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Abstract

The global plastic waste issue demands recycling technology development beyond the conventional ones,
which is limited by contamination, polymer degradation, and energy inefficiency. The thesis describes the
potential of main-group-based acid species supported on a zirconia as a catalyst for chemical upcycling of
polypropylene (PP), one of the most widely used plastic but difficult to recycle. Inspired by previous study
on sulfated zirconia (SZ0O), which abstract the hydride via its Lewis acidic site, this work explores whether
the same activity can be achieved with phosphoric acid, tetraboric acid, boric acid, fluorosulfuric acid, triflic
acid, and bistriflimide. Density Functional Theory (DFT) was used to determine adsorption energies, surface
saturation effects, Lewis acidity (via probe molecules), and hydride abstraction barriers using Nudged Elastic
Band (NEB) analysis. Fluorosulfuric acid and triflic acid were found to activate polyolefins, demonstrating
their potential for catalytic upcycling. Also, fluorosulfuric and triflic acid were found to have comparable en-
ergy barriers to SZO; however no system studied surpassed SZO in terms of Lewis acidity or overall reactivity.

vi



Introduction

Plastics revolutionized the modern world entirely due to their durability, elasticity, and affordability. The use
of plastics caused a global environmental problem and and potential danger to the public health [1-3]. Me-
chanical and chemical recycling are inefficient because of contamination, mixed polymer waste, and degra-
dation of materials, which hinders plastic waste recyclability [4]. This problem requires more effective and
more sustainable upcycling technologies. Polypropylene (PP), one of the most widely used plastics, is among
the most difficult plastics to mechanically recycle due to chemical additives, stabilizers, and pigments [5].
Classical end-of-life operations are limited, and for this reason, there has been increasing interest regarding
upcycling by using heterogeneous catalysis in breaking plastic waste into fuels and chemicals.
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Figure 1.1: Global plastic production: According to Organisation for Economic Cooperation and Development (OECD) projections, the
figure shows the expected exponential growth in plastic production over the next forty years [6].

1.1. Limitations of Conventional Plastic Disposal and Recycling

Existing plastic waste recycling have significant limitations. Landfilling requires land and has the potential
to lead to serious environmental pollution risks [7]. Incineration produces energy from plastic waste but is a
source of greenhouse gases and harmful emissions [8]. Recycling technologies were developed to reduce the
use of these practices.

1.1.1. Mechanical Recycling

Mechanical recycling processes plastic waste to create new materials or products but it does not alter its orig-
inal chemical composition. [9]. However, contamination, polymer degradation, and recycling of mixed plas-
tics make mechanical recycling challenges continue in the present world [10].Compared to recycling plastics
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into their monomers, mechanical recycling does not break the polymer backbone. Impurities such as adhe-
sives,mixed plastics, and dyes have the effect of decreasing the mechanical properties of the recycled plastics.
The mechanical recycling process operations convert plastics into flakes, powder, or pellets. Since mechani-
cal recycling cannot handle mixed plastic waste, separation technologies such as density separaiton are em-
ployed. At the next stage, plastics are formed into new products by various resin molding processes[11]. Plas-
tics are prone to thermo-mechanical degradation through multiple processing cycles. Due to the heat and
shear involved in extrusion and molding, chain scission and molecular weight loss occur, which degrades me-
chanical properties such as impact resistance and tensile strength[11]. In addition, PE contamination is also
present in common mixed plastic waste, which is a serious issue. Since PP and PE are immiscible, recycled
blends possess inferior mechanical characteristics [12]. The addition of stabilizers and compatibilizers dur-
ing reprocessing can help counteract such immiscibility, but it increases the complexity and cost of recycling
[11].

PET
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Figure 1.2: Radical formation during the mechanical recycling of common plastics. Mechanical stress and heat generate radicals along
polymer chains, such as in PET, PS, PE, PP, and PVC. These radicals may undergo hydrogen abstraction followed by §-scission, leading
to chain cleavage [13].

1.1.2. Chemical Recycling

Chemical recycling breaks down plastic waste into its basic molecular components, enabling the creation
of polymers with properties equivalent to virgin materials [14]. Unlike mechanical recycling, chemical recy-
cling restores plastics to their monomers or oligomers. Chemical recycling effectively handles contaminated,
mixed, or degraded plastics to transform the waste into high-quality materials instead of lower-grade ma-
terial [15]. Impurities like dyes, plasticizers, and food residues should be removed before processing since
they would affect depolymerization reactions and the quality of the end product [16]. Chemical recycling
is generally divided into two categories: catalytic upcycling and monomer recovery. Generally, polymers
are broken into their original monomers, thereby developing a closed-loop recycling which they can be re-
polymerized to something with properties similar to virgin plastics. Contrarily, catalytic upcycling a newer
technique is not meant to recreate the same polymers, but to turn plastics waste into chemical feedstocks.
Polyolefins like PE and PP, which are hard to break down into their monomers can be selectively cleaved.
Catalytic upcycling, in many cases, relies on targeted bond-breaking mechanisms like 3-scission that pro-
duce functionalized chemical intermediates that serve as building blocks for advanced polymer materials,
synthetic lubricants, or specialty chemicals [17].
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Figure 1.3: Overview of chemical recycling pathways, including monomer recovery and catalytic upcycling. Catalytic upcycling enables

selective polymer breakdown into high-value chemical intermediates rather than direct monomer regeneration [18].

1.1.3. Comparison of Mechanical and Chemical Recycling

Table 1.1: Comparison of Mechanical and Chemical Recycling

Aspect Mechanical Recycling Chemical Recycling
Energy Consumption Requires less energy since it phys- | Consumes more energy compared
ically alters polymers [19]. to mechanical recycling [20].
Cost Costs less due to efficient pro- | High costs due to large energy de-
cesses and well-established infras- | mand [21].
tructure [11].
Plastic Compatibility Requires clean and sorted plastics | Can recycle mixed, dirty, and de-
[22]. graded plastics [23].
Material Quality Repeated recycling can degrade | Converts polymers into high-
plastic quality [10]. value chemical feedstocks or
monomers for closed-loop recy-
cling [13].
Scalability Widely used on an industrial scale | Limited by high costs and energy
[11]. demands [24].

Because of these limitations of existing recycling methods, heterogeneous catalysis has become an important
approach to improve the sustainability and efficiency of transforming plastic waste into valuable products.

1.2. Chemical Upcycling Pathways and Catalytic Approaches

Chemical recycling processes involve hydrogenolysis and pyrolysis. The processes vary based on product
selectivity, operating conditions, and catalyst selection. Catalytic systems from heterogeneous catalysts to
homogeneous transition-metal complexes and enzymes have been studied. While high reactivity has been
shown using homogeneous and enzymatic systems, their susceptibility to contaminants, recovery , and re-
cycling challenges limit their industrial use [25, 26]. On the other hand, heterogeneous catalysts, which are
separable easily, are the most viable catalyst type for industrial plastics upcycling [27].

1.2.1. Pyrolysis
Pyrolysis is among the recycling processes where polymers are transformed into liquid oil, solid residues,
and gases under high temperatures [28]. Pyrolysis takes place at varying temperatures of 300-900 °C [29].
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Pyrolysis consists of three types, which depend on the operating conditions [29]. The first type is slow heating,
where the main product is char, and this type of pyrolysis takes place without oxygen. The second type is
fast pyrolysis, where heating is done under controlled temperatures up to 500 °C; additionally, bio-oil is the
main product. Flash pyrolysis is characterized by extremely rapid heating and short residence times. The
major products obtained from this process are bio-oil and various gases. Fast pyrolysis is preferable in the
industry due to its high yield of oil. The pyrolytic degradation of plastics generally involves three key reaction
types: chain scission, reactions involving side groups, and recombination[30]. The general equation for the
reactions that occur in pyrolysis is given by [31]:

CxHyO.+ Q — Liquid+ Gas+ Char+ H,O (1.1)

Most common plastic waste are PP and polyethylene (PE); therefore, the pyrolysis temperature is set based
on their degradation temperatures to get the most liquid products as seen in figure 1.4. 450 °C to 500 °C
is the temperature range where degradation occurs[32]. Gas products will be dominant above degradation
temperature, and solid residue will be the major product below it.
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Figure 1.4: Effect of pyrolysis temperature on liquid yield (wt.%) PE and PP [32].

One of the challenges in pyrolysis is that high temperatures are typically required for pyrolysis, leading
to significant energy demands[33]. Another challenge is that pyrolysis oil products have unwanted proper-
ties, such as high aromatics, waxes, and char content. Pyrolysis oil upgradation therefore typically includes
purification to remove impurities, distillation, and fuel blending [33, 34].

1.2.2, Catalytic Pyrolysis

To improve the performance of pyrolysis, catalytic pyrolysis has been introduced to address the limitations
of conventional pyrolysis. The benefit of using catalysts is lowering the operating temperature of pyrolysis.
In addition, the catalysts can modify the energy barrier for the reactions or alter the minimum energy path
(MEP). Catalysts used in pyrolysis are heterogenous due to the fact that they can be separated easily from
the products[35]. Catalytic pyrolysis produces a higher yield of gaseous products than liquid products.[36].
Catalytic pyrolysis is classified as in-situ and ex-situ processes. In the in-situ process, catalyst and feedstock
are blended in a homogeneous reactor, wherein both catalytic upgrading and pyrolysis occur. In the ex-situ
process, the catalyst is used in another reactor, where it upgrades the pyrolysis vapors[37]. Catalytic pyrolysis
is divided into in-situ and ex-situ processes. In the in-situ process, the feedstock and catalyst are blended
together in a single reactor such that pyrolysis and catalytic upgrading occur. In the ex-situ process, the
catalyst exists within another reactor where it upgrades pyrolysis vapors[37]. In the in-situ process, catalyst
is mixed with solid residues. In the ex-situ process, it is not mixed with plastic feedstock, and recovery is
easy[32]. Catalysts used in pyrolysis are mostly zeolites[38, 39].
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Figure 1.5: Simplified mechanism of zeolite-catalyzed hydrocarbon cracking. The catalyst activates the alkane by protonation or hydride

removal, forming a reactive carbenium ion. This ion undergoes -scission, breaking carbon-carbon bonds to form smaller molecules.
The cycle continues, producing lighter products through repeated cracking steps[40].



1.2. Chemical Upcycling Pathways and Catalytic Approaches 6

1.2.3. Hydrogenolysis

Hydrogenolysis is a reaction in which polymer chains are broken into low molecular weight hydrocarbons via
transition-metal catalyzed cleavage of carbon-carbon bonds in the presence of hydrogen[41]. Hydrogenol-
ysis has been suggested as a potential future prospect for upcycling plastic waste but it is still at laboratory
research stage[42, 43]. Hydrogenolysis, as opposed to pyrolysis, takes place under comparatively milder con-
ditions. The reaction parameters can be adjusted to suit specific polyolefin feedstock and can achieve rea-
sonable product selectivity while lowering the energy requirements[44]. Various metal catalysts have been
explored for hydrogenolysis reactions, including ruthenium (Ru), iridium (Ir), and copper (Cu)[41]. Ruthe-
nium (Ru) supported on various materials has been extensively studied as a catalytic system, although its
effectiveness across different supports remains unclear [45]. One of the research works explored the depoly-
merization of PP in a relatively mild condition (200-250 °C, 20-50 bar H3), and it was found that 5 wt% Ru/C
nanoparticles achieved over 68% yield of C5—Cs, iso-alkanes[42]. Mass transport and poor selectivity to C-C
bond cleveage are drawbacks of hydrogenolysis and it can lead to methane (CH,4) formation[42]. Polyolefin
hydrogenolysis, as indicated in Figure 1.6, involves polymer adsorption, bond activation, and chain scission.
First, the polymer adsorbs on the metal surface (M), where neighboring carbon atoms are dehydrogenated,
weakening C-C bond. The polymer is split into two fragments, which are hydrogenated and released as small
saturated hydrocarbons. Metal catalyst type and reaction conditions influence selectivity for C-C bond scis-
sion, finally determining product distribution. Noble metal based catalysts are used widely in hydrogenolysis;
however their limitations such as cost, scarcity and vulnerability to impurities make them not viable option in
the long term. Researchers are looking towards more environmentally friendly catalytic systems to overcome
these drawbacks; the trend is shifting towards earth-abundant alternatives.
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Figure 1.6: General hydrogenolysis mechanism over metal catalysts. Polymer chains adsorb to the metal surface, and undergo dehydro-
genation, followed by C-C bond cleavage and rehydrogenation to form shorter saturated hydrocarbons[42].

1.2.4. Catalytic upcycling on sulfated zirconium oxide

Catalytic upcycling of polyolefins is based on activation of inactive C-H and C-C bonds to enable their tran-
formation to useful chemical feedstocks. Sulfated zirconia (SZO) has been shown to be a potential upcycler
of polyolefins due to its active Lewis acid sites that enable hydride abstraction and resulting in 3-scission of
polymer chains [46]. According to Jammee et al., the catalytic activity of SZO is closely linked to the presence
of pyrosulfate groups (S»0727) on the ZrO, surface. During C-H bond activation, the pyrosulfate group’s
S-0-S bond is broken to yield SO3 intermediate. The highly active intermediate is a Lewis superacid that
abstracts a hydride from the polymer to yield a carbocation intermediate. The intermediate is responsible for
causing 3-scission, in which C-C bonds are selectively cleaved to fragment the polymer into short hydrocar-
bon chains. Also Jammee et al. found that SZO SO3 intermediate significantly lowers the energy barrier for
hydride abstraction.
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Figure 1.7: C-H bond activation on sulfated ZrO2, showing pyrosulfate bond cleavage, transient SO3 formation, and hydride abstraction
leading to carbocation generation [46].
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Figure 1.8: Lewis acidity probes used in the work of Jammee et al.
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Figure 1.9: Reaction profile for sulfated zirconia (§Z0) from the work of Jammee et al.

Inspired by these findings, the acids in figure 1.10 were selected to determine if they can produce ac-
tive sites on ZrO; that can support hydride abstraction similar to SZO. The goal of this work is to determine
whether the adsorbed acid in ZrO» can follow a similar path and display analogous or even better catalytic
properties.

H
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Figure 1.10: (a) H3POg4 (Phosphoric acid), (b) H2B407 (Tetraboric acid), (c) H3BO3 (Boric acid), (d) HFSO3 (Fluorosulfuric acid), (e)
CF3S03H (Triflic acid), and (f) (CF3S02)2NH (Bis-triflimide). Bond distances are given in angstroms (A).

1.3. Computational Approach and Thesis Objectives

Computational chemistry advances, particularly in Density Functional Theory (DFT), have revolutionized
catalyst optimization and design. DFT calculations allow the prediction of essential catalytic parameters be-
fore experimental validation, providing insight into electronic structure, adsorption energies, and reaction
barriers [47, 48]. As aforementioned one new discovery confirmed by both experiment and DFT that SO3
enables hydride abstraction from polyolefin [46]. The goal of this thesis is computationally examine the cat-
alytic activity of main-group-based supported on the ZrO, surface. Acid species used in this research are
phosphoric acid, tetraboric acid, boric acid, fluorosulfuric acid, triflic acid, and bistriflimide. The adsorp-
tion energies are first examined to determine stability and surface saturation influence. Reaction energy is
then investigated through simulation of hydride transfer from a model isotactic polypropylene (i-PP) trimer
to the Lewis acid. In addition to this, Lewis acidity is quantified via usage of probe molecules such as Tri-
ethylphosphine Oxide (TEPO), carbon monoxide (CO), and pyridine. For a better description of the kinetics
of hydride abstraction, calculations are done based on Nudged Elastic Band (NEB) to compute barriers for
the systems. Finally, calculation of vibrational frequencies is carried out to confirm the transition state. All
these results will finally be towards the identification of the most promising plastic upcycling catalysts based
on thermodynamic and kinetic reasonings.



Theory

2.1. Density Functional Theory

DFT is a fundamental method for describing the electronic structure of molecules, enabling the calculation
of crucial properties. It is widely used in chemistry, physics, and materials science. DFT seeks to solve the
Schrédinger equation, which describe the quantum behavior of electrons. The information in this section
is based on the books Density Functional Theory: A Practical Introduction and A Chemist’s Guide to Density
Functional Theory [49](50]. The time-independent Schrédinger equation is given by:

Hy = Ey 2.1)

where H is the Hamiltonian operator,  is eigen states and has associated eigen values E. The wave-
function ¥ contains all the information about the quantum state, while the Hamiltonian describes the to-
tal energy, consisting of kinetic and potential energy terms. For simple cases such as hydorgen atom, the
Schrédinger equation can be solved exactly. However, for large systems, which contain many interacting
electrons and nuclei, solving the full equation directly becomes impossible. The Hamiltonian for many body
system is given by:

i% +%%ZAZB

Tij  AS1B>a Ras

L1 X 1Y NMY 7z,
A=-Z2 =Y —v%- 2.2)
2 Z 2 Agl My 1:21 AZ:' 17iA

The first term represents the kinetic energy of electrons, while the second describes the kinetic energy of
nuclei. The third term accounts for the electron-nucleus interaction, the fourth for electron-electron repul-
sion, and the final term for nucleus-nucleus repulsion. Important simplification comes from the observation
that electrons are much lighter and move much faster than nuclei. This leads to the Born-Oppenheimer (BO)
approximation, which assumes that the electron and nuclear motion can be separated. So in Equation 2.2 the
second terms is neglected since BO assumed that nuclei motion is constant relative to the electrons. Addi-

tionally, the last term in equation 2.2 becomes constant and the equation reduced to electronic Hamiltonian

MZzZy Y& 1
elec sz Z — ZZ_ (2.3)

i=1A=1TiA =15 Tij

The solution to Schrodinger equation with an electron Hamiltonian is the electronic wave function with eigen
values Eglec - The electronic wavefunction depend only on the spatial coordinates

I:Ielec\yelec(rlr oy IN) = Eelec Welec (F1,. -+, T'N) (2.4)

W elec is @ function of electron position r; only. It is not easy to determine W to obtain the ground state
energy Egjec because of the electrons interaction. For any given set of coordinates, it is impossible to observe
the wavefunction directly. The measurable quantity is the probability that the N electrons are at a specific set
of coordinates, ry,..., rn. This probability is given by:

W (1., )2 = (11, )P (-, TN) 2.5)
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¥ (ry,...,rN) > =5 (ry,.., )Y (1,00, TN) (2.6)

Equation 2.6 can be approximated using the Hartree product because it allows to treat a complex many-
electron wavefunction as a product of single-electron functions

Y=y Oy @)... pN () @.7)

The electron density at a particular position in space represents the probability of finding an electron at
that location. It is determined by summing over all the probabilities that an electron occupies at a given po-
sition, as described by the individual wavefunctions ¥ (r). The factor two before the summation in Equation
2.8 accounts for the electron spin, following the Pauli exclusion principle. Electron density depends only on
spatial coordinates, it is a function of three coordinates.

n(r)=2) y; @) 2.8)
i

DFT is fundamentally based on electron density, with its theoretical foundation established by Kohn and Ho-
henberg through two key theorems[51]. The first theorem states that "the ground-state energy E, as derived
from Schrodinger’s equation, is uniquely determined by the electron density n(r)". According to the second
theorem, "the correct electron density is the one that minimizes the total energy functional, corresponding
to the exact solution of the Schrodinger equation". The functionals described by Kohn and Hohenberg is
written in terms of single electron wavefunctions.

E[{tyi}] = Exnown [(Wi}] + Exc [{wi}] 2.9)

The first term Ejqown [{Y;}] is composed of the electron kinetic energies, the Coulomb interactions be-
tween the electrons and the nuclei, the Coulomb interactions between pairs of electrons, and the Coulomb
interactions between pairs of nuclei. The second term in Equation 2.9 hold other effects that are not in-
cluded in Eypown[{yi}]. However, Kohn and Hohenberg did not provide method to find the minimum energy
in the functional. Kohn and Sham demonstrated that determining the electron density requires solving a set
of equations, each corresponding to a single electron.

1
Evz + V(@) + Va(® + Vxe(® | wi(®) = g5y (F) (2.10)

The term V (7) represents the external potential, which arises from the interaction between electrons and
atomic nuclei. The Hartree potential, Vy(7), accounts for the repulsion between electrons. The exchange-
correlation (XC) potential, Vx¢(7), incorporates quantum mechanical effects. The Kohn and Sham equation
can be solved in iterative way as seen in Figure 3.2.

2.1.1. Exchange-Correlation Functional

In Equation 2.9, the term Exc [{y/;}] is not known exactly, except for a uniform electron gas where the electron
density remains constant in space. Therefore, approximations are necessary. The simplest approximation is
the Local Density Approximation (LDA), where the XC potential at a given position is assumed to be the same
as that of a uniform electron gas at the same density. This approach represents the first rung of Jacob’s ladder
in Figure 2.1

Vac(r) = Ve “"OM 8% [ ()] 2.11)

A more advanced approximation is the Generalized Gradient Approximation (GGA), which improves upon
LDA by incorporating spatial variations in the electron density.

VA (r) = Vye [n(r), Va(r)] (2.12)

Common functionals used within GGA include the Perdew—Wang 91 (PW91) and Perdew-Burke-Ernzerhof
(PBE) functionals. In this work, the PBE functional is chosen due to its widespread use in heterogeneous
catalysis and its ability to provide accurate results at a relatively low computational cost [52]. As one ascends
Jacob’s ladder, more sophisticated functionals offer greater accuracy but also demand significantly higher
computational resources.
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Figure 2.1: Jacob’s Ladder of DFT functionals, illustrating the hierarchy from LDA to hybrid functionals [53].

2.1.2. DFT+U: Addressing the Limitations of Standard DFT

Functionals, like LDA and GGA, often over-delocalize electrons due to their inability to accurately describe
strong electron-electron interactions in localized orbitals. The DFT+U method introduces an additional Hub-
bard correction that accounts for on-site Coulomb interactions, improving the localized electronic states,
particularly in d and f orbitals. The Hubbard parameter, U, defines the strength of the on-site Coulomb
repulsion and is typically determined through either first-principles calculations or semi-empirically. Im-
provement in DFT+U implementations is the use of a rotationally invariant formulation, which ensures that
the correction remains independent of the choice of atomic orbital basis [54].

2.1.3. DFT-D Method

Dispersion interactions, also known as van der Waals forces. Nonpolar molecules lack permanent dipole
moments, temporary electron density fluctuations may induce transient dipoles. These transient dipoles
cause a dipole in the neighboring atoms, generating an attractive interaction. The dispersion interaction
between two spherically symmetric atoms at large separations follows an inverse sixth-power dependence
on the interatomic distance:

C
Vdispersion = _E, (2.13)

where C is a system-dependent constant. Most conventional DFT functionals struggle to handle dispersion
interactions properly. To counteract this, the DFT-D approach was created.

Cij
Eprrp = Eprr—S ) —5 Jaamp(7ij), (2.14)
i<j lij
where r;; is the distance between atoms i and j, C;; is a coefficient of dispersion calculated from atoms prop-
erties, S is an empirical scaling factor parameter, and fyamp(7;;) is a damping factor to prevent divergence at
short distances.
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2.1.4. K-Point Sampling, Plane Waves, and Pseudopotentials

In extended systems, solving the Schrédinger equation in real space is computationally expensive. It is more
convenient to work in reciprocal space using Bloch’s theorem, which states that the electronic wavefunctions
in a periodic system can be expressed as

Ynk(0) = ™1 (1) (2.15)
where 1, (r) has the same periodicity as the system and e’*™ is a plane wave. The set of unique k-points forms
the Brillouin Zone (BZ), which is the fundamental region for calculations. Since a full integral over the BZ is
computationally costly, a discrete k-point mesh is used to approximate the integral, with the Monkhorst-Pack
scheme providing an efficient method for generating a uniform grid of k-points[55]. Metallic systems, due to
their discontinuous Fermi surface, require denser k-point grids compared to semiconductors and insulators,
and smearing techniques such as Gaussian smearing commonly used to handle these discontinuities. Elec-
tronic wavefunctions are expanded in a plane-wave basis since plane waves are more convenient to solve in
reciprocal space than in real space, expressed as

Y =Y Cgre'*oOT, (2.16)
G

where G are reciprocal lattice vectors. Because an infinite number of plane waves would be required for an
exact representation, the expansion is truncated using a cutoff energy, given by

n?k+Gl?
Eyw=—7—", (2.17)
2m

where a higher cutoff energy increases accuracy but also leads to higher computational costs. Pseudopoten-
tials simplify the calculations by replacing the electron density of core electrons with a smoothed effective
potential. Since chemical bonding and other material properties are influenced by valence (outer shell) elec-
trons, core electrons play a minimal role in these interactions. This allows for the use of pseudopotentials to
approximate the effect of core electrons without calculating their wavefunctions. This is called frozen core
approximation and a common method for achieving this is Projector Augmented Wave (PAW). DFT calcula-
tions are typically performed in a unit cell or supercell, which is periodically repeated. This is accomplished
through the utilization of Periodic Boundary Conditions (PBCs), causing each unit cell to interact with its
periodic images, simulating an infinite system without high computational cost.

2.1.5. Potential Energy Surface

The information in the subsection is based on Computational Chemistry:Introduction to the Theory and Ap-
plications of Molecular and Quantum Mechanics [56]. The Potential Energy Surface (PES) describes how the
total energy of a molecular system varies as a function of the nuclear coordinates. By evaluating the energies
for different positions and connecting them, a continuous surface is generated. PES provides insight into
reaction intermediates, and transition states along a reaction pathway. Geometry optimization on the PES
involves moving atomic positions in the direction of lower energy until a local minimum is reached. When
a system of atoms is in a state of equilibrium, there are no net forces acting on any of them. This condition
corresponds to a point on the PES where the energy is not changing with respect to the atomic positions,
meaning its first derivative is zero.

Hm——gﬂﬂ (2.18)
) '

However, this condition alone cannot distinguish between a local minimum (stable structure) and a local
maximum (transition state). Therefore, the second derivative (curvature) is used: a positive second deriva-
tive indicates a minimum, while a negative one indicates a maximum. The 3D structure of PES can be seen
in figure 2.3. Saddle points correspond to transition states structures connecting reactants to products via
the lowest-energy path. This trajectory is called MEP, and it connects the reactants to products through the
transition state.
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Figure 2.2: PES showing ground state (minimum) and transition state (maximum) [57].

Once a potential transition state is located via NEB it must be verified. This is achieved by performing a
vibrational frequency analysis. The vibrational modes, also known as normal modes, represent the charac-
teristic atomic motions of the molecule in response to small displacements. In each mode, all atoms move
periodically and in phase. For a nonlinear molecule with N atoms, the number of independent vibrational
motions is 3N — 6. In contrast, a linear molecule has 3N — 5 modes. These vibrational frequencies are de-
termined by diagonalizing the Hessian matrix, which contains second derivatives of the energy with respect
to atomic displacements. Each eigenvalue corresponds to a vibrational frequency, and each eigenvector in-
dicates the atomic motion involved. A larger force constant corresponds to a stiffer, higher-frequency vibra-
tional mode. For stable structures (minima), all vibrational frequencies are real and positive, indicating that
displacements in any direction result in a restoring force. However, a true transition state exhibits one and
only one imaginary frequency (corresponding to a negative force constant). This specific vibrational mode
aligns with the reaction coordinate and moves the system from reactants to products without a restoring

force, confirming the presence of a saddle point on the PES. A conceptual form of the Hessian matrix for a
simple 2-atom system (6 degrees of freedom) is:

¢°E ... _OE
ox? 0x102,
H=1 (2.19)
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Figure 2.3: Schematic representation of a potential energy surface (PES), showing reactants, products, intermediates, and transition
states along the minimum energy path (MEP) [58].
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2.2, Adsorption of Acids on ZrO, Surface
Condensation reaction takes place when adsorbing acids onto the surface of ZrO, leading to removal of water
molecule. Dehydration step is crucial for the formation of dimeric species.

2.2.1. Summary of Adsorption & Condensation

Table 2.1: Summary of acid adsorption on ZrOz. Some acids condense upon adsorption, while others remain unchanged.

Acid Adsorbed Species Condensed Form Name
H3PO4 (Phosphoric Acid) [(OH)O,P-0-PO,(0OH)] 2~ @ 2H* / Zr0O, Pyrophosphoric Acid
H,B405 (Tetraboric Acid) B40; %~ @ 2H* / ZrO, Tetraboric Acid
H3BOj3 (Boric Acid) (HO»)-B-O-B-(HO,) @ 2H*/ ZrO, Diboric Acid
HSO3F (Fluorosulfuric Acid) (O2FS-0-SOF) / ZrO, Disulfuryl fluoride
CF3SOsH (Triflic Acid) (F3C0O3S5-0-S0O3CF3) / ZrO, Triflic Anhydride
HC,FgNO4S; (Bistriflimide) (F3C-S0O,-N-S0,-CF3) - @ 1H* / ZrO, Bistriflimide

2.3. Adsorption Energy Calculations
To assess the thermodynamic favorability of the adsorbed acid systems, adsorption energy (E,qs) was calcu-
lated using [59]:

Eads = Esurface+acid — (Esurface + Eacid(gas)) (2.20)

where the first term is the total energy of surface with the acid adsorbed on it, the second is the total energy
of the bare surface, and the third term is the total energy of a single acid in the gas phase. A more negative Eyqs
value indicates stronger adsorption and greater stability of the acid on the surface. The Equation 2.20 also
holds for calculating the surface adsorption energy and calculating the interaction energy when measuring
lewis acidity.

2.4. Lewis Acidity and Probing Molecules

To characterize the Lewis acidity of adsorbed acids, probe molecules were used to measure interaction en-
ergy. TEPO was used as a Lewis base probe allowing acid strength to be assessed through the chemical shift
in 3'P NMR [60]. CO was chosen as probe due to the fact that its vibration frequency vary and can be ana-
lyzed by infrared (IR) spectroscopy, providing information regarding acid site strength [61]. Pyridine was also
employed as Lewis acidity probe since it coordinates with acid site by nitrogen lone pair, and the adsorp-
tion strength is evaluated by IR spectroscopy or >N NMR [62]. In this work only adsorption energies were
calculated.

(@) ()

Figure 2.4: Probing molecules used to evaluate interaction energy. (a) CO (b) Pyridine (c) TEPO.



Methods

3.1. Computational Setup

DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) version 5.4.4 [63].
The PBE functional within GGA was used to describe exchange-correlation interactions [64]. A plane-wave
energy cutoff of 550 eV. BZ sampling was conducted using a 2 x 2 x 1 Monkhorst-Pack k-point grid centered at
Gamma-point (I') sampling applied to simplify calculations for large surface models. To accurately account
for the localized d-electrons of zirconium, DFT+U was applied. In addition, dispersion interactions were
included using the DFT-D correction.

3.1.1. Surface Model

The tetragonal ZrO,(101) surface was selected for this because of its importance in catalytic applications[65].
The (101) surface has been identified as the most stable facet of tetragonal zirconia, as demonstrated in prior
studies and more recently by Jammee et al. [46, 66]. The surface model consists of a 144 atoms, 96 of which
are oxygen and 48 zirconium. To simulate bulk-like behavior, the bottom two layers of the slab are held fixed
during relaxation while the top layers are allowed to relax freely. In this work, the surface model was taken
from Jammee et al. to do this study.

3.1.2. High-Performance Computing: Snellius Supercomputer
All calculations were conducted on the Snellius Supercomputer, the national high-performance computing
(HPC) facility of The Netherlands, operated by SURF [67].

3.1.3. VASP Input Files

To perform these calculations, the following VASP input files were required. The POSCAR file follows a struc-
tured format to define the atomic configuration for a simulation. As shown in Figure 3.1, the first line contains
an optional text description of the system. The second line specifies the scaling factor, which scales the lat-
tice vectors. Lines three to five define the lattice vectors in Cartesian coordinates, specifying the unit cell
dimensions. Lines six and seven list the element symbols and the number of atoms for each element. Line
eight may optionally include the Selective Dynamics keyword, which allows specific atoms to be constrained
during relaxation by using T (True) or F (False) flags. Line nine specifies whether the atomic coordinates
are provided in Direct (fractional) or Cartesian format. Line ten and beyond list the atomic positions, where
each line contains the (x, y, z) coordinates of the atoms. The KPOINTS file in figure (put figure) A specifies
the k-point sampling scheme used to integrate over the BZ. The first line contains an optional description.
The second line specifies the number of k-points, and when set to 0, it generate automatic k-points mesh.
The third line defines the k-point generation method, in this work we used Monkhorst-Pack . The fourth line
provides the k-point grid dimensions 2x2x1 grid is used for sampling. The last line indicates that sampling
will start from gamma point. The POTCAR file contains the pseudopotential data for each element. Finally,
The INCAR file control the calculation parameters and settings. It specifies key parameters such as the XC,
plane-wave cutoff energy (ENCUT), electronic convergence (EDIFF), DFT+U settings and many more.

15
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Pyrophosphated_Zirconia
1.0000000000000000
14 .6706142425999992 ©.0000000000000000 10.0000000000000000
12.8153276442999999 ©.0000000000000000
6.2979358163999999 24.0222593051000004

8.271325240 8.591843036 TTT
8.973761887 11.421293047 TTT
11.019013152 8.260683544 8.554110183 TTT

Figure 3.1: POSCAR file of Pyrophosphated Zirconia, showing lattice vectors, atomic species, atom counts, and cartesian coordinates
with selective dynamics.

3.1.4. Geometry Optimization

In VASP ionic relaxation or geometry optimization is performed iteratively for electronic and ionic steps. The
goal is to reach a low-energy, stable structure by varying atoms positions based on forces obtained from the
electronic structure. Self-consistent field (SCF) loop, which computes the electronic structure for a given
atomic configuration. This involves iteratively solving the Kohn-Sham equations until the electron density
converges to a given threshold. Electronic relaxation is performed at every ionic step. VASP employs algo-
rithms such as the Residual Minimization Method with Direct Inversion in the Iterative Subspace (RMM-DIIS)
and the conjugate gradient (CG) method for electronic energy minimization. The updated electron density
determines the forces that guide the atomic displacements. This process continues iteratively alternating be-
tween electronic and ionic steps until the forces on all atoms fall below a predefined threshold. Explanation
of the INCAR tags are found in Appendix F

Initial Guess
p(r)

Calculate Effective Potential

Veif(r) = Ven (1) + [ f,"i—';"dr’ + Vaclp()]
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Solve Kohn-Sham Equations
:
[— - V2 + ves] Wi =€ v

2m. " i

Evaluate the Electron Density & Total Energy
pI) =X;yim — Ealp®] =...
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po(x), Ej[po(r)] — Forces, Eigenvalues, ...

Figure 3.2: Schematic representation of the SCF algorithm used for geometry optimization in VASP[68].

3.1.5. Molecular Visualization and Analysis Using Chemcraft

Chemcraft was utilized throughout the study to construct, visualize and analyze molecular structures[70]. It
was particularly useful for building and modifying the POSCAR file by positioning the atoms as seen in Figure
3.1, the positions of the atoms can be extracted from chemcraft for simulations. Additionally, it was used in
the analysis of reaction, especially NEB calculations, where it was used to examine transition states.
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Table 3.1: DFT Calculation Parameters for the ZrO» (101) Surface Model

Parameter Description
Software Package VASP 5.4.4 [63]
Plane-Wave Energy Cutoff 550 eV

Brillouin Zone Sampling

Monkhorst-Pack 2 x 2 x 1 grid

DFT+U Correction

U =4 eV applied to Zr d-orbitals [69]

Dispersion Correction

Grimme D3 with Becke-Johnson damping (IVDW =

12)
Number of Atoms 144 (96 O, 48 Zr)
Fixed Layers Bottom two layers fixed, top layers fully relaxed
Electron Spin Configuration Spin-polarized
Electronic Convergence (EDIFF) 0.1x10"%eV
Ionic Relaxation Convergence | 0.04 eV/A

(EDIFFG)

® O ¢ ¢ ¢

Phosphorus Nitrogen Sulfur Zirconium Boron
Carbon Oxygen Fluorine Hydrogen

Figure 3.3: Colouring scheme used in the presentation of structures.

Figure 3.4: Side view of t-ZrO2(101) surface.

3.2. Varying Proton Locations

To determine the most stable adsorption configurations, the positions of the protons were varied at different
oxygen sites on the surface. Ideally, all inequivalent oxygen atoms should be probed. However, due to large
amount of combinations, three to four proton positions were selected for each acid. The variation strategy
involved keeping one proton fixed at a particular position and moving the second proton around the acid.
The same was done for all acids to make the results comparable. Phosphoric acid is used as an example, and
its proton variation is presented in Figure 3.5. The complete set of configurations that were tested for all acids
is given in Appendix A. Upon identifying the most stable configuration, the adsorption energy is calculated
from Equation 2.20.
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Figure 3.5: Varying proton locations for pyrophosphate adsorbed on the ZrO3 surface. The top row shows schematic representations
with bond lengths (), while the bottom row presents corresponding 3D structures.

Table 3.2: Relative energies for different configurations.

Configuration | Relative energy (eV)
a (reference) 0
b 0.40
c 0.92
d 0.75

In relation to Figure 3.5,configuration 1 is the most stable, serving as the reference point with zero rela-
tive energy. Configuration 3, on the other hand, is the least stable, as it positions the protons farther from
favorable coordination sites. In contrast, Configurations 2 and 4 exhibit intermediate stability, with relative
energies of 0.40 eV and 0.75 eV, respectively. These results suggest that proton placement significantly influ-
ences the stability of the system, with more favorable coordination leading to lower energy states.

3.3. Surface Saturation
To simulate an actual catalytic high-coverage environment and establish the effect of acid coverage of the
surface of ZrO,, additional acids were adsorbed. This gives the active surface sites complete coverage, sim-
ulating conditions relavent in the experimental work. Table 3.3 holds a summary of the saturated surface

species.

Table 3.3: Summary of Surface Saturation for Different Acids on ZrO».

Acid Saturated Surface Species | Surface Hydrogens
Phosphoric Acid (H3PO4) P,07%" + 3HPO,42~ 8
Boric Acid (H3BO3) H,B,05 + 3HBO3?~ 8
Bistriflimide ((CF3S02)2N") 2(CF350,),N~ 2
Tetraboric Acid (H,B407) 2H,B407 4
Fluorosulfuric Acid (HSO3F) S>05F5 + 3SFO3~ 3
Triflic Acid (HCF5S03) CyFgS,05 + 3CF3803~ 3

The adsorption energy of the fully saturated surface was calculated using Equation 2.20. Phosphoric acid
is used as an example to illustrate the surface saturation process in Figure 3.6, while the corresponding satu-
ration configurations for the other acids are provided in Appendix B.
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Figure 3.6: Saturation of ZrO surface with phosphoric acid. Three HPO,42~ species were added, leading to eight total surface protons.

3.4. Polypropylene activation studies

To assess the reactivity of acid anhydride, we begin by placing the propylene trimer above the anhydride,
followed by geometry optimization to obtain the total energy. Next, a C—H bond is broken, and the hydride
is transferred to the Lewis acid site, leading to carbocation formation on the trimer. A second geometry
optimization is performed to relax the final structure. The reaction energy is given by:

AE = Efinal — Einitial 3.1)

where Ejpitial is the energy when the trimer is on top, and Egpy) is the energy after cleavage, where the
hydride is transferred. For illustration, phosphoric acid (H3PO,) is used as an example as shown in Figure 3.7.
Reactivity figures for all acids are provided in the Appendix C.
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Figure 3.7: (Left) Initial state with trimer on top. (Right) Final state after hydride abstraction.

3.5. Probing Lewis Acids

Probe molecules were introduced after the removal of the trimer and the abstracted hydride. The probes—TEPO,
CO, and pyridine were adsorbed onto the exposed Lewis acid sites. Each adsorption configuration was sub-
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jected to geometry optimization. The interaction energy (Ejn¢) was computed using equation 2.20. Phospho-
ric acid is used as a representative example, with its interactions with probe molecules shown in Figure 3.8.
The figures, including adsorption configurations for all acids, are available in Appendix D.

I
HzC.__P~_-CH3
CHjs

c=0 )
g ¢ 3o M

Figure 3.8: Interaction of TEPO, CO, and Pyridine with the Lewis acid site.

3.5.1. Nudged Elastic Band

The NEB approach is used for determining the MEP between reactants and products because the reactant
and product are known. It does this by using linear interpolation to create a sequence of intermediate images
between the two states. In order to ensure an even distribution along the reaction pathway, these images
are optimized simultaneously. Spring forces are added between adjacent images to stop images from col-
lapsing into the reactant or product states [71]. By enhancing the highest-energy image along the reaction
coordinate and guaranteeing that it converges precisely to the transition state, the Climbing Image NEB (CI-
NEB), as shown in figure 3.10, improves the accuracy of locating transition state [72]. The activation energy
(AEqctivation) required for a reaction is determined as:

AEgctivation = ETs — Einitial (3.2)

where Ets is the energy of the transition state, and Ejyitia represents the energy of the reactant state.

L.& bé "springs" Ts
inifial system 3 % H A »%

Energy

images

Reaction coordinate

Figure 3.9: Illustration of the NEB method, showing interpolated images along the reaction path and the transition state at the energy
maximum. Spring forces maintain a uniform distribution of images along the path [71].
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Figure 3.10: Comparison of Regular NEB and CI-NEB, highlighting CI-NEB’s improved accuracy in locating the true transition state [73].



Results & Discussion

The analysis of the results starts with adsorption energy calculations for the different systems, followed by
saturation of the surface to determine its effect on the adsorption energy. Also, Reactivity is calculated by to
determine whether the hydride transfer to the lewis acid site is thermodynamically favorable or not. Probe
molecules are used to quantify the interaction energies of lewis acids. Finally, NEB calculations are performed
to determine the barriers for hydride transfer and locating transition state. After locating the transition state,
vibrational calculations are performed to confirm its existence.

4.1. Adsorption Energy of Acid Species

The adsorption energies of six acid molecules on the ZrO; surface were computed to assess their interactions
with the surface. The results, shown in Table A.4 (Appendix A), highlight a clear distinction between molecules
that adsorb favorably and those that do not. Phosphoric acid exhibits the strongest adsorption with an en-
ergy of —4.53 eV, followed by boric acid (-2.56 eV), bistriflimide (—2.4 eV), and tetraboric acid (-0.05 eV).
These negative values indicate thermodynamically favorable interactions with the surface. In contrast, flu-
orosulfuric acid and triflic acid show positive adsorption energies (0.26 eV and 0.13 eV, respectively). From
a chemical point of view adsorption energies are generally expected to have negative adsorption energies
because new surface interactions stabilize the system. The observation of positive energies here suggests
that the adsorption is accompanied with condensation and that is energy demanding. This behavior is par-
ticularly noticeable for fluorosulfuric acid and triflic acid . These trends are illustrated in Figure 4.1, where
positive adsorption energies are marked in red and negative ones in blue.

Adsorption Energies of Dehydrated Species on ZrO:

Adsorption energy (eV)

Dehydrated Species

Figure 4.1: Adsorption energies of acid molecules on the ZrO» surface.
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4.2, Saturation Adsorption Energy

The effect of surface saturation on adsorption strength is illustrated in Figure B.8, which compares the ad-
sorption energies before and after saturation of the surface. The active species and protons on the surface
for saturation are summarized in Table 3.3. For the figures related to surface saturation, refer to Appendix B
and for the adsorption energies for saturation, are in Table 4.1. As previously discussed in Section 4.1, be-
fore saturation, several acids exhibited weak interaction with the surface which are triflic and fluorosulfiric
acids, which showed positive adsorption energies. After saturation, however, all species exhibited more neg-
ative adsorption energies, indicating enhanced interaction with the surface. This stabilization is attributed to
the presence of active sites on the surface and increased proton coverage. Pyrophosphoric acid exhibited the
strongest adsorption after saturation (—14.10 eV), while even initially weak adsorbates such as triflic and fluo-
rosulfiric became strongly adsorbed. To further investigate whether there is a correlation between adsorption
energies and Lewis acidity, the acidity was evaluated through probe molecules adsorption.

Table 4.1: Adsorption saturation energy per molecule for different compounds.

Molecule Dehydration Adsorption energy (eV/molecule)
H3PO4 ZrO5 + 5H3P0O4 — [H2P207,3HPO4,8H/ZrO5] + H,O -2.82
H,B,0- Zr0; + 2H,B407 — [2B407, 4H/Zr0O,] -1.70
H3BO3 Zr0O; + 5H3BO3 — [H2B»05,8H,3HBO3/ZrO,] + HoO -1.26
HSFO3 ZrOy + 5HSFO3 — [S205F;, 3H, 3SFO3/Zr0O,] + H,O -1.53
HCF3S03 ZrO; + 5CF3S03H — [(CF3S02)2,3H, 3CSF303/Zr0] + H,0 -1.1
(CF3S0,),NH - -1.53

4.3. Probing Lewis Acidity

As aforementioned to assess the Lewis acidity adsorption of three probe molecules TEPO pyridine, and CO
were examined on the anhydride species derived from phosphoric acid, reorganized tetraboric acid,boric
acid, fluorosulfuric acid, and triflic anhydride and the figures are in Appendix D. The energies calculated are
not only adsorption but bond breaking are involved in this also to form this kind of adducts. For pyrophos-
phoate, all three probes exhibited weak and unfavorable interactions with positive interaction energies of
0.12 eV with TEPO, 0.14 eV with pyridine, and 0.21 eV with CO, respectively. Despite CO forming a carboxyl
species, its interaction remains energetically unfavorable. In contrast, the reorganized tetraboric acid surface
shows significantly more favorable interactions: TEPO, pyridine, and CO adsorb with interaction energies
of —1.89 eV, -1.60 eV, and —0.81 eV, respectively. For diboric acid favorable interaction occurs upon adsorb-
ing TEPO and CO with interactions of -0.49 and -0.17 eV but in pyridine case the interaction is unfavorable
with value of 1.01 eV. Disulfuryl fluoride also shows favorable interactions with values of —1.82 eV for TEPO,
-1.42 eV for pyridine, and —0.56 eV for CO, again with carboxyl formation observed. Triflic anhydride follows
the same trend, with interaction energies of —1.12 eV, -1.23 eV, and —-0.68 eV for TEPO, pyridine, and CO, re-
spectively, and carboxyl formation in the case of CO. These results demonstrate that sulfur based anhydrides
introduce stronger Lewis acid sites than phosphates, with reorganized tetraboric acid showing the highest
interaction energies across all probes. fluorosulfuric acid and triflic acid show strong interactions with Lewis
base probes. This suggests that weakly adsorbed species can still generate highly active Lewis acid sites. Thus,
adsorption strength alone does not directly predict Lewis acidity strength.

4.4. Hydride Abstraction: Reaction Energies and Kinetics

The figures for reactivity study are illustrated in Appendix C. Bistriflimide system was excluded from fur-
ther analysis because the hydride transfer formed an unstable fragment. For boric acid, it was decided to
abstract a hydride directly from one of the boron atoms rather than breaking a bond. However, NEB calcu-
lations revealed an unstable product and a highly positive reaction energy (4.32 eV), leading to its exclusion
from further analysis. A notable observation was made during the hydride transfer step for tetraboric acid: as
shown in Figure 4.2, surface reorganization occurs after hydride abstraction. The borate structure becomes
distorted, leading to exposed Zr-O surface sites and leading the borate unit in the back to shift downward
forming new Zr-O coordination. Adsorption energy and surface adsorption energy were calculated for tetra-
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boric reorganized acid, with adsorption and saturation adsorption energies of -2.35 eV and -4.42 eV, respec-
tively. The computed reaction energies for the remaining systems are summarized in Appendix C (Table C.1).
Among the evaluated systems, tetraboric acid reorganized, phosphoric acid, and triflic acid exhibit relatively
high reaction energies (1.58 eV, 1.13 eV, and 0.97 eV, respectively), indicating that hydride transfer in these sys-
tems is not energetically favorable. In contrast, fluorosulfuric acid exhibits a slightly negative reaction energy
of -0.13 eV, suggesting a favorable hydride abstraction.

4.4.1. NEB Calculations and Reaction Profiles

NEB calculations were performed to locate the transition states and reaction barriers associated with hydride
transfer. For tetraboric reorganized it does not give good reaction profile since the barrier is too small with
respect to final state. From the NEB reaction profiles, it was found that for most systems, the product is
higher in energy than the reactant, indicating an overall endothermic process. However, for fluorosulfuric
acid in Figure 4.3, the final state lies lower in energy than the initial state, consistent with its negative reaction
energy. This correspond to reaction energy calculations that supported the thermodynamic favorability of
hydride abstraction for fluorosulfuric acid.For phosphoric acid, the activation energy (Ea) from NEB is 2.81
eV. For triflic acid, the barrier is 1.12 eV. For fluorosulfuric acid, the NEB barrier is 0.75 eV. The relatively low
activation barrier for fluorosulfuric acid further explains its high reactivity. In contrast, the high barriers for
phosphoric acid and triflic acid suggest slower hydride abstraction kinetics, consistent with the less favorable
reaction energies observed. For vibrational frequency calculations, it has been found exactly one imaginary
frequency for all cases

Figure 4.2: (a) Tetraborate (B4O7) remains intact. (b) Zr and O sites are more exposed. Borate cluster is distorted. Borate shifts downward,
forming new Zr-O coordination.
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Figure 4.3: Fluorosulfuric acid reaction profile
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Figure 4.4: Phosphoric acid reaction profile

Triflic Acid Reaction Profile

[
N
T

X

=
o
x

E,=1.12 eV

Energy (eV)
(@] o o
~ o fes)

o
N
.

0.0F x

Reaction Coordinate

Figure 4.5: Triflic acid reaction profile

4.5. Comparison of Screened Acids with Pyrosulfated Zirconia

The comparison between the work of Jammee et al. and the screened acids in this study particularly triflic
and fluorosulfiric acids is based on Lewis acidity probing, reactivity, and reaction barriers, as these are the
available data from their work. Starting with Lewis acidity, Figure 1.8 shows that two probe molecules, TEPO
and pyridine, were used,similar to the approach taken in this work. The interaction energies for these probes
with SO3 were reported as —2.05 eV and —1.72 eV, respectively. Among the screened acids in this work, none
exhibited stronger (more negative) interaction energies compared to SO3, indicating that SO3 is a stronger
Lewis acid. Regarding reactivity, the calculated reaction energy for SZO was —0.36 eV, which is more favorable
than that of fluorosulfuric acid (-0.13 eV) obtained in this study, suggesting that SZO is more reactive. Finally,
considering reaction barriers, the hydride abstraction barrier for SZO, shown in Figure 1.9, is 1.13 eV. This
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value is slightly higher than the calculated barriers for both triflic acid and fluorosulfuric acid in this work,
indicating that although SZO has strong acidity and high reactivity, the screened acids may offer slightly lower
kinetic barriers for hydride transfer.



Conclusion & outlook

In this work, computational screening of main-group group based heteregeneous catalysts was done to look
for potential catalysts for plastic upcycling by hydride abstraction. Adsorption energy calculation indicated
that bistriflimide, phosphoric acid, boric acid, tetraboric cid exhibit interaction with the surface, while triflic
acid and fluorosulfiric acid their adsorption and condensation is energy demanding. Surface saturation stud-
ies confirmed that coverage of the active sites on the surface leads to enhancement in the interaction with the
surface and the effect of that is illustrated in triflic acid and fluorosulfiric acid cases .Lewis acidity was exam-
ined using TEPO, CO, and pyridine, and fluorosulfuric acid and triflic acid were found to form strong Lewis
acid sites despite their weaker adsorption energies. This highlights that adsorption energy is not the sole
determinant of Lewis acidity. Kinetic evaluation by NEB calculations indicated that hydride abstraction is
typically endothermic for most acids, but fluorosulfuric acid is different with a slightly exothermic reaction
energy. Barrier calculations were done and it was found that triflic acid and fluorosulfuric acid systems have
comparable barriers with SZO. Overall, none of the screened systems surpassed SZO in Lewis acidity strength
and reactivity, but triflic acid and fluorosulfuric acid have potential in future alternative catalytic designs. For
recommendations, more extensive work in the future could also include expanding the scope of the screened
acid species with more main-group compounds to explore potential candidates. Furthermore, replacement
with larger polymer models rather than polypropylene trimer may provide a better representation of the up-
cycling process. Experimental testing of fluorosulfuric acid and triflic acid, would be a necessary follow-up
step to confirm computational predictions. Finally, mechanistic studies beyond hydride abstraction such as
B-scission and product formation pathways could be done such as the work done by Jammee et al.
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Varying proton locations

A.l. Coloring scheme
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Phosphorus Nitrogen Sulfur Zirconium Boron
Carbon Oxygen Fluorine Hydrogen

Figure A.1: Colouring scheme used in the presentation of structures.

A.2. Pyrophosphate on ZrO,
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Figure A.2: Varying proton locations for pyrophosphate adsorbed on the ZrO surface. The top row shows schematic representations
with bond lengths (4), while the bottom row presents corresponding 3D structures.
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Table A.1: Relative energies for different configurations.

Configuration | Relative energy (eV)
a (reference) 0
b 0.40
C 0.92
d 0.75

A.3. Tetraboric acid on ZrO,
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Figure A.3: Varying proton locations for tetraboric acid adsorbed on the ZrO surface. The top row shows schematic representations
with bond lengths (&), while the bottom row presents corresponding 3D structures.

Table A.2: Relative energies for different configurations.

Configuration | Relative energy (eV)
a (reference) 0
b 0.95
c 0.44

Configuration 1 is the most stable, followed by Configuration 3, which is more stable than Configuration 2,

the least stable of the three.
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A.4. Diboric acid on ZrO,
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Figure A.4: Varying proton locations for diboric acid adsorbed on the ZrO» surface. The top row shows schematic representations with
bond lengths (A), while the bottom row presents corresponding 3D structures.

Table A.3: Relative energies of different configurations.

Configuration | Relative energy (eV)
a (reference) 0
b 0.54
C 1.15
d 0.68

Configuration 1 is the most stable. Configuration 3 is the least stable, as the configuration has protons posi-
tioned farther from favorable coordination sites. Configurations 2 and 4 show intermediate stability.

A.5. Disulfuryl fluoride, Triflic acid anhydride, and Bistriflimide on ZrO,
For Disulfuryl Fluoride and Triflic Acid Anhydride both molecules are in their dehydrated forms, and there is
no proton present on the surface that can be varied. For Bistriflimide, only one hydrogen atom is present.
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Figure A.5: structure of (a) Disulfuryl fluoride, (b) Triflic acid anhydride, and (c) Bistriflimide on ZrO». The top row shows schematic
representations with bond lengths (A), while the bottom row presents corresponding 3D structures.
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A.6. Adsorption energies

Table A.4: Dehydration reactions and adsorption energy values for various molecules on the ZrO, surface.

Molecule Dehydration Adsorption energy (eV)
H3POy4 ZrO, + 2H3PO4 — H,P,07,2H/Zr0O; + H,0 -4.53
H,B407 710, + H,B,07; — H,B407,2H/ZrO, -0.05
H3BO3 7Zr0;, + 2H3BO3 — H,B»05,2H/ZrO, + H,O -2.56
HSFO3 Zr0y + 2HSFO3 — S,05F, /710, + H,0 0.26
HCF5S03 Zr0; + 2CF3S03H — (CF350,),0/Zr0; + H,0 0.13
(CF3S0,),NH - -2.40

Note: When calculating the adsorption energies, stoichiometry must be taken into account. For example, for
phosphoric acid (H3PO,), the adsorption energy is calculated using the following equation:

Adsorption Energy (V) = Eiotal + EH20(g) — Esurface — 2 * EH3P04(g) (A.1)

This formula considers the total energy (Ejota1) of the system after adsorption, the energy of water (E20(g)
in the gas phase, the energy of the surface (Egytace), and the energy of two molecules of phosphoric acid
(Enspoa(g) in the gas phase. Similar equations are used for the other molecules as per the dehydration reac-
tions.



Surface saturation

As mentioned before in section 3.3 to make use of the surface, dimeric species, in addition to active acid
species were adsorbed onto the surface to simulate real conditions.

B.1. Coloring scheme

© & ¢ ¢ o

Phosphorus Nitrogen Sulfur Zirconium Boron
Carbon Oxygen Fluorine Hydrogen

Figure B.1: Colouring scheme used in the presentation of structures.

B.2. Phosphoric acid

Figure B.2: Saturation of pyrophosphated zicronia. Three HPO42~ species were added, leading to eight total surface protons.
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B.3. Tetraboric acid

Figure B.3: one additional tetraboric was adsorbed, leading to four total surface protons.

B.4. Boric acid

Figure B.4: saturation of diboric acid on ZrO,. Three HBO32~ species were added, leading to eight total surface protons.

B.5. Fluorosulfuric acid

Figure B.5: saturation of disulfuryl fluoride on ZrO. Three SFO3 ~ species were added, leading to three total surface protons.
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B.6. Triflic acid

Figure B.6: saturation of triflic anhydride on ZrO;. Three CF3SO3 ~ species were added, leading to three total surface protons.

B.7. Bistriflimide

¥ | A

Figure B.7: one additional bistriflimide was adsorbed, leading to two surface protons.




Appendix -8

B.8. Effect of surface saturation

Comparison of Adsorption Energies Before and After Surface Saturation

o
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Figure B.8: Adsorption energies (eV) of various acids before (red) and after (blue) surface saturation.



Reactivity

C.1. Coloring scheme
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Phosphorus Nitrogen Sulfur Zirconium Boron
Carbon Oxygen Fluorine Hydrogen

Figure C.1: Colouring scheme used in the presentation of structures.

C.2. Phosphoric acid

H PN
H,C/I\CH, HC™ CH;
o H
HO\P/O\Ffo Ho\él}’ \P¢o
|\ |\°H |\ on
5o

n—0 — o
‘?ll‘f‘ \O H/o Tz
o N, | \0
H
v Ny

o 5% 1 N,
e\ PerN N Trss

Figure C.2: (Left) Initial state with trimer on top. (Right) Final state after hydride abstraction.
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C.3. Tetraboric acid
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Figure C.3: (Left) Initial state with trimer on top. (Right) Final state after hydride abstraction.

C.4. Boric acid
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Figure C.4: (Left) Initial state with trimer on top. (Right) Final state after hydride abstraction.
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C.5. Fluorosulfuric acid
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Figure C.5: (Left) Initial state with trimer on top. (Right) Final state after hydride abstraction.

C.6. Triflic acid
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Figure C.6: (Left) Initial state with trimer on top. (Right) Final state after hydride abstraction.
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C.7. Tetraboric acid (reorganized)

(®)

Figure C.7: (a) Tetraborate (B4O7) remains intact. (b) Zr and O sites are more exposed. Borate cluster is distorted. Borate shifts down-

ward, forming new Zr-O coordination.

C.8. Reaction energies

Table C.1: Computed reaction energies after hydride abstraction for each acid. Energies are given as total electronic values (E1 and E2)

and their differences reaction energies.

Molecule El (Before Transfer) | E2 (After Transfer) | Reaction Energy (eV)
H3POy4 -1663.37 -1662.24 1.13

H3BO3 -1632 -1627.68 4.32

HSOsF -1583.94 -1584.06 -0.13
HCF3S03 -1667.47 -1666.69 0.78

H,B407 (Reorganized) -1622.36 -1620.77 1.6




Probing lewis acids

D.1. Coloring scheme
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Phosphorus Nitrogen Sulfur Zirconium Boron
Carbon Oxygen Fluorine Hydrogen

Figure D.1: Colouring scheme used in the presentation of structures.

D.2. Phosphoric acid
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Figure D.2: Interaction of lewis acid with Tepo,Pyridine,CO
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D.3. Tetraboric acid

Figure D.3: Interaction of lewis acid with Tepo,Pyridine,CO

D.4. Boric acid
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Figure D.4: Interaction of lewis acid with Tepo,Pyridine,CO
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D.5. Fluorosulfuric acid

Figure D.5: Interaction of lewis acid with Tepo,Pyridine,CO

D.6. Triflic acid

Figure D.6: Interaction of lewis acid with Tepo,Pyridine,CO
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Artificial Intelligence

Throughout the writing of this thesis, artificial intelligence (AI) tools (e.g., ChatGPT) were used to support var-
ious aspects of the work. These tools were used for literature searches, text paraphrasing for clarity, grammar
checking, evaluating the logical flow of writing, explaining scientific concepts, assisting with Python scripts
for data handling, and generating LaTeX code for formatting and writing.

E.l. Literture search

In cases where the relevant literature was difficult to locate through traditional academic databases, Al tools
were used to support the search process. Specifically, platforms such as Consensus were used to extract
insights. All references included in this thesis were manually reviewed to ensure their scientific validity and
relevance.

relation between polymer degradation and extrusion cycles X Q
Results & v

Interpretable Machine Learning Methods for Monitoring Polymer Degradation in Extrusion of Polylactic

1 .
Acid

The temperature at the extruder exit is the most important predictor of degradation of the polymer
molecular weight during the extrusion process, emphasizing the importance of accurate melt B v
temperature control.

Q) Ask this paper

2023 - 9 citations - Nimra Munir etal. - 00 Polymers n 9% o

2 Reprocessing of polymer blends from WEEE: A for

The degradation mechanism of ABS/HIPS blends correlates to a random chain scission, and the

b mfomfo £ aln lHIal MATY ccmm fo cccabad mcmm d AT Lem S ol £ ADE JLING e d AAA Lo fmml £me Col

Figure E.1: Example of using consensus for literature search.

E.2. Language Refinement and Scientific Writing Assistance

To improve the clarity and readability of the thesis, Al tools such as ChatGPT and Grammarly were employed
for paraphrasing and restructuring technical content. These tools helped rephrase complex ideas into concise
and coherent language. In addition to paraphrasing, they were used to check grammar, sentence structure,
and the overall logical flow of the text. Furthermore, ChatGPT assisted in generating LaTeX code for figures,
tables, and mathematical expressions, contributing to efficient and consistent document preparation.
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Figure E.2: Grammarly interface showing grammar and clarity suggestions.
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Untitled document & Goals 64 Ovefll score

To address the limi of conventional pyrolysis, catalytic pyrolysis

has been developed as an improved

alternative. The benefits of using catalysts is lowering the operating

temperature of pyrolysis. In addition, the

catalysts can modify the energy barrier for the reactions or alter the
minimum energy path (MEP). Catalysts

used in pyrolysis are either heterogenous or homogenous. Heterogenous.
catalysts are more dominant than

homogenous due to the fact that they can be separated easily from the

products[22]. It is worth mentioning

that the gas products in catalytic pyrolysis are higher than the liquid
products [23]. Catalytic pyrolysis is cate-

gorized into in-situ and ex-situ methods. In the in-situ approach, the
catalyst is combined with the feedstock

in a sinale reactor. allowina both pvrolvsis and catalvtic uparadina to

BIUlHHRIQLIEE]X 351 words A

E.3. Scientific Concept Clarification

Since understanding complex scientific concepts can be time-consuming, ChatGPT were used to assist in
clarifying challenging topics during the writing process. These tools provided quick and accessible expla-
nations, which helped improve comprehension. However, as ChatGPT can occasionally provide inaccurate
or contradictory information, its outputs were always critically evaluated and cross-checked with relevant
literature to ensure accuracy and reliability.

Figure E.3: Exmaple of using Chatgpt to simplify and explain scientific concepts.

ChatGPT 40 v
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Rewrite the sentence
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€ Correctness - Change the form of the verb
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+  Increase the impact of your text New!

39 Check for plagiarism and Al text

how Ziegler-Natta catalysts work in detail for the polymerization of

propylene

Absolutely! Here's a detailed breakdown of how Ziegler—Natta catalysts work in the polymerization of

propylene (C;Hg)—including the mechanism, stereochemistry, and types of catalysts used to control

the structure of the resulting polypropylene.

# What Are Ziegler-Natta Catalysts?

Ziegler—Natta catalysts are used to polymerize a-olefins like propylene (CH,=CH-CH;) into long chains

of plastic. They are coordination catalysts, not radical or acid catalysts.

& Two Main Components: v

E.4. Scripting and Automation
Python was employed throughout the project to automate various repetitive tasks and improve workflow
efficiency. In particular, Python scripts were developed to construct POSCAR files for VASP simulations by
arranging atomic coordinates and assigning selective dynamics tags in next to the coordinates as shown in

figure 3.1.



INCAR tags

Table E1: Summary of INCAR parameters used in VASP calculations.

Electronic Relaxation Parameters
ENCUT 550.0 eV Plane-wave energy cutoff.
EDIFF 1x107° Electronic SCF convergence criterion.
LREAL Auto Real or reciprocal space determined automatically.
NELMIN 8 Minimum number of electronic steps.
ALGO Fast RMM-DIIS electronic minimization algorithm.
DFT+U Settings
LDAU TRUE Enables Hubbard U correction.
LDAUTYPE | 2 Dudarev’s simplified rotationally invariant approach.
LDAUL -1-1-1-12 Angular momentum for main group elements are -1. 2 is ap-
plied to d orbitals of Zr
LDAUU 0.00 0.00 0.00 0.00 4.00 | strength of the effective on-site Coulomb interactions. only
applied to Zr
LMAXMIX | 4 Maximum l-quantum number for mixing; needed for d or-
bitals.
Ionic Relaxation Parameters
EDIFFG 0.04 break condition for the ionic relaxation loop
ISIF 2 Only position degrees of freedom are al; keeps cell volume and
shape fixed.
NSW 500 number of ionic steps.
IBRION Damped molecular dynamics
POTIM Time step for ionic motion (used with IOPT = 7).
IOPT Quasi-Newton optimization algorithm.
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