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Summary of Thesis 
The conversion of aqueous glycerol feedstocks to methanol has been investigated in the gas 

phase using metal oxide catalysts, at atmospheric pressures and in the absence of an 

external reductant. Whilst preliminary investigations included catalyst free conditions and 

the use of MgO, most studies were performed with CeO2. A complex product distribution 

was obtained over all catalysts, with hydroxyacetone identified as the major intermediate 

in the conversion of glycerol to methanol. Investigations into the carbon balance showed 

the presence of high molecular weight products, likely formed through condensation 

reactions, highlighting the difficulty in selectively converting concentrated glycerol 

feedstocks. The use of ceria nanostructures with different exposed surface planes showed a 

strong dependency between product distribution and ceria surface, with the (111) surface 

found to be beneficial for methanol productivity. A significant increase in previously 

reported methanol STYs, with a 50 wt.% glycerol feedstock, was obtained over a polyhedral 

ceria nanostructured catalyst, with a value of 201 gMeOH h-1 kg-1cat, corresponding to 24.5 % 

methanol selectivity. Additionally, mechanistic differences across the catalysts showed a 

strong correlation existed between high hydroxyacetone STYs at low conversion and high 

methanol STYs at high conversion. The addition of copper and cobalt dopants did not 

improve the selectivity towards methanol at high conversion, despite the increase in 

hydroxyacetone at low conversion, particularly over CuCeOx. This was likely due to the 

conversion of methanol leading to an increased selectivity to CO and H2. Whilst the addition 

of dopants were not beneficial to methanol production, they were beneficial for the 

conversion of glycerol to acetaldehyde and H2, which could provide an alternative route for 

glycerol valorisation.  
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DFT – Density functional theory  
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DTA – Differential thermal analysis 
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mg – Milligram (10-3 g) 

MgO – Magnesium oxide 
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PXRD – Powder X-ray diffraction 

SEM – Scanning electron microscopy 

SiC – Silicon carbide 
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Chapter 1 
Introduction  

1.1 Context and motivation 
Increasing environmental, political and economic concerns surrounding society’s heavy 

dependency on fossil-based sources, both for fuels and as building blocks for commodity 

chemicals, has been a major driving force for research into alternative, sustainable 

feedstocks. Biomass was the earliest and dominant power source until the 20th century, and 

biobased materials, including dyes, synthetic fibres, and solvents, were of great industrial 

importance; although throughout the 20th century, fossil-based resources largely displaced 

biobased sources in both the production of fuels and chemical building blocks.1 However, 

rising global energy consumption, resulting in increasing demands on finite crude oil 

derived products, has had dramatic effects on the price of crude oil.2-4 Additionally, the 

serious concerns surrounding the environmental consequences of our heavy dependence 

on fossil fuels and the resulting rising greenhouse gas emissions has prompted widespread 

interest in renewable fuel sources. Renewable sources have been widely implemented 

within the power sector, with hydropower, wind, bioenergy and solar photovoltaics 

providing approximately 23.5 % of all electricity generated worldwide in 2015.5 Despite 

this, the transportation sector still has a heavy dependence on petroleum-based liquid fuels.  

The transportation sector has high energy demands, accounting for 29 % of all energy 

consumption in 2015, secondary only to the heating and cooling industry in terms of end-

use sector energy usage, with 96 % of the transport sector’s energy use derived from 

petroleum products, accounting for 64.7 % of the world’s total oil consumption.5 In 2015, 

only 3.1 % of the transport sector’s energy demand was fulfilled  by renewable energy and 

comprised of 1.6 % bioethanol, 0.8 % biodiesel, 0.4 % other liquid biofuels, 0.3 % renewable 

electricity and >0.1 % biomethane. Whilst renewable electricity and hydrogen fuel cells are 

attractive prospects for the transportation sector, technological barriers have prevented 

their widespread implementation thus far. Alternatively, liquid biofuels, such as biodiesel 

and bioethanol, can provide renewable transportation fuels that are compatible with 

current technologies, and do not require significant changes to transport infrastructure or 

internal combustion engines.6 

As a renewable carbon source, biomass provides the only sustainable alternative to fossil-

based sources for the production of platform chemicals and liquid transportation fuels. 

Consequently, the biorefinery concept has been extensively examined over recent years.7-10 
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The concept of a biorefinery is analogous to a traditional crude oil refinery and has been 

described by the US National Renewable Energy Laboratory (NERL) as a facility that 

integrates biomass conversion processes, resulting in the production of chemicals, fuels and 

power from biomass.11, 12 Typically, a range of technologies are required to separate 

biomass (in the form of wood, plant matter, agricultural waste etc.) into its chemical 

components, generally: Lignocellulose, triglycerides, and mixed organic residues.9 The 

latter generally arises from municipal solid waste such as manure and waste from fruit and 

vegetable industries, often with highly contaminated feedstocks, thus, mixed organic 

residues are often more suitable for biogas production through anaerobic digestion 

processes than as feeds to produce chemicals or higher biofuels. Triglycerides, derived from 

plant and animal-based fats and oils, are widely used in the production of biodiesel; this will 

be discussed in detail later in this Chapter. Lignocellulosic biomass, often referred to as 

lignocellulose, is the major component of biomass, and is composed of cellulose (40 – 50 %), 

hemicellulose (25 – 35 %) and lignin (15 – 20 %). Lignocellulose can therefore be 

considered the most abundant organic carbon source on Earth, which provides enormous 

opportunities for valorisation and has led to extensive research in this area. 13-17 It should, 

however, be noted, that the complex nature of the feedstock has provided additional 

challenges and barriers which must be overcome, before wider implementation of 

lignocellulosic-based processes are achieved. 

Since the introduction of the internal combustion engine alcohols have been used as fuels, 

although their application was largely displaced by petroleum derivatives throughout the 

1900s.18 Whilst bioethanol, generally produced through sugar fermentation, is the most 

widely used biofuel, the use of other low molecular weight alcohols, either as fuel additives 

or direct fuels, has gained significant popularity over recent years. This is due to the 

potentially lower emissions upon their combustion, the cost of the fuels and overall 

enhancement in energy efficiency.19 In addition to its use as a fuel and fuel additive, 

methanol (MeOH) is a versatile C1 chemical of huge industrial importance, used in the 

production of formaldehyde, acetic acid, methyl methacrylate and methyl tert-butyl ether, 

amongst other chemicals.20 MeOH is produced on an industrial scale through a syngas route 

(CO + 2H2 ⇄ CH3OH), generally over copper-zinc oxide catalysts, with carbon dioxide 

hydrogenation (CO2 + 3H2 ⇄ CH3OH + H2O) and water-gas shift (CO + H2O ⇄ CO2 + H2) 

reactions occurring simultaneously.21 Syngas can be produced through fossil-based 

resources, for example, through coal gasification or steam reforming of natural gas or 

alternatively, syngas can be obtained through biomass via gasification. The direct 

hydrogenation of carbon dioxide for MeOH production is highly desirable, not only as it 

involves removing a potent greenhouse gas from the environment, but also, provides a 

renewable fuel.22 That said, the requirement for high purity H2 for the direct conversion of 



3 
 

CO2 to MeOH can be difficult to acquire from biobased-sources,23, 24 thus novel, sustainable 

routes for the production of MeOH without the need for an external H2 source are highly 

desirable. 

In 2004, the US Department of Energy identified a number of target chemicals that could be 

produced through the biorefining processes.25 One of these target chemicals was glycerol 

(GLY), a C3 triol and the simplest sugar alcohol. GLY was identified for such an application 

due to the extensive literature investigating its valorisation, multiple product applicability, 

potential for direct substitution, high potential as a platform chemical, possibility of 

industrial scale-up and wide availability.26 GLY availability has dramatically increased over 

the past two decades due to the significant increase in biodiesel production, a process by 

which GLY is the major by-product formed. Consequently, significant research efforts have 

been undertaken to develop routes for the effective conversion of GLY to other important 

commodity chemicals.  

A recent discovery by the Hutchings group showed that aqueous GLY could be converted to 

MeOH over basic or reducible oxides, such as magnesium oxide (MgO) or ceria (CeO2) in a 

simple vapour phase process, without the requirement for an external reductant.27 This is a 

highly desirable reaction, with the potential to convert a waste product from commercial 

biodiesel synthesis into a major commodity chemical. There is also scope for the MeOH 

produced to be recycled into the biodiesel synthesis process, as MeOH is a key reagent., 

which is also used in the production of biodiesel. This thesis aims to further explore this 

process, building on the foundation provided by Hutchings and co-workers.27 The work 

herein is focussed on providing greater insights into the conversion of GLY to MeOH, with a 

focus on CeO2 based catalysts. Throughout the following chapter, the importance of this 

conversion will be established through first discussing the production of GLY in commercial 

biodiesel synthesis and the subsequent effect on the GLY economy. Current research efforts 

regarding GLY valorisation will then be reviewed, focussing on dehydration and 

hydrogenolysis, due to their relevance in this process. An overview of catalysis by ceria will 

be provided, highlighting the versatile nature of the material as a catalyst. Finally, the aims 

of the thesis will be fully established. 

1.2 Biodiesel production and the glycerol economy  
With the exception of bioethanol, biodiesel is the most widely used renewable liquid fuel, 

with an annual production expected to exceed 40 million litres in 2020.28 Biodiesel is 

produced via a transesterification reaction between triglycerides and an alcohol, typically 

MeOH, giving fatty acid methyl esters (biodiesel or FAMEs) in an approximate yield of 90 

wt. %, with crude GLY produced as a by-product, accounting for 10 wt. % of the total product 
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yield. Throughout the following section, an overview of biodiesel production will be given, 

with a focus on the nature of GLY produced through this route.  

1.2.1 Transesterification for biodiesel production 
As described above, the production of biodiesel involves the transesterification of 

triglycerides with an alcohol in the presence of a catalyst to produce fatty acid alkyl esters. 

Alcohols used in biodiesel production typically include MeOH, EtOH, PrOH and BuOH. MeOH 

and EtOH are most commonly used, with MeOH the preferred alcohol due to its low cost and 

advantageous chemical properties, such as high polarity and fast rate of reaction with 

triglycerides.29  Triglycerides can be categorized as glycerol esters, comprised of a GLY 

backbone esterified with three fatty acid moieties. Throughout the transesterification 

process, the GLY backbone of a triglyceride is displaced by three equivalents of MeOH, 

generating three molecules of fatty acid methyl esters and one molecule of GLY formed as a 

by-product. As the transesterification reaction is reversible, an excess of MeOH is typically 

used to shift the equilibrium to favour the products.30 The process generally utilises a 

catalyst to improve product yields and reaction rates;29 an overview of the catalysts used 

for biodiesel production is summarised in Table 1.  

 
Figure 1. Transesterification reaction between triglycerides and MeOH to produce biodiesel 
and glycerol 

The most widely used catalysts for transesterification are homogeneous alkaline catalysts 

such as NaOH or KOH, preferred for their low cost and high catalytic activity.30 Alkali metal 

alkoxides such as CH3ONa are also highly active for transesterification and can result in 

yields > 98 % under short reaction times (30 mins).31 Alkali hydroxides, such as NaOH, are 

generally highly hygroscopic and generate water when dissolved in MeOH, thus, careful 

handling is required to avoid any undesirable reduction in biodiesel yield. Homogeneous 

alkali catalysts are highly sensitive to saponification, or soap formation, which can form 

through reaction of free fatty acids (FFA) with the catalyst, as illustrated in Figure 2.30 

Saponification is detrimental to biodiesel production, lowering yields and resulting in the 

removal of the active catalyst from the system, requiring the addition of further catalyst to 

maintain activity. Consequently, free fatty acid levels must be kept to a minimum, if high 

levels of FFA are present in the feedstock, a pre-treatment is required before base catalysed 

transesterification can take place.  
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Figure 2. Side reaction between free fatty acids (FFA) and catalyst to form soap and water 

Additionally, water, whether present in the original feed or formed through saponification, 

is detrimental to the transesterification process as triglyceride hydrolysis can occur, 

generating free fatty acids (Figure 3). Whilst basic heterogeneous catalysts can circumvent 

some of the issues associated with homogeneous catalysts, a lower rate of reaction is 

typically observed, and diffusion limitations can occur. Whilst base catalysed 

transesterification reactions are most commonly used industrially, strict feedstock 

requirements exist due to the sensitivity of the catalyst to FFA and water, necessitating 

feedstock pre-treatment of unrefined or crude feedstocks.  

 

Figure 3. Triglyceride hydrolysis generating free fatty acids 

Whilst base catalysed transesterifications are more widely used due to their superior 

reaction rates, acid catalysts offer the advantage of catalysing esterification and 

transesterification simultaneously, allowing crude feedstocks with high levels of FFA to be 

used. The acid catalysts often utilized for this include homogeneous mineral acids such as 

H2SO4 and HCl, although the rate of acid catalysed transesterification is estimated to be ca. 

4000 times slower than with homogeneous alkali catalysts;32 for this reason, acid catalysed 

transesterification has received limited attention, despite its applicability with low grade 

feedstocks. The use of enzymatic catalysts for transesterification has also been the focus of 

significant research efforts over previous years.33-38  

 

Figure 4. Acid catalysed FFA esterification 

Whilst biodiesel production has been widely implemented, significant socioeconomic and 

environmental concerns have been raised. One of the primary concerns surrounds the use 

of arable land to grow crops for direct use in biofuel production and the impact this can have 

on food security and prices. Furthermore, issues also arise surrounding losses in 

biodiversity, deforestation and water consumption, amongst others.39-41 Consequently, the 
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production of biodiesel from virgin feedstocks can contribute to some of the issues it was 

intended to negate, thus the use of waste feedstocks, such as used cooking oils and animal 

tallow, has been the focus of significant research efforts in recent years.42-45 The use of waste 

materials for biodiesel is highly desirable and satisfies most of the aforementioned 

environmental concerns. In addition to the environmental benefits of utilising waste as a 

feedstock for this process, significant economic advantages are also associated.  However, 

waste feedstocks can provide additional challenges throughout biodiesel production, with 

a pre-purification stage necessary in certain circumstances. As described earlier, the 

presence of FFAs and water can be detrimental to the most commonly used homogeneous 

alkaline catalysts, thus, flexibility with regards to the catalyst system employed is often 

required with waste feedstocks. Despite this, the use of non-virgin feedstocks has been 

successfully realised with more than 80 % of UK biodiesel derived from waste cooking oil 

in 2019.46
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Table 1. Advantages and disadvantages of different catalyst types for biodiesel production and feedstock suitability with different catalyst 
systems.47, 48   

Type of catalyst Feedstock Yield (%) Advantages of catalyst Disadvantages of catalyst 

Homogeneous 
basic e.g. NaOH, 

KOH, CH3Ona 

Pre-treated/refined 
vegetable oils 

96-98 High catalytic activity, low cost, favourable 
reaction kinetics, modest operating 

conditions 

Low FFA required so pre-treatment often 
required, anhydrous conditions required, 

saponification, difficult catalyst separation 
and recyclability 

Heterogeneous 
basic e.g. CaO, 

MgO, KOH/Al2O3 

Pre-treated/refined 
vegetable oils 

< 90 Easy catalyst separation, non-corrosive, high 
selectivity, long catalyst lifetimes, 

environmentally benign 

Low FFA requirement, anhydrous 
conditions, high molar ratio of alcohol to oil 
requirement, high reaction temperature and 

pressure, diffusion limitations, higher cost 

Homogeneous 
acid e.g. H2SO4, 

HCl 

Pre-treated/refined 
vegetable oils and waste 
and crude vegetable oils 

≤ 99 Catalyses esterification and 
transesterification simultaneously, suitable 

for high FFA content feedstocks, no 
saponification 

Corrosion of reactor/equipment from 
catalysts, difficult catalyst separation and 
recyclability, slow rate of reaction, long 

reaction times, biodiesel neutralisation often 
required 

Heterogeneous 
acid e.g. SBA-15, 

HPA 

Pre-treated/refined 
vegetable oils and waste 
and crude vegetable oils 

< 90 Catalyses esterification and 
transesterification simultaneously, suitable 

for high FFA content feedstocks, no 
saponification, environmentally benign 

Very slow rates of reaction, high cost, 
diffusion limitations 

Enzymatic e.g. 
Candida 

antarctica 
fraction B lipase,  

Pre-treated/refined 
vegetable oils and waste 
and crude vegetable oils 

99 Avoids soap formation, easy purification, 
mild reaction conditions 

Slow reaction rates, high costs, can be 
denatured by MeOH 
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1.2.2 Crude glycerol composition and purification 
Phase separation occurs throughout the transesterification process, with GLY falling to the 

bottom of the reaction vessel owing to its higher density. Since residual GLY and MeOH are 

removed from the biodiesel product by water washing, large quantities of water are present 

in the crude GLY obtained. The GLY product also contains numerous other impurities 

including unrecovered alcohol, FAMEs, glycerides, FFA, soap, ash and catalyst residue. As 

described above, numerous feedstocks and a variety of catalysts can be used in the 

production of biodiesel and thus, the composition of crude GLY can vary widely according 

to the triglyceride feedstock and the transesterification process operating conditions. The 

highly heterogeneous nature of crude GLY provides additional challenges regarding its 

effective utilisation; not only do numerous impurities exist, the nature and quantities of 

these impurities fluctuates between GLY batches, with this variability providing a barrier to 

its use on a commercial scale. 

Numerous studies into the composition of crude GLY have been performed. Hassan et al. 

performed analysis on 11 crude GLY samples obtained from 8 Australian biodiesel 

manufacturers.49 The GLY content was found to range between 38.4 – 96.5%, with an 

average of 72.4%. Large variations in pH were observed, with values between 2.0 and 10.8 

recorded. A study by Li and co-workers was performed to investigate the chemical 

composition of 5 crude GLY samples, although it should be noted that all samples were 

sourced from the same provider. There was significant variation in the composition of the 

samples, with GLY content ranging from 22.9 – 63.0%; notable differences also existed in 

the amounts of MeOH, water, soap, FAMEs and glycerides detected, leading the authors to 

highlight the importance of crude GLY characterisation prior to its conversion or 

application.50 

The method of purification undoubtably varies depending on the reaction conditions and 

catalyst used throughout the biodiesel process but can simply be summarised as follows:51 

1) Neutralisation – Free fatty acids and salts are removed by precipitation. In the use 

of an alkali catalyst, a strong acid such as H2SO4 or H3PO4 is added; this typically 

releases free fatty acid molecules from soap and reacts with catalyst residue to give 

salt and water. Generally, three layers are formed, the FFA layer rises to the top 

where it can be skimmed off whilst inorganic salts fall to the bottom, leaving a GLY-

rich middle layer. 

2) Methanol removal – Since an excess of MeOH is typically used throughout FAMEs 

production, residual MeOH is contained within the crude GLY phase. MeOH can be 

easily removed through evaporation processes, through utilization of an evaporator 
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or flash units. Some residual water will also be removed this way, although this will 

depend on the conditions used for MeOH recovery. 

3) Purification and refining - the high boiling point of GLY (290 °C at atmospheric 

pressure) necessitates the use of high temperature vacuum distillation. Since GLY 

can undergo polymerisation and thermal degradation at elevated temperatures, 

distillation must be performed under vacuum to minimise thermal reactions. Whilst 

distillation is a well-established technique, the high energy requirement to achieve 

GLY vaporisation makes it a costly process, requiring large-scale operation to 

achieve cost-efficiency. Alternative technologies to vacuum distillation include 

membrane separation technologies and adsorption techniques utilizing activated 

carbons or ion exchange resins. 

Crude GLY purification is an expensive process that is often economically unfeasible for 

small-to-medium sized biodiesel producers, thus crude GLY produced through biodiesel is 

typically a low value product.52 Additionally, the heterogeneity of crude GLY, with huge 

variations reported across providers, results in the need for both characterisation and 

purification of crude GLY feedstocks prior to further application. 

1.2.3 The effect of biodiesel on the glycerol economy 
As shown in Figure 1, GLY is produced as a by-product of biodiesel production and accounts 

for approximately 10 wt.% of the total product yield. Since GLY is produced alongside 

biodiesel, the rapid expansion of the biodiesel market over the past two decades has had 

significant effects on GLY supply drivers, as shown in Figure 5. GLY was traditionally 

produced through fatty acids and saponification, with the GLY by-product providing 

additional revenues to the soap manufacturing. However, the biodiesel industry is now the 

biggest supplier of GLY.53 Annual crude GLY production via biodiesel increased from ca. 

200,000 tonnes in 2003 to > 2 million tonnes in 2012, with traditional GLY markets unable 

to absorb the dramatic surplus.  

High purity GLY has numerous applications in several industries, including food and drink, 

cosmetics and pharmaceuticals, however, the high levels of impurities present in biodiesel-

derived GLY often prevent its direct use in the majority of traditional applications. Prior to 

use, GLY must first be refined to an acceptable purity level, this can then be sold as 

“technical-grade” GLY at a low price or refined further to produce GLY sufficiently pure for 

uses in the food and pharmaceutical industries.54 The rapid increase in GLY availability has 

had a dramatic effect on the price of both refined and crude GLY;  the price of refined (99.5 

%) GLY dropped from €4000/tonne in 2000 to €450/tonne in 2010.53 The price of crude 

GLY has fallen to such an extent that it has become a waste product with such low econmic 

value it is often used as cattle feed or incinerated as a low-energy content fuel. 
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Figure 5. Changes in glycerol supply drivers from 1999 to 2009.54 

Since GLY is produced predominantly as a by-product of the biodiesel industry, its supply is 

independent of market demands. Consequently, in order to add value to the GLY by-product, 

the end-product needs to be economic despite fluctuations in GLY supply and price. The 

conversion of the crude GLY by-product to higher value products, such as high purity GLY, 

through refining and purification processes, or other value added chemicals, including 

propanediols, acrolein, dihydroxyacetone and MeOH, through catalytic transformations, 

offers an attractive prospect to enhance the overall profitability of biodiesel production.54 

1.2.4 Direct utilisation of crude glycerol 
Whilst there are limited examples for the direct use of crude glycerol feeds, the examples 

which do exist are often for low value products and thus, provide limited economic benefit. 

The conversion of glycerol to value added products, also known as glycerol valorisation, is 

essential to help ensure the profitability of the biodiesel market, whilst also reducing our 

dependency on fossil-based feedstocks. Whilst enormous efforts into efficient GLY 

conversions have been performed, the vast majority employ high purity GLY as a feedstock. 

As described in the preceding sections, the composition of crude GLY can vary significantly 

from batch to batch, depending on several operating factors.  

Crude GLY has been identified as an alternative to ethylene glycol (EG) as a renewable 

cement additive that can improve grinding and handling properties while enhancing the 

strength of the cement.55 Crude GLY is often of such low economic value that it is incinerated 
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for energy, however, it provides low energy value as a fuel, thus this is not a desirable use. 

Similarly, crude GLY can be used to supplement animal feed,56 due to the ability of ruminant 

creatures to better tolerate MeOH impurities, although this is another low value application, 

which is highly susceptible to market fluctuations. 

Biological transformations of crude GLY to numerous high-value chemicals, such as 1,3-

propanediol, n-butanol and dihydroxyacetone, have been widely explored and extensively 

studied.57-61 Whilst successful biological transformations of crude GLY have been 

demonstrated, the required biocatalysts are often expensive. Furthermore, their sensitive 

nature and requirement for fairly dilute GLY feedstocks often results in low catalyst 

productivity. The impurities present in crude GLY can inhibit cell growth during 

fermentation, particularly when more concentrated GLY feedstocks are utilised, resulting in 

low transformation efficiency.62  

Numerous investigations into the use of crude GLY for chemocatalytic transformations have 

been undertaken, although in many cases, the catalytic performance reported with crude 

GLY feedstocks was far inferior to that achieved with high purity GLY.63 The use of crude 

GLY will be reviewed where relevant in section 1.3. Briefly, the impurities present can result 

in catalyst poisoning, an increase in char production and a reduction in desired product 

yields.62 Furthermore, inorganic contaminants can provide additional difficulties 

surrounding the use of crude feedstocks for gas phase GLY conversions; as GLY is vaporised, 

inorganic sediments are deposited which can result in reactor fouling and associated 

blockages, making the direct transformation of crude GLY a challenging process. 

1.3 Glycerol valorisation 
Whilst the concept of a glycerol-based biorefinery is highly desirable due to the vast scale 

of GLY production, limited information surrounding the feasibility of utilising crude GLY as 

a feedstock is available. As described above, the composition of crude GLY can vary widely 

depending on the operating conditions and triglyceride feedstocks used. Recently, a techno-

economic assessment of a GLY biorefinery was performed to determine the profitability of 

GLY valorisation reactions through an integrated facility, based on previously reported 

processes.64 The process model involved the use of a crude feedstock with an initial GLY 

purification stage whereby the removal of ash, water, MeOH and MONG (matter organic, 

non-glycerol) was modelled. Whilst the purified-to-crude GLY ratio of 0.81 was accounted 

for, the cost of the actual purification stage was not included in the overall profitability 

assessment.  

As described earlier, the conversion of GLY to value added products can provide significant 

economic and environmental benefits; the direct conversion of crude GLY is therefore 

highly desirable. Despite this, the complex nature and heterogeneity of crude GLY 
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feedstocks mean that the vast majority of chemocatalytic GLY transformations have been 

performed with high purity GLY allowing any impurity effects to be discounted. 

Consequently, the literature findings discussed below can be assumed to have utilised high 

purity GLY unless explicitly stated otherwise. 

As a C3 triol, GLY can undergo a wide variety of chemocatalytic transformations with 

numerous comprehensive reviews highlighting significant developments in GLY 

valorisation.54, 65-81 Examples of some of the chemical transformations possible for GLY are 

shown in Figure 6. Dehydration, reduction, oxidation, gasification, esterification, 

etherification, oligomerisation, carboxylation and chlorination strategies have been widely 

explored and are attractive options for GLY valorisation. As mentioned earlier, the aim of 

this thesis is to further investigate the conversion of GLY to MeOH over simple oxide 

catalysts without the addition of an external hydrogen source. Consequently, the ensuing 

review of GLY valorisation will be limited to dehydration and hydrogenolysis reactions, due 

to their relevance by way of the reaction conditions used and products observed.  
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Figure 6. Chemocatalytic glycerol conversions to value added chemicals. Figure reproduced 
from Chem. Soc. Rev., 2008, 37, 527-549 - Reproduced by permission of The Royal Society of 
Chemistry 

1.3.1 Glycerol to methanol 
As briefly discussed, a recent publication by the Hutchings group demonstrated the 

conversion of aqueous GLY to MeOH in a one-step process over simple metal oxide catalysts 

such as MgO (magnesium oxide) or CeO2 (cerium(IV) oxide, ceria).27 No external reductant 

was added to the reaction and reactions performed with D2O in place of H2O, displayed a 

significant kinetic isotope effect, leading to the conclusion that water was acting as the 

hydrogen source required to produce MeOH. Similarly, investigations performed with 18OH2 
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did not lead to the presence of 18O-MeOH, confirming GLY, not water, as the oxygen source 

for MeOH. 

A GLY conversion of 26 % was achieved with a corresponding MeOH selectivity of 41 % at 

a reaction temperature of 300 °C with a 10 wt.% GLY feedstock, over an MgO catalyst. The 

catalytic activity could be maintained by increasing the GLY concentration to 30 wt.% with 

a proportional increase in catalyst mass, and activity was demonstrated to be stable over a 

35-hour time period. Attempts to improve GLY conversion through increasing the reaction 

temperature and/or catalyst mass were unsuccessful. Under the above reaction conditions, 

remarkably similar levels of GLY conversion (27 %) and MeOH selectivity (41 %) were 

achieved over a CeO2 catalyst, however, increasing the reaction temperature to 400 °C 

resulted in full GLY conversion, whilst MeOH selectivity reached a maximum of 60 % at 380 

°C. 

In addition to MeOH, other observed products included hydroxyacetone (HA), acetaldehyde 

(ACA), ethanol (EtOH), acrolein (ACR), ethylene glycol (EG), propionaldehyde, allyl alcohol 

(AA), 2,3-butanedione (2,3-BD), acetone (ACE) and CO2, with the proposed reaction scheme 

shown in Figure 7. Products such as MeOH, EtOH, ACE, and ACR were found to be unreactive 

throughout the process when used as reactants and thus, are considered to be terminal 

products. Interestingly, when other oxygenates were explored as feedstocks for MeOH 

production, it was found that MeOH was formed from 1,3-propanediol (1,3-PD) and EG but 

not from 1-propanol or 2-propanol, suggesting more than one hydroxyl group is crucial for 

MeOH formation. 

 

Figure 7. Proposed reaction scheme for the formation of methanol from glycerol. Figure 
reproduced from Nature Chem, 2015, 7, 1028–1032. Copyright © 2015, Springer Nature. 
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The major pathway involved the dehydration of GLY to HA, initiated through the loss of a 

terminal hydroxyl group followed by a subsequent tautomerization. The radical 

fragmentation of HA lead to the formation of MeOH and acetyl radicals, producing MeOH 

and ACA, respectively, with ethanol produced through the reduction of ACA. The presence 

of 2,3-BD provided good support to the proposed mechanism, since a C4 ketone seems 

unlikely to form from GLY, other than through a C2 coupling mechanism.  

A second, more minor route for MeOH production was also identified, and is shown as the 

bottom pathway in Figure 7. This involved the radical fragmentation of GLY to yield a MeOH 

radical and an EG radical, the latter of which, either gained a hydrogen radical to make EG 

or lost a hydrogen radical to give glycolaldehyde. Analogous to the fragmentation of HA, 

glycolaldehyde could further fragment, giving another MeOH radical along with a 

formaldehyde radical, both of which could be further reduced to MeOH. In addition to the 

pathways responsible for MeOH production, an additional pathway was observed, whereby 

GLY undergoes a double dehydration reaction to give ACR, a well-established process which 

is typically acid catalysed.82-84 

The reactions discussed above were performed with high purity GLY. Crude GLY was 

obtained from Biodiesel Amsterdam BV and simply purified by treating the aqueous GLY 

phase with activated carbon, prior to use as a feedstock over a ceria catalyst. The catalyst 

proved to be tolerant to impurities in the feed, even with a 50 wt.% GLY solution, although 

it should be noted that GLY conversion, MeOH selectivity and corresponding space time 

yield were slightly lower using crude feedstocks than with high purity counterparts. These 

results offer a novel route to produce MeOH from crude GLY. Since MeOH is required for 

biodiesel production, and GLY is a by-product of the process, this offers a sustainable 

recycling route for crude GLY. 

The conversion of GLY to MeOH has also been demonstrated in a process known as the 

Supermethanol concept, which is an integrated process combining GLY reforming in 

supercritical water (RSCW) with MeOH production from syngas.85 Typically, GLY reforming 

is performed over a Ni based catalyst at reaction temperatures between 675 – 725 °C and 

pressures of 240 – 270 bar.86 Following catalytic reforming, the gas stream is subsequently 

converted to MeOH over a Cu/ZnO/Al2O3 catalyst at temperatures of 195 – 245 °C and 

pressures between 240 – 270 bar. Whilst MeOH yields of ca. 60 % have been reported, the 

conditions required for the integrated process are incredibly harsh.85 Furthermore, the 

CO/CO2 ratio of the gas obtained from RSCW needs to be carefully controlled in order to 

maximise MeOH yields, adding further complexity to the process. 
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In addition to the aforementioned processes, MeOH has frequently been reported as a by-

product during GLY dehydration and hydrogenolysis reactions. MeOH production via these 

routes is discussed in the subsequent sections, where appropriate. 

1.3.2 Glycerol to ethanol 
The conversion of GLY to EtOH in a simple gas phase process, without the addition of an 

eternal H-source, has very recently been reported.87 Over a caesium-promoted ZSM-

5(1500) catalyst, an EtOH selectivity of 91 mol.% was observed over a period of 50-hours 

on stream; a significant drop in GLY conversion occurred in the first twenty hours, but this 

stabilised at ca. 40 % for the remaining reaction time. EtOH was proposed to form through 

GLY via consecutive monodehydration-radical fragmentation-transfer hydrogenation 

reactions, as shown in Figure 8. 

In agreement with the mechanism proposed by Haider, the authors suggested that HA, 

formed through GLY dehydration, undergoes a radical fragmentation process to yield MeOH 

and ACA radicals. EtOH production was attributed to the reduction of the acetyl radical, with 

ACA reduction excluded as a route to EtOH in the process. The use of MeOH as a reactant led 

to the formation of EtOH as the only detected liquid phase product. As such, MeOH was 

suggested to dehydrate, forming the corresponding methyl carbene and water. The rates 

observed for the MeOH methylation were however comparatively low, suggesting that this 

route was fairly minor.  

 

Figure 8. Proposed mechanism for the gas phase conversion of glycerol to ethanol. Figure 
reproduced from Green Chem., 2020, 22, 753-765 - Reproduced by permission of The Royal 
Society of Chemistry. 
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The authors attributed the remarkable EtOH selectivity observed over the 20 wt.% CsZSM-

5(1500) catalyst to a suitable density of basic sites accompanied by a total absence of acid 

sites. The small zeolite crystallite size and synergistic interaction between caesium and the 

zeolite support were also suggested to promote desired reaction selectivity. Over a 20 wt.% 

CsZSM-5(30) catalyst, the major products formed were HA, glycidol and AA. Post-reaction 

analysis of the catalysts showed significant levels of coke were deposited over 20 wt.% 

CsZSM-5(30), whereas modest coking was observed over 20 wt.% CsZSM-5(1500). The 

different levels of carbon deposition that occurred across the two materials was attributed 

to the acid sites which were present in 20 wt.% CsZSM-5(30) but not in 20 wt.% CsZSM-

5(1500). This highlighted the importance of carefully controlling the acid-base properties 

of the catalyst in order the control product distribution. 

1.3.3 Dehydration 
As described above, HA was identified as an intermediate in the gas phase conversions of 

GLY to both MeOH and ethanol.27, 87 Since HA is a GLY dehydration product, initiated through 

the loss of a terminal hydroxyl group, the process of GLY dehydration will be examined in 

more detail. Alternatively, GLY dehydration can occur via the secondary hydroxyl group, 

giving 3-hydroxypropanal, a highly reactive molecule that typically dehydrates further to 

yield ACR, thus GLY dehydration will be discussed in wider context. 

GLY dehydration to ACR is one of the most widely studied GLY valorisation reactions, due 

to the industrial importance of ACR. As the simplest unsaturated aldehyde, ACR is a valuable 

intermediate, which can be converted to the polymer precursor, acrylonitrile, by 

ammoxidation. Traditionally produced from propene, which is obtained from fossil fuel-

based sources, the production of ACR via GLY dehydration offers a sustainable route to an 

important platform chemical. Over recent years, extensive investigations into GLY 

dehydration as a route to ACR have been performed; comprehensive reviews regarding GLY 

dehydration have been published providing detailed insights into reaction mechanisms and 

the current state of the art situation.76, 77  

The dehydration of GLY to ACR is not a new reaction, with Sabatier investigating gas phase 

GLY dehydration as early as 1918.88 Complete conversion of GLY in the gas phase over 

alumina and uranium oxide catalysts was achieved at reaction temperatures of 360 and 350 

°C respectively, with ethene and CO detected as by-products alongside ACR, due to further 

decomposition of the latter. The first patent regarding the conversion of GLY to ACR was 

published in 1930 whereby an ACR yield of ca. 75% was obtained in the gas phase over a 

supported lithium phosphate catalyst.89 In 1934 Shell patented a process for the aqueous 

phase GLY dehydration in the presence of sulfuric acid at a reaction temperature of 190 °C, 

achieving an ACR yield of close to 50 %.90 Hoyt and Manninen also investigated liquid phase 
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GLY dehydration, this time with a clay-supported phosphoric acid catalyst in a petroleum 

oil reaction medium, allowing for a reaction temperature of >300 °C which achieved an ACR 

yield of ca. 72 %.91  

Despite the early works surrounding GLY dehydration to ACR, no significant efforts to 

further develop the process took place until the 1990s, coinciding with increased GLY 

supplies through biodiesel production. A patent published by Neher et al. reported that ACR 

yields of up to 70 % at reaction temperatures above 300 °C were achievable over an alumina 

supported phosphoric acid catalyst.92 HA (acetol) was the main by-product of the process, 

with a yield of ca. 10 %. The authors highlighted the importance of catalyst acidity, with a 

Hammett acidity function of < +2 required, with a preference for catalysts with H0 < -3. 

Bühler et al. investigated GLY decomposition in near- and sub-critical water, at 

temperatures between 350 and 475 °C and pressures between 250 – 450 bar, whereby 

obtained products included MeOH, ACA, propionaldehyde, ACR, AA, formaldehyde, CO, CO2 

and H2.93 Overall non-Arrhenius behaviour was observed which, along with the product 

distribution, led the authors to propose two alternative competing pathways, as shown in 

Figure 9. An ionic pathway and a free radical pathway were proposed, the former of which 

was favoured at lower temperature and/or higher pressure. The radical pathway was 

preferred under higher temperature and/or low pressure. Whilst products such as MeOH, 

AA and propionaldehyde were only produced through radical pathways, most products 

including ACR, ACA, formaldehyde, COx and H2 could be produced through both ionic and 

radical routes. 
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Figure 9. Reaction pathways to the formation of acrolein considering a) an ionic pathway 
and (b) a radical pathway, as suggested by Bühler et al.93 

Whilst GLY dehydration to yield ACR can be performed in both the vapour and liquid phase, 

gas phase reactions can be advantageous for product separation. Additionally, liquid phase 

reactions involve near-, sub- or super-critical conditions, which when combined with acid 

catalysis, can result in significant corrosion. This ultimately results in increase capital costs 

and requires substantial investment in specialist equipment. For such reasons gas phase 

GLY dehydrations are preferable from an industrial perspective, particularly when 

considering the scale of GLY supplies.77 Consequently, the majority of dehydration studies 

have been performed in the vapour phase. 

A formal reaction scheme for vapour phase GLY dehydration was suggested by Tsukuda et 

al. who explored silica supported heteropolyacids as catalysts for the reaction.83 

Protonation of a secondary hydroxyl group in GLY leads to elimination of a H3O+ molecule, 

forming an enol intermediate which readily tautomerises to 3-hydroxypropanal. As a highly 

reactive species, 3-hydroxypropanal was not detected in the reaction stream due to its rapid 

dehydration to ACR. Alternatively, protonation at the terminal positions results in the 

formation of HA, again through an enol intermediate. The presence of ACA as a product was 

attributed to the decomposition of 3-hydroxypropanal through a retro-aldol reaction, also 

generating formaldehyde. ACA is easily oxidised to acetic acid. Other detected products 

included ACE, propionaldehyde, and EtOH, which could be attributed to HA 
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dehydroxylation, and ACR and ACA reductions, respectively. The authors also highlighted 

the importance of the initial loss of the secondary hydroxyl group for high ACR selectivity. 

 

Figure 10. Probable reaction routes over silica supported heteropoly acids, published by 
Tsukuda et al.83 

Building on the work by Neher, Chai et al. investigated the role of catalyst acidity and 

basicity on ACR selectivity.94  Materials were classified as bases, weak and medium strength 

acids, strong acids and very strong acids, according to their Hammett acidity (H0) or basicity 

(H-) which was measured by titration with various Hammett indicators. It was found that 

strong acid catalysts (-8.2 ≤ H0 ≤ -3.0) were most selective to ACR. The use of stronger acids 

(H0 ≤ -8.2) resulted in reduced ACR selectivity due to an increase in secondary reactions 

which can consume produced ACR. The strongest acid catalysts showed significant levels of 

carbon deposition and were found to be highly selective for the conversion of ACR to coke, 

which also resulted in significant catalyst deactivation. Basic and weak and medium 

strength acidic catalysts both showed low selectivity to ACR, suggesting that is not the 

primary reaction pathway over these materials. These findings were in agreement with the 

earlier scheme proposed by Tsukuda et al.83 1,2-PD and MeOH were also detected over basic 

materials, which were attributed to the reduction of HA and formaldehyde, respectively. 

Similarly, the presence of AA was attributed to ACR reduction.  

A comprehensive reaction network was reported by Corma and co-workers, who studied 

the gas conversion of aqueous GLY feedstocks (20 – 85 wt.%) over zeolite catalysts.84 Very 

high levels of GLY conversion were observed and the main oxygenates produced were ACR, 

ACA, ACE, AA and HA. Trace amounts of MeOH, EtOH, methacrolein, methyl vinyl ketone and 

C2-C4 unidentified compounds were also detected. Other observed products included CO, 

CO2, C1-C4 alkanes, C2-C4 alkenes, C5+ hydrocarbons (including BTX) and coke. To better 

understand the nature of the products observed from GLY, several of the major products 

were used as reactants. HA was found to be very reactive in the system, although it was less 

reactive than GLY; additionally, the product distribution differed significantly from that 

obtained from a GLY feedstock. More ACE and acids (including acetic, propionic and acrylic 

acid) were produced from HA, along with a significant amount of unidentified high 
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molecular weight products and a lower selectivity to ACA was observed. No ACR was 

detected from HA, indicative of the two distinctive, independent pathways of GLY 

dehydration. One of these pathways involved the loss of the secondary hydroxyl group to 

yield ACR via a 3-hydroxypropanal intermediate. The other, involved the loss of a terminal 

hydroxyl group to yield HA. ACE was attributed to the hydrodeoxygenation of HA, which 

could proceed through a 1,2-PD intermediate (although that was not detected as a product). 

The high selectivity to acids observed from HA was explained by the isomerisation of HA to 

propionic acid. The use of 1,2-PD as a feedstock led to similar product distributions to those 

obtained from HA; a high selectivity to ACE was obtained through a direct dehydration 

reaction.  

AA and ACE were also used as feedstocks. While similar reactivities were observed for GLY 

and AA, ACE was found to be much less reactive, reaching only 30 % conversion at 500 °C 

under the same operating conditions. Both AA and ACE showed high selectivity to olefins, 

but with AA more selective to propene and ethene, and ACE more selective to butenes. 

Significant quantities of CO2 and acetic acid were also produced from ACE. A high selectivity 

to coke was obtained from AA, as well as pentenes, BTX compounds and high molecular 

weight products; aromatics were attributed to the condensation of olefins produced in situ, 

which could further react with in situ produced aromatics leading to the formation of coke. 

Similarly, a high selectivity to coke was obtained from a propionic acid feed.  
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Figure 11. Reaction network of glycerol/water mixtures over zeolite materials, initially 
published by Corma and co-workers.84 

Kozhevnikov and co-workers provided further mechanistic insight into GLY dehydration.95 

With the use of a caesium heteropolysalt catalyst (CsPW), a GLY conversion of 100% was 

achieved, with an ACR selectivity of 98%, although significant reduction in GLY conversion 

occurred after an initial time-on-stream period of 1 hour. This significant reduction in 

activity was attributed to heavy catalyst coking. Platinum group metal dopants were 

explored in an attempt to reduce catalyst deactivation by carbon deposition and an 

enhanced stability was observed for a 0.5% Pd/CsPW catalyst, resulting in an ACR 

selectivity of 96% at 79% GLY conversion after a period of 5 hours on stream. CsPW was 

then compared with a Zn(II)–Cr(III) (1:1) mixed oxide (Zn-Cr oxide) catalyst, in an attempt 

to further understand the role of acid sites on subsequent mechanisms of GLY dehydration. 

Characterisation of the acid sites by pyridine DRIFTS evidenced that the CsPW material 

possessed strong Brønsted acidic character. On the contrary, the Zn-Cr oxide was 

determined to contain only Lewis acidic sites. Lower GLY activity was achieved over Zn-Cr 

oxide compared with CsPW, which was attributed to the lower total acidity. In contrast to 
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CsPW, where ACR was the major product obtained with a selectivity of 98 % (or 94% after 

5 hours on stream), much lower ACR selectivity was observed over Zn-Cr oxide (30-34%), 

with HA selectivity greater than or equal to that of ACR. The authors proposed that ACR 

formed on Brønsted acid sites, with HA forming on Lewis acid sites (Figures 12 and 13, 

respectively). Thus, the ACR produced over the Zn-Cr oxide catalyst was attributed to the 

conversion of Lewis acid sites to Brønsted acid sites by the large excess of steam present. 

The authors concluded that Lewis acid catalysts have a higher activation energy than 

Brønsted acid catalysts and thus, require higher operation temperatures. The authors also 

suggested that Lewis acid catalysts are fairly selective for the conversion of GLY to HA, the 

major by-product in the conversion of GLY to ACR. 

 

Figure 12. Mechanism of glycerol dehydration over Brønsted acid sites, as proposed by 
Kozhevnikov and co-workers95 

The application of Brønsted acidic catalysts results in GLY protonation; given that there are 

no steric constraints surrounding proton transfer, protonation typically occurs at the 

secondary hydroxyl group due to its stronger partial negative charge. Following 

protonation, H3O+ leaves to produce 1,3-dihydroxypropene which tautomerises to 3-

hydroxypropanal before undergoing further dehydration to ACR. Whilst protonation of the 

secondary hydroxyl group is favourable, protonation of a primary hydroxyl group can also 

occur leading to HA formation in the presence of Brønsted acid catalysts.  

 

Figure 13. Mechanism of glycerol dehyration over Lewis acid sites, as proposed by 
Kozhevnikov and co-workers95 

Alternatively, the interaction of GLY with Lewis acid sites is affected by steric constraints 

and thus, interaction of the terminal hydroxyl group is more favourable than that of the 

secondary hydroxyl group. Subsequently, a terminal OH group is transferred to metal ion 

Lewis acid site, with a proton from the secondary carbon atom in GLY migrating to the 

bridging atom of the metal oxide, giving the hydrated form of the Lewis acid catalyst 

alongside 2,3-dihydroxypropene which tautomerises to HA. 

More recently, a detailed reaction mechanism for GLY dehydration was published by 

Martinuzzi et al., who identified numerous by-products which could be formed over an 
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industrial solid acid catalyst; none of these by-products had not previously been reported.96 

An incredibly complex reaction scheme was proposed, with numerous competing pathways 

identified. Products such as 3-methyl-2-cyclopenten-1-one and phenol showed the C-C 

bond forming reactions occurred alongside C-C cleavage; cyclopentenes were proposed to 

form through aldol-condensation reactions between ACA and ACE, whereas phenol was 

attributed solely to ACA. Another larger product which has been previously identified was 

1,3,5-dioxan-5-ol, attributed to the cyclization of GLY and formaldehyde. Additionally, 

formaldehyde reduction was responsible for the MeOH detected, whilst an analogous 

reaction occurred with ACA to generate EtOH. 

GLY dehydration over basic catalysts was investigated by Kinage et al. due to the fact that 

that most acidic catalysts also contain basic sites.97 In contrast to acidic catalysts whereby 

dehydration is the initial step, GLY dehydrogenation initially occurs over basic materials. 

The resulting glyceraldehyde (2,3-dihydroxypropanal) molecule subsequently dehydrates 

to give 2-hydroxyacrylaldehyde which is then reduced to HA. Alternatively, glyceraldehyde 

can undergo a retro-aldol reaction to produce formaldehyde and hydroxyacetaldehyde. 

These two products can subsequently undergo reduction to MeOH and EG, respectively. The 

base catalysed mechanism of GLY dehydration explains the high HA selectivity observed by 

Chai et al. over basic catalysts. 

 

Figure 14. Mechanism of glycerol dehydration over basic sites, as proposed by Kinage et al.97 

Further investigations into GLY dehydration over basic catalysts have been performed with 

lanthanum-based materials at reaction temperatures between 300 – 700 °C.98 Over La2O3 

and LaNiO3, HA was predominantly formed at reaction temperatures of 400 and 500 °C and 

significant quantities of EG, MeOH and 1,2-PD also observed. The dehydration to HA was 

proposed to proceed through an enol intermediate, with 1,2-PD attributed to subsequent 

reduction of HA. The mechanism proposed for the formation of EG and MeOH was in 

agreement with that proposed by Kinage et al.,97 initiated by GLY dehydrogenation to 

glyceraldehyde. The authors attributed the enhanced MeOH and EG selectivities observed 

over La2O3 to its increased basicity, which favoured C-C cleavage of glyceraldehyde. At 

reaction temperatures exceeding 500 °C, gas phase products were dominant due to GLY 

reforming (C3H8O3 → 3CO + 4H2) and water gas shift (CO + H2O → CO2 + H2) reactions. 

Interestingly, a particularly poor carbon balance was obtained at a reaction temperature of 
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300 °C. This was attributed to the presence of high molecular weight products, with 

oligomeric species composed of up to twelve GLY monomers detected by mass 

spectrometry. Polyglycerols and other polymer residues have previously been reported in 

both liquid and gas phase over basic materials.99, 100 

A HA yield of 76 % was reported by Batiot-Dupeyrat and co-workers over a La2CuO4 catalyst 

at a reaction temperature of 260 °C, in a further study into the use of lanthanum-based 

materials.101 Results showed that metallic copper was not the active species for GLY 

dehydration and its presence promoted carbon deposition leading to catalyst deactivation. 

The high activity of La2CuO4 compared with Cu2O and La2O3 was attributed to a cooperative 

interaction between lanthanum and copper ions which was proposed to benefit the 

reaction. Whilst Cu2+ was shown to be reduced to Cu+ under the reaction conditions, the 

activity of Cu2O was significantly lower than that of La2CuO4, leading the authors to suggest 

that an interaction between Cu+ and La3+ was beneficial to the reaction. High catalyst 

stability was exhibited; no significant loss of activity observed over 20 hours on stream, 

which the authors suggested could be due to the absence of catalyst acidity. 

The above findings were in contrast with a study performed by Sato et al., who investigated 

the use of copper catalysts for gas phase polyol conversions.102 A reduced copper catalyst 

was found to be effective for GLY dehydration to HA, with a HA selectivity exceeding 90 % 

obtained over a Cu-Al2O3 catalyst at a reaction temperature of 250 °C. Metallic copper was 

suggested to provide the active sites for GLY dehydration, although the authors 

acknowledged the need to further investigate the role of the support in the process. 

Recently, copper-based catalysts have been further explored through the use of Cu-MgF2, 

Cu-MgO, Cu-MgFOH and La2CuO4 materials.103 Unlike the earlier study involving La2CuO4 

which was performed in the absence of water, an 80 wt.% GLY feedstock in water was used 

throughout this investigation. The authors showed that as weak Lewis acid sites, Cu2+ was 

not responsible for GLY dehydration.  Metallic copper was acknowledged to provide an 

active site for dehydration, through the formation of Cu-alkoxide species. In this study, Cu+ 

was therefore proposed to be the active species. The low activity of Cu-MgO and CuMgFOH 

catalysts was attributed to low levels or absence of Cu+ species, whereas the high stability 

of Cu-MgF2 was attributed to the high stability of Cu in the +1 oxidation state. 

GLY dehydration has also been investigated by computational methods. Nimlos et al. 

performed detailed theoretical studies in to the dehydration of GLY.104 It was found that 

neutral GLY can dehydrate via a 1,2-elimination mechanism to yield ACR and HA through 

1,3-dihydroxypropene and 2,3-dihydroxypropene intermediates; activation barriers of 71 

and 73 kcal mol-1 were calculated for each pathway, respectively. Alternatively, a lower 

activation barrier of 65 kcal mol-1 was calculated for a 1,3-dehydration mechanism, which 
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leads to the formation of formaldehyde, vinyl alcohol and water. A smaller energy barrier 

was calculated for vinyl alcohol tautomerisation compared with the dehydration step, so 

ACA is readily produced via a 1,3-dehydration mechanism. The high activation barriers for 

the dehydration of neat GLY indicate that the process can only occur at relatively high 

temperatures. Alternatively, much lower activation barriers were calculated for the 

dehydration of protonated GLY. A barrier of 21 kcal mol-1 was calculated for a pinacol 

rearrangement mechanism (hydride transfer) and 25 kcal mol-1 for a substitution 

mechanism involving glycidol; an epoxide intermediate.  

Sun et al. also used density functional theory (DFT) to probe the mechanism of GLY 

dehydration.105 They focussed on the dehydration of neutral GLY to glycidol; a route not 

considered by Nimlos et al., where an activation barrier of ca. 59 kcal mol-1 was calculated. 

This further evidenced that high temperatures are required for neutral GLY dehydration. 

This mechanism was revisited by Stolz and co-workers.106 It was found that neutral GLY 

dehydrates to glycidol via a 1,2-elimination mechanism, with an activation barrier of 67 kcal 

mol-1. Glycidol is converted to 3-hydroxypropanal through a rapid ring opening step, 

whereby the H atom present on the C1 atom in glycidol is transferred to the secondary C 

atom concurrently with the formation of a carbonyl group. Once formed, 3-hydroxpropanal 

can undergo decomposition through a retro-aldol mechanism, to form water, formaldehyde 

and vinyl alcohol. The latter of these products  rapidly tautomerises to ACA. Alternatively, 

3-hydroxypropanal can undergo a dehydration step, yielding ACR and water. In terms of 

barrier height, 3-hydroxypropanal decomposition to formaldehyde and vinyl alcohol is 

most favourable, with a barrier of 35 kcal mol-1; decomposition to ACR however, was 

calculated to have a barrier height of 54 kcal mol-1. The dehydration reaction was proposed 

to be driven by the acidity of the H atom on the α-C atom whereas the retro-aldol reaction 

is driven by the acidity of the hydroxyl group. Since the hydroxyl group possesses higher 

acidity than the H on α-C, a lower activation barrier is obtained for decomposition versus 

the dehydration pathway. 

Given that dehydration through activation of a terminal hydroxyl group would result in HA 

formation and dehydration through activation at the secondary hydroxyl group results in 

ACR production; statistically speaking, the possibility for HA formation is double that of 

ACR, due to the two terminal and one secondary hydroxyl groups in GLY. However, the work 

by Corma84 and FT-IR investigations,107 demonstrated that a high selectivity to ACR could 

be achieved over H-ZSM-5 suggesting favourable loss of the secondary hydroxyl group. GLY 

dehydration over H-ZSM5 was investigated by computational methods by Kongpatpanicha 

et al.108 It was found that the first dehydration step was the rate determining step for both 

ACR and HA formation, which had intrinsic activation energies of 42.5 and 42.3 kcal mol-1, 

respectively. These results suggest that there is competition between loss of a terminal and 
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secondary hydroxyl group. In the step following the initial dehydration an enol, is formed 

through the alkoxide returning the proton; the activation energy for this in the case of ACR 

(i.e. 1,3-dihydroxypropene formation from the alkoxide) is 19.7 kcal  mol-1, whereas the 

activation energy in the case of HA (i.e. 2,3-dihydroxypropene formation from the alkoxide) 

is 26.8 kcal mol-1. The activation energy difference of 7.1 kcal mol-1 for the enol formation 

explains the kinetic favourability of ACR formation over HA formation. It should be noted 

that the final energy observed is lower for HA (-27.2 kcal mol-1) and ACR (-17.1 kcal mol-1), 

meaning that ACR formation is kinetically favourable, whilst HA formation is more 

favourable thermodynamically.77 

1.3.4 Hydrogenolysis 
The most common route for the conversion of GLY to diols or mono-alcohols is through 

hydrogenolysis, with GLY hydrogenolysis having been widely explored over recent years.67, 

74, 78, 109-112 Hydrogenolysis describes a reaction whereby the addition of hydrogen results in 

the cleavage of C-C or C-X bonds, where X represents a heteroatom. Generally, GLY 

hydrogenolysis involves the removal of one H2O molecule following the addition of a H2 

molecule through cleavage of a C-O bond; the competing reaction (C-C cleavage) can lead to 

the formation of EG and MeOH. As a saturated triol, GLY has a higher O/C ratio than most 

chemical feedstocks, thus hydrogenolysis is an attractive prospect for GLY valorisation.113  

1.3.4.1 Diols 

Much of the research surrounding GLY hydrogenolysis has focussed on the production of 

the C3 diols; 1,2-PD and 1,3-PD, both of which are valuable chemical intermediates 

traditionally produced from fossil-based sources.65, 79, 109, 111, 114, 115 Currently 1,2-PD is 

produced from propylene oxide, whereas 1,3-PD is produced from ethylene oxide (Shell) or 

ACR (Degussa-DuPont). A significant challenge surrounding the selective hydrogenolysis of 

GLY to propanediols is the need for selective C-O bond cleavage over C-C cleavage. An 

additional challenge surrounding the selective production of 1,3-PD exists, due to steric 

hinderance, and the more favourable cleavage of a primary hydroxyl group.116  

The conversion of GLY to 1,2-PD has been widely explored, with numerous reports of yields 

exceeding 90 % .67, 117 1,2-PD is widely used in the cosmetics, food and tobacco industries, 

and provides a non-toxic alternative for anti-freeze.109 High 1,2-PD selectivities have been 

reported in the liquid phase using precious metals, base metals and bimetallic catalysts,67 

but particularly promising results have been reported through vapor-phase GLY 

hydrogenolysis over copper-based catalysts. Gradient temperatures systems have been 

utilised to facilitate the dehydration and hydrogenation steps, which occur simultaneously 

during GLY hydrogenolysis, to take place at different temperatures since lower 

temperatures favouring hydrogenation.118, 119 Cu-based catalysts have shown high stability 
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for 1,2-PD production; yields in excess of 96 % have been demonstrated .67, 118-120 High H2 

pressures are also often employed to shift the equilibrium towards 1,2-PD but exceptional 

selectivity to 1,2-PD have been demonstrated at atmospheric H2 pressures.118, 119 

GLY hydrogenolysis to 1,2-PD is widely accepted to proceed through one of three 

mechanisms: Dehydration-hydrogenation, dehydrogenation-dehydration-hydrogenation, 

and direct hydrogenolysis.109 The dehydration-hydrogenation route is typically acid 

catalysed. For this a HA intermediate is formed via dehydration, before subsequent 

reduction to 1,2-PD. 1-propanol and 2-propanol are typically observed as by-products in 

such reactions, which can both form from sequential 1,2-PD reduction. Alternatively, 1,3-

PD can also be formed through the hydrogenation of 3-hydroxypropanal if dehydration 

occurs at the secondary position, although the probability of 1,3-PD formation is low due to 

enhanced stability of HA vs. 3-hydroxypropanal.121  

Alternatively, under neutral or basic conditions, GLY hydrogenolysis typically occurs 

through a dehydrogenation-dehydration-hydrogenation mechanism. Seminal work by 

Montassier et al. using ruthenium-based catalysts showed that GLY predominantly 

dehydrogenates to glyceraldehyde over metal sites before dehydrating to pyruvaldehyde 

via a 2-hydroxyacrylaldehyde intermediate on basic sites; pyruvaldehyde hydrogenation 

then occurs sequentially on metal sites through a HA intermediate.121, 122 

 

Figure 15. Proposed mechanisms of glycerol hydrogenolysis. Figure adapted from RSC Adv., 
2015, 5, 74611-74268 - Reproduced by permission of The Royal Society of Chemistry. 
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Direct GLY hydrogenolysis was recently proposed by Tomishige et al., over Ir-ReOx/SiO2 

catalysts.123, 124 GLY adsorption can occur to form two alkoxides, 1,3-dihydroxyisopropoxide 

and 2,3-dihydroxypropoxide, which activates the hydride in the 3-position and 2-position, 

respectively. Elimination at the terminal position then yields 1,2-PD with 1,3-PD formed 

through elimination at the secondary position. The hydride attack on 2,3-

dihydroxypropoxide occurs through a 6-membered transition state which is more stable 

than the 7-membered transition state formed with 1,3-dihydroxyisopropoxide and thus, 

1,3-PD was formed predominantly through this mechanism with a maximum selectivity of 

58.9 % observed.123 Additionally, 1,3-PD reduction to 1-PrOH is unlikely to occur since this 

would involve the formation of an unfavourable 7-membered transition state. As such, any 

1,2-PD formed in situ underwent ready hydrogenolysis, due to its ability to form a stable 

transition state. 

1,3-PD is the highest value GLY hydrogenolysis products, with great industrial importance. 

1,3-PD is used as a monomer in the production of polypropylene terephthalate, PPT, a 

biodegradable polymer, synthesised through the condensation of 1,3-PD and terephthalic 

acid. As such, the development of direct GLY hydrogenolysis provides great promise to 

produce 1,3-PD from GLY. Whilst GLY to 1,3PD can proceed through hydrogenation of a 3-

hydroxypropanal (3-HPA) intermediate (Figure 15), low yields of 1,3-PD are typically 

obtained. 3-HPA is a GLY dehydration product formed through the loss of the secondary 

hydroxyl group and typically requires a Brønsted acid catalyst. Whilst increasing reaction 

temperature favours the initial dehydration step, 3-HPA is highly reactive and readily 

dehydrates to ACR. As such, reaction temperatures must be kept relatively low to suppress 

this competitive reaction. High H2 pressures promote 3-HPA hydrogenation over 

dehydration but preventing further reduction to 1-propanol is difficult, making 1,3-PD 

selectively a challenge. The relatively low temperature and high H2 pressures required 

provide an additional challenge to continuous flow processes due to the low volatility and 

difficulty vaporising GLY under these conditions, thus, the majority of studies have been 

performed under batch conditions.  

Under basic conditions, EG and MeOH can also be formed through GLY hydrogenolysis.125, 

126 Whilst 1,2-PD can be formed through a dehydrogenation-dehydration-hydrogenation 

mechanism, glyceraldehyde can undergo a retro-aldol reaction on basic sites to give 

glyceraldehyde and formaldehyde which are then hydrogenated over metal sites to give EG 

and MeOH, respectively. Alternatively, decarbonylation can occur over metal sites giving EG 

and CO. Methane is often produced through the reduction of MeOH and CO formed 

throughout the process. 
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Figure 16. Proposed mechanism for ethylene glycol and methanol through glycerol 
hydrogenolysis, suggested by Montassier et al.121, 125 

As discussed previously, despite the fact high selectivity to 1,2-PD has been demonstrated 

at atmospheric hydrogen pressure,118, 119 high H2 pressures are often used.127-130 Since H2 is 

typically produced from fossil-based sourced using energy intensive processes and given 

the inherent hazards surrounding the transport, storage and usage of high pressure H2, the 

in-situ generation of H2 during hydrogenolysis is highly desirable. One option for this is 

through partial GLY reforming (C3H8O3 + 3H2O → 3CO2 + 7H2), whereby hydrogen formed is 

used for GLY hydrogenolysis leading to the overall production of 1,2-PD, HA, CO2, CO, H2O 

and H2. While this methodology is advantageous, the1,2-PD yields produced in this way are 

typically lower than those obtained in hydrogen environments.131 Catalytic transfer 

hydrogenation (CTH) is a process whereby hydrogen is transferred from a donor molecule 

to an acceptor molecule, and provides an alternative means of introducing the hydrogen 

required for hydrogenolysis.115 2-propanol and formic acid have been widely explored as 

hydrogen donor molecules, with selectivities in excess of 90 % reported.132-136 Whilst CTH 

provides an attractive route for GLY hydrogenolysis, it should be noted that the hydrogen 

donor molecules are often of significantly higher value than crude GLY. As such, the 

economic feasibility of this route must be considered for it to be viable on a larger scale. 

1.3.4.2 Mono-alcohols 

The majority of mono-alcohols produced from GLY have been reported as by-products 

formed through the sequential reduction of desired diol products.67, 109, 137, 138 However, 

Friedrich and co-workers have reported the conversion of GLY to mono-alcohols over Ni 

catalysts supported on silica or alumina.139 A total mono-alcohol selectivity of 54.5 % was 

observed over Ni/Al2O3 compared with 68.5 % over Ni/SiO2 at a reaction temperature of 

320 °C with 60 bar H2 and a 60 wt.% GLY feedstock (GHSV of 1060 h-1). The superior 

performance exhibited by Ni/SiO2 was attributed to the increased density of Ni sites when 

compared with Ni/Al2O3, which was postulated to be attributed to weaker metal-support 

interactions. 
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Further work was performed by the Friedrich group into the use of molybdenum and 

tungsten-based catalysts for the production of mono-alcohols from GLY.140 Significantly 

increased activities were observed for the alumina supported catalysts compared to the  

previously investigated supported silica catalysts. The enhanced ‘activity’ of these catalysts 

was attributed to the increased Brønsted acidity of the alumina catalysts. Both increasing 

reaction temperature and the H2: GLY ratio favoured the formation of mono-alcohols at the 

expense of diols; mainly 1,2-PD and EG. A total lower alcohol selectivity of 85.4 % was 

obtained over 10 wt.% W/Al2O3 catalyst at a reaction temperature of 325 °C with 60 bar H2 

and a H2: GLY ratio of 2: 1. Under these reaction conditions, both Mo/Al2O3 and W/Al2O3 

showed reasonable MeOH selectivity (> 30 mol.%) due to the propensity for C-C cleavage. 

The production of MeOH via GLY hydrogenolysis has also been reported under batch 

conditions.141 Whilst the patent successfully demonstrated the conversion of GLY to MeOH 

over a number of supported-metal catalysts, Ru/graphite in particular was shown to result 

in excellent MeOH selectivities. The superior performance of Ru/graphite was attributed to 

the high propensity for C-C cleavage coupled with minimal C-O cleavage. MeOH selectivity 

was, however, found to significantly decrease with increasing GLY conversion which would 

present a challenge to a larger scale application of this process. 

1.4 Catalysis by ceria 
Comprising approximately 0.0046 wt.% of the Earth’s crust, cerium is the most abundant of 

the rare earth elements and has a higher natural abundancy than elements such as tin and 

copper.142 Cerium dioxide, also known as ceria (CeO2), has been widely researched and has 

extensive applications in the field of heterogeneous catalysis, both as a catalyst and a 

catalyst support. There have been more than 35,000 publications on the topic of ceria since 

1995, with the number of publications generally increasing year on year (Figure 17). 

Additionally, publications relating to ceria-based catalysis steadily increased, highlighting 

the importance of ceria in catalytic applications.  
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Figure 17. The number of publications related to “ceria or CeO2” and “ceria or CeO2 catalysis” 
between 1995 and 2019. (Source: Web of Science, 17 Dec 2019) 

Numerous comprehensive reviews have been published, highlighting recent advancements 

in the catalytic applications of ceria based materials.142-150 

1.4.1 Structure and properties 
Element number 58, cerium has an electron configuration of [Xe]4f25d06s2 and can occupy 

both the +4 and +3 oxidation states. The stoichiometric oxides of cerium are therefore CeO2 

and Ce2O3, although intermediate phases with a range of CeO2-Ce2O3 compositions are also 

known.151 The overall stoichiometry of cerium oxides is dependent on temperature and 

oxygen pressure, with Ce2O3 readily oxidised to CeO2. The stoichiometric oxide, CeO2, has a 

fluorite (CaF2) crystal structure, with the space group Fm3m. The unit cell consists of a face-

centred-cubic (FCC) arrangement of cerium cations which are bonded to eight nearest 

neighbour oxygen anions, in a Ce-O8 cubic structure. The oxygen anions are tetrahedrally 

coordinated to four nearest neighbour cerium cations, in a simple cubic arrangement 

embedded in the unit cell, forming an O-Ce4 tetrahedron.  
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Figure 18. The unit cell of CeO2. The black spheres are Ce and the white spheres are O. The 
spheres have been drawn at 50% space filling to allow the Ce-O bond to be seen. Figure 
reproduced from Surf. Sci. Rep., 2015, 70, 42-85. Copyright © 2014 Elsevier B.V.  

Both intrinsic and extrinsic defects exist in ceria. Intrinsic defects can be induced through 

thermal disorder or reaction with an external atmosphere (i.e. through redox processes) 

whereas. extrinsic defects are typically induced through the addition of aliovalent dopants 

or impurities.152 Intrinsic defects are observed in both stoichiometric and non-

stoichiometric ceria, although higher defect densities are typically observed for non-

stoichiometric ceria. Intrinsic defects can be classified as Frenkel or Schottky defects. 

Frenkel defects occur when an ion is displaced from its lattice position and becomes lodged 

in an interstitial site, creating a vacancy at the original lattice location and an interstitial 

defect. Schottky defects occur when oppositely charge ions leave their lattice sites creating 

vacancies. Vacancies form in stoichiometric units to maintain an overall neutral charge. 

The following defects can be thermally generated and do not involve reaction with an 

external environment: 

𝑂𝑜 ↔  𝑂𝑖
′′ + 𝑉ö Eq. 1 

ΔE = 3.2 eV 

Oo represents oxygen at its lattice site, O’’i represents a doubly positively charge oxygen 

vacancy and Vö is a doubly negative oxygen interstitial.  

𝐶𝑒𝐶𝑒 ↔  𝐶𝑒𝑖
∙∙∙∙ + 𝑉𝐶𝑒

′′′′ Eq. 2 

ΔE = 11.1 eV 

CeCe indicates Ce at its lattice site, Cei···· indicates a cerium ion (Ce4+) in an interstitial site, 

VCe
’’’’ represents a cerium vacancy. 

𝐶𝑒𝐶𝑒 + 2𝑂𝑜 ↔  𝑉𝐶𝑒
′′′′ + 𝑉ö + 𝐶𝑒𝑂2 Eq. 3 

ΔE = 3.5 eV 
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Equations 1 and 2 are representative of oxygen and cerium Frenkel defects, respectively, 

whereas equation 3 is representative of a Schottky defect. From the variation in ΔE values, 

it can be seen that anionic Frenkel type defects are dominant in ceria, leading to pairs of 

oxygen vacancies in lattice sites and oxygen anions lodged in interstitial sites. This was 

supported by neutron diffraction experiments which showed higher atomic displacement 

parameters for O anions compared with Ce cations, indicating higher anion mobility.153 It 

should be noted that the density of these thermally generated defects is typically low and 

does not result in deviation from a stoichiometric composition. 

Under reducing conditions, a high density of defects can be formed; upon reduction, there 

is a higher ratio of metal to anion i.e. ceria has a cation/anion ratio greater than 0.5.  The 

principle way in which ceria can accommodate this change in composition is through 

oxygen vacancies which compensate the holes formed on reduction. The removal of oxygen 

from the lattice results in an overall positive charge, with an additional two electrons 

required per oxygen ion removed to maintain charge neutrality. These electrons are 

associated with cerium, changing the charge from +4 to +3. The effective charge of the anion 

vacancies is positive, thus neutralising the negatively charged holes. This can be written as: 

𝐶𝑒𝑂2 ↔ 𝐶𝑒𝑂2−𝑥 + 
𝑥

2
𝑂2(𝑔) (𝑥 < 0.5) Eq. 4 

 

The defect reaction can be written as: 

𝐶𝑒𝑂2 ↔ 2𝑥𝐶𝑒𝐶𝑒
′ + (1 − 2𝑥)𝐶𝑒𝐶𝑒 +  𝑥𝑉ö + (2 − 𝑥)𝑂𝑜  

1

2
𝑥𝑂2(𝑔) 

Eq. 5 

This implies that as x moles of atomic oxygen are removed from the ceria lattice, the 

corresponding quantity of oxygen anion sites are occupied by oxygen vacancies, leaving 2-

x moles of O2- anions in their original positions. On the cation side, 2x moles of Ce3+ are 

formed (Ce’Ce) leaving 1-2x moles of Ce4+. 

Alternatively, cation interstitials may be formed through the transfer of a cerium ion from 

the surface to an interstitial position, which is accompanied by the removal of two O2- anions 

into the gas phase. This can be written as: 

(1 + 𝑥) 𝐶𝑒𝑂2 ↔ 𝐶𝑒1+𝑥𝑂2 +  𝑥 𝑂2(𝑔) (𝑥 < 0.33) Eq. 6 

Whilst equation 6 describes the removal of oxygen into the gas phase which occurs 

alongside the formation of cerium interstitials, it does not adequately describe the 

localisation of electrons. Two possibilities exist, either through the formation of Ce3+ (eq. 7) 

or Ce4+ (eq. 8) interstitials. 

(1 − 𝑥)𝐶𝑒𝑂2 ↔ 𝑥𝐶𝑒𝑖
··· + 3𝑥𝐶𝑒𝐶𝑒

′ + (1 − 3𝑥)𝐶𝑒𝐶𝑒 + 2𝑂𝑜 + 𝑥𝑂2(𝑔) Eq. 7 

(1 − 𝑥)𝐶𝑒𝑂2 ↔ 𝑥𝐶𝑒𝑖
···· + 4𝑥𝐶𝑒𝐶𝑒

′ + (1 − 4𝑥)𝐶𝑒𝐶𝑒 + 2𝑂𝑜 + 𝑥𝑂2(𝑔) Eq. 8 
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The cubic fluorite structure can be maintained in non-stoichiometric ceria, CeO2-x, with the 

fluorite structure reportedly maintained at (O/Ce) ratios as low as 1.71,154, 155 although the 

Ce-O phase is dependent on both temperature and oxygen pressure.156 Generally, an 

increase in lattice parameter is observed upon increasing values of x in CeO2-x; the ionic 

radius of Ce4+ with a coordination number of 8 is r(Ce4+, 8) = 0.97 Å, whereas the ionic radius 

of Ce3+ with the same coordination number is significantly larger r(Ce3+, 8) = 1.14 Å,157 

resulting in lattice expansion.158 It should be noted that the effects of lattice parameter are 

somewhat complicated by the presence of two competing effects; whilst the substitution of 

Ce4+ with Ce3+ can result in lattice expansion, lattice contraction is often observed with 

decreasing crystallite size, due to increasing pressure between the crystallite and its 

external atmosphere arising as a result of increased surface/volume ratios, thus the lattice 

parameter, particularly in nanoscale ceria, requires careful evaluation.159, 160 

1.4.2 Redox properties 
As described in the preceding section, ceria can possess intrinsic defects including anionic 

Frenkel defects whereby O2- anions are present in interstitial sites, leaving oxygen vacancies 

at the lattice sites. Alternatively, under net reducing conditions (i.e. a hydrogen rich 

environment), Ce4+ can be reduced to Ce3+ which is accompanied by a release of oxygen into 

the gas phase. This reducibility allows ceria to act as an oxygen reservoir, by releasing 

oxygen under reducing conditions, or storing oxygen under oxidising conditions, and is 

known as oxygen storage capacity (OSC).161 These redox properties have been widely 

exploited, with ceria-based catalysts successfully employed industrially, most widely as 

three-way catalysts (TWCs).143 

Temperature programmed reduction (TPR) has been widely used to study the reduction 

behaviour of ceria-based materials, most commonly with H2 as a probe molecule.162 

Generally, this technique involves the heating of a sample at a constant heating rate under 

a hydrogen atmosphere, while the consumption of any hydrogen is monitored and recorded 

as a function of temperature. The reduction of ceria is accepted to occur via a stepwise 

process, whereby surface layers of Ce4+ are initially reduced, with reduction of the bulk 

species occurring at higher temperature, which is reflected in the bimodal peak distribution 

typically observed during H2-TPR experiments of CeO2. The following mechanism for ceria 

reduction has been proposed: (i) H2 surface dissociation leading to hydroxyl formation, (ii) 

water desorption through recombination of -OH and -H with simultaneous Ce4+ to Ce3+ 

reduction, leading to the formation of oxygen vacancies, (iii) diffusion of oxygen vacancies 

into the bulk.163, 164 

Trovarelli and co-workers have proposed a revision to the two-step reduction model.162, 165, 

166 A linear relationship between the intensity of the first reduction peak and the surface 
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area of ceria was found, with negligible hydrogen consumption detected below 700 °C for 

low temperature ceria. Additionally, it was found that the reduction profiles could be 

modelled by assuming kinetic control across the entire temperature range, with the TPR 

profile not controlled by oxygen diffusion rates. The authors gave the following 

interpretation for the observed bimodal distribution: The first peak is due to hydrogen 

consumption occurring with the reduction of smaller ceria crystallites, which are reduced 

at lower temperatures. These smaller crystallites can be thermodynamically reduced to a 

high degree with the degree of reduction limited kinetically, either by the rate of hydrogen 

dissociation or formation of anionic defects. Consequently, the shape of the initial reduction 

peak is governed by the effects of sintering, resulting in a loss in surface area, and the 

kinetics of reduction. Upon increasing temperature, morphological changes occur leading 

to crystallite growth. The decrease in surface area observed at ca. 650 °C, the temperature 

at which no H2 consumption typically occurs, indicates the presence of large ceria crystallite. 

As such, the high temperature reduction peak was concluded to represent the reduction 

profile of larger crystallites similarly to the lower temperature reduction of smaller 

crystallites. 

The OSC of ceria is crucial to its application as a TWC, in addition to other applications.143, 

161, 167, 168 OSC can broadly be classified into two categories: (i) total OSC; the total amount of 

oxygen that can be extracted from ceria at a given temperature and (ii) dynamic OSC; the 

amount of readily available, reactive oxygen. Whilst the former is a measurement carried 

out under thermodynamic equilibria, the latter is related to the kinetics of reduction. TPR 

measurements are kinetically controlled, but the overall high temperature H2 consumption 

is close to thermodynamic control. Thus, the total H2 consumption measured by TPR is 

sometimes used as a measure of total OSC. Conversely, dynamic OSC much better represents 

behaviour under realistic operating conditions, with rapid alternating between reducing 

and oxidising environments. This typically involves alternating pulse injections of reducing 

agents (H2 or CO) and oxidising agents (O2, H2O, CO2) at given frequencies, to study the 

ability of the material to undergo fast redox cycling.161, 162, 169 

Numerous studies have identified improvements to the redox properties of ceria through 

the introduction of dopants, with numerous classes of dopants explored. In addition to the 

intrinsic defects already discussed, the addition of dopants can induce the formation of 

extrinsic defects. The precise nature of the extrinsic defect is dependent on the nature of the 

dopant. Tetravalent dopants, e.g. Zr4+ or Hf4+, have been widely reviewed and are 

demonstrated to increase OSC; the cation dopant differs in ionic radius to the parent Ce4+ 

cation thus, its introduction results in a distortion of the ceria lattice and results in an, 

increase in oxygen mobility. Limited attention has been given to higher valence dopants, e.g. 

Nb5+ and Ta5+, due to their poor solubility in the ceria lattice.170, 171 Alternatively, lower 
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valent dopants, particularly trivalent dopants, have been extensively explored. The use of 

trivalent dopants, such as Sm3+ and Gd3+, are well known to increase ionic conductivity and 

thus have received considerable attention in the development of ceria-based electrolytes 

for solid oxide fuel cells. 

Whilst numerous dopant types can have investigated, transition metal (TM) dopants have 

received considerable attention in recent years, in part due to their low cost and high 

relative abundance. The use of copper, manganese, cobalt, iron and nickel dopants have 

been shown to improve catalytic activity for a number of reactions including CO 

oxidation,172-175 soot combustion,175, 176 CO2 hydrogenation,177 and acetylene 

hydrogenation.178, 179 Significant changes in the physicochemical properties of ceria are 

often observed through the addition of TM dopants. Increases in catalyst surface area, defect 

formation and reducibility are often observed and are widely acknowledged to be 

responsible for the increased catalytic activity. 

1.4.3 Acid-base properties 
In addition to exceptional redox properties, ceria also possesses versatile acid-base 

properties which can vary depending on preparation methods and catalyst pre-treatment. 

Whilst theoretical calculations have shown there may be some degree of covalency,180, 181 

CeO2 is considered to be a purely ionic compound comprised of Ce4+ and O2- ions, with 

cerium cations classified as Lewis acidic sites and oxygen anions classified as Lewis base 

sites, in line with Lewis acid-base theory.182 Numerous techniques to investigate the acid-

base chemistry of metal oxides such as ceria have been developed,183 including titration 

methods,184-186 vapour phase adsorption of probe molecules,187-189 and model reactions 

which are known to be acid or base catalysed.190, 191 

An early study by Yamaguchi et al. showed no correlation between the redox properties of 

ceria and the catalytic activity for 1-butene isomerisation, although significant loss of 

catalytic activity was observed upon the addition of CO2 and NH3, which can bind to basic 

and acidic sites, respectively. This led the authors to conclude that ceria’s acid-base sites 

were the active site for the reaction.192 This was further explored by Duprez and co-workers, 

who investigated a number of model reactions to evaluate the acid-base properties of 

numerous metal oxides.193 Surface acidity was explored through 3,3-dimethylbut-1-ene 

isomerization, methylene cyclohexane isomerization and cyclohexanol dehydration to 

cyclohexene; CO2 chemisorption and the ratio of cyclohexanone to cyclohexene were used 

to probe surface basicity. Ceria was found to possess strong levels of basicity for surface O2- 

anions, but only very weak Lewis acidity was measured for Ce4+ cations. 

A comprehensive evaluation of infrared spectroscopies for the assessment of surface 

basicity of metal oxides was performed by Lavalley.194 The use of a CO probe molecule 
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showed the presence of highly basic O2-; similar findings were observed with CO2 and SO2 

probe molecule, although it was noted that these probe molecules can also result in 

oxidation of a partially reduced surface and surface reduction, respectively. Further works 

showed high levels of basicity in both reduced and unreduced ceria, and weak Lewis acidity 

was also reported.182 The use of both NH3 and pyridine as probe molecules confirmed that 

ceria possessed Lewis acid sites, in contrast to both Al2O3 and MgO, which were found to 

possess Brønsted acidity, and no acidic nature, respectively.195 A CD3CN probe showed weak 

levels of acidity in ceria. Strong basic sites were determined through the use of CO2 and 

CHCl3 probes, which was in agreement with nitrobenbenze adsorption experiments.  

The experimental reports above were complemented by a thorough DFT investigation into 

the chemistry of acid-base pairs on metal oxide surfaces.196 In addition to the basic nature 

of O2-, it was also found that oxygen vacancies are also Lewis base sites. The formation of 

oxygen vacancies results in the production of unpaired electrons, and the subsequent 

reduction of Ce4+ to Ce3+ which have reduced Lewis acidity. These findings imply that an 

increase in the defect density of ceria could result in increased Lewis basicity and decreased 

Lewis acidity. 

1.4.4 Low index surfaces and catalysis 
The most thermodynamically stable ceria surfaces are the low index surfaces, which are the 

(111), (110) and (100). The surfaces are examples of the Tasker classification of ionic 

crystal surfaces197 and have been extensively studied in recent years. This system followed 

the discovery by Mai et al. that ceria nanocrystals with well-defined crystal planes can be 

readily synthesised through simple hydrothermal methods.198 Ceria nanostructures with 

well-defined morphologies have been widely reported199-207 and typically include CeO2 

nanocubes, nanorods and nanopolyhedra, which possess  exposed (100), (110), and (111) 

and (100) facets, respectively. Whereas bulk CeO2 has coordination numbers of 8 and 4 for 

Ce and O, respectively, all three low index surfaces have lower coordination numbers, i.e. 

higher degrees of coordinative unsaturation which can greatly influence chemical reactivity. 

CeO2(111) is a type 2 surface, which is oxygen terminated with a repeating O-Ce-O-O-Ce-O 

structure. Whilst each plane is charged, the O-Ce-O layer is charge neutral and arranged in 

a symmetrical configuration leading to no net dipole overall. On this surface, both Ce and O 

have a single coordinatively unsaturated site or coordination vacancy (CUS), with 

coordination numbers of 7 and 3, respectively. CeO2(110) is a type 1 surface which exposes 

both cerium cations and oxygen anions; each plane has no charge due to the stoichiometric 

balance of cations and anions and each plane is compositionally identical, leading to a 

neutral surface. On the (110) surface, Ce cations have 2 coordination vacancies (CUS) while 

O anions have a single coordination vacancy. This gives rise to coordination numbers of 6 
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and 3 respectively. CeO2(100) is a type 3 surface which has a Ce-O-Ce-O layer structure, with 

half the amount of Ce in each layer as there is O in the adjacent layer. The surface comprises 

of alternately charged planes with a repeating unit of two layers, leading to a dipole which 

is perpendicular to the surface. The Ce(100) surface has the highest degree of coordinatively 

unsaturated sites across the low index ceria surfaces, with both Ce and O having 2 

coordination vacancies and coordination numbers of 6 and 2, respectively.  

 

Figure 19. Top, side, and perspective view of CeO2 (100), (110), and (111) surfaces. Grey and 
red spheres represent cerium and oxygen ions, respectively. Adapted with permission from 
ACS Catal., 2017, 7, 4716−4735. Copyright © (2017) American Chemical Society. 

Numerous computational studies have been performed to better understand the structure 

and stability of the low index ceria surfaces.181, 208-212 A DFT-GGA+U study performed by 

Islam and co-workers found the surface energies to be 44, 67 and 90 meV Å-2 (0.71, 1.06 and 

1.44 J m-2) for ceria (111), (110) and (100) surfaces, respectively. Significant levels of 

surface reconstruction were reported for Ce(100) due to the instability associated with the 

high energy surface. Based on the surface energies, the order of surface stability was found 

to be (111) > (110) > (100), which was in full agreement with previously published works 

from other groups.181, 208, 212 

As described in section 1.3.1, ceria has rich defect chemistry. A number of theoretical studies 

have investigated the energy for oxygen vacancy formation. Defect formation was calculated 
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to be most favourable for Ce(110), followed by (100), with (111) the least favourable.150, 180, 

181, 208, 213 The effect of surface termination on defect sites has also been explored by Raman 

spectroscopy,214 a widely established technique for the investigation of ceria-based 

materials.215-219 Briefly, the authors showed that the defect density was of the order; rods > 

cubes > octahedra, reflecting the energy for defect formation of (110) < (100) < (111). 

Further probing showed these defects were most likely Frenkel-type oxygen defects, 

whereby anions are relocated from their lattice positions to interstitial sites. Since Raman 

spectroscopy is not solely a surface technique, it was suggested that the surface termination 

also affected the density of defect sites in the subsurface and bulk structures. Under 

reducing conditions, a similar density of Ce3+ cations and oxygen vacancies was observed 

across the rods and cubes, with a negligible defect density observed for the octahedra. 

A study was performed by Désaunay et al. into the surface dependency of H2 oxidation over 

ceria nanocrystals.220 TPR analysis and the corresponding Kissinger plots showed the 

reactivity of hydrogen to be of the order cubes > rods > octahedra, with activation energies 

of 70 ± 20, 130 ± 20 and 430 ± 50 kJ mol-1 calculated from surface reduction temperatures 

of 391, 458 and 540 °C, respectively. This trend was analogous to surface stability, with the 

least stable (100) surface the most easily reduced, although this doesn’t reflect previously 

published trends for the energies of defect formation. The authors acknowledged large 

degrees of experimental error in the activation energy calculations due to the exponential 

dependency of the gradient in the Kissinger plot, but were confident in the overall order of 

reducibility of ceria. Whilst the surface termination was demonstrated to have significant 

effects on the surface reduction temperature, no attempts were made to quantify hydrogen 

oxidation throughout the process and as such, no conclusions could be drawn on the effect 

of ceria surface on hydrogen consumption. 

The effect of surface termination on the acid-base properties of ceria nanostructures was 

explored by Wu et al.221 The differing degrees of coordinatively unsaturated sites suggest 

significant difference in surface acidity and basicity will be observed, with the theoretical 

acidity of Ce4+ in the order (100) ≈ (110) > (111) whereas the basicity of surface O2- should 

follow the order (100) > (110) ≈ (111). The use of CO2, CHCl3 and CD3CN probe molecules 

showed basicity followed the order rods > cubes >> octahedra, which reflect the order (110) 

> (100) >> (111). Pyridine and CD3CN probes were used to assess the acidity of the 

nanostructures; whilst Lewis acid sites were detected, the strength of the sites were low, 

and no surface dependency was observed. The discrepancy between acidity and basicity as 

predicted by cus status and the experimental findings, led the authors to derive a number of 

conclusions. The increased basicity observed for the rods was attributed to the higher defect 

density compared with the cubes; as described earlier oxygen vacancies can act as Lewis 

base sites and thus, a high density of defects can increase surface basicity. Additionally, the 
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formation of oxygen vacancies is accompanied by the reduction of Ce cations; since Ce3+ are 

weaker Lewis acid sites than Ce4+, the presence of oxygen defects results in reduced surface 

acidity. As such, the higher defect densities measured for the rods and cubes, compared with 

the octahedra, was concluded to be responsible for the reduced acidity observed. These 

findings highlight that the surface dependency of acid and base sites on ceria nanostructures 

are strongly influenced by both the degree of coordinative unsaturated surface sites and 

defect density. 

The effect of morphology has been widely examined for numerous catalytic applications 

where ceria is employed as a catalyst support; this topic has been comprehensively 

explored and will not be further discussed.222-228 Since the physicochemical properties of 

ceria can be greatly influenced by morphology and surface termination, it is not surprising 

that catalytic activities can also be significantly affected by surface termination. 

The oxygen storage capacity (OSC) of the morphologically controlled materials was also 

investigated by Mai et al., where it was found that the OSC was limited to the surface for the 

polyhedral samples. This is in contrast to the cubes and the rods, where the OSC involves 

both surface and bulk structures.198 The effect of surface termination on CO oxidation was 

also studied by Overbury and co-workers, who found that the order of CO oxidation was in 

agreement with lattice oxygen reactivity and followed the trend rods > cubes >> 

octahedra.229 Lattice oxygen reactivities showed an opposite trend to the theoretical 

energies of defect formation, which is (110) < (100) < (111), highlighting the role of defects 

in the mobility of oxygen species in oxidation reactions over ceria based materials. Similar 

findings were made by Liu et al. who investigated the use of ceria rods for CO oxidation and 

found a direct relationship between the concentration of defects and the catalytic activity.204 

Similarly to CO oxidation, soot combustion also follows a Mars-van-Krevelen mechanism, 

which involves a reaction between the lattice oxygen in ceria and a substrate.230, 231 

Trovarelli and co-workers reported shape-dependent activity of soot combustion over ceria 

nanostructures.232 The surface area normalised rates of soot oxidation showed enhanced 

activity for rods and cubes compared with conventional nanocrystalline ceria, attributed to 

the presence of more reactive (110) and (100) planes. Comparable findings were made in 

other oxidation reactions, including naphthalene,200 xylene233 and toluene.234 The increased 

catalytic activity observed in oxidation reactions over nanorods and nanocubes, 

predominantly exposing the (110) and (100) surfaces, respectively, is typically ascribed to 

the enhanced OSC of the materials arising from increased levels of oxygen vacancies and 

surface defects.200, 233, 234 

Whilst it has been shown that oxidation reactions can benefit from the presence of (100) 

and (110) surfaces due to their lower energies for defect formation, an investigation by the 



42 
 

Pérez-Ramírez group showed opposite-face sensitivity for oxidation and hydrogenation 

reactions; the latter was favoured over the (111) surface.235 This was attributed to the lower 

levels of oxygen vacancies found  in CeO2_(111) planes, as a consequence of the higher 

energy for defect formation compared with other low index ceria surfaces. The proposed 

mechanism for acetylene hydrogenation over ceria involves the stabilisation of reactive 

species by surface oxygen atoms to prevent oligomerisation and thus, a negative correlation 

between OSC and the rate of acetylene hydrogenation was observed. Since CeO2_(100) has 

a much higher propensity for defects and surface oxygen vacancies, a significantly lower 

hydrogenation activity was reported for ceria cubes. Similar findings were made by Zhou et 

al. whereby enhanced propene and propyne hydrogenation were observed over the (111) 

surface, accredited to the lower density of oxygen vacancies, along with an increased 

density of hydroxyl species.236, 237 Catalytic dephosphorylation over ceria nanostructures 

was also found to follow the trend (111) > (110) > (100). It was proposed that this 

dependence may show a correlation with the Lewis acidity of Ce4+ cations, although the 

presence of differing densities of oxygen vacancies made it difficult to fully confirm the role 

of acidity in the reaction.    

In addition to the surface-dependent activity observed in oxidation and hydrogenation 

reactions, morphologically dependent catalytic activity and selectivity has also been 

observed for a variety of reactions over ceria-based catalysts, which has been attributed to 

differences in reactivity and acid-base properties of ceria nanostructures with different 

exposed surface planes.238-244 In the formylation of amines using dimethylformamide as the 

formylation agent, it was found that the (110) facet, exposed in ceria rods, was most active 

surface for the formylation of benzyl amine to benzyl amide. This was attributed to the 

increased basicity found in Ce_(110) as a consequence of the cus status and higher density 

of oxygen defects, which can also act as Lewis base sites.244 A similar trend was observed in 

the synthesis of α,β-unsaturated ketones via C-C coupling of primary alcohols and ketones. 

Here, the  enhanced activity observed over the ceria rods was attributed to a cooperative 

effect between surface basicity and redox centres.245  

An investigation into the one-pot synthesis of 1,3-PD via Prins condensation and hydrolysis 

reactions over ceria catalysts showed the (111) surface to be most active for the reaction; a 

strong correlation between the number of surface oxygen atoms per gram of ceria and the 

catalytic activity was observed, with 1,3-butanediol yield in the order (111) > (110) > 

(100).241 Similar findings were made by Corma and co-workers during an investigation into 

the phosgene-free synthesis of polyurethanes from dimethyl carbonate (DMC) and 

diaminotoluene (DAT).246 As predicted by DFT calculations, selective DMC dissociation 

occurred selectively over the (111), and to a lesser extent, the (110) surface. Alternatively, 

over the (100) surface, two undesired DMC dissociation reactions were also possible, 
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leading to the formation of unwanted by-products and thus reducing the yield of the final 

N,N’-dicarbamoylated product. A trend of (111) > (110) > (100) was also reported by Snell 

et al., who investigated the effect of crystal facet on acetic acid ketonization over ceria 

catalysts. 

1.5 Thesis aims 
The recent discovery that GLY could be converted to MeOH in a simple one-step process 

provides a new and sustainable route to the production of MeOH.27 The MeOH produced 

could subsequently be used in the biodiesel process to produce FAMEs, thus, converting the 

major by-product from the process into a starting material and increasing the overall 

sustainability and economic viability of the process. Whilst it was shown that vaporised 

aqueous GLY feedstocks could be converted to MeOH over simple metal oxide catalysts, such 

as MgO and CeO2, numerous by-products were also detected alongside MeOH. A concern 

relating to this would be that these by-products could hinder the direct use of MeOH in the 

transesterification process. Additionally, the preliminary report focussed on the use of 

highly dilute GLY feedstocks, leading to low levels of catalyst productivity despite the high 

MeOH product selectivities reported. When more concentrated GLY feedstocks were 

investigated, no substantial difference in MeOH productivity was reported, despite the 

potential for significant increases. The highly reactive nature of GLY makes the selective 

conversion of concentrated GLY feedstocks challenging. However, the vast quantity of GLY 

produced annually, and the low market value of crude GLY necessitate high levels of catalyst 

productivity, to ensure economic desirability and industrial relevance. 

This thesis aims to further explore the gas phase conversion of GLY to MeOH, with a focus 

on ceria-based catalysts. The following chapter will describe the methods and techniques 

used throughout the results chapters. A description of the methods used to prepare the 

catalysts examined throughout the thesis is given, followed by overviews of the techniques 

used to characterise said catalysts. Finally, a comprehensive explanation of catalyst testing 

protocols is provided, detailing the analysis protocol and any calculations used when 

assessing catalytic activity. 

Initially, the use of both MgO and CeO2 are further explored. Following an investigation into 

GLY conversions under catalyst free conditions, reaction conditions such as reaction 

temperature, GLY concentration and reaction time are explored over a basic MgO catalyst. 

Additional product analysis is performed in order to gain a better understanding of the 

complex product mixture and close the carbon balance. Similar product analysis is 

discussed, following reactions with a reducible CeO2 catalyst. The effect of certain 

physicochemical properties such as surface area, crystallite size and defect density on 

product distributions over CeO2 catalysts are also investigated.  
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The second results chapter is focussed on the use of nanostructured ceria catalysts with 

well-defined morphologies for the conversion of GLY to MeOH. CeO2 nanocrystals with 

cubic, rod-like and polyhedral morphologies were synthesised, predominantly exposing 

(100), (110) and (100), and (111) and (100) surface planes, respectively. Comprehensive 

characterisation of the materials is undertaken to gain a greater understanding of how 

defect, redox and acid-base properties are affected by morphology, and how this may 

subsequently influence GLY reactivity. The catalytic activity of the materials is initially 

explored, followed by studies performed at constant GLY conversion to establish the effect 

of ceria morphology on both catalytic activity and product selectivity. 

Throughout the final results chapter, the use of copper- and cobalt-doped ceria catalysts are 

investigated. Doped and undoped ceria, prepared by precipitation and citric acid 

combustion methods, are fully characterised and the effect of the preparation method on 

the physicochemical properties of the materials is examined. Subsequently, the effect of 

dopant addition on the product distribution and MeOH space time yield is explored. 

Furthermore, additional investigations into the feasibility of reducing unwanted by-

products, such as aldehydic species, using in-situ generated hydrogen gas is discussed. 

Finally, overall conclusions surrounding the use of ceria-based catalysts for the conversion 

of GLY to MeOH will be given. During this chapter, findings from this thesis will be used to 

make suggestions for further work to be performed where appropriate in order to further 

the foundations presented herein. 
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Chapter 2 

Experimental 
This chapter details the experimental methods and procedures used throughout this thesis. 

A list of all chemicals used within this thesis is provided, followed by descriptions of the 

catalyst preparation methods utilised. Following on from this, explanations of the principles 

underpinning the characterisation techniques used are provided, alongside details of the 

experimental protocols. Finally, details surrounding the catalyst testing protocol are given 

and the relevant analytical techniques and calculations used to assess catalytic activity are 

presented. 

2.1 Materials 
The following chemicals, including their supplier and purity, were used throughout this 

work: 

Table 1. The chemicals used throughout this thesis, with respective suppliers and purity 
levels. 

Chemical Supplier Purity 

Catalyst preparation 

Magnesium hydroxide Sigma Aldrich ≥ 99 % 

Cerium(III) nitrate hexahydrate Sigma Aldrich 99.99 % 

Ammonium hydroxide Sigma Aldrich 28.0 - 30.0 % NH3 basis 

Sodium hydroxide Fisher Scientific 99.7 % 

Sodium carbonate Sigma Aldrich > 99 

Citric acid Sigma Aldrich ≥ 99.5 % 

Copper(II) nitrate hemi(pentahydrate) Sigma Aldrich ≥ 99.99 % 

Cobalt(II) nitrate hexahydrate Sigma Aldrich 99.999 % 

Ethanol Sigma Aldrich 99.8 % 

Catalyst testing 

Silicon carbide Sigma Aldrich ≥ 97.5 % 

Acetaldehyde Sigma Aldrich > 99.5 % 

Propionaldehyde Sigma Aldrich ≥ 98 % 

Acetone Sigma Aldrich ≥ 99.9 % 

Acrolein Sigma Aldrich ≥ 99 % 

Butyraldehyde Sigma Aldrich 99 % 

Methanol Sigma Aldrich ≥ 99.9 % 

2-propanol Sigma Aldrich > 99.5 % 

Ethanol Sigma Aldrich ≥99.5 % 

2,3-butanedione Sigma Aldrich 97 % 

2-butanol Sigma Aldrich 99.8 % 

1-propanol Sigma Aldrich ≥ 99.9 % 

3-hexanone Sigma Aldrich 98 % 
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2-hexanone Sigma Aldrich 98 % 

2-methyl-1-propanol Sigma Aldrich 99.5 % 

Allyl alcohol Sigma Aldrich ≥ 99 % 

Cyclopentanone Sigma Aldrich ≥ 99 % 

Hydroxyacetone Sigma Aldrich 90 % 

3-ethoxy-1-propanol Sigma Aldrich 97 % 

Acetic acid Sigma Aldrich ≥ 99.7  

Glycidol Sigma Aldrich 96 % 

Propionic acid Sigma Aldrich ≥ 99.5 % 

1,2-propanediol Sigma Aldrich ≥ 99.5 % 

Ethylene glycol Sigma Aldrich ≥ 99 % 

1,3-propanediol Sigma Aldrich ≥ 99.6 % 

Phenol Sigma Aldrich ≥ 99.5 % 

Glycerol Sigma Aldrich ≥ 99.5 % 

Acetaldehyde in helium (1000 ppm) BOC - 

CO2 BOC > 99.99 % 

CO BOC > 99.99 % 

Argon BOC 99.998 % 

2.2 Catalyst preparation 
2.2.1 MgO by reflux 
The magnesium oxide catalyst used in Chapter 3 was prepared by a reflux method, in 

accordance with that previously reported by Haider et al.,1 from commercially available 

magnesium hydroxide. Briefly, Mg(OH)2   (ca. 2 g)was calcined under static air at 450 °C (10 

°C min-1) for 24 hours to generate magnesium oxide. This was then refluxed in deionised 

water (15 mL g-1) at 110 °C for 3 hours to form a slurry which was dried at 110 °C for 24 

hours. A second calcination step (600 °C, 10 °C min-1, 3 hours, 100 mL min-1 N2 flow) was 

then utilised to obtain the final oxide catalyst. 

2.2.2 Ceria by co-precipitation 
The ceria catalysts used in Chapter 3 were obtained by a precipitation method. 

Ce(NO3)3·6H2O (20 mmol) was dissolved in D.I. water (200 mL) and held at a temperature 

of 80 °C. Ammonium hydroxide was slowly added to the Ce3+ solution until pH 9 was 

reached, at which point the solid was immediately recovered by vacuum filtration and 

thoroughly washed with warm D.I. water (500 mL) and ethanol (200 mL) before being dried 

at 110 °C for 16 hours. The final catalyst was obtained by calcination under static air at 400, 

500, 600 or 700 °C (10 °C min-1, 3 hours, static air). 

2.2.3 Ceria nanostructures by hydrothermal 
The ceria nanostructures used in Chapter 4 were prepared in accordance with the 

hydrothermal synthesis reported by Yan and co-workers.2 Briefly, Ce(NO3)3·6H2O (10 

mmol) was dissolved in D.I. water (50 mL). A sodium hydroxide solution of appropriate 

concentration (150 mL) was rapidly added to the Ce3+ precursor solution giving a gel-like 
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precipitate which was vigorously stirred at room temperature for 10 minutes. The 

suspension (total volume 200 mL) was transferred to a PTFE-lined steel autoclave (total 

capacity of 300 mL) and heated under autogenous pressure at the appropriate temperature 

for the given morphology. Once fully cooled, the precipitates were collected by 

centrifugation, washed thoroughly three times with D.I. water (1500 mL) and once with 

ethanol (250 mL), dried in vacuo (80 °C; 15 hours) and finally calcined in static air at 400 °C 

(10 °C min-1, 4 hours). The synthesis temperature and concentration of NaOH was varied 

dependant on desired morphology (rods: [NaOH] = 9 M, T = 100 °C; cubes: [NaOH] = 9 M, T 

= 180 °C; polyhedra: [NaOH] = 0.13 M, T = 100 °C). 

2.2.4 Ceria and doped ceria by co-precipitation 
Ceria and doped ceria catalysts used throughout Chapter 5 were prepared through a co-

precipitation method. Ce(NO3)3·6H2O, Cu(NO3)2·2.5H2O, and Co(NO3)2·6H2O solutions were 

prepared with D.I. water (0.25M). For ceria 250 mL of cerium nitrate solution was used; for 

the doped ceria, a total volume of 250 mL was used with volumetric ratios calculated to 

achieve a dopant concentration of 10 mol.%. The nitrate solutions were preheated to 60 °C 

before a sodium carbonate solution (1M) was added dropwise as a precipitating agent, until 

pH 9 was reached. The mixture was left aging at pH 9 for 1 hour at 60 °C. The precipitate 

was filtered under vacuum, washed with warm D.I. water (1500 mL) and left to dry for 16 

hours in vacuo; after this time the solid was ground to a fine powder before being calcined 

at 500 °C for 4 hours under flowing air (10 °C min-1). 

2.3 Catalyst characterisation 
2.3.1 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is a non-destructive technique, widely employed in the field of 

heterogeneous catalysis, which provides information on the crystallographic nature of a 

material. A crystalline material is a solid structure consisting of atoms, molecules or ions, 

with a regular geometrical arrangement, which is repeated indefinitely in the three 

dimensions (crystal or Bravais lattice). Lattice planes of a Bravais crystal can be described 

as planes whereby periodic intersections with the lattice occur and contain at least three 

noncollinear Bravais lattice points. All lattice planes can be described by Miller indices, 

given in the form (hkl). Interatomic distances in crystals are typically on the Ångstrom scale 

and X-rays possess wavelengths in the Ångstrom range. These X-rays are sufficiently 

energetic to probe internal crystal structures.3 Since the wavelength of X-ray radiation is 

comparable to the periodic spacings in a lattice, diffraction occurs as the X-rays are reflected 

by the crystal planes producing a constructive interference pattern which provides 

structural information about the sample. XRD is the elastic (Thomson) scattering of X-ray 

photons by atoms or ions in a crystal lattice. Constructive interference relies on scattered 

X-rays which are in phase (Figure 1), and can only be achieved when the Bragg equation 
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(equation 1) is fulfilled. Since constructive interference only occurs when the conditions for 

the Bragg equation are satisfied, diffraction occurs only under these conditions.4  

𝑛λ = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 Eq. 1 
Where n = an integer representing reflection order; λ is the wavelength of electromagnetic 

radiation; dhkl = lattice spacing and θ = diffraction angle.  

 

 

Figure 7. X-ray diffraction by a crystalline sample.3 

Powder XRD (PXRD) is commonly used in the study of heterogeneous catalysts. In general, 

PXRD analysis is carried out by exposing the sample to a monochromatic X-ray source and 

detecting the resulting diffracted X-rays. Typically, the X-rays are produced by bombarding 

a metal target, such as copper, with high energy electrons generated from a hot tungsten 

filament and accelerated with a high voltage. When these electrons possess sufficient energy 

to eject the inner shell electrons of the copper metal, X-rays are produced. These X-rays pass 

through a monochromator where all wavelengths except Kα radiation are filtered out, 

resulting in the required monochromatic X-ray source. The X-rays then hit the sample and 

are scattered as previously described, with a peak in intensity observed when the Bragg 

equation is satisfied; constructive interference occurs. By maintaining a stationary X-ray 

source and using a movable detector to measure the angle at which constructive 

interference occurs (θ), the lattice spacing of the crystallite can be calculated in accordance 

with the Bragg relationship. For this, samples are typically rotated to increase the 

probability that the reflected X-rays are detected. PXRD patterns are collected over a range 

of 2θ angles. Each different crystalline solid has a unique diffraction pattern (diffractogram), 

which can be considered as a fingerprint for that material; phase identification can be 

performed by matching obtained diffraction patterns to International Centre for Diffraction 

Data (ICDD) database. As dhkl (the lattice spacing) can be determined from PXRD, it is 

possible to obtain information about the lattice parameter of a material. The relationship 
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between lattice spacing and lattice parameter is dependent on crystal structure, but for a 

cubic structure such as CeO2 it can be calculated with equation 2: 

1

𝑑2
=  

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 Eq. 2 

Whereby d = lattice spacing; h,k and l = corresponding Miller indices for the given lattice 

spacing; a = lattice parameter. 

The lattice parameter describes the dimensions of the unit cell in a solid material. Deviation 

of the lattice parameter from expected values can indicate the incorporation of an impurity 

or dopant material into the parent lattice. Additionally, variations in lattice parameter can 

indicate lattice contraction and expansion, which can provide further information into 

structural properties. The width of the diffraction peaks can provide information on the 

dimensions of the reflecting planes. As crystallite sizes decrease, the peaks broaden due to 

incomplete destructive interference in scattering directions where the X-rays are out of 

phase.5 The Scherrer (equation 3) relates this line width to the crystallite size (equation 2): 

𝐿 =  
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
 Eq. 3 

Whereby L = is a measure of the crystallite size in the direction perpendicular to the 

reflecting plane; K = a constant based on crystallite shape (generally 0.9 - 1); λ = the X-ray 

wavelength; β = the peak width and θ = the angle between the beam and the normal on the 

reflecting plane.  

The Scherrer equation can be employed for deriving crystallite sizes from XRD data. 

However, it should be noted that the error associated with the measurement significantly 

increases as the peaks become ill-defined. Particles generally < 5 nm cannot be detected and 

measured as the peaks are so broad, they merge into the background signal. 

The strain and disorder in the sample and x-ray source need to be considered. By using an 

internal Si standard, the contribution from the x-ray source is noted and adjusted in the line 

broadening constant. The samples’ lattice strain in the sample is calculated using equation 

4: 

𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 =  
𝐵

4𝑡𝑎𝑛𝜃
 Eq. 4 

Where B = √(Bobs
2 - Bstd

2 ); Bstd = peak broadening due to instrumental effects; Bobs = peak 

width and θ = peak position. 
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2.3.1.1 Experimental 

Powder X-ray diffraction (XRD) analysis of the catalysts was carried out on a PANalytical 

X’pert Pro powder diffractometer (Malvern Panalytical, Malvern, UK) using a Cu source 

operated at 40 KeV and 40 mA with a Ge (111) monochromator to select Kα1 X-rays. Patterns 

were analysed from measurements taken over the 2θ angular range 05 – 80° (step size of 

0.016°). Phase identification was performed by comparison of obtained diffractograms to 

entries in the International Centre for Diffraction Data (ICDD) database. Crystallite sizes and 

lattice strain were calculated with reference to a Si standard. 

2.3.2 Thermogravimetric analysis – differential thermal analysis (TGA-
DTA) 
Thermogravimetric analysis (TGA) is a widely used characterisation tool that involves 

precisely measuring the mass of a sample as it is exposed to a specific environment. 

Typically, it involves the precise measurement of sample mass as a sample is heated at a 

well-controlled heating rate, under a given atmosphere. For example, the change in the 

physical or chemical state of a sample can be measured as temperature is increased under 

an inert, oxidising or reducing environment. This type of analysis can be used to model 

calcination procedures and establish when the decomposition of a sample has taken place. 

Generally, the data is represented as mass loss as a function of temperature, allowing 

identification of water desorption, complete decomposition or reduction temperatures to 

be identified. Furthermore, when the TGA analysis is carried out with an inert reference, the 

heat change can be measured in the sample relative to the reference. This is known as 

differential thermal analysis, DTA. DTA allows the determination of whether a process is 

exo- or endothermic and enables further insights to be made into the nature of the observed 

mass loss. In some applications, TGA can be coupled with IR spectroscopy and/or mass 

spectrometry to identify and quantify desorption products.  

2.3.2.1 Experimental 

TGA was performed using a Setaram Labsys 1600 in conjunction to DTA. 10-60 mg of the 

sample was loaded into alumina crucibles, heated to 800 °C (at 1 or 10 °C min-1) in a flow of 

synthetic air or N2 (50 mL min-1) and held for 10 minutes before cooling. For each specified 

run, a blank run was first carried out and the results were subtracted from the relevant data 

to remove buoyancy effects. TGA profiles are expressed as the percentage of initial mass 

placed into the crucible remaining at a given temperature. 

2.3.3 N2 physisorption 
N2 physisorption is an essential tool when characterising solid materials used for catalytic 

applications. It can provide the user with information about the structural and textural 

properties of a material. Specific surface area (SSA) can be crucial to catalytic activity and is 
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typically determined in accordance with the Brunauer–Emmett–Teller (BET) method.6 The 

technique is based on N2 adsorption and is described below.  

Physisorption is a slightly exothermic process, governed by Van der Waals’ interactions and 

occurs over mono- and multi-layers of adsorbates. This is exploited in N2 physisorption by 

generating an adsorption isotherm of N2 at very low temperatures. Isotherms are recorded 

by measuring the quantity of N2 adsorbed at different pressures; the shape of the resultant 

isotherm can reveal a great deal about some of the physicochemical properties of the solid 

sample.  

Figure 2 shows the six adsorption isotherms exhibited by different types of materials.7 

Generally, Type I  isotherms represent monolayer-only coverage. Type II shows that further 

adsorption takes place after monolayer coverage is achieved, leading to multi-layer 

formation, indicative of a large pore size distribution present in the material. Type III 

isotherms are indicative of multi-layer formation, without a well-defined monolayer; they 

are not often observed for N2 adsorption on catalyst surfaces. Type IV isotherms are related 

to Type II isotherms but indicates a finite multi-layer formation is achieved. Type IV 

isotherms are characteristic of complete pore filling and are typically observed for 

mesoporous materials. Type V isotherms are similar to Type IV isotherms; they are 

indicative of capillary condensation, but without the monolayer formation. Lastly, a Type VI 

isotherm is characteristic of a nonporous material with a homogeneous surface. These 

isotherms are often exhibited when the temperature of the analysis is near the melting point 

of the adsorbed gas.  

The point at which surface saturation occurs and multi-layer adsorption proceeds is an 

inflection point, typically referred to as point B. Application of the BET method to calculate 

surface area typically takes place at pressures below this inflection point. Equation 5 shows 

the BET8 equation: 

𝑃

𝑉𝑎(𝑃0 − 𝑃)
=  

1

𝑉𝑚𝐶
+  

𝐶 − 1

𝑉𝑚𝐶
(

𝑃

𝑃0
) Eq. 5 

Where P = pressure; P0 = saturation pressure; Va = volume of gas adsorbed; Vm = volume of 

monolayer and C = multilayer adsorption parameter (equation 6). 

𝐶 =  𝑒
𝐸1−𝐸≥2

𝑅𝑇  Eq. 6 

Where E1 = monolayer adsorption enthalpy, E≥2 = adsorption enthalpy for second and higher 

layers, equal to enthalpy of vaporisation; R = ideal gas constant; T = temperature. 

Specific surface area can then be calculated from the monolayer volume and the sample 

mass: 
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𝑆𝑆𝐴 =  
𝑉𝑚𝜎𝑁𝑎

𝑚𝑣
 Eq. 7 

Where Vm = monolayer volume; σ = area of N2 molecule (0.162 nm2); Na = Avogadro’s 

number, m = mass of sample, v = molar volume of gas. 

 

Figure 8. The six types of sorption isotherms identified by King.7 

2.3.3.1 Experimental 

Nitrogen adsorption isotherms were collected using a Quantachrome Quadrasorb evo™ 

surface area analyser at -196 °C. A 40-point analysis (20 adsorption points, 20 desorption 

points) was performed using N2 as the adsorbate gas. Samples were degassed under vacuum 

at 200 °C for 3 hours prior to analysis. Surface areas were calculated in accordance with the 

BET method over the P/P0 range of 0.05 – 0.3. Pore size distributions were calculated in 

accordance with the (Barrett-Joyner-Halenda) BJH method, using QuadraWin™ software. 

2.3.4 Temperature programmed reduction/oxidation (TPR/O) 
The reduction of a metal oxide can be described by equation 8: 

𝑀𝑂𝑛 + 𝑛𝐻2 → 𝑀 + 𝑛𝐻2𝑂 Eq. 8 

Temperature programmed reduction (TPR) is a chemisorption technique whereby a sample 

is heated with a linear heating rate (β) under a reductive atmosphere (typically H2 diluted 

in an inert gas). The rate of reduction can be monitored by comparison of the gas 

composition at the inlet and outlet of the reactor. When H2 is employed as the reductant, 

water is generated as a product and so the outlet stream is passed through a cold trap to 

condense any water prior to entering the thermal conductivity detector (TCD). This is 

important, as water can cause large shifts in the detector current and ultimately, influence 

the accuracy of the acquired data.9 The gas composition at the reactor outlet is monitored 
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and as such, the temperatures at which H2 is consumed, and hence the sample was reduced, 

can be detected. The area under a TPR curve is representative of hydrogen consumption 

and can be expressed as moles of H2 consumed per mole or gram of metal oxide. 

The free energy change for the reduction is given by equation 9: 

∆𝐺 =  ∆𝐺° + 𝑛𝑅𝑇𝑙𝑛 (
𝑝𝐻2𝑂

𝑝𝐻2
) Eq. 9 

Where ΔG = change in Gibbs free energy for reduction, ΔG° = change in Gibbs free energy 

under standard conditions, n = stoichiometric coefficient of the reaction, R = ideal gas 

constant, T = temperature, pH2O = partial pressure of water, pH2 = partial pressure of 

hydrogen.  

For some metal oxides ΔG° is negative, indicating the thermodynamic feasibility of the 

reduction. However, even when ΔG° is positive, reduction can proceed provided that the 

term ln(pH2O/pH2) is sufficiently negative to give a negative value of ΔG; this can be achieved 

by continuously sweeping any formed water vapour away out of the reaction zone.  

H2 consumption via reduction of a metal oxide can be quantified by calibration with a high 

purity metal oxide. Typically, copper oxide (CuO) is used to calibrate hydrogen consumption 

due to the large quantity of H2 consumed through its reduction. To calibrate, experiments 

are performed with varying quantities of high purity CuO (> 99.995 %). The theoretical 

hydrogen consumption can be calculated from the sample masses of CuO used, using the 

reaction stoichiometry (equation 10). The peak area of H2 consumed can then be related 

back to the amount of H2 required for reduction of CuO, producing a calibration of peak area 

vs. H2 consumption. 

𝐶𝑢𝑂(𝑠) + 𝐻2(𝑔) → 𝐶𝑢(𝑠) + 𝐻2𝑂(𝑔) Eq. 10 

The kinetic parameters associated with the reduction process, i.e. activation energy, can be 

deduced from TPR data by considering the temperature at which the reduction rate is at a 

maximum.10 The activation energy of reduction can be estimated using the Kissinger 

equation (equation 11). A series of TPR experiments are performed with varying heating 

rates (β), and the left-hand site of equation 9. (ln (β/Tmax) can be plotted against 1/Tmax 

giving a straight line where the gradient is equal to –Ea/R. 

𝑙𝑛 (
𝛽

𝑇𝑚𝑎𝑥
2 ) = 𝐾 + (

𝐸𝑎

𝑅
)

1

𝑇𝑚𝑎𝑥
 Eq. 11 

Where β = heating rate (K min-1); Tmax = peak maximum; K = constant; Ea = activation energy; 

R = gas constant. 

Temperature programmed oxidation (TPO) is based on identical principles to TPR only the 

sample is heated under an oxidative atmosphere (generally a dilute O2 / inert gas mixture). 
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In such an experiment, it is oxygen consumption which is monitored as a function of 

temperature. For any TPO studies performed throughout this thesis, all analysis was 

performed on a non-quantitative basis only. 

2.3.4.1 Experimental 

TPR and TPO analyses were performed using a ChemBet chemisorption analyser 

(Quantachrome Instruments) equipped with a thermal conductivity detector (TCD). 

Samples (ca. 100 mg) were placed between 2 plugs of quartz wool in a U-shaped silica tube 

and pre-treated by heating to 130 (15 °C min-1) for 1 hour under flowing He (80 mL min-1). 

The samples were subsequently left to cool to room temperature before undergoing further 

heating to 900 °C (10 °C min-1 unless otherwise specified) under flowing 10 % H2/Ar (30 

mL min-1) or 5 % O2/He for TPR and TPO respectively. TPROR analyses were performed as 

above, but following the initial reduction step the sample was cooled to room temperature 

under He (80 mL min-1). The procedure for TPO was then performed and the sample cooled 

to room temperature under He (80 mL min-1), before a second TPR was completed. 

H2 consumption was quantified as described above, through calibration of the instrument 

with a highly pure CuO standard. For a given mass of CuO (> 99.999 %), the amount of 

hydrogen consumed to complete reduction was calculated; the peak area observed for a 

given mass was then plotted against H2 consumption (Figure 3), to derive a response factor 

for hydrogen consumption. 

 

Figure 9. H2 consumption calibration curve for TPR experiments. Peak areas obtained from 
precise masses of high purity CuO. 
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2.3.5 Temperature programmed desorption (TPD) 
Temperature programmed desorption involves monitoring the rate of desorption of 

chemisorbed molecules as a function of temperature. Adsorption, which can be defined as 

the enrichment of a fluid (adsorbate) at the surface of a solid (adsorbent) or the increase in 

fluid density in the vicinity of an interface,11 can be categorised as physisorption or 

chemisorption. Physisorption arises as the result of weak intermolecular forces and is non-

specific, non-dissociative; it occurs only at reasonably low temperatures and is 

characterised by a low heat of adsorption (< 50 kJ mol-1). Alternatively, chemisorption is 

characterised by a high heat of adsorption (> 50 kJ mol-1) and can occur over a wide 

temperature range. Chemisorption is highly specific, monolayer forming and can take place 

associatively or dissociatively.12  

TPD typically involves the saturation of a sample with a chemical species (adsorbate) and 

subsequently, heating the sample at a controlled ramp rate to monitor the temperature(s) 

at which desorption occurs. Following pre-treatment of the adsorbent, the sample is 

exposed to the adsorbate, generally at ambient temperatures. Any physisorbed species are 

subsequently removed by flowing an inert gas over the sample before desorption of 

remaining chemisorbed species is performed. The adsorbent is heated under an inert gas 

with a constant heating rate (β = dT/dt = constant) with any desorbed species monitored by 

an appropriate detector (generally TCD, FID or QMS). The data generated from TPD 

experiments shows detector signal intensity as a function of time/temperature; since signal 

intensity is proportional to concentration of detected species as desorbed from the sample 

surface, it is proportional to the rate of desorption. Calibration of the detector by the direct 

admission of specific quantities of adsorbates, allows for quantitative measurements of 

desorbed species. Two primary pieces of information can be obtained from TPD profiles: 

1) The area under the curve is proportional to the amount of desorbed species. This 

can allow for quantification of the adsorbed species (provided re-adsorption is 

negligible) and surface coverage to be determined. 

2) The position of the peak maximum, Tmax, can provide information on the strength of 

binding between adsorbate and adsorbent, which is related to the activation energy 

for desorption. Generally, higher desorption temperatures (i.e. higher values of Tmax) 

represent stronger interactions between the surface and the adsorbed species, since 

more thermal energy is required to allow desorption. 

Acidic probe molecules, such as CO2 or SO2, are used to investigate materials with basic sites; 

basic probe molecules, such as NH3, pyridine or acetonitrile, are used to investigate 

materials containing acidic sites. CO2 and NH3 are the most widely probe molecules used for 

investigating the basic and acidic sites of materials, respectively. Some materials, such as 

ceria, are amphoteric, possessing both acidic and basic surface sites, thus TPD experiments 
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performed with acidic and basic probe molecules can provide useful information on the 

acid-base properties of a material.   

2.3.5.1 Experimental 

CO2-TPD and NH3-TPD were used in this work to analyse basic and acidic sites respectively 

using a Quantachrome ChemBET Chemisorption analyser equipped with a TCD. Calcined 

samples (ca. 100 mg) were heated to 130 °C for 1 hour under flowing He (40 mL min-1). The 

sample was then cooled back down to room temperature; materials were then exposed to 

an excess quantity of adsorbate gas (40 mL min-1) for 30 minutes. Physisorbed species were 

removed by heating to 110 °C for 1 hour under flowing He (40 mL min-1). Desorption of 

chemisorbed species was performed by heating the catalysts from room temperature to 900 

°C under flowing He (10 °C min-1, 40 mL min-1). Samples were also analysed under blank 

conditions (procedure as above but without the admission of adsorbate) to ensure pre-

treatment conditions were sufficient to remove detectable surface contaminants. 

Quantification was performed by direct injection of known quantities of the probe 

molecules via a titration loop. A given quantity of reactant gas was injected, with the change 

in thermal conductivity detected once the gas reaches the detector. Since the amount of 

analysis gas in moles can be calculated with the ideal gas equation, a plot of the detector 

peak area against amount of reactant gas in moles. This allowed for determination of the 

associated response factor to be calculated, which can subsequently be used to quantify the 

amount of analysis gas detected in a given experiment. This is shown in Figure 4. 

 

Figure 10. NH3 calibration curve for TPD experiments. Peak areas obtained by injecting 
different quantities of reactant gas. A similar calibration was obtained for CO2. 
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2.3.6 Transmission electron microscopy 
Transmission Electron Microscopy (TEM) is a microscopy technique used to image samples 

on the nanometre scale, with atomic resolution possible. It is an incredibly important 

characterisation technique for the study of heterogeneous catalysts.13 TEM can provide 

insight on the morphological, compositional and crystallographic properties of materials at 

the atomic scale.  

 

Figure 11. Schematic of an electron microscope in transmission mode (TEM).5 

Typically, acquisition of a TEM image is as follows:5 (i) A source of monochromatic electrons 

are emitted from an electron gun sitting at the top of the microscope and accelerated 

through the column under vacuum. The electron speed can be altered by varying the voltage 

of the gun, depending on the nature of the sample. (ii) Electrons are focused into a thin beam 

using electromagnetic lenses. High angle electrons are eliminated by a condenser, resulting 

in parallel rays which continue towards the samples. (iii) The electron beam then travels 

through the sample, which is required to be ultra-thin (< 200 nm) to allow for transmission 

of electrons. (iv) Depending on the density of the material, some electrons are scattered, 

whilst non-scattered electrons are detected by a fluorescent screen at the bottom of the 

microscope. This converts the electrons to light, creating an image of the sample. Differences 

in darkness correspond to differences in charge density, with lighter areas of an image 

representing a greater transmission of electrons through the sample. This is known as a 

bright field image. Alternatively, a dark field image can be produced from the diffracted 

electrons, which are detected slightly off-angle from the transmitted beam, when the 

electrons are diffracted by a crystalline sample. High angle annular dark field (HAADF) TEM 

involves the detection of electrons scattered at high angles. This method is highly sensitive 

to the atomic number, Z, of the scattering atom, with increased electron scattering observed 
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for heavy atoms. Consequently, heavier elements appear as bright regions in dark field 

images, in contrast to bright field images where they appear darker. 

The use of a scanning transmission electron microscope (STEM) is required to acquire 

HAADF images. For this a focussed beam of high energy electrons is scanned over the 

surface of a thin sample specimen, resulting in transmitted and diffracted electrons. 

Backscattered and secondary electrons, and X-rays, measured by SEM and EDX (energy 

dispersive X-ray spectroscopy), respectively, can provide additional information about the 

surface and bulk structure of the material, respectively. 

2.3.6.2 Experimental 

Transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM) were performed on a JEOL JEM-2100 operating at 200 kV. Energy dispersive X-ray 

analysis (EDX) was done using an Oxford Instruments X-MaxN 80 detector and the data 

analysed using the Aztec software. Samples were prepared by a dry dispersion route and 

loaded on to 300 mesh copper grids coated with holey carbon film after grinding between 

glass slides. All samples were analysed with the assistance of Dr Thomas Davies. Particle 

size and lattice spacing measurements were made using ImageJ software. 

2.3.8 Raman spectroscopy 
Raman spectroscopy is a vibrational spectroscopy based on the principle of inelastic photon 

scattering.14 The irradiation of a sample with monochromatic light of frequency ν0, results 

in the photons being absorbed, transmitted or scattered. The vast majority of scattered 

photons are elastically scattered, that is, with the same energy as the incident photons. 

Elastic scattering, also known as Rayleigh scattering, occurs when an irradiated molecule is 

excited to a virtual energy level with an energy of hν0 above the ground state, before 

decaying back down to the ground state with no energy exchanged between the sample and 

photon. A small percentage of the scattered photons are scattered with a different energy 

to that of the incident radiation. When a molecule is excited from the ground state to a 

virtual energy level, before decaying to the first excited vibrational level with a frequency 

of νvib, the photon is emitted with a lower energy than that of the incident photon. This is 

known as Stokes scattering, where the scattered photons have a frequency of ν0 - νvib. Anti-

Stokes scattering occurs when a molecule is excited from the first vibrational state to a 

virtual energy level before decaying down to the ground state. This results in energy being 

transferred to the scattered photons which have a higher frequency than the incident light 

(ν0 - νvib). Rayleigh and Raman scattering are summarised in Figure 6. The relative intensities 

of Stokes and anti-Stokes scattering is dependent on the population of energy states. At 

room temperature Stokes scattering is usually of a much higher intensity, due to the 

proportion of molecules occupying the vibrational energy states being low. In addition to 
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Rayleigh and Raman scattering, fluorescence is also possible. This occurs when electrons 

are excited to an excited electronic state whereby decay to the ground state occurs with 

multiple transitions and is an undesirable process due to its ability to obscure the Raman 

spectrum. 

 

Figure 12. Energy levels during elastic (Rayleigh) and inelastic (Stokes and anti-Stokes) 
photon scattering. Image reproduced from Chem. Soc. Rev., 2020, 49, 554-592 - Reproduced 
by permission of The Royal Society of Chemistry 

Not all vibrations can be observed by Raman spectroscopy. For a molecule to be Raman 

active, it must possess anisotropic molecular polarizability. This means that molecular 

polarizability must change during the vibration. Spherical molecules have isotropic 

polarizability and thus, are not Raman active. This selection rule means that highly 

symmetrical molecules, such as H2 and O2, can be observed by Raman spectroscopy. 

Since Rayleigh scattering accounts for the vast majority of photons scattered, a highly 

sensitive detector is required to detect Raman scattering. This is typically achieved through 

the use of a charge coupled detector (CCD), a highly sensitive semiconductor-based device 

which transfers electronic charge. Intensity of charge is proportional to the detected 

photons thus quantitative Raman spectroscopy is possible. 

2.3.8.1 Experimental 

Raman spectroscopy was performed using a Renishaw inVia microscope with a green argon 

ion laser (λ = 514 nm). Samples were prepared by pressing onto a Raman inactive 

aluminium plate. Prior to sample analysis, the laser was calibrated using an internal Si 

reference and focused with an Olympus BH2-UMA microscope. Typically, 10 seconds of 

laser exposure and 10 accumulations were used in each scan, with the laser operated at a 

power of 1 %, although measurements with a laser power between 0.1 – 10 % were made. 

Cosmic ray removal was performed on all samples. 

For CeO2 samples, Raman spectra are typically dominated by an intense F2g mode at a 

Raman shift of ca. 460 cm-1, which is representative of the Ce-O8 lattice. In addition to this, 

a much weaker peak at ca. 600 cm-1 is often observed, which has been attributed to the 

presence of defects within the lattice. The ratio of these two peak areas, conventionally 
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denoted as ID/IF2g, can be used to estimate the density of defects within the material. 

Throughout this thesis, this was achieved by integrating the observed peaks in a Raman 

spectrum using OriginLab software to obtain areas for the peaks observed at 460 cm-1 (IF2g) 

and 600 cm-1 (ID). 

2.3.9 Infrared spectroscopy 
Infrared spectroscopy (IR) is a spectroscopic technique which exploits the fact that 

vibrations can be excited by photons in the IR region of the electromagnetic spectrum.14 

Infrared radiation can be classified as far, mid and near, which are categorized as possessing  

energies of 1.2 – 25, 25 – 496 and 496 – 1240 meV, respectively. Molecules possess discrete 

levels of vibrational, rotational and electronic energy; these energies are quantised with 

transitions between energy levels only occurring when the amount of energy absorbed or 

emitted from the system is described by the Planck equation (equation 12). 

∆𝐸 = ℎν Eq. 12 

Where h = the Planck constant (6.63 x 10-34 m2 kg s-1) and ν = frequency of incident radiation 

Vibrational energy levels are equidistant and can be estimated from the harmonic oscillator 

(equation 13): 

𝐸𝑛 = (𝑛 +  
1

2
) ℎν Eq. 13 

Whereby En = energy of the nth vibrational level; n = an integer; h = the Planck constant; and 

ν is described by equation 14: 

ν =
1

2𝜋
√

𝑘

𝜇
 Eq. 14 

Where k = the force constant of the bond and µ = the reduced mass, as described by equation 

15: 

𝜇 =  
𝑚1𝑚2

𝑚1 + 𝑚2
 Eq. 15 

Where mi = mass of vibrating atoms 

The absorption of photons from the mid-IR region, which corresponds to wavenumbers 

between 200 – 4000 cm-1, can excite molecular vibrations such as stretching, bending, 

wagging etc. This in turn, allows for transition to a higher vibrational energy level. 

Alternatively, the absorption of photons from the near and far regions of IR result in lattice 

vibrations and vibrational overtones, respectively. As shown by equation 12, vibrational 

frequencies are related to both bond strength and atomic mass; a given vibrational 

frequency can therefore be correlated with a specific chemical bond. Similarly to Raman 
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spectroscopy, not all vibrations can be observed by IR spectroscopy. For a sample to be IR 

active, the vibration must result in a change in dipole moment. Consequently, highly 

symmetrical diatomic molecules such as H2 and O2 cannot be observed by IR. 

Conventional IR spectroscopy, also known as dispersive spectroscopy, involves shining a 

monochromatic light at a sample and measuring the light absorption. This process is 

subsequently repeated for a range of wavelengths. Alternatively, a Fourier transform (FT) 

is a mathematic operation which has widely increased the capabilities of IR spectroscopy. 

FT-IR allows the measurement of multiple wavelengths to occur simultaneously. Through 

the use of a Michelson interferometer, a series of mirrors which allows the period 

transmission and blocking of each wavelength, IR spectra over a wide range can be 

obtained. FT-IR offers the advantage of a high signal-to-noise ratio due to the low 

susceptibility of interference occurring over multiple scans. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is an IR technique 

that does not require any sample preparation other than filling a sample holder with sample. 

The IR light is reflected and transmitted depending on the material. Ellipsoid mirrors 

concentrate the scattered light, which covers a wide range of angles due to the roughness of 

the samples surface, towards the detector. Spectra are typically shown as absorbance or 

reflectance as a function of wavenumber, although Kubelka-Munk units are sometimes 

used. Kubelka-Munk units involve the incorporation of a scaling factor, to directly correlate 

reflectance with concentration.  

2.3.9.1 Experimental 

DRIFTS measurements were taken on a Bruker Tensor 27 spectrometer fitted with a 

mercury cadmium telluride (MCT) detector. A sample was loaded into the Praying Mantis 

high temperature in situ cell (HVC-DRP-4) before pre-treatment under N2 (20 mL min-1) at 

500 °C for 1 hour. The sample was then cooled to room temperature with background 

spectra obtained upon cooling. 

2.3.10 Inductively coupled plasma mass spectrometry (ICP-MS) 
ICP-MS is an elemental analysis technique which allows multiple elements to be measured 

simultaneously in a single procedure. Liquid samples are required for ICP-MS and thus, 

heterogeneous catalysts must be digested prior to analysis. For materials such as ceria, this 

is typically done through microwave heating of the sample in a strong acid matrix due to its 

low solubility. The liquid samples are initially nebulised, generating an aerosol that is 

transported into high temperature argon plasma. The plasma subsequently atomises and 

ionises the sample. The generated ions are then focussed into a beam through a set of 

electrostatic lenses, which guide the ion beam to a mass analyser. Here the ions are 

separated by mass-to-charge ratio, before being detected.  



70 
 

2.3.10.1 Experimental 

The ICP-MS results presented within this thesis were obtained by Mr Simon Waller of the 

Analytical Services Department, School of Chemistry, Cardiff University. They were not 

obtained by the author. 

2.4 Catalyst testing 
2.4.1 Testing protocol 
Catalytic reactions were performed using a gas-phase plug flow micro-reactor. Aqueous 

glycerol solutions (50 wt. %) were introduced into a preheater and vaporiser (305 °C) using 

an HPLC pump, at a flow rates of 0.016 mL min-1. The glycerol feed was swept through the 

reactor using argon as carrier gas. All lines were heated to prevent any condensation taking 

place. Catalysts were pelleted, crushed and sieved to a uniform particle size (250-425 µm) 

prior to testing. The catalyst samples (typically 500 mg) were combined with silicon carbide 

to a uniform volume (0.5 mL) and packed into an 8 mm inner diameter stainless steel tube 

between two plugs of quartz wool. These conditions resulted in mass velocities and space 

velocities between 900 - 6000 L h-1Ar kg-1cat. and 1800 – 9000 L h-1Ar L-1cat., respectively. A 

thermocouple was placed in the catalyst bed and used to control reaction temperature; 

reactions were carried out between 320-480 °C. Liquid reaction products were collected 

using an ice-cold stainless-steel trap. A gas bag was attached at the exit line to collect the 

gaseous products. 

 

Figure 13. Reactor schematic for gas-phase glycerol conversions. 
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2.4.2 Product analysis 
A full product list and retention times according to GC used is displayed in Table 2.  GC, gas 

chromatography, is an analytical technique extensively used to separate and analyse 

mixtures of chemical compounds.15, 16 Both liquid and gas phase samples can be analysed, 

with liquid samples initially vaporised at the sample injector; samples are then transported 

through the instrument via a carrier gas to a column where compounds are separated, 

before the analytes are subsequently detected. The column, may either be a capillary 

column, whereby a thin layer of non-volatile chemicals are coated onto the walls of a hollow 

column or a packed column, which contains an inert solid, coated with a thin layer of non-

volatile chemicals, known as the stationary phase. The nature of the stationary phase will 

vary depending on the polarity of the analytes and the separation required. The different 

chemicals compounds present in a sample will interact with the stationary phase to 

differing extents, thus, leading to their elution from the column at different times (retention 

time). This allows for the separation and detection of the products formed. Separations can 

also be achieved through a temperature gradient whereby the temperature is increased to 

allow the elution of more strongly retained compounds. The carrier gas is known as the 

mobile phase and is an inert gas, usually He. It is important that the carrier gas has no 

interaction with the stationary phase.  

Numerous types of detector are compatible with GC, with the most common including mass 

spectrometer (MS), flame ionization detector (FID) and thermal conductivity detector 

(TCD). GS-MS can be used to identify unknown products. Separated products are ionised 

and the m/z (mass-to-charge ratio) of resulting ions is continuously monitored. By 

analysing the relative intensity observed across a range of m/z values, known as the mass 

spectrum, it is possible to confirm, identify and quantify analytes.  

Alternatively, FIDs and TCDs may be used to quantify known compounds. GC-FID is 

extensively used, particularly in the analysis of hydrocarbons. The effluent stream enters 

the detector where it is mixed with H2/air and burnt, leading to the formation of ions and 

electrons, which flow between two electrodes present in the detector resulting in a current 

flow, which is amplified to generate a signal. FIDs typically provide high linearity over a 

wide concentration range, although low/no response is observed for several products 

including CO and CO2. In order to overcome this limitation, a methanizer can be applied in 

conjunction with a FID. In such a case, the products are fully reduced to CH4 over a Ni 

catalyst, prior to quantification by FID.  

A TCD is a universal detector, suitable for analytes which cannot be detected using a FID. 

However, for most organic products, sensitivity is often much lower with a TCD than an FID. 

The temperature of a hot filament present in the detector and thus the electrical resistance, 

varies with the gas composition. With a constant flow of carrier gas, the temperature of the 
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filament is constant but as products are eluted, the composition and thermal conductivity 

of the gas stream is altered, resulting in changes in the temperature and resistance of the 

filament. 

It should be noted that only products which can be successfully vaporised are suitable for 

GC analysis. The injection port where samples are initially vaporised typically has a 

maximum temperature of ca. 380 °C, therefore a compound must be sufficiently volatile as 

to undergo vaporisation at the temperatures. In order for products to be successfully 

separated and detected, they must not thermally degrade upon vaporisation and thus, the 

inlet temperature cannot be excessively high. 

2.4.2.1 Liquid products by GC-FID 

Liquid reaction products were analysed offline using a Varian CP 3800 gas chromatograph 

(GC1) equipped with a capillary column (ZB-Wax plus, 30 m x 0.53 mm x 1 µm). The injector 

port was maintained at 250 °C and a split-less injection was used. The initial column 

temperature (40 °C) was held for 2 mins, then ramped (20 °C min-1) to 60 °C where it was 

held for 2 minutes before ramping to 220 °C (20 °C min-1) and holding for 15 minutes. 

Products were analysed by an FID maintained at 300 °C. Cyclohexanol was used as an 

external standard. A glycerol calibration curve is shown in Figure 8; all liquid products were 

calibrated this way. 

2.4.2.2 Carbon containing gases by GC-FID 

Carbon based gas reaction products were analysed offline using a Varian 450-GC gas 

chromatograph (GC2) equipped with a capillary column (CP-Sil5CB, 50 m x 0.32 mm x 5 

µm).The injector port was maintained at 200 °C and a 20:1 split ratio used. The initial 

column temperature (35 °C) was held for 15 mins and ramped (50 °C min-1) to 100 °C where 

it was held for 3 minutes. Products were analysed by an FID with a methanizer, held at 200 

°C and 350 °C respectively.  

2.4.2.3 H2 and O2 by GC-TCD 

H2 and O2 were analysed using a Varian CP3380 gas chromatograph (GC3) equipped with a 

Porapak Q column. The injector was held at 50 °C; the column was maintained at 30 °C for 

15 minutes. Products were analysed by a TCD, with the filament maintained at 200 °C. 

Table 2. Full product list with retention times and corresponding GC 

Product Retention time 

 GC1 GC2 GC3 

Acetaldehyde 1.907   

Propionaldehyde 2.387   

Acetone 2.600   

Acrolein 2.840   

Butyraldehyde 3.133   
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Methanol 3.480   

2-propanol 3.907   

Ethanol 4.013   

2,3-butanedione 4.547   

2-butanol 5.560   

1-propanol 5.800   

3-hexanone 5.907   

2-hexanone 6.360   

2-methyl-1-propanol 6.680   

Allyl alcohol 7.053   

Cyclopentanone 8.013   

Hydroxyacetone 9.373   

3-ethoxy-1-propanol 9.987   

Acetic acid 10.547   

Glycidol 10.790   

Propionic acid 11.240   

1,2-propanediol 11.747   

Ethylene glycol 12.013   

1,3-propanediol 13.080   

Phenol 14.760   

Glycerol 18.787   

CO  5.02  

CH4  5.12  

CO2  5.38  

H2   2.222 

O2   2.902 

 

 

Figure 14. Glycerol (Gly) calibration using cyclohexanol (CH) as an internal standard. 
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2.4.2.4 Total carbon analysis 

For certain experiments where the obtained carbon balance was low, total carbon analysis 

was performed. The liquid phase post-reaction sample was collected and sent to Exeter 

Analytical for CHN analysis; a sample of the feedstock prior to reaction was also sent for 

analysis to allow the % of C remaining in the liquid phase to be calculated. The % of carbon 

contained within gas phase products was analysed as described in section 2.4.2.2 and any 

carbon retained on the catalyst was quantified by TGA, with total carbon comprised of the 

sum of all liquid, gas and solid phase carbon after a catalytic reaction. 

2.4.2.5 Qualitative LC-MS analysis 

Some additional qualitative analysis of the post reaction effluent was conducted by liquid 

chromatography-mass spectrometry (LC-MS). This was conducted on a Bruker Amazon SL 

ion trap mass spectrometer which was operated in positive electrospray ion mode and 

coupled to a Thermo Ultimate HPLC system. The HPLC was equipped with a C-18 column 

(maintained at 40 ºC) and utilized a gradient elution consisting of 0.1% formic acid in H2O 

(A) and 0.1% formic acid in acetonitrile. 10 μL of sample was injected and the gradient 

elution was performed as illustrated in Table 3: 

Table 3. The makeup of the mobile phase for the gradient elution used for LC-

MS analysis 

Time (min) A (%) B (%) 

0.0 98 2 

1.0 98 2 

15.0 2 98 

17.0 2 98 

18.0 98 2 

20.0 98 2 

A = 0.1 % formic acid in H2O and B = 0.1 % formic acid in acetonitrile. 

 

2.4.3 Calculations 
Equation 16 was used to calculate the glycerol conversion (CGLY) based on the molar 

difference between the carbon moles of glycerol fed into the reactor, gmi, and that detected 

at the outlet, gmo: 

𝐶𝐺𝐿𝑌 (%) = (
𝑔𝑚𝑖 − 𝑔𝑚𝑜

𝑔𝑚𝑖
) ×  100 Eq. 16 
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The product selectivity (Sp(x), carbon mol. %) for any product, x, was calculated from the 

moles of carbon recovered of x (xCm) divided by the total moles of carbon in all products, yCm 

(equation 17). 

𝑆𝑝(𝑥)(%) =  (
𝑥𝐶𝑚

∑ 𝑦𝐶𝑚𝑦

) ×  100 Eq. 17 

The carbon balance can be obtained by comparing the moles of carbon accounted for in 

unreacted glycerol and in the identified products to the moles of carbon in glycerol entering 

the reactor: 

𝐵𝐶(%) =  (
𝑔𝑚𝑜 + 𝛴𝑥𝑥𝐶𝑚

𝑔𝑚𝑖
) ×  100 Eq. 18 

Functional group yield (Y, carbon mol. %) data were calculated by the sum of the 

selectivities for products containing that functional group SG, multiplied by conversion CGLY, 

multiplied by the carbon balance BC, excluding coke (eq. 18).  

𝑌 (%) = (
(𝛴 𝑆𝐺) 𝑥 𝐶𝐺𝐿𝑌

100
)  ×  𝐵𝐶  (%) Eq. 19 

The overall carbon balance BCtot was calculated (eq. 20) by dividing the sum of the carbon 

moles of products xCm, coke xCcoke estimated from post reaction characterisation and 

unreacted glycerol gmo by the carbon moles of glycerol injected into the reactor gmi.  

𝐵𝐶𝑡𝑜𝑡 = (
𝛴𝑥𝑥𝐶𝑚 +  𝑥𝐶𝑐𝑜𝑘𝑒 + 𝑔𝑚𝑜

𝑔𝑚𝑖
) ×  100 Eq. 20 

The hydrogen balance BH was calculated (eq. 21) by dividing the sum of the hydrogen moles 

of products xH, hydrogen gas (GC3) xHgas and moles of hydrogen in unreacted glycerol gHmo 

by the moles of hydrogen in glycerol injected into the reactor gHmi.  

𝐵𝐻 = (
𝑥𝐻𝑝  +  𝑥𝐻𝑔𝑎𝑠 +  𝑔𝐻𝑚𝑜

𝑔𝐻𝑚𝑖
) ×  100 Eq. 21 

The oxygen balance BO was calculated (eq. 22) by dividing the sum of the oxygen moles of 

products xO, oxygen gas (GC3) xOgas and moles of oxygen in unreacted glycerol gOmo by the 

moles of oxygen in glycerol injected into the reactor gOmi.  

𝐵𝑂 = (
𝑥𝑂  + 𝑥𝑂𝑔𝑎𝑠 +  𝑔𝑂𝑚𝑜

𝑔𝑂𝑚𝑖
) ×  100 Eq. 22 

Carbon deposition (coke) on the catalyst was calculated dividing the mass loss as analysed 

by TGA of the used catalyst mLOST, by the carbon moles of glycerol feed over the catalyst gmi 

(eq.23). 
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𝐶𝑜𝑘𝑒 (%) = (
𝑚𝐿𝑂𝑆𝑇

𝑔𝑚𝑖
) ×  100 Eq. 23 

The MeOH space-time-yield STYMEOH, was calculated (eq. 24) from the mass of MeOH mMEOH, 

produced per h (reaction time Rt), per mass of catalyst (mcat, kg). 

𝑆𝑇𝑌𝑀𝐸𝑂𝐻 =  (
𝑚𝑀𝐸𝑂𝐻 (𝑔)

𝑅𝑡 (ℎ) × 𝑚𝑐𝑎𝑡 (𝑘𝑔)
) Eq. 24 
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Chapter 3 
Glycerol to methanol over metal oxide catalysts  
Some of the experimental results presented in this results chapter have been published in 

L. R. Smith et al., Catalysis Science & Technology, 2019, 9, 1464-1475 and P. J. Smith et al. 

Energies, 2019, 12, 1359-1372. 

3.1 Introduction 
As detailed in Chapter 1, the valorisation of GLY has been the focus of significant research 

efforts in recent years. It was recently shown that aqueous GLY feedstocks could be 

converted to MeOH, with a reasonably high selectivity, over simple metal oxide catalysts 

such as magnesium oxide (MgO) or ceria (CeO2) under specific reaction conditions, without 

the need for an external reducatant.1 Typically, reactions were performed between 175 – 

400 °C, with space velocities in the range of 2000 – 24000 h-1, with 0.25 – 5.0 g catalyst 

utilised. A reaction temperature of 300 °C resulted in the optimum MeOH yield over MgO, 

whereas the maximum yield over ceria was obtained at 340 °C. Very similar GLY 

conversions and product distributions were obtained from both highly pure GLY feedstocks 

and crude feedstocks, with a GLY purity of approximately 85%. 

The proposed reaction scheme for the conversion of GLY to MeOH is shown in Figure 1. The 

dominant reaction pathway over both MgO and CeO2 was through a monodehydration at 

the terminal position forming prop-2-ene-1,2-diol, an enol intermediate which 

tautomerises to yield hydroxyacetone (HA). As shown below, HA undergoes a radical 

fragmentation process, related to a Norrish type 1 reaction, generating MeOH and acetyl 

radicals. The MeOH radical is reduced to yield MeOH, whereas the acetyl radical is reduced 

to ACA, with further reduction to EtOH possible. Alternatively, the coupling of two acetyl 

radicals generates 2,3-BD, with the formation of 2,3-BD, a C4 product from GLY, a C3 product, 

providing good evidence for C-C bond formation and the radical nature of the acetyl species. 

Alternatively, a second pathway to generate MeOH from GLY was proposed whereby GLY 

undergoes a radical C-C cleavage to yield MeOH and EG radicals. The former is reduced to 

generate a MeOH molecule whereas the latter loses a hydrogen radical to form 

hydroxyacetaldehyde. Similarly to HA, hydroxyacetaldehyde can undergo a radical 

fragmentation to produce MeOH and formaldehyde radicals, which reduce to MeOH and 

formaldehyde respectively. It was reported that formaldehyde was only detected in the 

parts per million range, suggesting that too is also further reduced to MeOH. A third route 

was also detected, although it was found to be minor over all the basic and redox materials 

tested. Typically an acid-catalysed process; GLY can undergo dehydration at the secondary 
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hydroxyl group, producing 3-hydroxypropanal, a highly reactive species which further 

dehydrates and yields ACR.  

 

Figure 1. Proposed reaction scheme for the formation of MeOH from glycerol. Figure 
reproduced from Nature Chem, 2015, 7, 1028–1032. Copyright © 2015, Springer Nature. 

The majority of studies were performed with aqueous GLY feedstocks in the concentration 

range of 0.5 – 10 wt.%, although feed concentrations up to 50 wt.% were briefly explored. 

Comparison of 0.5and 10 wt.% feedstocks over a MgO catalyst showed that the more 

concentrated GLY solution resulted in lower MeOH selectivity, as a consequence of 

increased by-products such as HA, ACA, ACR and EG. The MeOH space-time yield was not 

significantly increased with the more concentrated feedstock, despite the potential for a six-

fold increase, given the increased catalyst mass used. Similar findings were observed over 

a ceria catalyst, with only minor increases in MeOH productivity detected as the GLY 

concentration was increased from 15 to 50 wt.%. These results were indicative of 

undesirable side-reactions occurring from more concentrated feedstocks which can occur 

simultaneously and reduce MeOH yields.  

Throughout this chapter, the use of MgO and CeO2 catalysts for the conversion of GLY to 

MeOH are further explored. The effect of temperature, GLY concentration and partial 

pressure are investigated over a basic MgO catalyst to better understand the complex 

reaction network and establish any additional side reactions which may occur with more 

concentrated feedstocks. Additional analysis protocols have been utilised in order to better 

study the complex reaction mixture and account for any unobserved carbon. The effect of 

calcination temperature on CeO2 based catalysts has also been explored in order to study 

the effect of surface area, crystallite size and defect density on the obtained product 

distributions. Additionally, further analysis of the product mixture and total carbon content 
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is provided in an attempt to close the carbon balance and better understand the chemistry 

occurring over a redox catalyst throughout the conversion of GLY to MeOH.  

3.2 Results 

3.2.1 Blank reactions 
Numerous investigations into gas phase GLY conversions over metal oxide catalysts have 

been performed, with temperatures typically ranging from 250 to 700 °C. Batiot-Dupeyrat 

and co-workers reported significant GLY conversions in the absence of any catalyst, with 

conversion reaching 80 % at 600 °C, for a 20 wt.% GLY feedstock in a N2 at environment, 

although no details regarding product distribution were provided.2 In this section, catalyst 

free reactions were performed across the temperature range 320 – 480 °C, with and without 

a 1 mL plug of silicon carbide (SiC), a common catalyst diluent. A 50 wt.% aqueous GLY 

solution was used as the GLY feed with a flow rate of 0.016 mL min-1 and was swept through 

the reactor with an argon carrier gas (50 mL min-1). 

GLY conversions and carbon balances achieved in the absence and presence of SiC are 

shown in Figure 2 with the corresponding product distributions displayed in Figure 3. In an 

empty reactor tube, no GLY conversion was observed to take place at a reaction 

temperature of 320 °C, but conversions of 6 and 11% were achieved at temperatures of 400 

and 480 °C, respectively. The carbon balance was calculated to be 102, 95 and 98 % at 

temperatures of 320, 360 and 400 °C respectively. The lower carbon balance obtained at 

360 °C was likely due to the presence of products below the detection limit; due to the 

diverse nature of products formed, accurate quantification of all products is challenging at 

low levels of GLY conversion. The full product distributions are shown in Table S.3.1a.   

The major products detected over the empty tube were HA and allyl alcohol (AA), with 

carbon mole selectivities, herein referred to as selectivity/selectivities, of ca. 30 and 17 % 

respectively, contributing to ketone and alcohol yields of 3.1 and 2.5 % at 480 °C. Other 

recovered liquid phase products included ACA, ACR, MeOH, 1,2-PD and EG, with traces of 

propionaldehyde, ACE, 2,3-BD, 1-propanol, 3-hexanone, cyclopentanone, acetic acid, 

propionic acid, and 1,3-PD also detected. In addition to the aforementioned, products which 

are currently unidentified but observable by GC-FID (herein referred to as unknown 

products) were also detected. Small quantities of C1 gases were also identified, primarily 

comprised of CO and CO2 with traces of CH4.  

HA is a well-known GLY dehydration product, formed via thermally initiated loss of a 

primary hydroxyl group. Alternatively, AA was proposed to form through a radical 

mechanism, initiated at the C2 position, as shown in Figure 4. AA has been widely reported 

from GLY, via selective ACR reduction, under catalysed conditions.3-6 Additionally, AA 

production directly from GLY has been reported over iron based catalysts, through a 



80 
 

consecutive dehydration-hydrogen transfer mechanism.6-9 The low selectivity to ACR, 

alongside the absence of a catalysts makes the production of AA through an ACR 

intermediate an unlikely process under the given conditions, and led to the proposal of an 

alternative, radical mechanism which is thermally initiated. 

 

Figure 2. Glycerol conversion and carbon balance under catalyst free conditions between 320 
– 480 °C, in the absence and presence of SiC. Reaction conditions; 50 wt. % glycerol (0.016 mL 
min-1), 50 mL min-1 Ar, 3 hours. 

To gain a greater understanding of the complex chemistry occurring under catalyst free 

conditions, SiC was employed to increase the contact between GLY and a hot surface. As SiC 

is used as a diluent in catalytic reactions to improve heat transfer, ideally its presence in the 

reaction should not influence the chemistry occurring. As shown in Figure 2, the presence 

of SiC resulted in increased GLY conversion compared with reactions performed with an 

empty reactor tube, with a conversion of 18 % observed at a reaction temperature of 480 

°C, although at the lower temperature of 320 °C, this was less than 2 %. The modest levels 

of conversion achieved, particularly at higher reaction temperatures, suggest that SiC may 

not be completely inert in the reaction. However, it is considered that the role of SiC in 

increasing GLY conversion is to provide enhanced contact with a hot surface. In the absence 

of SiC, the majority of the vaporised feedstock stream will have no contact with a hot surface 

due to the increased reactor volume, whereas the reduced volume in the presence of a 1 mL 

SiC plug will greatly increase contact between vaporised GLY and a hot surface. The 1 mL 
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SiC plug reduced the volume from 1.00 to 0.49 mL, and subsequently reduced residence 

times from 1.20 to 0.59 seconds.  

 

Figure 3. Product yields under catalyst free conditions between 320 – 480 °C, in the absence 
and presence of SiC. Reaction conditions; 50 wt. % glycerol (0.016 mL min-1), 50 mL min-1 Ar, 
3 hours. 

In the presence of SiC, obtained product distributions were comparable with those observed 

from an empty reactor tube (full product selectivities are shown in Table A3.1b). At the 

lowest reaction temperature of 320 °C, the only detected products were HA and AA, which 

had selectivities of ca. 57 and 43 % respectively, although it is possible that other products 

were present at quantities below detectable limits. Interestingly, higher AA selectivity was 

observed at all reaction temperatures over SiC compared with a blank reactor tube 

indicating that the conversion of GLY to AA proceeds through a thermally initiated 

mechanism due to the increased AA observed with increased contact between GLY and a 

hot surface. A similar observation was made by Bühler et al. during their investigations into 

aqueous GLY conversions under near- and supercritical conditions (349 – 475 °C, 250 – 450 

bar).10 They found that at high reaction temperatures, AA was one of the dominant products 

formed. Analysis showed AA to be formed through a radical pathway, favoured by 

increasing reaction temperature and decreasing pressure. They proposed a mechanism 

whereby the initial loss of a hydroxyl group generates a radical species that can undergo a 

β-scission reaction, yielding AA, which is in agreement with the mechanism proposed in 

Figure 4. 
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Figure 4. Proposed mechanism for the formation of allyl alcohol from glycerol via a radical 
mechanism 

The selectivity to both HA and AA was found to decrease linearly with increasing GLY 

conversion, with selectivities of 23 and 22 % respectively at a reaction temperature of 480 

°C. In contrast to this, the selectivity to unknown products increased as a function of 

temperature, suggesting that unidentified reaction pathways are taking place, and 

highlighting the complex nature of thermally initiated GLY conversions under catalyst free 

conditions. At higher reaction temperatures, significant quantities of ACA, ACR, 1,2-PD and 

EG were detected, with smaller quantities of MeOH, acetic acid, propanoic acid and 1,3-PD 

also observed. The inference of these results is that GLY can undergo thermal C-C and C-O 

cleavage under catalyst free conditions, potentially via a radical mechanism which is 

initiated through contact between GLY and a hot surface. Since similar products are 

observed under metal oxide catalysed conditions,1 albeit with higher yields, the 

contribution of thermally formed products must be taken into consideration when 

assessing product distribution obtained over catalysts at high reaction temperatures. 

3.2.2 Glycerol conversion over magnesium oxide 
A magnesium oxide catalyst was prepared by a reflux method, from commercially available 

magnesium hydroxide. Briefly, Mg(OH)2  was calcined under static air at 450 °C (10 °C min-

1) for 24 hours to generate magnesium oxide. This was then refluxed in deionised water (15 

mL g-1) for 3 hours to form a slurry which was dried at 110 °C for 24 hours. A final heat 

treatment step (600 °C, 10 °C min-1, 3 hours, flowing N2) was then utilised to obtain the final 

oxide catalyst; an overview of the catalyst preparation method is shown in Figure 5. 

 

Figure 5. An overview of the MgO catalyst preparation method. 

After the initial calcination of commercially available Mg(OH)2, MgO with a surface area of 

24 m2 g-1 was obtained. Subsequent refluxing of the oxide in water regenerated Mg(OH)2 

with an enhanced surface area, which was then heat treated to generate MgO with a surface 

area of 129 m2 g-1. The corresponding XRD patterns of MgO after the initial calcination and 

after the final heat treatment are shown in Figure 6; prior to the reflux, MgO had a crystallite 

size of 27 nm whereas a crystallite size of 8 nm was obtained for the final catalyst. The 

rehydration of low surface area MgO induced significant physical changes with a dramatic 
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reduction in crystallinity and increase in surface area. This catalyst preparation method was 

used in the initial report of GLY to MeOH,1 and so was utilised here for consistency.  

 

Figure 6. PXRD patterns of MgO after calcination and after a calcination, reflux, calcination 
cycle 

The basicity of the final catalyst was investigated by CO2-TPD (Figure 7), a well-established 

technique for probing the basic sites of MgO.11, 12 The amount of desorbed CO2 was 

calculated to be 457 µmol g-1 which corresponded to 3.5 µmol m-2. This value is in good 

agreement with values previously reported in literature for similar catalyst preparation 

methods.11, 13 
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Figure 7. CO2 TPD profile of MgO catalyst. 

3.2.2.1 The effect of temperature 

The effect of reaction temperature on GLY conversion is shown in Table 1, with selectivities 

to functional groups shown in Figure 8. A GLY conversion of 74 % was obtained at a reaction 

temperature of 360 °C, with full conversion reached above 440 °C. Across all temperatures 

investigated, the carbon mass balance was found to be in the range of 73 – 77 % and 

decreased with increasing reaction temperatures. More details surrounding the carbon 

balance are discussed in section 3.2.2.4. Liquid phase products accounted for more than 50 

% of all carbon injected. The major products detected and their respective selectivites at a 

reaction temperature of 400 °C were MeOH (27.9 %), HA (17.9 %), ACA (13.3 %) and EG 

(5.8 %), with smaller quantities of propionaldehyde, ACR, EtOH, 2,3-BD, AA, acetic acid and 

1,2-PD also detected. Numerous unidentified peaks were also observed in the 

chromatograms of the liquid product mixture; it was not possible to identify these 

additional products by comparison with commercial samples, so selectivity towards all 

unknown products is grouped and calculated based on an average response factor. Some 

additional liquid phase products were however detected and quantified, including ACE, 

butyraldehyde, propanol, butanol, hexanone, cyclopentanone, 3-ethoxy-1-propanol, 

propionic acid, 1,3-PD and phenol, although selectivity to these products was low at all 

reaction temperatures. Gaseous products detected included CO, CO2 and traces of CH4, no 

higher hydrocarbons were observed, despite the presence of numerous C2-C4 products in 
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the liquid phase. It is interesting to note that across the temperature range investigated, 

selectivity to AA remained low (< 2.5 %), in contrast to the catalyst free reactions performed 

over SiC. The significantly reduced AA selectivity and high HA selectivity observed over MgO 

indicate that the catalyst promotes the activation of a primary alcohol, inhibiting the radical 

mechanism for AA formation. 

 

Figure 8. Collected product selectivies expressed as functional group selectivites following 
reaction over MgO at 360 (dark burgundy), 400 (pink) and 440 °C (pale pink). Reaction 
conditions; 50 wt. % glycerol (0.016 mL min-1), 0.5 g MgO, 50 mL min-1 Ar, 3 hours, GHSV = 
4615 h-1. 

A variation in product selectivity was observed with reaction temperature, the products are 

grouped into functional groups and summarised in Figure 8. The major product at lower 

temperatures was HA, accounting for the high ketone selectivity, which decreased with 

increasing reaction temperature, highlighting its role as an intermediate in the reaction. 

Similar trends were observed for diols, including 1,2-PD, 1,3-PD and EG, suggesting they too 

are further converted with increasing reaction temperature and GLY conversion.  

In keeping with the catalyst free reactions, increasing reaction temperatures favoured 

selectivity to aldehydic products over MgO, with significant quantities of ACA produced (17 

% at 440 °C) alongside smaller quantities of propionaldehyde and ACR (both ca. 3 %). In 

contrast to the aldehydes, alcohol selectivity reached a maximum at 400 °C, with a MeOH 

selectivity of 28 %, corresponding to a space-time-yield of 205 g h-1 kg-1cat. Due to the 
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increased selectivity towards undesirable by-products such as ACA and COx at temperatures 

above 400 °C, higher reaction temperatures were not further explored.  

Similar results were obtained when exploring the effect of carrier gas flow rates. The effect 

of reaction temperature was explored using a GHSV of 4615 h-1 so additional experiments 

were performed at 400 °C, with GHSVs of 2300 h-1 and 6920 h-1. Due to technical issues with 

GC2, used to analyse carbon containing gases, it was not possible to obtain full product 

distributions and carbon balances. Comparable effects were observed with increasing 

reaction temperatures and decreasing GHSV and vice versa. Decreasing the GHSV from 4615 

h-1 to 2300 h-1 resulted in full GLY conversion whilst increasing the GHSV to 6920 h-1 

resulted in a decrease in conversion from 90 % to 78 %. A higher selectivity towards 

intermediate products, such as HA and 1,2-PD is observed with an increased GHSV with a 

reduced selectivity towards terminal products such as MeOH and ACA. Conversely, a 

decreased GHSV resulted in a higher selectivity towards terminal reaction products such as 

MeOH, ACA and ACE due to the increased conversion of intermediates such as HA. 

Whilst the route to the main products was established in the initial report of GLY to MeOH,1  

the experiments discussed above, all performed with 50 wt.%  GLY, and the use of more 

advanced analytical techniques allowed for the development of  a reaction network, 

detailing the proposed routes  for the proposed routes for numerous products. As shown in 

Figure 9, the route to the main terminal products, MeOH and ACA, is complex. Both are 

formed through the radical fragmentation of HA; additionally, the radical fragmentation of 

GLY produces a MeOH radical and an EG radical, the latter can form EG which can 

subsequently dehydrate to give ACA. The complexity of the reaction scheme and number of 

products formed make kinetic and thermodynamic analysis a significant challenge due to 

the number of competing reactions, and for this reason, it was not undertaken. 

Product identification and quantification was performed by the collection of liquid and gas 

phase products and offline analysis by GC. Products were identified by GC-MS and then 

quantified with GC-FID using commercial standards. It should be noted that products 2 and 

17, 3-hydroxypropanal and ethenone, respectively, were neither confirmed or quantified 

by GC, due to their highly reactive nature and reasonably high reaction conditions used. 

Despite this, they have been well reported in literature,14-18 and products obtained from 

these intermediates have been confirmed thus providing good support to their role as 

intermediates in the process. Radical intermediates were not detected due to their highly 

reactive, short lived nature; however, the presence of certain products provide good 

evidence for their presence. An example of this is 2,3-BD, a C4 vicinal diketone, that seems 

unlikely to form from GLY, except through the coupling of two acetyl radicals.
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Table 1. Glycerol conversion and product distribution over MgO at different temperatures. 

Entry Condition 
(°C) 

X
GLY

a
 

(%) 

Mass Balance (%)
b
 Yield (%) MeOH S.T.Y. 

(g
1
 h

-1
 kg

-1
) 

Carbon 
deposition 

(mg g
-1

) 
C H O Alc. Diols Ald. Ket. Ac. COx Unk. 

1 360 74.0 74  

(77) 

72 67 19.5 10.7 8.2 20.8 1.6 5.3 8.0 131 81 

2 400 89.9 73 

(77) 

71 61 29.2 7.1 15.0 18.6 2.3 6.9 8.5 205 122 

3 440 100 68 

(73) 

61 55 31.5 3.9 23.3 19.2 2.7 11.1 8.0 204 125 

a
 GLY conversion, 

b
 Carbon mass balance (± 3 %) values in parenthesis include catalyst carbon deposition, 

c
 Alc., alcohols; Ald., aldehydes; Ket., 

ketones; Ac., acids; Unk., unknowns (Full product list in Table A3.2). Reactions performed with 500 mg MgO; 50 mL/min Ar carrier gas; 3 hour 

reactions; 50 wt. % GLY; GHSV = 4615 h-1. 
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Figure 9. Proposed reaction network for the catalytic transformation of glycerol into a range 
of different products over MgO under argon. Red arrows correspond to dominant reaction 
pathways over MgO. The green arrow corresponds to a dominant pathway occurring in the 
absence of MgO. 1. glycerol; 2. 3-hydroxypropanal; 3. 1,3-propanediol; 4. 1-propanol; 5. 
hydroxyacetone; 6. propanoic acid; 7. 1,2-propanediol; 8. 2-propanol; 9. acetone; 10. 
acetaldehyde; 11. ethanol; 12. 2,3-butanedione; 13. 2,3-butandiol; 14. 2-butanol; 15. 
glycolaldehyde; 16. ethylene glycol; 17. ethenone; 18. acetic acid; 19. allyl alcohol; 20. 1-
propanal; 21. 1-hydroxyl-2-butanone; 22. acrolein; 23. 3-alkoxypropanal; 24. 3-alkoxy 
propanol. Figure reproduced from Catal. Sci. Technol., 2019, 9, 1464-1475 - Reproduced by 
permission of The Royal Society of Chemistry. 

3.2.2.2 The effect of feedstock concentration 

Whilst all the reactions performed thus far have utilised 50 wt.% GLY feedstocks, catalytic 

GLY valorisations are typically performed with more dilute solutions, which along with 

varying carrier gas flow rates, makes direct comparison of space time yields difficult.19, 20 

The use of more concentrated feedstocks is highly desirable, due to the increased energy 

demands associated with vaporising larger quantities of water.21 Despite this, the high 
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functionality of GLY can often lead to undesired side-products and reduced selectivity to the 

desired product.22 Due to the high viscosity of GLY, feedstocks above 50 wt.% GLY were not 

explored, due to the potential to damage the HPLC pump responsible for introducing the 

GLY feed.  

A series of reactions were performed whereby the feedstock was varied between 10 and 50 

wt.%, whilst the mass of MgO catalyst was kept constant (500 mg), leading to varying 

catalyst to GLY ratios. An increase in GLY concentration from 10 to 50 wt.% resulted in an 

increase in GLY partial pressure from 0.026 mbar to 0.14 mbar, with an associated decrease 

in water partial pressure from 0.29 to 0.18 mbar. An additional reaction was also performed 

with 10 wt.% GLY and 100 mg of MgO to examine the effect of feedstock concentration with 

a constant catalyst to GLY ratio. 

 

Figure10. Collected product selectivities expressed as carbon mole selectivity following 
reaction with 10 wt. % (dark burgundy; catalyst to glycerol (g/g) ratio of 1.8), 20 wt. % (pink, 
0.8), 40 wt. % (pale pink, 0.4) and 50 wt. % (white, 0.3) over MgO. Reaction conditions; 400 
°C, glycerol/water flow 0.016 mL min-1, 0.5 g MgO, 50 mL min-1 Ar, 3 hours. 

Product group selectivity as a function of GLY wt.% is shown in Figure 10, with the 

associated GLY conversions and products yields in Table 2. Only a trace of unconverted GLY 

was detected with a 40 wt.% GLY, whilst complete conversion was obtained from more 

dilute feedstocks. The carbon balance was shown to increase with decreasing GLY 

concentration. A potential explanation for this is the presence of additional products, likely 

with high molecular weights, which are undetectable through GC methods and thus are not 

Ald
eh

yd
es

Ket
on

es

Alc
oh

ol
s

D
io
ls

Aci
ds

U
nk

no
w
ns

C
O
x

0

10

20

30

40

50

S
e
le

c
ti
v
it
y
 (

%
)

 10 wt. %

 20 wt. %

 40 wt. %

 50 wt. %



 

90 
 

counted in the carbon balance. The formation of high molecular weight products has been 

reported to increase with increasing GLY concentration, and a higher GLY partial pressure 

would favour the formation of such products. Additionally, as water is known to help 

prevent condensation reactions, the higher partial pressure of water present through the 

use of more dilute GLY feedstocks could help prevent the formation of larger organic 

species.23, 24 

Whilst similar products were obtained across all the reactions, the relative product 

selectivities varied as a function of GLY feedstock concentration and catalyst to GLY ratio. 

An increased ratio of catalyst : GLY, obtained with more dilute feedstocks, resulted in 

increased alcohol and aldehyde selectivities, comprised predominantly of MeOH and ACA, 

respectively. This was accompanied by a significant reduction in selectivity towards HA and 

EG. These results were not unexpected since it is sensible to suggest an increase in the ratio 

of catalyst to substrate would favour the production of terminal products at the expense of 

intermediates. The low diol selectivity observed with increasing catalyst to GLY ratio 

suggests that 1,2-PD and 1,3-PD can also be further converted. Similar findings were made 

by Montassier et al,25 in a study into GLY hydrogenolysis whereby it was found that EG was 

readily converted to C1 products at full GLY conversion. 

MeOH selectivity increased with increasing proportions of catalyst, reaching a maximum of 

34.9 % with 10 wt.% GLY and 500 mg MgO. In addition to MeOH, EtOH, 1-PrOH and 3-

ethoxy-propanol were all found to increase with increasing catalyst to GLY ratios. For all the 

reactions performed over 500 mg of catalyst, the MeOH space time yield was highest for a 

40 wt.% GLY feedstock, with a value of 219 g h-1 kgcat-1. A slightly lower value of 205 g h-1 

kgcat-1 was achieved with a 50 wt.% GLY feedstock, attributed to both the lower GLY 

conversion and carbon balance. 

An additional reaction with 100 mg of catalyst and a 10 wt.% GLY feedstock was also 

performed and compared with a reaction; the 50 wt.% reaction described above. As the 

catalyst to GLY ratio was constant across these two reactions, the MeOH space time yield 

could be directly compared, and was found to be 255 and 205 g h-1 kgcat-1 for the 10 and 50 

wt.% reactions, respectively.  This improvement was due to increases in carbon balance, 

GLY conversion, and MeOH selectivity. Whilst the MeOH selectivity was somewhat 

improved for the more dilute feedstock, at a constant GLY to catalyst ratio, a largely 

comparable product distribution is obtained. Due to the complex nature of the reaction 

scheme, deconvolution of the effects of catalyst to GLY ratio, GLY partial pressure, and 

catalyst contact time on MeOH yield are extremely challenging. 



 

91 
 

 

Table 2. Glycerol conversion and product distribution over MgO with differing feedstock concentration. 

Entry Glycerol 

weight 
% 

Cat : 

gly 
ratio 

(g/g) 

C
GLY

a
 

(%) 

Mass Balance (%)
b
 Yield (%) MeOH 

S.T.Y. (g 

h
-1

 kg
-1

) 

Carbon 

deposition 

(mg g
-1

) 

C H O Alc. Diols Ald. Ket. Ac. COx Unk. 

1 10 1.8 100 83 
(84) 

80 68 44.0 0.6 24.1 9.9 1.1 10.1 10.1 61 55 

2 10 0.3
d
 96 83 

(98) 
84 67 37.5 8.4 16.7 19.6 1.2 3.3 9.4 255 75 

3 20 0.8 100 80 
(88) 

76 67 38.9 1.5 24.1 11.6 2.2 10.7 10.6 105 80 

4 40 0.4 99 78 
(81) 

74 62 34.8 3.8 22.1 18.1 2.1 7.7 9.5 219 87 

5 50 0.3 90 73 
(77) 

71 61 29.3 7.1 15.0 18.6 2.3 6.9 8.6 205 122 

a
 GLY conversion, 

b
 Carbon mass balance (± 3 %) – values in parenthesis include catalyst carbon deposition, 

c
 Alc., alcohols; Ald., aldehydes; Ket., 

ketones; Ac., acids; Unk., unknowns (Full product list in Table A3.3), 
d 

100 mg catalyst used. Reactions performed with 500 mg MgO; 50 mL/min Ar 

carrier gas; 3 hour reactions; 400 °C; GHSV = 4615 h-1. 
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3.2.2.3 Investigating catalyst stability 

It is reasonable to anticipate a greater degree of catalyst deactivation with a more 

concentrated glycerol feedstock therefore the longer-term stability of the catalyst was 

investigated with a 50 wt.% GLY feed. All reactions, including the longer-term study, were 

performed with a “steady state” period of 2 hours 15 minutes, whereby the product mixture 

was diverted to a gas bubbler after the GLY flow is initiated. Collection and analysis of the 

product mixture during this 2-hour 15-minute period showed an extremely poor carbon 

balance, with an unstable product distribution. Following this period, products were 

periodically collected and analysed, as shown in Figure 11. A drop in GLY conversion of ca. 

10 % was observed between hours 2 and 4, before stabilising at approximately 87 %. This 

was accompanied by an increase in carbon balance in the initial hours, before stabilising at 

ca. 65 % over the 48-hour period investigated.  

 

Figure11. Glycerol conversion (■), carbon balance (●), MeOH selectivity (▲), and MeOH space 
time yield (⋆) over MgO catalyst as a function of reaction time. Reaction conditions; 400 °C, 
glycerol flow (0.016 mL min-1), 0.5 g MgO, 50 mL min-1 Ar. 

Both MeOH selectivity and space time yield followed the same trend as GLY conversion, with 

a drop observed between hours 2 and 4, before stabilising. The constant levels of GLY 

conversion from between 4 and 48 hours on-line suggest that a period of 4 hours is required 

to achieve a steady-state system; after this time both conversion and product distribution 

(Table A3.4) were stable. The stability of the catalyst under these conditions is surprising 

given the poor carbon balance obtained but these results suggest that any carbon deposition 
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on the catalyst does not sufficiently block active sites to result in catalyst deactivation. 

Analysis of the catalyst after 48 hours on-stream by PXRD (Figure 12) showed no significant 

differences; the crystallite size, as estimated with the Scherrer equation applied to the (200) 

plane, was 94 Å pre-reaction and 90 Å, indicating no sintering or growth of the MgO catalyst 

during the reaction. Additionally, no sign of Mg(OH)2 was observed; the transformation of 

MgO to Mg(OH)2 upon exposure to liquid water is well known, but no such transformation 

was observed under the reaction conditions employed here, likely due to the relatively low 

contact time between water and the catalyst, and the high reaction temperature. 

 

Figure 12. X-Ray diffraction patterns for the fresh, pelleted MgO catalyst and a used pelleted 
MgO catalyst after reaction with 50 wt.% glycerol in H2O for 3 h at 400 °C. Residual SiC from 

the catalyst bed denoted with (♠). 

3.2.2.4 Investigating the carbon balance 

The stability of the catalyst over a longer time period despite the carbon balance prompted 

further investigations in an attempt to identify routes through which this carbon may be 

lost. Thermogravimetric analysis (TGA) was performed whereby a post-reaction sample 

was heated to 110 °C for a period of 30 minutes to remove any residual water prior to 

heating to 800 °C under a synthetic air environment. The pre-treatment step and absence 

of Mg(OH)2 by XRD confirm that mass losses observed throughout the TGA experiments 

could be attributed to the presence of carbon based species on the catalyst surface. TGA 

experiments were performed on each post-reaction sample from the temperature and 

feedstock concentration studies, along with the sample retrieved after 48 hours of reaction. 
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All the used samples showed a significant mass loss which occurred at approximately 400 

°C; the mass loss was accompanied by a significant exotherm, representative of the 

combustion of organic species from the catalyst surface, a representative example of the 

TGA-DTA heat flow measurement is shown in Figure 13. 

 

Figure 13. Thermogravimetric analysis of MgO showing mass loss (solid pink) and heat flow 
(black dashed line) after a 48 hour reaction at 400 C with 50 wt.% glycerol. 

The mass losses obtained from the TGA experiments were used to estimate the quantity of 

carbon retained on the catalyst after a reaction, expressed as mg of carbon per gram of 

catalyst and are shown in Tables 1 and 2. Generally, an increasing reaction temperature and 

GLY concentration resulted in greater degrees of carbon deposition. As described above, the 

carbon balance is very poor during the 2-hour 15-minute (135 mins) period prior to 

product collection, thus an additional experiment was conducted whereby the catalyst was 

removed after this time. TGA showed the carbon deposition to be 80 mg g-1 compared with 

122 mg g-1 after a typical 3 hour reaction (total time on-stream is 315 mins) representing a 

non-linear correlation between reaction time and carbon deposition, with a greater 

quantity of carbon deposited in the initial stages of the reaction. Coupled with the longer-

term stability of the catalyst, these results suggest that the deposition of carbon on the 

catalyst surface at the start of the reaction could block a proportion of the catalytic sites 

responsible for catalyst coking and/or the production of undetected products. 
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Low carbon balances were also reported by Batiot-Dupeyrat and co-workers during 

investigations into GLY conversion over basic lanthanum-based catalysts.2, 26 The findings 

of these studies suggested that high molecular weight organic species may also be produced 

under the reaction conditions. Additionally, GLY esterification and oligomerisation 

reactions have been reported over basic materials under comparable vapor phase reaction 

conditions.27, 28 As the quantity of lost carbon increased with increasing GLY partial pressure 

(Table 2), it is reasonable to suggest the formation of high molecular weight products 

through intermolecular condensation reactions, that would be favoured through increased 

substrate concentration. 

 

Figure 14. LC-MS chromatogram corresponding to the post reaction solution of a reaction run 
over MgO for 6 h. Detection parameters are fixed at 100 - 1000 m/z. Reaction conditions; 400 
°C, glycerol flow (0.016 mL min-1), 0.5 g MgO, 50 mL min-1 Ar, 3 hours. Blue line – 
chromatogram of the post reaction solution. Red line – chromatogram of a H2O blank solution. 

LC-MS analysis was performed in an attempt to identify the presence of any high molecular 

weight products, which would not have been observable through previous GC based 

analysis methods, due to their low volatility. A post reaction solution obtained after 6 hours 

at 400 °C with 50 wt.% GLY was first analysed by the usual GC methods prior to additional 

LC-MS analysis. Products and product fragments with m/z values between 100 and 1000 

were screened. A blank sample of deionised water was also analysed to identify the 

presence of any contaminants. The obtained chromatogram (Figure 14) was extremely 

complex with numerous peaks present, preventing identification of any products. Despite 

this, the presence of numerous high molecular weight products was confirmed, providing 

evidence to the theory that the low carbon balance is a consequence of the presence of 

undetected products. 

The carbon balance for this reaction as calculated from the liquid and gas phase products 

was 68 %. As it was only possible to perform qualitative LC-MS analysis, CHN analysis was 

also performed (analysis performed externally) on the liquid phase products to determine 

the total carbon content of the post-reaction sample. The sum of CHN analysis (76.8 %), gas 

phase products (11.7 %), and carbon deposition on the catalyst (5.5 %) provides a total 
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carbon balance and was 94 %. The remainder of missing carbon (6 %) has been attributed 

to reactor fouling due to experimental observations during post-reaction. 

The above results highlight a key challenge surrounding the effective conversion of GLY to 

MeOH over MgO. Whilst reasonable MeOH selectivities were obtained, selectivity 

calculations do not account for missing carbon, and therefore, the poor carbon balances 

obtained must also be considered. As a basic material, it seems plausible that the basic 

properties of MgO are catalysing undesirable side-reactions such as the condensation 

reactions, with aldol condensations reported to occur readily over solid basic oxides.29-31 

The large organic molecules detected by LC-MS form through competitive reaction 

pathways, thus it is important to reduce these pathways without detrimental effect to the 

formation of desired products. 

As described in the introductory chapter, the effective conversion of crude GLY is highly 

desirable. Due to the heterogeneous nature of crude GLY, the catalytic reactions discussed 

within this thesis were performed with high purity GLY, to exclude any influence from 

feedstock impurities from the obtained catalytic data. Nevertheless, crude GLY was 

obtained from Argent Energy (a large biodiesel producer) and used as a feedstock. Prior to 

the reaction, the crude sample was analysed and found to contain 67 wt. % GLY; small 

quantities of MeOH and 1,3-PD were also detected alongside longer carbon chain species. 

No significant difference in pH was measured between the pure (pH 6.8) and crude (pH 6.8) 

GLY samples. The reaction performed with a crude GLY feedstock over MgO showed 

comparable results to those achieved with high purity glycerol (Table A3.5). Difficulties 

were encountered with the use of a crude feedstock, due to the presence of inorganic 

contaminants (such as ash and catalyst residue) which could not be vaporised, leading to a 

build-up of solid material within the reactor. For this reason, no further reactions were 

performed with crude GLY. Whilst additional challenges were experienced through the use 

of crude GLY, these issues could be circumvented through improvements in the reactor 

design. The comparable catalytic activities observed with a high purity and crude GLY 

suggest that this process may provide an effective route for the valorisation of crude GLY 

feedstocks. 

3.2.3 Glycerol conversion over ceria 

3.2.3.1 The effect of reaction temperature 

As described above, whilst good MeOH selectivities were achieved over a MgO catalyst, the 

observed carbon balance was often low, which was attributed to the formation of high 

molecular weight products, observed by LC-MS analysis. It was postulated that the high 

level of basicity of MgO was responsible for the formation of these high molecular weight 

products. Further experiments were performed with ceria, typically a less basic material 
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than MgO, in an attempt to improve upon the observable carbon balances whilst 

maintaining high selectivity to MeOH. 

Commercially available ceria, obtained from Arcos Organics, was obtained and used as 

received (after pelleting) as a catalyst to investigate the effect of reaction temperature on 

GLY conversion. N2 physisorption experiments showed the surface area to be low, with a 

value of 8 m2 g-1 calculated in accordance with B.E.T. As shown in Figure 15 and Table 3, 

both GLY conversion and product distribution were significantly influenced by the reaction 

temperature. A low level of GLY conversion was achieved at 320 °C (21 %), which increased 

to 84 % at 360 °C. Almost complete conversion was observed at a reaction temperature of 

400 °C (98 %), with full conversion reached at higher temperatures. At 320 °C the carbon 

balance was 100 %, reducing to 87 % at 360 °C, 80 % at 400 °C and 77 % at 440 °C. The 

excellent carbon balance achieved at the lowest reaction temperature was attributed to the 

modest level of GLY conversion, and the relatively low selectivity to more reactive species, 

such as ACA. 

The main product detected at 320 °C was HA, with a selectivity of 49.1 %. HA selectivity 

steadily decreased with increasing reaction temperature, with only trace amounts detected 

at a reaction temperature of 440 °C. A similar trend was observed for EG and 1,2-PD, 

suggesting that both C3 and C2 oxygenates with more than one hydroxyl group and/or 

carbonyl group can be further converted to terminal reaction products. 

The decreasing selectivity towards ketones (primarily HA) and diols with increasing 

reaction temperature was accompanied by increasing selectivity to alcohols, aldehydes and 

COx. MeOH selectivity increased steadily from 6.7 % at 320 °C to 15.7 % at 440 °C, whilst 

ACA increased from 4.6 to 17.0 % across the same temperature range. In addition to 

increasing ACA and MeOH selectivity with increasing reaction temperature, increases in 

ACE and 2,3-BD were also observed, which is reflected in the reasonable ketone yield even 

at the highest reaction temperature. This was to be anticipated since MeOH, ACA, ACE and 

2,3-BD can all form through HA and so their increase correlates with reductions in HA yields. 
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Figure 15. Influence of the reaction temperature on the product group selectivity at 320 °C 
(darkest purple bar), 360 °C (dark purple), 400 °C (light purple) and 440 °C (lightest purple 
bar). Reaction conditions; CeO2 (8 m2 g-1) 1.5 g, 50 wt.% glycerol (0.016 mL min-1) Ar 45 mL 
min-1, GHSV 4154 h-1. 

The aldehyde yield increased with increasing reaction temperature and was comprised of 

ACA, ACR and propionaldehyde, all of which were favoured by higher temperatures. The 

MeOH space time yield also increased when the reaction temperature was increased, with 

values of 15.8, 59.8, 100.2 and 145.7 gMeOH kgcat-1 h-1 at 320, 360, 400 and 440 °C, 

respectively. Whilst MeOH productivity was favoured with increasing reaction temperature, 

at 440 °C the total aldehyde selectivity exceeded 30 %. Since aldehyde and COx production 

was favoured by increasing reaction temperature under both catalysed and catalyst free 

reactions, 400 °C was determined to be the maximum operating temperature for future 

experiments to try and minimise selectivity to these undesirable by-products.
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Table 3. Glycerol conversion and product yield distribution for reactions over commercial CeO2 performed at different temperatures. 

Reaction 
temperature (°C) 

X
GLY

a
 

(%) 

Mass Balance (%)
b
 Yield (%)c MeOH 

S.T.Y. (g 

h
-1

 kg
-1

)d 
C H O Alc. Diols Ald. Ket. Ac. COx Est. Unk. 

320 21 100 97 95 2.0 3.1 3.1 10.6 1.8 0.5 0.0 1.6 16 

360 84 87 78 72 10.1 12.9 12.9 29.4 6.6 3.7 1.7 13.0 60 

400 98 80 68 62 16.6 6.9 6.9 18.3 10.4 6.7 2.0 18.1 100 

440 100 77 62 57 21.6 1.3 1.3 12.5 6.3 11.6 1.3 14.3 146 

a GLY conversion; b Carbon mass balance (± 3 %) of products detected in GC1 and GC2, c yield of products detected in GC1 and GC2; Alc., alcohols; 

Ald., aldehydes; Ket., ketones; Ac., acids; Est., esters; Unk., unidentified products; d MeOH space time yield. Reaction conditions; 1.5 g CeO2, 50 wt.% 

GLY (0.016 mL min-1), Ar 45 mL min-1, GHSV ca. 4154 h-1. 
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3.2.3.2 The effect of calcination temperature 

Whilst the previous section showed that commercially available low surface area ceria (8 

m2 g-1) could be effective catalyst for the conversion of GLY to MeOH but a high reaction 

temperature (> 400 °C) was required. At these temperatures, high levels of ACA and COx 

were also detected. Therefore, it was proposed that modifications to the catalyst surface 

area may result in increased MeOH yields at lower reaction temperatures. In order to 

investigate this, a series of catalysts were prepared by calcining a cerium hydroxide pre-

cursor at various temperatures, to study the effect of ceria calcination temperature on 

surface area and crystallite size, and the subsequent effect on product distribution. Cerium 

hydroxide was prepared through the precipitation of a cerium(III) nitrate precursor with 

ammonium hydroxide at pH 9. The recovered solid was then dried at 120 °C for 16 hours 

before calcination under static air at 400, 500, 600 or 700 °C. 

The PXRD patterns obtained for the ceria catalysts calcined at different temperatures is 

shown in Figure 16. All reflections were indexed to the cubic fluorite CeO2 phase (JCPDS no. 

34-0394, space group Fm3m) with no pre-cursor or impurity peaks detected. The intensity 

of diffraction peaks increased with higher calcination temperatures accompanied by 

decreasing peak widths, representing an increase in crystallinity with increasing calcination 

temperatures. The crystallite size was estimated using the Scherrer equation applied to the 

(111) reflection and was found to increase from 14 to 19 nm as the calcination temperature 

was increased from 400 to 700 °C. Similar findings were made by Mamontov et al.,32 who 

found that any increases in crystallite size induced through an increase in calcination 

temperature remained, even once the sample was cooled back down to room temperature. 

The effect of calcination temperature on the surface area of the materials was explored by 

N2 sorption experiments. The isotherms are shown in Figure 17, with no significant 

differences observed across the materials.  
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Figure 16. PXRD patterns of CeO2 prepared by precipitation with ammonium hydroxide 
solution and calcined at different temperatures. 

 

Figure 17. N2 sorption isotherms for CeO2 calcined at different temperatures. 

As shown in Figure 18, the surface area of the obtained ceria decreased linearly with 

increasing calcination temperature. This loss of surface area was expected due to the 
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corresponding increase in crystallite size. A surface area of 38 m2 g-1 was obtained by 

calcination at 400 °C, which reduced to 22 m2 g-1 upon increasing the temperature to 700 °C 

 

 

Figure 18. B.E.T. surface areas and crystallite sizes as a function of calcination temperature. 

Additional analysis of the catalysts was also performed using Raman spectroscopy, a well-

studied technique for the characterisation of ceria-based catalysts, particularly defect 

properties. The Raman spectra are shown in Figure 19 and were dominated by an intense 

F2g mode at ca. 462 cm-1 which represents the symmetrical stretch of the Ce-O8 lattice,33, 34 

where Ce and O are 8- and 4-coordinate, respectively. In addition to the dominant F2g mode, 

an additional peak was observed at ca. 600 cm-1. This much weaker band has been 

attributed to a defect mode, with the relative intensities of the defect band and F2g band 

(ID/IF2g) used as an estimate of the defect density of ceria-based materials. Numerous 

investigations into the nature of this defect band have been undertaken. Whilst the defect 

band is widely acknowledged to represent oxygen defects, some authors ascribe it to 

Frenkel-type defects,35 whilst others attribute it to oxygen vacancies which are required to 

maintain overall charge neutrality in the presence of Ce3+ cations.36-38 
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Figure 19. Raman spectra of CeO2 calcined at different temperatures. 

Ceria calcined at 400 °C had a defect density of 0.58 % which was found to increase to 0.83 

% upon increasing the calcination to 500 °C. At higher calcination temperatures, the defect 

density was significantly reduced, with a value of 0.05 % from a calcination temperature of 

700 °C. This was attributed to increase in crystallinity which occurs with higher calcination 

temperatures. The FWHM of the F2g mode was in agreement with the defect densities 

calculated from the ID/IF2g ratio. The FWHM of the F2g peak been reported as inversely 

proportional to crystallite size and can indicate the presence of defects.39, 40 Since CeO2 

calcined at 500 °C has a larger crystallite size than CeO2 calcined at 400 °C, one would expect 

a smaller FWHM for the material with the larger crystallite size. The slight increase in 

FWHM for ceria calcined at 500 °C, can therefore be attributed to an increase in oxygen 

defects present. 
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Table 4. Textural properties of CeO2 catalysts calcined at different temperatures. 

Calcination 

temperature 

(°C) 

BET surface 
area (m2 g-

1)a 

Crystallite 
size (nm)b 

Defect 
density (%)c 

Defect 
density per 

surface 
area 

(×10-3 % m-

2)c 

FWHM of 

F2g mode 

400 38 14 0.58 1.5 17.96 

500 34 15 0.83 2.4 18.03 

600 27 16 0.11 0.4 16.61 

700 22 19 0.05 0.3 13.35 

a calculated from N2 adsorption measurements at -196 °C; b calculated from the Scherrer 

equation using the (111) reflection; c Calculated from Raman spectroscopy by ID/IF2g where 

ID is the integrated area of the band at ca. 600 cm-1 and IF2g is the integrated area of the F2g 

band at 462 cm-1 

 

GLY conversions obtained at a reaction temperature of 340 °C over the ceria catalysts 

calcined at different temperatures, and the corresponding product yields are shown in 

Table 4, whilst the product selectivities are illustrated in Figure 20 (the full product 

distribution is shown in Table A3.6). Catalyst masses were adjusted across the experiments 

in order to provide a constant total catalyst surface across the materials. Varying the 

catalyst mass resulted in differing catalyst bed volumes therefore the argon carrier gas flow 

rates were adjusted to maintain a constant GHSV across the experiments, at ca. 3450 h-1. 

Increasing the argon flow rate to maintain the GHSV resulted in a decrease in partial 

pressure from 0.47 mbar over CeO2 calcined at 400 °C to 0.29 mbar over CeO2 calcined at 

700 °C. Whilst the variation in GLY partial pressure introduces an additional variable across 

the experiments, the partial pressure of GLY is extremely low across all experiments, 

representing ca. 0.05 % of the total system pressure, and is therefore considered to have 

little influence on the results. 

Based on the findings from the blank results discussed in section 3.2.1, the products 

obtained over the ceria catalysts can be attributed to the catalyst present in the reactor bed 

due to the negligible levels of GLY conversion which occurred over the SiC diluent at 

reaction temperatures < 360 °C. The experiments were performed in the manner described 

above to allow any changes in product distribution to be attributed to changes in the catalyst 

surface induced through varying the calcination temperature.
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Table 5. Glycerol conversion and product yield distribution for reactions over CeO2 calcined at different temperatures (CT). 

CT (°C) Catalyst 
mass 

(g) 

Ar 
Flow 
rate 
(mL 

min-1) 

X
GLY

a
 

(%) 

Mass Balance 

(%)
b
 

Yield (%) 
MeOH 

S.T.Y. (g 

h
-1

 kg
-1

) 

MeOH 
S.T.Y. (g 

h
-1

 m
-2

) 

Carbon 
deposition 

 (mg g
-1

) C H O Alc. Diol Ald. Ket. Ac. COx Est. Unk. 

400 0.4998 15 83 82 
(83) 

75 67 7.9 6.0 8.5 24.7 5.2 2.9 0.7 11.3 84.3 2.22 17 

500 0.5497 15 83 80 
(81) 

72 66 7.4 5.9 7.9 24.9 5.2 2.9 0.7 10.7 80.0 2.35 21 

600 0.6995 20 80 84 
(86) 

76 70 8.1 5.3 8.4 25.2 6.4 3.4 0.6 11.7 59.3 2.19 19 

700 0.8508 25 84 81 
(84) 

74 67 7.7 6.9 6.8 22.4 6.3 3.8 0.5 11.5 51.1 2.32 22 

a GLY conversion; b Carbon mass balance (± 3 %) of products detected in GC1 and GC2, values in parenthesis include coke deposited on catalyst;  c Carbon balance, 

values in parenthesis include coke from TGA measurements; d yield of products detected in GC1 and GC2; Alc., alcohols; Ald., aldehydes; Ket., ketones; Ac., acids; 

Est., esters; Unk., unidentified products; e MeOH space time yield. Reaction conditions; 340 °C, 50 wt.% Gly/H2O, GHSV ca. 3450 h-1. 
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With a constant total catalyst surface area and GHSV, GLY conversion was constant across 

the materials calcined at different temperatures, at approximately 83 %. The constant level 

of GLY conversion showed that any changes in crystallite size or defect density that occurred 

through varying the calcination temperature had no significant influence on the catalytic 

reactivity towards GLY. 

 

Figure 20. The product group selectivity over CeO2 calcined at different temperatures where 
the catalyst mass and Ar flow rate has been adjusted to maintain a consistent catalyst bed 
surface area. Reaction conditions; 340 °C, 50 wt.% glycerol (0.016 mL min-1), 15 mL min-1 Ar, 
3 hours, GHSV = 3450 h-1. 

The major product formed across all four catalysts was HA, with selectivities of 32.1, 33.0, 

28.8 and 29.1 % for CeO2 calcined from 400 to 700 °C, respectively, representing a standard 

deviation of 1.8 % across the materials. Other major products detected were ACA (ca. 9 %), 

MeOH (ca. 9 %), acetic acid (ca. 4 %), propionic acid (ca. 5 %), 1,2-PD (ca. 4 %) and EG (ca. 

5 %). The deviation across these products was low (< 1 %), thus the product distributions 

are largely considered to be comparable. The MeOH space time yield decreased with 

increasing calcination temperature, due to the larger mass of catalyst required to maintain 

a constant surface area (Table 5). Normalisation of the MeOH space time yield to surface 

area shows a fairly constant value across the catalysts, varying only from 2.19 to 2.35 g h-1 

m-2cat.  No significant difference in carbon balance was achieved over the different catalysts, 

with an average value of 82 %. Similarly, all catalysts suffered from minimal carbon 

deposition (approximately 20 mgcoke g-1cat). These results imply that any differences in the 
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catalyst induced through varying the calcination temperature, such as crystallite size and 

defect density, have little influence on GLY conversion and product distribution with a 

constant catalyst bed surface area. 

The estimation of carbon deposition through TGA experiments, showed the carbon lost 

through catalyst coking to be insignificant, accounting for < 3 % of the total carbon content 

in the reaction. As described in section 3.2.2.4, CHN analysis was also undertaken on a post-

reaction mixture obtained over a ceria catalyst. Analysis of the reaction mixture obtained at 

340 °C over CeO2 calcined at 600 °C gave a total carbon balance of 94.6 %, comprised of CHN 

analysis (87.1 %), gas phase products (6.1 %) and carbon deposition (1.4 %). The remaining 

5 % of carbon was attributed to reactor fouling. CHN analysis of all liquid phase products 

was found to be 87.1 %, in comparison, the sum of all liquid phase products as analysed by 

GC was 79 %, suggesting ca. 8 % of the carbon is contained in liquid phase products which 

cannot be analysed by GC. 

Consequently, LC-MS analysis was employed to qualitatively assess the presence of any high 

molecular weight species (Figure 21). Products and fragments with m/z from 100 – 1000 

were analysed. A blank sample of deionised water was also analysed to exclude any 

contaminants such as column bleed which was observed towards the end of the 

chromatogram. Similarly to the LC-MS analysis performed after a reaction with MgO (Figure 

14), a very complex chromatogram was obtained, with numerous peaks detected, 

preventing successful product identification. Despite this, high molecular weight products 

were confirmed in the post reaction solution, indicating the presence of undesirable side 

reactions, which potentially form through base catalysed condensation reactions. As these 

high molecular weight products are undetectable by GC, discrepancies between the 

observed carbon balance and the total carbon balance are attributed to the presence of 

these heavy organic species. 

 

Figure 21. LC-MS chromatogram corresponding to the post reaction solution of a reaction run 
over CeO2 for 6 h. Detection parameters are fixed at 100 - 1000 m/z. Reaction conditions; 340 
°C, glycerol flow (0.016 mL min-1), 0.7 g CeO2, GHSV ca. 3450 h-1. Pink line – chromatogram of 
the post reaction solution. Red line – chromatogram of a H2O blank solution.
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3.3 Conclusions 
Throughout this chapter the gas phase conversion of GLY has been explored under both 

catalyst free and catalysed conditions, over magnesium oxide and ceria. All reactions were 

performed with an aqueous 50 wt.% GLY feedstock, unless otherwise specified, across a 

temperature range of 320 – 480 °C. Under catalyst free conditions, GLY conversion reached 

18 % over SiC, a commonly used catalyst diluent, at a reaction temperature of 480 °C. The 

moderate levels of GLY conversion achieved in the absence of a catalyst highlighted the 

importance of optimising the catalyst to allow for the effective conversion of GLY to MeOH 

at lower reaction temperatures (< 400 °C), in order to minimise thermally initiated side 

reactions which may reduce MeOH yields. 

Over MgO, a diverse product distribution was observed, with HA, 1,2-PD and EG dominating 

at a reaction temperature of 360 °C. At higher reaction temperatures, smaller quantities of 

these reaction products were observed, with larger amounts of MeOH, ACA, 2,3-BD and COx. 

A comprehensive reaction network was proposed based on the proportion of products 

observed with differing GLY conversion levels. For a 50 wt.% GLY solution, the MeOH space 

time yield was found to reach a maximum value of 205 g h-1 kg-1 at 400 °C, although this 

could be improved to 255 g h-1 kg-1 by reducing the GLY concentration and catalyst mass to 

10 wt.% and 100 mg, respectively. This improvement in MeOH space time yield with a more 

dilute GLY feed was attributed to a reduction in the formation of high molecular weight 

products, thought to be formed through base catalysed condensation reactions, the 

presence of which are reflected in the lower carbon balance obtained with more 

concentrated GLY feedstocks. 

The MgO catalyst was found to be stable over a 48-hour time period when a 50 wt.% GLY 

feedstock was used at a reaction temperature of 400 °C. Under these conditions the carbon 

balance was low, but stable, at ca. 65 %. Whilst moderate levels of carbon deposition were 

detected through post-reaction analysis of the catalyst, the longer-term stability of the 

catalyst suggested that no significant catalyst deactivation occurred. Additional analysis of 

the post-reaction solution showed that high molecular weight products were formed over 

MgO with a 50 wt.% GLY feedstock at 400 °C. The formation of these products was 

attributed to the basic nature of the catalyst, thus future efforts regarding the use of MgO 

for the conversion of GLY to MeOH should focus on tailoring the strength and density of 

basic sites to explore whether the formation of these high molecular weight products can 

be prevented. 

Similar findings were made over a commercially available ceria catalyst. Increasing the 

reaction temperature led to a significant reduction in HA yield, as a consequence of its 

further conversion to ACA, MeOH, 2,3-BD, ACE and COx. Whilst MeOH selectivity was 
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increased by increasing the reaction temperature, this also resulted in significant increases 

towards aldehydic products and COx, with temperatures in excess of 400 °C considered to 

be unsuitable for the process, due to the dominance of ACA and COx under these conditions. 

A subsequent investigation into the effect of calcination temperature on some of the 

physicochemical properties of ceria and how this may influence product distribution was 

undertaken. In order to investigate the influence of crystallite size and defect density, the 

catalyst mass was adjusted to maintain a constant catalyst surface area across experiments. 

At comparable GHSVs no significant differences in GLY conversion or product distribution 

were observed over the ceria catalysts calcined at different temperatures. Whilst these 

results suggested that the density of defect sites had no effect on the reactivity of GLY or 

intermediate products, it should be noted that any changes induced in the ceria catalysts 

through varying the calcination treatment were minimal, making it difficult to draw firm 

conclusions about the role of defects. Higher GLY conversions were obtained over ceria 

calcined at different temperatures in comparison with the commercial sample, due to the 

improved surface areas. However, the reaction temperature investigated (340 °C) was 

considered to be insufficient to maximise MeOH selectivity, due to the high levels of HA 

detected over all the catalysts. Consequently, the synthesis of ceria catalysts with altered 

chemical properties i.e. through varying the morphology or through the introduction of 

dopants, provides an opportunity to gain a greater understanding of the influence of 

properties such as defect density, reducibility and acid-base strength on the selectivity 

towards MeOH, to allow MeOH production to be maximised at reasonable temperatures (< 

400 °C). 
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Chapter 4 
The effect of ceria morphology on gas phase glycerol 
valorisations 

4.1 Introduction 
In chapter 3 the effect of the calcination temperature on the physical and chemical 

properties of ceria, and the subsequent influence on GLY reactivity was investigated. At 

comparable contact times, and with normalised catalyst surface area, no clear relationship 

between the calcination temperature and selectivity to MeOH was involved. It should, 

however, be noted that varying the calcination temperature did not induce significant 

differences in the physicochemical properties, and only minor differences in the acid-base 

and redox properties of the as-prepared ceria were observed.  

Since the preparation of ceria nanostructures with well-defined morphologies was reported 

by Yan and co-workers in 2005, the effect of ceria morphology on its catalytic activity has 

been widely explored. It was shown that ceria nanocubes, nanorods, and nanopolyhedra 

can be synthesised through a simple hydrothermal preparation method, using cerium(III) 

nitrate as a cerium source and sodium hydroxide as a precipitating agent, with base 

concentration and synthesis temperature altered depending on the desired morphology.1, 2 

Analysis by HRTEM showed that the different morphologies predominantly expose 

different crystal planes: (100) for the cubes, (110) and (100) for the rods, and (111) and 

(100) for the polyhedra, thus providing a simple route to synthesise nanostructured ceria, 

with a variety of exposed crystal facets, without the use of surfactants or organic modifiers, 

which could influence reactivity.  

As described thoroughly in the introduction (section 1.3.4), the effect of morphology and 

surface termination can significantly influence the physicochemical properties of ceria, and 

consequent catalytic activity. Yan and co-workers showed that the OSC (oxygen storage 

capacity) of the materials varied significantly depending on morphology;2 on a μmol g-1 

basis the OSC was found to follow the order rods > cubes ≈ polyhedra but when normalised 

for surface area, this switched to cubes > rods >> polyhedral. Cassir and co-workers 

investigated the surface dependency of H2 reduction,3 where the activation energy for 

surface reduction was found to be lowest for ceria cubes, followed by rods, attributed to the 

more reactive (100) and (110) surfaces, respectively. A Raman spectroscopy study 

undertaken by Wu et al. whereby the defects in ceria cubes, rods and octahdera were 

thoroughly investigated, under both reducing and oxidising conditions.4 The intrinsic 

defects were found to be anionic Frenkel defects, which were found to be most abundant 



 

113 
 

over the rods, followed by the cubes and then octahdera. This trend followed the theoretical 

vacancy formation energy of (110) < (100) < (111), representative of the surfaces present 

in the samples.5 An investigation into the effect of surface termination on the acid-base 

properties of ceria was also undertaken by Wu et al., using a variety of acidic and basic probe 

molecules.6 Lewis acid sites were found across all morphologies and surfaces, although 

these sites were found to be relatively weak and no surface dependence was observed. 

Alternatively, both the strength and quantity of basic sites were found to be: rods > cubes > 

octahdera, which was considered to be as a result of both the anionic coordination status 

and the presence of defect sites. 

Opposite face sensitivity of ceria has been demonstrated for oxidation and hydrogenation 

reactions. The (100) surface was found to be optimal for CO oxidation, attributed to the 

enhanced OSC, whereas the (111) surface was shown to be beneficial for acetylene 

hydrogenation reactions.7 The enhanced activity of the (111) surface was attributed to the 

ability of less coordinatively unsaturated oxygen anions to more effectively stabilise 

reactive intermediates.  

For more complex reactions, both the catalytic activity and product selectivity can be 

influenced by the effect of the ceria morphology.8, 9 A recent study was undertaken by Mann 

et al.,8 whereby the adsorption and reactivity of ACA was investigated over morphologically 

controlled ceria samples. When sample masses were normalised to provide the same total 

surface area, initial rates of ACA consumption followed the order: wires > cubes > octahedra, 

although the wires and cubes both displayed more rapid deactivation than the octahedra. 

Numerous products were detected for all morphologies, with significant differences in 

product distribution observed across the materials. EtOH was formed through a Cannizzaro 

disproportionation reaction via an acetate intermediate; the selectivity to EtOH followed 

the trend for theoretical basicity of the exposed surfaces, and was of the order wires ≈ cubes 

>> octahedra. Since C1 products such as CO, CO2 and CH4 were formed via C-C cleavage of an 

acetate intermediate, the trend for these products was in full agreement with the EtOH 

trend. Crotonaldehyde was formed over all morphologies, through an aldol condensation 

coupling mechanism, with the selectivity to crotonaldehyde following the trend octahedra 

> wires > cubes. The higher selectivity observed over the octahedra was attributed to the 

increased rate of crotonaldehyde desorption from the (111) surface compared with the 

(100) and (110) surfaces. Crotonaldehyde was found to be one of the major intermediates 

in the formation of coke, thus the lower levels of catalyst deactivation observed for the 

octahedra was attributed to the lower conversion of crotonaldehyde. 

A recent study into GLY oxidation over ceria nanocubes, nanorods and commercial samples 

showed that the surface area normalised catalytic activity followed the trend: cubes > rods 
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> commercial samples.9 Interestingly, significant differences in product distribution were 

observed, with glyceric acid, a C3 oxidation product observed as the major product over the 

rods and commercial samples. Alternatively, glycolic acid and formic acid, C2 and C1 

oxidation products, respectively, were the dominant products observed over the cubes. The 

formation of C1 and C2 products occurred as a consequence of C-C cleavage. Subsequent 

analysis showed there was a strong correlation between the amount of H2O2 produced in-

situ and the selectivity towards C-C cleavage products. The authors noted no correlation 

between the redox or defect properties of the ceria samples and the observed catalytic 

activity, leading them to ascribe the differences in reactivity to the presence of different 

crystallographic facets. 

Throughout this chapter, the effect of ceria morphology on gas-phase reactions of GLY are 

fully explored. Since the physicochemical properties of ceria can vary significantly 

depending on morphology, comprehensive discussion of catalyst characterisation precedes 

any catalyst testing. As established in the previous chapter, product distribution is strongly 

linked to GLY conversion and can vary significantly with temperature and contact time. 

Consequently, materials have been compared under identical reaction conditions, 

maintaining a constant GHSV across a range of temperatures. Additional reactions have 

been performed whereby catalyst masses (and subsequent volumes) were altered to 

achieve comparable levels of GLY conversion, known as iso-conversion, to allow for direct 

comparison of product distributions over the three morphologies. Any differences in 

product distribution were discussed with respect to the reaction mechanism and competing 

pathways, and the subsequent influence on MeOH productivity.  

4.2 Results 

4.2.1 Effect of morphology on structural and textural properties of ceria 
Ceria nanostructures with cubic, rod-like, and polyhedral morphologies, here-in referred to 

as Ce-C, Ce-R and Ce-P, respectively, were prepared in accordance with a hydrothermal 

synthesis, initially reported by Yan and co-workers.2 Experimental details of the 

preparation are given in section 2.2.3. The PXRD patterns for the as-prepared materials are 

shown in Figure 1. All samples were indexed to the cubic fluorite ceria structure (space 

group Fm3m, JCPDS 01-089-8436), with no impurity or pre-cursor peaks observed. 

Crystallinity of the samples was of the order Ce-C > Ce-P > Ce-R, as evidenced by the FWHM 

of the diffraction peaks, with the crystallite sizes displayed in Table 1. The sharper 

reflections observed for Ce-C are representative of a larger crystallite size, likely due to the 

harsher synthesis conditions, requiring both concentrated base and a high synthesis 

temperature. The peak positions for the (111) and (200) diffraction peaks are also shown 

in Table 1. The (111) peak, the most intense for all samples, was at positions of 28.436, 

28.491 and 28.498 ° for Ce-C, Ce-R and Ce-P, respectively. An inverse relationship exists 
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between peak position and lattice parameter, with a lower 2θ value resulting in higher 

lattice parameters.   

 

Figure 1. PXRD patterns of morphologically controlled ceria (stick pattern from JCPDS 01-
089-8436 also shown for reference). 

The lattice parameter for stoichiometric, bulk ceria is 0.5411 nm (JCPDS 01-089-8436); 

lattice parameters were increased for all three materials (Table 1), with the largest lattice 

parameter calculated for Ce-C (0.5432 nm). The substitution of Ce4+ cations with Ce3+ results 

in an increased lattice parameter due to their larger ionic radius (rCe4+ = 0.94 Å; rCe3+ = 1.14 

Å). However, lattice parameters need to be carefully considered since opposing effects can 

offset one another. As shown by Morris and co-workers, lattice expansion can be 

counteracted by lattice contraction which occurs as a consequence of additional pressure 

arising from surface tension between the crystallite and the ambient atmosphere.10, 11 It was 

found that the smaller the crystallite, the larger the lattice contraction is, due to increasing 

surface tension. Whilst the lattice parameters may suggest that the Ce3+ concentration is of 

the order Ce-C > Ce-R and Ce-P, crystallite sizes are of the order Ce-R > Ce-P > Ce-C, 

indicating competing lattice expansion and contraction. Lattice strain was highest for Ce-R, 

followed by Ce-P, with the lowest level of strain observed for Ce-C, this was in agreement 

with previously published works,12 and mirrored the trend of crystallite size.  

Interestingly, slight differences in the intensity of the diffraction peaks were observed for 

the different morphologies (Table A4.1 in the Appendix). Ce-C showed a higher ratio of 
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relative intensities for the (200) and (111) reflections compared with both the reference 

and the other samples, indicative of growth in the [200] direction. The lower intensity ratio 

of (111) to (111), (200) and (220) reflections calculated for Ce-C was also in agreement with 

this result.13-15 

An inverse relationship was observed between crystallinity and surface area; surface areas 

calculated in accordance with the BET method were 23, 85 and 65 m2 g-1 for Ce-C, Ce-R and 

Ce-P, respectively. The nitrogen sorption isotherms are shown in Figure 2; full pore size 

distributions and pore volumes are shown in the appendix (Figure A4.1a-c). In agreement 

with the surface areas, Ce-R had the highest pore volume with a cumulative value of 0.689 

mL g-1, although Ce-P had the lowest cumulative pore volume, at 0.099 mL g-1, with an 

intermediate pore volume of 0.159 mL g-1 measured for Ce-C. Analysis of the pore size 

distribution with the BJH method showed a mesoporous distribution for Ce-C, with a broad 

peak centred at 17.1 nm. Similar results were found for Ce-R, where a broad maximum was 

observed at 30.1 nm, although a sharper, less intense peak was also observed at 3.1 nm, 

indicating a bimodal pore distribution. Significant differences were calculated for Ce-P, with 

a much narrower pore size distribution, centred at 5.1 nm. 

 

Figure 2a. N2 adsorption-desorption isotherm of Ce-C. Inset shows the pore size distribution 
and cumulative pore volume calculated in accordance with the BJH method. 
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Figure 2b. N2 adsorption-desorption isotherm of Ce-R. Inset shows the pore size distribution 
and cumulative pore volume calculated in accordance with the BJH method. 

 

 

 

Figure 2c. N2 adsorption-desorption isotherm of Ce-P. Inset shows the pore size distribution 
and cumulative pore volume calculated in accordance with the BJH method. 
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Table 1. Structural and textural properties of morphologically controlled ceria 

Morphology 

 

Peak 

position 

(°)a 

Miller 

indicesa 

FWHMa Crystallite 

size (nm)a 

Lattice 

parameter 

(Å)a 

Lattice 

strain 

(%)a 

TEM 

particle 

size (nm)b 

Exposed 

crystal 

planesb 

Specific 

surface 

area (m2 g-

1)c 

Cumulative 

pore volume 

(mL g-1)c 

Ce-C 28.436 111 0.401 20.4 5.4322 0.691 

19.3 ± 2.2 (100) 23 0.159 
32.960 200 0.392 21.1 5.4306 0.578 

Ce-R 28.491 111 1.000 7.6 5.4218 1.719 

7.1 ± 0.7 x 

(50 – 200) 

(110) & 

(100) 
85 0.689 

33.015 200 1.083 7.7 5.4221 1.595 

Ce-P 28.498 111 0.697 11.8 5.4206 1.198 

10.7 ± 0.9 
(111) & 

(100) 
65 0.099 

33.044 200 0.697 12.0 5.4173 1.018 

a. Determined from PXRD; b. measured by TEM; c. calculated from N2 sorption isotherms 
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The morphology of the prepared ceria materials was investigated by TEM, as shown in 

Figure 3. A very regular cubic morphology was observed for Ce-C, with well-defined edges, 

although slight rounding at the corners of the cubes could be seen. Similarly, Ce-R displayed 

a regular rod-like structure, although it should be noted that the edges were less-well 

defined than in Ce-C, suggesting some degree of surface roughness in Ce-R. Whilst the 

images of Ce-P showed the particles to be fairly regular in size, a more irregular geometry 

was observed for Ce-P, with their morphology most closely resembling that of a truncated 

octahedron, a previously reported morphology for CeO2 nanocrystals.2, 16-18 

Interplanar spacings were measured in order to determine the exposed surface 

terminations present in each material. For Ce-C, the dominant measurement was found to 

be 0.26 nm, which represents the (200) lattice fringe. Some additional measurements with 

a value of 0.31 nm were also made, indicating that (111) facets are also present in Ce-C. Ce-

R displayed interplanar spacing of 0.27 nm down the length of the rod (along the x axis), 

indicative of (100) planes; measurements of 0.19 nm were identified across the width of the 

rod (along the y axis), which were representative of (110) planes. This was indicative of 

nanorod growth in the [110] direction, with the exposure of (110) and (100) surfaces, in 

agreement with previously published works.2, 19-21 For Ce-P, the dominant lattice spacing 

was measured to be 0.32 nm, indicating the dominant surface for the polyhedral 

morphology was the most stable (111) surface; additional measurements were made at 

0.26 nm, revealing the presence of some (100) facets. Similar findings were made by 

Trovarelli and co-workers,13 who demonstrated the exposure of (100) surfaces when 

octahedral particles transitioned to truncated octahedra under thermal treatments. 

Additionally, thermal treatments above 700 °C of samples with a cubic morphology led to 

the formation of a truncated cubes and the exposure of (111) surfaces. 

 

a b
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Figure 3. TEM images of ceria Ce-C (a & b), Ce-R (c & d), and Ce-P (e & f). 

The particle size distributions are shown in Figure 4, with a minimum of 250 particles 

counted; generally, well-defined particle size distributions were obtained. Ce-C exhibited a 

well-defined cubic morphology; the length of the cube edges varied between 12 – 25 nm, 

but a size of 19 nm was most common. The rod-based morphology of Ce-R means that width 

and length measurements were required in order to obtain full particle size distributions. 

The width of Ce-R was fairly uniform, with a range of 5 – 10 nm, centred at 7 nm. It was not 

possible to measure the length of enough particles to obtain a statistically significant length 

distribution. That said, an average length of 90 nm was measured, with a range of 50 – 200 

nm, which was in good agreement with the sizes reported by Yan and co-workers.2  Ce-P, 

with an approximate truncated octahedral geometry, was measured across the widest 

points, and had an approximate particle size of 11 nm, ranging from 8 – 14 nm. 

c d

e f
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Figure 4a. Particle size distribution of Ce-C. 

 

 

Figure 4b. Particle width distribution of Ce-R 
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Figure 4c. Particle size distribution of Ce-P 

4.2.2 Effect of morphology on the redox and defect properties of ceria 
Defects in the materials were probed using visible Raman spectroscopy, a technique widely 

established for the study of ceria based materials.4, 22, 23 The spectra were dominated by a 

triply degenerate F2g mode at a Raman shift of 462 cm-1, representative of symmetrical 

breathing of the Ce-O8 lattice, where Ce and O have coordination numbers of 8 and 4 

respectively.24, 25 Also present are much weaker bands at wavenumbers of ca. 250 cm-1 and 

600 cm-1. The latter has been assigned to a defect induced mode (D), with the relative ratios 

of the defect band to the F2g band (ID/IF2g) used to estimate the density of defects in ceria 

based materials, although the precise origin of this mode has been the focus of much 

discussion.22, 25-29 A weak band was also observed at 1180 cm-1 for all three samples which 

is representative of a second order longitudinal optical mode (2LO). No differences were 

observed between the three samples, so this was not investigated any further. 

Studies by Taniguchi et al. and Luo and co-workers used visible and UV Raman spectroscopy 

to probe the defect sites in doped ceria.22, 26 The band centred around 600 cm-1 was ascribed 

to defects with Oh symmetry whereby the cation is octacoordinated and forms an MO8 type 

complex by Taniguichi. Similar findings were made by Luo and co-workers who attributed 

the band at 600 cm-1 to the intrinsic oxygen vacancies required to maintain charge 

neutrality in the presence of Ce3+cations. Wu et al. probed the defect sites on un-doped ceria 

nanostructures with well-defined crystal planes, and proposed an alternative assignment 

to the defect band at ca. 600 cm-1.4 XPS studies showed very similar levels of Ce3+ across all 
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morphologies, but with nanorods showing the most intense band at 600 cm-1 followed by 

nanocubes with nanopolyhedra showing the least intense defect band. The rods exposed 

the (110) and (100) surfaces, cubes expose the (100) surface and the polyhedra expose the 

(111) and (100) surfaces, thus the intensity of the defect band in the Raman spectra is in 

agreement with the theoretical energy of defect formation which is of the order (110) < 

(100) < (111). As Raman is not a surface technique and also probes the bulk of a sample, 

these results suggest that the surface termination influences the defect sites in bulk ceria. 

Consequently, the authors suggest that the band at 600 cm-1 is due to Frenkel-type oxygen 

defects which form on the surface and develop into the bulk. 

 

Figure 5. Visible Raman spectra of Ce-C (pink line), Ce-R (orange line) and polyhedra (blue 
line). Obtained at λ = 514 nm with a laser power of 1 %. Inset shows 200 – 700 cm-1 spectral 
region. 

In full agreement with the findings of Wu et al., Raman spectra of the as prepared ceria 

nanostructures (Figure 5) showed the ID/IF2g ratio (Table 2) to be of the order Ce-R > Ce-C 

>> Ce-P, indicating that defect densities followed the same trend. This is attributed to the 

lower energy of defect formation on the (110) and (100) surfaces and the subsequent effects 

on the bulk structure. Additionally, the F2g band observed for the rods was much broader 

than for the other morphologies which is consistent with an increased defect density and 

smaller crystallite size as observed by XRD and TEM.  
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The band at 250 cm-1 has recently been attributed to Ce-O longitudinal stretching in the 

outermost layers.30 It was suggested that an increase in surface-to-bulk ratio, and thus a 

greater proportion of outermost layers, results in a greater intensity at a Raman shift of 250 

cm-1. This would correlate well with the observed Raman spectra, whereby Ce-R, possessing 

the highest surface-to-bulk ratio, showed the highest intensity at 250 cm-1. Alternatively, 

this band has previously been assigned to a Ce-OH vibration,24 with a higher intensity 

representative of a higher hydroxyl density. Again, this explanation would be consistent 

with the obtained spectra, since Ce-R, which is formed through a Ce(OH)3 intermediate, 

likely possesses the highest hydroxyl density. 

Table 2. Defect properties as measured by Raman spectroscopy 

Morphology F2g band position (cm-1) F2g FWHM ID/IF2g 

Ce-C 461 14.3 0.03 

Ce-R 462 37.7 0.07 

Ce-P 463 16.3 0.002 

 

H2-TPR was employed investigate the reducibility of the materials, as shown in Figure 6. It 

is widely accepted that the high temperature peak observed during CeO2 H2-TPR is due to 

the reduction of bulk species, whilst lower temperature peaks are attributed to the 

reduction of surface oxygen species.31 For all materials, a high temperature reduction peak 

with a maximum at ca. 800 °C was observed, although it should be noted that for Ce-R, the 

bulk reduction peak was shifted by ca. 40 °C, down to 765 °C. This suggests, similarly to the 

Raman data, that the surface termination may influence properties within the bulk 

structure.  

At first glance, Ce-C displayed a bimodal peak distribution with a single, broad low 

temperature reduction peak with a maximum at 520 °C, in addition to the higher 

temperature bulk reduction peak. Closer inspection revealed the presence of multiple low 

temperature reduction peaks, with additional low intensity peaks observed at 320 and 625 

°C. A similar profile was observed for Ce-R, although the main surface reduction peak was 

shifted to a lower temperature of 478 °C. Additional peaks were detected at 312 and 378 °C, 

although they were obscured by the main surface reduction peak and appeared as 

shoulders, preventing peak deconvolution. In comparison, two well-defined and distinct 

low temperature reduction peaks were observed for Ce-P, with temperatures centred at 416 

and 523 °C. The peak at 416 °C was noticeably sharper than typically observed, with the 

lower temperature of reduction suggesting increased reducibility of Ce-P. 
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Figure 6. H2-TPR profiles. Ce-C is represented by the bottom pink line, Ce-R by the orange 
middle line and Ce-P by the blue top line. All samples were heated at a rate of 10 K min-1 under 
30 mL min-1 10 % H2/Ar. 

H2 consumption was quantified in accordance with the procedure detailed in Chapter 2. It 

was found to be highest over Ce-R at 685 µmolH2 g-1, followed by Ce-P (572 µmolH2 g-1) and 

then Ce-C (81 µmolH2 g-1). However, once normalized to surface area, Ce-P showed the 

highest H2 consumption (9.9 µmolH2 m-2) followed by Ce-R (8.1 µmolH2 m-2) and Ce-C (2.3 

µmolH2 m-2). The correlation between surface area and low temperature hydrogen 

consumption has been well-demonstrated for CeO2 catalysts,32-35 so the order of hydrogen 

consumption per gram was fully expected. However, it is not clear why, when normalized 

to surface area, hydrogen consumption is significantly lower over Ce-C than the other 

morphologies.  

Temperature programmed reduction-oxidation-reduction (TPR-O-R) cycles were also 

performed to further investigate the redox properties of ceria, since a study by Dolcetti and 

co-workers suggested the “real” redox properties of ceria can be studied by high 

temperature redox cycling.36 To achieve this, the sample was reduced up to 900 °C under 

H2/Ar before the gas was switched to He and the sample left to fully cool to room 

temperature. Once cool, the gas was switched to O2/He and the temperature was ramped to 

900 °C; again the gas was switched to He whilst the sample was allowed to cool back to room 

temperature. Prior to any TP analyses, the colour of the ceria was a pale yellow, after the 

initial TPR this changed to a purple colour for all samples, indicating the reduction of Ce4+ 
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to Ce3+. The oxidation step was accompanied by a colour change from purple back to yellow, 

indicating the occurrence of re-oxidation. Due to difficulties obtaining a stable baseline, TPO 

analyses were performed non-quantitatively, although oxygen consumption was clearly 

observed. 

 

Figure 7a. First and second TPR profiles for CeC. The first reduction profile is represented by 
a solid line, the second profile is shown with the dashed line. 

 

Figure 7b. First and second TPR profiles for Ce-R. The first reduction profile is represented by 
a solid line, the second profile is shown with the dashed line. 
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Figure 7c. First and second TPR profiles for Ce-P. The first reduction profile is represented by 
a solid line, the second profile is shown with the dashed line. 

The second TPR profile for Ce-C (Figure 7a) showed a significant reduction in hydrogen 

consumption below 600 °C, suggesting a significant loss of surface area, with the peak at 

625 °C disappearing completely. Interesting, whilst the surface reduction peak was reduced 

in intensity, a shift to a lower temperature by ca. 70 °C was also observed. The loss of surface 

reduction was even greater for Ce-R (Figure 7b), with no well-defined surface reduction 

peak observed at all, although it should be noted that significant peak broadening of the 

higher temperature peak occurred, which may have obscured low intensity peaks. For both 

Ce-C and Ce-R, a significant increase in intensity was observed for the higher temperature 

bulk reduction process, indicated significant and loss of surface area occurred for both 

materials. Interestingly, whilst a slight decrease in the intensity of lowest temperature 

reduction peak was observed for Ce-P (Figure 7c), with a shift to a lower temperature of ca. 

30 °C to 385 °C, the second reduction profile was otherwise identical to the initial profile, 

suggesting a minimal loss of surface area, and highly stable redox properties, even with high 

temperature redox cycling up to 900 °C. These results, coupled with the initial TPR profiles 

and hydrogen consumption values (µmolH2 m-2), suggest that Ce-P possesses enhanced 

reducibility, compared with Ce-C and Ce-R.  

4.2.3 Effect of morphology on the acid-base properties of ceria 
The acid-base properties of ceria can vary according to morphology, due to the different 

coordination states of the cations and anions;6 in the bulk structure, the coordination 

numbers of Ce4+ and O2- are 8 and 4 respectively, whereas for the (111), (110) and (100) 

surfaces, the coordination number of Ce4+ is 7, 6 and 6, respectively, whilst the coordination 
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number of O2- is 3, 3 and 2, respectively. Based on the differing degrees of coordinative 

unsaturation, the theoretical acidity is (100) ≈ (110) > (111) which would result in the trend 

of Ce-C ≈ Ce-R > Ce-P whilst the basicity is (100) > (110) ≈ (111) resulting in theoretical 

basicity of Ce-C > Ce-R ≈ Ce-P.  

Temperature programmed desorption (TPD) of acidic and basic probe molecules is a well-

established technique to probe basic and acidic sites respectively, and can provide 

information about the strength and density of sites present.37 The basic sites were probed 

by CO2 desorption. A blank run was performed without admitting CO2 to the sample, which 

resulted in no CO2 being detected, indicating the pre-treatment conditions were sufficient 

to remove any adsorbed atmospheric CO2. Of the materials, Ce-R showed the highest levels 

of CO2 desorption per gram which is expected since they possess the highest surface area. 

Both Ce-C and Ce-P showed very similar quantities of CO2 desorbed (Table 3), but with very 

different desorption profiles (Figure 8a).  

 

Figure 8a. CO2 temperature programmed desorption profiles. Ce-C is represented by the pink 
line, Ce-R by the orange line and Ce-P by the blue line. All samples were heated at a rate of 10 
K min-1 under 30 mL min-1 He. 
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Figure 8b. NH3 temperature programmed desorption profiles. Ce-C is represented by the pink 
line, Ce-R by the orange line and Ce-P by the blue line. All samples were heated at a rate of 10 
K min-1 under 30 mL min-1 He. 

Ce-P showed the most complex distribution of basic sites, with peaks observed at 180, 336, 

452, 546 and 786 °C, suggesting a wide range of basic strength sites. The peak at ca. 450 °C 

was the most intense, suggesting mainly medium strength basic sites present with 

polyhedral morphology. On the other hand, Ce-C showed a wide desorption profile across 

the range 125 – 880 °C, with clear maxima observed at 268 and 736 °C whilst deconvolution 

showed an additional peak at 488 °C. In contrast to the desorption profile of Ce-P, the 

highest quantity of CO2 was desorbed at high temperatures, indicating a high proportion of 

strongly basic sites present in Ce-C. A higher quantity of desorbed CO2 was observed for Ce-

R, with a simpler desorption pattern, consisting of 2 well defined peaks at 315 and 536 °C. 

Additionally, the start of a peak can be observed from 850 – 900 °C, indicative of very 

strongly basic sites, although the temperature of 900 °C was insufficient to complete 

desorption so this could not be quantified. 
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Table 3. Acid-base properties of morphologically controlled ceria 

Morphology CO2 

desorbed 

(µmol g-1)[a] 

CO2 

desorbed 

(µmol m-2) 

NH3 

desorbed 

(µmol g-1) [b] 

NH3 

desorbed 

(µmol m-2) 

Basicity / 

acidity ratio  

Ce-C 95 2.7 13 0.37 7.3 

Ce-R 138 1.6 23 0.27 6.0 

Ce-P 100 1.7 15 0.26 6.5 

a calculated from CO2 TPD; b calculated from NH3 TPD 

 

The presence and strength of any acid sites present were probed by NH3-TPD. The 

desorption profiles observed (Figure 8b) were very similar to those obtained with a CO2 

adsorbate, although some minor features were lost. As with the basicity measurements, 

similar quantities of NH3 per gram of catalyst were desorbed for Ce-C and Ce-P, with a higher 

amount over Ce-R, however, when normalised for surface area, very comparable quantities 

were desorbed over Ce-R and Ce-P. As described above, the different coordination number 

of cerium cations and oxygen anions at the surface is dependent on the surface present. 

From the different degrees of surface coordinative unsaturation (cus) of cations and anions 

present in the different surfaces, the theoretical basicity of surface O2- is (100) > (110) ≈ 

(111) whilst the theoretical acidity of surface Ce4+ is (100) ≈ (110) > (111).6 TPD analysis 

showed that the basicity followed the theoretical trend based on cus, with Ce-C, containing 

mainly the (100) surface, showing higher levels of basicity than Ce-R and Ce-P, which 

possessed mainly (110) and (111) surfaces respectively. In contrast, acidity measurements 

deviated from the predicted trend, with Ce-R, containing (110) surfaces, exhibiting lower 

acidity that theoretically predicted. This was attributed to the increased defect density of 

Ce-R, as measured by Raman, which can reduce the acidity of cerium cations, resulting in 

lower Lewis acidity.6 

4.2.4 Effect of morphology on glycerol conversions at a GHSV of 3600 h-1 
Initially the prepared materials were tested under identical reaction conditions, to 

investigate the effect of morphology on catalytic activity. Catalyst mass, volume and space 

velocity were kept constant, at reaction temperatures of 320, 360 and 400 °C. GLY 

conversion as a function of temperature is shown in Figure 9 with obtained product yields 

grouped into functional groups given in Table 4. At all reaction temperatures, significantly 

lower GLY conversions were obtained over Ce-C compared with Ce-R and Ce-P. At 320 °C, 

GLY conversions of 17, 65 and 58 % were obtained over Ce-C, Ce-R and Ce-P, respectively 

with carbon balances of 93, 81 and 91 %. As shown in chapter 3 (section 3.2.1), at a reaction 
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temperature of 320 °C, negligible GLY conversion takes place in the absence of a catalyst. 

Normalisation of GLY conversion to catalyst surface area as a function of time showed GLY 

conversion to be constant across the three materials, with a value of ca. 0.28 µmol h-1
 m-2. 

This indicated that catalytic activity was determined by surface area, although, at higher 

reaction temperatures, thermal effects are more dominant and so GLY conversion is not 

solely determined by catalyst surface area.  

Increasing the reaction temperature to 360 °C resulted in significant increases in GLY 

conversion over Ce-R and Ce-P, with almost all GLY converted. In contrast, a modest 

increase in GLY conversion was observed over Ce-C, with a conversion of 29 % achieved. 

The carbon balance remained high over Ce-P (> 90 %) but dropped to 83 and 76 % over Ce-

C and Ce-R, respectively.  

At 400 °C, only traces of unconverted GLY were observed over Ce-R and Ce-P whilst 

conversion reached 91% over Ce-C. Under these conditions, a significant decrease in carbon 

balance was achieved, at 61, 62 and 67 % over Ce-C, Ce-R and Ce-P respectively. 

Thermogravimetric analysis (TGA) was utilised to estimate the coke content of the catalysts 

after reaction at 400 °C; carbon deposition was highest over Ce-R at 65 mg g-1, followed by 

Ce-C (47 mg g-1) and Ce-P (16 mg g-1).  As shown in Table 1, only a small proportion of carbon 

lost is in the form of carbon deposition on the catalyst, accounting for < 2 % of the carbon 

balance over all materials. Whilst only a small quantity of carbon injected was retained on 

the catalyst surface as coke, the significantly reduced carbon balances obtained at 400 °C 

are indicative of the presence of additional chemical species were cannot be identified by 

our analysis methods, using GC-FID. Further details are given below (section 4.2.6). 

At 320 °C, similar functional group product yields were similar between Ce-R and Ce-P 

(Table 4) with significantly lower yields obtained over Ce-C, predominantly due to the lower 

GLY conversion observed.  In particular, the MeOH space time yield (STY) was very similar 

over Ce-R and Ce-P, at 39 and 40 gMeOH h-1 kgcat-1, respectively, and a factor of ten lower over 

Ce-C at 4 gMeOH h-1 kgcat-1. 

As the temperature was increased to 360 °C, significant increases in product yields were 

observed for Ce-R and Ce-P, with more minor increases observed for Ce-C due to the modest 

increase in GLY conversion over this catalyst. Ce-P resulted in the highest yields of all 

functional groups except ketones, due to the increased carbon balance when compared with 

Ce-R, despite the similar conversion levels and product selectivity. A similar trend was 

observed for the MeOH STY, whereby a significantly higher productivity was reported for 

Ce-P compared with Ce-R, despite the comparable MeOH selectivities. Due to the 

significantly lower conversion achieved over Ce-C, it was not possible to directly compare 

product distributions. 
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At the highest reaction temperature of 400 °C, the yield of alcohol and ketones was highest 

over Ce-P, predominantly due to the high MeOH and ACE selectivies, respectively, followed 

by Ce-R and then Ce-C. The same trends were observed for the yield of COx, comprised of CO 

and CO2 with traces of CH4, considered to be undesirable by-products in the reaction. The 

highest yield of aldehydes was obtained over Ce-R, followed by Ce-C, comprised mainly of 

ACA, with smaller amounts of propionaldehyde and ACR. The lower aldehyde yield 

observed over Ce-P was attributed to increased conversion of ACA to ACE, which will be 

discussed below in more detail.  Interestingly, a significantly higher yield of unknown 

products was formed over Ce-C suggesting that the HA pathway, which typically dominates 

over ceria catalysts, was not the major reaction pathway over Ce-C. This will be discussed 

in greater detail in the following sections.   The MeOH STY followed the trend Ce-P > Ce-R 

>> Ce-C; MeOH selectivities of 24.5 and 22.6 % were reported for Ce-P, with a much lower 

selectivity of 10.0 % reported over Ce-C. 
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Table 4. Glycerol conversion and product distribution over CeO

2
 with different morphologies 

Entry Catalyst 
morphology  

Reaction 
T (°C) 

C
GLY

a
 

(%) 

Mass Balance (%)
b
 Yield

c
 (%) MeOH S.T.Y.  

(g h
-1

kg
cat

-1) 

Carbon 
deposition 

(mg g
-1

) d C  H O Alc. Diols Ald. Ket. Ac. Cox Unk. 

1 

Ce-C 

320 17 93 91 91 1.1 1.9 3.0 2.4 0.7 1.0 5.8 4.0 - 

2 360 29 83 81 81 2.7 3.5 5.2 5.9 1.1 1.6 4.4 8.9 - 

3 400 91 61 
(62) 

53 54 15.6 6.5 5.9 6.4 4.3 7.7 15.5 60.4 47 

4 

Ce-R 

320 65 82 75 73 5.7 8.2 4.1 17.5 5.6 3.3 8.1 39.4 - 

5 360 98 76 66 63 10.4 9.3 7.8 19.8 8.9 6.3 11.8 90.9 - 

6 400 > 99 62 

(64) 

48 56 20.2 0.8 7.8 10.8 1.4 15.1 6.5 164.3 66 

7 

Ce-P 

320 58 91 84 82 4.9 7.3 4.3 17.6 4.1 2.9 11.3 40.2 - 

8 360 96 91 80 76 14.6 12.4 12.4 11.3 11.9 8.9 15.3 121.5 - 

9 400 > 99 67 

(67) 

51 63 23.5 0.3 3.2 15.0 2.1 18.8 4.3 201.3 16 

a
 GLY conversion; 

b
 Carbon mass balance (± 3 %) of products detected in GC1 and GC2 (values in parenthesis include coke deposited on catalyst); 

c
 yield of 

products detected in GC1 and GC2; Alc., alcohols; Ald., aldehydes; Ket., ketones; Ac., acids; Unk., unknowns; d Calculated from TGA analysis. Reaction 

conditions; 50 wt.% GLY/water flow 0.016 mL min-1, 0.5 g CeO
2
, 15 mL min-1 Ar, GHSV = 3600 h-1; 3 hours. Full product distribution is shown in the appendix 

(Table A4.2) 
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Figure 9. Glycerol conversion at different temperatures at a space velocity of 3600 h-1 over Ce-
C (pink symbols), Ce-R (orange symbols) and Ce-P (blue symbols). Reaction conditions; 50 wt. 
% glycerol (0.016 mL min-1), 0.5 g CeO2, 15 mL min-1 Ar, 3 hours, GHSV = 3600 h-1. 

4.2.5 Effect of ceria morphology on product distributions under iso-
conversion 

4.2.5.1 Low conversion 

As shown in Chapter 3, a strong relationship between product distribution and GLY 

conversion exists. 38, 39 Since significantly lower GLY conversions were achieved over Ce-C 

compared with Ce-R and Ce-P at all temperatures tested, the product distributions could 

not be directly compared across the three catalysts. In order to overcome this limitation, 

catalyst masses and subsequent space velocities were altered to achieve comparable levels 

of GLY conversion across all materials. A GLY conversion of 17 % was attained over Ce-C at 

320 °C with a GHSV of 3600 h-1. GHSVs were adjusted to 11250 and 9000 h-1, over Ce-R and 

Ce-P respectively, resulting in conversions of 14 and 16 %. Similarly to experiments 

performed at a constant GHSV, normalisation of GLY conversion to the total catalyst surface 

was constant across all three catalysts, giving a value of ca. 0.28 mmolgly h-1 m-2
cat. The 

carbon balance was high (ca. 95 %) across all morphologies, with any lost carbon attributed 

to reactor fouling and/or uncollected products.  

Due to the diverse range of products formed, products are grouped into their functional 

groups; product distributions by functional groups at a GLY conversion of ca. 15 % are 

shown in Figure 10. Product distributions were similar over Ce-R and Ce-P, with HA as the 

main product detected, at selectivities of 37.4 and 43.3 % respectively, contributing to the 
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high ketone selectivity observed. The other major products observed over Ce-R and Ce-P 

were 1,2-PD (ca. 6 %), EG (ca. 7 %), MeOH (ca. 8 %) and ACA (ca. 5 %); smaller quantities 

of numerous other products were found including ACR, 2,3-BD, AA, acetic acid, propanoic 

acid, CO and CO2 with trace amounts of propionaldehyde, ACE, EtOH, PrOH and 1,3-PD. 

Unidentified products were also observed over Ce-R and Ce-P. These products were 

observed with GC1 but it was not possible to determine their identity, despite numerous 

attempts, thus selectivity to these unknown compounds was calculated using average 

response factors from known products with similar retention times. 

 

Figure 10. Product distributions at a glycerol conversion of ca. 15 % over Ce-C (pink bars), Ce-
R (orange bars) and Ce-P (blue bars). Reaction conditions; 320 °C, 50 wt. % glycerol (0.016 
mL min-1), 15 mL min-1 Ar, 3 hours, GHSV = 3600 h-1 (Ce-C), 11250 h-1 (Ce-R), and 9000 h-1 (Ce-
P) 

Significant differences in product distribution were achieved over Ce-C when compared 

with Ce-R and Ce-P; HA selectivity was significantly reduced (14.1 %) with larger quantities 

of ACR detected (14.5 % selectivity). Additionally, a high selectivity towards unknown 

products was observed (ca. 37 %), suggesting the dehydration of GLY via the loss of a 

primary hydroxyl group to yield HA is not the dominant reaction pathway over Ce-C. Other 

detected products were similar to those obtained over Ce-R and Ce-P and included EG (6.8 

%), ACA (4.2 %), MeOH (3.5 %) and CO2 (5.0 %), with propionaldehyde, ACE, EtOH, 2,3-BD, 

AA, acetic acid, propanoic acid, 1,2-PD, 1,3-PD and CO observed in smaller quantities. 
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4.2.5.2 High conversion 

As we have previously shown that MeOH is a terminal product,38, 40  high MeOH selectivity 

is typically only observed at very high GLY conversions. To compare MeOH selectivity at full 

GLY conversion, an increased catalyst mass (and subsequent volume) of Ce-C was used to 

decrease the space velocity. Since full GLY conversion was achieved at a space velocity of 

3600 h-1 over Ce-R and Ce-P at 400 °C, the space velocity was reduced to 1800 h-1 over Ce-C 

to achieve the same level of conversion. Product distributions under these conditions are 

shown in Figure 11. 

 

Figure 11. Product distributions at a glycerol conversion of > 95 % over Ce-C (pink bars), Ce-
R (orange bars) and Ce-P (blue bars). Reaction conditions; 400 °C, 50 wt. % glycerol (0.016 
mL min-1), 15 mL min-1 Ar, 3 hours, GHSV = 1800 h-1 (Ce-C), 3600 h-1 (Ce-R), and 3600 h-1 (Ce-
P). 

Product distribution by functional group appears to vary somewhat over all three 

morphologies, although fairly similar product distributions are observed for Ce-R and Ce-P. 

Alcohol selectivity was of the order Ce-P > Ce-R >> Ce-C, with MeOH selectivities of 24.5, 

22.6 and 13.1 % respectively. Other alcohols included EtOH, 2-PrOH, 1-PrOH and AA; EtOH 

and PrOH selectivities followed the same order as MeOH selectivity, whereas AA showed 

the opposite trend. 

Under these reaction conditions, only small quantities of HA were observed over all 

materials. Low selectivity to diol products, EG, 1,2-PD and 1,3-PD, was also observed. These 

results suggest that these products are intermediates in the process, and can be further 

converted, which is consistent with previous findings. 
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Reasonably high aldehyde selectivity was observed over Ce-C (ca. 24 %), comprised 

predominantly of ACA (16.5 %) with smaller quantities of propionaldehyde (4.1 %) and ACR 

(2.7 %) also detected. The selectivity to ACR over Ce-C was significantly lower than was 

observed at low GLY conversions, likely due to the higher reaction temperature used, as 

previously reported by other authours.41 A total aldehyde selectivity of 13 % was observed 

over Ce-R, composed of ACA (5.8 %), propionaldehyde (5.6 %) along with small quantities 

of ACR and butyraldehyde. Less than 5 % of the total product distribution over Ce-P 

consisted of aldehydes, primarily due to the low ACA selectivity observed. The low aldehyde 

selectivity observed over Ce-P, and to a lesser extent Ce-R, was attributed to the presence 

of ketonization reactions, which have been widely reported over CeO2 and CeO2-containing 

catalysts,42-44 whereby 2 ACA molecules and a water react to give ACE, CO2 and 2 equivalents 

of H2. No H2 gas was detected throughout these experiments, but hydrogen is required to 

form several products, including MeOH, suggesting it was consumed in-situ. ACE and CO2 

selectivities followed the trend Ce-P > Ce-R >> Ce-C, the opposite order to ACA selectivity, 

suggesting ACA was more effectively converted to ACE via ketonization reactions over Ce-

P. 

A reasonable selectivity towards ketones was observed over Ce-R and Ce-P, despite the high 

levels of HA conversion. This was attributed mainly to ACE and 2,3-BD, with small quantities 

of HA, cyclopentatone and hexanone also detected. As shown in Figure 10, at complete GLY 

conversion, high ketone selectivity is typically accompanied by low aldehyde selectivity, and 

high COx selectivity. Both CO and CO2 were observed over all materials; these are 

undesirable by-products which are typically produced under conditions yielding high levels 

of MeOH. Future works will focus on reducing COx levels without reducing MeOH selectivity.  

For all three catalysts, a low (< 70 %) carbon balance was achieved at full GLY conversion. 

Excluding catalyst coking, the carbon balances were found to be 68, 62 and 67 % over Ce-C, 

Ce-R and Ce-P, respectively. When accounting for any carbon deposited on the catalyst 

surface in the form of coke, the carbon balances were calculated to be 69, 64 and 68 % over 

Ce-C, Ce-R and Ce-P, respectively, suggesting that the loss of carbon through catalytic coking 

was minimal. To further investigate the carbon balance, CHN analysis was performed on 

post-reaction samples obtained over all three materials, under full GLY conversion 

conditions. The total carbon content of the reaction was calculated as the sum of catalyst 

coking, gaseous products and CHN analysis, as shown in Table 5, and was found to be 

approximately 95 % for all three materials. The missing ca. 5 % was attributed to reactor 

fouling, observed when cleaning the reactor following a catalytic test. fouling. The 

discrepancies between observed carbon balances as calculated from GC analysis, and total 

organic carbon analysis was attributed to the formation of insoluble humin-type products, 
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which were visibly present; similar findings were made by Hernandez et al. over lanthanum 

based materials.45 

Table 5. Full product distribution at iso-conversion at Cgly > 99% and a reaction 

temperature of 400 °C. Space velocities: Ce-C = 1800 h-1, Ce-R = 3600 h-1, Ce-P = 3600 h-1. 

 

 

Ce-C Ce-R Ce-P 

Coking 1.8 2.4 0.8 

Gaseous products 7.9 17.2 19.5 

CHN analysis 84.8 75.7 76.1 

Total Carbon Content 94.5 95.3 96.4 

Reaction conditions; 400 °C, 50 wt. % GLY (0.016 mL min-1), 15 mL min-1 Ar, 3 hours, GHSV = 

1800 h-1 (Ce-C), 3600 h-1 (Ce-R), and 3600 h-1 (Ce-P). 

 

The total carbon content was similar across all three materials, although the proportion of 

gaseous products was significantly lower for Ce-C compared with Ce-R and Ce-P. The 

proportion of gaseous products followed the trend Ce-P > Ce-R >> Ce-C, which was in 

agreement with the trend of MeOH selectivity, suggesting a correlation between high MeOH 

and COx selectivities. Catalyst coking was of the order Ce-R > Ce-C > Ce-P. Whilst there was 

no direct correlation between the total acidity or basicity of the materials, it is possible that 

the level of catalyst coking was determined by the relative proportion of strong acid sites, 

as estimated by NH3-TPD. Due to the complexity of the desorption profiles it was not 

possible to deconvolute the peaks, but it can be seen that Ce-R had the strongest acid sites 

(Figure 8b), with Ce-P possessing the lowest amount of strong acid sites suggesting catalyst 

acidity may influence carbon deposition over ceria catalysts.  

4.2.6 Contact time effects 
As shown earlier (section 4.2.4), with catalyst mass and GHSVs kept constant, GLY 

conversion followed the trend Ce-R > Ce-P >> Ce-C, in agreement with the trend of catalyst 

surface area. Due to the inherent differences in surface area and consequent catalytic 

activity, it was not possible to compare product distributions at constant GLY conversions 

and GHSVs. To achieve comparable GLY conversion levels over three materials with 

different surface areas, different catalyst masses were required. Since all the morphologies 

had similar densities, altering the catalyst mass resulted in significant differences in GHSV 

and contact time. 

At a reaction temperature of 320 °C and a GHSV of 3600 h-1, ACR selectivity was 15 % over 

Ce-C, and 2 % over both Ce-R and Ce-P, respectively, with GLY conversions of 15, 65 and 58 

%. Due to differences in GLY conversion, it was difficult to attribute the increased ACR 
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observed over Ce-C solely to morphological differences, due to possible relationships 

between GLY conversion and ACR selectivity. Altering the GHSVs to achieve a constant GLY 

conversion of ca. 15 % over all three materials resulted in ACR selectivities of 14.5, 3.2 and 

1.5 % over Ce-C, Ce-R and Ce-P, respectively. This showed that the differences in ACR 

selectivity obtained over Ce-C vs. Ce-R and Ce-P was not due to differences in GLY 

conversion.  

To achieve comparable GLY conversion over the three materials, an increased contact time 

was required over Ce-C, therefore it was considered important to investigate the effect of 

increased contact time for Ce-R and Ce-P to determine whether the increased ACR observed 

for Ce-C was a result of the increased contact time. 

Numerous reactions were performed between 320 and 400 °C, with a variety of GHSVs 

explored, as shown in Table 5. As explained above, due to the inherent differences in surface 

area and consequent catalytic activity, it was not possible to compare product distributions 

at constant GLY conversions and GHSVs. Typically, at a given reaction temperature, an 

increase in contact time resulted in a decrease in ACR selectivity. This is illustrated by 

entries 2, 4 and 6 in Table 5. At a reaction temperature of 320 °C, ACR selectivities of 3.2, 

2.4, and 1.3 % were obtained at GHSVs of 11250, 3600, and 1500 h-1, respectively over Ce-

R. These results provide good confirmation that the increased ACR selectivity observed over 

Ce-C at iso-conversion was not a result of the increased contact time required to achieve 

comparable GLY conversions. Coupled with the experiments performed at iso-conversion, 

the experiments performed with increased contact times over Ce-R and Ce-P provide good 

evidence that the increased ACR selectivity observed over Ce-C was related to 

morphological differences between the catalysts, and was not merely a consequence of  GLY 

conversion or catalyst contact time. 

The highest MeOH productivity was observed over Ce-P at a reaction temperature of 400 °C 

and a GHSV of 3600 h-1, with a STY of 201 g h-1 kg-1cat. Reactions performed at 320 and 360 

°C over Ce-P showed that MeOH selectivity was not positively influenced by an increased 

contact time. Entries 3, 5, and 7 in Table 5 show reactions over Ce-P at 320 °C, at GHSVs of 

9000, 3600, and 1800 h-1, respectively; as the GHSV was reduced, MeOH selectivity 

decreased from 8.3 to 7.0 to 6.5 %. A similar trend was observed at 360 °C (entries 10 and 

12, Table 5), whereby reducing the SV from 3600 to 1800 h-1 resulted in MeOH selectivity 

decreasing from 12.0 to 9.4 %. These results suggest that MeOH itself may be further 

converted with increased catalyst contact, thus no attempts to improve the STY over Ce-P 

at 400 °C by increased contact time were made. 

Entries 15 and 17 in Table 5 compares reactions at 400 °C over Ce-R at GHSVs of 3600 and 

11250 h-1, respectively. It was hypothesised that a reduction in contact time may lead to an 
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increase in MeOH productivity due to a decrease in any sequential reactions which may lead 

to lower MeOH selectivities. However, the associated decrease in contact time from 1 to 0.3 

sec resulted in a significant decrease in MeOH selectivity, from 22.6 to 12.8 %. In contrast 

to the reaction performed at 3600 h-1, a significant quantity of HA was detected with a 

shorter contact time. This highlighted the importance of the conversion of intermediate 

products in order to maximise MeOH selectivity.  
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Table 5. Glycerol conversion and main product selectivities as a function of contact time at various temperatures 

Entry Catalyst Reaction T 

(°C) 

GHSV (h-1) Contact time 

(s) 

C
GLY

a
(%) ACR (%) MeOH (%) HA (%) 

1 Ce-C 320 3600 1.0 15 14.2 3.5 14.1 

2 Ce-R 320 11250 0.3 15 3.2 7.7 37.4 

3 Ce-P 320 9000 0.4 15 1.5 8.3 43.3 

4 Ce-R 320 3600 1.0 65 2.4 7.2 29.8 

5 Ce-P 320 3600 1.0 58 1.8 7.0 30.2 

6 Ce-R 320 1500 2.4 99 1.3 7.3 15.0 

7 Ce-P 320 1800 2.0 91 1.5 6.5 15.5 

8 Ce-C 360 3600 1.0 29 12.7 6.0 21.8 

9 Ce-R 360 3600 1.0 98 1.9 10.5 21.1 

10 Ce-P 360 3600 1.0 96 1.5 12.0 7.3 

11 Ce-R 360 1500 2.4 100 0.3 13.1 2.3 

12 Ce-P 360 1800 2.0 >99 0.5 9.4 2.0 

13 Ce-C 400 1800 2.0 >99 2.7 13.1 2.8 

14 Ce-C 400 3600 1.0 91 1.1 10.0 8.0 

15 Ce-R 400 3600 1.0 >99 0.8 22.6 0.4 

16 Ce-P 400 3600 1.0 >99 0.3 24.5 0.3 

17 Ce-R 400 11250 0.3 86 2.1 12.8 21.9 

a
 GLY conversion; Reaction conditions; 50 wt.% GLY/water flow 0.016 mL min-1, variable catalyst mass, 15 mL min-1 Ar, GHSV as reported; 3 hours. 
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4.2.7 Mechanistic discussion 
The results discussed above, both at a constant GHSV and at iso-conversion, suggest that 

ceria morphology does not affect catalyst activity, which appears to be dictated by surface 

area, but can significantly influence product distribution. At complete GLY conversion, 

MeOH space time yields (STY) followed the order of MeOH selectivity, with the highest STY 

obtained over Ce-P (201 g h-1 kg-1), followed by Ce-R (164 g h-1) and then Ce-C (47 g-1 kg-1). 

The MeOH STY trend at full conversion, mirrored the HA STY at low conversion, with values 

of 155 g h-1 kg-1, 105 g h-1 kg-1, and 12 g h-1 kg-1 for Ce-P, Ce-R and Ce-P, respectively. As 

shown in Figure 12, there appears to be a strong correlation between HA STY at low GLY 

conversion and MeOH STY at high conversion. 

 

Figure 12. Hydroxyacetone and methanol space time yields over Ce-C (pink), Ce-R (orange) 
and Ce-P (blue) where catalyst mass and carrier flow rates were altered to achieve glycerol 
conversions of > 99 %. Low conversion reactions performed at 320 °C; high conversion 
reactions performed at 400 °C. GHSVs between 1800 h-1 and 11250 h-1. 

As discussed in Chapter 3, HA is an intermediate product in the conversion of GLY to MeOH, 

formed by mono-dehydration at the terminal position. The high HA selectivity observed 

over Ce-P and Ce-R at ca. 15 % conversion, suggested that this was the dominant reaction 

pathway over these catalysts. As shown in Scheme 1, HA can undergo a radical 

fragmentation process, in a process closely related to a photochemical Norrish type 1 

mechanism (see appendix section 1), leading to the production of MeOH and acetyl radicals, 

which are reduced to MeOH and ACA respectively. Alternatively, 2,3-BD can form through 

the coupling of 2 acetyl radicals, whereas EtOH is the result of further ACA reduction.  

At low GLY conversion, moderate levels of 1,2-propandiol and propanoic acid were detected 

over Ce-P and Ce-R. The former was attributed to HA reduction and was not detected in any 
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significant quantity at high conversion, suggesting that 1,2-PD can be further converted 

throughout the process. It isn’t immediately clear how propanoic acid is formed, although it 

seems likely to be through HA isomerisation, as previously reported under similar reaction 

conditions.41 As discussed above, ACE was attributed to ACA ketonisation, due to the 

corresponding increase in CO2 and drop in ACA selectivity observed, although, it is also 

possible that ACE form through HA hydrogenolysis, or 1,2-PD dehydration. The number of 

observed products adds a level of complexity to the reaction, and makes it difficult to 

definitively ascertain the route for certain products. Given the reaction conditions, 

particularly those used for high conversion experiments, it seems likely that certain 

products, such as ACE, can be formed via more than one route. 

 

 Scheme 1. The major reaction pathway observed over Ce-R and Ce-P. 

The significantly lower HA selectivity observed for Ce-C at ca. 15 % conversion indicated 

that the HA route was not the dominant reaction pathway. The ACR selectivity (15 %) was 

unexpected, since previous investigations over basic materials including ceria have 

typically shown much lower ACR selectivity.46 Whereas HA is formed via dehydration at the 

terminal position, ACR, a double-dehydration product, is well known to form through a 3-

hydroxypropanal (3-HPA) intermediate, initiated by dehydration at the secondary 

position.41, 47, 48 3-HPA is reported to be a highly reactive species, which is not available 

commercially, thus its identity was not confirmed. Nevertheless, the increased selectivity to 

1,3-PD and AA, formed through 3-HPA and ACR reduction, respectively, suggest an 

alternative reaction pathway takes place over Ce-C, as shown in Scheme 2. In addition to 3-

HPA reduction and dehydration, a retro-aldol reaction is also possible, which would yield 

formaldehyde and ACA. Formaldehyde quantification was not performed, due to the 
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inability to analyse it by GC-FID, due to the low response factor. Additionally, formaldehyde 

is a highly reactive species, thus it seems likely that, if formed, it may go on to react further. 

GC-MS analysis, performed on a non-quantitative basis only, showed the presence of 1,3,5-

trioxane in the post-reaction feed, confirming that formaldehyde was formed. The high ACA 

selectivity observed for Ce-C was in agreement with this theory, since 3-HPA degradation 

becomes increasingly favourable over dehydration with increasing reaction temperature.49, 

50 

Since MeOH cannot be produced through the pathway shown in Scheme 2, the reduced 

MeOH production observed over Ce-C is attributed to an increase in this reaction pathway. 

These results indicate that a high selectivity to HA at low GLY conversion is crucial to 

obtaining a high MeOH selectivity at full conversion, over ceria catalysts.  

 

Scheme 2. The alternative reaction pathway observed over Ce-C. 

With the aim of gaining a further understanding of the mechanistic differences observed for 

Ce-C, in-situ DRIFTS experiments were attempted. The experimental set-up involved 

passing a stream of N2 gas through a heated bubbler containing an aqueous GLY solution. 

Unfortunately, the experiments were unsuccessful. Due to the high viscosity and low 

volatility of GLY, it was not possible to effectively introduce GLY into the system; any 

attempt to increase GLY in the gas stream resulted in significant increases in water vapour, 

which saturated any obtained spectra. As such, it was not possible to study the interactions 

of aqueous GLY feeds in the gas phase with the different ceria catalysts with the available 

equipment.   

The adsorption of water on the low index surfaces of ceria has been investigated using DFT 

techniques by Islam and co-workers.51 Dissociative water adsorption was found to be 

thermodynamically favourable over the (100) and (110) surfaces whereas associative and 

dissociative water adsorption was equally favourable for the (111) surface.  The 

temperatures of desorption showed that water desorption occurred much more readily 

over the (111) surface, likely due to the higher degree of coordination of the cerium cations. 

In contrast, the highest desorption temperature was calculated for the (100) surface, with 
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temperatures of ca. 550 – 575 °C required for desorption of dissociatively adsorbed water. 

Similar findings were made by Kropp et al., who found that dissociative water adsorption 

was strongly favoured over the (100) surface, leading to a fully hydroxylated surface.52 It is 

possible that the more strongly bound dissociative water present over the Ce(100) surface 

contributes to the divergence in reaction mechanism observed over Ce-C. Alternatively, it is 

possible that there are variations in the interactions between GLY and the different surfaces 

leading to differences in product distribution. Whilst these interactions are difficult to study 

experimentally due to the nature of GLY, this topic provides an interesting avenue to further 

explore through collaborations with computational chemists.  

4.3 Conclusions 
Ceria catalysts with well-defined cubic (Ce-C), rod-like (Ce-R), and polyhedral (Ce-P) 

morphologies were prepared by a hydrothermal synthesis method. TEM imaging showed 

that the (100) surface was exposed in Ce-C, with Ce-R possessing (110) and (100) surfaces, 

and Ce-P exposing the more stable (111) surface although additional (100) planes were also 

observed. The materials were thoroughly characterised and surface areas were found to 

follow the trend Ce-R > Ce-P >> Ce-C, which was an inverse trend to crystallite and particle 

size. Analysis by Raman spectroscopy allowed the density of defects to be estimated in the 

order Ce-R > Ce-C >> Ce-P. Further characterisation by H2-TPR, CO2 and NH3 showed there 

to be significant differences in reducibility, basicity, and acidity, respectively, across the 

materials.  

Initially, catalyst testing was performed over the materials at a GHSV of 3600 h-1 at reaction 

temperatures of 320, 360 and 400 °C. At all temperatures, GLY conversion was of the order 

Ce-R > Ce-P >> Ce-C, which was in agreement with the trend of surface area. At a reaction 

temperature of 320 °C, GLY conversion was 17, 65 and 58 % over Ce-C, Ce-R and Ce-P, 

respectively. Interestingly, once normalised to catalyst surface area, this corresponded to a 

value of ca. 0.28 µmol h-1 m-2 for all three materials. As the reaction temperature was 

increased to 360 °C, the level of GLY conversion increased to 29, 98 and 96 % for Ce-C, Ce-

R and Ce-P, respectively. A further increase in reaction temperature to 400 °C resulted in 

GLY conversions > 99 % for Ce-R and Ce-P, whilst a conversion of 91 % was obtained over 

Ce-C. Due to the significant differences in GLY conversion between Ce-R and Ce-P, and Ce-C 

at a given temperature, it was not possible to directly compared product distributions 

across the three materials under these conditions. As shown in Chapter 3, product 

distribution is heavily dependent on GLY conversion, thus it was considered to investigate 

the effect of ceria morphology at comparable GLY conversions. 

Subsequent reactions were performed whereby the catalyst mass was adjusted to achieve 

iso-conversion over the three morphologies. At a reaction temperature of 320 °C, GLY 
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conversions of ca. 15 % were achieved over Ce-C, Ce-R, and Ce-P at GHSVs of 3600, 11250 

and 9000 h-1, respectively. Under these conditions, significant quantities of HA were 

detected over all three materials, with selectivities of 43.3, 37.4, and 14.1 % over Ce-P, Ce-

R and Ce-C, respectively. The decreased HA selectivity observed over Ce-C was also 

accompanied by an increase in ACR selectivity (14.5 %) compared with Ce-R (3.2 %) and 

Ce-P (1.5 %). HA and ACR are formed via different reaction pathways, with HA involving 

dehydration at the terminal position. Alternatively, ACR is formed via a 3-HPA intermediate, 

initiated by the loss of the secondary hydroxyl group. Thus, the increased ACR selectivity 

observed over Ce-C is indicative of a divergence in reaction mechanism.  

Additional experiments were also performed with an increased mass of Ce-C at a reaction 

temperature of 400 °C, to achieve iso-conversion at high GLY levels (> 99 %). Under these 

conditions, MeOH was the major product formed over Ce-P and Ce-R, with selectivities of 

24.5 and 22.6 %. MeOH was also observed over Ce-C but with a significantly lower 

selectivity of 13.1 %. This corresponded to MeOH STYs of 201, 164 and 47 g h-1 kg-1cat over 

Ce-P, Ce-R and Ce-C, respectively. A strong correlation was shown to exist between HA STY 

at low conversion, and high MeOH STY at high GLY conversion. Since MeOH is 

predominantly produced via HA fragmentation, the lower MeOH productivity obtained over 

Ce-C was attributed to the divergence in reaction mechanism described above. Products 

such as AA and 1,3-PD, also produced via the same reaction pathway as ACR, were observed 

in higher selectivities over Ce-C providing further support to this theory.  

Due to the inherently lower activity of Ce-C, a significantly higher contact time was required 

to achieve comparable GLY conversions. Numerous reactions were performed with 

increased contact times over Ce-R and Ce-P to identify whether any relationship existed 

between increased contact time and the increased ACR selectivity observed over Ce-C. 

Whilst the effect of contact time was not probed in depth over Ce-R and Ce-P, typically ACR 

selectivity was found to decrease with increasing contact time. Consequently, the increased 

ACR selectivity observed over Ce-C can be attributed to differences within the catalysts and 

not to the reaction conditions used. Future work should focus on gaining a greater 

understanding of the interactions of aqueous GLY feedstocks with the low index surface 

present within the ceria catalysts in order to further explore differences in reaction 

mechanisms. 

The highest MeOH selectivity and STY were obtained over Ce-P at 400 °C and 3600 h-1, with 

values of 24.5 % and 201 g h-1 kg-1cat, respectively. This suggests that the (111) surface, 

predominantly exposed in Ce-P, is preferential for the conversion of GLY to MeOH. The 

lower defect density and smaller pore volume present in Ce-P were found to be beneficial 

for MeOH selectivity, potentially due to a reduction in sequential reactions which reduce 
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MeOH yields. The dependency of MeOH selectivity on the exposed ceria surface provides a 

basis to inform rational catalyst design moving forward. Additionally, the strong correlation 

between high HA STYs at low GLY conversions, and high MeOH STYs at high GLY 

conversions highlights the mechanistic requirements to achieve high MeOH productivity.  
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Chapter 5 
Transition metal doped ceria for the conversion of 
glycerol to methanol 

5.1 Introduction 
As shown in the previous results chapters, HA is the major intermediate in the conversion 

of GLY to MeOH over ceria-based catalysts, and is the dominant product detected at low 

conversion. The results presented in Chapter 4, whereby a strong correlation between HA 

space time yields at low GLY conversion and MeOH space time yields at high GLY conversion 

was demonstrated, suggesting that a high selectivity towards the HA pathway is crucial in 

obtaining high MeOH selectivity over ceria-based catalysts. 

Whilst GLY dehydration has mainly been focussed on the production of ACR, there have 

been a number of studies which report the conversion of GLY to HA in good yields over 

copper based catalysts. HA was reported with a selectivity as high as 97 % by Chiu et al., 

over copper-chromite catalysts, at a reaction temperature of 230 °C with a 2.5 wt,% aqueous 

GLY feedstock.1 A low partial pressure of GLY was required in order to achieve high HA 

selectivity; decomposition products were found to form with second-order reaction 

mechanisms, thus by-product formation was reduced at lower GLY partial pressures. Sato 

et al. identified binary Cu-Zn-Zr-Al oxide materials as active catalysts for GLY dehydration 

to HA.2 The highest HA selectivity of 90 mol.% was reported over a 60 mol.% Cu/Al2O3 

catalyst at a reaction temperature of 250 °C with a 30 wt.% aqueous GLY feed diluted with 

N2 carrier gas. The authors found that pre-treatment of the catalyst under H2 at reaction 

temperature (250 °C) was crucial to achieve high activity and catalyst stability. The 

unreduced Cu/Al2O3 catalyst showed significant deactivation over the 5-hour reaction 

period, attributed to coke formation, whereas the reduced catalyst maintained high activity 

and HA selectivity over the same time-on-stream. This led the authors to conclude that Cu0 

was the active site for the dehydration of GLY to HA. 

Batiot-Dupeyrat and co-workers reported a HA yield of 76 % over a La2CuO4 catalyst at a 

reaction temperature of 280 °C with a feedstock of 20 % v/v pure GLY in N2.3 In contrast to 

the findings of Sato et al., the reduction of La2CuO4 with H2 prior to reaction was detrimental 

to GLY conversion and HA selectivity, with low HA yields reported over Cu0 catalysts. 

Results suggested that whilst Cu+ was active for the conversion of GLY to HA, but the lower 

activity of Cu2O vs. La2CuO4 suggests that interaction between lanthanum and copper is 

beneficial for HA production. Significantly higher activity was observed over La2CuO4 
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compared with Cu0/La2O3, with 80 mg of the former required to achieve the same activity 

as 1 g of the latter, highlighting the beneficial role of Cu and La species.  

Concentrated aqueous GLY feedstocks (80 wt.%) were also investigated by Batiot-Dupeyrat 

and co-workers.4 In the presence of water, 5 wt.% Cu-MgF2 was found to be significantly 

more active than La2CuO4, resulting in HA yields of 45.5 and 26.7 %, respectively, at a 

reaction temperature of 260 °C. The superior activity of Cu-MgF2 compared with Cu-MgO, 

Mg(OH)F, and La2CuO4 was attributed to its Lewis acidity, and the ability of the catalyst to 

stabilise copper in the +1 state. 

Recent work within the group showed that MeOH productivity could be enhanced by 

incorporating praseodymium into a ceria catalyst.5 The surface area normalised MeOH STY 

was found to be 0.052, 0.029 and 0.076 mmolMeOH m−2 h−1 over CeO2, CeZrOx and CePrOx 

respectively. In contrast to zirconium, which led to a decrease in MeOH productivity as a 

consequence of increased ACR selectivity, the incorporation of Pr was beneficial for MeOH 

production. Whilst the inclusion of Pr led to a decrease in catalyst surface area from 56 to 

28 m2 g-1, resulting in a decrease in GLY conversion, the MeOH selectivity remained high, 

leading to an increase in intrinsic activity. It was considered that the presence of a Ce-Pr 

solid solution, and the enhanced reducibility, were advantageous for the conversion of GLY 

to MeOH. 

The aim of this chapter was to explore the effects of copper and cobalt dopants on the 

performance of ceria catalysts for MeOH production. Copper has been shown to be 

beneficial for the conversion of GLY to HA, the main intermediate to MeOH, thus it was 

hypothesised that a copper doped ceria catalyst may provide superior activity. Additionally, 

the incorporation of both copper and cobalt dopants has been shown to significantly 

enhance the reducibility of ceria catalysts, which was considered to be a factor in the 

relatively high activity of CePrOx compared with CeO2, as described above. Throughout this 

chapter, the effect of copper and cobalt dopants on MeOH are investigated via the synthesis, 

characterisation, and testing of CeO2, CuCeOx and CoCeOx catalysts. 

5.2 Results 

5.2.1 The preparation of ceria and doped ceria through co-precipitation 
routes 
Ceria (CeO2), copper doped ceria (CuCeOx), and cobalt doped ceria (CoCeOx) were prepared 

from their respective nitrate precursors using sodium carbonate as a precipitation agent. 

Experimental details for the preparations are described fully in section 2.2.4. TG-DTA 

analysis (Figure 1) was performed on the precipitated materials prior to calcination but 

after thorough drying (110 °C, 16 hours). The CeO2 precursor exhibited a total mass loss of 

20.2 % by 800 °C, with a mass loss of 17.7 % occurring between 205 – 265 °C. The total mass 
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loss is close to the theoretical mass loss for the following decomposition reaction of basic 

cerium carbonate: 

4𝐶𝑒(𝑂𝐻)𝐶𝑂3 + 𝑂2 → 4𝐶𝑒𝑂2 + 4𝐶𝑂2 + 2𝐻2𝑂 

Similar mass loss profiles were observed for the CuCe and CoCe precursors, although the 

major mass loss event occurred over a wider temperature range, particularly for the CuCe 

precursor. For all three materials, the major mass loss event was accompanied by an 

endotherm, occurring at 245, 266, and 261 °C for Ce, CuCe, and CoCe precursors, 

respectively. The endothermic behaviour observed has been previously attributed to the 

dehydration and decarbonisation of Ce(OH)CO3 during the decomposition-oxidation 

transformation to CeO2.6-8 

  

Figure 1. TGA (upper panel) and DTA (lower panel) profiles of the Ce, CuCe and CoCe 
precursors prior to calcination. The profile of commercially available cerium carbonate 
hydrate is also shown for comparison. Analysis conditions: 20 – 50 mg of sample, 5 °C min-1 
ramp rate, synthetic air atmosphere. 

Based on the TG-DTA profiles, a calcination temperature of 500 °C was used. All results and 

characterisation henceforth referred to the calcined materials, denoted as CeO2, CuCeOx and 

CoCeOx. Precursor ratios were calculated to give a dopant ratio of 10 mol.%. ICP-MS analysis 

was performed to determine the dopant concentrations within the bulk structures (Table 

1). The dopant molar ratios were found to be 9.2 and 11.2 % for copper and cobalt, 

respectively, close to the nominal values expected from the ratio of precursors used within 

the preparation. 
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Figure 2. PXRD patterns of CeO2, Cu0.1Ce0.9Ox, Co0.1Ce0.9Ox. 

Figure 2 shows the PXRD patterns for the as-prepared samples, with further details 

provided in Table 1. All observed diffraction peaks observed were indexed to the cubic 

fluorite structure of ceria (space group Fm3m, JCPDS 01-089-8436). No diffraction peaks 

associated with copper or cobalt oxides were present, suggesting a homogeneous 

distribution of dopant ions within the ceria lattice. Whilst no dopant diffraction peaks were 

observed, this does not provide definitive confirmation that all the dopant ions were 

incorporated into the ceria lattice. The absence of diffraction peaks for the dopant phase 

confirmed the absence of a separate crystalline dopant phase although it is possible for the 

dopants to be present as amorphous oxide phases, or as small crystallites below the 

detection limit of XRD.9-11  
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Figure 3. Inset of PXRD patterns of CeO2, Cu0.1Ce0.9Ox, Co0.1Ce0.9Ox showing the CeO2(111) 
diffraction peak 

As shown in figure 3, the addition of copper and cobalt dopants resulted in a slight shift of 

diffraction peaks to higher values of 2θ. Since higher values of 2θ are representative of a 

smaller lattice parameter, the shift in diffraction peaks is representative of lattice 

contraction. This was evidenced by the decrease in the lattice parameter (5.416 and 5.410Å 

for CuCeOx and CoCeOx, respectively) when compared with the undoped sample (5.423 Å). 

The ionic radii of Cu ions (Cu2+ = 0.73 Å; Cu+ = 0.77 Å) and Co ions (Co3+ = 0.61 Å; Co2+ = 

0.75Å) are significantly smaller than that of Ce4+ (0.97 Å) so the decrease in lattice 

parameter is indicative of the inclusion of smaller dopant ions into the ceria lattice.12-14 

However, the effect of dopants on the lattice parameter of ceria is not trivial and 

complicated by several competing effects. The inclusion of aliovalent dopants such as Cu2+ 

or Co2+ results in an increase in oxygen vacancy defect, as shown in equation 1: 

𝐶𝑢𝑂 = 𝐶𝑢𝐶𝑒
′′ + 𝑉𝑂

·· + 𝑂𝑂 

 

Eq. 1 

Whereby Cuce’’ represents Cu2+ in the place of a Ce4+ ion within the ceria lattice with double 

negative charge, Vö represents an oxygen vacancy with a double positive charge and OO 

represents an oxygen anion occupying a lattice site with neutral charge. Oxygen vacancies 

have been found to have a significantly smaller ionic radius (1.16 Å) than oxygen anions 

(1.38 Å).15, 16 Whilst the presence of smaller dopant ions and oxygen vacancies may lead one 

to expect a significant decrease in lattice parameter, the presence of oxygen vacancies is 

accompanied by the reduction of nearby Ce4+ ions to Ce3+ to compensate for the difference 

in charge between Ce4+ and Cu2+ ions and maintain overall charge neutrality.14 Since the 
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ionic radius of Ce3+ is noticeably larger than that of Ce4+ (Ce3+ = 1.14 Å; Ce4+ = 0.97 Å), its 

presence can lead to expansion of the ceria lattice, resulting in a larger lattice parameter.12, 

17, 18 Thus, it is considered that the variation in lattice parameter observed with the addition 

of copper and cobalt dopants provides good evidence for incorporation of these elements 

into the ceria lattice. 

The diffraction pattern for pure CeO2 displayed significantly sharper peaks than the doped 

samples, indicative of increased crystallinity. The Scherrer equation was used to estimate 

crystallite sizes based on the (111) diffraction peak; calculations performed on the (200) 

peak were also agreement. As shown in Table 1, crystallite sizes were 15, 7 and 6 nm, for 

CeO2, CuCeOx and CoCeOx, respectively. The inclusion of dopant elements resulted in an 

increased lattice strain, due to the resulting defects induced within the lattice. This increase 

in strain within the lattice can disrupt crystallite growth, hence resulting in smaller 

crystallite sizes.19 An inverse relationship between crystallite size and surface area was 

observed. Surface area was found to follow the trend CoCeOx > CuCeOx > CeO2 with both 

doped materials showing similarly enhanced surface areas compared to the undoped ceria. 

Table 1. Structural properties of ceria and doped ceria 

Sample Dopant 
molar 

ratio (%) 

111 peak 
position 
(°) 

Crystallite 
size (nm)b 

Lattice 
parameter 
(Å)b 

Lattice 
strain 
(%)b 

Surface 
area (m2 g-

1)c 

CeO2 

 

28.485 15 5.423 0.93 46 

CuCeOx 
 

9.2 28.519 7 5.416 1.97 61 

CoCeOx 
 

11.2 28.553 6 5.410 2.21 63 

a. Determined by ICP-MS; b. Determined from PXRD; c. Calculated from N2 sorption isotherms 

5.2.2 The effect of Cu and Co dopants on the physicochemical properties of 
ceria 
Raman spectroscopy was used to gain a further understanding into the effects of dopants 

on the structure of the ceria-based catalysts, particularly with regards to defect properties.  

As shown in Figure 4, all spectra were dominated by an intense peak at ca. 464 cm-1 which 

is attributed to the F2g vibrational mode of ceria, representative of the symmetrical 

stretching of the Ce-O8 unit cell. The F2g peak was shifted by ca. 2 cm-1 for both CuCeOx and 

CoCeOx. This red shift is indicative of inhomogeneous strain and phonon confinement, which 

is observed with smaller crystallites.20 In addition to the peak shift, significant broadening 

of the F2g mode was observed following the substitution of copper and cobalt into the ceria 
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lattice. An inverse relationship exists between the full-width-half-maximum (FWHM) of the 

F2g mode and CeO2 crystallite size,21, 22 which is consistent with the smaller crystallite sizes 

for the doped materials, as derived by XRD. The intensity of the F2g mode in the undoped 

sample was significantly higher (ca. x25) than in the doped samples, indicative of disorder 

within the anionic sublattice of the doped materials.23 

 

Figure 4. Visible Raman spectra of CeO2, Cu0.1Ce0.9Ox, Co0.1Ce0.9Ox. Obtained at λ = 514 nm with 
a laser power of 5 %. Inset shows 300 – 800 cm-1 spectral region 

In addition to the F2g mode, a broad peak at a Raman shift of ca. 600 cm-1 was also observed. 

Whilst the intensity was very weak for the undoped sample, this peak was significant for 

both the doped materials. The mode at ca. 600 cm-1 is attributed to the presence of intrinsic 

anionic Frenkel defects, whereby oxygen anions are vacant from their lattice sites and are 

instead present in interstitial sites.24-27 Closer inspection of the spectra for CuCeOx showed 

that the band at ca. 600 cm-1 was comprised of three peaks with maxima at ca. 560, 595 and 

626 cm-1; due to the overlap and broad nature of the peaks, deconvolution was not possible. 

The peak centred at ca. 560 cm-1 has been attributed to the presence of oxygen vacancies 

coupled with Ce3+ or aliovalent dopant cations.27-29 On the other hand, the band centred at 

626 cm-1 has been associated with extrinsic defects, induced through the addition of dopant 

elements.25, 30 Whilst these additional defect bands were not observed for CoCeOx, full peak 

deconvolution was not performed, therefore, it is possible that these modes were obscured 

by the band centred at 595 cm-1.  
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The spectrum obtained for CoCeOx displayed an additional mode, at a Raman shift of 236 

cm-1, that was absent for both of the other samples. It was not possible to unambiguously 

assign this mode. A peak at ca. 250 cm-1 has previously been reported for ceria 

nanostructures, and has been attributed to the longitudinal stretching of surface Ce-O 

layers31 and to surface Ce-OH vibrations.32 Since this mode has been associated with 

increasing surface-to-volume ratio, it is possible that the peak observed in the CoCeOx 

spectrum could be assigned to a surface species. Whilst the cobalt doped sample exhibited 

the smallest crystallite size, the difference in crystallite size between the Cu and Co samples 

was minimal, so if this mode were representative of a Ce-O or Ce-OH stretch, it would likely 

be present in the CuCeOx spectra, albeit with a weaker intensity. Additionally, the shift 

between expected peak position of 250 cm-1 and observed peak position of 236 cm-1 is likely 

too large to be explained by the addition of Co as a dopant. Furthermore, the position of this 

peak could not be assigned to any Raman active cobalt oxide modes.12, 33  

Since all the Raman modes from 560 – 630 cm-1 have been attributed to the presence of 

defects within ceria based materials, the relative peak areas of the defect band mode(s) and 

F2g mode (ID/IF2g) can provide information of the relative concentration of defects within the 

materials.27, 29, 30 The ratios of the defect band and F2g mode are presented in Table 2, and 

follow the trend CoCeOx > CuCeOx >> CeO2. This indicates that the quantity of defects within 

the doped materials is significantly higher than in the undoped materials. The concentration 

of defects was calculated to be slightly higher in the cobalt doped sample, although the 

precise nature of the defects may differ between the Co and Cu samples in a way that was 

not resolvable from the obtained spectra. 

Table 2. Defect properties as measured by Raman spectroscopy 

Material F2g band 
position (cm-1) 

F2g FWHM  
(cm-1) 

D band position 
(cm-1) 

ID/IF2g 

CeO2 464 13.9 598 1.59 x 10-3 

CuCeOx 462 70.2 560, 595, 626 0.468 

CoCeOx 462 59.4 595 0.609 

 

H2-TPR was used not only to analyse the reducibility of the materials, but also as a means of 

further studying the surface species following the addition of dopants. As shown in Figure 

5, a bimodal peak distribution was obtained for CeO2. A broad low intensity peak was 

observed with a maximum at 510 °C with a second peak centred at 810 °C, attributed to the 

reduction of surface and bulk species, respectively. Numerous studies have correlated the 
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area of the low temperature (< 600 °C) reduction peak with the surface area of ceria, 

although quantitative surface area measurements are not reliable through this method.34-36  

The high temperature, bulk reduction peak (centred at ca. 810 °C) was unaffected by the 

incorporation of copper and cobalt. Alternatively, the reduction profiles of CeO2, CuCeOx and 

CoCeOx exhibited significant differences below 650 °C. An intense peak with a maximum of 

178 °C was observed for CuCeOx, whilst a weak shoulder at 152 °C could also be detected. 

This was indicative of the presence of Cu-O-Ce species and small highly dispersed CuOx 

surface species, respectively.36-38 The absence of a reduction peak between 200 – 250 °C was 

in agreement with XRD analysis, confirming the absence of crystalline copper oxide. These 

results suggest that the CuCeOx catalyst is indeed copper doped ceria, although small well-

disperse copper oxide species may exist on the surface.  

 

Figure 5. H2-TPR profiles of CeO2, Cu0.1Ce0.9Ox, Co0.1Ce0.9Ox where CeO2 is represented by the 
bottom black line, Cu0.1Ce0.9Ox by the green middle line and Co0.1Ce0.9Ox by the purple top line. 
All samples were heated at a rate of 10 K min-1 under 30 mL min-1 10 % H2/Ar. 

A more complex reduction profile was observed for CoCeOx with peak maxima present at 

234, 332 and 452 °C. The peak at 452 °C is attributed to the reduction of surface ceria 

species, which occurs at a lower temperature due to the promotional effect of CoOx and CeO2 

on each other’s reducibility.39, 40  The peaks at lower temperatures have been attributed to 

the reduction of Co3O4 and CoO.41, 42 As shown in Table 3, significant differences in H2 

consumption values were observed amongst the three catalysts; overall H2 consumption 

followed the order CoCeOx > CuCeOx > CeO2. 
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Significant differences in the CO2 desorption profiles were also observed (Figure 6). As an 

acidic molecule, CO2 TPD is a well-established technique for investigating the basicity of 

materials. All samples were first analysed under blank conditions, whereby no CO2 was 

admitted into the system, in order to confirm that no catalyst decomposition occurred and 

that the pre-treatment conditions were adequate for the removal of any atmospheric 

adsorbates. All the catalysts showed complex desorption profiles, which presented 

challenges with effective peak deconvolution. Nevertheless, it is clear that the strength and 

quantity of basic sites varies with the addition of Cu and Co dopants. 

 

Figure 6. CO2-TPD profiles of CeO2, Cu0.1Ce0.9Ox, Co0.1Ce0.9Ox where CeO2 is represented by the 
bottom black line, Cu0.1Ce0.9Ox by the green middle line and Co0.1Ce0.9Ox by the purple top line. 
All samples were heated at a rate of 10 K min-1 under 30 mL min-1 He. 

Whilst very similar quantities of CO2 were desorbed from CeO2 and CoCeOx on a μmol g-1, 

once normalised for the differences in surface area, the quantity of CO2 desorbed followed 

the trend CeO2 > CoCeOx > CuCeOx. As shown in Figure 6, the major CO2 desorption peak for 

CeO2 occurred at ca. 165 °C; additional weaker peaks could also be observed as broad 

overlapping peaks with maxima at 230, 545 and 635 °C. For CuCeOx, the majority of CO2 was 

desorbed between 120 – 700 °C, with two broad overlapping peaks centred at 235 and 560 

°C. In addition to this, additional sharper peaks were observed at temperatures > 800 °C, 

indicating the presence of more strongly basic sites. Below 675 °C, CoCeOx showed a broad 

desorption profile, with peak maxima at 190, 312, and 550 °C. Similarly to CuCeOx, 

additional shaper peaks were observed at temperatures of 755 and 860 °C, suggesting the 

presence of strongly basic sites. These results suggest that there may be a greater quantity 

of basic sites present in CeO2, due to the greater quantity of CO2 desorbed, although the 
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strength of basic sites appears higher in the doped samples, as indicated by the higher 

desorption temperatures observed. 

Table 3. H2 consumption and CO2 desorption as measured by H2-TPR and CO2-TPD, 
respectively 

Material H2 consumption 
(μmol g-1) 

H2 consumption 
(μmol m-2) 

CO2 desorbed 
(μmol g-1) 

CO2 desorbed 
(μmol m-2) 

CeO2 153 3.32 79.8 1.73 

CuCeOx 779 12.77 61.7 1.01 

CoCeOx 1150 18.25 80.7 1.28 

 

5.2.3 Glycerol conversions 
Initially, the catalysts were tested with 500 mg of catalyst (diluted with SiC) and a 50 wt.% 

GLY feedstock at 320 °C. This corresponded to a GHSV of 3600 h-1 for CeO2 and 3000 h-1 for 

CuCeOx and CoCeOx, due to the slightly higher density of the undoped material. The obtained 

product distributions, GLY conversions and carbon balances are shown in figure 7. GLY 

conversion of 58, 44, and 48 % were obtained over CeO2, CuCeOx and CoCeOx, respectively, 

despite the significantly lower surface area of CeO2 (46 m2 g-1) compared with CuCeOx (61 

m2 g-1) and CoCeOx (63 m2 g-1). Normalisation of GLY conversion to surface area showed the 

activity to be of the order CeO2 > CoCeOx ≈ CuCeOx. As shown in previous chapters, there is 

a significant relationship between GLY conversion and product distribution, with 

intermediate products such as HA favoured at low GLY conversion. Thus, an additional 

experiment was also performed with a reduced mass of CeO2 catalyst (300 mg) in order to 

achieve a GLY conversion (45 %) comparable with that obtained over the doped materials. 

No significant difference in carbon balance was observed across the materials, with values 

ranging between 87-91 %. 

As shown below, ketone selectivity was highest for CuCeOx followed by CoCeOx, 

predominantly due to the high selectivity towards HA, at 42.4 and 39.6 %, respectively, 

which was in agreement with the theory that dopant ions may increase HA selectivity at 

lower conversions. Noticeable lower diol selectivity was observed over the doped materials, 

with reduced amounts of 1,2-PD and EG when compared with CeO2, despite higher levels of 

H2 production also being observed. MeOH selectivity was fairly low (< 10 %) over all 

catalysts, likely due to the relatively low reaction temperature and GLY conversion, which 

were not sufficient to effectively convert intermediate products to MeOH.  
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Figure 7. Product distributions etc. over CeO2 (black bars), CuCeOx (green striped bars), 
CoCeOx (purple hatched bars) and CeO2 (300 mg) (white checkerboard bars). Reaction 
conditions; 320 °C, 50 wt. % glycerol (0.016 mL min-1), 15 mL min-1 Ar, 3 hours, GHSV = 3600 
h-1 (5000 h-1 for CeO2 (300 mg)). 

As the reaction temperature was increased to 360 °C, a significant increase in GLY 

conversion was observed over CeO2 (98 %), whilst conversions of ca. 80 % were obtained 

over CuCeOx, CoCeOx and CeO2 (300 mg) (Figure 8). Whilst noticeably higher GLY 

conversion was observed, HA was the major product detected over all catalysts, although 

with lower selectivities than observed at 320 °C. Moderate increases in ACA and MeOH 

selectivity were also observed suggesting HA conversion did occur at these conditions. No 

significant differences in product distribution were observed between CeO2 (300 mg), 

CuCeOx and CoCeOx, with HA selectivities of 31.1, 27.8, and 29.8 %, respectively, calculated. 

Very similar selectivities to ACA and MeOH were also obtained over the three materials. ACA 

selectivities were found to be 8.9, 9.8, and 9.6 % respectively, over CuCeOx, CoCeOx and CeO2 

(300 mg), while the corresponding MeOH selectivities were 8.9, 9.4, and 10.7 %.  

The moderate (typically < 10 %) ACA and MeOHs selectivities observed under these 

reaction conditions, along with the moderate (ca. 30 %) HA selectivity, suggest that HA is 

not effectively converted to MeOH under these conditions. As shown in previous chapters, 

a significant increase in MeOH selectivity and STY is often observed as the reaction 

temperature is increased to 400 °C, thus additional experiments at a higher reaction 

temperature were performed. 
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Figure 8. Product distributions etc. over CeO2 (black bars), CuCeOx (green striped bars), 
CoCeOx (purple hatched bars) and CeO2 (300 mg) (white checkerboard bars). Reaction 
conditions; 360 °C, 50 wt. % glycerol (0.016 mL min-1), 15 mL min-1 Ar, 3 hours, GHSV = 3600 
h-1 (5000 h-1 for CeO2 (300 mg)). 

Increasing the reaction temperature to 400 °C resulted in completed GLY conversion over 

CeO2, with conversions of 94, 95, and 95 % over CuCeOx, CoCeOx, and CeO2 (300 mg), 

respectively (Figure 9; full product distributions are shown in Table A5.3). Significantly 

higher MeOH and COx selectivies were obtained over CeO2 along with reduced selectivities 

towards diols, ketones, and unknown products. Only traces of HA were detected, with the 

ketone selectivity comprised predominantly of ACE and 2,3-BD. Both of these products are 

considered to be terminal products which do not react further under the given conditions, 

as discussed in previous chapters. MeOH selectivity followed the trend CeO2 > CeO2 (300 

mg) > CoCeOx > CuCeOx. MeOH selectivity was significantly higher for CeO2 (21.3 %) 

compared with CeO2 (300 mg) (12.9 %) which was attributed to the increased conversion 

of HA with a higher catalyst mass and GLY conversion. Once again, this highlights the 

importance of effectively converting intermediate products, to maximise MeOH selectivity. 

Significant differences in product distribution were observed across CuCeOx, CoCeOx and 

CeO2 (300 mg). Whilst the addition of dopants resulted in a moderate increase in carbon 

balance (ca. 5 %), they were not beneficial for MeOH selectivity. Whilst higher levels of HA 

were observed at low conversion over the doped materials, this did not translate to high 

MeOH selectivity at high conversion. Lower HA selectivity was detected over the doped 
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materials, which along with the increased ACA selectivity, suggests that HA was converted 

to some extent under these conditions, although this wasn’t an effective route to MeOH. The 

lower alcohol selectivity observed for the doped materials compared with CeO2 (300 mg) 

was accompanied by an increase in COx; COx selectivity was calculated to be 15.0, 14.1, and 

6.9 % for CuCeOx, CoCeOx, and CeO2 (300 mg). These results, discussed in more detail below, 

suggest that produced MeOH may not be stable over the doped catalysts. Thus, it would be 

beneficial to investigate the stability of the MeOH, under reaction conditions and through 

spectroscopic techniques (e.g. DRIFTS) to assess how any interactions between the catalyst 

and MeOH may reduce MeOH selectivity. 

 

Figure 9. Product distributions etc. over CeO2 (black bars), CuCeOx (green striped bars), 
CoCeOx (purple hatched bars) and CeO2 (300 mg) (white checkerboard bars). Reaction 
conditions; 400 °C, 50 wt. % glycerol (0.016 mL min-1), 15 mL min-1 Ar, 3 hours, GHSV = 3600 
h-1 (5000 h-1 for CeO2 (300 mg)). 

All product selectivies are calculated on a carbon mole basis, to account for the different 

number of carbon atoms in several products (e.g. MeOH is C1, ACA is C2, HA is C3). Whilst 

this effectively represents the selectivity to all carbon containing products, what is not 

shown is any hydrogen produced. As shown below (Figure 10), significantly more H2 was 

produced over the doped materials than undoped ceria. Comparing the product 

distributions over CuCeOx, CoCeOx and CeO2 (300 mg) at 400 °C showed that significantly 

higher COx selectivities were observed over CuCeOx, CoCeOx compared with CeO2. The 

reactions performed with CeO2 (500 mg) cannot be directly compared in terms of COx 
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selectivity due to the differences in GLY conversion. Whilst the difference between 95 and 

100 % GLY conversion may not seem particularly significant, noticeable differences in 

product distribution are observed between these conversion levels. As shown in previous 

chapters, at GLY conversions > 99 % a significant increase in terminal products, such as 

MeOH and COx, are observed due to the increased conversion of intermediate products.  

The increased COx observed over CuCeOx and CoCeOx compared with CeO2 (300 mg) was 

comprised predominantly of CO. With CeO2 (300 mg) the CO/CO2 ratio was approximately 

0.85 whereas it was ca. 2.27 over the doped catalysts. The increased selectivity towards CO 

and H2 obtained over CuCeOx and CoCeOx, alongside the reduced MeOH productivity, 

suggest that MeOH may be further converted over these catalysts. The ratio of CO/CO2 is 

indicative of MeOH decomposition (CH3OH → CO + 2H2) as opposed to MeOH steam 

reforming (CH3OH + H2O → CO2 + 3H2).43 MeOH STYs were calculated to be 161.2, 83.3, 91.4, 

and 158.1 g h-1 kg-1cat for CeO2, CuCeOx, CoCeOx, and CeO2 (300 mg), respectively. Whilst 

MeOH productivity was significantly lower over the doped catalysts, the moderate ACA and 

HA selectivities are in agreement with the theory that MeOH was produced and then further 

converted. MeOH STY followed the order CeO2 >> CoCeOx > CuCeOx, whereas H2 production 

followed the inverse order of CuCeOx > CoCeOx >> CeO2. 

 

Figure 10. H2 selectivity and production in mmol over CeO2, CuCeOx, CoCeOx and CeO2 (300 
mg) at 400 °C. Reaction conditions; 400 °C, 50 wt. % glycerol (0.016 mL min-1), 15 mL min-1 Ar, 
3 hours, GHSV = 3600 h-1 (5000 h-1 for CeO2 (300 mg)). 
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5.2.4 In-situ H2 consumption 
As described above, moderate H2 yields were obtained over CuCeOx and CoCeOx. In addition 

to this, a reasonably high selectivity to aldehydic products was also observed, with ACA 

comprising ca. 15 % of the product selectivity. Whilst H2 was produced under the conditions 

described above, species such as aldehydes and ketones were not significantly reduced to 

their corresponding alcohols under those conditions. This is not particularly unexpected 

given the absence of a hydrogenation catalyst. The hydrogenation of aldehydic species with 

H2 produced in-situ is an interesting scenario which may provide a route to increased 

alcohol yields, despite a reduction in MeOH productivity.  

Due to the complexity of the reaction scheme, model reactions were performed whereby 

the concentrations of ACA and H2 produced over CuCeOx at 400 °C were replicated by co-

feeding a dilute ACA stream with H2 to investigate the feasibility of using a hydrogenation 

catalyst in a second catalyst bed to reduce aldehydic species at low partial pressures of H2. 

Reactions were carried out at atmospheric pressure, with a H2 partial pressure of 0.15 bar. 

The catalysts investigated were Pt/Al2O3, Pt/C and Ru/C; all catalysts had a metal loading of 

5 wt.% and were commercial catalysts. Catalyst testing was performed at 80, 100 and 120 

°C (Figure 11), and catalysts were pre-reduced prior to use. 

 

Figure 11. Acetaldehyde conversion (filled symbols) and ethanol selectivity (hollow symbols) 
over Pt/alumina (black squares), Pt/C (red circles), and Ru/C (blue triangles) at 400 °C. 
Reaction conditions; 80 – 120 °C, 100 mg 5 wt.% catalyst, GHSV ca. 15000 h-1, 3 hours on line. 
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Due to the presence of unidentified gas phase products, EtOH selectivity was calculated as 

the % of EtOH formed (mmol) compared with the theoretical maximum quantity of EtOH 

formed at that level of ACA conversion. ACA conversion followed the order Pt/Al2O3 > Ru/C 

> Pt/C, and increased for all catalysts with increasing temperature. Despite the higher 

activity of Pt/Al2O3, the highest EtOH yield of 19.1 % was obtained over Ru/C. Selectivity to 

EtOH was lowest for Pt/Al2O3, despite it showing the highest ACA conversion. This is likely 

due to the acidic nature of the support, which has been shown to catalyse ACA dehydration 

to ethylene.44, 45 The unidentified gas phase products were confirmed not to be CO, CO2, CH4 

or MeOH, with ethylene and ethene likely formed by ACA dehydration and subsequent 

reduction. The higher selectivity to EtOH observed over the C supported catalysts was likely 

due to a suppression in ACA dehydration with reduced acidity.45 

It should be noted that these experiments were preliminary studies with no optimisation of 

reaction parameters, thus the yields achieved over Ru/C suggest that it may be worth 

further exploring this catalyst for the reduction of ACA to EtOH, under optimised reaction 

conditions, before using more realistic operating conditions, i.e. with multiple substrates 

present.  

5.3 Conclusions 
The addition of copper and cobalt to cerium oxide catalysts has been explored for the 

conversion of GLY to MeOH. Characterisation of the materials showed the dopant ions (10 

mol.%) were well incorporated into the ceria lattice, with no phase segregation detected; 

the doped materials had an increased surface area compared with the undoped ceria, with 

smaller crystallite sizes also observed. Raman spectroscopy showed the defect density 

followed the trend CoCeOx > CuCeOx >> CeO2, which was the same trend as H2 consumption, 

although the Cu catalyst showed significantly higher H2 consumption at low temperatures. 

The basicity of the materials was probed by CO2 TPD. Overall CO2 desorption was highest 

for CeO2 followed by CoCeOx, although the doped materials showed high temperature (> 

800 °C) desorption peaks, indicating the presence of more strongly basic sites. 

At all reaction temperatures tested, GLY conversion was of the order CeO2 > CoCeOx ≈ 

CuCeOx. When one considers the increased surface area of the doped materials, it is clear 

that the undoped ceria is significantly more active more the conversion of GLY under these 

conditions. Due to the higher activity of CeO2, additional experiments were performed with 

a reduced mass of CeO2, to achieve comparable levels of GLY conversion across the 

materials. This allowed the effect of dopants on product distribution to be assessed without 

potentially competing effects of GLY conversion levels. 

At the lower reaction temperature of 320 °C, HA was the major product formed over all 

catalysts, with the highest selectivity observed over CuCeOx (42.4 %) followed by CoCeOx. 
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This was in agreement with previous literature reports, whereby copper based catalysts 

have shown to be effective for HA production from GLY.  

Despite the fact that increased HA production was observed over the doped ceria catalysts 

at reasonably low conversion, this did not translate to an increase in MeOH selectivity at 

higher conversion. At a reaction temperature of 400 °C, MeOH STYs were found to be 161.2, 

83.3, 91.4, and 158.1 g h-1 kg-1 for CeO2, CuCeOx, CoCeOx and CeO2 (300 mg), respectively, 

corresponding to MeOH selectivities of 21.3, 10.2, 11.0 and 12.9 %. Interestingly, despite 

the significantly lower MeOH selectivity obtained over a reduced mass of CeO2, the MeOH 

STY was maintained. This is partly because STY is a function of catalyst mass, and partly due 

to the improved carbon balance, once again highlighting the importance in achieving high 

MeOH selectivities with high carbon balances to maximise MeOH productivity. Significantly 

lower MeOH STYs were obtained over CuCeOx and CoCeOx vs. undoped ceria, which was also 

accompanied by lower HA and higher ACA selectivities than were observed over CeO2 (300 

mg), suggesting that HA had been further converted under the conditions. A moderate COx 

selectivity (ca. 15 %) was also observed, predominantly comprised of CO. In addition to this, 

reasonably high H2 selectivity was observed over the doped materials with with a CO/H2 

ratio of ca. 5:1 detected over CuCeOx. The low MeOH productivity, despite the moderate HA 

conversion and ACA selectivity, coupled with the relatively high levels of CO and H2, are 

indicative that MeOH itself may be further converted over the doped ceria catalysts. An 

interesting are of future work in this area would be to further explore the reactivity of MeOH 

over CeO2, CuCeOx and CoCeOx, to determine whether MeOH conversion is the cause of the 

lower MeOH productivity observed over the doped materials. 

Since moderate amounts of H2 and ACA were produced over CuCeOx at 400 °C, it was 

hypothesised that the H2 produced in-situ could be used to reduce the presence of aldehydic 

species, thus model reactions were performed with a mix of pure ACA (diluted in He) co-fed 

with H2. The reaction conditions were modelled on those used in the GLY conversion 

reactions with the mix of ACA and H2 replicated using dilute ACA gas. Temperatures 

between 80 and 120 °C were investigated using commercially available 5 wt.% Pt/Al2O3, 

Pt/C, and Ru/C catalysts, all of which were pre-reduced under H2 prior to use.  

The order of activity for ACA conversion was found to be Pt/Al2O3 > Ru/C > Pt/C with ACA 

conversion steadily increasing with increasing reaction temperature for all catalysts. All 

three catalysts also showed a volcano-type plot when it came to EtOH selectivity, with 

maximum EtOH selectivities achieved at a reaction temperature of 100 °C. That said, the 

maximum EtOH yield of 19.1 % was achieved over Ru/C at 120 ° C, despite a slight reduction 

in selectivity, due to the increase in conversion. EtOH selectivity followed the trend Ru/C > 

Pt/C > Pt/Al2O3, which could be due to the reduced acidity of the carbon supported catalysts 
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compared with alumina. Alumina supports have been reported to catalyse the dehydration 

of ACA to ethylene, which would reduce observed EtOH yields.44, 45 These experiments were 

preliminary experiments, performed without optimising reaction conditions, thus the  EtOH 

yield of 19.1 % achieved over Ru/C was fairly promising, and suggests it may be possible to 

increase the total alcohol yield through the addition of a second catalyst bad. An interesting 

area for future work would be to optimise the conditions over Ru/C to determine whether 

EtOH productivity can be improved. 
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Chapter 6 
Conclusions and future work 

6.1 Conclusions 
The overall objective of this thesis was to further explore the gas phase conversion of GLY 

to MeOH over ceria-based catalysts.  Over recent years, there has been a steady increase in 

the production of biofuels, due to rising concerns regarding the dependency of society on 

fossil fuels, and the associated negative environmental consequences. One of the most 

widely used biofuels is biodiesel. Fatty acid methyl esters, known as biodiesel, are produced 

via a transesterification reaction between triglycerides and MeOH, typically in a base-

catalysed process. GLY is the major by-product of the transesterification reaction and 

accounts for approximately 10 wt.% of the product yield. An excess of 40 billion kg of 

biodiesel was produced in 2019, corresponding to approximately 4 billion kg of GLY.1 

Whereas GLY was once produced predominantly through fatty acids production and 

saponification, biodiesel production is now the main supply driver for GLY. 

As a reagent in the synthesis of biodiesel and an incredibly valuable chemical intermediate, 

the production of MeOH from renewable sources is highly desirable, providing significant 

environmental benefits. Industrial MeOH synthesis involves the reaction of fossil fuel 

derived syngas, typically over a Cu/Zn/Al2O3 catalyst, with production now in excess of 20 

billion kg per annum.2 Whilst MeOH synthesis is a well-established industrial reaction, there 

are serious associated environmental concerns. Particularly, the rising CO2 levels, and the 

subsequent effects on global temperature and climate, necessitates a route to MeOH 

synthesis that does not involve the use of fossil fuels. The direct hydrogenation of CO2 

provides a renewable carbon source for MeOH production. However, in order for MeOH 

synthesis to be truly renewable, the hydrogen must also be derived from non-fossil fuel-

based sources. 

As a result of the significant increase in biodiesel production, the supply of GLY now exceeds 

the demand from traditional markets. The conversion of GLY to MeOH offers a route to the 

sustainable production of MeOH. Additionally, since MeOH is a reagent in biodiesel 

production and GLY is the main by-product of the biodiesel process, the conversion of GLY 

to MeOH provides an opportunity to close the sustainability loop of biodiesel production. In 

addition to the environmental advantages this would bring, the conversion of a waste 

product to a valuable chemical intermediate provides economic advantages.  
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The conversion of vaporised aqueous GLY feedstocks to MeOH was discovered by the 

Hutchings group in 2015.3 This was a one-step process, performed at atmospheric pressure 

and without the requirement of an external reductant. In addition to MeOH, a number of 

other products such as ACA, EtOH, HA, ACR, EG, ACE and CO2 were also observed. Whilst the 

initial report showed CeO2 to be an effective catalyst for the reaction, the majority of studies 

were performed with a 10 wt.% GLY feed and difficulties maintaining high MeOH selectivity 

were observed as the concentration of the aqueous GLY feedstock was increased. As the GLY 

feedstock concentration was increased from 15 to 50 wt.% (in water), a decrease in MeOH 

selectivity from 56 to 34 % was observed, corresponding to STYs of 18 and 25 gMeOH kg-1cat 

h-1, respectively. The moderate increase in STY, despite the potential for a much larger 

increase, highlights the challenging nature of working with more concentrated GLY 

feedstocks, due to its highly functionalised, reactive nature. Nevertheless, the scale of GLY 

production and the associated low costs of GLY mean that high levels of catalyst productivity 

and the ability to selectively convert more concentrated feedstocks are of the utmost 

importance. 

Chapter 3: Glycerol to methanol over metal oxide catalysts 
The aim of chapter 3 was to explore the gas phase conversion of more concentrated GLY 

feedstocks to MeOH over magnesium oxide and cerium oxide catalysts, in order to gain a 

greater understanding of the complicated chemistry taking place. Initially, blank reactions 

were performed in the absence of any catalyst, both with an empty reactor tube and with a 

plug of inert SiC, which is used as a diluent under catalysed conditions. In an empty reactor 

tube, minimal GLY conversion was observed, reaching a maximum of ca. 10 % at a reaction 

temperature of 480 °C. The addition of a SiC plug led to an enhancement in GLY conversion 

at all temperatures; low levels (< 5 %) were observed at 320 and 360 °C but a moderate GLY 

conversion of 18 % was achieved at the highest reaction temperature of 480 °C. This 

corresponded to alcohol and ketone yields of ca. 5 %, composed predominantly of AA and 

HA, respectively. Whilst these results may suggest that SiC is not inert in the reaction, it is 

more likely that GLY conversion is increased in the presence of SiC due to increased contact 

between GLY and a hot surface. In an empty reactor tube, the majority of vaporised GLY will 

likely have no contact with the hot surface of the reactor. The addition of SiC led to a 

significant reduction in reactor volume thus leading to an increase in contact between GLY 

and a hot surface, which resulted in an increase in GLY conversion. These results highlighted 

the importance of optimising catalyst activity to achieve effective MeOH productivity at 

lower reaction temperatures (< 400 °C), in order to minimise side-reactions which could 

reduce the yield of MeOH. 

A diverse product distribution was obtained with a 50 wt.% GLY feedstock over a 

magnesium oxide catalyst. At a lower reaction temperature of 360 °C, products such as HA, 
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1,2-PD and EG were predominantly observed. As the reaction temperature was increased, 

selectivity towards these products significantly decreased, as a consequence of increased 

MeOH, ACA, 2,3-BD and COx selectivities. MeOH productivity was found to reach a maximum 

at 400 °C, with a STY of 205 g h-1 kgcat-1. An investigation into the effect of GLY feedstock 

concentration showed that this could be improved to 255 g h-1 kg-1cat by reducing the GLY 

feedstock concentration from 50 to 10 wt.% and reducing the catalyst mass proportionally. 

The improvement in MeOH productivity observed with more dilute GLY feedstocks was 

attributed to a reduction in the formation of high molecular weight products via 

condensation reactions, which reduce the observed carbon balance and subsequent MeOH 

yields. 

At a reaction temperature of 400 °C and with a 50 wt.% GLY feedstock, the MgO catalyst was 

shown to be stable over a period of 48 hours. Whilst the carbon balance was fairly low (ca. 

65 %), it was stable under these conditions. Post-reaction analysis of the catalyst showed 

moderate levels of carbon deposition, although the stability of the catalyst over time 

suggested no significant catalyst deactivation occurred. Additional analysis of the post-

reaction solution was performed in order to gain a further understanding of the carbon 

balance. LC-MS showed the presence of high molecular weight products. These products 

cannot be detected using routine GC analysis due to their low volatility, so are not included 

in carbon balance calculations. CHN analysis was utilised to determine the total carbon 

balance post-reaction, which was found to be 94 %, with the remaining carbon attributed 

to reactor fouling.   

The effect of reaction temperature was also explored over a commercially available CeO2 

catalyst. Similarly to MgO, HA was the major product at the lowest reaction temperature of 

320 °C, with a selectivity of 49 %, alongside EG and 1,2-PD. As the reaction temperature was 

increased, selectivity to these products decreased significantly as the selectivity to MeOH, 

ACA, ACE, and COx increased. In agreement with the results obtained over MgO, this 

highlighted the role of HA, 1,2-PD and EG as intermediate products which are further 

converted during the process. 

An investigation into the effect of calcination temperature on the physicochemical 

properties of ceria and the subsequent effects on product distribution was undertaken. A 

series of catalysts were prepared by treating cerium(III) nitrate salts with ammonium 

hydroxide solution whereby the subsequent precursor was calcined at 400, 500, 600 and 

700 °C to yield the final ceria catalysts. The catalysts were tested at comparable GHSVs with 

the catalyst mass adjusted to normalise the differences in surface area. The resultant 

product distributions suggested that there was no clear relationship between the 

crystallinity and defect density of the catalysts, as estimated by PXRD and Raman, 
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respectively, and the reactivity of GLY and intermediate products. With a constant surface 

area and GHSV, no significant distances in GLY conversion and product distribution were 

observed across the series of catalysts. That said, the differences in defect density were 

fairly minimal, suggesting that further varying the physicochemical properties of ceria are 

crucial to gaining further understanding of the chemistry taking place during the conversion 

of GLY to MeOH. 

Chapter 4: The effect of ceria morphology on gas phase glycerol valorisations 
Chapter 4 focussed on the use of morphologically controlled ceria nanostructures as 

catalysts for the reaction. Ceria nanorods (Ce-R), nanocubes (Ce-C), and nanopolyhedra (Ce-

P) which preferentially exposed the (110), (100), and (111) surfaces, respectively, were 

prepared in accordance with the procedure reported by Yan and co-workers in 2005.4 In 

addition to the TEM imaging, used to confirm the surface planes present, characterisation 

by XRD, N2-physisorption and Raman spectroscopy was also performed to gain further 

insight into the structure of the materials. Surface area was found to follow the order Ce-R 

> Ce-P >> Ce-C, which was the opposite trend to crystallinity and particle size, although a 

higher cumulative pore volume was observed for Ce-C vs. Ce-P, due to the larger pore size. 

Raman analysis showed there was a significantly lower density of defects present in Ce-P 

compared with the other morphologies. Interestingly, the obtained TPR profiles and 

associated analyses suggested Ce-P possessed enhanced reducibility. It was difficult to fully 

correlate the acid/base properties of the materials with the exposed surfaces, but significant 

differences were observed across the catalysts. 

Initial catalytic testing was performed under identical reaction conditions, with 0.5 g 

catalyst, corresponding to a GHSV of 3600 h-1, at reaction temperatures of 320, 360 and 400 

°C. At all given temperatures, GLY conversion followed the order Ce-R > Ce-P >> Ce-C, which 

was in agreement with the calculated surface areas of the catalysts. Whilst significant 

differences in product distribution were observed across the materials, the differing levels 

of GLY conversion meant that it was not possible to fully assess the role of morphology 

under these conditions. 

Subsequent reactions were performed whereby the catalyst mass, and corresponding 

GHSVs, were altered in order to achieve comparable levels of GLY conversion. Reactions 

were performed with a GLY conversion of ca. 15 % at a reaction temperature of 320 °C, and 

> 99 % at a temperature of 400 °C, by decreasing the mass of Ce-R and Ce-P, and increasing 

the mass of Ce-C, respectively. At low GLY conversions, significant amounts of HA were 

detected over all three materials, albeit with a significantly lower selectivity over Ce-C; HA 

selectivities were 43.3, 37.4, and 14.1 % over Ce-P, Ce-R and Ce-C, respectively. The 

decrease in HA observed over Ce-C was attributed to the increased selectivity towards ACR 

(14.5 %) compared with Ce-R (3.2 %) and Ce-P (1.5 %). In contrast to HA, which is formed 
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through GLY dehydration at the terminal position, ACR is formed via a double dehydration, 

initiated through the loss of the secondary hydroxyl group. The increased selectivity 

towards ACR observed over Ce-C suggest a divergence in reaction mechanism over this 

catalyst. 

At high (> 99 %) conversions, MeOH selectivities of 24.5, 22.6 and 13.1 % were obtained 

over Ce-P, Ce-R and Ce-C, respectively. Small quantities of EtOH and PrOH were observed, 

with selectivities following the same trend as MeOH. Alternatively, products such as ACA, 

ACR and AA followed the order Ce-C > Ce-R > Ce-P. This was in agreement with the product 

distribution at low conversion, highlighting the divergence in reaction mechanism over Ce-

C. MeOH space time yields (STY) followed the trend of MeOH selectivity, with values of 201, 

164, 47 g-1 kg-1, for Ce-P, Ce-R and Ce-C, respectively. This mirrored the trend of HA STYs at 

low conversion, with values of 155 g h-1 kg-1, 105 g h-1 kg-1, and 12 g h-1 kg-1 for Ce-P, Ce-R 

and Ce-C, respectively. The strong correlation between HA productivity at low conversion 

and high MeOH productivity at high conversion is indicative of the role as HA as an 

intermediate in the process.  

Additional experiments were used to confirm that the increased catalyst contact time 

required to achieve comparable GLY conversions over Ce-C. Generally, an increased contact 

time over Ce-R and Ce-P resulted in a decreased selectivity towards ACR. Thus, it was 

considered that the differences in product distribution observed over Ce-C could be 

attributed to differences associated with the catalyst and not the reaction conditions. An 

important area for future work would be to gain a greater insight into the differences in 

reaction mechanism by probing the interactions of vaporised aqueous GLY feedstocks with 

the CeO2 (100), (110), and (111) surfaces. The (111) surface, predominantly exposed by Ce-

P, appeared to be beneficial for MeOH productivity, as did the associated lower defect 

density and pore volume. The dependency of product distribution on surface plane should 

be considered during future work, in the context of rational catalyst design. 

Chapter 5: Transition metal doped ceria for the conversion of glycerol to 
methanol 
The use of morphologically controlled ceria nanostructures in chapter 4 showed there was 

a strong correlation between HA productivity at low GLY conversion and MeOH productivity 

at high GLY conversion. Numerous literature reports detail the use of copper-based 

catalysts for the conversion of GLY to HA,5-8 thus it was hypothesised that the addition of 

copper as a dopant into the ceria catalyst may increase MeOH production, due to the role of 

HA as an intermediate in the process. The use of cobalt was also investigated for 

comparison, and to gain greater insights into the process.  
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Characterisation showed that the dopant ions were well incorporated into the materials, 

and their inclusion resulted in significantly reduced crystallinity and an increased surface 

area. The doped ceria catalysts showed significantly higher defect densities and reducibility 

compared with the undoped sample. The total quantity of CO2 desorbed from the materials 

decreased with the addition of Cu and Co, suggesting a decrease in the quantity of basic sites, 

although higher temperature desorption peaks were observed, suggesting the strength of 

basic sites may have increased with the incorporation of dopants. 

Despite the lower surface area of CeO2, it was found to be the most active with GLY 

conversions following the order CeO2 > CoCeOx ≈ CuCeOx. Consequently, additional 

experiments were performed with a reduced mass of CeO2 to achieve comparable levels of 

GLY conversion and allow the role of the dopants to be assessed with the effect of GLY 

conversion. HA selectivity was highest for CuCeOx (42.4 %), which was in agreement with 

the theory that the inclusion of a Cu dopant may increase HA selectivity at lower levels of 

GLY conversion. 

At a reaction temperature of 400 °C, MeOH STYs were found to be 161.2, 83.3, 91.4, and 

158.1 g h-1 kg-1 for CeO2, CoCeOx, CuCeOx and CeO2 (300 mg), respectively. Full GLY 

conversion was achieved over CeO2 at 400 °C, which reduced to 95 % over 300 mg of 

catalyst; this corresponded to MeOH selectivities of 21.3 and 12.9 % respectively. However, 

despite the significant differences in MeOH selectivity, there was little difference in STY. 

Since STY is a function of catalyst mass, this was partly expected due to the reduced mass, 

however, the increased carbon balance was partly responsible for the reasonably high 

MeOH STY over CeO2 (300 mg) despite the moderate (12.9 %) selectivity. Once again, this 

highlights the importance in improving the observed carbon balance in order to maximise 

MeOH production. 

Significantly lower MeOH STYs were obtained over CuCeOx and CoCeOx vs. undoped ceria, 

despite slightly higher carbon balances being achieved over the doped materials. 

Additionally, lower HA and higher ACA selectivities were observed over the doped catalysts 

compared with CeO2 (300 mg), suggesting that HA had been further converted. In addition 

to the reasonably high ACA selectivity (ca. 15 %), a moderate COx selectivity was observed 

(also ca. 15 %) comprised predominantly of CO. The presence of CO in the gas stream was 

also accompanied by H2, with a CO/H2 ratio of ca. 5:1 over CuCeOx. The low MeOH 

productivity, despite the reasonable HA conversion and ACA selectivity, alongside the 

relatively high CO and H2 selectivities, indicate that MeOH itself may be further converted. 

Reaction performed with undoped CeO2 showed that no significant MeOH conversion 

occurred under reaction conditions but due to time constraints, these experiments were not 

possible with the doped catalysts. Future work in this area should focus on understanding 
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the stability of MeOH over the doped materials to establish whether this is the reason for 

the lower MeOH STYs, particularly given the enhanced HA selectivity, the major 

intermediate for MeOH, at low GLY conversion. In-situ MeOH DRIFTS experiments may be 

beneficial to elucidate any differences in reactivity between CeO2, CuCeOx and CoCeOx. 

Due to the fact that moderate amounts of H2 and ACA were produced over CuCeOx at 400 °C, 

model reactions were performed with a mix of pure ACA (diluted in He) co-fed with H2, in 

order to simply study the feasibility of using H2 produced in-situ to reduced aldehydic 

species to their corresponding alcohols. The reaction conditions were modelled on those 

used in the GLY conversion reactions only with a dilute ACA/H2/He gas mix as the reaction 

feed, a lower operating temperature (80 – 120 °C) and a hydrogenation catalyst instead of 

a ceria-based material. The catalysts investigated were commercially available 5 wt.% 

Pt/Al2O3, Pt/C, and Ru/C; all were pre-reduced at 400 °C prior to use.  

Whilst EtOH was detected over Pt/Al2O3, a maximum yield of 15 % was achieved at a 

reaction temperature of 100 °C. Whilst ACA conversion increased as the temperature 

decreased, this was accompanied by a significant decrease in EtOH selectivity (EtOH 

selectivity is based on theoretical EtOH production at that level of conversion, due to the 

presence of unidentified by-products). Whilst EtOH was the only liquid phase product 

detected, two additional gas phase products were observed. These products were 

confirmed not to be CO, CO2, CH4 or MeOH, and were most likely ethylene and ethene, 

formed through ACA dehydration and subsequent reduction, due to the acidity of the 

alumina support.9, 10  

Pt/C and Ru/C were then investigated as catalysts for the conversion of ACA to EtOH. The 

order of activity for ACA conversion was found to be Pt/Al2O3 > Ru/C > Pt/C with ACA 

steadily increasing with reaction temperature for all catalysts. All three catalysts also 

showed a volcano-type plot when it came to EtOH selectivity, with maximum EtOH 

selectivities achieved at a reaction temperature of 100 °C. That said, the maximum EtOH 

yield of 19.1 % was achieved over Ru/C at 120 ° C. EtOH selectivity followed the trend Ru/C 

> Pt/C > Pt/Al2O3, which could be due to the reduced acidity of the carbon supported 

catalysts compared with alumina. Whilst the EtOH yields achieved were generally fairly low, 

these studies were preliminary with no optimisation of the reaction conditions, thus the 

yields achieved over Ru/C suggest it may warrant further investigation, under optimised 

conditions. 

6.2 Outlook and future work 
The gas conversion of aqueous GLY feedstocks to MeOH over magnesium oxide and cerium 

oxide catalysts is a complex reaction, involving multiple steps and accompanied by a variety 

of side reactions resulting in numerous by-products. As shown by the blank reactions in 
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Chapter 3, thermally initiated non-catalysed reactions can take place, particularly at 

reaction temperatures in excess of 400 °C. As described earlier, the aim of this thesis was to 

explore the conversion of more concentrated feedstocks, which is particularly important 

due to the GLY surplus and its associated low value. Whilst the majority of this thesis was 

performed using CeO2 catalysts, preliminary studies in Chapter 3 were performed over MgO 

as a catalyst. These results showed that MeOH productivity could be improved by reducing 

the concentration of the aqueous GLY feedstock with a respective reduction in catalyst mass. 

These results, and MgO as a catalyst, were not further explored within this thesis but are 

being further investigated within the research group. Nevertheless, these results do 

highlight the challenges of working with more concentrated GLY feedstocks, particularly at 

elevated temperatures. 

Throughout Chapter 3, carbon balances and additional product analysis was thoroughly 

discussed. Generally, as GLY conversion and MeOH selectivity increased, an associated 

decrease in carbon balance was observed. CHN analysis of post reaction solutions, obtained 

over MgO and CeO2 catalysts, showed that the total overall carbon balance was ca. 95 %, 

with the missing 5 % attributed to reactor fouling and/or uncollected products. Analysis by 

HPLC showed the presence of high molecular weight products, although it was not possible 

to identify their identity. Since these products are formed through undesirable side-

reactions, an important aspect of future work should be to minimise the formation of these 

high molecular weight products, whilst maintaining high GLY conversion and MeOH 

selectivity. 

Of all the ceria catalysts tested throughout this thesis, the highest MeOH selectivity was 

reported for Ce-P, a polyhedral shaped nanostructure prepared via hydrothermal 

techniques, discussed fully in Chapter 4. Whilst it was difficult to fully correlate 

physicochemical properties with product distribution, the exposure of the CeO2(111) 

surface and lower pore volume, along, were shown to be beneficial for MeOH productivity. 

A low defect density was observed for Ce-P by Raman spectroscopy, although analysis by 

H2-TPR showed Ce-P possessed higher reducibility vs. Ce-R and Ce-C. An interesting aspect 

of future work would be to further investigate the role of reducibility in undoped ceria 

catalysts. In addition to the exposure of the (111) surface, TEM also showed Ce-P to be 

composed of small particles (ca. 11 nm). Numerous reports have detailed the enhanced low 

temperature reducibility of ceria with decreasing particle size and increasing surface area, 

thus it may be beneficial to explore the synthesis parameters for Ce-P to see whether MeOH 

selectivity could further be enhanced. 

The highest MeOH STY was obtained over Ce-P and was 201 g h-1 kg-1, which was 

significantly higher than the STYs obtained over other CeO2 catalysts tested throughout this 
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thesis and other works3, 11 Whilst the MeOH STY and selectivity was high, this was 

accompanied by high levels of COx (predominantly CO2) and a low observed carbon balance 

of 67 %. A good avenue for future work would be to further optimise reaction conditions 

(GLY wt.%, GHSV etc.) to assess whether the high STY observed for Ce-P could be further 

improved. 

The use of copper and cobalt as dopants for ceria catalysts did not lead to an increase in GLY 

conversion or MeOH selectivity, despite resulted in increased catalyst surface areas, with 

undoped ceria shown to display significantly higher MeOH STYs. The use of CuCeOx and 

CoCeOx resulted in an increased selectivity to CO and H2, suggesting that MeOH 

decomposition (CH3OH → CO + H2) may be responsible for the lower MeOH productivity 

observed. These results highlight the importance of assessing the stability of MeOH over the 

catalyst, in order to ensure that MeOH produced doesn’t undergo further transformations. 

The results within this thesis highlight the complexity of the reactions involved in the 

conversion of GLY to MeOH. It was shown that GLY conversion was determined by 

predominantly by surface area of undoped ceria catalysts. The exposure of different ceria 

surfaces resulted in significant differences in product distributions due to divergences in 

reaction mechanisms. Outside of the conversion of GLY to MeOH, these results may provide 

wider insights into to the interaction of polyols with different surface terminations and the 

subsequent effect on product distribution. 
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Chapter 7 
Appendix 

Reaction mechanisms: Norrish type 1 like radical fragmentation 
The radical fragmentation of hydroxyacetone has been referred to as a Norrish type 1 like 

reaction. The Norrish type 1 reaction is a photochemical process whereby C-C bond cleavage 

occurs between the α carbon and the carbonyl group of aldehydes and ketones.1, 2  

Hydroxyacetone 

 

Hydroxyacetaldehyde 

  

C-C coupling 

2,3-butanedione 
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Chapter 3: Glycerol to methanol over metal oxide 
catalysts 
This chapter was partially published in L. R. Smith et al., Catalysis Science & Technology, 

2019, 9, 1464-1475 and P. J. Smith et al. Energies, 2019, 12, 1359-1372. 

Table A3.1a. Catalyst free product list without SiC. 

 Temperature (°C) 320 400 480 

Product Selectivity (%) 

Acetaldehyde 0.0 3.9 6.4 

Propionaldehyde 0.0 0.5 0.7 

Acetone 0.0 0.4 0.7 

Acrolein 0.0 2.7 2.8 

Methanol 0.0 2.5 4.9 

Ethanol 0.0 0.0 0.4 

2,3-butanedione 0.0 0.0 0.7 

1-propanol 0.0 0.0 0.1 

3-hexanone 0.0 0.0 0.2 

allyl alcohol 0.0 16.2 17.6 

Cyclopentanone 0.0 0.0 0.2 

Hydroxyacetone 0.0 30.9 26.6 

acetic acid 0.0 1.1 1.7 

propionic acid 0.0 1.3 2.7 

1,2-propanediol 0.0 3.1 3.4 

unknown(s) 0.0 22.0 19.4 

ethylene glycol 0.0 4.3 8.3 

1,3-propanediol 0.0 1.6 0.9 

CO 0.0 0.7 0.8 

CO2 0.0 2.3 1.5 

CH4 0.0 0.4 0.1 

GLY conversion (%) 0 6 11 

Carbon balance (%) 102 95 98 
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Table A3.1b. Catalyst free product list with SiC. 

Temperature (°C) 320 360 400 480 

Product Selectivity (%) 

acetaldehyde 0.0 4.0 5.2 12.9 

propionaldehyde 0.0 0.0 0.3 0.8 

acetone 0.0 0.4 0.4 0.7 

acrolein 0.0 1.7 2.3 7.0 

butyraldehyde 0.0 0.0 0.0 0.1 

methanol 0.0 0.6 1.8 2.1 

ethanol 0.0 0.0 0.3 0.5 

2,3-butanedione 0.0 0.0 0.5 0.5 

1-propanol 0.0 0.0 0.0 0.2 

3-hexanone 0.0 0.0 0.1 0.1 

2-hexanone 0.0 0.0 0.0 0.3 

allyl alcohol 43.1 34.7 30.4 22.3 

cyclopentanone 0.0 0.0 0.0 0.1 

hydroxyacetone 56.9 37.3 33.5 23.3 

3-ethoxy-1-propanol 0.0 0.0 0.3 0.2 

acetic acid 0.0 2.5 2.0 1.3 

propionic acid 0.0 1.5 1.9 1.1 

1,2-propanediol 0.0 1.9 2.0 4.2 

unknown(s) 0.0 5.7 9.2 10.3 

ethylene glycol 0.0 2.3 3.2 5.9 

1,3-propanediol 0.0 1.0 1.0 1.3 

phenol 0.0 0.0 0.0 0.3 

CO 0.0 0.7 0.7 0.6 

CH4 0.0 0.4 0.1 0.1 

CO2 0.0 3.9 3.3 1.3 

GLY conversion (%) 2 4 12 18 

Carbon balance (%) 99 97 95 95 
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Table A3.2 Full product distribution over MgO at a GHSV of 4615 h-1 

Reaction temperature (°C) 360 400 440 

Product Selectivity (%) 

Acetaldehyde 9.1 13.3 17.0 

Propionaldehyde 0.7 1.6 3.0 

Acetone 0.2 0.4 0.6 

acrolein 1.3 1.7 3.2 

butyraldehyde 0.0 0.1 0.1 

methanol 23.4 27.9 25.6 

2-propanol 0.1 0.1 0.1 

ethanol 1.0 1.5 1.6 

2,3-butanedione 1.7 1.9 1.9 

2-butanol 0.0 0.1 0.1 

1-propanol 0.1 0.3 0.3 

3-hexanone 0.2 0.2 0.2 

2-hexanone 0.1 0.0 0.0 

2-methyl-1-propanol 0.0 0.1 0.0 

allyl alcohol 1.0 1.6 2.3 

cyclopentanone 0.1 0.4 1.0 

hydroxyacetone 25.9 17.9 15.5 

3-ethoxy-1-propanol 0.5 0.9 1.3 

acetic acid 1.7 2.0 2.0 

propionic acid 0.4 0.6 0.7 

1,2-propanediol 2.4 1.3 0.9 

unknown(s) 10.8 9.5 8.0 

ethylene glycol 10.9 5.8 2.5 

1,3-propanediol 1.2 0.8 0.5 

phenol 0.1 0.2 0.3 

CO 3.8 3.9 5.8 

CH4 0.0 2.3 0.4 

CO2 3.3 3.8 5.3 

GLY conversion (%) 74 90 100 

Carbon balance (%) 74 (77) 73 (77) 68 (73) 

Reaction conditions: 50 wt% GLY (0.016 mL min−1), 0.5 g MgO, 50 mL min−1 Ar, 3 hours; GHSV = 
3615 h-1 
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Table A3.3 Full product distribution over MgO with differing feedstock concentrations at 400 
°C 

Glycerol concentration 10 wt. % 10 wt. %b 20 wt. % 40 wt. % 50 wt. % 

Product Selectivity (%) 

acetaldehyde 18.0 14.6 18.0 17.2 13.3 

propionaldehyde 3.8 0.5 3.5 2.1 1.6 

acetone 1.0 0.6 0.9 0.4 0.4 

acrolein 2.2 2.3 2.5 2.9 1.7 

butyraldehyde 0.2 0.0 0.2 0.1 0.1 

methanol 34.9 31.6 32.0 29.5 27.9 

2-propanol 0.0 0.0 0.1 0.1 0.1 

ethanol 3.2 1.2 2.6 1.9 1.5 

2,3-butanedione 2.6 0.7 2.3 1.9 1.9 

2-butanol 0.1 0.0 0.1 0.1 0.1 

1-propanol 0.7 0.0 0.6 0.3 0.3 

3-hexanone 0.4 0.1 0.3 0.2 0.2 

2-hexanone 0.0 0.0 0.0 0.0 0.0 

2-methyl-1-propanol 0.0 0.0 0.0 0.0 0.1 

allyl alcohol 2.2 6.2 2.1 2.0 1.6 

cyclopentanone 2.2 0.3 1.6 1.0 0.4 

hydroxyacetone 3.6 18.7 6.4 14.8 17.9 

3-ethoxy-1-propanol 1.7 0.9 1.5 1.1 0.9 

acetic acid 0.7 0.8 1.4 1.5 2.0 

propionic acid 0.5 0.4 0.8 0.6 0.6 

1,2-propanediol 0.2 1.5 0.3 0.8 1.3 

unknown(s) 10.1 8.8 10.6 9.6 9.5 

ethylene glycol 0.2 7.0 1.0 2.5 5.8 

1,3-propanediol 0.3 0.1 0.2 0.5 0.8 

phenol 1.3 0.3 0.1 0.3 0.2 

CO 3.5 1.5 3.9 4.2 3.9 

CH4 0.2 0.0 0.4 0.9 2.3 

CO2 6.6 1.9 6.8 3.7 3.8 

GLY conversion (%) 100 96 100 99 90 

Carbon balance (%) 83 (84) 83 (98) 80 (88) 78 (81) 73 (77) 

Reaction conditions: 50 wt% GLY (0.016 mL min−1), 0.5 g MgO, 50 mL min−1 Ar, 3 hours; GHSV = 
3615 h-1 
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Table A3.4 Full product distribution over MgO with 50 wt.% glycerol at 400 °C as a function of 
reaction time 

Time 2h 4h 6h 24h 48h 

Product Selectivity (%) 

acetaldehyde 18.2 14.7 14.8 12.8 14.6 

propionaldehyde 2.9 2.1 2.0 1.8 2.1 

acetone 0.7 0.5 0.7 0.6 0.5 

acrolein 2.4 2.3 2.3 2.0 2.4 

butyraldehyde 0.1 0.1 0.1 0.1 0.1 

methanol 32.2 27.8 26.9 29.7 26.9 

2-propanol 0.0 0.0 0.0 0.0 0.1 

ethanol 2.1 1.5 1.5 1.2 1.2 

2,3-butanedione 2.7 2.6 2.6 2.3 2.5 

2-butanol 0.1 0.1 0.1 0.1 0.1 

1-propanol 0.4 0.3 0.3 0.2 0.2 

3-hexanone 0.4 0.3 0.3 0.3 0.3 

2-hexanone 0.0 0.0 0.0 0.0 0.0 

2-methyl-1-propanol 0.0 0.0 0.0 0.0 0.0 

allyl alcohol 1.7 1.4 1.4 1.2 1.3 

cyclopentanone 0.8 0.6 0.5 0.4 0.4 

hydroxyacetone 10.6 17.6 17.3 18.1 19.7 

3-ethoxy-1-propanol 1.6 1.4 1.4 1.3 1.3 

acetic acid 1.4 2.1 1.8 1.7 1.7 

propionic acid 0.6 0.7 0.6 0.6 0.6 

1,2-propanediol 0.7 1.4 1.6 1.5 1.5 

unknown(s) 7.7 10.5 10.0 10.3 10.1 

ethylene glycol 1.4 3.7 4.6 4.5 4.3 

1,3-propanediol 0.3 0.3 0.3 0.3 0.3 

phenol 0.5 0.0 0.4 0.4 0.4 

CO 4.4 3.7 3.9 4.0 3.5 

CH4 0.3 0.2 0.2 0.2 0.2 

CO2 5.8 4.3 4.5 4.3 3.9 

GLY conversion (%) 97 87 87 84 85 

Carbon balance (%) 62 70 68 65 65 

Reaction conditions: 50 wt% GLY (0.016 mL min−1), 0.5 g MgO, 50 mL min−1 Ar, 3 hours; GHSV = 
3615 h-1 
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Table A3.5 Full product distribution over MgO with 

50 wt.% glycerol at 400 °C as a function of reaction 

time 

 
Pure 

glycerol 

Crude 

glycerol 

Product Selectivity (%) 

acetaldehyde 17.2 14.1 

propionaldehyde 2.1 2.2 

acetone 0.4 0.1 

acrolein 2.9 3.0 

butyraldehyde 0.1 0.1 

methanol 29.5 30.1 

2-propanol 0.1 0.0 

ethanol 1.9 1.8 

2,3-butanedione 1.9 1.1 

2-butanol 0.1 0.0 

1-propanol 0.3 0.1 

3-hexanone 0.2 0.2 

2-hexanone 0.0 0.0 

2-methyl-1-propanol 0.0 0.0 

allyl alcohol 2.0 4.3 

cyclopentanone 1.0 0.8 

hydroxyacetone 14.8 16.9 

3-ethoxy-1-propanol 1.1 0.9 

acetic acid 1.5 1.4 

propionic acid 0.6 0.7 

1,2-propanediol 0.8 1.1 

unknown(s) 9.6 10.4 

ethylene glycol 2.5 1.2 

1,3-propanediol 0.5 0.1 

phenol 0.3 0.2 

CO 4.2 4.5 

CH4 0.9 0.1 

CO2 3.7 4.4 

GLY conversion (%) 99 98 

Carbon balance (%) 78 70 

Reaction conditions: 40 wt% GLY (0.016 mL min−1), 0.5 

g MgO, 50 mL min−1 Ar, 3 hours; GHSV = 3615 h-1 
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Table A3.6 Full product distribution over CeO2 calcined at different 
temperatures with 50 wt.% glycerol at 340 °C 

C. T. (°C) 400 500 600 700 

Product Selectivity (%) 

acetaldehyde 9.4 8.7 9.4 7.6 

propionaldehyde 1.1 1.2 1.4 1.2 

acetone 1.0 1.1 1.3 1.1 

acrolein 1.9 2.0 1.7 1.2 

butyraldehyde 0.1 0.1 0.1 0.1 

methanol 8.9 8.6 8.6 7.7 

2-propanol 0.1 0.1 0.1 0.1 

ethanol 0.6 0.6 0.8 0.6 

2,3-butanedione 2.6 2.8 2.1 2.1 

2-butanol 0.0 0.0 0.0 0.0 

1-propanol 0.0 0.0 0.0 0.0 

3-hexanone 0.1 0.1 0.2 0.1 

2-hexanone 0.0 0.0 0.0 0.0 

2-methyl-1-propanol 0.0 0.0 0.0 0.0 

allyl alcohol 1.7 1.6 2.2 2.7 

cyclopentanone 0.1 0.1 0.2 0.2 

hydroxyacetone 32.5 33.4 29.1 29.4 

3-ethoxy-1-propanol 0.3 0.3 0.3 0.3 

acetic acid 3.4 3.5 4.0 4.0 

propionic acid 4.2 4.3 5.5 5.3 

1,2-propanediol 4.1 4.1 4.2 4.9 

unknown(s) 16.6 16.1 17.4 16.9 

ethylene glycol 4.6 4.6 3.7 5.2 

1,3-propanediol 0.1 0.1 0.1 0.1 

phenol 0.0 0.0 0.0 0.1 

CO 2.7 2.7 3.2 3.6 

CH4 0.0 0.0 0.0 0.0 

CO2 1.6 1.6 1.9 1.9 

GLY conversion (%) 83 83 80 84 

Carbon balance (%) 82 80 84 81 

Reaction conditions; 340 °C, 50 wt.% GLY (0.016 mL min-1), 15 mL min-1 Ar, 3 hours, 
GHSV = 3450 h-1. 
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Chapter 4: The effect of ceria morphology on gas 
phase glycerol valorisations 

Catalyst characterisation 

Table A4.1 Intensities of observed reflections by PXRD with reference to a database 

sample 

 Ce-C Ce-R Ce-P 

Reflection 
Refa 

(%) 

Absolute 

Intensity 

Relative 

Intensity 

(%) 

Absolute 

Intensity 

Relative 

Intensity 

(%) 

Absolute 

Intensity 

Relative 

Intensity 

(%) 

111 100 706 100 849 100 947 100 

200 27 225 32 216 25 255 27 

220 45 470 67 451 53 477 50 

311 33 378 54 287 34 414 44 

222 6 66 9 51 6 64 7 

400 5 75 11 58 7 81 9 

311 10 165 23 86 10 138 15 

420 6 94 13 30 4 102 11 

(200) / (220) 

ratio 

0.60  0.48  0.48  0.53 

(111) / 

(111), (200), 

(220) ratio 

0.58 0.50 0.56 0.56 

(200)/(111) 

ratio 

0.27 0.32 0.25 0.27 

a) Relative intensities from reference file (JCPDS 01-089-8436) 
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Figure A4.15a. Pore size distribution and pore volume for Ce-C 

 

Figure A4.1b. Pore size distribution and pore volume for Ce-R 
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Figure A4.1c. Pore size distribution and pore volume for Ce-P 

Glycerol testing 

Table A4.2 Full product distribution over Ce-C, Ce-R and Ce-P at a space velocity of 

3600h-1 

 Ce-C Ce-R Ce-P 

Temperature 

(°C) 
320 360 400 320 360 400 320 360 400 

Product Selectivity (%) 

acetaldehyde 4.2 6.9 8.2 4.5 6.9 5.8 5.4 9.9 1.6 

propionaldehyde 0.4 1.6 1.3 0.9 1.6 5.6 0.9 2.7 2.6 

acetone 0.4 0.7 1.2 0.7 2.2 11.1 0.8 3.8 13.9 

acrolein 14.5 12.7 1.1 2.4 1.9 0.8 1.8 1.5 0.3 

butyraldehyde 0.0 0.0 0.1 0.1 0.1 0.4 0.1 0.2 0.2 

methanol 3.5 6.0 10.0 7.2 10.5 22.6 7.0 12.0 25.5 

2-propanol 0.1 0.1 0.1 0.1 0.2 1.6 0.0 0.2 1.7 

ethanol 0.9 0.8 1.6 0.6 0.9 2.3 0.6 1.5 3.1 

2,3-butanedione 0.5 1.1 1.0 2.2 2.4 3.7 2.0 1.1 5.5 

2-butanol 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.2 0.2 

1-propanol 0.3 0.3 0.4 0.2 0.3 1.0 0.1 0.4 1.6 

3-hexanone 0.1 0.2 0.2 0.5 0.5 0.3 0.4 0.1 0.4 

2-hexanone 0.0 0.0 0.1 0.0 0.0 0.4 0.0 0.0 0.7 

2-methyl-1-

propanol 
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allyl alcohol 1.2 2.4 1.7 1.0 1.4 2.7 1.3 2.2 1.4 

cyclopentanone 0.2 0.3 1.0 0.2 0.5 1.6 0.2 0.7 1.6 

hydroxyacetone 14.1 21.8 8.0 29.8 21.1 0.4 30.2 7.3 0.3 

3-ethoxy-1-

propanol 
0.7 1.3 2.1 1.9 0.4 1.0 0.2 0.3 0.8 

acetic acid 1.0 1.4 1.9 3.2 3.7 0.3 3.1 4.2 0.2 

propionic acid 3.2 3.2 6.0 7.5 8.3 1.9 4.7 9.5 2.9 

1,2-propanediol 2.4 2.7 5.5 7.1 6.0 0.3 6.0 7.9 0.1 

unknown(s) 36.5 18.0 27.9 15.4 15.8 10.5 21.6 17.7 6.5 

ethylene glycol 6.8 10.2 4.6 8.0 6.4 0.6 7.6 6.5 0.2 

1,3-propanediol 2.6 1.4 1.6 0.5 0.2 0.1 0.3 0.0 0.1 

phenol 0.0 0.0 0.5 0.0 0.2 0.3 0.0 0.0 0.2 

CO 1.2 1.6 7.3 2.0 3.3 8.3 2.6 4.7 10.2 

CO2 5.0 5.0 6.5 4.3 5.1 16.1 3.0 5.5 17.9 

CH4 0.1 0.1 0.1 0.0 0.0 0.2 0.0 0.0 1.6 

GLY conversion 

(%) 
17 29 91 65 98 >99 58 96 >99 

Carbon balance 

(%) 
93 83 

61 

(62) 
82 76 

62 

(64) 
91 91 

67 

(67) 
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Table A4.3a Full product distribution over Ce-C, Ce-R and Ce-P at an iso-conversion of ca. 

15% and a reaction temperature of 320 °C 

 Ce-C Ce-R Ce-P 

Space velocity (h-1) 3600 11250 9000 

Product Selectivity (%) 

Acetaldehyde 4.2 4.8 5.2 

Propionaldehyde 0.4 1.0 0.6 

Acetone 0.4 0.6 0.5 

Acrolein 14.5 3.2 1.5 

Butyraldehyde 0.0 0.0 0.0 

Methanol 3.5 7.7 8.4 

2-propanol 0.1 0.1 0.0 

Ethanol 0.9 1.1 0.3 

2,3-butanedione 0.5 1.4 1.3 

2-butanol 0.0 0.0 0.0 

1-propanol 0.3 0.5 0.1 

3-hexanone 0.1 0.3 0.2 

2-hexanone 0.0 0.0 0.0 

2-methyl-1-propanol 0.1 0.1 0.0 

allyl alcohol 1.2 1.4 0.7 

Cyclopentanone 0.2 0.3 0.1 

hydroxyacetone 14.1 37.4 43.3 

3-ethoxy-1-propanol 0.7 0.9 0.1 

acetic acid 1.0 1.3 2.1 

propionic acid 3.2 2.3 3.1 

1,2-propanediol 2.4 7.5 5.3 

unknown(s) 36.5 16.1 16.4 

ethylene glycol 6.8 7.0 7.3 

1,3-propanediol 2.6 0.6 0.3 

phenol 0.0 0.0 0.0 

CO 1.2 0.8 1.5 

CO2 5.0 3.5 1.6 

CH4 0.1 0.0 0.0 

GLY conversion (%) 17 14 16 

Carbon balance (%) 93 96 96 
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Table A4.3b Full product distribution over Ce-C, Ce-R and Ce-P at an iso-conversion of > 

99 % and a reaction temperature of 400 °C 

 Ce-C Ce-R Ce-P 

Space velocity (h-1) 1800 3600 3600 

Product Selectivity (%) 

acetaldehyde 16.5 5.8 1.6 

propionaldehyde 4.1 5.6 2.6 

acetone 4.1 11.1 13.9 

acrolein 2.7 0.8 0.3 

butyraldehyde 0.2 0.4 0.2 

methanol 13.1 22.6 24.5 

2-propanol 0.4 1.6 1.7 

ethanol 1.3 2.3 3.1 

2,3-butanedione 1.8 3.7 5.5 

2-butanol 0.2 0.0 0.2 

1-propanol 0.0 1.0 1.6 

3-hexanone 0.4 0.3 0.4 

2-hexanone 0.1 0.4 0.7 

2-methyl-1-propanol 0.0 0.1 0.2 

allyl alcohol 4.1 2.7 1.4 

cyclopentanone 0.5 1.6 1.6 

hydroxyacetone 2.8 0.4 0.3 

3-ethoxy-1-propanol 1.4 1.0 0.8 

acetic acid 2.1 0.3 0.2 

propionic acid 4.2 1.9 2.9 

1,2-propanediol 1.4 0.3 0.1 

unknown(s) 27.3 10.5 6.5 

ethylene glycol 0.8 0.6 0.2 

1,3-propanediol 1.0 0.1 0.1 

phenol 0.8 0.3 0.2 

CO 3.5 8.3 10.2 

CO2 5.1 16.0 17.9 

CH4 0.1 0.2 0.1 

GLY conversion (%) 99 100 100 

Carbon balance (%) 69 62 67 
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Table A4.5 Full product distribution of a hydroxyacetone/water feedstock at a reaction 

temperature of 320 °C and a GHSV of 3600 h-1 

 Ce-C Ce-R Ce-P 

Space velocity (h-1) 1800 3600 3600 

Product Selectivity (%) 

acetaldehyde 5.4 3.7 3.8 

propionaldehyde 0.8 0.4 0.5 

acetone 4.1 2.7 3.5 

acrolein 0.0 0.0 0.0 

butyraldehyde 0.0 0.0 0.0 

methanol 9.0 6.9 7.9 

2-propanol 0.0 0.0 0.0 

ethanol 0.7 0.5 0.5 

2,3-butanedione 4.6 1.4 4.0 

2-butanol 0.0 0.0 0.0 

1-propanol 0.0 0.2 0.0 

3-hexanone 0.4 1.6 0.2 

2-hexanone 0.1 0.0 0.1 

2-methyl-1-propanol 0.0 0.0 0.0 

allyl alcohol 0.6 1.0 0.5 

cyclopentanone 0.1 0.1 0.1 

hydroxyacetone 0.0 0.0 0.0 

3-ethoxy-1-propanol 3.6 1.6 3.1 

acetic acid 13.5 12.9 10.9 

propionic acid 8.0 10.9 5.4 

1,2-propanediol 2.1 14.1 17.5 

unknown(s) 30.8 34.3 30.5 

ethylene glycol 0.5 0.0 0.4 

1,3-propanediol 3.7 0.3 0.4 

phenol 0.1 0.2 0.1 

CO 4.2 2.1 3.7 

CO2 0.0 0.0 0.0 

CH4 7.8 5.1 6.8 

GLY conversion (%) 18 16 16 

Carbon balance (%) 86 92 89 
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Chapter 5: Transition metal doped ceria catalysts 
for glycerol conversions 

 Table A5.1 Full product distribution over CeO2, CuCeOx, CoCeOx, CeO2 (reduced mass) at a 

reaction temperature of 320 °C 

  CeO2 CuCeOx CoCeOx CeO2 (300 mg) 

acetaldehyde 5.4 4.6 5.1 6.6 

propionaldehyde 0.9 0.5 0.6 1.2 

acetone 0.8 0.5 0.4 0.8 

acrolein 1.8 1.1 1.2 3.7 

butyraldehyde 0.1 0.0 0.0 0.0 

methanol 5.7 7.2 8.1 6.1 

2-propanol 0.0 0.2 0.1 0.0 

ethanol 0.6 0.2 0.2 1.1 

2,3-butanedione 2.0 3.5 3.5 2.0 

2-butanol 0.1 0.0 0.0 0.0 

1-propanol 0.1 0.0 0.0 0.4 

3-hexanone 0.4 0.5 0.5 0.5 

2-hexanone 0.0 0.0 0.0 0.0 

2-methyl-1-propanol 0.0 0.0 0.0 0.1 

allyl alcohol 1.3 0.6 0.9 1.2 

cyclopentanone 0.2 0.0 0.0 0.4 

hydroxyacetone 31.5 42.4 39.6 35.8 

3-ethoxy-1-propanol 0.2 1.5 0.9 0.9 

acetic acid 3.1 1.8 2.4 1.3 

propionic acid 4.7 2.5 2.8 3.5 

1,2-propanediol 6.0 1.0 2.1 7.2 

unknown(s) 21.6 18.6 18.9 16.2 

ethylene glycol 7.6 4.8 4.9 6.1 

1,3-propanediol 0.3 0.8 0.2 0.8 

phenol 0.0 0.1 0.0 0.0 

CO 2.6 3.1 3.1 0.7 

CH4 0.0 0.0 0.0 0.0 

CO2 3.0 4.4 4.4 3.3 

Conversion (%) 58 44 48 45 

Carbon balance (%) 91 90 89 87 

MeOH STY (g h-1 kg-1) 31.3 16.7 21.2 52.7 
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 Table A5.2 Full product distribution over CeO2, CuCeOx, CoCeOx, CeO2 (reduced mass) at a 

reaction temperature of 360 °C 

  CeO2 CuCeOx CoCeOx CeO2 (300 mg) 

acetaldehyde 9.4 8.9 9.8 9.6 

propionaldehyde 1.6 1.7 1.6 1.4 

acetone 1.3 0.8 0.7 1.3 

acrolein 1.7 3.8 4.1 1.7 

butyraldehyde 0.1 0.0 0.0 0.1 

methanol 10.6 8.9 9.4 10.7 

2-propanol 0.1 0.1 0.1 0.1 

ethanol 0.8 0.4 0.5 0.8 

2,3-butanedione 3.1 2.9 2.8 2.1 

2-butanol 0.0 0.0 0.0 0.0 

1-propanol 0.0 0.0 0.0 0.0 

3-hexanone 0.2 0.2 0.2 0.2 

2-hexanone 0.0 0.0 0.0 0.0 

2-methyl-1-propanol 0.0 0.0 0.0 0.0 

allyl alcohol 2.2 1.9 2.0 2.2 

cyclopentanone 0.2 0.0 0.0 0.2 

hydroxyacetone 22.8 29.8 27.8 31.1 

3-ethoxy-1-propanol 0.3 1.2 0.7 0.3 

acetic acid 4.0 1.1 1.0 2.0 

propionic acid 5.5 1.2 1.8 2.5 

1,2-propanediol 5.1 2.2 3.6 6.7 

unknown(s) 16.9 17.1 16.9 15.8 

ethylene glycol 4.7 4.2 3.1 5.4 

1,3-propanediol 0.1 0.8 0.7 0.1 

phenol 0.0 0.0 0.1 0.0 

CO 3.5 7.9 7.6 2.2 

CH4 0.0 0.0 0.0 0.0 

CO2 5.8 4.8 4.8 3.4 

Conversion (%) 98 78 81 79 

Carbon balance (%) 79 87 88 86 

MeOH STY (g h-1 kg-1) 84.5 70.4 86.9 82.9 
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 Table A5.3 Full product distribution over CeO2, CuCeOx, CoCeOx, CeO2 (reduced mass) at a 

reaction temperature of 400 °C 

  CeO2 CuCeOx CoCeOx CeO2 (300 mg) 

acetaldehyde 11.7 15.5 14.9 10.6 

propionaldehyde 2.6 1.9 2.1 1.7 

acetone 8.8 1.9 2.0 2.1 

acrolein 0.3 5.2 6.3 3.1 

butyraldehyde 0.2 0.0 0.0 0.1 

methanol 21.3 10.2 11.0 12.9 

2-propanol 1.7 0.0 0.0 0.2 

ethanol 3.1 0.6 1.1 1.2 

2,3-butanedione 5.5 2.8 3.0 3.7 

2-butanol 0.2 0.1 0.0 0.1 

1-propanol 1.6 0.2 0.1 0.3 

3-hexanone 0.4 0.0 0.0 0.6 

2-hexanone 0.7 0.0 0.0 0.0 

2-methyl-1-propanol 0.2 0.0 0.0 0.0 

allyl alcohol 1.4 2.6 3.3 1.9 

cyclopentanone 1.6 0.2 0.3 0.7 

hydroxyacetone 0.3 16.7 15.7 21.9 

3-ethoxy-1-propanol 0.8 1.0 0.7 1.4 

acetic acid 0.2 0.1 0.2 2.1 

propionic acid 2.9 0.3 0.3 2.8 

1,2-propanediol 0.1 2.5 1.9 5.2 

unknown(s) 8.6 19.8 19.8 15.4 

ethylene glycol 0.2 3.1 2.4 4.1 

1,3-propanediol 0.1 0.4 0.5 0.6 

phenol 0.2 0.0 0.0 0.2 

CO 7.2 10.1 9.8 3.2 

CH4 0.1 0.1 0.1 0.1 

CO2 17.9 4.9 4.3 3.7 

Conversion (%) 100 94 95 95 

Carbon balance (%) 67 76 78 73 

MeOH STY (g h-1 kg-1) 161.2 83.3 91.4 158.1 
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