A University
of Glasgow

TheHydrogenation of
Substituted Benzenes over
Rh/silica

FERAS ALSHEHRI
MSc

Submitted in fulfilment of the requirements for the

Degree of Doctor of Philosophy

School of Chemistry
College of Science and Engineering
University of Glasgow

2017



This work is dedicated to my father

| hope I've made you proud

ppOFM nHOw WFpne wHF hp
c 1 TaM YRty



Abstract

The catalytic hydrogenation of substituted benzenes to saturated cyclic products is ar
industrially relevant reaction. It is important in the production of fine chemicals, petroleum
and inthe fuel industry. It isised in the process lowering the aromatic content in diesel
fuels to follow up the upo-date environmental legalisation. It has been widely reported
that aromatic ring hydrogenation is a structure insensitive reaction, however more recent

studies have suggested that stiwe sensitivity may indeed exist.

Therefore, the demand to perform maeesearchon substituted benzenes to understand
their behaviour during the hydrogenation has increased. Unlike most of what was found in
literature, this study involved substituentsieh include methyl, ethyl, propyl, hydroxyl

and methoxy groups. These reactions were performed at different parameters of

temperatures, fressure and concentrations and over Rh/S#talyst.

Different mechanismavere suggested for the hydrogenation asbmatic compounds. A
stepwise mechanism is gendyabccepted to explain the reaction mechanism. This
suggestion was built on the fact aromatic adsorption is zero order in aromatics which
suggests a strong adsorption of the substrates. This mechanism was confirmed in this wor
by the observation of alkyl clohexenes as intermediates during the hydrogenation of

alkyl benzenes.

Interesting points were observed during the hydrogenation of phenols. Firstly, cyclohexane
was formed independently and directly from the original phenol. This observation was not
found in most of previous studies. The other point was that phenol and anisole reacted ir
different ways from each other. Phenol was found to react in three independent routes, the
formation of cyclohexanone, the formation of cyclohexanol and the formation of
cyclohexane. Whereas, cyclohexanol was not formed diriothy anisole it was formed

from cyclohexanone and after tto#al conversiorof anisole.

Competitive hydrogenations were also executed in order to investigate the behaviour of
different groupsn the same reaction. The findings of these test® different from what

was observed during the solo tests. As for the hydrogenation of alkylbenzenes, a steric
effect might explain the differences between these substrates. It was observed that th
reacton rate decreased as the alkyl group attached to the ring increased. These finding

were notthe same during the competitive hydrogenatiorPropylbenzne, which has a



larger group attached to the aromatic ring, showed higher reactivity in the presence of
toluene and ethylbenzenehich suggests that the steric effect was not the only factor
affecting the hydrogenation of substituted benzenes. These findings were explained by ar
electroniceffect applied by the alkyl groups attached to the ring. &tfiectof these groups

increasess the group siziecreass.

In addition to steric and electronic effects, the mode of adsorption was also suggested tc
affect the competitive hydrogenations of phenols. Different modes of adsorption and
different medium specieformed leads to different behaviour during the competitive

hydrogenation.

In addition, NMR analysis was performed on selected samples from toluene and deuteratet
toluene reactions with deuterium and hydrogen. Toluene reaction with deuterium showed
that al hydrogen atoms were replaced by deuterium at the beginning of the reaction. It was
also shown from NMR results thaCDs group was contacted to the surface which
confirms the ability ofCHz group to be adsorbed to the surface as well as the aromatic

ring.
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1 Introduction

Hydrogenation technology ithemicals production is ubiquitoust has often been
considered mature technology with little scope for new developmemtarea that is not
fashionable. Hower, this belies the difficulties that are still extant in hydrogenation.
Selectivity, as in the ability to hydrogenate a given functionality in the presence of another
or to saturate to a given degree, is a key parameter that has not beght hnoder
scientific control. Catalytic hydrogenation reactions can be defined as the addition of
hydrogen to unsaturated multiple bonds after modifying these bonds by adsorption on to &
catalyst under selected reaction conditions. It is an essential method tldelis carried

out in industrial applications as well as in research Jahslt is used in a wide rangs
applications from bulk chemicals togh value products such as pharmaceuticals, flavours
and fragrances and fine chemicgl Heterogeneous catalysts are widely used in the field
of hydrogention due to several factors, for example catalyst stability and product
separatio[1]. Catalysts such aaneyNi catalyst supported metal§Ni and Cy) and
supported noble metalPd Pt,RuandRh) are all commonly used for hydrogenati@i.

In 1901,Sabatier, and his eworker Senderence, reported the first catalytic hydrogenation
of benzene. They O6attackedd the benzene
temperatures between 70 and 2@over a nickel catalyst and succeeded in converting it
to cyclohexang3]. For his work in catalytic hydrogenation Sabatier won the Nobel Prize
in 1912[4]. This was the first example of hydrogenation of an aromatic riNgwadays
aromatic hydrogenation is a major industrial process with aroundvi#.6f benzene

hydrogenated to cyclohexane each year.

An aromatic ring is more difficult to hydrogenate thamsaturateé aliphatic compoursl
because of the stability of the ring, which is formed by resonance d&e®jyThe double
bonds in alkenes for example are localigedlectrons. In contrasf- electrons in the
aromatics are delocalisdrming a shell over and below the aromatic ring. Therefore,
extraenergyis needed t@vercome the stabilitthat shellconfers and thiss known as the

resonance energy.

Aromatic hydrogenation can be performed by using homogenous caf@dhii], butthe
vast majority of researchses heterogeneous catalyst as stated ealierl1]. It canbe
performed in the gas phaf-14] as well as in the liquid phasBeverhdsupported metals
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have been used as aromatic hydrogenation catalysts including noble metals such as Pt, P

Rh, Ru and Ir, noiprecious metals such as Ni and Co have also beerflsetb, 16]

Selectivity to intermediates during the hydrogenation of aromatics is an interesting area
because of their importan§®2]. It is difficult to prepare alkylcyclohexenes, for example,
selectively fromtheir aromaticparent Selectivity to alkylcyclohexenesanbe achieved

by addinga catalyst modifie[12, 17] or by modifying the preparation method of the
catalyst{18]. It can be seen from the articles cited that Ru is the catalyst used for the partial
hydrogenation of aromatic§l9]. The Japanese companfsahi Chemich Industry
developed a ruthenium catalyst that was used with zinc ascatalyst[20]. They found

that the presence of the zinc enhanced the ability to hydrogenate benzene selectively t
cyclohexene witt60%yield. The role of zinc can be in preventing cyclohexene from being
re-adsorbed on the surface blpcking the active sites and/or by stabilising cyclohexene to

prevent further hydrogenation to cyclohex§h@, 20]

The catalytic hydrogenation of substituted benzenesatarated cyclic products an
important reaction. It is useth lowering the aromatic content in diesel fuels for
environmental reasorf21]. Much of the aromatic content in fuels comes frpynolysis
gasoline(Pygas) which is a byproduct of high temperature naphtha cracking to produce
ethylene and propyleri@2]. It is a mixturerich in unsaturated hydrocarbons and contains
considerable amounts of aromatics, normally88@ (benzene, toluene and Xxylene),
together with paraffins, olefins and diolefins. The composition depends on the feedstock
and @erating conditions and hence varies from plant to plant. A tyPiggscomposition

is given inTablel [23].

Tablel. Composition of Pgas

Components Weight percent (wt %)

Benzene, toluene and xylenes 50

Olefins and dienes 25
Styrene and other aromatics 15
Paraffins and naphthenics 10

With an aromatic content of around 65 wt[22] Pygas isused nowadays agasoline
blend dueo its high octane number. Howeveitlwnewlegislation mandatingeduction in
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the aromaticontent in gasoling24] it becomes obligatory to investigate the behaviour of

aromatic hydrogenation especially as a mixture (competitive hydabige).

Substituted benzendsydrogenations also an essential method to obtain corresponding
cyclohexanes.lt is worth pointing out that substituted cyclohexanes can be also
synthesised by the modification of cyclohexane, however is a difficult mestmzmh
compared with aromatic ring reductid@5, 26] Alongside the importance of the
hydrogenation of substituted benzenes in production of fine chemicals, petroleum and fuel
industry andthe carry forwardof the upto-date environmental legalisation, the structure
sensitivity of this reaction has gahmore attention recentlyn someliterature it has been
suggested that the hydrogenation of the aromatic ring is structure insejisitias] and
hence the reaction can be used aharacterisation tool, however other research shows
structure sensitivityThe following table shows some results which were obtained from

benzene hydrogenation over differametalg29].

Table2. Effect of metal size ranging on benzene hydrogenation

Catalyst Size Range (nm) Findings
Ni/SiO2 0.571 5 Maximum at 1.3 nm
Ru/SIG 0.771 9.5 Maximum at 3.5 nm

Rh/Al,O3 107 150 TOF constant
Pd/ALOs 107 150 TOF constant

I r /203A 0.57 3.3 TOF increased
PU/SIQ 4.5- 64 TOF increased

Structure sensitivity of benzene hydrogenation d®#Al>Oz catalysts was identified by
Floreset al.[30]. They found that thestructuresensitivity was affected by themperature
that was used to reduce the catal$stucture sensitivity was observed whemperatures
between100 - 300 C were applied ageduction temperatures and with reduction
temperatures ovet 0 0 the €ystem was structure insensitiddoreover,when Molina
and Poncelef31] used Ni/AbOs for benzenédrydrogenatiorthey found that for particles

<4 nmthereaction was structure sensitive and was insensitive for larger particles.

It was reportedhat the metal particle size has an obvious effect on the hydrogenation of
aromaticrings. Graydon and Langa[82] useda Rh catalyst supported onis# for the
hydrogenation of benzene. They stated that Rh particles with size less than 1.2 nm had
very low activity whereas 1.4 nm particles showed higher activity for the aromatic ring

hydrogenation. More recent wqonkhich also showed structurersstivity by Jacksoret al.
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[33] used Rh/SiQcatalyst for the hydrogenation parasubstituted anilines. They stated
that the catalyst showed an antipatheticticle size effect. The same conclusion was also
found when Jacksoet al. [34] used the same catalyst for the hydrogenatiopark
toluidine. They investigated Rh with particle sizes betweerf B.8 nm ad found that the
turnover frequencyTOF) increased when largerystallite size was used. They concluded
that the ring hydrogenation takes placetemaceface surface atom3herefore it should

be expected that the hydrogenation of an aromatic ringbeiktructure sensitiyand in

general will favour larger metal crystallites.
1.1 Aromatics hydrogenation mechanism

In general, aromatic hydrogenation is zero order in substrate and positive first order in
hydrogen pressung5], reflecting a strong adsorption of the aromatic species and a weak
adsorption of hydrogemespite the extensive research on the hydrogenati@arhatics,

there is no clear agreement on the mechanism of reaf{®®n There are a few
mechanisms that have been suggested for hydrogenatios miotio aromatic ring. One of

the mechanisms suggested was the stepwise mechfmisia, 21, 37] and in a more
recent work by Ali[38] this mechanism was also suggested for aromatics hydrogenation.
This mechanism involves the formation gttohexadiengwhich is an urtsble and highly
active intermediate that is directly converted to the cycloalkane or cycloalkene in other
caseg39].

Figure 1 showsthe stepwise mechanism for the hydrogenation of benzene. Firstlyj 1, 3
cyclohexadien is formedrhis intermediatés avery active species which is hydrogenated
to cyclohexene. Cyclohexene is then further hydrogenates todyelohexand40, 41]

O-0=0~C

benzene 1,3-cyclohexadiene cyclohexene cyclohexane

Figurel. Stepwise hydrogenation of aromatics mechanism

Another mechanism was suggested for aromatic hydrogenation, which does not include the
formation of gclohexadieng¢42, 43] This mechanism can be explained briefly as that the
adsorbed aromatic substrate forms a complex with both catalyst and hydrogen, which is

then isomerised to cyclokane without forming yclohexadiene
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1.2 Alkylbenzenes hydrogenation

The hydrogenation dll alkylbenzeness affected by the length and positionsobstituent

on the benzene ring. The rate of hydrogenation decreases as the length of the substitue
increags as shown inTable 3 [35]. For xylenes thepara- position was found to be the

most activg44]. This effect can beonsidered to ba steric effect where the benzene ring
might be prevented dm being adsorbed to the surface of the catalyst and/or hydrogen
might be prevented from being attached to the [38g.

Rahman and Vannidd5, 46]studied the hydrogenation of benzene, toluene, and eylen
They used palladium as a catalyst over different suppos@:ABIO; and TiQ. To study

the effect of different supports thiadve varying in acidity on the catalytic hydrogenation

of benzene, toluene and xylefiéney found that all reactions where zero order in aromatics
concentration and first order hydrogen pressure. They also concluded that the use of suc

acidic supports had increased the hydrogenation rate.

Table3. Hydrogenation relative rate for different alkylbenzej8tq

Substrate Hydrogenation relative rate
Benzene 100
Toluene 62
Ethylbenzene 45
n-propylbenene 41
Butylbenzene 38

Toppineenet al. [44] investigated the hydrogenation of five aromat{ck and tri
substituted alkyl benzenes, xylenesimethybenzene and 4-isopropyltolueng over
Ni/Al203. They concluded that the reaction rate is affected by the number, length and
position of thesubstituent. The hydrogenation rate increased as the mwhbabstituent
decreasedtrimethybenzene< xylenes < toluene < benzgneAlso, the reaction rate
increased as the length of substituent decre@spbpylbenene< ethylbenzene < toluene

< benzeng while the para position found to be the most reactive.

Vannice and Lin investigated the hydrogenation of benzene and toluene ¢4&r4Pj.

They execwtd several reactions to study the effect of different supportgO{AiO;,

Al20s, SIG; and TiQ) on the hydrogenation. They found that the activity of hydrogenation
was increased when an acidic support was usefD{Ai0O;). They suggested that the
acidic supports had additional active sites, which increased the adsorption of benzene
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They also reported a low reaction or@eearly zero order on substrate and betweeii Q.7
on hydrogen) They also noticed that benzene hoggknation was deactivated more than

toluene.
1.3 Phenol hydrogenation

Catalytic hydrogenation of alkylphenatsan important source for alkylcyclohexanone and
alkylcyclhexanol50]. The selectivity towards these products carcdntrolled by varying
catalyst, support and reaction parame{&® 51] It is an important process from an
environmental point of view. These oxygen containing aromatics are passed over catalyst:
to remove oxygelthydrodeoxygenation, HDQyhich is a catalyst poisoningdtor in the
catalytic hydrotreating proce$S2]. In addition to the importance of products produced
from the hydrogenation of alkylphenols, there is the hydrogenation of phenol, which

produces cyclohexanone as an intermediate and cyclohd&ahol

Phenol hydrogenation mainly produces cyclohexanone and cyclohexanol. Cyclohexanone
is an important intermediate in thedimstry of nylon angolyamide resin$53]. Whereas
cyclohexanol is used widely ifine chemistry and perfume industi§0]. Other products

are also mentioned in the literature such as benasokcyclohexane[54-58]. The
formation of the latter two products is related to the type of catalyst and sf@génit is

worth mentioning tht in some studiefb4, 55] benzene was used as a solvent and the
formation of cyclohexane from benzeneswaken into consideration. The argument there

was that phenol hydrogenation will be O6p]

Kluson and Cerveny investigated the effect of substituting groups on the hydrogenation of
the aromatic ring. They tested phenol, benzaldehyde and anms&e&/activated charcoal.
They found that both phenol and anisole were hydrogenated to the corresponding
cyclohexane. On the other hand, the carbonyl group on benzaldehyde was hydrogenate
preferably, which proved that the reaction is affected by the tiypabstituen{59].

Giraldoet al.[55] investigated the&apour phase hydrogenation of phenol, after dissolving
it in different solventsover Rh/SiQ catalyst. Theyusedcyclohexane, benzene, toluene,

and ethanoas solvents for phendl'hey concluded thigowing points

1 Higher phenol conversion was achieved when cyclohexane was used.
1 Cyclohexanone selectivity was not affected by the nature of solvent when

cyclohexane, benzene or toluene was used.
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91 Phenol conversion decreased when ethanol was used.

They alsosuggested that alcohols were not preferred for the hydrogenation of phenol.

Their argumentvasbased on the possibility of phenol alkylation to produce alkyl phenols.

Shin and Keangl3] prepared Ni / silica catalysts with different metal loading in order to
find the effect of these catalysts on conversion and selectiVitgy showed possible
reaction routegnd products that were expected from the hydrogenation of phenol using a

nickel catalyst as shown Figure2.

hydrogenation

OH O

L

hydrogenation o hydrogenation

ao'
)
[
2
7
%
>

3, /

hydrogenation

Figure2. Possible reaction routésr phenol hydrogenatighydrogenolysisNi/SiO» [13]

There is a general agreement that phenol hydrogenation proceeds in a sequential process

performedunder moderate conditions as shawirigure3[60].
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cyclohexanone

OH I /
/ g
=}
5]
+2H, _ +H, §n
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phenol cyclohexenol

T
O

cyclohexanol cyclohexane

Figure3. Sequential process of phenol hydrogenation under moderate conditems
Pd/AlO3 [61]

The sequential process can follow a hydrogenolysis route or a hydrogenation route. The
hydrogenolysisroute, shown inFigure 2 involves the formation of benzene after the
cleavage of the OH group. Benzene is then hydrogenated to cyclohexane. The
hydrogenation routéFigure 3) follows the formation of an intermediate, cyclohexenol,
which can be isomerised to forcyclohexanone that can subsequently be hydrogenated to
form cyclohexanqgl which can alsde produced directly from the hydrogenation of the
intermediate (cyclohexenol). Cyclohexane then might be formed from the hydrogenolysis

of cyclohexanol.

There are ame factors that might affect the selectivity to cyclohexanone or cyclohexanol
during phenol hydrogenation such as the strength of phenol adsdgtios, 63]or the
form of phenol adsorption on the supp4, 64, 65}

To summarise the idea, phenol can be adsorbed on a support in two different mode:
(Figure4) depending on the type of support. On acidic supports, such asadilioina, a
coplanar adsorbed state is formed leading to a strong adsorption, which is responsible fo
the fomation of cyclohexanol and cyclohexaf]. The other model has nonplanar
adsorption, which is formed on basic or neutral sites such as silica. This form has a weaket
interaction between the benzene ring and the surface, which tends to produce

cyclohexanone selective]g6].
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J M ! M
ST 77777

nonplanar coplanar

Figure4. Modes of phenol adsorptiof64]

In addition, the position and numbers of substituent location on theeberring might

also have an effect on the selectivity. indeed selectivity to cycloloeeahas been shown

to increasewhen the number of substituents increased or when a substituent is located in
the o-position [50]. This was explained by the steric effect performed by the substituent
groups which might inhibit complete hydrogenation to cyclohexanol. This behaviour also
explains the seldéwity to cyclohexanone when aalkyl group is located in thertho
position which is cbse to the hydroxyl group position which migtgsult in steric

hindrance.
1.4 Anisole hydrogenation

Anisole hydrogenation has been studied in different systems and different catalysis in the
literature [67-72]. Most of these studies used anisole as one of different substituted
benzenes for comparison reasons. Only a few researches involve the mechanism an
kinetic studies for anisole. In most anisole hydrogenations, methoxycyclohexane is the
major product withselectivity ranging fron¥0% to 1006 depending on catalyst, solvent

and parameters appli¢d8]. Other poducts that have been cited include cyclohexanone,
cyclohexanol and cyclohexanevievellec et al. [69], for example, studied the
hydrogenation of different aromatic compounds over colloidal rhodium suspensien. SiO
R nanopartites They found that anisole was selectively hydrogenated to
methoxycyclohexane at 2@C and latm H pressureln another study, Fanet al.[70]

used a ply vinyl pyrrolidoneRu catalyst system to study the hydrogenation of aromatics,
olefins and carbonyl containing compounds. They found that anisole was hydrogenated tc
70% methoxycyclohexan€,6% cyclohexane and 4% cyclohexanol. They used decane as

a solvent at 80C under 4 MPa K pressure. Cyclohexanone was also reported in other
researchedenicourtNowicki et al.[71] used bipyridienes to stabilise RIPsduring the
hydrogenation of anisole. They produced7% methoxycyclohexane and23%

cyclohexanone wit 100%anisole conversion.
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A general reaction scheme can be suggested from the hydrogenation of anisole as shown
Figure 5. It involves two routes, ones the formation of the corresponding cyclic form,
methoxycyclohexane. The second route is the formation of cyclohexanone and/or

cyclohexanol.

OCH,

OCH,4 @

0‘5\.\00
& th lohexane
&0 methoxycyclohex
Ao +H,

0] HO
4 y% o +H,
anisole 606120 Y
—_—
cyclohexanone cyclohexanol

Figure5 Possible reactiomoutes for the hydrogenation of apisover Rh[71]

Cyclohexanone was suggested to form via the formation of an intermediate,
methoxycyclolexene as shown ifrigure 6 [73, 74] This intermediate was detected by
Widegren and Finkd73] with 2 7 8% selectivity The hydrogenation reaction was
performed at temperatures ranged fr@® i 80, hydrogen pressure wd& 3 barg
propylene carbonate was used as a solvenpahyxoanionstabilized Rh(0) nanocluster

as the catalyst.

OCH; OCH; OCH, 0
H
anisole methoxycyclohexene methoxycyclohexane cyclohexanone cyclohexane methanol

Figure6 Proposedanisole hydrogenation to form cyclohexae[59, 73]



Introduction 11

1.5 Steric and electronic effects

Steric and electronic factors can have asiderable effect on the hydrogenation of
substituted benzeng8l, 75] As stated earliein alkylbenzenénydrogenatiorthe rate of
hydrogenation decreasas the length of substituents incresss linear chains attached to

the ring can inhibit benzene adsorption on the surface or they might prevent hydrogen from

reaching to the benzene rifgp].

In addition, electronic properties of groups attached to the benzene ring can affect the
activity of the hydrogenation reaction. It wstatedthata benzene ring with electron donor
groups such as alkyl groups, hydroxyl and &l groups showed faster hpgenation

rates than aromaticsttached to withdrawing groups such as halodgéfis 77] Electron

donor groups have the ability to doaatlectrons to the aromatic ring and this behaviour
will increase the electron density on the ring, which may increase the reactivity of the
aromatic ring[78]. Alkyl groups increase electron density by an inductive effect, while
other dnating groups such dsydroxyl and methoxyncrease the electron density by a
resonance donating effect, which is generated fromahe pairs[79]. Hydroxyl group

resonance with the ring in phenol is showifrigure7 as an example.

: 6H OH OH OH
O ©
R S - -

o

Figure7. Phenol resonance structufés]

Vetereet al.[80] studiedsubstituent effect®n thehydrogenatiorof ketones over Ptased
catalysts. In their study they used, acetophenormethyl acetophenone,-methoxy
acetophenone andi-chloroacetophenoneas substrates All four substrates were
hydrogenated to their corresponding aromatic alcohol at the same reaction con8@ions;
°C and 1 MPa Hpressure. Their findings are summarisedatle4 at 50% conversion.
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Table4. Rates of ketones hydrogenation

Substrate Rate (emol g's?)
Acetophenone 156
2-methyl acetophenone 102
4-methoxy acetophenong 215
4-choloroacetophenone 69

They attributed rate variations to electronic and steric effects applied by the type and
location of subsituents on the aromatic ring. When comparing methoxy and methyl groups,
which are donating groups, with the chloro group, which is a withdrawing gitowas

found that the latter has lower rate than the others. Also when comparing between the
positions of methyl group and the methoxy group they concluded that the rate was higher

when substituent is far from carbonyl group (para position).

In general, aromatics are adsorbed parallel to the catalyst surface. Studies on a range ¢
different metals agreed with that suggestion. For exampleatdnVhite[81] studied the
phenol reaction over Pt and thiaund that the benzene ring was adsorbed parallel to the
surface. Taret al.[82] reported that anisole was adsorbed while the benzene ring was also
parallel to Pt surface. Nevertheless, some molecules showed different behaviour in specia
casesQuirozet al [83] studied theelectrocatalyticydrogenation of axylene over Pt and
they suggested that an Oedgewi sed adsoryp
surface is highly covered with aromatic substrates or hydrogen.

Generally, benzene-canplexeddh & dB5)andthisenanaolrss v i
not the same when the benzene ring is attached to a subsituent. Early work by Webb and
Orozco[86], they investigated the hydrogenation of benzene and toluene over Pd and Pt
catalysts using alumina and silica as supports. They suggested that toluene was adsorbed

via the methyl group which produce a species as showigine8.

C
/IN

*

*

pi-complexe toluene adsorbed species

Figure8. Benzene and toluene adsorbed species
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Rahaman and Vannicp!5] studiedthe hydrogenation of xylenes over Pd. They found that
the rate of hydrogenation increased in the omlexk m < p-xylene wherem-xylene
hydrogenated 4 times faster thao-xylene. This behaviour was attributed to the position

of the methyl groups, whircin p-xylene, which has the highest rate, are at opposite ends of
benzene ring facilitating hydrogen attack. These findings were in agreement with Keane
[87], who studied the hydrogenation of xylenes over Ni(SiThe corresponding
dimethylcyclohexanes were the only productshe form ofcis andtrans mixtures. The
difference between hydrogenation rates in Ni catalyst were very close with slight increase
in the ordero- < m- < p-xylene Both of these studies[45, 87] suggested a steric effect
rather than an electronic one. This might be because the xylenes have the same number

methyl groups but in different positions.

1.6 Solvent effects

A solvent in the liquid phase hydrogenation might have different functions asich
dissolving solid substrates or products, given thathydrogenation ractions are
exothermic,using a solvent might help contrthe heat generatedor by washingthe
catalyst surface é&eof by-products hat formduring hydrogenatiof88, 89] It wasfound

in number of researches that isopropanol (IPA) is a suitable reaction media in the liquid
phase hydrogenation of aromat[@8, 26, 90] Wang, et al.[26] for example, invesgated
diffrent solvents such as methanol, ethanol, IPA afxane on phenol hydrogenation
and they found that IPA andhexane provided gids up t095%

For toluene hydrogenatipmhe solvent effect was investigated Bwrthe,et al.[91].

They used water, dxaneand dichloromethane as solvents during the hydrogenation of
toluene over Rh/silica. They found that hexane showed higher activity, V&%
conversion was achieved after 0.9 h. On the other hand, when dichloromethane was use
as a solvent only30% conversion was achieved after 5.5 h. They suggested that hexane

was a better medium because it might facilitate toluene diffusion to the catalyst.

Chatterjee and eworkers[92] studiedthe hydrogenation of phenol over supporistiat

50 °C. They investigated the effect of the presence of solvent, whichsu@ercritical

CO,;, and without the solvent during phenol hydrogenatioriThey found that
cyclohexanone was formed in the presence of supercritical l@reas cyclohexanol and
cyclohexanone were formed in the absence of the solvent. This behaviourrivaseatto

the effect of solvent on catalyst surface polarity which in turn changes the phenol

adsorption behaviour. Also Michio and Shigf8] examined the effect oflifferent
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solvents on the hydrogenation of phenol over Pdi&yTound that the rate was decreased

as the polarity of the solvent increased, which might affect the adsorption of phenaol.

1.7 Deuterium exchange reactions

Deuterum exchange reactions are instineg processes used in different wagsich as the
preparation of labelled substrateghich can be used as standards in research that
involves mechanistic studie®4, 95] by comparing the difference between rate tams

of hydrogen and deuterium kinetic isotope eff¢GE) [96]. Studies on isotope effects on

the catalytic hydrogenation of aromatics amme Meertenet al. [97] studied the
hydrogenation andleuterationof benzene over Pt/ADz: and Ni/SiQ catalysts. Only a
slight isotopic effect was found when Was used as the catalyst and no explanation was
given for this behaviour. They also examined the rate of exchange reactions betweer

benzene with Panddeuteratedbenzene withH», where the former was much faster.

Due to the difference in mass betweepnth isotope exchange between hydrogen and
deuterium has a significant effect on reaction rates and bond strengths. There are twe
possible effects in these types of reactions, normal and inkéEseThe normal isotope
effect, which is more common, is whehe reaction in hydrogen is faster than the
deuterium reactionk@/kp > 1). In other words, €1 bonds are broken down more easily
when compared to © bonds where the latter needs higher energy to br{®&nh A

normal isotope effect was found in this work for phenol and anisole ©hé/second type

is the inverse isotopeffect kn/kp < 1) as was found for the three alkylbenzenes in

addition to methoxyphenol.
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2 Aims of project

The aim of this project was to study the hydrogenation of five diffesabistituted
benzenesver a iridium catalyst and potential compare itatchodiumcatalyst and hence
increase our understanding of these poorly researched sy®bmasalreadyknown for

its activity at aromatic hydrogenatidout even this area had not been extensively studied
When Ir was tested (see appendix)was found to have a very low activignd it was
decided to concentrate the project on rhodium, which was much more éctas stated

in the introduction section that the acidity of support might have an effect on the
hydrogenation of aromatispeces therefore silica was useals a support rather than
alumina to minimise any such effectBhe catalyst chosen for the study was a 2.5%
Rh/SIQ

The substrates under study included methyl, ettypropyl, hydroxyl and methoxy
substituted benzene. Theudy was performed under a range of different reaction
parameters including temperatureydrogen pressure and substrate concentrations to
examine reaction kinetics, activation energy and order of reactions. Moreover, this project
aimed to investigate theompetitive hydrogenation of selected substrates to allow
comparison with solo tests. Finally studies involving deuterium and deuterated substrates

were examined to help delineate reaction mechanisms.
Substrates under study are known as

. Toluene

. Ethybenzene

. -propylbenene

. Phenol

. Anisole
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3 Experimental

This chapter will include all instruments, tests and chemicals related to this work.
3.1 Catalyst characterisation

A Johnson Matthe®.5% Rh/SiG catalyst, M01080, which was prepared byirgipient
wetness method was used throughout this reseakctsurface area determination
Brunauer Emmeti Teller (BET) and alitermogravimetricanalysis (TGA)were performed

on the catalyst.
3.1.1 Determination of surface area

The surface area of the catalystswmdetermined by aMicromeritics Gemini Il 2375
Surface Area AnalyseAbout 0.05 g of the catalyst was introduced to the device and was
degassed overnight..Njas was used for degassing at flow rate of 30 mttnaind the
temperature applied was 110.

The BET equation can be represented in the following form
P/IV(RiIP))=1/WC+[(C1)P]/Vm CR

P = Equilibrium pressure of adsorbate gas

Po = Saturated pressure of adsorbate gas

V = Volume of adsorbed gas

Vm= Volume of monolayer adsorbed gas

C = BET constant

C= e(ql i qL)/RT

g:= Heat of adsorption on the first layer

g.= Heat of liqguefaction on second and higher layers

R =8.314 JKmol*

A plot of P/[V(P.-P)] against P/Pshould give a straight line where

Slope (S) = €1/VimC

Intercept (I) =1/VmC

Vm can be calculated according to

Vm= (S +l)

The total surface areaw Q) can be calculated using the following formula

Stotal = Vm NS/My

Where M is the molar volume of adsorbed gas)(N
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Na= Avogadberods num

s = crosssectional area of thedsorbed gas

Specific surface areadgcifig can be calculated according to the following formula
Sspecific = Sotal/ M

m = Catalyst mass in grams
3.1.2 Thermo-Gravimetric Analysis

The catalyst was analysed hycombined TGA/DSC SDT Q600 thermal analyséiciw
was attached to an ESS mass spectrometer. Analysis carried out undeémli@dflow of
2% QJ/Ar. The temperature was raised to 10@0n the rate of 10Cmin’.

3.2 Instruments
3.2.1 Gas chromatography (GC)

A Focus GC with a flame ionised detector (FID) wased to analyse all reference
substrates and samples obtained from reactions. Ah7GP column was installed in the
GC. It was 30 meters long and the diameter was 0.25 mm. Injector temperature wa@as 230

and the detector temperature V@@ °C. Figure9 showsthe column heating profile.

250
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Figure9. Temperature ramp profile
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3.2.1.1 GC reference standards

Reference standards for all substrates, their corresponding cyclo products and othe
expected products were prepared in different concentrations and were analysed by the GC
Figure 10 shows some of the linear plots. Resulting beak areas were plotted against
reference concentrations. The linear equations obtained wseesl to calculate

concentrations of reaction products.

16000000
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y =191,937,009.73x

14000000 R ;/'.
12000000
Methoxycyclohexane
y = 120,204,412.62x
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T 2=
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[+
¥ y =112,865,020.38x

6000000 R2=004

Cyclohexanone
y =125,929,507.90x
4000000 R2=6-99
2000000
0 T T T T 1
0 0.02 0.04 0.06 0.08 0.1

Concentration mL!

# Anisole MCyclohexanol A Cyclohexanone [“Phenol MMethoxycyclohexane ®Toluene

Figure 10. Reference standards profiles

3.2.2 Stirred tank reactor (Buchi)

This reactor was used to perform all the hydrogenation reactions. Reactions were carriec
out in a glassvessel surrounded by an oil heating jacket as shiowfigure 11. Oil
temperature and circulation was controlled by Julabo system. The vessel wastedrna

a Pt100 thermocouple to measure the temperature in the vessel.

It was also equipped with a mechanical stirrer (Buchi 300) to control the rotation rate. The
gas flow and pressure was controlled Byessflow gas controller .bpc. 1202).
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Figurell Stirred tank reactor

3.3 Performing the hydrogenation reaction

3.3.1 Pre-reaction procedure

The catalyst weight was 0.1 g for all reactions. Also IPA (isopropyl alcohol) was used as a
solvent. The total volume was 330 ml. When a liquidsgnale was tested, 320L was
introduced to the reactor with catalyst and 10 ml was degassed before each reaction. In th
case of solid substrate, 310 ml was introduced to the vessel, 10ml for degassingrénd 10

to dissolve the substrate. The amount disstates used in all reactions wiasiL unless
otherwise indicated. Toluene = 0.0094 mole, ethylbenzene = 0.0082 mole,
propylbenzne = 0.0072 mole, phenol = 0.0106, anisole = 0.0092 mole and methoxyphenol
= 0.008 mole.

3.3.2 Catalyst reduction and solvent degassing

Reduction of the Rh/SiDcatalyst was performeth situ at 70 °C and under 0.5 barg
hydrogen pressure before all reactions. This procedure was executed to increase th
catalyst activity by reaching the metallic state of the catalyst. The redwedi® carried out

by adding 0.1 g of the catalyst to the vessel with 800of the solvent. Afterwards, the
system was heated to 7Q and the stirrer was set to 300 rpm. After reachin§G,0.5

barg H pressure was aped to the system for 3@in. After that, B pressure was stopped.
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Then, the system was set for the desired temperature preparing to start the hydrogenatic
reaction.

Whilst the catalyst was reduced, mQ of solvent was degassed for @n under a flow of
nitrogen. This is to remove angs$es, such as oxygen, which might affect the reaction. The
degassed solvent was used to wash any substrate that might be remaining after it wa

introduced to the reactor vessel.
3.3.3 Hydrogenation reaction procedure

After the reduction of the catalyst, the gyatwas set to desired temperature and pressure.
The substrate was introduced to the reactor followed by the degassed solvent. They wer
injected to the vessel via the injection port. After that the stirrer was switched on to 1000
rom. At about the same ten hydrogen was introduced to the vessel by starting the gas
pressure unit. Next, the stirrer speed was reduced to O rpm and the first sample wa:s
collected via the sampling port. After that the stirrer speed was reset to 1000 rpm and afte
5 minutes the s®nd sample was collected in the same procedure.

For each reaction, 19 samples were collected d@&ihgin addition to the first sample, 6
samples were taken in the first 80n, 6 samples for the following 60 minutes and finally

6 samples for the 1aS0 min.

After collecting the last sample, the gas pumping was stopped, the pressure valve wa:
released and the stirrer speed was set to 300 rpm. Also, the oil bath heating unit wa:s
stopped. After releasing the pressure trapped in the vessel, the catelysipopened and

the remaining substances (solvent, substrates and catalyst) in the glass vessel were drain

by opening the outlet valve.
3.4 Hydrogenation tests

The hydrogenation tests include kinetic studies, competitive hydrogenations and deuteriun

reacions.

3.4.1 Kinetic studies

In these tests all substrates namely; toluene, ethylbenzgmepylbenene, phenol and
anisole were tested unddifferent reaction parameters. The temperature range studied was
3071 70°C, Hz pressure was varied between 2 and 5 barg and the volume of the substrate:
was examined between 0.3..5 ml. Results were used to calculate activation energies and

to determine order of reactions
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3.4.1.1 Determination of rate constant (k)

The mate constant was »amined for each reaction. As the order of the reaction was
unknown the equations f@&", 15t and 29 order were used to generate formulas that were

used to plot linear equations as follows

For the reaction A + By, C + D, rate can be given by

Rate = k [A][B]Y (1)

where [A] andB] are concentrations, x and y are reaction orders in A and B respectively
and k is the rate constant. Overall reaction order will be the sum of x and y.

For zero order reaction Rate =k (2)

For T order reaction rate = k [A] (3)

For 2 order reaction rate = k [Apr rate = k [A][B] (4)

These equations can be integrated to form a linear equation in the general formula

y = mx +c as shown ifiable5 The units for k were found by using basic equation for
each order. For example, zero order reaction

Rate = kK, rate is usually ims* therefore the unit for k in zero order reaction will be'n s

Table5. Integrated forms of rate equations

Order Integrated form Graph K units
0 (Ao - Ay) = -kt (Ao- A vst m s?
1 In (Ao / Ai) = -kt In (Ao/ Af) vs t st
2 (Ao-A) /(Ao Ay =kt (Ao-A)/ (AcA)vst sim?

3.4.1.2 Activation energy Ea

As stated earlierthe hydrogenation reactions of toluene at different temperatures are zero
order reactions. Knowing that, the activation energy can then be deterosmed the
Arrhenius equation. This equation represents the dependence of rate constant ot

temperature.

k = Ae B¥RT  Arrhenius equation (5)
k = rate constant A = preexponential factor Ea = activation energy
R = gas constant (8.3D&™molY) T =temperature ikelvin (0°C = 273 K)
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From the data obtained from temperature variation reactions, areappativation energy
can be calculated by using the integrated from of Arrhenius equation. This form can be

obtained by taking the natural log for both sides of Arrhenius equation which will give:

In(k) = -Ea/R)(L/T) + In(A) (6)
y=mx+c
This equation represents a linear equation when plotting In(k) vs. (1/T). The gradient of the
straight line generated givels4/R
Ea=-mR @)

3.4.1.3 Reaction order in H2 pressure and in substrate concentration

Form the results obtained from pressure variateactions; it was possible to determine
order of reaction in H It was determinedy using the rate of reaction formula
r=kI[A]* (PY )
by taking the natural log of equatio®) Sides we get
Inr=Ink+xIn[A]l+y In (P) 9
when concentration of [A] held constant then the equation is simplified to y=mx + ¢
form. And when plottindn(r) vs. In(P)a straight line will be generated and m is the order

of reaction.

3.4.2 Competitive hydrogenations

In this test groups of three different substrates were hydrogenated as mixtures to
investigate the effect of different functional groups on the catalytic hydrogenation of the
benzene ring in a competitive environment. The groups were the alkyl benzénesse,to
ethylbenzene and-propylbenene, investigating the length of the alkyl chain. The second
group was toluene, phenol and anisole, comparing the effect of a methyl group comparec
to a hydroxyl group, while the third group was phenol, anisole ant#doxyphenol,

which examines the effect of hydroxyl compared to methbxgach group two substrates
were tested as mixture and then the three substrates were mixed to be tested. For examp
the three alkyl benzenes were tested in the following way

Toluenet ethylbenzene

Toluene +-propylbenene

Ethylbenzene n-propylbenene

Toluene +ethylbenzene n-propylbenene
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Reaction parameters for the competitive hydrogenation reactions we€ 30barg and
1ml of the substrate. Reactants and their number odsrinl1l ml are listed in the flowing
table:

Table6. Reactants with their densities and number of moles

Reactant Density @mL1) N (mol)
Toluene 0.867 0.0094
Ethylbenzene 0.867 0.0082
n-propylbenene 0.862 0.0072
Phenol 1.071 0.0106
Anisole 0.995 0.0092
4-Methoxyphenol 1.55 0.008

3.4.3 Deuterium reactions

In this reaction, deuterium was used instead of hydrogen for testing its effect on the
catalytic reaction and to compare the results with the results obtained from the
hydrogenabn tests. Also in this test the reaction parameters were set°@ 30barg and

1mL of the substrate.

Extra tests were performed on tolueagfoluene hydrogenation under hydrogeessure.

This reaction was compared with tolueneds + Hz, c) toluenet+ D> and d)tolueneds

tolueneds + Do.

3.5 NMR spectroscopy

NMR spectroscopy was used to analyse some sartalewere taken from tolueneDx.
H NMR analyss were conducted on Bruker Avance400 spectrometeThe 2H NMR
were performed on a Bruker 5Q0itra ShieldNMR system using a custom pulse and
acquisition AUprogramme provided by the Bruker company using the Deutddakn
channel as the data chann€hese measurements were kindly performed by2wid

Adamatthe University of Glasgow.
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3.6 Chemicals

All materials were used as received with no further purification.

Table7. Chemicals used in the project

24

Chemical Supplier Purity
Hydrogen (g) BOC 99.99%
Rh/SIG (s) Johnson Matthey -
Anisole (s) Sigma Aldrich 99%
Methoxycyclohexane(l) TCI >98%
Phenol (s) Sigma Aldrich >99%
Cyclohexanol (1) Sigma Aldrich 99%
Cyclohexanone (1) Sigma Aldrich 99%
Toluene (1) Fisher Scientific 99%
Methylcyclohexane (1) Sigma Aldrich >99%
1-methylcyclohexene (1) Sigma Aldrich 97%
n-propylbenene (l) Sigma Aldrich 98%
Propylcyclohexane (l) Sigma Aldrich 99%
Ethylbenzene (1) Sigma Aldrich >99.5%
Ethylcyclohexane (1) Sigma Aldrich >99%
Isopropyl alcohol (1) Sigma Aldrich 99.5%
4-methoxyphenol(s) Sigma Aldrich 99%
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4 Results

This chapter will include results that were obtained from the different tests and analyses
that were performed during this project. Firstly, results related to catalyst characterisation
will be shown. Then, the findings obtained from direct hydnagjens for single substrates

will be illustrated. These findings will include kinetic results that were determined after
applying different reaction parameters (temperature, pressure and concentration). The
kinetic results will include activation eneegi and order of reactions. After that, the
competitive hydrogenation results will be shown. Finally, the results obtained from

hydrogendeuterium exchange reactions will be included in this chapter.

4.1 Catalyst characterisation

4.1.1 Surface area

The catalyst wagprepared and characterise by Johnson Matthey. Surface area of the
catalyst was determined via a BET isotherm. Results showed that the surface area of th

catalyst was 2657 g1. Table8 summarisesthe catalyst properties.

Table8. Catalyst properties

Surface area Pore volume | Pore diameter | Rh loading Rh dispersion

265(m?g?) 1.06(mL g}) 13 (nm) 2.5% 43%

4.1.2 Thermo-gravimetric Analysis (TGA)

Catalyst was examined in 5%/N.. Figure 3 shows that there is about 1% weight loss at
around 100C. This loss can be explained by the evaporation of physisorbed water from
the catalyst. Its also shown that aboR% of weight was lost between 300600 ‘C. This
losecan be attributed to the G@dsorbed by the catalyst fraime atmosphere.
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Figure1l2 TGA profile for the catalyst

4.2 Alkyl aromatics hydrogenation

In this section, the results obtained from the direct hydrogenation of toluene, ethylbenzene
and n-propylbenene will be presented. This will include temperature, pressure and
concentration variations. The results obtained from the variation of theseeparsnwill

be used to determine activation energies, order of reaction in both hydrogen pressure an
substrate concentration. These findings will be followed by the competitive hydrogenation
of the three substrates.

421 Toluene

Figure 13 shows the reaction profile for toluene at ‘80 It shows a decrease in reactant
(toluene) concentration and an increase in product (methylcyclohexane) formation. It also
shows the formation of -Inethylcyclohexene but in very low concentratidiigure 14

shows the reaction profile at 5C. It is clear fren Figure 14 that the formation of
methylcyclohexane has increased as well as the concentratioometh¥Icyclohexene.
Indeed as the temperature applied was increased both the conversion and produc
concentration increased.
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Figure13. Toluene reaction profile at 3@
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Figurel14. Toluene reaction profile at 5C
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As explained earlier in section 3.4the best plot was used for the determination g&.
shown orFigure15, the @ order rate constant pltiasa slightly better fit than the others.
Therdore for the hydrogenation reaction of toluene zero order rea&iimetics were used

to analyse the data
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Figure15. 0", 15tand 29 order rate constant for toluene at°%D

At each temperature a similar analysis was perégrrand the rate constant determined

after identifying the best fit reaction order. In all casBs@ler integrated formula
[AJ-[A{]=-kt (20

was the best fit and hence the zero order rate constants were used to calculate the activatit

energy.

4.2.1.1 Temperature variation

In this series of reactions, the hydrogenation temperatures were set to 30, 40, 50, 60 and 7

°C. Thevolumeof substrates (1 b and reaction pressure (3 barg) were kept constant.

Figure 16 shows the conversion of toluene at different temperatures. The rate of formation
of methylcyclohexane increased as the temperature increased. As can imetlseesis a

noticeable increase in k values as the temperature increased. It Gakes ® convert
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20% of toluene at 30C while, it takes only 1@nin to convert the same concentration at 70
°C as shown oitable9.

120

100

80

60

Conversion %

40

20 -

0 T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
Time (min)
=He=300C =gm=qQOC =fl=50°0C =@=60°C 70°C

Figure16. Conversion of toluene at different temperatures

Table9. Conversion andateconstanof toluene at different temperatures

Temperaturg°C) 30 40 50 60 70

Corv. after 180 mirto 91 100 100 100 100

Time to20%conv. (min) 30 15 15 10 10
Rate constant. gns?) 0.788 1.4849 1.4487 1.8017 1.9357

4.2.1.1.1 Activation energy Ea

As statedearlier, the hydrogenation reactions of toluene at different temperatures are zero

order reactions. Knowing that, the activation energy can then be deterosmed the
Arrhenius equatiofisee section 3.4.1)

In(k) = (-Ea/R)(1/T) + In(A) (6)
y=mx+c
This equation represents a linear equation when plotting In(k) vs. (1/T). The gradient of the

straight line generated givelS4/R
Ea=-mR (7)
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Table10. Data used to generate Arrhenius plot

T (K k (ms? T Ln k
303 0.788 0.0033 -0.23826
323 1.4487 0.003096 | 0.370667
333 1.8017 0.003003 | 0.588731
1
0.8
0.6
y =-2813.9x + 9.0567
R2 = 0.9972
L 04
c
- 02
0 T T T T T 1
0.0028 0.0029 0.003 0.0031 0.0032\0.0033 0.0034
0.2 -
-0.4
UT

Figurel?. Toluene Eplot

From equationq) andFigurel7, the activation energy can be calculated as follows

Ea=(2813.9x 8.314) / 1000
Ea= 23kJmott
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4.2.1.2 Pressure variation

Different Hp pressures were applied on toluene hydrogenation to investigate their effect on

the reaction and also to find the reaction order in hydrogen. Pressure applied was 2, 3, -
and 5 barg.
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Figure18. Toluene reaction profile at 2 barg pressure
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Figure19. Toluene reaction profile at 5 barg pressure
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Figure20. Formation of methylcyclohexane from toluene

Figure 20 shows the effect of hydrogen pressure applied on toluene hydrogenation. The

conversion to methylcyclohexane increased asptéssure applied increasebable 11

presents the rate constad well as the rate of reaction. It is clear that k values increased

as the pressure applied increased. In additionfottmeation of nethylcyclohexene did not

exceed 3% under all pressures as showwigare18 andFigurel9.

Tablell Conversion andate constandf toluene at different bpressures

H. pressure (barg) 2 3 4 5
Time to20%conv. (min) 20 15 13 10
-1
Rate constant. lnts”) 1.0019 1.4487 1.5296 1.9464
Rate(mmolL*min™) 152 358 357 535

4.2.1.2.1 Reaction order in Hz pressure

Form the results obtained from pressure variation reactions; it was possible to determine

order of reaction in H It was determineds explained in section 3.4.1.héh plottingin(r)

vs.In(P)a straight line will be generated and m is the order of reaction. This is explained in

Figure2l.
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Tablel2. Data used to determine reaction order i H

33

Hz pressure| r (ms?) In H2 Inr
2 0.000152| 0.6931 | -8.7903572
3 0.000358] 1.0986 | -7.9351471
5 0.000535/ 1.6094 | -7.5331412
-9
-8.8 *
-8.6 AN

AN

-8.4 \
-8.2

y =1.3472x-9.6136

In (r)

-8 Rz=0,9281

AN
7.8 ’ \

-7:6 \

7.4

-7.2 T T

In (P)

Figure2l. Toluene reaction order inoH

Figure 21, the gradient is 1.3 therefore toluene reaction is approximatelgrder in

hydrogen.

4.2.1.2.2 Reaction order in concentration

In this set ofreactiors, the volume of toluene was changed in 4 reactions. 0.5, 0.75, 1 and

1.5 m_ of toluene was used in these reactions. The results generated from these tests wer

used to find the order of reaction in toluene concentration.

Figure 22 and Figure 23 show the reaction profiles of 0.5 ml and 1.5 ml of toluene

respectively It is clear that the conversion was faster when lower concentration of

substrate was used.

To find the order of redion in toluene the rate of reaction was calculated for the first 3

samples; dér 5, 10 and 15in.



Results 34

Theaverage of the rate of reactions wia8 x 10* molg min' landthe standard deviation

was 8.7 x 10° molg' min' ! Hence the reaction order &pproximately zero order in
toluene concentration.
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Figure22. Reaction profile for the hydrogenation of 0.5ml toluene
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Figure23. Reaction profile for the hydrogenation of 1.5ml toluene
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4.2.2 Ethylbenzene

Ethylbenzene was tested using the same procedure as toluene. Tempepgiuessite
and substrate concentration were varied and the results obtained were used to calculate al

identify a rate constant, activation energy and order of reaction.

4.2.2.1 Temperature variation

The reaction profiles of ethylbenzene hydrogenation at 30 afi@ B0e shown ofrigure

24 and Figure 25 respectively The formation of ethylcyclohexane, which is the direct
corresponding alicyclic form of ethylbenzene, increased as the temperature increased. Als
the formation of ethylcyclohexene was observed but in very low concentréti@s.
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Figure24. Ethylbenzene reaction profile at 30

Figure 26 shows the effect of varying temperature on conversion during ethylbenzene
hydrogenation. Temperatures of 30, 40, 50, 60 andC/@ere applied to the reaction.

Hydrogen pressure and ethylbenzene concentration were kept constant at 3 bargd.and 1 m
respectrely. The formation of ethylcyclohexane increased as the temperature increased. In

addition, ethylcyclohexene formation was olveer and the maximum value wa% at 70
°C.
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Figure25. Ethylbenzene reaction profile at 30
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Figure26. Temperature effect on conversion during ethylbenzene hydrogenation

The onversion has increased frdf% at 30°C to 100%after 180 minat 50 and 60C.
However, convesion has decreased to abai@®@b at 70 °C. Figure 27 shows that the
reaction order has moved slightly frararo order to first ordeiSimilar to other reactions

at lower temperatures, the rate constant represents a better fit for zero order. For example

the rate constant for ethylbenzene at’60provided a better fit for a zero order as shown
on Figure28.
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Figure27. 0", 15tand 29 order rate constant for ethylbenzene at@0
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Figure28. 0", 15tand 29 order rate constant for ethylbenzene atG0
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In Table13the results obtained from temperature variation on ethylbenzene hydrogenation
are reported.

Table13. Conversion andate constantf toluene at different temperatures

Temperaturg°C) 30 40 50 60 70
Conv.after 180 min%) 50 97 100 100 73
Time to 20% conv. (min) 70 30 20 15 30

Rate constat k (ms?) 0.3244 | 0.8684 | 1.1001 1.477 0.7741

4.2.2.1.1 Activation energy

Activation energy for ethylbenzene reaction was calculated as shovabliel0 and

Figurel?.

Table14. Data used to generate Arrhenius plot

T K (ms?) 1T Ln k
303 0.3244 | 0.0033 | -1.12578
313 0.8684 | 0.003195| -0.1411
323 1.1001 | 0.003096 | 0.095401
333 1.477 | 0.003003| 0.390013
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06 y =-4868.3x + 15.133
' R2 =0.8986

Ln k
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-1
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T

Figure29. Ethylbenzene Eplot

From equatior{7)
Ea=-mR
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Ea=-(-48683 % 8.314) / 1000
Ea= 40.5kJmol?

4.2.2.2 Pressure variation

As described for toluene, ethylbenzene was hydrogenated under 2, 3, 4 and 5 bare
hydrogen. shows the effect of hydrogen pressure applied on ethylbenzene hydrogenation.

The conversion to ethylcyclohexane increased-garébsure applied increased.

Table 15 presentsrate constanfor 0" order reaction as well as the rate of reaction. In
addition, the formation otthylcyclohexne did not exceed 3% under all pressures as

shown inFigure31 andFigure32.

Table15. Conversion to ethylcyclohexane at different pressure

H> pressure (barg) 2 3 4 5
Time to 2@6 conv. (min) 20 15 13 10
1
Rate constant. knfs”) 1.0508 1.4487 1.5296 1.9464
Rate (molL*min™) 198 241 470 481

AR e
w ///

Comversion %o

I} T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

Time (min)
==fp==1 barg ==ll=3 harg 4 barg ==wi=3 harg

Figure30. Ethylbenzene conversion to ethylcyclohexane at diffggesgsures
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Figure32. Ethylbenzene reaction profile at 5 barg
4.2.2.2.1 Order of reaction in Hz pressure

The order of reaction was determined as shiown
Figure21 andTable12 for toluene Fromequation 9)
Inr=Ink+xIn[A] +y In(P) 9)
y=mx+c
and by plotting Ln(r) vs. Ln(P) a straight line will be generated and m is the order of
reaction As seen irFigure33the order of ethylbenzene m®n in H pressure is 1.
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Figure33. Ethylbenzene reaction order i pressure

4.2.2.2.2 Order of reaction in ethylbenzene concentration

The order of reaction in ethylbenzene was verified by the same method used for toluene
The rate of reaction was calculated for the filseesanples; after 5, 10 and 1fin for

each concentration. Then the average of rates was taken and3itlwas0* molg' fin' *

and the standard deviation wa3 x 10° molg tin' ! This indicates a zero order in
ethylbenzene concentratiofigure34. shows the effect of concentration variation on the
hydrogenation of ethylbenzene. It shows that the rate of reaction increased as the

concentration decreased. In addition, the formationtoi@fclohexene was less than 4%.
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Figure34. Conversion of ethylbenzene at differemass per volume
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4.2.3 n-Propylbenzene

n-Propylbenzne was tested in a similar manner to toluene and ethylbenzene. These test:
were used to identify rates constant, activation energy and order of reaction in hydrogen
pressure and in-propylbenene concentration.

4.2.3.1 Temperature variation

n-Propylbenenewas tydrogenated at 5 different temperatures, 30, 40, 50, 60 af@.70

At 30 and 70°C no products were detected. Therefore a reaction 4€ 3fs performed to

help to find the activation energlyigure 35 andFigure 36 shown-propylbenzne reaction
profiles at different temperatures. The formation of propylcyclohexane has increased as the

temperature increased as shownFagure 37. The formation of propylcyclohexene was
lower than 3% at all temperatures.
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Figure35. n-propylbenzne hydrogenation profile at 3&
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Figure36. n-propylbenene hydrogenation profile at 60 °C
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Figure37.Temperature effect ompropylbenene hydrogenation

4.2.3.1.1 Rate constant and activation energy

An apparent activation energy was calculated as showrlite 10 and Figure 17. Rate

constant of zero order reactions were plotted against 1/T in Kelvin and a straight line was
generated where

IN(K) = (-Ea/R).(L/T) + In(A) (6)
y=mx+c

Ea=-mR (7)
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FromFigure38, activation energy can be calculated in the following method
From equation)

Ea=-mR (7)

Ea=-(-6011.8x 8.314) / 1000

Ea= 49.98 kdnol*

Tablel6. Data used to generate Arrhenius plot

T k (ms?) UT Lnk
308 0.1299 0.003247 | -2.04099
313 0.1601 0.003195| -1.83196
323 0.3154 0.003096 | -1.15391
T
0 T T T T
0.00305 0.0031 0.00315 0.0032 0.00325
-0.5
-1

Ln k

y =-6011.8x + 17.437
R2=0.9861
-2

-2.5

—~9

Figure38. n-propylbenzne & plot
4.2.3.2 Pressure variation and order of reaction in Hz2 pressure

n-propylbenene was tested under different hydrogen pressures while temperature and
concentration were kept constant at & and 1nbh n-propylbenene. The pressure was
varied from 2i 5 barg.Table 17 shows the conversion to propylcyclohexane at different
pressures. Conversion has e&sed fronB0% at 2 barg td60% at 5 barg after 180 min.
Propylcyclohexene formation was observed but in low concentrati®, Figure39 and

Figure 40 show reaction profiles fon-propylbenene at 2 and 5 bargespectively.The

effect of different hydrogen pressures appliedhewn onFigure 41. The formation of
propylcyclohexane increased as the pressure applied increased.



Results

46
Tablel7. Conversion to propylcyclohexanedifferent pressures
H. pressure (barg) 2 3 4 5
Conv. after 180 min 30 45 49 62
Time t020% conv. (min) 120 60 60 40
-1
Rate constarkt (ms™) | 1573 |  0.2935 0.2848 0.3653
Rate(mmolL *min?) 35 76 71 86
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20
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Figure39. n-Propylbenzene reaction profile at 2 barg
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Figure40. n-Propylbenzene reaction profile at 5 barg
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Figure4l. H pressure effect on-propylbenzene hydrogenation

The orderof reaction in H pressure was determined as explained in in

Figure21l andTablel2 for toluene. Form equatio9)

Inr=Ink+xIn[A]l+y In (P) ©)]

y=mx+c

When plotting Ln(r) vs. Ln(P) a straight line will be generated and m will be the order of
thereaction. Frontigure42, it is clear thah-propylbenzene hydrogenation ir pressure

is 15t order reaction.
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Figure42. n-Propylbenzene eetion order in Hpressure
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4.2.3.3 Concentration variation and reaction order in substrate
concentration

In these set of reactions, the concentration-pfopylbenzene was varied to examine the

effect of variation on hydrogenation and also to find reaction orderpropylbenzene

concentration. The volumes used were 0.5, 0.75,1, and 1.5 mprojpylbenzeneFigure

43 and Figure 44 show two reaction profiles of-propylbenzene at 0.5 and 1rBL,
respectively
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Figure43. Reaction profile for hydrogenation of 0.5 mpropylbenzene
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Figure44. Reaction profile for hydrogenation of 1.5 mpropylbenzene
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The formation of propylcyclohexane has decreasetha volume increasedbout £% of
propylcyclohexene was detected during these set of reactsm®sws the conversion to
propylcyclohexane at different concentration. The results obtained from each reaction were
summarised inrable 18. These results include zero order rate constant, total conversion
after 180min and the rate of the reactions. Conversion to propydtyotane has decreased
from 100% at 0.5mL to 20% when 15 mL of n-propylbenzene was used.
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Conversion %
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w==0.5ml ==fll=0.75 Iml ~¢—1.5ml
Figure45. Concentration effect on-propylbenzene hydrogenation
Table18. Conversion to propylcyclohexane at different concentrations
Volume (mL) 0.5 0.75 1 1.5
Conv.after 180 min 100 66 45 22
i 0,
Time toZQ/c>conv. 15 50 60 165
(min)
-1
Rate constant. lnts”) 1.4057 0.5344 0.2935 0.1238
Rate (mol.L ™ min™) 112 76 76 44

The orderof reaction inn-propylbenzene concentration was determined by using equation
@) Inr=Ink+xIn[Al+yIn(P) (9

y=mx+c

When plotting Ln(r) vs. Ln[A] a straight line will be generated and m will be the order of

the reaction. As shown ifigure 46 the reaction inn-propylbenzene concentration is
negative ' order reaction.
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Figure46. Reaction order im-propylbenzene concentration

4.3 Alkyl aromatics competitive hydrogenation

In the previous section, results obtained from tests performed on the individual alkyl

aromatics were reported. In this section the reactions of three alkyl benzenes as groups c

50

two and as a group of three reactants in the same time watelsentedThe effect of these
substrates on each other will be tested to give a better understandthgir behaviour

during a competitive hydrogenatiokirstly, main results from previous tests will be
summarised. As shown ihable 19, n-propylbenzene has the highest activation energy

which means that it reacts slower than toluene and ethylbenzene. In addition, order of

reaction inn-propylbenzene concentration is negativédrder.

Table19. Main findings for the hydrogenation of single alkyl benzg®s C-1mL-3barg

Substrate Toluene Ethylbenzene | n-Propylbenzene
Ea(kJmol?) 23 40.5 49.98
Conversion %4180 min 100 100 45
Rate constanings?) 1.4487 1.1001 0.2935
Order in B pressure 1 1 1
Order in substrate 0 0 -1

It is also shown inTable 19 that the rate constant of propylbenzene is significantly lower

than the othersToluene rate constant for examplalsiost6 timeshigherwhich indicates

a very slow reactiofor n-propylbenzene
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Figure47 andFigure 48 show the change in conversion after performing the competitive
hydrogenation ofhreealkylbenzenes at the same time. The conversionrpobpylbenzne
increased from5% to 55%in the presence of toluene and ethylbenzene.
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Figure47. Conversion othreealkylbenzenes as single substrates
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Figure48. Conversion othreealkylbenzenes as a 1:1:1 mixture
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4.3.1 Toluene

The four reactionprofiles in show thehydrogenation of toluene as a single substrate (top
left) and in the presence of the other alkylbenzenes. The reaction profile shows that toluene
was not significantly affected byelpresence of ethylbenzene, whereas it was significantly
affected when reacted in the presencenpiropylbenene and when all three reactants
were hydrogenated in a mixture. Conversion to methylcyclohedecreased frorfi00%,

when toluene was hydrogerdtas a single substratel®b min,to 60% conversion in the

presace ofn-propylbenene and to 40% in the mixture.
4.3.2 Ethylbenzene

The rate of ethylbenzene hydrogenation increased slightly in the presence of toluene. Or
the other hand, conversion decreasigghificantly in the mixture as well as in the presence

of n-propylbenene ashown in. Conversiorto ethycyclohexane decreased fra0% as

a single substrate after 120 min. to at@®b in the mixture and t60% in the presence of
n-propylbenene.

4.3.3 n-Propylbenzene

As shown in, n-propylbenzene reacts very slowly as a single substrate. However when
mixed with toluene or ethylbenzene, thepropylbenene hydrogenation reaction
unexpectedly increased. The rate of reaction was also increased slightly when all three
alkylbenzenes were in thmixture. Conversion to propylcyclohexane increased &

to about85%in the presence of toluene andr&?in the presence of ethylbenzene.
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Figure52. Competitive hydrogenation of alkylbenzenes

Figure52 summarises the results obtained from alkylbenzenes competitive hydrogenation.
These columns were divided infreegroups each group starts with a red column. The red
columns represent thengle substrates which were set to 100 and the others were

normalised against them to allow comparison with other results.

The green columns represent toluene and ethylbenzene mixture. As shbigara52,
toluene hydrogenation was not affected by the presence of ethylbenzene and vice versa.
also shows that both toluene and ethylbenzene were inhibited by the presemce of
propylbenzene, whereaspropylbenzne hydrogenation was enhanced significantly by the

presence of the other substrates.

4.4 Phenol and anisole hydrogenation

This section will examine the hydrogenation reactions of phenol and anisole as single
substrates and the results obtained fritiese reactions will be reported. Results will
include activation energies, rate constants and reaction order ianéi in substrate
concentration. After that, the competitive hydrogenation of phenol and anisole with toluene

will be reported.
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441 Phenol

In the hydrogenation of phenol, similar tests were performed as were reported for

alkylbenzenes hydrogenation. Variations of temperature, pressure and substrate
concentration were applied in order to examine the effect of changing these parameters ol
hydrogemtion behaviour. The products from each reaction were cyclohexanone,
cyclohexanol and cyclohexane. In addition, the results were used to identify activation
energy, rate constants and order of reaction in hydrogen pressure and in substrat

concentration.

4.4.1.1 Temperature variation and Ea calculation

The conversion of phenol has increased as the temperature increased. Conversion move
from about80% at 30°C to 100% at 60 and 70C after 180min of reaction Table 20
shows, in addition to the conversion, the first order rate constant which increased as the

temperature increased.

Figure53 and Figure54 show reaction profiles for phenol at 30 and°@respectively

As conversion of phenol increased the formation of products has also increased.
Cyclohexanokoncentration foexample has increased fr@&@% at 30°C to aboutd0% at

70°C after 180min.

Table20. Conversion of phenol at different temperatures

TemperaturéC 30 40 50 60 70

Con. after 180 min. % 83 92 99 100 100

Time to20%conv. (min) 25 20 15 15 10
Rateconstant kifis?) 0.5594 | 0.6781 | 0.9986 | 1.2362 | 1.3625

The formation of cyclohexanone increased with time and then started to decreases a
phenol was completely consumed as shownFigure 53. In addition, formation of

cyclohexane was observed as the reaction started.
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After finding the rate constants, activation energy can be calculated as explained earlier for

alkylbenzenes.
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Figure55. PhenolE, plot

Ea=-mR (7)
Ea=- (-2787.5%x 8.314) / 1000
Ea= 23.17 kJmot

4.4.1.2 Pressure variation and reaction order in Hz

Pressee was varied fron2-5 barg while temperature and substrate concentration were kept
constant. The results obtained were used to identify reaction order in hydfedpds21
show the main findings obtained from pressure variation reactions. The rate constant

increased as the pressure increased.

Table21. Phenol conversion at different pseses

H. pressure (barg) 2 3 4 5
Conv. after 180 min 100 99 100 100
Time to20%conv(min) 15 15 10 8
Rate constarkt (ms?) 0.7903 0.9986 1.4072 1.9333
Rate(mmolLmin?) 136 153 210 357
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During this set of reactions, phenol was completely conveotgnoducts. Conversion to
cyclohexanol ina@ased from 30% at 2 barg to%@at 5 bargas slown in Figure 56 and

Figure57 respectively
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Figure56. Phenol reaction profile at 2 barg
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Figure57. Phenol reaction profile at 5 barg

It is clear from Figure 57 that cyclohexanone was an intermediate formed by
hydrogenation of phenol but was subsequently hydrogenated to cyclohexanol. It increasec
as phenol concentration decreased but then startddcrease when phenol was totally
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consumed. Finally, conversion to cyclahee decreased slightly froB%% to 20% as the

pressure increased. It decreased fBa%0at 2 barg t®0%at 5 barg.

Reaction order in hydrogen pressure was determined as eglagarlier for
alkylbenzened-rom Figure58, phenol hydrogenation reaction in pressure isearlyfirst

order reaction.

Ln (P)
0 0.5 1 15 2
_78 1 1 1 )

y = 0.9987x 9.7189
8.4 R2 = 0.8385

Figure58. Phenolreaction order in bk

4.4.1.3 Concentration variation and order in phenol concentration

In these four reactions, the concentration of phenol was varied while temperature and H
pressure were kept constant. Conversion of phenol decreased as the concentratio
increased. It decreased fro(% at 0.5 and 0.75 Into 75% at 1.5 h of phenol as
shown inFigure59 andFigure60 respectively At 0.5 ml phenol concentration, conversi

to cyclohexanol was abo% and it decreased as the concentration increased. It was
only 25% at 1.5mL. Conversion to cyclohexanone react®do during 0.5 and 0.75L
reactions and it decreased as the concentration increased. Conversion taxapelohas
ranging from 25% t@0%.
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Figure60. Phenol reaction profile at 1r&L

Reaction order in phenol was verified in the same method used for toluene and
ethylbenzene reactions order in substrate. The rate of reaction was calculated for the firs
threesanples; after 5, 10 and 1&in for cyclohexanone formation. Then the average o
rates was taken and it wasl x 10 molg' tin' landthe standard deviation wa2% 10°

molg tin' ! This indicates a zero order in phenol concentration.
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Table 22 shows phenol conversion and rate constant values at different phenol

concentrations.

Table22. Conversion and k values for phenol at different concentrations

Volume () 0.5 0.75 1 15
Conv. after 180 min 100 100 99 75
Time t020% conv. (min) 7 8 15 25
Rateconstank (ms?) 2.5382 2.0829 0.9111 0.6015
Rate (molL*min?) 181 266 153 200

4.4.1.4 Products selectivity at different parameters

As stated earlier, cyclohexangyclohexanone and cyclohexanol were the only products
observed in the phenol hydrogenation at different temperatureqrddsures and at
different phenol concentrations. The selectivity of these products differs from one
parameter to another as shownTable 23. It is worth mentioning that these selectivities

were taken aB0%phenol conversion.

Table23. Products selectivity of phenol hydrogeion at different temperatures

Temperature °C | % Cyclohexanone| % Cyclohexanol | % Cyclohexane
30 50 36 11
40 54 28 17
50 55 24 21
60 64 23 14
70 71 19 10

When temperature applied was varied, selectivity to cyclohexane and cyclohexanol
decreased as the temperature increased. Selectivity to cyclohexanone increased as tl

temperaturéncreased.

When pressure applied was varied, a slight decrease was obsesadohexanone and
cyclohexane selectivities as the pressure increased, while cyclohexanol selectivity

increased as the pressure applied incredssdue24.
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Table24. Products selectivity of phenol hydrogenation at different pressures

Pressure (barg) % Cyclohexanone % Cyclohexanol % Cyclohexane
2 58 21 21
3 55 24 21
4 55 25 20
5 55 28 17

Regarding phenol concentration variation, cyclohexanol and cyclohexane showed a minor
increase in selectivity as the concentration increased. Cyclohexanone selectivity was
decreased by increasing phenol concentration as sholabla25.

Table25. Products selectivity of phenol hydrogenation at different concentrations

Conc. (mass per vol) % Cyclohexanone % Cyclohexanol % Cyclohexane
0.5 58 23 19
0.75 58 23 19
1 55 24 21
15 55 24 21
4.4.2 Anisole

Anisole was tested in the same way as phenol and the alkylbenzenes. Temperature
hydrogen pressure and anisole concentration were varied to examine their effect on the
hydrogenation behaviour of anisole. The results obtained were used to calculate activatior
energy, rate constants and to determine reaction orderandHin substrate concentration.

The products from the hydrogenation were methoxycyclohexane, which es th
corresponding cyclic form of anisole, cyclohexanone, cyclohexanol and cyclohexane.

Cyclohexanol was not observed in the°80reaction.

4.4.2.1 Temperature variation and Ea calculation

Rate of reaction increased as the temperature increased. Anisole was d@gmplet
hydrogenated afted0 min at 30 °C and it was hydrogenated after 15 min at°@
Products that were produced from this reaction were methoxycyclohexane, cyclohexanone
cyclohexanol and cyclohexane. Methoxycyclohexane formation decreased as the
tempergure increaed. It decreased from abd@% at 30°C to aroundb0% at 70°C as

shown in Figure 61 and Figure 62 respectively Cyclohexanone was observed in low
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concentration at lower temperatures atarted to increase as the temperature increased.
For cyclohexanol, which was not observed at °8)) it increased as the temperature

increased. Finally, conversion to cyclohexane increased from abétuto about 35%s

the temperature increased from°gdto 70°C.
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Figure61l. Anisole reaction profile at 3TC
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Products formed by the hydrogenation of anisole at different temperatures areishown
Figure 63. All values were taken at00% anisole conversianThe 50 °C test was

illustrated as an example as showT able26.
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Figure63. Anisole hydrogenation products profile at different temperatures
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Table26. Anisole hydrogenation at 5

67

Time | Anisole | Methoxycyclohexane| Cyclohexanone| Cyclohexanol | Cyclohexane
(min) % % % % %
1 100 0 0 0 0
5 77 14 3 0 6
10 51 30 6 0 12
15 29 45 9 0 18
20 8 59 10 0 24
25 0 65 9 0 25
30 0 66 8 1 26
40 0 66 5 2 26
50 0 67 4 4 26
60 0 67 3 5 25
70 0 67 2 6 25
80 0 67 1 6 26
90 0 67 0 6 27
105 0 67 0 6 27
120 0 67 0 6 27
135 0 67 0 7 26
150 0 67 0 7 26
165 0 67 0 7 26
180 0 67 0 7 26

Rate constants for these reactions were calculated from a zero order reaction plots a

explained earlier for toluene hydrogenation. Rate constant values are shoaiolgr27.

Temperatures from 3060 °C were used to find the activation energy.

Table27. Rate constants for anisole hydrogenation at diffelmperatures

TemperaturéC

30

40

50

60

70

Rate constari (ms?)

2.407

3.2522

4.6678

5.7146

5.5954
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Figure64. Anisole E Plot

Activation energy foranisole was determined by using data fréigure 64 and as

explained earlier for the other substrates.

E.=-mR (7)
Ea=- (-2986.2x 8.314) / 1000
Ea= 24.8kJmol?

4.4.2.2 Pressure variation and reaction order in Hz

Results obtained from these series of reactions showed no big changes in product:
concentrationsMethoxycyclohexane varied between 65 to 70%, cyclohexanone was less
than10% cyclohexanolvas less than 5% and cyclohexane decreased308oat 2 barg
pressure t@5% at 5 bargas shown irFigure 65.

80

70

60 -

50 -

40 -

30 ~

Mole fraction %

20 -

10 -

2 3 4 5
Pressure
m Methoxycyclohexane m Cyclohexanone ® Cyclohexanol mCyclohexane

Figure 65 Anisole hydrogenation products profile at differenéssures
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Figure 66 and Figure 67 show thereaction profiles for anisole at 2 barg and 4 barg

respectively The rate of reaction has increased as the pressure applied increased.
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Figure66. Anisole reaction profile at Barg
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Reaction order was determined as explained eafrem Figure68, the reactions nearly

18t order in H.

Ln (P)
0 0.5 1 1.5 2

-6.8
-7 y =1.1058x 8.4235 * }/
= R2=0.8846

Figure68. Anisole reaction order in H

4.4.2.3 Concentration variation and reaction order in anisole

The rate of reaction decreased as the concentration increased. Methoxycyclohexan
increasedslightly as the concentration increased. Cyclohexanone and cycloheatsool
showed a slight increas&s the concentratioincreased Cyclohexane showed a minor
decrease as concentration increased. Results obtained from concentration variation ar

shown inFigure69.

80

70

60 -

50 -

40 -

30 -

Mole fraction %

20 -

10 -

0 -
0.5 0.75 1 15
Concentration (mass per vol.)

m Methoxycyclohexane m Cyclohexanone ® Cyclohexanol m Cyclohexane

Figure69. Anisole hydrogenation products profile at differenhcentrations
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Figure 70 and Figure 71 show reaction profile for anisole hydrogenation at 0.5 and 1.5
mL of anisole. Rate of reaction was faster when OL5ofranisole was used.
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Figure70. Anisole reaction profile at 1.5Im
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Reaction order in anisole was determined as explained earlier for phenol reaction order ir
substrate. The rate of reaction was calculated for thettims¢sanples; after 5, 10 and 15

min for methoxycyclohexane formation. Then the average of rags taken and it wdis4

x 10% molg' min' landthe standard deviation w&s5 x 104 molg' tin' ! This indicates a

zero order in anisole concentration.

4.4.2.4 Products selectivity at different parameters

The principal product produced from anisole hydrogenation was methoxycyclohexane; in
addition, cyclohexane, cyclohexanone and cyclohexanol were also formed. Selectivity to
each product varied as hydrogenation parameters varied. Selectivity was tdkd¥Roat
anisole conversion except for cyclohexanol. It was measured as anisole and cyclohexanon
were completely consumed, as the formation of cyclohexanol is related to the
disappearance of anisole and cyclohexanone.

When the temperature applied to anisole bgdnation was increased, selectivity of
methoxycyclohexane decreased, while selectivity of the other products i.e. cyclohexane

and cyclohexanone and cyclohexanol increased as temperature inCrade?sd.

Table28. Products selectivity of anisole hydrogenation at different temperatures

Temp. (C) % Methoxycyclohexane | % Cyclohexanone | % Cyclohexanol | % Cyclohexane
30 80 1 0 18
40 72 3 2 25
50 65 9 7 25
60 56 14 11 29
70 47 18 14 34

Table29. Products selectivity of anisole hydrogenation at different pressures

Pressure (barg)| % Methoxycyclohexane | % Cyclohexanone | % Cyclohexanol | % Cyclohexane
2 62 10 5 29
3 65 9 7 25
4 69 7 5 23
5 69 8 7 23

As pressure increased, selectivity for methoxycyclohexane has increased. Selectivity of
cyclohexanone and cyclohexane was decreased as the pressure applied i@k,




Results 73

When anisole concentration was increased selectivities of methoxycyclohexane and
cyclohexane decreased. The selectivity of cyclohexanone and cyclohexanol was increase

as anisole concgmation increased as shownTiable30.

Table30. Products selectivity of anisole hydrogenation at different concentrations

Conc. (mass per vo). | % Methoxycyclohexane | % Cyclohexanone | % Cyclohexanol | % Cyclohexane
0.5 68 7 4 29
0.75 66 8 6 27
1 65 9 7 25
15 63 10 9 26

4.5 Competitive hydrogenation of phenol, anisole and toluene

In this section the reactions of three substituted benzenes, toluene, phenol and anisole, ¢
groups of two and as a group of three reactants in the same time will be presented. Firstly
main results from previous tests will be summarised. As showialhe 31 the activation
energies of three substrates are almost identical. In addition, order of reaction in hydroger
and in substrate concentration areshme.

Table31. Results concerninthreesubstrates as singles

Substrates Toluene Phenol Anisole
Ea(kJmol?) 23 23 25

Rate constantgs™) 1.4487 0.9986 4.6678
Order in B pressure 1 1 1
Order in substrate 0 0 0

Figure 72 and Figure 73 show the change in conversion afterfprming the competitive
hydrogenation of the 3 substrates at the same time. The conversion decreasE@Dfrom

as single substrates 8% of toluene and to abouD%for phenol and anisole.
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Figure73. Mixture of threesubstrates conversi@ta 1:1:1ratio

45.1 Toluene

Figure 74 represent four reactions of toluene. Thés# reaction profiles show the way

that touene reacted as a single substrate, on the top left, and in the presence of phenol ar
anisole. In the presence of anisole toluene reaction rate increased slightly. It was affectec
considerably by phenol and in the mixture of theeesubstrates. In presee of phenol,

the rate of reaction was much slowedamnversion decreased fratB0% to about60%

The same behaviour was observed during the hydrogenation of the three substrates.
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45.2 Phenol

The process of phenol hydrogenation was affected in the predetobgene and/or anisole

as shownin Figure 75. Hydrogenation of phenol as a single substrate produces
cyclohexanone, cyclohexanol and cyclohexane. However, conversion to cyclohexanol was
not observed when phenol was mixed with anisole and in the mixture of three substrates
Rate of reaction decreasad all competitive reactions. The conversion of phenol
decreased to arour8D%in the presence of toluene orismle and decreased to ab@0®6

in the mixture of three substrates.

45.3 Anisole

In anisolehydrogenationFigure 76, as a singlesubstrate the reaction precedes in three
paths. One is hydrogenati to the corresponding cyclic form methoxycyclohexane. The
second was the formation of cyclohexanone and cyclohexanol, while the third was the
formation of cyclohexane. Anisole was affected slightly by the presence of toluene. The
rate of reaction was dexased. The total conversion of anisole was completed after about
25 minutes as a single substrate and it was categblafter aboutO minwhen mixed with
toluene. In the presence of phenol, anisole conversion decreased to &Mtirehd
cyclohexanol was at observed. As a mixture of three substrates, conversion of anisole
also decreased to around 70% and cyclohexanol was not observed. In both reactions th
formation of methoxycyclohexane decreased from alé&% as a single substrate to
around25%in thepresence of phenol and in the mixture of three substrates. Another point
to consider in the anisole hydrogenation as a single substrate or in the presence of toluer
is that the formation of cyclohexanol starts only after total conversion of anisoleléAniso
was not completely consumed in the presence of toluene or in the mixture of three

substrates and cyclohexanol was not detected in both reactions.
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Figure77. Competitive hydrogenation of toluene, phenol and anisole

Results from competitive hydrogenation of toluene, phenol, anisole are summiarised
Figure 77. These columns were divided intbree groups each group starts with a red
column. The red columns represent the single substrates which were set to a 100 and tr
others were normalised against them to allow comparison with other results. Taking into
consideration that toluene resulwere corpared after90 min of reaction and anisole

results were compared after 0n of reaction.

Toluene rate decreased to ab80% in the presence of phenol and also in the mixture of
three substrates. Phenol was the least affected substrates in the casipgditogenation.
Anisole was affected significantly especially when mixed with phenol and also in the

mixture of three substrates.

4.6 Cyclohexanone hydrogenation

The hydrogenation of cyclohexanone was investigated to give an indication of the
behaviour of tis intermediate during the hydrogenation of phenol, anisole and
methoxyphenol. In addition, cyclohexanone was tested in the presence of toluene, phena

and anisole.
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4.6.1 Cyclohexanone hydrogenation as a single substrate

In this set of reactions, cyclohexanomas hydrogenated at different temperatures, 30, 40,
50, 60 and 70°C. The remaining parameters were held constant at 3 barg amd 1
cyclohexanone concentratiofigure 78 and Figure 79 show the reaction profiles of
cyclohexanone hydrogenation at 30 and°@respectively Conversion increased from

50%at 50 min at 30C to50%at 25 min at 70C.
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Figure80 shows the effect of temperature variation on cyclohexanone. There was a slight
increase in conversion as the temperature increased from 30°@. Slere no obvious
change in conversion armperatures higher than 30. An important point to consider in
these tests is that cyclohexane was not detected at most of the 5 different reactior

temperatures applied. Even at°TDit was less thaB% yield.
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4.6.1.1 Activation energy

An apparent activation energy was calculated as shown earlier for the other substrates.
Ea=-mR (7)

Ea=-(-3299.2x 8.314) / 1000

Ea=27.4kJ.moft

Table32 Data used to generate Arrhenius plot

T K) k (ms? T Ln k

303 0.0143 | 0.00330 | -4.2475

313 0.0225 | 0.003195| -3.79424

323 0.0280 | 0.003096| -3.57555
T

0 T T T T T 1
OOSOJ)SOS 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

y =-3299.2x + 6.6754
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Figure81. Cyclohexanone fplot

4.6.2 Cyclohexanone competitive hydrogenation

In this test, cyclohexanone was tested in the presence of toluene, phenol and anisole. Th
hydrogenation reaction was performed at°&) 3 barg H pressure and 1 ml of each

substrate.

4.6.2.1 Toluene

The rate of toluene hydrogenation was enhanced by the presence of cyclohexanone. On tt
contrary, the presence of toluene inhibited cyclohexanone hydrogenation as shown in

Figure 82
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Figure82. a) Toluene as single substrate and b) with cyetahone
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4.6.2.2 Phenol

Cyclohexanone is a direct product from thgdrogenation of phenol therefore it was
difficult to make comparison between single reactions and competitive ones. Hence,
conversion of phenol and cyclohexane selectivity were compared separately. Concentratior

of cyclohexanol was compared in a differgraph.

As shown in Figure 83, phenol hydrogenation was enhanced in the presence of
cyclohexanone. As a single substrate it was totally consumed after 180 mirdiiastias
presence of cyclohexanone 1®0% phenol conversion was achieved after .

Cyclohexane selectivity was slightly affected by the presence of cyclohexanone.
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Regarding cyclohexanol concentration, it was increased to more than double in the
presence of cyclohexanone as showhRigure34.
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Figure84. Cyclohexanol concentration from phenol in single reaction and after mixed with

cyclohexanone
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4.6.2.3 Anisole

In this section results were examined as explained in the competitive hydrogenation of
phenol with cyclohexanone. Anisole conversion and the selectivity of methoxycyclohexane
and cyclohexane were compared separately. The concentration of cyclohexanol was

examined in different graph.

As shown in Figure 86, anisole conversion was not affected by the presence of
cyclohexanone. There was a slight decrease in cyclohexane formation in the presence c
cyclohexanone. In contrast, the formation oftme&ycyclohexane increased in the

presencef cyclohexanone from aboi% to 8% after 180 mirof the reaction.
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Figure 86. Anisole, methoxycyclohexane and cyclohexane comparison in single reaction

and after mixed with cyclohexane
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Cyclohexanol was formed after the total consumption of anisole. Cyclohexanol
concentration increased almost to double in the presence of cyclohexanone as shown i
Figure87.
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Figure87. Cyclohexanol concentration from anisole in single reaction andraixed with

cyclohexanone
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4.7 Competitive hydrogenation of phenol, anisole and methoxyphenol

Another three substrates were tested as mixtures of two and as a mixture of three at th
same time. These substrates were pheanisole and4-methoxyphenol Firstly, the
hydrogenation of methoxyphenol as a single substrate will be shown followed by the

competitive hydrogenation with phenol and/or anisole.
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Figure89. Methoxyphenol reaction profile

Rate of methoxyphenol reaction was relaly slow. The conversion wa80%. Five
different products were observed from the hydrogenation of methoxyphenol as a single
substrate as shown inFigure 89. They were 4-methoxygyclohexanong
methoxycyclohexane, cyclohexanone, cyclohexanol and cyclohexane. Concentration of 4
methoxyxcyclhexanone was abotf% whereas the other products concentrations were

less than 10%.

Figure90 andFigure91 show the different between conversions for the treelestrates as
singles and in the competitive hydrogenatimspectively Conversion of the three
substrates were decreased where anisole and methoxyphenol were significantly affectec
Conversimn of anisole decreased fro0% to 60% and methoxyphenol fron80% to
about30%in the competitive hydrogenation. On the hand phenol conversion was slightly
affected,it decreased frori00%to about75%
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Figure91. Mixture of threesubstrates conversion

It is worth mentioning that it was difficult to differentiate between some of the products
during the competitive hydrogenations because the three substrates will produce

cyclohexanone, cyclohexanol and cyclohexane as commalugiso However, noticeable
observations for each substrate will be described.
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4.7.1 Methoxyphenol

As single substrate and as stated earlier, reaction waisve&} slow. Conversion was
80%. Five different products were observed -nthoxyxcyclhexanone,
methox/cyclohexane, cyclohexanone, cyclohexanol and cyclohexmtegoncentration of

4- methoxycyclohexanonevhich form directly, was abodb% (Figure89).

In the presence of phenol, methoxycyclohexane and cyclohexane were not ob&srved.
for 4-methoxycyclohexanonewhich is formed directly from the hydrogenation of

methoxyphenol, it was natbserved for the first 10 min which might indicate a slight
decrease in the rate.

In the presence of anisole, methoxyphenol was completely consumed after 180 min as
shown in Figure 92. Both of substrates produce methoxycyclohexane in addition to
cyclohexanone, cyclohexanol and cyclohexane. Asifanethoxycyclohexanonet was

only observed after 25 min which suggests lower activity in the presence of anisole.
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Figure 92. Conversion of anisole and methoxyphenol in the completive hydrogenation

In the mixture of three substrates, methoxyphenol conversion was decreas@D%am
about30% In addition, cyclohexanol was not observed d4ndethoxyxcyclhexanoneas
detected after 30 min
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4.7.2 Phenol

In the presence of methoxyphenol, cyclohexane was not observed. The rate of pheno

hydrogenation and conversion was not affected by the presence of methoxyphenol.

In the presence of anisole and as explained eadaryersion of phenol decreased to

around75%and cyclohexanol was not observed.

In the mixture with methoxyphenol and anisole, the rate of phenol reaction was slightly
decreased and the conversion daseel to abou80% In the hydrogenation of phenol

competitively with methoxyphenol and anisole, cyclohexane was not observed.
4.7.3 Anisole

Anisole was affected slightly by the presence of megpbgnol. The conversion was
100% after 80 min it was completed aft25 min in the hydrogenation of anisole as a

single substrate.

In the presence of phenol, the rate of reaction was slower and the conversion decreased

70%and cyclohexanol was not observed.

In the mixture with phenol and methoxyphenol, conversioanidle decreased to about

60% and cyclohexanol was not detected.

Competitive hydrogenation of methoxyphenol, phenol and anisole is sihokigure 93.
In this graph, substrates weddvided into three groups each group starts with a red

column.
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Figure93. Competitive hydrogenation of methoxyphenol, phenol and#nis

The red columns represent the single substrates which were set to a 100 and the othe
were normalised against them to allow comparison with other results. Taking into
consideration that anisole results were compared aftemiBOof reaction. In the fst

group, the rate of methoxyphenol hydrogenation increased tal@0ésin the presence of

anisole. On the other hand, it decreased to lessAi®ann the mixture of three substrates.

Anisdle rate decreased &0% in the presence ahethoxyphenol. Moreoverhé anisole

rate decreased t80% in the presence of phenol and in the mixture of three substrates.
Phenol was the least affected by the presence of anisole and methoxyphenol. ©he rate
phenol decreased to ab@@®% in the presece of anisole and to abot®% in the mixture

of the three substrates.
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4.8 Hydrogen-deuterium exchange reactions

In this set of reactions, deuterium was used instead of hydrogen in the reduction reactions
Rate constant comparison is important in thessctions as this can give mechanistic
insight. Comparing the values of rate constants for reaction with deuterium with reactions
with hydrogen (k/kp) will give indication of the type and size dIE on the

hydrogenation reaction.

For the three alkylbenzenes (toluene, ethylbenzene-gmdpylbenene) the rate constant

of the reaction with hydrogen over the rate constant with deuterium is less than 1, which
means that the deuterium reaction is faster than reaction with hydrogeénndibates an
inverseKIE as shown irFigure 94, Figure95 andFigure96. The same effect can be seen

for deuterium reacting with-methoxyphenglFigure97. Values ofkn/kp are presented in
Table33.

Table33. KIE for different substrates

Reactant KH kp ku/kp

Toluene 1.44 2.54 0.57

Ethylbenzene 1.1 2.14 0.51

N-propylbenene | 0.33 0.85 0.39

4-Methoxyphenol| 0.38 0.81 0.47

Phenol 1.16 0.76 1.53

Anisole 4.68 3.84 1.22
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In contrast, k/kp for phenol and anisole are greater than 1 which indicates a nKibal
as shown irFigure 98 and Figure 99. Table 33 summarises ikp values for all substrates

that were used in this project.
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Figure 100 shows four reaction profiles. Reaction a) is toluene hydrogenation under
hydrogen pressure. This reactiwas compared with b) tolued& + Hz, c) toluene + B
and d) toluenel8 + D.. Reactions b, c and d were faster than reaction a, which agrees with

the suggestion ahverseKIE in all reactions involvingleuteriumand deuterated toluene.
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4.8.1 NMR results

A number of samples were collected from toluene and deuterated toluene reactions with
deuterium and hydrogen to observe and analyse the behaviour of deuterium and hydroge
during reactions. Three samples were taken from toluene and deuterium reactifirst The
one was collected at theeginningof the reaction and the others were taken after 60 and
180 min. Another sample was taken from the reaction of deuterated toluene with hydrogen
after 10 min. last sample was a reference sample of deuterated toRemetions
parameters werset at 50 C, 1 mL reactantand under 3 barg pressure. The spectra are
shown inFigure101- Figure108

The samples are summarised in the following table:

Table34 NMR tests on selected samples

Samples Reaction Test performed
Sample 1 Toluene D2 att=0 | 'H NMR +2H NMR
Sample 2 Toluene 4D2 att =60 | 'H NMR +2H NMR
Sample 3 Toluene +D, att=180| °H NMR
Sample 4 ds-toluene + Hat t=10 | *H NMR +2H NMR
Sample 5 ds-toluene(referencg | 2H NMR

A number of points gabe concluded from NMR spectraigure 101 shows the proton
NMR of a sample from the toluene and deuterium reaction at time zero. The main peaks a
1.1 ppm, 3.8 ppm and 5 ppm are due to the sol{{BAt) and are from Ckj CH, and OH
respectively. Figure 102 shows the equivaleiit NMR, where no solvent peaks can be
seen but a spectrum og-tbulene can be observed (c.f. Figure 1083 at 2.7 ppm and

aromatic CD at ~ 7.6 ppmBoth aromatic and aliphatic hydrogen atoms have exchanged.

Figure 106 shows thiH NMR spectrum of thegtoluene reaction with hydrogen after 10
min. As well as thegtoluene, peaks at 5.8 ppm and 1.3 ppm suggest that the IPA has also
exchanged some hydrogen for deuterium. The other bands are likely due to

methylcyclohexane.

Figure 107 (sample 4) shows a small peak in the aromatic region ipritien spectra at
around 7 ppm, which could be due to protiated toluene but this is unlikely as there is no
peak at arouh 2.3 ppnfor the methyl group.
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Figure107. Sample 4'H NMR spectrum



































































































