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ABSTRACT

Catalytic Upcycling of Polyolefins to Alkylaromatics

Jiakai Sun

Plastics, a pivotal product of the last century, have dramatically transformed industries
ranging from healthcare and food safety to textiles, electronics, and construction, making
consumer goods more accessible worldwide. Plastic production has soared from its early days,
and is projected to continue growing significantly. This increase is primarily due to
polyolefins like polyethylene (PE) and polypropylene (PP), which make up about half of all
plastic production. However, this manufacturing boom has led to a massive surge in plastic
waste, with poor waste management practices causing significant environmental issues. A
small portion of this waste is recycled, mainly through mechanical methods that degrade
quality.

Chemical recycling to monomers is effective for condensation polymers but less so for
polyolefins due to their strong carbon-carbon bonds, often resulting in low-value products.
Upcycling is a possible alternative for managing polyolefin waste. The aim is to selectively
cleave specific C-C bonds in polyolefins, converting them into building blocks that can be

used as feedstocks for chemical manufacturing.
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Catalytic conversion of waste polyolefins to value-added alkylaromatics could contribute
to carbon recycling. Tandem catalytic conversion by platinum supported on y-alumina
converts various polyethylene (PE) grades into valuable long chain alkylaromatics and
alkylnaphthalenes (average ~Cso, dispersity D = 1.1) with high yields, in the absence of added
solvent or molecular hydrogen. Coupling exothermic hydrogenolysis with endothermic
aromatization renders the overall transformation thermodynamically accessible despite the
moderate reaction temperature of 280 °C.

Compared to tandem hydrogenolysis/aromatization of PE catalyzed by Pt/y-Al,O; at
280°C, both a five-fold enhancement in the rate of C-C bond scission and a doubling of the
molar yield of alkylaromatics were realized using a more acidic Pt/F-Al>O3 catalyst instead.
Bifunctional (metal/acid) catalysts also generate alkylaromatic products with lower average
carbon numbers (ca. Cyo), similar to conventional anionic surfactants. Since physical mixtures
of weakly acidic Pt/y-AlO3 or non-acidic Pt/Si0> with strongly Brensted acidic Cl-Al>O3 or
F-ALOs3 are also effective, the tandem reaction does not require nano-scale intimacy between
metal and acid active sites. Kinetic studies using triacontane (norm-CsoHe2) as a model for PE
show that the Pt-catalyzed dehydrogenation/hydrogenation reactions are quasi-equilibrated,
while the acid-catalyzed C-C bond scission and skeletal transformations (isomerization and
cyclization) determine the overall rates of depolymerization and aromatic formation.

Different from hydrocracking, aromatic formation must be conducted without high
pressure Hy. Depolymerization can be performed without adding any external H», depending
instead on redistribution of PE-derived H» to value-added alkylbenzenes. However, moderate
external H» pressures (1-8 bar) significantly enhance the depolymerization rate and

alkylbenzene yield (maximum yield at 4 bar H»). The rate of C-C bond scission is pseudo-
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zeroth-order. It increases with external P(H») at lower pressures (< 10 bar), then decreases at
higher pressures. Modifying the traditional hydrocracking mechanism to include competitive
adsorption of aromatics explains the P(Hz) dependence of the rate. Dynamic control of the
reactor atmospheres can further increase the alkylbenzene yield, especially in the desired
molecular weight range for anionic surfactants.

Depolymerization and upcycling are promising approaches to managing plastic waste.
However, quantitative measurements of reaction rates and analyses of complex hydrocarbon
product mixtures arising from the depolymerization of polyolefins constitute significant
challenges in this emerging field. The methods for recovery and analysis of all products arising
from batch depolymerization of polyethylene are detailed. The quantitative analyses of
reaction rates and selectivity for alkanes and aromatic products are described. This protocol
can be extended to depolymerization of other plastics such as polypropylene, and to

characterization of other product mixtures (including long-chain olefins).
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Chapter 1. Introduction

Note: This chapter was adapted from sections of the following publication.
Publication: Sun, J., Dong, J., Gao, L., Zhao, Y.-Q., Moon, H., Scott, S. L., “Catalytic

Upcycling of Polyolefins,” Chem. Rev. (invited), in review.

1.1. Catalytic Upcycling Strategies for Polyolefins

Plastics are unquestionably one of the most important technologies of the last century.
They have transformed sectors as diverse as health care, food safety, textiles, electronics,
transportation, machinery, and construction, and they have made a vast array of consumer
goods more broadly accessible to people in all sectors of society. Since the early days of mass
production, the global production of plastics has soared, from 2 Mt in the 1950s to nearly 400
Mt today.! On the current trajectory, it is possible that by 2050, the world will produce 500
Mt plastics each year. The plastics industry is predicted to consume as much of 20 % of oil
production while generating 15 % of annual carbon emissions.?

The commodity polyolefins (POs), which are polymers of simple alkenes, include
polyethylene (PE) and polypropylene (PP). These two polymers represent the largest fraction
of modern plastics. For example, in 2021, PE accounted for approximately 27 % of plastic
production, including low-density polyethylene (LDPE) and high-density polyethylene
(HDPE), while PP constituted about 20 %.*> Thus POs effectively represent half of all plastic
production.

This immense manufacturing success, combined with the low cost of POs, has led to a

proliferation of short-term uses and a corresponding surge in waste, with 353 Mt plastic waste



generated in 2019 alone.* Unfortunately, much of this waste is not responsibly managed.
According to a report monitoring the fate of plastic waste, approx. 23 % ends up in landfills.?
Around 42 % is incinerated, which can be a strategy for energy recovery but which releases
CO:2 into the environment. The problem is compounded by emissions of gases other than CO»,
due in part to the intimate mixing of polymers with other materials.? Conventional recycling
has not thus far proven to be a viable solution to address these issues.’

Plastic waste can be recycled mechanically, chemically, or through hybrid
chemomechanical processes.®” Mechanical recycling involves remanufacturing waste into
new products, without disassembling the polymer chains. This process is most effective for
recycling material of known composition and high purity (i.e., industrial scrap), rather than
post-consumer waste. Even then, it usually compromises the mechanical properties (e.g.,
strength, toughness) of the original polymer. Chemical recycling requires at least partial
depolymerization into monomers or oligomers, which can be repolymerized or repurposed
after appropriate chemical separation.® This method is most readily applied to heteroatom-
containing polymers like polyesters, such as polyethylene terephthalate (PET), with its
hydrolysable ester linkages.’ It is not generally used for polyolefins, whose backbones consist
solely of strong and relatively inert C-C bonds.’ Depolymerization of polyolefins can in
principle be performed at elevated temperatures. Although these reactions are spontaneous

above the polymer ceiling temperature,'’

in practice, thermal depolymerization is only
effective for polystyrene. PE and PP pyrolyze before reaching their ceiling temperatures,

resulting in a complex and low-value mixture of gases, low-quality liquids, and coke.!



Upcycling is a possible alternative for managing polyolefin waste.>!2 The aim is to
selectively cleave specific C-C bonds in polyolefins, converting them into building blocks that
can be used as feedstocks for chemical manufacturing. It requires a suitable catalyst, and often
involves the use of co-reactants. Scheme 1.1 illustrates differences between chemical
recycling and upcycling, including key intermediates in the upcycling process. Unlike
chemical recycling, which necessitates breaking a large fraction of the C-C bonds in the
polyolefin backbone, chemical upcycling often targets a small fraction of these bonds. This
selective cleavage reduces the energy requirement and makes the reactions more

thermodynamically accessible.

Chemical Recycling
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Scheme 1.1. Comparison of polymer backbone cleavage in chemical recycling and upcycling.
Blue balls represent polyolefin side-chains (H and CH3). The orange ball represents a new

functional group.

Hydrogenolysis is one upcycling strategy. It uses a metal catalyst to break C-C bonds and
add H> to cap the new chain ends. However, hydrogenolysis can break every C-C bond,
producing methane whose low value does not qualify the process as upcycling. Another
strategy begins with C-H bond cleavage to give a reactive site. For instance, forming a C=C
bond by polymer dehydrogenation opens up the possibility of chain cleavage via alkene
metathesis, or protonation to give a carbocation that is susceptible to chain cleavage by B-
scission in the (hydro)cracking. Direct carbocation formation in polyolefins (i.e., without first
forming a C=C bond) can be achieved by heterolytic C-H bond cleavage, as in hydride
abstraction by a Lewis acid. Alkyl radicals can be formed by homolytic C-H bond cleavage,
as in H atom abstraction by a reactive oxygen species. In the presence of excess oxidant, the
polymer can be converted to higher value oxygenates, or combusted to low value COx.
Obviously, converting polyolefins to COx is also not considered upcycling. Installing other
functional groups, such as aromatic rings, could convert post-consumer plastic into a new
polymer, or into different types of chemical feedstocks with higher value.

This dissertation focuses on the direct conversion of polyolefins to alkylaromatics through
tandem aromatization/hydrocracking (the overall reaction redistributes hydrogen). The
current knowledge of (hydro)cracking and aromatization, both on small hydrocarbons and

polymers, will be discussed in the introduction.



1.2. Catalytic Cracking and Hydrocracking of Polyolefins

1.2.1. Key Concepts

According to the [IUPAC Goldbook, cracking refers to thermal or catalytic decomposition
of a hydrocarbon into chemical species of smaller molecular weight.!*> Because chemical
feedstocks typically have much smaller carbon numbers than polymers, cracking is a
promising strategy to generate recycled chemical feedstocks from polyolefins.

Thermal cracking in the absence of O is also known as pyrolysis. The pyrolysis of POs
generates mostly n-alkanes, 1-alkenes, and alkadienes at high temperatures (>500 °C).!3 The
endothermic reaction is proposed to follow a radical mechanism. Many others have discussed
the impact of reaction conditions and reactors on the product distribution and reaction
mechanisms, as well as the technical challenges.'#?° Catalytic cracking shares similar reaction
conditions with pyrolysis, but differs in the use of a solid acid catalyst (Scheme 1.2).2! The
catalytic cracking of POs typically requires lower temperatures (but still >400 °C) compared
to pyrolysis, and it generates a mixture of iso-alkanes, alkenes, cycloalkanes, and
aromatics.?>~26

Hydrocracking is a form of catalytic cracking that occurs in presence of a high pressure of
H>. In addition to the acid component, the catalyst contains a component with a
(de)hydrogenation function (Scheme 1.2).!3 Hydrocracking of POs generates iso-alkanes.
Since the reaction is exothermic, it can be performed at even lower temperatures than catalytic

cracking. The lower energy requirement and simpler product distribution of hydrocracking

has attracted much interest for polymer upcycling. The following section focuses primarily on



(relatively) low temperature hydrocracking of POs, although some efforts in the area of
catalytic cracking will also be discussed.

In addition to catalytic cracking and hydrocracking, POs can be converted, in the absence
of external H» or under low Puo, and in the presence of acidic, and especially bifunctional
catalysts, into higher-value aromatics by hydrogen redistribution (Scheme 1.2). This strategy

will be discussed in Section 1.3.
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Scheme 1.2. Overall processes for (a) catalytic cracking, (b) hydrocracking, and (c) hydrogen

redistribution, showing the individual catalytic reactions involved.

1.2.1. Key Definitions



In hydrocracking, the net reaction is hydrogenolysis, in which H> adds across a carbon-
carbon (C-C) or carbon-heteroatom (C-X) single bond, resulting in its cleavage.'’ In the
hydrocracking literature, hydrocracking and hydrogenolysis are sometimes used
interchangeably to refer to the overall cleavage of C-C single bonds.?” However, in
hydrocracking, the catalyst is bifunctional (metal/acid) and C-C bond cleavage is usually
achieved via an initial dehydrogenation step to form an alkene whose protonation leads to a
highly reactive carbenium ion. In contrast, hydrogenolysis refers specifically to the C-C bond
cleavage that occurs when an alkane interacts directly with a hydrogen-covered metal
surface.?’ In the following sections, we will adopt the mechanism-based definitions for the

hydrocracking and hydrogenolysis of both small molecule alkanes and polyolefins.

1.2.2. Mechanistic Considerations
Because the catalysts used in catalytic cracking and hydrocracking both contain acid sites,

the proposed mechanisms exhibit many similarities.

1.2.2.1.  Catalytic Cracking Mechanism
Our current understanding of catalytic cracking was summarized in a review by Corma
and Orchillés.?® The reaction is proposed to proceed in three stages: (1) initiation by formation
of a carbenium ion; (2) skeletal rearrangement of the carbenium ion, leading to C-C bond
scission to give an alkene and a new carbenium ion, and hydride abstraction from another

alkane; (3) deprotonation of the carbenium ion to form an alkene.?®



In the initiation step starting from an alkene, a Bronsted acid site (BAS) protonates an
alkene to form a tri-coordinate carbenium ion (Scheme 1.3a). If the reactant is an alkane, the
initiation step is widely believed to be catalyzed by BAS. The first carbocation is formed by
the reaction with a BAS at a C-H bond to give H> and a carbenium ion. Haag and Dessau
suggested that alkane cracking can also be initiated by reaction with a BAS at a C-C bond,
initially forming a five-coordinate carbonium ion whose protolytic cracking gives either an
alkane or H», and a carbenium ion (Scheme 1.3b). Formation of carbenium ions has also been
proposed to occur directly, by abstraction of hydride ions from alkanes by Lewis acid sites

(LAS).28’29
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Scheme 1.3. (a) Protonation of 3-methyl-2-pentene to give a tri-coordinate carbenium ion and

(b) protolytic cracking of 3-methylpentane and n-hexane via a penta-coordinate carbonium

ion.28

Carbenium ions can undergo either type A or type B isomerization, Scheme 1.4. The

former, being faster, involves classical alkyl and hydride shifts and results in changes in the



position of branches but not their number. The latter changes the number of branches via

protonated cyclopropane intermediates.?®3°

Type B )\O/\/ — ﬁ

®

> @
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®

Scheme 1.4. Type A and B isomerization. The red circles indicate the carbon atoms that

undergo skeletal isomerization.

After possibly multiple isomerization events, the carbenium ions undergo various -
scission reactions. They are classified as Types A, B, C, or D, with reaction rates decreasing
in this order, due to the relative stabilities of the carbenium ions (Scheme 1.5). Type A [3-
scission requires a tertiary carbenium ion with three branches in an a,y,y-arrangement;
heterolytic C-C bond cleavage leads to a disubstituted alkene and a new tertiary carbenium
ion. A Type B B-scission requires a secondary carbenium ion whose cleavage gives a tertiary
carbenium (Type B1), or vice-versa (Type B»). Both B-types require two branches, in either
the v,y- (for B1) or a,y- (for B2) positions. Less common Type C and D scissions involve the
reaction or formation of highly unstable primary carbenium ions. In these cases, the carbenium
ions may undergo rearrangement to a more favorable configuration for -scission faster than

they undergo C-C bond cleavage.?” While polyolefins have more than enough carbon atoms



to undergo any of these scission reactions, their branch frequency and pattern will influence

the rates of B-scission under hydrocracking conditions.

,,,,,, sec. — prim. ®
Type D: 3 < e
/ RN T oomidden” "
i>26 Type C: R’ ".“ﬂ@ R? = > B > R‘Je + /\R2
slow
2
ol
o o sec. — tert. JQ\
3| 727 TypeB: g g — > Rt + A
3
S
£

27 Type Bz: R‘J\_..}l’\m t__——*ert. — R1J® + )\Rz
)
i28 TypeA: R‘J\}J@\Rz tet. — tert. | R‘J\ i )\RZ

fast

Scheme 1.5. Classification of B-scission reactions for carbenium ions (the value of i refers to

the minimum number of carbon atoms required).?’

Another proposed reaction in catalytic cracking is hydride abstraction from an alkane by
a carbenium ion. This may be the dominant pathway for producing carbenium ions on new
alkane chains, considering the slow rate of carbenium ion formation via alkane protonation
by BAS. Carbenium ions desorb from BAS by re-forming alkenes, or from LAS by re-forming
alkanes.?® If multiple C-C bond scissions occur on a single alkane chain, the major products
of catalytic cracking will be alkenes. However, cyclization and aromatization, via hydrogen

transfer, can also be acid-catalyzed.?® This aspect will be discussed in section 1.3.

1.2.2.2.  Bifunctional Hydrocracking Mechanism
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The classical alkane hydrocracking mechanism, shown in Scheme 1.6, was summarized
by Weitkamp.?” The acid-catalyzed steps are similar to those in catalytic cracking. Alkane
hydrocracking involves the following sequence of steps: (1) alkane dehydrogenation on metal
sites, leading to release of an alkene; (2) diffusion of the alkene to an adjacent Bronsted acid
site, where its protonation yields a highly reactive carbenium ion; (3) skeletal isomerization
of the carbenium ion, leading to C-C bond scission to give an alkene and a new carbenium
ion; (4) deprotonation of the carbenium ion to generate a new alkene; and (5) diffusion of both

alkenes to metal sites, where they are hydrogenated to the corresponding alkanes.

Metal sites Bronsted acid sites Metal sites
n-CH,.,
'Hle* L SRSttt :
e @ :
+ @ CH,..+
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Scheme 1.6. Classical mechanism for hydrocracking of n-alkanes on a bifunctional catalyst
with metal sites to catalyze alkane dehydrogenation/hydrogenation and Brensted acid sites to

catalyze alkene skeletal isomerization leading to C-C bond cleavage.?’

1.2.3. Metal-Acid Balance (MAB)

1.2.3.1. Influence on Hydrocracking Activity
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According to the bifunctional mechanism outlined above, the overall reaction depends on
the ready availability of both metal and acid sites. Bifunctional catalysts are therefore
optimized for their metal-to-acid site balance, which is commonly achieved by adjusting the
nm/na ratio. Typically, the cracking activity per acid site (turnover frequency, TOF) increases
with this ratio until it reaches a plateau, Figure 1.1. In the plateau region, the
(de)hydrogenation reactions are quasi-equilibrated on the metal sites, such that the rate is

controlled solely by the number of acid sites. This is called the “ideal hydrocracking region”.
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Figure 1.1. MAB dependence of the initial activity (4o, normalized by total catalyst mass) for
n-decane hydrocracking catalyzed by Pt/HY zeolite, at 200 °C. MAB is represented by the
ratio of the number of accessible Pt atoms to the number of acid sites (np/na). The data labeled
PtHY 3 were recorded for a constant number of acid sites. Acidity decreases in the order HY3

>HY9 > HY35.3!

1.2.3.2.  Influence on Hydrocracking Selectivity
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For longer hydrocarbons (CiHai+2, i > 8), MAB also influences the regioselectivity of C-
C bond cleavage. Low npi/na ratios result in mostly C3-Cs products, while high ratios give a

random distribution of hydrocarbons across the entire range of carbon numbers, Figure 1.2.
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Figure 1.2. Molar distribution of hydrocarbon products from the catalytic cracking or
hydrocracking of n-hexadecane. The results are typical for catalysts with no hydrogenating
component (Si102-Al,03-Zr0O»), a weak hydrogenating component (sulfided Co-Mo-S/SiO»-
ALO3), or a strong hydrogenating component (Pt/Ca-Y zeolite), at similar yields of cracked
products (Yer. = 50 %). Si" is the modified cracking selectivity, defined as moles of

hydrocarbons with j carbon atoms per mol n-hexadecane converted.?’

The difference in regioselectivity is a consequence of metal-catalyzed

dehydrogenation/hydrogenation. A high MAB leads to a high alkene concentration, resulting
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in competitive adsorption of alkenes on the acid sites. Consequently, C-C bond scission tends
to be more random for a high-MAB catalyst, resulting in a bell-shaped distribution of
hydrocarbon chain lengths. Conversely, a low-MAB catalyst generates more C3-Cs
hydrocarbons because the low alkene concentration results in more persistent alkene-acid site
interactions, allowing for consecutive C-C bond scission events on the same hydrocarbon

chain.

1.2.4. Examples of Polyolefin Catalytic Cracking

The first report of catalytic cracking of a PO by a solid acid dates to the 1980s.3? Using
silica-alumina as the catalyst at 480 °C, PP was converted predominantly to alkenes (44 wt%),
iso-alkanes (35 wt%), and aromatics (11 wt%). Since then, many such studies have appeared.
Several reviews summarize the effect of catalyst variables (acidity, pore structure), reaction
conditions, reactor type, reaction kinetics and mechanisms.??2%33-3* Nevertheless, some of
these topics are mentioned below for comparison purposes. In the 1990s, the use of
MgCloxAlCl; was first reported in the catalytic cracking of PE at 370 °C, giving mostly gases
(88 wt%) as products.’> A couple of examples of the use of other salts as well as
chloroaluminate ionic liquids have since been summarized in a review.2¢

More recently, lower temperatures have been used in the catalytic cracking of POs to target
more valuable products. Metal-free H-MFI zeolite (0.4 g, Si/Al = 40) was reported to crack
PE (1 g, Mw= 4,000 g/mol, D = 1.9) to C3-C7 (37 wt%, mostly n-alkanes, iso-alkanes, iso-

alkene, alkenes) in 17 h at 200 °C.*® More than 90 wt% of the polymer was converted, as
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judged by the mass of residual solid hydrocarbon. However, the mass balance was poor: 50
wt% of the total mass was not collected.

Selectivity for desired carbon numbers and hydrocarbon product types can be better
controlled. The use of ZSM-5 nanosheets (0.1 g, Si/Al = 21) was reported to convert PE (0.5
g, described as having an average molecular weight 150,000 g/mol without indicating M,, My
or D) in a quartz tube at 280 °C under flowing H into C;-C7 hydrocarbons (75 wt%).>” Among
these products, the majority (84 wt%) were C3-Cs alkenes. The amount of coke was
undetectable.

Catalytic cracking can be coupled with other reactions to make desired products
selectively at even lower temperatures. The use of a chloroaluminate ionic liquid [C4Py]CI-
AICl3 ([C4Py]CIL:AlICI3 molar ratio 1:2, 3 mmol) catalyst with tert-butyl chloride (TBC, 0.05
mmol, 0.005 g) as initiator, dissolved in 3 mL CH>Cl,, was reported to fully convert a low
molecular-weight PE (0.2 g, My, = 4,000 g/mol, ® = 1.9) by its reaction with isopentane (0.8

g) to liquid iso-alkanes (Cs to Cso, ~200 wt% relative to starting PE) at 70 °C.3#

1.2.5. Examples of Polyolefin Hydrocracking
Hydrocracking of POs first began to attract attention in the 1990s. In contrast to pyrolysis'*
and catalytic cracking® approaches, typically conducted at temperatures above 400 °C and
producing complex hydrocarbon mixtures including alkenes, aromatics, and alkanes, PO
hydrocracking is typically performed at lower temperatures and generates highly saturated
hydrocarbon liquids. These liquids can be used directly as transportation fuels or as fuel oil.

A review described the effects of variables such as temperature, H pressure, reaction time,
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presence and type of catalyst, and the nature of the plastic feed on the hydrocracking of both
virgin and waste plastic materials.*

In early studies, PO hydrocracking was generally conducted at 350-450 °C with 20-150
bar H» (pressure measured at room temperature), similar to the hydrocracking of light alkanes.
The hydrocracking catalysts were similar too: metal NPs dispersed on an acidic support. The
supports were often amorphous oxides such as silica-alumina, crystalline zeolites such as
HZSM-5, or acid-modified oxides such as sulfated zirconia. The hydrogenating component
was a noble metal (Pd or Pt), or a non-noble metal from group 6 (Mo or W), group 9 (Co), or
group 10 (Ni). Intrinsic catalytic activity was not necessarily apparent at the high reaction
temperatures, where mass transport can limit the overall reaction rate. Furthermore, the
catalysts experienced significant coke build-up, leading to rapid deactivation.*' Therefore,
more recent studies have focused on reactions conducted at lower temperatures. An explosion
of recent interest has resulted in numerous new catalyst designs.

As polymer upcycling has attracted more interest in recent years, researchers have started
to investigate hydrocracking at even lower temperatures (200-300 °C), and with more
advanced characterization of the catalysts and reaction products. The current state-of-the-art
for an efficient bifunctional catalyst or a mixture of catalysts involves converting a polyolefin
(ca. 10x the total catalyst mass) into mostly iso-alkanes (C4-C30) within several hours at ca.
250 °C under ca. 20 bar Ho.

For example, the hydrocracking of LDPE (My = 150,000 g mol”!, D not specified) was
reported to be catalyzed by either Pt/USY or Pt/HBeta (10 wt% relative to LDPE), at 275-330

°C under 20 bar H».*> C4-Cg iso-alkanes were formed in high yields within 1 h, resulting in
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>95 wt% of the polymer being recovered as either gas- or liquid-phase hydrocarbons. At a
similar temperature (250 °C) and H; pressure (30 bar), the conversion of LDPE (2.0 g, My, =
250,000 g mol’!, D not specified) was reported to be catalyzed by a physical mixture of
Pt/WOs3/ZrO; (0.1 g) and HY zeolite (0.1 g) to predominantly iso-alkanes (85 wt%) within 2
h, but the products were in the gasoline (Cs-Ci2) and diesel (Co-C22) ranges.®

Highly dispersed MoSx-HBeta (0.1 g) was investigated as a noble metal-free catalyst to
hydrocrack various polyolefins.** After 16 h at 180 °C with a low molecular weight PE wax
(My = 3,000 g mol'!, D not specified), a catalyst loading of 20 wt% relative to polymer, and
25 bar Hz, branched alkanes (C4-C12) were recovered in 96 wt% yield. At 250 °C under 20 bar
Hb, the reactions of HDPE, LLDPE, LDPE, and PP (1 g, all with My, = 300,000 g mol"', P not
specified) gave branched liquid alkanes (mostly C4-Ci¢, isomers not specified) in >85 wt%
yield after 6 h.

PP hydrocracking was reported to be catalyzed by Ru, Ni, or Pt nanoparticles supported
on anatase prepared by a sol-gel route (Ru, Ni, or Pt/TiO>-A-SG, 0.07 metal/nm?).*> At 260
°C, the Ru/Ti0,-A-SG catalyst converted PP (isotactic, Mw~250,000 g/mol, D = 3.7) about
three times faster than Ru/CeO., when normalized by surface Ru sites. In addition, Ru/TiO»-
A-SG showed lower selectivity towards undesired CHg (Schs = 3 wt%) compared to Ru/CeO»
(21 wt%), slightly higher selectivity towards desired liquid products (Ces-40, Stiquia = 78 Wt%)
compared to Ru/CeO; (72 wt%), and higher isomerization activity (62% of Cio products are

iso-alkanes), compared to Ru/CeQO> (40%).

1.3. Hydrogen Redistribution of Polyolefins

1.3.1. Mechanism of Aromatics Formation
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1.3.1.1.  Catalytic Reforming

Monocyclic aromatic hydrocarbons such as benzene, toluene, and xylenes (the mixture
known as BTX) are important chemical building blocks. In 2020, the global demand for BTX
was ca. 108 million metric tons (MMT), and it is projected to increase at an annual growth
rate of 5% in coming years.*® The conventional route for producing BTX involves catalytic
reforming of naphtha (which consists of mostly C¢-Cio alkanes), typically at ca. 500 °C. The
major reactions include alkanes dehydrocyclization to cycloalkanes, and the further
dehydrogenation of the cycloalkanes to aromatics. Both reactions generate H; as a byproduct,
Scheme 1.7. Since the use of polyolefins to make aromatics shares much in common with
these processes, we first briefly review what is known about the catalytic reactions involving

smaller hydrocarbons.

dehydrocyclization aromatization =
N TN > (j/ - > |
- H2 - 3H2 X

paraffin naphthene aromatic

Scheme 1.7. The two main reactions in naphtha catalytic reforming.

Traditional catalysts for naphtha reforming are bifunctional, consisting of Pt nanoparticles
supported on an acidic alumina.*’ Similar to the hydrocracking mechanism, the metal sites are
proposed to catalyze (de)hydrogenation, while the acid sites are proposed to catalyze skeletal
transformations, including isomerization, cyclization of an alkene to cycloalkane, and C-C

bond scission (Scheme 1.8). Cyclization is a key reaction because it leads to the formation of
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aromatic rings. Initially, the cyclization of an alkene or alkadiene can lead to either a five- or
six-membered ring.*® Although only the latter can be dehydrogenated to give an aromatic
directly, the ring expansion of five-membered rings is believed to be rapid under reforming
conditions.*—>*

Skeletal isomerization of n-alkanes is desirable in catalytic reforming because iso-alkanes
have higher octane numbers, which is important in gasoline. However, C-C bond scission is
undesirable, because it generates light gases which have much lower value. In general,

catalytic reaction rates decrease in the following order: (de)hydrogenation > isomerization >

dehydrocyclization ~ C-C bond scission.
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Scheme 1.8. Proposed reaction mechanism for bifunctional catalytic reforming, involving

alkane (de)hydrogenation, isomerization, and dehydrocyclization. Redrawn from ref 55.



Monofunctional catalysts are also used commercially in catalytic reforming. For example,
the Aromax® catalyst, Pt/KL (where KL is potassium-exchanged zeolite L), converts n-hexane
to benzene selectively at ca. 500 °C.%° The non-acidic nature and specific pore geometry of
KL contributes to the selectivity, as well as to resistance to coke formation and Pt sintering.>’~
60 Metal sites on single-crystal surfaces have been observed to catalyze isomerization and
cyclization of n-alkanes, in the absence of acidity.®"-%> For example, adsorption geometries
and surface reactions of n-hexane on Pt(100) and Pt(111) surfaces were investigated using
sum frequency generation vibrational spectroscopy. Initially, n-hexane adsorbs in a “flat-
lying” conformation (Scheme 1.9). Increasing the surface temperature causes
dehydrogenation of the “flat-lying” species to hexylidyne. In the absence of low pressure H»,
several other adsorbates can coexist: a metallacyclic Pt;=C-(CH)s-Pt on Pt(100) and a p-
allylic form of cyclo-CsHo on Pt(111). The latter is significant because it leads directly to

benzene.
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Scheme 1.9. Surface species observed on (a) Pt(100); and (b) Pt (111), both exposed to 1.5

Torr n-hexane in the presence or absence of Hz (15 Torr).%

1.3.1.2.  Polyolefin Conversion to Molecular Alkylbenzenes
Because various hydrocarbon types, including alkenes, isolated and conjugated
alkadienes, can coexist during PO depolymerization, there are two possible mechanisms for
aromatic formation. The first proposes that a benzene ring is formed on an alkyl chain derived
from the cracking of PE by cyclization of an alkene or alkadiene, similar to the mechanism
for small hydrocarbons in Scheme 1.8. Another possibility is that an alkene reacts with a
alkadiene (both derived from PE cracking) via a Diels-Alder reaction, forming an unsaturated

ring as a cycloaddition product.®?
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In principle, aromatic ring formation can occur on either long or short alkyl chains,
depending on the choice of catalyst and reaction conditions. In addition, aromatic rings can
be alkylated by alkenes present in the reaction mixture and alkyl substituents on aromatic
rings can be shortened by C-C bond scission, yielding alkylaromatics with a range of

molecular weights, Scheme 1.10.
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Scheme 1.10. Some of the proposed reaction pathways in the conversion of polyethylene to

alkylaromatics. The colored circles represent alkyl chains of varying lengths.

1.3.2. Monofunctional Catalysts
A preliminary techno-economic analysis showed that producing gasoline from POs
through hydrocracking is not likely to be profitable at a small plant scale (e.g., 5 kton/year).%*

Unfortunately, plastic waste is highly dispersed, and its collection, sorting and transportation
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to a processing site incurs significant costs. Aromatics may be more attractive
depolymerization targets due to their higher intrinsic value relative to fuels.®

Unlike naphtha catalytic reforming, which employs monofunctional metal catalysts or
metal-acid bifunctional catalysts, the most commonly reported catalysts for producing
aromatics from alkenes are solid acid catalysts, particularly zeolites. Zeolites are known to
effectively generate small aromatics (Ce-Cs, BTX) by catalytic cracking of PE and PP under
an inert atmosphere at temperatures between 400 and 500 °C. Their activity and aromatic
selectivity are attributed to their strong acidity and shape-selective micropores, respectively.?

Catalyst acidity is important in maximizing the aromatic yield in depolymerization,
presumably via a mechanism similar to that described in Scheme 1.8, but without the metal
function. For example, decreasing the acidity of ZSM-5 (1.5 g), by increasing the Si02/Al1,03
ratio (from 23 to 80) or NaOH treatment, demonstrated a reduction in aromatic selectivity in
the liquid products obtained from catalytic cracking of LDPE (10.0 g, molecular weight
unspecified) to decrease at ca. 450 °C under N».

An amorphous, mesoporous silica-alumina (SA, 0.200 g) was also used to convert a low
molecular weight PE (0.130 g, My = 3.52 x 103 g/mol, D = 1.9) to alkylaromatics (carbon
numbers unspecified) at 280 °C under Ar.®” The silica content (from 1.5 to 30 wt%) was varied
while maintaining a similar surface area (ca. 200 m?/g) and mesoporous diameter (ca.10 nm).
Both the rate of chain scission and the formation of aromatics were observed to correlate with
the number of BAS. The fraction of polyaromatic products also increased with the number of
BAS, measured at similar aromatics content (ratios of aromatic protons to total protons,

Harom/Hiotal). SA produced similar amounts of CHCls-soluble hydrocarbons, similar Harom/Hiotal
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in these products, and similar molecular weight distribution for the total hydrocarbons (as
evidenced by GPC-RI) compared to Pt/Al>O3, although the molecular weight distribution of
the aromatic products was not necessarily the same as for other types of hydrocarbons.
Nevertheless, this study indicated that strongly acidic catalyst can also produce significant
amounts of aromatics, similar to a weakly acidic catalyst with a strong dehydrogenation
function.

The zeolite microstructure also plays a role in determining the carbon number distribution
of the aromatic products. For example, ZSM-5 with a 10-membered ring channels whose pore
diameter is ca. 0.5 nm was been reported to produce primarily C7-Cg aromatics from the
catalytic cracking of LDPE (viscosity-average molecular weight, My = 298,000 g/mol, b =
4.6) at 480 °C under N, while C1o—C1; aromatics were the main products from HY,*® whose
12-membered ring channels have a diameter of 0.7 nm.*

Activated carbon was reported to convert PE in a fixed bed-flow reactor at 526 °C. Molten
PE (viscosity-average molecular weight, M, =1.3 x 10* g/mol, P unspecified) was fed through
a capillary under N; pressure. In addition to alkanes (Ci-Cio, 56 wt%) and alkenes (C>-Cs, 6
wt%), a significant amount of BTX aromatics (37 wt%) was formed. Under the same
conditions, the aromatic yield was only 10 wt% when silica-alumina (13.5% Al>O3) was the
catalyst.”” Due to the low yield of branched alkanes, the authors proposed that the reaction
mechanism over activated carbon involved radicals rather than carbocations.

Treating carbon derived from wood chips with H3PO4 was demonstrated to enhance the
formation of aromatics in a dual-stage fixed-bed reactor. In the initial stage, PE (10 g,

molecular weight unspecified) was pyrolyzed at 550 °C under N>, becoming alkanes and
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alkenes (carbon number unspecified). In the second stage, these compounds were exposed to
the catalyst (4 g) at 600 °C. The aromatic (C7-Cio) yield of the products increased from 0 to
24 wt% when the phosphorus-to-wood chip (carbon source) mass fraction (P/WC) increased

from 0 to 40 %."!

1.3.3. Metal-Assisted Hydrogen Redistribution
1.3.3.1. Making Methylated Aromatics

The transformation of polyolefins to a mixture of small molecule alkanes and aromatics is
a disproportionation, requiring a redistribution of hydrogen. Acid sites alone are typically not
efficient in catalyzing (de)hydrogenation, therefore metal sites are usually involved. For
example, Pt/Al,O3 is used in naphtha catalytic reforming to make BTX, while Ga/ZSM-5 is
the catalyst in the Cyclar process which converts LPG (liquefied petroleum gas, a mixture of
propane and butanes) into BTX.”?73

Several studies have investigated the use of supported metal catalysts for the conversion
of PE to small molecule aromatics in fixed-bed tubular reactors under a continuous flow of
inert gas (e.g., He or N») at ca. 500 °C. Molten PE was fed through a capillary under inert gas.
The effect of metal addition, e.g., Pt, Fe, and Mo, to supports like activated carbon, alumina,
and silica-alumina gave higher activity compared with corresponding support alone in the
conversion of PE (M, = 1.3 x 10* g/mol, P unspecified) to aromatics at 526 °C.7* Use of a H-
gallosilicate resulted in higher selectivity to aromatics (BTX, 60 wt%) from LDPE (molecular
weight not specified), compared to just 34 wt% with Al-containing HZSM-5 at 525 °C (W/F

=0.12 h, where W is the mass of catalyst, and F'is the mass flow rate of molten LDPE through
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an inlet capillary).” Ion-exchanging HZSM-11 with Zn?" resulted in aromatics (Ce-Co) in 53
wt% yield at 500 °C, compared to 27 wt% with HZSM-5.7¢ Similarly, Pt/ZSM-5 (1.4 wt% Pt,
Si/Al = 38) was reported to reduce the onset temperature for forming BTX aromatics from
310 to 270 °C compared with the zeolite alone in the reaction of PE (My, = 4,000 g/mol, D =
2.4) under flowing He, where a physical mixture (mpg/mcaulyst = 1:6) of PE and catalyst was

loaded into a stainless cup inside the micropyrolyzer.”’

1.3.3.2. Making Long-Chain Alkylaromatics

Alkylbenzenes with alkyl chains considerably longer than methyl (surfactant-range linear
alkylbenzenes, or LABs, with carbon numbers Ci6-C22) are the direct precursors of linear
alkylbenzene sulfonates, used commercially as biodegradable surfactants.”® Global LAB
production was 1.4 million tons in 2018, with demand estimated to increase at an annual rate
of 4.7% from 2020 to 2027.7° The principal synthesis route is the alkylation of petroleum-
derived benzene with a petroleum-derived alkene (derived either from dehydrogenation of an
alkane or, from ethylene oligomerization), in the presence of an acid catalyst (AICl3-HCI, HF,

silica-alumina, or a zeolite), Scheme 1.11a. In other words, the method is bottom-up.3-#3
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a Current route to linear alkylbenzene

Dehydrogenationk xR,

R N R R P
1 1
-Hy Alkylation
or + > R,
AICI3-HCI, or HF,

oligomerization R4

C.H > X RitRe or Silica-alumina, or Zeolite
2 e R1+R2 = Cg-Cy4

b One-pot synthesis of linear dialkylbenzens

PUY-A|203
W/\ X no added solvent or H,
n 280 °C, 24h mild conditions
y high yield and conversion

lyethyl
polyethylene X+y=22

Scheme 1.11. Comparison of routes to alkylbenzenes. (a) The current route to linear
alkylbenzenes, i.e. the bottom-up method.?! (b) one-pot tandem process from polyethylene,

i.e. top-down approach.®*

A top-down approach was devised to synthesizing long-chain dialkylaromatics,
combining partial depolymerization of PE with H» redistribution under Ar (i.e., in the absence
of external Hy) in a tandem hydrogenolysis/aromatization process.®* Chapter 2 of this
dissertation will discuss this initial finding, with further development covered in Chapters 3

and 4.

1.4. Useful Definitions in Polyolefin Upcycling

Catalytic transformations of polyolefins (POs) usually involve a complex series of
reactions. For example, C-C bond cleavage can occur on the main polymer chain or a side-
chain, as well as on the many hydrocarbon fragments generated during the reaction. Many
catalysis terms used in small molecule reactions are still useful, but can benefit from being

more precisely defined when they are used to describe polymer-based reactions. In addition,
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new terms are needed (see section 1.4.2 below) to more clearly describe the extent of reaction
as well as characteristics of product classes when polymers are deconstructed. In the reports
of polyolefin reactions described later in this review, there are many instances of incomplete
or inadequate polymer specification and/or product analysis. While we are limited to reporting
the information available in published reports to-date, we offer the following guidance for

future reports.

1.4.1. Relevant Terms
1.4.1.1.  Polyolefin Conversion
The conversion (X) is the extent to which a reactant has been transformed into products.
Being dimensionless, it is usually expressed as a fraction or percent. In small molecule
reactions, a molar basis is usually implied. However, molar conversion is difficult to specify
in reactions involving macromolecules, which have a distribution of molecular weights. In
polymer upcycling, conversion is commonly defined instead as the ratio of the mass of
polymer reacted to the initial charge of polymer, eq 1.1. Authors should affirm the mass basis

for this calculation in their reports.

X=100% * (1 — Munreacted polymer/ Minitial polymer charge) (1 . 1)

For polyolefins, the operational definition in eq 1.1 is unsatisfactory. It is virtually
impossible to determine whether a polymer chain is truly unchanged, or arises from the

cleavage of an even longer chain, since the molecular weights of products and reactants
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overlap for at least some portion of the upcycling process. Furthermore, each polymer chain
must undergo many chain cleavage events to become a small molecule product, and it is rarely
defined (or even possible to define) how many such events — one, ten, one hundred — constitute
the threshold for considering the chain “converted”. Consequently, polyolefin conversion is
commonly calculated in terms of the ratio between the mass of insoluble hydrocarbons and

the initial PO charge, eq 1.2.

X=100% * (1 — Minsoluble hydrocarbons/ Minitial polymer charge) (1 2)

The assumption (usually unstated) is that insoluble hydrocarbons (or the total mass of
insoluble solids less the known mass of solid catalyst) represent exclusively unreacted
polyolefin. Clearly, this is not always true. Insoluble hydrocarbons also include partially
depolymerized material (lower molecular weight), cross-linked material (higher molecular
weight), and coke/coke precursors. Where possible, additional characterization of the
hydrocarbon solids is desirable, although the low solubility of POs in general, and the
challenges in accessing high temperature gel permeation chromatography (GPC) for PO
molecular weight analysis, complicate this goal. In some cases, TGA can be used as a crude
measure of the amount of unreacted polymer relative to other carbon-based solids. Unreacted
polymer should have the same molecular weight and molecular weight distribution (requiring
specification of any two of M,, M, and D) as the original polymer, and, where relevant (e.g.,

polypropylene and polystyrene), the same stereoregularity.
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1.4.1.2.  Yields of Upcycling Products

The yield (Y) refers to the amount of product obtained in a chemical reaction, often
expressed as the fraction or percent of the theoretical maximum amount of product that could
be obtained. Yields may be assessed in situ (e.g., GC or NMR vyield) or determined after
purification (isolated yield), and are reported on either a molar or mass basis. Molar yields (in
mol%) are common in molecular chemistry, where they conveniently reflect the reaction
stoichiometry. However, chemicals are priced on a mass basis, so mass yields (in wt%) can
be more directly relevant to the economic viability of a process. It is essential that authors
specify clearly which yield they are reporting.

In reactions involving macromolecules, where there are typically a large number of similar
products, the mass yield is usually more straightforward to calculate. The yield of any one
type of product or, more often, group of products, is expressed in terms of its mass relative to

the initial polymer charge, eq 1.3.

Y (Wt%) =100 % * Mproduct group/ Minitial polymer charge (1 3)

Where products are complex, incompletely characterized mixtures with significant
molecular weight dispersity, this operational definition is easy to implement. Molar yields are
less common. Where available, they are usually calculated relative to the number of moles of
monomers present in the initial charge of polymer. Of course, the hydrocarbon products may
not be related in a simple way to the original monomer structure of the polyolefin. Eq 1.3 is

less useful for some types of reaction, including alkane metathesis and oxidation, since the
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total product yield may exceed 100 wt% by a significant amount because the mass of co-
reactants (e.g., alkanes or O) is incorporated into the products.

For alkane metathesis and oxidation, the carbon mass yield is a more useful metric because
it reflects the efficiency of carbon incorporation from the polymer into the products. The
carbon mass yield of one type of products (or group of products) is expressed in the terms of
their polymer-derived carbon mass relative to the carbon mass of the initial polymer charge,

eq 1.4.

Y (Wt%) =100 % * (mproducts carbon = Mco-reactants carbon)/ Minitial charge of polymer carbon (1 4)

If some carbon in the products is derived from a co-reactant instead of the polymer, that
carbon should not be counted in the carbon mass yield (although it may be challenging to
distinguish carbon based on its origin).

Eq 1.4 does not provide useful information in hydrogenolysis and hydrocracking, because
the co-reactant (Hz) does not introduce additional carbon, and the wt% carbon in the products
is very similar to the polymer.

Regardless of the method chosen for reporting yields, it is important to assess and report
the mass balance, 1.e., the sum of the masses for all products compared to the initial masses
of reactants (polymer and, where relevant, non-polymer). In some reports, an inability to
recover one of the product phases (typically, gases or solids) led the authors to assume that
the unrecovered phase represents all of the missing mass, and report a mass balance of exactly

100 %. Such assumptions must be stated explicitly.
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Often, polyolefin reactions are simply characterized in terms of phase yields: gas, solid,
liquid. The definitions of each phase can overlap, depending on the recovery method used for
each product phase type. For example, C4-Cs hydrocarbons may appear in the gas or liquid
phases, or be distributed between them, depending on the conditions (temperature, pressure).
The difference between liquid and solid is obviously temperature-dependent for heavier
hydrocarbons. Liquid phase definitions based on extraction depend on the nature of the
extracting solvent (e.g., CH>Cl,) and its temperature, as well as the nature of the hydrocarbon
products (e.g., oxygenates are soluble than hydrocarbons without heteroatoms). Sometimes, a
portion of the unreacted polymer is soluble, resulting in an apparent non-zero initial
conversion. In all cases, the experimental methods should describe the product recovery and

phase definitions precisely.

1.4.1.3.  Selectivities to Upcycling Products

In molecular reactions, the selectivity (S) refers to a molar ratio of different products
formed from a given reactant. Here too, defining selectivity is not straightforward for
macromolecular reactions since the product mixture is often complex, consisting of multiple
product types with overlapping molecular weight distributions. An operational definition for
selectivity is the mass ratio relating one type of product (or, more likely, group of products)
to all products, eq 1.5. It is essential to specify the mass basis, and to indicate what the total
amount refers to. For example, the CHs4 selectivity could refer either to the mass of methane

relative to the mass of all products, or to the mass of methane relative to all gas products.
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S=100% * (mproducts/ mtotal) (15 )

Clearly, the selectivity is less accurate when the mass balance is poor (i.e., when a
significant fraction of the polymer mass is unaccounted for), which is not uncommon in
reactions of polyolefins. Just as in molecular transformations, it is essential to compare
selectivities for different catalysts and/or different reaction conditions at similar levels of
conversion. Comparisons at constant reaction times are potentially misleading, since
selectivity can change greatly as a function of conversion.

Selectivity for a particular type of product, such as the selectivity for aromatic compounds
among all hydrocarbon products, or the selectivity for hydrocarbons within a certain
molecular weight range, such as gasoline-range compounds (Cs-Ci2) is frequently reported.
Another commonly reported selectivity is based on phase yields (gas, liquid, solid products).
As described in section 1.4.1.2, this requires a clear description of the recovery method for
each phase, since some products can appear in different phases, or in more than one phase,

depending on the method.

1.4.2. Metrics Specifically for Describing Polyolefin Upcycling
1.4.2.1. Number of C-C Bond Scission Events
In simple reactions of small molecules, the product yield is related directly to the extent
of reaction. The relationship is more complex for the partial depolymerization of
macromolecules. For example, in the random depolymerization of POs, the mass yield of

intermediate-length hydrocarbon chains (for example, Ci3-Cx as shown in Figure 1.3)
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increases initially, then decreases as the reaction proceeds. This non-monotonic behavior
occurs because POs tend to break first into relatively long-chain hydrocarbons, which are then
further converted to shorter chains. Thus the yield of hydrocarbons in any particular molecular
weight range is non-linear with respect to the extent of reaction, and its use in activity
comparisons can be misleading.

Simply combining the mass yields of different product types does not resolve the problem.
It assumes that the total mass yield (which is equal to the PO conversion, if the mass balance
is complete) increases until the reaction is complete. However, when the total product yield
(or PO conversion) reaches 100 %, depolymerization usually continues, as intermediate
products undergo further depolymerization. After this point, the total product yield (or PO
conversion) remains constant at 100 %, and is no longer meaningful for describing the extent

of reaction.
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Figure 1.3. Time-dependence of PP hydrocracking: (a) increase in PP conversion with time;

and (b) variations in the yields of various hydrocarbon product groups with conversion. Dual
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data points at 100 % PP conversion were measured at two reaction times (13 and 20 h), where

the colored arrows represent increasing reaction time.*

An alternative, and potentially more precise, metric for assessing the extent of
depolymerization is the number of C-C bond scission events (nc-c scission).*#+%° Each such
event generates one new hydrocarbon chain (Scheme 1.12), such that the total number of C-

C bond scission events (nc-c scission) 18 given by eq 1.6:

NC-C scission = N(t) - N(O) (1 6)

where N(0) and N(t) represent the total number of polymer chains (and chain fragments)

present in a batch reactor at time 0 and time ¢, respectively.

C-C bond scissions
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Scheme 1.12. Each C-C bond scission event generates one new hydrocarbon chain, making

the number of events equal to the number of new chains.

The value of nc.c sssion 1S better insight into intrinsic catalytic activity than either
conversion or product yield. For example, Figure 1.4a shows that using liquid yields makes
Pt/y-AlbO3 appear to be much less active as a catalyst for polyethylene depolymerization than
either Pt/Cl-Al,O3 and Pt/F-Al,Os3, while the latter two catalysts have similar activities.
However, Figure 1.4b reveals that the difference in the average rates of C-C bond scission
(nc-c scission/t, where ¢ = 8 h in this case) is about a factor of two between Pt/Cl-Al,O3 and Pt/F-
ADlOs, similar to the difference between Pt/y-Al,O; and Pt/Cl-Al,Os. The misleading
conclusions from liquid yields arise because the operational definitions for unreacted solids
and liquids include large molecular weight ranges which fail to represent the number of

catalytic events accurately (see also section 1.4.2.2).
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Figure 1.4. Activity comparison of three Pt-based catalysts for polyethylene
depolymerization: (a) by mass fractions of hydrocarbons recovered from a batch reactor:
green, gases; orange, liquids soluble in hot CH>Cly; black, organic residues insoluble in hot

CH,Cly, and (b) by average rate of C-C bond scission (defined as nc-c scission/?).¥

In the specific case of hydrogenolysis of saturated polyolefins, H> consumption can be
used as an independent assessment of the extent of depolymerization.®® Furthermore, the Ha
uptake is usually convenient to measure. Since H> consumption occurs concurrently with the
cleavage of C-C bonds, both metrics may yield the same result. However, H> redistribution
processes such as dehydrogenation, cyclization, and aromatization can occur simultaneously
with hydrogenolysis, complicating the relationship between C-C bond cleavage and H»
consumption.®*3> Consequently, the number of C-C bond scission events is the more general

metric.
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In oxidative depolymerization of polyolefins, the number of C-C bond scission events can
also be calculated using eq 1.6, modified by allowing N(t) to represent the total number of
molecules of hydrocarbon oxygenates, as well as CO and CO,. Alkane metathesis involves
only chain length redistribution, so the total number of chains does not change and nc.c scission

does not reflect the extent of depolymerization.

1.4.2.2. Degree of C-C Bond Scission

In the field of polymer science, the degree of polymerization denotes the number of
monomeric units within a polymer.!> By analogy, a precise description of the extent of

depolymerization is the degree of scission (DOS), defined in eq 1.7.

DOS =100 % * nc-c scission/Minitial number of C-C bonds (1 7)

DOS is a universal metric for reaction progress in depolymerization, and is directly
proportional to nc.c scission. The mass distributions for a hypothetical long-chain alkane
undergoing random hydrogenolysis are modeled as a function of DOS in Figure 1.5. When
DOS =0, the reactor contains only the starting alkane; when DOS = 1, all of the original chains

have been converted to CHa.
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Figure 1.5. Model of the mass distribution of hydrocarbon product groups resulting from the
random hydrogenolysis of an atomically-precise n-alkane C3s71H7144 (M = 50,000 g/mol) as a
function of its degree of scission (DOS), starting with 2,000 chains. Assuming all C-C bonds
have an equal chance of undergoing hydrogenolysis implies that longer chains have a higher

likelihood of being cut, in proportion to their length. The mass of H» incorporated was not

included in the product mass yields.

1.4.2.3. Molecular Weight and Dispersity

Due to the broad product distributions that typically result from PO hydrogenolysis,
statistical methods are necessary to compare distributions arising from different experiments.

Metrics from the polymer field such as the number-averaged molecular weight (M,), weight-
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averaged molecular weight (M), and dispersity (P = M,/M,) are appropriate to describe the
hydrocarbon product distributions obtained in depolymerization reactions.

However, inferring catalytic activity from molecular weight distributions must be done
with caution. If all hydrocarbons, including the initial polymer, are included in the product
molecular weight distribution, M, is inversely proportional to nc.c sission (01 DOS), eq 1.8.

M, = XMin; _ mpg _ mpg _

MmpEg
xn; xn; N(0)+nc—c scission N(0)+Ninitial number of C—Cbonds *DOS

(1.8)

Consequently, M, initially decreases rapidly, but the rate of decrease slows abruptly with

the extent of reaction. This behavior has been reported by a few studies.®*37 M, for a

hypothetical long-chain alkane undergoing hydrogenolysis is predicted as a function of DOS
in Figure 1.6.
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Figure 1.6. Predicted evolution of the number-averaged molecular weight (M,) as a function
of the Degree of Scission (DOS), starting from 2,000 chains of an alkane with the precise
formula Css71H7144 (i.e., M = 50,000 g/mol). The mass of H> incorporated was not included in

the product mass.

Since the change in M, is highly non-linear with respect to nc-c scission Or DOS, the change
in average molecular weight slows dramatically as reaction proceeds. This behavior does not
necessarily indicate catalyst deactivation, or selectivity for products in a particular molecular

weight range.

1.5. Characterization in Polyolefin Upcycling

1.5.1. Polyolefins as Reactants

For molecular compounds, the name, along with purity and vendor information,
adequately represent its form. However, this is not the case for macromolecular materials,
whose structures and molecular weights are generally not precise. Providing only the name of
a polymer, such as polyethylene or polypropylene, provides information on the empirical
chemical composition but is inadequate to record the behavior of a material in a
depolymerization reaction. Slightly more specific designations, such as LDPE, indicate the
grade of polymer and implies something about the branching frequency. However, other
important properties including the average chain length, the chain length distribution, the type
and frequency of branches, and where appropriate, the stereoregularity (tacticity), all require

further specification. Many of these properties influence reactivity in depolymerization. To
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make polymer upcycling reports more reproducible,’$-%

information beyond the average
chain length should be sought and reported. Researchers are encouraged to consult standard
works on polymer characterization.”*> Here, we briefly discuss the characterization and
specification of macromolecular chain length, because this value is used in the calculation of
the number of C-C bond scission events (see section 1.4.2).

The most widely used technique to assess macromolecular chain lengths is GPC. The
measurement requires a calibration curve made using the elution times of polymer standards
with molecular weights ranging from a few hundred to several million g/mol. The elution time
of a polymer sample is then used to determine its molecular weight and molecular weight
distribution, based on the calibration curve.”® To report the chain length, one must provide
two of the following three values: the number-averaged molecular weight M,, the weight-
averaged molecular weight M,, and the dispersity P = M./M, (see section 1.4.2.3). A
challenge specific to polyolefins is the low solubility of high molecular weight PE and PP
chains, which precludes analysis by room-temperature GPC (typically performed in a solvent

like THF or CHCI3). In such cases, less widely available high-temperature GPC is required,

with high-boiling solvents like 1,2,4-trichlorobenzene and decalin.

1.5.2. Polyolefin Upcycling Products
Quantitative analysis is even more challenging for polyolefin upcycling products than for
the polyolefin reactant, because (1) the potential range of molecular weights is very wide,
from 10° g/mol for unreacted ultrahigh molecular weight PE, down to 10? g/mol for small

molecule products, (2) the number of hydrocarbon product types (e.g., alkanes, alkenes,
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cycloalkanes, aromatics) as well as oxygenates (e.g., alcohols, aldehydes, ketones, carboxylic
acids) is considerable, and (3) many isomers are possible for each carbon number in a
particular product type (branched alkanes, substituted aromatics, etc.).

GC is a convenient way to separate low molecular weight hydrocarbons (C; to C-40).
Qualitative identification and quantitative analysis can be achieved using electron ionization
mass spectrometry (EI-MS) and flame ionization detection (FID), respectively. Response
factors in EI-MS depend on the hydrocarbon type and the number of carbons, requiring
calibration curves. Although FID analyses can assume that common types of hydrocarbons
(e.g., alkanes, alkenes, cycloalkanes, and aromatics) have similar response factors, this
simplification is not applicable to other types of molecules (e.g., oxygenates).”* When the
mixture contains a large number of isomers with the same or similar carbon numbers, even
identification can be problematic due to insufficient separation. In such cases, adding a second
separation dimension (e.g., 2D GC x GC) may be helpful,®® although the technique is not yet
widely available and requires extensive calibration.

El, being a hard ionization technique, induces extensive fragmentation during
hydrocarbon analysis by EI-MS. In contrast, techniques that use soft ionization methods, e.g.,
matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-
MS), field desorption mass spectrometry (FD-MS), and atmospheric pressure chemical
ionization mass spectrometry (APCI-MS) can provide information about the hydrocarbon
types present in mixtures, as well as the molecular weight distributions for heavier
hydrocarbons (MALDI-TOF: up to 150,000 g/mol, FD-MS: up to 12,000 g/mol, and APCI-

MS: up to 1,500 g/mol). However, isomers with the same molecular weight may not be
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separated, and product families belonging to the same mass series may overlap (e.g., n-alkanes
and alkylnaphthalenes). Furthermore, these techniques are generally only semi-quantitative,
because compounds with lower molecular weights may be preferentially removed when the
sample is prepared under vacuum, while compounds with higher molecular weights may not
be soluble enough and/or volatile enough.

For oligomers(C-40) and partially converted polymers, GPC can be used to assess the
molecular weight distribution. This technique is typically considered reliable for compounds
with molecular weights above a few thousand (i.e., C-100), where the refractive index is
essentially independent of molecular weight.?® In a typical polymer upcycling process, waxy
oligomers (C-40 to C-100) and even heavy liquids (C-1o to C-40) are also present. They may be
improperly assessed by GPC, influencing the accuracy of the average molecular weight
determination for the entire sample.

D values (i.e., My/M,) obtained from GPC measurements are subject to the same
limitations. In a non-living polymerization process, the value of P increases with molecular
weight. It must therefore decrease in a depolymerization process (although an initial increase
may be observed before the decreasing trend is established).?*%7 Since GPC measurements
have a low molecular weight (C-10) cutoff due to overlap with the solvent peak, measured P
values can underestimate the complete distribution of products. Careful attention is required
when using P values obtained from GPC measurements to compare and make claims about
product distributions.

To obtain accurate molecular weights, polymer standards must be used with a chemical

structure similar to that of the molecules being analyzed. When the chemical structures differ,
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the Mark—Houwink equation can be used to convert molecular weights measured with one

kind of standard to another.”

For example, linear alkane waxes generated in PE
hydrogenolysis can be analyzed by GPC using common PS calibration standards, but the
results must be converted to values corresponding to calibration with PE standards. When
upcycling generates products with chemical properties that are very different from the original
polymer (e.g., PE conversion to long-chain alkylaromatics, or PE oxidation to oxygenated
waxes), the change in hydrodynamic volume of the products relative to the standards affects
the retention times and makes the extracted molecular weight values less reliable.
Solution-state 'H and '>C nuclear magnetic resonance (NMR) spectroscopy can give
complementary information about the types of protons and carbons present in product
mixtures. These methods provide only an overall assessment, since different hydrocarbon
types often exhibit overlapping signals (especially 'H signals). They are also limited to
compounds with sufficient solubility. The larger chemical shift range for '*C can be useful,
but sensitivity can be an issue due to the low natural abundance (0.1 %) of '3C. Increased
sensitivity with '*C isotope labeling requires additional expense and/or synthetic effort. To
ensure NMR information is quantitative, the relaxation delay used in the NMR data
acquisition needs to be long enough to allow for complete spin-lattice relaxation. The
appropriate delay is ascertained by inversion recovery measurements.”’ In addition, a
relaxation agent such as Cr(acac)s can be added to reduce the spin-lattice relaxation time and
improve the measurement efficiency.’® Some characterization of poorly soluble or insoluble

solids can be achieved using solid-state magic-angle spinning (MAS) NMR, although the

resolution is typically much lower than for solution-state NMR. Operando MAS-NMR
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equipment is not currently compatible with the elevated temperatures typically required in
depolymerization experiments (> 250 °C),” but this technique may be useful in lower
temperature studies, and higher temperature compatibility may become available in the future.

A protocol for the quantitative analyses of products and rates in polyethylene

depolymerization and upcycling will be discussed in Chapter 5.
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Chapter 2. Polyethylene Upcycling to Long-Chain Alkylaromatics by

Tandem Hydrogenolysis/Aromatization

Note: This chapter was adapted from sections of the following publication.

Publication: Zhang, F., Zeng, M., Yappert, R. D., Sun, J., Lee, Y.-H., LaPointe., A. M.,
Peters, B., Abu-Omar. M. M., Scott, S. L., “Polyethylene Upcycling to Long-chain
Alkylaromatics by Tandem Hydrogenolysis/Aromatization,” Science, 2020, 379, 437-441

(Patent: WO202215971).

Author Contributions: Performing experiments and data analysis.

2.1. Abstract

The current scale of plastics production and the accompanying waste disposal problems
represent a largely untapped opportunity for chemical upcycling. Tandem catalytic conversion
by platinum supported on y-alumina converts various polyethylene grades in high yields (up
to 80 weight percent) to low-molecular-weight liquid/wax products, in the absence of added
solvent or molecular hydrogen, with little production of light gases. The major components
are valuable long chain alkylaromatics and alkylnaphthalenes (average ~Cso, dispersity P =
1.1). Coupling exothermic hydrogenolysis with endothermic aromatization renders the overall
transformation thermodynamically accessible despite the moderate reaction temperature of
280 °C. This approach demonstrates how waste polyolefins can be a viable feedstock for the

generation of molecular hydrocarbon products.
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2.2. Introduction

Over the past 70 years, global production of synthetic, petroleum-based plastics has risen
sharply, from less than 2 million tonnes in 1950 to 380 million tonnes in 2015.! Production is
projected to double again within the next 20 years.? Plastics have become indispensable in
many facets of modern life, enhancing the security of our food and health care systems, the
performance of textiles, the versatility of consumer electronics, and the energy efficiency of
transportation. About 40% of these plastics are destined for short-term use, and most (>90%
in the United States) are not recycled.! The vast bulk of this plastic waste ends up in landfills
or is incinerated. However, the embodied energy that can be recovered by combustion is far
less than that used in the original manufacturing of plastic.? Furthermore, a substantial fraction
of the waste is mismanaged, ending up in rivers and oceans where its chemical inertness leads
to extremely slow degradation and visible accumulation in the natural environment.*>

Efforts to develop closed-loop life cycles for synthetic plastics by relying on collection,
separation, and mechanical recycling have had limited success. The inferior properties of the
recycled materials, relative to virgin plastics, contribute to the economic challenges of the
“downcycling” model.® New types of polymers that degrade rapidly in the environment are
being investigated,” although such materials do not currently have either the physical
properties or the cost structure to displace existing commodity plastics. Degradable plastics
can also contaminate recycling streams and may encourage single-use product design.
Depolymerization (also known as chemical or feedstock recycling) can recover the original
monomer subunits, repolymerization of which yields materials with properties identical to

those of the original plastic.® However, this strategy requires prohibitive amounts of energy
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for polyolefins such as polyethylene (PE) and polypropylene (PP). Controlled partial
depolymerization could convert post-consumer waste plastics directly into more valuable
chemicals (“upcycling”), although few such processes have yet been developed.

High- and low-density polyethylenes (HDPE and LDPE) currently represent the largest
fraction (36% by mass) of all plastic waste.! Their depolymerization by pyrolysis at
temperatures above 400°C, with or without a catalyst, generates complex, low-value mixtures
of gas, liquid hydrocarbons, and char.”! Somewhat more selective disassembly can be
achieved at lower temperatures via catalytic hydrogenolysis!!»'? or tandem catalytic alkane
metathesis,' but the low-value alkane products are unlikely to recoup the costs of recovery,
separation, and processing using large amounts of a co-reactant (H> or liquid alkanes,
respectively).

Aromatics are more attractive target products from partial depolymerization. The
conventional process for making aromatics is naphtha reforming. This energy-intensive
process generates a mixture known as BTX (benzene-toluene-xylenes) at 500°C to 600°C.'
In a subsequent step with a large environmental footprint, BTX is alkylated to give linear
alkylbenzenes (LABs, used for making surfactants). The most widely used processes require
linear olefins (typically, Cio to Ci6) and liquid HF or AICl;-HCI as the acid catalyst.'?
Manufacturing the BTX by aromatization of shale gas—derived light alkanes requires harsher
reaction conditions (propane, 550°C to 700°C; ethane, 600°C to 800°C; methane, 900° to
1000°C),' and the catalysts tend to deactivate rapidly. New zeolite-based catalysts can
transform either methanol'” or syngas'® into BTX aromatics at lower temperatures, 300°C to

400°C. Biomass-based routes include oxidative coupling of ethanol to aromatic alcohols and
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aldehydes,” hydrogenolysis/hydrodeoxygenation of bio-oils or lignin to give
propylbenzene,? and Diels-Alder reactions of carbohydrate-derived furanics to give p-
xylene.?! However, slow rates, low yields, and high H> requirements make these processes
expensive to operate, and none are practiced commercially. BTX is also formed in the catalytic
pyrolysis of PE at 400°C to 600°C, although deactivation of the zeolite catalysts by coking is
severe.?? The yields are moderate (up to 50 wt %), and large amounts of low-value gases (C)
to Cs, > 50 wt %) are formed. Conventional and proposed routes to BTX and linear

alkylaromatics are compared in Figure 2.1.
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Figure 2.1. Routes to alkylbenzenes. (A to C) Current and proposed routes to BTX (A) and
the current downstream transformation of BTX to linear alkylbenzenes (B) are compared to

the one-pot tandem process from polyethylene (C) reported here.

2.3. Results and Discussion

2.3.1. Catalytic Conversion of Polyethylene to Alkylaromatics
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Here, we report a one-pot, low-temperature catalytic method to convert various grades of
PE directly to liquid alkylaromatics over a simple heterogeneous catalyst. In a proof-of-
concept experiment, a low-molecular-weight PE (0.118 g, My, = 3.5 x 10° g mol™!, D = 1.90)
was combined with Pt/y-AlbO3 (0.200 g, containing 1.5 wt % Pt dispersed as ~1-nm
nanoparticles; Figure A2.1) in an unstirred mini-autoclave (internal volume 10 ml) without
solvent or added H> (Figure 2.2A). After 24 hours at 280 (+5)°C, the liquid/wax products
(80% by mass) were recovered for characterization by dissolving in hot CHCl; (Figure 2.2B,
experiment 1). According to gel permeation chromatography with refractive index detection
(GPC-RI), most of the PE underwent a decrease in M,, by nearly a factor of 10, to 430 g mol~
I, as well as the expected?® decrease in dispersity (to ® = 1.31). On the basis of their orange
color and the appearance of 'H nuclear magnetic resonance (NMR) signals in the region 6.5
to 9.0 ppm, these hydrocarbons appear to have substantial aromatic content. The CHCI;-
insoluble solids include a small amount of organic residue (~5 wt %) in addition to the catalyst.
The former includes unreacted polymer and large oligomers (including less soluble
alkylaromatics), as judged by infrared and "H NMR spectroscopy (Figure A2.2). The missing
mass (~15 wt %) is presumably volatile hydrocarbons and gases, which were not collected in
this exploratory experiment. In a control experiment conducted without the catalyst under the
same reaction conditions, the PE showed no appreciable decrease in M. A second control
experiment using the same amount of y-AlbO3 but without Pt resulted mostly in a CHCI3-
insoluble residue (~60 wt %) and a much lower yield of soluble hydrocarbon products (34 wt
%), with a smaller decrease in molecular weight (M, = 1421 g mol™!, D = 1.85) and negligible

aromatic content (Figure 2.2B, experiment 0).
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Figure 2.2. Solvent-free conversion of various types of polyethylene. (A) Schematic of

Mass of recovered hydrocarbons (wt%)
(2]
(=)

reactor and product fractions, with photographs of the powdered polymer and liquid products,
as well as a transmission electron micrograph of the catalyst. (B) Hydrocarbon distributions
after 24 hours at 280°C. Reactions of a low-molecular-weight PE (My = 3.52 x 10° g mol™!,
D =1.90) in an unstirred mini-autoclave reactor: (0) catalyzed by y-Al>O3 (no gas recovery);
(1) catalyzed by Pt/y-Al,O3 (no gas recovery); (2) catalyzed by Pt/y-Al>O3 (with gas recovery).
Reactions catalyzed by Pt/y-Al>Os in a stirred autoclave reactor with gas recovery: (3) low-

molecular-weight PE; (4) LDPE bag (M = 9.45 x 10* g mol™!, B = 7.37); (5) HDPE bottle

cap (Mw = 5.35 x 10* g mol™!, B =3.61).

To obtain a more complete mass balance and to characterize the volatile reaction products,
the exploratory experiment was repeated in a mini-autoclave equipped with a gas port. The
recovered gases represent a small fraction of the original polymer mass (9 wt %). They include

H> (0.2 mg, quantified by GC-TCD) and light hydrocarbons (C; to Cg, 9.8 mg, quantified by
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GC-FID) (Figure A2.3 and Figure A2.4). The latter were primarily methane, ethane and
propane, with minor amounts of n-hexane, cyclohexane, methylcyclopentane, benzene, and
n-heptane. Additional volatile hydrocarbons (C7 to Ci1, 1.5 mg) were recovered by distillation
from the autoclave at 150°C. Their major component was toluene (47 wt %). Together, the
light hydrocarbons, the CHCIs-soluble liquids/waxes (89 mg) and the insoluble organic
residue (14 mg) represent an overall mass balance of 96% (Figure 2.2B, experiment 2).
When the reaction was conducted in a larger, stirred autoclave (internal volume 90 ml),
most of the PE (70 wt %) was converted at 280°C to high-boiling liquids/waxes (Figure 2.2B,
experiment 3). In this case, the waxes (24 wt%, My = 723 g mol™!, D = 1.34) separated
spontaneously from the liquids (46 wt %, M = 520 g mol™!, P = 1.12) inside the reactor. GPC
analysis of the liquid fraction using both RI and ultraviolet (UV) detection gave similar results
(Figure 2.3A), demonstrating that the UV-active (i.e., aromatic) chromophores were evenly
distributed across the molecular weight range. The '3C NMR spectrum contains signals in the
aromatic region (120 to 150 ppm), most corresponding to unsubstituted ring carbons (Figure
2.3B). The '"H NMR spectrum shows that most aromatic protons are associated with benzene
rings (6.5 to 7.4 ppm), with fewer bonded to fused aromatic rings such as naphthalenes (7.4

to 9.0 ppm).2* There is no evidence for olefins or dienes (4.5 to 6.5 ppm; Figure A2.5).
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Figure 2.3. Analysis of the liquid hydrocarbon fraction from the solvent-free catalytic
conversion of polyethylene. Sample had My, = 3.52 x 10° g mol™! and was heated for 24 hours
at 280°C (Figure 2.2B, experiment 3). (A) GPC analysis, conducted using both RI and UV

detectors. (B) 'H and '*C NMR spectra, recorded in deuterated TCE. (C) FD-MS analysis.

The high yield of liquid alkylaromatics was particularly promising; such compounds find
widespread application as surfactants, lubricants, refrigeration fluids, and insulating oils,>
and their manufacture from waste polyethylene could displace fossil fuel-based routes. The
"H NMR spectrum reveals more information about the alkyl substituents (Figure A2.5).
Protons associated with an aliphatic carbon directly bonded to an aromatic ring (C,) resonate
in the region 2 to 4 ppm. The overall ratio Ho/Haromatic = 1.1 indicates that the major species
are, on average, dialkylaromatics (Figure A2.5). This finding is consistent with a previous

report in which dialkylbenzenes were the major products of catalytic aromatization of lighter
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n-alkanes (C¢ to C12),”® and with their proposed mechanism of formation by
dehydrocyclization of polyethylene (Figure 2.4). Combining this information with the overall
fraction of aromatic protons (0.037) and the average carbon number (Cs4 for this experiment,
based on the M, value determined by GPC), we estimate the overall alkylaromatic selectivity
in the liquid fraction to be 57 (£5) mol %, of which ~40 mol % is monoaromatic (Table A2.2,
experiment 3). Using the aromatic carbon fraction (0.10 according to '*C NMR; Figure
A2.5B) instead results in a similar estimate for the alkylaromatic selectivity, 52 (+4) mol %.
Furthermore, many of the alkyl substituents are unbranched at the C, position, judging by the
intense 'H signals at 2.35 to 2.85 ppm. The paraffinic -CH-/-CHj ratio, 7.5, suggests that each

alkyl substituent possesses, on average, < 1 branch point.

.\/\/\/\. - %
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Figure 2.4. Overall PE conversion to alkylaromatics and alkylnaphthenes, and proposed

mechanism of tandem polyethylene hydrogenolysis/aromatization via dehydrocyclization.
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The yields of each product were estimated using a combination of 'H NMR and FD-MS

analysis (see supplementary materials and Table A2.1 and Table A2.3).

Individual molecular components in the liquid fraction were identified using field
desorption—mass spectrometry (FD-MS, Figure A2.6). Each mass series shows a log-normal
distribution with a maximum intensity at ~Csp. The most abundant products are the
alkylbenzene series (14n — 6, ~22 mol %), as shown in Figure 2.3C. Saturated alkanes and
alkylnaphthalenes share the same mass profile (14n + 2, 20 mol %) and are the next most
abundant group, with smaller amounts of alkyltetralins (14n — 8, 16 mol %) and
alkylnaphthenes (i.e., alkylcycloalkanes; 14n, 17 mol %). Alkylnaphthalenes presumably
arise by further dehydrocyclization of alkylbenzenes (Figure 2.4).2” Minor aromatic products
include polyaromatics such as alkylanthracenes and alkylphenanthrenes (14n — 4, 7 mol %)
and their partially hydrogenated analogs (14n — 10, 8 mol %). According to FD-MS, the
selectivity for monoaromatic products (including both alkylbenzenes and alkyltetralins) is ~40
mol %, consistent with the "H NMR analysis described above. The alkylnaphthene products,
which have intrinsic value as solvents and hydrogen donors,”® could be further
dehydrogenated to alkylaromatics by active control of the partial pressure of H» in the reactor.
The total yield of cyclic products (both alkylaromatics and alkylnaphthenes) in the liquid

products is 88 mol% (Table A2.4).

2.3.2. Reaction Condition Optimization
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When the reaction time was extended from 24 to 36 hours at 280°C, similar products were
formed (Table A2.2, experiment S1), although the molecular weight distributions of both
liquid and wax fractions shifted to slightly lower values (Figure A2.7) and the dispersity
decreased further (to ® = 1.06). At the same time, the alkylaromatic selectivity increased (24
hours, 52 and 71 mol %, respectively, in the liquid and wax fractions; 36 hours, 70 and 88
mol %, respectively) (Table A2.2). Alkylaromatic yields were also strongly temperature-
dependent. After 24 hours at a lower temperature (250°C), the CHCls-soluble hydrocarbons
(13 wt %) showed a smaller extent of depolymerization (My = 1.8 x 10° g mol™!, b =2.11)
and negligible aromatic content; most PE was simply not converted. At a higher reaction
temperature (330°C), the polymer was largely converted in 24 hours; however, the major
products (77 wt %) were gases and volatile hydrocarbons. The yield of CHClz-soluble
hydrocarbons was low (~10 wt %), although the overall yield of aromatics was higher
(Haromatic/Hiott = 0.38), with more polyaromatics (Hmono/Hpoly = 0.25). The optimum

temperature for alkylbenzene formation is therefore 250°C < T < 330°C.
2.3.3. Thermodynamics Assessment
We also assessed the thermodynamics of n-alkane aromatization. The temperature needed
to achieve appreciable aromatic yields for this endothermic reaction (Eq. 2.1) decreases as the

molecular weight increases.?

CmH2m+2 =l CmHZm—G + 4H2 (2 1)
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Nonetheless, direct PE conversion to aromatics appears to require particularly mild conditions
relative to the much higher operating temperatures generally required for making BTX from
molecular n-alkanes (Figure 2.1). Thermodynamic values for converting linear PE chains to
alkylaromatics at 280°C in 1 atm Hb, estimated using Benson group contributions for long
chain n-alkanes,’® are AH:° = 246 kJ/mol and AG:° = 31 kJ/mol. Thus, aromatization alone is
indeed disfavored. However, the reaction occurs in tandem with hydrogenation of a suitable
hydrogen acceptor. In solventless PE depolymerization, the PE chains themselves serve as an
internal hydrogen sink (Figure 2.4). Using Benson group contributions again, the estimated
thermodynamic values for C-C bond hydrogenolysis (Eq. 2.2) are AH>° = —49 kJ/mol and
AG>° =—-74 kJ/mol. Consequently, aromatization becomes favorable at 280°C (AG® = 0) when

even 10% of the H» generated is consumed in PE hydrogenolysis.

CmnHominyr2a + Ha = CpHomiz + CoHonia (2.2)

On the basis of alkylaromatic yield, the aromatization in experiment 2 of Figure 2.2B
generated 0.50 mmol Hz. More than 90% of this H (0.47 mmol) was consumed in reducing
the molecular weight of the polymer via hydrogenolysis, making the tandem process
thermodynamically favorable. However, the residual H> found in the reactor headspace at the
end of the reaction (0.11mmol) exceeds the expected value (0.03 mmol). Therefore, a
significant amount of H» is generated in other reactions, such as PE dehydrocyclization to give
cycloalkanes and tetralins. Both were observed by FD-MS (see above). Indeed, their yields

are higher than the thermodynamic predictions, which favor aromatics. We observed that
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some of these more saturated compounds condense outside the autoclave’s heated zone where
the catalyst is located, thereby preventing their further dehydrogenation.

To explore whether polyethylene is necessary to produce long-chain alkylaromatics by
tandem catalytic hydrogenolysis/aromatization, we investigated the reaction of n-CsoHe>
under the same conditions (Table A2.4, experiments S2 and S3). Compared to PE, the n-
CsoHe2 chains experience only half as much hydrogenolysis (consuming just 0.25 mmol H»),
as expected on the basis of the chain length dependence of hydrogenolysis kinetics.?!
Molecules in the liquid products have an average chain length of Cyo, with low alkylaromatic
content (~10 mol %). Because hydrogenolysis and aromatization occur in tandem, they must
occur together. Consequently, the formation of alkylaromatics is greatly enhanced by the use

of polyethylene as a feedstock.

2.3.4. Kinetic Analysis

The time course of PE depolymerization was studied at 280°C (Table A2.5, experiments
la to 1g). A short induction period, lasting about 1 hour, corresponds in large part to the time
required for thermal equilibration of the reactor (~0.75 hours). After this time, the liquid
hydrocarbon fraction increased (Figure 2.5A) as M, decreased, eventually approaching a
plateau at 315 g mol™! after ~6 hours (Figure 2.5B). The dispersity D increased initially from
1.94 to 2.36, then decreased to stabilize at 1.31. The alkylaromatic yield also changed
appreciably over the course of the reaction. After 3 hours, aromatic protons represented <1%
of all protons, mainly associated with alkylbenzenes (Figure 2.5, C and D). At longer reaction

times, the aromatic fraction and the yield of alkylnaphthalenes increased (Table A2.5).
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Figure 2.5. Time course of the solvent-free disassembly of polyethylene (M, = 1.85 x 10° g
mol™'; D = 1.90) catalyzed by Pt/y-Al>Os in an unstirred mini-autoclave reactor at 280°C. (A)
Evolution of major product fractions (orange, CHClz-soluble liquids/waxes; black, insoluble
hydrocarbons). (B) Overall molecular weight (M,, blue) and dispersity (P, red) for all non-
gas hydrocarbons. The red dashed line is present only to guide the eye. The curve fit (solid
blue line) shows the refinement of Eq. 2.3 to the M, data. Initial conditions: total carbon nc =
8.4 mmol; number of polymer chains Ny = 68 mmol; total Pt mp; = 3x107 g; selectivity for

aromatization versus hydrogenolysis, s = 1/2 (based on experimental observation). The shaded
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region indicates the 95% confidence bands for the model fit. Each independent measurement,
which may diverge from the fit because of measurement error, has a 95% confidence interval
that represents the mean of many measurements. The set of confidence intervals at all reaction
times represents the confidence bands in which the true fit, given the form in Eq. 2.3, lies.
Because the fit and its confidence bands predict the mean of many measurements at a given
reaction time, individual measurements can lie outside these bands. (C) Time course of the 'H
NMR spectra of the liquid/wax fraction in the aromatic region. The asterisk indicates a
truncated residual solvent signal. (D) The fraction of aromatic protons and the ratio of mono-

to polyaromatic protons.

Although there are far too many individual reactions and products to formulate a precise
kinetic model, a simplified model captures the main features of the tandem reaction. We
assume that the Pt surface is covered with molten PE and/or PE-derived hydrocarbons at all
times, and that the hydrogenolysis turnover frequency is constant on sites not occupied by
aromatic hydrocarbons. As the latter form, they adsorb more strongly than alkanes,??
occupying active sites and reducing the hydrogenolysis rate accordingly. We also assume that
hydrogenolysis is random (i.e., all aliphatic C-C bonds are equally likely to be cleaved).’* The
sole adjustable parameter, £/K, is the ratio of the rate constant for hydrogenolysis (k) and the
equilibrium constant for competitive adsorption of aromatics and aliphatic chains (K). Eq 2.3
predicts the evolution of the average chain length as a function of the reaction time, initial

total carbon amount nc, and total platinum mass mp:.
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The curve fit of Eq. 2.3 to an experimental dataset is shown in Figure 2.5B, starting with the
data point at t = 1 hour (i.e., after the induction period caused by reactor heating). Assuming
a preferential binding for aromatics of K = 3.2 x 10°,? the hydrogenolysis rate constant k is

estimated to be 6.4 x 102 molc.c bonds hour™ gp! at 280°C.

2.3.5. Catalyst Recyclability

The stability of the Pt/y-Al,O3 catalyst was investigated by conducting three consecutive
6-hour reactions (to ensure much less than full conversion), with regeneration of the recovered
catalyst between each experiment (see Appendix I). The liquid/wax yield decreased by 15 wt
% 1in the second run but stabilized in the third run (Table A2.4, experiments S4 to S6, and
Figure A2.8). The activity decreases between the first and second runs was comparable to the
decrease in the active Pt surface area measured by CO chemisorption, with no notable change
between the second and third runs (Table A2.4, experiments S4 to S6). Thus, the intrinsic
activity of the catalyst (turnover frequency) appears to be unchanged. The average carbon
number of the liquid/wax product increased between the first and second 6-hour runs (as
expected because of the lower extent of depolymerization), then stabilized in the third run.
Transmission electron microscopy analysis of a catalyst used for 24 hours and regenerated by
calcination showed that the Pt nanoparticles increased in size slightly, from 0.8 to 1.2 nm

(Figure A2.1C and D).
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2.3.6. Multiple Polyethylene Grades and Reaction Scale-up

To investigate how a tandem catalytic process could be deployed to convert waste
polyethylene without large energy input, we also performed solvent-free depolymerization of
two different commercial grades of PE: an LDPE plastic bag (M = 9.45x10* g mol™!, B =
7.37) and an HDPE water-bottle cap (My = 5.35x10* g mol™!, D = 3.61). These higher-
molecular weight polymers behaved similarly to the low molecular-weight polyethylene,
giving liquid/ wax products with an average carbon number of ~C3o. After 24 hours at
280°C,the overall liquid yields were 69 and 55 wt % for LDPE and HDPE, respectively
(Figure 2.2, experiments 4 and 5), with alkylaromatic selectivities of ~44 and 50 mol %
(Table A2.4, experiments 4 and 5). Thus, the extent of depolymerization is slightly lower in
the same reaction time. For these higher-molecular-weight polyethylenes, the batch process
generates its own highly viscous solvent as depolymerization proceeds. Recycling some of
the alkylaromatic liquids to serve as solvent for the next batch may accelerate the reaction by
facilitating mass and heat transport. The similar results for three very different plastics
(including two commercial grade samples of LDPE and HDPE) suggest that density, degree

of branching, and common processing impurities are not major issues.

2.4. Conclusions and Outlook

Shorter residence times should also improve the selectivity for monoaromatic
hydrocarbons relative to naphthalenes, etc., and suppress the already low gas yields even
further. Alkylbenzene selectivity may be further improved by active control of the partial

pressure of H», which must be high enough to promote PE hydrogenolysis but low enough to
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suppress aromatic hydrogenation. Catalyst improvements in these directions will be necessary
tomake the tandem reaction compatible with continuous processing and, ultimately,
economically viable. The alkylbenzenes with their linear side chains could be sulfonated to
produce biodegradable surfactants, which are interesting as higher value chemical products.
This type of commodity polymer upcycling can result in displacement of fossil carbon—based
feedstocks, while simultaneously incentivizing better management of plastic waste and

recovering considerable material value that can be recirculated into the global economy.

2.5. Experimental Procedures

2.5.1. Catalyst Synthesis and Characterization

y-Alumina was calcined in flowing air at 500 °C for 4 h, followed by evacuation (10~
Torr) at 450 °C for 12 h. Volatile trimethyl(cyclopentadienyl)platinum (32 = 1 mg) was
deposited onto the dry alumina (1.000 + 0.020 g) by vacuum sublimation (ca. 10 Torr) at
room temperature.’3** The reactor was shaken vigorously during the procedure to promote
uniform deposition, then was evacuated at room temperature for 1 h to remove physiosorbed
PtCp(CHz)s. The resulting solid was reduced in flowing H> (4.0% in Ar, 30 mL/min) as the
temperature was ramped to 250 °C at a rate of 2 °C/min. The reactor was held at this
temperature for 2 h, then cooled to room temperature and evacuated for 15 min. The reduced
catalyst was stored in an Ar-filled glovebox until use to avoid re-oxidation in air.

TEM images of the catalyst were obtained on either a FEI Titan 80-300 kV S/TEM or
ThermoFisher Talos F200X. Pt particle sizes were measured from the high angle annular dark

field (HAADF) images. The fresh catalyst contains particles with an average size of (0.9 +
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0.2) nm (Figure A2.1a,b). After the catalytic disassembly of PE at 280 °C for 24 h, the
average size increased slightly, to (1.2 = 0.3) nm (Figure A2.1¢,d).

Metal analyses were performed by Inductively-Coupled Plasma (ICP) — Optical Emission
Spectrometry (ICP-OES) on a Thermo iCAP 6300. A calibration curve was constructed using
standard Pt solutions, prepared using a commercial Pt standard with a mixture of aqua regia
in HPLC-grade water (4% v:v). Pt was extracted from solid catalyst samples at 75 °C in aqua
regia under magnetic stirring for 30 min, based on a slight modification of a previously
described procedure.® The resulting suspensions were allowed to stand at room temperature
for 24 h, then filtered. The solid residue was washed three times with HPLC-grade H>O. The
combined filtrates were diluted with aqua regia (4% v:v in water) and analyzed by ICP-OES,
using the spectral lines at 214.423 and 203.646 nm. The fresh catalyst contains 1.5 wt% Pt.

The accessible Pt surface area, dispersion and particle size of fresh and recycled Pt
catalysts were also determined by CO chemisorption, using a Micrometrics Autochem ii 2920.
A U-shaped quartz reactor was packed with a plug of quartz wool which supported a catalyst
bed of ca. 35 mg. A thermocouple was attached to the outside of the reactor, at the level of the
middle of the bed. The catalyst was first activated by heating in H2/Ar (10 vol%) to 200 °C at
aramp rate of 5 °C min’!, and held at 200 °C for 2 h before cooling to room temperature under
flowing He. Next, the catalyst was subjected to 20 pulses of CO (9.890 vol% in He). Each
pulse had a volume of 124 microliter at 1 atm. The amount of CO not adsorbed in each pulse

was measured using a TCD detector.

2.5.2. Catalytic Conversion of Polyethylene
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Initial screening reactions and time-resolved experiments were conducted in unstirred
stainless-steel mini-autoclaves made from Swagelok junctions,*® each with an internal volume
of ca. 10 mL. In a typical procedure, the reduced catalyst (1.5 wt% Pt/y-Al>O3, 0.200 g) and a
sample of the appropriate PE material (0.118 g) were loaded into an autoclave reactor inside
an Ar-filled glove-box. The reactor was sealed, removed from the glove-box and placed in a
temperature-controlled muffle furnace (Thermo Scientific Lindberg/Blue M BF51848C) that
was pre-heated to the desired temperature. When the furnace door was opened to insert the
autoclave, the temperature decreased by 20-30 °C, but returned to the desired temperature
within ca. 5 min. Reaction timing started when the temperature stabilized. During the 24 h
reaction time, the furnace temperature fluctuated by + 5 °C. After the specified reaction time,
the reactor was removed from the oven and cooled rapidly in a jet of compressed air to quench
the reaction.

At the end of the reaction, the reactor was opened inside a fume hood and the gases were
vented. The remaining material was transferred onto a fine glass frit (4.0-5.5 um), washed
with hot (50 °C) chloroform, and filtered to remove insolubles. Soluble hydrocarbons were
recovered by evaporating the chloroform under reduced pressure (0.1 Torr) overnight. The
insoluble material, including the catalyst and hydrocarbons insoluble in hot chloroform, was
recovered from the frit. After removing the chloroform residue by evacuating under reduced
pressure (0.1 Torr) overnight, the insoluble material was weighed. The yield of insoluble
hydrocarbons was calculated as the difference between the total mass of recovered solid and

the initial mass of the catalyst. Since volatiles were not recovered in these experiments, their
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yield was calculated as the difference between the initial mass of PE and that of the recovered
soluble and insoluble hydrocarbons.

To characterize volatile reaction products, a mini-autoclave was modified with a gas outlet
made from a Swagelok hose connector sealed with a hexagon socket head screw cap
containing a Cu O-ring. The total internal volume of the reactor and the gas outlet, 13 mL,
was measured by filling with water. The mini-autoclave and a Schlenk flask capped with a
white rubber septum were connected via Tygon tubing to a glass vacuum line equipped with
a pressure gauge and a port for gas sampling. The Schlenk flask and the lines were evacuated
under reduced pressure (10 Torr), then isolated from the pumping system. The gases in the
autoclave were expanded into the line by loosening the screw cap, and the pressure was
measured. The volatiles yield was estimated using the total volume of the gas line and the
Schlenk flask as measured by gas expansion (152 mL), and the ideal gas law. An aliquot of
gas (400 puL) was removed via the sampling port for analysis of H> by GC-TCD, using a gas-
tight syringe. The Ar present in the autoclave at the start of the reaction (1 atm) was used as
the internal standard. Propene, which is not a reaction product, was injected into the Schlenk
tube as an internal standard for hydrocarbon analysis by GC-FID. An aliquot (0.2 mL) was
then removed for analysis. The total GC yields of H» and light hydrocarbons are consistent
with the total yield of gases based on pressure measurement, with a precision of = 10%.

To analyze volatile hydrocarbons that may have been lost during solvent removal from
the chloroform-soluble fraction, the reactor contents were transferred with the aid of
chloroform (5 mL) into a Schlenk flask. The contents were distilled at 150 °C, while

condensing volatile products and chloroform in a receiving flask cooled in a dry ice/acetone
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bath. The clear, colorless distillate was transferred to a 10 mL volumetric flask, 2 mg
mesitylene was added as an internal standard, and the flask was filled to the 10 mL mark with
chloroform. The solution was analyzed on an Agilent 6890N Network Gas Chromatograph
equipped with a DB-5 column and an FID detector, using response factors measured for
toluene and light n-alkanes (C7-Ci1) relative to mesitylene. The total mass of recovered
volatile products from distillation is small (ca. 1.5 mg, measured by GC-FID), with toluene
being the major product. Some reactions were conducted in a larger autoclave reactor (Parr
Series 5000 Multiple Reactor System, internal volume ca. 100 mL, stainless steel). The
contents were stirred at 678 rpm, using a magnetic stir bar encapsulated in Pyrex. Timing of
the reaction began when the internal temperature reached the set temperature, 250 °C; reported
reaction times do not include the time (ca. 30 min) needed to heat the reactor from room
temperature. Since the internal thermocouple is located above the solids in the reactor, it reads
the temperature of the gas phase rather than the solid/liquid phase. The temperature of the
autoclave wall was also measured externally with a thermometer and stabilized at (280 + 5)
°C during the reaction time. The autoclave was cooled to room temperature prior to opening,
by immersing the bottom of the vessel in 25 °C water for 15 min. Gases were collected as
described above. When the autoclave lid was removed, an oily liquid was observed to have
adhered on the lid and separated from the catalyst at the bottom of the vessel. It was recovered
by dissolving in hot chloroform, then evaporating the solvent under reduced pressure
overnight. The solid products were transferred onto a fine glass frit, then washed with hot
chloroform. The solvent was removed from the filtrate by evaporation overnight at 0.1 Torr.

The insoluble material remaining on the frit, including the catalyst and insoluble
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hydrocarbons, was recovered and weighed. The mass of insoluble hydrocarbons was
calculated by subtracting the initial mass of the catalyst. Some hydrocarbons were not
recovered during workup, due to the difficulty in washing the dead volumes in the connectors

and valves of the autoclave.

2.5.3. Catalytic Conversion of n-C3oHse2

A mixture of 0.120 g n-C30Hs2 and 0.200 g Pt/y-Al,O3 was heated at (280 £ 5) °C under
Ar for 24 h in mini-autoclaves. After the reaction, the gas products were analyzed by GC-
TCD and GC-FID as described above. The remaining material was extracted with CHCIs at
room temperature, separated from the insoluble catalyst as a yellow liquid, then, mesitylene
(2.0 mg) was added as an internal standard. The solution was analyzed on an Agilent 6890N
gas chromatograph equipped with a DB-5 column and an FID detector.

Peak assignments were made by comparing retention times to a standard mixture of n-
alkanes (C7 - Ca40), standard mesitylene, as well as by matching to peaks identified by GC-MS
with the aid of a mass spectral library (NIST 107). Among the liquid products, the major
species are n-alkanes (C7 - C3o). The minor products are mostly branched alkanes, with smaller
contributions from cycloalkanes and alkylbenzenes. The presence of multiple isomers with
overlapping peaks hindered more complete analysis. Nevertheless, hydrocarbons that elute
together have the same carbon number and very similar response factors (within 3%).
Therefore, based on the mass of mesitylene, the peak areas and response factors for each
species, the absolute amount of each species could be obtained. Since there is a negligible

amount of insoluble hydrocarbon in the solid.
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2.7. Appendix I
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Figure A2.1. (A-B) HAADF-STEM images of fresh Pt/y-Al,O3, and (C-D) histograms

showing Pt cluster size distribution.
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Figure A2.2. '"H NMR spectrum (recorded at room temperature) of the soluble component
recovered from the solid residue after stirring in TCE-d» at 150 °C for 21 h. PE (M,, = 3.52 x
103 g mol!, M, = 1.85 x 103 g mol”!, D = 1.9, average Ci32) was heated with Pt/y-Al,Os (1.5

wt% Pt) in a mini-autoclave at 280 °C for 24 h. * indicates residual protons in the solvent
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Figure A2.3. (A) GC-TCD of gases collected after the catalytic disassembly of PE (My, =

3.52 x 103 g mol™"), by heating with 1.5 wt% Pt/y-Al>O3 for 24 h at 280 °C in a 13 mL mini-
autoclave, with Ar (12.8 mL, 1 atm) present as internal standard; (B) TCD calibration curve
for H, and Ar. The molar ratio of H, to Ar was determined from the peak areas and response

factors.
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Figure A2.4. GC-FID of gases collected after catalytic disassembly of PE (M,, = 3.52 x 103
g mol!), by heating with 1.5 wt% Pt/y-Al,O3 for 24 h at 280 °C in a 13 mL mini-autoclave.
Propene was added as an internal standard. Relative carbon response factors were assumed to

be 1.0.
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Figure A2.5. NMR spectra of the chloroform-soluble wax product obtained from the solvent-
free depolymerization of PE (M, = 1.85 x 10 g mol’!, D = 1.9, average Ci32) in a Parr

autoclave reactor, after 24 h at 280 °C: (A) "H NMR spectrum; and (B) 13C NMR spectrum. *

indicates the solvent (TCE-d>).
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Figure A2.6. Full-range FD-MS analysis of lighter hydrocarbons from the solvent-free
conversion of PE (M, = 3.52 x 10° g mol”!', M, = 1.85 x 10° g mol”!, B = 1.9, average Ci32),
catalyzed by 1.5 wt% Pt/y-Al>O3 at 280 °C in Parr reactor for 24 h. The carbon number labels
indicate the highest peak intensity within each color-coded mass series. The black series
includes dicycloparaffins (14n-2), alkylanthracenes (14n-4) and benzodicycloparaffins (14n-

10).
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liquid/wax products from the catalytic disassembly of PE (M, = 3.52 x 103 g mol"!, B = 1.9,
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Figure A2.8. Comparison of yields of liquid/wax products and organic residue, as well as the

active Pt surface area (m? gp!) of fresh and recycled catalyst measured by CO chemisorption
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prior to reaction, in three consecutive catalytic reactions of PE catalyzed by Pt/y-Al,O; (Table

A2.4, experiments S4-6). The yield of liquid/wax and organic residue of first and second run

are average from two duplicate reactions.

Table A2.1. Mass series of hydrocarbon products observed by FD-MS

m/z Alternate m/z Most probable assignment  Alternate assignments

diphenylparaffins,
14n cycloalkanes

naphthocycloparaftins

14n + 2 14n-12 alkanes, alkylnaphthalenes

14n+ 4 14n-10 benzodicycloparaffins

14n+6 14-8 benzocycloparaffins

14n + 8 14n-6 alkylbenzenes
14n + 10 14n-4 alkylanthracenes/phenanthrenes tricycloparaffins

alkylphenalenes,
14n + 12 14n-2 dicycloparaffins
alkylfluorenes
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Table A2.2. GPC and '"H NMR characterization of liquid/wax hydrocarbons recovered from

the tandem conversion of various PEs *

Reactor
Exp. PE Products Total Sar
Volume
My Yield M, D HAr Hmono SAri CAr SAr§ mol%
Htotal Hpoly Ctotal
gmol! mL % g mol! mol% mol%
07 1.85x10° 10 34 768 1.9 - - -
1 =19 10 80 328 1.3 0.039 09 4003
2 13 75 414 1.2 0.040 1.1 52(4)
3 90 46 466 1.1 0.037 1.6 57(5) 0.10 52(4)
64(5)
24 538 1.3 0.047 1.0 77(6) 0.11 61(5)
S1 90 42 431 1.1 0054 23 75(5) 0.13 64(5)
81(6)
13 551 1.1 0.058 1.0 92(7) 0.16 91(7)
4 12.8x10° 90 39 366 1.1 0.031 1.8 39(3) 0.09 37(3)
44(4)
(b=174) 30 355 1.1 0.045 1.1 50(4) 0.10 39(4)
5 14.8x10° 90 20 347 1.1 0.041 1.8 46(4)
50(4)
(D=3.6) 35 353 1.3 0.047 1.0 52(4)

" Reaction conditions: 118 mg reactant, 200 mg catalyst (Pt/y-ALOs, 1.5 wt%), 280 °C, 24 h (except

Exp S1 for 36 h). Two entries are presented for the same experiment, the liquid/wax hydrocarbon

products were collected and analyzed separately. * Selectivity to alkylaromatics (Sa:) calculated based

on analysis of "H NMR spectrum. ¥ Selectivity to alkylaromatics (Sar), calculated based on analysis of
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3C NMR spectrum. Uncertainties are propagated from the uncertainty in the average carbon number.

TReaction with y-Al,O; support only.

Table A2.3. FD-MS selectivities for various mass series in the liquid hydrocarbons

recovered from tandem PE conversion *

Mass series Major assignment Method 1 7 Method 2 *

area % area %

14n cycloparaffins 63270 17 5282 19
14n+2 alkanes, 77706 20 5914 21

alkylnaphthalenes

14n+4 benzodicycloparaffins 31089 8 2200 8
14n+6 benzocycloparaffins 60489 16 3714 14
14n+8 alkylbenzenes 85390 22 5229 19

14n+10 alkylanthracenes, etc. 27776 7 2117 8
14n+12 dicycloparaffins 37993 10 3047 11
Total 383713 100 27504 100
monoaromatics 46 41
Polyaromatics? 15 14
paraffins 39 45

" Exp. 3 (see main text). ' Based on peak heights.  Based on peak areas. * The ratio "Humono/' Hpoly = 1.6

was used to calculate the fractional contribution of alkylnaphthalenes in the (14n+2) mass species.
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Table A2.4. GPC and '"H NMR characterization of liquid/wax hydrocarbons recovered from

the tandem conversion of triacontane and PE*

Exp.Reactant  Reactor Products Active Pt surface
volume area

Yield M, D Cavg HAr Hmono Sar
Htotal H

mL % g mol t poty m? gp!
! %
S2  CsoHs2 10 70 - - 17#0.012 22 9 --
S3 13 72 - - 20%0.016 2.1 14 --
S4 PE 108 70(2) 328 1.9 23 0.017 2.0 18 215.2
1
S5 10# 55(2) 628 2.2 45 0.013 34 27 153.6
1
S6 10 ™ 57 694 2.6 50 0.008 2.8 18 144.6
S7 90 Tt 4 234 1.1 17 0.017 1.1 14 --

46 373 1.3 27 0.021 1.8 27

" Reaction conditions: 118 mg reactant (triacontane or PE, M, = 1.85 x 10° g mol™, P = 1.90), 200 mg

reduced catalyst (Pt/y-Al,O3, 1.5 wt% Pt), 280 °C for 24 h except where noted. ' Calculated as M,/14.
* Selectivity for alkylaromatics (Sar), calculated based on analysis of '"H NMR spectrum. ' Calculated
based on CO chemisorption. * Two parallel reactions in two 10 mL mini-autoclaves at 280 °C for 6 h
using fresh catalyst. " The yield of liquid/wax in Exps. S4 and S5 are the average of two duplicate

reactions, with the variance in parentheses. * Two parallel reactions in two 10 mL mini-autoclaves at
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280 °C for 6 h using once-recycled catalyst. ~* Reaction in 10 mL mini-autoclave at 280 °C for 6 h

using twice-recycled catalyst. '' Reaction with 1.1 g PE reactant and 1.8 g catalyst at 280 °C.

Liquid/wax hydrocarbon products were collected and analyzed separately. ** Calculated based on GC-

FID analysis.

Table A2.5. GPC and 'H NMR of liquid/wax hydrocarbons recovered from tandem PE

. . . . *
conversion, as a function of reaction time

Exp. Time Products
Yield My M, b Cavg T Hyr Himono
h % gmol!'  gmol! Hora Hpoty
la 1.0% - 4156 1758 2.36 126 - -
1b 3.0% - 2350 1110 2.11 79 - -
lc 3.0 21 1177 789 1.49 56 0.004 3.8
1d 4.5% - 1084 584 1.86 42 - -
le 6.0 66 716 424 1.69 30 0.018 2.0
1f 12.0 70 460 302 1.52 22 0.024 1.8
1g? 24.0 80 430 328 1.31 23 0.039 0.9

" Reaction conditions: 118 mg PE (M, = 1.85 x 10° g mol, P = 1.90), 200 mg catalyst (Pt/y-AL,Os,

1.5 wt% Pt), 280 °C, 10 mL mini-autoclave. Each experiment was performed independently (not as

continuous sampling from one experiment). ' Calculated as M,/14. * GPC analysis was performed on

the crude reaction mixture. ¥ This experiment is the same as Exp. 1 in Figure 2.2B and Table A2.2.
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Chapter 3. Bifunctional Tandem Catalytic Upcycling of Polyethylene to

Surfactant-Range Alkylaromatics

Note: This chapter was adapted from the following publication.

Publication: Sun, J., " Lee, Y.-H.,* Yappert, R.D., LaPointe, A.M., Coates, G.W., Peters, B.,
Abu-Omar, M. M., Scott, S. L., “Bifunctional tandem catalytic upcycling of polyethylene to
surfactant-range alkylaromatics,” Chem, 2023, 9(8), 2318-2336. (* co-first authors). (Patent:

WO0202215971)

3.1. Abstract

Catalytic conversion of waste polyolefins to value-added alkylaromatics could contribute
to carbon recycling. Compared to tandem hydrogenolysis/aromatization of polyethylene (PE)
catalyzed by Pt/y-AlO3z at 280°C, both a five-fold enhancement in the rate of C-C bond
scission and a doubling of the molar yield of alkylaromatics were realized using a more acidic
Pt/F-Al,O3 catalyst instead. Bifunctional (metal/acid) catalysts also generate alkylaromatic
products with lower average carbon numbers (ca. Ca), similar to conventional anionic
surfactants. Since physical mixtures of weakly acidic Pt/y-Al,O3 or non-acidic Pt/SiO> with
strongly Brensted acidic Cl-AlO3 or F-Al>Os3 are also effective, the tandem reaction does not
require nano-scale intimacy between metal and acid active sites. Kinetic studies using
triacontane (norm-C3oHe2) as a model for PE show that the Pt-catalyzed
dehydrogenation/hydrogenation reactions are quasi-equilibrated, while the acid-catalyzed C-
C bond scission and skeletal transformations (isomerization and cyclization) determine the

overall rates of depolymerization and aromatic formation.
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3.2. Introduction

Polyolefins (POs) are widely used as materials for packaging, construction, transportation,
electronics and in many other applications because of their excellent strength-to-weight ratio,
wear resistance, chemical inertness, and low cost. More than 9 billion metric tons of plastics
have been manufactured since 1950,! with global annual plastic production reaching ca. 370
million tons in 2019. Just two POs: polyethylene (PE) and polypropylene (PP), comprise about
half of all plastics production.' Plastic manufacturing is projected to triple by 2050, by when
it could consume as much as 20% of global petroleum production.?

A major use of POs is in single-use packaging, and they represent a major fraction of
plastic waste. Despite the desire to scale back single-use plastics, the volume actually
expanded during the recent COVID-19 pandemic, due to increased demand for personal
protective equipment and expanded use of disposable and take-away packaging,® resulting in
an additional 8 million tons of pandemic-associated plastic waste as of August, 2021.*
Worldwide, the fate of most plastic waste is either landfilling (~40%) or incineration (~25%).
These disposal choices produce carbon emissions,® environmental pollution, and emergent
human/ecosystem health concerns.®” Mismanagement of a significant fraction (~19%) of
plastic waste leads to uncontrolled litter,® although the magnitude of the problem varies widely
across different geographic regions. Overall, only 9% of waste plastics are currently destined
for mechanical recycling.® It results in, at best, materials with similar intrinsic value, but more
often with lower value because of contamination issues, and because the mechanical shear

degrades the physicochemical properties of the polymers.
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Chemical conversion of used plastics to higher value products is not widely practiced
today, but could expand the recyclable fraction of waste plastics and create new valuable
materials (open-loop upcycling).”!° Unfortunately, POs are typically recalcitrant to chemical
recycling due to their lack of chemical functionality and low solubility. Until recently, these
processes focused on producing low-value gasoline- and/or diesel-range hydrocarbons for
combustion as transportation fuels,!' or use as hydrocarbon-based lubricants.'>~!® The most
accessible chemical conversion technology today is pyrolysis, which is typically performed at
temperatures over 400°C and leads to pyrolysis oils that can be further cracked to generate
light alkenes that are raw materials for virgin POs. Catalysts can reduce the required reaction
temperatures (catalytic cracking),'” however, the products are still largely unselective
mixtures of light alkanes, naphthenes, and aromatic hydrocarbons and are accompanied by
low-value coke, which poisons catalyst active sites.?*?! Coke formation can be suppressed by
adding H», directing the product slate towards alkanes.??!? Lower temperature approaches that
couple (transfer) dehydrogenation with alkene isomerization and metathesis can generate light
alkanes and alkenes directly and, in some cases, selectively.?>~>° Several approaches to the
partial chemical depolymerization of PE are illustrated in Figure 3.1.

Long-chain alkylaromatics are high-value chemicals with commercial applications as
solvents, refrigeration fluids, and precursors to anionic surfactants.?® In our recent report, a
recyclable Pt/y-AlbOs catalyst converted various types of PE to aromatic hydrocarbons with
average carbon number C-30.2” The alkylaromatics are thermodynamically accessible from PE
at moderate temperatures (ca. at 280°C) in the absence of external H because of the coupling

of endothermic dehydroaromatization with exothermic C-C bond hydrogenolysis. Since the
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polymer is both H> source and sink, the accessible aromatic yields are higher than when the

feedstock is a low-molecular weight alkane. However, depolymerization catalyzed by Pt/y-

ALOs3 proceeds slowly, and the alkyl side-chains are longer than desired for direct use in

anionic surfactants (which typically require total carbon numbers Ci¢.22, corresponding to the

so-called “surfactant range”).?

hydrocracking +
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(this work) 2
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Figure 3.1. Some of the chemical approaches to polyethylene (PE) upcycling, by partial

depolymerization to value-added products.

Halogenated aluminas have long been used in large-scale catalytic reforming.?>* A

typical reforming catalyst consists of Pt nanoparticles supported on y-Al,O3; modified with 1-
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2 wt % C1,’%3! where the Cl serves to enhance the surface acidity.*? Inspired by this
bifunctional design, we reformulated our original PE depolymerization catalyst to accelerate
the tandem reaction, and to target surfactant-range alkylaromatics. Pt nanoparticles were
supported on a variety of acidic solids to investigate the effect of acidity on the rate of C-C

bond cleavage and the selectivity to alkylaromatic products.

3.3. Results and Discussion

3.3.1. Effect of Support Acidity on PE Depolymerization
To increase catalyst acidity, a series of catalysts was prepared by supporting Pt on various
aluminas (unmodified, or modified with either Cl or F). All materials had similar Pt loadings
(ca. 1.5 wt %) and dispersions (70-87 %), Table 3.1. Depolymerization of low-molecular-
weight PE was conducted in a stirred autoclave at (280 = 5)°C, without added H> or solvent.
The reaction time (8 h) was limited to ensure comparison of the outcomes at less than full
conversion. Each catalyst converted the PE to a mixture of light hydrocarbon gases, an orange

liquid, and residual carbon present as a black solid mixed with the catalyst.

Table 3.1. Acidic Pt catalysts and the properties of their liquid hydrocarbon products from PE

depolymerization *

Catalyst Pt ® X (Clor F) Liquid hydrocarbon products ©
Loading D Loading Yield Aromatics Yield th Di

Wt%) (%) (Wt%) ¢ (Wt%)° (umol)f (wt%)®

Pt/y-Al,O3 1.5 87 - 44 59 36 52 22
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Pt/CI-Al>O3 1.5 82 1.4 70 92 271 251 129

Pt/F-Al>,O3 1.6 70 0.8 64 131 36 24 1.1
Pt/F-ALO3 & 1.6 70 0.8 59 124 35 23 1.1
Pt/y-Al,O3 1.5 87 61 146 29 17 1.1
+F-ALOs! 1.3

*Reaction conditions: PE (0.120 g, My, = 3.5 x 10° g mol™', P = 1.9), total catalyst mass 0.200 g
(except where noted), Ar, (280 + 5)°C, 8 h.

® Pt loading measured by ICP-OES. Pt dispersion (D) measured by CO chemisorption, assuming
CO/Ptgus= 1.7

“Soluble in hot CH,Cl..

4 Measured by ion chromatography.

¢ Excluding the lighter hydrocarbons (C7-Cy;) eliminated during solvent removal (Figure A3.20).
fCalculated from 7 and the "H NMR integration in the aromatic region (see Section 3.8.2.7 and eq
A3.30 and A3.31 in the Appendix II).

£ The mass yield of aromatics is estimated as liquid yield (wt %) X Sarom (Wt %), Where Sarom (Wt %)
~ Saom (Mol %, estimated using eqs A3.25-A3.27). The justification for these assumptions is
presented in Section 3.8.2.7 of the Appendix II.

" Average carbon number, calculated as M,/14 based on GPC-RI analysis of the liquid after solvent
removal (Table A3.6).

' Dispersity (P =M./M,) after solvent removal, as measured by GPC-RI.

i Exceptionally in this experiment, a bimodal molecular weight distribution was observed, due to
skeletal isomerization of the polymer and its resulting increased solubility. Results are given for the

lower M, peak of the bimodal distribution, corresponding to a mass fraction of 45 wt% (Figure
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A3.23B). For the higher M, peak, corresponding to a mass fraction of 55 wt%, 1 =67, D =2.6. The
value of T overall (weighted average of both peaks) is 39.
KReaction conducted with a higher molecular weight PE (0.120 g, M, = 2.6 x 10* gmol™', D =3.9).

"Physical mixture of Pt/y-Al,Os (0.200 g) and F-Al,05 (0.100 g).

low molecular-weight PE *==========3 high molecular-weight PE

4

7

gases

liquids

recovered mass of hydrocarbons (wt %)

solids

16 12

PYY-AlLO, PYCI-ALLO, PUF-ALO, PYy-Al,O, + F-ALO, PYF-ALO,

b Fommeeeeeeee- low molecular-weight PE *==========3 high molecular-weight PE

10 =

average rate of C-C bond scission (umol h™')

PYY-AL,O, PUCLALO,  PUF-ALO, PUy-ALO,+F-ALO, PUF-ALO,
Figure 3.2. Effect of catalyst acidity on the hydrocarbon product distribution and the

rate of PE chain cleavage.
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Reaction conditions: low molecular-weight PE (0.120 g, M,, = 3.5 x 10> g mol™', ® = 1.9) or high
molecular-weight PE (0.120 g, M, =2.6 x 10* g mol™", B =3.9), Pt catalyst (0.200 g, see compositions
in Table 3.1) under Ar, 8 h, 280°C. In the experiment with the mixture of catalysts, Pt/y-Al,Os was
combined with F-Al,0O3(0.100 g, see compositions in Table 3.1).

(a) Mass fractions of hydrocarbons recovered from the batch reactor: green, gases; orange, liquids
soluble in hot CH,Cl,; black, organic residues insoluble in hot CH,Cl,. Each result is the average of
duplicate experiments. Data are shown in Table A3.5.

(b) The average, zeroth-order rate of C-C bond scission (as defined in eq 3.1 below), estimated from

GC-FID and GPC data. For details, see Rate of carbon-carbon bond scission in the Appendix II.

The overall hydrocarbon distributions in the reaction products are shown in Figure 3.2A.
According to analysis by gas chromatography with flame ionization detection (GC-FID), the
gases in the reactor headspace are predominantly alkanes (methane, ethane, propane, etc.;
Figure A3.17). Interestingly, the halogenated catalysts produced less methane relative to
higher alkanes and relative to Pt/y-Al,Os. The more acidic Pt/Cl-Al,O3; and Pt/F-Al,Os also
converted more PE to liquid hydrocarbons resulting in a lower yield of insoluble carbon (as
judged by thermogravimetric analysis; Figure A3.40). The liquid hydrocarbons, recovered by
extraction into hot CH>Cl,, were initially analyzed by GC-FID. Prior to solvent removal,
lighter alkanes (hexanes, heptanes, octanes, etc.) were present (Figure A3.20). After solvent
removal, the remaining heavier hydrocarbons were analyzed by gel permeation
chromatography (GPC), proton nuclear magnetic resonance spectroscopy ('H NMR), and ion
chromatography (the latter detected no residual halogens; Table A3.7). The average carbon

number in the liquid fraction was Cs; for Pt/y-AlbO3, Cys for Pt/CI-AlxO3, and Ca4 for Pt/F-

108



AlOs. The molecular dispersity D of the liquid products decreased from 2.2 for Pt/y-Al,Os to
1.2 and 1.1 for Pt/Cl-Al,O3 and Pt/F-Al>Os3, respectively (Tables 3.1 and A3.6). This trend in
b correlates, as expected, with the increased degree of depolymerization.

To explore the effect of higher melt viscosity on the depolymerization rate, a polymer
sample with a molecular weight closer to a typical commercial PE grade (M = 2.6 x 10* g
mol™") was heated with Pt/F-Al,O3 for 8 h at 280°C. The gas and liquid yields are similar, at
13 wt % and 66 wt %, respectively (Figure 3.2A), and the recovered liquid has a similar
average carbon number (C»3) and dispersity, © = 1.1 (Table 3.1 and Table A3.6). Therefore,
PE molecular weight does not appear to be a major limiting factor for the efficiency of tandem
depolymerization. The insensitivity of the liquid product distribution to PE molecular weight
is consistent with a constant rate of C—C bond scission in the same initial mass of polymer

(see section Evolution of number-averaged molecular weight of the Appendix II).

3.3.2. Characterization of Alkylaromatic Products

The liquid products show aromatic '"H NMR signals (Harom) from 6.5 to 9.0 ppm (Figure
A3.31). This range of chemical shifts as well as the orange color suggest that in addition to
alkylbenzenes, alkylnaphthalenes and larger fused-ring structures are present (predominantly
alkylphenanthrenes, according to Figures A3.31, A3.34 and A3.39).34* The amounts of each
type of aromatic product were estimated by integration (see section Analysis of aromatic
yield and substitution patterns, and eqs A3.22-27, A3.30-31 in the Appendix II). Both
halogen-containing Pt catalysts generated more alkylaromatics in the desired surfactant range

(C16-C22)*® compared to Pt/y-Al,Os. Yields of alkylbenzenes in the liquid fraction were similar
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for Pt/Cl-Al,O3 and Pt/F-Al>,O3 (nven, = 38 and 45 umol, respectively), and comparable to that
for Pt/y-AlbO3 (48 umol). However, Pt/Cl-Al,O3 and Pt/F-Al,O3 gave higher yields of the
larger alkylaromatics (7phen + #naph = 54 and 86 pumol, respectively) compared to Pt/y-Al.O3
(11 umol, Table A3.12).

Some information about the nature of the alkyl substituents on the aromatic rings can be
deduced from the '"H NMR spectra. Protons on the carbons (Cy) directly bonded to an aromatic
ring give signals at 2.0-3.5 ppm. These signals can be subdivided into Hy,methyt (2.00 - 2.50
ppm), Ho methylene (2.50 - 3.10 ppm) and Homethine (3.10 - 3.50 ppm) regions.**3” For all three
catalysts, the average alkyl substituent is C,H2R. Combining this information with the
Ho/Haom values gives the average number of alkyl substituents (Table A3.12, Figure A3.32).
For Pt/y-AlbOs, Ho/Huom = 1.1 implies that the aromatics are predominantly dialkyl-
substituted. For Pt/CI-Al,O3 and Pt/F-Al>Os3, higher ratios of 1.5 and 1.6, respectively, imply
that the aromatics are trialkyl-substituted. About two-thirds of these alkyl substituents are
unbranched at C,, while the remaining one-third is evenly split between branched alkyls and
methyl groups. Presumably, acid-catalyzed skeletal isomerization creates methyl-branched
iso-alkanes, whose aromatization generates methyldialkylaromatics as well as a-branched
(i.e., C4HR?) substituents, as well as (see Scheme 3.3 below).

Scheme 3.1 compares the typical structure of the PE-derived alkylbenzene with that of the
linear alkylbenzenes used to make conventional anionic surfactants. Some branching on the
longer alkyl chains can be present, and may be beneficial for surfactant properties.>® However,

the extent of branching must be carefully controlled to preserve biodegradability. We note
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that in general, methyl substituents on the benzene ring are not expected to impede

biodegradation, while quaternary carbons attached to the ring confer poor biodegradability.3*-

a. conventional linear alkylbenzene (LAB)
© m acid catalyst @/m

b. PE-derived alkylbenzene (this work)

PUX-ALO3
“X=FC)

Scheme 3.1. Comparison of preparation and typical structures for long-chain linear

41

alkylbenzenes (LABs). (A) LAB synthesized by conventional acid-catalyzed benzene

alkylation,?® and (B) LAB derived from catalytic PE depolymerization (this work).

3.3.3. Catalyst Reusability

Alumina halogenation is reported to stabilize small Pt nanoparticles found in commercial
hydrocracking catalysts.*? To explore re-use of Pt/F-Al>Os, three consecutive 8-h reactions of
PE were conducted, with calcination of the recovered catalyst in O, at 500°C followed by re-
reduction in Hy at 280°C between each reaction (see section Catalyst recycling in the
Appendix II). The liquid yield decreased slightly, from 71 wt % with the fresh catalyst to 65
wt % with the once-recycled catalyst, then stabilized at 64 wt% for the twice recycled catalyst
(Figure A3.42). The modest (11%) decrease in active Pt surface area (Table A3.2) is

consistent with a minor amount of sintering, as previously reported for Pt/y-Al,03.2” The
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liquid hydrocarbon products have a similar average molecular weight and aromatic yield in

the initial and subsequent reactions (Tables A3.12 and A3.13).

3.3.4. Quantifying the Rate of PE Depolymerization
We define the depolymerization rate as the average rate of C-C bond scission (rcc), eq
3.1. It corresponds to the rate of formation of new hydrocarbon chains, dN/d¢, where N(0) and
N(t) represent the total number of chains present at time 0 and time ¢, respectively (see section

Rate of carbon-carbon bond scission in the Appendix II).

re.c = dN/dt = AN(t)/t = [N(1) — N(0)]/t (3.1

A constant (i.e., zeroth-order) rate of chain cleavage implies that the acid sites be occupied
at all times. Since each bond scission event generates one additional chain, DN(t) is both the
cumulative number of such events, and the number of new chains. The rate is much higher for
the bifunctional catalysts, rising from 11 pmol h™!' for Pt/p-Al,O;3 to 29 umol h! for Pt/Cl-
AlO3 and 50 umol h™! for Pt/F-Al>,Os. Thus catalyst acidity accelerates PE depolymerization
up to 5-fold, relative to Pt/u-Al,Os, Figure 3.2B. The average rate of C-C bond scission for
the higher My, PE, 61 umol h'! is comparable to that for the lower M,, PE.

The effect of halogenation on both chain scission activity and aromatic selectivity
confirms the importance of acid sites in the tandem reaction. To probe the role of proximity
between the metal and acid sites, we also conducted PE depolymerization with a physical

mixture of Pt/y-Al2O; (0.200 g, 1.5 wt %Pt) and F-Al,O3 (0.100 g, 1.3 wt% F). The total Pt
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and F contents in this mixture are very similar to those of Pt/FALO; (0.200 g, 1.6 wt % Pt, 0.8
wt % F). The physical mixture of catalysts generated yields of gas and liquid hydrocarbon
products comparable with those made using the catalyst with co-located active sites. Indeed,
for the physical catalyst mixture, the resulting alkylaromatic content is even higher (121 pumol)

and the average carbon number in the liquid (Ci7) is even lower than for Pt/F-AlO3 (Figure

A3.22; Table 3.1).

3.3.5. Optimization of Support Acidity for Chain Cleavage

To explore the optimum acidity for PE depolymerization, a series of non-halogenated
catalysts with constant Pt loading and similar Pt dispersions was prepared (Table 3.2). Among
the catalyst supports investigated here, mesoporous SiO> has no acidity, while microporous
HZSM-5 is a strong Brensted acid. Mesoporous Si02-Al>O3 possesses both stronger Bronsted
and Lewis acidity than y-Al>O3, although it is less acidic than HZSM-5. To analyze the effects
of acidity on the rates of alkane chain scission, skeletal isomerization, and aromatization and
to facilitate complete product characterization, each was used to catalyze the reaction of a
linear PE model compound, triacontane (i.e., norm-C3oHs2). Its low molecular weight relative
to PE results in gas and liquid phase products that are more readily characterized and ensuring

good mass balances (85-96 wt %, Table A3.10).

Table 3.2. Characterization of non-halogenated Pt catalysts

Catalyst Pt nanoparticles ? Acid sites (umol g!) ®
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Loading (wt %) Dispersion (%) Lewis Bronsted

PUSiO, 1.0 44 - -
Pt/y-ALOs 1.0 68 98(4) ~0
Pt/Si0>-ALOs © 1.0 43 136(5) 41(2)
PYHZSM-5 1.0 41 77(3) 63(3)

* Loading measured by ICP-OES. Dispersion measured by CO chemisorption, assuming CO/Pt gyt
— 1.33

® Estimated from the pyridine remaining adsorbed after desorption at 150°C and 10~ Torr (Figure
A3.10), via the peak areas at 1545 cm™ (BAS) and 1455 cm™ (LAS). Uncertainties (in parentheses)
are propagated from uncertainties in the extinction coefficients (Figure A3.8B).

¢ S10,-Al03 (7.6 wt % Al) is an amorphous mixed oxide.

Figure 3.3 illustrates the striking effect of catalyst support acidity on the hydrocarbon
product distribution. Pt/SiO, shows negligible activity toward triacontane at 280°C. At the
same temperature, Pt/y-Al,O3 converts triacontane to a Schulz-Flory-like distribution of liquid
hydrocarbons (Ces-30, 81 wt %). The liquid products are dominated by linear paraffins, with a
minor contribution from alkylaromatics (whose formation nevertheless supplies the H, needed

for hydrogenolysis), Table A3.10.
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Figure 3.3. GC-FID analyses of liquid hydrocarbons recovered from the partial
depolymerization of triacontane (norm-CsoHe>), catalyzed by Pt nanoparticles supported on

various oxides.
Reaction conditions: norm-CsyHe2 (0.120 g), catalyst (0.200 g, 1.0 wt % Pt), Ar, 24 h, 280°C. Aromatic

products identified for the reaction catalyzed by Pt/HZSM-5 include toluene, xylenes, naphthalene,

and methylnaphthalenes.

Pt/S102-AL,O; possesses both strong Brensted and Lewis acidity and is much more
reactive towards triacontane than Pt/y-Al,Os. After 24 h, there are effectively no hydrocarbons
with Cs16 remaining. The product distribution includes a higher fraction of light hydrocarbons

(Css, 18 wt %), compared to 4 wt % for Pt/g-Al>O3. Furthermore, each carbon number includes
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a large number of skeletal isomers, and includes both saturated hydrocarbons and aromatics,
Table A3.10. The even higher Bronsted acidity of Pt/HZSM-5 results in a majority of light
hydrocarbon gases (C<s, 74 wt %); the liquid range is only a small fraction of the hydrocarbon
products (8 wt %), and consists mostly of small aromatics (Figures 3.3 and A3.28-3.29, Table
A3.10).

The average rate of C-C bond cleavage in triacontane therefore follows the acidity of the
oxide supports, SiO2 < y-Al,O3 < Si0,2-A1,O3 < HZSM-5. This finding strongly suggests that
Pt sites operate cooperatively with acid sites to achieve PE depolymerization at 280°C.
However, both highly acidic catalysts (Pt/SiO2-Al,O3 and Pt/HZSM-5) make predominantly
light gases and insoluble heavier hydrocarbons (Table A3.10), instead of the more valuable
lubricant-range hydrocarbons and long-chain alkylaromatics. Consequently, there is an
optimum catalyst acidity to achieve selectivity to the desired molecular weight range at
acceptable rates. The moderate acidities of y-Al>O3 and its halogenated derivatives appear to

be most suitable for this kind of PE upcycling.

3.3.6. Quantifying the Acidity of Halogenated Aluminas
Mild halogenation of y-Al,Os3 has little influence on its surface area or porosity (Figure
A3.6; Table A3.3). However, partial replacement of the surface hydroxyl groups by halides
(Figure A3.7)% results in changes to the number, type, and Brensted acid strength of the
remaining hydroxyl groups, as well as changes in the Lewis acidity of surface Al sites owing
to the inductive effects of the halide ligands. The Lewis acidity of the various aluminas was

quantified by infrared (IR) spectroscopy of adsorbed pyridine (Figure A3.11). Bands at ca.
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1,625, 1,575, and 1,455 cm™ correspond to pyridine coordinated to Lewis acid sites (LASs).*3
The total LAS number on each type of alumina was estimated as the amount of pyridine
remaining after desorption of weakly-bound material by evacuation at 150°C. The numbers
are similar for y-Al,O3; and F-Al>O3, while Cl-Al;O3 contains ca. 50% more LAS (Table 3.3).
Next, the number of strong LASs was determined after pyridine desorption at 350°C (Figure
A3.11). The number of strong LASs is similar for Cl-Al,O3; and F-Al>O3 and is much higher

than that for y-Al,O3 (Table 3.3).

Table 3.3. Effect of halogenation on alumina acidity

Support  Lewis acid sites (LAS, pmol g')®  Brensted acid sites (BAS, umol g!) ®

Weak Strong Total Weak Strong Total
7-Al2O;3 71(3) 33(1) 104(4) 14(1) 9(1) 23(1)
CI-ALOs  94(4) 63(2) 157(6) 6(1) 14(1) 21(1)
F-ALOs 63(2) 51(2) 114(4) 0 34(2) 34(2)

*From the IR peak area for adsorbed pyridine at 1455 cm™, after desorption at 10 Torr and 150°C
(total LAS), or 350°C (strong LAS). The number of weak LAS was estimated by difference.
Uncertainties (in parentheses) are propagated from the calibration in Figure A3.8B.

® From the IR peak areas for adsorbed 2,6-dimethylpyridine at 1605 cm™ (hydrogen-bonded sites,
DMP-H, representing weak BAS), and 1650 and 1630 cm™ (DMPH", representing strong BAS),
after desorption at 10 Torr and 150°C. The total number of BAS is the sum. Uncertainties (in

parentheses) are propagated from the calibration in Figure A3.9B.
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Pyridine-modified F-Al,Os also shows characteristic peaks for pyridinium ions (1,635 and
1,545 cm™).* Their absence on y-Al,03 and CI-Al,O3 means these supports possess weaker
Bronsted acid sites (BAS) (Figure A3.11). However, pyridine itself is a relatively weak base
(pK»b = 8.8).% Use of the stronger base 2,6-dimethylpyridine (DMP, pKy, = 7.4)% can reveal
the presence of these weaker BASs. IR spectra recorded after desorption at 150°C show bands
corresponding to various types of adsorbed DMP (Figure A3.12).#¢ All three aluminas have
peaks for DMPH+ at (1,650 + 5) and (1,630 £+ 5) cm™'. Their abundance increases in the order
as follows: y-AlbO3 < Cl-Al,O3; << F-Al,O3 (Table 3.3). In addition, the bands are slightly
redshifted on F-AlbO3 compared with y-Al,O3 and CI-Al>Os, indicating that F-Al,O3 has
stronger BAS.* Weak BASs give rise to hydrogen-bonded DMP (DMP-H, 1,605 £ 5) cm™'.
These sites decrease in abundance in the order y-Al,O3 > Cl-Al,O3 > F-AlO3 (Table 3.3). The
addition of Pt (ca. 1.5 wt %) had no significant effect on the acidities of y- and F-aluminas,

nor did catalyst use and regeneration alter the support acidity (Table A3.4).

3.3.7. Effect of Catalyst Acidity on the Extent of Hydrocarbon Chain Cleavage
Initially, catalyst acidity was varied by combining Pt/y-Al,O3 with an equivalent mass of
halide-modified alumina (either more Lewis acidic Cl-Al2O3 or more Bronsted acidic F-
AlO3). The reaction of triacontane was conducted at 280°C. In the absence of an acidic
alumina, the starting material was mostly unreacted after 12 h (81 wt % remaining; Figure
3.4; Table A3.8). Addition of either halogenated alumina enhanced the extent of C—C bond
scission significantly, and most triacontane (> 88 wt %) was converted to lighter hydrocarbons

in the same time period. Halogenation caused the value of rc_c (as defined in Equation 3.1)
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to increase by an order of magnitude, from 3 umol h! for Pt/y-Al,O3 alone to 16 and 34 umol

h'! in combination with CI-Al,O3 and F-Al, O3, respectively (Figure 3.4).
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Figure 3.4. Hydrocarbon product distribution (bars) and average rate of C—C bond scission
(blue circles) in the catalytic conversion of norm-CsoHs2

Reaction conditions: Pt/y-Al:O; (0.100 g, 1.5 wt % Pt), acidic alumina (0.100 g, CI-Al,Os: 1.8 wt%
Cl, or F-A1203: 1.3 wt % F), norm-CsoHe> (0.120 g), 12 h, 280°C. Green, Ci-¢; yellow,C7s; orange,
Ca6-29 and iso-Cso; brown, unreacted triacontane. The rate of C—C bond scission is defined in

Equation 3.1 (see section Rate of carbon—carbon bond scission in the Appendix II for details).

3.3.8. Apparent Turnover Frequencies
The rate law for polymer chain cleavage was also assessed using triacontane as a model
reactant. To investigate the contributions of LASs and BASs to the rate of C—C bond scission,

the mass of solid acid was varied, while the mass of Pt/y-Al,O3 was held constant. In each
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experiment, the metal-acid balance (np/nBas) was high enough to ensure operation at the

plateau in the acid-normalized rate (Figure A3.43), such that Pt-controlled reaction steps are

not rate determining.*’*® The results are shown in Table 3.4.

Table 3.4. Comparison of catalytic activities and yields for mono- vs. bifunctional catalyst

systems, in the tandem conversion of triacontane (norm-CzoHe2)

Pt catalyst ? Mass of acid catalyst

Yield (mol %)

Rate®
F-Al03 CI-ALO; norm- iso- aromatics ©
(umol h™)
(mg) (mg) alkanes ¢ alkanes ¢
Pt/y-ALLO3 - - 3.0(0.2) 102(1) 4(1) 5.9(2.6)
5 - 8.3 87 38 11.1
25 - 13.8(0.4) 83(1) 61 (4) 13.8(3.6)
50 - 23.1(2.4) 52(2) 124(9) 22.9(1.8)
100 - 33.7(2.1) 66(14) 149(24)  28.2(2.3)
- 25 7.7(1.6) 80(19) 42(13) 10.5(1.1)
- 50 9.6(0.4) 79(2) 48(4) 14.8(1.3)
- 100 15.7(1.8) 52(21) 96(15) 18.2(4.4)
Pt/SiO> - - 0.9 102 2 1.8
100 - 34.1 42 164 30.5
none 100 - 11.9(0.4) 100(6) 52(7) -
- 100 3.3(0.3) 96(2) 17(2) -
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?Reaction conditions: norm-CsHe, (0.120 g), Pt catalyst (0.100 g, 1.5 wt % Pt) alone or physically
mixed with various amounts of either F-ALL,Os3 (1.3 wt % F), or CI-AlOs (1.8 wt % Cl), 12 h at
280°C. Uncertainties (in parentheses) represent the standard deviation of duplicate experiments.

® Zeroth-order rate of C-C bond scission, Equation 3.1 (see section Rate of carbon-carbon bond
scission in the Appendix II for details).

°Yield of norm-alkanes, relative to the initial charge of norm-CsoHe: (see section Analysis of norm-
and iso-alkane yields in the Appendix II for details).

4Yield of iso-alkanes in the range Ci.30, relative to the initial charge of norm-CsHe,. For details,
see section Analysis of norm- and iso-alkane yields in the Appendix II.

¢ Yield of alkylaromatics (alkylbenzenes, -naphthalenes, and -phenanthrenes) in the liquid products,
relative to the initial charge of norm-CsoHe: (see section Analysis of aromatic yields and

substitution patterns in the Appendix II for details).

The rates correlate poorly with the number of LASs (weak, strong, or total), Figure A3.44.
They also correlate poorly with the numbers of weak and total BASs, Figure A3.45. However,
they do correlate approximately linearly with the number of strong BASs (Figure 3.5A, filled
points). This finding is consistent with other reports stating that Bronsted acidity controls the
rate of hydrocracking for both light hydrocarbons* and POs.!'* In the hydroconversion of
cetane (norm-Ci¢Haa), a fairly linear relationship between the rate of hydrocracking and the
amount of ultrastable zeolite Y (USY) was found.’® Although pyridine adsorption revealed no
strong Bronsted acidity for y-Al,O3 (Figure A3.10), the use of more basic DMP confirmed a
small number of strong BASs (Figure A3.13; Table A3.4) whose abundance adequately

accounts for the low rate of C—C bond cleavage over Pt/y-Al,Os (Figure 3.5A; Table 3.4).
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Therefore, this material is also a bifunctional catalyst. In contrast, Pt/SiO> has no strong BAS
and shows a very low activity toward norm-CsoHe> under the reaction conditions.

The slopes in Figure 3.5A are apparent turnover frequencies (TOFs). In the absence of Pt,
the halogenated aluminas alone give apparent TOF values that are ca. 3-fold lower than those
for the bifunctional catalysts. In addition, their selectivities are very different. Thus, the major
products of acid-catalyzed cracking are light (Cs-6) alkanes and alkenes, with negligible yields
of intermediate-chain-length hydrocarbons (C7—29, Table A3.8). Similar product distributions
were reported for acid-catalyzed cracking of long-chain alkanes at higher temperatures.*® In
contrast, physical mixtures of Pt/y-AlbO3 with halogenated aluminas gave average carbon
numbers of C.i5 in the liquid hydrocarbon fraction after 12 h (Table A3.10). The apparent
TOF for C—C bond scission by catalyst mixtures containing F is slightly higher on average
than for catalyst mixtures containing Cl (Figures 3.5A and A3.43), reflecting the higher
average acid strength of the sites in the F-containing materials.> However, while the acid
strengths of the strong BASs on different supports vary, Figure 3.5 shows that the main
difference between these catalysts is the number, not the nature, of the active sites. Otherwise,
separate linear correlations would be observed for each support, which is clearly not the case.
Similar analyses for the rates of bifunctional skeletal isomerization and aromatization lead to
apparent TOFs for the three major reaction types that decrease in the following order:
isomerization > C—C bond scission > aromatization (see section Apparent turnover

frequencies (TOFs) in the Appendix II).
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Figure 3.5. The number of strong Brensted acid sites controls the kinetics of triacontane
conversion. (A) The average rate of C—C bond scission, (B) the iso-alkane yield, and (C) the
aromatic yield.

Reaction conditions in Table 3.4. Abscissa error bars represent the standard deviation in the
measurement of the sum of the number of strong BASs contributed by each catalyst support (Table

3.3). Ordinate error bars represent standard deviations of duplicate reaction experiments.

3.3.9. Bifunctional Mechanism for Tandem PE Depolymerization

Both the acid-promoted rate enhancements and the changes in selectivity upon catalyst
halogenation are consistent with the bifunctional chain cleavage mechanism proposed in
Scheme 3.2A, where quasi-equilibrated Pt-catalyzed dehydrogenation precedes rate-
determining Brensted acid-catalyzed chain scission of the resulting alkenes.*’ Protonation by
a strong BAS leads to chain cleavage near a branch point owing to the greater stability of the
resulting secondary carbocation. After deprotonation, the resulting alkenes are
rehydrogenated at metal sites.

BASs are also known to catalyze skeletal isomerization of linear hydrocarbons.*>3!->? The
extent of isomerization was gauged from the iso-alkane yield in the hydrocarbons ranging
from Cs-30, Table 3.4. The yield of iso-alkanes increases monotonically with the number of
strong BASs (Figures 3.5B and A3.25) for both monofunctional (acid only) and bifunctional
(metal/acid) catalyst systems. This correlation suggests a second role for BASs in C—C bond
cleavage, because branch formation will increase the rate of B-scission.*’ The bifunctional

catalysts generate ca. 3-fold higher iso-alkane yields compared to the corresponding
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monofunctional acid catalysts. Note that the yields (and the TOFs derived from them)
represent minimum values because each iso-alkane may be the result of more than one
isomerization, and the alkylaromatic products can also contain branches. A bifunctional
mechanism for skeletal isomerization of norm-alkanes is proposed in Scheme 3.2B. Initial
dehydrogenation and protonation lead to a secondary carbenium ion, which rearranges via a
protonated cyclopropane intermediate to a tertiary carbenium ion.?! Finally, deprotonation and

rehydrogenation generate a branched alkane.
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Mechanisms for (A) Hz-induced chain cleavage adjacent to pre-existing branch points via metal acid-
catalyzed steps (overall, C—C bond hydrogenolysis), and (B) skeletal rearrangement to generate new branch

points (overall, alkane isomerization). In each case, the net reactions are highlighted in the gray boxes.
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The alkylaromatics yield from triacontane increases monotonically with the number of
strong BASs in the bifunctional catalyst systems (Figures 3.5C and A3.37; Tables 3.4 and
A3.11). While the higher H/C ratio of triacontane generates fewer alkylaromatics relative to
PE for the same number of C—C bond scission events, the trends in alkylaromatic yields are
the same. Control experiments using X-Al,03; (X = Cl, F) alone, without Pt, gave almost no
aromatic products, confirming that Pt is required. The amount of free H, present at the end of
each experiment corresponds well to the difference between the amount formed by
aromatization (source) and consumed by C—C bond scission (sink), indicating that these
processes represent the major forms of hydrogen redistribution (see section Hydrogen
balance in the Appendix II). The proposed bifunctional mechanism for forming aromatics
involves Pt-catalyzed dehydrogenation followed by acid catalyzed alkene cyclization,33-*

Scheme 3.3. Cyclization may occur to cyclohexanes directly, or to cyclopentanes followed by

ring expansion. Pt can then catalyze further dehydrogenation to yield alkylaromatic products.
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Scheme 3.3. Proposed bifunctional mechanism for the aromatization of polyethylene

fragments
Cyclization of a tri-substituted alkene is followed by cyclohexane dehydrogenation to give

methyldialkyl-substituted aromatics. The net reaction is highlighted in the gray box.

To identify the active sites for alkene cyclization, 1-octadecene was heated with either
Pt/Si10; or a Pt-free alumina (unmodified, or modified with either Cl or F) for 4 h at 280°C.
In the presence of Pt/SiO, , y-Al,O3, or Cl-AlOs, a '"H NMR peak at 5.40 ppm in the
hydrocarbon products indicated isomerization to internal alkenes (Figure A3.15). The
absence of aromatics was confirmed by the lack of signals between 6.5 and 9.0 ppm. In
contrast, the reaction catalyzed by F-Al,O; yielded aromatics in addition to internal alkenes,
implying that cyclization occurs more readily over its strong BAS. Aromatics were also
observed in the reaction catalyzed by Cl-Al,O3 when the reaction time was prolonged to 12 h.

Therefore, CI-AlO3 can catalyze alkene cyclization, but does so more slowly than F-ALOs.
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The higher catalytic activity of F-AlbO3 compared with Cl-Al,O3; in forming aromatics is
attributed to the higher BAS strength due to fluorination.’? Thus, it appears that alkene

cyclization/aromatization follows a bifunctional mechanism.

3.3.10. Active Site Proximity in Bifunctional Tandem PE Upcycling

The effect of physical proximity between the metal and acid sites in bifunctional
hydrocracking catalysts has been the subject of much investigation and discussion.” Acid
sites must intercept unsaturated hydrocarbon intermediates before they are rehydrogenated,
while metal sites must rehydrogenate the isomerized intermediates before they undergo acid-
catalyzed oligomerization. Weisz proposed a maximum distance requirement between metal
and acid sites (the so called intimacy criterion) so that hydrocracking activity is not impeded
by slow diffusion of unsaturated intermediates.’® Although some studies have shown that such
nanoscale proximity enhances catalyst performance,’’-*® others report no effect of separation
(from nm to mm scales).>® In a few cases, intimacy appears to be disadvantageous.®®%! The
lack of a benefit for nanoscale proximity in tandem PE aromatization is evident in the similar
behaviors of Pt/X-Al>O3 and physical mixtures of Pt/y-Al,O3 and X-Al,Os. The latter are
actually slightly faster at generating liquid phase hydrocarbons (Figure 3.2A), although the
difference is small. Because alumina consists of micron-sized particles, metal-acid distances
in the micron range must allow for effective cooperation in the tandem conversion of PE. The
absence of a proximity effect is consistent with the BASs being fully occupied by alkenes and

therefore with pseudo-zeroth-order behavior with respect to the hydrocarbon concentration.
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The mass action form of the rate law for PE depolymerization is therefore zeroth-order in Pt,

first-order in strong BASs, and zeroth-order in saturated C—C bonds, summarized as follows:

re-c = k np nas' ne.c® (3.2)

These findings suggested that non-acidic Pt/SiO» could be an effective component of a
bifunctional catalyst if combined with an acidic alumina. Indeed, when Pt/Si0; (0.100 g)
wasmixed with F-AbO3 (0.100 g, 1.3 wt% F), the value of rc_c in the tandem conversion of
triacontane increased dramatically from 1 to 34 umol h!, and the aromatic yield increased
from 2 to 30 mol % (Table 3.4). Although each component is individually a poor catalyst, in
combination they became the most effective catalytic system tested here (Figure 3.5). The
validated prediction illustrates the power of mechanistic and kinetic understanding in rational

catalyst design.

3.4. Conclusion

This study illuminates the complementary roles of metal and acid sites in the tandem
conversion of PE to long-chain alkylaromatics. At 280°C, Pt/Cl-Al,O3 and Pt/F-AlO3 are
more effective catalysts than Pt/y-AlOs, giving much higher average rates of C—C bond
cleavage, skeletal isomerization, and alkylaromatic formation from triacontane. The rates of
each type of transformation correlate linearly with the number of strong BASs. Pt sites are
principally responsible for alkane hydrogenation/dehydrogenation, while strong BASs

protonate alkenes to give carbenium ions that undergo C—C bond cleavage and isomerization,
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as well as cyclization. Nanoscale proximity between Pt and BAS is not required to convert
alkanes to alkylaromatics. Thus, a physical mixture of Pt/y-Al,O3 and F- Al,O3 shows similar
activity to Pt/F-Al,Os, and addition of F-AlbO3 to Pt/SiO> makes for a highly effective
bifunctional tandem catalyst.

Effective bifunctional catalysts maximize both activity and selectivity. Although
increased acidity results in faster PE conversion and a higher fraction of alkylaromatics in the
molecular weight range desired for use as surfactants and lubricants (Cis-22), strongly acidic
catalysts also produce more low-value gases, polyaromatics, and coke during PE upcycling.
Future development of this process to obtain valuable alkylaromatics from waste PE will need
to further minimize their formation, as well as address the impact of inorganic fillers, organic
additives, and other polymers, which are typically present in post-consumer plastic waste.
Furthermore, the surfactant properties of the PE-derived alkylaromatics upon sulfonation, as

well as their biodegradability, remain to be explored.

3.5. Simplified Experimental Procedures
3.5.1. Catalyst Synthesis
CI-AlLO3 was synthesized by passing a stream of CCls vapor through a bed of y-Al,O3 at
300°C. F-AlOs was synthesized by incipient wetness impregnation of y-Al,O3 with an
aqueous solution of NH4F, followed by calcination at 550°C. Various synthesis methods were
required to ensure fairly constant Pt dispersion. Pt/y-Al,O3 (1.5 wt % Pt) and Pt/F-ALLO3 (1.6

wt % Pt) were synthesized by chemical vapor deposition of CpPtMe3, followed by reduction

in Hy at 280°C. Pt/Cl-ALLO3; (1.5 wt % Pt) was synthesized by co-impregnation of
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[Pt(NH3)4](NO3) and HCI onto y-Al,O3 followed by calcination and reduction in H» (both at
500°C). Pt/SiO2 (1.5 wt % Pt) was synthesized by incipient wetness impregnation of
[Pt(NH3)4](NOs)> followed by calcination and reduction in H» (both at 350°C). Pt/Si0,, Pt/y-
ALO;3, Pt/Si02-Al,03, and Pt/HZSM-5 (all 1.0 wt % Pt) were synthesized by impregnation of

H,PtCls-6H2O, followed by calcination at 500°C and reduction in H» at 350°C.

3.5.2. Catalytic Conversion of Polyethylene

PE and a Hx-reduced Pt catalyst, with or without added acid catalyst, were loaded into a
stainless steel autoclave inside an Ar-filled glove-box. The contents were magnetically stirred
at 280°C =+ 5°C for the desired reaction time, then the reaction was quenched by immersing
the reactor in a room-temperature water bath. Volatile hydrocarbon products sampled from
the reactor headspace were characterized by GC-FID, using propene added as an internal
standard via gas-tight syringe. Liquid hydrocarbon products were extracted from the reactor
using CH>Cl, (10 mL) and filtered. The filtrate was analyzed by GC-FID to quantify Ces-13
hydrocarbons. After solvent removal under reduced pressure (0.1 Torr, 1 h), a portion of the
liquid (2 mg) was dissolved in 1,1,2,2-tetrachloroethane-d> for 'H NMR analysis. Another
portion (6—7 mg) was dissolved in CHCI3 containing 0.25 vol % triethylamine (1.5 mL) for
GPC analysis. Insoluble material remaining on the frit, including the catalyst and insoluble

hydrocarbons, was recovered and weighed.
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3.8. Appendix II

3.8.1. Materials

Trimethyl(cyclopentadienyl)platinum (CpPtMes, 99%) and y-AlLO; (Lot 35231600,
B.E.T. surface area 186 m? g!, pore volume 0.50 cm® g') were purchased from Strem.
Chloroplatinic acid hexahydrate (H2PtCls-6H20), tetraammineplatinum(Il) nitrate
([Pt(NH3)4](NO3)2, 50.0+% Pt basis), ammonium fluoride (> 98.0%), pyridine (anhydrous,
99.8%), 2,6-dimethylpyridine (DMP, 99%), triacontane (norm-CsoHe2, 98%), n-octadecane
(norm-CisHzgs, 99%), 1-octadecene (= 95.0%), carbon tetrachloride (99.9%), a standard Pt
solution containing (976 + 2) mg Pt/kg in 5% w/w HCI, di-tert-butylhydroxytoluene (> 99%),

chromium(IIl) acetylacetonate (Cr(acac);, 99.99%), and polyethylene of two different
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molecular weights (Lots SKU 427772 and SKU 427799), and a standard mixture of saturated
alkanes (C7 - C40, certified reference material, 1000 ug/mL each component in hexane) were
all purchased from Sigma-Aldrich. HPLC-grade water, HPLC-grade hexanes, HPLC-grade
triethylamine, HPLC-grade 1,2,4-trichlorobenzene, and carbon disulfide (= 99.9%) were
purchased from Fisher Chemicals. 1,1,2,2-Tetrachloroethane-d> (TCE-d2, > 99.5 at% D) was
purchased from Cambridge Isotope Laboratories. Chloroform (HPLC grade, OmniSolv®,
CX1054-6), nitric acid (68.0-70.0 wt%), and hydrochloric acid (36.5-38.0 wt%) were obtained
from EMD Millipore Corp.

Silica (Sylopol 952, B.E.T. surface area 249 m? g~!, 33 um particle size, pore volume 1.61
mL g'), silica—alumina (Davicat 3113, 7.6 wt % Al, B.E.T. surface area 573 m?> g, pore
volume 0.76 cm?® g'), HZSM-5 (FCC catalyst formulation, Lot 2010228, 33.8 wt% Al,O3)
were obtained from Grace-Davison.

H> (5.048 vol% in Ar, Airgas Certified Standard) was purified by passing through 13X
molecular sieves and BTS catalyst (Sigma Aldrich) before its use for Pt reduction. Propene
(99.8%) was obtained from PRAXAIr. Argon (UHP) was purchased from Airgas. H> (4.976
vol% in He, Airgas Certified Standard) and Oz (99.999%, Airgas) were used to regenerate
catalysts post-reaction. Carbon monoxide (9.890 vol% in He, Airgas Certified Standard) was

used in pulsed CO chemisorption.

3.8.2. Detailed Experimental Procedures
3.8.2.1.  Catalyst Synthesis

3.8.2.1.1. Preparation of Catalyst Supports
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Unmodified supports (SiO>, y-Al>03, SiO2»-Al:03, and HZSM-5). Prior to Pt deposition,
each unmodified support (1.50 g) was calcined in air in a temperature-controlled muffle
furnace (Thermo Scientific Lindberg/Blue M BF51848C) at 500°C for 4 h.

Chlorinated alumina (CI-Al>0;). Calcined y-AlOs (1.50 g) was dehydrated at ca. 1072
Torr and 400°C for 8 h. After cooling to room temperature, CCls-saturated Ar (5 mL min™)
was flowed through the bed as the temperature was ramped to 300°C at a rate of 2°C min™',
then held at that temperature for 1 h. The resulting material (denoted CI-Al,O3) was evacuated
at ca. 102 Torr and 400°C for 8 h to remove weakly-bound surface species.! The Cl loading
was determined by flask combustion/ion chromatography (Atlantic Microlab, Inc., Norcross,
GA) to be 1.8 wt%.

Fluorinated alumina (F-A1>03). Calcined y-Al,O3 (1.50 g) was combined with an aqueous
solution (0.6 mL, roughly corresponding to the pore volume) of NH4F (either 43.8 or 87.6
mg). The mixture was dried in air in an oven at 80°C for 2 h, followed by ramping the
temperature to 550°C at a rate of 2°C min™' and holding for 5 h. The resulting materials were
evacuated at ca. 102 Torr and 400°C for 8 h to remove weakly-bound surface species. F
loadings were determined by flask combustion/ion chromatography (Atlantic Microlab, Inc.,

Norcross, GA) to be 0.8 and 1.3 wt %.2

3.8.2.1.2. Synthesis of Supported Pt Catalysts
All supported Pt catalysts containing 1.0 wt% Pt were prepared by incipient wetness
impregnation. Each support (1.50 g) was mixed with the appropriate pore volume of an

aqueous solution containing HoPtCls-6H>0O (39.9 mg), followed by drying in air in an oven at
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80°C for 2 h. The solid was calcined in static air by heating to 500°C at a rate of 2°C min’! in
a muffle furnace. After 3 h, the material was reduced in flowing H> (5.0 vol% in Ar, 30 mL
min’") as the temperature was ramped at 2°C min™!' to 350°C, where it was held for 2 h. The
reactor was cooled to room temperature in flowing H,, then evacuated at ca. 10 Torr for 30
min.

As a control for comparison to prior work,® Pt/y-AOs containing 1.5 wt% Pt was
synthesized by chemical vapor deposition. Calcined y-Al,O3 (1.20 g) was evacuated at ca.1072
Torr and 400°C for 12 h. CpPtMes (35 mg) was deposited onto the dry y-Al,O3; at room
temperature, followed by reduction by heating in flowing H> (5.0 vol% in Ar) from room
temperature at a ramp rate of 2°C min™!' to 280°C, then holding at this temperature for 2 h.
The reactor was cooled to room temperature in flowing H», then evacuated for 30 min.

Pt/Si02 containing 1.5 wt% Pt was synthesized by incipient wetness impregnation.
Calcined SiO> (1.50 g) was mixed with an aqueous solution (1.5 mL) containing
[Pt(NH3)4](NO3)2 (45.0 mg), followed by drying in static air in an oven at 80°C for 2 h then
calcination by heating at a rate of 2°C min™! and holding at 350°C for 3 h to decompose the
Pt complex.* The resulting material was reduced by heating at a rate of 2°C min™! in flowing
H> (5.0 vol% in Ar) to 350°C, then holding at that temperature for 2 h. Finally, the reactor
was cooled to room temperature in flowing Ha, then evacuated at ca. 10~ Torr for 30 min.

Pt/Cl-AlO3 containing 1.5 wt% Pt and 1.4 wt% CI was synthesized by incipient
wetness impregnation, following a previously described method.> Calcined y-Al>,03 (1.50
g) was mixed with an aqueous solution (0.6 mL) containing [Pt(NH3)4](NO3)2 (45.0 mg)

and HCI (130.0 mg), followed by drying in air in an oven at 80°C for 2 h then calcination
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in air by heating to 500°C at a rate of 2°C min' and holding for 3 h. After cooling to RT,
the material was reduced by heating to 500°C at a rate of 2°C/min in flowing H> (5.0 vol%
in Ar), then holding at that temperature for 2 h. Finally, the sample was evacuated at ca. 10
2 Torr and room temperature for 30 min.

Pt/F-AlbO3 containing 1.6 wt% Pt was synthesized by chemical vapor deposition of
CpPtMe; (35 mg) onto F-ALOs (1.3 g, 0.8 wt% F), followed by reduction by heating to
280°C at a rate of 2°C min™! in flowing H> (5.0 vol% in Ar), then holding for 2 h.3 This
method was found to give better dispersed Pt NPs compared with simultaneous incipient
wetness impregnation of [Pt(NH3)4](NOs3)> and NH4F.

All freshly-reduced catalysts were protected from air exposure by storage in an Ar-

filled glovebox prior to further characterization or use.

3.8.2.2. Characterization of Pt Catalysts
3.8.2.2.1. Pt Analysis
Pt analysis was performed using Inductively-Coupled Plasma (ICP) — Optical Emission
Spectrometry (ICP-OES), on a Thermo iCAP 6300. The calibration curve in Figure A3.1
was constructed using a standard Pt solution, prepared by diluting the commercial Pt
standard with homemade aqua regia (5 vol%) in HPLC-grade water. In general, Pt was
extracted from catalyst samples following a literature procedure,® involving stirring in aqua
regia at 75°C for 30 min. To ensure complete digestion of Pt, the extraction method was
modified by allowing the suspensions to stand at room temperature for an additional 12 h.

The suspensions were then filtered through a syringe filter (pore size 0.2 mm). The solid
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residues were washed three times with HPLC-grade H>O. The filtrate and washings were
combined and diluted with aqua regia (5 vol % in water), then analyzed by ICP-OES. Pt

loadings are summarized in Table A3.1.

2.0x10* F  y=(434+1)x
R2 = 0.999

1.5x10* |
2
‘D
5
£ 1.0x10* -

5.0x10°% -

O_O....I....I....l....l‘...
0 10 20 30 40 50

Pt concentration (ppm)
Figure A3.1. A typical calibration curve showing the ICP-OES response of Pt at 203.646
nm, using standard Pt solutions in aqua regia (5 vol% in water). The line is the least-squares

fit of the equation y = mx to the data.
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Table A3.1. Pt loadings of various catalysts, measured by ICP-OES

Catalyst? Nominal Pt Loading (wt%) Measured Pt Loading (wt%) "
Pt/ZSM-5 0.99 0.96
Pt/S102-AL,03 0.99 0.97
Pt/y-AlLO3 0.99 1.02
Pt/y-Al,O3 1.82 1.52
Pt/Si02 0.99 0.97
Pt/S10, ¢ 1.48 1.49
Pt/Cl-ALO3 1.48 1.46
Pt/F-ALO; 1.69 1.56
Pt/F-ALO;3 ¢ 1.54
Pt/F-ALO; © 1.53

* Pt was extracted in aqua regia, except where noted.

® Average of results calculated using the Pt spectral lines at 214.423 and 203.646 nm.

¢ Catalyst was digested in HF/aqua regia (v:v = 1:1).

4 Recycled once, after catalyzing the reaction of PE (M, = 3.5 x 10° g mol™', = 1.9, 120 mg) for 8
h at 280°C.

¢ Recycled twice, after catalyzing another reaction of PE (M, = 3.5 x 10* g mol™, D =1.9, 120 mg)

for 8 h at 280°C.

For some catalysts, the amount of Pt extracted by aqua regia was much lower than the

nominal loading. Therefore, HF/aqua regia (viv = 1:1) was used at 75°C for 30 min to
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completely digest the SiO» and extract the Pt, based on previously described methods.”® The
resulting solution was allowed to stand at room temperature for 12 h, then filtered through a
syringe filter (pore size 0.2 mm) and washed three times with HPLC-grade H>O (ca. 3 mL).
The filtrate and washings were combined and diluted with HF/aqua regia (5% v:v in water)
and analyzed by ICP-OES. A new calibration curve was constructed using standard Pt
solutions, prepared from the commercial Pt standard diluted in a mixture of HF/aqua regia in

HPLC-grade water (5% v:v in water).

3.8.2.2.2. Pt Dispersion

Accessible Pt surface areas in the fresh and recycled catalysts were measured by CO
chemisorption, using a Micrometrics Autochem ii 2920. The catalyst (ca. 40 mg) was placed
on a plug of glass wool in a U-shaped quartz reactor. A thermocouple was attached to the
outside of the reactor, at the level of the middle of the bed. Complete reduction of the catalyst
was ensured activated by heating in flowing H> (5.0 mol% in He) at a rate of 5°C min™' to
200°C, then held for 1 h before switching to He flow then cooling to room temperature. The
catalyst was subjected to 30 pulses of CO (9.9 vol% in He, 124 mL each at 110°C). The
amount of CO not adsorbed in each pulse was measured using a TCD detector. The Pt surface
area (SA, m? gpi'!), Pt dispersion (D, %), and average nanoparticle size (nm), were calculated
using eqs A3.1-A3.3, assuming hemispherical Pt nanoparticles. The results are summarized

in Table A3.2.

SAPt (m2 gPt_l) = (Sf NA SAcross Vad) / (m W Vm) (A3 1)
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D= (St M Vaa) / (m W Vi) x 100% (A3.2)

Pt nanoparticle size = 6/(dpt SApt) (A3.3)

where the stoichiometric factor Sy (molar ratio CO/Ptsurface) Was assumed to be unity. Ny =
Avogadro’s number, SAcross = Pt cross-sectional area = 8.0 x 1072° m?, dp; = density of Pt =
2.145 x 1072° g nm™3, Vaqg = volume of chemisorbed CO under STP conditions (mL), m =
sample mass (g), W = weight fraction of Pt in the sample, as determined by ICP-OES
(gpv/Zsample), W = Pt atomic weight = 195.1 g mol!, ¥,, = molar volume of CO = 22.4 L mol™!

at STP.

Table A3.2. Characterization of Pt nanoparticles in fresh and recycled catalysts

Catalyst State Loading Surface Area Dispersion  Avg NP size
(Wt%) (m* gpc") (Y0) (nm)
Pt/HZSM-5 fresh 0.96 97 41 2.8
Pt/S10,- fresh 0.97 107 43 2.6
ALO;
Pt/y-Al,03 fresh 1.02 168 68 1.7
Pt/Si10, fresh 0.97 108 44 2.6
Pt/S10, fresh 1.54 209 85 1.3
recycled ? 144 58 1.9
Pt/y-Al,03 fresh 1.52 215 87 1.3
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recycled 2 197 80 1.4

Pt/CI- fresh 1.46 202 82 1.4
Al,O3

Pt/F-Al>,03 fresh 1.56 172 70 1.6
Pt/F-Al,O;  recycled ® 1.54 145 59 1.9
Pt/F-Al,O3 twice-recycled 1.53 141 57 2.0

C

* Recycled catalysts were removed from the reactor after converting norm-CsoHe, for 12 h at 280°C.
The catalysts were washed with CS; and isolated by filtration, evacuated overnight at 0.1 Torr,
followed by calcination at 400°C in flowing O, and reduction in H; at 280°C. Pt loading was assumed
to be the same as for the fresh catalyst.

® Recycled catalyst was removed from the reactor after converting PE (M, = 3.5 x 10° g mol™!, P =
1.9) for 8 h at 280°C. The solid was washed with CH,Cl, and isolated by filtration, evacuated overnight
at 0.1 Torr, followed by calcination at 500°C in flowing O, and reduction in H; at 280°C.

¢ Twice-recycled catalyst was removed from the reactor after converting PE (M, = 3.5 x 10* g mol™,
D =1.9) for 8 h at 280°C. The solid was washed with CH>Cl, and isolated by filtration, evacuated

overnight at 0.1 Torr followed by calcination at S00°C in flowing O, and reduction in H; at 280°C.

To assess changes in the accessible Pt surface area for Pt/y-Al,O3; and Pt/SiO> due to their
use in catalyzing reactions with norm-CsoHs2, CO chemisorption was performed directly on
the catalysts recovered from the reactor. The Pt dispersion appeared to decrease dramatically
for the recovered catalysts. However, we suspected the accuracy of the measurement was

impacted by the presence of residual solvent (CS.) used in extraction of the hydrocarbons.
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Therefore, the recovered catalysts were calcined in flowing O> while heating to 400°C at a
ramp rate of 5°C min™' and holding at 400°C for 2 h. After cooling to room temperature, the
catalysts were re-reduced prior to performing CO chemisorption measurements. The Pt
dispersion of Pt/y—Al>,O3 decreased only slightly, from 87 to 80 %, after catalyst regeneration.
In contrast, the Pt dispersion of Pt/SiO, decreased much more, from 85 to 58 %. Nevertheless,
this change in Pt dispersion cannot account for the dramatically lower catalytic activity
compared with Pt/y-Al,O3 (Table 3.4).

Pt/F-ALbO3 collected after its use in a reaction with PE was calcined in Oz at 500°C
followed by reduction in H» at 280°C to remove coke and unreacted PE (see section 3.9.2.10
details on catalyst recycling). After the first recycle, the Pt dispersion of the regenerated
catalyst decreased from 70 to 59 %, and the average particle size increased to 1.9 nm,
consistent with the observation of larger Pt particles by TEM (Figure A3.5). The Pt dispersion

was essentially unchanged after the second recycle, at 57 %.

3.8.2.2.3. Analysis of Pt Nanoparticle Size by Transmission Electron

Microscopy
TEM images of catalysts were obtained using a ThermoFisher Talos F200X. Pt particle
sizes were estimated by analysis of the high angle annular dark field (HAADF) images. Pt/Cl-
ALO; (1.5 wt% Pt) )and Pt/F-Al>O3 (1.6 wt% Pt) contain particles with average sizes of (1.0
+0.1)nm and (1.1 £0.2) nm, respectively (Figures A3.2 and A3.3). Both are smaller relative
to the values estimated by CO chemisorption (Table A3.2). An overestimation of Pt particle

size by CO chemisorption compared with TEM has been reported elsewhere for Pt/C in the
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presence of Cl,” where surface Cl preventing CO chemisorption. The average Pt particle size
in Pt/F-AlbO3 recovered from a PE upgrading reaction at 280°C for 8 h is still (1.1 =0.2) nm
before calcination (Figure A3.4). After calcination at 500°C followed by reduction in H» at
280°C, larger Pt particles (> 3 nm) are present but the distribution is still dominated by small
particles (ca. 1 nm, Figure A3.5a), which is possibly due to Pt particle aggregation during the
high temperature calcination. Nevertheless, the number-averaged Pt particle size increased

only slightly, to (1.3 = 0.3) nm (Figure A3.5b).
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Figure A3.2. (a) HAADF-STEM image, and (b) Pt particle size histogram, for fresh, reduced
Pt/Cl-AlLO3 (1.5 wt% Pt). The average nanoparticle size, obtained by fitting a Gaussian

function to the distribution, is (1.0 £ 0.1) nm.
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Figure A3.3. (a) HAADF-STEM image, and (b) Pt particle size histogram, for fresh, reduced
Pt/F-ALO; (1.6 wt% Pt). The average nanoparticle size, obtained by fitting a Gaussian

function to the distribution, is (1.1 £ 0.2) nm.
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Figure A3.4. (a) HAADF-STEM image, and (b) Pt particle size histogram, for Pt/F-Al,O3
(1.6 wt% Pt), recovered after catalyzing the reaction of PE (My = 3.5 x 10° g mol™!, B =1.9)

at 280°C for 8 h. The average nanoparticle size, obtained by fitting a Gaussian function to the

distribution, is (1.1 £ 0.2) nm.
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Figure A3.5. (a) HAADF-STEM image, and (b) Pt particle size histogram, for Pt/F-Al,O3
(1.6 wt% Pt), recovered after catalyzing the reaction of PE (My = 3.5 x 10° g mol™!, B =1.9)
at 280°C for 8 h followed by calcination in flowing O, at 500°C and reduction in flowing H»
at 280°C. The average nanoparticle size, obtained by fitting a Gaussian function to the

distribution, is (1.3 £ 0.3) nm.

3.8.2.3.  Surface Characterization of Halogenated Aluminas and Supported

Pt Catalysts
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3.8.2.3.1. Physicochemical = Characterization of Halogenated
Aluminas

N> adsorption/desorption isotherms for halogenated aluminas were measured at —196°C
using a Micromeritics 3Flex Porosimeter, and compared to data for unmodified y—alumina
(Figure A3.6). The appropriate cross-sectional area for an N> molecule adsorbed on a
hydroxyl-terminated surface is 0.143 nm?.!° All the aluminas have similar textural properties,
with mesopores in the 4 nm range, mesopore volumes of ca. 0.4 cm® g!, and negligible
micropore volumes (<0.01 ¢cm?® g!). Physicochemical properties are summarized in Table

A3.3.
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Figure A3.6. N, adsorption/desorption isotherms, measured at 77 K, for y—AlO3 (black

circles), CI-ALO3 (1.8 wt% Cl, green squares) and F-Al,O; (1.3 wt% F, red diamonds).

Table A3.3. Physicochemical properties of halogenated aluminas
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Material B.E.T. Surface Pore Size Pore Volume X Density

Area (m? g") (nm)* (em? g1y? (at. nm?)y
v-ALOs 202 44 0.44 }
Cl-ALO; 191 4.4 0.42 1.6
(1.8 wt% Cl)

F-ALOs 183 4.6 0.42 2.2

(1.3 wt% F)

 Calculated by the Barrett-Joyner-Halenda (B.J.H.) method, using the desorption branch of the N>
isotherm.
® Determined at P/Po = 0.99.

¢Calculated as X loading/B.E.T. surface area.

IR spectra were acquired using thin self-supporting pellets (5-mm diameter), pressed
inside an Ar-filled glovebox. Spectra were recorded using a Bruker Alpha FTIR spectrometer
over the range 4000—400 cm™! at a resolution of 2 cm™!, accumulating 64 scans. The
absorbance was normalized by the precise sample mass. Pristine y—Al>O3 shows characteristic
O-H stretching modes at 3790 and 3773 cm™!' (Figure A3.7) that are associated with terminal
(basic) OH groups, while bridging (acidic) OH groups appear at 3730 and 3680 cm™.!!

Halogenation leads to partial hydroxyl replacement by halide. The replacement of terminal

OH groups is thermodynamically preferred.'?
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Figure A3.7. Transmission IR spectra of y—Al>O; (black), Cl-AlO3 (1.8 wt% Cl, green),
and F-ALOs (1.3 wt% F, red), recorded at room temperature after dehydration at ca. 10~
Torr and 400°C for 8 h. All spectra are normalized by mass relative to the mass of y-Al,O3

(6.0 mg).

3.8.2.3.2. IR Characterization of Catalyst Acidity
Calibration curves. Lewis and Bronsted acidity were measured by adsorption of pyridine
and 2,6-dimethylpyridine (DMP), respectively. Calibration curves were constructed for each
probe molecule following a literature procedure,'® as described below.
A precisely weighed sample of dry y—AlOs (ca. 80 mg, of precisely weighed mass m)
was transferred to a Schlenk tube inside a N»-filled glovebox. The Schlenk tube was sealed
and removed from glovebox and connected to a high vacuum line. The tube was evacuated at

ca. 10”2 Torr and 400°C for 2 h, then cooled to room temperature. A known amount of pyridine
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(5.5 - 16.4 mmol, npy) was introduced into the Schlenk tube. The solid was then transferred
into an Ar-filled glovebox, where ca. 10 mg (of precisely weighed mass m») was pressed into
a thin, self-supporting pellet (5 mm diameter, D). The IR spectrum was recorded and the
absorbance was normalized by the precise sample mass.

When the pyridine loading is low (<250 mmol g*!), the mid-IR spectrum is dominated by
bands at ca. 1625, 1575, 1495 and 1455 cm’!, corresponding to the vsa, Vsb, Vioa, and viop
modes, respectively, of pyridine interacting with Lewis acid sites (LAS). Weaker bands at ca.
1597 em™! (vsy) and 1440 cm™' (vi9p) are also present, corresponding to hydrogen-bonded
pyridine.'* No peaks associated with pyridinium ion (pyH") at 1545 cm™" (vi9b) or 1638 cm™!
(vga) were observed.

The IR region centered at ca. 1450 cm’! contains three peaks at 1455, 1450, and 1443 cm
' (Figure A3.8a). The first two peaks correspond to the vi9, mode of pyridine interacting with
strong and weak LAS, respectively, while the third is due to the viop mode of H-bonded
pyridine.'*!5 The combined areas of peaks at 1455 and 1450 cm™!, Apy-1as, is proportional to

the amount of LAS-adsorbed pyridine according to Beer’s law, eq A3.4.

A — ] (Per=las) 1 . — (2 .
py—LAS = €py—LAS 51 —g(gpy—LAs npy—LAS) = \p2 (gpy—LAS npy—LAS)

(A3.4)

where epy.Las 1s the combined apparent integrated molar extinction coefficient for the two
peaks; [, S, and D are the disk thickness, its cross-sectional area, and diameter, respectively,

and npy-Las 1s the amount of LAS-adsorbed pyridine on a disk of mass m. Since the IR beam
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does not sample the entire disk, the extinction coefficient is an apparent rather than a true
value. However, when all experiments use the same disk size and IR beamspot size, the
apparent value is proportional to the true value and can be used instead. A similar equation
involving Apy-n and epy-n can be written for the peak at 1443 cm™!, eq A3.5, resulting in the

expression for the total integrated absorbance in the region shown in eq A3.6:

4
Apy-n = (5) (gpy—H ' npy—H) (A3.5)

4
Atotar = Apy—LAS + Apy—H = (m) (Epy—LAS "Npy-ras T Epy—n - npy—H) (A3.6)

Since epy-n 1s unknown, we assumed epy-Las = epy-H to obtain eq A3.7:

4EHN—
Atotal = ( - LAS) (Mpy—-ras + Npy—n) (A3.7)

D2

The relationship between npy.Las and the total amount of pyridine (npy) added to the

original powder of mass m; is given in eq A3.8:
Npy = (m1/ m2) (npy-Las + npy-n) (A3.8)

Measurement of A for several values of npy gave the calibration curve in Figure

A3.8b, with slope k = 4 e m?/ p D> my. Finally, epy-1as was calculated using eq A3.9:
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epy-Las =T D? kmi/ 4 my (A3.9)

The measured value of epy-ras = (1.31 + 0.06) cm mmol! is consistent with previously

reported values (1.11 and 1.45 cm mmol!).'6!7
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Figure A3.8. (a) Portion of the IR spectrum for pyridine (6.0 - 18.7 mmol) adsorbed on v-
AlO3 (80 mg), and (b) calibration curve based on the combined peak areas at 1450 and 1455

cm’!. The line is the linear least-squares fit of the equation y = kx to the data.

The apparent extinction coefficient determined above for pyridine adsorbed on the LAS
of v—AlO3 was used to obtain the apparent extinction coefficient for pyridine adsorbed on
BAS of acidic aluminas, forming pyH" (1545 cm™"), since the ratio of extinction coefficients
epy-Las/epyi” is known (1.32),'% and is reported to be independent of the catalyst and acid site

strength.!>!* The value of epyn™ is therefore (1.01 + 0.05) cm mmol-'.
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Pyridine is unable to probe the Bronsted acidity of y—Al:Os;. The more basic 2,6-
dimethylpyridine (DMP) is better suited for measuring BAS, forming DMPH" on strong BAS
and H-bonded DMP-H on weak BAS.!® It is also bulkier than pyridine, and therefore interacts
more selectively with BAS in the presence of LAS. The procedure described above for
pyridine adsorption was repeated by adsorbing precise amounts of DMP (npmp) onto dry F-
AL O3 (1.3 wt% F). When the DMP loading is low (<25 mmol g!), the IR spectrum in the
range 1680 — 1560 cm™' shows mostly (> 87% of total peak area) bands at ca. 1650 and 1630
cm’!, corresponding to the vs, and vs, modes, respectively, of DMP interacting with BAS to
form DMPH" (Figure A3.9a).'%2%2! Minor peaks at ca. 1617 cm™' (vsa) and 1580 cm™! (viob)
are also present, corresponding to DMP interacting with LAS.!%-2021

Eq A3.10 shows the relationship between the total amount of DMP (npmp) added to the
original powder of mass m1, the disk of mass m>, the amount of DMP adsorbed on BAS

forming DMPH" on m> (npmpr’), and the amount of DMP adsorbed on LAS (npwmp-Las):

m m NpMP—-LAS
Npmp = m_: (Mpypu+ + Npmp-ras) = m_: "Npypy+ - (1 + m) (A3.10)

To obtain npmpu®, the ratio npmp-Las/mompn’ is obtained using the reported!® ratio of

extinction coefficients epmpu+/epmp-Las = 1.54, eq A3.11:

NDMP-LAS _ ApMP-LAS " EpypHt —154- ApMP-LAS (A3.11)
Npmpu+t  EDMP-LAS Apypp+ ApmpH+
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Combining eqs A3.10 and A3.11 gives np,,py+, according to eq A3.12:

my NpMP—-LAS my Nnpmp
n +=nDMP-—/(1+—)=—- = (A3.12)
DMPH my [ —. My 141.54 - ADMP-LAS
ApmpPH*

The IR spectrum was deconvoluted into several Gaussian peaks, located at 1650, 1630,
1617, and 1580 cm™! (and constrained to be these frequencies within = 3 cm™). Apmpn+ is the
sum of the areas of the peaks at 1650 and 1630 cm™!, while Apmp-Las is the area of the peak at
1617 cm’. The dependence of Apmpr* on npmen+ gave the calibration curve in Figure A3.9b,

described by eq A3.13:

4¢e +
Apypu+ = (%) Npmph+ (A3.13)

where £ is the slope of the calibration curve. Finally, epmpu+ was calculated using eq

A3.14:
eompr+ = Tt D? k /4 (A3.14)
The measured value of epmpr+ = (6.9 + 0.3) cm mmol™! is consistent with a previously

reported value (6.8 cm mmol!).!” The extinction coefficient for the peak at 1605 cm,

representing DMP adsorption on weak BAS to give hydrogen-bonded DMP (DMP-H), was
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obtained using the reported ratio of extinction coefficients for DMPH* and DMP-H (3.6)."°

The value for DMP-H is therefore (1.93 + 0.07) cm mmol'.
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Figure A3.9. (a) Portion of the IR spectrum showing various amounts (0.08 — 0.29 mmol)
DMP adsorbed on the BAS (DMPH") and LAS (DMP-LAS) of F-A1,03 (10 mg, 1.3 wt% F),
and (b) calibration curve based on the integrated IR absorbance of the peaks at 1650 (vsa of
DMPH") and 1630 cm™! (vs, of DMPH™"). The line is a linear least-squares fit of the equation
y = kx to the data. The insert in (a) shows the peak deconvolution, performed using four
Gaussian peaks, at 1650 (orange), 1630 (orange), 1617 (green), and 1580 (green) cm’!, and

their sum (red dashed line).

Quantification of LAS. To distinguish between strong and weak LAS, adsorption of
pyridine was followed by desorption at either 150 or 350°C. Each catalyst (ca. 80 mg) was
dried by evacuation at ca. 10> Torr and 400°C for 2 h, then cooled to room temperature.

Excess pyridine vapor was introduced at room temperature and allowed to equilibrate for 15
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min. The mixture was then evacuated at ca. 10 Torr for 30 min while heating to remove
physisorbed pyridine (150°C) or physisorbed and weakly chemisorbed pyridine (350°C).
Pyridine still adsorbed after heating at 350°C was used to obtain the number of strong LAS,
while the difference between the amounts of pyridine remaining adsorbed after heating at 150
or 350°C represents the number of weak LAS (Figures A3.10-A3.11, A3.14).'° The results

are shown in Tables 3.2-3.3.

absorbance

1750 A 17100 ‘ 16150 ‘ 16100 ‘ 15150 ‘ 15100 ‘ 14150 A 1400
wavenumber (cm™')

Figure A3.10. IR spectra of (a) Pt/HZSM-5 (1.0 wt% Pt, red), (b) Pt/SiO2-Al,03 (1.0 wt% Pt,

blue), (c) Pt/y-Al203 (1.0 wt% Pt, green), and (d) Pt/SiO2 (1.0 wt% Pt, black), each recorded

after adsorption of excess pyridine at room temperature, followed by desorption at 150°C and

ca. 102 Torr for 30 min. All spectra are normalized by mass relative to Pt/y—A1O3 (10.0 mg),

and are offset vertically for clarity. The broad band at 1630 cm™ in the spectra of the silica-

containing materials (a, b, d) corresponds to a silica lattice overtone.??
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Figure A3.11. IR spectra of (a) F-Al>O3, (b) CI-AlxO3, and (¢) y-Al>O3, recorded after pyridine
adsorption at room temperature, followed by desorption at either 150°C (black) or 350°C (red)
at ca. 10”2 Torr for 30 min. All spectra are normalized by mass relative to y-Al,O3 (10.0 mg),

and are offset vertically for clarity.

Quantification of BAS. To distinguish between weak and strong BAS, adsorption of DMP
was followed by desorption at 150°C. Each catalyst (ca. 80 mg) was evacuated at ca. 1072
Torr and 400°C for 2 h, then cooled to room temperature. Excess DMP vapor was introduced
at room temperature and allowed to equilibrate for 15 min. The mixture was then evacuated
at ca. 10”2 Torr for 30 min while heating at 150°C to remove physisorbed DMP. The amount

of DMP still adsorbed after heating at 150°C as DMPH" and as H-bonded DMP-H represents
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the number of strong and weak BAS, respectively. The results are shown in Figures A3.12-

A3.14 and Table A3.4.
[ a
o F
p: b
©
ol
o
w
o)
©
" ¢
| 1 1 I | 1 1

1700 1680 1660 1640 1620 1600 1580 1560 1540
wavenumber (cm™)

Figure A3.12. IR spectra (black) of (a) y-Al20s3, (b) CI-ALO;3 (1.8 wt% Cl), and (c) F-Al,03
(1.3 wt% F), each recorded after adsorption of excess DMP at room temperature, followed by
desorption at 150°C and ca. 10 Torr for 30 min. Spectra are normalized by mass relative to
v-Al203 (10.0 mg). The deconvolution shows peaks at 1650 (orange), 1630 (orange), 1617

(green), 1605 (light blue), and 1580 (purple) cm™!, as well as their sum (red dashed line).
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Figure A3.13. IR spectra (black) of (a) Pt/y-ALOs (1.5 wt%), (b) Pt/CIl-AlO3 (1.5 wt% Pt,
1.4 wt% Cl), and (c) Pt/F-ALO; (1.6 wt% Pt, 0.8 wt% F), each recorded after adsorption of
excess DMP at room temperature, followed by desorption at 150°C and ca. 10-2 Torr for 30
min. Spectra are normalized by mass relative to y-Al,O3 (10.0 mg). The deconvolution shows
peaks at 1650 (orange), 1630 (orange), 1617 (green), 1605 (light blue), 1580 cm™ (purple), as

well as their sum (red dashed line).
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Figure A3.14. IR spectra of (a) Pt/SiO> (1.5 wt% Pt), (b) with adsorbed DMP, and (c) with
adsorbed pyridine. Spectra were recorded at room temperature, after desorption of weakly
adsorbed molecules (where applicable) at 150°C and ca. 102 Torr for 30 min. Spectra are

normalized by mass relative to Pt/Si0; (10.0 mg) and offset vertically for clarity.

Table A3.4. Quantitative assessment of Bronsted acid sites (BAS) for various catalysts

Catalyst Pt Loading X Loading BAS (umol g )
(Wt%) X=CLF) DMP Py ¢
(wt%) 2
Pt/Si0O; 1.5 - 0 -
Pt/y-Al,03 1.5 - 6(1) -
Pt/CI-Al,O3 1.5 1.45(4) 12(1) -
Pt/F-AL,O3 1.6 0.76(8) 28(2) -
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Pt/F-Al,O3 ¢
Pt/F-AlL,O3 €
v-Al,0O3
CI-ALLOs3
F-AlLOs
F-AlLOs
Pt/Si0O;
Pt/y-Al,03
Pt/Si02-AL,03

Pt/HZSM-5

1.5

1.5

1.0

1.0

1.0

1.0

0.74

0.73

1.77(6)
0.74(7)

1.33(6)

27(2)
27(2)
9(1)
14(1)
28(2)

34(2)

41(2)

63(3)

? Determined by flask combustion/ion chromatography. Values are the average from duplicate

experiments, with standard deviations from duplicate experiments in parentheses.

® Obtained from the IR spectrum of adsorbed 2,6-dimethylpyridine (DMP), after desorption at 150°C

under vacuum (107 Torr), via integration of the peaks at 1650 and 1630 cm™ (DMPH", strong BAS).

Values in parentheses represent uncertainties propagated from the IR calibration (Figure A3.9b).

¢ Obtained from the IR spectrum of adsorbed pyridine (Py), after desorption at 150°C and 10 Torr,

via the peak area at 1545 cm™ (BAS). Uncertainties (in parentheses) are propagated from uncertainties

in the extinction coefficients (Figure A3.8b).

4 Once-recycled catalyst, recovered from a reaction with PE (M, = 3.5 x 10* g mol™', B =1.9) at 280°C

for 8 h, followed by calcination in flowing O at 500°C and reduction in flowing H> (5.0 vol% in Ar)

at 280°C.

¢ Twice-recycled catalyst.
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3.8.2.4. Catalytic Conversion of Polyethylene and Model Compounds
3.8.24.1. Catalytic Conversion of Polyethylene

A stainless steel autoclave (90 mL, Parr Series 5000 Multiple Reactor System) equipped
with an addition port on the lid was loaded with PE (M, = 3.5 x 103 gmol™!, P=1.9) and a
freshly-reduced Pt catalyst (0.200 g, Pt/y—Al,Os, Pt/CI-AlLO3, or Pt/F-Al,O3), or where
specified, a physical mixture of Pt/y-Al>03 (0.200 g) and F-Al>,O3 (0.100 g) inside an Ar-filled
glove-box. The contents were stirred magnetically at ca. 675 rpm, using a Pyrex-encapsulated
stir bar. Timing of the reaction began when the internal temperature reached the set
temperature, 250°C, after ca. 30 min. Since the internal thermocouple is located above the
solids in the reactor, it reflects the temperature of the gas phase rather than the solid/liquid
phase. The external temperature of the autoclave was measured to be (280 + 5)°C. Prior to
opening the autoclave, it was cooled to room temperature by immersing the bottom of the
vessel in a room temperature water bath for 30 min.

Overall product yields. To characterize volatile reaction products, the autoclave and a
Schlenk flask capped with a white rubber septum were connected via Tygon tubing to a glass
vacuum line equipped with a pressure gauge and a gas sampling port. The Schlenk flask and
lines were evacuated (102 Torr), then isolated from the pumping system. The gases in the
autoclave were expanded into the line and Schlenk flask. H, analysis by GC-TCD was
achieved by removing an aliquot of gas (400 pL) via the gas sampling port using a gas-tight
syringe. The Ar (1 atm) present in the autoclave at the start of the reaction was used as the

internal standard for quantification of H> remaining in the reactor after reaction. Propene (400
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mL, 200-400 mbar) was injected into the Schlenk tube for use as an internal standard prior to
removing a gas aliquot (200 mL) for light hydrocarbon analysis (Ci-g) by GC-FID.

To collect the liquid products, methylene chloride (DCM, 5 mL) was added to the reactor
at room temperature through the addition port, dissolving hydrocarbons condensed on the
inner reactor lid. The solution mixture was transferred by pipette onto a fine glass frit (4.0-5.5
mm) and filtered. The solid remaining on the frit was washed with hot DCM (5 mL) to dissolve
hydrocarbons present in the solid residue. The filtrate was analyzed by GC-FID before
removing the solvent, to ensure detection of light hydrocarbons (C7-11). After evaporating the
solvent under reduced pressure (0.1 Torr, 1 h), the liquid was redissolved in DCM and
analyzed again by GC-FID to identify by difference the amount of liquid hydrocarbons lost
during the solvent evaporation. Hydrocarbon products were recovered by evaporating the
solvent again under reduced pressure (0.1 Torr, 1 h). The total liquid yield is the sum of liquid
products detected before and after solvent removal. An aliquot of the liquid remaining after
solvent removal (~2 mg) was dissolved in 1,1,2,2-tetrachloroethane-d» (TCE-d>) for analysis
by 'H NMR. A second aliquot (~6 mg) was dissolved in CHCIl; containing 0.25 vol%
triethylamine (1.5 mL) for analysis by GPC. A third aliquot (~5 mg) was dissolved in 0.2 mL
DCM for analysis by GC-MS.

The insoluble material remaining on the frit, including the catalyst and insoluble
hydrocarbons, was recovered and weighed. The mass of insoluble hydrocarbons was
calculated by subtracting the initial mass of the catalyst. Gas, liquid and solid residue yields

are shown in Table A3.5.
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Table A3.5. Hydrocarbons recovered after catalytic conversion of PE 2

Catalyst Gas (Wt%) Liquid (Wt%)  Solid (Wt%)
Pt/y-ALOs 2.4(0.2) 44.5 (0.5) 46.5 (1.2)
PY/CIL-ALO; 4.4(0.2) 71.5(0.2) 16.4 (0.9)
PY/F-ALOs 7.1 (0.6) 70.8 (0.8) 11.5 (1.4)
Pt/y-ALO; + F-ALOs 9.2 (0.9) 69.7 (1.0) 9.5 (0.5)
PUF-ALO; ¢ 12.8 (0.4) 66.0 (0.8) 13.3(1.2)

* Reaction conditions: PE (0.120 g, M, = 3.5 x 10° g mol™', P = 1.9), catalyst (0.200 g), except
where noted, after 8 h at 280°C, Ar. Uncertainties shown in parentheses represent the standard
deviation of duplicate experiments.

®0.200 g Pt/y-AlLO;s (1.5 wt% Pt), Pt/CI-ALLOs (1.5 wt% Pt, 1.4 wt% Cl), or Pt/F-ALO; (1.6 wt% Pt,
0.8 wt% F), or a physical mixture of 0.200 g Pt/y-Al,O3 (1.5 wt% Pt) and 0.100 g F-A1,O;3 (1.3 wt%
F).

¢ Reaction with PE (My, = 2.6 x 10* g mol™', D =3.9).

3.8.24.2. Catalytic Conversion of Triacontane and 1-Octadecene
Bifunctional catalytic conversion of triacontane. In a typical experiment, a stainless steel
mini-autoclave (10 mL) equipped with a gas sampling port (resulting in 13 mL total volume)
was loaded with norm-CsoHe2 (0.120 g), a freshly-reduced Pt catalyst (0.100 or 0.200 g), and
the desired amount of modified alumina (ClI-Al2O3 or F-Al>O3, various amounts up to 0.100
g) inside an Ar-filled glovebox. The reactor was sealed, removed from the glovebox, and

placed in a pre-heated muffle furnace (Thermo Scientific Lindberg/Blue M BF51848C) at
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280°C. After heating for the designated time, the reactor was removed and rapidly cooled to
room temperature (within 10 min) using a jet of compressed air.

Volatiles (Ci-s) were collected and quantified using the procedure described in the
previous section. Solids were collected on a spatula and transferred onto a fine frit, washed
with CS; (ca. 20 mL), and filtered. The filtrate was diluted with CS; in a volumetric flask. An
aliquot (1 mL) was filtered through a 0.2 mm filter for GC-FID analysis of liquid
hydrocarbons (Ce-30). A second aliquot (2 mL) was transferred to a vial for solvent removal in
a rotary evaporator (30°C, 350 Torr), then dissolved in TCE-d, for analysis by 'H NMR. A
third aliquot (2 mL) was transferred to a vial for solvent removal in a rotary evaporator (30°C,
350 Torr), followed by analysis by GC-MS. A fourth aliquot (ca. 15 mL) was transferred to a
vial for solvent removal in a rotary evaporator (30°C, 350 Torr), then dissolved in CDCIl; with
the addition of Cr(acac)s; (80 mM) for quantitative analysis by '*C NMR. Insoluble material
recovered from the frit was dried by evacuation overnight at 0.1 Torr. The mass of the solid
phase corresponded to the catalyst mass, therefore the reaction generates a negligible amount
of CS»z-insoluble hydrocarbons (< 1 wt%); the hydrocarbon product distribution consists only
of hydrocarbons detected in the gas and liquid phases (Table A3.8).

Catalytic conversion of 1-octadecene. A stainless steel mini-autoclave (10 mL) was loaded
with 1-octadecene (0.120 g) and Pt/Si0; (0.200 g, 1.5 wt% Pt) or an alumina (y—Al203, 1.8
wt% CI-ALO;s, or 1.3 wt% F-AlO3, 0.200 g) inside an Ar-filled glovebox. The reactor was
sealed, removed from the glovebox, and placed into a pre-heated muffle furnace (Thermo
Scientific Lindberg/Blue M BF51848C) at 280°C. After 4 or 12 h, the reactor was actively

cooled by a jet of room temperature air. Hydrocarbons were dissolved in CS; (ca. 5 mL), and
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the solution was passed through a 0.2 mm filter to remove traces of catalyst. The solvent was
removed using a rotary evaporator (30°C, 350 Torr). Hydrocarbons were redissolved in CDCI3

for characterization by '"H NMR (Figure A3.15).

a. PUSIO; (4 h) i

L I L 1
b. y-Al,Os (4 h)

I

¢. CI-Al,O4 (4 h) * |

d. CI-ALO; (12 h)
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e F-A|;O_u_ (4 h)
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Figure A3.15. '"H NMR spectra of 1-octadecene (0.120 g), after heating at 280°C in the
presence of (a) Pt/Si0; (0.200 g, 1.5 wt% Pt, black) for 4 h, or an alumina (0.200 g, no Pt):
(b) y—Al203 (purple) for 4 h, (c) CI-Al,0O3 (1.8 wt%, blue) for 4 h, or (d) for 12 h, or (e) F-
ALOs (1.3 wt%) for 4 h. * indicates the CDClI3 solvent. Spectrum (c) and (d) was recorded in
1,1,2,2-tetrachloroethane-d, to avoid overlap of CHCIs signals with the aromatic signals.

Aromatics are barely detectable in the first three spectra.
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3.8.2.5. Analysis of H: and Gaseous Hydrocarbons by Gas
Chromatography

H> was quantified on a Shimadzu GC-8AIT gas chromatograph equipped with a packed
column (ShinCarbon ST 80/100, 2 m x 2 mm) and a thermal conductivity detector (TCD).
The column, injector and detector temperatures were all 130°C. The TCD current was 70 mA
and the head pressure was 300 kPa (N2). Ar present in the reactor was used as the internal
standard. The linear responses of the TCD signal to the injected volumes of H, and Ar were
confirmed using standard H»/Ar gas mixtures. The response factors were obtained as

described previously.? A representative chromatogram is shown in Figure A3.16.

100000 T T T T T

80000

60000

TCD signal

40000
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0F . 1 2 1 N 1 . 1 . 1 P
00 02 04 06 08 10 12
retention time (min)

Figure A3.16. GC-TCD chromatogram of gas recovered from catalytic conversion of PE (M
=3.5x10° g mol™!, D = 1.9) using Pt/CI-Al,O3 (1.5 wt% Pt, 1.4 wt% Cl) after 8 h at 280°C

under Ar (3.8 mmol).
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Hydrocarbons in the gas fraction (Ci-g) were analyzed qualitatively and quantitatively on
a Shimadzu GC-2010 gas chromatograph equipped with a capillary column (Supelco Alumina
Sulfate plot, 30 m x 0.32 mm) and a flame ionization detector (FID). The injector and detector
temperatures were both 200°C. The temperature program was: 90°C (hold 3 min), ramp
20°C/min to 180°C (hold 20 min). The yields of each hydrocarbon were calculated assuming
all have the same relative carbon response factor.??

When propene was not a reaction product (i.e., with the bifunctional catalysts, Figures
A3.17-A3.18), it was used as an internal standard. In experiments with acid catalysts, where
propene and other gaseous alkenes are formed (Figures A3.18-A3.19), a known amount of
propene was also added as an internal standard. The peak area (A) was measured relative to
the area for butanes (norm-butane and iso-butane) before and after standard addition (eqs

A3.15-A3.17). The yields of gaseous hydrocarbons are summarized in Table A3.8.

Wlthout added propene' Apropene/Abutanes = 3npropene/(4nbutanes) =X (A3 1 5)

with added propene: A ,propene/ A "butanes = 3("propene + Padded propene)/ (4nbutanes) =y (A3 1 6)

Npropene = Nadded propeneX/ (Y‘X) (A3 1 7)
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Figure A3.17. GC-FID of gas products recovered from catalytic conversion of PE (0.120 g,
My =3.5x10° gmol!, D = 1.9) using Pt/y—A1,03 (0.200 g, 1.5 wt% Pt, black), Pt/CI-Al,O3

(0.200 g, 1.5 wt% Pt, 1.4 wt% CI, blue), or Pt/F-ALOs (0.200 g, 1.6 wt% Pt, 0.8 wt% F, red)

for 8 h at 280°C under Ar.
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Figure A3.18. GC-FID of gas products recovered from catalytic conversion of norm-CsoHe>
(0.120 g) after 12 h at 280°C under Ar, using a physical mixture of Pt/y-Al,O3 (0.100 g, 1.5
wt% Pt) and F-AlO3 (0.005 g, 1.3 wt% F) (black), or F-Al,O3 alone (0.100 g, 1.3 wt% F,

red).
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Figure A3.19. GC-FID of gas products recovered after catalytic conversion of norm-CsoHe>
(0.120 g) after 12 h at 280°C under Ar, catalyzed by F-A1bO3 (0.100 g, 1.3 wt% F), without
(black) or with (red) the addition of propene (3.2 mmol) as an internal standard at the end of

the reaction.

3.8.2.6. Liquid Hydrocarbons Analysis
3.8.2.6.1. Liquid Products from Catalytic Conversion of Polyethylene
Analysis by GC-FID. Extracted hydrocarbons that are present only prior to solvent

evaporation (Cs.11) were quantified on an Agilent 6890N Network gas chromatograph
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equipped with an Agilent DB-5 capillary column (fused silica, 30 m x 0.25 mm x 0.25 mm)
and an FID detector. The inlet and detector temperatures were 300 and 280°C, respectively.
The temperature ramp program was: 40°C (hold 3 min), ramp 25°C /min to 320°C (hold 10
min). The flow rate was 1.0 mL/min (He) with a 5:1 split ratio. The total peak areas
corresponding to C7.11 before and after solvent evaporation (Figure A3.20) were measured
using an external standard (norm-octane in DCM, see the calibration curve in Figure A3.21).
The difference corresponds to hydrocarbons lost during solvent removal. Their mass was

calculated assuming the same relative carbon response factor (f) for all hydrocarbons.??

‘ Ll

T T L |
a Cy Cys before solvent removal |
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Figure A3.20. GC-FID of liquid products recovered from PE conversion catalyzed by Pt/CI-

ALO;3 (0.200 g, 1.5 wt% Pt, 1.4 wt% CI) for 8 h at 280°C under Ar, (a) before, and (b) after

solvent removal.
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Figure A3.21. Calibration curve for the octane response of the flame ionization detector. The

line is a least-squares fit of the equation y = mx to the data.

The average carbon number in the liquid hydrocarbons remaining after solvent removal
was calculated for comparison with the value obtained by GPC (see next section). An example

is shown in Figure A3.22 and Table A3.6.
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Figure A3.22. Distribution of liquid hydrocarbon products by carbon number, from
conversion of PE (0.120 g, My, = 3.5 x 10° g mol™!, D = 1.9) catalyzed by a physical mixture
of Pt/y-Al203 (0.200 g) and F-AO3 (0.100 g, 1.3 wt%) for 8 h at 280°C under Ar, after

extraction and solvent removal.

Analysis by gel permeation chromatography. The molecular weight distribution of
unreacted PE and the liquid hydrocarbon products were analyzed on an Agilent PL-GPC 220
gel permeation chromatograph, equipped with a PL-Gel Mixed B guard column, three PL-Gel
Mixed B columns, and a refractive index (RI) detector. Samples were dissolved in 1,2,4-
trichlorobenzene (TCB) containing di(fert-butyl)hydroxytoluene (BHT, 0.01 wt%), by
heating at 150°C for at least 1 h. Elution was achieved using TCB (with BHT) at 150°C and
1.0 mL min!. The molecular weight response was calibrated with monomodal, linear
polyethylene standards (Varian).

Molecular weight distributions of aromatic chromophores were analyzed by GPC with UV
detection. Analyses were conducted on a Waters 2690 HPLC equipped with two Agilent
Columns (PLgel, 5 mm MiniMIX-D, 250x4.6 mm) and a guard column (MW linear range 200
- 400,000 g mol'!), a Waters 2410 refractive index (RI) detector and a Waters 2998 photodiode
array detector (PDA). Chloroform containing 0.25 vol% triethylamine was used as the mobile
phase at room temperature and 0.35 mL min™!. Calibration was achieved using polystyrene
standards (Agilent EasiVial kit, linear response for molecular weights in the range 200 -

400,000 g mol™).
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GPC results for liquid products after solvent removal were analyzed using PE calibration
standards (except where noted). The results are summarized in Table A3.6. Product
distributions were monomodal, with the exception of one sample made using Pt/CI-Al,Os3,
which showed a bimodal distribution. In the latter case, it appears that a portion of the (largely)
intact polymer became solubilized due to extensive, acid-catalyzed skeletal isomerization, and
was then carried along into the GPC analysis of the liquid products. A typical monomodal

distribution as well as the sole bimodal distribution are shown in Figure A3.23.
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Table A3.6. GPC analyses® of liquid hydrocarbons recovered from catalytic conversion of

PE®
Catalyst Liq. Yield Low molecular weight High molecular weight
fraction fraction
(wt%) My My D My My D
Pt/y-Al,O3 44 725 1562 2.2
Pt/Cl-AlLO3 70 350 418 1.2 932 2426 2.6
400 © 1572 ¢ 39¢
3324 1450 ¢ 4.44
Pt/F-AlLO3 64 330 353 1.1
Pt/F-ALO; ¢ 59 319 354 1.1
Pt/y-Al,O3 61 241 254 1.1
+ F-ALO3

* Analyzed using PE calibration standards with RI detector (except where noted). M,, M, values in g
mol”. D = M/ M.

® Reaction conditions: PE (0.120 g, My, = 3.5 x 10° g mol™!, B = 1.9), Pt catalyst (0.200 g, Pt/y-ALO3,
Pt/CI-Aly O3, Pt/F-Al,O3) or a physical mixture of Pt/y-Al,03(0.200 g, 1.5 wt% Pt) and F-A1,03(0.100
g, 1.3 wt% F), 8 h at 280 °C.

¢ Also analyzed using polystyrene calibration standards, with RI detector.

4 Also analyzed using polystyrene calibration standards, with UV detector.

¢ Reaction with higher molecular weight PE (0.120 g, My, = 2.6 x 10* g mol™, D =3.9).
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Figure A3.23. GPC chromatograms (obtained using PE calibration standards with RI
detection) for liquid hydrocarbons recovered from the catalytic conversion of PE (0.120 g, My
=3.5 x 10’ g mol™!, B = 1.9), using (a) Pt/F-Al,Os, and (b) Pt/Cl-Al,O3, after 8 h at 280°C
under Ar. The chromatogram in (b) was deconvoluted into two Gaussian peaks (green and

blue). Their sum is shown as the red dashed line.

3.8.2.6.2. Analysis of Halogen Content in Liquid Hydrocarbons
To assess the leaching of halogen from catalyst into liquid hydrocarbon products during
the PE reactions, the Cl and F contents in the liquid were determined by flask combustion/ion
chromatography (Atlantic Microlab, Inc., Norcross, GA). Negligible CI or F was detected in

the liquid hydrocarbons (Table A3.7).
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Table A3.7. Quantitative analysis of halogen content in liquid hydrocarbon products 2

Pt catalyst Halogen content (Cl or F, wt%) ®
Pt/Cl-AlLO3 <0.25

Pt/F-ALO; 0.0

Once-recycled Pt/F-Al,O3 ¢ 0.0

Pt/y—AL,O;3 + F-AlLO3 ¢ 0.0

* Liquids were recovered after reaction of PE (0.120 g, My = 3.5 x 10° g mol™', P = 1.9) catalyzed by
Pt catalyst (0.200 g, 1.5 wt% Pt) at 280°C for 8 h.

® Determined by flask combustion/ion chromatography.

¢ Pt/F-AlL,Os recycled after a PE upgrading reaction at 280°C for 8 h, followed by further calcination
in flowing O, at 500°C and reduction in flowing 5.0 vol% Ha/Ar at 280°C.

4 Physical mixture of the two catalysts: Pt/y—AlO3 (0.200 g, 1.5 wt% Pt) and F-ALOs (0.100 g, 1.3

wt% F).

3.8.2.6.3. Analysis of Liquid Products from Catalytic Conversion of
Triacontane

Analysis by GC-MS. An aliquot of the liquid products dissolved in CS; (2 mL) was
transferred to a vial for solvent removal in a rotary evaporator (30°C, 350 Torr), then analyzed
on a Shimadzu GC-2010 gas chromatograph equipped with an Agilent DB-5 MS capillary
column ((5%-phenyl)-methylpolysiloxane, 30 m x 0.25 mm x 0.25 um) coupled to a QP2010
Mass Spectrometer. The injector and detector temperatures were 250°C. The temperature
ramp program was: 60°C (hold 2 min), ramp 15°C per min to 270°C, hold 50 min. Examples

of GC-MS analysis are shown in Figures A3.28-A3.29 and A3.35.
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The majority of liquid products obtained from reactions of norm-CsoHe> are isomers of
linear Cs0, and normal and branched alkanes in the range Ce.29. They were identified by GC-
MS with the aid of a mass spectral library (NIST 107), and by matching retention times with
norm-hexane and a mnorm-alkane standard mixture (C7.Cs). Alkylaromatics are minor
products, as evidenced by the lack of signals in the 6.5-9 ppm region of the 'H NMR spectrum.

Analysis by GC-FID. The hydrocarbons were quantified on an Agilent 6890N Network
gas chromatograph equipped with an Agilent DB-5 capillary column (fused silica, 30 m x 0.25
mm x 0.25 mm) and an FID detector. The inlet and detector temperatures were 300 and 280°C,
respectively. The temperature ramp program was: 40°C (hold 3 min), ramp 25°C /min to
320°C (hold 10 min). The flow rate was 1.0 mL/min (He) with a 5:1 split ratio. The same
relative carbon response factor (f) was assumed for all hydrocarbons.?? norm-Octadecane in
CS, was used as an external standard. Peak areas were measured by injection of several n-

octadecane solutions of different concentrations, giving the calibration curve in Figure A3.24.

1600

= o) 2 =
1400 - y=(49.6 +0.6) x, R“=0.999 .

1200

T

—
o
o
o
T

800

FID peak area
n

600 |-
400 | .

200 ~

0 A 1 L I '
0 5 10 15 20 25 30

concentration (mmol carbon/L)

187



Figure A3.24. Calibration curve for norm-octadecane response of the flame ionization

detector. The line is a least-squares fit of the equation y = mx.

Since a large number of hydrocarbon isomers have similar retention times (Figure A3.25),
and because the norm-alkane has the highest boiling point of all C; isomers, all peaks between
norm-Ci.1Hzi.2 and norm-CiHzi+> were assumed to have carbon number i. Where individual
peaks are resolved, the number of moles of each hydrocarbon (n;) was calculated from its peak
area (4;) and volume of the solution (7o), eq A3.18. The liquid phase analysis is combined
with the gas phase analysis in Table A3.8. The mass of each type of hydrocarbon (m;) was
calculated assuming the molecular weight to be that of the alkane (14i + 2), eq A3.19. The

total recovered mass of hydrocarbons, m(total) %, including both gas and liquid fractions, was

calculated using eq A3.20. The number-averaged carbon number for the liquid fraction, i, was

calculated using eq A3.21. The results are summarized in Tables A3.10 and A3.11.

ni=Ai Vo i ‘
AiVo/ A3.18
mi = ni(14i + ‘
14i+2 A3.19
_ X8mi(gas)+2E° m;(liquid)
m(tOtal)% B Mc30H62 (A3‘20)
- 30 ..:
L= 6307;;1 (A3.21)
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Figure A3.25. GC-FID of liquid products obtained from the reaction of norm-CsoHe>

catalyzed by (a) a physical mixture of Pt/y-AlO3 (0.100 g, 1.5 wt%) and F-Al,O3 (0.100 g,

1.3 wt%), (b) a physical mixture of Pt/y-AlO3 (0.100 g, 1.5 wt%) and Cl-A1>O3 (0.100 g, 1.8

wt%), (c) Pt/y-Al203 (0.100 g, 1.5 wt%). All reactions were conducted for 12 h at 280°C under

Ar. The retention times of the norm-alkanes are indicated by dotted lines; odd carbon numbers

are labeled.
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When an acid catalyst is present in addition to Pt/y—Al>,Os3, the GC-FID of the liquid
hydrocarbon products recovered from the reaction of norm-CsoHe> also shows a broad peak
between 13.6 and 15.1 min (Figure A3.25a,b). These retention times should correspond to
alkane isomers with i (carbon number) values from Czs to C3o. Their analysis was performed
by integrating the areas demarcated by the sharp norm-alkane peaks (Method 1).
Alternatively, assuming that the broad peak corresponds exclusively to different Cs¢ isomers,
the deconvolution shown in Figure A3.26 was used to estimate the total C3o remaining after
reaction (Method 2). Product distributions obtained using each method are shown in Table
A3.9. The total number of C-C bond scissions (see section 3.8.2.11 Rate of C-C bond scission)
calculated using the first method, 335 mmol, is slightly (4 %) lower than the second method

(348 mmol).
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retention time (min)

Figure A3.26. Deconvolution of GC-FID for liquid products obtained after 12 h at 280°C

under Ar, in the reaction of norm-CsoHs> catalyzed by a physical mixture of Pt/y-Al,O3 (0.100

193



g, 1.5 wt% Pt) and F-ALbO3 (0.100 g, 1.3 wt% F): (a) the original chromatogram, (b)
contribution of narrow signals to the chromatogram, (c) contribution of the broad peak to the

chromatogram.

Table A3.9. Estimated molar fractions of C»s.30 hydrocarbons recovered from the reaction of
norm-C3oHe2 (0.120 g) catalyzed by a physical mixture of Pt/y-Al,O3 (0.100 g, 1.5 wt% Pt)

and F-A1>O3 (0.100 g, 1.3 wt% F) after 12 h at 280°C under Ar

i 100 ni/no (%)
Method Method
1 2
25 2.5 2.3
26 6.2 3.0
27 10.5 2.5
28 13.5 2.6
29 9.2 3.6
30 4.0 31.7
25-30 459 45.7
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Figure A3.27. GC-FID of liquid products recovered from the reaction of norm-CsoHe> (0.120
g) catalyzed by (a) Pt/SiO2 (0.100 g, 1.5 wt%), (b) F-Al203 (0.100 g, 1.3 wt%), or (c) a
physical mixture of Pt/SiO; (0.100 g, 1.5 wt% Pt) and F-A1,03 (0.100 g, 1.3 wt% F), after 12

h at 280°C under Ar.
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Figure A3.28. GC-MS of liquid products obtained from the reaction of norm-CsoHs> (0.120
g) catalyzed by Pt/HZSM-5 (0.200 g, 1.0 wt% Pt) after 24 h at 280°C under Ar. The major
peaks are methyl-substituted benzenes or naphthalenes, as indicated. They were assigned
using the NIST MS library. The most probable chemical structures are indicated in Figure

A3.29.
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Figure A3.29. Comparison of mass spectra for products (a, c, e, g, i, k, m) with those from
the NIST MS library (b, d, f, h, j, 1, n). The reaction of norm-C3oHs> (0.120 g) catalyzed by

Pt/HZSM-5 (0.200 g, 1.0 wt% Pt) was conducted at 280°C for 24 h under Ar.

3.8.2.7. Analysis of Aromatic Yields and Substitution Patterns
NMR spectroscopic analysis. '"H NMR spectra of liquid products recovered from the
reactions of norm-CsoHe2 and PE were recorded on a Varian Unity Inova AS600 spectrometer,
and analyzed by MestReNova (v11.0.1, Mestrelab Research S. L.). Representative spectra are
shown in Figures A3.30-A3.31 and A3.37. Quantitative '3C NMR spectra of liquid products
from the catalytic reaction of norm-C3oHs> were recorded on a Bruker Avance NEO 5S00MHz

spectrometer, then analyzed using the software MestReNova. A representative example is

shown in Figure A3.38.
* -CH
-CHj3
Hmethylene
Hmethine Hmeth

1 1 1 1 :
V Hay Hayo Hiog . '
1 1 : 1 : :
1 1 1 1 ! !
| | | | : :
: A./I o v Uk I DJ I ! L:
le—1 1

Ha Haliphatic

I NI BT PN INEPENET AFEFETITE P AP INE AT APAPATE I |
10 9 8 7 6 5 4 3 2 1 0
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Figure A3.30. '"H NMR spectrum of liquid hydrocarbons formed during the conversion of
norm-C3oHe catalyzed by a physical mixture of Pt/y-Al20O3 (0.100 g, 1.5 wt% Pt) and F-Al,03
(0.100 g, 1.3 wt% F), after 12 h at 280°C. * indicates the solvent peak (residual protons in

TCE-d).

Pt/y-Al,O,

PY/CI-ALO,

-

Haromanc Hu Halnphanc

Chemical shift (ppm)

Figure A3.31. '"H NMR spectrum of liquid hydrocarbons formed during the conversion of PE
(0.120 g, My, = 3.5 x 10° g mol™!, D = 1.9) catalyzed by Pt/y—Al>:03 (0.200 g, 1.5 wt% Pt,
black), Pt/Cl-Al,O3 (0.200 g, 1.5 wt% Pt, 1.4 wt% CI, blue) and Pt/F-Al,03 (0.200 g, 1.6 wt%
Pt, 0.8 wt% F, red) after 8 h at 280°C. * indicates the solvent peak (residual protons in TCE-

d>). For assignments and integration regions, see Figure A3.30.
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In the aromatic region, three types of aromatic 'H signals are present: 6.5-7.5 ppm (Hi,
alkylbenzenes, -naphthalenes, -phenanthrenes), 7.5-8.3 ppm (H», alkylnaphthalenes, -
phenanthrenes), and 8.3-9.0 ppm (/3, alkylphenanthrenes).?*?° The presence of a significant
amount of anthracenes or larger fused aromatics (e.g., chrysenes) was ruled out by UV-vis
(Figure A3.39). Nevertheless, the large number of possible contributing structures makes it
challenging to deduce the yield and selectivity for each type of aromatic from the 'H NMR
spectrum alone.

To evaluate the average number of alkyl substituents on the aromatic rings, the ratio of Ha
signals (2.0-3.5 ppm) to aromatic signals (Harom, 6.5-9.0 ppm), Ha/Harom, wWas assessed by 'H
NMR. The ratio is ca. 1.5 (Tables A3.11 and A3.12). Dialkylsubstituted aromatics should
have a ratio between 0.5 and 1.0 (Figure A3.32a). To explain the higher ratio observed
experimentally, we observe that bifunctional catalysts promote the skeletal isomerization of
hydrocarbon chains, creating methyl branches.?¢ Dehydrogenation is most favorable at the site
of the methyl branch, creating a more substituted alkene. Aromatization of methyl-branched
alkenes generates methyldialkylbenzenes and methyldialkylnaphthalenes with Ha./Har, ratios
of 2.3 and 1.4, respectively (Figure A3.32b). Evidence for methyl substituents is seen in the

intense 'H NMR signals at 2.0-2.5 ppm (Figures A3.30-A3.31).
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a R4
R, R,
w0 K
" OO0
Rz
Hy/Hgro 1.00 0.67 0.50
b Ry Ri R
Y
R (P
" OO
R
Hy/Haro 2.33 1.40 1.00

Figure A3.32. Plausible substitution patterns and their corresponding Ha/Harom ratios for (a)
dialkylbenzenes, -naphthalenes, and -phenanthrenes, and (b) methyldialkylbenzenes, -

naphthalenes, and -phenanthrenes.

The expected mechanism for aromatic ring formation can provide some guidance in terms
of expected substitution patterns. Figure A3.33 shows how the first aromatic ring is assumed
to form by ring closure at a branch point along the alkane chain, followed by dehydrogenation
to give a 1,2-dialkyl-3-methylbenzene (1). Dehydrogenation, Friedel-Crafts alkylation, and
further dehydrogenation converts 1 to a 1,5-dialkyl-2-methylnapthalene (2). Repeating this

process yields a 1,8-dialkyl-2-methylphenanthrene (3).
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Figure A3.33. Proposed mechanism for conversion of long-chain methyl-branched alkanes to

methyldialkylaromatics (boxed in red).

The potential contributions of methyldialkyl-substituted aromatics to the '"H NMR signals

in the aromatic region are summarized in Figure A3.34.

Ry
) OO
Ro
Ro
@ 65t 75pom, H, 3H 1H 2H
@ s3t090ppm H; - ] o H
Harom=H1+ +H3 3H 5H 7H

Figure A3.34. Predicted chemical shifts for aromatic protons in methyldialkyl-substituted
benzenes, -naphthalenes, and -phenanthrenes, showing the assignments of the expected 'H
signals for each structure type to one of the three aromatic regions (H1, green; H», orange; Hs,

brown), and the relative contributions of each type of aromatic proton to each structure type.
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The experimental ratios H : H> : H3 were obtained by integrating the relevant aromatic
regions in the "H NMR spectrum. These values were related to the molar amounts (#;) for each
aromatic structure type to estimate the relative molar selectivities (where Sj = nj/nioa), eqs

A3.22-A3.25.

Hi =3 npen +1 Mnap + 2 Nphe (A322)
H,=4 Mnap t 3 Nphe (A323)
H3 =2 nphe (A3.24)

Sphe . Snap: Sben = nphe . nnap . Nben — 1/2 H3 . 1/4 (HZ - 3/2 HS) . 1/3 H] - 1/12H2 - 5/24 H3

(A3.25)

The fractional selectivities (Sj) for all hydrocarbon products must sum to 1 (eq A3.26). To
estimate Sak, we use the fraction of aromatic protons, Harom/Hiotal, calculated from the
empirical formulas and selectivities for each aromatic structure type (eq A3.27), where the

value of Harom/Hotal is obtained by integrating the relevant regions of the 'H NMR spectrum.

Sphe + Snap + Sben + Sai = 1 (A326)

Harom — (35,,, + 5Snap + 7Spne) /[(20 = 6)Spen + (20 — 12)Spap + (20 — 18)Sype + (20 + 2)Sai

Htotal

(A3.27)
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Here, the individual number-averaged carbon numbers for each type of hydrocarbon

product are assumed to be the same as the average carbon number i for the entire distribution.
This assumption was justified by examination of the characteristic ion chromatograms in the
GC-MS. All show distributions similar to that of the total ion chromatogram (one example is
shown in Figure A3.35). The values of Sven, Snap, Sphe, and Saix were therefore obtained by

solving eqs A3.26 and A3.27 simultaneously.

5 10 15 20 25 30 35 40
2x10°F alkylbenzenes ]
2x10°% - w/z = 91+92+105+106+119+120+133+134
8x10% [ Mo, .

0 1 M L i 1 M 1 M 1 i 1 " 1 M ]
4| .
1x10 b alkylnaphthalenes |
7x10% - m/z =115 7]
3x10° - gy
0 1 1 1 1 M L .l 1 " 1 "
4 .
%‘ 4x10 c alkylphenanthrenes |
g 3x10* | m/z = 178+192+206+220+234+248 1
E 1x10* | ]
0 1 1 1 1 : 1 1
6[ i
2x10 d alkanes
1x10° | m/z = 43+57+71+85
7x10° ]
0 1 M 1 M 1 " 1 M 1 f 1 " M ‘I\ M
6L i
5x10 e total species
3x10° miz = 15 to 424 -
2x10° - 7
0 1 M 1 " 1 M 1 M 1 " 1 i M A| "
5 10 15 20 25 30 35 40

retention time (mins)

Figure A3.35. Ion chromatograms isolated from the GC-MS of liquid products obtained from

the reaction of PE (0.120 g, My, = 3.5 x 10° g mol™!, P = 1.9) catalyzed by Pt/F-Al,O3 (0.200
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g, 1.6 wt% Pt, 0.8 wt% F) after 8 h at 280°C under Ar. The characteristic ion intensities are
summed for (a) alkylbenzenes,?’ (b) alkylnaphthalenes,”® (¢) alkylphenanthrenes,? and (d)
alkanes,*® as well as for (¢) the total ion chromatogram.

Our assumption that the average carbon number is similar for alkanes, alkylbenzenes,
alkylnaphthalenes and alkylphenanthrenes was tested more quantitatively by analyzing the
ion chromatograms in Figure A3.35. The carbon number of each type of hydrocarbon product
was estimated using the method described in section 3.8.2.6.3. First, we assumed that the MS

response factor depends only on the type of hydrocarbon (e.g., alkane, alkylbenzene), and not

on the molecular weight. The resulting values calculated for iyen, ingp, iphes latks and i
(number-averaged carbon number for overall hydrocarbons) are 25.2, 23.4, 23.8, 24.8, and
24.9, respectively. Alternatively, if we assume that the MS response factor for each type of

hydrocarbon (e.g., alkane, alkylbenzene) also depends on molecular weight, the calculated

values for ipen, inaps Iphes Laik» and i are 24.6, 23.0, 23.7, 24.0, and 24.2, respectively. Both

results suggest that e, = lngp = lppe = lak = i.
In addition, GPC analysis using both RI and UV detectors showed similar distributions
(one example is presented in Figure A3.36), showing that the carbon number distribution for

the UV-active products is similar to that for the non-UV-active products. This result further

supports the assumption that ipe, = ingp = ippe = gk = . Furthermore, since the molar

extinction coefficients at 269 nm for phenanthrene (1.2 x 10* M™!' cm™!) and naphthalene (5x

103 M em™) are much larger than that of benzene (<100 M™! cm™),3! this analysis shows

thati ~ 1/2 (% + ip?) in the liquid products.
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1 M, =216 g mol* (B = 2.1) M, = 207 g mol (B = 2.1)
0.8
S
(o)
e}
T
£
S 04
0.0 T I
1 2 3 4
log M

Figure A3.36 GPC chromatogram of liquid hydrocarbons recovered from catalytic
conversion of PE (0.120 g, My = 3.5 x 10° g mol™!, B = 1.9) using Pt/F-Al,03 (0.200 g, 1.6
wt% Pt, 0.8 wt% F) for 8 h at 280°C. The analyses were conducted using RI (purple) and UV

(red) detectors at 269.1 nm.

Molar yields of individual aromatic products and total aromatics were calculated using
eqs A3.28-A3.29, respectively where Y2%n; represents the moles of total hydrocarbons
present in the liquid after reaction, and nc3o represents the initial moles of norm-CsoHsz. (To
minimize errors caused by incomplete product recovery, the unrecovered mass in each
experiment was assumed to have the same compositional distribution as the detected products
and the selectivities were renormalized using the term 1/m% in eq A3.28.) The results are

summarized in Tables A3.10 and A3.11.
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nj 0 =L.S] Zgonix 0
—L (mol%) = -+ =T 100% (A3.28)
Narom / nc30 (%) = Nven/ nc3o (%) + nnap/ ncso (%) + ﬂphe/ ncso (%) (A3.29)

Table A3.10. Selectivity for various types of hydrocarbons in the catalytic conversion of

norm-C3oHe> by various Pt catalysts ?

Catalyst Gases Liquids Insoluble Harom/Htotat ¢ Sarom
Wt%)>  (wt%)P hydrocarbons (%) (mol%) f
(wt%) €

Pt/ZSM-5 73.9 7.8 8 7.2 11.9 90 ¢
Pt/S10,- 18.0 56.0 22 52 12.1 25
ALO;

Pt/y—Al,03 4.0 81.2 n.d. 1.8 18.8 20
Pt/Si02 0.1 87.2 n.d. 0.1 29.8 2

 Reaction conditions: norm-CsoHe (0.120 g), Pt catalyst (0.200 g, 1.0 wt% Pt) at 280°C after 24 h
under Ar.
® Measured by GC-FID analysis of the headspace (gas yield) and CS;-soluble products (liquid

8.
2imi(93s) . nd m(liquid)% =
Mc30H62

220 m;(liquid)

yield). Yields were calculated using m(gas)% =
Mc30H62

¢ Measured by weighing the CS;-insoluble residue and subtracting the known mass of catalyst.
4Measured by "H NMR of the liquid products.

¢ Molar-average carbon number for all CS;-soluble hydrocarbons, calculated using eq A3.21.
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f Sar()m = Sbcn + Snap + Sphc. Sbcn,Snap, and Sphc were calculated by SOlVil’lg eqS A3-25'A3.27.

¢ Aromatic selectivity was directly quantified by GC-FID. Because of good separation between

peaks in this sample, individual peaks were identified by GC-MS (Figures A3.28-A3.29). Using

the method described in the footnote j instead gave a value for Sarom 0f 48 mol%.

Table A3.11. Characterization of gas and liquid hydrocarbons formed in the conversion of

norm-CzoHe> catalyzed by physical mixtures of various Pt catalysts and acid catalysts 2

Pt Mass of acid Mass ic Harom H, aromatic yield (mol%) ¢
catalyst catalyst (mg) recovery /Heotar  /Harom®
F- Cl- m % (%) ¢ Mben Hnap Hphe
ALO3; ALO3  (Wt%)P Inczo  /nczo  Inc3o
Pt/y-ALOs - - 90.8 28.5 0.3 1.3 5.9 0 0
(4.0) (0.2) (0.1) (0.1) (2.6)
5 - 81.8 24.7 0.7 1.3 8.4 1.2 1.5
25 - 89.3 233 0.9 1.6 9.5 2.6 1.6
(2.9) 0.5 (0.2) (0.2) (25 (04 (0.6)
50 - 85.1 18.6 1.6 1.7 14.5 4.6 3.8
(1.2) (1.0) (0.2) (0.1) (0.5 (09 (04
100 - 96.8 17.3 2.2 2.0 16.1 5.8 6.3
(1.3) (1.8) (0.1) (0.1) (L.1) (1.2) (0.1
- 25 95.1 25.4 0.6 1.3 8.5 1.1 0.9
(5.7 (1.3) (0.1) (0.1) (0.7) (0.2) (0.2)
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~ 50 91.6 249 09 15 112 22 1.5
(3.4) 02) (0.1) (©.1) (1.2) (05 (0.6)
- 100 94.9 217 12 16 126 34 22

(9.8) (13) (03) (0.1) (3.6) (0.1) (0.8)

Pt/SiO; 97.5 28.7 0.1 1.1 1.8 0 0
100 - 90.3 16.8 23 23 18.1 5.9 6.6
none 100 - 91.5 27.7 n.d. - - - -
(4.6) (1.1)

- 100 100.7 28.5 n.d. - - - -

(0.4) (0.2)

? Reaction conditions: norm-CsoHe> (0.120 g), Pt/y-Al,03 (0.100 g, 1.5 wt% Pt) or Pt/Si0,(0.100 g,
1.5 wt% Pt), F-Al,O3 (1.3 wt% F) or CI-ALLOs (1.8 wt% Cl), 12 h at 280°C under Ar.

® Recovered hydrocarbons from C; to Cso, measured by GC-FID with yields calculated using eq
A3.20.

“Molar-average carbon number for all CS;-soluble hydrocarbons, calculated using eq A3.21.

4 Measured by 'H NMR.

¢ Calculated using molar yields of each type of methyldialkylaromatic (eq A3.28). Uncertainties

shown in parentheses represent the standard deviation of duplicate experiments.
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Figure A3.37. '"H NMR spectrum of liquid hydrocarbons formed during the conversion of
norm-C3oHez, catalyzed by a physical mixture of Pt/y-AlO3 (0.100 g,1.5 wt% Pt) and different
amounts of 1.3 wt% F-Al>03: (a) 0.100 g, (b) 0.050 g, (c) 0.025 g, (d) 0.005 g, (e) 0 g, all after

12 h at 280°C under Ar. *indicates the solvent peak (residual protons of TCE-d>).

For PE depolymerization, the selectivity for total alkylaromatics (Sarom) and each aromatic
structure type (Sben, Snap, Sphe) 1n the liquid products were assessed using the same approach
(eqs A3.25-A3.27). The individual and total alkylaromatic molar yields were then calculated
using eqs A3.30-A3.31. Here, muiq refers to the mass of liquid product after solvent

evaporation. The results are summarized in Table A3.12.

1= (S) miq/ Ma (A3.30)
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Figure A3.38. Quantitative '>*C NMR spectrum of the liquid products obtained from catalytic
conversion of norm-CzoHe (0.120 g) using a physical mixture of Pt/y-Al,0O3 (0.100 g, 1.5 wt%

Pt) and F-ALOs (0.100 g, 1.3 wt% F) for 24 h at 280°C.

Table A3.12. Characterization of liquid hydrocarbons recovered from PE conversion 2

CatalystLiquid j? Harom Ha Sarom Aromatic Marom
Yield [Htotal /Harom® (mol%)  Yield (mmol) f
(wt%) (%) ¢ d (wt%)

€

Rarom, total  Mben Mnap Rphe
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Pt/y- 44 52 29 1.3 82 36 59 48 8 3
Al,O3
Pt/Cl- 70 258 6.1 1.5 84 27¢ 92¢ 38¢ 188  36¢
Al,O3
Pt/F- 64 24 7.1 1.6 56 36 131 45 29 57
Al,O3
Once- 61 24 63 1.4 49 30 109 35 19 55
recycled
Pt/F-
ALO; P
Twice- 62 24 6.1 1.4 51 31 114 45 21 48
recycled
Pt/F-
ALO; P
Pt/F- 59 23 75 1.7 59 35 124 40 26 58
ALOs!
Pt/y- 61 17 92 1.6 48 29 146 68 32 46
AlLOs3 +

F-ALOs3

* Reaction conditions: PE (0.120 g, M, = 3.5 x 10° g mol™!, D = 1.9), Pt catalyst (Pt/y-Al,Os, Pt/Cl-
Al O3, or Pt/F-Al,O3, 0.200 g, 1.5 wt%) or a physical mixture of Pt/y-Al,03 (0.200, 1.5 wt% Pt) and

F-A105(0.100, 1.3 wt% F) after 8 h at 280°C under Ar.
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® Calculated as M,/14.

¢Measured by 'H NMR.

4 Sarom = Sben + Snap + Sphe, estimated by eqs A3.25-A3.27.

°The mass yield of aromatics was estimated as the miiq (Wt%) X Sarom (Wt%), where Sarom (Wt%) = Sarom
(mol%) because GC-MS analysis (Figure A3.35), indicating that aromatics are distributed
proportionately across the molecular weight distribution.

"Molar yields were calculated using eq A3.30.

¢ Exceptionally in this experiment, a bimodal molecular weight distribution was observed due to
extensive isomerization (and consequently solubilization) of the original polyethylene chains (i.e., with
minimal chain cleavage). Results are given for the lower M, peak of the bimodal distribution, which
corresponds to a mass fraction of 45 wt% (Figure A3.23). For the higher M, peak, corresponding to a
mass fraction of 55 wt% and presumably arising from partly depolymerized starting material, T = 67,
and containing 41 mmol and 32 wt% of aromatics. Overall, T = 39, contains 133 mmol and 59 wt% of
aromatics, npen = 55 mmol, #nep = 27 mmol, and rpne = 51 mmol.

" Recycled catalyst, recovered from a reaction with PE (M, = 3.5 x 10° g mol™!, D = 1.9) at 280°C
for 8 h, followed by calcination in flowing O, at 500°C and reduction in flowing H> (5.0 vol% in
Ar) at 280°C.

Reaction with PE (0.120 g, My, =2.6 x 10* g mol™', P =3.9).

3.8.2.1. UV-vis Measurements
Spectra were recorded using a Shimadzu UV-2401PC spectrophotometer. For reactions of
norm-C3oHe2, products extracted by CS, were diluted in a 25.00 mL volumetric flask, as
described above. An aliquot (0.100 mL) was transferred to a vial by volumetric pipette.

Because CS: has a long wavelength cut-off (380 nm),* it was removed in a rotary evaporator
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at 30°C and 470 mbar. The sample was then redissolved in HPLC-grade hexanes and diluted
in a 3.00 mL volumetric flask. This solution was transferred to a 1-cm square quartz cuvettes
for UV-vis measurement, using norm-hexane for the background.

A representative UV-vis spectrum is shown in Figure A3.39a. Because the product is a
complex mixture, the average apparent molar extinction coefficient (eapp) was calculated using
eq A3.32, where A4, [, and ¢ denote the absorbance, optical path length (1.0 cm), and the total

hydrocarbon concentration (obtained by GC-FID analysis).

epp=A/lc (A3.32)
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Figure A3.39. Representative UV-vis spectra of liquid hydrocarbons formed during the
conversion of (a) norm-CsoHs2 (0.120 g) catalyzed by a physical mixture of Pt/y-Al>O3 (0.100
g, 1.5 wt% Pt) and F-Al;03 (0.100 g, 1.3 wt% F) in 12 h at 280°C, and (b) PE (0.120 g, My =
3.5 x 10% g mol™!, B = 1.9) catalyzed by Pt/F-Al,03 (0.200 g, 1.6 wt% Pt, 0.8 wt% F), in 8 h
at 280°C. The total hydrocarbon concentrations are ca. 0.23 and 0.18 mmol/L for the norm-

CsoHs2 and PE reactions, respectively. Spectra were recorded in HPLC-grade hexanes.

The absorbance below 320 nm suggests the presence of aromatics (alkylbenzenes,?33
alkylnaphthalenes,*'*° and alkylated polyaromatic rings)*'-¢ in the liquids generated from
norm-CzoHe2. The nature of the triaromatics was inferred to be predominantly
alkylphenanthrenes, since the extinction coefficient of anthracene at 380 nm (e = 7.0 x 10°
M em™")3! is inconsistent with a significant amount of alkylanthracenes (<2.0 mol%, nan/nc3o,
according to eq A3.28), while the amount of polyaromatics is ca. 6 mol% (Table A3.11).
Note that the extinction coefficient of phenanthrene is much smaller at 380 nm (<1 x 10° M ™!

cm ).3! We note too that thermodynamic stability favors phenanthrenes over anthracenes.?”-8
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Finally, the proposed formation mechanism suggests that alkylphenanthrenes are kinetically
preferred (Figure A3.33).

A similar analysis rules out a major contribution from higher polyaromatics such as
chrysenes due to their even higher extinction coefficients (e.g., chrysene, e = 1.5 x 10> M ™!
cm' at 268 nm).** Using eq A3.32 predicts the maximum possible selectivity for
alkylchrysenes to be <2 mol% (7nchrysene/71c30). Since there are many other contributions to the
absorbance at this wavelength, larger polyaromatics are clearly very minor components of the
product mixture.

Among the liquid products recovered from the reaction of PE (M, = 3.5 x 10° g mol™!, D
=1.9), a 1.5 mg sample was weighed, dissolved in HPLC-grade norm-hexane, and diluted to
25.00 mL in a volumetric flask. An aliquot (3 mL) of this solution was transferred to a 1-cm
square quartz cuvette for UV-vis measurement, using the norm-hexane for the background
spectrum. The spectrum in Figure A3.39b resembles that from the norm-CsoHs> reaction
products, but with slightly higher intensity. Nevertheless, a similar analysis shows the
maximum possible selectivities to anthracene (Santhracene) and chrysene (Schrysene), calculated

using eqs A3.30 and A3.32, are 2.0 and 4.4 mol%, respectively.

3.8.2.2.  Characterization of Solid Residue
To assess the nature of hydrocarbon residues post-reaction, catalysts recovered from the
reactor after conversion of PE were analyzed by TGA. The measurements were performed in
air with a TA Discovery Thermo-Gravimetric Analyzer while heating at 10°C min™' from 50

to 700°C. In the case of Pt/y—AlOs, the differential thermogravimetric analysis (Figure

216



A3.40, red) shows a distinct peak at ca. 260°C, corresponding to the oxidation of unreacted
PE, and a small peak at ca. 480°C assigned to the oxidation of coke.* Two mass-loss events
were observed for Pt/Cl-Al>O3, although the amount of unreacted PE was much less. For Pt/F-
AlOs3, almost no unreacted PE was found, but the amount of coke was higher than Pt/CI-
AL Os. The relative amounts of unreacted PE found by TGA are consistent with the relative

catalytic activities.

18g 1 0.00
13%
85 F i
80F a =4 -0.15
T T e -0.20
18% —_— 7 0.00
oF 00— 4o
85 F 4
80K b < -0.15
1020
Q
18g - 0.00 3
o — V _- - o
T 00— 13553
€55 E 1-0.10 5
80F c 1-0.15 ©
75 L 1 N 1 s 1 N 1 2 1 N 1 s ] -0.20 3
18% - ——— 1 0.00 2
of T ——— 1010
85 F ’
80 d +4-0.15
75 [ 1 N 1 N 1 M 1 . 1 N 1 N -0.20
18?) r 1 0.00
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85 F {7
80F e - -0.15
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Figure A3.40. TGAs (black) measured in air, and the corresponding DTGAs (red), for the
solid residues recovered after the reaction of PE (My, = 3.5 x 10° g mol™!, B =1.9) catalyzed

by (a) Pt/y—ALOs3 (1.5 wt%), (b) Pt/Cl-ALOs (1.5 wi% Pt, 1.4 wt% CI), and (c) Pt/F-ALO3
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(1.6 wt% Pt, 0.8 wt% F), all at 280°C for 8 h. (d) Profile recorded after the reaction of PE
(My = 2.6 x 10* g mol™!, D = 3.9) catalyzed by Pt/F-Al,O3 (1.6 wt% Pt, 0.8 wt% F). (e)
Profile recorded after the reaction of PE (M, = 3.5 x 10° g mol™!, D = 1.9) catalyzed by
Pt/F-ALOs (1.6 wt% Pt, 0.8 wt% F), followed by calcination in O, at 500°C to remove

adsorbed carbon.

3.8.2.3. Catalyst Recycling

Freshly reduced Pt/F-Al,O; (0.200 g, 1.6 wt% Pt, 0.8 wt% F) and a low molecular weight
PE (0.120 g, My = 3.5 x 10° g mol™!, D = 1.9) were loaded into 90 mL Parr reactors inside an
Ar-filled glove-box. Three depolymerization reactions were conducted in parallel at 280°C
for 8 h. The catalysts from all three reactors were recovered, combined, and calcined in
flowing O2 (50 mL/min) at 500°C for 2 h to remove organic residue and coke. The removal
of hydrocarbons was verified by the complete disappearance of the C-H stretching modes in
the IR spectrum (Figure A3.41). The calcined catalyst was re-reduced in flowing H> (5.0 vol%
in Ar, 50 mL/min) at 280°C for 2 h to give the once-recycled catalyst (0.550 g). Two portions
of this material (0.200 g each, 1.6 wt% Pt, 0.8 wt% F) were loaded along with portions of low
molecular weight PE (0.120 g each, My, = 3.5 x 10° g mol™!, B =1.9) into 90 mL Parr reactors
inside an Ar-filled glove box, Two depolymerization reactions were conducted at 280°C for
8 h. A similar catalyst recovery/regeneration procedure gave 0.350 g twice-recycled catalyst.
This material (0.200 g, 1.6 wt% Pt, 0.8 wt% F) was loaded along with PE (0.120 g, My, = 3.5
x 10 g mol™!, B = 1.9) into a 90 mL Parr reactor and the reaction was conducted a third time

at 280°C for 8 h. The hydrocarbon product distributions and shown in Figure A3.42.
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Figure A3.41. IR spectra of solid residues recovered after reaction of PE at 280°C for 8 h,
catalyzed by (a) Pt/y—ALO; (1.5 wt%, black), (b) Pt/CI-ALO; (1.5 wt% Pt, 1.4 wt% CI,
blue), (c) Pt/F-ALOs (1.6 wt% Pt, 0.8 wt% F, red), and (d) Pt/F-Al,O3 (1.6 wt% Pt, 0.8 wt%
F, green, after calcination in O, at 500°C). All the samples were diluted with KBr and

recorded in Ar-filled glovebox.
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Figure A3.42. Hydrocarbon distributions in three consecutive reactions of PE (0.120 g, M,
=3.5x 10° g mol™!, B = 1.9), catalyzed by Pt/F-Al,O3 (1.6 wt% Pt, 0.8 wt% F) for 8 h at
280°C. Run 1 used 0.200 g fresh catalyst, run 2 used 0.200 g once-recycled catalyst, and
run 3 used 0.200 g twice-recycled catalyst. For runs 1 and 2, the yields are averages of
triplicate and duplicate experiments, respectively. Mass fractions of hydrocarbons
recovered from the batch reactor are shown in: green, for gases; orange, for liquids soluble

in hot CH>Cly; black, for organic residues insoluble in hot CH>Cl,.

Table A3.13. GPC analyses ? of liquid hydrocarbons  recovered from the conversion of

PE catalyzed by Pt/F-Al,Os ©

Pt/F-Al,03 Liq. Yield M, My b
(wt%)
fresh 64 207 443 2.1
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once-recycled 61 203 626 3.1

twice-recycled 62 218 720 33

* Analyzed using polystyrene calibration standards with RI detector (except where noted). M,, My
values in g mol™. P = My/ M,.

® Hydrocarbons soluble in hot CH,Cl,, analyzed after solvent removal.

¢ Reaction conditions: PE (0.120 g, M, = 3.5 x 10° g mol™', P = 1.9), Pt catalyst (0.200 g, fresh or

recycled) after 8 h at 280°C.

3.8.2.4. Rate of Carbon-Carbon Bond Scission
To quantify the extent of C-C bond breaking, the average rate of C-C bond scission (rc-c)
was calculated using eq A3.33, where N(0) and N(t) represents the number of chains present
at time 0 and time ¢, respectively. Each C-C scission event generates one additional chain,
therefore N(¢)-N(0) is the cumulative number of such events, corresponding to the number

new chains.

re.c = dN/dt ~ DN(0)/t = [N(£) — N(0)] / ¢ (A3.33)

For the catalytic conversion of norm-CsoHe2, the number of moles of hydrocarbon (#;) for

each carbon number C; for 1 <i < 30 was obtained by GC-FID, as described above (Table

A3.8). The total recovered mass varies between experiments, but is typically ca. 90 wt%

(Tables A3.10-A3.11). To reduce the error caused by incomplete product recovery, the
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missing mass in each experiment was assumed to be distributed in the same way as the

recovered hydrocarbons. N(t) was calculated using eq A3.34:

norm-CsoHez reactions:  N(t) = —[¥% , n;(gas) + Y32 n; (lig)] (A3.34)

m %

where m % is the mass fraction recovered. Y5_, n;(gas), and Y32, n; (liq) represent the
moles of gas and liquid products, respectively. The rc-c values for reactions of norm-CsoHe>
are summarized in Table 3.4, and in Figures 3.5 and A3.44-A3.45.

For PE reactions, N(t) and N(0) were calculated using eqs A3.35 and A3.36, respectively,

11 n; refers to the sum of moles of gas and liquid products recovered in the range C7.

where
11 before solvent removal, miie/M, represents the moles of liquid products after solvent
removal, and mpg refers to the mass of reacted PE (excluding the mass of the insoluble solid

residue). These values of N(t) and N(0) were used to obtain rc.c via eq A3.33.

PE reactions: N(@) = Y1n; + % (A3.35)
N(O) = NPE = mPE/Mn(pE) (A3.36)
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Figure A3.43. Rate of C-C bond scission per strong Bronsted acid sites as a function of
npy/npas, in the conversion of norm-C3oHs> (0.120 g), catalyzed by Pt/y-AlO3 (0.100 g, 1.5
wt% Pt) with varying amounts of Cl-AlbO3 (0.025 — 0.100 g, 1.8 wt% CI, blue, filled
diamonds) or F-Al,03 (0.005 -0.100 g, 1.3 wt% F, red, filled squares). Results with single-
component catalysts Pt/y-Al,Os (black, filled circle), F-Al>Os (red, hollow square), and Cl-
ALO3 (blue, hollow diamond). Pt/SiO; (0.100 g) mixed with F-AlLOs3 (0.100 g) is
represented by the green filled square. Reaction conditions: 12 h, 280°C. The abscissa error
bars represent the standard deviation in the number of acid sites contributed by each catalyst
support, as measured by IR. The ordinate error bars represent error propagated from the

error of rate of C-C scission and number of BAS.

3.8.2.5. Analysis of norm- and iso-Alkane Yields
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According to GC-FID, conversion of norm-CsoHs> leads to extensive isomerization of
norm-alkanes to iso-alkanes. The yield of norm-alkanes relative to the initial charge of norm-
C30 (Mnorm-alkane/nc30*100%) was calculated using eq A3.37, for the range Ci.30. To reduce
errors caused by incomplete product recovery, any missing mass was assumed to be
distributed in the same way as the recovered hydrocarbons. The results are summarized in

Table 3.4.

30 .
Nnorm—alkane (mol%) — LO . Yi=1M"norm—alkane,i x 100% (A337)

ncso m% nc3o

The yield of iso-alkanes relative to the initial charge of norm-Cso (niso-alkane/nc30*100%)
was calculated using eq A3.38, where the yield of iso-alkanes was estimated as the difference
between yield of non-norm-alkanes in the range Cs-30 and the yield of aromatics in the range
Cs-30 (eqs A3.28-A3.29). Since iso-alkane and alkylaromatic signals overlap strongly in the
GC, the yield of non-norm-alkanes was calculated by subtracting the yield of norm-alkanes
from the total amount of hydrocarbons. A correction factor 1/m% was applied to account for
missing mass due to incomplete product recovery. The results are summarized in Table 3.4

and plotted in Figures 3.5 and A3.44-A3.45.

Niso—alkane 0 1 2?24 Mnon—norm—alkane,i 21326 Narom,i 0
—S0= 8RR (mol%) = — - ( - ) X 100% (A3.38)
0
nc3o m% nc3o nc3o

3.8.2.6. Apparent Turnover Frequencies (TOFs)
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The apparent turnover frequencies for C-C bond scission, isomerization, and
aromatization in the catalytic conversion of norm-CsoHe>, were calculated by dividing the
number of C-C bond scission events (7c-c scission), the molar yield of iso-alkanes (7iso-alkane),
and the molar yield of aromatics (724-0m), respectively, by the total number of strong BAS (ngas,
measured by recording the IR of adsorbed DMP) and the reaction time (12 h), according to
eqs A3.39-3.41. TOF values in Table 3.4 were obtained by linear regression of data in Figure

3.5.

TOF ¢ bond scission = HC-C scission/(nBAS f) (A3 39)
TOFisomerization = niso—alkane/(l’lBAS t) (A340)
TOF aromatization = Marom/ (nBAS t) (A3 4 1)
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Figure A3.44. Correlation between the rates of C-C bond scission (a, d, g), the iso-alkane

yield (b, e, h), and the aromatic yield (c, f, 1) in the conversion of norm-CsoHe2 (0.120 g) with
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different types of Lewis acid sites (strong LAS, a, b, c; weak LAS, d, e, f; total LAS, g, h, 1),

catalyzed by Pt/y-AlO3 (0.100 g, 1.5 wt% Pt) with varying amounts of CI-Al,0O3 (0.025 —

0.100 g, 1.8 wt% Cl, blue, filled diamonds) or F-Al,03 (0.005 —0.100 g, 1.3 wt% F, red, filled
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squares). Results with single component catalysts Pt/y-Al,O3 (black, filled circle), Pt/SiO,
(0.100 g, 1.5 wt% Pt, green, filled circle), F-Al,Os (red, half-filled square), and CI-Al,Os (blue,
half-filled diamond), and a control with no catalyst (black, hollow circle), are also shown.
Pt/S10, (0.100 g) mixed with F-AlbO3 (0.100 g) is represented by the green filled square.
Reaction conditions: 12 h, 280°C. The abscissa error bars represent the standard deviation in
the number of acid sites contributed by each catalyst support, as measured by IR. The ordinate

error bars represent the standard deviations of duplicate experiments.
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Figure A3.45. Correlation between the rates of C-C bond scission (j, m), the iso-alkane yield

(k, n), and the aromatic yield (1, o) in the conversion of norm-CsoHs2 (0.120 g) and the number
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of weak Bronsted acid sites (j, k, 1) and total Brensted acid sites (m, n, o), catalyzed by Pt/y-
ALO;3 (0.100 g, 1.5 wt% Pt) with varying amounts of CI-Al,03 (0.025 - 0.100 g, 1.8 wt% Cl,
blue, filled diamonds) or F-ALO3 (0.005 — 0.100 g, 1.3 wt% F, red, filled squares). Results
with single-component catalysts Pt/y-AlOs (black, filled circle), Pt/Si02 (0.100 g, 1.5 wt%
Pt, green, filled circle), F-Al,Os (red, half-filled square), and CI-Al,O3 (blue, half-filled
diamond), and a control with no catalyst (black, hollow circle), are also shown. Pt/SiO> (0.100
g) mixed with F-A1O3 (0.100 g) is represented by the green filled square. Reaction conditions:
12 h, 280°C. The abscissa error bars represent the standard deviation in the number of acid
sites contributed by each catalyst support, as measured by IR. The ordinate error bars represent

the standard deviations of duplicate experiments.

3.8.2.7. Hydrogen Balance

In the catalytic conversion of norm-CsoHe2, aromatic formation generates H», in an amount
(nHu2(G)) which is the sum of the degrees of unsaturation of benzenes, naphthalenes, and
phenanthrenes, eq A3.42. At the same time, C-C bond scission consumes H», in an amount
(nn2(c)) represented by eq A3.43, where N(0) and N(t) represent the number of chains initially
and after the reaction. The amount of free hydrogen (nn2r)) was measured by GC-TCD, using
Ar as an internal standard. Values are summarized in Table A3.14. In most experiments, the
value of nmar) corresponds reasonably well to the difference between nuxGy and nmc),

indicating that the hydrogen balance is well described by these two major processes.

nH2(G) = 4 Nben T 7 Anap +10 Nppe (A3.42)

228



nu2c)= N(t) — N(0) (A3.43)
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Table A3.14. H, balance (mmol) in catalytic conversion of norm-CsoHs> by a physical
mixture of Pt/y-AlO3 (0.100 g, 1.5 wt% Pt) and different amount of F-Al,O3 (1.3 wt% F),

or CI-ALO; (1.8 wt% Cl), after 12 h at 280°C

Mass of acid catalyst nm2G)* nuzc)® nmE ¢ | nH2G) - PH2(C)
(mg)
F-ALO3 CI-ALLO3
0 0 0.07(3) 0.04(1) 0.01 0.03(4)
5 0 0.16 0.10 0.01 0.06
25 0 0.21(5) 0.17(1) 0.02 0.04(6)
50 0 0.36(3) 0.28(3) 0.08 0.08(6)
100 0 0.48(4) 0.40(3) 0.14 0.08(7)
0 25 0.14(2) 0.09(2) 0.02 0.05(4)
0 50 0.21(4) 0.12(1) 0.04 0.09(5)
0 100 0.27(6) 0.19(2) 0.09 0.08(8)

*Calculated using eq A3.42.
® Calculated using eq A3.43.
“Measured by GC-TCD. Uncertainties shown in parentheses represent the standard deviation of

duplicate experiments and (for the difference) error propagation.

Note that triacontane has a higher H/C ratio than PE. Consequently, if we start with the

same masses of Ci20H242 (a2 model PE) and CsoHs2, and allow both to undergo similar
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amounts of C-C bond scission, the theoretical aromatic yield is lower for triacontane, eq

A3.44-A3.45:

Ci20H242 (PE) — 4 C24Hso (alkane, 80 wt%) + C24H42 (alkylbenzene, 20 wt%) (A3.44)

4 C30Hs2 — 7 Ci5H3z (alkane, 88 wt%) + CisHa4 (alkylbenzene, 12 wt%) (A3.45)

3.8.2.8. Evolution of Number-averaged Molecular Weight

The number-averaged molecular weight (M,) of a polymer is defined in eq A3.46:

_ XMin; _ mpg _  mpg
My = ¥n;  Xn;  N(O)+nc—c (A3.46)

where M; is the molecular weight of an individual polymer chain and #; is the number
of such chains. The mass of polymer, mpg, is equal to ). M;n;. During depolymerization
over a time interval ¢, the value of M, becomes progressively smaller as shorter chains are
formed in a zeroth-order reaction. Consider N(0) as the initial number of chains, and nc-c
as the number of C-C bond scission events that occurs in this time. Since each scission
gives rise to one new chain, the number of chains after time ¢ is N(0) + nc-c.

The change in M, can be calculated using eq A3.46 for equal masses of polymers with
different starting molecular weights, as a function of the number of C-C bond scission events
(increasing linearly with time). The results are shown in Figure A3.46 for a low (M, =1.8 x
103 g/mol, B =1.9) and high (M, = 6.6 x 103 g/mol, P = 3.9) molecular-weight PE. The values
of M, converge when the extent of C-C bond scission is large, resulting in similar liquid yields

regardless of initial polymer molecular weight.
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Figure A3.46. Predicted evolution of number-averaged molecular weight (M,) as a function

of the number of C-C bond scission events (or time, for a zeroth-order reaction) for the same
mass (0.120 g) of low (M, =1.8 x 10° g/mol, red) and high (M, = 6.6 x 10° g/mol, blue)

molecular-weight PE. The insert shows an expanded view of the low-M, region.

3.8.3. Additional References

1. Gallo, A., Fong, A., Szeto, K.C., Rieb, J., Delevoye, L., Gauvin, R.M., Taoufik, M., Peters,
B., and Scott, S.L. (2016). Ligand exchange-mediated activation and stabilization of a Re-
Based olefin metathesis catalyst by chlorinated alumina. J. Am. Chem. Soc. 138, 12935—
12947. 10.1021/jacs.6b06953.

2. Yang, E., Jang, E.J., Lee, J.G., Yoon, S., Lee, J., Musselwhite, N., Somorjai, G.A., Kwak,
J.H., and An, K. (2018). Acidic effect of porous alumina as supports for Pt nanoparticle
catalysts in  m-hexane reforming. Catal. Sci. Technol. &8, 3295-3303.

10.1039/C8CY00776D.

232



. Zhang, F., Zeng, M., Yappert, R.D., Sun, J., Lee, Y.-H., LaPointe, A.M., Peters, B., Abu-
Omar, M.M., and Scott, S.L. (2020). Polyethylene upcycling to long-chain alkylaromatics
by tandem hydrogenolysis/aromatization. Science 370, 437-441.
10.1126/science.abc5441.

. Oudenhuijzen, M.K., Kooyman, P.J., Tappel, B., van Bokhoven, J.A., and Koningsberger,
D.C. (2002). Understanding the influence of the pretreatment procedure on platinum
particle size and particle-size distribution for SiO, impregnated with [Pt>"(NH3)4](NO3)a:
A combination of HRTEM, mass spectrometry, and quick EXAFS. J. Catal. 205, 135-146.
10.1006/jcat.2001.3433.

. Buss, W.C., and Kluksdahl, H.E. (1977). Catalytic reforming process and catalyst. U.S.
Patent No. 4,012,313. 15 Mar. 1977.

. Marinho, R.S., Silva, C.N. da, Afonso, J.C., and Cunha, J.W.S.D. da (2011). Recovery of
platinum, tin and indium from spent catalysts in chloride medium using strong basic anion
exchange resins. J. Hazard. Mater. /92, 1155-1160. 10.1016/j.jhazmat.2011.06.021.

Jarvis, 1., Totland, M.M., and Jarvis, K.E. (1997). Assessment of Dowex 1-X8-based anion-
exchange procedures for the separation and determination of Ruthenium, Rhodium,
Palladium, Iridium, Platinum and Gold in geological samples by inductively coupled
plasma mass spectrometry. Analyst /22, 19-26. 10.1039/A6061691.

. Peru, D.A., and Collins, R.J. (1993). Comparison of cold digestion methods for elemental

analysis of a Y-type zeolite by inductively coupled plasma (ICP) spectrometry. Fresenius’

J. Anal. Chem. 346, 909-913. 10.1007/BF00322749.

233



9. Job, N., Chatenet, M., Berthon-Fabry, S., Hermans, S., and Maillard, F. (2013). Efficient
Pt/carbon electrocatalysts for proton exchange membrane fuel cells: Avoid chloride-based
Pt salts! J. Power Sources 240, 294-305. 10.1016/j.jpowsour.2013.03.188.

10. Ismail, ILM.K. (1992). Cross-sectional areas of adsorbed nitrogen, argon, krypton, and
oxygen on carbons and fumed silicas at liquid nitrogen temperature. Langmuir 8, 360-365.
10.1021/1a00038a006.

11. Morterra, C., and Magnacca, G. (1996). A case study: surface chemistry and surface
structure of catalytic aluminas, as studied by vibrational spectroscopy of adsorbed species.
Catal. Today 27, 497-532. 10.1016/0920-5861(95)00163-8.

12. Digne, M., Raybaud, P., Sautet, P., Guillaume, D., and Toulhoat, H. (2008). Atomic scale
insights on chlorinated y-alumina surfaces. J. Am. Chem. Soc. 730, 11030-11039.
10.1021/ja8019593.

13. Emeis, C.A. (1993). Determination of integrated molar extinction coefficients for infrared
absorption bands of pyridine adsorbed on solid acid catalysts. J. Catal. 141, 347-354.
10.1006/jcat.1993.1145.

14. Tamura, M., Shimizu, K., and Satsuma, A. (2012). Comprehensive IR study on acid/base
properties of metal oxides. Appl. Catal, A  433-434, 135-145.
10.1016/j.apcata.2012.05.008.

15. Zhang, F., Szeto, K.C., Taoufik, M., Delevoye, L., Gauvin, R.M., and Scott, S.L. (2018).
Enhanced metathesis activity and stability of methyltrioxorhenium on a mostly amorphous
alumina: role of the local grafting environment. J. Am. Chem. Soc. 7140, 13854—13868.

10.1021/jacs.8b08630.

234



16. Datka, J. (1992). Acidic properties of supported niobium oxide catalysts: An infrared
spectroscopy investigation. J. Catal. /35, 186—199. 10.1016/0021-9517(92)90279-Q.

17. Harris, J.W., Cordon, M.J., Di lorio, J.R., Vega-Vila, J.C., Ribeiro, F.H., and Gounder, R.
(2016). Titration and quantification of open and closed Lewis acid sites in Sn-Beta zeolites
that catalyze glucose isomerization. J. Catal. 335, 141-154. 10.1016/j.jcat.2015.12.024.

18. Healy, M.H., Wieserman, L.F., Arnett, E.M., and Wefers, K. (1989). Infrared spectroscopy
and microcalorimetric investigations of d-q and k aluminas using basic probe molecules:
acetonitrile, pyridine, 2,6-lutidine, and #»-butylamine. Langmuir 5, 114-123.
10.1021/1a00085a021.

19. Onfroy, T., Clet, G., and Houalla, M. (2005). Quantitative IR characterization of the
acidity of various oxide catalysts. Microporous and Mesoporous Mater. §2, 99-104.
10.1016/j.micromeso.2005.02.020.

20. Hadjiivanov, K. (2014). Identification and characterization of surface hydroxyl groups by
infrared spectroscopy. In Adv. Catal. (Elsevier), pp. 99-318. 10.1016/B978-0-12-800127-
1.00002-3.

21. Oliviero, L., Vimont, A., Lavalley, J.-C., Romero Sarria, F., Gaillard, M., and Maugé, F.
(2005). 2,6-Dimethylpyridine as a probe of the strength of Breonsted acid sites: study on
zeolites. Application to alumina. Phys. Chem. Chem. Phys. 7, 1861-1869.
10.1039/B500689A.

22. Zhang, M., Salje, E.K.H., and Ewing, R.C. (2002). Infrared spectra of Si-O overtones,
hydrous species, and U ions in metamict zircon: radiation damage and recrystallization. J.

Phys.: Condens. Matter /4, 3333-3352. 10.1088/0953-8984/14/12/319.

235



23. Dietz, W.A. (1967). Response factors for gas chromatographic analyses. J. Chromatogr.
Sci. 5, 68-71. 10.1093/chromsci/5.2.68.

24. Emnst, L., and Schulz, P. (1992). 3C and '"H NMR chemical shift assignments of 1- and 2-
alkylnaphthalenes (R = Me, Et, i-Pr, +-Bu) and determination of substituent effects on '3C
and 'H chemical shifts. Magnetic Resonance in Chemistry 30, 73-76.
10.1002/mrc.1260300114.

25. Bartle, K.D., and Smith, J.A.S. (1967). High-resolution nuclear magnetic resonance
spectra of phenanthrenes—I Phenanthrene and some alkyl derivatives. Spectrochimi. Acta.
Part A 23, 1689—-1714. 10.1016/0584-8539(67)80053-9.

26. Wakayama, T., and Matsuhashi, H. (2005). Reaction of linear, branched, and cyclic
alkanes catalyzed by Bronsted and Lewis acids on H-mordenite, H-beta, and sulfated
zirconia. J. Mol. Catal. A: Chem 239, 32-40. 10.1016/j.molcata.2005.05.031.

27. Johnson, J.V., Pedder, R.E., and Yost, R.A. (1991). MS-MS parent scans on a quadrupole
ion trap mass spectrometer by simultaneous resonant excitation of multiple ions. Int. J.
Mass Spectrom. Ion Processes 106, 197-212. 10.1016/0168-1176(91)85019-1.

28. McClennen, W.H., Arnold, N.S., Roberts, K.A., Meuzelaar, H.L.C., Lighty, J.S., and
Lindgren, E.R. (1990). Fast, repetitive GC/MS analysis of thermally desorbed polycyclic
aromatic hydrocarbons (PAHs) from contaminated soils. Combust. Sci. Technol. 74, 297—
309. 10.1080/00102209008951694.

29. Chen, J., Zhang, H., Huang, H., Li, X., Shi, S., Liu, F., and Chen, L. (2013). Impact of
anaerobic biodegradation on alkylphenanthrenes in crude oil. Org. Geochem. 617, 6—14.

10.1016/j.orggeochem.2013.05.003.

236



30. KrauB, S., and Vetter, W. (2018). Phytol and phytyl fatty acid esters: occurrence,
concentrations, and relevance. Eur. J. Lipid Sci. Technol. 720, 1700387.
10.1002/ej1t.201700387.

31. Tropp, J., Ihde, M.H., Williams, A.K., White, N.J., Eedugurala, N., Bell, N.C., Azoulay,
J.D., and Bonizzoni, M. (2019). A sensor array for the discrimination of polycyclic
aromatic hydrocarbons using conjugated polymers and the inner filter effect. Chem. Sci.
10, 10247-10255. 10.1039/C9SC03405F.

32. Catalan, J. (2021). Carbon disulfide solvent, helping to clarify the Stokes shift in
diphenylpolyenes. J. Phys. Org. Chem. 34, e4147. 10.1002/poc.4147.

33. Chen, Z., Xu, L., and Zhang, X. (2022). Upgrading of polyethylene to hydrocarbon fuels
over the Fe-modified Pt/Al,O3 catalysts at a mild condition without external H>. Chem.
Eng. J., 136213. 10.1016/j.cej.2022.136213.

34. Romand, J., and Vodar, B. (1951). Absorption spectra of benzene in the vapour state and
in condensed (solid) state in the far ultraviolet. Compt. rend 233, 930-932.

35. Ferguson, J., Reeves, L.W., and Schneider, W.G. (1957). Vapor absorption spectra and
oscillator strengths of naphthalene, anthracene, and pyrene. Can. J. Chem. 35, 1117-1136.
10.1139/v57-152.

36. Ramart-Lucas, M., Matti, J., and Guilmart, T. (1948). Structure, absorption et
comportement chimique dans la serie du phenanthrene. Bull. Soc. Chim. Fr. 75, 1215—

1224.

237



37. Kudchadker, S.A., Kudchadker, A.P., and Zwolinski, B.J. (1979). Chemical
thermodynamic properties of anthracene and phenanthrene. J. Chem. Thermodyn. /7,
1051-1059. 10.1016/0021-9614(79)90135-6.

38. Hancock, R.D., and Nikolayenko, I.V. (2012). Do nonbonded H--H interactions in
phenanthrene stabilize It relative to anthracene? A possible resolution to this question and
its implications for ligands such as 2,2'-bipyridyl. J. Phys. Chem. A 716, 8572—8583.
10.1021/jp300035w.

39. Badger, G.M., Jamieson, N.C., and Lewis, G.E. (1965). Photochemical reactions of azo
compounds. IV. Further photochemical cyclodehydrogenations. Aust. J. Chem. /8, 190—

198. 10.1071/ch9650190.

238



Chapter 4. External H, Enhances the Tandem Upcycling of Polyethylene

to Alkylbenzenes

4.1. Abstract

The catalytic conversion of polyethylene (PE) to value-added alkylbenzenes could
motivate better plastic recovery, reduce leakage into the environment, and replace a
petrochemical product with one made from recycled carbon. Different from hydrocracking,
the process is not conducted under a high pressure of H», to allow the formation of aromatic.
Indeed, the depolymerization can be performed without adding any external H, since it
functions by redistributing PE-derived H,. However, moderate external H» pressures (1-8 bar)
significantly enhance the depolymerization rate and the alkylbenzene yield (maximum yield
at 4 bar H»). The rate of C-C bond scission is pseudo-zeroth-order in PE. It increases with
external P(H>) at lower pressures (< 10 bar), then decreases at higher pressures. Modifying
the traditional hydrocracking mechanism to include competitive adsorption of aromatics
explains the P(Hz) dependence of the rate. Dynamic control of the reactor atmosphere can
further increase the alkylbenzene yield, especially in the desired molecular weight range for

anionic surfactants.

4.2. Introduction

Polyethylene (PE) represents approx. one-third by mass of global plastic production.' This
commodity plastic is used worldwide for packaging, including bags, containers for liquids,
and flexible films. Due to the short lifespan of these products, they generate a large amount

of waste. For instance, in 2015, global PE waste represented 84% of total PE production.! In
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the United States in 2015, only 7% of HDPE and 3% of LDPE were recycled, with the
remainder ending up in landfills, being incinerated, or leaking into the natural environment.?
The mismanagement of waste plastic is the origin of many current environmental and health
concerns, including the impacts of micro- and nano-plastics released by abrasion and
disintegration of microplastic pieces.’™

Although mechanical recycling is the most energy efficient method for reducing plastic
waste, for PE it is invariably accompanied by chain cross-linking which impacts .6
Alternatively, chemical (or molecular) recycling converts the plastic waste back into its
constituent monomers which can be repolymerized, or other low molecular weight building
block chemicals.” If the latter are more valuable than the monomers, the process can be
described as upcycling.®

One of the most studied PE upcycling reactions is hydrocracking (Scheme 4.1), which
converts PE to alkanes which can serve as liquid fuels. The process is typically conducted at
250-300°C under a high H» pressure (>20 bar).’ A bifunctional metal/acid catalyst is required,
where the metal catalyzes alkane (de)hydrogenation which the acid catalyzes olefin

isomerization and C-C bond scission.'® However, techno-economic analysis predicts that PE

hydrocracking is not viable, due to the low value of the resulting fuel.!
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Scheme 4.1. Scheme for polyethylene upcycling catalyzed by a bifunctional metal/acid
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catalyst, and the effect of H, on PE hydrocracking and aromatization.

Alternatively, PE can be upcycled to alkylbenzenes, which can be used as refrigeration
fluids'? or sulfonated to form anionic surfactants,' by conducting the reaction in the absence
of external H,.'* The formation of aromatics generates more than enough Ha to accomplish C-
C bond scission, Scheme 4.1. Enhancing the Bronsted acidity of the original Pt/y-Al,O3
catalyst increased the rates of C-C bond scission, alkane isomerization, and aromatization.'?
Strong Brensted acidity also promotes the formation of fused-ring polyaromatics,'>!'® which
are undesired products.!” They are also coke precursors, which lead to catalyst deactivation.

To suppress coke formation, the industrial production of BTX (benzene, toluene, and
xylenes) from naphtha is conducted under external H, pressure (7-68 bar).!® The aromatics
yield is a maximum at intermediate P(H») values, since lower P(H») favors aromatic formation
but also promotes catalyst coking, while higher P(H>) suppresses both aromatic and coke

formation.'® The choice of P(Hz) will thus influence both the thermodynamics and kinetics of
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PE conversion to alkylaromatics. In addition, P(H») is expected to influence the rate of C-C
bond scission in PE hydrocracking,??! which is important for achieving the desired molecular
weight in the aromatic products. Consequently, we undertook a study of how P(H>) controls
the rate and selectivity of alkylaromatic formation from PE, using a bifunctional (metal/acid)
catalyst, Pt/Si0,-Al,0s;. This catalyst was chosen because of its high reactivity in

aromatization and C-C bond scission due to its high acidity.'>!°

4.3. Results and Discussion

4.3.1. PE Depolymerization in the Absence of External H,

Depolymerization was studied initially using a model PE (0.200 g, My = 3.5 x 10 g mol’
I, b =1.9) and a strongly acidic catalyst, Pt/SiO,-Al,O3 (0.100 g, 1.7 wt% Pt at 65%
dispersion, 7.6 wt % Al, see Section 4.7.2.2.2: Acidity Analysis). The yield of light
hydrocarbon gases (Ci.¢) is very small (2 wt%). Prior to reaction, the PE is insoluble in
CH>Cl,, but during 24 h reaction under Ar (i.e., in the absence of external H»), most of the
hydrocarbons (80 wt%, relative to the initial charge of PE) become soluble in CH>Cl,, Table
4.1 and Figure 4.1. This change in solubility is consistent with a significant reduction in

molecular weight.

Table 4.1. Effect of P(H2) on the distribution of hydrocarbon products generated in catalytic

PE depolymerization ?

P(H2)® Masses of hydrocarbon product types Mass recovery © Tig+wax" Mo scission ©

(bar) (Wt%) (Wt%) (mmol)
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Gas® Liquid¢ Wax"  Solid'

0 2 7(12) 73(162) 12(6) 94 78 0.15
1.0 4 15(13) 68(127) 4(1) 91 50 0.31
2.0 5 24(15) 55(90)  3(1) 88 35 0.47
3.0 7 31(14) 48(70) 2(1) 88 28 0.61
40 11 37(12) 40(51)  2(1) 90 21 0.88
50 14 52(12) 20(48) 1(0) 87 15 1.1
60 20 66(11) 331  1(0) 90 13 1.4
80 40 39(10) 0 0 79 10 2.1
0 3 7(14)  50(126) 32(13) 92 64 0.19

407 6 47(13) 27(59) 3(1) 83 18 0.88

# Reaction conditions: PE (0.200 g, My, = 3.5 x 10° g mol™', D = 1.9), Pt/Si0,-A1,05 (0.100 g, 1.7 wt%
Pt), magnetically stirred 10 mL Parr reactor, 275 °C, 24 h, except as noted below. The significant
numbers indicate the reproducibility, an example of repeat experiment is shown in Table A4.1. °
Measured at room temperature at the start of the experiment. © Sum of masses for recovered gas, liquid,
wax and solid hydrocarbons. ¢ Average carbon number for combined liquid and wax fractions,
measured by GC-FID and GPC, respectively, and estimated as My/14. ¢ Number of C-C bond scission
events in 24 h, calculated as N(24)-N(0), where N(24) and N(t) represent the total numbers of
hydrocarbon chains present initially and after 24 h, respectively. The missing mass (corresponding to
a mass balance below 100 %) was assumed to have the same molecular weight distribution as the
recovered mass (Section 4.7.2.5: Analysis of Carbon-Carbon Bond Scission). f C;-Cs, as measured
by GC-FID. & C;-C3, as measured by GC-FID. The value in parentheses is the number-averaged

carbon number. " C-3), measured by GPC-RI and calibrated using PS standards. The value in

243



parentheses is the number-averaged carbon number, estimated as M,/14, where M, was calculated
using eq A4.2. ' Measured by TGA, except where noted. The value in parentheses is the relative amount
of unreacted PE, considered to be the carbon that is fully oxidized in air below 350 °C.? A higher

molecular weight PE (0.200 g, My, = 2.6 x 10* g mol™', D = 3.9) was used in this experiment.
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Figure 4.1. Effect of external P(H>) on (a) the mass fractions of various hydrocarbon types
(green, gases (Ci-); yellow, liquids (C7-30) soluble in CH2Cl; orange, waxes (C-30) soluble in
CH>Cly; black, organic residues insoluble in CH>Cl»), (b) molecular weight distributions for
the wax products, measured by GPC-RI (note that waxes are only formed in appreciable
amounts for P(Hz) < 6 bar), and (c) the average carbon number in the combined liquid + wax
fractions, and the total number of C-C bond scission events. Batch reaction conditions: 0.200

g PE (M, =3.5 x 103 g mol™!, D = 1.9), PUSiO2-AL03 (0.100 g), 275 °C, 24 h.

The brown color of the liquid indicates aromatic formation, including fused-ring aromatics
that absorb in the visible.?>?* Iso-alkanes are the major paraffinic products in the liquid phase
(Figure A4.3), consistent with C-C bond scission by an acid-catalyzed carbenium ion
mechanism.!? In addition, the reactor headspace contains 1.2 bar H> (0.5 mmol, compared to
7.1 mmol ethylene monomer content in the PE, see Section 4.7.2.6: Analysis of H, Balance,
and Table A4.5). Based on the aromatic yield (Table 4.2), the amount of H, formed by

aromatization is 0.5 mmol. Therefore depolymerization proceeds via tandem
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hydrocracking/aromatization, with 30 % of the H> generated by aromatization being
consumed by C-C bond scission reactions.?*

In the '"H NMR spectrum of the combined liquid and wax products (Figure 4.2a), signals
from 6.5 to 7.4 ppm are assigned to alkylbenzenes (Hpenz), While signals from 7.4 to 9.0 ppm
are assigned to polyaromatics (Hpoly), where Harom = Hoenz + Hpoly. The 'H NMR-derived ratio
Hyenz/Harom 18 0.31. The molar selectivity for alkylbenzenes relative to all alkylaromatics
(include alkylnaphthalenes and alkylphenanthrenes) is therefore moderate. It resembles that
reported for Ho-free PE depolymerization catalyzed by metal-free Si0,-Al>O3 at 280°C for 24

h,'¢ consistent with high catalyst acidity promoting polyaromatic formation.?

a
polyaromatics alkylbenzenes
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Figure 4.2. Effect of external P(Hz) on (a) 'H NMR spectra, recorded in CD,Cl,, of the
combined liquid/wax products recovered from the catalytic conversion of PE, and (b) the
molar yield of alkylbenzenes and the alkylbenzene selectivity relative to all aromatics. Batch
reaction conditions: 0.200 g PE (M, = 3.5 x 103 g mol™!, D = 1.9), Pt/Si0,-Al,03 (0.100 g),

275 °C, 24 h.

4.3.2. Effect of External H; on PE Chain Scission
When PE depolymerization was conducted under 8 bar external P(Hz) (corresponding to
3.2 mmol H;, Table A4.5), the CH>Cl,-soluble products were colorless and formed in a
smaller amount (39 wt%). Instead, the reaction generated a large amount of light hydrocarbon
gases (40 wt%), amounting to nearly 14x more C-C bond scission events in the same reaction
time. Over half of the external H, was consumed, leaving 1.4 mmol H» present at the end of
the reaction. This result suggests that PE hydrocracking to saturated alkanes becomes the

dominant reaction when enough Hb is present.
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To probe the influence of H» pressure on C-C bond scission and alkane aromatization,
reactions were also conducted with external P(H>) values from 1-7 bar. As P(H) increased,
the total number of C-C bond scission events increased, the average carbon number in the
hydrocarbon products decreased, and the major product type shifted from waxes to liquids,
then to gases. The overall average carbon number for the combined liquid and wax products
(Tig+wax) decreased gradually (Figure 4.1c), suggesting random chain scission instead of
end-of-chain scission.!%2627 Regardless of whether the depolymerization is conducted with or

without H», little CH4 was formed (<3 wt% of total gas).

4.3.3. Effect of External H; on PE Aromatization

Moderate external P(H>) significantly improves the selectivity for alkylbenzenes relative
to polyaromatics, according to Figure 4.2a and Table A4.2. GC-MS analysis also confirmed
that the characteristic ions of the aromatic products shift from polyaromatic to alkylbenzene
as P(H») increases, Figure A4.10b. Thus the alkylbenzene selectivity increases from 10 to
100 mol% as P(H2) increases from 0 to 8 bar, Figure 4.2b Further quantitative analysis by
GC-FID and 'H NMR (see Section 4.7.2.4.2: Analysis on Selectivity and Yield of
Aromatics) showed that the alkylbenzene yield increases with P(H») from O to ca. 4 bar, then
decreases as P(H») increases further (Figure 4.2b and Table 4.2). At ca. 4 bar, the
alkylbenzene yield is a maximum, at ca. 4x the yield obtained without external H,. A
maximum in the yield of alkylnaphthalenes was observed at ca. 3 bar, but the yield of

alkylphenanthrenes decreased monotonically with increasing P(H»), Table 4.2.
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Table 4.2. Effect of P(H2) on the liquid/wax products of PE depolymerization?

P (HZ) bp (HZ) ¢ HNalk d Hbenz d Hnaph d Hphen d Harom ¢ Marom rings ~ Mbenz Harom

f

(bar)  (bar) (umol) (umol) (umol) (umol) (umol) Marom & /totar ™

(umol) (%) (%)

0 1.2 30 5 8 41 54 145 9 65
1.0 1.4 118 8 4 32 44 112 19 27
2.0 1.8 203 10 6 24 40 94 27 17
3.0 23 275 18 11 11 39 71 44 12
4.0 2.6 383 22 10 7 38 62 56 9
5.0 3.0 578 20 4 2 26 35 70 5
6.0 3.1 722 14 1 1 16 20 90 2
8.0 34 549 <1 0 0 <1 <1 100 <1
0! 1.2 22 10 8 32 50 120 20 69
401 3.0 485 30 5 6 41 58 73 8

# Reaction conditions: PE (0.200 g, My, = 3.5 x 10° g mol™', D = 1.9), Pt/Si0,-A1,05 (0.100 g, 1.7 wt%
Pt), 275 °C, 24 h, 10 mL, in a stirred Parr reactor. The reproducibility of the product distribution is
reported in Table A4.1 as an example. ® H, pressure measured before the reaction at room temperature.
¢ H, pressure measured after the reaction at room temperature, see Section 4.7.2.6: Analysis of H,
Balance. ¢ Yields of alkanes (nax), alkylbenzenes (mbens), alkylnaphthalenes (snapn), and
alkylphenanthrenes (7pnen), estimated by combining the integrated 'H NMR intensity and the GC-FID
product distribution (Section 4.7.2.4.2: Analysis on Selectivity and Yield of Aromatics). © Total
yield of alkylaromatics, calculated as 7arom = Abenz + Mnaph + Hphen. © Yield of six-member aromatic rings,

calculated as 7arom rings = Fbenz + 2Mnaph + 371phen. Here, each naphthalene and phenanthrene contains 2 and
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3 aromatic rings, respectively. & Molar selectivity of alkylbenzene relative to total aromatics. " Molar
selectivity of alkylaromatics relative to total hydrocarbons (7ioi), Where 7ol = Halk + Hoenz + Hnaph +
Nphen. | A higher molecular weight PE (0.200 g, My, = 2.6 x 10* g mol™!, P = 3.9) was used in this

experiment.

GC-MS analysis further revealed that the yields of alkyltetralins and alkyldecalins (i.e.,
alkyltetrahydronaphthalenes and alkyldecahydronaphthalenes, respectively) increased
initially with P(H»), then decreased (Figure A4.10a). These maxima could arise due to the
conversion of alkanes to alkylbenzenes becoming thermodynamically more favored relative
to polyaromatics as P(H») increases, and when P(Hz) become even higher, the formation of
alkylbenzenes also become unfavorable (Figure A4.16). The thermodynamic yields of
alkylbenzenes and alkyltetralins are predicted to increase with P(H) then decrease (See
Section 4.7.2.9: Thermodynamic Assessment and Figure A4.17), a trend that is consistent
with the experimental observation.

The aromatic substitution pattern for the products of Ho-free depolymerization catalyzed
by acidic Pt/F-Al,O3 are primarily a mixture of methyl and longer alkyl chains unbranched at
Co, indicated by '"H NMR signals at 2.0-2.5 ppm (Co/3) and 2.5-3.1 ppm (Cofd2 )."> The alkyl
substituents on the aromatic rings. As P(H») increased from 0 to 6 bar, the fraction of methyl
substituents increased from 20 to 46 %, while the fraction of longer alkyl substituents
decreased from 70 to 37 %, potentially due to more C-C bond scission at higher P(H>) (see
Section 4.7.2.4.1: Analysis of Alkyl Substituents of Aromatics). On average, the aromatic

products are dialkylmethyl-substituted (Scheme 4.2 and Table A4.3).
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Scheme 4.2. Proposed structures for PE-derived dialkylmethylbenzenes, -naphthalenes, -and

phenanthrenes.

The molecular weight distribution of the aromatic products was analyzed by GPC with
UV detection. When the reaction is conducted without external H», the distribution is bimodal
after 24 h at 275 °C (Figure A4.8a). Most aromatics are present in the liquid phase (C7-Cso,
71 % peak area) with a smaller fraction in the wax (Cs30, 29 % peak area). With external P(Hz)
> 2 bar, the UV absorption of the wax decreased further (Figure A4.8b), such that aromatic
products are present only in the liquid phase, which could be due to more C-C scission with
higher P(initial H»). The overall average carbon number of the aromatics was ca. Cis without
the addition of external H», decreasing to Cio as P(H») increased to 6 bar (Figure A4.11). In
contrast, the overall average carbon number decreased much more, from C77to Ci2, as external
P(H») increased from 0 to 6 bar. This result suggests much faster C-C bond scission rate for
the alkylaromatics relative to alkanes with the same carbon number, and faster chain scission
for longer alkyl chains.?® GC-MS further reveals that aromatics are distributed similarly to
alkanes in the liquid fraction, Figure A4.9. Therefore, the average carbon number of the

aromatic fractions is the same as the average for all liquid hydrocarbons.
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4.3.4. Behavior of a Higher Molecular Weight PE
Depolymerization of a higher molecular weight PE (M, = 2.6 x 10* g mol™!, B = 3.9,
closer to closer commercial grade PE) was tested with Pt/Si0,-Al,O3 at 280 °C for 24 h.
Similar to the behavior of the model low molecular weight PE, more C-C bond scission occurs
under 4 bar H> compared to 2 bar Ar, Table 4.1. In addition, the alkylbenzene yield under 4

bar H» is three times higher than under Ar (30 vs. 10 umol), Table 4.2.

4.3.5. Kinetics of Aromatization

To understand how P(H»2) influences the yield and molecular weight distribution of
alkylbenzenes, the kinetics of C-C bond scission and aromatization were studied. Because H»
is generated and consumed at different rates, P(H») varies over the course of a
depolymerization reaction (Table 4.2 and Figure A4.15a). To obtain kinetic information at
pseudo-constant P(H>), the reactor was refilled periodically with H» (or simply evacuated, in
the case of the experiment starting with no H»), Figure A4.15b. P(H>) was measured prior to
each refill, and the average value (initial and final values prior to refill) are reported. The yield
of aromatic rings (defined as 7arom = Mbenz T 2 Mnaph + 3 Mphen) Was also evaluated prior to each
Ho refill, using a combination of "H NMR and GC-FID.

For each average P(H;) value from 0.2 to 7.3 bar, the aromatic yield rises to a plateau
within the first 4 h (Figure 4.3a and Table A4.6). No aromatics were detected with 16 or 24
bar H,, Table A4.6. The location of the plateau decreases as P(H») increases, consistent with

the expected thermodynamic trend which disfavors aromatics at the reaction temperature
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when Hb is present. Thus the total aromatic yield is ca. 6x lower under ca. 4 bar Ha, relative

to the experiment with 0.2 bar H,. When present in measurable quantities, aromatics are

mostly in the liquid fraction, and their average carbon number decreased slightly at longer

reaction times according to GPC-UV (shown for 2 bar H; in Figure A4.12).
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Figure 4.3. Effect of average reactor P(Hz) on (a) the total yield of aromatic rings, defined as
Marom = Hbenz + 2 Mnaph + 3 Mphen, @s @ function of reaction time (lines represent non-linear least-
squares curvefits of eq 4.1), and (b) the maximum yield of aromatic rings (line represents non-

linear least-squares curvefit of eq 4.2; abscissa and ordinate error bars represent the variation
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in P(H2) over the course of each experiment, and the standard deviation of 7arom,max Obtained
from the curvefits in part a, respectively). Batch reaction conditions: 0.200 g PE (My, = 3.5 x
103 g mol™!, B = 1.9), Pt/Si0,-Al,03 (0.100 g), 275 °C. In part (a), the reactor was evacuated
and refilled with the appropriate amount of H» after each measurement; for the lowest P(H»)

reported, the reactor was simply evacuated after each measurement.

To describe these kinetic profiles quantitatively, we adapted the accepted alkane
aromatization mechanism for naphtha catalytic reforming.!® In this mechanism,
dehydrocyclization is considered irreversible and rate-determining, and subsequent
cycloalkane aromatization is quasi-equilibrated (Scheme 4.3). The resulting expressions for
the time evolution of aromatic rings and their maximum yield are given by eq 4.1-4.2 (for

derivations, see the Section 4.7.2.7: Simplified Microkinetic Model for Aromatization).

C\//\i Keye Karom @i;\/
ﬁ» :®: + 3 H2
Ho

Naik Neyc Narom
Scheme 4.3. Simplified alkane aromatization mechanism, where kcyc is the apparent rate
constant for rate-determining alkane dehydrocyclization, and Karom 1s the equilibrium constant

for cycloalkane aromatization.

Ngrom = narom,max(1 - e_kcyct) 4.1)

Narommax = aromnglk/(Karom + sz) (4-2)
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Based on the curvefits of eq 4.1 shown in Figure 4.3a, the weighted mean value of kcyc is
(0.57 £ 0.10) h''(note that kcyc is not an elementary rate constant; its numerical value
presumably includes the number of acid sites). Consistent with the assumption that
dehydrocyclization is irreversible, kcyc 1s independent of average P(H:) for values from 0.2 to
3.7 bar. From the curvefit of eq 4.2 in Figure 4.3b, the value of Karom is (7.3 + 0.8) bar? at 275
°C. This value is the same order of magnitude as a value reported for the equilibrium between
1,2-dimethylcyclohexane and o-xylene, 32 bar?® at 300 °C.?° It will be used in the next section
to describe the accelerating effect of P(H2) on the rate of C-C bond scission, for low-to-
moderate values of P(H,). At very low P(H2), Marommax tends to n%ik. This condition appears
to be met at the lowest average P(H») value in our experiments, 0.2 bar, with 7arom max = 7%ik
= (95 £ 3) umol. It agrees remarkably well with the estimated number of PE chains, mpr/M,
=0.200 g / 1850 gemol! = 108 pumol, further validating the simple mechanistic model in

Scheme 4.3.

4.3.6. Kinetics of C-C Bond Scission
In the same series of experiments, the number of C-C bond scission events (7c-c scission)
was measured as a function of reaction time. For each average value of P(H>), nc-c scission
increases linearly with time, Figure 4.4a and Table A4.6. This result indicates that the
reaction is pseudo-zeroth-order with respect to the number of C-C bonds. Since the initial

charge of PE, 0.200 g, contains 14 mmol C-C bonds, and <10% are cleaved during the reaction
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(according to Figure 4.4a), their number is both large and relatively constant, consistent with
the pseudo-zeroth-order behavior. For a given P(H>), the rate (7c-c scission) 18 the slope of a plot

of nc-c scission vS. time. The value of rc.c scission Clearly increases with P(Hz), up to 7.3 bar.
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Figure 4.4. Effect of P(H>) on (a) the number of C-C bond scissions with time (lines are linear
curvefits; ordinate error bars represent lower and upper bounds for nc-c scission, due to the

incomplete collection of mass), and (b) variation of the rate of C-C bond scission for all values
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of P(H»), showing curvefit of eq 4.6 (excluding the grey data point at P(Hz) = 0.2 bar; ordinate
error bars arise from the linear fits to the lower and upper bounds for nc-c scission @s a function
of time. Batch reaction conditions: 0.200 g PE (My = 3.5 x 10° g mol™!, B = 1.9), P/SiO»-
AlO3(0.100 g), 275 °C. In part (a), the reactor was evacuated and refilled with the appropriate
amount of H» after each measurement; for the lowest P(H») reported, the reactor was simply

evacuated after each measurement.

When P(H>) increases even further, the rate of C-C bond scission decreases (Figure 4.4b
and Table A4.9), as suggested by other studies of PE hydrocracking.?%3° This change is
expected based on the accepted mechanism of bifunctional hydrocracking for small alkanes,
in which quasi-equilibrated alkane dehydrogenation catalyzed by metal sites is followed by
rate-determining C-C bond cleavage catalyzed by Brensted acid sites.?! The rate of C-C bond
cleavage therefore depends on the equilibrium yield of olefin, which decreases as P(H»)

increases, eq 4.3.

Yc—c scission = KlKZkC—Cnacidnglk/(Klenglk + PHZ) (4.3)

where Ki is the equilibrium constant for alkane dehydrogenation, K> is the equilibrium
constant for olefin protonation, nacid is the number of strong Brensted acid sites, n’%ix is the
initial number of alkane chains, and kc-c is the rate constant for C-C scission (for derivation,
see the Section 4.7.2.8: Microkinetic Model for C-C Bond Scission). The denominator

simplifies for large values of P(H»), giving eq 4.4.
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~ 0
Tc—c scission = KlKZkC—Cnacidnalk/PHz (4-4)

Because few aromatics are formed for values of P(H>) >7.3 bar, the dominant reaction
under these conditions is hydrocracking. Fitting eq 4.4 to the dependence of the three values
of rc.c scission 0N P(H2) at P(H2) > 7 bar, while fixing the value of 7aciq at its known value of 4
umol and n%i at 95 umol (see the previous section), gives the product Ki1Kzkc.c = (2.39 +
0.09) bareumol-'sh’! as the sole fit parameter, Figure A4.18.

Eq 4.3 clearly does not describe the observed dependence of rc.c scission on P(H2) for
relatively low H» pressures. To explain the non-monotonic behavior, we postulate the
formation of aromatics at low P(H>) poisons acid sites where aromatics adsorb more strongly
than olefins.’* The modified rate equation in eq 4.5 accounts for this effect, by including K3

as an equilibrium constant for aromatic adsorption onto the acid sites.

Tc—c scission = KlKZkC—Cnacidnglk/[PHZ(1 + Ksnarom)] (4-5)

Finally, since according to Figure 4.3a the yield of aromatics stabilizes at a plateau early
in the course of the reaction relative to PE chain cleavage, the expression for zarommax In €q

4.2 replaces narom, giving the final form of the kinetic equation shown in eq 4.6:

Tc—c scission = KlKZkC—Cnacidn?llk/[PHZ(1 + KSKaromnglk/(Karom + PI?IZ))] (4-6)
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Values for nacid, 7%k, Karom, and the product K1 K>kc.c are already known from the analyses
described above. Consequently, eq 4.6 requires a single fit parameter: K3. The curvefit is
shown in Figure 4.4b. The predicted trend matches the non-monotonic experimental behavior
for 2 bar < P(H) < 24 bar with a fitted value of K3 = 1.1 x 10° mol!. Eq 4.6 becomes
indeterminate when P(H>) becomes very small, justifying the exclusion of the 7c.c scission Value
measured without added H» (average P(H2) = 0.2 bar) from the fit.

To probe the hypothesis that aromatics, especially polyaromatics, adsorb strongly and
poison acid sites,*? phenanthrene was intentionally introduced into the reactor with PE and
catalyst at the beginning of a depolymerization experiment conducted under 4 bar H. The
addition of 11 pumol phenanthrene (3 equivalent of 7.ciq) led to a 25% reduction in the number
of C-C bond scissions after 12 h, Table A4.6. No phenanthrene was detected in the
depolymerization products, likely due to its hydrogenation and/or hydrocracking. Increasing
the amount of phenanthrene to 110 umol completely shut down C-C bond scission, and 5
pmol phenanthrene, as well as its hydrogenated forms (10 pmol), remained in the PE
depolymerization products, Figures A4.19-A4.20. These results indicate that the catalyst
Pt/S10,-Al,03 tolerates only small amounts of polyaromatics and becomes deactivated when

they are formed in appreciable amounts.

4.3.7. Optimizing Reactor H, to Maximize Alkylbenzene Production
The results above show that moderate H, pressure (e.g., 8 bar) is effective in rapidly
decreasing the PE molecular weight, but completely suppresses the aromatic yield, while the

absence of external H results in a slower depolymerization which maximizes the aromatic
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yield but at the expense of alkylbenzene selectivity. Some of the tradeoffs inherent in choosing
a single reactor atmosphere may be overcome by varying the headspace gas over the course
of a single experiment. For example, the average hydrocarbon molecular weight (and
viscosity) would decrease rapidly if the reaction were initiated under moderate P(H>), then the
aromatic yield could be maximized by removing the H> from the reactor atmosphere.
Alternatively, a high rate of aromatization could be achieved by starting the reaction under
Ar, then introducing moderate P(H») to convert polyaromatics and higher molecular weight
alkylbenzenes to the desired surfactant-range alkylbenzenes.

The potential for dynamic control of the reactor atmosphere was explored in a series of
preliminary experiments involving depolymerization of a model PE catalyzed by Pt/SiO»-
AlOs3 at 275 °C for two consecutive 4 h periods. After the first 4 h period, conducted starting
under either 2 bar Ar or 8 bar H, the reactor was cooled to room temperature and gases were
removed from the reactor headspace for analysis by GC-FID. Next, the same reactor was
charged with either 2 bar Ar or 8 bar H> for a second 4 h period under the same reaction
conditions. When both 4-h reaction stages were conducted under Ar, the average carbon
number in the liquid/wax hydrocarbon products was high (7 = 60) and the yield of
alkylbenzenes, 12 pmol, was low, representing only 29 mol% of the aromatics produced
(Table 4.3). As expected, when both 4-h reaction stages were conducted under 8 bar H», the
average carbon number in the liquid/wax hydrocarbon products was much lower (1= 21) but

the yield of alkylbenzenes was negligible.

Table 4.3. Effect of changing the reactor headspace gas during PE depolymerization
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Reaction conditions Meescission® T 9 Mbenz®  Mbens/Marom®  Marom/Miotal

First stage®  Second stage®  (umol) (umol)  (mol%) (mol%)
Ar (2 bar) Ar (2 bar) 150 60 12 29 53
Ha (8 bar) H: (8 bar) 942 21 <1 ; <1
Ar (8 bar) Ha (8 bar) 216 39 25 69 21
H, (8 bar) Ar (2 bar) 530 28 28 49 19

a Reaction conditions: PE (0.200 g, My = 3.5 x 103 gmol™', B = 1.9), Pt/Si0,-Al,03 (0.100 g,
1.7 wt% Pt), 275 °C, 10 mL, stirred Parr reactor. ® Pressure measured at room temperature.
The duration of each reaction stage was 4 h. ¢ Total number of C-C bond scission events,
calculated as N(t)-N(0), where N(0) and N(t) represent the total number of chains present at
time 0 and time ¢, respectively. Any missing mass was assumed to have the same distribution
as the recovered mass (see Section 4.7.2.5 Analysis of Carbon-Carbon Bond Scission). ¢
Average carbon number in the combined liquid and wax products. ¢ Estimated from 'H NMR

peak areas and the average carbon number.

Conducting the first reaction stage under Ar, followed by a second stage under 8 bar H»,
yielded liquid/wax with an intermediate average carbon number of 39, consistent with the
shorter time in the fast hydrogenolysis conditions. However, the yield of alkylbenzenes, 25
pmol, doubled relative to the yield under Ar alone. An even better result was obtained when
the first reaction stage was conducted under 8 bar H», followed by a second stage under Ar.
For this experiment, the average carbon number was lower (28) and the alkylbenzene yield

was even higher (28 umol). Presumably the initial reduction in molecular weight under H»
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without polyaromatic formation reduces catalyst poisoning while accelerating the subsequent
aromatization of the lower molecular weight alkanes.

The effectiveness of this strategy for alkylbenzene production was tested with a higher
PE: catalyst ratio (0.400 g PE, 0.100 g Pt/Si0,-Al,03) in a larger-volume reactor (100 mL) at
280 °C. The reaction was conducted initially under 4 bar H, for 4 h, followed by 4 h under 2
bar Ar. The experiment yielded 91 pumol alkylbenzenes with an average carbon number Ci7,
representing an alkylbenzene selectivity of 56 mol% relative to all aromatics. For comparison,
the reaction of the same PE (0.200 g) catalyzed by Pt/F-Al,0O3 (0.200 g, 1.6 wt% Pt) under 2
bar Ar for 8 h was reported to give 45 umol alkylbenzenes with an average carbon number of
Ca3, representing a lower selectivity for alkylbenzenes of 34 mol% relative to all aromatics.'>
The average rate of alkylbenzene formation for the process catalyzed by Pt/SiO»-Al,O3, 114

umol h™' (geatatyst) ™!, is four times higher than that of Pt/F-Al1>03, 28 umol h™! (geatatyst)™.

4.4. Conclusion

P(H>) is a critical parameter in the bifunctional catalytic depolymerization of polyethylene
to alkylaromatics. H» is required for C-C bond scission, reducing the molecular weight of
hydrocarbons through hydrocracking, while also affecting the selectivity to alkylbenzenes
relative to polyaromatics. Consistent with thermodynamic predictions, the highest yields of
alkylbenzenes are obtained at moderate P(H>) values, 3-5 bar, while the highest selectivities

for alkylbenzenes relative to polyaromatics requires 6-7 bar P(H>).
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This study also provides insight into the kinetics of C-C bond scission and aromatization.
The rate of C-C bond scission is pseudo-zeroth-order with respect to the number of alkane
chains. The order with respect to H» is positive at low pressures and negative at high pressure.
The non-monotonic behavior is consistent with a traditional hydrocracking mechanism
combined with competitive adsorption of aromatics. The formation of aromatics is pseudo-
first-order and the total aromatic yield decreases with increasing P(H»), as expected. The
formation of polyaromatics at low P(H:) deactivates the catalyst. These findings can
potentially guide catalyst design and the optimization of reaction conditions for selective

conversion of polyethylene to surfactant-range alkylaromatics.

4.5. Simplified Experimental Procedures

4.5.1. Catalyst Synthesis

S102-A1,03 (1.50 g) was calcined in air in a temperature-controlled muffle furnace at
500 °C for 4 h, then dehydrated at ca. 10~ Torr and 400 °C for 8 h. Pt/SiO2-Al,03 was prepared
by chemical vapor deposition of CpPtMe; (42 mg) onto dehydrated Si0,-Al,Os3 (1.5 g),
followed by heating in flowing H> (5.0 vol% in Ar) to 280 °C at 2 °C min’!, then holding for
2 h.

4.5.2. Polyethylene Depolymerization

PE and a H>-reduced Pt/SA catalyst were loaded into a stainless steel autoclave (10 or 100

mL) inside an Ar-filled glove-box. The reactor was sealed and removed from glovebox, which
was then connected onto the vacuum line to remove initial gas. The reactor was then filled

with target pressure of desired gas, and was placed onto heating system. The contents were
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magnetically stirred at (275 £ 5)°C for the desired reaction time, then the reaction was
quenched under a jet of flowing air.

PE, catalyst, and a magnetic stir bar were loaded into a stainless steel autoclave inside an
Ar-filled glove-box. The reactor was sealed and removed from glovebox, then evacuated,
back-filled with the desired pressure of gas, and placed onto heating system. The contents
were stirred at (275 £ 5) °C for the desired reaction time, then the reaction was quenched by
cooling the reactor with a jet of compressed air.

For reactions at pseudo-constant P(H>), the reaction was conducted as described above for
4 h, then the reaction was quenched and the gas products were analyzed. The reactor was then
evacuated, repressurized with the same initial pressure of Hz, and heated for a further 4 h. The
procedure was repeated twice more, then gas, liquid, wax, and insoluble hydrocarbon products
were analyzed as described below. The amounts of gases formed in each step were combined

to give the total gas products.

4.5.3. Depolymerization Products Analysis
Volatile hydrocarbon products sampled from the reactor headspace via gas-tight syringe
were characterized by GC-FID, using propene added as an internal standard. Liquid and wax
products were extracted from the reactor using CD>Cl, (3 mL). An aliquot of the supernatant
(1 mL) was analyzed by '"H NMR. The suspension, consisting of dissolved hydrocarbons and
insoluble solids, was vacuum-filtered through a fine funnel (4.0-5.5 mm). More CH>Cl> was
added to the reactor to ensure complete transfer of the suspension into the funnel. Insoluble

material remaining on the frit, including the catalyst and insoluble hydrocarbons, was
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recovered and weighed. In some cases, the solid was characterized by thermogravimetric
analysis to give information on unreacted PE and carbon residue.

The filtrate was transferred to a 25.00 mL volumetric flask. C7.30 hydrocarbons in the
filtrate were quantified by GC-FID, using an external standard. After solvent removal under
reduced pressure (0.1 Torr, 1 h), a portion of the liquid/wax (6-7 mg) was dissolved in CHCI3
containing 0.25 vol% triethylamine (1.5 mL) for GPC analysis. Another portion (6-7 mg) was

dissolved in CH>Cl (0.2 mL) for GC-MS analysis.
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4.7. Appendix III

4.7.1. Materials
Trimethyl(cyclopentadienyl)platinum (CpPtMes, 99%) was purchased from Strem.
Silica—alumina (SiO2-Al>Os, Davicat 3113, 7.6 wt % Al, B.E.T. surface area 573 m? g'!, pore

volume 0.76 cm® g ') was obtained from Grace-Davison.
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A standard Pt solution containing (976 + 2) mg Pt/kg in 5% w/w HCI, pyridine (anhydrous,
99.8%), and polyethylene of two different molecular weights (Lots SKU 427772 and SKU
427799) were purchased from Sigma-Aldrich. Nitric acid (68.0-70.0 wt%), hydrochloric acid
(36.5-38.0 wt%), and chloroform (HPLC grade, OmniSolv®, CX1054-6) were obtained from
EMD Millipore Corp. HPLC-grade water, HPLC-grade triethylamine were purchased from
Fisher Chemicals. CH:Cl-d> (D, 99.8%) was purchased from Cambridge Isotope
Laboratories.

H> (5.048 vol% in Ar, Airgas Certified Standard) was purified by passing through 13X
molecular sieves and BTS catalyst (Sigma Aldrich) before its use for Pt reduction. Ar (UHP,
Airgas) and H> (UHP, Airgas) were used in the study of H; effect. Propene (99.8%) was
obtained from PRAXAir. Carbon monoxide (9.890 vol% in He, Airgas Certified Standard)

was used in pulsed CO chemisorption.

4.7.2. Experimental Procedures and Data Analyses
4.7.2.1.  Catalyst Synthesis
Prior to Pt deposition, Si02-A1>03 (1.50 g) was first calcined in static air in a temperature-
controlled muffle furnace (Thermo Scientific Lindberg/Blue M BF51848C) at 500 °C for 4 h.
The calcined SiO2-Al,03 was then dehydrated at ca. 102 Torr and 400 °C for 8 h.
Pt/S10,-Al1,03 (denoted as Pt/SA) was prepared by chemical vapor deposition of CpPtMe3
(42 mg) onto dehydrated Si0»>-Al>O3 (1.5 g), followed by reduction by heating to 280 °C at a

rate of 2 °C min™! in flowing H (5.0 vol% in Ar), then holding for 2 h.
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4.7.2.2. Catalyst Characterization
4.7.2.2.1. Metal Analysis

Pt analysis was performed using Inductively-Coupled Plasma (ICP) — Optical Emission
Spectrometry (ICP-OES), on a Thermo iCAP 6300. The calibration curve was constructed
using a standard Pt solution, prepared by diluting the commercial Pt standard with homemade
aqua regia (5 vol%) in HPLC-grade water. Pt was extracted from catalyst samples following
a literature procedure,! involving stirring in aqua regia at 75 °C for 30 min. To ensure complete
digestion of Pt, the extraction method was modified by allowing the suspensions to stand at
room temperature for an additional 12 h. The suspensions were then filtered through a syringe
filter (pore size 0.2 um). The solid residues were washed three times with HPLC-grade H>O.
The filtrate and washings were combined and diluted with aqua regia (5 vol % in water), then
analyzed by ICP-OES. Pt loadings was measured to be 1.7 wt% in the Pt/Si02-Al,0s.

Accessible Pt surface areas in the fresh catalysts were measured by CO chemisorption,
using a Micrometrics Autochem ii 2920. The catalyst (ca. 40 mg) was placed on a plug of
glass wool in a U-shaped quartz reactor. A thermocouple was attached to the outside of the
reactor, at the level of the middle of the bed. Complete reduction of the catalyst was ensured
activated by heating in flowing H> (5.0 mol% in He) at a rate of 5°C min™' to 200°C, then held
for 1 h before switching to He flow then cooling to room temperature. The catalyst was
subjected to 30 pulses of CO (9.9 vol% in He, 124 pL each at 110°C). The amount of CO not
adsorbed in each pulse was measured using a TCD detector. The Pt dispersion (D, %), were

calculated to 65%.
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TEM images of catalysts were obtained using a ThermoFisher Talos F200X. Pt particle
sizes were estimated by analysis of the high angle annular dark field (HAADF) images, Figure
A4.1. Pt/SA contain particles with average sizes of (1.0 = 0.2) nm, which is smaller than the

Pt particles size measured by CO chemisorption (1.5 nm).

4.7.2.2.2. Acidity Analysis

Lewis and Bronsted acidity were measured by pyridine adsorption. The IR calibration
curve reported in the literature? was also used here.

A sample of dried material (ca. 80 mg) was transferred to a Schlenk tube inside an Ar-
filled glovebox. The Schlenk tube was sealed, removed from the glovebox, and connected to
a high vacuum line (base pressure 30 mTorr). The tube was evacuated at 400 °C for 2 h, then
cooled to room temperature. Excess dry, air-free pyridine vapor was introduced at room
temperature and allowed to equilibrate for 15 min. The tube was then evacuated at ca. 30
mTorr for 30 min while heating at 150 °C to remove physisorbed pyridine. The tube was then
transferred into an Ar-filled glovebox, where ca. 10 mg (precisely weighed) was pressed into
a self-supporting pellet of diameter 5.0 mm using an ICL hand press. The spectrum of
glovebox atmosphere was used as the background.

IR spectra were recorded using a Bruker Alpha FTIR spectrometer over the range
4000—400 cm™' at a resolution of 2 ¢m™!, accumulating 64 scans. The absorbance was
normalized by the precise sample mass. The areas of the peaks at 1455 and 1545 cm’!,
corresponding to pyridine interacting with LAS and BAS, respectively, were used for

quantification.

272



The numbers of Bronsted acid sites (BAS) and Lewis acid sites (LAS) on Pt/SA, measured

by IR of adsorbed pyridine (Figure A4.2), are 42 and 120 umol/g, respectively.

4.7.2.3. Catalytic Reactions and Products analysis
4.7.2.3.1. Polyethylene Depolymerization Reaction

A high pressure Parr reactors (10 mL, Parr 2550, Parr 4590 or Parr Series 5000 Multiple
Reactor System, internal volume ca. 100 mL, stainless steel) equipped with a pressure gauge
and type J thermocouple was loaded with PE and a freshly-reduced Pt/Si0,-Al>,O3 catalyst
inside an Ar-filled glove-box. The reactor was sealed and removed from glovebox, which was
then connected onto the vacuum line to remove initial gas. The reactor was then filled with
target pressure of desired gas, and was placed onto heating system. The contents were stirred
magnetically at ca. 100 rpm, using a Pyrex-encapsulated stir bar. Timing of the reaction began
when the internal temperature reached the desired temperature, 275°C, after ca. 30 min.

After the reaction, the reactor was removed from the heater and cooled under a jet of
flowing air to room temperature. To characterize volatile products, the reactor and a Schlenk
flask capped with a white rubber septum were connected to a glass vacuum line equipped with
a pressure gauge and a gas sampling port. The Schlenk flask and vacuum lines were evacuated
(1072 Torr), then isolated from the pumping system. The gases in the autoclave were expanded
into the line and Schlenk flask. The pressure reading are recorded before (Po) and after (Po)
the gas expansion.

H> analysis by GC-TCD was achieved by removing an aliquot of gas (400 uL) via the gas

sampling port using a gas-tight syringe. If Ar is present in the autoclave at the start of the
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reaction, it is used as the internal standard for quantification of H, remaining in the reactor
after reaction. If Ar is not present in the reactor, the amount of H» is estimated by pressure,
please see Section 4.7.2.6: Analysis of H, Balance. The hydrocarbon gas (mostly C; to Ce,
Mgas= mci1-c6) was sample for GC-FID analysis. Propene (400 pL, 200-600 mbar) was injected
into the Schlenk tube for use as an internal standard prior to removing a gas aliquot (200 pL)
for GC-FID analysis (Figure A4.3 for an example).

After the gas analysis, ca. 3.0 ml of deuterated CH>Cl>-d> was added into the reactor
through the vent hose upon opening it. The CH>Cl»-d> and post-reaction mixture were stirred
under magnetitic stirring at ca. 100 rpm, using the Pyrex-encapsulated stir bar in the reactor
for 5 mins to ensure a good mixing. The mixture was then allowed to stand for 3 mins for the
catalyst particles to precipitate. ca. 1 ml of supernatant was used for 'H NMR analysis.

To separate out CH>Clz-soluble hydrocarbon, the suspension consisting of the
hydrocarbons dissolved in CH2Cla, solid hydrocarbons, and solid catalyst, was filtered through
a fine funnel (4.0-5.5 um) by vacuum filtration. The extracted CH,Clx-soluble hydrocarbons,
including the supernatant for 'H NMR measurement, were transferred into a 25.00 mL
volumetric flask. Two aliquots of this mixture were used for GC-MS (Figure A4.9 for an
example) and GC-FID (Figure A4.6 for an example) analysis for qualitative and quantitative
analysis of liquid hydrocarbon (C7 to Cso, miiquia = mc7-c30), respectively. The CH2Cl in the
hydrocarbon was removed under reduced pressure (0.1 Torr, 2h), accompanied with the loss
of light liquid (C7-C11, miight tiquia = mc7-c11).> The resulting product contain hydrocarbons
larger than Cy2 including heavy liquid (Ci2-Cs3o, Mheavy liquid = mci12-c30) and wax (Cs30, Mwax =

m=30), which were weighed (mio1a1) to obtain the mass of wax using a mass balance (eq A4.1).
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Mwax = Mtotal — Mheavy liquid (A4.1)

To obtain molecular weight distribution on wax products, ca. 5 mg of heavy liquid and
wax product was dissolved in 1 mL CHCI; containing 0.25 vol% triethylamine for GPC
analysis. Typically, a bimodal distribution was observed in the GPC results, with a lower
molecular weight peak centered at smaller than ca. 200 g/mol (Figure A4.8 for an example).
The molecular weight distribution of lower molecular weight peak (heavy liquid) has been
described more accurately by GC-FID, as mentioned above. This is because the refractive
index is dependent on molecular weight when the molecular is small, thus giving inaccurate
quantities in GPC measurements.* The higher molecular weight peak mostly contain
molecules larger than Cso, (squalane, a Cso iso-alkane, is measured to have 560 g/mol, with
30% error). The number- and mass-average molecular of wax is calculated using eq A4.2 and

eq A4.3, respectively. The number-average molecular of combined liquid and wax fraction is

calculated using eq A4.4.
_ Xifi
My =25 1> 420 g/mol (A4.2)
Zi(ﬁli)
My =L 31> 420 gfmol (A423)
M Jiquidiwax = % (A4.4)

. . +
liquid Mpwax
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Where f; is the response of detector in GPC measurement, and A; is derived from the retention
time in GPC measurement, based on its calibration curve. miiquia and niiquia are obtained from

GC-FID analysis.

The insoluble material remaining on the frit, including the catalyst and insoluble
hydrocarbons, was recovered and weighed. The mass of insoluble hydrocarbons was
calculated by subtracting the initial mass of the catalyst. In some cases, the post-extraction
solid was characterized by thermogravimetric analysis (TGA, Figure A4.13), giving
information on unreacted PE (insoluble in CH>Cl; but fully oxidized in air to CO, and H,O
below 350 °C) and carbon residue (insoluble in CH>Cl> and completely oxidized above 350°C

in air).

4.7.2.3.2. Pseudo-Constant P(Hz) Depolymerization
This set of reactions involves conducting multiple short-duration periods, typically 4 h
each, of reactions. Between these periods, the target gas is refilled before the next stage of the
reaction, which keeps the P(H») relative constant. The first stage of reaction follow the same
procedure for packing the reactor, conducting the reaction, and analyzing gas products as

described in Section 4.7.2.3.1: Polyethylene Depolymerization Reaction.
After gas analysis, the reactor is then connected to a vacuum line to remove volatile
hydrocarbons until pressure indicated by the pressure gauge stabilizes. Subsequently, the
reactor is pressurized to the desired pressure with the specific type of gas, and then heated for

another round of reaction. This procedure can be repeated multiple times. In the final run,
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after the analysis of gas products, liquid, wax, and insoluble hydrocarbon are analyzed as
described in Section 4.7.2.3.1: Polyethylene Depolymerization Reaction. The gas analyzed

at each stage is combined to form the total gas products.

4.7.2.3.3. H: and Hydrocarbon Analysis

H> analysis by GC-TCD. H> was quantified on a Shimadzu GC-8AIT gas chromatograph
equipped with a packed column (ShinCarbon ST 80/100, 2 m x 2 mm) and a thermal
conductivity detector (TCD). The column, injector and detector temperatures were all 130°C.
The TCD current was 70 mA and the head pressure was 300 kPa (N2). Ar present in the reactor
was used as the internal standard. The linear responses of the TCD signal to the injected
volumes of H, and Ar were confirmed using standard H»/Ar gas mixtures. The response
factors were obtained as described previously.’

Gas hydrocarbon analysis by GC-FID. Hydrocarbons in the gas fraction (Cig) were
analyzed qualitatively and quantitatively on a Shimadzu GC-2010 gas chromatograph
equipped with a capillary column (Supelco Alumina Sulfate plot, 30 m x 0.32 mm) and a
flame 1onization detector (FID). The injector and detector temperatures were both 200 °C. The
temperature program was: 90 °C (hold 3 min), ramp 20 °C/min to 180 °C (hold 20 min). The
yields of each hydrocarbon were calculated assuming all have the same relative carbon
response factor.

Liquid hydrocarbon analysis by GC-FID. The hydrocarbons were quantified on an Agilent
6890N Network gas chromatograph equipped with an Agilent DB-5 capillary column (fused

silica, 30 m x 0.25 mm x 0.25 pum) and an FID detector. The inlet and detector temperatures
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were 300 and 280°C, respectively. The temperature ramp program was: 40°C (hold 3 min),
ramp 25°C /min to 320°C (hold 10 min). The flow rate was 1.0 mL/min (He) with a 5:1 split
ratio. The same relative carbon response factor (f) was assumed for all hydrocarbons. norm-
Octadecane in CS> was used as an external standard. Peak areas were measured by injection
of several n-octadecane solutions of different concentrations, giving the calibration curve in
Figure A4.5.

GC-MS Analysis. An aliquot of the liquid products dissolved in CH>Cl, (2 mL) was
transferred to a vial for solvent removal in a rotary evaporator (30°C, 350 Torr), then analyzed
on a Shimadzu GC-2010 gas chromatograph equipped with an Agilent DB-5 MS capillary
column ((5%-phenyl)-methylpolysiloxane, 30 m x 0.25 mm x 0.25 um) coupled to a QP2010
Mass Spectrometer. The injector and detector temperatures were 250°C. The temperature
ramp program was: 60°C (hold 2 min), ramp 15°C per min to 270°C, hold 50 min.

NMR spectroscopic analysis. '"H NMR spectra of liquid products recovered from the
reactions of PE were recorded on a Varian Unity Inova AS600 spectrometer, and analyzed by
MestReNova (v11.0.1, Mestrelab Research S. L.).

Gel permeation chromatography analysis. Molecular weight distributions of hydrocarbon
and aromatic chromophores were analyzed by GPC with RI and UV detection, respectively.
Analyses were conducted on a Waters 2690 HPLC equipped with two Agilent Columns
(PLgel, 5 um MiniMIX-D, 250%4.6 mm) and a guard column (Mw linear range 200 - 400,000
g mol!), a Waters 2410 refractive index (RI) detector and a Waters 2998 photodiode array
detector (PDA). Chloroform containing 0.25 vol% triethylamine was used as the mobile phase

at room temperature and 0.35 mL min™'. Calibration was achieved using polystyrene standards
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(Agilent EasiVial kit, linear response for molecular weights in the range 200 - 400,000 g mol
.

Thermogravimetric analysis. To assess the nature of hydrocarbon residues post-reaction,
catalysts recovered from the reactor after conversion of PE were analyzed by TGA. The
measurements were performed in air with a TA Discovery Thermo- Gravimetric Analyzer
while heating at 10°C min™! from 50 to 700°C. the differential thermogravimetric analysis
shows a distinct peak at ca. 250-300°C, corresponding to the oxidation of unreacted PE, and

the peak at ca. 550°C assigned to the oxidation of coke, (Figure A4.13).

4.7.2.4. Analysis of Aromatic
4.7.2.4.1. Analysis of Alkyl Substituents of Aromatics
To understand the type of substituents on the aromatics, 'H NMR signals at 2.0-3.5 ppm
(H.) arise due to alkyl substituents on the aromatic rings, are further subdivided into 2.0-2.5
ppm (Ha-methy1), 2.5-3.1 ppm (Ho-methylene), and 3.1-3.5 ppm (Ho-methine).® The average number

of H,, per alkyl substituent, g, was calculated using eq A4.5.

q= (H o,methyl + H, o,methylene + Ha,methine)/ (H oc,methyl/ 3+H u,methylene/ 2+ H u,methine) (A45)

As P(initial H») rises from 0 to 6 bar, the value of g increases slightly from 1.9 to 2.2
(Table A4.3). This result indicates that there are, on average, two H, per alkyl substituent
(i.e., -CH2R). When P(initial H;) increased further to 8 bar, the value of g rose to 2.7,

corresponding to a mixture of -CH>R and -CHj3 substituents. The increase in ¢ at high Pu»
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could result from preferential Csp3-Cspsz bond scission instead of Cgps3-Csp2 bond scission in the
alkylaromatics, due to the higher Cgp-Csps bond energy.” As a result, methyl-substituted
aromatics become the major aromatic products under more C-C scission caused by H».

To estimate the average number of substituents per aromatic ring, the ratio Ho/Harom (Harom,
aromatic protons, '"H NMR signals at 6.5-9.0 ppm) was evaluated (Table A4.3). When
P(initial Hy) was < 1 bar, the yield of phenanthrenes is high. In addition, the Ho/Harom in both
products are close to 1.2, indicating the major products are trialkyl-substituted phenanthrenes.
Based on a plausible mechanism to make alkylaromatics using the bifunctional catalyst
(Scheme A4.1a), one -CHj3 and two -CH2R substituents are proposed (Scheme A4.1b), where
the -CH3s group originates from acid-catalyzed skeletal isomerization of the polymer which
installs methyl branches.? The Ho/Harom ratio increased further, from 1.3 to 1.7, as P(initial
H>) increased from 2 to 4 bar, indicating that the major products shifted to trialkyl-substituted
naphthalenes. The Hu/Harom further increased above 2 for P(initial H») values between 5 to 8
bar, corresponding to trialkyl-substituted benzenes. Therefore, trialkyl-substituted benzenes,
naphthalenes, and phenanthrenes are the major aromatic products under low, middle, and high

P(initial H»), respectively.
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Pt, BAS Pt, BAS
Cn Cn
R R R
R
b e )
P(initial H,) "
initial H,
(atm) 0-1 24 5-6 7-8
q 2.3 2.3 2.3 2.7
H/Harom 1.0 14 2.3 2.7

Scheme A4.1. (a) Proposed bifunctional mechanism for methyldialkylaromatics formation
from long-chain methyl-branched alkanes.? (b) Major structures of the alkylaromatic products
(trialkyl-substituted phenanthrenes, naphthalenes, and benzenes) formed in the
depolymerization of PE (0.200 g, M,, = 3.5 x 10’ g mol™!, D = 1.9) catalyzed by at Pt/SA
(0.100 g) at 275 °C for 24 h under the presence of P(initial H») from 0 to 8 bar, along with

their corresponding predicted ¢ and Ho/Harom ratios.

4.7.2.4.2. Analysis on Selectivity and Yield of Aromatics
Trialkyl-substituted alkylbenzene, alkylnaphthalene and alkylphenanthrene (as described
in Section 4.7.2.4.1), each contribute 3, 5, and 7 aromatic protons, respectively. Besides
aromatics, alkanes are also present in the products. The ratio of aromatic proton to the total

protons can be calculated using eq A4.6, as adapted from the literature.?
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Harom __ 3XiNben,it5 XiNnap,it7 LiNphe,i
Htotal (2ipen—6) Xj Npen,i+(2inap—12) i Nnap,it(2iphe—18) i Nphe,it(2iqik+2) YiNalk,

(A4.6)

Where ben, nap, phe, and alk represent for alkylbenzene, alkylnaphthalene,
alkylphenanthrene, and alkanes respectively. ¥;n;, and i represent the total number and

average carbon number of each species.

Since alkylbenzene, alkylnaphthalene, and alkylphenanthrene are mostly present in the
liquid range (C7-Cso0, Figure A4.8, Figure A4.11 and Figure A4.12), and their distributions
are similar to that of total liquid products (Figure A4.9). On the other hand, alkanes are present
in both the liquid and wax fractions.

Therefore, the contributions of the liquid and wax fraction to the total protons in eq A4.6

are separately accounted for and rewritten into eq A4.7.

Harom __

Htotal

32iliq Mben,it5 Liliq Mnap,it? Ziliqg Mphe,i
(2iben,iiq=6) Zijiiqg "wen,i+ (2inap,1iq=12) Ziliq "nap,i+ (2iphe,liq—18) Ziliq Nphe,i+(2laik iq+2) Tiliq Maiki+ Clatkwax+2) Ziwax Maik,i

(A4.7)

Where Y; wax Naiki = Xiwax Ni»> because all of the species in the wax correspond to alkanes.
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The molar selectivity to alkylbenzenes in the liquid fraction (Sven,liq) 1s defined in eq

A4.8 (molar selectivities for other components are defined similarly):

Yilig Mben,i
Sheniiq = L (A4.8)

Yilig Mbenit2ilig Mnap,itZiliq Mphe,itZiliq Malk,

Where Y; 1ig Mpen,i + Xitiq Mnap,i T 2itiq Mphe,i T Ditiqg Matk,i = Ditiq i

Therefore eq A4.9 is obtained by combining eqs A4.7-4.8.

Ha'rom

Htotal

3Sben,liq +55nap,liq + 7Sphe,liq

Yiwax™i
Xiliqni

(2iben,liq_6)Sben,liq+(2inap,liq_12)Snap,liq+(Ziphe,liq_18)Sphe,liq+(Zialk,liq+Z)Salk,liq+(2ialk,wax+2)
(A4.9)
To obtain the selectivity of each species, the potential contributions of methyldialkyl-

substituted aromatics to the "H NMR signals in the aromatic region are summarized in Scheme

A4.2, as reproduced from ref 2.
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R
@ 6510750, H, 3H 1H 2H
@ 53t90ppm H - - 2H
Herom = Hi1 + H + Hy 3H 5H 7H

Scheme A4.2. Predicted chemical shifts for aromatic protons in methyldialkyl-substituted
benzenes, -naphthalenes, and -phenanthrenes, showing the assignments of the expected 1H
signals for each structure type to one of the three aromatic regions (H1, green; H», orange; Hs,
brown), and the relative contributions of each type of aromatic proton to each structure type.

Reproduced from ref 2.

The experimental ratios H : H> : H3 were obtained by integrating the relevant aromatic
regions in the "H NMR spectrum. These values were related to the molar amounts (#;) for each
aromatic structure type to estimate the relative molar selectivities, eq A4.10, as reported in ref

2.

Sphe . Snap: Sben = nphe . nnap . Nben — 1/2 H3 . 1/4 (HZ - 3/2 H3) . 1/3 H] - 1/12H2 - 5/24 H3

(A4.10)

The average carbon number of alkylbenzenes, alkylnapthalenes, alkylphenanthrenes, and

alkanes is assumed to be similar in the liquid range, eq A4.11 (assumption 1).
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lpenlig = lnaplig = lpheliq = laiklig (A4.11)

The selectivity of each species can be obtained by combining eqs A4.9-A4.11.
Alternatively, since alkylbenzene, alkylnaphthalene, and alkylphenanthrene contain at least 6
carbons, 10 carbons, and 14 carbons, respectively. The average carbon number of
alkylbenzenes, alkylnaphthalenes, and alkylphenanthrenes are assumed to equal to the average
carbon number of alkanes within the range of Cs-30, C10-30, and Ci4-30, respectively, eqs A4.12-

14 (assumption 2).

lpen,lig = lalk,c6-30 (A4.12)
lnaphthalene,liq = lalk,c10-30 (A4.13)
lphenanthrene,liq — lalk,c14—30 (A4.14)

The impact of different assumptions is small, as compared in Table A4.4. For simplicity,
the reported selectivities are calculated using assumption 1 unless otherwise stated.
The yield of each type of product is calculated using eq A4.8 after obtaining the

selectivity as mentioned above, and the total liquid fraction products, Y.; ;;q ;, is measured

by GC-FID.

4.7.2.5. Analysis of Carbon-Carbon Bond Scission
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The number of C-C bond scission (7¢-c scission, measured) 18 calculated by counting the change

in the number of chains before (N(0)) and after the reaction (N(t)), eqs A4.15-4.17.3

1C-C scission, measured = V() - N(0) (A4.15)
N(t) = ngas + Niiquid + Mwax T Msoild (A4.16)
MO) =nee (A4.17)

Where the number of solid hydrocarbon chains (7s0ii¢) and initial number of PE chains are
estimated as msotias/Mn pe and mpe/Mn pE, respectively. Here, msolia and mpg refer to the mass of
solid residue and PE, respectively, while M,pr represents the initial number-averaged

molecular weight of PE.

Due to an incomplete collection of mass, the missing mass (200 mg - Mmotar) 1s assumed to
have the same fraction as the detected mass. Consequently, the total mass-corrected number

of C-C bond scissions is calculated as shown in eq A4.18.

NC-C scission, Ctotal = MC-C scission, measured T (200 - mtotal)/ Miotal * N (t) (A4 1 8)

Alternatively, the missing mass can be attributed to incomplete collections of gas (Ci-Cse),
light liquid (C7-C11), heavy liquid (Ci2-C30), wax (C>30), and solid (Cinsoluble), respectively.

Because Cs alkanes overlaps with solvent peak in GC-FID analysis, the missing mass is
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assumed to came from underestimation of C¢. The mass-corrected C-C bond scission is shown

in eq A4.19, assuming the missing mass only came from Ce.
NC-C scission, C6 = MC-C scission, measured T (200 - mtotal)/mC6 * nce (A4 19)

Therefore, the measured C-C bond scission and the calculation assuming missing mass
from Cs represent the lower and upper limits of C-C bond scission, respectively, Figure

A4.14.

4.7.2.6.  Analysis of H; Balance
When the parr reactor (with volume of V; = 10 mL) was filled initially with Ar (Par), the
amount of H» after reaction was measured by GC-TCD using Ar as the internal standard,
through measuring the peak areas of Ha (4n2) and Ar signals (4ar), eq A4.20. The response

factor for H> and Ar reported in the literature were used here.’

A
nwy _ iz _ " fia (A4.20)

nar Var AAT/sz

When Ar was not present initially, the amount of H» after reaction is estimated by
measuring the gas pressure in the reactor. After reaction, the reactor was connected to the pre-
evacuated vacuum line and a Schlenk flask (with volume Vi), initially at pressure reading Po.

The gases in the reactor were then allowed to expand into the vacuum line and Schlenk flask,

287



resulting in a pressure reading Pi. The amount of gaseous molecules is calculated using the

ideal gas law, eq A4.21.

_ P1(Vys+Vr)—PoVys
ntotalgas - RT (A4-21)

The number of remaining H» is determined by calculating the total number of total
molecules and subtract the gaseous hydrocarbon (7gas nydrocarbon) measured by GC-FID, eq

A4.22.

Ny = ntotalgas - ngas hydrocarbon (A4-22)

4.7.2.7. Microkinetic Model for Aromatization
To analyze the kinetic profiles reported for aromatic ring formation (Figure 4.3a), the
simplified mechanism wused in naphtha catalytic reforming is considered, where
dehydrocyclization is irreversible and rate-determining, and aromatization is quasi-

equilibrated, Scheme A4.3.%

(Z;i Keye Karom @(;/\
ﬁ' <_—©: +3 H2
Ha

Naik Neye Narom

Scheme A4.3. Standard alkane aromatization mechanism.
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At all reaction times, the yield of aromatics is given by eq A4.23:

Narom = Karomncyc/Pl?Iz (A4.23)

Substituting ncyc from the site balance in eq A4.24 gives the expression for the aromatic

yield in eq A4.25:
Neye = nglk ~ Naik — Narom (A4.24)
Narom = arom(nglk - nalk)/(Karom + sz) (A4-25)

Finally, using the first-order rate expression in eq A4.26 allows us to convert eq A4.25

into the form of eq 4.1 fitted to the time profiles in Figure 4.3a:

Mg = NOje” Kevet (A4.26)

Narom = aromn?llk(1 - e_kcyct)/(Karom + sz) (4.1)

In this formulation, the number of active sites that catalyze alkane cyclization is included

in the numerical value of kcyc.

4.7.2.8. Microkinetic Model for C-C Bond Scission
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dehydrogenation
protonation

[-scission

Aromatics
competitive
adsorption

M: metal

1.1
1.2
1.3
1]

A: acid
CiHzisz fM*‘ CiHz + H; K;
CiHai + H* () A CiHaiv1*(*) Ks
CiHair1*(*) > CixHaiox1*(") + CiHax  RDS, k3
A

CixHaioxs1t <= CixHgiox + H*

CixHaiox + Ha M C

i-xH2i-2x+2

CiHais + H*(*)=<=— CiHys -H*(*) Ky

Scheme A4.4. Proposed reaction mechanism of C-C bond scission. M and A standard for

metal and acid sites, respectively.

The reaction mechanism for catalytic C-C bond scission proceeds via initial rapid, quasi-

equilibrated steps involving dehydrogenation of an alkane (a/k) to an olefin (o/e) on a metal

site (K1) and olefin protonation to a carbenium ion (RH") on an acid site (K3), followed by

rate-determining C-C bond scission in the carbenium ion leading to a new olefin and a new

carbenium ion (kc-c). Following the rate-determining step, deprotonation of the carbenium ion

regenerates the acid site and produces a new olefin. Olefins are rapidly rehydrogenated on

metal sites. The equilibrium constants, the rate law for the rate-determining step, and the site

balance for that step involving the catalyst's acid sites, are shown in eqs A4.27-30:

__ Nole P2
K, =——=
Nalk

n
KZ — RH+

Nole NH+

Te—c = Kc—c Nru+

(A4.27)

(A4.28)

(A4.29)
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Nacia = Mu+ + Nert (A4.30)

By combining these equations, the amount of carbenium ion can written as a function of
experimental observables, with the result given in eq A4.31. Using this expression in eq A4.29
gives the rate law expression in eq A4.32. Note that it predicts the rate of C-C bond scission
to be zeroth-order in H; at low P(H»), and inverse-first-order in H, at high P(H»); at no time

does it predict the rate should increase with P(H>).

Klen n,.;
Nry+ — 2172 alk"acid (A4.31)
K1KaNqiktPH2

leznazknaad} (A4.32)

k]
Te-c C=C \K1Konaue+Pu2

Next, we consider the quasi-equilibrated adsorption of aromatics on the acid sites (K3) and

modify the acid site balance appropriately, eqs A4.33-4.34. The revised expressions for nru+

and rc.c are shown in eqs A4.35-36.

n
K, = —ZAri+ (A4.33)
3 n n
arom’*H+
Nacia = Mu+ T Nru+ + Narn+ (A4.34)
KiKongixn, i
Npy+ = 1ol aeld (A4.35)
K1Kongigp+PH2(1+K3Narom)
KiKongixn, i
Teec = kc—c{ -2 alkacid } (A4.36)
K1Kongie+PH2(1+K3Narom)
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After 4 h at 275 °C, the value of naom does not change further, and can be represented by
Narommax (€q A4.37). Its use in eq A4.36 gives eq A4.38, whose denominator simplifies for

large values of P(H»), leading to the version of the rate equation used in curvefitting, eq 4.6:

_ Karomnglk
narom,max - 3 (A437)
Karom"'PHZ

KiKongign

acid (A4.38)

Te-c = kc—c Ko 0
arom alk)

K1K2n lk+PH2(1+K3
@ Karom+P13:12

KiKangign

i (A4.6)

Te-c = kc—c Koo 10
arom alk)

Py (1+K3
Kar0m+P?-12

4.7.2.9. Thermodynamic Assessment
4.7.2.9.1. DFT Calculation Setup

Ab initio calculations of the reaction free energies were performed using non-periodic
density functional theory (DFT) as implemented in the TURBOMOLE 7.5 program
package.>'° For each gas phase species, free energy computations involved a geometry
optimization of the molecule, followed by the estimation of the enthalpic and entropic
contributions to the free energy.

The electronic wavefunction/electron density of the gas phase molecules was computed
using the quadruple-{ with two sets of polarizing functions (def2-QZVPP) valence adaptation
of the Karlsruhe basis set for all electrons. ®-B97M-V which is a state-of-the-art, hybrid,

meta-GGA functional,!' was utilized for the optimization of all species. We used a Gauss-
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Chebysev type spherical grid, m5, for the numerical integration and a self-consistent field
energy convergence criterion of 1.0 x 10 Ha.

Frequency calculations were performed using the Perdew-Burke-Ernzerhof (PBE)
functional'? (a generalized gradient approximation (GGA) functional) coupled with the D3
dispersion correction technique'? as we observed small imaginary frequencies for the -
B97M-V functional for large molecules even after tightening our convergence criterion and

distorting the structures along the imaginary mode.

4.7.2.9.2. Free Energy Calculations

The free energy of species at 280 °C was calculated using classical partition functions

within the harmonic approximation, eq A4.39.

G;(T =280°C) =E, + ZPE+R - T - In(Q(T = 280°C)) (A4.39)

where E, is the temperature-independent optimized electronic energy, ZPE is the zero-
point-corrected energy, R is the universal gas constant, Q is the total partition function of the
molecule without electronic contributions.

The zero-point-corrected energy (ZPE) was calculated using eq A4.40.

N hcv;

ZPE = I, =2 (A4.40)
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where h is Planck’s constant, ¢ is the speed of light, and v; is the wave number of
vibrational mode, i, of the molecule.
The total partition function is decoupled into the translational, rotational, and vibrational

contributions, eq A4.41.

Q(T = 2800C) = Qtrans " Qrot * Quib (A4.41)

For each reaction, the Gibbs free energy of reaction is calculated using the algebraic sum

of the free energies of the reactants and products, eq A4.42.

Aern,i(T = 280°C) = ?le ngj - Gj(T = 280°C) (A4.42)

where n;; represents the stoichiometric coefficient of species j in reaction i.

4.7.2.9.3. Thermodynamic Yield Assessment

To assess the thermodynamic yield of aromatics from PE, the conversion of n-dodecane

to 1,2-dipropylbenzene, 2,3-dimethyltetralin, 2,3-dimethylnapthalene are considered as model

reactions (Scheme A4.5).
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e 2 m + 5H,

Ks
e g

Scheme A4.5. Conversion of n-dodecane to 1,2-dipropylbenzene, 2,3-dimethyltetralin, and

2,3-dimethylnapthalene, respectively.

The equilibrium concentrations of n-dodecane, 1,2-dipropylbenzene, 2,3-dimethyltetralin,
2,3-dimethylnapthalene are denoted as [D], [B], [T], and [N], respectively. The equilibrium
constants for the conversion of n-dodecane to 1,2-dipropylbenzene, 2,3-dimethyltetralin, and
2,3-dimethylnapthalene, each generating H> as by products, are denoted as Ki, K>, and K3,
respectively, eq A4.43. Assuming all three reactions reach thermodynamic equilibrium

simultaneously, eq A4.44 is obtained.

[B]Pf, [T1Pf2 [N1Pf,
K, =200 . e = W g NP A4.43
L7 p 27 Tp] 37 Tp ( )

K1 . K> . K3
P*(Hy) ~ PS(Hz)  P7(Hy)

[D]:[B]:[T]:[N]=1: (A4.44)

The relative fraction of each component, using [B] as an example, can be calculated as

shown in eq A4.45.
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K1

[B] PA(Hy)
S S S . R (A443)
[D]+[BI+[T]+[N] L+ pay + 5SGip P71

The equilibrium constants of K1, K> and K3 are computed using DFT calculation (Section
4.7.2.9.1 and Section 4.7.2.9.2). The obtained equilibrium constants are K1 = 1.25, K> = 4.46,
K3 =111. The equilibrium concentration of [B] and [T] vs P(H>) are plotted in Figure A4.17,

predicted to first increase with increasing P(Hz) and then decrease.
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4.7.3. Supplemental Figures

Pt/SiO»-Al,O3
Total counts:
1.0£0.2 nm
N
§<
NS ) ) )
2 3 4 5

diameter (nm)
Figure A4.1. (a) HAADF-STEM image, and (b) Pt particle size histogram, for fresh,
reduced Pt/Si02-Al,03 (1.7 wt% Pt). The average nanoparticle size, obtained by fitting a

Gaussian function to the distribution, is (1.0 = 0.2) nm.
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absorbance

1700 1650 1600 1550 1500

1450 1400

wavenumber (cm'1)
Figure A4.2. IR spectra of Pt/Si0,-Al,03 (10.0 mg) recorded after adsorption of excess
pyridine at room temperature, followed by desorption at 150 °C and ca. 30 mTorr for 30
min. The areas of the peaks at 1455 and 1545 cm’!, corresponding to pyridine interacting

with LAS and BAS, respectively, were used for quantification.
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Figure A4.3. GC-FID of gas products and their molar distribution (inserted), recovered
from the catalytic conversion of PE (0.200 g, My, = 3.5 x 10° g mol™!, D = 1.9) using
Pt/S10,-A1,03 (0.100 g) for 24 h at 275 °C under P(initial H>) = 0 bar. Propene (black peak)

was used as internal standard.
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Figure A4.4. Molar ratio of iso-pentane to pentanes (iso- and norm-) (red), recovered from
the catalytic conversion of PE (0.200 g, My, = 3.5 x 10> g mol™!, D = 1.9) using Pt/SiO;-

AlO3 (0.100 g) for 24 h at 275 °C under different P(initial Hy) from 0 to 8 bar.
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Figure A4.5. Calibration curve for the n-octane response of the flame ionization detector.

The line is a least-squares fit of the equation y = mx to the data.
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Figure A4.6. Distribution of liquid products obtained from Pt/SA (0.100 g) reacting with
PE (0.200 g, My = 3.5 x 10° g mol™!, D = 1.9) after 24 h reaction at 275 °C under P(initial

H») = 0 bar. The inserted figure is a zoom-in of the small-molecular weight peak, along

with the corresponding assignment of major peaks.
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Figure A4.7. Products distribution (black) and corresponding carbon number (red) of
products from Pt/SA (0.100 g) reacting with PE (0.200 g, My, = 3.5 x 10* g mol™!, B = 1.9)
after 24 h reaction at 275 °C under P(initial H») = 0 bar. The inserted figure is a zoom-in for

the small-molecular weight peak. C>30 is used for the analysis of wax product.
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Figure A4.8. GPC-RI (black) and UV (red) chromatogram of liquid hydrocarbons recovered
from the catalytic conversion of PE (0.200 g, My = 3.5 x 10° g mol™!, P = 1.9) using Pt/SA

(0.100 g) for 24 h under P(initial H>) = 0 bar (a) and 1 bar (b), respectively.
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Figure A4.9. GC-MS ion chromatography plot (a-e¢), molar distribution (assuming MS
response factor depends only on the type of hydrocarbon, f-j), and molar distribution
(assuming MS response factor depends on each type and molecular weight of hydrocarbon, i-
1) of alkylbenzenes (orange, a, f, k), alkylnaphthalene (blue, b, g, 1), alkylphenanthrene (green,
¢, h, m), alkanes (d, 1, n), and total species (black, d, h, 1) in the liquid products, obtained from
the reaction of PE (0.200 g, M, = 3.5 x 103 g mol™!, B = 1.9) catalyzed by Pt/SiO»-Al,O3

(0.100 g) after 24 h at 275 °C under P(initial H») = 4 bar.

Since low-molecular weight hydrocarbons in the liquid fraction are close to the GPC mass
detection limit (200 g/mol), the liquid was also analyzed by GC-MS (Figure A4.7). Low
molecular weight alkanes, alkylbenzenes, and alkylnaphthalenes all have molecular weight
distributions close to that of the total hydrocarbon distribution in the liquid component. The
alkylphenanthrene distribution is shifted towards higher carbon numbers (as expected, since

the phenanthrene ring itself contains 14 carbons).
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Figure A4.10. (a) Intensity of characteristic ions of benzene rings (m/z =
91+92+105+106+119+120+133+134, green), decalin (m/z = 138+152+166+180+194, blue),
tetralin (m/z = 132+146+160+174+188+202+216+230, light blue), naphthalene (m/z = 115,
yellow), and phenanthrene (m/z = 178+192+206+220+234+248, red) relative to the total ion
counts, respectively, and (b) Intensity of the characteristic ions of polyaromatics (including
naphthalene and phenanthrene, yellow) and monoaromatics (benzene and decalin, green)
relative to the total aromatics (sum of monoaromatics and polyaromatics), measured by GC-
MS of the liquid products, obtained from the reaction of PE (0.200 g, My, = 3.5 x 10° g mol~
1. D =1.9) catalyzed by Pt/SiO,-Al,O3 (0.100 g) after 24 h at 275 °C under P(initial Hz) = 0-

& bar.
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Figure A4.11. Average carbon number of alkylaromatics (red) and total hydrocarbons (blue)
in the liquid and wax fraction obtained from the reaction of PE (0.200 g, My = 3.5 x 10° g
mol™!, D = 1.9) catalyzed by Pt/Si0>-A1,03 (0.100 g, 1.7 wt%) after 24 h at 275 °C under

P(initial H») = 0-8 bar, measured by GPC-UV and -RI detection, respectively.
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Figure A4.12. Average carbon number of aromatics (red) and total hydrocarbons (blue) in the
liquid and wax fraction, obtained from the reaction of PE (M, = 3.5 x 10 g mol™!, B = 1.9)
catalyzed by Pt/S10,-Al,03 (0.100 g) for 0-12 h at 275 °C under P(H>) = 2 bar, measured by

GPC-UV and -RI detection, respectively.
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Figure A4.13. TGAs (red) measured in air, and the corresponding DTGAs (blue), for (a) fresh
Pt/Si02-AL03, (b) PE (My, = 3.5 x 103 g mol™!, B = 1.9), and the solid residues, recovered by
CH,Cl; extraction, after the reaction of PE (0.200, M,, = 3.5 x 10° g mol™!, D = 1.9) catalyzed
by Pt/S10,-Al,05 (0.100 g) at 275 °C for 24 h under P(initial H>) from (¢) 0, (d) 1 bar, (e) 2

bar, (f) 3 bar, (g) 4 bar, (h) 5 bar, (i) 6 bar, and (j) 8 bar, respectively.
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Figure A4.14. Measured C-C bond scission and mass-corrected C-C bond scission by
assuming missing mass from different mass fraction in the reaction of PE (0.200, My, = 3.5 x
103 g mol™!, D = 1.9) catalyzed by Pt/Si0»-A1,03 (0.100 g), at 275 °C under P(initial Hy) = 0

bar.
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Figure A4.15. (a) P(H>) at various reaction times, measured at room temperature, with
P(initial H») of 0 (black) and 4 bar (red), respectively, in the reaction of PE (0.200, My, = 3.5
x 10° g mol™!, D = 1.9) catalyzed by Pt/SiO,-Al,03 (0.100 g), at 275 °C. (b) P(H,) before and
after each 4-h reaction (connected by a solid line) under P(initial H>) from 0 (black), 2 bar
(blue), 4 bar (red), and 8 bar (green), respectively, in the reaction of PE (0.200, M,, = 3.5 x
103 g mol™!, D = 1.9) catalyzed by Pt/SiO2-A1,03 (0.100 g), at 275 °C. Between each short
reactions, the target gas is refilled before the next stage of the reaction, maintaining a relatively
constant P(H»), more details please see Section 4.7.2.3.2. Pseudo-Constant P(H3)
Depolymerization. Dashed lines represent the average P(H») in one set of reactions,

calculated as the average P(H») of 6 measured points.
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Figure A4.16. DFT calculated Gibbs free energy for the conversion of n-dodecane to 1,2-
dipropylbenzene (reaction 1, yellow), 2,3-dimethyl-1,2,3,4-tetrahydronaphthalene (reaction 2,
orange), 2,3-dimethylnaphthalene (reaction 3, brown), respectively, at 280 °C under different
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Figure A4.17. Equilibrium yield of 1,2-dipropylbenzene (yellow), 2,3-dimethyl-1,2,3,4-
tetrahydronaphthalene (orange), and 2,3-dimethylnaphthalene (brown) from the conversion

of n-dodecane at 280 °C under various P(H»), based on eq A4.45. K1, K>, and K3 were

computed using DFT.
150 I - I T I .
Fit parameter
- KK,kc.c =(2.39 £ 0.09) .
bar umol-! h-1
= 100~
o)
S
e B
8 50
§ Fixed parameters
L N,y =4 umol -
n%,, =95 umol
0 1 I 1 I 1 I 1
5 10 15 20 25

P(H,) (bar)

Figure A4.18. Effect of P(Hz) on the rate of C-C bond scission for high pressure range of
P(H»), showing curvefit of eq 4.4; ordinate error bars arise from the linear fits to the lower
and upper bounds for nc-c scission @s @ function of time. Batch reaction conditions: 0.200 g PE

(My=3.5x10*gmol™!, D=1.9), Pt/Si0,-Al,03 (0.100 g), 275 °C. The reactor was evacuated

and refilled with the appropriate amount of H» after each measurement.
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Figure A4.19. GC-MS of liquid products obtained from the reaction of a mixture of PE (0.200,

My =3.5x10° gmol™', D= 1.9) and naphthalene (0.02 g) catalyzed by Pt/SiO»-A1>03 (0.100

g), at 275 °C under P(H») of 4 bar after 12 h (three consecutive 4-h reactions). The major

peaks are phenanthrene (Ci14H10) and its hydrogenated forms (Ci4H14, C14His, and Ci14H24), as

indicated. They were assigned using the NIST MS library. The most probable chemical

structures are indicated in Figure A4.20.
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Figure A4.20. Comparison of mass spectra for products (a, c, e, g, 1, k, m) with those from
the NIST MS library (b, d, f, h, j, 1, n). The reaction of PE (0.200, My, = 3.5 x 10> g mol™!, D
= 1.9) and phenanthrene (0.020 g) catalyzed by Pt/Si0>-Al,03 (0.100 g), at 275 °C under

P(H>) of 4 bar after 12 h (three consecutive 4-h reactions).

4.7.4. Supplemental Tables

Table A4.1. Example of the reproducibility of distribution of hydrocarbon products generated

in PE depolymerization reaction *

Masses of Mass  Tjgrwax® He-cscission Hbenz © Fnaph © Tphen © Tbenz
hydrocarbon product recovery (mmol)  (umol) (umol)  (umol)  /Marom
types b £
(Wt%) (Wt%) (%)
GasLiquid Wax Solid
g h i j
2 7 73 12 94 77 0.15 5 8 41 9

(12) (162) (6)
3 6 66 21 96 80 0.14 5 5 34 11

(14) (142) (17)

# Reaction conditions: PE (0.200 g, My, = 3.5 x 10° g mol™', ® = 1.9), Pt/Si0,-A1,05 (0.100 g, 1.7 wt%
Pt), stirred 10 mL Parr reactor, 275 °C, 24 h, under 2 bar of Ar (measured at room temperature at the
start of the experiment). ® Sum of masses for recovered gas, liquid, wax and solid hydrocarbons. °

Average carbon number in combined liquid and wax fractions, estimated as M,/14. ¢ Number of C-C
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bond scission events in 24 h, calculated as N(24)-N(0), where N(24) and N(t) represent the total
numbers of hydrocarbon chains present initially and after 24 h, respectively. Any missing mass was
assumed to have the same molecular weight distribution as the recovered mass (Section 4.7.2.5:
Analysis of Carbon-Carbon Bond Scission). ¢ Yiclds of alkanes (n.x), alkylbenzenes (#venz),
alkylnaphthalenes (#naph), and alkylphenanthrenes (sphen), estimated by combining the integrated 'H
NMR intensity and the GC-FID product distribution (Section 4.7.2.4.2: Analysis on Selectivity and
Yield of Aromatics). © Molar selectivity of alkylbenzene relative to total aromatics. ¢ C;-Cs, as
measured by GC-FID. " C7-C30, as measured by GC-FID. The value in parentheses is the number-
averaged carbon number. | C-30, measured by GPC-RI and calibrated using PS standards. The value in
parentheses is the number-averaged carbon number, estimated as M,/14. § Measured by TGA. The

value in parentheses is the amount of unreacted PE, judged by being fully oxidized in air below 350

°C.
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Table A4.2. "H NMR analysis of aromatic protons

P(initial H2) ®  Alkylbenzene © Polyaromatic ¢ Haro/ Hiota1 (%)
(bar) He 5-7.5/Harom H7.5.83/Harom Hg3-9.0/Harom
(%) (%) (%)
0 31 45 24 1.5
1 35 42 24 1.1
2 37 42 21 1.0
3 47 42 12 0.8
4 55 37 8 0.7
5 70 25 5 0.4
6 80 15 5 0.3
8 100 0 0 <0.1

# Reaction condition: PE (0.200, M, = 3.5 x 10°> g mol™!, P = 1.9) catalyzed by Pt/SiO,-Al,05 (0.100
g), at 275 °C for 24 h under P(initial Hz) from 0 to 8 bar. ® Pressure measured at room temperature
before the reaction. Fraction of ¢ alkylbenzene (6.5-7.5 ppm) and ¢ polyaromatic protons (7.5-9.0 ppm,

separately reported as 7.5-8.3 ppm and 8.3-9 ppm), respectively.
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Table A4.3. '"H NMR analysis of alkyl substituents on the aromatics ?

P(initial CHs, CHo, CH, q Hapha/Haro Average

Hy) b (bar)  Hras®© Hys3.1°¢ H3135°  average Hy number of
per chain substituents

0 20 70 10 1.9 1.2 3

1 22 67 11 1.9 1.2 3

2 22 68 10 1.9 1.3 3

3 37 58 6 2.1 1.4 3

4 43 41 5 2.2 1.7 3

5 40 38 12 2.1 2.0 3

6 46 37 12 2.2 2.5 3

8 86 8 3 2.7 2.4 3

# Reaction condition: PE (0.200, M, = 3.5 x 10°> g mol™!, P = 1.9) catalyzed by Pt/SiO,-Al,05 (0.100
g) at 275 °C for 24 h under P(initial H,) from 0 to 8 bar. ® Pressure measured at room temperature

before the reaction. © Fraction of different types of a-protons.
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Table A4.4. Effect of assumptions on products distribution in the calculation of aromatic

yield and selectivity in PE depolymerization products ?

P(initial Assumption one © Assumption two ¢

H) ® Mbenz Mbenz/Marom  Marom/Motal Mbenz Nbenz/Narom Marom
(bar) (umol) (%) (%) (umol) (%) IMiotal
(7o)

0 5 9 65 5 9 67

1 8 19 27 9 19 28

2 10 26 17 10 26 17

3 18 45 12 18 45 12

4 22 57 9 22 57 9

5 20 75 5 20 75 4

6 14 85 2 14 85 2

8 <1 100 <1 <1 100 <1

# Reaction conditions: PE (0.200 g, M, = 3.5 x 10° gmol™, D= 1.9), Pt/SA (0.100 g, 1.7 wt% Pt), 275
°C, 24 h, 10 mL, in a stirred Parr reactor. ® Pressure measured at room temperature before the reaction.
¢ The average carbon number (1) of alkylbenzenes, alkylnapthalenes, alkylphenanthrenes, and alkanes
is assumed to be similar in the liquid range, see Section 4.7.2.4.2: Analysis on Selectivity and Yield
of Aromatics. ¢ The average carbon number of alkylbenzenes, alkylnaphthalenes, and
alkylphenanthrenes is assumed to be equal to the average carbon number of alkanes within the range
of C¢.30, Ci0-30, and Cia-30, respectively, see Section 4.7.2.4.2: Analysis on Selectivity and Yield of

Aromatics.

319



Table A4.5. H; balance (mmol) in catalytic conversion of PE?

Pinitial n2° nH(D) © nH2(G) ¢ nH2(C) © nH2F) MH2(1) + MH2(G) -
(bar) nH2(C) &

0 0 0.49 0.12(0.26) 0.49"P 0.37(0.23)
1.0 0.40 0.38 0.27(0.48) 0.56 0.51(0.30)
2.0 0.81 0.32 0.40(0.67) 0.71 0.73(0.46)
3.0 1.2 0.26 0.52(0.82) 0.92 0.64(0.94)
4.0 1.6 0.23 0.77(1.0) 1.0 0.83(1.1)
5.0 2.0 0.13 1.0(1.3) 1.2 0.8(1.1)
6.0 2.4 0.07 1.3(1.5) 1.3 1.0(1.2)
8.0 3.2 0.04 1.6(2.1) 1.4 1.1(1.6)

0 0 0.42 0.16(0.36) 0.51"h 0.06(0.26)
4.0 1.6 0.22 0.69(1.1) 1.2 0.72(1.1)

2 Reaction conditions: PE (0.200 g, My = 3.5 x 10° g mol™!, B =1.9), Pt/Si0»-Al>O3 (0.100
g, 1.7 wt% Pt), stirred 10 mL Parr reactor, 275 °C, 24 h, except as noted below. ® Measured
at room temperature at the start of the experiment. € Initial amount of H», calculated using
ideal gas law, nmag) = Pinitil 12*V/RT. ¢ Amount of H», generated by aromatization,
calculated as nn2(G) = 47benz + 7hnaph + 107phen. € Equals to the number of measured C-C bond
scission, calculated by eq A4.15. The number in the parenthesis show the upper limit of
number of C-C bond scission, due to incomplete collection of mass, calculated by eq A4.16.

f Amount of free Hz in the reactor headspace after reaction, calculated using eq A4.18-4.19,
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except where noted. ¢ Amount of predicted free H, based on measured aromatics yield and
number of C-C bond scission. The number in the parenthesis show the low limit of
predicted amount of Ho, due to the impact of incomplete collection of mass on the number

of C-C bond scission. ® Measured by GC-TCD, using eq A4.17.
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Table A4.6. Fitting result of aromatization kinetics ?

P(H>) ke ® (h) Ko n%/(Poa+Ko) © (nmol)
0.2 0.6(0.1) 95(4)
2.0 0.6(0.1) 44(2)
3.7 0.4(0.2) 15(2)
7.3 3.7(9.6) 0.2(0.1)

* Reaction condition: catalytic conversion of PE (0.200 g, M, = 3.5 x 10° g mol™!, P = 1.9) using
Pt/SiO,-ALOs (0.100 g) at 275 °C under P(H;) from 0.2 to 7.3 bar. ® Rate constant of alkane
dehydrocyclization. © Number of aromatic rings (#arom rings) Used in the fitting are reported in Table

A4.4. Numbers in parenthesis indicate standard deviation.

Table A4.7. Fitting result of H> dependence on the maximum yield of aromatic rings ?

noa1k b (umol) Ky°©

95(2) 7(1)

* Reaction condition: catalytic conversion of PE (0.200 g, M, = 3.5 x 10° g mol™!, P = 1.9) using
Pt/Si0,-AL,0s3 (0.100 g) at 275 °C under P(H,) from 0.2 to 7.3 bar. ® Number of starting alkanes. ©
Equilibrium constant of dehydrogenation of cycloalkane to aromatic. Numbers in parenthesis indicate

standard deviation.

Table A4.8. Linear fitting result of C-C bond scission kinetics 2

P(H2) ¥C-C, measurea® (UMOl/N)  re-c, crorar © (umol/h) — rec cs ¢ (umol/h)

0.2 16.8 18.5 31.2
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2.0 43.2 54.0 83.0

3.7 68.3 84.0 108.6
7.3 101.6 121.8 136.6
16 443 56.5 80.0
24 32.1 45.2 78.2

* Reaction condition: catalytic conversion of PE (0.200 g, M, = 3.5 x 10° g mol™!, P = 1.9) using
Pt/Si0,-A1,05 (0.100 g) at 275 °C under P(H,) from 0.2 to 24 bar. ® Number of C-C bond scission (nc.
c scission) used in the fitting are reported in Table A4.4. © Mass-corrected number of C-C bond
scissions. Any missing mass was assumed to have the same molecular weight distribution as the
fraction collected, see Section 4.7.2.5 Analysis of Carbon-Carbon Bond Scission, the numbers are
reported in Table A4.3. ¢ Mass-corrected number of C-C bond scissions. Any missing mass was

assumed to come from Cg, see Section 4.7.2.5 Analysis of Carbon-Carbon Bond Scission.
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Chapter 5. Quantitative Analyses of Products and Rates in Polyethylene
Depolymerization and Upcycling

Note: This chapter was adapted from the following publication.
Publication: Lee, Y .-H.” Sun, J./ Scott, S. L., Abu-Omar, M. M., “Quantitative Analyses of
Products and Rates in Polyethylene Depolymerization and Upcycling,” STAR Protocol, 2023,

4,102575. (* co-first authors).

5.1. Abstract

Depolymerization and upcycling are promising approaches to managing plastic waste.
However, quantitative measurements of reaction rates and analyses of complex hydrocarbon
product mixtures arising from the depolymerization of polyolefins constitute significant
challenges in this emerging field. Here, we detail methods for recovery and analysis of all
products arising from batch depolymerization of polyethylene. We also describe quantitative
analyses of reaction rates and selectivity for alkanes and aromatic products. This protocol can
be extended to depolymerization of other plastics such as polypropylene, and to
characterization of other product mixtures (including long-chain olefins). For complete details

on the use and execution of this protocol, please refer to Sun et al. (2023).!

5.2. Introduction

Two polyolefins, polyethylene (PE) and polypropylene (PP), comprise half of the annual
global plastic production.? Due to their extensive use in single-use products, they also account
for half of the resulting plastic waste.? Depolymerization of polyolefins is challenging because

of the thermodynamic strength and low reactivity of the non-polar C-C bonds, as well as the
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absence of chemical functionality in the polymers. Pyrolysis, practiced at elevated
temperatures (typically > 400 °C), results in a complex pyrolytic oil, as well as a large amount
of non-volatiles and insoluble char.? Molecular recycling/upcycling of polyolefins at milder
temperatures can yield more useful and more targeted distributions of hydrocarbon products.
Catalytic hydrogenolysis and/or hydrocracking of polyolefins in the presence of excess H»
produces liquid hydrocarbons that may be suitable for use as fuels and lubricants.** Tandem
hydrogenolysis/aromatization at < 300 °C without added H» can generate valuable long-chain
alkylaromatics,® which may be used to manufacture anionic surfactants.” Although the process
generated a narrow molecular weight distribution (carbon number average C-30, P = 1.1)
relative to the starting polyethylene (carbon number average C-132, P = 1.9),° the products
were a complex mixture of hydrocarbons which may include n-alkanes, iso-alkanes,
naphthenes, alkyltetralins, alkylbenzenes, alkylnaphthalenes, alkylphenanthrenes, and other
polycyclic aromatics.

The challenges involved in analyzing such mixtures are both qualitative and quantitative.
To characterize hydrocarbons ranging from C; to C-40, gas chromatography (GC) is typically
used to separate components based primarily on their boiling points, followed by mass
spectrometry (MS) or flame ionization detection (FID).®° Due to the diversity in hydrocarbon
product structures associated with similar physical properties, 1D separation may not be
sufficient. When available, 2D GC x GC with polarity separation as an additional dimension
can be used to improve the separation.'®!!' Since hydrocarbons are susceptible to extensive
fragmentation under electron ionization (EI), information about the mass of the parent ion is

often lost with conventional GC-EIMS. Alternatives include soft ionization techniques
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including matrix-assisted laser desorption ionization (MALDI),'? field desorption (FD),® and
nitric oxide ionization spectrometry evaluation (NOISE)'? where the masses of the molecular
ions are desired. For mixtures that include heavier hydrocarbons (C-40), gel permeation
chromatography (GPC) can be used to assess the molecular weight distribution.'* However,
the limited solubility of the hydrocarbons in GPC solvents may necessitate special equipment
in the form of high temperature GPC. Alternatively, insoluble hydrocarbons can be
characterized using MALDI-MS or FD-MS. In many cases, analysis is barely attempted, and
catalytic depolymerization activity is simply reported as the mass yields of gas, liquid and
solid hydrocarbons. Since these categories are poorly defined, they can be misleading when
used to compare and rank catalysts and reaction conditions.

Here, we describe a comprehensive approach to obtaining quantitative rates for partial
polyethylene depolymerization. It involves inferring the number of C-C bond scission events
from the molecular weight distribution, in combination with product yields. Methods for
estimating yields and selectivities are presented. Specifically, we quantify the alkylaromatics
in complex mixtures of hydrocarbons (alkanes and alkylaromatics) derived from
polyethylene. While the reaction kinetics are complex and apparent rate constants do not
represent elementary reaction steps, measuring average C-C bond scission rates can facilitate
direct comparison of catalysts and the effect of reaction conditions, accelerating catalyst

design and discovery.

5.3. Step-by-Step Method Details

In this section, we describe in detail how to accomplish polyethylene depolymerization

and the steps for recovery and quantification of hydrocarbon reaction products.
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5.3.1. Polyethylene Depolymerization

Timing: Variable — 24 h for our study
Depolymerization was carried out in a batch reactor at a set temperature under an inert
atmosphere.
1. Prior to each reaction, place a stainless-steel autoclave (90 mL), its lid and a Pyrex-
encapsulated stir bar into the antechamber of an Ar-filled glovebox and evacuate for 12 h,
then bring the autoclave into the glovebox.
2. Inside the glovebox, load the stir bar, the desired masses of polyethylene (typically, 0.120
g), and a freshly reduced Pt catalyst (0.200 g, Pt/F-Al,O3 as an example) into the autoclave.

a. Mix the solids with a spatula.

b. Seal and remove the reactor from the glovebox.
Note: The solid catalyst can be pre-activated under H» (please refer to Sun et al.)! and stored
in the glovebox prior to use.
Note: To accelerate the initial mass transport of PE and promote heat transfer to the polymer,
grind and sieve the polymer into a fine powder (250-425 um) before loading it into the reactor.
Cryogenic grinding: Under air, place the polymer beads (5-10 g) into a clean Dewar flask (500
mL). Next, add enough liquid N> to cover the beads. Allow the majority of the liquid N> to
boil off, then promptly pour the beads into a coffee grinder and grind for a few seconds to
obtain polymer powder.
3. Place the sealed reactor inside an external vessel heater, insert a thermocouple through a

feedthrough into the reactor.
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a. Set the desired temperature, stirring rate, and reaction time (typically, 250 °C, 675

rpm, 8 h, Figure 5.1A).

A 90 mL autoclave :rB i C
Vent To vacuum i
Pressure hose 1 1
transducer Vacuum gauge
. Rubber Solid residue
ubber septum #2
oo e Vent hose_ to septum #1
Schlenk line - | ) m—
] ; I To vacuum
Lid T T
1 1
I i Tygon tubing '+ _-
Vacuum
I PR stopcock
Liquid
Heating system hydrocarbons
) Stir bar in CH,Cl,
— e
1
Depolymerization reaction i Gas collection & analysis i Solvent extraction |
1 p y 1 1 1

Figure 5.1. Schematic representation of (A) depolymerization batch reaction, (B) post-
reaction gas collection, and (C) post-reaction solvent extraction of soluble hydrocarbons and

solid recovery.

b. Start the reaction timer when the reactor reaches the set temperature (~ 25 min).
Note: If the internal thermocouple does not touch the polymer/catalyst mixture, it may
measure the internal gas temperature rather than the temperature of the solid/liquid phase. We
also used a thermocouple to measure the external temperature of the autoclave wall and found
that, typically, the temperature of the reactor wall is 280 £ 5 °C, i.e., 30 °C higher than that of
the gas inside the reactor).

Note: The temperature at which the depolymerization reaction occurs relies on the

measurement of the external temperature of the reactor. For autoclaves that do not contain an
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internal thermocouple, the desired temperature can be set through the external heating system
and the temperature can be measured externally.
4. After the desired reaction time, remove the reactor from the vessel heater and quench the

reaction by immersing the reactor vessel in a water bath at 20-25 °C for ca. 30 min.

5.3.2. Recovery and Quantification of Hydrocarbon Products
Timing: ~12 h for workup and analyses (steps 5-21 below)
These steps describe the recovery and quantification of each class of hydrocarbon products
(gas, liquid, and solid) generated by polyethylene depolymerization.
5. Connect the autoclave and a Schlenk flask (typically, 100 mL) capped with rubber septum
#2 to a Schlenk line equipped with a vacuum gauge and rubber septum #1, as shown in Figure
5.1B.
6. Evacuate the Schlenk flask and line (< 10 Torr), then isolate both from the vacuum pump.
7. Expand the gases from the autoclave headspace into the line and Schlenk flask. Isolate the
Schlenk flask.
Note: Wait an additional minute or so after the pressure reading stabilizes in the Schlenk line
before closing the Schlenk flask, to ensure all gas components are well-mixed.
CRITICAL: Ensure the pressure of the line and the Schlenk flask will be lower than 1 atm
after gas expansion, to avoid ejecting the rubber septum. The pressure in the reactor, post-
reaction, can be measured using a pressure transducer, and this value can be used with the

ideal gas law to estimate the pressure that will be generated in the line and the Schlenk flask
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after gas expansion. Adjust the size of the Schlenk flask so that the pressure after expansion
does not exceed 1 atm.
8. Remove an aliquot of gas (400 uL) via rubber septum #1 (Figure 5.1B) using a Luerlock
gas-tight syringe,

a. Inject the aliquot into the GC-FID to record the initial chromatogram.

b. Perform this step twice to ensure consistency of the result.
9. Inject propene (400 pL, 200-400 mbar) as internal standard into the Schlenk flask via rubber
septum #2 (Figure 5.1B).
Note: Pull and push the syringe plunger several times to ensure good mixing between the
internal standard and the gases in the Schlenk flask.
10. Remove an aliquot (200 uL) of gas from the Schlenk flask using a Luerlock gas-tight
syringe.

a. Inject into the GC-FID for light hydrocarbon analysis (Ci-Cs).
Note: The difference in areas for the propene peaks in both chromatograms can be used to
calculate the amount of propene present as a reaction product, relative to the amount added as
an internal standard.

b. Perform this step twice to ensure well-mixing of the gaseous products and the internal

standard.

11. Disconnect the reactor vent hose from the Schlenk line. Prior to opening the reactor, add

5 mL of methylene chloride (in 5x 1 mL aliquots) via the vent hose (Figure 5.1B).
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Note: This step ensures that any liquid hydrocarbons that have condensed in the upper part of
the reactor including the reactor’s lid will dissolve and combine with the liquids present at the
bottom of the reactor vessel.
12. Open the reactor, allow the CH>Cl» to enter, and transfer the solution and solid using a
glass Pasteur pipette onto a Buchner filter funnel equipped with a fine glass frit (4.0-5.5 um).
13. Add another 5 mL CH>Cl, to wash the solid remaining on the frit to increase the recovery
of liquid hydrocarbons adsorbed on the solid residue in the filtrate.
14. Transfer the filtrate to a volumetric flask and dilute to 10.00 mL volume using CH>Cl>.

a. Filter ~1 mL of the solution through a 0.2 um PTFE filter attached to a 1 mL plastic

syringe for analysis by GC-FID.

15. Evaporate the majority of the CH,Cl solvent using rotary evaporation (30 °C, 350 Torr,
15 min), then remove residual solvent under reduced pressure on a vacuum line (0.1 Torr, 1

h) at 20-25 °C .

Note: These steps also remove volatile liquid hydrocarbons (mostly C7-Ci1).
16. Weigh the mass of the remaining liquid products (C-11).
17. Re-dissolve the liquid products in CH>Cl in a volumetric flask and dilute with CH>Cl» to
10.00 mL.
a. Filter ~1 mL of this solution through a 0.2 um PTFE syringe filter for analysis by GC-
FID.
Note: Comparison of the results from this step with those from step 13 identify and quantify

hydrocarbons lost during solvent evaporation/removal.
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18. Prepare sample analysis for "H NMR, quantitative '*C NMR, GPC, and UV-vis (optional).

a. Dissolve 2 mg of the liquid product in 1,1,2,2-tetrachloroethane-d> for 1H NMR
analysis.

b. Dissolve 60 mg of the liquid product and 22.4 mg Cr(acac); (80 mM) in CDCIl; for
quantitative '>*C NMR analysis.

c. Dissolve 6 mg of the liquid product in 1.5 mL CHCI3 containing 0.25 vol%
triethylamine for GPC analysis.

d. Dissolve 0.5 mg of the liquid product in HPLC-grade hexanes and dilute with hexanes
to 3.00 mL in a volumetric flask. Transfer this solution into a 1-cm pathlength quartz
cuvette for UV-vis measurement.

19. Add ~10 mL CHCl; to the solid mixture on the frit to create a suspension and transfer
this suspension by a glass Pasteur pipette to a vial.

a. Evaporate the majority of the CH>Cl, solvent using rotary evaporation (30 °C, 350
Torr, 15 min),

b. Remove residual solvent under reduced pressure on a vacuum line (0.1 Torr, 1 h) at
20-25°C.

20. Weigh the mass of the recovered solid.

21. Perform TGA of the solid residue (~3 mg) in air.

5.4. Expected Outcomes

In this section, we describe in detail the characterization of the hydrocarbon products

formed in the catalytic conversion of PE (0.120 g, My, = 3.5 x 10> g mol™!, B = 1.9) over Pt/F-
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ALO; (0.200 g, 1.6 wt % Pt, 0.8 wt % F) at 280 °C under Ar, as a representative example.
Results for other catalysts were presented in Sun et al.!

After 8 h, the yields of hydrocarbon gases (Ci-Cs), volatile liquids (C7-Ci1), and heavy
liquids (Cs11) are 7 (1), 7 (1), and 64 (1) wt %, respectively. The solid residue (12 (1) wt %)
is mostly coke, based on the temperature of its oxidation according to TGA.! The uncertainties
are presented in parenthesis based on duplicates. Further characterization of the gas and liquid

products is detailed below.

5.4.1. Gas Chromatographic Analysis of Gaseous Hydrocarbons
GC-FID chromatograms of the gas products can be recorded before and after addition of
an internal standard, shown in Figure 5.2. The initial chromatogram (Figure 5.2A) shows the
presence of alkanes (Ci-Csg) but no propene (absence of a signal at 3.2 min), suggesting that

propene is a good choice for internal standard.
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Figure 5.2. GC-FID chromatograms of gas products (A) before, and (B) after adding propene

as an internal standard. n-alkanes and iso-alkanes were assigned based on their retention times.

5.4.2. Gas Chromatographic Analysis of Volatile Liquid Hydrocarbons
GC-FID analysis of the liquid products dissolved in CH>Cl, can be conducted with and
without solvent removal. The broad, intense solvent peak obscures other signals that may be
present with retention times between 2 to 4 min (Figure 5.3A). Comparison to the
chromatogram after solvent evaporation (Figure 5.3B) shows that most of the hydrocarbons
lost during solvent removal are in the range C7-Ci1, which we refer to as volatile liquid

hydrocarbons.
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Figure 5.3. GC-FID of liquid products (A) before, and (B) after removal of CH>Cl, solvent

by evaporation. The dashed lines indicate the signals for norm-alkanes.

5.4.3. Quantitative NMR Analysis of Heavy Liquid Hydrocarbons

Solution-state '"H and '3C NMR spectra of the liquid products can be recorded at 20-25 °C
(we used a Varian Unity Inova AS600 spectrometer and a Bruker Avance NEO 500
spectrometer for 'H and '*C NMR, respectively). A typical 'H NMR experiment was
performed at an acquisition time of 2.5 s with 64 accumulated scans. The '"H NMR spectrum
reveals signals for aromatic protons at 6.5-9.0 ppm and for benzylic protons (He, including
the benzylic positions of alkyl substituents on fused aromatics such as naphthalenes and
phenanthrenes) at 2.0-3.5 ppm, indicating the presence of alkylaromatics (Figure 5.4A).!>16
To ensure that the '*C NMR information is quantitative, Cr(acac); is added as a relaxation

agent to reduce long ’C spin-lattice relaxation times (77). The spectrum of a model
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compound, dodecylbenzene (60 mg), is measured with an inversion recovery pulse sequence'’
to choose a suitable relaxation delay () (Figure 5.5). An inversion recovery measurement
conducted at 25 °C with 80 mM Cr(acac)s (22.4 mg) in CDCls (800 uL) gave approximate
values for 77 and ¢ according to Equations 5.1 and 5.2, respectively, where t is the variable

recovery delay between the 180 and 90 ° pulses.!”

Ti1=1/In2 (Equation 5.1)
t>5xT; (Equation 5.2)
A Haliphatic
|
Hu,aromatic
>
Haromatic //j\K—_/J
o 9 & 7 & 5 4 3 2 1 0
O ("H)
B - Caliphatic B
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M Jk o JL.
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Figure 5.4. Quantitative solution-state NMR spectra of the heavy hydrocarbon liquid products

(C-11): (A) '"H NMR, and (B) '3C NMR.
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Figure 5.5. 3C NMR spectra of dodecylbenzene, acquired using an inversion recovery pulse

sequence'” with variable delays (1) between the 180 and 90 ° pulses, to assess the acquisition

parameters needed for quantitative measurements.

Since all peaks in Figure 5.5 are positive for T > 0.8 s, the estimated value of 77 is 1.2 s.
Quantitative '*C NMR spectra therefore require a relaxation delay 7> 5.8 s. The NMR sample
of heavy liquid hydrocarbons resulting from PE depolymerization was prepared at the same
Cr(acac); concentration and the 7; and ¢ values determined in the inversion recovery

experiment with dodecylbenzene are then used to record quantitative '*C NMR spectrum at
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an acquisition time of 1.5 s with 4096 accumulated scans. Figure 5.4B shows signals for
aromatic carbons in the region from 118 to 150 ppm.'® Their integration will be used to

estimate aromatic yields and selectivities (see below).

5.4.4. GC-MS Analysis of Heavy Liquid Hydrocarbons
GC-MS can be used to determine the average carbon number for different classes of
hydrocarbons present in complex mixtures. Characteristic ion chromatograms for each type
of hydrocarbon (alkylbenzenes, alkylnapthalenes, alkylphenanthrenes, and alkanes) are

extracted from the total ion chromatogram, as shown in Figure 5.6.
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Figure 5.6. Characteristic ion chromatograms, obtained by GC-MS, for (A) alkylbenzenes,
(B) alkylnapthalenes, (C) alkylphenanthrenes, and (D) alkanes (including naphthenes),
extracted from the total chromatogram (E) of a mixture of heavy liquid hydrocarbons (adapted

from reference 1).

5.4.5. Size Exclusion Chromatographic Analysis of Heavy Liquid Hydrocarbons

While PE analysis generally requires access to high temperature gel permeation
chromatography (GPC), it is possible to analyze low molecular weight PE and
depolymerization products using more widely available room temperature GPC, performed in
a solvent such as chloroform or tetrahydrofuran. The instrument is typically equipped with RI
(refractive index) and/or UV detectors. The system is usually calibrated with either PE or PS
standards (the use of more readily available PS standards requires a conversion process to
obtain PE molecular weights).'® Typical results for the heavy liquid products resulting from
the conversion of PE (0.120 g, My, = 3.5 x 103 g mol™!, D = 1.9) catalyzed by Pt/F-Al,O3
(0.200 g, 1.6 wt % Pt, 0.8 wt % F) after 8 h at 280 °C under Ar are shown in Figure 5.7A for
a low molecular weight PE and its depolymerization products , revealing a decrease in My
and dispersity (P = My /My,). A comparison of results using RI and UV detectors shows how
the UV-active chromophores are distributed relative to the total hydrocarbons (Figure 5.7B).
In this case, both detection methods give similar distributions, suggesting that aromatic
products are evenly distributed over the entire molecular weight range of liquid hydrocarbon

products.
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Figure 4.7. GPC analysis of (A) a low molecular weight PE (gray) and its heavy liquid
depolymerization products (red), obtained with RI detection and PE standards, and (B) heavy
liquid depolymerization product analyzed using both RI (purple) and UV (orange) detectors,

calibrated using PS standards (7B adapted from reference 1).

5.4.6. Thermogravimetric Analysis of Solid Hydrocarbons
To characterize solid hydrocarbons, TGA is performed in air while ramping the
temperature at a heating rate of 10 °C min*!' from 50 to 700 °C. Intact PE is oxidized at ca.
300 °C, while oxidation of coke requires higher temperatures.?’ The peak positions are readily
identified in the derivative data. TGA and DTGA of the insoluble solid recovered from the
conversion of PE (0.120 g, My = 3.5 x 10° g mol™!, P = 1.9) catalyzed by Pt/CI-Al,O3 (0.200
g, 1.5 wt % Pt, 1.4 wt % ClI) after 8 h at 280 °C under Ar shows the two distinct mass loss

events (Figure 5.8).
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Figure 5.8. TGA (red) and corresponding DTGA (blue) for the solid residue recovered from

PE depolymerization catalyzed by Pt/CI-ALOs.

5.5. Quantification and Statistical Analysis

In this section, we describe methods to quantify the overall mass balance as well as
specific types of hydrocarbon products in the gas, liquid, and solid phases. It includes the
method for calculating the selectivities of various types of hydrocarbons (aromatics vs.
alkanes, etc.) in the heavy liquid products. We also describe how to assess the

depolymerization rate, by determining the rate of C-C bond scission.

5.5.1. Hydrocarbon Distribution

5.5.1.1.  Quantification of Gas products (C-Cs)

1. Calculate the individual and total amounts of gas products based on the GC-FID analysis.
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a. Assign the peaks for each carbon number (i) according to their retention times
(assigned by comparison to individual norm-alkane standards from C; to norm-Cs).
1. Assign all peaks that elute between norm-Ci.iHzi and norm-CiHzi+2 to have carbon

number Ci.
Note: The norm-alkane has the highest boiling point of all alkane isomers.

b. Calculate the amount of propene added using ideal gas law (Equation 5.3), where
Npropene 18 the moles of propene added as internal standard, P is the propene partial
pressure, V' is the injected volume, R is the ideal gas constant and 7 is the absolute

temperature.

Npropene = (PV) / (RT) (Equation 53)

Note: Propene was selected as our calibration standard because we typically did not detect it
among our gas phase products. If propene is a reaction product, it can still be used for
calibration, but its yield will need to be quantified using the method of standard additions.

c. Calculate the number of moles (ni) and mass (m;i) contributed by each species to the
gas phase products, using its peak area (4;) relative to that of propene (Apropene) USIng
Equations 5.4 and 5.5. The volume expansion factor, V2/V1, is the total volume (12)
including the reactor, Schlenk line, and flask, relative to the volume of the Schlenk

flask (71).

ni—= ((Al / l) npropene / (Apropene /3)) X (VZ/VI) (Equatlon 54)
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mi =n; (14i + 2) (Equation 5.5)

Note: It is reasonable to assume the same relative carbon response factor for all hydrocarbons
in GC-FID analysis.?!
d. Calculate the total moles and the total mass of gas products by summing the

contributions of each gas phase species.

5.5.1.2.  Quantification of volatile liquids (C7-C11) and heavy liquids (C>11)
2. Calculate the individual and total amounts of volatile liquid product based on the GC-FID
analysis.

a. Assign carbon numbers to each peak according to its retention time, by comparison to
the retention times for a standard mixture of norm-alkanes (C7-Cao).

1. Assign all peaks eluting between norm-C;.;Czi and norm-CiCai+2 to have carbon
number i.

b. For each carbon number in the region corresponding to C7-C1; (Figure 5.3), calculate
the difference in peak areas (4) before and after solvent removal by evaporation.
Calculate the moles of each species with a given carbon number species (#i) using the
external standard method according to Equation 5.6, where V) is the solution volume

and f'is the relative carbon response factor.

ni=Ai Vo/ (fi) (Equation 5.6)
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Note: norm-octane in CH>Cl, can be used as an external standard. A calibration curve is

constructed using the peak areas for norm-octane at different concentrations.

Note: It is reasonable to assume the same relative carbon response factor (f) for all

hydrocarbons in GC-FID analysis.?!

C.

Estimate the mass of each species with a given carbon number (m;), assuming its

molecular weight to be that of the alkane (Equation 5.7).

mi = ni(14i + 2) (Equation 5.7)

Calculate the mass yield of volatile liquids by summing the difference in masses for

each carbon number in the C7;-Ci; region before and after solvent removal by

evaporation.

3. Calculate the individual and total amounts of heavy liquid products.

a.

Obtain the mass of the heavy liquid by weighing the liquid remaining after solvent
evaporation.
Calculate the number of moles of heavy liquid using Equation 5.8, where nncavy 1iq and

Mheavy lig tefer to the moles and mass of heavy liquid products, respectively.

NMheavy liq = Mheavy liq / M, heavy lig (Equation 5.8)

Here, M, heavy 1iq 1S the number-averaged molecular weight of the heavy liquid products,

measured using GPC with PE calibration standards and RI detection.
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4. Calculate the total liquid mass yield (wt %) using Equation 5.9, where myolatite 1ig and Minitial
pe refer to the mass of volatile liquids obtained in step 2d and the initial mass of PE,

respectively.

Liquid yield (wt %) = (myolatile liq  Pheavy liq) / Minitial PE X 100% (Equation 5.9)

5.5.1.3. Quantification of Solid Carbon Residue
5. Obtain the yield of solid carbon residue by weighing the recovered solid and subtracting
the catalyst mass, Equation 5.10, where molid residue and Micatalyst refer to the masses of solid
carbon residue and catalyst, respectively.
insoluble hydrocarbons (Wt %) = (Msolid residue - Mecatalyst) / Minitial PE X 100%  (Equation 5.10)
Here, we assume no mass loss of catalyst compared to the initial charge.
6. Calculate the individual masses of unreacted PE and coke in the recovered solid, using the
TGA results (Figure 5.8).
a. Calculate the contribution of unreacted PE (munreacted PE%) to the recovered solid,
using the % mass loss between 200 °C (m200%) and 350 °C (m350%) in the TGA, as

shown in Equation 5.11.

Munreacted PEY0 = M200% - m350% (Equation 5.1 1)
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b. Calculate the contribution of coke (mc0ke%) to the recovered solid, using the % mass
loss between 350 °C (m350%) and 600 °C (me00%) in the TGA, as shown in Equation

5.12.

MeokeYo = M350%0 - M600%0 (Equation 5.12)

c. Calculate the contribution of the solid carbon residue relative to catalyst, using
Equation 5.13.

Mecarbon residue, relative to catalyst /0 = (Munreacted PEY0 + Micoke%0)/Me00% % 100% (Equation 5.13)
Note: Since no mass loss was observed by TGA between 600 and 700 °C (Figure 5.8), coke
was assumed to be fully oxidized below 600 °C and the remaining mass (me00%) was
considered to correspond to the catalyst. Depending on its structure, complete oxidation of
coke may require temperatures higher than 600 °C.

d. Use the results from step 6¢ to obtain the % mass of solid carbon residue (unreacted
PE and coke) relative to initial PE, Equation 5.14.

Mcarbon residue Y0 = Mcarbon residue, relative to catalyst 70 X (Mcatalyst/Minitial PE) ~ (Equation 5.14)

e. Check that the mass of carbon residue derived from the TGA measurement is

consistent with the total solid hydrocarbon mass obtained directly by weighing in

step 5 (Equation 5.10).

5.5.2. Average Rate of C-C Bond Scission
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7. Calculate the number of C-C bond scission events using Equation 5.15, where N(0) is the
number of moles of PE chains initially, and N(¢) is the number of moles of hydrocarbons
(polymer chains and small molecules) present at time ¢. AN therefore represents number of

moles of new chains, which is equal to the moles of C-C bond scission events.

AN = N(t) — N(0) (Equation 5.15)

a. Calculate N(¢) by summing the number of moles of hydrocarbons present in the gas
and liquid phases (Table 5.1) and adding the contributions from the solid phase using
Equation 5.16, where nsolid is the number of moles of chains present in the solid

residue.

N(t) = X111 + Bheavy tig + Nsolia (Equation 5.16)

Here, nsolia 1s estimated as msolid/Mn pe, Where msolia refers to the mass of solid residue
and M, pE is the initial number-averaged molecular weight of PE.
Note: Using M, pr to calculate the number of chains in the solid residue is inaccurate if the
residue contains partially depolymerized, but still insoluble, polymer chains. However, these
chains contribute little to the number of chain cleavage events, relative to the gas and liquid
products, therefore the error is small relative to other uncertainties inherent in the method.
Note: 1f the mass balance is incomplete (i.e., less than 100 wt %), the missing mass must be

assigned to one or more hydrocarbon components prior to using Equation 5.16. We assumed
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the missing mass to be unreacted PE. If a different assumption is made, the masses of the other

presumed contributions to the total product mass should be scaled as appropriate.

Note: Typically, the overall mass balance is 90 wt % or better using the mass recovery method

described above. A poor mass balance will lead to a large error in the calculation of number

of moles of C-C bond scission events.

Table 5.1. Sample hydrocarbon distribution from conversion of PE catalyzed by Pt/F-Al,O3?

Carbon Gases  Volatile liquids Heavy liquids Solid residue Total
number (i)  (umol) (umol) (umol) (nmol) (nmol)
1 34.4 - - - 34.4
2 11.7 - - - 11.7
3 323 - - - 323
4 41.5 - - - 41.5
5 27.7 - - - 27.7
6 16.0 1.3 - - 17.3
7 7.7 43 - - 12.0
8 2.6 19.1 - - 21.7
9 - 12.7 - - 13.7
10 - 8.4 - - 8.4
11 - 4.6 - - 4.6
i=24 - - 231.3 - 231.3
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aReaction conditions: PE (0.120 g, My = 3.5 x 10° g mol™!, D =1.9), Pt/F-A1203 (0.200 g, 1.6 wt % Pt, 0.8 wt %

F), Ar, (280 + 5)°C, 8 h.

b. Calculate N(0) using Equation 5.17, where minitial pE 1S the initial mass of PE and Mn,

PE is its initial number-averaged molecular weight.

N(0) = minitial PE/ M pE (Equation 5.17)

8. Calculate the average rate of C-C bond scission (rc-c) using Equation 5.18.

rcc=AN/t (Equation 5.18)

Note: This approach assumes the rate law is pseudo-zeroth-order in the number of C-C bonds,
which is appropriate for our reaction. If the reaction order is not zero, Equation 5.18 will still
give the average rate. However, the numerical value will depend on the time interval chosen

for the measurement.

5.5.3. Assessment of Hydrocarbon Types and Selectivities
9. Identify the specific types of hydrocarbons present in the liquid products using '"H NMR.

a. Identify aliphatic protons (Hai) via their signals in the range 6 0.5-2.0 ppm.

b. Identify aromatic protons (Harom) by their signals in the range & 6.5-9.0 ppm.
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c. Identify the aliphatic protons (Ha) of the alkyl substituents of any aromatic ring
(benzene, naphthalene, etc.) at the carbon directly bonded to the ring by their
distinctive signals in the region 6 2.0-3.5 ppm.

Note: '"H NMR analysis does not readily differentiate naphthenes from alkanes, or
alkyltetralins from alkylbenzenes. For simplicity, the possible naphthenes and alkyltetralins
contributions are simply combined with the contributions of alkanes and alkylbenzenes,
respectively, in calculating alkane and aromatic selectivities.

Note: Further identification of individual molecular components can discerned from the mass
(FD-MS)® and mass fragmentation (GC-EIMS) patterns for alkanes, cycloalkanes,
alkylbenzenes, alkylnaphthalenes.

10. Estimate the aromatic yields and selectivities using 'H NMR.

a. Identify each type of aromatic protons.

1. Assign signals in the range 6 6.5-7.5 ppm (Hi) to the aromatic protons of

alkylbenzenes, alkylnaphthalenes, and polycyclic alkylaromatics.

ii. Assign signals in the range 6 7.5-8.3 ppm (H:) to the aromatic protons of
alkylnaphthalenes and polycyclic aromatics.

1ii. Assign signals in the range 6 8.3-9.0 ppm (H3) to the aromatic protons of polycyclic

aromatics.
Note: More information about the types of aromatic ring structures present in the liquids can
be obtained by mass spectrometry and UV-vis spectroscopy. For example, three-ring

structures were assessed as likely alkylphenanthrenes rather than alkylanthracenes and the
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presence of larger fused aromatics (e.g., chrysenes) was deemed unlikely on the basis of the
UV-vis spectra.!
b. Quantify the relative amounts of alkyl substituent types present on the aromatic rings.
1. Integrate the signals for methyl substituents (H,,CH3), which appear in the range
0 2.0-2.5 ppm.
ii. Integrate the signals for methylene-linked substituents (Ho,CH2R), which appear
in the range 6 2.5-3.1 ppm.
ii1. Integrate the signals for methine-linked substituents (Ho, CHR>), which appear in
the range 6 3.1-3.5 ppm.
iv. Calculate the average number of H,, per alkyl substituent (Cy), ¢, using Equation

5.19.

q=Huo/Co = (Ho,cnz + Ho,cnor + Hocur2)/ (Ho,cn3/3 + Ho,cHor/2 + Ho,cHR2)

(Equation 5.19)

c. Estimate the average number of alkyl substituents per aromatic molecule.
1. Calculate the ratio of Hy signals (in the region 6 2.0-3.5 ppm) to Harom signals
(in the region & 6.5-9.0 ppm), Ho/Harom, by integrating the corresponding regions.
ii. Calculate the ratio of Caom-u signals (proton-bearing aromatic carbons, in the
region 0 118-130 ppm) to Carom-c signals (in the region & 130-150 ppm), Carom-1/

Carom-, by integrating the corresponding regions.!®
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iii. Determine the average number of alkyl substituents (#) by comparing the
experimental ratio Ho/Harom and Carom-z / Carom-c to the predicted value for the
major type of aromatic product (or products, as appropriate), according to the
value of ¢ found in step 10b. The example of ¢ = 2 (i.e., on average, CoH2R
substituents) is shown in Figures 5.9 and 5.10. For simplicity, we assume that
each type of aromatic product (e.g., alkylbenzenes, alkylnaphthalenes) in the
liquid product mixture has the same number of alkyl substituents (see Limitation
below). Thus, the lower and upper bounds of He/Haom for a mixture of
alkylaromatics are enclosed in the red, dashed box (Figure 5.9). For Ho/Harom =
1.5, the number of substituents could be 3 or 4 (dashed line in Figure 5.9),
depending on the relative concentrations of alkylbenzenes, alkylnaphthalenes, and
alkylphenanthrenes. Combining this information with the experimental ratio Carom-
H/ Carom-c (Where Carom- / Carom-r = 1.0 in our study), we estimate that each
aromatic molecule has, on average, 3 alkyl substituents.

Note: This method works best when n < 4, or the major types of aromatic products are < 3
rings. Alkylaromatics with more than 4 substituents or higher polycyclic aromatics are not

considered here.
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Figure 5.9. Ho/Harom ratios characteristic of alkylbenzenes (green), alkylnaphthalenes
(orange), and alkylphenanthrenes (brown) with various numbers (n) of alkyl substituents
(with average H, content -CoH2R, corresponding to ¢ = 2). The red boxes indicate the lower
and upper bounds of Ho/Harom for a mixture of alkylaromatics. The black dashed line indicates
the experimental ratio Ho/Harom = 1.5 obtained in our study, and the gray shaded area

represents the error boundary from NMR integration (= 10 %).
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Figure 5.10. Carom-1/Carom-c ratios characteristic of alkylbenzenes (green), alkylnaphthalenes
(orange), and alkylphenanthrenes (brown) with various numbers (n) of alkyl substituents
(with average Hq content -CoH2R, corresponding to ¢ = 2). The red box indicates the lower
and upper bounds of Ho/Harom for a mixture of alkylaromatics. The black dashed line indicates
the experimental ratio Carom-n/Carom-c = 1.0 obtained in our study, and the gray shaded area

represents the error boundary from NMR integration (= 10 %).

d. If desired, predict the likely locations of the alkyl substituents based on the most
plausible mechanism of aromatic ring formation.!

Note: It is challenging to precisely identify the locations of substituents on aromatic rings

present in a complex mixture of hydrocarbon products. Thermodynamics can provide

guidance about the most stable substituent positions. For our methyldialkylaromatic products,

we proposed the following plausible structures, based on the likely formation mechanism:1
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1,2-dialkyl-3-methylbenzenes (1), 1,5-dialkyl-2-methylnapthalenes (2), and 1,8-dialkyl-2-

methylphenanthrenes (3), Scheme 5.1.

Pt BAS Pt BAS ‘O Cns

Scheme 5.1. Plausible structures for methyldialkylaromatic products, proposed based on their

likely formation mechanism.

e. Estimate the average carbon number for each type of hydrocarbon product, using MS

1.

Calculate the number-averaged carbon numbers for different types of
hydrocarbons (e.g., alkanes, alkylbenzenes) using mass spectrometry with either
hard ionization (GC-EIMS, with ion chromatograms isolated for individual classes
of hydrocarbons)**2% or soft ionization (FD-MS, with the corresponding
molecular ion chromatograms). An example of data obtained using GC-EIMS is
shown in Figure 5.6, where the individual ion chromatograms for alkylbenzene,
alkylnaphthalene, alkylphenanthrene, and alkane products (Figure 5.6A-5.6D)
were generated by summing the individual ion intensities (/) for each ion
characteristic of a particular product group. The results allow us to calculate a

separate number-averaged carbon number for each hydrocarbon type.
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Note: The characteristic ions for each species represented in Figure 5.6 are not fully
exclusive. For example, alkylaromatics may also contribute ions to the alkane series (m/z =
43+57+71+85) due to the fragmentation of their alkyl chains. Additionally, alkyltetralins
could contribute to the alkylbenzene ion series (m/z=91+92 + 105+ 106 + 119 +120 + 133
+ 134). Consequently, this method is approximate.

Note: Alkylbenzenes do not elute in precisely the same range as alkanes with the same carbon
numbers. While branched alkanes typically elute just before the norm-alkane with the same
mass, alkylbenzenes may elute either before or after the corresponding norm-alkane. Most
alkylbenzenes have slightly longer retention times than the norm-alkanes, with retention times
mostly between those of the norm-alkanes with carbon numbers i and i+1.22 Thus, when
alkylbenzenes are a major component of the products, the average carbon number may be
underestimated by ca. 1. This error is generally less than the accuracy of the analysis.
Alkylnaphthalenes and alkylphenanthrenes generally elute later than alkybenzenes with the
same carbon number, although they usually represent a small fraction of the alkylaromatic
products and therefore do not have a large impact on the calculation of the average carbon
number.

ii. The calculations use one of two equations for each type of hydrocarbon, depending
on the assumption made about the MS response factors (in the absence of
individual response factors for each species). The example shown here applies to
alkylbenzenes. Equation 5.20 assumes that the MS response factor is a function
only of the type of hydrocarbon (e.g., alkane vs. alkylbenzene), not on its

molecular weight (M). Alternatively, Equation 5.21 assumes that the MS response
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factor for each type of hydrocarbon also depends on its molecular weight.
Typically, the estimated average carbon number calculated for each type of
hydrocarbon is similar using either method (see Sun et al. for another sample

calculation).!

ipen = 200 ® Ipeni)/ 2 Ipen,i (Equation 5.20)
T . Ipeni Ipen,i .
lpen = X(1* Mbbeé )/ 2 Mbber;i (Equation 5.21)

Note: Assign the carbon number of each species using norm-alkane standard compounds,
according to the GC-FID method described above (see Hydrocarbon distribution).

As an alternative to step 10e.i, the average carbon number for heavier hydrocarbons can be

identified by GPC using Equation 5.22, where i represents the number-averaged carbon

number.

i = M, heavy liquid/ 14 (Equation 5.22)

Note: GPC analysis can be performed using both RI and UV detectors to reveal the
distribution of aromatics (which absorb light) relative to the total hydrocarbon distribution
(which includes alkanes that do not absorb UV light). The comparison may confirm that
aromatics are evenly distributed across the molecular weight range of the liquid products, or

reveal that aromatics are concentrated in a particular molecular weight range.
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Note: For simplicity, we assume the molecular formula to be C,H2,, based on the most intense
signal at 1.2-1.7 ppm (CH>) in the '"H NMR spectrum.
f. Estimate the contributions of each type of alkylaromatic to the '"H NMR signals.
i. Integrate the relevant aromatic regions in the "H NMR spectrum to obtain the ratios
Hi : H> : H3 (defined in step 10a above). These values are used in Equations 5.23-
5.26 to represent the molar amounts of each aromatic structure type. The relative molar
selectivities (Sben, Snap, Sphe) are obtained by solving Equations 5.23-5.25

simultaneously, as shown in Equation 5.26.

Hl = a Nben + b nnap + C nphe (Equatlon 523)
H2 = d nnap + c nphe (Equatlon 524)
H3 = f nphe (Equation 5.25)

Shen © Snap : Sphe = (dXf Hi- bxf H> + bxe H3- cxd Hz)/(adf) : (f Hz-e H3)/(dxf) : H3/f

(Equation 5.26)

Note: The integrated intensities of the aromatic '"H NMR signals depend on the number and

locations of the alkyl substituents on each aromatic ring (see Sun et al. for a sample
calculation for methyldialkylaromatics).!

g. Estimate the fraction of all aromatic protons, Harom/Hotal, by integrating the relevant

regions of the '"H NMR spectrum, where Hiotal is the sum of Haii and Harom. Equation

5.27 shows how the ratio is related to the chemical formulas and selectivities for each

aromatic structure type.
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Hgrom _ 35ben+55nap+7sphe
Hiotal (2ipen—6)Spent(2 inap _12)Snap+(2 iphe_lg)sphe"’(z laik+2)Saik

(Equation 5.27)

Note: The numerical coefficients will change depending on the average number of alkyl
substituents. Equation 5.27 is written for the specific case of trialkyl-substituted aromatics.

Note: Calculating aromatic selectivity using the number-averaged carbon number is
mathematically equivalent to a calculation using the full carbon number distribution instead.
This equivalence is demonstrated below. The fraction of aromatic protons, Harom/Hiotal, 18

obtained from the carbon number distribution in Equation 5.28:

Harom __ 3XiNpen,it5LiNnap,it7? LiNphe,i
Hiotal Zi[(Zi_@nben,i]+Zi[(2i_12)nnap,i]+2i[(2i_18)nphe,i]+Zi[(2i+2)nalk,i]

(Equation 5.28)

Since the number-averaged carbon number for each product type can be expressed in
terms of the carbon number distribution (e.g., ipen = L(I ® Npen,i)/ 2 Npen i), €ach

denominator term is rearranged as follows:

Zi[(Zi - 6)nben,i] = ZEZi Npen,i — 6 Zinben,i = (ZE —6) Zinben,i (Equation 5.29)

Thus, Equation 5.28 can be rewritten as Equation 5.30:

Harom __ 3XiNpen,it5LiNnap,it7 LiNphe,i
Hiotal (2ipen—6) LiNpen,i+(2 inap—12) i Nnap,i+(2iphe—18) i Nphe,it(2iqik+2) YiNalk,

364



(Equation 5.30)

The molar selectivity to alkylbenzenes (Sven) is defined in Equation 5.31 (molar

selectivity for other components are defined similarly):

YiNben,i
2iNpen,itZiMnap,itZiNphe,itZiNalk,i

Spen = (Equation 5.31)

Finally, dividing each term in Equation 5.30 affords Equation 5.27.
h. Assess the selectivity (S = n/niwotal) for alkane (Sai) and each type of alkylaromatics

(Sben, Snap, and Sphe) by solving Equations 5.26, 5.27, and 5.32 simultaneously.

Sben + Snap + Sphe + Sa = 1 (Equation 532)

Note: The fractional selectivities sum to 1 (Equation 5.32) only if the liquid products consist
only of various alkylaromatics and alkanes, as we have assumed.

1. Calculate the molar yields of alkylbenzenes (mven), alkylnaphthalenes (7nap), and

alkylphenanthrenes (npne) using Equation 5.33, and the total aromatics yield (7arom)

using Equation 5.34.

Nben, nnap or nphe = (Sben, Snap or Sphe) (mheavy liq/ Mn,liq) (Equatlon 533)

Marom = Mben T Anap T Fphe (Equation 534)
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11. As an alternative to the method described in step 10, estimate aromatic yields and
selectivities using quantitative '*C NMR.
a. Identify signals for aromatic and aliphatic carbons.
1. Assign and integrate signals for aliphatic carbons (Caii) in the range 6 5-50 ppm.
1. Assign and integrate signals for aromatic carbons (Carom) in the range 6 118-150
ppm.
b. Establish the potential contributions of alkylaromatic carbons to the 3*C NMR signals

using Equation 5.35.

Carom = 6 nben,C+ 10 nnap,C + 14 nphe,C (Equatlon 535)

Note: The use of C in the subscripts of Equations 5.35-5.37 distinguishes the amounts and
selectivities of different hydrocarbons obtained by '3C NMR analysis from those obtained by
"H NMR analysis, which are identified with a subscript H in Equation 5.37 below.
c. Establish the relative contributions of the carbons present in each type of aromatic
compound to the '3C NMR signals of all carbons using Equation 5.36, where Ciotal is

the sum of Caj and Carom.

Crotal = Npenc * lpen + Mnap,c “lnap T Nphec *lpne T Nakc * lak (Equation 5.36)

d. Calculate the fraction of aromatic carbons, Carom/Ciotal, based on the integration of the

quantitative '*C NMR spectrum. The integrated ratio can be set equal to that
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established from the chemical formulas and molar yields for each aromatic structure

type, in accordance with Equation 5.37.

Carom _ 6 Npen,c + 10 Npgpc + 14 Nppec

— (Equation 5.37)

Ctotal  Mben,C'iben * Nnap,c'inap + Nphe,ciphe + Nalk,Clalk

Note: Since quantitative '*C NMR does not readily differentiate between types of aromatic
rings, the molar ratios of the individual aromatic types must be assumed to be the same as
those obtained from '"H NMR analysis.
e. Calculate the selectivity for alkanes and for each aromatic structure type by solving
Equations 5.32 and 5.37-5.38 simultaneously.
f. Compare the total aromatic selectivity obtained using quantitative '3C NMR (or
Equations 5.32 and 5.37) to that obtained from the '"H NMR analysis described above

(Steps 10f-h and Equations 5.26-5.27 and 5.32).

5.6. Limitations

This protocol considers polyolefin depolymerization product mixtures that contain
alkylaromatics (alkylbenzenes, alkylnaphthalenes and alkylphenanthrenes) and alkanes as the
major components. Other types of hydrocarbons including naphthenes, alkyltetralins, and
compounds with multiple, unfused aromatic rings are potential contributors to 'H NMR
signals. For the purpose of this study, any naphthenes were combined with alkanes and all

compounds containing aromatic rings were combined with alkylbenzenes in the calculations
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of selectivities towards alkanes and aromatics. However, if their contributions are significant,
it could affect the corresponding calculations.

The locations of alkyl substituents on aromatic rings can be proposed based on plausible
mechanisms for their formation (Scheme 5.1).! The number of alkyl substituents is assumed
to be similar for each aromatic structure type, based on the depolymerization mechanism. This
assumption may not accurately represent the precise contributions of aromatic protons from
each structure type. Characterization of the number of substituents and their positions for each
aromatic structure type would improve the accuracy of the calculations. This characterization
might be accomplished using GCxGC or other advanced separation methods, if available.

The number-averaged carbon number i for each type of hydrocarbon determined by mass
spectrometry based on fragmentation patterns is semi-quantitative, because hydrocarbons
with different structure types and chain lengths may have different ionization efficiencies in

the mass spectrometer.

5.7. Troubleshooting

Problem 1: Unclosed mass balance due to incomplete recovery of gas products in Step 7 of
the section titled “Recovery and quantification of reaction products” under “Step-by-step
method details.” This problem leads to an error in the calculation of number of C-C bond
scission events.

Potential Solution 1: Check for leaks before expanding the gas from the reactor to the Schlenk

flask. Very small leaks in the reactor, glass joints, rubber septa or the syringe connecting the

368



reactor to the Schlenk collection flask via the Schlenk line can cause significant gas losses.
Therefore, the reactor itself and each part of the set-up should be carefully leak-checked.
Problem 2: Unclosed mass balance due to loss of volatile liquid products to the filtration in
Step 13 of the section titled “Recovery and quantification of reaction products” under “Step-
by-step method details.” This problem also introduces error in the calculation of number of
C-C bond scission events.

Potential Solution 2: Either direct distillation or cold filtration of the liquid products after
reaction may be performed as an alternative to vacuum filtration to recover the volatile liquid
products.

Problem 3: Inability to quantify Cs-C; hydrocarbon products in step 2 of the section titled
“hydrocarbon distribution” under “quantification and statistical analysis,” due to overlap of
their signals in the GC-FID with the solvent signal. This issue reduces the apparent recovery
and underestimates the number of C-C bond scission events.

Potential Solution 3: DCM can be substituted by norm-decane for extraction in an otherwise
duplicate experiment. The mass of light hydrocarbons and the number of C-C bond scission
events can then be evaluated by combining results for the different hydrocarbon ranges
accessible using each extracting solvent.

Problem 4: Incomplete mass balance as a result of a leak in the reactor for Step 1 of the section
titled “Polyethylene depolymerization” under “Step-by-step method details.”. A leaky reactor
may result in a poor mass balance and potential exposure of the catalyst to air, which would

affect reactivity.
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Potential Solution 4: Since the depolymerization reaction is conducted under 1 atmosphere of
inert gas, it might be difficult to detect a leak in the reactor during reaction. Therefore, the
reactor can be checked for leaks prior to use by pressurizing the reactor (> 1 atm) with inert
gas and monitoring for pressure drop. The pressure should stabilize for an extended period. A
leak typically happens at the connection between the upper part of the reactor and the reactor’s
vessel. Replacing the O-rings should remedy a leaky reactor.

Problem 5: Usage of DCM (a hazardous chemical) as the extracting solvent in Steps 11-15,
17 and 19 of the section titled “Recovery and quantification of reaction products” under “Step-
by-step method details.”

Potential Solution 5: Hexane and ethyl acetate can be used as alternatives for extraction of

the liquid product from the depolymerization reaction.
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Chapter 6. Conclusion and Perspective

Note: This chapter was partially adapted from sections of the following publication.
Publication: Sun, J., Dong, J., Gao, L., Zhao, Y.-Q., Moon, H., Scott, S. L., “Catalytic

Upcycling of Polyolefins,” Chem. Rev. (invited), in review.

6.1. Conclusion

Polyolefin conversion to aromatics has attracted significant attention due to the higher
value of the products. Traditionally, the primary focus has been polyolefin conversion to
light aromatics (BTX). We reported the first direct conversion of high-value long-chain
alkylbenzenes from polyolefins by coupling C-C bond scission and aromatization catalyzed
by Pt/y-Al>O3, as an alternative to their bottom-up synthesis from BTX.

More acidic Pt/Cl-Al>O3 and Pt/F-Al>Os catalysts are more effective in the PE conversion
to alkylaromatics than Pt/y-Al>O3. The metal and acid sites showed complementary roles in
the tandem conversion of PE to long-chain alkylaromatics. Pt sites are principally
responsible for alkane hydrogenation/dehydrogenation, while strong BASs protonate alkenes
to give carbenium ions that undergo C—C bond cleavage and isomerization, as well as
cyclization. When metal catalyzed hydrogenation/dehydrogenation reach equilibrium,
Bronsted acidity controls the rates of C—C bond cleavage, skeletal isomerization, and
alkylaromatic formation. Although increased acidity results in faster PE conversion and a
higher fraction of alkylaromatics, strongly acidic catalysts also produce polyaromatics, and

coke during PE upcycling.
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The hydrogen pressure is a critical parameter in the bifunctional catalytic
depolymerization of polyethylene to alkylaromatics. The amount of hydrogen significantly
affects the selectivity to alkylbenzenes and polyaromatics. The highest yield of alkylbenzenes
is obtained at a moderate hydrogen pressure level, in alignment with the thermodynamic
prediction. Increasing the amount of hydrogen also promotes C-C bond scission and results in
a reduction in the molecular weight of hydrocarbons through hydrocracking. The study also
provides insight into the kinetics of aromatization and C-C bond scission, which could guide
the optimization of catalyst design and reaction conditions for the selective conversion of

polyethylene to valuable alkylaromatics.

6.2. Perspective

The one-pot synthesis of alkylbenzene from polyolefins may be beneficial compared
with tradition bottom-up synthesis in terms of efficiency; however, the complexity of the
reaction network and the large number of possible products make characterization and
separation, as well as prediction of the thermodynamics, very challenging.

While acid sites promote the formation of aromatics, the extensive skeletal isomerization
induced by these sites leads to methyl branches directly on the aromatic rings and/or in the
alkyl substituents, potentially altering product properties. For example, branching could
affect the ease of sulfonation, surfactant performance, and biodegradability.

Zeolite pore sizes affect the yield and type of aromatics, due to the effect on diffusion of
intermediate alkenes as well as confinement effects. Some monofunctional metal catalysts
known to convert n-CsH14 selectively to benzene are less effective in polyolefin conversion,

especially at lower temperatures (ca. 300 °C). Yet, these catalysts could be of interest for
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further study, potentially with higher energy input but with better selectivity and catalyst
stability. Overall, converting polyolefins to aromatics offers significant potential for

advancing the circular economy but requires more research and development.
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