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ABSTRACT

Plastic waste is accumulated in landfills and the environment at an exponentially increasing
rate. Currently, about 350 million tons of plastic waste is generated annually while only 9% is
recycled. Plastic waste and its degradation products, microplastics, pose a severe threat to the
ecosystem and eventually human health. Polyolefin (Polyethylene (PE) and Polypropylene (PP))
waste is 63% of the total plastic waste. Converting polyolefin waste into useful products including
clean gasoline, diesel, wax, and monomers, via hydrothermal processing (HTP) can help reduce
the plastic waste accumulation. In this study, sorted PE waste was converted via supercritical water
liquefaction (SWL) into gasoline blendstock, No.1 ultra-low-sulfur diesel, and clean waxes with
high yields and high purities. Comprehensive reaction pathways for PE conversion were proposed
based on detailed GCxGC analyses. Furthermore, a new low-pressure (~2 MPa) hydrothermal
processing (LP-HTP) method was developed to convert mixed polyolefin waste. This new LP-
HTP method can save 90% of the capital cost and energy compared to SWL. The oil products were
distilled into clean gasoline and No.1 ultra-low-sulfur diesel. The reaction pathways of PE and PP
were independent while the synergistic effects improved the fuel qualities. With this LP-HTP
method, polyolefin waste can be converted into up to 190 million tons of fuels globally, while 92%
of the energy and 71% of the GHG emissions can be saved compared to conventional methods for
producing fuels. Overall, this method is robust, flexible, energy-efficient, and environmental-
friendly. It has a great potential for reducing the polyolefin waste accumulation in the environment

and associated risks to human health.
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CHAPTER 1 INTRODUCTION

1.1 Background

1.1.1 Plastic Waste

Plastic products are becoming inseparable from people’s lives. They are widely used as
packing materials, construction materials, and disposable containers. Plastic products derived from
petroleum are cheap, versatile, and endurable. The great demand for plastic products drives an
exponential increase in plastic production and waste generation. The plastic waste generated in the
last 15 years was more than that in the past 100 years before 2005 (Geyer, Jambeck, & Law,
2017a). More than 350 million tons of plastic waste was generated as of 2017 and around 8 billion
tons of plastic waste has been accumulated on earth.

Currently, only 9% of plastic waste is recycled, and 12% incinerated. The rest, 79%, was
landfilled or released to lands and oceans, Figure 1.1 (Geyer et al., 2017a). A floating plastic waste
gyre named “Great Pacific Garbage Patch” was found in the Pacific Ocean with the same size as
Texas (Lavers & Bond, 2017). If the current trend of plastic waste generation continues, there will
be more than 30 billion tons of plastic waste by 2050 and more plastic waste than fish in oceans
(Laville & Taylor, 2017).

40
Input to Oceans
(3%)

30

20

Billion Metric Tons

Landfilled (76%)/

0
1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Figure 1. 1 The global plastic waste accumulation/disposal and projection
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Plastics have a long degradation time in natural environments, ranging from 100 to 1,000
years (Horton, Walton, Spurgeon, Lahive, & Svendsen, 2017). The existence of plastic waste has
caused multiple environmental problems. More than 267 species of animals were found dead
because of entanglement and ingestion of plastic waste (Guern, 2018). Millions of birds and fish
were killed by plastic debris annually (Guern, 2018). The degradation of plastic waste releases
microplastics and toxic chemicals in the environment causing pollutions to lands, surface- and
ground-water, and oceans (Horton et al., 2017; Smith, Love, Rochman, & Neff, 2018).
Microplastics were found all over the world, in the beaches in the Pacific islands, the snow in the
Alps, the Arctic ice, and Mariana Trench (Bergmann et al., 2019; Chiba et al., 2018a; “Great
Pacific Garbage Patch | National Geographic Society,” n.d.; Souza Machado et al., 2019).
Microplastics cannot be digested and are transported along the food chain. Eventually, they will
accumulate in human bodies (Cole, Lindeque, Halsband, & Galloway, 2011). Recent studies
showed that microplastics can also be adsorbed via human inhalation and skins, posing risks of
particle toxicity, oxidative stress, inflammation, translocation, and cancer (Prata, da Costa, Lopes,
Duarte, & Rocha-Santos, 2020; Schwabl et al., 2019).

To sum, plastic waste accumulation has become a severe global problem that poses great

hazards to ecosystems and human health.

1.1.2 Sherwood Plot

Landfills currently take the majority of plastic waste. However, landfilling is only
accumulating the waste and other recycling methods are still needed. Furthermore, it will not be
economical to re-collect plastic waste from landfills for further processing. Here, a Sherwood plot
was used to predict the cost of a product with a known concentration in the feed, Figure 1.2 (Jin,
Vozka, Kilaz, Chen, & Wang, 2020; Sherwood, 1959). The estimated cost for re-collecting plastic
waste from landfills is $0.5-1.0/kg and removing all current plastic waste will cost four trillion US
dollars.

The plastic waste in oceans is in a worse situation. The most advanced technology to purify
ocean water from plastic waste and other toxic chemicals will cost $0.003/gallon and there are
3.5x10% gallons of water in the oceans (Copeland & Tiemann, 2013; Mihelcic et al., 2017). The
total cost will be about $10%8, which is 10,000 times the global gross domestic product (GDP).
Apparently, this cost is beyond the affordability of any country or organization.
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In short, it will not be economical to re-collect plastic waste from landfills or oceans for
further processing. Plastic waste needs to be collected and treated before it spreads into the

environment.
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Figure 1. 2 The Sherwood plot predicting product costs/prices based on its concentration in the
raw materials.

1.1.3 Current Recycling Methods

Existing methods for reducing plastic waste accumulation include incineration, mechanical
recycling, pyrolysis, gasification, and biodegradation. However, these methods are not efficient to
solve the plastic waste problem. Incineration recovers heat energy by the combustion of plastic
waste. It has a low energy efficiency, less than 25%, and high GHG and other toxic gas emissions
(Ni, Lu, Mo, & Zeng, 2016; Tyskeng & Finnveden, 2010). Therefore, “Tipping fees” are needed
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from material recycling facilities to maintain the operations of incinerators. Mechanical recycling
utilizes mechanical processes such as washing, melting, and re-molding to convert plastic waste
into other plastic products. However, degradation occurs, and plastics cannot be mechanically
recycled more than ten times (Plinke, Wenk, WIloff, Castiglione, & Palmark, 2020; Ragaert, Delva,
& Van Geem, 2017). Furthermore, additives such as colorant cannot be mechanically separated
and different types of plastics are immiscible. As a result, mechanical recycling can only
downgrade sorted plastic waste with limited applications (Ragaert et al., 2017). Pyrolysis is a
thermal degradation method converting mixed plastic waste into oils. However, oil yields and
qualities are low and upgrading in refineries are required. A significant char formation up to 40%
can be commonly observed, especially in fast pyrolysis (Akubo, Nahil, & Williams, 2019; Park,
Jeong, & Kim, 2019). Expensive catalysts are also needed (Akubo et al., 2019). Gasification
produces CO, CO2, and H> by cracking plastic waste at a temperature up to 1,000 °C (Ahmed,
Nipattummakul, & Gupta, 2011; Janajreh, Adeyemi, & Elagroudy, 2020; Kannan, Al Shoaibi, &
Srinivasakannan, 2013). The energy consumption is high, twice as that of pyrolysis, and no
embodied energy in polymers is preserved. Furthermore, gas products are more difficult to
transport than oils. Researchers are also investigating biodegradation. However, it is still in a
research stage.

In short, existing recycling methods have not been efficient in solving the plastic waste

accumulation problem. New efficient and economical methods are needed.

1.1.4 Polyolefins

Different types of plastic have varied chemical compositions and structures. It is
impractical to expect a single method can efficiently convert all types of plastic waste. For
instance, Polyvinyl chloride (PVC) contains chloride and is not suitable for producing fuels.

In this study, we focused on the conversion of polyolefin waste. Polyolefins include type
2, high-density polyethylene (HDPE), type 4, low-density polyethylene (LDPE), and type 5
polypropylene (PP), Figure 1.3. Polyolefins are widely used as disposable packing materials,
grocery bags, films, and containers. Polyolefin waste accounts for 63% of the total plastic waste.
The amount of polyolefin waste is further increasing in the COVID period, as gowns, surgery
masks, and take-out containers are all made of polyolefins. The recycling ratio of polyolefin waste

is lower, 5-10%, compared to other types of plastic waste such as PET bottles. In summary,
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polyolefin waste is the majority of the total plastic waste and was chosen to be studied in this
research.

HDPE

CHs ». 7%
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pp‘d LDPE
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Figure 1. 3 Polyolefins and their chemical structures

1.1.5 Hydrothermal Processing

Hydrothermal processing (HTP) has the potential to efficiently convert plastic waste into
useful products. HTP is a thermochemical depolymerization process that can convert organic
feedstocks such as biomass or plastics into gas, oil, and solid (Brown, Duan, & Savage, 2010). An
illustration of HTP is shown in Figure 1.4. The organic feed and sub-/supercritical water are loaded
into an enclosed reactor. The reaction temperature is between 250-500°C and the reaction pressure
between 1-30 MPa. HTP has been successfully used for converting biomass material into bio-
crude oils and hydrolyzing condensation polymers such as polyethylene terephthalate (PET) and
polycarbonate (PC) (Funazukuri, 2015; Pedersen et al., 2016; Savage, Gopalan, Mizan, Martino,
& Brock, 1995).

> Gas
Feedstock , oil
| Sub/Supercritical , == Solid
Water
Temperature 250-500 °C > Water

Pressure 1-30 MPa

Figure 1. 4 The illustration of hydrothermal processing
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Water plays a critical role in HTP. It can serve as a solvent, reactant, and catalyst. When
approaching and exceeding the critical point, water’s properties change significantly, Figure 1.5.
The dielectric constant is a parameter indicating the polarity. At room temperature, water has a
dielectric constant of 80 indicating a strong polarity. However, at a higher temperature above
200°C, the dielectric constant of water is reduced to about 5, indicating water has become a non-
polar solvent which will have good solubility for dissolving polymers. With increased temperature,
the ion product (Kw) of water also changes significantly, which shows different reactions based on
ions and free radicals can occur in HTP. In sum, HTP is a flexible process producing varied
products via different reaction pathways. One can manipulate the reaction conditions to selectively
produce desired products.

Literature has reported some preliminary research of HTP on polyolefin polymers using
supercritical water (Funazukuri, 2015; Moriya & Enomoto, 1999; Williams & Slaney, 2007).
However, more work is needed to construct the reaction pathways, to explore the product
applications, to evaluate HTP for energy efficiency, environmental impacts, and economical

potentials, and to develop HTP as a technically and economically feasible method for polyolefin

waste.
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Figure 1. 5 The relation between the density, dielectric constant, and ion product of water versus
temperature
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1.2 The Problem

The problem addressed in this study is the lack of fundamental knowledge, engineering

design, and product application verification for developing HTP as an efficient and economical

solution for plastic waste.

1.3 Research Questions

The key research questions answered in this study include:

1.

What are the chemical compositions of the HTP products from different types of plastic
waste?

What are the reaction pathways for different types of plastic in HTP?

How will reaction temperature, time, and pressure affect the reaction pathways and
product compositions?

What are the applications of the products derived from different types of plastic waste?

Are polyethylene (PE) and polypropylene (PP) waste feasible for producing clean
gasoline and diesel via HTP and are there any synergistic effects on reaction mechanisms,
product yields, and qualities in the co-processing?

How is HTP compared to other plastic recycling methods (incineration, mechanical
recycling, pyrolysis, and gasification) in terms of energy efficiency, greenhouse gas
(GHG) emissions, and economical feasibility?

1.4 Research Objectives

The long-term objective of this study is to develop hydrothermal processing as an efficient

and economical method for plastic waste. The detailed objectives are as following:

1.
2.
3.

Understand the conversions of PE, PP, and their mixtures with different mass ratios.
Construct the reaction pathways for PE, PP, and their mixtures.

Determine the effects of reaction conditions on the reaction pathways and product
compositions.

Test and qualify the products as clean gasoline, diesel, and waxes.

Apply the optimal reaction conditions to actual plastic waste to prove the technical
feasibility of HTP.
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6. Evaluate HTP and compare it to other recycling methods in terms of process energy

consumptions, GHG emissions, and economical potentials.

The deliverables of this study are two peer-reviewed publications (Jin, Vozka, Gentilcore,
Kilaz, & Wang, 2021; Jin et al., 2020).

1.5 Significance

The development of HTP on plastic waste is with great potentials for reducing plastic waste
accumulation by converting the waste into useful products. With the methods developed in this
study, 220 million tons of polyolefin waste can be converted into 190 million tons of clean fuels
annually, while saving 1.5 billion barrels of crude-oil-equivalent energy and reducing associated
GHG emissions. A circular economy can also be achieved by producing waxes and other
monomers using HTP. This study built a solid basis for HTP and sighted the technical and

economic feasibility for the conversion of plastic waste into useful products via HTP.

1.6 Assumptions

The following assumptions were made during the research:

1. The oil product yields were calculated based on mass differences and verified with
collected oil weight.

2. The gas product yields were calculated based on the gas pressure and gas chemical
compositions using the ideal gas law.

3. The diesel fraction yields were calculated based on the chemical compositions.

4. The octane number and cetane number were predicted by the FT-IR fuel analyzer based on
the FT-IR spectra.

5. The potential profits of HTP were calculated based on the average price of gasoline and
diesel between 2015-2020.
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1.7 Delimitations

The delimitations of this research were:

1. This study focused on the conversion for producing oils and waxes. Conversion for gases
was not considered.

2. This study focused on the conversion of PE, PP, and their mixtures. Other types of plastic
such as polyethylene terephthalate (PET) and polyvinyl chloride (PVC) were not
considered as the feedstock.

3. For oil products, this study focused on producing clean gasoline and diesel. Other oil
products such as crudes or heavy oils were not considered as the main product.

4. Biomass waste such as food residue was not considered or tested in the experiments. The
effect of biomass waste in the feed was not determined.

1.8 Limitations

The limitations of this research were as following:
1. Cycloparaffins and olefins were grouped because GCxGC-FID cannot distinguish them in
the chromatogram.
2. The experiments were conducted in a batch reactor. No continuous reactor was used in this
study.
3. Engine tests for gasoline and diesel were not conducted because the required sample

amounts were beyond the production capability of this study.

1.9 Summary

In this chapter, the background was first introduced in Section 1.1, followed by the statement
of the problem and research questions in Sections 1.2 and 1.3, respectively. The research objectives
were introduced in Section 1.4. The significance, assumption, delimitations, and limitations were

discussed in Sections 1.5, 1.6, 1.7, and 1.8, respectively.

23



CHAPTER 2 REVIEW OF LITERATURE

2.1 Hydrothermal processing

HTP was first studied on the conversions of biomass materials. Water was found to process
significantly different properties near and above the critical point. Many applications were then
explored including biomass fuel production, waste treatment, and material synthesis (Savage, 1999;
Savage et al., 1995). For example, a study was reported for converting aspen woods and glycerol
at 400°C and 30 MPa. The oil product had a higher heating value (HHV) of 34 MJ/kg (Pedersen
et al., 2016). Swine manure and algal biomass were also studied in HTP and the oil product was
with a HHV of 28 MJ/kg (Chen et al., 2016).

HTP was further studied for the conversion of different types of plastics. Funazukuri et al.
studied the hydrolysis of condensation polymers including polyethylene terephthalate (PET) and
polycarbonate (PC) in HTP (Funazukuri, 2015). Valuable monomers were obtained from HTP and
following purifications.

Several studies reported the use of HTP on polyolefins. A literature map was plotted
accordingly, Figure 10. Watanabe et al. conducted HTP experiments for LDPE and compared the
results to that of pyrolysis (Watanabe, Hirakoso, Sawamoto, Tadafumi Adschiri, & Arai, 1998). It
was found that the HTP oil has a higher olefins/paraffins ratio than the one of pyrolysis. The reason
was believed because of different reaction phases. Moriya et al. and Su et al. reported similar
results as that of Watanabe et al. (Moriya & Enomoto, 1999; L. Su et al., 2005). Zhao et al. studied
HTP at a lower reaction temperature, 250-350°C, and solid fuels were the main product while the
oil yield was only 10-30% (X. Zhao, Zhan, Xie, & Gao, 2018).

One recent article reported the conversions of four types of common plastic (PE, PP, PET,
and PC) into oil and solid products via HTP (Seshasayee & Savage, 2020). Two different reaction
temperatures and reaction times were tested. The yields of the products were measured by weight
calculation. The chemical compositions of the products were analyzed using nuclear magnetic
resonance (NMR), gas chromatography-mass spectrometry (GC-MS), Fourier-transform infrared
spectroscopy (FT-IR), elemental analysis, and thermogravimetric analysis (TGA). This article
explored how the plastic feed type, reaction temperature, and reaction time affect the oil yields,

chemical compositions, and some physical properties. In the end, the authors also commented on
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the potential values of the products as monomers and crude oils (Seshasayee & Savage, 2020)
However, this article did not provide new knowledge on purposing the reaction pathways nor
qualifying the products for any practical use. Only rough descriptions were used for the reaction
pathways. The products were believed to be monomers and crude oil but were without any

qualifications being done to support the statements.
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Figure 2. 1 Literature review map on HTP for plastic waste

The article by Zhao et al. studied the use of HTP for converting six types of plastics,
including PC, high impact polystyrene (HIPS), acrylonitrile butadiene styrene (ABS), PP, and
polyamide 6 (PAG6) (X. Zhao et al., 2018). Oils and solid residues were observed after reactions.
The oils were analyzed for chemical compositions using gas chromatography-mass spectrometry
(GC-MS). Bisphenol A was found in the PC oils while alkane-aromatics were the major
compounds in the HIPS and ABS oils. PP-oil was rich in alkanes and caprolactam was found in
PAG6 oils. The solid residues were analyzed using thermogravimetric analysis (TGA) and
differential scanning calorimeter (DSC). Based on the TGA and DSC results, the authors

concluded the solids to be potential solid fuels. The authors also commented that hydrothermal
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methods can be a novel waste-to-energy technique. One limitation of this article is that the authors
did not investigate the intrinsic reactions and no new reaction mechanism was proposed.

Though many studies reported the use of HTP to convert polyolefin waste, no
comprehensive reaction pathways have been proposed. The products were also not tested as
commercial fuels or waxes. There are still knowledge gaps before HTP can become a practical
solution for the polyolefin waste accumulation problem.

Furthermore, current studies on HTP focused on using subcritical- or supercritical water,
and no study was found using steam for the conversion of polyolefin waste. Steam near or above
critical point possesses similar properties as supercritical water such as the dielectric constant.
Therefore, it has the potential to reduce the process capital cost and energy demand as the use of

steam requires a lower pressure.

2.2 Co-processing of PE and PP Waste

Currently, most of the plastic waste was collected in mixtures. A further separation into
sorted plastic waste will add up to the total processing cost. It is also possible for different types
of plastics to interact during the co-processing to improve product yields and qualities. Therefore,
co-processing of different plastic waste becomes an attractive research field.

Mixed polyolefins have been studied as the feedstock in pyrolysis. A recent study reported
the conversion of mixed PE and PP waste into fuels via catalytic pyrolysis (Kassargy, Awad,
Burnens, Kahine, & Tazerout, 2018). The reaction temperature was 500°C and zeolite catalyst was
used at a 1:10 mass ratio for the catalyst to plastic feedstock. An oil yield between 75-80% was
achieved and three fractions were obtained, including a gasoline fraction, a diesel fraction, and an
intermediate oil fraction. Only one mixing ratio (50%:50% for PE:PP) was reported for fuel
properties, and the gasoline fraction was not qualified as the octane number was lower than
required. The researchers concluded that no interaction between PE and PP was found. The
limitation of this study was that only a single mixing ratio was tested, and the flexibility of co-
processing was not explored.

A recent study reported the co-processing of LLDPE and PP in SWL (P. Zhao et al., 2021).
Different mixing ratios of LLDPE and PP between 1:3 and 3:1 were tested at 400 °C and 1 hr. The
researchers compared the experimental results with mathematic calculation and concluded the

existence of synergistic effects. They also found that the oil was shifting to the light end when
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more PP was in the feedstock. However, only one reaction temperature and reaction time were
tested in this study and it is unclear whether the synergistic effects will vary with different reaction
conditions. Furthermore, the oil fractions were not tested for any applications.

No study was reported on the co-processing of mixed polyolefins in HTP using steam. Our
study was the first one reporting the synergistic effects of PE and PP in LP-HTP.

2.3 Fuel property requirements

For oils to be qualified as commercial gasoline and diesel, a set of properties is required.
The requirements for commercial gasoline and diesel are shown in Table 2.1 and 2.2, respectively.

Octane number is a key parameter in evaluating gasoline quality. It measures the resistance
of the fuel against compression in gasoline engines. Anti-knocking index (AKI), the averaged
octane number of two types of test engines, is required to be 87 or higher. Gasoline with a too low
AKI will result in engine knocking and associated damages to engine gears.

Kinematic viscosity is also vital for fuels. A too high viscosity will result in an insufficient
blending of fuels and air and will cause partial combustion with less power generated. Fuel density
also needs to be in a reasonable range, as suggested by ASTM D4052.

Tao, Tso, Too, Ttinai, and distillation residue are obtained from distillation separations. They
provide information on the boiling point distributions. Based on these values, the drivability index
(DI), an important measure of the gasoline performance in different conditions, can be calculated.

Reid vapor pressure is a measure of the volatility of gasoline. A high Reid vapor pressure
indicates high levels of vaporization, which will help car-starting in cold seasons. However, it will
result in vapor-lock in hot seasons. Therefore, an appropriate range of Reid vapor pressure is
needed according to ASTM D5191.

Lead and sulfur in traditional petroleum-derived gasoline produce toxins and pollution
gases such as SO». A concentration limit is requested by ASTM D4814.

The presence of aromatics in gasoline can help improve the octane number but will also
likely increase the amount of multi-ring aromatics in the exhaust gas. Benzene, as commonly seen
in aromatic mixtures, is toxic. Therefore, the concentrations of aromatics and benzene are required

to be below a specific value.
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Similar to the octane number for gasoline, diesel has an important parameter, cetane
number, for indicating the combustion rate and the compression needed for ignition. A cetane
number between 40 and 60 is required for diesel fuels.

Flashpoint is a measure of the temperature at which diesel can be ignited. It is a key
property for fuel storage safety. ASTM requires the flashpoint to be at least 38 °C for No.1 diesel.

Water and sediment are impurities in fuels. They can cause incomplete combustion and
engine plugging. ASTM requires the water and sediment content to be no more than 0.05%.

In sum, several property measurements are needed to qualify oil products as commercial

gasoline and diesel, and the measurements were considered in this study.

Table 2. 1 Gasoline properties, ASTM requirements and measurements

Gasoline properties ASTM requirements and measurements
Anti-knocking index (AKI) D4814
Kinematic Viscosity (mm2/s) D7042
Density (g/cm3) D4052
T10, Tso, Too, and Tinar (°C) D86
Distillation residue (wt.%) D86
Drivability index (DI(°C)) D4814
Reid vapor pressure (psi) D5191
Lead (ppm) D4814
Sulfur (ppm) D4814
Benzene (wt.%) N/A
Aromatics (wt.%) D4814
Hydrogen content (wt.%) N/A
Gross calorific value (MJ/kg) N/A
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Table 2. 2 Diesel properties, ASTM requirements and measurements

Diesel properties

ASTM requirements and measurements

Cetane number

D975

Flash point (°C) D56
Kinematic viscosity (mm2/s) D7042
Cloud point (°C) N/A
Too (°C) D86
Sulfur (ppm) D975
Water and sediments (ppm) D6304
Aromatics (wt%) D975
Hydrogen content (wt%) N/A
Gross heating value (MJ/kg) N/A

2.4 Summary

In this chapter, the use of HTP for converting plastic waste was introduced in Section 2.1,
followed by the co-processing of plastic waste in Section 2.2. The review on fuel property

requirements were summarized in Section 2.3.
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CHAPTER 3 METHODOLOGY

3.1 Materials

3.1.1 Plastic feedstock

Standard polyolefin polymers and actual waste were used as feedstock in this study. Standard
PE (Mw = 180,000 g/mol) and PP (Mw = 250,000 g/mol) pellets were purchased from Sigma
Aldrich (St. Louis, MO). EREMA pellets (EREMA North America, Ipswich, MA), made from
post-consumer PE grocery bags, were used as PE actual waste in tests. Similarly, Berry shredded
flakes (Berry Global, Evansville, IN), made from post-industry PP containers and lids, were used

as PP actual waste. The pictures of the plastic feedstock are shown in Figure 3.1.

Figure 3. 1 Standard PP polymer pellets, standard PE polymer pellets, pelletized PE waste, and
shredded PP waste (from left to right)

3.1.2 Other materials

The water used in experiments was obtained from a Milli-Q water purification system and
was degassed for 30 mins before use.

Commercial gasoline and diesel were tested for fuel property comparisons. The commercial
gasoline and diesel samples were obtained from local gas stations (West Lafayette, IN) including
BP, ExxonMobil, Family Express, GoLo, Marathon, Meijer, Shell, and Speedway.

A commercial paraffin wax was purchased from VWR (Radnor, PA) and used as reference
material.

The n-Eicosane and n-Tetracontane which were used as references in GCxGC-MS, were
purchased from Sigma Aldrich (St. Louis, MO).
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The activated carbon used for wax purification was CAL 12X40 with a mean particle

diameter of 1.0 £ 0.1 mm, and was purchased from Calgon Carbon Corporation (Pittsburgh, PA).

3.2 Instrumentation

3.2.1 Reaction

The experiments were conducted using a 500ml batch high-temperature high-pressure
reactor, Parr Type 4570 (Parr Instrument Company, Moline, IL), Figure 3.2. This reactor system
was composed of a 500ml reactor cylinder (2.5” ID and 6.6” inside depth) and a reactor head, a
magnetic drive (0-600 RPM), a pressure gauge (0-34.5 MPa), a safety rupture disc, a gas inlet, an
outlet valve, a liquid sampling valve, cooling coils, and a thermowell with a Type J thermocouple.
The cylinder, head, and internal parts were made of Alloy C276 and the valves and external fittings

were made of stainless steel. An electric heater assembly (110V) is used for heating.

Figure 3. 2 Parr type 4570 high-temperature high-pressure batch reactor (www.parrinst.com)
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3.2.2 Separation

The glassware used for filtrations and liquid-liquid separations were purchased from Fisher
Scientific (Hampton, NH).
Oil products were separated into different fractions by distillation. The distillation

apparatus was assembled according to ASTM D86 method. An illustration is shown as Figure 3.3.

Figure 3. 3 Distillation apparatus (https://engineering.purdue.edu/FLORE)

3.2.3 Chemical composition analysis of gas products

The chemical compositions of the gas products were obtained via gas chromatography with

a flame ionization detector (GC-FID). The details are shown in Table 3.1.
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Table 3. 1 Parameters for GC-FID analysis of gas products

Parameter Description
Column J&W GS-CarbonPLOT GC Column, 30 m,
0.32 mm, 3.00 um, 7 inch cage
(FID: Front Detector, 20 Hz Data Rate,
0.01 min Minimum Peak Width)
Gas Flow Rates 2.5 mL/min He (12.03 psi, 40 cm/s avg. velocity),
45.0 mL/min Hj, 400 mL/min Air
Oven Temperature  Hold at 50 °C for 1 min, ramp from 50 °C to 350 °C
at rate of 10 °C/min, hold at 350 °C for 5 min
Temperatures Inlet: 275 °C; Detector: 275 °C

Pressure & Split
Ratio

Inlet: constant pressure of 12.0 psi, 107 mL/min total flow
(Split Ratio of 19.2, Split Flow of 99.2 mL/min)

Sample Injections
(Manual Injection)

C1-Ce