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1 Abstract

One of the main areas of energy consumption is the transportation sector, vgnese it

the vast majority of fuel comes from crude oil. Well documented environmental concerns
over the use of fossil fuels has driven a search for alternative sources of energy and one
focus is on second generation biofuels from agricultural waste. Theabondant source

for candidate biofuels is lignocellulosic biomass which contains hemicellulost5 (25,
cellulose (4660 %) and lignin (1820 %), with the exact composition dependent on the

plant species present. The focus of this study is on thearengs of bieoil derived from

lignin and in particular the-pydroxyphenyl and guaiacol based monomers.

Lignocellulosic biomass can be converted into liquiddilovia fast pyrolysis at 64873

K in the absence of air with multiple reactions taking pla¢es result is a bioil that

contains over 300 individual compounds, many of them oxygenates, limiting their value as
increased oxygen content is the cause of many of the negative propertiepibsbah as

low heating value, corrosiveness, high vatpand instability. The challenge to try and
selectively remove the oxygen has gathered considerable momentum, with efforts focused
on catalytic hydrodeoxygenation (HDO) and hydrogenation. Currently, there is limited
understanding of the mechanisms il in this process and our study aims to increase

knowledge in this area.

Hydrogenation of dihydroxybenzene, cresol and methoxyphenol isomers was studied over
a Rh/SiQ catalyst at mild operating conditions (3883K, 3 barg H). Reaction

temperature angubstrate concentration were varied to assess their effect on reactivity and
HDO activity. Isomers were reacted together to uncover the effect of the competitive
environment on reaction rate and behaviour. To gain further insight into the reaction
mecharsm, substrates were reacted with deuterium to ascertain overall and product KIE
values. TPO analysis was carried out on spent catalysts under standard conditions to

investigate the extent of carbon laydown.

Dihydroxybenzene isomers were studied initiadigd deoxygenated products

(cyclohexanone, cyclohexanol and cyclohexane) were formed in significant amounts; the

metaandparaisomers (resorcinol and hydroquinone) favoured HDO product formation

over conventional hydrogenated products (hydroxycyclohexaaoteyclohexanediol).

The lack of any deoxygenation or isomerisation activity when the aromatic substrate was

replaced bycis-cyclohexanediol led to the proposal of an independent and direct route for

both HDO and hydrogenated products. The HDO produetbelieved to form via highly

reactive surface intermediates whereby the position of thedbuble-d b o hydr ox
2



group facilitates the ©H bond cleavage more readily. Tin@nsisomer was shown not to
occur via an isomerization mechanism, and insteas proposed to form exclusively from

hydrogenation of the ketone intermediate product.

To understand the effect changing a substituent had on the hydrogenation reactivity and
HDO favourability, the cresol isomers were tested under identical reactiditicos. In

this instance, it was th@rthoisomer which showed the greatest favourability towards the
deoxygenated product (methylcyclohexane), however, all three isomers favoured the
standard hydrogenated products (methylcyclohexanone and methylcyciohexaerall.

A clear substituent effect was shown to exist, with a shift in the HDO favourability of each
isomer and a change in overall order in reactivity apparent when a hydroxyl group was
replaced with a methyl group. The methyl group ondttiieo isomer was shown to interact
directly with the catalyst surface through NMR analysis, this exchange was significantly
reduced with both themetaandparaisomers. This suggests the existence of a different
mode of adsorption for therthoisomer and may exphaits increased favourability

towards HDO.

The effect of substituent was investigated further by studying the hydrogenation of the
methoxyphenol isomers under identical reaction conditions. Similar to the
dihydroxybenzenes, theetaandparaisomers favared HDO products (cyclohexanone,
cyclohexanol, cyclohexane and methoxycyclohexane) over conventional hydrogenated
products (methoxycyclohexanone, methoxycyclohexanol). Order in reactivity was also in
accordance with that observed for the dihydroxybenziewksating the presence of two
oxygencontaining substituents resulted in similar substrate behaviour. The hydrogenation
of 4-methoxyphenol was particularly interesting as secondary hydrogenation was
completely absent: the only instance that this wasrebdeThis is postulated to be a result
of the adsorption/desorption kinetics when the bulky methoxy group and hydroxyl group

are in thepara position to one another.

A significant reduction in reactivity was observed for all substrates in the competitive
environment. When combined, the three isomers of each substrate and the corresponding
isomers from each set of substrates, gave a uniform rate constant, independent of
substituent nature and position. This shows competition for limited surface hydrogen and
active sites on the catalyst surface is the major factor influencing reactivity in these
competitive situations. Calculated overall and product KIE values from competitive
deuterated reactions showed a change in reaction mechanism from that obserged durin
individual hydrogenation, and again highlights the complex nature of these reactions. This
3



substantial change in behaviour and reactivity observed in the competitive environment
substantially limits the value of studying a single model compound aseatoout
understanding a true bl feed.

It is notable that during the deuterated reactioortifo-cresol, nccis-2-

methylcyclohexanol was detected and formation of the HDO product, methylcyclohexane,
was delayed until 60 minutes into the reaction; sigaiftly different behaviour to that
observed during the hydrogenation reaction.

Extended run reactions of the dihydroxybenzene isomers showed a substantial drop in
conversion associated with deactivation of the catalyst; confirmed by spent catalyst TPO
aralysis to be a result of carbonaceous deposits. TPO analysis of post reaction catalysts
from standard reactions for each substrate showed the existence of a direct relationship
between percentage of carbon found and substituent nature. Thiegusin ctalysts of

those substrates that exhibited the highest levels of HDO showed the presence of additions

carbon, phenolic in nature, arising from the formation of these products.
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4 Introduction

4.1 Future Developments in Catalysis

The development of catalysts for the conversion of biomass has grown significantly in recent
years driven by increasing awareness of environmental issues. The drive for renewable,
cleaner sources of energy as an alternative to fossil fuels dominates current research arour
the worldwith various renewable energy soures, solar, wind and hydrogeemployed

[1] The issue has become even more prescient as world demand for energy is expected 1
double before 2050, due to the developmeaiftour society and population growth, in
conjunction with depleting fossil fuel reservg®,3] Currently, 85 % of world energy
production comes from fossil fuels with the resultant negative environmental and climatic
effects from the emission of huge quantities of2COne of the drgest areas of energy
consumption is transportation of both people and goods accounting for 1/5 of the total energy
usage. Previous research in first generation biofuels, which focused on food sources
highlighted a number oderious concerns such as thpact on food availability resulting

from crops being specifically grown as biofuels. As a response to these issues research he
shifted towards the development of a second generation of biofuels sourced from agricultura
waste [4-11]

Lignocellulosic biomass is the most abundant of the potential new biofuel sanictée
minimal environmental effects associated with its oieke it arideal carbon resourcfl 2]

In addition biomass shows significant potential ascarbon feedstock the chemical
industry opening further possibilities for the exploitation of this widely availgbjet
underutilized materialt is composed of hemicellulose (35 %), cellulose (4®0 %) and
lignin (1520 %), however the exact composition is dependarthe plant species present

in the biomass feedstock and the -peatment conditions usedl13] The extremely
complicated structure of lignin, which presently is still not fully understood, has led to it
being the most undarsedof the three constitueqtarts. Lignin originates from oxidative
polymerization of one or more of the 3 main types of hydroxycinnamyl alcohol precursors:
4-hydroxycinnamyl alcohol, coniferyl alcohol and sinapyl alcohol wimicturn give rise to
p-hydroxyphenyl, guaiacyl, and sggyl, referred to asi-unit, G-unit and Sunit as shown

in Figure 1below:[14]
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Lignin

Ry

Ry Rj3
OH
Ry ) Ry
@\O/ \O/©\O/
OH OH
H Form G Form S Form
R;=R;=H R,=H

Figure 1. The 3 subunits of lignin.

Biomass can be converted to liquid biofuels through thermochemical processeserit
decadesiomass fast pyrolysis has emerged as one of the most promising routes for the
conversion of lignocellulosic biomass to liquid Higels. In this process, lignin is converted

to compounds such as phenmdfecholanisole, guaiacol and creqd] through heating to
673 873K in the absence of air. During this procedumeultiple reactions take place
including dehydration, depolymerisation, -pelymerization, fragmentation and
rearrangement resulting in the productioh a bicoil containing over 300 individual
compoundsof which large amounts are oxygenates. The crucial difference betweeih bio
and crude oil is the elezntalcomposition most notablythe concentration obxygen;bio-

oil ~ 2840 %, crudeil < 1 %,[15] which results in an unstable, corrosive-bibwith high
viscosity, and low high heating value limiting its application as afileh Commercial
viability requires upgrading of the bimil by decreasing the oxygen content; however, the
presence ofugh a wide variety of compounds and current lack of insight into the reaction

mechanisms make this a difficult process.

4.2 Hydrodeoxygenation

The aim to selectively reduce the oxygen content ofobligs currently achieved via 2
catalytic processeshydrodexygenation (HDO) and zeolite crackingl6] The HDO
reaction has gathered considerable attention in recent years and uses hydrodesulphurizatic

(HDS) catalysts such as @#0S,/Al>Oz3 or Ni-M0S/Al203. The most effective HDO
12



reactions involve a stabilisahcstep using mild hydrogenation to remove the most reactive
components including the ketones and aldehydes; followed by high tempebav@8 K)
treatment to remove oxygefl7-20] Issues with current zeolite cracking procedures, such
as catalyst deawation through carbon laydown and production of-bils with a heating

value 25 % lower than crude dilas resulted in a shift in research emphasis towards HDO.
[4,18] Currently there is limited insight into the complex mechanisms involved in the HDO
process; an increased understanding of these is vital to successful upscaling of the proces
[21]

As previously mentioned, CoMo/#&Dz and NiMo/AkOs catalysts are thoskvoured for
HDO,where Mo acts as the active element and Co @l&i the role of promoter$4,22]

In recentyearsthere has been a shift from conventional sulfide catatgst®ble metals;
known to be active at activating hydrogen under mild conditiowisexhibiting increased
activity and selectivity when supportg@3] The greatesthallenge withHDO is catalyst
deactivation due te@oking, sinteringand interaction wittwater and sulfideqd24-27] Of

these the commonest reus from coking, wherecarbonformed by polymerizatiorand
polycondensation reactiobcks the catalyst pores and results in a decrease in the available
active sies. The extent of this coking influencedby reation operating conditias) the

type ofoxy-compoundsndthe catalystemployed[28]

A deactivation study was carried out Bpuxin et al.[2]1] on the hydrodeoxygenation of
para-methylguaiacol over silica supported rhodium and platinum catalysts, parta
methylguaiacokmployed as a model compoumdthe Gunit of lignin. Numerous reactian
including demethylation, dertfeoxylation and hydrogenation, can occur during this process
and the mechanisms for many of these are still not fully understood. An example of the

reaction scheme that can take pléagpara-methyl guaiacol is shown below Figure 2:
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Figure 2. Reaction pathways for the HDO of paramethylguaiacol. [DMO :
demethoxylation, DME: demethylation, DDO: direct deoxygenation, HYD:
hydrogenation, DeHYD :dehydrogenation, DHY: dehydration][2]]

From Figure 2 the complexity of reaction pathways is apparent, with numerous possible
routes available. It should be notede methyl group in theara position of guaiacol is
consistently present throughout all ¢Bans. Catalysts tested included: a commercial
Johnson Matthey (JM) 2.5 % Rh/silica and a 2.5 % Rh/silica and 1.55 % Pt/silica prepared
by the authas. The rhodium catalysts showed higher HDO activity, whilst the platinum
catalyst favoured hydrogenatioonly at low temperature3@3 K) was hydrogenation
observed with the rhodium catalysiEhe JM catalyst exhibited greatest stability, with
reaction reaching steady state after 10 hours and a constant activity maintained over 3 day
on stream. In contrasiactions carried out using catalysts preparethéyuthos failed to

reach steady state and catalyst deactivation was observed. Both rhodium catalysts selectivit
favoured cresoljn contrastto the platinum catalyst which displayed higher selectivity

towards 4methyl catechol.

The choice of support should ensure minimal carbon formation and facilitate activation of

the oxycompounds via hydrogen bonds. For many years the most commonly used suppor
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was AbOs3, however, recent research has thrown up quesaround its suitability for HDO.

A number of studies have found that following the formation of water through the reaction
between hydrogen and bail, the ALOs can convert to boemite (AIO(OH)) resulting in
oxidation of nickel and a reduction in catstl activity.[29-31] Furthermore, Propeet al.

[32] postulated that phenolic species were present on up to 2/3 of the alumina, giving an
increased propensity towards carbon laydown. This is believed to be due to the high acidity
of the AbOs and resultedn a movement towards more pH neutral supports such as SiO
which was found to have a concentration of adsorbed phenol species just 12 % of that ot
Al2Os.

4.3 Catalytic Hydrogenation

Catalytic hydrogenatiorcontinues to have widespread industrial applications in the
production ofpharmaceuticals, agrochemicals, fine chemicals, flavours, and fragrances
between 10 % of reactions today @this proces$or chemical productior{.33] Although

recent yeartiasseen a substantial shift in interest towards HDO, increased insight into the
role played by hydrogenation is vital to our overall understanding of the complex
mechanisms involved in the HDO proce#s. recent years atalytic hydrogenation of
aromatics hagathered renewed interest due to the demand for lower levels of aromatics in

diesel fuels driven by environmental concerns and EU legisld8dh.

An important role of hydrogenation in the HDO upgrading ofdilanay be as a route to
facilitating deoxygeation more readily. Belowrelevant bond dissodian energies are

summarised:

Table 1. Bond dissociation energies (kJ/mol)

Bond dissociation energies
(kJ/mol)
Raiiphatid OR 339
Raromatid OR 422
Raliphatid OH 385
Raromatid OH 468

From Table 1tican beseen thatin the case of ethers and alcohols the bond strength of the
oxygen when attached to the aromatic carbon in comparison to the aliphatic carbon increase
by ~83 kJ/mol. Hence, initial hydrogenation of the aromatic to aliphatic ringeaslilice the

C-O bondenergy and potentiallgnhancehe removal of oxygen allowing deoxygenation to
15



take place more readily35 However, steric constraints of cleaving the aliphatic carbon
oxygen bond are higher than for the equivalent aromatic Ha6d.

A long history ofresearch into aromatic hydrogenation exisith Sabatier and Senderens
reporting the first catalytic hydrogenation of the aromatic nmtipeir work with benzene

in 1905.[37] They established the use of nickehsed hydrogenation ahsaturated
molecules to their saturated equivajentluding the reaction of benzene to cyclohexane,
for which Sabatier was awarded a Nobel Prize in 18ithe intervening 100 plus years
many studies have been carried out on aromatic hydrogenationavifear consensus
reached on the exact nature of what occurs on the catalyst s{B#ce.

Benzene, the simplest aromatic molecule, is stabilised by the simultaneous involvement of
three sets of- electrons and therefore hard to disripie to the heatof hydrogenation,

under most circumstances cyclohexane is the only product when benzene is hydrogenated
[38,39] Investigations of the different activation energies mmisation potentials have
provided evidence that the mechanisnibenzene hydrogenanh proceedthrough an

a s s oc i adsorbe@d domplewhichis accepted by many in literature. There is

ambiguity, however, regarding the number and type of intermediates that form during the
hydrogenation procesScholten and cavorkers suggested ttstepwisemechanism

presented ifrigure3 below:[40-42]

<O> t H H ) @ Hy ) O
(2) (&

° ( g)

2

Vb
OO e O O,

ds

Figure 3. Stepwise hydrogenation mechanism of benzene.

This shows thelifferent states of chemisorbed benzand the desorptioprocesof the
aromatic specie€yclohexadiene is believed to adsorb too strongthéocatalyst surface
for the desorption of this intermediate to ocudefinitive mechanisnfor the
hydrogenation of benzeng still to be fully understood, however, thaseolving
LangmuirHinshelwapd kinetics and Elefrideal kineticsarethe most commonly

proposed[43-45] The greatest area of debate is precisely how the hydrogen adsorbs on the
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catalyst surface during aromatic hydrogenatidns dl underlines that despite over a
centurypassing sincéhe original hydrogenatioof benzene full understandingf the
simplest aromatic does not yet exist.

4.4 Phenol Hydrogenation/HDO

The addition of a single hydroxyl group to benzene brings us to phdrextatalytic
hydrogenation of phenol to cyclohexanone is of commercial signific&yohexanone
is akey raw materiain theproduction ofNylon 6 and Nylon 6&nd for thesynthesis of
otherindustriallyimportantchemicals[46] There are currently twmain industial
processes in operation: the oxidation of cyclohexane ungkrtemperature and pressure
and the more preferrdd/drogenation of phenalyhich suffers howevefrom low
selectivity to cyclohexane under mild reaction conditi¢#g,48] Sabatier and éhderens
[37] carried outhe first phenol hydrogenation and reported thattae product formed
was a mixture of cyclohexanol/cyclohexanone in addition to fractemmalunts of
benzene, cyclohexane, and cyclohexdidinough in the early stages of research into
phenol hydrogenation the routebduct formatiorwas ambiguous, following kinetic
studies byJungerset al.[49,50] in 1950 it was widely acceptethat cyclohexanone forms
as a primaryproduct in the liquid phase tgyogenation of phenol.lhemechanism for

phenol hydrogenation is shown in Figdrbelow.

OH OH 0] OH

Figure 4. Phenol Hydrogenation

The standard Gibbs free energy changes of the reactions of phenebatee, with
phenol to cycl ohex an ohaadpbenolto esydohexs@ol giving 1 4 5
G = 1 2 1" botk dre theariodynamically favourable produ@g, 51] As shown

in Figured4, the presence of ketones in the reaction can be explaynaditomerization

the keto form is 18 kcal more stable than the enol. Smith and Stump if52@toposed

that phenol was adsorbed on the catalyst surface where hydrogertatiored with the

production ofhydroxycylohexenes as shdisted intermediats. These may or may not be

17



desorbed from the catalyst surface: hydroxycyclohexene, for example, may react with an
additional mole of hydrogen to form cyclohexanol without entering the reaction medium
where it would compete with unreacted phenol; the inéeliate may undergo cleavage to
cyclohexene and watesr ring hydrogenation to cyclohexanol. It is believiedtthese

reactions can occur simultaneously uatildoublebonds are saturated.

Hydrogenation of phenol ocabetween activated Hnolecules and chemisorbed phenol
molecules, where phenol is adsorbed on the catalyst surface via the oxygen atom of the
hydroxy group in the form of phenola{é3,54]It is believed to be able to adopt two
different modes of adsorpin depending on the nature of the support: on a basic support
phenol can be chemisorbed in a ydanar maner, which facilitates the production of
cyclohexanongor on acidic supports where it is adsorbed in-plemar arrangement

favouring cyclohexandormation.[36]

The occurrence of phenol in bal makes ita commonly usechodel compound

Belongingto the p-hydroxyphenylignin subuni, it is the simplest model compoumdth

only anaromatic ring and single hydroxyl group presi@2] Research carried out
investigating the HDO of phenol hpsoposed bifunctional reactionutilizing metal sites

on the catalyst for hydrogenation and dehydrogenation, and acidic sites for polymerization
and alkylation[55-57] A number ofreaction pathwgs have been proposed for phenol

HDO, one major route is direct deoxygenation (DDO) involving hydrogenolysis of the
stable C(sp-O bond; however, this seen as a difficuteactionto achieve under

conventional conditions, due to thalslity of the abmatic ring.An alternative proposal is
throughmetalcatalysed ring hydrogenation, which reduces the energy required to scission
the GO bond.[37,58] Regardless of the catalyst employed, whether conventional NiMo or
CoMo or the noble metals, the two main routes for phenol HDO have been hydrogenolysis

and hydrogenatiarj18]

A recent studyoy Alsheriet al.examined phenol hydrogenation over rhodinm batch
reactor(< 343K, 2-5 bargH>). [59] The principalbroduct at the early stages of the
reaction was found to be cyclohexanpwéh cyclohexanol formeds a secondary product
from cyclohexanone. Theonditions employed were significantly milder than those
commonly used for HDO; however, hydrogenolysis was still seen to occur at relatively
high levelswith around20 % vyield of cyclohexaneecordedThe study also replaced
deuterium for hydrogen anddod an inverse kinetic isotope effect for cyclohexanone, the
ring hydrogenated product of the reaction, indicating hydrogen addition is not the rate
determining step for phenol hydrogenation to cyclohexanone. However, it was found that
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cyclohexane, the hydgenolysis produgcgave a positive kinetic isotope effect.
Calculation of KIE values during reactions carried out with deuterium as the active gas can
result in the three possible outcomes shown below:

A KI E valEelectequals 1 then ther.
A KIE > 1 yields a positive KI|
A KIE < 1 yields a negative KI |

A positive KIE value indicates that the addition of hydrogen is involved in the RDS of the
reaction mechanism, whilst an inverse KIE impliestipdrogen addition is not involved
in the RDS. This highlights the significance that determination of KIE value can have on

understanding the mechanism of a reaction.

The addition of a second hydroxyl group to phenol results idillyelroxybenzenesnade
up of catechol, resorcinol and hydroquinonathicatecholthe ortho isomer)the most
commonly studied as a bml model compoundt is generally thoughthat for
compounds with the same number of substituents those with symmetrical arrangement hac
the highest eactivity, with the dihydroxybenzenes believedatiow the pattern recorded
for xylene isomers by Vannice and Rahmpara > meta> > ortho-xylene.[60,6] To the
best of ouknowledge Smith and Stump in 19&de the only researchers to studg th
isomers of the dihydroxybenzenes as a gr{a] They also recorded the order of
reactivity agpara > meta> ortho over both a Rh and Pt catalytmechanisnwas
proposedvhereby the dihydroxybenzereadsorbed to the catalyst surface where
hydrogenation takes place to give hydroxycyclohexenes aslstaarintermediatesvhich
may or may not desorb from the catalyst surf§g?] These intermediates can then
undergohydrogenatiorio givecig/transcyclohexanediol and hydroxycyclohexanare
hydrogenatiorcoupled withhydrogenolysigo form cyclohexanol, cyclohexanone and
cyclohexane. They reportedatithe least level afleavagenccurredwith theortho-isomer
(catechol)quotingsterichindranceas he reason behind thishe reactivity order gpara >
meta> orthois by no means uniform across all substituted aromatic hydrogenatitb@sstu
Odebunmi and Ollisor examplejn a study ofmethyl substituted aromatiagportedan
order ofmeta> para > ortho and attributed thiow reactivity of theorthoisomerto be a

result ofstericinteractions[63,64]

Songet al.[65] carried ouHDO of catechoht hightemperature and elevated pressure
(473K, 30 bargH>) and foundhe ring hydrogenated 1@/clohexanediol to be the major

product.Two possible mechanismgereproposed: hydrogenolysis to phenol, followed by
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subsequent hydrogenation to cyclohexanone and cyclohexauami;initial hydrogenation
to 2-hydroxycyclohexanos with further hydrogenation tbecis/trans1,2-
cyclohexanediolln the latter route the diol ihought to be capable of undergoing
hydrogenolysis to cyclohexanone and cyclohexanol uedenharsheiconditions.

4.5 Alkyl substituted hydrogenation

It has been found that the addition of substituents to the aromatic ring can significantly
influence the process of hydrogenation, bringing changes in electron densityafiéath
adsorptionThe addition of an alkyl group, which arleeron donatingn nature,increass
the electron density of the aromatic ring by an induaiVect.[66] An additional steric
effect can also exist which could influence the formavbithe transient state between the
substrate and the catalysirfaceanddictate whether the substrate will adsorb in a
horizontal or verticamanner Studies by Toppineegt al.[67,68] found that the
hydrogenation rate increased as number of substituemeasedxylenes < toluene <

benzene), and length of subsént decreased (ethylbenzene < toluene < benzene).

Vannice and Rahmdi$0,6] studied the hydrogenation of xylenes and toluene over
palladium and compared these to benzene to determine the effect alkyl groups have on
hydrogenation. They postulated théidwing sequenceortho-xylene <metax y | ene O
para-xylene < toluene < benzene, where the position and number of methyl greesha
effect on the rate of hydrogenatidrhe lower rate of toluene hydrogenatibanthat of
benzene hydrogenationay be exlainedwhen weconsider the electron density of the
adsorbate. In toluene, the induction effect from the methyl group to the aromatic ring

I ncr e a<wlectron ddamsty, thus a stronger bond is formed between the aromatic
substrate and the catalystfeuwe. The resultant increased stability of toluene with the
catalyst surface would result in a lower reactivity than that recordedesthbeneSmith
andRader during competitivdhydrogenatiorstudies of substituted aromatip®stulated

the relative redctionin rate of methyl substituted aromatiwasnot a direct consequence

of the ease in which the nucleus is chemisorbed to the catalyst s{BfcEheyargued
insteadthatthe ease of adsorption is fundamentally a result of the mode of adsorption
adopted by the aromatic substrate. If we have an unsubstittettic i.e. benzene, we
assume a flamode of adsorptigranyadditional substituents to the aromatic rmguld be

on thesidepointing awayfrom the catalyst surfacé#.the substituent bulkiness is
increasedthe steric strain during adsorption woaldoincrease with a resultant decrease
in the ease of adsorptioSmith and Raddi69] categorizedhe steric strai for alky}

substituted aromatics into two categoriesntal strain, which is mutual repulsion between
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the nuclear substituent and catalyst surfaoel back strain, which is duettoe close
proximity of substituents andiould mainly affecthe orthoisomer,although in some

instances thenetaisomermay also be influenced

The xylenes Wwencompared with toluene and benzeshew the lowest reactivityl his
may be expected dse addition ofa furthermethyl groupand subsequemcreasen the
electron densityvould result in even greater stability when xylene is adsorbed on the
catalyst surfacd67,68] The lower hydrogenation rate fadhe orthoisomer of the xylenes
is widely believed to be result ofsteric hindrance caused by the neiginting methyl
substituents on the aromatic ridpwever,a study byAlshehriet al.[70] of xylene
hydrogenation at low temperature found tider to bgyara-xylene >ortho-xylene >
metaxylene casting doubt on the role steric hindrancén determiningxylene
hydrogenation reactivity. The same stddyndthe rate of hydrogenation decreasesd
alkyl chain length increaseth line with much of the current literature. They proposed
this inhibition of reaction rate was due to the indueteffect of the alkyl chairincreasing
the electron density of the ring and resulting in a strongend to the surfa¢a decrease

from zero to negative first order from toluene to pibpyzenavas reported

Any discussion otli-substituted aromatihydrogenatiomust consider the role of
stereoselectivityas bothcis andtransisomers can be formed. Since 1922, it has been
hypothesized that tha@sisomer is preferentially formed over ttransisomer, a theory
confirmed through experimental findjs.[71] Indeed ,if the assumptioiis that

hydrogenation occsivia a flat mode of adsorption then it would be difficult to see how the
transisomer could form at alAny attempt astereochemical control during hydrogenation
reactiongequires an understanding of how tivesaturated hydrocarbons are adsorbed on
the catalyst surface to begin with. It igdely believed a -complexexistsin which a net
chage transfer from the aromatic to the meteists The hydrogenation of the arotitais
believed to occur vithis " -complexed aromatic system through a series of intermediates
until  -adsorbed cyclohexene is form¢@2,73] TheU-1,2-diadsorbed complex differs

from the” -complex in thatupon formation of thé-complex groupsittached to the former
double bond must assumeia configuration and the ring probably exists in the chair
conformation. The groups attached to the former double bond assume a position directed
away from the surface. When the olefin is symmetrically t#wibesd, only thecis
configurationshould bepossibleasboth sides of the ring are equivalent. However, this has
been shown not to be the casethecis isomeris not selectivity formed when studying

ortho-substituted aromatics, and hence, the formadfahetransisomer must be via a
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different mechanismMany such as Siegal and-amrkers[74] in a stug on1,2-
dimethylcyclohexane and Xdmethylcyclopentane hydrogenation ovehBve proposed
thecis-olefin substrate must undergo isomerization wihelesorbs from the catalyst
surface as thgansolefin. A recent study obrtho-xylene hydrogenatiohy Alshehriet
al.[69], however,0bserved two intermediate cycloalkenes:difpethylcyclohexene and
1,6-dimethylcyclohexengt was proposed that hydrogenation of-dithethylcyclohexene
gavecis-1,2-dimethylcyclohexane while hydrogenation of-tiinethylcyclohexene gave
trans-1,2-dimethylcyclohexanendicating a different means tietransisomer formation.

As of yet, this oute of formation remains unclear

The cresol substrates, containing both a hydroxyl and methyl group, are another widely
used bieoil model compound. Masso#t al.[75] showed during his study with methyl
substituted phenols that the presence of théyhgtoup resulted in an increased yield of
aromatic products when compared with phembkir work also suggested thatho-

cresol gave the lowest activity of the three isonagis postulated this as being a result of
the adjacent hydroxyl and methyl gps inhibiting adsorption on the catalyst surface

The reaction pathways of the cresol isomers have stedred by Shafaghat al.[76]
overaPd/C catalyst at 15 bar.ldnd550 K. Three distinct pathways were hypothesised
for ortho-cresol: the direct HDO of cresol to toluene; alkylation of cresol to 2,6
dimethylphenol; and initial hydrogenation tariethylcyclohexanonef2
methylcyclohexanol followed blgydrogenolysi¢o methylcyclolexane. The
hydrogenation pathway was found todmminant using &d/C catalyst. The observed
pathways fometacresol showed only direct HDO and hydrogenation with no alkylation
recorded, suggesting the methyl group adjacent to the hydroxyl groomteshe
dealkylation reaction. The study concludkdt the presence of the methyl groups in the

bio-oil model compounds favoured hydrogenolysis in the hydrogenation reaction.

Work by Nieet al.[77] focused on maximizing selectivity during cresol hydrogemato

their corresponding cyclohexanaig or trans). This is of industrial importance, especially

for thecis-isomers, which are useful intermediates in the fragrance and perfume industries.
Their work achieved high selectivity to thisisomer with aatio of 96:4cisto trans

alcohol, however, it was discovered that tietransratio decreased over time with lower

selectivity to thecisisomer following conversion of-fhethylcylcohexanone.

Odebunmi and Olli§63,64] studied the HDO of the cresol isomers over CoMgDAl
catalysts at high temperature (4883K) and high pressure (3080 bar H) in a
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continuous flow microreactor and fouadorder in reactivity ofneta> para > ortho. This

was in agreement with work [8hin and Keane over a Ni/Si@atalystwho concluded

thatthe steric effect was independent of catalyst.tgtedies of cresol HDO have

suggestedhe existence divo different pathwayaisingpara-cresolas an example they
proposed eithedirect deoxygeation (DDO) to toluener hydrogenation (HYD) to4
methylcyclohexanolRomeroet al.[81] during a study of 4@thyl phenol HD over a

Mo$S; catalystsuggested the favourability each pathway is dependent on the mode of
adsorption adopted by tker omat i c. A verti c-@Hgroamondr pt i O
ethyl phenol would favour the DDO pat hwa:
the aromatic ring and the hydroxyl group would favour the HYD pathway.

4.6 Anisole Hydrogenation/HDO

The singlesubstituted anisole containing the aromatic ring and methoxy gsanmwther
commonly used bioil model compoundMany different reaction pathways have been
proposed for the HDO of anisadad includean initial demethylation to produce phenol,
which then undergoes hydrogenolysis to benzene with a subsequent hydrogenation step
resulting in the formation of cyclohexane; hydrogenation and hydrogenolysis, where
anisole is hydrogenateéd methoxycyclohexane which then underglogdrogeanolysisto

give cycloheane; and methyl group transfer, where anisole is hydrogenated to cresol
through the methyl group from the methoxy transferring to another position on the
aromatic ring. 83,37,82-83] From this list the number and complexity of possible reaction
pathways gailable when reacting anisole in the presence of hydrogen and a catalyst is
evident.The propsedmechanisnirom which deoxygenation occurs from anisole has been
proposed byrhompsorasfollows: anisoleis adsorbed on the catalyst surféazgive
methoxygclohexeneas a shortived intermediatevhich may undergo cleavage and
hydrogenation to cyclohexane and methanol, or simple hydrogenation to

methoxycylohexand84]

A recent study examineaghisolehydrogenation over rhodiuin a batch reactdk 343 K,
2-5 bargHy>). [59 The major product of the reaction was foundbéthe ring hydrogenated
methoxycyclohexané&Cyclohexanone was formed as an intermediate viadebb
tautomerizationand anly when anisole was fully consumdd the cyclohexanone
hydrogenate further to cyclohexan®his waspostulated to ba result ofanisole blocking
the ability of cyclohexanone to-asorb onto the catalyst surfaedinhibiting

subsequent hydrogenation to cyclohexanol
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The methoxyphenol substraevith the addition of a hydroxyl group to anisole, is another
group ofhighly studiedbio-oil model compoundd$kesearch has been almost exclusively
focused on the-Bhethoxyphenol isomecommonly known aguaiacol [85] The HDO of
this substratés thought to occur biwo mainroutes: hydrogenolysis to catechol, and
subsequent deoxygenation to pheoldor demethoxylatiorio form phenol and

methanol, followed by hydrogenolysis to benzene or hydrogenation to cyclohggéhol

The hydrogenation of-thethoxyphenol was documentedAighehriet al.[70] who
employeda rhodium/silica catalyst at 323 K and 3 bikg Theyfound the major product

of the reaction to be the ring hydrogenatemi€thoxycyclohexanonevith formation of
methoxycyclohexane, cyclohexanol, cyclohexanone and cyclohexame@tsded
Surprisingly further hydrogenation dhe 4methoxycyclohexanont® 4
methoxycyclohexanalas not observedndit was suggested that this was a resuthef
larger crosssectional areaccupied by 4nethoxycyclohexanone when compared to
cyclohexanonelt is notable, thasignificant hydrogenolysig/as reported undehese
conditions with around ~ 35 % cumulative yield of the HDO products formed by the end
of reaction indicatinga clearpropensity for bond cleavage to occur with thesedilio

model compounds at mild conditions over a Rh catalyst.

Smith and Stumps2] in their studies on the hydrogenation of dihydroxybenzene and
methoxyphenols reported a higher reactivity for the foramelproposed thathe following
factorswere responsiblehe difference in size 6DH in comparison teOCHs, the
extensive formatin of ketones from hydroxybenzenes, and the presence of the methyl

group in methoxybenzene decreasing the likelihood of oxygen donation.

The choice of metal has a significant effectwdmether HDO or hydrogenation is favoured.

It is well known rhodium ismexcellent ring hydrogenation catalyst and it has been
postulated that over rhodiuf89], hydrogenation of the ring tarBethoxycyclohexanol

occurs first, followed by demethoxylation to methoxycyclohexaitle a final

hydrogenation step to cyclohexanenethylcyclohexand87,88] Gutierrezet al.[89]
investigated different noble metals for the HDO reaction and found that activity decreased
in the following order: Rh/Zr@> Co-Mo0Sy/Al >0z > Pd/ ZrQ > Pt/ZrQ, providing further
evidence that supported rhodium is a more effective catalyst for the Htnethhan the

conventional HDS catalysts that have been employed for many years.
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4.7 Exchange Reactions with Deuterium

Research involving mechanistic studies and preparation of labelled substrates can use
deuterium exchange reactions to gain crucial inforomaRResearch intthe exchange

processes of bioil model compounds Isdeen limitedand as suchour study will

attempt to increase knowledge and understanding in this area. The exchange reaction is nc
just a simple stepwise addition of deuterium for hydrogech addition of the deuterium

can appear as an individual product and alkyl substitutedatics further increadbe

number of positions on the molecule wherehangecanoccur. The mean number of
exchanged deuterium atoms is dependent on the metal catalyst employed and the
temperature at which the reaction is performa&d} |

The H/D exchage of aromatics has been studied extensively, witlligssciative and
associative mechanisms those most commprdposedThe associative mechanism was
originally advanced b¥farkas and Farkd80] who proposedhat exchange and
hydrogenation occur bywb unrelated mechanismbhey stated thahydrogenatioroccurs
via thesimultaneous addition of 2H atoms to the adsorbed hydrocarbon, whilst the
exchange process involvprior dissociation of the hydrocarbon on the catalyst suttace
forma -phenyl conplex and hydrogen atom. &i-phenyl complex combines with the
deuterium atom and the benzedtedesorbsThe associative mechanismitially

proposed byHoriuti and Polanyi[91] suggests tha common intermediate must be
involved in both the hydrogetian and exchangprocessesHowever, hconsistences in
boththese proposechechanismsesulted in thelevelopment of a new adsorption theory
centred on the major role thecomplexplaysin the presence d, gas This is the

adsorption mechanism believed to take place when Pt is used as the metal catalyst.

Deuterium isotope exchange studies over alkylbenzenes, anisole and phenol have been
useful in helping to understand these complex reaction mechafg8halsherhriet al.

[70] found thealkylbenzenes had an overall inverse kinetic isotope effecontrast to
phenol and anisole where a normal kinetic isotope effect was observed. Tdwelvates

over the exact nature ofverse kinetic isotope effegthoweverit has been suggested it
involves the change of hybridisatiflom sgF to sp, such as that which occurs during ring
hydrogenation from the aromatic to the aliphatic carbon. Interestingly, selectivity during
anisole hydrogenation differed between deuterand hydrogen with the hydrogenated
product, methoxycyclohexane, showing an increase in selectivity fré¥nt6570% and

the hydrogenolysis product, cyclohexane, a decrease fréntd520% when deuterium

replaced hydrogen. These changes indicateutidgr deuterium thiereaking of the Ar
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OCH;z bond is slower (reduction in yield of cyclohexane) and hydrogenation faster

(increased yield of methoxycyclohexane).

Deuterium work by Alsherhet al.[59] with toluene hydrogenatioover a Rh catalyst
establishea faster rate oéxchangdor protons in the methyl group than with the aromatic
protons.Theypostulated the H/D exchange is a separate process from hydrogenation and
therate at which it takes place indicates thatiossof aromatic stabilitys likely to occur,
suggestinghe existence of dissociative mechanisrithe exchange of methyl group
protons with deuterium indicates direct interaction with the methyl groupatatyst
surface, in addition tthe strongnteracton with the aromatic ringrhis is in agreement

with the proposal by Webb and OroZ&2] that toluene adsorbed to the surfaceboth
themethyl groupand thearomatic ringHarper and Kembal[93] in a study opara-
xylenehydrogenatiorover R, observedsubstantially more exchangethe methyl groups
than with that of the aromatic ring protorsfurther studyfoundH/D exchangevith both
thearomatic ring and methyl group protonkena Ni catalyst was used, howevarhena

Pd catalystvasemgdoyed exchange occurreohly with thearomatic proton§d4] This
suggests the H/D exchange process on methyl substituted aromdépgmslent othe

catalyic metal

The H/D exchange of alkyl substituted aromatiger a Pd catalystas studied by Esalkit
al. [95] using DO as the deuterium sourCeheyfoundthatfor the methyl substituted
aromatics, deuterium was incorporated, whilst for the methoxy groupgchangéook
place within the substituent protoise efficiency ofdeuteriumexchange was postulated
to belower as the distance from the benzene and substituerincreasedand a direct
connection between the aromatic ring and alkyl graiphe catalyst surfaceas a

significant prerequisite for efficient H/D exchange.

4.8 Competitive Hydrogenation

Up until now the upgrading of bioil has beerarried out using single model compounds
to represena true bieoil feed. Although this hasygen good understanding of the
reactivity and behaviour of these molecules individuallyag not provided us with
informationon how theywould behavewvhenreacted togethem all probability,
successfulipscaling othe process would result in a muttomponent feedstocknd as
such in addition to individual hydrogenatiome have focusedn competitive
hydrogenation of the bioil model compounds. As it has not been studied previously to
the best of our knowledge, tigeis noliterature in respect tthe competitive hydrogenation

of bio-oils.
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Alshehrietal. [70] studed competitive hydrogenatioof toluene, ethylbenzene,
propylbenzene and the xlyen&se pair combination of toluene and ethylbenzeas

found toincrease theeactivity of bothindicatingeach aromatibada unique adsorption

site This enhancement inaetivity is not something that sommonly reportediuring
competitive reactionsn fact the expectation is that an increase in aromatics would result
in a decrease in reactivitiy due to greater competitiomdtive sites on the catalyst
surface.Thisincrease waproposedo be a result oenhanced hydrogen transfer from
hydrocarbonaceouws$epositis on the catalystirface When toluene or ethylbenzene was
paired with propylbenzene, both experienced a reduction in reactivity, with a near 60 %
drop recordegthis was in agreement with the strong negative order in substrate
concentratiorrecordedor propylbenzeneJnexpectedt, an increasen propylbenzene
reactivity during these paired combinatiomasreported. Alsherhrét al.[70] postulated

that this was a result of a decrease in the strength of adsorption for propylbenzene when
competition for catalytic surface sites &siin the competitive environmento@petitive
reactions with thelouble substituted aromatifsylenes) did not follow the same patteon
that observed with the sirgubstitutecaromatics During all xylene isomer competitive
reactions the reactivitgf each substrate decreaséte reported order for each xylene
isomer was negative anas suchthis decrease in rate when concentration of xylene and
competition for active sites is increased is not unexpetttexiclear when studying alkyl

aromaticaunpredictable behaviour can occur in the competitive environment.

Rader and Smitf69] found during theil961study of xylene competitive hydrogenation
that the ease of adsorption on the active surface of the catalyst followed thertirder

meta> para; the exact reverse tierelative reduction rate of the individual xylenes

(para> meta> ortho). The relative reduction rate and ease of adsoption of the aromatic are
two different phenomenat)e formeris a kineticeffect, determined by the relat

stability of the transition state of the ratetermining stepn contrast, he ease of

adsorption is a thermodynamic effect based on the stability of the chemisorbed nucleus.
For substituted aromaticsig dependent on theode of adsorption and nemlular

structure of the aromatic compouad the catalyst surfac@&hisis difficult to interpretas

the exact nature of the catalyst surfec#till unknown.

Althoughresearchnto competitive hydrogenation is sparse, those studies that exist
generallyreport a decrease in reactivity in comparison to the individual environment.
Hamiltonet al.[96] for example, in their study ohé competitive hydrogenation of 1

pentyne, phenyl acetylenejp2ntyne, and-phenytl-propyne over a Pd/C catalyst
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reported alecrease in reaction rate when all four were reacted togé&tiene was,

however, a rate enhancement observed for both alkynespemtyne and-pentyne

were reacted together. This was postulated to be a regiihahced hydrogen transfer on
the suface with each adsorbed alkyne acting as a hydrogen transfer agent for the other.
Generally, however, ivas found tat competitive hydrogenatioresulted in aignificant
reduction in ratevhencompaedto individual hydrogenatigrwith the decrease in

hydrogen concentration on the surface of the catglysh as the reasoAs well as the
significant reduction in reactivity, changes in alkene selectivéyew@bservedthe

presence o&n alkynen thesystemyesulted imno secondary hydrogenation of the alkene
to the alkane

It is apparentrom this literature seardhata complete understanding of oxygen
substituted aromatic hydrogenation does not yet exist. Our study will attempt to address
some ofthe current gaps in knowledge in this area, specifically those outlined in the
following Project Aims Section.

5 Project Aims

The HDO of single biail model compounds, over a variety of catalysts, has been widely
studied; however, no real understandifighe complex reaction mechanisms involved or

the factors that favour hydrogenolysis exists. Most current studies have employed the use
of high temperature and high hydrogen pressure 283K, 75300 bargH>) to achieve

HDO. In this thesis we aim to siwahat HDO can occur at lotemperature and pressure

(323 K, 3barg H) on these oxygermubstituted aromatics present in-oid Furthermore,
competitive studies will be carried out as a route to understanding whether a single model

compound can be used tepresent a muttomponent bieoil feed.
The specific aims of this project are to investigate:

)] The effect nature of substituent and ring position has on the hydrogenation of
oxygen substituted aromatics

i) The order of reactivity and the product distition for all model compounds
with a view to identify the reaction mechanism for each.

iii) The factors which influence the occurrence of HDO.

iv) The effect on reactivity and product distribution of the competitive
environment.

V) H/D exchange reactions and identihe overall and product KIE values for

each model compound in the individual and competitive environment.
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The scope of this thesis will involve the hydrogenation of the following groups of
substrates:

91 Dihydroxybenzenes
1 Cresols
1 Methoxyphenols

Theortho, metaandparaisomer of each set of substrates will be tested.

6 Experimental

6.1 Catalyst characterization

6.1.1 Properties of Commercial Rh/Silica Catalyst
The catalyst used throughout this study (2.5 % Rh/silica, M01078) was supplied and

characterised by Johnson Matthey and the main propargésted below:

1 Pore size: 13.2 nm

1 Average Metal Crystallite Size: 2.6 nm
1 Surface Area: 321 fig*

1 Rhodium Dispesion: 50 %

1 Rhodium Surface Area: 5.5%g*

The catalyst was prepared by employing an incipregthess technique using aqueous
rhodium chloride salts and a silica support supplied by Davison Catdljysteatalyst was
dried overnight at 333 K and redudedlowing hydrogen at 473 K for 2 hours before
being cooled and exposed to dihe surface area of the catalyst was 32d¢ with a pore
size of 13.2 nm, measured using standard BET methodolbgymetal surface area was
measured by hydrogen chemisaop (reproducibility +0.5 rag ) and gave an area of 5.5
m2.gt and a dispersion &0 %, from which an average metal crystallite size of 2.6 nm

was calculated.

6.1.2 BET
To determine the overall surface area and pore diameter of the catastiiaeer

Emmett Teller (BET) method was used. Analysis was caaugn a Micrometrics
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Gemini Il 2375Surface Area Analyser with helium used as a calibrant and nitrogen as the
absorbent. Approximately 0.6B05 g of catalyst was dried overnight at 388riler a
flow of nitrogen prior to nitrogen physisorptian 77 K.

The overall equation using the BET method is as shown below,

Equation 1. BET Equation

Where:

1 o is the monolayer volumef nitrogen,
1 Cisthe BET constant,
1 P andV are the pressure adsorbed and measured throughout the experiment,

f 0 is the saturated vapour pressure of nitrogen,

1 — isthe relative pressure.

Thereby, plotting of

against—yields a staight line, with slope equal te— and

intercept equal te— . Finally, the overall surface area is governed from the monolayer

volume shown below,

Equation 2. Surface Area Determination

w 0

"YO

Where:

1  is the monolayer volume of nitrogen,
T L is Avogadrobs constant,
1 & isthe crossectional area of the nitrogen molecule,

1  is the molar volume of gas.
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6.1.3 Thermo-gravimetric analysis
Thermagravimetric analysisvasperformed on posteaction ctalystsusing aTA

Instrumentsombined TGA/DSC SDT Q600 thermal analyser coupled to an ESS mass
spectrometer for evolved gas analysis to investigate catalyst deactivation, specifically
carbon depason on the catalystA sample 1615 mgwas heated to maximum
temperature 01000°C at a ramp rate of 1T/min under a 100ml/min flow of 2%
OJ/Argon. For mass spectrometric analysmss fragments: 2 g 18 (H0O), 28 (CO), 32
(O2) and 44 (CQ) werefollowed.

6.2 Experimental Procedure for Hydrogenation Reacibns

6.2.1 Reactor
Hydrogenation reactions were performed in a 50dtbmeephase Biichi autoclave stirred

tank reactor, shown below in Figuse
The Biichi autoclave stirred tank is composed of three separate parts:

1. Buchi autoclave
2. Buchi presdlow gas contrder
3. The Julabo temperature control system

The reactor is constructed of glass with stainless steel tubing and connections for gas
delivery. Ports on the cover plate of the autoclave allow access to the reactor vessel for the
addition of the substrate andnsple collection as well as enabling the catalyst and solvent

to be loaded preeaction. Reaction temperature is controlled usidgiabo oil pump

system, with oil delivered to a glass jacket around the reaction vessel by a pressure pump
and circulated ek to the oil bath via a suction pump. Temperature is measured by a
thermocouple within the reaction mixture. A motor attacloethé stirrer shaft allows

variable speed transmissions to be applied. Hydrogen and dimgent) are supplied

directly to the eactor vessel via the prefigw gas controller. The regulated and delivered
pressure is monitored by the gas controller, with 5.5 bar the maximum pressure used

throughout reactions.

31



MKY € t .
4 'niection Port Belt Drive

|
Scavenge Tap + Pipin

-
I Rupture  pMagnetic Drive <«
r— [ ] [
/V Stirrer Switch
Sample Pressure Power @ble
Tap Thermocouple Gas Inlet
Gauge
/ 5 Yy G2
8 mm Ol
Piping
Cover
— |
Plate
Cover connection,
1/4" BSP male to
& 8mm Swagelok \
Oil Delivery
(Suction Port)

Oil Delivery
Additional Port For IR Probe
(Pressure Port)
And Catalyst / Solvent Chargin

Stirrer Shaft
(Plugged: M22 x 1.5) \

I It or 0.5 It Reactor Vessel Valve for Emptying
(Oil Passes Between Two Jacke Vessel

For Reactor Heang)

o | N

/ Outward Pointing Screws

Base Plate

(Allows Application Of Perspex Shielc

Figure 5. Buchi autoclavestirred tank reactor.

6.2.2 Reaction Procedure
The reaction procedure involved the addition of the catalyst (100 mg Rh&i 310

cn?® of 2-propanol (IPA) into the reactofhe autoclave was purged with argon and the
catalyst washenreducedn situat 343 K by sparging hydrogen ¢280 cn? min't)
through the mixture for 0.5 h, whilst stirring at 300 rpm. Once reduptiocedure was
complete, the hydrogen gas and stiwere turned off and the reactor purged with argon
twice prior to being pressurized to 1 barg. The gas controller measured the flow of
hydrogen and inert gas to the reactor. Once at the desired temperatur84308) the
agitator was turned to 0 rpm abh@ mmol bieoil model compound added to the reactor in
25 cn? IPA. This was followed by an IPA flush to ensure all reactants entered the reaction
mixture, giving a total volume of 350 ml. The solution was thoroughly mixeidcreasing
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theagitator to 1000 rprand a sample (2.5 érwas withdrawn for analysis. The reactor

was flushedvith argon before being purged twice with hydrogen and pressurized to the
desired level (3 barg). The reaction was started by setting the stirrer speed tpraGO®I

the reaction profile followed by withdrawing samples of 2.5 ower a 18@minute time

period. For the first 30 minutes a sample was taken every 5 minutes, this was increased to
every 10 and 20 minutes for the following 30 and 120 minutes regglgctl he moles of
hydrogen gas consumed during the reaction were also rec@itedeaction procedure
described waalsocarried out in the presence of deuterigas in place of hydrogen.

Of importanceit should be stated thatrors related to experental results were lovas

determined via replicated measurements.

6.2.3 Post Reaction Procedure
Following completion of each run, the reactor was vented, and the oil bath, stirrer and gas

handling system switched off. The reactant mixture was drained walireeat the bottom
of the reactor vessel and once cooled, the vessel removed to allow thorough cleaning of th

reactor vesseind injection and sample ports with IPA.

6.3 Competitive Reaction
Substrates were hydrogenated together to investigatdfdut ofthe presence of more

than one compounain the catalytic hydrogenation bio-oil. Model compounds were
tested as groups of two and as a group of thee@xamplen the scheme belawvhere
A=Catechol, B=Resorcinol and C=Hydroquinone the 4 reactiongdaut would be as

follows:

1 10 mmol A + 10 mmol B

1 10 mmol B + 10 mmol C

1 10 mmol A+ 10 mmol C

1 10 mmol A + 10 mmol B + 10 mmol C

The reaction conditions fmompetitive hydrogenation were the same as individual
hydrogenation333K, 3 barg H, 10 mmolsubstrate)Of note,the overall moles of
aromatic hae increased relative to the standard individual hydrogendtiorher

reactions under identical conditions were carried out in the presence of deuterium.

6.4 Analysis

6.4.1 Gas Chromatography
Reaction samplesere analysed on a Focus GC equipped with a flame ionization detector

(FID). Separation waachieved using 1701 column with the following dimensions:
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|l ength: 30.0 m, diamet er : Stitioapphasewasanix f i |

of cyano and pényl functional groups for increased polarity.

The separation of different molecules is based on the partition of the analytes between the
stationery and mobile phase. The mobile phase, helium, transports the sample through the
column. The liquid sample (~ 1mg), injected through asediling siliconeubber septum,
passes through the columns mobile phase then enteswtinmaryphase where separation
occurs. The separated moleculeenger the mobile phase and are detected by the FID as
they exit the column at their unique retention times. Thdatktused throughout the

reactions is shown below in Tal#2e

Table 2. Method for Gas Chromatography.

Rate (°C per min)| Temperature (°C) Hold Time
(min)
Initial - 50 20.00
Ramp 20.0 230 11.00

6.4.2 GC Reference Standards
Reference standards for all substrates and expected productsregared ovea range of

concentrations and analysed by GC. For each suhstratmeasured peak areas were
plotted against concentrations and a linear equation obtained; the resultaatioali

factor was used to calculate unknown concentrations of reactants and products during
reaction. Calibration plot examples for dihydroxybenzene and cresoéisare shown

below in Figure 6 and.7
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Figure 6. GC Referencestandards for dihydroxybenzene isomers.
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Figure 7. GC Reference standards for cresol isomers.
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6.4.3 Deuterium NMR
DeuteriumNMR analysis througla Bruker 500 Ultra ShielliIMR systemwasperformed

on selecteddeuteratiorreactiondo investigate hydrogedeuterium exchange. Data
analysis was via a deuteridlock data channel on the Bruker Addogramme.

6.5 Data Analysis
For each reaction, the concentration in mol/L ofedictants and productsas ascertained

and a mass balaa calculated for each sample poMass balance for all reactions was
100415 % or better From this a mole fraction percentage weaculated and pleed for
reactants and products, which remotiegl need for an internal standard.

6.5.1 Rate Constant
The zeo and first order rate constants were calculated for each retctdantify the best

fit. The integrated equation forzarcorderreacton is of the form shown below and
applies when one or more of theesjes appearing in the rate l@ancentrationemain
fairly constant. Therefore, in a zeooder reaction a plot of concentration against time
yields a straight line with slope equal id}.

Equation 3. Zero Order Integrated Rate Equation

~

0 O Q0
In comparison,ifst order reactions show an exponential decrease in reactant concentration

with increasingime as outlined below:
Equation 4. Exponential Form of First Order Equation
0 00Q
Where:
1 Aois the initial concentration of reactant A, mot L
1 tisthetime, s
{1 kis the rateonstants?

The integrated equation for a first order reactioshiswn below:

Equation 5. Integrated First Order Equation
ae- QO
0

Whereby a plot of the logarithm of concentratics § verus time yields a straight line

graph with slope equal to the rate constant, k.
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6.5.2 Activation Energy
Reactions were carried out for each substrate between 303 and 343 K at 10 K increments t

measue an activation energy. The effect of temperature on the rate of reaction can be

expressed by the Arrhenius equation shown below:

Equation 6. Arrhenius Equation

Q oqQ 7
Where:

1 kis the rate enstant

1 Ais thepreexponential factor

1 Risthe gas constant; 8.314 3 kol

1 T is the absolute temperature of the reaction K
{ Eais the activation energy J ol

For each reaction, the rate constant values were calculated as shown in®&ctiémom

using the integated form of the Arrhenius equatishown in Equation n k was plotted

against (- ).

Equation 7. Integrated Form of the Arrhenius Equation
- Oowp .
e < 5 | b

Where the parameters are as described previously, thisofiothe Arrhenius equation
gives a straight line wita slopeequal to — which upon multiplication byhe gas

constangives an activation energy for the reaction.

6.6 Concentration Variation
The concentration of substrate (5, 10, 15 anch&tbl) was varied to investigate the effect

on the rate of reactioand the results used to calculate an order in reacsamja simple

rate equation shown below:

Equation 8. Experimental Rate Equation

Y®Ho X0 6
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Where:

I kis the rate constant

1 [A] and [B] are the concentrations of the reactants

1 xis the partial order of reaction with respect to concentration of A
1 vy is the partial order of reaction with respect to concentration of B

Whereby takinghe natural log bEquation 8he equation becomes:

Equation 9. Natural log of rate equation

T dod IQ o B o 6
Where in our cas¢A] = hydrogen and isssumed to be first ord¢7.0] When the
concentration of [A] is kept constant, the equation can be simplified and the plot of In(rate)

against In[B] will yield a straight line, with the gradient equal to the order of substrate [B].
The sum of the partial orders of the reaction x antvgsgthe overall order of the reaction.

6.7 Substrates under study
All materialsstudied are showbelow in Table3 and FigureB and were used aeceived

with no further purification.

38



Table 3. List of substrates testedor hydrogenation.

Chemical Supplier Purity
Hydrogen BOC 99.99 %
Deuterium BOC 100 %
Argon BOC 99.99 %
2-Propanol SigmaAldrich 99.5 %
Catechol Sigma Aldrich O 99 %
Resorcinol Sigma Aldrich 99 %
Hydroquinone Sigma Aldrich 99 %
ortho-Cresol Sigma Aldrich 98 %
metaCresol Sigma Aldrich 99 %
para-Cresol Sigma Aldrich 99 %
2-Methoxyphenol Sigma Aldrich 99 %
3-Methoxyphenol Sigma Aldrich 99 %
4-Methoxyphenol Sigma Aldrich 98 %
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Figure 8. Oxygensubstituted aromatics under study for hydrogenation.

6.8 Diffusion Control
Priorto commencingxperimental workthemass transfer limitain of our hydrogenation

reaction was testetiroughinvestigaton ofthe effect of stirrer speed on the rate of
reaction.As the substrate with the fastest reactivtgra-cresolwas used for these
reactionsAll experiments were carried out as described in Se@&i@ywith stirrer speed
varied to encompasb0 rpm, 500 rpm, 1000 rp(etandardpand 1200 rpm.
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No liquid samples were taken, witydrogen consumption (mol) recordadd used to
calculatetherateconstant valuéor each reaction, as shown in TabBlbelow:

Table 4. Initial rate constants for tested stirrer speeds.

Stirrer speed | Rate constant
(rpm) (x10°, molmirt)
250 10.0

500 114

750 11.3

1000 11.3

1200 11.2

From above, it can be se#rat the rate constant plateaued between 500 and 1200 rpm and
as such it can be confirmed that our standard stirrer speed of 1000 rpm ensured we are
operating under kinetic control.

6.9 Solvent
In advance otarrying out experimeat work, the possibility oH-transfer fromour

standardsolvent (isopropanol) waevestigatedCatechol was testealer Rh/SiQ for 5
hours,with deuteriumusedas the reductant gas to ensure any hydrogenationdbatred
would bea result of Htransfe from thesolvent The result of this experiment is showmn

Figure 9
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Figure 9. Catechol solvent test reaction, 323 K3 barg Ar, 0.1 g Rh/SiQ.

It is clear from Figure 9 that minimal conversion of catechol occurred; a negligible
cumulative yield of produgct-3%, was measurday the end of the reactiofRrom this

result it can be statdtiatH-transfer from the solvent is minimal aoan be disregded
during our study.

A deuterium NMR was carried out on the sample at 180 minutes reaction time to test for

the occurrence dfi/D exchangevith the aromatic substrat€he spectrunfrom thisis
shownin Figure 10 below
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Figure 10. NMR Sample ran on T180 sample during catechol solvent test reaction.

It is clear that no proton exchange took place with the aromatic substrate. H/D exchange
did occur with theOH from the isopropanol solvent and with cycloaes& formed on the
surface of the catalyst from the hydrogenation of catechol, as shown in the peaks at 5.71

ppm and 1.6pm respectively.
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7 Results

7.1 Dihydroxybenzene Isomers

This section contains all resuftem hydrogenation oflihydroxybenzene isomers and
covers the following sets of reactions: individual hydrogenatiaratgfichol, resorcinol and
hydroquinone including temperature and concentration variations; competitive
hydrogenation reactions where tsemers were reacted in pairs and as a set of three;
individual and competitive reactions with deuterium in place of hydrogen, and extended

run time reactions. In addition, post catalyst thermal analysis data will be presented.

7.1.1 Individual Hydrogenation Standard Reactions

In this set of reactions catechol, resorcinol and hydroquinone hydrogenation will be shown
at our standard reaction conditions of 323 K, 10 mmol substrate and 3 barg hydrogen.
Catechol is shown below in Figure 11:

100

[}
1]

920

80

(]
=]

Mole Fraction Products ( % )

70
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—&-Catechol ——cis-1,2-Cyclohexanediol —&-trans-1,2-Cyclohexanediol
—9-2-Hydroxycyclohexanone  -#—Cyclohexanol —4—Cyclohexanone
Cyclohexane

Figure 11. Reaction profile of catechol hydrogenation. Conditions, 323 K, 10 mmol, 3
barg.

It can be seen that ~ 76 % conversion of catechol occurré&8®ynin.Formation of all
products was observed from the initial stages of the reaction witmthéydrogenated,
cis-1,2-cyclohexanediol and-Bydroxycyclohexanone, formed to the greatest extent, with a

mole fraction percentage of 25 % and 20 % respectively. HDO products, cyclohexanone,
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cyclohexanol and cyclohexane, were all observed, althougletserldegree than that of
the hydrogenated products, with cyclohexanol recording the highest mole fraction at ~
10 %.

For resorcinol at identical conditions, the reaction profile is shown below in Figure 12:
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-i-3-Hydroxycyclohexanone -i-Cyclohexanol - Cyclohexanone
~i-Cyclohexane

Figure 12. Reaction profile of resorcinol hydrogenation. Conditions, 323 K, 10 mmaol,
3 barg.

It can be seen that ~ 86 % conversion of resorcinol occurré8Mynina figure 10 %

greater than that observed with catechol hydrogenatiaroritrast with catechol, the HDO
product cyclohexanol was formed to the greatest extent with a mole fraction of ~ 26 % at
180 minutes. The formation of the other HDO products, cyclohexanone and cyclohexane,
wereobserved at ~ 17 % and ~ 6 % respectivelythls instance,-Bydroxycyclohexanone
was the major ring hydrogenated product at ~ 17 % mole fraction, with a decrease in

formation of thecis-cyclohexanediol observed when compared with catechol.

For hydroquinon@inderidentical conditions, the reactigrofile is shown below in Figure
13:
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Figure 13. Reaction profile of hydroquinone hydrogenation. Conditions, 323 K, 10
mmol, 3 barg.

It can be seen that at ~ 71 % conversion at 180 minutes hydroquinone exhibited the slowes
reaction rate of all three isomers. As with resorcinol, the major product formed was the
HDO product, cyclohexanol, with a mole fraction of ~ 16 % at 180 minutesoffter

HDO products, cyclohexanone and cyclohexane, were observed at ~ 14 % and ~ 8 %
respectively. The major ring hydrogenated product wasitheyclohexanediol, similar to

that observed with catechol.

7.1.2 Temperature Variations of Dihydroxybenzene Isomes

7.1.2.1 Catechol Temperature Variations

In this set ofeactionscatechol was hydrogenatedl&t K increments fron303 to 343 K
with 323 Ktakenas the standard reactiddydrogen pressure3(barg) and reactant
concentration (10 mmol) were kept constant toaugidnd the effect temperature haual

catechol hydrogenation. The graphs shown belmin increasing order of temperature:
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Figure 14. Reaction profile of catechol hydrogenation. Conditions, 303 K, 10 mmol, 3
barg.
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Figure 15. Reaction profile of catechol hydrogenation. Conditions, 313 K, 10 mmol, 3
barg.
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Figure 16. Reaction profile of catechol hydrogenation. Conditions, 333 K, 10 mmol, 3
barg.
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Figure 17. Reaction profile of catechol hydrogenation. Conditions, 343 K, 10 mmol, 3
barg.

From Figures 147 above, it can be clearly seen as temperature was increased, the
reaction rate increased. The rate constant at 303 K wad@2inin™ compared with 11.3

x10°3mintat 343 K: an almost fourfold increase in rate from a 40 K increase in
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temperature. The main catechol hydrogenation prodigl,2-cyclohexanediol, formed at
~17.5 % at 303 K by reaction end, compared with ~ 34 % at 343 Wjregha near

doubling of product yield over the temperature range measured. The HDO product,
cyclohexanolalsoshowed an increase with temperature: from ~ 6 %16 %at 180

minutes over the 40 K measured range. The product distribution of the hydrogenated
(cisttrans-1,2-cyclohexanedioland-Bydroxycyclohexanone) and hydrodeoxygenated
products (cyclohexanone, cyclohexanol and cyclohexane) at ~ 35 % conversion is shown
below in Figure 18:
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H cist+trans-1,2-Cyclohexanediol B 2-Hydroxycyclohexanone
H Cyclohexanone B Cyclohexane
H Cyclohexanol

Figure 18. Product distribution at ~ 35 % conversion for catechol hydrogenation.

It can be seen fromigure 18 that as temperaturgasincreasedormation ofthe
intermediate hydrogenated productyiroxycydohexanoneincreasedavhilst that ofthe
cigtrans-cyclohexanediol decreaseadf the HDO products;yclohexanone formation was
seen to increase with temperatuwhilst that of cyclohexanol decreased. Cyclohexane,
which hasundergonawo i OH bond cleavageicrease@cross the temperature range.

The relationship between temperature and conversion of catechol is showrnrbElgure
19:
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Figure 19. Effect of temperature on the conversion of catechol hydrogenation.

It can beseen fronfFigure 1%that an increase in temperature results in a signifiefatt

on catechol conversion with an increase from ~ 45 % to full conversion observed over the
30371 343 K temperature range.

For each temperatureaction the rate constant waalcuated and an example of this, at
333 K is shown belown Figure 20
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Figure 20. Rate constant graph for catechol hydrogenation at 333 K.

From the integrated form of the Arrhenius equasbown in Equation 7 of the

Expermental Sectionn k was plottechgainst (- ) using the values in Table 5 below:

Table 5. Summary of data for catechol activation energy.

Temperature | k (x10°min) | 1/T (x- axis) Ln k (y-axis)
(K)
303 3.3 0.00330 -5.7138
313 4.6 0.00319 -5.3816
323 8.3 0.00309 -4.9062
333 9.5 0.00300 -4.6564

51



T

0.0030  0.0030 0.0031 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034

42 y =-3806x + 6.8474
R?=0.958

-4.4

-4.6

4.8 L 2

Lnk

-5.2

5.4 *

-5.6 \

-5.8

Figure 21. Activation energy plot for catechol.

Therefore, he gradient of In k against 1/T equals— andcan be expressed for Ea as:

o Ea=-mR
0 -(-3806 x 8.314)/1000
0 =31.6 kJmot
From this, an overall activaticenergy for catechol hydrogenatioh31.6 kJmof was

measured

7.1.2.2 Resorcinol Temperature Variations

In this set ofeactions, resorcinavas hydrogeated atlO K increments fron303 to 343 K
with 323 Ktakenas the standard reactiddydrogen pressure (3 barg) and reactant
concentration (10 mmol) were kept constant to uridedsthe effect temperature haual
resorcinolhydrogenation. The graphs of Hgeare shown below inéreasing order of

temperature:

52



100 - 14
90
12
80
-~
® -~
Z 0E
f z
Z a0 2
] 8 '§
n
& 50 =
= g
= 6 £
g 40 :
1
= =
"]
s =
20
2
10
0 0
0 20 40 60 80 100 120 140 160 180
Time ( mins )
~i-Resorcinol —-cis-1,3-Cyclohexanediol -#-trans-1,3-Cyclohexanediol
-ii-3-Hydroxycyclohexanone -l-Cyclohexanol -B-Cyclohexanone
--Cyclohexane

Figure 22. Reaction profile of resorcinol hydrogenation. Conditions, 303 K, 10 mmol,
3 barg.
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Figure 23. Reaction profile of resorcinolhydrogenation. Conditions, 313 K, 10 mmol,
3 barg.
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Figure 24. Reaction profile of resorcinol hydrogenation. Conditions, 333 K, 10 mmol,
3 barg.
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Figure 25. Reaction profile of resorcinol hydrogenation. Conditions, 343 K, 10 mmol,
3 barg.

From Figures 2225 above the formation of HDO products increased with temperature,
with a cumulative yield of ~ 66 % at 343 K compared to ~ 18 % at 303 K at 180 minutes.
The rate of reaction increased significantlyhwgmperature showing a six fold increase
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between 303 K (3.810%min™) and 343 K (21.&103min). The product distribution of
the hydrogenatecig/trans-cyclohexanediol and-Bydroxycyclohexanone) and

hydrodeoxygenated products (cyclohexanol, cyclahere and cyclohexane) at ~ 35 %
conversion is shown below in Figure 26:
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. Temperature (K)
N cist+trans-1,3-Cyclohexanediol H 3-Hydroxycyclohexanone
B Cyclohexanone B Cyclohexane

H Cyclohexanol

Figure 26. Product distribution at ~ 35 % conversion for resorcinol hydrogenation.

It can be seen from Figure 26 that temperature had a significant effect on the product
distribution for resorcinol hydrogenation. A substantial decrease in the formation of the
hydrogenated productsisttrans-cyclohexanediol, was observed, 3

hydroxycyclotexanone, however, showed a slight increase over the measured temperature
range. For the HDO products, a doubling (6 to ~ 12 %) in the observed levels of
cyclohexanone and an increase from 1 to 4 % for cyclohexane was observed between 303
and 343 K. Cycloheanol formation however, showed a 50 % decrease (10 to ~ 4 %) over

the same temperature range. The efédétemperature on the conversion of resorcinol is
shown belown Figure 27:
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Figure 27. Temperature effect onconversion of resorcinol hydrogenation.

It is apparent from Figure 27 thdwetincrease in temperature from 303 K to 34Bad a
significanteffecton the conversion of resorcinol. Increasing from ~ 37 % conversion at
303 K at the end of the reaction tdl ftonversion for the 343 K at ~ 120 minutes.

For each temperature, the rate constant was ctddudad an example of this at33K is
shown belown Figure 28
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Figure 28. Rate constant graph for hydrogenation at 313 K.

Fromthe integrated form of the Arrhenius equatstrown in Equation 7 of the

Experimental Sectiorn k was plottechgainst (- ) using the values in the Table 6 below:

Table 6. Data used to calculate activation energy foresorcinol.

Temperature | k (x10°min™) | 1/T (x- axis) Ln k (y-axis)
(K)
303 3.3 0.00330 -5.7138
313 5.4 0.00319 -5.2213
323 11.9 0.00309 -4.8283
333 14.6 0.00300 -4.2267
343 21.9 0.00291 -3.8212
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Figure 29. Activation energy plot for resorcinol hydrogenation.

Therefore, he gradient of In k against 1/T equals— andcan be expressed for Ea as:

o0 Ea=-mR
o -(-4988*8.314)/1000
0 =41.47 kdmot
From this, an overall activation energy for catechol hydrogenatida.8kJmol!was

measured.

7.1.2.3 Hydroquinone Temperature Variations

In this set ofeactionshydroquinonavas hydrogenated &0 K increments fron303 to

343 K, with 323 Ktakenas the stasiard reactionHydrogen pressure (3 barg) and reactant
concentration (10 mmol) were kept constant to uridedsthe effect temperature haual
hydroquinonenydrogenation. The graphs of these are shown belomcieasing order of

temperature:
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Figure 30. Reaction profile of hydroquinone hydrogenation. Conditions, 303 K, 10
mmol, 3 barg.
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Figure 31. Reaction profile of hydroquinone hydrogenation. Conditions, 313 K, 10
mmol, 3 barg.
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Figure 32. Reaction profile of hydroquinone hydrogenation. Conditions, 333 K, 10
mmol, 3 barg.
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Figure 33. Reaction profile of hydroquinone hydrogenation. Conditions, 343 K, 10
mmol, 3 barg.
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From Figures30i 33 above it can be seen that the rate of reaction had an almost fourfold
increase from 3.810%min™ to 12.5x10°min™ after a 40 K rise in temperatrThe

cumulative yield of the HDO products at reaction end was ~ 57 % at 343 K compared to ~
27 % at 303 K. The product distribution of the hydrogenateftrans-cyclohexanediol

and 4hydroxycyclohexanone) and hydrodeoxygengestiucts (cyclohexanol,

cyclohexanone and cyclohexane) at ~ 35 % conversion is shown below in Figure 34:

10

Mole Fraction ( %)

303 323 343
Temperature ( K)
H cisttrans-1,4-Cyclohexanediol B 4-Hydroxycyclohexanone
B Cyclohexanone B Cyclohexane
H Cyclohexanol

Figure 34. Product distribution at ~ 35 % conversion for hydroquinone
hydrogenation.

It can be seen from Figure 34 that foemation of the hydrogenated productsand
trans-cyclohexanediol decreased whilshvdroxycyclohexanone increased as the
temperature was elevated. Analysis of the HDO products showed an increase in productior
of cyclohexanone and cyclohexane and @ekese in cyclohexanol between 303 and 343

K. Theeffect of temperature on the conversiomgéiroquinonas shown belown Figure
35:
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Figure 35. Temperature effect on conversion of hydroquinone hydrogenation.

It can be seensathe temperature increased the conversion of hydroquinone increased. The
conversion at 303 K was ~ 50 % by reaction end, whereas at 343 K hydroquinone was at
full conversion by 160 minutes.

For each temperature, the rate constant was ctddutad an eemple of this at 33 K is
shown belown Figure 36:
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y = 0.0125x + 0.0081 A
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Figure 36. Rate constant graph for hydroguinonehydrogenation at 343 K.
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From the integrated form of the Arrhenius equasbown in Equation 7 of the

Experimental Sectiorn k was plottechgainst (- ) using the values in Table 7 below:

Table 7. Data used to calculate activation energy for hydroquinone

Temperature | k (x10°min™) | /T (x- axis) Ln k (y-axis)
(K)
303 2.9 0.00330 -5.71383
313 3.9 0.00319 -5.38170
323 4.2 0.00309 -4.79150
333 8.1 0.00300 -4.65646
343 125 0.00291 -4.56595
1/T
0 ‘ . . . . .
0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1
y =-3775.2x+ 6.566
5 R?=0.9911
2.3
=}
—
4
) .\\\‘
-6
-7

Figure 37. Activation energy plot for hydroquinone hydrogenation.

Therefore, he gradient of In k against 1/T equals— andcan be expressed for Ea as:

o Ea=-mR

o -(-3775.2*8.314)/1000
o =31.39 kJmot

From this, an overall activation energy fordroquinonenydrogenation 081.4kJmol!

wasmeasured.
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The activation energies calculated for each isomer of the dihydroxybenzenes are

summarised below in Table 8:

Table 8. Activation energies of dihydroxybenzene isomers.

Substrate Activation
Energy
(kJmotf?)
Catechol 31.6
Resorcinol 41.2
Hydroquinone | 31.4

From Table 8 it can be seen the activation energies of catechol and hydroquinone were

similar at ~ 31 kJmdl, whilst resorcinol was higher at ~ #Imol™.

7.1.3 Concentration Variations of Dihydroxybenzene Isomers
Dihydroxybenzene concentration was varied to investigate reaction order of the organic.

7.1.3.1 Catechol Concentration Variations

In this set of reactions catechol was hydrogenat®&d Hd, 15 and 20 mmol to test the

effect of substrateoncentration on the hydrogenation activity, with 10 mmol taken as the
standard reactiori.he temperature (323 K) and hydrogen presgitearg) were kept

constant throughout. These results in order of increasing concentration are shown below:
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Figure 38. Reaction profile of catecholhydrogenation. Conditions, 323 K, 5 mmol, 3
barg.
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Figure 39. Reaction profile of catechol hydrogenation. Conditions, 323 K, 15 mmol, 3
barg.
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Figure 40. Reaction profile of catechol hydrogenation. Conditions, 323 K, 20 mmol, 3
barg.

Calculation of the initial rates of each concentration reaction shown above, found a
decrease in catechol reactivity with an increasmimcentration; a change in rate from
0.0163 mol *min™ using 5 mmol substrate to 0.0108 madinhin™ using 20 mmol.The
product distribution of the hydrogenatemis¢trans-1,2-cyclohexanedioland-2
hydroxycyclohexanone) and hydrodeoxygenated productfofoyxanone, cyclohexanol

and cyclohexane) at ~ 35 % conversion is shown below in Figure 41.:
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Figure 41. Product distribution for catechol concentration reactions at ~ 35 %
conversion.

From Figure 41 above, it can be seen thattiole fraction percentages for both the
hydrogenated and hydrodeoxygenated products remain constant over the concentration
range tested signifying the concentration of catechol has an effect only on rate and not on
product distribution.

To calculate anwerall order in catechol Ln [A] against Ln [rate] was plotted using the data

in Table 9 below:

Table 9. Data used to calculate order in substrate for catechol hydrogenation.

Reactant Rate Ln Ln rate
concentration | (mol L min) | concentration

(mol LY

0.015 0.0163 -4.12 -4.53
0.030 0.0130 -3.50 -4.44
0.045 0.0118 -3.10 -4.34
0.060 0.0108 -2.81 -4.12
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Figure 42. Substrate ader plot for catechol hydrogenation.

Using the equations presented in Sec@d@of the Experimental Section, the order in

catechol was taken from the gradient of the straight line in Figure 42 above and found to be
-0.3.

7.1.3.2 Resorcinol Concentration Variations

In this set of reactions resorcinol was hydrogenasdg 5, 10, 15 and 2@mol to test the

effect this would have on the hydrogenation reaction, with 10 mmol taken as the standard
reaction.The temperature (323 K) and hydrogen pressure (3 barg) were kept cofiséant

graphs of thesm increasing order of concentratiare show below:
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Figure 43. Reaction profile of resorcinol hydrogenation. Conditions, 323 K, 5 mmaol,
3 barg.

100 25
90

80

[
=

70

60 15

50

40

—
=}
Mole Fraction Products ( % )

30

Mole Fraction Resorcinol ( % )

20 5

10

’ 0 20 40 60 80 100 120 140 160 1800
Time ( mins )
~i-Resorcinol -l cis-1,3-Cyclohexanediol -#trans-1,3-Cyclohexanediol
—i-3-Hydroxycyclohexanone B-Cyclohexanol —-Cyclohexanone
~#-Cyclohexane

Figure 44. Reaction profile of resorcinol hydrogenation. Conditions, 323 K, 15 mmaol,
3 barg.
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Figure 45. Reaction profile of resorcinol hydrogenation. Conditions, 323 K, 20
mmol, 3 barg.

Calculation of the initial rates of each concentration reaction shown above, found an
increase in resorcinol reactivity with an increaseoncentration; a change in rate from
0.0095 mol *min? using 5 mmol substrate to 0.0214 mdinhin™ using 20 mmolThe
product distribution of the hydrogenatemis¢trans1,2-cyclohexanedioland-2
hydroxycyclohexanone) and hydrodeoxygenated prodogtsohexanone, cyclohexanol

and cyclohexane) at ~ 35 % conversion is shown baldvigure 46:
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Figure 46. Product distribution for resorcinol concentration reactions at ~ 35 %

conversion.

From Figure 46 above it can be seen that the mole fraction percentages of both the

hydrogenated and hydrodeoxygenated products were unchanged over the concentration

range tested. This suggests the concentration effect is limited to the rate of reachias and

no influence on product distribution.

To calculate an overall order in resorcinol Ln [A] against Ln [rate] was plotted using the

data in Table 10 below:

Table 10. Data used to calculate the order in resorcinol.

Reactant Rate Ln Ln rate
conceriration (mol L min) | concentration

(mol LY

0.015 0.0095 -4.12 -4.65
0.030 0.0167 -3.50 -4.09
0.045 0.0197 -3.10 -3.93
0.060 0.0214 -2.81 -4.39
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Figure 47. Order plot for resorcinol hydrogenation.

From the gradient of the line in Figure 47, the order for resorcinol was found to be 0.6.
7.1.3.3 Hydroquinone Concentration Variations

In this set of reactionlsydroquinonevas hydrogenated at different concentrations using 5,
10, 15 and 20 mmol of substratgth 10 mmol the standard reaction. The temperature
(323 K) and hydrogen pressuyf®barg were kept constant to undenst the effect
hydroquinoneconcentration hadnthe hydrogenatioreaction The reaction profilgraphs

are shown below in ineasing order of concentration:
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Figure 48. Reaction profile of hydroquinone hydrogenation. Conditions, 323 K, 5
mmol, 3 barg.
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Figure 49. Reaction profile of hydroquinone hydrogenation. Conditions, 323 K, 15
mmol, 3 barg.
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Figure 50. Reaction profile of hydroquinone hydrogenation. Conditions, 323 K, 20
mmol, 3 barg.

Calculation of thenitial rates of each concentration reaction shown above, found an
increase in hydroquinone reactivity with an increase in concentration; a change in rate
from 0.0059 mol E*min* using 5 mmol substrate to 0.0107 madinhin' using 20 mmol.

The product disibution of the hydrogenatedigttrans1,2-cyclohexanedioland-2
hydroxycyclohexanone) and hydrodeoxygenated products (cyclohexanone, cyclohexanol

and cyclohexane) at ~ 35 % conversion is shown below in Figure 51.:
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Figure 51. Product distribution for hydroguinone concentration reactions at ~ 35 %
conversion.

Figure 51 above shows minimal change in product distribution across the concentration

range tested indicating quantity of substrate preserarna$fect only on reaction rate.

To calculate an overall order in hydroquinone Ln [A] against Ln [rate] was plotted using
the data below in Table 11:

Table 11. Data used to calculate order in substrate for hydroquinone hydrogenain.

Reactant Rate Ln Ln rate
concentration | (mol Lt min'!) | concentration

(mol LY

0.015 0.09 -4.12 -5.13
0.030 0.0073 -3.50 -4.92
0.045 0.0087 -3.10 -4.74
0.060 0.0107 -2.81 -4.54
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Figure 52. Order plot for hydroquinone hydrogenation.

Therefore, from the equation of the straight line above the order in hydroquinone is 0.41.
The order for each substrate of the dihydroxybenzene isomers is summarised below:

Table 12. Orders in dihydroxybenzene isomer.

Substrate Order
Catechol -0.3
Resorcinol 0.6
Hydroquinone | 0.4

From Table 12 above it can be seen the following order of strength of adsorption exists:

catechol > hydroquinone > resorcinol.

7.1.4 Competitive Hydrogenation
Competitive testing of the dihydroxybenzene isomers in pairs and as a group of three was

carried outand the results are detailed in this section.

The competitive reaction of catechol and resorcinol resulted in a significant decrease in the

rate of reaction for both isomers as can be se&igure 53 below:
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Figure 53. Competitive reaction of catechol and resorcinol. Conditions: 323 K, 3
barg, concentrations as per single reactions.

From Figure 53 it can be seen thigglst inhibition of resorcinol occurred with no reaction
taking place inhe initial five minutes, whereas catechol reacted immediately. The
hydrogenated products from catechol were favoured oveetiiom resorcinolThe

formation of the resorcinol ring hydrogenated producisy@oxycyclohexanone aruis-
1,3-cyclohexanediglwere delayed, not forming until five and twedfitye minutes
respectively. This is in marked contrast to individual hydrogenation where both form from
the outset. No evidence of the second component influencing reaction selectivity was
observed; the pradtt distributions remained constant between individual and competitive

hydrogenation ashown below in Figure 54
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