an organic hydrogen donor and a supported Pd

catalyst in a reactor to obtain a hydrogenated crude py-
rolysis oil, the hydrogenated crude pyrolysis oil compris-
ing the hydrocarbons and hydrogenated impurities,
wherein the organic hydrogen donor comprises a com-
pound containing a formate group.

Processed by Luminess, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 4 389 856 A1
Description

[0001] The present invention relates to a process for purifying a crude pyrolysis oil, such as a crude pyrolysis oil
originating at least partially from the pyrolysis of plastic waste, to obtain a purified pyrolysis oil. The invention is further
directed to a method for producing a cracker feedstock, particularly a steam cracker feedstock, comprising the purified
pyrolysis oil.

[0002] Pyrolysis is an important technique for chemically recycling e.g. plastic waste. The pyrolysis is generally a
thermal degradation of feedstock in an inert atmosphere and yields value added products such as pyrolysis gas, liquid
pyrolysis oil and char (residue), wherein pyrolysis oil is the major product.

[0003] Dependent on the type and quality of feedstock used for the preparation of pyrolysis oil, a broad range of
impurities can typically be found in the pyrolysis oil. Typical feedstock for the preparation of pyrolysis oil is plastic waste,
but also biomass may be used. Pyrolysis oil produced from plastic waste contains more and other contaminants than
fossil feedstock whereas plastics are used for a wide variety of applications and therefore contains a wide variety of
different additives. Such impurities found in the pyrolysis oil are for example inorganic compounds, such as metal-
containing compounds and complexes, and organic compounds containing heteroatoms, such as nitrogen, oxygen,
sulfur, silicon, and halogens, particularly chlorine. The pyrolysis oil also generally has a much higher content of unsatu-
rated hydrocarbon compounds, such as olefins, particularly diolefins, than fossil feedstock. Low concentrations of these
impurities, particularly chlorine-containing compounds and diolefins, is for instance of high importance for avoiding
problems during storage and processing of the pyrolysis oil, including for use as (steam) cracker feedstock in base
chemical production such as ethylene and propylene. Otherwise, the impurities can lead to problems in the further
processing or use of the pyrolysis oil, such as sedimentation and gum formation, deactivation/poisoning of catalysts,
formation of deposits and corrosion of lines and reactors. Steam cracking of untreated plastic waste pyrolysis oils is for
example discussed by Kusenberg et al, "Assessing the feasibility of chemical recycling via steam cracking of untreated
plastic waste pyrolysis oils: Feedstock impurities, product yields and coke formation", Waste Management, vol 141,
pages 104-114 (2022), where the authors conclude that purification of the pyrolysis oil prior to steam cracking is a
prerequisite to avoid operational issues resulting from increased coke formation and fouling.

[0004] In accordance with Kusenberg et al, "Opportunities and challenges for the application of post-consumer plastic
waste pyrolysis oil as steam cracker feedstocks: To decontaminate or not to decontaminate?", Waste Management, vol
148, pages 83-115 (2022), a typical steam cracker feedstock for base chemical production may include not more than
3 ppm chlorine, not more than 100 ppm nitrogen, and not more than 100 ppm oxygen.

[0005] Forbeing able to meet the high purity standards that are required for the use of these pyrolysis oils, for example
as steam cracker feedstock for base chemical production, typically dilution with fossil naphtha and/or upgrading of the
pyrolysis oil is required. Purification of crude pyrolysis oil can for example be done by a costly hydrotreatment, treatment
of the oil with adsorbents, reduction agents or simply by a washing step, i.e., by extracting the impurities with a solvent
that is immiscible with the oil such as water or alcohols.

[0006] Generally, pyrolysis oil at least partially originating from the pyrolysis of plastic waste requires dehalogenation
(particularly dechlorination), denitrogenation and desulfurization to reduce the concentrations of these impurities and
allow use in cracker feedstock, such steam cracker feedstock.

[0007] It is an object of the present invention to provide a process for purifying a crude pyrolysis oil originating from
the pyrolysis of a feedstock, in particular purifying a crude pyrolysis oil having various impurities.

[0008] Itis a further object of the present invention to provide a process for purifying a crude pyrolysis oil originating
from the pyrolysis of a feedstock, particularly crude pyrolysis oil at least partially originating from the pyrolysis of plastic
waste, which process reduces the content of polar and non-polar impurities from the crude pyrolysis oil.

[0009] Itis still a further object of the present invention to provide a process for purifying a crude pyrolysis oil originating
from the pyrolysis of a feedstock having an improved removal efficiency for impurities present in the crude pyrolysis oil.
[0010] Itis a further object of the present invention to provide a purified pyrolysis oil, which meets the standards for
use as cracker feedstock (alone or diluted with fossil naphtha) in base chemical production. As used herein, "cracker
feedstock" refers to a feedstock suitable for steam cracking, hydrocracking or catalytic cracking. More particularly, an
object of the invention is to obtain a cracker feedstock that meets the requirements for use as feedstock (alone or diluted
with fossil naphtha) in a steam cracker.

[0011] To solve all the above objects, the present invention provides in a first aspect a process for purifying a crude
pyrolysis oil according to claim 1.

[0012] In a first aspect, a process for the purification of a crude pyrolysis oil is provided, the process comprising the
steps of

a) providing a crude pyrolysis oil, the crude pyrolysis oil comprising hydrocarbons and impurities, the crude pyrolysis
oil preferably at least partially originating from pyrolysis of plastic waste,
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b) hydrogenating the crude pyrolysis oil in the presence of an organic hydrogen donor and a supported Pd catalyst
in a reactor to obtain a hydrogenated crude pyrolysis oil, the hydrogenated crude pyrolysis oil comprising the hy-
drocarbons and hydrogenated impurities,

wherein the organic hydrogen donor comprises a compound containing a formate group.

[0013] Particularly, the present invention provides a process for purifying a crude pyrolysis oil by dehalogenation
(particularly dechlorination) and denitrogenation of the crude pyrolysis oil, thereby reducing the concentrations of halo-
gens and nitrogen in the crude pyrolysis oil.

[0014] More particularly, the present invention provides a process for purifying a crude pyrolysis oil by dehalogenation
(particularly dechlorination), denitrogenation and desulfurization of the crude pyrolysis oil, thereby reducing the concen-
trations of halogens, nitrogen and sulfur in the crude pyrolysis oil.

[0015] The presentinvention provides a purified pyrolysis oil having reduced nitrogen and halogen content in relation
to the crude pyrolysis oil, particularly a purified pyrolysis oil having reduced nitrogen, halogen, and sulfur contents in
relation to the crude pyrolysis oil. A further advantage of the present invention is that the provided purified pyrolysis oil
may have reduced content of olefins in relation to the crude pyrolysis oil.

[0016] It is a still further advantage of the present invention that the removal of the different impurities provides a
positive effect on the lifetime of catalysts, reduced formation of deposits and reduced corrosion in the down-stream
processing of the oil, such as distillation and steam cracking of the oil.

[0017] In step a) of the process, a crude pyrolysis oil is provided. The crude pyrolysis oil comprises hydrocarbons and
impurities. Preferably, the crude pyrolysis oil at least partially originates from pyrolysis of plastic waste. More particularly,
the crude pyrolysis oil is a crude plastic waste pyrolysis oil.

[0018] As used herein, the term "olefins" refers to unsaturated open-chain (linear) hydrocarbons.

[0019] As used herein, the term "hydrocarbon" refers to organic compounds consisting of carbon and hydrogen.
[0020] Preferably, the impurities comprise inorganic compounds, the inorganic compounds preferably comprising
metals or metal ions, the metals preferably being heavy metals and the metal ions being preferably heavy metal ions,
and/or organic compounds containing heteroatoms, the heteroatoms preferably being oxygen, nitrogen, sulfur, silicon
and/or a halogen.

[0021] In the present invention, the term "pyrolysis" relates to a thermal decomposition or degradation of end of life
plastics under inert conditions and results in a gas, a liquid and a solid char fraction. During the pyrolysis, the plastics
are converted into a great variety of chemicals including gases such as H,, C1 -C4-alkanes, C2-C4-alkenes, acetylene,
propyne, 1-butyne, pyrolysis oil having a boiling temperature of 25 to 500°C and char.

[0022] The term "pyrolysis" includes slow pyrolysis, fast pyrolysis, flash catalysis and catalytic pyrolysis. These types
of pyrolysis differ in the process temperature, heating rate, residence time, feed particle size, etc. resulting in different
product quality. Sharuddin et al, "A review of pyrolysis of plastic waste", Energy Conversion and Management, vol 115,
pages 308-326 (May 2016) describes typical process conditions for pyrolysis of plastic waste.

[0023] In the context of the present invention, the term "crude pyrolysis oil" is understood to mean any oil originating
from the pyrolysis of a feedstock, preferably an oil at least partially originating from the pyrolysis of plastic waste, including
(i) any crude pyrolysis oil fully originating from the pyrolysis of plastic waste (herein referred to as "crude plastic waste
pyrolysis oil"), (ii) any crude pyrolysis oil originating from the pyrolysis of a mixture of plastic waste and biomass, or (iii)
any crude pyrolysis oil comprising a mixture of crude plastic waste pyrolysis oil and crude biomass pyrolysis oil.
[0024] As used herein, "crude plastic waste pyrolysis oil" means pyrolysis oil derived from pyrolysis of a feedstock
consisting of plastic waste.

[0025] Asused herein, "crude biomass pyrolysis oil" means pyrolysis oil derived from pyrolysis of a feedstock consisting
of biomass.

[0026] The crude pyrolysis oil typically is a liquid at 15 °C. The term "liquid at 15°C" means that the crude pyrolysis
oil has a dynamic viscosity in the range of from 0.1 to 100 mPa ¢ s as determined by ASTM D7042, for example using
Viscometer SVM3000.

[0027] Depending on the waste plastic material subjected to the pyrolysis, the crude pyrolysis oil may have varying
contents of sulfur, nitrogen, halogen, oxygen and, if present, heavy metal. There are very many different qualities of
crude pyrolysis oil derived from varying compositions of plastic waste which means that the content and types of impurities
may vary significantly.

[0028] The crude pyrolysis oil generally contains saturated hydrocarbon compounds, unsaturated hydrocarbon com-
pounds (olefins) and organic or inorganic compounds comprising at least one heteroatom selected from oxygen, sulfur,
nitrogen and halogens, particularly organic or inorganic compounds comprising two or more heteroatoms selected from
oxygen, sulfur, nitrogen and halogens. The crude pyrolysis oil typically contains sulfur-containing compounds, nitrogen-
containing compounds, oxygen-containing compounds and halogen-containing compounds.

[0029] In a specific embodiment, the crude pyrolysis oil is a nitrogen-containing and halogen-containing crude plastic
waste pyrolysis oil, particularly a nitrogen-containing, halogen-containing and sulfur-containing crude plastic waste py-
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rolysis oil, and more particularly a nitrogen-containing, halogen-containing, oxygen-containing and sulfur-containing
crude plastic waste pyrolysis oil.

[0030] In one embodiment, the crude pyrolysis oil has a sulfur content of 10 mg/l or more, such as 50 mg/l or more,
or 100 mg/l or more; or 500 mg/l or more, relative to the total volume of the crude pyrolysis oil. In another embodiment,
the crude pyrolysis oil has a sulfur content of 100 to 5000 mg/l, often 500 to 4000 mg/l, relative to the total volume of
the crude pyrolysis oil.

[0031] In another embodiment, the crude pyrolysis oil has a sulfur content of at least 10 mg/l but not more than 100
mg/ml, such as within the range of from 10 mg/ml to 50 mg/ml, or from 10 mg/ml to 30 mg/ml|, relative to the total volume
of the crude pyrolysis oil.

[0032] Inone embodiment, the crude pyrolysis oil has a nitrogen content of 50 mg/l or more, such as 100 mg/l or more;
or 500 mg/I or more; or 2 000 mg/l or more, relative to the total volume of the crude pyrolysis oil. In another embodiment,
the crude pyrolysis oil has a nitrogen content of 800 to 4 000 mg/I, often 900 to 3 000 mg/I, relative to the total volume
of the crude pyrolysis oil.

[0033] In one embodiment, the crude pyrolysis oil has a halogen content of 10 mg/l or more, such as 20 mg/ml or
more; 80 mg/l or more; or 120 mg/l or more; or 400 mg/l or more; or 600 mg/l or more, relative to the total volume of the
crude pyrolysis oil. In another embodiment, the crude pyrolysis oil has a halogen content of 100 to 1 000 mg/I, often 120
to 900 mgl/l, relative to the total volume of the crude pyrolysis oil.

[0034] When the density of the pyrolysis oil is about 1 g/ml (1 000 kg/m3), the above concentrations given in mg/|
equals the same concentrations in ppm, i.e. 1 mg/l then equals 1 ppm.

[0035] Organofluorine, organochlorine, organobromine and/or organoiodine compounds typically are the source for
the halogen content in the crude pyrolysis oil. Specifically, the halogen content is a bromine and chlorine content to 90%
or more, such as 95% or more or even 100%. More specifically, the halogen content is to 90% or more, such as 95%
or more or even 100% a chlorine content. Thus, the crude pyrolysis oil may have a chlorine content of 5 mg/ml or more,
10 mg/ml or more, such as within the range of from 10 to 30 mg/ml.

[0036] In one embodiment, the crude pyrolysis oil has an oxygen content of 40 mg/l or more, such as 80 mg/I or more;
or 120 mg/l or more; or 400 mg/l or more; or 600 mg/l or more, relative to the total volume of the crude pyrolysis oil. In
another embodiment, the crude pyrolysis oil has an oxygen content of 100 to 5 000 mg/I, often 120 to 2 000 mgl/l, relative
to the total volume of the crude pyrolysis oil.

[0037] In case that the crude pyrolysis oil also has a heavy metal content, the heavy metal content is at least 1 mg/l,
relative to the total volume of the crude pyrolysis oil. In one embodiment, the crude pyrolysis oil has a heavy content of
1 mg/l to 3 mg/l, or 1 to 4 mg/l relative to the total volume of the crude pyrolysis oil.

[0038] As used herein, the term "heavy metal" refers to a metal or metalloid having a density >4.51 g/cm?3 (at 20°C).
Examples of heavy metals include arsenic, antimony, bismuth, selenium, tin, cadmium, chromium, copper, mercury,
nickel and lead.

[0039] Two or more of the above described embodiments of the crude pyrolysis oil as regards its sulfur, nitrogen,
halogen, oxygen, and heavy metal content can be combined in any manner. For example, the crude pyrolysis oil may
preferably have a nitrogen content as described above, a halogen content as described above and a sulfur content as
described above.

[0040] In an embodiment, the crude pyrolysis oil has a sulfur content of 10 mg/l or more, a nitrogen content of 50 mg/I
or more, such as 200 mg/l or more, and a chlorine content of 10 mg/l or more. More particularly, the crude pyrolysis oil
has a sulfur content within the range of from 10 mg/ml to 50 mg/ml (for example, within the range of from 10 mg/ml to
30 mg/ml), a nitrogen content of 200 mg/I or more, and a chlorine content of 10 mg/l or more.

[0041] In another embodiment, the crude pyrolysis oil has an oxygen content of 40 mg/l or more, a sulfur content of
10 mg/l or more, a nitrogen content of 50 mg/I or more, and a chlorine content of 10 mg/l or more.

[0042] In still another embodiment, the crude pyrolysis oil has an oxygen content of 40 mg/l or more, a sulfur content
of 10 mg/l or more, a nitrogen content of 50 mg/l or more, a chlorine content of 10 mg/l or more and an olefin content of
30 wt.% or more based on the total weight of the crude pyrolysis oil.

[0043] The process according to the invention may provide purified pyrolysis oil having the nitrogen content reduced
by more than 20%, such as by more than 30%, particularly within the range of from 30% to 50%, relative to the nitrogen
content of the crude pyrolysis oil.

[0044] The process according to the invention may provide purified pyrolysis oil having the chlorine content reduced
by more than 20%, such as by more than 30%, particularly within the range of from 30% to 50%, relative to the chlorine
content of the crude pyrolysis oil.

[0045] The process according to the invention may provide purified pyrolysis oil having the sulfur content reduced by
more than 20%, relative to the sulfur content of the crude pyrolysis oil.

[0046] Preferably, the pyrolysis oil comprises paraffins, preferably n-paraffins and/or i-paraffins, olefins, naphthenes
and/or aromatics. The crude pyrolysis oil is further characterized by
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a boiling point in the range of from 30 to 600 °C as determined by ASTM D2887, and/or

a dynamic viscosity in the range of from 0.1 to 100 mPa ¢+ s as determined by ASTM D7042, for example using
Viscometer SVM3000, and/or

a paraffin content in the range of from 5 to 80 wt.%, or 15 to 70 wt.%, or 20 to 65 wt.%, based on the total weight
of the crude pyrolysis oil, as determined by GCXGC-FID/MS or GC-MS and GC-FID, and/or

a n-paraffin content in the range of from 20 to 80 wt.%, based on the total weight of the crude pyrolysis oil, as
determined by GCXGC-FID/MS or GC-MS and GC-FID, and/or

an i-paraffin content in the range of from 2 to 80 wt.%, or 5 to 60 wt.%, or 10 to 45 wt.%, based on the total weight
of the crude pyrolysis oil, as determined by GCXGC-FID/MS or GC-MS and GC-FID, and/or

an olefin content in the range of from 0 to 70 wt.%, or 15 to 65 wt.%, or 20 to 60 wt.%, based on the total weight of
the crude pyrolysis oil, as determined by GCXGC-FID/MS or GC-MS and GC-FID, and/or

a naphthene content in the range of from 0 to 50 wt.%, or 5 to 45 wt.%, or 10 to 40 wt.%, based on the total weight
of the crude pyrolysis oil, as determined by GCXGC-FID/MS or GC-MS and GC-FID, and/or

an aromatic content in the range of from 0 to 50 wt.%, or 5 to 30 wt.%, or 10 to 25 wt.%, based on the total weight
of the crude pyrolysis oil, as determined by GCXGC-FID/MS or GC-MS and GC-FID, and/or

a density in the range from 600 kg/m3 to 1 200 kg/m3, at 15°C and 1013 mbar, as determined according to DIN EN
ISO 12185.

[0047] The above further characteristics or properties of the crude pyrolysis oil originating from plastic waste can be
combined with each other in any way or they can be combined in any way with other characteristics or properties of the
crude pyrolysis oil originating from plastic waste disclosed herein.

[0048] The feedstock for the pyrolysis is typically plastic waste or plastic waste combined with biomass.

[0049] Asused herein, the term "plastic waste" refers to any plastic material discarded after use, i.e. the plastic material
has reached the end of its useful life. The plastic waste can be pure polymeric plastic waste, mixed plastic waste or film
waste, including soiling, adhesive materials, fillers, residues etc. The plastic waste has a nitrogen content, sulfur content,
halogen content, oxygen content, silicone and optionally also a heavy metal content. The plastic waste can originate
from any plastic material containing source. Accordingly, the term "plastic waste" includes industrial and domestic plastic
waste including used tires and agricultural and horticultural plastic material. The term "plastic waste" also includes used
petroleum-based hydrocarbon material such as used motor oil, machine oil, greases, waxes, etc.

[0050] Typically, plastic waste is a mixture of different plastic material, including hydrocarbon plastics, e.g., polyolefins
such as polyethylene (HDPE, LDPE) and polypropylene, polystyrene and copolymers thereof, etc., and polymers com-
posed of carbon, hydrogen and other elements such as chlorine, fluorine, oxygen, nitrogen, sulfur, silicone, etc., for
example chlorinated plastics, such as polyvinylchloride (PVC), polyvinylidene chloride (PVDC), etc., nitrogen-containing
plastics, such as polyamides (PA), polyurethanes (PU), acrylonitrile butadiene styrene (ABS), etc., oxygen-containing
plastics such as polyesters, e.g. polyethylene terephthalate (PET), polycarbonate (PC), etc.), silicones and/or sulfur
bridges crosslinked rubbers. PET plastic waste is often sorted out before pyrolysis, since PET has a profitable resale
value. Accordingly, the plastic waste to be pyrolyzed often contains less than about 10 wt.%, preferably less than about
5 wt.% and most preferably substantially no PET based on the dry weight of the plastic material.

[0051] As used herein, "biomass" refers to any plant or animal based material such as wood residues, lignocellulosic
biomass, paper, cardboard, energy crops, agricultural residues, and food waste from industry, households and farms.
[0052] Haoxi et al, "A comprehensive Characterization of Pyrolysis Oil from Softwood Barks", Polymers 2019, 11,
1387, provides an example of crude pyrolysis oil derived from pyrolysis of biomass.

[0053] In step b) of the process, the crude pyrolysis oil is in-situ hydrogenated in the presence of an organic hydrogen
donor and a supported Pd catalyst in a reactor to obtain a hydrogenated crude pyrolysis oil. The obtained hydrogenated
crude pyrolysis oil comprises the hydrocarbons and hydrogenated impurities.

[0054] The organic hydrogen donor comprises a compound containing a formate group. Preferably, the organic hy-
drogen donor comprises a compound containing a formate group and a metal selected from Group 1 and Group 2,
preferably the organic hydrogen donor comprises or consists of sodium formate, potassium formate, calcium formate,
magnesium formate or a mixture thereof. More preferably, the organic hydrogen donor is sodium formate.

[0055] Preferably, in step b) the organic hydrogen donor is present in an amount of from 15 mmol/l to 3 000 mmol/l,
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more preferably 70 mmol/l to 1 500 mmol/l, based on the total volume of the crude pyrolysis oil.

[0056] Preferably, the organic hydrogen donor is present as a solid or dissolved in a polar solvent.

[0057] Preferably, the polar solvent comprises water, an alkanol or any mixture thereof. The alkanol is preferably
methanol or ethanol or a mixture thereof. Most preferably, the polar solvent comprises water.

[0058] Preferably, in step b) the temperature in the reactor is from 20 to 350 °C, more preferably from 50 to 200 °C,
more preferably from 70 to 150 °C, and most preferably from 90 to 125 °C.

[0059] Step b) of the process is conducted in the presence of a supported Pd catalyst. The amounts of supported Pd
catalyst depends on whether the organic hydrogen donor is present as a solid or present in a polar solvent.

[0060] Preferably, in step b) the supported Pd catalyst is present either in an amount of from 0.1 to 10 g/I, more
preferably 0.2 to 5 g/l, preferably 0.3 to 1 g/l, preferably 0.4 to 0.6 g/l, based on the total volume of the crude pyrolysis
oil in case the organic hydrogen donor is present as a solid, or

in an amount of from 1 to 50 g/I, more preferably 2 to 25 g/l, preferably 5 to 15 g/l, preferably 8 to 12 g/l, based on the
total volume of the crude pyrolysis oil in case the organic hydrogen donor is present in a polar solvent.

[0061] Preferably, the supported Pd catalyst is a carbon supported Pd catalyst, the Pd present in an amount of
preferably 1 to 15 wt.%, more preferably 5 to 12 wt.%, based on the total weight of the carbon supported Pd catalyst.
[0062] Preferably, the process further comprises the step

c) washing the hydrogenated crude pyrolysis oil with a polar washing solvent to obtain a purified pyrolysis oil phase and
a polar washing solvent phase, the polar washing solvent phase comprising at least a part of the hydrogenated impurities.
[0063] It is preferred that washing step c) is performed in case the organic hydrogen donor is present as a solid. In
such a case, reacting products and/or impurities are removed from the hydrogenated crude pyrolysis oil via the washing
step c).

[0064] Step c)can take place either in the reactor of hydrogenating step b) or in a second reactor other than the reactor
used in the hydrogenating step b). In the latter, the hydrogenated crude pyrolysis oil obtained in step b) is transferred
to the second reactor. The reactor of step b) and, if present, the second reactor can be any reactor in the art, such as
a vessel, suitable for carrying out step b) and step c), respectively.

[0065] Preferably, in step c) the polar washing solvent comprises water, more preferably, the polar washing solvent
comprises water and further comprises an acid or a base.

[0066] Preferably, the polar washing solvent comprises water and an acid or a base, wherein the acid is selected from
sulphuric acid, phosphoric acid, hydrochloric acid and any mixture thereof, or

wherein the base comprises a hydroxide or alkoxide of a metal of Group 1 or Group 2, such as sodium hydroxide,
potassium hydroxide, calcium hydroxide, magnesium hydroxide, sodium alkoxide, potassium alkoxide, calcium alkoxide,
magnesium alkoxide or a mixture thereof.

[0067] As disclosed above, the organic hydrogen donor may preferably be dissolved in a polar solvent in step b).
Preferably, the polar solvent of step b) is used as the polar washing solvent in step c). In case the polar solvent of step
b) is used as the polar washing solvent in step c), then the polar washing solvent in step c) preferably comprises water,
an alkanol or any mixture thereof. The alkanol is preferably methanol or ethanol or a mixture thereof.

[0068] Preferably, in step c) the temperature is from 10 to 350 °C, more preferably from 15 to 150 °C, and most
preferably from 20 to 30 °C.

[0069] Preferably, the process further comprises the step of

c1) separating the polar washing solvent phase from the purified pyrolysis oil phase of step c) to obtain a purified pyrolysis
oil, wherein step c1) takes place after step c).

[0070] Separation may be performed by, for example, centrifugation, settling followed by decanting of polar washing
solvent phase from the purified pyrolysis oil phase or phase separation filtration.

[0071] Optionally, the process further comprises adding an acid or a base to the crude pyrolysis oil prior to step b)
and/or adding an acid or a base to the hydrogenated pyrolysis oil prior to step ¢). The acid preferably comprises sulphuric
acid, phosphoric acid, hydrochloric acid or any mixture thereof, and the base preferably comprises a hydroxide or alkoxide
of a metal of Group 1 or Group 2, such as sodium hydroxide, potassium hydroxide, calcium hydroxide, magnesium
hydroxide, sodium alkoxide, potassium alkoxide, calcium alkoxide, magnesium alkoxide or a mixture thereof.

[0072] For further reducing the concentration of impurities and/or hydrogenated impurities from the crude pyrolysis oil
and/or hydrogenated crude pyrolysis oil, an adsorption step may be performed before or after the in-situ hydrogenation
and/or washing step to further purify the crude pyrolysis oil. Preferably, the process further comprises the step of

d) adsorbing impurities and/or hydrogenated impurities from the crude pyrolysis oil and/or hydrogenated crude pyrolysis
oil in the presence of an adsorption means, wherein step d) takes place either before step b) or after step b) or before
step c) or after step c).

[0073] Preferably, the adsorption means comprises, or consists of, activated carbon. Alternatively or in addition, the
adsorption means can be other commercially available adsorption agents.

[0074] Step d) can be carried out in the reactor of step b) or in the reactor of step c) or in a reactor other than the
reactor of step b) or of step c).
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[0075] A further option can also be to include an adsorbing step for purification completely or partly in the pyrolysis
process for obtaining the crude pyrolysis oil of step a), allowing to utilize the high temperature used during pyrolysis. As
discussed above, the crude pyrolysis oil preferably originates at least partially from the pyrolysis of plastic waste. Pref-
erably, the process comprises the step of

e) adsorbing impurities from the crude pyrolysis oil in the presence of an adsorption means, wherein step e) takes place
before step a).

[0076] Preferably, the adsorption means comprises, or consists of, activated carbon. Alternatively or in addition, the
adsorption means can be other commercially available adsorption agents.

[0077] The invention further provides a method for producing a cracker feedstock comprising the step of blending 1
to 100 wt.% of a purified pyrolysis oil based on the total weight of the cracker feedstock and 99 to 0 wt.% of fossil naphtha
based on the total weight of the cracker feedstock, wherein the purified pyrolysis oil is obtained by the process for the
purification of a crude pyrolysis oil according to the invention.

[0078] All preferred embodiments of the process for the purification of a crude pyrolysis oil according to the invention
are also preferred embodiments of the method for producing a cracker feedstock, if applicable.

[0079] Preferably, the cracker feedstock is a steam cracker feedstock.

[0080] In an embodiment, the cracker feedstock, or the steam cracker feedstock, comprises at least 5 wt.% of the
purified pyrolysis oil and not more than 95 wt.% of fossil naphtha based on the total weight of the cracker feedstock,
preferably the cracker feedstock, or the steam cracker feedstock, comprises at least 10 wt.% of the purified pyrolysis
oil and not more than 90 wt.% of fossil naphtha based on the total weight of the cracker feedstock, more preferably the
cracker feedstock, or the steam cracker feedstock, comprises at least 30 wt.% of the purified pyrolysis oil based on the
total weight of the cracker feedstock and not more than 70 wt.% of fossil naphtha based on the total weight of the cracker
feedstock, particularly the cracker feedstock, or the steam cracker feedstock, comprises at least 40 wt.% of the purified
pyrolysis oil based on the total weight of the cracker feedstock and not more than 60 wt.% of fossil naphtha based on
the total weight of the cracker feedstock.

[0081] The invention further provides the use of the purified pyrolysis oil as a cracker feedstock. Preferably, the cracker
feedstock is a steam cracker feedstock.

[0082] The invention is further directed to the use an organic hydrogen donor comprising a compound containing a
formate group and a supported Pd catalyst for removing impurities from a crude pyrolysis oil.

[0083] All preferred embodiments of the process for the purification of a crude pyrolysis oil according to the invention
are also preferred embodiments of the use of an oxidation agent, if applicable.

[0084] Preferably, the impurities comprise inorganic compounds, the inorganic compounds preferably comprising
metals or metal ions, the metals preferably being heavy metals and the metal ions being preferably heavy metal ions,
and/or organic compounds containing heteroatoms, the heteroatoms preferably being oxygen, nitrogen, sulfur, silicon
and/or a halogen.

[0085] The invention is further described and illustrated below by means of non-limiting examples.

Experimental Part
Analytical methods

Chlorine content in pyrolysis oil

[0086] Instrument: 2019.010 (combustion) and 2019.080 (fraction collector) Xprep C-IC from TE Instruments with
Archie injection and liquid boat, 19250020 ECO IC from Metrohm

[0087] Testing method: ASTM D7359 - 18 (Standard Test Method for Total Fluorine, Chlorine and Sulfur in Aromatic
Hydrocarbons and Their Mixtures by Oxidative Pyrohydrolytic Combustion followed by lon Chromatography Detection
(Combustion lon Chromatography-CIC))

[0088] Each pyrolysis oil sample was measured in triplicate.

Nitrogen content in pyrolysis oil

Instrument: Xplorer-NS from TE Instruments with Archie injection and liquid boat
Testing methods:
[0089] ASTM D5762 - 18a (Standard Test Method for Nitrogen in Liquid Hydrocarbons, Petroleum and Petroleum

Products by Boat-Inlet Chemiluminescence) ASTM D4629 - 17 (Standard Test Method for Trace Nitrogen in Liquid
Hydrocarbons by Syringe/Inlet Oxidative Combustion and Chemiluminescence Detection)
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[0090] ASTM D4629 was used for analyzing pyrolysis oil with a nitrogen concentration below 1 000 ppm, whereas
ASTM D5762 was used for analyzing pyrolysis oil with a nitrogen concentration above 1 000 ppm.

[0091] Each sample was measured in triplicate.

Sulfur content in pyrolysis oil

Instrument: Xplorer-NS from TE Instruments with Archie injection and liquid boat

[0092] Testing method: ASTM D5453 - 19a (Standard Test Method for Determination of Total Sulfur in Light Hydro-
carbons, Spark Ignition Engine Fuel, Diesel Engine Fuel, and Engine Oil by Ultraviolet Fluorescence)
[0093] Each sample was measured in triplicate.

Materials

[0094] Commercially available batches of crude pyrolysis oil (Recycled Carbon Fuel) from Renasci Oostende Recycling
NV was used in the following examples. The crude pyrolysis oil is characterized by a boiling point from 50°C to 482.5°C.
Properties of the different batches of the crude pyrolysis oil for the examples are given in Table 1 below.

[0095] The Pd/C hydrogenation catalyst (palladium on activated carbon, 10 % Pd, unreduced, dry) was obtained from
Acros Organics. Sodium formate (>99%, AnalaR NORMAPUR®) was obtained from VWR Chemicals. A saturated aque-
ous solution of sodium formate (about 98 g of sodium formate in 100 ml of water) was prepared by adding 120 g of
sodium formate to 100 ml of demineralized water and mixing this suspension at a temperature of 20°C for 10 minutes,
followed by removing of undissolved sodium formate by filtration.

Examples
Example 1

[0096] In a 50 ml glass reactor equipped with magnetic stirring 2 ml of a saturated solution of sodium formate in water
and 0.1 g of the Pd/C hydrogenation catalyst were added to 10 ml of pyrolysis oil. The reactions mixture was heated to
95°C and mixing at this temperature was continued for 2 hours. After cooling to room temperature, the aqueous phase
was separated from the pyrolysis oil by decanting after centrifugation of the reaction mixture for 5 minutes at 4 000 rpm.
Finally, Pd/C hydrogenation catalyst residues were removed from the pyrolysis oil by filtration (PES syringe filter, 0.45
wm pore size).

Comparative example CE1
[0097] As Example 1 except that no Pd/C hydrogenation catalyst was used.
Example 2

[0098] In a 50 mlglass reactor equipped with magnetic stirring 2 ml of a saturated solution of sodium formate in water
and 0.1 g of the Pd/C hydrogenation catalyst were added to 10 ml of pyrolysis oil. The reactions mixture was heated to
95°C and mixing at this temperature was continued for 2 hours. After cooling to room temperature, the aqueous phase
was separated from the pyrolysis oil by decanting after centrifugation of the reaction mixture for 5 minutes at 4 000 rpm.
1 ml of demineralized water was then added to the pyrolysis oil and after 1 minute of mixing at room temperature the
aqueous phase was separated from the pyrolysis oil by decanting after centrifugation of the reaction mixture for 5 minutes
at4 000 rpm. Finally, Pd/C hydrogenation catalyst residues were removed from the pyrolysis oil by filtration (PES Syringe
filter, 0.45 um pore size).

Comparative example CE2

[0099] As Example 2 except that no Pd/C hydrogenation catalyst was used.

Example 3

[0100] Ina 50 mlglass reactor equipped with magnetic stirring 0,05 g of solid sodium formate and 0.005 g of the Pd/C

catalyst were added to 10 ml of pyrolysis oil. The reactions mixture was heated to 120°C and mixing at this temperature
was continued for 1 hour. After cooling to room temperature, the Pd/C catalyst and unreacted sodium formate were
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removed from the pyrolysis oil by centrifugation for 5 minutes at 4 000 rpm. 1 ml of demineralized water was then added
to the pyrolysis oil and after 1 minute of mixing at room temperature the aqueous phase was separated from the pyrolysis
oil by decanting after centrifugation of the reaction mixture for 5 minutes at 4 000 rpm. Finally, Pd/C catalyst residues
were removed from the pyrolysis oil by filtration (PES Syringe filter, 0.45 um pore size).

Comparative example CE3
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[0101] As Example 2 except that no Pd/C hydrogenation catalyst was used.

[0102] Results are provided in Table 1 and Table 2 below.
Table 1. Chlorine and nitrogen concentrations
Chlorine Nitrogen
Crude oil Purified oil Reduction Crude oil Purified oil Reduction
(ppm) (ppm) (%) (Ppm) (ppm) (%)
Exa:“p'e 224 15.3 31.6 222.1 180.5 18.7
CE1 16.7 124 25.7 2234 239.5 -7.2
Exa'z"p'e 224 11.9 46.6 222.1 147.0 33.8
CE2 16.7 12.3 26.2 2234 197.0 11.8
Exa;“p'e 24.4 15.6 35.8 720.1 4207 416
CE3 17.7 124 30.0 216.0 142.7 33.9
Table 2. Sulfur concentrations
Sulfur
Crude oil (ppm) | Purified oil (ppm) | Reduction (%)
Example 1 15.6 115 26.3
CE1 15.2 12.7 16.1
Example 2 15.6 11.2 28.5
CE2 15.2 12.7 16.6
Example 3 26.1 24.7 5.6
CE3 13.9 13.1 6.4
. c(crude oil) —c(purified oil)
Reduction = X 100%

c(crude oil)
c(crude oil): Concentration in ppm of the respective impurity in the pyrolysis oil before purification

c(purified oil): Concentration in ppm of the respective impurity in the pyrolysis oil after purification

Claims
1. Process for the purification of a crude pyrolysis oil, the process comprising the steps of

a) providing a crude pyrolysis oil, the crude pyrolysis oil comprising hydrocarbons and impurities,
b) hydrogenating the crude pyrolysis oil in the presence of an organic hydrogen donor and a supported Pd
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catalystin areactor to obtain a hydrogenated crude pyrolysis oil, the hydrogenated crude pyrolysis oil comprising
the hydrocarbons and hydrogenated impurities,

wherein the organic hydrogen donor comprises a compound containing a formate group.

The process according to any one of the preceding claims, wherein the organic hydrogen donor comprises a com-
pound containing a formate group and a metal selected from Group 1 and Group 2, preferably the organic hydrogen
donor comprises sodium formate, potassium formate, calcium formate, magnesium formate or a mixture thereof.

The process according to any one of the preceding claims, wherein the organic hydrogen donor is present as a solid
or dissolved in a polar solvent.

The process according to claim 3, wherein the polar solvent comprises water, an alkanol or any mixture thereof.

The process according to any one of the preceding claims, wherein in step b) the temperature in the reactor is from
20 to 350 °C.

The process according to any one of the preceding claims, wherein in step b) the organic hydrogen donor is present
in an amount of from 15 mmol/l to 3 000 mmol/l based on the total volume of the crude pyrolysis oil.

The process according to claim 3, wherein in step b) the supported Pd catalyst is present either in an amount of
from 0.1 to 10 g/l based on the total volume of the crude pyrolysis oil in case the organic hydrogen donor is present
as a solid, or

in an amount of from 1 to 50 g/l based on the total volume of the crude pyrolysis oil in case the organic hydrogen
donor is present in a polar solvent.

The process according to claim 7, wherein the supported Pd catalyst is a carbon supported Pd catalyst.

The process according to any one of the preceding claims, wherein the process further comprises the step

c) washing the hydrogenated crude pyrolysis oil with a polar washing solvent to obtain a purified pyrolysis oil phase
and a polar washing solvent phase, the polar washing solvent phase comprising at least a part of the hydrogenated
impurities.

The process according to claim 9, wherein in step c) the polar washing solvent comprises water, optionally further
comprising an acid or a base.

The process according to claim 10, wherein the polar washing solvent comprises water and an acid or a base,
wherein the acid is selected from sulphuric acid, phosphoric acid, hydrochloric acid and any mixture thereof, or
wherein the base comprises a hydroxide or alkoxide of a metal of Group 1 or Group 2, such as sodium hydroxide,
potassium hydroxide, calcium hydroxide, magnesium hydroxide, sodium alkoxide, potassium alkoxide, calcium
alkoxide, magnesium alkoxide or a mixture thereof.

The process according to any one claims 3 to 11, wherein the polar solvent of step b) is used as the polar washing
solvent in step c).

The process according to any one of the preceding claims, wherein in step c) the temperature is from 10 to 350 °C.

The process according to any one of claims 1 to 13, wherein the process further comprises adding an acid or a base
to the crude pyrolysis oil prior to step b) and/or adding an acid or a base to the hydrogenated pyrolysis oil prior to step c).

A method for producing a cracker feedstock comprising the step of blending 1 to 100 wt.% of a purified pyrolysis oil
based on the total weight of the cracker feedstock and 0 to 99 wt.% of fossil naphtha based on the total weight of
the cracker feedstock, wherein the purified pyrolysis oil is obtained by the process according to any one of claims
1to 14.

10
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