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ABSTRACT

There is a growing need to decrease the viscosity of bitumen using minimal diluent addition to
reduce the cost of transportation. However, due to the inherently free radical rich nature of
bitumen, even on exposure to low autoxidative conditions adveesasebn the viscosity and
hardening of bitumen were observed. These effects were postulated to be caused by a compound
class containing-fnembered rings attached to an aromatic ring since they have a high propensity

to undergo free radical addition reacts.

The objective of the work was to develop a better fundamental understanding of addition
reactions in binuclear aromatic compounds with omeebnbered ring when exposed to different
reaction environments. The compounds selected for this steds: indene, indane, indole,
benzofuran and thianaphthene. The reaction environments focused on initiation of addition
reactions caused by the addition and removal of hydrogen from the compounds. This was
achieved by performing reactions in the presence of doad®s, thermal conversion conditions

and supported metal hydrogenation conditions.

The reactions with acids and bases were performed at very low temperatures of 70%a@drL20

the presence of nitrogen at atmospheric pressure with a dilution in tat@net% acid/base

with 10 wt% modetompoundsOn reactions with acids, the aromatics containingreefbered

ring polymerized to form much denser and heavier compound chains. The polymers in the cases
of indole and benzofuran formed solid particles upon reactions with acids. Bases, however, did
not react with indene, indole and benzofuran. Thianaphthene reacted only in the presence of

NaH.



Thermal cracking conditions of 40@ and 2 MPa promoted free radical reactions in indene,
indole and benzofuran. While indane and thianaphthene did not reaetejnchdole and
benzofuran underwent addition reactions. The addition reactions led to formation of heavier
compounds. Indene also produced asphaltenes in the product. The increase in asphaltene

formation was linked to an increase in temperature.

Hydrogeration in the presence of a metal supported catalyst was performed in a flow reactor in
the presence of Hyas. The reactions were performed between a temperature range k80150

°C at a gauge pressure of 1 MPa, for indene, indole and benzofuran. Theundspo
hydrogenated in the descending order: indene >> benzofuran ~ indole. Thianaphthene, however,

did not undergo hydrogenation at 18D, it required a higher temperature of 22D
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CHAPTER 1: INTRODUCTION
1.1 Background

The main objective of partial upgrading in oilsands is to produce an oil with a lower viscosity by
using minimal amount of diluent, thereby increasing the capacity of the pipEliey.
upgrading technology involves complex feed and product mixtures, and multiple reactions that
include cracking, hydrogenation, dehydrogenation, asphaltene formation, and removal of sulphur
and nitrogen. They are convens based processes and are focused on improving density and
elemental composition of the produét®artial upgrading uses a subset of these tdobies.

Cracking is an important partial upgrading process and it is the primary conversion unit of the
Nexen BituMaxE fi el (Figued.f).r BThermahaacking takesnptade dygay

free radical process.

Free radical addition reactions in combination with hydrogen disproportionation can occur at
temperatures lower than 35Q. Since bitumen is inherently rich in free radiiiswas realized

that these reactions were taking place duringiin recovery, process heating and distillation
operations. Free radical addition reactions are undesirable, because they potentially reduce
conversion. It was of interetd investigate the possible compound classes that are to blame for

addition reactios undermining thermal conversion.

A research lead on possible compound classes that could result in addition reactions under free
radical reaction conditions was found in a different type of study. On exposure of bitumen to air
under autoxidativeonditions, which also proceeds by free radical reaction, it was found that low
temperature oxidation had adverse effects on the viscosity and hardening of bitumen
increase in density meant that heavier compounds were formed due to addition reactions.
Addition reactios are an important class of sideactions that can be initiated by oxidation
contributing to bitumen hardenifg.Although these reactions were caused by oxidation, free
radical addition does not require oxygen to proceed. The compound classes that were mainly
responsible for the hardening in bitumen, were compounds witmandbered ring attached to

an aromatic ring.
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Figure 1.1Flow Diagram for the partial upgrading process, highlighting the presence of
naphthenearomatic compounds

Bitumen is a complex feedromatics such aslkylaromatics, naphtheraromatics and alkyl
naphthenes are present in large quantities in bitumen. Bitumen cosstitutigher degree of
heteroatoms which are rich imtrogen, oxygen and sulfawontaining compounds$ieavy oils are

known to contain a K ratio between 1:4.6. A H/C ratio of 1.5 is indicative of presence of a
higher concentration of naphthemmmatic compounds.From the study performed by
Siddiquee®, certain compounds were found to be highly inclined to forming free radicals. The
order of propensity of these compounds to undergo free radical addition reactions, listed in the

decreasing order, was: indene > indole > benzofuran >> thianaplithene.

From figure 11, the compounds of interest were not only present in thermal cracking unit of a
partial upgrader, but they are formed during the solvent deasphalting of bitumen, in both layers
i.e. asphaltenes and the DAO. The compounds present in the form of substratbésgger

molecule, moveip in the chairto the olefin treating segment of the process.

The compounds in this list can all be classified as bicyclic, aromatic, and containing one 5
membered ring. Although these specific compounds would not be foubiiumen, larger
molecules that contain such substructures could be present in bitumen. For ease of study
binuclear aromatic compounds with onengmbered ring were selected for study, exploring the
main reaction environments that could be considered bitumen processing: thermal

conversion, acid conversion, base conversion and hydroprocessing conversion.



1.2 Objective

The objective of the work was to develop a better fundamental understanding of addition
reactions in binuclear aromatic compounds with omeeBnbered ring when exposed to different

reaction environments.

1.3Scope of work

The key focus of reaction engimments studied, revolved around the removal and addition of
hydrogen in different ways to therbembered ring, since this was postulated to be responsible
for initiation of addition reactions. The compounds selected for this study were indane, indene,

indole, thianaphthene, and benzofuran. The chapter layout is described below:

Chapter 2: Literature Review

Chapter 3: Reactions of aromatic compounds contairimgmbered rings with Acids

Chapter 4Reactions of aromatic compounds containingémbered ring with Bases

Chapter 5Free radical addition reactions of aromatic compounds contairimgndbered rings
under Thermal conversion conditions

Chapter 6: Hydrogenation of aromatic compounds containimgfbered rings over a
supported metal hydrogenatioatalyst in a flow reactor in the presence efgds

Chapter 7: Conclusions
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CHAPTER 2 : LITERATURE REVIEW

2.1 Introduction

This literature review is focused on understanding how the selected binuclear aromatie with 5
membered rings react under different processing conditions. The conditions revolve around the

four different transformations relevant to industry:

a) Acid catalyss
b) Basic catalysis
c) Free radical chemistry (thermal conversion)

d) Metal catalysis

The review will investigate into how indanedene, indole, benzofuran and thianaphthene, have
been known to react in the presence of the above reaction environments and what could

potentially occur.

2.2 Acid catalysis

Heterocyclic S3membered rings present in the bicyclic aromatic compoundsuseeptible to
protonation. They polymerize when treated with strong acids, leading to chain growth catalyzed
by acids. The degree of polymerization, i.e. multiple addition reactions, is dependent on the
strength of the acid and the structure of the campe! Since polymerization was an expected
outcome of tl reactions of the model compounds with acids, the focus of the literature review

was on possible polymerizations of the compounds in the presence of a proton.

In one stud$, the reaction of indene withsAO, and H,SO, was investigated. The study was
focused on understanding the monomer and in turn isomerized dimer formation of indene. The
yield and distribution of dimers in the product, on reactions with acids, was higher in comparison
to boron trifluoride, atsong Lewis acid. Sulfuric acid produced lower quantities of oligomer and
higher quantities (10 times more) of dimers. Phosphoric acid led to similar results but required a

longer reaction time of 24 h compared to 8 h in the case of sulfuric acid.



Figure 2.1 Indene (left) and the expected protonation product of indene (right)

In the presence of an acid, indene forms an ifidgiium ion (figure2.1) which in the presence
of another indene molecule reacts to form a dimlel-( 2 6dihgdi-1 6-iHdenl §l)-1H-
indene. Different isomers of the same compound can form based on the delocalization of the

positive charge in the dimér.

Ability of benzofuran, indene and ldhydronaphthalen¢éo polymerizewere compared in a
study perbrmed byMizote and TanakaThe study involved comparison of parameters like ring
strain, ring stabilization and steric hindrance in the transition state during the polymerization of
the three compounds. These graeters were also compared with those of styrene. It is known
that benzofuran, similar to indene, can be easily polymerized by cationic catalystske
aliphatic cyclic olefins, benzofuran and indene do notdpce crystalline polymers. The
compounds were heated at 30, in the presence of IBr solution in glacial acetic acid as a
catalyst.The degree of polymerizatiaa in the decreasing order: indene > benzofuran > styrene
>> 1,2- dihydronaphthaleng.

Indole is an aromatic compound with a high activity towards even weak electrophiles. Although
indole is classified as a neutral nitrogesntaining compound, indole is reactive to electrophilic
reagents, like acidsand underges protonation in the presence of strong acids. These
electrophiles can initiate polymerization or dimerization, resulting in large amounts of
byproducts’® Indoles are rendered susceptible to attack by electrophiles due to high electron
densityand low localization energy for substitution of electrophiles. Indole and its substituents
are known to polymerize on reaction even with moderately strong acids, for example nitrous and
phosphoric acids. In the presence of a strong acid, however, it cemeotonates, largely in

the G position to form an iminium ion. On addition of high concentrations of sulfuric and

perchloric acids, instantaneous precipitation of the acid salts of indole are formed.



Not much literature was available on the reactions of acids with thianaphthene. Literature was
found on reactions of thianaphthene with sulfates of metallic ions. The reastioh the
agueous metals species were performed at°2400 create steam stimulation conditions in
heavyoil reservoir for a period of 28 days. The proton donation was due to the dissociation of
the water molecule from the agueous metal ions. The agueetal species produced an acidic
solution by solvolysis mechanism. Products3 6n figure 22 were the major compounds
produced from the reaction. However, metal ions appeared to have more drastic product

formation as compared to HCl and3®;, which resulted in little reactior.
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Figure 2.2 Reaction mechanism for formation of major products on reaction of thianaphthene
with aqueous metal sulfatés

/

Indane, is not susceptible to acid catalyzed conversion, expect under very forcing conditions,

where the Haa@pessau mechanism ofgtolysis is activé.



2.3 Base catalysis

Basecatalyzed reactions for hydrocarbons are dependent on the ease of removal of a proton or
the acidity of the hydrocarbons. Since hydrocarbons are naturally less acidic in nature, a strong
base as catalyst is needed for a reaction. An effective example of a strong alkali metal used as a

base would be sodium, potassium, and ceSium.

Alkali metals could be used for desulfurization of multinuclear aromatics. Base catalyst like
sodium hydride is used as a strong reducing agent. It facilitates conversion by having sodium as
a strong electron donor, or in tkkase of sodium hydride, the hydride ion as a strong electron
donor. The aromatic acts as the ion acceptor during the reaction. During the hydrogen exchange
reactions, the aromatic is susceptible to partial hydrogenation.

Sodium can be used to desulferithiophenes. In one study, the conversion was studied under
nitrogen atmosphere using different solvents to compare conversion based on hydrogen
availability in the matrix. The solvents selected for the study were decalin (hydrogen rich) and 1
methylnaphitaline (hydrogen poor). The hydrogen donor capacity did favor desulfurization by
hydrogenolysis (figure2.3). However, desulfurization through hydrogenolysis is a reversible
reaction. The desulfurization in the presence of hydrogen was favored in thecpresodium
hydride, but it led to precipitation without removal of sulfur from the profflct.

Hydrogenolysis
Y
—i
+2H
s . .
l 2H

A

Figure 2.3 Reaction pathways during conversiordifenzothiophene in decalin with sodidfh



Looking further into the possible hydrogenation of unsaturated compounds in the presence of
basecatalyzel reactions, the hydrogenation is known to take place for alkenes between
temperatures of 17P50 °C. Hydrogenation at low temperatures takes place from alkadienes and
cycloalkadienes. However, polynuclear aromatic hydrocarbons undergo hydrogenation at 250
°C. The hydrogenation reactions take place through addition of alkali metals from the hydrides to

the GC bonds. This is followed by hydrogenolysis with molecular hydrdgen.

2.4 Free radical chemistry

Free radicals can be formed by three different processes: irradiation, themalysis and
oxidationreduction reactions. The focus of this literature review will be thermal homolysis. It is
defined as a bond dissociation of a molecule creating two radicals, because of heat addition. The
propagation reaction, that is of interesthis literature review, is by hydrogen abstraction. This
occurs as a principle or a side reaction during almost all radical reattions.

A study was perfaned by Laskin and Lifshitz, aimed at better understanding of the combustion
process of polyaromatic hydrocarbons, in specific, indérighe work investigated on the
product distribution, pyrolysis mechanism and kinetic modelling. The pyrolysis was studied
behind reflected shock waves in a singldse shock tud. The temperatures attained for the
study were in the range of 84627 °C. The products formed at 1147 °C were lighter
compounds starting from the very base of methane, ethanel@&dpene, etc., onto heavier
molecules like isomers of naphthalene. Thermal decomposition of the indene is initiated by
the formation of a hydrogen radical following the reaction shown in figdi@ The indenyl ion

is formed by breaking of thep® C-H bond in the heterocycle. Depending on the location of
breakage and lilyogen migrationorthoe t hy ny | b -ethymyl Henzyd radicalsUcan be

formed.

Another radical formation could be that of indanyl radical, by addition of a free radical to the
indene structure at thebond of the 5 membered ring (figu2etb). The tw radicals, indenyl
and indanyl, are the competing fragments as the source of product formation. The fragments

undergo recombination and hydrogen disproportionation to produce much heavier confpounds.



There is also the possibility of molecdteluced hydrogen transfer leading to free radical
formation!® In this type of reaction two neutral molecules (indene) would participate in a
bimolecular interaction leading to hydrogen disproportionation to produce two free radicals as
products.

b)

Indanyl radical

Figure 2.4 Possible initiation steps in the thermal decomposition of indfene

Pyrolysis of indene was performed at 700 °C, by Badger and Kifipéry passing indene

vapour through a silica tube filled with porcelain chips, using rémnogas. Similar to the study

above, gases containing methane and ethane were detected. Several heavier compounds were
identified in the study, but chrysene was the major product with a 31.7 wt% composition in the
product. Based on bond dissociation, figre shows the three possible primary radicals which

help in explaining all the suitable reactions.

sslioulionlen

Figure 2.5 Ring fission of indene at 700 °C giving three possible primary raditals
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Based onlte bond dissociation energies, it is harder to break the bond at positions 2,3 and 3,9 in
comparison to bonds at positions of 1,2 and 1,8. Therefore, dimerization of the first suggested

primary radical is expected to bind with in duplicates and give cheyse1,2benzanthracen®.

Laskin and Lifshitz" also studied the pyrolysis of pyrrolic compounds resulting from reflected
shocks in a pressurized singlalse shok tube over the temperature range of-A877 °C. The

most reactive site on the indole ring is at the C(3) position. In a pyrrole ring, the C(2) and C(5)
positions were seen as the most reactive sites. The presence of a benzene ring impacted the
location d the sp® C-H bond location. Isomerization reactions were identified as the main
reactions as a result of the shock heating. The three primary products leading to isomerization
products were benzyl cyanide; and m-tolunitriles. At a lower temperature dfl27 °C, the
decomposition products outweighed the isomerization products. Ring opening products like
CoHo, HCN, -CHM CHALCsHs-CN, CH-CN, GHg were majority of the products formed.

At higher temperatures, the three primary products form fragments to produce heavier

compounds?

Literature was scarce on the pyrolysis of benzofuran and thianaphthene but pyrofysén o
and thiophene was a topic of abundant available research. It is important to note, however, the
aromatic ring influences the reactivity of the compounds. The reactive positions in heterocyclic

rings attached to a benzene ring are different fromahtée 5membered ring on its own.

Pyrolysis on furan behind reflected shocks in a pressurized gintfe shock tubes over the
temperature range of 82427 °C was performed by Organ and Mackl€arbon nonoxide

was the major product formed during the pyrolysis at all temperatures. The primary reactions
that acted as the initiation steps are shown in fig@eThe initiation was postulated to occur by

the unimolecular € ring scission to form a biradicavhich further decomposed.

CHO0 = CH,+CO

Cc,H,0 = CH,CO+C,H,

Figure 2.6 Primary reaction in furan pyrolysis at >827 ¥’
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The problems realized in the second reaction suggested, was that through experimentational
work, acetylene and ketene were not found in equal concentrations. There was an excess
production of acetylene suggestititat there was secondary reaction which produced acetylene

or a secondary reaction that caused decomposition of Kétene.

In a continuous flow pyrolysis of thianaphthene at a temperature range -4f1600°C unler
atmospheric pressure, polycyclic aromatic hydrocarbons and -solfiiaining polycyclic
hetarenes were observed. The reactions were temperature dependent. At temperatures lower than
800 °C, oligomers were main products due to radical recombinationoreacAbove 800 °C,
benzo[b]naphtho[2;H]thiophene and [1]benzothieno[2hH1]benzothiophene were obtained as
products. From figur@.7, the first step is initiated at a temperature of 600 °C and increases
above 700 °C'®

Figure 2.7 Reaction mechanism for thianaphthene in continuous flow pyrolysis at temperatures
between 75@50 °C*®

Indane contains a saturatedn@mbered ring, with two benzylic GHroups. It is likely that
thermal cracking would proceed by thermal homolysis to producing @peged product with a
C, and G alkyl group attached to the benzene rii@epending on conditions, it is also possible

12



to facilitate cleavage at different positions. For example, in the presenceibivds found that
some cleavage between the benzene and the benzylic carbon was possible to produce a C3 alkyl

group attachetb the benzene rind.

2.5 Metal catalysis

Catalysts used for hydrotreating are required to be highly active, have good selectivity to
targeted hydrogenated products ahdwd be suitable for use in largeale reactors. Nickel is
known to be used as a metal in hydrogenation catalysts in a wide variety of industries, because it
is one of the least expensive of the transition metals and has high hydrogenation’A&initsg.

Ni was employed in the present investigation, a brief overview of Ni catalyzed hydrogenation of

the target compouws is provided.

Indene can be hydrogenated to form indane and hexahydroindane. For example, hydrogenation
was performed in a rotating autoclave in the presence of a +kigsglguhr catalyst. At an initial
hydrogen pressure of 10 MPa and a temperatuB® 6€C indene is hydrogenated to form indane.
Using the same apparatus at a higher temperature of 160 °C, and pressure of 10 MPa, indene

could be hydrogenated to hexahydroind&ne.

Another study hydrogenated indene in the presence of 10 % nickel catalyst, pressurized at 7 MPa
at a temperature of 100 °C in a batehgator. Indene was hydrogenated to indane and the major

sideproduct in this reaction was of hexahydroind&he.

Indole reduces to indoline on catalytic hydrogenation. While hydrogenating indole to indoline is
the most straightforward method of forming indoline, it comes with additional chall&hges:

a) Indole has a high resonance stability anagisthequires higher temperature and pressure
conditions to react;

b) Difficulty in achieving high selectivity leading to yroduct formation because of over
hydrogenation and possible polymerization reactions.

c) Catalyst deactivation from indoline.

13



Initial repats stated that hydrogenation on unprotected indole requires severe conditions, i.e. a
temperature of 227 °C and pressure of 15 MPa, under the influence of hydrogen gas. The

reaction achieve a conversion of 82 % using nickel on siligmina catalyst’

To perform the same reaction at relatively less severe conditions, a more expensyst, catal
Pt/C, was employed. The reaction was performed in acidic solution. The selectivity of this
reactions was 100 % on performing the reaction at ambient temperature yptieddure of 3
MPa?

In a study performed by Entel and Ru®t,benzofuran was selected as an oxygen containing
compound to investigate the hydrogen absorption in bitursimoals. Compared to indene and
furan, benzofuran was found to have a slower hydrogen absorption rate. In the presence of Raney
nickel, benzofuran reduces to ibydrobenzofuran at a temperature of 120 °C and a pressure

of 13.8 MPa. The reaction was caomtied over a time of 18 h and with a ratio of 1.88 moles of

H, per mole of benzofuran. Under over hydrogenation conditions, after the breaking of the
double bond in the furan ring, the benzene ring saturates and the furan ring ruptures

hydrogenolytically ® produce phenols and alcohdls’

Direct conversion to 2;8ihydrobenzothiophene by reduction of thianaphthene was found in the
presence of a sulfided catalyst of palladiumgemlumina. A conversion of 50 % with a high
selectivity of 91 % is achievablunder certain reaction conditions. A study was based on
understanding the reaction conditions on achieving that conversion rate. To do so, the
experiment was carried out in a stainlet=el shaken reactor, pressurized with hydrogen.
Pressure of hydrogemas kept constant at 5 MPa while changing temperature, contact time and
the concentration of thianaphtene during the reaction. The reaction product constituted of 2,3
dihydrobenzothiophene and ethylbenzene. Change in concentration had no effect on the
conversion. On increasing the contact time from €25 h, there was an increase in the yield of
2,3dihydrobenzothiophene while keeping temperature, thianaphtene conversion and
ethylbenzene yield constant. This was found to be a linear relationship. Tadéreachwas also
observed on increasing temperature. Increase in temperature frea®Q6C led to an increase

in desirable product yield. However, the selectivity of-@&3ydrobenzothiophene is dependent

on the degree of conversion of thianaphtene winicny case should be below 60°8%.
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An important difference between the use of Ni as hydrogenation catalysallf of the
compounds except thianaphthene, is that the Ni can be employed as reduced metal. When
hydrogenating thianaphthene, release ¢% kould lead to sulfidation of the Ni and the Ni is

then employed as a sulfided hydrogenation catalyst. A ddtdilscussion of the differences

between reduced and sulfided Ni catalysts can be found in the work byPines.
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CHAPTER 3 : REACTIONS OF AROMATIC COMPOUNDS CONTAINING 5 -
MEMBERED RINGS WITHS ACIDS

Abstract

Acids are present in the oilsandsgrading processes, starting from the presence of naphthenic
acid in composition of bitumen to use of solid acid catalysts in refining processes. The objective
of this chapter was to study the impact of some of the common acids on selected binuclear
aromatic compounds with-fnembered rings under mild conditions. Reactions were performed
by heating a dilutior?2 wt% acid and 10 wt% model compounds in toluene, to 70 and 120 °C.
The organic layer of the solution was then analyzed further. On studying dits,riésvas found

that all compounds oligomerized depending on the selection of acids. Compounds like indene,
indole and benzofuran further went through physiochemical changes. Indene not only
polymerized to form heavier compounds but also showed formafising opening structures.

Indole and benzofuran produced solids, as byproducts of the reactions.
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3.1 Introduction

Acids are present in various steps during upgrading and refining of oilsands. To ftart of
bitumen contains-2 % of naphthenic acids which could undergo hydrolysis in the presence of
calcium salts to form hydrochloric acid.ike hydrochloric acid, some acids appear as a result of
reactions while some other acids are used as catalysts. For example, sulfuric acid is used as a
catalyst in alkylation units where excess isobutane is reacted with alkenes to produce’alkanes.
Similarly, solid catalysts impregnated with phosphoric acid are used in alkylation desulfurization

of fluid catalytic cracking of gasolirfe.

Hydrogen disproportion reactions are considered key intermediate steps indfoaé addition
reactions; however, hydrogen can also be transferred by Bronsted acids &svéh the
deleterious behavior of binuclear aromatics attachedn@mbered compounds, the aim was to
understand the fundamental chemistry during the presengeioins (H) from the acids. The
acids selected for this study were HC}S@, HsPO, and Amberlys® 15.

The objective of this chapter is focused on studying the possible implications that different acids
could have on reacting with the alicyclic and hetgclic compounds attached to aromatic rings

at lower temperatures.

3.2 Experimental
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3.2.1Materials

All the chemicals used in the reactions are listed in taldleThe aromatic compounds with a
five membered ring were reacted in the presencacufs. The use of a variation of acids was

based on different acidic strengths, phases and availability of hydrogen atoms.

Amberyst® 15 was used as an acid resin. It is strongly acidic macroporous chain of-styrene
divinylbenzene, with a sulfonic acid fumatal group.

Deionized water was used for the water washes during the experimental runs. The deionized
water was obtained from a Millipore water purification system with a conductivity of less than 3
eS/ cm at 25 AC.

Table 3.1 Materials employed in thistudy

Compound Formula CASRN? Mass fraction Supplier
purity

Chemicals
Indene CoHs 95136 0.90 SigmaAldrich
Indole CgH/N 120-72-9 0.99 SigmaAldrich
Benzofuran CsHeO 271-89-6 0.99 SigmaAldrich
Thianaphthene CgHsS 95158 0.95 SigmaAldrich
Tetrahydrothiophene C4HsS 11001-0 0.99 SigmaAldrich
Hydrochloric acid 1N solutior HCI 764701-0 - Fisher Scientific
Sulfuric acid solution 1M H,SO, 7664939 - Fluka
Phosphoric acid H3POy 766438-2 0.98 SigmaAldrich
Amberlyst® 15hydrogen formr - 3938920-3 - SigmaAldrich
Methanol CH3OH 67-56-1 0.995 Fisher Scientific
Sodium carbonate anhydrou: NaCO3 497-19-8 0.995 Fisher Scientific
Sodium hydroxide solution 11  NaOH 1310732 ¢ Fisher Scientific

Toluene CsHs 10888-3 0.995 Fisher Scientific

Cylinder gases
Nitrogen N> 7727379  0.99999 Praxair

4 CASRN = Chemical Abstracts Services Registry Number

® This is the purity of the material guaranteed by the supplier; material was not further purified
¢ Mass fraction purity not specified

4Mole fraction purity
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3.2.2Equipment and procedure

Reactions in the presence of acids were performed in 250 mL-rteokeround bottom flasks.

The solution was prepared using toluene as the solvent with 10 % model compound and 2 %
acid. Since the acid was insoluble in the organic layer, the mixture cechmfstwo liquid

phases. The round bottom flask was placed in metal blocks, to ensure uniform distribution of
heat over the entire solution. A magnetic stir bar was added to the flask for constant mixing of
the solution while heating. The metal block wa# lon the heating plate connected to the
condenser, which was circulating water at a temperature of 3 °C, for 1 h. The reactant was heated
at two temperature ranges of 70 °C and 120 °C with magnetic stirrer rotating at 200 rpm, after
purging the system i nitrogen gas for 5 min at a flow rate of 200 mL/min. After leaving the

reaction on for 1 h, the flask was left to cool for 30 min.

If the acids are considered catalysts, both, homogenous and heterogeneous catalysts where used.
Homogenous reactions inved reactions with hydrochloric acid, sulfuric acid and phosphoric

acid while the heterogeneous reactions were performed with Amberlyst® 15.

Cold water
out

Cold water in ']"

eosol

Nitrogen
gas

Heating plate

Figure 3.1 Experimental setup
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In the case of homogenous catalysis, after the reaction, lite@savas further transferred to a

500 mL separation funnel for liguichuid extraction. 10 mL of sodium hydroxide solution was
added to neutralize the acid. The product was washed three times using 100 mL of water. Since
water is a polar solvent in compson with the noipolar nature of toluene, water was used to
dissolve all the acid from the product, thereby separating it from the organic layer. Sodium
carbonate was added after the last wash with water to remove any water molecules present in the
organic layer. The product was collected in a vial and weighed on a Mettler Toledo balance
XP1203S, to ensure there was not a significant loss of product. The scale had a readability limit
of 1 mg with a maximum capacity of 1210 g. It was observed that sooaeiqts had an
accumulation of solids at the bottom of the flask that were insoluble in toluene and water. The
solids were dissolved in methanol and collected in a vial to be analyagty the rotovap
(Heizbad HeiVAP from Heidolph) toluene was separatdrom the product under 7.7 kPa of

pressure at 44C.

On the other hand, heterogeneous catalysis did not require water washing. The liquid product
was transferred to a vial using ué&h membrane filter attached to a syringe to separate the solid

catalystfrom the organic liquid.

Control experiments were run for each of the model compounds. This was done to have a
reference point for comparison with any changes that might arise because of the reactions with
acids. For control runs, the reactions were ruth & solution of 10 % model compound with
toluene, without the presence of any acid. The same set up was used as above and the solution
was heated to 120C. After the reaction had cooled down, toluene was separated from the
mixture using the rotovap anthe samples were further analyzed. All experiments were

performed once.

3.2.3Analyses

The gas chromatograph with mass spectrometer-NISE and ZeissStereoMicroscopeavere
used for analyzing samples in this chapter. The working principle behind these analyses can be
found in Sectiorb.2.3 of Chapteb.
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ThermogravimetriAAnalysis (TGA) connected to ABB MB 3000 FTIRGA-FTIR) was used.

Any gases released from the sdenp the TGA during the pyrolysis process were carried over to

the FTIR through a PIKE heated gas flow cell via a line that was heated and kept at a constant
temperature of 208C. Amberlys® 15 was placed in a A0aluminacrucible and weighed using

aMa tl eri Toledo dual range analytical bal ance
the range of 0141 g and a readability of 100
heated, starting at 40 °C to 600 °C in the presence of a constant fldd ofiL/min of nitrogen

gas at increments of 10 °C/min. A spectrum was captured using the FTIR at intervals ait10 °C

a resolution of 8 cfhand an average of 20 scans.

3.3 Results

The results are arranged based on the effects of the acids omeedeh compound. Model
compounds reacted differently in the presence of different acids. However, the results from the
GC coupled with mass spectroscopy were identical for the two temperature selection€ of 70
and 120 C for each set of reactions. The urat of the products formed at 70 and 120 °C was
similar, but the reaction rate at higher temperature was higher. All reactions were compared with
the control samples for the respective model compound. On analyzing the pure compounds with
the help of the G@S and comparing with the control samples, the results obtained were the

same.

3.3.1 Quantifying water content in Amberlyst® 15

In some of the results obtained from the -GS, there were compounds containing oxygen.

However, the reactions were performed under inert atmosphere. There were no other sources of
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oxygen present during the reaction. Therefore, to understand whether ystarb could have
been a potential source of oxygen present during the reactions, the TGA was used. FThe TGA
FTIR was able to provide more accurate figures on the amount of water present in the solid

resins.

~exo Amberlyst
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Figure 3.2 Heat curve obtained using the TG d) overlapped with the mass loss (black) of
Amberlyst® 15 with respect to temperature under nitrogen.
Figure3.2 shows the TGA curve obtained. There is a considerable mass loss starting around 275

°C, declining at 450 °CThe dropin mass during the degradation of the solid resins has one
major stage of mass loss, which can be directly correlated to the decomposition of sulfonic acid
groups to release sulfur dioxide (8@ince no other significant changes in peaks were observed

at ary other wavenumber.

Figure3.3 shows the highest release of,%0d water at a temperature of 300 °C. The expected
sulfur dioxide peak at 1360 ¢hwas distinctly visible amongst all others. The water peak was

expected to be observed close to the wavenumber of 1650 cm
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Figure 3.3 Absorbance of sulfur dioxide and water at 1360 and 165brespectively, during
thedegradation of Amberlyst® 15 asfunction of temperature under nitrogen

From figure3.2 and3.3, it can be observed that there are three different events taking place. The
first event, between the temperature range of2M0°C, is the region of adsorbanckwater on

the acid resin. Very small amount of water is seen to decompose within that range. The second
peak (between 26850 °C) takes place at a higher temperature due to release of water during the

decomposition of the sulfonic group, as a byprodiiberefore, only the first event was taken
into consideration for the possible presence of water initially in Amberlyst® 15. From 8@ure

the mass loss in the temperature range of2dD °C was calculated to be 0.6 mg (2.2 wt%)
which is in close appsomation with thespecifications provided by the manufacturer©el . 6 0

% water content.

3.3.2 Results for indene

3.3.2.1 Gas chromatography for reactions with indene
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A comparison of the chromatograms obtained of the reagents and the productaefien with
HCI and HSQ, indicated that no reactions took place. However, in the reaction of indene with
Amberlys® 15 andH3PQy, sharp peaks were observed around the retention time region of 14
and 21 min, and several other smaller peaks were fouedth& 9 min mark. Figurd4 shows

the peaks for reaction with all acids.

a)

—HClat 90 —H2S04 at 90 — Amberlyst at 75 H3PO4 at 90 —Control

3.5 -

Abundance, (10°)

e, ) m—— i ot
. — Tt L et a2

QMM o

2.5 35 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5
Retention time, minutes

b)
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Figure 3.4 Chromatograms obtained from the reactions of indene with acids where a) shows the
retention time from 2515 minutes while b) goes from 9.5 to 28 minutes

Bumps in figure3.4 a) at a retention time of 4.5 min which are significantly bigger in the cases
of HCI and HSO, were due to acid decomposition. It is possible that the product samples were
contaminated with acids even after the water washes.

The peaks between the retention time of 2.5 and 4 min overlap with the control experiment.
These peaks were found to be present in the indene provided by the supplier when the compound
was analyzed using the @@S. The peaks were further labelled and idad for the control

sample for better understanding (figi&:® and table8.2). Majority of the peaks were present in

very low concentrations and their mass spectrums were added in Appendix A. Peaks obtained
from thereaction of indene with Amberly®t15 and HzPQ, at longer retention times are also
further labelled and identified in figuB5 and table3.2.
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Figure 3.5 GC-MS results for the a) indene control sample and reaction of indene witfiPl), H
and c)Amberlyst® 15

Table 3.2 Products from reactions of indene with acids

Retention
Peak _ _ Compound name Structure
time (min)
CH,
1° 2.75 2-Propenyl benzene

22 2.85 Indane ©:>

3?-9° 3.03-4.10 P
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Isomers of imethyt2-[(E)-2-(2-
methylphenyl)ethenyl]lbenzeneg

10F 10.%, 10.6

11¢ 13.31 Mass spectrum shown below
(figure 3.7)
1,1(1,5hexadienel,6-
1z 1360 o
diyl)bisbenzene
13.96, 14.15,
15.8, 21.25, Isomers of 1(1-
15 9,
21.%,21.41, indanyliden)indan N Q
21.9, 22.59 .
14° 13.31 Mass spe_ctrum shown below Unidentified
(figure 3.7)

Isomers of 1(1- O.
15° 13.95, 14.20 4
indanyliden)indan .O

a Peak present in the pure compound acquired from the supplier as an existing impurity or
unidentified compound.
b Mass spectrum for the respectregention time is shown in Appendix A.
¢ These compounds should be seen only as being indicative of the nature of the products. The
true
identities of these compounds have not been confirmed.

Several peaks were observed after the retention time of 9 @mnfurther speculation the
majority of the peaks, in case of reactions WAthberlys® 15, pointed to the formation of(1-

Indanyliden)indan. Meanwhile, the majority of the peaks for reactions kg, were due to
the formation of Imethyt2-[(E)-2-(2-methylphenyl)ethenyllbenzen&\ plausible hypothesis
was that peaks at different retention times imply that various isomers @fdlmpounds were

formed for the products of each of the agrdghe injected samples.
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[

O
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Figure 3.6 Chemical structure for-inethyl2-[(E)-2-(2-methylphenyl)ethenyl]lbenzene ang1t
indanyliden)indan

Quantitative comparison is not a viable option using theM&E; however, on comparing the
intensities of the peaks for the product of the reaction betiwekene and Amberlsyt® 15, the
peak for the polymer af-(1-indanyliden)indan was comparably larger than the indene feak.
(2-indanyliden)indan produced the largest peak at a retention time of 13.9 min which8was 6.
times higher than the indene peak. f#fiere, a significant amount of indene had taken part in the

reaction over Amberlyst® 15.

The fragment ion at 18 m/z is present in all compounds because of the presence of 0.03 % in
toluene provided by the supplier, that was used as a solvent and fde gaeymration in the
GC-MS.

The unidentified peaks 11 and 14 had the same mass spectrum, as shown $7idtnean the

mass spectrum, the base molecular ion in the spectrum is at 116 m/z. Molecular ion of 91 m/z is
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a fragment related to toluene andyhtialso suggest that the presence of an alkyl benzene group.

Therefore, the compound does contain benzene rings. The molecular weight of the compound is
expected to be approximately 232 g/mol from the spectrum. Given the neighborhood that the
peak lies inthe compound is expected to contain 17 carbons. The formula that can be predicted

by reading the spectrum ig s

Unknown; InLib=-1032

100- 116

504

28

91 215 232
oL PLA % g L 1281ar 1es 18920270 7 281 341

{ BERERREREE S R L B e e LI
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Figure 3.7 Mass spectrum for peak 11 and 14 at a retention time of 13.31 min for reactions of
indene with Amberlyst® 15 ands;POy

The unlabeled compounds between retention times-@flldinutes are peaks representative of

bleeding in the column.

3.3.2.2 Physical changes observable in reaction of indene with acids

Physical changes in the products obtained after the reactionesferndith Amberlysd 15 were
distinct. The liquid was more viscous in comparison and sticky in nature. The sticky liquid
formed was observed to be no longer soluble in toluene. The change in liquid properties is
directly related to the formation of the dimd-(1-indanyliden)indan and potentially heavier

oligomers.
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These changes were not as striking in the products from the phosphoric acid due to relatively low

amount of dimer formation with different chemical structure and properties.

3.3.3 Results fomndole
3.3.3.1 Photoreactions in indole on exposure to light and atmospheric conditions

While performing the analysis for the products from reaction of indole with acids, it was
observed that on exposure to atmospheric conditions the liquid would quickly start solidifying.
To further understand this phenomenon, a saturated solution of oidstdved in toluene was
prepared. The solution was then observed undetdlss StereoMicroscope with respect to time.
Figure3.8 shows the changes that the solution underwent; each frame was taken after an interval
of 30 seconds. Indole is light senadj it is susceptible to photoreactions in the presence of a
solvent which can be seen from figu8&8. On exposure to light and atmospheric conditions,

physical changes are evident which advocate further investigation towards the chemical changes.

{=90s t=120s t=150s
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Figure 3.8 Crystallization following on reaction from a saturated solution of indole seen from
Zeiss StereoMicroscope over a period of time
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