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ABSTRACT

The aim of this work is to synthesise glycerol cexdte from carbon dioxide (GPand
glycerol. Two key challenges that were investigated this work including:
(1) thermodynamic limitation of this work and (Zgirability of using crude glycerol as
a feedstock. In this work, carboxylation of glydasaccarried out over L#s (commercial)
and LaO>CQ; catalysts prepareda co-precipitation, sol-gel and hydrothermal methods
These catalysts are characterised using BET, ATRFSEM, XRD, TPD-CQ and
TPD-NHs.

The carboxylation reaction is thermodynamicallyited, therefore a range of dehydrating
agents were introduced to improve the glycerol eosion by shifting the reaction
equilibrium to the product side. The impact of defaying agents on glycerol conversion
and glycerol carbonate formation were thereforelistli Reaction conditions were as
follows: 6 wt.% LaOs, relative to glycerol, glycerol to dehydrating ageatio of
22.5:50 mmol, 160 °C and reaction pressure, 4&Raand reaction time, 18 hours. High
selectivity to glycerol carbonate is observed uff@introduction of adiponitrile (17%),
followed by benzonitrile (5%), acetonitrile (4%)dano glycerol carbonate was detected

upon the introduction of acetic anhydride.

Additionally this work demonstrated for the firgine the efficacy of lanthanum-based
catalysts to synthesise glycerol carbonagethe direct carboxylation of crude glycerol.
Crude glycerol employed herein comprises 74% gblc@0% of fatty acid methyl esters,
5 wt.% water, 1% methanol, and 7 g/L of sodium rogitte. It was analysed by GG-MS,
ICP-MS and Karl Fisher titration technique. The &apof single and multiple impurities
are the aspects investigated in this work. Theteoiddf 10 wt.% water inhibited the
formation of glycerol carbonate while blending dfaerol and methanol (80:20 mol%)
increased the selectivity to glycerol carbonat®286. Only 4% selectivity to glycerol
carbonate over L&s-C was observed in the presence of multiple im@sriincluding
methanol, fatty acid methyl ester and sodium matexAs a result, modification of
LaxOs-C catalyst is crucial. Introduction of ZsQa,0.COs/GaOs greatly improved the
selectivity to glycerol carbonate (21%); while desévity of 5% to glycerol carbonate

observed for the direct carboxylation of crude ghyd.
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1 INTRODUCTION

This chapter presents an overview of heterogeneatalysis in general and an
introduction to the potential application of carbdroxide in catalytic reactions and
also the potential of glycerol upgrading. This @ explores the possibility to utilise
both waste carbon dioxide and glycerol producednfithe manufacture of biodiesel.
Several possibilities are currently being investeghand glycerol carbonate has been
considered as a key synthetic target due to ite mgrket value and its wide-ranging
reactivity that can be applied in many applications

1.1 Aim of the work

The aim of this work is to convert carbon dioxideCg) into valuable products,
focusing at present on simultaneously upgradingegiyl. The concentration of GO
has continuously increased from 315 ppm in 1958408 ppm in July 2017 (COow,
2017). Increased efforts towards carbon capturenrttest CQ is likely to become a
readily available feedstock. Glycerol is a by-proddrom biodiesel synthesis
(Rastegari and Ghaziaskar, 2015). The reaction detwglycerol and Cfinto
glycerol carbonate (GlyC) therefore utilises twgdg of undesired by-products.
Additionally, GlyC has a variety of uses includiag an electrolyte in lithium ion
batteries (Ishak et al., 2016; Sonnati et al., 2013

1.2 Introduction to catalysis

Catalysts can be defined as ‘the substance thagehihie rate of chemical reactions
without itself appearing in the products (Figueaoe008). Catalysis describes the
properties of the substances that increase the afateaction, by lowering the
activation energy, without being consumed in trectien (Fogler, 2006). The term
‘catalyst’ was coined by Berzelious in 1835 in t@eowned review of the research of
Edmund Davy, J. W. Dobereiner and others (ThomadsTénmomas, 1967). Catalytic
reactions take place when the chemical bonds arkebrand transform into new
chemical bonds. However, the reactions are too slow some cases do not occur in

the absence of catalyst. Catalysts and catalytlint@ogy are considered as a highly
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important part of the chemicals and petroleum nefjindustry; contributing to ~ 90%

of chemical manufacturing processes around thedndthiomas and Thomas, 2015).
In 2007, over $3.5 billion of catalysts were saidhe United State thus contributing
to the global economic growth (Fogler, 2006). Tableshows a summary of different

reactions and common catalysts used in these oeadtirogler, 2006).

Table 1.1. Types of catalysts used in differenalgéit reactions (Fogler, 2006).

Reaction Catalysts
Halogenation/Dehalogenation CuCAgCl, Pd
Hydration/Dehydration A3, MgO
Alkylation/Dealkylation AICE, Pd, zeolites
Hydrogenation/Dehydrogenation Co, Pt,@z; Ni
Oxidation Cu, Ag, Ni, ¥Os
Isomerisation Ald, Pt/ALOs, zeolites

Homogeneous and heterogeneous catalysis are thenawocategories of catalytic
processes. Homogeneous catalysis is the procesehyhihe substrate and catalyst
are present in a single phase during this readtieterogeneous catalysis is where the
catalyst and reactant are in different phases @alk999; Wijngaarden et al., 1998).
Phase combinations for heterogeneous catalyssuanenarised in Table 1.2.
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Table 1.2. Phase combinations for heterogeneoaby/sat (Bond, 1974).

Catalyst Reactant Example

Liquid Gas Polymerisation of alkenes catalyseglhgsphoric acid
Solid Liquid Decomposition of hydrogen peroxidgatysed by gold
Solid Gas Ammonia synthesis catalysed by iron

Solid Liquid Hydrogenation of nitrobenzene to aniline catalyssd

and gas palladium

In most examples of heterogeneous catalysis, ne@caae in liquid or gas form while
the catalyst is in solid form. Solid catalysts usedheterogeneous catalysis can be
preparedria co-precipitation, impregnation, slurry precipitatimethod among other
methods (Jagadeeswaraiah et al., 2014). The swafaeeand porosity of the catalyst
that is accessible to the reactant plays an impbrtde in any reaction. The greater
the surface area of the catalyst in contact wighrdactant, the higher the conversion
of reactant (Bowker, 1998). However, it is not igtdependent on the surface area of
a catalyst; active site composition and catalysicttire also play important roles for
the efficiency of a reaction (Bowker, 1998). Thesessful transfer of reactants and
products from the outer to the inner catalyst sirfis dependent upon the pore size
and the pore size distribution (Wijngaarden, Westprand Kronberg, 1998). The
adsorption and desorption processes of reactant thit catalyst are illustrated in
Figure 1.1 (Bowker, 1998). The performance of aalyat relates to the rate of
reaction, stability, separation procest, (Centi and Perathoner, 2004).

The mechanisms in heterogeneous catalytic reaatmas follows:

1. Mass transfer (diffusion) of reactant (A) from thelk fluid to the external
catalyst surface. Diffusion of species A througk florous network of the

catalyst to the internal catalytic surface.

2. Adsorption of species A onto the catalyst surf&e A+S AS.
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3. Surface reaction at the site AS to BS. In the gatareaction, the surface

reaction step is considered as the rate-determsieqy
4. Desorption of B molecules from the surface; B8+S.

5. Diffusion of species B through the porous netwarkhe pore mouth at the

external surface.

6. Mass transfer of the products B from the exterasdlgst surface to the bulk
fluid (Fogler, 2006; Rodrigues, 2008).

Dissociative

Adsorption
Gas Phase J\LL
Diffusion% @ Surface Surface
Diffusion Reactant (gD Product
@ \ N
)
)

Desorption

Molecular 4 " METAL

Adsorption

SUPPORT

Figure 1.1. The processes taking place in heteesgencatalysis (Bowker, 1998).

Three main components in designing the catalysteatese catalyst site, support and
in some cases, promoter (Wijngaarden, Westertedpkaonberg, 1998). The active
catalyst are usually metals and oxides; while ida@mumina and zeolite are often used
as the support for a catalyst. Titania, aluminkcasi(SiQy) and zeolite provide the
active component with a high surface area for d&pe and also improve the
mechanical strength of the catalyst. Promotersterespecies which are not active by
themselves but help in increasing the activity andgelectivity of a reaction
(Figueiredo, 2008). Small amounts of promoter mayadded to the catalyst. In some
cases, a support is not necessarily needed inrdegig catalyst. For example, Pt-Rh
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gauze (woven from fine wires) catalysts are widedgd in the oxidation of ammonia
to nitric acid (Wijngaarden, Westerterp and Kromgpel998). Solid catalysts can be
classified into four groups including metals, naoishiometric oxides and sulphides,

stoichiometric oxides and acid catalysts as sunsedrin Table 1.3 (Bond, 1974).

Table 1.3. Four main groups of solid catalysts @di®74; Figueiredo, 2008).

Class Functions Examples Description

Metals Hydrogenation Fe, Good catalysts for the reaction
Dehydrogenation Ni, involving Hz and hydrocarbons

Pd, -
Hydrogenolysis H> and hydrocarbons easily
(oxidation) A ’ adsorb onto the catalyst
9 surface
Non- Oxidation NiO, Good oxidation catalysts
stoichiometric Zn0O,

Dehydrogenation

Only oxides which are stable

oxides and MnOz,
. Desulphurisation - under hydrogen can be used as
sulphides s, hydrogenation and
Hydrogenation i5Oa- .
yarog Bi20s dehydrogenation catalysts
MoOs,
WS,
Stoichiometric  Dehydration AlO3, Poor oxidation catalysts
oxides SIO, Easily absorb water and used
MgO as dehydration catalysts
Acids Polymerisation HzPQy, Some stoichiometric oxides
Isomerisation HoSQy, present acid site on their
SiOe- surfaces and promote
Crackin .
J Al203, carbocations, thus can be used
Alkylation Zeolites  as alkylation, polymerisation,

cracking and isomerisation.
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1.3 Introduction to CO 2 catalysis

CQO is abundant but also a major environmental corscas~ 35 gigatonnes (Gt) of
CO, was emitted from fossil fuel and cement manufactnr2014 (C@earth, 2016).
The chemical transformation of G@& a major challenge for G@esearch due to the
unfavourable thermodynamics; therefore the highrggneost associated with GO
utilisation must be taken into consideration.X@@n be transformed into: (i) chemical
building blocks (ii) synthetic fuel and (iii) mingisation (Wilsoret al, 2015).

1.3.1 Physical properties of CO

Temperature and pressure affect the physical st&@€, (Figure 1.2). CQis in solid
state at low pressure and the melting point is *G6As the temperature and pressure
increase up to 5 bar, sublimation occurs. Vapadegirocess occur when liquid GO
vaporises into vapour or supercritical phaseO{ thermodynamics 2017). A
supercritical fluid exists when a substance hasrgperature and pressure greater than
its critical temperature and critical pressure .@0n supercritical state when the €0
is above the critical point (31.1C, 73.9 bar) and behaves like gé&a$ Encyclopedia
2016).

Carbon Dioxide: Temperature - Pressure Diagram
10000.0

Metin Line

1000.0

100.0
Critical Paint

Pressure, bar

Copyright @ 1989 Chemicalogic Corporation

Drawn with CO,Tab V1.0

-100 50 -80 -0 -60 -50 -40 -30 -20 -10 o 10 20 30 40 50
Temperature, °C

Figure 1.2. The phase diagram of 002 thermodynami¢2017).
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1.3.2 Sources of carbon dioxide

Table 1.4 shows characteristics £@oduced from several sectors. In general, if the
COyis to be captured and utilised from this listedrse, there are several factors that
should be taken into consideration including:

1- CO; emitted from the sources in Table 1.4 are diffitolicapture. Retrofitting
of post combustion capture units to power genangbi@ants is an available

method to capture the emitted £0
2- High cost for CQ purification process.

3- The impurities and contaminants may poison or dgtetthe catalyst.

Table 1.4. Concentration range of £@s volume percentage) from a variety of
sources and possible contaminants (Styring e2@1.5).

Source CQconcentration (%) Typical impurities

Power generation 10-15 N, H20, S&, NOx
(post-combustion)

Steel making (blast 18-20 N, SO, NOx, Oz

furnace gas)

Cement production c.100 2NO2

Fermentation c.100 10, HS

Natural gas stream 0-8 2NH2S, @, G-C4
hydrocarbon

Natural deposits 90-100 2NOp, He

Atmosphere 0.04 N SO, NOx, O,

particulates
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1.3.3 Carbon capture and storage
A number of methods are highlighted by Raeahl with regard to controlling carbon
emissions (Razali et al., 2012):

® Reduce the total energy consumption by improvifigiehcy.

(i) Substitute the use of fossil fuels with carbon reduand/or renewable

energy sources.
(i) ~ Carbon capture and storage of CO

(iv)  COg utilisation into a range of useful chemicals.

Carbon capture (point iii) is an attractive mettiodleal with the abundance of €0
in the atmosphere and is already applied in sevrdaktrial applications as shown in
Figure 1.3.

N2

Coal 0, |
Gas
D Biomass Power and heat CO; separation
Air
CO:.
Airf/O, E
N2
Coal Steam
Oz
Biomass l / \
Pre Reformer and Power and

Gasification

co2
separation

combustion heat

Gas and oil /

co2
€O, compression
and dehydration

CO, 1

CO,

Coal
Power and heat |-

Oxyfuel Gas

Yo
Biomass Z Nz

. Air and separation |
Air =

Coal \
CO:
Industrial Gas Process and CO;
—ty

processes separation J

) [

Biomass \

Figure 1.3. Overview of C&capture processes and systems (Metz et al., 2005).
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A number of carbon capture techniques have beefogewincluding adsorption onto
the surface of sorbent material, physisorption ahdmisorption. Amine capture
agents including monoethanolamine and diethanokarhave been widely used in
industry (Puxtyet al, 2009; Boot-Handforét al, 2014; Mumfordet al, 2015). The
advantages of amines as thex @@pture agent are high @bsorption capacity and
they can readily react with G@nder normal conditions (Supasitmongkol and Sgyrin
2010). However, the usage of amines are not idezduse they are not used in their
pure form; 30:70 (wt/wt.%) of amine to water mixeé|(Styringet al, 2011). Chilled
ammonia is also used and studied (Mumfetrdl, 2015). This process is also known
as the Alstom process, where chilled ammonia isteglawith CQ to form carbamic
acid. This process is relatively cheap because aram® widely available and it has
high capture capacity, however, chilled aqueous anianis hazardous and toxic in

nature.

A number of other technologies are currently bexglored for CQcapture including
zeolites (Vujic and Lyubartsev, 2016) and ionialdp (Zhang et al., 2014). The ionic
liquids have a low vapour pressure at ambient teatpes and have a high GOptake
capacity (Supasitmongkol and Styring, 2010). In egah zeolites also have a
relatively high CQ capacity at low pressures and are very effecov€ separation
from flue gas (Boot-Handfordt al, 2014). However, the adsorption performance of
zeolites is strongly affected in the presence ofew&ecause of the hydrophilic
property of zeolites (Boot-Handforet al, 2014). Increased efforts towards carbon
capture mean that GOs likely to become a readily available feedsto€kus, an
efficient step should be taken into consideratroarder to deal with the large amount
of COz such CQ utilisation (CDU).

1.3.4 Routes to carbon dioxide utilisation

C(O; is abundant, nontoxic, cheap and readily availéile to increase effort toward
carbon capture and storage). It has a potentibktatilised into valuable products;
CQO; is an alternative carbon source, rather than gewdsere are two different

options of utilising the C®source as shown in Figure 1.4:
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1- CO; is directly fed into the Cgutilisation plant; where C®capture and
conversion take place. The costs are dependerfteonapturing techniques
employed such as pre-combustion, post-combustiah @yfuel carbon
capturing techniques (Ibrahim, Ghazali and Rahn2&i6). Mineralisation
and tri-reforming processes are examples for diceatversion of C@into

beneficial products.

2- COyis first captured and utilised at the same sitd tdre CQ utilisation is
located away from the GQCrapture plant, the transportation cost and safety
requirement to transport gas must be taken intosidemation (Styring,
Quadrelli and Amstrong, 2015; Ibrahim, Ghazali &ahman, 2016).

1 2

h 4 h 4

CO; source Capture Transport Utilisation
and
distribution
Challenge at 1 and 2 \ ¥
- Slow kinetics CO;
- Large energy demand o, stored

emitted

Figure 1.4. Possible routes for €€apture and utilisation (Styring, Quadrelli and
Amstrong, 2015).
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Figure 1.5. Carbon dioxide utilisation into usetbkemicals (Aresta, 2010).

RNH; +R’X — RNHC

Figure 1.5 summarises the potential ways to tranmsfoC into valuable chemicals.
Routes A and B incorporate with G@sertion, where carboxylates, carbonates, and
carbamates are obtained by incorporation of theee@O® molecule. In contrast,
routes C and D involve COreduction into € or G, molecules (Aresta, 2010).
Photocatalytic reduction and electrochemical radnobf CQ are usually employed
to synthesise valuable chemicals such as CO, foacidt, formaldehyde, methanol,

oxalic acid and methane (Yuahal, 2017).

Research has been carried out in order to utilBgabd thus improve the chances of
CO, being commercialised and reused in industrialesgaibduction as shown in
Figure 1.6 (Ampelli et al., 2015; Mikkelsen et @010). There are three stages ohCO

utilisation development including (i) mature (fulindustrial production),
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(i) developing stages (emerging) and (iii) futwapplications (laboratory and pilot
plant scale) (Alper and Orhan, 2017). Urea (10Qioniltonnes per year), methanol
(2.5 million tonnes per year) and cyclic carbong@@85 million tonnes per year) are
examples of utilisation of CQat industrial scale (Aresta and Dibenedetto, 2087)
number of emerging technologies such as the pramuctf dimethyl ether, formic
acid and polymers are on the threshold to industalisation, while the synthesis of
organic carbonates, lactones and carboxylic acm® fCQ are still far from the
industrial application (Alper and Orhan, 2017).

year
2000 2005 2010 2015 2020 2025 2030
L 2 @ urea yield boosting
~—e polymer
. . fine chem.
(org. synth.)
methanol
#—# DME as RE vector
~-—e syngas
formic acid ~—e
formic acid as H, vector ~ #=—®
hydrocarb. (FT) r—
light olefins ¢ ¢
organic acids *r—
bio-catalytic routes r—
thermochemical & %
electroreduction ~—e
photoreduction ~r—e
artificial photosynthesis r——
demonstration

#——® commercial (range of years when expected)

Figure 1.6. Estimated ‘technology roadmap’ fromliprenary demonstration to CO
commercialisation paths (Ampelli et al., 2015). Tihge circle represents technology
at the pilot/demonstration scale, while the baresents the expected timeframe

when commercial operation of the technology isljike
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1.4 Glycerol upgrading

Total energy consumption from fossil fuel source Hacreased by 1% from 2003 to
2014, as shown in Figure 1.7. These data showattledf success of energy policies
that aimed for C® emissions reductionGlobal Energy Trends — BP Statistical
Review 20142014). However, the use of renewable energy dictuwind, solar,
geothermal and biofuels has increased from 1 tav@%n 10 years.

Global energy consumption 2003 Global energy consumption 2014
0% ~1%

o 0% ~1% oy =il mOoil

W Gas ®Gas

¥ Coal ¥ Coal
Nuclear Nuclear
¥ Hydro ¥ Hydro

B Wind ®Wwind

Fossil Fuels = 87% Fossil Fuels = 86%

¥ Solar ¥ Solar

W Geothermal &
biomass

W Biofuels

B Geothermal &
biomass
® Biofuels

Figure 1.7. The global energy consumption in 20@8 2014 Global Energy Trends
— BP Statistical Review 20,12014).

Energy Reserves (Billion Tonnes Oil
Equivalent)

2010 2020 2030 2040 2050 2060 2070 2080 2090

Years

Figure 1.8. The amount of energy reservidse(end of fossil fugl2016).
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The amount of fossil energy including oil, gas andl reserves is going to be depleted
over the coming years and is expected to be fulhsamed within a few decades as
shown in Figure 1.8. Combustion of fossil fuel esles C@as a by-product and leads
to global warming. Concern over global warming #meladverse economic effect of
accessing fuel reserves has driven the commercianaof the transesterification
reaction of triglyceride with methanol to synthesisiodiesel (Lee et al., 2015).
Biofuel production is also in part of substituting as source of energy and an
alternative approach to produce sustainable tratetpm fuels. The efforts toward
biofuel commercialisation helped to reduce thecohsumption from 37% (2003) to
32% in 2014 respectivelysobal Energy Trends — BP Statistical Review 2@D4.4).

10 wt.% of glycerol waste is produced along wité finoduction of biodiesel. Purified
glycerol has several applications such as persoaid, pharmaceutical industry,
triacetin production and food industry (Tan et aD13). Despite large numbers of
glycerol applications, the production capacity tyicgrol is far exceeding the market
requirements. Crude glycerol waste is expecteddolr 2.7 billion kg in 2020 (Ayoub
& Abdullah, 2012).

Current work regarding glycerol upgrading into \adle products includes the
following processes: hydrogen production by steafarming (Adhikari et al., 2008;
Mitran et al., 2016; Schwengber et al., 2016); efication, acetylation (Konwaet
al., 2015); dehydration (Dalét al, 2016); hydrogenolysis (Sun et al., 2016); selecti
oxidation and carboxylation of glycerol. In thie#hs, the carboxylation of both pure
and crude glycerol are discussed in Chapter 4 a6y a few examples of the direct
use of crude glycerol have been reported becawsergsence of impurities in the
crude glycerol reduces the product selectivity gredd. The utilisation of crude
glycerol is crucial due to the high cost of crudgcgrol purification and refining
(Isahak et al., 2015). However, the inconsisterfayrade glycerol composition is the
major drawback for crude glycerol upgrading (Naetal., 2014). The composition
of crude glycerol strongly depends on the feedstessd, process/method employed

and post treatment involve in biodiesel producfido et al., 2012).
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1.5 The importance of glycerol carbonate production

Sonnati and Teng in their reviews outlined the ptigé¢ uses of GlyC, including
electrolyte in lithium ion battery, cosmetic, agntical intermediate and as the solvent
(Sonnati et al., 2013; Teng et al., 2014). Howetle,use of GlyC is currently low
due limited GlyC production; consequently contribgtto its high market value,
> €6/kg (CyclicCQR, 2013). GlyC has low toxicity, low odour, low fitemability and
moisturizing ability; therefore the Huntsman Comaarn has suggested that the GlyC
can be used in the cosmetic industry including akeaup and nail polish removal,
perfumes, hair care products and lipsticks (Huntsra@16).
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2 LITERATURE REVIEW

This literature review were focused on two mainidspncluding the potential of
carbon dioxide utilisation into valuable products the presence of heterogeneous
catalysts which is related to the proposed resedoghic. The second topic outlines
previous work done in synthesising glycerol cartierend mono-, di- and triacetin,
particularly focusing on the synthesis of glyceratbonate from glycerol and GO
There are several routes to synthesise GlyC andetheve been discussed in
section 2.3: (i) glycerol and CO (ii) glycerol and phosgene; (iii) glycerol and

dimethyl carbonate; and (iv) glycerol and urea

2.1 Carbon dioxide as a building block for chemical sythesis

Carbon dioxide (Cg) is an incombustible and non-toxic renewable cant@source
that plays an important role in the natural carbgecle; a dynamic carbon exchange
between atmospheric, terrestrial and aquatic enmiemts (Aresta and Dibenedetto,
2007). It is produced from the combustion of codland gas; and C{roncentration
in the atmosphere has been significantly increaaimdjcontributes ~ 60% of global
warming (Huang, 2014). Since 1958, the concentmatib CQ: has continuously
increased from 315 to 408 ppm in July 2017 ¢Q@v, 2017).

COz emissions arise from many sectors: stationary,ilmabnd natural sources (Song,
2006). An important aspect of GQutilisation is exploring new methods and
developing new catalysts are crucial for this. Ewelution of new routes for GO
utilisation and the amount of G@sed per amount of product formation have been
summarised in Table 2.1. By far the productionrefhas utilised the largest amount
of COp; where the formation of urea from @@as been commercialised since 1922
(Styring, Quadrelli and Amstrong, 2015). Althougpe tsources of Cfare abundant,
CQO; utilisation at large scale is relatively low andrywéimited because the GO

molecule is thermodynamically stable and unreactive
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Table 2.1. Summary of potential Gtilisation (Styring et al., 2011).

Chemical product  Annual market Mt CO. used Lifetime

and application (Mt/year) per Mt product

Urea 100 70 6 months

Methanol 40 14 6 months

Inorganic carbonates 80 30 Decades to centuries
Organic carbonates 2.6 0.2 Decades to centuries
Poly(urethane)s 10 <10 Decades to centuries
Technological 10 10 Decades to years
Food 8 8 Months to years

2.1.1 Challenges

C(O. is thermodynamically and kinetically stable (Sakak Choi and Yasuda, 2007).
CQeis in oxidised form (Go = - 394 kJ/mol) which has to be taken into accoumtn
considering CQ utilisation as chemical feedstock (Dibenedettalgt2014; Patil et
al., 2009; Song, 2006). The carbon-oxygen bond mestctivated, requiring a large
input of energy, the use of novel catalysts andotiffe catalytic processes (Razali et
al., 2012). Sakakura highlighted the four importé&eys to transform Cgfinto

valuable chemicals (Sakakura, Choi and Yasuda,)2007

. Use high-energy starting materials such as hydrogamsaturated

compounds, small-membered ring compounds, and ongetallics.

. Choose oxidized low-energy synthetic targets sscbrganic carbonates.
. Shift the equilibrium to the product side by remmyia particular
compound.
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. Supply physical energy such as light or electridigfectricity from
renewable source is better such as wind energy).

2.2 Potential carbon dioxide utilisation

The combustion of fossil fuels augments C€ncentration in the atmosphere;
~ 3.5 tonnes of C&s produced for every tonne of fossil fuel carlbombustion (Jiang
et al., 2010). Resultant studies have investigditedransformation of C£nto useful
and valuable products. G@an be transformedia two major approaches: (i) as a
chemical feedstock such as carboxylates, carbaamatgpolymers and (ii) as storage
medium includes syngas, methanol and methane. $8eoliCQ as feedstock in
synthesising methanol, urea and carbamates hasré@ewed by many researchers
(Sankaranarayanan and Srinivasan, 2012; Olajirg3;2Dibenedetto, Angelini and
Stufano, 2014).

2.2.1 Syngas productionvia reverse water gas shift reaction

The reverse water gas shift (RWGS) has been prdpsene of the most favourable
processes for C{xonversion: carbon monoxide (CO) and wateiQHare the main
products formed from this reaction (Razeadial, 2012; Olajire, 2013; Oweet al,
2016). RWGS is a technology to synthesise CO frdp, ¢ which the CO produced
will be converted into liquid fuels including digésgasoline and alcohols (Daza and
Kuhn, 2016). This reaction occurs in many procesgese H and CQ are present
and methane is produced as the by-product as stmogquation 2.1 to 2.3 (Daza and
Kuhn, 2016).

CO+H, CO+HO 2.1)

Additional side reaction

CO+3H CHi+H0 (2.2)
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And the Sabatier reaction

COz+4H, CHsi+2H0 (2.3)

A number of researchers have reported the actanty the reaction mechanism for
water gas shift and RWGS reactions in the presehcepper (Cu), ceria (Ce) and
alumina (Al) based catalysts (Chen, 2004; Chemn. e2@01; Joo et al., 1999; Kharaji
et al., 2013). Gold (Au), nickel (Ni) or Cu depesiton titanium carbide (TiC)
successfully catalyse the reaction (Rodrigeézal, 2013). Cu-based catalysts are
selective to the production of CO. Au/TiC favoursthanol production while large

amounts of methanol and methane formed in presaigd&TiC.

Chenet al.studied the influence of potassium (K) and iroe)(&s the promoter on Cu
supported on silicon dioxide (S#D(C.-S. Chen, 2003, 2014). Sintering of Cu is
prevented by the formation of Fe species aroundCingarticles (W. Wang et al.,
2011). KO deposited on Cu/Sgprovides the active site for formate formation (a
reaction intermediate), thus improving the adsorptof CQ. Palladium (Pd),
platinum (Pt), rhenium (Rh), cobalt (Co) and Ni &egjuently used in heterogeneous
catalytic hydrogenation (Nerozzi, 2012); Porosnofhis review lists the work done in
presence of these catalysts (Porosoff et al.,, 20P6)is found active for H

dissociation.

Reverse Water Gas Shift

CC i (VCO

Fisher-Tropsch
Hydrocarbon

Silica
Figure 2.1 CO is synthesiseh RWGS can be transformed into hydrocarbwoias
Fischer-Tropsch (Oweet al, 2013).
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Figure 2.2 Valuable chemicals that can be synteddi®m syngas (CO ancH
(Spath and Dayton, 2003).

Figure 2.1 shows the CO synthesistalRWGS; followed by the conversion of CO
to hydrocarbonwia the Fischer-Tropsch mechanism, with direct hydnagjen of
CO. (Owenet al, 2013). CO formed from this reaction can be wdiss a building
block to synthesise valuable chemicals and symtHetls and as summarised in
Figure 2.2 (Spath and Dayton, 2003; Daza and K20h6).

2.2.2 Hydrogenation of COzto methanol

Methanol is the smallest alcohol and has been comatly produced at industrial
scale since 1960 over Cu-based catalysts supponteshO and using COCO and
H> as the feed gas (Behrens, 2016). Synthesis ofamelvia homogeneous (Li et al.,
2014) and heterogeneous catalysts @oal, 1999) is successfully applied in €0
utilisation. CQ is directly used as the reactant in methanol prtdo (equation 2.4).
Therefore, preliminary reduction to CO (equatidhand 2.6) can be eliminated. Also,

catalytic CQ hydrogenation is an alternative approach to swigkeemethanol, thus

Page | 21



replacing fossil fuel, natural gas and coal asrédve material (Olah et al., 2009). In

general, heterogeneous catalysts used for thit@aaare shown in Table 2.2.

CO+3H CHOH + HO (2.4)
CO+H: CO+ RO (2.5)
CO+2H CHsOH (2.6)

Table 2.2. Methanol synthesis from hydrogenatio@6f over a range of transition

metal catalysis.

Catalyst Preparation P/ Temp/ CO Methanol Ref.

method MPa °C conv.% selectivity
Cu/znOl/ Co-precipitation 5 230 18 68.4 (Gabal,
Al203/ZrOz 2016)
Pd/ZznO Impregnation 2 250 10.7 60 (Bahaiji
al., 2016)
CuO/MgO/ Impregnation 3 220 5.2 37.9 (C. Letial,
TiO2 2016)
Cu/znO/ Precipitation- 5 230 15.4 66.8 (Donget al,
ZrO2 reduction 2016)
In203 commercial 4 270 1.1 54.9 (Suet al,
catalyst 2015)
Cu/Ga0Os/  Impregnation 3 250 0.84 90 (Sanguineti et
ZrOz al., 2015)
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CuO/ZnO/AbOs catalyst is commercially used for methanol syntheSoepperet
al., lists supports that are commonly used in Cu-thasealysts such as ZsOSiO;
and CeQ (Goeppert et al.,, 2014). The advantages of ZnOepess in Cu-based
catalysts include (Homs et al., 2013):

. ZnO results in improved Cu dispersion by improvitige precursor
formation.
. Inevitable agglomeration of Cu particles occursimyiong operating

periods but can be restricted by addingGiland ZnO.

. Impurities including sulphides and chlorides araspos for the Cu

particles; the presence of ZnO reduces the chafdgs poisoning.

Advanced research has been done in order to impheveatalytic system such as
finding a new synthesis method, studying the systemputationally, employing
model catalysts, kinetic experiments and advanegalyst characterisation methods
(Behrens, 2016). Xiaet al investigates the catalytic performance of a medif
Cu/ZnO catalyst with zirconia dioxide (Zsftitania dioxide (TiQ) and combination
of both as promoter (Xiao et al., 2015). Zréhhances the catalytic activity for €0
hydrogenation and inhibits the impact af®{formed from this reaction, thus limiting
catalyst deactivation (Li et al., 2014). AdditiohTaO2 and ZrQ enhance the basic
sites of the catalyst and improved the adsorptib@©»; consequently increasing
methanol selectivity from 36.5 to 43.8%. Cu/ZnQ@d modified by adding Zr®
shows improvement in terms of @€nversion from 18 to 23%, as well as increasing
the methanol selectivity from 43 to 60% (Li et 2014).

Fujitani et al. reports that the activity and selectivity of £€&hd methanol over
Pd/GaOs is higher as compared to the Cu/ZnO catalyst {&uijet al, 1995). The
influence of the preparation method of PdfGasupported on Si©and how it
influences this reaction is discussed by Colihal (2005). Another attempt has been
made to improve the selectivity to methanol andcireversion of C@by depositing
PdO onto Cu/ZnO catalyst. However, addition of 24vbf PdO only increased the
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CO, conversion by 2% from 5 to 7% when compared whi ainmodified catalyst
(Cu/zZnO); while the methanol selectivity is incredonly from 71 to 76% (Melian-
Cabrera et al., 2002).

Research shows that Cu/ZnO is readily susceptibBulfur poisoning. Therefore, a
series of Pd catalysts supported on MCM-41 haven leployed for methanol
synthesis. C@conversion of 12.1% and 65.2% selectivity to methare recorded
in the presence of Pd/CaO/MCM-41 (Song et al., 20#re research is needed to
understand the influence of transition metal oxidesthe reaction mechanism and

how they affect the formation of products.

2.2.3 Hydrogenation of CO; to methane

CO. methanation or the Sabatier process, shown intiequa 3, involves the reaction
of CO, and H. CO: methanation is a highly exothermic reaction and is
thermodynamically favourable. However, the reductas fully oxidised carbon is
difficult to achieve due to the significant kinetoarrier (eight-electron reduction
process) (Stet al, 2016). In general, methane is synthesised framreaction at
350 °C at 30 to 50 bar (Garbarino et al., 2014). @@thanation can be employed in
chemical and petrochemical industries (Jacquemah €2010), thus reducing the use
of natural gas (Det al, 2007). Reforming of methane produces syngas;wtao be
used in production of higher alkanes and oxygendtesvever, this section will be

focused on the hydrogenation of €0 methane.

A number of attempts have been made to synthesteame using Ni based catalysts;
(i) Ni support on Si@(Falconer, 1980), (ii) Ni supported on:8% (Fujita et al., 1993,
Lim et al, 2016) and Ni supported on MCM-41 ([eual, 2007). Ni, Co, Cu and Zn
supported on MCM-41 are developed and tested (dukawamoto, 2014). Ni-based
catalysts are considered cheap and widely usedlirstrial processes. The drawbacks
of Ni catalysts are (i) catalyst deactivation daesintering of catalyst, (ii) formation

of carbon deposits and (iii) the formation of mehilickel sub-carbonyls (Sat al,
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2016). Therefore, the development of effectivelgata throughe.g adding a catalyst

support and improving the catalyst preparation wetib very important.

The role of the support has to be taken into camaitbn. A range of Ni catalysts
supported on Sig) Al.Oz and ZrQ have been prepared using incipient wetness
impregnation and employed for Gnethanation (Zhu et al., 2014). The yield of
methane is highest with Ni/S¥ZrO. followed by the catalyst supported orn@d,
SiO; and unsupported catalyst. The advantages of emglafrO, and AbOs as
catalyst support are that they have high surfaea and basicity (Cai et al., 2011),
while CeQ/ZrO, catalyst has high thermal stability and limits tzalyst sintering
(Ocampo, Louis and Roger, 2009).

This reaction was also been carried out at atmosplpeessure in presence of
Ni/Al20O3. The reaction is carried out at 500 °C successfulbducing a methane
selectivity of 100% and 75% CQ@onversion (Garbarinet al, 2014). The influence
of alkaline earth metals as structural promoters laso been investigated.
Ni/MO/SiO2 (MO = MgO, CaO, SrO and BaO) have been testedg@ inhibited
the catalytic reaction (Guo and Lu, 2014). Theuefice of CaO on COnethanation
Is insignificant. Addition of SrO and BaO improvéte conversion of Céand CH
selectivity, but only SrO enhance the catalystibtgland inhibit metallic Ni sintering
(Guo and Lu, 2014).

In general, transition metals from groups VIII, IX,and XI such as Ni, Ru, Rh, Cu,
Pd and Pt have been widely discussed in severdicptibns due to their ability to
synthesise methane with high selectivity and yi@demen et al., 2016; Wang &
Gong, 2011; G. Zhou et al., 2016). Ru, Rh, Pd aratd>costly, therefore, such metals
are unsuitable to be commercialised in industcales Ni and Ru based catalysts are
selective in synthesising methane, while Cu andakgur the formation of methanol
and CO (Wambach et al., 1999). Active metal catalgsovide the sites for G@nd

H> to adsorb and dissociate into H, CO and O atoman@\et al., 2011). Park and
Farland reported the conversion £@ CO as 60% and 40% in the presence of
Pd-MgO/SiQ and Pd/SiQ respectively. However, < 1% of GQconversion is
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recorded in the presence of MgO/SGitherefore, Mg itself is considered as inactive
for CO; activation thus inactive for COnethanation (Park and McFarland, 2009).

2.2.4 Synthesis of dimethyl ether

The production of dimethyl ether (DME) in the earl®90s was only about
100000 tonnes/year worldwide because of limited roencial application, it being
mainly used to substitute the use of chlorofluorboa in the aerosol industry (Fleish
et al., 1995). Haldor Topsge in collaboration wMimoco and Navistar International
Corp. developed a low cost and single step DME yoectidn method, thus allowing a
large scale of DME production (Fleish et al., 1998)en, production of DME gained
much interest because it was employed as a ligeticbleum gas (LPG) substitute,
acting as clean fuel when burned in engines tleapaoperly optimised and helping to
reduce the exhaust emission problems of dieseher{@haet al, 2012; Homs, Toyir
and Piscana, 2013).

DME is the simplest ether compound and is formethfthe dehydration of methanol
under high pressure (Huang, 2014). DME can be pedidirectlyia hydrogenation

of CO; and also indirectlyia conversion of syngas (equation 2.7 to 2.9). Mathan
produced in equation 2.7 is transformed into DME tgthanol dehydration,
equation 2.8, with kD as the only by-product. Then, water gas shifttrea removes
H>O produced during the methanol dehydration pro€Eskeguchi et al., 2000). The
drawback of DME synthesiseda methanol dehydration (equation 2.8) is the high
production cost dependent on the market price chamol (Dadgar et al., 2016).
Dehydration of DME favours the formation of ethyefolefin) (equation 2.10)
(Zhokh, Trypolskyi and Strizhak, 2017). Direct DNdinthesis is therefore attractive

because methanol separation and purification igcessary.

2CO +4H  2CHOH 2.7)

2CH;OH CH:OCHs + H,0 (2.8)
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2CQ+6H  CH;OCHs + 3H0 (2.9)

CHOCH; CoHs + HO (2.10)

Direct synthesis of DME is also reported by Aguayal (2005) and Aret al (2008).
Conversion of syngas to DME over a hybrid catalgshvestigated by combining
methanol-synthesis catalysts and solid acid catafgs methanol dehydratior.Q,
H-ZSM-5 and -Al>0s) and treated with base (Abu-Dahrieh et al., 20IRBg function
of the base is to reduce the strength of acid,shes inhibiting hydrocarbon formation
(equation 2.10) by poisoning the strong acid sdesthe catalysts (Kulawska and
Madej-Lachowska, 2013).

The most important aspect to take into considamnatiopreparing the highly active
hybrid catalyst is the optimisation of compositimintwo catalysts components (Sun
et al., 2014). Highly acidic catalysts lead to sleeondary reaction in which DME will
be converted into hydrocarbon while strongly basitalysts favour the formation of
methanol (Takeguclgt al, 2000; Macet al, 2005). Deposition of 1.25 wt.% of MgO
with CuO/ZnO/AbOs-HZSM-5 increased the DME selectivity from 48% &6 and
inhibited the hydrocarbon ¢&@o Gs) formation, from 9.3% to 0.08% respectively (Mao
et al, 2005). Atekeet al. showed the catalyst with 2:1 composition of SARDA
CuO/ZnO/AbOs yield a high quantity of DME while further additicof SAPO-18
favours the formation of by-products (Ateka et 2D16). SAPO-18 has moderate acid
site strength, uniform microporous structure anchbgeneous acidity. Moderate acid
site strength provides a high hydrothermal stabibta catalyst (Ateka et al., 2016).
In addition to the composition of acidity and bagiof a catalyst, modification of
CuO/ZnO catalyst (by adding metal oxide as thevaatatalyst) is also important and
Is summarised in Table 2.3.
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Table 2.3. Modification of solid catalyst for theett dimethyl ether synthesis from

syngas.
Catalyst Temp./ Press./ Time/ DME DME References
°C MPa hours (yield) (selectivity)
CuO/ZnO/AROs/ 250 3 100 N/A 59.5 (Y. Wang
Tap03-Al 203 et al., 2016)
CuO/ZnO/AROs/ 265 4 150 N/A 94.5 (Zhang et
HZSM-5/SrCQ al., 2015)
CuO/znO/zrQ- 240 5 N/A 11.6 N/A (Frusteet
MFI al., 2015)
CuO/zZnO/zrQ- 275 3 6 35 94 (Atekat
SAPO-18 al., 2016)
CuO/ZnO/MnO- 275 3 6 34 95 (Atekat
SAPO-18 al., 2016)
CuO/ZnO/AbOs. 265 5 18 N/A 64.9 (Limaa et
+5.9% al., 2014)
Nb20s/Al 203
CuO/ZnO/AROs/ 260 4 100 N/A 64.5 (Maet al,
MgO/HZSM-5 2005)

Dadgaret al.in their work, studied the influence ob® on the DME synthesis. GO
conversion into methanol is decreased in the poesehbO. No methanol is detected
when reaction is carried out at < 240 °C (Dadgaal, 2016). High concentrations of
H-O also lead to the deactivation of the hybrid gatalCatalytic activity of AIOs
catalyst decreased due to the high adsorptionOfdh the acid sites; HZSM-5 zeolite
is commonly chosen as one bifunctional catalystmpament because it is less sensitive
to H.O (Wanget al, 2011). Addition of promoterse,g, B.Ss, Si®, CrOsz and GaOs
onto CuO/ZnO/AdOz limit the catalyst deactivation problem (Tao ef 2001).
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2.2.5 Glycerol carbonate synthesis

Glycerol is a by-product formed from biodiesel $edis (Sankaranarayanan and
Srinivasan, 2012). Due to the large amount of ghjicproduced every year, the
market value of refined glycerol has reduced fror81750/tonne to ~ $750/tonne
since 2005 and crude glycerol is about $100/tognhgspe et al., 2013). Therefore,

valorisation of both glycerol and crude glycerotiscial (Sandr&t al, 2016).

GlyC synthesis from glycerol and G@ttracted much attention for several reasons:
this process utilises two types of undesired prtgdand GlyC has wide-ranging
reactivity that can be applied in many applicatiogg., electrolyte in lithium ion
battery, cosmetic, as chemical intermediate anth@solvent (Sonnaét al, 2013).
Sonnati outlines other methods of synthesisingaly€ via hydrocarbon chain; which
do not involve CQ as a reactant. These routes include the reactigiycerol and

(i) urea (ii) dimethyl carbonate and diethyl carbten (iii) phosgene (iv) ethylene
carbonate and propylene carbonate. However, caldoy of glycerol is proposed
as a green route to synthesise GlyC through awpithe use of phosgene. Cyclic
compounds including cyclic carbamates and cyclicb@aates are commonly
manufactured from phosgene which is toxic and ltkmes in nature (Narkhede and
Patel, 2015). The carboxylation of glycev@ heterogeneous catalysis produces water
as the by-product (Sonnadt al, 2013). A range of solid catalysts have previously
been investigated in this reaction: zeolites, bamsieexchange resins, tin complexes
and Ce-based catalysts (Aresta et al., 2006; \eeed al., 1998). This reaction is
further investigated by developing active heter@gers catalysts such as @k
(CeQ®-Al203) or NOs (CeQ-Nb20Os).
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Table 2.4. Comparative study of catalysts withetéht reaction conditions.

Catalyst Dehydrating Reaction condition Gly. Select Yield Ref.
agent _ Conv. ivity %)
Temp Time P P° (%)
0,
(°C)  (hn) (MPa) (MPa) (%)
CeQ 2- 150 5 3 4 N/A- NA 20 (J. Liet
cyanopyridine al., 2016)
Zn/Al/LaF Acetonitrile 170 12 4 N/A 30.6 46 14 (&t al.
2015)
Zn/Al/lLa Acetonitrile 170 12 4 N/A 35.7 422 151  (H. L,
Li Jiao,et al,
2015)
Cu/La0s Acetonitrile 150 3 4 7 8.9 29.3 N/A (Zzhang and
He, 2014b)
2.3 wt.% Acetonitrile 150 12 4 7 334 454 15.2 (zhang and
Cu/La0s He, 2014a)
La,O,COs-  Acetonitrile 170 12 4 N/A 30.3 473 143 (@ial,
ZnO 2013)

4nitial pressure of C®at room temperature

PReaction pressure of G@t reaction temperature.

‘Reaction was carried out in the presence of dinhétingnamide.

Carboxylation of glycerol in the presence 0bQaC0Oz-ZnO and acetonitrile was first

reported by Liet al.(2013). Acetonitrile acts as the chemical watap tconsequently

shifting the reaction equilibrium to the produaesi Cu/LaOs has also been employed

to synthesise the GlyC (Zhang & He, 2014a). Furttedies have been carried out

employing Cu-based catalysts supported on: (i) anil basic supports (ii) supports

with acid sites only (iii) supports with basic sitenly and (iv) supports with neither
acid nor basic site (Zhang & He, 2014b). Furtheseagch employing Zn/Al/La/M
(M = Li, Mg and Zr) hydrotalcite as the catalysts this reaction. Zn/Al/La/Zr,
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calcined at 500 °C, resulted in a 14.1% yield of@(43.3%). In order to improve the
yield of GlyC at a lower temperature and pressud®, °C and 2.5 MPa, the reaction
was carried out by reacting 3-chloro-1,2-propanediad CQ in the present of
trimethylamine (Ochoa-Gémest al, 2011). Ozorio and co-worker have studied the
mechanism of glycerol carboxylation over metal iegprated zeolites in absence of
dehydrating agent; however, the reaction must fd&ee at high pressure, 100 bar.
This resulted in a 6% yield of GlyC (Ozomb al, 2015). Research shows the success
of synthesising GlyC from glycerol and @0ver heterogeneous catalysts in presence
or absence of acetonitrile, however, the yieldrotjpicts formation is considered low.
Recently 2-cynopyrine has been employed; resuiting 20% yield of GlyC with
2-picolinamide as the by-product (J. Letw al, 2016; Suet al, 2017). The list of
catalysts used for the carboxylation of glycera summarised in Table 2.4.

2.3 Conventional routes to glycerol carbonate
2.3.1 Phosgene

Transcarbonation of glycerol using phosgene is shiovFigure 2.3. Table 2.5 shows
the examples of linear and cyclic carbonates; iriciwvtboth linear and cyclic
carbonates have an industrial interest and arelynaioduced from phosgene (Aresta
and Dibenedetto, 2007). The use of phosgene a®rwad source to synthesise
glycerol carbonate must be eliminated because toxec and highly corrosive.
However, Shukla & Srivastava in their review highli the phosgene-free methods

available to synthesise diethyl carbonate (lin@abanate) (2016).

CH
o
HO H /_(7
HO\)\/OH +CI /\\m —FQNHS O\ﬂ/o + 2HC
0O

Figure 2.3. Transcarbonation of glycerol using pgfeoe (Sonnagt al, 2013).
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Table 2.5. Examples of linear and cyclic carborsaie their uses (Aresta and
Dibenedetto, 2007).

Carbonates Market Uses

Linear  Dimethyl carbonate 18 Mt Solvents, reagents,

Diallyl carbonate per year additives for gasoline

Diethyl carbonate Monomers for polymers,

synthesis for

Diphenyl carbonate
pheny hydroxyesters and

Cyclic  Ethylene carbonate hydroxyamines component

Propylene carbonate
Cyclohexene carbonate

Styrene carbonate

2.3.2 Glycerol and urea

Synthesis of GlyC from urea and glycerol in thesprece of homogeneous and
heterogeneous catalysts represents an interesaeity This phosgene-free route
utilising the easily available, low cost and lesgd materials which releases ammonia
gas as by-product (Figure 2.4) is carried out amdhsence of solvent. A number of
heterogeneous catalysts have been reported faretesion such as Au (Ab Rahieh
al., 2012), Pd (Hammonet al, 2011), silicotungstates supported on MCM-41
(Narkhede and Patel, 2015), metal ion exchangategdlarakatti et al., 2014) and
hydrotalcite (Climenet al, 2010). Sonnati in his review listed the potentatialysts
for the reaction of glycerol and urea including ateixides (CaO, L#3, MgO, ZrQ,
ZnO and A$Oz), hydrotalcite, CeO4/ZnO nanodispersion and gold-supported on
ZSM-5 (Sonnatet al, 2013).

Introduction of 2.5 wt.% of Au to MgO yields 56% y&l. Au-MgO preparedia
impregnation have a high stability and yield 55%Gafter 18" cycle of experiments
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(Hammondet al, 2011). 2:1 Sn and tungsten catalyst prepared tmprecipitation
method also show a good performance yielding actelly toward GlyC of 95%
(Jagadeeswaraiah et al., 2014). Indran et al. ahdifi et al. studied the use of waste
materials such as ash/char and gypsum as the statesylting in 90% conversion of
glycerol with a yield > 75% of GlyC (Indraet al, 2014; Zuhaimet al, 2015). It is
clear that waste material can be used as an amdibadyst to synthesise GlyC from

glycerol and urea.

HN NH - 2NH, N

0]

OH
0
HO ‘ /_(7
HO\/}\/OH T N, —— O o
|

Figure 2.4. Synthesis of glycerol carbonate by @lglysis of urea where
2,3-dihydroxypropyl carbamate is formed as thetreagntermediate
(Ab Rahimet al, 2012).

2.3.3 Glycerol and dimethyl carbonate

As shown in Figure 2.5, transesterification of glyal and dimethyl carbonate to GlyC
produces methanol as the by-product. Heterogeneataysis is an alternative
method to replace the use of enzymatic and homagesneatalysts. Okeye and
Hameed reviewed the possible catalysts that acessaful catalysed this reaction such
as MgO, NaO, CaO, hydrotalcite, K-zeolite, ZnO and.08 (Okoye and Hameed,
2016).

A range of Na-based zeolites have been employedcimsesterification of glycerol
and dimethyl carbonate (Saiyoeg al, 2012). High glycerol conversion, 80%, and
100% selectivity to GlyC is recorded in the preseotNaY; while low selectivity to
GlyC is observed upon the introduction of Nend NaZSM-5 catalysts. In this case,
the influence of the pore size and the basicityabélysts are very important and must
be taken into consideration. Zeolite-based catalygiffer from knocking and
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deactivation problems due to poorly structured ale# within the zeolites and
addition of solvent is crucial in order to driveetheaction processes (Algoufi and
Hameed, 2014; Okoye and Hameed, 2016)

OH -2 MeOH \

T
0
e Ao e I ey
3 3
o o \_«;
OH

Figure 2.5. The stoichiometric equation of glyceratbonate synthesiga glycerol
esterification with dimethyl carbonate (Okoye arahtéed, 2016).

MgsAlOs 5 hydrotalcite (80:20 mol ratio) is prepared the co-precipitation method
(Liu et al, 2015). 1 to 15 wt.% of LiN®is introduced to the Mg&\lOs s hydrotalcite

in order to study the impact of number of basiesitf a catalyst. The selectivity to
GlyC decreased in the presence of strong basitysataecause it is promotes the
decomposition of GlyC to glycidol (Okoye et al.,10). Malyaadriet al. studied the
impact of catalyst morphology by calcining the M@DOs/ZrO, at different
temperatures. Only 8% GIyC vyield is observed inghesence of uncalcined catalyst
while 68 to 94% yield of GlyC are observed in thiegence catalysts that have been
calcined from 450 to 750 °C (Malyaadri et al., 2D11

2.4 Conventional routes to acetins

The interest in glycerol acetylation in the preseif acid catalyst has increased
exponentially due to the increase of the quantitybimdiesel production; thus
contributes to the production valuable chemicalg, mono-, di- and triacetin. In
general, acetylation of glycerol takes place inghesence of acetyl source including
acetic acid, ethyl acetate or acetic anhydride. ddoetin is a starting material for the
production of explosives while diacetin is wideseuas solvent and plasticiser (Reddy
et al., 2010). Triacetin is commonly use as the &delitive and act as anti-knocking
agent (Mufrodi et al., 2014; Okoye & Hameed, 20%éndesh et al., 2015). General
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product applications of glycerol derived bio-addks are summarised in Table 2.6
(Konget al, 2016).

Table 2.6. General starting material and applicatibmono-, di- and triacetin and
bio-additives (Konget al, 2016).

Bio additive Starting Product application
material

Monoacetin Acetic acid, - Excellence solvency
glycerol

- Raw material for the production of
biodegradable polyesters

Diacetin - Plasticiser for cellulose acetate,
nitrocellulose and ethyl cellulose

- Plasticiser for cellulosic polymers and
cigarette filter

Triacetin - As an antiknock additive for gasoline

- Improve cold low and viscosity
properties of biodiesel

Glycerol tertiary Isobutylene - Used in diesel and biodiesel
butyl ether (gas phase); reformulation
(GTBE) and glycerol or

Glycerol di-tert  tert-butyl - Oxygenated additives for diesel fuel

butyl ether alcohol (liquid - Decreasing cloud point of biodiesel
(GDBE) phase); fuel
glycerol - Toreduce fumes, particulate matters,

carbon oxides and carbonyl
compounds in exhausts

Glycerol di-ethyl Ethanol, - Used for fuel formulation
ether (di-GEE) glycerol
and Glycerol tri-

ethyl ether (tri-

GEE)

- Important intermediate for various
chemicals

Glycerol mono-
ethyl ether
(Mono-GEE)

Polyglycerol Glycerol - Excellent lubricity and used as
additive in lubricant
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Figure 2.6 shows the reaction scheme of mono-auwiit triacetin synthesised from
glycerol and acetic acid, which involves a threspsteversible equilibrium reaction.
Mineral acids such as sulfuric acid, paratoluemghsnic acid, hydrofluoric acid have
been employed in glycerol acetylation reaction (&iea et al., 2009; Kale et al., 2013).
Due to the high toxicity, corrosive and hazardoature of those acids, multi-step
catalysts and products recovery is needed (Okoye ldameed, 2016); the

heterogeneous catalysts employed are listed ineTall

OH o OH ﬂ
HO\)\/OH +/|k OH_- HO\/bO/\CHg
+ ater
O
\jH\/ /‘k Cl} ﬁ ] ‘CJ
0 o Sonr I — PN
o OH CH;/\O\)\/O CH,
+ ater
@]

Figure 2.6. Glycerol acetylation scheme to syngeesiono-, di- and triacetin
(Hu et al, 2015). Acetylation of glycerol to mono-, di- amhcetin can be carried
out in the presence of acetic acid or acetic antlgdat atmospheric pressure and is

summarised in Table 2.7.
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Table 2.7. Glycerol esterification in presence adtec acid and acetic anhydride over

heterogeneous catalyst. All reactions have beeatedavut at atmospheric pressure.

Catalyst Glycerol Reaction Selectivity to Reference
conversion conditions products (%)
(%)

Temp. Time Mono- Di- Tri-
cC)  (hn

Acetic acid

7 wt.% 98 85 2 25 59 16 (Sandestal,

CsPWA 2015)

TPA 87 100 6 25 60 15 (Patel and

IMCM-41 Singh, 2014)

TPAIZrO, 80 100 6 60 36 4 (Patel and
Singh, 2014)

Amberlyst 15 100 80 8 21 63 15 (Kim, Kim and
Lee, 2014)

Amberlyst 15 97 110 4.5 9 47 44 (Zhou et al.,
2013)

HZSM-5 85 110 4.5 68 25 7 (Zhou, Al-
Zaini and
Adesina, 2013)

HUSY 78 110 4.5 2 78 20 (Zhou, Al-
Zaini and
Adesina, 2013)

H-beta 94 120 2 48 39 4 (Silva et al.,
2010)

PMo 68 - 3 37 59 2 (Ferreira et al.,

/NaUSY 2009)
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Catalyst Glycerol Reaction condition  Selectivity (%) References

conversion
(%) Temp Time Mono- Di- Tri-
(°C)  (hn)
Acetic anhydride
4 wt.% 100 30 2 0 20 80 (Sandeshal,
CsPWA 2015)
H-Y 100 120 2 0 0 100  (Konwat al,
2015)
H-beta 100 120 2 0 0 100  (Silva,
Goncalves and
Mota, 2010)

Konwar and co-worker in their research concluded ¢éhhigh density of surface acid
site and the large pore size of H-Y zeolite (mesops) facilitated triacetin formation
(Konwar et al, 2015). H-beta (microporous) was also employediypeces a high
selectivity to triacetin of 100% (Silva et al., Z)1However, excess acetic anhydride
to glycerol (4:1) has been employed. The reactamperature also affects the products
formed from this reaction. The selectivity to te#ia increases from 3 to 10% with
increasing the reaction temperature from 50 °Cl® °C; consequently, a drop in the
selectivity to monoacetin to 78 to 30% is obser¢@tioreishi and Yarmo, 2013).
Addition of acetic anhydride favours the productioh triacetin. Despite high
selectivity to triacetin, acetic anhydride is mesgpensive (0.98 USD/kg), than acetic
acid, 0.5 USD/kg (Kongt al, 2016). It is demonstrated that both acetic acttlacetic
anhydride can be successful in synthesising a¢dtutsacetic anhydride is hazardous
in nature (Redasarat al, 2010). Moreover, the use of acetic anhydrideighlig
restricted in laboratories for research and alstricked by law in many countries. It
is widely use for the production of morphine (Yadawd Joshi, 2002; Okoye and
Hameed, 2016). Therefore, efforts towards the agweent of acidic heterogeneous

catalysts are crucial.
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3 EXPERIMENTAL WORK

This chapter describes the catalysts employed, rapps procedures and
experimental reaction conditions used in this w&&ction 3.1 explains the theory of
catalyst preparation methods. The heterogeneowsysds studied within this thesis
are prepared via (i) co-precipitation (ii) hydrotimeal and (iii) sol-gel methods as
described in section 3.2. The carboxylation of glgtis carried out in the presence
of dehydrating agents and heterogeneous catalgststested with pure, model crude
glycerol and crude glycerol and will be discusseiefty in this chapter. The general
procedure for catalytic testing and details of GG Mnalysis methods are described
in section 3.3 and 3.4. Section 3.5 and 3.6 willifoon the catalyst and crude glycerol
characterisation techniques employed within thissth. All experimental work done
to synthesise glycerol carbonate are explainecettien 3.7.

3.1 Theory of catalyst preparation methods
3.1.1 Impregnation method

The impregnation method involves three steps: @htacting the support with the
impregnating solution, (2) drying and evaporatihg liquid solvent and (3) catalyst
activation, i.e, calcination and reduction of prepared catalysesrdg§o and Villa,
1997). Impregnation is commonly used in industrgehese of its simple execution and
low waste streams (Munnik, Jongh and Jong, 2015)simplicity enables large
quantities of catalysts to be prepared. It workany porous material and metal salt
combination as long as the solvent is compatibtd Wwoth materials (Rioux, 2006).
One of the drawbacks associated with impregnas@oor distribution of metal in the
pores (metal loading), > 30% (Lok, 2009). Activatisteps such as drying
(evaporation of solvent) must be taken into cormsitilen because it generally causes
the agglomeration of metal precursors; thus leatbrtge formation of large particles

after the reduction step (Rioux, 2006).
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3.1.2 Bulk method

Co-precipitation: This is the most common method used to prepardysgtavhich

is comprised of three major step: (1) liquid mixirfd) nucleation and (3) crystal
growth to form primary particles and aggregatiorpafary particles (Lok, 2009).
The size of the crystallites formed is dependenthan relative rate of nucleation
compared to crystal growth (Hutchings and Vedrig@04); where high rate of
nucleation compared to crystal growth leads tddhmation of small crystallites. The
advantages of employing this method are high atdénmetal loading, up to 60% to
80% and has relatively high metal dispersion (L200Q9). However, co-precipitation
processes generate a large quantities of wastesalt solution is filtered after the
aging process. In addition, there are several fadtat affected the properties of the
precipitate such as pH of the mixture, aging titeeyperature, precipitating agent
etc(Schuth and Ugner, 1999). This method is not slathdy large scale because it is

difficult to control the pH and homogeneity of thexture during the aging process.

Sol-gel: A sol is defined as the suspension of solids liquad as colloidal particles
(in range of nm tom) and is coagulated to form gel (Hutchings andriveq 2004).
Catalysts prepared from this method have severahrddges over precipitation
because they have better surface area, pore voluwne,size distributiomnd high
porosity (Perego and Villa, 1997; Hutchings and Mesl 2004). For example,
amorphous gels of silica and alumina are used mthegise zeolites and molecular

sieves (Hutchings and Vedrine, 2004).

Hydrothermal: Hydrothermal treatments of precipitates are comgoatried out at
low temperature (> 30TC) and aging in the presence of the mother ligGampanati,
Fornasari and Vaccari, 2003)he advantages of this method are shown in Tatftle 3.
where they involve the textural and/or structuradrfication of the solid particles
(Fonseca, 2008).
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Table 3.1 Main hydrothermal transformation (Campiaf@rnasari and Vaccari,
2003; Fonseca, 2008).

From To

Amorphous solid Crystalline solid

Small crystal Large crystal

Small amorphous patrticles Large amorphous patrticle
Kinetically favoured phase Thermodynamically farexiphased
Highly porous gel Low porosity gel

3.2 Preparation of catalyst

The initial work on carboxylation of glycerol to rayesise GlyC described herein
focused on the use of commerciabQa purchased from Sigma Aldrich with 99.9%
purity and denoted as @z:-C. The morphology of lanthanum-based catalystewer
modified by manipulating the catalyst synthesishods. The catalytic activity of ZnO
catalyst (Sigma Aldrich, 99%) was also tested. @ftbe main reasons for employing
ZnO as a catalyst is the ability of ZnO to activgtgcerol and the success of this
catalyst in synthesising GlyC has been reportaeédent research (Li et al., 2013, Li
et al.,, 2014 & Li et al., 2015). ZnO and A»COz with a composition of 9:1 and
7.5:2.5 were also prepargth co-precipitation and wet impregnation methods. 2ZrO
with both acidic and basic sites, was introduced casalyst support. Zr§)
ZrOy/Lax0C0O3 (7:3), and Zr@Lax0.COs/Ga03 (65:30:5) were prepared and tested
over the carboxylation of pure glycerol, model @uglycerol and crude glycerol

reactions.
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3.2.1 La202COspreparation methods

Co-precipitation: LaoO.COs-CP was prepareda co-precipitation technique similar
to that employed by Liuet al (2016) and Unnikrishnan & Darbha (2016).
LaxO-COz-CP was prepared from La(NJ2.6H20 (Acros Organics, 99%); the salt was
dissolved in 50 ml of deionised water and stirr€decipitation of 0.5 M of
La(NGs)3.6H0O was carried out by dropwise addition of 2 M of Q& (Sigma
Aldrich, 97%) with a constant pH of 11. The catalggnthesis took place in a
round-bottom flask fitted with a glass water corsbn The catalyst was aged for
4 hours at 60 °C and washing step was crucialntmve residual nitrates. Nitrates can
cause particle sintering and agglomeration dutiegnhal treatment, thus lead to a loss
of surface area (Munnik, Jongh and Jong, 2015). Wétecatalyst was centrifuged,
washed with deionised water (until it reach pH 67)oand dried for 13 hours at
110 °C. The catalyst was then calcined at 400 tGfbours. The prepared catalyst
was denoted as k@,COsz-CP.

Hydrothermal : 30 ml of 6 M of NaOH and 15 ml of 0.5 M of &l0s)..6H.O were
prepared by dissolving the salts with deionisedewathe salt mixture was stirred
vigorously for 30 minutes. The mixture was plaged 45 ml stainless steel autoclave
equipped with magnetic stirrer and sealed tightly (iu et al, 2016). The
hydrothermal treatment took place over 22 hourgundnstant mixing. The prepared
catalyst was centrifuged at 6000 rpm and washell adgtonised water to remove the
residual nitrates (until it reach pH 6 to 7). Flgait was dried at 110 °C for 13 hours
and calcined at 400 °C for 5 hours. The preparedlyst was denoted as
LaxO2COs-HT.

Citrate sol get 50 ml of 0.5 M of La(NOz3)2.6H20 and 0.5 M of citric acid (Alfa
Aesar, 99%) was dissolved in 25 ml of ethanol (&isBcientific, HPLC grade) and
25 ml of water (J. Lieet al, 2016). The mixture was added into a 500 ml rdupitbm
flask. The mixture was stirred, the temperature sesat 90 °C and placed in a silicon
oil bath (Alfa Aesar, usable range from - 40 to 200 The salt mixture was stirred

vigorously and evaporated to form transparent bk sol prepared was dried at
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60 °C for 13 hours and calcined at 400 °C for 5reotihe prepared catalyst was
denoted as L#&.COs-SG.

3.2.2 Catalyst and support preparation methods

Co-precipitation: ZnO/L&0>COs-CP (90:10) was prepared from Zn(B)©6H.O
(Sigma Aldrich, 98%) and La(N§.6H-O as reported by Li et al. (2013). Both salts
were dissolved in 50 ml of deionised water andresdfir Precipitation of
Zn(NQs)2.6H0 and La(NQ@)3.6H.0O was carried out by dropwise addition of 2 M of
NaOH until it reached pH 11. The catalyst was &ged hours at 60 °C. The mixture
was then filtered by vacuum filtration. The catalysshed with deionised water and
dried overnight at 100 °C. Then, it was calcined %ohours at 400 °C. ZrD
ZrOo/Lax02COs and La0.COs/ZrO./Ga0s were prepared using the same method
and ZrO(NQ)2-xH20 (Sigma Aldrich, 99%) and Ga(NR.xH20 (Alfa Aesar, 99.9%)
were employed to synthesise those catalysts (Blemt@l, 2011). The wet catalyst
was centrifuged and washed with deionised watetil (iirreach pH 6 to 7). The
catalysts was dried overnight at 110 °C; then oaltiat 400 °C for 5 hours.

Impregnation: ZnO/La0.COs-l1 (90:10) was prepared from Zn(N@6H.O and
La,Os-C in the manner reported by Zhang and Ozorio slittht modification (Zhang
and He, 2014a, 2014b; Ozort al, 2015). 16.5 g of Zn(N¢§)»..6H.O was dissolved

in 100 ml of ethanol. 0.5 g of k@:-C was added into the zinc nitrate solution. The
mixture was stirred for 5 hours at room temperatliree catalyst liquid mixture was
then filtered by vacuum filtration. The wet catdlygs dried for 13 hours at 110 °C
and calcined for 5 hours at 400 °C.

3.3 Apparatus and procedure
3.3.1 The autoclave

All catalytic reactions were carried out in a 45 mgh pressure stainless steel

autoclave (Parr Instruments, Model 4714) equippéd & magnetic stir bar and an
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external thermocouple. The reactor was heated licosi oil (usable range from
- 40 to + 200 °C) and placed on a heating platgpped with adjustable heating
temperature (maximum temperature, 500 °C) and tadjles stirring speed. The
reactor was connected with a £€@as line at the inlet valve. The connection liresw
examined for gas leakage and any leakage mustdigeal The reaction was carried
out at the desired temperature and the pressurenandored by a pressure gauge.
The reaction was designed not to exceed 60 banydirae as the maximum pressure
of experimental work is limited to 100 bar by equgnt design. The outlet valve was
slowly opened and gas was vented to depressuasedictor. A pressure relief valve
was installed to protect the equipment in the ewdrdver pressure. Due to safety
considerations, all of the reactions were performeadfume cupboard at all times and
in the event of pressure build up, the safety veddease pressure.

Depressurisation
valve

Feeding
valve

W)

Pressure

relieve

valve

Silicon oil

Heating plate

Figure 3.1. Scheme of the experimental configuraéimployed. PC is the pressure

control.
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3.3.2 Operating procedure

General: Direct carboxylation of glycerol was carried oot 1.3 to 25 hours in an oil
bath-heated high pressure stainless steel auto@éwval). 6 wt.% catalyst, 22.5 mmol
glycerol and 45 mmol dehydrating agent were measanel loaded into the reactor.
The reactor was purged and cycled with 20 bar of. G@is step was very important
to remove the air trapped inside the reactor. Thies reactor was pressurised with
34 bar CQ at room temperature. This resulted in initial ptes at reaction
temperature of 45 bar. The operating temperatusesgaat 160 °C and the oil bath
was preheated before the autoclave was placed(hdu et al.,, 2014). Once the
temperature had stabilised and reached 160 °CCt; the magnetic stirrer was turned
on. After the desired reaction time, the reacti@s\uenched by placing the reactor
ice water. The pressure inside the reactor befwdeaéter cooling down were recorded

and then the reactor was depressurised slowly.

Model crude glycerol: Model crude glycerol were prepared by mixing ghptend
methanol to the ratio of 80:20 (22.5 mmol in tatalwt.% NaOMe, 10 wt.% FAME
and/or 10 wt.% water were added into the glycenal mmethanol mixture. 45 mmol

adiponitrile and 6 wt.% catalyst were also load#d the reactor.

Crude glycerol: 2.1 g crude glycerol (17 mmol glycerol) was load®d the reactor
along with 45 mmol adiponitrile and 6 wt.% catalystwt.% NaOMe and 5 wt.%

methanol were also added into the crude glycerol.

The sample of crude glycerol was obtained as thprbgiuct of biodiesel synthesis
from sunflower oil and methanol and catalysed by)Ni&. The reaction was carried
out on a Golden Ray biodiesel processor at DepattwfeChemical and Biological

Engineering, University of Sheffield.
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3.4 Sample analysis
3.4.1 Liquid sampling method

50 L of liquid sample (collected after the reactiooptaining glycerol, dehydrating
agent, products and catalyst were extracted antedilin 1000 L of ethanol (1:20).

Then, the sample was shaken well and filtered usiryj2 um pore size Captiva
Premium Syringe Layered Filter (Agilent). This steas crucial to remove particles
of catalyst. The sample was then analysed usindMSCEentrifugation is a common
method used to separate the liquid products and salalysts. In this case, this

method cannot be employed due to high viscosithefeaction samples.

3.4.2 Gas chromatography (liquid phase analysis)

Gas chromatography (GC) equipped with mass speetrgnMS) are employed to
analyse complex samples in form of liquids (Annamal Villalobos, 1992). There are
several types of GC detector including MS (massctspmetry), TCD (thermal
conductivity detector), FID (flame ionisation detay and ECD (electron capture
detector) (Levy, 2007). A GC instrument consistgas$ inlet, injector, column oven,
detector and data system. An inert gag, helium, nitrogen or hydrogen is commonly

used as the carrier gas (Chromacademy, 2013).

The sample is injected into the injection port dimel sample is split before it enters
the column (is divided according to the split rag@lected). Separation in the GC is
based on different affinities between the constitseof the mobile phase to the
stationary phase. Chemicals with strong affinitythe stationary phase have longer
retention times and those with weak affinity hakerser times (Levy, 2007), leading

to separation.

A small amount (L) of sample is injected into the carrier gas stre&/olatilised
sample components flow along the column into theeater. The detector signal is
sent to the data signal and a chromatogram isdbestructed. The detector signal in

form of peak height and area under a peak are sedlAnnino and Villalobos, 1992).
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A gas chromatograph equipped with a mass spectesmetector, (Shimadzu, GCMS
QP2012SE), was employed to analyse the compositithre liquid products collected
from the reaction. A 30 m HP Innowax capillary colu with 0.25 mm internal
diameter and 0.25m film thickness was used. Helium was used asdh#et gas, the
stream split ratio and injection temperature werteas 100 and 250 °C. The sample
was analysed with injection volume of 0.k for 32 minutes. Figure 3.2 shows the
method developed to analyse glycerol, GlyC and modoé and triacetin. The
temperature of the oven was held for 2 minutesGat@ and the temperature was
increased at a rate of 10 °C/min from 40 to 163amd then held isothermally for
1 minute at 163 °C. The temperature was then ramgadly from 163 to 190 °C at
50 °C/min and was kept constant for three minutéss method was important to
improve the peak separation. The oven temperataseten increased to 205 °C at a
rate of 10 °C/min and held for another 3 minutdse Temperature was increased to

250 °C at a rate of 10 °C/min and kept constanbforinutes.

Temperature (°C)
&
o

0 I I I I 1 I
0 5 10 15 20 25 30 35
Time (minutes)

Figure 3.2. GC method developed for glycerol, pat@und by-products analysis.
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3.4.3 GC Calibration

The GC-MS system was calibrated using 99.9% puliygerol and 90% purity of
GlyC. The glycerol and GlyC calibration curve ah@wn in Figure 3.3 and 3.4.

Area under the graph (a.u)

o
®
0 i i I } } I

0 0.01 0.02 0.03 0.04 0.05 0.06

Concentration (g/ml)

Figure 3.3. Calibration line of glycerol; where y8%.2 x + 0.11.
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Figure 3.4. Calibration line of glycerol carbonatgtere y = 68.8 x + 0.01.
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The glycerol concentration was measured as follows:

y=mx+c (3.1)
y=81.2x+0.11 (3.2)
Where

y = area of reactant or products under the peakecur
m = is the gradient of reactant or products cafibracurve (m = 81.2)
x = the final reactant or products concentration

¢ = point at which the line crosses theyis

Glycerol conversion, yield and selectivity to thegucts formed from these reactions

were analysed and calculated as follow:

The conversion of glycerol

(3.3)
Where
Co = initial concentration of glycerol (g/ml)
C = final concentration of glycerol (g/ml)
Selectivity of the products formed
I"H#$ 1% &'1()*+ %" #( p (3.4)

I"#$ 190 ,"-*#'1" *1.$) #(

Yield of product formed

I"H$ 19 &)+ %!' #( ,
0 IHS 196 "1 1 +1()H( ' (3.5)
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3.4.4 ATR-FTIR (liquid analysis)

An infrared spectrum represents a sample with giisor peaks which correspond to
the frequencies of vibrations between the bonddhefatoms. The wave number is
typically measured over the range of 400 to 4000 (Duckett and Gilbert, 2000;
LPD Lab Services, 2017). FTIR is a measurementnigale to collect the infrared
spectra (IR). This beam passes through an apexrharéhen enters the interferometer
where the “spectral encoding” takes place. Subsgbuthe beam is transmitted to
the surface of the sample and finally to the detedthe detector is used to measure

the interferogram signal (Thermo Scientific, 2013).

ATR-FTIR analysis for liquid samples was conductemhploying a Shimadzu
IRAfiinity-1S. Spectra were collected over the rang00 to 4000 crhwith a
resolution of 4 cri. A drop of reaction sample was placed onto thepsaimolder and

analysed.

3.5 Catalyst characterisation methods
3.5.1 BET

Nitrogen adsorption and desorption at 77 K is anoeto determine the range of pore
sizes and pore volume distribution of porous malerincluding micropores,
mesopores and macropores (Seaton, Walton and QUBRE; Leofantet al, 1997).
The BET theory provides a simplified model for Husorption of gas molecules onto
a surface, and is used to calculate the surfacecdmaaterials. N argon and krypton
can be employed for this analysis (Llewellyn, Blaid Bourrelly, 2012). The BET
model improved the model proposed by Langmuir ih519he BET model proposed
the adsorption of multiple layers of gas (Figui® 3while Langmuir adsorption model
is based on the assumption of the formation of amlg monolayer of strongly
adsorbed gas (Llewellyn, Bloch and Bourrelly, 20I)ere are four experimental
protocols of the BET analysis such as activatiomdassing), dead volume space
calibration, adsorption and desorption (Llewellgtgch and Bourrelly, 2012).
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Figure 3.5. BET model of multilayer adsorption aesorption of ga®.g, nitrogen
(Particle Technology Lab, 2017).

Brunauer Emmett Teller (BET) measurements (Microimet3-Flex) identified the
total surface area of catalyst. Pore volume ané pare were determined from the
desorption branch of isotheia the BJH method. 0.5 g catalyst was loaded into the
sample tube and degassed at 250 °C for 3 hounstpramalysis using Vac Prep 061.

Nitrogen sorption measurement was carried out & @id under vacuum condition.

Thanks to Ben Palmer, Department of Material S@ertd Engineering at University

of Sheffield for technical support whilst usinggHacility.

352 TPD

TPD is mainly used for the characterisation of de&lic and basic site in gas-solid
interaction where a range of the gas probes carsée including NHK pyridine, SQ
and CQ. NHsz and pyridine are commonly used to study the acufittatalyst, while

basicity of catalyst can be analysed using 8@ CQ. This experiment consists of
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three phases including pre-treatment, adsorptiohdasorption (Mekki-Berrada and
Aurox, 2012).

Pre-treatment: The catalyst sample is treated inéht gas at low pressure and at a
temperature to remove impurities from the catalstface without degrading the

sample structure.

Adsorption: The catalyst sample is treated with@ONHz gas at room or low

temperature until the catalyst pores are satusaitdthe gas.

Desorption: The sample is heated and a flow ot ig&s carries the desorbed molecule
to the detector. In the desorption method, weakiyded molecules (physisorption)

will desorb first followed by strongly bonded maldes (chemisorption).

CO,-TPD of CeO,-F 85.6 pmol/g

CO,-TPD of CeO,-R 24.8 umol/g

120°C

Intensity (a.u.)

TPD of CeO,-R

100 200 300 400 500 600
Temperature (°C)
Figure 3.6. C@TPD profile of Ce®@, where peak detected < 250 °C indicates the
presence of weak basic, while peak detected fradnt@400 °C and > 400 °C

indicate the presence of medium and strong cathba&t sites (Z. Zhangf al,
2016).
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Peaks detected at < 250 °C indicate the preseneeaifly basic sites, while peaks
detected from 250 to 400 °C and > 400 °C indida¢epresence of medium and strong
catalyst basic sites as shown in Figure 3.6.

TPD-CQ was performed on QuantaChrome ChemBet Pulsar/TPR and equipped
with thermal conductivity detector. 0.1 g of casdlyvas measured and placed in
U shape quartz reactor. The catalyst was pre-ttaagang He at 300C for 1 hour.
The sample was then cooled to room temperaturgGgand was treated with flowing
pure CQ for 1 hour. The catalyst was then purged with éleetnove the physisorbed
CQs. The temperature was increased from 30 to°@at a rate of 10C min.

TPD-NH: was also performed on a QuantaChrome ChemBet rPL$a and
equipped with thermal conductivity detector. 0.Ifgcatalyst was measured and
placed in U shape quartz reactor. The catalystpradreated using He at 300 °C for
1 hour. The sample was then cooled to room temyrer&80 °C) and was treated with
flowing 0.1% NHy/Ar for 6 hours. The catalyst was then purge withtblremove the
physisorbed Nkl The temperature was increased from 30 to 900 °&@ mdte of
10 °C mint,

Thanks to Prof Chris Hardacre and Dr Sarayute Ghar&chool of Chemical
Engineering, Manchester University, for the TPD9\tid TPD-CQ equipment and
technical support.

353 SEM

Scanning electron microscope (SEM) is a surfaceginga method that scans a
specimen using a high energy beam of electronsdtyse the external morphology
(texture) Scanning Electron Microscopy (SEM2016) including properties such as
shape, particle size distribution and speciationctiire of a sample (catalyst) (Tiede
et al, 2008). The sample surface is scanned using ttidemnt electron beam and
interacts with the sample to generate signals étial, 2014). The incident electrons
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cause emissions of backscattered electrons (BSHpanenergy secondary electrons
(SE) from the atoms on the sample surface and dacprelectron imaging (SEI) is
typically used for SEM analysis (Let al, 2014; AZO Material, 2017).

The morphology of the catalyst was also studiech@uSSEM (scanning electron
microscopy). The solid catalyst was placed on &kblzarbon stick. The prepared
sample underwent gold coating; sample coating reduif the catalyst was not
electrically conductive. The stub was placed on t¢bater sample table and the
chamber was flushed and pressurised with 0.3 bargain. The sample coating took
place over 8 seconds. The analysis was carriedogingl on JEOL JSM-6010LA.

The acceleration voltage was at 12 to 20 kV. Thages were magnified 100 to
1000 times. The particle size of the catalysts veer@ysed using Image J software.

The diameter of these particles were measuredtapaidts across the sample.

Thanks to Dr Alan Dunbar and the ESPRC (4CU GiaR{K001329/1) for the SEM
Images, technical support and training whilst ushigSEM facilities at University of
Sheffield.

3.54 ATR-FTIR

The working principle of ATR-FTIR is explained inedion 3.4.4. Surface

functionalities of the solid catalysts were idaetif employing a Fourier transform
infrared spectroscopy (FTIR) (Shimadzu IRAfiinit$)l Spectra were collected over
the range of 400 to 4000 cmwith a resolution of 4 crh

3.5.5 Powder XRD

X-ray diffraction is a non-destructive method t@cdrcterise the crystal structure and
determine the chemical phase composition of aystébatterfield, 1980; Cullity and
Stock, 2001). An X-ray diffractometer consist ofra¢ tube, a sample holder and

X-ray detector (Dutrow and Clark, 2017) as showrFigure 3.7. The X-rays are
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generated by a cathode ray tube by heating a filartee produce and accelerate
electron and directed toward the sample. The iotiemra of the incident rays with the
sample produces constructive interference and faadiéd ray. The sample and
detector are rotated and intensity of the reflectgd are recorded. Cu, Fe, Co, Cr,
Mo are the target material that can be used fostalydiffraction but CuK
radiation = 1.5418 A is commonly used for singlgstal diffraction and data is
collected at 2 from ~ 5° to 70° (Dutrow and Clark, 2017).

X-Ray / \ Detector

Tube

-

~
Incident Diffracted
beam (9 beam optic
optic T 201

[ . /

~
‘.\

~

~..

Figure 3.7. Schematic of a diffractometer (AOCSidLipibrary, 2017).

Sir W. H. Bragg and Sir W. L. Bragg explained te&ation between the crystalline
lattice and scattering beam of an angle. This $eudeed using Braggs'’s law as shown

in equation 3.6.

n =2dsin (3.6)

= wavelength of the incident beam; it is assunhed bf incident beam andof the

reflected beam are equal
n = the order of reflection
d = the interplanar spacing of the crystal

= the angle of incidence
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The average crystallite size is calculated from Xpd&aks using Debye-Scherrer's
formula as summarised in equation 3.7. All datdyamawere performed using Fityk

software.

456789

23 : ;_8=>? @

(3.7)

D, = the average patrticle size
= the wavelength of the X-ray

A = the width (in radians) of the diffraction peaktshalf height

<

= the Bragg angle of peak

X-ray diffraction (D2 Phaser Bruker Ltd), with CuK radiation

( =1.5406 A and 2range from 10° to 60°) was employed in order &ntify the
crystalline phase of solid catalyst. A graphite mahomator were analysed at
10 °C min! and maintained at a tube voltage and current of k80 and
10 mA. The crystalline phases were identified bgnparing the peak detected from
the XRD pattern and the Powder Diffraction FileDE.

Thanks to Dr Nik Reeves-McLaren for the XRD anaydechnical support and
training whilst using the XRD facilities at Depadnt of Materials Science and
Engineering, University of Sheffield.

3.6 Characterisation of crude glycerol

The industrial grade crude glycerol was analysetl cdraracterised using a range of
characterisation techniques. Crude glycerol (Fi@u®e) was separated using a 50 ml
separating funnel in order to remove the methamol ash content. GC-MS was

employed to analyse the purity of glycerol and &asure the percentage of methanol
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content in crude glycerol. The FAME component waentified and compared with
the NIST library.

Figure 3.8. Sample of crude glycerol (a) after safpan (b) before separation.

The percentage of water content was tested using Fsher titration technique;
carried out by Quality Context Limited. There ane®tmethods to perform the Karl
Fisher titration tests including volumetric and lmooetric; where the coulometric
method has the advantage of being able to meagwrenbisture content (10g to
100 mg) (GPS Instrument Ltd., 2017). Karl Fishesgent consist of iodine 2jl
sulphur dioxide (S¢), solvent and buffer. Methanol is commonly usethassolvent
while imidazole or pyridine is used as the buf#®ater is reacted with iodine until the
endpoint of the titration is reached. Water andriecare consumed in 1:1 mole ratio
and the percentage of water content is calculaasédon the amount of Karl Fisher
Reagent consumed during the reaction. The pH otithde glycerol was analysed
using pH paper, while, the percentage of Na coathim the crude glycerol was
detected using ICP-MS technique and was carried aiutDainton Building,
Department of Chemistry at University of Sheffield.
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Inductively Coupled Plasma (ICP) is a techniqueduse determine the elemental
composition of a sample; an ICP source convert ehtah atoms into ions (Wolf,
2005). Samples are introduced into argon plasmanaaerosol; the plasma then
dissociates the molecules and then removes ama@idobm the components. The ions
generated from this process is directed into the Mt ions detected by the MS are
then sorted according to their mass to charge (atia) (Perkin Elmer, 2014). In
general, elements that form negative ions suchlds I and F* are difficult to
determine using this technique.

3.7 Catalytic reaction studies

3.7.1 Glycerol carbonate synthesis from the reaction of Oz and glycerol
(99% purity)

The reaction of glycerol and G@as carried out in the presence of 6 wt.% of gatal
The methodology of this reaction was discusseceatien 3.3.2. In total, four cases
were studied and these are summarised in Tabl@®BHRminary studies were carried
out in the absence of a dehydrating agent andfaltys& The second case was focused
on the catalyst screening, where lanthanum-bagety/ses yield a high selectivity to
GlyC. In this case, lanthanum was chosen in omletudy the influence of catalyst
preparation methods and how they are affectingdheation of the products (third
case). The reaction was carried out in the presehicaxO.CQO;z catalysts prepared by
(i) co-precipitation (ii) hydrothermal (iii) sol-§emethods. Only L#03-C was
introduced into this carboxylation reaction (caseirfand five) in order to aid
reproducibility of this work. The fourth case wasctdised on the optimisation of
reaction conditions. The influence of the amountcafalyst to reactant ratio, the
influence of molar ratio of glycerol and dehydrgtiagents and the influence of
reaction temperatures were investigated. The fitaak focused on the influence of
dehydrating agents. Two types of dehydrating ageete then introduced: (1) nitrile
based dehydrating agents and (2) acidic dehydratyegts. A green solvent, anisole,
was also employed in order to study the abilitgrafen solvents to replace the function

of the dehydrating agent in synthesising GlyC.
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Table 3.2. Designed case studies for the carbagylatf glycerol of 99% purity.

Case study Catalysts DehydratingGlycerol: DA
agent amount (mmol)
Case 1 N/A N/A 22.5:0
(blank reaction) N/A Adiponitrile  22.5:45
La:0s3-C N/A 22.5:.0
Case 2 La:0s3-C Adiponitrile  22.5:45
(Catalysts ZnO Adiponitrile  22.5:45
screening) ZnO/La0,COz-CP  Adiponitrile  22.5:45
ZnO/La02COs- Adiponitrile  22.5:45
Zn0O/Sn02 Adiponitrile  22.5:45
Case 3 LaxOs-C Adiponitrile  22.5:45

(Effect of L&0Os-C  Lax0.COs-CP
and Lag02CO;3 La20.COz-HT

preparation La202C0s-SG
method)
Case 4 La:0s3-C Adiponitrile (L) Wt.% of
(Range of reaction catalyst
parameters) (2) Mol of
dehydrating
agent
(3) temperature
Case 5 La:0Os3-C Acetonitrile  22.5:45
(Influence of Benzonitrile
dehydrating Adiponitrile
agents)
Acetic
anhydride
Anisole
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3.7.2 Carboxylation of crude glycerol or model crude glyerol

As the impurities in the crude glycerol are likety interact with one another, the
influence of impurities in the crude glycerol indlng methanol, FAME, water and
NaOMe on carboxylation reaction was investigatexstfcatalyst screening has been
carried out employing pure glycerol and adiporétaler LaOs-C, Lax0O.COz-CP and
Zr-based catalysts (Case 1). High selectivity tgG3lvas observed in the presence of
La203-C, LaO.COs-CP and Zr@La,0.COs/Ga0s; thus, only these three catalysts
were introduced into the direct carboxylation offbmodel and crude glycerol.

Case 2 and 3 focused on the individual and muliiplgacts of impurities and how
they affect glycerol conversion and selectivityGlyC. These reactions were carried
out in the presence of k@s-C to aid reproducibility of this reaction. Additiocof
methanol to glycerol reduces the concentrationyafegol, therefore it is proposed to
improve the mass transfer of the glycerol, adipdejtCO, and the catalyst itself.
Addition of methanol appears to have positive imhpacthe catalytic system; in which
highest selectivity to GlyC, 25%, was achieved he presence of L&3-C. The
carboxylation of glycerol and methanol was alseestigated over L&.COs-CP and
yield 42% selectivity to GlyC. Therefore, the opation of reaction conditions was
carried out in the presence of.LaCQOs-CP and is summarised in Table 3.3 (Case 4
and 5). Finally, carboxylation of crude glycerothvadded impurities was carried out
in the presence of k&@s3-C, L&0.CO:-CP and Zr@La,0.COs/Ga03 as listed in
Table 3.3 (Case 6).
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Table 3.3. Experimental works designed for the @aylation of model crude

glycerol and crude glycerol.

Case study Catalysts Impurities
Case l La,Os-C (1) N/A
(Catalyst screening/ La,0,COs-CP
Influence of transitional ZrO;
metal) ZrO,/La;0.C0O3
ZrO,/La;0.COs/
Ga0Os
Case 2 La.0z-C (1) 10 wt.% FAME
Model crude glycerol 1 (2) 10 wt.% water
(Influence of impurities) (3) 1 wt.% NaOMe

(4) 80:20 mol% glycerol to MeOH

La,0,COs-CP (5) 80:20 mol% glycerol to MeOH
Case 3 La,Os-C (1) 1 wt.% NaOMe
Model crude glycerol 2 (2) 10 wt.% FAME
(Influence of methanol and (3) 10 wt.% FAME +1 wt.%
another impurities) NaOMe
Case 4 La,0,COs-CP (1) 100:0 mol% glycerol to MeOH
Model crude glycerol 3 (2) 80:20 mol% glycerol to MeOH
(Influence of methanol (3) 60:40 mol% glycerol to MeOH
composition)
Case 5 La,0,COs-CP (1) 80:20 mol% glycerol to MeOH
Model crude glycerol 4 (reaction sample were measure
(Time online analysis) at 13, 15.5, 18. 23. 25 hours)
Case 6 La,Os-C (1) Blank
Crude glycerol (2) 5 wt.% MeOH

(3) 5 wt.% MeOH
1 wt.% NaOMe
La,0,COs-CP (1) 5 wt.% MeOH

ZrO,/La,0,CO4 (1) 5wt.% MeOH
G{:QO?,
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3.8 Reproducibility and experimental error

Methods to reduce the experimental error associatddthe calibration of reactant

and products using the GC-MS will be discussed.fére calibration of GC-MS was

carried out regularly in the way discussed in s&c8.4.3. The reaction sample used
for GC-MS analysis was prepared repeatedly andtejethree times for each sample
using the technique proposed in section 3.4.1.stéedard deviation were calculated
were lower than 5%. In addition, several experiraavire selected and re-tested; the
results confirmed that the experimental works wepeatable. The standard deviation

was calculated as in equation 3.8 and 3.9.

c D EFG <
B ! (3.8)
D EFG <
B | —— (3.9)
Where:

S? = Sample variance
S = standard deviation
= summation or total
X = sample
= mean value of the population

n = number of values in sample - 1
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4 EFFECT OF CATALYST PREPARATION METHODS

This chapter results the catalytic performance afOZand LaOs-C in the
carboxylation of glycerol under the same reactiamditions. ZnO/L&0.CQO;s, and
LaxO-COs prepared in-house were also tested. ZnO has thigyatb activate glycerol
and hence was employed as supporting catalystOdGOs catalysts prepared via
co-precipitation, sol-gel and hydrothermal methadase successful in yielding a high
selectivity to glycerol carbonate. This reactionsasthermodynamically limited and
the presence of a dehydrating agent was cruciabrser to improve the glycerol
conversion by shifting the reaction equilibriumanthe product site. Therefore,

adiponitrile was employed in order to overcome timstation.

4.1 Preparation of solid catalysts

All catalysts employed within this work have beeregared using a standard
preparation method described in section 3.2. Thmlinvork focused on the use of
commercial LaOs (LaOs-C) purchased from Sigma Aldrich. Later, modified
ZnO/La0.COz preparedvia impregnation and co-precipitation methods were
introduced. High yield and selectivity to GlyC siyasised upon the introduction of
La,O3-C has informed catalyst modification. The perfoncea of LaO.COs based
catalysts preparedia co-precipitation, sol-gel and hydrothermal methosias
investigated (J. Liet al, 2016). In general, base catalysts have high iactand
selectivity and do not exhibit corrosion problemghdtemperature (> 400C) is
required to decompose the carbonates depositdeaatalyst surface (Hutchings and
Vedrine, 2004). Base catalysts are easily absorbf@@ ambient air.

4.2 Solid catalyst characterisation

Solid catalysts were characterised using a rangehafacterisation techniques
including SEM, BET, TPD-Cg XRD and ATR-FTIR.
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42.1 SEM

Figure 4.1 shows the SEM micrograph of the lanthatvased catalysts. The catalyst
preparation methods employed have a significantiohpn the catalyst morphology.
Each catalyst shows an irregular shape and parsde. LaO.COs-CP and
La,O>COs-HT catalysts have large particle size, ~rh and ~ 6 m in comparison
with LapO>C0Os-SG (~ 3 m) and LaO3-C (~ 1 m) (Table 4.1) as determined using
ImageJ software. In general, small particle sizeadélysts have high surface area. It
Is expected that catalysts with high surface aise better catalytic performance;
presumably due its high number of catalytic actites.

Figure 4.1. The SEM micrograph of (a).0a-C, (b) LaO.COs-CP,
(c) LaeO2C0s-SG and (d) LeD.COs-HT Magnification is 600x and acceleration
voltage is 12 to 20 kV.
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Table 4.1. Patrticle size of the catalysts.

Catalyst Particle size (n)

LaxOs-C 1

La:02COs-CP 5

LaxO2COs-HT 6

Lax02C0Os-SG 1

4.2.2 XRD (powder)

XRD has been employed in order to confirm the aflise phase of L#s-C,
LaxO.COs-CP, La0.,COs-HT and LaO.COz-SG as shown in Figure 4.2. It was
demonstrated that most of the crystalline fractibha,Oz-C is in a hexagonal crystal
phase (JCPDS 73-2141) (Abboedial, 2011; Zhowet al, 2015); characterised by 2
peaks at 27.5°, 28.1°, 29.3°, 30.1°, 39.6°, 46.294and 52°. The presence of
La(OH) was inferred from the peak at 15.9° (Waetgal, 2006; Zhang and He,
2014a). LaOs-C is highly sensitive to atmospheric water (Mu &ddng, 2011; Pons
et al, 2014), resulting in the formation of La(QHMu and Wang, 2011). The
monoclinic La0.COz (JCPDS 48-1113) was characterised by peaks at,2Z5%°,
27.0° and 304 for the LaO>COs-CP sample while hexagonal 4@&»COs
(JCPDS 37-0804) was observed by peaks at 15.75,225.8° and 2974 Only a few
diffraction peaks ascribed to hexagonab@#COz and monoclinic LgO,COsz were
found in the La0,COs-SG catalyst, indicating that t@.CO:-SG may exist in an
amorphous state. b@>COzs catalysts prepared from co-precipitation, hydrotied
and sol-gel methods were calcined at 20Qvith no peak detected at 15(@a(OH))
supporting the evidence that dehydration of watas wwok place at 370C (Ponset

al., 2014); therefore water has been removed fronsuhiace of the catalyst.
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Figure 4.2. XRD patterns of the catalysts prepfi@th several preparation methods;
(a) LaOs-C, (b) La02COs-CP, (c) LaO2COs-HT and (d) LaO.COs-SG where; ()
La(OH), ( ) hexagonal L£0s, () hexagonal LgO.COz and () monoclinic
La202CO0s.

The crystallite size of L#®s3-C (uncalcined) and L&.COs (calcined at 400C) were
calculated using Scherrer’'s equation (Table 4.2)Ok-C has the largest crystallite
size, 37 nm, while L#->COs-HT and LaO.COz-CP have the crystallite sizes of 27
and 31 nm respectively (Table 4.2).0aC0Os prepared from sol-gel method is in the
amorphous state. Let al.reported that the catalyst prepared from the egipitation
method yields a higher crystallite size than thelgat prepared from hydrothermal
and sol-gel methods (J. Let al, 2016). In general, a decrease in La crystalite is
considered to promote catalytic activity due toramease in active surface area (Tada
and Kikuchi, 2014). Notably, catalyst preparatioetnod has a big impact on the

structural properties.
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Table 4.2. The crystalline size and surface areatalysts were determined by XRD

using Scherrer equation.

Catalyst 2 position Dy, crystallite size  Surface area
(degrees) (nm) (m?/g)
La:0s3-C 28.2 37 17
La,0.COs-CP 30.5 31 36
La2O2COs-HT 30.5 27 41
423 BET

Table 4.3 summarises the measured BET surfacech@aO and lanthanum-based
catalysts. BET measurements of ZnO vyield a surfacsm of 11 fig; while
9:1 ZnO/La0COz-CP and 7.5:2.5 ZnO/1:@.COz-CP have surface area of 47 and
17 n¥/g. In contrast, only 12 ffg was calculated for 9:1 ZnO/4®@,COs-1 which is
similar to that for the unmodified ZnO. However,ethcomposition of all
7.5:2.5 ZnO/LaO2COs-CP, 9:1 ZnO/LegD.COz-CP and 9:1 ZnO/L#D.COs-
catalysts were based on theoretical calculatioR-MS analysis must be carried out
in order to determine the actual metal oxide comjoos A possible explanation for
this is the salt precursor may be lost during gatalvashing or/and also poor
distribution of metal (Lok, 2009).

The LaO.COs-based catalysts prepared in-house show a largesBHace area: 60,
194 and 28 rig for La0,CQOs-CP, La0,C0s-SG and LaO.CQOs-HT respectively in
comparison to L#s-C (14 nf/g). The high surface area of A»CQOs-CP is
hypothesised to enhance the catalytic performapegsmass basis through the
increasing the area available for adsorption, rea@nd enhancing the internal mass
transfer. The range of average pore diameter detlvatalysts are between 2 nm to
14 nm, while, the molecular diameter of £@ycerol and GlyC are 0.33 nm, 0.52 nm
and 0.65 nm (Saiyonet al, 2012; Yanget al, 2012). Therefore, the mass transfer of

the reactant within the catalyst pores is expedtede relatively facile, as the
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molecular diameter of reactants and product ardlenthan the pore diameter of pore
of those catalyst. It therefore more likely thatssdransfer between the gas-phase
(CO) and the catalyst surface in the liquid (glycepdiase is likely to be the dominant
transport effect. In all cases, catalyst prepanati@thods are most likely to affect the

catalyst surface areas.

Table 4.3. BET surface area, pore volume and aegrage diameter for solid

catalysts.

Catalysts BET surface Pore volume Average pore

area (Mgl  (cm’glh)? diameter (nm)
Zn0O 11 0.01 3
La:0s3-C 14 0.02 3
LaxO2COs-CP 60 0.34 14
La:0.C0s-SG 194 0.15 2
La2O2COs-HT 28 0.09 9
9:1 ZnO/La0CCs-CP a7 0.07 4
7.5:2.5 ZnO/La0.COs-CP 17 0.03 4
9:1 ZnO/La02COs-I 12 0.01 3
ZnO/SnQ 63 0.05 2

Measured from the desorption branch accordingedtiH method.

424 ATR-FTIR

Surface functionalities of catalysts were analyssthg ATR-FTIR (Figure 4.3).
La;0s-C shows a peak at 3607 ¢mindicating the presence of bulk —OH

functionalities. It shows that the 1@s-C phase, upon exposure to the atmosphere, has
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been transformed into La(OHNo peak was detected at 3607 cfor the re-calcined
LaxOs-C; this indicates that the chemisorp water adsbdyethe surface of L&®s-C

has been removed. Peaks at 1508 and 1460sbiow that C@and HO have reacted
on La&0,COs surface forming the chemisorbed carbonate andlimoates (Gangwar

et al., 2014). The peaks at 1382 and 844 wrare due to the carbonate groups, as per
La>Os-C, but with greater intensity.
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Figure 4.3. ATR-FTIR spectrum of (a) 4@s-C (uncalcined), (b) calcined t@s-C,
(c) LaeO2L0s-CP, (d) LaO2COs-HT and La02COs-SG.

4.2.5 TPD-CO2

TPD-CQ analysis has been employed in order to study diseciby of the catalysts.
Hou and co-workers demonstrated thatQsacatalyst has more basic sites than
La,O2.CQOs (Hou et al, 2015). However, in this case, X&-C presents the lowest
concentration of basic sites (0.8mol of CQJ/Qcatays) @s compared with
La,0O.COs-based catalysts (> 0.9nol of CQy/geatalys). The total number of basic sites
was calculated and is summarised in Table 4.4.tdta basicity of these catalysts
was affected by catalyst preparation methods aedtdbal number of basic sites
decreases in the orderX®COs-HT > La0.COz-CP > La02C0s-SG and La0s-C.
ZnO has no basic sites.
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La,O.COsis decomposed to k@s at high temperature (> 720 °C) (Shirsaél, 2003;
Ponset al, 2014) as shown in equation 4.1. TPD analysisbeas carried out in the
presence of CoOfrom 30 to 900 °C. Therefore, it is expected that CQ measured

on the TCD detector was the €@esorbed into the catalyst pores and also the CO
produced from the decomposition of2LaCQOs. Further investigation was crucial to
confirm whether the decomposition ofoCaCO;s to L&O3 had occurred or not. A test
was therefore carried out in the present of inag, d¢le. It is calculated that 39% of
CO, detected from the TPD-GQvas formed from decomposition reaction. The data

was summarised in Table 4.4.

La2OCO3  LapOz + CO (4.1)

Table 4.4. The concentration of basicities forghges of ZnO, L#3-C and

La,O.CQOs catalysts prepareda sol-gel, hydrothermal and co-precipitation methods

Catalysts Total basicity #Total basicity

(mmol of CQ/ gcatalys) (mmol of CQ/gcataIys)

ZnO 0 0

Lax0s-C 0.8 0.8
La202C0O5-CP 15 0.9
La2O2COs-HT 1.6 1.0
La202C0s-SG 1.4 0.8

aTPD analysis has been carried out in the presehdeed gas, He. It was
calculated that 39% of CCQdetected from the TPD-COwas formed from
decomposition of L#s:COs to LaOs and CQ.
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4.3 Catalyst screening
4.3.1 Influence of heterogeneous catalysts

The literature review in Chapter 2 describe thatp@simpacts upon the introduction
of heterogeneous catalysts to catalyse the caraweyl reaction. The direct
carboxylation of glycerol would not be successfutheout the introduction of a
dehydrating agent (Vievillet al, 1998). No GlyC was formed in the absence of
acetonitrile (Liet al, 2013; Zhang and He, 2014a). This work was alsaded on the
influence of heterogeneous catalysts in the presehadiponitrile to synthesise GlyC
from glycerol and C@ Based on the literature review, base catalystsuiathe
formation of GlyC while the acidic catalysts favaime formation of by-products.
Li et al.and Zhanget al. studied the impact of alkaline earth metal sucMg® and
CaO (Liet al, 2013; Zhang and He, 2014b); however, only < 196ejol conversion
was observed. In contrast to alkaline earth mietathanoid catalysts including @z
and CeQ@were shown high selectivity and yield to GlyC (Bband He, 2014a; J. Liu
et al, 2016; Stet al, 2017).

In this work, the catalytic performance of ZnO,.Q&C, ZnO/La0.C0Oz and
ZnO/SnQ weretested under the same reaction conditions andngegtiocedure
described in section 3.3.1 and 3.3.2. Glycerol eosion was the highest upon the
introduction of ZnO, 64%; however, it exhibited @l selectivity to GlyC (7%)
(Table 4.5). 12% of GlyC yield was observed upanittiroduction of ZnO (Let al,
2013) and the reaction conditions were as folldwst.% LaOs, relative to glycerol,
glycerol to acetonitrile of 50:190 mmol, 170 °C,H&urs and initial reaction pressure
was 40 bar. 10 wt.% of k&>COs supported on ZnO was also employed. Introduction
of LaxO.COzs helped to increase the number of Lewis basic;sitied thus increased
the chances for Cadsorption and activation (kt al, 2013). A 9:1 ZnO/Lg0,COs
catalyst was prepareda co-precipitation and impregnation methods. A consoa

of these two catalysts showed 26% of glycerol caiga but no GlyC upon the
introduction of ZnO/La0-COs-I; while the selectivity to GlyC was 11% employing
ZnO/L&02C0s-CP. In general, ZnO/L@.COs-I has no impact on the carboxylation
of glycerol; with the result obtained almost ideatito the blank reaction. The specific
surface area of the 9:1 ZnOAGRCOs-CP (47 ni/g) was larger than the ZnO
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(11 n/g), suggesting that the introduction 0f0aC0Os-CP (60 nd/g) was beneficial

to the increase of the surface area.

Table 4.5. Glycerol conversion and GlyC selectiaty yield formed from the
carboxylation of glycerol over heterogeneous catalyReaction conditions:
reaction pressure = 40 bar, 6 wt.% catalyst toaglyicratio, 22.5 mmol glycerol,

45 mmol adiponitrile, 18 h and reaction temperatufg60°C.

Catalyst Glycerol GlyC GlyC
conversion selectivity yield

Blank 26 0 0

La,03-C 52 15 8

ZnO 64 7 5

ZnO/L&02COs-CP 53 11 6

(90:10)

ZnO/L&02COs-CP 54 8 4

(75:25)

ZnO/La02COs- 25 0 0

(90:10)

ZnO/SnQ (90:10) 52 12 5

The observed increase in the selectivity to Gly@Grumcreasing the surface area of
catalyst could be attributed to the increased nurabthe active catalytic sites. BET
measurement of ZnO/k@,COs-1 showed a surface area of 12/gn In this case, the
surface area, pore volume and average pore dianfedaO/La0.COs-1 were similar

to the ZnO catalyst. It is expected only a smalloam of LaO.COs; has been
impregnated onto the ZnO. This indicates that thprecipitation method remarkably

improves the dispersion of the active componentsee Tomposition of prepared
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catalysts were based on theoretical calculationghBr investigation using ICP-MS

is required to study the composition of this cagaly
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Figure 4.4. ATR - FTIR spectra of spent catalystem (a) ZnO,
(b) ZnO/La0CO5-CP, (c) LaOs-C, (d) La0,COs-CP, (e) La0COs-HT and
(f) La202COs-SG.

Used catalysts were washed with acetone, filteredd adried for

8 hours at 100°C. The FTIR spectra were analysed in order to gaibetter
understanding of the processes involved in thistiea (Figure 4.4). Peaks identified
at 1122 and 1062 cidescribe the C-O stretching of the glycerol wiGikH bonds
detected at 2934 and 2880 timdicate the presence of retained hydrocarbonaceou
species (Liet al, 2013). The peak at 1940 dmvas only detected from zinc-based
catalysts and indicates the presence of @Hbending. In this case, zinc glycerolate
(Zn(C3HeO3)) was formed and no lanthanum glycerolate was ctitefrom this
reaction. This finding supports the evidence thaDz4trongly activates glycerol (Li
et al, 2013). This conclusion was confirmed through enparison of the glycerol

conversion upon the introduction of ZnO, 64% angldsaC, 52%.

Page | 73



High selectivity to GIlyC (11%) was observed upone thntroduction of
9:1 ZnO/La0,COs-CP. Changing the composition of A&CO; from 10 to 25%
reduced the selectivity to GlyC from 11 to 8%. Adui of 25 wt.% of LaO.COs
significantly affected the surface area of thisabatt decreasing the value from 47 to
17 n?/g. Addition of 25 wt.% of LsO.COs is expected to increase the specific surface
area of a catalyst. However, increasing of perggnta resulted in decreased surface
area. A possible explanation for this might du¢h®accumulation of La at the pore
(Dewajaniet al, 2016) or/and the salt precursor may be lost duratalyst washing.

The reaction was then conducted by employingCe2C. Zhang and co-worker
reported that only 1% of glycerol conversion witko Gselectivity of GlyC was
achieved over L#s catalyst (Zhang and He, 2014a).0&C and ZnO have similar
values for surface area, pore volume and pore dexm@omparing the two results, it
can be seen that t@s-C has a higher selectivity to GlyC (15%) as coragan ZnO
(7%). It is interesting to note that 4@s-C has a high number of basic sites (0%l

of COx/Qcatays) (Table 4.4). Taken together, these results peoeid insight into the
importance of the number of basic sites to synfeeS€lyC. Considering the lewis
acidic nature of C@) it is expected that the carboxylation process$ takke place on
the basic sites of L&3-C (Fujita, Arai and Bhanage, 2014). ZnO/Srtas a large
surface area (63 #y) and was also tested due to its ability to sysite GlyC from
glycerol and urea (Jagadeeswaraiah et al., 2014juvathan et al., 2016). However,
only 12% selectivity to GlyC was observed from ttgaction. A set of catalysts with
a range of surface areas from 13 to 68gnand pore volumes, 0.01 to 0.07 3mm
have been employed. It was concluded that the giyosonversion and GlyC
formation do not simply correlate with the surfemea and pore volume of the
catalyst. High yield and selectivity to GlyC acheeivby LaOs-C, has led it to being
manipulated by modifying the catalyst preparatioetimds. The next section
discusses the impact of the basicity and averagediameter of L#D3 and LaO>CO3

catalysts on the GlyC and by-products formation.
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4.4 Influence of lanthanum-based catalysts and its pregration method on

the carboxylation of glycerol

This section focuses on the catalyst preparatiothmas which directly affect the
morphology and number of basic sites of those ysisl thus affecting its catalytic
performance. TPD-COmeasurements yield a higher number of basic g$des
La;0.COz-CP, 0.9 mmol/ghtalyst than the LeOs-C (0.8 mmol/gatayys). Therefore,
LaxO-CO3-CP is expected to have better catalytic perforraancsynthesise GlyC.
The selectivities to GlyC of L&®3-C and LaO.COz-CP were 17 and 18% respectively
(Table 4.6). These findings supported the hyposhbsit the basic catalysts favour the
formation of GlyC (Zhang and He, 2014a).

Table 4.6. Catalytic performance of2CaCQOs prepared by several methods.
Reaction conditions: reaction pressure = 45 bart.% catalyst to glycerol ratio,

22.5 mmol glycerol, 45 mmol adiponitrile, 18 h aedction temperature = 160 °C.

La202C0s3 Glycerol GlyC GlyC
(Precipitation method) conversion selectivity yield
Blank 26 0 0
LaxO3-C 58 17 10
La:0.COs-CP 57 18 10
La202C0s5 -SG 46 3 1
La2O2COs -HT o1 11 6

Interestingly, Table 4.7 shows that there has l@esharp increase in the number of
4-hydroxymethyl(oxazolidine)-2-one (4HMO) {d7NOs) and by-products. It is
difficult to interpret the result, but it may bdated to basic strength distribution and
the average pore diameter of the catalyst. Theagegoore diameter of k@,COz-CP

(14 nm) is bigger than the §@s-C, 3 nm, therefore it improves the chances for the
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formation of by-products with large molecular didgere L&O>COz-CP (14 nm) and
La,O.COs-HT (9 nm) have large average pore diameters agld g high selectivity

to GlyC (18 and 11%) and produce a high quantity4sMO and by-products
(Table 4.7). In contrast, k@.COz-SG with small average pore diameter (2 nm) yields
a low selectivity to GlyC and 4HMO; in fact, no ettby-products have been formed

from this catalytic system.

Table 4.7. Influence of the catalyst loading onpogeluct formation. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%lgstt#0 glycerol ratio, 22.5 mmol
glycerol, 45 mmol adiponitrile, 18 h and reactiemperature = 160 °C. The
by-products detected from the reaction was measyuatltatively, value shown in

the table correspond to chromatogram peak area.

Products LeOs-C  L&O3COs- Lax0COs- Lax0sCOs-
CP HT SG
aAdiponitrile 390 420 396 695
4HMO 2 ) 13 2
Unknown 1 (minute 30.8) 2 10 14 N/A
Unknown 2 (minute 31.3) 4 21 9 N/A
Unknown 3 (minute 33.9) 2 8 17 N/A

@Adiponitrile left after the reaction, the area undeak was measured qualitatively.

It was concluded that the basic catalysts favoarftiimation of GlyC. However,
catalysts with large average pore diameters maynpt® the formation of
by-products. Further research should concentrat@e\astigating the average pore
diameter and the influence of the number of basés sand how they affect the
formation of GlyC. This will help in developing aactive catalyst with high

selectivity to GlyC and eliminate the productionbgfproducts.
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4.5 Influence of reaction conditions

The optimisation of reaction conditions can sigrfitly affect the carboxylation of
glycerol; however, the current investigation wasited to: (a) the influence of
reaction temperature; (b) the influence of ratiocatalyst to reactant; and (c) the
adiponitrile to reactant ratio. This work focused ihe efficacy of LeOs-C as a
catalyst to synthesise GlyC at low pressure, 45 cher to the limitation of the

experiment set-up.

One of the most significant factors that may aftbet selectivity to GlyC is reaction
temperature. Conversion of glycerol and selectitityGlyC were seen to steadily
increase from 10 to 61% and 0 to 19% with the iaseeof reaction temperature from
140 to 160 °C. As expected, further temperaturesemse to 170C does not improve
the selectivity to GlyC because GlyC decomposémsght temperature (H. Li, Jiaet
al., 2015). GlyC is thermally stable up to 160 °C (kwmman, 2016). Given the
observation that the presence of 4HMO at *@0Owas five times higher than at
160°C; it seems that high reaction temperatures fatlwiformation of by-products
(F. Li et al, 2015). A high quantity of by-products was obsdrvieom the
carboxylation reaction at 17C€ as shown in Table 4.8. It is suggested thatahetion
temperature could be the major factor, if not thy@ne, causing the decomposition
of GlyC to by-products (unknown 1 and 3, Table 4l8}his case, 1680C was chosen

as the optimum temperature due to high selectivitglyC, 17%.
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Figure 4.5. Influence of reaction temperature. Reaconditions: reaction
pressure = 45 bar, 6 wt.% d@-C, 22.5 mmol glycerol, 45 mmol adiponitrile and
18 h.

Table 4.8. By-products formed from the carboxylatod glycerol at different
temperatures. Reaction conditions: reaction pressuéb bar, 6 wt.% L&3-C to
glycerol ratio, 22.5 mmol glycerol, 45 mmol adipiité and 18 h. The by-products
detected from the reaction was measured qualitgtivalue shown in the table
correspond to chromatogram peak area.

By-product 140 °C 150 °C 160 °C 170 °C
4HMO n/a n/a 2 10
Unknown 1 n/a n/a 2 19
Unknown 2 n/a n/a 4 17
Unknown 3 n/a n/a 2 19

The importance of a catalyst is to increase treegateaction and reduce the activation
energy; thus enhancing the formation of desiredpects. However, optimum amount

of catalyst must be identified; herein, 0 to 10%wbf LaOs-C to glycerol ratio was
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investigated. As shown in Figure 4.6, glycerol cension and selectivity to GlyC
increase to 58% and 17% in the presence of 6 wt.%afs-C to glycerol ratio as
compared to 49% and 11% in the presence of 10 wf.%a>Os-C. A glycerol
conversion of 26% was observed in the absence adtalyst but no GlyC was
produced. The observed increase in the selectwiBlyC upon increasing the amount
of catalyst could be attributed to the increasedlver of the active catalytic sites. The
amount of catalyst was further increased to 10 we%allting in decreased GlyC
selectivity to 11%. There are two likely causestha reduction in selectivity to GlyC:
(1) high number of active catalytic sites enhai@edecomposition reaction of GlyC
to by-products (Figure 4.7) and (2) another prob&ises from the high amount of
catalyst loading (above the optimum condition) veshancing the mass transfer
problem from the bulk to the catalyst active sipessibly exacerbated by particle
agglomeration (Okoye et al., 2017).

100 - Gly conversion
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Figure 4.6. Influence of catalyst amount to reactatio. Reaction conditions:
reaction pressure = 45 bar, catalyst 20:C, 22.5 mmol glycerol, 45 mmol

adiponitrile, 18 h and reaction temperature = 160 °
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Figure 4.7. The by-products formation during theboaylation of glycerol in
presence of 0 to 10 wt.% @s-C to glycerol ratio. Reaction conditions:
reaction pressure = 45 bar, catalyst 2@:C, 22.5 mmol glycerol, 45 mmol
adiponitrile, 18 h and reaction temperature = 160The by-products detected from
the reaction were measured qualitatively, valuesshio the graph correspond to

chromatogram peak area.

The initial tests have focused on the reaction tmaipire and catalyst to reactant ratio.
Following this, a study into the influence of dehstihg agent to reactant ratio was
undertaken of 6 wt.% of L&®s-C at 160 °C (Figure 4.8). Glycerol conversion and
selectivity to GlyC were observed to increase frdnto 58% and 14 to 17% with
increasing adiponitrile (22.5 to 50 mmol). Furtlaeldition of adiponitrile decreased
the GlyC selectivity to 12% (67.5 mmol) and 3% (Athol) respectively. A possible
explanation was with regards to the mass trangdéwden the solid catalyst, GO
glycerol and adiponitrile. Activation of these sg@sctook place at the basic sites of
catalysts; therefore a high quantity of adiporettdwers the chance for the diffusion
and the adsorption of GQo the catalytic sites. In this case, diffusioml @ttivation

of adiponitrile was favourable resulting in the =se in glycerol conversion and

selectivity to GlyC.
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Figure 4.8. Influence of dehydrating agent volumeeactant ratio. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%seC to glycerol ratio, 22.5 mmol
glycerol, 22.5 to 90 mmol adiponitrile, 18 h andaion temperature = 16C.
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Figure 4.9. The FTIR spectra of glycerol, adipal@tand reaction products of
carboxylation of glycerol with varying amounts atg/drating agent and all of these
samples were collected at 18 h. Reaction conditi@astion pressure = 45 bar,

6 wt.% LaOs-C to glycerol ratio, 22.5 mmol glycerol, 22.5 1@ 8&imol, adiponitrile,

18 h and reaction temperature = 160 °C.
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Alongside GC-MS, the liquid products produced watraracterised by FTIR as shown
in Figure 4.9. Liquid samples from the carboxylataf glycerol in the presence of
22.5, 45, 67.5 and 90 mmol of adiponitrile werelgsed. The peak appearing at
2247 cmt indicated the presence of B while that at 1462 crh confirmed the
presence of-CH bend of adiponitrile. The peaks at 1462 and 224i# appear
strongly in the spectra of 67.5 and 90 mmol, ang mdicate a high quantity of
unreacted adiponitrile. Notably, low intensity afgks at 1730 and 1790 dwere
observed from those specirdnich suggested that a high quantity of adipomitril
lowered the chances for G@ctivation and thus inhibited the formation of Glgnd
4HMO. The study presented in this section providesunderstanding that the
optimisation of the amount of dehydrating agemetctant ratio is crucial to maximise
the GlyC synthesis, limit the formation of by-pretitiand reduce waste formed from

the unreacted adiponitrile.

4.6 Chapter conclusion

Experimental work reported within this chapter hsisown the efficacy of
heterogeneous catalysts to synthesise GigGhe direct carboxylation of glycerol.
The carboxylation reaction shows a significantlgreased selectivity to GlyC
(17.1%) upon the introduction of $@3-C as compared to the blank reaction (0%). In
order to understand the influence of catalyst mapman methods and the impact on
the products formation, lanthanum-based catalygiggredvia sol-gel, hydrothermal
and co-precipitation methods have been employedllSurface areas of k@s-C,

14 n¥/g and large surface areas 06QaCOs-HT, La0,COs-CP and LaO.COs-SG,

> 28 ntf/lg, were observed. High selectivity to GlyC was eslisd upon the
introduction of LaO.COs-CP (18%) while only 3% selectivity to GlyC was ebsgd

in Lap0O,CQs-SG (194 mMig). These findings suggest that the selectivitgtpC does
not simply correlate with the surface area of thtalyst. However, average pore
diameter plays an important role in by-product fation. A large amount of 4HMO
was formed by the L®.COs-HT and LaOCOs-CP catalytic systems; where those
catalysts have large pore diameters in comparsa,0.COz-SG and LaOs-C. One

of the significant findings to emerge from thisdtus the influence of the number of
basic sites on products formation. TPD-Gfikeasurements of b@s-C and LaO.CGOs
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based catalysts yield a basicity of 0.8 to 1 mmalig: The case revealed that the
basic catalysts favour the formation of GlyC angdpsrted the findings of previous
work (Zhang and He, 2014b). The experimental wakdnstrated the highest GlyC
yield was 18%, obtained at glycerol: dehydratingragatio of 22.5:45 in the presence
of adiponitrile, 6 wt.% of LsO.COs-CP and the reaction was carried out at 160 °C,

18 hours and 45 bar of GQreaction pressure).
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5 EFFECT OF DEHYDRATING AGENTS

This chapter results the catalytic performance a#Qs-C in the carboxylation of
glycerol over a range of dehydrating agents. Theaction was thermodynamically
limited and the presence of a dehydrating agent evasial in order to improve the
glycerol conversion by shifting the reaction edurilim into the product site. The
performance of both acidic and nitrile based delayishg agents was tested. The
selectivity to glycerol carbonate increased upoe thtroduction of adiponitrile
(dicyanated dehydrating agent).

5.1 Catalyst and catalyst characterisation technique

In this section, only commercial (@3 (LaxO3-C) was investigated. The
characterisation of this catalyst has been disclisssection 4.2.

5.2 Influence of acidity and basicity of media (dehydréing agent) on

product formation

Chapter 4 (section 4.3 and 4.4) reported on théhsgrs of GlyC over L#s-C and
La,O.CO;s catalysts. What is not clear from these studi¢isasmpact of dehydrating
agents on the carboxylation of glycerol and on pobdormation. Herein, it is shown
for the first time that the dehydrating agents eyetl can significantly affected the
production of GlyC, 4HMO and acetin. Only 2% ofggyol conversion was observed
in the absence both catalyst and dehydrating agerghown in (Table 5.1). The
glycerol conversion was increased to 26% (to salkaipon the introduction of
adiponitrile. This finding shows the importance déhydrating agents for the
carboxylation of GlyC. As previously stated in fiterature review (Chapter 2), this
reaction suffers from a thermodynamic limitatiomerefore, the dehydrating agents
employed play an important role as a water trays #hifting the reaction equilibrium
to the product side (Let al, 2013; Zhang and He, 2014a). A series of experisnen
with nitrile based and acidic based dehydratingnegyie the presence of t@s-C were

conducted; the results is summarised Table 5.1.
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Table 5.1. Summary of product formation from thebocaylation of glycerol over a
range of dehydrating agents. Reaction conditiagaction pressure = 45 bar,
6 wt.% LaOs-C to glycerol ratio, 22.5 mmol glycerol, 45 mmalgdrating agent,
18 h and reaction temperature = 26D

Dehydrating Properties Glycerol Selectivity to products (%)
agent conversion
(%) GlyC Monoacetin Diacetin  Triacetin
aBlank - 2 0 0 0 0
Blank - 26 0 0 0 0
Acetic Acidic 91 0 17 60 24
anhydride
PAcetic Acidic 99 0 8 49 45
anhydride
Acetonitrile  Base 48 4 12 3 0
(Monocyanated)
Benzonitrile  Base 71 5 0 0 0
(Monocyanated)
Adiponitrile  Base 58 17 0 0 0

(Dicyanated)

®Reaction was carried out in the absence of catalyst

bReaction was carried out in absence 0bCO

The use of monocyanated and dicyanated dehydraiyemts show a significant
impact on selectivity to GlyC. Using acetonitriethe dehydrating agent, a selectivity
of 4% is achieved, increasing to 5% in the presaideenzonitrile and 17% with
adiponitrile. These were achieved at conversiod8%h, 71% and 58% respectively.
No GlyC was formed when acetic anhydride was engal®s the dehydrating agent
and the glycerol conversion was 97%. It was progdlsat more GlyC was produced
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in the presence of adiponitrile because dicyandtuydrating agents have better
performance as the water trap as compared to manatgd dehydrating agents (Silva
et al, 2012).

o o]
G/'-kNH HNJ\G
HO HO
Figure 5.1. The isomers of 4-(hydroxymethyl)oxadioli2-one (4HMO).

The introduction of dehydrating agents will affatie formation of GlyC and
by-products. The use of nitrile based dehydratipgnés enhanced the formation of
GlyC along with the formation of 4HMO (Figure 5.Blongside GC-MS, the liquid
products produced have been characterised by FA¢Rks at 1730 and 1790 ém
were indicative of the presence of C=0 for a fiyelic membered ring, with the peak
at 1790 crit confirming the formation of GlyC and that at 17@8@ indicating the
formation of 4HMO (Figure 5.2) (Indraet al, 2014).
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Figure 5.2. FTIR spectra of liquid reaction mixtsample using
(a) acetonitrile, (b) benzonitrile and (c) adipaietas dehydrating agents. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%seC to glycerol ratio, 22.5 mmol
glycerol, 45 mmol dehydrating agent 18 h and readgmperature = 160 °C.
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Figure 5.3FTIR spectra of the liquid products arising from tfze direct
carboxylation of pure glycerol with GGn the presence of adiponitrile and (b) the
reaction of glycerol carbonate and adiponitrilpresent of C@ Reaction
conditions: reaction pressure = 45 bar, 6 wt.%seC to glycerol ratio, 22.5 mmol
glycerol, 45 mmol adiponitrile, 18 h and reactiemperature = 160 °C.
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The high intensity of the peak at 1730 tdetected when using acetonitrile as the
dehydrating agent suggests that this favours thmdton of 4HMO. This spectrum
also shows a strong band at 1662'cifhis is representative of C=0 in an amide bond
and hence was postulated to indicate the produgtsetondary reaction of GlyC and
adiponitrile. In order to investigate this, GlyCdaadiponitrile were reacted directly in
both the presence and absence of..CEXIR analysis of the reaction products,

Figure 5.3, clearly shows the presence of a peak6&R cmt, supporting this

hypothesis.
—Glycerol/adiponitrile
—GlyC/adiponitrile (with CO2 )
GlyC/adiponitrile (without CO2)
s le— Peak 1
:‘é‘
=}
=
o
5
<
<«—Peak 2

Time (Minute)

Figure 5.4. The unidentified peak detected fromrdaetion of (a) glycerol, C{and
adiponitrile, (b) glycerol carbonate, @@nd adiponitrile and (c) glycerol carbonate
and adiponitrile. Reaction conditions: reactionsgree = 45 bar, 6 wt.% b@3-C to
glycerol/glycerol carbonate ratio, 22.5 mmol glyaled5 mmol adiponitrile, 18 h
and reaction temperature = 160 °C.

The liquid products were also analysed using GC-MS;which the GC-MS
chromatogram of glycerol, GQand adiponitrile were compared with the reaction
GlyC and adiponitrile and GlyC, adiponitrile and £®@he by-products (Unknown 1
and 3) were detected which confirmed the hypothess the secondary reaction
(reaction of GlyC and adiponitrile) had occurredy(fFfe 5.4). It is expected that the
aminolysis of GlyC had occurred (Nohetal, 2012; Camara, Caillol and Boutevin,
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2014). GlyC itself has a potential to be utilissdhahemical intermediate, for example
in polymer production (Sonnadt al, 2013; Camara, Caillol and Boutevin, 2014). The
mass spectrometry (ion fragment) of peaks deteate30.3 and 33.4 minutes were
analysed. The ion fragments were detected at m/54589, 133 and 151 (peak at
30.3 minutes). The ion fragments were also deteated/z 45, 59, 89, 151, 177, 221
and 235 (for the peak at 33.4 minutes).

The reaction of glycerol and G@ the presence of acetonitrile shows the producti
of GlyC along with the formation of mono- and ditie Strong intensity peaks at
1000 to 1300 cmin the IR spectrum indicated the present of C-@sier species
(Figure 5.6) (Pavia et al., 2009) and supportectheence that acetins were produced
during the reaction. Acetonitrile reacted with wadad formed acetamide, while the
acetic acid was formed from the hydrolysis of acmtie. Acetic acid underwent
acetylation of glycerol to synthesise acetins (£hand He, 2014a). The acetylation
of glycerol and acetic acid is shown in Figure&n8l is thermodynamically favourable
for monoacetin and diacetin, but is unfavourable tf@acetin production due the
endothermic nature of this process (L. N. Silvalet2010). Large amounts of energy
(28.03 kJ/mol) are required for the replacement@H by —CH- group (Liacet al,
2010).

OH 0 OH (|)|
HO\)VOH +/H\ OH—> HO\/k/O/\CH
tuate
(0]
OH I o) o OH 9

Figure 5.5. Glycerol acetylation mechanism to sgaife mono-, di- and triacetin.
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Figure 5.6. The FTIR spectra of mono-, di- andcetan and the sample for the
carboxylation of glycerol in presence of2la-C over acetonitrile. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%4seC to glycerol ratio, 22.5 mmol

glycerol, 45 mmol acetonitrile, 18 h, and reactiemperature = 160 °C.

The carboxylation of glycerol upon the introductiohbenzonitrile produces GlyC

and water as the by-product. It was proposed trebenzamide will form from the

hydrolysis of benzonitrile and benzoic acid will the product from the hydrolysis of
benzamide (Figure 5.7). However, neither benzamateébenzoic acid were detected
by GC-MS; as aresult it is concluded that therdéstd product was not obtained from
this reaction (Figure 5.8) (Silhet al, 2012).

Figure 5.7. The process of hydrolysis of benzdeithowever, neither products was

observed from this reaction.
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Figure 5.8. Esterified products that could be fadrfrem the esterification of

benzoic acid and glycerol.

Acetic anhydride was the only acidic dehydratingragested for this reaction. This
dehydrating agent results in the formation of monid- and triacetin with no GlyC
observed. The acidic medium is therefore not slatidy GlyC synthesis in agreement
with previous study by Tenet al, 2014. High selectivity to triacetin, 24%, diaceti
60%, and monoacetin, 17%, have been observed uporntroduction of acetic
anhydride. The acetylation glycerol with acetic ydhride is an exothermic (negative
free gibbs energy of reaction) process, therefess Energy is required for triacetin
formation (Silva, Goncalves and Mota, 2010). Tk&ation was also conducted in the
absence of C® The selectivity to diacetin decreases to 49%,levthie triacetin
production has increased from 24 to 45%. This figdihows that the reaction of acetic
anhydride and glycerol was faster at low presstline. formation of triacetin can be
improved by introduced the reaction with an acithlgast, e.g, H-Y (Konwaret al,
2015), H- (Silva, Goncalves and Mota, 2010) or CsSPWA (Sand¢sl., 2015).

Anisole regarded as a green solvent was also emglmy the direct carboxylation of
glycerol over LaO3-C. Anisole was tested in order to study the gbitif green
solvents to replace the function of nitrile basetiytirating agent to synthesise GlyC.
However, no GlyC was detected from this reactioataNe and Phillip studied the
hydrolysis of anisole to phenol (Rebacz and Sava@E3). Due to the large activation
energy of this system, 31 kcal riofin the presence of 5 mol% of In(O3)f) the
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reactionrmust be carried out at high temperature > 30DQRebacz and Savage, 2013).
The anisole hydrolysis rate constant was also tiyated; only 0.0002 L mdis! was
observed at 200C while 0.04 L mot st at 300°C (Rebacz and Savage, 2013). The
present study was designed to determine the influeri acidic and nitrile based
dehydrating agents on GlyC, acetins and by-prodsgtsthesis over L&s-C.
Although the current study is based on a small remadb dehydrating agents, this
finding suggest that acidic media favour the foliorabf acetins, while nitrile based
dehydrating agents create the basic medium fodéseed reaction to take place and
promote the formation of GlyC. In addition, 4HMO svaroduced as a result of the
reaction of glycerol, C&®and NH.

5.3 Reaction mechanism for the carboxylation of glyceran the presence of

nitrile based dehydrating agents

The reaction between G@nd glycerol produces GlyC and water and its react

mechanism is shown in Figure 5.9. The small eqguilib constant, 0.0015 at

180°C and 5 MPa, (Li and Wang, 2011) for the carboxgtabf glycerol leads to a

low yield of GlyC. Removal of the water using bgthysical and chemical water trap
(dehydrating agents) are the available methodsda®ase the conversion of glycerol
and selectivity to GlyC (Styring, Quadrelli and Amaong, 2015).

Previous studies show a positive impact on thelyaeld selectivity to GlyC upon the
addition of dehydrating agents such as acetoniamié 2-cynopyridine. There have
been a number of studies that describe the hydsobfsacetonitrile employed in the
reaction of CQ@ and glycerol. Acetonitrile reacted with water dodmed acetamide,
while the acetic acid was formed from the hydrdysi acetamide (Let al, 2013).
Acetic acid underwent acetylation of glycerol tothesise acetins. However, the
presence of other productg.g, 4HMO has never been discussed. Further
investigation is required to confirm the impactloé nitrile based dehydrating agents

and understand the origin of these products.
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Figure 5.9. The reaction mechanism of glycerol eantbon dioxide to glycerol

carbonate and water.

Figure 5.10. The hydrolysis of adiponitrile.

Despite the simplicity of the carboxylation reantiat can proceedia a number of
different pathways. Other pathways are showed guiéi 5.12. This further adds to
the complexity of the reaction mechanism. This tieacalso synthesised a range of
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by-products due to the addition of adiponitrilgl@s dehydrating agent. It is suggested
that the hydrolysis of adiponitrile produces 5-ayasleramide, adipamide,
5-cyanovaleric acid and adipic acid as summarisddgure 5.10 (Duast al, 2008).
Adiponitrile reacted with water and formed 5-cyaalevamide and adipamide. The
adipic acid was formed from the hydrolysis of adnide (Liet al, 2013); where NEl

is eliminated. Figure 5.11 shows the general reactnechanism to synthesise
carboxylic acid from amide. All these products nn@mtare not detected on the GC
chromatogram. Both adipamide (98% Sigma Aldrichd adipic acid (99% Sigma
Aldrich) cannot be detected using the HP Innowaillzaty column because of its

high boiling point. Boiling point of adipic acid 837.5 °C at 760 mmHg.

0:
) 10 0
e o]
R NH,
== R . NB =" =& QHJ -~

- 0 0 R OH

- H/"\H ..\H
H/..\_‘H —NH,

Figure 5.11. Reaction mechanism for the reacticsnaofle and water, where
R= NH.C=OCHCH>CH>CHa.

Figure 5.12 shows the possible reaction pathwagytdhesise GlyC, 4HMO and
6-cyclic ring. It is suggested that the 4HMO carskethesised by reacting glycerol,
CO, and NH. NHz is the by-product formed from the decompositioradipamide.
Reaction of glycerol and Gnay promote the formation of the reaction interratss
(Figure 5.12); where the G@ttacks the carbon on the primary and secondeopal

to form A and D. The reaction of A and D with Blilgromotes the formation of
compound B and E. The lone pair of nitrogen (angimeip) attacks the electropositive
carbonyl group and the electron resonates ontoxigen which allows for the proton
transfer between the positively charged nitrogeshraggatively charged oxygen after
which dehydration process takes place to reformctreonyl group (Figure 5.13).
Cyclisation of compound B and E leads to the foromabf 4HMO (B, and k). The
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presence of 4HMO was later confirmed by GC-MS asialy using
(S)-4-(Hydroxymethyl)oxazolidin-2-one purchased nfroSigma Aldrich. NMR
analysis must be carried out in the future in ordeconfirm the presence of both
4HMO isomers and also reaction intermediates pmgas Figure 5.12. It is also
noteworthy that the 6-ring carbonates, (@d G) were not detected in any of the

experiments performed.

i

i )k
/Y\ + metal and
OH NH;
\ OH
+ O'\
+ N3

X
/Y\ 0 NH
R e e
~ -/\A \ j’L
. DYD K()

OH

O

Figure 5.12. The proposed reaction pathway to ggidled glycerol carbonate,
4HMO isomers (Band E). 6-ring carbonates (fand G) were not detected from
the GC chromatogram and the presence of interneedid need further analysis.
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Figure 5.13. The reaction mechanism of the ringiolgp of compound B.
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4HMO cannot be synthesised from the reaction of0Gind NR (Figure 5.14). The
lone pair on NH attacks the electropositive carbonyl group of Girtdl leads to the
formation of imine (C=N). The C=N is stable in theesence of base. However, the

process of amination is highly reversible in thegence of acid.

)J\ NH, )J\
o O 4 0 NH HN 0
\—S LS | )
HO nd Ho

Figure 5.14. 4-hydroxymethyl oxazolidin-2-one cainpe synthesised from the

reaction of glycerol carbonate and ammonia.

5.4 Comparison with previous studies

Several catalysts, dehydrating agents and reacbaditions have been introduced
and tested for the carboxylation reaction. The Iltesaf these studies will now be

compared to the findings of previous work as sunmsedrin Table 5.2.
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Table 5.2. Comparative study of catalysts withatéht reaction conditions.

Catalyst  Dehydrating  Reaction condition Gly. Selec Yield Ref.
agent . Conv. tivity (%)
(Glycerolto ~ Temp Time <P (%) %)
D.Amolratio)y () () (MPa)
CeQ b2- 150 5 3 N/A N/A 20 (J. Liuet al,
cyanopyridine (4) 2016)
(10:30)
Zn/Al/lLa  Acetonitrile 170 12 4 30.6 46 14 (Li et al
F (50:95) (N/A) 2015)
Zn/Al/lLa  Acetonitrile 170 12 4 35.7 422 151 (H. Li, Jiaet
L (50:95) (N/A) al., 2015)
Cu/LaOs; Acetonitrile 150 3 4 8.9 29.3 N/A (zhang and
(50:190) @) He, 2014b)
2.3 wt.% Acetonitrile 150 12 4 334 454 15.2 (Zzhang and
Cu/La0s  (50:190) @) He, 2014a)
La,O,CO;  Acetonitrile 170 12 4 30.3 47.3 143 (Li et al,
-ZnO (50:95) (N/A) 2013)
CaOo Acetonitrile 170 12 4 5.3 0 0 (Li et al,
(50:95) (N/A) 2013)
CaO Acetonitrile 150 3 4 0.6 15 N/A (zhang and
(50:190) @) He, 2014b)
MgO/ Acetonitrile 170 12 4 2.4 0 0 (Li et al,
Al20s3 (50:95) (N/A) 2013)
(2:1)
MgO Acetonitrile 150 3 4 0.9 244  N/A (zhang and
(50:190) @) He, 2014b)
ZrO; Acetonitrile 170 12 4 1.2 0 0 (H. Li, Jiaoet
(50:95) (N/A) al., 2015)
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Catalyst Dehydrating  Reaction condition Gly. Selec Yield Ref.

agent Conv. tivity %)
0,
(Glycerol to- Temp Time (%) %)
D.A mol ratio) cc) () (MPa)
La,0O3 Acetonitrile 150 12 4 0.8 6.3 0.1 (zhang and
(50:190) @) He, 2014a)

La,0s-C  Adiponitrile 160 18 3.4 58.1 172 9.9 This work
(22.5:45) (4.5)

La;0,CO;  Adiponitrile 160 18 3.4 57.0 18.2 104 This work
-CP (22.5:45) (4.5)

dnitial pressure of C® at room temperature and reaction pressure atioeact

temperature.

PReaction was carried out in the presence of 10fmlinethyl formamide.

Previous studies propose the efficacy of acetdmigmd 2-cynopyridine, as chemical
water traps, to shift the reaction equilibrium toglsathe products side, thus improving
the selectivity to GlyC (Let al, 2013; Zhang and He, 2014a). High GlyC yield (20%)
was observed from the carboxylation of glycerdhi@ present of 2-cyanopyridine and
CeQ, however a high amount of catalyst was used mregmction: 20 mmol% based
on the quantity of the reactant ratio. High selagtito GlyC was observed in the
presence of acetonitrile, but it was correspondedhe high reaction pressure
(~.70 bar); which is beyond of the scope of thiglgt This work was focusing on the
ability of dehydrating agents and efficacy of20&C to synthesise GlyC at low
pressure, 45 bar. Li and co-worker reported onBydénd 2.4% glycerol conversion
with no GlyC formation in the presence of CaO arid\gO/Al,Os catalysts. Alkaline
earth metals are not active for this catalytic tieac All these works contributed to
the knowledge in improving the GlyC synthesia direct carboxylation of glycerol,
from the influence of range of heterogeneous cstslyhe influence of dehydrating
agents and the influence of catalyst preparatiotihoukss

Page | 98



5.5 Chapter conclusions

A range of dehydrating agents were employed aret@tl product formation (GlyC,
4HMO and acetins) in different ways. Nitrile bas#ehydrating agents favour the
formation of GlyC and 4HMO. The reaction mechanismthe carboxylation of
glycerol to GlyC and by-products in the presenceadiponitrile is summarised in
Figure 5.12. In contrast to nitrile based dehydgagents, acidic dehydrating agents
promote the production of acetins. However, neitBgiC nor acetins were observed
in carboxylation reaction in the absence of dehyuigaagent. The selectivity to GlyC
increases to 4, 5 and 17% upon the addition ofoadete, benzonitrile and
adiponitrile. It is proposed that dicyanated dehyidig agents have better performance
as the water trap (Silva et al., 2012). In conird@0% selectivity to mono-, di and
triacetin and no GlyC were observed from reactivaracid anhydride. This study
has demonstrated for the first time that the yasd selectivity to GlyC and acetins

are shown to be dependent upon the presence ofiigeimg agents.
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6 CARBOXYLATION OF CRUDE GLYCEROL

Transesterification of vegetable oils or animakfand methanol generates biodiesel
and crude glycerol. Crude glycerol contain impwgisuch as methanol, fatty acid
methyl esters and salts. This chapter investigdtesdirect carboxylation of crude
glycerol into glycerol carbonate in the presenc@dd.-based catalysts, L&®s-C and
La,O>COs-CP. The study shows that the presence of impsititierude glycerol can
significantly lower the selectivity to glycerol tmnate. These catalysts must be
resistant to a range of impurities including wateadium methoxide and methanol.
The characterisation of crude glycerol was alsodwted. Experimental works were
designed by reacting a range of model crude glylagith CO.. Model crude glycerol
was the combination of pure glycerol with varyimgpurities including fatty acid
methyl esters, methanol, sodium methoxide and wateally, direct carboxylation
of crude glycerol over modified lanthanum-basedalyats and in the presence of

adiponitrile has been carried out.

6.1 Catalyst synthesis

All catalysts employed within this section have mg@epared using a standard
co-precipitation method discussed in section 3g&d8 on the promising results of the
catalyst that has been prepaxea co-precipitation (Chapter 4), modified A»CO3
catalysts including Zrella,0O.COs and ZrQ/La,0.COs/Ga03z catalysts were

prepared using the same method.

6.2 Solid catalyst characterisation
6.2.1 SEM

Figure 6.1 (a-e) show the SEM micrograph of:QaC, La0.COs-CP, ZrQ,
ZrO2/La202C 0Oz and ZrQ/La,0.COs/Ga03. The SEM analysis was carried out using
JEOL JSM-6010LA and particle size of those catalystre analysed using ImageJ
software as summarised in Table 6.1. All imageseweagnified for 250 times and

the acceleration voltage was 15 to 20 kV.
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Figure 6.1. Scanning electron micrographs for (@).4Zb) ZrO,/La;02COs
(c) ZrO/Lax02C0s/G&0s3 (d) LaeO2C0Os-CP and (e) L#Ds-C. All catalysts prepared
from co-precipitation method except for (e0s-C and magnified 250 times and

acceleration voltage was set up at 15 to 20 kV.

The morphology of Zr@shows a significant difference to the 2(G,0.COs (70:30)
catalyst. It was observed that the particle sizBr@h/La>O.COs (Figure 6.1 (b)) was
smaller, ~ 7 m, than the Zr@(~ 20 m). 5 wt.% of Ga0Os was introduced to the
ZrO2/La202COs catalyst giving a Zr&lLa:0.COs/Ga0s of 65:30:5. This catalyst
(Figure 6.1 (c)) shows a particle size of ~ Ih. Figure 6.1 (d and e) show the image
of LaxO3-C and LaO.COs-CP catalysts. These micrographs clearly show dHat
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catalysts have an irregular shape. In general,|qmadiicle size of catalysts have a
high surface area. It is expected that catalysts amall particle size have a better

catalytic performance; presumably due its high neindb catalytic active sites.

Table 6.1. The particle size of solid catalysts.

Catalysts Particle size )
Lax03-C 1

La,0.COs-CP 5

ZrOs 20

ZrOz/Laz02C 03 7

ZrOo/Lap02C0s/Ga03 15

6.2.2 BET

A Micrommetrics 3-Flex was employed to determine BET surface area of catalyst
and pore volume and average pore diameter wereumseh$rom the desorption
branch of isothernvia the BJH method. BET measurement of Zgield a surface
area of 59 rfig; while surface area of only 26% and 35 /g were obtained from
ZrOo/Lax02COs and ZrQ/La,02C0Os/Ga0Os3 catalysts.

ZrO2 has a larger surface area, pore volume and ave@gediameter than k@3
(Adeleyeet al, 2014). ZrQ/Lax0.COz and ZrQ/La,0,COs/GaOs catalysts are also
show large average pore diameter 33 and 34 nmrapared with LaOs-C (3 nm)
and LaO,COs-CP (14 nm). These catalysts are considered aspoese in nature.
For comparison, the molecular length of glycera &lyC are 0.52 nm and 0.65 nm
(Saiyonget al, 2012), hence mass transfer of the reactant witi@rcatalyst pores is
expected to be relatively facile; it therefore mitkely that mass transfer between the
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gas-phase (C£) and the catalyst surface in the liquid (glycemtpse is likely to be

the dominant transport effect.

Table 6.2. BET surface area, pore volume and aegrage diameter for solid

catalysts.

Catalysts BET surface aredPore volume @Average pore

(m?gh) (cmg?) diameter (nm)
La:0s3-C 14 0.02 3
La,0.COs-CP 60 0.34 14
ZrOz 59 0.06 26
ZrOz/Laz02C 03 26 0.04 33
ZrO2/La202C0x/Ga0s 35 0.05 34

#Measured from the desorption branch accordingadtiH method.

6.2.3 TPD-NH3

TPD-NHs analysis has been employed in order to studyaia number of acid sites
of the catalysts. L®s-C presents the lowest acidic sites (0.07 mmol ldé/Matarys)

as compared to the Zr-based catalysts (> 0.1 miNIH2/gcatays). The number of
acidic sites calculated is summarised in Table & total acidity of Zr-based
catalysts was affected by the composition of La @adcatalysts and decrease in the
order of ZrQ < ZrOy/La;02C0s < ZrO,/La202C03/Ga03. GaOs is an acidic catalyst;
addition of GaOs is therefore to increase the acidity of ZH@0.COs/Ga0s (Lee

et al, 2011, 2012).
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Table 6.3. The acid site densities for the serfésag03-C, ZrO,, ZrO,/La,0,CO3
and ZrQ/La,0.COs3/G&0s3 catalysts.

Catalysts #Total aciditity

(mmol of NHs/geatalys)

LaxOs3-C 0.07
La202COs-CP 0.13
yA()) 0.11
ZrOz/Lax02C 03 0.12

ZrOo/Lax02C0Os/Ga0s 0.12

NH3 desorption peak for all catalysts ata{> 400 °C.

6.3 Characterisation of crude glycerol

Figure 6.2 (a) shows the sample of crude glycesetifor the direct carboxylation of
crude glycerol and adiponitrile. The sample of erglycerol was obtained from

biodiesel synthesis from sunflower oil and methanod catalysed by sodium
hydroxide (NaOH). The reaction was carried out @oéden Ray biodiesel processer
at Department of Chemical and Biological Enginegrlgniversity of Sheffield. Crude

glycerol (Figure 5.2 (b)) was separated using anb@eparating funnel in order to
remove the methanol and ash content. The purit@etrude glycerol was tested by
GC-MS and the water content was tested using Ksinigr titration technique. The pH
of the crude glycerol was analysed using pH pap&¥o of glycerol with 5 wt.% of

water and < 1% of methanol were present in crugleegbl. The crude glycerol also
contained 7 g/l of Na as analysed using ICP-MSrtegle. The sodium originated

from the NaOMe homogenous catalyst residual irctbde glycerol sample.
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Table 6.4. The summary of impurities contain inder@and 99% purity of glycerol.

Properties Crude glycerol with  Pure glycerol with
purity 74% purity 99%

Appearance Brownish viscous  Colourless viscous
liquid liquid

Moisture/water (wt/wt.%) 5% 1%

Glycerol purity (wt/wt.%) 74% 99%

FAMEs 20% -

Methanol (wt/wt.%) <1% -

pH 8 7

Salt, Na (g/l) 7 -

‘-’ indicates that the presence of a component nedgletected.

In addition to the impurities listed in Table 6tde crude glycerol also contained 20%

of FAMESs, which were analyseda GC-MS with compound identification through

comparison with the NIST database. The chain-lenfithe detected FAMESs ranged

from Ci7 (methyl palmitate) to & (ethyl linoleate). Such compounds are well

established constituents of biodiesel synthesismu Dil feedstocks (Knothe, 2008;

Joshiet al, 2010).
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Figure 6.2. Crude glycerol was separated using ml=&parating funnel in order to
remove the methanol and ash content; samples dteuerade glycerol (a) after and

(b) before separation process.

6.4 Influence of catalysts and supports on the directarboxylation of

glycerol

The catalyst screening test was carried out owange lanthanum-based catalysts
supported on Zréand with GaOsas the catalyst promoter. Zr@as selected because
of its previously reported high activity in syntisesg dimethyl carbonate (linear
carbonate) from methanol and €Qung and Bell, 2001; Chegt al, 2014) The
catalytic activity ZrQ, with Lewis acid site was tested. Result summédrise
Table 6.5 show that high selectivity to GlyC wasetved from the carboxylation of
pure glycerol over Zre&dLa>0O.COz/G&0s. A similar trend was also observed from the
reaction over Lg0.COs-CP and La0s-C at the same reaction conditions. Although
the catalytic activity of Zr@lLa,0.COs/Ga0O3 was highest, the high cost of &8
means it was less suitable for scale up for incalsise. Therefore, L&®.COs-CP and
La,O3-C were suggested to be employed for the direticcatation of crude glycerol
along with ZrQ/La,0.COx/G&03 catalyst. Li and co-worker investigated the impact
of ZrOz and only 1.2% glycerol conversion was observedvéi@r, introduction of
ZrOz into the 4:1:1 Zn/Al/La hydrotalcite increased thenber of catalyst basic sites;
thus improved the selectivity to GlyC from 13 t@4.4This work is still in developing

stage and currently there is no sufficient datalai for rigorous comparison.
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Table 6.5. A range of heterogeneous catalyst eneglay reaction of C&and
glycerol in presence of adiponitriReaction conditions: reaction pressure = 45 bar,
6 wt.% catalyst to glycerol ratio, 22.5 mmol glyagled5 mmol adiponitrile, 18 h and

reaction temperature = 18Q.

Catalyst Conversion Selectivity Yield
LaxO3 —C 58 17 10
Lax02COs-CP 57 18 10
ZrO 66 9 6
ZrO/Lax02C0s (70:30) 61 16 10
ZrO2/La202C0s/Ga03 60 19 12
(65:30:5)

Research to-date has tended to focus on the effafdbe basic catalysts to synthesise
GlyC rather than the acidic catalysts. Therefdris $tudy will focus and investigate
the impact of acid catalysts to the products sysitheHonda and co-workers
highlighted the important of acid-base propertiesaialysts; where -OH group of
glycerol was adsorbed onto the Lewis acid site€@e® (Hondaet al, 2014). The
TPD-NHs measurements of Zs@how a high number of acid sites, 0.11 mmekg:

as compared to L&s-C (0.07 mmol/gaays). A high number of acid sites was also
observed from the ZrfllLax0>COs (0.12 mmol/gatays) and ZrQ/La,0>C0Ox/Ga03
(0.12 mmol/gatays). The selectivity to GlyC decreases from 17% to @pbn the
employing of ZrQ in comparison to L#s-C. The by-products produced from this
reaction have been analysed and production of 4H%4© increased by thirty-fold.
As summarised in Figure 6.3, a high quantity ofpbbgelucts were produced from the
decomposition of GlyC to amide products (Unknowantl 3). A similar trend was
also observed from the reaction over Zt@>0.COz and ZrQ/La>02C0Os/G&0s.
These findings support the hypothesis that acidialgsts favour the formation of the

4HMO and promote the decomposition of GlyC.
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Figure 6.3. Influence of the catalyst loading orpgpgducts formation. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%lygsit#o glycerol ratio, 22.5 mmol
glycerol, 45 mmol adiponitrile, 18 h and reactiemperature = 160C. The by-
products detected from the reaction was measuralttajively, value shown in the

table correspond to chromatogram peak area.

FTIR is used in the characterisation of liquid pro. Figure 6.4 shows the FTIR
spectra for liquid samples from the carboxylatioih gbycerol over a range of
heterogeneous catalysts taken at 18 hours of opad¥eaks at 1730 and 1790tm
confirmed the formation of 4HMO and GlyC (NguyenePRark and Eun, 2016). The
peak at 1662 crhwas detected in all reaction samples with diffgrimensities and
indicates the presence of C=0 of amide; this pea¥imned that the GlyC has
decomposed to by-products (Indrah al, 2014). The used catalysts were also
analysed; no peak was detected at 1956 om any of those catalyst (Figure 6.5).
These data indicate that the metal glycerolatensagormed during the carboxylation
of glycerol reaction (Let al, 2013; H. Li, Jiaoet al, 2015).
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Figure 6.4. FTIR spectra of reaction samples takel8 hours over a range of
catalyst. Reaction conditions: Pressure = 45 bat,% catalyst to glycerol ratio,

22.5 mmol glycerol, 45 mmol adiponitrile, 18 h amedction temperature = 18C.
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Figure 6.5FTIR spectra of used catalysts show no peak detected 950 cri,
indicate that none of metal glycerolate formed nigithe carboxylation of glycerol
reaction. Reaction conditions: reaction pressu4é bar, 6 wt.% catalyst to glycerol

ratio, 22.5 mmol glycerol, 45 mmol adiponitrile, h&nd

reaction temperature = 160 °C.
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6.5 Influence of impurities on the carboxylation of glycerol (Model crude

glycerol and single impurities)

Crude glycerol is a combination of glycerol and umpes including FAMES,
methanol, water and NaOMe (lgeal, 2017). The individual impact of each impurity
was studied by preparing model crude glycerol samglomprising of methanol,
FAME (methyl palmitate, 97%), water or NaOMe (Tablé). Transesterification of
pure glycerol and 20 wt.% of methanol shows a sligbrease in the selectivity to
GlyC from 7 to 8%; while introduction of 1 wt.% BfaOMe shows a negative impact
on GlyC formation (Tengt al, 2016). Indran and co-worker investigated the ichpa
of water on the glycerolysis of urea; the selettitdo GlyC was decreased by half
upon the addition of 10wt.% of water (Indraal, 2016).

Addition of methanol to glycerol over b@s-C increased the glycerol conversion from
58 to 61% and selectivity to GlyC from 17 to 22%tréduction of LaO.COz-CP to
the carboxylation of glycerol and methanol (80:201%) improve the selectivity to
GlyC to 30%. This is a noteworthy observation arad/rhe related to improve mass
transfer by improving the immiscibility of glycerahd CQ. CG; is slightly miscible

in glycerol (Nuneset al, 2013), however the equilibrium of GOmethanol and
glycerol is improve upon the increasing of metHaoacentration (Pintet al, 2011).
Additionally, methanol may hinder the secondarytiea of GlyC thereby increasing
the reaction selectivity. A more detailed studytiom effect of methanol is required in

order to determine its precise role.
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Table 6.6. The effect of individual impurities dretcarboxylation of glycerol.
Reaction conditions: reaction pressure = 45 bart.% La0s-C, 22.5 mmol

glycerol and 45 mmol adiponitrile, 18 h and reattiemperature = 160 °C.

Model crude glycerol (%) Conversion Selectivity Nie
Glycerol 58 17 10
Glycerol:MeOH (80:20 mol%) 61 22 13
aGlycerol:MeOH (80:20 mol%) 56 30 17
Glycerol and 1 wt.% NaOMe 51 11 6
Glycerol and 1 wt.% NaOMe 43 7 3
Glycerol and 10 wt.% FAME 76 1 1
Glycerol and 10 wt.% water 19 3 1
4L ax0.COs-CP.

PReaction was carried out in absence of catalyst.

Addition of 1 wt.% of NaOMe to the carboxylatioraction results in a reduced in the
glycerol conversion (51%) and selectivity to GlyID(6%) (Table 6.6). The reduced
selectivity to GlyC was reflected in the increagaunation of 4HMO by eight fold as
summarised in Table 6.7. As the NaOMe acts as henmegus catalyst in biodiesel
synthesis, the impact of NaOME is tested upon tiseiace of LgD3-C. The results
obtained showed only 43% glycerol conversion alwitp a further drop in GlyC
selectivity to 7%, consistent with the hypothediattNaOMe acts as an active

homogeneous catalyst favouring the synthesis of @M
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Table 6.7. The qualitative analysis of by-produtd#sected from the reaction upon
the addition of NaOMe. Reaction conditions: reatpoessure = 45 bar, 6 wt.%
LaxOs-C, 22.5 mmol glycerol and 45 mmol adiponitrile,li8nd reaction
temperature = 160 °C. The by-products detected fhwse reactions were measured

gualitatively, value shown in the table corresptmdhromatogram peak area.

Products Glycerol Glycerol and 2Glycerol and
NaOMe NaOMe

4HMO 2 16 7

Unknown 1 (minute 30.8) 2 6 3

Unknown 2 (minute 31.3) 4 N/A 12

Unknown 3 (minute 33.9) 2 N/A 7

dabsence of catalyst.

1730 cm___,) 1662 cm* __,|

@ o~
@/N M
«—1790 cmt / 1715 ot

1800 1750 1700 1650
Wavenumber (cm?)
—With catalyst —Without catalyst

Transmittance (a.u)

Figure 6.6. FTIR spectra from the reaction of giptavith NaOMe and Coin
(a) absence and (b) present 08@&C catalsyst. Reaction conditions:
reaction pressure = 45 bar, 0 and 6 wt.%QseC to glycerol ratio, 22.5 mmol

glycerol and 45 mmol adiponitrile and was carriedl @ 160 °C for 18 hour.
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FTIR analysis was conducted to explain impact ofittah of NaOMe on the
carboxylation reaction. Strong intensity peaks@f2land 1730 crhconfirmed that
the decomposition of GlyC to amide products and firenation of 4HMO were
favourable even in the absence of the catalystu(Ei@.6). The strong band at
1730 cm' was assigned to the formation of GlyC; thereforis concluded that the
NaOMe is able to catalyse the carboxylation rea¢tsynthesise GlyC and acts as a

homogeneous catalyst.

5]
s «— 1715 cm!
g
c
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= | ———
= /ﬁ\/ Vel e
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1220 cmt
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Wavelenght (cm1)
—FAME and MeOH FAME No impurities

Figure 6.7. FTIR spectra for the reaction of glpt@nd/or impurities and CQver
La,O3-C catalyst. Model crude glycerol was prepared lending 80:20 mol%
glycerol and methanol and also 80:20 mol% glycarml methanol with 10 wt.%
FAME.

Addition of 10 wt.% FAME (methyl palmitate, 97%) tioe glycerol resulted in high
glycerol conversion, (76%), however, selectivity@lyC reduced to only 1%. Due the
high conversion and low selectivity to GlyC, it wagpected that the glycerolysis of
FAME to synthesise monoglyceride occurs during#aetion (Bancquast al, 2001,

Ferretti, Apesteguia and Cosimo, 2011). FTIR amslyss conducted in order to
investigate the origin of the reduced conversioigyfe 6.7). In comparison to the
reaction with pure glycerol the peak at 1790'asno longer present, co-incident with
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a reduced intensity of the 1730 ¢mpeak, and with the appearance of new peaks at
1715, 1360 and 1220 ¢inA high intensity of the peak at 1715 ¢érindicative of
C=0 of ketone (stretch) was detected alongwithftimmation of phenolic species
(1220 cm') and R-NQ species (136@m?). High intensity of peak at 1715 ¢m
indicates that a high amount of by-products formmettiis reaction. This supported the
fact that high glycerol conversion has been aclievigh low yield and selectivity to
GlyC.

The influence of water was also studied. 10 wt.%wvafer resulted a significantly
decreased in glycerol conversion of 19% and a seigcto GlyC (3%); this is likely
attributed to the selective strong adsorption ofewanolecules on the active sites of
LaxOs3-C (Okoye, Abdullah and Hameed, 201RAus leading to catalyst deactivation.

6.6 Influence of impurities on the carboxylation of glycerol (Effect of

multiple impurities)

As the impurities in crude glycerol are likely toteract with one another and any
subsequent products produced from the impuritiesbehaviour of model feedstocks
containing two or more impurities has also beenestigated. The presence of
methanol was kept constant across all model sysvathsglycerol and methanol in
an 80:20 mol%. Addition of 1 wt.% of NaOMe appearsave positive impact on the
catalytic system; in which highest selectivitie€alyC were achieved in the presence
of LaxOs-C and LaO,COs-CP, 25 and 42% respectively (Table 6.8). Howetles,
was achieved a reduced conversion to 46 and 31%hvwebimpared with 58% for pure
glycerol and 61% for the glycerol/methanol mixture.
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Table 6.8. Effect of multiple impurities on carbéatyon of glycerol over LgOs-C.
Reaction conditions: reaction pressure = 45 bart.% LaOs-C to glycerol ratio,
80:20 mol% of glycerol to methanol (22.5 mmol itedp and 45 mmol adiponitrile,

18 h and reaction temperature = 160 °C.

Model crude glycerol (%) Conversion Selectivity Mie
Glycerol:MeOH (80:20 mol%) 61 22 13
Glycerol:MeOH (80:20 mol%) 46 25 12

1 wt.% NaOMe

aGlycerol:MeOH (80:20 mol%) 31 42 13

1 wt.% NaOMe

Glycerol:MeOH (80:20 mol%) 85 3 3

10 wt.% FAME

Glycerol:MeOH (80:20 mol%) 73 4 3

10 wt.% FAME +1 wt.% NaOMe

bGlycerol:MeOH (80:20 mol%) 48 21 10

10 wt.% FAME +1 wt.% NaOMe

4Lax0COs-CP.

bZr0,/Lax0,C0Ox/Ga0s was employed.

The by-products formed from this reaction have bapalysed. The formation of
4HMO increased upon the addition of single impusiiigh as methanol or NaOMe as
summarised in Table 6.9. In contrast to what issoled with the single impurity, a
glycerol mixture containing both methanol and NaOfMeours the formation of

by-products (Unknown 1, 2 and 3) produced fromdeeomposition of GlyC.

Page | 115



Table 6.9. By-products detected from the reactiogiyxerol in presence of
impurities and C@over La0s-C was measured qualitatively, value shown in the

table correspond to chromatogram peak area.

Products Glycerol  Glycerol: Glycerol: Glycerol:MeOH
MeOH NaOMe :NaOMe

4HMO 2 4 7 5

Unknown 1 (minute 30.8) 2 11 3 11
Unknown 2 (minute 31.3) 4 10 12 12
Unknown 3 (minute 33.9) 2 8 7 17

Addition of FAME to the glycerol and methanol mirturesults in a significantly
reduced selectivity alongside high conversion,tald in the absence of methanol.
85% glycerol conversion and 3% selectivity to Gh€re observed. This trend was
also observed if methanol, NaOMe and FAME wergadsent; suggesting that the
effect of FAME is to inhibit GlyC formation. FTIRadla (Figure 6.7) do not show
significant intensity at 1715 ctsuggesting that the formation of by-product
(C=0 stretch for ketone) was not formed in the @nes of methanol. When the
reaction mixture comprised glycerol, methanol, FAEHE CQ, phenolic and R-N®
species were not observed by FTIR. The intensipeak at 1715 crhobserved in the
presence of FAME and methanol is decreased whaléntiensity of peak detected at
1730 cm! (C=0 of 4HMO) appears to be increased. In revigvitre literature, no
prior data was found on the role of FAMEs and tlmaipact on the carboxylation of
pure or crude glycerol. In fact, the reaction afde glycerol and urea and the reaction
of crude glycerol and dimethyl carbonate studied Ibgran et al. (2016) and
Tenget al. (2016) were carried out using the crude glycerthw 2% of FAMEs.
Therefore, the separation of FAMESs and crude gblcercrucial in order to obtain

high purity of crude glycerol.
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The impact of multiple impurities in the mixtureroprising glycerol and methanol
(80:20 mol%), 10 wt.% of FAME and 1 wt.% of NaOMeaswvtested over L@3-C.
Glycerol conversion and selectivity to GlyC decexh$o 73% and 4% respectively.
However, only 48% conversion and 21% selectivityGlyC was observed over
ZrO-/La,0,COs/Ga0O3 tested under the same reaction conditions. Tiédysh system
(ZrO2/Lax0.COs/Ga0s) favours the formation of 4HMO and Unknown 1, 2&h
production (Table 6.10). It was likely that the ignhumber of acid sites of
ZrO-/La;0.C0Os/Ga03z (0.11 mmol/gataysy €nhance the 4HMO synthesis and
promotes the GlyC decomposition to amide produmssistent with the hypothesis
that acidic catalysts favour the synthesis of bgdpicts. Little is known about @23

as the catalyst promoter, for this reaction andk ihot clear how this promoter
suppresses the glycerol conversion. However, gallbased catalysts been
successfully employed in various catalytic reactimiuding cycloaddition reactions
for organic transformations (Gupta and O’Sulliv2Q13). Indeed, G&3 was
successful in the field of the direct synthesigliaiethyl carbonate (linear carbonate),
but the focus on employing gallium as catalyst pstanin synthesising the cyclic

carbonate seems very limited.

Table 6.10. The qualitative analysis of by-produtdtected from the reaction of
glycerol and impurities over k&3-C and ZrQ/Lax0.COs/Ga0s. Reaction
conditions: pressure = 45 bar, 6 wt.% catalystiyoagol ratio, 80:20 mol% glycerol
to methanol (22.5 mmol in total) and 45 mmol adipda, 18 h and reaction
temperature = 160 °C. The by-products detected fhwse reactions were measured

qualitatively, value shown in the table corresptmdhromatogram peak area.

Products LeOs-C ZrQy/Lae02C0s/Ga0O3
4HMO 7 24

Unknown 1 (minute 30.8) 3 3

Unknown 2 (minute 31.3) N/A 14

Unknown 3 (minute 33.9) N/A 10
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So far there has been little literature discussibaut the single and multiple impact
of impurities on the carboxylation of glycerol, which detailed investigation and
experimentation regarding to the role of impuritiesuld be interesting. Overall,
water and FAME have a negative impact on the cafdatrn of glycerol and
significantly lowered the GlyC selectivity to < 3%.similar trend is observed from
the reaction of: (1) glycerol, methanol and FAME &B) glycerol, methanol, NaOMe
and FAME in comparison with the reaction of glydeand FAME; suggesting that
the presence of FAME lowers the selectivity to G(yC1%).

This study shows that the selectivity to GlyC wasréased to 11% and 7% upon the
addition of NaOMe and favours synthesis of 4HMOcdntrast, addition methanol to
glycerol improves the glycerol conversion and detag to GlyC to 61% and 22%.
Addition of NaOMe to the glycerol and methanol me shows a positive impact on
GlyC synthesis, where the highest selectivity (420&% observed from all systems
employed and achieved in the presence eDk@0s-CP.

6.7 Optimisation of reaction parameters
6.7.1 Influence of reactant to methanol ratio

Given the observation that the addition of methaogjlycerol improves the catalytic
performance with respect to the GlyC productior, dbtimisation of the methanol to
glycerol ratio will be investigated over #@COz-CP. Optimisation of reaction
conditions is very important in order to obtain mhh selectivity to GlyC, by
eliminating or/and limiting the formation of by-piacts. As shown in Figure 6.8, in
mixture of glycerol and methanol (80:20 mol%) résdlin an increase in selectivity
to GlyC, from 18% (pure glycerol) to 30%, while ther increasing methanol
concentration (60:40 glycerol:methanol mol%) showadmajor reduction in
selectivity to GlyC (13%).

This observation suggested that the addition oharedl improves mass transfer by

improving the immiscibility of glycerol and GO However, the high methanol
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concentration (40:60 methanol:glycerol mol%) adsgledws a negative impact on the
carboxylation reaction. A possible explanation ishwegard to the mass transfer
between the solid catalyst, @Qglycerol and adiponitrile. However, the dimethyl
carbonate may be synthesised from this reactionexXgess amount of methanol
introduced to this reaction increased the charmethé reaction of C&and methanol

to dimethyl carbonate to take place.

Figure 6.8. The influence of glycerol to methanallan ratio to the formation of
GlyC. Reaction conditions: reaction pressure =d5 6 wt.% LaO>COz-CP to
glycerol ratio, glycerol:methanol (22.5 mmol inabtand 45 mmol adiponitrile, 18 h

and reaction temperature = 180.

Relatively low intensity of peaks at 1730 and 1@80" were observed from the FTIR
spectrum with 60:40 of glycerol to methanol (Fig&.®). The peaks at 1730 and
1790 cm! were previously assigned to the GlyC and 4HMOs tmay therefore
confirmed that the low selectivity to GlyC was ot&a from the carboxylation

reaction employing the 60:40 glycerol to methanoitare.
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Figure 6.9. FTIR spectra from the reaction of ghgtavith (a) 0, (b) 20 and
(c) 40 mol% of methanol and GOver LaO.COs-CP catalyst. Reaction conditions:
reaction pressure = 45 bar, 6 wt.%QaCOs-CP to glycerol ratio,
glycerol:methanol (22.5 mmol in total) and 45 mradiponitrile, 18 h and reaction

temperature = 16€C.

Influence of reaction time

As shown in Figure 6.10, a detailed investigatibthe impact of different reaction
time was consideration for the carboxylation ofogiyol and methanol in the ratio of
80:20 mol% over L#D.COs-CP. It illustrated that glycerol conversion incsed from

56 from 75% for the reaction sample collected atdl25 hours. The selectivity to
GlyC increased from 7 to 30% (18 hours) and thetresesed to only 10% after
25 hours of reaction. This observation suggestsiiesdecrease of selectivity to GlyC
may be related to the increase of 4HMO and by-prtsddormation. The GC

chromatogram has been analysed and the by-prodectsmeasured qualitatively as
summarised in Figure 6.11. By-product (Unknown d 8y formation increased by
eleven and six fold within 12 hours. In conclusiogaction time has a significant
impact on the GlyC and by-products formation. Pngked reaction times (> 18 hours)
resulted in lowering the selectivity to GlyC andcreasing the formation of

by-products; where these were the products formed the transformation of GlyC
to amide product.
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Figure 6.10. The time-on-stream analysis of glyceooversion and selectivity and

yield of GlyC from 13 to 25 h. Reaction conditionsaction pressure = 45 bar,
6 wt.% LaO.COs-CP to glycerol ratio, glycerol:methanol (80:20 ft)] 45 mmol

adiponitrile, 13 to 25 h and reaction temperatudé8°C.

Figure 6.11. The by-products formation over timea&tion conditions: reaction

pressure = 45 bar, 6 wt.% d@&COs;-CP to glycerol ratio, glycerol:methanol

(80:20 mol%), 45 mmol adiponitrile, 13 to 25 h, aedction temperature = 160 °C.

By-products was measured qualitatively, value showthe graph correspond to

chromatogram peak area.
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In order to corroborate the GC-MS analysis forithpact of reaction time on products
formation, reaction samples taken at 13, 15.523&nd 25 hours were also analysed
using FTIR. As observed from the spectra showniguré 6.12, glycerol was not
completely reacted during the reaction. The bari180 to 3500 crh was assigned
to the presence of —OH species of glycerol. It waserved that the C=0 stretch
(1730 cm') was increased from 13 to 15 hours as shown ir€if.13. From 18 hours
onward, the C=0 stretch (1730 ¢Jrintensity decreased coincident with an increase
in intensity of the band at 1790 dmStrong intensity of peak at 1662 ¢nwere
observed over prolonged time. The peak at 1662 waws previously assigned to an
amide product formed from GlyC (Indrabhal, 2014). This may therefore support the
suggestion that the lower selectivity observed ndicative of the secondary

conversion of synthesised GlyC to by-products.

1662 cmi—"
1790 cmt_»

1730 cmt o
N

1715 cmt

Figure 6.12. FTIR spectra for time-on-stream anslgEglycerol:methanol (80:20
mol%) over LaO>COz-CP from 13 to 25 h. Reaction conditions: reaction
pressure = 45 bar, 6 wt.% 1@&COs-CP to glycerol ratio, glycerol:methanol
(80:20 mol%), 45 mmol adiponitrile, 13 to 25 h aedction temperature = 160 °C.
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Figure 6.13. FTIR spectra for time-on-stream analgéglycerol:methanol
(80:20 mol%) over L#D,COz-CP from 13 to 25 h. Reaction conditions: reaction
pressure = 45 bar, 6 wt.% 1@&COs-CP to glycerol ratio, glycerol:methanol
(80:20 mol%), 45 mmol of adiponitrile and reacttemperature = for 160 °C.

Direct carboxylation of crude glycerol to synthesis glycerol carbonate

This work demonstrated for the first time the eftig of LaO3z and LaO>COs catalysts
to synthesise GlyWia the carboxylation of crude glycerol. Direct carplation of

crude glycerol discarded the process of glycergbasstion and purification
(Figure 6.14). CyclicCeRr highlighted the four great opportunities of uscrgde

glycerol (CyclicCQR, 2013):

1) Large scale of crude glycerol produce from biodiggeduction (Europe
approx. 800 to 1000 kt 2013).

2) Low price of crude glycerol (~ 300 €/tonne) if coanpd with the purified
glycerol (~ 600 €/tonne).

3) The presence of impurities such agOH15 to 20%), salts (7 to 15 wt.%) and

organics limits the direct use of crude glycerol.
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4) Some fraction of glycerol from biodiesel is purtfito serve the demands of
chemical industry (~ 20%).

Figure 6.14. The direct transformation of glyceratbonate from crude glycerol.
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Figure 6.15. Carboxylation of pure/crude glycenmud @ompared with the crude
glycerol mixture with added impurities. Reactiomddions: reaction pressure =
45 bar, 6 wt.% Lg03-C to glycerol ratio, 2.1 g crude glycerol (17 mngbjcerol),
5 wt.% methanol, 45 mmol adiponitrile, 18 h andctean temperature = 160 °C.
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Carboxylation of crude glycerol (74% purity) wasrread out in the presence of
La,O3-C and adiponitrile. The impurities present in eulycerol have a relatively
insignificant impact on glycerol conversion, whidlops from 58 to 54%, however
they have a stark impact upon GlyC selectivity, chhilrops from 17% to only 2%.
This indicated that alternative reaction pathwagseroperating in the presence of the
impurities in crude glycerol. The influence of maxtlel on the production of GlyC
from pure glycerol was tested individually in prews section (Table 6.6). Due to the
beneficial impact of methanol promoting the synithe$ GlyC, methanol was added
into crude glycerol. As shown in Figure 6.15, thdition of 5 wt.% methanol to crude
glycerol resulted in a decreased in glycerol cosieerto 38%; this was coupled with

an increased in selectivity to GlyC to 10%.

Table 6.11. Carboxylation of crude glycerol oveaage of catalysts. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%lgstté0 glycerol ratio, 2.1 g crude
glycerol (17 mmol glycerol) and 45 mmol adiponétill8 h and
reaction temperature = 160 °C.

Crude glycerol Catalyst Conversion Selectivity Yield
composition

Crude glycerol+ LaxOs-C 38 10 4

5 wt.% MeOH

Crude glycerol+  Lax0O.COs-CP 34 6 3

5 wt.% MeOH

Crude glycerol+  ZrOy/Lax0.COs/Ga0Oz 39 5 2

5 wt.% MeOH

Given the observation that high selectivity to Gly@as observed from the
carboxylation of pure glycerol over @COs-CP (18%) and Zr&)La>02C0z/G&03
(19%), the performances of these two catalysts tested in the direct carboxylation

of crude glycerol and methanol. Contrary to eaffiledings, carboxylation of crude
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glycerol over Zr@Q/La20O.CO:/Ga0s and LaOz:COs-CP produced low selectivity to
GlyC, 5.1 and 5.6 respectively (Table 6.11). Ttesom for this low selectivity to GlyC
was not clear but may be related to the composafdPAMES in the crude glycerol.
Model crude glycerol was prepared by adding onBpIfiethyl palmitate; while crude

glycerol may consist of several type of FAMESs wiigher composition.

Table 6.12. The by-products formed from the carlettion of crude glycerol over
heterogeneous catalyst in presence of methanbkampurities. Reaction
conditions: reaction pressure = 45 bar, 6 wt.%lgstté0 glycerol ratio, 2.1 g crude
glycerol (17 mmol glycerol), 5 wt.% methanol andmBol adiponitrile, 18 h and
reaction temperature = 160 °C. The by-productsatedefrom the reaction was
measured qualitatively, value shown in the graphespond to chromatogram peak

area.

By product LaOs-C La0.COz-CP  ZrQ/Lax0.CO3
1G&0s

aAdiponitrile 450 410 364

Pentanoic acid, 5-cyano-9 28 37

methyl ester

4HMO 1 15 4

Unknown 2 3 7 10

Unknown 3 12 10 -

@Adiponitrile left unreacted after the reaction.

Another possible explanation for the reductionatestivity to GlyC may involve the
high number of acid sites present on Zt@0.CO/Ga0Osz and LaO.CCs-CP;

consistent with the hypothesis that acid catalistsur the synthesis of 4AHMO and
the decomposition of GlyC (Table 6.12). Pentanaic &-cyano methyl ester was

observed from the GC chromatogram and analygsadGC-MS with compound
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identification through comparison with the NIST aladse. It is proposed that the
pentanoic acid 5-cyano- methyl ester was formerhfte reaction of FAMEs with
adiponitrile. The greatest quantity of adiponitrilavas reacted over
ZrOy/Lax0.COs/Ga03, 20% higher than the amount of adiponitrile redcterer
La,Os3-C. This is reflected in a four-fold increase irogwiction of pentanoic acid
5-cyano methyl ester. Further investigation of itterplay between acid and base
catalytic sites and how this affects by-productrfation must be investigated. In
general, the composition of crude glycerol highifgeted the catalytic performance
and contributed to a high quantity of by-produas synthesised. In reviewing the
literature, no prior data was found on the roleF8fMEs and their impact on the
carboxylation of pure or crude glycerol; the separaof FAMEs and crude glycerol
is therefore crucial in order to obtain high putycrude glycerol.
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Figure 6.16. The carboxylation of (a) crude gly¢eard methanol and (b) pure
glycerol and methanol were studied in presencelipioaitrile. Reaction conditions:
reaction pressure = 45 bar, 6 wt.%QgC to glycerol ratio, 2.1 g crude glycerol

(17 mmol glycerol) and 3.3 mmol methanol or 80:261% glycerol to methanol,

45 mmol adiponitrile, 18 h and reaction temperatufes0 °C.
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Figure 6.16 shows the comparison of FTIR spectrthforeaction sample of: (a) crude
glycerol and methanol and (b) glycerol and methg86t20 mol%). The peak at
1790 cm' (GlyC) was not observed in the sample arising fromde glycerol;
however strong peak intensities were observedherpeaks at 1730 ¢ch(4HMO)
and 1662 cm. The peak at 1662 chwas previously assigned to an amide product
formed from GlyC. This may therefore support theygmstion that the lower
selectivity observed was indicative of the secopdanversion of synthesised GlyC
rather than an absence of formation of this praduct

Chapter conclusions

Impurities contained in the crude glycerol suchwager, methanol, NaOMe and
FAMEs are believed to limit the catalytic activiof a reaction. The impact of
individual impurities on the carboxylation reactias tested in order to gain a better
understanding on how they influence this reactidme introduction of methanol to
glycerol (20:80) was investigated over.08-C; the selectivity to GlyC was found to
be higher (25%) as compared to the carboxylatiopuoé glycerol (17%). 10 wt.%
water loading significantly affected the glycerolneersion (19%) and selectivity to
GlyC (3%); water caused catalyst deactivation. THighest glycerol conversion
(76%), alongside low selectivity to GlyC, 1%, wasserved upon the addition of
FAME; co-incident with the presence of a high qutsgndf C=0O stretch of ketone
species alongside the formation of phenolic speaied R-NQ species. It was
proposed that addition of FAME limits/inhibits tfermation of GlyC. The reaction
was then carried out in the presence of NaOMerdstamgly, NaOMe may also act as
homogeneous catalyst, and was able to synthesigé @ther in the presence or
absence of L#s-C. This however greatly reduced the selectivitgtpC (11 and 7%)
as NaOMe itself favoured the formation of 4HMO.tAs impurities in crude glycerol
were likely to interact with one another, the bebaxvof model feedstocks containing
two or more impurities were also investigated. Tnesence of methanol is kept
constant across all model systems with glycerolraathanol in an 80:20 mol% ratio.
FAME and NaOMe were added into the system. A simiiend is observed as per
reaction of glycerol, methanol and FAME in compamisvith the reaction of glycerol
and FAME, suggesting that the presence of FAME tedeéhe selectivity to GlyC.
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Overall, FAME and NaOMe have a negative impact le ¢arboxylation of crude
glycerol; therefore, the separation of FAMEs arutlerglycerol is crucial in order to

obtain high purity of crude glycerol.

Introduction of 5 wt.% of methanol to the crudeagyol improved the selectivity to
GlyC from 2% to 10, 6 and 5% in the presence ofCkeC, LaO.CO:-CP and
ZrO-/Lax0OCOs/Ga0s catalysts. These findings suggest that the acafityatalysts
plays an important role to influence product fonmat where acid catalysts show a
negative impact on GlyC synthesis and promotedhadtion of by-products. Indeed,
the composition of crude glycerol itself affectéx tcatalytic activity. This research
has thrown up many questions in need of furtheestigation, and provide many

opportunities for developing new active catalysts.
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7 CONCLUSIONS AND FUTURE WORK

This chapter summarises the major conclusionsegt#tperimental works conducted
for the direct carboxylation of pure and crude @yal over a range of heterogeneous
catalysts in the presence of dehydrating agents fléld of research is new and an
ongoing work and this chapter also suggests someomenendations and

improvements for further studies.

Influence of heterogeneous catalysts on the carbdayion of pure

glycerol

The catalysts employed herein were able to syrabeSlyCvia the carboxylation of
glycerol. This therefore provides a potential reute utilise both abundant G@nd
waste glycerol produced from biodiesel productidarpreliminary study was carried
out over ZnO, Lg0s-C and ZnO/LaOCOs. ZnO/La0.CO; was preparedvia
impregnation and co-precipitation methods. Of th©A_a0,CQO; catalysts, only the
preparedsia co-precipitation successfully synthesised GlyGy@Gwas not produced
over ZnO/La0.COs-I. Indeed, a similar extent of glycerol conversigas observed
in the absence of catalyst and in the presencen@/lZ0.COs-l. The catalyst
preparation methods significantly affected the Bitifface area and pore volume of

the catalysts.

High selectivity to GlyC (14.7%) was observed ugba introduction of LgOs-C,
while only 7% and 11% selectivity to GlyC was olveet in the presence of ZnO and
ZnO/La0.COs-CP respectively. BET measurements on Zn@803-CP showed

a large surface area of 47fg1 as compared with k&s-C and ZnO, which had a
surface area of 14 and 11%m respectively. It is concluded that the glycerol
conversion and GlyC formation do not therefore $ynmgorrelate with the surface
areas of the catalysts; however, large average ganeeter of catalysts promote the
formation of by-products with large molecular digare
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A set of LaO>COs-based catalysts preparada co-precipitation, sol-gel and
hydrothermal methods were tested for the dirediaayation of glycerol as reported
in Chapter 4. The greatest GlyC selectivity (18%)swbserved over k@>COs-CP,
followed by LaOs-C, (17%), LaO2COs-HT, (11%), and LgO.COz-SG, (3%).
COx-TPD measurements confirmed the basic properti¢isesie catalysts, consistent

with the hypothesis that basic catalysts favourfoineation of GlyC.

Prior research has to-date has tended to focus@mefticacy of basic catalysts to
synthesise GlyC; however, the impact of acidic lgataand how they affect the
production of products has commonly been negledibd.introduction of transition
metal oxide, ZrQ (acidic/base) resulted in an increased of glyceoolversion from

58 to 66%. Nevertheless, it is found to be lesscti®le to GlyC (17 to 10%) and
favours the formation of 4HMO by thirty-fold in cqurarison to the 4HMO formed in
the presence of L&s-C. A high quantity of 4HMO was also observed upbe

introduction of ZrQ/La;0.COs and ZrGQ/La;0.COs/Ga0s. Work conducted thus far
supports the hypothesis that the acidic sites ptesnthe formation of 4AHMO and

decomposition of GlyC.

Influence of dehydrating agents

The influence of acidic and basic dehydrating agemtas discussed in
Chapter 4. A range of dehydrating agents were eyeplcand affected product
formation (GlyC, 4HMO and acetins) in different vgayAcidic dehydrating agents
favour the formation of acetins, with GlyC not ohal from this reaction. Hydrolysis
of acetonitrile produced acetamide and further blydis occurred synthesising acetic
acid. Acetic acid reacted with glycerol to syntsesmono- and diacetin. Both mono-
and dicyanated dehydrating agents were employéadimg acetonitrile, benzonitrile
and adiponitrile favouring the formation of GlyClyG selectivity increased to 17%
in the presence of adiponitrile while only 4 and &fselectivity to GlyC was observed
in the presence of acetonitrile and benzonitrileisTcase clearly demonstrates the
importance of dehydrating agents and how they on#neince product formation. It

was demonstrated for the first time that adipdeituas successfully able to assist the
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synthesis of Glyia carboxylation of pure and crude glycerol by shiftthe reaction
equilibrium to the product side; introduction of@ehitrile greatly improved both the

yield and selectivity to GlyC.

Influence of impurities on catalytic activity of caboxylation of glycerol

In reviewing the literature it is noted that veeyf previous studies have been carried
out to synthesise GlyC from crude glycerol and atadvere found on the direct
carboxylation of crude glycerol with GQo synthesise GlyC. The study reported
herein was designed to synthesis GlyC from crudeegbl in the presence of
adiponitrile over heterogeneous catalysts. Crudeegbl contains a number of
impurities; the impact of impurities such as wateethanol, FAME and NaOMe were
first tested individually. Later, the behaviourrmabdel feedstocks containing two or
more impurities was also investigated as these iitigsl are likely to interact with
one another. Carboxylation of pure glycerol resuite58% glycerol conversion and
17% selectivity to GlyC. Addition of methanol toygerol greatly improved the GlyC
selectivity; and may be related to improve massstexr through enhancing the
miscibility of glycerol and C@ In contrast, the addition of 1 wt.% NaOMe, 10%ut.
water and 10 wt.% FAME all have a negative impacselectivity to GlyC reducing
this to 11%, 3% and 1% respectively. A high coneersf glycerol, > 73%, and low
selectivity to GlyC, > 4%, were observed upon tlaeligon of FAME (methyl
palmitate, 97%). It is assumed that the additionF&ME was promoted the
glycerolysis of methyl ester. The separation of F2dvland crude glycerol is crucial
in order to obtain high purity of crude glycerdhus improved the chances of the
production of GlyC from the direct carboxylationastide glycerol.

Direct carboxylation of crude glycerol

This is the first study reporting the successfukied direct carboxylation of crude
glycerol from glycerol and COin presence of adiponitrile. k@s-C was adversely
affected by the impurities contained in crude gigtevhere GlyC selectivity reduced

from 17% to 2%. However, the selectivity to GlyCreased from 2% to 10% upon
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the addition of 5 wt.% of methanol to crude glyder@atalytic activity of
ZrO/La,0,COs/Ga03 shows a positive impact when tested in model cglgeerol
with multiple impurities; therefore, the efficacy orO./La,0.CO:/Ga03 was tested
on the direct carboxylation of crude glycerol anetinanol. This test resulted in only
6% selectivity to GlyC, 4% lower than the reactigith La>Os-C. This finding was
correlated with the amount of acid sites on ZE@0,COs/Ga0s and the high
guantity of pentanoic acid 5-cyano-methyl estemied from this reaction; supported
the hypothesis that acid catalysts favour the foionaof by-products.

Recommendations for future work

The results obtained from this work are highly adlie and demonstrated the ability
of CO; and glycerol to be converted into valuable chemic&lyC and acetins
respectively. Other possible areas of future reteaould to be investigated are listed

below:

Running the experimental work using semi-batch lowfreactors. The
comparison between batch, semi-batch and flow oesgtould be interesting
and beneficial in developing ways to prolong thabgity of catalysts and
improving the yield and selectivity to GlyC. Onggiresearch is essential in
order to utilise glycerol and COand thus improve the chances of GlyC

synthesis being commercialised at an industridesca

The influence of supercritical carbon dioxide (seC@n the carboxylation of
glycerol was not investigated in this work andsitoeyond of the aim of this
study. However, the use of scCO2 might help in ouprg the GlyC vyield,

catalyst lifetime, and also the reaction rate astivation of CQ.

Study the influence of green solvents on the caylabon of glycerol. An
alternative solvent or/and dehydrating agent isesgary to replace the
function of nitrile based dehydrating agents, thmmimise the use and

generation of hazardous substance.
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Studies on recyclability of catalysts as well as thcyclability of unreacted
dehydrating agents are also important from the tpoinview of industrial

(large scale) and economic application.

The effect of mass transfer of solid catalystduid and gas reactants is subject
to the efficacy of the mixing and thus affects tage of reaction and product
formation. The correlation between the dehydratggnt chosen, stirring
speed, concentration of reactant and time-on-strglaould be studying in
order to improve the success of solid catalystsatalyse this reaction. The
intersection of mass transfer and kinetics haven leeglored by (Machado,
2007) and could be applied to this carboxylatiact®n system: (a) study the
pressure profile during batch G@dsorption with induction agitator and

(b) study the influence of agitation on liquid ageb mass transfer coefficient.

LaoOs has been used as the catalyst and is shown t@wapghe catalytic
activity of this reaction; however it has receriiBen recognised as a material
of limited availability with a future risk to supplit is worthwhile to employ
a more abundant element as the catalyst or asithlyst support, such as char
and ash. Char is the waste product from pyrolysixgss. ldentifying the
by-products formed from the carboxylation of glyaerThere remain some
unidentified by-products were formed from the deposition of GlyC
detected by GC-MS.

Identifying the 4HMO isomers and reaction internagelithat formed from the
carboxylation reaction. The formation of 4HMO isameand reaction
intermediate cannot be detected using a GC-MS sisalyherefore, the

reaction sample must be further analysed using NMR.
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APPENDIX |

1- Standard deviation
Reaction products were analysed using a GC equipitedMS detector using 30m
CP-wax column. Diethylene glycol methyl ether haerb used as the internal
standard. The average of area under the peak oftdrmal standard was measured
and the standard deviation was calculated as bahairthe standard deviation shown
to be less than 10%.

D KL ©
— M

D KL ©
NJ————M

Where:
S? = Sample variance
S = standard deviation
= summation or total
X = sample
= mean value of the population

n = number of values in sample minus 1
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Table 0.1. The area under the graph of the intestaaldard (diethylene glycol

methyl ether) for the glycerol calibration.

Number of measurement  Area under the graph (a.u)

1 23.01

2 23.82

3 23.23

4 22.42
Average 23.12
Standard deviation 0.018
Percentage 1.80%

RS® TRS5URTRS5RS T RR5VR

O PQ

Vv
WP P
RS KRS5RCT RS5URKRS5®R RS5RS KRS5RT RR5VR KRS5R
V K
BPOPO O P XWP P

2- Glycerol calibration
The stock solution for glycerol calibration was gaeed by serial dilution method as
shown in figure 0.1. The initial concentration dyagrol was 1.26 g/ml. The stock
solution was dilute in ethanol by 20 times. Stockéls further dilute by mixing 1 ml
of glycerol of 0.06 g/ml concentration with meth&nide stock solution for GlyC and

acetins were prepared using the same method.

Page | 161



B

B

Y R

Y S

Y V

SRA)

[TR[ P T L~ P POPO
B Y 52[E
5ZQ

[T.[ W TL~ P POPO
BYR 5~
5ZQ

[T [ WV TLA PEOPO
BYS 5 V.~
52Q

[TR[ P TL~ P POPO
B YV 5vz_[2
5ZQ

[TR[ WV T L~ P POPO
BY_ 5RU—<

Figure 0.1. The calibration stock solution.
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Table 0.2. The under the graph for glycerol catibraon GC-MS.

Concentration (g/ml) Area under the graph (a.u)
0.06 63.58

0.01 11.58

0.00545 5.87

0.004615 5.48

0.00285 3.22

Figure 0.2. The calibration curve of the glycesot 1063.3 x.

The glycerol concentration was measured as follow:
y = mx

Where

y = area of reactant or products under the peakecu

m = is the gradient of reactant or products catibn curve
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x = the final reactant or products concentration.

The initial glycerol concentration for the

P Q P —
[
5 5 Z 5UaV
Q ZS5S
P Q P 5 _a Qb[

Table 0.3. The glycerol left and the GlyC fomedidgthe reaction of glycerol and

carbon dioxide over L®s-C in presence of adiponitrile

Minute Area under the graph  Name

20.2 390 Adiponitrile
20.4 7 Glycerol
28.1 1 Glycerol carbonate

3- Glycerol conversion calculation

P P d5S
cPQ 7555
cP Q P 5 Za Qb[
5 aK 5 Za
© 5 Za
e Z
4- Glycerol carbonate selectivity
5d
N _
e [o diz5VVe TP P T
e fr [0 5R —
ef ~JO 5dR [[ b]
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5- Glycerol carbonate yield
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6- Calculation of CQ-TPD
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APPENDIX I

1- Conferences

)] Direct carboxylation of glycerol with CQover heterogeneous catalysts,
UK Catalysis Conference, Loughborough, January 2015

i) Direct carboxylation of glycerol into glycerol canate and by-products
over LaOs in the presence of dehydrating agents, Smart @athoxide
Transformation Final Conference, Brussel, June 2016

i) Direct carboxylation of glycerol into glycerol canbate and by-products
over LaOsin the presence of dehydrating agents, Internatidonference
on Carbon Dioxide Utilisation, Sheffield, SeptemB6d.6.

2- Departmental seminars

) 18-month poster presentation, ‘Direct carboxylatdmlycerol with CQ
over heterogeneous catalysts’, Sir Robert Hadildding, Department
of Chemical and Biological Engineering, Universigf Sheffield
(December 2015).

i) 30-month departmental presentation, ‘Carboxylatbberude glycerol to
synthesise the glycerol carbonate overrQs3 Sir Robert Hadfield
Building, Department of Chemical and Biological Eregring, University
of Sheffield (January 2017).
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