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Thesis Summary

The quest to develop Pd doped, sustainable catalysts for the selective hydrogenation of
phenylacetylene resulted in the synthesis of two families of materials. Derived from
lignocellulosic biomass residues, specifically barley straw, bulk and mesoporous biochars were
created and characterised (TGA, CHN, N physisorption, PXRD, FTIR, SEM/EDX and
HRTEM). Bulk biochars were produced after pyrolysis across a range of temperatures (500,
600, 700 and 800 °C) of leached barley straw, resulting in a carbon support material with low
surface area but customisable Lewis acidity. Mesoporous biochars were produced following an
elegant pre and post-treatment approach by using sacrificial KOH to generate a porous
network. Using this method, biochars were created with an available surface area up to 1436.81
m? g! (ABC-1), and a pore size as small as ~4 nm. Individually, the materials were all
impregnated with a nominal loading of 1 wt% Pd which generated dispersed nanoparticles. The
Pd nanoparticles were of similar size across all materials (averaging ~6.2 nm), within error and
proved to be a minimum requirement for the catalytic transformation of phenylacetylene. By
investigating the role of reaction temperature and how the structure (physical and chemical) of
a biochar catalyst support can direct hydrogenation reactions, it was found that for a bulk
biochar, by increasing pyrolysis temperature a hydrogen driven cascade reaction occurred. This
meant that induced chemical functionality of the support led to the desired product, styrene,
being consumed to ethylbenzene. For the case of mesoporous supports, by dispersing Pd sites
across the material, it is believed that styrene re-adsorption was not favoured as the selectivity
towards ethylbenzene was substantially lower than all bulk support testing. Additionally, when
following normalised initial rates by factoring in the total Pd content of the catalyst, it was
found that the mesoporous catalysts were superior across the board in terms of reaction rate

and product selectivity.
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1.0 Introduction

As we edge closer to the 1.5°C increase in global temperature from pre-industrial levels and
possible collapse of many ecosystems. One industry to look at to decrease its carbon emissions
as well as making it more environmentally friendly is the catalyst industry which currently
makes up approximately 8% of the global carbon footprint !. This is likely to increase as the
market for metal catalyst is expected to grow from 2022 to 2031 at a CARG (compound annual
growth rate) of 4.5% 2, this will lead to more CO; produced. You may wonder why catalysis is
such an important industry to reduce its carbon emissions this is because of its critical role in
modern industry as over 80% of all manufactured products involve a catalyst. As well in the

production of industrial chemicals that the world produces approximately 90% use a catalyst >.

Although in recent years there has been a major shift into the development of green and
sustainable chemistry, opposed to the continuous development of catalysts for upgrading crude
oil derived components. This includes the use of bio renewable feedstock materials derived
from lignocellulosic biomass, specifically second-generation sources. First generation biomass
pertains to food components and has sparked the food vs fuel debate, a long-standing issue
where food crops have been directly converted into fuel sources (mostly bioethanol) opposed
to being harvested for feeding the people *. Topical in the United States of America (USA),
bushels of corn are frequently used for the production of petrol additives through fermentation.
Second generation waste streams are those that can be part of the food processing industry but
are not directly involved with food, i.e, branches, stems, leaves, husks, shells, seeds, straws,
pulps and woodchips ° ©. Lignocellulose itself pertains to three core organic components, lignin,
cellulose and hemicellulose ’. Cellulose and hemicellulose are polymeric sugar systems that
are physically supported by the lignin backbone for rigidity. Cellulose is comprised of hexose
(monosaccharides with six carbon atoms) and hemicellulose is built from pentose

(monosaccharides with five carbon atoms). Sugar in waste streams hold substantial value, be

12



that through the classical fermentation to bioethanol shown for first generation fuels, or through
the production of bio-oils by utilising pyrolysis, possibly the future of all green and sustainable
chemistry as bio-oils are rich mixtures of organic components that can be directly upgraded
catalytically and, in some cases, used as ‘drop in’ fuels. However, bio-oils are acidic and often
seen as arduous to separate, therefore the accommodation of bio-oils into the bio-economy is

not fully integrated, yet.

1.1 What is a catalyst?

We can define a catalyst as a substance that increases the rate of reaction without itself being
consumed in the process ®. The way it does this is by lowing the activation energy this is done
be either providing a different mechanism for the reaction to take at a lower activation energy
or by providing a surface and orientation this is means that they are in close proximity to the
reagent and can bring them in at the right orientation °. The activation energy diagram in Figure
1 shows the required energy for a chemical reaction to take place is substantially lower when

in the presence of a catalyst.

& Increasing anergy

E, for uncatalysed reaction

Activation ensrgies for
the steps of a catalyzed
reaction

Energy. kJ

Reactants

AHfor both
catalyzed and
uncatalyzad
reactions

Preducts

Figure 1: Figure 1: Activation energy diagram for a cataly;ed and non-
catalysed reaction (Modified from
https://www.chemengonline.com/catalysis-fundamentals/)
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Catalyst selectivity refers to the direction of a chemical reactions towards its products, where
optimised catalytic reactions strive to minimise the undesired by-products in favour of increase
the yield of the desired product. It is believed that selectivity is the most critical aspect to
catalysis, controllable chemical reactions with favourable products formed over side reactions.
Activity itself, although a driving force in catalyst selection is overcome by the notion that one
can simply add more catalyst (decrease the reactant: catalyst ratio). By providing more reaction
active sites, the rate of reaction can be increased and ultimately increase product yield.
Alternatively, modify the reaction conditions to boost activity, although at a risk to the
selectivity and therefore can be sometimes considered counter intuitive if the reaction has

already been optimised.

Catalysts can be broken down into two categories, that being homogeneous and heterogeneous.
These categories refer to what the what phase the catalyst and reaction are in. Homogeneous
catalysis takes pace when the catalyst and the reactants are in the same phase e.g., both are a
liquid or gas. Whereas heterogeneous catalysis is where the catalyst and the reactants are in a
different phase, an example your catalyst could be a solid and your reactants are either in a

liquid or gaseous form.

For heterogenous catalysts support materials are critical, a platform for an active nanoparticle
to be embedded and be used for a chemical reaction, either through the adsorption onto the
surface or a porous material where diffusion will allow mass transfer to occur. Support
materials as they have been investigated overtime have been found to play a critical role in
nanoparticle stability. This can include limiting/preventing particle sintering and
agglomeration, it can also aid in catalytic promotion where electrons are able to be donated and
or move, protecting an active site from oxidation or poisoning. This being said, the classical
supports; Al,O3, TiO2, Fex03, MgO, CeOa, SiOs, activated carbon, ZnO and CaCO; -1 12 13,
with the exception of activated carbon (depending on how it is produced) is the subject of large
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scale quarrying and as a result, substantial carbon emissions. This diminishes the shine catalysts
have on reducing net emissions through their own heavy ancestral carbon footprint. A modern-
day solution to this problem is the use of lignin derived biochars, a CO; neutral option for

supporting heterogenous catalysts.

Table 1 shows that with regards to homogeneous catalysts, they can be more selective for
specific reactions and can exhibit increased activity due to the accessibility to the metal centre
which is the active site. As a result, they are not restricted by mass transfer limitations.
However, this comes with the restrictions in the applications the catalyst can be used in, as well
as a difficulty in the catalyst separation process making it tedious and expensive as they are in
the same phase. Therefore, this can add a high cost to the chemical reaction due to the high loss
of the catalyst. In comparison heterogeneous catalysts can be less selective and provide lower
activity due to cases of severe mass transfer limitations. However, as a positive these catalysts
are easily separated or removed from reactors, and apart from the use of precious metals (Pt,
Pd, Au or Rh), can be considered cheaper options than homogeneous catalysts. Additionally,
they require less solvents with considered in the liquid phase, while directly applicable for gas
phase and plasma-based reactions, unlike homogeneous catalysts. The best-known catalyst
examples for this are the catalytic convertor for the internal combustion engine or to produce
ammonia through the Haber-Bosch process. The method of homogeneous catalysed
hydrogenation is important because it is used to produce both fine and bulk chemicals on an

industrial scale '+ 13,
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Table 1: Comparison between Homogeneous and Heterogeneous Catalysis '°.

Homogeneous Heterogeneous
Only on the
All Atomic at the centre of organic linkers
Active Centres surface of a
(organometallic)
support
Selectivity High Tuneable
Mass Transfer
Very rare Can be severe
Limitations
Structure/Mech Defined Undefined
Tedious/Expensive (extraction or
Catalyst Separation Easy
distillation)
Applicability Limited Wide
Cost of Catalyst Losses High Low

The most famous of these is the Haber-Bosch process which use an unsupported Fe catalyst
(iron mesh with a ~10% potassium promotor) for the production of ammonia as well as a Ni
catalyst for the production of margarine, also known as saturating fatty acids. Hydrogenation
is a chemical reaction with molecular hydrogen (H>) that has dissociated on the surface of a
metal nanoparticle. Depending on the metal used the required hydrogen dissociation energy
can be varied. Pd is used because H» can easily dissociate on its surface !’ . The adsorbed
hydrogen will then react with organic molecules that have also adsorbed onto the surface of the
metal active site or support. Here, bond saturation can take place where C=C, C=C and or C=0
as examples can be ‘hydrogenated’ to C-C, C=C (C-C) and C-OH, respectively '°12. Typical
metals used for heterogenous catalysed hydrogenation reactions are iridium, nickel, palladium,

platinum, rhodium, and ruthenium '8, However, copper is also considered but normally requires
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a pressurized environment (high required hydrogen dissociation energy) '°. For the example in
Figure 2, hydrogenating hexadiene to hexane increases the boiling point of the chemical and
subtly its molecular mass. By altering the structure through bond saturation, the applications
of the chemical are radically altered. For hexadiene, its primary application is as a cross linker
to produce larger molecules. However, hexane is primarily used as a solvent that can be used
to as a cleaning agent, medium to extract oils and other chemicals from solids, it is also used
in the fragrances and flavourings sector 2°. Modifying oxygenates will lead to different

molecule functionalities which also drives different chemical applications.

S Hydrogenation
—~— —_—

hexa-2 4-diene hexane

Figure 2: Example reaction of hydrogenation.

1.2 What is Biochar?

Humans have been making a form of biochar for >38000 years in the form of charcoal, using
it as a pigment and then later for the production of steel to be used for building, followed rapidly
afterwards for warfare 2!. Biochar can be described as a carbon rich charcoal like substance,
derived as a by-product following the thermal treatment of biomass or organic materials in an
oxygen-depleted or oxygen-limited environment *2. One of the thermal treatments used to
create biochar is pyrolysis. Which is defined as the process of decomposing biomass or organic
materials thermally in an oxygen free environment at a range of temperatures from 300-900 °C
23 Pyrolysis can be further broken down into three sub types these being slow, fast, and flash
pyrolysis. the by-products that are made from the process are biochar, bio-oil, and syngas. Slow
pyrolysis as the name suggest is the slowest of the three types of pyrolysis with its time frame
measuring form minutes to days as well as the temperature being on the low side usually not

exceeding 500 °C with a low heating rate of anywhere from 0.1-2.0 °C, the relatively low
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temperature promotes the production of biochar and tar *. Now, we jump to the opposite end
of the spectrum to flash pyrolysis. This form of pyrolysis temperature usually ranges from 400-
600 °C but may go as high as 1000 °C ?*. What gives flash pyrolysis its name is its fast-heating
rates that may reach as high as 2500 °C per second. this flash heating rate and low retention
time of less than 0.5 seconds leads to the major product components being bio-oil. Now that
we have mentioned both ends of the spectrum, we can look at the final type which is fast
pyrolysis which has a close relation to fast pyrolysis. whereas in flash pyrolysis the heating rate
may reach 2500 °C per second in fast pyrolysis the heating rate is 10-200 °C per second with
a short residence time of 0.5-10.0 seconds this results in the promotion of the syngas and bio-

24,25

oil over biochar , an overview of this section is illustrated in Table 2.

Table 2: Comparison of all parameters for slow, fast, and Flash Pyrolysis

Pyrolysis Type Tem[()oe(l;;lture Heating rate Major Products
Slow 500 0.1-2.0 °C per min Biochar & Tar
Fast 400-1000 10-200 °C per second  Syngas & Bio-oils
Flash 2500 2500 °C per second Bio-oil

Bio-oils themselves are a source of sustainable chemicals, often referred to an “oxygenate
soup”. This naming is due to the rich supply of oxygen containing chemicals (acids, alcohols,
aldehydes, ketones or esters *°) often present, although oxygen containing compounds are not
exclusive to bio-oil. There are often short/long chained hydrocarbons as well as other aromatic

28 and its

and branched molecules ?’. Bio-oil is a viscous substance that is highly acidic
chemical composition is variable depending on the feedstock used, prior thermochemical pre-
treatment and the method of fast pyrolysis such as the presence of a catalyst °. Often a catalyst
is placed in the path of pyrolysis vapours to prevent coking and rapid deactivation, here

cracking reactions can take place or chemical transformations if there is a source of hydrogen

in the stream. Already operating at scale there is an industrial presence of liquid fuel production
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through the catalytic pyrolysis of various feedstocks, be that plastics, waste tyres or other bio

renewable materials 3% 3!,

1.2.1 Uses of Biochar

Biochar is used in a wide array of industries such as the farming sector/land remediation,
gardening (commercial soil additive), building sector, fluid decontamination, biogas
production, medicine and textiles *2. It can also be used in the sequestration of additional

carbon, as well as in the industrial sector in support for catalysis >*.

For the farming sector improving poor quality soil can allow them to grow more crops. This
can be achieved by soil amendment. With the addition of biochar, it has been shown that it
reduces the density and stiffness of the soil allowing for a reduction of fuel need in the soils
development for agricultural uses **. Another benefit for the addition of biochar to soil is once
added it has been shown to improve both the air and water management of the soil *. This
improvement to the water management mean that the soil now has its ability to retain an
increased amount of water as well as decreasing the amount lost to evaporation ¢ 7. With the
addition of biochar, the overall colour of the soil becomes darker which has been noted to

increase the soil’s temperature by about 0.5 °C which may accelerate germination 3% 3,

For fluid decontamination biochar has been used as an adsorbent due to the fact it is very easy
to tailor it to the desired pollutant, due to the ease at which it can be functionalized as well as
its overall porous nature with a controllable specific surface area *>-*!. This enables the biochar
to be used on the removal of pollutants form the air as well as water. As we can see in Figure
3a there are a few ways that have been proposed for the mechanism for the interaction with
heavy metals. With electrostatic attractions, ion-exchange and surface complexation being used
by the abundant surface based functional groups such as carboxylic acid (-COOH) and

hydroxyls (-OH). Figure 3a and Figure 3b both show that the electrostatic adsorption-
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desorption processes are pH responsive. This means that increased adsorption to the surface
can be promoted by either a low or high pH, where the release (desorption) would be facilitated
using the counter pH. This phenomenon is also mimicked for metal uptake when utilising
biochars for environmental remediation, the negatively charged surface will attract metal ions
at different rates, subject to the solution pH. Biochar can also undergo direct physical
adsorption through impregnation routes (Figure 3a), this is also shown by the pore filling
mechanism (Figure 3b) which is possible if the biochar used is activated and possesses a pore
network. Albeit, pores can be functionalised similarly to a surface where functional groups can
regulate adsorption through variation to the pH. Again, much like a standard surface, a pore
network can contain a hydrophobic component which will improve uptake processes by

preventing water adsorption, therefore prevent competition.
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For the building sector the reduction of CO; emissions is a must as one of the main materials
used in construction concrete. This accounts for ~8% of worldwide CO, emissions **. One
method of decarbonising the concrete industry is through the use of bio-based materials in the
production of vital carbonate materials. Biochar has been looked at as one of these bio-based
additives and reports suggest a positive effect on the mechanical, thermal and physical
properties of the cement **. As a result, diversifying supply chains and product lines, depending
on the end point concrete application. The uses of biochar in the medical field are being steadily
developed and mostly in their infancy. Albeit lignocellulosic biomass derived materials are well
known in the drug delivery such as sporopollenin, a porous waste derived material . It is also
worth noting that bio-based materials can be used in the human body as it has been shown to
be both biocompatible and have a low cytotoxicity *®4’. For the use in textile industry, it has
been found that adding biochar to textiles will enable increased moisture transfer, as well as
improving water vapour permeability making the item of clothing applicable for sportswear or

work attire that can promote perspiration “3,

Another application for biochar is in the sequestration of carbon. It is estimated that
approximately 9.5 BT of carbon can be stored in soil by the year 2100 *°. This has also been
linked to physical carbon offset schemes where carbon credits are generated and can be
allocated to industrial sectors. Here, through the carbon offset scheme, net emissions can be
“cancelled out” or “offset” through the acquisition of stored carbon. This is where your net
emissions sins can be absolved by appropriating solid carbon neutral materials *% !, Although
this concept is often considered to be a form of greenwashing, a rhetoric for doing no harm by
effectively glossing over the heart of the problem by appearing to do something. By providing
a company with a physical carbon entity, a monetary value can be applied where the carbon

market itself can be massively volatile.
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Biochar has itself in the past being used as a catalyst on its own. One such use is sulfonated
biochar’s in the production of biodiesel °2, sulfonated materials are classically regarded as solid
acids and can facilitate transesterification reactions instead of using sacrificial acids (HCI or
H>SO4) or bases (NaOH or KOH). Instead of acting as the catalyst the biochar can be used as
a support medium for a catalytic metal site as a wide variety of catalyst have been employed in
the literature for a variety of applications. These species include both monometallic and
bimetallic alloys such as Ag/Fe, Fe/Pd, and Ni/Fe which have been used for the removal of
carbon tetrachloride, nitrates and 1,2,4-tirchlorobenzene in an aqueous system respectively >
34 A varied insight into how biochar supports have been used for various catalysis applications

is shown in Table 3.

Table 3: Examples of how biochar can be used in catalysis.

Catalyst Biochar Application Reference
Sargassum
NiCo/SDSW-ABC Phenol hydrogenation 55
tenerrimum
Ni/AC Wheat straw Hydrogen Production 56
(Fe(xwt%)/CBC) Chlorella
Catalytic fast pyrolysis 57

(Fe(xwt%)/CAC) vulgaris microalgae

Biodiesel Production
oK/PB-T Peat 58
(Transesterification)

Pt/BC Maple Furfural Hydrogenation 59
PdBCFe3;04 Arabica coffee Straw H>0; sensor 40
PC@CoFe Tar reforming post
Pinewood sticks 60
PC@CoNi pyrolysis
BWC/NiO-MoO 800 Wood chips Biodiesel Production 61
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(Transesterification)

Ru/N-ABC-X Pinus sylvestris Methanation 62
PRC/BMC, Electro-oxidation of
cotton linters 63
PRC/BTC methanol
RM-BCp), BCnp), | red mud and coconut
persulfate (PS) activator 64
RMmp) shells
remediation of
BC@Ni/Fe Biochar decabromodiphenyl 65
contaminated soil
Biofuel production
Co/EAC Macauba fruit 66
(deoxygenation)
Ni-char Pine wood Cracking of toluene 67
biochar-based solid Chemical synthesis
Corn stover 68
acid catalyst Hydrolysis
Wood chips and Hemicellulose
Sulfonated biochar 69
pelletized punt hulls Hydrolysis
Hydrolyzed
Sn0O,—Co0304/C Hydrolysis to get
lignocellulose 70
biochar Furfural
residues and sugars
Fluorine anion-
containing ionic Hydrolysis of cellulose
Bamboo powder 71
liquid modified to furfural
biochar sulfonic acid
CaO based biochar methanolysis reaction of
Palm kernel shell 72

solid acid catalyst

sunflower
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Sulfonated biochar Wood chips pre-esterification 73
Ni/AC Cotton stalk Hydrogen Production 56

MnA CeOy/biochar,
Cotton stalk NO oxidation 74

MnACeOy/biochar

Photocatalytic
Biochar/TiO» Corn cob degradation of 75
sulfamethoxazole

1.2.2 Activated Carbon

Activated carbon is described as a predominantly amorphous solid carbon material with a
highly developed internal surface area, amounting to high level of possible surface reactivity
76, The activation of carbon is done because it allows the carbon to be used in a wider verity of
ways as the high surface area and porosity and surface functionality can be used ”’. The highly
porous nature makes it useful for the adsorption of both gases and solutes from aqueous
solutions ’®. As can be seen in Table 4 as well as Figure 4, there are many uses for activated
carbon. Activated carbons can be made from any sufficiently carbon rich feedstock such as first
and second-generation biomass. The activation process can turn what would be a bulk material
into a species that is highly porous with a large available surface area. The resulting material is
referred to as activated carbon and has been readily commercialised. This process is carried out
so that there is a greater available surface area, enabling the ability to act as a filter material,
facilitating the surface adsorption of pollutants, be that in the liquid or gas phase. There are two
major methods to produce activated carbons, these are through physical and chemical
activation. Physical activation is carried out by adding hot gases after pyrolysis to develop the
pore structure. These gases are usually CO2, N2, NH3 O, air and steam but it can be a

combination of the gases ”°. The carbon activation temperature ranges used are between 700-
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900 °C 8 8! Chemical activation is done before being thermally treated and involve the
activating agent reacting with the biomass, by either oxidation or dehydration operating at
much lower temperature than those for physical activation. Activating agents can be acids such
as HxSO4, HCI, H3PO4 and HNO3, as well as bases such as KOH and NaOH, as well as other

oxidising agents such as HxO, and KMnO4 3 7°.

Table 4: Examples of how Activated Carbon can be used in catalysis.

Feedstock Application Reference
Cherry stone Absorbent 83
Removal of dioxins from
Municipal Waste 84
incineration
Cane bagasse Water Treatment 85
Norit RB3 CO; adsorption 86
Norit® D10 activated carbon Deoxygenation of fatty acids
87-89
powder to diesel hydrocarbons
Wood char, Cellulose,
pumping residues black liquid Fuel Cells 90
and fine cellulose sludge
Coal, Petroleum, Vegetable,
Gass separation and Storage 91
Polymer
Coconut shells Desalination 92
Eichhornia crassipes (common
Supercapacitor 93
water hyacinth)
Rice Husk Methanation 94
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Figure 4: Uses of activated carbon %

1.3 Catalytic hydrogenation reactions

This thesis will detail the efficacy of biochar supported catalysts for the hydrogenation of a
model compound. By using a sustainable catalyst support, initial steps can be taken to create a
true circular economy, here waste resources can be repurposed and applied to green chemical
synthesis. The initial question to ask is, what is hydrogenation? Hydrogenation is the method
by which hydrogen (often in the gaseous form) is dissociated or otherwise known as activated,
mentioned above. The hydrogen atoms are then able to directly react with m1—bonds in chemical
compounds, either resulting in the saturation of molecules (removal of all © systems) in favour
of just o—bonds, an example of molecule saturation is shown in Figure 1. By doping
lignocellulosic biomass waste derived biochars with a low metal loading of a metal capable of
facilitating hydrogen dissociation, catalytic turnover can take place and ideally tuned,

depending on the quality and attributes of the biochar support.

1.4 The selective hydrogenation of phenylacetylene to styrene
The production of styrene is important as it used widely in the production of polystyrene, as
well as synthetic rubbers like Acrylonitrile Butadiene Styrene (ABS) and Styrene-Butadiene

SBR) %°. In 2021, the global market for styrene was at approximately 30 million tonnes which
g
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is expected to grow at a Compounded Annual Growth Rate (CAGR) of 5.6% until 2030 *°.
The dominant method to produce styrene is through the dehydrogenation of ethylbenzene over
an iron oxide catalyst °’. A pure feedstock of styrene is vital as a specific impurity in the
reaction, phenylacetylene. Phenylacetylene is a poison to the styrene polymerization catalyst
causing it to deactivate . As you can be seen in Figure 5, phenylacetylene can be partially
(selectively) hydrogenated to styrene but will also over convert into ethylbenzene. As this
reaction occurs under both mild temperatures as well as atmospheric pressure it makes this
reaction a perfect probe reaction to test and optimise new catalysts °®. Moreover, although
styrene production is dominated by crude oil derivatives, phenylacetylene has been found to
be waste derived, specifically in the tar fraction of municipal solid fractions post pyrolysis .

This adds greater value to the overall thesis as both the reaction and catalyst supports share a

nexus, waste.

@ Biochar support

&) Nanoparticle active site
® Hydrogen atom

Figure 5: Reaction mechanism for the selective hydrogenation of phenylacetylene to
styrene

From the literature we can see that there are three main metals that have been used for the
selective hydrogenation of phenylacetylene; gold (Au), platinum (Pt) and palladium (Pd) %
101 A range of other catalysts, their reaction conditions, hydrogen species used (molecular or

transfer through solvent) are listed in Table 5. Other metals have also been used in the selective
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hydrogenation of phenylacetylene such as platinum (Pt), gold (Au), copper (Cu) as well as
examples of bimetallic alloys such as NiZn3 and PtCu. These metal configurations have been
seen to be supported on Al,Os3, carbon, modified mesoporous silica (SBA-15) and complex
supports such as layered double hydroxides (LDH), utilising both molecular hydrogen and

hydrogen donors 192 103 104,

Table 5: Previous catalytic packages used for phenylacetylene hydrogenation.

Reaction Hydrogen
Catalyst Selectivity Reference
conditions species
T=30-90 °C
Pt/a-ALO; H> 50-66 % 105
P=10.129-0.618 MPa
T=80°C
AUW/ALO; H> 100 % 106
P=1.5x107-0.88 atm
T=40°C
NiZns/AISBA-15 H> 90% 107
P=0.1 MPa
T=35°C
PtCu/C H> 94 % 108
P=6 MPa
T=45°C
Zn-Ti LDH H> 90 % 102

P = Atmospheric

T=40°C
Pd-Ag/ZnO H> 88 % 109
P = Atmospheric
T=45°C
[Pd(2-pymo)2]n NH3BHj3; 100 % 110
P = Atmospheric
Pd-Cu/ALLO3 T=40°C 71 %
H> 103
Pd-Zn/A1,03 P=0.1 MPa 82 %
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T =20-45 °C
Cr/3Pd/SiO; H> 72-97 % 111
P = Atmospheric

T= Temperature, P = pressure

The catalytic package that has dominated selective hydrogenation of alkynes is the Lindlar
catalyst !'2"!'* This material contains ~5 wt.% Pd supported on porous calcium carbonate that
has been treated with different forms of lead and quinoline to enable a self-poisoning or
terminating material, preventing/limiting over conversion ''°>. This catalyst is a problem due to
the relatively high amounts of Pd used, as well as the need to used lead and quinoline ''®. On a
sustainability angle this catalyst is not appropriate, the excessively high Pd content is both
costly and a waste, compared with other catalysts now shown in the literature. Additionally,
upon disposal of the spend catalyst, one needs to be mindful on the appropriate handling of
lead due to its toxicity, especially in water. The Lindler catalyst cannot be considered a State
Of The Art (SOTA) due to being developed in 1966, catalyst innovation and advancement has
gone through several renaissances in the past 57 years, especially for selective hydrogenation
reactions. This includes the development of single atom catalysts, single atom alloys and
bimetallic nanoparticles that can modify reaction selectivity by changing molecular adsorption
10,12, 117. 118 'By doing so, one can often omit the use of additives that can be used as a catalyst
poison and prevent the risk of leaching into the reaction. Leaching is where metals will release
from their support and enter the liquid phase with the reaction. As a result, lower the overall
activity of the reaction. For the case of phenylacetylene, this is a flat molecule but once
converted to styrene, the produced alkene has a bent conformation. This means that it can align
end-on to the catalyst surface, as a result making the over conversion very favourable to
ethylbenzene, this concept is shown in Figure 6. The ability to align end-on, although a
problem for this work as ethylbenzene production would be favoured, the overall aromatic ring

structure is preserved. This means that the molecular adsorption benefits selectivity by
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preventing “deep” hydrogenation and therefore the production of vinylcyclohexane (ring

hydrogenation only) or ethylcyclohexane (complete hydrogenation).

“End-on” adsorption
€

Figure 6: Possible surface adsorption profiles of styrene on a catalyst surface.

1.5 Aims and Objectives

In this work I will assess the effect of biochar support on dispersed Pd nanoparticles for the
selective hydrogenation of phenylacetylene using molecular hydrogen. This will investigate
the effect of pyrolysis temperature on the physical and surface chemical structure of the
biochar, as well as biochar activation to probe whether a mesoporous biochar is more effective
than a bulk material. In each case, evaluate the reaction selectivity for a ~1 wt% Pd/biochar
catalyst. The wider literature on the proposed reaction is dominated by MOx support materials
which are considered as “high carbon”, this is due to their production from quarry sites being
carbon intensive. Therefore, the use of “low carbon” supports in the form of biochars (derived
from barley straw waste) will be investigated for their role in the selective hydrogenation of
phenylacetylene when impregnated with Pd nanoparticles. Palladium has already been shown
in the past to be effective for this reaction (Table 5), both in a monometallic and bimetallic
form. This being said, the literature generally only considers carbon support materials in the

form of “activated carbons”, which possess a fossil fuel background and for the case of the
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reference shown, this utilises high hydrogen pressure to conduct the reaction. This work will

target the clear gaps in the literature to determine the following:

e Can a biomass derived biochar be used as an effective catalyst support of the selective
hydrogenation of an alkyne?
o Can a Pd/biochar catalyst operate this reaction under ambient hydrogen pressure
and mild temperatures?
e Can the biochar support be tailored to benefit reaction selectivity?
e Can Pd particle size be regulated to ensure an monodisperse environment on a biochar?
e Can a biochar support be effectively compared with MOy supports in the literature?
e Can bulk biochars be activated, does this structural alteration change reaction activity

and selectivity?
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2.0 Methodology

The production of Pd doped bulk and mesoporous biochars evolves from the initial, locally
sourced barley straw feedstock. After initial feedstock pre-treatments, be that physical (milling)
and physicochemical (leaching), where ash components are dissolved into solution and
removed from the feedstock via diffusion. The resulting feedstock then takes two different
routes, the first is straight to slow pyrolysis to generate a bulk biochar, the second involves an
additional pre-treatment step involving sonication in potassium hydroxide followed by
pyrolysis and post-processing to remove salt via reflux in acid (activation). The formedF
biochars were then impregnated with palladium (II) acetylacetonate (Pd(acacz)) and
annealed/reduced to generate a Pd° reaction site. A step-by-step method breakdown is listed

below as well as a method flow chart in Figure 7.

2.1 Pre-Treatment of Barley Straw

The locally sourced barley straw was initially milled at 10000 RPM for 2 min using a Retsch
GM200 Grindomix Knife Mill. The high RPM and time were chosen to acquire many particles
of <0.25 mm (fine powder). The milled barley straw was then sieved for 5 min at 0.80 mm/g
using a Retsch AS200 Vibratory Sieve Shaker, here all fractions were collected and stored in
glass jars. By using the method mentioned, the <0.25 mm fraction was the major and preferred
sample size produced. The reclaimed feedstock was then leached (water washed) in deionized
water at 10 g/L for 4 h at room temperature. The leached material was separated using vacuum

filtration and dried overnight at 105 °C in a Fisherbrand gravity conventional oven.
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2.2 Slow Pyrolysis of Barley Straw

After the feedstock was dried, it was placed in two ceramic boats (2 g per boat). The filled
boats were placed in a horizontal tube furnace for slow pyrolysis individually at 500 °C, 600
°C, 700 °C and 800 °C at a ramp rate of 5 °C/min, holding for 1 h under flowing nitrogen (~50
mL/min). Once cooled, the biochars were recovered and washed in ethanol (Fisher scientific >
99.8 %) and acetone (Fisher scientific > 99.8 %) until the washing ran clear, this was to
remove traces of adsorbed tar and bio-oil, the biochar was then dried overnight at 105 °C in a
Fisherbrand gravity conventional oven, once dried the biochar was ground to a fine powder in

a mortar and pestle.

2.2.1 Biochar Derived Catalyst synthesis

Each of the produced biochars (~1 g) were immersed in 75 mL of water containing the 0.3g of
Pd(acacz) (ALDRICH 99%) to achieve a 1 wt% loading of Pd/biochar. The suspension was
mixed at 300 rpm for 3 h, covered, before heating at 80 °C to drive off the gradually overnight.
Once dried the material were reclaimed and then transferred to a horizontal tube furnace to be
annealed and reduced using a 10% H2/N> flow at 500 °C for 3 h (3 °C/min). This created the
following samples 1 wt% Pd/BC500, 1 wt% Pd/BC600, 1 wt% Pd/BC700 and 1 wt%

Pd/BC800.

2.3 Mesoporous Biochar catalyst preparation & use

2.3.1 Mesoporous Honeycomb Biochar Production

The leached barley straw feedstock was introduced to a suspension of potassium hydroxide
(KOH) at the mass ratios of 1:1, 1:0.5 and 1:0.25. So, for every 1 g of leached feedstock there
was 1 g, 0.5 gand 0.25g of KOH in 100 mL of deionised water and these were sonicated in a
Fisherbrand™ S-Series Heated Ultrasonic Cleaning Bath for 4 h at 50 °C. The materials were

then heated to 80 °C while being mixed at 300 rpm overnight to drive off the deionised water,
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forming a yellow/green biomass + KOH cake. This method was used as it follows typical

synthesis routes to generate activated carbons at an industrial scale for commercial operations

119

The biomass + KOH cake was then slowly pyrolyzed at 800 °C at a ramp rate of 5 °C/min and
held at temperature for 1 h under flowing nitrogen (~50 mL/min). KOH is used because the
metallic potassium (K) intercalation expands the carbon lattice in the biochar '?°. The KOH
will also hydrolyses the sugars that are in the barley straw '*! Once cooled, the biochars were
recovered and washed in ethanol and acetone to remove adsorbed tar and bio-oil, until the
washing ran clear. The biochar was then dried for 1 h at 105 °C in a Fisherbrand gravity
conventional oven. The dried biochars were then refluxed in 100 mL of 5 M hydrochloric acid
(Fisher scientific S,G 1.18 ~37%) (HCI) for 3 h to digest the KOH and other trace metals
naturally present in the biochar (ash). After refluxing, the materials were separated using
vacuum filtration and washed with 500 mL deionised water to remove HCI residues, this was

followed by drying overnight in a Fisherbrand gravity conventional oven at 105 °C.

Although there are many different chemicals that we can used for this process such as ZnCl,,
H3PO4, NaOH and KOH *. In this study KOH was chosen due to its availability, low toxicity
in comparison to the others and the fact that metallic potassium intercalation expands the
carbon lattice in the biochar. As KOH is a base, it will hydrolyse hemicellulose and cellulose,
liberating hexose (Cs) and pentose (Cs) sugar units (Equations 1-4) this occurs before the
sacrificial templating agent can be impregnated into the barley straw matrix and in this case

that is the K ions. '?> 123, Below are shown the activation mechanisms '**,
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4KOH + C — KoCO3 + K20 + 2H» Equation 1

K2CO3 +2C — 2K +3CO Equation 2
K>CO; — K20 +CO2 Equation 3
K20 +2C — 2K +CO Equation 4

Deep apertures were achieved by the etching of carbon atoms (Equation 1 and Equation 2).
The metallic K that is generated at temperatures >600°C within the matrix contributes to the
expansion of the pores. The barley straw porous structure was further improved by the addition
of the K»COs3, while the barley straw was carbonised at higher temperatures this was produced
as seen in Equation 3. Equation 3 and Equation 4 show that metallic K, K-O CO; and CO
are formed as a result of the complete consumption of KOH, and the K>O and K>COj that has
been formed at temperatures >700 °C where significantly reduced. As a result of refluxing with
HCI, the metallic K residues were converted to KCI which is soluble in water, this was removed
from the biochar matrix as well as other ash-based metals that can be present in barley straw

such as Na, Mg and Ca '*,

2.3.2 Mesoporous Honeycomb Biochar Derived Catalyst synthesis

Each of the produced activated biochars (~1 g) were immersed in 75 mL of water containing
the required 0.3g of Pd(acacz) (ALDRICH 99%) to achieve a 1 wt% loading of Pd supported
on activated biochar (ABC), 1 wt% Pd/ABC. The suspensions were mixed at 300 rpm for 3 h,
covered, before heating at 80 °C to drive off the gradually overnight. Once dried, the materials
were reclaimed and then transferred to a horizontal tube furnace to be annealed and reduced
using a 10% H>/N»> flow at 500 °C for 3 h (3 °C/min). This created the following samples 1

wt% Pd/ABC-1, 1 wt% Pd/ABC-0.5 and 1 wt% Pd/ABC-0.25.
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2.4 Catalyst Testing

The selective hydrogenation of phenylacetylene was probed using the supported Pd bulk and
activated biochar materials on a Radleys Starfish Parallel reactor platform (Figure 8). Solutions
of 0.4 M phenylacetylene (Sigma Aldrich 98% pure) and 0.4 M of decane (Honeywell >99 %,
internal standard) in 25 mL of ethanol (Analytical grade, Fisher 99.8%) this was used as the
physical reaction solvent throughout the work. These solutions were added to two-neck flasks
containing 30 mg of catalyst and a hydrogen capillary feed line (PTFE) immersed into the
reaction mixture. The hydrogen flow was set to 30mL/min and the reactor was heated at 30 °C,
50 °C and 70 °C to investigate the activation energy for the reaction, per catalyst. Once at
temperature the reaction mixtures initiated by magnetically stirred at 600 rpm, avoiding mass
transfer limitations. The reaction was carried out at higher RPM and saw no beneficial
improvements to the PA conversion. As a result and for limiting catalyst coming out of solution
(moving up the flask), the stirring was ran at 600 rpm, although the hydrogen flow did cause
minor agitation, no catalytic turnover was observed. Samples were removed at 0, 10, 20, 40,
60 min then at 1 h intervals until 6 h (0.5 mL), diluted in 0.5 mL ethanol and were filtered to
remove the catalyst, the reactions where ran for six hours in total. The samples were collected
and stored in a laboratory fridge before running on a LECO Agilent Technologies 7890A GC
System for kinetic analysis (Figure 9). The reaction conversion and product selectivity where

calculated using Equation 5 and Equation 6 for all reactions.

Amount consumed)

Conversion = ( ) X 100 Equation 5

Toal amount

Concentration of product

Selectivity = Equation 6

Phenylacetylene consumed concentration
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Figure 8: Radleys Starfish parallel reactor platform operating the hydrogenation of four
reactions simultaneously.

Figure 9: LECO-Agilent Technologies 7890A Gas Chromatograph with flame ionisation
detector.
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2.5 Instrumentation

2.5.1 Gas chromatography (GC-FID)

Gas chromatography (GC) is a common analytical technique that can be used to analysing
compounds that can be vaporised without compromising their structure. As you can gather this
if a form of chromatography which is a form of separating science. In this case it does it by
separating a mixture into in constituent components by passing a sample through a column
with an inert carrier gas which is either inert or unreactive gas such as helium, nitrogen, or
hydrogen. This separates the mixture because of the properties of the specific column causing
each component to elute at a different time point. Once the sample has come of the column it
goes to the detector in this case it is a flame ionization detector (FID). A hydrogen and oxygen
flame are used to ionise the sample in the carrier gas as the gas is unaffected by the flame. The
resulting loss of electrons form being ionised create an electric current that is amplified and
sent to a computer the magnitude of the current is proportional the amount of sample present.
With this there are limits to how much can be detected and with FID that is the range of 0.1 to

100000 ppm.

A calibration was run for phenylacetylene, styrene and ethylbenzene with an internal standard
of decane. five points were used to produce this calibration with concentrations of 2M, 1M,
0.5M, 0.25M and 0.125M this was due to determine the best method to used and where the
reactant and products elute off the column. The 1 ml sample from the catalyst testing was ran
at an initial temperature of 90 °C then at 10 °C per minute the temperature is increased to 110
°C and held for 20 seconds after that at a rate of 2 °C per minute the temperature is increased

to 115 °C per minute.
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2.5.2 Fourier transform infrared spectroscopy (FTIR)

FTIR is a tool that allows us the investigate what functional groups are present on the surface
of a sample, in this case biochar '?°. Although infrared (IR) radiation does not have sufficient
energy to physically move electrons to different energy levels, it can stimulate bond movement.
This movement can be regarded as a combination of bond vibrations, angle bending/rocking
and more complex movements. Specific bond movements generate unique IR spectra, many of
these are characteristic for the compounds scanned and others can be ascribed to atmospheric
effects such as a very broad -OH stretch at ~3500 cm™, this is characteristic of water. If a sample
is not completely dry, this signal can be extremely dominant. Additionally, a peak at ~2349 cm™
!is identified for atmospheric carbon dioxide and can generally be evidenced that an operator
has been breathing on/near the sample holder. A full break down of all FTIR spectra obtained
for the feedstocks and biochars are shown in Chapter 3. The FTIR was carried to identify if
leaching the feedstock would harm the structure of the feedstock as well as showing how or if

the structure of the biochar is changed due the different temperature it was pyrolysis at.

The FTIR spectra were acquired using Thermo Scientific Nicolet iS5 with a PIKE MIRacle
single reflection horizontal ATR accessory. The instrument spectral resolution was set between
4000 cm™ to 600 cm !, and the resolution was set to 4 cm™. A background reading of four
scans was taken before the first run and after every three samples to eliminate a changing

background environment.
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Figure 10: Thermo Scientific Nicolet iSS without the PIKE MIRacle single reflection

horizontal ATR accessory.

2.5.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is used as it can provide both quantitative and qualitative
data. It does this by recording the changes in the mass of a sample in percentage as a function
of temperature and or time, in a controlled environment of either oxygen/air or inert gas. A
TGA is used to determine the moisture, volatile components, its fixed carbon content and ash
loading of a sample. The TGA of the raw and leached barley straw was carried out in triplicate

using a large scale (~1 g) LECO TGA 701 using the following settings.

e The moisture phase starts at ambient temperature to 107 °C at 6 °C min™' and held for 15
min under a nitrogen atmosphere (10 L/min).

e After that the volatile phase takes place, this is where lids are placed on the crucible to
protect the machine then it heats up from 107 °C to 950 °C at 5 °C min! once at temperature

it holds for 7 min under a nitrogen atmosphere (15 L/min).
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e After this it cools from 950 °C to 600 °C. Once at 600 °C the instrument opens, and the lids
are removed. The ashing phase takes place from 600 °C to 750 °C at 3 °C min™! under an
air atmosphere to allow for combustion (10 L/min), there is no hold time, and the instrument

will then cool slowly to room temperature.

Figure 11: Figure 10: LECO TGA 701 thermogravimetric analyser for multiple, large
samples under parallel conditions.

Additional thermogravimetric analysis was carried out using a Mettler Toledo TGA/DSC 1
(~10 mg) in air at 30 mL/min, with a ramp rate of 10 °C/min from room temperature to 750 °C,
holding for 1 h to monitor the ash content of the produced biochars, this instrument is shown

in Figure 11.
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Figure 12: Mettler Toledo TGA/DSC 1 STAR system for small scale samples.

2.5.4 Ultimate Analysis

Ultimate Analysis is used to determine the carbon, nitrogen and hydrogen present in a sample,
for all samples a Fisons Instruments EA 1108 CHNS elemental analyzer was used. Both
feedstock and biochar samples were processed, approximately 2 mg of each sample was
weighed into a tin cup. The cups were then compacted, making sure to remove as much air as
possible (to eliminate nitrogen variation). The sample was then placed into the carousel where
it drops into the ignition chamber which is at 950 °C, flushing with oxygen (99.9995%,
Energas). The gases released from the combustion (CO, CO,, H,0, NO, N>O and NO,) were
analyzed using both thermal conductivity and infrared detectors to determine the percentage of
carbon, hydrogen and nitrogen in the sample. By utilizing the ash value found by TGA, one

can estimate oxygen content of the samples by subtracting the C%, H%, N% and ash from 100.
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Figure 13: Fisons Instruments EA 1108 CHNS elemental analyzer

2.5.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is used to look at the surface topography and composition of a
given sample in this work that is the Pd supported biochar. It does this by using a focused beam
of electrons to scan the surface of the sample in a raster scan pattern. The electrons form the
scanning will interact with the atoms and give off a range of signals that can be detected and

this is what is used to identify surface topography and element composition.
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Figure 14: Zeiss Evo 60 SEM with an Oxford instruments X-Max 80

2.5.5.1 Energy Dispersive X-ray Spectroscopy (EDX)

The monometallic biochar catalysts were analysed by using Energy Dispersive X-ray
spectroscopy (EDX). An x-ray source is used the irradiate the sample causing photons the
excite a core electron resulting in said electron being ejected for its shell. An electron from and
outer shell filles the place of the missing excited electron. As this exchange of electrons occur
the change in energy can be emitted as x-rays, the analyser can differentiate elements by the
number and intensity of the emissions. The sample composition can be determined by
integrating the relative intensity of the single. EDX is a great tool a determinant the atomic

ratios in samples.

2.5.6 Transmission Electron Microscopy (TEM)

Samples were dispersed in methanol deposited and sonicated on a 300-mesh carbon supported
copper grid which was allowed to dry under ambient temperature. The dried grids were then
imaged using a FEI Titan3 Themis 300: X-FEG 300 kV S/TEM with S-TWIN objective lens,
monochromator (energy spread approx. 0.25 eV), multiple HAADF/ADF/BF STEM detectors,
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FEI Super-X 4-detector EDX system, Gatan Quantum ER energy filter for EELS and EFTEM
and Gatan On. Images were processed using ImageJ2 (Fiji) version 1.53 software, where

particle size distributions were plotted using OriginPro.

Figure 15: FEI Titan3 Themis 300 Transmission Electron Microscope
(University of Leeds)

2.5.7 Brunauer—Emmett—Teller (BET) theory

Brunauer-Emmett—Teller (BET) theory is a method used to measure the surface area of porous
or solid materials. It does this based on the adsorption isotherms of a non-reactive gas like
nitrogen or argon, however, can also be carried out using mercury, in this case nitrogen was
used across a range of pressures that covers the monolayer of the material. The obtained
isotherms are transformed into the linearized BET plot (Equation 7), where the monolayer can
be determined '?°. Approximately 0.05 g of each bulk and mesoporous biochar were de-gassed

with a a Micrometritics FlowPrep 060 Sample Degas System under a nitrogen flow at 110 °C

48



for 3 h. After which a Micromeritics TriStar surface area and porosity analyzer (Figure 16)

was used to determine the surface area, pore diameter and pore volume using nitrogen as the

probing gas.

P 1 4C1 (3)
Va(Po-P)  VpC  VpC \Pg
Where:
e P =pressure
e Py = saturation pressure
e V.= volume adsorbed
¢ V, =monolayer volume

e C =multilayer adsorption parameter

Equation 7

Figure 16: Micromeritics TriStar Surface Area and Porosity Analyzer with degassing

station.

The physisorption of nitrogen is at 77.5 K, this allows the physical adsorption of nitrogen onto

the surface in monolayers (single nitrogen molecules packed side by side), here the surface

area measurements can take place. The monolayer coverage is then determined by calculating
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how much N> has bonded to the surface. Relatively weak intermolecular forces known as Van
der Waals forces are the cause of the interaction between the nitrogen molecules and the
material. An assumed equilibrium between the adsorption and desorption is achieved by
gradually increasing the pressure of nitrogen through the analysis. As this is done at low
temperatures, the nitrogen molecules interact with other in leu of the adsorbate, this is called

nitrogen multilayers.

The Langmuir theory has been modified slightly to allow the development of the theory of
nitrogen physisorption. The modification to the Langmuir theory was because it did not account
for the formation of N> multilayers so to account for the interaction between the N> layers a
new constant was established C. The linear region of the BET plot is used to calculate the
specific surface area, if we assume the packing between the nitrogen molecules is 0.162 nm?,
this indicates the monolayer coverage. By using Equation 8 and Equation 9, the parameters
of the process can be expressed. Assuming the equal spacing between the nitrogen molecules

we can determine the true surface area calculation and the multilayer interaction constant.

C < exp % Equation 8

Where:

C - multilayer adsorption parameter

e E; - the heat of adsorption for the first layer (kJ mol™!)

e E. - the heat of adsorption for the second subsequent N> layers (kJ mol™)
e R - Universal gas constant (8.314 J mol! K )

e T - Analysis temperature (K)
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VmOoNg

SA = Equation 9

Where:

e SA - BET specific surface area.

e V- monolayer volume

e Y - N, packing value (0.162 nm?)

e N.— Avogadro number (6.022 x 10?)
e T — Analysis temperature

e m — sample mass

e v - gas molar volume

2.5.8 Powder X-ray Diffraction (PXRD)

XRD is used to determine the crystallinity and structure of the sample in this case biochar. An
advantage of using x-ray diffraction is it is seen as no-destructive technique for the analysis of
samples meaning they can be recovered after being scanned they can be re-calmed and uses in
catalysis or further characterisation can be carried out. Similarly, as to the previously mention
EDX it involves photoemissions form the x-ray source which is from Cu radiation. X-rays are
produced when an electron for a higher shell fills the hole that if left when the core electron
level loses and electron. This radiation crated by this process is angled towards the sample
through a monochromator. A smooth surface is essential for this to work so the sample must be
ground into a fine powder. The powder will be a range of mesh sizes but to the naked eye the
powder will seem to be of homogeneous size. Constructive interference with the incident rays
is still possible as there will be a enough crystallites in the correct orientation meaning that the
crystalline or amorphous material scanned due to the displayed diffraction pattern. We can

understand constructive interference by using Bragg’s law (Equation 10), where refraction
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angles are observed only if the interplanar distance is equal an integer multiplied by the x-ray

wavelength 1?7,

nl =2dsin© Equation 10 — Bragg’s Law

Where:

e ) is the wavelength of the x-ray source, in this case Cu radiation (0.154 nm).
e nis the multiplication integer (order of reflection).
e d is the interplanar distance.

¢ 0 is the diffraction angle at which the peak is associated with.
The diffractogram is used to depict the nanoparticles if the loading of the active mental and
crystallite size is high enough. From the reflection seen a miller index can be assigned, as well
as using the Scherrer equation (Equation 11) to calculate an estimate for the crystallite size.
The information this provides is useful because it can give an early indication into the particle
size before using the more advanced method of Transmission Electron Microscopy. A
limitation to the detection of crystallite occurs with relation to the crystallinity of the supporting
material as well as if the particles present are <3 nm this will cause the peaks to lose its shape
as well as broaden. The is due the destructive interference limiting any constructive interference
that leads to the peak. The way to resolve this problem is to monitor multiple crystal planes

then averaging the crystallite size.

= Kl
B cos O

Equation 11

Where:

e tis the mean crystallite size.
e K is a dimensionless shape factor (0.89).

e ) is the wavelength of the radiation used (Cu - 0.154 nm).
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¢ B is the Full Width at Half Maximum (FWHM) as calculated by the instrument or by
manual integration.

e 0 is the diffraction angle at which the peak to be measured is based

Figure 17: PANalytical Empyrean series 2 diffractometer.

53



Chapter 3

The textural and
chemical properties

of bulk and
mesoporous biochars



3.0 The textural and chemical properties of bulk and mesoporous biochars

In this section I will present and rationalise the results collected on the production and
characterisation of both bulk and mesoporous biochars denoted in two sections as “batch char”
which led to the naming of ‘BC’ and “activated biochar” which is mentioned as ‘ABC’, which
are derived from barley straw waste. These materials were then impregnated with Pd to
generate catalytic packages for the selective hydrogenation of phenylacetylene, the application
of these functionalised biochars are shown in Chapter 4. The core aims of this research are as

follows:

e Understand the effect of pyrolysis temperature on biochar structure, how this can be
used to enhance or limit catalytic conversion.

e Produce a range of mesoporous biochars using chemical activation, determine the
optimum process for synthesising high surface area carbon materials.

e Monitor the effect of biochar support on the produced Pd nanoparticles, are they stable?

o Assess the benefit of a mesoporous biochar catalyst on the phenylacetylene reaction. Is

this a rational material to be used for a batch reactor or mass transfer limited?

3.1 Characterisation of Raw and Leached Barley Straw

3.1.1 Thermogravimetric Analysis (TGA)

Barley straw pre-treatment in the form of leaching was carried out, as described in Chapter 2.
This is a type of physicochemical pre-treatment and is carried out to remove or reduce any
water-soluble inorganic impurities in the barley straw 2% 12°, As can be seen in Table 6, through
TGA (proximate analysis) the leaching has significantly decreased the ash content from 3.50
wt% to 1.66 wt%, a reduction of 53%. This reduction in ash is most likely due to the removal
of K, Cl and S (although S was not found to be present in the virgin feedstock), as leaching has

been shown to reduce these elements over time, albeit K and Cl remove at a fast rate, S requires
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a longer leaching residence time, as shown by Taylor et al. 3% 13!, The feedstocks in Table 6
also show a moisture reduction of 69% between raw and leached barley straws which have
8.08 wt% and 2.55 wt% moisture, respectively. The drop-in moisture is due to that after
leaching, the barley straw was dried overnight at 105 °C, where the raw barley straw was not.
Note, there is still moisture present in the leached sample, this is assumed to be trapped within
the lignocellulosic structure and could be due to a mild hygroscopic nature. It is postulated that
this moisture can be removed through augmented drying technologies such as a vacuum oven.
It is believed that the vacuum drying will not alter the internal structure, unlike pre-treatments
that operate at pressure, followed by a rapid pressure drop such as CO; explosion or AFEX.
Vacuum drying is not a sudden pressure drop, it is gradual. We can also see that the main
component of the barley straw is its volatiles. As the barley straw is thermally degraded, it’s
volatile components in the organic sections are liberated. One can see that this value increases
by ~10% after the barley straw has been leached. Increasing the carbon content through this
pre-treatment is not possible, therefore it can be assumed that the decreases in both ash and
moisture contribute to the rise in volatile value. Additionally, through decreases to both ash and
moisture we can see that leaching has a beneficial effect on the higher heating value (HHV) as
the value is increased by 6%. HHV, otherwise known as the gross calorific value, is the total
amount of heat that can be produced from the feedstock when it is completely combusted.
Although not in the scope of this thesis, it does show that leaching barley straw has a positive

effect on barley straw being used for heating.
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Table 6: Results from the Proximate analysis of raw and leached barley straw.

Ash Fixed Carbon Moisture Volatile HHV

Sample (Wi%) (Wt%) (Wt%) (Wt%) (MJ/Kg)

Raw <0.25 mm
Barley Straw
Leached <0.25 mm
Barley Straw

350+0.02 10.82+0.34 8.08+0.02 77.59+0.34 15.90

1.66 +0.02 9.77+1.74 255+0.15 86.02+1.85 16.85

The thermogravimetric analysis curves can give insight into how the leaching pre-treatment
has/has not affected the lignocellulosic structure. Figure 18 and Figure 19 show the mass loss
of the feedstock with respect to temperature. Figure 18 illustrates the thermal degradation
pathway, showing a large different between the raw and leached feedstocks, black and red lines,
respectively, specifically the loss of mass as a function of temperature. Due to the leached
barley straw being dried and the raw barley straw not, the former has significantly less moisture
content than the raw barley straw (Table 6). This is shown by the larger initial curve from the
raw barley straw, compared to the leached barley straw at 107 °C, this means that more mass
has been lost in the sample through water removal '*!. The breakdown of hemicellulose and
cellulose accounts for much of the volatile matter in barley straw as this feedstock has a
relatively low amount of lignin in it '*2, It can be seen that the second mass loss for the leached
barley straw is shown to thermally decompose at a higher temperature range of 240-400 °C
compared to the raw barley straw 220-400 °C. The mass loss seen between the 600-1000 °C
has been linked to the more complex lignin structure being thermally decomposed as it contains
polymeric, aromatic rings and chains, causing this to thermally decomposition over a wide

range of temperatures '3
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Figure 18 Weight loss curve for raw and leached barley straw

Figure 19 shows the derivative thermogravimetry, specifically the first derivative mass loss
which presents the mass loss per minute, over time. We can see that the first peak on the graph
is the mass loss of water, ranging from 35 °C to 107 °C. The next spike is a broad mass loss
range from 200 °C to 500 °C. For the raw (black) we can only see one peak with a shoulder,
after leaching we see that the shoulder has separated into a second peak. This shoulder is known
to be due to be the depolymerization of the hemicellulose and pectin, followed by the main
peak which is the degradation of cellulose '**. We can also see that after leaching there is a
shift in the man peak at 300 °C this shifting to lower temperature could be associated with the
leaching process itself, this can disrupt hydrogen bonding (intermolecular interactions) which
overall weaken the organic structure subtly. It is believed that this part of the “depolymerisation

step”]35.
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Figure 19: Derivative Weight Loss Graph for raw and leached barley straw

3.1.2 Ultimate analysis of raw and leached barley straw

Ultimate analysis was used to determine what affect leaching barley straw had on the organic
content said barley straw. As we can see the from Table 7, as we leach feedstock the carbon
and hydrogen is increased from 43.50 to 44.90 wt% and 6.35 to 6.41 wt%, respectively. The
nitrogen decreased from, 0.52 to 0.30 wt% this is a decrease of 42%, this is a positive result as
less nitrogen in the feedstock will result in less NOx (NO, N2O and NOz) molecules been
released during thermal processing, specifically gasification or combustion for energy, leading
to a greener product, evidenced further by a substantial increase in C:N ratio, these data points

are also in agreement with data published on similar samples '¥°.

Table 7: Results from the Ultimate analysis of raw and leached barley straw.

Feedstock C (wt%) H(wt%) Nwt%) C/H CN
Raw <0.25 mm 43.50 6.35 0.52 685 83.65
Barley Straw
Leached <0.25mm 4000 64 030  7.00 149.67

Barley Straw

3.1.3 FTIR of raw and leached barley straw
FTIR was carried out to see how leaching barley straw effected its structure, as well as to see

how the pyrolysis process changes the structure, in terms of chemical bonding opposed to
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physical appearance. Figure 20 shows that leaching has not changed the overall structure as
the chemical stretches and bend are close to being identical between the two feedstocks, albeit
with a slight decrease to moisture content shown at 3354 cm™ (broad -OH stretch), agreed by
the thermogravimetric analysis. Peaks that are indicative of cellulose and hemicellulose are; C-
H stretching at 2883 cm’!, C-H bending at 1368 cm™, C-OH bending at 1306 cm™!, C-O-C
asymmetry stretching at 1162 cm™ and the C-O stretching at 1031 cm™'. We can also see at
1731 cm there is C=0 stretching, which is expected from both hemicellulose and lignin.
Another indication of lignin are the three peaks at 1616 cm™, 1506 cm™ and 1426 cm™ which

are the aromatic skeletal vibrations in lignin '3% 13¢,
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Figure 20: FTIR of raw and leached barley straw.
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3.1.4 SEM of raw and leached barley straw

By using scanning electron microscopy (SEM) on both the raw and leached barley straw, we
can investigate how the leaching process has changed the surface morphology. Figure 21 is
that of raw barley straw at a particle size of <0.25 mm at slightly varying magnification for
Figure 21a and Figure 21b. Due to knife milling to reduce the parent feedstock side we can
see the edges of the image are jagged and rough, we can also see a well-defined structure (no
obvious deviations away from straw). For Figure 22, the feedstock imaged is post leaching,
at similar magnification for both Figure 22a and Figure 22b. In the Figure 22b there is a
yellow box showing that the previously well-defined structure has been softened somewhat
after leaching. As well in Figure 22b there is a red box showing indentations into the barley
straw, clearly caused through the leaching process, possibly through impaction due to the
irregularity in spacing between the indents. The circular indents, were measured to have and
average diameter of 10.49 + 2.75 pm. The overall surface morphology for the leached barley
straw compared to raw barley straw are not massively different. Other than from some mild
fracturing and pitting that has been shown for previous images. The differences shown in
images A and B for Figure 22 are in different regions of the sample and therefore contains
isolated regions of what appears to be delamination of the barley straw. Delamination could
also be a function of the initial milling process and therefore could be present in the raw

material 7> 13!,
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Figure 21: SEM of raw barley straw (0.25 mm grains), where A and B are at the same
magnification but in different regions on the sample.

Figure 22: SEM image of leached barley straw, where A and B are at the same
magnification but in different regions on the sample.

3.2 Characterisation of bulk biochars

As covered in Chapter 2, a family of bulk biochars were synthesised using four different
maximum pyrolysis temperatures, 500 C, 600 ‘C, 700 "C and 800 °C, with no other activation
or post processing. After removing all surface bound oil and tar, the biochars were characterised

using the techniques mentioned previously for the feedstocks, as well as porosimetry.
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3.2.1 Thermogravimetric analysis of bulk biochars

Due to the low sample masses of the produced biochars, the LECO 701 TGA used for the raw
feedstocks was not appropriate as the lowest mass for this TGA was 100 mg, using this size of
sample would consume large amounts of product, especially due to triplicate analysis.
Therefore, for all chars and Pd doped biochars, a Mettler Toledo TGA/DSC 1 STAR was used
at it handles far lower sample masses (Figure 11). In comparison with the raw and leached
barley straw in Figure 18 that began breaking down at around 200 °C, we can see in Figure
23 (biochar produced via pyrolysis at 800 °C) that the major ‘breakdown’ does not occur until
400 °C, that is an increase of 200 °C. This is due to the lack of volatiles present meaning in the
material; therefore, it can be said that the bulk biochar 800 has become more thermally stable,
especially as this TGA was carried out in air opposed to nitrogen for the raw feedstock. In
nitrogen it was already shown to be thermally stable (the sample was not fully decomposed).
We can see that combustion began at ~400 “C for this sample. Unfortunately, due to time and
sample mass restraints, only the bare 800 °C could be characterised out of the bare bulk
biochars as the other samples were impregnated with Pd for catalysis. Further biochars could
have been made but would not be ‘identical’ as technically they would be from different

batches, although we assume that the leached barley straw is homogenous.
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Figure 23: TGA Weight loss curve for Bare 800 °C Biochar

3.2.2 Ultimate analysis of bulk biochars

The ultimate analysis of the bulk biochars was carried out to see how the pyrolysis process
affected the organic components, compared to the leached barley straw feedstock. From Table
8, it can be seen a that there is large increase in the carbon fraction from 44.90 wt% to 74.93
wt%. 78.92 wt%, 79.37 wt% and 75.59 wt% for the biochars produced at 500 °C, 600 °C, 700
°C and 800 °C. These are increases of 66.88 %, 75.77 %, 76.77 % and 68.35 %, respectively
compared to the leached parent feedstock also shown in Table 8. This increases in carbon
content as the temperature increases is due to the removal of oxygen from the feedstock, the
dominate reaction in pyrolysis is the removal of oxygen without combusting to CO or COx.
Additionally, through this process there is an increase in the peak size in terms of C=C and or
C=C bonding as temperature increases, as shown in Figure 24. This could link to removal of
hydrogen and oxygen from the feedstock, especially as a core action of pyrolysis is

deoxygenation of a material '*’

. We can also see that as pyrolysis temperature is increased the
content of hydrogen is reduced, in this case it goes from 6.41 wt% to 3.21 wt%, 2.22 wt%, 1.46
wt% and 1.68 wt% this is a decrease of 49.92 %, 65.37 %, 77.22 % and 73.79 % for 500 °C,

600 °C, 700 °C and 800 °C, respectively. In this case the hydrogen would be liberated as H»,
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CH4 and in some cases a low concentration of NH3. The decrease in hydrogen content and the

increasing C/H ratio indicates carbonization as well as an increase the aromaticity of the

biochar 38,

Table 8: Results from the ultimate analysis of raw and leached barley straw compared
to that of biochar produces at 500°C, 600 °C, 700 °C and 800°C.

C H N
Feedstock WE%)  (Wt%)  (Wt%) C/H C/N

43.50 6.35 0.52 6.85 83.65

Raw <0.25 mm
Barley Straw
Leached <025mm ) 0 641 030 700 149.67

Barley Straw
500 °C Biochar 7493 321 065 2334 11528
600 °C Biochar  78.92 222 127 3555  62.14
700 °C Biochar 7937 146 055 5436 14431
800 °C Biochar ~ 75.59  1.68 148 4499  51.07

3.2.3 FTIR analysis of bulk biochars

Figure 24, compared to that of Figure 20 features have been smoothed/removed by the
pyrolysis meaning that we have reduced and, in some cases lost functional groups. This is
backed up by the TGA data showing the depolymerisation and breaking down of cellulose and
hemicellulose, as well as some lignin between 200 °C to 500 °C. we can also see at 2097 cm’!
a new peak starts to emerges at 500 °C, becoming more prominent as the temperature is
increased, this is highlighted in Figure 24 by a red box around the new group. From the spectra
we can deduce that this is C=C=C or C=C stretching, often seen as functionality pertaining to
Lewis acid characteristics, which has been shown in the past to promote hydrogenation
reactions '*°. Also, it is seen that as the temperature increases the peak at 2097 cm™! becomes
more prominent which means that the Lewis acid density increases as a function of

temperature.
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Figure 24: FTIR of biochar made at 500 °C, 600 "C, 700 °C and 800 °C.

3.2.4 SEM/EDX analysis of bulk biochars

SEM images of the bulk biochars were acquired and analysed to identify any differences in the
surface morphology that have occurred due the different pyrolysis temperatures. This data is
presented in Figures 25-27, where there does not appear to be a significant difference in the
surface morphology of the biochars, meaning temperature has no obvious physical damage to
the sample. We can see in image Figure 25a, Figure 26a and Figure 27a there are some surface
characteristics that are present in all three samples. This means that the pyrolysis temperature
does not affect these formations and that they are a natural feature of the barley straw waste,
irrespective of thermochemical conversion. We can also see in Figure 25b, Figure 26b and
Figure 27b that the pyrolysis temperatures do not affect the shape of the biochar particles, all
three images have a similar appearance of just ‘chunks’ of barley straw that are now biochar,
in essence a deoxygenated form of its parent self. Unfortunately, SEM images were not
captured for the bare BC/800 sample, although it is safe to assume that it would be similar to

BC/500, BC/600 and theorised
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Figure 25: SEM images of [A] BC/500 biochar at a magnification of X100 and [B]

BC/500 biochar at a magnification of X1000.

200 pm 100 um

Figure 26: SEM images of: [A] BC/600 biochar at a magnification of X100 and [B]

BC/600 biochar at a magnification of X500.
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Figure 27: SEM images of: [A] BC/700 biochar at a magnification of X100 and [B]

BC/700 biochar at a magnification of X1000.

3.2.5 Porosity of bulk biochars

Brunauer-Emmett-Teller (BET) analysis was carried out on the bulk biochars but a
measurement was not able to be made this is due to the bulk nature of the biochar. This means
that there was no measurable pore network, the bulk properties are visualised in the SEM data.
It is expected from similar data reported by the Taylor group that the surface area of bulk barley
straw could be similar to bulk wheat straw, where a surface area of ~20.75 m? g'! was found

for a biochar carbonized at 400 °C #'.

3.3 Characterisation of Pd doped bulk biochars

As covered in Chapter 2, the family of synthesised biochars using the four different maximum
pyrolysis temperatures, 500 ‘C, 600 ‘C, 700 °C and 800 ‘C where them impregnated with
palladium at a nominal loading of 1 wt%, using the wet impregnation method described in
Chapter 2. After annealing to leave just Pd (ligand free), the Pd doped bulk biochars where
characterised using techniques mentioned for the bare biochars, as well as EDX and TEM for

Pd content present and nanoparticle sizing/distributions.
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3.3.1 Thermogravimetric analysis of Pd doped bulk biochars

As we can see from Figure 28 with comparison to Figure 18, they both start decomposing in
air at ~400 °C, meaning that the thermal stability gained from the pyrolysis process was not
lowered by the addition of Pd, as well as the annealing. An observation can be made that the
addition of the Pd has made it so that the Pd doped bulk biochar break down at a slower rate

than that of the basic bulk biochar.
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Figure 28: TGA weight loss curve for Pd doped bulk biochars Pd/BC500, Pd/BC600,

Pd/BC700 and Pd/BC800

3.3.2 Textural properties of Pd doped bulk biochars

The ultimate analysis of Pd doped bulk biochars was done to see how the addition of Pd and
the process of annealing affected the biochar structure compared to the bulk biochars. As we
can see between Table 8 and Table 9, the addition of Pd has had no significant effect on the
content of carbon, hydrogen, or nitrogen within experimental error. Alongside Ultimate
analysis Brunauer-Emmett-Teller (BET) was carried out on the Pd doped bulk biochars but as
with the bilk biochars a measurement was not able to be made this is again due to the bulk
nature of the biochar as well as what litter porosity the bare bulk has it may now be filled with

Pd reducing the already small porosity reducing it even further.
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Table 9: Results from the Ultimate analysis, TGA and BET of 1 wt% Pd/BC500,
Pd/BC600, Pd/BC700, and Pd/BC800

Surface
Material C H N Ash area

o) (%) (o) (Wt%)  n o)

Pd/BC500  45.07 1.51 045 12.99 Bulk

Pd/BC600 7438 2.12 0.66 16.16 Bulk

Pd/BC700  78.85 196 0.56 11.76 Bulk
Pd/BC800 7551 143 1.63 11.96 Bulk

3.3.3 FTIR of Pd doped bulk biochars

Again, in Figure 29 we can see that there is known difference to the chemical bonding to the
carbon structure previously seen for the bare biochars in Figure 24. This means that the Pd
impregnation, as well as the annealing process has not affected the newly formed peak at 2097
cm’!, indicating that this new peak is a stable formation in the biochar and that the C=C=C or
C=C are not reduced after further biochar processing after pyrolysis, also that their presence

may have a driving force in the hydrogenation reactions.
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Figure 29: FTIR of 1 wt% Pd/BC500, 1 wt% Pd/BC600, 1 wt% Pd/BC700 and 1 wt%
Pd/BC800
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3.3.4 PXRD of Pd doped bulk biochars

As can be seen in Figure 30, we can observe that as the pyrolysis temperature is increased the
less prominent the silicon impurities in the biochar become. This can also be seen more clearly
in Table 10 where it is shown that the silicon content reduces form 16.39% in leached barley
straw to 11.80 %, 8.41 % and 7.02 % in BC/500, BC/600 and BC/700, respectively. Overall
this is a reduction of 28% for BC/500, 49% for BC/600 and 57 % for BC/700, compared to that
of leached barley straw. We can also clearly see the presence of Pd in the materials and form
the diffractograms we can determine that the reflections seen are the Pd (111) at 40°, Pd (200)
at 46° and Pd (220) at 67° 87- 190 The intensity in the reflections is variable depending on the

presence of crystalline silica which cause the Pd reflections to appear higher/lower in intensity.
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Figure 30: PXRD of Pd doped bulk biochar 1 wt% Pd/BC500, 1 wt% Pd/BC600, 1 wt%
Pd/BC700 and 1 wt% Pd/BC800
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Table 10: The reduction in silicon content in biochars by varying pyrolysis temperature.

Sample Name Si (Wt%)
Leached Barley Straw 16.39
BC/500 11.80
BC/600 8.41
BC/700 7.00

3.3.5 SEM/EDX of Pd doped bulk biochars

To look at the surface morphology for the bulk and mesoporous biochar, scanning electron
microscopy (SEM) was carried out on the samples at different magnifications to look for
differences in the structure that may result from the Pd impregnation and subsequent thermal
processing in the N»/H, stream to anneal and reduce the Pd nanoparticles. The Pd doped
biochars where analysed and the images are presented in Figures 31-Figure 34. Collectively
these images show the impact of different reaction conditions (including BC/800) on the
structure of the biochar, both initial pyrolysis temperature, Pd impregnation and post addition
thermal processing. Agreeing with the images shown for the Pd free biochars (Figure 25-
Figure 27), the pyrolysis temperature has no effect on the overall surface morphology as all
images appear similar. However, the images in Figure 31-Figure 34 show a range of different
grain sizes, this is believed to due to manual grinding the materials into a powder form after
annealing and reduction. Table 11 shows the average Pd loading per biochar material, take
across a number of sites in different areas of the imaged sample. The measured Pd content was
found to be 0.69 wt%,0.71 wt%, 0.70 wt% and 0.64 wt% for Pd/BC500, Pd/BC600, Pd/BC700
and Pd/BC800, respectively. This data shows that across the samples, the Pd loadings across

all four samples are very similar.
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Figure 31: SEM image of [A] Pd/BCS500 biochar at a magnification of X450, [B]
Pd/BC500 biochar at a magnification of X1000, [C] Pd/BC500 biochar at a
magnification of X4000

Figure 32: SEM image of [A] Pd/BC600 biochar at a magnification of X400, [B]
Pd/BC600 biochar at a magnification of X1140, [C] Pd/BC600 biochar at a
magnification of X2000

Figure 33: SEM image of [A] Pd/BC700 biochar at a magnification of X450, [B]
Pd/BC700 biochar at a magnification of X1350, [C] Pd/BC700 biochar at a
magnification of X1500
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Figure 34: SEM image of [A] Pd/BC800 biochar at a magnification of X400, [B]
Pd/BC800 biochar at a magnification of X1200, [C] Pd/BC800 biochar at a
magnification of X1350

Table 11: Measured loading of Pd on bulk biochar through EDX

Sample Pd/BC500 Pd/BC600 Pd/BC700 Pd/BC800

Pd loading 0.69wt%  0.71 wt%  0.70 wt%  0.64 wt%

3.3.6 TEM of Pd doped bulk biochars with particle size histograms.

As we can see from Figures 35-42, we have generated Pd nanoparticles, dispersed across the
biochar support. The clarity of the images is due the fact that Pd has a larger electron density
compared to the carbon support, there contrasts under the electron beam '°. From these images
we can see the measured size of the Pd (TEM) is within error of the XRD estimations (Table
11). It was found that as pyrolysis temperature was increased, the larger the Pd appeared after
annealing. This is due to the metal support interactions between the Pd nanoparticle and the
biochar support. In this case the biochar acts as a weak support in terms of attractions,
apparently weakening as the pyrolysis temperature increased. Often, when nanoparticles
increase in size across materials, one may assume that the metal loading is accountable. For
the materials shown in Table 12, this is not the case as the Pd loading is similar across all four
biochar supports. A similar trend for Pt nanoparticle support interactions has been shown

previously, here ystalline supports such as y-Al,O3, MgO, CeO> and ZnO have a far stronger
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attraction meaning the nanoparticles do not agglomerate and appear monodisperse !!. However,
a support such as amorphous SiO>, does not show this feature and result in a more polydisperse
size with agglomerates forming. The biochars are mostly amorphous in nature and therefore

act similarly (in terms of metal support interactions) with SiO».

The variation in Pd particles sizes is shown in Table 12, comparing the estimated XRD size
again the measured particles from TEM images are shown to be spherical in nature and
presented in Figures 35, 37, 39 and 41, with corresponding particle size distributions in
Figures 36, 38, 40, 42. The histograms show that the nanoparticles range between 3-8 nm,
averaging at 6.30 £ 3.22 nm for 1 wt% Pd/BC500, 6.31 + 3.38 nm for 1 wt% Pd/BC600, 6.23
+2.72 nm for 1 wt% Pd/BC700 and 7.48 = 4.03 nm for 1 wt% Pd/BC800. This data shows that
although globally the nanoparticle size is similar for the four materials, there is a mild variation
in particle sizes, if considering the standard deviations which follow a linear trend (assuming
1 wt% Pd/BC700 as an outlier) of increasing as pyrolysis temperature increases. For the 1 wt%
Pd/BC800 material, the broader particle size variation is mapped to measured, individual

particles of 13-18 nm, with some agglomeration beginning to occur.

Table 12: Results of TEM and XRD showing Pd sizing and loading.

Pd size (XRD) Pd size (TEM)

Material Pd (wt%)

(nm) (nm)
Pd/BC500 0.69 +0.32 7.99 6.30 £3.22
Pd/BC600 0.71 £0.47 8.20 6.31 £3.38
Pd/BC700 0.70+0.30 8.75 6.23£2.72
Pd/BC800 0.64 +£0.18 9.40 7.48 £4.03

Figure 35c¢ shows high resolution image of a single Pd nanoparticle, impregnated into the
BC500 support. At atomic resolution, one can perfectly see the Pd atom arrangement that make
up the nanoparticle. By measuring the distance between Pd atoms, the lattice spacing can be

deduced to rationalise the overall structure. The XRD data previously in Figure 30 shows that
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the dominant reflection is the Pd (111). The measured lattice spacing in Figure 35¢ was found

to be 0.23 nm, this is indicative of the (111) atom arrangement, validating the XRD data.

Average lattice spacing = 0.23 nm
: 1

Grey value (a.u.)

0.00 025 0.50 0.75 1.00 1.25 1.50 1.75 2.00| [
Distance (nm)

Figure 35: TEM images of [A] Site A of Pd/BC500, [B] Site B of Pd/BC500 at similar
magnifications and [C] An atomically resolved Pd nanoparticle with accompanying
lattice spacing
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Figure 36: Pd particle size distribution for Pd/BC500
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Figure 37: TEM images of [A] Site A of Pd/BC600 at low magnification and [B] Site B of
Pd/BC600 at high magnification.
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Figure 38: Pd particle size distribution for Pd/BC600

Figure 39: Figure 39: TEM images of [A]site A of Pd/BC700 [B] Site B of Pd/BC700
both at similar magnification
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Figure 40: Pd particle size distribution for Pd/BC700

Figure 41: TEM images of [A] Pd/BC800 [B] Pd/BC800
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Figure 42: Pd particle size distribution for Pd/BC800
3.4 Characterisation of high surface area mesoporous biochars
As covered in Chapter 2, a family of mesoporous biochar were synthesised using three
different weight ratios of barley straw to potassium hydroxide (KOH), 1:1, 1:0.25 and 1:0.25.
Post pyrolysis the materials were refluxed in hydrochloric acid and washed in deionised water
to remove the KOH, as well as any soluble ash components. The resulting mesoporous biochars

were characterised using techniques mentioned for the previous bulk biochar.

3.4.1 Thermogravimetric analysis of mesoporous biochars

As we have already established in the previous section, the biochar becomes more thermally
stable after pyrolysis. Where the raw and leached feedstock would begin to decompose from
200 °C in nitrogen, the bulk biochar started to decompose/combust at 400 °C (air). We can see
in Figure 43 that the mesoporous biochars had a further improvement to its thermal stability
as they begin to decompose in air at >500 °C. This is assumed to be due to the effect of the

KOH impregnation and the subsequent hydrolysed of cellulose and hemicellulose, leading to a
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structural rearrangement where the lignin polymeric backbone has been altered. In addition, it
has been found in the literature that the addition of KOH into a biomass residue will slow the
thermal degradation of the remaining cellulose, that wasn’t removed during the hydrolysis
processing '*!. Figure 43 shows that there is a substantial decrease in weight during the first
thermal stage, moisture removal. Due to their porous and somewhat hygroscopic nature, they
are able to store a lot of water from the atmosphere, as shown by ABC-0.5 which has an initial
decrease of ~17 wt%. Although this material does not have the highest surface area and
available pore network, the heightened moisture value for this material was subject to how it

was stored (not in an oven or desiccator).
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Figure 43: TGA weight loss curve for mesoporous biochars ABC-1, ABC-0.5 and ABC-
0.25

3.4.2 Textural properties of high surface area mesoporous biochars.

For this section we compare the carbon, hydrogen and nitrogen from the bulk biochar created
at 800 °C as a benchmark material, to that of the mesoporous biochars as both were created at
800 °C. Table 13 shows that ABC-1 and ABC-0.5 has lower carbon, hydrogen, and nitrogen
compared to the bulk BC800 material, this makes logical sense as the KOH has hydrolysed the

cellulose and hemicellulose, by doing so liberating CO and CO., as shown in Equations 2-4,
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as a result losing carbon into the gas phase prior to pyrolysis. It is anticipated that the
incorporation of higher KOH concentration will lead to deeper carbon removal from the
biochars, resulting in a lower carbon and hydrogen content, while nitrogen could be found to
increase through the pyrolysis process. In Figure 44 is a stacked plot of the BET isotherms
from ABC-1, ABC-0.5 and ABC-0.25. Using this data, we can deduce this is a mesoporous
material through the large adsorption capacity (higher nitrogen quantity adsorbed). We can
understand from this data that the plots resemble type IV isotherms which is also indicative of
a mesoporous material. Moreover, and possibly the most striking addition is the rapid
expansion of available surface area for this family of materials. Table 13 shows that by starting
with the lowest KOH loading, the surface area of the char begins to develop (1095.23 m? g'!).
As the KOH content increases, ABC-0.5 presented an available surface are of 1392.87 m? g,
this is an increase of 1.27x. This increases further for ABC-1 to 1436.81 m? g’!, a further 1.03x

increase and overall resulting in a surface area 1.31x greater than the lowest KOH addition.

Table 13: Results from the ultimate analysis, TGA and BET of ABC-1, ABC-0.5, ABC-

0.25
Material C H N Ash Surface area  Pore Volume Pore size
(Wt%)  (Wt%)  (wt%)  (Wt%) (m? g (em3 g™ (nm)
BC800 75.59 1.68 1.48 11.14 Bulk - -
ABC-1 71.26 0.83 1.24 12.61 1436.81 0.36 3.90
ABC-0.5 69.49 1.52 1.22 7.35 1392.87 0.41 6.60
ABC-0.25 79.13 1.79 1.19 4.99 1095.23 0.17 4.20
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Figure 44: A stacked plot of BET Isotherms for ABC-1, ABC-0.5 and ABC-0.25

3.4.3 FTIR of mesoporous biochars

As we can see from Figure 45, the FTIR spectra of the three mesoporous biochars shows that,
similarly with the bulk biochars, there is a drastic reduction in functional groups in comparison
to the virgin feedstock. Again, the peak at 2097 cm! is characterised as either C=C=C or C=C
and induced through the thermochemical process. As previously understood, these are known
to influence Lewis acid characteristics which has been shown in the past to promote
hydrogenation reactions !*. This feature does not appear to increase/decrease with respect to
KOH addition, meaning that it is purely temperature based and appear to the same magnitude
as the BC800 material shown in Figure 29. Although it can be assumed to show similar Lewis
acidity, it can be assumed that a highly porous material could result in a greater dispersion of

surface Lewis acidity, opposed to highly concentrated areas for the bulk material. There is also
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a small feature around 2800 cm™ which is emerging, this is typically assigned to CO2, most

likely derived from atmospheric adsorption.
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Figure 45: FTIR spectra of ABC-1, ABC-0.5, ABC-0.25

3.4.3 XRD of mesoporous biochars

Figure 46 shows stacked x-ray diffractograms of the three mesoporous biochars, compared
with the benchmark BC800. Exhibiting the same amorphous carbon and turbostratic structure
at 43°, the BC800 material shows a series of well-defined crystalline peaks at 28°, 46°, 56°, 65°
and 69° which have been shown previously to be silicon-based entities in the carbon structure,
namely, the Si (111), (220), (311), (400) and (331). After feedstock pre-treatment (KOH additon
with sonication) and the post pyrolysis processing in the form of acid reflux and washing, it
appears that the silicon previously present has been either removed or dramatically reduced.
As silicon is not digested by HCL, it is assumed that the initial pre-treatment with KOH has
liberated or led to the evolution of silicon containing volatiles during pyrolysis, possibly
through a structural weakening during the hydrolysis steps'#> >, However, the acid can digest
other elements in the ash such as Ca, Cl, Na and Fe leaving behind a ‘purer’ carbon, albeit in a

mostly amorphous state 144,
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Figure 46: PXRD of mesoporous biochars ABC-1, ABC-0.5 and ABC-0.25 with
comparison to the bulk biochar BC/800

3.5 Characterisation of high surface area, Pd doped mesoporous biochars

Following the development of the mesoporous biochars, they were subsequently impregnated
with palladium to achieve a nominal loading of 1 wt% using the method described in Chapter
2 and shown to be effective earlier in this chapter. After the metal salt was dispersed in solution
and mixed with the mesoporous biochar, it is believed that diffusion will be facilitated
throughout the mesoporous structure, as well as on the bulk surface. Once dried, the material
was annealed and reduced to remove the precursor ligand and leave behind Pd’. The resulting
Pd doped mesoporous biochars denoted as 1 wt% Pd/ABC-1, 1 wt% Pd/ABC-0.5 and 1 wt%

Pd/ABC-0.25 where characterised using techniques mentioned previously.
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3.5.1 Thermogravimetric analysis of mesoporous Pd doped biochars
Once again, the Pd doped mesoporous biochars mimic the thermal stability to the Pd free
biochars. However, in this case the inherent moisture content is much lower the materials

shown in Figure 47.
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Figure 47:TGA weight loss curve for mesoporous Pd doped biochars Pd/ABC-1,
Pd/ABC-0.5 and Pd/ABC-0.25

3.5.2 Textural properties of mesoporous Pd doped biochars

Table 14 shows a direct comparison with Table 13. The values are within the expected
experimental error and natural variance of the feedstock. With this in mind, we can confidently
state that the addition of the Pd has not significantly altered the biochar and its ash content.
Again, we can look at the isotherms shown in Figure 48 to understand how the addition of Pd
can alter the pore structure, especially after annealing. Often this results in a slight decrease in
available surface area and pore volume as the impregnation process will deposit components
into the support structure. In Figure 48 we can see that for PA/ABC-1 and Pd/ABC-1, their
isotherm remains similar to Figure 44, meaning this it is a type IV mesoporous isotherm.
However, the isotherm for PdA/ABC-0.25 appears different. The adsorption section of the

isotherm remains consistent with that of its equivalent in Figure 44, but the desorption
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component is not correct, potentially due to a fault during data collection. This does not affect

the data presented as all values used are from the adsorption values, not desorption.

Table 14: Results from the Ultimate analysis, TGA and BET of 1 wt% Pd/ABC-1, 1 wt%
Pd/ABC-0.5 and 1 wt% Pd/ABC-0.25

Material C H N Ash S‘:li?;ce Vf))l(:lrlfle l:;)zl;e
1) 0 0 1)

V%) wt%) %) we%) (SR PR

Pd/ABC-1 75.40 0.00 1.22 18.70 1329.31 0.38 4.30

Pd/ABC-0.5 85.60 0.82 1.22 17.16 1368.82 0.49 3.90

Pd/ABC-0.25 75.58 0.82 1.19 4.92 989.00 0.13 3.20

. 6004 —*— 1 wt% Pd/ABC-1
= —e— 1 wit% Pd/ABC-0.5
w5504 —*—1 wt% Pd/ABC-0.25

Quantity Adsorbed (cm®/g
w w A A O
o [4)] o [4)] o
o o o o o
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0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Figure 48: A stacked plot of BET Isotherms for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-
0.25

3.5.3 FTIR comparison of mesoporous Pd doped biochars

We can see by comparing Figure 45 and Figure 49, the data are within experimental error, this
indicates that the addition of Pd and the process of annealing has no significant effect on of the
structure of the Pd doped mesoporous biochar. This specifically pertains to the organic structure
present, this also shows that the indicated C=C=C linkages have not been removed/disrupted

through the addition of the Pd and further thermal processing.
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Figure 49: FTIR of Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-0.25

3.5.4 XRD of mesoporous Pd doped biochars

In Figure 50 we can see that the impregnation of Pd has been successful, similarly with the
bulk biochars previously shown (Figure 46). Additionally, the data shows that there is no
contamination/anomalies, including silica that has been previously seen for biochars. Each of
the Pd entities can be indexed in the same manner as before, this means that the reflections
observed are Pd (111), Pd (200) and Pd (220)'*°. A note of mention is that due to different
sample quantities available, a different form of sample mounting was used for PA/ABC-1 and
Pd/ABC-0.5, utilising a much lower sample mass on a zero-background holder. As a result, the
counts obtained were far lower than the Pd/ABC-0.25. As the data presented is not variable to

its counterparts, the overall intensity for this scan was reduced by 100x.
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Figure 50: PXRD of mesoporous Pd doped biochars Pd/ABC-1, Pd/ABC-0.5 and
Pd/ABC-0.25 (the data shown for Pd/ABC-0.25 has been divided by 100x to bring its
intensity in line with the other two samples due to different sample amounts used)

3.5.5 SEM/EDX of mesoporous Pd doped biochars

A few grains of biochar where analysed and are presented in Figures 51-53. This data elegantly
shows the impact of the KOH added to the feedstock before pyrolysis and how this affects the
structure once pyrolyzed. For the PA/ABC-1, which is born from a 1:1 biomass-KOH ratio,
there is a well-defined network of pores that can be seen in Figure 51a, with subsequent images
at increasing magnification in Figure 51b and Figure 51c¢. Figure S1c¢ shows the pore structure
at 25000x magnification where one can see the various cavities in the material, strikingly
different to the bulk biochars previously seen which still resembled the parent barley straw
structure. We can also see that the effect of KOH for the 1:0.5 (Pd/ABC-0.5, Figures 52a-c)
material has a different the pore network structure, far less defined that that of the KOH 1:1.
Ultimately, although more structured than the bulk biochars, the cavities seen in Figure 51b-c
are not present, albeit still presenting a high surface area. Finally, in Figures 53, Pd/ABC-0.25

appears to heavily resemble the parent barley straw in part, as it is far less “fluffy”, this is
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shown in Figure 53b and Figure 53c. Although this material doesn’t appear in the same way
as Figure 51 and Figure 52, the pore network is evident and the structure on a whole still
appears to have a honeycomb nature (Figure 53b) with a variety of cavities present at different
sizes. The biochar chemical activation route using KOH has been shown previously in the
literature, this shows how the surface of the biochar can be modified to provide a “sponge-like”

morphology 2.

By exploring these materials in the same method as before, via wide EDX
scans in a number of regions, the Pd content was found to be 0.25 + 0.17 wt%, 0.53 £ 0.19 wt%
and 0.21 + 0.07 wt% for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-0.25, respectively. This shows
that across the samples, the observed Pd loading is different across the three samples is highly
variable, as compared to the values shown in Table 11 to the values in Table 15. Although the
method of wet impregnation was the same between materials, one can assume that due to the
expanded surface area and pore structure, the Pd is far more dispersed into the material. This
means that in the specific wide scans obtained, the Pd present could be variable (low in some
regions and comparatively higher in concentration in others). However, Table 15 shows for
these scams, there was not substantial variation in Pd content per sample (low standard

deviation values). For these materials a more quantitative method of analysis is required such

as inductive coupled plasma (ICP), after complete digestion.

Figure 51: SEM image of [A] Pd/ABC-1 at a magnification of X500, [B] Pd/ABC-1 at a
magnification of X2500 and [C] Pd/ABC-1 at a magnification of X25000
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Figure 52: SEM image of [A] Pd/ABC-0.5 at a magnification of X500, [B] Pd/ABC-0.5 at
a magnification of X2500 and [C] Pd/ABC-0.5 at a magnification of X25000

Figure 53: SEM image of [A] Pd/ABC-0.25 biochar at a magnification of X500, [B]
Pd/ABC-0.25 biochar at a magnification of X2500 and [C] Pd/ABC-0.25 biochar at a
magnification of X25000

Table 15: Measured loading of Pd on mesoporous biochar through EDX

Metal Pd/ABC-1 Pd/ABC-0.5 Pd/ABC-0.25

Pd 0.29 + 0.17 wt% 0.53 £ 0.19 wt% 0.21 +£0.07 wt%

3.5.6 TEM of mesoporous Pd doped biochars with particle size histograms

As we can see from Figures 54-57, Pd nanoparticles have once again been synthesised and
dispersed across the mesoporous support. The clarity of these images, specifically the metal vs
support, is again due to Pd owning a larger electron density compared to the carbon support and
therefore providing much greater contrast under the electron beam. We can see from the images
that the measured size of the Pd (TEM) is not within the error of the XRD estimations (Table
15). However, they are very similar to the Pd/BC samples suggesting that the method of Pd
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impregnation was clearly translated across all materials and the overall methodology was
reproducible. Reasons as to why the XRD data for the ABC samples was higher pertains to the
quality of the scans taken. Previously, it was mentioned that there were low sample quantities
used for these scans. This would suggest that (although not seen in the stack a plot as the data
are equivalent), the signal to noise ratio has caused the variations in the software outputs, that
and a slightly rising background. To overcome this, one could manually integrate the peaks and
deduce the FWHM and calculate the particle size. However, the use of PXRD for this was not
its primary purpose and a more accurate method of particle sizing was used, TEM. Interestingly,
the TEM images showed that although there were clear agglomerates found, the physical shape

of the nanoparticles was a mixture or spherical Figure 54 and rectangular Figure 56b.

The particle size histograms show that the nanoparticles range between 2-6 nm, averaging at
5.75 £ 3.75 nm for Pd/ABC-1 and 5.29 + 3.78 nm for Pd/ABC-0.25 nm. Due to availability of
TEM beamtime, the PA/ABC0.5 material was not imaged. The XRD estimations shown in
Table 16, although previously stated to not be comparable to the TEM data, the size rationale
shown is logical. This data suggests that as the KOH concentration used increased, the resulting
material and its Pd particle size increased. In terms of thermal stability, although shown on a
bulk level to be comparable, it can be assumed that the metal-support interactions could be
weaker as the material becomes more porous. As a result, the Pd particle size could be seen to

increase subtly.

Table 16: Table 15: Tables showing estimated and measured Pd size.

Pd size (XRD) Pd size (TEM)

Material Pd (Wt%)
(nm) (nm)
Pd/ABC-1 0.29+£0.17 12.09 5.75+3.75
Pd/ABC-0.5 0.53+£0.19 10.05 N/A
Pd/ABC-0.25 0.21+£0.07 7.46 5.29+3.78
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Figure 54: Representative TEM images of [A] Pd/ABC-1 and [B] Pd/ABC-1
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Figure 55: Histogram for measured Pd particle sizes for Pd/ABC-1
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Figure 56: Representative TEM images of Pd/ABC-0.25 at varying magnification
(Image A, B and C) to show particle dispersion and agglomerates.

30
28 ] B 1 wt% Pd/ABC-0.25
26
24
22

Frequency (%)
=S A A A AN
COONOOOOKO
| I IR I NP B |

1234567 8 9101112131415161718
Pd particle size (nm)

Figure 57: Histogram for measured Pd particle sizes for Pd/ABC-0.25

A complete summary of the data shown in Chapter 3 can be found in Section 3.6 (Table 16)
and can be used as a reference point for the characterisation acquired and analysed for the four
families of materials created in this thesis, including the bare biochars and Pd impregnated

variants.
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3.6 Bulk and mesoporous biochar data repository

Table 17: Summary of all characterisations performed, across all samples.

Pd size

Material ( (f/i ) (g’) (;I)) ( v?ts(;:)) Sulgzzce:g f?)rea Po(rcen?;ogl}:)me PO(I: nﬁize Pd (Wt%) (ﬁll}nl;) Pd sifs IgEM)
500 °C 74.93 3.21 0.65 - Bulk N/A N/A - - -
600 °C 78.92 222 1.27 - Bulk N/A N/A - - -
700 °C 79.37 1.46 0.55 - Bulk N/A N/A - - -
800 °C 75.59 1.68 1.48 11.14 Bulk N/A N/A - - -
ABC-1 71.26 0.83 1.24 12.61 1436.81 0.36 3.90 - - -
ABC-0.5 69.49 1.52 1.22 7.35 1392.87 0.41 6.60 - - -
ABC-0.25 79.13 1.79 1.19 4.99 1095.23 0.17 4.20 - - -
Pd/BC500 45.07 1.51 0.45 12.99 Bulk N/A N/A 0.69 £0.32 7.99 6.30+£3.22
Pd/BC600 74.38 2.12 0.66 16.16 Bulk N/A N/A 0.71 £0.47 8.20 6.31 £3.38
Pd/BC700 78.85 1.96 0.56 11.76 Bulk N/A N/A 0.70 £ 0.30 8.75 6.23+2.72
Pd/BC800 75.51 1.43 1.63 11.96 Bulk N/A N/A 0.64 £0.18 9.40 7.48 £4.03
Pd/ABC-1 75.40 0.00 1.22 18.70 1329.31 0.38 4.30 0.29+0.17 12.09 575+3.75
Pd/ABC-0.5 85.60 0.82 1.22 17.16 1368.82 0.49 3.90 0.53+0.19 10.05 N/A
Pd/ABC-0.25 75.58 0.82 1.19 4.92 989.00 0.13 3.20 0.21 £ 0.07 7.46 529+3.78
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Chapter 4

The selective
hydrogenation of

phenylacetylene using
Pd doped biochars



4.0 The Selective hydrogenation of phenylacetylene using a bulk and

mesoporous biochars.

In this Chapter, I will apply the families of Pd doped biochars (Chapter 3) on a model reaction,
the selective (or partial) hydrogenation of an alkyne, specifically phenylacetylene. As shown
in Figure 5, this reaction is subject to a cascade process where further hydrogenation is often
seen, resulting in the consumption of the molecule of interest (alkene) and producing the
alkane. Conventional catalytic routes have often used materials which can self-poison or
prevent the re-adsorption of the alkene by providing a site for surface adsorption. This can also
involve using a surface which prevents the parent alkyne from adsorbing in a planer fashion
(Figure 6). The rationale for accommodating biochars produced through varying conditions
(temperature or pre/post activation) will determine if a biorenewable catalyst support can be
used to alter the reaction profile of the reaction, without the need to incorporate ad-atoms or
additional components which have been used in the past such as Pb or Sn. In a sustainable
world, by omitting the use of these metals will reduce the environmental impact of the

chemistry as the risk of heavy metal leaching is removed.

4.1 Bulk biochar catalyst hydrogenation reactions

In a stepwise method, the biochars where investigated separately and denoted in two sections
as “batch char” which led to the naming of ‘BC’ and “activated biochar” which is mentioned
as ‘ABC’. By taking a systematic approach to this testing, the four bulk BC materials
(Pd/BC500, Pd/BC600, Pd/BC700 and Pd/BC800) were utilised at three different temperatures
to determine the most effective reaction conditions, and where possible calculate the required
activation energy per materials. As shown in Chapter 3, the family of BC materials are very
low surface area, this means that the dispersion of Pd on the surface will be very low. With that

in mind, it can be assumed that either the rate of reaction will be low or the high population of

97



adsorption sites can lead to over conversion or the over population of activated hydrogen post

spillover onto the support from the Pd.

4.1.1 Bulk biochar reactions at 30 °C

With relation to Figure 58a, we can see that after six hours (360 min) that the produced
materials were confirmed as catalysts for this reaction, evidenced through catalytic turnover
leading to a two-stage process, hydrogen activation and bond saturation in the phenylacetylene.
The data in Table 18 shows that Pd/BC500 and Pd/BC800 did not fully convert the
phenylacetylene. For the case of Pd/BC500, only 47.94% is converted and for Pd/BC800 only
89.48% was converted, albeit at 100% and 92.30% selectivity to styrene, respectively.
However, Pd/BC600 was found to be more active, converting all the phenylacetylene (~100%)
after 300 min, providing a modest selectivity of 85.47% towards styrene. Finally, Pd/BC700
appeared to be the most active catalyst as it fully consumed the phenylacetylene after 240 min
which is the fastest of the four catalysts at 30 "C, however this was by far the least selective
(69.50%), leading to steady consumption of the styrene once the phenylacetylene had been
transformed. The trends in reaction selectivity can be found in Table 18 and Figure 59b which
shows when styrene begins to be consumed, per catalyst and Figure 59¢ shows the evolution
of ethylbenzene as a result of the styrene consumption. An initial deduction can be made for
these catalysts, suggesting that there is early evidence that while the Pd content is similar across
the materials (Table 11), there is an effect of pyrolysis across the biochars, loosely inferring
that the catalysts have variable adsorption properties or the promotional effect to the
hydrogenation reaction is attributed to an increase in Lewis acid characteristics (evidenced
through FTIR. Figure 29). With the exception to Pd/BC800 which at this point appears an
outlier, the stepwise trend from BC500-BC700 show an increase in Lewis acid content (Figure
29), highlighting not only a more rapid initial reaction to styrene, a greater rate of hydrogen

cascade reaction to ethylbenzene. This is evidenced in Figure 58c which shows the runaway
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reaction occurring from 240 min and 120 min, for PdA/BC600 and Pd/BC700, respectively.

However, the second hydrogenation reaction was detected at 240 min for Pd/BC800, similar to

Pd/BC600.

With this in mind, the data shows that for 30 °C, Pd/BC500 is the most selective, albeit least

active catalyst. Clearly, as the support pyrolysis temperature was increased, the selectivity seen

for BC500 was sacrificed at a cost of activity for BC600, BC700 and BC800.

’__\100#

Phenylacetylene Conversion (%

ol A — 3
80 y
70- A
60 - /
. '
50 - /
40
30- ,
1 /./ —8— 1 Wit% Pd 500°C
20 'y —8— 1 Wt% Pd 600°C
10 —e— 1 Wt% Pd 700°C
i —8— 1 Wt% Pd 800°C
0

Time (min)

0 50 100 150 200 250 300 350 400

Styrene Selectivity (%)

100-#

90 -

80 -

704 |

60-:

50|

40
1 |

30 | —e— 1 Wt% Pd 500°C

20| —o— 1 Wt% Pd 600°C
J —e— 1 Wt% Pd 700°C

10 - B &1 Wt% Pd 800°C
0 50 100 150 200 250 300 350

Time (min)

100 1 —e— 1 Wt% Pd 500°C
—e— 1 Wt% Pd 600°C
—e— 1 Wt% Pd 700°C
1 Wi% Pd 800°C

90
80_ &
701
60 -
50
40
301
20-
10-
04
0 50

Ethylbenzene Selectivity (%)

100

C

—

150 200 250
Time (min)

300 350 400

Figure 58: [A] conversion of phenylacetylene at 30 °C. [B] Selectivity of styrene and [C]
Selectivity for ethylbenzene for Pd/BC500, Pd/BC600, Pd/BC700 and Pd/BC800
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Table 18: Table showing the conversion of Phenylacetylene, Selectivity for styrene and
ethylbenzene for Pd/BC500, Pd/BC500, Pd/BC500 and Pd/BC500 at 30°C.

Reaction Phenylacetylene Styrene  Ethylbenzene

Catalyst Temperature Conversion Selectivity Selectivity
cC) (%) (%) (%)
Pd/BC500 47.94 100.00 0.00
Pd/BC600 100.00 85.47 14.53
30
Pd/BC700 100.00 69.50 30.50
Pd/BC800 89.48 92.30 7.70

4.1.2 Bulk biochar reaction at 50 °C

To investigate the effect of temperature on this reaction, a strategic increase to 50 'C was
implemented, maintaining the same mass of catalyst and flow rate of hydrogen through the
solution. Figure 59a and Table 19 both show that for Pd/BC500, the reactivity has increased
due to more energy supplied to the reaction. At this mildly elevated temperature 88.33% of the
phenylacetylene was converted to both styrene and ethylbenzene, demonstrating that
selectivity was not maintained in the same way as at 30 ‘C. However, shown in Table 18, only
47.94% was converted overall, by increasing the temperature the conversion increased by a
substantial 45.73%, albeit now reporting a styrene selectivity of 95.55%, in this case the styrene
was beginning to be consumed at ~300 min (Figure 59b and Figure 59¢). For Pd/BC600, the
effect of temperature was not as profound as a similar reactivity was observed, the
phenylacetylene was found to reach the same level of conversion (~100%) at a similar time as
the 30 °C data. Interestingly, the selectivity of styrene production for this catalyst was higher
for the 50 °C reaction, where 93.48% was found, compared with 85.47% for the lower
temperature reaction (Table 18). The reactivity for PdA/BC700 operated in the same way as seen
for Pd/BC500 where the temperature drove the reaction to fully convert phenylacetylene 120
min, this is half the time required for the 30 °C reaction. However, as is also expected, this

accelerated rate of reaction also drove the over hydrogenation to ethylbenzene, resulting in a
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change of styrene selectivity from 69.50% (30 °C, Table 18) to 63.64% (50 ‘C, Table 19). In a
similar fashion, the reactivity also increased for Pd/BC800, evidenced in Figure 59a the
catalyst fully converted the phenylacetylene after 240 min, whereas at 30 °C it only managed
to convert 89.48 %, with near identical selectivity towards styrene, 92.30% and 92.65% for 30

°C and 50 °C, respectively (Table 17, Table 18), meaning similar ethylbenzene selectivity too.
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Figure 59: [A] conversion of Phenylacetylene at 50 °C. [B] Selectivity of Styrene at 50 °C
and [C] Selectivity for Ethylbenzene at 50 °C 1 wt% BC/500, 1 wt% BC/600, 1 wt%
BC/700 and 1 wt% BC/800

To fully deduce the requirement of Pd in this reaction, although hydrogenation has previously
been stated as requiring activation via a metal site, the potential for auto-hydrogenation is

possible as well as rogue inorganic components of the biochar facilitating both reactions, or
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through possible transfer hydrogenation reactions in the alcohol solvent. Table 19 also shows
the phenylacetylene hydrogenation reaction in the presence of the BC support materials alone,
tested using the same material mass input, hydrogen flow rate and 50 "C. The data clearly shows
there was no observable reaction for this family of Pd free materials, therefore this reaction is
solely dependent on the addition of Pd as the catalytic sites. As the supports have been found
to drive reaction selectivity, the minimum necessary requirement for both hydrogen activation
and the follow-on hydrogen atom utilisation is through an impregnated active site, when
operating under an ambient pressure reaction. An increased pressure could facilitate the

reactions subtly if a relevant ash-based component could drive the reactions.

Table 19: Conversion of Phenylacetylene, Selectivity for styrene and ethylbenzene for
Pd/BC500, Pd/BC500, Pd/BC500 and Pd/BC500 at 50°C, comparing with Pd free BC

supports.
Reaction Phenylacetylene Styrene Ethylbenzene
Catalyst Temperature Conversion Selectivity Selectivity

C) (%) (%) (%)

Pd/BCS500 88.33 95.55 4.45
Pd/BC600 50 100.00 93.48 6.52
Pd/BC700 100.00 63.64 36.36
Pd/BC800 100.00 92.65 7.35
BC500 0 N/A N/A
BC600 50 0 N/A N/A
BC700 0 N/A N/A
BC800 0 N/A N/A

4.1.3 Bulk biochar reaction at 70 °C

The final temperature used for these reactions was 70 °C, still below the boiling points of the
solvent, ethanol (78 ‘C), therefore this reaction remains exclusively in the liquid phase.
Assuming the Pd free reactions to operate in an identical manner at 50 ‘C, they were not ran

for the higher temperature reaction.

For Pd/BC500, Figure 60a shows that the core hydrogenation reaction has been retarded by an

increase in temperature. Table 19 shows that we can see that the conversion of phenylacetylene
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reduced from 88.33% to 52.25% (Table 20), an overall decrease of 40.85%. However, at this
reduced conversion, the selectivity towards ethylbenzene was eliminated meaning that the
reaction operated similarly to 30 °C, with a marginal increase to the conversion after 360 min.
Figure 60a also shows for Pd/BC600 that the catalyst has fully converted the phenylacetylene
after 300 min, an improvement over the 50 °C reaction which reached full conversion at 360
min. However, the selectivity towards styrene was radically reduced to 87.47%, this reaction
began to produce ethylbenzene after 180 min, quicker than other reactions using this catalyst
at lower temperatures. With regards to Pd/BC700, the phenylacetylene also fully converted
after 180 min at 70 °C (Figure 60a), this was in fact a reduction in activity as compared to 50
°C (Figure 59a) where total conversion takes place at 120 min. Finally, for the Pd/BC800
catalyst the addition of the extra energy has not affected the conversion of phenylacetylene as

reaction ran identically at both 50 and 70 °C.
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Figure 60: [A] conversion of Phenylacetylene at 50 °C. [B] Selectivity of Styrene at 50 °C
and [C] Selectivity for Ethylbenzene at 50 °C 1 wt% BC/500, 1 wt% BC/600, 1 wt%
BC/700 and 1 wt% BC/800

Table 20: Table showing the conversion of Phenylacetylene, Selectivity for styrene and
ethylbenzene for 1 wt% Pd/BC500, 1 wt% Pd/BC500, 1 wt% Pd/BC500 and 1 wt%

Pd/BC500 at 70°C.
Reaction Phenylacetylene Styrene Ethylbenzene
Catalyst Temperature Conversion Selectivity Selectivity

(°C) (%) (%) (%)
Pd/BC500 52.25 100 0
Pd/BC600 70 100 87.47 12.53
Pd/BC700 100 86.02 13.98
Pd/BC800 100 92.98 7.02
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4.1.4 Initial rate for Bulk biochar reaction

Up to this point, the reaction/catalyst analysis has been relatively basic. In this way only the
core conversion and selectivity towards the specific products were monitored. A deeper
analysis of the catalyst can be carried out in terms of their performance, especially after the
elucidation that Pd was a minimum necessary requirement for catalytic turnover (Table 18), a
detailed sample of the kinetics can be seen in Appendix 1. By measuring the initial rate of
reaction, the fastest section of the reaction over the first hour, and dividing by the true mass of
Pd in the reaction (the Pd loading in a single 30 mg catalyst charge) the normalised initial rates
of reaction can then be mapped to the specific temperatures. The data presented in Figure 61
and Table 21 suggests that for Pd/BC500, there is no advantage (in terms of rate) to increase
the reaction temperature past 50 ‘C. However, this is not echoed by the other catalysts as
temperature was found in each case to accelerate the rate of reaction. Figure 61 shows that the
logical stepwise increase in temperature benefits each reaction’s rate, irrespective of the overall
phenylacetylene conversion mentioned above. This means that for 70 °C, the physical catalytic
turnover for the Pd nanoparticles is higher across the board, with the exception of Pd/BC700
which appears to not follow this trend. The deviation in rate of reaction for this catalyst could
be an anomaly, it is expected that this would deduced upon further repeat reactions. What is
interesting from this data is that for 30 °C, (much like 70 ‘C), there is a volcano plot visible.
This centres on Pd/BC700, indicating that the catalyst is the most effective for physical
catalytic turnover. One may suggest that the Pd/BC800 has less available Pd but the
normalisation to the data omits this factor by dividing the rate by the metal present. Therefore,
in terms of raw reaction capability over the first hour it is clear that Pd/BC700 is the best

performing, albeit clearly not the most selective, this would be Pd/BC600.
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Figure 61: Initial rate of reaction for Pd/BC500, Pd/BC600, Pd/BC700 and Pd/BC800 at
30 °C 50 °C and 70 °C

4.1.5 Reaction activation energy for the Pd/BC catalysts

Again, to analyse the physical properties of each catalyst. One can calculate the true benefit for
the catalyst itself by considering its reaction activation energy. This can be accomplished by
utilising the initial reaction rates (phenylacetylene concentration change in the first hour) across
the various temperatures used (Table 21), these values were then substituted into Equation 12,
the Arrhenius Equation. To work this out you must take the natural log of the measured reaction
rate resulting in Equation 13, from here Equation 14 is used which is modelled around the y
= mx + ¢ equation for a linear plot, by multiplying the gradient by the universal gas constant,

an activation energy in Joules is calculated.

—Ea
k = Ae — Equation 12
RT

Where:

e k =rate constant

e A =pre-exponential factor

e ¢ = base of the natural logarithm
e E.=activation energy
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e R =universal gas constant

e T =absolute temperature

E

Ink = [nA — ﬁ Equation 13
: Eq

gradient = — — Equation 14

From the literature we can see that the calculated activation energy for the hydrogenation of
phenylacetylene has been found to be between 23.2-53.6 k] mol* 99,105 However, in this work,
Table 21 shows that for the bulk series of catalysts the activation energy is significantly lower
than that of the literature. The values in this work range as follows; 7.38 kJ mol, 7.68 kJ mol-
1 8.95 ki mol? and 9.53 kJ mol? for Pd/BC500, Pd/BC600, Pd/BC700 and Pd/BC800,
respectively. It is clear that as the pyrolysis temperature is increased for the support, the

activation energy required also increases.

Table 21: shows the initial rate for as well as the activation energy for Pd/BC500,
Pd/BC600, Pd/BC700 and Pd/BC800

T T rate Ln : Ea Ea
Caalyst oy (k) YT (molht)  (rate)  CRUENT (5ol (kI mold

30 303 0.0033 0.0673  -2.6983
Pd/BC500 50 323 0.0031 0.0941 -2.3632  -887.54 7379.00 7.38
70 343 0.0029 0.0941  -2.3632

30 303 0.0033 0.1233  -2.0931
Pd/BC600 50 323 0.0031 0.1316  -2.0283  -923.35 7676.73 7.68
70 343 0.0029 0.1769  -1.7325

30 303 0.0033 0.1525  -1.8805
Pd/BC700 50 323 0.0031 0.2548 -1.3673 -1076.10 8946.70 8.95
70 343 0.0029 0.2279  -1.4787

30 303 0.0033 0.0974  -2.3293
Pd/BC800 50 323 0.0031 0.1316  -2.0283 -1146.50  9532.00 9.53
70 343 0.0029  0.1509  -1.8909
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4.2 Mesoporous biochar catalyst hydrogenation reactions

Following the bulk Pd doped biochars, the mesoporous materials, derived from activated
biochars, denoted as Pd/ABC-1, PdA/ABC-0.25 and Pd/ABC-0.5, were screened using the same
conditions as the bulk catalysts. It is envisaged that the mesoporous materials will facilitate the
catalytic reaction at higher rate than the bulk counterparts. This is due to the increased available
surface area and dispersion of Pd nanoparticles, as a result allowing Pd that would not be able
to partake in the reaction before to undergo catalytic turnover. Albeit, the data in Chapter 3
does show that for the EDX sweeps that were carried out, the Pd loading is subtly lower than
the bulk catalysts. Again, this is postulated to be a matter of dispersion and the EDX scans ran
were not of high enough frequency. For the TEM, Table 16 shows that the measured particle
sizes are within error of the bulk counterparts, and therefore any differences to activity and

selectivity cannot be attributed to variation in Pd particle size.

4.2.1 Mesoporous biochar reaction at 30 °C

With relation to Figure 62a, after 360 min, the Pd doped mesoporous materials were confirmed
as catalysts for this reaction. The data in Table 22 shows that Pd ABC-1, Pd ABC-0.5 and Pd
ABC-0.25 did not fully convert the phenylacetylene at 30 °C. At this temperature,
phenylacetylene transformation was found to be; 89.65%, 89.98% and 38.41% for Pd/ ABC-1,
Pd/ABC-0.5 and Pd/ABC-0.25, respectively. Interestingly, these catalysts presented a modest
selectivity towards styrene of 92.09%, 86.15% and 99.47%, this means that although Pd/ABC-
0.25 had the lowest overall conversion, it was the most selective, while the Pd/ ABC-1 catalyst
proved to be both highly active and selective. In comparison with the bulk material, Pd/BC800,
which can be used as the benchmark catalyst due to the same pyrolysis temperature used and
potentially same level of Lewis acidity, 89.48% and 92.30% were seen for conversion and
selectivity, respectively. This means that the bulk material operated subtly less active, but more

selective than the Pd/ABC-1 catalyst. However, the bulk material proved to be far superior in
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terms of phenylacetylene conversion and styrene selectivity than Pd ABC-0.25. This could be
assumed that there has been some level of pore blockage or diffusion limitation induced during

the reaction, retarding the turnover.
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Figure 62: [A] conversion of Phenylacetylene at 30 °C. [B] Selectivity of Styrene at 30 °C
and [C] Selectivity for Ethylbenzene at 30 °C for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-
0.25

Table 22: Table showing the conversion of Phenylacetylene, Selectivity for styrene and
ethylbenzene for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-0.25 at 30 °C

Reaction Phenylacetylene Styrene Ethylbenzene
Catalyst Temperature Conversion Selectivity Selectivity
(W) (%) (%) (%)
Pd/ABC-1 30 89.65 92.09 7.91
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Pd/ABC-0.5 89.98 86.15 13.85
Pd/ABC-0.25 38.41 99.47 0.53

4.2.2 Mesoporous biochar reaction at 50 °C

Again, as with the bulk catalysts, the effect of temperature was screen for this reaction via the
same stepwise increase to 50 °C. Figure 63a and Table 23 both shows that for Pd/ABC-0.25,
the reactivity increased due to more energy supplied to the reaction to 48.70% of the
phenylacetylene was converted to both styrene and ethylbenzene. For PdA/ABC-1 and Pd/ABC-
0.5 the extra energy input resulted in a reduction of the conversion of phenylacetylene to
styrene and ethylbenzene this is shown in Tables 22 and 23 as Pd/ABC-1 goes form a
conversion of 89.65 % to 87.81 % a reduction of 2.05% and for Pd/ABC-0.5 goes form a
conversion of 89.65 % to 86.38 % a reduction of 3.65%. For Pd/ABC-1 and Pd/ABC-0.5, due
to the increased temperature both presented a 2.05% decrease in selectivity where ethylbenzene
began to increase. These changes to phenylacetylene conversion and resulting product
selectivities proved to be starkly different than the Pd/BC800 benchmark material. Here, Table
18 shows that the increase in input temperature promoted conversion by 10.52%. The bulk
catalyst also presented styrene selectivity at 92.65%, this is higher than the full family of
mesoporous catalysts. However, this is the just the end point conversions scrutinised, further
into this chapter the true catalyst performances will be probed. Especially due to the lower Pd
content reported. Up to this point, both PdA/ABC-1 and Pd/ABC-0.5 appear to operate in a very
similar manner, their textural properties are nearly identical as well. The striking differences
are the reported Pd content, which was seen to be higher for PdA/ABC-0.5. If the materials are
similar, on an industrial outlook, the Pd/ABC-0.5 catalyst would be favoured due to a

marginally lower cost of production (lower KOH overhead needed).
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Figure 63: [A] conversion of Phenylacetylene at 50 °C. [B] Selectivity of Styrene at 50 °C
and [C] Selectivity for Ethylbenzene at 50 °C for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-
0.25

Table 23: Table showing the conversion of Phenylacetylene, Selectivity for styrene and
ethylbenzene for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-0.25 at 50 °C.

Reaction Phenylacetylene Styrene Ethylbenzene
Catalyst Temperature Conversion Selectivity Selectivity
O (%) (%) (%)
Pd/ABC-1 87.81 95.63 4.37
Pd/ABC-0.5 50 86.38 96.90 3.10
Pd/ABC-0.25 48.70 99.27 0.73

4.2.3 Mesoporous biochar reaction at 70 °C
The final temperature used for these reactions was 70 ‘C. With respect to the conversion of

phenylacetylene, the additional energy used has resulted in a greater phenylacetylene
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conversion for PdA/ABC-1 and Pd/ABC-0.25 at 100 % and 54.92 %, respectively after 360 min
(Table 24). This is an increase of 12.19 % and 11.33 % respectively form the reactions at 50
°C (Table 23). In a similar fashion to this data, the reactions at 70 °C performed likewise with
respect to selectivity. Table 24 shows that the selectivity of styrene decreased again, slightly
from 95.63% to 94.37% for Pd/ABC-1, 96.90 % to 92.35% for Pd/ABC-0.5 and 99.27% to
99.08% for PdA/ABC-0.25. As one would expect, by decreasing styrene selectivity marginally,
there is a mirrored increase in ethylbenzene selectivity. However, styrene selectivity are far
superior for the ABC catalysts compared with the BC counterparts when operating at the same
temperature. Taking the benchmark material of Pd/BC800, although the conversion remains at
100% (mapping effectively to PA/ABC-1 and Pd/ABC-0.5), the selectivity is relatively low at
92.98% towards styrene. This value is much lower than Pd/ABC-1 (94.37%) and Pd/ABC-0.25
(99.08%), albeit for the case of PA/ABC-0.25 the catalytic conversion was shown to be stunted
for the full range of reaction. This could mean that the material was either deficient,

problematic or perhaps just needed to be resynthesized.

Ultimately, in terms of pure catalytic conversion and styrene selectivity, the mesoporous
catalysts were not beneficial in the grand scheme. By looking only at the 360 min time point,
they are very similar to the bulk Pd/BC800 benchmark catalyst, albeit with some variation to
reaction selectivity. Also, unlike the bulk counterparts where reaction and selectivity were seen
to change linear with respect to temperature, the mesoporous catalysts obey a less linear

approach where the reaction at 50 °C seems to be an experimental outlier or the full range.
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Figure 64: [A] conversion of Phenylacetylene at 70 °C. [B] Selectivity of Styrene at 70 °C
and [C] Selectivity for Ethylbenzene at 70 °C for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-
0.25

Table 24: Table showing the conversion of Phenylacetylene, Selectivity for styrene and
ethylbenzene for PdA/ABC-1, Pd/ABC-0.5 and Pd/ABC-0.25 at 70 °C

Reaction Phenylacetylene Styrene Ethylbenzene
Catalyst Temperature Conversion Selectivity Selectivity
(W) (%) (%) (%)
Pd/ABC-1 100.00 94.37 5.63
Pd/ABC-0.5 70 100.00 92.35 7.65
Pd/ABC-0.25 54.92 99.08 0.92

4.2.4 Initial rate for mesoporous biochar reaction
Moving on from single point analysis, one can consider the initial rate of reaction, identically

with the bulk support catalysts. By measuring the initial rate of reaction, the fastest section of
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the reaction over the first hour and dividing by the true mass of Pd in the reaction (the Pd
loading in a single 30 mg catalyst charge) the normalised initial rates of reaction were then
mapped to the specific temperatures. The data presented in Figure 65a shows that for all three
catalysts, there is a logical stepwise increase rate with respect to temperature. Additionally, this
linear trend also follows the physical principle that rate will increase as diffusion capabilities
increase, observed by Pd/ABC-1 possessing a higher surface area than Pd/ABC-0.5 and
Pd/ABC-0.25. Figure 65b shows the normalised initial rates from the bulk support catalysts,
although possessing a higher quantity of measured Pd, the initial rates were found to all be
slower than Pd/ABC-1 which outperformed all other catalysts, across all three temperatures.
The full family of mesoporous support catalysts were found to outperform the benchmark

Pd/BC800 catalyst, again across the full temperature range studied.
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Figure 65: [A]Initial rate of reaction for Pd/ABC-1, Pd/ABC-0.5 and Pd/ABC-0.25 at 30
°C 50 °C and 70 °C. [B] Initial rate of reaction for Pd/BC500, Pd/BC600, Pd/BC700 and
Pd/BC800 at 30 °C 50 °C and 70 °C

4.2.5 Reaction activation energy for the Pd/BC catalysts

As can see form Table 25, from the mesoporous catalysts PdA/ABC-0.5 appears to be the worst
in terms of activation energy, due to presenting lower than expected initial rate. As a result the
calculated activation energy was found to be 7.41 kJ mol?, whereas the energies calculated for

Pd/ABC-0.25 and Pd/ABC-1 were found to be 5.28 kJ mol™ and 4.00 kJ mol?, respectively.
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By returning to the bulk support benchmark catalyst, Pd/BC800 was calculated to be 9.53 kJ
mol™?, Pd/ABC-1 presents a reduction in the energy required by 58.08% to conduct the
phenylacetylene = styrene reaction (as all catalysts proved to be 100% selective at 1 h).
Irrespective of the pyrolysis temperature used, one can comfortably state that the mesoporous
catalysts exhibited superior rates of reaction over the bulk catalysts, resulting in lowered
activation energies. Although Pd/BC500 showed 7.38 kJ mol! which is very close to Pd/ABC-

0.5 at 7.41 kJ mol™!, the other two catalysts were vastly lower than the bulk supports.

Table 25: Shows the initial rate for as well as the activation energy for Pd/ABC-1,
Pd/ABC-0.5 and Pd/ABC-0.25

T T rate Ln . EA EA
Catalyst ooy k) YT (moth?)  (rate) G ol (kd mol)
30 303 00033 01083  -2.2227
PU/ABC-1 50 323 00031 00226 -37896 -48058 399554  4.00

70 343 0.0029 0.1398 -1.9675
30 303 0.0033 0.1205 -2.1157

Pd/ABC-0.5 50 323 0.0031 0.1217 -2.1065  -891.72 7413.76 7.41
70 343 0.0029 0.1711 -1.7653
30 303 0.0033 0.0651 -2.7321

Pd/ABC-0.25 50 323 0.0031 0.0703 -2.6547  -634.48 5275.07 5.28
70 343 0.0029 0.0833 -2.4857

4.3 Bulk and mesoporous biochar data repository

As a one stop shop for catalyst screening, Table 26 shows a full overview of both catalyst
families, presenting both conversion and reaction selectivities for all catalyst operating at the

various temperature.
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Table 26: An overview of phenylacetylene conversion and reaction selectivities, across
all temperatures and catalysts after 360 min.

Reaction Phenylacetylene Styrene Ethylbenzene
Catalyst Temperature Conversion Selectivity Selectivity
((®) (o) (%) (o)
30 47.94 100.00 0.00
Pd/BC500 50 88.33 95.55 4.45
70 52.25 100.00 0.00
30 100.00 85.47 14.53
Pd/BC600 50 100.00 93.48 6.52
70 100.00 87.47 12.53
30 100.00 69.50 30.50
Pd/BC700 50 100.00 63.64 36.36
70 100.00 86.02 13.98
30 89.48 92.30 7.70
Pd/BC800 50 100.00 92.65 7.35
70 100 92.98 7.02
30 89.65 92.09 7.91
Pd/ABC-1 50 22.56 95.63 4.37
70 100.00 94.37 5.63
30 89.65 86.15 13.85
Pd/ABC-0.5 50 86.38 96.90 3.10
70 100.00 92.35 7.65
30 38.41 99.47 0.53
Pd/ABC-0.25 50 48.70 99.27 0.73
70 54.92 99.08 0.92

4.4 Pd doped biochars — suggested reaction mechanisms.

Concluding on the reactivity of both families of Pd doped biochars, a schematic is shown in

Figure 66. This highlights both families of materials, the BC range being a bulk material with

low surface area, as a result low Pd surface dispersion. By holding a low Pd dispersion, it is
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assumed that there is crowding on the surface of the catalyst, especially in terms of activated
hydrogen (post dissociation). It is theorised that the hydrogen excess will cause a runaway or
cascade reaction on the surface, over hydrogenating styrene as it is being produced or through
re-adsorption due to the high Pd surface concentration. Figure 66 also shows the ABC material
which reports high surface area, with low Pd content (EDX). This was assumed to be due to
high dispersion throughout the material. This has now been aligned with the lower
ethylbenzene selectivity due to a lower concentration of surface activated hydrogen or localised

Pd adsorption sites for styrene to re-adsorb.
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Figure 66: Proposed reaction mechanisms for both the Pd doped BC and ABC families.
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5.1 Conclusions

In conclusion, the work presented in this thesis shows how biochars can be produced from pre-
treated lignocellulosic biomass waste, namely barley straw. By starting from a base pyrolysis
approach and increasing the maximum temperatures used, a narrative was established that
shows how the biochars although appear similar, have different chemical structures. These
chemical structures are presented through increases to C=C bond stretching in FTIR at 2800
cm’!, often denoted as induced Lewis acidity. Although this work has not quantified such
acidity, routes to investigate this could be ammonia TPD or the adsorption of
pyridine/propylamine followed by thermogravimetric analysis. The resulting mass loss can be
integrated and used to determine the Lewis acid density of the catalyst. Previously, the wider
literature has suggested that this acidity promotes hydrogenation reactions but doesn’t specify
whether this is a case for activity or reaction selectivity. This work has found that it is indeed
activity, where the biochars produced at 500 °C, 600 °C, 700 °C and 800 °C, showed how the
rate of phenylacetylene hydrogenation could be increased. It was found that the benefit to
activity was maximised for the BC700 material (700 °C), albeit caused a substantial loss in
reaction selectivity by promoting the cascade reaction pathway. This reaction pathway directed
the over hydrogenation of phenylacetylene to ethylbenzene, through the consumption of
styrene, the desired product. As previously stated, the Lewis acid sites promote hydrogenation
reactions. The over conversion was found to be favoured for supports that were pyrolyzed at

higher temperatures'’

. As a result of this by dispersing the Pd active sites, which were found
to be vital for this reaction, one could negate the cascade reaction. Again, it is acknowledged
that dispersion measurements were not conducted in this work but could be deduced through
CO chemisorption of x-ray photoelectron spectroscopy to look at the catalyst surface. Indeed,

the mesoporous ABC catalyst family, with the exception of a single reaction (Pd/ABC-0.5, 30

°C) do not present major selectivities towards ethylbenzene. Potentially due to the expanded
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surface areas of these materials; 1329 m? g!, 1368 m? g! and 989 m? g'! for Pd/ABC-1,
Pd/ABC-0.5 and Pd/ABC-0.25, respectively vs unmeasurable bulk materials, it is believed that
the Pd dispersion is vast. This means that unless the surface restricts the re-adsorption of styrene
(not a planer molecule), the dispersion of Pd could preferentially activate hydrogen and crowd
the surface and therefore limit ethylbenzene production. In terms of normalised rates per gram
of Pd, the mesoporous catalysts were superior on all front and provide a linear trend of activity
vs temperature. An identical trend is seen for the bulk support materials, although to a lesser
degree, meaning that the Pd sites present are not conducting catalytic turnovers at the same
rate. With respect to the data shown the ABC family of materials were found to be more
selective to styrene than their bulk (BC) counterparts. Both families of materials exhibited
similar reaction conversions overall. Finally, irrespective of biochar production route, both
methods yielded materials which could be impregnated in the same way with Pd and providing
nanoparticles (after thermal processing) which are comparable in size (confirmed by HRTEM).
Collectively, this work highlights a rational route to sustainable catalysis by accommodating a
biorenewable waste stream, barley straw. Although the lignocellulosic feedstock can be
variable, through pre and post pyrolysis processing, one can generate highly porous biochars
with vast available surface areas. Although the reaction used as catalyst validation approach
may not have fully benefitted from the mesoporous catalysts (with the exception of a higher
rate, as both bulk and mesoporous catalysts yielded 100% phenylacetylene conversion), it is

believed that they will come into their own for more complex catalytic transformations.

5.2 Future Work

Upon completion and reflection of the designed project, it is believed that next steps for possible

research directions could contain the following:
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e Investigate further ratios of feedstock to KOH to find the optimal mixture to achieve
the maximum surface area available.
o Probe deeper how surface area of the support can be best used to maintain
styrene selectivity.
e Take sustainability to the next level by investigating how low the Pd content could be
before losing the high rates of reaction and selectivity.
o If the Pd is critically low, can cheaper and more abundant metals such as Cu or
Ni be used either in an alloy for or individual sites to support the reaction? Can
the Pd be used to just activate the hydrogen dissociation, allowing the other
metals to operate in the absence of hydrogen pressure.
e Finally, are biorenewable feedstocks all similar when it comes to biochar derived
support materials?
o Investigate alternative feedstocks such as coffee waste as well as other waste
streams to see how the surface area develops upon activation.
o Do these materials all present similar Lewis acidities?
o Can the same level of Pd dispersion be achieved?
e Investigate the recyclability of the catalysts, could the mesoporous materials be
beneficial for sustained usage? Would the bulk materials lose activity after the first

reaction if there are carbonaceous deposits on the Pd sites?
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Appendix 1:

An overview of a typical phenylacetylene reaction where there is a linear conversion over time.
All activation energy calculations and initial rate calculations utilized the change in

concentration between the start and first hour of reaction.
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