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Abstract

Modern civilization has become dependent on fof$s#éls as a source of energy and
chemicals. As a result, the rapid industrial development andggamergy demandrepushing
towardtwo imminent problems, the depletion of fossil fuel reserves and the negative impact on
global climate. Subsequently, the lookout for renewable alternatives as energy sources and
chemical feedstock has mobilized the academic community and the industtgptioexisting
technologies and develop new methodologies. Biomass is currently the most widespread
alternative feedstock duto its availability and relatively short regeneration cygfet its
valorization has to deal with the wagtat results from bioass processing-or instance,he
biodiesel industry, the second larger biofuel manufactgemerategpproximately 10 wt.% of
crude glycerol from the transesterification of vegetableaai0.71 kg ofCQ; is releasedhto the

atmosphere per liter ofddieselcombusedas vehicle fuel.

Thus, this thesi®cuses on valorization routes for the majordogduct from the biodiesel
industry. Weinvestigatedthe catalyticconversionof carbon dioxide (Cg) to methangland a
microwaveassistednetalfree catalyticroute for glycerokransformation to allyl monomers and
polymers The general background is presented in the literature review, and the results are

discussed in three data chapters as follows:

In the first study, C@was reduced to methanol in minatch reactors using a Cu/ZnO as
an active phase supported in a novel hydrophobic material, phenyl polyhedral oligomeric
silsesquioxane (POSS). Twgpes of POSSnanoparticles octaphenyl POSS (BOSS) and
dodecaphenyl POS®-POSS) were compared to evaluate the influence of the cage size and the

number of ligands in the GQ@onversion and methanol yield. The nanoparticles had an average



size of 7 nm (CuO/ZnO/POSS) and 15 nm (CuO/ZnOMOSS). The structural characterizatio

of the assynthetized materials revealed that CuO/ZnO were electron withdrawers from POSS.
Furthermore, the increased number of phenyls attached to the siloxane cage augmented the
catalytic system's hydrophobic character, resulting in highera@@versbon and methanol yield

under the conditions studied.

Furthermore, we identifietthatthe hydrophobic nature of the supports plays a decisive role
in driving the reaction to completion. These conclusions emerged after comparing thevigsults
Cu/ZnO suppded on reduced graphene oxide (RGAjhough RGOhad a higher surface area
due toits hydrophiliccharactebutyielded 0% of methanol under the conditions studied. Finally,
the thermal gravimetric analysis in a nitrogen atmosphere revealed the thabitigy ®f the new

catalytic systems under the interest temperature range (20Q7C°C).

The second study deepened the thermal stability of the catalytic Sgsi@@nO/POSS
We identified irreversible thermal events with low transition energy adsaciwith the supports'
molecular relaxation and crydiak arrangements. The impregnation, followed by mild
calcination of the metal oxides CuO/ZnO, did not interfere with the thermal stability of supports
until about 450C. Neverthelessas temperatureincreased abovd50 °C the metal oxides

accelerated the support degradation rate.

In the third study, glycerol was converted to allyl alcohol through a formieraediated
metalfree deoxydehydration reactiamder microwaves. The produced allyl alcolas also
converted ¢ allyl formate and allyl phthalatd'he synthesizechonomers (allyl alcohol, allyl
formate, and allyl phthalate) were polymerized using microvesgsted polymerization$he

microwaveassisted method resulted in fastenversionandhigherenergy efficiency>16 times



less energy consumptioopmparedo the conventional heating method to produce allyl alcohol.
Furthermore, a threfactor, thredevel BoxBehnken response surface design was performed to
investigate thenfluence of time, temperature, and molar ratio on the yield of allyl alcohol and
allyl formate. The results show#tattemperature and molar ratio between formic acid to glycerol
had a more significant effect on the reaction, whereas the reactionidimet dmpact the yield of

allyl alcohol.

In summary, this thesis developed two approaches for utilizing two \vestess
resourceso valueadded products using friendly technologies such as micrevatéch helped
to reduce reaction time and minimieaergy consumption. Overall, this research would benefit
the biodiesel industry to utilize glycerol and petrochemical industries to deepen thééwow

improve CQ catalytic conversion.
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Chapter 1llntroduction

For more than 150 years, mankind has relied on fossil fuels, such as oil, gas, and coal, as a
significant energy source to meet their needs. Technological inventionexgdain this
dependencdl]. For instance, the beginning of the steam engine brought growth in food
production, cheaper and faster transportation, and industrial development. Moreover, a critical
problem in nedern civilization with this reliance on fossil fuels is that these reserves are finite in
guantity and rapidly depleting. On the other hand, global fossil fuels are associated with climate
change as the most significant contributor to the greenhouse (Gifgsind threguarters of
global emission§?], leading to a sharp rise the lookout for sustainable and letegm solutions

for fossil fuel substitutiofi3,4].

Renewable resources offer an attractive replacement, as they are considered clean, safe,
and obained from natural processfs. In addition, they can restock at a rate equivalent to or
faster than the rate at which they are exhau&pedrhe common energy sources are sun, wind,

hydroelectric, geothermic, ocean thermic, biogas, liquid biofuels, and solid bi{figss1).

Renewable Finite Renewable

2015 World Energy Use

1N
P Solar 23,000 TWyrly
13-5nTWVT per annum. g . @ Wind 75-130 TWyrly
3 SOLAR ke Waves 0.2-2 TWyrly
ch
y N
. “"

(o)
OTEC  3-11 TWyrly

Biomas 2-6 TWyrly
\ petzoleum Hydro 3-4 TWyrly

| Geotrm 0.2-3++ TWyrly

Tidal o / Tidal 0.3 TWyrly

/ @ Einite

Biomass
[ Hydro

Geothermal

Nat. Gas 220 TWyr
Petroleum 335 TWyr
Uranium  185++ TWyr
Coal 830 TWyr

Figure 1-1 2015 estimated finite and renewable planetary energy reserves (Teraaralt
Annual yield is shown for the renewable resources. Total recoverable reserves are shown for the
finite resources. Yearly petial is shown for the renewabléfe volume ofeach sphere is

proportional to the corresponding reser{gapted from PereRerez [5]).
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For instance, solar energy represents the most prominent energy augphmbined with wind

energy, could providéhe world's total energy demand. Nevertheless, wind and solar energies
fluctuate and hinge on the season, time of the day, and weather. Therefore, developing storage
energy solutions with other available feedstock could ease the transition to renewableas

while balancing energy production and demfdid

Biomassbased routes have great potential as energy sources and feedstock for new and
existing processe8]. Biomass cover an accumulation of plant and animal resources and their
waste[9]. Notably, this resurging feedstock is available around the globe and can be easily stored
and transported. However, even though biomass is already the feedstock of numerous biomaterials
and biochemicalg10], it has low energy density and decentralized production, making it a
relatively inefficient starting materifll1]. Moreover, the adoption of biomass has to address many
other challengesuch as dealing with the waste generated in the convenmsioagg12]. A clear
example is the development of technologies to manufacture biodiesel from vegetable oils to power
vehicle engines, which is considered promising from an economic and environmental perspective,
however, thigrocess produces crude glycerol as waste, and<Cénitted from the combustion
engine Fig. 1-2). Consequently, the further valorization of crude glycerol and SCan

alternative route of carbon source and to treat the WE3te

- i A]CO].].OI

Oil plants 01l extraction Transesterification Biodiesel Combustion
+
refining

Figure 1-2 Simplified representation of main wastes produced in biodiesel production and

utilization.



Keeping in mind the stated issues, this Ph.D. research aims to investigate two routes to
utilize CQ and glycerol as potential sustainable feedstocksdhrablematerials. For instance,
CQOr is produced in nature as part of the carbon cycle and humaitiestirom the combustion of
fuels for electricity, heat, and transportation. Ideally,,@Guld be converted to methanol that
could be employed as energy storageduseectly as fuel, or as the precursor for other value
added products. Neverthelessstbhemical conversion is limited on account of the stability of
CO,, which requirshigh energy to drive the transformation, besides an active, selective, and stable
catalytic systemOn the other hand,anventional crude glycefrapplications are limited in terms

of purity and cost, so exploring directly used as the feedstock of fine chemizdgeat interest.

1.1 Research Aim and Objectives

1.1.1  Aim of the Research

This study has been divided into two parts:

1. The first part of theasearch explores an alternative catalytic system, water resistance, and
thermal stability for C@hydrogenation to methanol.
2. The second part of the research investigates an es#figgnt and fast alternative method

to convert glycerol to valuadded prducts.
1.1.2  Specific Objectives

1. Toinvestigate the use of novel hydrophobic support with CuO/ZnO on reducingit®O
H2 to methanol.

2. To examine the influence of CuO/ZnO on the thermal stability of the hydrophobic support
and compare how a change in the sizéhefsupport molecule and the number of ligands
influence the thermal stability of the catalytic system.

3. To develop a rapid and energfficient method for converting glycerol to allyl monomers

and polymers.



1.1.3  Research Questions and Hypothesis

i- Do hydrophobicsupports promote Cydrogenation to methanol?

Hypothesis i): catalyst (support) activation against water production (by product
during reaction) and its thermal stability could be enhanced by homogeneously

dispersing active metals on hydrophobic mater

ii- How do interactions of metal oxigipport affect the structure and thermal stability of

the hydrophobic material

Hypothesisi{):t he supportés thermal stability an

as a result of the interactionmetal oxidewith support

ili - Does microwave assist glycerol conversion to the other xadded produc®

Hypothesisifi): glycerol is a polar compound with a high dielectric constant, the use
of mi crowave radiation may decr eaasye t he

precursor

1.1.4  ResearchApproach

To answer the research questions, the following analyses were conducted:

i- Preliminary screened for hydrophobic supports directed us to select two types of
phenyls polyhedral oligomeric silsesquioxane. Tdedection was based on the
molecule size and number of phenyls to control the changes in the results. In addition,
hydrophilic support with a larger surface area was also selected, reduced graphene

oxide, to assess the influence of the surface area oothersion of C@

i- The influence on the thermal stability of the hydrophobic polyhedral oligomeric
silsesquioxane was studied with thermal analysis in an inert and oxidizer atmosphere

followed by spectroscopy analysis.



iii - Develop the microwavassisted methodor the conversion of glycerol to allyl
monomers. Optimize the main parameters: time, temperature, and reactants ratio. Next,
the conversion time and energy consumption were compared with conventional

methods

1.1.5 Thesis Outline

This thesis is divided into sighapters, starting with Chapter One (Introduction), which
includes a general background information. A short description of the work conducted from

Chapter Two to Chapter Six is presented in the following:
Chapter Two: Literature Review

This chapter is divided in the two parts to understand the sources of carbon
dioxide and glycerol. Furthermore, the current methodologies to utilize
these materials are explored as well as their potentials as prospective
renewable feedstocks,

Chapter Three: Hydrophobic Polyhedral Oligomeric Silsesquioxane support enhanced

methanol production from C@hydrogenation

The literature indicates the harmful effect of water formed during reverse
water gas shift reaction during €®@ydrogenation to methanol to the
traditional catalyst and the rate of reaction. This chapter evaluated two novel
hydrophobic supports for hydrogenating £/0 methanol. A comparison
with hydrophilic support is explored.

Chapter Four: Thermal Stability Study of Catalyst (CuO/ZnO) supped on Phenyl

Oligomeric Silsesquioxanes (POSS)

Thermal degradation is a common cause of catalyst deactivation as the
properties of the catalytic system could irreversibly change. This chapter
evaluates the metal oxide catalysts' stability on the hydroplsoipports

over a temperature increase in inert and oxidative atmospheres.



Chapter Five: Rapid, MetalFree, Catalytic Conversion of Glycerol to Allyl Monomers

and Polymers

Efficient methods are required to utilize industrial waste. This chapter
exploresand optimizes microwavassisted glycerol conversion to value
added products. In addition, a comparison with a conventional method is

established regarding energy consumption.
Chapter Six: Conclusions

In this chapter, the main conclusions of £&hd glycerol utilization as
renewable feedstock are highlighted, as well as the insights that will

contribute to the field of catalysis.
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Chapter 2 LiteratureReview

One of the main challenges for academia and industry is firsdisigiinable replacements
for fossil fuel energy and chemical sources due to environmental concerns and fossil fuel
depletion[1]. To tackle these problems, the utilization of biomass and petrochemical waste has
been evaluatel@,3]. Hence, this chapter reviews carbon dioxide {&@d glycerol, two abundant
chemials from natural and synthetic processes. In the following sessions, we explore the industrial
origins of these compounds and rationalize the reasons to utilize them as feedstock-fmdedlie
chemicals, for instance, their immediate availability andr tbieemistry as a source of carbon.
Furthermore, we look into the challenges of using these materials as precursors, such as the

purification grade, the adaptation of current technologies, and the development of new methods.

2.1 Carbon Dioxide (COz) as aRenewableFeedstock

COz is a controversial compound as the most abundant substance produced by human
activity and is simultaneously one of the main contributors to fossil fuel pollydpn
Nevertheless, COmay play a decisive role in a sustainable future as a readily available material
if utilized effectively. Furthermore, C®is environmentally friendly, netoxic, norflammable,
and the cheapest source of carbon on the planet Earth. As a result, chemical approaches to CO
conversion have increased in the last decades to identify alternative routes for ngoduci
chemicals, such as methanol, methane, or synthetic fuel, which could become the primary energy
source[5]. Despite the benefits of CGas cheap biomass, its chemical conversion into other
chemicals remains a challenge. £Oss a thermodynamically stable molecule
(DrH°=-393.52kJmol?) [6] that requires intensive energy processes to overcome the high

activation barriers in a typical reactipfi.



2.1.1 Sources of CQ Emissions

CO, emissions occunaturally as part of an active natural carbon cycle that circulates
carbon between the atmosphere, ocean, and terrestrial biosphere daily for thousands of years due
to animal and plant respiration, decomposition of organic matter, fnestdnd emissions from
volcanic eruption$8]. The next type of carbon emissionsarghropogenicources, which result
from emissions related to human activities, suachfossil fuel combustion, transportation,
industrial activities, chemical production, and agricultural pract[®s For example, fossil
combustion results when fossil carbon compounds are broken down via combustion or other
oxidation processes to produce £ €arbon monoxide (CO), sulf oxides (S6), nitrogen oxides
(NOy), and hydrocarbons. Furthermore, fossil carbonates such as calcium and magnesium
carbonate produce large quantities of Ghen used in essential chemical processes such as

cement production.

Before the préndustrialEra, deforestation and other lanse changeactivities were the
principal causes of the release of carbon into the atmospb@reHowever, after the First
Industrial Revolution, burning fossil fuels became the dominant anthropogenic source of emissions
from the 1950s, continuously increasing until the pregegt £-1). Fa instance, global fossil GO
emissions from energy combustion and industrial processes have increased from 8.7 gigatonnes
(Gt CQy) in 1960 to 36.3 Gt C&in 2021, distributed among coal (40%), oil (29%), and natural
gas (21%), andoncombustion sourcg40%) [11]. Furthermore, C®emissions from industrial
sectors account for 43% of enengfated CQ emissions[4], wheredirect emissionsnvolve
burning fuel for power or heat through chemicaatéons and leaks from industrial processes or
equipment. In contrashdirect emissionare produced by burning fuel at a power plant to produce

electricity, which is further used to power industrial buildings and machjh&fy

Land use overall affects the @@vels on Egh, as trees act as natucarbon sinkswhich
are considered when more carbon is absorbed from soil, plants, and oceans from the atmosphere

than releasefb,13]. Therefore, land use, lantse change, and forestry are considered substantial

'iLamsie changeo is any way in which humans modified t
abandonment, and forest restoration.
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sources of anthropogenic @QGaccounting for 14% of COemissions in 2032019 from

deforestation, afforestation, logginand forest degradati¢i4].
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Figure 2-1 Fossil CQ emissions from energy combustion and industrial processes;20210
(adapted from IEA11]).

2.1.2 CO2 EmissionMitigation and Utilization

Scientists have linked the rapid increase of atmospl#odue to human activities with
global climate change, and mitigating £ltas become a pressing matter. As a result, three main
streams have been adopted to tackle the abundancepi-€4Bbon sequestration;capture and
storage (CCS); aniii - carba capture utilization (CCU)Below we will review each of these

streams.
2.1.2.1 Carbon Sequestration

Carbon sequestration consists of removing atmospherico€fPom the emission source

to prolong the storage of GOCurrently, there ardour main strategiesi-oceanic carbon
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sequestration (OCS)ii-geological carbon sequestration (GCS), airidbiological carbon

sequestration (BCSandiv-mineralcarbonatio(MC) as shown irFig. 2-2.

CO, Source

CO, Sequestration

Oceanic Geological Biological Mineral
Sequestration Sequestration Sequestration Carbonation

Figure 2-2 Main methods for carbon sequestration.

i- In the OCS, the carbon dioxide is captured from significant émnissources and
injected into the ocean. Oceans absorb up to a third of the carbon released by human
activity, somewhere around.6 GtC/yr[9]. OCS is one of the promising methods to
sequestercarbon due to the amount of €@hat oceans can absorb. Oceans cover
approximately 70% of the surface of the Earth, with an average depth of about 3.7 km.
The main drawback of this method is the ocean's pH changds@Qveak acidic gas,
and the pH ofte sea is reported to be around 8.1, which is alkaline, but if the ocean
continues to absorb more g@he pH decreases and will become more acidic. Ocean
acidification could negatively affect marine species and alter the food ¢h&jns

ii- GCS is the process of storing €@ deep geologic formations or rocks to reduce the
atmospheric C@level [16]. CG is captured fom primary emitter sources, transported
by a pipeline, and injected into porous rock formations in geological basins. The CO
mixed with water and pressurized until it becomes a liquid; once it enters the
underground water, GOs retained or trapped aarbonatd17]. Shortcomings of this
method include the limitation of suitable type of reservoirs needed to sequestepthe CO
high economic cost, and environmental risks such as the impact on ecosystems, return
to the atmosphere, trigger earthquakes, potential contamination of both soil and
groundwater in the surrounding areas of the storagglSif&9]

ii - BCS involves the removal of G@rom the atmosipere by plants and microorganisms

and its storage through soil, vegetation, woody products, and wef@jdEhe beauty
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2.1.2.2

of this method is that it is a natural path, and it may be economically feasible to reduce
theatmospheric levels of GOPlants sequester the soil's carbon through photosynthesis,
which can be stored as soil organic carbon. Soil can also store carbon as carbonates.
Furthermore, carbonates are inorganic materials with a carbon storage capacity of mo

than 70,000 years, while soil organic matter typically stores carbon for several decades.

The MC process stores G@®om the atmosphere or direct emitters through the reaction

of CO» with magnesium (Mg) or calcium (Ca) based minerals, where insoluble and
thermodynamically stable carbonates are forfi2dd. When the C@produced from

power plants and industrial processes is captured, compressed, and injected into alkaline
rock to form solid carbonate species is@adarbon in situ mineralizatiof22]. When

the sequestration occurs above ground, using engineering processes, is known as
exsitu mineralization [23]. The captured COcan be recovered ancaycled in
numerous industrial processes for further applications. Howelier, methodis
associaté with high costs andarge energyconsumption thus, is limited to small
emitters (>2.9Vt CQy) [24].

Carbon Capture and Storage

Carbon capture and storage (CCS) is a process that involyese@@atn from industrial

and energyrelated sources, transport to a storage location, and prolonge@dc@pe to the

atmospherg¢25]. Thereare four significant methodologies for CASpostcombustion capture,

ii-pre-combustion capture, anid-oxyfuel process as shown king. 2-3.

PostCombustion PreCombustion

CO, Source

Carbon Capture and Storage

Chemical Looping

Oxyfuel Combustion

Capture Capture

Figure 2-3 Main methods focarbon capture and storage
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i- PostCombustions Carbon Capture

Postcombustions carbon capture and storage refers to separatindgrd@® flue gas
derived from burning fossil fuels, namely oil, coal, and natural gas. Flue gas is a mixturg of CO
N2, some oxygenated compounds (S0, H-0, and ), and heavy metals. Currently, the most
robust technology is amine scrubbing with several alkylammeas aqueous solution to remove
CO: from the flue ga$26]. The first significant largacale CQ capture plant in the United States
started at the Searles Valley Minerals Plant in Trona, California, in 1978, which is still[ac{ive
They adopted an amine scrubbing process to recoverfrf flue gas in the codired plant.
However, as a drawback, amine scrubbing is costly as large absorbers, extensive heat exchange
requiring multiple parallel exchangers, and expensive compressor trains are needed. Besides,
amines are lost through evaption due to the high regeneration temperatures. Furthermore, the

formation of corrosive species causes deterioration in the operating2&jits
ii- Pre-Combustion Capture

In precombustion capture, the fossil fuel is partially oxidized with oxygen, air, or steam
to give mainly a synthesis gas (syngas) or fuel gas composed primarily of carbon monoxide (CO)
and tydrogen (H) [29]. The CO is further reacted with steam in a catalytic reactor to produce CO
and more H Finally, H is further separated from G®y a physical or chemical absorption
process, resulting in a hydrogeanh fuel with several applications, such addrs, furnaces, gas
turbines, engines, and fuel ce]&)]. Precombustion capture is a wadbtablished process with
high CQ absorption efficiency. The operating pressisred 30 bar at high temperatures. Even
though it is used in several chemical processes, including syngas production, this method lies in

a complex and costly GfH: separatior§31].
ili - Oxyfuels

In oxyfuel combustion capture, the fuel is burned with nearly pure oxygen (typically
between 95% and 97%Omixed with recycled flue gas to erfithe concentration of Gn the
stream. For instance, in a conventional combustion process with air as a comburent, the resulting
concentration of C&is typically 12 16%v. dry basis, whereas in the oxyfuel process, the resulting
concentration of Cg&increases to 6885%v dry basi§32]. Once flue gas is cooled and compressed

to remove water leaves almost pureJ88]. This technology is welstablished and can be
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applied with slight modifications to existing power plants. Thain drawback to oxyfuel
combustion is the cost associated with producing large quantities of oxygen, including capital and

energy cost§34].
Iv- Chemical L ooping Combustion

In the chemical looping combustion process, combustion or partial cbiobwses a
metal/metal oxide as an oxygen carrier to transfer oxygen from the air {8%lileThe process
consists of two interconnected reactors: an air reactor and a fuel reactor. Air is introdiheed in
first reactor, and the oxygen carrier completes a cyclic loop between the two reactors. Thus, the
fuel reacts with the oxygen carrier and produces @ HO. The reduced metal oxide is
transported back to the air reactor for reoxidation. Purge i€@covered by condensing water
vapor, removing the additional energy requirement fog §€¥paration. The main advantage of this
method consists of the inherent separation of thigdwh the produced C£and the oxidizing air
without additional separation sts. An essential aspect of this method is the mechanical and
chemical stability of the oxygen carrier particles to endure repeated oxidation and reduction cycles
[36].

2.1.2.3 Carbon Capture and Utilization

Using CQ as a valuable feedstock is attractive for two reasons: developing fuels and
chemicals and mitigating GQCemissions. However, if all chemicals were based @» &s
feedstock, the C£emissions would only be reduced by about[3%. Around 200 MtCQly are

used worldwide to produce chemicals and otherctamicald38].

CQO is the final product from all combustion processes of fossil fuels. Today, the amount
of CO, produced by industrial sources is significantly higher than the currend@@andCO;
can be captured and supplied from fossil fuel power plants and other production plants such as
cement, iron and steel, refineries, pulp and paper, and chemical plants to produce energy and
chemicals. Another source of €@ to capture it from the asphere, which currently contains
about 3000 Gt C®[39]. In addition, direct air capture (DAC) allows capturing of indirect CO
emissions from mobile C&ourceg40].
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Some industrial processes generate almost purest@&ams, such as the synthesis of
ammonig41] and ethylene oxidgt2], while the majority of sources produce £€vels between
3 to 15% in the gas streafB0]. Hence, CQ@is an abundant carbon feedstock accessible at a
reasonable price. However, to exploit the carbon atom in f6Ovalueadded produst the
reduction agent requires enough energy to overcome the thermodynamic and kinetic stability of
CQOe. The principal reduction routes akownin Fig. 2-4 and described belavwrurthermorefor
these reactions to be economically feasible, require that hydrogen comes from cheap renewable

energy sources like solar energy (water electrolysis), biomass fermentation, or nuclegé&hergy

CO, Utilization

%) |
= % e SIS 0
c o C o2 c = %
ISl = S5 £ = c >80 S =
c @ = © = © C © = c
@) O = 5 0 >
QS 0? = (O] moj )
D 7 Qo D O Q=0 o
(@) o & = O + +=
o° 2: P S S o * c
> o ()] > < a8
I o I a8

Figure 2-4 Main reduction routes for CQralorization.

i- CO2 Hydrogenation to M ethanol

The methanol production from G@quires a pure source of hydrogen as a reduction agent
and a catalyst to overcome the thermodynamic stability of [@4). In conventional methanol
production, methanol is produced from fossil fuel (synthesis gas) via hydrogefdatjomhere
are mainly two processes: higihessure methanol synthesis and-fm@ssure methanol synthesis.

The first process was empked in the 1920s to convert syngas at385MPa and 30450 °C,
using zinc oxide supported on chromium oxjdé]. This catalyst combination was stable to the
sulfur and chlorine compounds in the syngas. In the 1950s, syngas was available at a higher purity,
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and the catalytic system was replaced by copper catalysts, resultimgher activity and

selectivity[47].

The lowpressure catalyst for industrial application was developed and commercialized by
Imperial Chemical Industries (ICI) (today: Johnson Matthey) in the 1960s, who discovered the
technology to synthesize a more stable ande@catalys{48]. Currently, this technology is used
worldwide to produce methanibbm syngas. The catalyst is a composite of copper oxide, and zinc
oxide supported on alumina, employed to produce methanol from syngas-28Q22C and
5 MPa. The high selectivity of the catalyst could provide a methanol purity of >99.5%. In addition,
the low operating temperature reduced the formation of byproducts (e.g., methane, carbonyls,
dimethyl ether, and alcohol). Furthermore, researchers discovered that a mixtureit &6 %
of CO not only enhanced the yield of methanol but also reduceddtneation energy of the
reaction[49].

Using the previous catalytic systems, mamgearchers started investigating the direct
conversion of C@to methanol. Lurgi reported the first @@onversion to methanol at the 207
American Chemical Society national meeting in 18®4. In 1996, Japan reported a pilot plant
for CO» conversiorf50i 53]. Since 2012, Iceland has operated the first commercial plant to convert
methanol from geogenic G@t Carbon Recycle International (CIRT)54]. The plant's production

capacity is 5 million liters of methanol, recycling about 5500 tons ofa&@ually.

The CQ hydrogenation reaction to methan@g( 2.) is similar to the classic syngas
conversion to methanoE(. 2.9. Both syntheses also have the water gas shift reaction (WGSR

Eq. 2.3.

CO:+3Hz CHOH + HO DHR (208k) = -49 kJmot* Eqg. 2.1
CO +2Hz CH3OH DHR (208k) = -91 kJmot* Eq. 2.2
CO+HOz CO2+ H2 (WGSR) DHR (208x)= +41 kJmot Eqg. 2.3

ReactionsEq. 2.1andEqg. 2.2are exothermic with a reduction in volume. Theoretically,

methanol synthesis is favored by increasing pressure and decreasing temperature, with the
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maximum conversion at the equilibrium composition. The \R@&Sreversible, with the catalyst

active in both directions and water formation.

From a practical point ofiew, replacing syngas with a pure £€€ream is attractive but
not economically feasible. Although small amounts ok @Che syngas hydrogenation improve
methanol yield, when the syngas feed is replaced with pueer€dDlts in lower reaction rates
because of the large amount of water formed as a byprfh]cWith a high C&to-CO; ratio,
water formation daeases, and the catalyst activation rate increases. On the contrary, using pure
CO, favors the formation of water, which causes significant catalyst deactivation and reduces the
rate of methanol yield. Furthermore, the presence of water and CO in thendesases the

selectivity of other byproducts, such as dimethyl ether, methyl formate, methane, and[aldohol

Many catalysts have been examined regarding selectivitysteyngstability, and activity
to improve the methanol selectivity and conversion rate. Cu catalysts were the basis for further
catalyst development. Most of them consist of noble metalsau€u, Pt, Pd, Ag, Re, and Au for
hydrogen activation in combination with less noble metal oxides for carbon activation such as
Zn0O, AlOs, and ZrQ. Recently, materials such as Si@etal oxides, carbon nanotubes, reduced
graphene oxide, zeolite, metaiganic framework, or organic/inorganic hybrid materials have

been used to support the active phase.

The methanol economy has a promising future among the technical routes for CO
reduction. Methanol is extensively used as a remarkably versatile chemiadifferent
industrieg56]. First, methanol can be mixed with conventional gasoline without requiring any
technical modification in the vehic[&7]. Second, methanol can be used as a convenient energy
carrier for hydrogen storage and transportation, asaitsigitable fuel. Furthermore, methanol is
the feedstock of acetic acid and formaldehyde, which are used to make adhesives, foams, solvents,
and windshield washer fluid. However, methanol can be an alternative platform for producing
basic chemicals like ££C4 olefins and aromatics. For example, in 2010, the world's first Methanol
to-olefins (MTO) commercial unit was constructed in Baotou, North China, by the Shenhua group

with a unit capacity to produce 0.6 Mt polyethylene and polypropylene pef5#:59]

Methanol can also serve as the raw material to generate energy via fuyéldjeltscan be

used either in dect methanol fuel cells (DMFC) or indirectly as higimperature proton exchange
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membrane fuel cells (HPEMFC)[60]. The first technology uses liquid methanol and water to
generate electricity via electrochemticeactions. DMFC is suitable for portable power generation
due to its power range and rapid refueling propef@&k In the second technology, FHEMFC,

methanol is steam reformed into a hydrogeh gas mixture. Reformed methanol fuel cells are

an efficient alternative to produce energy, with up to 50% effigigdz].

Methanol could be the platform for other chemicals, such as dimethyl ether (DME),
dimethyl carbonate (DMC), and methyl tértyl ether (MTBE), with fuel perspectives. DMC can
be produced from methanoling the oxycarbonylation reactidf3]. DMC substitutes solvents
such as toluene, ethyl acetate, butyl acetate, or acetone. Another part of Bivalaged in the
pesticides and pharmaceutical industries. MTBE results from the reaction between methanol and
isobutene on acidic exchange resins at moderate conditions. MTBE is a blending component for
gasoline fuels due to its high octane number. MT8& liequirement in the catalytic converters in

passenger café4].

Lastly, methanol could be used as energy storage. For example, hydrogen could be
generatedrbm extra electric power from renewable sources via water splitting. Nevertheless, as a
gas, hydrogen is very limited by the volumetric energy density and is challenging to store. So, an
alternative consists of further reacting the hydrogen with ©@om methane or methanol. On
the other hand, methanol is a liquid that can easily be stored, transported, and dispensed under

ambient condition§65].

About 90% of methanol is produced from natural ¢a%] involving three steps:
i-production of synthesis gas (syngas)xonversion of the syngas into crude methanol,i&nd
the distillation of the crude methanol to achieve the desired g&éify The methanol conversion
requires high temperature and pressure {380 °C and 515 MPa) in the presence of a
Cu/ZnO/AkOs catalyst7].

Methanol can be produced from feamtdtssuch aiomass, biogas, and municipal waste
[66,67] Nevertheless, a fascinating aftative to fossil fuels would be the direct conversion of
CO, to methanol Eg. 2.0 with cheap renewable hydrogen. This solution would offer abundant

feedstock and, to some extent, alleviate €@@issions[7].
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Nowadays, C@conversion to methanol is in a research state, and others are at the pilot
stage. Therefore, finding an optimal catalytic system and efficient technology that utilizes CO

a renewable feedstock for chemicals &ngls is a daunting but exciting and necessary task.

ii- ReverseWater Gas Shift Reaction

A different approach for Cgutilization consists of the reverse water gas shift (RWGS)
reaction Eq. 2.9, which produces syngas, an essential building block of the chemical industry
and the energy sector. CO ang Khown as "synthesis gas or syngas," are the main products of
the RWGSvia CO; reduction. Syngas is mainly @ned from norrenewable sources such as
coal, oil, and natural gas, but a transition to renewable sources such as biomass and organic waste

is forthcoming.
CO:+Hz CO + HO (RWGS) DHR (208K) = -41 kdmot* Eq. 2.4

RWGSreaction occurs as an independent or intermediate reaction of many other processes,
such as C@hydrogenation to methanol over a wide range of catalytic syg@é#hsMoreover,
RWGS is an equilibrium reaction with an endothermic character, thus thermodynamically favored
at high temperatures. For instance, between 100 °C and 170 °C, methane is produced as an
undesired prductvia the Sabatier reactiore(l. 2.9, whereas CO becomes the primary product
above 700 °G69]. However, the high temperaturesluee the catalyst activity mainly through

sintering and the reactor life by mechanical corrosion.

The RWGS reaction is frequently used with the FiseReopsch (FT) synthesis to produce
hydrocarbon fuels from syngas. The-Aydrocarbon Synthesis mainlyquuced linear alkane
and alkene, both employed as liquid fuels and precursors for other valuable chemicals, and could

be expressed &%). 2.5andEqg. 2.670,71] Additionally, FT can form some oxygenate compounds

such as methanol and ethanBtj( 2.7 [72]. The FT conversion reactions are typically catalyzed

by metals (iron, cobalt, and sometime ruthenium) often supported on oxides such as silica or
alumina. The reaction conditions seledi@dhe FT reaction (typically 26875 °C) will determine

the final products, lower temperatures for lafgain alkanes and higher temperatures for

shorter{73]. Hence, special attention has been placed on selecting the catalysts for the RWGS
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reaction at a lower temperature range to avoid additional heat to the FT process, considering that

RWGS requires higher terapatures to attain an acceptable degree of acfirdiy

2n+1) Hb+nCO- CiHan2 +nH0 (synthesis of alkanes) Eq. 2.5
2nH2+nCO- CyiHan +nH20 (synthesis of alkenes) Eq. 2.6
nCO + (h +1) Ho = GiH2n1OH +nH2O  (synthesis of alcohols) Eq. 2.7

Syngas has other relevant industrial applications apart from FT synthesis, including CO
hydrogenation to methanol, one of tlop five products sold in the world, and its synthesis and
applications have been described here and elsewWB@feOther products of interest include
ethanol, which is currently produced from fossil fuels via ttydration of ethen§75], or
renewable sources by fermentation biom@esved sugarf/6]. Although extensive research for

the direct conversion of syngas to ethanol, no commercial pracesgently in place.

ili - CO2-Reforming with Methane

Conventionally, methane is converted to syngas via the steam methane reforming process,

as shown irEqg. 2.3andEq. 2.8and:

CO+HOz CO+H,  (WGSR) DHr (2081 = +41 kImot Eq. 2.3
CHs+ HO- CO + 3R (SRM) DHR (298k)= +206 kJmot Eq. 2.8
CO;+CHyz 2CO +2H  (Dry reforming) DHr (208K) = +247 kImot Eqg. 2.9

When CQ replaces steam, the process is known as1€f@rming with methane or dry
reforming, as shown ikqg. 2.9 This reaction offers valuable environmental advantages, including
removal of greenhouse gases (methane ang), @fibgas applicatiorj77], and conversion of
natural gas to syngas using higbncentrations of C£J78]. The syngas from methane dry
reforming resultsn a lower H/CO ratio, which is convenient for manufacturing oxygenated
compounds and hydrocarbons from the FT syntij&8is Furthermore, syngas mixture from dry
reforming has been considered energy storagsdiar and nuclear sourcf&0]. For example,
solar eneagy could convert methane and £ syngas, and syngas could be easily transported to

places where energy sources are limjgid.
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iv- CO2 M ethanation

The CQ methanation, also known as the Sabatier reackignZ.10, is an essential route
to CQ utilization. Using the powein-gag approach, C® emissions could be recycled in
conjunction with a large amount of renewable energy to produce mg8&n@&@he methanation
process results in synthetic natural gas (SNG) comparable toenewable natural gas and
compatible with the current infrastructure of natural gas distribution. Moreover, the methanation
process could be incorporatedta powerto-methane biogas plants, upgrading biogas to
biomethang83]. Furthermore, methanation reaction has been recognized as a vital process in

assisting longstanding space exploration missions by space agdgdips

The Q02 methanation can be performed chemically or biologically. The chemical route is
reversible and exothermic, and from a thermodynamic perspective, low temperature, and high
pressure favor methane formation. Typically, the process operates between 260 aGdahd
pressures up to 100 bar, depending on the catalysts' activity and thermal $&8jilijowever,
the reduction of C®to methane is kinetically limited and requires a catalyst to accomplish
acceptable efficiency. For instance, various transition metals have been proven to catalyze CO
including Ru, Fe, Ni, Co, Rh, Pd, Pt, andidé].

The CQ methanation's mechanism is still under debate, and more research is needed to
identify the intermediate involved in the ratetermining sted86]. In the CQ methanation
process, four important reactions take place» @@thanationEq. 2.10, RWGS reactionHq.

2.4), CO methanationHg. 2.1), and reverse dry reformindeq. 2.13. Other side reactions
produce coke and higher hydrocarbons, leading to catalyst fouling, blockage of catalyst pores, and
collapse[87]. Another limitaton of chemical methanation is the need for kpginity feedstocks

to avoid catalyst deactivation due to impurities in the stream, such as hydrogen[88]fide

COz+ 4Hxz CHs+ 2H,O  (Sabatier reaction) DHR (298x)= -165 kJmot Eq. 2.10
CO +3Hzz CHs+ H,O0  (CO methanation) DHg (298x)= -206 kJmot Eg. 2.11
2CO +2H z CHs+ CO: (Reverse dry reformingPHrg (29sk) = -247 kimot Eq. 2.12

2 Powerto-gas refers to the process of converting renewable energy to gaseous energy carriers sgeh hydro
methane via electrochemical water splitting.
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The biological route uses biological catalysts through microorganisms to catalyze the
methanation reactiof89]. Therefore, the reaction temperatures are between 37 and 65 °C and
pressures from 1 15 bars to meet the optimum growth conditions of the microorganisms. The
methanogens, a methapeducing bacterium, are theone robust microorganism to fluctuations
in reactant gas supply and contaminants such as hydrogen sulfide. The main drawback of the
biological process is the poor hydrogen-gaiquid mass transfer, resulting in lower spdicee

yield and a need for laeg reactor$90].

V- Photocatalytic/Electrocatalytic COz Reduction

Photocatalytic reduction of GQwas inspired by the natural process of photosynthesis,
where most plants, algae, and even some microorganisms conyah@@O to carbohydrates
and Q under sunlight at room temperaty&l]. Many research groups have studied how to
replicate the reduction of GQvith H20 to organic compounds and CO. Fujishima, andddon
discovered the splitting of water intoxtdnd Q using UV lightinduced electrocatalysis in the
presence of titanium dioxide (T#¥Das photoanode in an electrochemical cell in 1922 Later
on, their group reported the photocatalytic reduction o @Cthe presence of heterogeneous
semiconductor powders suspended in an aqueous sdR@prsince then, many semiconductors
such as Ti@ SrTiG;, SeNbO7, ZnGeQy, ZnGaQy, and ZnaSnOy have been describleto
accomplish the activation of G@vith H>O through photoreductio®4i 98].

Electrocatalytic reduction of GOs an additional pathway for the valorization of 10
chemicals ad fuels E€q. 2.13. Promising results have been attained for the electrochemical
reductionto CO, formate, hydrocarboagy, methane, ethene), and oxygenated compounds (e.g.,
methanol,ethanol), which can be used as feedstock and fuels, as well as serve as energy
storagd99]. Nevertheless, the catalyst stability, catalytic activity, and product distribution are yet
distant from commercialization withoatzen considering the large amount of electricity required

to overcome the high overpotentials for €duction®

h@
CO;+H0z CO+hH+ O DHR (298k) = -41 kJmott Eq. 2.13

SiThe fAoverpotential o corresponds to the difference bet
equilibrium potenti §b9.0f the net redox reactionbo
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Another innovative approach for G@duction consists in the photoelectrocatalytic route,

which combines photocatalysis with electrocatalysis with some notorious benefits listed below:

(a) Using solar energy can reduce the applied voltage, decreasing electricity consumption.
(b) Using external vibtage can enhance the separation and transfer of photogenerated
carriers and obtain a higher density of photogenerated electrons foe@@tion.

(c) Using split half cells can avoid the reoxidation of reactive products such as methanol.

Vi- Photosynthesis

The biological CQ fixation via photosynthesis of all terrestrial plants and many
photosynthetic microorganisms has received much atteflorPhotosynthesis only requires
sunlight, CQ, and water to produce glucogeg( 2.14, which plants use to produce energy and
other valuable chemicals such as cellulose, starch, and lipids. However, plants are predicted to
contibute only with a 3% reduction of global C£emissiong100]. Thus, the research has been
centered on evaluating microalgae and cyanobacteria, owing to their faster growth rate and higher

COe-fixation efficiency rate than terrestrial plafi®91,102]
CO;+ H0z -CHO + HO DHR (208K) = -2824 kJmott Eq.2.14

Microalgae can employ one or more of their three main metabolic modes (photoautotrophy,
heterotrophy, and mixotrophy) to incorporate captured carbon into various macromolecules and
biochemical compoundgl03]. These products can be upgraded and used as alternative fuels,
organic drugs, ecological polymers, or livestock feed. For instance, the lipid content of microalgae
is usually between 280% of the cell's dry weight and can be as high as 80% under certain
conditions[104]. Furthermore, microalgal lipids thi saturated and morsaturated - Cyo fatty
acids are used for renewable biofuel production, while polyunsaturated fatty acids with more than
20 carbon atoms are used as health food supplefi®ais

Microalgae represent a promising source of valuablebbged products, but the process
still requires optimizedultivation technologies to boost growth rates and cell densities to improve

efficiency [103]. Furthermore, when algae are produced on a large scale undergo a progressive

4 DHgrVvalue is taken for glucose as the fermentation projdi6ét].
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drop in productivity attributed to nonuniform light distribution. Algae's surface layer quickly
reacles photosynthesis saturatjavhile the inner layers are lighitnited. Thus, the cultivation of

microalgae is still far from being commercially viable.

2.2 Glycerol asValue-Added Waste

Glycerol is a biomasderived oxygenated hydrocarbon, recognized as a convenient and
sustainable chemical platform found in-alitural fats and oils as fatty esters. Glycerol has many
applications in cosmetics, food and beverages, and pharmaceuticalshesna and additive as a
result of its particular physical and chemical propeiftl€&]. The glycerol market value in 2021
was USD 2.5 billion and is projected to increase a 6.4% until p@Y7.

2.2.1  Glycerol PhysicochemicalProperties

Glycerol, chemical formula £EgOs, is the simplest trioknown as glycerine, propane
1,2,3triol, 1,2,3propanetriol, 1,2 drihydroxypropane, propanetriol, and glycyl alcohol. Natural
or native glycerol is produced from natural feedstock, wasesgnthetic glycerol is made from the
petrochemical industrjd08] (Table 21).

The hygroscopic property and complete miscibility with water and other organic
compounds Table 21) are attributed to the glycerol structure's three hydrophilic alcoholic
hydroxyl groups[109]. These, along with the outstanding chemical and physical stability, non
toxic, sweet taste, and compatibility with many materials, rationalize the more than 1500

commercial end uses of glycerol listedle literature from the field since 19{510,111]
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Table 2-1 Main physicochemical properties of glycerol at 20 °C.

Chemical formula CsHsOs

Molecular mass 92.09382 g/mol
Density 1.261 g cri?
Viscosity 1.5Pas

Boiling point 290 °C

Melting point 18.2 °C

Flash point 160 °C (closed up)
Surface tension 64.00 mN/m

Water, methanol, ethanol, phenol, ethylene, propylene, tric

Miscibl .
iscible glycols, and the isomers of propanol, butanol, petanol

Partial miscible Ethyl ether, ethyl acetate

The elasticity of the molecule favors the formation of both inémrad intermolecular
hydrogen bonds, leading to a highly branched network resulting in high viscosity and boiling
point[112]. Theoretical calculations indicate that the hydroxyl groups form a cyclic structure with
three internal hydrogen bonds in the lowest energy state. At the same time, in the aqueous phase,
the molecule stability depends on a combimatiof intramolecular hydrogen bonds and
intermolecular hydration of hydroxyld=ig. 2-5) [113]. Another molecular dynamistudy on
glycerol reported the relationship between temperature and viscosity. As a result, the
intermolecular interactions weaken when temperature increases, decreasing \iEtdkity
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The chemical structure of glycerol makes a highly versatile molecule, owing to the three
hydroxyl groups, that can undergo many reactions and produces mamaddacproducts such
as ether, ester, carbonates, aldehyde, ketones, and polymerigagio?q). The two terminal
hydroxyl groups are more reactive than the internal secondary hydroxyl group and can undergo
oxidation to aldehyde or carboxyl groups, nevertheless the secondary hydroxaibtomyd

groups[115].
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Figure 2-6 Different chemical transformations of glycerol to vakaded products.

Synthetic Glycerol

Glycerol production has evolved since Carl Scheele's discovery if1TG9After Alfred

Nobel invented the dynamite in 1866, glycerol was in great demand as raw material for

nitroglycerin during World War I. At thatrtie, glycerol produced by the soap industry failed to

reach the market. Hence new factories were established in Europe, Russia, and the United States

where synthetic glycerol was made through a microbial;\i@hd sugar fermentation process.

Afterward, symhetic glycerol was invented in Germany from petroleum feedstock adding chlorine

to the propane molecule, which appears as a top fraction during crude oil distilldticn
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Synthetic glycerol has a high purity (99.7%), making it very suitable for use in the pharmaceutical

industry.

During the 1990s, due to political changes amironmental concerns, biodiesel
production grew significantly worldwide, which flooded the market with glycerol, causing
glycerol market prices to enter a downward trend. As a result, the synthetic glycerol industry was
hard hit, and many facilities ded down or reduced their production to meet the demand for
specific pharma and foegrade products. On the bright side, the oversupply stimulated the
research into new opportunities to utilize glycerol and develop methods to improve its quality.

2.2.3  Glycerol from RenewableFeedstocks

In nature, one molecule of glycerol appears attached, as the backbone, with three fatty acids
to form a triglyceride. Triglycerides are a type of lipids present in plant cell walls, bacteria, algae,
fish, and animal fats. The sep#tion of fatty acids and glycerol is essential in many industries to
obtain value products such as fatty acid methyl ester (FAME) in the biodiesel industry, where
glycerol is the main byproduct. Other examples are the fatty acid industry through thigsigdro
of fats and soap production in a process known as saponification. In the following, these processes

will be reviewed.
i- Transesterification Reaction ofLipids

FAME, also known as biodiesel, is a fuel substitute made from renewable materials and
used indiesel engines. Potential biodiesel sources come from oil crops such as canola, palm or
soybean, animal fats, and waste cooking oil, making it a sustainable alternative to diesel from fossil
fuels[118]. The triglycerides present in the feamtdt react with a molecule of alcohol, generally
methanol, activated by a catalyst to produce biodiesel and glycerol in a transesterification process
(Fig. 27). The most common catalysts usedbiodiesel production are stroadkali catalysts

including sodium hydroxide (NaOH), potassium hydroxide (KOH), and sodium methoxide
(CHsONa), andhacid catalystssuch as sulfuric acid g8Qs) and hydrochloride acid (HCI). As the
reaction progress, theisea separation of two layers, the top layer, rich in biodiesel, and the bottom
layer, rich in glycerol, due to density and polarities differerjt&8]. Throughout thigrocess,

about 100 kg of glycerol is generated as a byproduct for each ton of biodiesel
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Figure 2-7 Transesterification reaction of triglycerides to biodiesel and crude glycerol

After the separation procgsthe glycerol produced is labeled as "crude glycerol" because
it is contaminated with the other compounds in biodiesel production, inhibiting its direct usage in
industries. However, this crude glycerol may find some limited applications, for instance, a
fuels[120], fuel additiveg121], and animal diet additivg$22]. Another method to enable its use

is the purification of glycerol, as various purification methods and technologies are available today.

Nowadays, the biodiesel industry competes for almost all available natural and renewable
feedstock; in 2000t used roughly 14.5% of global fat and oil production, and in 2017, this number
reached 26.3%23]. In 2019, the global production of biodiesel reached 48 billion L generating
4.8 billion L of crude glycerolRig. 2-8) [124].

B EuropeanUnion:15.7 bn L g L _‘:. & %
B usa:84bnlL y s
" Indonesia: 7.2 bn L S y ' { 4 ;
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Figure 2-8 Global biodiesel and glycerol production in 2019 (Source: IEA 2[12)).
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ii- Saponification

Triglycerides can undergo alkaline sapgmation (Fig. 29), which is the process
foundation of the soamaking industry. During saponification, the sodium hydroxide or
potassium hydroxide breaks the ester bonds, via hydrolysise&etilie fatty acids and glycerol
of the triglyceride, resulting in a soap of alkali metal and glydé@s]. Three molecules of soap
are formed, and the interaction between one molecule of trigiigcand three molecules of alkali
liberates one molecule of glycerol. Finally, the soap is filtered, and the filtrate contains 35%

glycerol, free alkali, soluble soap, and some NaCl with suspended impurities.

O
H,C—0——=CR; H,C—OH ) _
(.:,) ' Heat Na . COOR,
HC—O—CR, * 3NaOH — % HC—O0OH + Na COOR»
{I? | Na COORj
H,C—0—=CR; H,C—OH
Triglycerides Alkaly Crude glycerol Sodium soap

Figure 2-9 Saponification of triglyceride.

ili - Hydrolysis

The hydrolysis of fat and oils is used in the oleochemical industry to yield the
corresponding fatty acids and glycerol as a byproduct. Hydrolysis is a reversible process where a
hot water molecule breaks free the glycerol from the fatty aéias 2-10), and glycerol must be
withdrawn continuously to drive the reaction to completion. Therefore, a high temperature (245
255 °C) and high pressure {26 MPa) are required to improve the solubility of the water phase
into the fat and favor theeaction[123,126] During the process, the final mixture contains a light
fraction of fatty acids and a heavy fraction of glycerol and water (16% to 18%), called sweet water
due to thenatural sweetness of glycerdl23]. Thus, getting higipurity glycerol requires the

removal of contaminants from the final hydrolysates through purification techniques.
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Figure 2-10 Hydrolyss of triglyceride used in the oleochemical industry.

2.2.4  Purification of Crude Glycerol

Crude glycerol composition may vary from source to source and depends on the industrial

process. NextTable 22 shows the main impurities of the glycerath solution obtained by

different metlods. For example, e biodiesel industry produces betweerm@6 and 70 wt.%
refined glycerol from crude glycerolOn the other handhé saponification process can make
around 35wnt.% of pure glycergland he hydrolysidn the oleochemical industrapgoximately
15wt.% of glycerol could be purified to an 8@.% purity [127].

Table 2-2 Composition of the crude glycerol from various proce§s27,128]

Component Transesterification Saponification Hydrolysis
(Wt.%) (wt. %) (wt. %)

Glycerol 50-87 80 88-90

Ash 10 8.8 0.7-1.0

Water 10 6-7 89

MONG? 5 34 0.7-1.0

Trimethylene glycol 1 0.1 0.2

2aMONG: matter organic neglycerol.
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So crude glycerol cannot be used in food, cosmetics, or pharmaceutical industries as they
require a highly purified feedstock. Hence, some biodiesel produeére glycerol to an
acceptable purity level in dedicated refineries to sell it at a low price as technical grade (95,5%) or
further refined to USP grader kosher/halatertified gradg129].° Various methods are used to
purify crude glycerol, such as distillation, filtration, chemical treatmenteiamange, adsorption,
extraction, and crystallization. Each purification technique uses various properties of crude

glycerol.Table 23 compares the advantages and limitations of each of them.

According to different compositions of crude glycerol feedstockiany purification
processes have been studied. Numerous techniques are combined sequentially to achieve high
recovery and purification efficiency. For example, a combination of three purification steps,
specificallyneutralization, microfiltration, and ieexchange resin, ungraded crude glycerol to a
technical gradg130]. In a different study, purified glycerol was recoeerat an average of
52wt.% purity by the combination of acidification with sulfuric acid, filtration, decantation,
neutralization, solvent extraction, and evaporafit3il]. A nondistillation method resulted in
purified glycerol with 86 wt.% by using chemical and physical treatments such as neutralization,
saponification, and filtratiof.32]. Furthermore, crude glycerol was purified to a 93.3 wt.% purity
at a laboratory scale by combining repeating cycles of acidification, phase separation,
neutralization, and ethanol extractifit33]. A similar laboratory scale experiment combined
acidification, polar solvent extraction, and activated carbon adsorption produced 95.7 wt.%
glycerol purity at optimal conditiofis34]. Depending on the composition of the crude glycerol
and to obtain ultrahigh purity, adsorption by-exchange resin is included to remove salt traces.
Usually, vacuum distillatio at high temperatures (1200 °C) must be employed as the final step
to obtaining refined grade (>99.5 wt.%) glycerol. However, this step introduced enormous capital

costs, making the process less economically feasible and more technologically derfistding

5 USP grade: A chemical gradesffficient purity £ 99.5 wt%) to meet or exceed requirements of the United
States PharmacopdidSP).

6 Kosher/halal certified grade: vegetable glycerol has to be prepared and maintained in compliance with the
customs of the Jewish or Islamic religion.
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Table 2-3 Crude glycerol purification methods.

Method Advantage Limitations Reference
Distillation 1 Easy and effective to 1 Energyintensive for [136]
remove methanol and vaporization
wate 1 Causes thermal
9 Useful to separate high degradation
contents of salts and
MONG
Vacuum distillation § Conventional method 1 Energyintensive [1371139]
91 High-quality glycerol 1 Non-economical for

small and medium size
manufacturing

1 Requires high
maintenance

1 Sensitive to feedtieam
variations

Membrane 1 Low energy intensive 1 Not fully optimized for  [140,141]
filtration { Easy to operate industrial scale
1 Easy to scalaip
1 Flexible operation
Chemical treatmen § Used as a neutralizatic 1 Low glycerol yield [134,142,143]
step 1 Requires coupling with
1 High-quality fatty acids other methods to
Removal of soaps produce higkguality
glycerol
Adsorption 1 Reduces color 1 Limited to remove other [134,140]
(Activated carbon)  Inexpensive impurities
Low energy intensive
lon-exchange 91 Low cost 1 Further treatment for [136,144,145]
Easy to scaleip washing waters
Simple process 1 High salt content

requires resin chemical

regeneration
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1 Challenged for crude
with high salt conten
Decantation 1 Simple process f Requires in combination [146]
1 High purity glycerol with othermethods
Too many steps

Not optimized

Crystallization 1 High purity glycerol 1 Require highkpurity [147i 149]
starting materials
It takes a long time
Phase equilibria limit
yield

2.2.5 Glycerol to Value-Added Products

Glycerol is a highly functionalized molecule compared to hydrocarbons produced by the
petroleum industry. Therefore, the purification process of crude glycerol is costly for small and
mediumscale biodiesel planf&43]. However, due to its availability, crude glycerol has become
very attractive to use as a carbon source to produce-adtled products, providing a solution to

the abundance ofwaglycerol and serving as a renewable feedstock.

Several strategies based on biological and chemical conversions are being explored to
utilize the surplus glycerol. Biological routes use microorganisms and enzymes ugithesr
aerobic or anaerobaonditions Forinstanceethanol and hydrogen have been obtained from crude
glycerol usingenterobacter aerogendlrough anaerobic fermentati¢ib0]. Furthermore, lactic
acid, whichis employed in the food industry as a food preservative, fermentation agent, and flavor
enhancer, is obtained from glycerol via fermentation using several microorgabfish®8esides,
anaerobic digestion of glycerol also guzed bioga§l52]. On the other hand, challenges in the
biological routes rest on the negative effect of the impurities of crude glycerol on the growth of
cells and product formation. For example, an excess of salts or soap increases the yield of
byproducts such as carbohydrates and lipids3], and the presence of methanol changes the

membrane fluidity and enzymatic activit43].
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Chemical routes for glycerol conversion are the most explored method, as the versatility of
glycerol makes it possible to convert it to many useful intermediates eusengbroducts
(Fig. 2-6) [154]. For instance, lgcerol polymerization produces polyglycerols used in the food,
detergent, and cosmetindustrie155]. The acetalization or condensation of gly¢gmroduces
solketal, an oxygenated fuel additive, surfactant, and flavoring staljilizéf. In addition, the
esterfication of glycerol provides oxygenated fuel additives such as polyglycerol ester, acylated
esters, glyceryl diacetate, and glyceryl triacefa®y]. Another example is the synthesis of allyl
alcohols produced from the deoxydehydration of glycerol via a roatalyzed or metdiee

route. Allyl alcohol is an additive in flarresistant materials, drying oils, and plastici&&8].

In corclusion, new sources of renewable energy and materials are needed in the short and
long terms for a sustainable economy and climate change fight. There are several possibilities with
technologies at different phases of commercial development, and ottwrsogte still in their
infancy. Researchers, businesspeople, and governments are in a race to find feasible solutions to
mitigate global warming and the possible shortage of the world's oil reserves. Nevertheless, these
solutions require nearero greenhase gas (GHG) emissions that use Eaxthilable nortoxic
materials. In addition, these materials could be the byproducts of new and established technologies,
which should be investigated and utilized to reduce the overall cost and the carbon footprint
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Chapter 3HydrophobicPolyhedralOligomeric
Siisesquioxan&upportEnhancedvethanol

Production from CQHydrogenation

Abstract

The abundance of GGrom the cement industrpower generation, petroleum production,
and combustionof biomass,makes it a readily available feedstock to produce chemicals and
materials, though it has yet to achieve optimal development. Even though syngas (O + H
hydrogen#ion to methanol is an established industrial process, when the same catalytic system
based on Cu/ZnO/ADs is employed with CQ the water formed as a byproduct reduces the
activity, stability, and selectivity of the process. Here, we explored the dtehtiphenyl
polyhedral oligomeric silsesquioxane (POSS) as hydrophobic support of Cu/ZnO for disect CO
hydrogenation to methanol. Mild calcination of the coppec-impregnated POSS material
affords the formation of CuZROSS nanoparticles able to re@cB.8% yield of methanol with a
4.4% of CQ conversion and with selectivity as high as 87.5% within 18 hours. The structural
investigation of the catalytic system reveals that CuO/ZnO are electron withdrawers in the
presence of the siloxane cage of POB® catalytic system met®IOSS is stable and recyclable
under H reduction and C&H:> conditions. The increased number of phenyls in the structure of
POSS results in an increased hydrophobic character that plays a decisive role in the methanol
formation dter comparison with CuO/ZnO supported on reduced graphene oxide (RGO) with 0%
selectivity to methanol under the study conditions. The materials were characterized using SEM,
TEM, ATR FT-IR, XPS, powder XRD, FTIR, BET, contact angle, and TGA. The gaseodags
were characterized by GC coupled with TCD/FID.

Keywords: carbon dioxidemethanol;heterogeneousatalysis;hydrophobicity;silsesquioxane;
hydrogenation
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3.1 Introduction

Carbon dioxide (Cg) is a widely available greenhouse gas that is prodfroednatural
and anthropogenic sources and is a major driver in current climate change. Its conversion to
chemicals, fuels, and energy is very appealing as an alternative to fight the global warming caused
by the accumulation of COn the atmosphere, as wal an alternative to replace fossil fuels.
Hydrogenation of Cohas been one of the major approaches to chemically convertingntoO
oxygenated compoundsich asnethanol, formic acid, and dimethyl ether. The hydrogenation of
COe to methanol has beenetleenter of investigations due to the low number of hydrogens needed

and the growing demand for methanol as fuel and energy storage.

The commercial path for the production of methanol employs a syngas feed catalyzed by
Cu/ZnO/AbO3 at 493 573 K and a presse of 5 10 MPa[l]. When the syngas feed is replaced
by CO (Eqg. 3.1andEg. 3.9, the water produced as a byproduct, acts as an inhibitor when it binds

to the active metal site, reducing the surface area and the reaction rdter,Rine strong
hydrophilic property of the ADsfavor the formation of ZnAbD4 disrupting the synergistic effect

of Cu/zZnO and promoting the rapid Cu sintering, resulting in severe catalyst deactivation. Thus,
the repellence of the water from the reactiurns out to be an essential issue to improve the system
efficiency [2]. Therefore, despite substantial improvement in the catalytic activity for the

hydrogenation of Cg) the catalytic stability has been a major challenge.

CO; + 3H:© CH:OH + HO DH =-49.5 kJmot Eq. 3.1

CO;+H,8CO + H DH =+41.2 kdmot Eqg. 3.2

To address these activity and stability issues, a wide range of catalysts have been
investigated containing Cu and Zn as the main components together with modifiers (Zr, Ga, Si,
Al, B, Cr, Ce, V, T) [3,4] in order to solve Cu sintering and increase the dispersion. Recently,
carbon materialf5] have been used as effective suppoftCuO[6] and CuO/ZnJ7]. Among
the carbon materials, graphene has many charactertsdiiceake it suitable for developing new
catalysts. The high theoretical specific surface area, the low cost of starting materials, the easy
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electron mobility, the high chemical, thermal optical and electrochemical stabilities are among the

propertieof graphene to enhance catalyst stability.

Another alternative to overcome the deactivation of the catalyst is dispersing the metallic
nanoparticles on porous thrdanensional inorganic solids with hydrophobic properties. The use
of polyhedral oligomerisilsesquioxane (PO$%8as received a lot of attention in research for its
well-defined organic/inorganic hybrid constituents and its unique rigid-ldegemolecular
structure connected by-8-Si bonds. POSS are characterized by high thermal stabili§0(C)
and fully tunable solubility. The irregularity of molecular shapes of certain POSS molecules
inhibits crystallization by preventing good packing. The siloxane cage provides hydrophobic
regions which do not favor the water adsorption to the surfagtghermore, hydrophobic groups
attached to the cage increase the hydrophobic character of POSS to potentially prevent catalyst
deactivation by watesffect[8].

The phenylpolyhedral oligosilsesquioxanes exhibit remarkable thermal stability and in
many instances can be prepared in high yields from phenyl trichloroflar@me researchers
have proved that the modifications by using POSS molecules can effectively improve the
hydrophdbic properties of materials. For instance, POSS cages have been combined with graphene
oxide (GO) to prepare hydrophHltydrophobic hybrid membrane for ethanol dehydrati@j. In
a different study, three hydrophobic POSS molecules with phenyl, isobutyl, and isooctyl as
functional groups, were successyudixploited as surface coating to increase the hydrophobicity
of phosphate glass (Pglags)l]. After the Pglass was dipped coated on the hydrophobic POSS
solution followed by condensation reaction, the contact angle between Rglagatar gradually
increased from 81.6° to 91.3°. Similarly, Deagal used a functionalized octaviARIOSS to

modify cotton fabric and increased the hydrophobicity with a contact angle higher thda2]42°

Furthermore, the organinorganic synergy of POSS molecules has been explored as
catalyst support. Thus, POSS molecules have been usetalatzing support for metal
nanoparticles as heterogeneous catalysts for hydrogenation reactions. More specificatalSaab
prepared palladium nanoparticles staeiti with octa(propylammoniurBOSS for the direct
hydrogenation of 14liphenylbutadie[13]. Similarly, Yanet al. synthesized metal colloids of

palladium, platinum, and ruthenium nanoparticles using octa(diacetic aminophenyl)
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silsesquioxane as stabilizer and NaBid reducing agent for the catalytic hydrogenation of some
phenyl aldehyde$14,15] Styrytinked POSS polymers were used as platinum supports via
p-coordination interaction taking advantage of phelectron environment provided by thgrst
linkages. The system was tested for the hydrosilylation of styrene with dimethylphenylsilane with
similar results to the commercial Pt catalyi<i].

Computational studies has demonstrated that octaph@@8S (GPOSS) and
dodecaphenyPOSS (BPOSS) can form stable endohedral and exohedral metal coordination with
ions and transition meta[27,18] The fluoride anion have been confirmed within the cage by
X-crystal diffraction after its intuction usingetraalkylammonium fluoride n{BusNF) via
hydrolysis and condensation reactiofis9,20] Atomic hydrogen has been successfully
encapsulated usingirradiation of s(OSiMes)s in air [21] and later was encapsulatby glow
discharged22].

CO; hydrogenation to methanol is recognized to be structure sensitive and the catalytic
properties are strongly associated with the size and composition of the metahtitdee[23].
Beside a hydrophobic support with high thermal stabilityreguired to prevent Cu/ZnO
deactivation by sintering. Hence, nPheR@)SS are advantageous in this regard for the-three
dimensional cage that could accommodate the active metal either inside the cage and/or around.
We speculate that ionic metals can fatable complexes through ionic bonding or charge transfer
with the core siloxane cage and the phenyl groups and repel the water while promoting the CO

hydrogenation

In this research, we investigated the Cu/ZnO dispersion onto the hydropholbényi
POSS (PhSiQ.s)h n=8 and 12 represent the number of phenyl groups attached to the siloxane
cage via incipient wetness impregnation. Their catalytic performance on direct hydrogenation of
CO. to methanol under mild conditions was studied. For comparisqropey the reaction was
also conducted over Cu/ZnO dispersed on RGO. We compared the activity of the catalysts at 10%
metal loading on POSS, BPOSS, and RGO. To the best of our knowledge, this is the first report
for COz hydrogenation to methanol on CuZrover aphenyl POSS (n=8,12).
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3.2 Material and Methods

3.21 M aterials

The chemicalsused in this study were octaphenyl POSSP@SS, MS0840) and
dodecaphenyl POSS {POSS, MS0802) from Hybrid Plastics and were used as received. Copper
nitrate trinydrate(99.5%, Cu(NQ@).@H:0, SigmaAldrich) and zinc nitrate hexahydrate (98%,
Zn(NGs), ®H,0, SigmaAldrich), graphite powder (<2im, SigmaAldrich), sulphuric acid
(95-98%, HSQs, ACP Chemicals), phosphoric acid (85%,Py, Fisher), potassium
permanganate? 09.0%, KMnQ, ACS), hydrogen peroxide (30%w/w,.Gp, SigmaAldrich),
hydrochloric acid (3688 %, HCI, Fisher), hydrazine monohydrate -@ NH4, Sigma
Aldrich) and anhydrous ethyl alcohol from Supelco were used as recdikedgases H Ho,
COz:H2 (1:3) were purchased from Praxair with purity >99.9995%.

3.2.2  Synthesis of Cu/ZnO/POSS

The catalysts were prepared with different weight percentages of 10, 20, and 3096 Cu
metals, with equivalent Cu:Zn molar ratio with POSS support via an incipient wetness
impregnation using anhydrous ethyl alcohol as solvent. The catalysts were @€ dbr 24 h
and calcined in a muffle at 270 °C for 7 h with a heating rate of 2 °Erffine catalysts were
coded based on the % of POSS used. Catalysts supported oheogtaPOSS(n=8) and
dodecaphenyl POS@®=12)were labelled @POSS and EBPOSS, respectively. Herein, catalysts
loaded with 10, 20, and 30% are denoted as follows: CuZsDOSSZ, where X is the weight
percentage of CuZn, Y is the type of POSS, and Z i&heeight of POSS. A model compound
CuO/ZnO was synthesized with equivalent Cu:Zn molar ratio following the same procedure
previously described

3.2.3  Synthesis of RGO

CAUTION! The synthesis was performed according to the reported procedure with some
modificatiors [24]. Concentrated 3304 and HPQ; (360:40 mL) were mixed in a 2 L funnel.
Then graphite oxide (3 g) was slowly added under stirrishgxt, KMNnO4 (18 g) was slowly added

to the reaction increasing the temperature to 46-60ow, the temperature wasdreased t&0 °C
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and the reaction continued for 12 h. After the reaction, contents were cooled to room temperature
andthenpoured into a 1 L beakeontaining400 mL of ice water and 10 mL of.8>. The color
changed from brown to yellow. The reaction weisovernight for sedimentation. Thehe upper

layer was removed, and 800 mL of deionized water was added to the sediments and left for 12 h.
After the top layer was removed, the solids were washed twice with water, 30% HCI and ethanol
in a ratio 1:1:1After sedimentation, the GO was purified with a dialysis membrane (MWC of
6000-8000 g/mol) for 48 h. The GO was centrifuge at 4000xg for 10 min at room temperature in
Avanti JE centrifuge witlLA 16.250rotor. Finally, the GO was freeze dried.

3.2.4  Synthesisof Cu/ZnO/RGO

GO (1 g) in water (300 mL) was sonicated for 3 h at room tempetaterdoliatethe GO
layers. Then,hydrazine (30 mLyas addedvhile stirring at 200 rpm for 5 h at 98 °C in a silicon
bathto reduce the GOThe RGO was vacuum filtered, washed with copious amounts of water,
and oven dried &t05°C for 24 h.

The RGO was pulverized and sieved. The particle size ranged between 180 and 425 pm.
The 10wt.% Cu-Zn (equimolar amounts of Cu & Zn) was impregnatedR&0 support via an
incipient wetnessmpregnationmethod. The impregnated catalyst was dried overnig@f 4C
and calcined at 350 °C for 7 h with a heating rate of 2 °Gmithe sample was labelled
CuzZn1GRGO90.

3.2.5 Catalyst Characterization

Attenuated Totla Reflectance- Fouriertransform infrared spectroscopy (ATRIR)
spectra were recorded in triplicate at room temperature in the region-4D80&m' at 16 scans
and resolution of 4 crhwith a Bruker Alpha FTIR spectrophotometer (Bruker Optics, Egsiin
Germany) equipped with a singb®unce diamond ATR crystal. The manipulations of the spectra

and baseline corrections were done using Nicolet Omnic software (version 8).

Metal content was determined byray fluorescence (XRF) using a Bruker AXS (Beu
S2 Ranger, Karlsruhe, Germany). Measurements were performed in triplicate without previous

preparation.
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X-ray Photoelectron Spectroscopy (XPS) was used to study the chemical composition of
the catalysts. The XPS measurements were performed on ULTR&@meter (Kratos Analytical
Limited, Manchester, UK). The analytical chamber has a base pressure lower th&P8xT0e
spectrometer was equipped with a monochromatic Al le=(1486.6 eV) source operated at
apower of 140 W. The resolution of the tngnent is 0.55 eV for Ag 3d and 0.70 eV for
Au 4f peaks. The survey scans were taken in the rangel@b0 eV with analyzer pass energy of
160eV and a step of 0.4 eV. For the higésolution spectra, the passergy was 20 eV with a
step of 0.1eV. Thesample charging if any was compensated by an electron flood gun. The data
were processed using the Vision 2 Processing Software. The binding energy of each photopeak
was referenced to the C 1s level at 284.7 eV. Compositions were calculated from the high
resolution spectra using Tougaard background and sensitivity factors provided by the instrument
database.

Wide angle Xray scattering on the bulk sample was performed on a D8 Discover Bruker
equipped with Cu K radiation (=0.154 nm) source operated at K@ and high LynxEYE
1-dimensional detector. Samples were scanned between 4° and 8patd? 2 min' with a step
of 0.03°. Material crystallinity (%) was determined by integrating the diffraction peaks in the
20=18° 35° range.

The surface area, nitrogen adsorption isotherms, pore size distribution, and pore volume of
the calcined catalysts were determined by adsorption/desorption at 77 K using an ALkéBorb
(Quantachrome, USA). Before analysis, all the samples were outgas3®®l la under vacuum
for 2 h. The isotherms were prepared following BET method for surface area calculation and the

DFT method was used for micropore and mesopore evaluation.

The morphology of the samples as well as the elemental information was stuitied w
scanning electron microscopy with energy dispersivayspectroscopy (SEMDX) using the
Sigma FESEM with a GEMINI column (SIGMA Zeiss, Germany). It is configured wHerns
secondary electron (SE) detector and a backscatter (BSD) detector. The&t@8es were coated

with carbon 2 nm deep and the RGO samples were coated with gold 2 nm deep.

57



TEM imaging was performed using a JEQQ10 electron microscope (JEOL, USA)
equipped with a cold field emission gun operated at 200 kV voltage. Specimensepened by

drop-casting isopropy! alcohol suspensions of samples onto cadsiad copper grids.

The thermal stability of the supported catalysésstuded by thermogravimetric analysis
(TGA) (TGA/DSC1, Mettler Toledo, Switzerland) with MX5 microbatée and GC 10 gas
controller was employed in a nitrogen environment with 50 mtim#pproximately 10 mg of
sample was placed in an alumina crucible and heated from 25 °C to 900€&iag rate of 10C
min™,

The contact angle was used to evaluatestiteace hydrophobicity of the neat supports and
the catalysts. The samples were compressed to tablets using a Carver Press at room temperature
and pressure of 1000 psi for 5 min. The measurements were made using the sessile drop method
with a dynamic conta angle analyzer, FTA 200 (First Ten Angstroms, Portsmouth, VA, USA).
A small droplet of 51l was put on the surface using a needle with diameter equal 1 mm. The

measures were made in triplicate with an accurat®°425].
3.2.6  Catalytic Activity Test

The caalytic activity of the synthesizedaterialwascarried out in Swagelostainlessteelmicro-

batd reactos (Fig. 313). The catalyst waglaced(50 mg)in aclearglass vessehside theeactor

to avoid contact between the catalyst and the reactor visglh it wasclosed and pressagdwith
nitrogen ta3 MPa toperformleak test Next the reactowas purged wititrogenthree timesand

0.2 MPaof nitrogenwasleft insideto keepaninert atmophere 0.6 MPaof H, wereadded to the
reactorto achieve catalyst reductioiihe final pressurewvas of 0.8 MPa before reactionThe

reactor was heated at 2204ad lept at this temperatufer 30 mn, and tha, thepressure reached

1 MPa. After he completion of thecatalyst reductionthe system was cooled dowrsing
pressurizeair, thenwaspartially emptied td.2 MPa and purged twice withitrogen To tune

the catalyst activation, the methodology was repeated 1, 3, and 6 times to identify the optimum
repetition number to remove water produced during the reduction. The results indicated three

consecutives reduction steps producedofitenal results.
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Following the catalyst activation, the reactor was partially emptied (UplLid1Pg and
flushed three times with NThe hydrogenation of the G@Was performed by filling the reactor
with H2/CO; in 3:1 ratiountil reacling 2 MPa The pressure increased &2 MPa at reaction
temperatur¢2007 270 °C) Theexperimentsvereperformedunder isothermal conditiorier the

durationof 18 h.The batch reactor was not equipped with any form of agitation.

Heating was achieved by placing thieessurizedeactor inside an Omega fluidized sand
bath heater set at the corresponding experimental temperdtige 3(1b). The reaction
temperature was maaored with an instatddthermocouple in the reactor. Reaction time reported

corresponds to the time period starting at the reactor reached temperature set point.

(A) (B)

w /,in. Plug

L \ 3/,in. to Y/,in. Reducer

3/,in. Micro-reactor

3in.
+«—1/,c in. Stainless steel wall

e
L .

Temperature
Controller

Figure 3-1 (a) Schematic representatiohtbe stainless steel mictmatch reactor used for catalyst
activity test, andk) heating setip system.

3.2.7 Characterization of GaseousProducts

The gaseous products from the hydrogenation of e collected in a gas bag after the
reactor was cooled dowto 40 °C. The gas products were analyzed in a gas chromatograph
(Agilent GC 7890A, USA) equipped with a HayeSep R80/100 packed column (1.83 m x 25.4 mm
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x 2 mm) for hydrocarbon separation and a Molecular Sieve 13X packed column (for permanent

gas separatigradditionally a thermal conductivity detector and a flame ionization detector.

The seletvity, CO, conversion(Xco2), and yield was determined using the formulas

below:

@ £6Q £ QYR DA

EABOAOEQY = = T EChC Eq. 33
_ (6 edd (00,)eaan O EXD (002):¢: i qidicn)
56, = o~ Eqg. 34
2 o €&l (602)eaan
% WA 6'QH'0 = “AEFAA 6'QI'O x Gy, x 100 Eq. 35

3.3 Results andDiscussion

3.3.1 Catalytic Characterization

In order to protecCu/ZnO from water deactivation during the £&ydrogenation, we
selected POSS with 8 and 12 phenyl ligands attached to the silanol cages for their hydrophobic
character. The hydrogenation of £@oduces undesirable water which can be repelled from the
hydrophobic and bulky phenyl ligands, protecting the active sites dispersed along the surface of
the supports. We used incipient wetness impregnation to disperse the metals over the surface of
POSS. An ethanol solution containing the desired % of metals deg@sited dropwise in the
support and allowed to dry overnight at 50 °C followed by calcinafiale 31 shows the

chemical composition of the supported catalysts

The structure of @°OSS Fig. 3-28) may be describeds a cubeshaped arrangement of
Si atoms with interstitial cuboctahedron of connecting O atoms [26]. FROSS has been

reported with a hexagonrplismatic arrangement consisting of fused emid te-membered
silicon-oxygen rings ig. 3-2b) [27].
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Table 3-1 Chemical composition of CuzZn/POSS.

XRF
Sample Cu (wt%)? Zn (wt%) @ Cu+2Zn
X s X S (Wt%)
CuZn160-POSS90 5.402 0.024 5.739 0.039 11.141
CuZn200-POSS80 9.325 0.081 9.634 0.124 18.959
CuZn360-POSS70 14.212 0.175 16.203 0.301 30.415
CuZn16D-POSS90 4.820 0.003 5.212 0.012 10.032
CuzZn20D-POSS80 8.821 0.330 10.204 0.174 19.025
CuZn36D-POSS70 15.188 0.807 17.508 0.431 32.696
CuZn1BRGO90 5.102 0.054 4.965 0.107 10.067
CuO/ZnO 48.932 0.021 49.611 0.201 98.543

@ Average X) and sample standard deviati@h @f analyses in triplicate are reported.

Figure 3-2 Structural model ofd) Octaphenyl polyhedral oligomeric silsesquioxaneR@SS)
and b) Dodecaphenyl polyhedral oligomeric silsesquioxan®@5S)Blue, red, grey, and white

represent for Si, O, C, and H atoms, respectively.
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The crystalline structure of the catalysts was studied by powder KRD3-3 shows the
XRD patterns of the neat-BOSS, DPOSS, CuO/Zn0O and a series of CuZviXPOSSZ catalysts
with different CuzZn:POSS ratio after calcination at 270 °C. The supported catalysts show
diffraction peaks at @ = 32.5°,35.5°, 38.7°, 48.8°, 61.6°, 67.9°, 72.5°, and 75.1 that can be
attributed to CuO phase (PDF #980-0429). The peaks a2 31.7°, 34.4°, 36.2°, 47.5°, 56.5°,
62.8°, 66.3°, and 69.1° can be attributed to ZnO phase (PDFO8®8483). The characteristic
diffraction peaks of @OSS occur at@value of 8.2° =1.1 nm), 18.5°d=0.48 nm), and 24.5°
(d=0.36 nm) associated to the overall dimension of POSS molecules, body diagonal of the POSS
cage, and the distance between opposies$aces of the silsesgqutane cube plane, respectively
[28,29]. The Zyposition, the intensity, amispace of GPOSS did not change after the dispersion
of the metal oxides, meaning the overall molecule size and cage dimensions did not change with

the metals or with the calcinah temperature over the catalyst preparaficableA-1, Fig. A-1a,

Supplementary InformatiQrSl). The diffraction peak correspondirto the overall size of the
molecule of DPOSS suffered a shift from 7.7° to 8.0° with a broaden of the sigablgA-1,

Fig. A-1b, SI). This could be an indication of new linkages between the metal oxides and the
support and a change in the crystal lattice as a function of agitigm. The other distinctive
change was a shift from 24.6f40.36 nm) to 23.9°d=0.37nm) of the diffraction peak associated

to the distance between oppositeCaifaces of the silsesquioxane cube plane é?@SS that

confirmed a change in the overalblecule size and cage due to the metals in the system.
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Figure 3-3 XRD patterns ofg) O-POSS and their supported catalysts d&)d-POSS and their
supported catalysts
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The XRD pattern of the GO, RGO, CuZnRGO90 are shown ikig. A-2, (Sl). The
graphene oxide (GO) shows a wide diffraction peak thajaslP.6° corresponding to an interlayer
spacing otd=0.83nm. The reduced graphene oxide shows a broad peagk 2525° (=0.34 nm)
indexed to the graphitic planes (002) of graphene nanosheets. The shifted froge GQE& to
25.5° indicates that GO has been converted into RGO with sonication and hydrazine
treament[30]. Once the metals have been loaded into the graphene layers, the new peaks from the
diffraction pattern correspond to the crystal phase of CuO and ZnO. Despite the metal oxides are
detectable in thX-ray diffractogram, the CuZn1RGO90 has an amorphousustture[31].

When a 10wt.% of CuO/ZnO was dispersed on both POSS, the diffraction peaks
corresponding to the oxides were barely noticeable. These is an indication of a hausgen
dispersion of the metals over the supports and the interaction metelRRISS gives place to an
amorphous material. The later could be confirmed with the calculation of the crystallinity index in
the range from 18° to 35°, which revealed that the presence of CuO and ZnO reduce the
crystallinity of OPOSS and BPOSS from 948% to 34.72% and from 58.52% to 45.63%,
respectively Table 32). As the concentration of the metals oxides increases, gradually increases
the sharpness and intensity of the diffraction peakSu®d and ZnO, increasing the crystallinity

of the samples.

The grain sizes of CuO ddo) and ZnODz0) f or t he catalysts cal
equation are listed imable 32. In general,hie grain size of ZnO phase is greater than CuO phase,
signifying the relationship between both phases. Previous reports considered the grain size of ZnO
larger than CuO due to the fact that ZnO can dissolve well the CuO particles inhibiting Cu
aggregation[32]. As a result, the activity of the catalysts will increase with a homogenised

dispersion of the active phase [33].
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Table 3-2 Physicochemical properties of theneposites CuZn/POSS and CuzZn/RGO.

Crystallinity Pore Pore

Dcwo?(-111) Dzno?(100) SgET .
Catalysts Index volume width

(nm) (nm) (m?g)

(%) (cmg™) (nm)
O-POSS 94.95 - - 1.7 0.014 30.5
CuZn100-POSS90 34.72 11.97 18.08 16.2 0.089 4.9
CuZn200-POSS80 50.29 12.79 17.71 21.3 0.060 11.7
CuZn3060-POSS70 59.63 28.65 23.75 53.7 0.242 27.4
D-POSS 58.52 - - 0.4 0.001 5.9
CuZn10D-POSS90 45.63 10.51 13.89 6.9 0.016 3.2
CuzZn20D-POSS80 62.77 26.22 28.28 5.6 0.033 29.4
CuzZn30D-POSS70 62.99 24.86 34.46 3.9 0.033 27.4
RGO 92.05 - - 582.7 0.450 3.8
CuZnl1GRGO90 60.96 11.36 11.89 154.7 0.220 3.8

aDetermined by Scherrerds equation

To characterize the electronic properties of the samples, we condudggRotoelectron
spectroscopy (XPS) measurements of the neat POSS and the 10% loade&igietaR (SI)
showsthe survey spectra for neatRIDSS and BPOSS and for CuZn1Q-POSS90 and CuzZn10
D-POSS90. For both supports new peaks appeared after the impregnation, which are attributed to
Cu?*and Zrit*. The % of O 1s resfrom 19 to 23% and from 18 to 23% fofR®MSS and BPOSS,
respectively, after impregnation due to the incorporation of the oxiddsg 33). The weight %
of Zn?* is higher in the three supgied catalysts than Gtieven though the XRF results showed a
relative ratio 1:1. This phenomenon indicates CuO is deposited dispersedly on the ZnO particles,
thus improving the active interfacial region or active sites [34,35] in agreement to the XRD grai

size results.

64



Table 3-3 Elemental composition (weight %) of-BPOSS, CuzZnl®-POSS90, BPOSS, and
CuzZnl10D-POSS calculated from XPS.

Sample Cls(%) O1s(%) Si2p(%) Cu2p (%) Zn2p (%)
O-POSS 53.89 19.28 26.83 - -
CuzZn10O-POSS90  48.52 23.46 21.80 2.51 3.71
D-POSS 55.24 18.04 26.73 - -
CuzZn1GD-POSS90  47.76 23.20 22.98 1.01 5.06
RGO 22.86 77.86 - - -
CuZnO16RGO90 76.08 18.48 - 0.84 4.60

Fig. 3-4a shows the high resolution spectra of Si 2p with two peaks about 103.3 and
102.6eV, corresponding to the electron spin states Si 2p1/2 and Si 2p3/2, respectively [36]. The
energy separation of the Si 2p1/2 and Si 2p32 found to be 0.65 eV in good agreement with
previous report [36]. However, the electron spin state energy separation for Si 2p1/2 and Si 2p3/2
CuZn1B0O-POSS90 and CuzZniD-POSS90 catalysts shifted to 0.56 and 0.71 eV, respectively,
which might come fronan atomic disorder at the surface or inside the crystal [37] as a result of
metal oxide interactions with POSS, in agreement with the drastic changes in the crystallinity from
the XRD results. Both, @®OSS and BPOSS, shows different trends as they haviereint

molecular environment.
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Figure 3-4 XPS high resolution spectra for)(Si 2p OPOSS, CuzZn1®-POSS90;H) Si 2p D

POSS, CuZnl®-POSS90;¢) O 1s OPOSS, CuZnl@-POSS90, CuO/ZnOdj O 1sD-POSS,
CuZn106D-POSS90; CuO/ZnOg Cu 2p CuO/ZnO, CuZn1iD-POSS90, CuZnt®-POSS90;
and €) Zn 2p CuO/Zn0O, CuZn1D-POSS90, CuZnt®-POSS90.
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The high resolution spectra of C 1s spectra ¢?@5S and BPOSS were deconvoluted
about 284.5, 284.7, and 28%V corresponding to-Si, aromatic, @0 (adventitious carbon) and
C-C/C-H, respectively. A resonange p* appears at 291 eV associated with the delocalization of
the electrons of the phenyl grou@sd. A-4, SI). Fig. 3-4c,dshow O 1s spectra. The peaks 532.4
and 533.0 eV were assigned teGand GO for O-POSS and EPOSS, respectively. After the
metals were impregnated in the supippthe O 1s peaks broaden out and a new peak was found
at 530.8 eV, that matched the CuO/ZnO peak of the model compound.

Fig. 3-4e shows the high resolution spectra of Cu 2p for CuO/ZnO composite, C«iZn10
POSS90, and CuzZniD-POSS90.The calcination of the catalysts produced CuO as the Cu 2p
showed a main peak at 934.8 eV and shgksatellites aan indication of the presence of Cu (II)
species. For the CuO/ZnO model compound, two peaks at 933.3 and 953.3 eV correspond to the
Cu 2p3/2 and Cu 2p1/2, respectively. Additionally, there are two satellite peaks located at about
941.65 and 961.60 eV, as indication of the 20xidation state of copper [38,39]. These shake
up satellites may occur when the outgoing photoelectron simultaneously interact with a valence
electron and excites it to a highemergy level. Furthermore, for the CuzZr@EPOSS90 and
CuZnl10D-POSS90 the Cu 2p3/2 and Cu 2pl1/2 and the satellite peaks show a positive shift of
2.09 eV, revealing that CuO acts as an electron donor [4f]3-4f, the highresolution XPS
spectrum for Zn 2p of CuO/ZnO and the supported CuZ@e80SS90 and CuzZniD-POSS90
are compared. For the CuO/ZnO, the significant split orbit Zn 2p1/2 and Zn 2p3/2 peaks are
observed at 1021.6 and 1044.7 eV, respectively. The bonding energy difference betgaeéndh
peaks is estimated about 23.1 eV, which is in agreement with other reports [41,42]. For the
CuZn1B0O-POSS90 and CuZniD-POSS90 catalysts, both the Zn 2p1/2 and Zn 2p3/2 peaks shift
to the higher energies by 0.61 eV in comparison with those f@uk¥Zn0O, revealing that ZnO
acts as CuO as electron donor [43,44]. With CuO and ZnO as strong electron donors, the question
is whether the phenyl groups, the siloxane cage, or both are acting as electron withdrawer. Zen et
al. studied the electronic prapies of the GPOSS and reported POSS silica core as a partially
conjugated system that serves as electron acceptor, in agreement with the theoretical finding by
Lin et al. [45,46].

67



The surface chemical composition of RGO and CuZRBID90 were also evadted via
XPS as shown ifig. A-5 (SI). The survey spectrum of CuZnEG 090 shows the carbon (C 1s)
at 284.7 eV, the oxygen (O 1s) peak at 531.1 eV, a copper (Cu 2p) at 933.9 eV and zinc (Zn 2p)
at 1021.50 eV [47]Eig. A-6a (SI) shows the C 1s spectra of RGO and CuZRGJ090, the main
difference between both is the disappearance of {0e@peak at 286.9 eV from RGO as and the
appearace of the @0-H peak at 285.4 eV as evidence of the hydrophilic character of the RGO.
These changes in the surface of both materials are confirmed by the Ol1s $pecia, Si),
where a new signal appeared at 532.7 correspondingdbl.Gt is noticeable the signal at 533.
7 eV in RGO assigned to moisture disappeared after impregnation/calcination of CR@IQIID.
Unlike the metal oxidesupported on POSS, there is not shift in the Cu 2p and Zn 2p in contrast
with the model compound CuO/ZnO.

To further investigate the interaction metal oxidd?OSS, ATR FIIR studies were
conducted.Fig. 35 shows the spectra of the-ggnthesized catalysts and their neat supports
O-POSS and EPOSS in the region from 4000 to 400°tnThe most intense peak around 1100
cnit corresponds to the asymmetrical stretching modes for inorganic e@+SBif the molecule
[48,49]. There is an intense peak from the wagging mode of the aromatic ring about490 cm
group of peaks about 694 ¢nsorresponds to deformational bending of the phenyl rings. Some
stretching modes for-C bonds overlapped by-B bord deformation are present in the range
between 1400 and 1580 ¢mA group of peaks around 3100 ¢rare assigned to the stretching
modes for GH bond in the phenyl ring [50]. There are no general differences in the spectra shape
between the neat POSS atid supported catalysts other than a drop in the intensity of the
asymmetrical stretching bandasSi-O-Si andnSi-C as the percentage of metals increase. This
could be an indication of either endohedral and/or exohedral coordination complexes with the
silicon/oxygen, which could impart rigidity to the siloxane cage causing a loss in synjih¥gtr
These metabi interaction are energetically favored to ionic or electrostatic interaction.
Interestingthey have shown to not been strong enough to opendkendgen the metal ion interact

with the molecule.
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Figure 3-5 ATR FT-IR spectra ofd) O-POSS and CuZ@-POSS catalysts; and)(D-POSS and
CuzZnD-POSS.

The FTIR spectrum of GO consistsviirational groups of GO layer that includes carbonyl
(C=0), aromatic (C=C)), carboxy{COOH), epoxy (€&0-C) and hydroxyl (OH) group$(a. A-7,
SI). The spectrum showssharp peak about 3108v¢ corresponds to the hydroxyl groups due to
the water molecules. The peak at 1736*d¢sndue to carbonyls and/or carboxyls (C=0, COOH)
and the main graphitic domain of the peak at 1618 doe to C=C implane stretching sp
hybridization[51]. Theband at 1367 crhreveals the @, 1216 crt indicates about the-O-C
stretching of epoxy groups. The mode at 1044 gines information about ©-C stretching of
alkoxy groups[30]. However, the intense signals associated to the oxygen groups arg clearl
diminished after the reduction of graphene oxide, after the metal oxides are supported on the RGO,
some of those signals are visible to a minor extasd result of theendency oRGO sheet to
restack during the impregnation and calcination of thalgsts[52]. It is possible some of those
hydrophilicgroups get trap in the ordering of the layers. Furthermore, this could be the cause of

the highly hydrophilic character of RGO and CuzZ+HGO90 that will be discussed later.

The BET Surface areaSsgr), the average pore diameter, and pore volume of the catalysts
and their neat supports are showmable 32. The surface area, calculated from the Brunauer
EmmettTeller (BET) model derived fromitrogen adsorption was 1.7 and 0.4, and 582F'm
for O-POSS, DPOSS, and RGO respectively. Some authors reported high surface area of
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phenylsilsesquioxane after functionalization to obtain highly dinked structures which are
responsible for thegrosity not the cages itself [9]. It is understand&iégthe higher surface area

of RGO compared with OSS and BPOSSaredue to the chemical oxidation and sonication of
graphene oxide (GO) that produces sheet exfoliation of RGO [53]sEhef thecatalysts on ©
POSS increases from 1.7%git to 16.2, 21.3, and 53.7%m' as the percentage of CuO/ZnO
increases 10, 20, and 30 %, respectively. Apparently, the metals create a more lestescgeh
rougher surface when are deposited on the surface-BfO3S. A different trend is observed when
the metals are deposited oFFASS, the surface area initially incresfsem 0.4 nfg*to 6.9 ntg*

with a 10% CuO/ZnO, next the surface area decsdase 6% and 3.9% with 20 and 30t.% of
CuO/ZnO, respectively due to pore blocking or clogging. The total pore volume follows in general
the same trend as tl&er. These results demonstrate that the pore structure of the supported
catalysts can have a different behavior even though thiustynof the supports.

Both of the nitrogen adsorptiatesorption isotherms for-©0SS and EPOSS show a
reversible type Il isotherm with essentially no adsorption as an indication of nonporous or
microporous adsorbentBi@. 3-6a,b) [54]. These results are corroborated with the SEM analysis
(Fig. 3-8ab), that show packed cubic crystals forR®SS and EBPOSS. Once the metals are
dispersed on the POSS supports, the isotherms revealed a type 1V(a) with H3 hysteresis loop,
according to the IUPAC classification [54] that is a characteristic dflaipores [55]. The shape
of the adsorption branches show small intake of gas until ate to the saturation pressure
showing no limiting absorption at high B/&s a result of gas condensation in pores at a pressure
less than the saturation pressure of the bulk fluid [56]. This is an indication of abundant

mesoporous structure as shownha pore size distribution dfig. 3-7.

The adsorptiordesorption isotherms of RGO and CuZfRG090 showed a shape type
IV (the IUPAC classification) with a H3 hysteresis loop, demonstrating pifiesence of
mesoporous structure and shaped pores-(g. 3-6¢). A considerable reduction on the hysteresis
loop of CuZn1lBRGO9O0 it is an evidence of metal oxides deposited between the RGO layers
causing pore blockage. The adsorption isotherm has a lower gas uptake. All the aesorpti
isotherms show a stepdown between 0.4 and 0.onEBns the mechanism of desorption points

out to cavitation, as an indication of Hblottle pore shape.
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Figure 3-6 N2 adsorptiondesorption isotherms fga) O-POSS and their catalysidy) D-POSS
and their catalysts; ar{d) RGO and CuZnI:®RG0O90.

The pore size distribution of-B0OSS and BPOSS catalysts were estimated using nonlocal
density functional theory (NLDFT) model using the silica cylindricalepadsorption branch
model[57]. The results indicated two main peaks fePOSS (4 nm and 30 nrRig. 3-7a) and
for D-POSS (5 nm and 33 nnkig. 37b). For the POSS supported catalysts, a wide peak
distribution in the region from 4 nm to 45 nm which confirms theapesous character of the
metal oxides/POSS materials. The pore size distribution of RGO and GE»D90 were
estimated using quenched solid density functional theory (QSDFT) model using the carbon
slit/cylindrical pore adsorption branch modEgld. A-8, SI) [58]. The calculations confirmed that
on CuZn1ORGO90 there is a blockage on the mesopores after metal oxide impregnation, causing
the reduction on the number of pores available and thetreduis the surface area.
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Figure 3-7 Pore size distribution ¢f) O-POSS and its catalysts afij D-POSS and its catalysts.

SEM was employed to investigate therphology of the supported catalysisg( 3-8).
The SEM micrographof the catalyssupportecbn CuZn100-POSS90 and CuzZniD-POSS90
show well defined cubic crystals in the rang& &m and ®- 180nm, respectivelyKig. 3-8a, d).
The cubic shape changed when the concentration of the metals increased, as a result the crystal
size decreased to-2 mm and 0.21 mm for CuZn260-POSS80 and CuzZn3D-POSS70,
respectively Fig. 38b, c). Similar trend happens for the CuZrRROPOSS80 and CuZn3D-
POSS70FKig. 38e, f), where the crystal particle sizes were reduced fonin and 0.10.3 nm,
respectively, with the difference that the particles preserved the cubic shape and with some evident
fractures as an indication of the metal oxides deposition alongutifece.Fig. 3-89 shows the
packed structure of the graphene oxide and the exfoliation of the layers after chemical reduction

of RGO inFig. 3-8h. Fig. 3-8i confirmed the incorporation of the metal oxides in the RGO causes

a shrinkage of the layers and pore blockage.
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Figure 3-8 SEM of(a) CuzZn1G0-POSS90(b) CuzZn260-POSS80(c) CuZn3B0-POSS70(d)
CuzZnl1lGD-POSS90(e) CuzZn2BD-POSS80(f) CuZn3BD-POSS70(g) Graphene Oxide (GO);
(h) Reduced Graphene Oxide (RGO); &ndCuZn1GRGO90.

TEM microgaphs of neat @0OSS shows a platelike morpholodyid. 3-9a), while the
neat BDPOSS FEig. 39e) shows a well defined packed cubic shapes conforming previous report
where this material can pack in a laysr layer structurg¢29]. When the 1@vt.% of metals are
supported GPOSS, the range of particle size goes fremi6 nm with an average of 7 nm
(Fig. 3-9b-d). The patrticle size on the-BOSS material range from 40 nm with an average of
15 nm Eig. 39f-g). The CuzZn1leD-POSS90 shows a lattice spacingls0.46 nm andi=0.33nm
in agreement with XRD results corresponding to the size of the body diagonal ePtB&9 cage
and the distance between oppositgOsifaces of the silsesquioxane cubard, respectively. A
lattice space matching Zn@0.28 nm) could be seen surrounding small particles of CuO
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(d=0.23nm). This interconnection between CuO and ZnO could benefit the synergy between Cu
and ZnO during the C{hydrogenation and prevent the sintering of the Cu parfi@s

Fig. 310shows the EDX mapping images of thesgathetize catalysts. Zn fromBPOSS
appears as the most intense element andhows well disperse over Si and Zn. This is in
agreement with the previous XRD results where ZnO tend to disperse CuO avoiding aggregation.
This phenomenon is more visible ovefRDSS, as the difference in the grain size between CuO
(D¢111711.97 nm) and ZnO (@1 0 0=18.08 nm) is larger compared with the grain size of CuO
(D¢111710.51 nm) and ZnO (®o 0~13.89 nm) over BPOSS Table 32). Furthermore, average
particle size over @OSSis smaller compared with-POSS. Cu and Zn reveal a homogeneous

distribution over the layer of RGBig. 3-10c

L POSS(300)
/8=033 om

.
700 (1.0.0)
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Figure 3-9 TEM of (a) O-POSS;(b-c) CuzZn1GB0O-POSS90;(d) Particle size distribution of
CuzZn100-POSS90(e) D-POSS|(f-g) CuzZn1GD-POSS90; angh) Particle size distribution of
CuZnl1GD-POSS90.
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Figure 3-10 EDX of (a) 10Cu/ZnQ0O-POSS;(b) 10Cu/ZnrD-POSS;(c) CuZn1lBRGO090. Red
Copper; GreeiZinc; BlueSilica.

3.3.2 Thermal Gravimetric Analyses

The thermal stability of the supportsRIDSS and BPOSS and their catalysts are shown
in Fig. 311. All the samples were degraded in a thermobalance in flowing nitrogen up to 900 °C.
TGA profile of OPOSS and BPOSS implies that both supports are thermally stable in the reaction
range (200 270 °C) with the first wejht loss step at temperature onset of 440 °C and 481 °C,
respectively. This weight loss is associated with the cleavage-©fSsicore rather than the
cleavage of SC(aryl) [60]. A second thermal weight loss is observed for both POSS around
600°C, prodwing around 70nmt.% stable black residue at 890 °C mostly associated te SiO
[61,63.
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Metal loading from 10 to 3Wt.% on OPOSS and EBPOSS did not affect the thermal
stability of both supports in the desire reaction temperaturei(2@0 °C) except fothe 10wt.%
loaded on GPOSS that reduces the onset temperature to 254 °C with initial weight loas.#f. 2
FromTableA-2 (SI), it is obvious the metal loading reduces the thermal stabilitijeotatalysts
depending in the type of POSS. For 20 andw80%6 of metal loading on @®OSS, the onset
temperature was reduced from 440 °C to 339 °C and 346 °C, respectivelyPcaBP, the onset
temperature was reduced with a 10, 20 andvB8% of metalloading to 459 °C458 °C, and
440°C, respectively. When compared with the onset temperature of CuO/ZnO composite at
347°C, the initial temperature drop of the catalyst is due to the portion of the metal oxide itself
and notto a change in the physicahemical properties of POSS. The difference in temperature
drop with OPOSS and BPOSSarepresumed to be determined mainly by the degree of distortion
of the StO-Si angle, as the number of phenyl groups incieade molecules gebulkier,

translated in increase rigidifg3].

Interestingly, OPOSS and BPOSS supports with a 10% of metal loading show the highest
weight loss with maximum rates (571 °C and 521 °C, respectively). Ce@rA0OSS90 shows
the lower residue (16%) amount all casddyprepared. In general, catalysts supported-BIOBS
showed a higher residue at 890 °C compared with its counterg2@<5. Noted that for all the
catalysts supported on POSS, there is <5% weight loss by the calcination temperature 270 °C
employedtopepare the samples which implied that c:
the structure of the POSS supports. Despite this, we speculate that at temperature >400 °C
CuO/ZnO may act as catalyst to accelerate either the sublimation or decompidt®8S due

to the lower residual left at 890 °C compared with the neat POSS.

The TGA patterns of RGO and CuZrRG090 are shown iRig. A-9 (SI). TGA profile
of RGO and CuzZn1&RGO90 show therset temperature of both materials at 51 °C and 63 °C,
respectively, associated with physisorbed watermhere is a residue of 74% for CuZRRGO90
at 890 °C. Since there is <5% of weight loss at the calcination temperature 350 °C, TGA can

confirm thatRGO was not destroyed by the calcination step of the supporting of the metals.
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Figure 3-11 TGA and DTG profiles ofa) O-POSS, their catalysts, and CuO/ZnO é)dD-
POSS, their catysts, and CuO/ZnO. Conditions 10/min in N.

3.3.3  Effects of POSS a#iydrophobic Support

The hydrophobicity of the synthesized catalysts and the neat supports was evaluated with
contact angle measuremeriggy 312) using the sessile drop method. The catalysts supported on
O-POSS and EPOSS showed a high degree of hydrophobicity compared with the catalyst
supported on RGO. This result was expected as tROSS and BPOSS have eighand twelve
phenyl ligands attached to the POSS cages, respectively; while RGO has some hydrophilic oxygen
attached to the surface such -&9H, - COOH, and- CO-, which enhances its hydrophilic
character. Phenyl groups have greater stability in comparigbrttve hydrophilic groups due to
the unique properties of phenyl aromatic molecular orbitalf3S has 12 phenyl groups
attached to the siloxane core and a contact arg#é36.7 ° 0.2, larger than @OSS,
g=123.1° 1.1, that has eight phenyl groups the percentage of CuO/ZnO increases from 10 to
30 wt.%, the contact angle decreases too. As XPS analysisedi@onew Ol1s peak due to the

oxides on the surface of the POSS supported catalysts that may form hydrogen bonds. As the
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D-POSS is bulkier and ¢hnumber of phenyl groups is less affine to bond with water, that gives a
more hydrophobic character to theHDSS catalysts. Despite the reduction of the contact angle

of both supports, they still can be considered hydrophobic, &g t&@° [64].

RGO has @1=40.6° 1.3 to be considered as hydrophilic mateinaagreement witlthe
XPS results that shows C=0 and physisorb water irRB® surface even after the calcination
step at 350C. Loading the 10wnt.% of metals on the surface of RGO, introdsiche O1s
corresponding to the oxide, but XPS analysis also shows the retent©H @in the surface. The
carbonyl, hydroxyl, and physisorb water present in RGO and CUREO could have been a
result of interlayer entrapment. The contact angle of CuRGD90 €2 0°) shows the great
affinity for water for this materialComparing atalysts supported on POSS and RGO, the first one
shows a higher hydrophobic character that it is evident from the ability to repel water away from

the active sites of a catalg,henceto reduce the opportunity water to Cu oxidation by wgsy.
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Figure 3-12 Contact angle of neat supports and their catalysts before reaction.
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3.3.4  Catalytic Activity Evaluation

Firstly, the supported catalysts were reduced ANHK(3:1) atmosphere at 22C for 30
min using a mini batch reactor. The procedure was repeated three times to remove impurities and
water formed during catalysts activatigdfter flushedwith N, the batch reactor wdsled with
the reaction mixture C4H- (1:3) and thermally treated at 220, 2 MPa and lasted for 18 h. The

evaluation results of the catalysts are liste@able 34.

The results show that the catalysts supported on POSS successfully favored the
hydrogenation of C®to methanol yield in the same order of magnitude. CuZxEIOSS80
shows the higher selectivity to methanol and less selectivity to CO. CHZRIDSS90 shows the
lower CQ conversion, and methanol yieddthoughhas the highest surface area among the POSS
catalysts. It is interesting to observe that CuZRI®O90 even though has the highest surface area
and highest C®conversion rate compared wiBOSS catalysts, the selectivity to methanol is
undetectable, meaning, under the reaction conditions, the hydrophobic character oh&O&S
playing a decisive role on the stabilization and protection of the active species CuO and ZnO during
the CQ hydragenation, as it is reported the detrimental effect of the water camtéhé catalyst
stability [66,67.

Table 3-4 The catalytic activity of Co@hydrogenation to methanol at 220 °C and 2 MPa aftér 18

of reaction.

COz2 CH30H CO Other Yield of

Sample conversion selectivity selectivity —selectivity CHsOH

(%) (%) (%) (%) (%)
CuzZn10RGO90 81.1 - 87.5 12.5 -
CuZnl0O-POSS90 3.2 89.7 8.9 1.4 2.9
CuZn1G6D-POSS90 4.4 87.5 11.6 0.9 3.8
CuzZn20D-POSS80 3.3 97.1 1.4 15 3.2
CuzZn30D-POSS70 5.3 72.0 28.0 0 3.8
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The effect of hydrogenation temperature over the catalysts was explored on €uZn10
POSS90 as a model compound from 200 °C to 27C@fC 8-13). Typically, the conversion of
COe to methanol at equilibrium in gas phase is very low under ordinary reactions conditions, the
use of a recycle reactor for unreacted gases is d¢é@pdn this study, thenicro-batch reactors
were used for the purpose of initial screening of the catialgnd the equilibrium curve was

calculated to reflect the experimental conditions.

Fig. 3-13 shows the yield of methanol to decrease when the reaction temperature increases
from 220 °C to 270C in agreement with previous rep8d]. Noted the outlier result at 200 °C
although the experiments were repeated in triplicated. Despite the fact tlvei@@rsion did not
reach the equilibrium, the methanol yield follows the equilibrium trend, r@dee in the methanol
formation at higher temperature, as the equilibrium constant for methanol synthesis decreases with
temperature[70]. Many studies have been dedicatedet@miningthe mechanisms of GO
conversion and temperature correlation which bansummarized as follows: water gas shift
reaction[71]; Cu patrticle sintering due to high reaction tifiig]; carbon depositiofi73]; and Cu
and ZnO crystallization due to-situ water generatiofv4]. It should be noted that even though
the methanol yid and selectivity decreased with the temperature, the-ATIR (Fig. A-10, Sl)
and thermal analysi§i(g. A-11, SI) of thespent catalyst showed stability on the internal structure
of POSS as well as a similar thermal behaviour to the fresh catalyst. Our results imply that incipient
wetness impregnation of CuO/ZnO on hydrophobic POSS results in highly dispersed active phase
that promotes the C{hydrogenation to methanol at low temperature. This work should be seen
as an encouragement to further ugghenyl POSS as hydrophobic systems that protect the active
site from water deactivation. This hydrophobic system could be iragrtavfurther increase the
surface area and more study on the deactivation mechanism hgita wmater generation should
be encouraged.
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Figure 3-13 Conversion of C@with CuzZn18D-POSS90. Conditions: G (1:3) at 2 MPa, 18
h. Catalysts activated at 0.8 MPa, 3 times withiNblat 220 °C for 30 min.

3.4 Conclusions

CuZnPOSS catalysts were successfully prepared. The catalysts are thermally stable up to
400 °C and the integrity of theatalystds preserved after one cycle of reaction. The metal oxides
are homogesously dispersed on the surface of the supports. The bulky phenyl groups around the
silicon cages impart a hydrophobic character to the catalysts and play a hindranceepmétteer
water produced in the reverse water gas shift reaction. TR®SS with twelve phenyl groups
results in a higher hydrophobic character thaR@SS, with eight phenyl groups, and RGO due
to the bulky molecular structure and the higher contact aigke hydrophobic character of the
supports resulted in a more decisive factor than the surface area to influence the selectivity of CO
hydrogenation to methanol, as the catalysts supported-BOEE5 hae higher selectivity to
methanol and higher conversi. Hence, POSS materials with hydrophobic propertigs the
potential to be efficiently used as support in catalytic reactions where active sites are sensible to

water deactivation.
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Chapter 4 Thermal Stability Study of Catalyst
(CuO/ZnO)Supported on Phenyolyhedral

Oligomeric Silsesquioxanes (POSS)

Abstract

The stability of heterogeneous catalytic systems is critical for thetng use of the
catalyst. Therefore, the thermal degradation behaviors of CuO/ZnO supported on polyhedral
oligomeric octaphenyl silsesquioxaf®-POSS)and dodecaphenyl sdsquioxane(D-POSS)
were investigated. The presence of the metal oxides does not interfere with the degradation
mechanisms up to the temperature of 450 °C. After that temperature, the metal oxides accelerate
the degradation rate of the supports. Irrevégsibermal events, including molecular relaxation
and crystal rearrangement, with low transition energy, were observed using differential scanning
calorimetry. In all cases, the thermal analysis revealed complex behaviors. The crystal structure of
both suports is destroyed in the oxidative atmosphere at 900 °C but partially destroyed in the
nitrogen atmosphere. The vibrational frequencies of the residues in the inert and oxidative
atmosphere showed after 500 °C the deformation of tHeé feak due to inteage linkages

formation.

Keyword: heterogeneous catalysis; POSS, thermal degradation; octaphenyl

silsesquioxane; dodecaphenyl silsesquioxane
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4.1 Introduction

Developing thermally stable heterogeneous catalysts that can endure elevated
temperatures in corrosive and reductive environments is of great interest to industrial processes.
Nevertheless, active metal sites tend to sinter or coalescence into largdegantider harsh
conditions, especiallgit high temperatures, leading to cataljgt Furthermore, support materials
are used to produce a high surface area and carefully selected to tailor particular systems and
thermal stability, as the support coulccalerate the sintering through phase transformation or
structural collapse of the supp{2}. Even though the temperature is the primary parameter in the
sintering process, reaction atmospheres can also impact the rate of catalyst deactivation. Water
vapor, in particular, exacerbates the crystallization and structural modification of oxide
supportd3]. Hence, it is vital to select thermally stable support that is resistant to water

deactivation, extending the catalytic system's productive life.

For example, the conversion of carbon dioxide to liquid fuels, including methanol,
gasoline, jet fuel, diesel, ethanol, and other higheohalls, requires highly active catalysts to
decrease reaction barriers, as>@Okinetically inert. In particular, Cu/ZnO is used as an active
phase supported on gamma phase alungid0s) to convert CQto methanol. Nevertheless,
the water formed irhie reverse water gas shift reaction (RWGS) sticks to the surface of the active
sites and promotes the formation of Zg@4 poisoning the active sites, disrupting the synergistic
effect of Cu/ZnO, and accelerating the $hutering[4,5]. Therefore, the reduced activity and short
lifetime of this systenfimit its long-term industrial viability. Furthermore, more research is needed
in the field on hydrophobienaterial with outstanding thermal stability. For instance, in this
research, we studied phenyl oligomeric silsesquioxanes (POSS) as hydrophobic supports for
CuO/Zn0O for CQ hydrogenation.

Phenyl POSS is a type of hybrid inorganic/organic material withergérformula
(RSiOws)n, where phenyl groups are attached to the siloxane cage. POSS is preparegkby sol
hydrolytic condensation of trifunctional monomers R&i¥Xhere X may be a highly reactive
substituent, such as Cl atkoxy [6]. POSS molecules find applicatis in the preparation of

polymer nanocomposites and hybrids to prepare multifunctional materials with organic/inorganic
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properties and improve the thermal, oxidation, and mechanical properties as well as fire

retardancy7].

In the light of this background, a profound study on POSS thermal stability is required to
tune the final properties and expand the applications of POSS as a thermally stabledydroph
support in the heterogenous catalysis field. Fetaal. studied the thermal degradation of
octaphenyl POSS, which showed higher thermal stability than saturated aliphatic POSS and
reducedvolatility [8]. In addition, they found POSS at high temperatures yields ceramic products.
Blanco et al. studied the thermal degradation of various hegetostituted POSS with a
cyclopentyl group. The study showed different betiars when inert and oxidative atmospheres

were used9].

Mantzetal. studied the thermal degradation of fully and partially condensed POSS. They
analyzed the gases via TGA'IR and mass spectrometry. They reported that monomers such as
CysSigO11(OH)., which contain silanol groups, initially decomposed through the |b3stgpe
silanol silicon environment, presumably through the eliminatiore@f.Eecomposition continues
through the loss of the organic substituents and after 450 °C results in the formatiop@f SiO
charg[10].

Fan et al. studied the thermal degradation of polyhedral oligomeric octaphenyl
silsesquioxane, octa(nitrophenyl)silsesquioxane, and octa(aminophslsg¥squioxane11].
They f oundand atiuibstiiuénts on thehpnyl group affected the mechanism of
the POSS thermal degradation. In addition, the presence of amino groups reduced the thermal
stability of the POSS core.

This work aimed to investigate the thermostability of the metal supported on POSS
composites CuZ@-POSS and CuzZnAPOSS to determine whether or not the presence of the
metal oxides accelerate the POSS degradation in an inert or oxidative atmosphere to use these
systems as heterogeneous catalytic material further. Unfortunately, there appeared dathe no
on the thermal behaviour of these systems, such data was available only for the supports but not

for thecomposite$8,11].

A secondary bjective was to compare the thermal stability of the composites supported

on OPOSS and BPOSS and whether the number of phenyl groups and the cage size have a weight

92



in the thermal properties. Any generalization would be helpful in future te@Rkable mferences
to be drawn from data for the support to be selected according to the reaction type and the thermal

conditions.

4.2 Material and Methods

42.1 M aterials

Octaphenyl silsesquioxane {@0SS, MS0840) and dodecaphenyl silsesquioxane
(D-POSS, MS0802) were purdded from Hybrid Plastics Inc., USA. Copper nitrate trihydrate
(99.5%, Cu(NQ@:3H:0, SigmaAldrich), zinc nitrate hexahydrate (98%, Zn(jO6GH:0,
SigmaAldrich), and anhydrous ethyl alcoholX(9 9 . 5 %GH,0ME, Fsupelco) were used as

received.

4.2.2  Synthesis of CuO/ZnO/POSS

The CuO/ZnO/POSS composites were prepared with 10, 20, and 3@ @atals, with
equivalent Cu:Zn molar ratio using POSS as support via incipient wetness impregnation.
Anhydrous ethyl alcohol was used as solvent. The composées dvied at 50 °C for 24 hours
followed by calcination in a muffle at 270 °C for 7 h at a heating rate of 2 *Eire composites
were coded based on the % of POSS used. Catalysts supported on octaphenyl POSS and
dodecaphenyl POSS were labelledPOSS ad D-POSS, respectively. Herein, catalysts loaded
with 10, 20, and 30% are denoted as follows: CuAiROSSZ, where X is the weight percentage
of CuZn, Y is the type of POSS, and Z is the % weight of POSS.

4.2.3 Equipment and Methods

Attenuated Total Reflectaae Fouriertransform infrared spectroscopy (ATRIR) was
used in the analysis of the products obtained after thermal analysis. Infrared spectra were collected
using a Bruker Alpha Fourier Transform Infrared spectrophotometer (Bruker Optics, Esslingen,
Gemany) with OPUS software (version 7.0). The spectrometer was equipped with dsingbe
diamond reflection attenuated total reflectance (ATR) crystal plate. Spectra were recorded in
triplicate at room temperature in the region of 4000 cm' using anaverage of 24 scans and a
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resolution of 4 crit. The manipulations of the spectra and baseline corrections were done using

Nicolet Omnic software (version 8).

The thermal behaviour of the supports and the composites was studied through
thermogravimetric m@alysis (TGA) (TGA/DSC1Mettler Toledo, Switzerland) with MX5
microbalance, and GC 10 gas controller was employed in a nitrogen environment with 56'mLmin
The thermal degradation experiments were performed in air flow 50 milwith nitrogen as
purge @s at 50 mLmir. Approximately 10 mg of sample was placed in an alumina crucible
(70mL) and heated from 25 °C to 900 °C at a heating rate of 10 ®ami; or air. The residues
were collected and studied by ATR FTIR.

The samples were investigated thgbuwdifferential scanning calorimetry (DSC) using a
DSC 1 STARSystem, Mettler Toledo, Switzerland. Around 4 mg of sample was placed in a sealed
aluminum crucible. The analyses were conducted in a nitrogen atmosphere at a flow rate of
50 mLmin? in triplicate. Initially, the heat flow of the sample was explored in a run from 25 to
500°C at a heating rate of 10 °CriinThen, the reversibility of each event was investigated by
heating the sample just past the observed transition followed by cooling damntbelevent and
heating upagain[12]. Each heating segment employed a heating rate of 10 “Owtiile the
cooling segments employed a cooling ratel®f °Cmin' [13]. The residues of the samples were
collected at each step to study the vibrational changes of the composites. The temperature and heat
flow calibration of the DSC was regularly checked, measuring the melting enthalpy and onset
temperature of indim. The temperature measurements were accurate within 0.5 °C and the
enthalpy measurements were accurate within 3.3% respect\alties reported in the literature
for the standard indium (156.6 °C and 28.8)Jd4].

The phase structure and crystalline features of the materials were evaluatedsitiih
powder Xray diffraction (XRD) recorded on Bruker D8 Discover instrument usingk@u
radiation (40 kV, 30 mAl =0.154059 nm) equipped with LynXEYE dimensional detctor. A
step size of 0.02° was used to measure spectra imtlamge of 580°. The powder samples were
spread on a silicon wafer and placed on the sample heating stage. The samples were heated from
room temperature to 600 °C under a nitrogen atmospliméeepretation of the data was performed

using JADE 9.5 software.
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424 Calculations

Results from the thermal analysis are reported following the format descriliey Ay,
where xcorresponds to the average valke.(42) of N independent measures of the quanity
ands(x) corresponds to the experimental standard deviaikon 43) used as a measure of the

uncertainty of the experimental data.

W= ot i () Eq. 4.1
6= Bl ixy Eq. 4.2
roa 1 " \ \ .
[ o = Bg(dn of? Eq. 4.

=

o

4.3 Results and Discussion

4.3.1 Thermal Degradation of Octaphenyl POSS and theiComposites in

Inert Atmosphere

Thermogravimetric analysis of-BOSS and their compositever the temperature range
of 25 to 900 °C resulted in weight loss that could be classified into four regions labeled I to IV.
Fig. 41 shows the TGA of €POSS and their composites in nitrogen and their corresponding
smooth first derivative (DTG). The differential scanning calorimetry calorigrams are also shown
in Fig. 41, where the thermal events are labeldd v. For the TGA curves of ®0OSS and their
composites, the temperature range related to each region and their weight loss are listed in
Table4-1. Likewise, br the calorigrams, the onset, endpoint, peak temperatures, and energy

associated with each thermal event are listekhinie 42.
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Table 4-1 Thermal decomgsition and weight loss profile @-POSS and their composites studied
by TGA analysis in nitrogen atmosphere of 50 mLin

. _ Temperature Weight loss ~ Dwt/DT
Composite Regior? . .
Tonset( C) Tendset( C) (Wt%)b (D(Wt%) Cl)
| 30.9° 0.6 439.0° 0.0 0.8° 0.2 0.0
I 439.0° 0.0 491.2° 0.1 5.0° 0.2 0.1
0-POSS
il 561.4° 0.0 648.4° 0.0 10.8° 0.0 0.1
v 648.4° 0.0 894.9° 0.0 9.0° 6.7 0.0
| 31.5° 0.0 471.6° 0.1 5.5° 0.0 0.0
I 471.6° 0.1 512.7° 0.0 13.9° 1.1 0.3
CuzZn160-POSS90
il 561.9° 0.1 585.4° 0.0 22.1° 1.5 0.9
v 580.3°0.1 894.7° 0.2 3.7° 0.3 0.0
| 31.5° 0.0 458.8° 0.0 57° 0.7 0.0
I 458.8° 0.0 509.7° 0.0 12.4° 1.6 0.2
CuzZn200-POSS80
il 556.5° 0.0 573.8° 0.0 16.7° 0.3 1.0
v 585.4° 0.0 894.7° 0.2 14.3° 0.0 0.0
| 31.5° 0.0 455.6° 0.1 6.2° 0.2 0.0
I 455.6° 0.1 506.1° 0.0 10.4° 0.4 0.2
CuzZn300-POSS70
il 541.5° 0.0 572.2° 0.1 17.3° 1.0 0.6
v 572.2° 0.1 892.9° 0.0 8.1° 1.0 0.0

2 All experiments were performed in nitrogen atmosphere with a flow rate of 50 mLmin

at atmospheric pressure (~0.1 MPa).

b Weight loss profile of POSS and their composites were defined considering the

temperature regions containing the main thermal events
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Table 4-2 Thermal decomposition @-POSS and their composites studied by DSC analysis.

Onset Endset Peak Enthalpy of
Composite Transition®® temperature  temperature temperature  transition®
°C) °C) (°C) (kJkg™)

i 87.5° 0.3 100.0° 3.8 93.7° 0.1 -0.6° 0.0
O-POSS ii 124.7° 1.5 132.6° 0.2 126.7° 1.4 -4.2° 1.0

ii 436.3° 0.3

i 86.5° 3.9 99.8° 2.3 93.7° 0.3 -0.6° 0.3

ii 124.2° 0.3 133.0° 0.6 129.1° 0.2 -0.7° 0.0
CuzZnl100-

I 173.9° 7.4 184.9° 0.6 179.6° 0.4 -1.2° 0.9
POSS90 .

v 266.0° 4.7 311.6° 4.7 308.1° 0.6 48.3° 6.0

v 392.2° 2.9 441.3° 1.2 416.3° 0.5 8.0° 4.3

i 88.0° 1.3 100.4° 2.4 93.6° 0.2 -0.2° 0.0
CuZn200- i 124.1° 0.9 132.2° 0.9 127.2° 0.7 -0.1° 0.0
POSSS80 ii 165.9° 3.6 184.4° 1.0 175.5° 1.0 -1.0° 0.2

v 295.0° 3.1 445.4° 2.9 407.2° 1.0 87.0° 24.6

i 86.1° 1.0 96.3° 4.9 92.4° 3.1 -0.3° 0.2

i 180.9° 2.3 249.3° 1.0 227.8° 2.8 22.0° 1.0
CuzZn300-

1 290.6° 3.0 336.8° 9.3 316.5° 5.3 35.1° 5.5
POSS70 .

v 383.3° 0.7 426.1° 4.9 410.9° 2.3 7.8°1.1

v 438.0° 5.0 466.6° 18.7 452.0° 3.5 20.3° 6.3

2 All experiments were performed in nitrogen atmosphere with a flow rate of 50 mLmin

at atmospheric pressure (~0.1 MPa).

b All transitions observed by DSC analysis were irreversible upon dynamic cooling.

¢ Endothermic values are negative, and exother@iees are positive.
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O-POSS is a thermally stable material up to 439000 °C with only a 0.8 0.0 °C mass
loss in region I. The calorigram shows that up to that temperature, two small endothermic
transitions happened with energy changes lower thakJkd' (transitions andii) that could be
related to molecular relaxatigh5]. The biggest event in the calorigram started at 436.3 °C
(transitioniii ), whichis related to the initial degradation ofRIDSS. The TGA curve shows a
continuous mass loss from 439.0.0 °C to 648.4 0.0 °C with a constant rate of weight loss of
0.1 g°C!classified as region Il and Ill. FurthermoFég. 4-2 shows in the FTIR analysis of the
DSC residue at 500 °C a significant broadening of the peak at 108&ssociated with the
formation of stretched intercage linkages oiCs88i at 500 °C[11,16] A new peak appears at
778cmrelated to the vibration to intercage formatiordsbond. The stretching vibration of the
phenyl rings at 739 and 694 dndecreased, shifted to a lower wavenumber at 500 °C and,
completely disappeared at 900 °C.

Four regions characterize the TGA curve ePOSS composites. Region | corresponds to
the initial segment up to the onset temperature, where the first mass legistered. Region I
represents the first considerable change in the mass loss of the composite. Even though the onset
temperature moves to a higher range comparedR®SS, the incorporation of the 10%, 20%,
and 30% of metal oxides had a significantuefice accelerating the weight loss of the composites,
which changes from 0.80.2% (GPOSS) to 5.8 0.0%, 5.7 0.7%, and 6.2 0.2%, respectively.

Table 41 shows an increase in the rate of gigiloss to 0.3, 0.2, and 0.2 g®@ this region.

Region 1l has the highest weight loss for the three composites. A big peak in the DTG
curve in this region indicates the biggest event in the thermal evaluation. The weight loss %
increases from 10.8 0.0% on GPOSS to 22.2 1.5%, 16.7 0.3%, and 17.3 1.0% of the 10,

20, 30% metal loading, respectively. The presence of the metals accelerate the mass loss from
0.1g°Ctin O-POSS t0 0.9, 1.0, and 0.6 g°Gf the 10%, 20%, and 30% metal oxide com{ssi

in this region. The lower mass loss rate at 30 % may be associated with the metal oxides covering
the siloxane cages, protecting them from degradation. Region IV shows the last thermal
degradation event in the studied temperature range. @ E5 anthe composites show a steady

mass loss with a loss rate lower than 0.1°9f11].
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Figure 4-2 ATR FTIR of the residues ofj O-POSS, If§) CuZn100-POSS90, ¢ CuzZn2060-
POSS80, andd) CuZn360-POSS70 in nitrogen flow of 50 mLmin

The calorigram of CuzZnt®-POSS90 and CuZn20-POSS80 shows the same
endothermic transitionisandii present in @POSS related to molecular relaxation associated with
POSS. CuzZn3®-POSS70 calorigram shows a complex behaviour with four exothermic events
from 180 °C up to 500 °C. These events were replicated in the analyses performed in triplicate.

Thereis steep mass loss from the range 450 °C to 570 °C. In this regi®®33 showed
two separate eventEif). 41b); in the metal composites, those events overlap in one broad peak.
As the percetage of the metals on-BOSS increases from 10 to 30%, the rate of weight loss

double causing an acceleration in the degradation of the support.
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Figure 4-3 XRD profiles of samples heated at different temperaturgs @-POSS,
(b) CuzZn1B0O-POSS90,) CuzZn260-POSS80, andd) Cuzn360-POSS70 in nitrogen flow of
50 mLmin'™.

Fig. 43 shows the XRD diffraction of the-B@OSS and €POSS composites.-BOSS has
three characteristic peaks at 8.0° (d=1.1 nm), 18.5° (d=0.48 nm), and 24.4° (d=0.36 nm) associated
with the overall size of POSS molecules, diagonal of the POSS cage, and the distance between
opposite S04 faces ofthe cage, respectively. From 300 °C to 800the definition of the peaks
previously mentioned increases, as a confirmation of the stability of the crystal structure of the
POSS cage when temperature is increased. On the other hand, the broadeningnafl tieG at
500 °C in the FTIR spectra may have been related to the increase of the 8.0° signal in the
diffractogram. At 600 °C, the diffractogram offIDSS shows the disappearance of the peak at
8.0°, presumably for the complete degradation of theailexcage by heat treatment.
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A similar trend is followed by CuZn1Q@-POSS90, where at 600 °C, the peaks associated
with the siloxane cage are destroyed. Interestingly, as the CuO/ZnO ratiB@HE06 increases,
the peak at 8.0° is preserved in the composies though the intensity was reduced compared to
the intensity at 500 °C. Presumably, the metal oxides bonded to the siloxane cage protect it from
heat degradation at that temperature. While the support is affected at temperatures higher than
500°C, thecomposites' diffractograms show how the metal oxides' crystal features are preserved

in the temperature range.

4.3.2 Thermal Degradation of Octaphenyl POSS and heir Composites in

Oxidative Atmosphere

Thermogravimetric analysis of-BOSS and theromposites in an oxidative atmosphere
wereinvestigated in the temperature range of 25 to 900=f¢.44 shows the TGA and DTG
curves as well as the main thermal events, classified from | tBo¥.the TGA curves the
temperature onset, endpoint, mass loss, rate of mass loss, and mass of residue arédisited in
4-3.

Initially, O-POSS has a similar thermal trend in an oxidative ghima® as in the inert
atmosphere. In air, ®OSS is a stable material to about 445.0.0 °C with a weight loss of
1.0° 0.0% ig. 44a) region ). The FTIR of the residues at 400 °C showshsnge in the
vibrational spectrum compared with the sample without any heat treatiert53). Next, three
consecutive regions of mass loss together correspond to the larger masgefissf GPOSS
(Fig. 4-4aregion I, 111, 1V). The series of events goes from 4450.0 °C to 646.4 0.6 °C with
a total mass loss of 43°%60.1 %. The FTIR of the residues at 600 °C shovesdbening of the
signal at 1100 crhcorresponding to the $) framework, and the peaks related to the phenyl group
out-of-plane deformation (697, 746 chnalmost disappeared, indicating that the phenyl groups
have been removed from the silicon cage, wisdh agreement with previous stud[@4].
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Figure 4-4 TGA and DTG of § O-POSS, ) CuzZn1G80-POSS90,d) CuZn260-POSS80, and
(d) CuzZn3G0O-POSS70 in an airflow of 50 mLmin

The last region of the ®OSS thermogram is a stable segment with only a mass loss of
1.9° 0.1 %. The char residues at 889 °C were 40.@%. The FTIR of the residues from 600 °C
and forward barely changedh agreement with the mass loss that remained constant. The XRD

analysis of the char at 900 °C revealed that the crystal structure was degtigydd.
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Table 4-3 Thermal decomposition and weight loss profil©ePOSS and their composites studied

by TGA in airflow of 50 mLmint.

. _ Temperature Weight loss Dwt/DT Residue
Composite Regior?
Tonset (°C) Tendset(°C) (Wt%)b (D(wt.%) Cl) (wt%o) ©

| 31.2° 0.0 445.1° 0.0 1.0° 0.0 0.0 40.4° 0.0

I 445.1° 0.0 491.7° 0.4 4.9° 0.0 0.1
0-POSS il 524.1° 0.2 554.8° 05 8.2° 0.0 0.3

v 587.5° 0.2  646.4° 0.6 305°0.1 0

v 646.4° 0.6 889.2°01 1.9°01 90

| 31.2° 0.0 505.0° 0.2 19.1°0.2 0.0 17.0° 0.5
CuZnl100-

Il 505.0° 0.2 562.2° 0.4 63.6°02 11
POSS90

i 562.2° 0.4 889.4° 0.1 0.7°0.0 0.0

| 31.3° 0.0 507.4° 0.6 20.1°0.4 0.0 32.4° 0.0
CuZn200-

I 507.4° 0.6 555.2° 0.7 45.9°04 1.0
POSS80

il 555.2° 0.7 889.5°0.1 1.6°0.1 0.0

| 31.3° 0.0 487.6° 0.5 12.7°0.2 0.0 43.4° 0.0
CuzZn360-

I 487.6° 0.5 546.6° 0.4 42.1°0.2 0.7
POSS70

il 546.6° 0.4 889.6°0.1 1.8°0.0 0.0

2 All experiments were performed in air atmosphere with a flow rate of 50 miatin

atmospheric pressure (~0.1 MPa).

b Weight loss profile of POSS and their composites were defined considering the

temperature regions containing the main thermal events.

¢ Residue represents the weight % of the mass after the heating cycle.

104



(@) (b)

900 °C e 900 °C -
700°C 700 °C
600 °C 600 °C
500 °C £00 °C
400 °C ' 400 °C -
} No heating ‘ No heating R L

1000 4000 3000 2000 1000

40(()0(:) %090 vavenumber (ent) (d) Wavenumber (cn’)
900 °C 900 °C
700 °C 700 °C
600 °C 600 °C
500 °C ) 500 °C s
400 °C » 400 °C
No heating No heating
4000 30|00 ZOIOO . 10|00 4000 30|00 20|00 10|00

Wavenumber (cm”) Wavenumber (cri)

Figure 4-5 ATR FTIR of the residuesaj O-POSS, §) CuzZn100-POSS90, ¢ CuzZn2060-
POSS80, andd) CuZn3G60-POSS70 in an airflow of 50 mLmiin

The thermograms of the composites CuZROSS in the oxidative atmosphere show a
similar trend with three main regions, |, Il, and Ill. The presence of the metal oxides accelerates
the mass loss of the compositwhen compared with the neatRDSS. When region | of the
composites is compared with the region | and Il OSS, the mass loss increased four folds for
CuZnl1G0-POSS90 and Cuzn20-POSS80 andloubled for CuzZn3M-POSS70. Presumably,
the presence of éhmetal oxides reacts with the support catalyzing the degradation of the
silsesquioxane in an oxidative atmosphere, despite this the spectra of the residues of the composites
show similar spectra to the ndreated GPOSS up to 500 °C. After 600 °C, the quosites'
molecules vibrate in a similar pattern to that of the neR3S, presenting a broad and deformed

peak at 1099 crhand the complete disappearance of phenyl peaks (697, 746 cm

105



CuZn30-O-POSS7(

{ CuZn20-O-POSS8(

Intensity (Counts)

a I CuZn10-O-POSS9(
m _‘A oy _A_AA

5000

10 20 30 40 50 60 70 80
Two-Theta (Degree)

Figure 4-6 XRD of the residues of ®@0OSS and the composites of TGA at 900 °C in an airflow at
50 mLmirt?.

The XRD of the char of the composites shows the diffraction peaks associated with
CuO/ZnO. The crystal structure ofIDSS was ddroyed with the heating treatment in the air
atmosphere at 900 °C.

4.3.3 Thermal Degradation of Dodecaphenyl POSS an@heir Composites

in Inert Atmosphere

Thermogravimetric analysis of-BOSS and the IPOSS composites over the temperature
range 25 to 900 °C reked in a mass loss that could be classified into four regions labeled | to IV
(Fig. 47). The calorigram obtained by differential scanning calorimetry ¢#@5S and the
composites are also shio in Fig. 47, and thermal events are labeldd iv. For the TGA curve,
the mass loss, the onset, and endpoint temperature are lisiedblan 44. Similarly, for the
calorigram, the onset, endpoint, peak temperatures of the thermal eventseend arange
associated with each event are listedable 45.
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Figure 4-7 TGA (black), DTG (red), and DSC (blue) df)(D-POSS, i) CuzZn1GD-POSS90,
(c) CuZn26D-POSS80, anddj CuZn36D-POSS70 in nitrogen flow of 50 mLmin
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Table 4-4 Thermal decomposition and weight loss profil®ePOSS and their compositatsidied

by TGA analysis in nitrogen atmosphere of 50 mLin

Composite Regior? Temperature Weight loss ~ Dwt/DT
Tonset (°C) Tendset(°C) (Wt%o) P (D(wt.%) C™)

| 31.3° 0.1 547.8° 0.1 4.0° 0.0 0.0
D-POSS I 547.8° 0.1 624.6° 0.0 12.7° 0.0 0.2

I 624.6° 0.0 892.1° 0.0 7.1° 0.0 0.0

| 31.3° 0.0 471.1° 0.0 8.0° 0.8 0.0
CuzZn10D- Il 471.1° 0.0 540.9° 0.0 33.0° 1.1 0.5
POSS90 I 548.2° 0.0 641.1° 0.0 9.3° 0.3 0.1

v 641.1° 0.0  89230.1 4.4° 4.2 0.0

| 31.3° 0.0 460.8° 0.0 7.7° 1.0 0.0
CuZn20D- Il 460.8° 0.0 528.9° 0.0 33.8° 1.4 0.5
POSS80 I 595.4° 0.1 728.8° 0.1 7.2° 2.1 0.0

IV 728.8° 0.1 892.5° 0.0 4.7° 0.7 0.0

| 31.0° 0.1 454.5° 0.0 10.1° 1.5 0.0
CuzZn30D- Il 454.5° 0.0 519.5° 0.1 22.4° 6.4 0.3
POSS70 I 599.1° 0.0 715.1° 0.1 12.9° 3.2 0.1

IV 715.1° 0.1 892.1° 0.0 2.4° 1.4 0.0

2 All experiments were performed in nitrogen atmosphere with a flow rate of 50 mLmin

at atmospheric pressure (~0.1 MPa).

b Weight loss profile of POSS and their composites were defined considering the

temperature regions containing the main thermal events.
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Table 4-5 Thermal decomposition @-POSS and their compositssidied by DSC analysis.

Onset Endset Peak Enthalpy of
Composite Transition®® temperature  temperature temperature  transition®
(°C) (°C) (°C) (kJkg™)
i 269° 0.4 285.0° 0.9 278.2°12  -0.7°0.3
.POSS H 330.3° 0.1  338.4° 0.4 334.3° 0.2  -10.9° 2.6
i 376.2° 0.7  380.7° 0.5 378.4° 0.7  -25.5° 1.0
Iv 400.8° 2.2  410.0° 1.6 405.3° 1.9  -41°0.4
i 235.1° 47  256.7° 2.1
CuznioD- i 345.8° 0.2  352.1° 0.3 349.3° 0.4  -11.5°0.3
POSS90 ii 372.9° 0.3  378.9° 0.4 376.9° 0.6  -18.1° 0.7
v 408.2° 5.8  484.0° 2.2 439.3° 1.6  -52.3° 9.0
i 233.7°1.2  258.5° 1.0
Cuzn20D- i 347.4° 0.4  353.7° 0.2 351.2° 0.2  -14.9°55
POSS80 ii 373.6° 0.4  381.9° 0.2 378.6° 0.1  -89.3° 8.7
v 439.4° 0.1  488.9° 0.1 459.6° 0.4  -42.7° 0.8
i 228.3° 0.4 24459 0.2
Cuzn30D- i 342.7° 58  356.1° 2.9 350.8° 0.8  -12.5° 1.1
POSS70 ii 370.6° 6.8  386.0° 11.7 380.8° 8.7  -14.3° 0.4
v 4495° 1.6  493.1° 0.9 467.3° 1.7  -57.1° 8.6

2 All experiments were performed in nitrogen atmosphere with a flow rate of 50 rtLmin

at atmospheric pressure (~0.1 MPa).

b All transitions observed by DSC analysis were irreversible upon dynamic cooling.

¢ Endothermic values are negative, and exothermic values are positive
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The TGA curve of BPOSS shows a stable material classified as region | up to 547 °C,
where the most critical mass loss event started. The composites are also thermally stable in
Regionl, with a mass loss of 10%. The CuZnl{D-POSS90, CuzZn20-POSS80, and
CuZn306D-POSS70 are sturdy materials up to 471, 460, and 454 °C, respectively. As the
concentration of the CuZn increases, the endset temperature of region | moves to a lower
temperatee, and the average mass loss increasaslé 44). The calorigrams of BPOSS and the
composites show a small endothermic eveahtafound 230 °C Kig. 44). For DPOSS
eventi appears as a small peak with an energy change0.@f0.3. For the composites,
eventi shows as a drop in energy with no defined peak. TR&OISS and its composites show two
significant endothermic transitions\ents ii and iii) carried forward from the suppoHPDSS.

The TGA mass loss curves confirm that these endothermic transitions are not associated with mass
loss, so it is assumed that these may be due to physical changes or molecular rearrangement in the
structure. The FT IR spectra of samples show no major change in the fingerprint of the vibrational
transitions of the residues of 400 Ed. 4-8).

Region Il in the TGA curve was carefully setled to show the most prominent weight loss
event in the BPOSS and its composites. In this regioAPOSS has a mass loss of 220 %
while CuzZn16D-POSS90, Cu2-POSS80, and CuzZndD-POSS70 have a steady mass loss of
33.0° 1.1, 33.8° 1.4, and 22.4 6.4%, respectively. The onset and endpoint temperature in this
region for DPOSS and the composites shifted to lower temperaturie® &uZn concentration
increased. The calorigram of the samples showed theignaddve 400 °C. In BPOSS, this event
appeared as a negative slope. In contrast, this event in the composites appeared as a broad
endothermic peak associated with the sampieass loss, which started around the same
temperature in both analyses. The-IRTspectra show a loss of the typical fingerprint of the
materials above 500 °C. The-GiSi vibration at 1099 crhgets broader and smalléfig. 4-8).
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Figure 4-8 ATR FTIR of the residues ofj D-POSS, If§) CuzZn1GD-POSS90, ¢ CuzZn26D-
POSS80, anddj CuZn36D-POSS70 in nitrogen flow of G@Lmin™.,

Region Il is the last mass loss event 6PDSS, this region has a 70L0 % mass loss and
is considered as the formation adramic[8]. For the compositesegion Il has another step of
mass loss identified as the second peak of the DTG curve. For GI¥RTUBS90 the mas loss
looks like a small and sharp peak with ‘D3 mass loss, while for CuzZnZ®}POSS80 and
CuzZn30D-POSS70 is a broad event with 721and 12.9 3.2 % mass loss, respectively.

Region IV of the composites resembles region 11l e?OSS with constable mass loss to
yield the final residue of the samples. The FT IR of the residues at 900 °C shows the destruction
of the DPOSS. The mostharacteristic peak is shown at 1050%cas a broad signal.
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Figure 4-9 Heating profile of XRD of &4 D-POSS, I§) CuzZnl1GD-POSS90, ¢ CuZn206D-
POSS80, anddj CuzZn3GD-POSS70 in nitrogen flow of 50 mLmin

Fig. 49 shows the XRD diffraction of the-POSS and its composites-HIDSS has three
characteristic peaks at 8.0° (d=1.1 nm), 17.9° (d=0.49 nm), and 24.7° (d=0.36 nm) at room
temperature representing the overall dimension of #@8lecules, body diagonal of the POSS
cage, and the distance between opposite;$aces of the silsesquioxane cube plane, respectively.
When DPOSS is heated up to 300 °C, these peaks increase the intensity and ledéfinedl
and sharp. As the tempeure continues to 400 °C, the sample appears to change from a crystalline
form to an amorphous state. The peak at 7.9°associated with the overall dimension of POSS shifts
to lower 23 (6.7°), and the crystal lattice distance (d) increases to 1.3 nm rdieation of either

one or both the expansion and deformation in the shape of the core of silicon cage.
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XRD diffractograms of the metal oxide composité&g( 49) at room temperature and
300°C shows the crystalline phases 6P@SS, CuO, and ZnO. At 400 °C, the shape of the peak
7.9° gets broader, and the intensity is reduced. At 500 °C, this peak completely disappears from
the composites. This indicates that the silicon cage has lost itallimty and is probably opened.

The FT IR spectra at 500 °C still show the peak 1099associated with the $-Si, even though

it is broader, deformed, and less intense.

4.3.4  Thermal Degradation of Dodecaphenyl POSS and@heir Composites

in an Oxidative Atmosphere

The thermal degradation of-BOSS and their composites were evaluated using TGA,
FTIR, and XRD for the residues at 900 f@g. 410 shows the TGA and DTG of-POSS and
their composites. TGA mass loss curves ePOSS and its composites were divided into four
regions I, Il, 1ll, and IV. Temperature onset, endpoint, weight loss, and residues ar@ [isibte
4-6. The first region corresponded to the thermally stable area up to the temperature onset of region
Il. Similar to OPOSS, the thermal stability of-POSS is affected by the presen€€aO/zZn0O.
As Table 46 shows, the temperature onset of the composites shifted to lower temperatures, and
the mass loss increased around ten times at a similar temperature ranggO&SD(around
550°C). A thermal examination of CuO/ZnO shows no degradation of the sample up to 900 °C in

air.
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Table 4-6 Thermal decomposition and weight loss profil®ePOSS and their composites studied

by TGA in airflow of 50 mLmint.

_ _ Temperature Weight loss Dwt/DT Residue
Composite Regior?
Tonset (°C) Tendset(°C) (Wt%)b (D(wt.%) Cl) (wt%o) ©
| 31.2° 0.0 550.0° 0.1 3.3° 0.0 0.0 47.0° 0.0
I 550.0° 0.1 593.1° 0.1 14.0°0.0 0.3
D-POSS
il 639.3° 1.0 683.5°0.2 24.2°03 05
v 683.5° 0.2 889.4° 0.1 3.1°0.1 0.0
| 31.3° 0.0 379.4° 0.6 0.3° 0.0 0.0 38.8° 0.0
I 379.4° 0.6 410.4° 0.5 1.5° 0.0 0.0
CuZnl10D-
il 477.1° 05 540.2° 04 26.4°01 04
POSS90 N 0.2
573.1° 0.3  643.4° 0.7 16.5° 0.0 -
v 643.4° 0.7 889.3°01 20°01 90
| 31.3° 0.0 461.1° 0.4 7.8° 0.1 0.0 50.2° 0.0
CuzZn20D- Il 461.1° 0.4 513.7°05 20.9 0.2 0.4
POSSS80 I 520.0° 0.2 598.1° 0.2 154°0.1 0.2
v 508.1° 0.2  889.4° 0.1  4.1° 0.7 0.0
| 31.1° 0.0 315.2° 0.1 0.0° 0.0 0.0 45.4° 0.0
I 315.2° 0.1 4242°03 25°0.0 0.0
CuZn306D-
i 489.9° 0.2 542.0°04 29.1°02 06
POSS70 N 0.3
577.4° 0.9 596.2°0.1 6.2°0.1 :
v 506.2° 0.1 889.2°0.1 15°00 00O

2 All experiments were performed in air atmosphere with a flow rate of 50 miatin

atmospheric pressure (~0.1 MPa).

b Weight loss profile of POSS and their composites were defined considering the

temperature regions containing the main thermal events.

¢ Residue represents the weight % of the mass after the heating cycle.
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The FTIR of the residues of-BOSS and the composites at 400, 500, 600, 700, and 900
°C are shown irrig. 411. Interesting to note that when the metals are not present in the sample,
at 400 °C the peak at 1099 ¢rassociated with the silicon framework+S) gets broadened and
deformed while the composites preserve the shaghénsensity of the same peak when the metal
oxides are present in the samples. In our previous work on CuZn/POSS, we proposed the metal

oxides were either inside the silicon cage or protecting the cage, this may support that theory.
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Figure 4-11 ATR FTIR of the residues of] D-POSS, If) CuZn10D-POSS90, ) CuZn206D-
POSS80, andd) CuzZn36D-POSS70 air flow 50 mLmih
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Figure 4-12 XRD of the residues of IPOSS and the composites of TGA at 900 °C in air flow at

50 mLmin?.

At 600 °C, 700 °C, and 900 °C, the vibrational spectra of HI3S and the composites
are entirelydifferent from the initial samples. In addition, the phenyl groupafyglane (697,
746cmt) peak disappeared in all composites. As previously reported, the phenyl were
decomposed in carbon dioxide (g§@ndcyclobutadiengl1]. The diffraction patterns of the char
at 900 °C show destruction of the crystal structure-8f@sS Fig. 412). Similar to the GPOSS
composites, the IPOSS composites preserved thegstal properties of CuO/ZnO even at high
temperature (900 °C)
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4.3.5 Generalization of O-POSS and DPOSS asT hermal Stable Supports

The search for thermally stable supports for catalytic systems has been the subject of
considerable research[17,18] The wuse of mesoporous materiald9], cellulose
nanocrystal/graphene hybrif0], graphen¢21], carbon nanotubg22], and AbO3[23] are some
of the supports employed to improve the thermal stability of active phases in catalytic reactions.
However, hydrophobic supports that are thermally stable exeéadind[24]. POSS materials are
easy to synthesize, and the structure could be tailored according to the application, but its use as

thermally stable support in catalytic applicationstib premature.

O-POSS and BPOSS have the same elements and follow similar degradation patterns; the
main difference is the size of their cagend the number of pendant phenyl groups. After this
study, we could say both materials are thermally staidef@low similar thermal behaviour. In
both cases, the presence of metal oxides, CuO/ZnO, doesn't affect the vibrational fingerprint and
the thermal stability of the silsesquioxane until about 450 °C. After this temperature, the oxides
accelerate the degplation of the supports. In the case ePOSS, the presence of the metal oxide
preserve part of the siloxane cage even at 600 °C. On the other hand, both supports have a series
of low-energy irreversible thermal transitions associated with molecularatelaxand crystal

rearrangement up to 40C thatare not involvedvith mass loss.

The findings of this work partially match previous reports on the thermal behaviour of
oligomeric silsesquioxane. Herein, we look at how the presence of active sidegti#terides
could also contribute to the stability or early degradation of the support. Furthermore, the use of
different atmospheres, such as inert or oxidative, are factors to consider when a system is selected

for a specific reaction.
4.4 Conclusions andFuture Perspectives

The thermochemistry of CuO/ZnO supported on octaphenyl silsesquioxd®@$S) and
dodecapbnyl silsesquioxane (BPOSS) was investigated to evaluate the suitability of these
materials as potential suppefdr metal oxides in catalytic aetions. Both materials are thermally
stable to about 450 °C. Furthermore, the CuO/ZnO/POSS composites of these silsesquioxanes are

also thermally stable talmostthe same temperature, but the presence of the metal oxides
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accelerates the degradation o Bupports and increases the mass loss compared wsihpihert

The crystal structures of both POSS molecules are thermally stable to about 500 °C, above this

temperature, the siloxane cage is destroyed. The compositeBOSS, with a ratio of 20 % and

above, protect the crystalline features of the cage. Finally, as the composites have high thermal

stability in an inert and oxidative atmosphere to around 450 °C, these supports could be extended

to other catalytic systems that require hydrophobic anthtléy stable supports.
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Chapter 5Rapid, MetalFree, Catalytic
Conversion of Glycerol to Allyl Monomers and

Polymes

Abstract ’

With expanding biodiesel and oleochemical industries, glycerol is produced as main
co/byproduct. The expansion of glycerol applications isfasémost importance especially
selective conversion methods using low energy consumption, shorter times, and high yield are of
great interest. Here, we report the rapid and selective conversion of glycerol to allyl alcohol in a
single step using microwavéMW) irradiation through a formic acithediated metafree
deoxydehydration reaction. First, athfeee ct or BoxT Behnken response
to assess the influence of three independent variables including time, temperature, and molar ratio
of formic acid/glycerol on the allyl alcohol yield. Then, under optimized conditions, about 84%
glycerol conversion to allyl alcohdD66%) was achieved in 10 min at 28D using a glycerol to
formic acid ratio of 1:1.57. Furthermore, the allyl alcohol wasveaed to allyl formate, allyl
phthalate, and their correspondent polymers. The synthesized monomers and polymers were
characterized by proton nuclear magnetic resonance spectrosebpMR), attenuated total
reflectanceFourier transform infrared specsicopy (ATRFTIR). The polymers were further
characterized by differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA), and
size exclusion chromatography (SEC).

Keywords: alcohols, alkenes, allyl alcohol, formic acid, glycerol, microwaatymers

" This work was published dderrero YR, Ullah A. Rapid, metdiiee, catalytic conversion of ghgrol to allyl
monomers and polymers. ACS Sustainable Chemistry & Engineering. 2021 Jul 2;9(28@59474
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5.1 Introduction

The abundance of glycergl, Scheme 5l) is rapidly increasing due to the growing
biodiesel industry, which generates this polyol as the prime byprdda6t\t %). Its chemical
structure, rich in oxygen, makes it useful for a wide range of chemical reaatiansdatior1i
3], reduction[4,5], esterification[6], dehydration[7,8], and hydrogenolysif®], with numerous
applications in food10], energy[11], pharmaceuticall12,13] and cosmeti¢14] industries.
Chemical transformation of glycerol, in general, employs solid catdlisfso convert glycerol
into more valuable compounds such as hydr¢#&inl 8], dihydroxyacetongl9i 21], propanediol
[22,23], acrolein[24i 26], glycerol carbona&t[27,28] or epichlorohydrinf29,30] However, the
conversion of glycerol to allyl alcohoB(Scheme 8l) [31] has been less intensively studied
despite having immense utility. Allyl alcohd)(is the precursor of valegdded products such as
acrylic acid, allyl monomers, thermoplastic and thermosetting polymers, and the feedstock for a
large variety of specialized chemicals like butanedsois also commercially used in flame
resistant mateais, drying oils, and plasticizers.

The commercial production o3 is sustained on fossil fuel derivatives through the
hydrogenation of propylengerived acrolein, propylene oxide isomerization, or the catalyzed
acetoxylation of propylene over noble metatalystg32]. Unfortunately, these processes have
many drawbacks including unsustainable processmrenewableraw material, and multistep
synthesis. These limitations have motivated scientists to investigate novel green routes for the

synthesis of allyl alcohol from the biogenerated glycerol.

According to some reports, glycerol could be convette® by gasphase transfer
hydrogenation[33,34] using rhenium complex Tca3gl yzed
reaction. However, these methods lead to rapid catalyst deactivation by coke deposition as a result
of elevated reaction temperatuf@6]. Furthermore, rheam is one of the rarest elements on earth
with continuously increasing prices. An attractive métaé route for glycerol conversion 3das
been reported using formic acig, Scheme §) asa DODH agent. Formic acid is a green and
inexpensive feedstock that can be produced from renewable sources like ®fhassarbon
dioxide (CQ) [38]. The formic acidassisted DODH was first reported by Kamm and Marvel with
an all yl al cohol yi el di[38f kbboet, 461 Umé&n as dO&®
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method by performing theame reaction under nitrogen atmosphere and using a narrower
temperature range (2307240 AC) [40].mpLraotveirn go nt,h eZ h
group adopted Kam and Marvel procedure for a continuous distillatioDZdn at 235°C to

synthesis &l alcohol as an intermediate to produce acrylic §8id. The main drawback of the

formic acidassisted DODH is rated to the thermal stability of the acid itself requiring large
excess or multiple additions,. Monbaliuds grou
conditions to 56% yield of allyl alcohol and 6% yield of allyl formate starting from a feedolut

of glycerol and formic acid (2.5 equiid1]. The main difficulty found was the high viscosity of

the glycerol, sedfable B6 in the electronic Supportinghformation (SI) for comparison of

literature reported using DODH.

The use of the conventional distillation to prod@ceom glycerol () not only requires
large amounts or multiple additiaf acid or its salt but is also considered time consuming and
therefore makes it difficult to extend the current methodologies to industrial processes. Hence, less
energy intensive, highly effective, and rapid methodologies are required to utilize pfyoaro

the biodiesel industry to add value and enhance its sustainability.

Microwave (MW) chemistry is known for assisting ionic compounds and polar molecules
by dielectric heating with short reaction time, high reaction rate, and yield. Conventiomad heat
techniques such as hot plates and oil/sand baths take longer times to reach the desired temperature
by convection, leading to a thermal gradient throughout the reaction mixture with nonuniform
reactiond42], which may create undesired byproducts. Microwaves have been reported from 1.5
to 100 times more energy efficient compared to conventional techno[d8je3 he microwaves
are electromagnetic radiations with both electric and magnetic components. Dramatic rate
accelerations using microwaves could be due to thermaltgffepecific thermal microwave
effects, and nonthermal microwave effefpdd]. More recent investigations suggest that the
dramatic rate accelerations of reactions, enhanced product selectivity, retecgy costs of
reactions, and control of materials properties are more likely due to the dielectric relaxation
phenomenorj45,46] We compared the energy consumption in a teespiential addition of
2 to 1 using conventional heating and microwave hegatirhe microwave heating was >16 times

more energy efficient compared to conventional heaseglable B1, S).
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Herein, we report formic acidssisted DODH of glycerol under microwave heating
without using any other solvent. Both reagents are polar molecules with a high dielectric constant
(glycerol, U = 4 2[47% which malesithem suitable t be rdpidly=hedbed by 2 )
the microwave (MW) electromagnetic radiation. This microwassisted method leads to
efficient conversion with rapid production of allyl alcohol (56% yield in 10 min). We further
envisioned using allyl alcohol3) as an intermediate to prepare allyl formatg, (diallyl
phthalatel(6), poly(allyl alcohol) 8), poly(allyl formate) 9), and poly(diallyl phthalate)1Q) via
microwave dielectric heatingS€Cheme 8l). The conversions of glycerol under solvémete
conditions and using microwave irradiation, as safer energy transfer, are efficient and sustainable

in terms of energy consumption, toxicity, substrate, and solvent use.

o/\»/ oH
U\/"‘\‘\\\
Paly allyl ale nhnl| lB Fhthalic O

anhydride { 5) H,S0, Dlalh.'lphthalate (6) Monaoallyl phithalate (7)

HO g
OH Formic acid {2) OH HO x[]
HD\)\/DH {)Q\\/Q\/l\/OH HO._\/_/-\_\ :
Glycerol (1) ; Glycerol formate L1a‘H 5 AII)I alcohal m
Fa TN o o " A
f.»-" r|0 “»g.
- F g~
Allyl formale (4)
Poly (allyl formate) (9) Paly (diallyl phthalate) (10)

Schemeb5-1 Glycerol DODH to allyl alcohol3) and further conversion to allyl monomers and

polymers.
5.2 Experimental Section

5.2.1 Materials

Glycerol (1, SigmaAldrich, 99.5%), formic acidq, SigmaA | d r i c h allyl &co®l%) |,
(3, SigmaA | dr i c h - (tri;metdysblyl)-1-prepanesulfonic acid sodium salt (DSS, Sigma
Aldrich, 97%), deuterium oxide @@, SigmaAl dr i ¢ h, il100 %o, 99. 96 at
sulfoxided6 (DMSOds, SigmaAl dr i ch 1100 %, D), chl®@afcgrgl; (GDCle m %
SigmaAl dri ch, A100%, 0 9 9-ds&CE30R,tSigmmaA %d Di) ¢ h med h@&® %W,
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atom % D), acetonds (CD3COCDs, SigmaA |l dr i ¢ h, R100%, 0 99. 96 at o
(H2SQ, SigmaAl dr i ¢ h, 957 98 %) ,5 SjgrhaAh a@lrii c ha ©®®WYdw i, det h
(anhydrous, Sigmdaldrich, 99.8%), hexane (anhydrous, Sigma dr i ¢ h, 099 %) , n
(anhydrous, Sigmaldrich, 99.8%), tetrahydrofuran (THF, Sigp#ddrich 99%), tertbutyl
hydroperoxide solution (TBHP, Siga#ddrich 70 wt % in HO), benzoyl peroxide (BPO, Sigma

Al drich, ©098%), and silica gel for chromatogr :

used as received. Optical borosilicate glasses were purchased from Fisher Scientific.
5.2.2  Microwave-AssistedGlycerol Converdon to Allyl Alcohol

Reactions were carried out in the DiscoverTM System (CEM Corporation) with a 50 mL

round bottom vessel (Pyrex glass) connected to a fractional column, reflux condenser, and four
collection vessels. A typical reaction consisted of 3df 1 (350 mmol, 99.5%) and 7.8, 15.6,
234 mLof2( 207, 41 4, and 620 mmol , 09 8 %) , respect
maximum stirring speed using a magnetic bar and a microwave power of 200 W. Reaction
temperatures were measured by an inttaemperature sensor. Samples were collected after
cooling the reaction, quenched with solvent, and stored in a freezer until nuclear magnetic
resonance (NMR) analysis was carried out the same=ia\B(1, SI). DSS in DMSQGds was used
as an internal standard in NMR analysis. The yield of the allyl alcohol was calculated by the
following equation
Ois0 % B X € Qoo

Rox Qs

Uiy

Q0% = 100 x

Eq. 51

where

Nsta = moles of internal standard (DSS)

Iaa = proton integral area of the signal at 4.99 ppm on allyl alcohol
NHstd = Nnumber of hydrogens associated with the standard peak
Ista= proton integral area of the signal at 0.00 ppm on DSS

nHaa = number of hydrogens associated with the allyl alcohak pe

Ngiy = initial moles of glycerol.
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5.2.3  Microwave-Assisted Glycerol Conversion to Allyl Formate

Twenty milliliters of3( 294 mmol , 099 %2( 2™ mmal2, mD9 8o%)
placed in a 50 mL round bottom flask in the microwave reactor. The flask wasctamhihe a
reflux system. The reaction was carried out at 60 °C for 30 min using 200 W MW power. After
the reaction, water was added and two layers were formed, which were separated with a separation

funnel.
5.2.4  Microwave-Assisted Allyl Alcohol Conversionto Diallyl Phthalate

In a round bottom flask, 24.6 g6 1 00 mmol , 09325 1Mmal ,mLO DA
and 0.25 mL of 1% 5Oy were added. The flask was then placed inside the microwave reactor,
connected to a reflux system, and the reaction was carrieat 86t °C for 20 min using a MW
power of 200 W. After the reaction, the reaction mixture turned orange, the water was then added,
and two layers were separated. The organic layer containing diallyl phthalate was neutralized with
NaHCQ. Diallyl phthalate (6) was then purified by column chromatography using ethyl
acetate/hexane (20:80 v/v) mixture as eluent with a progressive increase in the ethyl acetate ratio
of 1 to 20 v/v %.

5.2.5  Microwave-Assisted Poly(Allyl Alcohol) Synthesis

In a 10 mL MW glass vial equigd with a magnetic stir bar, 4mL8( 6 0 mmol , 099"
and 4 mmol of TBHP (0.75 mL, 70 wt % in®) were added. The resulting solution was purged
with nitrogen for 20 min (10 min inside the sc
and the eaction vial was then placed in the cavity of the microwave instrument, and the
temperature was programmed to 130 °C for 10 min using a MW power of 200 W. After 10 min,
the polymerization was quenched by ceasing microwave irradiation, removing the wigh&o
instrument, cooling and exposing the reaction solution to air. The polymer was then purified via

vacuum distillation.
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5.2.6  Microwave-Assisted Poly(Diallyl Phthalate) Synthesis

In a 10 mL microwave reaction vessel, 1 mL&{4.55 mmol) and 0.04 g of BPO
(0.15mmo !l , 098 %) were mixed. The vessel was seal
reaction was carried out at 100 °C for 5 min using a MW power of 200 W. A yellow polymer was

obtained, which was washed with methanol and dried in an oven atf802€h before testing.
5.2.7 Instrumentation

527.1 Attenuated Total ReflectanceFourier Transform Infrared
Spectroscopy(ATR-FTIR)

Absorbance spectra were recorded at''aroom t
16 scans and a resolution of 4'éwi t h a Bruker U FTIR spectrop
Esslingen, Germany) equipped with a siAgteince diamond ATR crystal. The sample8 ahd
4 were collected and analyzed immediately. The samples were covered with an optical borosilicate
glass covelto avoid early evaporation. The reaction betw@eand 3 was followed at room
temperature for 1 h at different concentrations covered with an optical borosilicate glass.
Corresponding spectra of the optical borosilicate glass were measured and sufstactbe
spectra of the samples. Baseline correction was applied to the subtracted spectra. In the case of the
study of the3 and4 reactions at room temperature, a Norris Gap Derivativethod[48] was
employed with segments oféhd a gap of 2 between segments. The manipulation of the spectra

was done using Nicolet Omnic software (version 8).
5.2.7.2 Differential Scanning Calorimetry (DSC)

The thermal properties of polymers were investigated by differential scanning calorimeter
using a 820 Modulated DSC, TA instrument, United States in a nitrogen environment. The
calibration of the instrument was performed with indium as a standard sample. All samples were
tested in a temperature range-2% to 300 °C at a heating rate of 10 °ChhiiThe samples were
analyzed in sealed aluminum pans previously w
were performed following the ASTM E13%8 (2014) standard procedure.
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5.2.7.3 Thermogravimetric Analysis (TGA)

The thermal stability of polymers was studiedthermogravimetric analysis TGA Q50
(TA instrument) under a nitrogen flow of 100 mL rriaccording to the ASTM D38502 (2012)
standard. The temperature range was from 25 to 600 °C at a heating rate of 16.“Craisample
was wei ghed ( adedidt®an algninunmapard The weight loss of the sample was

measured as a function of temperature.
5.2.7.4 Proton Nucleic Magnetic Resonancé'H NMR)

Spectra were collected using a Varian Inova spectrometer (Varian, CA) at 400 MHz and
26.9 °C. Samples wengrepared by adding 50 mg of sample in 0.75 mL e®DDMSO-ds,
CD30D, CDsCOCD;, or CDCE-d. Quantitative analysis was performed with 5 mg of DSS as an
internal standard in DMS@s.

5.2.7.5 Gel Permeation Chromatography(GPC)

The molecular weights of allyl polymermgere determined using a GPC system with
Styragel HR5E GPC column (300 x 7.8 mm i.d., particle sizempbWaters Corporation). The
instrument used an isocratic Agilent 1100 pump (Agilent Technologies; CA) with an evaporative
light scattering detector (Aéch ELSD 2000, Mandel Scientific Company, Canada). THF was
used as an eluent at a rate of 1 mL'fisample concentrations 0.5 mghiland injection volumes
were 1CeL. The Agilent Polystyrene EasiVial A% standard kit with known molecular weight in
ther ange of 7701113 300 g moli11 and the polydis
curve by the Agilent GP@ddon Rev. B. 01.01 software.

5.2.7.6 Electrospray lonization Mass Spectrometry(ESI-MS)

The analysis 06 and7 was conducted on Agilent Techngles 6220 oaTOF (Santa Clara

California) mass spectrometeegFigs.B-2 andB-3, Supporting information (SI)).
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5.2.8 Experimental Design for Optimization of the DODH of Glycerol
Using MW

The response surface methodology (RSM) wseduto optimize the conditions for the
DODH of glycerol using MW irradiation. The experimental design and statistical analysis were
carried out using the Design Expert software (11.1.1.0;E%ts¢, Inc.). The experimental plan
was based on tDesgn (BRDY which has keemused to achieve the maximum
efficacy for an RSM involving three variables at three different levels. In the present study, the
effects of the three independent variables at three levels (A, temperatures of 200, 230, 260 °C; B,
molar ratio FA/Gly of 0.6, 1.2, 1.8; C, irradiation time of 10, 20, 30 min) was investigated.

The number of experiments designed was 17 with five center points to allow calculations
of the response function at intermediate levels. The experimental desigesults are shown in
Table 51. The conversion df, selectivity of3 and4, and formic acid recovered after the reaction
are recorded ifableB-2 (SI).

To study the mathematic relationship between the three independent variables and the
responses, a quadratic polynomial equation was &Esedh@). A multiple regression analysis was

performed to obtain the coefficients and solved the equations to predict the responses.

O=To+T W +ToUp+T U+ T pUWhUb +T 13U UL +T 23UbUbyT 116 +T 22GE +1 2308  Eq. 5.

where
Y predicted yield percent
bo constant
b1, b, bz linear coefficients
b2, i3, bz interaction coefficients between the three factors

b1, b2, b3z quadratic coefficients
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Table 5-1 Box-Behnken design matrix for coded values and experimental and predicted values for

allyl alcohol (3) and allyformate (4).

Code A B C 3 3 4 4
[°C] [FA:Gly] [min] Yield Exp. Yield Yield Exp. Yield
[%0]2 Predicted [%0]2 Predicted

[%] [%]

1 260 1.8 20 48.93 49.21 2.34 2.34
2 230 1.2 20 43.39 43.29 2.01 2.00
3 200 1.2 10 33.49 33.52 2.14 212
4 230 1.2 20 43.34 43.29 2.01 2.00
5 230 1.8 10 47.62 47.29 2.55 2.55
6 200 1.8 20 35.20 35.49 2.67 2.69
7 260 1.2 30 39.93 39.89 1.95 1.97
8 230 0.6 30 35.59 35.92 1.24 1.24
9 230 1.2 20 43.24 43.29 2.00 2.00
10 200 0.6 20 31.75 31.47 1.18 1.19
11 200 1.2 30 42.41 42.36 2.24 2.24
12 260 1.2 10 54.52 54.57 5.47 5.04
13 230 0.6 10 35.86 36.10 1.7 2.04
14 230 1.8 30 41.87 41.63 6.77 6.43
15 230 1.2 20 43.56 43.29 3.77 4.04
16 260 0.6 20 36.62 36.32 1.86 1.95
17 230 1.2 20 42.94 43.29 3.71 4.04

2 Determined byH-NMR using DSS as internal standard in DM8§&
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5.3 Results andDiscussion

5.3.1  Ambient Temperature Interactions of Glycerol with Formic Acid and

MW Conversionof Glycerol to Allyl Alcohol

The DODH of alcohols (diols and triols) can be carriedusing formic acid when heated
above 200 °C, and the reaction is reported to proceed via cyclic carbocation intermediate
formation,(40) as illustrated irScheme 2.

HO A

HO OH

3 N
CO, + HCOOH#
H,O o)
Sy

H

(o
HO+ (0]
HOQ H HO\/@O/
‘1d
HO.' _H
b
9

I

N
HCOOH

HO o

0]

T

1b 1c

Scheme5-2 Schematic mechanism for the assidfauinic acid ) deoxydehydration of glycerol

(D).

Initially, the mixture ofl and2 undergoes an equilibrium reaction with the removal of one
molecule of water tproduce glycerol formatd § Scheme 8). This mixture was studied at room
temperature under nitrogen. Samples were withdrawn at 5, 10, 15, and 20 miH, MNtR
analyses werperformed Fig. 5-1a). The spectra of total correlation spectroscopy (TOCEX) (

B-4, Sl) and heteronuclear singh@antum coheremc adiabatic (gHSQCAD)Hig. B-5, SI)

showed the presence of new peaks at 3.63, 3.95, 4.12, and 8.19 ppm as a function of time. The
TOCSY spectrum demonstrated correlations between H27 with piftHi29 when the proton at

3.63 ppm in the crude sample was excited. TOCSY confirmed one molecule of formic acid

assisted dehydration of glycerol from a terminal hydroxyl group even before heating the sample.

132



A) H H‘\ /DH B)

Ho oM ‘ Thermometer
/ OH

HO\\./, ~ /C_)HHO. 2\\0 RN - -~

H o HH W fo B 25 Y 780910112820
1 1a

Water out

27*] Residual
DMSO-d,

l Standard DSS |

Fractional column

20 min N Vacuum

15 min | 'm |

10 min

5 min

Collectionvessel

Glycerol

—
-1 Glycerol
100 90 80 70 60 50 40 30 20 10 00 '
Formic acid

Chemical shift (ppm)

Figure 5-1 (a) 'H-NMR of premixture of FA:Gly in DMSQGds under nitrogen at room
temperature at different mixing time®) Microwave reactor setup.

Later, trials were performed withand2 using a distillation calmn attached to a reflux
system using the microwave as a heating soufee 200 °Ct = 20 min, FA/Gly = 0.6). The
distillation products were a mixture d&(12.1%),3 (17.6%), and} (2.5%) (Fig. 5-1b) Even
though3 has the highest percentage in the mixture, the preserdedrothe distillation products
is aligned with previous studies that require temperatures af2280°C to favor the second
dehydration leadingptcarbocation and then attacked by the carbonyl oxygen of the second formic
acid molecule to provide adcyloxy-1,3-dioxolane 8d, Scheme £) which is further transformed
to 3 and one moleculef 2 is regenerated.

Another set of trials was performed using a fractional column connected to the distillation
system. Although the condensation of the mixture of wateand3 affected the stability of the
temperature and the microwave power duringe threfluxing, the % vyield of
component8 and4 increased to 31.9 and 3.2%, respectively, leaving only tracéa. dfhe
cooling and condensation of the upflowing vapors in the fractional column allowed the reaction

mixture to carry out the DODH dfwith aminimal loss of reactants.
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5.3.2  Optimization of Glycerol Conversion

Inspired by these results, we proceeded to optimize the DODH%Ihg the microwave
assisted fractional column. Furthermore, we studied the interaction between three independent
variables, which are critical in the DODH bkuch as temperature, FA/Gly, and time. A response
surface methodology (RSM) was employed. The experimental plan was basedi @elRtken
design (BBD) which has been used to achieve the maximum efficacy R8nnvolving three
variables at three different levels, {emperatures of 200, 230, 260 &;;molar ratio FA/Gly of
0.6, 1.2, 1.8; and C, irradiation time of 10, 20, 30 min).

5.3.3  Model Comparison Table

The experimental data was fitted in linear, #f&otor interaction, quadratic, and cubic
models to evaluate the best model tledtto logical and consistent resuli&ble5-2 shows the
comparison among the different models and their comparisoneéetihree different tests:
sequential model sum of squares, lack of fit tests, and model summary statistics. Based on the
results ofR?, adjusted??, predicted??, and the standard deviation, the quadratic model was the
best model fitted for % yield of gll alcohol.

The model was evaluated based on the experimental data to check if the estimated model

would provide logical results.
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Table 5-2 Sequential model fitting for yield percent of allyl alcoh®). (

Sequential Model Sum of Squares

Source Sum of Squares DF Mean Square F-value p-value Remarks
Mean 28843.92 1 28843.92

Linear 332.53 3 110.84 6.07 0.0082

2FI 165.38 3 55.13 7.65 0.0060

Quadratic 71.14 3 23.71 188.41 <0.0001 Suggested
Cubic 0.6672 3 0.2224 4.16 0.1011 Aliased
Residual 0.2138 4 0.0535

Total 29413.85 17 1730.23

Lack of Fit Tests

Source Sum of Squares DF Mean Square F-value p-value Remarks
Linear 237.18 9 26.35 492.95 < 0.0001

2FI 71.81 6 11.97 223.86 <0.0001

Quadratic 0.6672 3 0.2224 4.16 0.1011 Suggested
Cubic 0.0000 0 Aliased
Pure Error 0.2138 4 0.0535

Model Summary Statistics

Source Std. Dev. R2 Adjusted R2  Predicted R? Press Remarks
Linear 4.27 0.5835 0.4873 0.1658 475.44

2FI 2.68 0.8736 0.7978 0.5075 280.68

Quadratic 0.35 0.9985 0.9965 0.9807 11.01 Suggested
Cubic 0.23 0.9996 0.9985 - Aliased

aBold values show the higher significance.
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5.3.4  Fitting of the SecondOrder Polynomial Equation for Allyl Alcohol
% Yield

When theresponse ratio is greater than 10, usually a transformation is required; in the case
of 3, the response ratio was only 1.72, where no transformation was required. After fitting the data
to the quadratic model, the equation explained the relationship anmaeendent variables and

their significance in the system.

A, B, C, AB, AC, BC, &, B? C?as all of thep-value are < 0.0001, means the model is

significant, as well all of the model terms.

w00 = 15446807+ 1.118702 "Y+ 8.3450421 + 4.353262 0+ 0.1231832"Yzi 0.019593
z"Yz & 02284142120 0001565z"¥ 1044331212+ 0.007031
z ¥ Eq. 53

5.3.5  Fitting of the SecondOrder Polynomial Equation For Allyl Formate
% Yield

The ratio response df % vyield is 5.14. When the initial model is fitted without any
transformation and the analysis of variances (ANOVA) is applied, theaxtest suggest

applying a squar e r finalequationfitting guadeaticthe €quafion below.i n g t

"Yji &) 6°0 = +0.585221 0.013008z “Y+ 3.681612 1 + 002771320 00076152 “Yz i
0.0003282 "Yz 9+ 0006876721 z 0+ 00000602 "¥ 0.4363317 |2
+0.0008812 7 Eq. 5.4
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5.3.6  Statistical Analysis

After the model was selected based on the fitting of the experimental data, an analysis of
variances (ANOVA) was applied to evaluate the model and the significance of eachtenadel
based on the-palue. The pvalues of both model equations 08 and5.4, shown inTablesB-3
and B-4 (SI), respectively, indicate that linear, quadratic, and interactive coefficients are

significant terms in the models.

In the case of a 3% yield, the modelvalue of 502.36 indicates that the model is
significant. The &ck of fit F-value of 4.16 and the correspondertgiue of 0.1011 was not
significant as it was smaller than the pure error of 0.2138. The determination coeffent (
adjusted determination coefficierR:f), and the predicted determination coeffi¢i€R,?) were
also considered to evaluate the fitting of the model. As can be s@abln53, theR? = 0.9985
of the quadratic model indicates that the model has a good fit. The adjustedirtiterm
coefficient R#) and the predicted determination coefficieR§? are also in agreement; as is
suggested, both should be within 0.20 of each other; otherwise, there may be a problem with either

the data or the model.

In the case of the modé) the determination coefficient has a value of 0.9985. The
difference between the adjusted and predicted determination coefficient for the allyl formate model

is also <0.2, suggesting an adequate agreement between the model and the data.

Table 5-3 The determination coefficienRf), adjusted determination coefficieR4?), and the

predicted determination coefficierRif) for % yield of allyl alcohol ) and allyl formate4).

R? Adjusted  Predicted Mean®° SD CV, % Adequate
R&? Rp? precision
Allyl 0.9985 0.9965 0.9807 41.19 0.8613 84.8902
alcohol
Allyl 0.9997 0.9993 0.9963 1.99 0.6195 158.1618
formate
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5.3.7 Diagnostic ofModel Adequacy

The obtained model underwent further analysisdafirm its validity. The normal %
probability plot of residuals, the BeRox, the predicted versus actual values, the residual versus
predicted values, the residual versus run values, the externally studentized residual versus factor
pl ot s, a nahce@latsoneré analyded $o estimate the adequacy of the models. The normal
% probability versus the studentized residual plot is linear indicating the normality of the residuals
(Fig. 5-29) for 3. Fig. 5-2b shows a random distribution of the predicted values versus internally
studentized residuals to get a satisfactory m
values Fig. 5-2¢). There were two influential points out of the limits (runs 5 and 83.fém the
case ofd, there were no points out of the limits, but four values were close to 1, indicating the high
influence of these points if they are removed from the model. TheCBaanalysis indicates that
no transformation was required for tBenodel. In the case d it indicates that the best results
for normality were reached with Lambda values betweé® @nd 0.85 after power transformation

with the best value of Lambda equals to 0.66.
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5.3.8  Effect of themodel Termson the % Yield Of Allyl Alcohol

The threedimensional (3D) response surface plots obtained for thalat¢d models were
used to analyze the interaction of the independent variables. These plots were drawn by keeping
one variable constant and investigating the other two factors in their FAgge.3 shows that all
relations among the variables are nonlinear as previously sha#gsif2 and5-3. The surface
plots cemonstrate that the yield 8fincreases with the increase of temperature in the range studied.
When the molar ratio increases, the yiel@afcreases too, but when the molar ratios are above
the optimal level, the yield & decreases. Thisehavior is aligned with the relationship between
the molar ratio and the yield df When the concentration @fincreases, the yield dfincreases,
reducing the yield 08. This suggests that a higher molar concentratiédithe collection vessel
will displace the equilibrium to favor the formationbfinterestingly, the temperature is a factor
that does not affect the yield 4fas allyl formate is produced at room temperature in the collection
vessel. On other hand, time is a factor with a Iofluence on the yield & and4. This fact was
observed during experiments; it was noticed that the distillation stopped at around 10 min once the
temperature reached 260 °C. The use of the microwave as a heating source improves the DODH
of glycerol by relucing the reaction time to 10 min compared to the previously reported reaction

time of 2 h in a continuous flow or up to 6 h with multisequential additio@431f].
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5.3.9  Optimization and Verification of the Model

The regression equation was used to confirm the validityeomodel and to calculate the
optimum conditions to increase the yield3adn Design Expert software. The optimal conditions
were 259.84 °C, 10.84 min, and FA/Gly = 1:1.57. The predicted valBemder these conditions
was 57.08%. The experimental ylebf3was 56.19 + 0.35%, which was within the 95%
confidence intervalTl{able5-4). Consequently, the outcomes obtained by BBD were accurate and

reliable, and had practical implementation.

Table 5-4 Confirmation of the validity of the model at thréiéferent locations in triplicate.

Temperature  FA:Gly Time Response Predicted Std 95% Experimental 95%

(°C) ratio (min) % Yield Mean Dev Pl low Data* Pl

high

259.84 1.57 10.84 AA 57.08 0.35477 56.19 56.43 57.98
AF 5.89 0.05998 5.74 5.75 6.04

Total 62.84 0.37469 61.90 62.04 63.79

250.00 1.61 10.27 AA 54.71 0.35477 53.90 54.17 55.53
AF 5.97 0.06036 5.83 5.86 6.11

Total 60.58 0.37469 59.72 60.01 61.44

233.79 1.67 10.00 AA 49.061 0.35477 48.27 49.38 49.85
AF Yield 6.13 0.06120 6.00 6.096 6.27

Total 55.14 0.37469 54.30 55.47 55.97

Note: For convenience, temperatures and times were rounded off to the nearest whole number

during experiments.
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5.3.10 Microwave-Assisted Conversion of Allyl Alcoholto Allyl Formate

Hence, the formation affrom 3 and2 was investigated in situ using ATRTIR at room
temperature for 55 mirF{g. 5-4). The evolution of acyl vibration band 4{ Soic = 1273 cnm)
verified the formation oft at room temperature over a period of 55 min. This éxglains the
formation of allyl formate in the collection vessel at room temperature when allyl alcohol is
prepared from glycerol using excess formic acid. The excess of recovered formic acid in the
collection vessel reacts with the alcohol to producesiter. This is contrary to the findings of the
previous reporf49], where3 is produced from glycerol in excess ofrfac acid through glycerol

diformate.

55 min
50 min
45 min

40 min
35 min

1

1

1
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Figure 5-4 ATR FT-IR of allyl formate 4) from allyl alcohol 8) and formic acidZ) at room

temperature.
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Further, the reaction betwe8rand2 was studied under coamtional heating (60 °C,
30min). Samples were taken every 5 min and analyzed immediately. After 20 min, a higher yield
of 4and a reduction in the intensity of the characteristic bar@l(afo= 1110 cm!) was
observed. As the reaction evolved, teguilibrium of the reaction was constantly shifting
betweerd and3 and vice versa. This phenomenon prompted to3wse a precursor for the

synthesis off, which is used as a solvent in sprays lacquers, varnishes, anpdaittsf50].

Further, we explored the esterification3xo 4 using the microwavassisted operessel
reaction under reflux (60 °C, 30 min). Water was added to the mixture after the reaction and two
layers wee formed. The top layer wdsand the bottom layer contained unreacted reagents: ATR
FTIR (Fig. 5-5) analysis confirmed the formation 4fvith the peaks at 1720, 1648, and 1273
cmit. The G H band of3 (3307 cm?) disappeared after the two layers separation and recovery
of 4.

4 after separation o

4 at 30 min MW

4 at 0 min

f T T T T T v T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5-5 ATR FT-IR of allyl alcohol @), formic acid 2), and allyl formate4) at 0 min, 30 min

after microwave treatment, and after separation. (200 W; 30 min; reflux).
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Figure 5-6 'H NMR of raw product (bottom) and TOCSY of excited proton at 4.61 corresponding
to allyl formate §) (top).

The!H NMR analysis was performed to characterize the final product, as shdwam 6. As
the spectra a8 and4 have overlapping peaks, an excitation of the proton at 4.61 was performed

to identify the coupling protons correspondingtto
5.3.11 Microwave-Assisted Polymerizationof Allylic Monomers

The polymerzation of allyl monomers is a challenging task as it has been previously
reported that the chain transfer between the allyl monomer and the growing chain can terminate
the growing polymer and the kinetbain[51]. The polymerization 08, 4, and6 into poly(allyl
alcohol) @), poly(allyl formate) @), and poly(diallyl phthalate)1Q) were performed in a
microwave reactor under solveinée conditions using adecal initiator. Results are summarized
in Table5-5.
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Table 5-5 Polymerization of allyl alcohol3), allyl formate &), and diallyl phthalateg] initiated
by tert-butyl hydroperoxide TBHP) or benzoyl peroxideBPO).

Temperature Time Mw
Entry  Monomer Initiator M/ Condition
[°C] [min] [g/mol]
12 3 TBHP 100/6 N2 130 480 941
2b 3 TBHP 100/6 N2 130 10 2531
3P 3 TBHP 100/6 N2 130 10 1155
4b 3 TBHP 100/6 N2 130 20 1169
5P 3 BPO 100/4 N2 130 20 906
60 30 806
6° 3 TBHP 100/6 N2
100 15
70 4 TBHP 100/8 N> 130 20 1201
8P 7 BPO 100/3 N2 100 5 37576
2Qil bath

® Microwave, CEM DiscoverTM, 300 W maximum magnetron output power

The polymerization of allyl alcohol was carried out at 130 °C under nitrogen in a sealed
tube using terbutyl hydroperoxide obenzoyl peroxide as an initiatoFif. B-6, SlI). The
characteristic band of unsaturation in the IR spectra at 1644gemerally disappeared but was
only observed in some polymers indicatingcés of monomer left in the mixture after
polymerization Fig. 5-7). A typicd *H NMR spectrum of the synthesized polymer is presented
in Fig. 5-8. The spectrum shows the peaks at 1.18, 1.51, 3.36, and 3.54 ppm for the methylene and
methyl moieties of the main chain and the hydroxyl and the methylene moiety of the side chain,
respectively.
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Figure 5-7 ATR FT-IR comparison of allyl alcohol3j and poly (allyl alcohol)&) (Table 55,
entry 1, entry 2, entry 3, entry 4, and entry 5).
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Figure 5-8 'H-NMR poly (allyl alcohol) 8) (Table 55, entry 2) in CROD.
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After preparing allyl alcohol polymers via microwave heating and conventional heating, it
was a nothle difference in the molecular weighiable5-5, entry 1 versus entry 2) of the polymers
prepared with both methodsig. B-7, Sl). The microwawassisted polymer had 2.7 times higher
molecular weight than the polymer prepared using an oil bath and MW polymerization took a

fraction of time (ca. 48%) of the oil bath polymerization reaction

Allyl formate (4) was polymerized with tettutyl hydroperoxide{able5-5, entry 7). The
FT-IR analysis confirmed the polymerization after the band corresponding to the alkenyl stretch
at 1646 crht' disappeared in the polymer and the carbonyl stretching band at 171idcm®ased
in intensity Fig. B-8, SI).*H NMR was performed to corroborate the polymerizatios. &fig. B-
9 (SI) shows the disappearance of allylic hydrogen at 5.80 ppm, which agrees witR TARR
data where CO®C disappeared. The new peak at
methylene group further confirmed polgnration. The molecular weight of the polymer was
investigated by GPCF{g. B-10, SI), showing the molecular weight of tB¢Mw = 1201 g mdH)

in the same order as tBgolymers previouslyidcussed.

The synthesis and characterization of poly(allyl phthalate) was also carried out using MW
heating. The discussion and characterization are provided in the Supplementary Information

(please sekigs. B-11- B-15, Sl). The thermal transitions and degradation behaviors of all

synthesized polymers were determined using DSC and TGA. Please see the Supplementary

Information for disassion and thermogramBi€s.B-16 andB-17, SI).

5.4 Conclusions

In summary, this work presents a rapid, méta¢, microwaveassisted deoxydehydration
of glycerol to allyl alcohol using single addition of formic acid as a hydrogen transfer agent without
any additonal solvent. The DODH reaction of glycerol was optimized using a-thoter, three
level Box Behnken design and successfully completed within 10 min at 259 °C widiyhn
alcoholyield of 56%, a substantially short time with a high yield and >16 tilees energy
consumption. The conversion of glycerol and yield of allyl alcohol depends on reaction conditions,

such as temperature and molar ratio of formic acid to glycerol. The time of the reaction did not
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play a significant role in the DODH reactiomioe suggesting a more enefgf§icient process for

allyl alcoholproduction using a shorter time.

Furthermore, microwave heating was applied to accelerate the synthesis of allyl derivates
like allyl formate, diallyl phthalate, and their polymerization®inbrresponding polymers such
as poly(allyl alcohol), poly(allyl formate), and poly(diallyl phthalate) with short reaction times
(<30 min). These results prove that glycerol being inexpensive, abundantly available, and
renewable represents a great oppatyuior an efficient and rapid production of allyl alcohol and
its derivates, which can be converted to polymers using microwaves as an alternative heating
source. The rapid, sustainable, and effective conversion of glycerol to monomers and polymers
may open new routes and opportunities for industrial applications of this promising biorenewable

feedstock.
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Chapter 6 Conclusions anéutureDirections

6.1 General Conclusions

Given the heavy dependence on fossil fuels and their depleting outlook, together with the
contribution of CQ to the atmosphere, new sources of energy, feedstock, and fuels are required.
Biomass is one of the most promising substitutes as it is readily available, renewable, and an
organic carbon source to produce fuels and chemicals. Even though this sustarwdileck
accounts for 9.4% of the global energy sugfly industry and academia are researching to adapt

current technologies and develop new approaches for efficient biomass valorization.

This research investigated two methodsufiizing renewable feedstocks, carbon dioxide
and glycerol, produced as byproducts of established processes. The thesis developed one chapter
as a literature review and three data chapters. Below, we highlight our work's key observations and

findings of ientific value.

The literature review, divided into two sessions, exposed the opportunities and challenges
of the target materials. The research on @®ealedthatthe gap in the research field and the
industry reducing C®to methanol lies in the lactf an active, selective, and stable catalytic
system[2]. For instance, the water producedads/product in the hydrogenation process caused
catalyst deactivation and shoreelt h e act i [8,d]. Gnithe etteibhand,indwanethods are
required to convert the abundant glycerolveduable chemicals, as current technologies are

becoming obsolete and expensive to processriigeproduct[5].

In Chapter Three, a hydrophobic catalytic system was developed to improve CO
hydrogenation to methanol. The structural results unvéiledCuO/ZnO behaves aselectron
donorin the presence of POS@®hereas we could not confirm whether the metal oxides were
endohedral or exohedral even though computational studies reportedletaomplexes as more
stable[6]. The comparison between a hydrophilic matewith a high surface area (reduced
graphene oxide) and a hydrophobic material aitbw surface area (POSS) confirmétit the
hydrophobic character of the support plays a decisiveimaleiving this reaction to completion.
The phenyl ligands attaell to the siloxane cages are respondinieepelling the water formed
as abyproduct. Thus, the metal oxides supported eA@ES with twelve phenyls resulted in a
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higher hydrophobic character, @@onversion, and methanol yieldanthe silsesquioxane

eight phenyl ligands.

Typically, heterogeneous catalysts towards @G@lrogenation to methanol are evaluated
in continuous floweactors ovea widerange ottemperature, time, and presstoerapid route to
scaleup, convenient products evaluatiomnd safer reactions involving gas evolution.
Nevertheless, the initial capital cost of continuous flow reactors is one of the main drawbacks on
this field. Through our catalytic evaluation in Chapter Three, we demonstrated the use of batch
reactor are a @ful alternative for a quick catalyst screening. As in the continuous flow reactors,
in batch reactor mass transfer should be avoided, reaction conditions should be replicated and

monitored to guaranteed reliable results.

In order to understand how theepence of metal oxides affected the stability of the
hydrophobic supports oligomeric silsesquioxanes, Chapter kowestigatedthe thermal
degradation of the new catalytic systems. In summary, the impregnation of the metal oxides
CuO/ZnO does not affeche crystal structure or the vibrational fingerprint of the supports up to
450 °C. However, the degradation rate is accelerated after this temperature, as showed TGA
results. The contrasting results between TGA (inert atmosphere) and FTIR/XRD for the
thermastability evaluation between-BOSS and BPOSS after metal impregnations, suggest
metal oxides had different interaction with the supports. While the metal oxides accelerate the
degradation of both POSS, the cage 4?QSS is not completely loss after 5@ One hypothesis
is the metal oxide are exohedral linked to th@ @SS while on BPOSS, metal oxides are inside
the cages resulting in cage deformation. On both supports, metal oxides could be decorating de

phenyl groupgavoring theformation ofanintercage network

In the third study (Chapter 5), glycerol was used as a feedstoslynthesizeallyl
monomers and polymers. The useafietalfree, microwaveassisted method was explored. This
work confirmedthatmicrowaves could effectively accelerate retéons with polar compounds and
be more energy efficient than conventiohahtingmethodsUsing'H NMR confirmedthatthe
glycerol converts to allyl alcohol through a deoxydehydration with allyl formate as the main
byproduct. We demonstrated the formation of glycerol formasnastial intermediate at room
temperature, soeaching temperatures between 23 °C is required for higher allyl alcohol
yield. Furthermore, the optimization of the method proved that temperature and reagents ratio

influenced the reaction, whereas the reaction time effect wasWallprovedwith a simple
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esterification procedure the formatiohtwo layers to separate allyl alcohol and allyl formate. The
synthesis omicrowaveassisted soluble allyl polymers was perfornred short time. The novelty

of these approaches resulted in a patent to be usednalustrial scale.

In conclusion, ths work established that waste products are suitablkeyfdhesizingine
chemicals and fuels. The conversion ofZ@®methanol provides an opportunity to use a readily
available feedstock as long as the catalytic system is selective, active, andUsaig@henyl
oligomeric silsesquioxanes as hydrophobic supports for Cu/ZnO provides a unique and promising
opportunity, not onlyfor the hydrogenation of Co methanol butor other industrial processes
where water hinders the catalytic properties of fiystem. The environmentally friendly
conversion of glycerol to allyl monomers and polymers praadapid and green approactithe

synthesis of valuaddedchemicals.

6.2 RecommendedVNork

6.2.1 Future Work on CO2 Conversion toM ethanol

(a) Results from the C{hydrogenation to methanol highlightt#thtthe reactions did not
get even close to reaalg the equilibrium of reaction, so the use of a different type of reactar, e.g.
packedbed reactor, to investigate the effect of water vapor deex on the catatic system is

suggested.

(b) The use of flow reactor system will also helimvestigate the recyclability of the

heterogenous catalysis atid conversion data and product selectivity.

(c) The design of the catalysts in this study was limited to equiraataunts of Cu:Zn.
The variation of the ratio of both metals supported on the oligomeric silsesquioxanes will give

more insights ito the reaction mechanism

(d) Various mechanisms have been proposed for Cu/ZnO with different supports, but the
synergisticeffect between these two species is being mentioned as responsibietfanol
selectivity. It is still unknow whether the metals are inside or outside the cage. This gap in our
fundamental understanding between the metal oxide and support interanteing and presents

an opportunity for future fundamental study.
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(e) The metal oxide support interaction acceleratdhe weight loss of the suppsrian
in-situ evaluatiorwith FTIR and Mass Spectroscopf/thenewvolatize products will bring light
to the mechanist question of the thermal stability change in the vibrational and crystalline change
on the POSS pattern.

(f) Using POSS as hydrophobic supports with other metals such as Fe, Co, and Ni will
offer new oppaunities to other industrial reactions hinder by water. These studies wsttuin
spectroscopy such as XAS, XANES, XPS will open a new area of research and expand the

applications of these novel materials in the catalytic field.

(g) Computational studiesre required to support experimental results on nanoparticles
Metal/POSS formations, as well as the tendency for quickly aggregation of the support, support

degradation mechanism, and water/metal oxide/support interactions.

() Comparing different nanoogposites synthesis strategies such as incipient wetness
impregnation, cgprecipitation, grafting, drop casting, vapor chemical deposition will develop a

better sense db tune particle size, dispersion, surface area, catalytic efficiency, and selectivity.

(h) Exploring other type of hydrophobic POSS molecules and combine them with synthesis
methods to increase hydrophobicity and surface area at the same time will be the great interest
towards methanol synthesis from £Bydrogenation and any other type syinthesis reaction

affected by water and thermal deactivation.

6.2.2  Future Work on Glycerol Conversion

(a) Testing of the glycerol conversion method studied in this work usimglastrialfeed
material is recommendedleverthelessthis research should larefully approached. Glycerol
feed from the industry is contaminated with soap, catatystsodium hydroxideln addition,
industrialfeeds add new complexities that may cause problems to the microwave opedaitton
are not necessarily relaténlthe actual glycerol conversion. For instance, the presenaes@ént
catalyst in the feed may change the reaction mechanism. As a result, the yield and sal&ctivity

allyl alcohol will be negatively affected.
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(b) Typically, the synthesis of allyl polymengields low molecular weight hence we

recommend the preparation of-polymersusing allyl alcohol and allyl formate as precursors to

improve solubility to challenging materials.

6.3 Presentations

A list of the publications and presentations in conferendateckto the work developed in

the current research project is presented in the following:

T

6th International Conference and Postgraduate Colloquium for Environmental
Research 2022. University of Nottingham. Oral Presentation: "Polyhedral
oligomeric silsesgioxane as hydrophobic support for heterogeneous catalysis:

CO; hydrogenation to methanol" (June 2022, Malaysia)

ALES Graduate Research Symposium. University of Alberta. Oral Presentation:
"POSS as hydrophobic support for heterogeneous catalysis fomceditxide
hydrogenation" (March 2019, Canada)

Faculty of Engineering Graduate Research Symposium |University of Alberta
Poster Presentation: "Hydrogenation of carbon dioxide to methanol assisted by

Cu/Zn catalyst prepared under microwavadiation" (July 2018, Canada)

SPARK 2017 Conference. SHAW Conference Center, Alberta. Poster
Presentation: "Microwavassisted rapid conversion of glycerol to monomers"
(November 2017, Canada)

5th World Bioenergy Congress and Expo. Hotel Melia Amerimaf€ence Center.
Poster Presentation: "Microwaassisted deoxydehydration of glycerol to allyl
alcohol" (June 2017, Spain)

ALES Graduate Research Symposium. University of Alberta. Poster Presentation:
"Glycerol conversion to acrylic acid assisted by weave heating” (March 2017,

Canada)
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6.4 Publications

A list of the publications related to the work developed in the current research project is presented

in the following:

1 Rodriguez Herrero, Yanet*, and Aman UllahRapid, metaffree, catalytic
conversion ofglycerol to allyl monomers and polymers." ACS Sustainable
Chemistry & Engineering 9.28 (2021): 949485.

1 Rodriguez Herrero, Yanet*, and Aman UlldNletal oxide powder technologies in

catalysis." Metal Oxide Powder Technologies. Elsevier, 20202979

1 Ullah, Aman, and Rodriguez Herrero, Yanet*(2018) Methods for Converting
Glycerol to Allyl Compounds. USP Patent Appl. (62691308) CAD Patent Appl.
(2017059/CA)

1 Rodriguez Herrero, Yanet* and Ullah, Aman (2017) Microwassisted
deoxydehydration of glycerol tallyl alcohol. J Fundam Renewable Energy Appl.
(Volume 7, Issue 4, page 80)
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Appendix A. Chapter3

Supporting information for Hydrophobic Polyhedral Oligomeric Silsesquioxaiseipport

EnhancedVethanolProduction from CQHydrogenation

A.1 Supporting Results
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Figure A-1 XRD patterns ofg) O-POSS and their supported catalysts; dan)dPOSS and their

supported catalysts in the region 6° to 10.5°.

191



Table A-1 Dimension of POSSize over the different concentrations of metal oxide loading after

calcination.
Sample Overall dimension of Body diagonal of the Distance between
POSS molecule POSS cage opposite SiO4 faces
of the silsesquioxane
cube plane
2q (°) dinm)  2q (%) dinm)  2q (°) d (nm)
O-POSS 8.2 11 18.5 0.48 24.5 0.36
CuZn1G0O-POSS90 8.2 1.1 18.4 0.48 24.5 0.36
CuZn2G0-POSS80 8.2 1.1 18.4 0.48 24.5 0.36
CuZn3060-POSS70 8.2 1.1 18.4 0.48 24.5 0.36
D-POSS 7.7 1.2 18.9 0.47 24.6 0.36
CuzZn106D-POSS90 7.8 11 19.1 0.46 24.7 0.36
Cuzn206D-POSS80 8.0 11 19.1 0.46 24.6 0.36
Cuzn306D-POSS70 8.0 11 19.1 0.46 23.9 0.37
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Figure A-2 XRD patterns of the CuZniRGO catalyst,graphene oxide (GO), and reduced
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Figure A-3 XPS survey spectra) O-POSS and CuZn1Q-POSS90;lf) D-POSS and CuzZn10
D-POSS90.
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Figure A-6 XPS high resolution spectra faa)(C 1s for Reduced Graphene Oxide (RGO) and
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Table A-2 Temperature at which supports and catalysts loss 5%, 50%, and theesutite at
890°C from TGA analysis.

Catalyst Tonset Ts Tso Residues at
(5% mass loss, (50% mass loss, 890 °C

(cy ) ) (Wt%6)
0-POSS 440 484 . 727
CuzZn160-POSS90 24 468 554 15.6
CuzZn200-POSS80 339 447 561 34.3
CuzZn3060-POSS70 346 436 585 43.8
D-POSS 481 531 - 77.3
Cuzn106D-POSS90 463 449 592 41.8
CuzZn20D-POSS80 460 445 638 41.1
CuzZn30D-POSS70 440 431 685 44.3
RGO 51 429 - 81.4
CuZnlGRGO90 63 392 - 74.4
Cu0O/zZn0O 347 808 - 91.5
& ASTM E25501 21 fApoi nt I n t h edefldctidA is first pbsesvedwrbne thes
established baselin@]lprior to the ther mal
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Figure A-10 ATR-FTIR profile of the spent CuzZniD-POSS90 after one cycle of reaction.
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A.2 References
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Appendix B. Chapter 5

Supplementary information for &id, Metatfree, Catalytic Conversion ofGlycerol to Allyl

Monomers anéolymers

B.1 Supporting Results

B.1.1 Energy Efficiency Study

DODH of glycerol was carried out in a microwaassisted distillation, and in a sand bath
and energy efficiency comparison wasried ouf{l]. At first, glycerol 40 g (0.4 mol, 99.5%) and
formic acid 9.8 mL (0.26, mol 98%) were charged into a 50 mL round bottom flask and placed in
a microwave vessel, connected to a distillation sysfeablé B1, Entry 1). The microwave was
rapidly amped (10 s) to 24TC and hold for 25 minutes with continuous removal of AA from the
reaction mixture through distillation. A second addition of formic acid was performed after the
system was cooled down through sequential additions of formic acid (0.26, mol 98%) with a
distillation time of 15 minutes. The procedure was repeated for a third formic acid addition and

the distillation happened for 10 minutes.

Further, glycerol 36.4 g (0.4 mol, 99.5%) and formic acid 5.7 mL (0.15, mol 98%) were
charged into a 50 mL round bottdfask and connect to distillation system in a preheated sand
bath at 210 °CTable B1, Entry 2). Two more additions of formic acid were performed during

the distillation. The procedure requireelveral hours to reach completion.

To compare energy balance for both processes, we used a commercial domestic electricity meter

(Awabur metero) to measure the Ronsumed energ
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Table B-1 Comparisorof the energy consumed by sand bath and microwave for the DODH of

glycerol[1].
Ent Heating Glycerol Formic acid Yield tbtotal Energy Energy
ntr
Y method [mol] [mol] [%0] @ [min]® | [kwh]¢ | [kWhmol]
1 Mw¢ 04 0.5 61 54 0.342 1.417
2 Sand bath 0.4 0.5 45 1819 5.672 31.857

2 AA yield determined byH-NMR

b Total heating time. For microwave analysis, this includes the ramp time and reaction time at the
specified temperature. For sand bath analysis, this include the time required for heating the bath to

the specified temperature and the reaction time
“Energy consumption as measured by the Wattmeter for the total heatingtiaje (t

dMicrowave, CEM DiscoverTM, 300 W maximum magnetron output power

As can be observed from thiable B1 the microwave heating experiment required only a
fraction (ca. 22%) of the energy needed for the traditional sand bath per mol prepared of AA. Our
results were not surprising after comparthe striking difference in the total heating time (54 min
versus 1819 min), moreover to the fact that the hot plate and the sand bath itself need to be heated
before the temperature of the reaction mixture is incre@e@onversely, microwave dieleixt
heating affects direct molecular heating of the reaction mixture itself over a relative microwave

transparent reaction vessel (Pyrex glass).
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Figure B-1 1H-NMR of allyl alcohol @) in acetoneds.
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Formula Calculator Results

Formula | Ton Species | Mass T Calc. Mass | m/z [ Calc. mjz | Diff (mDa) | Diff (ppm) | DBE | Ton [ Score |
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Figure B-2 ESIMS of diallyl phthalate®) after purification.

Fragmentor Voltage Source Type
120

Esi

x105
3.5
3_
2.5
2_
1.5+
14
0.5-

-ESI Scan (2.2-2.3 min, 7 scans) Frag=120.0V 18022124.d Subtract

(M-H)-
205.0504

160 170 180 190 200 210 220 230 240 250 260 270 280 280 300 310 320 330 340
Counts vs. Mass-to-Charge (m/z)

Formula Calculator Results

ormula_ | Ton Species | Mass [ Calc. Mass | mjz [ Calc. mjz | Dift (mDa) | Diff (ppm) | DEE Ton Score
[ci1H1004 [ci1Hg 04 | 206.0577]  206.0579]  205.0504]  205.0506] 0.19] 0.9] 7|M-H)- | 7158]

Figure B-3 ESFMS of monoallyl phthalate7] after purification.
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Table B-2 Deoxydehydration (DODH) ajlycerol to allyl alcohol (3) by formic acid (2).

Code A B C Conversior?  Selectivity® Selectivity  Formic
acid
[°C] [FA:Gly]  [min] [%0] AA AF Recovered

[%] [%] [%0]

1 260 1.8 20 36.65 95.4 4.6 84.2
2 230 1.2 20 74.53 95.6 4.4 45.2
3 200 1.2 10 64.60 94.0 6.0 40.2
4 230 1.2 20 70.19 95.6 4.4 39.3
5 230 1.8 10 57.76 94.9 51 68.1
6 200 1.8 20 64.29 92.9 7.1 46.3
7 260 1.2 30 52.80 95.3 4.7 43.2
8 230 0.6 30 55.90 96.6 34 17.5
9 230 1.2 20 43.79 95.6 4.4 43.4
10 200 0.6 20 60.87 96.4 3.6 16.7
11 200 1.2 30 36.65 95.0 5.0 33.6
12 260 1.2 10 55.90 90.9 9.1 41.2

13 230 0.6 10 46.58 95.5 4.5 9.5
14 230 1.8 30 65.22 86.1 13.9 54.5
15 230 1.2 20 63.98 92.0 8.0 41.9
16 260 0.6 20 45.34 95.2 4.8 204
17 230 1.2 20 64.29 92.0 8.0 40.2

2Conversion and selectivity determinediNMR

b Selectivity calculated by the total yield of allyl alcohol + allyl formate in the liquid phase
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Table B-3 ANOVA of RSM of %yield of allyl alcohol §).

Source

Sum ofsquares Mean square F value p-value
Model 569.05 63.23 502.36 < 0.0001
A 172.55 172.55 1370.95 < 0.0001
B 142.94 142.94 1135.65 < 0.0001
C 17.04 17.04 135.42 < 0.0001
AB 19.67 19.67 156.25 < 0.0001
AC 138.20 138.20 1098.01 < 0.0001
BC 7.51 7.51 59.69 0.0001
A2 8.35 8.35 66.36 < 0.0001
B? 59.51 59.51 472.85 < 0.0001
c? 2.08 2.08 16.54 0.0048
Residual 0.8810 0.1259
Lack of fit 0.6672 0.2224 4.16 0.1011
Pure error 0.2138 0.0535
Cor Total 569.93
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Table B-4 ANOVA of RSM of %yield of allyl formate4).

Source Sum of squares Mean square F value p-value
Model 3.29 0.3651 2392.20 < 0.0001
A 0.0113 0.0113 74.23 < 0.0001
B 3.00 3.00 19646.78 < 0.0001
C 0.0141 0.0141 92.10 <0.0001
AB 0.0752 0.0752 492.47 <0.0001
AC 0.0387 0.0387 253.50 <0.0001
BC 0.0068 0.0068 44.61 0.0003
A2 0.0121 0.0121 79.56 <0.0001
B2 0.1039 0.1039 680.69 <0.0001
C? 0.0327 0.0327 214.18 < 0.0001
Residual 0.0011 0.0002
Lack of fit 0.0007 0.0002 2.96 0.1612
Pure error 0.0003 0.0001
Cor Total 3.29

207



26

H  OH

27 a
kg)\\‘:\z'/%\wo/w\'o/%H 27*
\ /N /N 3,63
HooHORHOH )

“ B ' 28,29
[}
1
I
250 1
I
]
24

l L I ¥ I L] I L] I L] I L] I T 1 L] T
10.0 90 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (ppm)

Figure B-4 1D-TOCSY with selective excitation of proton at 3.63 ppm of the FA:Gly mixture in
DMSO-ds at 15 min
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Figure B-5 gHSQCAD of raw mixture of the FA:Gly mixture in DMS@ at 15 min.

Figure B-6 PAA after drying,Table 55, entry 2, 3, and 4 from left to right,(b, andc),

respectively.
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Figure B-8 ATR FT-IR of the allyl formate4) and poly (allyl formate)9) (Table 55, entry 7).
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Figure B-9 'H-NMR of poly (allyl formate) @) (Table 5-5, entry 7) in acetonds.
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Figure B-10 GPC of poly (allyl formate)9) (Table 55, entry 7) in THFE
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B.1.2 Microwave-Assisted Conversion of Allyl Alcohol (3) to Diallyl
Phthalate (6)

Diallyl phthalate ¢) was prepared fron3 using microwave opewmessel reactor under
reflux (95°C, 20 min)using sulfuric acid as catalysising quick TLC test, two new compounds
were found in the raw mixture. In order to identify the products, a column separation was
performed. The products wennalyzed using ATIRTIR (Fig. B-11). Diallyl phthalate shows a
broad peak at 1720 chassociated to the C=0 stretching. The allyl C=C stretch peak is located at
1648 cmt, which appeared at the purification of the product. For the phthalate group, the more
notable bands are located at 1266 and 1600which are associated to the@C and aromatic
vibration frequency[3], respectively. The allyl bands corresponding to C=C stretching are
identified at 3076 and 1648 chfior the mone and diallyl alcohol. For the monoallyl alcohol, the
carbonyl (C=0) broad peaks of carboxylic acid are observed atZBmDcm! and 27063300
cml. Additionally, the carbonyl peak of carboxylic acid at 1685" appears as a split peak with

the carbonyl peak attached to the allyl group at 1726.cm

Figure B-11 ATR-FT IR of diallyl phthalate &) (06) and mon® &) aftgrl phttr

purification.
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