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ABSTRACT

PROPYLENE EPOXIDATION ONCUO AND LI PROMOTEDCUO
CATALYSTS: A DENSITY FUNCTIONAL THEORY STUDY

GEZER, MRAY
M.S., Department of Chemical Engineering

Supervisor : Prof. Dr. Isik Onal

December 2014, 76 pages

Propylene oxide is a significant intermediate chemical Wwhias many derivatives
used as raw materials in many industries such as automaoigenetic, medicine
etc. However, its current production methods, chlorohyghriocess and hydroper-
oxide process, are not preferred since they are econogni@all environmentally
disadvantageous. Considering these negative effece;dgeineous catalyst for di-
rect propylene epoxidation is still being investigatedth\dn objective of filling this
catalyst gap in the literature, propylene epoxidation ma&dm on CuO (001) and Li
promoted CuO catalysts are investigated theoretically bgms of DFT calculations
where VASP code is used. The ultimate goal is to determing@dissibilities of the
formation of the probable products and to find the energy lpofor both of the cat-
alysts. With this aim, the most probable product formed o@@atalyst is explored
and the effect of Li promoter is observed for the propylenexétation mechanism.

To begin with, for partial propylene oxidation on CuO (0Ou)face, there are two
possible reaction pathways for propylene. One of the pathsvpropylene oxide or

acetone formation through oxygen bridging intermediatéase. Differs from the

other studies in literature, oxygen bridging surface isalvered in this study which
refers to the chemical adsorption of propylene on the catadyrface. The other path
is acrolein formation through allyl radical on CuO surfaEer the first pathway, the
activation barriers between the oxygen bridging and pepyloxide is found as 2.89
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eV. In addition to that, energy barrier between the oxygeddimg and acetone is
calculated as 2.47 eV. These high barriers show that it ipossible to obtain both
propylene oxide and acetone on CuO surface. Then, analfyie second pathway
is conducted. After optimizing the geometries of allyl i@liand acrolein formation,
it is detected that there is no activation barrier betweesehtwo structures. Thus,
these results clearly show that for the first propylene seriti¢ CuO surface, for-
mation of acrolein product has the highest possibility.sipredicted result for this
reaction since the propylene tends to form acrolein on tlierbgeneous catalysts
due to its allylic hydrogen containing group. After desaptof the acrolein, study
continues with the investigation of water on this surface/o Blternatives are tried
for the water formation mechanism. One of them is usingdattixygen to obtain
water. The other alternative is adsorbing oxygen molecukbé vacancy that arise
from the desorption of oxygen from the surface, and usedatkygen molecule for
water formation. For both of these options, results remaithanged that hydrogen
atoms do not want to attached to the same oxygen atom. It uwabed that water is
not formed directly on the CuO surface, this catalyst hadulityaof splitting water.
Afterwards, second propylene is send to the lattice oxydeheosurface and propy-
lene oxide is formed directly. During the research in litera, experimental studies
about CuO catalyst show that formation of acrolein and catiba products are ob-
served for propylene epoxidation mechanism. With thisnmfation in mind, both
possible products, acrolein and propylene oxide, are igated with respect to their
tendency to combust. Calculations for combustion indidadt combustion products
of acrolein is two carbon dioxide and one carbon monoxideydwer, the energy
requirement for this combustion path is really high. In &iddito this, combustion
results of propylene oxide has a lower energy barrier ( 1 eif) the highly oxidiz-
able products of ethenone and formaldehyde. It seems thatwstion of propylene
oxide is more possible than the acrolein combustion in tisepfyase which is consis-
tent with the information gained from the literature. Wittetobjective of increasing
the propylene oxide selectivity on the CuO surface, Li isstilited in the catalyst.
After optimizing the Li substituted CuO surface, propyleméde and acrolein for-
mation on this catalyst are investigated for propylene efadon. It is clearly seen
that Li promoter block the route for acrolein formation byfieasing its activation
energy to 1.17 eV. Moreover, promoter of Li increases thesihigy of propylene
oxide formation by decreasing the activation barrier t®@¥. To conclude, it can be
said that compared with the CuO catalyst, Li promoted Cu@lygsitis more active
for propylene oxide formation.

Keywords: Propylene Epoxidation, CuO catalyst, Li promddd-T method
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PRORLEN EPOKSDASYONUNUN BAKIR OKSIT VE LITYUM ICEREN |
BAKIR OKSIT KATAL iZORLERI UZERINDE YOGUNLUK FONKSIYONELI
TEORSI ILE INCELENMES

GEZER, MRAY
Yiksek Lisans, Kimya Muhendig)i Bolim{

Tez Yoneticisi : Prof. Dr. Isik Onal

Aralik 2014 [76 sayfa

Gunumuzdeki propilen oksit Uretimi maliyeti yuksek ve @& zararll proseslere
dayahdir. Bu proseslerin yerine gecebilmesi icin hetamdjatalizér ylzey Uzerinde
dogrudan propilen epoksidasyonunurgksaamasi istenmektedir. Bu amacguoltu-
sunda, CuO(001) ve Liile desteklenmis CuO (001) yiizeyileerinde propilen epok-
sidasyonu Ygunluk Fonksiyoneli Teorisi (YFT) hesaplamalari kullamgdk Vienna
Ab initio Simulasyon Paketi (VASP) ile analiz edilmistBu ¢alismanin nihai amaci,
tepkime sonunda olugacak urinlerin olusma olasilikisaptamak ve ¢aligilan kata-
lizorler igin enerji profili olugturmaktir.

CuO katalizort Uzerinde propilen oksidasyonu icin birbdeirekabet eden iki rota
mevcutturllki, oksijen kopriisti olarak adlandirilan ara yiizey olmgtiizerinden pro-
pilen oksit ve aseton elde edilmesidir.der yol ise allil radikalini takiben akrolein
eldesidir.llk rota icin yapilan aktivasyon bariyeri analizlerindeyrlyer propilen igin
2.89 eV iken asetonigin 2.47 eV olarak bulunmustur. Boklelist ylzeyi oksijenile
kapl olan CuO(001) ylzeyi, propilen oksit ve aseton ofagucin etkisiz olarak go6-
ralmastur. Bu yuzey Uzerinde, arasinda hi¢ enerji bariygptanmayan allil radikal
ve akrolein olusum olasdinin daha yiksek oldu tespit edilmistir. CuO ylizeyine
gonderilen ilk propilen sonucunda ylzeyde akrolein olaghtimali en yiksektir,
bu da propilenin icerisinde bulunan allil hidrojen icererugtan kaynaklanmakta-
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dir. Yuzeyden akrolein uzaklastirildiktan sonra, repaisidongusinid tamamlamak
icin su olusumu calisiimistir. Yiizeyde su olusumu iginalternatif de&erlendiril-
mistir. Bunlardan ilki ylizey oksijeniyle su olusumu,rikisi ise ylzeyden akrolein
uzaklastiriimasiyla olusan bogja getirilen oksijen molekiilt ile su olusumudiki
secenek de denenmis ve sonucugigimedgi gorulmastir. Yizey tUzerinde bulu-
nan hidrojenler ayni oksijene tutunmayi reddetmektediyl8likle suyun yuzeyde
olusmadg! aksine dgildigi saptanmistir. Daha sonra reaksiyonun devami icingiikin
propilen ylzeye gonderilmis ve ylzey oksijeni yardimgilekt olarak propilen oksit
olustugu gorulmustdr. Literatlr arastirmalarngtaltusunda, ayni reaksiyon igin CuO
ylzeyi ile yapilan deneysel calismalarda akrolein ve yafniinlerinin olustgu be-
lirtiimektedir. Bu sebep ile, calismanin devaminda akirolve propilen oksitin gaz
fazda oksijen molekull ile yanma reaksiyonlari incelestmiBu ¢alisma sonucunda,
akroleinin yanarken yuksek enerji gerektiove sonucunda iki karbondioksit ve bir
karbonmonoksit olusumu gozlemibelirtiimistir.Diger taraftan, propilen oksit ince-
lendiginde, yanma reaksiyonu icin 1 eV kadar az bir enerji intiy@ddugu ve reaksi-
yon sonucunda yanici molekdiller olan ethenone ve forméldelstuju gorilmustar.
Boylelikle propilen oksit molekuliniin akroleine gore yaaya daha yatkin oldju
sdylenebilir. Son olarak, propilen oksit eldesini arttakramaci ile CuO yizeyindeki
iki bakir yerine Li eklenmistir. Ylizey optimizasyonundsonra, yiizey tzerinde ak-
rolein ve propilen oksit eldesi arastiriimigtir. Agilkacdk soylenebilir ki, eklenen Li,
akroleine giden yolu aktivasyon bariyerini 1.17 eV’a ¢i@k engellemistir. Bunun
yani sira, propilen oksit olusma olagiimi, enerji bariyerini 0.49 eV’a dusurerek art-
tirmigtir. Sonug olarak, Li destekli CuO yluzeyinin pr@piloksit olusumu igin sadece
CuO ylizeyine gore daha aktif oldu soylenebilir.

Anahtar Kelimeler: Propilen Epoksidasyonu, Bakir oksiigkiatri, Li destekli bakir
oksit ylizeyi, Y@unluk Fonksiyoneli Teorisi (YFT)
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CHAPTER 1

INTRODUCTION

This chapter intends to provide fundamental concepts abeutnain aspects of the
subject. The reader can gain general knowledge about thetaefiand classification
of catalysts. More specific information is obtained aboattieterogeneous catalysts.
This section also provides background information abogaittiolecular modeling of
the heterogeneous catalysts by means of DFT method. Fortiney propylene epox-
idation reaction mechanism is mentioned with its possibdelpcts. Lastly, objective

of this study is explained throughout the information givéthin this chapter.

1.1 Catalysis

Catalysis is a field that effects on so many different aspettscience especially
chemistry and chemical engineering. Catalysis is the gérencept for the function
of accelerating the chemical reaction by a catalyst. Csimlyas become a key ele-
ment for the chemical processes from the early part of twémtientury up to present.
It is increasingly growing that today more th&#% of the production of goods from

various raw materials in chemical industry is produced \&ittatalytic process.

1.1.1 Catalyst

Catalyst is a compound which accomplishes speeding up #otioa of the chemi-
cal, whereas remains the same after the occurrence of tbgoreaHowever, during

the catalytic process, catalyst is interacted with thetegds by bonding them with

1



chemically. Reactants are linked to the catalyst and pitsdue released from an-
other form of the catalyst, this is a catalytic cycle whictsiewn in the Figurg 1l1.
Intermediate surfaces of the catalysts are experimematiypossible to observe dur-
ing the cyclic process. Catalysts are used not only for pethdo of materials but also

in recycling processes, energy processes and environhpeotasses! [9]

R (Reactant)

Cat. Cat.—R

P (Product)

Figure 1.1: Catalytic cycle for a reactian [9]

From a chemical point of view, catalyst can change the reaqiathway towards
the lower energy which directly impinges on the mechanisrtnefreaction. A very

simple form of a reversible chemical reaction is represeate
A+— B (1.1)

in which A is the raw material and B is the product or vice ve[dh

The relationship between the reaction rate and the coratemtrof the reactants are
shown as in[(1]2). If the reactions are assumed as first dfider.

Reaction Rate (forward¥ k [A] 1.2
Reaction Rate (reverse) k' [A] .

As it is obviously seen from the equation, reaction rateeeebn the rate constant
and the concentration terms. A catalyst increases the wltete constant so as to
lowers the activation energy as dictated by the Arrheniusaign [1.8). ,this allows

the reaction occurs more rapidly! [1]



k = AP/ BT (1.3)

Activation barrier is the energy that is required by the erdg to get started to a
reaction. The reason of this energy requirement is gendralbreaking the existing
bonds to link new chemicals. The reactants should overcbiseshergy barrier to
transform into the products. The major role of the catalyst decrease this activation
energy indicated by the arrows in the Figlrel 1.2 . As seen fitoenillustration,
lowering the barrier does not always end with the same ptddumation, sometimes
catalyst may also cause the modification of the productidigion. Dotted line and
solid thick line show the path of uncatalyzed and catalyzsttions end with the
same product, respectively. The solid line in the Fiduré réf2rs to the reaction

occurred with a catalyst but product that is formed at theiswifferent. [5]

Energy

Reagents { i Products B

Products A

Reaction Coordinate
Figure 1.2: Effect of the catalyst on the pathway of a reacit)

In here, it is really important to emphasize the relationiasn the reaction kinet-
ics and thermodynamics. Both forward and reverse reacttesrare equal at the
equilibrium. Catalyst cannot change the thermodynamidliegum while altering
the reaction progress towards this equilibrium state. Hbe to approach the equi-
librium composition is faster in the presence of a catalystyever final equilibrium

composition is the samel[1]
There are three fundamental properties of catalyst; &agtselectivity and durability

3



which mainly determine the convenience of the catalyst fier dommercial usage.

[1]

Catalytic activity is the key factor since the rate of reataccelerates more with
the more active catalyst. It represents the increment othi@mical reaction rate
related with the help of the catalyst as mentioned in the alse¢tions. Even though,
it is stated in the theory that the catalyst remains congtarihg the reaction, now
it is experimentally known that catalyst may alter chenticdue to the competing
reactions. This alteration may cause decrease in its fgtiliis situation is called as

catalyst deactivation. [1]

Apart from speeding up the reaction rates, another impocapability for the cata-
lyst is the selectivity. With this ability, catalyst can et the reactants to the desir-
able products among the possible products so it selectsvitspathway. So if one
can choose the wrong type catalyst, unexpected productsectormed although the

same reactants are used. [1]

The other significant point for the effective catalyst is digrability which means
the life of the catalyst. Durability is taken into considéwa since catalyst may be
deactivated or destroyed by side reactions even they amnstimed by the reaction
itself. From the economical point of view, when the life oétbatalyst is not long
enough; using fresh catalyst for each reaction or frequertctivating the catalyst

cost too much and the commercialization of the catalyst ipossible.[[1]

1.1.2 Classification of Catalysts

The catalysts can be sorted according to many factors sufieldof application,

main component of the catalyst or state of the reaction. [15]

In the classification given in the Figure 11.3, groups are naamerding to the aggre-
gate state. There are three considerable main groups; lesmeogs catalysts, biocat-

alysts and heterogeneous catalysts. [9]

Homogeneous catalyst is the class of catalyst whose phaaeis with the phase of

the reactants in the catalytic system. Both the homogermaialkyst and the reactants

4



Catalysls

Homogeneous . Heterocgeneous
catalysts Biocatalysts catalysts
(enzymes)
Acid/base Bulk
catalysts catalysts
Tra{ws:l.:lmn Supported
R calalysts
compounds

Figure 1.3: Classification of the catalysts in terms of tlagesof the reactants|[9]

can be in gas or liquid phase depending on the state of thegso&ome examples
of homogeneous catalysts are organometallic complexesnatal salts of organic

acids. [9]

Unlike homogeneous catalysts, heterogeneous catalgst®tin the same phase with
the reactants in the catalytic process, there exist a phasedary between them.
Heterogeneous catalysts are mostly in solid phase; whemeastion occurs in the

state of gas or liquid[ |9]

Homogeneous catalysts and heterogeneous catalysts fdiffereach other with so

many aspects. In homogeneous catalysts, each atom of #igstas active because
of the high level of dispersion; however, the dispersionrdeds much smaller in

heterogeneous type since the only active site is the suofaite catalyst. In conse-
guence of more collisions with the reactants, homogeneatatysts have the higher
activity and reach higher selectivity. In addition to ththe mechanism of the hetero-
geneous catalysis is not comprehensible as the mechanisomufgeneous catalysis
due to the well defined active site. For homogeneous casalgediction temperature
is not usually exceed t200°C’; however, heterogeneous catalyst has higher thermal
stability that it can also be active at the temperature auetrC. The essential prob-

lem of the homogeneous catalysts is to remove catalyst fin@prtoducts, separation
methods such as distillation and liquid-liquid extractase used in order to overcome
this problem. New methods are improved in the last few yeansake the separation

of catalyst easy from the products. Dissimilarly, in heggnoeous catalysis, since the
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phases are different, separation takes place immediatély simple physical meth-
ods. To sum up, each type of catalysts has its own specifiepiep that makes them
useful, so they are not treated as opponents. [9]

The third category of the catalysts are biocatalysts whietaéso named as enzymes.
It can be understood from its nhame of biocatalyst, enzymesuaed for biologi-
cal reactions. Biocatalysts are generally composed okepraholecules with high
molecular weights. Thus, they have characteristics ofgeansitive and unstable
so they are not suitable for all conditions of reactions. Tan reason of treating
the catalysts as three separate groups is that the enzynmed delong to any other

group with its distinctive properties.|[9]

In the scope of this thesis, heterogeneous catalyst istigegsd for a specific reaction

mechanism; therefore, heterogeneous catalysts are egglai the next section.

1.1.2.1 Types of Heterogeneous Catalysts

As seen from the Figure 1.3, there are two types of heteragsneatalysts; bulk

catalysts and supported catalysts. [9]

Bulk catalysts, stated in other words unsupported catalgsin be metals and metal
alloys, metal oxides, carbides, nitrides, ion exchangesemetal-organic framework

and metal salts| [27]

Support catalysts can be composed of unsupported catalydtsas metal and metal
oxides. Supports mostly have a porous structure in orderc@ase the surface area
and obtain highly disperse active sitdl,O3, SiO5, MCM — 41, TiO,, ZrO, and

MgO are some of the most preffered support materials. [27]

1.1.2.2 Steps of Heterogeneous Catalysis

During the chemical reaction, reactants are following tathgowards the products
along the reaction coordinate, sample diagram of energggehavith respect to the
reaction coordinate is represented in the Fidguré 1.4. As $eien from the graph,
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there are some minimum and maximum points which refers tonteemediate com-
pounds (! andI? are two intermediate surfaces formed during this sampleticeg
and transition states, respectively. Actually, what thiefogieneous catalyst does is
to provide a alternative pathway from reactants to prodwitis a lower activation
energy. [4]

A+B —C

Elpl

|

i i

A+B 1 I? c
F_-—

Figure 1.4: Reaction profile for a heterogeneously catalyeaction([4]

The heterogeneously catalyzed reaction consists of el@amyeprocesses proceeded
along the reaction coordinate. These constituent stepadserption of reactants,

surface reaction and desorption of products. [4]

The flux of the reactants striking the catalyst surface i$lyiedsorbed over the ac-
tive site of the catalyst. Adsorption of the reagents cae fallace in two forms ac-
cording to their strength of bonding; physisorption andmalserption. Physisorption
which is called also as physical adsorption representiagnieraction of the reacting
molecules with the surface by Van der Waals forces. There themical bonding in
the physical adsorption. Because of this low binding engsgysisorbed molecules
are away from the surface. However, in chemisorption, tieodzhte attached to the
catalytic surface with a strong chemical bond that is why #@lso called as chemical
adsorption. Both physisorption and chemisorption praegsse shown as an exam-
ple in the Figuré_1]5. In heterogeneously catalyzed chdméeetions, process of

physisorption is generally treated as a precursor of thenated adsorption.[[4]

As a result of adsorption process, new bonds are formed arathéytic surface with
the process of surface reaction. Each of the surface reaaten be explained by the
three mechanisms; Langmuir-Hinshelwood mechanism, Rilley mechanism and

Mars-Van-Krevelen mechanism. [4]



Figure 1.5: Reaction profile for a heterogeneously catalyeaction

After the products are formed on the surface, they are wtathfrom the catalytic

surface with a final process of desorption.

The dynamics of the surface reaction can be investigatduted tifferent levels such
as macroscopic, mesoscopic and microscopic as seen froschieene in the Fig-
ure[1.6. [15]

Microscopec Mesoscopic Macroscopic

Macroscopic
1 m‘ 5 e I';Iﬂetim
[ Continuum
10°s | description
| Nonlingar ]
108 L dynamics
Atomic
i level
10%s HQuantum T
level
10-158 1 I

. - | i
01tnm 10nm 10 um 1em

Figure 1.6: Levels of the investigation of the surface neadiL5]

However, at macroscopic and mesoscopic levels, elemestepg cannot be exam-
ined as detailed as at the microscopic level. Especiallydma and quantum level,
the mechanism of the reaction can be observed step by stepthEsis is analyzing
the reaction mechanism in its topic from the theoreticahpof view at microscopic

level. [15]



1.2 Molecular Modelling in Heterogeneous Catalysis

Computational chemistry deals with the chemical problemngenerate solutions or
widens the horizon of chemistry science by using computestead of performing

experiments.

When the computational chemistry is checked against therarpntal studies, us-
ing computer rather than performing an experiment bringsathge of being inex-
pensive since there are no expenses such as chemicals anatdap equipments.
In addition to that, theoretical chemistry gives you fremdfor simulating what-

ever molecule you like, even combining or separating atdmas you select from

a molecule; however, in experiments, testing the chemaralsestricted according to
the opportunities. Lastly, it is more secure to perform cataponal calculations, but

laboratory experiments are always more risky especiatijnéonan health! [8]

Depending on the study that is conducted with the computatichemistry, it gener-

ally requires longer time with respect to the experimertiadies.

Experimental studies are not substituted with the comfmurtat chemistry; however,
they are guided with the outcome of the computational cateuts perfectly. The
scientists benefit from the advantages being offered byhnarétical studies to make
better predictions and preparations for performing thaaaxperiments. They both
explain and rationalize the known chemistry, besides a#&ithey have the capability

of exploring new and unknown chemistry! [8]

Cheminformatics, statistical mechanics, molecular meidsa semi-empirical meth-
ods and ab-inito quantum chemistry are within the scope wiptdational chemistry.

In the scope of this thesis, ab-initio quantum chemistrysiesdto achieve the results.

1.2.1 Ab-Initio Quantum Chemistry

Ab-initio varies from the other computational methods withfeature of being di-
rectly derived from the quantum mechanical theory. Sincganly based on theory
not any experimental data, the method takes the name 'ab-which means 'from

the beginning’.([7]



The ab-initio quantum chemistry is a phenomenally sucaésséthod for small sys-
tems which has tens of atoms, unknown chemical systems witliseable experi-
mental observations and systems requiring strict pretci§i

The main body of ab-initio quantum chemistry is consideredaving the electronic
Schrodinger equation which describes the quantum behalaioms and molecules
such as their electronic energy and electron density. Thgatational complexity of
Schrodinger equation is directly related with the numbeglettrons in the problem
since it deals with the interacting particles in the systdmthe simplest form of
Schrodinger Equatio (1.4)/ is Hamilton operator for a molecular system with N
electrons and it includes both kinetic and potential cbations. [7]

Hiy = Ev (1.4)

The capability of solving the crucial problems of the largendensed-phase systems
by the Schrodinger equation is of prime importance for mangmdific fields, Nobel
Prizes given to John Pople and Walter Kohn in 1998 show théhasip on this topic
up clearly. John Pople and Water Kohn are awarded with th& Nasble Prize in
Chemistry with his improvement of 'compuational methodgjuantum chemistry’

and 'density functional theory’, respectively! [7]

As it is mentioned, ab-initio quantum chemistry solely dege on the solution of
Schrodinger equation. There are two main approaches te godvSchrodinger equa-
tion; the firts one isvavefunction based approachasd the second approach is the

density functional theory7]

To begin with the wavefunction based approaches, the vestydird simple method
is Hartree-Fock (HF) theory. Within this theory, the wavaftion is expressed by a
single Slater determinant. Since it is a single-particleefianction, the motion of

the elctrons do not taken into account so its limit is alwdysva the electronic cor-
relation energy. Therefore, HF method is unqualified foctiga chemical systems
in which energy of interaction between electrons has a sogmit role. Neglecting

the electron correlation is a major problem for this metladthough it may produces

acceptable outcomes for many quantum systems. [7]
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To overcome the electron correlation problem of HF methodhes other wavefunc-
tion based approaches are developed which are called adated wavefunction

based calculations. Some of these correlated approaahbkodutar-Plesset perturba-
tion theory (MPn, where n is the order of correction), the &ahzed Valence Bond
(GVB) method, Multi-Configurations Self Consistent FieMGSCF), Configuration

Interaction (CI) and Coupled Cluster theory (CC).|[42]

Each of these methods are preferred for the different kirmbofputational problems.
To illustrate, MP2 is commonly preferred method by biol¢gignd material scien-
tists for investigating non-bonded interactions betwe@atecules and force fields in
molecular mechanics in both small and large systems. Irtiaddhis method, CC

method is generally applied in order to optimize the geoyreetd obtain the basis set

convergence of the systems with small molecules in the gasei7]

The second and the most successful approach to solve Segendiquation is Den-
sity Functional Theory (DFT) method which is especiallydig® studying the chem-

ical reaction between individual atoms and molecules iniarado large systems. [7]

By comparing the two approaches with each other, wavefondiased approaches
are more complicated since density functional theory neties electron density
which is more simpler to find the energy instead of wavefumctiAlso DFT method
is not as expensive as wavefunction based approaches is tégomputational cost.
DFT method has better precision for molecular structu/@s. [

Within the context of this thesis, since the chemical redgtis the main concern,
DFT method is selected as a tool for quantum chemistry caticuls specified in the
following sub-title in detail.

1.2.1.1 Density Functional Theory

Density functional theory (DFT) is widely used as a rese@mohby scientists within
the departments of chemistry, physics, biology, matedaree and different engi-
neering disciplines such as chemical engineering. In this @f the thesis, general
information and certain technical details will be given abthe application of this

powerful tool. [29]
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DFT tool owes its rapid development in recent years to twgdlr scientific fields.

The first and most frequently used path is to apply quantunharécs in order to un-
derstand the complex atomic systems at the level of indalidtoms and molecules.
With the help of DFT method; molecular modelling, finding gnal state energies
of the molecules and studying chemical reactivities aresipess and simpler. As a
second subject, DFT method is also actively used in the fiedtdistical mechanics;

especially for inhomogeneous fluids and phase transitioblems. [16]

The purpose of applying DFT method in this study is to solvagotational chem-
ical problem related with the first path mentioned abovegemly simulations of
catalytic energy surfaces in molecules and possible wactoccur between these

molecules.

In accordance with this purpose, DFT method deals with tleenital reaction theo-
ries applied with the help of the physical laws which incledenplicated mathemat-

ical equations.

If needs to be explained in detail, it is mentioned that thesdg functional theory
uses the electron density to describe an interacting mialesystem instead of many-

body wavefunction different from the other traditionalialtio methods. [[34]

The electron density is a basic term in quantum chemistrychvis defined as the
probability of finding an electron at a specific location irasp. After a brief de-
scription of an electron density, the term called 'functibis explained in order to
understand the density functional concept more clearlyit Asunderstood from its
name, functional comes from the common word ’function’. €ion is a formula
which depends on one or more variables to define a number. imikaisway, func-
tional assigns an output of a single number, but its inpufumation. In DFT method,
functional of the electron density is the energy of a molecklectron density is also
a function of the position of electrons depends only on xg acoordinates regard-
less of the magnitude of the system. However; in the waveimmenethods, 3N
variables are used for an N-electron system which meanseasutinber of electrons
increases, computations will become more complicatedrefbee, electron density
functional is a powerful quantity for resolution of grountdte energies of the molec-
ular properties in reactivity studies. [34]
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Functiona) = F[f(x)]
Electron density= p(z, y, 2) (1.5)

Energy: F[p(l’, Y, Z)]

At the core of the DFT method, there are two mathematicalrdmas; Hohenberg-
Kohn theorem and Kohn-Sham equations. The Hohenberg-Kaorem states that
" The ground-state energy from Schrodinger’s equation insigue functional of the
electron density.” This statement means that Schrodingateon can be solved by
the electron density which has three variables rather thavaBiables-wavefunction.
Henceforward, the main objective of the DFT method is to fimel dutput of the F
functional which refers to the energy of the molecule. Sd&iatement of Hohenberg-
Kohn theorem makes the first statement more clear with aresgfmn of ” The elec-
tron density that minimizes the energy of the overall fuma#il is the true electron
density corresponding to the full solution of the Schroéingquation.” It is under-
stood from this statement that different electron densiyi@s should be tried until
the ground state energy become minimum. The density thaesntile functional
reaching minimum energy is called as true electron den29).

The Hohenberg-Kohn theorem is developed by Kohn and Shanmane practical
version of DFT method is explored. To solve the Kohn-Shamagqus, the Hartree
potential is required to describe and to describe this piatlerelectron density should
be known. To find the electron density, Kohn-Sham equati@ulshbe solved in
order to find the wave functions. Thus, this is a cyclic prablehich can be solved by
iterative approximation. As a first step of these iteratj@bsctron density is defined.
After all these cyclic calculation steps are completed dlleetron density calculated
from the Kohn-Sham equation is compared with the initialsigrestimated. If the
densities are equal to each other, this means that this igrthend state electron
density from which the total energy of the structure can lméb These are the steps
how the DFT method is worked for investigating the reacti@cthanisms on catalytic

surfaces.[[29]
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1.3 Propylene Epoxidation Reaction Mechanism

In this sub-title, reaction mechanism of the propylene égation which is investi-

gated in this study by utilizing DFT method is explained itadle

1.3.1 Propylene Epoxidation

General representation of the selective oxidation of adetiinepoxides are given in
the Figure_1.J7.
~ = &
=

o
c=c_

1
+ -0, — C—C
2 N\ /
O
olefin epoxide

Figure 1.7: Chemical illustration for epoxidation of olefin

In propylene epoxidation reaction, the olefin(isHs molecule which is known as
propylene and the epoxide (% HsO named as propylene oxide. Propylene oxide in
this reaction is formed by the oxidation of carbon-carboulide bonds in the propy-
lene. Thus, carbon atoms with double bond become attach#tetsame oxygen

atom.

Propylene, which is the reactant of this reaction, is gdlygpaoduced by the steam
or catalytic cracking process as a byproduct in oil refinind matural gas processing.
Apart from the production of propylene oxide, it is also usedproducing several

chemicals such as acrolein, acrylonitrile and acetong. [33

Propylene oxide, also known as propene oxide, is an impoviaisatile chemical

used in the production of many compounds such as polyethgolpppolyurethane

polyols, propylene glycols, glycol ethers and polyalk@egtycol. By taking part in

the production of these important chemicals, it serves fwide range of industries;
automotive industry, building trade, food industry, tob@aeéndustry and cosmetics
industry. Propylene oxide is currently produced with théhnds seen from the Fig-
ure[1.8 by the big companies Dow Chemical Co, LyondellBaSkkmical Co and

Shell. [33
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Figure 1.8: Current production methods of propylene ox& [

Commonly used conventional methods for propylene oxidelycton are chloro-
hydrin method and co-oxidation techniques which requineasive chlorine in its

process and expensive organic peroxides as oxidantscteshe

The first production technique represented in the Figureisli@ethod of chloro-

hydrin which is a multistep process begin with the oxidatdrpropylene with the

hypochlorous (HOCI) to produce chlorohydrin intermedsad@d then dehydrochlo-
rination of two chlorohydrin to form propylene oxide togethwith a side product of
calcium hydroxide. At the end of this process, large amotdintaste product such
as halogen-containing waste water and stoichiometric atwfisalt side product are
generated. These undesired products cause environmeoitéems and equipment
corrosion problems. To overcome this problem, an effedtiaste treatment system
can be designed to handle with the calcium chloride brindewaater; however, this
solution needs additional costs. [25]
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The second method utilized in propylene oxide productiocoixidation process
which uses organic oxide compounds such as tert-butyl Ipgtoxide and ethylben-
zene hydroperoxide in order to transfer the oxygen to pepyl Unfortunately, in
this technique, large quantities of byproducts like tertalmol and styrene are formed
together with the propylene oxide. This is not an econonpeatess due to the fact
that the amount of propylene oxide and coproducts are unbadh [25]

To summarize, these processes are neither economical viovrenental since large

amount of undesired products are formed that should beetteatscrapped. [25]

In addition to these processes, there is no commercial ptimohuof propylene oxide
from direct oxidation of propylené [38] which is thus exptto be developed. For
this reason, research on investigation of suitable hetsregus catalyst for direct

propylene oxidation still maintains its importance.

There are two competing reactions for oxidation of propglgmartial oxidation and
total oxidation. The chemical reactions for both partiad émtal oxidation are given

by (1.8) and[(1l7), respectively.

Generally, the total oxidation reactions are more exotiefram the thermodynam-
ical point of view, whereas partial oxidation of hydrocamsauch as propylene are

kinetically limited reactions. [19]

1.3.2 Possible Products of the Propylene Epoxidation Meché&ém

In the Figuré 1.9, the chemical representation of propytenkecule is given with its
strong and weak C-H bonds. Blue lines represent the strdragets related with the
double bond atoms and red lines refer to weaker bonds in thieyirgroup. Thus,

it is not easy for the propylene to partially oxidize becaakthe fact that hydrogen

atoms in the methyl group are willing to move away.
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Figure 1.9: Chemical formula of the propylene molecule

Hence, many probable products such as acrolein and acegésideb propylene ox-
ide can be formed at the end of the partial oxidation of prepglas seen in the
Figure[1.70.
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Figure 1.10: Possible reactions for the oxidation of prepwgl

In these studies, allylic hydrogens containing group irpglene constitute an imped-
iment for direct propylene oxide formation since they hawgeat tendency to form

acrolein.

Acrolein, named also as propylene aldehyde, 2-propenalli@aldehyde and allyl
aldehyde, is a crucial chemical which is produced commbiydram propylene with
multicomponent catalyts. In addition to that, acroleiroalscurs in our daily life with
the combustion of fossil fuels and during the heating of @egkils. This compound
is used mainly in the production of acrylic acid as a startimgterial of acrylate
polymers. The most significant use of acrolein is in the potida of DL-methionine
which is a fundamental amino acid added to poultry feeds.dlso a helpful chemical

for controlling the plugging and corrosion due to its antirobial activity. [39]
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1.4 Purpose of the study

Propylene oxide which is a significant intermediate cheificamany industries

is produced commercially with environmentally and ecorzaity disadvantageous
methods. The solution is to find a heterogeneous catalyshéopropylene epox-
idation reaction. However, although many experimental #edretical studies are
conducted, the suitable catalyst for propylene oxide foiwnafrom propylene has
not been developed yet. This thesis aims to investigate th@ &hd Li promoted

CuO heterogeneous catalysts for propylene epoxidatiartioeaby means of DFT
method.
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CHAPTER 2

LITERATURE SURVEY

This chapter gives information about the literature stsidienducted related to the
propylene epoxidation. The content of this chapter alstutes the ethylene epoxi-
dation as part of a continuing effort to understand the meishaof the epoxidation
of olefins. Both experimental and theoretical studies abwgstigating specifically
the Ag and Cu catalysts with or without promoters are meibonithin this chapter.

2.1 Studies conducted for ethylene epoxidation

In petrochemical industry, hydrocarbons such as methdhgleae, propylene and

higher olefins serve as a raw materials for especially oxidaeactions in which they

are converted to valuable chemical intermediates likeyterat, ethylene oxide and

propylene oxide or acrolein, respectively. In the presarideterogeneous catalysts,
oxidation reactions occur between the hydrocarbon and xlggem species of the

catalytic surface.

While heterogeneous catalyst for epoxidation of propylesszarch is in progress,
direct ethylene oxidation for ethylene oxide (EO) prodoictcan be succeed by the
Ag catalyst. [13] With high-resolution X-ray photoeleatrspectroscopy (HRXPS)
experiments and DFT studies conducted for ethylene oxidégnmportant sur-
face intermediate called oxametallacycle, Oxygen-Mptatal-Ethylene (OMME),
is discovered [18]. Other experimental and theoreticalisgiconducted for ethylene
epoxidation on Ag-Cu bimetallic catalysts prove the exiseeof intermediate sur-
face OMME and show higher performance by comparing with tine p\g catalyst
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[12,[17]. Ethylene oxide and oxametallacycle formationrgetries can be seen from
the Figuré 2.11.

Figure 2.1: (a) Ethylene oxide (b) OMME]18]

2.2 Studies conducted for propylene epoxidation

As it is mentioned in the introduction part, for propyleneogjolation mechanism,

there are two main product alternatives; propylene oxideammolein. According to

literature research, propylene oxide is formed throughintermediate surface and
acrolein is produced towards the allylic hydrogen strigpirom the raw material

propylene. Unlike propylene oxide which has no commercaalyst yet, acrolein

has patents of catalyst systems including Mo, Bi and Co uséd production[3].

2.2.1 Studies conducted for propylene epoxidation on Ag calyst

Based upon the successful studies conducted for ethylemedgpion, Ag catalyst
was also investigated for propylene epoxidation. Howeavés,found as ineffective
catalyst for the epoxidation of propylene with- 5% conversion, whereas the conver-
sion is85 — 87% for ethylene epoxidation on Ag catalyst. There is a sharpeiese
in the conversion value just by the replacement of hydrogémmvethyl group in the

propylene molecule as shown in the Figlrd 2.2.

The reason of this difference is because of the allylic hgdron the propylene which
is more active than the olefinic carbon. On Ag catalyst, alglical formation from

the propylene is observed instead of propylene oxide siltgedydrogen is stable
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Figure 2.2: Molecular structure of ethylene and propylene

on the catalytic surface. Both the olefins without an allyly@rogen and the olefins
with unstable allyl radical have the possibility to be caed to epoxide with high
conversion on Ag catalyst[22]. One of the experimentalistsidonducted on Ag cat-
alyst was resulted with propylene oxide selectivity)ef2%, whereas approximately
30% selectivity of propylene oxide was reached on the Ag-Cu@lgat which is
the highest percentage among the different types of prasistech as AgCuClI2,
AgFeCI2, AgMnCI2 and AgAuCI3[20]. In line with experimentenducted, a theo-
retical study([6] proves that activation barrier for progy¢ oxide formation is three
times higher than the barrier of allyl formation on Ag cattlyAfter Ag is concluded
as poor catalyst, Cu (111) and Ag (111) surfaces were exahthmeoretically for
propylene epoxidation and it is concluded that Ag leadslydi@hydrogen stripping,
whereas Cu tends to form surface intermediate oxametallacxametallacycle is
called OMMP for the propylene epoxidation reaction whictere to Oxygen-Metal-
Metal-Propylene interaction [31]. There are two types of @RIformation; OMMP-
1 and OMMP-2. In OMMP-1, C1 bonds to adsorbed oxygen wher€abddds to
metal surface atom. In OMMP-2, adsorbed oxygen is bound€@tevhile C1 bonds
to metal surface atom. Another theoretical study [32] ckdrthat Ag is not as effec-

tive as Cu in alkene epoxidation.

2.2.2 Studies conducted for propylene epoxidation on Cu calyst with/without

promoter effect

Lower basicity of copper catalyst tends to form OMMP so thésady shows that Cu
catalyst should become a focus for propylene epoxidatidh some new structural

or compositional alternatives.
When Cu doped Ag surface was investigated, it is seen thhapility of oxametalla-
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cycle formation increases in comparison to Cu only and Ag oatalysts|[23]. How-
ever, an experimental study conducted in 1960 resulted if¥abf reacted propylene
form acrolein by using the mixture of 15 catalysts includidg and Al [40]. Fol-
lowing study conducted through the application of the témpivs of combinatorial
catalysis[[21] claims that Cu, Mn, and W metal catalysts hahbability of acrolein
formation from propylene in the oxygen rich conditions.

Cu supported by silica catalyst (1 %tCu/Si0,) prepared by the method of mi-
croemulsion gives promising experimental results in thespnce of dioxygen for
propylene epoxidation. This catalyst has three observeduats; propylene oxide,
acrolein and combustion products. Acetone is also anotreztugt, but it is pro-
duced in negligible amounts. As seen from the graph in tharEl@.2, the greatest
selectivity is obtained &at25°C' for the product of propylene oxide. [35]
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Figure 2.3: Selectivities of the products with respect stdmperature

To analyze the Figuife 2.3, while the production of propylexiele is decreasing, the
acrolein formation is rising up until the temperature reatht325°C. In addition

to that, selectivity ofCO, decreases in direct proportional to propylene oxide. It is
obviously understood from this fall that propylene oxidenslined to combustion
more than acrolein is [35]. In a XRD study [26], oxidation @pper is investigated
with respect to temperature. It is stated that Cu is prevgitiatalyst up to the tem-
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peratures less thatb0°C and then it is converted to CuO at higher temperatures. By
combining the results of the studies [35] and![26], it can &id shat Cu is effective
catalyst for propylene oxide formation at a certain tempgearange. Formation of
acrolein and combustion products are more possible on Ctdlystat temperature
above250°C.

After it is concluded that Cu(0) can work for propylene oxidemation from propy-
lene, another experimental study [44] in which catalysts prepared by sol-gel
method is conducted for investigating the effects of Cugtatyst for propylene epox-
idation. In this study, it is found that Cu (I) can form actsiges for propylene epox-
idation in the presence of rich oxygen since Cu(l) is morélstthan Cu(0) in ox-
idation reactions. Cu(l) catalyst supported3iy), is also modified byK* atom in
[44] and modifiedCuO,-SiO, catalyst enhance the selectivity of propylene oxide.
Another study([10] also deals with tli&10,-SiO, catalyst for propylene epoxidation
reaction in the presence of oxygen, but in this case it is firemtby Cs™. This study
claims that without modificatior¢;uO,-SiO, catalyst can form the allyl intermediate
followed by acrolein. However, by the effect of the promdiar, the selectivity of
propylene oxide increases. Acrolein formation througyliglhydrogen stripping was
also observed o6uO,/SBA-15 catalyst; however, addition &f" alters the reaction
path to propylene oxide formation [37]. Another modificatie done with vanadium
to unsupported Cu catalyst [41], it ensures that the vamagitomoter increases the
performance of the propylene epoxidation since it helpsctivate the electrophilic

oxygen species.

In a theoretical DFT study [14], Ru-Cu surface is compareith wie Cu surface for
propylene epoxidation reaction. Cu surface shows bettéoqmmeance compared with
the Ru-Cu surface because of the reason that it has lowegyebarrier through
oxametallacycle formation, whereas Ru-Cu surface hasdetay to form allyl rad-
ical intermediate. Additionally, there is an experimersaldy [28] conducted with
trimetallic catalystRuO,CuO,NaCl supported with silica which gives PO selectivi-
ties around0% at a temperature of arourrd0°C, this multimetallic catalyst shows

promising results for propylene epoxidation.

This study is conducted with the intent of investigating plessible route for partial
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oxidation of propylene on CuO (001) and Li promoted CuO (0flirfaces theoreti-
cally by using the DFT method.

24



CHAPTER 3

COMPUTATIONAL METHODOLOGY AND SURFACE
MODELS

In this chapter, computational method that is utilized ferfprming the density func-
tional theory calculations is explained for the investigatf catalysts for propylene
epoxidation reaction mechanism. Computational strategyis followed during the
study is also mentioned. In addition to that, modelling’afO (001) andLi substitute
CuO (001) catalysts which are analyzed for the propylene e@tixad mechanism
throughout the study are described. Final equilibrium getoies of these surfaces,
which are optimized with the help of information gathereshirthe literature, can be
found within this chapter.

3.1 Computational Methodology

Periodic, plane wave density functional theory (DFT) ckltions are performed with
Vienna ab initio Simulation Package (VASP). The recipragces of the supercells
are represented withdax 4 x 1 k-point Monkhorst-Pack mesh. The generalized gra-
dient approximation (GGA) using the PW91 functional is usedalculate exchange
correlation energy in order to utilize plane wave basis.datsalculations, the cut-off

energy is500 eV to make certain of the precision.

Optimizations of each geometries are conducted until thatoenic forces are smaller
than0.015¢V/A. After optimizing the initial and final geometries of thechaele-
mentary steps, activation barrier energies are found tigingy the Climbing Image
- Nudged Elastic Band (CI- NEB) method. With the help of ClBIEethod, saddle
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Table 3.1: Strategy that is followed during the study of thepylene epoxidation
reaction

Steps Description

Step 1 Preparation of the catalytic surfaces

Step 2 Adsorption of propylene on catalytic surfaces
Step 3 Optimization of intermediate surface geometry
Step 4 Optimization of propylene oxide formation
Step 5 Optimization of acetone formation

Step 6 Optimization of allyl radical formation

Step 7 Optimization of acrolein formation

Step 8 Analysis of activation barriers between optimizeahgetries

points in the reaction path are determined. Thereforetimaprofile for the studied

reaction mechanism can be plotted with respect to relatieegies.
Calculation steps that are followed throughout the studjvien in the Tablé 3]1.

The very first step of the study is preparing the bulk streectirthe CuO surface
followed by the preparation and optimization of catalyficO (001) andLi substi-
tutedCuO (001) surfaces. Modeling of these surfaces are explaineetail in the
next sections. After that, in step 2, physical adsorptiopropylene onCuO andLi
promotedCuO surfaces are optimized. Then, in step 3, optimization armediate
surface geometry is performed on the surfaces which redetfset chemical adsorp-
tion of propylene. Steps 4 to 7 represent the investigatiothe final equilibrium
geometries and energies of all possible products inclugiogylene oxide, acetone,

allyl radical and acrolein on the optimized catalytic suds.

Subsequent to the optimizations of possible geometrieb®updtalytic surfaces, en-
ergies of activation between these optimized geometriesrdimg to the path of re-

action mechanism are determined by using CI-NEB methods firtéthod requires

26



two input file consisting of optimized geometries of bothiadiand final state among
which calculation of energy barrier can be made. Method eNEB is qualified for

finding the minimum energy path of the reaction. This methad distribute images
along this energy path between initial and final geometrg fitmmber of images that
is created between these geometries depends on the reseémchis study, 8 images
are constituted from initial to final state and with the optied energies of all these

created images, graph of activation barrier can be plotiddten data points.

As a final step, before representing the overall energy prtil the reaction mecha-
nism on the catalytic surfaces, desorption energies ofaksiple products are calcu-
lated. Desorption energy is equal to the subtraction of timersation of the energy
of the surface just after desorption and the energy of thdymiin the gas phase
from the energy of the adsorbed product on the surface. iocdtculation, the final
equilibrium energies of the products in gas phase which ptienized in vacuum are
found.

Throughout this study, energy of reference stat€fo® surface is taken as shown in
(3.1) given below.

Ereference = ECuO + EPropylene (31)

Reference state is used to plot the energy profile for theyteop epoxidation mech-

anism with respect to relative energies of the optimizethses.

3.2 Preparation of CuO surface

CuO compound, which is called as copper oxide in general, isiBpaity known as
copper (1) oxide or cupric oxide. In the catalytic surfade(tnO, there is almost
square planar molecular configuration that four oxygen atooordinate the one Cu

atom.

In experimental studies;uO surface is synthesized by different techniques such as
sol-gel, hydrothermal and spray prolysis methods whicltanelucted in liquid phase
and Radio Frequency (RF) sputtering, pulsed laser depogELD) and chemical
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vapor deposition (CVD) methods which take place in the vaghase. [[36]

In this theoretical study;uO catalyst is formed at the molecular level. At first, bulk
structure ofCuO is prepared by using the lattice parameters of the crystattsire
from literature. In literature, it is mentioned th@uO belongs to monoclinic crystal
structure system in which lattice constantsare 90°, 8 = 99.54(1)°, v = 90°.

. . Monaclinie Cul cell
® '. with each Cu atom

being surrounded

Intimacy with the
"“ approaching . o . by 4 Oxygen atoms
Owygen malecules -, ) )

FCCCu lattice

\
A
\
=

Figure 3.1: Schematic representatiorafO formation at the molecular level.[43]

As illustrated in the Figure_3.1, Cu atoms in the form of FC@ida turns into the
monoclinicCuO cell with approaching oxygen molecules. In the represemtaCu
and oxygen atoms are expressed by blue and red balls, reghectVith the lattice
parameters obtained, bulk form 6110 slab is optimized with the utilization of the
VASP code.

Afterwards,CuO crystallic surface is built by using the optimized latticarameters
taken from the final bulk structure with utilization of Mai@rStudio program. The
surface can then be cleaved any types of planes that willuzkest. After cleaving
the surface, it is required to specify the number of layedgyst the periodicity and
built a vacuum region. Vacuum region is inserted in ordeditniaate the interaction
between the z direction.

At the beginning, crystal plane type of tli&O surface that is cleaved is selected.
There are many plane alternatives €O surface, some of them are represented in
the Figuré 3.2. From these alternatives, surface is cleas€@d1 plane in this study.

In an experimental study, it is claimed that among the plamése Figuré 3.2Cu0O
(001) surface is found as active crystal plane. In additiotinat, it is stated thatuO

(001) crystal planes has the highest activity so it can g®wmore reactive sites to be
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Figure 3.2: Side views of relaxed crystal plane€af).[30]

involved in an interaction with.i atom. The study also demonstrates that the (001)
plane requires less energy to accomplish reactions [30}janexperimental study
[24] mentions an important point th&O (001) surface react faster compared with
the other planes so they have difficulty in collecting actaidata while performing
the experiments. To conclude, there are two reasons fovintpéhe (001) plane for
CuO surface; one of them is its advantage of being interacteld liitom and the

other reason is its difficulty for collecting experimentata rapidly.

CuO (001) surface can be prepared in two different configuratiaxygen- termi-
natingCuO (001) surface or copper-terminatigO (001) surface. In[11], oxygen-
terminated and copper-terminatédO (001) surfaces are compared and it is resulted
that oxygen- terminated surface is more stable. As seen tinenfinal geometry of
CuO (001) surface in the Figufe 3.2, the surface is optimizedxggen-terminating

in this study.

CuO (001) is modeled as a slab containing four atomic layers piesented in the
Figure[3.8 both of which i&z2 enlarged. The bottom layer of the slabs is kept fixed

to represent the bulk structure whereas all other atom&bkead. A vacuum distance

29



of 15 A is used over the slabs and the reactive species are optiraizenly one side
of the CuO slab.

(b)
Figure 3.3: (a) Top view ofuO (001) slab, (b) Side view afuO (001) slab

3.3 Preparation of Li promoted CuO surface

Li atom is decided to substitute into the optimizedO (001) surface with a function
of promoter.Li promoter is aimed to interact with the active atoms on th&asarand

alter the crystal structure besides the chemical effecttalytic surface.

Li atom can not be directly substituted with Cu atom positiandgtie surface due to
the fact that overall charge on the catalytic compound shbalzero. In an effort to
maintain the charge balance, the number of electrons lost lbeuequal to the number
of electrons gained between the atoms in order to neutrddesystem. In this case,
two Li atoms with an overall charge of +2 are replaced with the twatms and
one oxygen atom with a total charge of +2.

Two of the copper atoms removed from the catalytic surfacktewo Li atoms are
located to fill the vacancies. However, there are many cordtguns for which of the

oxygen atom is removed from the surface.

Three different configurations for oxygen removal are aftesd as seen from the
following estimated geometries. In the Figlre B.4a, oxygéich is located on the
removed Cu atoms moves away from the surface. As a secomdatite, oxygen

that is attached to &i from one side is removed from the catalyst shown in the
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Figure[3.4b. Last configuration is to send the oxygen locatetie middle of the
surface which is not connected to ahiyatom as shown in the Figure 3l4c.

(©)
Figure 3.4: Alternative configurations for Li substitution CuO surface

According to the optimization results of these three aliémes, the most stablei
promotedCuO (001) surface is the first configuration with a lowest ener@ypti-

mized surface is represented schematically in the Figlte 3.

Calculation is performed to check the possibility of thissubstitution in terms of
their final equilibrium energies. It is found that the eneajyhe summation of op-
timized CuO slab and 2Li (gas phase) is lower than the total energy of optimized
geometry in the Figurle 3.5 aridi,O (gas phase). Therefore, optimizedpromoted
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Figure 3.5: Optimized geometry of Li promoted CuO (001) scef

CuO (001) surface in the Figufe 3.5 is used during the investgaif the propylene

epoxidation reaction mechanism.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, results for the propylene epoxidation rme&dm are given for CuO
and Li substituted CuO catalysts. A thorough analysis & teaction mechanism is
done for CuO catalyst and the effect of Li promoter is ingestiéd for possible main
products of propylene oxide and acrolein. Discussion oféelts are presented with
the comparison of the activation energies for the probatadycts together with the

energy profiles.

4.1 Results of the propylene epoxidation mechanism on CuO tayst

For partial propylene oxidation on CuO (001) surface, tHeutations indicate that

there are two possible reaction pathways.

1

Allylic H Stripping Propylene . # oOxygen Bridging
TS
- L ﬁ e
L=~ ’K S
Allyl Radical ‘ I
H-Stripping <
and / " ™ »

O-Inser‘ti;n ‘ .vw % ,k
T’K Propylene x

Oxide (PO)
Acetone
Acrolein

Figure 4.1: Possible pathways for propylene epoxidatiastien
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One pathway is propylene oxide or acetone formation thrauglgen bridging in-

termediate surface and the other one is acrolein formatimugh allylic hydrogen

stripping on CuO surface as represented in the Figure 4e$etwo possible path-
ways with all possible products are analysed and discusghhwhis chapter.

4.1.1 Propylene adsorption on CuO surface

As mentioned in the previous chapter, first step is the adisorpf the propylene on
the CuO catalyst. Pyhsisorption of propylene on the catagurface as seen from
the Figurd 4.2 is achieved exothermically. The distancevben the closest carbon

molecule (carbon-1) and the CuO surface.B5A obtained from the optimized ge-
ometry.

f

e
. .
®

Figure 4.2: Physical adsorption of propylene on CuO surface

Physical adsorption of propylene on the CuO surface is O\bBnere exothermic
relative to the refence state (Propylene(g) + CuO) as repted in the Figurg4.3.
Sample calculation to find the relative energy of the optedigeometries is given in
the AppendiX A.lL. There is no energy barrier between thesegggometries.

Reference state

Reaction coordinate

) |
—~
~

by

Relative Energy (eV)

Figure 4.3: Relative energy of propylene physisorption o®Gurface
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Following the adsorption of propylene in gas phase on thalysttsurface, energy
of formation of surface intermediate on CuO catalyst is stigated. This surface
intermediate formation refers to the chemisorption of gtepe on the surface of the
catalyst. Different from the other catalysts whose suriatermediate is oxametal-
lacycle, newly observed intermediate surface called '@xyBridging’ shown in the

Figurel4.4 is obtained on CuO surface.

4

Figure 4.4: Chemical adsorption of propylene on CuO surface

In some of the experiments or theoretical studies, catagdiface is covered with
oxygen and then reactant is adsorbed on the surface. Se,ithan alternative of
adsorption of oxygen on CuO surface before the chemicalrptisn of propylene.
In the presence of both oxygen and propylene at the begirofitige reaction, it is
checked whether the propylene adsorbed firstly or not wipeet to their energies.

There are two possible geometries for oxygen adsorptioh@CtiO surface. One is
the adsorption of oxygen molecule on a lattice oxygen atormersurface seen from
the Figurd 4.6, which resulted as moving away of oxygen muéefrom the surface

as seen in the Figure 4.6 in contrast to adsorption.

Figure 4.5: Estimated geometry for oxygen adsorption dickabxygen
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Figure 4.6: Optimized geometry for the physisorption of gey molecule

The other possibility is to adsorption of oxygen molecutairthe copper side of the
CuO surface as shown in the Figurel4.7. This alternative itfisan adsorption
of oxygen molecule separably on the catalytic surface wignoaind state energy of
—345.72¢V represented in the optimized geometry in the Figure 4.8.

Figure 4.8: Optimized geometry for oxygen adsorption on Gu@ace

At the beginning of the reaction, in the presence of both yepe and oxygen
molecule in the gas phase, it is understood that both maduave the tendency
for adsorping the CuO surface. These two options are comdaeording to their

energy of adsorption which shows the favorable reactioh fmatthe progress of the
study.
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First option is to adsorption of the propylene molecule ia gresence of oxygen.
The energy of this alternative equals to the summation oktiexgy of the Oxygen
Bridging intermediate surfade-386.92¢V) with the gas phase energy of the oxygen
molecule(—8.78¢V) which is—395.70eV .

Second option is to chemical adsorption of the oxygen mddeon the surface with
an energy of-345.72¢V in the entity of propylene in the gas phaset8.83¢V') with

a total energy of-394.55¢V. When it is looked at the results, propylene molecule
is inclined to adsorption of the studied surface more tha;yer molecule is if they

exposed to the surface as a reactant at the same time.

There is also one last alternative that is checked beforengmn with the propylene
adsorption on the CuO surface. Propylene has a potentigaating with oxygen
in the gas phase before adsorbing on the catalyst. Howesaarding to the experi-
mental studies conducted on propylene epoxidation reaptiopylene requires high

energy to take place in gas phase combustion reaction.

Therefore, since it is proved that there is no chance forramesof the surface with
oxygen molecule or combustion of propylene in the gas phaady continues with

the propylene molecule adsorption on the CuO catalytiasetf

There is no difference for propylene between the oxygen aiarthe surface to being
attached since the surface is symmetrical in terms of thailme of the surface atoms
and the calculations are done for infinite surface estimatithout considering the

edge effects.

4.1.2 Possible pathways for partial oxidation of propylenen CuO surface

After propylene is physically adsorbed on the CuO catalgticface, there are two
competing reactions for partial propylene oxidation. Ohthese two reaction path-
ways ends up with the products, propylene oxide or acetoheramas, the other path-

way is concluded with formation of acrolein or allyl radical
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4.1.2.1 Propylene oxide and acetone formation through 'Oxyen Bridging’ in-
termediate surface

As it is mentioned previously in this chapter, through oxydeidging intermediate

surface, there are two possibilities for propylene oxwmlatpropylene oxide formation
and acetone formation.

Before reaction profile analysis for these products, eneagsier between the geome-
tries of physical adsorption of propylene on surface andy@gex Bridging’ interme-
diate geometry is found ds5¢V” seen from the graph in the Figure 4.9.

- Reference state Reaction coordinate

f
-1,0 - e
‘\N
1
-3,0 -
4,0 -
J
3l

Relative Energy (eV)

-5,0 -

Figure 4.9: Activation barrier between propylene adsorpind oxygen bridging on
CuO

Propylene oxide, which is one of the main products, is formedhe CuO surface
by breaking the chemical bond between the carbon-1 and oxatgen in the oxygen
bridging intermediate surface and then being attachedrbbeal to the same oxygen
with the carbon-2. This epoxide geometry is optimized asvwshia the Figuré 4.700.

‘;k ¢

Figure 4.10: Propylene oxide formation on CuO catalyst
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Activation barrier for propylene oxide formation througkygen bridging intermedi-
ate surface is 2.89 eV as represented in the Figuré 4.11.ebnagated during the
activation barrier calculation between oxygen bridgind propylene oxide pathway
is given as sample in the Appendix A.2.

Reaction coordinate

0,0

5 i1 [

-2,0 -

-3,0 -

Relative Energy (eV)

A0

o 1 M

Figure 4.11: Activation barriers up to formation of propy#eoxide on CuO surface

This result clearly shows that it is not possible to obtaiapytene oxide on CuO

surface from propylene.

Acetone, which is another possible product according ®rémction mechanism, is
formed by just breaking the carbon-1 and oxygen atomic bomidd oxygen bridging
surface as demonstrated in the Figure ¥.12.

Py,

S A

Figure 4.12: Acetone formation on CuO

When possibility of acetone formation is investigatedsitaund that activation bar-
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rier through oxygen bridging intermediate surface i$7eV as shown in the Fig-
ure[4.13.
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Figure 4.13: Activation barriers up to formation of acetameCuO surface

Whether this barrier is lower than the propylene oxide learthe activation barrier
is still too high. As a result of this calculation, it is cla@a for the CuO catalyst that

acetone formation is also not probable.

When it is compared the activation energies between propydgide formation and
acetone formation from intermediate surface, there isghstifference which may
cause from the attachment of the carbon-1 atom to the oxygemta form propylene
oxide.

These activation barriers show that oxygen bridging serfatermediate is a stable
surface intermediate which makes propylene oxide and aedtwmation almost im-

possible through oxygen bridging formation.

Although activation barriers are too high to overcome, datson energies are calcu-
lated for products of propylene oxide and acetone from thaydéc surface CuO as
represented in the Table #.1. Desorption of these prodwcisravith breaking the

bond of the lattice oxygen atom from its surface by the helghefcarbon atom/s.
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Table 4.1: Desorption energies of products of the first pathfnom the CuO catalyst

Products Desorption energies from the CuO surface
(eV)
Propylene oxide 1.4
Acetone 1.6

The reason of this small difference between the desorptiengées is related to the
number of the carbon atom attached to this ruptured oxygédmlevthe desorption of
propylene oxide, both carbon 1 and 2 are linked to the oxyglereas, only carbon-
2 helps oxygen to break its bond with the surface in the déisorpf acetone from

CuO catalyst.

4.1.2.2 Acrolein and allyl radical formation through allylic hydrogen stripping

Instead of following the pathway through oxygen bridgingmmediate surface, propy-
lene has another alternative to strip one of its hydrogemendtiaching to the surface
seen from the Figurie 4.114. In this optimized geometry, wigatalled as allylic hy-
drogen stripping, one hydrogen from the carbon-3 atom atitstrom the propylene

molecule and attach an oxygen atom on the surface.

“v
N

Figure 4.14: Formation of allyl radical on CuO

From propylene adsorption on CuO surface to allylic hydrogieipping, activation
barrier is 0.68 eV which can be seen from the graph in the E[gu. It is predicted
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that CuO surface has a great affinity for the H atom by negatiaege on its surface

oxides.

P — Reaction coordinate
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Figure 4.15: Activation barrier between the propylene goison and the allyl radical
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formation

After allylic hydrogen stripping, the possibility of theldl radical desorption from
the CuO surface is also checked and it is found that it reguiigh energy which is

approximatelyteV/.

Acrolein, which is one of the possible main products of tldaation mechanism,
is obtained on the catalytic surface by stripping of the sdcbydrogen from the
carbon-1 atom and attaching of this hydrogen to an oxygan atothe surface of the
catalyst. Acrolein geometry achieved on CuO surface aaegrm optimizations is
represented in the Figulre 4]116. At this final equilibriummetry, two of the surface

oxygens are covered with two hydrogen atoms.

A

Figure 4.16: Acrolein formation on CuO
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Furthermore, the energy of activation between the allyidrbgen stripping and the
acrolein formation on the surface is investigated. Reshitsv that there is no barrier
between these geometries as seen from the Figuré 4.17 adilyat on the surface

directly turns into the product of acrolein.

Reaction coordinate

Relative Energy (eV)

Figure 4.17: Activation barrier between the ally radicad &éime acrolein on CuO

After finding that acrolein is formed on the catalytic sudagithout any energy re-
quirement from allyl radical geometry, desorption of theod&in from the surface is

calculated as approximately V.

To summarize the energies of the optimized geometries atwhbgpare the activation
barriers between these probable products, energy profilehéopartial propylene

oxidation on CuO surface is given in the Figlre 4.18.

To conclude, according to the energy diagram, acrolein s¢leemost probable prod-
uct among the propylene oxide and acetone for the propyleoa@ation reaction on

CuO catalytic surface.
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Figure 4.18: Energy profile for the partial propylene oxidaton CuO surface

4.1.3 Formation of water on CuO surface

Up to now, it is clearly understood that CuO surface is slétahtalyst for acrolein

formation when it come across with the first propylene mdkecaifter the desorption

of this acrolein molecule from the CuO catalyst, two strigggg/drogen from the

propylene left on the surface and one oxygen is missing whags away with the

acrolein as represented in the Figure 4.19.

It is thought that water molecule should be formed in orderdmplete the reaction

cycle after desorption step. There are two possible wayghformation of water

on the surface; the reaction of two hydrogens with one of afteck oxygen or with

adsorption of an oxygen molecule.
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4.1.3.1 Formation of water on CuO surface without addition d oxygen molecule

For water formation by using the surface oxygen, both of trdigens should be
attached on the same lattice oxygen. Then, water molecubtaned as a side
product by the desorption of these two hydrogen and onedatikygen from the
surface. So, two options for the two hydrogen atoms whichukhioe linked together
are discussed in the Figure 4.20 and Figurel4.21 in the pressrvacancy.

(b)
Figure 4.20: (a) 1st estimated geometry of the hydrogen sit{fm Optimized geom-

etry of the hydrogen atoms for the 1st alternative

Both in the Figuré 4.20 and in the Figlre 4.21, images of (@jesents the estimated
geometry of hydrogen atoms modelled with a purpose of thedtion of water.
However, results show that hydrogen atoms move away froim @ther to link to the
different lattice oxygen atoms as shown in their equilibrigeometry structure from

the images of (b).

From these Figurds 4.20 ahd 4.21 it is obviously understbatithere is no chance
to form H,O with lattice oxygen on the surface since hydrogen atomsepaibfy

separate from the same lattice oxygen.
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(b)
Figure 4.21: (a) 2nd estimated geometry of the hydrogen sitgm) Optimized ge-

ometry of the hydrogen atoms for the 2nd alternative

4.1.3.2 Formation of water on CuO surface with addition of oygen molecule

Since estimations done with lattice oxygen result in falof water molecule for-
mation on the CuO surface, it is decided to form water by @aldibf an oxygen
molecule to the vacancy to create an excess oxygen atom. dsorgion of the
oxygen molecule to the oxygen vacancy on the surface, plelggometries are op-

timized to find the one that has the minimum energy.

From the alternatives optimized as shown in the Figure 4i@2most stable geometry
is found as in the Figure_4.22c among the others. Afterwasdsgeral alternatives
are tried with an aim of investigating the water formationtba energetically most
preferable surface as in the Figlre 4]22c.
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(b)

(©)
Figure 4.22: Oxygen molecule adsorption after the desmmpif acrolein from the

surface

First alternative is that direct water formation on CuO acef. Energy barrier between
the Figurd 4.22c and Figure 4123 is investigate@.65¢V/. So, it is obviously seen
that direct formation of water is not possible since it regsihigh energy.

4

Figure 4.23: Optimized geometry for desorption of watenfrihe surface
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Second alternative is to form water by using the lattice @ygnce again; however,
in this case there is oxygen molecule adsorbed on the suirfigtead of vacancy.
Although the molecular structure does change, the resitiltiseooptimizations are
still the same that hydrogens fall apart from each other as fem the Figuré 4.24.
One more time, it is claimed that forming water with two speyl hydrogen and a
lattice oxygen is not probable on this geometry.

(b)
Figure 4.24: (a) Optimized geometry of the hydrogen atontheénpresence of oxy-

gen molecule- 1st alternative, (b) Optimized geometry eftifidrogen atoms in the

presence of oxygen molecule- 2nd alternative

As a third alternative, it is decided to generate water md&eby the help of atomic

oxygen. For this purpose, it is thought to check whether atmxygen is obtained

from the Figurd_4.22c surface represented in the Figure dr2%ot. Calculations

indicate that desorption of atomic oxygen from this surfacattain the final equilib-

rium geometry of Figure requires 5.5 eV energy. This higlelef energy expresses
that it is too hard to obtain oxygen atom so as to form watanftbe surface of the

Figurel4.22c.
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Figure 4.25: Two hydrogens adsorbed separately on CuOcsurfa

The fourth and the last alternative is to use desorbed OHatdio obtain water
molecule on the surface. Estimated geometry for the desarpf OH radicals is
given in the Figuré 4.26a; however, final equilibrium sturetas represented in the
Figure[4.26h is quite far away from its initial guess. In figabmetry, OH radicals

are attached to each other and both of them are linked to fhygecanetal.

(b)
Figure 4.26: (a) Estimated geometry for the desorption ofr@dicals, (b) Optimized
geometry for OH radical desorption
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After achieving the optimized surface in the Figlre 4]26inther possibility of for-

mation of water arise. So as to check the probability, theired energy from the
Figure[4.22k to the Figufe 4.26b is investigated and it imébas approximately 10
eV. It can be said that this alternative way of water forntato the surface is nearly

impossible due to its high energy barrier.

After these unsuccessful attempts for water formation erCihO surface, as a reverse
approximation, it is decided to determine how water moledsladsorbed on CuO

catalyst. The initial estimation for the geometry after@agsion can be seen from the
Figurel4.27.

Figure 4.27: Estimated geometry for adsorption of water o® Gurface

Starting with this initial guess, final equilibrium geomeis achieved as represented
in the Figuré 4.28 which directly explains the reason of ¢hiesffective attempts for
water formation. Water molecule splits into its atoms on QGuface which is also
stated inl[2]. Therefore, it can be stated that for the firspglene sends to the surface

of CuO, there is no formation of water besides the productuadlain.
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4.1.4 Adsorption of the second propylene after the desorpiin of acrolein from

the surface

The attitude of water on the surface leads to send the seaapylpne molecule
to the catalyst just after desorption of the acrolein ana tileed the vacancy with

oxygen molecule.

At first, the geometry is estimated as if propylene is attddbehe adsorbed oxygen
molecule seen from the Figure 4.29a. As a result of the catiowl of this estimation,
fully optimized geometry indicated in the Figure 4.29b wiaithat propylene has
not a tendency for adsorption or, in other words, adsorbgdex molecule refuses
the propylene due to its saturated form. So, it can easily f®en the equilibrium
geometry that propylene stays in the gas phase instead nécting to the adsorbed

molecule.

(b)
Figure 4.29: (a) Estimated geometry for the adsorption of @mopylene on oxygen

molecule, (b) Optimized geometry for the estimated stmactd (a)
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Another possibility is attaching of the second propylenéhlattice oxygen of the
surface rather than the adsorbed oxygen molecule. Ingahgptry is estimated as
illustrated in the Figuré_ 4.3Da below. After the optimipatiof this initial geometry

is carried out, outcome geometry is quite unimagined. As #den from the Fig-
ure[4.30D, final equilibrium geometry is propylene oxide ecole in the gas phase.
Carbon-1 and carbon-2 atoms involving in the propylene ammected to the surface
oxygen and desorbed immediately.

(b)
Figure 4.30: (a) Estimated geometry for the adsorption af gropylene from Cu

side, (b) Optimized geometry of propylene oxide desorbenhfthe surface

Up to now, it is investigated that acrolein is the main pradacpropylene epoxida-
tion reaction mechanism on CuO catalyst. In addition to &trelain, it seems that
there is also a possibility for propylene oxide formationdontinuing flow of propy-

lene reactant. However, experimental results stated iif¢24ropylene epoxidation
mechanism on CuO surface insist that CuO catalyst leadsmplete combustion
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since it is more reactive in producing highly oxidized protu It is commented that
due to its distribution of fully oxidized surface, it is mopeone to the combustion
reaction for propylene epoxidation according to experitakeresults. It is also as-
sumed in the study that the combustion products probabiy fiwe to the oxidation
of acrolein. A further experimental study |35] conducted poopylene epoxidation
on copper surface points out that acrolein is more resigdasdmbustion than propy-
lene oxide. This argument is supported by the experimerti that between the
temperature oR75°C' and 325°C, as the selectivity of propylene oxide decreases,
formation of combustion products are also declining; whsy@roduction of acrolein
show an increase. Opposite of the former study, this stuaiynsl that formation of

combustion products are directly related to the propyleqéeorather than acrolein.

Therefore, according to literature findings, it is decidethvestigate the combustion

of both acrolein and propylene oxide.

4.2 Combustion reaction mechanisms with molecular oxygemithe gas phase

In the studies related with the combustion, products ardiped with the oxygen
molecule instead of oxygen atom. As mentioned above, itiregigher energy to

obtain the atomic oxygen on the surface.

4.2.1 Combustion of the product: Acrolein

=

.
Figure 4.31: Acrolein and oxygen molecule in the gas phase
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At the beginning of the reaction of acrolein combustion, @ealar oxygen is ad-
sorbed in the gas phase with acrolein as represented inghes.31.

Molecular oxygen attracts the two hydrogens from carbom@® @arbon-3 as a first
step of this combustion reaction as seen from the optimizgdré{4.32. However,
attracting the hydrogens is not that easy for the oxygen catde When the energy
requirement is checked between these Figures; Figuré ©8Fmure[4.32, it is
seen that the activation barrier is really high such thag itnipossible for atoms to

.‘7"’
s o
F

overcome this energy.

Figure 4.32: Hydrogen removal from the acrolein

Nonetheless, optimizations are continued to investidgéurther steps of the acrolein
combustion reactions.

Afterwards, one of the hydrogen froty H, O is attached to the OH bond Figlre 4.83a
and then the remaining hydrogen frafaHO is connected to the other OH bond
Figure[4.33b and consequently as seen two water molecudsraned. These steps

containing removal of hydrogen can occur without activagoergy barrier.

L 3

‘*

(a)
Figure 4.33: (a)C3HO formation, (b)C3;0 formation

(b)
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In an attempt to see the further mechanism of the combusgiaction of acrolein,
after getting rid of all the hydrogens, two more oxygen moles are attached to
C3H molecule Figuré 4.34a. In the Figure 4.84b, there are @@ and one CO
molecule as products of these combustion mechanism. Betthese two figures,

there is also no activation barrier.

(@) )

Figure 4.34: (a) Oxygen adsorption on C30 Molecule, (b) Fadrom of CO2 and CO

The combustion reaction of the acrolein is simulated withdptimized geometries

as mentioned above which represents the chemical equdtibyn (

However, the probability of the combustion of acrolein sedao low since the first
step of the reaction requires high energy. Thus, the acridgirobably obtained as a

product instead of oxidizing after the propylene epoxmlatieaction on CuO surface.

4.2.2 Combustion of the product: Propylene Oxide

Another possible product that can be oxidized after desmrgtom the surface is
propylene oxide. As a first step of this combustion mechanisxygen molecule
is directly attached to the propylene oxide molecule ascitéid in the Figure 4.35

without any barrier.
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Figure 4.35: Oxygen adsorption on propylene oxide

As a second step, OH radical is removed from this moleculeveater is formed

by the reaction of one of the hydrogen from carbon-1 atom itk OH radical as

illustrated in the Figure 4.36.

Figure 4.36:H,0 formation in the combustion of propylene oxide

Final molecules that are obtained at the end of the combuptthway of propylene
oxide with respect to the chemical equatibnl4.2). belowfam@aldehyde ('H,O),
ethenone((;H,0) and water H,0) all of which are shown in the Figute 4137.

CgHﬁO + 02 — CHQO + CQHQO + HQO (42)

Both ethenone and formaldehyde are known as highly reagctolecules, thus they
are rapidly oxidized according tb (4.3) and (4.4).

CyH,0 + 20, — HyO + 2C0, (4.3)

CH,0 + Oy — CO, + Hy,0 (4.4)
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Figure 4.37: Ethenone, formaldehyde and water formation

The activation barriers between all of these steps aretigatsd as plotted in the Fig-
ure[4.38. To overcome the energy of activation, the requeretgy is approximately
leV.

05 - & ‘. ' Reaction coordinate

%r X \' o~
%-25‘ Q
r b

3
b
3

@

Figure 4.38: Activation barrier for the combustion of prégrne oxide with an oxygen

molecule

Hence, propylene oxide has a higher possibility to takegolacombustion reaction

after desorping from the CuO surface.
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4.3 Results of the propylene epoxidation mechanism on Li praoted CuO cat-

alyst

Li is substituted to the CuO surface in order to block the edatding to the allylic

hydrogen stripping which prevents the formation of the gtepe oxide formation.

Firstly, pyhsisorption of propylene on the optimized Li stituted CuO surface as
seen from the Figufe 4.89 is achieved. Represented findll@guin geometry shows

that the distance between the carbon-1 atom and closesirhiiaR.45A.

Figure 4.39: Physical adsorption of propylene on Li prordd@&O surface

To see the promoter effect of Li for propylene epoxidatioacteon on CuO surface,
possible main products; propylene oxide and acrolein aresiigated in this study.

Firstly; propylene oxide, which is one of the desired prdadoc propylene epoxi-
dation reaction, is optimized on Li substituted CuO surfasdllustrated in the Fig-
ure[4.40. The geometry of the epoxide is formed by using thfase oxygen con-
nected to the one of the Li atoms.

Figure 4.40: Propylene oxide formation on Li promoted Cu@asie
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Different from the CuO catalyst, there is no intermediatalimen obtained such as
oxygen bridging surface before propylene oxide formatinthe surface. Hence, ac-
tivation barrier is calculated from physical adsorptiortteég propylene to the propy-
lene oxide formation on the Li promoted catalytic surfageadldition to that, tran-
sition state geometry from the Figure 4.41 clearly shows ¢lxggen atom located
in the middle, which is connected to the Li atom, tends towdh® carbon-1 and
carbon-2 atoms of the propylene. The energy barrier is f@as0di9¢V which makes
possible to the formation of propylene oxide through thighpay.

-
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Figure 4.41: Activation energy between propylene adsonpéind propylene oxide
on Li promoted CuO

The other possible pathway investigated for the CuO cata@olein formation
through hydrogen stripping geometry, is also optimizedtf@ CuO surface in the
presence of Li promoter. Final equilibrium geometry achaetor the allylic hydro-
gen stripping on the promoted surface is shown in the Figutg.4This optimized
geometry is obtained by removal of one of the hydrogen frorba&3 atom of the

propylene molecule.
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Figure 4.42: Allyl radical formation on Li promoted CuO sacé

The activation energy diagram from the propylene physicadisorbed to the forma-
tion of allyl radical on Li substituted surface is represehas seen in the Figure 4143.
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Figure 4.43: Activation energy between propylene adsonpdind allyl radical on Li

Relative energy (eV)

promoted CuO
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The required energy to overcome the barried.iel which is determined by the
transition state geometry explicitly seen from its sidewia the Figurd 4.44. The
barrier makes its peak point at the removal of hydrogen frarban-3.

Figure 4.44: Transition state geometry towards allyl radiermation from side view

After analyzing the energies of allylic hydrogen strippiiogmation, acrolein is op-
timized on the Li promoted surface by abstraction of the sddoydrogen from the
carbon-1 atom as indicated in the Figlire 4.45.

Figure 4.45: Acrolein formation on Li promoted CuO surface

Between the geometry of allylic hydrogen abstraction ameditrolein formation, the
activation barrier is found a$.17¢V. As it is seen from the pathway in the Fig-
ure[4.46, there is too much alteration on the surface becafude motion of the
surface atoms. The peak energy is observed at the geomebgtaixygen molecule

attracts the Li atom and pulls toward itself.
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Figure 4.46: Activation energy between allyl radical ando&n on Li promoted
CuO

On Li substituted CuO catalytic surface, propylene oxidamsemore favorable prod-
uct for propylene epoxidation reaction. However, as memtibin the CuO catalyst,
it has tendency for combustion which leads to combustionlyets such as carbon

dioxide and carbon monoxide.

4.4 Discussion of the results of the propylene epoxidation ehanism on CuO

and Li promoted CuO catalysts

For the partial oxidation of propylene, activation energyrters for the pathway of
each possible products investigated on CuO (001) and Li ptednCuO (001) cata-
lysts throughout the study are summarized in Table 4.2.

To sum up, the mechanism of the partial oxidation of propglproceeds via allylic
hydrogen stripping to acrolein formation for the first prtgme encounter with the
CuO catalytic surface. For the second propylene which isteetne surface, direct

propylene oxide formation occurs. These theoretical tesale supported by the
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Table 4.2: Activation energies for each possible produidiseopropylene epoxidation
reaction

Li promoted
For CuO (001) Surface
CuO (001) Surface

Oxygen bridging to PO 2.89 eV -

Oxygen bridging to acetone 247 eV -
Propylene adsorption to allyl radical 0.68 eV 0.49 eV

Allyl radical to acrolein formation 0 1.17 eV
Direct PO formation 0.85 eV 0.49 eV

experiment conducted for propylene epoxidation(arO, catalyst supported with
SiO, [10]. The experimental results claim that the reaction effihst pulse of the
propylene leads to acrolein formation with a selectivityd6%; together with small
amount ofCO,. However, it is observed that selectivity of acrolein ism@asing with

the increasing number of successive propylene pulsesditi@uto that, combustion
products such a€0, andCO has an increasing trend contrary to acrolein. These
experimental consequences are consistent with the theadredsults given in this
study.

Furthermore, experimental study states that after theoappately 62 pulses of
propylene, none of the products are formed due to the fattdtiece oxygen atoms
are consumed by the formation of acrolein and combustiodymts. Thus, it is pre-
dicted for CuO surface that consuming of lattice oxygen atoeduces the surface to
CuyO after a while. On the latter oxide surface, acrolein is fatde product rather

than combustion products.

Analysis of CuO catalyst in terms of propylene epoxidatieaation brings about the
necessity for substitution of a promoter Li with the aim ofneasing the selectivity
of propylene oxide formation. When the results in the TabBate compared, it is

clearly seen that the formation of acrolein pathway is pnése. Although there is no
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Table 4.3: Comparison of the experimental results of CuO langromoted CuO
surfaces for propylene epoxidation reaction [10]

Catalyst Selectivity

PO Acrolein Others CO,

CuO4/Si0O, 1.8 49 4.6 42

Li — Cu0,/SiOs 12 3.8 0.3 84

activation barrier between allyl radical and acrolein fation on CuO catalyst, the
energy barrier is obtained dsl7 ¢V between the same geometries on Li promoted
CuO surface. Since the intermediate surface is not attaomethe Li substituted
CuO catalyst, the activation energies for propylene oxiu® @acetone through oxy-
gen bridging surfaces are incomparable. In the presencepybmoter, it is claimed
that propylene oxide is directly formed on the catalyticfasce with an energy re-
quirement 00.49 eV. On the other hand, the same optimization for direct prapyle
oxide formation is done for the CuO surface, the calculatiolicates that the energy
barrier is0.8 eV which is quite high with respect to the result of Li promotedface.
Thus, it is concluded that propylene oxide selectivity @ages for propylene epox-
idation on the Li substituted CuO surface, whereas the rieatging to the acrolein
formation is blocked. This conclusion proves the resultshef experimental stud-
ies in which it is demonstrated that Li enhances the selgctiv propylene oxide by
weakens the acidity of the catalytic surface. In an expentalestudy about propylene
epoxidation[[10], copper catalyst is promoted with Li and thsults show that while
the selectivity of acrolein is decreasing, both propylerel® andCO, selectivities

are increasing as seen from the Tdblée 4.3.

64



CHAPTER 5

CONCLUSIONS

Propylene oxide is an important versatile compound whosei@nconsumption is
increasing with a rising demand. In this study, propylenex@ation mechanism on
CuO (001) and Li promoted CuO catalysts are investigateafétieally by utilization
of DFT method. The purpose of this investigation is to disg@ heterogeneous cat-
alyst for the direct propylene epoxidation reaction in erteobtain highly valuable

propylene oxide chemical whose commercial productionrighes are problematic.

The optimization calculations indicate that there are twesgible reaction pathways
for CuO surface. One pathway is propylene oxide or acetomedtion through oxy-
gen bridging intermediate surface which turns out to hagh lactivation barriers.
The other one is acrolein formation through allylic hydrmggripping on CuO sur-
face. As aresult, energy profile for formation of propylemale, acrolein and possi-
ble co-products from propylene on CuO surface is identifirdpylene oxide forma-
tion through oxygen bridging pathway is not possible dueigt factivation barrier.
On the other hand, acetone formation on CuO slab is highlyhexmic. In addi-
tion, formation of acrolein from hydrogen stripping has mtivation barrier. Likely,
desorption of allyl group has high energy requirement. Toctade, according to
reaction mechanism, CuO is the suitable catalyst for adigllaal formation resulting
in acrolein formation. After desorption of acrolein fronetbatalytic surface, in order
to complete the reaction cycle, water formation is studied i&is found that water
is preferably splitted on CuO surface rather than formatibar the second propy-
lene send to the catalyst, it is recognized that propylemgeds directly formed with

the lattice oxygen atom. Then, it is stated that after the memof reacting propy-
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lene increases, acrolein selectivity is decreasing. Intiaddto that, both acrolein
and propylene oxide is compared in terms of their abilitya@hplete oxidation. Itis
shown that propylene oxide has more tendency for combustitiigis proves the high
amounts of the products of combustion observed in the exjgertial studies together

with acrolein formation.

Lastly, propylene epoxidation is investigated on CuO gatah the presence of Li
promoter. It is found that Li increases the possibility objpylene oxide formation,
whereas it prevents the acrolein formation path by increpis activation energy.
Therefore, it is concluded that Li substituted CuO catalystore active by compar-

ing with the CuO catalyst with respect to the propylene oxateation.

For further studies, it can be suggested that amount of Imato the surface can be
increased to observe the effect on the formation of progyt®ade. In addition to
that, two Li atoms can be substituted to the surface by reglaeith only one Cu
atom instead of removing an oxygen atom, this alternativiase can be studied for
the same reaction mechanism to see the effect of oxygen emiovs also recom-
mended to study different promising promoters on CuO sarfach as Na, Cl and
Cs. Also, it can be checked that whether the resulted intiates surfaces can be
observed for propylene epoxidation reaction experimsnitgl using FTIR technique

or not.
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APPENDIX A

APPENDIX

A.1 Sample calculation for relative energy of the optimizedyeometries

The generalized equation for relative energy calculatsagiven below.

Eoptimizedgeometry — Lireferencestate — Lrelativeenergy (Al)

The ground state energy of the optimized geometry of progyéelsorption is -383.49
eV. The refence state (Propylene(g) + CuO) has a energy @f93&V.

— 383.49 — (—382.94) = —0.55¢V (A.2)

So the relative energy of the physical adsorption of prapylen the CuO surface is
0.55eV.

A.2 CI-NEB images between oxygen bridging and propylene osge on CuO

surface

During the activation barrier calculations, 9 images @d#ietween the oxygen bridg-

ing intermediate surface and formation of the propylenéexs given below.
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