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Nowadays, biomass conversion has become a more attractive process to
produce fuels and various high-value chemicals from biological materials. From
many kinds of catalysts, the metal-supported gamma-alumina (y-Al203) is a widely
used catalyst for various transformation processes, especially in the aqueous phase
reaction. Typically, coke formation on y-Al>Os causes catalyst deactivation in the
thermal reaction process. Moreover, incorporation of aqueous phase medium initiates
hydroxylation of y-Al.Oz and phase transformation of y-AlOOH, leading to the
catalyst deactivation. Not only coke formation and phase transformation are the cause
of catalytic deactivation, but the oxygen vacancy, changing the activity of the
catalyst, should also be the cause of the deactivation of y-Al2Os. To understand the
interplay between coke formation, oxygen vacancy, and phase transformation, the
coke formation on the y-Al>O3 catalyst has been theoretically investigated using
density functional theory (DFT). Starting with the coke formation on the y-
Al>03 surface, the coke is strongly chemisorbed, and the forming higher coke prefers
a cyclic form to the aliphatic on the y-Al2Oz surface. Afterward, the effects of partial
hydroxylation on y-Al203 forming OH/y-Al>Oz and full hydroxylation until phase
transformation forming y-AIOOH on coke formation were also investigated.
Hydroxylation of the y-Al.O3 surface can suppress the interaction between coke and
the surface. However, the covered surface with the hydroxyl group promotes coke
polymerization, as evidenced by the relative formation energy. In addition, the effect
of oxygen vacancy on coke formation was investigated. The presence of oxygen
vacancy has a remarkable impact on the coke formation and makes the elimination
more difficult. Moreover, the thermal effect was also investigated at 373 to 773 K.
The increasing temperature diminishes the adsorption strength, leading to the weak
interaction between coke and the surface. Finally, the coke dimerization has been
explored to predict the feasibility of coke evolution on the y-Al.O3 demonstrating
that the dimerization is spontaneous and can occur with the energy barrier of 1.89
eV.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Global energy demand is dramatically increased, whereas the scarcity of
conventional resources, petroleum fuel, and environmental impact is a concern.
Therefore, an energy assessment trend is changed direction to the alternative resources
that are cleaner and more sustainable. According to these reasons, biomass is a
remarkable resource, especially lignocellulose, presented as a promising source
because of abundant and non-competitor food production. Lignocellulose composes of
cellulose as the main component.

Biomass conversion is the potential process to produce fuels and various high-value
chemicals through the transformation routes for the beneficial use of lignocellulose.
Glucose, a monomer unit from cellulose hydrolysis, is used as a primary platform
molecule to further transformations such as dehydration, oxidation, hydrogenolysis,
and reforming. Among several catalysts, the metal-supported on gamma-alumina (y-
Al>Oz) is a widely used catalyst for various transformation routes in the aqueous
phasel?, such as aqueous phase reforming of polyols'4, hydrogenation of levulinic
acid ° and aldol-condensation ©.

Even though there are several advantages in metal-supported y-Al.O3 for aqueous
phase reaction, carrying out in aqueous phase results in modifying the surface properties
of y-Al,O3 affected catalyst performance’%. Consequently, the stability of catalyst
support in the aqueous phase is crucial for catalyst improvement. In liquid media, the
catalyst deactivation is classified into six types: fouling/coking, mechanical alterations,
sintering, poisoning, the formation of inactive phases, and leaching®'. However, the
possible deactivation causes of y-Al,O3 are irreversible phase transformation and coke
formation reported in the previous study®!>13,

First, the irreversible phase transformation of y-Al2O3 into boehmite(y-AIOOH),
which is inevitable in the aqueous phase, is one of the deactivation causes. The activity
or selectivity is decreased due to the boehmite phase is less active compared to y-Al20s.
For example, the transformation of y-Al.Oz into boehmite and amorphous aluminum

trihydroxide occurred during epoxidation using aqueous 70% H»0, and the active site



was also decreased, leading to catalyst deactivation eventually. For this reason, the
challenge of the stability of y-Al,Oz in the aqueous phase has been gained attention %,
Second, Coke deposition deactivates the catalyst by blocking active sites or pores. M.
Argyle and C. Bartholomew summarized the coke formation in metal oxide and sulfide
surface that involved three primary reactions: (i) polymerization of alkene, (ii)
cyclization to aromatic structure, and (iii) polyaromatic formation. Besides, the coke
initiation and its change were studied on the Mo/y-Al,O3 with increasing time on steam
during hydrotreating of Kuwaiti atmospheric residue. The tetrahydrofuran(THF)
extraction shows that the aliphatic and aromatic cokes were formed during the reaction.
These cokes also shifted towards increased aromatic proportion when the times on
steam are increased, which is in agreement with the preferable structure that
summarized in the Bartholomew’s review!®. Furthermore, defects in the structure,
especially oxygen vacancy, can change the metal oxide properties %7, For this reason,
it is crucial to reveal the role of oxygen vacancy on the catalytic deactivation of y-Al20:s.

Density functional theory (DFT) has become a powerful tool for investigating the
electronic properties of the catalyst, the reaction pathway that identifies the elementary
step and describes the evidence during the reaction. For example, E. J. Peterson et al.*8
proposed CO oxidation reaction mechanism on Pd/ y-Al.Oz (100) based on DFT
investigation. In addition, the structure-property relationship of a complex system can
be separately considered at an atomic level. In the combination of several aspects, it is
possible to rational design a new catalyst.

Despite several studies regarding the deactivation of y-Al>Os, the effect between
these causes remains unclear and could have unexpected results. In this work, the
interplay between coke formation, oxygen vacancy, and phase transformation that

affects the deactivation of y-Al.O3 catalysts has been investigated.



1.2 Objective
To study the deactivation of y-Al,Oz caused by the interplay between coke
formation, phase transformation, and oxygen vacancy during aqueous phase reactions

using density functional theory (DFT)

1.3 The scope of the research
1. Investigate the atomic coke initiation and graphitic coke formation on
hydroxylated gamma-alumina (y-Al203) (110) and boehmite (y-AIOOH) (010)
surfaces.
2. Study the atomic coke initiation and graphitic coke formation on defected
surface (oxygen-vacancy) of hydroxylated gamma-alumina (y-Al203) (110)

surfaces.

O-vacancy

Phase-0Oy,

Figure 1 Scope of the research



1.4 Research Methodology

1. Review the literature of alumina as both catalyst and catalytic support

l

2. Build up bulk structure and cleave surface structure

|

3. Optimize coke absorption on surface

w

4. Performvacancy surface and investigate their coke adsorption

}

5. Calculate the adsorption energy and analyze electronic properties

l

6. Discussionand conclusion

Figure 2 Research Methodology



CHAPTER 2
BACKGROUND AND LITERATURE REVIEWS

2.1 Density Functional Theory (DFT)
In 1925, Erwin Schrédinger proposed the linear partial differential equation used to
study quantum mechanics. The most general form of the Schrdédinger equation is

defined as:

HY = EY (1)

where H is the Hamiltonian operator, and ¥ is the wave function, which is a
function of the positions dependent on all electrons, and E is the total energy of
electrons in the system. A composed of the kinetic (T) energy and the potential (V) of

all particles defined as:

H=T+V ()
n N
== gain= ) i 3 e Y
= - L8} 1T
£ 2m, L 2M, 24|, — 1] |R: — R)| @)

Here, m, and M, term refer to mass of electrons and nucleus, r and R denote electron
and nucleus coordinate, and Z is a charge. However, this equation is suitable for a small
system. Several approximations are proposed to resolve the molecule, having many
electrons. Firstly, Max Born and J. Robert Oppenheimer proposed the approximation
to reduce the complexity, the so-called Born-Oppenheimer approximation (BOA). This
approach is based on the assumption that the ions are much heavier than the electrons (
approximately 1840 times), resulting in the kinetic energy of the ions is much smaller
than that of the electrons. Furthermore, the motion of an electron is only considered
while nuclear coordinates are fixed. Thus, the Schrédinger equation under BOA can be

defined as:



n

H Z LA +1z ! 2 @)
2m, ' 2 = |, —7| 4aln—Ryl

i=1

However, this approximation would not be appropriate for complex systems.
In 1964, the electronic density proved useful as a variable in the many-body problems

by Walter Kohn and Pierre Hohenberg.

2.1.1 Kohn-Sham equation
This approach, which is much simpler than the wave function, includes two
fundamental theorems. The first theorem, the ground state properties uniquely depend
on the electron density (p), and the second, the density can be obtained when an energy
functional is minimized. Therefore, it is necessary to find solutions for the energy
functional. Subsequently, the Kohn-Sham method was proposed to find self-consistent

solutions for the density.

Vis[nl = Vexenl + Viareree[nl + Vyclnl (5)

As a consequence of Equation (5), Vks is Kohn—Sham potential, V., is the external

field, Vy4eree[n] is Hartree potential and Vi is the exchange-correlation potential.

6Exc[n]
Vxcln] = S:L(Er) (6)
The density can be calculated by:
N
n(r) = ) 1%, )
i=1

The Kohn—-Sham equations is as shown below:



<_"_vz ¥ vam) Wi(r) = %;(r) (®)

2m

Where ¢; is the orbital energy of the corresponding Kohn—Sham orbital ¥;(r).

2.1.2 Exchange correlation approximation
Although the exchange-correlation energy (Ex.) term is still unknown, many
different approximations exist, especially the local-density approximations (LDA) and
the generalized gradient approximation (GGA).
Local-density approximations (LDA) is the simple approximation to estimate the
density of electrons. The uniform electron density is the primary assumption at all
locations. Thus, this approximation is suitable for homogenous gas. Thus, this

approximation is still corrected to represent the actual system.

ELA[p(r)] = f p(r) l2m[p(r)]dr ©)

For Generalized gradient approximation (GGA), the gradient of electronic density
is considered to compensate for many LDA errors, leading to a reasonable description

for nonmetallic systems like molecules or oxide surfaces.

EZEA[p(r), 5] = f ERA[p(r)]p(r) F(s)dr (10)

where the F(s) and the s factor can be calculated by:
F(s) = (1 + 1.295 + 14s* + 0.25%)1/15 (11)

M)
G 12



2.2.3 Periodic boundary conditions (PBC)

The periodic boundary conditions (PBC) are boundary conditions used to model
the infinite system, such as heterogeneous catalysts by repeating the small unit cell. The
PBC consist of an infinite number of unit cells. One is the single unit cell on which the
simulation takes place, while others are copies of unit cells, namely images representing
the surroundings in all directions, as illustrated in Figure 3. For surface science and
catalysis study, the model can be considered in two dimensions to describe catalyst

behaviors, whereas the perpendicular direction to the surface is neglected.
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Figure 3 Periodic boundary conditions.

2.2.4 Plane wave based DFT method

The plane wave basis set is the common choice of a basis set used to represent
the Kohn-Sham orbitals. These basis sets are suitable for the condensed matter due to
the crystalline structure. Moreover, Bloch's theorem was applied to reduce the
complexity of the system by introducing the periodic boundary conditions. Based on

Bloch's theorem, the Kohn—Sham orbitals for a periodic system can be written as :



‘PIISS(T')=Z Ck+Gei(k+G)'T (13)
G

where k refers to the wave vector, G is the reciprocal lattice vectors, and ¢ ¢
is plane wave coefficients. Improving systematic convergence and accuracy is possible

by increasing the number of plane waves basis set described by cutoff energy (Ecut).

|k+ chtl2
2

Ecut =

(14)

Where Gcut is the maximum length of the reciprocal lattice vectors.
2.2 Biomass conversion in the aqueous phase

Biomass conversion is a process that produces fuel and a variety of value-added
chemicals from local agricultural resources, which can be taken place through multiple
transformation routes. Typically, biomass includes bio-oil, sugar, and starch, especially
lignocellulose, a promising source non-compete with the edible resource. The major
component of lignocellulose, approximately 40-50%, is cellulose, an attractive carbon
source for many utilization. For the applications of cellulose, it must be converted into
glucose through hydrolysis at the first step. Subsequently, the instantaneous
hydrogenation process was performed to produce simple sugar alcohol. Both glucose
and sugar alcohol can serve as a precursor for further transformation, for instance,
dehydration, oxidation, hydrogenolysis, and reforming. Since the biomass-based
intermediate is different from that of petroleum-based. Their large amounts of water
and high oxygen contents make them water-soluble. Therefore, these transformation
routes mostly proceed in the aqueous phase is shown in Figure 4. The attractive

transformation routes can be classified and briefly described as follows. %2

Hydrogenation is one of the critical reactions to saturate bonds in different functional
groups, including aldehydes, ketones, furans, carbohydrates, and alkenes. For biomass
intermediate, monosaccharides like glucose can be transformed into polyols and light

alkanes through consecutive hydrogenation reactions. The conventional catalysts,
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including Ni, Ru, Pt on SiOg, TiO2, Al.O3, and carbon as support materials, have been

widely used for the hydrogenation process to achieve this reaction.

Hydrogenolysis consists of two consecutive reactions to selective cleave C-C and C-
O bonds by using hydrogen. This reaction is used to produce lower polyols or diol that
more profitable. The first step is C-C bonds cleavage for breaking large polyols (xylitol,
sorbitol) to lower polyols. The second step is the cleavage of C-O bonds, which is
desirable to produce high-value products from polyols, such as the 1,2-propanediol
(1,2-PDO) and 1,3-propanediol (1,3-PDO), which are produced from glycerol.

Dehydration is typically used to transform monosaccharides like glucose, fructose, and
xylose into furan compounds such as 5-hydroxymethylfurfural (HMF) or furfural.
These compound can subsequently be converted into diesel fuel additives, liquid alkane

(C7-Cs1s), polymer and polyurethane foams through various transformation routes.

Aqueous-phase reforming(APR) is an attractive approach for hydrogen production
from polyols, sugars, and sugar alcohols due to low energy consumption and high
hydrogen production. The product of Hz can be employed for various applications, e.g.,
fuel cell, and hydrogenation or hydrogenolysis as a substance. The direct pathway of
reaction involves the cleavage of C-C, C-H and O-H bond and consecutively yields
CO2 and H: via the water-gas shift (WGS) reaction. For APR, the common catalyst for
this reaction is platinum supported on Al>Oz based catalyst due to high activity and

selectivity towards hydrogen.
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2.3 Deactivation on Alumina in the agueous phase

The possible deactivation taken place in liquid medium is expected that it is similar
to deactivation in gas phase, which can be classified into six types: i) fouling, ii)
mechanical alterations, iii) metal sintering, iv) poisoning, v) inactive phase formation,

and vi) leaching as described in Table 11,

Table 1 The general types of deactivation in liquid media. 1!

Type Mechanism Description
Mechanical Loss of active phase  Crushing or attrition between catalyst particles
alterations or pressure build-up
Metal sintering Decrease in the Loss of surface area by increasing crystal size

exposed active sites

Leaching Loss of active sites  Active phase dissolution/release into the liquid
medium
Fouling Lack of accessibility  Physical deposition with chemical species on

the surface (fouling/coking)
Poisoning Decline of intrinsic ~ Chemisorption of species that could be
activity detrimental to active sites
Formation of new New phases are not  Reactions affecting the catalyst components

inactive phases active leading to different phases

The alteration in liquid media mainly involves attrition and crushing, resulting in
size reduction and particle cracking, making it suitable for investigation on a large scale
than an atomic scale. Also, the sintering and leaching are mainly associated with the
metal rather than support. Hence, three types of deactivation cause, including

mechanical alterations, sintering, and leaching, are not considered in this work.



2.4 Coking

Coking is one of the deactivation caused by unavoidable carbonaceous deposition
on the catalyst surface, leading to blockage of active sites or pores and then activity
loss. The reactions for which coke deposition mainly contribute include oxidative
dehydrogenation, isomerization, hydrogenation, and reforming. Due to the complexity
of the coke feature, it can be explained in terms of (i) content, (ii) position and

morphology, and (iii) formation mechanism as depicted below in Figure 5.2

I.  Content: The factor influences coke content, including the operating
conditions, space time, and the aromatic structure in the feed, promotes coke

deposition since the polymerization of aromatics precursor.

[l.  Position and morphology: The formed coke can be divided into three types
based on their morphology: encapsulating, filamentous, and pyrolytic coke;
these cokes take place on metal, metal-support interface, and support,
respectively.

I1l.  Formation mechanism: The encapsulating coke originate from the feed
adsorption on metal sites and further condensation/polymerization of coke until
full covering metal sites. For filamentous coke, the precursors are adsorbed on
metal sites. After that, it dissociates into atomic carbon and then diffuses
through metal. It is deposited in the metal-support interface, and these metal
sites are removed from the surface eventually. The last, pyrolytic coke is
produced by precursor cracking, particularly acid supports like y-Al203, which
tends to yield a higher coke content since it favors cracking reactions.
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Figure 5 The characteristic of coke deposited on catalyst in reforming reactions.

Moreover, Argyle, M. and C. Bartholomew'® summarized the coke formation on

metal oxide and sulfide catalysts that involve cracking reactions with coke precursors.

Their mechanism mainly consists of three parts: polymerization of alkenes, alkenes

cyclization, and polyaromatic formation, as illustrated in Figure 6. Hence, the two types

of cokes are emphasized in this study, including initial coke like atomic carbon and

cyclic coke stand for polynuclear aromatic structure.



(a) Polymerization of alkenes

Step 1 : Reaction of olefin with Bronsted acid from secondary carbeniumion:

H,C =CHCH; + HX === CH;—CHCH; + X~ (1)
+
Step 2 : Condensation reaction of C; carbocation with a C; olefin to form a condensed,
branched Cg4 product with a carbeniumion:
(‘n;—gn(‘n; + H,C=CHCH; === CH;—CHCH; (2)
CH,— CHCH;
+
Step 3 : Reaction of carbeniumion with Bronsted base to form olefin:
CH; CH;
CH; —CH—CH,—CH—CH; + X~ === CHy—CH—CH,—CH—CH, + HX 3)
(b) Cyclization from olefin
Step 1 : Formation of an allylic carbocation by reaction of a diene with a primary
carbocation:
R;* + R;—CH=CH—CH=CH—CH—CH,CH; === R|H + (R;—CH=*CH=*CH==CH=*CH—CH,;CH3)* 4)
Step 2 : Reaction of an allylic carbocation with Bronsted base to form triene:
X~ + (Ry—CH=:CH==CH=*CH==CH—CH,CH;)* === Ry—CH=CH—CH=CH—CH=CHCH; + HX (5)
Step 3 : Cyclization of a triene to form a substituted cyclohexadiene
Ry R,
iy Ci
“‘('—ﬁ’/‘ \\gn — u‘c—ﬁ k(«“ (6)
| 1
CH CH - CH
‘e’ (”\\C,f
Step 4 : Formation of a tertiary carbocation:
Ry R,
(l‘ll l
P C+,
Ri* + “‘C—(l'“ \ﬁ'H — ch—clﬁ \ﬁ" + RjH @
CH CH Cl CH
Seil Seil
Step 5 : Reaction of a tertiary carbocation with Bronsted base to form a substituted
benzene:
T: R>
C+ .
X+ HCe—Ch g e @ + HX ©)
I



(c) Formation of Polynuclear Aromatics from Benzene

Step 1 : Initiation (protonation of benzene):
H H__H ]

H H
O oe — i
H H H H

H H

)

Step 2 : Propagation (condensation reaction of carbocation with benzene, followed by H
abstraction):

T H H

W H_H ’ BH pi ] (10)

|:I:]kn ”H:: / “:)Il | — -" ”‘|* + 2H (11)

H H H H H H

@{ e (12)

13
+®——HH——rsu (13)

and so forth

Step 3 : Termination (reaction of carbocation with Bronsted base):

21 4 e
S0 = O

Figure 6 The coke formation mechanism on metal oxide and sulfide catalysts
consisting of three parts: (a) polymerization, (b) cyclization, and (c) polyaromatics
formation.®

2.5 Phase transformation

In the aqueous phase reaction, the growth of the inactive phase, especially boehmite,
is thermodynamically driven under hydrothermal conditions. The first step leading to
transformation is hydration, and the reactive sites for hydrated y-Al.Os were
demonstrated in the theoretical study via ab initio molecular dynamics®?. This
irreversible transformation detrimentally affects to collapse of the active structure, loss

of surface area, and change of its intrinsic properties, such as acidity. Besides, this



transformation results in the sintering of the metal particles. These reasons are leading

to the challenge to prevent the transformation of y-Al>O3 in the aqueous phase:

I.  The addition of metal, such as nickel and platinum, can retard the phase
transformation compared to the bare y-Al.O3 by hindering specific sites on
the surface responsible for initial hydration.

Il.  Doping of additives, such as carbon, SiO,, and polyol molecules could
enhance the water-resistance and impede the hydration of y-Al>Os, which

initiation step leading to transformation.

2.6 Oxygen vacancy

Oxygen vacancy is one type of deficient. In the metal oxide catalysts, the oxygen
vacancy can be produced during reactions such as oxidation by taking oxygen atom
from the surface. Moreover, water-gas shift reaction (WGSR) and oxidative
dehydrogenation can easily exchange oxygen, especially reducible metal oxides groups
such as TiO2, WOz, and CeQ,%. When oxygen is removed, the electrons on the material
were trapped, generating a new state in the bandgap between the valence band (VB)
and the conduction band (CB). The capacity in electron trapping depends on the orbital
difference of oxygen and metal in metal oxide material. On the other hand, the
nonreducible metal oxide group, consisting of SiO2, MgO, and Al>Os, required costly
energy to form vacancy. Due to a very large bandgap (typically >3 eV), the cation
empty states available on CB is too high to migrate the excess electron from the oxygen
2p orbital states in VB. Even though y-Al>O3 is a nonreducible metal oxide group,
oxygen vacancy can be induced by increasing reducibility, either by varying
preparation or metal doping. As aforementioned, oxygen vacancies play a role in
change catalytic reactivity?® and reaction pathways?*?® and tailor the essential

properties?® of metal oxide. Therefore, it may influence the deactivation of y-Al,Os.

2.7 Literature reviews

Lei, N., et al. investigated the deactivation on Pt/WOs/y-Al>O3 catalyst during the
hydrogenolysis reaction of glycerol for 700 h. The result shows that decreasing Pt-WOx
interfacial sites raised from the agglomeration of platinum nanoparticles on the surface
is a significant cause of catalyst deactivation. Moreover, the weight loss occurred

during Thermogravimetric analysis (TGA) and Temperature Programmed Oxidation



(TPO) analysis. The first, 1.5 % weight loss, was detected below 150 °C due to water
evaporation. The second, 3.6 % weight loss appeared at 200-500 °C and described coke
on the surface. The coking may cause to deactivation of the y-Al.O3 based catalyst.!3

Matsushita, K., et al. studied initial coke formation and its modified properties on
Mo/y-Al;O3 catalyst during hydrotreating of Kuwaiti atmospheric residue. The results
show that the formed cokes are divided into soft coke (S) and refractory coke (R). The
S/R ratio shifted towards more refractory coke, which is strongly adsorbed at the
catalyst support. Moreover, the used catalyst of 1, 12, 48, and 120 h times on stream
period was examined with the tetrahydrofuran (THF) extraction. The result
demonstrated the aliphatic and aromatic cokes on the catalyst surface, and the coke
became more aromatic structure with increasing the times on steam. 2

Y. Dang studied the adsorption behavior of polycyclic aromatic hydrocarbons,
including naphthalene, anthracene, and phenanthrene on y-Al.O3 (110) surfaces with
different hydroxyl concentrations, 5.9 and 8.9 OH/nm?, by DFT method with GGA.
The adsorption energy increase with the size of the aromatic molecule in order:
anthracene > phenanthrene > naphthalene. While considering the geometry effect, the
linear aromatic is stronger adsorbed than the non-linear aromatic with the same
aromatic ring due to the higher electron density.?’

Rinaldi, R., et al. investigated the deactivation of y-Al.O3 in epoxidation using
aqueous 70% H»O> for 24 h. The result demonstrated that water cause chemical and
physical changes of y-Al203 due to transformation into a less active phase, including
boehmite and an amorphous aluminum trihydroxide. This phase transformation mainly
contributes to catalyst deactivation. The adsorbed organic molecules also have a
detrimental effect on the active site for epoxidation on y-Al203°

Ravenelle, R. M, et al. studied the structural change of y-Al>O3 based catalyst under
aqueous phase reforming conditions for ten h. The various techniques were applied to
identify the change of catalyst during water treatment. The X-Ray Diffraction (XRD)
results demonstrated that y-Al>Og is converted into a boehmite phase with a significant
surface area decrease. Additionally, the pyridine adsorption and IR spectroscopy were
used to determine the acidity of the catalyst. It was found that acidity decreased with

increasing phase transformation. Besides, when considering Ni/y-Al2O3z and Pt/ y-



Al>Og, the presence of metal particles retard phase change into boehmite compared to
bare y-Al,03.1°

Yazdanmehr, M., et al. investigated a real y-Al2O3 containing defect site in
structure, oxygen, or aluminium vacancies based on DFT calculations. The defect can
produce the interstate bands between the valence band and conduction band, which
agrees with the experimental result. This result shows that the formation of Al vacancy
generates acceptor-like interstate bands, those of oxygen conversely, vacancy generates
donor-like interstate bands below the conduction band.’

X. Krokidis % examined the structural transformation of y-AIOOH into y-Al,O3 by
molecular dynamics (MD) simulations. This transformation consists of two main steps:
the collapse of the boehmite structure and aluminium migration. The equilibrium
structure derived from this dehydration process is composed of 25-31% tetrahedral
aluminium, corresponding with nuclear magnetic resonance (NMR) results. Also, the
simulated X-ray diffraction (XRD) patterns confirmed reliable of model structure vy-
Al>Os.

Y. Noel?® summarized the various space groups of boehmite to identify the most
stable structure. The space groups were considered Cmc21, P2:1/b, and P2iab, which
these space groups differ for the hydrogen atoms orientation as depicted in Figure 7,
whereas the Al-O configuration remains similar to the Cmcm space group. The previous
study® confirmed that these space groups are more stable than Cmcm. Also, Cmc2; is
the most symmetric least-energy structure compared to other space groups. Moreover,
Digne et al.®! studied the surface energies and interfacial energies in water of y-AIOOH,
including (010),(100), (001), and (101) planes by using ab initio molecular dynamics.
The result demonstrated that (010) facet is the main surface plane and exhibits the

lowest surface energy in vacuum at 0 K and in water at T= 350 K.



Figure 7 The space group of boehmite: P21/b (left), Cmcm (center), and Cmc21
(right).?®
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CHAPTER 3
COMPUTATIONAL DETAILS AND METHODOLOGY

3.1 Computational methods and parameter

All DFT32 calculations were systematically performed using Vienna ab initio
simulation package (VASP)334 program with the projector augmented wave (PAW)
potential®3®, The generalized gradient approximation (GGA) corresponding to
exchange-correlation functionals by Perdew, Burke, and Ernzerhof (PBE)¥ is
employed. Moreover, the VVan der Waals correction of DFT-D3 dispersion proposed by
Grimme et al.® was also included. During optimization, the kinetic energy cutoff was
set as 450 eV, and the Monkhorst-Pack Grids grid, which is used to construct the
Brillouin-zone®, was set as 5x3x1. Furthermore, the structural optimization was
performed using the conjugate gradient method*° with the energy convergence criteria
of 1x10® eV and atomic force convergence criteria of 0.01 eV/A. Besides, the Gaussian
smearing with smearing width of 0.05 eV was utilized to determine the partial

occupancies of each orbital*.

The interaction between interaction between cokes and surface was described via

the adsorption energy (Eads) which is calculated as:

Eads = Ecoke-surface - (Eisolated-coke + Esurface) (15)

Where Ecoke-surface refers to the total energy of the adsorption system (adsorbed coke
on the surface), Eisolated-coke refers to the total energy of an isolated coke optimized in a
vacuum region, and Esurface refers to the total energy of the clean surface. A negative
Eads value indicates an attractive interaction between coke and surface. Also, the
magnitudes refer to the strong/weak interaction between the coke and surface.

To described electron distribution (Ap) on the surfaces after coke adsorption, the

Bader charge analysis*>*3 was calculated as follows:

— ads clean
Apcoke, surface — Apcoke, surface™ Ap coke, surface (16)
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The ApSlean represents the electron density change of isolated coke and the

coke, surface

ads
coke, surface

clean surface before coke adsorption, while the Ap indicates the electron

density change of adsorbed system. All electron density changes were calibrated with
valence electrons of Al, O, H, and C atoms.
Also, the charge density difference is usually applied to indicate active site and the

interaction between surface and coke as follows:

Ap = psystem'(pclean+pcoke) (17)

The pgyseem refers to the electron density of the adsorption system, whereas the p;x.

and p.j.an represent the partial charge of isolated coke and the clean surface with the

fixed positions of the adsorption system.

AGqs = Eags + AZPE — RTIn Qyp (18)

Where E,, is the adsorption energy, R is the gas constant, T is the absolute
temperature, The Quib is the total vibrational partition function, and AEp; is the zero-

point energy that can be calculated by the following equation

hv;
Ezpe = 71 (19)

where h is the Planck’s constant, and v; represent the vibrational frequency.
3.2 Structure Model

3.2.1 The y-Al203 surface

The non-spinel structure model proposed by Digne et al.***® was chosen to represent
the bulk structure of y-Al.Oz in this work. The unit cell contains 40 atoms (16 Al and
24 0). The optimized cell parameters are a = 5.52, b = 8.33, and ¢ = 8.02. The
calculations of the total density of states demonstrate that the bandgap of y-Al2Oz3 is
1.28 eV, inagreement with the previous study “6. The most encountered termination of
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y-Al203 is the (110) facet. For the slab model, y-Al.O3 (110) surface consisted of four-
layer in the periodic supercells and approximately ~15 A vacuum region to avoid

periodic interaction as depicted in Figure 8.

y
z )‘ N
a 1
I Al
v : O
| Qo
|
| ® H

15A

Figure 8 Surface model for y-Al203 (110) projected along a) the (010)-direction, b)
the (100)-direction, and c) the (001)-direction. The Al and O are indicated by green

and red, respectively.

3.2.2 The OH/ y-Al20s3 surface

The partial hydrated surface was generated to represent the surface during aqueous
phase reaction. The OH/y-Al>O3 (110) structure derived from y-Al>O3 surface modeled
by Digne et al. with two water molecules per unit cell based on previously reported of
Wischert, R., et al.*”*® The surface model consists of four atomic layers and ~15 A
vacuum with a dimension of 8.41 A x 16.14 A x 19.41 A. as illustrated in Figure 9.
Two top layers were relaxed during surface optimization for both y-Al>Os (110) and
OH/y-Al>03 (110) surface, and other layers were fixed in the local position from bulk

optimization.
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O A
Oo

Figure 9 Surface model for OH/y-Al203 (110). projected along a) the (010)-direction,
b) the (100)-direction, and c) the (001)-direction. The Al, O and H are indicated by

green, red, and orange.

3.2.3 The y-AlOOH surface

Boehmite exhibits a layered structure with orthorhombic symmetry. The Cmc2;
space groups are appropriate for describing boehmite due to the calculated structural
parameters in great agreement with the experimental data and the most symmetric least-
energy structure?®3, The unit cell contains 16 atoms (4 Al, 4 H and 8 O). The optimized
cell parameters are a =2.87, b =11.91, and ¢ = 3.72. of y-AlOOH. For the slab model,
y-AlOOH (010), the main termination, was constructed using two-layer in the periodic
supercells and consisted of approximately ~15 A as a vacuum region depicted in Figure
10. During surface optimization, bottom layer and hydrogen-interlayer were fixed in

local position, and another layer was relaxed.
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Figure 10 Surface model for y-AIOOH (010) projected along a) the (010)-direction,
b) the (100)-direction, and c) the (001)-direction. The Al, O and H are indicated by

green, red, and ivory, respectively.

3.2.4 The isolated-coke molecule

o *—0 @ A
(a) Atomic coke (b) Dimer coke (c) Cz-chain coke
q e O
(d) Cs-cyclic coke (e) Cg-chain coke (f) C¢-cyclic coke

Figure 11 The various types of molecules used in coke adsorption.: (a) Ci-atomic
coke, (b) Co-dimer coke, (c) Cs-chain coke, (d) Cs-cyclic coke, (e) Ce-chain coke and
(f) Ce-cyclic coke.
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CHAPTER 4

RESULTS AND DISCUSSIONS
4.1 Coke behavior on y-Al203
4.1.1 Coke adsorption on y-Al203

To understand the interaction between coke and y-Al>Os (110) surface, the
adsorption of various types of coke, including atomic coke (Ci-atomic), diatomic coke
(Co-diatomic), and dimer coke(C.-dimer), were firstly investigated. The most stable
configuration is illustrated in Figure 12, and the Eads are summarized in Table 2. For
the initial stage of coke formation, both Ci-atomic and C2-dimer prefer to adsorb on the
oxygen site by connecting to O(1) atom of y-Al>03 (110) surface with the Eags of -3.86
eV and -5.89 eV, respectively. For the Co-diatomic system, two atoms of C; can be
adsorbed on two oxygen sites of y-Al>O3 (110) surface with Eags of -7.63 eV. The first
C. atom labeled as C(1) is adsorbed on the O(1) site, which is similar to Ci-atomic
adsorption, while the other labeled as C(2) is adsorbed to the O(2) site. Indeed, the O(1)
and O(2) are similar, but they are located in different periodic images. It implies that if
the most favorable site O(1) on the y-Al>O3 (110) surface is still uncovered, the second
Ci-atomic will be further adsorbed. Moreover, the double Eags value of Co-diatomic
compares to the Ci-atomic system signifying that the C,-diatomic behave like Ci-
atomic individually adsorbed on the surface. In other words, there is only interaction
between C(1) or C(2) and y-Al>03(110) surface. Interestingly, the second atom of coke
cannot separately adsorb around the first adsorbed C(1) on y-Al0O3 (110) surface
observed by the transformation of C,-diatomic to Co-dimer with the Eags is -4.74 eV
after the optimization process. Therefore, the increase in the number of atomic coke
adsorbed on the surface or the diffusion of atomic coke proceed to coke dimerization,

eventually leading to coke evolution.



16
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oc

Al

Figure 12 The most stable configuration of coke on y-Al>03 (110) surface in the
initial stage , including a) atomic coke, b) diatomic coke, and c) dimer coke. The Al,

O, and C are indicated by green, red, and brown.

Table 2 Adsorption energy and bond distance of coke adsorption on y-Al,O3 (110)

surface.
Bond distance (A)
Molecule Coke form Eaas(eV)
C(1)-0(1) C-C @9

Ci atomic -3.86 1.29 -
C diatomic -7.63 1.42 1.37
C dimer -5.89 1.28 1.26
Cs chain -3.23 1.30 1.34
Cs cyclic -4.81 1.30 1.40
Cs chain -4.04 1.34 1.29
Cs cyclic -4.50 1.40 1.38

After the coke dimerization, the formation of higher coke (three and six atoms of
carbon) was also investigated to describe coke evolution on y-Al.O3(110) surface that
the most geometry of each coke is shown in Figure 13, and The Eags of each coke is
reported in Table 2. In this study, the occurrence of coke evolution can be taken place
into two forms: one is aliphatic coke or chain structure, and another is cyclic coke. The
aliphatic form of three and six atomic coke can be represented as Cs-chain and Ce-chain,
respectively. Moreover, the cyclic form of three and six atomic coke can be defined as

Cs-cyclic and Ce-cyclic, respectively. The Eads of Cs-chain, Ce-chain, Cs-cyclic, and Ce-
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cyclic are -3.23 eV, -4.04 eV, -4.81 eV, and -4.50 eV, respectively. The more negative
value of cyclic coke implies that the formation of cyclic coke during coke evolution is
more energetically favorable than that of the aliphatic coke, in good agreement with
previous experimental investigation'?. However, the coke-surface interaction of all
higher cokes, including aliphatic and cyclic cokes on y-Al,03(110) surface are still
weaker than that of Co-dimer due to a steric effect which appears on a high coke species
demotes interaction between a carbon atom of coke and active species of y-Al,03(110)

surface.

a) Cz-chain b) Cs-cyclic c) Cg-chain d) Ce-cyclic

Figure 13 The most stable configuration of coke adsorption on the y-Al>O3 surface in
the polymerization stage, including a) Cz-chain, b) Ce-chain, ¢) Cs-cyclic, and d) Ce-

cyclic. The Al, O, and C are indicated by green, red, and brown.

4.1.2 Coke evolution on y-Al203

The mechanism of coke evolution initiating from the smallest coke deposition
to higher coke formation was investigated. Moreover, the proposed mechanism of coke
agglomeration was considered through the continuous growth based on Langmuir—
Hinshelwood (LH) pathway, as displayed in Figure 14. The Ci-atomic adsorption was
proposed as a beginning step. Then, the Ci-atomic can be enlarged to Cz-dimer by
forming with the nearest Ci-atomic. After that, the Cz-dimer can be polymerized as two
isomers of higher coke of Cs: one is a long-chained C3 defined as Cz-chain, and another
is a cyclic form of Cs defined as Cs-cyclic. Investigation of higher coke evolution is
proceeded to Ce, referring to the first unit of graphitic coke, which is the crucial cause
for catalyst deactivation. Moreover, the aliphatic form of Ce coke or Ce-chain is also

systematically investigated comparing to Cs-cyclic.
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Figure 14 Proposed mechanism of coke evolution through the continuous growth on

catalyst surface based on Langmuir—Hinshelwood (LH) mechanism.

The energy required for the continuous growth from initial coke (Cy) into higher

coke (Cs) was described via the relative formation energy, which is calculated as:

(a)
(b)
(©)
(d)

Eform = Eproduct - Ereactant (20)

Efonn,Cl = (ECl/surface) - (Eclean SLerace+Eisolated Cl)
Eform,Cz-dimer = (ECQ-dimer/surface + Eclean surface) - (2XEC1/surface)
Eform,C3-chain = (EC3-chain/surface + Eclean surface) - (Ecz-dimer/surface + EC1/surface)

Efonn,C3—cyclic = (EC3—chain/surface + Eclean surface) - (ECZ-dimer/surface + Ecl/surface)
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( ) Eform,C()—chain = [EC(,—chain/surface + (3XECIean surface)] -
€

[EC 3-chain/surface + (3 X EC 1/ surface)]
Eform,C6—cyclic = [EC(,—chain/surface + (3 X EClean surface)] -

[ ECg-chain/surface+(3 ><1:44‘C1/surface)]

The E qre/surface TEfers to the total energy of the adsorption system (adsorbed coke
on the surface), while Eisopaed ¢, @Nd Ecjean surface refer to the total energy of an isolated
coke in a vacuum, and the total energy of the clean surface, respectively. The negative
value of the formation energy indicated that the elementary step would proceed forward
converting reactants into products, and the magnitude of them refer to the preferable
form of the product. The relative formation energy of coke on the y-Al,O3 surface is
reported in Table 3.

The relative AEform diagram of coke evolution from coke initiation (C1-atomic) to
Ces formation (aliphatic and cyclic forms) on y-Al>O3(110) surface is illustrated in
Figure 15. After the Ci-atomic adsorption in the initial step, the dimerization forming
Co-dimer can take place with AEfm of -5.16 eV. Then, the Cz-dimer can be
agglomerated to Cs, classified into two possible forms of Cz-chain (AEform = -1.69 eV)
and Cz-cyclic (AEform = -2.76 eV). After that, the C3 coke is continuously enlarged to
Ce forms of Ce-chain and Ce-cyclic with the AEform 0f -9.51 eV and -10.30, respectively.
Decrement of the relative AEform during coke evolution is the function of C atom loading
referring to the size of enlarged coke directly. The more negative value of the relative
AEform during higher coke formation indicates that the occurrence of coke
agglomeration on y-Al>03(110) surface is thermodynamically favorable.

In addition, the formation of Cs-cyclic after coke dimerization and C6-cyclic in
the final state of this investigation reveals that the formation of a cyclic structure is
more energetically stable than chain structure. Especially, the Cs-cyclic refers to a basic
unit of the graphitic coke towards the catalyst deactivation; hence the consideration of
a higher coke after Cp-dimer will focus only on the Ces-cyclic form for further

discussion.
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Figure 15 The relative AEsrm diagram for the coke evolution on y-Al203 (110)

surface based on LH mechanism.

Table 3 The formation energy of coke on y-Al203 (110) surface.

The AEform The relative AEsorm

Step Reaction pathway V) V)

(@  C;atomic adsorbed on clean surface -3.86 -3.86
(b)  Ci atomic to C» dimer coke -5.16 -9.02
()  Cydimer to C3 chain coke -1.69 -10.71
(d)  Cydimer to Cs cyclic form -2.76 -11.78
()  Cjschain to Cs chain coke -9.51 -20.22
() Cs chain to Cg cyclic form -10.30 -21.01

4.1.3 Feasibility of coke evolution

According to the previous section, the dimerization reaction, transforming the
diatomic into dimer form, could be a beginning point of the continuous growth of coke
on all surfaces. Therefore, dimerization has gained attention as the simplest path for

explaining the feasibility of coke evolution. The feasibility of any chemical reaction
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can be predicted in thermodynamics and kinetic using the free energy change and the

activation energy, respectively.

According to the transition-state theory, the intermediate formed between reactant
(initial state) and product (final state) for any reaction path is known as the transition
state with the highest potential energy. For the coke dimerization, the initial state and
the final state were represented by diatomic and dimer coke adsorbed on the surface,
while the transition state was figured out and confirmed by the one imaginary frequency
consideration. The minimum energy path of coke dimerization on the y-Al,O3 surface

is illustrated in Figure 16.

In thermodynamics, the free energy change is used to describe whether the
reaction occurs spontaneously. At the ground state condition (T= 0 K), the free energy
change of coke dimerization on the y-Al.O3 surface is -5.36 eV. This result indicates
that the coke dimerization is a spontaneous reaction. However, when also considered
in the liquid phase reaction operated in the temperature range of 373 K to 773 K, the
free energy change is no different from the ground state condition. Thus, it points out
that the coke dimerization remains spontaneously on the y-Al203 surface during the
aqueous phase reaction. In the kinetic consideration, the activation energy is the
minimum energy required for a reaction to proceed forward calculated by the energy
difference between the initial and the transition state. The activation energy barrier for
this reaction is 1.89 eV. The required energy for the dimerization is too high resulting
from this investigation was performed in low coverage of coke. However, once the coke
coverage is high enough to the adsorbed coke reach in adjacent sites, the dimerization
is encouraged, as mentioned in the adsorption section.
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Figure 16 The coke dimerization path on the y-Al>O3 surfaceusing the Climbing
image-nudged elastic band (CI-NEB) method

4.2 Effect of water coverage on coke behaviour

During the aqueous phase reaction, the modification of y-Al>Os surface via water-
surface interaction is unavoidable. Therefore, the effect of water coverage on coke
behavior was investigated. Herein, the model structure of the y-Al>Os surface was
modified based on partial hydroxylated and full hydroxylated models. For the partial
hydroxylated y-Al,Os surface (OH/y-Al.O3), the explicit solvent of four water
molecules is added that the most stable geometry of OH/y-Al203(110) is revealed in
Figure 9. For the fully hydroxylated y-Al.O3 surface, the surface model of y-
AIOOH(010) representing y-Al2Os surface with saturated water leading to phase
transformation is selected, as shown in Figure 10. For the coke formation process, the
reaction pathway starts from coke initiation of Ci-atomic adsorption on catalyst surface
before dimerization of coke forming C-dimer. Then, coke polymerization is taken

place by the formation of the higher coke represented by the Cs-cyclic.
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4.2.1 Coke adsorption on the partial and fully hydroxylated surface

In this section, the coke adsorption, including Ci-atomic, C>-dimer, and Ce-cyclic
on OH/y-Al203(110) and y-AlIOOH(010) surfaces were investigated as demonstrated in
Figure 17, and the Eags are summarized in Table 4.

For the partially hydrated surface (OH/y-Al203), the C1-atomic and Co-dimer
prefer to adsorb on the oxygen site labeled as O(1)’ of OH/y-Al>Oz surface with the Eags
of -3.34 eV and -4.72 eV. At the same time, the Cs-cyclic is adsorbed on the oxygen
site labeled as O(1) on OH/y-Al203 surface with the Eags of -2.53 eV. Hydroxylation of
v-Al203(110) surface creates adsorbed species of water (H20O), hydroxyl group (OH),
and detached hydrogen (H) along the OH/y-Al>Oz3 surface. These adsorbed species are
closed by the O(1) site, which is usually active for coke adsorption on y-Al>Os surface.
The presence of H>O and OH species adsorption makes the O(1) site more difficult to
access. Hence, the active site for coke formation is moved to O(1)’ which is less active
than O(1) leading to lower Eags than y-Al,O3(110) surface.

For the fully hydrated surface (y-AIOOH), all types of coke prefer to adsorb on
the O1” of OH site of the y-AIOOH surface. The Ci-atomic and Co-dimer were
adsorbed with the Eags of -1.72 eV and -3.55 eV, respectively. Moreover, the
enlargement of higher cokes as Ces-cyclic decreases the Eags into -1.59 eV, which refers
to the weakening of interaction between a higher coke and y-AIOOH surface. These
results suggest that full hydroxylation of y-Al.Oz until phase transformation to -
AIOOH obviously exhibits a decrease in the interaction between coke and y-Al203
surface because the OH group, which is an inactive species, is presented entirely on the
top layer of y-AIOOH(110) surface diminishing the interaction between coke and
surface. Furthermore, the larger site of higher cokes in cyclic form increases the steric
effect reduces the coke-surface interaction. Therefore, the interaction between y-
AIOOH(110) surface and all cokes is the weakest.
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Figure 17 The most stable configuration of coke Ci-atomic, Co-dimer, and Cs-cyclic
on y-Al203(110), OH/y-Al203 (110), and y-AIOOH (010).Table 4 Adsorption energy
of various types of coke on the y-Al.03 (110), OH/y-Al>03 (110), and y-AIOOH (010)

surface.

The adsorption energy(eV)

Coke form
v-Al203(110) OH/ y-Al203(110) v-AlOOH(010)
Ci-atomic -3.86 -3.34 -1.72
Cz-dimer -5.89 -4.72 -3.55
Cs-cyclic -4.50 -2.53 -1.59

4.2.2 Coke evolution on the partial and fully hydroxylated surface

The LH mechanism was applied to elucidate the influence of water coverage on
v-Al203(110), which usually occurs in the aqueous phase reaction, on coke evolution
through continuous growth. The elementary step and the formation energy calculation
for the continuous growth of coke are following in the previous section. The relative
AEform diagram for the continuous growth of coke along OH/y-Al>03(110) and y-
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AIOOH(010) surfaces comparing to y-Al203(110) surfaces are plotted as expressed in

Figure 18. The relative AEfm Of coke evolution is reported in Table 5.

The coke initiation of Ci-atomic adsorption can be taken place on OH/y-
Al,03(110), and y-AlOOH(010) surfaces with the Eags of -3.34 and -1.72 eV,
respectively. After that, coke evolution is started with coke dimerization forming Co-
dimer. The relative AEfom of Co-dimer are -8.37 eV and -8.31 eV for OH/y-Al,03(110)
and y-AlOOH(010) surface. Finally, the cyclic aromatic structure of Ce-cyclic is formed
with the relative AEform Of -21.26 eV and -28.79 eV on OH/y-Al,03(110) and y-
AIOOH(010) surfaces, respectively.

Hydroxylation of y-Al>03(110) including partial hydroxylation to form OH/y-
Al;03(110) surface and complete hydroxylation to form y-AIOOH(010) surface
weakens an interaction between C(1) and C(2) to perform the C-dimer, implying
resistance of coke initiation as well as retarding coke agglomeration of C»-dimer
formation. However, the presence of the OH group on hydroxylated y-Al>0O3(110)
surfaces promotes coke cyclization, enhancing graphitic coke formation on the
hydroxylated surface. Moreover, the increase in the OH group also raises the production
of Ce-cyclic formation observed by the more negative value of relative AEform
comparing to y-Al203(110) surface.

Table 5 The relative AEform Of coke evolution along the y-Al>03 (110), OH/y-Al>O3
(110), and y-AIOOH (010) surface.

The relative AEform (€V)

Step Reaction pathway
v-Al203 OH/y-Al203  y-AIOOH
(@ Ci atomic on clean surface -3.86 -3.34 -1.72
(b)  Ciatomic to C; dimer -9.02 -8.34 -8.49

() Cdimer to Cs cyclic -21.01 -21.59 -28.96
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Figure 18 The relative AEfm diagram for the coke evolution on y-Al.O3z, OH/y-
Al>0O3 and y-AIOOH surface based on the LH mechanism.

4.2.3 The Electronic properties

To provide insight into the interaction between cokes and the surface, the Bader
charge analysis and charge density difference were performed. The charge density
differences presenting the number of contact points between coke and each substrate
during the adsorption process are displayed in Figure 19. The charge accumulation and
depletion are represented by yellow and violet regions, respectively. In addition, the
Bader charge changes of the adsorbed cokes, including Ci-atomic, Co-dimer, and Ce-
cyclic on each surface of y-Al.O3 (110), OH/ y-Al203(110), and y-AIOOH(010) are
shown in Table 6. The negative and positive signs represent electron gain and loss,
respectively.

For y-Al203(110) surface, the Ci-atomic was adsorbed, creating one contact point
between Ci-atomic and O(1). The small Bader charge change between coke and surface
around +0.05 |e| implies that this Bader charge result is controversial. However,
considering the O(1) atom, which connects to Ci-atomic, demonstrated the positive
value of +0.33 |e|, indicating the role of the electron donor of O(1) during the coke
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initiation process. Propagation of coke after adsorption of Ci-atomic obviously reveals
electron transfer from y-Al>03(110) surface to adsorbed coke via O(1) bridge that the
evolution of cyclic higher coke decreases the amount of electron donation from y-
Al203(110) surface.

For all hydroxylated surfaces, the Ci-atomic create a single contact point to O(1)’
and O(1)” sites of OH/y-Al203(110) and y-AlIOOH(010), respectively. All Bader
charge changes of contacted O site reveal a positive value, for example, the +0.23 |e|
for O(1)’ and +0.15 |e| for O(1)” together with the negative value of adsorbed Ci-atomic
(denoted as -0.18 |e|] for OH/y-Al203(110) and y-AlIOOH(010) surfaces) indicate the
electron transfer from substrate to adsorbed coke which plays as an electron acceptor
role during the adsorption process. For the evolution of higher coke, the adsorbed coke
remains an electron acceptor while an electron is donated from the surface. Focusing
on the O site bonded with adsorbed coke (defined as O(1), O(1)’, and (O)1” on y-
Al>03(110), OH/y-Al,03(110), and y-AIOOH(010) surfaces, respectively), amount of
electron loss from O site during coke adsorption process accords to the interaction
between substrate and cokes. Hydroxylation of y-Al,O3 limits electron donation from
surface to adsorbed coke in order: y-Al.O3 > OH/ y-Al,03> y-AIOOH making the coke-
substrates interaction weaken. These results are in good agreement with the lower Eags
value of cokes on hydroxylated surfaces of OH/ y-Al,Oz and y-AIOOH comparing with
v-Al>O3 surface.
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Figure 19 Charge density differences of coke adsorption on (a) the y-Al>Os, (b) the
OH/ y-Al,03, and (c) the y-AIOOH surfacewith isovalue of +0.015 e A3, The violet

region for electron depletion and yellow for electron accumulation.

Table 6 Bader charge change of each component for coke adsorption on y-Al2Os, OH/

v-Al203, and y-AIOOH surface.

The Bader charge change (|e|)

surface Component
Ci-atomic C:-dimer Ce-cyclic

surface -0.05 +0.24 +0.34
v-Al,O3 adsorbate +0.05 -0.24 -0.34
oxygen atom +0.33 +0.26 +0.33
surface +0.18 +0.29 +0.28
OH/ y-Al>,03 adsorbate -0.18 -0.29 -0.28
oxygen atom +0.23 +0.25 +0.24
surface +0.18 +0.16 +0.20
v-AlIOOH adsorbate -0.18 -0.16 -0.20
oxygen atom +0.15 +0.13 +0.19
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4.3 Effect of oxygen vacancy on coke behavior

In the actual condition, the oxygen vacancy has a chance to be found in the
synthesized metal oxide. The oxygen vacancy contribution can tailor the metal oxide's
essential properties, e.g., change catalytic reactivity and the reaction pathways.?32449
For this reason, the role of oxygen vacancy on deactivation by coking has gained
attention and explored through the coke behavior on the oxygen vacancy surface. The
oxygen vacancy surface was performed by removing the oxygen atom on the y-Al2O3
surface and then adding the water molecule similar to OH/y-Al>Os. The most stable

configuration of the oxygen vacancy surface (Ov/OH/y-Al>Oz) is shown in Figure 20.

X S5

Y Vo Oy-9>9 O~
' 00 4 9°

H

| 0,-region ?jot?’& C;}

Figure 20 The most stable configuration of the O/ OH/ y-Al>Os surface

4.3.1 Coke adsorption on the oxygen vacancy surface

The coke adsorption was investigated in O./OH/y-Al>Os surfaces to understand
the interaction between coke and the O./OH/y-Al,O3 surface. The adsorbed coke
consists of Ci-atomic, Co-dimer coke, and Ce-cyclic. The most stable configurations of
adsorbed coke on the O./OH/y-Al.Os surface are shown in Figure 21, and the
adsorption energy is reported in

Table 7. The oxygen vacancy region (Oy-region) has become a new active site
in the adsorption process for all adsorbed coke. The Eags are -5.51 eV, -8.80 eV, and -
5.78 eV for Ci-atomic, Co-dimer and Ce-cyclic. This result indicates that their coke has
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strong interaction with the O./OH/y-Al.O3 surface. However, the Ce-cyclic, a larger
coke form, is less negative adsorption energy than the Co-dimer resulting from the steric
hindrance of the coke and the presence of the OH group covered on the surface.
Compared with the OH/y-Al203 surface, the Eags has noticeably increased for the
oxygen vacancy surface, particularly after dimerization. Moreover, the adsorbed coke
also led to the surface reconstruction in terms of the enlargement of the Oy-region, and
the higher coke also gives more reconstruction. These observations point out the highly
negative value of adsorption energy could be attributed to the reconstruction at O.-

surface.

C,-atomic C,-dimer Ce-cyclic
a) OH /y-Al,0,

Figure 21 The favorable adsorption of Ci-atomic, C>-dimer, and Ce-cyclic on OH/y-
Al>O3 (110) and O/OH/ y-Al>03 (110).

Table 7 Adsorption energy of coke adsorption on OH/ y-Al,Ozand O,/OH/ y-Al.O3

surface.

The Eads (V)

Coke form

OH/ y-Al203 OV/OH/ y-Al203
Ci-atomic -3.34 -5.51
C,-dimer -4.72 -8.80

Cs-cyclic -2.53 -5.78
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4.3.2 Coke evolution on the oxygen vacancy surface

The continuous growth of coke is examined on the oxygen vacancy surface based
on the LH mechanism. The relative AEfrm Of adsorbed coke is reported in Table 8,
while the relative AEform diagram comparing with y-Al,O3(110) surfaces are shown in
Figure 22. The relative AEform are -5.51 eV, -10.27 eV, and -14.00 eV for C;-atomic,
C>-dimer, and Ce-cyclic coke. The negative value of AEfrm indicated that their step is
energetically favorable to proceed forward. The increase in the magnitude of relative
AEform When the number of carbon atoms increased implies that the probability of the
coke evolution pathway grows from atomic to larger coke on O./OH/y-Al>O3 surface,

similar to OH/y-Al>O3 surface.

For the coke initiation, the formation of Ci-atomic and Cz-dimer is promoted on
the O./OH/y-Al203 comparing with the OH/y-Al203 surface. On the contrary, the Ce-
cyclic is more difficult to form on the O,/OH/y-Al>O3 due to strengthening interaction
between coke and surface. Therefore, this result implies that the existence of oxygen

vacancy suppresses the coke evolution to higher coke.

Table 8 The relative formation energy of coke on OH/y-Al,O3 (110), and O,/OH/y-
Al2O3 surface.

The relative formation energy (eV)

Step Reaction pathway
OH/ y-Al203 OV/OH/ y-Al203
(@  Ci atomic on clean surface -3.34 -5.51
(b)  C;atomic to Cy dimer -8.34 -10.27

()  Czdimer to Cs cyclic -21.59 -14.00
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Figure 22 The relative AEform diagram for the coke evolution on the OH/y-Al>O3
(110) and Ov/OH/y-Al>03 (110) surface based on LH mechanism

4.3.2 The Electronic properties

The Bader charge analysis was investigated based on Bader charge analysis for

describing the coke behavior on the oxygen vacancy surface. The Bader charge changes

between the adsorbed coke and the surface are given in Table 9. The negative and

positive signs represent electron gain and loss, respectively. Moreover, the charge

density difference of each configuration was performed and shown in Figure 23. The

electron accumulation and depletion are labeled in yellow and violet regions.

The adsorbed coke interacts with the O./OH/y-Al>O3 surface as an electron
acceptor, similar to OH/y-Al>03 surface. For the OH/y-Al2O3 surface, the gaining

electron of Ci-atomic, Cz-diatomic, C2-dimer coke, and Ce-cyclic are -0.18e|, -0.35]¢],
-0.29/e|, and -0.28|e|. For the Ov/OH/y-Al.O3 surface, the gaining electron of Ci-atomic,

Co-diatomic, Co-dimer coke, and Ce-cyclic are -1.44e|, -1.63|e|, -1.51|e|, and -1.55|¢|,

respectively. Compared with the OH/ y-Al.O3 surface, the electron exchange between

adsorbed coke and surface dramatically increases as the oxygen vacancy was formed

32
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on the surface. These results confirm that the coke-surface interaction on the Ov/OH/y-

Al;O3 is stronger than the OH/y-Al2O3 surface, in agreement with the adsorption

energy.

Table 9 The Bader charge change of each component for coke adsorption on OH/y-
Al>03 (110) and Ov/OH/y-Al>O3 (110) surface.

surface Component Ci1 -atomic C2-dimer Ce-cyclic
surface +0.18 +0.29 +0.28
OH/ y-Al>,03

adsorbate -0.18 -0.29 -0.28

surface +1.44 +1.51 +1.55

OV/OH/ y-Al;,03
adsorbate -1.44 -1.51 -1.55
C,-atomic C,-dimer Ce-cyclic

a) OH / y-AL,O,

Figure 23 Charge density differences of coke adsorption on (a) OH/y-Al,Oz and (b)
Ov/OH/y-Al203 surface with isovalue of +0.015 e A3, The violet region for electron
depletion and yellow for electron accumulation.
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4.4 Effect of temperature

Having determined the coke behavior through the coke adsorption, the
thermodynamics consideration can be applied to describe the coke behavior as a
function of the temperature. In this section, the considered temperatures are in the range
of 373-773 K to comply with the aqueous phase reaction.

The free energy change of coke adsorption (AG,4) was calculated using the
vibrational analysis. The AG,q, profiles of y-Al,03, OH/y-Al203 and y-AIOOH surface
are illustrated in Figure 24. At ground state condition (T= 0 K), The AG,4, Wwas
corrected by the AZPE term only. It found that AG,4 Of coke adsorption decreased in
order: y-Al,03 > OH/y-Al203 > y-AlOOH, in agreement with adsorption strength. At
the given temperature, the AG,q, IS also contributed by the thermal correction in terms
of the partition function from the vibration of adsorbed coke. For all surfaces, the AG 4
of coke tends to decrease when the temperature increase. It implies that an increase in
temperature leads to the weakening of adsorption strength. Moreover, the result has a
similar trend for Ov/OH/y-Al>Oz surface.
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Figure 24 The AG,q, profiles of y-Al203(110), OH/y-Al203(110), y-AIOOH(010),
and Ov/OH/y-Al;,03(110) surface in the temperatures of 373 - 773 K
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CHAPTER 5
CONCLUSION

The DFT calculations have been performed to investigate the coke behavior on
the y-Al2Oz based catalyst. The result exposes that the coke formation on the y-Al203
can be divided into three steps: coke initiation, dimerization, and polymerization.
During the initiation stage, the atomic coke is strongly chemisorbed on the y-Al.O3
surface. In the dimerization stage, the two-atomic coke is preferable to transform into a
dimer form. Lastly, the coke polymerization generated higher coke with more
energetically favorable. The polymerization forming higher coke prefers a cyclic form
of coke to the aliphatic one due to its less steric effect. Therefore, the cyclic coke formed
is more difficult to be removed than that of the aliphatic coke, promoting higher
deactivation, although they consisted of the same number of carbons in the molecule.
Furthermore, the feasibility of coke evolution is approximately determined by the coke
dimerization, the simplest route to the continuous growth of coke. Both thermodynamic
and kinetic considerations evidence that the coke dimerization is spontaneous and
exothermic with the energy barrier of 1.89 eV to proceed forward. For the water
coverage effect on coke behavior, all coke adsorption strength was reduced in the order:
v-Al203 > OH/ y-Al203 > y-AIOOH. The Bader charge analysis further reveals that the
adsorbed coke plays as the electron acceptor from the surfaces. The electron exchange
of the oxygen atom being considered active sites for coke adsorption also confirmed
the increasing water coverage weakened the interaction between coke and surface, the
hydroxylated surface retard the coke formation on y-Al2Os. Although the coke-surface
interaction is weakened on the hydroxylated surface, the coke polymerization is
encouraged, considering the formation energy of coke evolution. For the effect of
oxygen vacancy on coke behavior, the adsorption strength of coke is significantly
increased over the oxygen vacancy surface. Moreover, the charge transfer between coke
and the surface is higher than the perfect surface without oxygen vacancy. Thus, oxygen
vacancy may promote coke formation and result in the coke elimination from the y-

Al>O3 based catalyst more difficult.
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