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1 Abstract 

One of the main areas of energy consumption is the transportation sector, where at present 

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. The most abundant source 

for candidate biofuels is lignocellulosic biomass which contains hemicellulose (25-35 %), 

cellulose (40-50 %) and lignin (15-20 %), with the exact composition dependent on the 

plant species present. The focus of this study is on the components of bio-oil derived from 

lignin and in particular the p-hydroxyphenyl and guaiacol based monomers. 

Lignocellulosic biomass can be converted into liquid bio-oil via fast pyrolysis at 673ï873 

K in the absence of air with multiple reactions taking place. The result is a bio-oil 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 properties of bio-oil such as 

low heating value, corrosiveness, high viscosity and 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 involved 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/SiO2 catalyst at mild operating conditions (303-343 K, 3 barg H2). Reaction 

temperature and substrate 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 

mechanism, 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 initially, and deoxygenated products 

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

meta and para isomers (resorcinol and hydroquinone) favoured HDO product formation 

over conventional hydrogenated products (hydroxycyclohexanone and cyclohexanediol). 

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

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

both HDO and hydrogenated products. The HDO products are believed to form via highly 

reactive surface intermediates whereby the position of the double-bond ɓ-ɔ to hydroxyl 
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group facilitates the C-OH bond cleavage more readily. The trans isomer was shown not to 

occur via an isomerization mechanism, and instead was 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 reaction conditions. In 

this instance, it was the ortho isomer which showed the greatest favourability towards the 

deoxygenated product (methylcyclohexane), however, all three isomers favoured the 

standard hydrogenated products (methylcyclohexanone and methylcyclohexanol) overall. 

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 on the ortho isomer was shown to interact 

directly with the catalyst surface through NMR analysis, this exchange was significantly 

reduced with both the meta and para isomers. This suggests the existence of a different 

mode of adsorption for the ortho isomer and may explain its 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, the meta and para isomers favoured 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 dihydroxybenzenes indicating the presence of two 

oxygen-containing 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 was observed. This is postulated to be a result 

of the adsorption/desorption kinetics when the bulky methoxy group and hydroxyl group 

are in the para 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 observed during 

individual hydrogenation, and again highlights the complex nature of these reactions. This 
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substantial change in behaviour and reactivity observed in the competitive environment 

substantially limits the value of studying a single model compound as a route to 

understanding a true bio-oil feed.  

It is notable that during the deuterated reaction of ortho-cresol, no cis-2-

methylcyclohexanol was detected and formation of the HDO product, methylcyclohexane, 

was delayed until 60 minutes into the reaction; significantly 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 

analysis 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. The post-reaction catalysts of 

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

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 around 

the world with various renewable energy sources (e.g., solar, wind and hydrogen) employed. 

[1] The issue has become even more prescient as world demand for energy is expected to 

double before 2050, due to the development of our society and population growth, in 

conjunction with depleting fossil fuel reserves. [2,3] Currently, 85 % of world energy 

production comes from fossil fuels with the resultant negative environmental and climatic 

effects from the emission of huge quantities of CO2. One of the largest 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 of serious concerns such as the impact on food availability resulting 

from crops being specifically grown as biofuels. As a response to these issues research has 

shifted towards the development of a second generation of biofuels sourced from agricultural 

waste. [4-11] 

Lignocellulosic biomass is the most abundant of the potential new biofuel sources and the 

minimal environmental effects associated with its use make it an ideal carbon resource. [12] 

In addition, biomass shows significant potential as a carbon feedstock in the chemical 

industry opening further possibilities for the exploitation of this widely available, yet 

underutilized material. It is composed of hemicellulose (25-35 %), cellulose (40-50 %) and 

lignin (15-20 %), however the exact composition is dependent on the plant species present 

in the biomass feedstock and the pre-treatment conditions used. [13] The extremely 

complicated structure of lignin, which presently is still not fully understood, has led to it 

being the most under used of the three constituent parts. 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 which in turn give rise to 

p-hydroxyphenyl, guaiacyl, and syringyl, referred to as H-unit, G-unit and S-unit as shown 

in Figure 1 below: [14] 
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Figure 1. The 3 sub-units of lignin. 

Biomass can be converted to liquid biofuels through thermochemical processes. In recent 

decades biomass fast pyrolysis has emerged as one of the most promising routes for the 

conversion of lignocellulosic biomass to liquid bio-fuels. In this process, lignin is converted 

to compounds such as phenol, catechol, anisole, guaiacol and cresol [7] through heating to 

673ï873K in the absence of air. During this procedure, multiple reactions take place 

including dehydration, depolymerisation, re-polymerization, fragmentation and 

rearrangement resulting in the production of a bio-oil containing over 300 individual 

compounds, of which large amounts are oxygenates. The crucial difference between bio-oil 

and crude oil is the elemental composition, most notably the concentration of oxygen; bio-

oil ~ 28-40 %, crude oil < 1 %, [15] which results in an unstable, corrosive bio-oil with high 

viscosity, and low high heating value limiting its application as a bio-fuel. Commercial 

viability requires upgrading of the bio-oil by decreasing the oxygen content; however, the 

presence of such 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 of bio-oil is currently achieved via 2 

catalytic processes: hydrodeoxygenation (HDO) and zeolite cracking. [16] The HDO 

reaction has gathered considerable attention in recent years and uses hydrodesulphurization 

(HDS) catalysts such as Co-MoS2/Al 2O3 or Ni-MoS2/Al 2O3. The most effective HDO 
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reactions involve a stabilisation step using mild hydrogenation to remove the most reactive 

components including the ketones and aldehydes; followed by high temperature (573-723 K) 

treatment to remove oxygen. [17-20] Issues with current zeolite cracking procedures, such 

as catalyst deactivation through carbon laydown and production of bio-oils with a heating 

value 25 % lower than crude oil, has 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 process. 

[21] 

As previously mentioned, CoMo/Al2O3 and NiMo/Al2O3 catalysts are those favoured for 

HDO, where Mo acts as the active element and Co or Ni play the role of promoters. [4,22] 

In recent years there has been a shift from conventional sulfide catalysts to noble metals; 

known to be active at activating hydrogen under mild conditions and exhibiting increased 

activity and selectivity when supported. [23] The greatest challenge with HDO is catalyst 

deactivation due to coking, sintering and interaction with water and sulfides. [24-27] Of 

these the commonest route is from coking, where carbon formed by polymerization and 

polycondensation reactions blocks the catalyst pores and results in a decrease in the available 

active sites.  The extent of this coking is influenced by reaction operating conditions, the 

type of oxy-compounds and the catalyst employed. [28] 

A deactivation study was carried out by Bouxin et al. [21] on the hydrodeoxygenation of 

para-methylguaiacol over silica supported rhodium and platinum catalysts, with para-

methylguaiacol employed as a model compound for the G-unit of lignin. Numerous reactions, 

including demethylation, demethoxylation 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 place for para-methyl guaiacol is shown below in Figure 2: 
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Figure 2. Reaction pathways for the HDO of para-methylguaiacol. [DMO : 

demethoxylation, DME: demethylation, DDO: direct deoxygenation, HYD: 

hydrogenation, DeHYD : dehydrogenation, DHY: dehydration][21] 

From Figure 2, the complexity of reaction pathways is apparent, with numerous possible 

routes available. It should be noted, the methyl group in the para position of guaiacol is 

consistently present throughout all reactions. 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 authors. The rhodium catalysts showed higher HDO activity, whilst the platinum 

catalyst favoured hydrogenation; only at low temperature (323 K) was hydrogenation 

observed with the rhodium catalysts. The JM catalyst exhibited greatest stability, with 

reaction reaching steady state after 10 hours and a constant activity maintained over 3 days 

on stream. In contrast, reactions carried out using catalysts prepared by the authors failed to 

reach steady state and catalyst deactivation was observed. Both rhodium catalysts selectivity 

favoured cresol, in contrast to the platinum catalyst which displayed higher selectivity 

towards 4-methyl catechol.  

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

the oxy-compounds via hydrogen bonds. For many years the most commonly used support 
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was Al2O3, however, recent research has thrown up questions around its suitability for HDO. 

A number of studies have found that following the formation of water through the reaction 

between hydrogen and bio-oil, the Al2O3 can convert to boemite (AlO(OH)) resulting in 

oxidation of nickel and a reduction in catalyst activity. [29-31] Furthermore, Propev et 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 Al2O3 and resulted in a movement towards more pH neutral supports such as SiO2, 

which was found to have a concentration of adsorbed phenol species just 12 % of that on 

Al 2O3.   

4.3 Catalytic Hydrogenation  

Catalytic hydrogenation continues to have widespread industrial applications in the 

production of pharmaceuticals, agrochemicals, fine chemicals, flavours, and fragrances; 

between 10-20 % of reactions today use this process for chemical production. [33] Although 

recent years has seen 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 process. In recent years catalytic hydrogenation of 

aromatics has gathered renewed interest due to the demand for lower levels of aromatics in 

diesel fuels driven by environmental concerns and EU legislation. [34] 

An important role of hydrogenation in the HDO upgrading of bio-oil may be as a route to 

facilitating deoxygenation more readily. Below, relevant bond dissociation energies are 

summarised: 

Table 1. Bond dissociation energies (kJ/mol). 

 Bond dissociation energies 

(kJ/mol) 

RaliphaticïOR 339 

RaromaticïOR 422 

RaliphaticïOH 385 

RaromaticïOH 468 

 

From Table 1 it can be seen that, in the case of ethers and alcohols the bond strength of the 

oxygen when attached to the aromatic carbon in comparison to the aliphatic carbon increases 

by ~83 kJ/mol.  Hence, initial hydrogenation of the aromatic to aliphatic ring will reduce the 

C-O bond energy and potentially enhance the removal of oxygen allowing deoxygenation to 
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take place more readily. [35] However, steric constraints of cleaving the aliphatic carbon-

oxygen bond are higher than for the equivalent aromatic bond. [36]  

A long history of research into aromatic hydrogenation exists, with Sabatier and Senderens 

reporting the first catalytic hydrogenation of the aromatic ring in their work with benzene 

in 1905. [37] They established the use of nickel-based hydrogenation of unsaturated 

molecules to their saturated equivalent, including the reaction of benzene to cyclohexane, 

for which Sabatier was awarded a Nobel Prize in 1912. In the intervening 100 plus years 

many studies have been carried out on aromatic hydrogenation with no clear consensus 

reached on the exact nature of what occurs on the catalyst surface. [34] 

Benzene, the simplest aromatic molecule, is stabilised by the simultaneous involvement of 

three sets of ́- electrons and therefore hard to disrupt. Due to the heats of hydrogenation, 

under most circumstances cyclohexane is the only product when benzene is hydrogenated. 

[38,39] Investigations of the different activation energies and ionisation potentials have 

provided evidence that the mechanism of benzene hydrogenation proceeds through an 

associatively ˊ-adsorbed complex which is accepted by many in literature. There is 

ambiguity, however, regarding the number and type of intermediates that form during the 

hydrogenation process. Scholten and co-workers suggested the stepwise mechanism 

presented in Figure 3 below: [40-42] 

 

Figure 3. Stepwise hydrogenation mechanism of benzene. 

This shows the different states of chemisorbed benzene and the desorption process of the 

aromatic species. Cyclohexadiene is believed to adsorb too strongly to the catalyst surface 

for the desorption of this intermediate to occur. A definitive mechanism for the 

hydrogenation of benzene is still to be fully understood, however, those involving 

Langmuir-Hinshelwood kinetics and Eley-Rideal kinetics are the 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 hydrogenation. This all underlines that despite over a 

century passing since the original hydrogenation of benzene a full understanding of the 

simplest aromatic does not yet exist.  

 

4.4 Phenol Hydrogenation/HDO  

The addition of a single hydroxyl group to benzene brings us to phenol. The catalytic 

hydrogenation of phenol to cyclohexanone is of commercial significance. Cyclohexanone 

is a key raw material in the production of Nylon 6 and Nylon 66 and for the synthesis of 

other industrially important chemicals. [46] There are currently two main industrial 

processes in operation: the oxidation of cyclohexane under high temperature and pressure, 

and the more preferred hydrogenation of phenol, which suffers however, from low 

selectivity to cyclohexane under mild reaction conditions. [47,48] Sabatier and Senderens 

[37] carried out the first phenol hydrogenation and reported that the main product formed 

was a mixture of cyclohexanol/cyclohexanone in addition to fractional amounts of 

benzene, cyclohexane, and cyclohexene. Although, in the early stages of research into 

phenol hydrogenation the route of product formation was ambiguous, following kinetic 

studies by Jungers et al. [49,50] in 1950 it was widely accepted that cyclohexanone forms 

as a primary product in the liquid phase hydrogenation of phenol. The mechanism for 

phenol hydrogenation is shown in Figure 4 below: 

 

 

Figure 4. Phenol Hydrogenation. 

The standard Gibbs free energy changes of the reactions of phenol are negative, with 

phenol to cyclohexanone giving ȹG = ī145 kJ molī1 and phenol to cyclohexanol giving 

ȹG = ī211 kJ molī1, both are thermodynamically favourable products. [37, 51] As shown 

in Figure 4, the presence of ketones in the reaction can be explained by tautomerization - 

the keto form is 18 kcal more stable than the enol. Smith and Stump in 1961 [52] proposed 

that phenol was adsorbed on the catalyst surface where hydrogenation occurred with the 

production of hydroxycylohexenes as short-lived intermediates. These may or may not be 
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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 intermediate may undergo cleavage to 

cyclohexene and water, or ring hydrogenation to cyclohexanol. It is believed that these 

reactions can occur simultaneously until all double bonds are saturated.  

Hydrogenation of phenol occurs between activated H2 molecules and chemisorbed phenol 

molecules, where phenol is adsorbed on the catalyst surface via the oxygen atom of the 

hydroxy group in the form of phenolate. [53,54] It is believed to be able to adopt two 

different modes of adsorption depending on the nature of the support: on a basic support 

phenol can be chemisorbed in a non-planar manner, which facilitates the production of 

cyclohexanone, or on acidic supports where it is adsorbed in a co-planar arrangement 

favouring cyclohexanol formation. [36]  

The occurrence of phenol in bio-oil makes it a commonly used model compound. 

Belonging to the p-hydroxyphenyl lignin subunit, it is the simplest model compound with 

only an aromatic ring and single hydroxyl group present.[32]  Research carried out 

investigating the HDO of phenol has proposed a bi-functional reaction, utilizing metal sites 

on the catalyst for hydrogenation and dehydrogenation, and acidic sites for polymerization 

and alkylation. [55-57] A number of reaction pathways have been proposed for phenol 

HDO, one major route is direct deoxygenation (DDO) involving hydrogenolysis of the 

stable C(sp2)-O bond; however, this is seen as a difficult reaction to achieve under 

conventional conditions, due to the stability of the aromatic ring. An alternative proposal is 

through metal-catalysed ring hydrogenation, which reduces the energy required to scission 

the C-O 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 hydrogenation. [18]  

A recent study by Alsheri et al. examined phenol hydrogenation over rhodium in a batch 

reactor (< 343 K, 2-5 barg H2). [59] The principal product at the early stages of the 

reaction was found to be cyclohexanone, with cyclohexanol formed as a secondary product 

from cyclohexanone. The conditions employed were significantly milder than those 

commonly used for HDO; however, hydrogenolysis was still seen to occur at relatively 

high levels with around 20 % yield of cyclohexane recorded. The study also replaced 

deuterium for hydrogen and found 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 hydrogenolysis product, gave 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:   

Å           KIE value equals 1 then there is no KIE effect   

Å           KIE > 1 yields a positive KIE effect  

Å           KIE < 1 yields a negative KIE effect  

A positive KIE value indicates that the addition of hydrogen is involved in the RDS of the 

reaction mechanism, whilst an inverse KIE implies the hydrogen 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 in the dihydroxybenzenes, made 

up of catechol, resorcinol and hydroquinone, with catechol (the ortho isomer) the most 

commonly studied as a bio-oil model compound. It is generally thought, that for 

compounds with the same number of substituents those with symmetrical arrangement had 

the highest reactivity, with the dihydroxybenzenes believed to follow the pattern recorded 

for xylene isomers by Vannice and Rahman: para > meta > > ortho-xylene. [60,61] To the 

best of our knowledge Smith and Stump in 1961 are the only researchers to study the 

isomers of the dihydroxybenzenes as a group. [52] They also recorded the order of 

reactivity as para > meta > ortho over both a Rh and Pt catalyst. A mechanism was 

proposed whereby the dihydroxybenzene is adsorbed to the catalyst surface where 

hydrogenation takes place to give hydroxycyclohexenes as short-lived intermediates which 

may or may not desorb from the catalyst surface. [62] These intermediates can then 

undergo hydrogenation to give cis/trans-cyclohexanediol and hydroxycyclohexanone or 

hydrogenation coupled with hydrogenolysis to form cyclohexanol, cyclohexanone and 

cyclohexane. They reported that the least level of cleavage occurred with the ortho-isomer 

(catechol) quoting steric hindrance as the reason behind this. The reactivity order of para > 

meta > ortho is by no means uniform across all substituted aromatic hydrogenation studies, 

Odebunmi and Ollis for example, in a study of methyl substituted aromatics, reported an 

order of meta > para > ortho and attributed the low reactivity of the ortho isomer to be a 

result of steric interactions. [63,64] 

Song et al. [65] carried out HDO of catechol at high temperature and elevated pressure 

(473K, 30 barg H2) and found the ring hydrogenated 1,2-cyclohexanediol to be the major 

product. Two possible mechanisms were proposed: hydrogenolysis to phenol, followed by 
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subsequent hydrogenation to cyclohexanone and cyclohexanol; or an initial hydrogenation 

to 2-hydroxycyclohexanone, with further hydrogenation to the cis/trans-1,2-

cyclohexanediol. In the latter route the diol is thought to be capable of undergoing 

hydrogenolysis to cyclohexanone and cyclohexanol under even harsher conditions.  

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 density which affect 

adsorption. The addition of an alkyl group, which are electron donating in nature, increases 

the electron density of the aromatic ring by an inductive effect. [66] An additional steric 

effect can also exist which could influence the formation of the transient state between the 

substrate and the catalyst surface and dictate whether the substrate will adsorb in a 

horizontal or vertical manner. Studies by Toppineen et al. [67,68] found that the 

hydrogenation rate increased as number of substituents increased (xylenes < toluene < 

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

Vannice and Rahman [60,61] 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 the following sequence: ortho-xylene < meta-xylene Ò 

para-xylene < toluene < benzene, where the position and number of methyl groups have an 

effect on the rate of hydrogenation. The lower rate of toluene hydrogenation than that of 

benzene hydrogenation may be explained when we consider the electron density of the 

adsorbate. In toluene, the induction effect from the methyl group to the aromatic ring 

increases the ˊ-electron density, thus a stronger bond is formed between the aromatic 

substrate and the catalyst surface. The resultant increased stability of toluene with the 

catalyst surface would result in a lower reactivity than that recorded with benzene. Smith 

and Rader, during competitive hydrogenation studies of substituted aromatics, postulated 

the relative reduction in rate of methyl substituted aromatics was not a direct consequence 

of the ease in which the nucleus is chemisorbed to the catalyst surface. [69] They argued 

instead, that the ease of adsorption is fundamentally a result of the mode of adsorption 

adopted by the aromatic substrate. If we have an unsubstituted aromatic, i.e. benzene, we 

assume a flat mode of adsorption, any additional substituents to the aromatic ring would be 

on the side pointing away from the catalyst surface. If the substituent bulkiness is 

increased, the steric strain during adsorption would also increase with a resultant decrease 

in the ease of adsorption. Smith and Rader [69] categorized the steric strain for alkyl-

substituted aromatics into two categories: frontal strain, which is mutual repulsion between 
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the nuclear substituent and catalyst surface; and back strain, which is due to the close 

proximity of substituents and would mainly affect the ortho isomer, although in some 

instances the meta isomer may also be influenced.  

The xylenes when compared with toluene and benzene show the lowest reactivity. This 

may be expected as the addition of a further methyl group and subsequent increase in the 

electron density would result in even greater stability when xylene is adsorbed on the 

catalyst surface. [67,68] The lower hydrogenation rate for the ortho isomer of the xylenes 

is widely believed to be a result of steric hindrance caused by the neighbouring methyl 

substituents on the aromatic ring. However, a study by Alshehri et al. [70] of xylene 

hydrogenation at low temperature found the order to be para-xylene > ortho-xylene > 

meta-xylene, casting doubt on the role of steric hindrance in determining xylene 

hydrogenation reactivity. The same study found the rate of hydrogenation decreased as 

alkyl chain length increased, in line with much of the current literature. They proposed that 

this inhibition of reaction rate was due to the inductive effect of the alkyl chain, increasing 

the electron density of the ring and resulting in a stronger -́bond to the surface; a decrease 

from zero to negative first order from toluene to propylbenzene was reported.  

Any discussion of di-substituted aromatic hydrogenation must consider the role of 

stereoselectivity, as both cis and trans isomers can be formed. Since 1922, it has been 

hypothesized that the cis isomer is preferentially formed over the trans isomer, a theory 

confirmed through experimental findings. [71] Indeed, if the assumption is that 

hydrogenation occurs via a flat mode of adsorption then it would be difficult to see how the 

trans isomer could form at all. Any attempt at stereochemical control during hydrogenation 

reactions requires an understanding of how the unsaturated hydrocarbons are adsorbed on 

the catalyst surface to begin with. It is widely believed a ́-complex exists in which a net 

charge transfer from the aromatic to the metal exists. The hydrogenation of the aromatic is 

believed to occur via this -́complexed aromatic system through a series of intermediates 

until a ˊ-adsorbed cyclohexene is formed. [72,73] The ů-1,2-diadsorbed complex differs 

from the ́ -complex in that, upon formation of the ́-complex groups attached to the former 

double bond must assume a cis 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 substituted, only the cis 

configuration should be possible as both sides of the ring are equivalent. However, this has 

been shown not to be the case as the cis isomer is not selectivity formed when studying 

ortho-substituted aromatics, and hence, the formation of the trans isomer must be via a 
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different mechanism. Many such as Siegal and co-workers [74] in a study on 1,2-

dimethylcyclohexane and 1,2-dimethylcyclopentane hydrogenation over Pt have proposed 

the cis-olefin substrate must undergo isomerization when it desorbs from the catalyst 

surface as the trans-olefin. A recent study of ortho-xylene hydrogenation by Alshehri et 

al.[69], however, observed two intermediate cycloalkenes: 1,2-dimethylcyclohexene and 

1,6-dimethylcyclohexene, it was proposed that hydrogenation of 1,2-dimethylcyclohexene 

gave cis-1,2-dimethylcyclohexane while hydrogenation of 1,6-dimethylcyclohexene gave 

trans-1,2-dimethylcyclohexane indicating a different means of the trans isomer formation. 

As of yet, this route of formation remains unclear.  

The cresol substrates, containing both a hydroxyl and methyl group, are another widely 

used bio-oil model compound. Massoth et al. [75] showed during his study with methyl 

substituted phenols that the presence of the methyl group resulted in an increased yield of 

aromatic products when compared with phenol. Their work also suggested that ortho-

cresol gave the lowest activity of the three isomers and postulated this as being a result of 

the adjacent hydroxyl and methyl groups inhibiting adsorption on the catalyst surface.  

The reaction pathways of the cresol isomers have been studied by Shafaghat et al. [76] 

over a Pd/C catalyst at 15 bar H2 and 550 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 to 2-methylcyclohexanone/2-

methylcyclohexanol followed by hydrogenolysis to methylcyclohexane. The 

hydrogenation pathway was found to be dominant using a Pd/C catalyst. The observed 

pathways for meta-cresol showed only direct HDO and hydrogenation with no alkylation 

recorded, suggesting the methyl group adjacent to the hydroxyl group promotes the 

dealkylation reaction. The study concluded that the presence of the methyl groups in the 

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

Work by Nie et al. [77] focused on maximizing selectivity during cresol hydrogenation to 

their corresponding cyclohexanol (cis or trans). This is of industrial importance, especially 

for the cis-isomers, which are useful intermediates in the fragrance and perfume industries. 

Their work achieved high selectivity to the cis isomer with a ratio of 96:4 cis to trans 

alcohol, however, it was discovered that the cis:trans ratio decreased over time with lower 

selectivity to the cis isomer following conversion of 4-methylcylcohexanone. 

Odebunmi and Ollis [63,64] studied the HDO of the cresol isomers over CoMo/Al2O3 

catalysts at high temperature (498-673 K) and high pressure (30-130 bar H2) in a 
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continuous flow microreactor and found an order in reactivity of meta > para > ortho. This 

was in agreement with work by Shin and Keane over a Ni/SiO2 catalyst who concluded 

that the steric effect was independent of catalyst type. Studies of cresol HDO have 

suggested the existence of two different pathways, using para-cresol as an example they 

proposed either direct deoxygenation (DDO) to toluene or hydrogenation (HYD) to 4-

methylcyclohexanol. Romero et al. [81] during a study of 4-ethyl phenol HDO over a 

MoS2 catalyst suggested the favourability of each pathway is dependent on the mode of 

adsorption adopted by the aromatic. A vertical adsorption (ɖ1) via the -OH group on 4-

ethyl phenol would favour the DDO pathway, whilst a planar mode of adsorption (ɖ5) via 

the aromatic ring and the hydroxyl group would favour the HYD pathway.  

4.6 Anisole Hydrogenation/HDO 

The single substituted anisole containing the aromatic ring and methoxy group is another 

commonly used bio-oil model compound. Many different reaction pathways have been 

proposed for the HDO of anisole and include: an 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 hydrogenated to methoxycyclohexane which then undergoes hydrogenolysis to 

give cyclohexane; 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. [33,37,82-83] From this list the number and complexity of possible reaction 

pathways available when reacting anisole in the presence of hydrogen and a catalyst is 

evident. The proposed mechanism from which deoxygenation occurs from anisole has been 

proposed by Thompson as follows: anisole is adsorbed on the catalyst surface to give 

methoxycyclohexene as a short-lived intermediate which may undergo cleavage and 

hydrogenation to cyclohexane and methanol, or simple hydrogenation to 

methoxycylohexane. [84] 

A recent study examined anisole hydrogenation over rhodium in a batch reactor (< 343 K, 

2-5 barg H2). [59] The major product of the reaction was found to be the ring hydrogenated 

methoxycyclohexane. Cyclohexanone was formed as an intermediate via keto-enol 

tautomerization, and only when anisole was fully consumed did the cyclohexanone 

hydrogenate further to cyclohexanol. This was postulated to be a result of anisole blocking 

the ability of cyclohexanone to re-adsorb onto the catalyst surface and inhibiting 

subsequent hydrogenation to cyclohexanol.  
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The methoxyphenol substrates, with the addition of a hydroxyl group to anisole, is another 

group of highly studied bio-oil model compounds. Research has been almost exclusively 

focused on the 2-methoxyphenol isomer, commonly known as guaiacol. [85] The HDO of 

this substrate is thought to occur by two main routes: hydrogenolysis to catechol, and 

subsequent deoxygenation to phenol, and/or demethoxylation to form phenol and 

methanol, followed by hydrogenolysis to benzene or hydrogenation to cyclohexanol. [86] 

The hydrogenation of 4-methoxyphenol was documented by Alshehri et al. [70] who 

employed a rhodium/silica catalyst at 323 K and 3 barg H2. They found the major product 

of the reaction to be the ring hydrogenated 4-methoxycyclohexanone, with formation of 

methoxycyclohexane, cyclohexanol, cyclohexanone and cyclohexane also recorded.  

Surprisingly, further hydrogenation of the 4-methoxycyclohexanone to 4-

methoxycyclohexanol was not observed and it was suggested that this was a result of the 

larger cross-sectional area occupied by 4-methoxycyclohexanone when compared to 

cyclohexanone.  It is notable, that significant hydrogenolysis was reported under these 

conditions, with around ~ 35 % cumulative yield of the HDO products formed by the end 

of reaction, indicating a clear propensity for bond cleavage to occur with these bio-oil 

model compounds at mild conditions over a Rh catalyst.  

Smith and Stump [52] in their studies on the hydrogenation of dihydroxybenzene and 

methoxyphenols reported a higher reactivity for the former and proposed that the following 

factors were responsible: the difference in size of -OH in comparison to -OCH3, the 

extensive formation 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 effect on whether HDO or hydrogenation is favoured. 

It is well known rhodium is an excellent ring hydrogenation catalyst and it has been 

postulated that over rhodium [39], hydrogenation of the ring to 2-methoxycyclohexanol 

occurs first, followed by demethoxylation to methoxycyclohexane with a final 

hydrogenation step to cyclohexane or methylcyclohexane. [87,88] Gutierrez et al. [89] 

investigated different noble metals for the HDO reaction and found that activity decreased 

in the following order: Rh/ZrO2 > Co-MoS2/Al 2O3 > Pd/ ZrO2 > Pt/ZrO2, providing further 

evidence that supported rhodium is a more effective catalyst for the HDO reaction than 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 information. Research into the exchange 

processes of bio-oil model compounds has been limited, and as such, our study will 

attempt to increase knowledge and understanding in this area. The exchange reaction is not 

just a simple stepwise addition of deuterium for hydrogen, each addition of the deuterium 

can appear as an individual product and alkyl substituted aromatics further increase the 

number of positions on the molecule where exchange can occur. The mean number of 

exchanged deuterium atoms is dependent on the metal catalyst employed and the 

temperature at which the reaction is performed. [37] 

The H/D exchange of aromatics has been studied extensively, with the dissociative and 

associative mechanisms those most commonly proposed. The associative mechanism was 

originally advanced by Farkas and Farkas [90] who proposed that exchange and 

hydrogenation occur by two unrelated mechanisms. They stated that, hydrogenation occurs 

via the simultaneous addition of 2H atoms to the adsorbed hydrocarbon, whilst the 

exchange process involves prior dissociation of the hydrocarbon on the catalyst surface to 

form a ů-phenyl complex and hydrogen atom. This ů-phenyl complex combines with the 

deuterium atom and the benzene-d1 desorbs. The associative mechanism, initially 

proposed by Horiuti and Polanyi, [91] suggests that a common intermediate must be 

involved in both the hydrogenation and exchange processes. However, inconsistences in 

both these proposed mechanisms resulted in the development of a new adsorption theory 

centred on the major role the -́complex plays in the presence of D2 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 mechanisms. [38] Alsherhri et al. 

[70] found the alkylbenzenes had an overall inverse kinetic isotope effect, in contrast to 

phenol and anisole where a normal kinetic isotope effect was observed. There is debate 

over the exact nature of inverse kinetic isotope effects, however, it has been suggested it 

involves the change of hybridisation from sp2 to sp3, such as that which occurs during ring 

hydrogenation from the aromatic to the aliphatic carbon. Interestingly, selectivity during 

anisole hydrogenation differed between deuterium and hydrogen with the hydrogenated 

product, methoxycyclohexane, showing an increase in selectivity from 65 % to 70 % and 

the hydrogenolysis product, cyclohexane, a decrease from 25 % to 20 % when deuterium 

replaced hydrogen. These changes indicate that under deuterium the breaking of the Ar-
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OCH3 bond is slower (reduction in yield of cyclohexane) and hydrogenation faster 

(increased yield of methoxycyclohexane). 

Deuterium work by Alsherhri et al. [59] with toluene hydrogenation over a Rh catalyst 

established a faster rate of exchange for protons in the methyl group than with the aromatic 

protons. They postulated the H/D exchange is a separate process from hydrogenation and 

the rate at which it takes place indicates that no loss of aromatic stability is likely to occur, 

suggesting the existence of a dissociative mechanism. The exchange of methyl group 

protons with deuterium indicates direct interaction with the methyl group and catalyst 

surface, in addition to the strong interaction with the aromatic ring. This is in agreement 

with the proposal by Webb and Orozco [92] that toluene adsorbed to the surface via both 

the methyl group and the aromatic ring. Harper and Kemball, [93] in a study of para-

xylene hydrogenation over Pt, observed substantially more exchange in the methyl groups 

than with that of the aromatic ring protons. A further study found H/D exchange with both 

the aromatic ring and methyl group protons when a Ni catalyst was used, however, when a 

Pd catalyst was employed exchange occurred only with the aromatic protons.[94] This 

suggests the H/D exchange process on methyl substituted aromatics is dependent on the 

catalytic metal. 

The H/D exchange of alkyl substituted aromatics over a Pd catalyst was studied by Esaki et 

al. [95] using D2O as the deuterium source. They found that for the methyl substituted 

aromatics, deuterium was incorporated, whilst for the methoxy groups no exchange took 

place within the substituent protons. The efficiency of deuterium exchange was postulated 

to be lower as the distance from the benzene ring and substituent increased, and a direct 

connection between the aromatic ring and alkyl group on the catalyst surface was a 

significant prerequisite for efficient H/D exchange.    

4.8 Competitive Hydrogenation  

Up until now the upgrading of bio-oil has been carried out using single model compounds 

to represent a true bio-oil feed. Although this has given good understanding of the 

reactivity and behaviour of these molecules individually it has not provided us with 

information on how they would behave when reacted together. In all probability, 

successful upscaling of the process would result in a multi-component feedstock, and as 

such, in addition to individual hydrogenation we have focused on competitive 

hydrogenation of the bio-oil model compounds. As it has not been studied previously to 

the best of our knowledge, there is no literature in respect to the competitive hydrogenation 

of bio-oils. 
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Alshehri et al. [70] studied competitive hydrogenation of toluene, ethylbenzene, 

propylbenzene and the xlyenes. The pair combination of toluene and ethylbenzene was 

found to increase the reactivity of both, indicating each aromatic had a unique adsorption 

site. This enhancement in reactivity is not something that is commonly reported during 

competitive reactions, in fact, the expectation is that an increase in aromatics would result 

in a decrease in reactivitiy due to greater competition for active sites on the catalyst 

surface. This increase was proposed to be a result of enhanced hydrogen transfer from 

hydrocarbonaceous depositis on the catalyst surface. When toluene or ethylbenzene was 

paired with propylbenzene, both experienced a reduction in reactivity, with a near 60 % 

drop recorded, this was in agreement with the strong negative order in substrate 

concentration recorded for propylbenzene. Unexpectedly, an increase in propylbenzene 

reactivity during these paired combinations was reported. Alsherhri et al. [70] postulated 

that this was a result of a decrease in the strength of adsorption for propylbenzene when 

competition for catalytic surface sites exists in the competitive environment. Competitive 

reactions with the double substituted aromatics (xylenes) did not follow the same pattern to 

that observed with the single substituted aromatics. During all xylene isomer competitive 

reactions the reactivity of each substrate decreased. The reported order for each xylene 

isomer was negative and, as such, this decrease in rate when concentration of xylene and 

competition for active sites is increased is not unexpected. It is clear when studying alkyl 

aromatics unpredictable behaviour can occur in the competitive environment.  

Rader and Smith [69] found during their 1961 study of xylene competitive hydrogenation 

that the ease of adsorption on the active surface of the catalyst followed the order ortho > 

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

(para> meta> ortho). The relative reduction rate and ease of adsoption of the aromatic are 

two different phenomenas, the former is a kinetic effect, determined by the relative 

stability of the transition state of the rate-determining step. In contrast, the ease of 

adsorption is a thermodynamic effect based on the stability of the chemisorbed nucleus. 

For substituted aromatics it is dependent on the mode of adsorption and molecular 

structure of the aromatic compound on the catalyst surface. This is difficult to interpret as 

the exact nature of the catalyst surface is still unknown.  

Although research into competitive hydrogenation is sparse, those studies that exist 

generally report a decrease in reactivity in comparison to the individual environment. 

Hamilton et al. [96] for example, in their study on the competitive hydrogenation of 1-

pentyne, phenyl acetylene, 2-pentyne, and 1-phenyl-1-propyne over a Pd/C catalyst 
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reported a decrease in reaction rate when all four were reacted together. There was, 

however, a rate enhancement observed for both alkynes when 1-pentyne and 2-pentyne 

were reacted together. This was postulated to be a result of enhanced hydrogen transfer on 

the surface with each adsorbed alkyne acting as a hydrogen transfer agent for the other. 

Generally, however, it was found that competitive hydrogenation resulted in a significant 

reduction in rate when compared to individual hydrogenation, with the decrease in 

hydrogen concentration on the surface of the catalyst given as the reason. As well as the 

significant reduction in reactivity, changes in alkene selectivity were observed; the 

presence of an alkyne in the system, resulted in no secondary hydrogenation of the alkene 

to the alkane.  

It is apparent from this literature search that a complete understanding of oxygen-

substituted aromatic hydrogenation does not yet exist. Our study will attempt to address 

some of the current gaps in knowledge in this area, specifically those outlined in the 

following Project Aims Section.  

5 Project Aims  

The HDO of single bio-oil model compounds, over a variety of catalysts, has been widely 

studied; however, no real understanding of the 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 (>573-723 K, 75-300 barg H2) to achieve 

HDO. In this thesis we aim to show that HDO can occur at low-temperature and pressure 

(323 K, 3 barg H2) on these oxygen-substituted aromatics present in bio-oil. Furthermore, 

competitive studies will be carried out as a route to understanding whether a single model 

compound can be used to represent a multi-component bio-oil feed.  

The specific aims of this project are to investigate:  

i) The effect nature of substituent and ring position has on the hydrogenation of 

oxygen substituted aromatics. 

ii)  The order of reactivity and the product distribution 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 identify the 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: 

¶ Dihydroxybenzenes 

¶ Cresols 

¶ Methoxyphenols 

The ortho, meta and para isomer 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 properties are listed below:  

¶ Pore size: 13.2 nm 

¶ Average Metal Crystallite Size: 2.6 nm 

¶ Surface Area: 321 m2 g-1 

¶ Rhodium Dispersion: 50 % 

¶ Rhodium Surface Area: 5.5 m2 g-1 

The catalyst was prepared by employing an incipient-wetness technique using aqueous 

rhodium chloride salts and a silica support supplied by Davison Catalysts. The catalyst was 

dried overnight at 333 K and reduced in flowing hydrogen at 473 K for 2 hours before 

being cooled and exposed to air. The surface area of the catalyst was 321 m2g-1 with a pore 

size of 13.2 nm, measured using standard BET methodology. The metal surface area was 

measured by hydrogen chemisorption (reproducibility ±0.5 m2.gī1) and gave an area of 5.5 

m2.g-1 and a dispersion of 50 %, 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 catalyst the Brunauer-

Emmett Teller (BET) method was used. Analysis was carried out on a Micrometrics 
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Gemini III 2375 Surface Area Analyser with helium used as a calibrant and nitrogen as the 

absorbent. Approximately 0.03-0.05 g of catalyst was dried overnight at 383 K under a 

flow of nitrogen prior to nitrogen physisorption at 77 K. 

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

Equation 1. BET Equation 
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Where: 

¶ ὠ  is the monolayer volume of nitrogen, 

¶ C is the BET constant, 

¶ P and V are the pressure adsorbed and measured throughout the experiment,  

¶ ὖ is the saturated vapour pressure of nitrogen, 

¶   is the relative pressure.  

Thereby, plotting of   against  yields a straight line, with slope equal to  and 

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

volume shown below, 

Equation 2. Surface Area Determination 
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Where: 

¶ ὠ  is the monolayer volume of nitrogen, 

¶ L is Avogadroôs constant, 

¶ ὥ  is the cross-sectional area of the nitrogen molecule, 

¶ ὠ is the molar volume of gas.  
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6.1.3 Thermo-gravimetric analysis 

Thermo-gravimetric analysis was performed on post-reaction catalysts using a TA 

Instruments combined TGA/DSC SDT Q600 thermal analyser coupled to an ESS mass 

spectrometer for evolved gas analysis to investigate catalyst deactivation, specifically 

carbon deposition on the catalyst. A sample 10-15 mg was heated to a maximum 

temperature of 1000 °C at a ramp rate of 10 °C/min under a 100ml/min flow of 2% 

O2/Argon. For mass spectrometric analysis, mass fragments: 2 (H2), 18 (H2O), 28 (CO), 32 

(O2) and 44 (CO2) were followed. 

6.2 Experimental Procedure for Hydrogenation Reactions 

6.2.1 Reactor 

Hydrogenation reactions were performed in a 500 cm3 three-phase Büchi autoclave stirred 

tank reactor, shown below in Figure 5.  

The Büchi autoclave stirred tank is composed of three separate parts:  

1. Büchi autoclave 

2. Büchi press-flow gas controller 

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 and sample collection as well as enabling the catalyst and solvent 

to be loaded pre-reaction. Reaction temperature is controlled using a Julabo oil pump 

system, with oil delivered to a glass jacket around the reaction vessel by a pressure pump 

and circulated back to the oil bath via a suction pump. Temperature is measured by a 

thermocouple within the reaction mixture. A motor attached to the stirrer shaft allows 

variable speed transmissions to be applied. Hydrogen and argon (inert) are supplied 

directly to the reactor vessel via the press-flow gas controller. The regulated and delivered 

pressure is monitored by the gas controller, with 5.5 bar the maximum pressure used 

throughout reactions.  
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6.2.2 Reaction Procedure 

The reaction procedure involved the addition of the catalyst (100 mg Rh/SiO2) and 310 

cm3 of 2-propanol (IPA) into the reactor. The autoclave was purged with argon and the 

catalyst was then reduced in situ at 343 K by sparging hydrogen gas (280 cm3 min-1) 

through the mixture for 0.5 h, whilst stirring at 300 rpm.  Once reduction procedure was 

complete, the hydrogen gas and stirrer were 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 temperature (303 ï 343 K) the 

agitator was turned to 0 rpm and 10 mmol bio-oil model compound added to the reactor in 

25 cm3 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 mixed by increasing 
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the agitator to 1000 rpm and a sample (2.5 cm3) was withdrawn for analysis.  The reactor 

was flushed with argon before being purged twice with hydrogen and pressurized to the 

desired level (3 barg). The reaction was started by setting the stirrer speed to 1000 rpm and 

the reaction profile followed by withdrawing samples of 2.5 cm3 over a 180-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 respectively. The moles of 

hydrogen gas consumed during the reaction were also recorded. The reaction procedure 

described was also carried out in the presence of deuterium gas in place of hydrogen.  

Of importance, it should be stated that errors related to experimental results were low, as 

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 via the valve at the bottom 

of the reactor vessel and once cooled, the vessel removed to allow thorough cleaning of the 

reactor vessel and injection and sample ports with IPA.  

6.3 Competitive Reaction 

Substrates were hydrogenated together to investigate the effect of the presence of more 

than one compound on the catalytic hydrogenation of bio-oil. Model compounds were 

tested as groups of two and as a group of three, for example in the scheme below, where 

A=Catechol, B=Resorcinol and C=Hydroquinone the 4 reactions carried out would be as 

follows:  

¶ 10 mmol A + 10 mmol B 

¶ 10 mmol B + 10 mmol C 

¶ 10 mmol A+ 10 mmol C 

¶ 10 mmol A + 10 mmol B + 10 mmol C  

The reaction conditions for competitive hydrogenation were the same as individual 

hydrogenation (333 K, 3 barg H2, 10 mmol substrate). Of note, the overall moles of 

aromatic have increased relative to the standard individual hydrogenation. Further 

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

6.4 Analysis 

6.4.1 Gas Chromatography   

Reaction samples were analysed on a Focus GC equipped with a flame ionization detector 

(FID). Separation was achieved using a 1701 column with the following dimensions: 
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length: 30.0 m, diameter: 0.25 mm and film thickness: 1.0 ɛm. Stationary phase was a mix 

of cyano and phenyl 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 a self-sealing silicone-rubber septum, 

passes through the columns mobile phase then enters the stationary phase where separation 

occurs. The separated molecules re-enter the mobile phase and are detected by the FID as 

they exit the column at their unique retention times. The method used throughout the 

reactions is shown below in Table 2, 

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 products were prepared over a range of 

concentrations and analysed by GC. For each substrate, the measured peak areas were 

plotted against concentrations and a linear equation obtained; the resultant calibration 

factor was used to calculate unknown concentrations of reactants and products during 

reaction. Calibration plot examples for dihydroxybenzene and cresol isomers are shown 

below in Figure 6 and 7.    
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Figure 6. GC Reference standards for dihydroxybenzene isomers. 

 

Figure 7. GC Reference standards for cresol isomers. 
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6.4.3 Deuterium NMR  

Deuterium NMR analysis through a Bruker 500 Ultra Shield-NMR system was performed 

on selected deuteration reactions to investigate hydrogen-deuterium exchange. Data 

analysis was via a deuterium-lock data channel on the Bruker AU-programme. 

6.5 Data Analysis 

For each reaction, the concentration in mol/L of all reactants and products was ascertained 

and a mass balance calculated for each sample point. Mass balance for all reactions was 

100±5 % or better. From this, a mole fraction percentage was calculated and plotted for 

reactants and products, which removed the need for an internal standard.  

6.5.1  Rate Constant  

The zero and first order rate constants were calculated for each reactant to identify the best 

fit. The integrated equation for a zero-order reaction is of the form shown below and 

applies when one or more of the species appearing in the rate law concentration remain 

fairly constant. Therefore, in a zero-order reaction a plot of concentration against time 

yields a straight line with slope equal to (ïk).  

Equation 3. Zero Order Integrated Rate Equation 

ὃ ὃ Ὧὸ 

In comparison, first order reactions show an exponential decrease in reactant concentration 

with increasing time as outlined below:  

Equation 4. Exponential Form of First Order Equation 

ὃ ὃὩ  

Where:   

¶ A0 is the initial concentration of reactant A, mol L-1  

¶ t is the time, s  

¶ k is the rate constant, s-1  

The integrated equation for a first order reaction is shown below:  

Equation 5. Integrated First Order Equation  

ὰὲ
ὃ

ὃ
Ὧὸ 

Whereby a plot of the logarithm of concentration (  ) 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 to 

measure 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 

Ὧ ὃὩ Ⱦ  

Where:  

¶ k is the rate constant 

¶ A is the pre-exponential factor 

¶ R is the gas constant; 8.314 J K-1 mol-1 

¶ T is the absolute temperature of the reaction K 

¶ Ea is the activation energy J mol-1 

For each reaction, the rate constant values were calculated as shown in Section 6.5.1. From 

using the integrated form of the Arrhenius equation shown in Equation 7, ln k was plotted 

against (    ).  

Equation 7. Integrated Form of the Arrhenius Equation 

ÌÎὯ  
Ὁὥ

Ὑ
 
ρ

Ὕ
ÌÎὃ 

Where the parameters are as described previously, this form of the Arrhenius equation 

gives a straight line with a slope equal to  
 
  which upon multiplication by the gas 

constant gives an activation energy for the reaction.  

6.6 Concentration Variation  

The concentration of substrate (5, 10, 15 and 20 mmol) was varied to investigate the effect 

on the rate of reaction and the results used to calculate an order in reactant using a simple 

rate equation shown below:  

Equation 8. Experimental Rate Equation 

ὙὥὸὩὯὃ ὄ  
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Where:  

¶ k is the rate constant 

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

¶ x is the partial order of reaction with respect to concentration of A 

¶ y is the partial order of reaction with respect to concentration of B 

Whereby taking the natural log of Equation 8 the equation becomes:  

Equation 9. Natural log of rate equation 

ÌÎὶὥὸὩÌÎὯ ὼÌÎὃ ώÌÎὄ 

Where in our case, [A] = hydrogen and is assumed to be first order. [70] When the 

concentration of [A] is kept constant, the equation can be simplified and the plot of ln(rate) 

against ln[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 and y gives the overall order of the reaction.  

6.7 Substrates under study 

All materials studied are shown below in Table 3 and Figure 8 and were used as received 

with no further purification. 
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Table 3. List of substrates tested for hydrogenation. 

Chemical  Supplier  Purity  

Hydrogen BOC 99.99 % 

Deuterium BOC 100 % 

Argon BOC 99.99 % 

2-Propanol Sigma-Aldrich 99.5 % 

Catechol  Sigma Aldrich Ó 99 % 

Resorcinol  Sigma Aldrich 99 % 

Hydroquinone  Sigma Aldrich 99 % 

ortho-Cresol Sigma Aldrich 98 % 

meta-Cresol 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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Catechol   Resorcinol   Hydroquinone 

 

ortho-Cresol   meta-Cresol   para-Cresol 

 

3-Methoxyphenol  2-Methoxyphenol   4-Methoxyphenol 

Figure 8. Oxygen-substituted aromatics under study for hydrogenation. 

 

6.8 Diffusion Control  

Prior to commencing experimental work, the mass transfer limitation of our hydrogenation 

reaction was tested through investigation of the effect of stirrer speed on the rate of 

reaction. As the substrate with the fastest reactivity, para-cresol was used for these 

reactions. All experiments were carried out as described in Section 6.2, with stirrer speed 

varied to encompass 250 rpm, 500 rpm, 1000 rpm (standard) and 1200 rpm.  
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No liquid samples were taken, with hydrogen consumption (mol) recorded and used to 

calculate the rate constant value for each reaction, as shown in Table 4 below:  

Table 4. Initial rate constants for tested stirrer speeds. 

Stirrer speed 

(rpm) 

Rate constant  

(x10-5, molmin-1) 

250 10.0 

500 11.4 

750 11.3 

1000 11.3 

1200 11.2 

 

From above, it can be seen that 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 of carrying out experimental work, the possibility of H-transfer from our 

standard solvent (isopropanol) was investigated. Catechol was tested over Rh/SiO2 for 5 

hours, with deuterium used as the reductant gas to ensure any hydrogenation that occurred 

would be a result of H-transfer from the solvent. The result of this experiment is shown in 

Figure 9: 
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Figure 9. Catechol solvent test reaction, 323 K, 3 barg Ar, 0.1 g Rh/SiO2. 

It is clear from Figure 9 that minimal conversion of catechol occurred; a negligible 

cumulative yield of product, ~3%, was measured by the end of the reaction. From this 

result it can be stated that H-transfer from the solvent is minimal and can be disregarded 

during our study.  

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

the occurrence of H/D exchange with the aromatic substrate. The spectrum from this is 

shown in 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 the -OH from the isopropanol solvent and with cyclohexane formed on the 

surface of the catalyst from the hydrogenation of catechol, as shown in the peaks at 5.71 

ppm and 1.62 ppm respectively. 
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7 Results 

7.1 Dihydroxybenzene Isomers  

This section contains all results from hydrogenation of dihydroxybenzene isomers and 

covers the following sets of reactions: individual hydrogenation of catechol, resorcinol and 

hydroquinone including temperature and concentration variations; competitive 

hydrogenation reactions where the isomers 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:  

 

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

barg. 

It can be seen that ~ 76 % conversion of catechol occurred by 180 min. Formation of all 

products was observed from the initial stages of the reaction with the ring hydrogenated, 

cis-1,2-cyclohexanediol and 2-hydroxycyclohexanone, 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, although to a lesser degree 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:  

 

Figure 12. Reaction profile of resorcinol hydrogenation.  Conditions, 323 K, 10 mmol, 

3 barg. 

It can be seen that ~ 86 % conversion of resorcinol occurred by 180 min a figure 10 % 

greater than that observed with catechol hydrogenation. In contrast 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, 

were observed at ~ 17 % and ~ 6 % respectively. In this instance, 3-hydroxycyclohexanone 

was the major ring hydrogenated product at ~ 17 % mole fraction, with a decrease in 

formation of the cis-cyclohexanediol observed when compared with catechol.  

For hydroquinone under identical conditions, the reaction profile 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 slowest 

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 minutes. The other 

HDO products, cyclohexanone and cyclohexane, were observed at ~ 14 % and ~ 8 % 

respectively. The major ring hydrogenated product was the cis-cyclohexanediol, similar to 

that observed with catechol.  

7.1.2 Temperature Variations of Dihydroxybenzene Isomers 

7.1.2.1 Catechol Temperature Variations 

In this set of reactions, catechol was hydrogenated at 10 K increments from 303 to 343 K, 

with 323 K taken as the standard reaction. Hydrogen pressure (3 barg) and reactant 

concentration (10 mmol) were kept constant to understand the effect temperature had on 

catechol hydrogenation. The graphs shown below are in increasing order of temperature:  
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Figure 14. Reaction profile of catechol hydrogenation.  Conditions, 303 K, 10 mmol, 3 

barg. 

 

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. 

 

Figure 17. Reaction profile of catechol hydrogenation.  Conditions, 343 K, 10 mmol, 3 

barg. 

From Figures 14-17 above, it can be clearly seen as temperature was increased, the 

reaction rate increased. The rate constant at 303 K was 3.1 x10-3min-1 compared with 11.3 

x10-3min-1 at 343 K; an almost fourfold increase in rate from a 40 K increase in 
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temperature. The main catechol hydrogenation product, cis-1,2-cyclohexanediol, formed at 

~ 17.5 % at 303 K by reaction end, compared with ~ 34 % at 343 K, showing a near 

doubling of product yield over the temperature range measured. The HDO product, 

cyclohexanol, also showed an increase with temperature: from ~ 6 % to ~ 15 % at 180 

minutes over the 40 K measured range. The product distribution of the hydrogenated 

(cis+trans-1,2-cyclohexanedioland 2-hydroxycyclohexanone) and hydrodeoxygenated 

products (cyclohexanone, cyclohexanol and cyclohexane) at ~ 35 % conversion is shown 

below in Figure 18: 

 

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

It can be seen from Figure 18 that as temperature was increased formation of the 

intermediate hydrogenated product, 2-hydroxycyclohexanone, increased whilst that of the 

cis/trans-cyclohexanediol decreased. Of the HDO products, cyclohexanone formation was 

seen to increase with temperature, whilst that of cyclohexanol decreased. Cyclohexane, 

which has undergone two ïOH bond cleavages, increased across the temperature range. 

The relationship between temperature and conversion of catechol is shown below in Figure 

19:  
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Figure 19. Effect of temperature on the conversion of catechol hydrogenation. 

It can be seen from Figure 19 that an increase in temperature results in a significant effect 

on catechol conversion with an increase from ~ 45 % to full conversion observed over the 

303 ï 343 K temperature range.  

For each temperature reaction, the rate constant was calculated and an example of this, at 

333 K, is shown below in Figure 20:  
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Figure 20. Rate constant graph for catechol hydrogenation at 333 K. 

From the integrated form of the Arrhenius equation shown in Equation 7 of the 

Experimental Section, ln k was plotted against (    ) using the values in Table 5 below:  

Table 5. Summary of data for catechol activation energy. 

Temperature 

(K) 

k (x10-3min-1) 1/T (x- axis)  Ln k (y-axis)  

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 

 



52 

 

 

Figure 21. Activation energy plot for catechol. 

Therefore, the gradient of ln k against 1/T equals 
 
 and can be expressed for Ea as: 

o Ea = -mR 

o -(-3806 x 8.314)/1000 

o = 31.6 kJmol-1  

From this, an overall activation energy for catechol hydrogenation of 31.6 kJmol-1 was 

measured. 

7.1.2.2 Resorcinol Temperature Variations  

In this set of reactions, resorcinol was hydrogenated at 10 K increments from 303 to 343 K, 

with 323 K taken as the standard reaction. Hydrogen pressure (3 barg) and reactant 

concentration (10 mmol) were kept constant to understand the effect temperature had on 

resorcinol hydrogenation. The graphs of these are shown below in increasing order of 

temperature:  
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Figure 22. Reaction profile of resorcinol hydrogenation.  Conditions, 303 K, 10 mmol, 

3 barg. 

 

Figure 23. Reaction profile of resorcinol hydrogenation.  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. 

 

Figure 25. Reaction profile of resorcinol hydrogenation.  Conditions, 343 K, 10 mmol, 

3 barg. 

From Figures 22-25 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 significantly with temperature showing a six fold increase 
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between 303 K (3.3 x10-3min-1) and 343 K (21.0 x10-3min-1). The product distribution of 

the hydrogenated (cis/trans-cyclohexanediol and 2-hydroxycyclohexanone) and 

hydrodeoxygenated products (cyclohexanol, cyclohexanone and cyclohexane) at ~ 35 % 

conversion is shown below in Figure 26: 

 

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 products, cis+trans-cyclohexanediol, was observed, 3-

hydroxycyclohexanone, 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. Cyclohexanol formation however, showed a 50 % decrease (10 to ~ 4 %) over 

the same temperature range. The effect of temperature on the conversion of resorcinol is 

shown below in Figure 27:  



56 

 

 

Figure 27. Temperature effect on conversion of resorcinol hydrogenation. 

It is apparent from Figure 27 that the increase in temperature from 303 K to 343 K had a 

significant effect on the conversion of resorcinol. Increasing from ~ 37 % conversion at 

303 K at the end of the reaction to full conversion for the 343 K at ~ 120 minutes.  

For each temperature, the rate constant was calculated and an example of this at 313 K is 

shown below in Figure 28:  
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Figure 28. Rate constant graph for hydrogenation at 313 K. 

 From the integrated form of the Arrhenius equation shown in Equation 7 of the 

Experimental Section, ln k was plotted against (    ) using the values in the Table 6 below:  

Table 6. Data used to calculate activation energy for resorcinol.  

Temperature 

(K)  

k (x10-3min-1) 1/T (x- axis)  Ln k (y-axis)  

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, the gradient of ln k against 1/T equals 
 
 and can be expressed for Ea as: 

o Ea= -mR 

o -(-4988*8.314)/1000 

o = 41.47 kJmol-1  

From this, an overall activation energy for catechol hydrogenation of 41.3 kJmol-1 was 

measured. 

7.1.2.3 Hydroquinone Temperature Variations  

In this set of reactions, hydroquinone was hydrogenated at 10 K increments from 303 to 

343 K, with 323 K taken as the standard reaction. Hydrogen pressure (3 barg) and reactant 

concentration (10 mmol) were kept constant to understand the effect temperature had on 

hydroquinone hydrogenation. The graphs of these are shown below in increasing order of 

temperature:  
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Figure 30. Reaction profile of hydroquinone hydrogenation.  Conditions, 303 K, 10 

mmol, 3 barg. 

 

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. 

 

 

Figure 33.  Reaction profile of hydroquinone hydrogenation.  Conditions, 343 K, 10 

mmol, 3 barg. 
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From Figures 30 ï 33 above it can be seen that the rate of reaction had an almost fourfold 

increase from 3.3 x10-3min-1 to 12.5 x10-3min-1 after a 40 K rise in temperature. The 

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 hydrogenated (cis/trans-cyclohexanediol 

and 4-hydroxycyclohexanone) and hydrodeoxygenated products (cyclohexanol, 

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

 

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

hydrogenation. 

It can be seen from Figure 34 that the formation of the hydrogenated products cis and 

trans-cyclohexanediol decreased whilst 4-hydroxycyclohexanone increased as the 

temperature was elevated. Analysis of the HDO products showed an increase in production 

of cyclohexanone and cyclohexane and a decrease in cyclohexanol between 303 and 343 

K. The effect of temperature on the conversion of hydroquinone is shown below in Figure 

35:   
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Figure 35. Temperature effect on conversion of hydroquinone hydrogenation. 

It can be seen as the 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 calculated and an example of this at 343 K is 

shown below in Figure 36:  

 

Figure 36. Rate constant graph for hydroquinone hydrogenation at 343 K. 
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From the integrated form of the Arrhenius equation shown in Equation 7 of the 

Experimental Section, ln k was plotted against (    ) using the values in Table 7 below:  

Table 7. Data used to calculate activation energy for hydroquinone. 

Temperature 

(K)  

k (x10-3min-1) 1/T (x- axis)  Ln k (y-axis)  

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      12.5 0.00291 -4.56595 

 

 

Figure 37. Activation energy plot for hydroquinone hydrogenation. 

Therefore, the gradient of ln k against 1/T equals 
 
 and can be expressed for Ea as: 

o Ea= -mR 

o -(-3775.2*8.314)/1000 

o = 31.39 kJmol-1  

From this, an overall activation energy for hydroquinone hydrogenation of 31.4 kJmol-1 

was measured. 
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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 

 (kJmol-1) 

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 kJmol-1, whilst resorcinol was higher at ~ 41 kJmol-1.  

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 hydrogenated at 5, 10, 15 and 20 mmol to test the 

effect of substrate concentration on the hydrogenation activity, with 10 mmol taken as the 

standard reaction. The temperature (323 K) and hydrogen pressure (3 barg) were kept 

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

barg. 

 

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 increase in concentration; a change in rate from 

0.0163 mol L-1min-1 using 5 mmol substrate to 0.0108 mol L-1min-1 using 20 mmol.  The 

product distribution of the hydrogenated (cis+trans-1,2-cyclohexanedioland 2-

hydroxycyclohexanone) and hydrodeoxygenated products (cyclohexanone, 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 that the mole 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 an overall 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 

concentration 

(mol L -1)  

Rate  

(mol L -1 min-1)  

Ln 

concentration   

Ln rate  

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 order plot for catechol hydrogenation. 

Using the equations presented in Section 6.6 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 hydrogenated using 5, 10, 15 and 20 mmol 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 constant. The 

graphs of these in increasing order of concentration are shown below:   
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Figure 43. Reaction profile of resorcinol hydrogenation.  Conditions, 323 K, 5 mmol, 

3 barg. 

 

Figure 44. Reaction profile of resorcinol hydrogenation.  Conditions, 323 K, 15 mmol, 

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 increase in concentration; a change in rate from  

0.0095 mol L-1min-1 using 5 mmol substrate to 0.0214 mol L-1min-1 using 20 mmol. The 

product distribution of the hydrogenated (cis+trans-1,2-cyclohexanedioland 2-

hydroxycyclohexanone) and hydrodeoxygenated products (cyclohexanone, cyclohexanol 

and cyclohexane) at ~ 35 % conversion is shown below in Figure 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 reaction and has 

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 

concentration 

(mol L -1)  

Rate  

(mol L -1 min-1) 

Ln 

concentration   

Ln rate  

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 reactions hydroquinone was hydrogenated at different concentrations using 5, 

10, 15 and 20 mmol of substrate, with 10 mmol the standard reaction. The temperature 

(323 K) and hydrogen pressure (3 barg) were kept constant to understand the effect 

hydroquinone concentration had on the hydrogenation reaction. The reaction profile graphs 

are shown below in increasing order of concentration:  
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Figure 48. Reaction profile of hydroquinone hydrogenation.  Conditions, 323 K, 5 

mmol, 3 barg. 

 

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 the initial 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 L-1min-1 using 5 mmol substrate to 0.0107 mol L-1min-1 using 20 mmol. 

The product distribution of the hydrogenated (cis+trans-1,2-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 hydroquinone concentration reactions at ~ 35 % 

conversion. 

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

range tested indicating quantity of substrate present has an effect 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 hydrogenation. 

Reactant 

concentration 

(mol L -1)  

Rate  

(mol L -1 min-1) 

Ln 

concentration   

Ln rate  

0.015 0.0059 -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 out and 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 seen in Figure 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 that slight inhibition of resorcinol occurred with no reaction 

taking place in the initial five minutes, whereas catechol reacted immediately.  The 

hydrogenated products from catechol were favoured over those from resorcinol. The 

formation of the resorcinol ring hydrogenated products, 3-hydroxycyclohexanone and cis-

1,3-cyclohexanediol, were delayed, not forming until five and twenty-five 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 product distributions remained constant between individual and competitive 

hydrogenation as shown below in Figure 54.   
















































































































































































































































































































































































































































































