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SYSTEMS AND METHODS FOR MAKING HYDROCARBON
COMPOSITIONS DERIVED FROM PYROLYSIS OF POST-
CONSUMER AND/OR POST-INDUSTRIAL PLASTICS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of priority to U.S. Application No. 19/006,106,
filed December 30, 2024, which claims the benefit of priority to U.S. Provisional Application
No. 63/626.488, filed January 29, 2024, each of which are incorporated by reference herein in

their entireties.

BACKGROUND
Single use plastic waste is a pressing environmental issue. There are currently few
aptions for recycling a raixed polyolefin stream comprised of a broad range of compositions
and physical forms of polyethylene, polypropylene, and polystyrene waste plastics to value-
added chemical and refinery feedstock products. Improved processes are needed for recycling
stich plastics at an industrially significant scale and for producing tmproved products
therefrom. The systems, methods, and compositions discassed herein address these and other

needs.

SUMMARY

In accordance with the purposes of the disclosed compositions and methods as
embodied and broadly described herein, the disclosed subject matter relates to systeras and
methods for pyrolyzing plastic feedstock comprising post-consumer and/or post-industrial
plastics to produce hydrocarbon-based composttions derived therefrom.

Drisclosed herein is a system for pyrolyzing plastic feedstock comprising post-
consumer and/or post-industrial plastics. In various implementations, the system may
comprise one or more energy transfer apparatuses configured for receiving the plastic
feedstock and applying energy to the plastic feedstock. In certain iraplementations, the one or
more energy transfor apparatuses may comprise one or more pyrolysis reactors configured for
receiving and pyrolyzing the plastic feedstock. In various implementations, each of the one or
more the pyrolysis reactors may comprise a reactor vessel defining an internal volume
configured for receiving and pyrolyzing the plastic feedstock, and one or more heaters

configured for heating the feedstock in the reactor vessel’s internal volume o a temperature
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between 200°C and 1,000°C. In certain imaplementations, the one or move energy transfer
apparatuses may be collectively configured for using energy at an average rate of .80 kW
per pound of pyrolyzed product praduced by the system per hour or less.

Additional advantages of the disclosed compositions and methods will be set forth in

w

part in the description which follows, and in part will be obvious from the description. The
advantages of the disclosed conmpositions and methods will be realized and attained by means
of the elements and combinations particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and the following detailed description
are exemplary and explanatory only and are not restrictive of the disclosed systers and
10 methods, as claimed.

The details of one or more implementations of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages of

the invention will be apparent from the description and drawings, and from the claims.

15 BRIEF DESCRIPTION OF THE FIGURES
The accompanying figures, which are incorporated in and constitiife a part of this
specification, thustrate several aspects of the disclosure, and together with the description,
serve to explain the principles of the disclosure.
Figure 1. Schematic diagram of an example system and/or method as disclosed herein
20 according to one implementation.
Figure 2. Schematic diagram of an example system and/or method as disclosed herein
according to one implementation.
Figure 3. Schematic diagram of an exarople systent and/or method as disclosed herein
according to one implementation.
25 Figure 4. Schematic diagram of an example system and/or method as disclosed herein
according to one tmplementation.
Figure 5. Schematic diagram of an example system and/or method as disclosed herein
according to one ynplementation.
Figure 6. UV-Vis spectrum of wax product in hexane with a 100x dilution factor.
30 Figure 7. UV-Vis spectrurm of wax product in hexane with a 1,000x dilution factor.
Figore 8. FTIR-ATR spectrum of wax product.
Figure 9. Gas chromatogram of wax product.
Figure 10. Gas chromatogram of wax product.

Figure 11, "H-NMR spectrum of wax product.



WO 2025/165917 PCT/US2025/013657

Figure 12. "H-NMR spectrum of wax product with annotations.
Figure 13. PC-NMR spectrum of wax product.
Figure 14. PC-NMR spectrum of wax product with annotations.

Figure 15. UV-Vis spectrum of oil product in hexane with a 100x dilution factor.

w

Figure 16. UV-Vis spectrum of oil produet in hexane with a 1.000x dilution factor.
Figure 17. FTIR-ATR spectrum of oil product.

Figure 18. GC-FID chromatogram of oil product.

Figure 19. GC-FID chromatogram of oil product.

Figure 20. 'H-NMR spectrum of oil product.

10 Figure 21. 'H-NMR spectrum of oil product with annotations.

Figure 22. PC-NMR spectrum of oil product.
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Figure 23. *C-NMR spectrum of oil product with annotations.
Figure 24. Schematic perspective side view of an exarmple single-screw extruder with
an electrically heated barrel.
15 Figure 25. Cross-sectional view of the example single-screw extruder of Figure 24.
Figure 26. Schematic perspective side view of an example dual-screw extruder with
an electrically heated barrel.
Figure 27. Cross-sectional view of the example dual-screw extruder of Figure 26.
Figure 28. Schematic perspective side view of an example single-screw extruder with
20 a gas/flame heated barrel.
Figure 29. Schematic perspective side view of an example single-screw extruder with
an otl heated barrel.
Figure 30. Schematic perspective side view of an example single-screw extruder with
an electrically heated barrel and a single vent.
25 Figure 31. Schematic perspective side view of an exampie single-screw extruder with
an electrically heated barrel and two vents.
Figure 32. Schematic perspective side view of an example single-serew extruder with
an electrically heated barrel and four vents.
Figure 33. Schematic perspective side view of an example single-screw extruder with
30 anelectrically heated barrel, two vents, and a vent stuffer.
Figure 34. Schematic perspective front view of an example vent stuffer.
Figure 35. Schematic side view of an example rotary kiln reactor.
Figure 36. Schematic top view of the example rotary kiln reactor of Figure 35.

Figure 37. Schematic side view of an example screw reactor.
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Figure 38. Schematic top view of the example screw reactor of Figure 37.
Figure 39. Schematic side view of an example fluidized bed reactor.
Figure 40. Schematic top view of the example fluidized bed reactor of Figure 39,

Figure 41. Schematic side view of an example batch reactor.

5 Figure 42. Schematic top view of the example batch reactor of Figure 41.
Figure 43. Schematic side view of an example continuously stitred reactor with
external gas heating.
Figure 44. Schematic top view of the example continuously stirred reactor of Figure
43.
10 Figure 45. Schematic side view of an example continuously stirred reactor with

external gas heating and internal electric heating.
Figure 46. Schematic top view of the example continuously stirved reactor of Figure
45.
Figure 47. Schematic side view of an example continuously stirred reactor with
15 external electrical heating and internal electric heating.

Figure 48, Schematic top view of the example continuously stirred reactor of Figure

47
Figure 49. Schematic side view of an example molten material reactor.
Figure 50. Schematic diagram of an example pyrolysis control system.
20 Figure 51. Schematic side view of an example dual vent exiruder screw.

Figure 52. Schematic side view of an example single-screw extruder with an
clectrically heated barrel, two vents, and the dual vent extruder serew of Figure 51,
Figure 53. Schematic diagrars of another example pyrolysis control syster.
Figure 54. Schematic diagram of a petroleurm refining system.
23 Figure 55. Schematic diagram of a catalytic cracking system.
Figure 56. Schematic diagram of a thermal cracking system.
Figure 57. Schematic diagram of a polymerization syster.

Figure 38. Schematic diagram of a hydrocracking systen.

30 DETAILED DESCRIPTION
The compositions, methods, and systems described herein may be understood more
readily by reference to the following detatled description of specific aspects of the disclosed
subject matter and the Examples included therein.

Before the present compositions, methods, and systems are disclosed and deseribed, it



w

10

30

WO 2025/165917

PCT/US2025/013657

is to be understood that the aspects described below are not limited to specific synthetic

methads or specific reagents, as such may, of course, vary. It is also to be understood that the

terminology used herein is for the purpose of describing particular aspects only and is not

mntended to be hmiting.

Also, throughout this specification, various publications are referenced. The

disclosures of these publications in their entireties are hereby incorporated by reference into

this application in order to more fully deseribe the state of the art to which the disclosed

matter pertains. The references disclosed are also individaally and specifically incorporated

by reference herein for the material contained in them that is discussed in the sentence in

which the reference is relied upon.

General Definitinns

In this spectfication and in the claims that follow, reference will be made to a number

of terms, which shall be defined

to have the following rocanings.

Throughout the description and claims of this specification, the word “comprise” and

other forms of the word, such as “comprising” and “comprises,” means including but not

limited to, and is not intended to exclude, for example, ather additives, components, integers,

Of sieps.

As used in the description and the appended claims, the singular forms “a,” “an,” and

“the” include plural referents unless the context clearly dictates otherwise. Thus, for example,

reference to “a composition” inchides mixtures of two or more such compositions, reference

to “an agent” inclodes mixtures of two or more such agents, reference to “the component”

includes mixtures of two or more such components, and the like.

“QOptional” or “optionally” means that the subsequently described event or

circurpstance can or cannot occur, and that the description inclades instances where the event

or circumstance occurs and instances where it does not.

Ranges can be expressed herein as from “about” one particular value, and/or to

“about” another particular value. By

3

aboot” is meant within 5% of the value, e.g., within 4,

3, 2, or 1% of the value. When such a range is expressed, another aspect includes from the

one particular value and/or to the other particular value, Similarly, when values arc expressed

as approximations, by use of the antecedent “about,” it will be understood that the particular

value forms another aspect. It will be firther understood that the endpoinis of each of the

ranges are significant both in relation to the other endpoint, and independently of the other

endpoint.

Values can be expressed

herein as an “average” value. “Average” generally refers to
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the statistical mean value.
By “substantially” is meant within 5%, e.g., within 4%, 3%, 2%, or 1%.
“Exemplary” means “an example of” and is not intended to convey an indication of a

preferred or ideal implementation. “Such as” s not used in a restrictive sense, but for

w

explanatory purposes.

It is understond that throughout this specification the identifiers “first” and “second”
are used solely to aid in distingoishing the various components and steps of the disclosed
subject matter. The identifiers “first” and “second” are not intended to imply any particolar
order, araount, preference, or importance o the components or steps modified by these terms.
10 References in the specification and concluding clatms to parts by weight of a

particular element or coraponent in a composition denotes the weight relationship between
the element or component and any other elements or components in the composition or article
for which a part by weight is expressed. Thus, in a compound containing 2 parts by weight of
component X and 5 parts by weight component Y, X and Y are present at a weight ratio of

15 2:5, and are present in such ratio regardless of whether additional components are contained
in the compound.

A weight percent (wt. %) of a component, undess specifically stated to the contrary, is
based on the total weight of the formlation or composition in which the component is
included.

20 The term “or combinations thereot” as used herein refers to all permutations and
combinations of the listed items preceding the terro. For example, “A, B, C, or combinations
thereof” is intended to include at least one of: A, B, C, AB, AC, BC, or ABC, and if order 1s
important in a particular context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB.
Continaing with this exarople, expressly inchuded are corabinations that contain repeats of

25  one or more item or term, such as BB, AAA, AB, BBC, AAABCCCC, CBBAAA, CABABB,
and so forth. The skilled artisan will understand that typically there is no liniit on the number
of iterns or terms in any combination, unless otherwise apparent from the context.

The expressions “ambient temperature” and “room temperanire” as used herein are
understond in the art and refer generally to a temperature from §°C to 30°C, such as from

30 20°C w0 30°C.

The expressions “ambient pressure” and “room pressure” as used herein are
understood in the art and refer generally to a pressure from 14.5 to 14.7 pounds per square

inch (psi).
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Chemical Definitivns
Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention

belongs.

w

The organic moieties mentioned when defining variable positions within the general
formulae described herein (e.g., the term “halogen”™} are collective terms for the individual
substituents encompassed by the organic motety. The prefix Co-C, preceding a group or
moiety indicates, in each case, the possible number of carbon atoms in the group or moiety
that follows.

10 The term “lon,” as used herein, refers (0 any nwolecule, portion of a molecule, cluster
of roolecules, molecular complex, moiety, or atom that contains a charge {positive, negative,
or both at the same time within one molecule, cluster of molecules, molecular complex, or
moicty {(e.g., Zwiticrions)) or that can be made 10 countain a charge. Methods for producing a
charge in a molecule, portion of a molecule, cluster of molecules, molecular complex,

15 moiety, or atom are disclosed herein and can be accomplished by methods known in the art,
e.g., protonation, deprotonation, oxidation, reduction, alkylation, acetylation, esterification,
de-esterification, hydrolysis, etc.

The term “anion” is a type of ion and is included within the meaning of the term
“ton.” An “anion” is any molecule, portion of a molecule {e.g., zwitterion), cluster of

20 molecules, molecular coraplex, moiety, or atom that confains a net negative charge or that
can be made to contain a net negative charge. The term “anion precursor” is used herein to
specifically refer to a molecule that can be converted to an anion via a chemical reaction
{e.g., deprotonation).

The term “cation” is a type of jon and is included within the meaning of the term

25 “ion” A “cation” is any molecule, portion of a molecule {e.g.. zwitterion), cluster of
molecules, molecular complex, moiety, or atom, that contains a net positive charge or that
can be made to contain a net positive charge. The term “cation precursor” is used herein to
specifically refer to a molecule that can be converted to a cation via a chemical reaction (e.g.,
protonation or alkylation).

30 As used herein, the ferm “substituted” is contemplated to include all permoissible

substituents of organic compounds. In a broad aspect, the permissible substituents inchide

acyclhic and cyclic, branched and unbranched, carboeyclic and heterocyclic, and aromatic and
nonaromatic substituents of organic compounds. Hlustrative substituents include, for

exarmple, those described below. The pernissible substituents can be one or more and the

-3
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samne or different for appropriate organic coropounds. For purposes of this disclosure, the
hetercatoms, such as nitrogen, can have hydrogen substituents and/or any permissible
substituents of organic compounds described herein which satisty the valencies of the
heteroatorns. This disclosure 1s not intended to be limited in any manner by the permissible
substituents of organic compounds. Also, the terms “substitution” or “substituted with”
include the implicit proviso that such substitution s in accordance with permitted valence of
the substituted atom and the substituent, and that the substitufion results in a stable
compound, e.g., a compound that does not spontanecusly andergo transformation such as by
rearrangement, cyclization, elimination, ete.

SEL DGR 23 and Y78 are used herein as generic symbaols fo represent various
specific substituents. These symbols can be any sabstituent, vot Himited to those disclosed
herein, and when they are defined to be certain substituents in one instance, they can, in
another instance, be defined as some other substituents.

The term “aliphatic” as used herein refers to a non-aromatic hydrocarbon group and
inchudes branched and unbranched, alkyl, alkenyl, or alkkynyl groups.

As used herein, the term “alkyl” refers to saturated, straight-chained or branched
saturated hydrocarbon moicties. Unless otherwise specified, Ci-Ca (e.g., Ci-Caz, C1-Cae, Ci-
Cis, C1-Cies, C1-Cig, T1-Caa, C1-Cho, C1-Cs, Ci-Cs, or C1-Cy) atkyl groups are intended.
Exaraples of alkyl groups include methyl, ethyl, propyl, 1-methyl-cthyl, butyl, f-methyl-
propyl, 2-methyl-propyl, 1,1-dimethyl-ethyl, pentyl, 1-methyl-butyl, 2-methyl-butyl, 3-
methyvi-butyl, 2,2-dimsethyl-propyl, 1-ethyl-propyl, hexyl, 1,1-dimethyl-propyl, 1.2-dimethyl-
propyl, I-methyl-pentyl, 2-methyl-pentyl, 3-methyl-pentyl, 4-methyl-pentyl, i,1-dimethyl-
butyl, 1,2-dimethyl-butyl, 1,3-dimethyl-butyl, 2, 2-dimethyl-butyl, 2,3-dimethyl-butyl, 3,3-
dimethyi-butyl, I-ethyl-butyl, 2-ethyl-butyl, 1.1, 2-trimethyi-propyl, 1.2.2-trimethyl-propyl, 1-
ethyl-1-methyl-propyl, 1-ethyl-2-methyl-propyl, heptyl, octyl, nonyl, decyl, dodecyl,
tetradecyl, hexadecyl, eicasyl, tetracosyl, and the like. Alkyl substituents may be
unsubstituted or substituted with one or more chemical moieties. The alkyl group can be
substituted with one or more groups including, but not limited to, hydroxyl, halogen, acyl,
alkyl, alkoxy, alkenyl, alkynyl, aryl, heteroaryl, aldehyde, amino, cyans, carboxylic acid,
ester, ether, ketone, nitro, phosphonyl, silyl, sulfo-oxo, sulfonyl, sulfone, sulfoxide, or thiol,
as described below, provided that the sabstituents are sterically compatible and the rules of
chemical bonding and strain energy are satisfied.

Throughout the specification “alky!l” is generally used to refer to both unsubstituted

alkyl groups and substituted alkyl groups; however, substitited alkyl groups are also
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specifically referved to herein by identifying the specific substituent(s) on the alkyl group. For
example, the term “halogenated alkyl” specifically refers to an alkyl group that is substituted
with one or more halides (halogens; e.g., fluorine, chiorine, bromine, or indine). The ferm
“alkoxyalkyvl” specifically refers to an alkyl group that is substituted with one or more alkoxy
groups, as described below. The term “alkylamino” specifically refers to an atkyl group that
is substituted with one or more amino groups, as described below, and the like. When “alkyl”
is used in one instance and a specific term such as “alkvlalcohol” is used in anocther, it is not
meant to imply that the term “alkyl” does not also refer to specific terms such as
“alkylalcohol” and the like.

This practice is also used for other groups described herein. That is, while a terma such
as “cycloalkyl” refers to both unsubstituted and substituted cycloalky! rooieties, the
substituted moieties can, in addition, be spectfically identified herein; for example, a
particular substituted cycloalkyl can be referred to as, e.g., an “alkylcycloatkyl.” Similarly, 2
substituted alkoxy can be specifically referred to as, e.z., a “halogenated alkoxy,” a particular
substituted alkenyl can be, e.g., an “alkenylalcohol,” and the like. Again, the practice of using
a general term, such as “cycloalkyvl,” and a specific term, such as “alkyleycloalkyl,” is not
meant o inply that the general torm does not also include the specific term.

As used herein, the term “alkenyl” refers to unsaturated, straight-chained, or branched
hydrocarbon moieties containing a double bond. Unless otherwise specified, C-Cos {e.g., Co-
T, Co-Cap, Ca-Cis, C-Ch, Ca-Cha, Ca-Coa, Ca-Cho, Ca-Cg, Ca-Cs, or C2-Cy) alkenyl groups
are intended. Alkenyl groups may contain more than ove unsaturated bond. Examples include
ethenyl, 1-propenyl. 2-propenyl. 1-methylethenvl, I-butenyl, 2-butenyl, 3-butenyl, 1-methyl-
1-propenyl, 2-methyl-1-propenyl, -methyl-2-propenyl, 2-methyi-2-propenyl, 1-pentenyl, 2-
pentenyl, 3-pentenyl, 4-pentenyl, 1-methyl-1-butenyl, 2-methyl-i-butenyl, 3-methyl-1-
butenyl, -methyl-2-butenyl. 2-methyl-2-butenyl, 3-methyl-2-butenyl, 1-methyl-3-butenyl. 2-
methyl-3-butenyl, 3-methyl-3-butenyl, 1, 1-dimethyl-Z-propenyl, 1,2-dimethyl-1-propenyl,
1.2-dimethyi-2-propenyl, 1-ethyl-1-propenyl, 1-ethyi-2-propenyl, 1-hexenyl, 2-hexenyl, 3-
hexenyl, 4-hexenyl, 5-hexenyl, I-methyl-1-pentenyl, 2-methyl-1-pentenyl, 3-methyl-1-
pentenyl, 4-methyl-1-pentenyl, 1-methyl-2-pentenyl, 2-methyl-2-pentenyl, 3-methyl-2-
pentenyl, 4-methyl-2-pentenyl, 1-methyl-3-pentenyl, 2-methyl-3-pentenyl, 3-methyl-3-
pentenyl, 4-methyl-3-pentenyl, I-methyl-4-pentenyl, 2-methyl-4-pentenyl, 3-methyl-4-
pentenyl, 4-methyl-4-pentenyl, 1.1-dimethyl-2-butenyl, 1.1-dimethyl-3-butenyl, 1.2-
dimethyl-1-butenyl, 1,2-dimethyl-2-butenyl, 1.2-dimethyl-3-butenyl, 1,3-dimethyl-1-butenyl,

1,3-dimethyl-2-butenyl, 1,3-dimethyl-3-butenyl, 2.2-dimethyl-3-butenyl, 2,3-dimethyl-1-
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butenyl, 2,3-dimethyi-2-butenyl, 2,3-dimethyl-3-butenyl, 3.3-dimethyl-1-butenyl, 3.3-
dimethyl-2-butenyl, 1-ethyl-1-butenyl, I-ethyl-2-butenyl, 1-ethyl-3-butenyl, 2-ethyl-1-
butenyi, 2-ethyl-2-butenyl, 2-ethyl-3-butenyl, 1,1,2-trimethyl-2-propenyl, 1-ethyi-1-methyl-
2-propenyl, f-ethyl-2-methyl-1-propenyl, and 1-ethyl-2-methyl-2-propenyl. The term “viny!”
refers to a group having the structure ~CH=CHb; L-propenyl refers to a group with the
structure -CH=CH-CH>; and 2-propenyl refers to a group with the structure -CHy-CH=CHa.
Asymetric structures such as (725 C=C(Z°74) are intended to inchide both the F and Z
isomers. This can be presumed in structural formulae herein wherein an asymmetric alkene is
present, or it can be explicitly indicated by the bond symbol C=C. Alkenyl substituents may
be unsubstituted or substituted with one or more chemical moieties. Examples of suitable
substituents include, for example, alkyl, alkoxy, alkenyl, alkynyl, aryl, heteroaryl, acyl,
aldehyde. amino, cyano, carboxylic acid, ester, ether, halide, hydroxyl, ketone, nitro,
phosphouyl, silyl, sulfo-oxo, sulfonyl, sultfone, seifoxide, or thiol, as described below,
provided that the substituents are sterically compatible and the rules of chemical bonding and
strain energy are satisfied.

As used herein, the term “alkynyl” represents straight-chained or branched
hydrocarbon moieties containing a triple bond. Unless otherwise specified, Co-Cas (e.g., Co-
Cos, Co-Cop, To-Cig, T3-Crs, Tr-Cra, To-Caz, Co-Chg, $2-Cs, Ca-Ce, or £2-Cyy alkynyl groups
are intended. Alkyayl groups may contain more than one unsaturated bond. Examples include
Co-Co-alkynyl, such as ethynyl, 1-propyayl, 2-propyoyl {or propargyl), I-butyayl, 2-butyayi,
3-butynyl, 1-roethyl-2-propynyl, T-pentynyl, 2-pentynyl, 3-pentyunyl, 4-pentynyl, 3-methyl-1-
butynyl, I-methyl-2-butynyl, I-methyl-3-batynyl, Z-methyl-3-butynyl, 1.1-dimethyl-2-
propynyl, I-ethyl-2-propynyl, I-hexynyl, 2-hexynyl, 3-hexynyl, 4-hexynyl, 5-hexynyl, 3-
methyl-1-pentynyl, 4-methyl-i-pentynyl, 1-methyl-2-pentynyl, 4-methyl-2-pentynyl, 1-
methyl-3-pentynyl, 2-methyl-3-pentynyl, T-methyl-4-pentynyl, 2-methyl-d-pentynyi, 3-
methyl-4-pentynyl, 1,1-dimethyl-2-butynyl, 1,1-dimethyl-3-butynyl, 1,2-dimethyl-3-butynyl,
2.2-dimethyi-3-butynyl, 3,3-dimethyl-1-butynyl. 1-ethyl-2Z-butynyl, 1-ethyl-3-butynyl, 2-
ethyl-3-butynyl, and 1-ethyl-1-methyl-2-propynyl. Alkynyl substituents may be unsubstitated
or substituted with one or more chemical moieties. Examples of suitable substituents include,
for example, alkyl, alkoxy, alkenyl, alkynyl, aryl, heteroaryl, acyl, aldehyde, anuno, cyano,
carboxylic acid, ester, ether, halide, hydroxyl, ketone, nitro, phosphonyl, silyl, sulfo-oxo,
sutfonyl, sulfone, sulfoxide, or thiol, as described below.

As used herein, the term “aryl,” as well as derivative terros such as aryloxy, refers o

groups that include a monovalent aroratic carboceyclic group of from 3 to 50 carbon atoms.

i0
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Aryl groups can inchide a single ring or multiple condensed rings. To some examples, aryl
groups inclade Cs-Cro aryi groups. Examples of aryl groups include, but are not limited to,
benzene, phenyl, biphenyl, naphthyl, tetrahydronaphthyl, phenyleyclopropyl,
phenoxybenzene, and indanyl. The term “aryl” also includes “hetercaryl.” which is defined as
a group that contains an aromatic group that has at least one heteroatom incorporated within
the ring of the aromatic group. Examples of heteroatoms inclede, but are not limited to,
nitrogen, oxygen, sulfur, and phosphorus. The term “non-heteroaryvl,” which is also included
in the term “aryl,” defines a group that contains an aromatic group that does not contain a
hetercatom. The aryl substituents may be unsubstituted or substituted with one or more
chentical moietics. Examples of suitable substituents include, for example, alkyl, alkoxy,
alkenyl, alkynyl, aryl, heteroaryl, acyl, aldehyde, amino, cyvano, carboxylic acid, ester, ethex,
halide, hydroxyl, ketone, nitro, phosphonyl, silvl, sulfo-oxo, sulfonyl, sulfone, sulfoxide, or
thiol as described herein. The term “biarvl” is a specific type of aryl group and s included in
the definition of aryl. Biaryl refers to two aryl groups that are bound together vig a fused ring
structure, as in naphthalene, or are attached vig one or more carbon-carbon bonds, as in
biphenyl.

The term “cycloalkyl” as used herein is a non-aromatic carbon-based ring coraposed
of at least three carbon atoms. Examples of cycloalkyl groups include, but are not limited to,
cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, ete. The term “heterocycloalkyl” is a
cycloalkyl group as defined above where at least one of the carbon atoms of the ring is
sabstituted with a heteroatom such as, but not limited to, nitrogen, oxygen, sulfur, or
phosphorus. The eycloalkyl group and heterocycloalkyl group can be substituted or
vasubstituted. The cycloalkyl group and heterocyeloalkyl group can be substituted with one
o1 more groups including, bot not lunited to, alkyl, alkoxy, alkenyl, alkynyl, arvl, heteroaryl,
acyl, aldehyde, amine, cyano, carboxylic acid, ester, ether, halide, hydroxyl, ketone, nitro,
phosphonyl, silyl, sulfo-oxo, sulfonyl, sulfone, sulfoxide, or thiol as described herein.

The term “cycloalkenyl” as used hevein is a non-aromatic carbou-based ring
composed of at least three carbon atoms and containing at least one double bound, ie., C=C.
Examples of cycloalkenyl groups include, but are not limited to, cyclopropenyl, cyclobutenyl,
cyclopentenyl, cyclopentadionyl, eyclohexenyl, eyclohexadienyl, and the like. The term
“heterocycloalkenyl” is a type of cycloalkenyl group as defined above and is included within
the meaning of the term “cycloalkenyl,” where at least one of the carbon atoms of the ring is
substituted with a heteroatom such as, but not limited to, nitrogen, oxygen, sulfur, or

phosphorus. The cycloalkenyl group and heterocycloatkenyl group can be substituted or

it
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unsubstituted. The cycloalkenyl group and heterocycloalkenyl group can be substituted with
one or more groups including, but pot imited to, alkyl, alkoxy, atkenyl, alkynyl, aryl
heteroaryl, acyl, aldchyde, amino, cvano, carboxylic acid, ester, ether, halide, hydroxyl,
ketone, nitro, phosphonyl, silvl, sulfo-oxo, sulfonyl, sulfone, sulfoxide, or thiol as described

herein.

w

The term “cyclic group” is used herein to refer to either aryl groups, non-aryl groups
{i.e., cycloalkyl, heterocycloalkyl, eyeloalkenyl, and heterocyeloalkenyl groups), or both.
Cyclic groups have one or more ring systems {(e.g., monocyclic, bicyclic, gicychic,
polycyelic, ete.) that can be substituted or unsubstitited. A cyclic group can contain one or

10 more aryl groups, ong or nrore non-aryl groups, or one or more aryl groups and one or more
non-aryl groups.

The term “acyl” as used herein is represented by the formula ~C{O)Z! where 7' can
be a hydrogen, hydroxyl, alkoxy, atkyl, alkenyl, atkynyl, arvl, heteroaryl, cycloatkyl,
cyeloalkenyl, heterocycloalkyl, or heteroeycloalkenyl group described above. As used herein,

15 the term “acyl” can be used interchangeably with “carbonyl.” Throughout this specification
“C{3Y” or “CQ is a shorthand notation for =0,

The terro “acetal” as used herein is tepresented by the formula ( Z‘Z%C(:OZS}( =07h,
where Z!, 7%, Z°, and Z* can be, independently, a hydrogen, halogen, hydroxyl, alkyl, alkenyl,
atkynyl, aryl, heteroaryi, cycloalkyl, cycloalkenyl, heterocycloalkyl, or heterocycloalkenyi

20 group described above.

The term “alkanol” as used herein is represented by the formula Z 0B, where Z! can
be an alkyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl, cycloalkenyl, heterocycloalkyl, or
heterocycloatkenyl group described above.

As used herein, the term “alkoxy” as used herein is an alkyl group bound throogh a

25  single, terminal ether linkage; that is, an “alkoxy” group can be defined as to a group of the
formula Z'-0-, where 7' is unsubstituted or substifuted alkyl as defined above. Unless
otherwise specified, alkoxy groups wherein 2! is a Ci-Cas (e.g., Ci-Ca, Ci-Cas, C1-Caz, Cr-
Cis, C1-Chg, Ci-Chz, Ci-Cho, C1-Cs, Cr1-Ce, or €1-Cy) alkyl group are intended. Examples
include methoxy, cthoxy, propoxy, 1-methyl-ethoxy, butoxy, 1-methyl-propoxy, 2-methyl-

30 propoxy, 1, 1-dimethyl-ethoxy, pentoxy, I-methyl-butyloxy, Z-methyl-butoxy, 3-methyl-
butoxy, 2,2-di-methyl-propoxy, {-ethyl-propoxy, hexoxy, 1.1-dimethyl-propoxy, 1,2-
dimethyl-propoxy, 1-methyl-pentoxy, 2-methyl-pentoxy, 3-methyl-pentoxy, 4-methyl-
penoxy, 1, 1-dimethyl-butoxy, 1,2-dimethyl-butoxy, 1,3-dimethyl-butoxy, 2.2-dimethyl-

hutoxy, 2.3-dimethyl-butoxy, 3,.3-dimethyl-butoxy, 1-ethyi-butoxy, 2-ethyibutoxy, 1,1.2-

12
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trimethyl-propoxy, 1,2,2-trimethyl-propoxy, 1-ethyl-1-methyl-propoxy, and 1-ethyl-2-
methyi-propoxy.
The term “aldehyde” as used herein is represented by the formula —C(O)H.

Throughout this specification “C(0)” is a shorthand notation for C=0.

NZ'Z°73, where

w

The term “amino” as used herein are represented by the formula

7!, Z*, and Z° can each be substitution group as described herein, such as hydrogen, an alkyl,
alkenyl, alkyunyl. arvi, heteroaryl, cycloalkyl, cycloalkenyl, heterocyeloalkyl, or
heterocycioatkeny! group described above.

The terms “amide” or “amido™ as used herein are represented by the formula —

10 CONZIZ?, where 7} and 72 can each be substitution group as described herein, such as
hydrogen, an alkyl, alkenyl, alkynyl, arvl, heteroaryl, cycloalkyl, cycloalkenyl,
heterocycloaltkyl, or heterocycloalkenyl group described above.

The term “anhydride” as used herein is represented by the formula Z'C(OHOCO)Z?
where 7! and 72, independently, can be an alkyl, alkenyl, atkynyl, aryl, heteroaryl,

15 cyeloalkyl cycloalkenyl, heterocycloalkyl, or heterocyeloalkenyl group described above.

The term “cyclic anhydride” as used herein is represented by the fornwla:

where Z! can be an alkyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl, cycloatkenyl,
heterocycioalkyl, or heterocycloalkenyl group described above.
24 The term “azide” as used herein is represented by the formula ~N=N=N.
The term “carboxylic acid” as used herein is represented by the fornwula —C{GYOH.

A “carboxylate” or “carboxyl” group as used herein is represented by the formula

The term “cyano” as used herein is represented by the formula —CN.

25 The term “ester” as used herein is represented by the fornula —OC(O)Z! or
—A(OYOZ!, where 7' can be an atkyl, alkenyl, atkynyl, aryl, heteroaryl, cycloalkyl,
cycloalkenyl, heterocycloalkyl, or heterocycloalkenyl group described above.

The term “ether” as used herein is represented by the fornmila 70727, where 7' and 2°
can be, independently, an alkvl, alkenyl, alkynyvl, aryl, heteroaryl, cycloalkyl, cycloalkenyl,

30 heterocycloatkyl, or heterocycloalkenyl group described above.

The term “epoxy” or “epoxide” as used herein refers to a cyclic ether with a three
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atom ring and can represented by the formula:
FA S
ZZWZA
where Z!, 7%, 7%, and Z* can be, independently, an alkyl, alkenyl, alkynyl, aryl, heteroaryl,
cyeloalkyl, cycloalkenyl, heterocycloalkyl, ar heterocycloalkeny! group described above
5 The termn “ketone” as used herein is represented by the formula Z1C(0)27, where 7!
and Z7 can be, independently, an aikyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl,
cycloalkenyl, heterocycloalkyl, or heterocycloalkenyl group described above.

The term “halide” or “halogen” or “halo” as ased herein refers to fluorine, chlorine,

bromine, and iodine.
16 The term “hydroxyl” as used herein is represented by the formula —OH.

The terra “nitro” as used herein is represented by the forrula —NG).

The term “phosphonyl” is used herein to vefer to the phospho-oxo group represented
by the formula —P(ONOZ 2, where Z' can be hydrogen, an alkyl, alkenyl, alkynyl, aryl,
heteroaryl, cycloalkyl, cycloaltkenyl, heterocycloalkyl, ot heterocycloalkenyl group described

15 above.

The term “sityl” as used herein is represented by the formula —SiZ'77Z%, where 7!,
77, and Z° can be, independently, hydrogen, alkyi, alkoxy, alkenyl, alkynyl, aryi, heteroaryi,
cyeloalkyl, cycloalkenyl, heterocycloalkyl, or heterocycloalkeny! group desceribed above.

The terro “sulfonyl” or “sulfone” is used herein to refer to the sulfo-oxo group

20 represented by the formula —S(0)Z', where 7' can be hydrogen, an alkyl, alkenyl, alkynyl,
aryl, heteroaryl, eycloatkyl, eycloalkenyl, heterocycloalkyl, or heterocycloaltkenyl group
described above.

N

The term “sulfide” as used herein comprises the formula
The term “thiol” as used herein is represented by the formula —SH.

25 SR CRZ R SRR ete., where 1 is some integer, as used herein can,
independently, possess one or more of the groups listed above. For example, if R' is a straight
chain alkyl group, once of the hydrogen atoms of the alkyl group can optionally be substituted
with a hydroxyl group, an alkoxy group, an amino group, an alkyl group, a halide, and the
Like. Pepending upon the groups that are selected, a first group can be incorporated within a

33 second group or, alternatively, the first group can be pendant (i.e., attached) to the second
group. For exaraple, with the phrase “an alky! group comprising an amino group,” the amino
group can be incorporated within the backbone of the alkyl group. Alternatively, the amino

group can be attached to the backbone of the alkyl group. The nature of the group(s) that is

14
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{are) selected will determine if the first group is embedded or attached to the second group.
Unless stated to the contrary, a formula with chemical bonds shown only as solid lines
and not as wedges or dashed fings contemplates each possible stereoisomer or mixture of

stereoisomer {e.g., each enantiomer, each diastereomer, each meso compound, a racemic

w

mixtare, or scalemic mixture).

Compositions

Disclosed herein are hydrocarbon-based corapositions derived from pyrolysis of a
feedstock comprising post-consumer and/or post-industrial plastics. Pyrolysis depolymerizes
plastics into products comprised of building block molecules. Contaminants are introduced

10 during plastic forroulation and manufacturing processes during the first Hife of plastic in
conjunction with the source and collection raethod of the plastics. Recycling of plastics via
pyrolysis is a technology that generates products with a broad range of quality dependent
upon a variety of factors, including the feedstock and manufacturing process.

“Post-industrial” or “Pre-consumer” plastics include materials derived from waste

15 swreams during a plastic manufacturing process.

“Post-consumer” plastics include materials generated by houscholds or by
comamercial, industrial, and/or institutional facilities in thewr roles as end-users of the product
which can no longer be used for its intended purpose. This incluades retorns of material from
the distribution chain.

20 Sources of post-consumer and/or post-industrial plastics include, but are not limited
to, plastic resin producers; packaging converters; indusirial, commercial, retail, and
institutional facilities; households; and waste collectors.

10 some examples, the compositions disclosed herein can comprise a wax, an oil, or a
corpbination thereof.

25 Wax

For example, disclosed herein are waxes derived from pyrolysis of a feedstock
comprising post-consurer and/or post-industrial plastics. Tn sore examples, the wax can be
produced via pyrolysis at an industrial scale.

In some examples, the wax is a solid or semi-solid at ambient temperature an

30 ambient pressure.

In some examples, the wax comprises relatively long-chain hydrocarbons that are
solid or senui-solid at ambient temperature and ambient pressure.
The wax can, for example, have a number average molecular weight and/or a weight

average molecular weight of 250 Daltons or more (e.g., 255 Daltons or more, 260 Daltons or
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more, 265 Daltons or more, 270 Daltons or more, 275 Daltons or more, 280 Daltons or more,

285 Daltons or more, 290 Daltons or more, 295 Daltons or more, 300 Daltons or more, 305

(4

Daltons or more, 310 Daltons or more, 315 Daltons or more, 320 Daltons or more, 32
Daaltons or more, 330 Daltons or more, 335 Daltons or more, 340 Daltons or more, 345
Draltons or more, 350 Daltons or more, 255 Daltons or more, 360 Daltons or more, 265
Draltons or more, 370 Daltons or more, 375 Daltons or more, 380 Daltons or more, 385
Dattons or more, 390 Daltons or more, 395 Daltons or more, 400 Daltons or more, 405
Daltons or more, 41 Daltons or more, 415 Daltons or more, 420 Daltons or more, 425
Daltons or more, 430 Daltons or more, 435 Daltons or more, or 440 Daltons or more). In
some exaropies, the wax can have a number average molecular weight and/or a weight
average molecular weight of 450 Daltons or less (e.g., 445 Daltons or less, 440 Daltons or
less, 435 Daltons or less, 430 Daltons or less, 425 Daltons or less, 420 Daltons or fess, 415
Daltons or less, 410 Daltons or less, 405 Daltons or less, 400 Daltons or less, 395 Daltons or
fess, 390 Daltons or less, 385 Daltons or less, 380 Daltons or less, 375 Daltons or less, 370
Dattons or less, 365 Daltons or less, 360 Dialtons or less, 355 Daltons or less, 350 Daltons or
less, 345 Daltons or less, 340 Daltons or less, 335 Daltons or less, 330 Daltons or less, 325
Daltons or less, 320 Daltons or less, 315 Daltons or less, 310 Daltons or less, 303 Daltons or
ess, 300 Daltons or less, 295 Diadtons or less, 290 Daltons or less, 285 Daltons or less, 280
Dialtons or less, 275 Daltons or less, 270 Daltons or less, 265 Daltons or less, or 260 Daltons
or less). The number average molecular weight and/or weight average molecular weight of
the wax can range from any of the minimum values described above to any of the maximum
values described above. For example, the wax can have a number average molecolar weight
and/or a weight average molecular weight of from 250 to 450 Daltons (¢.g., from 250 to 350
Daaltons, from 350 to 450 Daltons, from 2350 to 300 Daltons, from 300 to 350 Daltons, from
350 to 400 Daltons, from 400 to 450 Daltons, from 250 to 425 Daltons, from 250 to 400
Draltons, from 250 to 375 Daltons, from 250 to 325 Daltons, from 250 to 275 Daltons, from
275 to 450 DBalions, from 300 to 450 Daltons, from 325 to 450 Daktons, from 375 to 450
Daltons, from 425 to 450 Daltons, from 275 to 425 Daltons, or from 300 to 400 Daltons). In
some examples, the wax can have a number average molecular weight and/or a weight
average molecular weight of from 300 to 400 Daltons (e.g., from 300 to 350 Daltons, from
350 to 400 Daltons, from 300 to 320 Daltons, from 320 to 340 Daltons, from 340 to 360
Draltons, from 364 to 380 Daltons, from 380 to 400 Daltons, from 300 to 380 Daltons, from
300 to 360 Daltons, from 300 to 340 Daltons, from 320 to 400 Daltons, from 340 to 400

Paltons, from 360 to 400 Daltons, front 310 to 390 Daltons, from 320 to 380 Daltons, front
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325 to 375 Dalions, or from 325 o 350 Daltons).
The wax comprises a mixture of different hydrocarbons {e.g., linear, branched, cyclic,
acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.}, any of which can optionally be

substituted. In some examples, the wax coroprises a mixture of different hydrocarbons, any of

w

which can optionally be substituted, and 60% or more of the mixture (w/w) comprises Cop-
C4s hydrocarbons {e.g., 61% or more, 62% or more, 63% or more, 64% or more, 65% or
more, 66% or more, 67% or move, 68% or more, 69% or more, 70% or move, 71% or more,
72% or more, 73% or more, 74% or more, 75% or more, 76% or more, 77% or more, or 78%
or more). In some examples, the wax comprises a mixture of different hydrocarbons, any of
10 which can optionally be substituted, and 80% or less of the mixture (w/w) comprises Ca0-Cas

g

hydrocarbous {e.g., 79% or less, 78% or less, 77% or less, 76% or less, 75% or less, 74% or
less, 73% or less, 72% or less, 719% or less, 70% or less, 69% or less, 68% or less, 67% ¢
fess, 66% or less, 65% or less, 64% or less, 63% or less, or 62% or less). The amount of the
mixture comprising Czo-Cas hydrocarbons can range from any of the minimum valoes

15 described above to any of the maximum values described above. For example, the wax
comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and from 60% to 80% of the mixture (w/w) comprises Cao-Cas hydrocarbons {e.g., from 60%
to 70%. from 70% to 80%, from 60% to 65%, from 65% to 70%. from 70% to 75%, from

75% to &0%, from 60% to 75%, from 65% to 80%, or from 65% to 75%;).

20 in some examples, the wax coraprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 80% or more of the mixture (w/w) can comprise Co-
Cas hydrocarbons (e.g., 81% or more, 82% or move, 83% or more, 34% or more, 85% or
more, 86% or more, 87% or raore, or 88% or maore). In some examples, the wax coroprises a
mixture of different hydrocarbons, any of which can optionally be substituted, and 90% or

25 ess of the mixture (w/w} can comprise Co-Ca3 hydrocarbons {(e.g., 83% or less, 38% or less,
7% or less, 86% or less, 85% or less, 84% or less, 83% or less, or 82% or less). The amount
of the mixtare comprising Co-Cas hydrocarbons can range from any of the miniroum values
described above to any of the maxiroum values described above. For example, the wax can
cormprise a mixture of different hydrocarbons, any of which can optionally be substituted, and

30 from 80% to 90% of the nmixture (w/w) can comprise Co-Us3 hydrocarbons {e.g., from 80% to
85%, from 85% to 90%, from 80% to 82%, from 82% to 8§4%, from 84% to 86%, from 86%

0 88%, from 88% to 80%, from 80% to 88%, from 80% to 86%, from 80% to 849%, from

82% 1o 90%, from 84% to 90%, from 86% to 90%, from 1% to 89%, or from 82% to 88%).

in some examples, the wax coraprises a mixture of different hydrocarbons, any of

P
~



w

10

30

WO 2025/165917 PCT/US2025/013657

which can optionally be substituted, and 75% or more of the mixture (w/w} coroprises Co-Cag
hydrocarbons (e.g., 76% or more, 77% or more, 78% or more, 79% or more, §0% or more,
81% or more, 82% or more, 3% or more, 84% or more, 85% or more, 6% or more, 87% or
more, 8% or more, 89% or more, 90% or more, 91% or more, 92% or more, 93% or more,
94% or more, 25% or more, 95.5% or more, 96% or more, 96.5% or more, 97% or more,
97.5% or more, or 98% or more). In some examples, the wax comprises a mixture of different
hydrocarbons, any of which can optionally be substituted, and 100% or less of the mixture
{w/w) comprises Co-{4s hydrocarbons {e.g., 99.5% or less, 9% or less, 98.5% or less, 98%
or less, 97.5% or less, 97% or less, 96.5% or less, 96% or less, 95.5% or less, 895% or less,
949% or less, 93% or less, 92% or less, 91% or less, 90% or less, 89% or less, 88% or less,
87% or less, 86% or less, 85% or less, 84% or less, 83% or less, 82% or less, 81% or less,
80% or less, 79% or less, 78% or less, or 77% or less). The amount of the nuxture comprising
Co-Cys bydrocarbouns can range from any of the muntmum values described above o any of
the maximnum values described above. For example, the wax comprises a mixture of different
hydrocarbons, any of which can optionally be substituted, and from 75% to 100% of the
mixture {w/w} comprises Co-Uye hvdrocarbons {e.g., from 75% to €7.5%, from 87.5% to
100%, from 75% 1o 80%, from 80% to 85%, from 85% to 90%, from 90% to 95%, from 95%
to 100%, from 75% to 95%, from 75% to 90%, from 75% to 85%. from 80% to 100%, from
85% to 100%, from 90% to 100%, or from 80% to 95%). In some examples, the wax
comprises a puxture of different hydrocarbons, any of which can optionally be substituted,
and from 95% to 99% of the mixtare (w/w) comprises Co-Cag hydrocarbons {(e.g., from 95%
0 97%, from 97% to 99%, from 95% to 96%, from 96% to 97%, from 97% to 98%, from
98% t0 99%, from 95% to 98%, from 96% to 99%, or from 96% t0 98%).

o soroe examples, the wax comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 20% or more of the mixture {(w/w) comprises Co-Cap
hydrocarbons {e.g., 21% or more, 22% or more, 23% or more, 24% or more, 25% or more,
26% or more, 27% or more, or 28% or more). In some exaraples, the wax comprises a
mixture of different hydrocarbons, any of which can optionally be substituted, and 30% or
less of the mixture (w/w) comprises Co-Coo hydrocarbons (e.g., 29% or less, 28% or less,
27% or less, 20% or less, 25% or less, 24% or fess, 23% or less, or 22% or less). The amount
of the mixnure comprising Co-Cao hydrocarbons can range from any of the rotmimum values
described above to any of the maximum values described above. For example, the wax
comprises a mixture of different hydrocarbons, any of which can optionally be substituted,

and from 20% to 30% of the mixture {(w/w} comprises Cy-Cap hydrocarbons {(e.g., from 20%
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to 25%, from 25% to 30%, from 20% to 22%, from 22% to 24%, from 24% to 26%, from
269 ta 289, from 28% to 30%, from 20% to 28%, from 209% to 26%, from 20% to 24%,
from 22% to 30%, from 24% to 30%, from 26% to 30%, trom 21% to 28%, or from 22% t©
28%).

In some examples, the wax comprises a mixtare of different hydrocarbons, any of
which can optionally be substituted, and 20% or more of the mixture {w/w) comprises Cao-
Cos hydrocarbons (e.g., 21% or more, 22% or more, 23% or more, 24% or more, 25% or
maore, 26% or more, 27% or more, or 28% or more). In some examples, the wax comprises a
mixture of different hydrocarbons, any of which can optionally be substituted, and 30% or
less of the mixture (w/w) comprises Uao-Cas hydrocarbons (e.g., 29% or less, 28% or less,
27% or less, 26% or less, 25% or less, 24% or less, 23% or less, or 22% or less). The amount
of the mixture comprising Coo-Cas hydrocarbons can range from any of the minimum values
described above to any of the maxtmum values described above. For example, the wax
comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and from 20% to 30% of the mixtare (w/w) comprises C20-Czs hydrocarbons (e.g., from 20%
to 25%, from 25% to 30%, from 20% to 229%, from 22% to 24%, from 24% to 26%, from
26% to 28%, from 28% to 30%, from 0% to 28%, from 20% to 26%, from 20% 1o 24%,
from 22% to 33%, from 24% to 30%, from 26% to 30%, from 21% to 29%, or from 22% to
28%).

in some examples, the wax coraprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 20% or more of the mixture (w/w) corprises Cog-
Cog hydrocarbons (e.g., 21% or more, 22% or move, 23% or more, 24% or more, 25% or
maore, 269% or more, 27% or raore, or 28% or maore). In some examples, the wax coruprises a
mixture of different hydrocarbons, any of which can optionally be substituted, and 30% or

ess of the mixture (w/w} comprises Caa-Cog hydrocarbons (e.g., 29% or less, 28% or less,
27% or less, 26% or less, 25% or less, 24% or less, 23% or less, or 22% or less). The amount
of the mixtare comprising Cr-Cag hydrocarbons can range from any of the minironm values
described above to any of the maxiroum values described above. For example, the wax
comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and from 20% to 30% of the mixture (w/w) comprises Cx-Cog hydrocarbons (e.g., from 20%
t0 25%, from 25% to 30%, from 20% to 22%, from 22% 0 24%, from 24% to 26%, from
26% 10 28%, from 28% to 30%, from 20% to 28%. from 20% to 26%, from 209% to 24%,
from 22% to 30%, from 24% 1o 30%, from 26% to 30%, from 21% to 29%, or from 22% to

28%}.
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In some examples, the wax coraprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 10% or more of the mixture (w/w) comprises Tog-
Caz hydrocarbons (e.g., 11% or more, 12% or more, 13% or more, 14% or more, 15% or

more, 16% or more, 17% or more, or 18% or more). In some examples, the wax comprises a

w

mixtore of different hydrocarbons, any of which can optionally be substituted, and 20% or
less of the mixture {(w/w) comprises Cag-Csy hydrocarbons {e.g., 19% or less, 18% or less,
17% or less, 16% or less, 15% or less, 14% or less, 13% or less, or 12% or less). The amouont
of the mixture comprising Cos-Can hydrocarbons can range from any of the minimum valaes
described above to any of the maximum values described above. For example, the wax
10 comoprises a mixture of different hydrocarbons, any of which can aptionally be substituted,
and from 10% to 20% of the mixture (w/w) comprises Cas-Ca hydrocarbous (e.g., from 10%
to 15%, from 15% to 20%, from 10% to 12%. from 12% to 14%, from 14% to 16%, from
16% 10 18%, from 18% to 20%, from 10% to 18%, from 10% to 16%, from 10% to 14%,
from 12% to 20%, from 14% to 20%, from 16% to 20%, from 11% to 19%, or from 12% to
15 18%).
In sorae examples, the wax comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture comprises: 20-30% (e.g., 25-30%) Co-
Cop hydrocarbons, 20-30% {e.g., 20-25%) Ca-Czs hydrocarbons, 20-30% (e.g., 20-25%) Cay-
Cag hydrocarbons, and 10-20% (e.g., 10-15%) Coe-Ca hydrocarbons. In some cxamples, the
20 wax comprises a puxture of different hydrocarbons, any of which can optionally be
substituted, and the mixture comprises: 25-30% Co-Coi hydrocarbons, 20-25% Cop-Cay
hydrocarbons, 20-25% (24-Cag hydrocarbons, and 10-15% Cus-Caz hydrocarbons.
in some examples, the wax comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture is substantially free of C5-Cy
25  hydrocarbons. In some examples, the wax comprises a mixture of different hydrocarbons, any
of which can optionally be substituted, and the mixture is substantially free of C1-Cg
hydrocarbons.
In some examples, the wax coraprises a mixture of different hydrocarbous, any of
which can optionally be substituted, and the mixture comprises saturated hydrocarbons {e.g.,
30 linear, branched, and/or cyclic alkanes), unsaturated (non-aromatic) hydrocarbons (e.g.,
linear, branched, and/or cyclic alkenes and/or alkynes), and aromatic hydrocarbons. For
example, the wax comprises a mixtore of different hydrocarbons, any of which can optionally
be substitited, and the mixture comprises 80 wt.% or more saturated hydrocarbons {e.g., ¥1

wt.% or more, 82 wt.% or more, 83 wt.% or more, 84 wi.% or more, 85 wi.% or more, 80

20
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wi.% or more, 87 wi.% or more, 88 wt.% or more, 89 wi.% or more, 90 wi.% or more, 81
wt.% or more, 92 wit.% or more, 93 wi.% or more, 94 wt.% or more, 95 wt.% or more, 96
wt. % or more, 97 wt. % or more, 98 wt.% or more, or 99 wt.% or more). In some examples,
the wax comprises a mixture of different hydrocarbons, any of which can optionally be
substituted, and the mixture comprises 100 wt.% or less saturated hydrocarbons {e.g., 89
wt.% or less, 98 wt. 9% or less, 97 wt.9% or less, 96 wt.% or less, 95 wt.% or less, 94 wt.% or
fess, 93 wt.% or less, 92 wt.% or less, 91 wt.% or less, 90 wi. % or less, 89 wi.% or less, 88
wt. % or less, 87 wt.% or less, 86 wt. % or less, 85 wi.% or less, 84 wt. % or less, &3 wit.% or
less, of 82 wi.% or less). The amount of the mixture comprising saturated hydrocarbons can
range from any of the minimum values described above to any of the maximum values
described above. For example, the wax can coraprise a mixture of different hydrocarbons,
any of which can optionally be substituted, and from 80 wt.% to 100 wt.% of the mixture can
comprise saturated hydrocarbous {e.g., from 80 wt.% to 90 wt.%, from 90 wt.% to 100 wt. %,
from 80 wt.% to 8S wt.%, from 85 wt.% to 98 wt.%, from 90 wt.% to 95 wt.%, from 95 wt.%
t0 300 wit. %, from 80 wit.% to 98 wt.%, from 80 wt.% to 96 wt.%, from 80 wt.% t0 94 wt.%,
from 80 wt.% to 92 wt. %, from 80 wt.9% to 88 wi.%, from 80O wt.% to 6 wt.%, from 80 wt.%
to 84 wt. %, from 80 wi.% to 82 wt.%, from 82 wt.% o 100 wi.%, from 84 wt. % to 100 wt. %,
from 86 wt.% to 100 wt.%, from 88 wt.% to 100 wt.%, from 92 wt.% to 100 wt. %, from 84
wt.% to 100 wt. %, from 96 wit.% to 100 wt.%, from 98 wt.% to 100 wt.%, from &2 wt.% to
98 wt.%, from 85 wt.% to 99 wi.%, from 85 wt.% to 87 wt.%, or from 97 wt.% to 99 wt.%).
In some examples, the wax coraprises a mixture of different hydrocarbous, any of
which can optionally be substituted. and the mixture comprises O wt.% or more unsaturated
{(non-aromatic) hydrocarbons (¢.g., 0.1 wt.% or more, 0.2 wi.% or more, 0.3 wt.% or more,
3.4 wit.% or more, 0.5 wt.% or more, 3.6 wt.% or more, (0.7 wt.% or more, 0.8 wt.% or more,
4.9 wt.% or more, 1 wt.% or more, 1.25 wt.% or more, 1.5 wt.% or more, 1.75 wt.% or more,
2 wt.% or more, 2.25 wi.% or more, 2.5 wt.% or more, 3 wt.% or more, 3.5 wt.% or more, or
4 wt.% ot more). In some exargples, the wax comprises a mixuure of different hvdrocarbons,
any of which can optionally be substituted, and the mixture comprises 5 wi.% or less
unsaturated (non-aromatic) hydrocarbons {e.g., 4.5 wt.% or less, 4 wt.% or less, 3.5 wt.% or
less, 3 wt.% or less, 2.5 wt.% or less, 2.25 wt.% or less, 2 wt.% or less, 1.75 wt.% or less, 1.5
wt.% or less, 125 wi.% or less, T wi.% or less, 8.9 wt.% or fess, (.8 wt.% or less, 3.7 wt.% or
less, 0.6 wt.% or less, 6.5 wt.% or less, 0.4 wt.% or less, (.3 wt.% or less, or 0.2 wt.% or
less). The amount of the mixture comprising unsaturated (non-aromatic) hydrocarbons can

range from any of the roiiourm values described above 1o any of the maxiowm values
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described above. For example, the wax can comprise a mixture of different hydrocarbons,
any of which can optionally be substituted, and from 0 to 5 wt.% of the mixture can comprise
unsaturated (non-aromatic) hydrocarbons {e.g., from G to 2.5 wt.%, from 2.5 to 5 wt. %, from
G0l wt%, from | to 2 wt.%, from 2 to 3 wt.%, from 3 to 4 wi.%, from 4 to 5 wt.%, from O

to 4 wt. %, from O to 3 wt.%, from 0 to 2 wt.%, from 1 to 5 wi.%, from 2 to 5 wt.%, from 3 to

w

5 wt.%, from 0.5 t0 4.5 wi. %, or from (0.5 to 1.5 wt.9%).

In some examples, the wax coraprises a mixture of different hydrocarbons, any of
which can optionally be substituted. and the mixture comprises O wt.% or more aromatic
hydrocarbons {e.g., 0.1 wt.% or more, 8.2 wt.% or more, 8.3 wi.% or more, 3.4 wt.% or more,

10 0.5 wt.% or mare, 0.6 wt.% or mwore, (.7 wt.% or more, 0.8 wi.% or more, 0.9 wi.% or more,
i wi.% or move, 1.25 wt.% or raore, 1.5 wi.% or more, 1.75 wt.% or more, 2 wi.% or more,
2.25 wt.% or more, 2.5 wt.% or more, 3 wt.% or more, 3.5 wt.% or more, 4 wt.% or more, 4.5
wi.% or more, 5.5 wt.% or more, 6 wit.% or more, 6.5 wi.% or more, 7 wi.% or more, 7.5
wi.% or more, 8 wi.% or more, 8.5 wt.% or more, 9 wt.% or more, 9.5 wi.% or more, 10

15 wt.% or more, 10.5 wt.% or more, 11 wit.% or more, 11.5 wt.% or more, 12 wt.% or more,
12.5 wt.% or more, 13 wt.% or more, 13.5 wt.% or more, or 14 wt.% or more). In some
examples, the wax comprises a roixture of different hydrocarbons, any of which can
optionally be substituted, and the mixtore comprises 15 wt.% or less aromatic hydrocarbons
{c.g., 14.5 wt% or less, 14 wt.% or less, 13.5 wt.% or less, 13 wt.% or less, 12.5 wt.% or less,

20 2 wt.% orless, 11.5 wt.% or less, 11 wt.% or less, 10.5 wi.% or less, 10 wt.% or less, 9.5
wit.% or less, & wit.% or less, 8.5 wt.% or less, 8 wi.% or less, 7.5 wt.% or less, 7 wt.% or less,
8.5 wt.% or less, 6 wi.% or less, 5.5 wt.% or less, 5 wt.% or less, 4.5 wit. % or less, 4 wi.% or
less, 3.5 wt.% or less, 3 wt.% or less, 2.5 wt.% or less, 2.25 wt.% or less, 2 wt.% or less, 1.75
wt.% or fess, 1.5 wt.% or less, 1.25 wt.% or less, | wt.% or less, .9 wit.% or less, 0.8 wt.% or

25 less, 0.7 wt.% or less, 0.6 wt.% or less, wt.% or less, (.4 wt.% or less, 0.3 wt.% or less, or
0.2 wt.% or less). The amount of the mixture comprising aromatic hydrocarbons can range
from any of the minimum values described above to any of the roaxinum values describe
above. For exarnple, the wax can comprise a mixture of different hydrocarbons, any of which
can optionally be substituted, and from 0 to 15 wt.% of the mixfure can comprise aromatic

30 hydrocarbons {e.g., from O 10 7.5 wt.%, from 7.5 to 15 wt.%, from @ to 5 wi.%, from 5 to 10
wt.%, from 10 to 15 wi.%, from 0 to 14 wt.%, from O to 12 wit.%, from 0 to 10 wt.%, from §
t0 8 wt. %, from O to 6 wit.%, from {3 to 4 wt.%, from & to 2.5 wt. %, from O to 2 wt. %, from O
10 1 wt.%, from 1 to 15 wi.%, from 2 to 15 wt.%, from 4 t0 15 wi.%, from 6 to 13 wt.%, from

10 15 wt.%, from 12 t0 15 wi.%, from 0.5 t0 14.5 wt.%, from | to 14 wt.%, or from 12 to 14
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Wt.9).
In some examples, the wax comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture comprises 8¢ - 100 wt.% saturated

hydrocarbons {e.g., 85 — 90 wt.% or 95 t0 99 wt.%); 0 — § wt.% unsaturated (non-aromatic)

w

hydrocarbons {(e.g., ¢ -2.5 wt.%. or (-1.5 wt.%); and { — 15 wt.% aromatic hydrocarbons
{e.g., 0-2.5 wt.%, or 12-14 wt.%). In some examples, the wax comprises a mixture of
different hydrocarbons, any of which can optionally be sobstituted, and the mixtore
comprises 85 — 90 wt.% saturated hydrocarbons; 0 — 2.5 wt.% vnsatorated (non-aromatic)
hydrocarbons; and 12 - 14 wt.% aromatic hydrocarbons. In some examples, the wax
10 comoprises a mixture of different hydrocarbons, any of which can aptionally be substituted,
and the mixtore comprises 95 — 99 wit.% saturated hydrocarbons; 0 — 1.5 wt.% unsaturated
(non-aromatic) hydrocarbons; and § — 2.5 wt.% aromatic hydrocarbons.
The wax can, for example, have a melting point of 30°C or more or 40°C or more. In
some examples, the wax can have a melting point of 70°C or less or 60°C or less. The
15 melting point of the wax can range from any of the minimum values described above to any
of the maximum values described above. For example, the wax can have a melting point of
from 30°C to 70°C. In some cxamples, the wax can have a melting point of from 40°C to
55°C (e.g.. from 40°C to 50°C, or from 43°C to 48°C). The melting point of the wax can be
determined by any suitable method, such as those known in the art. In some examples, the
20 melting point of the wax is determined using the steps described in ASTM D 127,
The wax can, for example, have a congealing point of 30°C or more or 40°C or more.
In some examples, the wax can have a congealing point of 55°C or less. The congealing point
of the wax can range from any of the minimum values described above to any of the
maximum values described above. For example, the wax can have a congealing point of from
25 30°C 1o 55°C (e.g.. from 435°C to 51°C). In some examples, the wax can have a congealing
point of from 40°C to 55°C (e.g., from 45°C to 51°C). The congealing point of the wax can
be determined by any suitable method, sach as those known in the art. Tn sorse examples, the
congealing point of the wax is determined using the steps described in ASTM D 938.
The wax can, for example, have a final boiling point of 300°F or more or 350°F or
30 more. In some examples, the wax can have a final boiling point of 1,300°F or less. The final
boiling point of the wax can range from any of the minimurm vahies described above to any
of the maximuom values described above. For example, the wax can have a final boiling point
of from 300°F to 1,300°F (e.g., from 650°F to 1,300°F, from 750°F to 1,300°F, or from

G50°F to 1,300°F). In some examples, the wax can have a final boiling point of 950°F to
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1,300°F (e.g., from 950°F to 1,280°F, from 1,100°F to 1.250°F, or from 993°F 10 1,235°F).
The final boiling point of the wax can be determined by any suttable method, such as those
known in the art. In some examples, the final boiling point of the wax is determined using the

steps described in ASTM D 7169,

w

The wax can, for example, have a pour point of 30°F or more. In some examples, the
wax can have a pour point of 150°F or less or 60°F or less. The pour point of the wax can
range from any of the roinimur values described above to any of the maximurn values
described above. For example, the wax can have a pour point of from 30°F to 150°F {e.g.,
from 50°F to 130°F, from 30°F to 100°F, from 30°F to 80°F, or from 30°F to 60°F). In some
10 examples, the wax can have a pour point of from 30°F to 60°F (e.g., from 30°F to 55°F, from

33°F 1o 52°F, or from 453°F to 60°F). The pour point of the wax can be determined by any
suitable method, such as those known in the art. In some examples, the pour point of the wax
is determined using the steps described in ASTM D 97.
In some examples, the wax can include one or more contaminants. Contamiinants can,
15 for example, comprise an alkali metal, an alkaline earth metal, a ransition metal, a basic
metal, a semimetal, a nonmetal, a halogen, a salt or compound thereof, or a combination
thereof. Examples of contaminants include, but are not limited to, lithium, sodiur, berylitum,
magnesium, calcium, strontivm, titaniom, vanadium, chromium, manganese, iron, cobalt,
nickel, copper, zing, molybdenum, cadmivm, mercury, aluminum, titanitm silicon, tin, lead,
20 nitrogen, phosphorus, arsenic, antimony, oxygen, sulfur, selenium, fluorine, chiorine,
bromine, compounds thereof, and comsbinations thereof. Tn somse examples, the wax includes
a4 contaminant comprising chioride, nitrogen, silicon, sodium, iron, phosphorus, sulfur,
caleium, nickel, copper, vanadium, or a combination thereof.

Contaminants are introduced during plastic fornulation and manufactaring processes

25 during the fivst life of plastic and may also be introduced during the sourcing and collection
of plastics.

For example, chlotide sources in used plastics can comprise PVDC layers. PVDC is
often used as a layer or coating in food and pharmaceutical packaging applications because it
provides excellent barrier properties against moisture, UV light, acids, salts, and detergents as

30 well as having good transparency. Despite design for recyclability forranlation changes,
PVDC is forecasted to increase at 3.2% annually through 2028 in the US. Packaging
converters produce a range of monolayer and mulu-layer packaging. Both types can become
mixed in recycled streams. Post-consurer sources will contain higher volumes of materials

containing chioride sources that can be difficult to differentiate and remove through standard
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sorting technigues.

Nitrogen sources in used plastics can, for example, be derived from pyrolysis of nylon
{e.g., Nylon 6 (PA-6), Nylon-66 (PA-66) in used plastic sources, often from food and
indusirial packaging materials. Nylon is used in multi-layer flexible packing films to protect
oxygen-sensitive foods or when excellent ol and grease resistance and high mechanical
strength are required, such as for processed meats and fish, and cheese and other dairy
products. Nylon also provides a wide cold to hot temperatare range (e.g., -60°C to 150°C),
which enables foods to move through freezer to the microwave/oven without packaging
degradation. In industrial packaging, nylon is often used as a reinforcing layer to provide high
mechanical strength and excellent abrasion and puncture resistance (for example, in
polypropylene sapersacks that contain a nylon interfayer or straps). Nitrogen can also come
from protein (food) residue on plastics that arises from the amino acids in decomposed
protein. Post-consumer sources will contain higher volumes of materials containing nifrogen
sources that can be difficalt to differentiate and remove through standard sorting techniques.

Silicon sources in used plastics can, for example, comprise silica desiccant packages.
In food packaging and processing plants, silicon products arc widely vsed as release agenis in
a wide varicty of materials and cquipment, leaving residue on plastic surfaces. Silicon s also
an additive that can be added to a wide range of materials to change the appearance, extrusion
properties, and/or end-product characteristics; this applics to films as well as two-dimensional
plastics. Post-consumer sources will contain higher volumes of materials containing silicon
sources that can be difficult to differentiate and rempove through standard sorting technigues.

Silicon dioxide (85102} can be applied in a very thin coaling to plastics, specifically
polyethylene, polypropylene, and/or polystyrene, to act as a barrier layer to inprove the shelf
life of oxygen and moisture sensitive food. This thin coating can be applied by a vacuum or
plasma deposition process; the barrier layer and the plastic forms a covalent bond. The Si0;
barrier coatings are chemically inert and enable benefits in rigid and flexible food packaging
applications, including, but not limited to, reducing oxygen and moisture permeability of
plastics, ensuring aroma protection and retention of the smell and taste of contents, not
sensitive to fluctuations in temperature and humidity, well-suited for pasteurization and
sterilization processes, and can increase shelf life of foods without the addition of
preservatives. The 510z coatings are thin, e.g. significantly thinner than a haran hair, and
therefore have a negligible imnpact on the packing weight. For this reason, coated packaging is
counsidered a mono-material that can be mechanically recycled. Recyclability tnitiatives are

promoting the use of Si0; coatings as a replacement for PYDC and Nylon barciers in flexibie
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and rigid packaging. Although these guidelines are intended for mechanically recyeled
plastics, several packaging forms and formulations are better suited for pyrolysis-based
advanced recycling. SiOz coatings have the potential to accumulate and carry forward into

each successive application (e.g., when used in rigid and flexible polyethylene and

w

polypropylene plastics that are mechanically recyeled initially, which, after a few cycles, will
then eventually become the used plastic feedstocks for advanced recycling).
Phosphorus-containing flame retardants are widely used in plastics where s rapid
oxidation consumes all the oxygen present, thereby stopping the five. Plastics commonly
containing these flame retardants include, but are not limited to, engineered plastics,
10 polyurethane foams, polyanides (e.g., nylon) and glass-fiber reinforced nylon, polyethylene
and EVA co-polymers, and intumescent coatings on foams and polypropylene textiles.
Phosphate esters are also used as flame retardant plasticizers in PVC, high impact polystyrene
(HIPS), polycarbonate (PC), and acrylonitrie butadicne styrene (ABS). Phosphorus sources
also include agricultural applications, sach as residual glyphosate in HDPE containers and

g.. mulch films). Post-consumer

o

15 residual phosphorus fertilizers on ground-level films (e.
sources will contain higher volumes of materials containing phosphorus sources that can be
difficult to differentiate and remove through standard sorting techuniques.

Sources of sulfur, calcium, sodium, iron, phosphorus, or a combination thereof are
additives, surface residues, and residual contamination of the incoming post-constmer and/or

20 post-industrial plastics. A wash step can potentially remove certain surface residues, but
would add cost and complexity to the advanced {e.g., pyrolysis based) recyching process.
Accordingly, post-consumer sources will contain higher volumes of materials containing
sources of sulfur, calcium, sodium, iron, phosphorus, or a combination thereof that can be
difficult to differentiate and remove through standard sorting techniques.

25 Copper alloys are commonly and increasingly vsed o create molds for plastic
injection molding processes due to their high thermal conductivity that removes hot spots,
reduces warpage and reduces cyele tirae, ease of machining by a variety of processes, and
corrosion resistance to water, cooling fluids and the plastics being ingected. Copper alloys
often contain nickel and silicon. Plastics manufactured in copper alloy meolds can have

30 residual amounts of copper, nickel, and silicon on their surface. In addition, the plating of
plastic with nickel and copper can be an effective means of protecting a substrate against
corrpsion from environmental exposure and make i more resistant to damage from chemicals
used in the manufacturing process. In some instances, the plating on plastic can increase the

hardness, strength, and wear resistance of the substrate. The presence of copper and nickef on
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the surface of both pre-consumer and post-consumer sources can be difficult to differentate
and remove through standard sorting technigues.

in some examples, the wax has a total chioride content of 50 ppm or fess (e.g., 45
ppm or less, 40 ppm or less, 35 ppa or less, 30 ppm or less, 25 ppm or less, 20 ppio or less,
15 ppm or less, 10 ppm or less, 9 ppm or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, 5
ppm or less, 4.5 ppm or less, 4 ppm or fess, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2
ppm ot less, 1.5 ppm or less, 1 ppm or less, 0.75 ppm or less, 0.5 ppm or less, 0.25 ppmo or
less, 6.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppm or less, 0.01 ppm or
less, 0.0075 ppm or less, or 0.005 ppm or less). In some examples, the wax is substantially
free of chlorides. The total chloride content of the wax can be determined by any suitable
method, such as those known in the art. In some exaraples, the total chloride content of the
wax is determined using the steps deseribed in ASTM D 7359,

in some examples, the wax has a nifrogen content of 300 ppm or less (e.g., 275 ppro
or less, 250 ppm or less, 225 ppm or less, 200 ppm or less, 175 ppro or less, 150 ppm or less,
125 ppm or less, 100 ppm or less, 75 ppm or less, 50 ppm or less, 45 ppm or less, 40 ppm or
less, 35 ppim or less, 30 ppm or less, 25 ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm
or less, 9 ppm or less, 8 ppm or less, 7 ppro or less, 6 ppot or kess, 5 ppim or less, 4.5 ppm or

ess, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or
fess, 1 ppm oor less, .75 ppm or fess, 0.5 ppm or less, 0.25 ppm or less, 0.1 ppm or less, 0.073
ppin or less, 0.05 ppot or less, 0.025 ppm or less, 0.01 ppm or less, 0.0075 ppra or less, or
0.005 ppm or less). In some exaroples, the wax is substantially free of nitrogen. The nitrogen
content of the wax can be determined using any suitable method, such as those known in the
art. In some examples, the nitrogen content of the wax is determined using the sieps
described in ASTM D 4629,

The wax can, for example, have a silicon content of 125 ppm or less (e.g., 100 ppm or
less, 75 ppm or less, 50 ppm or less, 45 ppm or less, 40 ppm or less, 35 ppm or less, 30 ppm
or less, 25 ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm or less, 9 ppra or less, 8§ ppm
or less, 7 ppim or less, 6 ppm or less, 5 ppm or less, 4.5 ppoi or less, 4 ppra or less, 3.5 ppm or
less, 3 ppm or fess, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, .75 ppm
or less, (.3 ppm or less, 0.25 ppm or less, 0.1 ppra or less, 0.075 ppm or fess, 0.05 ppm or
less, 0.025 ppro or less, 0,01 ppm or less, 0.0075 ppro or less, or 0.0035 ppm or less). In some
examples, the wax is substantially free of silicon. The silicon content of the wax can be
determined using any suitable method, such as those known in the art. Tn some exaroples the

silicon content of the wax is determined using the steps described in ASTM D 5185,

P
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The wax can, for example, have a sodiam content of 150 ppro or less {e.g., 125 ppm
or less, 100 ppm or less, 75 ppm or less, 50 ppm or less, 45 ppm or less, 40 ppm or less, 35
ppmr or less, 30 ppm or less, 25 ppm or less, 20 ppm or less, 15 ppm or less, 16 ppm or less, 9
ppnt or less, 8 ppr or less, 7 ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppmo or less, 4
ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, |
ppm or less, .75 ppnt or less, 0.5 ppm or less, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm
or less, .05 ppm or less, 0.025 ppm or less, .01 ppm or less, 0.0075 ppm or less, or 0.00S
ppm or less). In some examples, the wax is substantially free of sodium. The sodiom content
of the wax can be determined by any suitable method, such as those known in the art. In some
examples, the sodiurm content of the wax is determined using the steps deseribed in ASTM D
5185,

The wax can, for example, have an tron content of 10 ppm or less {e.g.. 9 ppm or less,
& ppm or fess, 7 ppm or less, 6 ppm or fess, 5 ppm oor less, 4.5 ppm or less, 4 ppm or less, 3.5
ppa ot less, 3 ppm or less, 2.5 ppro or less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less,
0.75 ppm or less, 0.5 ppm or less, (.25 ppm or less, 0.1 ppm or less, 3.075 ppm or less, .05
ppm or less, §.025 ppm or less, 0.0 ppm or less, 0.0075 ppm or less, or 0.005 ppm or less).
In some exaroples, the wax is substantially free of iron. The iron content of the wax can he
determined using any suitable method, such as those known in the art. In some examples the
iron content of the wax is determined using the steps described in ASTM D 5185.

The wax can, for example, have a phosphorus content of S0 ppm or less {(¢.g., 45 ppm
or less, 40 ppm or less, 35 ppm or less, 30 ppm or less, 25 ppm or less, 20 pprm or less, 15
ppm or less, 10 ppm or less, 9 ppm or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, 5 ppm
or less, 4.5 ppm or less, 4 ppro ot {ess, 3.5 ppm or less, 3 ppm or fess, 2.5 ppm or {ess, 2 ppnt
or less, 1.3 ppmor less, 1 ppro or less, 0.75 ppm or less, 0.5 ppm or less, 0.25 ppio or less,
(.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppm or less, 0.01 ppm or less,
4.0075 ppm or less, or $.005 ppnt or less). In some exanmiples, the wax can be substantially
free of phosphorus. The phosphoruas content of the wax can be determined using any suitable
method, such as those known in the art. In sorue examples, the phosphorous content of the
wax is determined using the steps described in ASTM D 5185.

The wax can, for example, have a selfur content of 500 ppm or less (e.g., 475 ppm ot
less, 450 ppm or less, 425 ppm or less, 400 ppm or less, 375 ppm or less, 350 ppm or less,
325 ppm or less, 300 ppm or less, 275 ppm or less, 250 ppm or less, 225 ppm or less, 200
ppm ot less, 175 ppro or less, 150 ppm or fess, 125 ppm or less, 100 ppo or less, 75 ppm or

fess, 50 ppmoor less, 45 ppm or less, 40 ppro or fess, 35 ppoor less, 30 ppm or less, 25 ppm
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orless, 20 ppm or less, 15 ppm or less, 10 ppm or less, Y ppm or less, 8 ppm or less, 7 ppm or
less, & ppm or less, 5 ppny or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or
less, 2.5 ppm or less, 2 ppm or less, 1.5 ppmoor less, 1 ppim or less, 0.75 ppm or less, (.5 ppm
or less, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppm or
ess, 0.01 ppm or less, 0.0075 ppm or less, or G.005 ppm or less). In some examples, the wax
can be substantially free of sulfur. The sulfur content of the wax can be determined by any
suitable methods, such as those known in the art. In some examples, the sulfur content of the
wax is determined uvsing the steps described in ASTM D 4284,

The wax can, for cxample, have a calcium content of 50 ppra or less {e.g., 45 pp or
less, 40 ppim or less, 35 ppm or less, 30 ppm or less, 25 ppim or less, 20 ppm or fess, 15 ppm
or less, 10 ppm or less, 9 ppm or less, 8 ppra or less, 7 ppmoor less, 6 ppm or less, 5 ppmoor
less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppmt or
fess, 1.5 ppra or less, 1 ppm or less, .75 ppra or less, 0.5 ppm or less, .25 ppm or fess, 0.1
ppm or less, 0.075 ppm or less, .05 ppro or less, 0.025 ppm or less, 0.01 ppro or less, 0.0075
ppm or less, or 0.005 ppm or less). In some examples, the wax can be substantially free of
caleium. The calcium content of the wax can be determined using any suitable methods, such
as those known in the art. In some exaraples, the calcium content of the wax is determined
using the steps described in ASTM D 5185,

The wax can, for example, have a copper content of 14 ppm or less {¢.g., 9 ppm ot
fess, 8 ppm or less, 7 ppro or less, 6 ppm or less, S ppm or less, 4.5 ppm or less, 4 ppm or
fess, 3.5 ppro ot less, 3 ppm or less, 2.5 ppro or less, 2 ppmoor less, 1.5 ppm or less, 1 ppm or
less, .75 ppm or less, 0.5 ppm or less, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less,
0.08 ppm or less, 0.025 ppm or less, 0.01 ppra or less, 0.0075 ppmo or less, or (.003 ppm or
less). In some examples, the wax can be substantially free of copper. The copper content of
the wax can be determined using any suitable method, such as those known in the art. In
some exampiles, the copper content of the wax is determined using the steps described in
ASTM D 5185,

The wax can, for example, have a nicke] content of 100 ppm or less (e.g., 95 ppm or
less, 90 ppm or less, 85 ppm or less, 8Q ppm or less, 75 ppm or less, 70 ppm or less, 65 ppm
or less, 60 ppm or less, 35 ppm or less, 50 ppm or less, 45 ppm or less, 40 ppm or less, 35
ppm or less, 30 ppm or less, 25 ppro or less, 20 ppm or less, 15 ppm or less, 10 ppro or less, 9
ppm or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppm or less, 4
ppm ot less, 3.5 ppm or less, 3 ppra or fess, 2.5 ppra or less, 2 ppm or less, 1.5 ppm or less, |

ppm or less, 0.75 ppo or less, 0.5 ppm or fess, .25 ppm or less, (.1 ppm or less, 0.075 ppin
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or less, .05 ppm or less, 0.025 ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or 0.00S
ppm or less). In some examples, the wax can be substantially free of nickel. The nickel
content of the wax can be determined using any suitable methed, such as those known in the
art. In some examples, the nickel content is determined using the steps described in ASTM D

5183,

w

The wax can, for example, have a vanadium content of 25 ppm or less {e.g., 20 ppm
or less, 15 ppm or less, 10 ppm or less, 9 ppm or less, B ppra or less, 7 ppm or less, 6 ppm or
less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or
less, 2 ppm or fess, 1.5 ppm or less, 1 ppm or less, §.75 ppm or less, 0.5 ppm or less, (.25

10 ppmorless, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppro o less, 0.025 ppm or less, .01
ppm or less, 0.0075 ppm or tess, or 0.003 ppm or less). In some examples, the wax can be
substantially free of vanadium. The vanadiom content of the wax can be determined using
any suitable roethod, such as those known in the art. In some examples, the vanadium countent
of the wax is determined using the steps described in ASTM D 5135.

15 In some examples, the wax has a total chloride content of 50 ppm or less; a nitrogen
content of 300 ppm or less; and a silicon content of 125 ppm or less. In sonie examples, the
wax has a total chloride content of 50 ppm or less; a nitrogen content of 300 ppm or less; a
silicon content of 123 ppm or less: and a sodiam content of 150 ppm or less. In some
exaraples, the wax has a total chloride content of 50 ppm or less; a nitrogen content of 300

20 ppm or less; a silicon content of 125 ppm or less; a sodium content of 150 ppm or less; an
iron content of 10 ppro or less; a sulfur content of 500 ppm or less; and a calcium content of
50 ppm or less. In some examples, the wax has a total chloride content of 50 ppm or less; a
nitrogen content of 300 ppm or less; a silicon content of 123 ppo or less; a sodium content of
150 ppm or less; an fron content of 10 ppm or less; a phosphorus content of 30 ppm or less; a

25 sulfur content of 500 ppm or less; and a calcium content of 50 ppm or less. In some
examples, the wax has a total chloride content of 50 ppm or less: a nitrogen content of 300
ppm ot less; a silicon content of 125 ppm or less; a sodium content of 150 ppm or less; an
iron content of 10 ppro or less: a phosphorus content of 50 ppm or less; a sulfur content of
500 ppm or less; a calcium content of 50 ppm or less; a copper content of 10 ppm or less; a

30 nickel content of 100 ppro or fess; and a vanadivn content of 25 ppm or less.

1n some examples, the wax has a total chloride content of 25 ppru or less; a nitrogen
content of 300 ppm or less; and a silicon content of 100 ppm or less. In some examples, the
wax has a total chioride content of 25 ppm or less; a nitrogen content of 300 ppm or less; a

silicon content of 100 ppra or less; and a sodivm content of 10 ppm or less. In some
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exaroples, the wax has a total chloride content of 25 ppm ot less; a nitrogen content of 300
ppm or less; a siticon content of 100 ppm or less; a sodium content of 10 ppm or less; an iron
content of 10 ppm or less; a sulfur content of 10 ppm or less; and a calcium content of 5 ppm
or less. In some examples, the wax has a total chloride content of 25 ppm or less; a nitrogen
content of 300 ppm or less; a silicon content of 100 ppm or less; a sodium content of 10 ppm
or less; an iron content of 10 ppnt or less; a phosphorus content of 50 ppm or less; a sulfur
content of 10 ppm or less; and a calcium content of 5 ppm or less. In some examples, the wax
has a total chloride content of 25 ppnt or less; a nitrogen content of 300 ppm or less; a silicon
content of 100 ppm or less; a sodium content of 10 ppm or less; an iron content of 10 ppm or
less; a phosphorus content of 50 ppm or fess; a sulfur content of 10 ppm or less; a calcium
content of 5 ppro ot less: a copper content of 10 ppro or less; a nickel content of 100 ppro or
less; and a vanadium content of 25 ppm or less.

The wax can, for example, have a Gardner color of 2 or more. In some exaroples, the
wax can have a Gardner color of 8 or less. The Garduer color of the wax can range from any

3

of the minimum values described above to any of the maximum values described above. For
example, the wax can have a Gardner color of from 2 to 8 (e.g., from 2.5 to 8, or from 6.5 to
8). The Gardner color of the wax can be determined using any suitable method, such as those
known in the art. In some examples, the Gardner color of the wax is determined using the
steps described in ASTM D 1500.

The wax can, for example, have an ol content of 5% or more by weight (e.g., 10% or
maore, 13% or more, 20% or more, 25% or more, 30% or more, 35% or more, or 40% or
more). In some examples, the wax can have an oil content of 50% or less (e.g., 43% or less,
40% or less, 35% or less, 30% or less, 25% or less, 20% or less, 15% or fess, or 10% or less).
The oil content of the wax can range from any of the miniroum values described above to any
of the maximuom values described above. For example, the wax can have an oil content of
from 5% to 50% (e.g., from 5% to 25%, from 25% to 50%, from 5% to 15%, from 18% to
15%, from 15% to 20%, from 20% t0 25%, from 25% to 30%, from 30% to 35%, from 35%
to 40%, fromn 40% to 453%, from 453% to 50%, from 5% to 45%, from 5% to 40%, from 3% to
35%, from 5% to 30%, from 5% to 20%, trom 5% to 15%, from 10% to 50%, from 15% to
0%, from 20% to 50%, from 30% to 50%, from 35% to 50%, from 40% to 50%, from 10%
t0 45%, or from 25% to 45%). The o1l content of the wax can be determined vsing any
suttable method, for example those known in the art. In some examples, the il content of the
wax is determined using the steps described in ASTM D 721,

The wax can, for example, have a Reid Vapor Pressure of 12.5 psig or fess (e.g., 12
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psig or fess, 11.5 psig or less, 11 psig or less, 10.5 psig or less, 10 psig or less, 9.5 psig or
less, 9 psig or less, 8.5 psig or less, 8 psig or less, 7.5 psig or less, 7 psig or less, 6.5 psig or
less, 6 psig or less, 5.5 psig or less, 5 psig or less, 4.5 psig or less, 4 psig or less, 3.5 psig or

less, 3 psig or less, or 2.3

psig or less). In some examples, the wax can have a Reid Vapor
Pressure of 2 psig or more (e.g., 2.5 psig or more, 3 psig or more, 3.5 paig or more, 4 psig or
more, 4.5 psig or more, 5 psig or more, 5.5 psig or more, 6 psig or more, 6.5 psig or more, 7
psig or more, 7.5 psig or more, 8 psig or more, 8.5 psig or more, 9 psig or more, 9.5 psig or
maore, 18 psig or more, 10.5 psig or more, or 11 psig or more). The Reid Vapor Pressure of
the wax can range from any of the minimum values described above to any of the maximum
values described above. For example, the wax can have a Reid Vapor Pressure of from 2 to
12.5 psig {e.g., from 5 to 7 psig, from 7 to 12.5 psig, from 2 to 4 psig, from 4 to 6 psig, from
6 to 8 psig, from 8 to 10 psig. from 10 to 12.5 psig, from 2 to 12 psig, from 2 to 11 psig, from
2 w0 10 psig, from 2 to 9 psig, from 2 to 8 psig, from 2 to 6 psig, from 2 to 5 psig, from 3 to
12.5 psig, from 4 to 12.5 psig, from 5 to 12.5 psig, from 6 to 12.5 psig, from 7 to 12.5 psig,
from 8 to 12.5 psig, from 8 to 12.5 psig, from 3 to 12 psig, from 5 to 11 psig. or from 7 to 10
psig). The Reid Vapor Pressure of the wax can be determined using any suitable method,
such as those known in the art. In some exaraples, the Reid Vapor Pressure of the wax is
determined using the steps described in ASTM D §191.

The wax can, for example, have a water by distillation amount of 0.5 vol.% or fess
{e.g., 0.45 vol.% or less, 0.4 vol.% or less, (.35 vol.% or less, 6.3 vol.% or less, 0.25 vol.% or
fess, 0.2 vol.% or less, .15 vol.% or fess, 0.1 vol.% or fess, $.075 vol.% or less, 8.05 vol.%
or less, 0.025 vol.% or less, or 8.01 vol.% or less). In some examples, the wax can have a
water by distillation amount of § vol.% or more {e.g., 0.01 vol.% or more, 0.025 vol.% or
more, $.03 vol.% or more, 0.0735 vol.% or more, .1 vol.% or more, (.15 vol.% or more, .2
vol. % or more, 0.25 vol.% or more, 0.3 vol.% or more, .35 vol.% or more, or 0.4 vol.% or
more). The amount of water by distitiation in the wax can range from any of the minimum
values described above to any of the maxiroum values described above. For example, the wax
can have a water by distilation amount of from 0 to 0.5 vol.% (e.g., from 0 to 0.23 vol.%,
from 0.25 to 0.5 vol.%, trom 0 to 0.1 vol.%, from 0.1 to 0.2 vol.%, from 0.2 to (.3 vol.%,
from 4.3 t0 0.4 vol.%, from 0.4 t0 0.5 vol.%, from Oto 3.4 vol.%, from 0 t0 8.3 vol %, from
to 0.2 vol.%, from § to 0.05 vol.%, or from 0 to .01 vol.%). The amount of water by
distillation in the wax can be determined by any suitable method, such as those known in the
art. In some examples, the water by distillation amount in the wax is determined using the

steps described in ASTM D 95,
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The wax can, for example, have a total sediment content of 0.5 vol.% or less (e.g.,
0.45 vol.% or less, 0.4 vol.% or less, .35 vol.% or fess, 0.3 vol.% or less, 0.25 vol. % or less,
0.2 vol.% or less, 0.15 vol.% or less, 0.1 vol.% or less, 0.075 vol.% or less, .05 vol.% o
less, §.025 vol.% or less, or 0.01 vol.% or less). In some examples, the wax can have a total
sediment content of § vol.% or more (e.g.. 0.01 vol.% or more, 0.025 vol.% or more, 8.05
vol. % or more, 8.075 vol.% or more, 0.1 vol.% or more, 8.15 vol.% or more, (1.2 vol.% or
more, 0.25 vol.% or more, 0.3 vol.% or more, .35 vol.% or more, or (.4 vol.% or more). The
total sediment content of the wax can range from any of the minimum values described above
to any of the maximum values described above. For example, the wax can have a total
sediment content of from 0 10 0.5 vol.% (e.g., from 0 to 0.25 vol.%, from 0.25 t0 0.5 vol. %,
from 0 to 0.1 vol.%, from 0.1 to 0.2 vol.%, from 0.2 10 0.3 vol.%, from 0.3 to 0.4 vol.%, from
0.4 to 0.5 vol. %, from O to 8.4 vol.%, from 0 to 0.3 vol.%, from O to 0.2 vol.%, from 0 10 0.05
vol.%, or from § to 0.01 vol.%}). The total sediment content of the wax can be determined by
any suitable roethod, such as those known in the art. In some examples, the total sedimpent
content of the wax is determined using the steps described in ASTM D 4870

The wax can, for example, have an n-heptane insoluble content of 0.5 wt.% or less
{e.g.. 0.45 wit.% or less, 0.4 wt.% or less, 0.35 wi.% or less, 0.3 wt.% or less, 0.25 wt.% or
less, 0.2 wt.% or less, 015 wt.% or less, 0.1 wt.% or less, 0.075 wt.% or less, .05 wt.% or
fess, §.025 wt.% or less, or .01 wt.% or less). In some exarples, the wax can have an n-
heptane insoluble content of § wt.% or more (e.g., .01 wt.% or more, 8.025 wi.% or note,
0.05 wt.% or more, 0.075 wi.% or more, 0.1 wt.% or more, 8.15 wt.% or more, 0.2 wt.% or
more, 3.25 wt.% or more, 0.3 wt.% or more, .35 wt.% or more, or .4 wt.% or more). The n-
heptane insoluble content of the wax canrange from any of the minimuro values described
above to any of the maximum values described above. For example, the wax can have an n-
heptane insoluble content of from G to 0.5 wi.% {e.g., from 0 10 0.25 wt.%, from 0.25 0 0.5
wi.%, from 0 to 0.1 wt.%, front 0.1 t0 0.2 wt.%, from 0.2 t0 0.3 wt.%, from (.3 t0 0.4 wt.%,
from (.4 1o 0.5 wt.%, from O to 0.4 wt.%, from 0 10 0.3 wt.%, from 0 to 0.2 wt.%, from O to
0.05 wt.%, or from 0 to 0.01 wt.%). The n-heptane insoluble content of the wax can be
determined by any suitable method, such as those known in the art, In some examples, the n-
heptane insoluble content of the wax is deterniined using the steps described in ASTM D
3279,

The wax can, for example, have a total acid number of 1 mg KOH/g or less {e.g., 0.9
mg KOH/g or less, 0.8 mg KOH/g or less, 0.7 mg KOH/g or less, (.6 mg KOH/g or less, 0.5
mg KOH/g or less, 0.4 mg KOH/g or less, 0.3 mg KOH/g or less, 0.2 mg KOH/g or less, or
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0.1 mg KOH/g or less). In some examples, the wax can have a total acid number of 0 rag
KOH/g or more (e.g., .1 mz KOH/g or more, 0.2 mg KOH/g or more, 0.3 mg KOH/g or
maore, 3.4 mg KOH/g or more, 0.5 mg KOH/g or more, 0.6 mg KOH/g or more, .7 mg
KOH/g or moore, 0.3 mg KOH/g or more, or 0.9 mg KOH/g or more). The total acid number
of the wax can range from any of the minimum values described above to any of the
maxinmum values described above. For example, the wax can have a total acid number of
from { to 1 mg KOH/g {e.g., from { to 0.5 mg KOH/g. from 0.5 to 1 mg KOH/g, from O 1o
0.2 mg KOH/g, from 0.2 w0 0.4 mg KOM/g, from 0.4 toc 0.6 mg KOH/g. from 0.6 to 0.8 mg
KOH/g, from 0.8 to 1 mg KOH/g, from 0 to 0.8 mg KOH/g, from 0 to 0.6 mg KOH/g, from §
to 0.4 mg KOH/g, or from O t0 0.1 mg KOH/g). The total acid number of the wax can be
deterroined using any suitable method, such as those known in the art. In some examples, the
total acid number of the wax is determined using the steps deseribed in ASTM D 664,

In some examples, the wax has a Reid Vapor Pressure of 12.5 psig or less; and a final
boiling point of 300°F to 1,300°F. In some examples, the wax has a Reid Vapor Pressure of
12.5 psig or less; and a final boiling peint of 950°F w 1,300°F. In some examples, the wax
has a Reid Vapor Pressure of from 7 to 10 psig; and a final boiling point of from 995°F o
1,235°F.

In some examples, the wax has a Reid Vapor Pressure of 12.5 psig or less; and a pour
point of 30°F to 150°F. In some examples, the wax has a Retd Vapor Pressure of 12.5 psig or
fess; and a pour point of 30°F to 60°F. In sone examples, the wax has a Reid Vapor FPressure
of from 7 to 10 psig; and a pour point of from 33°F to 52°F.

In some examples, the wax has a final boiling point of 3060°F to 1.300°F; and a pour
point of 30°F to 150°F. In some exaraples, the wax has a final boiling point of 950°F 1o
1,300°F; and a pour point of 30°F 1o 60°F. In some exarnples, the wax has a final boiling
point of from 995°F to 1,235°F; and a pour point of from 33°F to 52°F.

In some examples, the wax has a Reid Vapor Pressure of 12.5 psig or less; a final
boiling point of 300°F to 1,300°F; and a pour point of 30°F to 150°F. In some examples, the
wax has a Reid Vapor Pressure of 12.5 psig or less; a final boiling point of 950°F to 1,300°F;
and a pour point of 30°F to 60°F. In some examples, the wax has a Reid Vapor Pressure of
from 7 to 10 psig; a final botling point of from 995°F to 1,235°F; and a pour point of from
33°%F 1o S2°F.

In some examples, the wax has a Reid Vapor Pressare of 12.5 psig or less; a final
boiling point of 300°F to 1,300°F; a pour point of 30°F to 150°F, a total chloride content of

50 ppro or less; a nitrogen content of 300 ppm or less; a silicon content of 125 ppm or less; a
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sodium content of 130 ppm or less; an iron content of 10 ppro ot less; a phosphorus content
of 50 ppm or less; a sulfur content of 500 ppm or less; and a calcium content of 50 ppm or
less. In some examples, the wax has a Reid Vapor Pressure of 12.5 psig or less; a final

boiling point of 930°F to 1,300°F; a pour point of 30°F to 60°F; a total chloride content of 50

w

ppm or less; a nitrogen content of 300 ppm or less; a sificon content of 125 ppm or less; a
sodivm content of 150 ppm or less; an iron content of 10 ppm or less: a phasphorus content
of 50 ppm or less; a sulfur content of 500 ppm or less; and a calcium content of 50 ppm or
less. In some examples, the wax has a Reid Vapor Pressure of from 7 to 10 psig; a final
boiling point of from 995°F to 1,235°F; a pour point of from 33°F to 52°F; a total chioride
10 content of 25 ppra or less; a nifrogen content of 300 ppro or fess; a silicon content of 100 ppm
or less; a sodium content of 10 ppm or less; an iron content of 10 ppm or less; a phosphorus
content of 50 ppm or less; a sulfor content of 10 ppm or less; and a calcium content of S ppm
or less.
In some examples, the wax is a raw pyrolysis product, meaning the wax is produced
15 by a method that substantially excludes any hydrotreatment or further refining steps after
pyrolysis,
il
Also disclosed herein are cils dertved from pyrolysis of a feedstock comprising post-
consumer and/or post-industrial plastics. In some examples, the oif can be produced via
20 pyrolysis at an industrial scale.
In some examples, the oil is lquid at ambient temperature and ambient pressure.
In some examples, the oil comprises relatively short-chain hydrocarbons that are a
liguid at ambient teraperature and ambient pressure.
The oil can, for example, have a number average molecular weight and/or a weight
25  average molecular weight of 50 Daltons or more {e.g.. 55 Daltons or more, 60 Daltons or
more, 65 Daltons or more, 70 Daltons or more, 75 Daltons or more, 80 Daltons or more, 85
Daattons or more, 90 Daltons or more, 85 Daltons or more, 180 Daltons or more, 110 Daltons
or more, 120 Daltons or more, 130 Daltons or more, 140 Daltons or more, 150 Daltons or
maore, 160 Daltons or more, 170 Daltons or more, 180 Daltons or more, 190 Daltons or more,
30 200 Daltons or more, 225 Daltons or more, 250 Daltons or more, 275 Daltons or more, 300
Dhajtons or more, or 323 Daltons or more). In some examples, the o1l can have a number
average molecular weight and/or a weight average molecular weight of 350 Dialtons or less
(e.g., 325 Daltons or less, 300 Daltons or fess, 275 Daltons or less, 250 Daltons or less, 225

Paltons or less, 200 Daltons or less, 190 Daltons or less, 180 Daltons or less, 170 Daltons or
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fess, 160 Daltons or less, 150 Daltons or less, 140 Daltons or less, 130 Daltons or less, 120
Daltons or less, 114 Daltons or less, 100 Daltons or less, 95 Daltons or less, 90 Daltons or
less, 85 Daltons or less, 80 Daltons or less, 75 Daltons or less, 70 Daltons or less, 65 Daltons
or less, or 60 Daltons or less). The number average molecular weight and/or a weight average
molecular weight of the oil can range from any of the nunimum values deseribed above to
any of the maximum values described above. For example, the oil can have a number average
molecular weight and/or a weight average molecular weight of from 50 to 350 Daltons {e.g.,
from 50 to 200 Daltons, from 20{ to 350 Daltons, from 53 to 150 Daltons, from 156 to 250
Daltons, from 250 to 350 Daltons, from 50 to 300 Daltons, from 50 to 250 Daltons, from 50
to 100 Daltons, from 75 to 330 Daltons, from 100 o 350 Daltons, from 150 to 350 Daltons,
from 300 to 350 Daltons, from 75 to 325 Daltons, or from 100 to 300 Daltons). In some
examples, the oil can have a number average molecular weight andfor a weight average
molecular weight of from 50 to 300 Daltons. In some examples, the oil can have g number
average molecular weight and/or a weight average molecular weight of from 50 to 230
DBaltons.

The oil comprises a mixture of different hydrocarbons {e.g., linear, branched, cyclic,
acyclic, saturated, unsaturated, aromatic, non-aromatic, ete.), any of which can optionally be
substituted. In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 70% or more of the mixture (w/w}) comprises Ci-Cop
hydrocarbons {e.g., 71% or more, 72% or more, 73% or more, 74% or more, 75% or mote,

i ~

T6% ore, 77% ¢ we, T8% or move, 79% ore, 303% or more, 81% or more, 82%
76% or more, 7 or aore, 78% or mwove, 79% or more, 80% or more, §81% or more, 82% or
mare, 83% or more, 84% or more, 85% or more, 86% or more, 87% or more, 88% or more,

9% or mare, 90% or more, 90.5% or e, 91% ore, 91.5% nore, 92% or more,
89% or more, 80% or more, 90.5% or more, ¢1% or more, 91.5% or more, 92% or more
92.5% or more, 93% or more, 93.3% or more, 94% or more, 94.5% or more, 95% or more,

5.5% o we, 96% or i ,96.5% or , 97% ore, 97.5% ore, 98% or more,
95.5% or more, 96% or more, 96.5% or more, 7% or more, 97.5% or more, 98% or more
98.5% or more, or 99% or more). In some examples, the oil comprises a mixture of different
hydrocarbons, any of which can optionally be substituted, and 100% or less of the mixture
{(wiw) comprises Ci~Coo hydrocarbons {e.g., 99.5% or less, 99% or less, 98.5% or less, 98%
or less, 97.5% or less, 97% or less, 96.5% or less, 96% or less, 95.5% or less, 895% or less,
94.5% or less, 94% or less, 93.5% or less, 93% or less, 92.5% or less, 92% or less, 91.5% or
ess8, 91% or fess, 90.5% or less, 90% or less, 39% or less, 88% or less, 87% or less, 86% or
less, 859 or less, 84% or less, 83% or less, 82% or less, 819% or less, 80% or less, 79% or

-

fess, 78% or less, 77% or less, 76% or less, 75% or ess, 74% or less, 73% or {ess, 72% or

fess, or 71% or less). The arpount of the suxture comprising C1-Cop hydrocarbons can range
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from any of the minimum values described above to any of the roaxinum values describe
above. For example, the oil comprises a mixture of different hydrocarbons, any of which can
optionally be substituted, and from 70% to 100% of the mixture (W/w) can comprise {1-Cao
hydrocarbons (e.g., from 70% to 85%. from 85% to 100%, from 70% to 80%, from 80% to
0%, from 90% to 100%, from 70% to 95%. from 70% o 90%, from 70% to 75%, from 75%
to 100%, from 80% to 130%, or from 75% to 95%). In some examples, the oil comprises a
mixture of different hydrocarbons, any of which can optionally be substituted, and from 90%
to 100% of the mixture {w/w) can comprise C1-Cap hydrocarbons {e.g., from 90% to 95%,
from 95% to 100%, from 90% to 92%, from 92% to 94%, from 94% to 96%, from 96% to
98%, from 98% to 100%, from 90% to 98%, from 90% to 96%, from 90% to 94%, irom 92%
to 100%. from 94% to 100%, from 96% to 100%, from 1% to 99%, from 92% to 98%,

from 929% to 96%

The oil comprises a uxture of different hydrocarbons {e.g., lincar, branched, cyclic,
acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.), any of which can optionally be
substituted. Inn some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 70% or more of the mixture {w/w) comprises C4-Cao
hydrocarbons (e.g., 71% or more, 72% or more, 73% or more, 74% or more, 75% or more,
T6% or more, 77% or more, 78% or more, 79% or more, 80% or more, 81% or more, 82% or
more, 83% or more, 84% or more, 83% or more, 86% or more, 87% or more, 88% or more,
9% or more, 0% or more, 90.5% or more, 91% or more, 91.5% or more, 92% or more,
§2.5% or more, 93% or more, 93.5% or more, 94% or more, 94.5% or more, 95% or more,
95.5% or more, 96% or more, 96.5% or more, 97% or more, 97.5% or more, 98% or more,
98.5% or more, or 99% or more). In some examples, the oil comprises a mixture of different
hydrocarbons, any of which can \)pnmail\/ be substituted, and 100% or less of the mixture
{wiw) comprises Cyg-Cop hydrocarbons {e.g., 99.5% or less, 98% or less, 98.5% or less, 98%
or less, 97.5% or less, 97% or less, 96.5% or less, 96% or less, 95.5% or less, 95% or less,
94.5% or less, 94% or less, 93.53% or less, 93% or less, 92.5% or less, 92% or less, 91.5% or
fess, 91% or less, 90.5% or less, 90% or less, 89% or less, 88% or less, 87% or less, 86% or
less, 85% or less, 84% or less, 3% or less, 82% or less, 81% or less, 80% or less, 79% or
less, 78% or less, 77% or less, 76% or fess, 75% or less, 74% or less, 73% or less, 72% or
less, or 71% or less). The amount of the mixture comprising C4-Cao hydrocarbons can range
from any of the minimum values deseribed above to any of the maximum values described
above. For example, the ol comprises a mixture of different hydrocarbons, any of which can

aptionally be substituted, and from 70% to 100% of the mixuure (w/w) can comprise Cs-Cap

w
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hydrocarbons (e.g., from 70% to 85%, from 85% to 100%, from 70% to 80%, from 30% to

£
90%, from 90% to 100%, from 70% to 95%, from 70% to 0%, from 70% to 75%, from 75%
to 100%, from 80% to 100%, or from 75% to 95%). In some examples, the oil comprises a

mixture of different hydrocarbons, any of which can optionally be substituted, and from 90%

w

to 100% of the mixture (w/w) can comprise Ca-Coo hydrocarbons (e.g.. from 90% to 95%.
from 95% to 100%, from 90% to 92%, from 92% to 949, from 94% to 96%, from 96% o
GR%, from 98% to 100%, from 90% to 98%, from 90% o 96%, from 90% to 94%, from 92%
to 100%, from 94% to 100%, from 96% to 100%, from 917% t0 99%, from 92% to 98%, or
from 92% to 96%;).

10 The oil coraprises a roixiure of different hydrocarbons {e.g., linear, branched, cyclic,
acyelic, saturated, unsaturated, aromatic, non-aromatic, ete.), any of which can optionally be
substituted. In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 70% or more of the mixture (w/w) corprises Cs-Cao
hydrocarbons {(e.g., 71% or more, 72% or more, 73% or more, 74% or more, 75% or more,

15 76% or more, 77% or more, 78% or more, 79% or more, 30% or more, §1% or more, 82% or

more, 83% or more, 4% or more, 85% or more, 86% or more, 7% or more, 88% or more,

89% or more, 90% or more, 90.5% or more, 91% or more, 81.5% or more, 92% or more,

92.5% or more, 93% or more, 93.5% or more, 84% or more, 94.5% or more, 95% or more,

9

3.
20 98.5% or more, or 99% or more). fo some examples, the oil comprises a puxture of different

~ 07

5% or more, 96% or more, 26.5% or more, 97% or more, 97.5% or more, 98% or more,

hydrocarbons, any of which can optionally be substituted, and 100% or less of the mixture
{w/w) comprises C4-Cao hydrocarbons {e.g., 99.5% or less, 99% or less, 98.5% or less, 98%
or less, 97.5% or less, 97% or less, 86.5% or less, 96% or less, 95.5% or less, 95% or less,
94.5% or less, 94% or less, 93.5% or less, 93% or less, 92.5% or less, 92% or less, 91.5% or
25 less, 1% or less, 90.5% or less, 90% or less, 39% or less, 88% or less, 87% or less, &6% or
less, 859% or less, 84% or less, 83% or less, 82% or less, 819% or less, 80% or less, 79% or
fess, 78% or less, 77% or less, 76% or less, 75% or less, 74% or less, 73% or less, 72% or
fess, or 71% or less). The arpount of the mixture comprising Ca-Coo hydrocarbons can range
from any of the minimum values described above to any of the maximum values described
30 above. For exaniple, the oil coraprises a mixture of different hydrocarbous, any of which can
optionally be sabstituted, and from 70% to 100% of the mixture (w/w) can comprise Ca-Cog
hydrocarbons (e.g., from 70% to 85%, from 85% to 100%, from 70% to 80%, from 80% to
80%, from 90% to 100%, from 70% to 95%, from 70% o 90%, from 70% to 75%, from 75%

to 100%, from 80% to 100%, or from 75% to 95%). In some exaraples, the oil comprises a
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mixture of different hydrocarbons, any of which can optionally be substituted, and from 90%
to 100% of the mixture {(w/w) can comprise C4-Cos hydrocarbons {e.g., from 90% to 95%,
from 95% to 100%, from 90% to 92%, from 92% to 94%, from 94% to 96%, from 96% to
98%, from 98% to 100%, from S0% to 98%, from 90% to 96%, from 90% to 94%, from 92%

to 100%. from 249% to 100%, from 96% to 100%, from 91% t0 99%, from 92% to 9%, or

w

from 92% to 96%).
In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted. and 0% or more of the mixture (w/w) can comprise Ciz-
Cog hydrocarbons (e.g., 8.5% or more, 1% or more, 1.5% or more, 2% or more, 2.5% or
10 more, 3% or more, 3.5% or more, 4% or more, 4.5% or more, S% or more, 5.5% or more, 6%
e

% or more, 7% or more, 7.5% or more, 8% or more, 8.5% or more, 9% or more,

or more, 6.5
9.5% or more, 10% or more, 11% or more, 12% or more, 13% or more, 14% or more, 15% or
more, 20% or more, 25% or move, 30% or more, 35% or more, 40% or more, 45% or more,
50% or more, 553% or more, 60% or more, or 65% or more). In some examples, the oil

15 comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and 70% or less of the mixwre (w/w) can comprise £12-Cog hydrocarbons (e.g., 65% or less,
60% or less, 55% or less, 50% or less, 45% or fess, 40% or less, 35% or ess, 30% or less,
25% or less, 20% or less, 15% or less, 14% or less, 13% or less, 129% or less, 117% or less,

10% or less, 9.5% or less, 9% or less, 8.5% or less, 8% or less, 7.5% or less, 7% or less, 6.5%

20 orless, 6% or less, 3.59% or less, 5% or less, 4.5% or less, 4% or less, 3.5% or less, 3% or
less, 2.5% or less, 2% or less, 1.5% or less, or 1% or less). The amount of the nuxture
comprising Cy2-Cag hydrocarbons can range from any of the minimum valoes described
above to any of the maximum values described above. For exanple, the oil comprises a
mixture of different hydrocarbons, any of which can optionally be substituted, and from 0%

25 to 70% of the mixture (w/w) can comprise Ci2-Cao hydrocarbons {e.g., from 0% to 35%. from
35% to 70%, from §% to 25%, from 25% to 50%, from 50% to 70%, from 0% to 60%, from
3% to 50%, from 0% to 40%, from 0% to 30%, from 0% to 20%, from 0% to 10%, from 0%
to S%, from 1% to 70%, from 5% to 70%, from 10% to 70%, from 20% to 70%, from 30% to
70%, from 40% to 70%, from 60% to 70%, from 5% to 65%, from 10% to 60%, or from 40%

30 to 60%). In some examples, the oil coraprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and from 0% to 10% of the mixtare {w/w) can coraprise
C12-Cao hydrocarbons (e.g., from 0% to 5%, from 5% to 10%, from 0% to 2%, from 2% to
4%, from 4% 1o 6%, from 6% 1o 8%, from 8% to 10%, from (% to 8%, from 0% to 6%, from

3% to 4%, from 1% to 10%, from 2% to 10%, from 4% to 10%, from 6% to 10%, from 0.5%
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10 9.5%, from 1% to 9%, or from 2% to 8%).

In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 25% or more of the mixture (w/w) comprises C1-Cy
hydrocarbons (e.g., 25.5% or mwore, 26% or more, 26.5% or more, 27% or more, 27.5% or

more, 28% or more, 28.5% or more, 29% or more, 29.5% or more, 30% or more, 30.5% or

w

more, 31% or more, 31.5% or more, 32% or more, 32.5% or more, 33% or more, 33.5% or
more, ot 34% or more). In some examples, the oil cornprises a mixture of different
hydrocarbons, any of which can optionally be substituted, and 35% or less of the mixture
{wi/w) comprises C;-{g hydrocarbons {e.g., 34.5% or less, 34% or less, 33.5% or less, 33% or

10 less, 32.5% or less, 329 or less, 31.5% or less, 31% or less, 30.5% or less, 30% or less,

29.5% or less, 29% or less, 28.5% or less, 28% or less, 27.5% or less, 27% or less, 26.5%
less, or 26% or less). The amount of the mixture comprising C1-Ce hydrocarbon can range
from any of the mintmum valses described above to any of the roaxinwm values described
above. For exarnple, the oil comprises a mixture of different hydrocarbons, any of which can

15 optionally be substituted, and from 25% to 35% of the mixture (w/w) can comprise C-Cg
hydrocarbons {e.g., from 25% to 30%, from 30% to 35%, from 25% to 27%, from 27% to
29%, from 29% to 31%, from 31% to 33%, from 33% t0 35%, from 25% t0 33%, from 25%
to 31%, from 25% to 29%, from 27% to 35%, from 29% to 35%, from 31% to 35%, from
25.5% to 34.5%, or from 26% t0 34%).

20 In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and 253% or more of the mixture (w/w) comprises C4-Cg
hydrocarbons (e.g., 25.5% or more, 26% or more, 26.5% or more, 27% or more, 27.5% or
maore, 28% or more, 28.5% or more, 29% or more, 29.5% or more, 30% or more, 30.5% or
maore, 31% or more, 31.5% or more, 32% or more, 32.5% or more, 33% or more, 33.5% or

25 more, or 34% or more). In some examples, the oil comprises a mixture of different
hydrocarbons, any of which can optionally be substituted, and 35% or less of the mixture
{(w/w) comprises Cy-Csg hydrocarbons {(e.g., 34.5% or less, 34% or less, 33.5% or less, 33% or
fess, 32.5% or less, 32% or less, 31.5% or fess, 31% or less, 30.5% or less, 30% or {ess,
29.5% or less, 29% or less, 28.5% or less, 28% or less, 27.5% or less, 27% or less, 26.5% or

30 less, or 26% or less). The amount of the mixture comprising Cs-Cs hydrocarbon can range
from any of the minirmem values deseribed above to any of the maximoem values described
above. For example, the oil comprises a mixture of different hydrocarbons, any of which can
optionally be substituted, and from 25% to 35% of the mixture {(w/w) can comprise Cs-Cx

hydrocarbons {e.g., from 25% 1o 30%, from 30% to 35%, from 25% to 27%, from 27% to
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289%, from 29% to 31%, from 31% to 33%, from 33% to 35%, from 25% to 33%, from 259
t0 319%, from 25% to 29%, from 27% to 35%, from 29% to 35%, from 31% t0 35%, from
25.5% to 34.5%, or from 26% to 34%).

In soroe examples, the oil comprises a mixture of different hydrocarbons, any of

w

which can optionally be substituted, and 50% or more of the mixture (w/w) can comprise Co-
Cap hydrocarbons {e.g., 50.5% or more, 51% or more, 51.5% or more, 52% or more, 52.5% or
more, 33% or more, 53.5% or more, 54% or more, 54.5% or more, 55% or more, 35.5% or

mare, 56% or more, 56.5% or more, 57% or more, 57.5% or more, 58% or more, 58.5% or

maore, 59% or more, 52.5% or more, 60% or more, 60.5% or more, 61% or more, 61.5% or
10 more, 62% or more, 62.5% or more, 63% or more, 63.5% or more, 64% or more, 64.5% or
more, 65% or more, 65.5% or more, 66% or more, 66.5% or more, 67% or more, 67.5% or
more, 68% or more, 68.5% or more, 69% or more, 69.5% or more, 70% or more, 70.5% or

T

more, 71% or more, 71.5% or more, 72% or more, 72.5% or more, 73% or more, 73.5% or

&

more, ot 74% or more). In some examples, the oil comprises a mixture of different

15 hydrocarbons, any of which can optionally be substituted, and 75% or less of the mixture
{(w/w) can comprise Co-Uop hydrocarbons {e.g., 74.5% or less, 74% or less, 73.5% or less,
73% or less, 72.5% or less, 72% ot {ess, 71.5% or less, 71% or less, 70.5% or less, 70% or
less, 69.5% or less, 69% or less, 68.5% or less, 68% or less, 67.5% or less, 67% or less,

66.5% or less, 66% or less, 65.5% or less, 65% or less, 64.5% or less, 64% or less, 63.5% or

20 less, 63% or less, 62.5% or less, 62% or less, 61.59% or less, 61% or less, 60.5% or less, 60%

or less, 59.5% or less, 59% or less, 58.5% or less, 58% or less, 57.5% or less, 57% or less,
56.5% or less, 56% or less, 55.5% or less, 55% or less, 54.5% or less, 54% or less, 53.5% or
53% or less, 52.5% or less, 52% or less, 51.5% or less, or 51% or less). The amount of

the mixture comprising Cy-Cag hydrocarbons can range from any of the mintmum values

25 described above to any of the maximum values described above. For example, the oil
comyprises a puxture of different hydrocarbons, any of which can optionally be substituted,
and from 30% to 75% of the mixture (w/w) can comprise Co-Cag hydrocarbons (e.g., from
50% to 62.5%, from 62.5% to 75%, from SG% to 55%, from 55% o 60%, from 60% to 65%,
from 65% to 70%, from 70% to 75%, from 50% to 70%, tfrom 50% to 65%, from 50% to

30 60%, from 55% to 75%, from 60% to 75%, from 65% to 75%, from 51% to 74%, from 52%
to 73%, from 55% to 60%, or from 55% to 65%). In some examples, the oil comprises a
mixtore of different hydrocarbons, any of which can optionally be substituted, and from 55%

10 65% of the muxture (w/w) can comprise Cy-Chp hydrocarbons (e.g., from 55% to 60%,

5

from 60% to 65%, fo

fJx

5% to 57%, from 57% to 59%, from 539% 10 61%, from 61% to
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83%, from 63% to 63%, from 55% to 63%, from 55% to 61%, from 55% to 59%, from 57%
0 65%, from 59% to 65%, from 61% to 65%, from 55.5% o 64.5%, or from 56% to 649
In some examples, the il comprises a mixture of different hydrocarbons, any of

which can optionally be substituted, and 1% or more of the mixture (w/w) can comprise Cai-

w

Cog hiydrocarbons {e.g., 1.5% or more, 2% or more, 2.5% or more, 3% or more, 3.5% or
more, 4% or more, 4.5% or more, 5% or more, 5.5% or more, 6% or more, 6.5% or more, 7%
or more, 7.5% or more, 8% or more, 8.5% or more, or 9% or mwore). fo some examples, the
oil comprises a muxture of different hydrocarbons, any of which can optionally be substituted,
and 10% or less of the mixture (w/w) can comprise Tz1-Co hydrocarbons (e.g., 9.5% or less,
10 9% orless, 8.5% or less, 8% or less, 7.5% or less, 7% or less, 6.5% or less, 6% or less, 5.5%
or less, 5% or less, 4.5% or less, 4% or less, 3.5% or less, 3% or less, 2.5% or less, or 2% or
less). The amount of the mixture comprising C2i-Coo hydrocarbons can range from any of the
minimum values described above to any of the maximum values described above. For
exarople, the oil comprises a mixtore of different hydrocarbons, any of which can optionally

15 be substituted, and from 1% to 10% of the mixture (w/w} can comprise Co1-Coy hydrocarbons
{e.g., from 1% to 4.5%, from 4.5% to 10%, front 19 to 4%, from 4% to 7%, from 7% to
10%, from 1% t0 9%, from 1% to 8%, from 1% to 7%, from 1% to 6%, from 1% to 5%, from

% t0 3%, from 2% to 10%, from 3% to 10%, from 4% to 10%, from 5% to 10%, from 6% to
10%, trom 8% to 10%, from 1.5% to 9.5%, from 2% to 9%, or from 3% to 8%)

20 In some examples, the oil comprises a mixture of different hydmcarbons, any of
which can optionally be substituted, and the mixture comprises: 25-35% (e.g., 30-35%) C1-Cy
hydrocarbons, 50-753% (e.g.. 55-65%, or 60-65%) Co¢-Cap hydrocarbons, and 1-10% {e.g..

8% Ca1-Cao hjy'dmcarbons, I some examples, the oil comprises a nuxture of different
hydmcarbans, any of which can optionally be substituted, and the mixture comprises: 25-

25 35% {e.g., 30-35%) C1-Cs hydrocarbons, 55-65% {e.g., 60-65%) Co-Cag hydrocarbons, and 1-
10% {e.g., 3-8%) Ca1-Cas hydrocarbons. In some cxamplcs the oil comprises a mixture of
different hydrocarbons, any of which can optionally be substituted, and the mixtare
comprises: 30-35% C:-Cs hydrocarbons, 60-65% Co-Cap hydrocarbons, and 3-8% Cni-Cag
hydrocarbons,

30 o somae examples, the oil comaprises a mixture of different hydrocarbons, any of

which can optionally be substituted, and the muxture comprises: 25-35% (e.g., 30-35%) Cs-Ce

hydrocarbons, 50-75% (e.g., 55-65%, or 60-65%) Co-Czo hydrocarbons, and 1-10% {e.g., 3-

8%y Cr1-Cog hydrocarbouns. In some examples, the oil comprises a mixiure of different

hydrocarbons, any of which can optionally be substituted, and the mixture comprises: 25-
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5% {e.g., 30-35%) C4~Cs hydrocarbons, 55-65% (e.g., 60-65%) Co-Cap hydrocarbons, and 1-
10% (e.g., 3-8%) C11-Coo hydrocarbons. In some examples, the oil comprises a mixture of
different hyc‘-.mcarbons, any of which can optionally be substituted, and the mixture

Qo

coraprises: 30-35% C4-Cs hydrocarbons, 60-65% Co-Cyq hydrocarbons, and 3-8% Ca1-Cae

w

hydrocarbons.

In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture is substantially free of C1-Cy
hydrocarbons.

In some examples, the il comprises a mixture of different hydrocarbons, any of
10 which can optionally be substituted, and the guxture is substantially free of hydrocarbons

coraprising 30 or more carbons.

In some examples, the oil comprises a nmuixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture is substantially free of C1-Cy
hydrocarbons and hydrocarbons comprising 30 or more carbons.

15 In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture comprises saturated hydrocarbons {e.g.,
linear, branched, and/or cyclic alkanes), unsaturated {(non-aromatic) hydrocarbons (e.g.,

linear, branched, and/or cyclic alkenes and/or alkynes), and aromatic hydrocarbons. For

Js
exaraple, the ol comprises a mixture of different hydrocarbons, any of which can optionally

20 be substituted, and the mixture comprises 80 wt.% or more saturated hydrocarbons {(e.g., 80.5
wt.% or more, 81 wt.% or more, 81.5 wt.% or more, 82 wt.% or more, 82.5 wt.% or more, 83

wt.% or more, 83.5 wt.% or more, 84 wt.% or more, 84.5 wi.% or more, 85 wt.% or more,
85.5 wt.% or more, 86 wi.% or more, 86.5 wt.% or more, 87 wi.% or more, 87.5 wt.% or
more, &8 wt.% or more, 88.5 wi.% or more, 89 wt.% or more, 82.5 wt.% or more, 90 wt.% or

25  more, 90.5 wt.% or more, 91 wit.% or more, 91.5 wt.% or more, 92 wt.% or more, 92.5 wt.%
or more, 93 wi.% or more, 93.5 wt.% or more, 94 wt. % or more, 94.5 wi.% or more, 95 wt.%
or more, 95.5 wt.% or more, 96 wt.% or more, 96.5 wi.% or more, 97 wt.% or more, 97.5
wt.% or more, 98 wt.% or more, 98.5 wt.% or more, or 99 wi.% or more). In some examples,
the oil comprises a mixture of different hydrocarbous, any of which can optionally be

30 substituted, and the mixture corprises 100 wi.% or less saturated hydmcarbons (e.g.g 99.5
wt.% or less, 99 wt.% or fess, 98.5 wi. % or less, 98 wi.% or less, 97.5

or less, 96.5 wt.% or less, 96 wt.% or less, 95.5 wit.% or less, 95 wit.% or less, 84.5 wt.% or

fess, 94 wt.% or less, 93.5 wt.% or less, 93 wit.% or less, 92.5 wt.% or less, 92 wt.% or less,

81.5 wt.% or fess, 91 wt. % or fess, 90.5 wi.% or less, 90 wi.% or less, 89.5 wt.% or less, 88
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wi.% or less, 88.5 wt.% ot less, 88 wt.% or less, 87.53 wt.% or less, 87 wi.% or less, 86.5
wt.% or less, 86 wt.% or fess, 85.5 wt.% or less, 85 wt.% or less, 84.5 wt.% or less, 84 wt.%
or less, 83.5 wt.% or less, 83 wit.% or less, 82.5 wt.% or less, 82 wt.% or less, 81.5 wt.% or
less, or 81 wi.% or less). The amount of the mixture comprising saturated hydrocarbons can
range from any of the minimum values described above to any of the maximum values
described above. For example, the oil comprises a mixture of different hyvdrocarbons, any of
which can optionally be substituted, and the mixture comprises from 90 wt.% to 100 wt.%
saturated hydrocarbons {(e.g., from 80 to 90 wi.%, from 90 to 100 wt.%, from 80 to 85 wt.%,
from 85 to 90 wt.%, from 90 to 95 wt. %, from 95 to 100 wt.%, from 80 to 82 wt.%, from 82
to 84 wt. %, from 84 to 86 wt.%, from 86 to 88 wt.%, irom &8 o 90 wt.%, from 90 to 92
wit.%, from 92 t0 94 wi.%, from 94 0 96 wt.%, from 96 to 98 wi.%, from 98 to 100 we. %,
from 80 to 88 wt. %, from 80 to 96 wt.%, from 80 to 84 wt. %, from 80 to 92 wt.%, from R o
88 wt.%, from 8O to 86 wt. %, from 80 to 84 wt.%, from 82 to 100 wt.%, from 84 to 100
wit.%, from 86 to 100 wt.%, from 88 to 100 wt. %, from 92 to 100 wt.%, from 94 to 100 wt.%,
from 96 to 100 wt.%, from 80 to 85 wt.%, from 85 to 100 wt.%, from 85 to 95 wt. %, from 90
to 98 wt. %, from 90 to 96 wt.%, from 90 to 94 wt.%, from 91 to 49 wt.%, from 92 to 98
wt.%, or frora 94 1o 96 wi.%). In some examples, the oif comprises a nuxture of different
hydrocarbons, any of which can optionally be substituted, and the mixture comprises from 90
wt.% to 100 wt.% saturated hydrocarbons. the oil comprises a mixture of different
hydrocarbons, any of which can optionally be substituted, and the mixture comprises from 94
wi.% to 96 wt.% saturated hydrocarbons.

In some examples, the oil comprises a mixtore of different hydrocarbons, any of
which can optionally be substituted, and the mixture coraprises {§ wt. % or more unsaturated
{non-aromatic) hydrocarbons {e.g., 0.25 wt.% or more, 0.5 wt.% or more, 0.75 wt.% or more,
1 wi.% or more, 1.25 wt.% or more, 1.5 wt.% or more, 1.75 wt.% or more, 2 wit.% or more,
2.25 wt.% or more, 2.5 wt.% or mare, 3 wt.% or more, 3.5 wt.% or more, or 4 wi.% or more).
In some examples, the oil comprises a muxture of different hydrocarbons, any of which can
optionally be substituted, and the mixture csmprises S wi.% or less unsaturated {(non-
aromatic) hydrocarbons (e.g., 4.5 wt.% or less, 4 wt.% or less, 3.5 wt.% or fess, 3 wt.% or
less, 2.5 wt.% or less, 2.25 wt.% or less, 2 wi.% or less, 1.75 wt.% or less, 1.5 wt.% or less,
1.25 wi.% or less, T wit.% or less, .75 wt.% or less, or 0.5 wt.% or less). The amount of
unsaturated (non-aromatic) hydrocarbons in the mixture can range from any of the minimom
values described above o any of the maxiroum values described above. For example, the oil

comprises a puxture of different hydrocarbons, any of which can optionally be substituted,
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and the mixture can comprise from {0 wi.% to 5 wt.% unsaturated (non-aromatic)

hydrocarbons (e.g., from 0 to 2.5 wt.%, from 2.5 to 5 wt.%, from O to 1 wt.%, from 1 to 2
v -

wt. %, from 2 to 3 wit.%, from 3 to 4 wi.%, from 4 to 5 wt.%, from O to 4 wt.%, from 0 to 3

wt.%, from Q0 to 2 wt.%, from 1 to 5 wt.%, from 2 to 5 wt.%, from 3 to 5 wt.%, from 0.5 to

w

4.5 wt.%, or from 3.5 o 4.5 wt.%).

In some examples, the oil comprises a mixture of different hydrocarbons, any of
which can optionally be substituted, and the mixture comprises § wt.% or more aromatic
hydrocarbons {e.g.. §.25 wt.% or more, 0.5 wt.% or more, .75 wt.% or more, | wt.% or
maore, 1.25 wt.% or more, 1.5 wt.% or more, 1.75 wt.% or more, 2 wt.% or more, 2.25 wt.%
10 ormore, 2.5 wt.% or more, 3 wt.% or more, 3.5 wt.% or more, 4 wt.% or more, 4.5 wt.% or

maore, 5.5 wt.% or more, 6 wt.% or more, 6.5 wt.% or mwore, 7 wt.% or more, 7.5 wit.% or
more, 8 wt.% or more, 8.5 wt.% or more, 8 wt.% or more, 9.5 wt. % or more, 10 wt.% or
more, 10.5 wt.% or more, 11 wt.% or more, 11.5 wi.% or more, 12 wt.% or more, 12.5 wt.%
or more, 13 wi.% or more, 13.5 wt.% or more, or 14 wt.% or more). In some examples, the
15 oil comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and the nuxture comprises 15 wt.% or less aromatic hydrocarbons {e.g., 14.5 wt.% or less, 14
wt.% or fess, 13.5 wt.% or less, 13 wit.% or less, 12.5 wt.% or less, 12 wt.% or less, 11.5
wt.% or less, 11 wt.9% or less, 10.5 wt.% or less, 10 wt.% or less, 9.5 wt.% or less, 9 wt.% or
fess, 8.5 wt.% or less, & wt.% or less, 7.5 wt.% or less, 7 wt.% or less, 6.5 wt.% or less, 6

S wt.% or

20 wt.% orless, 5.5 wt.% or less, 5 wi.% or less, 4.5 wt.% or less, 4 wt.% or less
fess, 3 wt.% or less, 2.5 wt.% or less, 2.25 wt.% or less, 2 wi.% or less, 175 wt.% or less, 1.5
wt. % or less, 1.25 wt.% or less, 1 wt.% or less, (.75 wt. % or less, or .5 wt.% or less). The
ampount of the mixture comprising aromatic hydrocarbous can range from any of the
minimum values described above to any of the maxinum valoes described above. For

25  example, the oil comprises a mixture of different hydrocarbons, any of which can optionally
be substituted, and the mixture can comyprise from 0 to 15 wt. % aromatic hydrocarbons {e.g.,
from 010 7.5 wt.%, from 7.5 t0 15 wt.%, from 0 to 5 wi.%, from S to 10 wt.%, from 1010 15
wi.%, from 0 to 14 wt.%, from O to 12 wit.%, from { to 10 wt.%, from 0 to 8 wt.%, from O to
& wt.%, from 0 to 4 wt.%, from 0 to 2.5 wt.%, from 0 to 2 wt.%, from 0 to 1 wt.%, from 1 to

30 15 wt%, from 2 to 15 wi.%, from 4 to 15 wi.%, from G to 15 wt.%, {rom 8 to 15 wt.%, from
12 t0 15 wt.%, from 0.5 to 14.5 wt.%, or from 1 to 14 wt.%). In some examples, the oif
comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and the mixture can comprise from 0 wi.% to 2.5 wt.% asromatic hydrocarbons (e.g., from

t0 1.25 wt.%, from 1.25 10 2.5 wt.%, from 0 10 0.5 wt.%, from 0.5 t0 1 wt.%, from 1 1o 1.5
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wit.%, from 1.5 to 2 wt.%, from 2 t0 2.5 wt.%, from O to 2 wi.%, from G to 1.5 wi.%, from §
0§ wt.%, from 0.5 to 2.5 wt.%, from 1 t0 2.5 wt.%, from 1.5 t0 2.5 wt.%, from 0.5 t0 2
wt.%, or from 1 to 2 wt.%).

In soroe examples, the oil comprises a mixture of different hydrocarbons, any of

which can optionally be substituted, and the mixture comprises: 80-100 wt.% saturated

w

hydrocarbons {e.g., 90-108 wt.%, or 94-96 wt.%}; 0-5 wit.% unsaturated {non-aronatic)
hydrocarbons {e.g., 3.5-4.5 wt.%); and §-15 wt.% aromatic hydrocarbons (e.g., 0-2.5 wt.%, or
1-2 wt.%). In some examples, the oil comprises a mixture of different hvdrocarbons, any of
which can optionally be substituted, and the mixture comprises: 80- 100 wt.% saturated

10 hydrocarbons (e.g., 94-96 wt.%); 0-5 wt.% unsaturated (non-aromatic) hydrocarbouns {e.g.,
3.5-4.5 wit.%); and 0-2.5 wt.% aromatic hydrocarbons (e.g., 1-2 wt.%). In some examples, the
ail comprises a mixture of different hydrocarbons, any of which can optionally be substituted,
and the mixture comprises: 94-96 wt.% satrated hydrocarbons; 3.5-4.5 wt.% unsaturated
(non-aromatic) hyvdrocarbons; and 1-2 wt.% aromatic hydrocarbons.

15 The oil can, for example, have a final boiling point of 400°F or more or 750°F or
more. In some examples, the oil can have a final boiling point of 1,000°F or less. The final
boiling point of the oil can range from any of the minimum values described above to any of
the maximum values described above. For example, the oil can have a final boiling point of
from 400°F to LOOO°F {e.g., from 400°F to 850°F). In some examples, the oif can have a

20 final boiling point of from 750°F to 1,000°F (e.g., from 900°F to 950°F, from 920°F 1o
GS0°F, or from 935°F to 950°F). The final botling point of the oil can be deternined using
any suitable method, such as those known in the art. In some examples, the final botling point
of the oil is determined using the steps described in ASTM D 7169,

The oil can, for example, have a pour point of -200°F or more or 0°F or more. In

25  some examples, the otl can have a pour point of 100°F or less or 20°F or less. The pour point
of the oil can range from any of the minimum values described above to any of the maximum
values described above. For example, the oil can have a pour pount of from -200°F to 100°F.
In some examples, the oil can have a pour point of from 0°F to 20°F (e.g., from 5°F to 15°F,
from 8°F to 15°F, or from 10°F to 15°F). The pour point of the ot can be determined using

30 any suitable method, such as those known in the art. In some examples, the pour point of the
oil is determined using the steps described in ASTM D 97.

In some examples, the oil can include one or more contaminants. Contaminants can
for exarople, comprise an alkali metal, an alkalive carth metal, a transition raetal, a basic

metal, a senumetal, a noometal, 2 halogen, a salt or compound thereof, or a combination
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thereof. Exaroples of contaminants inchude, but are not Hmited to, lithium, sodium, beryllivm,
magnesiunm, calcium, strontivm, titanium, vanadivm, chromium, manganese, iron, cobalt,
nickel, copper, zinc, molybdenum, cadmiurm, mercury, aluminum, titanium silicon, tn, lead,

nitrogen, phosphorus, arsente, antimony, oxygen, sulfur, selentam, fluorine, chiorine,

w

bromine, compounds thereof, and combinations thereof. In some examples, the oil includes a
contaminant comprising chioride, nitrogen, silicon, sodium, iron, phosphorus, sulfur,
caleium, nickel, copper, vanadium, or a combination thereof.

Contaminants are introduced during plastic formulation and manufacturing processes
during the first life of plastic in conjunction with the source and collection method of the

10 plastics.

For exaropie, chloride sources in used plastics can comprise PVDC layers. PVDC is
often used as a layer or coating in food and pharmaceutical packaging applications because it
provides excellent barrier properties against moisture, UV light, acids, salts, and detergents as
well as having good transparency. Despite design for recyelability formudation changes,

15 PVDC is forecasted to increase at 3.2% annually through 2028 in the US. Packaging
converters produce a range of monolayer and muulti-layer packaging. Both types can become
mixed in recyeled streams. Post-consumer sources will contain higher volumes of materials
containing chloride sources that can be difficult to differentiate and remove through standard
sorting technigues.

20 Nitrogen sources in used plastics can, for example, be derived from pyrolysis of nyion
{e.g., Nvlon 6 (PA-6), Nylon-66 (PA-66) in used plastic sources, often from food and
industrial packaging materials. Nylon is used in multi-layer flexible packing films to protect
oxygen-sensitive foods or when excellent oil and grease resistance and high mechanical
strength are required, such as for processed meats and fish, and cheese and other dairy

25  products. Nylon also provides a wide cold to hot temperature range (2.g.. -60°C to 150°C),
which enables foods to move through freezer to the microwave/oven without packaging
degradation. In indostrial packaging, nylon is often used as a reinforcing layer to provide high
mechanical strength and excellent abrasion and puncture resistance (for example, in
polypropylene supersacks that contain a nylon interfayer or straps), Nitrogen can also come

30 from protein (food) residue on plastics that arises from the armino acids in decoraposed

protein. Post-consumer sources will contain higher volumes of materials containing nitrogen

sources that can be difficult to differentiate and remove through standard sorting technigues.
Silicon sources in used plastics can, for example, comprise silica desiceant packages.

In food packaging and processing plants, silicon products are widely used as release agents in
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a wide variety of roaterials and equipraent, leaving residue on plastic surfaces. Silicon is also
an additive that can be added to a wide range of materials to change the appearance, extrusion
properties, and/or end-product characteristics; this applied to films as well as two-
dimensional plastics. Post-consurner sources will contain higher volumes of materials
containing silicon sources that can be difficult to differentiate and remove through standard
sorting technigues.

Silicon dioxide can be applied in a very thin coating to plastics, specifically
polyethylene, polypropylene, and/or polystyrene, to act as a barrier layer to improve the shelf
life of oxygen and moisture sensitive food. This thin coating can be applied by a vacuum or
plasma deposition process; the barrier layer and the plastic forma covalent bond. The Si0;
barrier coatings are chemically inert and enable benefits in rigid and flexible food packaging
applications, including, but not imited to, reducing oxygen and moisture permeability of
plastics, ensuring aroma protection and retention of the smell and taste of contents, not
sensitive to fluctiations in ternperature and humidity, well-suited for pasteurization and
sterilization processes, and can increase shelf life of foods without the additdon of
preservatives. The Si3; coatings are thin, e.g. significantly thinner than a human hair, and
therefore have a negligible impact on the packing weight. For this reason, coated packaging is
considered a mono-material that can be mechanically recycled. Recyclability initiatives are
promaoting the use of 513 coatings as a replacement for PYDC and Nylon barriers in flexible
and rigid packaging. Although these guidelines are intended for mechanically recycled
plastics, several packaging forms and formulations are better suited for pyrolysis-based
advanced recycling. Si0; coatings have the potential to be the “gift that keeps on giving”,
especially when used inrigid and flexible polyethylene and polypropylens plastics that are
mechanically recycled inttially, which, after a few cycles, will then eventually become the
used plastic feedstocks for advanced recycling; the silicon is predicted to accumulate and
carry forward into each successive application.

Phosphorus-containing flame retardants are widely used in plastics where s rapid
oxidation consumes all the oxygen present, thereby stopping the fire. Plastics commonly
containing these flame retardants include, but are not limited to, engineered plastics,
polyurethane foams, polyanides (e.g., nylon) and glass-fiber reinforced nylon, polyethylene
and EVA co-polymers, and intumescent coatings on foanms and polypropylene textiles.
Phosphate esters are also used as flame retardant plasticizers in PVC, high impact polystyrene
(HIPS), polycarbonate (PC), and acrylonitrile butadiene styrene (ABS). Phosphorus sources

also include agricultural applications, such as residual glyphosate in HDPE containers and
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residual phosphorus fertilizers on ground-level films (e.g., muleh films). Post-consumer
sources will contain higher volumes of materials containing phosphorus sources that can be
difficult to differentiate and remove through standard sorting technigues.

Sources of sulfur, calciam, sodiur, iron, phosphorus, or a combination thereof are

w

additives, surface residoes, and residual contamination of the incoming post-consumer and/or
post-industrial plastics. A wash step can potentially remove certain surface residues, but
would add cost and complexity to the advanced {e.g., pyrolysis based) recyching process.
Accordingly, post-consumer sources will contain higher volumes of materials containing
sources of sulfur, calcium, sodium, iron, phosphorus, or a combination thereof that can be

10 difficult to differentiate and remove through standard sorting techoiques.

Copper alloys are coramonly and increasingly used to create molds for plastic
injection molding processes due to their high thermal conductivity that removes hot spots,
reduces warpage and reduces cycle tirae, ease of machining by a variety of processes, and
corrosion resistance to water, cooling fluids and the plastics being ingected. Copper alloys

15 often contain nickel and silicon. Plastics manufactured in copper alloy molds can have
residual amounts of copper, nickel, and silicon on their surface. In addition, the plating of
plastic with nickel and copper can be an effective moeans of protecting a substrale against
corrosion from environmental exposure and make i more resistant to damage from chemicals
used in the manufacturing process. In some instances, the plating on plastic can increase the

20 hardness, strength, and wear resistance of the substrate. The presence of copper and nickel on
the surface of both pre-consumer and post-consumer sources can be difficult to differentate
and remove through standard sorting technigues.

10 some examples, the oil has a total chloride content of 500 ppm or less (e.g., 475
ppm or less, 450 ppm or less, 425 ppm or less, 400 ppm or less, 375 ppro or less, 330 ppm or

25 less, 325 ppm or less, 300 ppm or less, 275 ppm or less, 250 ppm or less, 225 ppm or less,
200 ppm or less, 175 ppm or fess, 150 ppm or fess, 125 ppm or less, 100 ppm or less, 75 ppm
or less, 50 ppm or less, 45 ppm or less, 40 ppm or less, 35 ppm or less, 30 ppr or less, 25
ppm ot less, 20 ppm or less, 15 pporor less, 10 ppro or less, 9 ppm or less, 8 ppm or less, 7
ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppm or fess, 4 ppm or less, 3.5 ppm or less, 3

30 ppororless, 2.5 ppm o less, 2 ppmoor less, 1.5 ppot or less, 1 ppm or less, 0.75 ppnt or less,

(.5 ppro ot less, 0.25 ppmoor less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025

ppm or less, (.01 ppm or less, 0.0073 ppm or less, or 0.005 ppm or less). In some examples,
the oil is substantially frec of chlorides. The total chloride content of the oil can be

determined using any suitable roethod. In some examples, the total chioride content of the oil
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is determined using the steps described in ASTM D 7359,

The oil can, for example, have a nitrogen content of 600 ppm or less (e.g., 575 ppm or
less, 550 ppm or less, 525 ppm or less, 500 ppm or less, 475 ppm or less, 450 ppm or less,
425 ppm or less, 400 ppm or less, 375 ppm or less, 350 ppm or less, 325 ppr or less, 300
ppm or less, 275 ppm or less, 250 ppm or less, 225 ppm or less, 200 ppm or less, 175 ppm or
less, 150 ppm or less, 125 ppm or less, 100 ppm or less, 75 ppm or less, 50 ppm or less, 45
ppm ot less, 40 ppm or less, 35 ppm or less, 30 ppra or less, 25 ppm or less, 20 ppm or less,
15 ppm oor less, 10 ppm or less. 9 ppm or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, 5
ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2
ppnor less, 1.5 ppm or less, 1 ppm or less, .75 ppm or less, 0.5 ppro or less, .25 ppm or
less, 0.1 ppmoor less, 0.075 ppm or less, 0.05 ppm or less, 0.02S ppm or less, 0.01 ppmor
less, §.0075 ppm or less, or 0.005 ppm or less). In some examples, the oil can be substantially
free of nitrogen. The nitrogen content of the oil can be determined using any suitable method,
such as those known in the art. In some examples, the nitrogen content of the oil is
determined using the steps described in ASTM D 4629,

The oil can, for example, have a silicon content of 2,000 ppm or less (e.g., 1,900 ppm
or less, 1,800 ppm or less, 1,700 ppm or tess, 1,600 ppro or fess, 1,500 ppo or less, 1,400
ppm or less, 1,300 ppm or less, 1.200 ppm or less, 1,100 ppm or less, 1.000 ppnt or less, 950
ppm or less, 900 ppm or less, 850 ppm or less, 800 ppm or less, 750 ppm or less, 700 ppm or
fess, 650 ppm or less, 600 ppm or less, 550 ppm or kess, 500 ppm or less, 475 ppr or less,
450 ppm ot less, 425 ppra or less, 400 ppm or less, 375 ppm or less, 350 ppm or less, 325
ppm or less, 300 ppm or less, 273 ppm or less, 250 ppm or less, 225 ppm or less, 200 ppm or
less, 175 ppm or less, 150 ppm or less, 125 ppro or fess, 100 ppm or less, 75 ppot or less, 50
ppm or less, 45 ppm or less, 40 ppo or less, 35 ppm or less, 30 ppm or less, 25 ppio or less,
20 ppm or less, 15 ppm or less, 10 ppm or less. 9 ppm or less, 8 ppm or less, 7 ppm or less, 6
ppm or less, 5 ppm or less, 4.5 ppm or fess, 4 ppotor less, 3.5 ppm or less, 3 ppm or less, 2.5
ppm ot less, 2 ppm or less, 1.5 ppro or less, 1 ppm or less, 0.75 ppro or less, (.5 ppra ot less,
0.25 ppm or less, 0.1 ppro or less, 0.075 ppm or less, 0.05 ppro or less, 0.025 ppm or less,
(.01 ppm or less, 3.0075 ppm or less, or 6.005 ppm or less). In some examples, the oil can be
substantially free of siflicon. The silicon content of the oil can be deternuined using any
suttable method, such as those known in the art. In some examples, the silicon content of the
oil is determined using the steps described in ASTM D 5185.

The oil can, for example, have a sodium content of 100 ppm or less {(e.g., 95 ppmor

fess, 90 ppm oor less, 85 ppm or less, 80 ppro or fess, 75 ppoor less, 70 ppm or less, 65 ppm
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or less, 60 ppm or less, 55 ppm or less, 50 ppm or less, 45 ppm or less, 40 ppr or less, 35
ppm or less, 30 ppm or less, 25 ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm or less, 9
ppmt or less, 8 ppm or less, 7 ppm or less, & ppm or less, 5 ppm or less, 4.5 ppm or less, 4
ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, 1
ppm or less, .75 ppm or less, 0.5 ppm or less, $.25 ppm or less, 0.1 ppm or less, 0.075 ppm
or less, 0.05 ppm or less, 0.025 ppm or less, §.01 ppm or less, 0.0075 ppm or less, or 8.805
ppm ot less). In some examples, the ol can be substantially free of sodium. The sodium
content of the oil can be determined using any suitable method, such as those known in the
art. In some examples, the sodium content of the oil is determined using the steps described
in ASTM D 51885,

The oil can, for example, have an iron content of 10 ppm or less (e.g., 9 ppm or less, 8
ppm or less, 7 ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5
ppm or less, 3 ppnt or less, 2.5 ppm or less, 2 ppmoor less, 1.5 ppm or less, 1 ppm or less,
(.75 ppm or less, 0.5 ppro ov less, .25 ppm or less, 0.1 ppm or less, 0.07S ppm or less, 0.035
ppm or less, §.025 ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or 0.005 ppm or less).
In some examples, the oil can be substantially free of fron. The ivon content of the oil can be
deterrained using any suitable method, such as those knowa in the art. In some examples, the
iron content of the oil is determined using the steps deseribed in ASTM D 5185,

The oil can, for example, have a phosphorus content of 25 ppm or less (e.z., 20 ppm
or less, 15 ppot or less, 10 ppia or less, 9 ppnt or less, & ppia or less, 7 ppm or less, 6 ppm or
less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppro or less, 2.5 ppm or
less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, 0.75 ppm or less, 0.5 ppm or less, 0.25
ppm or less, 0.1 ppm or fess, 0.075 ppm or less, (L05 ppm or less, 0.025 ppm or less, 0.01
substantially free of phosphorus. The phosphorus content of the oil can be determined using
any suitable method, such as those known in the art. In some examples, the phosphorus
content of the otl is determined using the steps described in ASTM D 5185,

The oil can, for example, have a salfur content of 250 ppm or less {e.g., 225 ppm or
less, 200 ppm or less, 175 ppm or less, 150 ppm or fess, 125 ppm or less, 100 ppmoor less, 75
ppot or less, 50 ppm or less, 45 ppm or less, 40 ppm or {ess, 35 ppm or less, 30 ppim or less,
25 ppmor less, 20 ppm or less, 15 ppm or less, 10 ppm or less, 9 ppro ot less, 8 ppm or less,
7 ppm or less, 6 ppm or less, S ppm or less, 4.3 ppm or less, 4 ppm or less, 3.5 ppm or less, 3
ppm or less, 2.5 ppom or less, 2 ppm or less, 1.5 ppra or less, 1 ppm or less, 0.78 ppm or less,

(.5 ppm or less, 0.25 ppio or fess, 0.1 ppm or less, 0.075 ppm or fess, 0.05 ppm or less, .025
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ppm ot less, 0.0 ppm or less, 0.0075 ppm or less, or 0.005 ppm or less). In some examples,
the oil can be substantially free of sulfur. The sulfur content of the oii can be determined by
any suitable method, such as those known in the art. In some examples, the sulfur content of
the oil is determined using the steps described in ASTM D 4294,

The oil can, for example, have a calcium content of 50 ppm or less {e.g.. 45 ppm or
less, 40 ppm or less, 35 ppm or less, 38 ppm or less, 25 ppm or less, 20 ppm or less, 15 ppm
or less, 10 ppm or less, 9 ppra or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, S ppm or
less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppm or
less, 1.5 ppm or less, 1 ppm or less, (.75 ppm or less, 0.5 ppm or fess, .25 ppm or less, 0.1
ppot or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppm or less, 0.01 ppm or less, 0.0075
ppm or less, or 0.005 ppro or less). In some examples, the oil can be substantially free of
calctum. The calcium content of the oil can be determined using any suitable methods, such
as those known in the art. In some examples, the calcium content of the oil is determined
using the steps described in ASTM D 5185,

The oil can, for example, have a copper content of 10 ppm or less (e.g., 9 ppm or less,
8 ppm or less, 7 ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5
ppm or less, 3 ppma or less, 2.5 ppm or less, 2 ppm or fess, 1.5 ppm or less, 1 ppm or less,
(.75 ppm or less, 0.5 ppm or less, 0.25 ppot or less, 8.1 ppm or less, 0.075 ppm or less, 0.05
ppm or less, 3.025 ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or 0.005 ppm or less).
In some examples, the ol can be substantially free of copper. The copper content of the ot
can be determined using any suitable method, such as those known in the art. o some
examples, the copper content of the oil is determined using the steps described in ASTM D

518

o

The oil can, for example, have a nickel content of 250 ppm or less (e.g., 225 ppm or
ess, 200 ppm or less, 175 ppm or less, 150 ppm or less, 125 ppm or less, 100 ppm or less, 75
ppm or less, 58 ppm or less, 45 ppnt or less, 40 ppm or less, 35 ppm or fess, 30 ppm or less,
25 ppra or less, 20 ppm or less, 15 ppm or less, 10 ppro or less, 9 ppm or less, 8 ppm or less,
7 ppio or less, 6 ppm or less, 5 ppra or less, 4.5 ppr or less, 4 ppm or less, 3.5 ppro or less, 3
ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, .75 ppm or less,
0.5 ppin or less, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less, .05 ppm or less, 0.025
ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or 0.00S ppro or less). In some examples,
the oil can be substantially fee of nickel. The nickel content of the oil can be determined
using any suitable method, such as those known in the art. In some examples, the nickel

content of the oil 15 determined using the steps described o ASTM D 5185,
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The oil can, for example, have a vanadiom content of 25 ppm or less {e.g., 20 ppm oor
less, 15 ppim or less, 10 ppm or less, @ ppm or less, 8 ppm or less, 7 ppot or less, 6 ppm or
less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or

less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, .75 ppr or less, 0.5 ppm or less, .25

w

ppm or less, .1 ppm or less, (.075 ppm or less, 0.05 ppm or less, .025 ppm or less, 0.01
prm or less, .0075 ppm or less, or §.005 ppm or less). In some examples, the oil can be
sabstantially free of vanadium. The vanadium content of the oil can be deternuned using any
suitable method, such as those kniown in the art. In some exarmples, the vanadium content of
the oil is determined using the steps described in ASTM D 5185,
10 o some examples, the oil has a total chloride content of S00 ppo or less; a nitrogen
content of 600 ppm or less; and a silicon content of 2,000 ppro or less. In some examples, the
oil has a total chloride content of 500 ppm or less; a nitrogen content of 600 ppm or less; a
silicon content of 2,000 ppm or fess; and a sodium content of 100 ppm or less. In some
exaroples, the oil has a wtal chloride content of 500 ppm or less; a nitrogen countent of 600
15 ppm orless; a silicon content of 2,000 ppm or less; a sodium content of 100 ppm or less; an
iron content of 10 ppnt or less; a sulfur content of 250 ppm or less; and a calcium content of
50 ppo or less. fo some exampies, the ol has a total chioride content of 500 ppm o less; a
nitrogen content of 600 ppm or less; a silicon content of 2,000 ppm or less; a sodium content
of 100 ppm or less; an iron content of 10 ppm or less; a phosphorus content of 25 ppm or
20 less; a sulfur content of 250 ppo or less; and a calcium content of 58 ppm or less. In some
examples, the otl has a total chloride content of 500 ppm or less; a nitrogen content of 600
ppm or less; a silicon content of 2,000 ppm or less; a sodium content of 100 ppm or less; an
iron content of 10 ppo or less; a phosphorus content of 25 ppro or less; a sulfur content of
250 ppm or less; a calcium content of 50 ppm or less; a copper content of 10 ppm or less; a
25 nickel content of 250 ppm or less; and a vanadium content of 25 ppm or less.
In some examples, the oil has a total chloride content of 100 ppm or less; a nitrogen
content of 600 ppm or less; and a silicon content of 250 ppm or less. In some examples, the
il has a total chloride content of 100 ppm or less; a nitrogen content of 600 ppm or less; a
silicon content of 250 ppm or less; and a sodium content of 25 ppm or fess. In some
30 cxamples, the oil has a total chloride content of 100 ppm or less; a nitrogen content of 600
ppm or less; a silicon content of 250 ppm or less; a sodium content of 25 ppm ot less; an iron
content of 10 ppm or less; a sulfor content of 10 ppm or less; and a calcium content of S ppm
or less. In some exanples, the oil has: 2 total chloride content of 100 ppm or [ess; a nitrogen

content of 600 ppm or fess; a silicon content of 250 ppm or less; a sodium content of 25 ppm
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or less; an iron content of 10 ppm or less; a phosphorus content of 10 ppm or less; a sulfor
content of 10 ppm or less; and a calcium content of 5 ppm or less. In some examples, the oil
has a total chloride content of 100 ppm or less; a nitrogen content of 600 ppm or less: a

silicon content of 230 ppm or less; a sodium content of 25 ppm or less; an iron content of 10

w

ppm or less; a phosphorus content of 10 ppm or less; a sulfor content of 10 ppm or less; a
calcium content of 5 ppra or fess; a copper content of 1 ppro or less; a nickel content of 50
ppm ot less; and a vanadium content of | ppm or less.

The oil can, for example, have a Reid Vapor Pressure of 12.5 psig or less {e.g., 12
psig or less, 11.5 psig or less, 11 psig or less, 10.5 psig or less, 10 psig or fess, 9.5 psig or
10 less, 9 psig or less, 8.5 psig or less, 8 psig or less, 7.5 psig or less, 7 psig or {ess, 6.5 psig or

ess, 6 psig or less, 5.5 psig or less, S psig or less, 4.5 psig or less, 4 psig or less, 3.5 psig or
less, 3 psig or less, or 2.5 psig or less). In some examples, the oil can have a Reid Vapor
Pressure of 2 psig or more {e.g., 2.5 psig or more, 3 psig or more, 3.5 psig or more, 4 psig or
more, 4.5 psig or more, 5 psig or more, 5.5 psig or more, 6 psig or more, 6.5 psig or more, 7
15 psigor more, 7.5 psig or more, 8 psig or more, 8.5 psig or more, 9 psig or more, 9.5 psig
more, 10 psig or more, 10.5 psig or more, or 11 psig or more). The Reid Vapor Pressure of
the oil can range from any of the minimum values described above to any of the maximum
values described above. For example, the oil can have a Reid Vapor Pressure of from 2 to
12.5 psig {e.g., from 5 to 7 psig, from 7 o 12.5 psig, from 2 to 4 psig, from 4 to 6 psig, from
20 6to 8 psig, from § to 10 psig, from 10 to 12.5 psig, from 2 to 12 psig, fron 2 to 11 psig, from
2 10 10 psig, from 2 to 9 psig, from 2 to 8 psig, from 2 to 6 psig, from 2 to § psig, from 3 to
12.5 psig. from 4 to 12.5 psig, from 5 to 12.5 psig. from 6 to 12.5 psig, from 7 to 12.5 psig.

from 8 to 12.5 psig, from 9 to 12.5 psig, from 3 to 12 psig, from 5 to 11 psig, or from 7 to 10

g,
psig). The Reid Vapor Pressure of the oil can be determined using any suitable method, such

25 as those known in the art. In some examples, the Reid Vapor Pressure of the oil is determined
using the steps described in ASTM D 5191,

The oil can, for example, have a water by distillation araount of 0.5 vol.% or less

(e.g., 0.45 vol.% or less, 0.4 vol.% or less, 0.35 vol.% or less, 0.3 vol.% or less, 0.25 vol.% or
less, 6.2 vol.% or less, (015 vol.% or less, 6.1 vol.% or less, (.075 vol.% or less, 0.05 vol.%

30 orless, 0.025 vol.% or less, or 0.01 vol.% or less). It some examples, the oil can have a water
by distilation amount of 8 vol.% or more {(e.g., 0.01 vol.% or more, 8.025 vol.% or more,
4.05 vol.% or more, 3.075 vol.% or more, (.1 vol.% or more, 0.15 vol.% or more, 8.2 vol.%
ar more, 8.25 vol.% or more, 0.3 vol.% or more, 0.35 vol.% or more, or 0.4 vol.% or more).

The arnount of water by distillation in the ot can range from any of the miniraum values
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described above to any of the maximoum values described above. For example, the oil can
have a water by distitlation amount of from & to 0.5 vol.% (e.g., from {} to .25 vol.%, from
0.25 t0 .5 vol.%, from O t0 0.1 vol.%, from 0.1 t0 0.2 vol.%, from 0.2 to 0.3 vol.%, from 0.3

to 0.4 vol.%, from 0.4 t0 0.5 vol.%, from 0 to 0.4 vol.%, from 0 t0 0.3 vol.%, from 0 t0 8.2

w

vol.%. from € to .05 vol.%, or from 0 to 0.01 vol.%). The amount of water by distillation in
the oil can be determined by any suitable methed, such as those known in the art. In some
exaroples, the water by distillation amount in the oil is determined using the steps described
in ASTM D 95.
The oil can, for example, have a total sediment content of 6.5 vol.% or less (e.g., 0.45
10 vol.% or less, 0.4 vol.% or less, (.35 vol.% or less, 0.3 vol.% or less, (.25 vol.% or less, 0.2
vol.% or tess, 0.15 vol.% or less, $.1 vol.% or less, 0.075 vol.% or tess, 0.05 vol.% or less,
$0.025 vol.% or less, or 6.01 vol.% or less). In some examples, the otl can have a total
sediment content of O vol.% or raore {¢.g., 0.01 vol.% or more, 0.025 vol.% or more, 0.05
vol.% or more, 0.075 vol.% or more, 0.1 vol.% or more, 3.15 vol.% or more, 0.2 vol.% or
15 more, .25 vol.% or more, 0.3 vol.% or more, .35 vol.% or more, or 0.4 vol.% or more). The
total sediment content of the oil can range from any of the minimum values described above
to any of the maximum values described above. For example, the oil can have a total
sediment content of from § to 0.5 vol.% (e.g., from 0 to 0.25 vol.%, from 0.25 to 0.5 vol.%,
from 0 t0 0.1 vol.%, from (1.1 to 0.2 vol.%, from 0.2 t0 0.3 vol.%, from (.3 to 0.4 vol.%, from
20 0.4 t0 0.5 vol.%, from O to 0.4 vol.%, from 0 t0 0.3 vol.%, from O to 0.2 vol.%, from 0 t0 0.05
vol.%, or from G to 0.01 vol.%). The total sediment content of the oif can be determined by
any suitable method, such as those known in the art. In some examples, the total sediment
content of the ol is determined using the steps described in ASTM D 4870,
The oil can, for example, have an n-heptane insoluble content of 0.1 wt.% or less
25 {(e.g.. 0.09 wt.% or less, G.08 wt.% or less, 0.07 wt.% or less, 0.06 wt.% or less, 0.05 wt.% or
fess, .04 wi.% or less, 0.03 wt.% or less, 3.02 wt.% or fess, or .01 wt.% or less). In some
exaroples, the oil can have an n-heptane msohuble content of O wt.% or more {e.g., 0.01 wt.%
or more, 3.02 wt.% or more, 0.03 wt.% or more, 0.04 wt.% or more, 0.05 wt.% or more, 0.06
wt.% or more, §.07 wt.% or more, or 0.08 wi. % or more). The n-heptane insoluble content of
30 the oil can range from any of the minimum values described above to any of the maximum
values described above. For example, the oil can have an n-heptane insoluble content of from
dto 0.1 wt.% {e.g., from § to 0.05 wt.%, from 0.05 t0 0.1 wt. %, from 0 to 0.02 wt.%, from
3.02 t0 .04 wi.%, from .04 t0 0.06 wt.%, from 0.06 to .08 wit.%, from 0.08 t0 0.1 wt.%,

from 0 t0 0.09 wit.%, from 0 t0 0.08 wt.%, from 0 to 0.07 wt.%, front 0 t0 0.06 wt.%, from O
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t0 0.04 wt. %, from O to 0.03 wt.%, or from ¢ 10 0.01 wt.%). The n-heptane insoluble content
of the oil can be determined using any suitable method, such as those known in the art. In
some exarples, the n-heptane insoluble content of the oil is determined using the steps
described in ASTM D 3279,

The oil can, for example, have a total acid nomber of 1 mg KOH/g or less (e.g., 0.8
mg KOH/g or less, 0.8 mg KOH/g or less, 0.7 mg KOH/g or less, 0.6 mg KOH/g or less, $.5
mg KOH/g or less, 0.4 mg KOH/g or less, 0.3 mg KOH/g or less, 0.2 mg KOH/g or less, or
0.1 mg KOH/g or less). In some examples, the oil can have a total acid number of 0 mg
KOH/g or more (e.g.. 0.1 mg KOH/g or more, 0.2 mg KOH/g or more, 0.3 mg KOH/g or
more, 0.4 mg KOH/g or more, 0.5 mg KOH/g or more, 0.6 mg KOH/g or more, 0.7 mg
KOH/g or more, .3 mg KOH/g or more, or .9 mg KOH/g or more). The total acid number
of the oil can range from any of the mintnnum values described above to any of the maximnn
values described above. For example, the otl can have a total acid nursber of from O 1o 1 mg
KOH/g (e.g., from 0 t0 0.5 mg KOH/g, from 0.5 to 1 mg KOH/g, from 0 10 0.2 mg KOH/g,
from (.2 o 0.4 mg KOH/g, from 0.4 to 0.6 mg KOH/g, from 0.6 t0 0.8 mg KOH/g, from 0.8
to 1 myg KOH/g, from 0 t0 0.8 mg KOH/g, from 0 to 0.6 mg KOH/g, from 0 to 8.4 mg
KOH/g, or fromo O 1o 0.1 mg KOH/g). The total acid number of the oil can be determined
using any suitable method, such as those known in the art. In some examples, the total acid
number of the oil is determined using the steps described in ASTM D 664

in some examples, the oif has a Reid Vapor Pressure of 12.5 psig or less; and a final
boiling point of 400°F to 1,000°F. In some examples, the oil has a Reid Vapor Pressure of
12.5 psig or less; and a final boiling point of 400°F to 850°F. In some examples, the oil has a
Reid Vapor Pressure of 12.5 psig or less; and a final boiling pount of 750°F to 1,000°F. In
some exarples, the otl has a Reid Vapor Pressure of from 7 to 10 psig; and a final boiling
point of from 935°F to 950°F.

In some examples, the oil has a Reid Vapor Pressure of 12.5 psig or less; and a pour
point of -2007F to 100°F. In some examples, the oil bas a Reid Vapor Pressure of 12.5 psig or
less; and a pour point of U°F to 20°F. In some examples, the o1l has a Reid Vapor Pressure of
from 7 to 10 psig; and a pour point of from 10°F to 15°F.

in some examples, the oil has a final boiling point of 400°F to 1000°F,; and a pour
point of -200°F to 100°F. In some examples, the oil has a final boiling point of 400°F o
850°F; and a pour point of -200°F to 100°F. In some examples, the oil has a final boiling
point of 750°F to 1,000°F; and a pour point of O°F to 20°F. In some examples, the oil has a

final boiling point of from 935°F to ¥30°F; and a pour point of from 10°F to 15°F.
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In some examples, the oil has a Reid Vapor Pressure of 12.5 psig or less; a final
boiling point of 400°F to 1,BO0°F; and a pour point of -200°F to 100°F. In some examples,
the oil has a Reid Vapor Pressure of 12.5 psig or less; a final boiling point of 400°F to 850°F;

and a pour point of -200°F to 100°F. In some examples, the oil has a Reid Vapor Pressure of

w

12.5 psig or less; a final boiling point of 756°F to 1.000°F; and a pour point of §°F to 20°F,
In some examples, the oil has a Reid Vapor Pressure of from 7 to 10 psig; a final beiling
point of from 935°F to0 950°F; and a pour point of from 10°TF to 15°F;
In some examples, the oil has a Reid Vapor Pressure of 12.5 psig or less; a final
boiling point of 400°F to 1,DOOCF; a pour point of -200°F to 100°F; a total chloride content of
10 500 ppm or {ess; a nitrogen content of 600 ppm or less; a silicon content of 2,000 ppm or less;
a sodiurg content of 100 ppro or less; an won content of 10 ppm or less; a phosphorus content
of 25 ppm or less; a sulfur content of 250 ppm or less; and a calcium content of 50 ppm or
less. n some examples, the oil has a Reid Vapor Pressure of 12.5 psig or less; a final boiling
point of 400°F to 850°F; a pour point of -200°T to 100°F; a total chloride content of 300 ppm

15 orless; a nirogen content of 600 ppm or less; a silicon content of 2,000 ppm or less; a
sodium content of 180 ppm or less; an iron content of 10 ppm or less; a phosphorus content
of 25 ppm or less; a sulfur content of 250 ppro or less; and a calcturn content of 50 ppm or
ess. In some examples, the oil has a Reid Vapor Pressure of 12.5 psig or less; a final boiling
point of 750°F to 1.OU0F; a pour point of 0°F to 20°F; a total chloride content of 500 ppm or

20 less; a nurogen content of 600 ppm or less; a silicon content of 2,000 ppro or less; a sodum
content of 100 ppm or less; an iron content of 10 ppm or less; a phosphorus content of 25
ppm or less; a sulfur content of 250 ppm or less; and a calcium content of 50 ppm or less. In
some exaroples, the oil has a Reid Vapor Pressure of frorm 7 to 10 psig: a final boiling point
of from 935°F to 950°F; a pour point of from 10°F to 15°F; a total chloride content of 100

25  ppm or less; a nitrogen content of 600 ppm or less; a sificon content of 250 ppm or less; a
sodiun: content of 25 ppm or less; an iron content of 16 ppm or less; a phosphorus content of
10 pprmo or less; a sulfur content of 10 ppm or less; and a calcium content of § ppm or less.

In some examples, the oil is a raw pyrolysis product, meaning the oil is produced by a

method that substantially excludes any hydrotreatment or further refining steps after

30 pyrolysis.

Cempogitions, such as Compositions Comprising the Oil and the Wax, such
pd 2
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as Blends

Also disclosed herein are compositions derived from pyrolysis of a feedstock
cormprising post-consumer and/or post-industrial plastics. In some examples, the
corapositions can be prodaced via pyrolysis at an industrial scale.

The compositions can, for example, have a number average molecular weight and/or a
weight average molecular weight of 50 Daltons or more (2.g., 55 Daltons or more, 60 Daltons
or more, 63 Daltons or more, 70 Daltons or more, 75 Daltons or more, 80 Daltons or more,
85 Daltons or more, 8¢ Daltons or more, 95 Daltons or more, 100 Daltons or more, 118
Daltons or more, 120 Daltons or more, 130 Daltons or more, 140 Daltons or more, 150
Daltons or more, 160 Daltons or more, 170 Daltons or more, 180 Daltons or more, 190
Daaltons or more, 200 Daltons or yore, 225 Daltons or more, 250 Daltons or more, 275
Draltons or more, 300 Daltons or more, 325 Daltons or more, 350 Daltons or more, 375
Daltons or more, 400 Daltons or more, or 425 Daltons or more). In some examples, the
compositions can have a number average molecular weight and/or a weight average
molecular weight of 450 Daltons or less {e.g., 425 Daltons or less, 400 Daltons or less, 375
Daltons or less, 350 Daltons or less, 325 Dialtons or less, 300 Daltons or less, 275 Daltons or
less, 250 Daltons or less, 225 Daltons or less, 200 Daltons or less, 190 Daltons or less, 180
Draltons or less, 170 Daltons or less, 160 Daltons or less, 150 Daltons or less, 140 Daltons or
less, 130 Daltons or less, 120 Daltons or less, 110 Daltons or less, 100 Daltons or less, 95
Paltons or less, 90 Daltons or less, 85 Daltons or less, 80 Daltons or fess, 75 Daltons or less,
70 Daltons or less, 65 Daltons or less, or 60 Daltons or less). The number average molecular
weight and/or a weight average molecuolar weight of the composition can range from any of
the mininwrm values described above to any of the maximum values described above. For
example, the composition can have a nomber average molecolar weight and/or a weight
average molecular weight of from 50 to 450 Daltons (e.g., from 50 to 250 Daltons, from 250
to 450 Daltons, from 50 to 150 Daltons, from 150 to 250 Daltons, from 250 to 350 Daltons,
from 350 to 450 Daltons, from 50 to 400 Daltons, from 50 to 350 Daltons, from 50 to 300
Daltons, from 50 to 200 Daltons, from 100 to 450 Daltons, from 150 to 250 Daltons, from
200 to 450 Daltons, from 300 to 450 Daltons, from 75 to 425 Daltons, or from 100 to 400
Daltons).

The composition comprises a mixture of different hydrocarbons (e.g., hinear,
branched, cyclic, acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.), any of which
can optionally be substituted. In some exaroples, the composition coraprises a mixture of

different hydrocarbons, any of which can opticnally be substituted, and 70% or more of the
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mixture (w/w} comprises Ca-Cie hydrocarbons (e.g., 71% or more, 72% or more, 73% or
maore, 74% or more, 75% or more, 76% or more, 77% or more, 78% or more, 79% or more,
80% or more, 81% or more, 82% or more, 83% or more, 84% or more, £5% or more, 86% or
maore, 87% or more, 38% or more, §89% or more, 80% or more, 90.5% or more, 91% or more,

2 O

91.53% or more, 92% or more, 92.5% or more, 93% or more, 93.5% or more, 949% or more,

w

-

94.5% or more, 95% or more, 95.5% or more, 96% or more, 96.5% or more, 97% or more,
97.5% or more, 98% or more, 98.5% or maore, or 99% or roore). In some examples, the
composition comprises a mixture of different hydrocarbons, any of which can optionally be
substituted, and 100% or less of the mixture (w/w) comprises Cq-Cys hydrocarbons (e.g..

10 99.5% or less, 99% or less, 98.5% or less, 98% or less, 97.53% or less, 97% or less, 96.5% or

ess8, 96% or less, 95.5% or less, 95% or less, 94.5% or less, 94% or less, 83.5% or less, 93%
or less, 92.5% or less, 92% or less, 91.5% or less, 91% or less, 94.5% or less, 90% or less,
R9% or less, 88% or less, 87% or ess, 86% or less, 85% or less, 84% or less, 83% or less,
82% or less, 81% or less, 80% or less, 79% or less, 78% or less, 77% or less, 76% or less,

15 75% orless, 74% or less, 73% or less, 72% or less, or 71% or less). The amount of the
mixture comprising U4-Cue hydrocarbons can range from any of the minimum values
described above to any of the maxinuim values described above. For example, the
composition can comprise a mixtare of different hydrocarbons, any of which can optionally
be substituted, and from 70% to 100% of the mixture (w/w) can comprise £4-Cas

20 hydrocarbons {e.g., from 70% to 85%, from 85% to 100%, from 70% to 80%, from 80% to
G0%, from 90% to 100%, from 70% to 85%, from 70% o 90%, from 70% 0 75%, from 75%
to 100%, from 80% to 100%, or from 75% o 95%). In some examples, the composition can
comprise a mixture of different hydrocarbons, any of which can optionally be substituted, and
from 90% to 100% of the mixture {w/w) can comprise C4-Caus hydrocarbons (e.g., from 90%

25 10 95%, from 95% to 100%, from 90% to 92%, from 92% 1o 94%, from 94% to 96%, from
96% to 98%, from 98% to 100%, from 90% to 98%, from 90% to 96%, from 90% to 94%,
from 92% to 100%, from 94% to 100%, from 96% to 100%, from 91% to 99%, from 92% to
98%, or from 93% to 97%).

The composition comprises a mixture of different hydrocarbons (e.g., linear,

30 branched, cychic, acyclic, saturated, unsaturated, aromatic, non-aromaiic, etc.}, any of which
can optionally be substituted. In some examples, the composition comprises a mixture of
different hydrocarbons, any of which can optionally be substituted, and 70% or more of the
mixiure (w/w) comprises C4-Cas hydrocarbous (e.g., 71% or more, 72% or raore, 73% or

more, 74% or more, 75% or more, 76% or more, 77% or more, 78% or more, 79% or more,
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80% or more, 81% or more, 82% or mwore, 83% or more, 84% or more, 85% or more, 86% or
more, 87% or more, 88% or more, 89% or more, 90% or more, 90.5% or more, 91% or more,
91.5% or more, 92% or more, 92.5% or more, 93% or more, 93.5% or more, 94% or more,

94.5% or more, 95% or more, 95.3% or more, 896% or more, 96.5% or more, 97% or more,

w

97.5% or more, 98% or more, 98.5% or more, or 99% or more}. In some examples, the

comyposition comprises a mixture of different hydrocarbons, any of which can optionally be

substituted, and 100% or less of the mixtare (w/w) comprises Cq-Cas hydrocarbons (e.g.,

99 5% or less, 99% or less, 98.5% or less, 98% or less, 97.5% or less, 97% or less, 96.5% or

less, 96% or less, 95.5% or less, 95% or less, 94.5% or less, 949% or less, 93.5% or less, 93%

10 orless, 92.3% or less, 92% or less, 91.5% or less, 91% or less, 90.5% or less, 90% or less,
89% or less, 88% or less, 87% or less, R6% or less, 85% or less, 84% or less, 83% or less,
82% or less, 819% or less, 80% or less, 79% or less, 78% or less, 77% or less, 76% or less,
75% or less, 74% or less, 73% or less, 72% or less, or 71% or less). The amount of the
mixture comprising Cs-Csz hydrocarbons can range from any of the minimum values

15 described above to any of the maximum values described above. For example, the
composition can comprise a mixture of different hydrocarbons, any of which can optionally
be substituted, and from 70% to 100% of the mixture (w/w) can comprise Cs-Cs3
hydrocarbons (e.g., from 70% to 85%, from 85% to 100%, from 70% to 80%, from 80% to
90%, from 90% to 100%, from 70% to 95%, from 70% o 90%, from 70% to 75%, from 75%

20 1o 100%, from 80% to 100%, or from 75% to 95%). In some exaraples, the composition can
comprise a mixture of different hydrocarbons, any of which can optionally be substituted, and
from 90% to 100% of the mixture (w/w) can comprise C4-Css hydrocarbons (e.g.. from 90%
t0 95%, from 95% to 100%, from 90% to 92%, from 92% to 94%, from 94% 1o 96%, from
96% t6 98%, from 98% to 100%, from 90% to 98%, from 90% to 96%, from S0% to 4%,

25 from 92% to 100%, from 94% to 100%, from 969% to 100%, from 91% to 99%, from 92% to
98%, or from 93% tc 97%).

The comgposition comprises a mixtare of different hydrocarbons (e.g., linear,
branched, cyclic, acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.), any of which
can optionally be substituted. In some examples, the composition comprises a mixture of

30 different hydrocarbons, any of which can optionally be substituted, and 7.5% or more of the

mixture (w/w) comprises Cs-Cy hydrocarbons (e.g., 8% ot more, 8.5% or more, 9% or more,

9.5% or more, 10% or more, 11% or more, 12% or more, 13% or more, 14% or more, 15% or

more, 16% or more, 17% or move, 18% or more, 19% or more, 20% or more, 21% or more,

22% or moote, 23% or more, or 24% or more). In some exaraples, the compposition corprises
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a mixture of different hydrocarbons, any of which can optionally be substitated, and 25% or

less of the mixture (w/w) comprises Us-Cg hydrocarbons (e.g., 24% or less, 23% or less, 22%
or less, 21% or kess, 20% or less, 19% or less, 18% or less, 17% or less, 16% or less, 15% or
less, 14% or fess, 13% or less, 12% or fess, 11% or less, 10% or less, 9.5% or less, 9% or
ess, 8.5% or less, or §% or less). The amount of the mixture comprising C4-Cg hydrocarbons
can range from any of the minimum values described above to any of the maximum values
described above. For example, the composition can comprise a mixture of different
hydrocarbons, any of which can optionally be substituted, and from 7.5% to 25% of the
mixture (w/w} can comprise C4-Cy hydrocarbons {¢.g., from 7.5% to 16%, from 16% to 25%,
from 7.5% to 10%, from 10% t0 15%, from 13% to 20%, from 20% to 25%, from 7.5% to
20%, from 7.5% to 15%, from 10% t0 25%, from 15% to 25%, from 8% to 24%, from 9% to
22%. or from 10% to 20%;). In some examples, the composition can comprise a mixture of
different hydrocarbons, any of which can optionally be substituted, and from 10% to 20% of
the mixture (w/w) can comprise Cs-Cg hydrocarbons.

The composition comprises a mixture of different hydrocarbons (e.g., linear,
branched, cyclic, acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.), any of which
can optionally be substituted. fn some examples, the composition comprises a mixture of
different hydrocarbons, any of which can optionally be substituted, and 30% or more of the
mixture (w/w) comprises Co-Czo hydrocarbens (e.g., 31% or more, 32% or more, 33% or
more, 34% or more, 35% or more, 36% or more, 37% or more, 38% or more, 39% or more,
40% or more, 41% or more, 42% or mwore, 43% or more, 44% or raore, 45% or more, 46% or
mare, 47% or more, 48% or more, 49% or more, 50% or more, 51% or more, 52% or more,
53% or more, or 54% or more). In some examples, the coraposition comprises a mixture of
different hydrocarbons, any of which can optionally be substituted, and 55% or less of the
mixture (w/w) comprises Co-Coo hydrocarbons (e.g., 54% or less, 53% or less, 52% or less,
51% or less, 50% or less, 49% or less, 489% or less, 47% or less, 469 or less, 45% or less,
449% or less, 43% or less, 42% or less, 41% or less, 40% or less, 39% or less, 38% or fess,
37% or fess, 36% or less, 35% or fess, 34% or less, 33% or fess, 32% or less, or 31% or less).
The amount of the mixture comprising Co-Coo hydrocarbons can range from any of the
minimum values described above to any of the maxiumum valoes described above. For
example, the composition can comprise a nuxture of different hydrocarbons, any of which
can optionally be substituted, and from 30% to 55% of the mixture (w/w) can comprise Co-
Cap hydrocarbons (e.g., from 30% 1o 42.5%, from 42.5% to 55%, from 30% to 35%, from

35% to 40%, from 40% to 45%, from 45% to 50%, from S0% to 55%, from 30% to 50%,
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from 30% to 45%, from 30% to 40%, from 35% to 55%, from 40% o 55%, from 45% to
55%, from 31% to 54%, from 32% to 53%, or from 35% to 509%). In some examples, the
composition can comprise a mixture of different hydrocarbons, any of which can optionally
be substituted, and from 35% to 55% of the mixture (W/w) can comprise Co-Cop
hydrocarbons.

The compuosition comprises a mixture of different hydrocarbons {e.g., linear,
branched, cyclic, acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.), any of which
can optionally be substituted. In some examples, the composition comprises a puixture of
different hydrocarbons, any of which can optionally be substituted, and 15% or more of the
mixture (w/w} comprises Cz;-Cho hydrocarbaons {e.g., 16% or more, 17% or more, 18% or
maore, 19% or more, 20% or more, 21% or more, 22% or more, 23% or more, 24% or more,
25% or more, 26% or more, 27% or more, 28% or more, 29% or more, 30% or more, 3§7% or

3

more, 32% or more, 33% or move, 34% or more, 35% or more, 36% or more, 37% or more,
38% or more, ot 39% or more). In some examples, the composition comprises a mixture of
different hydrocarbons, any of which can optionally be substtuted, and 40% or less of the
mixture {w/w} comprises Csi-Uho hydrocarbons {(e.g., 39% or less, 38% or less, 37% or less,
36% or less, 35% or less, 34% or less, 33% or {ess, 329% or less, 31% or ess, 30% or less,
29% or less, 28% or less, 27% or less, 26% or less, 25% or less, 249% or less, 237% or less,
22% or less, 21% or less, 20% or less, 19% or less, 18% or less, 17% or less, or 16% or less).
The amount of the mixture comprising C2:-Cog hydrocarbons can range from any of the
minimurn values described above to any of the maximum values described above. For
example, the composition can comprise a mixture of different hydrocarbons, any of which
can optionally be substituted, and from 15% to 40% of the mixture (w/w) can comprise Cq;-
Cag hydrocarbons (e.g., from 15% to 27.5%, from 27.5% to 40%, from 15% to 20%, from
20% t0 25%, from 25% to 309, from 30% to 35%, from 35% to 40%, from 15% to0 35%,
from 15% to 30%, from 15% to 25%, from 20% to 40%, from 25% to 40%, from 30% to
40%, from 16% to 39%, from 17% to 38%, or from 20% to 35%). In some exaraples, the
composition can comprise a mixuire of different hydrocarbons, any of which can optionally
be substitited, and from 20% to 40% of the mixture {(w/w) can comprise Cz1-Cho
hydrocarbons.

The composition comprises a mixture of different hydrocarbons (e.g., hinear,
branched, cyclic, acyclic, saturated, unsaturated, aromatic, non-aromatic, etc.), any of which
can optionally be substituted. In some exaroples, the composition coraprises a mixture of

different hydrocarbons, any of which can opticnally be substituted, and 0% or more of the
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mixture (w/w} can comprise Cao-Cas hydrocarbons (e.g., 3.5% or more, 1% or more, 1.5% or

mare, 2% or more, 2.5% or more, 3% or more, 3.5% or more, 4% or more, 4.5% or more, 5%

or more, 5.5% or more, 6% or more, 6.5% or more, 7% or more, 7.5% or more, 8% or more,
8.5% or more, 9% or more, 9.5% or more, 10% or more, 10.5% or more, 11% or more,
i

207

1.5% or more, 12% or more, 12.5% or more, 13% or more, 13.5% or more, or 14% ¢

w

more). In some examples, the composition comprises a mixture of different hydrocarbons,
any of which can optionally be substituted, and 15% or less of the mixture (w/w) can
comprise Csp-Cug hydrocarbons (e.g., 14.5% or less, 14% or less, 13.5% or less, 13 % or less,
12.5% or less, 12% or less, 11.5% or less, 11% or less, 10.5% or less, 10% or less, 9.5% or

10 less, 9% or less, 8.5% or less, 8% or less, 7.5% or less, 7% or less, 6.5% or less, 6% or less,
5.5% or less, 3% or tess, 4.5% or less, 4% or less, 3.5% or less, 3% or less, 2.5% or less, 2%
or less, 1.5% or less, 1% or less, or 0.3% or less). The amount of the mixture comprising Cse-
Cys hydrocarbons can range from any of the minimum values described above o any of the
maximum values described above. For example, the composition can comprise a mixture of

15 different hydrocarbons, any of which can gptionally be substituted, and from 0% to 15% of
the mixture (w/w) can corprise Usp-Cag hydrocarbons {e.g., from 0% to 7.5%, from 7.5% to
15%, from 8% to 5%, from 5% to 10%, from 10% to 15%, from (% to 14%, from 0% to
12%, tfrom 0% to 10%. from 0% to 8%, from 0% to 6%, from 0% to 4%, from 0% to 2%
from 1% to 15%, from 3% to 15%, from 5% to 15%. from 7% to 15%, from 9% to 15%

20 from 119% to 15%, from 13% to 15%, from 1% to 14%, from 2% to 13%, or from 3% to
12%). In some f:xampics the composition can comprise a mixture of different hydrocarbous,
anty of which can optionally be substituted, and from 5% to 15% of the mixture {w/w) can
comaprise Cso-Cas hydrocarbons.,

In soroe examples, the composition comprises a mixwre of different hydrocarbons,

25  any of which can optionally be substituted, and the mixtre comprises: 7.5-25% (e.g.. 10-
26%} C4-Ce hydrocarbons, 30-55% (e.g., 35-35%) Co-Cao hydrocarbons, 15-40% {e.g., 20-

409 Coi-Cag hydrocarbons, and 0-15% (e.g.. 5-15%) Cso-Cys hydrocarbons. In some
exaroples, the composition coraprises a mixture of different hydrocarbouns, any of which can
optionally be substituted, and the mixture comprises: 10-20% Cs-Cg hydrocarbons, 35-55%

30 Co-Coyp hydrocarbons, 20-40% C21-Cys hydrocarbons, and 5-15% Cag-Cas hydrocarbons.

1n some examiples, the composition comprises a nuxture of different hydrocarbons,
any of which can optionally be substituted, and the mixwre is substantially free of C1-Cy
hydrocarbons.

In some examples, the composition coraprises a mixture of different hydrocarbouns,

o
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any of which can optionally be substituted. and the mixtore comprises saturated hydrocarbons
{e.g., linear, branched, and/or cyclic alkanes), unsaturated (non-aromaticy hydrocarbons {e.g.,
linear, branched, and/or cyclic alkencs and/or alkynes), and aromatic hydrocarbons. For

example, the composition comprises a mixtire of different hydrocarbons, any of which can

w

optionally be substituted, and the mixture comprises 80 wt.% or more saturated hydrocarbons

(e.g., 81 wt.% or mwore, 82 wt.% or more, 83 wi.% or more, 84 wt.% or more, 85 wt.% or

more, 86 wt.% or more, 87 wt.% or more, 88 wt.% or more, 8 wt.% or more, 90 wit.% or

maore, 91 wt.% or more, 92 wt.% or more, 93 wt.% or more, 94 wt.% or more, 95 wt.% or
mare, 96 wt.% or more, 97 wt.% or more, 98 wt.% or more, or 99 wt.% or more). In some

10 examples, the composition comprises a puxture of different hydrocarbons, any of which can
optionatly be substituted, and the mixture comprises 100 wt.% or less saturated hydrocarbons
{e.g.. 99 wt.% or less, 98 wt.% or less, 97 wt.% or less, 96 wt.% or less, 95 wt.% or less, 94
wt.% or less, 93 wt.% or less, 92 wi.% or less, 91 wt.% or less, 90 wt. % or less, 89 wt.% or
fess, 88 wt.% or less, 87 wt.% or less, 86 wt.% or less, 85 wit.% or less, 84 wt.% or less, 83

15 wt% or less, or 82 wt.% or less). The amount of the mixture comprising saturated
hydrocarbons can range from any of the minimum values described above to any of the
maximum values described above. For example, the composition can comprise a mixiure of
different hydrocarbons, any of which can optionally be substituted, and from 80 wt.% to 100
wt.% of the mixture can comprise saturated hydrocarbons {e.g., from 80 wi.% to 90 wt.%,

20 from 90 wt.% to 100 wi.%, from 80 wt. % to 85 wt.%, from 85 wi.% to 90 wt.%, from 90
wi.% to 95 wt.%, from 95 wi.% to 100 wit.%, from 80 wt.% to 98 wi.%, from 83 wt.% to 96
wt. %, from 80 wt.% to 94 wt.%, from 80 wi. % to 92 wt.%, from 80 wi.% to 88 wi.%, from
80 wt.% 1o 86 wi.%, from 80 wt.% to 84 wi.%, from 80 wt.% to 82 wt.%, from &2 wi.% to
100 wt.%, from 84 wi.% to 100 wi.%, from 86 wt.% to 100 wi.%, from 88 wt.% to 100 wt.%,

25 from 92 wi.% to 100 wt.%, from 94 wit.% to 100 wt.%, from 96 wit.% to 100 wt.%, from 93
wit.% to 106 wt. %, from 82 wt.% to 98 wt.%, or from 85 wt.% to 95 wt.%).

In some examples, the composition comprises a roixture of different hydrocarbons,
any of which can optionally be substituted, and the mixture comprises § wt.% or more
unsaturated (non-aromatic) hydrocarbons {e.g., 0.1 wt.% or more, 0.2 wt.% or more, 0.3 wt.%

30 or more, 0.4 wt.% or more, 0.5 wt.% or more, 0.6 wt.% or more, 0.7 wi.% or more, 0.8 wt.%
or more, 0.9 wt.% or more, 1 wt.% or more, 1.25 wi.% or more, 1.5 wt.% or more, 1.75 wt.%

or more, 2 wt.% or more, 2.25 wt.% or more, 2.5 wt.% or more, 3 wt.% or more, 3.5 wt.% or

more, ot 4 wi.% or more). In some examples, the composition comprises a raixture of

different hydrocarbons, any of which can opticnally be substituted, and the mixture
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comprises 3 wt.% or less unsaturated (non-aromatic) Bydrmarbo- (e.g., 4.5 wt.% or less, 4
wt.% or less, 3.5 wt.% or less, 3 wt.% or kess, 2.5 wit.% or less, 2.25 wt.% or less, 2 wt.9
less, 1.75 wt.% or less, 1.5 wt.% or less, 1.25 wt.% or less, 1 wt.% or less, 0.9 wt.% or less,

0.8 wit.% or tess, 0.7 wt.% or less, (1.6 wi.% or less, 8.5 wt.% or fess, (0.4 wi.% or less, 8.3

w

wt.% or less, or (1.2 wt.% or less). The amount of the mixtare comprising unsaturated (non-

aromatic) hydrocarbons can range from any of the minimum values described above to any of

the maximum values described above. For example, the composition can comprise a mixture

of different hydrocarbons, any of which can optionally be substituted, and from 0 to 5 wt.%

of the mixture can comprise unsaturated (non-aromatic) hydrocarbons {e.g., from ¢ t0 2.5

10 wt.%, from 2510 53 wt.%, from O to 1 wt.%, from 1 to 2 wt.%, from 2 to 3 wt.%, from 3 t0 4
wt.%, from 4 to 5 wt.%, from O to 4 wi.%, from O to 3 wt.%, from O to 2 wt.%, from 1 10 §
wt.%, from 2 to 5 wt.%, from 3 to 5 wt. %, from 0.5 to 4.5 wt.%, or from | to 4 wt.%).

In some examples, the composition comprises a raixture of different hydrocarbous,

any of which can optionally be substituted, and the mixtore comprises O wt.% or more

15 aromatic hydrocarbons (e.g., 0.1 wt.% or more, 0.2 wt.% or more, 0.3 wt.% or more, 0.4
wt.% or more, 0.5 wt.% or more, (.6 wi.% or more, 0.7 wt.% or more, 0.8 wt.% or more, 0.9
wt. % or more, 1 wi.% or more, 1.25 wt.% or more, 1.5 wt.% or more, 1.75 wt.% or more, 2
wt.% or more, 2.25 wt.% or more, 2.5 wt.% or more, 3 wt.% or more, 3.5 wt.% or more, 4
wt.% or more, 4.5 wt.% or more, 3.5 wt.% or more, 6 wt.% or more, 6.5 wt.% or more, 7

20 wt.% or more, 7.5 wt.% or more, 8 wi.% or more, 8.5 wt.% or more, 9 wt.% or more, 9.5
wit.% or more, 13 wt.% or more, 10.5 wit.% or more, 11 wit.% or more, 11.5 wt.% or more, 12
wt.% or more, 12.5 wt.% or more, 13 wt.% or more, 13.5 wi.% or more, or 14 wt.% or more).
I some exaroples, the composition comprises a mixmure of different hydrocarbons, any of
which can optionally be substituted, and the mixture coraprises 15 wit.% or less aromatic

25  hydrocarbons (e.g., 14.5 wt.% or less, 14 wt.% or less, 13.5 wt.% or less, 13 wt.% or less,
12.5 wt.% or less, 12 wt. % or less, 11.5 wt.% or less, 11 wt.% or less, 10.5 wt.% or less, 18
wt.% or less, 3.5 wt.% or less, 9 wt.% or less, 8.5 wt.% or less, 8 wt.% or less, 7.5 wit.% or
fess, 7wt % or less, 6.5 wi.% or less, 6 wt.% or less, 5.5 wt.% or less, 5 wi.% or less, 4.5
wt.% or less, 4 wt.% or less, 3.5 wt.% or less, 3 wt.% or less, 2.5 wt.% or less, 2.25 wt.% or

30 less, 2 wt.% orless, 1.75 wt.% or fess, 1.5 wt.% or less, 1.25 wt.% or less, 1 wt.% or fess, .9

wt.% or less, .8 wit.% or less, 0.7 wt.% or less, 0.6 wi.% or less, 0.5 wt.% or less, 0.4 wi.%

or less, 0.3 wt.% or less, or 0.2 wt.% or less). The amount of the mixture comprising aromatic

hydrocarbons can range from any of the mininwuim values described above to any of the

maxiowim values described above. For example, the composition can comprise a mixture of

o
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different hydrocarbons, any of which can optionally be substituted, and from 0 to 15 wt.% of

the mixisre can comprise aromatic hydrocarbons (e.g., from O to 7.5 wt.%, from 7.5 t0 15
wt. %, from 0 to 5 wt.%, from 5 to 10 wt.%, from 10 to 15 wt.%, from 0 to 14 wt.%, from 0 to
12 wt.%, from G to 1Q wt.%, from 0 to 8 wt.%, from 0 to 6 wt.%, from O to 4 wt.%, from § to
25wt %, from 0 to 2 wt.%, from O to 1 wt.%, from § to 15 wt.%, from 2 to 15 wt.%, from 4
to 15 wt.%, from 6 to 15 wt.%, from & to 15 wt.%, from §2 to 15 wt.%, from (.5 t0 14.5
wt.%, or from | to 14 wit.%).

In some examples, the composition comprises a mixture of different hydrocarbons,
any of which can optionally be substituted, and the mixture corprises 80 — 100 wt.%
saturated hydrocarbons; 0 — 5 wt.% unsaturated (non-aromatic) hydrocarbons; and ¢ - 15
wt.% aromatic hydrocarbons.

In some examples, the composition can inchide one or more contaminants.
Contaminants can, for exaraple, comprise an alkalt metal, an alkaline earth metal, a transition
metal, a basic metal, a semimetal, a nonmetal, a halogen, a salt or compound thereof, or a
combination thereof. Examples of contaminants include, but are not limited to, lithium,
sodiur, beryliinm, magnesium, calcium, strontiur, titanium, vanadium, chromium,

manganese, iron, cobalt, nickel,

copper, zine, molyhdenurs, cadmium, mercury, aluminum,
titarium silicon, tin, lead, nitrogen, phosphorus, arsenic, antimony, oxygen, sulfor, selenium,
fluorine, chlorine, bromine, compounds thereof, and combinations thereof. I some examples,
the composition inchudes a contamainant comprising chioride, nitrogen, silicon, sodivm, iron,
phosphorus, sulfur, calcium, nickel, copper, vanadium, or a combination thereof.

Contaminants are introduced during plastic formulation and manufacturing processes
during the first life of plastic in conjunction with the source and collection method of the
plastics.

For example, chiloride sources in used plastics can comprise PVDC layers. PVDC is
often used as a layer or coating in food and pharmaceutical packaging applications because it
provides excellent barrier properties against moisture, UV light, acids, salts, and detergents as
well as having good transparency. Despite design for recyelability formudation changes,
PVDC is forecasted to increase at 3.2% annually through 2028 in the US. Packaging
converters produce a range of ronolayer and nwlti-layer packaging. Both types can become
mixed in recycled streams. Post-consumer sourees will contain higher volumes of materials
containing chloride sources that can be difficult to differentiate and remove through standard

sorting techniques.

e

Nitrogen sources used in plastics can, for example, be derived from pyrolysis of nylon
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Nylon 6 (PA-6), Nylon-66 {PA-66) in used plastic sources, often from food and
industrial packaging materials. Nylon is used in multi-layer flexible packing films to protect
oxygen-sensitive foods or when excclient oil and grease resistance and high mechanical
strength are required, such as for processed meats and fish, and cheese and other dairy
products. Nylon also provides a wide cold to hot temperature range (2.g.. -60°C to 150°C),
which enables foods to move through freezer to the microwave/oven without packaging
degradation. In indostrial packaging, nylon is often used as a reinforcing layer to provide high
mechanical strength and excellent abrasion and puncture resistance (for example, in
polypropylene supersacks that contain a nylon interfayer or straps). Nitrogen can also come
from protein (food) residue on plastics that arises from the armino acids in decoraposed
protein. Post-consumer sources will contain higher volumes of materials containing nitrogen
sources that can be difficult to differentiate and remove through standard sorting technigues.

Silicon sources in used plastics can, for example, comprise silica desiccant packages.
In food packaging and processing plants, silicon products are widely used as release agents in
a wide variety of materials and equipment, leaving residue on plastic surfaces. Silicon is also
an additive that can be added to a wide range of materials to change the appearance, extrusion
properties, and/or end-product characteristics; this applied to fikms as well as two-
dimensional plastics. Post-consumer sources will contain higher volumes of materials
containing silicon sources that can be difficult to differentiate and remove through standard
sorting techiiques.

Silicon dioxide can be applied in a very thin coating to plastics, specifically
polyethylene, polypropylene, and/or polystyrene, to act as a barrier laver to improve the shelf
life of oxygen and moisture sensitive food. This thin coating can be applied by a vacuum or
plasma deposition process; the barrier layer and the plastic forma covalent bond. The Si0;
barrier coatings are chemically inert and enable benefits in rigid and flexible food packaging
applications, ncluding, but not limited to, reducing oxygen and moisture permeability of
plastics, ensuring avoma protection and retention of the smell and taste of contents, not
sensitive to fluctuations in ternperature and humidity, well-suited for pasteurization and
sterilization processes, and can increase shelf life of foods without the addition of
preservatives. The 810 coatings are thin, €.g. significantly thinner than a huroan hatr, and
therefore have a negligible impact on the packing weight. For this reason, coated packaging is
considered a mono-material that can be mechanically recycled. Recyclability initiatives are
promoting the use of 5i0» coatings as a replacement for PYVDC and Nylon barciers in flexible

and rigid packaging. Although these guidelines are intended for mechanically recycled
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plastics, several packaging forms and formulations are better suited for pyrolysis-based
advanced recycling. SiO; coatings have the potential to be the “gift that keeps on giving”,
especially when used in rigid and fiexible polyethylene and polypropylene plastics that are

mechanically recycled inttially, which, after a few cycles, will then eventually become the

w

used plastic feedstocks for advanced recycling; the silicon is predicted to accumulate and
carry forward into each successive application.

Phosphorus-containing flame retardants are widely used in plastics where s rapid
oxidation consumes all the oxygen present, thereby stopping the five. Plastics commonly
containing these flame retardants include, but are not limited to, engineered plastics,

10 polyurethane foams, polyanides (e.g., nylon) and glass-fiber reinforced nylon, polyethylene
and EVA co-polymers, and intumescent coatings on foams and polypropylene textiles.
Phosphate esters are also used as flame retardant plasticizers in PV, high impact polystyrene
(HIPS), polycarbonate (PC), and acrylonitrie butadicne styrene (ABS). Phosphorus sources
also include agricultural applications, sach as residual glyphosate in HDPE containers and

g.. mulch films). Post-consumer

o

15 residual phosphorus fertilizers on ground-level films (e.
sources will contain higher volumes of materials containing phosphorus sources that can be
difficult to differentiate and remove through standard sorting techuniques.

Sources of sulfur, calcium, sodium, iron, phosphorus, or a combination thereof are
additives, surface residues, and residual contamination of the incoming post-constmer and/or

20 post-industrial plastics. A wash step can potentially remove certain surface residues, but
would add cost and complexity to the advanced {e.g., pyrolysis based) recyching process.
Accordingly, post-consumer sources will contain higher volumes of materials containing
sources of sulfur, calcium, sodium, iron, phosphorus, or a combination thereof that can be
difficult to differentiate and remove through standard sorting techniques.

25 Copper alloys are commonly and increasingly vsed to create molds for plastic
injection molding processes due to their high thermal conductivity that removes hot spots,
reduces warpage and reduces cyele tirae, ease of machining by a variety of processes, and
corrosion resistance to water, cooling fluids and the plastics being injected. Copper alloys
often contain nickel and silicon. Plastics manufactured in copper alloy meolds can have

30 residual amounts of copper, nickel, and silicon on their surface. In addition, the plating of
plastic with nickel and copper can be an effective means of protecting a substrate against
corrpsion from environmental exposure and make i more resistant to damage from chemicals
used in the manufacturing process. In some instances, the plating on plastic can increase the

hardness, strength, and wear resistance of the substrate. The presence of copper and nickef on
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the surface of both pre-consumer and post-consumer sources can be difficult to differentate
and remove through standard sorting technigues.

in some examples, the composition has a total chioride content of 500 ppm or less
(e.g.. 475 ppm or less, 450 ppm or less, 425 ppm or less, 400 ppm or less, 375 ppro or less,
350 ppm or less, 325 ppm or less, 300 ppm or less, 275 ppm or less, 250 ppm or less, 225
ppm or less, 2800 ppm or less, 175 ppm or less, 150 ppm or less, 125 ppm or less, 100 ppm or
less, 75 ppmoor less, 50 ppm or less, 45 ppro or less, 40 ppm or less, 35 ppm or less, 30 ppro
or less, 25 ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm or less, @ ppm or less, 8 ppm
or less, 7 ppm or less, 6 ppm or less, 5 ppm or fess, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or
less, 3 ppm or less, 2.5 ppim or less, 2 ppm or less, 1.5 ppm or {ess, | ppm or less, .75 ppro
or less, 0.3 ppmoor less, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppro or
less, §.025 ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or §.005 ppm or less). In some
exaroples, the composition is substaniially free of chiorides. The total chloride content of the
composition can be determined using any suitable method. In some examples, the total
chloride content of the composition is determined using the steps described in ASTM D
7359.

The composition can, for example, bave a nitrogen content of 600 ppo or less {e.g.,
575 ppm or less, 550 ppm or less, 525 ppm or less, 300 ppm or less, 475 ppm or less, 430
ppm or less, 425 ppm or less, 400 ppm or less, 375 ppm or less, 350 ppm or less, 325 ppm or
fess, 300 ppm or less, 275 ppm or less, 250 ppm or tess, 225 ppm or less, 200 ppr or less,
175 ppm or less, 150 ppro or less, 125 ppm or less, 100 ppm or less, 75 ppm or less, 50 ppro
or less, 45 ppm or less, 40 ppm or less, 35 ppm or less, 30 ppm or less, 25 ppm or less, 20
ppm or less, 15 ppm or less, 10 pprm or less, 9 ppm or less, & ppra or {ess, 7 ppo or less, 6
ppm or less, 5 ppr or less, 4.5 ppm or less, 4 ppro or less, 3.5 ppm or less, 3 ppm or less, 2.5
ppm or less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, 0.75 ppm or less, 8.5 ppm or less,
(.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppnt or less,
0.01 ppm or less, 0.0073 ppm or less, or 0.005 ppm or less). In some examples, the
composition can be substantially free of nitrogen. The nitrogen content of the composition
can be determined using any suitable method, such as those known in the art. In some
cxamples, the nitrogen content of the composition is determined using the steps deseribed in
ASTM D 4629,

The composition can, for example, have a silicon content of 2,000 ppm or less {e.g.,
1900 ppm or less, 1,800 ppr or fess, 1,700 ppm or less, 1,600 ppm or less, 1,500 ppm or less,
1,400 ppro or fess, 1,300 ppm or less, 1,200 ppm or {ess, 1,100 ppm or less, 1,000 ppro or
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less, 950 ppm or less, 900 ppm or less, 350 ppm or less, 800 ppm or less, 750 ppm or less,
700 ppm or less, 650 ppnt or less, 600 ppm or less, 550 ppm or less, 500 ppm or less, 475
ppm or less, 450 ppm or less, 425 ppm or less, 400 ppm or less, 375 ppm or fess, 350 ppm or
less, 325 ppm or less, 300 ppra or less, 275 ppm or fess, 250 ppm or less, 225 ppm or less,
200 ppm or less, 175 ppm or less, 150 ppm or less, 125 ppm or less, 100 ppm or less, 75 ppm
ar less, 50 ppm or less, 45 ppm or less, 40 ppm or less, 35 ppo or less, 30 ppm or less, 25
ppm ot less, 20 ppm or less, 15 ppmoor less, 10 ppro or less, 9 ppm or less, 8 ppm or less, 7
ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3
ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, .75 ppm or less,
0.5 ppa or less, 0.25 ppmoor less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppmoor less, 0.025
ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or 0.00S ppro or less). In some examples,
the composition can be substantially free of silicon. The silicon content of the composition
can be determined using any suitable method, such as these known in the art. In some
exaroples, the silicon content of the composition is determined using the steps described in
ASTM D 5185,

The composition can, for exanple, have a sodium content of 150 ppm or less (e.z.,

125 ppm or less, 100 ppm or less, 75 ppm or less, 50 ppm or less, 45 ppm or less, 40 ppm or
ess, 35 ppm or less, 30 ppm or less, 25 ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm
or less, 9 ppm or less, 8 ppm or less, 7 ppm or less, 6 ppm or fess, 5 ppm or less, 4.5 ppm or
fess, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, Z ppm or {ess, 1.5 ppm or
less, 1 ppm or less, .75 ppm or fess, 0.5 ppm or less, 0.25 ppm or less, 0.1 ppm or fess, 0.075
ppm or less, 0.05 ppm or less, 0.025 ppm or less, 0.01 ppm or less, 0.0075 ppm or less, or
0.005 ppm or less). In some cxamples, the composition is substantially free of sodium. The
sodiurn content of the composition can be determined by any suitable method, such as those
known in the art. In some examples, the sodium content of the composition is determined
using the steps described in ASTM D 5185,

The comgposition can, for example, have an iron content of 10 ppm or fess {e.g., 9 ppru
or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppra or less, 4 ppm oor
less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, 1 ppm or
less, .75 ppm or less, 0.5 ppra or {ess, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less,
(.05 ppm or less, 0.025 ppm or less, .01 ppro or less, 0.0075 ppro or less, or 0.005 ppm or
less). In some examples, the composition is substantially free of iron. The iron content of the
composition can be determined using any suitable method, such as those known in the art. In

some examples, the iron content of the composition is determined using the steps deseribed in
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ASTM D 5185,

The composition can, for example, have a phosphorus content of 50 ppm or fess {e.g.,
45 ppm or less, 40 ppm or less, 35 ppm or less, 30 ppm or less, 25 ppm or less, 20 ppm or
less, 1S ppin or less, 10 ppm or less, 9 ppm or less, 8 ppm or fess, 7 ppm or less, 6 ppm or
less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or
fess, 2 ppm or less, 1.5 ppm or less, 1 ppm or less, .75 ppm or less, 0.5 ppm or less, 0.25
ppm ot less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppm or less, 0.01
ppm or less, §.0075 ppm or less, or .005 ppm or less). In some examples, the composition
can be substantially free of phosphorus. The phosphorus content of the composition can be
determined using any suitable method, such as those known in the art. In sonme examples, the
phosphorous content of the composition is determined using the steps deseribed in ASTM D

y183.

]

[}

The comaposition can, for exaraple, have a sulfur content of 500 ppm or less (e.g., 475
ppm ot less, 450 ppro or less, 425 ppm or fess, 400 ppm or less, 375 ppm or less, 350 ppm or
less, 325 ppm or less, 300 ppm or less, 275 ppm or less, 250 ppm or less, 225 ppm or less,
200 ppm or less, 175 ppny or less, 150 ppm or less, 125 ppm or less, 100 ppm or less, 75 ppm
or less, 50 ppm or less, 45 ppm or less, 40 ppm or less, 35 ppm or less, 30 ppm or less, 25
ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm or less, 9 ppm or less, 8 ppm or less, 7
ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or less, 3
ppi or less, 2.5 ppm or less, 2 ppm or {ess, 1.5 ppm or less, | ppm or less, .75 ppim or less,
0.5 ppm or less, 0.25 ppro or less, 0.1 ppm or less, 0.073 ppm or less, 0.0S ppm or less, 0.025
ppm or less, 0.0 ppm or less, 0.0075 ppm or less, or 0.003 ppm or less). In some examples,
the composition can be substantially free of sulfur. The sulfur content of the conoposition can
be determined by any suitable methods, such as those known in the art. In some examaples,
the sulfur content of the composition is determined using the steps described in ASTM D
4294,

The comgposition can, for example, have a calcium content of 50 ppm or less {(e.g., 45
ppm or less, 40 ppm or less, 35 ppo or less, 30 ppro or less, 25 ppi or less, 20 ppm or less,
15 ppm or less, 10 ppm or less, 9 ppm or less, 8 ppm or less, 7 ppm or less, 6 ppm or less, 5
ppot or less, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or {ess, 3 ppm or less, 2.5 ppm or less, 2
ppm oor less, 1.5 ppm or less, 1 ppmoor less, 0.75 ppm or less, (LS ppro or less, .23 ppmoor
less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppm or less, 0.025 ppm or less, 0.01 ppm or
fess, 0.0075 ppm or less, or 0.005 ppro or fess). In some exaroples, the composition can be

substantially free of caleium. The calcium content of the coraposition can be determined
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using any suitable methods, such as those known in the art. Tn so1ae examples, the calcium
content of the composition is determined using the steps described in ASTM D 5185,
The composition can, for example, have a copper content of 10 ppm or fess (e.g., 9

ppnt or less, 8 ppr or less, 7 ppm or less, 6 ppm or less, 5 ppm or less, 4.5 ppmo or less, 4

w

ppm or less, 3.5 ppm or less, 3 ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppm or less, |

prm or less, .75 ppm or less, 0.5 ppm or less, 0.25 ppm or less, 6.1 ppon or less, 0.075 ppm

or less, .05 ppm or less, 0.025 ppm or less, .01 ppm or less, 0.0075 ppm or less, or 0.00S

ppm or less). In some examples, the composition can be substantially free of copper. The

copper content of the composition can be determined using any suitable method, such as

10 those known in the art. In some examples, the copper content of the composition is
deterroined using the steps deseribed in ASTM D 5185.

The composition can, for example, have a nickel content of 250 ppm or less {e.g., 225
ppm ot less, 200 ppm or less, 175 ppm or fess, 150 ppot or less, 125 ppm or less, 100 ppm or
less, 75 ppmor less, 50 ppm or less, 45 ppin or less, 40 ppm or less, 35 ppm or less, 30 ppo

15 orless, 25 ppm or less, 20 ppm or less, 15 ppm or less, 10 ppm or less, 8 ppm or less, § ppm
or less, 7 ppm or less, 6 ppm or less, 5 ppm o fess, 4.5 ppm or less, 4 ppm or less, 3.5 ppm or
less, 3 ppm or less, 2.5 ppm or less, 2 ppm or less, 1.5 ppro or {ess, 1 ppm or less, .75 ppro
or less, 0.5 ppm or less, 0.25 ppm or less, 0.1 ppm or less, 0.075 ppm or less, 0.05 ppm or
fess, 0.025 ppm or less, (.01 ppm or less, 0.0075 ppm or less, or $.005 ppm or {ess). In some

20 exaroples, the composition can be substantially free of nickel. The nickel content of the
composition can be determined using any suitable method, such as those known in the art. In
some examples, the nickel content of the composition is determined using the steps described
it ASTM D3 5185,

The composition can, for example, have a vanadium content of 25 ppm or Jess (e.g.,

25 20 ppm orless, 15 ppm or less, 10 ppm or less, 9 ppm or less, 8 ppm or less, 7 ppm or less, 6
ppm or less, 5 ppm or less, 4.5 ppm or fess, 4 ppotor less, 3.5 ppm or less, 3 ppm or less, 2.5
ppm ot less, 2 ppm or less, 1.5 ppro or less, 1 ppm or less, 0.75 ppro or less, (.5 ppra ot less,
0.25 ppm or less, 0.1 ppro or less, 0.075 ppm or less, 0.05 ppro or less, 0.025 ppm or less,
0.01 ppm or less, 3.0075 ppm or less, or 6.005 ppm or less). In some examples, the

30 composition can be substantially free of vanadium. The vanadiurn content of the composition

can be determined using any suitable method, such as those known in the art. In some
examples, the vanadium content of the composition is determined using the steps described in

ASTM D 5185,

In some examples, the composition has a total chloride content of 500 ppm or less; a
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nitrogen content of 600 ppm or less; and a silicon content of 2,000 ppro or less. In some
examples, the composition has a total chloride content of 500 ppm or less; a nitrogen conten
of 600 ppm or less; a silicon content of 2,006 ppm or less; and a sodium content of 150 ppm

or less. In some examples, the composition has a total chioride content of 500 ppm or less; a

w

nitrogen content of 600 ppm or less; a silicon content of 2,000 ppm or less; a sodium content

of 150 ppm or less; an iron content of 10 ppm or less; a sulfur content of 580 ppm or less; and

a calcium content of 50 pprm or less. In some exaraples, the composition has a total chloride

content of 500 ppm or less; a nitrogen content of 600 ppm or less; a silicon content of 2,060

ppnt o less; a sodivm content of 150 ppn or less; an iron content of 10 ppm or less; a

10 phosphorus content of 50 ppm or less; a sulfur content of 300 ppm or less; and a calcium
content of 50 ppma or less. In some examples, the composition has a total chloride content of
560 ppm or less; a nitrogen content of 600 ppm or less; a silicon content of 2,000 ppm or less;
a2 sodivm content of 150 ppoor less; an iron content of 10 ppra or less; a phosphorus content
of 50 ppro or less; a sulfur content of SO0 ppm or less; a calciur content of 50 ppm or less; a

15 copper content of 10 ppm or less; a nickel content of 250 ppm or less; and a vanadium
content of 25 ppm or less.

The composition can, for example, bave a water by distiflation amount of 0.5 vol.% or
ess {e.g.. .45 vol.% or less, .4 vol.% or less, .35 vol.% or less, 0.3 vol.% or less, 0.25
vol.% or less, 0.2 vol.% or less, §.15 vol.% or less, 0.1 vol.% or less, 0.075 vol.% or less,

20 0.05 vol.% or less, 0.025 vol. % or less, or 0.01 vol.% or less). In some examples, the
composition can have a water by disttllation amount of 0 vol.% or more (e.g.. 0.01 vol.% or
mare, (.025 vol.% or more, .05 vol.% or more, (.075 vol.% or more, (1.1 vol.% or more,
3.15 vol.% or more, 0.2 vol.% or more, .25 vol.% or more, 8.3 vol.% or more, (.35 vol.% or
more, or 0.4 vol.% or more). The amount of water by distillation in the composition can

25 range from any of the minimum values described above to any of the maximum values
described above. For example, the composition can have a water by distillation amount of
from 010 0.5 vol.% (e.g., frora 010 0.25 vol.%, from 0.25 to (.5 vol.%, from O to 0.1 vol.%,
from (.1 10 0.2 vol.%, from 0.2 t6 0.3 vol.%, from 0.3 10 0.4 vol.%, from 0.4 t0 0.5 vol.%,
from 0 to 0.4 vol.%, from 0 to 0.3 vol.%, from 0 to 0.2 vol.%, from O to .05 vol.%, or from §

30 t0 Q.01 vol.%). The armnount of water by distillation in the coraposition can be determined by

any suitable method, such as those known v the art. In some examples, the water by

distillation amount in the composition is determined vsing the steps described in ASTM D

gs.

The coraposition can, for exarople, have a total sediment content of 0.5 vol.% or less
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{e.g., 0.45 vol.% or less, 0.4 vol.% or less, .35 vol.% or less, 0.3 vol.% or less, 0.25 vol.% or
less, 8.2 vol.9% or less, .15 vol.% or less, 0.1 vol.9% or less, 8.075 vol.% or less, 0.05 vol.%
or less, .025 vol.% or less, or .81 vol.% or less). In some examples, the composition can

have a total sediment content of 0 vol.% or more (e.g., 0.01 vol.% or more, 0.025 vol.% or

w

more, 3.05 vol.7% or more, 0.075 vol.% or more, .1 vol.% or more, (.15 vol.% or more, .2
vol. % or more, 0.25 vol.% or more, 0.3 vol.% or more, .35 vol.% or more, or 0.4 vol.% or
more). The total sediment content of the composition can range from any of the miniraum
values described above to any of the maximum values described above. For example, the
composition can have a total sediment content of from 0 to 0.5 vol.% (e.g., from O to §.25
10 vol%, from 0.25 t0 0.5 vol.%, from O to 0.1 vol.%, from 0.1 to 0.2 vol.%, from 0.2 t0 0.3
vol.%, from 0.3 to 3.4 vol.%, from (.4 t0 0.5 vol.%, from § to 0.4 vol. %, from 010 0.3 vol.%,
from @ to 8.2 vol.%, from { to 0.05 vol.%, or from 0 to 8.01 vol.%). The total sediment
countent of the composition can be determined by any suitable method, such as those known in
the art. In some exaroples, the total sediment content of the composition is determined using
15 the steps described in ASTM D 4870,

The composition can, for example, have an n-heptane nsoluble content of 0.5 wt.% or
less {e.g., .45 wt.% or less, 0.4 wt.% or less, .35 wt.% or less, 0.3 wt.% or less, 0.25 wi.%
or less, 8.2 wt.9% or less, .15 wit. % or less, 0.1 wt.% or less, 8.075 wit.% or less, .05 we% or
fess, §.025 wt.% or less, or .01 wt.% or less). In some exarmples, the composition can have

20 ao n-heptane insoluble content of 0 wi.% or more (e.g., 0.01 wi.% or more, .025 wt.% or
more, 0.05 wi.% or more, 0.075 wt.% or more, 0.1 wt.% or more, (.15 wt.% or more, (.2
wt.% or more, 0.25 wt.% or more, 8.3 wt.% or more, .35 wt.% or more, or 0.4 wt.% or
more). The n-heptane insoluble content of the corposition can range from any of the
minimum values described above to any of the maxinum valoes described above. For

25  example, the composition can have an n-heptane insoluble content of from O to 0.5 wt.%
{e.g., from 0 t0 0.25 wt.%, from .25 to 0.5 wt.%, from § to 0.1 wt.%, from 0.1 10 0.2 wt. %,
from 0.2 10 8.3 wt.%, from 0.3 to 0.4 wt.%, from 0.4 to .5 wt.%, from O t0 0.4 w1.%, from §
to 0.3 wt.%, from 0 to 0.2 wt.%, from 0 to 0.05 wt.%, or from 0 to 0.01 wt.%). The n-heptane
insoluble content of the composition can be determined by any suitable method, such as those

30 kunown in the art. fo some examples, the n-heptane insoluble content of the compasition is

determoined using the steps deseribed in ASTM D 3279,

The composition can, for example, have a total acid number of T mg KOH/g or less

{c.g., 0.9 mg KOH/g or less, (.8 mg KOH/g or less, 0.7 rag KOH/g or less, 0.6 mg KOH/g or

fess, .5 mg KOH/g or less, 0.4 mg KOH/g or less, 0.3 mg KOH/g or less, 0.2 mg KOH/g or
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fess, or 0.1 mg KOH/g or less). In some examples, the composition can have a total acid
number of ¢ mg KOH/g or more (e.g., 0.1 mg KOH/g or more, 0.2 mg KOH/g or more, 8.3
mg KOH/g or more, 8.4 mg KOH/g or more, 0.5 mg KOH/g or more, 0.6 mg KOH/g or
more, 0.7 mg KOH/g or more, 0.8 mg KOH/g or more, or 0.9 mg KOH/g or more). The total
acid number of the composition can range from any of the minimum values described above
to any of the maximum values described above. For example, the composition can have a
total acid number of from 0 to 1 mg KOH/g {e.g.. from 0 to 0.5 yog KOH/g, from 0.5t0 1 mg
KOH/g, from 0 to 0.2 mg KOH/g, from 0.2 to 0.4 mg KOH/g, from 0.4 to 0.6 mg KOH/g,
from 0.6 to 0.8 mg KOH/g, from 0.8 to 1 mg KOH/g, from 0 to 8.8 mg KOH/g, from 0 t0 0.6
mg KOH/g, from 0 0 0.4 mg KOH/g, or from 0 to 0.1 mg KOH/g). The total acid number of
the composition can be determined using any suitable method, such as those known in the art.
In some examples, the total acid number of the composition is determined vsing the steps
described in ASTM D 664,

The composition can, for example, have a Reid Vapor Pressure of 12.5 psig or less
{e.g., 12 psig or less, 11.5 psig or less, 11 psig or less, 10.5 psig or less, 10 psig or less, 8.5
psig or less, 9 psig or less, 8.5 psig or less, 8 psig or less, 7.5 psig or less, 7 psig or less, 6.5
psig or less, 6 psig or less, 5.5 psig or less, 5 psig or less, 4.5 psig or less, 4 psig or less, 3.5
psig or less, 3 psig or less, or 2.5 psig or less). In some examples, the composition can have a
Reid Vapor Pressure of 2 psig or more {e.g., 2.5 psig or more, 3 psig or more, 3.5 psig or
more, 4 psig or more, 4.5 psig or more, 5 psig or mwore, 5.5 psig or more, 6 psig or more, 6.5
psig or more, 7 psig or mote, 7.5 psig or more, 8 psig or more, 8.5 psig or maore, 9 psig or
more, 9.5 psig or more, 10 psig or more, 10.5 psig or more, or 11 psig or more). The Reid
Vapor Pressure of the composifion can range from any of the mintmum values described
above to any of the maximum valoes described above. For example, the composition can
have a Reid Vapor Pressure of from 2 to 12.5 psig (e.g.. from 5 to 7 psig, from 7 to 12.5 psig.
from 2 to 4 psig, from 4 to 6 psig, from 6 to 8 psig, from 8§ to 10 psig, from 10 to 12.5 psig,
from 2 to 12 psig, from 2 to 11 psig, from 2 to 10 psig. from 2 to 9 psig, from 2 to 8 psig,
from 2 to 6 psig, from 2 to 5 psig, from 3 to 12.5 psig, from 4 to 12.5 psig, from 5 t0 12.5
psig, from 6 to 12.5 psig, from 7 to 12.5 psig, from 8 to 12.5 psig, from 9 to 12.5 psig, from 3
to 12 psig, from 5 to 11 psig, or from 7 to 10 psig). The Reid Vapor Pressure of the
corpposition can be determined using any saitable method, such as those known in the art. In
sorme examples, the Reid Vapor Pressure of the composition is determined using the steps
described in ASTM D 5191,

In some examples, the composition has a Reid Vapor Pressure of 12.5 or less, a total
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chloride content of 300 ppm or less; a nitrogen content of 600 ppm or less; and a silicon
content of 2,000 ppm or less. In some examples, the composition has a Reid Vapor Pressure
of 12.5 or less, a total chloride content of 560 ppm or less; a nitrogen content of 600 ppm or

less; a silicon content of 2,000 ppm or less; and a sodiurn content of 150 ppro or less. In some

w

examples, the composition has a Reid Vapor Pressuare of 12.5 or less, 2 total chloride content
of 500 ppm or less; a nitrogen content of 600 ppm or less; a silicon content of 2,000 ppm or
less; a sodiom content of 150 ppro or less; an iron content of 10 ppm or less; a sulfur content
of 500 ppm or less; and a calcium content of 50 ppm or less. In some examples, the
composition has a Reid Vapor Pressure of 12.5 or less, a total chloride content of 500 ppm or
10 less; a nitrogen content of 600 ppm or less; a silicon content of 2,000 ppm or less; a sodivm
content of 150 ppm or less; an iron content of 10 ppm or less; a phosphorus content of 50
ppm or less: a sulfur content of 500 ppm or less; and a calcium content of 50 ppm or less. In
some examples, the composition has a Reid Vapor Pressure of 12.5 or less, total chloride
content of 300 ppm or less; a nitrogen content of 600 ppm or less; 4 silicon content of 2,000
15 ppm orless; a sodium content of 150 ppm or less; an ivon content of 10 ppm or less; a
phosphorus content of 50 ppm or less; a sulfur content of 500 ppm or less; a calcium content
of 50 ppm or less; a copper content of 10 ppm or less; a nickel content of 250 ppm or less;
and a vanadium conlent of 25 ppm or less.
in some examples, the compositions disclosed herein can comprise any of the waxes
20 and/or any of the oils disclosed herein.
Also disclosed herein are compositions comprising any of waxes disclosed herein and
any of the oils disclosed herein.
For examople, the composition can comprise 50% or more of the oil by volume (e.g.,
51% or more, 52% or more, 53% or more, 34% or more, 535% or more, 56% or more, 37% or
25  more, 58% or more, 59% or more, 60% or more, 61% or more, 62% or more, 63% or more,
64% or more, 85% or more, 66% or more, 67% or more, 68% or more, or 9% or more). In
some examples, the composition can comprise 70% or less of the oil by volume (e.g.. 69% or
fess, 68% or less, 67% or less, 66% or less, 65% or less, 64% or less, 63% or fess, 62% or
less, 61% or less, 60% or less, 39% or less, 589 or less, 57% or less, 56% or less, 55% or
30 less, 54% or fess, 33% or less, S2% or less, or 51% or less). The amount of oil by voluroe in
the composition can range from any of the mainimum values described above to any of the
maximum valoes described above. For example, the composition can comprise from 50% to
70% of the oil by volume (e.g., from 50% to 60%, frora 60% to 70%, from 50% to 55%, from

55% to 60%, from 60% t0 65%, from 65% to 70%, from 50% to 63%, from 55% to 7T0%, or
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from 55% 0 65%).

In some examples, the composition can comprise 30% or more of the wax by volume
(c.g., 31% ore, 32% or e, 33% ¢, 34% ore, 35% or e, 36% or e,
{e.g.. 31% or more, 32% or more, 33% or more, 34% or more, 35% or more, 36% or mor

37% or more, 38% or more, 39% or more, 40% or more, 41% or more, 42% or more, 43% or

w

more, 44% or more, 45% or more, 46% or more, 47% or more, 48% or more, or 49% or

more). In some examples, the composition can comprise 50% or less of the wax by volume

{c.g., 49% or less, 48% or less, 47% or less, 46% or less, 45% or less, 44% or less, 43% or

less, 42% or less, 419% or less, 40% or less, 39% or less, 38% or less, 37% or less, 36% or

less, 35% or less, 34% or less, 33% or less, 32% or less, or 31% or kess). The amount of wax

10 by volume in the corgposition can range from any of the muniroun values described above to
any of the maximum values described above. For example, the composition can comprise
from 30% to 50% of the wax by volume {(e.g.. from 30% to 40%. from 40% to 50%, from
30% 1o 35%, from 35% to 40%, from 40% to 45%, from 45% to 50%, from 30% t0 45%,
from 33% to 50%. or from 35% to 45%).

15 For example, the composition can comprise 50-70% of the oil and 30-50% of the wax
by volume. For example, the composition can comprise 65% oil and 35% wax by volume. In
some exaroples, the composition comaprises 50% oil and 50% wax by volume. In sonme
examples, the composition comprises a blend of the wax and the oil.

Systems and Methods of Making

20 Also disclosed herein are methods of making any of the compositions {e.g., waxes,
oil, blends, etc.) described herein.

For example, disclosed herein are systems and methods for making hydrocarbon
based compositions derived from pyrolysis of a feedstock comprising post-consumer and/or
post-indusirial plastics, such as any of the compositions described herein above. In some

25 examples, the compositions disclosed herein can comprise a wax, an oil, or a combination
thereof.

Recycling of plastics via pyrolysis is a technology that generates products with a
broad range of guality dependent upon a variety of factors, including the feedstock and
manufacturing process. Pyrolysis depolymerizes plastics into products comprised of building

30 block molecules. Contamiinants are introduced during plastic fornustation and manufacturing

processes during the first life of plastic and may also be introduced during the sourcing and

collection of plastics.
For example, described herein are systems and methods for plastic to liquids

conversion that can accept, for exanple, polyethylene, polypropylene, and/or polystyrene

~
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plastics that are neither suitable nor desirable for conventional (mechanical) plastic recycling.
The plastic is thermally converted to liquid (e.z.. oil} and wax hydrocarbon products. The
hydrocarbon products can, for example, be used in the production of new plastics through

conventional hydrocarbon cracking units. The hydrocarbon products can, for example, also

w

be used as an alternative for naphtha, fuel, etc. The systems and methods herein can also
produce char/coke and combustible gases, e.g. as products or byproducts.
Plastics that are typically received would have otherwise been destined for disposal at
4 landfill or waste to energy plant because of their physical form and/or make-up prevents
them from being effectively recycled by current conventional (mechanical) recycling means.
10 Most film plastics fall into this category, as do others that have intermixed types of plastic
resins or simply have contaminants (such as paper labels, organic food residue, functional
additives, colorants, etc.) that make conventional (mechanical) recycling uneconomical.
The systerns and/or methods described herein can, for example, operate on an
industrial scale.
15 In some examples, the systems and/or methods described herein can process 5 metric
tons or more of plastic feedstock per day {e.g., 5.5 metric tons of more, 6 metric tons or more,
6.5 metric tons or more, 7 metric tons or more, 7.5 metric tons or more, & metric tons or
more, 8.5 metric tons or more, 9 metric tons or more, 9.5 metric tons or more, 1 metric tons
or more, 11 metric tons or more, 12 metric tons or more, 13 metric tons or more, 14 metric
20 tons or more, 15 metric tons or more, 20 metric tons or more, 25 metric tons or more, 30
metric tons or more, 335 metric tons or more, 40 metric tons or mwore, 45 metric tons or wore,
50 metric tons or more, 60 mefric tons or more, 7{ metric tons or more, 88 metric fons or
maore, 90 metric tons or more, 100 metric fons or more, 125 metric tons or more, 150 metric
tons or more, 175 metric tons or more, 200 metric tons or more, 225 metric tons or more, 250
25  metric tons or more, 300 metric tons or more, 350 metric tons or more, 400 metric tons or
more, 450 metric tons or more, SO0 metric fons or more, 600 metric tons ar more, 700 metric
tons or more, 800 metric tons or mwore, or Y00 metric tons ot more). In some exaroples, the
systems and methods described herein can process 1,000 metric tons or less of plastic
feedstock per day (e.g., 900 metric tons or less, 800 metric tons or less, 700 metric tons or
30 less, 600 metric tons or fess, 300 metric tons or less, 450 metric tons or less, 400 metric tons
or less, 350 metric tons or less, 300 metric tons or less, 258 metric tons or less, 225 metric
tons or less, 200 metric tons or less, 175 metric tons or less, 150 metric tons or less, 125
mettic tons or less, 100 metric tons or less, 90 metric tons or less, 80 metric tons or fess, 70

metric fons or less, 60 metric tons or less, 30 metric tons or less, 45 metric tons or less, 40
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metric tons or fess, 35 metric tons or less, 30 metric tons or less, 25 metric tons or less, 20
metric tons or less, 15 metric tons or less, 14 metric tons or less, 13 metric tons or less, 12
metric tons or less, 11 metric tons or less, 10 metric tons or less, 9.5 metric tons or less, 9
metric tons or less, 8.5 metric tons or less, & metric tons or less, 7.5 metric tons or less, 7
metric tons or less, 6.5 metric tons or less, or 6 metric tons or less). The amount of plastic
feedstock processed by the systems and/or methods herein can range from any of the
minimurn values described above to any of the maximum values described above. For
example, the systems and/or methods deseribed herein can process from 5 to 1,000 metric
tons of plastic feedstock per day (e.g., from 5 to 500 metric tons, from 500 to 1,000 metric
tons, from 5 to 200 metric tons, from 200 to 400 metric tons, from 400 to 600 metric tons,
from 600 to 800 metric tons, froms 300 to 1,000 metric tons, from S to 830 metric tons, from §
to 600 metric tons, from 5 to 400 metric tons, from 5 to 100 metric tons, from 5 to 584 metric
tons, from S to 25 metric tons, from 10 to 1,000 metric tons, from 25 o 1,000 metric tons,
from 30 to 1,000 metric tons, from 100 to 1,000 metric tons, from 200 to 1,000 metric tons,
from 400 to 1,000 metric tons, from 600 to 1,000 metric tons, from 1{} to 900 metric tons,
from 15 to 800 metric tons, from 25 to 750 metric tons, or from 50 to 500 metric tons).

10 some examples, the systems and/or methods described herein can produce 10,000
gallons of pyrolysis product {(e.g.. oil and/or wax. etc.) or more in an amount of time {e.g.,
11,000 zallons or more, 12,800 gallons or more, 13,000 gallons or more, 14,000 gallons or
more, 15,000 gallons ot more, 20,000 gallons or more, 25,000 gallons or more, 30,000
gallons or more, 33,000 gallons or more, 40,000 gallons or more, 45,000 gallons or more,
58,000 gallons or more, 60,000 gallons or more, 70,000 gallons or more, 80,000 gallons or
more, 90,000 galions or more, 100,000 gallons or more, 125,000 gallons ot more, 150,000
gallons or more, 175,000 gallons or more, 200,000 gallons or more, 225,000 gallons or more,
250,000 gallons or more, 300,000 gallons or more; 350,000 gallons or more, 400,000 gallons
ar more, 450,000 galions or more, 500,000 gallons or more, 600,000 gatlons or nore,
700,000 gallons or more, 800,000 galfons or more, or 900,000 gallons or raore). In some
exaroples, the systems and/or methods described herein can produce 1,000,000 gallons or less
of pyrolysis product {c.g., 0il and/or wax, ctc.) or more in an amount of time (e.g., 900,000
gallons or less, 800,000 gallons or fess, 700,000 gallons or less, 600,000 galioos or less,
300,000 gallons or less, 450,000 gallons or less, 400,000 gallons or less, 350,000 gallows or
less, 300,000 gallons or less, 250,000 gallons or less, 225,000 gallons or less, 200,000 gallons
or less, 175,000 gallons or less, 150,000 gallons or less, 125,000 galtons or less, 100,000

gallons or less, 90,000 gallons or less, 80,000 gallons or less, 70,000 gallouns or fess, 60,000
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gallous or less, 50,000 gallons or less, 45,000 gallons or less, 40,000 gallons or fess, 35,000
gallons or less, 30,000 gallons or fess, 25,000 gallons or less, 20,000 gallons or kess, 15,000
gallons or less, 14,000 gallons or less, 13,000 gallons or fess, or 12,000 gallons or less}. The
amount of pyrolysis produoct produced in the amount of time by the systerns and/or methods
described herein can range from any of the mintmum values described above to any of the
maxinmum values described above. For example, the systems and/or methods described herein
can produce froma 10,000 to 1,000,000 gallons of pyrolysis product {e.g., oil and/or wax, etc.)
or more in an amount of time {e.g., from 18,000 to 500,000 gallons, from S80,000 to
1,800,000 gallons, from 16,000 to 200,000 gallons, from 200,000 1o 400,000 gallons, from
400,000 to 600,000 gallons, from 600,000 to 800,000 gallons, from 800,000 to 1,000,000
gallons, from 10,000 to 800,000 gallons, from 10,000 to 600,000 gallons, from 10,000 o
460,000 gallons, from 10,000 to 200,000 gallons. from 10,000 to 100,000 gallons, from
10,000 to 50,000 gallons, from 10,000 to 25,000 gallons, from 25,000 to 1,000,000 gallons,
from 50,000 to 1,000,000 gallons, from 100,000 to 1,000,000 gallons, from 200,000 tw
1,000,000 gatlons, from 400,000 to 1,600,000 gallons, from 600.000 to 1.0060.000 gallons,
from 15,000 to 900,000 gallons, or from 20,000 to 800,000 gallons).

The amount of tirae in which the pyrolysis product is produced by the systems and/or
methods can, for example, be 5 days or more (e.g., 6 days or more, 7 days or more, 8 days or
more, © days or more, 10 days or more, 1 days or more, 12 days or more, 13 days or more,
14 days or more, 15 days or more, 16 days or more, 17 days or more, 18 days or more, 19
days or more, 20 days or raore, 21 days or more, 22 days or more, 23 days or more, 24 days
or more, 25 days or more, 26 days or more, 27 days or more, 28 days or more, 29 days or
more, 30 days or more, 35 days or more, 40 days or more, 45 days or more, 50 days or more,
60 days or more, 70 days or more, or 80 days or more). In some examples, the amount of
time in which the pyrolysis product is produced by the systems and/or methods can be 80
days or less (e.g., 80 days or less, 70 days or less, 60 days or less, 50 days or less, 45 days or
less, 40 days or less, 35 days or less, 30 days or less, 29 days or less, 28 days or less, 27 days
or less, 26 days or less, 25 days or less, 24 days or less, 23 days or less, 22 days or less, 21
days or less, 20 days or less, 19 days or less, 18 days or less, 17 days or fess, 16 days or less,
15 days or less, 14 days or less, 13 days or less, 12 days or less, 11 days or less, 10 days or
less, 9 days or less, 8 days or less, or 7 days or less). The amount of time in which the
pyrolysis product is produced by the systerns and/or methods can range from any of the
minimum values described above fo any of the maximum values described above. For

exarmple, the amount of time in which the pyrolysis product is produced by the systems
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and/or methods can be from 3 o 90 days {e.g., from 4 to 45 days, from 45 to 90 days, from 3
0 30 days, from 30 to 60 days, from 60 to 90 days, from 5 to 80 days, from 5 to 70 days,
from 5 to 60 days, from 5 to 50 days, from 5 to 40 days, from 5 to 21 days, from 5 to 14 days,

from 5 o 10 days, from 7 to 90 days, from 10 to 90 days, from 14 to 90 days, from 21 t0 90

w

days, from 30 to 90 days, from 40 to 90 days, from 50 to 90 days, from 70 to 90 days, from 7
to 80 days, or from 10 to 60 days).
In some examples, the systems and/or methods described herein can process from 5 to
1,000 metric tons per day of plastic feedstock and produce from 10,000 to 1,000,000 gallons
of pyrolysis product {¢.g., oil, wax, or a combination thereof) per 5 to 20 days. In some
10 examples, the systeras and/or maethods described herein can produce 10,000 gallons of
pyrolysis product {e.g., oil and/or wax, etc.) or more in an amount of time

Figures 1-5 are block flow diagrams of example systems and methods described
herein. The systems and methods can, for example, include intake of plastic feedstock,
sorting and/or reducing the size of the plastic feedstock, followed by pyrolysis and/or

15 removal of contaminants to produce the hydrocarbon product, which can optionally be post-
treated.

Figure 1 depicts an example systern S100a for pyrolyzing plastic feedstock
comprising post-consumer and/or post-industrial plastics. In the illustrated implementation of
Figure 1, the system $100a comprises a plastic feedstock infeed apparatus S102, a size

20 reduction and/or sorting apparatus $104, a pyrolysis and/or contaminant removal apparatus
S108. and one or more optional post-treatment and/or contaminant rerpoval apparatuses
Sii4a, Sil4b.

As shown in Figure 1, the plastic feedstock infecd apparatus S102 is configured for

receiving plastic feedstock {(e.g., plastic feedstock deposited into the plastic feedstock infeed
25  apparatus S102). In various implementations, the plastic feedstock received by the plastic

feedstock infeed apparatus S102 can include any of the feedstocks described in the

“Feedstock™ section herein {(e.g., post-consumer and/or post-industrial plastics). In various

implementations, the plastic feedstock infeed apparatus S102 may comprise an infeed

conveyer, for example, as described in the “Infeed” section herein, As depicted in Figure 1,
30 the plastic feedstock can be fed tnto the system $100a via the plastic feedstock infeed
apparatas S102.

In the illostrated implementation, the plastic infeed apparatus S102 directs the plastic

feedstock to the size reduction and/or sorting apparatus 104 (e.g., via a conveyor). In

various iropiementations, the size reduction and/or sorting apparatus S104 is configured for
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reducing the size of the plastic feedstock and/or sorting the plastic feedstock from
contaminants. For example, in the tllustrated implementation of Figure 1, contaminants S106
are removed from the plastic feedstock. In some implementations, the size reduction and/or

sorting apparatus $104 may not remove contaminants. In various implementations, the size

w

reduction and/or sorting apparatus S104 may comprise any of the sorting apparatuses or
devices described in the “Seorting” section herein and/or any of the size reduction apparatuses
or devices described in the “Size Reduction” section herein, either alone or in combination.
Following size reduction and/or sorting of the plastic feedstock, the size reduction
and/or sorting apparatus 5104 then directs the plastic feedstock into a pyrolysis and/or
10 contarninant removal apparatus $108 as shown in Figure 1. The pyrolysis and/or contaminant
rernoval apparatus S108 is generally configured for pyrolyzing the plastic feedstock to
generate a product S112 {e.g., hydrocarbon vapor). Optionally, the pyrolysis and/or
contaminant rerooval apparatus 8108 may be configured for rerpoving vent gas andfor
contaminants S110. In various implementations, the pyrolysis and/or contaminant removal
15 apparatus S108 may comprise one or more of the pyrolysis and/or contaminant removal
apparatuses ot devices described in the “Melting, Removal of Contaminants, and/or
Pyrolysis,” “Extruders,” and “Pyrolysis Reactors” sections herein.
In varicus implementations, the product S112 shown in Figure | may comprise any of
the compositions described in the “Compositions” section herein. For example, in some
20 implementations, the product S112 may comprise a condensable portion that is condensable
at ambient pressure {e.g., wax and/or otl) and/or a non-condensable portion that is not
condensable at ambient pressure {(e.g., gas, for example, the gas deseribed in the “Pyrolysis
leactors” and “Vaporized Product Removal” sections herein). In some iraplementations, if
the product 5112 includes a condensable portion, the condensable portion or a portion thereof
25  may be recycled back into the pyrolysis and/or contantinant removal apparatus S108, for
exarple, to be further pyrolyzed into a non-condensable product (e.g.. gas, for exaraple, the
gas described in the “Pyrolysis Reactors” and “Vaporized Product Removal” sections herein).
In some examples, the product 5112 may be directly generated by the pyrolysis and/or
contaminant removal apparatus S108. In other examples, the product S112 may be generated
30 by the optional post-treatraent and/or contarninant reraoval apparatus S114a {(e.g., configured
for performing post-treatment or contaminant removal following the pyrolysis andfor
contaminant removal apparatus 5108). In other examples, the product S112 may be directly
geunerated by the pyrolysis and/or contarainant removal apparatus 5108 and also be further

processed by an optional post-treatment and/or contaroinant removal apparatus S114b. In
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other examples, the product S112 may be geverated by the optional post-treatment and/or
contaminant removal apparatus S114a after the pyrolysis and/or contaminant removal
apparatus S108 and also be further processed by the optional post-treatment and/or

contarpinant removal apparatus 5114b. In various implementations, the optional post-

w

treatment and/or contaminant reroval apparatuses S114a, 5114b can include any of the post-
treatment apparatuses or devices described in the “Post-Treatment” section herein and/or any
of the contarpinant removal apparatoses and devices described in the “Melting, Removal of
Contaminants, andfor Pyrolysis” section herein.
Figure 2 depicts another example system S100b for pyrolyzing plastic feedstock
10 comprising post-consumer and/or post-industrial plastics (fike numbers refer to like elements
previously described with respect to the system S100a of Figure 1. In the llustrated
implementation of Figure 2, the system S100b comprises the plastic feedstock infeed
apparatus S102, the size reduction and/or sorting apparatus S104, a melting and/or
contaminant rerpoval apparatus S107, the pyrolysis and/or contaminant removal apparatus
15 S108, and one or more optional posi-treatment and/or contaminant removal apparatuses
S114a, S114b.

10 the illustrated troplementation of Figure 2, the size reduction and/or sorting
apparatus S104 directs the plastic feedstock 3102 into the melting and/or contaminant
removal apparatus S107. In various tmplementations, the melting and/or contaminant

20 removal apparatus S107 is configured for melting the plastic feedstock and removing vent
gas and/or contaminants (shown as element S110 in Fig. 2). In other examples, melting
and/or contaminant removal apparatus S107 may not remove vent gas and/or contaminants.
I various implementations, the melting and/or contaminant removal apparatus S107 may
coraprise one or more of the pyrolysis and/or contaminant removal apparatuses or devices

25 described in the “Melting, Removal of Contaminants, and/or Pyrolysis” and “Extruders”
sections herein.

The melting and/or contaminant removal apparatus 5107 is configured for directing
the molten (or semi-molien) plastic feedstock into the pyrolysis andfor contarainant removal
apparatus S108. As explained with respect to Figure 1, the pyrolysis and/or contaminant

30 removal apparatus S108 is generally configured for pyrolyzing the plastic feedstock and
producing a product S112 (which may be optionally subjected to post-treatment or
contaminant removal by the one or more optional post-treatment and/or contaminant removal
apparatuses S114a, S114b).

Figure 3 depicts another exaraple system 5 100c for pyrolyzing plastic feedstock
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comprising post-consurner and/or post-industrial plastics (like numbers refer to like elements
previousty described with respect to the systems S100a, S100b of Figures 1 and 2). In the
ifustrated implementation of Figure 3, the system S10€c comprises a plastic feedstock infeed
apparatas 5102, a sive reduction and/or sorting apparatus S104, a moelting and/or contaminant
removal apparatus S107, a pyrolysis and/or contaminant removal apparatus S108, a wax
condenser S116a, an oil condenser S116b, a wax storage apparatus S118a, and an oil storage
apparatus S118b. Optional post-treatment and/or contaminant reroval apparatuses are not
shown, however, it is understood that they may also be included {e.g., as in the system S100b
of Figure 2).

in the illustrated implementation of Figure 3, the product $112 is directed front the
pyrolysis and/or contanunant rerpoval apparatus S108 to the wax condenser S116a. In various
implementations, the wax condenser $116a is configured for condensing at least a portion of
the product S112 infe a wax. The wax produced by the wax condenser S116a is then
collected and stored in a wax storage apparatus S118a. The remaining product S112 is then
directed into the oil condenser 5116b, which condenses the remainder of the product 5112
into an oil. The oil produced by the oil condenser S116b is collected and stored in an oil
storage apparatus 5118b.

In varicus implementations, the wax condenser S116a and the oil condenser S116b
may comprise any of the condensers described in the “Vaporized Product Recovery” section
herein. In some examples, the wax condenser S116a can generate any of the waxes described
in the “Wax” section herein. In some exaroples, the oil condenser S116b can generate any of
the oils described in the “Oil” section herein. In some examples, the wax storage apparatus
$118a and the oil storage apparatus 5118b may comprise any of the storage apparatuses
described in the “Product Storage” section herein.

In some examples, the system 5100c may use other apparatuses besides condensers
for product recovery {g.g., any of the other product recovery apparatuses described in the
“Vaporized Produet Recovery” section herein). In some exarmples, the system S100¢ may
include only one condenser or other product recovery apparatus. In other examples, the
systerp 5100¢ may include more than two condensers or other product recovery apparatuses.
In some examples, the system S100c¢ may include only one storage apparatus. In other
exampiles, the systern 5100c may inclade raore than two storage apparatuses. In some
examples, the system 5100c¢ may use other apparatuses {(e.g.. any of the other product
recovery apparatuses described in the “Vaporized Product Recovery” section herein) to

recover non-condensable product (e.g., gas, for example, the gas described in the “Pyrolysis
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Reactors” and “Vaporized Product Removal” sections herein).

Figure 4 depicts another example system S100d for pyrolyzing plastic feedstock
comprising post-consumer and/or post-industrial plastics (like numbers refer to like elements
previously described with respect to the systems $100a, 5100b, and 5100¢ of Figures 1-3}. In
the illustrated implementation of Figure 4, the system 5100d comprises a plastic feedstock
infeed apparatus 5102, a size reduction and/or sorting apparatus S104, an extruder apparatus
SG17a, a pyrolysis reactor 51082, a wax condenser 51164, an oil condenser $116b, a wax
storage apparatus S118a, and an oil storage apparatus 5118b.

in the illustrated implementation of Figure 4, the size reduction and/or sorting
apparatus 5104 directs the plastic feedstock S102 into the extruder apparatus S107a. In
various implementations, the extruder apparatus S107a ts configured for melting the plastic
feedstock and removing vent gas and/or contaminants (shown as element S110a1in Fig. 4). In
other examples, the extruder apparatus $107a may not remove vent gas and/or contarainanis.
In various implementations, the extruder apparatus 5107a may comprise one or more of the
extruder apparatuses or devices described in the “Extruders” section herein {e.g.. one or more
of the extruders 100-80¢ shown and described with respect to Figures 24-34).

in various implementations, the extruder apparatus S107a depicted in Figure 4 may
comprise one or more (g.g., a plurality of) extruder apparatoses (e.g., arvanged in parallel or
in series) for melting the plastic feedstock S102. In some examples, the extruder S107a may
be a single extruder. In other examples, the extruder S107a may corprise multiple extruders
{e.g., multiple extruders having the same configuration or multiple extruders having different
configurations).

As shown in Figure 4, the extruder apparatus 5107a is configured for directing the
molten (or semi-molten) plastic feedstock into the pyrolysis reactor S108a. In various
implementations, the pyrolysis reactor 5108a is generally configured for pyrolyzing the
plastic feedstock received from the extruder $107a and producing a product $112 (e.g.,
hydrocarbon vapor). Optionally, the prodact 8112 may be subjected to post-treatment or
contaminant removal by the one or more optional post-treatment and/or contaminant removal
apparatuses S114a, 5114b (not shown in Figure 4). In various implementations, the pyrolysis
reactor S108a may comprise one ot more of the pyrolysis reactor apparatuses or devices
described in the “Pyrolysis Reactors” section herein (e.g., one or mwore of the pyrolysis
reactors 1000-6000 shown and described with respect to Figures 35-49).

In various tmplementations, the pyrolysis reactor $108a depicted in Figure 4 may

comprise one or more {(e.g., a phurality of) pyrolysis reactors configured for receiving molien
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or serai-roolten plastic feedstock from the ovne or more extruder(s) S107a and pyrolyzing the
plastic feedstock 5102 to produce the product S112. In some examples, the pyrolysis reactor
S$108a may be a single pyrolysis reactor, In other examples, the pyrolysis reactor S108a may

comaprise multiple pyrolysis reactors (e.g., mudtiple pyrolysis reactors having the same

w

configuration or multiple pyrolysis reactors having different configurations).

In some examples, the extruder 81073 and the pyrolysis reactor S108a can remove
sabstantially the same quantity of vent gas and/or contarninants S110a or S110b, respectively.
In other examples, the extruder 53107a and the pyrolysis reactor S108a can remove different
quantities of vent gas and/or contaminants S110a or S110b, respectively. In some examples,
10 the vent gas and/or contaminanis S110a can have substantially the sarmse composition as the
contarainants S110b. In other examples, the vent gas and/or contaminants can have different
compositions. For example, the extruder S107a can be selected to remove a different type of
vent gas and/or contaminant than the pyrolysis reactor S108a. As another example, the

pyrolysis reactor 5108a may

v, additionally or alternatively, be selected to remove a different
15 type of contaminant than the extruder S107a.

Figure 5 depicts another example system S100e for pyrolyzing plastic feedstock
comprising post-consumer and/or post-industrial plastics (like numbers refer to like elements
previously described with respect to the systems $100a, 5100b, S100c, and S100d of Figures
1-4). In the illustrated implementation of Figure 5, the system S100e comprises a plastic

20 feedstock infeed apparatus $102, a first size reduction and/or sorting apparatus S104a, a
tronunel S104b, a second size reduction and/or sorting apparatus S104c¢, a dryer S120, an
extruder S017a, a pyrolysis reactor S108a, a8 wax condenser S116a, an oil condenser S116b, a
wax storage apparatus S118a, and an oil storage apparatus S118b.

As shown in Figure 5, the plastic feedstock 5102 enters a first size reduction and/or

25 sorting apparatus S104a, which removes a first group of contaminants S106a. The plastic
feedstock S102 is then directed from the first size reduction and/or sorting apparatus S104a to
a trommel S104b, which removes a second group of contamainants $106b. The plastic
feedstock S102 exiting the tromynel $104b is then directed to a third size reduction and/or
sorting apparatus 5104c, which removes a third group of contaminants S106¢. In other

30 cxamples, any of the first size reduction and/or sorting apparatus S104a, the woramel S104b,
and the third size reduction and/or sorting apparatus S104c may not reraove contaminants.

In some examples, each of the fivst size reduction and/or sorting apparatus S104a and
the third size reduction and/or sorting apparatus 5 104c can include any of the sorting

apparatuses described in the "“Sorting” section below and/or any of the size reduction
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apparatuses deseribed in the “Size Reduection” section below. In some exaraples, the first size
reduction and/or sorting apparatus S104a can be the same as the third size reduction and/or
sorting apparatus S104c. In other examples, the first size reduction and/or sorting apparatus

5104a can be different than the third size reduction and/or sorting apparatus S104c.

w

In some examples, each of the first size reduction and/or sorting apparatus S104a, the
tropumel $104b, and the third size reduction and/or sorting apparatus 104¢ can remove
substantially the same quantity of contaminants S106a, S106b, or S106¢ respectively. In
other examples, each of the first size reduction and/or sorting apparatus 5104a, the tommel
S$104b, and the third size reduction and/or sorting apparatus S104c can remove different
10 quantities of contaminants S106a, S106b, or S106¢ respectively.

in some examples, each of the first group of contaminants 5106a, the second group of
contaminants 3106b, and the third group of contaminants S106c¢ can have substantially the
same composition. In other examples, each of the furst group of contaminants S106a, the
second group of contaminants S106b. and the third group of contaminaunts 5106c¢ can have

15 ditferent compositions. For example, the first size reduction and/or sorting apparatus S104a
may be selected to remove a different type of contaminant than the trommel S104b and/or the
third size reduction and/or sorting apparatus S104c. As another examnople, the third size
reduction and/or sorting apparatus S104c may, additionally or alternatively. be selected to
remove a different type of contaminant than the wommel S104b and/or the first size reduction

20 and/or sorting apparatus S104a.

Ag shown in Figure 5, the plastic feedstock S102 exiting the second size reduction
and/or sorting apparatus S104c¢ is directed to a dryer 5120, In various implementations, the
dryer S120 s configured to remove moisture and/or contaminants $122 from the plastic
feedstock S102. In some examples, the dryer $120 can jnclude any of the dryers described in

25 the “Drying Component” section below.

In some examples, any of the systerns 5180a, S100b, S100c, S106d, or S100e can
inchude a storage bunker to store plastic feedstock 5102 before and/or after the size reduction
and/or sorting apparatus 5104. In some exaraples, the storage bunker can include any of the
storage bunkers described in the “Storage Bunker” section below. In some examples, any of

30 the systems $100a, S100b, S100c, S100d, or S100c can include a metals detection and

rerpoval apparatus before and/or after the size reduction and/or sorting apparatus S104. In
some examples, the metals detection and removal apparatus can include any of the metals
detection and removal apparatuses described in the “Metals Detection and Removal” section

below. fn some examples, the plastic feedstock 5102 and/or the product $112 may be

et
~1



WO 2025/165917 PCT/US2025/013657

transported by one or more conveyors in any of the systerns 5100a, S100b, 5100c¢, 51004,
and/or S100e. In some examples, the one or more conveyors can include any of the
conveyars described in the “Conveyors” section below. In some examples, any of the systems

$100a, S100b, S100c, S100d, or S100e can include one or more heat tracing components. In

w

sore examples, the one or more heat tracing components can inclade any of the heat tracing
components described in the “Heat Tracing” section below.
Feedstock
The feedstock comprises post-consumer and/or post-industrial plastics. “Post-
industrial” or “Pre-consumer” plastics include materials derived from waste streams during a
10 plastic manufacturing process. “Post-consumer” plastics include raterials generated by
households or by conunercial, industrial, and/or instinstional facilities in their roles as end-
users of the product which can no longer be used for its intended purpose. This includes
returns of material from the distribution chain.
In some examples, the feedstock comprises 30% or more by weight post-consume
15 andfor post-industrial plastics {e.g., 51% or more, 52% or more, 53% or more, 54% or more,
558% or more, 56% or more, 57% or more, 38% or more, 59% or more, 60% or more, 61% or
maore, 62% or more, 63% or more, 64% or more, 65% or more, 66% or ore, §7% or more,
68% or more, 68% or more, T0% or more, 71% or more, 72% or more, 73% or more, 74% or
more, 75% or more, 76% or more, 77% or more, 78% or more, 79% or more, 8% or more,
20 81% or more, 82% or more, 83% or more, 34% or more, 85% or more, 86% or more, 87% or
more, 88% or more, 8% or move, 0% or more, 91% or more, 92% or move, $3% or more,
849 or more, 95% or more, 96% or more, 97% or more, 98% or more, or 99% or more). In
some exaroples, the feedstock comprises 100% or less by weight post-consumer and/or post-

industrial plastics (e.g., 99% or less, 98% or less, 97% or less, 96% or less, 95% or less, 94%

"

25  orless, 93% orless, 92% or less, 1% or less, 90% or less, 89% or less, 88% or less, 87% or

less, 869 or less, 85% or less, 84% or less, 83% or less, 829% or less, 81% or less, 80% or

oy

fess, 79% or less, T8% or less, 77% or less, 76% or less,

75% or less, 74% or less, 73% or

less, 72% or less, 71% or less, 70% or less, 69% or less, 68% or less, 67% or less, 66% or
less, 65% or less, 64% or less, 63% or less, 62% or less, 61% or less, 60% or less, 59% or
3 £88, S8% or fess, 37% or less, 56% or less, 35% or less, 54% or less, 33% or less, or 52% or
30 less, 58% or less, 7% or less, 56% or less, 35% or less, 54% or less, 53% or less, or 52% or
less). The percent by weight of the feedstock that is post-consumer and/or post-industrial
plastics can range from any of the minimum values described above to any of the maximum
values described above. For example, the feedstock can comprise from 50% to 100% by

weight post-consumer and/or post-indusirial plastics (e.g., from 50% 0 75%, from 75% to
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100%, from 50% to 60%, from 60% to 70%, from 70% to 80%, from 80% to 90%, from 90 o
0%, from 50 ta 99%, from 50 to 95%, from 0 90%, from 50% to 80%, from 50% to

100%, £ 5010 99%, § 50 t0 95%, £ 50 to 90%, £ 50% to 80%, 1 S0% t

70%, from 55% Y%, from 60% 0%, from 70% (%, trom 7 100%, ir

70%, from 55% to 100%, from 60% to 100%, from 70% to 100%, from 75 to 100%, from 80

to 100%, from 95 to 100%, from 55% to 99%, from 70% to 99%, or from 75 t0 95%).

In some examples, the feedstock comprises 50% or more by weight post-consumer
plastics {e.g., 51% or more, 52% or more, 53% ot more, 54% or more, 55% or more, 56% or
more, 7% or more, 58% or move, 59% or more, 60% or more, 61% or more, 62% or more,
63% or more, 64% or more, 65% or more, 66% or more, 67% or more, 68% or more, 69% or
maore, 70% or more, 71% or more, 72% or more, 73% or more, 74% or more, 75% or more,
76% or more, 77% or more, 78% or more, 79% or more, 80% or more, 81% or more, 82% or
maore, 3% or more, 34% or more, 85% or more, 6% or more, 37% or more, §8% or more,
29% or more, 20% or more, 81% or more, 92% or more, 93% or more, 94% or more, 95% or
more, 96% or more, 97% or more, 9% or more, or 99% or roore). In some exarples, the
feedstock comprises 100% or less by weight post-consumer plastics (e.g., 99% or less, 98%
feedstock 100% or less ght post fast ., 99% or i 98Y%
or less, 97% or fess, 26% or less, 95% or less, 949% oy less, 93% or less, 92% or less, 91% or
less, 90% or less, 89% or less, 88% or less, 87% or less, 86% or less, 85% or less, 84% or

less, 83% or ess, 82% or less, 81% or fess, 80% or less, 79% or less, 78% or less, 77% or

2

less, 769 or less, 75% or less, 74% or less, 73% or less, 729 or less, 71% or less, 70% or
less, 69% or less, 68% or less, 67% or less, 66% or less, 65% or less, 64% or less, 63% or

fess, 62% or less, 61% or less, 60% or less, 59% or less, 58% or less, 57% or fess, 36% or

-

7

less, 35% or less, 54% or less, 33% or less, or 52% or less). The percent by weight of the
feedstock that is post-consumer plastics can range from any of the minimum values described
above to any of the maximum values described above. For example, the feedstock can
coraprise from 30% to 100% by weight post-consumer plastics (e.g., from 50% to 75%, from
75% to 100%. from 50% to 60%, from 60% to 70%, from 70% to 80%, from 80% to 90%,
from 90 to 100%, front 50 to 99%, from 50 to 95%, from 50 to 90%, from 50% to 80%, from
50% to T0%, from 55% to 100%, from 60% to 100%, from 70% o 100%, from 75 to 100%,
from 80 to 100%, from 95 o 100%, from 55% to 99%, from 70% to 99%, or from 75 to
95%).

Plastic feedstock can be provided in any suitable forr, such as, for exaraple, loose
film, baled film, rigids, thermoforms, sheets, foams, non-wovens, strips, pellets, powder,
purge patties, densified, shredded, ete. In some examples, the feedstock comprises films, such
as single and/or multi-layered films.

In some examples, the plastic feedstock can be packaged, e.g. in bales, boxes, drurs,
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ete.

The feedstock can, for example, comprise polyethylene {e.g., LDPE, LLDPE,
VLDPE, MDPE, HDPE, UHMWPE, PEX, etc.}, polypropylene, polystytene, or a
corabination thereof. In some examples, the feedstock includes plastics with a plastic type
classification # 2, 4, 5. 6, or a combination thereof,

In some examples, a majority of the plastic that is processed by the systems and
methods described herein comprises low-density or linear-low density polyethylene (LDPE -
#4) and high-density polyethylene (HDPE - #2), in particular film plastic, and the systems
and methods described herein are optimized to effectively process these materials.

A substantial portion of polvethylene and polypropylene polymers are used in single
use plastics and get discarded after its use. Polyethylene is used widely in various consumer
and industrial products. Polyethylene is the most common plastic, over 100 million tons of
polyethylene resins are produced annually. Its primoary use is in packaging {plastic bags,
plastic films, geomembranes, containers inchuding bottles, ete.). Polyethylene is produced ina
variety of forms {(e.g., ultra-high molecular weight polyethylene (UHMWPE), high-density
polyethylene (HDPE), medium density polyethylene (MEDPE), lincar low-density
polyethylene (LLDPE), low-density polyethylene (LDPE), very low density polyethylene
(VLDPE), crosslinked polyethylene (PEX)) with the same chemical formula (ToHa), but
different molecular structure. HDPE has a low degree of branching with short side chains
while LIDPE has a very high degree of branching with long side chains. LLDPE is a
sabstantially Huear polyroer with significant nambers of shott branches, commonly made by
copolymerization of ethylene with short-chain alpha-olefins.

The feedstock can, for example, comprise polyethylene, polypropylene, polystyrene,
or a combination thereof in an amount of 90% or more by weight {e.g., 91% or more, 92% or
more, 93% or more, 94% or more, 93% or more, 6% or more, 97% or more, 98% or more,
ar 99% or more). In some examples, the feedstock comprises polyethylene, polypropylene,
polystyrene, or a cornbination thereof in an amount of 100% or less by weight (e.g., 99% or
fess, 98% or less, 97% or less, 96% or less, 85% or less, 94% or less, 93% or fess, 92% or
less, of 91% or less). The amount of polyethylene, polypropylene, polystyrene, or a
comabination thereof in the feedstock can range from any of the roininuim values described
above to any of the maximm valoes described above. For example, the feedstock can
comprise polyethylene, polypropylene, polystyrene, or a combination thereof in an amount of
from 90% to 100% by weight (e.g., from 90% to 95%, from 95% to 100%, from 90% to 92%,

from 92% t0 94%, from 94% to 96%, from 96% to 98%, from 98% to 100%, from 90% to

80
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GR%, from 90% to 96%, from 90% t0 94%, from 92% to 100%, from 94% to 100%, from
96% to 100%, from 91% to 99%, from 92% to 989%, or from 93% to $7%).
In some examples, the feedstock comprises moisture {e.g., water) in an amount of

20% or less by weight (e.g., 19.5% or less, 19% or less, 18.3% or less, 18% or less, 17.5% or

w

less, 17% or less, 16.5% or less, 16% or less, 15.5% or less, 15% or less, 14.5% or less, 14%
or less, 13.5% or less, 13% or less, 12.5% or less, 12% or less, 11.5% or less, 11% or less,
10.5% or less, 10% or less, 9.5% or less, 9% or less, 8.5% or less, 8% or less, 7.5% or less,
7% or less, 6.5% or less, 6% or less, 5.5% or less, 5% or less, 4.5% or less, 4% or less, 3.5%
or less, 3% or less, 2.5% or less, 2% or less, 1.5% or less, 1% or less, or .5% or less). In
10 some exampies, the feedstock comprises moisture i an amount of 0% or more by weight
{e.g 7 or more, 1% or more, 1.5% or more, 2% or more, 2.5% or mwore, 3% or more,
3.5% or more, 4% or more, 4.5% or more, 5% or more, 5.5% or more, 6% or more, 6.5% or
more, 7% or more, 7.5% or more, 8% or more, 8.3% or raore, 9% or more, 9.5% or more,
10% or more, 18.5% or more, 11% or more, §1.5%

15 13

» or more, 12% or more, 12.5% or mwore,

\v'.

\’\3

o or more, 13.5% or more, 14% or more, 14.5% or more, 15% or more, 15.5% or more,
16% or more, 16.5% or more, 17% or more, 17.5% or more, 18% or more, 18.5% or more, or
19% or more). The amount of moisture in the feedstock can range from any of the muinimoam
values described above to any of the maximum values described above. For example, the
feedstock can comprise moisture in an amount of from 0% o 20% by weight (e.g., from (%

20 10 10%, from 10% to 20%, from 0% to 5%, from 5% to 10%, from 5% to 15%, from 15% o
20%, from 0% t0 2.5%, 2.5% to 5%, from 5% to 7.5%, from 7.5% to 10%, from 10% to
12.5%, from 12.5% to 15%. from 15% to 17.5%, from 17.5% to 28.%, from 0% to 18%. from
0% to 18%, from 0% to 17%, from 0% to 16%, from 0% to 15%, from 0% to 14%, from 0%
to 13%, from 0% to 12%, from 0% to 11%, from 0% o 9%, from (% to 8%, from 0% to 7%,

25 from 0% to 6%, from 0% to 4%, from 0% t0 3%, from 0% to 2%, from 0% to 1%, from 1%
to 20%, from 2% to 20%, from 3% to 209, from 4% to 20%, from 6% to 20%, fram 7% o

20%, from 8% to 20%, from 9% to 20%, from 11% to 20%, from 12% to 20%, from 13% to
20%, from 14% to 20%, from 16% (o 20%, from 17% to 20%, from 18% to 20%, from 0.5%
t0 19.5%, from 1% to 19%, from 1% to 15%, from 1% to 10%, or from 1% to 5%).

30 Polyvinyl chlorine (PVO), polyvinylidene chloride (PVDC), polyethylene
terephthalate (PET) (commonly used for plastic bottles), nylon, ethylene vinyl alcohol
(EVOH), polycarbonate (PC), acrylomirile butadiene styrene {ABS), rubber, thermosets, and
non-plastic components {¢.g tal, glass, wood, cotton, paper, cardboard, dirt, inorganics,

ete.) are not desirable and their presence should be minimized.
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In some examples, the feedstock comprises 3% or less by weight polyvinyl chioride
PV, polyvinylidene chloride (PVDC), polyethylene terephthalate (PET), nylon, ethylene
vinyl alechol (EVOH). poiyca.t‘bonarﬁ (PC}, acrylonitrile butadiene styrenc (ABS), rubber,

thermosets, or a combination thereof (e.g., 4.5% or less, 4% or less, 3.5% or less, 3% or less,

w

2.5% or less, 2% or kess, 1.75% or less, 1.5% or less, £.25% or less, 1% or less, 8.9% or less,
.89 or less, 8.7% or less, 0.6% or less, 0.5% or less, 0.4% or less, 0.3% or less, 0.2% or
fess, or (.1% or less). In some examples, the feedstock comprises 0% or more by weight
polyvinyl chioride (PVC), polyvinylidene chioride (PVDC), polyethylene terephthalate
(PET), nylon, ethylene vinyl alcohol (EVOH), polycarbonate (PC), acrylonitrile butadiene
10 styrene (ABS), rubber, thermosets, or a combination thereof (e.g., 0.1% or more, 0.2% or
maore, $.3% or more, 0.4% or more, .5% or more, 8.6% or more, (.7% or more, 0.8% or
more, $.9% or more, 1% or more, 1.25% or more, 1.5% or more, 1.75% or more, 2% or
more, 2.5% or more, 3% or moore, 3.5% or more, or 4% or more). The amount of polyvinyl
chloride (PVC), polyvinylidene chloride (PVDC), polyethylene terephthalate (PET), nylon,
15 ethylene vinyl alcohol (EVOH), polycarbonate (PC), acrylonitrile butadiene styrene (ABS),
rubber, thermosets, of a contbination thereof in the feedstock can range front any of the
minimum values described above to any of the maximum values described above. For
example, the feedstock can comprise from 0% to 5% by weight polyvinyl chloride (PV(),
polyvinylidene chioride (PYDC), polyethylene terephthalate (PET), nylon, ethylene vinyl
20 alechol (EVOH), polycarbonate (PC), acrvionitrile butadiene styrene (ABS), rubber,
therraosets, ot a combination thereof (e.g., from 0% to 2.5%, from 2.5% t0 5%, from 0% to
1%, from 1% to 2%, from 2% 0 3%, from 3% to 4%, from 49 to 5%, from 0% to 4.5%,
from 0% 1o 4%, from 0% 10 3.5%, from 0% to 3%, from (% to 2%, from 0% to 1.5%, from
% to 0.5%, from 0.5% to 5%, from 1% to 5%, from 1.5% to 5%, from 2% to 5%, from 3%
25 to 3%, from 3.5% to 5%, from $.1% to 4.5%, from 0.2% to 4%, or from (.3% to 3%).
The feedstock can, for example, comprise 15% by weight or less non-plastic
materials, such as roetal, glass, wood, cotton, paper, cardboard, dut, inorganics, ete., or a
combination thereof {e.g.. 14.5% or less, 14% or less, 13.5% or less, 13% orless, 12.5% or
less, 12% or fess, 11.5% or less, 11% or less, 10.5% or less, 10% or less, 9.5% or less, 9% or
30 less, 8.5% or less, 8% or less, 7.5% or less, 7% or less, 6.5% or less, 6% or less, 5.5% or less,
3% or less, 4.5% or less, 4% or less, 3.5% or less, 3% or less, 2.5% or less, 2% or less, 1.5%
or less, 1% or less, or 0.5% or less). In some examples, the feedstock comprises 8% or more
by weight non-plastic materials (e.g., 0.5% or more, 1% or more, 1.5% or more, 2% or more,

2.5% or more, 3% or more, 3.5% or more, 4% or more, 4.5% or more, 5% or more, 5.5% or
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more, 6% or more, 6.5% or more, 7% or more, 7.5% or more, 8% or more, 8.5% or more, 9%
or more, 9.5% or more, 0% or more, 10.5% or more, 11% or more, 11.5% or more, 12% or
mare, 12.5% or more, 13% or more, 13.5% or more, or 14% or more). The amount of non-

plastic materials in the feedstock can range frorn any of the minimurn values described above

w

to any of the maximum values described above. For example, the feedstock can comprise
non-plastic materials in an amount of from 0% to 15% by weight (e.g., from 0% t0 7.5%,
from 7.5% to 15%, from (% to 5%, from 5% to 10%, from 10% to 15%, from 0% to 2.5%.
2.5% 10 5%, from 5% to 7.5%, from 7.5% to 10%, from 10% t0 12.5%, from 12.5% to 15%,
from 0% to 14%, from 0% o0 13%, from 0% to 12%, from 0% to 11%, from 0% to 10%,

10 from 0% to 9%, from 0% to 8%, from 0% to 7%, from 0% to 6%, irom 0% to 4%, from 0%

t0 3%, from 0% to 2%, from 1% to 15%, from 2% to 15%, from 3% to 15%, from 4% to
15%, from 5% to 15%. from 6% to 15%, from 7% to 15%, from 8% to 15%, from 9% to
15%, from 11% to 15%, from 12% t0 15%, from 15% 10 15%, from $.5% 10 14.5%, from 1%
to 14%, or from 1% to 103%).

15 In some examples, the feedstock can include plastic having an average initial size of
(.25 inches or more (longest dimension) (e.g., 0.5 inches or more, 1 inch or more, 1.5 inches
or maore, 2 inches or more, 3 inches or more, 4 inches or more, 5 inches or more, 6 inches or
more, 7 inches or more, & inches or more, 8 inches or more, 10 inches or more, 11 inches or
more, 12 inches or more, 13 inches or more, 14 inches or more, 15 inches or more, 16 inches

20 ormore, 17 inches or more, 18 inches or more, 20 inches or more, 22 inches or more, 24
inches or more, 26 inches or more, 28 inches or more, 3{ inches or more, 32 inches or more,
or 34 inches or more, 36 inches or more, 42 inches or more, 48 inches or more, 54 inches or
more, 60 inches or more). In some examples, the feedstock can include plastic having an
average initial size of 60 inches or less (Jongest dimension) (e.g., 54 inches or less, 48 inches

25  orless, 42 inches or less, 36 inches or less, 34 inches or less, 32 inches or fess, 30 inches or
less, 28 inches or less, 26 inches or less, 24 inches or less, 22 inches or less, 20 inches or less,
18 inches or less, 17 inches or fess, 16 mnches or less, 15 inches or less, 14 inches or less, 13
inches or less, 12 inches or fess, 11 inches or less, 10 inches or less, @ inches or less, 8 inches
or less, 7 inches or less, 6 inches or less, 5 inches or less, 4 inches or less, 3 inches or less, 2

30 inches or less, or 1 inch or less). The average longest dimension of the plastic in the feedstock
can range from any of the mintnum values described above to any of the maximum vahies
described above. For example, the feedstock can include plastic having an average initial size
of from (.25 inches to 36 inches (Jongest dimension) (e.g., from 0.25 1o 18 inches, from 1810

36 inches, from 0.25 to 6 inches, from 6 to 12 inches, from 12 to 18 inches, from 18 to 24
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inches, from 24 1o 30 inches, from 30 to 36 inches, from 0.25 to 30 inches, from .25t 24
inches, from $.25 to 18 inches, from 0.25 to 16 inches, from 0.25 to 14 inches, from 0.25 to
12 inches, from 0.25 to 10 inches, from .25 to 8§ inches, from .25 to 4 inches, from 8.25t0 2
mnches, from (.25 inches to 1 inch, from 1 to 36 inches, from 2 to 36 inches, from 4 to 36
inches, from 6 to 36 inches, from ¥ to 36 inches, from 10 to 36 inches, from 12 to 36 inches,
from 14 to 36 inches, from 16 to 36 inches, from 18 to 36 inches, from 1 to 30 inches, from 2
to 18 inches, from 12 inches to 60 inches, from 18 inches to 60 inches, from 24 inches to 60
inches, from 30 imches to 60 inches, from 36 inches to 60 inches, from 42 inches to 60 inches,
from 48 inches to 66 inches, from 54 inches to 60 inches).

o somae examples, the feedstock can initially be manually (e.g., visually} and/or
automatically {e.g., by an autornated system/component) checked to ensure it contains the
correct material and does not contain an inordinate amount of obvious contamination. During
the manual/visual/autorsated inspection of the feedstock, the feedstock is inspected for large
contaminant items, such as metal, glass, PYC, paper, wood, PET plastics, and cardboard,
which are removed when identified.

In some examples, the feedstock can further be assessed, ¢.g. for chemical and/or
physical properties. This can include, for exanple, assessing af least a representative sarople
portion of each feedstock via infrared analysis (e.g., portable infrared analyzer), gas
chromatography-mass spectrometry (GC-MS), a bench-scale pyrolysis test, ASTM testing for
specific contaminants and physical properties, roelt-index fest, ash fest, or a combination
thereof.

Feedstock that fails to meet the initial inspection eriteria is not further processed by
the systems or methods described bherein.

After the initial inspection is coraplete, the acceptable feedstock can be stored for
future use {e.g.. in a stockpile, a hopper, etc.) and/or loaded into the system for processing.

Infeed

In some examples, the feedstock can be loaded into the systern via an infeed
conveyor. The rate at which the infeed conveyor provides feedstock to the system (e.g., the
feed rate) can, for example, be 500 pounds per hour (Ib./hr.) or more (e.g., 550 h./hr. or
maore, 600 Ib./hr. or more, 650 ib./hr. or more, 700 1b./hr. or more, 750 Ib./hr. or more, SO0
th./hr. or more, 850 b./hr. or more, 800 Ib./br. or more, 850 Ib./br. or more, 1,000 Ib./hr. or
more, 1,100 Ib./hr. or more, 1,200 b /b or more, 1,300 Ib./hr. or more, 1,400 1h./hre. or more,
1,500 Ib./he. or more, 1,750 1b./hr. or more, 2,000 th./hr. or more, 2,250 th./hr. or more, 2,500

{b./hr. or more, 2,750 ib./hr. or more, 3,000 Ib./br. or more, 3,250 h./hr. or more, 3,500 th./hr.
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or more, 3,750 tb./br. or move, 4,000 b./hr. or more, 4,250 Ib./he. or more, 4,500 th./he. or
maore, 4,750 h./fr. or more, 5,000 1b./hw. or more, 5,500 Ib./hr. or more, 6,000 1b./hr. or more,
6,500 1b./hr. or more, 7,000 1b./hr. or more, 7,500 Ib./hr. or more, 8,000 Ib./he. or more, 8,500
Ih./hr. or more, 9,000 th./hr. or more, 9,500 th./hr. or more, 10,000 1b./hr. or more, 11,000
Ib./hr. or more, 12,000 1b./hr. or more, 13,000 1b./hr. or more, 14,000 Ib./hr. or more, 15,000
Ib./hr. or more, 16,000 1b./hr. or more, 17,000 1b./br. or more, 18,000 1b./hr. ar more, or
19,0600 ib./hr. or more). In some examples, the rate at which the infeed conveyor provides
feedstock to the system {(e.g.. the feed rate) can be 20,000 Ib/hr. or less {e.g., 19,000 Ib./hr. or
less, 18,000 Ib./hr. or less, 17,000 1b./hr. or less, 16,000 Ib./hr. or less, 15,000 Ib./hr. or less,
14,000 th./hr. or less, 13,000 Ih./hr. or less, 12,000 Ib./hr. or less, 11,000 Ib./br. or less,
10,000 th./he. or less, 9,500 th./hr. or less, 9,000 th./hr. or less, §,500 th./hr. or less, 8,000
Ib./hr. or less, 7.500 Ib./hr. or less, 7,000 1b./hr. or less, 6,500 1b./hr. or less, 6,000 ib./hr. o
fess, 5,500 th./hr. or less, 5,000 Ib./fir. or less, 4,750 th./hr. or less, 4,500 Ih./hr. or less, 4,250
ib./br. or less, 4,000 th./br. or less, 3,750 th./hr. or less, 3,500 ib./hr. or fess, 3,250 th./bhr. or
fess, 3,000 th./he. or less, 2,750 Ib./hr. or less, 2,500 th./hr. or less, 2,250 Ih./hr. or less, 2,000
Ih./fir. or less, 1,750 h./hr. or less, 1,500 Ih./hr. or less, 1,400 Ib./he. or less, 1,300 th./hr. or
less, 1,200 Ib./he. or less, 1,100 Ib./he, or less, 1,000 fb./he. or less, 950 1b./hr. or {ess, 900
Ib./hr. or less, 85G Ib./hr. or less, 80O Ih./he. or less, 750 tb./hr. or less, 700 Ib./hr. or less, 650
Ib./br. or less, or 600 Ib./hr. or fess). The rate at which the infeed conveyor provides feedstock
to the system can range from any of the miniowm values described above fo any of the
maximum values described above. For example, the rate at which the infeed conveyor
provides feedstock to the system can be from 500 pounds per hour (Ib./hr.) to 20,000 Ib./hr.
{e.g., from 500 1o 5000 1b./hr., from 5000 to 20,000 tb./hr., from 500 to 4,000 1b./br., from
4,000 to 3,000 th./br., from 8,000 to 12,000 Ib./hr., from 12,000 to 16,000 Ib./hr, from 16,000
to 20,000 1b./hr., from 500 to 15,000 Ib./hr., from 500 to 10,000 h./hr., from 300 to 9,000
ib./hr., from 560 to 8,000 Ib./he., from 500 to 7,000 Ib./hr., from 500 t0 6,000 Ib./hr., from
500 to 2,500 Ib./he., from 1,000 to0 20,000 th./hr., from 2,500 to 20,000 1b./hr., from 6,000 1o
20,000 Ib./hr., from 7,000 to 20,000 1b./hr., from 8,000 to 20,000 Ib./hr., from 9,000 to 20,000
th./hr., from 10,000 0 20,000 Ib./hr., from 550 to 19,000 b /hr., from 600 t0 19,000 1b./hr., or
from 1,000 to 15,000 b./hr).
Sorting
In some examples, feedstock loaded into the system can undergo additional sorting.
In some examples, the plastic feedstock can be deposited onto a conveyor and/or

further processed to remove contaminants. This can, for example, inchide visual inspection

as
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and manual removal, antomated inspection and rereoval, positioning one or more magnets to
magunetically remove ferrous contaminants {e.g., various components such as nuts, bolts,
screws, small pieces of wire, etc. comprising ferrous metals and/or alloys), washing and/or
drying, size based separation {(e.

£., screening, sifting, ete.), air jets, sink float, etc.

w

In some examples, the feedstock can be transported to a trommel, sach as a screen
tromnel. The screen tromamel can, for example, be used to remove fine dust, particles, and
other contaminants from the incoming feedstock stream, for example before and/or after it
has passed through a shredder. The trommel can receive feedstock and tromimel rotation can
agitate incoming feedstock and promote removal of granular materials {e.g., sand, pigment,
10 binder, food particulates, dirt, etc.) in the feedstock through the troramel screen. The

rerpaining oversized material from the troramel can be deposited, for example, onto a
conveyor for further inspection and/or sorting.

In some examples, visual inspection and roanual sorting andfor automated inspection
and sorting is used to remove contarinants from the plastic feedstock, e.g., before andfor

15 after passing through the trommel and/or shredder. Contaminants to be removed can, for
example, include undesirable plastic (such as PET, PVC, nylon, and thermosets) as well as
other materials that can damage dowastream equipment or degrade the quality of the finished
products such as strapping, paper, cardboard, rope, batteries, beverage bottles still containing
liquid, glass, wood, metal, electronics, and a wide range of other non-plastic materials.

20 Size Reduction

In some examples, feedstock loaded into the system can undergo one or more size
reductions. The size reduction can be accomplished by any suitable means, sach as those
known in the art. For exarople, the feedstock can be shredded, pelletized, densified, or a
corabination thereof. For example, the systern can inchude one or more size reduction

25  components, sach as a chipper, granulator, grinder, hammermill, shredder (e.g.. a shear
shredder), pelletizer, densifier, agglomerator, or a combination thereot.

In some examples, the feedstock can be shredded, for example using one or more
shredders. Each shredder can comprise any suitable type of shredder, such as those known in
the art. In some examples, the system can include one or more shear shredders.

30 The shredder can perform a size reduction on incoming plastic, for example to arange
of 0.25 to 36 inches (Jongest dimension). For exarople, the shredder can reduce the average
initial size of the incoming plastic to €.25 inches or more (longest dimension) {e.g., 0.5 inches
or more, 1 inch or mwore, 1.5 inches or more, 2 inches or more, 3 inches or more, 4 inches or

more, 3 inches or more, 6 inches or more, 7 inches or more, 8 inches or more, 9 inches or
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maore, 10 inches or more, 11 inches or more, 12 inches or more, 13 inches or more, 14 inches
or more, 15 inches or more, 16 inches or more, 17 inches or more, 18 inches or more, 20
inches or more, 22 inches or more, 24 inches or more, 26 inches or more, 28 inches or more,

30 inches or more, 32 inches ot more, or 34 inches or more). In some exarples, the shredde

w

can reduce the average initial size of the incoming plastic to 36 inches or less (Jongest
dimension) {e.g., 34 inches or less, 32 inches or less, 30 inches or less, 28 inches or iess, 26
inches or less, 24 inches or less, 22 inches or less, 20 inches or tess, 18 inches or less, 17
inches or less, 16 inches or less, 15 inches or less, 14 inches or less, 13 inches or less, 12
inches or less, 11 inches or less, 10 inches or less, 9 inches or less, § inches or less, 7 inches
10 orless, 6 inches or less, 5 inches or less, 4 inches or less, 3 inches or less, 2 inches or fess, or
1 inch or less). The average longest dimension of the plastic processed by the shredder can
range from any of the minimum values described above to any of the maximum valoes
described above. For example, the shredder can reduce the average initial size of the
incoraing plastic to from 0.25 inches t 36 inches (Jongest dimension) (e.g., from 0.25 1o 18
15 inches, from I8 to 36 inches, from 0.25 to 6 inches, from 6 to 12 inches, from 12 t0 18
inches, from 18 to 24 inches, from 24 to 30 inches, from 30 to 36 inches, from .25 to 30
inches, from 0.25 1o 24 inches, from 0.25 to 18 inches, from 0.25 to 16 inches, from 0.25 to
14 inches, from .25 to 12 inches, from 0.25 to 10 inches, from .25 to 8 inches, from 0.25 o
4 inches, from 0.25 to 2 inches, from 0.25 inches to 1 inch, from 1 to 36 inches, from 2 to 36
20 inches, from 4 to 36 inches, from 6 to 36 inches, from 8 to 36 inches, from 10 to 36 inches,
from 12 to 36 inches, from 14 t0 36 jnches, from 16 to 36 inches, from 18 to 36 inches, from
1 to 3G inches, or from 2 to 18 inches).
Plastic feedstock that passes through the shredder can then be stored in a hopper
and/or transported for further processing.
25 In some examples, the shredded feedstock can go through a second size reduction
process using any suitable size reduction technique.
Drying Component
In some examples, the systems and methods can further include washing and/or
drying the feedstock.
30 For exaraple, the systems and methods can further comprise drying the feedstock, for
example to remove at least a portion of the moisture or other liquids comprising a
contaminant within the feedstock.
in some examples, the feedstock can be deposited onto a conveyor which passes the

feedstock through a dryer before depositing the feedstock in a storage bunker and/or
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transporting the feedstock to a further systera component for further processing.

The dryer can comprise any suitable equipment, such as a rotary dryer. Heated air can
be directed through the dryer across the feedstock to remove moisture from the feedstock.
The surface area exposed can allow the heated air flow to remove moisture or free water that
may be present in the feedstock. The moist air along with small, entrained particles from the
dryer can be exhausted using any suitable means. The required air can be heated by any
suitable means, such as electrically heated. The maxiroum air teraperature will be below the
softening point of any of the plastics. Using an effective drying sohution upstream of the
extruders and/or reactors can reduce the problems of vent flow at downstream extrusion
equipnient and water intrusion to the reactors.

Sterage Bunker

In some examples, the systemn can further include a storage bunker, for example to
store feedstock before undergoing melting, removal of contaminants, pyrolysis, or a
combination thereof.

In some examples, the system includes a storage bunker that receives the feedstock
from the infeed conveyor, the shredder {(when present}, the dryer {when present), the trommel
{when present), etc. ot a combination thereof,

The storage bunker can, for example, have the capacity to store enough feedstock to
provide an uninterrupted supply of plastic to the downstream components {¢.g., extruder(s))
for a period of time {e.g., up 1o two hours}, for example if any of the upstrear equipment has
to be shut down briefly for maintenance or repair.

Feedstock levels inside the storage bunker can be monitored, for example using one or
mare cameras or other feedback mechanisras.

Metals Delection and Removal

In some examples, feedstock loaded into the system can undergo additional metals
detection and removal. In some examples, the plastic feedstock can be deposited onto a
conveyor and/or further processed to metal contaminants. This can, for example, inclode
visual inspection and manual removal, automated inspection and removal, positioning one ot
maore magnets to magnetically remove ferrous contaminants {(e.g., various componenis such
as nuts, bolts, screws, small picces of wire, ete. comprising ferrous metals and/or alloys),
washing and/or drying, size based separation (e.g., screening, sifting, etc.), air jets, sink float,
etc.

For example, at one ot more points in any of the systems or methods described herein,

there can be one or more additional magnetic components to maguetically remaove ferrous
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contaminants from the feedstock, for example before the shredder, after the shredder, before
the trommel, after the trommel, before the dryer, after the dryer, before the storage bunker,
after the storage bunker, before the components for melting, removal of contaminants, and/or
pyrolysis, or a combination thereof. For exarnple, the systern can include magnets positioned
before, after, or as part of each of the one or more conveyors that transport the feedstock
between each system location/component. The strength of the magnets can be selected based
on the location in the system and/or the throughput of feedstock processed.

In addition, the system can further include a metal detection and rejection system to
climinate further metal contaminanis, such as non-ferrous metals {e.g., copper, brass, bronze,
stainless steel, aluminum and other non-ferrous alloys). Non-fervous metals can be present in
a variety of forms, such as, for example, ruts, bolts, screws, washers, batteries, machine
parts, tools, etc. The additional metal detection system can be incladed in the system, for
exarople, on the conveyors feeding the storage bunkers. This additional metal detection
system can detect non-ferrous metals and then trigger a quick-acting diverter gate (or another
similar device) that moves this metal off the conveyor and into a collection bin {or the
conveyor can be stopped entirely to allow operators to manually remove the detected metal).
While aluroinum s the primary target of this system, copper, stainiess steel, and brass can
also be detected and rejected.

Conveyors

In the system described herein, each of the conveyors can comprise any suitable type
of conveyor. Examiples of conveyors include, but are not limited to, belt conveyors, roller
conveyors, slat conveyors, apron conveyors, ball transfer conveyors, magnetic conveyors,
bucket conveyors, chute conveyors, chain conveyors, pucumatic conveyors, Vacuir
COnVeyors, screw conveyors, vibrating conveyors, wheel conveyors, sandwich conveyors, and
combinations thereof. In some examples, each of the conveyors can comprise a screw
conveyor, a belt conveyor, or a combination thereof. In some exarples, the system can
inchude a plurality of belt conveyors. The belt conveyvors can, for example, be designed with
side walls. The belt conveyors can include any type of belt conveyor, such as standard flat
belts, cleated belts, semi-trough belts, compound belts {c.g., hockey stick configurations), or
a corphbination thereof.

The dimensions and/or speed of any of the conveyors can be selected in view of a
variety of factors. For example, the dimensions and/or speed of the conveyor can be selected

to regulate the flow of materials af 2 desired rate.
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Melting, Removal of Contapsinants, and/or Pyrolysis
In some examples, the systems can include one or more energy transfer apparatuses
for melting the feedstock, volatilizing various contaminants in the feedstock, pyrolyzing the

feedstock, or a combination thereof,

w

While some contaminants can be physically removed by one or more of the processes
discussed above, for certain feedstock components, such as multilaver films, it is difficolt to
physically remove the contaminants and instead they can be remnoved by using one or more
energy transfer apparatuses {e.g., extruders and/or pyrolysis reactors} to heat the feedstock to
a temperature sufficient to volatlize said contaminant.

10 For exarapie, the systems and methods can comprise pyrolyzing the feedstock,
wherein the pyrolysis reactor and method inclodes a component or step for removal of
volatife contaminants. The pyrolysis can be accomplished vsing any suitable pyrolysis
reactor, such as, for example, an auger pyrolysis reactor, a screw pyrolysis reactor, a rotary
kiln pyrolysis reactor, a dram pyrolysis reactor, a tubular pyrolysis reactor, a fluidized bed

15 reactor, a spouted bed reactor, a molten salt reactor, a molten material reactor, a fixed-bed
reactor, a continuously stirred reactor, a Heinz Retort Pyrolysis reactor, a vortex pyrolysis
reactor, a hatch pyrolysis reactor, a semi-batch pyrolysis reactor, or a combination thereof.

In some examples, the systems and methods can comprise heating and/or melting the
feedstock before introducing the melied feedstock into a pyrolysis reactor, wherein the

20 feedstock is heated and/or melted at a temperature sufficient to volatilize a contaminant an
the systeros and methods can further inclade removing said volatilized contaminants. Any
suitable component for heating and/or melting can be used, such as those known in the art. In
some exaroples, the systems and mocthods can inchide one or more extruders, wherein the
feedstock is heated and/or melted within the extruder and optionally wherein the extruder

25  includes one or more vents for removing volatile contaminants from the heated and/or melted
feedstock.

In various implementations, one or more energy transfer apparatuses may be
implemented and configured for receiving the plastic feedstock, applying energy to the
plastic feedstock, and pyrolyzing the plastic feedstock at industrial scale. In some

30 implementaticns, the one or roore energy transfer apparatuses may comprise one of more

extruders and/or one or more pyrolysis reactors. For exaraple, as explained herein with

respect w the systems S100a-e described with respect to Figures -5, the one or more
extruders may be configured for receiving the plastic feedstock, transterving energy to the

plastic feedstock to melt the plastic feedstock to produce at least semi-molten feedstock, and
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divecting the at least semi-molten feedstock to at least one of the one or move pyrolysis
reactors. The one or more pyrolysis reactors are configured for receiving the plastic feedstock
{e.g., in a molten or semi-maolten state from the one or more extruders) and pyrolyzing the
plastic feedstock at industrial scale. In particolar, the one or more pyrolysis reactors may
comprise a reactor vessel defining an internal volume configured for receiving and
pyrolyzing the plastic feedstock at an industrial scale, and one or more heaters configured for
heating the feedstock in the reactor vessel’s internal volume to a temperature between 200°C
and 1,000°C.

In some imoplementations, the one or more energy transfer apparatuses {e.g., the one
or more extruders and/or one or more pyrolysis reactors) of the pyrolysis systern are
collectively configared for using energy at an average rate of 0.80 kW or less per pound of
pyrolyzed product produced by the system per hour (e.g., 0.78 kW or less, .76 kW or less,
3.74 kW or less, 0.72 KW or fess, 0.70 kW or less, 0.68 kW or less, 0.66 kW or less, .64 kW
or less, 8.62 kKW or less, 0.60 kW or less, 3.58 kW or less, .56 KW or less, (.54 kW or less,
0.52 kW or less, .50 kW or less, (1.48 kW or less, $.46 kKW or less, .44 kW or less, .42 kW
or less, .40 kW or less, 0.38 kW or less, 0.36 kW or less, 0.34 kW or less, .32 kW or less,
0.30 kKW or less, 0.28 kKW or less, 0.26 kW or less, 0.24 kKW or less, 0.22 kW or less, 0.20 kW
or less). As used herein, the term “using energy” refers to energy consumed by the one or
more encrgy transfer apparatuses, or energy applied by the one or more energy transfer
apparatuses to the plastic feedstock, or energy transferred by the one or more energy transfer
apparatuses to the plastic feedstock.

In some implementations, the one or more energy transfer apparatuses {e.g., the one
or more extruders and/or one or more pyrolysis reactors) of the pyrolysis system are
collectively configured for using energy at an average rate from 0.20 kKW to .80 kKW per
pound of pyrolyzed product produced by the system per hour (e.g., from 0.20 kW 10 0.78 kW,
from 0.20 kW t0 0.76 kW, from 0.20 kW t0 .74 kW, from §.20 kW t0 0.72 kW, from 0.20
kW to .70 kW, from (.20 kKW to (68 kW, from 020 kW to 0.66 kW, from 0.20 kW 0 (.64
KW, from 0.20 kW to .62 kKW, from §.20 kW to .60 kW, from 0.20 kW to 0.58 kW, from
0.20 kW to 0.56 kW, from 0.20 kW to 0.54 kW, from .20 kW t0 .52 kW, from 0.20 kW to
0.50 kW, from 0.20 KW t0 .48 kKW, from 0.20 kKW t0 0.46 kW, from 0.20 kKW 0 0.44 kW,
from 0.20 kW 10 0.42 kW, from .20 kW 10 .40 kW, from 0.20 kW 10 0.38 kW, from (.20
kW to 0.36 kW, from 0.20 kW t0 0.34 kW, from 0.20 kW to 0.32 kW, from 0.20 kW 10 0.30
kW3 In some specific implernentations, the foregoing average energy efficicncy ranges may

be achieved using the pyrolysis system $100e of Figure 5, where the extruder $107a
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comprises the extruder 800 shown and described with respect to Figure 33 and the pyrolysis
reactor 3108a comprises the pyrolysis reactor 5000 shown and described with respect to
Figure 47.

Low Bulk Deasity Feedstock for Extrusion

w

As explained in detail herein, various implementations of the pyrolysis systems may
include one or more extruders {e.g., onc or more extruders configured for heating plastic
feedstock and converting the plastic feedstock into a molten or semi-molten state that is
directed into one or more pyrolysis reactors). In various implementations, the plastic
feedstock being fed into the extruder has a bulk density. As used hercin, the bulk density
10 refers to the mass of the plastic feedstock divided by its volume prior 1o the plastic feedstock

being directed into an extruder or pyrolysis reactor {e.g., the bulk density of the
uncompressed plastic feedstock in the extruder hopper prior to being forced into the extruder
barrel). Bulk density can, for example, be determined using ASTM D1895 B,
In various implementations, the plastic feedstock may comprise low bulk density
15 reeycled plastic feedstock. For example, as explained in greater detail herein, the low bulk
density recycled plastic feedstock may be provided in the form of recycled plastic film
feedstock (e.g., shredded recycled plastic filio feedstock that has been subjected to one or
more sorting, size reduction, and/or drying operations and that has a bulk density less than
recycled plastic feedstock provided in pellet form). According to various implementations
20 described herein, the low bulk density recycled plastic feedstock may be fed info an extruder
from a hopper (e.g., such that the low bulk density recyeled plastic feedstock exits the hopper
and a pneumatic ram or other compression apparatus then compresses the low bulk density
feedstock as it enters the extruder barrel, as shown and described with respect to Figures 24-
34). The feedstock may then be output from the extruder in molten or semi-molten form and
25  directed info a pyrolysis reactor according to various implementations deseribed herein.
In various implementations, the low bulk density recycled plastic feedstock can have
a bulk density of 500 kg/m® or less (e.g., 450 kg/mt or less, 400 kgio® or fess, 350 kg/m® or
fess, 300 kg/m® or less, 275 kg/m? or less, 250 kg/m® or less, 225 kgf® or less, 200 kg/n® or
less, 175 kg/m® or less, 150 kg/m? or less, 140 kg/m® or less, 130 kg/m?® or less, 120 kg/m’ or
30 less, 110 kg/m or fess, 100 kg/m® or less, 95 kg/m® or less, 90 kg/m® or less, 85 kg/m® or less,
80 kg/m® or less, 75 kg/’m3 ot less, 70 kg/’n13 or less, 65 kg/m3 or less, 60 kg/m3 or less, 55
kg/m® or less, 50 kg/m? or less, 45 kg/m? or less, 40 kg/m? or less, 35 kg/m® or less, 30 kg/m?
or less, 25 kg/nf or less, or 20 kg/m3 or fess). In some exaroples, the low bukk density

recycled plastic feedstock can have a bulk density of 250 kg/m” or less. In some examples,
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the low bulk density recycled plastic feedstock can have a bulk density of 100 kg/ro® or fess.

The bulk density of the low bulk density recycied plastic feedstock can range from
any of the minimum values described above o any of the maxinwm values described above.
For examaple, the low bulk deunsity plasue feedstock can have a bulk density of from 10 to 500
kg/m® (e.g., from 10 to 250 kg/m’, from 250 to 500 kg/m’, from 10 to 100 kg/m’, from 100 to
200 kg, from 200 to 300 kg/m’, from 300 to 400 kg/m’, from 400 to 500 kg/m’, from 10
to 450 kg/nr®, from 10 to 400 kg/m?, from 10 to 350 kg/nt’, from 10 to 300 kg/nd, from 10 1o
250 kg/m?, from 10 to 200 kg/m’, from 10 to 150 kg/m’, from 10 to 100 kg/m?, from 10 o 50
kg/m’, from 20 to 500 kg/m?, from 30 to 500 kg/m’, from 40 to 500 kg/m’, from 50 to 500
kg/m?, from 100 to 500 kg/m®, from 20 to 100 kg/m®, from 30 to 100 kg/re®, from 20 to 250
kgfm®, or from 30 to 250 kg/m®).

In some examples, the low bulk density recycled plastic feedstock can have a bulk
density of from 10 to 250 kg/m?. In some examples, the low bulk density recycled plastic
feedstock can have a bulk density of from 10 to 100 kg/m. Tn some examples, the low bulk
density recycled plastic feedstock can have a bulk density of from 20 to 100 kg/m’. In some
examples, the low bulk density recycled plastic feedstock can have a bulk density of from 30
to 100 kg/m®. In some examples, the low bulk density recycled plastic feedstock can have a
bulk density of from 20 to 250 kg/m’. In some examples, the low bulk density recycled
plastic feedstock can have a bulk density of from 30 to 250 kg/m’.

In various implementations, the recycled plastic feedstock being fed into the extruder
can have an average melt flow index (MF). For example, the plastic feedstock can comprise
a plurality of different plastic materials, each with its own MFL sach that the average MFI of
the plastic feedstock comprises a weighted average of the MFI of the different plastic
materials. Accordingly, as used herein, average melt flow index refers to the weighted
average (e.g., weighted average by volume or mass) of the MFI of the plastic materials
comyprising the recycled plastic feedstock prior to the feedstock being directed into an
extruder or pyrolysis reactor (e.g., shredded recycled plastic film feedstock that has been
subjected to one or more sorting, size reduction, and/or drying operations prior to being
directed to an extruder). The melt flow index of each of the different plastic materials and/or
the average oelt flow index of the plastic feedstock can be deternvived, for example, using
ASTM D1238 B.

In some examples, the plastic feedstock can have an average melt flow index of 20
2/10min or less {e.g., 19 g/10min or less, 18 g/10min or less, 17 g/10min or less, 16 g/10min

or less, 15 g/10min or less, 14 g/10min or less, 13 g/10nuin or less, 12 g/10min or fess, 11
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¢/10min or less, 10 g/10min or less, 9.5 g/10min or less, 9 g/10min or less, 8.5 g/10min or
less, 8 g/10min or less, 7.5 g/10min or less, 7 g/10min or less, 6.5 g/10min or less, 6 g/10min
or less, 5.75 g/10min or less, 5.5 g/10min or {ess, 5.25 ¢/10min or less, 5 g/10min or less,
4.75 g/10min or less, 4.5 g/10min or less, 4.25 g/10min or less, 4 g/10min or less, 3.75
g/10min or less, 3.5 g/10min or less, 3.25 g/10min or less, 3 g/10min or less, 2.75 g/10min or
less, 2.5 g/10min or less, 2.4 g/10min or less, 2.3 g/10min or less, 2.2 g/10min or less, 2.1
¢/10min or less, 2 g/10min or less, 1.9 g/10min or less, 1.8 g/10min or less, 1.7 g/10min or
less, 1.6 g/10min orless, 1.5 g/10min or less, 1.4 g/10min or less, 1.3 g/10min or less, 1.2
g/10min or less, 1.1 g/10min or less, I g/10min or less, .95 g/10min or less, 1.9 g/10min or
less, .85 g/10min or fess, 0.8 g/10min or less, .75 g/10min or less, 0.7 g/100un or less, 0.65
g/ 10min or less, 0.6 g/10min or less, 0.55 g/10min or less, 0.5 g/10min or less, 0.45 ¢/10min
or less, 0.4 g/10min or less, 0.35 g/10min or less, (.3 g/10min or less, 0.25 g/10min or less,
(.2 g/10min or less, 0.15 g/10ntin or less, 0.1 g/10min or less, or .05 g/10min or less, 0.01
2/10min or less).

In some examples, the plastic feedstock can have an average melt flow index of .01
¢/10min or more (e.g., 0.05 g/10min or more, 0.1 g/10min or more, €.15 g/10min or more,

2 g/10min or meore, 0.25 g/10min or more, 0.3 g/10min or more, .35 g/10min or more, 0.4
g/10min or more, .45 g/10min or more, 0.5 g/10min or more, 0.55 g/10min or more, 0.6
g/10min or more, 0.65 ¢/10min or more, .7 g/10min or more, 0.75 g/10min or more, 0.8
#/10min or more, .85 g/10min or more, 0.9 g/10min or more, .95 g/10nin or more, |
¢/10min or more, 1.1 g/10min or more, 1.2 g/10min or more, 1.3 g/10min or more, 1.4
¢/10min or more, 1.5 g/10min or more, 1.6 g/10min or more, 1.7 g/10min or more, 1.8
g/10min or more, 1.9 g/10min or more, 2 g/10min or more, 2.1 g/10min or more, 2.2 g/10min
or more, 2.3 g/10min or more, 2.4 g/10min or move, 2.5 g/10min or more, 2.75 g/10min or
more, 3 g/10min or more, 3.25 ¢/10min or more, 3.5 g/10min or more, 3.75 g/10min or more,
4 g/10min or more, 4.25 g/10min or more, 4.5 g/10min or more, 4.75 g/10min or more, 3
¢/10min or more, 5.25 g/10min or more, 5.5 g/10min or more, 5.75 g/10min or more, 6
¢/10min or more, 6.5 g/10min or more, 7 g/10min or more, 7.5 g/10min or moore, § g/10min
or more, 8.5 g/10min or more, 9 g/10min or more, ¢.5 g/10min or more, 10 g/10min or more,
11 g/10min or more, 12 g/10min or more, 13 g/10min or more, 14 g/10min or more, 15
£/10min or more, 16 g/10min or more, 17 g/10min or roore, 18 g/10min or more, 19 g/i0min
or more, or 20 g/10min or more).

The average melt flow index of the plastic feedstock being fed into the extruder can

range from any of the roiiourm values described above 1o any of the maxiowm values
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described above. For example, the plastic feedstock being fed into the extruder can have an
average melt flow index of from ¢.01 g/10min to 20 g/10min (e.g., from 0.05 g/10min to 20
g/ 10min, from 0.05 g/10min to 19 g/i0min, from 8.05 ¢/10min to 18 g/10min, from 0.05

o/ 10min to 17 g/10min, from 0.05 g/10min to 16 g/10min, from 0.05 g/10min to 15 g/10min,
from 0.05 g/10min to 14 g/10min, from (.05 g/10muin o 13 g/10min, from 0.05 ¢/10min to 12
2/10min, from 0.05 g/10min to 11 g/10min, from 0.05 g/10min to 10 ¢/10min, from 0.1
¢/10min to 10 g/10min, from 0.1 g/10min to 9.5 g/10min, from 0.1 g/10min to 9 g/10min,
from 6.1 ¢/10min to 8.5 g/10min, from 0.1 g/10min to 8§ g/10min, from 0.1 g/10mintw 7.5
g/10min, from 0.1 g/10min to 7 g/10min, from 0.1 g/10min 0 6.5 g/10min, from 0.1 g/10min
to 6 g/10min, from .15 g/10min to 5.75 g/10min, from 0.2 g/10min t0 5.5 g/10min, from
(.25 ¢/10min to 5.25 g/10min, from 0.3 g/10min to 5 g/10min, from 0.35 g/10nun to 4.75
g/10min, from 0.4 g/10min to 4.5 g/10min, from 0.45 g/10min to 4.25 g/10min, from 0.5
&/10min to 4 g/10min, from 0.5 g/10min to 3.75 g/10min, from 0.5 g/10min to 3.5

g/10min from 0.5 g/10min to 3.25 g/10min, from 0.5 g/10min 10 3 g/10min, from 0.5

¢/10min to 2.75 g/10min, from 0.5 g/10mint0 2.5 g

&

/10min, from 0.5 g/10min t0 2.4 g/10min,
from ©.5 g/10min to 2.3 g/10min, from 0.5 g/10min to 2.2 g/10min, from 0.5 g/10min to 2.1
g/10min, from 0.5 g/10min to 2 g/10min, from 0.5 g/10min to 1.9 g/10min, from 0.5 g/10min
to 1.8 g/10min, from 0.5 g/10min to 1.7 g/10min. from 0.5 g/10min to 1.6 g/10min, from 0.5
g/10min to 1.5 g/10min from 0.5 g/10min t© 1.4 g/10min, from 8.5 g/10min to 1.3 g/10min,
from 0.5 g/10min to 1.2 /10min, from 0.5 g/10pun to 1.1 g/10min, from 0.5 g/i10minto 1
g¢/10min, from 0.05 g/10min to 20 g/10min, from 0.1 g/10min o 20 ¢/10min, from 0.15
¢/10min to 19 g/10min, from 0.2 g/10min to 18 g/10min. from 0.25 g/10min to 17 g/10min,
from (.3 g/10min to 16 g/10min, from 0.35 g/10min to 15 g/10min, from 0.4 g/10min to 14
o/ 10min, from 0.45 g/10min to 13 g/10min, from 0.5 g/10min to 12 g/10min, from 0.55
g/10min to 11 g/10min, from 0.6 ¢/10min to 10 g/10min, from 0.65 g/10min to 10 g/10min.
from 0.7 g/10min to 10 g/10min from 0.75 g/10min to 10 g/10min, from 4.8 g/10min to 10
g/10min, from 0.85 g/10min to 10 g/10min, from 0.9 g/10min to 10 ¢/10min, from 0.95
g/ 10min to 10 g/10min, from 0.1 g/10min to 10 g/10min).

In various implementations, the recycled plastic feedstock can have a distribution of
melt flow indexes (MFI distribution). For example, the plastic feedstock can comprise a
plurality of different plastic materials, each with its own MFL As used herein, the MFI
distribution of the plastic feedstock refers to the distribution of MFIs in the recycled plastic
feedstock spanning from the lowest-MFI plastic material within the recycled plastic feedstock

to the highest-MF1 plastic material within the recycled plastic feedstock.
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For example, the recycled plastic feedstock can comprise a fivst plastic material
having a first melt flow index and a second plastic material having a second melt flow index,
wherein the first melt flow index is different than the second melt flow index. In some
examples, the first roelt flow index is lower than the second melt flow index. In some
examples, the first melt flow index 1s the lowest melt flow index of any of the plastic
materials within the plastic feedstock. In some examples, the second melt flow index is the
highest melt flow index of any of the plastic materials within the plastic feedstock. In some
examples, the distribution of melt flow indexes can be from the first melt flow index to the
second melt flow index.

in some examples, the recycled plastic feedstock can have a distribution of melt flow
indexes of from 0.05 g/10rin to 20 g/i0min (e.g., from 0.05 g/10min to 19 ¢/10min, from
(.05 g/10min to 18 g/10min, from 0.05 g/10min to 17 g/10min, from 0.05 g/10min to 16
&/10min, from 0.05 g/10min to 15 g/10min, from 0.05 g/10min to 14 g/10min, from 0.03
¢/10min to 13 g/10min, from .05 g/10min to 12 g/10min, from 0.05 g/10min to 11 g/10min,
from (L.OS ¢/10min to 10 g/10min. from 0.1 g/10min to 10 g/10min, from 0.1 g/10min to 9.5
¢/10min, from 0.1 g/10min to 9 g/10min, from 0.1 g/10min to 8.5 g/10min, from 0.1 g/10min

Q

to 8 g/10min, from 0.1 g¢/10minto 7.5 g/10min, from 0.1 g/10min to 7 g/10min, from 0.1
g/10min to 6.5 g/ 10min, from 0.1 g/10min to 6 g/10min, from $.15 g/10min to 5.75 g/10min,
from 0.2 g/10min to 5.5 g/10min, from 0.25 g/10min to 5.25 g/10min, from 6.3 g/10min t0 5
#/10min, from 0.35 g/10min to 4.75 ¢/10min, from 0.4 g/10min to 4.5 g/ 10min, from 0.45
¢/10min to 4.25 g/10min, from 0.5 g/10min to 4 g/10min, from 0.5 g/10min to 3.75 g/10min,
from 0.5 ¢/10min to 3.5 g/10min from 0.5 g/10min to 3.25 ¢/10min, from 0.5 g/10min to 3
g/10min, from 9.5 g/10min to 2.75 g/10min, from 0.5 g/10min to 2.5 g/10min, from 0.5

o/ 10min to 2.4 g/10min, from 0.5 g/10min to 2.3 g/10min, from 0.5 g/10min to 2.2 g/10min,
from 0.5 g/10min to 2.1 g/10min, from 0.5 g/10min to 2 ¢/10min, from 0.05 g/10min to 20
2/10min, from 0.1 g/10min to 20 g/10min, from ¢.15 g/10min o 19 g/10min, from 0.2
¢/10min to 18 g/10min, from 0.25 g/10min to 17 g/10min, from 0.3 g/10min to 16 g/10nun,
from 0.35 g/10min to 15 g/10min, from 0.4 g/10min to 14 g/10min, from 0.45 g/10min 1o 13
g/10min, from 0.5 g/10min to 12 g/10min, from $.55 g/10min to 11 g/10min, from 0.6
g/10min to 10 g/10min, from 0.65 g/10min to 10 g/10min, from 0.7 g/10min to 10 g/10min
from 0.75 g/10min to 10 g/10min, from 0.8 g/10min to 10 g/10min, from 0.85 g/10min o 10
g/10min, from 0.9 g/10min to 10 ¢/10min, from 0.95 g/10min to 10 g/10min, from 0.1
/10min to 10 g/10min).

In various implementations, the recycled plastic feedstock being fed into the extruder
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can have an average glass transition temperature (Tg). For example, the plastic feedstock can
comprise a plurality of different plastic materials, each with its own Ty, such that the average
T, of the plastic fecdstock comprises a weighted average of the Ty of the different plastic
materials. Accordingly, as used herein, average glass transition temperature (T,) refers to the
weighted average {e.g., weighted average by volome or mass) of the Ty of the plastic
materials comprising the recycled plastic feedstock prior to the feedstock being directed into
an extruder or pyrolysis reactor {e.g., shredded recycled plastic film feedstock that has been
subjected to one or more sorting, size reduction, and/or drying operations prior to being
directed to an extruder). The glass transition temperature of each of the different plastic
materials and/or the average glass transition temperature of the plastic feedstock can be
determoined, for example, using ASTM D3418.

In some examples, the recycled plastic feedstock can have an average glass transition
teraperature (Ty) of 100°C or more (e.g., 105°C or more, 110°C or more, 115°C or more,
120°C or more, 125°C or more, 130°C or more, 135°C or more, 140°C or more, 145°C or
more, 150°C or more, 155°C or more, 160°C or more, 165°C or more, 170°C or more, 175°C
or more, 180°C or more, 185°C or more, 190°C or more, 195°C or more, 200°C or more). In
some exaroples, the recycled plastic feedstock can have an average glass transition
temnperature {Ty) of 200°C or less {e.g., 195°C or less, 190°C or less, 185°C or less, 1806°C or
fess, 175°C orless, 170°C or less, 165°C or less, 160°C orless, 155°C or less, 150°C or less,
145°C or less, 140°C or less, 135°C or less, 130°C or less, 125°C or less, 120°C or less,
115°C or less, 110°C or less, 105°C or less, 100°C or less). The recycled plastic feedstock
can have an average glass transition temperature {Tg) ranging from any of the minimum
values described above fo any of the maxivwum values described above. For example, in some
aspects, the recycled plastic feedstock can have an average glass transition temperature (T,)
of from 100°C o0 200°C {(e.g., from 105°C 1o 195°C, from 105°C to 190°C, from 1035°C 1o
185°C, from 105°C to 180°C, from 105°C to 175°C, from 1160°C to 175°C, from 110°C to
170°C, from 110°C 16 165°C, from 110°C 1o 160°C, from 110°C 16 155°C, from 110°C 1o
150°C, from 115°C 10 150°C, from 120°C to 150°C, from 125°C 10 150°C).

In various implementations, the recycled plastic feedstock can have a distribution of
glass transition temperatures (T distribution). For example, the plastic feedstock can
coraprise a plorality of differens plastic materials, each with its own Ty, As used herein, the
T, distribution of the plastic feedstock refers to the distribution of glass transition
teraperatures in the recveled plastic feedstock spanning from the towest-Ty plastic material

within the tecycled plastic feedstock o the highest-T; plastic material withio the recycled
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plastic feedstock.
For exaraple, the recycled plastic feedstock can comprise a first plastic material
having a first Ty and a second plastic material having a second Ty, wherein the first Tyis

different thao the second T,. In some examples, the first Ty is lower than the second Tg. Tn

w

some examples, the first T, is the lowest T, of any of the plastic materials within the plastic

feedstock. In some exampiles, the second Ty is the highest Ty of any of the plastic materials

within the plastic feedstock. In some examples, the distribution of glass transition

temperatures can be from the first Ty to the second T,

in some examples, the recycled plastic feedstock can have a distribution of glass

10 transition temperatures (T distribution) of from 100°C to 200°C (e.g., from 105°C 0 195°C,
from 105°C to 190°C, from 105°C to 185°C, from 105°C 1o 180°C, from 105°C 10 175°C,
from 110°C o 175°C, from 110°C to 170°C, from 110°C 10 165°C, from 110°C w 160°C,
from 110°C o 155°C, from 110°C to 150°C, from 115°C to 150°C, from 120°C o 150°C,
from 125°C to 150°C).

15 Exiruders

In some examples, plastic feedstock {e.g.. optionally shredded plastic feedstock such
as the low hulk density plastic feedstock described herein) from the storage bunker is
conveyed separately to one or more extruders (e.g., two or more), for example using a
CONVEYor.

20 The extruders can be any suitable type of extruder. The extruders can, for example, be
designed to heat the plastic feedstock and convert the plastic feedstock into a serni-molten
state that is moved to the reactors. In some examples, the pyrolysis systems described herein
include two or more extruders and the two or more extruders can be in operation
sinnshtaneously. In some implementations, one or more extruders may be configured to

25  pyrolyze the plastic feedstock and thereby function as a pyrolysis reactor.

In some examples, the system includes a plurality of extruders and each extruder is
configured to process a portion of normal throughput, for example so as to allow feedstock
flow to and operation of the reactors to continue when one of the extruders is taken oot of
service for repair of maintenance. In some examples, the system can include three extruders,

30 with two extruders being in operation sintultaneously and the third extruder being a

rechindancy, for example the third extruder can be operated while one of the other extruders is

taken out of service for repair or maintenance.
Each extruder can, for example, use an internal pnevmatically operated ram ©

increase the density of the plastic in order to achieve the desired throughput rate. The ram can
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also move the plastic from the extruder inlet into the extruder’s screw mechanism. In other
implementations, plastic feedstock fed into the extruder may be fed using a screw or auger
device that is capable of both moving feedstock into the extruder and compressing it in the
same.

In some examples, the extroder barrel can include one or more openings {e.g. one or
more vents of ports) at one or more pasitions along the length of the extruder barrel. In some
exaroples, each extruder barrel can include a plurality of vents {e.g., two ot more vents) along
the length of the extruder barrel. The vent{(s) can allow vapors and/or gases produced from
the plastic feedstock during the heating process to escape from the extruder. Moisture in the
feedstock is converted o stearn at the high feniperatures created in the extruder and this
steam typically exits at one or more vents. Other gaseous material such as volatile inks from
plastic abels, various lipids and fats from food contamination on the plastic, and decomposed
PV and PET polyroers can also exit at one or maore vents along with gas made up of
entrained fine particulates. This system allows rernoval of significant amounts of chlorides
and other undesirable elements that otherwise would end up in the reactor and potentially
atfect the quality of both oil and wax products and/or corrode the processing equipment.

10 some examples, each extruder comprises two ot moore vents (e.g., wherein the
extruder includes at least a first vent and a second vent). In some examples, the first vent of
the extruder comprises an ambient pressure vent. In some examples, the second vent of the
extruder coraprises a vacuum vent, for example where a vacuum is applied through the vent
to pull gases and/or contaminants out of the semi-roolten feedstock.

In some examples, a vent feeding device can be used at one or more of the extruder
verts 1o prevent expulsion of melted feedstock from that vent. The vent feeder can force any
feedstock that is flowing or being expelled froma the vent back into the barrel where it is then
carried forward down the extruder. This feeder can be equipped with a vent section that can
allow steam and other volatiles to pass by the feeder.

In some examples, the barrel of the extruder can be heated, for example by one or
more externally mounted heaters. In some examples, the barvel of the extruder can be heated
by a plurality of externally mounted heaters. The heaters can be any suitable type of heater,
such as resistive electric heaters and/or inductive heaters. Additional heating can, for
example, be provided by friction as the feedstock is forced through the internal geometry of
the extruder barrel by the screw. Multiple zones along the length of the extruoder can, in some
examples, be independently heated and cooled using barrel heaters and/or cooling fans to

achieve a pre-set teraperature profile that varies depending on the type of material being fed
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into the extruder.

In some examples, the barrel of the extruder can be heated such that the feedstock
within the extruder has a temperature of 20°C or more at the first of the one or more vents
{e.g., 25°C or more, 30°C or more, 73°C or more, 100°C or more, 125°C or more, 150°C or
more, 175°C or more, 200°C or more, 225°C or more, 250°C or more, 273°C or more, 286°C
or more, 285°C or more, 290°C or more, 295°C or more, 300°C or more, 305°C or more,
310°C or more, 315°C or more, 320°C or more, 325°C or more, 350°C or more, 375°C or
more, 400°C or more, or 425°C or more). In some examples, the barrel of the extrader can be
heated such that the feedstock within the extruder has a temperature of 450°C or less at the
first of the one or more vents (e.g., 425°C or less, 400°C or less, 375°C or less, 350°C or less,
325°C or less, 320°C or less, 315°C or fess, 310°C or less, 3057C or tess, 300°C or less,
295°C or less, 2907C or less, 285°C or fess, 285°C or less, 280°C or less, 275°C or less,
250°C or less, 225°C or less, 200°C or ess, 175°C or less, 150°C or less, 125°C or less,
100°C or less, 75°C or less, or S0°C or less). The temperature of the feedstock within the
extruder at the first vent can range from any of the minimum values described above to any
of the maxinmum values described above. For exarple, the barrel of the extruder can be
heated such that the feedstock within the extruder has a temperature of from 20°C 10 450°C at
the first of the one or more venis (e.g.. from 20°C 10 225°C, from 225°C to 450°C, from 20°C
to 125°C, from 125°C 10 225°C, from 225°C t0 325°C, from 325°C to 450°C, from 20°C 10
400°C, from 20°C to 350°C, from 20°C to 300°C, from 20°C to 230°C, from 20°C to 200°C,
from 20°C to 250°C, from 20°C to 100°C, from 20°C to 50°C, from 50°C w 450°C, from
100°C to 450°C, from 150°C to 450°C, from 200°C to 250°C, from 250°C to 250°C, from
300°C to 450°C, from 350°C t0 450°C, from 30°C to 400°C, from 100°C to 375°C, from
250°C to 350°C, or from 275°C to 325°0).

In some examples, each extruder includes a screw with multiple zones, such as a
pumping section, a compression section, a decompression section, a mixing section, or a
combination thereof. In some examples, each extruder serew includes a decompression
section at or before the first vent, for example to promote expulsion of entrained air,
maoisture, and/or other gases (e.g., volatiles) from the feedstock at the first vent.

The residence time of the feedstock within each extruder can be selected in view of a
variety of factors. For example, the residence time of the feedstock within each extruder can
be selected in view of the speed at which the extruder is run (which in turn can be selected
hased on the throughput rate of the reactor(s) that the extruder is feeding), the identity of the

plastics within the feedstock, the mekt flow characteristics of the plastic, or a combination
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thereof.
In some examples, the residence time of the feedstock within the extruder can be 30
seconds or more {e.g., | minute or more, 1.5 minutes of more, 2 minutes or more, 2.5 minutes

or more, 3 minttes or more, 3.5 nynutes or more, 4 manutes or more, 5 minutes or more, 5.5

w

minutes or more, 6 minutes or more, 6.5 minutes or more, 7 minutes or more, 7.5 minutes or
more, § minutes or more, 8.5 minutes or more, or 9 minutes or more). In some examples, the
restdence tfime of the feedstock within the extruder can be 10 minutes or less {e.g., 9.5
mingtes or fess, @ minutes or less, 8.5 munutes or less, & minutes or less, 7.5 minutes or less, 7
minutes or less, 6.5 minutes or less, 6 minutes or less, 5.5 minutes or less, 5 minutes or less,
10 4.5 munutes or less, 4 punutes or less, 3.5 nunutes or less, 3 minutes or less, 2.5 nunutes or
ess, 2 nunotes or less, 1.5 mimites or less, or 1 minute or less). The residence time of the
feedstock within the extroder can range from any of the minimum values described above to
any of the maximurn values described above. For exarple, the residence timae of the
feedstock within the extruder can be from 30 seconds to 10 minutes {e.g., from 30 seconds to
15 5 minutes, from 5§ minutes to 10 minutes, from 30 seconds to 2.5 munutes, from 2.5t 5
minutes, from 5 to 7.5 minutes, from 7.5 minutes to 10 minutes, from 30 seconds to 9
minutes, from 30 seconds to 8 minutes, from 30 seconds to 7 minutes, from 30 seconds to 6
mimites, from 30 seconds to 4 minutes, from 30 seconds to 3 mingtes, from 30 seconds to 2
minutes, from 1 mimute to 10 minutes, from 2 to 10 minutes, from 3 to 10 minutes, from 4 to
20 10 minutes, from 6 to 10 minutes, from 7 o 10 minutes, from 8 to 10 minutes, from 1 minute
to 9 minutes, or from 1.5 minotes to § minutes).

Feedstock material subsequently enters the extruder screw’s pumping section where it
is propelled out of the extruder and into the pyrolysis reactor, for example via a heated
transfer pipe. A rupture disk can be provided for emergency pressure relief to prevent down-

25  stream damage to piping and equipment.

In some implementations, one or more extruders of the pyrolysis system are
collectively configured for using energy at an average rate of 0.40 kW or less per pound of
pyrolyzed product produced by the system per hour (e.g., 0.40 kKW or less, 0.38 kW or less,
0.36 kW or less, .34 kW or less, .32 kW or less, 0.30 kW or less, 0.28 kW or less, .26 kW

30 orless, .24 kW or less, .22 kW or less, 0.20 kKW or less, 0.18 kW or less, 0,16 kW or less,
G.14 kKW or less, 0,12 kW or less, 010 kW or fess, .08 kKW or less, 0.06 kW or less, $.04 kW
or less, or 8.02 XW or less). In some implementations, the one or more energy transfer
apparatuses (¢.g., the one or more exiruders and/or one or more pyrolysis reactors) of the

pyrolysis systern are collectively configured for using energy at an average rate from 0.02
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KW to .40 kKW per pound of pyrolyzed product produced by the system per hour {e.g., from
0.02 kW to 0.40 kW, from 0.02 kW to 0.38 kW, from 0.02 kW t0 0.360 ¥W, from 0.02 kW to
0.34 kW, from 0.02 ¥W t0 0.32 kW, from 0.02 kW t0 0.30 kW, from 0.02 kW to 0.28 kW,
from 0.02 kW 10 0.26 kW, from 0.02 kW 10 0.24 kW, from 0.02 kW 10 0.22 kW, from 0.02
kW 0 0.20 kW, from 0.02 kW o 018 kW, from 0.02 kW t0 0.16 kW, from 0.02 kW 0 0.14
kW, from 0.02 kW to 0.12 kW, from 0.02 kW to 0.10 kW, from 0.02 kW to 0.08 kW, from
0.02 kW 10 0.06 kW, from .02 kW 10 $.04 kW), In some specific implementations, the
foregoing average energy efficiency ranges may be achieved using the extruder 80{ shown
and described with respect to Figure 33.

Figure 24 provides a perspective view of an example implementation of an extruder
100 configared for heating plastic feedstock (e.g.. loose film, baled film, rigids, thermoforms,
sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified, shredded, and
other post-consuraer and/or post-industrial plastics) and converting the feedstock into a
molten or semi-molten state. The molten or semi-molten state output by the extruder 100 may
be directed to a pyrolysis reactor for pyrolysis of the plastic feedstock {e.g.. various
implementations of the pyrolysis reactors discussed herein). Figure 25 shows a cross-
sectional view of the extruder 100 shown in Figure 24. Certain elemsents depicted in Figure
24 are also depicted in Figure 25 and, accordingly. reference to either figure may be regarded
as areference to both figures.

As shown in Figure 24, the extruder 100 includes a motor 102 (e.g., three-phase AC
motor) configured to drive a screw 142 within an extruder barrel 110. The motor 102 is
coupled to a reducer assembly 104 and cooling system 106. The cooling system 106 is
configured to maintain desired teroperatures within the reducer assembly and or motor. The
extruder screw 142 is coupled to a drive shaft via a seal assembly 108, allowing the motor
302 to drive rotation of the extrader screw 142.

Plastic feedstock is directed into the extruder barrel 116 via a hopper 120, which is
configured to recetve plastic feedstock (e.g.. loose film, baled film, rigids. thermoforms,
sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified, shredded, and
other post-consumer and/or post-industrial plastics). A pneumatic ram 122 is configured to
increase the deansity of the plastic feedstock in order to assist in achieving a destred
throughput rate within the extrader 100.

The extruder 100 includes a single extruder screw 142 housed within a heated barrel
110. As shown in Figure 24, the barrel 110 can be encased by heating elements 144

counfigured for heating various zones along the length of the extruder barrel 110, To one
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implementation, the heating elements 144 can coraprise electric heaters. In other
implementations, the heating elements 144 can comprise forced-air, gas, indirect, or direct
heating arrangeraents. In various implementations, the extruder 100 may include multiple
heating elements 144 positioned throughout the length of the extruder 100 configured to heat
the extruder barrel 110, For example, in one implementation, the extruder 300 includes
between two and fifteen electric heaters defining between two and fifteen heating zones along
the length of the barrel 110. The heaters (e.g., electric heaters) can be controlled to obtain a
destred temperature gradient along the length of the extruder barrel 110, such that the
temperature of the feedstock within the extruder barrel 110 reaches desired temperatures.
Additional heating is provided by friction as the plastic is forced through the internal
geometry of the extruder barrel by the screw. In other toplementations, two extruder screws
may be used within the barrel 110

in various tmplementations, the extruder screw 142 within the barrel 119 15 provided
with multiple zones {e.g., a pumping section, a compression section, and a decornpression
section). In the pumping section, the molten {or semi-molten) feedstock material is propelied
out of the extruder (e.g., via a barrel outlet 140 shown in Figure 24} and into the pyrolysis
reactor {¢.g., via a heated transfer pipe).

Figure 26 provides a perspective view of another example implementation of an
extruder 200 configured for heating plastic feedstock {e.g., Ioose film, baled film, rigids,
thermoforms, sheets, foams, non-wovens, strips, pellets, powder, purge patties, deasified,
shredded, and other post-consumer and/or post-industrial plastics) and converting the
feedstock into a molten or semi-molten state. Elements shared with the extruder 106 are
given common references {(e.g., the extruder 100°s barrel is {abeled 110 while the extruder
200’s barrel is labeled 210). Figure 27 shows a cross-sectional view of the extrader 200
shown in Figure 26. Certain elements depicted in Figure 26 are also depicted in Figure 27
and, accordingly, reference to cither figure may be regarded as a reference to both figures.

In the llustrated implementation, the extruder 200 s configured as a twin screw
extruder. As shown in Figures 26 and 27, a pair of extroder screws 242, 243 are provided in
the extruder’s barrel 210, In various implementations, the screws are configured for 242, 243
are configured for driving the feedstock material through the barrel 210 as the feedstock
material is heated.

Figure 28 provides a perspective view of another example implementation of an
extruder 300 configured for heating plastic feedstock (e.g., toose film, baled film, rigids,

thermoforms, sheets, foams, non-wovens, sirips, pellets, powder, purge patties, deansified,

113



w

10

20

30

WO 2025/165917 PCT/US2025/013657

shredded, and other post-consumer and/or post-industrial plastics) and converting the
feedstock into a molten or semi-molten state. Elements shared with the extruder 10¢ are
given commeon references {e.g., the extruder 100°s barrel is labeled 110 while the extruder
300°s barrel 1s labeled 310},

In the illustrated implementation, the extruder 300 includes one or more gas powered
heating elements 346. As shown in Figure 28, the gas-powered heating clements 346 are
configured for heating the extruder’s barrel 310 in order to thereby heat the feedstock
material being transiated through the barrel 310. Although the extrader 300 is depicted with a
single screw 342, in other implementations, the extruder 300 may be provided with twin
screws, Additionally, various implernentations may include a combination of gas and clectric
heating elements for heating the barrel 310.

Figure 29 provides a perspective view of another example implementation of an
extruder 400 configured for heating plastic feedstock (e.g., loose film, baled film, rigids,
thermoforms, sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified,
shredded, and other post-consumer and/or post-industrial plastics} and converting the
feedstock into a molten or semi-molten state. Elements shared with the extruder 10¢ are
given coramon references {e.g., the extruder 100°s barrel is abeled 110 while the extruder
400°s barrel is labeled 410).

in the ilustrated implementation, the extruder 400 includes one or more oil-based
heating elerents 346. As shown in Figure 28, the oil-based heating elemenis 445 may define
a series of conduits or channels around the barrel 410, through which beated oil (or another
suitable Hquid) may be pumped. In this way, the oil-based heatng elements 445 are
configured for heating the extruder’s barrel 410 in ovder 1o thereby heat the feedstock
material being translated through the barrel 410. In various implementations, the heated ol
may be heated by electric or gas-powered heating elements associated with the oil-based
heating elements 445, In some implementations, the oil-based heating elements 346 may
comprise one or more molten salt heating elements. Although the extruder 400 s depicted
with a single screw 442, in other implernentations, the extruder 400 may be provided with
twin screws. Additionally, various implementations may include a combination of oil, gas,
and electric heating clements for heating the barre! 410,

Figure 30 provides a perspective view of another example implementation of an
extruder 500 configured for heating plastic feedstock {e.g., loose film, baled film, rigids,
therraoforras, sheets, foams, non-wovens, strips, peliets, powder, purge patties, deunsified,

shredded, and other post-consumer and/or post-industrial plastics) and converting the
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feedstock into a molten or serni-maolten state. Elements shared with the extrader 100 are
given common references {e.g., the extruder 100°s barrel is labeled 110 while the extruder
500s barrel is labeled 510).

As shown in Figure 30, electric heaters 344 are positioned around the extruder’s
barrel 510 In addition, a vent 532. Generally, the vent 532 is configured to allow vapors
andfor gases produced from the plastic feedstock during the heating process o escape from
the extruder S00. In this way, the vent 532 may allow for removal of residual vapor and
contaminants that can have a negative impact on the oil, wax, or gas product quality. In one
implementation, the vent 532 is an ambient pressure vent. In other implementations, the vent
532 is under vacuum.

Although the extruder 500 ts depicted with a single screw 542, in other
implementations, the extruder 500 may be provided with twin screws. Additionally, various
implernentations may inclede a combination of oil, gas, and clectric heating elements for
heating the barrel 510,

Figure 31 provides a perspective view of another example implementation of an
extruder 600 configured for heating plastic feedstock (e.g., loose film, baled film, rigids,
thermoforms, sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified,
shredded. and other post-consumer and/or post-industrial plastics) and converting the
feedstock into a molten or semi-molten state. Elements shared with the extruder 100 are
given common references {e.g., the extruder 10(s barrel is labeled 110 while the extruder
600 s barrel is labeled 610).

As shown in Figure 31, electric heaters 644 are positioned around the extruder’s
barrel 610, In addition, a pair of vents 632, 634 are provided along the extruder’s barrel 610
Generally, the vents 632, 634 are configured to allow vapors and/or gases produced from the
plastic feedstock during the heating process to escape from the extruder 600, In this way, the
vents 632, 634 may allow for removal of residual vapor and contaminants that can have a
negative impact on the oil, waxs, or gas product quality. In one imaplementation, both vents
632, 634 are ambient pressure vents. In other mplementations, both vents 632, 634 are under
vacuum. In other implementations, the first vent 632 is an ambient pressure vent while the
second vent 634 is under vacuunu

Although the extruder 600 is depicted with a single serew 642, in other
implementations, the extruder 600 may be provided with twin screws. Additionally, various
implernentations may inclede a combination of oil, gas, and electric heating elements for

heating the barrel 610.
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In some implementations, the single screw 642 of the extruder 600 roay comprise a
dual vent extruder screw configured for melting low bulk density recycled plastic feedstock
and/or recycled plastic feedstock having a wide MFI range. In various implementations, the

dual vent extruder screw is configured for receiving recycled plastic feedstock (e.g., low bulk

w

density recycled plastic feedstock), melting recycled plastic feedstock into a molten or semi-

molfen form, and pumping the molten or semi-molten feedstock out of the extruder {e.g., so

the molten or semi-molten feedstock may be directed into a pyrolysis reactor).

Figure 51 shows a schematic side view of an example dual vent extruder screw 8642

disposed within barrel 610 of the extruder 600. Additionally, a feed throat 8610 is disposed

10 around a feed end of the dual vent extruder screw 86472 (¢.g., for directing recycled plastic
feedstock from the hopper 620 and poeumatic ram 622 on the screw 8642 and into the
extruder bagrel 610).

As shown in Figure 51, the dual vent extruder screw 8642 defines a plurality of screw

sections (B001-8005b) configured for processing recycled plastic feedstock (e.g., recycled
15 plastic feedstock having low bulk density, a wide MFI distribution, and/or a wide glass

transition temperature distribution). In the illustrated implementation, the dual vent extruder

scrow 86472 includes a feed section 8001, a mixing section 8002, a first decompression

section 8003a, a first degassing section 8004a (degassing sections are also referred to herein

as compression sections), a first pumping section 800353, a second decompression section
20 8003b, a second degassing 80045, and a second pumping section 8005b.

In vartous implementations, the extruder 600 may also be provided with a plurality of
temperature control zones for sensing and controlling the temperature of the feedstock as it is
punped through the various sections (8001-8005b) of the dual vent extruder screw 8642, For
example, Figure 52 shows a schematic side view of the extruder 600 provided with a plurality

25  of temperature control systems (8101-8111) each defining a respective temperature control
zone of the extruder barrel 610 {and/or feed throat 8610) and dual vent extruder screw 8642,
As explained herein, each of the temiperature control systerns (8101-8111) roay be comprised
of a heater (e.g., an electric heater, for example an electric inductive heater, surrounding a
portion of the extruder barrel 610), a cooling fan {e.g., an electric cooling fan positioned

30 adjacent to an exterior portion of the extruder barrel 610}, a cooling jacket{e.g., a liquid

cooled jacket surrounding a portion of the extruder barrel 610), a cooling lance (e.g., a Hquid

cooled passage disposed within a portion of the doal vent extruder screw 8642}, one or niore

ferperature sensors (€.g., a thermocouple or other temperature seusing deviee configured fo

measuring and fransmitting the temperature of the plastic feedstock within the extruder barrel

1i6



WO 2025/165917 PCT/US2025/013657

610 or feed throat 8610), or combinations thereof. Furthermore, as explained in greater detail
with respect to Figure 53, the temperature control systems (8101-8111) and their respective
sub-components may be individually controllable by the pyrolysis control system.

o various implementations, the doal vent extruder screw’s feed section 8001 is

w

generally configured to recetve solid recycled plastic feedstock, engage the recycled plastic
feedstock, perform the first phase of the extruder’s heating and melting of the recycled plastic
feedstock (e.g., via compression and heating), and pump the plastic feedstock into the
extruder barrel 610 and to the mixing section 8002. As shown in Figure 51, the feed section
8001 is positioned at a first end of the dual vent extruder screw 8642 and extends through the
10 feed throat 8610 and a portion of the extruder barrel 610 at the first end of the extruder barrel
610. Referring back to Figure 31, the extruder 600 includes a hopper 620 configured for
receiving solid recycled plastic feedstock (e.g., low density recycled plastic feedstock). The
recycled plastic feedstock in the hopper 620 is then directed under compression by the
pneumatic ram 622 into the feed section 8001 of the dual vent extruder screw 8642 (e.g., the
15 portion of extruder screw’s feed section 8001 that is positioned within the feed throat 8610).
As discussed herein, the pneumatic ram 622 is configured to increase the density of the
recycled plastic feedstock as it exits the hopper 620 and enters the screw’s feed section 8001
within the feed throat 8610, and to press the recycled plastic feedstock into the extruder
screw’'s feed section %001. Although a pneumatic ram 622 is shown, other compression
20 apparatuses (e.g., a crammer having a belical serew) may be implemented to increase the
density of the recyeled plastic feedstock as it is divected into the feed section §001.

In various implementations, the dual vent extruder screw’s feed section 8001 is
configured for receiving low density recyeled plastic feedstock under compression from the
pneumatic ram 622, For exaraple, in various implementations, the extruder screw’s feed

25 section 8001 has root diameter, flight depth, flight volume, and channel width characteristics
that provide sufficient space within extruder barrel for the screw’s the feed section 8001 to
engage and process fow density recyeled plastic feedstock.

In various tmplementations, the screw’s feed section 8001 has a maxiroum root
diameter that is less than the maximum root diameter in one or more of the downstream

30 screw sections (8002-8005b) {¢.g., the maximaum root diameter of the feed section 8001 is
ess than the maximurn root diameter of the mixing section 8002, the maximum root diameter
of the feed section 8001 is less than the maximum root diameter of the first decompression
section 80034, the maxinwm root diameter of the feed section 8001 is fess than the maximum

root diameter of the first degassing section 80044, the maxinwig root diameter of the feed
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section 3001 is less than the maxiraum root diameter of the first puraping section 80054, the
maximum root diameter of the feed section 8001 is less than the maximum root diameter of
the second decompression section 8003, the maxinum root diameter of the feed section
8001 is less than the maximum root diameter of the second degassing 8004b, and/or the
maximum root diameter of the feed section 8001 is less than the maximum root diameter of
the second pumping section 8005b). In various implementations, the screw’s feed section
8001 has a maximum root diameter that is at least 15% smaller than the maximum root
diameter of the mixing section 8002 (e.g., at least 20% smaller than the maximum root
diameter of the mixing section 8002, at least 25% smalier than the maximum root diameter of
the mixing section 8002, or at feast 30% smaller than the maxinwm root diameter of the
mixing section 3002).

In varicus implementations, the screw’s feed section 8001 has a maximum flight
depth that is decper than the maximuom flight depths in one or more of the downsiream screw
sections (8002-8005b) (e.g., the flight depth of the feed section 8001 is greater than the flight
depth of the mixing section 3002, the flight depth of the feed section 8001 is greater than the
flight depth of the first decompression section 8003a, the flight depth of the feed section 8001
is greatet than the flight depth of the first degassing section 8004a, the flight depth of the feed
section 8001 is greater than the flight depth of the first pumping section 8005a, the flight
depth of the feed section 8001 is greater than the flight depth of the second decompression
section 8003b, the flight depth of the feed section 8001 is greater than the flight depth of the
second degassing 8004b, and/or the flight depth of the feed section 8001 is greater thao the
flight depth of the second pumping section 8005b). In vartous implementations, the screw’s
feed section 8001 has a maximurn flight depth that is at least 15% deeper than the maximum
flight depth of the mixing section 8002 {(e.g. at Jeast 20% deeper than the maximur flight
depth of the mixing section 8002, at least 25% deeper than the maximum flight depth of the
mixing section 8302, or at least 30% deeper than the maximum flight depth of the mixing
section 3002).

In various tmplementations, the screw’s feed section 8001 has a flight volume (e.g..
the volumetric space between flights in a single revelution) that is greater than the flight
volumes in one or mwore of the downstreant screw sections (8002-8003b) (e.g., the flight
volume of the feed section 8001 s greater than the flight volume of the mixing section 3002,
the flight volume of the feed section 3001 is greater than the flight volume of the first
decompression section 80034, the flight volume of the feed section 8001 is greater than the

flight volume of the first degassing section 8004a, the flight volume of the feed section 8001
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is greater than the flight volume of the first pumping section 8005a, the flight volume of the
feed section 8001 is greater than the flight volume of the second decompression section
8003h, the flight volume of the feed scction 8001 is greater than the flight volume of the
second degassing 8004b, and/or the flight volume of the feed section 8001 is greater than the
flight volume of the second pumping section 8305bh). In various implementations, the screw’s
feed section 8001 has a flight volume that is at least 15% greater than the flight volume of the
mixing section 8007 (e.g., at least 20% greater than the flight volume of the nuxing section
8002, at least 25% greater than the Hlight volume of the mixing section 3002, or at least 30%
greater than the flight volume of the mixing section 8002).

in various implementations, the screw’s feed section 8001 has a maxioug channe
width that is greater than the maximurn chanvel widths in each of the downstream serew
sections {8002-8003b) {e.g., the maxinmum channel width of the feed section 8001 is greater
than the maximum channel width of the mixing section 8002, the maxiroum channel width of
the feed section 8001 is greater than the maximum channel width of the first decompression
section 80034, the maximum channel width of the feed section 8001 is greater than the
maximum channel width of the first degassing section 8004a, the maximum channel width of
the feed section 8001 is greater than the maximum channel width of the first puroping section
80054, the maximum channel width of the feed section 8001 is greater than the maximum
channel width of the second decompression section 0G3b, the maximum channel width of
the feed section 8001 is greater than the maximum channel width of the second degassing
8004b, and the maximura chamnel width of the feed section 8001 is greater than the
maximum channel widih of the second pumping section 8005b). In various implementations,
the screw’s feed section 8001 has a maximum channel width that is at least 15% greater than
the maximum channel width of the mixing section 8002 {e.g., at least 20% greater than the
maximum channel width of the mixing section 8002, at least 25% greater than the maximum
channel width of the mixing section 8002, or at least 30% greater than the maximum channel
width of the mixing section 8G02).

As shown in Figure 52, the extruder screw’s feed section 8001 is associated with at
least one feed section temperature controf system 8101, In the iflustrated implementation, the
feed section temperature control system 8101 conprises one or more emperatire Sensors
configured to measuring and transmitting the temperature of the plastic feedstock within the
feed section 8001, a cooling jacket 652, a cooling lance 654, and a cooling fan 656a. In
various iraplementations, the cooling jacket 652 may comprise a confrollable liguid-cooled

jacket surrounding (or partially surrounding) the portion of the feed throat 8610 (or extruder
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barrel 610) associated with the extruder screw’s feed section 8001, In various
implementations, the cooling lance 654 may comprise a controliable liguid-cooled passage
extending through at feast a portion of the extruder’s screw’s root within the feed section
8001, In some implementations, as shown in Figures 531 and 52, the cooling lance 654
extends further into the serew’s mixing section 8002. In various implementations, the cooling
fan 656a may comprise a controliable clectric fan positioned adjacent to the portion of the
feed threat 8610 (or extnider barrel 610) associated with the extruder serew’s feed section
8001. In other implementations, the feed section temperature control systern 8101 may
comprise the cooling jacket 652 and cooling lance 654 {(and may not include a cooling fan).

As discussed in greater detail herein, the feed section temperature control systom
8101 (including the cooling jacket 652, cooling lance 654, and cooling fan 656a) are
controllable by pyrolysis control system (e.g., the pyrolysis control system 7500b shown and
described with respect to Figure 53). For example, the feed section temperature control
system 8101 may be programmed with a feed section temperature set point {e.g., stored by
pyrolysis control system) and configured to antomatically control the cooling jacket 652,
cooling lance 654, and cooling fan 656a to maintain the average temperature of the feedstock
in the extruder screw’s feed section 8001 at the feed section teraperature set poiat.

In varicus implementations, the extruder screw’s feed section 8001 and feed section
temperature control system 8101 are configured for heating the recycled plastic feedstock
recetved from the pneuratic ram 622 (e.g., due to shearing of the of the feedstock within the
extruder barrel 610) and maintaining the average temperature of the feedstock in the feed
section 3001 at less than 200°C {e.g., less than 190°C, less than 180°C, less than 170°C, less
than 160°C, less than 155°C). In various Umplementations, maintaining the temperature of the
recycled plastic feedstock in the feed section 8001 within this range allows the dual vent
extruder screw 8642 to effectively engage and process low bulk density recyeled plastic
feedstock (e.g., recycled plastic feedstock having a bulk density of less than 500 kg/m™). In
various iroplementations, the extruder screw’s feed section 8001 and feed section temperature
control systemn 8101 are configured for heating the recycled plastic feedstock received fromn
the pneumatic ram 622 {e.g., due to shearing of the of the feedstock within the extruder barrel
610 and maintaining the average temperature of the feedstock in the feed section 8001 at the
average glass transition temperature (T of the feedstock or within the distribution of glass
transition temperatures {1y distribution) of the feedstock.

In various tmplementations, the dual vent extruder screw’s mixing section 8002 is

zenerally configured for receiving semi-molien recycled plastic feedstock from the feed
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section 3001, raixing and heating the feedstock, and pumping the feedstock downstream and
into the first decompression section 80{(3a.
In various implementations, the extruder screw’s mixing section 8002 is associated

with one or roore temperatore controls systems. Tn the llustrated implementation of Figure

w

52, the extruder screw’s mixing section 8002 is associated with a first mixing temperature
control system €102 and a second mixing temperature control system 8103, In the illustrated
implementation, the first and second mixing temperature control systems 8102, 8103 each
comprise one or more temperature sensors configured to measuring and transmiiting the
temperature of the plastic feedstock within the mixing section 80612, an electric heater 644a,
10 644b and a cooling fan 656b, 656¢. In various implementations, the electric heaters 644a,
644b may each corgprise an elecirically powered, controliable heating element surrounding
{or partially surrounding) a portion of the extruder barrel 610 associated with the extruder
screw’s mixing section 8002, In various implementations, the cooling fans 6356b, 656¢ may
each comprise a controllable electric fan positioned adjacent to the portion of the extruder
15 barrel 610 associated with the extruder screw’s mixing section 8002
As discussed in greater detail herein, the mixing section teraperature control systems
8102, 8103 (including the heaters 644a, 644b and cooling fans 656h, 656¢) are controliable
by pyrolysis control system {e.g., the pyrolysis control system 7500b shown and described
with tespect to Figure 53). For example, the mixing section tenmperature control systems
20 8102, 8103 may ecach be programmed with a nuxing section temperature set point (e.g.,
stored by pyrolysis control systern) and configured to antomatically control the heaters 6444,
644b and cooling fans 656b, 636¢ to maintain the average temperature of the feedstock in the
extruder screw’s mixing section 8002 at the mixing section temperature set poini(s).
In various implementations, the extruder screw’s mixing section 8002 and mixing
25  section temperature control systems 8102, 8103 are configured for maintaining the
temperature of the recyeled plastic feedstock {e.g., by heating and/or cooling the plastic
feedstock) such that the average teraperature of the feedstock in the mixing section 3002 is
between 120°C and 245°C {e.g., between 130°C and 235°C, between 140°C and 215°C,
between 150°C and 205°C, between 180°C and 215°C, between 180°C and 205°C, between
30 180°C and 225°C).
In various implementations, the doal vent extruder screw’s first decompression
section 8003a is generally configured for receiving semi-molten recycled plastic feedstock
from the mixing section 8002, reducing the pressure on the feedstock relative to the mixing

section 8002, and pumping the feedstock downstream into the {irst degassing section 8004a.
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In various implementations, the first decompression section 8003a to configured to reduce the
pressure on the feedstock {(relative to the mixing section 8002} such that vapor in the semi-
molten feedstock is allowed to separate from the feedstock. In some implementations, Hights

provided on the dual vent extrader screw’s first decompression section 8003a are configured

w

with scalloped outer edges. In other implementations, flights provided on the dual vent
extruder screw’s first decormpression section 80(3a are configured with cut-and-folded outer

edges. In yet other implementations, flights provided on the dual vent extruder screw’s first

decompression section 8003a are configured with interior gaps {(e.g.. “ribbon flights”). In
various implementations, any of these modifications to the flights provided on the dual ven

10 exiruder screw’s first decompression section 8003a (e.g., scalloped outer edges, cut-and-
folded outer edges, or interior gaps) can provide passages for vapor to separate from the
plastic feedstock within the extruder barrel 610.

in various tmplementations, the screw’s first decompression section 8003a has a

maximum root diameter that is fess than the maxiroum root diameter of the mixing section

15 8002. For example, in various implementations, the screw’s first decompression section
80032 has a maximum root diameter that is at least 15% smaller than the maximum root
diameter of the mixing section 8002 (e.g., at least 20% smaller than the maxinwm root
diameter of the mixing section 3002, at least 25% smaller than the maximom root diameter of
the mixing section 8002, or at least 30% smaller than the maximurm root diameter of the

20 mixing section 8002).

In vartous implementations, the screw’s first decompression section 80034 has a flight
depth that is greater than the maximum root diameter of the mixing section 3002. For
example, in various implernentations, the screw’s first decompression section 8003a has a
maximum {light depth that is at least 15% deeper than the maximum flight depth of the

25  mixing section 3302 {e.g., at least 20% deeper than the maximum flight depth of the mixing

section 8002, at least 25% deeper than the maximum flight depth of the mixing section 8002,

or at feast 30% deeper than the maximum flight depth of the mixing section 8002)

As shown in Figure 52, the extruder screw’s first decompression section 80034 is
associated with a first decompression temperature control system 8104, In the illustrated
30 implementation, the first decompression femperature conirol system 8104 comprises one ot
more teraperature sensors configured to measuring and transmitting the temperature of the
plastic feedstock within the first decompression section 80034, an electric heater 644c and a

cooling fan 656d. Tn various implementations, the electric heater 644¢ may comprise an

electrically powered, controllable heating element surrounding (ot partially surrounding) a
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portion of the extruder barrel 610 associated with the extruder screw’s first decompression
section 8003a. In various implementations, the cooling fan 656d may comprise a controllable
clectric fan positioned adjacent to the portion of the extruder barrel 610 associated with the
extrader screw’s first decompression section 2003a.

As discussed in greater detail herein, the first decompression temperature conrol
system 8104 (including the heater 644c¢ and cooling fan 656d) are controllable by the
pyrolysis control system (e.g., the pyrolysis control system 7500b shown and described with
respect to Figure 53). For example, the {first decompression temperature control system 8104
may be programmed with a first decompression temperature set point {e.g., stored by the
pyrolysis control systern) and configured to automatically control the heater 644¢ and cooling
fan 656d to maintain the average temperature of the feedstock in the extruder screw’s first
decompression section 8003a at the first decompression temperature set point.

In various tmplementations, the extruder screw’s first decompression section 8003a
and first decompression temperature control systern 8104 are configured for maintaining the
temperature of the recycled plastic feedstock {e.g.. by heating and/or cooling the plastic
feedstock) such that the average temperature of the feedstock in the first decompression
section 8003a is between 220°C and 320°C (e.g., between 230°C and 320°C, between 240°C
and 320°C, between 250°C and 320°C, between 260°C and 320°C, between 270°C and
320°C, between 280°C and 320°C, between 290°C and 310°C, between 295°C and 305°C,
between 220°C and 280°C, between 230°C and 270°C, between 240°C and 260°C, between
245°C and 255°C).

In various implementations, the dual vent extruder screw’s first degassing section
80044 is generally configured for receiving semi-molten recyceled plastic feedstock from the
first decorapression section §003a, maintaining the pressure on the feedstock relative to the
first decompression section 8003a, driving vapor out of the plastic feedstock via the first
extruder vent 632, and pumping the feedstock downstream into the first pumping section
8003a. In various iraplementations, the first degassing section 80044 is configured to
maintain the pressure on the feedstock (relative to the first decompression section 8003a)
such that vapor (e.g., steam) in the semi-molten feedstock is forced out of the extruder barrel
610. For example, in the illustrated iraplementation, the extruder’s first vent 632 is positioned
on the extruder barrel 610 such vapor forced out of the plastic feedstock in the first degassing
section 8004a can exit the extruder barrel 610 via the first vent 632.

in some impleraentations, flights provided on the dual vent extruder screw’s first

degassing section 8004a are configured with scalloped outer edges {or cut-and-fold outer
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edges, or interior gaps), which provide passages for vapor to separate from the plastic
feedstock and exit through the first vent 632, In some implementations, the root diameter,
flight depth, flight volume, and or channel width of the flights in the first degassing section
80044 may be the same as those in the first decorapression section 8003a.

As shown in Figure 52, the extruder screw’s first degassing section 80044 1s
associated with a first degassing temperature control system 8105, In the tHustrated
implementation, the first degassing temperature control system 8108 comprises one or more
temperature sensors configured to meastring and transmitting the temperature of the plastic
feedstock within the first degassing section 8004a, an electric heater 644d and a cooling fan
656¢. In various implersentations, the electric heater 644d may comprise an electrically
powered, controllable heating element surrounding (or partially surrounding) a portion of the
extruder barrel 610 associated with the extruder screw’s first degassing section 8004a. In
various iraplementations, the cooling fan 656e may comprise a controliable electric fan
positioned adjacent to the portion of the extruder barrel 610 associated with the extruder
screw’s first degassing section 8004a.

As discussed in greater detail herein, the first degassing temperature control system
8105 {including the heater 644d and cooling fan 656¢) are controllable by the pyrolysis
control system {e.g., the pyrolysis control system 7500b shown and described with respect to
Figure 53). For example, the first degassing temperature control system 8105 may be
prograromed with a first degassing teraperature sef point {e.g., stored by the pyrolysis conirol
system) and configured to automatically control the heater 6444 and cooling fan 656¢ 1o
maintain the average temperature of the feedstock in the extruder screw’s first degassing
section 8004a at the first degassing femperature set point.

In various implementations, the extruder screw’s first degassing section 8004a and
first degassing temperatore control system 81035 are configured for maintaining the
temperature of the recyeled plastic feedstock {e.g., by heating and/or cooling the plastic
feedstock) such that the average teroperature of the feedstock in the first degassing section
8004a is between 235°C and 355°C (e.g.. between 245°C and 345°C, between 255°C and
335°C, between 265°C and 325°C, between 275°C and 315°C, between 285°C and 305°C,
between 295°C and 303°C, between 235°C and 315°C, between 245°C and 305°C, between
255°C and 295°C, between 2657 and 285°C).

In varicus implementations, the dual vent extruder screw’s first pumping section
8005a 1s generally configured for receiving semi-moolien recyeled plastic feedstock from the

first degassing section 8004a, mixing and heating the feedstock, and pumping the feedstock
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downstream and into the second decorapression section §003b.
In various implementations, the screw’s first pumping section 8005a has a maximum
root diameter that is greater than the maximum root diameter of the first degassing section

8004a. For example, in various implementations, the screw’s first pumping section 8005a has

w

a maximum root diameter that is at least 15% greater than the maximum root diameter of the
first degassing section 804a (e.g., at least Z0% greater than the maximum root diameter of
the first degassing section 80044, at least 25% greater than the maximum root diameter of the
first degassing section 8004a, or at least 30% greater than the maximum root diameter of the
first degassing section 8004a).

10 in various implementations, the screw’s first pumping section 80035a has a flight depth
that is less than (shallower than) the maximurn flight depth of the first degassing section
80044, For example, in various implementations, the screw’s first pumping section 8005a has
a maxinum flight depth that is at least 15% less than the raximum flight depth of the first
degassing section 8004a (e.g., at least 20% less than the maximum flight depth of the first

15 degassing section 8(04a, at least 25% less than the maximum flight depth of the first
degassing section 8004a, or at least 30% less than the maxinwm flight depth of the first
degassing section 8004a).

In varicus implementations, the extruder screw’s first pumping section 8005a is
associated with one or more temperature controls systems. In the Hustrated implementation

20 of Figure 52, the extruder screw’s first pumping section 8005a is associated with a first
pumping teraperature control system §106 and a second pumping temperature control system
8107. In the illustrated implementation, the first and second pumping termnperature control
systerns 8106, 8107 cach comprise one or more temperature sensors configured to measuring
and transmitting the temperature of the plastic feedstock within the fivst pumping section

25 80054, an electric heater 6d4e, 6441 and a cooling fan 656f, 656g. In various
implementations, the electric heaters 644e, 6441 may each comprise an electrically powered,
controllable heating element surrounding (or partially surrounding) a portion of the extrader
barrel 610 associated with the extruder screw’s first pumping section 8003a. o various
implementations, the cooling fans 6561, 656g may each comprise a controllable electric fan

30 positioned adjacent to the portion of the extruder barrel 610 associated with the extruder

screw’s first pumping section §005a.

As discussed in greater detail herein, the first pamping section temperature control
systems 8106, 8107 (including the heaters 644e, 6441 and cooling fans 6561, 656g) are

controliable by pyrolysis control systemt (e.g., the pyrolysis control systern 7500b shown and
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described with respect to Figare 53). For example, the fivst pumping section temperature
control systems 8106, 8107 may each be programmed with first pumping section lemperature
set point(s) {e.g., stored by pyrolysis control system) and configured to automatically control
the heaters 644e, 644f and cooling fans 636f, 656g to maintain the average ternperature of the
feedstock in the extruder screw’s first pumping section §005a at the first pumping section
temperature set point(s).

In various implementations, the extruder screw’s fivst pumping section 8005a and first
pumping section temperature control systems 8106, 8107 are configured for maintaining the
temperature of the recycled plastic feedstock {(e.g., by heating and/or cooling the plastic
feedstock) such that the average temperature of the feedstock in the first pumping section
80054 1s between 250°C and 360°C {e.g., between 270°C and 340°C, between 280°C and
330°C, between 296°C and 328°C).

in various tmplementations, the dual vent extruder screw’s second decompression
section 8003b is generally configured for receiving serai-molten recycled plastic feedstock
from the first pumping section 80035a, reducing the pressure on the feedstock relative to the
first pumping section 8005a, and pumping the feedstock downstream into the second
degassing section 8004b. In various implementations, the second decompression section
8003b to configured to reduce the pressure on the feedstock (relative to the fivst pumping
section 8005a) such that vapor remaining in the semi-molten feedstock (e.z., vapor in the
form of steam, dyes, plastic modifiers, or other undesirable contaminants) is allowed to
separate from the feedstock. In some implementations, flights provided on the dual vent
extruder screw’s second decompression section 3003b are configured with scalloped outer
edges, which provide passages for vapor to separate from the plastic feedstock within the
extrader barrel 610,

In varicus implementations, the screw’s second decompression section 8003b has a
maxinmum root diameter that is less than the maximoum root diameter of the first pumping
section 80054, For example, in various implementations, the screw’s second decompression
section 8003b has a maxirmnom root diameter that is at least 15% smaller than the maxiraam
root diameter of the first pumping section 80035a (e.g., at least 20% smaller than the
maximum root diareter of the first purping section 80054, at least 25% smaller than the
maximum root diameter of the first pumping section 800354, or at least 30% smaller than the
maximum root diameter of the first pumping section 8005a).

In various tmplementations, the screw’s second decompression section S003b has a

flight depth that is greater than the maximura flight depth of the first pumping section 8003a.
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For example, in various implementations, the screw’s second decornpression section 8003b
has a maximum flight depth that is at least 15% deeper than the maximum flight depth of the
first puraping section 8005a (¢.g., at least 20% deeper than the maxiraum flight depth of the

first puroping section 80054, at least 25% deeper than the maximum flight depth of the first

w

pumping section 30035a, or at least 30% deeper than the maximum flight depth of the first
pumping section S8005a).
As shown in Figure 52, the extroder screw’s second decornpression section §003b is
associated with a second decompression temperature conirol system 8108, In the illustrated
implementation, the second decompression temperature controd system 8108 comprises one
10 or more teraperature sensors configured to measuring and transmitting the temperature of the
plastic feedstock within the second decompression section 8003b, an electric heater 644g, and
a cooling fan 656h. In various implementations, the electric heater 644g may comprise an
clectrically powered, controllable heating element surrounding (or partially surrounding) a
portion of the extruder barrel 610 associated with the extruder screw’s second decompression

15 section 8003b. In various implementations, the cooling fan 656h may comprise a controllable
clectric fan positioned adjacent to the portion of the extruder barrel 610 associated with the
extruder screw’s second decorppression section S003b.

As discussed in greater detail herein, the second decompression termnperature control
system 8108 (including the heater 644g and cooling fan 656h} are controliable by the

20 pyrolysis controf system (e.g., the pyrolysis control system 7500b shown and described with
respect to Figore 53). For example, the second decompression temperature control system
8108 may be programmed with a second decompression temperatare set point (e.g.. stored by
the pyrolysis controd systeny) and configured to automatically control the heater 644g and
cooling fan 656h to maintain the average temperature of the feedstock in the extruder screw’s
25  second decompression section 8003b at the second decompression temperature set point.

In various implementations, the extruder screw’s second decompression section
8003b and second decompression temperature control system 8108 are configured for
maintaining the temperature of the recycled plastic feedstock {e.g., by heating and/or cooling
the plastic feedstock) such that the average temperature of the feedstock in the second

30 decompression section 8003b is between 265°C and 365°C (e.g., between 285°C and 345°C,
between 295°C and 335°C, between 305°C and 325°C).

In varicus implementations, the dual vent extruder screw’s second degassing section
8004b is generally configured for receiving semi-mokten recycled plastic feedstock from the

second decompression section 8003b, maintaining the pressure on the feedstock relative to
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the second decompression section 8003b, driving vapor out of the plastic feedstock via the
second extruder vent 634, and pumping the feedstock downstream into the second pumping
section 8005b. In various implementations, the second degassing section 8604b is configured

to maintain the pressure on the feedstock (relative to the second decompression section

w

8003b) such that vapor {e.g., vapor in the form of steam, dyes, plastic modifiers, or other

undesirable contaminants} in the semi-molten feedstock is forced out of the extruder barrel

610. For exaraple, in the illostrated tmplementation, the extruder’s second vent 634 is

positioned on the extruder barrel 610 such vapor forced out of the plastic feedstock in the

second degassing section 8004b can exit the extruder barrel 610 via the second vent 634.

10 o some iroplementations, flights provided on the dual vent extruder screw’s second
degassing section 8004b are configured with scalloped outer edges, which provide passages
for vapor to separate from the plastic feedstock and exit through the second vent 634. In some
implernentations, the oot diarseter, flight depth, flight volume, and or chanvel width of the
flights in the second degassing section 8004b raay be the same as those in the second

15 decompression section 8033b.

As shown in Figure 52, the extruder screw’s second degassing section 8004b is
associated with a second degassing temperature confrol systers 8109, In the tllustrated
implementation, the second degassing temperature control system 8109 comprises one or
more temperatire sensors configured to measuring and fransmitting the temperature of the

20 plastic feedstock within the second degassing section 8004b, an electric heater 644h, and a
cooling fan 6561, In various implementations, the electric heater 644h may comprise an
electrically powered, controllable heating element surrounding (or partially surrounding) a
portion of the extruder barrel 610 associated with the extruder screw’s second degassing
section 8004b. In various implernentations, the cooling fan 6561 roay comprise a controllable

25 electric fan positioned adjacent to the portion of the extruder barrel 610 associated with the
extruder screw’s second degassing section 8004b.

As discussed in greater detail herein, the second degassing temperature control system
8109 (including the heater 644h and cooling fan 6561} are controllable by the pyrolysis
control system {e.g., the pyrolysis control system 7500b shown and described with respect to

30 Figure 53). For example, the sccond degassing temperature control system 8109 may be

progranuued with a second degassing temperature set point {e.g., stored by the pyrolysis

control system) and configured to automatically control the heater 644h and cooling fan 6561

to maintain the average teraperatire of the feedstock in the extruder screw’s second

degassing section 8004b at the second degassing temperature set point.
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In various implementations, the extruder screw’s second degassing section 8004b and
second degassing temperature control system 8109 are configured for maintaining the
temperature of the recycled plastic feedstock (e.g., by heating and/or cooling the plastic
feedstock) such that the average temiperature of the feedstock in the second degassing section
8004b is between 270°C and 370°C {e.g., between 290°C and 350°C, between 300°C and
340°C, between 310°C and 330°C).

w

In vartous implementations, the dual vent extruder screw’s second pumping section
8005b is generally configured for receiving semi-molten recycled plastic feedstock from the
second degassing section 80{(4b, mixing and heating the feedstock, and pumping the out of

10 the extruder. For example, in some implementations, the second purnping section 8005b s
configured for pumping molten or semi-molten feedstock out of the extruder 600 (e.g., via a
barrel outlet 640) and into the pyrolysis reactor (e.g., via a heated transfer pipe).

In various tmplementations, the screw’s second puraping section 8005b has a
maximum root diameter that is greater than the maximum root diameter of the second

15 degassing section 8004b. For exampie, in various implementations, the screw’s second
pumping section 8005b has a maximum root diameter that is at least 15% greater than the
maximum root diameter of the second degassing section 8004b (e.g., at least 20% greator
than the maximum root diameter of the second degassing section 8004b, at least 25% greater
than the maximun root diameter of the second degassing section &004b, or at least 30%

20 greater than the roaxinwir root diameter of the second degassing section 8004b).

In various implementations, the screw’s second pumping section 8005b has a flight
depth that is less than (shallower than) the maximum flight depth of the second degassing
section 8004b. For example, in various implementations, the screw’s second pumping section
8005b has a maximurn flight depth that is at least 15% less than the roaxinum flight depth of

25  the second degassing section 3004b {e.g.. at least 20% less than the maximum flight depth of
the first degassing section 8004b, at least 25% less than the maximum flight depth of the first
degassing section 8004b, or at least 30% less than the maximum flight depth of the first
degassing section §004b).

in various implementations, the extruder screw’s second pumping section 8005b is

30 associated with one or more temperatire controls systeros. In the itlustrated troplementation
of Figure 52, the extruder screw’s second pumping section 8003b is associated with a first
pumping temperature control system 8110 and a second pumping temperature control system
8111, In the ilustrated implementation, the first and second pumping temperature controd

systems 8110, 8111 each comprise one or more femperature sensors configured fo measuring
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and transroitting the temperature of the plastic feedstock within the second pumping section
8005h, an electric heater 6441, 644j and a cooling fan 656, 656k. In various implementations,
the electric heaters 6444, 644§ may cach coraprise an clectrically powered, controliable

heating element surrounding (or partially surrounding) a portion of the extruder barrel 610

w

associated with the extruder screw’s second pumping section 8005b. In various
implementations, the cooling fans 656], 656k may each comprise a controllable electric fan
positioned adjacent to the portion of the extruder barrel 610 associated with the extruder
screw’s second pumping section 8005b.
As discussed in greater detail herein, the second pumping section temperature control
10 systemos 8110, 8111 (including the heaters 6441, 644] and cooling fans 6363, 656k} are
controlable by pyrolysis control system (e.g.. the pyrolysis control system 7500b shown and
described with respect to Figure 53). For example, the second pumping section temperature
control systerns 8110, 8111 may each be programmed with second pumping section
temperature set point(s) (e.g., stored by pyrolysis controf system) and configured to
15 automatically control the heaters 6441, 6445 and cooling fans 656}, 656k to maintain the
average temperature of the feedstock in the extruder screw’s second puraping section 8005h
at the second pumping section temperature set poini(s).
In varicus implementations, the extruder screw’s second pumping section 8005b and
second pumping section temperature controd systems 8110, €111 are configured for
20 maintaining the temperature of the recycled plastic feedstock {e.g., by heating and/or cocling
the plastic feedstock) such that the average temperature of the feedstock in the second
pumping section 8005b is between 270°C and 370°C {e.g.. between 290°C and 350°C,
between 300°C and 340°C, between 310°C and 330°C).
In sorne iroplementations, the extruder 600 is configured such that no additives are
25  added to the plastic feedstock as it moves through the extruder barrel 610 (from the feed
section 8001 through the second pumping section 8005b).
In various implementations, the temperature control systems (8101-8111) and thewr
respective sub-components may be individually controflable by the pyrolysis control system.
For example, Figure 53 shows a schematic diagram of a pyrolysis control system 7500b
30 configured for controlling both a pyrolysis reactor {(e.g., the pyrolysis reactor 5000 of Fig. 47)
and an extruder configured for transferring molten or semi-molten feedstock into the
pyrolysis reactor {e.g., the extruder 600 of Figure 31 or the extruder 300 of Figure 33)
according fo another example iraplementation.

Figure 32 provides a perspective view of another exanmple iroplementation of an
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extruder 700 configured for heating plastic feedstock (e.g.. loose film, baled film, rigids,
thermoforms, sheets, foams, non-wovens, strips, pellets, powder, purge paities, densified,
shredded, and other post-consumer and/or post-industrial plastics) and converting the
feedstock into a molten or semi-molten state. Elements shared with the extruder 100 are
given comron references {e.g.. the extrader 10('s barrel is labeled 110 while the extrader
700°s barrel is labeled 710).

As shown in Figure 32, electric heaters 744 are positioned around the extruder’s
barrel 710, In addition, four vents 732, 734, 736, 738 are provided along the extruder’s barrel
710, Generally, the venis 732, 734, 736, 738 are configured to allow vapors and/or gases
produced from the plastic feedstock during the heating process to escape from the extruder
700, In this way, the vents 732, 734, 736, 738 may allow for removal of resideal vapor and
contaminants that can have a negative impact on the oil, wax, or gas produoct quality. In one
implernentation, the vents 732, 734, 736, 738 are ambient pressure vents. fn other
implementations, the vents 732, 734, 736, 738 are under vacuum. In other iroplementations,
one or more of the vents 732, 734, 736, 738 are ambient pressure vents while one or more of
the vents 732, 734, 736, 738 are under vacuum.

Although the extruder 700 is depicted with a single screw 742, in other
implementations, the extruder 700 may be provided with twin screws. Additionally, various
implementations may inclede a combination of vil, gas, and electric heating elements for
heating the barrel 710,

Figure 33 provides a perspective view of another example iroplementation of an
extruder 800 configured for heating plastic feedstock (e.g.. loose film, baled film, rigids,
thermoforms, sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified,
shredded, and other post-consumer and/or post-industrial plastics) and converting the
feedstock into a molten or semi-molten state. Elements shared with the extruder 100 are
given common references {e.g., the extruder 10(¥s barrel is labeled 110 while the extruder
800’s barrel is labeled 810).

As shown in Figure 33, electric heaters 844 are positioned around the extruder’s
barrel 810, In addition, a pair of vents 832, 834 are provided along the extruder’s barrel 810
Generally, the vents 832, 834 are configured to allow vapors and/or gases produced from the
plastic feedstock during the heating process to escape from the extruder 800. In this way, the
vents 832, 834 may allow for removal of residual vapor and contaminants that can have a
negative impact on the oil, wax, or gas product quality. In one traplementation, both vents

832, 834 arc ambient pressure vents. In other iropiementations, both vents 832, 834 are under
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vacuum. In other raplementations, the first vent 832 is an ambient pressure vent while the
second vent 834 is under vacuuni
Although the extruder 800 is depicted with a single screw 842, in other

implementations, the extruder 800 may be provided with twin serews. Additionally, various

w

implementations may include a combination of oil, gas, and electric heating elements for
heating the barrel 810. In various iraplementations, the extruder 800 may be provided with
the dual vent extruder screw 8642, feed throat 8610, and temperature control systems §101-
8111 shown and described with respect to Figures 51 and 52. In various implementations, the
extruder 00 may also be configured for being controlied by the pyrolysis control system
10 75006 shown and described with respect to Figure 53.
in the illustrated implementation, a vent feeding device 900 is used at the first vent
£32 to prevent expulsion of melted plastic from the vent 832. As an example, Figure 34
shows a vent feeding device 900 according to one toplementation. As shown in Figure 34,
the vent feeding device 900 is elevated on a stand 902 with wheels 940 and configured to be
15 selectively engaged with the vent 832 via a vent inlet interface 922. The vent feeding device
900 further includes a motor 944 that is coupled to a gearbox 906 and configured for driving
single or twin screw clements (not shown) positioned within a vent tnlet 920, The vent feeder
900 also includes a vapor outlet 930 {e.g., a vent) that will allow vapor and contaminants to
pass by the screw(s) {¢.g., info a scrubber system). In addition {o removing contaminants, the
20 vent feeding device 900 serves fo prevent the occurrence of vent flow from the extruder {e.g.,
preventing maolten feedstock from being expelled from the extruder vent §32).
Pyrolysis Reactors
The hydrocarbons that make up the feedstock plastic polymers include chains and
rings of hydrocarbon molecules linked together to form the solid materials with some
25 additives to the structures to adjust properties such as plasticity, stabilization against
ultraviolet light degradation, and extrusion ship.
Ol and wax production is accomplished by heating the incoming stream of plastic
(e.g., raw feedstock, melied feedstock, semi-molten feedstock from the extruders, etc.) in an
oxygen-irec environment to the point where the plastic is a fully molten liquid and the
30 polymers “depolymerize”. During the conversion process, the hydrocarbon plastic chains and
groups of rings are split apart by the beating process into smaller segments until they are
small and light enough to exit the reactor as a vapor.
For example, the systems and methods can include one or more pyrolysis reactors

{e.g., two or more, ot three or more) for pyrolyzing the feedstock. The pyrolysis can be
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accomplished using any suitable pyrolysis reactor, such as, for example, an auger pyrolysis
reactor, a screw pyrolysis reactor, a rotary Kiln pyrolysis reactor, a drum pyrolysis reactor, a
tubular pyrolysis reactor, a fluidized bed reactor, a spouted bed reactor, a molten salt reactor,
a molten etal reactor, a fixed-bed reactor, a continuously stirred reactor, a Heinz Retort
Pyrolysis reactor, a vortex pyrolysis reactor, a batch pyrolysis reactor, a semi-batch pyrolysis
reactor, or a combination thereof. In some examypies, the system and methods can include one
or more batch pyrolysis reactors, semi-batch pyrolysis reactors, a continuously stitred reactor,
or a combination thereof. The reactors can have any suitable orientation, such as horizonal or
vertical. In some examples, the reactors are vertical reactors.

Each reactor can receive feedstock from one or more upstrean components {e.g.,
storage bunker, extrader, etc.).

In some examples, the system includes one or more reactors {e.g., {wo or more, or
three or roore) configured to receive the semi-molien feedstock from the extruder(s). Tn some
exaroples, the systen can include a plurality of reactors. Each reactor can, for example,
process the output of one or more extruders.

The volume of cach reactor can be selected, for example, in view of the throughput of
the systent.

T some examples, the volume of each reactor can independently be 1 cubic foot (ft)
or more {e.g., 2 f® or more, 3 £t or more, 4 ft* or more, 5 ¥ or more, 10 £t or more, 15 £t° or
roore, 20 £ or more, 25 £ or more, 30 £t or more, 35 £ or more, 40 £ or more, 45 £ or
more, 50 £ or more, 60 £ or more, 70 £t or more, 30 1 or more, 90 £ or more, 100 2 or
more, 125 7 or more, 150 2% or more, 175 £t% or more, 200 £ or more, 225 £ or more, 250
5 or more, 300 ft° or more, 350 £ or more, 400 17 or more, 450 1t° or more, 500 £ or more,
600 £t or more, 700 f° or more, 800 £ or more, 900 £ or more, 1,000 ft° or more, 1,100 £
or more, 1,200 ft° or more, 1,300 f©* or more, 1,400 6 or more, 1,500 & or more, 1.600 £ or
more, 1,700 & or more, 1,800 £ or more, 1900 7 or more, 2,000 ft7 or more, 2,100 ft® or
more, 2,200 7 or more, 2,300 £ or more, 2,400 £ or more, 2,500 £ or more, 2,600 ft or
raore, 2,700 £ or more, or 2,800 ft° or more). In some examples, the volame of each reactor
can independently be 3,000 ft° or less {e.g., 2,900 £’ or less, 2,800 1t or less, 2,700 £ or
less, 2,600 £t° or less, 2,500 ft° or less, 2,400 £ or less, 2,300 £t or less, 2,200 7 or less,
2,100 1t or tess, 2,000 € or less, 1900 ft* or less, 1,800 £t or less, 1,700 £ or less, 1,600 £t
or less, 1,500 ft° or less, 1,400 £ or less, 1,300 £t or less, 1,200 2 or less, 1,100 {° or less,
1,000 £t or less, 900 16 or less, 800 £ or fess, 700 £ or less, 600 7 or less, 300 £ or less,

450 12 or less, 400 15 or less, 350 12 or less, 300 £ or less, 250 £ or less, 225 1 or less,
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200 £ or less, 175 £t or less, 150 12 or less, 125 2% or less, 100 £ or less, 90 £t or less, 80
% or less, 70 7 or less, 60 16 or less, 50 7 or less, 45 6 or less, 40 £t or less, 35 8 or less,
30 6 or less, 25 £t? or less, 20 6 or less, 15 i’ or less, 10§ or less, 5 £ or less, 4 ft° or less,
3 £t or fess, or 2 ft° or less). The volume of each reactor can independently range from any of
the minimum values described above to any of the maximum values described above. For
example, the volume of each reactor can independently be from 1t to 3,000 £t (e.g., from 1
to 1.500 2, from 1,500 to 3,000 £, from 1 to 750 £, from 750 to 1,500 2, from 1,500 o
2,250 £, from 2,250 to 3,000 £, from 1 to 500 £, from 500 to 1,000 &, from 1,000 to
1,500 £, from 1,500 to 2,000 £, from 2,000 to 2,500 1%, from 2,500 to 3,000 £, from | to
2,800 16, from 1 to 2,600 12, from 1 to 2,400 £, from 1 to 2,200 £, from 1 to 2,000 12, from
1 to 1,800 %, from 1 to 1,600 £, from 1 to 1,400 &, from 1 to 1,300 £, from 1 t0 1,200 f°,
from 1 to 1,100 £, from | to 1,000 1%, from 1 to 900 t°, from | to 800 2, from | to 700 2,
from 1 to 600 12, from 1 to 400 12, from 1 to 300 £, from 1 to 200 %, from 1 to 100 £,
from 1 to 50 £, from 1 to 25 £, from 1 to 10 £, from 10 to 3.000 ££°, from 25 to 3.000 17,
from 50 to 3,000 £, from 100 to 3,000 1%, from 200 to 3,000 £, from 300 to 3,000 £, from
400 to 3,000 6, from 500 to 3,000 ££%, from 600 to 3,000 £, from 700 to 3,000 £, from 800
to 3,000 €, from 900 to 3,600 £, from 1,000 to 3,000 1€, from 1,200 1o 3,000 £, from
1,400 to 3,000 £2, from 1.600 to 3,000 . from 1,800 to 3.000 £, from 2,000 to 3,000 £,
from 2,200 to 3,000 £, from 2,400 to 3,000 %, from 2,600 to 3,000 £, from 5 to 2,500 5,
from 10 to 1,500 12, from 25 to 1,500 £, from 50 to 1,500 1, from 100 to 1,500 12, from
200 to 1,500 f£°, from 300 to 1.500 12, from 400 to 1.500 f£°, from SO0 to 1.500 £, from 600
to 1,500 £, from 700 to 1500 ££°, from 800 to 1.500 £t’, from 900 to 1,500 ft, from 1.200 to
1,500 12, from 1,300 to 1,500 2, from 10 1o 1,400 £, from 100 to 1,000 £2, or from 500 to
750 ££%). For exarnple, the volurne of each reactor can independently be from 1 to 1,500 £,

In some examples, the volume of each reactor can independently be 100 gallons or
more (e.g., 250 gallons or more, 500 gallons ot more, 750 gallons or more, 1,000 gallons or
more, 1,500 gallons or more, 2,000 gallons or more, 2,500 gallons or more, 3,000 gallons or
more, 3,500 gallons or more, 4,000 gallons or more, 4,500 gallons or more, 5,000 gallons or
maore, 5,500 gallons or more, 6,000 gallons or more, 6,500 galions or more, 7,00 gallons or
more, 7,500 gallons or more, 8,000 gallons or more, 8,500 gallons or more, 9,000 gatlons or
more, 10,000 gatlons or more, 11,000 gallons or more, 12,000 gallons or more, 13,000
gallons or more, 14,000 gallons or more, 15,000 gallons or more, 16,000 gallons or more,
17,000 gallons or more, 18,000 gallons or more, or 19,000 gallons or more). fn some

exaraples, the volume of each reactor can independently be 20,000 gallons or less {e.g.,
P it Y g 2
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19,000 gallons or less, 18,000 gallons or {ess, 17,000 gallons or less, 16,000 gallons or less,
15,000 gallons or less, 14,000 gallons or less, 13,000 gallons or less, 12,600 gallons or less,
11,000 gallons or less, 13,000 gallons or less, 9,500 gallons or less, 9,000 gallons or fess,
8,500 gallons or less, 8,000 gallons or less, 7,500 gallons or less, 7,000 gallons or less, 6,500
gallons or less, 6.000 gallons or less, 5,500 gallons or less, 5,000 gallons or less, 4,500
gallons or less, 4,000 galions or less, 3,500 gallons or less, 3,000 gallons or less, 2,500
gallons or less, 2,000 gallons or less, 1,500 gallons or less, 1,000 gallons or less, 750 gallons
or less, 500 gallons or less, or 230 gallons or less). The volume of each reactor can
independently range from any of the minimum values described above to any of the
maximunm values described above. For example, the volume of each reactor can
independently be from 100 gallons to 20,000 gallons (e.g.. from 100 to 1.000 gallons, from
1,000 to 10,006 gallons, from 10,000 o 20,000 gallons, from 100 to 500 gallons, from 500 to
1,000 gallons, from 1,000 to 5,000 gallons, from 5,000 to 10,000 gallons, from 10,000 to
15,000 gallons, from 15,000 to 20,000 galions, from 100 to 18,000 gallouns, from 100 to
16,000 gallons, from 100 to 14,000 gallons, from 100 to 12,000 gallons, from 100 to 10,000
gallons, from 100 to 9,000 gallons, from 100 to 8,000 gallons, from 100 to 8,000 gallons,
from 100 to 7,000 gallons, from 100 to 6,000 gallons, from 100 to 5,000 gallons, from 100 10
4,000 gallons, from 100 to 3,000 gallons, from 100 to 2,000 gallons, from SO0 to 20,000
gallons, from 1,000 to 20,000 gatlons, from 2,000 to 20,000 gallons, from 3,000 to 20,000
gallons, from 4,000 to 20,000 gallons, from 5,000 to 20,000 galions, from 6,000 to 20,000
gallons, from 8,000 to 20,000 gallons, from 12,000 to 20,000 gallons, from 14,000 to 20,000
gallons, from 16,000 to 20,000 gallons, from 500 to 19,000 gallons, from 1,000 to 15.000
gallons, from 500 to 10,000 gallons, from 1,000 to 10,000 gallons, from 2,000 to 10,000
gallons, from 3,000 to 10,000 gallons, from 4,000 to 10,000 gallons, from 6,000 to 10,000
gallons, from 7,000 to 10,000 gallons, from 8,000 to 10,000 gallons, from 500 to 9,000
zallons, or from 1,000 to 7,500 gallons). In some examples, the volume of each reactor can
independently be from 100 gallons to 10,000 gallous.

Each reactor is equipped with heaters, for example internal and/or external heaters.
The heaters can be any suitable type of heaters, such as electric, microwave, and/or gas
heaters. The heaters provide the heat needed to raise temperatures inside the reactor o a point
where the pyrolysis process takes place. The heaters can also provide the heat needed to
maintain temperatures inside the reactor at a point where the pyrolysis process takes place. In
some examples, a plurality of heaters can be arrayed on the reactor’s exterior and/or within its

interiorn.
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In some examples, the heaters are gas heaters {(e.g., gas powered heaters), which can
be fed from commercial gas fuel and/or recycled hydrocarbon gases recovered from the
reactor products {¢.g., propane, butane, and/or pentane). In sorae examples, the heaters are

electric heaters (e.g., electrically powered heaters, resistive heaters, inductive heaters, ete.). In

w

sore examples, the electric heaters can be powered by a generator, which in turn can be gas
powered and which can be fed from commercial gas fuel and/or recycled hydrocarbon gases
recovered from the reactor products {e.g., propane, butane, and/or pentane).

In some examples, the reactors are equipped with a plurality of internal electric
heaters, ¢.g. a plurality of electric heaters positioned within the reactor {e.g., 2 or more, 3 or
10 more, 4 or more, 5 or more, 6 or more 7 or more, 8 or more, € or more, 10 or more, 11 or

more, 12 or more, 13 or more, 14 or more, 15 or more, 20 or more, 25 or more, 30 or more
335 or more, 40 or more, 45 or more, 50 or more, 60 or more, 70 or more, 80 or more, 80 or
more, 100 or more, 125 or maore, 150 or more, 173 or more, or 200 or more). The clectric
heaters can, for example, be oriented in any suitable direction (e.g., horizontally, vertically,

15 angled) within each reactor inside dry wells. The electric heater temperature can be controlled
to provide a prescribed temperature and energy density and/or heat density to the dry well
walls which in turn provide a conirolied heat flux into the feedstock bath to drive the
reactions and munimizing char formation. The mumber of internal heaters can, for example, be
selected based on the size of the reactor and/or the size of the heaters. Supplemental electric

20 heaters on the outer surface of the reactors can also be provided that operate at the same
temperatures and energy density and/or heat density as the internal heaters, as necessary.

In some implementations, the average heat density applied by each of the internal
and/or external heaters can, for example, independently be 5 watts per square inch (W/in®) or
more {e.8., 6 W/in® or more, 7 Wiin® or more, 8 W/in® or more, 9 W/in? or more, 10 W/in? or

25 more, 11 W/in® or more, 12 WAAn® or more, 13 W/in® or more, 14 W/in® or more, 15 W/in® or

more, 16 W/in® or more, 17 W/in® or more, 18 W/in® or more, 19 W/in? or more, 20 W/’ or
more, 21 Wiin® or more, 22 WiAn® or more, 23 W/in? or more, 24 W/in? or more, 25 Win® or
more, 26 Wiin® or more, 27 Win® or more, 28 W/in® or more, 29 W/in® or more, 30 W/in® or

maore, 31 Wiin? or more, 32 W/in? or more, 33 W/in? or more, 34 W/in® or more, 35 W/in? or

(

9]

30 more, 36 W/in® or more, 37 W/in? or more, 38 W/in® or more, 39 W/in® or more, 40 W/in? or
e P PP T - x7r )

more, 41 W/in® or more, 42 Whin® or roore, 43 W/in® or more, 44 W/in’ or more, 45 W/in® or

more, 46 W/in’ or more, 47 W/in? or more, 48 W/in® or more, 49 W/in’ or more, 50 W/in® or

naore, 51 W/in® or more, 32 Win® or more, 53 W/in? or more, or 54 W/in? or more). In some

exaraples, the average heat density applied by each of the internal and/or external heaters can

136



w

10

20

30

WO 2025/165917

independently be 35 W/in® or less (e.g., 54 W/in® or less, 33 Wiin® or less, 52 W/in® or less,
51 W/in® or less, 54 W/in® or less, 49 W/in® or less, 48 W/in® or less, 47 W/in® or less, 46
W/ or less, 45 W/in® or less, 44 W/in® or less, 43 W/in® or less, 42 Wi or less, 41 Wiin®
or less, 40 W/in? or less. 39 Win® or less, 38 W/in? or less, 37 W/in® or less, 36 W/in? or less,
35 Wiin® or less, 34 W/in® or less, 33 Wiin® or less, 32 W/in® or less, 31 Wiin® or less, 30
W/in® or less, 29 Wiin® or less, 2& W/in® or less, 27 Wiin® or less, 26 Wiin® or less, 25 Wiin®
or less, 24 W/n® or less, 23 W/n® or less, 22 Wiin? or less, 21 Wiin® or less, 20 W/in? or less,
19 Wiin’ or less, 18 W/n® or less, 17 Win® or less, 16 W/in® or fess, 15 Win® or less, 14
Wiin® or less, 13 W/in® or less, 12 Win® or less, 11 Wiin? or less, 10 W/in® or less, 9@ W/in? or
less, 8 W/in® or less, or 7 W/in® or less). The average heat density applied by each of the
internal and/or external heaters can independently range from any of the mininwm values
described above to any of the maximum values described above. For example, the average
heat density applied by each of the internal and/or external heaters can independently be from
S to 55 W/in® (e.g., from S to 30 W/in®, from 30 to 55 W/ir?, from 5 to 15 Win?, from 15 to
25 Wi, from 25 to 35 Wiin?, from 35 to 45 W/in?, from 45 to 55 Wiin?, from 5 to 50 Wiin?,
from 5 to 45 Wiin®, from 5 to 40 W/in®, from 5 to 35 W/in’, from 5 to 30 W/in®, from 5 to 20
WS, from 5 to 25 Wird, from 10 to 55 Wiin, from 15 to 55 W/in®, from 20 to 55 Wiin?,
from 25 to 55 Win?, from 35 to 55 Wiin?, from 40 to 55 W/in?, from 10 to 50 Win®, from 10
t0 45 W/in®, from 15 to 45 W/in?, from 20 to 45 W/in%, from 25 to 45 W/in?, from 30 to 45
W/in?, from 10 to 40 Wfin?, from 15 to 35 W/in?, from 12 to 30 WAR®, or from 16 to 24
W/in%). In some examples, the average heat density applied by each of the internal and/or
external heaters can independently be from § to 45 W/in”.

The combined energy density applied by the reactor’s internal and/or external heater
systems can, for exaraple, independently be 0.05 kilowatts per pound of pyrolyzed product
produced within the reactor XW/Ib.) or more {e.g., 0.05 kW/b. or more, 0.10 kWilb. or
more, 0.15 kKW/b. or more, .20 kXW/ib. or more, 0.25 kW/lb. or more, 0.30 kW/lb. or more,
(.35 kW/ib. or more, 0.40 kW/lb. or more, (.45 kWb, or more, 0.50 kW/Ib. or more, 0.55
kKW/th. or more, .60 kW/b. or more, 0.65 kW/b. or more, $.70 kKW/b. or move, .75 kW/ib.
or more, (.80 kW/lb. or more, §.85 kW/lb. or more, 0.90 kW/ib. or more, 0.95 ¥W/b. or
more). In some examples, the combined energy density applied by the reactor’s internal
and/or external heater systems can, for example, independently be 1.0 kW/lh. or less {e.g.,
$.95 kW/ib. or less, 0.90 kW/b. or less, .85 kW/lb. or less, 0.80 kW/1b. or less, .75 kW/ib.
or less, 0.70 kWb, or less, 0.65 kW/ib. or less, 8.60 kW/ib. or less, (.35 kW/lb. or less, 8.50
kKW/lb. or less, 0.45 kW/b. or less, 0.40 kW/ib. or less, 0.35 kWb, or less, 0.30 kW/lh. or
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fess, 023 kWb, or less, .20 kW/b. or less, 8.15 kW/b. or tess, .10 kW/1b. or less). The
combined energy density applied by the reactor’s internal and/or external heater systems can,
for example, independently range frony any of the minimum values described above to any of
the maximum values described above. For example, the combined energy density applied by
the reactor’s internal and/or external heater systems can independently be from (.05 t0 1.0
kWib. (e.g., from 0.05 to .25 kW/ib., from 0.25 t0 0.50 kW/ib., from 0.50 t0 0.75 kW/ib.,
from 0.75 to 1.0 kW/b., from .05 10 .15 kW/ib., from 0.15 to 0.30 kW/lb., from $.30 to
.45 kW/ib,, from (.45 t0 0.60 kW/b., from 0.60 t0 §.75 kW/b., from 0.75 to .90 kW/ib,, or
from 0.90 to 1.0 kW/ib.).

o somae iroplementations, the pyrolysis reactor (or one or more pyrolysis reactors in
the pyrolysis systern) are configured for using evergy at an average rate of 0.70 kKW or less
per pound of pyrolyzed product produced within the reactor per hour (e.g., 0.68 kW or less,
.66 kW or less, 0.64 KW or fess, 0.62 kW or less, 0.60 kW or less, 0.58 kW or less, 0.56 kW
or less, 8.54 kKW or less, 0.52 kW or tess, 3.50 kW or less, 348 KW or less, (.46 kKW or less,
0.44 kW or less, .42 kKW or less, (.40 kW or less, §.38 kW or less, .36 kW or less, .34 kW
or less, .32 kW or less, 0.30 kW or less, 0.28 kW or less, 0.26 kW or less, (.24 kW or less,
0.22 kKW or less, 0.20 kW or less, 018 kW or less, 0.16 kKW or less, 0.14 kW or less, (.12 kW
or less, 0.10 kW or less, 0.08 kW or less). In some implementations, the pyrolysis reactor {or
one or more pyrolysis reactors in the pyrolysis system} are configured for using energy at an
average rate from 0.08 kW to .70 kW per pound of pyrolyzed product produced within the
reactor per hour {e.g., from 0.08 kW to 0.68 kW, from (.08 kW to 0.66 kW, from 0.08 kW o
0.64 kW, from 0.08 kW t0 0.62 kW, from 0.08 kW t0 0.60 kW, from 0.08 kW t0 0.58 kW,
from .08 kW to 0.56 kW, from 0.08 kW to 0.54 kW, from .08 kW to .52 kW, from {.08
EW 1o 0.50 kW, from 0.08 kW to 0.48 kW, from 0.08 kW t0 0.46 kW, from 0.08kW 10 0.44
kW, from 0.08 kW to 0.42 kW, from 0.08 kW t0 0.40 kW, from 0.08 kW t0 0.38 kW, from
0.08 kW to 0.36 kW, from (.08 kW to §.34 kW, from 0.08 t0 0.32 ¥W, from 0.08 kW t0 0.30
kW, from (.08 KW to (.28 kW, from 0.08 kW t0 0.26 kKW, from (.08 kW t0 0.24 kW, from
0.08 kW 10 G.22 kW, from 0.08 kW 10 0.20 kW, from 0.08 kW to 8.20 kW, from 0.08 kW 1o
0.18 kW, from 0.08 kW t0 .16 kW, from 0.0 kW t0 .14 kW, from 0.08 kW t0 0.12 kW,
from 0.08 kW 1o (.12 kW) Tn some specific Uuplementations, the foregoing average energy
efficiency ranges may be achieved using the pyrolysis reactor S000 shown and described with
respect w Figure 47. In some specific implementations, the foregoing average energy
efficiency ranges may be achieved using the pyrolysis system S100e of Figure 5, where the

extruder S107a comprises the extruder 800 shown and described with respect to Figure 33

138



WO 2025/165917 PCT/US2025/013657

and the pyrolysis reactor 5108a coraprises the pyrolysis reactor 5000 shown and deseribet
with respect to Figure 47.
The pyrolysis process can produce light hydrocarbon gases (e.g., propane, butane,

and/or pentane) which can be separated from the oil and wax product strearns and used as an

w

energy source, fuel, or chemical feedstock.

Localized overheating and/or high temperatures can result in solid char (coke)
formation. Char buildup can require periodic clean out of a reactor for char removal from
heating surfaces. Loose char can also be formed by any wood, cardboard, or paper materials
that enter the system as part of the feedstock. Reactor temperature monitoring, accurate and
10 precise individual heater control, and good heat transfer from the heaters into the Hauid

feedstock can, for example, be selected to control and loit the arount and/or rate of char
formation.
The feedstock can, for example, be heated to a teraperature of 200°C or more within
the reactor (e.g., 225°C or more, 250°C or more, 275°C or more, 300°C or more, 325°C or
15 more, 350°C or more, 375°C or more, 400°C or more, 425°C or more, 450°C or more, 475°C
or more, S00°C or more, 550°C or more, 600°C or more, 650°C or more, 700°C or more,
750°C or more, 800°C or more, 850°C or more, 900°C or more, 950°C or more). In some
examples, the feedstock can be heated to a temperature of 1,.000°C or less within the reactor
{e.g., 956°C or less, 200°C or less, 850°C or less, 800°C or less, 750°C or less, 700°C or less,
20 650°C or less, 600°C or fess, 330°C or less, SO0°C or less, 475°C or fess, 450°C or less,
425°C or less, 400°C or less, 375°C or tess, 350°C or less, 325°C or less, 300°C or less,
275°C or less, or 250°C or less). The temperature to which the feedstock is heated within the
reactor can range from any of the mininwurm values described above 10 any of the maximurm
values described above. For example, the feedstock can be heated to a temaperature of from
25 200°C to 1,000°C within the reactor {e.g., from 200°C o0 800°C, from 200°C to 500°C, from
560°C to 300°C, from 200°C to 300°C, from 300°C to 400°C, from 400°C to 500°C, from
500°C to 600°C, from 600°C to 700°C, from 700°C to 800°C, from 200°C to 700°C, from
200°C to 600°C, from 200°C to 400°C, from 300°C to 800°C, from 400°C to 800°C, from
600°C to 800°C, from 250°C to 750°C, from 300°C to 700°C, from 350°C to 500°C, from
30 375°C to 425°C, or from 385°C to 415°C).

The feedstock can also, for example, be maintained at a temperature of 200°C or more
within the reactor {e.g., 225°C or more, 250°C or more, 275°C or more, 300°C or more,
325°C or more, 350°C or more, 375°C or more, 400°C or more, 425°C or more, 450°C or

more, 475°C or more, 500°C or more, 550°C or maore, 600°C or more, 650°C or more, 700°C
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or more, 730°C or more, 800°C or more, 850°C or more, 900°C or more, 9507C or more). In
some examples, the feedstock can be maintained at a temperature of 1,000°C or less within
the reactor (2.g., 950°C or less, 900°C or less, 850°C or less, 800°C or less, 750°C or less,
T00°C or tess, 650°C or less, 600°C or less, 330°C or less, 500°C or less, 475°C or less,
450°C or less, 425°C or less, 400°C or less, 375°C or less, 350°C or less, 325°C or less,
360°C or less, 275°C or less, or 250°C or less). The temperature at which the feedstock is
maintained within the reactor can range from any of the rainimum values described above to
any of the maximom values described above. For example, the feedstock can be maintained
at a temperature of from 200°C to 1,000°C within the reactor {e.g., from 200°C to 800°C,
from 200°C to 500°C, from 500°C to 300°C, from 200°C to 300°C, from 300°C 1o 400°C,
from 400°C to 500°C, from 500°C to 600°C, from 600°C 1o 700°C, from 700°C 1o 800°C,
from 200°C to 700°C, from 200°C to 600°C, from 200°C to 400°C, from 300°C w 800°C,
from 400°C to 800°C, from 600°C to 800°C, from 250°C to 750°C, from 300°C o 700°C,
from 330°C to 500°C, from 375°C t0 425°C, or from 385°C to 415°C).

In various implementations, the feedstock can be maintained within a given tolerance
of a target temperature (i.e., within an acceptable range of temperatures above or below the
target feroperature). For example, the feedstock can be maintained within a given tolerance of
a target temperature of from 200°C to 1,000°C. Examples of suitable tolerances and control
systems for maintaining temperature are described in further detail below.

The liguid and/or vapor phase feedstock inside a reactor can be agitated. For example,
the pyrolysis reactor can comprise an auger pyrolysis reactor, a screw pyrolysis reactor, a
rotary kiln pyrolysis reactor, a fluidized bed reactor, a continuously stirred reactor, or a
combination thereof, wherein the reactor agitates the liquid and/or vapor phase feedstock.

In sorne examples, the liquid and/or vapor phase feedstock inside a reactor can be
kept in continuous motion using an agitator that circulates the liquid and/or vapor phase
feedstock inside the reactor. For exaraple, the liguid feedstock can be agitated in a manner
that fosters heat transfer from the internal and/or external heaters to the hiquid. Ligaid
feedstock is a good insulator (i.e., has a low thermal conductivity) and the ability to get heat
into it in a way that does not lead to charring but still provides enough heat to promote
pyrolysis can be an important factor.

For exarople, each reactor can include an agitator, for example a miger ot stirrer
comprising one or more blades. The agitator can be configured so that it can produce liquid
flow velocities inside the reactor such that the bath acquires the necessary heat and also

avoids long residence tumes at the heated surfaces. For example, the agitator can be
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configured such that the entire liquid bath is agitated, e.g. substaniially none of the hiquid bath
is static.

The agitator can, for cxample, be operated at a speed of 20 RPM or more {¢.g., 25
RPM or more, 30 RPM or more, 35 RPM or more, 40 RPM or more, 45 RPM or more, 530
RPM or more, 55 RPM or more, 60 RPM or more, 65 RPM or more, 70 RPM or more, 75
RPM or more, 83 RPM ar more, 85 RPM or more, 90 RPM or more, 85 RPM or more, 100
RPM or more, 105 RPM or moore, 110 RPM or more, 115 RPM or more, 120 RPM or maore,
125 RPM or more, 130 RPM or more, 135 RPM or more, 140 RPM or more, 145 RPM or
maore, 150 RPM or more, 155 RPM or more, 160 RPM or more, 165 RPM or more, 170 RPM
or more, 175 RPM or more, 180 RPM or more, 185 RPM or more, or 190 RPM or more). In
some exaroples, the agitator can be operated at a speed of 200 RPM or less (e.g.. 195 RPM or
less, 190 RPM or less, 185 RPM or less, 180 RPM or less, 175 RPM or less, 170 RPM or
fess, 165 RPM or fess, 160 RPM or less, 155 RPM or less, 150 RPM or less, 145 RPM or
fess, 140 RPM or fess, 135 RPM or less, 130 RPM or less, 125 RPM or less, 120 RPM or
fess, 115 RPM or less, 110 RPM or less, 105 RPM or less, 100 RPM or less, 95 RPM or ess,
90 RPM or less, 5 RPM or less, 80 RPM or less, 75 RPM or fess, 70 RPM or less, 65 RPM
or less, 60 RPM or less, 55 RPM or less, 530 RPM or less, 45 RPM or less, 40 RPM or fess, 35
RPM or less, or 30 RPM or less). The speed at which the agitator is operated can range from
any of the minimum values described above to any of the maximum values described above.
For example, the agitator can be operated at a speed of from 20 to 200 RPM (e.g., from 20 to
125 RPM, from 125 to 200 RPM, from 20 to 60 RPM, from 60 to 100 RPM, from 100 RPM
o 140 RPM, from 140 to 200 RPM, from 20 to 180 RPM, from 20 t¢ 160 RPM, from 20 to
140 RPM, from 20 to 120 RPM, from 20 to 100 REM, from 20 to 80 RPM, from 20 to 40
RPM, from 40 to 200 RPM, from 60 to 200 RPM, from 80 to 200 RPM, from 100 to 200
RPM, from 120 t0 200 RPM, from 140 1o 200 RPM, from 160 to 200 RPM, from 25 to 195
RPM, from 30 to 190 RPM, from 50 to 175 RPM, from 75 to 150 RPM, or from 120 to 160
RPM}.

The agitator can be configured to produce homogeneous or inhorsogeneous fhud
{e.g., liquid and/or vapor) flow inside the reactor. In some examples, the agitator is
configured to produce average fluid flow velocities jnside the reactor of greater than § meters
per second {(nvs) {e.g., 8.05 m/s or more, .1 nvs or more, .15 mv/s or more, 0.2 m/s or more,
4.25 m/s or more, 0.3 ov/s or more, .35 m/s or more, 0.4 nv/s or more, .45 m/s or more, 0.5
m/s or more, 0.6 /s or ore, 8.7 m/s or more, 0.8 m/s or more, 0.9 m/s or more, 1 m/fs or

more, 1.25 m/s or more, 1.5 m/s or more, 1.75 m/s or more, 2 m/s or more, 2.253 mv/s or more,
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2.5 mfs or more, 2.75 mv's or more, 3 nv/s or more, 3.5 nv/s or more, 4 m/s or more, 4.5 /s or
maore, 5 m/s or more, 5.5 nv/s or more, & m/s or more, 6.5 m/s or more, 7 /s or more, 7.5 m/s
or more, 8 m/s or more, 8.5 m¥s or more, or 9 nv's or more}. In some examples, the agitator is
configored to produce average fluid flow velocities instde the reactor of 10 m/s or less (e.g.,

9.5 mv/s or less, 9 m/s or less, 8.5 m/s or less, 8 m/s or less, 7.5 my/s or less, 7 m/s or less, 6.5

w

m/s or less, 6 m/s or less, 5.5 nv/s or less, 5 m/s or less, 4.5 m/fs or less, 4 ov/s or less, 3.5 m/fs
or less, 3 /s or less, 2.75 m/s or tess, 2.5 m/s or less, 2.25 m/s or fess, 2 mw/s or less, 1.75 nv/s
or less, 1.5 mfs or less, 1.25 /s or less, 1 m/s or less, 0.9 my/s or less, (.8 m/s or less, (0.7 mifs
or less, 0.6 m/s or less, (1.5 m/s or less, (.45 nv/s or less, 0.4 m/s or less, .35 1o/s or less, 0.3
10 ovsorless, 0.25 nvs or fess, 8.2 m/s or less, 0.15 /s or less, or 0.1 10/5 or less). The average
fluid flow velocity inside the reactor produced by the agitator can range from any of the
minimum values described above to any of the maximum values described above. For
exarople, the agitator can be configured to produce average fluid flow velocities inside the
reactor of from greater than 0 1o/s to 10 m/s (e.g., from greater than 0 to 5 mw/s, from 5 to 10
15 nv/s, from greater than 0 to 2.5 my/s, from 2.5 to 5 m/s, from 5 to 7.5 w/s, from 7.5 to 10 mfs,
from greater than 0 t0 2 m/s, from 2 to 4 w/s, from 4 to 6 nv/s, from 6 to 8 nv/s, from 8 to 10
Vs, from greater than 0 to 9 m/s, from greater than 0 to § m/s, from greater than O to 7 avs,
from greater than 0 to 6 nv/s, from greater than 0 to 4.5 ny/s, from greater than 0 to 4 m/s,
from greater than O to 3.5 m/s, from greater than ¢ to 3 nw/s, from greater than 0 to 2.5 nv's,
20 from greater than 0 to 1.5 m/s, from 0.05 o 10 mw/s, from 0.1 to 10 m/s, from 0.5 1o 10 ov's,
from 1 to 10 w/s, from 1.5 to 10 m/s, from 2 to 10 m/s, from 3 to 10 /s, from 4 1o 10 /s,
from 6 to 10 mw/s, from 7 to 18 m/s, from 9 to 10 m/s, from 0.05 to 8.5 mfs, from 0.1 to 9 m/s,
or from .25 to 5 rafs). Liquid level inside the reactors can be monitored using any suitable
means, for exarmple using one or more (e.g., a series of) thermocouples arranged along the
25 internal reactor wall or through non-contact means, such as radar or ulirasonic sensors. For
example, a plurality of thermocouples can be arranged vertically along the internal reactor
wall. The liquid bath is typically hotter than the vapor in the headspace above it. As the ligoid
bath level inside a reactor changes, the change can be seen by changing teraperatures.
Feedstock input and product output can be monitored and/or adjusted based on the observed
30 wariations in the Hgumd bath level.
The liquid voluroe in each reactor can, for example, comprise 40% ot more of the
vohime of the reactor (e.g., 41% or more, 42% or more, 43% or more, 44% or more, 45% or
more, 46% or more, 47% or move, 48% or more, 49% or more, 50% or more, 51% or more,

52% or more, 33% or more, 34% or more, 55% or more, 56% or more, 37% or more, 58% or
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more, 39% or more, 60% or move, 61% or more, 62% or more, 63% or move, 54% or more,
65% or more, 66% or mote, 67% or more, 68% or more, 69% or more, 70% or more, 719% or
maore, 72% or more, 73% or moore, 74% or more, 75% or more, 76% or more, 77% or more,

or 78% or more). In some examples, the liquid volume in the reactor can comprise 80% or

~3

less of the volume of the reactor (e.g.. 79% or less, 78% or less, 77% or less, 76% or less,
75% or less, 74% or less, 73% or less, 72% or less, 71% or less, 709% or less, 69% or less,
88% or less, 67% or less, 66% or less, 65% or less, 64% or less, 63% or less, 62% or less,
61% or less, 60% or less, 59% or less, 58% or less, 57% or less, 56% or less, 55% or less,
54% or less, 53% or less, 52% or less, 51% or less, 50% or less, 49% or less, 48% or less,
47% or less, 46% or less, 43% or less, 44% or less, 43% or less, or 42% or less). The ligquid
volume in the reactor can range from any of the mininwim values described above to any of
the maximum values described above. For example, the liquid volume in the reactor can
comprise from 40% to 80% of the volume of the reactor (e.g., from 40% 1o 60%, from 60%
to B0%, from 40% to 50%, from 30% to 60%, from 60% to 70%, from 70% to 80%, from
40% to 75%, from 40% to 70%, trom 40% to 65%, from 40% to 55%, from 40% t0 45%.
from 45% to 80%, from 50% to 80%, from 55% to 80%, from 65% to 80%, from 75% to
680%, from 45% to 75%, or from 50% to 70%).

In some examples, the headspace volume in each reactor comprises 20% or more of
the volume of the reactor {¢.g., 21% ot more, 22% or more, 23% or more, 24% or more, 25%
7

or more, 26% or more, 27% or more, 28% or mwore, 29% or more, 30% or more, 31% or

more, 32% or more, 33% or move, 34% or more, 353% or more, 36% or more, 37% or more,
38% or more, 39% or more, 40% or more, 41% or more, 42% or more, 43% or more, 449% or
maore, 45% or more, 46% or more, 47% or more, 48% or more, 49% or more, 30% or more,
51% or more, 52% or more, 53% or more, 34% or more, 535% or more, 56% or more, 37% or
more, or 58% or more}. In some examples, the headspace volume in each reactor comprises
6% or less of the volume of the reactor (e.g., 59% or less, 58% or less, 57% or less, 36% or
fess, 35% or less, 54% or less, 33% or less, 52% or less, 51% or less, S0% or less, 49% or
fess, 48% or less, 47% or less, 46% or less, 45% or less, 44% or less, 43% or fess, 42% or
less, 41% or less, 40% or less, 39% or less, 389 or less, 37% or less, 36% or less, 35% or
less, 34% or less, 33% or less, 32% or fess, 31% or less, 30% or less, 29% or less, 28% or
less, 27% or less, 26% or tess, 25% or less, 24% or less, 23% or less, or 22% or less). The
headspace volume in the reactor can range from any of the minimum values described above

to any of the maximurn values described above. For example, the headspace volume in the

reactor can comprise from 20% 0 60% of the reactor volune (e.g., from 20% to 40%, from
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40% to 60%, from 20% to 30%, from 30% to 40%, from 40% to 50%, from 50% to 60%.
from 20% to 55%, from 20% to 50%, from 20% to 45%, from 20% to 35%, from 20% to
258%, from 25% to 60%, from 30% to 60%, from 35% to 60%, from 45% to 60%, from 55%

to 60%, from 25% to 55%, or from 30% to S0%).

w

Hydrocarbon vapor generated inside each reactor exits the reactor through a piping or
ducting manifold connected to a product recovery system which is described below. In some
exaroples, the reactor vapor pressure is monitored. The type and quality of product output can
be controlled to some degree by altering the pressure inside the reactor. Each reactor is
connected fo a manifold, and vapor flow from cach reactor is controfled by a valve designed
10 to operate at the high vapor exit temperature or a down-streamn blower/vacuum system,

allowing the individual reactors to be maintained as needed between a slight positive pressure
and a slight vacuum pressure, depending on reactor performance and the types of
hydrocarbon products condensing in the downstream product recovery which operates under

a slight vacuum as deseribed below. The piping manifold systern also aliows inert gases to be
15 introduced when necessary to purge the reactor interior, or displace the liquid bath or vapor

headspace in cach reactor to another reactor without the use of punps.

The pressure inside cach reactor can, for example, be -7.25 psig or roore (e.g., -7 psig
or more, -6.5 psig or more, -6 psig or more, -3.5 psig or more, -5 psig or more, -4.5 psig or
more, -4 psig or more, -3.5 psig or more, -3 psig or more, -2.5 psig or more, -2 psig or more, -

20 1.5 psig or more, -1 psig or more, -0.5 psig or more, O psig or more, 0.5 psig o7 more, 1 psig
or more, 1.5 psig or more, 2 psig or more, 2.3 psig ot more, 3 psig or more, 3.5 psig or more,
4 psig or more, 4.3 psig or more, 5 psig or more, 3.5 psig or more, 6 psig or more, 6.5 psig or
mare, 7 psig or more, 7.5 psig ot more, § psig or more, 8.5 psig or more, @ psig or more, 9.5
psig or more, 10 psig or more, 10.3 psig or more, 11 psig or more, 11.5 psig or more, 12 psig
25  ormore, 12.5 psig or more, 13 psig or more, 13.5 psig or more, or 14 psig or more). In some
examples, the pressure inside the reactor can be 14.5 psig or less {e.g., 14 psig or less, 13.5
psig or fess, 13 psig or less, 12.5 psig or less, 12 psig or less, 11.5 psig or less, 11 psig or less,
10.5 psig or less, 10 psig or less, 9.5 psig or less, @ psig or less, 8.5 psig or less, 8 psig or less,
7.5 psig or less, 7 psig or fess, 6.5 psig or ess, 6 psig or less, 5.5 psig or kess, 5 psig or less,
30 4.5 psig or less, 4 psig or fess, 3.5 psig or less, 3 psig or less, 2.5 psig or less, 2 psig or less,
1.5 psig or less, 1 psig or fess, 0.5 psig or less, § psig or less, -0.5 psig or less, -1 psig or less,
-1.5 psig or less, -2 psig or less, -2.5 psig or less, -3 psig or less, -3.5 psig or less, -4 psig or
fess, ~4.5 psig or less, -5 psig or less, -5.5 psig or less, -6 psig or less, -6.5 psig or less, or -7

psig or less). The pressure within the reactor can range from any of the miniraum values
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described above to any of the maximum values described above. For example, the pressure
inside the reactor can be from -7.25 to 14.5 psig {e.g., from -7.25 to 3.5 psig, from 3.5 t0 14.5
psig, from -7.25 to O psig, from 0 to 7.25 psig, from 7.25 to 14.5 psig, from -7.25 to 10 psig,
from -7.25 to 5 psig, from -3 to 14.5 psig, from § to 14.5 psig, from -5 to 10 psig, from -5 t0 5
psig, or from -2.5 to 2.5 psig).

The residence time of the feedstock within the reactor (e.g., the time that it takes to
pyrolyze) can vary based on a variety of factors. For exarnple, the residence timge of the
feedstock within the reactor can vary based on the type of reactor, the composition of the
feedstock, the temperature within the reactor, the pressure within the reactor, the agitation
rate, the amount of char, or a combination thereof.

For exarople, the residence time of a given polymer comprising the feedstock within
the reactor can be | second or more (e.g., 2 seconds or more, 3 seconds or more, 4 seconds or
more, 3 seconds or more, 10 seconds or more, 15 scconds or more, 20 seconds or more, 25
seconds or more, 30 seconds or more, 35 seconds or more, 40 seconds or more, 43 seconds or
more, 54 seconds or more, 55 seconds or more, 1 minute or more, 2 npunutes or more, 3
minutes or more, 4 minuies or more, 5 minutes or more, 10 minutes or more, 15 minutes or
maore, 20 ninutes or more, 25 minutes or more, 30 minutes or more, 35 minutes or more, 40
mimtes or more, 45 minutes or more, 3¢ minutes or more, 55 mimites or more, 1 hour or
more, 1.5 hours or more, 2 hours or more, 2.5 hours or more, 3 hours or more, 3.5 hours or
more, 4 hours or more, 4.5 hours or more, 3 hours or more, 5.5 hotrs or more, 6 hours or
maore, 7 hours or more, 8 hours or mwore, € hours or more, 10 hours or more, 12 hours or more,
14 hours or more, 16 hours or more, 18 hours or more, 20 hours or more, or 22 hours or
more). In some examples, the residence time of a given polymer comprising the feedstock
within the reactor can be 24 hours or less {e.g., 22 hours or more, 20 hours or more, 13 hours
or more, 16 hours or more, 14 hours or more, 12 hours or more, 10 hours or more, 9 hours or
more, 8 hours or more, 7 hours or more, 6 hours or more, 5.5 hours or more, 5 hours or more,
4.5 howrs or mwore, 4 hours or more, 3.5 hours or more, 3 hours or more, 2.5 hours or more, 2
howrs or move, 1.5 hours or more, 1 howur or less, 55 minates or fess, 30 minutes or less, 43
minutes or less, 40 minutes or less, 35 mimutes or less, 30 minutes or less, 25 minutes or less,
20 minutes or less, 15 minutes or less, 10 nunutes or less, 5 minutes or less, 4 minutes or less,
3 roimutes or less, 2 munuoies or fess, 1 minute or jess, 55 seconds or less, 50 seconds or less,
45 seconds or less, 40 seconds or less, 35 seconds or less, 30 seconds or less, 25 seconds or
fess, 20 seconds or less, 15 seconds or less, 10 seconds or less, or 5 seconds or less). The

residence fime of a given polymer comprising the feedstock within the reactor can range from
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any of the minimum values deseribed above to any of the maxiroum values described above.
For example, the residence time of a given polymer comprising the feedstock within the
reactor can be from 1 second to 24 hours (e.g., from 1 second to 12 hours, from 12 hours to
24 hours, from 1 second to 1 munute, from 1 munute to 1 howr, from 1 howr to 24 hours, from
1 second to § houwr, from 1 hour to 6 hours, from 6 hours to 12 hours, from 12 hours to 18
hours, to 24 hours, from 1 minute to 20 hours, from I second to 18 hours, from 1 second to
16 hours, from 1 second to 14 hours, from 1 second to 10 hours, from 1 second to 8 hours,
from 1 second to 4 hours, from | second to 2 howrs, from 1 second to 30 mimites, from |
sccond to 15 mimutes, from 1 second to 10 minutes, from 1 second to 5 minutes, from 1
minute o 24 hours, from S minutes o 24 hours, from 10 muutes to 24 hours, from 153
minutes to 24 hours, from 30 minutes to 24 hours, from t hour to 24 hours, from 2 hours to
24 hours, from 4 hours to 24 hours, from 6 hours to 24 hours, from 8 hours 0 24 hours, from
10 hours to 24 hours, from 12 hours to 24 hours, from 14 hours to 24 hours, from 16 hours to
24 hours, from 20 ours to 24 hours, from 30 seconds to 22 houars, or from 1 minute 10 28
hours).

In some examples, the reactor can be configured for producing an average of §.30 1b.
or more of pyrolyzed product pet hour per gallon of the reactor’s internal volume for a period
of a24 hours or more (e.g., 0.31 1b. or more, 0.32 Ib. or more, 0.33 b, or more, 0.34 . or
more, 0.35 1b. or more, .36 Ib. or more, 0.37 b, or more, .38 Ib. or more, 0.32 Ib. or more,
(.40 Ib. or more, 0.41 1b. or more, 3.42 b, or more, 0.43 b, or more, (.44 1b. or more, .45 ib.
or more, .46 Ib. or more, (.47 1b. or more, 8.48 1b. or more, 0.49 tbh. or more, 0.50 1b. or
mare, (.51 Ib. or more, §.52 1b. or more, (1.53 1b. or more, .54 Ib. or more, (.55 Ib. or more,
(.56 tb. or more, 8.57 Ib. or more, 0.58 1b. or more, .59 b, or more, 0.60 1b. or more, .61 Ib.
or more, 0.62 th. or more, .63 Ib. or more, .64 th. or more, 0.65 Ib. or more, 0.66 th. or
more, $.67 1b. or more, (.63 Ib. or more, .69 Ib. or more, 4.70 Ib. or more, (.71 Ib. or more,
.72 Ib. or more, 0.73 1b. or more, (.74 Ih. or more, .75 1b. or more). In some
implementations, the reactor can be configured for producing an average of from 0.30 1h. o
0.75 1b. of pyrolyzed product per hour per gallon of the reactor’s internal volume for a period
of 24 hours of more (¢.2., from 0.31 Ib. t0 0.75 1b,, from 0.32 1b. t0 .75 tb., from $.33 1b. to
0.75 Ib., from 0.34 th. t0 0.75 Ib., from 0.35 ib. t0 .75 1b., from 0.36 Ib. t0 0.75 1b., from 0.37
th.to 075 b, from 038 1b. to .75 1b., from 039 Ib. to 075 th., from 0.40 1b. 10 .75 Ib.,
from 041 1. o375 b, from 042 1h. 10 0.75 b, from 0,43 1b. t6 0.75 Ib., from 0.44 Ib. to
375 b, from 045 Ib. t0 075 1b., from 8,46 b, 0 0.75 b, from 0.47 1b. 10 0.75 Ib., from 0.48
Ib. t0 0.75 1h., from 0.49 b, to .75 b, from 0.50 th. t0 0.75 b, from 0.51 1b. t0 0.75 1h.,
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from 0.521h. t0 .75 th., fromn 0.53 1B, t0 0.75 th., from 0.54 th. 10 075 Ib., from 0.55 th. to
0.75 Ib., from 0.56 kb, t0 0.75 Ib., from 0.57 Ib. t0 .75 b, from 058 Ib. t0 0.75 1b., from (.59
Ih. t0 0.75 Ib,, from 0.60 1b. t0 .75 1b., from 0.61 Ib. to 0.75 b, from 0.62 1b. 10 0.75 Ib.,
from 3.63 1b. to 0.75 tb., from 0.64 1h. to 0.75 b, from 8.65 tb. to 0.75 b, from 0.66 1b. to
G475 b, from 0.67 th. 10 0.75 b, from 0.68 1b. t0 §.75 1b., from 0.69 Ib. 10 (.75 1h., from 0.70
bt 075 b, fom 071 b, t0 0.75 1b., from 0.72 1b. 10 0.75 1b., from 0.73 1b. t0 .75 th.,

w

from 0.74 Ib. to 0.75 1h.). In some specific implementations, the foregoing reactor throughput
ranges may be achieved using the pyrolysis reactor 5000 shown and described with respect o
Figure 47. In some specific iraplementations, the foregoing reactor throughput ranges may be

10 achieved using the pyrolysis system S1e of Figure 5, where the extruder S107a comprises
the extruder 800 shown and described with respect to Figure 33 and the pyrolysis reactor
3108a comprises the pyrolysis reactor S000 shown and described with respect to Figure 47.

Inert material that enters the reactors, such as bits of moetal and grit, as well as loose
char that can be created through the heating process, can optionally be removed by any

15 suitable processing component or step, such as sedimentation, decantation, filtration, sieving,
efc.

10 some examples, the reactor can further include an additive, such as a catalyst, a
dihient, an adsorbent, ete.
Figure 35 shows a side view of a rotary kiln pyrolysis reactor 1000 according to one

20 implementation. The rotary Kiln pyrolysis reactor 1000 is generally configured for pyrolyzing
feedstock. In some implementations, the rotary kiln pyrolysis reactor 1000 is configured for
receiving and pyrolyzing molten or semi-molten feedstock (e.g., received from an extruder).
In other implernentations, the rotary Kiln pyrolysis reactor 1000 is configured for receiving
and pyrolyzing solid or semi-solid feedstock {e.g., toose film, baled film, rigids,

25  thermotorms, sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified,
shredded, and other post-consumer and/or post-industrial plastics). Accordingly, the rotary
kiln pyrolysis reactor 1000 can be used in the methods described herein for producing
hydrocarbon-based compositions derived from pyrolysis of feedstock comprising post-
consumer and/or post-industrial plastics, including wax, oil, gas, or combinations thereof.

30 Figure 36 provides a top view of the rotary kiln pyrolysis reactor 1000 shown in Figure 35.
Certain elements deptcted in Figure 35 are also depicted in Figure 36 and, accordingly.
reference to either figure may be regarded as a reference to both figures.

As shown in Figure 35, the rotary kiln pyrolysis reactor 1000 includes a reactor vessel

within which plastic feedstock is deposited and pyrolyzed. In the tlustrated implerentation,
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the reactor vessel comprises a reactor barrel 1004. The reactor barrel 1004 is comprised of a
cylindrical body 1012 having a first end 1006 and second end 1008, In some
implementations, the cylindrical body 1312 defines a horizontal longitudinal axis {e.g.,
parallel to the ground). In other implementations, the evlindrical body 1012 defines a
longitudinal axis that is angled {e.g., 10 degrees relative to the ground). The interior of the
cylindrical body 1012 defines the reactor vessel’s internal volume 1018, In various
implementations, the cylindrical body 1012 may be constructed from steel having a refractory
lining (or other materials with suitable structural and thermal properties).

The rotary kiln pyrolysis reactor 1000 further includes a transfer assembly 1026
positioned at the reactor barrel’s second end 1008, The transfer assembly 1026 includes a
feedstock inlet 1020, a vapor outlet 1024, a sealing interface 1027, and a plorality of reactor
sensors 1030, As shown in Figure 35, the feedstock inlet 1020 defines an external opening
and extends tnto the reactor barrel 1004, To the illustrated troplementation, the plastic
feedstock (e.g., semi-molten feedstock received from an extruder) is deposited into the
reactor vessel’s internal volume 1018 by way of the feedstock inlet 1020, In various
implementations, the feedstock inlet’s external inlet opening is positioned outside of the
reactor barrel 1004 and defines an aperture through which plastic feedstock may enter the
feedstock inlet 1020, The feedstock inlet 1020, which may comprise, for example, a pipe,
extends into the internal volume 1018 and includes an outlet opening positioned within the
reactor barrel’s internal volume 1018, As will be appreciated from Figure 35, when plastic
feedstock (e.g., semi~molien feedstock) s directed through the feedstock indet 1020 via its
indet opening, the plastic feedstock will be directed through the feedstock inlet and deposited
within the reactor vessel’s internal volume 1018 for processing.

The transfer assembly’s vapor outlet 1024 defines an internal opening (positioned
within the reactor barrel’s internal volume 1018) and an external opening {positioned cutside
of the reactor barrel 1004). The transfer assemibly’s vapor outlet 1024, which may comprise,
for exaraple, a pipe, extends into the reactor barrel 1004 at the reactor barrel’s second end
1008 and enables vapor produced during pyrolysis of the feedstock within the reactor barrel
1004 to exit the reactor barrel 1004.

The rotary kiln pyrolysis reactor 1000 further comprises a drive motor 1016 and drive
gear 1017 configured for rotating the reactor barrel 1004 about its longitudinal axis. In the
illustrated implementation of Figure 35, the reactor barrel 1004 is rotatably mounted on a
plurality of roller supports 1023. As shown in Figure 35, a plurality of rollers 1025 are

positioned on the exterior wall of the reactor barrel’s cylindrical body 1012 and configured to
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enable the reactor barrel 1004 to rotate about its longitudinal axis. In various
implementations, the reactor barrel 1004 may be rotated via a chain drive {(e.g., such that a
chain links the drive motor 1016 to the drive gear 1017 positioned on the reactor barrel

1004). Various implementations of the reactor barrel 1004 are configured for continuously

w

rotating such that the liquid plastic inside the reactor vessel is kept in continuous motion. In
this way, the reactor barrel’s rotation provides sufficient movement of the liguid plastic to
acquire heat for pyrolysis to occur. For example, in one implementation, the reactor barrel
1004 is continuously rotated during the pyrolysis process.
As shown in Figure 35, the transfer assembly 1026 includes a sealing interface 1027.
10 o various implementations, the sealing interface 1027 is configured to provide a seal
between the reactor barrel’s second end 1008 and the transfer assembly 1026. In this way, the
reactor barrel’s internal volume 1013 remains sealed and enclosed as the reactor barrel 1034
rotates about its longitudinal axis and the transfer assembly 1026 remains in a fixed position.
In various implementations, the rotary kiln pyrolysis reactor 1000 inclades a heating
15 device configured for heating the internal volume 1018 of the reactor barrel 1004. In the
ilustrated implementation, the heating device comprises a burner assembly 1013 positioned
at the reactor barrel’s first end 1006. The burner assembly 1013 comprises a burner pipe 1015
and a kiln hood 1014. As shown in Figure 35, the burner assembly 1013 is configured as a
direct fired kiln system in which the burner pipe 1015 emits a flame that heats the reactor
20 barrel’s 1004 internal volume 1018, In the illustrated tmplementation, the burner pipe 1015 is
oriented in a counter-current direction. In other implementations, the burner pipe 1015 may
be oriented in a co-current direction. In further imaplementations, the burner assembly 1013
may be configured as an indivect fired kiln system for heating the reactor barrel 1004.
In various implementations, the burner assembly 1013 is generally configured to
25  provide the heat needed to raise temperatures inside the reactor barrel 1004 to a point where
pyrolysis takes place. The burmner assembly 1013 can also be configured to provide the heat
needed to maintain temperatures inside the reactor barrel 1004 at a point where the pyrolysis
process takes place. For exaraple, burner pipe 1015 may be controlled to provide a prescribed
temperature and heat density (W/in%) that results in a controlled heat flux into the liquid
30 feedstock within the reactor barrel 1004. In combination with continuous rotation of the
reactor barrel 1004 (e.g., driven by the drive motor 1016 and drive gear 1017) the pyrolysis
reaction within the reactor barrel 1004 can be controlled to provide a desired reaction

temperature and energy density (KW/ib.).
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As shown in Figure 35, the rotary kiln pyrolysis reactor 1000 includes a vapor outlet
1024. As noted above, during the pyrolysis process, the hydrocarbon plastic chains and
groups of rings within the Hquid plastic are split apart by the heating process into smaller

segments uniil they are small and light enough to vaporize and exit the reactor as a vapor.

b

w

Accordingly, the reactor’s vapor outlet 1024 is configured to provide a conduit for

hydrocarbon vapor exiting the reactor 1000 and thus extends upwardly from the transfer

assembly 1026. In various implementations, the vapor outlet 1024 may be connected (e.g.,

via additional piping or a ducting manifold) to a product recovery system. For example, in the

iflustrated implementation of Figure 35, the vapor outlet 1024 is configured to direct vapor

10 exiting the reactor barrel 1004 following pyrolysis to a product collection systen 1036
configured for product recovery (e.g., oil, wax, gas or combinations thereof as described
herein).

in the tlustrated implementation of Figure 35, the reactor’s transfer assembly 1026
inchudes a plurality of reactor sensors 1030, In various tmplementations, the reactor sensors

15 1030 may be configured for measuring the dynamic properties of the liquid plastic within the
reactor, output and dynamic properties of the heating system, as well as the dynamic
properties of the reactor’s input {¢.g., feedstock input) and output (e.g., vapor production) and
a variety of other variables. For example, in various implementations, the reactor sensors
1630 may comprise thermocouples, pressure sensors, flow meters, and the like. In this way,

20 feedstock input {e.g., from an extruder) and product output can be raonitored and/or adjusted
based on the observed variations in the Hquid plastic within the reactor.

In various implementations, a plurality of rotary kiln pyrolysis reactors 1000 can also
be provided for use in the production of wax, oil, gas, or combinations thercof. For example,
in one implementation, three rotary kiln pyrolysis reactors 1000 are used and can be

25  operational in any combination with one another {e.g., such that all three pyrolysis reactors
1000 are processing feedstock simultancously, or such that two of the pyrolysis reactors 1000
are processing feedstock while a third remains on standby in the event one of the other
reactors requires service or maintenance).

Figure 37 shows a side view of a screw pyrolysis reactor 2000 according to one

30 implementation. The screw pyrolysis reactor 2000 is generally configured for pyrolyzing
feedstock. In some implernentations, the screw pyrolysis reactor 2000 is configured for
receiving and pyrolyzing semi-molten feedstock (e.g., received from an extruder). In other
implementations, the screw pyrolysis reactor 2000 is configured for receiving and pyrolyzing

sofid or seni-solid plastic feedstock (e.g., loose film, baled film, rigids, thermoforns, sheets,
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foams, non-wovens, strips, pellets, powder, purge patties, densified, shredded, and other post-
consumer and/or post-industrial plastics). Accordingly, the screw pyrolysis reactor 2000 can
be used in the methods described herein for producing hydrocarbon-based compositions
derived from pyrolysis of feedstock comprising post-consumer and/or post-industrial plasties,
including wax, oil, gas, or combinations thereof. Figure 38 provides a top view of the screw
pyrolysis reactor 2000 shown in Figure 37. Certain elements depicted in Figure 37 are also
depicted in Figure 38 and, accordingly, reference to either figure may be regarded as a
reference to both figures.

As shown in Figure 37, the screw pyrolysis reactor 2000 includes a reactor vessel
within which plastic feedstock is deposited and pyrolyzed. In the illustrated tropiementation,
the reactor vessel coraprises a reactor barrel 2010. The reactor barret 2010 is comprised of a
cylindrical body 2012 having a first end 2006 and second end 2008, In some
implementations, the cylindrical body 2012 defines a horizontal longitudinal axis (e.g.,
parallel to the ground). The interior of the cylindrical body 2012 defines the reactor vessel’s
internal volume 2018, In various implementations, the eylindrical body 2812 may be
constructed from steel (or other materials with suitable structural and thermal properties).

The screw pyrolysis reactor 2000 further includes a screw 2014 positioned within the
reactor barrel’s internal volume 2618, As shown in Figure 37, the screw 2014 is oriented
horizontally and extends longitudinally through the reactor barrel’s internal volurae 2018
{e.g., such that a longitudinal axis of the screw 2014 is parallel to the longitudinal axis of the
rector barrel 2010, In various iroplementations, the screw 2014 is configured to rotate {e.g.,
about its longitudinal axis) and transfer plastic feedstock laterally through the reactor barrel’s
internal volume 2018, As explained in greater detail herein, the reactor barrel’s internal
vohime 2018 is heated to drive pyrolysis of the plastic feedstock as the screw 2014 transfers
the feedstock through the reactor barrel 2010

The screw pyrolysis reactor 2000 further comprises a drive motor and gear assembly
2016 configured for rotating the screw 2014 about its longitudinal axis. In the illustrated
implementation of Figure 353, the screw 2014 includes a helical protrusion that, when rotating,
transfers the plastic feedstock through the reactor barrel 2010 (e.g., from the first end 2006
towards the second end 2008). Accordingly, by controlling the speed of the motor and gear
assembly 2016, the rotational speed of the screw may be controlied to dictate the veloeity of
the plastic feedstock as it is transferred through the reactor barrel 2010. Various
implementations of the screw 2014 are contigured for continuously rotating such that the

figuid plastic inside the reactor barrel 2010 is kept in continuous motion. In this way, the
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screw’s rotation provides sufficient movement of the lquid plastic to acquire heat for
pyrolysis to occur as it is transferred laterally through the reactor barrel 2610, For example, in
one implementation, the reactor barrel 1004 is continuously rotated during the pyrolysis

process.

w

The screw pyrolysis reactor 2000 further comprises a feedstock inlet 2020, a vapor
autiet 2024, one or mare ports 2025, one or more external heating elements 2034, a discharge
manifold 2022, and a plurality of reactor sensors 2030. As shown in Figure 37, the feedstock
indet 2020 defines an external opening and extends into the reactor barrel 2010, In the
illustrated implementation, the plastic feedstock {e.g., semi-molien feedstock received from
10 anextruder or solid feedstock) is deposited into the reactor vessel’s internal volurae 2018 by

way of the feedstock inlet 2020, In various implementations, the feedstock inlet’s external
inlet opening is positioned outside of the reactor barrel 2010 and defines an aperture through
which plastic feedstock may enter the feedstock inlet 2020. The feedstock indet 2020, which
may comprise, for example, a pipe, extends into the internal volume 2018 and inclodes an

15 outlet opening positioned within the reactor barrel’s internal volume 2018. As will be
appreciated from Figure 37, when plastic feedstock (e.g., semi-molten feedstock or solid
feedstock) is directed through the feedstock inlet 2020 via s indet opening, the plastic
feedstock will be directed through the feedstock inlet and deposited within the reactor
vessel’s internal volume 2018 for processing.

20 As shown in Figure 37, the screw pyrolysis reactor 2000 includes a plurality of
heating elerents 2034 configured for heating the internal volume 2018 of the reactor barre
2010. In the illustrated implementation, the heating elements 2034 comprise electric heaters
positioned externally around the reactor barrel 2010, When activated, the transfer of heat
from the electric heaters 2034 through the reactor barrel’s cylindrical body 2012 thereby

25 heats the internal volume 2018 of the reactor barrel 2010.

In various implementations, the heating elements 2034 are generally configured to
provide the heat needed to raise temperatures inside the reactor barrel 2010 to a point where
pyrolysis takes place. The heating elements 2034 can also be configured to provide the heat
needed to maintain temperatures inside the reactor barrel 2010 at a point where pyrolysis

30 process takes place. For example, the heating elemenis 2034 may be controlied to provide a

prescribed temperature and heat density (W/in®) that results in a controlled heat flux into the

liguid feedstock within the reactor barrel 2010, In combination with continuoss rotation of
the screw 2014 {e.g., driven by the drive motor and gear assembly 2016), which transfers the

fiquid plastic through the reactor barrel 2010, the pyrolysis reaction within the reactor barrel
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2010 can be controlled to provide a desited reaction temperature and average energy density
{(kW/ib.). Furthermore, in implementations in which heating of the reactor barrel 2010 is

7 L=
provided exclusively by the electric heating clements 2034, the screw pyrolysis reactor 2000

may be configured for driving the pyrolysis process using only electricity (e.g., without using

w

gas as a direct heat source).

In various other implementations, the plurality of heating elements 2034 may
comprise gas fired heaters positioned around the reactor barvel 2610, In further
implementations, the screw pyrolysis reactor 2000 may also include one or more heat inlets
positioned around the reactor barrel 2010, In such implementations, the heat inlets may be
10 configured for receiving heated elements {e.g., heated ceraniic balls) deposited into the

reactor barrel’s internal volume 20138 for transferring heat divectly to the liquid plastic
feedstock within the reactor barrel 2010, In other implementations, the heat inlets may be
configured for receiving heated gas divected into {or around) the reactor barrel 2010 fo heat
the reactor barrel’s internal vohume 2018.

15 As shown in Figure 37, the screw pyrolysis reactor 2000 further includes one or more
vapor outlet ports 2025, In various implementations, the ports 2025 may be positioned and
configured to allow certain pre-pyrolysis vapors and/or gases produced from the plastic
feedstock during the heating process o escape from the reactor barrel 2010. For example, in
various iraplementations, the ports may be configured to allow air, steam, and other low

20 melting point volatifes to exit the reactor barvef 2010, In certain implementations, such as
when a vented extruder is used to feed semi-molten feedstock into the screw pyrolysis reactor
2000, the ports 2025 may be omitted from the screw pyrolysis reactor 2000.

The screw pyrolysis reactor 2000 further includes a discharge roanifold 2022
positioned at the reactor barrel’s second end 2008. In various implementations, the discharge

25  manifold 2022 is configured to provide an outlet for material within the reactor barrel 2010
For example, the discharge manifold 2022 may be used to transfer or otherwise remove liquid
plastic {or other material generated during the pyrolysis process) from the reactor barrel 2010
Accordingly, vartous implementations of the discharge manifold 2022 may inchide a sealable
discharge opening {e.g., a port which can be selectively opened or sealed and closed).

30 As shown in Figure 37, the screw pyrolysis reactor 2000 also includes a vapor outlet

2024, In various iraplementations, the vapor outlet 2024 defines an internal opening

{positioned within the reactor barrel’s internal volume 2018) and an external opening

{positioned outside of the reactor barrel 2010). The vapor outlet 2024, which may comprise,

for example, a pipe, extends into the reactor barrel 2010 at the reactor barrel’s second end
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2008 and enables vapor produced during pyrolysis of the plastic feedstock within the reactor
barrel 2010 to exit the reactor barrel 2010
As noted above, during the pyrolysis process, the hydrocarbon plastic chains and

groups of rings within the liquid plastic are split apart by the heating process into smaller

w

segments until they are small and light enough to vaporize and exit the reactor as a vapor.
Accordingly, the reactor’s vapor outlet 2024 is configured to provide a conduit for
hydrocarbon vapor exiting the reactor 2000 and thus extends opwardly from the reactor barrel
2010. In various implementations, the vapor outlet 2024 may be connected (e.g., via
additional piping or a ducting manifold) to a product recovery system. For example, in the

]
7
7

10 Hustrated implernentation of Figure 37, the vapor outlet 2024 is configured to direct vapor
exiting the reactor barvel 2010 following pyrolysis to a product collection system 2036 (e.g.,
production of wax, oil, gas, or combinations thereof as described herein).

In the illustrated implementation of Figure 37, the screw pyrolysis reactor 2000
further includes a plurality of reactor sensors 2030. In various implementations, the reactor

15 sensors 2030 may be configured for measuring dynamic properties of the Hguid plastic within
the reactor, as well as the dynamic properties of the reactor’s input (e.g., feedstock input) and
output (c.g., vapor production). For example, in various iraplementations, the reactor sensors
2030 may comprise thermocouples, pressure sensors, flow meters, and the like. In this way,
feedstock input {e.g., from the extruder 400) and product output can be monitored and/or

20 adjusted based on the observed variations in the liquid plastic within the reactor.

In vartous implementations, a plurality of screw pyrolysis reactors 2000 can also be
provided for use in the production of wax, oil, gas, or combinations thereof. For example, in
one imaplementation, three screw pyrolysis reactors 2000 are used and can be operational in
any combination with one another (e.g., such that all three pyrolysis reactors 200 are

25  processing feedstock simultaneously, or such that two of the pyrolysis reactors 2000 are
processing feedstock while a third remains on standby in the event one of the other reactors
reqaires service Or matnienance).

Figure 39 shows a side view of a fluidized bed pyrolysis reactor 3000 according to
one implementation. The fluidized bed pyrolysis reactor 3000 is gencrally configured for

30 pyrolyzing feedstock. In some iraplementations, the fluidized bed pyrolysis reactor 3000 is
configured for receiving and pyrolyzing semi-raolten feedstock (e.g., received from an
extruder). In other implementations, the fluidized bed pyrolysis reactor 3000 is configured for
receiving and pyrolyzing solid or semi-solid plastic feedstock (e.g., loose film, haled film,

rigids, thermoforms, sheets, foams, non-wovens, steips, pellets, powder, purge patfies,
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densified, shredded, and other post-consumer and/or post-industrial plastics). Accordingly,
the fluidized bed pyrolysis reactor 3000 can be used in the methods described herein for
producing hydrocarbon-based compositions derived from pyrolysis of feedstock comprising
post-consumer and/or post-industrial plastics, including wax, oil, gas, or combinations
thereof. Figure 40 provides a top view of the fluidized bed pyrolysis reactor 3000 shown in
Figure 39. Certain elements depicted in Figure 39 are also depicted in Figure 40 and,
accordingly, reference o either figure may be regarded as a reference to both figares.

As shown in Figure 39, the fluidized bed pyrolysis reactor 3000 includes a reactor
vessel 3010 within which plastic feedstock is deposited and pyrolyzed. The reactor vessel
3010 is comprised of a cylindrical body 3012, a first ellipsoidal head 3014 positioned at an
upper end of the cylindrical body 3012 (herein the upper ellipsoidal head 3014), and a second
ellipsoidal head 3016 positioned at a lower end of the cylindrical body 3012 (herein the lower
cllipsoidal head 3016). Together, the cylindrical body 3012 and cllipsoidal heads 3014, 3016
define an internal vohume 3018 of the reactor vessel 3010 (shown in Figure 39). In various
implementations, the cylindrical body 3012 and ellipsoidal heads 3014, 3016 may be
constructed from stainless steel (or other materials with suitable structural and thermal
propertics).

The fluidized bed pyrolysis reactor 3000 further comprises a catalyst inlet 3020,
pressurized feedstock infet 3021, a discharge manifold 3022, a vapor outlet 3024, a
distributor 3028, a plurality of reactor sensors 3030, one or more external heating elernents
3034, and a product collection system 3036. As shown in Figure 39, the pressurized
feedstock inlet 3021 defines an external opening and extends into the reactor vessel 3010. In
the ithustrated {imaplementation, the plastic feedstock {e.g., semi-molten feedstock received
from an extruder) is deposited into the reactor vessel’s internal volume 3018 by way of the
feedstock inlet 3021. In various implementations, the feedstock inlet’s external inlet opening
is positioned outside of the reactor vessel 3010 and defines an aperture through which plastic
feedstock may enter the feedstock inlet 3021. The feedstock inlet 3021, which may comprise,
for exaraple, a pipe, extends into the internal volume 3018 and includes an outlet opening
positioned within the reactor vessel's internal volume 3018. As will be appreciated from
Figure 39, when plastic feedstock {e.g., semi-molten feedstock) is directed through the
feedstock inlet 3021 via its inlet opening, the plastic feedstock will be directed through the
feedstock inlet and deposited within the reactor vessel’s internal volume 30138 for processing.

In vartous tmplementations, the pressurized feedstock inlet 3021 is configured to

inject molten or semi-mokten feedstock at pressure into the reactor vessel 3010, As depicted
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in Figure 39, the pressurized feedstock inlet’s outlet opening is positioned in a lower portion
of the reactor vessel’s internal volume 3018 and below a distributor 3028, In various
implementations, the distributor 3028 comprises a porous plate defining a plurality of
apertures through which liquid plastic may flow through. The pressure at which the plastic
feedstock is injected into the reactor vessel 3010 forees the liguid plastic feedstock upwardly,
through the apertures defined in the distributor 3028, and further into the reactor vessel’s
internal volome 3018, The distributor 3028 divides the liquid plastic into a plorality of
streams, thereby exposing a greater surface area of the liquid plastic within the reactor vessel
3018. Furthermore, the distributor’s apertures are dimensioned such that the catalyst provided
within the reactor vessel 3010 cannot pass through the distributor 3028,

As shown in Figure 39, the catalyst inlet 3020 1s positioned at an upper portion of the
reactor vessel 3010 and substantially above the distributor 3028, As shown in Figure 39, the
catalyst inlet 3020 defines an external opening and extends into the reactor vessel 3010, In
the illustrated implementation, a catalyst {e.g., Zeolites, metal catalysts, and the like) is
deposited into the reactor vessel’s internal volume 3018 by way of the catalyst inlet 3020. In
various implementations, the catalyst inlet’s opening is positioned outside of the reactor
vessel 3010 and defines an aperture through which a catalyst material roay enter the catalyst
inlet 3020. The feedstock inlet 3021, which may comprise, for example, a pipe, extends into
the internal volume 3018 and includes an outlet opening positioned within the reactor
vessel’s infernal volume 3018, As will be appreciated from Figure 39, when a catalyst is
directed through the catalystinlet 3020 via its inlet opening, the catalyst will be directed
through the catalyst inlet and deposited within the reactor vessel’s internal volume 3018.

1o various implementations, the fhuidized bed pyrolysis reactor 3000 is configured
such that the liquid plastic feedstock is directed into the reactor vessel 3010 (via the feedstock
inlet 3021 and through the distributor 3028) with a velocity that is sufficient to reach
incipient fluidization. In other words, the velocity of the plastic feedstock is sufficient to
balance the weight of the catalyst or catalytic material being deposited into the reactor vesse
3010 via the catalyst inlet 3020 (e.g., such that the bath of liquid plastic and catalyst pux and
switl within the reactor vessel 3010). In this way, the reactor vessel’s internal volume 3018
comprises a fluidized bed, which includes the catalyst and tiguid plastic feedstock. In various
implementations, the catalyst may be selected to aceelerate the rate of pyrolysis within the
reactor vessel 3010 and/or lower the temperature at which pyrolysis occurs within the reactor

vessel 3010,
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As shown in Figure 39, the fluidized bed pyrolysis reactor 3000 includes a plorality of
external heating elements 3034 configured for heating the internal volume 3018 of the reactor
vessel 3010. In various implementations, the external heating elements 3034 may comprise
electric heaters positioned externally around the reactor vessel 3010, When activated, the
transfer of heat from the electric heaters 3034 through the reactor vessel’s cylindrical body
3012 thereby heats the internal volume 3018 of the reactor vessel 310,

In various implementations, the heating elernents 3034 are generally configured to
provide the heat needed to raise temperatures inside the reactor vessel 3010 to a point where
pyrolysis takes place. The heating elements 3034 can also be configured to provide the heat
needed to maintain temperatures inside the reactor barrel 3010 at a point where pyrolysis
process takes place. For example, the heating elements 3034 may be controlled to provide a
prescribed temperature and heat density (W/in®) that results in a controlled heat flux into the
fiquid feedstock within the reactor vessel 3010. In particular, the pyrolysis reaction within the
reactor vessel 3010 can be controlled to provide a desired reaction ternperature and average
energy density (KW/ib.}. Furthermore, in implementations in which heating of the reactor
vessel 3010 is provided exclusively by the electric heating elements 3034, the fluidized bad
pyrolysis reactor 3000 may be configured for driving the pyrolysis process using ouly
electricity (e.g., without using gas as a direct heat source).

in various other implementations, the external heating elements 3034 may comprise
gas powered heaters positioned around the reactor vessel 3010, 1o further implerentations,
one ot more heat inlets may be positioned around the reactor vessel 3010, In such
implementations, the heat inlets may be configured for receiving heated elements {e.g.,
heated ceramic balls) deposited into the reactor vessel’s internal volume 3018 for transferring
heat directly to the Hqguid plastic feedstock within the reactor vessel 3010. In other
implementations, the heat inlets may be configured for receiving heated gas directed around
or within the reactor vessel 30310 to heat the reactor vessel's internal volume 3018,

The fluidized bed pyrolysis reactor 3000 further includes a discharge manifold 3022,
In various implementations, the discharge manifold 3022 is configured to provide an outlet
for material within the reactor vessel 3010, For example, the discharge manifold 3022 may be
used to transfer or otherwise remove liquid plastic (or other material generated during the
pyrolysis process) from the reactor vessel 3010, Accordingly, various implersentations of the
discharge manifold 3022 may include a sealable discharge opening {e.g., a port which can be

selectively opened or sealed and closed).
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As shown in Figure 39, the fluidized bed pyrolysis reactor 3000 also includes a vapor
outlet 3024. In various implementations, the vapor outlet 3024 defines an internal opening
{positioned within the reactor vessel’s internal volume 3018) and an external opening

{(positioned outside of the reactor vessel 3010). The vapor outlet 3024, which may comprise,

w

for example, a pipe, extends into the reactor vessel 3010 through the reactor vessel’s
ellipsoidal head 3014 and enables vapor produced during pyrolysis of the plastic feedstock
within the reactor vessel 3010 to exit the reactor vessel 3010.
As noted above, during the pyrolysis process, the hydrocarbon plastic chains and
groups of rings within the liguid plastic are split apart by the heating process into smaller
10 segments untif they are small and light enough to vaporize and exit the reactor as a vapor.
Accordingly, the reactor’s vapor outlet 3024 is configured to provide a conduit for
hydrocarbon vapor exiting the reactor 3000 and thus extends upwardly from the reactor
vessel 3010, In various implementations, the vapor outiet 3024 may be connected (¢.g., via
additional piping or a dacting manifold) to a product recovery system. For examiple, in the
15 illustrated implementation of Figure 39, the vapor outlet 3024 1s configured to direct vapor
exiting the reactor vessel 3010 following pyrolysis to a product collection system 3036
configured for product recovery (e.g., production of wax, oil, gas, or combinations thereof as
described herein).
in the illustrated implementation of Figure 3%, the fluidized bed pyrolysis reactor
20 3000 further includes a plurality of reactor sensors 3030, In various unplementations, the
reactor sensors 3030 may be configured for measuring dynamic properties of the liquid
plastic within the reactor vessel 3010, as well as the dynamic properties of the reactor’s input
{e.g., feedstock input) and output {¢.g., vapor production). For example, in various
implementations, the reactor sensors 3030 may coraprise thermocouples, pressure sensors,
25  flow meters, and the like. In this way, feedstock input {e.g., from the extruder 400) and
product output can be monitored and/or adjusted based on the observed variations in the
figoid plastic within the reactor 3000,
In various implementations, a plurality of fluidized bed pyrolysis reactor 3000 can
also be provided for use in the production of wax, oil, gas, or combinations thereof. For
30 cxample, in one iroplementation, three fluidized bed pyrolysis reactor 3000 are used and can
be operational in any combination with one another (e.g., such that all three pyrolysis reactors
3000 are processing feedstock simultaneously, or such that two of the pyrolysis reactors 3000
are processing feedstock while a third remains on standby in the event one of the other

reactors requires service of maintenance).
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In various other implementations, the fluidized bed pyrolysis reactor 3000 may be
alternatively configured as a packed bed reactor. In such implernentations, the distributor
3028 may be configured for supporting a solid catalytic material through which liguid plastic

is forced upwardly (into the reactor vessel 3010).

w

Figure 41 shows a side view of a batch pyrolysis reactor 4000 according to one
implementation. The batch pyrolysis reactor 4000 (s generally contigured for pyrolyzing
feedstock in batches (e.g., not contiuously). The batch pyrolysis reactor 4000 s configured
for receiving and pyrolyzing semi-molten feedstock {e.g.. received from an extruder). In other
implementations, the batch pyrolysis reactor 4000 is configured for receiving and pyrolyzing
10 solid or semi-solid plastic feedstock {e.g., loose film, baled film, rigids, thermoformas, sheets,

foaras, non-wovens, strips, pellets, powder, purge patties, densified, shredded, and other post-
consumer and/or post-industrial plastics). Accordingly, the batch pyrolysis reactor 4000 can
be used in the methods described herein for producing bydrocarbon-based compositions
derived from pyrolysis of feedstock comprising post-consumer and/or post-industrial plastics,
15 ineluding wax, oil, gas. or combinations thereof. Figure 42 provides a top view of the batch
pyrolysis reactor 4000 shown in Figure 41, Certain elemenis depicted in Figure 41 are also
depicted in Figure 42 and, accordingly, reference to cither figure may be regarded as a
reference to both figures.
As shown in Figure 41, the batch pyrolysis reactor 4000 includes a reactor vessel
20 4010 within which plastic feedstock is deposited and pyrolyzed. The reactor vessel 4010 is
comprised of a eylindrical body 4012, a removable head 4014 positioved at an upper end of
the cylindrical body 4012 (herein the upper head 3014), and a base 4016 positioned at a lower
end of the cyhindrical body 4012, Together, the cylindrical body 4012, removable head 4014,
and the base 4016 define an internal volume 4018 of the reactor vessel 4010 (shown in Figure
25 41). In various implementations, the cylindrical body 4012, removable head 4014, and the
base 4016 may be constructed from stainless steel {or other materials with suitable structural
and thermal properties).
In various tmplementations, the batch pyrolysis reactor 4000 is configured for
pyrolyzing plastic feedstock in batches {¢.g., one by one) Accordingly, the reactor vessel’s
30 removable head 4014 is secured to the upper portion of the reactor vessel 4010 by a seal
interface 4026 and seal interface fasteners 4027. The combination of the seal interface 4026
and fasteners 4027 (e.z., high-strength fasteners) ensures that, when the removable head 4014
is secured to the upper portion of the reactor vessel 4010, the vessel 4010 can maintain

desired conditions during pyrolysis.
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The batch pyrolysis reactor 4000 further comprises a discharge manifold 4022, 2
vapor outlet 4024, a seal interface 4026, seal interface fasteners 4027, a plurality of reactor
sensors 4030, one or maore external heating elements 4034, and a product collection system
4036. In the Hustrated implementation, the plastic feedstock s deposited into the veactor
vessel’s internal volume 4018 by way of the removable head 4020 for processing.

As shown in Figure 41, the baich pyrolysis reactor 4000 includes a plurality of
external heating elements 4034 configured for heating the internal vohume 4018 of the reactor
vessel 4010, In the illustrated implementation, the external heating elements 4034 comprise
both electric heaters (positioned externally around the sides of the reactor vessel’s cylindrical
body 4012 in Figure 41) and gas heaters (positioned beneath the reactor vessel’s base 4016 in
Figure 41). When activated, the wansfer of heat from the heating elements 4034 through the
reactor vessel’s cylindrical body 4012 thereby heats the internal volume 4018 of the reactor
vessel 4010, 1n other implementations, the heating clements 4034 may coraprise all electric,
all gas, or a combination of gas and electric heating elements and may be positioned
internally or externally to the reactor vessel 4010.

In varicus implementations, the heating elements 4034 are generally configured to
provide the heat needed to raise temperatures inside the reactor vessel 4010 to a point where
pyrolysis takes place. The heating elements 4334 can also be configured to provide the heat
needed to maintain temperatures inside the reactor barrel 4010 at a point where pyrolysis
process takes place. For exaraple, the heating elements 4034 may be controlled to provide a
preseribed temperatore and heat density (W/in?) that results in a controlled heat flux into the
liquid feedstock bath within the reactor vessel 4010. In particular, the pyrolysis reaction
within the reactor vessel 4010 can be controlied to provide a desired reaction teraperature and
energy density (KkW/ib.).

In further implementations, one or more heat inlets may be positioned around the
reactor vessel 4010, In such implementations, the heat inlets may be configured for receiving
heated elements {e.g., heated ceraric balls) deposited into the reactor vessel’s jnternal
volame 4018 for transferring heat directly to the Hgud plastic feedstock within the reactor
vessel 4010, In other implementations, the heat inlets may be configured for receiving heated
gas directed around or within the reactor vessel 4010 to heat the reactor vessel’s internal
volume 4018,

The batch pyrolysis reactor 4000 further includes a discharge manifold 4022, In
various iroplementations, the discharge manifold 4022 is configured to provide an outlet for

material within the reactor vessel 4010, For exaraple, the discharge manifold 4022 may be
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used to transfer or otherwise remove higquid plastic {or other material generated during the
pyrolysis process) from the reactor vessel 4010. Accordingly, various implementations of the
discharge manifold 4022 may include a sealable discharge opening {(e.g., a port which can be
selectively opened or sealed and closed).

As shown in Figure 41, the batch pyrolysis reactor 4000 also includes a vapor outlet
4624, In various implementations, the vapor outlet 4024 defines an internal opening
{positioned within the reactor vessel’s internal volume 4018) and an external opening
{positioned outside of the reactor vessel 4010). The vapor outlet 4024, which may comprise,
for example, a pipe, extends into the reactor vessel 4010 through the reactor vessel’s
remaovable head 4014 and enables vapor produced during pyrolysis of the plastic feedstock
within the reactor vessel 4010 to exit the reactor vessel 4010

As noted above, during the pyrolysis process, the hydrocarbon plastic chains and
groups of rings within the liquid plastic are split apart by the heating process into smaller
segments until they are small and light enough to vaporize and exit the reactor as a vapor.
Accordingly, the reactor’s vapor outlet 4024 is configured to provide a conduit for
hydrocarbon vapor exiting the reactor 4000 and thus extends uvpwardly from the reactor
vessel 4010. In various implementations, the vapor outlet 4024 may be connected (e.g., via
additional piping or a ducting manifold) to a product recovery system. For example, in the
itlustrated implementation of Figure 41, the vapor outlet 4024 is configured to direct vapor
exiting the reactor vessel 4010 following pyrolysis to a product collection system 4036
configured for product recovery (e.g., production of wax, oil, gas, or combinations thereof as
described herein).

1o the illustrated troplementation of Figure 41, the batch pyrolysis teactor 4000 further
ncludes a plurality of reactor sensors 4030, In various iraplementations, the reactor sensors
4030 may be configured for measuring dynamic properties of the liquid plastic bath within
the reactor vessel 4010, as well as the dynamic properties of the reactor’s input {e.g.,
feedstock input) and output {e.g., vapor production). For example, in various
implementations, the reactor sensors 4030 may comprise thermocouples, pressure sensors,
flow meters, and the like. It this way, feedstock input (e.g., from the extruder 400) and
product oufput can be monitored andfor adjusted based on the observed variations in the
liqund plastic bath within the reactor 4000.

In various implementations, a plurality of batch pyrolysis reactors 4000 can also be
provided for use in the production of wax, oil, gas, or combinations thercof. For example, in

one implementation, three batch pyrolysis reactors 4000 are used and can be operational in
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any combination with one another {(e.g., such that all three pyrolysis reactors 4000 are
processing feedstock sinitaneously, or such that two of the pyrolysis reactors 4000 are
processing feedstock while a third remains on standby in the event one of the other reactors

reqrires service or maintenance).

w

Figure 43 shows a continuously stirred pyrolysis reactor 5000 according to one
implementation. The continuously stirred pyrolysis reactor 3000 is generally configured for

gly,

pyrolyzing feedstock {e.g., semi-molten feedstock received from an extruder). Accordin
the continuously stirred pyrolysis reactor S000 can be used in the methods described herein
for producing hydrocarbon-based compositions derived from pyrolysis of feedstock

10 comprising post-consumer and/or post-industrial plastics, including wax, oil, gas, or
cornbinations thereof. Figure 44 provides a top view of the continuously stirred pyrolysis
reactor 5000 shown in Figure 43. Certain elements depicted in Figure 43 are also depicted in
Figure 44 and, accordingly, refercuce fo cither figure may be regarded as a reference to both
figures.

15 As shown in Figure 43, the continuously stirred pyrolysis reactor 5000 includes a
reactor vessel 5410 within which solid, molten, or semi-molten feedstock is deposited and
pyrolyzed. The reactor vessel 5010 is comprised of a cylindrical body 5012, a first ellipsoidal
head 5014 positioned at an upper end of the cylindrical body 5012 therein the upper
ellipsoidal head 5014), and a second ellipsoidal head 5616 positioned at a lower end of the

20 cylindrical body 5012 (herein the lower ellipsoidai head 5016). Together, the cylindrical body
5012 and ellipsoidal heads 5014, 5016 define an internal volurse 5018 of the reactor vessel
5010 (shown in Figure 43). In various implementations, the cylindrical body 3012 and
cllipsoidal heads 5014, 5016 may be constructed frorm stainless steel (or other materials with
suttable structural and thermal properties). As shown in Figure 43, the reactor vessel 5010

25  may be mounted in a substantially upright position {e.g., such that its longitudinal axis is
substantially vertical).

The reactor vessel's eylindrical body 5012 includes an inlet port 5620, a discharge
manifold 5022, a vapor outlet 5024, and a plurality of reactor sensors 3030. Semi-molten
feedstock (e.g., reccived from an extruder) is deposited into the reactor vessel’s internal

30 volume 5018 by way of the inlet port 5020, In various implementations, the inlet port 5020
defines an external opening and extends into the reactor vessel SG10. In the illustrated
implementation, the plastic feedstock {e.g., semi-molten feedstock received from an extruder)
is deposited nto the reactor vessel’s internal volume 5018 by way of the inlet port 5020. In

various iroplementations, the infet port’s external inlet opening is positioned outside of the
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reactor vessel 5010 and defines an aperture through which plastic feedstock may enter the
inlet port 5020. The inlet port 5028, which may comprise, for example, a pipe, extends into
the internal volume 5018 and includes an outlet opening positioned within the reactor
vessel’s internal volume 5018, As will be appreciated from Figure 43, when plastic feedstock
{e.g.. semi-molten feedstock) s directed through the inlet port 5020 via its inlet opening, the
plastic feedstock will be directed through the inlet port and deposited within the reactor
vessel’s internal volume 5018 for processing. As the continmuously stirred pyrolysis reactor
5000 is configured for continuous operation, in certain implementations, the plastic feedstock
may be deposited into the reactor’s internal volume 5018 continvously (e.g., such that as the
plastic feedstock pyrolyzes and vapor exits the reactor, additional plastic feedstock is
deposited into the reactor SO00 to continue the process).

The continuously stirred pyrolysis reactor 5000 further includes a discharge manifold
5072, In various implementations, the discharge manifold 5022 15 configured to provide an
outlet for material within the reactor vessel 5010, For example, the discharge manifold 5022
may be used to transfer or otherwise remove liquid plastic {or other material generated during
the pyrolysis process) from the reactor vessel 5310, Accordingly, various implementations of
the discharge manifold 5022 may include a sealable discharge opening (e.g., a port which can
be selectively opened or sealed and closed).

As shown in Figure 43, the continuously stirred pyrolysis reactor 5000 also includes a
vapor outlet 5024. In various implementations, the vapor outlet 5024 defines an internal
opening {positioned within the reactor vessel’s internal volume 5018) and an external
opening (positioned outside of the reactor vessel 3010). The vapor outlet 5024, which may
coraprise, for example, a pipe, extends into the reactor vessel 5010 through the reactor
vessel’s upper ellipsoidal head 5014 and enables vapor produced during pyrolysis of the
plastic feedstock within the reactor vessel 53610 to exit the reactor vessel 5010.

As noted above, during the pyrolysis process, the hydrocarbon plastic chains and
groups of rings within the liquid plastic are split apart by the heating process into smaller
segments until they are small and light enough to vaporize and exit the reactor as a vapor.
Accordingly, the reactor’s vapor outlet 5024 is configured to provide a conduit for
hydrocarbon vapor exiting the reactor 5000 and thus extends upwardly from the reactor
vessel S010. In various implementations, the vapor ouotlet 5024 may be connected (e.g., via
additional piping or a ducting manifold) to a product recovery system. For example. in the
itustrated toplementation of Figure 43, the vapor outlet 5024 is configured to divect vapor

exiting the reactor vessel 3010 following pyrolysis to a product collection system 5036
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configured for product recovery (e.g., production of wax, oil, gas, ot combinations thereof as
described herein). In some implementations, the pyrolysis reactor 500 can be configured for
producing an average of 0.30 Ib. or more (¢.g., 3.4¢ 1b. or more, 0.45 Ib. or more, 0.5C 1b. or
more) of pyrolyzed product per hour per gallon of the reactor’s internal volume for a period

of 24 hours or more.

w

As shown in Figure 43, the continuously stirred pyrolysis reactor 5000 includes a
plurality of external gas heating elernents 5034 configured for heating the internal volume
5018 of the reactor vessel 5010. In the ilhustrated implementation, the external heating
clements 5034 are gas heaters positioned both laterally on the sides of the reactor vessel’s
10 cylindrical body 5012 and beneath the reactor’s lower ellipsoidal head 5016 (proximate to the
lower portion of the reactor vessel 5010). When activated, the transfer of heat from the gas
heating elements 5034 through the reactor vessel’s cylindrical body 5012 thereby heats the
internal volume 5018 of the reactor vessel 5010
In various implementations, the gas heating elements 5034 are generally configured to
15 provide the heat needed to raise temperatures inside the reactor vessel 5010 to a point where
pyrolysis takes place. The heating elements 5834 can also be configured to provide the heat
needed to raintain temperatures inside the reactor bareel 5010 at a point where pyrolysis
process takes place. For example, the heating elements 5034 may be controlled to provide a
prescribed temperature and heat density (W/in®) that results in a controlled heat flux into the
20 liguid feedstock bath within the reactor vessel 3010, In particular, the pyrolysis reaction
within the reactor vessel 5010 can be controlled to provide a desired reaction temperature and
energy density (KW/b.).
The reactor vessel’s upper ellipsoidal head 5014 defines an agitator drive mount
configured to enable a motor 5026 to be coupled to an agitator 5028 positioned within the
25  pyrolysis reactor 5000. As shown and described herein with respect to Figures 43 and 44, the
motor-driven agitator 5028 is positioned within the reactor vessel 5010 and is configured to
agitate the liquid plastic bath within the vessel 5010 during pyrolysis. In various
implementations, the agitator drive mount includes a sealed agitator opening through which
the agitator’s drive shaft may be accessed and coupled to the drive motor 5026. In particular,
30 the agitator opening is configured 1o provide a seal between the agitatot’s drive shaft and the
agitator drive mount in order fo raaintain desired operating conditions within the reactor
vessel 5010, For example, in one implementation, the agitator opening may comprise a

mechanical seal, bellows-style scal, split-ring stuff box, stuffing box-style seal, or the like.
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In vartous implementations, the agitator S028 is rotated by the electric motor 5026
and configured to produce liquid flow velocities inside the reactor vessel 5010 such that the
heat necessary for pyrolysis is distributed throughout the liguid plastic bath. Furthermore, the
agitator 3028 is configured to circulate the liquid plastic bath in a manner that avoids Jong
residence times at heated surfaces.

As shown in Figure 43, the agitator S028 includes a vertical drive shaft and a plurality
of irapellers 5029 spaced along the length of the drive shaft. To the llustrated implementation,
the agitator’s drive shaft is vertically oriented within the reactor vessel 5010 {e.g.. such that
the longitudinal axis of the drive shaft is parallel with the longimdinal axis of the reactor
vessel’s cylindrical body 5012). Additionally, the drive shaft is centrally located within the
reactor vessel 5010 (e.g., such that the longitudinal axis of the drive shaft 5042 is aligned
with the longitudinal axis of the cylindrical body 5012). The drive shaft includes an upper
end, which is operatively coupled to the drive motor 5026 via the agitator drive mount {¢.g.,
such that the drive shaft’s opper end extends through the sealed agitator opening).

In the illustrated implementation, the agitator 5028 includes a plurality of impellers
5029. As shown in Figure 43, the impellers 5029 are attached to the drive shaft and spaced
along the drive shaft’s fength. For example, in various implementations, the impellers 5029
may be positioned along the length of the drive shaft in order to provide sufficient agitation
throughout the liquid plastic bath within the reactor vessel 5016. Furthermore, each impeller
5029 rpay comprise one or more impeller blades {(e.g., four impeller blades). In certain
implementations, the tropeller blades may be configured to extend radially owtwardly from
the drive shaft.

As noted above, various iraplementations of the agitator 5028 are configured for
continuously rotating (L.e., stirring) such that the liquid plastic inside the reactor vessel is kept
in continuous motion. In this way, the agitator 5028 is configured for producing liquid flow
velocities inside the reactor vessel 5010 necessary for the liquid plastic bath to acquire
sufficient heat for pyrolysis to occor and/or while also avoiding overheating at the heated
surfaces. For example, the agitator 5028 continuously circulates the liquid plastic throughout
the reactor vessel’s internal volume 5018 such that the entire Hquid bath is agitated {e.g.,
suibstantially nove of the liquid bath is static). In doing so, the motion of the agitator 5028
fosters rapid heat transfer from the heating elernents 5034 to the liquid plaste.

In the tllustrated fmplementation of Figure 43, the continuously stirred pyrolysis
reactor 5000 further includes a plurality of reactor sensors 5030, In various implernentations,

the reactor sensors 5030 may be configured for measuring dynamic properties of the liquid
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plastic bath within the reactor vessel 5010, as well as the dynamic properties of the reactor’s
input {e.g., feedstock input) and output {e.g., vapor production). For example, in various
implementations, the reactor sensors 5030 may comaprise thermocouples, pressure sensors,
flow meters, and the like. In certain implementations, the reactor sensors S030 roay comprise
instrumentation probes having thermocouples arranged vertically along the length of a
respective instrumentation probe to measure the liguid plastic bath level with the reactor
vessel 3010, Additonally, one or more of the instramentation probes may be configured for
measuring reactor vapor pressure. In this way, feedstock input (e.g., from the extruder 400}
and product output can be monitored and/or adjusted based on the observed variations in the
liguid plastic bath within the reactor 5000.

In various implementations, a plurality of continaously stirred pyrolysis reactors 5000
can also be provided for use in the production of wax, oil, gas, or combinations thereof. For
exarople, i one tnplementation, three continvously stirred pyrolysis reactors 5000 are used
and can be operational in any combination with one another {e.g., such that all three pyrolysis
reactors SO00 are processing feedstock simultaneously, or such that two of the pyrolysis
reactors 5000 are processing feedstock while a third remains on standby in the event one of
the other reactors requires service or maintenance). Additionally, in various tmplementations,
the multiple pyrolysis reactors 5000 may be connected to a common manifold to direct vapor
flow resulting from the pyrolysis process in each reactor.

Figure 45 shows another implerpentation of the continuously stirred pyrolysis reactor
5000 (like numbers refer to fike elements throughout the figures). Figure 46 provides a top
view of the continuously stirred pyrolysis reactor 5000 shown in Figure 45. Certain elements
depicted in Figure 45 are also depicted in Figure 46 and, accordingly, reference to either
figure may be regarded as a reference to both figures.

In the illustrated implementation of Figure 45, the continuously stirred pyrolysis
reactor 5000 includes a combination of gas-powered heating elements 5034 and electrically
powered heating elements 5032, In the illustrated iraplementation, the gas-powered heating
elements 5034 are positioned laterally on the sides of the reactor vessel’s eylindrical body
5812, Furthermore, in the tHlustrated implementation, the internal heating elements 5032
coraprise electric heaters (e.g., eleciric heating eleraents positioned within drywells)
positioned such that they extend inwardly into the reactor vessel’s intermal volurse 5018, For
example, in the llustrated implementation of Figure 45, the internal heating elements 5032
extend laterally into the reactor vessel’s internal volume S018 from the sides of the reactor

vessel 3010, When activated, the transfer of heat from the clectric heaters 5034 o the liquid
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plastic path (as well as the transfer of beat from the gas-powered heaters 5034 through the
reactor vessel's eylindrical body 5012) heats the internal volume 5018 of the reactor vessel
5010

Figure 47 shows another implementation of the continuously stirred pyrolysis reactor
5600 (like numbers refer to like elements throughout the figures). Figure 43 provides a top
view of the continuousty stirred pyrolysis reactor 5000 shown in Figure 47. Certain elements
depicted in Figure 47 are also depicted in Figure 48 and, accordingly, reference to either
figure may be regarded as a reference to both figures.

In the illustrated implementation of Figure 47, the continuously stirred pyrolysis
reactor S000 includes an extruder indet pipe 5020 having an inlet opening (positioned outside
of the reactor vessel S010) through which semi-molten feedstock may enter the extruder inlet
pipe 5020. The extrader inlet pipe 5020 extends into the reactor’s internal volume 5018 and
includes an outlet opening positioned at a height below the inlet opening. 1o the tlustrated
implementation, the extruder inlet pipe 5020 is mounted to the interior of the cylindrical body
5012 by an inlet pipe brace. As will be appreciated from Figure 47, when semi-molten
feedstock is directed into the extruder inlet pipe 5020 via the inlet opening 5022, the senii-
molten feedstock will be divected through the extruder inlet pipe 5020 and deposited into the
reactor vessel’s internal volume S018 for processing.

in the illustrated implementation of Figure 47, the reactor 5000 includes a plurality of
internal electric heaters 5033 positioned within the reactor vessel 5010 and a plurality of
external electric heaters 50335 positioned around the sidewalls of the reactor’s cylindrical
body 5012. The internal electric heaters 5033 may comprise, for example, one or more
heating elements positioned within dry wells. As shown in Figure 47, the internal electric
heaters 5033 are vertically oriented and extend from the reactor vessel’s upper ellipsoidal
head 5014 and into the reactor’s internal volume 5019. For example, in the itlustrated
implementation the internal electric heaters 5033 each define a longitudinal axis that is
parallel to the longitadinal axis of the reactor vessel’s cylindrical body 53012, In addition,
each of the internal electric heaters 5033 extends into the reactor vessel’s internal volume
5018 to a depth sufficient to allow energy transter throughout the liguid plastic bath.

in various implementations, the electric heaters 5033, 5035 are generally configured
to provide the energy needed to raise temperatures inside the pyrolysis reactor 5000 1o a point
where the pyrolysis process takes place. In various implementations, the electric heaters
5633, 5035 are configured to provide the energy needed to maintain temperatures inside the

pyrolysis reactor 3000 at a point where the pyrolysis process takes place.
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As described herein, the output of the electric beaters 5033, 5035 is controlled to
provide a prescribed temperature and heat density (W/in®) that results in a conirolled heat flux
into the liquid feedstock bath.

Furthermore, the pyrolysis reaction within the reactor vessel S010 can be controlled to
provide a desired reaction temperature and energy density (KW/Ib.). Inn some
implementations, the pyrolysis reactor 5000 can be configured for consuming energy at an
average rate of 0.70 kW or less (e.g.. 0.30 kW or less, 0.20 kW or less, 0.16 kW or less) per
pound of pyrolyzed produet produced within the reactor per hour. In other implementations,
the pyrolysis reactor 5000 in combination with extruder 800 can be configured for consuming
energy at an average rate of 0.80 kW or less {e.g., 0.50 kW or less, 0.40 kW or less, 0.30 kW
or less) per pound of pyrolyzed product produced by the systern per hour. In combination
with continuons stirring of the liquid bath {e.g., via the agitator 5028), the pyrolysis reaction
within the reactor 5000 can be driven without producing conditions that promote char
formation. Furthermore, as the electric heaters 5033, 5035 are powered by electricity, various
implementations of the pyrolysis reactor S000 are configured for driving the pyrolysis
process using only electricity {e.g., without using gas as a direct heat source).

1o the illustrated troplementation, a plurality of internal electric heaters 5033 are
provided within the reactor vessel 5010 and are arranged in a spaced-apart relationship within
the reactor vessel 510, For example, in various implementations, numerous internal electric
heaters 5033 may be used {e.g., two, three, four, five, six, seven, eight, nine ten, eleven,
twelve, thirteen, fourteen, or fifteen or more internal electrical heaters 5033). For example,
the number of internal electric heaters within the reactor SO0 can be selected based on the
size of the reactor and/or the size and power of the heaters. As shown in Figure 48, the
internal electric heaters 3033 are arranged in an array within the reactor 5000 (e.g., a circular
or semi-circular arvay ). Additonally, in various tmplementations, the internal electric heaters
5633 may be substantially evenly spaced around the internal volume 5018 of the reactor
vessel 3010, By distributing the internal electric heaters 5033 throughout the internal volume
5018 in this way, the reactor 5000 can precisely control and evenly distribute heat input into
the liquid feedstock bath.

Referring back to Figure 47, in the illustrated ermobodiment, the agitator 5028 further
inclades a distal impeller 5027, As shown in Figure 47, the agitator’s distal impeller 5027 is
positioned at a distal end of the agitator drive shaft 5042, In the illustrated tmplementation,
the distal tropeller 5027 comprises an end plate and plurality of upwardly extending fins.

By providing precise temperature control of the electric heaters 5033, 5035 and
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minimizing the residence time of the lquid plastic against heated surfaces using the agitator
5028, the reactor 5000 provides improved conirol of the heat input to the Hquid plastic bath.
In particular, the reactor 5000 offers more precise control over the ligquid bath tenperature in
coraparison to gas heater reactors. For example, in vartous implementations, the reactor 5000
1s configured to maintain the temperature of the liguid reactor bath within the reactor vessel
5610 to within 10% or less of a target temperature value {e.g., within 16% above or below the
target temperature valae, within 3% above or below the target temperature value, or within
2% above or below the target temnperature value). Examples of control systems for
maintaining the temaperature of the liguid plastic within a suitable tolerance of a set point or
target teraperature are described in further detail herein.

As aresult of its precise control over heat input and the liguid plastic teraperature, the
reactor 5000 can heat the liguid plastic to sufficient temperatures for pyrolysis without
causing localized overheating of the liquid plastic. The reactor 5000 can additionally
maintain the liquid plastic at sufficient temperatures for pyrolysis without causing localized
overheating of the hiquid plastic. In this way, the reactor 5000 avoids charring during the
pyrolysis process. The reactor’s ability to provide more precise heat application and
temperature maintenance—therchy avoiding (ot reducing) charring—can iraprove the overall
efficiency of the production process for wax, oil, gas, or combinations thereof. This reduced
charring can also lead to an increased uptire, since the reactor will not have to be shut down
and cleaned out as frequently. In some specific implementations, the reactor 5000 can be
configured for operating to pyrolyze the plastic feedstock for a camulative period of 324
hours or more during a time period of 360 hours (e.g.. 342 hours or more during a time period
of 360 hours, 576 hours or more during a time period of 720 hours, 756 hours or more during
a time period of 1080 hours). In some specific implementations, the reactor 5000 can be
configured for operating to pyrolyze the plastic feedstock with 90% uptime over 15 days
{e.g., 95% uptime over 15 days, 80% uptime over 30 days, 70% uptime over 45 days).
Moreover, as a resualt of the reactor’s improved temperature precision, higher average
temperatures may be maintained in the Hquid plastic (without causing charring or with
minimal charring} and thereby increase overall throughput in the reactor 5600.

Figure 49 shows a side view of a molten material reactor 6000 according to one
implementation. The molten reaterial reactor 6000 is generally configured for pyrolyzing
feedstock (e.g.. semi-molten feedstock received from an extrader). Accordingly. the molten
material reactor 6000 can be used in the methods described herein for producing

hydrocarbon-based compeositions derived from pyrolysis of feedstock comprising post-
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consumer and/or post-industrial plasties, including wax, oil, gas, or combinations thereof. In
other implementations, the molten material reactor 6000 is configured for recetving and
pyrolyzing solid or semi-solid plastic feedstock (¢.z2., loose film, baled film, rigids,
thermoforms, sheets, foams, non-wovens, strips, pellets, powder, purge patties, densified,
shredded, and other post-consumer and/or post-industrial plastics). Accordingly. the molten
material reactor 6000 can be used in the methods described herein for producing
hydrocarbon-based compositions derived from pyrolysis of feedstock comprising post-
consumer and/or post-industrial plasties, including wax, oil, gas, or combinations thereof.

As shown in Figure 49, the molten material reactor 6800 includes a reactor vessel
6010 within which plastic feedstock is deposited and pyrolyzed. The reactor vessel 6010 can
be a vessel of any suitable geometry or shape for containing 4 molten material 6015 and
plastic feedstock. The reactor vessel can, for example, comprise a cylindrical body 6012
extending hetween a first end 6006 and a second end 6008, Together, the cylindrical body
6012, first end 6006 and second end 60038 define an internal volume 6018, In various
implementations, the cylindrical body 6012, first end 6006, and second end 6008 may be
constructed from stainless steel (or other materials with suitable structural and thermal
propertics). As shown in Figure 49, the reactor vessel 6010 may be mounted in a substantially
horizontal position {e.g., such that its longitadinal axis is substantially horizontal}.

The molten material reactor 6000 further comprises a feedstock inlet 6020, a material
inltet 6021, a discharge manifold 6022, a vapor outlet 6024, a plurality of reactor sensors
6030, one or more external heating elements 6034, and a product collection system 6036.
Semi-molten feedstock (e.g., received from an extruder) is deposited into the reactor vessel’s
internal volume 6018 by way of the feedstock inlet 6020. Tn various implementations, the
feedstock inlet 6020 defines an external opening and extends into the reactor vessel 6010, In
the illustrated implementation, the plastic feedstock {e.g., semi-molten feedstock received
from an extruder} is deposited into the reactor vessel’s internal volume 6018 by way of the
feedstock inlet 6020, In varions implementations, the feedstock inlet’s external inlet opening
is positioned outside of the reactor vessel 6010 and defines an aperture through which plastic
feedstock may enter the feedstock infet 6020. The feedstock inlet 6020, which may comprise,
for example, a pipe, extends into the internal volume 6018 and includes an outlet opening
positioned within the reactor vessel’s internal volume 6018. As will be appreciated from
Figure 49, when plastic feedstock {e.g.. semi-molien feedstock) is divected through the
feedstock indet 6020 via its inlet opening, the plastic feedstock will be directed through

feedstock inlet and deposited within the reactor vessel’s internal volume 6018 for processing.
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The material utilized for heat wansfer in the molten material reactor 6000 is deposited
into the reactor vessel's internal vohume 6018 by way of the material inlet 6021, In varicus
implementations, the material inlet 6021 is positioned substantially below the feedstock inlet

6020 at the first end 6006 of the reactor vessel 6010, In various implementations, the material

w

inlet 6021 defines includes an external inlet opening positioned ouiside of the reactor vessel
6010 and defines an aperture through which material may enter the material inlet 6021, The
material inlet 6021, which may comprise, for example, a pipe, extends into the internal
volume 6018 and includes an outlet opening positioned within the reactor vessel’s internal
volume 6018, As will be appreciated from Figure 49, when the material (e.g., a metal or salt)
10 is directed through the material inlet 6021 via its inlet opening, the plastic feedstock will be
directed through feedstock inlet and deposited within the reactor vessel’s internal volume
6018 for processing.
As shown in Figure 49, the molten material reactor 6000 can inchide at feast one
heating elernent 6024 configured for heating the internal volume 6018 of the reactor vessel
15 6010, In some implementations, the heating elements 6034 can comprise both electric heaters
{positioned externally around the sides of the reactor vessel’s cylindrical body 6012) and gas
heaters (positioned beneath or around the reactor vessel's eylindrical body 6012). Inone
implementation, as shown in Figure 49, the heating element 6434 comprises an external gas
heater positioned beneath the reactor vessel's cylindrical body 6012, When activated, the
20 transfer of heat from the heating elernents 6034 through the reactor vessel’s eylindrical body
6012 thereby heats the internal volume 6018 of the reactor vessel 6010, In other
implementations, the heating elements 6034 may comprise all electric or all electric heating
clements and may be positioned internally or externally to the reactor vessel 6010,
In various implementations, the heating elements 6034 are generally configured to
25  provide the heat needed to raise temperatures inside the reactor vessel 6010 to a point where
pyrolysis takes place. The heating elements 6034 can also be configured to provide the heat
needed to maintain termperatures inside the reactor barrel 6010 at a point where the pyrolysis
process takes place. To the molten material reactor 6000, a material, such as a metal (e.g.,
Zinc) or a salt, is heated by the heating clemeni(s) 6034, As a result, when plastic feedstock is
30 directed through the feedstock infet 6020 into the internal volume 6018, pyrolysis is
facilitated through the plastic feedstock’s contaet divectly with the molien material 60615, As a
result, the molten material 6015 transfers heat directly to the hquid plastic feedstock within
the reactor vessel 610, The heating elements 6034 may be controlled to provide a prescribed

temperature and heat density (W/in?) that resuits in 2 controlled heat flux into the mixture of



w

10

20

30

WO 2025/165917 PCT/US2025/013657

liquid feedstock bath and molten material 6015 within the reactor vessel 6010. Tn particular,
the pyrolysis reaction within the reactor vessel 6810 can be controlled to provide a desired
reaction temperature and energy density (kW/Th.).

The roolten material reactor 6000 can further include a discharge manifold 6022. In
various implementations, the discharge manifold 6022 is configured to provide an outlet for
material within the reactor vessel 6010. For example, the discharge manifold 6022 may be
used to transfer or otherwise remove hquid plastic {or other material generated during the
pyrolysis process) or molten material 6015 from the reactor vessel 6010, Accordingly,
various implementations of the discharge manifold 6022 may include a scalable discharge
opening {e.g., a port which can be selectively opened or sealed and closed).

As shown in Figore 49, the molten material reactor 6000 also inchudes a vapor outlet
6024, In various implementations, the vapor outlet 6024 defines an internal opening
{positioned within the reactor vessel's internal volume 6018) and an external opening
{positioned outside of the reactor vessel 6010). The vapor outlet 6024, which may coraprise,
for example, a pipe, extends into the reactor vessel 6010 through the reactor vessel’s
cylindrical body 6012 and enables vapor produced during pyrolysis of the plastic feedstock
within the reactor vessel 6010 to exit the reactor vessel 6010

As noted above, during the pyrolysis process, the hydrocarbon plastic chains and
groups of rings within the liquid plastic are split apart by the heating process into smaller
segments until they are small and light enough to vaporize and exit the reactor as a vapor.
Accordingly, the reactor’s vapor outlet 6024 is configured to provide a conduit for
hydrocarbon vapor exiting the reactor 6000 and thus extends upwardly from the reactor
vessel 6010, In various implementations, the vapor outlet 6024 may be connected (e.g., via
additional piping or a ducting manifold) to a product recovery system. For example, in the
ilustrated implementation of Figure 49, the vapor outlet 6024 is configured to direct vapor
exiting the reactor vessel 6010 following pyrolysis to a product collection systen 6036
configured for product recovery (e.g., production of wax, oil, gas, or combinations thereof as
described herein}.

in the illustrated implementation of Figure 49, the molten material reactor 6000
further includes a plurality of reactor sensors 6030. The reactor sensors 6030 can be
positioned in various locations throughout the reactor vessel 6010, In various
implementations, the reactor sensors 6030 may be configured for measuring dynamic
properties of the liquid plastic bath within the reactor vessel 6010, the molien material 6015,

as well as the dypamic properties of the reactor’s input (e.g., feedstock input) and output
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{e.g., vapor production). For example, in various implementations, the reactor sensors 6030
may comprise thermocouples, pressure sensors, flow meters, and the Hike. In this way,
feedstock input {e.g., from the extruder 400} and product output can be monitored and/or
adjusted based on the observed variations in the liguid plaste bath within the reactor 6000.

In various implementations, a plurality of molten material reactors 6000 can also be
provided for use in the production process wax, otl, gas, or combinations thereof. For
exarople, in one implementation, three molten material reactors 6000 ave used and can be
operational in any combination with one another {e.g., such that all three molten material
reactors 6800 are processing feedstock simultaneously, or such that two of the molten
material reactors 6000 are processing feedstock while a third remains on standby in the event
one of the other reactors requires service or maintenance).

In some examples, the pyrolysis is sabstantially free of any added catalyst. In some
exaroples, the pyrolysis includes a catalyst.

In various implementations, the pyrolysis reactors 1000-6000 described herein may be
implemented with pyrolysis control system configured for controlling the temperature of the
liquid bath within the reactor vessel. In such implementations, the pyrolysis reactors 10300~
6000 may include one or more termperature sensors (e.g., configured for sensing the
temnperature of the plastic feedstock in the reactor vessel) and the control system may be
configured to control one or more parameters of the pyrolysis reactor {e.g., output of the one
or more heaters and/for agitator speed) to maintain the terperature of the reactor vessel’s
liquid bath at a defined set point {e.g., within a defined range of desired temperatire setting).

Figure 50 shows a schematic diagram of a pyrolysis control system 7500a according
to an exarople implementation. The control systern 7500a includes a processing circuit 7502
having a processor 7504 and a memory device 7506, a controller module 7508a having a
heater control modude 75102, an agitator control module 7510b, and a transfer line control
moduie 7510¢c, and a conynunications interface 7512 which receives data from and/or sends
instructions to one or more external systems.

As depicted 1n Figure 50, the control systern 7500a is configured to communicate (via
the communications interface 7512) with external systems including reactor temperature
sensors 75144, reactor heaters 7514b, a reactor agitator 7514e, and additional systern

~

corpponents 7314d (e.g., sensors andfor controllers for monitoring and/or controlling flow
rates, pressure, gas level, and/or chemical composition). In various implementations, the
terperature sensors 7514a may be one or more sensors configured for sensing the

termperature of the liquid bath within the reactor vessel. In some examples, the temperature
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sensors 7514a may comprise {e.g., a series of) thermocouples arranged along the internal wall
of the reactor vessel or via a non-contact configuration, such as radar or ultrasonic sensors. In
some implementations, a plurality of thermocouples (e.g., 2 thermocouples, 3 thermocouples,

4 thermocouples, 5 thermocouples, 6 thermocouples, 7 thermocouples, § thermocouples, 9

w

thermocouples, 10 thermocouples, 11 thermocouples, 12 thermocouples, 13 thermocouples,
14 thermocouples, 15 thermocouples, 16 thermocouples, 17 thermocouples, 18
therraocouples, 19 thermocouples, 20 thermocouples) can be arranged vertically along the
internal reactor wall. In some implementations, the thermocouples may simultaneously
maonitor the temperature of the lguid bath at multiple points within the reactor vessel and the
10 lguid level inside the reactor (as described in further detail above). Furthermore, the heaters
7514b and agitator 7514¢ may correspond to any of the one or more heaters and agitators,
respectively, described in relation to the pyrolysis reactors 1000-6000 disclosed herein.
Generally, the control system 75004 is configured to control the temperature of the
iguid bath within the reactor vessel. In some implementations, the modules 7510a, 7510b,
15 7510c of the controller module 7508a can be in the form of non-transitory machine or
computer-readable media that is executable by a processor, such as the processor 7504, The
machine-readable media facilitates performance of operations to enable reception and
transmission of data. For example, the machine-readable media may provide an instraction
{(¢.g., comumand, etc.} to acquire data. The compuier readable progran: code may be executed
20 onone processor, multiple co-located processors, nuiltipie remote processars, or any
combination of local and remote processors. Remote processors may be connected to each
other through any type of network {e.g., CAN bus, etc.).
1o other implersentations, the modules 7510a, 7510b, 7510c¢ of the controlier module
7508a can be implemented as hardware apparatuses, such as electronic control apparatuses.
25 Assuch, the modules 7510a, 7510b, 7510c of the controller module 7508a may be
implemented as one or more circuitry components including, but not limited to, processing
circuiiry, network interfaces, peripheral devices, input devices, output devices, sensors, etc.
In some implementations, the modules 7510a, 7510b, 7510¢ of the controller module 7508a
may take the form of one or more analog circuits, electronic circuits {e.g., integrated circuits
30 (IC), discrete circuits, system on a chip (SOCs) circuits, microcontroliers, efe.),
telecommunication circuits, hybrid circuits, and any other type of “circuit.” For example, a
cireuit as described herein may include one or more transistors, logic gates (e.g., NAND,
AND, NOR, OR, XOR, NOT, XNOR, ctc.), resistors, multiplexers, registers, capacitors,

induactors, diodes, wiring, and so on}. The modules 7510a, 7510b, 7510¢ of the controller
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modale 75084 raay also include programmable hardware devices such as field programamable
gate arrays, programmable array logic, programmable logic devices or the like. The modules
75103, 7510b, 7510¢ of the controfler module 7508a may include one or more memory

devices for storing instructions that are executable by the processor(s) of the modules 7510a,

w

7510b, 7510c of the controller module 7508a. Inn some hardware apparatus configurations, the

moduies 753104, 7510b, 7510c of the controller module 7508a may be geographically

dispersed thronghout separate locations. Alternatively, and as shown, the modules 7510a,
7510b, 7510c of the controller module 7508a may be implemented in or within a single
apparatus/housing, which is shown as the conerol system 7500a.

10 To the HHustrated unplementation of Figure 50, the control system 75002 includes the
processing circuit 7502 having the processor 7504 and the merory device 7506. The
processing circuit 7502 may be structured or configured to execute or implement the
instructions, comamands, and/or control processes described herein with respect to the
moduales 7510a, 7510b, 7510c¢ of the controller module 7508a. The depicted configuration

15 represents the modules 7510a, 7510b, 7510c of the controlier module 7508a as machine or
computer-readable media. However, as mentioned above, this Hlustration is not meant to be
limiting as the present disclosure contemplates other implementations where the modules
7510a, 7510b, 7510c¢ of the controller module 7508a. or at least one circuit of the modules
7510a, 7510b, 7510c¢ of the controlier module 75084, is configured as a hardware apparatus.

20 Al such combinations and variations are intended to fall within the scope of the present
disclosure.

The hardware and data processing components used to implement the various
processes, operations, ilustrative logics, logical blocks, modules and circuits described in
connection with the implementations disclosed herein {(e.g., the processor X) may be

25 implemented or performed with a general purpose single- or multi-chip processor, a digital
signal processor (DSP), an application specific integrated circuit {ASIC), a field
prograromable gate array (FPGA), or other progranunable logic device, discrete gate or
transistor logic, discrete hardware components, or any combination thereof designed to
perforn the functions described herein. A gencral purpose processor may be a

30 oucroprocessor, of, any conventional processor, or state machine. A processor also may be

implemented as a combination of computing devices, such as a combination of a DSP and a

microprocessor, a plurality of microprocessors, one or more MmiCroprocessors in conjunction

with a DSP core, or any other such configuration.

The memory device 7506 (e.g., oemory, Memory apparatus, storage device) may
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include one or more devices {e.g., RAM, ROM, Flash memory, hard disk storage) for storing
data and/or computer code for completing or facilitating the various processes, layers and
modules described in the present disclosure. The memory device 7506 may be communicably
connected to the processor 7504 to provide computer code or instructions to the processor
7504 for executing at least some of the processes described herein. Moreover, the memory
device 7506 may be or include tangible, non-transient volatile memory or non-volatile
memory. Accordingly, the memory device 7506 may include database components, object
code components, script components, or any other type of information structure for
supporting the various activities and information structures described herein.

o various implementations, the heater control module 75104 is configured to adjust
the energy output of the one or more heaters 7514b that heat the hquid bath within the reactor
vessel. In some implementations, the heater conirol module 7510a can be set up as a feedback

-
i
i

loop. For example, in some implementations the heater control module 7510a is configured to
at least temporarily store a target temperature value for the plastic feedstock in the reactor
vessel (e.g., a user-defined target temperature value received and stored by the control system
7500a or a target temperature value retrieved front a remote source, such as a remote device
or a cloud computing entity). The heater control module 7510a communicates with the
temnperature sensors 7514a to monitor the temperature of the plastic feedstock in the reactor
vessel. In response to the temperature measured by the one or more tepiperafure s¢nsors
7514a, the heater control module 7510a adjusts the energy output of the one or more heaters
7514b to maintain the temperature of the plastic feedstock within a defined tolerance relative
to the target temperature value.

10 other implementations, the heater conirol module 7510acan be setup as a
feedforward loop. For example, the heater control module 7510a can be configured to store a
target temperature value for the plastic feedstock in the reactor vessel, monitor the
temperature of the plastic feedstock before/as it enters the reactor vessel as measured by the
one ot more temperature sensors, and, in response to the temperature measured by the one or
more temperature sensors, control the one or more heaters (o maintain the temperature of the
plastic feedstock within a defined tolerance relative o the target temperature value. In yet
other implementations, the heater control module 7510a can iraplement both a feedback loop
and a feedforward loop, for example, the feedback and feedforward loops described above.

In various implementations, the agitator control module 7510b is configured to adjust
the rotational speed of the agitator 7514c¢. In some iroplementations, the agitator control

moduie 7510b can be set up as a feedback loop. For exaraple, the agitator control module
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7510b can be configured to store a target teroperature value for the plastic feedstock in the
reactor vessel, monitor the temperature of the plastic feedstock in the reactor vessel as
measured by the one or more temperature sensors, and, in response to the temperature
measured by the one or more temperature sensors, control the rotational speed of the agitator.
In other implementations, the agitator control module 7510b can be set up as a feedforward
loop. For exampile, the agitator control module 7510b can be configured to store a target
temperature value for the plastic feedstock in the reactor vessel, monitor the temperature of
the plastic feedstock before/as it enters the reactor vessel as measured by the one or more
temperature sensors, and, in response to the temperature measured by the one or more
temperature sensors, control the rotational speed of the agitator. In yet other iraplementations,
the agitator control module 7510b can implement both a feedback loop and a feedforward
loop, for example, the feedback and feedforward loops described above.

In various tmplementations, the fransfer Hine control module 7510c¢ 1s configured o
adjust the energy output of the one or more heaters 7514b that heat viscous material (e.g.,
plastic feedstock, liquid bath) that is transferred into and/or out of the reactor vessel via one
or more transfer lines, thereby controlling the flow of the viscous material (e.g., decreasing
temperature of the viscous material increases its viscosity and, subsequently, decreases ifs
flowability). In some implementations, the transfer line control module 7510c can be set up
as a feedback loop. For example, in some implementations the transfer line control module
7510¢ is configured to at least temporarily store a target temperature value for the viscous
material in the one or move transfer lines {e.g., a user-defined target temperature value
received and stored by the control system 7500a or a target temperatore value retrieved from
a reraote source, such as a remote device or a cloud computing entity). The transfer line
control modele 7510¢ communicates with the temperature sensors 7514a to monitor the
temperature of the viscous material in the one or more transfer lines. In response to the
temperature measured by the one or more temperature sensors 7514a, the transfer line controf
modale 7510¢ adjusts the encrgy output of the one or more heaters 7514b to maintain the
temperature of the viscous roaterial within a defined tolerance relative to the target
temperature value.

o other implementations, the transfer line control module 7510c can be setup as a
feedforward loop. For example, the transfer line control module 7510c¢ can be configured to
store a target temperature value for the viscous material in the one or more transfer lines,
monitor the teraperature of the viscous material before/as it enters the one or more transfer

lines as measured by the one or more temperature sensors, and, in response to the temperature
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measured by the one or raore temperature sensors, control the one or more heaters to maintain
the temperature of the viscous material within a defined tolerance relative to the target
temperature value. In vet other implementations, the transfer line control module 7510c can

implement both a feedback loop and a feedforward loop, for example, the feedback and

w

feedforward loops described above.

While various modules with particular functionality are shown in Figure 50, it should
be understood that the control system 75003 may inclode any number of modules for
completing the functions described herein. For example, the activities and functionalities of
the modules of the controller module 7508a may be combined in multiple modules or as a
10 single circuit. Additional modules with additional functionality may also be included.

Further, the control system 75002 may further control other activity beyond the scope of the
present disclosure.

As mentioned above and in one configuration, the “modules” may be tmplernented in
machine-readable medinm for execution by various types of processors, such as the processor

15 7504 of Figure 50. An identified circuit of executable code may, for instance, comprise one
or more physical or logical blocks of computer instructions, which may, for instance, be
organized as an object, procedure, or function. Nevertheless, the executables of an identified
civenit need not be physically located together, but may comprise disparate instructions stored
in different locations which, when joined logically together, comprise the circuit and achieve

20 the stated purpose for the cireuit. fndeed, a cireuit of computer readable program code may be
a single instruction, or many instructions, and may even be distributed over several different
code segments, among different programs, and across several memory devices. Similarly,
operational data may be identified and illustrated herein within moduldes, and may be
implemented in any suitable form and organized within any suitable type of data structure.

25 The operational data may be collected as a single data set, or may be distributed over
different locations including over different storage devices, and may exist, at least partially,
merely as electronie signals on a system or network.

In various tmplementations, the pyrolysis control system 7500a—through execution
of the heater control module or the agitator control module (alone or in combination)—can

30 maintaio the temperature within the liquid reactor bath within a tolerance of a target

temperature value. By providing precise teraperanure control of the veactor bath, the pyrolysis

control systemn allows for improved reactor throughput, reduced reactor energy consumption,
andfor improved reactor uptime. For example, in sore traplementations, the pyrolysis control

system 7500a can be configured 1o maintain the teraperature of the liguid reactor bath to
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within 10% or less of a target temaperature value (e.g., within 10% above or below the target
temperature value). In some implementations, the pyrolysis control system 7500a can be
configured to maintain the temperature of the liguid reactor bath to within 5% or less of a

target temperature value {e.g., within 5% above or below the target temperature value). In

w

some implementations, such as when the pyrolysis control systemn 7500a is implemented on
the reactor 5000 shown in Figure 47, the pyrolysis control system 7500a can be configured to
maintain the teraperanire of the Hguid reactor bath to within 2% or less of a target
temperature value (e.g., within 2% above or below the target temperatore vahue).
in various implementations, the temperature control systems (8101-8111) and their
10 respective sub-components may be individually controllable by the pyrolysis control system.
For example, Figure 53 shows a schematic diagram of a pyrolysis control system 7500b
configured for controlling both a pyrolysis reactor {e.g.. the pyrolysis reactor 5000 of Figure
47y and an exiruder configured for ransferring mwolten or semi-molten feedstock into the
pyrolysis reactor (e.g.. the extruder 600 of Figure 31 or the extruder 800 of Figure 33)
15 according to another example implementation. The pyrolysis control system 7500b differs
from the pyrolysis control systern 7500a (shown in Figure 50) in that its controller aodule
75085 further comprises an extruder control module 7510d, which receives data from and/or

ends instructions to one or more external systems.

w

As depicted in Figure 53, the control system 7500b is configured to comniunicate (via

20 the comanunications interface 7512) with external systems including the reactor temperature
sensors 7514a, reactor heaters 7514b, areactor agitator 7514c, and additional system
components 7514d (e.g.. sensors and/or controllers for monitoring and/or conwolling flow
rates, pressure, gas level, and/or chernical composition) as described in further detail above
with respect to control system 7500a. In the llustrated implementation, the control system

25 7300b is further configured to commimicate (via the communications interface 7512) with
additional external systems including extroder temperature control systems 7514e, an
extruder feed system 75141, and the extruder screw control systems 7514g. In various
implementations, the extruder teroperature control systems 7314e can include any (or all) of
the extruder temperature control systems 8141-8111. In various implementations, the

30 extruder feed system 75141 can include a hopper (e.g., hopper 620) and/or a pneumatic tam
{(e.g., pneumatic ram 6222}, In various implementations, the extruder screw control systems
7514g may comprise a drive system contigured for controlling the RPM of the extruder screw
{c.g., the screw 8642) and/or the torque or power applied to the extruder screw by the drive

system.
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Generally, the control system 7500b is configured to control the temperature of the
liguid bath within the reactor vessel {as described above with respect to control system
7500a) and the throughput of the extruder (e.g., the extruder 60 or extruder 800}, In some

implementations, the modules 7510a, 7510b, 7510c¢, 75310d of the controller module 7508b

w

can be in the form of non-transitory machine or computer-readable media that is executable

by a processor, such as the processor 7504, The machine-readable media facilitates

performance of operations to enable reception and ransmission of data. For example, the
machine-readable media may provide an instruction (e.g., command, etc.) to acquire data.

The computer readable program code may be executed on one processor, multiple co-located

10 processors, nuidtiple remote processors, or any combination of local and rernote processors.
Remote processors may be connected to each other through any type of network (e.g., CAN
bus, etc.).

In other tmplementations, the modules 7510a, 7510b, 7510c¢, 7510dof the controller
module 7508b can be implemented as hardware apparatuses, such as electronic control

15 apparatuses. As such, the modules 7510a, 7510b, 7510c, 7510d of the controller module
75080 may be implemented as one or more circuilry components including, but not limited
to, processing circuitry, network interfaces, peripheral devices, input devices, output devices,
sensors, ete. In some implementations, the modules 75184, 7510b, 7510c, 7510d of the
controlier module 7508b may take the form of one or more analog circuits, clectronic circuits

20 {e.g., integrated circuits (¥C), discrete circuits, system on a chip (SOCs) cucuits,
microcontrollers, etc.), telecommunication civeuits, hybrid circuits, and any other type of
“circait.” For example, a circuit as described herein may include one or more transistors,
logic gates {e.g., NAND, AND, NOR, OR, XOR, NOT, XNOR, etc.}, resistors, mulfiplexers,
registers, capacitors, inductors, diodes, wiring, and so on). The modules 7510a, 7510b,

25 7510c¢, 75104 of the controller module 7508b may also include programmable hardware
devices such as field programumable gate arrays, programnmable array logic, programmable
logic devices or the like. The modules 7510a, 7510b, 7510c, 7510d of the controller module
7508b may include one or more memory devices for storing instructions that are executable
by the processor(s) of the modules 7510a, 7510, 7510c¢, 75104 of the controlier module

30 7508b. In some hardware apparatus configurations, the modules 7510a, 7510b, 7510¢, 7510d

of the controlier module 7508b may be geographically dispersed throughout separate

locations. Alternatively, and as shown, the modules 7510a, 7510b, 7510c¢, 7510d of the
countroller modute 7508b raay be implemented in or within a single apparatus/housing, which

is shown as the control system: 7500b.
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In the llustrated implementation of Figare 53, the control systern 7500b includes the
processing circuit 7502 having the processor 7504 and the memory device 7506. The
processing circuit 7502 may be structured or configured to execute or implement the
instructions, commands, and/or control processes described heretn with respect to the

modules 7510a, 7510, 7510c, 7510d of the controller module 7508b. The depicted

w

configuration represents the modules 75104, 7510b, 7510c¢, 75104 of the controller module
7508k as machine or computer-readable media. However, as mentioned above, this
illustration is not meant to be Hmiting as the present disclosure contemplates other
implementations where the modules 7510a, 7510b, 7510¢, 75104 of the controller module

10 7508B, or at least one curcuit of the modules 7510a, 7510b, 7510¢, 7510d of the controller
module 7508b, is configured as a hardware apparatos. All sach combinations and variations
are intended to fall within the scope of the present disclosure.

The hardware and data processing components used to iraplement the various

processes, operations, illastrative logics, logical blocks, modules and circuits described in

15 connection with the implementations disclosed herein {e.g., the processor X) may be
implemented or performed with a general purpose single- or multi-chip processor, a digital
signal processor (DSP), an application specific integrated circuit (ASIC), a field
programmable gate array (FPGA). or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any combination thereof designed to

20 perform the functions described herein. A general purpose processor roay be a
microprocessor, or, any conventional processor, or state machine. A processor also may be
implemented as a combinaton of computing devices, such as a combination of a ISP and a
oucroprocessor, a plurality of microprocessors, one Of MOTe MICTOPTOCessOrs i conjunction
with a DSP core, or any other such configuration.

25 In various implementations, the extruder control module 7510d is configured to adjust
the enecrgy output of the extruder temperature control systems 75 14e that conirol the

3

temperature of plastic feedstock within the extruder, adjust the feed rate of the extruder feed
system 75314e (e.g., adjust the feed rate of the hopper and/or the compression of the feedstock
by the pncumatic ram), and/or adjust the torgue andfor tevolutions per minute {(RPM} of the

30 extruder screw condrol systemas 7514g. For exanmple, in some impleraentations the extruder
control modele 75104 s configured to at least temporarily store a target throvghput rate of
the plastic feedstock being processed by the extrader (e.g., a user-defined target throughput
rate received and stored by the control system 7500b or a target throughput rate retrieved

from a rerote source, such as a remote device or a cloud computing entity). The extruder
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control module 7510d commuonicates with the extruder teraperature control systems 7514e,
the extruder feed system 75144, and/or the extruder screw control systems 7514g to monitor
the throughput of the plastic feedstack being processed by the extruder. In response © the

monitored throughput, the extruder temperature control systerns 7514e adjust the temperature

w

of the plastic feedstock in the extruder, the extrader feed systemn 75141 adjosts the feed rate of
the plastic feedstock into the extruder, and/or the extruder screw control systems 7514g
adjusts its torque and/or RPM to maintain the throughput rate of the plastic feedstock being
processed by the extruder within a defined tolerance relative to the target dwoughput rate.
While various modules with particolar functionality are shown in Figure 53, it should
10 be understood that the control system 7500d may include any number of modules for
coropleting the functions described herein. For example, the activities and functionalities of
the modules of the controller module 7508b may be combined in multiple modules or as a
single circuit. Additional modules with additional functionality may also be included.
Further, the control system 7500b may further control other activity beyond the scope of the
15 present disclosure.
In other implementations, the pyrolysis control system 7500b may be configured for
controlling only the extruder (e.g., the extruder 600 of Figure 31 or the exiruder 800 of Figure
33). In other implementations, separate pyrolysis control systems may be ased for controlling
the extruder {e.g., the extruder 600 of Figure 31 or the extruder 800 of Figure 33} and the
20 pyrolysis reactor (e.g., the pyrolysis reactor 5000 of Fig. 47), respectively.
Vaporized Product Recovery
Vapuor leaving the reactors contains a complex hydrocarbon mixture ranging from
light molecules {short carbon chains) to heavy molecules (Jong carbon chains). The process
uses a prodoction collection system comprising, for example, one or more stages of cooling
25 and condensation to condense the vapor product into one or more Hguid products. In some
exarples, the vapor can be subjected to an additional processing step {¢.g., further heated,
distilled, filtered, etc.) before and/or after condensation.
For example, vapor from the reactors enters a condenser where hydrocarbons that
have a boiling point at or above the temperature of the condenser are condensed. The
30 condenser can comprise any suitable condenser. Condensed liguid from the condenser can
then be transferred, for example, to a storage tank. In some examples, condensed liquid from
the condenser can then be distilled, for example to separate the product into one or more
fractions and/or purify the product.

In some examples, the process uses a plurality of stages of cooling and condensation
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to selectively separate reactor vapor product into a wax product (e.g., comprising long-chain
hydrocarbons that are a solid or semi-solid wax at ambient temaperatures) and an oil product
{e.g., comprising lighter, shorter-chain hydrocarbons that are a liguid at ambient
temperatures). In some examples, there is also uncondensed gas.

In some examples, wax condensation takes place inside a first condenser {e.g., a wax
condenser). The first condenser can comprise any suitable condenser. For example, vapor
from the reactors enters the first condenser where hydrocarbons that have a boiling point at or
above the temperature of the first condenser are condensed. Condensed liguid {e.g., liquid
wax) from the first condenser can then be transferred, for example, to a storage tank {¢.g., a
wax storage tank).

1n some examples, vapor phase material that passes through the wax condenser can
flow to a second condensing system (e.g., a second condenser}. The second condenser can
comprise any suitable condenser. For example, vapor from the wax condenser enfers the
second condenser where hydrocarbons that have a boiling point at or above the temperatire
of the second condenser are condensed. Condensed liguid {e.g.. liguid oil) from the second
condenser can then be transferred, for example, to a storage tank (e.g., an oil storage tank).

10 some examples, vapor phase material that passes through the second condenser,
such as uncondensed hydrocarbons (e.g., pentanes and some heavier, longer chain alkanes)
and non-condensables {e.g., butane and lighter hydrocarbons and any non-hydrocarbon
zases), can flow to a gas-liquid separator and/or to a third condenser. The gas-liguid
separator, when present, can comprise any suitable separator.

In some examples, vapor phase material that passes through the second condenser can
flow to a third condenser. The third condenser can comprise any suitable condenser. For
example, vapor from the second condenser enters to the third condenser where hydrocarbons
that have a boiling point at or above the temperature of the third condenser are condensed,
such as Cs-C7 hydrocarbons. Condensed Hquid from the third condenser can then be
transferred, for example, to a storage tank.

In some examples, numerous condensers can be ased as part of the product recovery
collection system {c.g., 1 or more, 2 or more, 3 or more, 4 or more, 5 or more, & or maore, 7 or
mare, 8 or more, 9 or more, or 10 or more condensers).

In some examples, the temperature cut-off of each of the one or more condensers can
be selected in view of a variety of factors. In some examples, the temperatare cut-off of the
one or more condensers can be selected such that a portion of the oil product is not

condensed. For exanmple, a certain portion of the oil product can, in some exampies, comprise
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a high concentration of contaminants, and the condensers can be configured to selectively
altow this portion of the oil product to pass through cach of the one or more condensers
without condensing

In sorne examples, the systems and/or methods described herein can produce the

w

pyrolysis products {e.g., wax and/or oil} at a yield of 50% or more {e.g., 51% or more, 52%

or more, 53% or more, 54% or more, 55% or more, 56% or more, 57% or more, 58% or
more, 39% or more, 60% or move, 61% or more, 62% or more, 63% or more, 54% or more,
65% or more, 66% or more, §7% or more, 68% or more, 69% or more, 70% or more, 71% or
maore, 72% or more, 73% or more, 74% or more, 75% or more, 76% or more, 77% or more,

10 78% or maore, 79% or more, 80% or more, 81% or more, 82% or more, 83% or more, 84% or
more, 85% or more, 86% or more, 87% or more, 88% or more, 89% or more, 90% or more,
91% or more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or
more, 98% or more, or 99% or more). In some examples, the systerns and/or methods
described herein can produce the pyrolysis products (e.g., wax and/or oil} at a yield of 100%

15 orless{e.g., 89% or less, 98% or less, 97% or less, 96% or less, 5% or less, 94% or less,
93% or less, 92% or less, 91% or less, 90% or less, 89% or less, 88% or less, 87% or less,
86% or less, 85% or {ess, 84% or less, 83% or less, 82% or less, 81% or fess, 80% or less
79% or less, 78% or less, 77% or less, 76% or less, 75% or less, 749% or less, 73% or less,
2% or less, 71% or less, 70% or less, 69% or less, 68% or less, 67% or less, 66% or less,

20 65% or less, 64% or less, 63% or less, 62% or less, 61% or less, 60% or less, 59% or less,
58% or fess, 57% or less, 56% or less, 35% or less, 54% or less, 33% or less, or 32% or less).
The vield of the systems and/or methods described herein can range from any of the
oinioum values described above 0 any of the maximum values described above. For
example, the systems and/or methods described herein can produce the pyrolysis products

25 {(e.g.. wax and/or oil} at a vield of from 50% to 100% {e.g., from 50% 10 75%, from 75% 10
100%, from 50% to 60%, from 60% to 70%, from 70% to €0%, from 80% to 90%, from 50%
to 100%, from 50% to 95%, from 50% to 80%, from S0% to 85%, from 50% to 80%, from
50% to T(3%, from 50% to 63%, from 50% to 55%, from 55% to 100%, from 60% to 100%,
from 65% to 100%, from 70% to 100%, from €0% to 100%, from 85% to 100%, from 90% o

30 100%, from 55% 1o 95%, or from 80% to 95%).

Post-Treatment
In some examples, the methods and systems herein produce a raw pyrolysis product

with a reduced level of contaminauts, for example such that no further post-treatment of the

product is necded {¢.g., the methods substantially exchude any hydrotreatment or further

184



WO 2025/165917 PCT/US2025/013657

A

refining steps after the pyrolysis).
In some examples, the methods and systems herein can further copprise post-freating
the pyrolysis products. For example, the wax and/or ot can be further processed by refining,

filtering, cracking, hydrotreating, distilling, ete., or a combination thereof, for example in the

w

production of chemicals and/or polymers. In some examples, the post-treatment can reduce
the level of one or more contaminangs in the pyrolysis product {e.g., oil andfor wax).
Product Storage
After hydrocarbon product has been condensed as wax (molten) and/or oil {and
optionally post-treated), it is transferred to storage tanks. Liquid product can be ransferred
10 using any suitable means to the storage tanks.

The storage tanks can be constructed of any suitable material. In some examples, the
storage tanks can further inchide a feedback system. For example, liquid levels in the tanks
can be montiored using an electronic sensor. In some cxamples, the feedback syster can
include a temperatare control system {e.g., to control the teraperature of the liquid within the

15 storage tank. for example by heating and/or cooling}. The feedback system can, for example,
activate the heating and/or cooling systenis as needed, for example based on particular
temperature sef-points. In some exaroples, at feast a portion of the storage tank(s} can be
inselated.

Heat Tracing

20 in some examples, the system can further include heat trace components (e.g., eleciric
or non-electric). For example, heat trace cable (e.g., mineral insulated heat trace cable) can be
used on some or all process lines conveying either molten plastic or liquid products. This
cable can ensure that products within the process lines remain flowable under all conditions.
Such cables can be protected through cladded insulation. Thermocouples on each

25 independent section of heat trace can be installed to monitor heat levels within these sections
and feedback mechanisms can provide an alert if piping sections may not be recetving proper
heating. For exaraple, some or all of the piping running from the extruder into the reactors
can be insulated and/or include heat tracing. Such insulating and heat tracing to process lives
can be particularly important during colder ambient conditions. It is imperative that all

30 process lines always remain fully open and operable, regardless of the ambient teroperature.

System Availability and Reactor Uptime
System availability and reactor uptime are typically expressed as a percentage and
refers to the amount of time a sysienm or reactor is operating, divided by the total amount of

fime in the period. Availability and uptime are a corabination of scheduled maintenance (non-
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operating hours) and reliability (defined as I muanus forced outages divided by operating
hours). Availability and uptime are dependent on several factors, including the quality of
equipment, enginecring and construction employed, the degree of back-up or redundant

equipment, the expertise and effort of personnel, the level of preventative, predictive and

w

corrective maintenance, the replenishment of spare parts, the operating demand placed on a
facility, and first year versus mature operation. Reactor uptime, in particular, can be
influenced by how long a reactor can be continuously run without char buildup requiring the
reactor to be shut down and cleaned out.
in some examples, the systems and methods described herein can have an availability
10 factor of 50% or more (¢.g., 55% or more, 60% or more, 65% or more, 70% or more, 75% or
more, 80% or more, 85% or maore, 90% or more, or 95% or more). In some examples, the
systems and methods described herein can have an availability factor of 100% or less {e.g
95% or less, 90% or less, 85% or less, 80% or less, 75% or less, 70% or less, 65% or less, or
60% or less). The availability factor can range from any of the mininuim values described
15 above to any of the maximum values described above. For example, the systems and methods
described herein can have an availability factor of from 50% to 100% (e.g., from 50% to
5%, from 75% to 100%, from 50% to 60%, from 60% to 70%, from 70% to 80%, from 80%
to 90%. from 90% to 100%, from 50% to 80%, from 50% to 80%, from 50% to 70%, from
0% to 100%, from 70% to 100%, from 80% to 100%, from 90% to 100%, from 95% to
20 100%, from S 0 953%, or from 60% to 90%).
In some examples, the reactor can be configured for operating to pyrolyze plastic
feedstock for a cumulative period of 324 hours or more during a time period of 360 hours
{e.g., 325 bours or more, 326 hours or more, 327 hours or more, 328 hours or more, 329
houwrs or more, 330 hours or more, 331 hours or more, 332 hours or more, 333 howrs or mwore,
25 334 hours or more, 335 hours or more, 336 hours or more, 337 hours or more, 3338 howrs or
more, 339 hours or more, 340 hours or more, 341 hours or more, 342 hours or maore, 343
hours or more, 344 howrs or more, 345 hours or more, 346 hours or more, 347 hours or more,
348 hours or more, 349 hours or more, 350 hours or more, 351 hours or more, 352 hours or
maore, 353 hours or more, 354 hours or more, 355 hours or more, 356 hours or more, 357
30 howrs or more, 358 hours or reore, 359 hours or more, 360 hours). To soroe examples, the
reactor can be configured for operating to pyrolyze plastic feedstock for a cumulative period
of 576 hours or more during a time period of 720 hours {e.g., 577 hours or more, 378 hours or
more, 379 hours or more, 380 hours or more, 5381 hours or more, 582 hours or more, 583

hours or more, S84 hours or more, 585 hours or more, 386 hours or more, 387 hours or more,
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588 hours or more, S89 hovrs or more, 590 hours or more, 591 hours or maore, 392 hours or
maore, 593 hours or more, 594 hours or more, 595 hours or more, 596 hours or more, 597
hours or more, 598 hours or more, 599 hours or more, 600 hours or more, 601 hours or more,

602 hours or more, 603 hours or more, 604 hours or more, 605 hours or more, 606 howurs or

w

more, 607 hours or more, 608 hours or more, 509 hours or more, 610 hours or more, 611
hours or more, 612 hours ar more, 613 hours or more, 614 hours or more, 615 hours or more,
616 hours or more, 617 hours or more, 618 hours or more, 619 hours or more, 620 hours or
maore, 621 hours or more, 622 hours or more, 623 hours or more, 624 hours or more, 625
hours or more, 626 hours or more, 627 hours or more, 628 hours or more, 629 hours or more,
10 630 hours or more, 631 hours or more, 632 hours or more, 633 hours or more, 634 hours or
maore, 635 hours or more, 636 hours or more, 637 hours or more, 638 hours or more, 639
hours or more, 640 hours or more, 641 hours or more, 642 hours or more, 643 howrs or more,
644 hours or more, 543 hours or more, 646 hours or more, 647 hours or more, 648 hours or
more, 649 hours or more, 6530 hours or more, 631 hours or more, 652 hours or more, 653
15 hours or more, 654 hours or more, 655 hours or more, 656 hours or more, 657 hours or more,
658 hours or more, 659 hours or more, 660 hours or more, 661 hours or more, 662 hours or
maore, 663 hours or more, 604 hours or more, 665 hours or more, 666 hours or more, 667
hours or more, 668 hours or more, 668 hours or more, 670 hours or more, 671 hours or more,
672 hours or more, 673 hours or more, 674 hours or more, 675 hours or more, 6§76 hours or
20 more, 677 hours or more, 678 hours or more, 679 hours or more, 680 hours or more, 681
hours or more, 682 howrs or more, 683 hours or more, 684 hours or more, 685 hours or more,
686 hours or more, 687 hours or more, 688 hours or more, 689 hours or more, 690 hours or
maore, 691 hours or more, 692 hours or more, 6593 hours or more, 694 hours or more, 695
hours or more, 696 hours or more, 6897 hours or more, 698 hours or more, 699 howrs or mwore,
25 700 hours or more, 701 hours or more, 702 hours or more, 703 hours or more, 704 howrs or
more, 705 hours or more, 706 hours or more, 707 hours or more, 708 hours or maore, 709
hours or more, 710 howrs or more, 711 hours or more, 712 hours or more, 713 howrs or more,
714 hours or more, 715 howurs or more, 716 hours or more, 717 hours or more, 718 hours or
maore, 719 hours or more, 720 hours). In some examples, the reactor can be configured for
30 operating to pyrolyze the plastic feedstock for a conulative period of 756 hours or more
during a time period of 1080 hours (e.g., 758 hours or more, 760 hours or more, 762 hours or
more, 764 hours or more, 766 howrs or more, 768 hours or more, 770 hours or more, 772
hours or more, 774 hours or nore, 776 hours or more, 778 hours or more, 780 hours or more,

782 hours or more, 784 hours or more, 786 hours or more, 788 hours or more, 790 hours or
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more, 792 hours or more, 794 hours or more, 796 hours or more, 798 hours or more, 800
hours or more, 802 hours or more, 8034 hours or more, 806 hours or more, 808 hours or more,
810 hours or more, 812 hours or more, 814 hours or more, 816 hours or more, 818 hours or
maore, 820 hours or more, 822 hours or more, 824 hours or more, 826 hours or more, 828

hours or more, 830 hours or more, 832 hours or more, 834 hours or more, 836 hours or more,

w

838 hours or more, 840 hours or more, 842 hours or more, 844 hours or more, 846 hours or
more, 848 hours or more, 850 hours or more, 852 hours or more, 854 hours or more, 856
hours or more, 858 howrs or more, 360 hours or more, 862 hours or more, 864 hours or more,
866 hours or more, 868 hours or more, 870 hours or more, 872 hours or more, 874 hours or

10 maore, 76 hours or more, 878 hours or more, 880 hours or more, 882 hours or more, 884
houwrs or more, 886 hours or rore, 888 hours or more, 830 hours or more, 892 howurs or mwore,
294 hours or more, £96 hours or more, 898 hours or more, 200 hours or more, 902 howrs or
more, 204 hours or more, 906 hours or more, 908 hours or more, 910 hours or more, 912
hours or more, 914 howrs or more, 916 hours or more, 918 hours or more, 920 hours or more,

15 922 howrs or more, 924 hours or more, 926 hours or more, 928 hours or more, 930 hours or
mare, 932 hours or more, 934 hours or more, 936 hours or more, 938 hours or more, 940
hours or more, 942 hours or more, 944 hours or more, 946 hours or more, 948 hours or more,
950 hours or more, 952 hours or more, 954 hours or more, 956 hours or more, 858 howurs or
more, 260 hours or more, 962 hours or more, 964 hours or more, 966 hours or more, 968

20 hours or more, 970 hours or more, 972 hours or more, 974 hours or more, 976 hours or more,
878 hours or more, 930 hovrs or more, 982 hours or more, 984 hours or maore, 986 hours or
mare, 988 hours or more, 990 hours or more, 992 hours or more, 994 hours or more, 986
hours or more, 998 hours or more, 1,000 hours or more, 1002 hours or more, 1004 hours or
more, 1806 hours or more, 1008 hours or more, 1010 hours or more, 1012 hours or more,

25 1014 hours or more, 1016 howrs or more, 1018 hours or more, 1020 hours or more, 1022
hours or more, 1024 hours or more, 1026 hours or more, 102% hours or more, 1030 hours or
more, 1032 hours or more, 1034 hours or more, 1036 hours or more, 1038 hours or more,
1040 hours or more, 1042 hours or more, 1044 hours or more, 1046 hours or more, 1048
hours or more, 1050 hours or more, 1052 hours or more, 1054 hours or more, 1056 hours or

30 more, 1058 hours or more, 1060 hours or more, 1062 hours or more, 1064 howrs or more,
1066 hours or more, 1068 hours or move, 1070 hours or more, 1472 hours or more, 10374
hours or more, 1076 hours or more, 1078 hours or more, 1080 hours). In some specific
implernentations, the foregoing reactor uptime tanges may be achieved using the pyrolysis

reactor 5000 shown and described with respect to Figure 47. In some specific
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implementations, the foregoing reactor aptime ranges may be achieved using the pyrolysis
systerm S100e of Figure 5, where the extruder S1{07a comprises the extruder 800 shown and
described with respect to Figure 33 and the pyrolysis reactor 5108a comprises the pyrolysis

reactor SO00 shown and described with respect to Figure 47.

w

In some examples, the reactor can be configured for operating to pyrolyze plastic
feedstock with 90% uptime or more over 15 days (e.g., 90.5% uptime or more, 91% uptime
or mote, 91.5% uptire or more, 92% uptirae or more, 92.5% uptime or more, 93% uptime or
more, 93.5% uptime or more, 94% uptime or more, 94.5% uptime or more, 95% uaptime or
more, 95.5% uptime or more, 96% uptime or more, 96.5% uptine or more, 97% uptime or
10 maore, 97.5% uptime or more, 98% uptime or more, 98.5% uptime or mwore, 99% uptime or

more, 99.5% uptime or more, 100% uptive). In some specific implementations, the pyrolysis
reactor 5000 can be configured for operating to pyrolyze plastic feedstock with 90% uptime
or more. 1o some examples, the reactor can be configured for operating 1o pyrolyze plastic
feedstock with 80% uptirae or more over 30 days (e.g., 819% uptirse or more, 82% uptire or
15 more, 83% uptime or more, 84% uptime or more, 85% uptime or more, 86% uptime or more,
87% uptime or more, 88% uptime or more, 89% uptime or more, 90% uptime or more, 90.5%
uptime ot more, 91% uptime or more, 91.5% uptime or more, 92% uptime or more, 92.5%
uptime or more, 93% uptime or more, 93.5% uptime or more, 94% uptime or more, 94.5%
uptime or more, 35% uptime or more, 95.5% uptime or more, 96% uptime or more, 96.5%
20 uptime or more, 97% uptire or more, 97.5% uptime or more, 98% uptime or more, 98.5%
uptime or more, 39% uptime or more, 99.5% uptime or more, 100% uptime). In some
specific implementations, the pyrolysis reactor 5000 can be configured for operating to
pyrolyze plastic feedstock with 80% uptinoe or more. In some examples, the reactor can be
configured for operating to pyrolyze plastc feedstock with 70% uptime or more over 45 days
25 {e.g.. 71% uptime or more, 72% uptime or more, 73% uptime or more, 74% uptime or more,
75% uptire or mote, 76% uptime or more, 77% uptime or more, 78€% uptime or more, 79%
uptime or more, 80% uptiroe or more, 81% uptinae or more, 82% uptime or movre, 83%
uptime or more, 84% uptire or more, 85% uptirne or more, 86% uptime or more, 87%
uptime or more, §8% uptime or more, 89% uptinme or more, %0% uptime or more, 93.5%
30 uptime or mwore, 91% uptime or more, 91.5% uptime or more, 92% uptime or more, 92.5%
uptime or more, 93% uptime or more, 93.5% uptitae or more, 94% uptime or more, 94.5%
uptime or more, 953% uptime or more, 95.5% uptime or more, 96% uptime or more, 96.5%
uptire or more, 37% uptimae or more, 97.5% uptime or more, 98% uptime or more, 98.5%

uptime or more, 99% uptine or more, 99.5% uptime or more, 100% uptime). in some
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specific imnplementations, the pyrolysis reactor 5000 can be configured for operating to
pyrolyze plastic feedstock with 70% uptime or more. In some specific implementations, the
foregoing reactor uptime ranges may be achieved using the pyrolysis reactor 5600 shown and

described with respect to Figure 47. In some specific implementations, the foregoing reactor

w

uptime ranges may be achieved using the pyrolysis system S100e of Figure 5, where the
extruder S107a comprises the extruder 800 shown and described with respect to Figure 33
and the pyrolysis reactor 3108a comprises the pyrolysis reactor 5000 shown and described
with respect to Figure 47.
Compositions, Articles of Manufacture, Methods of Use
10 Also disclosed herein are compositions comprising any of the waxes disclosed herein,
any of the oils disclosed herein, any of the blends disclosed herein, or any of the produets of
the methods or systems disclosed herein.
Also disclosed herein are compositions derived from any of the waxes disclosed
herein, any of the oils disclosed herein, any of the blends disclosed herein, or any of the
15 products of the methods or systems disclosed herein.
Also disclosed herein are methods of using any of the compositions described herein
{e.g., any of the waxes disclosed herein, any of the oils disclosed herein, any of the blends
disclosed herein, or any of the products of the methods or systems disclosed herein).
Also disclosed herein are articles of manufacture comprising any of the compositions
20 described herein {e.g., any of the waxes disclosed herein, any of the oils disclosed herein, any
of the blends disclosed herein, or any of the products of the methods or systems disclosed
herein).
Also disclosed herein are methods of making any of the compositions or articles of
manufacture, for example, wherein the method comprises additional processing of the
25  composition, such as refining, filtering, cracking, hydrotreating, etc., for example in the
production of chemicals and/or polymers.
In some examples, the composition or article comprises a lubricating oil, a mineral
oil, a group I base oil, a fully refined paraffin wax, or a combination thereofl.
In some examples, the composition or article comprises a binder, a processing aid, or
30 acombination thereof.
1n some examiples, the composition or article comprises kervosene including cosmetic
kerosene, white otls, high value paraffin and purified liquid fuels, or a combination thereof.
In some examples, the composition or article comprises naphtha.

in some examples, the composiiion or arficle comprises fuel.

1%0
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In some examples, the composition or article comprises liquefied petrolenm gas
{(LPG), naphtha, kerosene, diesel and gas oil, or a combination thereof,
In some examples, the composition or article comprises lube oil, gasoline, jet fuel,

diesel fuel, or a combination thereof.

w

In some examples, the composition or article comprises packaging, film, and/or fibers
for carpets and clothing, molded articles, and extruded pipes, or a conmbination thereof.

In some examples, the composition or article comprises a medical device.

In some examples, the composition or the article comprises hubricant, candles,
adhesives, packaging, rubber, cosmetics, fire logs, bituminous mixtures, superficial wear

10 coatings, asphalt, sealing coatings, or a contbination thereof.

In some examples, the composition or article comprises asphalt, automotive fuel,
aviation fuels, base oil, bitumen, cadalene, cutting fluid, diesel fuel, fuel oil, gasoline, heating
oil, heavy fuel oil, hydrocarbon solvents, jet fuel, kerosene, ligroin, lubricant, mazit,
microcrystalline wax, roineral oil, motor fuel, motor oil, naphtha, naphthenic acid, paraffin

15 vax, petrolesm benzine, petroleum ether, petroleum jelly, petroleum naphtha, petroleum
resin, retene, or a combination thereof.

10 some examples, the composition or article comprises gasoline, jet fuel, diesel and
other fuels, asphalt, heavy fuel oil, lubricants, paraffin wax, tar, asphalt, fertilizer, flooring,
perfume, insecticide, petroleurn jelly, soap, vitamin, amino acid, or a combination thereof.

20 In some examples, the composition or article comprises wood-based composites such
as oriented-strand board (O8B), particleboard, hardboard, medium density fiberboard,
gypsum board, or a combination thereof.

10 some examples, the composition or article comprises fully refined paraffin which is
used to produce candles, cosmetics, crayons, food packaging, paper and carton coatings, or a

25  combination thereof.

In some examples, the composition or article comprises a hydrocarbon feedstock for a
petroleum refinery, a catalytic cracking system, a thermal cracking system, a polyrerization
system, or a combination thereof, for exarple used in the production of chemicals andfor
polymers. For exaraple, also disclosed herein are methods of using any of the compositions

30 disclosed herein as a hydrocarbon feedstock for a petroleum refinery, a catalytic cracking

system, a thermal cracking system, a polymerization system, ot a combination thereof, for

example used in the production of chemicals and/or polymers.
Figures 54-58 depict maultiple systems 9000a, 2000b, 9000c¢, 90004, 9000¢ for use of

the waxes, oils, and gases described herein. In various implementations, these systems may
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be used in combination with each other or with other comrnon petrolewm processing systems.

Figure 54 depicts a petroleum refining system 9000a. Crude o1l 9002 is fed into a
desalter 9004, which remove contaminants. In some aspects, the contaminants temoved by
the desalter 9004 can be at least partially different than the contaminants removed in the
extruder used to produce the wax/oil. In some aspects, any of the waxes or oils described
herein can have a composition sirailar to the crude ot 9002 (c.g., similar range of carbon
chain length and/or similar levels of contaminants and imperities). In some aspects, any of
the waxes and/or oils described herein (or a combination thereof) can be fed into the desalter
9004 along with the crude oif 9002. In other aspects, no wax or oil may be fed into the
desalter 9004 and, instead, the downstream products of the petroleurn refining system 90002
can be combined with any of the waxes and/or oils deseribed herein.

After passing through the desalter 9004, the crude oil 9002 passes through a reactor
vessel/furnace 9006 where i is heated to high eroperatures {(¢.g., 700-750°F) to vaporize
most of the crude ofl 9002. Any components of the crude oil 9002 which do not vaporize can,
in some aspects, be removed from the system as contaminants.

Finally, the vaporized crude oil 9002 enters a distillation column 9008 where different
fractions are separated based on their botling points. The distillation colunu 9008 separates
out three fraction — lighter products 9010a, naphtha 9010b, and heavier products 9010c —
however, it is considered that any nuraber of suitable fractions could be separated using the
distillation column 9008.
reactor/separation vessel 9014, In some aspects, the heavy gas oil 9012 can include any of the
waxes or oils described herein, the naphtha 9010b or heavier products 9010c generated by the
petrolenm refining system 9000a, or any corpbination thereof. In some aspects, the
reactor/separation vessel 9014 can be a fhidized bed.

The heavy gas oil 9012 is contacted with a hot catalyst 9016 in the reactot/separation
vessel 9014 . The muxture of heavy gas oil 9012 and catalyst 9016 flows through the reactor,
and the heavy gas oil 9012 cracks into smaller molecules as it travels. Spent catalyst 9012,
now coated with coke from the heavy gas oil 9012, is sent to a regenerator 9018, where the
coke is burned off with air 9020 to restore the catalyst's activity. The cracked heavy gas oil
9012 enter a fractionator 9022, where it is separated into various fractions. The fractionator
9022 separates oul four fractions — vapor 9024a, fuels oil 9024b, liguified petrolevm gas
(L.PG)Y 9024c¢, and cracked naphtha 9024d — however, it is considered that any number of

suitable fractions could be separated using the fractionator 9022,
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Figure 56 depicts a thermal cracking system 9000c. Either naphtha 9026a or vapor
9026b is fed to a furnace 9028. In some aspects, the naphtha 9026a can include any of the
waxes or oils described herein, the naphtha 9010b or heavier products 2310c generated by the
petroleam refining system 9000a, or any combination thereof. In some aspects, the vapor
9026b can include any of the gases deseribed herein, the lighter produets 9010a generated by
the petrofeum refining system 9000a, or a combination thereof.

The naphtha 9026a or vapor 9026b is mixed with steam and rapidly heated to very
high temperatures (around 1500°F) in the furnace 9028, causing the hydrocarbons to crack
into smaller molecules. The cracked naphtha 9026a or vapor 9026b then enters an oil guench
tower 9030, where i is rapidly cooled to stop further reactions. In some aspects, the heaviest
coraponents of the cracked naphtha 9026a or vapor 9026b can be condensed and/or separated
by the oil quench tower 9030. The cracked naphtha 9026a or vapor 9026b then passes
through a primary fractionator 9032, where U is separated into various fractions based on
boiling points. The primary fractionator 9032 only separates out one fraction — fuel oils 9034
— however, it is considered that any number of suitable fractions could be separated using the
primary fractionator 9032,

The cracked naphtha 9026z or vapor 9026b is passed through a condenser 9036
before being fed into another fractionator 90338, where it is further separated into various
fractions. The fractionator 9038 separates out three fractions — olefins 2040a, naphtha 9040b,
and heavier products 9040¢ - however, it is considered that any number of suitable fractions
could be separated using the fractionator 9038.

Figure 57 depicts a polymerization systern 9000d. An olefin feed 9042 (including, in
some aspects, the olefins 9040a generated by the thermal cracking system 9000c¢) is fed into a
reactor 9044 along with a catalyst 9046. In the reactor 9044, the polymerization reaction
occurs under controlled temperatire and pressure conditions. The resulting polymer sluery or
solution then passes through a degassing system 9048, where unreacted monomers and other
volatile components are removed as a gas 9030 and., in some aspects, recycled back to the
reactor 9046, Tn some aspects, the reactor 9044 may also generate gas 9050, which may, in
some aspects, also be recycled back to the reactor 9046,

The polymer then enters a drying system 9052 to remove any remaining moisture or
solvents. Next, it is fed into an extruder 9054 where it is melied, homogenized, and formed
into strands, Finally, these strands are cooled and cut into uniform pellets by a pelletizer
90350,

Figure 38 depicts a hydrocracking systern 9000e. Heavy oil feed 9058 and hydrogen
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G060 are fed into a pre-treatment unit 9062, In the pre-treatrent unit 9062, the heavy oil feed
9058 is heated to remove contaminants (e.g., suifur, nitrogen). In some aspects, the heavy oil
feed 9058 can include any of the waxes or otls described herein, the naphtha 9010b or heavier
products 9010¢ generated by the petroleum refining system 90004, or any combination
thereof.

After pre-treatment, the heavy ol feed 9058 enters a reactor vessel 9064 where it
contacts a catalyst under high temperature and pressure (e.g., 700-800°F and 1503-2200
psig). This causes heavy hydrocarbons to crack into lighter molecules in the presence of the
hydrogen 9060. The effluent from the reactor vessel 9064 passes through a high-pressure
separator 9066 to remove excess hydrogen and light gases 9068, which are recycled back to
the pre-treatment unit 9062. The remaining hydrocarbons leave the high-pressure separator
9066 as a liquid 9070 and enter a fractionator 9072, where it is further separated into various
fractions. The fractionator 9068 separates out three fractions — lHighter products 9074a,
naphtha 9074b, and heavier products 9074¢ — however, it is considered that any number of
suitable fractions could be separated using the fractionator 9072,

Each systera 9000a, 9000%, 9000c, 900044, and 90300 can be tuned to optimize desired
outputs based on the composition of the feedstock. Any of the disclosed systeras 9000a,
9000b, 9800c, 9000d, or 9300e can also include further compositions and/or units at any
point to improve the removal of contaminants. As one exampie, in some aspects, any of the
waxes or oils described herein which are fed to any of the disclosed systens 9000a, 9000b,
9000¢, 90004, and 9000¢ can be diluted with virgin oil or wax. As another example, in some
aspects, additional units can be added for acid gas removal, desulfurization, and/or
hydrotreating. In some cxamples, catalyst type may also be selected to optimize removal of
contarpinants.

A mmber of embodiments of the invention have been described. Nevertheless, it will
be understood that various modifications may be made without departing from the spirit and
scope of the invention. Accordingly, other emnbodiments are within the scope of the following
clatms.

The examples below are intended to further lustrate certain aspects of the systems

and methods described herein, and are not intended to limit the scope of the claims.

EXAMPLES
The following exaroples are set forth below 1o illustrate the methods and results

according to the disclosed subject matter. These exaraples are not intended to be inclusive of
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all aspects of the subject matier disclosed herein, but rather to illustrate representative
methods and results. These examples are not intended to exclude equivalents and variations
of the present invention which are apparent to one skilled in the art.

3

Efforts have been made to ensure accuracy with respect to numbers (e.g., ampounts,

w

temperature, etc.} but some ervors and deviations should be accounted for. Unless indicated
atherwise, parts are parts by weight, temperature is in °C or is at ambient temperatire, and
pressure s at or near atraospheric. There are numerous variations and combinations of
meastirement conditions, e.g., component concentrations, temperatires, pressures and other
measurement ranges and conditions that can be used (o optimize the described process.
10 Example 1
A wax derived from pyrolysis of a feedstock comprising post-consurner and/or post-
industrial plastics was produced and analyzed. At ambient temperature and pressure, the wax
was a solid with an araber to beige color,
The following techniques were applied to the wax: UV-Vis, FTIR, carbon number
15 distribution by GC, hydrocarbon types by clay-gel absorption chromatography, 'H-NMR, and
PC-NMR.

A sumunary of the substance identity profie is provided in Table 1.

Table 1. Summary of wax product.

Hydrocarbes type Concentration (% wiw)
Saturated content 979
Unsaturated content 1.0
Aromatic content 1.1
Asphaltene content < 0.1
Hydrocarben number | Concentration (% w/w)
9 (.59
10 (.40
Cit 0.75
1z (.87
13 127
14 1.78
15 1.94
Cl6 2.39
17 3.07
{18 378
19 4.15
20 5.06
C20-C24 22.80
{24 -C28 2210
{28 -C32 14.91
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32 - C36 773
€36 - C40 3.63
C40 - C44 1.49
C44 - C46 0.39
46+ (.88

UV-Vis spectrophotometry was performed using a Shirnadza UV1800
spectrophotometer using a single cell (10 mim) over a wavelength range of from 200 to 800

nm. The sample was dispersed in hexane (dilution factor 100 and 100x). The UV-Vis resulis

w

(Figure 6 and Figure 7) show that the sarmople had maxiraum absorptions at wavelengths of
380 nm, 325 nm, 255 nm, and 200 nm.

FTIR-ATR spectroscopy was performed using a Perkin Elmer Instruments Spectrum
Three FT-IR Spectrometer, equipped with an ATR Golden Gate bridge (crystal = diamond)
aver a spectral range of 4,000 to 600 cm! with baseline correction. The FTIR spectrum is

1 shown in Figure 7. The FTIR main peaks are summarized in Table 2.

Table 2. FTIR main peaks of wax product.

Main FTIR-ATR Interpretation

Peaks (cmh) L

2955 Anti-symmetric stretching of methyl

2916 Anti-symmetric stretching of methylene

2871 Symunetric stretching of methyl

2848 Symmetric stretching of methylene

14727 1463 Anti-symmetric bending vibrations of methyl and methylene
1378 Umbrella bending vibrations of methyi

965 C- skeleton vibrations, methyl bending

7291719 Methylene bending rocking vibrations {crystallinity)

Carbon mumber distribution in the wax product was assessed by simuolated distillation
15 (GC) using ASTM D5442M and ASTM D2887. The GC chromatogram of the wax product is

shown in Figure 9. The results are sununarized in Table 3 — Table 5.

Table 3. Carbon mumber distribution parameters.

TEST RESULT UNITS
initial Botling Point 148.2 °C
Final Boiling Point (@ 99.5%) 571.8 °C
% OFF BOILING POINT | UNITS
0.5 148.2 °C
5.0 251.3 °C
10.0 287.0 °C
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15.0 307.5 °C
20.0 3252 °C
25.0 340.0 °C
30.0 352.2 °C
35.0 363.1 °C
40.0 3731 °C
45.0 383.3 °C
50.0 393.1 °C
55.0 401.9 °C
60.0 410.4 °C
65.0 419.3 °C
70.0 428.7 °C
75.0 438.8 °C
80.0 450.5 °C
85.0 462.6 °C
90.0 479.0 °C
95.0 503.2 °C
98.5 S71.0 °C

Table 4. ASTM DRS correlation results.

% OFF | BOILING POINT | UNITS
IBP 238.9 °C
5.0 281.9 °C
10.0 310.5 °C
20.0 334.7 °C
30.0 355.9 °C
40.0 - °C
50.0 383.5 °C
60.0 - °C
70.0 4i4.3 °C
80.0 428.1 °C
90.0 451.3 °C
95.0 471.3 °C
FBP 484.3 °C

Govol at 3506°C

Table 5. Cut points.

CARBON NUMBER | BP (°C) | % OFF
o 151 0.5807
10 174 (.9885
1 196 1.7416
12 216 2.6140
Cl13 233 3.8843
Cl14 254 5.6676
15 271 7.6124
C16 287 10.0047
17 302 13.0783
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€18 316 16.8539
19 330 21.0007
C26 344 26.0614
€24 391 48.857%
28 431 70.9595
32 466 85.8719
36 496 93.6182
C40 522 97.2452
C44 543 98.73659
46 556 891241

Hydrocarbon types in the wax sample were further assessed using clay-gel absorption

chromatography according to ASTM D2007. The resuits are summarized in Table 6.

5 Table 6. ASTM D2007 results.
Hydrocarbon Result | Units
Saturate content | 86.1 Wit%
Aromatic content | 12.8 Wi%
Polar content 1.1 Wt%
Asphaltenes <01 | Wi%

The wax sample was further subjected to 'H-NMR spectroscopy. The 'H spectra were
obtained in CDCs solvent (Goss Scientific D, 99.8%) at ambient laboratory temperature and
auto referenced against the solvent peak using the JEOL ECS 400 NMR spectrometer.

10 The 'H-NMR spectra are shown in Figure 11 and Figure 12. The annotations in
Figure 12 is a guide highlighting certain peaks of interest. The 'H-NMR spectra generated for
the wax sample are dominated by resonances that are consistent with saturated, unsaturated
and aromatic hydrocarbous.

The normalized NMR integration values indicate there is 97.9% aliphatic protons
{(region (0.5 — 3.2 ppm). 1.0% unsaturated protons (region 4.5 — 6.0 ppm) and 1.1% aromatic
protons {region 6.5 - 8.5 ppm}. This refers to the percentage of proton atoms in the aliphatic
saturated, unsaturated and aromatic rings only relative to the total proton content. There were
no signais observable outside the range shown in the 'H-NMR spectra.

The wax sample was further subjected to PC-NMR spectroscopy. The PC-NMR
2 spectra were obtained in CDCLs solvent (Goss Scientific 1, 99.8%) at ambient laboratory

temperature and auto referenced against the solvent peak.

The PC-NMR spectra are shown in Figure 13 and Figure 14. The annotations in

Figure 14 is a guide highlighting certain peaks of interest, The C-NMR spectra generated
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for the wax sample are dominated by resonances that are consistent with satarated,

unsaturated and aromatic hydrocarbons. There were no signals observable outside the range

shown in the “C-NMR spectra.

Example 2

An oil derived from pyrolysis of a feedstock comprising post-consumer and/or post-

industrial plastics was produced and analyzed. At ambient temperature and pressure, the oil

was a dark brown, clear Hquid.

The following techniques were applied to the wax: UV-Vis, FTIR, GC-FIDy, GC-MS5,

kinematic viscosity, flash point, distillarion characteristics, 'H-NMR, and PC-NMR.

A sunumary of the substance identity profile is provided in Table 7.

Table 7. Summary of oil product.

Hydrocarbon types

Concentration { D w/w)

Aliphatic content

94.8

Unsatorated content 38
Aromatic content 14

Hydrocarbon number

Concentration { Yo w/w)

2

0.03

C3 0.61
C4 1.64
Cs 6.62
C6 9.03
7 347
C¥ 8.68
Co 14.1
Clio 6.34
Cii 7.69
Ci2 3.30
Ci3 5.14
Cl4 5.19
Cis 4.32
Ci6 3.51
17 309
Ci8 2.82
Cio 2.21
C20 1.63
21 1.22
22 0.86
€23 .64
C24 0.85
C25 0.70
C26 0.58
C27 0.42
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C2Y 0.24
C29 0.13

UV-Vis spectrophotometry was performed using a Shimadzu UV 1800
spectrophotometer using a single cell (10 mm) over a wavelength range of from 200 to 800
nm. The sample was dispersed in hexane (dilution factor 100 and 100x). The UV-Vis results
{(Figure 15 and Figure 16) show that the sample had maximum absorptions at wavelengths of
338 nim, 245 nm, and 200 nm.

FTIR-ATR spectroscopy was performed using a Perkin Elmer Instruments Spectrum
Three FT-IR Spectrometer, equipped with an ATR Golden Gate bridge (crystal = diamond)
over a spectral range of 4,000 to 600 cm with baseline correction. The FTIR spectrum is

shown o Figure 17. The FTIR meain peaks ave summarized in Table 8.

Table 8. FTIR main peaks of oil product.
Main FTIR-ATR Peaks (em”) | Interpretation
Anti-symmetric stretching of methyl
Anti-symmetric stretching of methvlene
Symmetric stretching of methvlene
Anti-symmetric bending vibrations of methyiene
Umbrella bending vibrations of methyl
Methyl bending
C-C skeleton vibrations, methyl bending
Methviene bending rocking vibrations

Gas chromatography was performed on the ol product using an Agilent 6890 Gas
Chromatograph with Atlas software and a flame ionization detector (GC-FID) (GC
temperature program: Initial 20°C - 10 minutes; Ramp 1.5°C/min to 250°C; Final 250°C - 10
minutes). The GC spectra are shown in Figure 18 and Figure 19. The results are sununarized

in Table 9 and Table 10,

Table %, Extended PIONA results,

Identified carbon chain length | Avea % | Identified carbon chain length | Area %
C1 < (.01 Cis 432
£2 (.03 €16 3.51
C3 .61 Ci7 3.09
C4 1.64 Ci8 2.82
C5 6.62 19 2.21
<o 9.03 C20 1.63
7 5.47 21 1.22
C3 8.68 €22 (.86
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18 14.1 {24 .45

C10 6.34 28 8.70

C1i 7.69 26 .58

12 5.30 27 3.42

13 5.14 28 .24

14 6.19 29 0.13

Total 166

Table 16, Extended PIONA substance fist.
Substance Area % | Substance | Area % | Substance Area %

Pentane 395 Decane 2.82 Hexadecane | 2.77
Hexane 2.14 Undecane 2.98 Heptadecane | 2.44
Heptane 248 Dodecane 3.14 Octadecane | 2.19
Qctane 2.59 Tridecane 3.14 Nonadecane | 1.79
3-cthylheptane | 2.96 Tetradecane | 3.12 Eicosane i.4s
Nonane 2.68 Pentadecane | 2.91 Henetcosane | 1.09

Gas chromatography — Mass spectrometry (GC-MS) was performoed using a Thermo

5 Scientific Trace 1300 GC with a Thermo Scientific IS QD (injection volume - 0.5

ouicraliters; split vatio 1:5; injection temperature 250°C; oven prograra - 70 °C, hold 1 min,

10 °C/min to 300 °C, hold 24 min). The GC-MS results are sunmmarized in Table 11,

Tabie 11. GC-MS resuits.

Retention | Component Retention | Component

time time

{in) {min}

1.57 Propane 10.21 (ma/z 131, 146, 162}

1.61 Isobutane 10.27 (m/z 162, 166, 91)

1.63 {-butene 10.38 {m/z 162, 105, 145

1.65 2-butene 10.43 {(ov/z 131, 146, 145

1.73 Butane, 2-methyi- 10.47 (m/z 146, 131, 144)

1.77 Pentang 10.53 (/7 144, 129, 145)

1.80 5 alkene (/7 55, 42, 41) 10.62 1-tridecene

1.01 1-Pentene, 4-methyl- 13.32 Tridecane

1.94 Butane, 2,3-dimethvi- 10.84 {(oyz 182, 197, 111

2.01 Pentane, 2-methyi- 10.89 (/7 111,43, 125

2.05 n-Hexane 10.98 (m/z 111, 141, 142)

2.08 6 alkene (/7 84, 41, 69) 11.09 (m/z 111, 154, 125

212 C6 alkene (m/z 41, 55, 84) 11.23 Methylnaphthalene (nm/z 142,
141, 115}

2.15 6 alkene (1n/z 41, 67, 39) 11.44 13 alkene {m/z 182, 125, 111}

2.18 Hexane, 2-methyl- 11.51 (m/z 180, 154, 176)

2.20 Cyelopentane, methyl- 11.59 {m/z 155, 145, 154)

2.28 1-Pentene, 2, 4-dimethyl- 11.60 {nyz 145, 160, 176)

2.30 C7 alkene (m/z 83, 98, 41) 11.69 {m/z 176, 169, 168)
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2.33 Cyclopentene, 1-methyl- 11.75 (m/z 111, 125, 168)

238 Hexane, 2-methyi- 11.88 {m/z 159, 145, 176)

2.40 Benzene 12.00 1-Tetradecens

2.44 Hexane, 3-methyl- 12.17 Tetradecane

2.54 C7 alkene (myvz 41, 98, 55) 2.30 {(mv/z 196, 156, 141)

2.61 Heptane 12.69 Dimethylnaphthalene (m/z 156,

141, 174)

2.65 {mv/z 98, 81, 96) 12.75 {nvz 156, 155, 154)

2.71 7 alkene (m/z 98, 41, 39) 12.81 (m/z 196, 168, 83)

2.84 Cvclohexane, methyl- 12.90 (m/z 190, 169, 168)

292 Cyelopentane, ethyl- 13.00 (ra/z 156, 183, 182)

2.98 CTHI2 (mv/z 81, 96, 79) 13.07 {m/z 190, 194, 159

3.08 C7HI? (m/z 81, 96, 95) 13.14 {m/z 190, 103, 155)

3.19 Heptane, 4-methyl- 13.18 (m/z 156, 187, 172}

3.24 Toluene 13.28 1-Pentadecene

328 CTHIZ2 (miz 96, 81, 91) 13.46 Pentadecane

3.39 C8 alkene (m/z 41, 112, 55) 13.51 {m/z 167, 141, 182)

3.43 C8 alkene (m/z 41, 55, 43) 13.58 2,4-Di-tert-butviphenn!

3.55 Octane 13.71 (ov/z 111, 208, 153)

3.59 {m/z 112, 41, 55) 13.82 {m/z 155, 170, 153)

3.61 Dimethyleyclobexane 13.89 1{-Tsopropenvinaphthalene

3.79 COH20 alkane (m/z 35, 43,41) | 13.92 {m/z 153, 97, 204)

391 (/7 83, 126, 41) 14.01 {m/z 168, 169, 155)

4.47 C9 alkene (mv/z 43, 126, 55) 14.04 {m/z 170, 155, 153)

4.15 {m/z 110, 95, 10%) 14.14 C15 alkene (m/z 183, 210, 182}

4.30 Cvelohexane, 1,3,5-trimethvi- 14.16 (m/z 157, 204, 208)

4.37 xyiene (m/z 91, 1036, 135) 14.23 {m/z 197, 196, 155)

4.47 xylene + (m/z 106, 91, 109) 14.35 {ov/z 204, 208, 175

4.57 COHL6 (v 109, 124, 83) 14.42 {m/z 204, 103, 224)

4.70 9 alkene (m/z 41, 43, 97) 14.51 Cetene

4,76 CI0H20 (nvz 43, 83, 104) 14.67 Hexadecane

4.82 xviene + (n/z 106, 43, 91 14.30 {m/z 224, 111, 19%)

4.84 Nonane 15.10 {ovz 155, 168, 154)

5.23 Benzene, (I-methylethyl)- 1518 (m/z 182, 183, 169

5.32 (m/z 97, 83, 126) 15.25 (m/z 167, 196, 182)

5.64 Benzene, propyl- 15.32 (m/z 197, 196, 155)

571 (m/z 124, 41, 95) 15.36 {m/fz 167, 224, 165)

576 aromate COH12Z (m/z 105, 120, | 15.39 (nv/z 218,211, 21th
183)

.79 aromate CYH12 (m/z 105, 120, | 15.48 (m/z 196, 197, 105)
106)

5.86 arorpate COH12 (m/fz 108, 120, | 15.57 (/7 167, 218, 165)
119)

6.05 aromate COH12 (m/z 105, 120, | 14.30 {m/fz 224, 111, 195)
103)

6.14 CI10H20 alkene (m/z 41 97, 55) | 15.66 1-Heptadecene

6.29 Decane 15.83 Heptadecane

6.35 CI1OH20 alkene (m/z 140, 97, 15.95 {17 alkene (m/z 238, 111, 169)
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41)
6.43 {mfz 113, 43, 41) 16.06 {17 alkene (m/z 97, 198, 238)
6.50 C11H24 alkane (m/z 43, 113, 16.25 {m/z 168, 180, 182)
413
6.79 (m/z 154,41, 111) 16.30 {m/z 179, 196, 194)
6.97 Indane 16.38 {m/z 165, 182, 167)
7.13 aromate C10H 14 (m/z 1035, 1643 (n/z 211, 181, 2ith
134, 85)
7.24 (m/7 119, 43, 85) 16.48 (/7 179, 194, 178)
732 {m/z 119, 105, 41) 16.53 (m/z 225,224, 111
7.48 {(m/z 111, 112, 41) 16.54 (nv/z 179, 232, 194)
7.55 (m/z 119, 111, 112) 16.62 (/2 1635, 181, 21
7.68 (m/z 119, 41, 97) 15.95 {17 alkene {myz 238, 11, 169)
7.76 aromate CI10HI12 (m/z 117, 16.76 1-Octadecene
115, 132)
7.86 Undecane 16.91] Octadecane
7.89 C1IH22 alkene (m/z 154, 97, 17.19 (m/z 178, 250, 97
41
8.01 C11H22 alkene (m/z 154, 41, 17.49 (nyfz 225, 179, 178)
152)
8.22 (m/z 152, 125, 41) 17.87 {mn/z 239, 179, 194)
3.44 {m/z 154, 119, 152) 17.63 {m/z 246, 179, 194)
R.57 aromate (nyvz 117, 152, 115) 17.72 {ny/z 266, 193, 181)
8.61 (m/z 131, 119, 146) 17.81 1-Nonadecene
8.67 aromate (m/z 148, 1035, 136) 17.94 Nonadecang
4.75 aromate (m/z 117, 115, 132 18.51 (m/z 179, 239, 208)
3.83 aromate (1o/z 148, 119, 115) 18.60 {m/z 253,252, 193
8.92 aromate (nyvz 148, 105, 106) 18.69 (nv/z 260, 192, 191
917 C12 alkene (m/z 97, 168, 41) 18.80 1-Ficosene
9.29 (m/z 131, 173, 43} 18.93 Eicosane
9.32 Naphthalene 19.47 (m0/7.253, 274, 252)
9.37 Dodecane 19.76 i-Heneicosene
9.39 Ci2 alkene {nv/z 168, 97, 131) | 19.87 Heneicosane
9.46 aromate C11H14 (m/z 131, 20.77 Docosane
146, 115)
9.50 {m/z 168, 131, 146) 21.64 Tricosane
9.82 {m/z 145, 155, 160 22.47 Tetracosane
9.92 {(m/z 162, 166, 155) 2327 Pentacosane
Q.97 (m/z 168, 117, 183) 24.04 Hexacosane
10.02 (m/z 162, 117, 119) 24,84 Heptacosane
10.07 {m/z 145, 166, 160) 25.74 {ctacosane
10.12 {m/z 145, 162, 168 26.79 Nonacosane

The kinematic viscosity of the oil was assessed using ASTM D445 and ASTM D7042

using an Anton Paar SYM3000 Stabinger Viscometer G2. The otl sample had a kinematic

viscosity of 28.2 s, oSt
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Herzog, Electronic MP329 instrament. The oil had a flashpoint of 11.3 °C.
The oil was subjected to distillation according to EN ISO 405, The resulis are

summarized in Table 12.

5 Table 12, Dnstillation results of oil sample.
Analysis No. 1 | Analysis No. 2 | Units

Recetver temperature 16 16 °C

Starting Sample Teraperature | 22.0 22.0 °C

Initial Boiling Point 37 37 °C

25% Recovery 1377 135.8 °C

35% Recovery 163.1 161.8 °C

45% Recovery 189.6 188.5 °C

55% Recovery 216.1 217.6 °C

65% Recovery 244.9 2444 °C

75% Recovery 2716 270.8 °C

80% Recovery 2889 286 °C

85% Recovery - 305 °C

The oil sample was further subjected to "H-NMR spectroscopy. The 'H spectra were
obtained in CDCl; solvent (Goss Scientific Id, 99.8%) at ambient laboratory temperature and
auto referenced against the solvent peak using the JEOL ECS 400 NMR spectrometer.
10 The 'H-NMR spectra are shown in Figore 20 and Figore 21. The annotations in
Figure 21 is a guide highlighting certain peaks of interest. The 'H-NMR spectra generated for
the oil sample confirm the presence of saturated, unsaturated and aromatic hydrocarbons. 'H-
NMR indicates the presence of vinyl, internal and vinylidene olefinic functionalities.
The normalized NMR integration valoes indicate there is 94.8% aliphatic protons
15 (region 0.2 — 4 ppm), 3.8% olefinic protons (region 4.5 — 6.0 ppny) and 1.4% aromatic

protons (region 6.7 — 8.3 ppm). This refers to the percentage of proton atonss in the aliphatic
saturated, olefinic and arornatic rings only relative to the total proton content. There were no
signals observable outside the range shown in the 'H-NMR specira.

The oil sample was further subjected to PC-NMR spectroscopy. The PC-NMR

20 spectra were obtained in CDClz solvent (Goss Scientific 3, 99.8%) at arabient laboratory

temperature and auto referenced against the solvent peak.

The "*C-NMR spectra are shown in Figure 22 and Figure 23. The annotations in
Figure 23 is a guide highlighting certain peaks of interest. The PC-NMR spectra generated
for the oil sample are dominated by resonances that are consistent with saturated, unsaturated

~ . 13~ T . . N . T
25  and aromatic hydrocarbons. PC-NMR indicates the presence of vinyl, internal and vinylidene
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olefinic functionalities. There were no signals observable outside the range shown in the PC-

NMR spectra.

EXAMPLE IMPLEMENTATIONS

w

Example I: A reactor for pyrolysis of plastic feedstock comprising post-consumer
andfor post-indusirial plastics, the reactor comprising: a reactor vessel defining an internal
volume configured for receiving and pyrolyzing the plastic feedstock; and ove or more
heaters configured for heating the feedstock in the reactor vessel’s internal volume to a
temperature of 200°C or more; wherein the one or more heaters are configured for applying
10 energy at a combined energy density between 0.05 and 0.7 kKW per pound of pyrolyzed

product produced within the reactor.

Example 2: The reactor of any one of the examples herein, particularly Example 1,
whetein the one or more heaters are configured for applying energy at a combined encrgy
density between (.05 and 0.5 KW per pound of pyrolyzed product produced within the veactor

15 per hour.

Example 3: The reactor of any one of the exanples herein, particularty Example 1,
wherein the internal volume of the reactor vessel is between 100 and 20,000 gallous.

Example 4: The reactor of any one of the examples herein, particularly Example 1,
wherein the reactor vessel is configured for maintaining a pressure in its internal volume

20 during pyrolysis that is between -7.5 and 14.5 psig.

Example 5: The reactor of any one of the exaroples herein, particularly Exaraple 1,
wherein the one or mwore heaters are configured for applying heat to the plastic feedstock in
the reactor vessel at a heat density hetween 5 and 55 W/in®.

Example 6: The reactor of any one of the examples herein, particularly Example 1,

25 wherein the one or more heaters comprise one or more electric heaters.

Example 7: The reactor of any one of the examples herein, particularly Example 6,
wherein the one or more electric heaters comprise one or mote electric heaters positioned
around sides of the reactor vessel.

Example 8: The reactor of any one of the examples herein, particularly Example 6,

30 wherein the one or more eleciric heaters further comprise one or more eleciric heaters
extending info the interior volume of the reactor vessel.

Example 9: The reactor of any one of the examples herein, particularly Example 1,
whetein the one or more heaters comprise an array of electric heaters that are vertically

oriented and extend into an interior volume of the reactor vessel.
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Example 106: The reactor of any one of the examples herein, particularly Example 1,
wherein the reactor vessel includes an agitator configured for stirring the plastic feedstack
during pyrolysis.

Example 11: The reactor of any one of the examples herein, particularly Example 10,

w

wherein the agitator is configured to continuously str the feedstock within the reactor vessel

during pyrolysis.

Example 12: The reactor of any one of the examples herein, particularly Example 10,
wherein the agitator is configured to continuously produce average liquid flow velocities
inside the reactor vessel between 0.2 and 10 ny/s.

10 Example 13: The reactor of any one of the examples herein, particularly Example 10,
wherein the agitator is configured to continuously produce average tiquid flow velocities
inside the reactor vessel between 0.5 and 6 m/s.

Example 14: The reactor of any one of the examples herein, particularly Example 10,
wherein the agitator comprises a vertically oriented drive shaft and one or more impellers

15 mounted on the drive shaft.

Example 15: The reactor of any one of the examples herein, particularly Example 14,
wherein the one or mare impeliers cach comprise a plurality of impeller blades extending
radially outwardly from the drive shaft.

Example 16: The reactor of any one of the examples herein, particularly Example 1,

20 further comprising one or more vapor outlets configured for directing hydrocarbon vapor
generated during pyrolysis out of the reactor vessel.

Example 17: The reactor of any one of the examples herein, particolarly Example 1,
wherein the plastic feedstock s a continuous streara of molien or semi-molien feedstock; and
wherein the reactor vessel is configured to pyrolyze the continuous strearn of molten or semi-

25  molten feedstock.

Example 18: The reactor of any one of the examples herein, particularly Example 1,
wherein the reactor vessel’s internal volume is configured for receiving and pyrolyzing the
plastic feedstock at an industrial scale.

Example 1%: A method for pyrolysis of plastic feedstock comprising post-consumer

30 andfor post-industrial plastics, the method comprising: duecting the plastic feedstock into an

internal volume of a reactor vessel; and pyrolyzing the plastic feedstock in the internal

volume of the reactor vessel: wherein the step of pyrolyzing the plastic feedstock comprises:
using one ot more heaters to heat the plastic feedstock in the reactor vessel's internal volume

to a teraperature of 200°C or more; and using the one or more heaters to apply energy ata
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combined energy density between 0.05 and 0.7 kKW per pound of pyrolyzed product produced
within the reactor.
Example 20: The method of any one of the examples herein, particularty Example

19, wherein the step of asing the one or mwore heaters to applying energy comprises using the

w

one or more healers to apply energy at a combined energy density between .05 and 0.5 kW

per pound of pyrolyzed product produced within the reactor per hour,

Fxample 21: The method of any one of the examiples herein, particularly Exarople

19, wherein the internal volome of the reactor vessel is between 100 and 20,000 gallons.

Example 22: The method of any one of the examples herein, particularty Example

10 19, wherein the reactor vessel is configured for maintaining a pressure in its internal volome
during pyrolysis that is between -7.5 and 14.5 psig.

Example 23: The method of any one of the examples herein, particularly Example
19, wherein the one or more heaters are configured for applying heat to the plastic feedstock
in the reactor vessel at a heat density between 5§ and S5 W/in®.

15 Example 24: The method of any one of the examples herein, particularty Example
19, wherein the one or more heaters comprise one orf more ¢lectric heaters.

Example 25: The method of any one of the examples herein, particitarty Example
24, wherein the one or more electric heaters comprise one or more electric heaters positioned
around sides of the reactor vessel.

20 Example 26: The method of any one of the examples herein, particularfy Hxarople
24, wherein the one or more electric heaters further comprise one ot more electric heaters
extending into the interior volume of the reactor vessel.

Example 27: The method of any one of the examples herein, particitarty Example
19, wherein the one or more heaters comprise an array of electric beaters that are vertically
25  oriented and extend into an interior volume of the reactor vessel.
Example 28: The method of any one of the examples herein, particularly Example
19, wherein the reactor vessel includes an agitator configured for stiring the plastic feedstock
during pyrolysis.
Example 2%: The method of any one of the examples herein, particularty Example

30 28, wherein the agitator is configured to continuously stir the feedstock within the reactor

vessel during pyrolysis.

Example 38: The method of any one of the examples herein, particularly Example

28, wherein the agitator is configured o continuously produce average liquid flow velocities

inside the reactor vessel between 0.2 and 10 m/s.
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Example 31: The method of any one of the examiples herein, particularly Exarople
28, wherein the agitator is configured to continuously produce average liquid flow velocities
inside the reactor vessel between 0.5 and 6 my/s.

Example 32: The method of any one of the examples herein, particularly Example
28, wherein the agitator comprises a vertically oriented drive shaft and one or more impellers
mounied on the drive shaft.

Fxample 33: The method of any one of the examiples herein, particularly Exarople
32, wherein the one or more impellers each comprise a plarality of impeller blades extending
radially outwardly from the drive shaft.

Example 34: The method of any one of the examples herein, particularty Example
19, further comprising directing hydrocarbon vapor generated during pyrolysis out of the
reactor vessel via one or more vapor outlets provided on the reactor vessel.

Example 35: The method of any one of the examples herein, particularly Exarople
34, further comprising the steps of: directing the hydrocarbon vapor generated doring
pyrolysis from the one or more vapor outlets to one or more condensers; and using the one or
more condensers to separate the hydrocarbon vapor into a wax product, an oil product, a gas
product, or a combination thereof,

Example 36: The method of any one of the examples herein, particularly Example
35, wherein the wax product comprises fong-chain hydrocarbons that are solid or semi-solid
wax at amnbient temperature and pressure.

Example 37: The method of any one of the examiples herein, particularly Exarople
35, wherein the otl product comprises short-chain hydrocarbons that are a liquid at ambient
temperature and pressure.

Example 38: The method of any one of the examples herein, particularly Example
35, wherein the gas product comprises hydrocarbons that are non-condensable at ambient
temperature and pressure.

Example 3%: The method of any one of the examiples herein, particularly Exarople
19, wherein the step of directing the plastic feedstock into an internal volume of a reactor
vessel comprises directing a continuous stream of molten or semi-molten feedstock into the
internal volume of the reactor vessel; and wherein the step of pyrolyzing the plastic feedstoc
corpprises pyrolyzing the continuous strearn of muolten or semi-molten feedstock in the
reactor vessel

Example 40: The method of any one of the examples herein, particularly Exarople

19, wherein the step of duecting the plastic feedstock info an infernal volume of a reactor
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vessel comprises: directing the plastic feedstock into one or more extruders, melting the
plastic feedstock to produce at least semi-molten feedstock; and directing the at least semi-
molten feedstock into the internal volume of the reactor vessel.

Example 41: The method of any one of the examples herein, particularly Example

w

40, wherein the step of melting the plastic feedstock includes allowing air, steam, and/or low
melting-point contarninants to exit the one or mare extruders through one or more vents
during the melting step.
Example 42: The method of any one of the examples herein, particolarty Example
19, wherein the step of pyrolyzing the plastic feedstock in the internal volume of the reactor
10 vessel comprises pyrolvzing the plastic feedstock in the internal volume of the reactor vessel
at an industrial scale.

Example 43: A system for pyrolyzing plastic feedstock comprising post-consumer
andfor post-industrial plastics, the systen comprising: one or more cnergy transfer
apparatuses configured for receiving the plastic feedstock and applying energy to the plastic

15 feedstock: wherein the one or more energy transfer apparatuses comprise one or more
reactors configured for receiving and pyrolyzing the plastic feedstock, each of the one or
more the reactors comprising: a reactor vessel defining an internal volume configured for
receiving and pyrolyzing the plastic feedstock; and one or more heaters configured for
heating the feedstock in the reactor vessel's internal volume o a temperature between 200°C

20 and 1,000°C; wherein the one or more energy transfer apparatuses are collectively configured
for using energy at an average rate of 0.80 kW per poand of pyrolyzed product produced by
the system per hour or less.

Example 44: The system of any one of the exanples herein, particularly Example 43,
wherein the one or more energy transfer apparatuses are collectively configured for using

25  energy at an average rate of 0.50 kW per pound of pyrolyzed product produced by the system
per hour or less.

Example 458: The systern of any one of the examples herein, particularly Example 43,
wherein the one or more energy transfer apparatuses are collectively configured for using
energy at an average rate of .40 kW per pound of pyrolyzed product produced by the system

30 per hour or less.

Example 46: The system of any one of the examples herein, particularly Example 43,
wherein the one or more energy transfer apparatuses are collectively configured for using
cnergy at an average rate of 0.30 kKW per pound of pyrolyzed product produced by the system

per hour or less.
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Example 47: The systern of any one of the examples herein, particularly Example 43,
wherein the internal volume of the reactor vessel is between 100 and 20,000 gallons.

Example 48: The system of any one of the exanples herein, particularly Example 43,
wherein the reactor vessel is configured for maintaining a pressure in its internal volume

5 during pyrolysis that is between -7.5 and 14.5 psig.

Example 49: The system of any one of the examples herein, particularly Example 43,
wherein the one or more heaters are configured for applying heat to the plastic feedstock in
the reactor vessel at a heat density between § and 55 W/in®.

Example 5¢: The system of any one of the exanples herein, particularly Example 43,

10 wherein the one or more heaters comprise one or more electric heaters.

Example 51: The system of any one of the examples herein, particularly Example 50,
wherein the one or more electric heaters comprise one or more electric heaters positioned
around sides of the reactor vessel.

Example 52: The systemn of any ove of the exaraples herein, particularly Example 50,

15 wherein the one or more electric heaters further comprise one or more electric heaters
extending into the interior volume of the reactor vessel.

Example 53: The system of any one of the examples herein, particularly Example 43,
wherein the one or more heaters comprise an array of electric heaters that are vertically
oriented and extend into an interior volume of the reactor vessel.

20 Example 54: The systern of any one of the examples herein, particularly Example 43,
wherein the reactor vessel includes an agitator configured for stivring the plastic feedstock
during pyrolysis.

Example 55: The system of any one of the examples herein, particularly Example 54,
wherein the agitator is configured to continuously stir the feedstock within the reactor vessel

25  during pyrolysis.

Example 56: The system of any one of the examples herein, particularly Example 54,
wherein the agitator is configured to contimuously produce average liquid flow velocities
inside the reactor vessel between (1.2 and 10 /s,

Example 57: The system of any one of the examples herein, particularly Example 54,

30 wherein the agitator is configured to continuously produce average liquid flow velocities
inside the reactor vessel between 0.5 and 6 m/s.

Example 538: The system of any one of the examples herein, particularly Example 54,
whetein the agitator comprises a vertically oriented drive shaft and one or more irapeliers

mounted on the drive shaft.
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Example 5% The systern of any one of the examples herein, particularly Example 3§,
wherein the one or more impeliers each comprise a plurality of impelier blades extending
radially outwardly from the drive shaft.

Example 68: The system of any one of the examples herein, particularly Example 43,

w

wherein the reactor further comprises one or more vapor outlets configured for directing

hydrocarbon vapor generated during pyrolysis out of the reactor vessel.

Example 61: The systern of any one of the examples herein, particularly Example 60,
further comprising one or more condensers; and wherein the one or more vapor outlets are
configured for directing hydrocarbon vapor generated during pyrolysis to the one or more
10 condensers for separating the hydrocarbon vapor into a wax product, an oil product, a gas

product, or 4 combination thereof.

Example 62: The system of any one of the examples herein, particularly Example 61,
whetein the wax product comprises tong-chain hydrocarbous that are solid or serni-solid wax
at amibient temperature and pressure.

15 Example 63: The system of any one of the examples herein, particolarly Example 61,
wherein the oil product comprises short-chain hydrocarbons that are a liquid at aptbient
temperature and pressure.

Example 64: The system of any one of the examples herein, particularly Example 61,
wherein the gas product comprises hydrocarbons that are non-condensable at ambicnt

20 temperature and pressure.

Example 65: The systern of any one of the exaraples herein, particularly Example 43,
further comprising: one or more temperature sensors configured for sensing the temperature
of the plastic feedstock in the reactor vessel; and a pyrolysis control system configured for: at
least temporarily storing a target temperature value for the plastic feedstock in the reactor

25 vessel, monitoring the temperature of the plastic feedstock in the reactor vessel as measured
by the one or more temperature sensors, and, in response to the temperature measured by the
one or more temperatare sensors, controfling the one or more heaters to maintain the
temperature of the plastic feedstock within a defined tolerance relative to the target
temperature value.

30 Example 66: The system of any one of the examples herein, particularly Example 65,

wherein the defined tolerance is within 10°C of the target temiperature value.

Example 67: The system of any one of the examples herein, particularly Example 43,
whetein the plastic feedstock is a contingous stream of molten ot semi-molten feedstock; and

wherein the reactor vessel is configured to pyrolyze the continuous streant of molten ot senu-
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molten feedstock.
Example 68: The system of any one of the examples herein, particularly Example 43,
wherein the one or more energy transfer apparatuses further comprise one or more extruders;

and wherein each of the one or more extruders is configured for: receiving the plastic

w

feedstock, melting the plastic feedstock to produce at least semi-molten feedstock, and

directing the at least semi-molten feedstock to at least one of the one or more reactors
Example 6%: The systern of any one of the examples herein, particularly Example 68,

wherein each of the one or more extruders comprises: an extruder barrel; and one or more

vents configured to allow air, steam, and/or low melting-point contaminants o exit the

10 extruder bagel,

Example 78: The system of any one of the examples herein, particularly Example 43,
wherein the one or more reactors are configored for using energy at an average rate of 0.70
KW per pound of pyrolyzed product produced by the system per hour or less.

Example 71: The systemn of any ove of the exaraples herein, particularly Example 6§,

15 wherein the one or more extruders are configured for using energy at an average rate of .40
kW per pound of pyrolyzed product produced by the system per hour or less.

Example 72: The system of any one of the exanples herein, particularly Example 41,
wherein the one or more pyrolysis reactors are configured for receiving and pyrolyzing the
plastic feedstock at an industrial scale; and wherein the reactor vessel's internal volume is

20 configured for receiving and pyrolyzing the plastic feedstock at an industrial scale.

Example 73: A method for pyrolysis of plastic feedstock comprising post-consumer
and/or post-industrial plastics at an industrial scale, the method comprising: directing the
plastic feedstock into one or more energy transfer apparatiuses; pyrolyzing the plastic
feedstock by applying energy to the plastic feedstock using the one or more energy transfer

25  apparatuses; wherein, in performing the step of pyrolyzing the plastic feedstock, the one or
more energy transfer apparatuses use energy at an average rate of 0.80 kW per pound of
pyrolyzed product produced by the systera per hour or less.

Fxample 74: The method of any one of the examples herein, particularly Exarople
73, wherein, in performing the step of pyrolyzing the plastic feedstock, the one or more

30 energy transfer apparatuses usc energy at an average rate of 0.50 kW per pound of pyrolyzed
product produced by the system per hour or less.

Example 75: The method of any one of the examples herein, particularly Example
74, wherein, in performing the step of pyrolyzing the plastic feedstock, the one or roore

energy {ransier apparatuses use energy at an average rate of 0.40 kW per pound of pyrolyzed
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product produced by the system per hour or fess.
Example 76: The method of any one of the examples herein, particularty Example
73, wherein, in performing the step of pyrolyzing the plastic feedstock, the ene or more

energy transfer apparatuses use energy at an average rate of 0.30 kW per pound of pyrolyzed

w

product produced by the system per hour or less.

Example 77: The method of any one of the examples herein, particularly Example

73, wherein the one or more energy transfer apparatuses comprise one or more pyrolysis

reactors configared for receiving and pyrolyzing the plastic feedstock at industrial scale.

Example 78: The method of any one of the examples herein, particularty Example

10 77, wherein the one or more reactors each comprise a reactor vessel.

Example 79: The method of any one of the examples herein, particularly Example
78, wherein the step of directing the plastic feedstock into the one or more energy transfer
apparatuses comprises directing the plastic feedstock inte an internal volume of the reactor
vessel of each of the one or more reactors.

15 Example 88: The method of any one of the examples herein, particularty Example
79, wherein the step of pyrolyzing the plastic feedstock by applying energy to the plastic
feedstock using the one ot more energy transfer apparatuses conprises pyrolyzing the plastic
feedstock in the internal volume of the reactor vessel of each of the one or more reactors at an
industrial scale.

20 Example 81: The method of any one of the examples herein, particularfy Hxarople
79, wherein the step of pyrolyzing the plastic feedstock in the internal volume of the reactor
vessel of each of the one or more reactors at an industrial scale comprises using one or more
heaters of the one or more pyrolysis reactors to heat the plastic feedstock 0 a temperature
between 200°C and 1,000°C.

25 Example 82: The method of any one of the examples herein, particularly Example
79, wherein the internal volurae of the reactor vessel is between 100 and 20,000 gallons.

Example 83: The method of any one of the examiples herein, particularly Exarople
79, wherein the step of pyrolyzing the plastic feedstock further comprises maintaining a
pressure in the internal volume of the reactor vessel during pyrolysis that is between -7.5 and

30 145 psig.

Example 84: The method of any one of the examples herein, particularly Example

81, wherein the step of pyrolyzing the plastic feedstock further comprises using the one or

more heaters to apply heat to the plastic feedstock in the reactor vessel at a heat density

hetween 5 and 35 Whn®.
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Example 85: The method of any one of the examiples herein, particularly Exarople
81, wherein the one or more heaters comprise one or more electric heaters.

Example 86: The method of any one of the examples herein, particularty Example
83, wherein the one or more electric heaters comprise one or more electric heaters positioned

around sides of the reactor vessel.

w

Example 87: The method of any one of the examples herein, particularly Example
85, wherein the one or more electric heaters further comprise one or more electric heaters
extending into the interior volame of the reactor vessel.

Example 88: The method of any one of the examples herein, particularty Example

10 81, wherein the one or more heaters comprise an array of electric heaters that are vertically
oriented and extend into an interior volume of the reactor vessel.

Example 89: The method of any one of the examples herein, particularly Example
78, wherein the step of pyrolyzing the plastic feedstock further comprises stirring the plastic
feedstock doring pyrolysis using an agitator in the reactor vessel.

15 Example 90: The method of any one of the examples herein, particularty Example
89, wherein the step of stirring the plastic feedstock comprises continuously stirring the
plastic feedstock during pyrolysis,

Example 91: The method of any one of the examples herein, particularly Example
89, wherein the step of stirring the plastic feedstock comprises using the agitator to

20 countinuously produce average liquid flow velocities inside the reactor vessel between 0.2 and
10 m/s.

Example 92: The method of any one of the examples herein, particolarty Example
89, wherein the step of stitring the plastic feedstock comprises using the agitator to
continuously produce average liquid flow velocities inside the reactor vessel between (0.5 and

25 6ms.

Example 93: The method of any one of the examples herein, particularly Example
89, wherein the agitator comprises a vertically oriented drive shaft and one or more impellers
mounted on the drive shaft.

Example %4: The method of any one of the examples herein, particularty Example

30 93, wherein the one or more trapellers each comprise a phurality of trapelier blades extending
radially outwardly from the drive shaft.

Example 95: The method of any one of the examples herein, particularly Example
78, further coroprising the step of directing hydrocarbon vapor generated during pyrolysis out

of the reactor vessel via one or more vapor outlets provided on the reactor vessel.
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Example 96: The method of any one of the examiples herein, particularly Exarople
95, further comprising the steps of: directing the hydrocarbon vapor generated during
pyrolysis from the one or more vapor outlets to one or more condensers; and using the one or

more condensers (o separate the hydrocarbon vapor into a wax product, an oil product, a gas

w

product, or a combination thereof.

Example 97: The method of any one of the examples herein, particularly Example

96, wherein the wax product comprises long-chain hydrocarbons that are solid or semi-solid

wax at ambient temperature and pressure.

Example 98: The method of any one of the examples herein, particularty Example

10 96, wherein the oil product comprises short-chain hydrocarbons that are a liquid at arobient
temperature and pressure.

Example 99: The method of any one of the examples herein, particularly Example
96, wherein the gas product comprises hydrocarbous that are non-condensable at ambient
temperature and pressure.

15 Example 10¢: The method of any one of the examples herein, particolarly Example
78, wherein the step of pyrolyzing the plastic feedstock further comprises: using one or more
temperature sensors to sense the temperature of the plastic feedstock in the reactor vessel of
the one or more pyrolysis reactors; and using a pyrolysis control system to: at least
temporarily store at feast one target temperature value for the plastic feedstock in the reactor

20 vessel, monitor the teroperature of the plastic feedstock in the reactor vessel by
comyaunicating with the one or more teroperature sensors, and, in response to the temperature
measured by the one or more temperature sensors, control the one or more heaters to maintain
the temperature of the plastic feedstock within a defined tolerance relative to the target
temperature valoe.

25 Example 181: The method of any one of the examples herein, particularly Example
1600, wherein the defined tolerance is within 10°C of the target temperature value.

Example 162: The method of any one of the examples herein, particolarly Example
79, wherein the step of directing the plastic feedstock into an internal volume of a reactor
vessel comprises directing a continuous stream of molten or semi-molten feedstock into the

30 internal volume of the teactor vessel of each of the one or more pyrolysis reactors; and

wherein the step of pyrolyzing the plastic feedstock comprises pyrolyzing the continuous

stream of molten or semi-molten feedstock in the reactor vessel of each of the one or more
pyrolysis reactors.

Example 163: The method of any one of the exarples herein, pacticularly Example
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73, wherein the one or more energy transfer apparatuses further comprise one or more
extruders.

Example 104: The method of any one of the examples herein, particolarly Example
103, wherein each of the one or more extruders comprises an extruder barrel and one or more
vents configured to allow atr, steam, and/or low melting-point contaminants to exit the
extruder barrel.

Example 105: The method of any one of the examples herein, particolarly Example
103, wherein the step of directing the plastic feedstock into the one or more energy transfer
apparatuses comaprises directing the plastic feedstock into an internal volume of the one or
more extruders.

Example 186: The method of any one of the examples herein, particularly Example
163, wherein the step of pyrolyzing the plastic feedstock by applying energy to the plastic
feedstock using the one or mote energy transfer apparatuses cormaprises: melting the plastic
feedstock using the one or more extraders to produce at least semi-molten feedstock; and
directing the at least semi-molten feedstock into the internal volume of the veactor vessel.

Example 187: The method of any one of the examples herein, particularly Example
106, wherein the step of melting the plastic feedstock includes allowing air, steam, and/or
low melting-point contaminants to exit the one or more extraders through one or more venis
during the melting step.

Example 168: The method of any one of the examples herein, pacticularly Example
77, wherein, in performing the step of pyrolyzing the plastic feedstock, the one or more
reactors use energy at an average rate of 0.70 kW per pound of pyrolyzed product produced
by the system per hour or fess.

Example 189: The method of any one of the examples herein, particularly Example
103, wherein, in performing the step of pyrolyzing the plastic feedstock, the one or more
extruders use energy at an average rate of 0.40 kW per pound of pyrolyzed product produced
by the system per hour or less.

Fxample 110: A reactor for pyrolysis of plastic feedstock comprising post-consumer
andfor post-industrial plastics, the reactor comprising: a reactor vessel defining an internal
volume configured for receiving and pyrolyzing the plastic feedstock; and one or more
heaters configured for heating the feedstock in the reactor vessel’s internal vohime to a
temperature between 280°C and 1,000°C; wherein the reactor is configured for using energy
at an average rate of (.70 kW per pound of pyrolyzed product produced within the reactor per

hour or ess.
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Example 111: The reactor of any one of the examples herein, particularly Example
110, wherein the reactor is configured for using energy at an average rate of .30 kW per
pound of pyrolyzed product produced within the reactor per hour or less.

Example 112: The reactor of any one of the examples herein, particularly Examiple

w

110, wherein the reactor is configured for using energy at an average rate of (.20 kW per

pound of pyrolyzed product produced within the reactor per hour or less.

Fxample 113: The reactor of any one of the examples herein, particularly Example

110, wherein the reactor is configured for using energy at an average rate of 0.16 kW per

pound of pyrolyzed product produced within the reactor per hour or less.

10 Example 114: The reactor of any onc of the examples herein, particularly Example
110, wherein the internal volume of the reactor vessel is between 100 and 20,000 gallons.

Example 115: The reactor of any one of the examples herein, particularly Example
110, wherein the reactor vessel is configured for maintaining a pressure in its intemal volume
during pyrolysis that is between -7.5 and 14.5 psig.

15 Example 116: The reactor of any one of the examples herein, particularly Example
110, wherein the one or more heaters are configured for applying heat to the plastic feedstock
in the reactor vessel at a heat density between 5 and 55 Win’.

Example 117: The reactor of any one of the examples herein, particularly Example
110, wherein the one or more heaters comprise one or maore clectric heaters.

20 Example 118: The reactor of any one of the exaraples herein, particularly Example
117, wherein the one or more electric heaters comprise one or more electric heaters
positioned around sides of the reactor vessel.

Example 119: The reactor of any one of the examples herein, particularly Example
117, wherein the one or more electric heaters further comprise one or more electric heaters

25 extending into the interior volume of the reactor vessel.

Example 126: The reactor of any one of the examples herein, particularly Example
110, wherein the one or more heaters comprise an array of electric heaters that are vertically
oriented and extend into an interior volame of the reactor vessel

Example 121: The reactor of any one of the examples herein, particularly Example

30 110, wherein the reactor vessel includes an agitator configured for stirring the plastic

feedstock during pyrolysis.

Example 122: The reactor of any one of the examples herein, particularly Example

121, wherein the agitator is configured to continuously stir the feedstock within the reactor

vessel during pyrofysis.
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Example 123: The reactor of any one of the examples herein, particularly Example
121, wherein the agitator is configured to continvously produce average liquid flow velocities
inside the reactor vessel between 0.2 and 10 nv/s.

Example 124: The reactor of any one of the examples herein, particularly Examiple
121, wherein the agitator is configured to continuously produce average Hyuid flow velocities
inside the reactor vessel between 0.5 and 6 my/s.

Fxample 125: The reactor of any one of the examples herein, particularly Example
121, wherein the agitator comprises a vertically oriented drive shaft and one or more
impellers mounted on the drive shaft.

Example 126: The reactor of any onc of the examples herein, particularly Example
125, wherein the one or more irapellers each comprise a plurality of impeller blades
extending radially outwardly from the drive shaft.

Example 127: The reactor of any one of the cxamples herein, particularly Example
110, further comprising one or motre vapor outlets configured for directing hydrocarbon
vapor generated during pyrolysis out of the reactor vessel.

Example 128: The reactor of any onc of the examples herein, particularly Example
110, further comprising: one or more temperature sensors configured for sensing the
temperature of the plastic feedstock in the reactor vessel; and a pyrolysis control system
configured for: at least temporarily storing a target temperature value for the plastic feedstock
in the reactor vessel, monitoring the teraperature of the plastic feedstock in the reactor vessel
as measured by the one or more temperature sensors, and, in response to the temperature
measured by the one or more temperature sensors, controlling the one or more heaters to
maintain the temperature of the plastic feedstock within a defined tolerance relative to the
target temperature valie.

Example 129: The reactor of any one of the examples herein, particularly Example
128, wherein the defined tolerance is within 10°C of the target temperature value.

Fxample 136: The reactor of any one of the examples herein, particularly Example
110, wherein the plastic feedstock is a continuous strearn of maolten or semi-molten feedstock;
and wherein the reactor vessel is configured to pyrolyze the continuous strean of molten or
senii-molien feedstock.

Example 131: The reactor of any one of the examples herein, particularly Example
110, wherein the reactor vessel’s internal volume is configured for receiving and pyrolyzing
the plastic feedstock at an industrial scale.

Fxample 132: A reactor for pyrolysis of plastic feedstock comprising post-consurger
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andfor post-industrial plastics, the reactor comprising: a reactor vessel defining an intermal
volume configured for receiving and pyrolyzing the plastic feedstock: and one or more
heaters configured for heating the feedstock in the reactor vessel’s internal volume to a

temperature between 200°C and 1,000°C; wherein the reactor is configured for producing an

w

average of 0.30 pounds or more of pyrolyzed product per hour per gallon of the reactor’s

internal volume for a period of 24 hours or more.

Fxample 133: The reactor of any one of the examples herein, particularly Example

132, wherein the reactor is configured for producing an average of 0.40 pounds or more of

pyrolyzed product per hour per gallon of the reactor's internal volume for a period of 24 hours

10 or more.

Example 134: The reactor of any one of the examples herein, particularly Example
132, wherein the reactor is configured for producing an average of .45 pounds or more of
pyrolyzed product per hour per gallon of the reactor’s internal volume for a period of 24 hours
o1 more.

15 Example 135: The reactor of any one of the examples herein, particularly Example
132, wherein the reactor is configured for producing an average of 8.50 pounds or more of
pyrolyzed product per hour per gallon of the reactor's internal voluroe for a period of 24 bours
Of more.

Example 136: The reactor of any one of the examples herein, particularly Example

20 132, wherein the internal volume of the reactor vessel is between 100 and 20,000 gallons.

Example 137: The reactor of any one of the examples herein, particularly Example
132, wherein the reactor vessel is configured for maintaining a pressure in its internal volume
during pyrolysis that is between -7.5 and 14.5 psig.

Example 138: The reactor of any one of the examples herein, particularly Examiple

25 132, wherein the one or more heaters are configured for applying heat to the plastic feedstock
in the reactor vessel at a heat density between 5 and 55 W/in%.

Fxample 13%: The reactor of any one of the examples herein, particularly Example
132, wherein the one or more heaters comprise one or more electric heaters.
Example 148: The reactor of any one of the examples herein, particularly Example

30 139, wherein the one ot more electric heaters comprise one or more electric heaters

positioned around sides of the reactor vessel.

Example 141: The reactor of any one of the examples herein, particularly Example

139, wherein the one or more electric heaters further coroprise one or more electric heaters

extending into the inferior volume of the reactor vessel.
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Example 142: The reactor of any one of the examples herein, particularly Example
132, wherein the one or more heaters comprise an arvay of electric heaters that are vertically
oriented and extend into an interior volume of the reactor vessel

Example 143: The reactor of any one of the examples herein, particularly Examiple
132, wherein the reactor vessel includes an agitator configured for stirring the plastic
feedstock during pyrolysis.

Fxample 144: The reactor of any one of the examples herein, particularly Example
143, wherein the agitator is configured to continuously stir the feedstock within the reactor
vessel during pyrolysis.

Example 145: The reactor of any onc of the examples hercin, particularly Example
143, wherein the agitator is configured to continuously produce average Hquid flow velocities
inside the reactor vessel between 0.2 and 10 m/s.

Example 146: The reactor of any one of the cxamples herein, particularly Example
143, wherein the agitator is configured to continuously produce average liquid flow velocities
inside the reactor vessel between 0.5 and 6 my/s.

Example 147: The reactor of any onc of the examples herein, particularly Example
143, wherein the agitator comprises a vertically oriented drive shaft and one ot more
inpelers mounted on the drive shaft.

Example 148: The reactor of any one of the examples herein, particularly Example
147, wherein the one or more inpeliers each comprise a plurality of tmpeller blades

P

extending radially outwardly from the drive shaf

ft.

Example 149: The reactor of any one of the examples herein, particularly Example
132, further comprising one or more vapor outlets configured for directing hydrocarbon
vapor generated during pyrolysis oot of the reactor vessel.

Example 13{: The reactor of any one of the examples herein, particularly Example
132, further comprising: one or more femperature sensors configured for sensing the
temperature of the plastic feedstock v the reactor vessel; and a pyrolysis control system
configured for: at least temporarily storing a target temperature value for the plastic feedstock
in the reactor vessel, monttoring the temperature of the plastic feedstock in the reactor vessel
as measured by the one or more temperature sensors, and, in response to the teraperature
measured by the one or more temperature sensors, controlling the one or more heaters o
maintain the temperature of the plastic feedstock within a defined tolerance relative to the
target temperature value.

Fxample 153: The reactor of any one of the exaraples herein, particularly Example
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150, wherein the defined tolerance is within 10°C of the target temperature value.

Example §152: The reactor of any one of the examples herein, particularly Example
132, wherein the plastic feedstock is a continuous stream of molten or semi-maolten feedstock;
and wherein the reactor vessel is configured to pyrolyze the continuous stream of molten or

semi-molten feedstock.

w

Example 153: The reactor of any one of the examples herein, particularly Example
132, wherein the reactor vessel’s internal volume is configured for receiving and pyrolyzing
the plastic feedstock at an industrial scale.
Example 154: A method for pyrolysis of plastic feedstock comprising post-consumer
10 and/or post-industrial plastics, the method comprising: directing the plastic feedstock into an
internal volume of a reactor vessel; and pyrolyzing the plastic feedstock in the internal
volume of the reactor vessel: wherein the step of pyrolyzing the plastic feedstock comprises:
using one or more heaters to heat the plastic feedstock in the reactor vessel's internal volume
to a teroperature between 200°C and 1,000°C; and producing an average of 0.30 pounds or
15 more of pyrolyzed product per hour per gallon of the reactor's internal volume for a period of
24 hours or maore.
Example 1535: The method of any one of the examples herein, particularly Exanple
154, wherein the step of pyrolyzing the plastic feedstock comprises producing an average of
(.44 pounds or more of pyrolyzed product per hour per gallon of the reactor's internal volume
20 for a period of 24 hours or more.
Example 156: The method of any one of the examples herein, particolarly Example
154, wherein the step of pyrolyzing the plastic feedstock comprises producing an average of
0.45 pounds or more of pyrolyzed product per hour per gallon of the reactor's internal volurae
for a period of 24 hours or more.
25 Example 137: The method of any one of the examples herein, particularly Example
154, wherein the step of pyrolyzing the plastic feedstock comprises producing an average of
(.50 pounds or more of pyrolyzed product per hour per gallon of the reactor's internal volume
for a period of 24 hours or more.
Example 158: The method of any one of the examples herein, particolarly Example
30 154, wherein the interpal volunie of the reactor vessel is between 100 and 20,000 galions.
Example 159: The method of any one of the examples herein, particularly Example
112, wherein the step of pyrolyzing the plastic feedstock further comprises maintaining a
pressure in the internal volume of the reactor vessel during pyrolysis that is between -7.5 and

14.5 psig.
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Example 160: The method of any one of the examples herein, particolarly Example
154, wherein the step of pyrolyzing the plastic feedstock further comprises using the one or
more heaters to apply heat to the plastic feedstock in the reactor vessel at a heat density

hetween S and 55 WiinZ.

w

Example 161: The method of any one of the examples herein, particularly Example

154, wherein the one or mare heaters comprise one or more clectric heaters.

Example 162: The method of any one of the examples herein, particolarly Example

161, wherein the one or more electric heaters comprise one or more electric heaters

positioned around sides of the reactor vessel.

10 Example 163: The method of any one of the examples herein, particularly Exanple
161, wherein the one or more electric heaters further comprise one or more electric heaters
extending info the intertor volume of the reactor vessel.

Example 164: The method of any one of the exaroples herein, particularly Exaraple
154, wherein the one or more heaters comprise an array of electric heaters that are vertically

15 oriented and extend into an interior volume of the reactor vessel.

Example 165: The method of any one of the examples herein, particularly Example
154, wherein the step of pyrolyzing the plastic feedstock further comprises stirring the plastic
feedstock during pyrolysis using an agitator in the reactor vessel.

Example 166: The method of any one of the exarmples herein, particularly Exarmple

20 168, wherein the step of stiring the plastic feedstock coraprises continuously stirring the
plastic feedstock during pyrolysis.

Example 167: The method of any one of the examples herein, particolarly Example
165, wherein the step of stirring the plastic feedstock comprises using the agitator to
continuously produce average liquid flow velocities inside the reactor vessel between 0.2 and

25 10m/s

Example 168: The method of any one of the examples herein, particularly Example
168, wherein the step of stiving the plastic feedstock coroprises using the agitator to
continuously produce average liquid flow velocities inside the reactor vessel between (.5 and
& m/s.

30 Example 169: The method of any one of the examples herein, particularly Example

165, wherein the agitator comprises a vertically oriented drive shaft and one or more

impeliers mounted on the drive shaft.

Exarnple 170: The method of any one of the exaroples herein, particularly Exaraple

127, wherein the one or more inmpelers each comprise a plurality of tnpeller blades
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drive shaf

extending radially outwardly from the fr.

Example 171: The method of any one of the examples herein, particularly Example
154, further comprising the step of directing hydrocarbon vapor generated during pyrolysis
out of the reactor vessel via one or more vapor outlets provided on the reactor vessel.

Example 172: The method of any one of the examples herein, particularly Example
171, further comprising the steps of: directing the hydrocarbon vapor generated during
pyrolysis from the one or more vapor outlets {0 one or more condensers; and using the ove or
more condensers to separate the hydrocarbon vapor into a wax product, an oil product, a gas
product, or a combination thercof.

Example 173: The method of any one of the examples herein, particularly Example
172, wherein the wax product comprises long-chain hydrocarbons that are solid or semi-solid
wax at ambient temperature and pressure.

Example 174: The method of any one of the exaroples herein, particularly Exaraple
172, wherein the ol product comprises short-chain hydrocarbons that are a liguid at ambient
temperature and pressure.

Example 175: The method of any one of the examples herein, particularly Example
172, wherein the gas product comprises hyvdrocarbons that are non-coundensable at ambient
temperature and pressure.

Example 176: The method of any one of the exarples herein, particularly Example
154, wherein the step of pyrolyzing the plastic feedstock further comprises: using one or
more temperature sensors to sense the temperature of the plastic feedstock in the reactor
vessel; and using a pyrolysis control system to: at least temporarily store at least one target
temperature value for the plastic feedstock in the reactor vessel, monitor the temperature of
the plastic feedstock in the reactor vessel by communicating with the one or more
temnperature sensors, and, in response to the temperature measured by the one or more
temperature sensors, control the one or more heaters {o maintain the temperature of the
plastic feedstock within a defined tolerance relative to the target teraperature value.

Fxample 177: The method of any one of the examples herein, particolarly Example
176, wherein the defined tolerance is within 13°C of the target temperature value.

Example 178: The method of any one of the examples herein, particularly Example
154, wherein the step of directing the plastic feedstock into an internal volame of a reactor
vessel comprises directing a continuons stream of molien or semi-molten feedstock into the
internal volume of the reactor vessel; and wherein the step of pyrolyzing the plastic feedstock

comprises pyrolyzing the contivuous strean of molten or serni-molten feedstock in the
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reactor vessel.
Example 179: The method of any one of the examples herein, particularly Example
154, wherein the step of directing the plastic feedstock into an internal volume of a reactor

vessel comprises: directing the plastic feedstock into one or more extruders; melting the

w

plastic feedstock o produce at least semi-molten feedstock; and directing the at least semi-

molien feedstock into the internal volume of the reactor vessel.

Example 180: The method of any one of the examples herein, particolarly Example

179, wherein the step of melting the plastic feedstock includes allowing air, steam, and/or

low melting-point contaminants {0 exit the one of more extruders through one or more vents

10 during the melting step.

Example 181: The method of any one of the examples herein, particularly Example
154, wherein the step of pyrolyzing the plastic feedstock in the internal volume of the reactor
vessel comprises pyrolyzing the plastic feedstock in the internal volume of the reactor vessel
at an industrial scale.

15 Example 182: A reactor for pyrolysis of plastic feedstock comprising post-consumer
and/or post-industrial plastics, the reactor comprising: a reactor vessel defining an internal
volume configured for receiving and pyrolyzing the plastic feedstock; and one or more
heaters configured for heating the feedstock in the reactor vessel’s internal volume to a
temperature between 200°C and 1,000°C; wherein the reactor s configured for operating to

20 pyrolyze the plastic feedstock for a cumnulative period of 324 hours or more during a time
period of 360 hours.

Example 183: The reactor of any one of the examples herein, particularly Example
182, wherein the reactor is configured for operating to pyrolyze the plastic feedstock for a
curnulative period of 342 hours or more during a tme period of 360 hours.

25 Example 184: The reactor of any one of the examples herein, particularly Example
182, wherein the reactor is configured for operating to pyrolyze the plastic feedstock fora
cunulative period of 576 hours or more during a tirge period of 720 bours.

Fxample 185: The reactor of any one of the exaraples herein, particularly Example
182, wherein the reactor is configured for operating fo pyrolyze the plastic feedstock for a

30 cumulative period of 756 hours ot more during a time period of 1080 hours.

Example 186: The reactor of any one of the examples herein, particularly Example

182, wherein the internal volume of the reactor vessel is between 100 and 20,000 gallons.

Example 187: The reactor of any one of the cxamples herein, particularly Example

182, wherein the reactor vessel is configured for maintaining a pressure in its internal volume
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during pyrolysis that is between -7.5 and 14.5 psig.
Example 188: The reactor of any one of the examples herein, particularly Example
182, wherein the one or more heaters are configured for applying heat to the plastic feedstock

i P 3 . - P par )
in the reactor vessel at a heat density between 5 and 35 W/in~.

w

Example 189: The reactor of any one of the examples herein, particularly Example

182, wherein the one or mare heaters comprise one or more clectric heaters.

Fxample 190: The reactor of any one of the examples herein, particularly Example

189, wherein the one or more electric heaters comprise one or more electric heaters

positioned around sides of the reactor vessel.

10 Example 191: The reactor of any onc of the examples herein, particularly Example
189, wherein the one or more electric heaters further comprise one or more electric heaters
extending info the intertor volume of the reactor vessel.

Example 192: The reactor of any one of the cxamples herein, particularly Example
182, wherein the one or more heaters comprise an array of electric heaters that are vertically

15 oriented and extend into an interior volume of the reactor vessel.

Example 193: The reactor of any onc of the examples herein, particularly Example
182, wherein the reactor vessel includes an agitator configured for stitring the plastic
feedstock during pyrolysis.

Example 194: The reactor of any one of the examples herein, particularly Example

20 193, wherein the agitator is configured to continuously stir the feedstock within the reactor
vessel doring pyrolysis.

Example 195: The reactor of any one of the examples herein, particularly Example
193, wherein the agitator is configured to continuously produce average liquid flow velocities
inside the reactor vessel between 0.2 and 10 m/s.

25 Example 196: The reactor of any one of the examples herein, particularly Example
193, wherein the agitator is configured to continuously produce average liguid flow velocities
inside the reactor vessel between 0.5 and 6 m/s.

Fxample 197: The reactor of any one of the exaraples herein, particularly Example
193, wherein the agitator comprises a vertically oriented drive shaft and one or more

30 impellers mounted on the drive shaft.

Example 198: The reactor of any one of the examples herein, particularly Example

197, wherein the one or more impellers each comprise a plurality of impeller blades

extending radially outwardly from the drive shafi.

Example 199: The reactor of any one of the exaraples herein, particularly Example
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182, further comprising one or more vapor outlets configured for directing hyvdrocarbon
vapor generated during pyrolysis out of the reactor vessel.
Example 288: The reactor of any one of the examples herein, particularly Example

182, further comprising: one or more temperature sensors configored for sensing the

w

temperature of the plastic feedstock in the reactor vessel; and a pyrolysis control system

configured for: at least temporarily storing a target temperature value for the plastic feedstock

in the reactor vessel, monitoring the teraperature of the plastic feedstock in the reactor vessel

as measured by the one or more temperatare sensors, and, in response to the temperature

measured by the one or more temperature sensors, controlling the one or more heaters to

10 maintain the temperature of the plastic feedstock within a defined tolerance relative to the
target temperature value.

Example 281: The reactor of any one of the examples herein, particularly Example
200, wherein the defined tolerance is within 16°C of the target temperature value.

Example 262: The reactor of any one of the examples herein, particularly Example

15 182, wherein the plastic feedstock is a continuous stream of molten or semi-molten feedstock;
and wherein the reactor vessel is configured to pyrolyze the continuous streant of molten or
semi-molten feedstock.

Example 283: The reactor of any one of the examples herein, particularly Example
182, wherein the reactor vessel’s internal volume is configured for receiving and pyrolyzing

20 the plastic feedstock at an industrial scale.

Example 204: A method for pyrolysis of plastic feedstock comprising post-consumer
and/or post-industrial plastics, the method comprising: directing the plastic feedstock into an
internal volume of a reactor vessel; and pyrolyzing the plastic feedstock i the internal
volume of the reactor vessel; wherein the step of pyrolyzing the plastic feedstock comprises:

25 using one or more heaters to heat the plastic feedstock in the reactor vessel's internal volume
to a temperature between 200°C and 1,000°C; and operating the reactor to pyrolyze the
plastic feedstock for a cumulative period of 324 hours or more during a time period of 360
hours.

Example 205: The method of any one of the examples herein, particolarly Example

30 204, wherein the step of pyrolyzing the plastic feedstock comprises operating the reactor to
pyrolyze the plastic feedstock for a cumulative period of 342 hours or more during a time
period of 360 houss.

Exarnple 206: The method of any one of the exaroples herein, particularly Exaraple

204, wherein the step of pyrolyzing the plastic feedstock comprises operating the reactor {0
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pyrolyze the plastic feedstock for a cumulative period of 576 hours ot more during a time
period of 720 hours.
Example 287: The method of any one of the examples herein, particolarly Example

204, wherein the step of pyrolyzing the plastic feedstock comprises operating the reactor to

w

pyrolyze the plastic feedstock for a cumulative period of 756 hours or more during a time

period of 1080 hours.

Example 208: The method of any one of the examples herein, particalarly Example

204, wherein the internal volume of the reactor vessel is between 100 and 20,000 gallons.

Example 209: The method of any one of the examples herein, particolarly Example

10 204, wherein the step of pyrolyzing the plastic feedstock further comprises maintaining a
pressure in the internal volume of the reactor vessel during pyrolysis that is between -7.5 and
14.5 psig.

Exarnple 218: The method of any once of the exaroples herein, particularly Exaraple
204, wherein the step of pyrolyzing the plastic feedstock further comprises using the one or

15 more heaters to apply heat to the plaste feedstock in the reactor vessel at a heat density
between 5 and 55 Wrin,

Example 211: The method of any one of the examples herein, particularly Exanple
204, wherein the one or more heaters comprise one or more electric heaters.
Example 212: The method of any one of the exarmples herein, particularly Exarmple

20 211, wherein the one or mare electric heaters coraprise one or more electric heaters
positioned around sides of the reactor vessel.

Example 213: The method of any one of the examples herein, particolarly Example
211, wherein the one or more electric heaters further comprise one or more electric heaters
extending into the interior volume of the reactor vessel.

25 Example 214: The method of any one of the examples herein, particularly Example
204, wherein the one or more heaters comprise an array of electric heaters that are vertically
oriented and extend into an interior volume of the reactor vessel.

Fxample 215: The method of any one of the examples herein, particolarly Example
204, wherein the step of pyrolyzing the plastic feedstock further comprises stirring the plastic

30 feedstock during pyrolysis using an agitator in the reactor vessel.

Example 216: The method of any one of the examples herein, particudarly Example

215, wherein the step of stirring the plastic feedstock comprises continuously stirring the

plastic feedstock during pyrolysis.

Example 217: The method of any one of the examples herein, pacticularly Example
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218, wherein the step of sturing the plastic feedstock coroprises using the agitator to
continuously produce average liquid flow velocities inside the reactor vessel between (1.2 and
10 m/s.

Example 218: The method of any one of the examples herein, particularly Example

w

215, wherein the step of stirring the plastic feedstock comprises using the agitator to
continuously produce average liquid flow velocities inside the reactor vessel between 0.5 and
6 mvs.

Example 219: The method of any one of the examples herein, particolarly Example

215, wherein the agitator comprises a vertically oriented drive shaft and one or more

10 impellers mounted oo the drive shaft.

Example 228: The method of any one of the examples herein, particularly Example
219, wherein the one or more impellers each comprise a plurality of impeller blades
extending radially outwardly from the drive shaft.

Example 221: The method of any ove of the examples herein, particularly Example

15 204, further comprising directing hydrocarbon vapor generated during pyrolysis out of the
reactor vessel via one or more vapor outlets provided on the reactor vessel,

Example 222: The method of any one of the examples herein, particularly Exaniple
221, further comprising the steps of: directing the hydrocarbon vapor generated during
pyrolysis from the one or more vapor outlets to one or more condensers; and using the one or

20 more condensers {o separate the hydrocarbon vapor into a wax product, an ol product, a gas
produet, or a combination thereof.

Example 223: The method of any one of the examples herein, particolarly Example
222, wherein the wax product comprises long-chain hydrocarbons that are solid or seri-solid
wax at ambient teraperature and pressure.

25 Example 224: The method of any one of the examples herein, particularly Example
222, wherein the oil product comprises short-chain hydrocarbons that are a lguid at ambient
temperature and pressure.

Fxample 225: The method of any one of the examples herein, particolarly Example
222, wherein the gas product comprises hydrocarbons that are non-condensable at ambient

30 temperature and pressure.

Example 226: The method of any one of the examples herein, particularly Example

204, wherein the step of pyrolyzing the plastic feedstock further comprises: using one or

ore temperatire sensors to sense the temperature of the plastic feedstock in the reactor

vessel; and using a pyrolysis control systern to: at least teraporarily store a target temperature
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value for the plastic feedstock in the reactor vessel, monitor the temperature of the plastic
feedstock in the reactor vessel by commumnicating with the one or more terpperature sensors,
and, in response to the temperature measured by the one or more temperature sensors, control

the one or more heaters to maintain the temperatore of the plastic feedstock within a defined

w

tolerance relative to the target temperature value.
Example 227: The method of any one of the examples herein, particularly Example
226, wherein the defined tolerance is within 10°C of the target temperatare value.
Example 228: The method of any one of the examples herein, particolarly Example
204, wherein the step of directing the plastic feedstock into an internal volume of a reactor
10 vessel comprises directing a continvous stream of molten or semi-molten feedstock into the
internal volume of the reactor vessel; and wherein the step of pyrolyzing the plastic feedstock
comprises pyrolyzing the contingous stream of molten or semi-molten feedstock in the
reactor vessel.

Example 229: The method of any ove of the examples herein, particularly Example

15 204, wherein the step of directing the plastic feedstock into an internal volume of a reactor
vessel comprises: directing the plastic feedstock into one or more extruders, melting the
plastic feedstock to produce at least semi-molien feedstock; and directing the at least semi-
molten feedstock into the internal volame of the reactor vessel.

Exarmple 236: The method of any one of the exarmples herein, particularly Exarmple

20 229, wherein the step of melting the plastic feedstock includes allowing air, steam, and/or
low melting-point contarpinants to exit the ovne or more extruders through one or more venis
during the melting step.

Example 231: The method of any one of the examples herein, particularly Exaniple
204, wherein the step of pyrolyzing the plastic feedstock in the internal volume of the reactor

25  wvessel comprises pyrolyzing the plastic feedstock in the internal volume of the reactor vessel
at an industrial scale.

Example 232: A system for pyrolyzing plastic feedstock, the systermn comprising: one
or more energy transfer apparatuses configured for receiving the plastic feedstock and
applying energy to the plastic feedstock: whercin the one or more energy transfer apparatuses

30 corprise at least one pyrolysis reactor configured for receiving and pyrolyzing the plastic
feedstock, the at least one pyrolysis reactor comprising: a reactor vessel defining an internal
vohimme configured for receiving and pyrolyzing the plastic feedstock; and one or more
clectric heaters configured for heating the feedstock in the reactor vessel's internal volume to

a temperature between 200°C and 1,000°C.
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Example 233: The system of any one of the examples herein, particularly Example
232, wherein the one or more energy transfer apparatuses are collectively configured for
using encrgy at an average rate of 8.80 kW per pound of pyrolyzed product preduced by the

system per hour or less; or wherein the one or more energy transfer apparatuses are

w

collectively configored for using energy at an average rate of 0.50 kW per pound of
pyrolyzed product produced by the system per howr or less; or wherein the one or more
energy transfer apparatuses are collectively configured for using energy at an average rate of
0.40 kW per pound of pyrolyzed product produced by the system per hour or less; or wherein
the one or more energy transfer apparatuses are collectively configured for using energy at an
10 average rate of 0.30 kKW per pound of pyrolyzed product produced by the system per hour or
less.
Example 234: The system of any one of the examples herein, particularly Examples
2372-233, wherein the at least one reactor s configured for using energy at an average rate of
0.70 kW per pound of pyrolyzed product produced within the reactor per hour or less; or
15 wherein the at least one reactor is configured for using energy at an average rate of (.30 kW
per pound of pyrolyzed product produced within the reactor per hour or less; wherein the at
least one reactor is configured for using energy af an average rate of 0.20 kW per pound of
pyrolyzed product produced within the reactor per hour or less; or wherein the reactor is
configured for using energy at an average rate of 0.16 kW per pound of pyrolyzed product
20 produced within the reactor per hour or fess.
Example 235: The system of any one of the examples herein, particularly Examples
232224, wherein the internal volume of the reactor vessel is between 100 and 20.000
gallons.
Example 236: The system of any one of the examples herein, particularly Examiples
25 232-235, wherein the reactor vessel is configured for maintaining a pressure in ifs internal
volume during pyrolysis that is between -7.5 and 14.5 psig.
Fxample 237: The system of any one of the examples herein, particularly Examples
232-236, wherein the one ot more electric heaters are configured for applying heat to the
plastic feedstock in the reactor vessel at a heat density between 5 and 55 Wiin®.
30 Example 238: The systemt of any onc of the examples herein, particularly Examples
232-237, wherein the at least one pyrolysis reactor further comprises one or more gas heaters
configured for heating the feedstock in the reactor vessel’s internal volume.
Example 239: The system of any one of the examples herein, particularly Examples

232-238, wherein the one ot more electric heaters comprise one or more electric heaters
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positioned around sides of the reactor vessel; or wherein the one or more electric heaters
comaprise one or more electric heaters extending into the interior volume of the reactor vessel;
or wherein the one or more electric heaters comprise an array of electric heaters that are

vertically oriented and extend into an interior vohume of the reactor vessel.

w

Example 240: The system of any one of the examples herein, particularly Examples
232-239, wherein the reactor vessel includes an agitator configured for stirring the plastic
feedstock daring pyrolysis.

Example 241: The system of any one of the examples herein, particularly Example
240, wherein the agitator is configured to continuously stir the feedstock within the reactor
10 vessel during pyrolysis; or wherein the agitator is configured to continuously produce average

liqund flow velocities inside the reactor vessel between 0.2 and 10 nv/s; or wherein the
agitator is configured to continuously produce average liguid flow velocities inside the
reactor vessel between 9.5 and 6 m/s.

Example 242: The systern of any one of the examples herein, particularly Example

15 240, wherein the agitator comprises a vertically oriented drive shaft and one or more
impellers mounted on the drive shaft.

Example 243: The system of any one of the examples herein, particularly Example
242, wherein the one or more impellers each comprise a plurality of impeller blades
extending radially outwardly from the drive shaft.

20 Example 244: The systern of any one of the examples herein, particularly Examples
232-243, wherein the reactor vessel further comprises one or more vapor outlets configured
for directing hydrocarbon vapor generated during pyrolysis out of the reactor vessel.

Example 245: The system of any one of the examples herein, particularly Example
244, further comprising one or roore condensers; and wherein the one or more vapor outlets

25 are configured for divecting hydrocarbon vapor generated duoring pyrolysis to the one or more
condensers for separating the hydrocarbon vapor into a wax product, an oil product, a gas
producet, or a combination thereof.

Fxample 246: The systern of any one of the examples herein, particularly Example
245, wherein the wax product comprises long-chain hydrocarbons that are solid or semi-solid

30 wax at ambient teraperature and pressure; or wherein the oil product comprises short-chain

hydrocarbons that are a liquid at ambient temperature and pressure; or wherein the gas

product comprises hydrocarbons that are non-condensable at ambient terperature and
pressure.

Example 247: The systera of any one of the examples herein, particularly Examples
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232-246, further comprising: one or more temperature sensors configured for sensing the
temperature of the plastic feedstock in the reactor vessel; and a pyrolysis control system
configured for: at least teraporarily storing a target temperature value for the plastic feedstock

in the reactor vessel, monitoring the temperature of the plastic feedstock in the reactor vessel

w

as measured by the one or more temperature sensors, and, in response to the temperature

measured by the one or more temperature sensors, controlling the one or more electric heaters

to maintain the teraperature of the plastic feedstock within a defined tolerance relative to the
target temperature value.
Example 248: The system of any one of the examples herein, particularly Example

10 247, wherein the defined tolerance is within 10°C of the target temperature value.

Example 249: The system of any one of the examples herein, particularly Examples
232-248, wherein the plastic feedstock is a continuous stream of molten or semi-molten
feedstock; and wherein the reactor vessel is configured to pyrolyze the continuous stream of
molten or semi-molten feedstock.

15 Example 25¢: The system of any one of the examples herein, particularly Examples
232-249, wherein the one or more energy transfer apparatuses further coraprise at least one
extruder; and wherein the at least one extrader is configured for: receiving the plastic
feedstock, melting the plastic feedstock to produce at least semi-molten feedstock, and
divecting the at least semi-moklten feedstock to the at least one pyrolysis reactor,

20 Example 253 The systern of any one of the examples herein, particularly Example
250, wherein the at least one extruder comprises: an extruder barrel; and one or more vents
configured to allow atr, steam, and/or low melting-point contaminants to exit the extruder
barrel.

Example 282: The system of any one of the examples herein, particularly Examiples

25 250-251, wherein the at least one extruder further comprises a hopper configured for
receiving the plastic feedstock.

Fxample 283: The system of any one of the examples herein, particularly Examples
250-252, wherein the at least one extruder further comprises a pneumatic raro configured for
compressing low bulk density recycled plastic feedstack at it enters the extruder barrel.

30 Example 254: The system of any onc of the examples herein, particularly Examples

230-253, wherein the at least one extruder further comprises a dual vent extroder screw

defining a feed section configured for receiving and melting low density recycled plastic

feedstock compressed by the pneumatic ram.

Example 255: The systera of any one of the examples herein, particularly Examples
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250-254, wherein the plastic feedstock comprises: low bulk density recycled plastic feedstock
having a bulk density of 500 kg/m® or less, or 100 kg/o® or less, or 50 kg/m® or less, or 25
ke/m® or less; or wide MEI distribution recycled plastic feedstock having a distribution of

melt fow indexes of from 0.05 g/10min to 20 g/10min, or from 0.1 g/10min to ¢ g/10min, or

w

from 0.2 g/10min to 5.5 g/10min, or from 0.3 g/10min to 5 g/10min; or wide glass transition
temperature distribution recycied plastic feedstock having a distribution of glass transition
temperatures of from 100°C to 200°C, or from 110°C to 175°C, or from 125°C 10 150°C; ot a
combination thereof.
Example 256: The system of any one of the examples herein, particularly Examples
10 250-255, wherein the at feast one extruder further comprises a dual vent extruder screw
defining: a feed section; a mixing section; a first decompression section; a first degassing
section; a fisst pumping section; a second decompression section; a second degassing section;
andfor a second puraping section; or a cormbination thercof.
Example 257: The systemn of any one of the examples herein, particularly Examples
15 250-235, wherein the at least one extroder further comprises: a feed section temperature
control system configured for controlling the temperature of the plastic feedstock in the feed
section; a mixing section feroperature control system configured for controlling the
temperature of the plastic feedstock in the mixing section; a first decompression section
termperature control system configured for controlling the teraperature of the plastic feedstock
20 ip the first decompression section; a first degassing section temperagire confrol systern
configured for controlling the temperatore of the plastic feedstock in the first degassing
section; a first pumping section temperature control system configured for controlling the
temperature of the plastic feedstock in the first pumping section; a second decompression
section temperature control systera configured for controlling the temperature of the plastic
25  feedstock in the second decompression section; a second degassing section temperature
control system configured for controlling the temperature of the plastic feedstock in the
second degassing section; a second pumping section temperature control system configured
for controlling the temperature of the plastic feedstock in the second pumping section; and/or
a pyrolysis control system configured for storing a target temperature value for the plastic
30 feedstock in the extruder’s feed section, mixing section, first decompression section, first
degassing section, first puroping section, second decompression section, second degassing
section, and/or second pumping section; monitoring the temperature of the plastic feedstock
in the extruder as roeasured by the one or more teroperature sensors in the extruder’s feed

section, mixing section, first decorupression section, fitst degassing section, fust punping
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section, second decompression section, second degassing section, and/or second pumping
section; and, in response to the temperature measured by the one or more femperature
sensors, controiling the in the extruder’s feed section terperature conirol system, mixing
section temperature control systern, first decompression section temperature control systerm,
first degassing section temperature control system, first pumping section temperature control
system, second decompression section temperature control system, second degassing section
temperature control systern, and/or second pumping section teraperature controf system to
maintain the temperature of the plastic feedstock within a defined tolerance relative to the
target teraperature value; or a combination thereof,

Example 258: The system of any one of the examples hercin, particularly Examples
250-257, wherein the dual vent extrader screw includes a first degassing section and a second
degassing section; wherein the at least one extruder includes a first vent associated with the
first degassing section and configured for permitiing vapor to separate from the plastic
feedstock in the extruder and exit the extruder via the first vent; wherein the at least one
extruder includes a second vent associated with the second degassing section and configured
for permitting additional vapor to separate from the plastic feedstock and exit the extruder via
the second vent; and wherein the vapor and additional vapor exiting the extruder conprises
air, steam, and/or low melting-point contaminants.

Example 259: The system of any one of the examples herein, particularly Examples
250-258, wherein the at least one pyrolysis reactor is configured for using energy at an
average rate of .70 kW per pound of pyrolyzed product produced by the systern per hour or
less; and wherein the at least one extruder is configured for using energy at an average rate of
0.40 kW per pound of pyrolyzed product produced by the system per hour or less.

Example 260: The system of any one of the examples herein, particularly Examiples
232-259, wherein the at least one pyrolysis reactor is configured for receiving and pyrolyzing
the plastic feedstock at an industrial scale

Fxample 261: The system of any one of the examples herein, particularly Examples
232-260, wherein the plastic feedstock comprises post-consumer and/or post-indusirial
plastics.

Example 262: A reactor for pyrolysis of plastic feedstock, the reactor comprising: a
reactor vessel defining an internal volume configured for receiving and pyrolyzing the plastic
feedstock; and one or more electric heaters configured for heating the feedstock in the reactor
vessel’s internal volume to a teraperature between 200°C and 1,000°C.

Fxample 263: The reactor of any one of the exaraples herein, particularly Example
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262, wherein the reactor is configured for using energy at an average rate of 8.70 kW per
pound of pyrolyzed product produced within the reactor per hour or less; or wherein the
reactor is configured for using energy at an average rate of (.30 kW per pound of pyrolyzed

product produced within the reactor per hour or less; or wherein the reactor is configured for

w

using energy at an average rate of 0.20 kW per pound of pyrolyzed product produced within

the reactor per hour or less; or wherein the reactor is configured for using energy at an

average rate of 0.16 XW per pound of pyrolyzed produet produced within the reactor per hour

or less.

Example 264: The reactor of any one of the examples herein, particularly Examples

10 262-263, wherein the reactor is configured for producing an average of 0.30 pounds or more
of pyrolyzed product per hour per gallon of the reactor's internal volame for a pertod of 24
hours or more; or wherein the reactor is configured for producing an average of .40 pounds
or more of pyrolyzed product per hour per gallon of the reactor's internal volume for a period
of 24 hours or more; or wherein the reactor is configured for producing an average of 0.45

15 pounds or more of pyrolyzed product per hour per gallon of the reactor's internal volume for a
period of 24 hours or more; or wherein the reactor is configured for producing an average of
0.50 pounds or meore of pyrolyzed product per hour per gallon of the reactor's internal volurae
for a period of 24 hours or more.

Example 263: The reactor of any one of the examples herein, particularly Examples

64, wherein the reactor is configured for operating to pyrolyze the plastic feedstock for
a cumulative period of 324 hours or more during a time pertod of 360 hours; or wherein the
reactor is configured for operating to pyrolyze the plastic feedstock for a cumulative period of
342 hours or more during a time period of 360 hours; or wherein the reactor is configured for
operating to pyrolyze the plastic feedstock for a cunulative period of 576 hours or more

25  during a time period of 720 hours; or wherein the reactor is configured for operating to
pyrolyze the plastic feedstock for a cumulative pertod of 756 hours or more during a time
period of 1080 hours.

Fxample 266: The reactor of any one of the examples herein, particularly Examples
262-265, wherein the internal volume of the reactor vessel is between 100 and 20,000

30 gallons.

Example 267: The reactor of any one of the examples herein, particularly Examples
262-266, wherein the reactor vessel is configured for maintaining a pressure in its internal
volume duting pyrolysis that is between -7.5 and 14.5 psig.

Fxample 268: The reactor of any one of the exaraples herein, particularly Examples
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262-267, wherein the one or more electric heaters are configured for applying heat to the
plastic feedstock in the reactor vessel at a beat density between 5 and 55 Wrin®,

Example 26%: The reactor of any one of the examples herein, particularly Examples
262-263, further comprising one or more gas heaters configured for heating the feedstock in

the reactor vessel’s internal volume.

w

Example 276: The reactor of any one of the examples herein, particularly Examples
262-269, wherein the one or more electric heaters comprise one or more electric heaters
positioned around sides of the reactor vessel; or wherein the one or more electric heaters
further comprise one or more clectric heaters extending into the interior volume of the reactor

10 vessel; or wherein the one or roore electric heaters comprise an array of electric heaters that
are vertically oriented and extend info an interior volame of the reactor vessel.

Example 271: The reactor of any one of the examples herein, particularly Examples
262-270, wherein the reactor vessel includes an agitator configured for stirving the plastic
feedstock doring pyrolysis.

15 Example 272: The reactor of any one of the examples herein, particularly Examples
262-271, wherein the agitator is configured to continuously stir the feedstock within the
reactor vessel during pyrolysis; or wherein the agitator is configured to continnously produce
average liqud flow velocities inside the reactor vessel between 0.2 and 10 m/s; or wherein
the agitator is configured to continuously produce average liquid flow velocities inside the

20 reactor vessel between (0.5 and 6 m/s.

Example 273: The reactor of any one of the examples herein, particularly Examples
262-272, wherein the agitator comprises a vertically oriented drive shaft and one or more
impellers mounted oun the drive shaft.

Example 274: The reactor of any one of the examples herein, particularly Examiple

25 273, wherein the one or more impellers each comprise a plurality of impeller blades
extending radially outwardly from the drive shaft.

Example 275: The reactor of any one of the examples herein, particularly Examples
262-274, further comprising one or moore vapor outets configured for directing hydrocarbon
vapor generated during pyrolysis out of the reactor vessel

30 Example 276: The reactor of any onc of the examples herein, particularly Examples
262-275, further comprising: one or more temperatare sensors configured for sensing the
temperature of the plastic feedstock in the reactor vessel; and a pyrolysis control system
configured for: at least temporarily storing a target temperature value for the plastic feedstock

in the reactor vessel, monitoring the teraperature of the plastic feedstock in the reactor vessel
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as measured by the one or more temperature sensors, and, in response to the temperature
measured by the one or more temperature sensors, controlling the one or more electric heaters
to mainiain the temperature of the plastic feedstock within a defined tolerance relative t the

target temperature valie.

w

Example 277: The reactor of any one of the examples herein, particularly Example
276, wherein the defined tolerance is within 10°C of the target temperature value.

Fxample 278: The reactor of any one of the examples herein, particularly Examples
262-277, wherein the plastic feedstock is a continuous stream of molten or semi-molien
feedstock: and wherein the reactor vessel is configured to pyrolyze the continuous stream of
10 molten or semi-molten feedstock.

Example 279: The reactor of any one of the examples herein, particularly Examples
262-278, wherein the reactor vessel’s internal volume is configured for receiving and
pyrolyzing the plastic feedstock at an industrial scale.

Example 280: The reactor of any one of the examples herein, particularly Examples

15 262-279, wherein the plastic feedstock comprises post-consumer and/or post-industrial
plastics.

Example 281: A method for pyrolysis of plastic feedstock comprising post-consuraer
and/or post-indusirial plastics, the method comprising: directing the plastic feedstock into an
internal volume of a reactor vessel of a pyrolysis reactor; and pyrolyzing the plastic feedstock

20 ip the internal volume of the reactor vessel; wherein the step of pyrolyzing the plastic
feedstock comprises: using one or more electric heaters to heat the plastic feedstock in the
reactor vessel's internal volume {0 a temperature between 200°C and 1,000°C.

Example 282: The method of any one of the examples herein, particularly Exaniple
281, wherein the step of pyrolyzing the plastic feedstock comprises: using reactor energy at

25 an average rate of 0.70 kW per pound of pyrolyzed product produced within the reactor per
hour or less; or using reactor energy at an average rate of §.30 kW per pound of pyrolyzed
produet produced within the reactor per hour or less; ot using reactor energy at an average
rate of 0.20 kW per pound of pyrolyzed product produced within the reactor per hour or less;
or using reactor energy at an average rate of 0.16 kW per pound of pyrolyzed product

30 produced within the reactor per hour or less.

Example 283: The roethod of any one of the examples herein, particularly Examples
281-282, wherein the step of pyrolyzing the plastic feedstock comprises: producing an
average of 0.30 pounds or more of pyrolyzed product per hour per gallon of the reactor’s

internal volume for a period of 24 hours or more; or producing an average of .40 pounds or
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more of pyrolyzed product per hour per gallon of the reactor’s internal volume for a period of
24 hours or more; or producing an average of 0.45 pounds or more of pyrolyzed product per
hour per gallon of the reactor's internal volume for a period of 24 hours or more; or producing

an average of 0.50 pounds or more of pyrolyzed product per houor per gallon of the reactor's

w

internal volume for a period of 24 hours or more.

Example 284: The method of any one of the examples herein, particularly Examples
281-283, wherein the step of pyrolyzing the plastic feedstock comprises: operating the reactor
to pyrolyze the plastic feedstock for a cumulative peried of 324 hours or more during a time
period of 360 hours; or operating the reactor to pyrolyze the plastic feedstock for a
10 cumulative period of 342 hours or more during a time period of 360 hours; or operating the

reactor to pyrolyze the plastic feedstock for a cumulative period of 576 hours or more during
a time period of 720 hours; or operating the reactor to pyrolyze the plastic feedstock for a
cunuiative period of 756 hours or more during a tirae period of 1080 hours.

Example 285: The method of any ove of the examples herein, particularly Examples

15 281-284, wherein the internal volume of the reactor vessel is between 100 and 20,000
gallons.

Example 286: The roethod of any one of the examples herein, particularly Examples
281-285, wherein the step of pyrolyzing the plastic feedstock further comprises maintaining a
pressure in the internal volume of the reactor vessel during pyrolysis that is between -7.5 and

20 145 psig

Example 287: The method of any one of the examples herein, particalarly Exaraples
281-286. wherein the step of pyrolyzing the plastic feedstock further comprises using the one
or more clectric heaters to apply heat to the plastic feedstock in the reactor vessel at a heat
density between S and 55 W/in?,

25 Example 288: The method of any one of the examples herein, particularly Examples
281-287, wherein the step of pyrolyzing the plastic feedstock comprises further comprises
using one or more gas heaters to heat the plastic feedstock in the reactor vessel's internal
volume.

Example 28Y: The method of any one of the examples herein, particularly Examples

30 281-288, wherein the one or more clectric heaters coraprise one or more electric heaters

positioned around sides of the reactor vessel; or wherein the one or more electric heaters

further comprise one or more electric heaters extending into the interior volume of the reactor
vessel; or wherein the one or more clectric heaters comprise an array of eleciric heaters that

are vertically oriented and extend into an interior volume of the reactor vessel.
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Example 290: The method of any one of the examples herein, particalarly Exaraples
281-289, wherein the step of pyrolyzing the plastic feedstock further comprises sticring the
plastic feedstock during pyrolysis using an agitator in the reactor vessel.

Example 291: The method of any one of the examples herein, particularly Example

w

290, wherein the step of stirring the plastic feedstock comprises continuously stirring the
plastic feedstock during pyrolysis; or wherein the step of stirring the plastic feedstock
comprises using the agitator to continuously produce average liquid flow velocities inside the
reactor vessel between §.2 and 10 m/s; or wherein the step of stirring the plastic feedstock
comprises using the agitator to continuously produce average lgquid flow velocities inside the
10 reactor vessel between 0.5 and 6 m/s.
Example 292: The roethod of any one of the examples herein, particularly Examples
290-291, wherein the agitator comprises a vertically oriented drive shaft and one or more
impeliers mounted on the drive shaft.
Example 283: The method of any ove of the examples herein, particularly Examples
15 290-292, wherein the one or more impellers each comprise a plurality of trapeller blades
extending radially outwardly from the drive shaft.
Example 294: The roethod of any one of the examples herein, particularly Examples
281-293, further comprising the step of directing hydrocarbon vapor generated during
pyrolysis out of the reactor vessel via one or more vapor outlets provided on the reactor
20 vessel
Example 285: The method of any one of the examples herein, particalarly Exaraples
281-293, further comprising the steps of: directing the hydrocarbon vapor generated during
pyrolysis from the one or more vapor outlets {0 one or more conddensers; and using the one or
more condensers (o separate the hydrocarbon vapor into a4 wax product, an oil product, a gas
25  product, or a combination thereof.
Example 286: The method of any one of the examples herein, particularly Example
295, wherein the wax product comprises long-chain hydrocarbons that are solid or semi-solid
wax at arnbient temperature and pressure; or wherein the oil product coraprises short-chain
hydrocarbons that are a liquid at ambient temperature and pressure; or wherein the gas
30 product coraprises hydrocarbons that are non-condensable at amobient temperature and
pressure.
Example 287: The method of any one of the examples herein, particularly Examples
281-296, wherein the step of pyrolyzing the plastic feedstock further comprises: using one or

more femperature sensors (o sense the temperature of the plastic feedstoek in the reactor
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vessel; and using a pyrolysis control systern to: at least ternporarily store at least one target
temperature value for the plastic feedstock in the reactor vessel, manitor the temperature of
the plastic feedstock in the reactor vessel by comnunicating with the one or more
temperature sensors, and, in response o the temperature measured by the one or more
temperature sensors, control the one or more electric heaters to maintain the temperature of
the plastic feedstock within a defined tolerance relative to the target temperature value.

Example 298: The method of any one of the examples herein, particolarly Example
297, wherein the defined tolerance is within 10°C of the target temperature value.

Example 299: The method of any one of the examples herein, particolarly Examples
281-298, wherein the step of directing the plastic feedstock into an internal volume of a
reactor vessel comprises: directing a continuous stream of molten or semi-molten feedstock
into the internal volume of the reactor vessel; and wherein the step of pyrolyzing the plastic
feedstock comprises pyrolyzing the continuous stream of molten or semi-molien feedstock in
the reactor vessel.

Example 30¢: The method of any one of the examples herein, particularly Examples
281-299, wherein the step of directing the plastic feedstock into an internal volume of a
reactor vessel comprises: directing the plastic feedstock into at least one extruder; melting the
plastic feedstock vsing the at least one extruder to produce at least semi-molten feedstock;
and directing the at least semi-molten feedstock into the internal volume of the reactor vessel.

Example 301: The method of any one of the examples herein, pacticularly Exaraples
281-300, wherein the at least one extruder comprises: an extruder barrel; and one or more
vents configured to allow air, steam, and/or low melting-point contarninants to exit the
exiruder barrel.

Example 302: The method of any one of the examples herein, particularly Examples
281-301, wherein the plastic feedstock comprises low bulk density recycled plastic feedstock;
wherein the step of directing the plastic feedstock into the at least one extruder comprisces
directing the low bulk density recycled plastic feedstock into a hopper, divecting the low bulk
density recycled plastic feedstock out of the hopper and into a preurnatic ram, and using the
pueumatic ram {o conmpress the low bulk density recycled plastic feedstock into an extruder
barrel or feed throat of the extruder.

Example 363: The roethod of any one of the examples herein, particularly Examples
281-302, further comprising the step of directing the low bulk density recycled plastic
feedstock into a feed section of a dual vent extruder screw in the at feast one extruder under

compression from the pneumatic tam.
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Example 304: The method of any one of the examples herein, particalarly Exameples
281-303, wherein the plastic feedstock comprises: low bulk density recycled plastic feedstock
having a bulk density of 500 kg/m” or less, or 100 kg/nt® or less, or 50 kg/n’ or less, or 25
kg/m® or less; or wide MFT distribution recycled plastic feedstock having a distribution of
melt flow indexes of from .05 g/10min to 20 g/10min, or from 0.1 g/10min to ¢ g/10min, or
from 0.2 g/10min to 5.5 g/10min, or from 0.3 g/10min to 5 g/10min; or wide glass transition
temperature distribution recycled plastic feedstock having a distribution of glass transition
temperatures of from 100°C to 200°C, or from 110°C to 175°C, or from 125°C o 150°C; or a
combination thereof.

Example 365: The method of any one of the examples herein, particularly Examples
281-304, wherein the at feast one extruder further comprises a dual vent extruder screw
defining: a feed section; a mixing section; a first decompression section; a first degassing
section; a fitst pumping section; a second decompression section; a second degassing section;
and/or a second pumping section; or a cornbination thereof.

Example 306: The method of any one of the examples herein, particelarly Example
305, wherein the at least one extruder further comprises: a feed section teraperature control
systern configured for controlling the temperature of the plastic feedstock in the feed section;
a mixing section temperature control system configured for controlling the temperature of the
plastic feedstock in the mixing section; a first decompression section temperature control
system configured for controlling the temperature of the plastic feedstock in the first
decompression section; a first degassing section temperature control systern configured for
controlling the temperature of the plastic feedstock in the fivst degassing section; a first
punping section temperature controf system configured for controlling the teraperature of the
plastic feedstock in the first puraping section; a second decompression section temperature
control system configured for controlling the temperature of the plastic feedstock in the
second decompression section; a second degassing section temperature control system
configured for controlling the temperatore of the plastic feedstock in the second degassing
section; and/or a second pumping section temperature control system configured for
controlling the temperature of the plastic feedstock in the second pumping section.

Example 387: The method of any one of the examples herein, particularly Example
306, wherein the step of melting the plastic feedstock using the at least one extruder further
comprises: using the feed section temperature control system, mixing section temperatare
control systern, first decomapression section temperature confrol systern, first degassing

section teraperature control system, first purping section temperature control system, second
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decompression section temperature control system, second degassing section temperature
control system, and/or second purping section temperature control system fo sense the
temperature of the plastic feedstock in the reactor vessel; and using a pyrolysis control systera

to: at least temporarily store at least one target temperature value for the plastic feedstock in

w

the extruder’s feed section, mixing section, first decompression section, first degassing
section, first pumping section, second decompression section, second degassing section,
andfor second pumping section; monitor the temperatare of the plastic feedstock in the at
least one extruder vessel by communicating with the feed section temperature control systent,
mixing section terperature control system, first decompression section temperature control
10 systern, first degassing section temperature control system, first puroping section temperature
control system, second decoropression section temperature coutrol system, second degassing
section temperatore control system, and/or second pumping section temperature control
system, and, in response to the temperature measured by the one ot more temperature
sensors, confrolling the in the extruder’s feed section temperature control system, muxing
15 section temperature control system, first decompression section temperature control system,
first degassing section temperature control systens, first pumping section teraperature control
systern, second decompression section teroperature control system, second degassing section
temperature control system, and/or second purmping section temperature control system to
maintain the temperature of the plastic feedstock within a defined tolerance relative to the
20 target temperature value.
Example 308: The method of any one of the examples herein, particalarly Exareples
305-307, wherein the dual vent extruder screw includes a first degassing section and a second
degassing section; wherein the at least one extruder includes a first vent and a second vent;
and wherein the step of melting the plastic feedstock using the at least one extrude
25  comprises: compressing the plastic feedstock in the first degassing section and permitting
vapor to separate from the plastic feedstock in the extruder and exit the extruder via the first
vent; and corapressing the plastic feedstock in the second degassing section and permitting
additional vapor to separate from the plastic feedstock in the extruder and exit the extruder
via the second vent: wherein the vapor and additional vapor exiting the extruder comprises
30 air, steam, and/or low melting-point contaminants.
Example 389: The roethod of any one of the examples herein, particularly Examples
281-308, further comprising: using reactor energy at an average rate of 0.70 kW per pound of
pyrolyzed product produced by the system per hour or less; and using exiruder energy at an

average rate of 0.40 XW per pound of pyrolyzed product produced by the systern per hour or
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less.
Example 318: The method of any one of the examples herein, particularly Examples
281-309, further comprising the steps of: directing the wax product and/or the oil product into

a catalytic cracking systern, and using the catalytic cracking system to separate the wax

w

product and/or the oil product into a vapor product, fuels oil, liquified petroleam gas (LPG),
cracked naphtha, or a combination thereof; or directing the wax product and/or the oil
product into a petroleur refining system, and using the petroleum refining system (o separate
the wax product and/or the il product into a lighter produact, naphtha, a heavier product, or a
combination thereof; or directing the wax product and/or the oil product inte a hydrocracking
10 system; and using the hydrocracking system to separate the wax product and/or the oif
product into a lighter product, naphtha, a heavier product, or a combination thereof.
Example 311: The method of any one of the examples herein, particularly Example
310, further comprising the steps of: directing the naphtha into a thermal cracking syster;
and using the thermal cracking system to separate the naphtha into fuels oil, olefins, naphtha,
15 aheavier product, or a combination thereof.
Example 312: The method of any one of the examples herein, particularly Examples
281-309, further comprising the steps of: directing the wax product and/or the oil product into
a thermal cracking system, and using the thermal cracking system to separate the wax produoct
and/or the oil product into fuels oil, olefins, naphtha, a heavier product, or a combination
20 thereof; or directing the gas product into a thermal cracking system, and using the thermal
cracking system to separate the gas product into fuels oil, olefins, naphtha, a beavier product,
or a combination thereof.
Example 313: The method of any one of the examples herein, particularly Exaniple
312, further comprising the steps of: directing the olefins into a polymerization systern; and
25  using the polymerization to convert the olefins into polymer pellets.
Example 314: The method of any one of the examples herein, particularly Examples
310-313, further comprising the step of hydrotreating the wax product, the oil product, and/for
the gas product.
Example 315: The method of any one of the examples herein, particolarly Examples
30 281-314, wherein the at least one pyrolysis reactor is configured for receiving and pyrolyzing
the plastic feedstock at an industrial scale
Example 316: The method of any one of the examples herein, particularly Examples
281-315, wherein the plastic feedstock comprises post-consumer and/or post-industrial

plastics.
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Other advantages which are obvions and which are inberent to the invention will be
evident to one skilted in the art. It will be understood that certain features and sub-
combinations are of utility and may be employed without reference to other features and sub-
combinations. This is contemplated by and is within the scope of the claims. Since many
possible embodiments may be made of the invention without departing from the scope
thereof, it is to be understood that all matter herein set forth or shown in the accompanying
drawings is to be interpreted as tllustrative and not in a limiting sense.

The methods of the appended claims are not limited in scope by the specific methods
described herein, which are intended as itlustrations of a few aspects of the claims and any
methaods that are functionally equivalent are intended to fall within the scope of the claims.
Various modifications of the methods in addition to those shown and described herein are
intended to fall within the scope of the appended claims. Further, while only certain
representative method steps disclosed herein are specifically described, other combinations of
the method steps also are intended to fall within the scope of the appended clairas, even if not
specifically recited. Thus, a combination of steps, elements, components, or constituents may
be explicitly mentioned herein or less, however, other combinations of steps, clements,

components, and constituents are included, even though not explicitly stated.
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CLAIMS

What is claimed is:

i. A systemn for pyrolyzing plastic feedstock, the system coraprising:
one or more energy transfer apparatuses configured for receiving the plastic feedstock
and applying energy to the plastic feedstock;
wherein the one or more energy transfer apparatuses comprise at least one pyrolysis
reactor configured for receiving and pyrolyzing the plastic feedstock, the at least one
pyrolysis reactor comprising:
a reactor vessel defining an internal volume configured for receiving and
pyvrolyzing the plastic feedstock; and
one of more electric heaters configured for heating the feedstock in the reactor

vessel’

s internal volume to a femperature between 200°C and 1,000°C.
2 The system of Claim 1, wherein the one or more energy transfer apparatuses are
collectively configured for using energy at an average rate of 0.80 kW per pound of
pyrolyzed product produced by the system per hour or less; or

wherein the one or more energy transfer apparatuses are collectively configured for
using energy at an average rate of .50 kW per pound of pyrolyzed product produced by the
system per hout or fess; ot

wherein the one or more energy transfer apparatuses are collectively configured for
using energy at an average rate of .40 kW per pound of pyrolyzed product produced by the
systern per hour or less; or

wherein the one or more energy transfer apparatuses are collectively configured for
using energy at an average rate of $.30 kW per pound of pyrolyzed produet produced by the

system per hour or less.

3. The systern of any one of Claims 1-2, wherein the at least one reactor is configured
for using encrgy at an average rate of .70 kW per pound of pyrolyzed product produced
within the reactor per hour or less; or
wherein the at least one reactor is configured for using energy at an average rate of
(.30 kW per pound of pyrolyzed product produced within the reactor per hour or less;
wherein the at least one teactor is configured for using energy at an average rafe of

(.20 kW per pound of pyrolyzed product produced within the reactor per hour or fess; or

245



WO 2025/165917 PCT/US2025/013657

wherein the reactor is configured for asing energy at an average rate of 0.16 KW per

pound of pyrolyzed product produced within the reactor per hour or less.

4. The system of any one of Claims 1-3, wherein the internal volume of the reactor

vessel is between 100 and 20,000 gallons.

5. The systern of any one of Claims 1-4, wherein the reactor vessel is configured for
maintaining a pressure in its internal volume duoring pyrolysis that is between -7.5 and 14.5

psig.

6. The system of any one of Claims 1-5, wherein the one or more electric heaters are
configured for applying heat to the plastic feedstock in the reactor vessel at a heat density

hetween 3 and 53 Win®

7. The system of any one of Claims 1-6, wherein the at least one pyrolysis reactor
further corprises one or more gas heaters configured for heating the feedstock in the reactor

vessel’s internal volume.

8. The system of any one of Claims 1-7, wherein the one or more electric heaters
comprise one or more electric heaters positioned around sides of the reactor vessel; or
wherein the one or more electric heaters comprise one or more electric heaters
extending into the interior volame of the reactor vessel; or
wherein the one or maore electric heaters comprise an arvay of electric heaters that are

vertically oriented and extend into an interior vohume of the reactor vessel.

9. The system of any one of Claims 1-8, wherein the reactor vessel includes an agitator

configured for stirring the plastic feedstock during pyrolysis.

10.  The system of Claim 9, wherein the agitator is configured to continuously stir the
feedstock within the reactor vessel during pyrolysis; or

wherein the agitator is configured to continnously produce average liquid flow
veloeities inside the reactor vessel between 0.2 and 18 my/s; or

wherein the agitator 15 configured to continuously produce average liquid flow

velocities inside the reactor vessel between (0.5 and 6 nv/s.
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il The system of Claim 9, wherein the agitator comprises a vertically oriented drive

shaft and one or more impellers mounted on the drive shaft.

12. Thesystem of Claim 11, wherein the one or more impellers each comprise a plurality

of impeller blades extending radially outwardly from the drive shaft.

13 The system of any one of Claims 1-12, wherein the reactor vessel further comprises
one or more vapor outlets configured for directing hydrocarbon vapor generated during

pyrolysis out of the reactor vessel.

i4. The system of Claim 13, further comprising one or more condensers; and
wherein the one or more vapor outlets are configured for divecting hydrocarbon vapor
generated during pyrolysis to the one or more condensers for separating the hydrocarbon

vapor into a wax product, an oil product, a gas product, or a combination thereof,

15. The system of Claim 14, wherein the wax product comprises long-chain hydrocarbons
that are solid or semi-solid wax at ambient temperature and pressure; or

wherein the ol product comprises short-chain hydrocarbons that are a liquid at
ambicnt temperatire and pressure; or

wherein the gas product comprises hydrocarbons that are non-condensable at ambient

temperature and pressure.

i6. The system of any one of Claims 1-13, further comprising:
onie or more temperature sensors configured for sensing the temperature of the plastic
feedstock in the reactor vessel; and
a pyrolysis control system configured for:
at least teraporarily storing a target temperature valoe for the plastic feedstock
in the reactor vessel,
monitoring the temperature of the plastic feedstock in the reactor vessel as
measured by the one or more temperature sensors, and
in response to the temperature measured by the one or more temperature
sensors, confrolling the one or more electric heaters to maintain the temperature of the

plastic feedstock within a defined tolerance refative to the target tcroperature value.
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The system of Claim 16, wherein the defined tolerance is within 10°C of the target

femperature value,

18.  The system of any one of Claims 1-17, wherein the plastic feedstock is a continuous
stream of molien or semi-molten feedstock; and
wherein the reactor vessel is configured to pyrolyze the continuoss stream of molten

or semi-molten feedstock.

i9. The system of any one of Claims 1-18, wherein the one or more energy fransfer
apparatuses further coraprise at least one extruder; and
wherein the at least one extruder is configured for:
receiving the plastic feedstock,
melting the plastic feedstock to produce at least semi-molten feedstock, and
divecting the at least semi-molien feedstock o the at least one pyrolysis

reactor.

26 The system of Claim 19, wherein the at least one extruder comprises:
an extruder barrel; and
one or mwore veots configured to allow air, sieam, and/or low melting-point

contaminants to exit the extruder barrel.

21, The system of any one of Claims 19-20, wherein the at least one extruder further

coraprises 4 hopper configured for receiving the plastic feedstock.

22. The system of any one of Claims 19-21, wherein the at least one extroder further
comprises a pneumatic ram configured for compressing low bulk density recycled plastic

feedstock at it enters the extruder barrel.
23. The system of any one of Claims 19-22, wherein the at least one extruder further

: . 3 Fo i <, : o 5 S 3
coroprises a dual vent extruder screw defining a feed section configured for receiving and

melting low density recycled plastic feedstock compressed by the pneumatic ram.

24. The system of any one of Claim 19-23, wherein the plastic feedstock conprises:
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iow bulk density recycled plastic feedstock having a bulk density of 500 kg/a® or
tess, or 100 kg/m? or less, or 50 kg/m? or less, or 25 kg/o® or less; or

wide MFI distribution recycled plastic feedstock having a distribution of melt flow
indexes of from 0.05 g/10min to 20 g/10nun, or from 0.1 g/10min to 9 g/10min, or from $.2
g/10min to 5.5 g/10min, or from 0.3 g/10min w § g/10min; or

wide glass transition temperature distribution recyeled plastic feedstock having a
distribution of glass transition temperatures of from 100°C to 200°C, or from 110°C to
175°C, or from 125°C o 150°C;

or a combination thereof.

25, The system of any one of Claims 19-24, wherein the at least one extruder further
comprises a dual vent extruder screw defining:

a feed section;

a mixing section;

a first decompression section;

a first degassing section:

a first puroping section;

a second decompression section;

a second degassing section; and/or

a second pumping section; or

a combination thereof.

26.  The system of any one of Claims 19-24, wherein the at least one extruder further
comprises:

a feed section temperature control system configured for controlling the temperature
of the plastic feedstock in the feed section;

a mixing section temperature control system configured for controlling the
temperature of the plastic feedstock in the mixing section;

a first decompression section temperature control system configured for controfling
the temperature of the plastic feedstock in the first decompression section;

a first degassing section teraperatire control system configured for controlling the
temperature of the plastic feedstock in the first degassing section;

a fitst pumping section fenperature confrol systera configured for controlling the

temperature of the plastic feedstock in the first pumping section;
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a second decompression section temperature control system configured for controlling
the temperature of the plastic feedstock in the second decompression section;
a second degassing section temperature control system configured for controlling the
temperature of the plastic feedstock in the second degassing section;
a second purnping section temperature control system configured for controlling the
temperature of the plastic feedstock in the second pumping section; and/or
a pyrolysis control system configured for
storing a target temperature value for the plastic feedstock in the extruder’s
feed section, mixing section, first decomapression section, first degassing section, first
pumping section, second decompression section, second degassing section, and/or
second pumping section;
monitoring the temperatare of the plastic feedstock in the extrader as
measured by the one or raore temperature sensors in the extruder’s feed section,
mixing section, first decompression section, first degassing section, first pamping
section, second decompression section, second degassing section, and/or second
pumping section; and
in response 1o the temperature mcasured by the one or more ferperature
sensors, controlling the in the extruder’s feed section temperature control system,
mixing section temperature control system, first decompression section temperature
control systen, fust degassing section teraperature controf system, first pumping
section teraperature control system, second decompression section temperature
control system, second degassing section temperature control system, and/or second
punping section femperature control system 0 maintain the temperature of the plastic
feedstock within a defined tolerance relative to the target temperature value; or

a combination thereof.

27.  The syster of any one of Claims 19-26, wherein the dual vent extruder screw
includes a first degassing section and a second degassing section;

wherein the at least one extruder includes a first vent associated with the first
degassing section and configured for permuitiing vapor to separate from the plastic feedstock
i the extruder and exit the extrader via the first vent;

wherein the at least one extruder includes a second vent associated with the second
degassing section and configured for permitting additional vapor to separate from the plastic

feedstock and extt the extruder via the second vent; and
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wherein the vapor and additional vapor exiting the extruder comprises air, steam,

and/or low melting-point contaminants.

28. The system of any one of Claims 19-27, wherein the at least one pyrolysis reactor is
configured for using energy at an average rate of 0.70 kW per pound of pyrolyzed product
produced by the system per hour or less; and

wherein the at least one extruder is configured for using energy at an average rate of

0.40 kW per pound of pyrolyzed product produced by the system per hour or less.

29. The system of any one of Claims 1-28, wherein the at least one pyrolysis reactor is

configured for receiving and pyrolyzing the plastic feedstock at an indusirial scale

30.  The system of any one of Claims 1-29, wherein the plastic feedstock comprises post-

consumer and/or post-industrial plasties.

31. A reactor for pyrolysis of plastic feedstock, the reactor comprising:

a reactor vessel defining an infernal volume configured for receiving and pyrolyzing
the plastic feedstock; and

one or more electric heaters configured for heating the feedstock in the reactor

vessel’s infernal volume to a teraperature between 200°C and 1,000°C.

32. The reactor of Claim 31, wherein the reactor is configured for using energy at an
average rate of .70 kW per pound of pyrolyzed product produced within the reactor per hour
or less; or

wherein the reactor is configured for using energy at an average rate of .30 kW per
pound of pyrolyzed product produced within the reactor per hour or less; or

wherein the reactor is configured for asing energy at an average rate of 0.20 kKW per
pound of pyrolyzed product produced within the reactor per hour or less; or

wherein the reactor is configured for using energy at an average rate of .16 kW per

pound of pyrolyzed product produced within the reactor per hour or less.

33. The reactor of any one of Claims 31-32, wherein the reactor is configured for
producing an average of (.30 pounds or more of pyrolyzed product per hour per gallon of the

reactor's infernal volume for a period of 24 hours or more; or
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wherein the reactor is configured for producing an average of 0.40 pounds or more of
pyrolyzed product per howr per gallon of the reactor's internal volume for a period of 24 hours
or more; of

wherein the reactor is configured for prodacing an average of 0.45 pounds or more of
pyrolyzed product per hour per gallon of the reactor's internal volume for a period of 24 hours
Of MOfe; oF

wherein the reactor is configured for producing an average of .50 pounds or more of
pyrolyzed product per hour per gallon of the reactor's internal volume for a period of 24 hours

OF Idre,

34, The reactor of any one of Claims 31-33, wherein the reactor is configured for
operating to pyrolyze the plastic feedstock for a cumulative period of 324 hours or more
during a time period of 360 hours; or

wherein the reactor is configured for operating to pyrolyze the plastic feedstock for a
cumulative period of 342 hours or more during a time period of 360 hours; or

wherein the reactor is configured for operating o pyrolyze the plastic feedstock for a
cumulative period of 576 hours ot more during a time period of 720 hours; or

wherein the reactor is configured for operating to pyrolyze the plastic feedstock for a

cunlative period of 756 hours or more during a timae pertod of 1080 hours.

38. The reactor of any one of Claims 31-34, wherein the internal volume of the reactor

vessel is between 100 and 20,000 gallons.

36. The reactor of any one of Claims 31-35, wherein the reactor vessel is configured for
maintaiming a pressuve in its internal volume during pyrolysis that is between -7.5 and 14.5

psig.
37. The reactor of any one of Claims 31-36, wherein the one or more electric heaters are
configured for applying heat to the plastic feedstock in the reactor vessel at a heat density

between S and S5 W/in®

38. The reactor of any one of Claims 31-37, further comprising one or more gas heaters

configured for heating the feedstock in the reactor vessel's internal volume.
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39, The reactor of any one of Claims 31-38, wherein the one or more electric heaters
comaprise one o more electric heaters positioned around sides of the reactor vessel; or
wherein the one or more electric heaters further comprise one or more electric heaters
extending into the interior volume of the reactor vessel; or
wherein the one or more electric heaters comprise an array of electric heaters that are

vertically oriented and extend into an interior volume of the reactor vessel.

40. The reactor of any one of Claims 31-39, wherein the reactor vessel includes an

agitator configured for stirring the plastic feedstock during pyrolysis.

41, The reactor of any one of Claims 31-40, wherein the agitator is configured to
continuously stir the feedstock within the reactor vessel during pyrolysis; or

wherein the agitator 15 configured to continuously produce average liquid flow
velocities inside the reactor vessel between 0.2 and 10 m/s; or

wherein the agitator is configured to continuously produce average liquid flow

velocities inside the reactor vessel between 0.5 and 6 m/s.

42. The reactor of any one of Claims 31-41, wherein the agitator comprises a vertically

oriented drive shaft and one or more impellers mounted on the drive shaft.

43, The reactor of Claim 42, wherein the one or more irapellers each comprise a plurality

of impeller blades extending radially outwardly from the drive shaft.

44, The reactor of any one of Claims 31-43, further comprising one or more vapor
outlets configured for directing hydrocarbon vapor generated during pyrolysis out of the

reactor vessel.

45. The reactor of any one of Clairos 31-44, further comprising:
one or mare temperature sensors configured for sensing the temperature of the plastic
feedstock in the reactor vessel; and
a pyrolysis control systern configured for:
at least temporarily storing a target temperatare value for the plastic feedstock
in the reactor vessel,

monitoring the temperature of the plastic feedstock in the reactor vessel as
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measured by the one or roore temperature sensors, and
in response to the temperature measured by the one or more temperature
sensors, controlling the one or more clectric heaters fo maintain the temaperature of the

plastic feedstock within a defined tolerance relative to the target temperature valoe.

46. The reactor of Claim 45, wherein the defined tolerance is within 10°C of the target
temperature value.
47, The reactor of any one of Claims 31-46, wherein the plastic feedstock is a continuous
stream of molten or semi-molten feedstock; and

wherein the reactor vessel is configured to pyrolyze the continuous strearn of molten

or semi-molien feedstock.

43. The reactor of any one of Claims 31-47, wherein the reactor vessel’s internal volume

is configured for receiving and pyrolyzing the plastic feedstock at an industrial scale.

49, The system of any one of Claims 31-48, wherein the plastic feedstock comprises post-

consumer and/or post-industrial plastics.

56 A method for pyrolysis of plastic feedstock coraprising post-consumer and/or post-
industrial plastics, the method comprising:
directing the plastic feedstock into an internal volume of a reactor vessel of a
pyrolysis reactor; and
pyvrolyzing the plastic feedstock in the internal volume of the reactor vessel;
wherein the step of pyrolyzing the plastic feedstock comprises:
using one of more electric heaters to heat the plastic feedstock in the reactor

vessel's internal volume to a temperatore between 200°C and 1,000°C.

51, The method of Claim 58, wherein the step of pyrolyzing the plastic feedstock
coraprises:

using reactor energy at an average rate of 0.70 kW per pound of pyrolyzed product
produced within the reactor per hour or less; or

using reactor encrgy at an average rate of 0.30 kW per pound of pyrolyzed product

produced within the reactor per hour or fess; or
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using reactor energy at an average rate of 0.20 kW per pound of pyrolyzed product
produced within the reactor per hour or kess; or
using reactor energy at an average rate of 0.16 kW per pound of pyrolyzed product

produced within the reactor per hour or less.

52. The method of any one of Claims 50-51, wherein the step of pyrolyzing the plastic
feedstock comprises:

producing an average of (.30 pounds or more of pyrolyzed product per hour per
gallon of the reactor’s internal volume for a period of 24 hours or more; or

producing an average of 0.40 pounds or more of pyrolyzed product per hour per
gallon of the reactor's internal volume for a period of 24 hours or more; or

producing an average of (.45 pounds or more of pyrolyzed product per hour per
gallon of the reactor's internal volurne for a period of 24 hours or more; or

producing an average of .50 pounds or more of pyrolyzed product per hour per

gallon of the reactor's internal volume for a pertod of 24 hours or more.

53, The method of any one of Claims 50-52, wherein the step of pyrolyzing the plastic
feedstock comprises:

operating the reactor to pyrolyze the plastic feedstock for a cumulative period of 324
hours or more during a time period of 360 hours; or

operating the reactor to pyrolyze the plastic feedstock for a cumulative period of 342
hours or move during a time period of 360 hours; or

operating the reactor to pyrolyze the plastic feedstock for a cumulative period of 576
hours or more during a time period of 720 howrs; or

operating the reactor to pyrolyze the plastic feedstock for a camulative period of 756

hours or more during a time period of 1080 hours.

54. The method of any one of Claims 30-53, wherein the internal volume of the reactor

vessel is between 100 and 20,000 gallons.

35, The method of any one of Claims 50-34, wherein the step of pyrolyzing the plastic
feedstock further comprises maintaining a pressure in the internal volume of the reactor

vessel during pyrolysis that is between -7.5 and 14.5 psig.
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56, The method of any one of Claims 50-55, wherein the step of pyrolyzing the plastic
feedstock further comprises using the one or more electric heaters to apply heat to the plastic

feedstock in the reactor vessel at a heat density between 5 and 55 W/in®,

57.  The method of any one of Claims 50-56, wherein the step of pyrolyzing the plastic
feedstock comprises further comprises using one or more gas heaters to heat the plastic

feedstock in the reactor vessel's internal volume.

58.  The method of any one of Claims 50-57, wherein the one or more electric heaters
coraprise one or more electric heaters positioned around sides of the reactor vessel; or
wherein the one or maore electric heaters further comprise one or more electric heaters
extending into the interior volume of the reactor vessel; or
wherein the one or more electric heaters comprise an array of electric heaters that are

vertically oriented and extend into an interior volure of the reactor vessel.

59. The method of any one of Claims 50-58, wherein the step of pyrolyzing the plastic
feedstock further comprises stirring the plastic feedstock during pyrolysis using an agitator in

the reactor vessel.

60.  The method of Claim 59, wherein the step of stirring the plastic feedstock comprises
continuously strring the plastic feedstock during pyrolysis; or

wherein the step of stirring the plastic feedstock comprises using the agitator to
continuously produce average liquid flow velocities inside the reactor vessel between 9.2 and
10 m/s; or

wherein the step of stirring the plastic feedstock comprises using the agitator o
continuously produce average liquid flow velocities inside the reactor vessel between (.5 and

& Vs,

61.  The method of any one of Claims 59-60, wherein the agitator comprises a vertically

oriented drive shaft and one or more impellers mounted on the drive shaft.

62. The method of any one of Claims 59-61, wherein the one or more impellers each

comprise a plurality of tropeller blades extending radially ouvtwardly from the drive shaft.
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63.  The method of any one of Claims 50-62, further comprising the step of directing
hydrocarbon vapor generated during pyrolysis out of the reactor vessel via one or more vapor

outlets provided on the reactor vessel.

64.  The method of any one of Claims 50-62, further comprising the steps of:
directing the hydrocarbon vapor generated during pyrolysis from the one or more
vapor outlets to one ot more condensers; and
using the one or more condensers to separate the hydrocarbon vapor into a wax

product, an oif product, a gas product, or a combination thereot.

63.  The method of Claim 64, wherein the wax product comprises long-chain
hydrocarbons that are solid or semi-solid wax at ambient temperature and pressure; or
wherein the oil product comprises short-chain hydrocarbons that are a liquid at
ambient temperature and pressure; or
wherein the gas product comprises hydrocarbons that are non-condensable at ambient

temperature and pressure.

66. The method of any one of Claims 50-65, wherein the step of pyrolyzing the plastic
feedstock further comprises:
1sing one ot more emperatiure sensors {0 sense the temperature of the plastic
feedstock in the reactor vessel; and
asing a pyrolysis control system to:
at least temporarily store at least one target temperature value for the plastic
feedstock in the reactor vessel,
monitor the temperature of the plastic feedstock in the reactor vessel by
communicating with the one or more temperature sensors, and
in response to the teraperatire measured by the one or motre temperature
sensors, control the one or more electric heaters to maintain the temperature of the

1,

plastic feedstock within a defined tolerance relative to the target temperature value.

67. The method of Claim 66, wherein the defined tolerance is within 10°C of the target

tﬁl’i}pﬁf ature value.

68. The method of any one of Claims 50-67, wherein the step of directing the plastic
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feedstock into an internal vohume of a reactor vessel comprises:

directing a continuous stream of molten or sermi-molten feedstock into the internal
volume of the reactor vessel; and

wherein the step of pyrolyzing the plastic feedstock comprises pyrolyzing the

continuous stream of molten or semi-molten feedstock in the reactor vessel.

69, The method of any one of Claims 50-68, wherein the step of directing the plastic
feedstock into an internal volume of a reactor vessel comprises:

directing the plastic feedstock into at least one extruder;

melting the plastic feedstock using the at least one extruder to produce at least senii-
molten feedstock; and

directing the at least semi-molten feedstock into the internal volume of the reactor

vessel.

70.  The method of any one of Claims 50-69, wherein the at least one extruder comprises:
an extruder barrel; and
one or more vents configured to allow air, steam, and/or low melting-potnd

contaminants to exit the extruder barrel.

71. The method of any one of Claims 50-70, wherein the plastic feedstock comprises low
bulk density recyeled plastic feedstock;

wherein the step of directing the plastic feedstock into the at least one extruder
coraprises divecting the low bulk density recycled plastic feedstock into a hopper, directing
the low bulk density recycled plastic feedstock out of the hopper and into a pneumatic vam,
and using the pnewmatic ram to compress the low bulk density recycled plastic feedstock into

an extruder barrel or feed throat of the extruder.

72. The method of any one of Claims 50-71, further coraprising the step of directing the
low bulk density recycled plastic feedstock into a feed section of a dual vent extruder screw

in the at least one extruder under compression from the pneumatic ram.

-3
(9]

The method of any one of Claims 50-72, wherein the plastic feedstock comprises:
fow bulk density recycled plastic feedstock having a bulk density of 500 kg/m® or

fess, or 100 kg/m® or less, or 50 kg/m® or less, or 25 kg/m” or less; or
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wide MFI distribution recycled plastic feedstock having a distribution of melt flow
indexes of from 0.05 g/10min to 20 g/10min, or from 6.1 g/10min to ¢ g/10min, or from .2
g/10min to 5.5 g/ 10min, or from 0.3 ¢/10min to § g/10min; or

wide glass transition temperature distribution recyeled plastic feedstock having a
distribution of glass transition temperatures of from 100°C o 200°C, or from 110°C w0
175°C, or from 125°C to 150°C;

or a combination thereof.

74.  The method of any one of Claims 50-73, wherein the at least one extruder further
cormprises a dual vent exfruder screw defining:

a feed section;

a mixing section;

a first decompression section;

a first degassing section;

a first pumping section;

a second decompression section,

a second degassing section; and/or

a second pumping section; or

a combination thereof.

75. The method of Claim 74, wherein the at least one extruder further comprises:

a feed section temperature control systemn configored for controlling the temperature
of the plastic feedstock in the feed section;

a mixing section temperature control system configured for controlling the
termperature of the plastic feedstock in the mixing section;

a first decompression section temperature control system configured for controlling
the temperature of the plastic feedstock in the first decompression section;

a first degassing section temperature control system configured for controlling the
temperature of the plastic feedstock in the first degassing section;

a first puroping section teraperature control system configured for controlling the
temperature of the plastic feedstock in the first pumping section;

a second decompression section temperatore control system configured for controlling
the temperature of the plastic feedstock in the second decompression section;

a second degassing section temperature conirol systera configured for controlling the
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temperature of the plastic feedstock v the second degassing section; and/or
a second pumping section temperature control system configured for controlling the

temperature of the plastic feedstock in the second pumping section.

76.  The method of Claim 75, wherein the step of melting the plastie feedstock using the at
feast one extruder further comprises:

using the feed section temperature control systern, mixing section temperature control
system, first decompression section temperature control system, first degassing section
temperature control system, first pumping section temperature control system, secom
deconypression section ternperature control system, second degassing section teraperature
control system, and/or second puraping section temperature control system to sense the
temnperature of the plastic feedstock in the reactor vessel; and

using a pyrolysis control system to:

at least teraporarily store at least one target teraperature value for the plastic

feedstock in the extruder’s feed section, mixing section, fivst decompression section,
irst degassing section, first pumping section, second decormpression section, second
degassing section, and/or second pumping section;

monitor the temperature of the plastic feedstock in the at least one extruder
vessel by communicating with the feed section temperature control system, mixing
section teraperature control system, first decompression section teraperature controf
system, first degassing section temperature control systerg, first pumping section
temperatare control system, second decompression section temperatiure control
system, second degassing section temperature control system, and/or second pumping
section temperature control syster, and

in response to the temperature measured by the one or more temperature
sensors, controlling the in the extruder’s feed section temperature control system,
mixing section temperature control system, first decompression section temperature
control system, first degassing section teraperature control system, first pumping
section temperature control system, second decompression section temperature
control systern, second degassing section teraperature control system, and/or second
punping section temperature conirol system to maintain the temperature of the plastic

feedstock within a defined tolerance relative to the target temperature value.

77. The method of any one of Claims 74-76, wherein the dual vent extruder screw
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inchudes a first degassing section and a second degassing section;

&

>

wherein the at least one extruder includes a first vent and a second vent; and
wherein the step of melting the plastic feedstock using the at least one extruder
commprises:

compressing the plastic feedstock in the first degassing section and permitting
vapor to separate from the plastic feedstock in the extruder and exit the extruder via
the first vent; and

compressing the plastic feedstock in the second degassing section and
permitting additional vapor to separate from the plastic feedstock in the extruder and
exit the extruder via the second vent;

wherein the vapor and additional vapor exiting the extruder comprises air,

steam, and/or low melting-point contaminants.

78. The method of any one of Claims 50-77, further cornprising:

using reactor energy at an average rate of 0.70 kW per pound of pyrolyzed product
produced by the system per hour or less; and

using extruder energy at an average rate of 0.40 kW per pound of pyrolyzed product

produced by the system per hour or less.

79. The method of any one of Claims 30-78, further comprising the steps oft

directing the wax product and/or the ol produect into a catalytic cracking system, and
using the catalytic cracking system to separate the wax product and/or the oil produoct into a
vapor product, fuels oil, iquified petroleum gas (LPG), cracked naphtha, or a combination
thereof; or

directing the wax product and/or the oil product into a petroleum refining system, and
using the petroleum refining system (o separate the wax product and/or the ot product info a
lighter product, naphtha, a beavier product, or a combination thereof; or

directing the wax product and/or the oil product into a hydrocracking system; and
using the hydrocracking system to separate the wax product and/or the oil product info a

lighter product, naphtha, a heavier product, or a combination thercof.

80, The method of Claim 79, further comprising the steps of:
dirceting the naphtha into a thermal cracking systeny; and

using the thermal cracking systera to separate the naphtha into fucks oil, olefins,
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naphtha, a heavier product, or a cornbination thereof.

81.  The method of any one of Claims 50-78, further comprising the steps of:

directing the wax product and/or the oil product into a thermal cracking system, and
using the thermal cracking system to separate the wax product and/or the oil product into
fucls oil, olefins, naphtha, a heavier product, or a combination thercof; or

directing the gas product into a thermal cracking systern, and using the thermal
cracking system to separate the gas product into fuels oil, olefins, naphtha, a heavier product,

or a combination thereof.

82. The roethod of Claim 81, further comprising the steps of:
directing the olefins into a polymerization system; and

using the polymerization to convert the olefins into polymer pellets.

83. The method of any one of Claims 79-82, further comprising the step of hydrotreating

the wax product, the oil product, and/or the gas product.

84.  The method of any one of Claims 50-83, wherein the at least one pyrolysis reactor is

configured for receiving and pyrolyzing the plastic feedstock at an industrial scale

85.  The method of any one of Claims 50-84, wherein the plastic feedstock cormprises

post-consumer and/or post-industrial plastics.



