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ABSTRACT 

 

Catalytic Upcycling of Polyolefins to Alkylaromatics 

 

by 

 

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 g-alumina 

converts various polyethylene (PE) grades into valuable long chain alkylaromatics and 

alkylnaphthalenes (average ~C30, dispersity Ð = 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/g-Al2O3 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-Al2O3 catalyst instead. 

Bifunctional (metal/acid) catalysts also generate alkylaromatic products with lower average 

carbon numbers (ca. C20), similar to conventional anionic surfactants. Since physical mixtures 

of weakly acidic Pt/g-Al2O3 or non-acidic Pt/SiO2 with strongly Brønsted acidic Cl-Al2O3 or 

F-Al2O3 are also effective, the tandem reaction does not require nano-scale intimacy between 

metal and acid active sites. Kinetic studies using triacontane (norm-C30H62) 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 H2. Depolymerization can be performed without adding any external H2, depending 

instead on redistribution of PE-derived H2 to value-added alkylbenzenes. However, moderate 

external H2 pressures (1-8 bar) significantly enhance the depolymerization rate and 

alkylbenzene yield (maximum yield at 4 bar H2). The rate of C-C bond scission is pseudo-
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zeroth-order. It increases with external P(H2) at lower pressures (< 10 bar), then decreases at 

higher pressures. Modifying the traditional hydrocracking mechanism to include competitive 

adsorption of aromatics explains the P(H2) 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.1 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.2  

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 %.3 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 
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generated in 2019 alone.4 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.3 

Around 42 % is incinerated, which can be a strategy for energy recovery but which releases 

CO2 into the environment. The problem is compounded by emissions of gases other than CO2, 

due in part to the intimate mixing of polymers with other materials.3 Conventional recycling 

has not thus far proven to be a viable solution to address these issues.5 

Plastic waste can be recycled mechanically, chemically, or through hybrid 

chemomechanical processes.6,7 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.8 This method is most readily applied to heteroatom-

containing polymers like polyesters, such as polyethylene terephthalate (PET), with its 

hydrolysable ester linkages.9 It is not generally used for polyolefins, whose backbones consist 

solely of strong and relatively inert C-C bonds.5 Depolymerization of polyolefins can in 

principle be performed at elevated temperatures. Although these reactions are spontaneous 

above the polymer ceiling temperature,10 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.11 
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Upcycling is a possible alternative for managing polyolefin waste.8,12 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.  
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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 H2 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 β-

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. 
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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.13 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 O2 is also known as pyrolysis. The pyrolysis of POs 

generates mostly n-alkanes, 1-alkenes, and alkadienes at high temperatures (>500 °C).13 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.14–20 Catalytic cracking shares similar reaction 

conditions with pyrolysis, but differs in the use of a solid acid catalyst (Scheme 1.2).21 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.22–26  

Hydrocracking is a form of catalytic cracking that occurs in presence of a high pressure of 

H2. In addition to the acid component, the catalyst contains a component with a 

(de)hydrogenation function (Scheme 1.2).13 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 
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(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 H2 or under low PH2, 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. 

 

 

Scheme 1.2. Overall processes for (a) catalytic cracking, (b) hydrocracking, and (c) hydrogen 

redistribution, showing the individual catalytic reactions involved. 
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In hydrocracking, the net reaction is hydrogenolysis, in which H2 adds across a carbon-

carbon (C-C) or carbon-heteroatom (C-X) single bond, resulting in its cleavage.13 In the 

hydrocracking literature, hydrocracking and hydrogenolysis are sometimes used 

interchangeably to refer to the overall cleavage of C-C single bonds.27 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.27 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.28 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.28  
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In the initiation step starting from an alkene, a Brønsted 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 H2 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 H2, 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  

 

 

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 

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

protonated cyclopropane intermediates.28,30 

 

 

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 b-

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 b-

scission requires a tertiary carbenium ion with three branches in an a,g,g-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 B2). Both B-types require two branches, in either 

the g,g- (for B1) or a,g- (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 b-scission faster than 

they undergo C-C bond cleavage.27 While polyolefins have more than enough carbon atoms 

Type B

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

the rates of b-scission under hydrocracking conditions. 

 

 

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

the minimum number of carbon atoms required).27 

 

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.28 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.26 This aspect will be discussed in section 1.3. 

 

1.2.2.2. Bifunctional Hydrocracking Mechanism 



 

 

 

 11 

The classical alkane hydrocracking mechanism, shown in Scheme 1.6, was summarized 

by Weitkamp.27 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 Brønsted 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. 

 

 

Scheme 1.6. Classical mechanism for hydrocracking of n-alkanes on a bifunctional catalyst 

with metal sites to catalyze alkane dehydrogenation/hydrogenation and Brønsted acid sites to 

catalyze alkene skeletal isomerization leading to C-C bond cleavage.27 

 

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”.  

 

Figure 1.1. MAB dependence of the initial activity (A0, 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 (nPt/nA). The data labeled 

PtHY3 were recorded for a constant number of acid sites. Acidity decreases in the order HY3 

> HY9 > HY35.31 

 

1.2.3.2. Influence on Hydrocracking Selectivity  
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For longer hydrocarbons (CiH2i+2, i > 8), MAB also influences the regioselectivity of C-

C bond cleavage. Low nPt/nA ratios result in mostly C3-C6 products, while high ratios give a 

random distribution of hydrocarbons across the entire range of carbon numbers, Figure 1.2. 

 

 

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 (SiO2-Al2O3-ZrO2), a weak hydrogenating component (sulfided Co-Mo-S/SiO2-

Al2O3), or a strong hydrogenating component (Pt/Ca-Y zeolite), at similar yields of cracked 

products (Ycr. ≈ 50 %). Sj* is the modified cracking selectivity, defined as moles of 

hydrocarbons with j carbon atoms per mol n-hexadecane converted.27 

 

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-C6 

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.32 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.22,26,33,34 Nevertheless, some of 

these topics are mentioned below for comparison purposes. In the 1990s, the use of 

MgCl2×AlCl3 was first reported in the catalytic cracking of PE at 370 °C, giving mostly gases 

(88 wt%) as products.35 A couple of examples of the use of other salts as well as 

chloroaluminate ionic liquids have since been summarized in a review.26  

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, Ð = 1.9) to C3-C7 (37 wt%, mostly n-alkanes, iso-alkanes, iso-

alkene, alkenes) in 17 h at 200 °C.36 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 Mn, Mw 

or Ð) in a quartz tube at 280 °C under flowing H2 into C1-C7 hydrocarbons (75 wt%).37 Among 

these products, the majority (84 wt%) were C3-C6 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]Cl-

AlCl3 ([C4Py]Cl:AlCl3 molar ratio 1:2, 3 mmol) catalyst with tert-butyl chloride (TBC, 0.05 

mmol, 0.005 g) as initiator, dissolved in 3 mL CH2Cl2, was reported to fully convert a low 

molecular-weight PE (0.2 g, Mw = 4,000 g/mol, Ð = 1.9) by its reaction with isopentane (0.8 

g) to liquid iso-alkanes (C4  to C30, ~200 wt% relative to starting PE) at 70 °C.38 

 

1.2.5. Examples of Polyolefin Hydrocracking 

Hydrocracking of POs first began to attract attention in the 1990s. In contrast to pyrolysis14 

and catalytic cracking39 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, H2 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.40 

In early studies, PO hydrocracking was generally conducted at 350-450 °C with 20-150 

bar H2 (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.41 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. 10´ the total catalyst mass) into mostly iso-alkanes (C4-C30) within several hours at ca. 

250 °C under ca. 20 bar H2. 

For example, the hydrocracking of LDPE (Mw = 150,000 g mol-1, Ð 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 H2.42  C4-C6 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 H2 pressure (30 bar), the conversion of LDPE (2.0 g, Mw = 

250,000 g mol-1, Ð not specified) was reported to be catalyzed by a physical mixture of 

Pt/WO3/ZrO2 (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 (C5-C12) and diesel (C9-C22) ranges.43  

Highly dispersed MoSx-HBeta (0.1 g) was investigated as a noble metal-free catalyst to 

hydrocrack various polyolefins.44 After 16 h at 180 °C with a low molecular weight PE wax 

(Mw = 3,000 g mol-1, Ð not specified), a catalyst loading of 20 wt% relative to polymer, and 

25 bar H2, branched alkanes (C4-C12) were recovered in 96 wt% yield. At 250 °C under 20 bar 

H2, the reactions of HDPE, LLDPE, LDPE, and PP (1 g, all with Mw = 300,000 g mol-1, Ð not 

specified) gave branched liquid alkanes (mostly C4-C16, 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/TiO2-A-SG, 0.07 metal/nm2).45 At 260 

°C, the Ru/TiO2-A-SG catalyst converted PP (isotactic, Mw~250,000 g/mol, Ð = 3.7) about 

three times faster than Ru/CeO2, when normalized by surface Ru sites. In addition, Ru/TiO2-

A-SG showed lower selectivity towards undesired CH4 (SCH4 = 3 wt%) compared to Ru/CeO2 

(21 wt%), slightly higher selectivity towards desired liquid products (C6–40, Sliquid = 78 wt%) 

compared to Ru/CeO2 (72 wt%), and higher isomerization activity (62% of C10 products are 

iso-alkanes), compared to Ru/CeO2 (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.46 The conventional route for producing BTX involves catalytic 

reforming of naphtha (which consists of mostly C6-C10 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 H2 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. 

 

 

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.47 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 

dehydrocyclization aromatization

- H2

paraffin naphthene aromatic

- 3H2
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aromatic rings. Initially, the cyclization of an alkene or alkadiene can lead to either a five- or 

six-membered ring.48 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.49–54 

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.  

 

 

Scheme 1.8. Proposed reaction mechanism for bifunctional catalytic reforming, involving 

alkane (de)hydrogenation, isomerization, and dehydrocyclization. Redrawn from ref 55.  
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Monofunctional catalysts are also used commercially in catalytic reforming. For example, 

the AromaxÒ catalyst, Pt/KL (where KL is potassium-exchanged zeolite L), converts n-hexane 

to benzene selectively at ca. 500 °C.56 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.57–

60 Metal sites on single-crystal surfaces have been observed to catalyze isomerization and 

cyclization of n-alkanes, in the absence of acidity.61,62 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 H2, 

several other adsorbates can coexist: a metallacyclic Pt3ºC-(CH2)5-Pt on Pt(100) and a p-

allylic form of cyclo-C6H9 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 H2 (15 Torr).62 

 

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.63 

a

b
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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. 

 

  

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).64 

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.65  

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 (C6-C8, 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.26 

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 SiO2/Al2O3 

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 N2.66  

An amorphous, mesoporous silica-alumina (SA, 0.200 g) was also used to convert a low 

molecular weight PE (0.130 g, Mw = 3.52 ´ 103 g/mol, Ð = 1.9) to alkylaromatics (carbon 

numbers unspecified) at 280 °C under Ar.67 The silica content (from 1.5 to 30 wt%) was varied 

while maintaining a similar surface area (ca. 200 m2/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/Htotal). SA produced similar amounts of CHCl3-soluble hydrocarbons, similar Harom/Htotal 
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in these products, and similar molecular weight distribution for the total hydrocarbons (as 

evidenced by GPC-RI) compared to Pt/Al2O3, 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-C8 aromatics from the 

catalytic cracking of LDPE (viscosity-average molecular weight, Mw = 298,000 g/mol, Ð = 

4.6) at 480 °C under N2, while C10−C11 aromatics were the main products from HY,68 whose 

12-membered ring channels have a diameter of 0.7 nm.69  

Activated carbon was reported to convert PE in a fixed bed-flow reactor at 526 °C. Molten 

PE (viscosity-average molecular weight, Mv =1.3 ́  104 g/mol, Ð unspecified) was fed through 

a capillary under N2 pressure. In addition to alkanes (C1-C10, 56 wt%) and alkenes (C2-C8, 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% Al2O3) was the 

catalyst.70 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 N2, 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-C10) 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 %.71 

 

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/Al2O3 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.72,73 

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 N2) 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 (Mv = 1.3 ´ 104 g/mol, Ð unspecified) to aromatics at 526 °C.74 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).75 Ion-exchanging HZSM-11 with Zn2+ resulted in aromatics (C6-C9) in 53 

wt% yield at 500 °C, compared to 27 wt% with HZSM-5.76 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 (Mw = 4,000 g/mol, Ð = 

2.4) under flowing He, where a physical mixture (mPE/mcatalyst = 1:6) of PE and catalyst was 

loaded into a stainless cup inside the micropyrolyzer.77 

 

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 C16-C22) are the direct precursors of linear 

alkylbenzene sulfonates, used commercially as biodegradable surfactants.78 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 2027.79 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 (AlCl3-HCl, HF, 

silica-alumina, or a zeolite), Scheme 1.11a. In other words, the method is bottom-up.80–83  
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Scheme 1.11. Comparison of routes to alkylbenzenes. (a) The current route to linear 

alkylbenzenes, i.e. the bottom-up method.81 (b) one-pot tandem process from polyethylene, 

i.e. top-down approach.84 

 

A top-down approach was devised to synthesizing long-chain dialkylaromatics, 

combining partial depolymerization of PE with H2 redistribution under Ar (i.e., in the absence 

of external H2) in a tandem hydrogenolysis/aromatization process.84 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 Mn, Mw, and Ð) 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 yield) 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 O2) 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 (H2) 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, i.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-C6 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., CH2Cl2) 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 CH4 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)       (1.5) 

 

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 (C5-C12) 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, C13-C20 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.  

 

 

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 



 

 

 

 35 

data points at 100 % PP conversion were measured at two reaction times (13 and 20 h), where 

the colored arrows represent increasing reaction time.45 

 

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).41,84,85 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) is given by eq 1.6: 

 

nC-C scission = N(t) – N(0)        (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 t, respectively. 
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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 scission is better insight into intrinsic catalytic activity than either 

conversion or product yield. For example, Figure 1.4a shows that using liquid yields makes 

Pt/g-Al2O3 appear to be much less active as a catalyst for polyethylene depolymerization than 

either Pt/Cl-Al2O3 and Pt/F-Al2O3, 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 t = 8 h in this case) is about a factor of two between Pt/Cl-Al2O3 and Pt/F-

Al2O3, similar to the difference between Pt/g-Al2O3 and Pt/Cl-Al2O3. 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). 

 

 

a b



 

 

 

 37 

 

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 CH2Cl2; black, organic residues insoluble in hot 

CH2Cl2, and (b) by average rate of C-C bond scission (defined as nC-C scission/t).85 

 

In the specific case of hydrogenolysis of saturated polyolefins, H2 consumption can be 

used as an independent assessment of the extent of depolymerization.86 Furthermore, the H2 

uptake is usually convenient to measure. Since H2 consumption occurs concurrently with the 

cleavage of C-C bonds, both metrics may yield the same result. However, H2 redistribution 

processes such as dehydrogenation, cyclization, and aromatization can occur simultaneously 

with hydrogenolysis, complicating the relationship between C-C bond cleavage and H2 

consumption.84,85 Consequently, the number of C-C bond scission events is the more general 

metric. 

a b



 

 

 

 38 

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 CO2. 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.13 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/ninitial 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 CH4.  
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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 C3571H7144 (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 H2 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 (Mn), weight-
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averaged molecular weight (Mw), and dispersity (Đ = Mw/Mn) 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, Mn is inversely proportional to nC-C scission (or DOS), eq 1.8.  
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 (1.8) 

 

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

the extent of reaction. This behavior has been reported by a few studies.84,87 Mn 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 (Mn) as a function 

of the Degree of Scission (DOS), starting from 2,000 chains of an alkane with the precise 

formula C3571H7144 (i.e., M = 50,000 g/mol). The mass of H2 incorporated was not included in 

the product mass. 

 

Since the change in Mn 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,88–90 information beyond the average 

chain length should be sought and reported. Researchers are encouraged to consult standard 

works on polymer characterization.91,92 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.93 To report the chain length, one must provide 

two of the following three values: the number-averaged molecular weight Mn, the weight-

averaged molecular weight Mw, and the dispersity Đ = Mw/Mn (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 CHCl3). 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 106 g/mol for unreacted ultrahigh molecular weight PE, down to 102 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 (C1 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).94 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,95 although the technique is not yet 

widely available and requires extensive calibration.  

EI, 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.96 In a typical polymer upcycling process, waxy 

oligomers (C~40 to C~100) and even heavy liquids (C~10 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.  

Đ values (i.e., Mw/Mn) obtained from GPC measurements are subject to the same 

limitations. In a non-living polymerization process, the value of Đ 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).84,87 Since GPC measurements 

have a low molecular weight (C~10) cutoff due to overlap with the solvent peak, measured Đ 

values can underestimate the complete distribution of products. Careful attention is required 

when using Đ 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.93 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 1H and 13C 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 1H signals). They are also limited to 

compounds with sufficient solubility. The larger chemical shift range for 13C can be useful, 

but sensitivity can be an issue due to the low natural abundance (0.1 %) of 13C. Increased 

sensitivity with 13C 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.97 In addition, a 

relaxation agent such as Cr(acac)3 can be added to reduce the spin-lattice relaxation time and 

improve the measurement efficiency.98 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),99 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 g-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 ~C30, dispersity Ð = 

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 2015.1 Production is 

projected to double again within the next 20 years.2 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.1 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.3 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.4,5 

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.6 New types of polymers that degrade rapidly in the environment are 

being investigated,7 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.8 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.1 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.9,10 Somewhat more selective disassembly can be 

achieved at lower temperatures via catalytic hydrogenolysis11,12 or tandem catalytic alkane 

metathesis,13 but the low-value alkane products are unlikely to recoup the costs of recovery, 

separation, and processing using large amounts of a co-reactant (H2 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.14 

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, C10 to C16) and liquid HF or AlCl3-HCl as the acid catalyst.15 

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),16 and the catalysts tend to deactivate rapidly. New zeolite-based catalysts can 

transform either methanol17 or syngas18 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,19 hydrogenolysis/hydrodeoxygenation of bio-oils or lignin to give 

propylbenzene,20 and Diels-Alder reactions of carbohydrate-derived furanics to give p-

xylene.21 However, slow rates, low yields, and high H2 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.22 The yields are moderate (up to 50 wt %), and large amounts of low-value gases (C1 

to C5, > 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, Mw = 3.5 × 103 g mol–1, Ð = 1.90) 

was combined with Pt/g-Al2O3 (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 H2 (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 CHCl3 (Figure 2.2B, 

experiment 1). According to gel permeation chromatography with refractive index detection 

(GPC-RI), most of the PE underwent a decrease in Mw by nearly a factor of 10, to 430 g mol–

1, as well as the expected23 decrease in dispersity (to Ð = 1.31). On the basis of their orange 

color and the appearance of 1H nuclear magnetic resonance (NMR) signals in the region 6.5 

to 9.0 ppm, these hydrocarbons appear to have substantial aromatic content. The CHCl3-

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 1H 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 Mw. A second control 

experiment using the same amount of g-Al2O3 but without Pt resulted mostly in a CHCl3-

insoluble residue (~60 wt %) and a much lower yield of soluble hydrocarbon products (34 wt 

%), with a smaller decrease in molecular weight (Mw = 1421 g mol–1, Ð = 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 

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 (Mw = 3.52 × 103 g mol–1, 

Ð = 1.90) in an unstirred mini-autoclave reactor: (0) catalyzed by g-Al2O3 (no gas recovery); 

(1) catalyzed by Pt/g-Al2O3 (no gas recovery); (2) catalyzed by Pt/g-Al2O3 (with gas recovery). 

Reactions catalyzed by Pt/g-Al2O3 in a stirred autoclave reactor with gas recovery: (3) low-

molecular-weight PE; (4) LDPE bag (Mw = 9.45 × 104 g mol–1, Ð = 7.37); (5) HDPE bottle 

cap (Mw = 5.35 × 104 g mol–1, Ð = 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 

H2 (0.2 mg, quantified by GC-TCD) and light hydrocarbons (C1 to C8, 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 C11, 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 CHCl3-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%, Mw = 723 g mol–1, Ð = 1.34) separated 

spontaneously from the liquids (46 wt %, Mw = 520 g mol–1, Ð = 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 13C NMR spectrum contains signals in the 

aromatic region (120 to 150 ppm), most corresponding to unsubstituted ring carbons (Figure 

2.3B). The 1H 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).24 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 Mw = 3.52 × 103 g mol–1 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) 1H and 13C 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,25 

and their manufacture from waste polyethylene could displace fossil fuel–based routes. The 

1H NMR spectrum reveals more information about the alkyl substituents (Figure A2.5). 

Protons associated with an aliphatic carbon directly bonded to an aromatic ring (Ca) resonate 

in the region 2 to 4 ppm. The overall ratio Ha/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 (C6 to C12),26 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 (C34 for this experiment, 

based on the Mn 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 13C 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 Ca position, judging by the 

intense 1H signals at 2.35 to 2.85 ppm. The paraffinic -CH2-/-CH3 ratio, 7.5, suggests that each 

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

 

 

Figure 2.4. Overall PE conversion to alkylaromatics and alkylnaphthenes, and proposed 

mechanism of tandem polyethylene hydrogenolysis/aromatization via dehydrocyclization. 



 

 

 

 71 

The yields of each product were estimated using a combination of 1H 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 ~C30. 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).27 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 1H NMR analysis described above. The alkylnaphthene products, 

which have intrinsic value as solvents and hydrogen donors,28 could be further 

dehydrogenated to alkylaromatics by active control of the partial pressure of H2 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 Ð = 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 CHCl3-soluble hydrocarbons 

(13 wt %) showed a smaller extent of depolymerization (Mw = 1.8 × 103 g mol–1, Ð = 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 CHCl3-soluble 

hydrocarbons was low (~10 wt %), although the overall yield of aromatics was higher 

(Haromatic/Htotal = 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.29 

 

CmH2m+2 → CmH2m-6 + 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 H2, estimated using Benson group contributions for long 

chain n-alkanes,30 are DH1° = 246 kJ/mol and DG1° = 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 DH2o = –49 kJ/mol and 

DG2o = –74 kJ/mol. Consequently, aromatization becomes favorable at 280°C (DG° = 0) when 

even 10% of the H2 generated is consumed in PE hydrogenolysis. 

 

Cm+nH2(m+n)+2 + H2 → CmH2m+2 + CnH2n+2     (2.2) 

 

On the basis of alkylaromatic yield, the aromatization in experiment 2 of Figure 2.2B 

generated 0.50 mmol H2. More than 90% of this H2 (0.47 mmol) was consumed in reducing 

the molecular weight of the polymer via hydrogenolysis, making the tandem process 

thermodynamically favorable. However, the residual H2 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 H2 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-C30H62 

under the same conditions (Table A2.4, experiments S2 and S3). Compared to PE, the n-

C30H62 chains experience only half as much hydrogenolysis (consuming just 0.25 mmol H2), 

as expected on the basis of the chain length dependence of hydrogenolysis kinetics.31 

Molecules in the liquid products have an average chain length of C20, 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 

1a 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 Mn decreased, eventually approaching a 

plateau at 315 g mol–1 after ~6 hours (Figure 2.5B). The dispersity Đ 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 (Mn = 1.85 × 103 g 

mol–1; Đ = 1.90) catalyzed by Pt/g-Al2O3 in an unstirred mini-autoclave reactor at 280°C. (A) 

Evolution of major product fractions (orange, CHCl3-soluble liquids/waxes; black, insoluble 

hydrocarbons). (B) Overall molecular weight (Mn, blue) and dispersity (Đ, 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 Mn data. Initial conditions: total carbon nC = 

8.4 mmol; number of polymer chains N0 = 68 mmol; total Pt mPt = 3×10–3 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 1H 

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,32 

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).33 The 

sole adjustable parameter, k/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 mPt. 
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   (2.3) 

 

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 × 106,32 the hydrogenolysis rate constant k is 

estimated to be 6.4 × 102 molC-C bonds hour–1 gPt–1 at 280°C. 

 

2.3.5. Catalyst Recyclability 

The stability of the Pt/g-Al2O3 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 

% in 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 (Mw = 9.45×104 g mol–1, Ð = 

7.37) and an HDPE water-bottle cap (Mw = 5.35×104 g mol–1, Ð = 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 ~C30. 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 H2, which must be high enough to promote PE hydrogenolysis but low enough to 



 

 

 

 79 

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 

g-Alumina was calcined in flowing air at 500 °C for 4 h, followed by evacuation (10−4 

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. 10−4 Torr) at 

room temperature.33,34 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(CH3)3. The resulting solid was reduced in flowing H2 (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 A2.1c,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.35 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 H2O. 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 

a ramp rate of 5 °C min-1, 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,36 each with an internal volume 

of ca. 10 mL. In a typical procedure, the reduced catalyst (1.5 wt% Pt/g-Al2O3, 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 μm), 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 (10-4 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 μL) was removed via the sampling port for analysis of H2 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 H2 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-C11) 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-C30H62 

A mixture of 0.120 g n-C30H62 and 0.200 g Pt/g-Al2O3 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 CHCl3 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 - C40), 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 - C30). 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 

 

Figure A2.1. (A-B) HAADF-STEM images of fresh Pt/g-Al2O3, and (C-D) histograms 

showing Pt cluster size distribution. 
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Figure A2.2. 1H NMR spectrum (recorded at room temperature) of the soluble component 

recovered from the solid residue after stirring in TCE-d2 at 150 °C for 21 h. PE (Mw = 3.52 × 

103 g mol-1, Mn = 1.85 x 103 g mol-1, Ð = 1.9, average C132) was heated with Pt/g-Al2O3 (1.5 

wt% Pt) in a mini-autoclave at 280 °C for 24 h. * indicates residual protons in the solvent 

(TCE-d2). 
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 Figure A2.3. (A) GC-TCD of gases collected after the catalytic disassembly of PE (Mw = 

3.52 × 103 g mol-1), by heating with 1.5 wt% Pt/g-Al2O3 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 H2 and Ar. The molar ratio of H2 to Ar was determined from the peak areas and response 

factors. 

 

Figure A2.4. GC-FID of gases collected after catalytic disassembly of PE (Mw = 3.52 × 103 

g mol-1), by heating with 1.5 wt% Pt/g-Al2O3 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 (Mn = 1.85 × 103 g mol-1, Ð = 1.9, average C132) in a Parr 

autoclave reactor, after 24 h at 280 °C: (A) 1H NMR spectrum; and (B) 13C NMR spectrum. * 

indicates the solvent (TCE-d2). 
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Figure A2.6. Full-range FD-MS analysis of lighter hydrocarbons from the solvent-free 

conversion of PE (Mw = 3.52 × 103 g mol-1, Mn = 1.85 × 103 g mol-1, Ð = 1.9, average C132), 

catalyzed by 1.5 wt% Pt/g-Al2O3 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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Figure A2.7. GPC and molecular weight distribution of lighter and heavier fractions of 

liquid/wax products from the catalytic disassembly of PE (Mw = 3.52 x 103 g mol-1, Ð = 1.9, 

average C132), after heating with 1.5 wt% Pt/g-Al2O3 for 36 h at 280 °C in Parr reactor. 

 

 

Figure A2.8. Comparison of yields of liquid/wax products and organic residue, as well as the 

active Pt surface area (m2 gPt-1) 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/g-Al2O3 (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 

14n  cycloalkanes 
diphenylparaffins, 

naphthocycloparaffins 

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 

14n + 12 14n-2 dicycloparaffins 
alkylphenalenes, 

alkylfluorenes 
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Table A2.2. GPC and 1H NMR characterization of liquid/wax hydrocarbons recovered from 

the tandem conversion of various PEs * 

Exp. PE 
Reactor 

Volume 
Products Total SAr 

 Mn 

g mol-1 

 

mL 

Yield 

% 

Mn 

g mol-1 

Đ 𝐻/0
𝐻12134

 
𝐻$2!2
𝐻5246

 SAr ‡ 

mol% 

𝐶/0
𝐶12134

 SAr § 

mol% 

mol% 

0 ¶ 

1 

2 

3 

 

S1 

1.85 x103 

(Đ = 1.9) 

10 

10 

13 

34 768 1.9 - - -    

80 328 1.3 0.039 0.9 40(3)    

75 414 1.2 0.040 1.1 52(4)    

90 

 

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) 

42 431 1.1 0.054 2.3 75(5) 0.13 64(5) 
81(6) 

    13 551 1.1 0.058 1.0 92(7) 0.16 91(7) 

4 12.8 x103 

(Đ = 7.4) 

90 39 366 1.1 0.031 1.8 39(3) 0.09 37(3) 
44(4) 

  30 355 1.1 0.045 1.1 50(4) 0.10 39(4) 

5 14.8 x103 

(Đ = 3.6) 

90 20 347 1.1 0.041 1.8 46(4)   
50(4) 

  35 353 1.3 0.047 1.0 52(4)   

* Reaction conditions: 118 mg reactant, 200 mg catalyst (Pt/g-Al2O3, 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 (SAr) calculated based 

on analysis of 1H NMR spectrum. § Selectivity to alkylaromatics (SAr), calculated based on analysis of 
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13C NMR spectrum. Uncertainties are propagated from the uncertainty in the average carbon number. 

¶ Reaction with g-Al2O3 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 † Method 2 ‡ 

area % area % 

14n cycloparaffins 63270 17 5282 19 

14n+2 alkanes, 

alkylnaphthalenes 

77706 20 5914 21 

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 1Hmono/1Hpoly = 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 1H NMR characterization of liquid/wax hydrocarbons recovered from 

the tandem conversion of triacontane and PE* 

Exp. Reactant Reactor 

volume 

Products Active Pt surface 

area  

   

mL 

Yield 

% 

Mn 

g mol-

1 

Đ Cavg 

† 

𝐻/0
𝐻12134

 
𝐻$2!2
𝐻5246

 SAr 

‡ 

% 

 

m2 gPt-1 

S2 C30H62 10 70 - - 17 ‡‡ 0.012 2.2 9 -- 

S3  13 72 - - 20 ‡‡ 0.016 2.1 14 -- 

S4 PE 10 § 70(2) 

¶ 

328 1.9 23 0.017 2.0 18 215.2 

S5  10 # 55(2) 

¶ 

628 2.2 45 0.013 3.4 27 153.6 

S6  10 ** 57 694 2.6 50 0.008 2.8 18 144.6 

S7  90 †† 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, Mn = 1.85 × 103 g mol-1, Đ = 1.90), 200 mg 

reduced catalyst (Pt/g-Al2O3, 1.5 wt% Pt), 280 °C for 24 h except where noted. † Calculated as Mn/14. 

‡ Selectivity for alkylaromatics (SAr), calculated based on analysis of 1H 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 1H NMR of liquid/wax hydrocarbons recovered from tandem PE 

conversion, as a function of reaction time* 

Exp. Time Products 

  

h 

Yield 

% 

Mw 

g mol-1 

Mn 

g mol-1 

Đ Cavg † 𝐻/0
𝐻12134

 
𝐻$2!2
𝐻5246

 
 

1a 1.0 ‡ - 4156 1758 2.36 126 - - 

1b 3.0 ‡ - 2350 1110 2.11 79 - - 

1c 3.0 21 1177 789 1.49 56 0.004 3.8 

1d 4.5 ‡ - 1084 584 1.86 42 - - 

1e 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 (Mn = 1.85 x 103 g mol-1, Đ = 1.90), 200 mg catalyst (Pt/g-Al2O3, 

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

continuous sampling from one experiment). † Calculated as Mn/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: 

WO202215971) 

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/g-Al2O3 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-Al2O3 catalyst instead. Bifunctional (metal/acid) catalysts also generate alkylaromatic 

products with lower average carbon numbers (ca. C20), similar to conventional anionic 

surfactants. Since physical mixtures of weakly acidic Pt/g-Al2O3 or non-acidic Pt/SiO2 with 

strongly Brønsted acidic Cl-Al2O3 or F-Al2O3 are also effective, the tandem reaction does not 

require nano-scale intimacy between metal and acid active sites. Kinetic studies using 

triacontane (norm-C30H62) 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 1950,1 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.1 Plastic manufacturing is projected to triple by 2050, by when 

it could consume as much as 20% of global petroleum production.2  

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,3 resulting in 

an additional 8 million tons of pandemic-associated plastic waste as of August, 2021.4 

Worldwide, the fate of most plastic waste is either landfilling (~40%) or incineration (~25%). 

These disposal choices produce carbon emissions,5 environmental pollution, and emergent 

human/ecosystem health concerns.6,7 Mismanagement of a significant fraction (~19%) of 

plastic waste leads to uncontrolled litter,8 although the magnitude of the problem varies widely 

across different geographic regions. Overall, only 9% of waste plastics are currently destined 

for mechanical recycling.8 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).9,10 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,11 or use as hydrocarbon-based lubricants.12–18 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),19 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.20,21 Coke formation can be suppressed by 

adding H2, directing the product slate towards alkanes.22,12 Lower temperature approaches that 

couple (transfer) dehydrogenation with alkene isomerization and metathesis can generate light 

alkanes and alkenes directly and, in some cases, selectively.23–25 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.26 In our recent report, a 

recyclable Pt/g-Al2O3 catalyst converted various types of PE to aromatic hydrocarbons with 

average carbon number C~30.27 The alkylaromatics are thermodynamically accessible from PE 

at moderate temperatures (ca. at 280°C) in the absence of external H2 because of the coupling 

of endothermic dehydroaromatization with exothermic C-C bond hydrogenolysis. Since the 
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polymer is both H2 source and sink, the accessible aromatic yields are higher than when the 

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

Al2O3 proceeds slowly, and the alkyl side-chains are longer than desired for direct use in 

anionic surfactants (which typically require total carbon numbers C16-22, corresponding to the 

so-called “surfactant range”).28  

 

 

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.29,30 A 

typical reforming catalyst consists of Pt nanoparticles supported on g-Al2O3 modified with 1-
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2 wt % Cl,30,31 where the Cl serves to enhance the surface acidity.32 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 H2 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 a 

Catalyst Pt b X (Cl or F) Liquid hydrocarbon products c 

Loading 

(wt %) 

D 

(%) 

Loading 

(wt %) d 

Yield 

(wt %)e 

Aromatics Yield 𝚤 ̅h Ð i 

(µmol) f (wt %) g 

Pt/g-Al2O3 1.5 87 - 44 59 36 52 2.2 
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Pt/Cl-Al2O3 1.5 82 1.4 70 92 j 27 j 25 j 1.2 j 

Pt/F-Al2O3 1.6 70 0.8 64 131 36 24 1.1 

Pt/F-Al2O3 k 1.6 70 0.8 59 124 35 23 1.1 

Pt/g-Al2O3 

+ F-Al2O3 l 

1.5 87  

1.3 

61 146 29 17 1.1 

a Reaction conditions: PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), total catalyst mass 0.200 g 

(except where noted), Ar, (280 ± 5)°C, 8 h.  

b Pt loading measured by ICP-OES. Pt dispersion (D) measured by CO chemisorption, assuming 

CO/Ptsurf = 1.33  

c Soluble in hot CH2Cl2.  

d Measured by ion chromatography.  

e Excluding the lighter hydrocarbons (C7-C11) eliminated during solvent removal (Figure A3.20).  

f Calculated from 𝚤 ̅and the 1H NMR integration in the aromatic region (see Section 3.8.2.7 and eq 

A3.30 and A3.31 in the Appendix II). 

g The mass yield of aromatics is estimated as liquid yield (wt %) × Sarom (wt %), where Sarom (wt %) 

» Sarom (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.  

h Average carbon number, calculated as Mn/14 based on GPC-RI analysis of the liquid after solvent 

removal (Table A3.6).  

i Dispersity (Ð =Mw/Mn) after solvent removal, as measured by GPC-RI.  

j 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 Mn peak of the bimodal distribution, corresponding to a mass fraction of 45 wt% (Figure 
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A3.23B). For the higher Mn peak, corresponding to a mass fraction of 55 wt%, 𝚤 ̅= 67, Ð = 2.6. The 

value of 𝚤 ̅overall (weighted average of both peaks) is 39.  

k Reaction conducted with a higher molecular weight PE (0.120 g, Mw = 2.6 × 104 g mol–1, Ð = 3.9). 

l Physical mixture of Pt/g-Al2O3 (0.200 g) and F-Al2O3 (0.100 g). 

 

 

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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) or high 

molecular-weight PE (0.120 g, Mw = 2.6 × 104 g mol–1, Ð = 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/g-Al2O3 was 

combined with F-Al2O3 (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 CH2Cl2; black, organic residues insoluble in hot CH2Cl2. 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/g-Al2O3. The more acidic Pt/Cl-Al2O3 and Pt/F-Al2O3 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 CH2Cl2, 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 (1H NMR), and ion 

chromatography (the latter detected no residual halogens; Table A3.7). The average carbon 

number in the liquid fraction was C52 for Pt/g-Al2O3, C25 for Pt/Cl-Al2O3, and C24 for Pt/F-
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Al2O3. The molecular dispersity Ð of the liquid products decreased from 2.2 for Pt/g-Al2O3 to 

1.2 and 1.1 for Pt/Cl-Al2O3 and Pt/F-Al2O3, respectively (Tables 3.1 and A3.6). This trend in 

Ð 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 (Mw = 2.6 × 104 g 

mol-1) was heated with Pt/F-Al2O3 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 (C23) and dispersity, Ð = 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 1H 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).34,35 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)28 compared to Pt/g-Al2O3. Yields of alkylbenzenes in the liquid fraction were similar 
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for Pt/Cl-Al2O3 and Pt/F-Al2O3 (nbenz = 38 and 45 µmol, respectively), and comparable to that 

for Pt/g-Al2O3 (48 µmol). However, Pt/Cl-Al2O3 and Pt/F-Al2O3 gave higher yields of the 

larger alkylaromatics (nphen + nnaph = 54 and 86 µmol, respectively) compared to Pt/g-Al2O3 

(11 µmol, Table A3.12).  

Some information about the nature of the alkyl substituents on the aromatic rings can be 

deduced from the 1H NMR spectra. Protons on the carbons (Ca) directly bonded to an aromatic 

ring give signals at 2.0-3.5 ppm. These signals can be subdivided into Ha,methyl (2.00 - 2.50 

ppm), Ha,methylene (2.50 - 3.10 ppm) and Ha,methine (3.10 - 3.50 ppm) regions.36,37 For all three 

catalysts, the average alkyl substituent is CaH2R. Combining this information with the 

Ha/Harom values gives the average number of alkyl substituents (Table A3.12, Figure A3.32). 

For Pt/g-Al2O3, Ha/Harom = 1.1 implies that the aromatics are predominantly dialkyl-

substituted. For Pt/Cl-Al2O3 and Pt/F-Al2O3, 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 Ca, 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., CaHR2) 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.38 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.39–

41 

 

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

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

alkylation,28 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.42 To explore re-use of Pt/F-Al2O3, three consecutive 8-h reactions of 

PE were conducted, with calcination of the recovered catalyst in O2 at 500°C followed by re-

reduction in H2 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/g-Al2O3.27 The 

a. conventional linear alkylbenzene (LAB)

+
acid catalyst

b. PE-derived alkylbenzene (this work)

R2

R1 Pt/X-Al2O3

(X = F, Cl)
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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 (rC-C), eq 

3.1. It corresponds to the rate of formation of new hydrocarbon chains, dN/dt, where N(0) and 

N(t) represent the total number of chains present at time 0 and time t, respectively (see section 

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

 

rC-C = dN/dt ≈ DN(t)/t = [N(t) – 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 µmol h-1 for Pt/µ-Al2O3 to 29 µmol h-1 for Pt/Cl-

Al2O3 and 50 µmol h-1 for Pt/F-Al2O3. Thus catalyst acidity accelerates PE depolymerization 

up to 5-fold, relative to Pt/µ-Al2O3, Figure 3.2B. The average rate of C-C bond scission for 

the higher Mw PE, 61 µmol h-1 is comparable to that for the lower Mw 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/g-Al2O3 (0.200 g, 1.5 wt %Pt) and F-Al2O3 (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/FAl2O3 (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 µmol) 

and the average carbon number in the liquid (C17) is even lower than for Pt/F-Al2O3 (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 SiO2 has no acidity, while microporous 

HZSM-5 is a strong Brønsted acid. Mesoporous SiO2-Al2O3 possesses both stronger Brønsted 

and Lewis acidity than g-Al2O3, 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-C30H62). 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 a Acid sites (µmol g-1) b 
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Loading (wt %) Dispersion (%) Lewis Brønsted 

Pt/SiO2 1.0 44 - - 

Pt/g-Al2O3 1.0 68 98(4) ~0 

Pt/SiO2-Al2O3 c 1.0 43 136(5) 41(2) 

Pt/HZSM-5 1.0 41 77(3) 63(3) 

a Loading measured by ICP-OES. Dispersion measured by CO chemisorption, assuming CO/Pt surf 

= 1.33  

b Estimated from the pyridine remaining adsorbed after desorption at 150°C and 10-2 Torr (Figure 

A3.10), via the peak areas at 1545 cm-1 (BAS) and 1455 cm-1 (LAS). Uncertainties (in parentheses) 

are propagated from uncertainties in the extinction coefficients (Figure A3.8B). 

c SiO2-Al2O3 (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/SiO2 shows negligible activity toward triacontane at 280°C. At the 

same temperature, Pt/g-Al2O3 converts triacontane to a Schulz-Flory-like distribution of liquid 

hydrocarbons (C6–30, 81 wt %). The liquid products are dominated by linear paraffins, with a 

minor contribution from alkylaromatics (whose formation nevertheless supplies the H2 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-C30H62), catalyzed by Pt nanoparticles supported on 

various oxides. 

Reaction conditions: norm-C30H62 (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/SiO2-Al2O3 possesses both strong Brønsted and Lewis acidity and is much more 

reactive towards triacontane than Pt/g-Al2O3. After 24 h, there are effectively no hydrocarbons 

with C>16 remaining. The product distribution includes a higher fraction of light hydrocarbons 

(C≤6, 18 wt %), compared to 4 wt % for Pt/g-Al2O3. 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 Brønsted acidity of Pt/HZSM-5 results in a majority of light 

hydrocarbon gases (C≤6, 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 < g-Al2O3 < SiO2-Al2O3 < 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-Al2O3 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 g-Al2O3 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 g-Al2O3 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)30 results in changes to the number, type, and Brønsted 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-1 correspond to pyridine coordinated to Lewis acid sites (LASs).43 

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 g-Al2O3 and F-Al2O3, while Cl-Al2O3 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-Al2O3 and F-Al2O3 and is much higher 

than that for g-Al2O3 (Table 3.3). 

 

Table 3.3. Effect of halogenation on alumina acidity 

Support Lewis acid sites (LAS, µmol g-1) a Brønsted acid sites (BAS, µmol g-1) b 

Weak Strong Total Weak Strong Total 

g-Al2O3 71(3) 33(1) 104(4) 14(1) 9(1) 23(1) 

Cl-Al2O3 94(4) 63(2) 157(6) 6(1) 14(1) 21(1) 

F-Al2O3 63(2) 51(2) 114(4) 0 34(2) 34(2) 

a From the IR peak area for adsorbed pyridine at 1455 cm-1, after desorption at 10-2 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. 

b From the IR peak areas for adsorbed 2,6-dimethylpyridine at 1605 cm-1 (hydrogen-bonded sites, 

DMP-H, representing weak BAS), and 1650 and 1630 cm-1 (DMPH+, representing strong BAS), 

after desorption at 10-2 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-Al2O3 also shows characteristic peaks for pyridinium ions (1,635 and 

1,545 cm-1).44 Their absence on g-Al2O3 and Cl-Al2O3 means these supports possess weaker 

Brønsted acid sites (BAS) (Figure A3.11). However, pyridine itself is a relatively weak base 

(pKb = 8.8).45 Use of the stronger base 2,6-dimethylpyridine (DMP, pKb = 7.4)45 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).46 All three aluminas have 

peaks for DMPH+ at (1,650 ± 5) and (1,630 ± 5) cm-1. Their abundance increases in the order 

as follows: g-Al2O3 < Cl-Al2O3 << F-Al2O3 (Table 3.3). In addition, the bands are slightly 

redshifted on F-Al2O3 compared with g-Al2O3 and Cl-Al2O3, indicating that F-Al2O3 has 

stronger BAS.46 Weak BASs give rise to hydrogen-bonded DMP (DMP-H, 1,605 ± 5) cm-1. 

These sites decrease in abundance in the order g-Al2O3 > Cl-Al2O3 > F-Al2O3 (Table 3.3). The 

addition of Pt (ca. 1.5 wt %) had no significant effect on the acidities of g- 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/g-Al2O3 with an equivalent mass of 

halide-modified alumina (either more Lewis acidic Cl-Al2O3 or more Brønsted acidic F-

Al2O3). 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) 



 

 

 

 119 

to increase by an order of magnitude, from 3 µmol h-1 for Pt/g-Al2O3 alone to 16 and 34 µmol 

h-1 in combination with Cl-Al2O3 and F-Al2O3, respectively (Figure 3.4). 

 

Figure 3.4. Hydrocarbon product distribution (bars) and average rate of C–C bond scission 

(blue circles) in the catalytic conversion of norm-C30H62 

Reaction conditions: Pt/g-Al2O3 (0.100 g, 1.5 wt % Pt), acidic alumina (0.100 g, Cl-Al2O3: 1.8 wt% 

Cl, or F-Al2O3: 1.3 wt % F), norm-C30H62 (0.120 g), 12 h, 280°C. Green, C1–6; yellow,C7–25; orange, 

C26–29 and iso-C30; 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/g-Al2O3 was held constant. In each 
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experiment, the metal-acid balance (nPt/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.47,48 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-C30H62) 

Pt catalyst a Mass of acid catalyst  
Rate b 

(µmol h-1) 

Yield  (mol %) 

 F-Al2O3 

(mg) 

Cl-Al2O3 

(mg) 

norm- 

alkanes c 

iso- 

alkanes d 

aromatics e 

Pt/g-Al2O3 - - 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/SiO2 - - 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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a Reaction conditions: norm-C30H62 (0.120 g), Pt catalyst (0.100 g, 1.5 wt % Pt) alone or physically 

mixed with various amounts of either F-Al2O3 (1.3 wt % F), or Cl-Al2O3 (1.8 wt % Cl), 12 h at 

280°C. Uncertainties (in parentheses) represent the standard deviation of duplicate experiments. 

b 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).  

c Yield of norm-alkanes, relative to the initial charge of norm-C30H62 (see section Analysis of norm- 

and iso-alkane yields in the Appendix II for details).  

d Yield of iso-alkanes in the range C4-30, relative to the initial charge of norm-C30H62. For details, 

see section Analysis of norm- and iso-alkane yields in the Appendix II.  

e Yield of alkylaromatics (alkylbenzenes, -naphthalenes, and -phenanthrenes) in the liquid products, 

relative to the initial charge of norm-C30H62 (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 Brønsted acidity controls the 

rate of hydrocracking for both light hydrocarbons49 and POs.14 In the hydroconversion of 

cetane (norm-C16H34), a fairly linear relationship between the rate of hydrocracking and the 

amount of ultrastable zeolite Y (USY) was found.50 Although pyridine adsorption revealed no 

strong Brønsted acidity for g-Al2O3 (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/g-Al2O3 (Figure 3.5A; Table 3.4). 
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Therefore, this material is also a bifunctional catalyst. In contrast, Pt/SiO2 has no strong BAS 

and shows a very low activity toward norm-C30H62 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 (C4–6) 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.49 In 

contrast, physical mixtures of Pt/g-Al2O3 with halogenated aluminas gave average carbon 

numbers of C~15 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.32 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 Brønsted 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 Brønsted acid-catalyzed chain scission of the resulting alkenes.49 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.49,51,52 The 

extent of isomerization was gauged from the iso-alkane yield in the hydrocarbons ranging 

from C4–30, 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.49 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.31 Finally, deprotonation and 

rehydrogenation generate a branched alkane. 
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Scheme 3.2. Proposed bifunctional mechanisms for C-C bond scission and alkane 

isomerization 

Mechanisms for (A) H2-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-Al2O3 (X = Cl, F) alone, without Pt, gave almost no 

aromatic products, confirming that Pt is required. The amount of free H2 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,53,54 

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/SiO2 or a Pt-free alumina (unmodified, or modified with either Cl or F) for 4 h at 280°C. 

In the presence of Pt/SiO2 , g-Al2O3, or Cl-Al2O3, a 1H 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-Al2O3 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-Al2O3 when the reaction time was prolonged to 12 h. 

Therefore, Cl-Al2O3 can catalyze alkene cyclization, but does so more slowly than F-Al2O3. 
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The higher catalytic activity of F-Al2O3 compared with Cl-Al2O3 in forming aromatics is 

attributed to the higher BAS strength due to fluorination.32 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.55 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.56 Although some studies have shown that such 

nanoscale proximity enhances catalyst performance,57,58 others report no effect of separation 

(from nm to mm scales).59 In a few cases, intimacy appears to be disadvantageous.60,61 The 

lack of a benefit for nanoscale proximity in tandem PE aromatization is evident in the similar 

behaviors of Pt/X-Al2O3 and physical mixtures of Pt/g-Al2O3 and X-Al2O3. 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: 

 

rC-C = k nPt0 nBAS1 nC-C0     (3.2) 

 

These findings suggested that non-acidic Pt/SiO2 could be an effective component of a 

bifunctional catalyst if combined with an acidic alumina. Indeed, when Pt/SiO2 (0.100 g) 

wasmixed with F-Al2O3 (0.100 g, 1.3 wt% F), the value of rC–C in the tandem conversion of 

triacontane increased dramatically from 1 to 34 µmol h-1, 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-Al2O3 and Pt/F-Al2O3 are 

more effective catalysts than Pt/g-Al2O3, 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/g-Al2O3 and F- Al2O3 shows similar 

activity to Pt/F-Al2O3, and addition of F-Al2O3 to Pt/SiO2 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 (C16–22), 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 

Cl-Al2O3 was synthesized by passing a stream of CCl4 vapor through a bed of g-Al2O3 at 

300°C. F-Al2O3 was synthesized by incipient wetness impregnation of g-Al2O3 with an 

aqueous solution of NH4F, followed by calcination at 550°C. Various synthesis methods were 

required to ensure fairly constant Pt dispersion. Pt/g-Al2O3 (1.5 wt % Pt) and Pt/F-Al2O3 (1.6 

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

in H2 at 280°C. Pt/Cl-Al2O3 (1.5 wt % Pt) was synthesized by co-impregnation of 
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[Pt(NH3)4](NO3) and HCl onto g-Al2O3 followed by calcination and reduction in H2 (both at 

500°C). Pt/SiO2 (1.5 wt % Pt) was synthesized by incipient wetness impregnation of 

[Pt(NH3)4](NO3)2 followed by calcination and reduction in H2 (both at 350°C). Pt/SiO2, Pt/g-

Al2O3, Pt/SiO2-Al2O3, and Pt/HZSM-5 (all 1.0 wt % Pt) were synthesized by impregnation of 

H2PtCl6·6H2O, followed by calcination at 500°C and reduction in H2 at 350°C. 

 

3.5.2. Catalytic Conversion of Polyethylene 

PE and a H2-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 CH2Cl2 (10 mL) and filtered. The filtrate was analyzed by GC-FID to quantify C6–13 

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-d2 for 1H NMR analysis. Another 

portion (6–7 mg) was dissolved in CHCl3 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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3.7. Table of Content Graph 

 

3.8. Appendix II 

3.8.1. Materials 

Trimethyl(cyclopentadienyl)platinum (CpPtMe3, 99%) and g-Al2O3 (Lot 35231600, 

B.E.T. surface area 186 m2 g-1, pore volume 0.50 cm3 g-1) were purchased from Strem. 

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O), tetraammineplatinum(II) nitrate 

([Pt(NH3)4](NO3)2, 50.0+% Pt basis), ammonium fluoride (³ 98.0%), pyridine (anhydrous, 

99.8%), 2,6-dimethylpyridine (DMP, 99%), triacontane (norm-C30H62, 98%), n-octadecane 

(norm-C18H38, 99%), 1-octadecene (³ 95.0%), carbon tetrachloride (99.9%), a standard Pt 

solution containing (976 ± 2) mg Pt/kg in 5% w/w HCl, di-tert-butylhydroxytoluene (> 99%), 

chromium(III) acetylacetonate (Cr(acac)3, 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 μg/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 (³ 99.9%) were 

purchased from Fisher Chemicals. 1,1,2,2-Tetrachloroethane-d2 (TCE-d2, ³ 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 m2 g−1, 33 μm particle size, pore volume 1.61 

mL g−1), silica−alumina (Davicat 3113, 7.6 wt % Al, B.E.T. surface area 573 m2 g−1, pore 

volume 0.76 cm3 g−1), HZSM-5 (FCC catalyst formulation, Lot 2010228, 33.8 wt% Al2O3) 

were obtained from Grace-Davison.  

H2 (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. H2 (4.976 

vol% in He, Airgas Certified Standard) and O2 (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  



 

 

 

 144 

Unmodified supports (SiO2, g-Al2O3, SiO2-Al2O3, 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 (Cl-Al2O3). Calcined g-Al2O3 (1.50 g) was dehydrated at ca. 10-2 

Torr and 400°C for 8 h. After cooling to room temperature, CCl4-saturated Ar (5 mL min-1) 

was flowed through the bed as the temperature was ramped to 300°C at a rate of 2°C min-1, 

then held at that temperature for 1 h.  The resulting material (denoted Cl-Al2O3) was evacuated 

at ca. 10-2 Torr and 400°C for 8 h to remove weakly-bound surface species.1 The Cl loading 

was determined by flask combustion/ion chromatography (Atlantic Microlab, Inc., Norcross, 

GA) to be 1.8 wt%. 

Fluorinated alumina (F-Al2O3). Calcined g-Al2O3 (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-1 and holding for 5 h. The resulting materials were 

evacuated at ca. 10-2 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 H2PtCl6·6H2O (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-1 in 

a muffle furnace. After 3 h, the material was reduced in flowing H2 (5.0 vol% in Ar, 30 mL 

min-1) as the temperature was ramped at 2°C min-1 to 350°C, where it was held for 2 h. The 

reactor was cooled to room temperature in flowing H2, then evacuated at ca. 10-2 Torr for 30 

min. 

As a control for comparison to prior work,3 Pt/g-Al2O3 containing 1.5 wt% Pt was 

synthesized by chemical vapor deposition. Calcined g-Al2O3 (1.20 g) was evacuated at ca.10−2 

Torr and 400°C for 12 h. CpPtMe3 (35 mg) was deposited onto the dry g-Al2O3 at room 

temperature, followed by reduction by heating in flowing H2 (5.0 vol% in Ar) from room 

temperature at a ramp rate of 2°C min-1 to 280°C, then holding at this temperature for 2 h. 

The reactor was cooled to room temperature in flowing H2, then evacuated for 30 min.  

Pt/SiO2 containing 1.5 wt% Pt was synthesized by incipient wetness impregnation. 

Calcined SiO2 (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-1 and holding at 350°C for 3 h to decompose the 

Pt complex.4 The resulting material was reduced by heating at a rate of 2°C min-1 in flowing 

H2 (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 H2, then evacuated at ca. 10-2 Torr for 30 min. 

Pt/Cl-Al2O3 containing 1.5 wt% Pt and 1.4 wt% Cl was synthesized by incipient 

wetness impregnation, following a previously described method.5 Calcined g-Al2O3 (1.50 

g) was mixed with an aqueous solution (0.6 mL) containing [Pt(NH3)4](NO3)2 (45.0 mg) 

and HCl (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-1 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 H2 (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-Al2O3 containing 1.6 wt% Pt was synthesized by chemical vapor deposition of 

CpPtMe3 (35 mg) onto F-Al2O3 (1.3 g, 0.8 wt% F), followed by reduction by heating to 

280°C at a rate of 2°C min-1 in flowing H2 (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](NO3)2 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,6 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 H2O. 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. 

 

 

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. 

 

  

y = (434 ± 1) x
R2 = 0.999
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Table A3.1. Pt loadings of various catalysts, measured by ICP-OES 

Catalyst a Nominal Pt Loading (wt%) Measured Pt Loading (wt%) b 

Pt/ZSM-5 0.99 0.96 

Pt/SiO2-Al2O3 0.99 0.97 

Pt/g-Al2O3 0.99 1.02 

Pt/g-Al2O3 1.82 1.52 

Pt/SiO2 0.99 0.97 

Pt/SiO2 c 1.48 1.49 

Pt/Cl-Al2O3 1.48 1.46 

Pt/F-Al2O3 1.69 1.56 

Pt/F-Al2O3 d  1.54 

Pt/F-Al2O3 e  1.53 

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

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

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

d Recycled once, after catalyzing the reaction of PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9, 120 mg) for 8 

h at 280°C.  

e Recycled twice, after catalyzing another reaction of PE (Mw = 3.5 × 103 g mol–1, Ð = 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 (v:v = 1:1) was used at 75°C for 30 min to 
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completely digest the SiO2 and extract the Pt, based on previously described methods.7,8 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 H2O (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 H2 (5.0 mol% in He) at a rate of 5°C min-1 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, m2 gPt-1), 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-1) = (Sf NA SAcross Vad) / (m W Vm)   (A3.1) 
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D = (Sf M Vad) / (m W Vm) x 100%     (A3.2) 

Pt nanoparticle size = 6/(dPt SAPt)     (A3.3) 

 

where the stoichiometric factor Sf (molar ratio CO/Ptsurface) was assumed to be unity. NA = 

Avogadro’s number, SAcross = Pt cross-sectional area = 8.0 × 10–20 m2, dPt = density of Pt = 

2.145 × 10–20 g nm–3, Vad = 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 

(gPt/gsample), W = Pt atomic weight = 195.1 g mol-1, Vm = molar volume of CO = 22.4 L mol–1 

at STP.  

 

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

Catalyst State Loading 

(wt%) 

Surface Area  

(m2 gPt-1) 

Dispersion 

(%) 

Avg NP size 

(nm) 

Pt/HZSM-5 fresh 0.96 97 41 2.8 

Pt/SiO2-

Al2O3 

fresh 0.97 107 43 2.6 

Pt/g-Al2O3 fresh 1.02 168 68 1.7 

Pt/SiO2 fresh 0.97 108 44 2.6 

Pt/SiO2 fresh 1.54 209 85 1.3 

 recycled a  144 58 1.9 

Pt/g-Al2O3 fresh 1.52 215 87 1.3 
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recycled a  197 80 1.4 

Pt/Cl-

Al2O3 

fresh 1.46 202 82 1.4 

Pt/F-Al2O3 fresh 1.56 172 70 1.6 

Pt/F-Al2O3 recycled b 1.54 145 59 1.9 

Pt/F-Al2O3 twice-recycled 

c 

1.53 141 57 2.0 

a Recycled catalysts were removed from the reactor after converting norm-C30H62 for 12 h at 280°C. 

The catalysts were washed with CS2 and isolated by filtration, evacuated overnight at 0.1 Torr, 

followed by calcination at 400°C in flowing O2 and reduction in H2 at 280°C. Pt loading was assumed 

to be the same as for the fresh catalyst.  

b Recycled catalyst was removed from the reactor after converting PE (Mw = 3.5 × 103 g mol–1, Ð = 

1.9) for 8 h at 280°C. The solid was washed with CH2Cl2 and isolated by filtration, evacuated overnight 

at 0.1 Torr, followed by calcination at 500°C in flowing O2 and reduction in H2 at 280°C.  

c Twice-recycled catalyst was removed from the reactor after converting PE (Mw = 3.5 × 103 g mol–1, 

Ð = 1.9) for 8 h at 280°C. The solid was washed with CH2Cl2 and isolated by filtration, evacuated 

overnight at 0.1 Torr followed by calcination at 500°C in flowing O2 and reduction in H2 at 280°C.  

 

To assess changes in the accessible Pt surface area for Pt/g-Al2O3 and Pt/SiO2 due to their 

use in catalyzing reactions with norm-C30H62, 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 (CS2) used in extraction of the hydrocarbons. 
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Therefore, the recovered catalysts were calcined in flowing O2 while heating to 400°C at a 

ramp rate of 5°C min-1 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/g-Al2O3 decreased only slightly, from 87 to 80 %, after catalyst regeneration. 

In contrast, the Pt dispersion of Pt/SiO2 decreased much more, from 85 to 58 %. Nevertheless, 

this change in Pt dispersion cannot account for the dramatically lower catalytic activity 

compared with Pt/g-Al2O3 (Table 3.4). 

Pt/F-Al2O3 collected after its use in a reaction with PE was calcined in O2 at 500°C 

followed by reduction in H2 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-

Al2O3 (1.5 wt% Pt) )and Pt/F-Al2O3 (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,9  where surface Cl preventing CO chemisorption. The average Pt particle size 

in Pt/F-Al2O3 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 H2 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).  

 

 

Figure A3.2. (a) HAADF-STEM image, and (b) Pt particle size histogram, for fresh, reduced 

Pt/Cl-Al2O3 (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-Al2O3 (1.6 wt% Pt). The average nanoparticle size, obtained by fitting a Gaussian 

function to the distribution, is (1.1 ± 0.2) nm. 

 

 

a b

Pt/F-Al2O3
total counts: 173

1.1 ± 0.2 nm

Post-reaction Pt/F-Al2O3
total counts: 217

1.1 ± 0.2 nm

a b
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Figure A3.4. (a) HAADF-STEM image, and (b) Pt particle size histogram, for Pt/F-Al2O3 

(1.6 wt% Pt), recovered after catalyzing the reaction of PE (Mw = 3.5 × 103 g mol–1, Ð = 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. 

 

 

Figure A3.5. (a) HAADF-STEM image, and (b) Pt particle size histogram, for Pt/F-Al2O3 

(1.6 wt% Pt), recovered after catalyzing the reaction of PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9) 

at 280°C for 8 h followed by calcination in flowing O2 at 500°C and reduction in flowing H2 

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 

a
b

Regenerated Pt/F-Al2O3
total counts: 281

1.3 ± 0.3 nm
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3.8.2.3.1. Physicochemical Characterization of Halogenated 

Aluminas 

N2 adsorption/desorption isotherms for halogenated aluminas were measured at −196°C 

using a Micromeritics 3Flex Porosimeter, and compared to data for unmodified g-alumina 

(Figure A3.6). The appropriate cross-sectional area for an N2 molecule adsorbed on a 

hydroxyl-terminated surface is 0.143 nm2.10 All the aluminas have similar textural properties, 

with mesopores in the 4 nm range, mesopore volumes of ca. 0.4 cm3 g−1, and negligible 

micropore volumes (<0.01 cm3 g−1). Physicochemical properties are summarized in Table 

A3.3. 

 

 

Figure A3.6. N2 adsorption/desorption isotherms, measured at 77 K, for g-Al2O3 (black 

circles), Cl-Al2O3 (1.8 wt% Cl, green squares) and F-Al2O3 (1.3 wt% F, red diamonds). 

 

Table A3.3. Physicochemical properties of halogenated aluminas 
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Material B.E.T. Surface 

Area (m2 g-1) 

Pore Size  

(nm)a 

Pore Volume  

(cm3 g-1)b 

X Density  

(at. nm-2)c 

g-Al2O3 202 4.4 0.44 - 

Cl-Al2O3  

(1.8 wt% Cl) 

191 4.4 0.42 1.6 

F-Al2O3  

(1.3 wt% F) 

183 4.6 0.42 2.2 

a Calculated by the Barrett-Joyner-Halenda (B.J.H.) method, using the desorption branch of the N2 

isotherm.  

b Determined at P/P0 = 0.99.  

c 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−1 at a resolution of 2 cm−1, accumulating 64 scans. The 

absorbance was normalized by the precise sample mass. Pristine g-Al2O3 shows characteristic 

O-H stretching modes at 3790 and 3773 cm-1 (Figure A3.7) that are associated with terminal 

(basic) OH groups, while bridging (acidic) OH groups appear at 3730 and 3680 cm-1.11 

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

OH groups is thermodynamically preferred.12 
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Figure A3.7. Transmission IR spectra of g-Al2O3 (black), Cl-Al2O3 (1.8 wt% Cl, green), 

and F-Al2O3 (1.3 wt% F, red), recorded at room temperature after dehydration at ca. 10-2 

Torr and 400°C for 8 h. All spectra are normalized by mass relative to the mass of g-Al2O3 

(6.0 mg).  

 

3.8.2.3.2. IR Characterization of Catalyst Acidity  

Calibration curves. Lewis and Brønsted 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,13 as described below.  

A precisely weighed sample of dry g-Al2O3 (ca. 80 mg, of precisely weighed mass m1) 

was transferred to a Schlenk tube inside a N2-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 m2) 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-1), the mid-IR spectrum is dominated by 

bands at ca. 1625, 1575, 1495 and 1455 cm-1, corresponding to the v8a, v8b, v19a, and v19b 

modes, respectively, of pyridine interacting with Lewis acid sites (LAS). Weaker bands at ca. 

1597 cm−1 (v8a) and 1440 cm−1 (v19b) are also present, corresponding to hydrogen-bonded 

pyridine.14 No peaks associated with pyridinium ion (pyH+) at 1545 cm−1 (v19b) or 1638 cm−1 

(v8a) were observed.  

The IR region centered at ca. 1450 cm-1 contains three peaks at 1455, 1450, and 1443 cm-

1 (Figure A3.8a). The first two peaks correspond to the v19b mode of pyridine interacting with 

strong and weak LAS, respectively, while the third is due to the v19b mode of H-bonded 

pyridine.14,15 The combined areas of peaks at 1455 and 1450 cm-1, Apy-LAS, is proportional to 

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

 

𝐴5678/. = 𝜀5678/. ∙ 𝑙 ,
!56%789
.	∙	4

- = 9
.
.𝜀5678/. ∙ 𝑛5678/.0 = , :

;,:
- (𝜀5678/. ∙ 𝑛5678/.)  

 (A3.4) 

 

where epy-LAS is the combined apparent integrated molar extinction coefficient for the two 

peaks; l, S, and D are the disk thickness, its cross-sectional area, and diameter, respectively, 

and npy-LAS is the amount of LAS-adsorbed pyridine on a disk of mass m2. 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-H and epy-H can be written for the peak at 1443 cm-1, eq A3.5, resulting in the 

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

 

𝐴567< = , :
;,:

- (𝜀567< ∙ 𝑛567<)         (A3.5) 

𝐴12134 = 𝐴5678/. + 𝐴567< = , :
;,:

- (𝜀5678/. ∙ 𝑛5678/. + 𝜀567< ∙ 𝑛567<)   (A3.6) 

 

Since epy-H is unknown, we assumed epy-LAS = epy-H to obtain eq A3.7: 

 

𝐴12134 = ,:=56%789
;,:

- (𝑛5678/. + 𝑛567<)    (A3.7) 

 

The relationship between npy-LAS and the total amount of pyridine (npy) added to the 

original powder of mass m1 is given in eq A3.8: 

 

npy = (m1 / m2) (npy-LAS + npy-H)    (A3.8) 

 

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

A3.8b, with slope k = 4 e m2 / p D2 m1. Finally, epy-LAS was calculated using eq A3.9: 
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epy-LAS = p D2 k m1 / 4 m2     (A3.9) 

 

The measured value of epy-LAS = (1.31 ± 0.06) cm mmol-1 is consistent with previously 

reported values (1.11 and 1.45 cm mmol-1).16,17 

 

 

Figure A3.8. (a) Portion of the IR spectrum for pyridine (6.0 - 18.7 mmol) adsorbed on g-

Al2O3 (80 mg), and (b) calibration curve based on the combined peak areas at 1450 and 1455 

cm-1. 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 g-Al2O3 was used to obtain the apparent extinction coefficient for pyridine adsorbed on 

BAS of acidic aluminas, forming pyH+ (1545 cm-1), since the ratio of extinction coefficients 

epy-LAS/epyH+ is known (1.32),13 and is reported to be independent of the catalyst and acid site 

strength.13,14 The value of epyH+ is therefore (1.01 ± 0.05) cm mmol-1. 
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Pyridine is unable to probe the Brønsted acidity of g-Al2O3. 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.18 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 (nDMP) onto dry F-

Al2O3 (1.3 wt% F). When the DMP loading is low (<25 mmol g-1), the IR spectrum in the 

range 1680 – 1560 cm-1 shows mostly (> 87% of total peak area) bands at ca. 1650 and 1630 

cm-1, corresponding to the v8a and v8b modes, respectively, of DMP interacting with BAS to 

form DMPH+ (Figure A3.9a).19,20,21 Minor peaks at ca. 1617 cm−1 (v8a) and 1580 cm−1 (v19b) 

are also present, corresponding to DMP interacting with LAS.19,20,21 

Eq A3.10 shows the relationship between the total amount of DMP (nDMP) added to the 

original powder of mass m1, the disk of mass m2, the amount of DMP adsorbed on BAS 

forming DMPH+ on m2 (nDMPH+), and the amount of DMP adsorbed on LAS (nDMP-LAS): 

 

𝑛,#> =
$;
$:
(𝑛,#><< + 𝑛,#>78/.) =

$;
$:
∙ 𝑛,#><< ∙ (1 +

!=>"%789
!=>"?<

) (A3.10) 

 

To obtain nDMPH+, the ratio nDMP-LAS/nDMPH+ is obtained using the reported19 ratio of 

extinction coefficients eDMPH+/eDMP-LAS = 1.54, eq A3.11: 

 

!=>"%789
!=>"?<

=
/=>"%789	∙	==>"?<
==>"%789	∙	/=>"?<

= 1.54 ∙ /=>"%789	
/=>"?<

    (A3.11) 

 



 

 

 

 163 

Combining eqs A3.10 and A3.11 gives 𝑛,#><<, according to eq A3.12:  

 

𝑛,#><< = 𝑛,#> ∙
$:
$;
∕ 91 + !=>"%789

!=>"?<
: = $:

$;
∙ !=>"
9)9.@:	∙	8=>"%789	8=>"?<

  (A3.12) 

 

The IR spectrum was deconvoluted into several Gaussian peaks, located at 1650, 1630, 

1617, and 1580 cm-1 (and constrained to be these frequencies within ± 3 cm-1). ADMPH+ is the 

sum of the areas of the peaks at 1650 and 1630 cm-1, while ADMP-LAS is the area of the peak at 

1617 cm-1. The dependence of ADMPH+ on nDMPH+ gave the calibration curve in Figure A3.9b, 

described by eq A3.13: 

 

𝐴,#><< = ,
:==>"?<
;,:

-𝑛,#><<      (A3.13) 

 

where k is the slope of the calibration curve. Finally, eDMPH+ was calculated using eq 

A3.14: 

 

eDMPH+ = p D2 k /4        (A3.14) 

 

The measured value of eDMPH+ = (6.9 ± 0.3) cm mmol-1 is consistent with a previously 

reported value (6.8 cm mmol-1).19 The extinction coefficient for the peak at 1605 cm-1, 

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).19 

The value for DMP-H is therefore (1.93 ± 0.07) cm mmol-1. 

 

 

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-Al2O3 (10 mg, 1.3 wt% F), 

and (b) calibration curve based on the integrated IR absorbance of the peaks at 1650 (v8a of 

DMPH+) and 1630 cm-1 (v8b 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-1, 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. 10-2 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. 10-2 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).15 The results 

are shown in Tables 3.2-3.3. 

 

 

Figure A3.10. IR spectra of (a) Pt/HZSM-5 (1.0 wt% Pt, red), (b) Pt/SiO2-Al2O3 (1.0 wt% Pt, 

blue), (c) Pt/g-Al2O3 (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. 10-2 Torr for 30 min. All spectra are normalized by mass relative to Pt/g-Al2O3 (10.0 mg), 

and are offset vertically for clarity. The broad band at 1630 cm-1 in the spectra of the silica-

containing materials (a, b, d) corresponds to a silica lattice overtone.22  
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Figure A3.11. IR spectra of (a) F-Al2O3, (b) Cl-Al2O3, and (c) g-Al2O3, 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 g-Al2O3 (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. 10-2 

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. 

 

  

Figure A3.12. IR spectra (black) of (a) g-Al2O3, (b) Cl-Al2O3 (1.8 wt% Cl), and (c) F-Al2O3 

(1.3 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 

g-Al2O3 (10.0 mg). The deconvolution shows peaks at 1650 (orange), 1630 (orange), 1617 

(green), 1605 (light blue), and 1580 (purple) cm-1, as well as their sum (red dashed line). 
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Figure A3.13. IR spectra (black) of (a) Pt/g-Al2O3 (1.5 wt%), (b) Pt/Cl-Al2O3 (1.5 wt% Pt, 

1.4 wt% Cl), and (c) Pt/F-Al2O3 (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 g-Al2O3 (10.0 mg). The deconvolution shows 

peaks at 1650 (orange), 1630 (orange), 1617 (green), 1605 (light blue), 1580 cm-1 (purple), as 

well as their sum (red dashed line). 
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Figure A3.14. IR spectra of (a) Pt/SiO2 (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. 10-2 Torr for 30 min. Spectra are 

normalized by mass relative to Pt/SiO2 (10.0 mg) and offset vertically for clarity.  

 

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

Catalyst  Pt Loading 

(wt%) 

X Loading  

(X = Cl, F) 

(wt%) a  

BAS (µmol g-1) 

DMP b Py c 

Pt/SiO2 1.5 - 0 - 

Pt/g-Al2O3 1.5 - 6(1) - 

Pt/Cl-Al2O3 1.5 1.45(4) 12(1)  - 

Pt/F-Al2O3 1.6 0.76(8) 28(2)  - 
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Pt/F-Al2O3 d 1.5 0.74 27(2)  - 

Pt/F-Al2O3 e 1.5 0.73 27(2)  - 

g-Al2O3 - - 9(1) 0 

Cl-Al2O3 - 1.77(6) 14(1) 0 

F-Al2O3 - 0.74(7) 28(2) - 

F-Al2O3 - 1.33(6) 34(2) 6(1) 

Pt/SiO2 1.0 - - 0 

Pt/g-Al2O3 1.0 - - 0 

Pt/SiO2-Al2O3 1.0 - - 41(2) 

Pt/HZSM-5 1.0 - - 63(3) 

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

experiments, with standard deviations from duplicate experiments in parentheses. 

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

under vacuum (10-2 Torr), via integration of the peaks at 1650 and 1630 cm-1 (DMPH+, strong BAS). 

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

c Obtained from the IR spectrum of adsorbed pyridine (Py), after desorption at 150°C and 10-2 Torr, 

via the peak area at 1545 cm-1 (BAS). Uncertainties (in parentheses) are propagated from uncertainties 

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

d Once-recycled catalyst, recovered from a reaction with PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9) at 280°C 

for 8 h, followed by calcination in flowing O2 at 500°C and reduction in flowing H2 (5.0 vol% in Ar) 

at 280°C.  

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

3.8.2.4.1. 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 (Mw = 3.5 × 103 g mol–1, Ð = 1.9) and a 

freshly-reduced Pt catalyst (0.200 g, Pt/g-Al2O3, Pt/Cl-Al2O3, or Pt/F-Al2O3), or where 

specified, a physical mixture of Pt/g-Al2O3 (0.200 g) and F-Al2O3 (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 (10-2 Torr), then isolated from the pumping system. The gases in the 

autoclave were expanded into the line and Schlenk flask. H2 analysis by GC-TCD was 

achieved by removing an aliquot of gas (400 μL) 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 H2 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 (C1-8) 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-d2 (TCE-d2) for analysis 

by 1H NMR. A second aliquot (~6 mg) was dissolved in CHCl3 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 a 

Catalyst b Gas (wt%) Liquid (wt%) Solid (wt%) 

Pt/g-Al2O3 2.4 (0.2) 44.5 (0.5) 46.5 (1.2) 

Pt/Cl-Al2O3 4.4 (0.2) 71.5 (0.2) 16.4 (0.9) 

Pt/F-Al2O3 7.1 (0.6) 70.8 (0.8) 11.5 (1.4) 

Pt/g-Al2O3 + F-Al2O3 9.2 (0.9) 69.7 (1.0) 9.5 (0.5) 

Pt/F-Al2O3 c 12.8 (0.4) 66.0 (0.8) 13.3 (1.2) 

a Reaction conditions: PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 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. 

b 0.200 g Pt/g-Al2O3 (1.5 wt% Pt), Pt/Cl-Al2O3 (1.5 wt% Pt, 1.4 wt% Cl), or Pt/F-Al2O3 (1.6 wt% Pt, 

0.8 wt% F), or a physical mixture of 0.200 g Pt/g-Al2O3 (1.5 wt% Pt) and 0.100 g F-Al2O3 (1.3 wt% 

F).  

c Reaction with PE (Mw = 2.6 × 104 g mol–1, Ð = 3.9).  

 

3.8.2.4.2. 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-C30H62 (0.120 g), a freshly-reduced Pt catalyst (0.100 or 0.200 g), and 

the desired amount of modified alumina (Cl-Al2O3 or F-Al2O3, 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 (C1-8) 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 CS2 (ca. 20 mL), and filtered. The filtrate was diluted with CS2 in a volumetric flask. An 

aliquot (1 mL) was filtered through a 0.2 mm filter for GC-FID analysis of liquid 

hydrocarbons (C6-30). 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-d2 for analysis by 1H 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 CDCl3 with 

the addition of Cr(acac)3 (80 mM) for quantitative analysis by 13C 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 CS2-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/SiO2 (0.200 g, 1.5 wt% Pt) or an alumina (g-Al2O3, 1.8 

wt% Cl-Al2O3, or 1.3 wt% F-Al2O3, 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 CS2 (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 CDCl3 

for characterization by 1H NMR (Figure A3.15). 

 

 

Figure A3.15. 1H NMR spectra of 1-octadecene (0.120 g), after heating at 280°C in the 

presence of (a) Pt/SiO2 (0.200 g, 1.5 wt% Pt, black) for 4 h, or an alumina (0.200 g, no Pt): 

(b) g-Al2O3 (purple) for 4 h, (c) Cl-Al2O3 (1.8 wt%, blue) for 4 h, or (d) for 12 h, or (e) F-

Al2O3 (1.3 wt%) for 4 h. * indicates the CDCl3 solvent. Spectrum (c) and (d) was recorded in 

1,1,2,2-tetrachloroethane-d2 to avoid overlap of CHCl3 signals with the aromatic signals. 

Aromatics are barely detectable in the first three spectra.  
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3.8.2.5. Analysis of H2 and Gaseous Hydrocarbons by Gas 

Chromatography 

H2 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 H2 and Ar were 

confirmed using standard H2/Ar gas mixtures. The response factors were obtained as 

described previously.3 A representative chromatogram is shown in Figure A3.16. 

 

 

Figure A3.16. GC-TCD chromatogram of gas recovered from catalytic conversion of PE (Mw 

= 3.5 × 103 g mol–1, Ð = 1.9) using Pt/Cl-Al2O3 (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 (C1-8) 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.23  

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. 

 

without added propene: Apropene/Abutanes = 3npropene/(4nbutanes) = x  (A3.15) 

with added propene: A´propene/A´butanes = 3(npropene + nadded propene)/(4nbutanes) = y (A3.16) 

npropene = nadded propenex/(y-x)    (A3.17) 
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Figure A3.17. GC-FID of gas products recovered from catalytic conversion of PE (0.120 g, 

Mw = 3.5 × 103 g mol-1, Ð = 1.9) using Pt/g-Al2O3 (0.200 g, 1.5 wt% Pt, black), Pt/Cl-Al2O3 

(0.200 g, 1.5 wt% Pt, 1.4 wt% Cl, blue), or Pt/F-Al2O3 (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-C30H62 

(0.120 g) after 12 h at 280°C under Ar, using a physical mixture of Pt/g-Al2O3 (0.100 g, 1.5 

wt% Pt) and F-Al2O3 (0.005 g, 1.3 wt% F) (black), or F-Al2O3 alone (0.100 g, 1.3 wt% F, 

red). 

 

 

Figure A3.19. GC-FID of gas products recovered after catalytic conversion of norm-C30H62 

(0.120 g) after 12 h at 280°C under Ar, catalyzed by F-Al2O3 (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 (C7-11) 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.23  

 

 

Figure A3.20. GC-FID of liquid products recovered from PE conversion catalyzed by Pt/Cl-

Al2O3 (0.200 g, 1.5 wt% Pt, 1.4 wt% Cl) 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by a physical mixture 

of Pt/g-Al2O3 (0.200 g) and F-Al2O3 (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(tert-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-1. 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, 250×4.6 mm) and a guard column (MW linear range 200 

- 400,000 g mol-1), 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-1. Calibration was achieved using polystyrene 

standards (Agilent EasiVial kit, linear response for molecular weights in the range 200 - 

400,000 g mol-1). 
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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/Cl-Al2O3, 

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 a of liquid hydrocarbons recovered from catalytic conversion of 

PE b 

Catalyst Liq. Yield  Low molecular weight  

fraction  

High molecular weight 

fraction 

 (wt%) Mn Mw Đ Mn Mw  Đ 

Pt/g-Al2O3 44 725 1562 2.2    

Pt/Cl-Al2O3 70 350 

400 c 

332 d 

418 

1572 c 

1450 d 

1.2 

3.9 c 

4.4 d 

932 2426 2.6 

Pt/F-Al2O3  64 330 

 

353 

 

1.1 

 

   

Pt/F-Al2O3 e 59 319 354 1.1     

Pt/g-Al2O3  

+ F-Al2O3 

61 241 254 1.1     

a Analyzed using PE calibration standards with RI detector (except where noted). Mn, Mw values in g 

mol-1. Đ = Mw/ Mn.  

b Reaction conditions: PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt catalyst (0.200 g, Pt/g-Al2O3, 

Pt/Cl-Al2O3, Pt/F-Al2O3) or a physical mixture of Pt/g-Al2O3 (0.200 g, 1.5 wt% Pt) and F-Al2O3 (0.100 

g, 1.3 wt% F), 8 h at 280 °C.  

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

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

e Reaction with higher molecular weight PE (0.120 g, Mw = 2.6 × 104 g mol–1, Ð = 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, Mw 

= 3.5 × 103 g mol–1, Ð = 1.9), using (a) Pt/F-Al2O3, and (b) Pt/Cl-Al2O3, 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 Cl 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 a 
Pt catalyst Halogen content (Cl or F, wt%) b 

Pt/Cl-Al2O3 <0.25 

Pt/F-Al2O3 0.0 

Once-recycled Pt/F-Al2O3 c 0.0 

Pt/g-Al2O3 + F-Al2O3 d 0.0 

a Liquids were recovered after reaction of PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by 

Pt catalyst (0.200 g, 1.5 wt% Pt) at 280°C for 8 h.  

b Determined by flask combustion/ion chromatography.  

c Pt/F-Al2O3 recycled after a PE upgrading reaction at 280°C for 8 h, followed by further calcination 

in flowing O2 at 500°C and reduction in flowing 5.0 vol% H2/Ar at 280°C.  

d Physical mixture of the two catalysts: Pt/g-Al2O3 (0.200 g, 1.5 wt% Pt) and F-Al2O3 (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 CS2 (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 μm) 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-C30H62 are isomers of 

linear C30, and normal and branched alkanes in the range C6-29. 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 norm-alkane standard mixture (C7-C40). Alkylaromatics are minor 

products, as evidenced by the lack of signals in the 6.5-9 ppm region of the 1H 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.23 norm-Octadecane in 

CS2 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.  
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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 Ci isomers, all peaks between 

norm-Ci-1H2i-2 and norm-CiH2i+2 were assumed to have carbon number i. Where individual 

peaks are resolved, the number of moles of each hydrocarbon (ni) was calculated from its peak 

area (Ai) and volume of the solution (V0), 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 (mi) 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 V0 / (f i)       (A3.18) 

mi = ni (14i + 2)      (A3.19) 

𝑚(𝑡𝑜𝑡𝑎𝑙)% = ∑ $!
@
; (A3B))∑ $!

AB
C (4CDECF)

$$AB?C:
   (A3.20) 

𝑖 = ∑ !!∙CAB
C
∑ !!AB
C

       (A3.21) 
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Figure A3.25. GC-FID of liquid products obtained from the reaction of norm-C30H62 

catalyzed by (a) a physical mixture of Pt/g-Al2O3 (0.100 g, 1.5 wt%) and F-Al2O3 (0.100 g, 

1.3 wt%), (b) a physical mixture of Pt/g-Al2O3 (0.100 g, 1.5 wt%) and Cl-Al2O3 (0.100 g, 1.8 

wt%), (c) Pt/g-Al2O3 (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. 

  

a

b

c
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When an acid catalyst is present in addition to Pt/g-Al2O3, the GC-FID of the liquid 

hydrocarbon products recovered from the reaction of norm-C30H62 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 C25 to C30. 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 C30 isomers, 

the deconvolution shown in Figure A3.26 was used to estimate the total C30 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). 

 

 

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

under Ar, in the reaction of norm-C30H62 catalyzed by a physical mixture of Pt/g-Al2O3 (0.100 
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g, 1.5 wt% Pt) and F-Al2O3 (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 C25-30 hydrocarbons recovered from the reaction of 

norm-C30H62 (0.120 g) catalyzed by a physical mixture of Pt/g-Al2O3 (0.100 g, 1.5 wt% Pt) 

and F-Al2O3 (0.100 g, 1.3 wt% F) after 12 h at 280°C under Ar 

i 100 ni/n0 (%) 

Method 

1 

Method 

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 45.9 45.7 
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Figure A3.27. GC-FID of liquid products recovered from the reaction of norm-C30H62 (0.120 

g) catalyzed by (a) Pt/SiO2 (0.100 g, 1.5 wt%), (b) F-Al2O3 (0.100 g, 1.3 wt%), or (c) a 

physical mixture of Pt/SiO2 (0.100 g, 1.5 wt% Pt) and F-Al2O3 (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-C30H62 (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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c
RT: 6.1 min
90% similarity

a
RT: 3.1 min
94% similarity

b

c
RT: 4.4 min
95% similarity

d

e
RT: 6.1 min
94% similarity

f

g
RT: 8.5 min
82% similarity

h

i
RT: 9.8 min
92% similarity

k
RT: 10.9 min
95% similarity

j

l

m
RT: 11.8 min
81% similarity

n
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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, l, n). The reaction of norm-C30H62 (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. 1H NMR spectra of liquid products recovered from the 

reactions of norm-C30H62 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 13C NMR spectra of liquid products 

from the catalytic reaction of norm-C30H62 were recorded on a Bruker Avance NEO 500MHz 

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

shown in Figure A3.38. 

 

Haromatic Ha Haliphatic

-CH2-
-CH3

H1H2H3

Hmethine
Hmethylene

Hmethyl
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Figure A3.30. 1H NMR spectrum of liquid hydrocarbons formed during the conversion of 

norm-C30H62 catalyzed by a physical mixture of Pt/g-Al2O3 (0.100 g, 1.5 wt% Pt) and F-Al2O3 

(0.100 g, 1.3 wt% F), after 12 h at 280°C. * indicates the solvent peak (residual protons in 

TCE-d2). 

 

 

Figure A3.31. 1H NMR spectrum of liquid hydrocarbons formed during the conversion of PE 

(0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/g-Al2O3 (0.200 g, 1.5 wt% Pt, 

black), Pt/Cl-Al2O3 (0.200 g, 1.5 wt% Pt, 1.4 wt% Cl, blue) and Pt/F-Al2O3 (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-

d2). For assignments and integration regions, see Figure A3.30.   
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In the aromatic region, three types of aromatic 1H signals are present: 6.5-7.5 ppm (H1, 

alkylbenzenes, -naphthalenes, -phenanthrenes), 7.5-8.3 ppm (H2, alkylnaphthalenes, -

phenanthrenes), and 8.3-9.0 ppm (H3, alkylphenanthrenes).24,25 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 1H 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, was assessed by 1H 

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.26 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/Haro ratios 

of 2.3 and 1.4, respectively (Figure A3.32b). Evidence for methyl substituents is seen in the 

intense 1H NMR signals at 2.0-2.5 ppm (Figures A3.30-A3.31). 
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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 1H NMR signals 

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

 

  

Figure A3.34. 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; H2, orange; H3, 

brown), and the relative contributions of each type of aromatic proton to each structure type. 
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The experimental ratios H1 : H2 : H3 were obtained by integrating the relevant aromatic 

regions in the 1H NMR spectrum. These values were related to the molar amounts (nj) for each 

aromatic structure type to estimate the relative molar selectivities (where Sj = nj/ntotal), eqs 

A3.22-A3.25.  

 

H1 = 3 nben + 1 nnap + 2 nphe      (A3.22) 

H2 = 4 nnap + 3 nphe       (A3.23) 

H3 = 2 nphe        (A3.24) 

Sphe : Snap : Sben = nphe : nnap : nben = 1/2 H3 : 1/4 (H2 – 3/2 H3) : 1/3 H1 - 1/12H2 – 5/24 H3  

(A3.25) 

 

The fractional selectivities (Sj) for all hydrocarbon products must sum to 1 (eq A3.26). To 

estimate Salk, we use the fraction of aromatic protons, Harom/Htotal, calculated from the 

empirical formulas and selectivities for each aromatic structure type (eq A3.27), where the 

value of Harom/Htotal is obtained by integrating the relevant regions of the 1H NMR spectrum. 

 

Sphe + Snap + Sben + Salk = 1        (A3.26) 

 

!!"#$
!%#%!&

= (3𝑆"#$ + 5𝑆$%& + 7𝑆&'#)/[+2𝑖 − 60𝑆"#$ + +2𝑖 − 120𝑆$%& + +2𝑖 − 180𝑆&'# + +2𝑖 + 20𝑆%()  

(A3.27) 

 



 

 

 

 204 

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 Sben, Snap, Sphe, and Salk were therefore obtained by 

solving eqs A3.26 and A3.27 simultaneously.  

 

 

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

the reaction of PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/F-Al2O3 (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,27 (b) alkylnaphthalenes,28 (c) alkylphenanthrenes,29 and (d) 

alkanes,30 as well as for (e) 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 𝑖GH! , 𝑖!35 , 𝑖5IH ,  𝑖34J , 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 𝑖GH!, 𝑖!35, 𝑖5IH, 𝑖34J, and 𝑖 are 24.6, 23.0, 23.7, 24.0, and 24.2, respectively. Both 

results suggest that 𝑖GH! ≈ 𝑖!35 ≈ 𝑖5IH ≈ 𝑖34J ≈ 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 𝑖GH! ≈ 𝑖!35 ≈ 𝑖5IH ≈ 𝑖34J ≈ 𝑖 . Furthermore, since the molar 

extinction coefficients at 269 nm for phenanthrene (1.2 × 104 M−1 cm−1) and naphthalene (5× 

103 M−1 cm−1) are much larger than that of benzene (<100 M−1 cm−1),31 this analysis shows 

that 𝑖 ≈ 1/2(𝑖!35 + 𝑖5IH) in the liquid products. 
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Figure A3.36 GPC chromatogram of liquid hydrocarbons recovered from catalytic 

conversion of PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using Pt/F-Al2O3 (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 ∑ 𝑛CK'
L  represents the moles of total hydrocarbons 

present in the liquid after reaction, and nC30 represents the initial moles of norm-C30H62. (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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!D
!$AB

(𝑚𝑜𝑙%) = 9
$%

∙ .D 	
∑ !!AB
C

!$AB
× 100%     (A3.28) 

 narom / nC30 (%) = nben / nC30 (%) + nnap / nC30 (%) + nphe / nC30 (%)  (A3.29) 

 

 

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

norm-C30H62 by various Pt catalysts a 

Catalyst Gases  

(wt%) b 

Liquids  

(wt%) b 

Insoluble 

hydrocarbons 

(wt%) c 

Harom/Htotal  

(%) d 

𝒊 e Sarom  

(mol%) f 

Pt/ZSM-5 73.9 7.8 8 7.2 11.9 90 g 

Pt/SiO2-

Al2O3 

18.0 56.0 22 5.2 12.1 25 

Pt/g-Al2O3 4.0 81.2 n.d. 1.8 18.8 20 

Pt/SiO2 0.1 87.2 n.d. 0.1 29.8 2 

a Reaction conditions: norm-C30H62 (0.120 g), Pt catalyst (0.200 g, 1.0 wt% Pt) at 280°C after 24 h 

under Ar.  

b Measured by GC-FID analysis of the headspace (gas yield) and CS2-soluble products (liquid 

yield). Yields were calculated using 𝑚(𝑔𝑎𝑠)% = ∑ "!
"
# ($%&)
"$%&'()

 and 𝑚(𝑙𝑖𝑞𝑢𝑖𝑑)% = ∑ "!
%&
( (()*+),)
"$%&'()

.  

c Measured by weighing the CS2-insoluble residue and subtracting the known mass of catalyst.  

d Measured by 1H NMR of the liquid products.  

e Molar-average carbon number for all CS2-soluble hydrocarbons, calculated using eq A3.21.  
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f Sarom = Sben + Snap + Sphe. Sben,Snap, and Sphe were calculated by solving eqs A3.25-A3.27. 

g 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 of 48 mol%. 

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

norm-C30H62 catalyzed by physical mixtures of various Pt catalysts and acid catalysts a 

Pt 

catalyst 

Mass of acid 

catalyst (mg) 

Mass 

recovery 

m %  

(wt%) b 

𝒊 c Harom 

/Htotal 

(%) d 

Ha 

/Haromd 

 

aromatic yield (mol%) e 

F-

Al2O3 

Cl-

Al2O3 

nben 

/nC30 

nnap 

/nC30 

nphe 

/nC30 

Pt/g-Al2O3 - - 90.8  

(4.0) 

28.5 

(0.2) 

0.3  

(0.1) 

1.3  

(0.1) 

5.9  

(2.6) 

0 0 

 5 - 81.8 24.7 0.7 1.3 8.4 1.2 1.5 

 25 - 89.3  

(2.9) 

23.3 

(0.5) 

0.9  

(0.2) 

1.6  

(0.2) 

9.5  

(2.5) 

2.6  

(0.4) 

1.6  

(0.6) 

 50 - 85.1  

(1.2) 

18.6 

(1.0) 

1.6  

(0.2) 

1.7  

(0.1) 

14.5 

(0.5) 

4.6  

(0.9) 

3.8  

(0.4) 

 100 - 96.8  

(1.3) 

17.3 

(1.8) 

2.2  

(0.1) 

2.0  

(0.1) 

16.1 

(1.1) 

5.8  

(1.2) 

6.3  

(0.1) 

 - 25 95.1  

(5.7) 

25.4 

(1.3) 

0.6  

(0.1) 

1.3  

(0.1) 

8.5  

(0.7) 

1.1  

(0.2) 

0.9  

(0.2) 
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 - 50 91.6  

(3.4) 

24.9 

(0.2) 

0.9  

(0.1) 

1.5  

(0.1) 

11.2 

(1.2) 

2.2  

(0.5) 

1.5  

(0.6) 

 - 100 94.9  

(9.8) 

21.7 

(1.3) 

1.2  

(0.3) 

1.6  

(0.1) 

12.6 

(3.6) 

3.4  

(0.1) 

2.2  

(0.8) 

Pt/SiO2   97.5 28.7 0.1 1.1 1.8 0 0 

 100 - 90.3 16.8 2.3 2.3 18.1 5.9 6.6 

none 100 - 91.5  

(4.6) 

27.7 

(1.1) 

n.d. - - - - 

 - 100 100.7  

(0.4) 

28.5 

(0.2) 

n.d. - - - - 

a Reaction conditions: norm-C30H62 (0.120 g), Pt/g-Al2O3 (0.100 g, 1.5 wt% Pt) or Pt/SiO2 (0.100 g, 

1.5 wt% Pt), F-Al2O3 (1.3 wt% F) or Cl-Al2O3 (1.8 wt% Cl), 12 h at 280°C under Ar. 

b Recovered hydrocarbons from C1 to C30, measured by GC-FID with yields calculated using eq 

A3.20.  

c Molar-average carbon number for all CS2-soluble hydrocarbons, calculated using eq A3.21.  

d Measured by 1H NMR.  

e
 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. 1H NMR spectrum of liquid hydrocarbons formed during the conversion of 

norm-C30H62, catalyzed by a physical mixture of Pt/g-Al2O3 (0.100 g,1.5 wt% Pt) and different 

amounts of 1.3 wt% F-Al2O3: (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-d2). 

 

For PE depolymerization, the selectivity for total alkylaromatics (Sarom) and each aromatic 

structure type (Sben, Snap, Sphe) in 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, mliq refers to the mass of liquid product after solvent 

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

 

nj = (Sj) mliq / Mn       (A3.30) 
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 narom = nben + nnap + nphe      (A3.31) 

 

 

Figure A3.38. Quantitative 13C NMR spectrum of the liquid products obtained from catalytic 

conversion of norm-C30H62 (0.120 g) using a physical mixture of Pt/g-Al2O3 (0.100 g, 1.5 wt% 

Pt) and F-Al2O3 (0.100 g, 1.3 wt% F) for 24 h at 280°C. 

 

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

Catalyst Liquid 

Yield 

(wt%) 

𝒊	b Harom 

/Htotal 

(%) c 

Ha 

/Haromc 

 

Sarom 

(mol%) 

d 

Aromatic 

Yield 

(wt%) 

e 

narom 

(mmol) f 

       narom, total nben nnap nphe 
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Pt/g-

Al2O3 

44 52 2.9 1.3 82 36 59 48 8 3 

Pt/Cl-

Al2O3 

70 25 g 6.1 1.5 84 27 g 92 g 38 g 18 g 36 g 

Pt/F-

Al2O3 

64 24 7.1 1.6 56 36 131 45 29 57 

Once-

recycled 

Pt/F-

Al2O3 h 

61 24 6.3 1.4 49 30 109 35 19 55 

Twice-

recycled 

Pt/F-

Al2O3 h 

62 24 6.1 1.4 51 31 114 45 21 48 

Pt/F-

Al2O3 i 

59 23 7.5 1.7 59 35 124 40 26 58 

Pt/g-

Al2O3 + 

F-Al2O3 

61 17 9.2 1.6 48 29 146 68 32 46 

a Reaction conditions: PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt catalyst (Pt/g-Al2O3, Pt/Cl-

Al2O3, or Pt/F-Al2O3, 0.200 g, 1.5 wt%) or a physical mixture of Pt/g-Al2O3 (0.200, 1.5 wt% Pt) and 

F-Al2O3 (0.100, 1.3 wt% F) after 8 h at 280°C under Ar.  
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b Calculated as Mn/14.  

c Measured by 1H NMR.  

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

e
 The mass yield of aromatics was estimated as the mliq (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.  

f
 Molar yields were calculated using eq A3.30.  

g 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 Mn peak of the bimodal distribution, which 

corresponds to a mass fraction of 45 wt% (Figure A3.23). For the higher Mn peak, corresponding to a 

mass fraction of 55 wt% and presumably arising from partly depolymerized starting material, 𝚤 ̅= 67, 

and containing 41 mmol and 32 wt% of aromatics. Overall, 𝚤 ̅= 39, contains 133 mmol and 59 wt% of 

aromatics, nben = 55 mmol, nnap = 27 mmol, and nphe = 51 mmol. 

h Recycled catalyst, recovered from a reaction with PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9) at 280°C 

for 8 h, followed by calcination in flowing O2 at 500°C and reduction in flowing H2 (5.0 vol% in 

Ar) at 280°C.  

i Reaction with PE (0.120 g, Mw = 2.6 × 104 g mol–1, Ð = 3.9). 

 

3.8.2.1. UV-vis Measurements 

Spectra were recorded using a Shimadzu UV-2401PC spectrophotometer. For reactions of 

norm-C30H62, products extracted by CS2 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 CS2 has a long wavelength cut-off (380 nm),32 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 A, l, and c denote the absorbance, optical path length (1.0 cm), and the total 

hydrocarbon concentration (obtained by GC-FID analysis). 

 

 eapp = A / l c        (A3.32) 
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Figure A3.39. Representative UV-vis spectra of liquid hydrocarbons formed during the 

conversion of (a) norm-C30H62 (0.120 g) catalyzed by a physical mixture of Pt/g-Al2O3 (0.100 

g, 1.5 wt% Pt) and F-Al2O3 (0.100 g, 1.3 wt% F) in 12 h at 280°C, and (b) PE (0.120 g, Mw = 

3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/F-Al2O3 (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-

C30H62 and PE reactions, respectively. Spectra were recorded in HPLC-grade hexanes. 

 

The absorbance below 320 nm suggests the presence of aromatics (alkylbenzenes,33,34 

alkylnaphthalenes,31,35 and alkylated polyaromatic rings)31,36 in the liquids generated from 

norm-C30H62. The nature of the triaromatics was inferred to be predominantly 

alkylphenanthrenes, since the extinction coefficient of anthracene at 380 nm (e = 7.0 × 103 

M−1 cm−1)31 is inconsistent with a significant amount of alkylanthracenes (≤2.0 mol%, nant/nC30, 

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 × 103 M−1 

cm−1).31  We note too that thermodynamic stability favors phenanthrenes over anthracenes.37,38 

a b
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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 × 105 M−1 

cm−1 at 268 nm).39 Using eq A3.32 predicts the maximum possible selectivity for 

alkylchrysenes to be < 2 mol% (nchrysene/nC30). 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 (Mw = 3.5 × 103 g mol–1, Ð 

= 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-C30H62 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-1 from 50 

to 700°C. In the case of Pt/g-Al2O3, the differential thermogravimetric analysis (Figure 
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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.33 Two mass-loss events 

were observed for Pt/Cl-Al2O3, although the amount of unreacted PE was much less. For Pt/F-

Al2O3, almost no unreacted PE was found, but the amount of coke was higher than Pt/Cl-

Al2O3. The relative amounts of unreacted PE found by TGA are consistent with the relative 

catalytic activities. 

 

 

Figure A3.40. TGAs (black) measured in air, and the corresponding DTGAs (red), for the 

solid residues recovered after the reaction of PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed 

by (a) Pt/g-Al2O3 (1.5 wt%), (b) Pt/Cl-Al2O3 (1.5 wt% Pt, 1.4 wt% Cl), and (c) Pt/F-Al2O3 
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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 

(Mw = 2.6 × 104 g mol–1, Ð = 3.9) catalyzed by Pt/F-Al2O3 (1.6 wt% Pt, 0.8 wt% F). (e) 

Profile recorded after the reaction of PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by 

Pt/F-Al2O3 (1.6 wt% Pt, 0.8 wt% F), followed by calcination in O2 at 500°C to remove 

adsorbed carbon. 

 

3.8.2.3. Catalyst Recycling  

Freshly reduced Pt/F-Al2O3 (0.200 g, 1.6 wt% Pt, 0.8 wt% F) and a low molecular weight 

PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 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 H2 (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, Mw = 3.5 × 103 g mol–1, Ð = 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, Mw = 3.5 

× 103 g mol–1, Ð = 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/g-Al2O3 (1.5 wt%, black), (b) Pt/Cl-Al2O3 (1.5 wt% Pt, 1.4 wt% Cl, 

blue), (c) Pt/F-Al2O3 (1.6 wt% Pt, 0.8 wt% F, red), and (d) Pt/F-Al2O3 (1.6 wt% Pt, 0.8 wt% 

F, green, after calcination in O2 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, Mw 

= 3.5 × 103 g mol–1, Ð = 1.9), catalyzed by Pt/F-Al2O3 (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 CH2Cl2; black, for organic residues insoluble in hot CH2Cl2. 

 

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

PE catalyzed by Pt/F-Al2O3 c 

Pt/F-Al2O3 Liq. Yield 

(wt%) 

Mn 

 

Mw 

 

Đ 

fresh 64 207 443 2.1 
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once-recycled 61 203 626 3.1 

twice-recycled 62 218 720 3.3 

a Analyzed using polystyrene calibration standards with RI detector (except where noted). Mn, Mw 

values in g mol-1. Đ = Mw/ Mn.  

b Hydrocarbons soluble in hot CH2Cl2, analyzed after solvent removal.  

c Reaction conditions: PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 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 t, respectively. Each C-C scission event generates one additional chain, 

therefore N(t)-N(0) is the cumulative number of such events, corresponding to the number 

new chains.  

 

   rC-C = dN/dt » DN(t)/t = [N(t) – N(0)] / t   (A3.33) 

 

For the catalytic conversion of norm-C30H62, the number of moles of hydrocarbon (ni) for 

each carbon number Ci 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-C30H62 reactions: 𝑁(𝑡) = 9
$	%

[∑ 𝑛C(𝑔𝑎𝑠)N
CO9 +∑ 𝑛CK'

COL (𝑙𝑖𝑞)]  (A3.34) 

 

where m % is the mass fraction recovered. ∑ 𝑛C(𝑔𝑎𝑠)N
CO9 , and ∑ 𝑛CK'

COL (𝑙𝑖𝑞) represent the 

moles of gas and liquid products, respectively. The rC-C values for reactions of norm-C30H62 

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, 

where ∑ 𝑛C	99
CO9 refers to the sum of moles of gas and liquid products recovered in the range C7-

11 before solvent removal, mliq/Mn represents the moles of liquid products after solvent 

removal, and mPE 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(𝑡) = 	∑ 𝑛C	99
9 + $-!E

#*
     (A3.35) 

N(0) = nPE = mPE / Mn(PE)     (A3.36) 
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Figure A3.43. Rate of C-C bond scission per strong Brønsted acid sites as a function of 

nPt/nBAS, in the conversion of norm-C30H62 (0.120 g), catalyzed by Pt/g-Al2O3 (0.100 g, 1.5 

wt% Pt) with varying amounts of Cl-Al2O3 (0.025 – 0.100 g, 1.8 wt% Cl, blue, filled 

diamonds) or F-Al2O3 (0.005 – 0.100 g, 1.3 wt% F, red, filled squares). Results with single-

component catalysts Pt/g-Al2O3 (black, filled circle), F-Al2O3 (red, hollow square), and Cl-

Al2O3 (blue, hollow diamond). Pt/SiO2 (0.100 g) mixed with F-Al2O3 (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-C30H62 leads to extensive isomerization of 

norm-alkanes to iso-alkanes. The yield of norm-alkanes relative to the initial charge of norm-

C30 (nnorm-alkane/nC30*100%) was calculated using eq A3.37, for the range C1-30. 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. 

 

!*)2/%,-F,*1
!$AB

(𝑚𝑜𝑙%) = 9
$%

∙ ∑ !*)2/%,-F,*1,!
AB
!H;

!$AB
× 100%  (A3.37) 

 

The yield of iso-alkanes relative to the initial charge of norm-C30 (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 C4-30 and the yield of aromatics in the range 

C6-30 (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. 

 

!!')%,-F,*1
!$AB

(𝑚𝑜𝑙%) = 9
$%

∙ (∑ !*)*%*)2/%,-F,*1,!
AB
!HI

!$AB
− ∑ !,2)/,!

AB
!HC
!$AB

) × 100% (A3.38) 

 

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-C30H62, were calculated by dividing the 

number of C-C bond scission events (nC-C scission), the molar yield of iso-alkanes (niso-alkane), 

and the molar yield of aromatics (narom), respectively, by the total number of strong BAS (nBAS, 

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. 

 

TOFC-C bond scission = nC-C scission/(nBAS t)    (A3.39) 

TOFisomerization = niso-alkane/(nBAS t)    (A3.40) 

TOFaromatization = narom/(nBAS t)     (A3.41) 
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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, i) in the conversion of norm-C30H62 (0.120 g) with 

different types of Lewis acid sites (strong LAS, a, b, c; weak LAS, d, e, f; total LAS, g, h, i), 

catalyzed by Pt/g-Al2O3 (0.100 g, 1.5 wt% Pt) with varying amounts of Cl-Al2O3 (0.025 – 

0.100 g, 1.8 wt% Cl, blue, filled diamonds) or F-Al2O3 (0.005 – 0.100 g, 1.3 wt% F, red, filled 

ba c

Pt/g-Al2O3 + F-Al2O3 Pt/g-Al2O3 + Cl-Al2O3 Pt/g-Al2O3 Pt/SiO2 Pt/SiO2 + F-Al2O3 No catalystCl-alumina F-Al2O3

Pt/g-Al2O3 + F-Al2O3 Pt/g-Al2O3 + Cl-Al2O3 Pt/g-Al2O3 Pt/SiO2 Pt/SiO2 + F-Al2O3

ed f

No catalystCl-alumina F-Al2O3

Pt/g-Al2O3 + F-Al2O3 Pt/g-Al2O3 + Cl-Al2O3 Pt/g-Al2O3 Pt/SiO2 Pt/SiO2 + F-Al2O3

hg i

No catalystCl-alumina F-Al2O3
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squares). Results with single component catalysts Pt/g-Al2O3 (black, filled circle), Pt/SiO2 

(0.100 g, 1.5 wt% Pt, green, filled circle), F-Al2O3 (red, half-filled square), and Cl-Al2O3 (blue, 

half-filled diamond), and a control with no catalyst (black, hollow circle), are also shown. 

Pt/SiO2 (0.100 g) mixed with F-Al2O3 (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. 

 

 

 

Figure A3.45. Correlation between the rates of C-C bond scission (j, m), the iso-alkane yield 

(k, n), and the aromatic yield (l, o) in the conversion of norm-C30H62 (0.120 g) and the number 

kj l

Pt/g-Al2O3 + F-Al2O3 Pt/g-Al2O3 + Cl-Al2O3 Pt/g-Al2O3 Pt/SiO2 Pt/SiO2 + F-Al2O3 No catalystCl-alumina F-Al2O3

Pt/g-Al2O3 + F-Al2O3 Pt/g-Al2O3 + Cl-Al2O3 Pt/g-Al2O3 Pt/SiO2 Pt/SiO2 + F-Al2O3

nm o

No catalystCl-alumina F-Al2O3
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of weak Brønsted acid sites (j, k, l) and total Brønsted acid sites (m, n, o), catalyzed by Pt/g-

Al2O3 (0.100 g, 1.5 wt% Pt) with varying amounts of Cl-Al2O3 (0.025 – 0.100 g, 1.8 wt% Cl, 

blue, filled diamonds) or F-Al2O3 (0.005 – 0.100 g, 1.3 wt% F, red, filled squares). Results 

with single-component catalysts Pt/g-Al2O3 (black, filled circle), Pt/SiO2 (0.100 g, 1.5 wt% 

Pt, green, filled circle), F-Al2O3 (red, half-filled square), and Cl-Al2O3 (blue, half-filled 

diamond), and a control with no catalyst (black, hollow circle), are also shown. Pt/SiO2 (0.100 

g) mixed with F-Al2O3 (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-C30H62, aromatic formation generates H2, in an amount 

(nH2(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 H2, in an amount 

(nH2(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 (nH2(F)) was measured by GC-TCD, using 

Ar as an internal standard. Values are summarized in Table A3.14. In most experiments, the 

value of nH2(F) corresponds reasonably well to the difference between nH2(G) and nH2(C), 

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

 

nH2(G) = 4 nben + 7 nnap +10 nphe    (A3.42) 
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nH2(C) = N(t) – N(0)      (A3.43) 
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Table A3.14. H2 balance (mmol) in catalytic conversion of norm-C30H62 by a physical 

mixture of Pt/g-Al2O3 (0.100 g, 1.5 wt% Pt) and different amount of F-Al2O3 (1.3 wt% F), 

or Cl-Al2O3 (1.8 wt% Cl), after 12 h at 280°C 

Mass of acid catalyst 

(mg) 

nH2(G) a nH2(C) b nH2(F) c nH2(G) - nH2(C) 

F-Al2O3  Cl-Al2O3  

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) 

a Calculated using eq A3.42.  

b Calculated using eq A3.43.  

c 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 C120H242 (a model PE) and C30H62, 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: 

C120H242 (PE) → 4 C24H50 (alkane, 80 wt%) + C24H42 (alkylbenzene, 20 wt%) (A3.44) 

4 C30H62 → 7 C15H32 (alkane, 88 wt%) + C15H24 (alkylbenzene, 12 wt%)  (A3.45) 

 
3.8.2.8. Evolution of Number-averaged Molecular Weight  

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

 
𝑀! =

∑#!!!
∑!!

= $"#
∑!!

= $"#
%('))!$%$

    (A3.46) 
 

where Mi is the molecular weight of an individual polymer chain and ni is the number 

of such chains. The mass of polymer, mPE, is equal to ∑𝑀C𝑛C. During depolymerization 

over a time interval t, the value of Mn 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 t is N(0) + nC-C.  

The change in Mn 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 (Mn =1.8 × 

103 g/mol, Ð = 1.9) and high (Mn = 6.6 × 103 g/mol, Ð = 3.9) molecular-weight PE. The values 

of Mn 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 (Mn) 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 (Mn =1.8 × 103 g/mol, red) and high (Mn = 6.6 × 103 g/mol, blue) 

molecular-weight PE. The insert shows an expanded view of the low-Mn region. 
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Chapter 4. External H2 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 H2, to allow the formation of aromatic. 

Indeed, the depolymerization can be performed without adding any external H2, since it 

functions by redistributing PE-derived H2. However, moderate external H2 pressures (1-8 bar) 

significantly enhance the depolymerization rate and the alkylbenzene yield (maximum yield 

at 4 bar H2). The rate of C-C bond scission is pseudo-zeroth-order in PE. It increases with 

external P(H2) at lower pressures (< 10 bar), then decreases at higher pressures. Modifying 

the traditional hydrocracking mechanism to include competitive adsorption of aromatics 

explains the P(H2) 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.1 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.1 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.2 

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.3–5  

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.7 If the latter are more valuable than the monomers, the process can be 

described as upcycling.8 

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 H2 pressure (>20 bar).9 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.10 However, techno-economic analysis predicts that PE 

hydrocracking is not viable, due to the low value of the resulting fuel.11  
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Scheme 4.1. Scheme for polyethylene upcycling catalyzed by a bifunctional metal/acid 

catalyst, and the effect of H2 on PE hydrocracking and aromatization. 

 

Alternatively, PE can be upcycled to alkylbenzenes, which can be used as refrigeration 

fluids12 or sulfonated to form anionic surfactants,13 by conducting the reaction in the absence 

of external H2.14 The formation of aromatics generates more than enough H2 to accomplish C-

C bond scission, Scheme 4.1. Enhancing the Brønsted acidity of the original Pt/g-Al2O3 

catalyst increased the rates of C-C bond scission, alkane isomerization, and aromatization.15 

Strong Brønsted acidity also promotes the formation of fused-ring polyaromatics,15,16 which 

are undesired products.17 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 H2 pressure (7-68 bar).18 The aromatics 

yield is a maximum at intermediate P(H2) values, since lower P(H2) favors aromatic formation 

but also promotes catalyst coking, while higher P(H2) suppresses both aromatic and coke 

formation.19 The choice of P(H2) will thus influence both the thermodynamics and kinetics of 

hydrocracking aromatization
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PE conversion to alkylaromatics. In addition, P(H2) is expected to influence the rate of C-C 

bond scission in PE hydrocracking,20,21 which is important for achieving the desired molecular 

weight in the aromatic products. Consequently, we undertook a study of how P(H2) controls 

the rate and selectivity of alkylaromatic formation from PE, using a bifunctional (metal/acid) 

catalyst, Pt/SiO2-Al2O3. This catalyst was chosen because of its high reactivity in 

aromatization and C-C bond scission due to its high acidity.15,16  

4.3. Results and Discussion 

4.3.1. PE Depolymerization in the Absence of External H2 

Depolymerization was studied initially using a model PE (0.200 g, Mw = 3.5 × 103 g mol-

1, Ð = 1.9) and a strongly acidic catalyst, Pt/SiO2-Al2O3 (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 (C1-6) is very small (2 wt%). Prior to reaction, the PE is insoluble in 

CH2Cl2, but during 24 h reaction under Ar (i.e., in the absence of external H2), most of the 

hydrocarbons (80 wt%, relative to the initial charge of PE) become soluble in CH2Cl2, 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 a  

P(H2) b 

(bar) 

Masses of hydrocarbon product types 

(wt%) 

Mass recovery c 

(wt%) 

𝚤4̅CD)P3Qd nc-c scission e 

(mmol) 
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Gas f Liquid g Wax h Solid i 

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 

4.0 11 37 (12) 40 (51) 2 (1) 90 21 0.88 

5.0 14 52 (12) 20 (48) 1 (0) 87 15 1.1 

6.0 20 66 (11) 3 (31) 1 (0) 90 13 1.4 

8.0 40 39 (10) 0 0 79 10 2.1 

0 j 3 7 (14) 50 (126) 32 (13) 92 64 0.19 

4.0 j 6 47 (13) 27 (59) 3 (1) 83 18 0.88 

a Reaction conditions: PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (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. b 

Measured at room temperature at the start of the experiment. c Sum of masses for recovered gas, liquid, 

wax and solid hydrocarbons. d Average carbon number for combined liquid and wax fractions, 

measured by GC-FID and GPC, respectively, and estimated as Mn/14. e 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 C1-C6, as measured 

by GC-FID. g C7-C30, as measured by GC-FID. The value in parentheses is the number-averaged 

carbon number. h C>30, measured by GPC-RI and calibrated using PS standards. The value in 
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parentheses is the number-averaged carbon number, estimated as Mn/14, where Mn was calculated 

using eq A4.2. i 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. j A higher 

molecular weight PE (0.200 g, Mw = 2.6 × 104 g mol–1, Ð = 3.9) was used in this experiment.  
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Figure 4.1. Effect of external P(H2) on (a) the mass fractions of various hydrocarbon types 

(green, gases (C1-6); yellow, liquids (C7-30) soluble in CH2Cl2; orange, waxes (C>30) soluble in 

CH2Cl2; black, organic residues insoluble in CH2Cl2), (b) molecular weight distributions for 

the wax products, measured by GPC-RI (note that waxes are only formed in appreciable 

amounts for P(H2) < 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 (Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (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.22,23 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.10 In addition, the reactor headspace contains 1.2 bar H2 (0.5 mmol, compared to 

7.1 mmol ethylene monomer content in the PE, see Section 4.7.2.6: Analysis of H2 Balance, 

and Table A4.5). Based on the aromatic yield (Table 4.2), the amount of H2 formed by 

aromatization is 0.5 mmol. Therefore depolymerization proceeds via tandem 



 

 

 

 246 

hydrocracking/aromatization, with 30 % of the H2 generated by aromatization being 

consumed by C-C bond scission reactions.24  

In the 1H NMR spectrum of  the combined liquid and wax products (Figure 4.2a), signals 

from 6.5 to 7.4 ppm are assigned to alkylbenzenes (Hbenz), while signals from 7.4 to 9.0 ppm 

are assigned to polyaromatics (Hpoly), where Harom = Hbenz + Hpoly.  The 1H NMR-derived ratio 

Hbenz/Harom is 0.31. The molar selectivity for alkylbenzenes relative to all alkylaromatics 

(include alkylnaphthalenes and alkylphenanthrenes) is therefore moderate. It resembles that 

reported for H2-free PE depolymerization catalyzed by metal-free SiO2-Al2O3 at 280°C for 24 

h,16 consistent with high catalyst acidity promoting polyaromatic formation.25   
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Figure 4.2. Effect of external P(H2) on (a) 1H NMR spectra, recorded in CD2Cl2, 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 (Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (0.100 g), 

275 °C, 24 h. 

 

4.3.2. Effect of External H2 on PE Chain Scission  

When PE depolymerization was conducted under 8 bar external P(H2) (corresponding to 

3.2 mmol H2, Table A4.5), the CH2Cl2-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 14´ more C-C bond scission events in the same reaction 

time. Over half of the external H2 was consumed, leaving 1.4 mmol H2 present at the end of 

the reaction. This result suggests that PE hydrocracking to saturated alkanes becomes the 

dominant reaction when enough H2 is present.  
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To probe the influence of H2 pressure on C-C bond scission and alkane aromatization, 

reactions were also conducted with external P(H2) values from 1-7 bar. As P(H2) 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 

(𝚤4̅CD)P3Q) decreased gradually (Figure 4.1c), suggesting random chain scission instead of 

end-of-chain scission.10,26,27 Regardless of whether the depolymerization is conducted with or 

without H2, little CH4 was formed (<3 wt% of total gas). 

 

4.3.3. Effect of External H2 on PE Aromatization 

Moderate external P(H2) 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(H2) 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 1H NMR (see Section 4.7.2.4.2: Analysis on Selectivity and Yield of 

Aromatics) showed that the alkylbenzene yield increases with P(H2) from 0 to ca. 4 bar, then 

decreases as P(H2) increases further (Figure 4.2b and Table 4.2). At ca. 4 bar, the 

alkylbenzene yield is a maximum, at ca. 4´ the yield obtained without external H2. A 

maximum in the yield of alkylnaphthalenes was observed at ca. 3 bar, but the yield of 

alkylphenanthrenes decreased monotonically with increasing P(H2), Table 4.2. 
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Table 4.2. Effect of P(H2) on the liquid/wax products of PE depolymerization a 

P(H2) b 

(bar) 

P(H2) c 

(bar) 

nalk d 

(µmol) 

nbenz d 

(µmol) 

nnaph d 

(µmol) 

nphen d 

(µmol) 

narom e 

(µmol) 

narom rings 

f 

(µmol) 

nbenz 

/narom g 

(%) 

narom 

/ntotal h 

(%) 

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 2.3 275 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 3.4 549 <1 0 0 <1 <1 100 <1 

0 i 1.2 22 10 8 32 50 120 20 69 

4.0 i 3.0 485 30 5 6 41 58 73 8 

a Reaction conditions: PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (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. b H2 pressure measured before the reaction at room temperature. 

c H2 pressure measured after the reaction at room temperature, see Section 4.7.2.6: Analysis of H2 

Balance. d Yields of alkanes (nalk), alkylbenzenes (nbenz), alkylnaphthalenes (nnaph), and 

alkylphenanthrenes (nphen), estimated by combining the integrated 1H NMR intensity and the GC-FID 

product distribution (Section 4.7.2.4.2: Analysis on Selectivity and Yield of Aromatics). e Total 

yield of alkylaromatics, calculated as narom = nbenz + nnaph + nphen. f Yield of six-member aromatic rings, 

calculated as narom rings = nbenz + 2nnaph + 3nphen. Here, each naphthalene and phenanthrene contains 2 and 
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3 aromatic rings, respectively. g Molar selectivity of alkylbenzene relative to total aromatics. h Molar 

selectivity of alkylaromatics relative to total hydrocarbons (ntotal), where ntotal = nalk + nbenz + nnaph + 

nphen. i A higher molecular weight PE (0.200 g, Mw = 2.6 × 104 g mol–1, Ð = 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(H2), 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(H2) increases, and when P(H2) 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(H2) 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 H2-free depolymerization catalyzed 

by acidic Pt/F-Al2O3 are primarily a mixture of methyl and longer alkyl chains unbranched at 

Ca, indicated by 1H NMR signals at 2.0-2.5 ppm (CaH3) and 2.5-3.1 ppm (CaH2 ).15 The alkyl 

substituents on the aromatic rings. As P(H2) 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(H2) (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 H2, the distribution is bimodal 

after 24 h at 275 °C (Figure A4.8a). Most aromatics are present in the liquid phase (C7-C30, 

71 % peak area) with a smaller fraction in the wax (C>30, 29 % peak area). With external P(H2) 

³ 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 H2). The overall average carbon number of the aromatics was ca. C15 without 

the addition of external H2, decreasing to C10 as P(H2) increased to 6 bar (Figure A4.11). In 

contrast, the overall average carbon number decreased much more, from C77 to C12, as external 

P(H2) 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.28 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 (Mw = 2.6 × 104 g mol–1, Ð = 3.9, 

closer to closer commercial grade PE) was tested with Pt/SiO2-Al2O3 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 H2 compared to 2 bar Ar, Table 4.1. In addition, the alkylbenzene yield under 4 

bar H2 is three times higher than under Ar (30 vs. 10 µmol), Table 4.2. 

 

4.3.5. Kinetics of Aromatization  

To understand how P(H2) influences the yield and molecular weight distribution of 

alkylbenzenes, the kinetics of C-C bond scission and aromatization were studied. Because H2 

is generated and consumed at different rates, P(H2) varies over the course of a 

depolymerization reaction (Table 4.2 and Figure A4.15a). To obtain kinetic information at 

pseudo-constant P(H2), the reactor was refilled periodically with H2 (or simply evacuated, in 

the case of the experiment starting with no H2), Figure A4.15b. P(H2) 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 narom = nbenz + 2 nnaph + 3 nphen) was also evaluated prior to each 

H2 refill, using a combination of 1H NMR and GC-FID.  

For each average P(H2) 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 H2, Table A4.6. The location of the plateau decreases as P(H2) increases, consistent with 

the expected thermodynamic trend which disfavors aromatics at the reaction temperature 
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when H2 is present. Thus the total aromatic yield is ca. 6´ lower under ca. 4 bar H2, relative 

to the experiment with 0.2 bar H2. 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 H2 in Figure A4.12).  

 

 

  

Figure 4.3. Effect of average reactor P(H2) on (a) the total yield of aromatic rings, defined as 

narom = nbenz + 2 nnaph + 3 nphen, as a 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 narom,max obtained 

from the curvefits in part a, respectively). Batch reaction conditions: 0.200 g PE (Mw = 3.5 × 

103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (0.100 g), 275 °C. In part (a), the reactor was evacuated 

and refilled with the appropriate amount of H2 after each measurement; for the lowest P(H2) 

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.18 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). 

 

 

Scheme 4.3. Simplified alkane aromatization mechanism, where kcyc is the apparent rate 

constant for rate-determining alkane dehydrocyclization, and Karom is the equilibrium constant 

for cycloalkane aromatization. 

 

𝑛302$ = 𝑛302$,$3Q(1 − 𝑒7J(6(1)      (4.1) 

𝑛302$,$3Q = 𝐾302$𝑛34J' /(𝐾302$ + 𝑃<:
K )      (4.2) 

+ 3 H2

H2

kcyc Karom

nalk naromncyc
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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-1(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 is independent of average P(H2) 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) bar3 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 bar3 at 300 °C.29 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(H2). At very low P(H2), narom,max tends to n0alk. This condition appears 

to be met at the lowest average P(H2) value in our experiments, 0.2 bar, with narom,max = n0alk 

= (95 ± 3) µmol. It agrees remarkably well with the estimated number of PE chains, mPE/Mn 

= 0.200 g / 1850 g•mol-1 = 108 µmol, 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 (nC-C scission) 

was measured as a function of reaction time. For each average value of P(H2), 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(H2), the rate (rC-C scission) is the slope of a plot 

of nC-C scission vs. time. The value of rC-C scission clearly increases with P(H2), up to 7.3 bar. 

 

 

 

Figure 4.4. Effect of P(H2) 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(H2), showing curvefit of eq 4.6 (excluding the grey data point at P(H2) = 0.2 bar; ordinate 

error bars arise from the linear fits to the lower and upper bounds for nC-C scission as a function 

of time. Batch reaction conditions: 0.200 g PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-

Al2O3 (0.100 g), 275 °C. In part (a), the reactor was evacuated and refilled with the appropriate 

amount of H2 after each measurement; for the lowest P(H2) reported, the reactor was simply 

evacuated after each measurement. 

 

When P(H2) 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.20,30 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 Brønsted acid sites.31 The rate of C-C bond 

cleavage therefore depends on the equilibrium yield of olefin, which decreases as P(H2) 

increases, eq 4.3.  

 

𝑟S7S	BTCBBC2! = 𝐾9𝐾U𝑘S7S𝑛3TCF𝑛34J' /.𝐾9𝐾U𝑛34J' + 𝑃<:0    (4.3) 

 

where K1 is the equilibrium constant for alkane dehydrogenation, K2 is the equilibrium 

constant for olefin protonation, nacid is the number of strong Brønsted acid sites, n0alk 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(H2), giving eq 4.4. 
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𝑟S7S	BTCBBC2! ≈ 𝐾9𝐾U𝑘S7S𝑛3TCF𝑛34J' /𝑃<:      (4.4) 

 

Because few aromatics are formed for values of P(H2) ≥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 on P(H2) at P(H2) > 7 bar, while fixing the value of nacid at its known value of 4 

µmol and n0alk at 95 µmol (see the previous section), gives the product K1K2kC-C = (2.39 ± 

0.09) bar•µmol-1•h-1 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 H2 pressures. To explain the non-monotonic behavior, we postulate the 

formation of aromatics at low P(H2) poisons acid sites where aromatics adsorb more strongly 

than olefins.33 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. 

 

𝑟S7S	BTCBBC2! = 𝐾9𝐾U𝑘S7S𝑛3TCF𝑛34J' /[𝑃<:(1 + 𝐾K𝑛302$)]   (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 narom,max in eq 

4.2 replaces narom, giving the final form of the kinetic equation shown in eq 4.6: 

 

𝑟S7S	BTCBBC2! = 𝐾9𝐾U𝑘S7S𝑛3TCF𝑛34J' /[𝑃<:(1 + 𝐾K𝐾302$𝑛34J
' /(𝐾302$ + 𝑃<:

K ))] (4.6) 
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Values for nacid, n0alk, Karom, and the product K1K2kC-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(H2) ≤ 24 bar with a fitted value of K3 = 1.1 x 106 mol-1. Eq 4.6 becomes 

indeterminate when P(H2) becomes very small, justifying the exclusion of the rC-C scission value 

measured without added H2 (average P(H2) = 0.2 bar) from the fit. 

To probe the hypothesis that aromatics, especially polyaromatics, adsorb strongly and 

poison acid sites,32 phenanthrene was intentionally introduced into the reactor with PE and 

catalyst at the beginning of a depolymerization experiment conducted under 4 bar H2. The 

addition of 11 µmol phenanthrene (3 equivalent of nacid) 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 µmol completely shut down C-C bond scission, and 5 

µmol phenanthrene, as well as its hydrogenated forms (10 µmol), remained in the PE 

depolymerization products, Figures A4.19-A4.20. These results indicate that the catalyst 

Pt/SiO2-Al2O3 tolerates only small amounts of polyaromatics and becomes deactivated when 

they are formed in appreciable amounts. 

 

4.3.7. Optimizing Reactor H2 to Maximize Alkylbenzene Production 

The results above show that moderate H2 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 H2 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(H2), then the 

aromatic yield could be maximized by removing the H2 from the reactor atmosphere. 

Alternatively, a high rate of aromatization could be achieved by starting the reaction under 

Ar, then introducing moderate P(H2) 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/SiO2-

Al2O3 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 H2, 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 H2 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 ( 𝚤	̅ = 60) and the yield of 

alkylbenzenes, 12 µmol, 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 H2, the 

average carbon number in the liquid/wax hydrocarbon products was much lower (𝚤	̅= 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 a nc-c scission c 

(µmol) 

𝚤̅ d nbenz e 

(µmol) 

nbenz/narom e 

(mol%) 

narom/ntotal 

(mol%) First stage b Second stage b 

Ar (2 bar) Ar (2 bar) 150 60 12 29 53 

H2 (8 bar) H2 (8 bar) 942 21 <1 - <1 

Ar (8 bar) H2 (8 bar) 216 39 25 69 21 

H2 (8 bar) Ar (2 bar) 530 28 28 49 19 

a Reaction conditions: PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (0.100 g, 

1.7 wt% Pt), 275 °C, 10 mL, stirred Parr reactor. b Pressure measured at room temperature. 

The duration of each reaction stage was 4 h. c 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 t, 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). d 

Average carbon number in the combined liquid and wax products. e Estimated from 1H NMR 

peak areas and the average carbon number. 

 

Conducting the first reaction stage under Ar, followed by a second stage under 8 bar H2, 

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 

µmol, doubled relative to the yield under Ar alone. An even better result was obtained when 

the first reaction stage was conducted under 8 bar H2, 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 µmol). Presumably the initial reduction in molecular weight under H2 
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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/SiO2-Al2O3) in a larger-volume reactor (100 mL) at 

280 °C. The reaction was conducted initially under 4 bar H2 for 4 h, followed by 4 h under 2 

bar Ar. The experiment yielded 91 µmol alkylbenzenes with an average carbon number C17, 

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-Al2O3 (0.200 g, 1.6 wt% Pt) under 2 

bar Ar for 8 h was reported to give 45 µmol alkylbenzenes with an average carbon number of 

C23, representing a lower selectivity for alkylbenzenes of 34 mol% relative to all aromatics.15 

The average rate of alkylbenzene formation for the process catalyzed by Pt/SiO2-Al2O3, 114 

µmol h-1 (gcatalyst)-1, is four times higher than that of Pt/F-Al2O3, 28 µmol h-1 (gcatalyst)-1. 

 

4.4. Conclusion 

P(H2) is a critical parameter in the bifunctional catalytic depolymerization of polyethylene 

to alkylaromatics. H2 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(H2) values, 3-5 bar, while the highest selectivities 

for alkylbenzenes relative to polyaromatics requires 6-7 bar P(H2).  
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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 H2 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(H2), as expected. The 

formation of polyaromatics at low P(H2) 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 

SiO2-Al2O3 (1.50 g) was calcined in air in a temperature-controlled muffle furnace at 

500 °C for 4 h, then dehydrated at ca. 10-2 Torr and 400 °C for 8 h. Pt/SiO2-Al2O3 was prepared 

by chemical vapor deposition of CpPtMe3 (42 mg) onto dehydrated SiO2-Al2O3 (1.5 g), 

followed by heating in flowing H2 (5.0 vol% in Ar) to 280 °C at 2 °C min-1, then holding for 

2 h. 

4.5.2. Polyethylene Depolymerization  

PE and a H2-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(H2), 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 H2, 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 CD2Cl2 (3 mL). An aliquot of the supernatant 

(1 mL) was analyzed by 1H NMR. The suspension, consisting of dissolved hydrocarbons and 

insoluble solids, was vacuum-filtered through a fine funnel (4.0-5.5 mm). More CH2Cl2 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 CHCl3 

containing 0.25 vol% triethylamine (1.5 mL) for GPC analysis. Another portion (6-7 mg) was 

dissolved in CH2Cl2 (0.2 mL) for GC-MS analysis.  
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4.7. Appendix III 

4.7.1. Materials 

Trimethyl(cyclopentadienyl)platinum (CpPtMe3, 99%) was purchased from Strem. 

Silica−alumina (SiO2-Al2O3, Davicat 3113, 7.6 wt % Al, B.E.T. surface area 573 m2 g−1, pore 

volume 0.76 cm3 g−1) was obtained from Grace-Davison. 
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A standard Pt solution containing (976 ± 2) mg Pt/kg in 5% w/w HCl, 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. CH2Cl2-d2 (D, 99.8%) was purchased from Cambridge Isotope 

Laboratories. 

H2 (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 H2 (UHP, Airgas) were used in the study of H2 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, SiO2-Al2O3 (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-Al2O3 was then dehydrated at ca. 10-2 Torr and 400 °C for 8 h. 

Pt/SiO2-Al2O3 (denoted as Pt/SA) was prepared by chemical vapor deposition of CpPtMe3 

(42 mg) onto dehydrated SiO2-Al2O3 (1.5 g), followed by reduction by heating to 280 °C at a 

rate of 2 °C min-1 in flowing H2 (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,1 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 µm). The solid residues were washed three times with HPLC-grade H2O. 

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/SiO2-Al2O3. 

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 H2 (5.0 mol% in He) at a rate of 5°C min-1 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 µL 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 Brønsted acidity were measured by pyridine adsorption. The IR calibration 

curve reported in the literature2 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−1 at a resolution of 2 cm−1, accumulating 64 scans. The absorbance was 

normalized by the precise sample mass. The areas of the peaks at 1455 and 1545 cm-1, 

corresponding to pyridine interacting with LAS and BAS, respectively, were used for 

quantification. 
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The numbers of Brønsted acid sites (BAS) and Lewis acid sites (LAS) on Pt/SA, measured 

by IR of adsorbed pyridine (Figure A4.2), are 42 and 120 µmol/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/SiO2-Al2O3 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 

(10-2 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 (P0) and after (P0) 

the gas expansion.  

H2 analysis by GC-TCD was achieved by removing an aliquot of gas (400 μL) 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 H2 remaining in the reactor 

after reaction. If Ar is not present in the reactor, the amount of H2 is estimated by pressure, 

please see Section 4.7.2.6: Analysis of H2 Balance. The hydrocarbon gas (mostly C1 to C6, 

mgas= mC1-C6) was sample for GC-FID analysis. Propene (400 μL, 200-600 mbar) was injected 

into the Schlenk tube for use as an internal standard prior to removing a gas aliquot (200 μL) 

for GC-FID analysis (Figure A4.3 for an example).  

After the gas analysis, ca. 3.0 ml of deuterated CH2Cl2-d2 was added into the reactor 

through the vent hose upon opening it. The CH2Cl2-d2 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 1H NMR analysis.  

To separate out CH2Cl2-soluble hydrocarbon, the suspension consisting of the 

hydrocarbons dissolved in CH2Cl2, solid hydrocarbons, and solid catalyst, was filtered through 

a fine funnel (4.0-5.5 µm) by vacuum filtration. The extracted CH2Cl2-soluble hydrocarbons, 

including the supernatant for 1H 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 C30, mliquid = mC7-C30), respectively. The CH2Cl2 in the 

hydrocarbon was removed under reduced pressure (0.1 Torr, 2h), accompanied with the loss 

of light liquid (C7-C11, mlight liquid = mC7-C11).3 The resulting product contain hydrocarbons 

larger than C12 including heavy liquid (C12-C30, mheavy liquid = mC12-C30) and wax (C>30, mwax = 

m>30), which were weighed (mtotal) 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 CHCl3 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.4 The higher molecular weight peak mostly contain 

molecules larger than C30, (squalane, a C30 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. 

 

Mn = ∑ V!!

∑ (
3!
>!
)	!
, Mi > 420 g/mol       (A4.2) 

Mw = ∑ V!#!!
∑ V!	!

, Mi > 420 g/mol       (A4.3) 

Mn,liquid/wax = $-!E.!4	)	$J,K	

!-!E.!4	)
/J,K
>*,J,K

        (A4.4) 
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Where fi is the response of detector in GPC measurement, and Mi is derived from the retention 

time in GPC measurement, based on its calibration curve. mliquid and nliquid 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 CH2Cl2 but fully oxidized in air to CO2 and H2O 

below 350 °C) and carbon residue (insoluble in CH2Cl2 and completely oxidized above 350°C 

in air). 

 

4.7.2.3.2. Pseudo-Constant P(H2) 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(H2) 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. H2 and Hydrocarbon Analysis 

H2 analysis by GC-TCD. H2 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 H2 and Ar were confirmed using standard H2/Ar gas mixtures. The response 

factors were obtained as described previously.5  

Gas hydrocarbon analysis by GC-FID. Hydrocarbons in the gas fraction (C1-8) 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. 

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 μm) 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 CS2 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 CH2Cl2 (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 μm) 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. 1H 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 μm MiniMIX-D, 250×4.6 mm) and a guard column (MW linear range 200 - 400,000 

g mol-1), 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-1. 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-

1).  

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-1 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, 1H NMR signals at 2.0-3.5 ppm 

(Ha) arise due to alkyl substituents on the aromatic rings, are further subdivided into 2.0-2.5 

ppm (Ha-methyl), 2.5-3.1 ppm (Ha-methylene), and 3.1-3.5 ppm (Ha-methine).6 The average number 

of Ha per alkyl substituent, q, was calculated using eq A4.5. 

 

q = (Ha,methyl + Ha,methylene + Ha,methine)/(Ha,methyl/3 + Ha,methylene/2 + Ha,methine) (A4.5) 

 

As P(initial H2) rises from 0 to 6 bar, the value of q increases slightly from 1.9 to 2.2 

(Table A4.3). This result indicates that there are, on average, two Ha per alkyl substituent 

(i.e., -CH2R). When P(initial H2) increased further to 8 bar, the value of q rose to 2.7, 

corresponding to a mixture of -CH2R and -CH3 substituents. The increase in q at high PH2 
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could result from preferential Csp3-Csp3 bond scission instead of Csp3-Csp2 bond scission in the 

alkylaromatics, due to the higher Csp2-Csp3 bond energy.7 As a result, methyl-substituted 

aromatics become the major aromatic products under more C-C scission caused by H2.  

To estimate the average number of substituents per aromatic ring, the ratio Ha/Harom (Harom, 

aromatic protons, 1H NMR signals at 6.5-9.0 ppm) was evaluated (Table A4.3). When 

P(initial H2) was ≤ 1 bar, the yield of phenanthrenes is high. In addition, the Ha/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 -CH3 and two -CH2R substituents are proposed (Scheme A4.1b), where 

the -CH3 group originates from acid-catalyzed skeletal isomerization of the polymer which 

installs methyl branches.2 The Ha/Harom ratio increased further, from 1.3 to 1.7, as P(initial 

H2) increased from 2 to 4 bar, indicating that the major products shifted to trialkyl-substituted 

naphthalenes. The Ha/Harom further increased above 2 for P(initial H2) 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 H2), respectively. 
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Scheme A4.1. (a) Proposed bifunctional mechanism for methyldialkylaromatics formation 

from long-chain methyl-branched alkanes.2 (b) Major structures of the alkylaromatic products 

(trialkyl-substituted phenanthrenes, naphthalenes, and benzenes) formed in the 

depolymerization of PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by at Pt/SA 

(0.100 g) at 275 °C for 24 h under the presence of P(initial H2) from 0 to 8 bar, along with 

their corresponding predicted q and Ha/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.3 

P(initial H2) 
(atm) 0-1 2-4 5-6 7-8

Ha/Harom

q

1.0 1.4 2.3 2.7

2.3 2.3 2.3 2.7

R
R' R

R'

R'

R R
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<,2)/
<+)+,-

= K∑ !01*,!! )@∑ !*,5,!! )W∑ !5L1,!!

(UC01*7L)∑ !01*,!! )(UC*,579U)∑ !*,5,!! )(UC5L179N)∑ !5L1,!! )(UC,-F)U)∑ !,-F,!!
 (A4.6) 

 

Where ben, nap, phe, and alk represent for alkylbenzene, alkylnaphthalene, 

alkylphenanthrene, and alkanes respectively. ∑ 𝑛CC ,  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-C30, 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. 

 

M!"#$
M%#%!&

=

N∑ P'(),++,&+, QR∑ P)!-,++,&+, QS∑ P-.(,++,&+,

TUV'(),&+,WXY∑ P'(),++,&+, QTUV)!-,&+,WZUY∑ P)!-,++,&+, QTUV-.(,&+,WZ[Y∑ P-.(,++,&+, QTUV!&/,&+,QUY∑ P!&/,++,&+, Q(UV!&/,0!1QU)∑ P!&/,++,0!1

  

(A4.7) 

 

Where ∑ 𝑛34J,CC,P3Q = ∑ 𝑛CC,P3Q , because all of the species in the wax correspond to alkanes. 
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The molar selectivity to alkylbenzenes in the liquid fraction (Sben,liq) is defined in eq 

A4.8 (molar selectivities for other components are defined similarly): 

 

𝑆GH!,4CD =
∑ !01*,!!,-!E

∑ !01*,!!,-!E )∑ !*,5,!!,-!E )∑ !5L1,!!,-!E )∑ !,-F,!!,-!E
    (A4.8) 

 

Where ∑ 𝑛GH!,CC,4CD + ∑ 𝑛!35,CC,4CD + ∑ 𝑛5IH,CC,4CD +∑ 𝑛34J,CC,4CD = ∑ 𝑛CC,4CD  

 

Therefore eq A4.9 is obtained by combining eqs A4.7-4.8. 

 

-*+,-
-.,.*/

=

./012,/!401/2*5,/!402/561,/!4

34)012,/!4567/012,/!4034)2*5,/!45847/2*5,/!4034)561,/!45897/561,/!4034)*/7,/!4047/*/7,/!40(4)*/7,8*904)
∑ 2!!,8*9
∑ 2!!,/!4

 

          

 (A4.9) 

 

To obtain the selectivity of each species, the potential contributions of methyldialkyl-

substituted aromatics to the 1H NMR signals in the aromatic region are summarized in Scheme 

A4.2, as reproduced from ref 2.  
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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; H2, orange; H3, 

brown), and the relative contributions of each type of aromatic proton to each structure type. 

Reproduced from ref 2. 

 

The experimental ratios H1 : H2 : H3 were obtained by integrating the relevant aromatic 

regions in the 1H NMR spectrum. These values were related to the molar amounts (nj) 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 (H2 – 3/2 H3) : 1/3 H1 - 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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𝑖GH!,4CD = 𝑖!35,4CD = 𝑖5IH,4CD = 𝑖34J,4CD      (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 C6-30, C10-30, and C14-30, respectively, eqs A4.12-

14 (assumption 2). 

 

𝑖GH!,4CD = 𝑖34J,SL7K'        (A4.12) 

𝑖!35I1I34H!H,4CD = 𝑖34J,S9'7K'       (A4.13) 

𝑖5IH!3!1I0H!H,4CD = 𝑖34J,S9:7K'       (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, ∑ 𝑛CC,4CD , is measured 

by GC-FID. 

 

4.7.2.5. Analysis of Carbon-Carbon Bond Scission 



 

 

 

 286 

 

The number of C-C bond scission (nC-C scission, measured) is 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  

 

nC-C scission, measured = N(t) - N(0)       (A4.15) 

N(t) = ngas + nliquid  + nwax + nsoild       (A4.16) 

N(0) =nPE           (A4.17) 

 

Where the number of solid hydrocarbon chains (nsoild)  and initial number of PE chains are 

estimated as msolid/Mn,PE and mPE/Mn,PE, respectively. Here, msolid  and mPE refer to the mass of 

solid residue and PE, respectively, while Mn,PE represents the initial number-averaged 

molecular weight of PE.  

 

Due to an incomplete collection of mass, the missing mass (200 mg - mtotal) is 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 = nC-C scission, measured + (200 - mtotal)/mtotal * N(t)   (A4.18) 

 

Alternatively, the missing mass can be attributed to incomplete collections of gas (C1-C6), 

light liquid (C7-C11), heavy liquid (C12-C30), wax (C>30), and solid (Cinsoluble), respectively. 

Because C6 alkanes overlaps with solvent peak in GC-FID analysis, the missing mass is 
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assumed to came from underestimation of C6. The mass-corrected C-C bond scission is shown 

in eq A4.19, assuming the missing mass only came from C6.  

 

nC-C scission, C6 = nC-C scission, measured + (200 - mtotal)/mC6 * nC6    (A4.19) 

 

Therefore, the measured C-C bond scission and the calculation assuming missing mass 

from C6 represent the lower and upper limits of C-C bond scission, respectively, Figure 

A4.14. 

 

4.7.2.6. Analysis of H2 Balance 

When the parr reactor (with volume of Vr = 10 mL) was filled initially with Ar (PAr), the 

amount of H2 after reaction was measured by GC-TCD using Ar as the internal standard, 

through measuring the peak areas of H2 (AH2) and Ar signals (AAr), eq A4.20. The response 

factor for H2 and Ar reported in the literature were used here.5 

 

!?:
!82

= X?:
X82

=
/?:

V?:Y
/82

V?:Y
        (A4.20) 

 

When Ar was not present initially, the amount of H2 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 Vvs), initially at pressure reading P0. 

The gases in the reactor were then allowed to expand into the vacuum line and Schlenk flask, 
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resulting in a pressure reading P1. The amount of gaseous molecules is calculated using the 

ideal gas law, eq A4.21.  

 

𝑛12134	A3B =
>;(X̂ ')X2)7>BX̂ '

Z[
       (A4.21) 

 

The number of remaining H2 is determined by calculating the total number of total 

molecules and subtract the gaseous hydrocarbon (ngas hydrocarbon) measured by GC-FID, eq 

A4.22. 

 

𝑛<U = 𝑛12134	A3B − 𝑛A3B	I6F02T30G2!      (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 used in naphtha catalytic reforming is considered, where 

dehydrocyclization is irreversible and rate-determining, and aromatization is quasi-

equilibrated, Scheme A4.3.8 

 

 

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: 

 

𝑛302$ = 𝐾302$𝑛T6T/𝑃<:
K         (A4.23) 

 

Substituting ncyc from the site balance in eq A4.24 gives the expression for the aromatic 

yield in eq A4.25: 

 

𝑛T6T = 𝑛34J' − 𝑛34J − 𝑛302$       (A4.24) 

𝑛302$ = 𝐾302$(𝑛34J' − 𝑛34J)/(𝐾302$ + 𝑃<:
K )     (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: 

 

𝑛34J = 𝑛34J' 𝑒7J(6(1        (A4.26) 

𝑛302$ = 𝐾302$𝑛34J' (1 − 𝑒7J(6(1)/(𝐾302$ + 𝑃<:
K )         (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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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 (alk) to an olefin (ole) on a metal 

site (K1) and olefin protonation to a carbenium ion (RH+) on an acid site (K2), 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: 

 
𝐾9 =

!)-1	>?:
!,-F

         (A4.27) 
 
𝐾U =

!_?<
!)-1	!?<

         (A4.28) 
 

𝑟S7S = 𝑘S7S 	𝑛Z<)        (A4.29) 
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I CiH2i+2 CiH2i + H2 K1

II.1              CiH2i + H+(*) CiH2i+1+(*) K2
II.2  CiH2i+1+(*) Ci-xH2i-2x+1+(*) + CxH2x

II.3  Ci-xH2i-2x+1+ Ci-xH2i-2x + H+

III Ci-xH2i-2x + H2 Ci-xH2i-2x+2
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A

A
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𝑛3TCF = 𝑛<) + 𝑛Z<)        (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 H2 at low P(H2), and inverse-first-order in H2 at high P(H2); at no time 

does it predict the rate should increase with P(H2). 

 

𝑛Z<) =
\;\:!,-F!,(!4
\;\:!,-F)>?:

        (A4.31) 

 

𝑟S7S = 𝑘S7S V
\;\:!,-F!,(!4
\;\:!,-F)>?:

W       (A4.32) 

 

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 nRH+ 

and rC-C are shown in eqs A4.35-36. 

 
𝐾K =

!82?<
!,2)/!?<

         (A4.33) 
 
𝑛3TCF = 𝑛<) + 𝑛Z<) + 𝑛/0<)       (A4.34) 

 

𝑛Z<) =
\;\:!,-F!,(!4

\;\:!,-F)>?:(9)\A!,2)/)
       (A4.35) 

𝑟S7S = 𝑘S7S V
\;\:!,-F!,(!4

\;\:!,-F)>?:(9)\A!,2)/)
W      (A4.36) 
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After 4 h at 275 °C, the value of narom does not change further, and can be represented by 

narom,max (eq A4.37). Its use in eq A4.36 gives eq A4.38, whose denominator simplifies for 

large values of P(H2), leading to the version of the rate equation used in curvefitting, eq 4.6: 

 

𝑛302$,$3Q =
\,2)/!,-F

B

\,2)/)>?:
A         (A4.37) 

𝑟S7S = 𝑘S7S X
\;\:!,-F!,(!4

\;\:!,-F)>?:(9)\A
`,2)/*,-F

B

`,2)/<"?:
A )
Y     (A4.38) 

𝑟S7S = 𝑘S7S X
\;\:!,-F!,(!4

>?:(9)\A
`,2)/*,-F

B

`,2)/<"?:
A )
Y          (A4.6) 

 

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.8–10 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-ζ with two sets of polarizing functions (def2-QZVPP) valence adaptation 

of the Karlsruhe basis set for all electrons. ω-B97M-V which is a state-of-the-art, hybrid, 

meta-GGA functional,11 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 × 10-8 Ha.  

Frequency calculations were performed using the Perdew-Burke-Ernzerhof (PBE) 

functional12 (a generalized gradient approximation (GGA) functional) coupled with the D3 

dispersion correction technique13 as we observed small imaginary frequencies for the ω-

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. 

 

𝐺C(𝑇 = 280⁰𝐶) = 𝐸2 + 𝑍𝑃𝐸 + 𝑅 ⋅ 𝑇 ⋅ 𝑙𝑛(𝑄(𝑇 = 280⁰𝐶))   (A4.39) 

 

where 𝐸2 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. 

 

𝑍𝑃𝐸 = ∑ I∙T∙]!
U

%
CO9          (A4.40) 
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where ℎ  is Planck’s constant, 𝑐  is the speed of light, and 𝜈C  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) = 𝑞103!B ∙ 𝑞021 ∙ 𝑞^CG      (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. 

 

∆𝐺0Q!,C(𝑇 = 280⁰𝐶) = ∑ 𝑛C_%
_O9 ∙ 𝐺_(𝑇 = 280⁰𝐶)    (A4.42) 

 

where 𝑛C_ 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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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 H2 as by products, are denoted as K1, K2, and K3, 

respectively, eq A4.43. Assuming all three reactions reach thermodynamic equilibrium 

simultaneously, eq A4.44 is obtained. 

 

𝐾9 =
[a]>?:

I

[,]
	 ; 	𝐾U =

[[]>?:
a

[,]
	 ; 	𝐾K =

[%]>?:
b

[,]
      (A4.43) 

[𝐷] ∶ [𝐵] ∶ [𝑇] ∶ [𝑁] = 	1 ∶ \;
>I(<:)

∶ \:
>a(<:)

∶ \A
>b(<:)

    (A4.44) 

 

The relative fraction of each component, using [B] as an example, can be calculated as 

shown in eq A4.45. 

 

K1
+  4 H2

+  5 H2

+  7 H2

K2

K3
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[a]
[,])[a])[[])[%]

(%) =
`;

"I(?:)

9	)	 `;
"I(?:)

	)	 `:
"a(?:)

	)	 `A
"b(?:)

(%)    (A4.45) 

 

The equilibrium constants of K1, K2 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, K2 = 4.46, 

K3 = 111. The equilibrium concentration of [B] and [T] vs P(H2) are plotted in Figure A4.17, 

predicted to first increase with increasing P(H2) and then decrease. 
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4.7.3. Supplemental Figures  

 

 

Figure A4.1. (a) HAADF-STEM image, and (b) Pt particle size histogram, for fresh, 

reduced Pt/SiO2-Al2O3 (1.7 wt% Pt). The average nanoparticle size, obtained by fitting a 

Gaussian function to the distribution, is (1.0 ± 0.2) nm.  

 

Pt/SiO2-Al2O3

Total counts: 

1.0 ± 0.2 nm

a b
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Figure A4.2. IR spectra of Pt/SiO2-Al2O3 (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-1, 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using 

Pt/SiO2-Al2O3 (0.100 g) for 24 h at 275 °C under P(initial H2) = 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using Pt/SiO2-

Al2O3 (0.100 g) for 24 h at 275 °C under different P(initial H2) from 0 to 8 bar. 

 

 

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.  

y = (7.8 ± 0.6)×105 x, R2 = 0.97



 

 

 

 301 

 

 

 

Figure A4.6. Distribution of liquid products obtained from Pt/SA (0.100 g) reacting with 

PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) after 24 h reaction at 275 °C under P(initial 

H2) = 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) 

after 24 h reaction at 275 °C under P(initial H2) = 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using Pt/SA 

(0.100 g) for 24 h under P(initial H2) = 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-

l) of alkylbenzenes (orange, a, f, k), alkylnaphthalene (blue, b, g, l), alkylphenanthrene (green, 

c, h, m), alkanes (d, i, n), and total species (black, d, h, l) in the liquid products, obtained from 

the reaction of PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 

(0.100 g) after 24 h at 275 °C under P(initial H2) = 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, Mw = 3.5 × 103 g mol–

1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (0.100 g) after 24 h at 275 °C under P(initial H2) = 0-

8 bar.  

 

a b
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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, Mw = 3.5 × 103 g 

mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (0.100 g, 1.7 wt%) after 24 h at 275 °C under 

P(initial H2) = 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 (Mw = 3.5 × 103 g mol–1, Ð = 1.9) 

catalyzed by Pt/SiO2-Al2O3 (0.100 g) for 0-12 h at 275 °C under P(H2) = 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/SiO2-Al2O3, (b) PE (Mw = 3.5 × 103 g mol–1, Ð = 1.9), and the solid residues, recovered by 

CH2Cl2 extraction, after the reaction of PE (0.200, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed 

by Pt/SiO2-Al2O3 (0.100 g) at 275 °C for 24 h under P(initial H2) from (c) 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, Mw = 3.5 × 

103 g mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (0.100 g), at 275 °C under P(initial H2) = 0 

bar. 
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Figure A4.15. (a) P(H2) at various reaction times, measured at room temperature, with 

P(initial H2) of 0 (black) and 4 bar (red), respectively, in the reaction of PE (0.200, Mw = 3.5 

× 103 g mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (0.100 g), at 275 °C. (b) P(H2) before and 

after each 4-h reaction (connected by a solid line) under P(initial H2) from 0 (black), 2 bar 

(blue), 4 bar (red), and 8 bar (green), respectively, in the reaction of PE (0.200, Mw = 3.5 × 

103 g mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (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(H2), more details please see Section 4.7.2.3.2. Pseudo-Constant P(H2) 

Depolymerization. Dashed lines represent the average P(H2) in one set of reactions, 

calculated as the average P(H2) 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 

P(H2).  
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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(H2), based on eq A4.45. K1, K2, and K3 were 

computed using DFT. 

 

 

Figure A4.18. Effect of P(H2) on the rate of C-C bond scission for high pressure range of 

P(H2), showing curvefit of eq 4.4; ordinate error bars arise from the linear fits to the lower 

and upper bounds for nC-C scission as a function of time. Batch reaction conditions: 0.200 g PE 

(Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (0.100 g), 275 °C. The reactor was evacuated 

and refilled with the appropriate amount of H2 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, 

Mw = 3.5 × 103 g mol–1, Ð = 1.9) and naphthalene (0.02 g) catalyzed by Pt/SiO2-Al2O3 (0.100 

g), at 275 °C under P(H2) of 4 bar after 12 h (three consecutive 4-h reactions). The major 

peaks are phenanthrene (C14H10) and its hydrogenated forms (C14H14, C14H18, and C14H24), 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, i, k, m) with those from 

the NIST MS library (b, d, f, h, j, l, n). The reaction of PE (0.200, Mw = 3.5 × 103 g mol–1, Ð 

= 1.9) and phenanthrene (0.020 g) catalyzed by Pt/SiO2-Al2O3 (0.100 g), at 275 °C under 

P(H2) 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 a 

Masses of 

hydrocarbon product 

types 

(wt%) 

Mass 

recovery 

b 

(wt%) 

𝚤4̅CD)P3Qc nc-c scission d 

(mmol) 

nbenz e 

(µmol) 

nnaph e 

(µmol) 

nphen e 

(µmol) 

nbenz 

/narom 

f 

(%) 

Gas 

g 

Liquid 

h 

Wax 

i 

Solid 

j 

    

2 7  

(12) 

73 

(162) 

12 

(6) 

94 77 0.15 5 8 41 9 

3 6  

(14) 

66 

(142) 

21 

(17) 

96 80 0.14 5 5 34 11 

a Reaction conditions: PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (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). b Sum of masses for recovered gas, liquid, wax and solid hydrocarbons. c 

Average carbon number in combined liquid and wax fractions, estimated as Mn/14. d 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). e Yields of alkanes (nalk), alkylbenzenes (nbenz), 

alkylnaphthalenes (nnaph), and alkylphenanthrenes (nphen), estimated by combining the integrated 1H 

NMR intensity and the GC-FID product distribution (Section 4.7.2.4.2: Analysis on Selectivity and 

Yield of Aromatics). f Molar selectivity of alkylbenzene relative to total aromatics. g C1-C6, as 

measured by GC-FID. h C7-C30, as measured by GC-FID. The value in parentheses is the number-

averaged carbon number. i C>30, measured by GPC-RI and calibrated using PS standards. The value in 

parentheses is the number-averaged carbon number, estimated as Mn/14. j 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. 1H NMR analysis of aromatic protons a 

P(initial H2) b 

(bar) 

Alkylbenzene c Polyaromatic d Haro/Htotal (%) 

H6.5-7.5/Harom 

(%) 

H7.5-8.3/Harom 

(%) 

H8.3-9.0/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 

a Reaction condition: PE (0.200, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (0.100 

g), at 275 °C for 24 h under P(initial H2) from 0 to 8 bar. b Pressure measured at room temperature 

before the reaction. Fraction of c alkylbenzene (6.5-7.5 ppm) and d 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. 1H NMR analysis of alkyl substituents on the aromatics a 

P(initial 

H2) b (bar) 

CH3,  

H2-2.5 c 

CH2,  

H2.5-3.1 c 

CH,  

H3.1-3.5 c 

q 

average Ha 

per chain 

Halpha/Haro Average 

number of 

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 

a Reaction condition: PE (0.200, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/SiO2-Al2O3 (0.100 

g) at 275 °C for 24 h under P(initial H2) from 0 to 8 bar. b Pressure measured at room temperature 

before the reaction. c 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 a 

P(initial 

H2) b 

(bar) 

Assumption one c Assumption two d 

nbenz 

(µmol) 

nbenz/narom 

(%) 

narom/ntotal 

(%) 

nbenz 

(µmol) 

nbenz/narom 

(%) 

narom 

/ntotal 

(%) 

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 

a Reaction conditions: PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SA (0.100 g, 1.7 wt% Pt), 275 

°C, 24 h, 10 mL, in a stirred Parr reactor. b Pressure measured at room temperature before the reaction. 

c The average carbon number (𝚤)̅ 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. d 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 C6-30, C10-30, and C14-30, respectively, see Section 4.7.2.4.2: Analysis on Selectivity and Yield of 

Aromatics. 
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Table  A4.5.  H2 balance (mmol) in catalytic conversion of PE a 

Pinitial H2 b 

(bar) 

nH2(I) c nH2(G) d nH2(C) e nH2(F) f nH2(I) + nH2(G) - 

nH2(C) g 

0 0 0.49 0.12(0.26) 0.49 h 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) 

a Reaction conditions: PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/SiO2-Al2O3 (0.100 

g, 1.7 wt% Pt), stirred 10 mL Parr reactor, 275 °C, 24 h, except as noted below. b Measured 

at room temperature at the start of the experiment. c Initial amount of H2, calculated using 

ideal gas law, nH2(I) = Pinitial H2*V/RT. d Amount of H2, generated by aromatization, 

calculated as nH2(G) = 4nbenz + 7nnaph + 10nphen. e 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 H2 in the reactor headspace after reaction, calculated using eq A4.18-4.19, 
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except where noted. g Amount of predicted free H2 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 H2, due to the impact of incomplete collection of mass on the number 

of C-C bond scission. h Measured by GC-TCD, using eq A4.17.  
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Table A4.6. Fitting result of aromatization kinetics a 

P(H2) kc b (h-1) K2 n0alk/(P3H2+K2) c (µmol) 

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) 

a Reaction condition: catalytic conversion of PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using 

Pt/SiO2-Al2O3 (0.100 g) at 275 °C under P(H2)  from 0.2 to 7.3 bar. b Rate constant of alkane 

dehydrocyclization. c Number of aromatic rings (narom rings) used in the fitting are reported in Table 

A4.4. Numbers in parenthesis indicate standard deviation. 

 

Table A4.7. Fitting result of H2 dependence on the maximum yield of aromatic rings a 

n0alk b (µmol) Ka c 

95(2) 7(1) 

a Reaction condition: catalytic conversion of PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using 

Pt/SiO2-Al2O3 (0.100 g) at 275 °C under P(H2)  from 0.2 to 7.3 bar. b Number of starting alkanes. c 

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 a 

P(H2) rC-C, measured b (µmol/h) rC-C, Ctotal  c (µmol/h) rC-C, C6  d (µmol/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 44.3 56.5 80.0 

24 32.1 45.2 78.2 

a Reaction condition: catalytic conversion of PE (0.200 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) using 

Pt/SiO2-Al2O3 (0.100 g) at 275 °C under P(H2) from 0.2 to 24 bar. b Number of C-C bond scission (nC-

C scission) used in the fitting are reported in Table A4.4. c 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. d Mass-corrected number of C-C bond scissions. Any missing mass was 

assumed to come from C6, 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).1 

5.2. Introduction 

Two polyolefins, polyethylene (PE) and polypropylene (PP), comprise half of the annual 

global plastic production.2 Due to their extensive use in single-use products, they also account 

for half of the resulting plastic waste.2 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.3 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 H2 

produces liquid hydrocarbons that may be suitable for use as fuels and lubricants.4,5 Tandem 

hydrogenolysis/aromatization at ≤ 300 °C without added H2 can generate valuable long-chain 

alkylaromatics,6 which may be used to manufacture anionic surfactants.7 Although the process 

generated a narrow molecular weight distribution (carbon number average C~30, Ð = 1.1) 

relative to the starting polyethylene (carbon number average C~132, Ð = 1.9),6 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 C1 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).8,9 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.10,11 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),12 field desorption (FD),6 and 

nitric oxide ionization spectrometry evaluation (NOISE)13 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.14 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-Al2O3 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 H2 (please refer to Sun et al.)1 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 µm) 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 N2 to cover the beads. Allow the majority of the liquid N2 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). 

 

 

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 (≤ 10-2 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 μL) 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 μL, 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 μL) of gas from the Schlenk flask using a Luerlock gas-tight 

syringe.  

a. Inject into the GC-FID for light hydrocarbon analysis (C1-C8).  

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 CH2Cl2 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 µm).  

13. Add another 5 mL CH2Cl2 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 CH2Cl2.  

a. Filter ~1 mL of the solution through a 0.2 µm PTFE filter attached to a 1 mL plastic 

syringe for analysis by GC-FID. 

15. Evaporate the majority of the CH2Cl2 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-C11). 

16. Weigh the mass of the remaining liquid products (C>11).  

17. Re-dissolve the liquid products in CH2Cl2 in a volumetric flask and dilute with CH2Cl2 to 

10.00 mL. 

a. Filter ~1 mL of this solution through a 0.2 µm 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 1H NMR, quantitative 13C NMR, GPC, and UV-vis (optional). 

a. Dissolve 2 mg of the liquid product in 1,1,2,2-tetrachloroethane-d2 for 1H NMR 

analysis. 

b. Dissolve 60 mg of the liquid product and 22.4 mg Cr(acac)3 (80 mM) in CDCl3 for 

quantitative 13C NMR analysis. 

c. Dissolve 6 mg of the liquid product in 1.5 mL CHCl3 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 CH2Cl2 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 CH2Cl2 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) over Pt/F-
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Al2O3 (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.1  

After 8 h, the yields of hydrocarbon gases (C1-C8), volatile liquids (C7-C11), and heavy 

liquids (C>11) 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.1 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 (C1-C8) 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 CH2Cl2 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-C11, 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 CH2Cl2 solvent 

by evaporation. The dashed lines indicate the signals for norm-alkanes. 

 

5.4.3. Quantitative NMR Analysis of Heavy Liquid Hydrocarbons  

Solution-state 1H and 13C 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 1H and 13C NMR, respectively). A typical 1H NMR experiment was 

performed at an acquisition time of 2.5 s with 64 accumulated scans. The 1H NMR spectrum 

reveals signals for aromatic protons at 6.5-9.0 ppm and for benzylic protons (Ha, 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).15,16 

To ensure that the 13C NMR information is quantitative,  Cr(acac)3 is added as a relaxation 

agent to reduce long 13C spin-lattice relaxation times (T1). The spectrum of a model 
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compound, dodecylbenzene (60 mg), is measured with an inversion recovery pulse sequence17 

to choose a suitable relaxation delay (t)  (Figure 5.5). An inversion recovery measurement 

conducted at 25 °C with 80 mM Cr(acac)3 (22.4 mg) in CDCl3 (800 µL) gave approximate 

values for T1 and t according to Equations 5.1 and 5.2, respectively, where t is the variable 

recovery delay between the 180 and 90 ° pulses.17 

 

T1 = t / ln 2     (Equation 5.1) 

t ≥ 5 × T1      (Equation 5.2) 
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Figure 5.4. Quantitative solution-state NMR spectra of the heavy hydrocarbon liquid products 

(C>11): (A) 1H NMR, and (B) 13C NMR. 

 

 

Figure 5.5. 13C NMR spectra of dodecylbenzene, acquired using an inversion recovery pulse 

sequence17 with variable delays (t) 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 T1 is 1.2 s. 

Quantitative 13C NMR spectra therefore require a relaxation delay t ≥ 5.8 s. The NMR sample 

of heavy liquid hydrocarbons resulting from PE depolymerization was prepared at the same 

Cr(acac)3 concentration and the T1 and t values determined in the inversion recovery 

experiment with dodecylbenzene are then used to record quantitative 13C 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.18 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).19 Typical results for the heavy liquid products resulting from 

the conversion of PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/F-Al2O3 

(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 Mw 

and dispersity (Đ = Mw /Mn). 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-1 from 50 to 700 °C. Intact PE is oxidized at ca. 

300 °C, while oxidation of coke requires higher temperatures.20 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, Mw = 3.5 × 103 g mol–1, Ð = 1.9) catalyzed by Pt/Cl-Al2O3 (0.200 

g, 1.5 wt % Pt, 1.4 wt % Cl) 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/Cl-Al2O3. 

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 (C1-C8) 

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 C1 to norm-C8).  

i. Assign all peaks that elute between norm-Ci-1H2i and norm-CiH2i+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 is 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 T is the absolute 

temperature. 

 

npropene = (PV) / (RT)    (Equation 5.3) 

 

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 (mi) contributed by each species to the 

gas phase products, using its peak area (Ai) relative to that of propene (Apropene) using 

Equations 5.4 and 5.5. The volume expansion factor, V2/V1, is the total volume (V2) 

including the reactor, Schlenk line, and flask, relative to the volume of the Schlenk 

flask (V1). 

 

ni = ((Ai / i) npropene  / (Apropene /3)) × (V2/V1)   (Equation 5.4) 
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mi = ni (14i + 2)      (Equation 5.5) 

 

Note: It is reasonable to assume the same relative carbon response factor for all hydrocarbons 

in GC-FID analysis.21 

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-C40).  

i. Assign all peaks eluting between norm-Ci-1C2i and norm-CiC2i+2 to have carbon 

number i. 

b. For each carbon number in the region corresponding to C7-C11 (Figure 5.3), calculate 

the difference in peak areas (A) before and after solvent removal by evaporation. 

Calculate the moles of each species with a given carbon number species (ni) using the 

external standard method according to Equation 5.6, where V0 is the solution volume 

and f is the relative carbon response factor. 

 

ni = Ai V0 / (f i)     (Equation 5.6) 
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Note: norm-octane in CH2Cl2 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.21 

c. Estimate the mass of each species with a given carbon number (mi), assuming its 

molecular weight to be that of the alkane (Equation 5.7). 

 

mi = ni(14i + 2)     (Equation 5.7) 

 

d. Calculate the mass yield of volatile liquids by summing the difference in masses for 

each carbon number in the C7-C11 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. 

b. Calculate the number of moles of heavy liquid using Equation 5.8, where nheavy liq  and 

mheavy liq refer to the moles and mass of heavy liquid products, respectively. 

 

nheavy liq  = mheavy liq / Mn, heavy liq    (Equation 5.8) 

 

Here, Mn, heavy liq is 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 mvolatile liq and minitial 

PE refer to the mass of volatile liquids obtained in step 2d and the initial mass of PE, 

respectively. 

 

Liquid yield (wt %) = (mvolatile liq + mheavy liq) / minitial PE × 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 msolid residue and mcatalyst refer to the masses of solid 

carbon residue and catalyst, respectively. 

insoluble hydrocarbons (wt %) = (msolid residue - mcatalyst) / minitial PE × 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 PE% = m200% - m350%   (Equation 5.11) 
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b. Calculate the contribution of coke (mcoke%) to the recovered solid, using the % mass 

loss between 350 °C (m350%) and 600 °C (m600%) in the TGA, as shown in Equation 

5.12. 

 

mcoke% = m350% - m600%    (Equation 5.12) 

 

c. Calculate the contribution of the solid carbon residue relative to catalyst, using 

Equation 5.13. 

mcarbon residue, relative to catalyst% = (munreacted PE% + mcoke%)/m600% × 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 (m600%) 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 6c to obtain the % mass of solid carbon residue (unreacted 

PE and coke) relative to initial PE, Equation 5.14. 

mcarbon residue% = mcarbon residue, relative to catalyst % × (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(t) is the number of moles of hydrocarbons 

(polymer chains and small molecules) present at time t. ΔN therefore represents number of 

moles of new chains, which is equal to the moles of C-C bond scission events. 

 

ΔN = N(t) – N(0)    (Equation 5.15) 

 

a.  Calculate N(t) 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) = ∑999ni + nheavy liq + nsolid    (Equation 5.16) 

 

Here, nsolid is estimated as msolid/Mn,PE, where msolid refers to the mass of solid residue 

and Mn,PE is the initial number-averaged molecular weight of PE.  

Note: Using Mn,PE 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: If 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-Al2O3a 

Carbon 

number (i) 

Gases 

(µmol) 

Volatile liquids 

(µmol) 

Heavy liquids 

(µmol) 

Solid residue 

(µmol) 

Total 

(µmol) 

1 34.4 - - - 34.4 

2 11.7 - - - 11.7 

3 32.3 - - - 32.3 

4 41.5 - - - 41.5 

5 27.7 - - - 27.7 

6 16.0 1.3 - - 17.3 

7 7.7 4.3 - - 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 



 

 

 

 354 

𝑖 = 132 - - - 7.8 7.8 

a Reaction conditions: PE (0.120 g, Mw = 3.5 × 103 g mol–1, Ð = 1.9), Pt/F-Al2O3 (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 is the initial mass of PE and Mn, 

PE is its initial number-averaged molecular weight. 

 

N(0) = minitial PE / Mn,PE    (Equation 5.17) 

 

8. Calculate the average rate of C-C bond scission (rC-C) using Equation 5.18. 

 

rC-C = ΔN / 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 1H NMR.  

a. Identify aliphatic protons (Hali) via their signals in the range d 0.5-2.0 ppm. 

b. Identify aromatic protons (Harom) by their signals in the range d 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 d 2.0-3.5 ppm. 

Note: 1H 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)6 and mass fragmentation (GC-EIMS) patterns for alkanes, cycloalkanes, 

alkylbenzenes, alkylnaphthalenes. 

10. Estimate the aromatic yields and selectivities using 1H NMR. 

a. Identify each type of aromatic protons. 

i. Assign signals in the range d 6.5-7.5 ppm (H1) to the aromatic protons of 

alkylbenzenes, alkylnaphthalenes, and polycyclic alkylaromatics. 

ii. Assign signals in the range d 7.5-8.3 ppm (H2) to the aromatic protons of 

alkylnaphthalenes and polycyclic aromatics. 

iii. Assign signals in the range d 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.1 

b. Quantify the relative amounts of alkyl substituent types present on the aromatic rings. 

i. Integrate the signals for methyl substituents (Ha,CH3), which appear in the range 

d 2.0-2.5 ppm. 

ii. Integrate the signals for methylene-linked substituents (Ha,CH2R), which appear 

in the range d 2.5-3.1 ppm. 

iii. Integrate the signals for methine-linked substituents (Ha, CHR2), which appear in 

the range d 3.1-3.5 ppm. 

iv. Calculate the average number of Ha per alkyl substituent (Ca), q, using Equation 

5.19. 

 

q = Ha/Ca = (Ha,CH3 + Ha,CH2R + Ha,CHR2)/(Ha,CH3/3 + Ha,CH2R/2 + Ha,CHR2)  

 (Equation 5.19) 

 

c. Estimate the average number of alkyl substituents per aromatic molecule.  

i. Calculate the ratio of Ha signals (in the region d 2.0-3.5 ppm) to Harom signals 

(in the region d 6.5-9.0 ppm), Ha/Harom, by integrating the corresponding regions. 

ii. Calculate the ratio of Carom-H signals (proton-bearing aromatic carbons, in the 

region d 118-130 ppm) to Carom-C signals (in the region d 130-150 ppm), Carom-H / 

Carom-C, by integrating the corresponding regions.18 
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iii. Determine the average number of alkyl substituents (n) by comparing the 

experimental ratio Ha/Harom and Carom-H / Carom-C to the predicted value for the 

major type of aromatic product (or products, as appropriate), according to the 

value of q found in step 10b. The example of q = 2 (i.e., on average, CaH2R 

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 Hα/Harom for a mixture of 

alkylaromatics are enclosed in the red, dashed box (Figure 5.9). For Hα/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-H / 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. Ha/Harom ratios characteristic of alkylbenzenes (green), alkylnaphthalenes 

(orange), and alkylphenanthrenes (brown) with various numbers (n) of alkyl substituents 

(with average Ha content -CaH2R, corresponding to q = 2). The red boxes indicate the lower 

and upper bounds of Hα/Harom for a mixture of alkylaromatics. The black dashed line indicates 

the experimental ratio Hα/Harom = 1.5 obtained in our study, and the gray shaded area 

represents the error boundary from NMR integration (± 10 %). 



 

 

 

 359 

 

Figure 5.10. Carom-H/Carom-C ratios characteristic of alkylbenzenes (green), alkylnaphthalenes 

(orange), and alkylphenanthrenes (brown) with various numbers (n) of alkyl substituents 

(with average Ha content -CaH2R, corresponding to q = 2). The red box indicates the lower 

and upper bounds of Hα/Harom for a mixture of alkylaromatics. The black dashed line indicates 

the experimental ratio Carom-H/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.1 

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. 

 

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 

i. 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)23–26 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 (I) 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).1 

 

𝑖GH! = ∑(𝑖 • 𝐼GH!,C)/∑ 𝐼GH!,C    (Equation 5.20) 

𝑖GH! = ∑(𝑖 • c01*,!
#01*,!

)/∑ c01*,!
#01*,!

    (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 = Mn, 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 CnH2n, based on the most intense 

signal at 1.2-1.7 ppm (CH2) in the 1H NMR spectrum. 

f. Estimate the contributions of each type of alkylaromatic to the 1H NMR signals. 

i. Integrate the relevant aromatic regions in the 1H NMR spectrum to obtain the ratios 

H1 : H2 : 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. 

 

H1 = a nben + b nnap + c nphe     (Equation 5.23) 

H2 = d nnap + e nphe     (Equation 5.24) 

H3 = f nphe      (Equation 5.25) 

Sben : Snap : Sphe = (d×f H1- b×f H2 + b×e H3- c×d H3)/(adf) : (f H2-e H3)/(d×f) : H3/f 

 (Equation 5.26) 

 

Note: The integrated intensities of the aromatic 1H 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).1 

g. Estimate the fraction of all aromatic protons, Harom/Htotal, by integrating the relevant 

regions of the 1H NMR spectrum, where Htotal is the sum of Hali 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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<,2)/
<+)+,-

= K.01*)@.*,5)W.5L1
(UC01*7L).01*)(U	C*,579U).*,5)(UC5L179N).5L1)(UC,-F)U).,-F

 (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/Htotal, is 

obtained from the carbon number distribution in Equation 5.28: 

 

<,2)/
<+)+,-

= K∑ !01*,!! )@∑ !*,5,!! )W∑ !5L1,!!
∑ [(UC7L)!01*,!]! )∑ [(UC79U)!*,5,!]! )∑ [(UC79N)!5L1,!]! )∑ [(UC)U)!,-F,!]!

 (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., 𝑖GH! = ∑(𝑖 • 𝑛GH!,C)/∑𝑛GH!,C ), each 

denominator term is rearranged as follows: 

 

∑ [(2𝑖 − 6)𝑛GH!,C]C = 2𝑖GH! ∑ 𝑛GH!,CC − 6∑ 𝑛GH!,CC = (2𝑖GH! − 6)∑ 𝑛GH!,CC  (Equation 5.29) 

 

Thus, Equation 5.28 can be rewritten as Equation 5.30: 

 

<,2)/
<+)+,-

= K∑ !01*,!! )@∑ !*,5,!! )W∑ !5L1,!!

(UC01*7L)∑ !01*,!! )(U	C*,579U)∑ !*,5,!! )(UC5L179N) ∑ !5L1,!! )(UC,-F)U)∑ !,-F,!!
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(Equation 5.30) 

 

The molar selectivity to alkylbenzenes (Sben) is defined in Equation 5.31 (molar 

selectivity for other components are defined similarly): 

 

𝑆GH! =
∑ !01*,!!

∑ !01*,!! )∑ !*,5,!! )∑ !5L1,!! )∑ !,-F,!!
   (Equation 5.31) 

 

Finally, dividing each term in Equation 5.30 affords Equation 5.27. 

h. Assess the selectivity (S = n/ntotal) for alkane (Salk) and each type of alkylaromatics 

(Sben, Snap, and Sphe) by solving Equations 5.26, 5.27, and 5.32 simultaneously. 

 

Sben + Snap + Sphe + Salk = 1    (Equation 5.32) 

 

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. 

i. Calculate the molar yields of alkylbenzenes (nben), alkylnaphthalenes (nnap), and 

alkylphenanthrenes (nphe) using Equation 5.33, and the total aromatics yield (narom) 

using Equation 5.34. 

 

nben, nnap or nphe = (Sben, Snap or Sphe) (mheavy liq / Mn,liq) (Equation 5.33) 

narom = nben + nnap + nphe    (Equation 5.34) 
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11. As an alternative to the method described in step 10, estimate aromatic yields and 

selectivities using quantitative 13C NMR. 

a. Identify signals for aromatic and aliphatic carbons. 

i. Assign and integrate signals for aliphatic carbons (Cali) in the range d 5-50 ppm. 

ii. Assign and integrate signals for aromatic carbons (Carom) in the range d 118-150 

ppm. 

b. Establish the potential contributions of alkylaromatic carbons to the 13C NMR signals 

using Equation 5.35. 

 

Carom = 6 nben,C + 10 nnap,C + 14 nphe,C   (Equation 5.35) 

 

Note: The use of C in the subscripts of Equations 5.35-5.37 distinguishes the amounts and 

selectivities of different hydrocarbons obtained by 13C NMR analysis from those obtained by 

1H 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 13C NMR signals of all carbons using Equation 5.36, where Ctotal is 

the sum of Cali and Carom. 

 

Ctotal = 𝑛GH!,S ∙ 𝑖GH! 	+ 	𝑛!35,S ∙ 𝑖!35 	+ 	𝑛5IH,S ∙ 𝑖5IH 	+ 	𝑛34J,S ∙ 𝑖34J  (Equation 5.36) 

 

d. Calculate the fraction of aromatic carbons, Carom/Ctotal, based on the integration of the 

quantitative 13C 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. 

 

S,2)/
S+)+,-

 = L	!01*,$	)	9'		!*,5,$	)	9:	!5L1,$
!01*,$∙C01*	)	!*,5,$∙C*,5	)		!5L1,$∙C5L1	)	!,-F,$∙C,-F

  (Equation 5.37) 

 

Note:  Since quantitative 13C 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 1H 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 13C NMR (or 

Equations 5.32 and 5.37) to that obtained from the 1H 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 1H 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).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 
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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 C5-C7 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/g-Al2O3, as an alternative to their bottom-up synthesis from BTX.  

More acidic Pt/Cl-Al2O3 and Pt/F-Al2O3 catalysts are more effective in the PE conversion 

to alkylaromatics than Pt/g-Al2O3. 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, 

Brønsted 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-C6H14 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. 

 

 

 

 

 

 

 

 




