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ABSTRACT

Plastic recycling has been a prevalent issue since the commercialization of plastics
due to lack of adoption and insufficient technology. There are many different types of
plastics used in modern day society; however, majority of recycling efforts are focused
solely on polyethylene terephthalate (PET) and polyethylene plastics. Some of these
overlooked plastics include polyols and polyurethanes, which can be found in a variety of
applications including furniture stuffing, adhesives, and insulation foams. Recently, plastic
research has turned to catalytic cracking units as a means of plastic recyclability. Catalytic
cracking of hydrocarbons is a field dominated by zeolites catalysts, especially ZSM-5.
Despite a heavy research focus on the catalytic cracking reactions of PET and polyethylene,
there exists preliminary research efforts in the field of pyrolysis and catalytic cracking of
polyols and polyurethanes. As such, a reactor and analytical system was built to investigate
the catalytic cracking of polypropylene glycol (PPG) using zeolite catalysts. Based on
preliminary testing, the primary seven products of interest were propionaldehyde; 1,4-
dioxane, 2,5-dimethyl; 1-propanol; 1,3-dioxolane, 2-ethyl-4-methyl; acetone; 2-ethyl-
trans-2-butenal; and propylene glycol. Based on an economic evaluation of the process, it
was decided that the maximization of the selectivity of propionaldehyde would be the
overall goal of the project.

Numerous zeolite catalysts containing varying crystalline structures, silica to
alumina ratios, and porosities were tested within this reactor system. ZSM-5 with a silica

to alumina ratio of 50:1 was found to be the best microporous catalyst for this reaction.



However, upon varying porosities within the catalyst, mesoporous structured zeolite-Y
catalyst with a 30:1 silica to alumina ratio was shown to outperform all microporous
catalysts. 2-D MFI zeolites and Pt-H-ZSM-5 catalysts were also synthesized and tested.
Although Pt-H-ZSM-5 showed very low conversion, likely due to catalyst deactivation, the
synthesized 2-D MFI zeolites showed very high levels of selectivity toward
propionaldehyde, ~70%. After preliminary catalyst testing, the reaction conditions within
the system were optimized. The steam percentage in the carrier gas, the reaction
temperature, and the catalyst to polyol ratio for the catalytic cracking of polypropylene
glycol were tested in a Box-Behnken type design of experiment (DOE). Based on the DOE
results, the reaction temperature was the most important parameter for this reaction, which
allowed correlations between temperature and the seven products of interest to be drawn.
Characterization of fresh and spent catalysts were also investigated through numerous
characterization techniques including TGA, XRD, SEM, PALS, and nitrogen
physisorption. Through these characterization techniques, the existence of coke on/in the

spent zeolite samples was evident.
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CHAPTER 1
ISSUES AND POTENTIAL SOLUTIONS FOR PLASTIC WASTE

RECYCLING

Recycling has been an overarching issue facing the planet for many decades. The
management of waste plastic is essential for building sustainable and livable societies®.
However, a lack of proper recycling implementation, uncontrolled disposal, and a general
lack of public awareness has led to severe environmental consequences. In fact,
approximately 78% (4.9 billion tonnes) of all the plastic ever made has been disposed of
in landfills or continues to persist elsewhere in the environment2. Large-scale plastic
production has been around since ~1950, yet end-of-life plastic treatment methods are still
quite limited®>. In the year 2015, for example, a mere 8.8% of the commercially produced
plastic was recycled in the United States®. Through current means of recycling, this trend
is projected to increase into the near future®. In fact, the difference between the amount of
waste recycled and the amount of waste produced globally is expected to increase
drastically over the next few decades®. Given the large degradation time of these plastics,
the potential threat of microplastic, tiny plastic pieces formed because of plastic
degradation, to human and environmental health remains. Thus, it is important that
innovative, recycling technologies are developed and implemented to close the gap
between the amount of plastic produced vs. the amount of plastic waste recycled. The 1950-

2015 data displayed in Figure 1.1 is based on historical data while the 2015-2050 data have



been extrapolated based on said historical data on a global scale. Based on Figure 1.1,
innovative technology needs to be implemented to close the gap between waste generated

and waste recycled?.

Cumulative Plastic Waste Generation and Disposal
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Figure 1.1: The global production and outcome of plastic products?

1.1 Issues Facing Modern Recycling Processes

Plastics fall under one of two categories, thermoplastic polymers: polyethylene
terephthalate (PET), high-density polyethylene (HDPE), polyvinyl chloride (PVC), low-
density  polyethylene = (LDPE), polypropylene  (PP), polystyrene  (PS),
acrylonitrile/butadiene/styrene (ABS), etc. and thermosetting polymers: phenolic,
polyurethane, unsaturated polyester, etc®>* Despite the large variety of plastics,
polyethylene terephthalate (PET) and polyethylene are the only plastics that are
commercially recycled at a rate greater than 1% of their production. PET and polyethylene
make about 9% and 37%, respectively, of the total plastic produced in the United States
annually®. Therefore, there are little to no recycling methods for over half of the plastic

produced in the United States. One such example of these overlooked plastics are polyols



and polyurethanes. Polyols and polyurethane can be found in abundance within modern
society; they have uses in insulation, coatings, adhesives, foams for mattresses, footwear,
and car seats’. Despite their abundance of useful applications, implementations of polyol
and polyurethane recycling are quite rare®’

Modern day recycling methods primarily consist only of mechanical recycling
approaches, regarding industrial methodologies. These approaches first consist of sorting
the plastic into their respective categories, which is then followed by washing them to
remove organic residue, melting, shredding, and finally recasting of said plastics.
Additionally, virgin plastic is added to these recycled plastics, prior to recasting, in order
to ensure chemical and mechanical properties are satisfied for manufacturing®®. Despite
their simplicity, mechanical recycling approaches have many limitations. Not only are
there economic and time constraints associated with mechanical processes, but
temperature-sensitive plastics cannot be recycled through the means described previously,
as they will lose their chemical properties and decompose beyond suitability38.
Additionally, general degradation throughout the lifetime of a plastic as well as the inability
to process complex mixtures pose large issues for mechanical processes®®. This
phenomenon of incompatibility can be seen in the scanning electron microscopy (SEM)
image below in Figure 1.2. Figure 1.2 shows that PET particles, the smaller lighter/darker

circles, are almost adhering to the surface of the PP instead of uniformly mixing, which

results in the inability to process said mixture®.
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Figure 1.2: SEM image of a PP:PET (85 : 15 wt%) mixture®

In order to overcome the limitations of mechanical recycling approaches,
innovative approaches for various process steps are being developed and are currently in
use. Most of these approaches relate to the sorting process of mixed, solid plastics. Such
approaches involve electrostatic separation, which rely on a specific plastic compound’s
charge deflection in an electric field; flotation and froth flotation separation, which rely on
a specific plastic’s density; magnetic density separation, which involves the magnetic
separation of plastic compounds suspended in a magnetic liquid while under an induced
magnetic field; and x-ray detection, which allows for the detection of chlorine rich
compounds, such as PVC81°, Despite these modern-day advances, mechanical processes
are still quite limited in their ability to recycle plastics effectively; thus, research has turned
its attention to chemical and biological processes as a means for plastic recycling going
forward®10-13,

Innovative chemical processes involved in the recycling of plastics primarily fall
into three categories: chemolysis, pyrolysis, and catalytic cracking. Chemolysis is a process

that involves the depolymerization, deconstruction of polymers into monomers, of plastic



compounds via chemical reactions, such as glycolysis and hydrolysis. Unlike pyrolysis and
catalytic cracking, chemolysis involves the introduction of a new reactant material in
addition to the plastic waste. This new reactant material reacts with the plastic compounds
to depolymerize the long, complex chains that make up plastics. On the other hand,
pyrolysis is not defined by a chemical additive to a plastic mixture, but as the act of
breaking down polymer chains to form smaller molecules in a high temperature
environment, typically in the absence of oxygen. This decomposition results in
depolymerization or random fragmentation of the starting plastic material. Catalytic
cracking is defined as the use of a catalyst to breakdown long-chain, organic
compounds®*!. Unlike mechanical processes, chemical and biological processes are not
focused on the regeneration of plastic molecules, but on their conversion into economically
viable petrochemicals. Catalytic cracking and pyrolysis reactions have great potential in
the plastic recycling industry due to their relative ease of implementation; however, such
processes result in a wide range of product chemicals, which is disastrous from a reaction
kinetics and separation standpoint. Additionally, biological advances in enzymatic reaction
may potentially prove to be useful as a means of plastic conversion and chain length
selective cleaving®13,

Despite their complexity, a catalytic cracking reaction has the potential to
revolutionize the plastic recycling industry due to its cost-effective approach of plastic
reformation. The catalysts predominately used in catalytic cracking reaction are silica-
alumina based catalysts, zeolites, and mesoporous materials, especially that of Zeolite
Socony Mobil-5 or more commonly known as ZSM-5%111415 Thuys, in order to fully optimize

a catalytic process, it is important to fully understand the reaction kinetics and the structures



of said catalyst. As this may potentially give insight into plastic reactions that are relatively
unstudied.
1.2 Catalytic Cracking via Zeolite Catalysts

Catalytic cracking of hydrocarbons via zeolite catalysis has been around since the
1960s and 1970s'®!7. Zeolite catalyst applications primarily occur in fluidized catalytic
cracking (FCC) units at elevated temperatures®!!!4151721 " Zeolite employment through
FCC units can be found in oil and gas refining applications, biomass conversion, methane
conversion, and more recently plastic recycling®!!:!41517-26_ Ag such, there is a considerable
amount of research in the field of pyrolysis and catalytic cracking of waste plastic via
zeolite catalysts®7-11:14:1521-23.27.28 "Ny ch of this research is geared toward thermoplastics
with an emphasis on the production of gasoline range hydrocarbons and other valuable
petrochemical products®!!1413:21-23  Nonetheless, zeolites are playing a major role in
research geared toward plastic waste recycling and upcycling®!1:14.15:20-23.29.30,
1.2.1 Zeolite Overview

Zeolites are characterized through their SiOs and AlO4 tetrahedra based structure.
The corners of these tetrahedra are linked via an oxygen atom, which result in an organic
macromolecule. These joined tetrahedra are made up of SiO2 and AlO> molecules, which
results in the aluminum-based tetrahedra structures to hold a negative charge at their center.
The overall zeolite framework is comprised of channels and cages with dimensions from
0.1 to 1 nm, as shown in Figure 1.3%. Within these channels, there lies water molecules
and cations to balance out the negative charge of the aluminum. Thus, the overall formula
for a zeolite can be written as A™ ym[(SiO2)x*(Al20]*zH20, where m represents the cation

charge, A represents the cation, x+y represents the number of tetrahedra per



crystallographic unit cell, and x/y represents the silicon/aluminum ratio®!. According to the
International Union of Pure and Applied Chemistry (IUPAC) classification system,
microporous structures are classified as having a dp > 2.0 nm, mesoporous structures are
classified as having a 2.0 nm < dp < 50 nm, and macroporous structures are classified as
having a dp > 50, where dp represents pore diameter®\:32, According to this classification,
most zeolites would fall under the microporous structure category. Additionally, it is
important to note that zeolites contain uniform pores and are classified as crystalline

aluminosilicates®?.
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Figure 1.3: Structural representation of various zeolites®!

1.2.2 Zeolite Surface Chemistry

The most important characteristic for a zeolite are its acidic sites, which give a
zeolite its catalytic reactivity. These sites consist of both Bregnsted and Lewis acid sites. It
is these acidic sites that enable zeolites to breakdown long-chain hydrocarbons®%,
However, it is important to note that severe heat treatment of the zeolite (> 500 °C) causes
the Bransted acid sites to degrade; this is due to the splitting off of water within the site,
known as dihydroxylation, turning the site into a Lewis acid. Figure 1.4 presents a solid-
state infrared (IR) spectroscopy of H-Y zeolite (solid line) and H-Y zeolite having adsorbed

pyridine (dotted line). The two bands occurring at 3640 cm™ and 3550 cm™ represent the



bridging that occurs between the O-H group in the sodalite cages. However, when pyridine
is absorbed onto the zeolite’s surface, the band present at 3640 cm™ disappears. This
exemplifies the molecular sieve effect of zeolites; the cage, represented by the 3550 cm
band, is too small for the pyridine to penetrate unlike the cage present at the 3640 cm™
band. Examining the right side of the spectrum, two bands are present at 1542 cm™ and
1455 cm™, which represent the Bronsted and Lewis acid sties, respectively®l. The
identification of acid sites is of great interest in zeolite chemistry because it has been found
that their catalytic nature stems from the Brgnsted acid sites rather than the Lewis acid
sites. However, in certain instances, it has been reported that Lewis acid sites may enhance

the Bronsted acid sites, which in turn, would increase a zeolite’s catalytic activity>133,
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Figure 1.4: Solid-state IR spectrum of H-Y zeolite (solid line) and H-Y zeolite having
adsorbed pyridine (dotted line)*!

1.2.3 Catalytic Cracking Mechanism
The exact mechanism for acid site catalytic cracking, shown in Figure 1.5, has been
up for debate since the early days of its discovery?®**. However, the theorized mechanism

involves the formation of carbenium ions on Brensted acid sites via proton donation to an



alkene, which can be the result of previous thermal cracking. Lewis acid sites can also play
a role in the formation of carbenium ion formation through hydride abstraction from an
alkene. Then, a Brensted site can donate a proton to an alkene, forming a carbonium ion,
which can then split off dihydrogen to form a carbenium ion or undergo protolytic cracking
to form an alkane and a carbenium ion. The resulting carbenium ions formed in these
processes crack through B-scission, forming alkenes and smaller carbenium ions. Lastly,
the recovery of hydrides from a Lewis acid site will result in the formation of alkanes from
carbenium ions, and the donation of a proton from the carbenium ions to a Brensted acid
site will result in the formation of an alkene, terminating the reaction?343. Additionally,
steam is often used in catalytic cracking to inhibit secondary reactions that result in

coking** 2,
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Figure 1.5: Catalytic cracking mechanism of long-chained hydrocarbons®’
1.2.4 Zeolite Crystalline Shape and Pore Size

The pore size of a zeolite can play a large role in the product yield and overall
conversion of a reaction. As previously mentioned, the molecular sieve effect can cause a

zeolite to react selectively with smaller or larger molecules. By manipulating the pore size



of a zeolite catalyst, it is possible to alter the resultant chain length of a product
hydrocarbon?"2°-3t, However, larger pore size does not always lead to increased selectivity,
as found by Y. Li et al. It was discovered, through experimentation with polymer chain
lengths and membrane zeolites, that long chain polymers may cause the blockage of a
zeolite pore, which would reduce the overall selectivity of the reaction. This phenomenon,
which was coined the effect of polymer chain rigidification, seems to occur due to rapid
cooling of the zeolite membranes®.

It has also been shown that the shape of the zeolite crystals can play a role in the
selectivity of a reaction. Y. S. Bhat et al. found there be a clear correlation between zeolite
crystal size and reaction selectivity*>*4. Crystallite structures from length 5.7 to 37.9 um,
which resulted in a selectivity from 32% to 81%, respectively, for an isomerization of
xylene reaction®®. This concept has also been demonstrated by Olson and Haag, who
showed a significant selectivity increase by increasing the crystal size of a zeolite by nearly
two orders of magnitude**. Therefore, it can be concluded that small or large differences
in crystalline sizes can vastly improve reaction selectivity; this improvement is due to an
increase in selectivity of the primary product while secondary isomerization is reduced*#4,
1.2.5 Zeolite Silicon/Aluminum Ratio

As previously mentioned, zeolites are comprised of SiO2 and AIO2 molecules; thus,
the greater the number the AlO™~, the greater the acidity of the zeolite itself, as per the
charge of AlO; would indicate. The idea of comparing the number of SiO; and AlO™ is
known as the silicon to aluminum ratio (SiO2/Al,03 or Si/Al ratio)3*>*. The idea of
increasing the amount of Al content in a zeolite to increase its acidity can be observed in

Figure 1.6%. Figure 1.6 displays IR spectra for five samples of H-ZSM-5 with increasing
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Si/Al ratios; in other words, sample 1 has the highest number of Al atoms while sample 5
has the fewest number of Al atoms structurally present. The bands present at 3720 cm
and 3600 cm™ represent Brgnsted acid sites. Figure 1.6 shows that as the amount of Al
structurally present in the H-ZSM-5 sample increases, the number of Brgnsted acid sites
also increases®. Therefore, as the number of Al atoms structurally present increase, as does

overall zeolite acidity. Moreover, it has then been shown that as the zeolite acidity increase,

so too does the catalytic activity of the zeolite?®4>46,

Transmission
i ~
w

S

o

- J—
8

3720 3600

Wavelength (em=")

Figure 1.6: IR spectra of H-ZSM-5 samples with varying Si/Al ratios*
The idea of “super acid sites” has also been proposed due to a significant increase
in the number of Al atoms structurally present in a zeolite*>*®. However, an increase in

catalytic activity does not always lead to an increase in desired products, as observed by
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M. A. Uguina et al. It was observed that by decreasing the Si/Al ratio, the selectivity of the
primary product decreased, due to an increase in the selectivity of secondary products®®.
1.2.6 Implementations of Metals into the Zeolite Framework

The process in which framework aluminum are removed from the “core” zeolite
structure is known as dealumination®#’, These are typically replaced by silicon to decrease
the number of acid sites on the zeolite surface®. However, W. Sriningsih et al.
demonstrated that natural zeolites can be used as a support for other metals through the
implementation of dealumination. Figure 1.7 displays the X-ray diffraction (XRD) patterns
for these associated zeolites, which contain Ni, Ni-Mo, Co, and Co-Mo metals*’. Based on
Figure 1.7, moderate alterations were made to crystallographic structure of the natural
zeolite upon the dealumination and introduction of a new metal. The resulting selectivity
of these zeolite supported metal catalysts were higher than that of the natural zeolite when
used to hydrocrack LDPE plastic waste. It was shown that the zeolite supported metal
catalysts have a much higher amount of acid compared to that of the natural zeolite.
Therefore, it was concluded that the selectivity of the zeolite supported metal catalysts,
compared to that of the natural zeolite, was due to increase in acidity and the strengthening

of acidic sites through the replacement of Al with other metals*”.
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Figure 1.7: XRD patterns of natural zeolite (A) and zeolite supported metals: Ni-zeolite
(B), Ni-Mo-zeolite (C), Co-zeolite (D), and Co-Mo-zeolite (E)

1.2.7 Different Types of Zeolites used for Catalytic Cracking

As previously discussed, zeolite pore size can play a large role in the product yield
and conversion of a reaction due to the molecular sieve effect 2%?72°3! Thus, synthesis of
zeolites with varying pore sizes to test the catalytic cracking of various plastics may yield
interesting results, as has been the case for other types of catalytic cracking
reactions®”?%39484 ‘Quch zeolites may include meso-porous variants of ZSM-5, Zeolite Y,
and MCM-41, as these have been tested on several polymers in the literature 272304849,
1.2.8 Coke Formation on Zeolite Catalysts

Coking, the buildup of solid carbon particles on the surface of a catalyst, has greatly
hindered zeolite catalysts used in catalytic cracking reactions®®®2, Coking is an
unavoidable phenomenon when used for hydrocarbon cracking due to the presence of
longer-chain and aromatic hydrocarbons®. There is quite a noticeable difference in the

surface morphology of the fresh catalyst versus the used catalyst. This difference in

appearance can be attributed to coke buildup on the surface of the zeolite. This buildup
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blocks the acidic sites on the zeolite catalyst, which causes a decrease in the catalytic
reactivity of the zeolite itself**°1, However, a zeolite with coke buildup can be regenerated
through high temperatures and in the presence of oxygen to allow the conversion of solid
carbon to CO». Despite regenerative efforts, some coke may never leave the surface;
additionally, the high temperatures required for regeneration may lead to degradation of
the zeolite, as shown in Figure 1.8°%. Examining the difference between the dashed and
dotted lines of the various catalysts, it is clear to see the change in the crystallinity of ZSM-
5 after undergoing five cracking and regeneration cycles. The reason for the large
discrepancy between the XRD patterns in the ZSM-5 is a change in crystalline structure

from orthorhombic to tetragonal®®.

Pt-Gd/ZSM-5

PY/ZSM-5

Gd/ZSM-5

Relative Intensity (a.u.)

225 23.5 247.5
20
Figure 1.8: XRD patterns for ZSM-5 and ZSM-5 doped with Gd, Pt, and Pt/Gd.
Although five cracking and regeneration cycles resulted in a crystalline structure
change for ZSM-5, metal doping of ZSM-5 was shown to significantly reduce said
crystalline structure change, as observed by S. Kim et al. Figure 1.8 displays the XRD

pattern for three additional ZSM-5 zeolites that were doped with Gd and/or Pt. Based on

the Figure, the doped catalyst resulted in significantly less crystalline structure alterations
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than regular ZSM-5, especially that of ZSM-5 doped with Pt and Gd. Additionally, it was
found that these lack of alterations allowed the selectivity of the cracking reaction to be
more consistent through multiple cracking and regeneration cycles, as seen in Figure 1.9
below. Figure 1.9 shows a steep decline in the selectivity of the reaction for ZSM-5 while

almost no loss, if any, in the selectivity of the reaction for Pt and Gd doped ZSM-5°1,
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Figure 1.9: Average product gas (PG) versus the number of cracking and regeneration
cycles for ZSM-5 and ZSM-5 doped with Gd, Pt, and Pt/Gd>!

1.2.9 Dealumination of Zeolites

Dealumination of zeolites, induced through the usage of steam, in catalytic cracking
reactions have long since been an issue in gas-oil fluid catalytic cracking units>. This
phenomenon, shown in Figure 1.10, leads to Al extraction from the framework but not the

material, resulting only in the alteration of the (Si/Al) framework ratio™.
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Figure 1.10: The schematic for the dealumination of a zeolite®

Dealumination typically occurs in high temperature environments (above 500 °C)
over prolonged steam exposure®>°. Dealumination can result in the reduction of Brensted
acid sites and the creation of Lewis acid sites, as Bronsted acid sites are derived from Al in
the framework and Lewis acid sites are derived from Al in extra-framework>?. Alterations
to Brensted and Lewis acid sites can significantly impact the catalytic activity of the
zeolite™>°, Thus, it is important to identify dealumination of the spent catalyst, which can
be done using magic angle spinning nuclear magnetic resonance (MAS NMR)>. MAS
NMR would allow the identification of changes in AI-O bonds and thus, indicate changes
to the aluminum framework>® %, In fact, literature has shown that shifts in 53 and 60 ppm
in 2?A1 MAS NMR demonstrate changes in framework species tetrahedral Al sites
associated with zeolites>’>*. Additionally, changes in Brensted and Lewis acid sites can be
investigated with in-situ-FTIR, via pyridine adsorption, by examining changes in hydroxyl

group bands (3400-3800 cm™) and pyridine-acid sites interaction bands (1400-1600 cm"

1)45,51,58760
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1.3 Polyols and Polyurethane
As previously mentioned, there are many different types of plastic, but modern day

recycling methods and research are primarily focused on PET and polyethene®#. In other
words, a large majority of the plastics produced end up in a landfill®. One such example of
these overlooked plastics are polyols and polyurethanes. Polyols and polyurethanes can be
found in abundance in modern times; they have uses in insulation to coatings to adhesives
to foams for mattresses to footwear to car seats. Despite their abundance of useful
applications, implementations of polyol recycling are quite rare5’.

Polyols can be categorized into polyether polyols or polyester polyols. Polyether
polyols are produced by reacting epoxides with compounds rich in active hydrogen atoms.
Polyester polyols are produced through the polycondensation reaction of multifunctional
carboxylic acids and polyhydroxyl compounds. Additionally, these polyols can be further
categorized by their molecular weights’.

Polyurethane is one of the most important and useful polyols given its applications
in furniture and mattresses®’. However, the vast majority of furniture and mattresses end
up in landfills. In fact, a study in Southeast England found that 10% of landfill volume
could be attributed to mattresses®. Furthermore, polyurethanes are made by reacting
polyhydric alcohols with molecular weights of 200-20,000 and functionalities which range
between 2 and 8 with isocyanates. With the assistance of a catalyst, the NCO functional
groups within the isocyanates help to create urethane/urea linkages, resulting in the

formation of polyurethane’.
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1.3.1 Thermal Cracking of Polyurethane

There are numerous studies that examine polyurethane and its decomposition
during pyrolysis®®-%°, The reaction mechanism for a polyurethane pyrolysis reaction is
quite complex. However, there are many characteristic changes that occur during said
reaction. These changes can be observed in Figure 1.11, which displays two IR spectra of

polyurethane during decomposition in an N2 atmosphere®.

Figure 1.11: IR spectra of decomposing polyurethane at 300 °C (A) and 397 °C (B) in N2
atmosphere at 30 °C/min®

In the A spectrum of Figure 1.11, peak 3357 cm™ represents the stretching vibration
of N-H while the stretching vibration of -CH.- groups are presents at the 2931 cm™ peak;
additionally, the symmetric and asymmetric bands of C-O-C aryl alkyl ethers can also be
observed at peaks 1056 cm™ and 1217 cm™. The mass of peaks observed from 1303-1625
cm* and 3400-3900 cm™ are indicative of the presence of water vapor. Similarly, the
presence of CO, can be observed at the 2360 cm™ peak. From these peaks, it can be
concluded that the thermal degradation of polyurethane begins with the breakage of
urethane bonds in an inert atmosphere. The rupturing of hard segments aligns with the

formation of isocyanates (-NCO) which is observed to have an intense peak at 2275 cm™

6
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In the B spectrum of Figure 1.11, the peaks present at 2973 cm™, 2931 cm?, and
2877 cm represent the vibration stretching of -CHs, CHo, and -CH groups, respectively;
it should also be noted that these peaks have a strong, positive correlation with increasing
temperature. The peaks present at 1022 cm™ and 1278 cm™ represent the symmetric and
asymmetric absorption band of C-O-C in alkyl aryl ethers. The peaks at 910 cm™, 1375
cm?, and 1452 cm™ are indicative of the formation of tert-butyl groups (-C-(CHs)s). CO2
bands are once again present at the 2366 cm™ and 2327 cm™ peaks. Additionally, the peak
at 1662 cm represents the presence of various types of ethers. The strongest peak can be
observed at 1108 cm™, which represents the stretching vibration of C-O-C bonds from
ethers of high polarity. In conclusion, the second stage of the decomposition of
polyurethane is primarily comprised of the decomposition of the ether polyols produced
during the first stage into products with methyl, methylene, methine, C-O-C/carbonyl
groups, and CO2®.
1.3.2 Catalytic Cracking of Polyols

One of the first promising recycling paths for polyols was demonstrated in a patent
produced by A. Gaftney et al., which displays some promising results regarding the
catalytic treatment for polyether polyol waste to produce valuable, petrochemical products,
as displayed in Figure 1.122%. In the patent, a fluidized bed reactor is used to produce the
results displayed in Figure 1.12. Catalyst A, listed in Figure 1.12, is a ZSM-5 based catalyst.
Nitrogen and steam were bubbled through a catalyst and plastic mixture within the reactor.
Unfortunately, the patent does not directly state the polyol used, but describes the polyol
as having an average molecular weight (MW) of 440; although based on the reaction

products, it is likely that the polyol primarily consisted of polypropylene glycol®®.
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Regardless, Figure 1.12 indicates a significant potential for the deconstruction of waste
polyols into propionaldehyde, given its 81.6 wt% in the product gas®.

Figure 1.12: The products of the catalytic cracking of polypropylene glycol in an FCC
unit?®
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1.3.3 Thermal Cracking of Polyols

Despite the lack of literature involving catalytic cracking of polyols, there exists
several studies which investigate the thermal decomposition of polyurethane®¢ 63,
However, given the polyol most likely used in the patent, polypropylene glycol, the
reaction mechanism for the thermal decomposition of propylene glycol is far more
insightful. Shown in Figure 1.13, the proposed decomposition schematic illustrates the
dehydration of propylene glycol (1) to 2-propen-1-ol (5) or dehydration to form propylene
oxide (2). Propylene oxide acts as the intermediate for the further decomposition of itself
to acetone (3) and propionaldehyde (5). It was also concluded from this study that only

0.1% of propylene glycol decomposed due to kinetic limitations; however, it was found

that most of the resulting decomposition products primary consisted of propionaldehyde®.
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Figure 1.13: Pyrolysis of propylene glycol reaction schematic®®

1.4 2-D Mordenite Framework Inverted (MFI) Zeolite Nanosheets

2-D mordenite framework inverted (MFI) Zeolite nanosheets were synthesized and
fully characterized by E. Naranov et al. in accordance with the surfactant synthesis outlined
by M. Choi et al. Additional papers also outline similar procedures for the synthesis these
nanosheets®”®8, Regarding the procedure followed by E. Naranov et al., the synthesized
zeolite nanosheets then underwent a calcination of 6 hours in air, H-form through
ammonium nitrate exchange for 4 hours, and then a drying and calcination for 3 hours®’.
The number of these 12-hour cycles directly defines the name of the zeolite nanosheets
discussed below. Figure 1.14 displays A) the small-angel PXRD patterns and B) the wide-
angel PXRD patterns for the 2-D MFI zeolites during synthesis, which have similar
patterns to that of MCM-41 and ZSM-5 due to their MFI structure®®. It is also worth noting
that MCM-41 has been shown to have excellent reaction selectivity and selectivity
enhancement when paired with a ZSM-5 catalyst*®. Part C of Figure 1.14 represents N2

adsorption isotherms, which indicate that at low pressures (P/Po < 0.4) the observed

21



isotherms correspond to microporous materials while the high changes in adsorption, in
the high-pressure regions, indicate a pore irregularity. It has been observed that ZNS-HT-
48 contains both micropores as well as mesopores, which are indicative of a structural
transformation; this claim is also supported by part D of Figure 1.14 which represents the
overall spread of the pore diameters found within the structure. Part A of Figure 1.14 is
also indicative of low levels of crystallinity within the mesostructured ZNS-HT-12, due to
the lack of peaks; however, the peak returns at 24 hours, indicating the presence of the MFI
crystallite. At 36 hours, the peak once again disappears, but returns at 48 hours, where the

fully crystalline structure with ultrathin nanosheets is detected.
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Figure 1.14: Characterization of 2-D MFI zeolite nanosheets A) small-angel PXRD
patterns B) wide-angled PXRD patterns C) N2 adsorption isotherms (C) pore size
distributions of MFI zeolite nanosheets®’

Figure 1.15 provides a schematic of the structural changes that take place during
the 48-hour period to produce the MFI nanosheets. Initially a structure like that of MCM-

41 is visible, which is then disordered, unfolded, flattened, and reordered to form MFI

nanosheets®”’.
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Figure 1.15: MFI nanosheet crystalline structure changes throughout the four 12-hour
cycles®’

As Figure 1.15 implies, there is a large increase in the number of acid sites on the
zeolite as time moves forward. The unfolding effect observed in Figure 1.15, allows the
surface of the zeolite to facilitate acidic sites, which may significantly reduce internal mass
transfer limitations presented in porous zeolites. Through the examination of Figure 1.16,
it is concluded that this is indeed the case. The absorption band at 1545 cm™ is due to
interaction of pyridine on Brgnsted acid sites while the absorption bands around 1455 cm-
!indicate the interaction of pyridine with Lewis acid sites®’.
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Figure 1.16: FTIR spectra of ZSM-5 and MFI nanosheets at various synthesis times®’
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As shown in Figure 1.17, ZNS-HT-48 has highest number of Brgnsted and Lewis
acid sites, which would indicate a higher reaction selectivity, as discussed previously*>46:6,
As it turns out, this is indeed the case for the MFI nanosheets as well; as the number of

Bransted acid sites increases, so too does the reaction selectivity, as shown in Figure 1.17.
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Figure 1.17: Selectivity of Alkyltoluene versus the concentration of Brgnsted acid sites
on the MFI nanosheets throughout the four 12-hour cycles; note that ZNS-MW-6T and
ZNS-MW-6 zeolite nanosheets were nanosheets synthesized through microwave
irradiation®’

2-D MFI nanosheets are also easily identifiable through scanning electron
microscopy (SEM) imaging, as displayed in Figure 1.18. Clear ball-like clusters can be
seen in Figure 1.18 in further distance images. However, closer imaging reveals the floral
like structures of these ball-like clusters. The “petals” of these structures represent the 2-D

MFI zeolite sheets’®.
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Figure 1.18: SEM images of 2-D MFI zeolites™
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CHAPTER 2

EXPERIMENTAL METHODOLOGY

2.1 Reactor System Setup

A reactor system was designed and built to test the catalytic cracking of waste
polyol plastics. The reactor system was primarily built from a combination of 316 stainless
steel tubing and fittings of various sizes. In total, the reactor system was redesigned three
times: version 1.0, version 2.0, and version 3.0. The following subsections discuss these
three versions and their respective intricacies as well as the general design of the reactor
itself. Overall, the reactor system can be categorized as a semi-batch, plug-flow reactor
system.
2.1.1 Reactor Tube

The general design of the reactor tube, as seen in Figure 2.1, did not change from
version-to-version. However, the size of the tube and loading amounts were varied and are
to be discussed in the following subsections as well. The reactor tube is a 30 cm 316
stainless steel tube that is positioned vertically and encapsulated within a tube furnace.
Originally, a vertically positioned reactor tube stemmed from the idea of an FCC unit, as
discussed within the introduction. However, given the flow rate limitations imposed upon
the system, fluidization of the bed was unsuccessful. This was verified using a quartz tube,
as seen in Figure 2.1, which was produced in Chemix. Figure 2.1 displays the polyol, the
slightly green viscous liquid, on top of the zeolite catalyst and sandwiched in between two

pieces of quartz wool. The polyol used is typically clear; however, it was mixed with an
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inert salt, nickel (I1) chloride, for visual representation. Although a quartz tube provides a
visual outlook on the reaction, a stainless steel tube was chosen due to the stability it
provided, as many quartz tubes were broken during the initial experimentation. The tube is
first loaded with a support rod, which enables precise catalyst bed placement regarding the
thermal couple. The thermal couple is introduced into from the top of the reactor tube and
sits approximately in the middle of the tube; this thermal couple allows accurate bed
temperature readings, as the furnace thermal couple can result in drastically different values
from the setpoint depending on the set temperature. A piece of quartz wool is then inserted
and flatted with another piece of tubing on top of the support rod; this flattened piece of
quartz wool is to act as the bottom of the catalyst bed and prevent any catalyst/reactant
from escaping the bed. A set amount of mixed catalyst and polyol is then added to the
reactor tube, which is followed by another piece of quartz wool to keep the bed in place.

The loaded reactor tube is then situated between two fittings and tightened on the top and

L

bottom to prevent any possible leaks.

Thermocouple

Quartz Wool
N

Catalyst + Polyol Mixture %

Nitrogen
-
Steam

Thermometer

Figure 2.1: Side view of the reactor tube
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2.1.2 Reactor Setup Version 1.0

The initial version of the reactor system was closely based on the previously
discussed patented process for polyol decomposition, as seen in Figure 2.228, The primary
goal of this setup was to validate the results presented in the patent. Thus, version 1.0
employed the use of an evaporator, reactor, condenser, and a gas chromatograph (GC) for
analysis Figure 2.1, which was produced in Chemix. An HPLC (high-performance liquid
chromatography) pump was used to pump water from a reservoir, a 1 L Erlenmeyer flask,
into a large stainless steel tubing of ¥2” outer diameter (OD); additionally, inert gas,
nitrogen, was introduced at the top of said tube. The HPLC pump was first calibrated for
several different lower end flow rates over a large range of time, over 30 hours, to create
an adjustment for the setpoint vs. the actual flow rate. This calibration was achieved
through a mass-based calibration using water. The nitrogen gas flow rate was regulated
using a mass flow controller (MFC) of 200 mL maximum flowrate using an MFC controller
box. The MFC was also calibrated using a gilibrator to adjust the setpoint for the actual
flow rate. 1/16” 316 stainless steel tubing was plumbed from the HPLC pump into a series
of bored fittings and expanding fittings into the evaporator. The water was introduced about
halfway inside of the tube to prevent potential backflow and better mixing. The tube was
also slightly angled downward to also help mitigate potential backflow and pooling of
water within the tube. The stainless steel tube was filled with stainless steel beads, which
acted to provide additional mixing properties for the nitrogen and steam mixture. The
stainless steel beads were also hypothesized to increase the overall heating effectiveness of
the evaporator, given their thermal conductivity properties. The stainless-steel beads were

placed through the top of the condenser before tightening the fittings and were held in place
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with a piece of quartz wool at the end of the tube. The tube was wrapped with rubber
heating tape and then wrapped with aluminum foil, which allowed for a more uniform
heating distribution. The resulting creation acted as the evaporator for all versions of the
reactor system. The evaporator operated at temperatures over 120 °C and resulted in what
is assumed to be a well-mixed carrier gas feed comprised of steam and nitrogen. The carrier
then flowed through '4” stainless steel tubing, which was heated in a similar manner to the
evaporator, directly to the reactor tube itself. Along the way to the reactor, a pressure gauge
was introduced to allow for pressure monitoring of the system. This became extremely
important in later versions of the reactor system for identifying system plugging. In version
1.0, the reactor tube was a '2” 316 stainless steel tube, which is held in place with two
Swagelok® ultra-torr vacuum fittings, which are both sealed with a Viton® O-ring.
Typically, these fittings are used with a quartz tube; however, they also provided a leak-
tight seal with a stainless steel tube, which allowed for easy removal and replacement of
the reactor tube. Eventually, the Viton® O-rings were replaced with
polytetrafluoroethylene (PTFE) O-rings due to concerns of potential product reactivity and
temperature limits. At this point, the reactor operated with 1.0 g of catalyst and 0.5 g polyol.
The zeolite poured into the reactor tube on top of the quartz wool bed with a funnel, and
then polyol was injected via a syringe down the tube onto the zeolite, resulting in the zeolite
and polyol mix. Following the reactor, the Swagelok® ultra-torr vacuum fittings were
connected to '4” stainless steel tubing that flowed to the condenser. The condenser was
comprised of two pieces of 74~ 316 stainless steel tubing that were curved to try and
increase surface area exposure. These two pieces of tubing were connected to a cross

fitting, which allowed for the connection of a '2” 316 stainless steel tube and a
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thermocouple, which was situated at the center of the cross fitting. The '4” stainless steel
tube, which was about 15 cm in length and closed at the bottom with a %" stainless steel
nut, allowed for the collection of any potential condensate. The entire condenser and the
lines leading up to said condenser from the reactor were wrapped in a similar fashion as
the evaporator. The thermocouple placed inside the condenser allowed for an accurate
reading on the temperature within the condenser. The condenser was heated to about 60 °C
to condense all the water out of the system while leaving any volatile products. This was
then followed by Y4 316 stainless steel tubing, which also was connected to two particulate
filters to protect the GC instrument from possible plugging from escaped quartz wool or
catalyst particles from the reactor. The first particulate filter contains a 2 micron pore size
filter while the second particulate filter contains a 0.5 micron filter. All the '4” tubing
leading up to the GC, including the two particulate filters, were heated in a similar manner
to the evaporator. Additionally, the outlet of the GC was also wrapped and heated to
prevent any plugging of condensing products after leaving the GC. This outlet line was
introduced into a beaker of water, which allowed for proof of flow through the system from
the resulting bubbles.

There were many issues with this version of the reactor setup. The primary issue
faced was a closed mass balance. Almost no condensate was collected from the condenser,
which means the condenser needed to be reworked to remove the water from the system.
Only after about 5 runs could any quantifiable condensate be collected from the condenser
outlet. Additionally, water droplets were observed being expelled through the GC outlet.

Although water is not necessarily quantifiable in the GC, as will be discussed later, it can
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potentially cause damage to the GC column’. Regardless, the system needed to be

reworked, which led to reactor setup version 2.0.

Figure 2.2: Reactor setup version 1.0

2.1.3 Reactor Setup Version 2.0

Version 2.0 of the reactor system can be seen in Figure 2.3. The overall design of
version 2.0 was very similar to that of 1.0. The general design of the reactor system before
the reactor was same as in version 1.0, apart from minor modifications. The first minor
modification that was implemented was the replacement of the stainless steel beads in the
evaporator with glass beads. After numerous runs, the flow out of the evaporator become
almost non-existent. As it turned out, the stainless steel beads had been corroding, which
resulted in small, oxidized metal flakes to build up within the quartz wool outlet and plug
the evaporator. As such, the stainless steel beads were removed and replaced with inert,
glass beads. Additionally, the quartz wool was removed and replaced with a steel frit in
order to mitigate the potential migration of contaminates from inside of the evaporator to
the reactor. The steel frit was hammered into a %" stainless steel tube that was connected
to the end of the evaporator, which primarily served to contain the glass beads within the

evaporator. The last minor modification was the replacement of the rubber heating tape
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with high-temperature heating tape made from quartz fabric. Due overwrapping and
overheating of the rubber heating tape, the rubber became very brittle and cracked along
with the heating wire it contained; thus, rendering the heating tape useless and unable to
heat. This issue was especially pertinent within the evaporator which required higher
temperatures to ensure the evaporation of the water. As such, several variable transformers
were required to facilitate use of the high-temperature heating tape, as seen in Figure 2.3,
which was produced in Chemix. The high-temperature heating tape was wrapped with
aluminum foil, allowing for more uniform heat distributions of the wrapped tubing.
Additionally, the line leading to the condenser was also replaced with high-temperature
heating tape as opposed to rubber heating tape.

The most important modification made to version 1.0 was the complete redesign of
the condenser. The old condenser was completely scrapped and a new one that sought to
condense all products and reactants was designed. Surface area exposure was key to
overcoming this challenge; thus, the condenser was comprised of two pieces of 1/8” 316
stainless steel tubing that were about 180 cm in length. These two pieces of tubing were
coiled and connected to the right and left side of a cross fitting. Much like the first
condenser, a thermocouple was fed into the top of the cross fitting and situated in the center
of said fitting. The bottom of the cross was once again connected to a '4” stainless steel
piece of tubing of about 15 cm in length, which was now closed using a 2 switching
valve. Prior to the connection of the swithing valve, the entire condenser was lowered into
a plastic bucket. A hole was drilled into the bottom of the bucket of about /2 OD, where
the '2” stainless steel tube was slipped through. The switching valve was then secured at

the bottom, locking the condenser into place with the bucket. The slight cracks between
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the tubing and the bucket were sealed using adhesive. Once the adhesive dried, the bucket
was filled with a solution of antifreeze, which consisted of a 40% water and 60% ethylene
glycol mixture by volume. The bucket and condenser was situated next to the reactor and
supported with steel scaffolding. A chiller is used to circulate the antifreeze solution to
reduce the temperature. The chiller is set to its lowest setpoint, 35 °F, which allowed the
condenser to reach temperatures of about 2 °C. The cold inlet for the chiller is situated at
the bottom of the bucket while outlet is situated at the top in an attempt to make use of
natural convection. By immersing the condenser in the antifreeze solution, it allowed for
the maximum amount of heat transfer to occur as opposed to wrapping the condenser with
tubing that circulated cooling fluid. The 1/8” stainless steel coils were attached connected
to the rest of the system at the bucket.

After the condenser, the same Y4 stainless tubing wrapped in rubber heating tape
transported the remaining gases to a switch valve that was connected to a gas bag. The gas
bag was used to collect any uncondensed product. The gas bag and the condensate that
resulted from reaction were analyzed using a gas chromatography mass spectrometer (GC-
MS).

The mass balance had significantly improved from version 1.0; however, it still did
not come close the desired >95% closure with repeated experiments. Thus, three
modifications were made in an attempt to improve the overall condensation and precision
of the reaction. The first modification involved pre-mixing the catalyst and polyol prior to
addition to the reactor tube. There were a number of inconsistencies with the condensate
being capture, so it would stand to reason that these may stem from inconsistencies with

external mass transfer limitations within the reactor’>~"4. Upon introducing the pre-mixed
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methodology, the results became more consistent by adding 1.5 of pre-mixed catalyst and
polyol (2 to 1 catalyst to polyol ratio). However, there were still very broad ranges of
condensation collection. Thus, it was decided to increase the amount of pre-mixed polyol
that would be added to the reaction to minimize the experimental error and remaining
residual products within the reactor system. However, the current tube could not facilitate
additional catalyst and polyol mixture; thus, a 1” OD reactor tube of the same length was
prepared and employed. Unfortunately, Swagelok® ultra-torr vacuum fittings had to be
replaced with regular fittings that had to be tightened and loosened with large wrenches.
Regardless, with the implementation of a larger reactor tube, experimental runs consisting
of 5 g of pre-mixed catalyst and polyol were used thereafter. These larger pre-mixed runs
were able to drastically reduce the inconsistencies from run to run; however, the mass
balance still did not exceed the desired 95%. Therefore, it was decided to lengthen the coils
within the condenser itself. Instead of 180 cm coils, 360 cm 1/8” stainless steel coils were
used. Despite this modification, no additional improvements in the mass balance were seen.
In fact, since the inner diameter (ID) of longer coils was smaller than that of the 180 cm
coils, problems with flowrates become a noticeable concern. It was observed that the
smaller ID coils could not ensure an unhindered flow of gas, resulting in a slight pressure
buildup within the system. Thus, it was decided that the 180 cm coils would be better choice
for the system overall. However, this still resulted in difficulties with the mass balance
closure; thus, version 3.0 of the reactor system was designed to achieve the desirable mass

balance closure of over 95%.
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Figure 2.3: Reactor setup version 2.0

2.1.4 Reactor Setup Version 3.0

Reactor setup version 3.0 can be seen in Figure 2.4. The only objective of this
design of the reactor system was to obtain a desirable mass balance closure of over 95%.
Given the modifications to version 2.0, it seemed as though the improvement of the current
condenser was not a viable option for closing the mass balance. Since the temperature of
the first condenser could not fall below 0 °C, as the water within it would freeze, lowering
the temperature of the condenser was not a viable option. The only two foreseeable options
were to either design the condenser once again or add another condenser. If another
condenser was added to the setup, then it could operate at significantly lower temperatures
than the first condenser, assuming the first condenser is successfully able to condenser out
water and other higher boiling point products from the product stream. Thus, it was decided
to try adding a secondary condenser that would operate in series with the other one to
improve the mass balance closure.

Much like the first condenser, the idea was a coiled condenser submerged in a
cooling liquid. This time a small tee cross was used with two 1/8” coils of about 20 cm in
length. The bottom part of the condenser, where the liquid would be held, was 4 tubing

with a '4” switching valve. The body of the condenser was a stainless steel tissue holder
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from Walmart, which was welded to a stainless steel plate to close off the bottom of the
condenser. A hole about "4 was drilled into the bottom of the stainless steel plate, and once
again, the %4” stainless steel tubing was inserted and secured into the plate with the '4”
switching valve. Despite an attempt to seal the bottom of the new condenser with adhesive,
it began to leak quite quickly due to the operable temperature limit of the adhesive;
therefore, the 4” tubing had to be welded to the steel plate. This allowed the condenser to
be leak proof and it was filled with acetone, which has a very low freezing point of -95.35
°C™, Thus, the condenser could theoretically cool the product gas to said temperature with
ease. The condenser was also wrapped with absorbent pads in an attempt at insulating the
condenser. The acetone within the condenser is then cooled to about -60 °C with liquid
nitrogen or dry ice. The condenser typically heats up to be about -40 °C at the conclusion
of an experimental run. The temperature is monitored via a thermal couple that is
submerged in the acetone bath itself, as there was a limited amount of space within the
condenser itself.

No additional modifications were made to the remaining part of the reactor system.
The gas bag was then sampled at the end of the second condenser instead of the first.
However, with this new modification of a secondary condenser, a mass balance closure of
over 95% was achieved. Thus, the final version of the working reactor system, displayed
in Figure 2.4 which was produced in Chemix, includes the usage of an evaporator that
produced a carrier gas stream of steam and nitrogen, which flows through a semi-batch
plug flow reactor. The resulting catalytic cracking products from 5 g of mixed polyol and

zeolite is condensed through a series of two condensers. Through this system, a mass
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balance closure of over 95% is achievable with only liquid condensate as the concern for

the quantification.

Figure 2.4: Reactor setup version 3.0

2.2 Reaction Materials

Although numerous catalysts and polyols were tested in the setup, the following
sub-section will primarily focus on the usage of NHs-ZSM-5 as the catalyst and
polypropylene glycol Mn ~425 as the reactant polyether polyol. Zeolyst provided the NH4-
ZSM-5 catalyst, which is their CBV 5524G product that has a SiO2/Al,03 molar ratio of
50:1 and a surface area of 425 m?4'®. The catalyst was primarily used out of the container
as NH4-ZSM-5 unless otherwise specified. The polypropylene glycol was purchased from
Sigma Aldrich. Several different zeolite catalysts were also used as well as other polyols
such as polyethylene glycol and polyurethane. Polyethylene glycol Mn ~8000 was also
purchased from Sigma Alrich while the polyurethane samples (Texin® 950 D) were
provided by Covestro. The usage and results of these different zeolites and polyols will be
further discussed in the Experimental Results section.

2.3 Product Gas Analysis
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As previously mentioned, the product gas for the various versions of the reactor
setup were analyzed using both GC and GC-MS. The following subsections will discuss
both setups and their respective intricacies.

2.3.1 Reactor Setup Version 1.0 Product Analysis

Initially, a 2014 Shimadzu GC was used to analyze the product gas that resulted
from version 1.0 of the setup. The GC operated with a dual capillary column setup that
utilized a thermal conductivity detector (TCD) as well as a flame ionization detector (FID)
as seen in Figure 2.5. The GC utilized helium as a carrier gas and a hydrogen as the flame
source for the FID. The SPL sampling port was split using a splitter to two different
columns: a Carboxen 1010 plot capillary column and a Supel-Q plot capillary column.
Much like the patent, the original idea was to quantify the flammable, organic product in

the FID while quantifying the non-flammable products in the TCD?,

External heated transfer line

Figure 2.5: Analytical setup for version 1.0 of the reactor setup
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The TCD and FID chromatograms of one of the first experimental runs are
displayed in Figure 2.6. As seen in Figure 2.6, the FID primarily consists of two large peaks
with many smaller trailing peaks around the 2 and 3 retention time while the TCD also
consists primarily of two large peaks. The column oven was heated to 150 °C and kept
constant throughout the run, which totaled 15 minutes. This experimental run utilized a
reaction temperature of 440 °C, a catalyst to polyol ratio of 2:1 with a total mixture mass

of 1.5 g, and a steam percentage of about 20% with a total flow rate of about 25 mL/min.
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Figure 2.6: TCD and FID chromatogram of preliminary data from the GC analytical setup
used in version 1.0 of the reactor

Although the patents provided some guidance as to the possible products being
produced, it was necessary to verify these potential products through the use of a GC-MS
system. A sampling gas bag was connected to the outlet of system to be collected for the

GC-MS. This sampling gas bag was sampled with a gas-tight syringe and injected into a
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2010 Shimadzu GC-MS via an injection port at the top of the GC-MS. The chromatogram
for the vapor product is displayed in Figure 2.7. The GC-MS utilized a RTX-1701 capillary
column with a constant oven setpoint temperature of 150 °C with a total time of 8 minutes.
The detector used in the GC-MS system is the mass spectrometer portion of the GC, which
was connected to the Nuclear Science and Technologies (NST) database for easy
compound identification. Additionally, the carrier gas used for the GC-MS system is
helium. Majority of the peaks appeared within the first 3 minutes of the run, as seen in
Figure 2.7. As seen in Figure 2.7, there exists one large peak, belonging to that of
propionaldehyde. The other small peaks within the run were identified as propanoic acid;
1,3-dioxolane, 2-ethy-4-methyl; and 1,4-dioxane, 2,-dimethyl. However, the quantities of

these other products were negligent.
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Figure 2.7: The GC-MS chromatogram for the product gas of version 1.0 of the reactor
system

After several preliminary runs had been conducted using the reactor system, a slight
amount of condensate was able to be collected from the condenser. This condensate was
also injected into the GC-MS, as seen in Figure 2.8. The column oven was heated and held

once again at a constant 150 °C, but for a total time of 17 minutes for the condensate. The
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initial peak resembles a mass spectrometer saturation due to the high amount of water
within the same, but the other peaks resemble acetone, propylene glycol, 1-propanol, and

2-propanol methyl-.
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Figure 2.8: GC-MS chromatogram for the condensate of version 1.0 of the reactor system
With the identification of the condensate and vapor products complete, the focus
was returned to the original GC system with the dual detector setup. The next step for this
process was to quantify the primary products from the reaction. This was accomplished by
external calibration for propionaldehyde in the FID as well as nitrogen in the TCD. At first,
a solution of known concentration of propionaldehyde was injected into the injection port
of the GC; however, after many iterations, it was clear that something was not working
correctly, as the results were not even close to reproducible. Instead, it was decided to inject
propionaldehyde directly into the evaporator via syringe pump at a known flow rate along
with nitrogen; however, this once again did not yield reproducible results. The outcome
was the same even after the evaporator had straight-piped to the GC, which involved

directly linking the evaporator to the GC. This was done in an attempt to mitigate potential

experimental error due to cold spots within the system. Additionally, the small 1/16” lines
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connected to the switching valve of the GC system were wrapped with heating tape in case
propionaldehyde was condensing there. However, this still did not alleviate the
inconsistencies within the results. By accident, it was discovered that one of the syringes
that was being used in the syringe pump to deliver propionaldehyde to the system seemed
distorted and discolored. As it turns out, propionaldehyde was reacting with the rubber seal
of the syringe being used. Therefore, a PTFE syringe was ordered specifically for pumping
propionaldehyde into the system. With this change, the results finally became reproducible
and a calibration curve for nitrogen with the TCD and a calibration curve for

propionaldehyde with the FID were constructed as seen in Figure 2.9.
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Figure 2.9: GC calibration curves for propionaldehyde and nitrogen used in version 1.0 of
the reactor setup

Using these calibration curves, a volume fraction for nitrogen, propionaldehyde,
and other products was able to be developed. The idea was that the volume fraction for
propionaldehyde plus the volume fraction for nitrogen plus the volume fraction of the other
products should equal one. Using this equation, one was able to calculate the volume
fraction selectivity of propionaldehyde for the product gases. Preliminary results suggested
propionaldehyde selectivity’s above 60%, which were later further optimized through the

usage of a design of experiments (DOE), as discussed in the experimental results section.

42



Additionally, it is important to understand that selectivity here refers to the adjusted
quantification of products seen in the GC system. Using the calibration curves in Figure
2.9, a percentage of product gas was defined as propionaldehyde, and the remaining
percentage defined as other products. Therefore, the selectivity of propionaldehyde refers
to the amount of propionaldehyde with respect to the other observed product peaks.

Although the selectivity is important for this reaction, the yield of the reaction
products is far more important. However, without a sufficient mass balance closure on the
condenser and the vapor phase, there could be no quantification of yield for this process.
Additionally, water droplets had been observed in the gas sampling bag, signaling a lack
of condensation within the condenser itself. Thus, the reactor system had to reworked, as
previously mentioned, in addition to the analytical method for product quantification.
2.3.2 Reactor Setup Version 2.0 Product Analysis

Version 2.0 of the reactor sought to close the mass balance, as previously discussed.
The first means of mass balance closure was a physical quantification of the liquid product
mass as well as the amount of polyol and water put into the reactor system. A single run
was repeated three times to get an idea of the general mass closure percentage as shown in
Table 2.1. The run consisted of 50 mL/min of total flow, 20% steam in the carrier gas, a
total mixed polyol and zeolite mass of 5 g, a catalyst to polyol ratio of 1:2, and reaction
temperature of 310 °C. 10 mL/min of steam constituted around 0.324 g of water pumped
into the system, from the earlier discussed calibration. Given the mixed polyol and zeolite
mass and the ratio between the two, the total amount of polyol introduced into the system
was 1.67 g. Once the reaction had run its course, over an hour period, condensate was

collected from condenser and massed. Thus, the mass in is equal to the water pumped into
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the system and the polyol introduced while the mass out is equal to the condenser mass,
displayed in Table 2.1. The mass balance closure was then calculated by dividing the mass
in by the mass out of the system. This resulted in all three runs having nearly 100% mass
balance closure.

Table 2.1: Physical Mass Balance Closure of Version 2.0

Run Total Water Polyol Mass In | Mass Out | Mass Balance
Pumped Loaded Closure
1 0.324 g 1.67 g 1.994g | 1.981g 100.66%
2 0.324 g 1.67 g 1.994g | 2.053¢g 97.13%
3 0.324 g 1.67 g 1.994g | 1.969¢ 101.27%

However, upon further calibration testing using the HPLC pump, it seemed as
though there might be a large amount of experimental error introduced within these results.
Thus, it was decided that a more in-depth quantification of the mass balance was necessary.
The primary products of reaction would have to be identified and calibrated for within the
setup. The quantification of the products was done solely using the GC-MS, as it provided
better separation with the same column due to the use of a vacuum. Much like the product
analysis for version 1.0, an RTX-1701 capillary column was used; however, the ramping
temperature and mass spectrometer detection ranges were varied. Several runs were
repeated, and the liquid effluent tested along with vapor phase that was captured in a
sampling gas bag after the condenser. At this point in the system, there was solvent being
used to dissolve the products in one phase; thus, the condenser had both an aqueous phase

and an organic phase that was tested.
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For the vapor phase, a ramp temperature of 30 °C was used to increase the column
temperature from 40 °C to 200 °C after an initial hold at 40 °C for 2 minutes. The total time
for this run was just over 7 minutes. The mass spectrometer scan range was set to 33-380
m/z for the first minute and 14-380 m/z for the remaining time. This was done to avoid
seeing oxygen and nitrogen within the detector, as the vast majority of the gas sampling
bag was comprised of nitrogen. The vapor phase yielded a number of products: carbon
dioxide, propene, acetaldehyde, 2-pentene (E), 2-pentene (Z), ethanol, and
propionaldehyde. The primary products in the vapor phase are displayed in Table 2.2, as
well as their respective area percentages.

For the aqueous and organic phases of the condensate, an initial temperature hold
at 40 °C was done for 3 minutes, followed by a temperature ramp to 80 °C at 20 °C/min.
The 80 °C temperature was held for 2.5 minutes, which was followed by the final ramp to
150 °C to then be held there for additional 5 minutes. The total time of the run was about
16 minutes. A solvent cut time, to avoid saturating the detector with water, was
implemented, and the mass spectrometer began scanning at 1.35 minutes for 14-380 m/z
for the remainder of the run. The visible products present in these runs were as follows:
propionaldehyde; acetone; 1-propanol; 2-propen-1-ol; 2-pentanone; acetol; 1,3-dioxolane,
2-ethyl-4-methyl-; pentanal, 2-methyl-; 1,3-dioxolane, 2-ethyl-4-methyl-; 1,4-dioxane, 2-
6-dimethyl-; 1,4-dioxane, 2,5-dimethyl-; propanoic acid, 2-propenyl ester; propanoic acid;
propanoic acid, propyl ester; 2,3-pentanedione, 4-methyl-; 1,4-dioxane, 2,5-dimethyl; 1,4-
dioxane, 2,5-dimethyl-; 2-ethyl-trans-butenal; propylene glycol; 2-propanol, 1-(2-

propenyloxy)-; 1,3-dioxolane, 2-ethyl-4-methyl-; 1-propanol, 2’2-oxybis-; and 1-
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propanol, 2-(2-hydroxypropoxy)-. The primary products visible in the aqueous phase and
the water phase, along with their respective area percentages are displayed in Table 2.2.

Table 2.2: The area percentages of the GC-MS chromatogram of the vapor, agueous, and
organic phases of the condenser in version 2.0

Water Phase Vapor Phase

Peak Area Peak Area
Percinze 9 Perenag: 09

Organic Phase

Peak Area
Percentage (%)

Propionaldehyde 14.64% Propionaldehyde 16.43% Carbon dioxide 445%
Aceto 2.99%

Acetone 2.72% e Propene 6.39%
Propanol 2.41%

Propancl 2.84% Propicnaldelyde 64.76%
Acetol 3.74%

Dioxolane-ethyl- = Acet 3.27%

- 33.19%% = cetone 327%
methyl Dioxolane-etiryl- 13.03%

_ _ methyl Dicxolane-ethyl- 3.05%

Dioxane-dimethyl 28.53% Dioxane.dimetiryl 22.04% methy] '

Pmmi{‘fm‘ 235% Propylene glycol 3.97% Dioxane-dimethy1 6.25%
Dipropyl 1 27.81%

Other Products 13.73% Dipropylen ghyco B Other Products 10.93%
Other Products 7.58%

The next step was quantifying the primary products using external calibration
standards. However, given the area percentage of propionaldehyde within the vapor phase,
it was decided to only calibrate for propionaldehyde for the time being. The calibration for

propionaldehyde as well as the adjusted calibration curves are displayed in Figure 2.10.

Propanal
Propanal

Signal A
Signal Area

Concentration [moll]

Figure 2.10: Propionaldehyde (propanal) calibration curve (left) and adjusted propanal
calibration curve (right)

The propionaldehyde calibration curve displayed on the left was produced with the

GC-MS using liquid, external calibration standards. These standards were made by
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dissolving a known concentration of propionaldehyde in water to correlate said
concentration to an area signal on the GC-MS. Using the external calibration curve on the
left in Figure 2.10, one can the calibration curve on the right in Figure 2.10 by multiplying
the concertation by the amount of volume injected into the GC-MS, which is about 500 nL.
By doing this, one can create a calibration curve of moles vs. signal area, as shown in
Figure 2.10. Then by taking the signal area of the vapor phase for propionaldehyde, one
can plug it into the linear formula for the adjusted calibration to get moles of injected
propionaldehyde from the gas. By taking this value and dividing it by the amount of
injected volume from the syringe, 500 pL, one will be left with a concentration. This
concentration can then be multiplied by the total gas captured within the sampling bag.
This is estimated to be around 2.4 L, as a nitrogen flow rate of 40 mL/min over the course
of 60 minutes would produce 2.4L of gas. Thus, the total amount of moles of
propionaldehyde within the vapor phase can be estimated through this methodology. This
methodology was then used to calculate the number of grams of propionaldehyde within
the vapor phase. A similar methodology was used for calculating the amount of
propionaldehyde within the aqueous and organic phases as well. Additionally, it was
assumed that the remaining gas and liquid products followed similar signals to that of
propionaldehyde; thus, the calculated masses of the propionaldehyde in the condensate and
vapor phase were divide by their respective area percentages. Essentially, the liquid and
vapor phases were assumed to be 100% propionaldehyde and the difference between the
vapor and liquid phase splits were examined. As it turned out from these calculations and
assumptions, 17% of the total cracking products produced remained in the gas phase while

83% of the products remained in the organic and aqueous phase.
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As previously discussed, the desired mass closure was about 95%. Although the
mass balance closure of these combined phases was within in experimental error of 95%,
it was desired to achieve a mass balance closure of over 95% in a single phase. That is, to
completely close the mass balance without having to account for the vapor phase anymore.
As such, version 3.0 of the reactor system was developed.
2.3.3 Reactor Setup Version 3.0 Product Analysis

As previously mentioned, the only goal that version 3.0 from version 2.0 was the
closure of the mass balance of above 95% in the liquid phase. After the addition of the
second condenser, a similar methodology, as described in version 2.0 product analysis was
utilized for three samples of the same run parameters. These three repeated samples had
mass balance closures of 96-98%, which was above the desired 95%. Additionally,
propionaldehyde was pumped into the system and condensed at condenser. The total
amount of propionaldehyde that was recovered was approximately 97% of what was
pumped into the system. This result along with the calibration curve result, allowed for the
dismissal of the vapor phase entirely. From now, the only quantification results would be
from the liquid condensate. Additionally, it is worth noting propionaldehyde and propene
were the primary remaining products that were left unaccounted for in the vapor phase.

With a mass balance closure of 96% liquid and 4% vapor, the condensate was
reexamined. Several different solvents were tested in order to combine the aqueous and
organic phases; however, many of these solvents had similar retention times as main
products and/or were reactive with the products. Despite these setbacks, water was
eventually used as the primary solvent for the products. The GC-MS method file for the

liquid phase was the exact same setup described for the other liquid phases in version 2.0:
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an initial temperature hold at 40 °C was done for 3 minutes, followed by a temperature
ramp to 80 °C at 20 °C/min. The 80 °C temperature was held for 2.5 minutes, which was
followed by the final ramp to 150 °C to then be held there for additional 5 minutes. The
total time of the run was about 16 minutes. A solvent cut time, to avoid saturating the
detector with water, was implemented, and the mass spectrometer began scanning at 1.35
minutes for 14-380 m/z for the remainder of the run. Additionally, a standard run consisted
of a reactor temperature of 310 °C, atmospheric pressure, a catalyst to polyol ratio of 2:1,
and a steam volume percentage of 20% in the carrier gas. The total carrier gas flow was
100 mL/min, and the polyol and catalyst were polypropylene glycol Mn ~425 and NHg-
ZSM-5, as previously mentioned. Combing all these variables in the reactor 3.0 setup, led

to the GC-MS chromatogram shown in Figure 2.11.

Signal Area
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Figure 2.11: GC-MS chromatogram of a standard catalytic cracking run
There are over ten product peaks that the GC-MS identifies, which correspond to
seven primary products that resulted from this standard run. These seven products are as
follows: propionaldehyde; 1,4-dioxane, 2,5-dimethyl; 1-propanol; 1,3-dioxolane, 2-ethyl-
4-methyl; acetone; 2-ethyl-trans-2-butenal; and propylene glycol. These products have
already been identified in version 2.0 of the reactor, but they can now be easily quantified

for with a single phase. Additionally, several peaks are identified as the same product, as
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is usually the case with 1,4-dioxane, 2,5-dimethyl and 1,3-dioxolane, 2-ethyl-4-methyl.
These different peaks are believed to be isomers of the same product; therefore, the signal
areas of the peaks identified as the products are simply summed.

Given the good separation and peak shape shown in the chromatogram, the areas
of the products can readily be calibrated for. The calibration curves for these seven products
are displayed in Figure 2.12. However, 1,4-dioxane, 2,5-dimethyl; 1,3-dioxolane, 2-ethyl-
4-methyl; and 2-ethyl-trans-2-butenal could not be directly purchased with ease; therefore,
chemicals of similar structures were used in place of said products. For 1,4-dioxane, 2,5-
dimethyl, 1,4-dioxane was calibrated for in its place. For 1,3-dioxolane, 2-ethyl-4-methyl,
1,3-dioxolane was calibrated for in its place. For 2-ethyl-trans-2-butenal, trans-2-methyl-
2-butenal was calibrated for in its place. Using the discussed substitutes, it was assumed
that the signal response for the product chemical and the substitute chemical were the same.
Additionally, the calibration substitutes are displayed in Figure 2.12. The curves also
display their respective linear trend equation, which is the basis of the quantification. The
curves also display their respective R? values, which are all above 0.99. The number of
points varies from curve to curve, but all the curves have at least four points, which are
used to define the linear regression equation. It is also worth noting that all these curves
display a linear fit, because all non-linear points were removed, which resulted from large

concentrations.
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Figure 2.12: Calibration curves for the primary seven products
These calibration curves were then used to redefine selectivity of the products.
Instead of using the area of percentages of the product compounds, one can adjust the areas
percentages according to the calibration curves in Figure 2.12. This allows for an accurate

representation of the selectivity of the seven products by adjusting their respective signals.
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For example, propionaldehyde may give a much stronger signal reaction for a given
concentration than acetone at the same given concentrations; thus, their signal areas are
adjusted for and divided by the sum of the total product area to calculate selectivity. Thus,
the resulting adjusted selectivity for the standard cracking run presented in Figure 2.11 are
displayed in Table 2.3 for the primary seven products.

Table 2.3: The adjusted selectivity of the primary seven products in the standard reaction
run

NH,-ZSM-5
Product (50:1)
Selectivity
Propionaldehyde 26.91%
Acetone 2.47%
1-Propanol 4.36%
1,3-Dioxolane, 2-
ethyl- 4 _methyl- 6.69%
1,4-Dioxane, 2,5-
dimethyl- 34.01%
2-Ethyl-trans-2-
butenal 6.27%
Propylene Glycol 5.22%
Other Products 14.07%

Additionally, these calibration curves can also be used to quantify the yield of the
products. However, given the lack of injection volume precision, it is necessary to use an
external standard to adjust for variations in injection volume. Several different external
standards were tested, but most of them reacted with the products; however, butylene
glycol was purchased and tested. It seemed to be stable with the reaction products and have
a retention time of about 10 minutes, which is far away from the other product peaks.
Therefore, it was decided that butylene glycol would act as the external standard for the

product analysis. Thus, butylene glycol was calibrated for, and its calibration curve is
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shown in Figure 2.13. Once again, the calibration curve yielded an R? of over 0.99, which
is the result of a good linear fit. The linear regression equation is also displayed on the
calibration in Figure 2.13. The calibration curve displays five points of varying
concentrations. Although these points do not follow closely from one to the next, the linear

regression is quite good, and this factor is overlooked.
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Figure 2.13: Calibration curve for the external standard
2.4 Catalyst Characterization Methods
There are several the useful techniques for characterizing coke buildup on/in
catalysts. The primary characterization techniques to be discussed are thermogravimetric
analysis (TGA), powder X-ray diffraction (PXRD), diffuse reflectance for infrared Fourier
transform spectroscopy (DRIFTS), nitrogen physisorption positron, annihilation lifetime

spectroscopy (PALS), and scanning electron microscopy (SEM). As previously mentioned,

53



coking is one of the primary concerns for catalytic cracking reaction’’. Coking, which is
the buildup of carbonaceous materials on a catalyst surface, can greatly hinder the catalytic
performance of a catalyst>®>!7"-7® As such, these characterization methods primarily focus
on the characterization of potential coke buildup on/in the zeolite structure.
2.4.1 Thermogravimetric Analysis (TGA)

TGA was performed at the University of South Carolina (UofSC) on a Shimadzu
2010 Shimadzu TGA-50H with a TA-60WS thermal analysis, and GC-60A flow control
unit, and BLW-50 cooling blower. The TGA was operated from room temperature to 600
°C for all the runs performed. The ramp rate was set to 10 °C/min for each run with typically
a hold of 10 minutes at 600 °C. The gas flow, either air or argon, was flown from top to
bottom at 200 mL/min. The platinum basket was supported by a quartz rod while being
held with a platinum basket holder. Several runs of zeolites and polyols were conducted
and will be further discussed in the experimental results section. Additionally, a baseline
of sorts for the polyol of interest, polypropylene glycol, was performed using the TGA.
Polypropylene glycol was added to the aluminum basket without any catalyst. The run then

proceeded as normal while flowing air over the basket, as displayed in Figure 2.14.
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Figure 2.14: TGA of PPG
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Based on Figure 2.14, the polyol began to decompose quite rapidly beginning at
about 150 °C and ending at around 280 °C. Using this information, it can be estimated that
mass loss between these temperature ranges may be attributed to excess polyol on the
catalyst while any mass loss beyond 280 °C will likely only be from coke on/in the catalyst.
2.4.2 Power X-ray Diffraction (PXRD)

PXRD was performed at UofSC on a Rigaku MiniFlex II with Cu Ka source
radiation (o = 1.5406) from a 2-Theta region of 3-80° at a scan rate of 2°min. Samples
were taken using a zero-background holder, and the results will be discussed in the
experimental results section.

2.4.3 Diftuse Reflectance for Infrared Fourier Transform Spectroscopy (DRIFTS)

DRIFTS was performed at UofSC using a mercury cadmium telluride (MCT)
detector. The instrument scanned from 1000-4000 wavenumber (cm™), which resulted in a
total of 256 scans performed. The scans were taken at atmospheric temperature and
pressure in the presence of atmospheric air, and the results will be discussed in the
experimental results section.

2.4.4 Physisorption

Physisorption was conducted at UC Berkeley by Dr. Alex Katz’s group. Brunauer—
Emmett—Teller (BET) method, using nitrogen isotherms, was implemented to calculate
sample surface areas and porous volumes.

2.4.5 Scanning Electron Microscopy (SEM)

SEM was conducted at UofSC in the Department of Chemistry on a Zeiss

Gemini500 Thermal Field Emission Scanning Electron Microscope (FESEM). This

microscope operates at high vacuum allowing for high resolution imaging as well as
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Energy Dispersive Spectroscopy (EDS) capabilities. The instrument has many available
detectors, but an In-lens detector was used for all samples by analyzing type II secondary
electrons (SE2).

2.4.6 Positron Annihilation Lifetime Spectroscopy (PALS)

PALS was conducted at Idaho National Lab (INL) by Dr. Urban-Klaehn. The PALS
system is shown in Figure 2.15. Positron Annihilation Spectroscopy (PAS) offers a non-
destructive analysis (NDA) of materials in the micro-scale. PALS utitilizes positrons (anti-
electrons) from a radioactive “beta plus” source to penetrate the studied material, which
are annihilated using electrons to create a positron-electron annihilation signal. The
resulting signal gives insight into the overall structure of the material. The comprehensive
overview of the PAS principle, technologies, and its applications are found in the
Principles and Applications of Positron and Postronium’. INL offers three different PAS
technologies that are operated by a Techno-AP state of the art fast-frequency digital
spectrometer®’:

1. Positron Annihilation Lifetime (PAL)
2. Coincidence Doppler Broadening (CDB)

3. Age Momentum Coincidence Spectroscopy (AMOC)

Figure 2.15: TechnoAP Digital Instrumentation for PALS along with the fast scintillator
detectors and the sample source
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PALS relies on two “fast timing” detectors to correlate the lifetime of a positron in
the material with its structure. The lifetime signal, in range of 102 to 10° s, provides
information about the nanostructure and morphology of examined materials, such as voids,
vacancies, defects, and microporous structures and their respective concentrations. This
technique is commonly used in a variety of surface, metal, metal-oxide studies’. PALS is
used for non-conductive materials with high nano- and micro-porosities and free volumes,
such as polymers, silica-gels, and zeolites. In these materials, which are typically used in
catalysis, positrons can localize in form of a positron-electron hydrogen-like atom, called
a positronium (Ps). These positroniums live much longer than “free” or “trapped” positrons
since their total electric charge is neutral; this allows for far more in-depth analysis at the
size and fraction of these microporous structures.

The Na-22 positron source, with a 2.6-year half-life, is sealed within a thin Ti cover
that is used as the positron emitter®!. During the measurement process, the source is
surrounded by two samples in “sandwich” arrangement. The Techno-AP system was
upgraded in 2020 to add long range timing systems to the existing standard one. This is
especially useful in polymers and other materials with high “free-volume”, where positrons
can be created and survive for longer periods of time. The time range sensitivity, which is
related to the trapping of positrons, is usually limited to about 10 ns in metals, as positrons
within metals annihilate faster due to their electronic conductivity. While for high “free-
volume” and low conductivity materials, the lifetime range is extended to a maximum of
140 ns.

A total of four samples were characterized using PALS. The first sample was fresh

ZSM-5, which was to act as the reference point. The second sample was ZSM-5 that had
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undergone a catalytic cracking reaction with polyurethane. The third sample was ZSM-5
that had undergone a catalytic cracking reaction with PPG. The Fourth and final sample
was a 5x reacted ZSM-5 sample with PPG. Additionally, these catalysts had been reacted
with 20% steam, a 2:1 catalyst to polyol ratio, and a reaction temperature of 260 °C. These
experimentations were conducted on version 1.0 of the reactor system with a total flow rate
of 25 mL/min and a total mixed catalyst and polyol mass of 1.5 g.

The analysis on pelletized ZSM-5 samples was carried out by use of LT software
program in two different timing ranges. Figure 2.16 presents a picture of the pelletized
ZSM-5 reacted with polyurethane sample (left) and the pelletized ZSM-5 reacted with
polypropylene (right). The source/sample is oriented in a sandwich arrangement with two
BaF (barium fluoride) fast timing detectors. These detectors, shown at the top right and left
in Figure 2.16, are used for registering the beginning and the end of the gamma signals,
which are converted to positron lifetimes and intensities in the examined material. The
fresh ZSM-5 and ZSM -5 reacted with polyurethane pellets were robust and sufficiently
thick to absorb all remaining positrons after one run. The ZSM -5 reacted with PPG pellets
were very fragile and broke apart; thus, the pieces of the broken pellets were stack together
to make sure that all positrons were absorbed in the sample material, as seen in Figure 2.16.

The analysis was carried out by use of the LT v9.2 Kansy software program?®.

Trm———

Figure 2.16: PAL measurements of ZSM-5 reacted wi
ZSM -5 with polypropylene glycol pellets (right)
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th polyurethane pellets (left) and
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2.5 Catalyst Synthesis Methodology

Several different zeolite catalysts were synthesized for the catalytic cracking
reaction of PPG beyond the out of the box NH4-ZSM-5 catalyst. These catalysts include
H-ZSM-5, mesoporous zeolite Y, Pt-H-ZSM-5, and 2D zeolite MFI nanosheets.
2.5.1 H-ZSM-5 Synthesis Methodology

Although all the ZSM-5 was purchased through outside vendors, it comes in the
NH4 form upon arrival. Thus, in order to convert the NH4-ZSM-5 to H-ZSM-5, the NHa-
ZSM-5 zeolite had to be calcined. The idea is to thermally remove NH3 from the zeolite,
which would leave a single hydrogen atom to balance out the negative charge on an acidic
site. There are several different procedures for calcining ZSM-5, but a variation of the
procedure used by the Kronawitter group at UC Davis was utilized. The exact procedure
involved the use of a shallow, horizontal bed under flow of zero-purity air with an
isothermal hold at 120 °C for 1 hour, followed by an isothermal hold at 550-600 °C for 6
hours. This procedure also employed 2 °C/min ramp rates. However, due to a lack of
viability, about 50 g of NH4-ZSM-5 was placed in a large crucible. This was placed in an
oven and heated in the presence of atmospheric air. An isothermal hold at 120 °C for 1
hour, followed by an isothermal hold at 550-600 °C for 6 hours, and the implementation of
2 °C/min ramp rates were utilized as well. After the zeolite had cooled down, it was mixed
with polyol and reacted following the previously described procedures.
2.5.2 Mesoporous Zeolite Synthesis Methodology

Mesoporous zeolite Y samples were synthesized by Dr. Katz’s group at UC
Berkeley. These samples were synthesized with 15 to 1 and 30 to 1 silica to alumina ratios.

These mesoporous samples were synthesized closely following the procedure outlined by
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L. Meng et al with slight alterations®. The nitrogen physisorption results for said meso-

porous samples and their microporous counterparts are displayed in Figure 2.17.
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Figure 2.17: Nitrogen physisorption data for microporous and mesoporous zeolite Y
samples

Based on Figure 2.17, there is a clear increase in the adsorbed volume of the
mesoporous samples vs. the microporous samples. This is expected, as the overall volume
capacity increases by increasing the average pore size of the zeolite. The trends shown in
Figure 2.17 can more clearly be seen in Table 2.4.

Table 2.4: Nitrogen physisorption data for microporous and mesoporous zeolite Y
samples

BET SA Micro SA Micro PV Meso PV
Meso SA (m%/g) _
(m"fg) (m%/g) (cm’/g) cm’/g

Y zeolite (15 1) 580 180 0.23 0.22
Meso-Y zeolite
1001 413 588 0.17 0.56
(15:1)
Y zeolite (30:1) 847 579 268 0.23 0.33

Meso-Y zeolite
472 458 0.19 0.59

(30:1)

2.5.3 Pt-H-ZSM-5 Synthesis Methodology
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Pt-H-ZSM-5 was synthesized by Noah Felvey from the Kronawitter group at UC
Davis. These samples involved the incorporation of Pt in the H-ZSM-5 framework via ion
exchange. Overall, 8.0 g of Pt-H-ZSM-5 were synthesized at UC Davis and delivered prior
to calcination. These samples contained a Pt weight loading of 0.4%, verified by
inductively coupled plasma mass spectrometry (ICP-MS). Similar to H-ZSM-5, the zeolite
is the Zeolyst CBV 5524G sample with a silica to alumina ratio of 50. The samples are first
prepared by mixing H-ZSM-5 with Pt(NHs)4(NOs)2 precursor, which is followed by
several cycles of centrifugation and washing. The sample is then dried at 80 °C in
atmospheric air. The last remaining step involves the samples calcination.

The UC Davis calcination procedure for the Pt-H-ZSM-5 involves an in-situ
calcination procedure. A flow of 20% O: is flown over the sample while it is heated from
25 °C to 120 °C at a temperature ramp of 5 °C/min. The sample is left to dwell at 120 °C
for 1 hour, before then ramping to 700 °C at 2 °C/min, where it is left to dwell for an
additional 2 hours. The sample is then cooled to 500 °C and the flow switched to N2, due
to possible moisture within the zero-purity air cylinders. Once the sample is cooled, it is
ready for experimental use. Because zeolite samples are inadvertently exposed to air prior
to the catalytic cracking reaction, the procedure was slightly modified. The procedure for
the Pt-H-ZSM-5 samples involved placing the uncalcined sample in a crucible and into an
oven. The oven was then heated from 25 °C to 120 °C at a temperature ramp of 5 °C/min.
The sample was left to dwell at 120 °C for 1 hour, before then ramping to 700 °C at 2
°C/min. The sample was then cooled and mixed with the polyol and introduced into the
reactor system.

2.5.4 2-D MFI Zeolite Nanosheets Synthesis Methodology
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2-D MFI Zeolites nanosheets were synthesized by Kanan Shikhaliyev at UofSC.
The synthesis procedure utilized is based on the synthesis procedure described by R. Wei
et al’. Initially, the bi-functional surfactant, Co2Has-N*(CHz)2-CeHi2-
N*(CHs3)2-CeH13(Br)2(C22-6-6Br2), was synthesized by dissolving 0.2 mol of 1-
bromodocosane and 2 mol of N,N,N’,N’-teramethyl-1,6-diaminohexan in a 2000 mL, 1:1
mixture of acetonitrile and toluene. This mixture was then heated to and held at 343 K for
24 hours. After cooling to room temperature, the solid particulate was filtered out of the
solution and washed with diethyl ether, and then dried in air at 333 K for 12 hours.

Once the substrate was synthesized, the 2-D MFI zeolites were synthesized via
hydrothermal methodology. 0.005 mol of surfactant was dissolved in deionized water to
form a 10 wt% template solution. 0.06 mol of NaOH along with 0.1 of TEOS was added
to the template solution. The resulting solution was stirred at 333 K for 0.5 hours. An
additional solution was prepared by dissolving Al.Oz and 0.015 mol of HCI acid in
deionized water. This solution was then added drop-wise to the previous solution to form
a colloidal solution. This colloidal solution was then stirred at 333 K for 6 hours before
being transferred in a Teflon-coated stainless steel autoclave, which it was heated to 423
K and set to maintain said temperature for 120 hours; additionally, this reaction was carried
out twice without stirring and once with. The solid product was then recovered and set to
dry at 343 K for 14 hours. Once the product was fully dry, it was calcined in air at 823 K
for 5 hours.

Three batches of 2-D MFI zeolites were synthesized. One synthesis procedure
utilized stirring during the reaction while the other two were without stirring. Additionally,

the silicon to aluminum ratio of the first non-stirred batch was 1 to 10 and the two additional
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batches, consisting of stirred and non-stirred, are both 1 to 50. All three of these surfactants

were characterized by PXRD in Figure 2.18.
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Figure 2.18: PXRD pattern of the synthesized MFI zeolite nanosheets
Based on Figure 2.18, the PXRD pattern for the 2-D MFI zeolites synthesized are
all crystalline with a crystal structure very similar to that of ZSM-5 and the previously
reported 2-D MFI zeolites, especially for the silicon to aluminum ratio of 1:10°7°,
However, slight differences can be see in the higher silicon to aluminum ratio zeolites. The
large increase in the peak at a 2-theta of around 27° is likely due to silica according to
Match!. SEM images were also taken of the synthesized 2-D MFI zeolites, as shown in

Figure 2.19.
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Figure 2.19: SEM images of synthesized 2-D MFI zeolites

The 2-D MFI zeolites with a silicon to aluminum ratio of 10:1, shown in Figure
2.19, seem fairly similar to the MFI zeolites discussed in Figure 1.18. From a distance,
both zeolites display ball-like structures. However, upon closer examination of the
synthesized zeolite in Figure 2.19, the ball-like structures are not floral like the structures
in Figure 1.18. In fact, there are no visible sheets, and there appears to be large crystal-like
structures also intermingled within the ball-like structures. These crystal-like structures
bare a similar resemblance to ZSM-5%. It may be possible that an intermediate zeolite
structure, between nanosheets and ZSM-5, was formed, as presented in Figure 1.15.
Additionally, both 50:1 synthesized MFI sheets seem to resemble large crystals that have
thin sheets peeling from their structure; although these sheets may resemble MFI sheets,
their uniformity from structure to structure is lacking.

2.6 Reaction Conversion and Selectivity Methodology via Liquid Chromatography-Mass
Spectrometer
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To quantify the amount of unreacted polyol within condensate, the condensate was
taken to the liquid chromatography-mass spectrometer (LC-MS) in the Department of
Chemistry at UofSC. The idea was to produce a calibration curve to quantify the amount
of unreacted polyol within the condensate, which would allow for the quantification of
reactant conversion. However, upon initial sampling of PPG standards, as shown in Figure
2.20, it became clear that PPG was far more of a number average than originally

anticipated.
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Figure 2.20: LCMS data for PPG a) the m/z from the mass spectrometer b) the LC-MS
chromatogram

As seen in Figure 2.21 b, there are numerous peaks, which correspond to all
different length propylene glycol chains. Additionally, Figure 2.21 a shows three separate
m/z ratios for a single peak. This is due to the affinity for sodium and ammonium on the
PPG chain. Given the wide range distribution of these chain lengths, di-propylene glycol
could no longer be considered a product of the cracking reaction; in fact, the di-propylene
glycol peaks observed in the GC-MS may have simply resulted from the reactant polyol.
Therefore, it was decided that selectivity would simply be redefined to only incorporate

the seven primary products of interest. Much like before, the areas of these seven products
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were adjusted accordingly and their concentrations calculated. These concentrations were
summed, and the selectivity was defined as the concentration of a single product over the
total concentration. This methodology was applied to all sections following Section 3.6 of
the Experimental Results and Discussion section.

After the initial PPG standard run in Figure 2.20, additional PPG Mn ~425
standards were synthesized and run using the LC-MS. These runs also displayed numerous
peaks, whose peak areas were summed. Much like the previous calibration curves, a linear
fit was produced using the calibration standards and their resulting summed, peak areas

correlated to form the calibration curve shown in Figure 2.21.
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Figure 2.21: LC-MS calibration curve for PPG Mn ~425
Using this calibration curve, the concentration of PPG in the reactor condensate can
be calculated. The concentration of PPG after the reaction can then be compared to the
theoretical starting concentration of PPG prior to the reaction. This would allow one to
guantitatively compute the conversion of PPG within the reaction. However, due to

potentially large losses of unreacted PPG from the reactor bed to the condenser, the overall
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conversions were extremely high. Therefore, a relative conversion comparison between
samples can be calculated through peak area. A similar method can also be employed on
the product concentrations of products in the GC-MS. A comparison between the total
product peak areas for the seven products can be used to an overall conversion between the
two samples.
2.7 General Economic Evaluation

As previously discussed, the catalytic cracking reaction of PPG resulted in seven
primary products: propionaldehyde; 1,4-dioxane, 2,5-dimethyl; 1-propanol; 1,3-dioxolane,
2-ethyl-4-methyl; acetone; 2-ethyl-trans-2-butenal; and propylene glycol. The overall goal
of this project is polyol upcycling; however, for such a process to be implemented on an
industrial scale, its profitability will likely be a significant factor alongside its
environmental benefits. Despite the eventual usage of waste polyols and polyurethanes, the
operating costs of said process will be the difference between profitability or not. That is
to say that although the eventual starting material will essentially be free, the required
system units will dictate its economic viability. Therefore, a minimization of operation
units, namely separation units, will likely benefit said process from an economic
perspective. As such, the primary goal for the experimental work was primarily focused on
improving the selectivity towards as few of products as possible. Thus, an economic
evaluation of the products is necessary. Table 2.5 displays the 2019 global market value
and the 2016 price per metric ton for the seven chemical products of interest®-%, The
chemical price was estimated using the average price per kg of imported chemical found
on Zauba. The price was converted to USD from INR at a rate of 74.72 INR per USD. It

should be noted that the price of chemicals can dramatically change from year to year;
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therefore, this economic evaluation is to serve as a general estimate for discussion
purposes.

Table 2.5: The 2019 global market value and 2016 chemical price of the seven primary
products®3-8®

2019 Global 2016 Price

Chemical Product | Market Value
(Billion USD) (R )

Propionaldehyde 1.4 ~ 870
Acetone 4.59 ~ 540
1-Propanol 2.63 ~ 860
1.3-Dioxolane, 2-
ethyl-4-methyl- e e
1.4-Dioxane, 2.5-
dimethyl- N/A N/A
2-Ethyl-trans-2- N/A N/A
butenal
Propylene Glycol 3.8 ~ 1000

Based on Table 2.5, only four out of the seven products have a general market, 1,4-
dioxane, 2,5-dimethyl; 1,3-dioxolane, 2-ethyl-4-methyl; and 2-ethyl-trans-2-butenal have
no sizeable market. In fact, these three products have almost no use; therefore, further
investigation into improving their selectivity would be meaningless. However, Table 2.5
indicates the potential economic feasibility for propionaldehyde, acetone, 1-propanol, and
propylene glycol. These four chemicals all have market values above a billion USD.
Acetone may have the largest market value compared to the other four products of interest,
but it is a relatively cheap solvent with a 2016 price that is significantly lower than the
other three products. 1-propanol and propionaldehyde have very similar chemical values
while propylene glycol presents a slightly higher chemical value and global market value.

Thus, propionaldehyde, 1-propanol, and propylene glycol may provide the economic
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feasibility required for this reaction on an industrial scale. Upon initial testing with ZSM-
5 catalysts, as seen in Table 2.3, the selectivity for 1-propanol and propylene glycol was
low very compared to the selectivity of propionaldehyde. In fact, the primary products of
interest, regarding their high selectivity, were 1,3-dioxolane, 2-ethyl-4-methyl and
propionaldehyde. However, 1,3-dioxolane, 2-ethyl-4-methyl did not present any
substantial market value, as previously discussed. Therefore, it was decided that
propionaldehyde may provide the best economic feasibility given its relatively high market
and chemical value. Thus, the primary objective for this project sought to increase the
selectivity and yield of propionaldehyde within this reaction.

Since propionaldehyde is the primary focus of this reaction, it is important to
understand its uses and alternative synthesis routes. Propionaldehyde is produced through
hydroformylation, which is also known as the oxo process, like most aldehydes®’. This
homogeneous reaction typically occurs at moderate pressures (1.8-6 MPa) and at low
temperatures (85-130 °C) in the presence of a Rhodium based catalyst®”-°. The reaction is
typically limited by the product separation and the regioselectivity of linear and branched
aldehydes®-°4. Thus, the potential implementation of a heterogeneous reaction, such as the
reaction of interest, may be significantly environmentally and economically favorable.
Regardless, propionaldehyde is used in a wide range of products like fertilizers, chemicals
used in rubber synthesis, and cellulose®. Additionally, the market for propionaldehyde is
expected to experience significant growth in the upcoming years due to its growing demand
in the pharmaceutical and cosmetic industries. The global propionaldehyde market value
is expected to grow from 1.4 billion USD in 2019 to 2 billion USD according to a growth

report forecast, as displayed in Figure 2.22%,
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Figure 2.22: The yearly, global market value forecast for propionaldehyde®*
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CHAPTER 3

EXPERIMENTAL REULTS AND DISCUSSION

3.1 Design of Experiment (DOE) Using Reactor Setup Version 1.0

During the testing of version 1.0 of the reactor system, it was decided that the best
way to gauge the impact of various parameters and improve the selectivity was to conduct
a DOE. In short, a DOE is a statistical analysis method that allows for the quantification of
parameter impact on an objective parameter as well as parameter significance within the
model. A DOE not only allows for investigation into parameter impact, but it does so in an
efficient manner, as opposed to an Edisonian approach. Thus, preliminary data regarding
the parameters of interest is required. The patent examined several different parameters
including the catalyst, the catalyst and polyol mixing, the steam percentage in the carrier
gas, and the reaction temperature while keeping the catalyst to polyol ratio at a constant 10
to 128, It was decided that the steam percentage in the carrier gas, the temperature, and the
reaction temperature were the most interesting parameters to experiment with. The reaction
temperature was shown to drastically affect the product distribution in the patent; therefore,
it was a key parameter to investigate. The catalyst to polyol ratio within the patent was
unrealistically high; therefore, a potential optimization of said ratio was of high interest.
Lastly, steam has been shown to inhibit secondary reaction that may potentially lead to
coking**#?; therefore, steam was an important parameter to investigate its effect on the
product distribution. Additionally, as previously stated, it is important to understand that

selectivity here refers to the adjusted quantification of products seen in the GC system.
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Using the calibration curves in the version 1.0 methodology section, a percentage of
product gas was defined as propionaldehyde, and the remaining percentage defined as other
products. Therefore, the selectivity of propionaldehyde refers to the amount of
propionaldehyde with respect to the other observed product peaks.

Preliminary testing of the catalytic cracking of PPG and NH4-ZSM-5 was
conducted in version 1.0 of the reactor system. The resulting parameter scope results, prior
to the DOE, are displayed in Figure 3.1. The goal of the preliminary parameter variation
was to improve the selectivity of various products, namely propionaldehyde. When the
reaction temperature was varied, the catalyst to polyol ratio was kept at a constant 2:1 and
the steam percentage was kept at a constant 20%. While varying the catalyst to polyol ratio,
the reaction temperature was kept at a constant 250 °C and a steam percentage of 20%.
While varying the steam percentage in the carrier gas, the reaction temperature was kept at

a constant 250 °C and a constant catalyst to polyol ratio of 2:1.
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Figure 3.1: The preliminary testing of reaction temperature, the catalyst to polyol ratio,
and the steam percentage in the carrier gas on the selectivity of propionaldehyde

Based on Figure 3.1, the reaction temperature had drastic effects on the selectivity
of propionaldehyde. There appears to be a maximum value around 250 °C with sharp drop-
off for selectivity at lower and higher temperatures. The catalyst to polyol ratio data seemed
to indicate that a lower catalyst to polyol ratio would result in increased selectivity for

propionaldehyde. The preliminary data for the steam percentage in the carrier gas did not

72



seem to indicate a strong trend for increasing propionaldehyde selectivity. However, it
seemed as though steam might benefit the selectivity of propionaldehyde.

Based on the preliminary results, a DOE was setup using Minitab to investigate
how temperature, steam percentage in the carrier gas, and catalyst to polyol ratio affected
the overall selectivity of propionaldehyde. Given the time constraints of the various runs
and the resulting conclusions to be drawn, a Box-Behnken response surface analysis was
chosen as the type of DOE. This type of DOE not only allowed for the development of
non-linear relationships, but it also allowed for co-factor interaction conclusions to be
drawn from the results of the DOE. In total, 15 separate reactions were run and collected
in gas sampling bags. The temperature was varied from 225, 250, and 275 °C; the steam
percentage in the carrier feed was varied from 30, 50, and 70%; and the catalyst to polyol
ratio varied from 1:3, 2:3, and 1:1. The total amount of catalyst and polyol injected for each
run was 1.5 g. It should also be noted that the flow rate of carrier was not kept constant and
ranged from 20-30 mL/min. The overall objective of the DOE was to optimize the reaction
conditions by maximizing the overall selectivity of propionaldehyde within the vapor phase
product. Additionally, the midpoint of the run was repeated three times for experimental

error. The standard error for selectivity was determined to be 0.49% using the equation:

SE = % , where SE represents the standard error, o represents the standard deviation, and

n represents the population size (three). The run parameters and results for each individual

experiment are displayed in Table 3.1.
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Table 3.1: The experimental parameters used for the DOE runs and their resulting
propionaldehyde selectivity

Temperature Catalyst to Steam in the Propionaldehyde
Run (°C) Polyol Ratio | Carrier Gas (%) | Selectivity (%)
1 225 0.33 50 82.9
2 275 0.33 50 88.6
3 225 1.00 50 81.1
4 275 1.00 50 88.9
5 225 0.67 30 85.2
6 275 0.67 30 88.2
7 225 0.67 70 91.9
8 275 0.67 70 91.1
9 250 0.33 30 88.0
10 250 1.00 30 86.4
11 250 0.33 70 84.2
12 250 1.00 70 89.8
13 250 0.67 50 91.5
14 250 0.67 50 90.4
15 250 0.67 50 89.8

Figure 3.2 also displays a visual representation of the data points conducted during
the DOE. There are a total of 13 points, which represent the 13 unique data points collected,

as the middle point was repeated three times.
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Figure 3.2: Visual representation of the DOE experimental points
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To understand the meaning behind the DOE results, it is important to first examine the
model’s Pareto Chart displayed in Figure 3.3. The Pareto Chart puts the factors and their
co-factor interactions into perspective by identifying the most statistically significant term
within the model equation. The standardized effect is an arbitrarily calculated value based
on the statistical significance of a parameter. In other words, the higher a parameter’s

standardized effect, the more significant said parameter is to the model equation.

Pareto Chart of the Standardized Effects
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Figure 3.3: Pareto Chart for DOE results

Based on Figure 3.3, a p value, which is used to calculate the standardized effect,
of 5% was chosen. This threshold is represented by the red dotted line at 2.571 in Figure
3.3. Thus, the catalyst to polyol ratio (C:R) squared was the only parameter that was
deemed to be statistically significant within the model. However, temperature comes close,
making it a significant term within the model as well. The other seven parameters fall
drastically short of statistical significance within the model equation. Thus, it is important
to keep the Pareto Chart in mind while drawing conclusions from the other DOE results.

The main effects plot, shown in Figure 3.4, represents the DOE model on a one-
dimensional scale. Figure 3.4 displays the effect of each parameter on the selectivity of

propionaldehyde.
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Main Effects Plot for Selectivity
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Figure 3.4: The main effects plot for the DOE

Temperature is shown to have a parabolic relationship with selectivity of
propionaldehyde, resulting in a selectivity maximum at 265 °C. The catalyst to polyol ratio
also demonstrates a parabolic relationship with selectivity, resulting in a selectivity
maximum at the midpoint catalyst to polyol ratio, 0.66 or 2:3. The steam percentage is
shown to have an almost linear relationship with selectivity, where the maximum lies at
the high end of steam percent, 70%. Thus, from the Main Effects Plot, it can be concluded
that the optimal temperature for this reaction lies at 265 °C, the optimal catalyst to polyol
ratio lies at 2:3, and the greater the steam used in the carrier gas, the greater the selectivity.
However, as previously mentioned, these relationships need to be taken into perspective
with the Pareto Chart, Figure 3.3. Therefore, although steam demonstrated an increase in
selectivity, the term is statistically insignificant within the model equation. Catalyst to
polyol ratio is also insignificant by itself; however, the catalyst to polyol ratio term squared
is the most significant term within the model. The parabolic relationship displayed by

temperature is also of keen interest due to its significance within the model equation.
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The contour plots, shown in Figure 3.5, represent the DOE model on a two-
dimensional scale. Much like the Main Effects Plot, they display the optimal parameter

conditions, except in two-dimensional regions.
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Figure 3.5: The Contour Plots for the DOE

The temperature vs. catalyst to polyol ratio contour plot displays a regional
maximum at around 265 °C and 2:3, respectively. The temperature vs. steam percentage
contour plot shows a regional maximum at 240-275 °C and 50-70%, respectively. The
catalyst to polyol ratio vs. steam percentage contour plots displays a regional maximum
from 0.6-0.9 and 60-70%, respectively. Similarly, to what was concluded from the Main
Effects plots, there exist optimal reaction conditions for increasing the selectivity of
propionaldehyde from the model equation. However, these optimal conditions are
represented as regions rather than a global maximum.

The surface plot shown in Figure 3.6, represents the DOE model on a three-
dimensional scale. Once again, there is a maximum selectivity displayed in the surface plot,

but this point represents the absolute maximum interaction for temperature vs. the catalyst
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to polyol ratio. The DOE produces three surface plots, but the most important is displayed
in Figure 3.6, as temperature and the catalyst to polyol ratio squared terms are the only
significant terms within the model.

Surface Plot for Selectivty vs C:R,

Temperature

Hold Values

Selectivity 8 | Steam % 50

8 |
20 . 06 C:R
240 260 256 04
Temperature

Figure 3.6: The Surface Plot for the catalyst to polyol ratio vs. temperature vs.
propionaldehyde selectivity

In conclusion, the DOE has found the optimal reactions for the selectivity of
propionaldehyde to be at a temperature of 265 °C, a catalyst to polyol of 0.66 or 2:3, and
that the selectivity increases along with an increase in steam percentage within the carrier
gas. Additionally, it is important to note that temperature and the catalyst to polyol ratio

squared were deemed to be the only significant terms within the model equation.

Overall, the DOE was successful in optimizing the selectivity of propionaldehyde in
the product gas. The optimal conditions that were found were significantly milder than
those reported in the patent. The maximum propionaldehyde selectivity reported in the
patent of 81.6% was achieved at a temperature of around 450 °C with a catalyst to polyol
ratio of 10:1?%. A reduction from 10:1 to 2:3 is also an exceptional improvement as well.
Despite the patent having minimal investigation of steam as a parameter, there was
evidence within the patent that suggested steam may improve the overall selectivity of
propionaldehyde?®. This was also proven within the DOE, as an increase in steam led to an

increase of the selectivity of propionaldehyde.
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Although this DOE presented similar results as displayed in the patent, the mass
balance was still not closed. As such, these results were not taken as conclusive results. In
fact, these results did not add up with the DOE that was later conducted using version 3.0
of the reactor setup, as will be discussed in the following subsection.

3.2 Design of Experiment (DOE) Using Reactor Setup Version 3.0

As previously discussed, the DOE from version 1.0 of the reactor setup did not
result in conclusive results, given the lack of closure on the mass balance. However, the
DOE was redone using version 3.0 of the reactor setup and product analysis methodology.
The DOE, almost an exact replica of the first one previously described, sought to improve
the product selectivity of propionaldehyde by varying reaction temperature, steam
percentage in the carrier gas, and the catalyst to polyol ratio. However, the GC-MS and the
product analysis methodology for version 3.0, which utilized seven calibration curves, was
used to quantify the selectivity of propionaldehyde. The peak areas were adjusted using
said calibration curves and the selectivity of propionaldehyde was defined as the adjusted
peak area by the total peak area, including the peak area of other products.

Once again, preliminary data regarding steam percentage in the carrier gas, catalyst
to polyol ratio, and the reaction temperature were required to define the DOE space of
interest. PPG and NH4-ZSM-5 were used in this DOE as well. The resulting parameter
scope results, prior to the DOE, are displayed in Figure 3.7. Once again, when the reaction
temperature was varied, the catalyst to polyol ratio was kept at a constant 2:1 and the steam
percentage was kept at a constant 20%. While varying the catalyst to polyol ratio, the

reaction temperature was kept at a constant 310 °C and a steam percentage of 20%. While
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varying the steam percentage in the carrier gas, the reaction temperature was kept at a

constant 310 °C and a constant catalyst to polyol ratio of 2:1.
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Figure 3.7: Preliminary results for the reactor setup version 3.0 DOE

Based on Figure 3.7, the reaction temperature had drastic effects on the selectivity
of propionaldehyde. There appears to be a maximum value between 400 and 550 °C with
sharp drop off for selectivity at the higher temperatures. The catalyst to polyol ratio also
indicated a local maximum at around a 1:1 ratio for the selectivity for propionaldehyde.
The preliminary data for the steam percentage in the carrier gas did not seem to indicate a
strong trend for increasing propionaldehyde selectivity.

Based on the preliminary results, a DOE was setup using Minitab to investigate
how temperature, steam percentage in the carrier gas, and catalyst to polyol ratio affected
the overall selectivity of propionaldehyde. Given the time constraints of the various runs
and the resulting conclusions to be drawn, a Box-Behnken response surface analysis was
chosen as the type of DOE. This type of DOE not only allowed for the development of
non-linear relationships, but it also allowed for co-factor interaction conclusions to be
drawn from the results of the DOE. In total, 15 separate reactions were run and collected
and analyzed via GC-MS. The temperature was varied from 300, 400, and 500 °C; the

steam percentage in the carrier feed was varied from 0, 20, and 40%; and the catalyst to
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polyol ratio was varied from 1:2, 1:1, and 1.5:1. The total amount mixed catalyst and polyol
employed per run was 5 g, and the total flow through the system was kept constant at 100
mL/min. The overall objective of the DOE was to optimize the reaction conditions by
maximizing the overall selectivity of propionaldehyde within the liquid phase product.

Additionally, the midpoint of the run was repeated three times for experimental error. The

standard error for selectivity was determined to be 0.28% using the equation: SE = % ,
where SE represents the standard error, o represents the standard deviation, and n
represents the population size (three). The run parameters and results for each individual

experiment are displayed in Table 3.2.

Table 3.2: Individual run parameters and propionaldehyde selectivity for the DOE of
reactor version 3.0

Temperature Catalyst to Steam in the Propionaldehyde
Run (°C) Polyol Ratio Carrier Gas (%) | Selectivity (%0)
1 500 1.0 40 22.74
2 500 0.5 20 26.98
3 300 1.0 40 18.37
4 400 15 0 24.86
5 400 0.5 40 26.26
6 500 1.0 0 30.95
7 400 1.0 20 26.44
8 300 0.5 20 21.16
9 500 15 20 24.54
10 400 1.0 20 25.8
11 300 1.0 0 17.03
12 400 15 40 29.13
13 400 1.0 20 25.48
14 400 0.5 0 29.08
15 300 15 20 21.57

Figure 3.8 also displays a visual representation of the data points conducted during
the DOE. There are a total of 13 points, which represent the 13 unique data points collected,

as the middle point was repeated three times.
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Figure 3.8: The design space for the DOE conducted on version 3.0 of the reactor system

Once again, to understand the meaning behind the DOE results, it is important to
first examine the model’s Pareto Chart displayed in Figure 3.9. The Pareto Chart puts the
factors and their co-factor interactions into perspective by identifying the most statistically
significant term within the model equation. The standardized effect is an arbitrarily
calculated value based on the statistical significance of a parameter.
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Figure 3.9: The Pareto chart for the DOE conducted on version 3.0 of the reactor system
Based on Figure 3.9, a p value, which is used to calculate the standardized effect,
of 5% was chosen. This threshold is represented by the red dotted line at 2.571 in Figure

3.9. Thus, the temperature and the temperature squared were the only parameters deemed
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to be statistically significant within the model. The other seven parameters fall short of the
statistical significance threshold within the model equation. Thus, it is important to keep
the Pareto Chart in mind while drawing conclusions from the other DOE results.

The main effects plot, shown in Figure 3.10, represents the DOE model on a one-
dimensional scale. Figure 3.10 displays the effect of each parameter on the selectivity of

propionaldehyde.
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Figure 3.10: The main effects plot for the DOE in version 3.0 of the reactor setup

Temperature is shown to have a parabolic relationship with selectivity of
propionaldehyde, resulting in a selectivity maximum at 440 °C. The catalyst to polyol ratio
also demonstrates a parabolic relationship with selectivity, resulting in a selectivity
minimum at the midpoint catalyst to polyol ratio 1:1 or 1. The steam percentage is shown
to have an almost linear relationship with selectivity, where the maximum lies on the low
end of steam percent, 0%. Thus, from the Main Effects Plot, it can be concluded that the
optimal temperature for this reaction lies at 440 °C while the catalyst to polyol ratio
maximum and steam percentage seem to indicate a slight variation in propionaldehyde
selectivity, based on the y-axis of the main effects plot. However, these relationships need

to be taken into perspective with the Pareto Chart, Figure 3.10. Therefore, although the
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steam percentage and the catalyst to polyol ratio exhibited an arguable maximum, their
significance within the model is quite low. Therefore, no information can be extracted from
these variables regarding the selectivity of propionaldehyde. While the parabolic
relationship displayed by temperature is of keen interest due to its significance within the
model equation.

The contour plots, shown in Figure 3.11, represent the DOE model on a two-
dimensional scale. Much like the Main Effects Plot, they display the optimal parameter

conditions, except in two-dimensional regions.
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Figure 3.11: The contour plots for the DOE in version 3.0 of the reactor setup
The temperature vs. catalyst to polyol ratio contour plot displays a regional
maximum at around 420-500 °C and 0.5-0.65, respectively. The temperature vs. steam
percentage contour plot shows a regional maximum at 440-500°C and 0-7%, respectively.
The catalyst to polyol ratio vs. steam percentage contour plot shows a very small regional
maximum at around 0.5 and 0%, respectively. Similarly, to what was concluded from the

Main Effects plots, there exist optimal reaction conditions for increasing the selectivity of
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propionaldehyde from the model equation. However, these optimal conditions are
represented as regions rather than a global maximum, as shown in the main effects plot.
The surface plot shown in Figure 3.12, represents the DOE model on a three-
dimensional scale. Once again, there is a maximum selectivity displayed in the surface plot,
but this point represents the absolute maximum interaction for temperature vs. the catalyst
to polyol ratio. The DOE produces three surface plots, but the most important plot involves
the temperature, as displayed in Figure 3.12. The other parameter, catalyst to polyol ratio

in this case, is of little importance, as previously discussed.

Surface Plot of propionaldehyde vs C:P, Temp
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Figure 3.12: The Surface Plot for the catalyst to polyol ratio vs. temperature vs.
propionaldehyde selectivity

In conclusion, the DOE has found the optimal reactions for the selectivity of
propionaldehyde to be at a temperature of 450 °C while the catalyst to polyol ratio and the
steam percentage had very little impact on the selectivity of propionaldehyde. Additionally,
it is important to note that temperature and the temperature squared were deemed to be the
only significant terms within the model equation.

Overall, the DOE was successful in optimizing the selectivity of propionaldehyde

in the product gas. The optimal temperature found was to be the same as the seemingly

85



optimal temperature within the patent?®. The maximum propionaldehyde selectivity

reported in the patent of 81.6% was achieved at a temperature of around 450 °C with a

catalyst to polyol ratio of 10:1%®

. A reduction from 10:1 to a much lower ratio, 1:2 at the
lowest, is also an exceptional improvement. Despite the patent having minimal
investigation of steam as a parameter, there was evidence within the patent that suggested
steam may improve the overall selectivity of propionaldehyde®®. This was proven to not be
the case; however, given the lack of correlation between the steam percentage and the
selectivity of propionaldehyde within the model, experimental values within the patent may
be within error.
3.3 Temperature Impact on Product Selectivity

Given the importance of temperature on this reaction based on the DOE conducted
on version 3.0 of the reactor system, it is important to fully gauge its impact upon
propionaldehyde as well as the other products. Using the experimental runs conducted in

the preliminary phase of the DOE, Figure 3.7, temperature was plotted against selectivity

of the seven main products, as seen in Figure 3.13.
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Figure 3.13: The effect of temperature on the selectivity of the primary seven products
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It should be noted that these experiments were conducted with a 2:1 catalyst to
polyol ratio and 20% steam in the carrier gas. As previously concluded from the DOE, the
polyol ratio, and the steam percentage in the carrier gas result in little to no effect on the
overall selectivity of propionaldehyde; therefore, the preliminary conditions for these said
parameters were sufficient. Although clear trends are difficult to identify within Figure
3.13, temperature plays a large role on the selectivity of some of these products.
Propionaldehyde exhibits a local maximum selectivity between 400 and 500 °C, much like
the DOE results, while exhibiting a sharp decrease at the higher temperature. 1,4-dioxane,
2,5-dimethyl shows an unclear trend between temperature, as both low and high
temperatures resulted in high selectivity. 1-propanol and propylene glycol show a
decreasing trend in selectivity with increasing temperatures. 1,3-dioxolane, 2-ethy-4-
methyl; acetone; and 2-ethyl-trans-2-butenal show an increasing trend in selectivity with
increasing temperatures. This is especially apparent with 2-ethyl-trans-2-butenal, which

exhibits a very high selectivity at 760 °C compared to lower temperatures.

3.4 Initial Zeolite Testing

Prior to conducting the DOE on the reactor setup 3.0, a handful of zeolites with
varying silica to alumina (SiO2/Al,03) ratios were tested. These zeolites included NHa-
ZSM-5 (50:1) from Alpha Aesar, NHs-zeolite Y (5.1:1) from Alpha Aesar, and NHs-zeolite
Beta (25:1) from Alpha Aesar. Additionally, gamma-phase Al oxide from Alpha Aesar was
tested, as it has been shown to also have acidic sites®. The selectivity of the seven products
for these different zeolites and Al oxide are displayed in Table 3.3. It should also be noted
that these samples were tested at a reaction temperature of 310 °C, a catalyst to polyol ratio

of 2:1, and a steam percentage of 20% in the carrier gas on the model PPG polyol. The
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total flow rate was 50 mL/min and the total polyol and catalyst mix added was 5 g. The
propionaldehyde selectivity is also displayed in Figure 3.14.

Table 3.3: The selectivity of the primary seven products for different zeolites and
gamma-phase Al oxide

NH,-Zeolite | NH,-Zeolite

Y(5.1:1) | Beta(25:1) | L Oxide
Selectivi Selectivi LA
Selectivity ty ty
Propionaldehyde 26.91% 9.63% 20.37% 11.12%
pureite 2.47% 2.63% 1.69% 2.42%
1-Propanol 4.36% 8.54% 431% 29.46%
1,3-Dioxolane, 2-
ethyl-4-methyl- 6.69% 6.97% 4.42% 15.47%
1,4-Dioxane, 2,5-
dimethyl- 34.01% 46.03% 34.63% 22.71%
2-Ethyl-trans-2-
butenal 6.27% 9.18% 12.24% 2.52%
espglos el | g 0, 7.87% 6.26% 8.47%
Other Products 14.07% 9.15% 17.53% 7.83%
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Figure 3.14: Propionaldehyde selectivity for different zeolites and gamma-phase Al oxide
Based on Figure 3.14 and Table 3.3, the NH4-ZSM-5 (50:1) catalyst outperformed

the NHs-zeolite Y (5.1:1), NHs-zeolite Beta (25:1), and the gamma-phase Al oxide
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catalysts regarding the selectivity of propionaldehyde. Zeolite Y and the Al oxide catalysts
showed very low selectivity to propionaldehyde. However, Al oxide demonstrated high
selectivity toward 1-propanol while zeolite Y demonstrated high selectivity toward 1,4-
dioxane, 2,5-dimethyl-. Zeolite Beta resulted in a propionaldehyde selectivity of over 20%;
however, this is still quite lower than the 27% selectivity demonstrated by ZSM-5. The
differences within the selectivity of these zeolites, can be largely attributed to the different
structures of each zeolite and their concentration of acidic sites®. Since the overall goal of
the project is to maximize the selectivity of propionaldehyde, it was decided to solely focus
on ZSM-5 as opposed to tested catalysts. Additionally, it should be noted that although
these catalysts were not tested at the same silica to alumina ratios, a comparison between
the catalysts were made to pre-maturely scan for catalyst with extremely high selectivity
toward propionaldehyde. The only catalyst that really stood out from this initial comparison
was ZSM-5. Pictures were also taken of the various pre-mixed catalysts and polyol prior

to reaction, the spent catalysts, and the condenser fluid, as seen in Figure 3.15.

Catalysts mixed with
Polyol (2:1 Mass Ratio)
Before Reaction

Catalysts Post Reaction Condensed Reaction Products

Figure 3.15: Pictures of the different catalysts tested and their respective condenser fluid
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All the catalyst mixed with PPG appear white or off-white. However, upon reaction,
ZSM-5 and zeolite-Beta turn a darker brown color while zeolite-Y and Al oxide turn more
yellowish. The condenser fluids are of similar color, but the zeolite-Beta sample is slightly
darker. This can be attributed to a higher selectivity toward 2-ethyl-trans-2-butenal, based
on previous observations.

3.5 ZSM-5 Silica to Alumina Ratio Testing

Prior to conducting the DOE on the reactor setup 3.0, NHs-ZSM-5 with varying
silica to alumina (SiO2/Al;03) ratios were tested. These zeolites included the typical NHa-
ZSM-5 with silica to alumina ratios of 23:1, 30:1, 50:1, 80:1, and 200-400:1 all from Alpha
Aesar. It should be noted that the NHs-ZSM-5 from Zeolyst performed almost identically
to the NH4-ZSM-5 from Alpha Aesar, but for consistency, all the ZSM-5 samples were
from Alpha Aesar. These samples were tested at a reaction temperature of 310 °C, a catalyst
to polyol ratio of 2:1, and a steam percentage of 20% in the carrier gas on the model PPG
polyol. The total flow rate was 50 mL/min and the total polyol and catalyst mix added was
5 g. The selectivity of the seven products for these different zeolites and Al oxide are

displayed in Table 3.4. The propionaldehyde selectivity is also displayed in Figure 3.16.
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Table 3.4: The selectivity of the primary seven products for NHs-ZSM-5 of varying silica
to alumina ratios

NH,-ZSM-5 | NH,-ZSM-5 | NH,-ZSM-5 | NH,-ZSM-5

(50:1) (80:1) (200-400:1)
Selectivity Selectivity | Selectivity | Selectivity

Selectivity

e 22.53% 26.91% 18.91% 18.01%
o 3.5% 2.82% 2.47% 1.86% 5.88%
1-Propanol 3.05% 2.62% 4.36% 6.55% 2.12%

1.3-Dioxolane, 2-
ethyl-4-methyl- 16.16% 8.21% 6.69% 18.97% 20.03%

1,4-Dioxane, 2,5-
dimethyl- 30.54% 31.3% 34.01% 34.13% 34.53%

2-Ethyl-trans-2-
butenal 12.63% 9.11% 6.27% 6.25% 4.04%
Propylene Glycol |, o, 7.65% 5.22% 7.92% 10.33%
Other Products 1 30, 15.76% 14.07% 5.41% 5.06%
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Figure 3.16: Propionaldehyde selectivity for varying silica to alumina ratios of NH4-
ZSM-5 catalysts
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Based on Figure 3.16 and Table 3.4, the NHs-ZSM-5 samples display a maximum
propionaldehyde selectivity at the 50:1 ratio sample. The more alumina present within the
catalyst, the more acidic sites are present. Thus, the lower the silica to alumina ratio, the

greater the amount of catalytic cracking that occurs. However, this does not always lead to
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an increase in selectivity for targeted products, as seen in Figure 3.16. Based on these
results, the optimal silica to alumina ratio for increasing selectivity toward
propionaldehyde is 50:1. Too low and too high of a silica to alumina ratio may present
issues with reactant conversion and selectivity optimums, as has been observed in the
conversion of methanol to propene over ZSM-5 catalysts®’.

Pictures were also taken of the various pre-mixed catalysts and polyol prior to

reaction, the spent catalysts, and the condenser fluid, as seen in Figure 3.17.

Catalysts mixed with
Polyol (2:1 Mass Ratio) Catalysts Post Reaction

Before Reaction

Condensed Reaction Products

{200-400:1)

Figure 3.17: Pictures of the ZSM-5 catalysts tested with varying silica to alumina ratios
and their respective condenser fluid

The ZSM-5 samples with low silica to alumina ratios appear to be slightly yellow
in color while the higher silica to alumina ratios appear to be darker in color, almost
brownish. It is interesting to note that this coloring is apparent from the pre-mixed catalysts
before reaction, the spent catalyst, and the condenser fluid for all the samples. Another
interesting phenomenon present within the pre-mixed catalyst samples are differences
within wetting parameters between samples. The differences in wetting of ZSM-5 with
varying silica to alumina ratios has been previously observed and described®,

3.6 Meso-porous Zeolite-Y Testing
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Prior to conducting the DOE on the reactor setup 3.0, zeolite-Y samples,
synthesized at UC Berkeley as previously discussed in section 2.5.2 Mesoporous zeolite
Synthesis Methodology, were tested along with their microporous counter parts. Meso-
porous NHs-zeolite-Y samples with alumina ratios of 15:1 and 30:1 were tested along with
H-zeolite-Y samples with alumina ratios of 15:1 and 30:1. These samples were tested at a
reaction temperature of 310 °C, a catalyst to polyol ratio of 2:1, and a steam percentage of
20% in the carrier gas on the model PPG polyol. The total flow rate was 50 mL/min and
the total polyol and catalyst mix added was 5 g. The selectivity of the seven products for
different zeolite-Y samples are displayed in Table 3.5. The propionaldehyde selectivity is
also displayed in Figure 3.18.

Table 3.5: The selectivity of the primary seven products for the various zeolite-Y samples

Meso- H-Zeolite Y | H-Zeolite Y

Zeolite Y (15:1) (30:1)
e (30:1) Selectivity | Selectivity
Selectivity Selectivity

Propionaldehyde 22.93% 27.69% 12.68% 16.02%

Acetone 9.87% 13.81% 3.11% 9.31%

1-Propanol 5.33% 3.83% 3.39% 2.65%
1,3-Dioxolane, 2-

ethyl-4-methyl- 7.77% 12.63% 26.35% 32.81%
1,4-Dioxane, 2,5-

dimethyl- 27.18% 25.12% 38.91% 33.5%
2-Ethyl-trans-2-

butenal 6.52% 5.3% 1.82% 1.71%

Propylene Glycol 5.95% 6.34% 2.42% 1.52%

Other Products 14.45% 5.289%, 11.32% 2.48%
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Figure 3.18: Propionaldehyde selectivity for various zeolite-Y samples

Based on Figure 3.18 and Table 3.4, the meso-porous variants of zeolite-Y
outperformed their respective micro-porous variants regarding propionaldehyde
selectivity. Additionally, both samples favored the 30:1 silica to alumina ratio compared
to the 15:1 silica to alumina ratio sample regarding the selectivity of propionaldehyde.
Overall, the microporous zeolite-Y samples had higher selectivity to large compounds such
as 1,3-dioxolane, 2-ethyl-4-methyl- and 1,4-dioxane, 2,5-dimethyl- while the mesoporous
samples had higher selectivity to smaller compounds such as propionaldehyde and acetone.
That is to say that the meso-porous samples were likely more successful at allowing larger
products and reactants to react to form acetone and propionaldehyde.

Pictures were also taken of the various pre-mixed catalysts and polyol prior to

reaction, the spent catalysts, and the condenser fluid, as seen in Figure 3.19.
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Catalysts mixed with
Polyol (2:1 Mass Ratio)

: Catalysts Post Reaction
eqf,ore Reaction -

Condensed Reaction Products

NH,-Meso- Zeolite Y NH-Meso- Zeolité !
(15:1) (30:1)

H-Zeolite Y H-Zeolite Y
{15:1) (20:1)

Figure 3.19: Pictures of the zeolite-Y catalysts tested with varying porosity and silica to
alumina ratios and their respective condenser fluid

All pre-mixed samples appeared white or off-white prior to the reaction. The
condenser fluid color, slightly yellow, was also uniform for all samples, which can once
again be attributed to the low concentration of 2-ethyl-trans-2-butenal within the product
condensate. Much like the low silica to alumina ratio ZSM-5 samples, the 15:1 silica to
alumina ratio meso-porous zeolite-Y spent sample appeared yellow while the 30:1 sample
appeared an almost cream color. For the microporous zeolite-Y samples, both the 15:1 and
30:1 spent samples appeared to be very brown in color, with almost no apparent distinction
between the two samples.

3.7 Thermal Cracking of PPG

As previously discussed in 2.6 Reaction Conversion and Selectivity Methodology
via Liquid Chromatography-Mass Spectrometer, the selectivity of the products was
redefined for all remaining experimental data, unless otherwise specified. Much like
before, the areas of these seven products were adjusted accordingly and their

concentrations calculated. These concentrations were summed, and the selectivity was
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defined as the concentration of a single product over the total concentration. This was done
to prevent reactants, namely di-propylene glycol, from interfering with product selectivity.

To gauge the effect of the catalyst on the cracking reaction, a baseline for cracking
due to thermal decomposition needed to be developed. Thus, PPG was mixed with sand
instead of a catalyst to suspend it within the reactor. Since sand is inert, the resulting
products should only be from thermal degradation. The results for this experiment are
displayed in Table 3.6. These samples were tested at a reaction temperature of 400 °C, a
steam percentage of 20% in the carrier gas, and a total flow rate of 200 mL/min on model
PPG polyol. The catalyst sample also had a catalyst to polyol ratio of 1:1 and a total mass
of mixed polyol and catalyst of 5 g.

Table 3.6: The selectivity of the primary seven products via NH4-ZSM-5 catalyst and

thermal cracking
Thermal NH,-ZSM-
Cracking 5
Selectivity | Selectivity

Propionaldehyde 7.11% 49.28%
Acetone 64.83% 6.85%
1-Propanol 6.31% 1.61%

1,3-Dioxolane, 2-

0, 0
) 10.70% 8.95%
1.4-Dioxane, 2.5-
2 2 2 0
S L Trace 22.03%
2-Ethyl-trans-2- Ttace 4.17%
butenal
Propylene Glycol 11.05% 7.11%

Based on the results in Table 3.6, the thermal cracking resulted in a very high
selectivity toward acetone when compared to the NHs-ZSM-5 catalyst. It also resulted in

very low selectivity of large products like 1,4-dioxane, 2,5-dimethyl-. However, the
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conversion was the most important factor of this experiment; thus, these samples were also

run through the LC-MS, as shown in Figure 3.20.
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Figure 3.20: The LC-MS chromatogram for the catalytic and thermal cracking samples

The resulting peak areas shown in Figure 3.20 were summed for both samples. The
concentration of the two samples was then calculated using the total peak area and the PPG
calibration curve, Figure 2.18. The total peak area for the thermal cracking sample was
about 18 times greater than the total peak area for the catalytic sample. Indicating that the
catalyst improved the reactivity of cracking reaction by approximately 18 times. This was
also in agreement with the GC-MS conversion methodology, which involved a comparison
of the total product area for the primary seven products for the two samples. This
comparison showed an increase in product conversion of about 20 times through the
addition the catalyst.
3.8 H-ZSM-5 vs. NH4-ZSM-5

NHz-ZSM-5 is typically thermally decomposed to H-ZSM-5 via calcination prior
to use®1%2, Calcination not only allows further stability enhancement, but it also allows

the zeolite to become acidic in nature via the H* protonic species!®?. However, NHs-ZSM-
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5 was predominately used for preliminary data and the DOEs. Thus, the true acid cracking
potential of H-ZSM-5 may not have been completely realized in the previous experimental
results. Thus, NHs-ZSM-5 and H-ZSM-5 were directly compared in terms of selectivity,
as seen in Table 3.7. H-ZSM-5 was produced via the calcination procedure discussed in
Section 2.5.1 H-ZSM-5 Synthesis Methodology. Additionally, these samples were tested
at a reaction temperature of 450 °C, a catalyst to polyol ratio of 1:1, and a steam percentage
of 20% in the carrier gas on the model PPG polyol. The total flow rate was 100 mL/min

and the total polyol and catalyst mix added was 5 g.

Table 3.7: The selectivity of the primary seven products via H-ZSM-5 and NH4-ZSM-5

Product NH,-ZSM-5 | H-ZSM-5
Selectivity | Selectivity

catalysts

Propionaldehyde 49.28% 49.64%
Acetone 6.85% 4.43%
1-Propanol 1.61% 1.18%
1,3-Dioxolane, 2- 8.95% 12.38%
ethyl-4-methyl-
1,4-Dioxane, 2.5- 22.03% 25.36%
dimethyl-
2-Ethyl-trans-2- 4.17% 5.21%
butenal
Propylene Glycol 7.11% 1.77%

Based on the results in Table 3.7, it can be concluded that the NH4-ZSM-5 resulted
in nearly identical results as H-ZSM-5. Based on previous results, these values can likely
all be considered within experimental error of one another. Additionally, both these
catalysts were run several times; thus, solidifying the evidence that NH4-ZSM-5 produces
nearly the same product selectivity as H-ZSM-5. The conversion was estimated to also be

similar based on the peak area of products resulting from the GC-MS. This is likely due to
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the conversion of NHs-ZSM-5 to H-ZSM-5 during the reaction. At a reaction temperature
of 450 °C, the thermal decomposition of ammonium to hydrogen should readily proceed®-
102 1t is also interesting to note that the stability and the framework structure of a zeolite
can be affected by the calcination temperature®®%2, Thus, it stands to reason that the
reaction temperature may affect the selectivity of the products when comparing NHs-ZSM-
5 to H-ZSM-5. It has also been shown that steam may drastically increase the activity of a
zeolite®®.
3.9 Pt-H-ZSM-5 vs. H-ZSM-5

Pt-H-ZSM-5 was synthesized following the procedure described in 2.5.3 Pt-H-
ZSM-5 Synthesis Methodology. As previously discussed, the introduction of precious
metals into a zeolite’s framework, can drastically improve its longevity in cracking
reactions while having no adverse effects on product yield®®. As such, Pt-H-ZSM-5 was
tested with the catalytic cracking of PPG reaction to investigate potential benefits of Pt
within the framework of ZSM-5; the resulting product selectivity is shown in Table 3.8.
These samples were tested at a reaction temperature of 450 °C, a catalyst to polyol ratio of

1:1, and a steam percentage of 20% in the carrier gas on the model PPG polyol. The total

flow rate was 100 mL/min and the total polyol and catalyst mix added was 5 g.
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Table 3.8: The selectivity of the primary seven products via H-ZSM-5 and Pt-H-ZSM-5
catalysts

HZSMS | ol
Selectivity —
Propionaldehyde 49.28% 25.62%
Acetone 6.85% Trace
1-Propanol 1.61% 1.86%
1,3-Dioxolane, 2- o o
Cthyl-4-methyl. 8.95% 13.02%
1.4-Dioxane, 2.5- o o
e 22.03% 52.87%
2B S 4.17% 6.22%
butenal
Propylene Glycol 7.11% 2.95%

Based on the results in Table 3.8, Pt-H-ZSM-5 resulted in a much lower
propionaldehyde selectivity compared to H-ZSM-5. Pt-H-ZSM-5 also resulted in higher
selectivity toward larger molecules like 1,3-dioxolane, 2-ethyl-4-methyl and 1,4-dioxane,
2,5-dimethyl-. Additionally, the GC-MS total peak areas for the products indicated an
approximate 80% lower conversion for the Pt-H-ZSM-5 sample when compared to ZSM-
5 catalyst. Thus, it can be concluded the catalytic cracking potential of H-ZSM-5 was not
improved through the incorporation of Pt into its framework for this particular reaction.
3.10 2-D MFI Zeolite Testing

2-D MFI zeolites nanosheets have been shown to drastically improve the reactivity
of the catalyst in certain reactions®’. This increase in activity can be attributed to the
removal of internal diffusion limitations, as the catalytic sites on the zeolite now reside on
the surface. Thus, it is of great interest to test the capabilities of these 2-D MFI zeolites for

the catalytic cracking of PPG reaction. Unfortunately, the synthesized amount of 2-D MFI
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zeolite with a silica to alumina ratio of 5:1 without stirring was not enough for a reaction
run. However, there was enough sample to test the mixed and non-mixed MFI nanosheets
with a silica to alumina ratio of 25:1. These samples were tested at a reaction temperature
of 450 °C, a catalyst to polyol ratio of 1:1, and a steam percentage of 20% in the carrier gas
on the model PPG polyol. The total flow rate was 100 mL/min and the total polyol and

catalyst mix added was 5 g. The results of these two experimental tests as well as H-ZSM-

5 are displayed in Table 3.9.

Table 3.9: The selectivity of the primary seven products via the non-mixed and mixed
MFI zeolites as well as H-ZSM-5

H-ZSM-5 W/O stirring MFI W Stirring MFI

(50:1) . e Zeolite
Selectivity | Z¢olite SVAIES0) | o5 0 1s0)
Propionaldehyde 49.28% 58.42% 69.30%
Acetone 6.85% 9.69% 10.91%
1-Propanol 1.61% 1.05% 0.80%
1,3-Dioxolane, 2-ethyl-4- 3.95% 3.42% 541%
methyl-
LasbinguE 2= 22.03% 18.39% 6.09%
dimethyl-
2-Ethyl-trans-2-butenal 4.17% 2.66% 5.56%
Propylene Glycol 7.11% 1.37% 1.93%

Based on Table 3.9, the of MFI zeolites with and without stirring both displayed
higher selectivity for propionaldehyde than H-ZSM-5. Although the MFI zeolite sample
without stirring performed only slightly better than H-ZSM-5, the MFI zeolite with stirring
performed significantly better than H-ZSM-5. In fact, out of all the zeolites tested thus far,
this synthesized MFI zeolite with stirring outperformed all previous zeolites quite

significantly with a propionaldehyde selectivity of nearly 70%. However, both catalysts
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seem to have low conversion (approximately 25% for mixed and 34% for non-mixed)
compared to H-ZSM-5 according to the GC-MS peak areas.
3.11 Additional Polyols Tested

Besides polypropylene glycol Mn ~425, polyurethane (Texin® 950 D from
Covestro) was tested. The testing of this compound was done using version 1.0 of the
experimental setup. As such, the resulting GC-MS chromatogram, in Figure 3.21, displays
the result of the products in the gas phase. For this particular run, the catalyst and polyol
mixture reacted at a temperature of 250 °C, a steam percentage of 20% in the carrier gas,
and a catalyst to polyol ratio of 2:1. Also, the total flow rate of the experimental run was
25 mL/min with a total catalyst and polyol mass of 1.5 g. It should also be noted that the
polyurethane used for this reaction was a solid, thus it simply thrown in with NHs-ZSM-5

catalyst and reacted.
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Figure 3.21: GC-MS chromatogram of the catalytic cracking of polyurethane reaction
Based on Figure 3.21, there exists one primary volatile product for this reaction,
which was identified to be tetrahydrofuran (THF). Although version 1.0 of the reactor setup

presented many errors, the potential for the catalytic breakdown of polyurethane into THF
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seemed promising. Additionally, one more experiment regarding polyurethane was
conducted without a catalyst. The results are almost identical, but reduced in peak area, as
that displayed in Figure 3.21. Although further experimentation was not conducted, it was
hypothesized that the polyurethane was furan based, which was based on a literature search
regarding the THF product!®,
3.12 Spent Catalyst Characterization

An important aspect of understanding the overall chemistry of this catalytic
cracking reaction involves the characterization of the spent zeolite catalysts. Various
characterization methods were employed on the spent zeolites such as thermogravimetric
analysis (TGA), X-ray powder diffraction (XRPD), diffuse reflectance for infrared Fourier
transform spectroscopy (DRIFTS), and positron annihilation lifetime spectroscopy
(PALS). An in-depth look at the results of these characterization methods will be discussed
in the proceeding subsections. One of the primary concerns regarding catalytic chemistry
of hydrocarbons is coking’’. Coking, which is the buildup of carbonaceous materials on a
catalyst surface, can greatly hinder the catalytic performance of a catalyst>*>!77% As such,
these characterization methods primarily focus on the characterization of potential coke
buildup on/in the zeolite structure.
3.12.1 PXRD Characterization of Spent ZSM-5

It has been reported in the literature that zeolites can incur crystallographic changes
during cracking reactions®"'%, Thus, X-ray powder diffraction was performed on a fresh
ZSM-5 sample and the five times reacted sample. These experiments occurred in version
1.0 of the reactor system; however, this should not change the outcome of the spent catalyst.

The ZSM-5 samples were run with polypropylene glycol Mn ~425 and were conducted
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with a steam percentage of 20%, a temperature of 250 °C, a catalyst to polyol ratio of 2:1,
and with a total carrier gas flow of 25 mL/min. Additionally, this catalyst was reacted a
total of five times within the reactor. This was done by removing the top piece of quartz
wool in the reactor tube and adding additional polyol at the top of the tube following each
run. This five times reacted experiment was conducted to increase the overall coke deposits
on/in the zeolite, as this characterization method was almost inconclusive with a singularly
reacted sample.

Figure 3.22 displays the normalized PXRD pattern for the two samples of interest.
Despite the large 2-theta region analyzed, crystalline changes in the zeolite structure, due
to the deposition of coke, have been reported in the literature to occur on the largest peaks,
which occur at about 22.5-25%!. Thus, Figure 13 only displays the region of interest.
Additionally, the fresh ZSM-5 sample was shifted to the left by about 0.27° due to
calibration error for comparison purposes. Literature values for spent ZSM-5 samples
resulted in a lower intensity, about 20-30%, when compared to the unreacted sample'.
Based on Figure 3.22, there is no substantial changes in intensity from fresh ZSM-5
compared to the five times reacted ZSM-5 sample. Thus, it can be concluded that there are
no substantial crystalline changes in the structure of ZSM-5 during the catalytic cracking

reaction.
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Figure 3.22: PXRD pattern for the 5x reacted ZSM-5 sample and a fresh ZSM-5 sample
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3.12.2 DRIFTS Characterization of Spent ZSM-5

Diffuse reflectance for infrared Fourier transform spectroscopy (DRIFTS) was
conducted to identify coke and the potential types of coke deposited on the zeolite. Initially,
a fresh ZSM-5 sample was loaded and used as the background for the five times reacted
ZSM-5 sample scan. These experiments occurred in version 1.0 of the reactor system,;
however, this should not change the outcome of the spent catalyst. The ZSM-5 samples
were run with polypropylene glycol Mn ~425 and were conducted with a steam percentage
of 20%, a temperature of 250 °C, a catalyst to polyol ratio of 2:1, and with a total carrier
gas flow of 25 mL/min. Additionally, this catalyst was reacted a total of five times within
the reactor for reasons explained previously.

Figure 3.23 displays the infrared spectrum for the five times reacted ZSM-5 sample
after baseline adjustment. The broad peak at around 3200-3650 cm™! corresponds to O-H
bonds and the other broad peak at 2800-3050 corresponds to C-H bonds '%>7'%7. The largest
peak at 1700 cm™! corresponds to C=0O bonds %7, The two smaller peaks at 1550 cm’!
and 1450 cm™! correspond to C=C and C-H bonds, respectively'® %7 Additionally, this
C=C double bond is likely due to the presence of an alkene functional group as opposed to
an aromatic, as an aromatic would occur closer to 1600-1650 cm™ 1%, Lastly, the peaks at
1250 and 1150 cm™ correspond to C-O bonds!®1%7 A more in-depth analysis of these
bands could result in the identification of the type of coke being formed; regardless, the
infrared spectrum gives evidence of carbonaceous species on the surface of the spent ZSM-

5 catalyst.
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Figure 3.23: Baseline adjusted IR spectrum of 5x reacted ZSM-5
3.12.3 TGA Characterization of Spent Zeolites
3.12.3.1 5x Reacted ZSM-5

TGA was conducted on many of the catalyst samples previously discussed.
However, an initial investigation regarding the identification of coke was conducted on the
5x reacted spent ZSM-5 catalyst. These experiments occurred in version 1.0 of the reactor
system; however, this should not change the outcome of the spent catalyst. The ZSM-5
samples were run with polypropylene glycol Mn ~425 and were conducted with a steam
percentage of 20%, a temperature of 250 °C, a catalyst to polyol ratio of 2:1, and with a
total carrier gas flow of 25 mL/min. Additionally, this catalyst was reacted a total of five
times within the reactor for reasons explained previously.

Figure 3.24 displays the normalized results from TGA run with the five times
reacted ZSM-5 in air and argon. The total run constitutes a mass loss of almost 30% for
both gases; however, there was a significantly more abrupt mass loss in the presence of air
compared to argon at a temperature of around 150 °C. This abrupt mass loss can be
contributed to the reduction of energy required to burn carbon off the ZSM-5 than what is

t108

required to thermally desorb it"*°. Thus, these results indicate the presence of carbonaceous

species on the spent ZSM-5 sample.
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Figure 3.24: TGA for the 5x reacted ZSM-5 catalyst in argon and air

3.12.3.2 Effect of Steam Percentage on Coking

The NH4-ZSM-5 samples tested during the preliminary testing for the DOE
conducted in version 3.0 of the reactor system were also investigated. As previously
discussed, steam has been shown to inhibit secondary reaction that may potentially lead to
coking.***? Therefore, TGA was conducted on the three preliminary spent NH4-ZSM-5
samples with varying steam percentages. These samples were run at a reaction temperature
of 310 °C, a catalyst to polyol ratio of 2:1, and with steam percentages in the carrier gas of

0%, 20%, and 37%. The resulting normalized mass losses are displayed in Figure 3.25.

Steam Percentages

]

-

Md\ﬁ me I-‘\,ru.m age (“n'll

Figure 3.25: TGA mass loss of spent NH4-ZSM-5 samples with varying steam percentages
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Based on Figure 3.25, there is a noticeable decrease in mass loss as the steam
percentage increased. Thus, it can be concluded that the addition of steam can reduce the
overall coking on/in the zeolite. This is an agreement to the previously discussed benefits
of steam regarding the inhibition of secondary reactions that may potentially lead to
coking**42,
3.12.3.3 Coking on Various Catalysts

TGA was conducted on the various zeolites discussed in section 3.4 Initial Zeolite
Testing. These zeolites included NHs-ZSM-5 (50:1) from Alpha Aesar, NH4-zeolite Y
(5.1:1) from Alpha Aesar, and NHs-zeolite Beta (25:1) from Alpha Aesar. Additionally,
gamma-phase Al oxide from Alpha Aesar was tested, as it has been shown to also have
acidic sites®. The selectivity of the seven products for these different zeolites and Al oxide
are displayed in Table 3.3. It should also be noted that these samples were tested at a
reaction temperature of 310 °C, a catalyst to polyol ratio of 2:1, and a steam percentage of
20% in the carrier gas on the model PPG polyol. The total flow rate was 50 mL/min and
the total polyol and catalyst mix added was 5 g. The TGA curves for these catalysts are

displayed in Figure 3.26 and their respective normalized mass losses are displayed in

Figure 3.27.
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Figure 3.26: TGA curves for various spent catalysts
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Figure 3.27: Normalized TGA mass loss of various spent catalysts
Based on Figure 3.26 and 3.27, the zeolite Y catalyst experienced an extremely
mass loss compared to the other catalysts, which was assumed to be from the result of
coking. Zeolite Beta also experienced a high amount of coking compared to NHs-ZSM-5,
which experienced the lowest amount of coke of all four catalysts. This can be attributed to

the different zeolite structures as well as the higher concentration of Brgnsted acid sites within

109



zeolite Beta compared to ZSM-5'%°. Pictures of all the various spent catalysts are also
displayed in Figure 3.15.
3.12.3.4 Effect of Silica to Alumina Ratio of NH4-ZSM-5 on Coking

TGA was conducted on the NH4-ZSM-5 catalysts with varying silica to alumina
ratios discussed in section 3.5 ZSM-5 Silica to Alumina Ratio Testing. These zeolites
included the typical NH4-ZSM-5 with silica to alumina ratios of 23:1, 30:1, 50:1, 80:1, and
200-400:1 all from Alpha Aesar. It should be noted that the NHs-ZSM-5 from Zeolyst
performed almost identically to the NHs-ZSM-5 from Alpha Aesar, but for consistency, all
the ZSM-5 samples were from Alpha Aesar. These samples were tested at a reaction
temperature of 310 °C, a catalyst to polyol ratio of 2:1, and a steam percentage of 20% in
the carrier gas on the model PPG polyol. The total flow rate was 50 mL/min and the total
polyol and catalyst mix added was 5 g. The resulting TGA curves for the spent NH4-ZSM-
5 catalysts are displayed in Figure 3.28 and their respective normalized mass losses are

displayed in Figure 3.29.
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Figure 3.28: TGA curves for spent NHs-ZSM-5 catalysts with varying silica to alumina
ratios
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Figure 3.29: Normalized TGA mass loss for spent NH4-ZSM-5 catalysts with varying silica
to alumina ratios

Based on Figure 3.28 and 3.29, there is likely a trend between the alumina to silica
ratio and the amount of coke formed on the catalyst. Based on the experimental data, the
more alumina present within the zeolite sample, which can be correlated to the amount of
acidic sites present, the more coking on/in the catalysts resulted from the reaction. Although
the trend for the ratios is not as clear for the 30:1, 50:1, and 80:1 catalysts, the coking
amount of said catalysts is still within experimental error; as such, the observed trend still
holds. The observed trend is in agreement with the hypothesis that an increased number of
acidic sites will result in an increased amount of coke. Therefore, it can be concluded that
ZSM-5 samples with a large amount of alumina present will result in a large amount of coke on/in
the spent zeolite due to the higher concentration of acidic sites™.
3.12.3.5 Meso-porous Zeolite Y Catalysts

TGA was conducted on the meso-porous and micropous zeolite-Y samples
sythseized at UC Berkeley discussed in section 2.5.2 Mesoporous zeolite Synthesis
Methodology and section 3.5 ZSM-5 Silica to Alumina Ratio Testing. Meso-porous NHa-

zeolite-Y samples with alumina ratios of 15:1 and 30:1 were tested along with H-zeolite-

111



Y samples with alumina ratios of 15:1 and 30:1. These samples were tested at a reaction
temperature of 310 °C, a catalyst to polyol ratio of 2:1, and a steam percentage of 20% in
the carrier gas on the model PPG polyol. The total flow rate was 50 mL/min and the total
polyol and catalyst mix added was 5 g. The TGA curves for the spent zeolite-Y meso-

porous and microporous catalysts are displayed in Figure 3.30 and their respective

normalized mass losses are displayed in Figure 3.31.
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Figure 3.30: TGA curves for the spent meso-porous and microporous zeolite-Y catalysts
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Figure 3.31: Normalized TGA mass loss for spent meso-porous and microporous zeolite-
Y catalysts
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Based on Figure 3.30 and 3.31, the meso-porosity of the zeolite-Y samples may
have decreased the coking on/in the zeolite compared to the microporous zeolite-Y
samples. This statement holds true for the 30:1 sample but not for the 15:1 sample; although
the differences between the 15:1 samples may simply be within experimental error.
Regardless, the microporous and meso-porous samples showed that a higher alumina to
silicaratio (15:1) resulted in a greater amount of coking than a lower alumina to silica ratio
(30:1). Much like the silica to alumina variations within the spent ZSM-5 catalysts, the
observed trend agrees with the hypothesis that an increased number of acidic sites will result in an
increased amount of coke!™.
3.12.3.6 Pt-H-ZSM-5

TGA was conducted on the spent Pt-H-ZSM-5 sample discussed in section 2.5.3
Pt-H-ZSM-5 Synthesis Methodology and section 3.9 Pt-H-ZSM-5 vs. H-ZSM-5. This
samples was tested at a reaction temperature of 450 °C, a catalyst to polyol ratio of 1:1, and
a steam percentage of 20% in the carrier gas on the model PPG polyol. The total flow rate
was 100 mL/min and the total polyol and catalyst mix added was 5 g.

The TGA displayed virtually no coke formation on/in the zeolite catalyst. Although
this is in agreement with the literature regarding the addition of precious metals to ZSM-
5,°1 the TGA results cannot be taken conclusively. As previously discussed, the Pt-H-ZSM-
5 resulted in very low product conversion compared to H-ZSM via the GC-MS total peak
area methodology. Which means that the catalyst partook in very few catalytic cracking
reactions overall, which would likely result in fewer coke deposits on/in the spent zeolite.
Additionally, the spent catalyst, as shown in Figure 3.32, appears as a grey color. Given
the color change from off-white to grey with very minimal catalytic interactions, there was

likely catalyst deactivation that occurred during the calcination procedure or during the
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reaction. This may be attributed to the grey color of the catalyst, which may have resulted
from Pt particle formation. Sintering of Pt particles, as suggested by the grey color, may

have resulted in the nearly complete deactivation of the catalyst.

Figure 3.32: Spent Pt-H-ZSM-5 catalyst

3.12.4 PALS Spent ZSM-5 Characterization

PALS was conducted following the methodology discussed in section 2.4.6
Positron Annihilation Lifetime Spectroscopy (PALS). A total of four samples were
characterized using PALS. The first sample was fresh ZSM-5, which was to act as the
reference point. The second sample was ZSM-5 that had undergone a catalytic cracking
reaction with polyurethane. The third sample was ZSM-5 that had undergone a catalytic
cracking reaction with PPG. Fourth and final sample was a 5x reacted ZSM-5 sample with
PPG, as previously discussed. Additionally, these catalysts had been reacted with 20%
steam, a 2:1 catalyst to polyol ratio, and a reaction temperature of 260 °C. These
experimentations were conducted on version 1.0 of the reactor system with a total flow rate

of 25 mL/min and a total mixed catalyst and polyol mass of 1.5 g.
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The PAL analysis was conducted in two regimes: “with” and “without” matrix
correction effects, that take into account the contribution from the Na-22 source and the Ti
thin cover. PAL results from both series of measurements, with source corrections, are
presented in Table 3.10. The PAL values for the second series are highlighted in blue. The
PAL results for the same samples are averaged and their standard deviation, along with the
percentage standard error, are determined to remediate any outliers within the
measurements. The last column includes values of the products with the longest lifetimes
and intensities that are correlated with the ortho-Positronium pick-off annihilation, which
is related to the micro-pore trapping size and intensity.

Table 3.10: PAL results for the four ZSM-5 samples with source correction

ZSM-5 48 0.151 26.11 0.500 64.52 2.7 9.37
50 0.158 26.54 0.510 64,12 2.73 9.04
average | 0.155 28.20 0.496 62.20 2.704 9.60

stdeva 0.004 3.016 0.016 3.677 0.024 0.698
rate 2.41% 9.53% 3.30% 6.34% 0.89% 6.73%

Z5M-5 polyurethane 51 0.155 30.25 0.437 36.15 2.081 13.6
1run 52 0.162 32.3 0.452 53.94 2.196 13.76

54 0.161 3277 0.457 53.36 2.26 13.87

average 0.159 31.77 0.4499 54.48 2.179 13.74

stdeva 0.004 1.340 0.010 1472 0.091 0.136

rate 2.38% 4.22% 2.32% 2.70% 4.16% 0.99%

Z5M-5 polyprop. g. 55 0.162 28.38 0.488 82.55 2.08 9.07
1run 56 0.162 28.38 0.488 62.55 2.58 5.07

57 0.174 30.85 0.456 61.14 252 8.01

average | 0.166 29.20 0.491 62.08 2.56 8.72

stdeva 0.007 1.426 0.005 0.814 0.035 0.612
rate 4.17% 4.88% 0.94% 1.31% 1.35% 7.02%

Z5M-5 polyprop. g. 125 0.171 32.03 0.451 60.72 2.34 7.25
5 runs 127 0.162 36.17 0.448 56.96 232 6.87
average 0.167 34.10 0.450 58.84 2.33 7.06

stdeva 0.006 2.927 0.002 2.659 0.016 0.269
rate 3.82% 8.58% 0.47% 4.52% 0.70% 3.81%

Based on Table 3.10, the PAL results vary from specimen to specimen, indicating

changes due to the catalytic cracking, with the exception of the singularly reacted ZSM-5
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polypropylene glycol sample. Regarding the results for fresh ZSM-5, the trapping and o-
Ps pickoff lifetime values are consistent with the literature values for, with t at about 500
ns and t3= 2.6-2.7 ns range'!!. The resulting PAL values for the reacted ZSM-5 with
polyurethane are quite different than fresh ZSM-5, with trapping positronium lifetimes
decreasing: 12 ~ 450 ps and 13=2.179+-0.091 ns; however, the the 0-Ps annihilation fraction
increased to 13.7% from 9.6 (+-0.7)%. A more concise summary of the results in Table

3.10 are displayed in Table 3.11.

Table 3.11: Average PAL results for the four ZSM-5 samples with source correction

Sample T I Tz Iz Ta I Ta*la

ZSM-5 0.155 | 28.203 0.496 62.200 2704 | 9597 25953
ZSM-5*1 run polvurethane 0.159 | 31.773 0.449 [ 54483 2179 | 13.743 | 29.947
ZSM-5%1 run polvpropyl. g. 0.166 | 29.203 0491 [ 62.080 2560 | 8.717| 22315
Z5M-5*5 r w/polvpropyl. g- 0.167 | 34.100 0.450 58.840 2329 7080 | 16.43%

According to Table 3.11, there are substantial changes between the fresh ZSM-5
sample and the polyurethane reacted ZSM-5 sample. In fact, these changes are significantly
higher than the once reacted PPG ZSM-5 sample as well. The observed changes can be
correlated with morphological changes and changes in the catalyst’s structure due to
coking. It is hypothesized that coking may result in filled void spaces in the microporous
ZSM-5 samples due to a decrease in the longer lifetime PAL values for also samples. The
ZSM-5 samples reacted with PPG also resulted in lower intensities for I3, which can be
attributed to the filled void spaces due to coking. However, the ZSM-5 sample that reacted
with polyurethane resulted in a large Iz value compared to the fresh ZSM-5. It is

hypothesized that this affect is due to the creation of addition smaller size voids due to
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divisions within the existing voids; therefore, causing an increase in the I3 intensity for the
polyurethane reacted ZSM-5 sample. This phenomenon was also observed for the
conversion of methanol-to-hydrocarbons (MTH) reaction using a ZSM-5 with silica gel
catalyst!!?,

Based on Table 3.11, the PAL values for ZSM-5 reacted once with PPG do not
change substantially from fresh ZSM-5. After one reaction, the trapping site lifetimes (t)
resulted in changes less than 10%. Thus, a ZSM-5 sample that reacted a total of five times
with PPG was investigated as well. The five times reacted sample resulted in more
pronounced alterations in the PAL values due to morphological alterations and coking.
However, the five times reacted ZSM-5 sample with PPG still resulted in less substantial
changes to the PAL values compared to the polyurethane reacted ZSM-5 sample. This
indicates that the structure of ZSM-5 is altered significantly faster in the polyurethane
reaction compared to the PPG reaction. A more in-depth comparison of the changes within
the samples is displayed in Table 3.12, where the relative change for 11 = (T 1sample- T1zsm)/
T 1sample. THis calculation is repeated for all I and remaining t values, as shown in Table

3.12.

Table 3.12: The relative change in PAL values compared to the fresh ZSM-5 sample

sample T1 11 T2 12 T3 13 T3*I13

ZSM-5 reference 0.155| 28.203] 0.496| 62.200] 2.704| 9.597| 25.953
ZSM-5*1 polyurethane 2.6% 12.7% 9.6% 2.4% EiQA% 43.2% 15.4%
ZSM-5*1 polypropylene 6.9% B.5% 11.1%| 02%| I5.3% B.2%| [H4.0%
ZSM-5*5 polypropylene 7.2%| 20.9%| [Bo.4%| [Is.4%| [13.9%|[26.4%] $86.7%

Table 3.12 also displays the direction of change within the reacted ZSM-5 samples.
The singularly reacted PPG ZSM-5 sample resulted in changes within intensity and lifetime

values of less than 10%. The five time reacted PPG ZSM-5 sample and the polyurethane
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reacted ZSM-5 sample show far greater changes in PAL values. The most significant
difference between the polyurethane reacted and the five times PPG reacted ZSM-5
samples is within their respective I3 values. As previously discussed, an increase in the I3
may be the result of an increase in the number of void spaces while a decrease in I3 may be
the result of coke buildup within these void spaces. This may also indicate permanent
structural changes within the PPG reacted ZSM-5 sample, which would lead to permanent
catalyst deactivation. These changes are also shown in Figure 3.33 for the most prominent

PAL values (I2, I3, and t3).
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Figure 3.33: PAL results for the four ZSM-5 catalysts normalized to ZSM-5 for Iy, t3
(T3),and I3

Figure 3.33 represents a histogram for the prominent PAL values (l2, I, and t3) for
the four ZSM-5 samples, which have all been normalized to the fresh ZSM-5 sample.
Based Figure 3.33, there is very little evidence of change in the single reacted PPG ZSM-
5 sample compared to ZSM-5; however, these changes are far more pronounced for the
polyurethane and five times reacted PPG ZSM-5 samples for the potential reasons
explained above.

3.13 General Reaction Pathway Discussion
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Although the exact nature of catalytic cracking reaction of PPG is not well
understood, a postulated discussion of said reaction, based on the reported results, would
be appropriate. As such, the chemical structure of PPG and the seven primary products are

displayed in Table 3.133,

Table 3.13: The chemical formula and structure for PPG and the primary seven
products!t®

Reactant/ Chemical Chemical
Products Formula Structure

CHg
Polypropylene Glycol H[C;H,0],O0H H~|\0)\%OH

n

Propionaldehyde C,H.O A
Acetone C,H,0 Y
o
1-Propanol C;H,0 N
1,3-Dioxolane, 2-ethyl-4- o~
methyl- CeH1,0, Ve \UJ
1,4-Dioxane, 2,5- /N
dimethyl- CeH120, —,_/
P /\\_‘0
2-Ethyl-trans-2-butenal C,H,,0
IUH
Propylene Glycol C,H 0, /f\

Focusing on the chemical structure of the seven products, there are two distinct
categories that can be observed: a product containing six carbon atoms and a product
containing three carbon atoms. It is also interesting to note that the repeating unit within
the PPG reactant contains three carbons as well. In fact, the repeating unit within PPG,

acetone, and propionaldehyde are isomers of each other while 1,4-dioxane, 2,5-dimethyl
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and 1,3-dioxolane, 2-ethyl-4-methyl are isomers of one another. The chemical formula for
propylene glycol and 2-ethyl-trans-butenal are slightly different from the all the other
compounds. Regarding the chemical structure, 1,4-dioxane, 2,5-dimethyl and 1,3-
dioxolane, 2-ethyl-4-methyl both contain a ring-like structure, which have exactly two
times the atomic elements as acetone and propionaldehyde, which both have a double
bonded oxygen. The only other product compound with a double bond is 2-ethyl-trans-
butenal, which has two double bonds.

Based on these chemical structures and the results, it is hypothesized that the
repeating unit in polypropylene glycol may be directly converted into acetone by forming
a double bond and rearranging the hydrogen atoms. However, this conversion may be
limited to the pyrolytic cracking reaction only, as there is only a large selectivity of acetone
during the thermal cracking reaction while minimal selectivity toward acetone during the
catalytic cracking reaction. It has been shown that the pyrolytic cracking of monopropylene
glycol results in the production of propylene oxide intermediate via dehydration, which is
then converted to propionaldehyde and/or acetone®®. It is also interesting to note that the
selectivity toward 1,4-dioxane, 2,5-dimethyl is high when the selectivity of
propionaldehyde is high, this may indicate that polypropylene glycol can be converted into
1,4-dioxane, 2,5-dimethyl, which is cracked and converted to propionaldehyde. While in
the thermal cracking reaction, there almost no 1,4-dioxane, 2,5-dimethyl, but there is a fair
amount of 1,3-dioxolane, 2-ethyl-4-methyl. This may indicate that ,3-dioxolane, 2-ethyl-
4-methyl can also be cracked and converted acetone or propionaldehyde, depending on
which carbon is cracked. Much like the postulated direct conversion of the repeating unit

in PPG, it may be possible to directly convert said unit into propionaldehyde as well. It
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may be a sort of regioselective reaction much like the hydroformylation reaction previously
discussed®®94, 1-propanol was one of the most non-selective products for all catalytic and
thermal cracking runs, except for the reaction where the gamma phase Al oxide acted as
the catalyst. Given its chemical structure, 1-propanol may result from the cracking of 1,4-
dioxane, 2,5-dimethyl or 1,3-dioxolane, 2-ethyl-4-methyl or the hydrogenation of
propionaldehyde or even directly polypropylene glycol. Propylene glycol is likely from the
cracked polypropylene glycol structure; it may also be possible that the PPG itself has a
very small amount of monopropylene glycol, which would contribute to the overall
selectivity of the propylene glycol product. 2-ethyl-trans-butenal saw a large increase in
selectivity at a very high reaction temperature (760 °C), which indicates a large energy
barrier requirement. 2-ethyl-trans-butenal is the only chemical product with a double
bonded carbon and the only product with six carbons and a single oxygen atom. It is likely
that 2-ethyl-trans-butenal is formed from the conversion of propionaldehyde, as
pentanaldehyde has been shown to be converted into 2-ethyl-2-hexanal'**. Figure 3.34
displays a more concise summary of this discussion. However, 1-propanol are not included

due to the vast uncertainty of their reaction mechanisms.
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Figure 3.34: Proposed reaction mechanism of the catalytic and thermal cracking of
polypropylene glycol
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

The work presented in this thesis explored the catalytic cracking reactions of waste
polyol plastics. Given, the many issues with modern day recycling efforts, new and
improved recycling methodologies are a necessity for environmental longevity. The
primary objective of this project was to build a foundational platform for recyclability for
overlooked plastics such polyols and polyurethanes. Thus, initial reactor and analytical
system development, reaction parameter optimization, and catalyst testing embody the bulk
of the work discussed.

Initially, a reactor system was designed to facilitate the catalytic cracking of waste
plastics through a fluidized bed reactor with a dual column GC analytical system. However,
due to large issues in product recovery, the reactor system was redesigned a total of three
times. The resulting final version of the reactor system is a semi-batch, plug flow reactor
system with two condensers. The reactor is a vertically mounted, stainless steel tube that
is encased by a furnace and loaded with a pre-mixed catalyst and polyol mixture. A carrier
gas, which is comprised of a nitrogen and steam mixture, is flown through the reactor tube.
The resulting product gas is then condensed through a series of two condensers. The first
condenser operates to condense majority of the product and nearly all of the steam out of
the system while the second condenser operates to condense out any remaining volatile
products within the system. Using this setup, a mass balance closure of around 96-98%

was achieved. Alongside the development of the reactor system, an analytical system was
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modified and finalized. The resulting final version of the analytical system analyzed the
liquid condensate via GC-MS. Additional analytical methods using LC-MS were also
developed to investigate reactant conversion, as previously discussed.

Nearly all the experimental results discussed were produced using polypropylene
glycol (PPG) Mn ~425 as the starting reactant polyol. PPG, alongside NHs-ZSM-5 catalyst,
served as model polyol and starting catalyst for this project. Using the developed reactor
and analytical systems, seven primary products (propionaldehyde; 1,4-dioxane, 2,5-
dimethyl; 1-propanol; 1,3-dioxolane, 2-ethyl-4-methyl; acetone; 2-ethyl-trans-2-butenal;
and propylene glycol) that resulted from the catalytic cracking of PPG via a ZSM-5 catalyst
were identified and calibrated for. Through an economic evaluation of these seven
products, only propionaldehyde, 1-propanol, and propylene glycol were deemed
economically feasible. However, given the selectivity of these products during preliminary
testing, propionaldehyde was deemed to be the most realistic product to pursue further
optimization of its selectivity.

The first step in selectivity optimization for propionaldehyde was an investigation
of reaction parameter impact, such as the reaction temperature, the catalyst to polyol ratio,
and the steam percentage in the carrier gas. After initial parameter experimentations, a Box-
Behnken design of experiment (DOE) was employed to gather information regarding factor
significance and co-factor interactions within the model. This design of experiment was
conducted two times; however, the first time yielded no significant findings due to non-
optimized reactor and analytical systems. The spent NHs-ZSM-5 catalysts were tested via
thermogravimetric analysis (TGA), diffuse reflectance for infrared Fourier transform

spectroscopy (DRIFTS), and powder X-ray diffraction (PXRD). TGA and DRIFTS
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concluded the evidence of coke on/in the zeolite catalyst due to the catalytic cracking
reaction. PXRD also concluded that the catalyst was not losing crystallinity due to the
reaction.

Prior to the second DOE, various catalysts such as zeolite Y, zeolite Beta Al oxide,
and ZSM-5 were investigated. At the discussed conditions, NH4-ZSM-5 yielded a higher
propionaldehyde selectivity than the other tested catalysts. However, Al oxide did result in
a high selectivity toward 1-propanol, which was never further explored. TGA also yielded
that NH4-ZSM-5 resulted in the least amount of coke buildup on/in the catalyst compared
to the other tested catalysts.

Given the results of the various catalyst testing, NH4-ZSM-5 catalyst with different
the silica to alumina ratios were tested. The NH4-ZSM-5 catalyst with a silica to alumina
ratio of 50:1 resulted in the best propionaldehyde selectivity. It was shown that a low and
high silica to alumina ratio did not lead to a substantial increase in selectivity of any of the
products. Additionally, TGA of these catalysts showed a clear trend of an increased amount
of coke for low silica to alumina ratios; thus, the higher the amount of alumina within the
NH4-ZSM-5 sample, the greater the amount of coke within the sample.

Hierarchical meso-porous and microporous zeolite-Y samples with two different
silica to alumina ratios were synthesized by UC Berkeley and tested in the reactor system
for the discussed reaction. As it turns out, the meso-porous zeolite-Y samples significantly
outperformed the microporous zeolite-Y samples. However, the silica to alumina ratio of
30:1 for both the meso-porous and microporous sample outperformed the 15:1 samples. In
fact, the meso-porous 30:1 zeolite-Y sample outperformed the 50:1 ZSM-5 sample for

propionaldehyde selectivity, making it the best catalyst tested thus far for this reaction.
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Additionally, TGA resulted in more coking for the 15:1 samples compared to the 30:1
samples.

The second DOE conducted on this reaction concluded that temperature and
temperature squared were the only statistically significant parameters within the model.
Thus, the optimized conditions for this reaction were at a reaction temperature of 450 °C.
Given the importance of temperature for this reaction, a relationship between the seven
products and temperature was developed, which displayed many trends for various
products.

Using the LC-MS methodology discussed, the selectivity was redefined to only
compare the selectivity of the seven products rather than additional products. After this
change, the thermal cracking of this reaction was investigated. The selectivity for acetone
due to thermal cracking was extremely high, but the conversion was also around 18 times
lower for the thermal cracking vs the catalytic cracking reaction with NH4-ZSM-5.

Given the extensive usage of NHs-ZSM-5 throughout the testing and optimization
of this reaction, it was hypothesized that NH4-ZSM-5 was converted into H-ZSM-5 during
the reaction. This was proved by comparing the product selectivity of NH4-ZSM-5 and H-
ZSM-5, which yielded results all within experimental error. The H-ZSM-5 catalyst was
also compared to Pt-H-ZSM-5. The Pt-H-ZSM-5 was hypothesized to potentially reduce
the coke on/in the zeolite sample; however, due to the very low conversion of the Pt-H-
ZSM-5, likely due to catalyst deactivation, this hypothesis was never tested. Synthesized
MFTI zeolite also showed significant promise with very high achievable selectivity’s for

propionaldehyde from this reaction.
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The additional characterization of the ZSM-5 catalyst that had reacted with PPG
and polyurethane was also tested using positron annihilation lifetime spectroscopy (PALS).
PAL results indicated that the rate of structural changes within the catalyst was
significantly higher for that of the polyurethane reaction compared to PPG. Additionally,
the polyurethane reaction resulted in the partitioning of void spaces within the microporous
structure due to coking and irreversible structure changes. However, the reaction with PPG
results in the decrease of void space volume due to coking and reversal structural changes.

Based on these results, a brief discussion on the catalytic cracking mechanisms for
this reaction was also presented. However, there are many more experimentations required
before a definitive reaction mechanism can be proposed for the catalytic cracking of
polypropylene glycol. Beyond additional characterization and spectroscopy experiments
regarding mechanism concerns, additional zeolites with varying morphologies and
porosities can be tested for this reaction. These different zeolites, such as 2-D MFI zeolites,
may zeolite in significantly improved selectivity and conversion for this reaction.

Although briefly discussed, catalyst longevity will be primary concern for this
reaction on an industrial scale application. Thus, additional experimentation regarding the
longevity and revitalization of the catalyst involved in this reaction will be required.
Reactivation of the catalyst due to coking may present degradation issues for the zeolite
catalyst. Additionally, with the implementation of steam within this reaction, concerns
regarding the dealumination of the zeolite catalyst may arise.

Lastly, PPG Mn ~425 acted as the model polyol for this reaction. Realistically, this

reactant is likely considered an oligomer given its size. Thus, an investigation into longer
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chain PPGs will be required for this reaction. Beyond just the size of polyol, testing of

additional polyols and polyurethanes will also be of interest in future experimentations.
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