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Abstract

This thesis discusses the development of sustainable and scalable synthesis methods
for LDHs using green precursors, namely waste materials. Chapter 1 provides
an introduction to LDHs, their applications, and a report of previously reported
synthesis from waste. The climate crisis is discussed, as well as the technologies
currently in development to meet international climate targets. The plastic crisis
is also introduced and the need for alternative recycling technologies is explained.

Chapter 2 details the analytical techniques and synthesis protocols used throughout
the subsequent chapters. In Chapter 3, reactions for the conversion of the waste
mineral struvite (MgNH4PO, - 6 H,O), produced during wastewater treatment, into
industrially relevant magnesium-based LDHs are developed. The materials pro-
duced are characterised in detail using a number of techniques, including X-Ray
diffraction, surface area analysis, and scanning electron microscopy.

Amino silylether-modified LDHs are discussed in Chapter 4. The effect of the
modification conditions is investigated as well as the effect of changing the organic,
amine-containing, group. The performance of the materials for the direct air
capture of COy is evaluated and the isotherms are fitted to theoretical models
to characterise the processes involved. Estimates of the process energy and pro-
ductivity are also made.

In Chapter 5, the development of transition metal-doped struvite-derived LDHs is
explored. These materials were used for the catalytic pyrolysis of polypropylene

and their performance was evaluated.

Lastly, Chapter 6 provides a summary of the findings of the works in this thesis
and suggests directions for future work. Additional data mentioned in the main
text may be found in the Appendices.
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Nomenclature

Below is a list of common terms and abbreviations in this thesis.
°C ... Degrees Celsius
A Angstrom (107%m)

A-MgHPO, . Amorphous dimagnesium phosphate

AMOST . . . . Aqueous miscible organic solvent treatment
cbL .. ... Crystallite domain length

BET . ... .. Brunauer-Emmett—Teller

CHN . ... .. Carbon, hydrogen and nitrogen (elemental analysis)
CcCO, . ... .. Carbon dioxide

CP-MAS . .. Cross polarisation magic angle spinning

DI . ... .. Deionised water

DAC . ... .. Direct air capture

pr ....... N-2-aminoethyl-3-aminopropyl trimethoxysilane
DP-MAS . .. Direct polarisation magic angle spinning

DSC .. .. .. Differential scanning calorimetry

EDX . ... .. Energy dispersive X-ray spectroscopy

FTIR ... .. Fourier Transform infra-red

FWHM . . . . Full width at half maximum

g ... Gram

GC . ... ... Gas chromatography

GC-MS . . .. Gas chromatography-mass spectrometry

GPC . ... .. Gel permeation chromatography

Tl
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h ........ Hour(s)

HR-SEM . . . High resolution scanning electron microscopy
LDH ... ... Layered double hydroxide

LDO ... ... Layered double oxide

min . ... .. Minute(s)

mmol . .. .. Millimole (10~3mol)

MOF . ... .. Metal organic framework

MONO . ... 3-aminopropyl triethoxysilane

MONO-Me . . Trimethoxy[3-(methylamino)propyl]-silane

MONO-Ph . . N-[3-(trimethoxysilyl)propyl]aniline
NET ... ... Negative emission technology

NMR . .. .. Nuclear magnetic resonance

NQS ... ... Non-quaternary suppression

PEI ... ... Polyethylenimine

PP ... ... . Polypropylene

RH ....... Relative humidity

RMSE . .. .. Root mean square error

RPM ... .. Rotations per minute

RT ... .... Room temperature

SEM . .. ... Scanning electron microscopy

SLDH ... .. Struvite-derived layered double hydroxide
SS-NMR. . . . Solid state nuclear magnetic resonance
SSA . ... .. Specific surface area

t o Tonne (1000 kg)

TGA . ... .. Thermogravimetric analysis

™D . ... .. Temperature-programmed desorption
TPR ... . .. Temperature-programmed reduction

TRI . ... .. 3-[2-(2-aminoethylamino)ethylamino|propyl-trimethoxysilane
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1. Introduction 2

1.1 Layered double hydroxides (LDHs)
1.1.1 LDH Structure

Layered double hydroxides are a class of lamellar inorganic materials with the
general formula [M;_, M (OH)o)"* [A™"], /s - zH,O. M and M’ are typically divalent
and trivalent metal cations with 0.2 < x < 0.33 for pure LDH phases, although
larger ranges have been reported,! and A"~ is typically an inorganic anion.? These
materials are also called hydrotalcite-like materials after the naturally occurring

mineral hydrotalcite ([MggAly(OH)4][CO3] -4 Ho0O), although other natural min-

11111

erals with the same structure exist, such as the mixed Fe phase fougerite

([Feg(OH)12)[CO3] - 3H20).? Synthetic hydrotalcite-like materials are often based
on magnesium and aluminium; however, many metals including some transition
metals and lanthanides may be used. There are also reports of using monovalent
lithium or tetravalent titanium, zirconium, or tin.* 7 The composition is not lim-
ited to binary combinations of metals, with tertiary and quaternary compositions
frequently employed and up to novenary high entropy materials reported.®?

He

@@ E C N © F Ne
L2 EH(F) s o
O © OOBWE » «
o] © BLIBOOOR ! -
A - O SEB ~

s - OOOBOOBOOEODBE
* Actingids = ﬂ@@@@@@@@ﬁﬁ&@

Figure 1.1: Periodic table detailing the metals reported for LDH synthesis. Adapted
from Bravo-Sudrez et al.' { Reported in journals, A Claimed in patents. [J Deviation
from Shannon ionic radius of Mg*" > 50%, (O Deviation from Shannon ionic radius of
Mg?t < 50%. Some elements have ionic radius deviations from Mg?* > 50% and < 50%,

due to variable oxidation states.

9

@O
B
BO®
®OS
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QOO
DO

The structure of LDHs is closely related to that of the mineral brucite (Mg(OH),).

This adopts the Cdl; layered structure, with sheets of edge-sharing octahedra held
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Figure 1.2: Common polytypes observed for the natural hydrotalcite-like mineral
quinite ([MgsAl2(OH)12][CO3]-3Hy0) without (left) or with (right) cation ordering.
Reproduced from Zhitova et al.'?

together by hydrogen bonding. In the hydrotalcite structure, there is partial substi-
tution of the Mg®* by A>T with charge balancing anions intercalated between the
sheets.!! The arrangement of these cations can be statistical or ordered, depending

on the synthesis conditions.!?

This substitution leads to to a change in the stacking of the metal hydroxide layers,
with both rhombohedral and hexagonal polytypes found in natural minerals, with
either two or three metal hydroxide layers per unit cell (Figure 1.2). Theoretically,
there are three distinct two-layer, and nine three-layer, LDH stacking sequences,
each representing a different polymorph'* and infinite low-symmetry structures
where the three-fold axis of adjacent layers are no longer coincident.'® The three
commonly reported polytypes are typically referred to as 3R, 3Ry and 2H,, a
nomenclature coined by Bookin and Drits, where the number refers to the number
of layers in the unit cell and the letter to the crystal symmetry.! The three-layer
rhombohedral polytypes 3R, and 3Rs have stacking sequences of AC = CB = BA
= AC and AC - BA - CB - AC, while the two-layer hexagonal 2H; polytype has
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Figure 1.3: Simulated XRD patterns of 2H1, 3R; and 3Re LDH polytypes. Reproduced
from Radha et al.'4

a AC = CA = AC stacking sequence, where A, B and C represent the positions
of the hydroxyl ions.!* The 3R; and 2H, feature trigonal prismatic (=) interlayer

sites, whilst 3Ry features octahedral sites (-).

Information on the crystal structure can be extracted from the X-ray diffraction
patterns such as the a and c lattice parameters. LDHs have characteristic Bragg
reflections: strong basal (007) reflections at low angle, (10/) and (01/) at medium
angle and (110) at high angle. The basal reflections are directly related to the basal
spacing of the material (the size of one metal hydroxide layer plus the interlayer),
with the lowest angle reflection ((00n) for an n-layer LDH) corresponding to 1/n
of the ¢ unit cell parameter. Similarly, the d-spacing of the 110 reflection gives half

of the a unit cell parameter.

To distinguish between the different polytypes, variations can be observed in their
X-ray diffraction patterns, with systematic absences for rhombohedral crystal struc-
tures at —h + k + [ = 3n, but not for hexagonal crystal structures.' It is possible
to further distinguish between the different rhombohedral or hexagonal phases
from the relative intensity of the Bragg reflections. For example, the ratio of the

(h01) : (hO(I + 1)) Bragg reflections is > 1 for 3R; and < 1 for 3R, (Figure 1.3).'6

The preference for the symmetry adopted by the LDH is largely dictated by the

anion used, as optimal bonding is achieved when the interlayer symmetry matches
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the molecular symmetry.'” For example, both CO3>~ (Ds,) and SO4*~ (T}) have a
three-fold symmetry axis (C3) and, as such, LDHs containing them typically adopt
the 3R; polytype, which features trigonal prismatic sites (Ds;) in the interlayer

space, which have a matching ('3 axis parallel to the c axis.

CO4% anions oriented with their principal axis parallel to the ¢ axis are able to
hydrogen bond with hydroxyl groups from both the layers above and below.!”
This provides an enthalpic preference compared to the octahedral sites of other
polytypes. The preference for the 3R; polytype over the 2H; polytype, which also
features trigonal prismatic interlayer sites, is attributed to the eclipsed configura-
tion of the cations in adjacent layers, leading to increased electrostatic repulsion.'”
Consequently, the 2H; configuration has not been observed experimentally. The ex-
tensive bonding interactions associated with the CO3?~ anion impart a preferential

binding relative to other anions, thereby making the synthesis of “carbonate-free”

LDHs challenging.?

The tetrahedral SO4*  anion has two potential orientations: along the Cj axis,
with one bond parallel to the stacking axis directed at one metal hydroxide layer,
and the other three aligned with either the hydroxyl groups of the second layer,
or along the Sy axis with two bonds directed at each of the layers. The former is
favoured, as it matches with the symmetry of the hydroxyl groups.!” As there is a
strong interaction with only one of the layers, there is no strong preference for the
trigonal prismatic sites and natural 1H polytypes with octahedral interlayer sites
are reported (such as zincwoodwardite, [Zn;_,Al,(OH)s][SOy4ly/s - nH20)."® The
polytype preference is also dictated by inter-anion interactions and the hydration
sphere. Studies on ZrCr-SO, LDHs by Mostarih and Roy show that they undergo
reversible changes to their hydration levels with an associated variation in their
basal spacing and, at certain values, undergo a structural transformation between

two distinct 1H structures and a 3R polytype at the lowest levels of hydration.”

As the interactions between the layers are weak, LDHs are prone to stacking faults,

which are defects where the displacement vector between two adjacent sheets differs
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from that in the rest of the structure. This can result in, for example, a 3R;
polytype with a local symmetry of 2H; or 3R;. The formation of these defects
is entropically driven. This leads to a broadening of the (10l) and (01l) Bragg
reflections.'* Where stacking faults occur frequently enough to remove correlations
between the cations in the stacking axis (known as turbostratic disorder), the profile

of these reflections take on a “shark-fin” profile.

1.1.2 Layered double oxides (LDOs)

After thermal treatment, LDHs are converted to mixed metal oxides commonly
referred to as layered double oxides (LDOs). The exact structure of these materials
depends on the thermal conditions employed, with several distinct decomposition
events occurring at different temperatures. The initial structural change is dehyd-
ration (<190°C): physisorbed water is lost first, followed by interlayer water.?’
This is followed by dehydroxylation of the metal hydroxide layers (200 to 500 °C),
causing collapse of the layered structure to an amorphous mixed oxide.?’ During
this phase, the interstitial anion can interact directly with the metal cations and
often undergoes its own thermal decomposition, such as the release of CO5 from
carbonate-based LDHs.2022 Further heating causes the metal oxide to become
ordered with crystalline metal oxide phases formed (often spinel-like).? These
LDO materials possess numerous basic sites and have been used to adsorb acidic

environmentally damaging gases such as CO,, SO,, HCl and NO.?42

LDOs formed under moderate temperatures (< 500°C) exhibit a phenomenon,
called reconstruction or the “memory effect”, where they readily reform an LDH
phase after exposure to liquid water or humidity. The exact mechanism of this pro-
cess is a topic of debate in the literature and may vary between a topotactical mech-
anism at low calcination temperatures and direct synthesis at high temperatures
(through a two-stage process: partial oxide dissolution and LDH precipitation).?6:27
This process can be used either to intercalate functional anions into the interlayer

gallery to create functional materials, including bulky anions which cannot be

directly intercalated such as DNA, vitamins, antibiotics and other biomolecules,?®
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or as an adsorption mechanism to remove unwanted anions, such as phosphate,

from solution.?9:30

1.1.3 LDH synthesis

There are two common LDH synthesis methods (coprecipitation and hydrothermal),
although numerous others have been reported.®® The chosen method should re-
flect the desired properties of the product. For all synthesis methods, there are
a multitude of factors that will influence the properties of the resultant LDH,
including, but not limited to, the temperature, pH, ageing time, stirring speed
and ion concentration. An alkaline pH is required for LDH precipitation, with the
exact value contingent on the metals used.?? The ageing process facilitates Ostwald

ripening which increases particle size via the selective dissolution of small particles.

Coprecipitation is the most common synthesis method for LDHs.?* During this
synthesis, two or more metal cations are precipitated at the same time from a
supersaturated alkaline solution. The pH is typically kept constant throughout the
reaction and the product is aged to increase crystallinity. This method often yields
broad particle size distributions, as nucleation and crystallisation growth occur
simultaneously. Modifications have been developed which allow for the separation
of these steps to narrow the particle size distribution.?* Hydrothermal synthesis
involves placing the reaction mixture under hydrothermal conditions, providing an
improved ageing process that is particularly valuable where the metal salts have

low solubility.3°-3¢

Other notable synthesis methods include: the urea hydrolysis method, where the
pH is controlled via slow thermal decomposition of urea allowing for large, highly
crystalline, uniform products;* the reconstruction method (mentioned previously)
whereby LDHs are reversibly transformed into layered double oxides by thermal
treatment at intermediate temperature followed by rehydration in water (taking up
any anions present in the solution);®” and the reverse micelle method where LDHs
are grown from micro-emulsions in organic solvents which limit the LDH platelet

size.3®
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Besides calcination and reconstruction, the other commonly employed post syn-
thesis technique is called the aqueous miscible organic solvent treatment (AMOST)
first reported by Wang and O’Hare.?>% This involves suspension of the LDH in
an organic solvent, which partially replaces the water in the interlayer region,
thus disrupting the hydrogen-bonding network between the layers.**2 This re-
duces the ease of a,b-face aggregation of the LDH during drying,*® leading to
significant increases in the surface area of the material (on the order of 10-fold
to > 300m?g~1).3%4 A high surface area is particularly attractive for sorption
and catalysis applications and, as such, numerous publications using the AMOST

method for these applications exist in the literature.245-53

1.1.4 LDH applications

The many different metals and anions that may be included in the LDH structure
cause LDHs to exhibit a great degree of compositional flexibility. As such, the
physical properties of LDHs can be altered and tailored for use in many different

applications such as electronics, adsorption and catalysis.?* 57

Adsorption

LDHs have been extensively studied for adsorption processes. With both the ability
to exchange anions included during their synthesis with those in solution and to
bind species on their surfaces, they have been shown to be able to remove a wide
range of contaminants. Water treatment is of growing concern, with increased
amounts of aqueous toxic waste, contaminated with heavy metals from manufactur-
ing, dyes from the textile industry and organic compounds from consumer products,

agriculture and pharmaceuticals, requiring purification.®®

LDHs have high adsorption capacities for numerous anionic dyes such as Congo
red and methyl orange, with both physical and chemical adsorption mechanisms
occurring.’®%? Likewise, large organic molecules used as herbicides and pesticides

such as N-phosphonomethyl glycine and 2,4-dinitrophenol, which are introduced
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into water supplies by agricultural run-off, can also be removed.®%6! Similarly, oxy-
anions such as arsenite, arsenate and phosphate can be removed from wastewater
via anion exchange with nitrate-based LDHs.625% Heavy metals such as U, Pb?*,
Cu®", Co**, Ni**, Zn**, Cr%" and Cd*" can also be removed by LDHs, with various

mechanisms of adsorption reported in the literature.6467

Catalysis

LDHs have been extensively studied as catalysts, catalyst precursors and catalyst
supports. These include applications in organic synthesis, electrochemistry, photo-
chemistry and thermal chemistry. LDHs are attractive for catalytic purposes, as

there is a uniform distribution of the metals throughout the sample.

NiFe LDHs have the highest oxygen evolution (OER) reaction (half reaction of
water splitting) activity of any metal (hydr)oxides and have garnered attention
due to their low cost.® Ni(OH), hydroxide (a brucite-like material) demonstrates
the highest OER performance of the 3d transition metal (oxy)hydroxides; however,
its activity is significantly improved by the inclusion of Fe3* within the layers. The
precise mechanism underlying this enhancement in performance remains a topic of

debate; nevertheless, the interaction between nickel and iron is crucial.

NiTi LDHs have been utilised as NO,, (z = 1,2) photo-oxidation catalysts. These
materials outperform commercial TiOs benchmark catalysts under simulated sun-
light conditions and could be used for passive removal of these urban atmospheric
pollutants from the air. The increases in performance were attributed to higher
surface areas for adsorption and the 2D nature of the LDH sheets which hinders

the charge carrier recombination.*6

CuZnAl catalysts derived from layered double hydroxides have been shown to
display improved activity for COy hydrogenation to methanol when compared to
conventionally prepared catalysts of the same composition. The Cu® nanoparticles
are better dispersed on the catalyst surface with smaller diameters providing a

higher Cu surface area.®? The LDH-derived materials can also be modified with
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promoters such as Y*, which increase the Cu surface area and thus the CO,
conversion, and Zr*" or interstitial F~, which increase the basicity and methanol

selectivity of the catalyst.”®™

Recently, numerous publications have reported single atom noble metal catalysts
anchored to LDHs. There is a strong electronic coupling between the noble metal
atoms and the anchoring site of the LDH, through which the catalytic activity may
be tuned. Elements such as Ru, Ir, Au and Pt have been dispersed on LDHs
in dilute solutions or via electrodeposition and used for a variety of reactions,
including electrochemical water-splitting, electro-oxidation fuel cells and catalytic

reforming.”

1.1.5 Principles of green chemistry

Green chemistry focuses on making chemical processes as sustainable and safe as
possible. This involves reducing the waste and the hazards associated with any
given reaction, as well as following the material through all stages of its lifecycle,
from its feedstocks to its degradation pathway. The 12 principles of green chemistry,

as proposed by Anastas and Warner in 1998, are listed in Table 1.1.7

Improving the safety of a process is relatively straightforward in theory, as this
simply requires the minimisation or elimination of reagents and processes which are
toxic or hazardous, hence decreasing the associated risk. In practice, this is difficult,
as chemists typically opt for established procedures, and thus safety improvements
require the development of new systems which achieve the same outcome using be-
nign procedures. The rest of the framework focuses on minimising waste associated
with both materials and energy use. Feedstocks should be renewable, leading to
the idea of a circular economy where products are reclaimed at the end of their lives
for breakdown and reuse rather than ending up as waste.” Those products which
cannot be utilised should preferably have benign decomposition pathways designed
into their structure to prevent their accumulation in the environment. As well

as reducing the waste associated with the product itself, much of the framework
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Table 1.1: The 12 principles of green chemistry.™

Principle

Description

1 Prevention

2 Atom economy

3 Less hazardous
chemical syntheses

4 Designing safer
chemicals

5 Safer solvents and
auxiliaries

6 Design for energy
efficiency

7 Use of renewable
feedstocks

8 Reduce derivatives

9 Catalysis

10 Design for
degradation

11 Real-time analysis
for pollution
prevention

12 Inherently safer

chemistry for accident

prevention

It is better to prevent waste than to treat or clean up
waste after it has been created.

Synthetic methods should be designed to maximise in-
corporation of all materials used in the process into the
final product.

Wherever practicable, synthetic methods should be de-
signed to use and generate substances that possess little
or no toxicity to human health and the environment.

Chemical products should be designed to preserve effic-
acy of function while reducing toxicity.

The use of auxiliary substances (e.g. solvents and sep-
aration agents) should be made unnecessary wherever
possible and innocuous when used.

Energy requirements should be recognised for their
environmental and economic impacts and should be
minimised. Synthetic methods should be conducted at
ambient temperature and pressure.

A raw material or feedstock should be renewable rather
than depleting whenever technically and economically
practicable.

Unnecessary derivatization (use of blocking groups, pro-
tection/deprotection, temporary modification of phys-
ical/chemical processes) should be minimised or avoided
if possible, because such steps require additional re-
agents and can generate waste.

Catalytic reagents (as selective as possible) are superior
to stoichiometric reagents.

Chemical products should be designed so that at the
end of their function they break down into innocuous
degradation products and do not persist in the environ-
ment.

Analytical methodologies need to be further developed
to allow for real-time, in-process monitoring and control
prior to the formation of hazardous substances.

Substances and the form of a substance used in a chem-
ical process should be chosen to minimise the potential
for chemical accidents, including releases, explosions,
and fires.
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focuses on minimising the waste produced during its production. Processes should
be optimised to use the minimal amounts of reagents and energy; ideally, processes
should function under ambient conditions, produce the minimum side products
and use catalysts over stoichiometric reagents where they are needed. The mass
efficiency of these processes are commonly evaluated using metrics such as the

ZMT(prOduet(S))), for the reaction occurring and E factor,

atom economy, AE% = S, (reactant(s))

E = kkgﬂ for the entire process.
g product’

1.1.6 Green LDH synthesis methods

When LDHs are compared to these criteria, it can be seen why they are typically
considered green materials, with numerous publications reporting their use as
catalysts for green processes.”® Many LDHs are biocompatible and naturally
occurring, thus posing little threat to the environment.®"™ The common coprecip-
itation preparation route uses ambient conditions with water as the solvent. Their
compatibility with other materials to produce hybrid or hierarchal products with
other inherited properties attractive to green synthesis; for example, anchoring
LDHs to magnetic Fe nanoparticles allows for easy and efficient separation of
heterogeneous catalysts after the reaction is complete.”™ However, there are aspects

of their synthesis which could be more sustainable, which are discussed herein.

Hydrothermal preparation routes are less green, requiring heating; the elevated
pressures involved pose additional risks compared to reactions at ambient temper-
atures and pressures. An alternative method for synthesis at elevated temperatures
is microwave synthesis. Microwave irradiation provides efficient internal heating
via interaction with the dipoles and ions present in the solution compared to
conventional heating methods, which involve thermal conduction from an external
source through the reaction vessel.®® LDHs produced using microwave synthesis are
reported to be more dispersed than those produced using hydrothermal processes
and exhibit enhanced adsorption capacities compared to traditionally synthesised

LDHs.8!
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The atom efficiency of LDH synthesis is often far from 100%. Commonly, the metal
salts used for the synthesis are metal nitrates or chlorides; however, these are not
the desired interlayer anions and exist as spectator ions. Although these ions are
not inherently toxic, they can cause environmental harm if released on an industrial
scale into water sources. Large volumes of wastewater are also generated during
the washing step to remove these unwanted ions, and water treatment adds an

economic burden.

One method of improving the atom economy is the use of electrochemical synthesis.
This removes the need to use a base, as hydroxide ions are generated at the cathode
during the reduction reaction. As the change in pH occurs principally above the
electrode surface, LDH formation is localised to the electrode surface.®? This in
situ method allows for control of the thickness of the deposited layer and allows for
strong electronic coupling between the LDH and the electrode, which is desirable for
electrochemical applications.®?® An alternative electrochemical synthesis method
involves using sacrificial Zn and Al electrodes, which are electrolysed to provide

the metal cations needed to form ZnAl LDH.%*

A more traditional method to improve the atom economy uses metal hydroxides or
oxides as reagents. For example, Newman et al. showed that MgAl LDH could be
prepared from the hydrothermal reaction of MgO and Al,03.8° The use of solely

metal oxide or hydroxides leads to a theoretical 100% atom economy:
4 MgO + A1203 + 6 HQO + COQ — Mg4A12(OH)12603,

compared to a typical coprecipitation using nitrate salts, which has an theoretical

atom efficiency of 25.9% (ignoring the base used to modulate the pH):
4 Mg(N03>2+2 AI(NO3)3+ 12 NaOH+Na2003 — Mg4A12(OH)12CO3+ 14 NaN03

This hydrothermal process occurs via a dissolution-precipitation reaction on the
surface of the precursor materials, arising from the very low metal oxide precursor
solubilities.®® This necessitates elevated temperatures or pHs to increase the metal

solubilities.®” These reactions often do not go to completion, with brucite impurities
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formed.?>¥:88 To overcome this, the reactivity of the precursors can be improved
by decreasing the size of the particles using blending, ultrasonic treatment or wet

grinding.®®

Extending this methodology, Labuschagné et al. developed a cyclical method for
the reaction of MgO and Al(OH); with NaHCOj3 to produce high purity MgAl-CO3
LDHs.% After the hydrothermal synthesis, the mother solution is separated from
the product and the NaHCOj is regenerated via the addition of CO5 gas. A similar
cyclical route has also been reported by Zhang et al. using Mg(OH),, Ca(OH),,
AlCl3 and NH, to produce Ca-doped MgAl LDH.? After the hydrothermal reaction,
the mother liquid is separated and concentrated, with the distilled water produced
used to wash the product. The water is then reused for the next batch. Valente
et al. showed that other metals (Ni, Cu, Zn, and Fe) can be incorporated into

MgAl-NO3 LDHs via addition of their nitrate salts to the reaction mixture.”!

These cyclical methods reduce the amount of water the synthesis processes use,
making them more sustainable. An alternative method to reduce the amount
of water used is to employ mechanochemical synthesis. This involves the direct
reaction of the solid precursors, without the need for water as a solvent, facilitated
by mechanical energy provided by the milling process. A review by Intasa-ard et al.
explores recent efforts in the mechanochemical synthesis of LDHs, concluding that
this method is limited both by a lack of control over the particle morphology and
by the presence of unreacted starting materials or by-products which are difficult

to remove.??

1.1.7 LDH from waste

An alternative approach to improving the sustainability of LDH precursors is the
utilisation of waste products (a renewable feedstock). This reduces the carbon
footprint of the precursor materials by avoiding the environmental impact caused
by the processing of the raw extracted mineral and by contributing to a circular

economy. Typically, metals are leached from the waste material to produce the
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metal-rich LDH precursor solutions and are then coprecipitated by addition of
a base (commonly NaOH). However, a challenge to this approach is that waste
materials can contain significant impurities and contain species not desirable for
the target product. A list of publications found in the literature describing LDHs
produced from waste products are detailed in Table 1.2. As noted by Jiang et al.
in their review the majority of these are derived from red mud, slag, fly ash or

wastewater.”??

Of particular relevance to this thesis, recent work from our group has shown that
struvite (MgNH4PO, -6 H,0), a mineral produced during wastewater treatment,
can be used as a precursor for MgAl LDH. This transformation occurs upon the
addition of NayCO3 and Al(NOj);3-9H,0O under alkaline conditions at elevated
temperatures. It was also found that a pretreatment step, where the struvite
is heated in NaOH to release NH3 and form a reactive unknown intermediate
phase, improved the efficiency of the process. The LDH materials produced us-
ing this synthesis method retain the typical “coffin” morphology of the struvite,
suggesting a dissolution-precipitation mechanism.?* They also have a high BET
SSA (184m?g™!) and a high tap density (0.68 gcm™2), properties not commonly

observed together, making them ideal for industrial applications such as sorption.”

These waste derived materials may be utilised for a variety of applications; many of
these applications have been developed previously for conventional LDH materials.
However, it appears pertinent that these more sustainably derived materials should
be employed to provide technologies for environmental issues currently facing so-
ciety. The development of materials to address two of these pressing issues is
discussed later in this thesis and as such the following sections provide a background
to these Chapters. Chapter 1.2.1 introduces the climate crisis and carbon capture
technologies, while Chapter 1.3.1 introduces the plastic crisis and the current field

of polyolefin chemical recycling to help frame the later discussions.



Table 1.2: Literature reports of waste derived LDHs.
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LDH Waste stream utilisation Description Reference
MgAl MgCl, from sea bitterns, the li- Four plants using a colloid mill process with AlCIs, Evans et al.%
quid remaining after NaCl pro- NaOH and Nay,COj3. NaOH is regenerated from the
duction from sea water. NaCl side product in an adjacent chloralkali plant.
MgAl Struvite (MgNH4PO,-6H;0) The struvite was added to a NaOH solution before Kwok et al.%7
from wastewater treatment. LDH was formed upon addition of AI(NO3)s -9 H,O and
Na2003.
MgAlFe Sea bitterns and red mud from The metals were leached from the red mud and sea Li et al”®
the Bayer process. bitterns using HC1. The solutions were mixed and LDH
coprecipitated using NaOH and NayCOs.
MgAlFe Wastewater from acid LDH was coprecipitated from the wastewater using Stawinski et al.”
activation  of  vermiculite (NH4)CO3 and NayCOs. Zhang et al.'%°
(Mg, Fe)**, Fe’™)3[(Al Si)401)-
(OH), -4 H50).
MgAl Acidic process water from a A solution containing NaAlO; and NaOH from the Douglas et al.l%!
Uranium mine. Bayer process was added to the acidic process water (rich
in Mg and Mn) to form LDH.
MgAl Waste  serpentine  tailings WST were crushed, mixed with Nay,CO3 and calcined Zhu et al.19?

(WST, Mg38i205 (OH)4) and

aluminium scraps.

to extract MgO via alkaline fusion. The MgO and alu-
minium scraps were dissolved in HNO3 to produce the

cation-rich LDH precursor solution for typical coprecip-
itation with NaOH and NasCOs.

9gr



LDH

Waste stream utilisation

Description

MgAl

MgAl

MgTiAl

MgCaAl

MgCaAl

Boron mud from boric acid and
borax production and red mud

from the Bayer process.

Bischofite from salt lake water

processing.

Blast furnace slag (BFS).

Blast furnace slag (BFS).

Blast furnace slag (BFS).

Boron mud (rich in Mg, Fe and Si) and red mud (rich
in Al, Fe, Si) were mixed and calcined at 600 °C before
conversion to LDH in a NaOH solution.

Bischofite (MgCly -6 H,O) was dissolved in water and
AlCl3 -6 H,O was added. LDH was formed by addition
of NaOH and Nay;CO3 with hydrothermal treatment.

(NH4)2SO, was added to the BFS (rich in Ca, Si, Ti,
Mg and Al) and the mixture calcined at 450°C. The
solid was immersed in solution and insoluble residues
removed by centrifuge. LDH was coprecipitated from
the solution by addition of NaOH.

The metals were extracted from the BFS (rich in Ca, Si,
Ti, Mg and Al) in HCI solution and insoluble residues
removed by centrifuge. CeCl;-7H>0 was added and a
LDH/(Ce/Ti)O2 composite material was formed from
the resulting solution upon addition of NaOH.

The metals were extracted from the BFS (rich in Ca,
Si, Mg and Al) in HCI solution and insoluble residues
removed by centrifuge or filtration. LDH was coprecipit-
ated from the resulting solution upon addition of NaOH
(and NayCOs3).

~

Reference S

=S

Hu et al.t%3 §~

S

8.

3
Dong et al.t%
Zhang et al.1%®
Song et al.t%

Song et al.to

Gao et al1%®
Jiang et alt%?
Zhang et al.'1°
Zhou et al''!
Guo et al.l'?

LT
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LDH Waste stream utilisation Description Reference =
=
MgCaAl  Blast furnace slag (BFS). The metals were extracted from the BFS (rich in Ca, Si, Li et al'? §~
Mg and Al) mixed with MgO in HCI solution and insol- S
uble residues removed by filtration. LDH was formed S
from the resulting solution upon addition of NaOH.
CaMgAl  Dolomite (MgCO3CaCO3).*  Dolomite dissolved in a solution of AICl3 under hydro- Mao et al't?
thermal conditions and undissolved residues removed.
LDH was formed from the resulting solution upon ad-
dition of NaOH.
CaMgAl  Brine water from coal power AlCl; was added to brine water (rich in Ca and Mg) and Heraldy et al.*'6
plant. Na,COj3 added to produce LDH.
CaMgAl  Asbestos from construction The asbestos waste (rich in Ca and Mg) was added to Li. 17
waste. HCI to extract the metals. AI(NO3)s-9H,0 was added
to produce the desired ratio of metals. LDH was formed
from the resulting solution upon addition of NaOH.
CaMnMgAl Electric arc furnace slag from The metals were extracted from the slag (rich in Si, Mn, Kim et al'1®
FeMn alloy manufacturing. Ca, Mg and Al) in HCI, the insoluble residues removed
by filtration and LDH coprecipitated by addition of
NaOH.
CaMgFeAl Biomass combustion ash and The biomass combustion ash (rich in Ca and Mg) and Wajima et al.lt?

coal fly ash.

coal fly ash (rich in Fe, Al and Si) were added to
HCI to dissolve the metal cations. The solution was
centrifuged to remove undissolved residues and LDH was
coprecipitated from the solution by addition of NaOH.

8T



LDH

Waste stream utilisation

Description

Reference

CaMgFe

CaMgAl

CaMgAlFe

(Ca/Mg)Al

CaMgAl

CaAl

Biomass combustion ash.

Steel slag from iron and steel
industry.

Steelmaking slag.

Carbide slag from an acetylene
plant and red mud from the
Bayer process.

Phosphorous tailings.

Concrete sludge (waste con-
crete).

The biomass combustion ash (rich in Ca and Mg) was
added to HCI to dissolve the metal cations. The solution
was filtered and FeCls - 6 H,O was added to produce the
to produce the cation-rich LDH precursor solution for
typical coprecipitation with NaOH and NaCl.

The slag (rich in Ca, Mg and Al) was added to a

HNOj; solution and insoluble SiO5 removed by filtration.

LDH was coprecipitated from the solution by addition
of NaOH and Nay,COs.

The slag (rich is Ca, Mg, Al and Fe) was stirred in
acetic acid to extract the metals and filtered to remove
insoluble residues. The pH was adjusted with Ca(OH),
and LDH formed.

The Carbide slag (rich in Ca) and red mud (rich in Al
and Fe) were calcined (600°C), mixed and heated in
solution to form LDH.

The tailings (rich in Ca and Mg) were calcined and the
metals extracted in HCl. The desired metal ratio was
achieved via addition of MgCl, - 6 H,O and AICl3 -6 H,O
and LDH coprecipitated by addition of NaOH.

Ca was leached from the sludge by addition of acetic acid.

AI(NO3)3-9H,0 was added and LDH coprecipitated
using NaOH.

Suhara et al.'?°

Liu et ql.1?1:122

Wang et al.*?3

Xiao et al.'?*

Zhang et al.'?®

Hongo et al.1?

uoonpoLyur |
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LDH Waste stream utilisation Description Reference =
=
CaAl Concrete sludge (waste con- Ca was leached from the sludge by addition of HCI. Liu et al.'?" §~
crete). AlCl; - 6 HoO was added and LDH coprecipitated using S
NaOH. s
MAI Dolomite from concrete waste Mg(OH)y, Ca(OH)y and Al(OH)3 were prepared from  Abd-El-Raoof et al.'*®
and aluminium dross. the dolomite waste (rich in Ca and Mg) and aluminium
dross via extraction with HCl and neutralisation with
NHj;. The hydroxides were calcined before being com-
bined to form LDHs via microwave-hydrothermal treat-
ment with Na,CO3. M = Ca, Mg.
CaAl Blast furnace slag (BFS) from BFS (rich in Ca, Si and Al) was dissolved in HCl = Kuwahara et al.'?%134
iron production. solution. Silica gel was removed by filtration and LDH
coprecipitated using NaOH.
CaAl Coal fly ash (CFS) from coal CFS (rich in Si, Al and Ca) was dissolved in HCL. Silica Muriithi et al.'3
power plants. gel was removed by filtration and LDH coprecipitated
using NaOH.
CaAl Waste paper fly ash or biomass The fly ash (rich in Si, Ca and Al) was leached in Bouzar et al.36
fly ash from an industrial incin- HCI and filtered to remove the silica gel. LDH was
erator. coprecipitated directly from the solution via addition
of NaOH.
CaNiFe Eggshell biowaste. Eggshells were calcined at 900 °C to produce CaO. This  Jafari Foruzin et al.*37

was dissolved in HNOj3 solution and Fe(NOj);-9HO
and Ni(NOj)s -6 HoO were added and LDH formed by
coprecipitation using NaOH.

0a
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LDH Waste stream utilisation Description Reference =
=S
CaM Eggshell biowaste. Eggshells were calcined at 900 °C to produce CaQ. This Li et al'?8 §~
was dispersed in water and LDH formed upon addition S
of FeCl and AlCl;. M = Fe, Al. S
CaFe Eggshell biowaste. Ca was extracted from the eggshells using HCI Abed et al.'®
and the insoluble particles removed by filtration.
Fe(NOg);-9H,O was added and LDH coprecipitated
upon addition of NaOH. M = Fe, AL
CaCr Snail shell (Gastropod A. Ca was extracted from the shells using HClL. CrCl; Adelagun et al.*40
achatina). was added and LDH coprecipitated using NaOH and
Na2003.
CaAl Clam shell (Mytella falcata). The shells were calcined at 900°C to produce CaO. Henrique et al.'*!
AlICl; -6 H,O and the CaO were added to water and
LDH formed after addition of NaCl and NaOH.
MgCaAl  Aluminium beverage cans. Sepiolite (Mg;SigO15(OH)s - 6 HoO, sample also con- Cheng et al.'*?
tained Ca) and aluminium cans were dissolved in HCI
and filtered to remove undissolved residues. LDH was
formed from the solution upon addition of NaOH.
MAI Aluminium saline slag  Aluminium was extracted from the slag by refluxing Santamaria et al143714
from secondary or tertiary in NaOH solution. Metal salts (Cu, Ca, Co, Mg, Ni, Murayama et al.'46

aluminium processing.

Zn or (Zn and Ti) or (Zn and Fe)) were added to the
solution and LDHs produced by coprecipitation using
NaOH (and NayCOj3). M = Cu, Ca, Co, Mg, Ni, Zn,
Zn'Ti or ZnFe.

Boulahbal et al.117:118
Gil et al.**

I
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LDH Waste stream utilisation Description Reference
MgAl Secondary aluminium dross The SAD was leached using HCI followed by reaction Mahinroosta et al.*>
(SAD) waste. with NH; to form a gel and a secondary leaching with
NaOH and filtration to remove insoluble impurities.
Nay;CO3 was added to the solution and LDH coprecipit-
ated upon addition of MgCl,.
MAI Aluminium dross from alu- Aluminium was extracted from the dross using HClL. Murayama et al.146:151,152
minium recycling. Metal salts (Mg, Ca or Zn) were added and LDH Galindo et al1531%
coprecipitated by addition of NaOH (and NH,Cl or
NayCO3). M = Mg, Ca or Zn.
MgNiAl  Aluminium dross. Al(OH)3 was produced from the dross by extraction Zawrah et al.t5
in NaOH solution. LDH was formed after hydro-
thermal treatment of a solution of Mg(NOs)y -6 H,0,
Ni(NO3)y -6 H,O, NaOH, Nay;COj3 and the Al(OH)s.
MgAl Liquid concentrated waste FeO(OH) and Al(OH)3 were extracted from the LCW Zawrah et al.157
(LCW)  from  wastewater at pH 12 (NaOH) and 7.5 (NaHCOsj), respectively.
treatment. Mg(NOs)s -6 HoO was added and LDH formed by ad-
dition of NaOH and Nay,COj3 with hydrothermal treat-
ment.
MgAl Water-processing sludge. The water-processing sludge was mixed with NaOH and Chen et al.'®®
calcined at 500°C. Mg(NOj3)s -6 H2O and hexamethyl-
enetetramine were added and LDH produced after hy-
drothermal treatment.
MgAl Weathered tropical soil. The used soil (rich in Al) was mixed with MgO and Willems et al.*?®

NaOH in seawater to produce LDH.

Ga
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LDH Waste stream utilisation Description Reference =
=S
FeAl Red mud from the Bayer pro- Red mud (rich in Al and Fe) was fused with NaOH at Belviso et al.'% §~
cess. 600°C and LDH formed after ultrasonic treatment in S
seawater. S
MgFeAl  Tungsten tailings. Tungsten tailings (rich in Si, Al, Ca and Fe) were Wang et al.'6!
calcined at 650 °C before etching in HCl. MgCl, - 6 H,O
was added to the solution and LDH formed upon addi-
tion of NaOH.
MgFeAl Fly-ash from a coal power A solution of Al and Fe was prepared from the fly-ash Li et al.”®
plant. and MgCl, - 6 H,O. LDH was coprecipitated by addition
of NaOH and Nay,COs.
ZnAl Red mud from the Bayer pro- Red mud (rich in Al and Fe) was wet milled with Li et ql.162163
cess. Zn(NO3)y -6 HoO and added to a NayCOjz solution to
obtain LDH/Fe;O3 composites.
ZnAl Aluminium sludge from water Al(OH)3 was produced from the aluminium sludge by Han et al.'6*
treatment plant. extraction in HySOy, filtration and precipitation us-
ing NH3. The Al(OH); was dissolved in HNOj3; and
Zn(NOj)s added to produce the metal cation solution.
Zeolite was added and LDH grown upon its surface by
addition of NaOH.
CuAl Red mud from the Bayer pro- Red mud (rich in Al and Fe) was wet milled with Gu et al.'%

Cess.

Cu(NO3)s -6 HoO and NayCO3 to obtain LDH/FeyOg
composites.
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LDH Waste stream utilisation Description Reference
MgFe Acid mine drainage precipit- Fe was extracted from the waste ochre using HClL.  Perera-Solis et al.'%
ate ochre (FeO(OH), Fe(OH)3) Mg(NO3);-6H0 was added and the LDH coprecipit-
from an ironstone mine. ated using NaOH and NayCOs.
MgFe “Rcopper” waste from the min- Fe was extracted from the “Rcopper” waste in HCI. Silva et al.'®”
ing of copper. MgCl, - 6 HoO was added and LDH coprecipitated using
NaOH.
MgFeAl Red mud from the Bayer pro- The metals were leached from red mud (rich in Fe and Zhang et al.168:169
cess and ferronickle slag pro- Al) and ferronickel slag (rich in Mg) with HCl and LDH
duced during nickel refining. coprecipitated using NaOH.
MgFeAl  Red mud from the Bayer pro- Red mud (rich in Al, Ca and Fe) was mixed with MgO Hu et al*™
cess and calcined (550°C, 600°C or 650°C). LDH was Jia et al 171172
produced from the reaction of this powder with NaOH Li et al'™17
and Na,COs. Qian et al.l™
MgFeAl ~ Red mud from the Bayer pro- Red mud (rich in Al and Fe) was etched in HCI. Qian et al.'™
cess MgCl, - 6 HyO or Mg(NO3), - 6 HyO was added and LDH Nascimento et al.'™
coprecipitated using NaOH (and NayCO3).
MgFe Acidic residual solution from a  Mg(NOs3), - 6 HO was added to the acidic residual solu- Golban et al 179181

hot-dip galvanising plant.

tion (rich in Fe) and LDH coprecipitated using NaOH
and Na,COs.
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LDH Waste stream utilisation Description Reference
ZnAl Zinc ash waste from the hot Zn was extracted from the ash (rich in Fe and Zn) using Cocheci et al.'82183
dip galvanising process. HCl. Fe was precipitated and removed via addition Tamas et al.'®
of a small amount of HyO and ZnO. AI(NOj3)3-9H,O
was added and LDH coprecipitated using NaOH and
NagCOg.
ZnAl Zinc cyanide-containing Ni(NOjz)s - 6 HoO was added to the wastewater to form Zhou et al.*®
wastewater. Ni(CN)4*. NaOH and AI(NOs)s-9Hy,0 are added
forming LDH intercalated with Ni(CN),? .
ZnCr Wastewater from Zn and Cr The wastewaters were concentrated and the metals ex- Fu et al.t®
plating. tracted by poly-acrylic acid-assisted ultrafiltration. Cr®"
was reduced to Cr*" using NaHSO, and LDH coprecip-
itated from a mixture of the solutions using Na,SO,4 and
NaOH.
ZnCr Wastewater from Cr plating.  Cr®" was reduced to Cr®" using NayS,05, ZnCl, was Ma et al.*®7
added and LDH coprecipitated upon addition of NaOH.
ZnCr Wastewater from electroplat- The electroplating wastewater (rich in Zn and Cr) was Chen et al.'®®
ing. added to FesO4 nanoparticles produced from pickling
waste liquor. LDH was coprecipitated upon addition of
NH; to form FezO,/LDH composites.
ZnFe Wastewater from Zn plating.  LDH was coprecipitated from a solution of the waste- Ruan et al.'®

water and FeCls.

uoonpoLyur |
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LDH Waste stream utilisation Description Reference
ZnCaAl Wastewater from Zn plating Ca and Al salts were added to simulated wastewater Zhang et al.'%
and cement. (containing CrO4*, Zn*" and NaOH) and LDH was
produced with CrO,% as the interlayer anion.
Zn(Al/Fe)  Waste tyre ash. The ash (rich in Zn, Al, Fe and Ca) was added to HySOy4 Wajima.'%!
to extract the metals and filtered to remove the insoluble
residue. The solution was neutralised with NaOH and
LDH phases formed.
NiAl Waste from copper refining Ni was separated from the waste stream (rich in Cu, Barik et al.!9?
plant. Fe, Zn and As) via precipitation of the Fe and se-
quential extraction with organic complexing agents.
Al(NO3)s5-9H20 was added to the strip solution and
LDH coprecipitated using NaOH.
NiAl Spent electroless nickel (EN) Graphene oxide (GO), AI(NO3)3 -9 H,O and NaOH were Zhu et al.19
plating bath. added to the spent EN plating bath (containing NiSO,)
and sonicated to produce LDH/GO composites.
NiFe Nickel plating wastewater. LDH was produced from simulated wastewater using an Ou et al.1*
electrocoagulation technique using iron electrodes and
NaOH.
NiZnCr  Electroplating wastewater. LDH are directly coprecipitated from the wastewater Zhou et al.'9
(containing Ni, Zn, and Cr) by mixing with NaOH. Xu et al.'%
ZnCuAl Cu and Zn wastewater. LDH are directly coprecipitated from the simulated Wu et al.*?"

wastewater (containing Zn, Cu and Al) by mixing with
NaOH.

uoonpoLyur |
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LDH Waste stream utilisation Description Reference
MAI Cu and Zn wastewater. MgAl LDH seed crystals are added to (neutralised) Laipan et al.'%8
simulated wastewater (containing (Zn®* or Cu*") and
AI*") and further LDH growth is observed. M = Zn,
Cu
ZnMgAl  Contaminated red mud drain- Aly(SOy);-18 H,O was added to the drainage water Frau et al.!%
age water. (rich in Ca, Mg, Zn) and LDH coprecipitated by addition
of NaOH.
ZnAsFe As*t wastewater. LDH was formed upon the simultaneous addition of Wang et al.?
Z/mS0O,4 - 7TH,0O, FeSO,-7H>O and NaOH to the simu-
lated wastewater.
ZnAsAl  As®" wastewater. LDH was formed upon the addition of Zn(NOs), - 6 H2 O, Meng et al.**!
AI(NO3)3-9H50 to the simulated wastewater (pH =
12).
MgAsAl  As’' wastewater. LDH was formed upon the addition of NaOH to a Sommella et al.20?
solution of MgCl, - 6 HyO, AlCl3 - 6 H,O and NasHAsOy.
ZnCuMgAl Pyrite ore mining wastewater. MgSO, - 7H,0 was added to simulated wastewater (con- Peligro et al.?%

taining Cu*", Zn?*, Pb?* and AI>*) and LDH coprecip-
itated by addition of NaOH.

La
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1.2 Carbon dioxide capture
1.2.1 Climate crisis

Over the last two centuries, rapid technological advancements have been made that
have led to widespread economic growth. These advances have been fuelled by the
combustion of fossil fuels to provide the substantial amounts of energy required by a
technologically advanced society. Several unforeseen consequences have been linked
to fossil fuel use, including global warming, acid rain and smog formation from the
gases and particulates formed during combustion. The most concerning of these
issues is global warming; the average global temperature has risen by over 1°C since
1850 and is predicted to increase further to 1.8 to 5.7 °C by 2100, according to some

204

models,*”* and has been linked to rapid changes in climate leading to an increase in

the number of humanitarian crises and economic and non-economic damage.205297
These temperature increases have been attributed to enhanced radiative forcing,
largely due to increased levels of infrared active compounds in the atmosphere,

208 Carbon dioxide is one of these gases and

commonly called greenhouse gases.
although it not as efficient a greenhouse gas as methane, it exists at a much higher
concentration in the atmosphere, causing 64% of the relative radiative forcing of
increased global temperature (Figure 1.4(a)).?%%2!19 Of note, water vapour is the
most abundant greenhouse gas providing approximately half of the total greenhouse
effect. However, it has a relatively short atmospheric lifetime (9 days) and increases
in atmospheric concentrations are the result of increased evaporation due to global

temperature rises caused by long lived greenhouse gases.?!!

Over the last 70 years, the atmospheric CO5y concentration has increased signi-
ficantly from 310 ppm to 425 ppm.2'42!% Prior to the industrial revolution, CO,
levels were at or below 280 ppm and had not exceeded 300 ppm over the last
one million years.?!8 In 2024, an estimated 41.6 Gtco, were released globally.?!

Emissions come from a variety of sectors (Figure 1.4(b)), such as from combustion

for transport (15.1%) or energy generation (27.5%), but there are also significant
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Figure 1.4: (a) Radiative forcing, relative to 1750, of virtually all long-lived greenhouse
gases. Reproduced from the NOAA annual greenhouse gas index.?'? (b) Trends in
greenhouse gas emissions across sectors. Reproduced from Filonchyk et al.?'3

contributions from industrial processes (12.2%) such as cement production (5% of

total emissions).?!3218

In 2015, 196 countries signed the Paris Agreement, an international treaty aiming
to limit global temperature increases to 2°C above pre-industrial levels and pursue
efforts to limit increases to 1.5 °C.2 Analysis shows that to reach these targets, not
only must carbon dioxide emissions be reduced significantly but previously released
CO; must be removed actively (10 Gtco, y~" until 2050 and then 20 Gtco, y~' until
2100, Figure 1.5).2%0
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Figure 1.5: A scenario with the role of negative emissions technologies in reaching net
zero emissions. For other types of greenhouse gas (e.g. methane, perfluorocarbons, and
nitrous oxide), COxqe signifies the equivalent amount of COy which would have the same
amount of radiative forcing.??! Reproduced from The Emissions Gap Report 2017.222
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1.2.2 Negative emission technology

Processes that actively remove carbon dioxide from the atmosphere are commonly
called negative emission technologies (NETs). Historically, NETs have seen signific-
antly less funding than renewable energy technologies. For example, in the United
States, spending over the last 26 years on renewable energy was $27.65 billion
compared to $3.7 billion for carbon sequestration, of which only $ 11 million was
for NETs.214223 Recently, there has been more interest in NETs; for example, the

European Commission is investing € 820 million in NETs between 2022 and 2026.223

NETs range from the enhancement of natural processes to the employment of
artificial processes on an industrial scale, often called direct air capture (DAC)
technologies (Figure 1.6). Natural processes which can be enhanced include re-
forestation and the use of fast-growing crops, which sequester COy during pho-
tosynthesis; the carbon is then captured during bioenergy production and stored
underground. These technologies are mature and can be rapidly deployed; how-
ever, they require significant amounts of arable land which leads to conflicts with
agricultural interests.??! Other processes include ocean macroalgae afforestation,
enhanced dissolution in the ocean (ocean alkalinity enhancement) and enhanced
rock weathering (the natural process of metal carbonate formation).?24226 All of

these processes are inexpensive to employ, yet there is a limit to their maximum

Accelerated chemical

carbon capt =
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weathering of rocks . ref Soil carbon
Coastal blue carbon @ .@

‘ \.@' &l - -{ 2 | ﬁ@‘ _ ” "a;};“

i e

Figure 1.6: Types of negative emissions technologies (NETs). Reproduced from
Negative Emissions Technologies and Reliable Sequestration: A Research Agenda.??!
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adsorption capacity and there are concerns about the environmental impact caused

by large scale deployment of these processes.?7228

Several DAC processes have been developed, including the use of liquid or solid
sorbents, membrane separation, cryogenic processes (formation of solid COq via
anti-sublimation), anionic exchange resins (moisture-swing adsorption) and electro-
swing processes. Liquid and solid sorption processes are the most advanced tech-

nologies and several pilot plants have been deployed.

1.2.3 Direct air capture technologies

The first deployed DAC system used causticisation with Ca(OH)s to form CaCOj3
followed by calcination at high temperature to release the CO5 and form CaO from
which Ca(OH), is reformed via the slake-lime process (reaction with water).?!4
Kraft enhanced this process with the addition of NaOH, which enhances the car-

bonate solubility.??

Subsequently, aqueous amine sorbents were developed, which have lower energy
requirements due to their lower regeneration temperatures and are commonly used
industrially.2!4 A plethora of different amines have been explored?*® with notable
examples including monoethanolamine (MEA), diethanolamine (DEA), 2-amino-2-
methyl-1-propanol (AMP), piperazine (PZ) and N-methyldiethanolamine (MDEA).
Recent studies have explored the more environmentally friendly amines such as the
amino acid guanidine.?®! Decomposition of the amino carbamates formed is slow
and the thermal regeneration of the sorbent also requires heating of the solvent,
leading to high energy costs (= 10GJtgg 2).232 For comparison, energy derived
from coal (the least carbon efficient fossil fuel source) produces ~ 10.9 GJ tgp, >

Solid sorbents have also been extensively studied with porous materials such as

HO._~ H | J<\IH HN
N 2
NH, HO™ >"~"0H HO/\/N\/\OH HO k/NH
Monoethanolamine Diethanolamine N-methyldiethanolamine ~ 2-amino-2-methyl-1-propanol  Piperazine
MEA DEA MDEA AMP Pz

Figure 1.7: Common amines used in aqueous solutions for COs capture.
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zeolites, metal organic frameworks (MOFs) and activated carbon often employed.
Physisorbents typically show low capacity at low pressures and low selectivity. As
such, chemisorbents with basic functionalities are often employed, which exhibit
higher uptake and selectivity. Solid alkali carbonates such as CaO, Ca(OH), and
K5;COg are active for carbon capture under dilute conditions; however, their high
operating and regeneration temperatures (650°C and 900°C respectively) make

them better suited to post-combustion flue gas scrubbing.?3

Basic functionalities may be added to porous materials via the addition of amine
components. Of note is the Mgy (dobpdc) (dobpdc*™ = 4,4 -dioxidobiphenyl-3,3 -
dicarboxylate) family of metal-organic frameworks (MOFs); these materials display
a cooperative insertion mechanism where the CO, is inserted into a metal-amine
bond, forming chains of ammonium carbonate (Figure 1.8). The adsorption prop-
erties can thus be modulated by changing the metal framework or amine group

used.?35

These materials often require dry operating conditions, as they exhibit
poor CO4/H50 selectivity. Similarly to amine solutions, they also require thermal
regeneration, although at lower temperatures than liquid sorbents (typically 90 to

120°C), thus reducing the energy requirements (=~ 5GJtco,).*** Amine-modified

solid sorbents are discussed further in Chapter 1.2.4.

Membrane separation relies on relative rates of diffusion through a membrane,
driven by a partial pressure differential governed by Fick’s law.?3" Air is typically
compressed before separation to increase the pressure differential. High selectivity
is needed to achieve significant separation; however, current sorbents with high

selectivity have such low permeability that the rate of separation is impractical.?!

Cryogenic separation is attractive, as it produces high purity CO, and doesn’t
require any extra chemicals or sorbents. This process cools air to —78°C where
deposition of CO4 occurs, selectively removing it from the gas stream. This cooling
process leads to substantially higher energy demands than other sorption processes

(50 GJ. tod 2) and, as such, will only see applications in low temperature systems
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Figure 1.8: The mechanism of COs adsorption at neighbouring M—mmen sites of a
mmen—Mz(dobpdc) MOF. Formation of an ammonium carbamate species destabilises
the amine coordinated at the next metal site, initiating the cooperative adsorption of
COs. Reproduced from McDonald et al.?36

where low temperature CO, is needed or where it can be used as a coolant in

another low temperature process.?!4238

Electrical sorption processes have the potential to be highly energy efficient as
they do not require a gas compression or thermal regeneration of the sorbent.
Two main types of electrochemical processes have been developed: redox active
sorbents and pH swing processes. Redox active species are often oxygen sensitive,
thereby limiting the scope of potential sorbents. A high selectivity is also needed to
ensure a high faradic efficiency. Seo and Hatton demonstrated a potential system
using the oxygen insensitive commercial dye neutral red, which was shown to
have a minimal electrical energy demand of 1.477 GJ. to, > The reduction of
the dye produces hydroxide ions, increasing the pH of the solution and binding
CO,. Oxidation of the dye has the opposite effect, releasing the CO,. In pH swing
processes, water electrolysis releases hydroxide ions and protons at the anion and
cation respectively, changing the local pH of the solution. This pH change has
been shown to facilitate binding and release of CO; in a Ca(OH),/CaCOj3 system.

Under alkaline conditions CaCOQOs is formed via the reaction with air; a decrease in
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pH promotes the release of CO; by dissolving the CaCOj, eliminating the need for

high temperature calcination.?4?

Current pilot plants with their scale and technology employed are detailed in Table
1.3.

1.2.4 Amine-modified solid sorbents

As previously mentioned, most commercial carbon capture processes use an alkaline
liquid solvent (amine or metal hydroxide). However, the high heat capacities of the
liquid lead to high regeneration energies, making them unsuitable for DAC applic-
ations. Solid supported amines have been developed to overcome these limitations,
using a porous solid (with a lower heat capacity) to disperse amine functionalities.
The use of this type of material for COy capture was first reported by Tsuda et
al. in 1992, using liquid suspensions of amine-modified silica gels, but subsequent
work has focused on the use of dry powders.?4424> These materials are typically
grouped into three categories (Figure 1.9): Class 1 - Physical impregnation of an
amine (typically a polymer such as polyethylenimine (PEI)), Class 2 - Covalently
bound amines and Class 3 - In situ polymerisation via covalent grafting of an amine-
containing monomer.?*% These materials typically contain a mixture of primary and
secondary amines, but not tertiary amines. Although tertiary amines have been
used in liquid based sorption systems, studies have shown tertiary amines perform
poorly when used on a solid support, as they cannot form a alkylammonium
carbamate ion pair, instead requiring humid conditions to form alkylammonium

bicarbonate species.?*”

Class 1 sorbents were pioneered by Xu et al. in 2002 who showed that the polymer
PEI dispersed on a MCM-41 solid support, demonstrating a two-times higher
sorption capacity than that of the pure polymer; they dubbed the material as
a “molecular basket for CO,”.24® These are the easiest types of material to prepare,

meaning they may be the most practical to employ on a large scale.?4?



Table 1.3: Summary of currently operational DAC plants.?4!

uoonpoLyur |

Company Location Year built ~ Capacity (tco,y™') Technology
Climeworks Iceland 2017 50 Solid - amine-modified nanofibrillated cellulose®*? (Low
temperature regeneration)
Climeworks Italy 2018 150 Solid - amine-modified nanofibrillated cellulose**? (Low
temperature regeneration)
Climeworks Iceland 2021 4000 Solid - amine-modified nanofibrillated cellulose**? (Low
temperature regeneration)
Climeworks Iceland 2024 36 000 Solid - amine-modified nanofibrillated cellulose**? (Low
temperature regeneration)
GreenCap Norway 2016 50 Solid - Zeolite at sub zero temperature (240 °C temper-
Solutions ature swing)
NEGS8 Carbon Ireland 2023 1 Solid (Low temperature regeneration)
Mission Zero UK 2023 20 Electrochemical
Technologies
Nellie Technologies UK 2024 115 Microalgal photobioreactor
ReCarbon Netherlands 2022 4 Algae
Carboyn Netherlands 2023 5t Solid - Modified fiber membrane (Low temperature re-
generation)
Greenlyte Carbon Germany 2023 100 Electrochemical
Technologies
DACMA GmbH Brazil 2023 15 Solid (Low temperature regeneration)*3
DACMA GmbH Germany 2024 60 Solid (Low temperature regeneration)?*?

g&




Company Location  Year built Capacity (tco,y™') Technology
Neocarbon Germany 2024 5) Low temperature regeneration
Neocarbon Germany 2024 62 Low temperature regeneration
Carbominer Austria 2022 1 Ton exchange/Electrochemical
RepAir Carbon Israel 2023 1 Electrochemical
Planet Savers Japan 2024 3.5 Solid - Zeolite (Low temperature regeneration)
Ecolair Colombia 2023 60
AirCapture US 2023 100 Solid - Amine-based (Low temperature regeneration)
Carbon Collect US 2022 30 Solid (Low temperature regeneration)
Holocene US 2024 10 Liquid - Amine/Guanidine (Low temperature regenera-
tion)
Avnos US 2023 33 Ion exchange
Heirloom US 2023 1000 Solid - CaOH, (High temperature regeneration)
280 Earth US 2024 500 Solid (Low temperature regeneration)
Carbon Canada 2015 339 Liquid - KOH/CaO (High temperature regeneration)
engineering
Global Thermostat US 2021 10 Solid - Amine-modified ceramic monolith (Low temper-
ature regeneration)
Global Thermostat US 2022 1000 Solid - Amine-modified ceramic monolith (Low temper-
ature regeneration)
Global Thermostat US (Hawaii) 2023 10 Algae

uoonpoLyur |
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Figure 1.9: The three classes of amine-modified sorbents. Class 1: sorbent impregnated
with amines (PEI shown here). Class 2: sorbent with covalently bound amine (amino
silane shown here). Class 3: sorbent covalently bound to polymeric amine (in situ
polymerised aziridine shown here).260

Class 2 sorbents were first reported by Tsuda et al., as mentioned previously,
using the hydrolysis-condensation polymerisation of amino silanes to form amino
silica gels, but much subsequent work concerns the post-synthesis modification
of supports, often using silane chemistry. Of note, Sayari’s research group has
published numerous works on the use of amino silane-modified MCM-41 for CO,
removal from different gas streams.??°2°® These typically possess lower amine
loadings, and thus smaller COy capacities than those found in Class 1 sorbents,
but display higher stability to degradation, due to the stronger interaction with

the support.?®”

Class 3 sorbents were developed by Liang et al. via stepwise growth of melamine
dendrimers from the surface amine groups in amino silane-modified mesocellular
silicious foam. They are designed to bridge the gap between the previous two classes
as they feature both abundant amino groups, similar to Class 1, and have strong
interactions with the support, as in Class 2.257:2%® Subsequent work has explored
the direct surface polymerisation of amine-containing monomers, using aziridine

on the silica SBA-15.259

Of the materials commonly explored as solid amine capture materials, mesoporous
silicas and metal-organic frameworks (MOFs) have attracted the most attention be-
cause they possess high surface areas and are easily amenable to amine modification.

A recent review by Sodiq et al. shows that PEI/silica and Mgs(dobdc)(NoHy)1 s
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(Hydobde = 2,5-dihydroxyl-1,4-benzenedicarboxylic acid) possess the highest DAC
CO, absorption capacities for these classes of materials (2.36 and 4.58 mmol g™,
respectively), but both have high material costs (£ 30800kg™" (MCM-41 supplied
by Sigma-Aldrich) and between $25 to 100 kg™ for Mgy (dobdc)(NyH,), g).261-264

The commonly accepted mechanisms of reactions between these solid amines and
COy are shown in Figure 1.10. The primary amine acts as a Lewis base, reversibly
binding CO, (a Lewis acid) to form a zwitterion. This then interacts with neigh-
bouring groups to form an ammonium carbamate or carbamic acid complex. In
the presence of moisture, HoO can act as the Lewis base, forming an ammonium

bicarbonate with stabilisation from an amine.
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Figure 1.10: Proposed reaction mechanisms of COg with a primary amine. Adapted
from Huhe et al.?6°

The main challenge associated with DAC technologies is the cost per tonne of CO,
captured which relates to the financial cost of building and running the plant (due
to the high energy requirements) as well as the associated carbon emissions from
the energy production, the offsetting of which reduces the relative efficiency of
the capture process. Overcoming this challenge requires the sourcing of low-cost,
low-carbon energy; employment of energy-efficient processes (such as the use of

amine-modified sorbents with low regeneration temperatures) and the application
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of sustainable sorbents with long lifetimes (to reduce the environmental impact of

DAC infrastructure).

1.3 Plastic pyrolysis

1.3.1 Plastic crisis

The first man-made polymer was nitrocellulose (brand name Celluloid), created
by Alexander Parkes in the 1850s, from the reaction of nitric acid and cellulose,
and later developed into a commercial product by John Wesley Hyatt.?®6 This was
followed by Bakelite, the first fully synthetic polymer, created by Leo Baekeland
in 1907 using the reaction of phenol and formaldehyde.?®® These were followed
by modern plastics such as: polyvinyl chloride (PVC, commercialised in 1912)2%6,
poly(methyl methacrylate) (PMMA, 1924), polyethylene (PE, 1933), polyurethane
(PU, 1937), nylon (1938), polyethylene terephthalate (PET, 1941) polystyrene (PS,
1944) and polypropylene (PP, 1954) which are still manufactured in significant

267,268 Today, plastics are found across society, including

quantities (Figure 1.11).
uses in agriculture, transportation, packaging, medicine, manufacturing and con-
sumer goods.?® Plastics possess several advantages over traditional materials: they
require a lower energy of production over metal and glass, they are lightweight

(ideal for transportation parts), have a lower cost than traditional materials and

can be easily shaped into previously inaccessible forms, for uses such as packaging

for fresh food.269

To keep up with demand, plastics production has steadily increased with 430 Mt of
virgin plastic produced in 2019?" which is expected to double by 2040.2™! 50% of
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terephthalate (PE) (PVC) (PP) (PS) methacrylate
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Figure 1.11: Different types of plastic.
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271 with 220 Mt tonnes of plastic waste produced

this is used for single-use plastic
in 2024.2 Of all the plastic waste ever produced, only 9% has been recycled, 12%
has been incinerated and the remaining 79% now sits in landfill.2”® This plastic
waste is poorly managed and significant amounts enter the aquatic environment;
for example there are an estimated 82 to 358 trillion plastic particles in the world’s
oceans (1.1 to 4.9t).2™ This issue is of significant public concern, as plastics
are reported to last indefinitely, leading to chronic exposure.?”™ This timescale
is not supported by evidence, with recent studies showing that plastic polymer
degradation is significantly enhanced by sunlight and microbes.?” 277 Nonetheless,
the lifetimes of plastics are still on the centennial timescale, making them persistent
contaminants. Of significant worry are small pieces of plastic, called microplastics,
which can be taken up by living organisms. The average person is estimated

to consume 50000 microplastic particles annually through food and water, amid

increasing concerns about about their deleterious effects on human health.27827

There is therefore an urgent need to reduce the amount of plastic entering the
environment, which necessitates both a reduction in the amount of plastic waste
generated and additional recycling opportunities (Figure 1.12). The different types
of plastic recycling are typically categorised as: primary, where polymers are
remade into a similar product; secondary, reused for a different application, typ-
ically of lower value; tertiary or chemical recycling where it is converted into new
chemical feedstocks and quaternary or energy recovery where it is incinerated for
energy production (Figure 1.13).2%! Primary recycling requires pure materials and
so is typically only utilised with waste from manufacturing and post-consumer
materials of known origin. Where possible, primary and secondary recycling should
be employed, as this reduces the need for virgin petrochemical feedstocks. These
processes typically require grinding and reforming of the plastic, which causes poly-
mer degradation, limiting the number of reprocessing cycles for a given polymer.?5?
Quaternary recycling should be avoided where possible, as the energy produced
is less than that saved in plastic production by recycling (36kJkg™" vs 60 to

88 kJ kg ")?®? and releases significant amounts of CO, as well as toxic gases such as
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GLOBAL MISMANAGED PLASTIC WASTE GENERATION

250 Mty

/ 200

Scenario A - Business as usual 150

100

Scenario B - Improve waste management

Scenario C - Reduce plasN —0

and improve waste management
2020 2030 2040 2050 2060

Figure 1.12: Future projections of global mismanaged plastic waste. Scenario A corres-
ponds to an increase in plastic demand with GDP. Scenario B reflects an improvement in
waste management infrastructure with GDP. Scenario C corresponds to the management
of scenario B with a reduction in consumer demand (where plastics constitute 10% and

5% of municipal waste by 2020 and 2040 respectively). Reproduced from Lebreton et
l.280
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Figure 1.13: The different plastic waste recycling pathways. Reproduced from Singh
et al.?8!
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dioxins, furans, mercury and halogens.?®* This demonstrates the need for improved
tertiary recycling technologies to process potentially contaminated or end-of-life

waste such as post-consumer waste.

1.3.2 Tertiary recycling

Depending on the structure of the polymer (see Figure 1.11), several different
methods for tertiary recycling exist. PET, commonly found in plastic water bottles,
loses its ductility after mechanical recycling. It cannot therefore be reused for
plastic bottles and is often converted into textile fibres.?®®> However, the ether
linkage present in the backbone is susceptible to chemolysis, typically solvolysis
with ethylene glycol, methanol or water, to yield terephthalate-based monomers
which can be re-polymerised to regenerate PET with the desired properties or

other related materials.?8¢

Polyolefins do not have such a reactive functionality, making their decomposition
more difficult. These make up the majority of plastics produced, for instance
the majority of plastics ever produced are: PE (36%), PP (21%), PVC (12%).%87
Strategies to introduce such functionalities include the use of a dehydrogenation

catalyst to produce unsaturated (alkene) sites, which can then undergo olefin

A C Ik: is (CAM B Catalysts used in polyethylene
polyethylene and a light alkane (n-hexane): degradation through CAM:

.\/\/\. 1. Dehydrogenation .\A/\. Dehy ion and hydr
: Polyethylene H & -
: + :

: N Rt-Buy
SN ( \, SNV |+

Light alkane 2. Olefin Iry, (FBUPCP)IrH
; L2 21r-H, metathesis | H 1

: ﬂ : Pt-Bu,

: .\/\/\ ALL .\N\ 0-PR,
! + '

: + \ (X-RPOCOP)IF(CH )
1 3.Hydro tio
R \/\/\. X Ir—||  2:R =tBu, X = +-BuPO
: \/\/\. : / 3:R = i-Pr, X = OMe
------------------------ g 0-PR,
PE &
degradation A"\~ Repetitive CAM with Olefin metathesis catalyst:
 Excess light alkanes
light alkane Re,0,/A1,05
Liquid fuels

and waxes

Figure 1.14: (A) PE degradation pathway through catalytic cross-alkane metathesis.
Dehydrogenation of both PE and a light alkane (n-hexane used as an example) creates
unsaturated olefins. Subsequently, cross-olefin metathesis followed by hydrogenation
causes breakdown of PE chain into shorter chains. (B) Structures of the dehydrogenation
and olefin metathesis catalysts used. Reproduced from Jia et al.?%®
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metathesis to yield low molecular weight products for liquid fuels (Figure 1.14).2%8

These are important proof of concept studies, but the use of expensive noble metal
catalysts such as Ir for dehydrogenation and RuyOsfor the cross-metathesis reaction

hinders their deployment at scale.?5?

The less expensive alternative is thermal pyrolysis. This involves the thermal
degradation of the polymer under an inert atmosphere to yield lower molecular
weight products. Thermal pyrolysis is typically classified as: slow pyrolysis, char-
acterised by low heating rates (< 10°Cmin~! to 350 to 700°C); fast pyrolysis
(< 300°Cmin~! to 400 to 600°C); flash pyrolysis, characterised by fast heating
rates (=~ 1000°Cs™! to < 650°C) and gasification pyrolysis at high temperatures
(= 1000°Cs™t to 700 to 1500°C). Slow pyrolysis produces the most char (solids),
with the liquid fraction increasing in fast and flash pyrolysis; gasification yields
high gas yields.?®” Variations on thermal pyrolysis include heating via microwave

500 to and plasma to , 10 x 1 s~ ") pyrolysis.“”*
00 to 700°C d pl 3000 to 8000 K, 10 00 Ks™! 1 290,291

The products produced by thermal pyrolysis correspond to a statistical distribution
caused by the competing reactions that occur.??2?*3 Depending on the structure
of the polymer, the types of reaction vary; experimentally observed modes are a
combination of: elimination of small molecules (such as HCI from PVC); unzipping
of monomers (seen in PMMA); cyclisation (seen in polyacrylonitrile); random
scission of polymer chains (seen in PE); and formation of specific compounds.?9*
Catalysts can be employed both to decrease the temperature needed for pyrolysis
to occur and to improve the selectivity of the reaction. For example, addition of
a binuclear macrocyclic Zr complex supported on Al,O3 to the thermal pyrolysis
of PE reduces the temperature required by 50°C (from 400°C) and increases the
molecular weight of the products from C; 14 to Cyg via interactions of the thermally

t.2% In comparison, Ni-impregnated

produced polymer radicals and the catalys
zeolites produce almost exclusively C,_g,2%> whereas Zn-P-impregnated zeolites are
selective for the formation of monocyclic aromatic hydrocarbons.??® Additionally,

a Hy atmosphere may be used, which allows a hydrogenolysis reaction to occur,
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changing the product distribution. In a system using a Ru catalyst, this suppressed

methane formation and increased the molecular weight of the fuels produced.?7

Pyrolysis of polypropylene is typically conducted at higher temperatures (500 to
900°C) and catalysts are desired to yield non-wax low-molecular weight products
at lower temperatures.?®* Target products include fuel range hydrocarbons (Cs_1)
or Hy production with simultaneous formation of valuable carbon products such
as carbon nanotubes.??2% (Catalysts should be low cost to make the process eco-
nomical and, as such, much of the literature explores both natural (such as natural
silica-aluminas: dolomite, diatomite, perlite and kaolin) and waste materials (such

as red mud which is rich in FeyOj) as catalysts.?*030!

1.4 Thesis overview

The aims of this thesis are to develop sustainable and scalable synthesis methods for
LDHs and investigate their potential applications in industrially relevant sustain-
able technology applications. A description of the analytical techniques employed
for analysis and the synthetic protocols used are given in Chapter 2. Chapter
3 explores the use of the mineral struvite (MgNH4PO,-6H,0) as a source of
magnesium for MgAl LDH synthesis. The initial studies focus on the methodology

9597 after which an alternative, two-step synthesis

previously reported by our group,
is explored to yield materials with high surface areas. Different aluminium sources
are also explored. Chapter 4 focuses on the surface modification of LDHs using
organo-functionalised silyl ethers and their performance for the capture of carbon
dioxide from the atmosphere. The effect of the reaction conditions on the perform-
ance was investigated, as well as the effect of the nature of the organic, amine-
containing, functionality. Finally, Chapter 5 details the doping of other elements
within the LDH materials and studies their catalytic performance for the catalytic

pyrolysis of PP. Their performance is compared to traditionally synthesised LDHs

to investigate the effect of surface area and phosphate on the catalytic performance.
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2.1 Characterisation techniques

2.1.1 Gas isotherms

N, isotherms were collected on either a Micromeritics TriStar II 3030 instrument
or a Micromeritics 3Flex instrument. Samples were degassed at 110°C overnight
before analysis. Measurement settings for the Tristar II Plus were: adsorption
measurements were collected at regular intervals (10s equilibration time) up to
990 mbar and back down to 5mbar in a liquid Ny bath (—196°C). Measurement
settings for the 3Flex were in situ degass at 110 °C for 2 h, adsorption measurements
were then collected (10s equilibration time) every 0.8923 mbar to 10 mbar then at
regular intervals up to 990 mbar and back down to 5mbar in a liquid Ny bath
(—=196°C). Specific surface areas (SSA) were determined using the Brunauer-
Emmett-Teller (BET) method in the associated instrument software. Pore dis-
tributions were modelled in the same software using using the DFT Pore Size
option with either the “N2 - DFT Model” kernel function which is calculated for
slit-like pore geometries on graphite for LDH materials or “N2 - Cylindrical Pores
- Oxide Surface” kernel function which is derived from silica and zeolite materials.
Pore sizes are characterised by the definition given by Rouquerol et al.: micropore

(< 2nm), mesopore (> 2nm and < 50nm) and macropore (> 50 nm).!

CO; isotherms were collected on a Micromeretics 3Flex instrument. Samples were
degassed ex situ for 1h at 120°C before analysis. Samples were then degassed in
situ for 4h at 120°C before analysis. During analysis, the degas mantle was used
to maintain the sample temperature at the desired level (25, 35, 45 and 55°C).
Adsorption measurements were collected every 0.025 mmol g~ up to 10 mbar, then

every 10 mbar to 100 mbar and every 100 mbar to 1000 mbar.

2.1.2 Linear adsorption equations

Langmuir isotherm

The Langmuir isotherm:
4 K7 C.

0 =
A Gm 1+K’L40@
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(where 04 is the fractional occupancy of adsorption sites, C, is the concentration
of adsorbate at equilibrium (partial pressure), ¢. and g¢,, are the equilibrium and
maximum concentrations of the adsorbate on the surface and K3 is the Langmuir
or equilibrium constant) is one of the simplest expressions for describing the ad-
sorption process. It assumes the adsorbate behaves as an ideal gas at isothermal
conditions which can form a monolayer by reversibly occupying a finite number of
identical sites. It can then be derived using different methods including the kinetic
consideration of the reaction between an adsorbate molecule (A,) and an empty
site (S) to produce an adsorbed species (Aaq): Ay +S == A,q. The separation

factor
1
Ry = ——+—
U1 KA
where Cj is the initial concentration of adsorbate indicates the type of adsorption:
unfavourable (Ry > 1), linear (R, = 1), favourable (0 < Ry < 1) and irreversible

(R, =0).
Freundlich isotherm

The Freundlich isotherm

_ Cr
HA == OéFCe

(where ap and Cp are fitting parameters) is an empirical relationship which allows
for surface heterogeneity and as such is disfavoured for isotherms with a theoretical
basis. It is an empirical modification to Henry’s equation (¢, = KggpC,) to account
for adsorption site saturation. This equation does not have a limit on the rate of
adsorption; however, this has been shown experimentally not to be the case and
so the model fails above a saturation concentration. Isotherms that fit this model

likely have heterogeneous sites, but this alone does not prove it.

Temkin isotherm

The Temkin isotherm modifies the Langmuir isotherm by allowing for adsorbate

interactions on the surface. In experiments, the heat of adsorption (AH,;) was
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commonly seen to decrease with increasing coverage; it is therefore modelled as

being proportional to the coverage as
AHad = AHgd(l — CKTQ)

(where AH?, is the heat of adsorption at zero coverage and «). This leads to a

varying equilibrium constant

sz _ K?OGAHgda—aTe)/kbf

This arises from rate equations of the form r, = k,C.e % ry = kge®® which at
equilibrium (r, = ) leads to 0 = a—iﬁln(z—zC’e) which can be rewritten in the

commonly used form 6 = ’?—TT In(KrC.).
Elovich isotherm

The Elovich isotherm
0 A= KECEe_e

is also an adaptation of the Langmuir model, although not obviously apparent from
the form of the equation. The adsorption rate is changed to be defined as decreasing
exponentially with coverage (r, = k,C.e~?) implying strongly heterogeneous sites
where those with the highest AH,4 react first and has thus often been used to

model chemisorption processes.?

2.1.3 Scatchard analysis

Scatchard analysis was developed to evaluate the number of binding sites present
in receptor ligand systems such as binding by enzymes. This analysis assumes a
Langmuir model can describe the interaction with each site and then rearranges

the Langmuir equation shown above:

KiC,
Ge = QmiA
1 + KL Ce (21)
de
5 = Kme - Ker

A plot of g—i vs ¢, for a homogeneous adsorbent will be linear and the values of

K# and g, can be estimated from the gradient and intercept. For heterogeneous
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adsorbents, the gradient of the plot changes as the strength of the adsorption
site varies, giving insight into the degree of heterogeneity. Tangents to different
regions of the data may be drawn each of which will give a different set of binding
parameters for the region fitted. The decision of which regions to fit is subjective
to the user and requires the assumption that the energy distribution of the sites

can be grouped into discrete groups limiting its usefulness.?

2.1.4 Non-linear adsorption isotherms

Non-linear isotherms were modelled using the pyGAPS python framework using

the built-in models.*

Multisite Langmuir models

The double site (DSLangmuir) and triple site Langmuir (TSLangmuir) models are
extensions to the Langmuir model discussed above. Assuming a material contains
several distinct types of homogeneous sites each with their own capacity and affinity,
each can be modelled by its own Langmuir isotherm with the total uptake equal
to the sum of the uptakes on each type of site:

sites K,

i=1 Ty Kip
The Langmuir (single site), DSLangmuir (double site) and TSLangmuir (triple site)

models are where kg = 1,2, 3 respectively.

Freundlich model

The Freundlich model is as described previously:
n(p) = Kp'/™

Quadratic model

The quadratic model extends the Langmuir model by allowing each site to bind a
second molecule with an interaction between the molecules in the same site. This

gives the sites four possible states: empty, a degenerate pair of singly filled and a
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double filled state. From the energy of each state, the amount adsorbed at a given

pressure can be derived via statistical mechanics:®

_ 2Kp+ 20K
T 0K + oK 2p?

n(p)

where n,, is the total number of sites giving a maximum adsorption capacity of
2n,, and ¢ is a factor which describes the adsorbate-adsorbate interactions:
=1 non-interacting
¢ >1 attractive
<1 repulsive
Attractive interactions lead to a convex loading at low pressures as they aid in
further adsorption and this is commonly used to describe systems where the the

adsorbate-adsorbate interactions are stronger than the energy of adsorption.

Temkin model

The Temkin model used by pyGAPS differs from the one described previously, still
assuming the enthalpy of adsorption is a linear function of coverage, but using an
asymptotic approximation described by Simon et al. to yield a different equation

for the loading:

Kp Kp Kp
=n,, 1+0 -1
n(p) " [ * 1+ Kp (1—|—Kp )1

where the correction term tends to zero as p — 0 and p — 00.%

Toth model

The Toth model is an empirical modification to the Langmuir equation with an

exponent parameter which allows for heterogeneity of the sites:

Kp

n(p) = nmm
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Jensen-Seaton model

The Jensen-Seaton model is an empirical model developed to address the issue
that the adsorption isotherm should not reach a plateau at high pressures as the
adsorbed phase can be compressed. The model interpolates between Henry’s law

at low pressure and a compressibility asymptote at high pressure:

- ()

where K is the Henry constant, a is the maximum loading without compression, b

is the compressibility of the adsorbed phase and ¢ is an empirical constant.

2.1.5 Isosteric enthalpy of adsorption

The isosteric enthalpies of adsorption were calculated using the Clausius-Clapeyron

equation:
ﬁln(P) AHads
= _ 2.2
( oT )na RT? (22)
which can be rearranged to:
AH,, — _Rﬁln(lP)
O

Multiple isotherms of the same material were collected at different temperatures
and a plot of In(P) against 1/T at constant loading gives a straight line with a
gradient of —AH,45/R. This approach assumes a constant enthalpy of adsorption,
so it is suggested that the isotherms are collected within a narrow temperature
range (AT < 20K) to avoid large variations in enthalpy which lead to unrealistic
values.” It also requires the assumptions of the Clausius-Clapeyron equation to be
satisfied: ideal behaviour of the gas in the bulk phase and a negligible adsorbed
volume. These assumptions can break down at higher pressures and for heavy

adsorbates.
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2.1.6 X-ray diffraction

Powder X-ray diffraction (XRD) patterns were collected on either a PANAnalytical
X’Pert Pro Diffractometer or a Bruker D8 advance instrument. Measurement
details for the X'Pert Pro were: Cu K, radiation (\,, = 1.54057A, )\, =
1.544 33 A); powder samples were loaded into stainless steel sample holders and
measured from 3-70° with a step size of 0.0167°. Measurement details for the
Bruker D8 were: Cu K, radiation (A, = 1.54057A, \,, = 1.54433 A) with an
energy discriminating detector (that rejects other wavelengths from sources such as
Cu Kjg, or fluorescence); powder samples were loaded into PMMA sample holders
or mounted with grease onto glass slides and measured from 5-70° with a step size of
0.5954°. Air sensitive samples were loaded in a glove box and sealed within a similar
sample holder for measurement. High resolution XRD patterns were measured at
the Diamond Light Source on the I11 beamline (A =0.825276 A). Samples were
1

loaded into quartz capillaries for measurement and heated to 900 °C at 12°C min~

using a hot air blower.

Crystallite size analysis was conducted using the Scherrer equation (Equation 2.3)

on the appropriate Bragg reflection:

KA
= B cost

(2.3)

where 7 is the mean size of the crystalline domains (< grain size < particle size),
K is a dimensionless shape factor (typical value of 0.94) which varies with the
crystallite shape, A is the X-ray wavelength, (3 is the line broadening at half the
reflections intensity (full width at half maximum (FWHM) or A26 (in radians))
and 6 is the Bragg angle. The Scherrer equation is used for determining the size of
crystallites smaller than 100 nm, which is the crystallite size relevant to materials
discussed within this thesis.® The Scherrer constants for hexagonal crystals, as

described by Lele and Anantharaman,’

are given in Table 2.1 for (p = 1%> p=2
disc, p = 1 approximately spherical and p = 0.5 needle. As LDHs are known

to form approximate discs, the values for p = 2.0 were used. These values are
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Table 2.1: Scherrer constants (K) for hexagonal crystallites of varying aspect ratios.”

Reflection ‘ p=2.0 ‘ p=1.0 ‘ p=0.5
001 0.63 1.00 1.59

110 1.31 1.04 0.82

simply proportionality constants and the values for K in both axis deviate further
from unity the greater the aspect ratio of the disc.! These values are chosen
for convenience and the crystallite sizes derived are thus not absolute, but allow

comparison between samples.

Unknown crystalline phases were identified using the QUALX2.0 software!! with
the POW_COD database.

2.1.7 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectrums were recorded on a ThermoScientific
Nicolet iS5 spectrometer fitted with an iD3 attenuated total reflection stage. Trans-

1

mittance was recorded in the range 400 to 4000 cm™! at 4 cm™* resolution.

2.1.8 Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were collected using a Per-
kin Elmer DSC6000. Approximately 10 mg of sample were loaded in aluminium
samples pans that were crimped and pierced to allow outgassing. The samples were
degassed at 120 °C before heating and cooling cycles at 5 and 10 K min~—!. The total
excess heat flow during the heating step was integrated and the value for an empty
pan subtracted. The heat was normalised by the sample mass and divided by the
temperature change to give the average heat capacity. The heat capacity of the

sample was taken as the average of the values calculated at the two ramp rates.

2.1.9 Nuclear magnetic resonance

281, C, and *"Al magic-angle spinning (MAS) solid-state nuclear magnetic res-

onance (NMR) spectra were acquired by Dr Nick Rees at the University of Oxford
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using a Bruker Avance ITTHD spectrometer at 79.4, 100.5 and 104.2 MHz respect-
ively (9.4T). Samples were packed in 4mm O.D. rotors and spun at 10kHz. For
2TA] MAS solid-state NMR, to acquire quantitative MAS spectra, a single pulse
excitation was implemented with a brief pulse duration (0.2311s). A total of 7000
scans were collected with a 0.01s delay. The 2“Al chemical shift is referenced to an
aqueous solution of AI(NO3)s (0 ppm). *C CP-MAS NMR spectra were obtained
employing a cross-polarisation sequence using a variable X-amplitude spin-lock
pulse along with spinal64 proton decoupling. A total of 15,000 transients were
acquired with a contact time of 0.5 to 1.5 ms and a recycle delay of 0.5 to 1.5s. All
13C spectra were referenced to adamantane as a secondary reference. 2°Si CP-MAS
NMR spectra were similarly measured through cross-polarisation sequencing with
a variable X-amplitude spin-lock pulse and spinal64 proton decoupling. A total of
35,000 transients were acquired with a contact time of 2 to 4 ms and a recycle delay

of 1.5s. All #Si spectra were referenced against kaolinite as a secondary reference.

Non-quaternary suppression (NQS) also known as “dipolar dephasing” or “interrup-
ted decoupling” is a technique used to distinguish between quaternary carbon atoms
and those with one or two hydrogen substituents. Prior to acquisition of the free
induction decay, the proton decoupling is turned off for ~40 ps which suppresses the
signals of carbons with *C—'H dipolar interactions (methine - CH= and methylene
—CH,y—). Groups such as methyl (—~CHjz), which rapidly rotate, undergo motional

averaging of the dipolar interactions leading to unexpected intensity.!?

2.1.10 Elemental analysis

Carbon, hydrogen and nitrogen components were measured (CHN analysis) by
Orfhlaith McCullough at the London Metropolitan University using a Thermo
Scientific ThermoFlash 2000 analyser. Samples are placed in a tin capsule which
melts within a combustion chamber, where the sample is oxidised within an oxygen-
helium stream. The reaction gases are passed over a catalyst to ensure complete

combustion and a Cu catalyst to reduce NO, to Ny and remove excess oxygen.
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The gases are then separated and analysed by gas chromatography equipped with

a thermal conductivity detector (TCD).'3

Other elements were measured by inductively coupled plasma optical emission
spectroscopy (ICP OES) by Dr Nigel Howard at the University of Cambridge.
Samples were dissolved in HNOj3 and diluted to approximately 1 ppm. The solution
is introduced into a high-temperature plasma which excites the ions, causing them
to emit characteristic wavelengths of light which are separated by a spectrometer

and measured by a detector.

2.1.11 Pyrolysis gas analysis

Thermogravimetric analysis-mass spectrometry

The gases evolved during the pyrolysis of polypropylene/SLDH blends during ther-
mogravimetric analysis were analysed by an attached Hiden Analytical HPR-20
EGA MS. A heated capillary is introduced within the TGA setup next to the
sample pan furnace which feeds the input of the mass spectrometer. Hy (m/z = 2)
Ny (m/z = 18) and ions from m/z = 29 to 150 were measured using the Faraday

cup detector.

Batch pyrolysis gas chromatography-mass spectrometry

Gas samples were taken using a 250 pL syringe through a septum port on the
batch reactor after polypropylene pyrolysis. The samples were analysed using a
Agilent 7820A GC system equipped with a GS-CarbonPLOT column and Agilent
5977E MSD. The heating program consisted of a temperature ramp from 50 to
300°C at 10°Cmin~! and a 15 min hold. Peak spectra were extracted using Agilent
MassHunter Qualitative analysis software and identified via comparison with the

NIST database with further identification using the NIST MS Search 2.2 software.

Batch pyrolysis gas chromatography

The outlet port of the batch reactor after polypropylene pyrolysis was connected to

the inlet of the automated gas sampling system of an Agilent 8860 GC System. The
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gas sampling system was set up to take two 1 mL gas samples: one setup measured
the quantity of light gases (Hy, Os, No, CHy, CO) and the other measured the
hydrocarbon products (heavy gases). The light gas system (Ar flow) used in series a
PPQ backflush column to exclude heavier molecules, a Mol Sieve analytical column
for further compound separation, a TCD detector to measure non-combustible
gases (Hy (the flame ionisation detector (FID) uses a Hy flame), Os and Ny), a
methaniser (Ni catalyst converts CO to CHy) and an FID to measure CH; and
reduced CO. The hydrocarbon system passed the gas sample into an inlet under He
flow where the sample was diluted to an appropriate level (from splitless to 1:100)
and then used a GS-CarbonPLOT column for separation and FID for detection.
Peak areas were converted to ppm for the light gases using calibrations derived from
external standards. Hydrocarbon conversions were calculated by comparison to the
CH, peak (known concentration) using the effective carbon number to estimate the
response factor (R.F. = Y Malihatic |4 3 Molefinic () 954 4 S Mketone () 2)14:15 Thig method
although empirically derived is based on the principle that a FID is ultimately
a CHy detector, detecting CHO™ ions formed by the reaction of CH + O —
CHO* —— CHO" + e . Alkanes are fully converted via reaction of H radicals
in the flame to CHy giving them a response factor proportional to their carbon
number while other types of carbon are subject to competing reaction paths which
reduce the amount of CH, formed (CyH, and CyH, for unsaturated molecules and

CO for O-containing molecules) and thus their relative responses.

2.1.12 Temperature programmed reduction

Temperature programmed reduction (TPR) experiments were conducted using an
Micromeretics Autochem II system. Approximately 0.1 g of sample was loaded into
the sample tube for analysis. A 50 mLmin~* 10% H; in Ny gas flow was passed
through the sample and after a stable signal was reached, the temperature was

ramped up to 800°C at 10 Kmin*.
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2.1.13 Temperature programmed desorption

Temperature programmed desorption (TPD) experiments were conducted using an
Micromeritics AutoChem II system. Approximately 0.1g of sample was loaded
into the sample tube for analysis. The sample was degassed under He flow at
120°C for 1h before cooling to ambient temperature. CO, was loaded onto the
sample by passing a gas flow through the sample for 0.5 h followed by desorption of
physisorbed species by flow of He for at least 1h until a stable signal was reached.

The temperature was then ramped up to 120°C at 0.5 K min~".

2.1.14 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) of samples was conducted using a PerkinElmer
TGA 8000 instrument. Approximately 10 mg of sample were loaded into an alumina
crucible and heated under Ny flow at the desired ramp rate (typically 10 Kmin—!)

to the desired temperature (typically 800°C).

Where applicable other gases were introduced using a connected GMD 8000 gas
mixing device. TGA-MS experiments used the attached Hiden Analytical HPR-20

EGA MS as described previously.

2.1.15 Gel-permeation chromatography

Gel-permeation chromatography (GPC) was performed by Ms Liv Thobru, Ms Sara
Rund Herum, and Ms Rita Jenssen (Norner AS, Norway) on a high temperature gel-
permeation chromatograph with an IR5 infrared detector. Samples were prepared
by dissolution in 1,2,4-trichlorobenzene (TCB) containing 300 ppm of 3,5-di-tert-
butyl-4-hydroxytoluene (BHT) at 160 °C for 90 min and then filtered with a 10 pm
SS filter before being passed through the GPC column. The samples were run
under a flow rate of 0.5mLmin~! using TCB containing 300 ppm BHT as mobile
phase, with 1 mgmL ™" BHT added as a flow rate marker. The GPC column and

detector temperature were set at 145 and 160 °C respectively.
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2.1.16 Tap density

Tap density was calculated by a standard testing method (ASTM D7481-09). The
powder was filled into a volumetric cylinder and a precise weight of the sample (m)
was measured. The cylinder was repeatedly tapped firmly, by hand, against a hard
surface and the volume was measured after 1000 taps (V;). The tap density is then
defined as:

m

Tap density = v
t

2.1.17 High-resolution scanning electron microscopy

High-resolution scanning electron microscopy with energy dispersive X-ray spectro-
scopy (HR-SEM-EDX) was performed on a Carl Zeiss Merlin Instrument, fitted
with an Oxford Instruments Xmax 150 mm? EDX by Meng Lyu, Emma Southall,
Claire Coulthard, and Matthew Williams. Scanning electron microscopy images
were taken at a working distance of 8.5 mm, with probe currents and voltages of
200 pA and 3kV, respectively. Analytical elemental mapping was conducted at a
working distance of 8.5nm, with probe currents and voltages of 500 pA and 6 kV
respectively. Samples were prepared by dispersing a small amount of powdered
sample in distilled water or ethanol, and then dried on a silicon wafer attached to
a metal stub. Prior to imaging, a &~ 8 nm layer of chromium was deposited on all

samples using a Lecia ACE600 coater.
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3.1 Introduction

Conventionally, layered double hydroxides (LDHs) are prepared using metal salts,
such as nitrates or chlorides, for laboratory-scale synthesis and metal oxides for
cost-effective industrial-scale production.’? These processes generally necessitate
preparatory stages involving precursor materials, thereby increasing both the cost
and the environmental ramifications of LDH production. For instance, the reaction
between nitric acid and a metal salt leads to the production of Mg(NOj)s or
A1(NO3)3, the calcination of magnesite (MgCO3) results in the formation of MgO,?
and the Bayer process is utilised to produce Al,O3.* In the synthesis process, the em-
ployment of metal salts in place of metal oxides or hydroxides results in the mother
liquor containing significant quantities of spectator ions, thereby diminishing the
atom efficiency and producing substantial waste that requires management. Con-
sequently, the production of LDHs by utilising these materials neither incorporates
the principles of a circular economy (as it depletes non-renewable resources) nor
aligns with the principles of green chemistry. This study investigates the feasibility
of utilising the mineral struvite (MgNH4PO, - 6 H,O) as a magnesium source for the
synthesis of MgAl-LDHs in a manner that enhances sustainability by employing a
low-cost, readily accessible waste material, thereby eliminating the need for metal

salts.

3.1.1 Struvite (MgNH,PO,-6H,0)

Struvite (MgNH,PO,-6H50) belongs to the family of magnesium ammonium

phosphates. It occurs naturally and frequently forms when ammonia and phosphate
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derived from the decomposition of organic matter are introduced to magnesium
(Mg) that is inherently present in soil or water environments. Conditions of high
pH, low temperature, and elevated concentrations of the relevant ions enhance
the probability of its formation. This compound was first identified by Georg
Ludwig Ulex in 1845 within a medieval midden, an archeological feature composed
primarily of organic waste.® Struvite is often observed as a constituent of kidney
and urinary tract calculi (stones) in both humans and animals. These formations
are often facilitated by urease-producing bacterial infections, which supply the

ammonia necessary for the crystallisation of struvite.

In industrial contexts, struvite is frequently encountered within wastewater treat-
ment systems. Magnesium, inherently present in the water stream from hard water
sources and sewer management,® combines with ammonia—released from urea
during anaerobic digestion—and with phosphate, which originates from organic
materials and detergents. This precipitation may lead to the obstruction of pipes,
pumps, and ancillary equipment, consequently requiring plant downtime for the
remediation of blockages. Due to the substantial financial implications, various
strategies have been devised to mitigate and prevent the formation of struvite.
These strategies encompass physical methods, such as the replacement of pipes,
mechanical grinding, and hydrojetting; chemical approaches, including the use of
HCI and other acids to dissolve blockages, and the engineered precipitation within
a dedicated vessel by the addition of a Mg source, typically MgCly or Mg(OH),; and
electrical techniques, where a sacrificial Mg anode induces struvite precipitation on

the surface without necessitating pH adjustment.”

Ammonia and phosphate are two of the three primary macronutrients essential for
plant growth, and their recovery is crucial to mitigate eutrophication—characterised
by the excessive proliferation of algae and macrophytes in aquatic environments due
to the enrichment of vital nutrients, leading to oxygen depletion—and to prevent
environmental detriment in downstream aquatic systems. Phosphorus is a limited

resource, with an estimated seven billion tons of remaining reserves that could be
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exhausted within the next 100 to 250 years. The extraction of phosphate from
wastewater presents a viable strategy to decrease dependence on mined phosphate
rock and to prolong the sustainability of global reserves. Dedicated precipitation
methods offer a solution to avert blockages while facilitating the recovery of phos-
phate and ammonia from waste streams, thereby preventing eutrophication and

enabling phosphate reclamation.

Struvite, exhibiting limited solubility (169.2mgL~! at 25°C),® has been employed
as a slow-release fertiliser due to its constituent ions (Mg®", NH4*, and PO,*").
Despite this, struvite derived from wastewater is frequently categorised as waste
under legal frameworks in numerous countries, thereby inhibiting its utilisation as a
fertiliser and relegating it to landfill disposal. Annually, 9784 to 12057 t of struvite
is generated within the European Union alone, and the portion that is marketed as
fertiliser often suffers from undervaluation at € 0 to 100t~L. As a result, exploring
alternative applications for this material is imperative for its integration into a
circular economy. Utilising struvite as a precursor for LDH synthesis presents
itself as a promising application. This approach facilitates the recovery and reuse
of magnesium, alongside the reclamation of phosphate and ammonia sequestered
within struvite, thereby contributing to the material’s valorisation by producing

an LDH compound amenable to diverse applications.

3.1.2 Properties of struvite

Struvite is characterised as an orthorhombic crystal belonging to the space group
Pmn2;, exhibiting cell dimensions a = 6.9410 A, b = 6.1370 A, and ¢ = 11.1990 A.
It is non-centrosymmetric, comprising layers of hydrogen-bonded PO, tetrahedra,
NH, " tetrahedra, and Mg(H,0)¢*" octahedra. The absence of inversion symmetry
results in the non-equivalence of opposing crystal faces, which consequently grow
at disparate rates. Furthermore, this lack of symmetry allows the material’s
ferroelectric, piezoelectric, and pyroelectric properties.? Shaddel et al. demonstrated
that the morphology of struvite crystals can be regulated by the pH and ammonia

concentration.'® At low pH levels, struvite assumes a hemimorphic wedge or coffin
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morphology characterised by asymmetrically developed [001] and [001] facets. As
the pH increases, twinned crystals exhibit an X-shaped morphology, while at high
pH (> 9), dendritic crystals emerge as a result of extensive surface nucleation,
indicative of a diffusion-controlled process rather than a kinetically-controlled one.
An examination of the properties of the struvite acquired from Alfa Aesar and util-
ised in this study is presented to facilitate comparison with the resultant products

derived from it as discussed herein.

The elemental analysis results for struvite composition are presented in Table
3.1. The experimentally determined mass percentages are in agreement with the
theoretical values and fall within the accepted analytical error margins (0.3 %),
with the exception of magnesium. Previously reported instances of elevated val-
ues in commercially sourced struvite are attributed to the presence of unreacted

precursors.!!

Table 3.1: Elemental composition (wt%) of struvite purchased from Alfa Aesar
determined by CHN and ICP analysis.

C H N Mg P

Struvite 021 6.42 5.3 1236 12.35
Theoretical 0.00 6.57 5.71 990 12.62

The powder XRD pattern of struvite is shown in Figure 3.1. The peaks can be
indexed to that reported in the literature (R050540 RRUFF Project)!? and are

sharp, indicating the material is highly crystalline.

The FTIR spectrum of struvite is presented in Figure 3.2, with its corresponding

assignments detailed in Table 3.2. The spectrum’s principal characteristics include

1

a broad absorption observed between 2200 to 3400 cm™", attributable to various

N-H and O-H stretching vibrations within NH," and H,O. Additionally, a sharp

absorption band at 1436 cm™—!

is associated with the v, antisymmetric stretching
mode of NH, 1, while another sharp absorption band at 977 cm ™! corresponds to the
vy antisymmetric stretching vibration of PO4® . Furthermore, a sharp absorption

band at 744 cm~!, which is not consistently documented in literature, has been
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Figure 3.1: XRD pattern of struvite from Alfa Aesar. Bragg reflections can be indexed
to the pattern below (RRUFF Project R050540 - Struvite).!?

linked to the bending mode of a P—O-P linkage,'® potentially due to a MgzP50+

impurity.

The thermogravimetric analysis (TGA) curve for struvite is presented in Figure
3.3. A distinct thermal event is observed with an onset at 66 °C, culminating in a
maximum weight reduction at 136 °C. Throughout this event, 47% of the mass is
lost, followed by an additional 7.25% loss upon further heating. This initial mass
reduction is attributed to the simultaneous evolution of NHs and H,O from the
structure. It has previously been demonstrated that the number of thermal events is
dependent upon the heating rate.!” Assuming 1 molxg, molg;., i is liberated in this

step, the remaining weight loss corresponds with a loss of 5.46 moly,o molg; i
MgNH,PO, - 6 H,O 2 MgHPO, - 0.54 H,O + NH; 1 + 5.46 H,O 1

showing almost complete evolution by 188°C. The total weight loss of 54.25%
corresponds to further loss of H,O and the formation of magnesium pyrophosphate

(Mg2P207) ( 0.5+MyMgopPr07  _ 0.5%222.55 _ 0_453) :

My MgNH4POY4 - 6 H2O 245.41

MgNH,PO, - 6 HyO —2 0.5 MgoHP»O7 + NH;3 1 + 6.5 H,O 1
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Figure 3.2: FTIR pattern of struvite from Alfa Aesar.

in Table 3.2.
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Table 3.2: Functional group assignments for absorption bands seen in struvite (Figure

3.2).
Functional group assignment ‘ Wavenumber (cm™1)

PO, v1 symmetric stretching vibration!®!4 977

v, asymmetric bending vibration!3!4 563

NH,* vy symmetric stretching vibration!? 2884
vy symmetric bending vibration!? 1604 and 1688

vy asymmetric stretching vibration'? 3219

vy asymmetric bending vibration!? 1436

H,O H-O-H stretching vibration!®1* 3219

H-O-H stretching vibration (cluster)!34 2347
H-O-H bending vibration!?14 1604 and 1688

H-O-H wagging vibration!3:4 887

M-O | M-O vibration!34 | 687
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Figure 3.3: TGA thermal curve of struvite from Alfa Aesar.

as reported in the literature.'®

N, adsorption isotherms of the material (degassed at 30 °C) show minimal uptake

with negligible porosity and surface area.

Scanning Electron Microscopy (SEM) images of a struvite crystal are presented in
Figure A.4. The crystal exhibits well-defined faceting and possesses a needle-like
morphology with a length of 42 pm. Figure A.4(d) depicts a comparable particle,

which seems to have detached from a larger crystal structure.
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3.2 Synthesis of LDHs from struvite

Previously reported studies have demonstrated that struvite possesses the poten-
tial to yield magnesium-containing LDHs. This was achieved through a two-step
process wherein: 1) the struvite was activated with NaOH to eliminate NH,*,
resulting in an intermediate tentatively described as metastable MgNaPO, - 6 H,O,
differing from the MgNaPO, - 7H,0 phase reported by Mathew et al.;'%?° and 2)
a reaction with AI(NOj3)s3 -9 Hs0O and NayCO3 was conducted to form MgAl LDHs
via an in-situ transformation.?! This synthesis approach was used as an initial
framework to optimise the reaction conditions. Struvite procured from Alfa Aesar
(ammonium magnesium phosphate hexahydrate, 98%, Figure 3.1) is consistently
utilised throughout the experiments described in this thesis. LDHs synthesised

from struvite are referred to as SLDHs and their calcined products as SLDOs.

3.2.1 Effect of reaction temperature

Previous investigations have demonstrated that under analogous reaction condi-
tions, the temperature exerts a substantial influence on the specific surface area
of the resultant materials.?’ Consequently, this parameter was the initial focus
of inquiry in the present study. A detailed account of the reaction conditions is
provided in Chapter 3.4.2. Figure 3.4 shows the powder XRD pattern of SLDHs
synthesised at 65, 75 and 85 °C. In all samples, the characteristic Bragg reflections
indicative of an LDH phase were distinctly observed, and the absence of peaks
attributable to the struvite precursor signified the successful conversion of struvite
to LDH. Nonetheless, Bragg reflections corresponding to a brucite (Mg(OH)s)
phase are also discernible, particularly the (110) reflection at 58.5°. The (001)
reflection at 18° is significantly weaker than anticipated, suggesting low crystallinity
along the ¢ axis, while the (011) reflection coincides with the (015) reflection of the
LDH.

The crystallite domain length (CDL) and lattice parameters have been derived
from the (003) and (110) reflections and are detailed in Table 3.3. The a lattice
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Figure 3.4: Powder XRD patterns of SLDHs produced via the previously reported
method at different temperatures. Peaks can be indexed to the patterns below (RRUFF
Project R050457 - Hydrotalcite and R050455 - Brucite).'? * indicates a reflection due to
the sample holder.

Table 3.3: Variation of lattice parameters (a,c) of the SLDHs and their respective
crystallite domain lengths (CDL) with the reaction temperature extracted from Figure
3.4.

d110 a CDLa d003 C C'l)Lc
Temperature ) ) @m) (om)  (om)  (om)

65°C 0.152 0.304 8329 0.774 2.321 2.704
75°C 0.152 0.304 9.640 0.776 2.328 2.995
85°C 0.153 0.305 13.117 0.777 2.332 4.106

parameter, associated with the metal-metal distance, remains constant, suggesting
a stable Mg:Al ratio akin to that observed in natural hydrotalcite (Mg:Al =
3:1).22 However, the ¢ parameter exhibits an increase, indicating an expansion
in the basal spacing (dgoz = 0.774 to 0.777nm). This minor alteration may result
from variations in the signal-to-noise ratio. Natural hydrotalcite exhibits a basal
spacing of dgpz,= 0.760nm,?* while pure phosphate LDHs are recorded with an
increased dggp3 = 0.788 to 1.191nm, contingent upon the pH conditions during

synthesis, as a consequence of the enlarged dimensions of the hydrated anion,
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as documented in the literature.?® The SLDHs dy3 are positioned between these
values, suggesting the presence of a combination of the two anions (carbonate and

phosphate), corroborating previously reported characteristics of SLDHs.?°

The FTIR spectra of the SLDHs are depicted in Figure 3.5. The most prominent

L originates from the M-O

absorption feature, occurring between 600 to 900 cm™
stretching modes (M = Mg, Al). Absorption bands corresponding to both PO4*"
(1039 cm™!, a combination of antisymmetric and symmetric P—O stretches, as well
as an antisymmetric P—OH stretch if HPOy, is present) and CO3*" (1365cm™!, an
antisymmetric C—O stretch) are observed, which indicates that the phase comprises
a mixture of the two anions, corroborating the findings from the X-ray diffraction
results. Furthermore, there are absorption bands associated with interlayer water
(1644cm™, bending) and hydroxyl groups (broad 3448 cm™'), which consist of
several overlapping bands with a shoulder attributed to —OH anion interactions.?*

Also present is a sharp absorption band (3698 cm™!, —OH) arising from the brucite

impurity.?’> The spectra are also missing the characteristic bands seen for struvite

Transmittance (a.u.)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.5: FTIR spectra of SLDHs produced via the previously reported method at
different temperatures. [ indicates a peak arising from brucite.
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(NH4*: 2884 and 1436 cm ™!, Figure 3.2), confirming the successful transformation

of the precursor material.

SEM images of the SLDHs reveal that these materials are predominantly composed
of microparticles up to 20 pm (as shown in Figures 3.6, A.2 and A.3). There are
two morphologies present: prolate coffin-lid particles (Figure 3.6(b)) which bear
a resemblance to the struvite precursor (Figure A.4) and equant agglomerations
(Figures 3.6(c) and 3.6(d)). The persistence of the coffin-lid morphology suggests
that the struvite does not completely dissolve during the activation phase. In-
stead, the SLDH likely forms directly from the precursor through a dissolution-
precipitation mechanism. Additionally, small agglomerations are discernible on the
surface of these coffin-lid particles, and it is plausible that the larger agglomerations

are entirely encased prisms. The origin of these morphological growths remains

(a) (b)

(d)

Figure 3.6: SEM images of SLDHs produced via the previously reported method at
65°C.
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ambiguous; it is uncertain whether they emerge on the surface, as seeded layered
double hydroxide grows outwards, similar to observations made for core@shell LDH
on Si0,,%% or if they initially form in solution from dissolved Mg components and
subsequently adhere to the surface. Comprehensive investigations focusing on
the morphological transformations through the synthesis process are required to

elucidate the underlying mechanisms distinguishing these two potential pathways.

The N; isotherms of the synthesised SLDHs are depicted in Figure 3.7. These iso-
therms conform to IUPAC Type II, signifying gas adsorption on either non-porous
or macro-porous solids, and exhibit H3 hysteresis loops that are characteristic
of non-rigid aggregates of plate-like particles, typically observed in clays, where
the desorption branch closes at the cavitation-induced limit p/p".?” The specific
surface area (SSA) is determined using Brunauer-Emmett-Teller (BET) analysis,
yielding values of 17, 20 and 100m?g~! for SLDHs synthesised at 65, 75 and
85°C respectively. This demonstrates that an increase in reaction temperature

leads to an enhancement in surface area, attributable to the increase of both

©
1

—=—(a)65°C 17 m?g
1-—*—(b)75°C 20 m?/g
| ——(c) 85 °C 100 m?/g

Quantity Adsorbed (mmol/g)
w £ [$)] [« ~ [o2)
1 " 1 " 1 " 1 " 1

N
1 "

-
1

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p°)

Figure 3.7: Nj adsorption/desorption isotherms of SLDHs produced via the previously
reported method at different temperatures. SSA of samples calculated via the BET
method are given in the legend.
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micropores (1.35nm) and mesopores (2 to 40nm) (Figure A.1). Still, the surface
areas are substantially lower than those previously documented (184m?g=1!)2!
indicating important variations in reaction conditions that must play a pivotal

role in modulating the LDH surface area during synthesis.

3.2.2 Effect of base used during struvite decomposition

The presence of brucite impurities is undesirable, prompting efforts to optimise the
synthesis process to inhibit its formation. To determine whether brucite formation
occurs during the activation step or subsequently during the LDH synthesis inter-
mediate samples were prepared. In these experiments, the struvite was subjected
to the activation step (stirred in NaOH solution) followed by filtration and washing,
thereby isolating it prior to the introduction of NayCO3 and A1(NOs3)s -9 HoO (fully
described in Chapter 3.4.3).

Figure 3.8 presents the XRD patterns of the isolated intermediates. At reaction
temperatures of both 65 and 85 °C, broad Bragg reflections attributed to brucite are
discernible ((011) at 38° and (110) at 59°), indicating that the impurity previously
observed in the SLDH products is formed during this initial stage. Additional
phases detected include hydromagnesite (Mg;(CO3)4(OH)y -4 H20) ((011) at 15°
and (022) at 31°), with the carbonate source attributed to carbonic acid formed by
the dissolution of atmospheric CO,, and an unidentified amorphous phase charac-
terised by a broad reflection centred around 32°. Amorphous phases are frequently
associated with the decomposition of struvite,?® yet the position of the observed
amorphous peak deviates from that documented by Bayuseno and Schmahl for
struvite decomposed in aqueous environments.? Instead, it bears resemblance
to the amorphous phase generated through the thermal treatment of newberyite
(MgHPO, - 3H50) as it undergoes the loss of waters of crystallisation. At 65°C,
sharp peaks characteristic of the struvite precursor reveal a reduced dissolution rate
at lower activation temperatures, alongside the emergence of additional distinct

crystalline reflections attributable to a newly formed phase. Phase identification
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showed that the sharpest reflections of this material visually match to the struvite-
type material hazenite (KNaMgy(POy)s - 14 H30),*° and further scrutiny of exist-
ing literature revealed a better match to the K substituted ammonium analogue
(NH4NaMgy(PO,)s - 14 HoO) previously grown from a bacterial culture by Yang et
al.3' The structure is related to struvite; however, every other layer of Mg(H,0)g
octahedra and (NH4)Og polyhedra in the struvite structure is substituted by a layer
of Mg(H50)g octahedra and(Na)Og trigonal prisms. This publication appears to be
the sole report of this material, while the majority of previous literature suggests
a direct conversion to the fully Na substituted MgNaPOy - 7 Hy0.3%33 Hence, this
result constitutes the first report of its direct laboratory synthesis, indicating that
its formation does not require a biological source to facilitate its formation and
possibly suggesting this is an intermediary phase formed during the conversion to

the fully substituted phase previously reported.

Investigations by Pettauer et al. on the hydration of MgO into Mg(OH), showed
brucite self-adjusts the pH of the solution to 10.5 to 11 based on its solubility
(pKs, = 16.3).3% This results in a change in the limiting factor of formation of
brucite from the rate of brucite precipitation to the rate of Mg source dissolution at
lower pH. Thus, it was investigated if a comparable effect could be observed within
the struvite-brucite system, potentially inhibiting brucite growth by reducing the

pH of the system.

Figure 3.9 shows the XRD patterns of the SLDHs formed after reducing the amount
of 1M NaOH solution from 20 to 10 mL during the activation step. Decreasing
the amount of NaOH yielded SLDH with reduced amounts of brucite impurities,
evidenced by the decrease of the (110) Bragg reflection at 59° and a decrease in
intensity at 38° due to the loss of the (011) reflection. This suggests that a decrease

in pH is effective in inhibiting the formation of the brucite impurities.

However, the SLDH produced with reduced quantities of NaOH exhibited a reduc-
tion in crystallinity (Table 3.4), suggesting a decrease in the LDH crystal growth

rate. This may arise due to a decrease in the amount of the intermediate product
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Figure 3.8: XRD patterns of intermediate products isolated after the activation step.
Peaks can be indexed to the patterns below (RRUFF Project'? R050455 - Brucite,
R050540 - Struvite and R060011 - Hydromagnesite and the ammonium analogue of
hazenite3!). * indicates a reflection due to the sample holder.

formed, that acts as the active LDH precursor, with lower conversion from struvite
due to a reduced solubility at decreased pH. Increasing the struvite activation time
from 1 to 1.5 h lead to an increase in the crystallinity of SLDH to values comparable
to the SLDH prepared with 20mL NaOH showing that this was successful in

increasing the amount of LDH precursor.

Analysis of the intermediate phases formed by this preparation method using the
reduced amount of base and the extended pretreatment time (10 mL 1 M NaOH and
1.5h, Chapter 3.4.5) was performed with the XRD patterns displayed in Figure 3.10
(full pattern depicted in Figure A.5). It shows a number of sharp Bragg reflections
arising from both struvite and the previously observed ammonium analogue of

hazenite (NH4NaMg(PO,),-14H50). The intensity of the crystalline reflections
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Table 3.4: Variation of lattice parameters (a,c) of the SLDHs and their respective
crystallite domain lengths (CDL) with changes to the activation conditions (at 65°C)
extracted from 3.9. Samples are denoted by the amount of 1M NaOH used and the
length of the activation step

Activation d110 ¢ CDLa do()g c C.DLC

conditions (nm) (nm) (nm) (nm) (nm) (nm)

20mL, 1Th 0.152 0.304 &8.329 0.774 2.321 2.704
10mL, 1h 0.151 0.303 6.322 0.782 2.346 2.156
10mL, 1.5h 0.152 0.304 8.160 0.784 2.352 2.793

relative to the amorphous hump is significantly higher than that seen previously

(Figure 3.8) indicating the transformation to this amorphous phase is slower under

reduced amounts of NaOH.

Although reducing the amount of NaOH in the activation step effectively removed
the brucite impurity, it did not lead to a large increase in the BET SSA compared
to previous work from our group (23.0 and 23.9m?g~! vs 184m?g~1)?° (Figure

A.6), indicating a different key reaction condition is responsible.

(c)10ml, 1.5h

(b) 10 ml, 1 h

(@)20ml, 1 h

Intensity (a.u.)
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Figure 3.9: XRD patterns of SLDHs produced using varying activation steps, labelled
by the amount of 1M NaOH used and the activation time. Peaks can be indexed to
the patterns below (RRUFF Project R050457 - Hydrotalcite and R050455 - Brucite).!?
* indicates a reflection due to the sample holder.
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3.2.3 Effect of heating ramp rate

In the previous reactions, the struvite slurry was placed into an oil bath pre-heated
to the desired temperature, leading to rapid heating of the solution. To investigate
if a slower ramp rate would be more beneficial, the reaction was placed into an oil
bath at room temperature and gradually heated to the target temperature over a

period of approximately 20 min, prior to the activation step (Chapter 3.4.6).

The XRD patterns of the SLDHs produced are shown in Figure 3.11. While the
characteristic Bragg reflections for LDH are clearly seen, there are still reflections
from the ammonium analogue of hazenite when using 20mL of 1M NaOH or
struvite when using 10mL and a reflection at 59° assigned to the 110 Bragg
reflection of brucite. As seen previously, a reduction in the amount of base used
reduced the amount of brucite impurity observed, but also reduced the crystallinity
of the SLDH. A greater amount of residual struvite also confirms the activation
step is hindered by decreasing the amount of base and this prevents conversion

of the struvite into LDH. A repeat of the synthesis (Figure 3.11 ¢) also shows
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Figure 3.10: XRD patterns of intermediate produced using 10mL 1M NaOH used
and a 1.5h activation time. Peaks can be indexed to the patterns above (RRUFF
Project <empty citation> R(5054( - Struvite and the ammonium analogue of hazenite).'2:3!
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Figure 3.11: XRD patterns of SLDHs using varying activation steps, labelled by the
amount of 1M NaOH used. The reaction was done at 65°C with an activation time of
1h + the heating period (approximately 20 min). (a) uses the original 20 mL 1 M NaOH,
(b) the reduced amount of 10mL and (c) is a repeat of (b). Peaks can be indexed to
the patterns above (RRUFF Project'? R050457 - Hydrotalcite, R0O50540 - Struvite and
R050455 - Brucite and the ammonium analogue of hazenite).3!

peaks from the ammonium analogue of hazenite seen previously (Figure 3.10).
Unexpectedly, the addition of the preheating step, increasing the length of time
for the activation step, seems to have prevented the transformation of struvite into
LDH despite an extended time being beneficial previously (Figure 3.10). Thus,
rapid heating of the struvite slurry appears to be beneficial if it is to be used as
an LDH precursor. Potentially, fast heating of the struvite leads to rapid NHj
liberation which produces pores in the structure, increasing its surface area and

allowing faster conversion via diffusion pathways within the particles.

This change of heating ramp rate in the activation step is reflected in the interme-
diates formed (Chapter 3.4.7, powder XRD pattern Figure 3.12, full pattern A.7).
After the slow heating step, there is still the mixture of struvite and the crystalline
ammonium analogue of hazenite phase, but from the relative peak intensities at
20.1 and 20.9° ((141) reflection of ammonium analogue of hazenite vs (111) of

struvite) we can see much less struvite is converted. Unconverted struvite in the
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Figure 3.12: XRD patterns of intermediate produced using varying activation steps,
labelled by the amount of 1M NaOH used and the activation time. R.U. = Ramp Up
(approximately 20 min). Peaks can be indexed to the patterns below (RRUFF Project!?
R050540 - Struvite and the ammonium analogue of hazenite).3!

product was not observed for the previously discussed synthesis conditions, even
where full conversion was not seen in the intermediate products (Figure 3.8) and
so it can be concluded that slow heating of the struvite prevents it from reacting

not only during the activation step, but also during the LDH synthesis.

3.2.4 Effect of precursor particle size

To test whether the decrease in reactivity was due to a decrease in the surface
area of the intermediate product, the struvite precursor was ground to increase
its intrinsic surface area by decreasing the particle sizes. The XRD pattern of
the produced SLDH is shown in Figure 3.13. The SLDH is free of impurities; the
sharp reflections from both the struvite and the ammonium analogue of hazenite
are absent as well as the peak at 59° from brucite, indicating that an increase in

surface area is key to the struvite conversion under short reaction times.

SEM images of the SLDH made from ground struvite are shown in Figure 3.14.

There are fewer particles with defined sharp edges, and the average particle size
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Figure 3.13: XRD patterns of SLDH produced with or without grinding the struvite
precursor prior to use. Peaks can be indexed to the patterns above (RRUFF Project!?
R050457 - Hydrotalcite, R050540 - Struvite and R050455 - Brucite and the ammonium

analogue of hazenite).3!

(d)

Figure 3.14: SEM images of SLDH made from ground struvite.
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is decreased (< 34.5pm). However, the BET SSA of the sample is still low
(18.8m? g~!) which is similar to all the previous SLDHs made at 65°C (Figure
A).

3.2.5 Conclusions

The reactions discussed so far show the conversion of struvite to LDH is complex,
involving multiple phases. The activation step involves conversion of struvite to a
mixture of brucite, hydromagnesite and an amorphous phase, or to an ammonium
analogue of hazenite, depending on the amount of base used. These phases can
all be converted to LDH except for brucite and, as such, the amount of base used
in the activation step is crucial. The heating rate used in the activation step also
has a significant role in the purity of the product. Slower heating rates lead to
incomplete struvite transformation due to slower conversion to the intermediate,
which can be overcome by a reduction in the struvite particle size. Although it is
shown that impurity phases can be avoided by varying the reaction conditions, the
BET SSA of the pure SLDHs is still low compared to those previously reported
(~20m?g! vs 184m?g~1).%0

3.3 Two-step synthesis of SLDHs
3.3.1 Development

Although pure LDH phases were produced according to the two step process pre-
viously reported, the surface areas that made the materials attractive were not
realised and as such alternative synthesis protocols were investigated. Measuring
the Ny isotherms for struvite required a reduced degassing temperature of 30°C,
as the struvite was found to decompose when heated under vacuum at 110°C.
Interestingly, these decomposed samples possessed high surface areas (317m?g1,
A.12 a). A similar result was reported by Hévelmann et al. who found heating
struvite in a drying oven to be a reproducible method for producing an amorphous
Mg-phosphate with a high surface area and well defined pore structure.'® The broad

amorphous reflections observed in the XRD pattern of the degassed sample (Figure
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Figure 3.15: XRD of struvite calcined under vacuum. Sharp reflections can be indexed
to the pattern below (RRUFF Project R060011 - Hydromagnesite).!? * indicates a
reflection due to the sample holder.

3.15) matched that reported by Hévelmann et al. but also appeared similar to the
amorphous phase formed by struvite after activation as seen in the intermediate
products discussed previously (Figure 3.8). As this previous amorphous interme-
diate phase was seemingly transformed to LDH, thereby acting as an active Mg
source for LDH synthesis it was investigated whether the amorphous phase formed
by thermal degradation of struvite would also serve as a Mg source and potentially
serve as a template for the production of LDH that maintains the high surface area

and porosity.

It was found that similar intermediate products could be produced in the laboratory
by calcination under vacuum in a tube furnace at 110 °C (Chapter 3.4.8). As shown
in Figure 3.15 b, the amorphous peaks appear at 22 and 29° and low-intensity Bragg
reflections from the hydromagnesite are observable at 15.2;, 21.2 and 30.8°. This
agrees with work investigating the structural transformation of struvite by Sarkar®®
who found that struvite decomposes above 55°C in air to form an amorphous
product determined to be MgHPO, via TGA (Figure 3.3).'® This amorphous

material is referred to as A-MgHPO, henceforth. The elemental composition is
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Table 3.5: Elemental composition (wt%) of A-MgHPO, formed by calcination of
struvite. Also given are the theoretical composition of MgHPO,4 and the calculated
formula MgHPO, - 1.28 H,O - 0.31 NH3 [Mg(OH)2]o.3

C H N Mg P

Measured 0.34 2 2.68 19.55 19.09
Theoretical 0.00 0.84 0.00 20.21 25.75
Calculated 0.00 3.09 2.61 19.02 18.65

given in Table 3.5 as well as the theoretical and calculated composition of the
estimated formula: MgHPO, - 1.28 H,O - 0.31 NH3 [Mg(OH)so.3. The Mg:P ratio is
1.3:1, the same as in the parent struvite material (Table 3.1) and the decomposition
product of the unknown Mg impurity is assigned to Mg(OH), for the calculation
of the theoretical formula. A minor concentration of nitrogen is observed, which is
ascribed to the entrapment of ammonia within the framework, given the absence

of observable struvite reflections.

LDH was then prepared from this A-MgHPOQO, using a variable pH coprecipitation
method. The addition of AI(NO3)3 -9 H,0 and an excess of NayCO3 to A-MgHPO,
(produced using a vacuum oven at 110°C) under alkaline conditions yielded LDH

products (Chapter 3.4.9, Figure 3.16).

Calcination
A 110°C
—
Struvite crystals Amorphous LDH Nanosheets
MgNH,PO,-6H,0 MgHPO, Mgo 75Al5 ,5(0H),(CO3)5 155

Figure 3.16: Synthesis scheme for SLDHs via A-MgHPO,.

The XRD patterns of the products produced at room temperature (RT, ~ 20°C)
and at 80 °C are presented in Figure 3.17. At both temperature, SLDHs are formed
with all the characteristic LDH Bragg reflections observed ((003), (006), (012),
(015), (018), (110), (113) at 11.3, 22.7, 34.6, 38.9, 46.0, 60.2 and 61.5°, respectively).
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Figure 3.17: XRD of SLDH derived from A-MgHPQO,. Peaks can be indexed to the
patterns below (RRUFF Project R050457 - Hydrotalcite and R120123 - Bohmite).!? *
indicates a reflection due to the sample holder.

Table 3.6: Variation of lattice parameters (a, ¢) of the SLDHs derived from A-MgHPO4
and their respective crystallite domain lengths (CDL) with changes to the synthesis
temperature extracted from Figure 3.17. RT means room temperature (= 20°C).

d110 a CDLa d003 C CY.DLC
Temperature (nm) (nm) (nm) (nm) (nm) (nm)

20°C 0.152 0.305 8105 0.773 2319 3.536
80°C 0.153 0.305 22.325 0.769 2.307 6.439

At elevated temperatures, the crystallinity of the products is increased, (Table 3.6)
most notably by the resolution of the (110) and (113) Bragg reflections and the
appearance of the (01 10), (01 11) and (116) Bragg reflections at 52.7, 56.2 and 65.8°,
respectively. This is likely due to an increase in solubility and reaction rate at higher
temperature increasing the speed of crystal growth. In the sample synthesised at
elevated temperature, the (011) peaks ((012), (015), (018)) are broader than the
(00l) and (hk0) peaks. This is indicative of disorder in the layer stacking where
both the 3R; and 3Ry LDH phases are present (differing only by the direction of
rotation between layers).?® There is also an unknown reflection at 28.3°, which is

also seen in the experimental patterns reported for LDH with this type of disorder,3¢
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Figure 3.18: FTIR of SLDH derived from A-MgHPO,.

potentially attributable to the (021) reflection of boehmite (y—AlO(OH), a common
LDH impurity),3"3® although the (020) reflection is not observed.

FTIR spectra of the SLDHs produced via this method (Figure 3.18) show similar
spectra to the previously discussed materials (Figure 3.5) with a mixture of both
phosphate and carbonate ions present. However, the CO3>~ absorption for SLDHs
made using this new method is much stronger with an associated decrease in the
PO,* absorption showing a change in the ratio of the two anions in the product,

likely driven by the larger excess of NayCOj3 used during the synthesis.

HR-SEM images of the SLDH produced at 80°C are shown in Figure 3.19. Al-
though the morphology of the precursor is not clearly seen, there are still large
particles (20pm) present (Figure 3.19(a)). Under higher magnification (Figure
3.19(d)), the surface of the particles is seen to consist of a dense network of
intergrown hexagonal platelets approximately 20 nm thick and 65 to 250 nm wide.
The platelet morphology is typical of LDHs and, as the observed size is greater than
that derived by the Scherrer equation, 6.4nm thick and 22.3nm wide (Equation
2.3, Table 3.6), this suggests that the LDH platelets contain multiple crystallites.



3. Synthesis of layered double hydrozides from struvite 101

(b)

(c) (d)
Figure 3.19: HR-SEM images of SLDH made from A-MgHPOj,.

Figure 3.20 shows the Ny adsorption/desorption isotherms of the SLDHs. Both
samples synthesised at RT and at 80 °C show increased surface areas to those made
by the previous method (51.7 and 167.2m? g~ ! vs &~ 20m? g~ !). The isotherms have
very similar forms to those discussed previously: IUPAC Type II shape (correspond-
ing to adsorption of gas on a non-porous or macro-porous solid) and display H3
hysteresis loops (indicative of non-rigid aggregates of plate-like particles commonly
seen for clays). The pore size distribution is displayed in Figure 3.21. The SLDH
show a range of pore sizes with micropores at ~ 13 A and a broad distribution
of mesopores from 25 to 400 A. The increase in surface area is associated with an
increase in the amount of both micropores and mesopores with a noticeable increase
in the amount of mesopores in the range 80 to 200 A. The increased surface area
indicated that porous A-MgHPO, precursor does impart an increase in surface area
to the SLDH produced. The two step synthesis method is also less complex (the

products of the in situ pretreatment step used previously varied with factors such
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Figure 3.20: Ny adsorption/desorption isotherms of SLDH derived from A-MgHPO,.
BET SSAs are given in the legend. RT means room temperature.

as the amount of base and ramp rate used) making it easier to scale up; coupled
with the high SSA observed, this methodology was therefore chosen for further

investigation over the previously reported method discussed previously.

3.3.2 Optimisation of struvite calcination

The diameter of the tubes used for the tube furnace limited the size of the sample
boats that could be used and significant bumping occurred due to the liberation
of NH3 and HyO during the calcination if the boat was filled with too much
sample. Thus, in order to scale up production of A-MgHPQO, through the struvite
calcination method, alternative calcination setups were investigated. A larger
diameter tube furnace and a muffle furnace were investigated as alternative setups
(Chapter 3.4.8). Figure A.9 shows the XRD of the materials produced from these
different calcination setups. A flow of Ny was found to produce the same amorphous
product as under vacuum and full conversion was found to be complete after two
hours. Interestingly, under static air (muffle furnace) or low flow rates of Ny (tube
furnace) a different product was observed with sharp Bragg reflections indexed to

dittmarite (MgNH,PO, - H,O). This is also in agreement with Sarkar®® and several
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Figure 3.21: Pore size distribution calculated using a density functional theory model
(slit) on Ng adsorption isotherms of SLDH derived from A-MgHPO, (Figure 3.20). The
pore volumes at p/p” = 1 of the samples are given in the legend.

other investigations in which dittmarite forms in the presence of excess water or

moderate hydrostatic pressure.?”

A, Humid

Struvite Dittmarite

This observation appears to go against Le Chatelier’s principle if both phases are in
equilibrium with struvite. However, Farhana showed that a high relative humidity
(RH) suppressed dittmarite formation in favour of newberyite (MgHPO, -3 H20),
indicating it is not in equilibrium below this level of humidity, although it has
been shown to rehydrate to struvite in the presence of excess water.?®3% As such,
dittmarite is only formed when the humidity is below the struvite equilibrium
vapour pressure (85% RH). A further equilibrium describing the transformation of
dittmarite to the amorphous phase would explain the suppression in the presence
of humidity; however, dittmarite is more stable than struvite and decomposes at
235°C and so would not be converted at the calcination temperature of 110°C. As
such, it is speculated that the final water of crystallisation of the struvite has a lower

vapour pressure and is only lost when the humidity of the calcination atmosphere
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is below this value. Evidence for this process is seen in the gradual continual loss
of water observed upon heating with peak NHj loss, occurring after the peak HoO

loss, shown by Hévelmann et al.'®

HR-SEM of the A-MgHPO, produced under Ny and vacuum are shown in Figures
A.10 and A.11. The morphology of the struvite precursor is maintained in both
samples; however, the surfaces of the materials are noticeably different. Samples
prepared under vacuum display large cracks in the surface (=~ 500nm) compared

to samples prepared under Ny which show small pores (=~ 50 nm).

These differences can be observed in the pore size distributions shown in Figure
A.13. The samples prepared in both atmospheres show some micropores (12.4A
for struvite calcined under N,, and 14.2 and 17.0A for struvite calcined under
vacuum), but the sample prepared under Ny also displays a range of mesopores (70
to 400 A) corresponding to the small pores observed on the surface. The differences
in pore size also lend support to the previous hypothesis that faster liberation of

NH; exposes more of the struvite for reaction (Chapter 3.2.3).

Noticeably, the BET surface area for both materials is lower than that observed for
the struvite decomposed during degassing, likely due to differences in the rate of
decomposition (Figure A.12). The higher surface area for the struvite decomposed
during degassing arises due to an increase in both the amount of micropores (seen
at 11.7 A) and the formation of a large number of small mesopores ranging in size
from 27 to 50 A. The differences in pore distributions are also visible in the shape
of the isotherms. They all can be classified as Type II isotherms displaying a sharp
uptake at high p/p® caused by multilayer adsorption. The type of hysteresis that
is observed changes with the preparation method, reflecting the changes in pore
structure: the struvite calcined under vacuum displays a narrow hysteresis loop
closing at high p/p® (0.875), classified as a H1 arising from delayed condensation
in a narrow range of mesopores; the struvite decomposed during degassing shows
a H3 loop with the lower limit at the cavitation induced p/p°, which can indicate

that not all of the macropores in the pore network are completely filled; while the
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Figure 3.22: Ny adsorption—desorption isotherms of: (a) struvite powders after thermal
treatment at 90°C for 5 to 160 min. Reproduced from Hovelmann et al.'® (b) normal
and templated HY type zeolites. Reproduced from Manko et al.??

struvite calcined under N, has a large loop classified as H5 which arises from pore
structures containing both open and partially blocked mesopores.?” The struvite
decomposed during degassing also displays an unusual double knee feature which
does not appear within the IUPAC framework.?” The adsorption before the initial
knee is sharp, arising from the filling of the micropores before a increasing linear
region, reminiscent of a Type IV(b) where a second sharp uptake occurs during
pore condensation within small mesopores and a plateau indicating a lack of large
mesopores. This is the same shape as the isotherms reported by Hovelmann et
al.’® (Figure 3.22(a)) and a similar shape of isotherm in the low pressure region
was reported by Manko et al. for templated Zeolite Y (Figure 3.22(b)) containing

both micropores and mesopores.>’

SLDHs were prepared from the three products formed from the different calcination
methods (using a muffle furnace in air or in a tube furnace under Ny or vacuum)
at both RT and 80°C and the XRD patterns are shown in Figure 3.23. The
patterns of the products at each temperature appear similar, regardless of the
precursor used, with only minor differences in their crystallinity (Table 3.7). As
seen previously, synthesis at elevated temperature yields a more crystalline product

(Figure 3.17). The most significant difference is seen in the SLDHs made using
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the struvite calcined in the muffle furnace (containing dittmarite) which are more
crystalline than those prepared using struvite calcined in the tube furnace (under
vacuum or Ny) at both synthesis temperatures. This is attributed to the presence
of dittmarite in the calcined product (Figure A.9), but may be due to differences
in solubility between dittmarite and A-MgHPO, or a buffering effect by the NHj
released upon its dissolution (an ammonium buffer is typically pH ~ 10 , pK, =

9.25).40

*
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Figure 3.23: XRD of SLDH derived from A-MgHPO,4 under different conditions. Peaks
can be indexed to the patterns below (RRUFF Project R050457 - Hydrotalcite).!? *
indicates a reflection due to the sample holder.

Table 3.7: Variation of lattice parameters (a, ¢) of the SLDHs derived from A-MgHPO4
prepared under different calcination conditions and their respective crystallite domain
lengths (CDL) at RT (=~ 20°C) and 80°C extracted from Figure 3.23.

d110 a CDLa d003 C CY.DLC

(nm) (nm) (nm) (nm) (nm) (nm)

Setup, Temp.

Vacuum 80°C  0.153 0.305 22.325 0.769 2.307 6.442
N, 80°C 0.153 0.306 20.056 0.772 2.315 8.300
Air 80°C 0.153 0.305 23.337 0.768 2.304 8.813

Vacuum RT  0.152 0.305 8105 0.773 2.319 3.531
No RT 0.152 0.305 10.565 0.767 2.301 3.778
Air RT 0.153 0.305 8710 0.780 2.339 4.836
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The BET SSA are summarised in Figure 3.24 with the isotherms and pore size dis-
tributions presented in Figures A.14 and A.15, respectively. There are clear trends
between the samples: SLDHs synthesised at elevated temperatures show higher
SSAs and the surface area is correlated with the precursor used (A-MgHPO, Ny >
A-MgHPO, Vacuum > A-MgHPO, Air (with dittmarite impurity)). Comparing
the two samples produced from struvite calcined in the tube furnace (A-MgHPO,
N, and A-MgHPO, Vacuum), the surface area correlates with that observed in
the precursor indicating the templating effect of the A-MgHPO,. Thus, since
A-MgHPO,4 Ny produced SLDH with the highest SSA, this precursor was used
for subsequent experiments at 80°C. Subsequent calcinations were conducted in
a vertical tube furnace where the struvite was fluidised under Ny flow to ensure

homogeneous removal of H,O throughout the sample on larger scales.

Samples stored in sample vials show slow conversion to hydromagnesite (Figure
A.16), suggesting reaction with COs in the atmosphere, so samples were kept in
a desiccator prior to use. A summary of the mineral transformations observed is

given in Figure 3.25.
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Figure 3.24: BET SSAs of SLDH made from struvite calcined under different conditions.
RT means room temperature (= 20°C).
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Figure 3.25:
Summary of the mineral transformations of struvite observed.



3. Synthesis of layered double hydroxides from struvite 109

3.3.3 Scale up

These initial reactions yielded approximately 0.1 g of material and so the reaction
was scaled up to yield more material for characterisation and to test its applicability
for industrial adoption. The reaction was successfully scaled 5 and 50 times,
increasing the yield from 0.1 to 5g (Chapter 3.4.10). Figure 3.26 a to ¢ show
the XRD patterns of the SLDHs produced. The patterns show pure phases with
the SLDHs becoming more crystalline with the scale of the reaction, showing an

increase in CDL in both the parallel and perpendicular axis (Table 3.8).
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Figure 3.26: XRD patterns made from A-MgHPO, from different scale reactions,
denoted by yield of SLDH. Peaks can be indexed to the patterns below (RRUFF Project
R050457 - Hydrotalcite).'? * indicates a reflection due to the sample holder.

Table 3.8: Variation of lattice parameters (a, ¢) of the SLDHs derived from A-MgHPO4
on different reaction scales and their respective crystallite domain lengths (CDL) extrac-
ted from Figure 3.26.

. d110 a CDLa d003 C CDLC
Reaction scale (g) mm) (m) () ()  (am)  (om)

0.1 0.1563 0.306 20.056 0.772 2.315  8.288

0.5 0.153 0.306 22950 0.777 2.332 8.821

5 0.153 0.306 28.544 0.778 2.333 10.320

25 0.153 0.306 19.697 0.771 2312  8.502
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Figure 3.27: Summary of BET SSAs of SLDH produced from A-MgHPO, on different
scales.

Figure A.17 a to ¢ shows the Ny adsorption/desorption isotherms of the SLDHs.
The BET SSA remains high on all reaction scales; however, as the reaction scale
increases, there is a decrease in SSA (to 173 and 134 m? g~! from 218 m? g~ !, Figure
3.27). As this correlates with the increase in crystallinity, it suggests that larger
platelets are formed which have a lower surface area per volume. The calculated
pore size distributions are shown in Figure A.18 with all samples showing a similar

distribution micropores of 13 A and a range of mesopores of 20 to 200 A.

Further scale up to 25 g was achieved using a 5 L. bench-top process reactor. This
features an impeller and a heated jacket, ensuring thorough mixing and even
heating of the reaction mixture. The XRD pattern of the SLDH produced is shown
in Figure 3.26 d. There is a reduction in crystallinity (Table 3.8); however, the
Bragg reflections have an unusual profile with sharp tips and broad tails. This is
characteristic of nanomaterials with bimodal particle sizes where the peak shape
is the sum of a broad and sharp peak at the same 260.*! Evidence of crystallites
with increased size is the appearance of the (10 10) and (01 11) Bragg reflections at
52.6° and 5.9°.
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The BET SSA of the SLDH produced on this scale is 177m? g~ (Figure A.17 d).
This is similar to the sample produced at the 0.5 g scale and, as they both display
similar CDLs (Table 3.8), it also fits the trend between crystallinity and surface

area.

HR-SEM and EDX mapping of the particles produced on the 25 g scale are presen-
ted in Figures 3.28 and 3.29. An overview of the particles is shown in Figure
3.28(a) with a range of particle sizes with the largest &~ 50pum. This particle
retains the coffin morphology of the struvite precursor (Figure 3.28(b)) as seen
for the previously reported method (Figure 3.6(b)). The presence of a range of
particles sizes, along with retention of the parent morphology, suggests that the
particles fragment under the reaction conditions, rather than a bottom up process
where smaller particles agglomerate. Further magnification (Figure 3.28(c) and
3.28(d)) reveals the surface of the particles are formed from intergrown platelets,

a typical morphology for LDH.

EDX mapping of these particles shows a homogeneous distribution of the expected
clements (Mg, Al, C, O, P, Figures 3.29(c) to 3.29(g)) throughout, confirming

complete conversion of the A-MgHPO, precursor to SLDH.

HR-SEM images of the SLDHs produced on the 0.1, 0.5 and 5 g scales are shown
in Figures A.19, A.20 and A.21. The SLDHs produced on the small scale (0.1
and 0.5g) do not show the struvite morphology, suggesting the large precursor
particles are broken up during synthesis on this scale with the largest particles
observed ~ 20 um in size. On the intermediate scale (5g), the particle morphology
is clearly retained; Figure A.21(b) shows how the A-MgHPO, particle is converted
to the LDH phase. Where the A-MgHPQO, has dissolved, large cracks are present
on the surface of the crystal with LDH platelets within it (= 30nm thick and
600 nm wide). This is direct evidence of the solid-solid transformation previously

proposed.
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Table 3.9: Elemental composition (wt%) of SLDH and that calculated for the derived
formula ([Mgo.769Alp.231(OH)2][(CO3)0.121] - (H3PO4)0.025 - 0.2 H20).

C H N Al Mg P Na

Measured 2.01 3.37 0.00 8.59 25.8 1.07 0.03
Calculated 2.01 3.45 0.00 8.63 25.87 1.07 0.00

The elemental composition of the SLDH produced at 25g is given in Table 3.9.

Presuming an entirely LDH phase, this results in a composition of
[Mgo.760Alo.231 (OH)2][(CO3)0.121] - (H3PO4)0.025 - 0.2 H O.

The Mg:Al ratio aligns closely with the anticipated value derived from the ratio
of precursor materials used (3.34 compared to 3), while the Al:COj ratio closely
aligns with the theoretical value (1.91 in contrast to 2). Although phosphate is still
detected, its concentration significantly lower in comparison to carbonate, being

approximately 4.84 times less prevalent.

To investigate the composition of the SLDH, SS-NMR, experiments on the SLDH

produced at 25 g were conducted to determine the local environments present.

*"A1 DP-MAS NMR (Figure 3.30) shows the major Al environment is 6-coordinated
at 8.7 ppm which is expected for Al in the octahedral sites of the LDH structure.*?
MgsAl LDHs are reported to have broader resonances than Mgy Al LDHs as there is
no cation ordering within the materials leading to a disorder based distribution of
chemical shifts. There is also a minor environment at 66.7 ppm which is in the range
that typically corresponds to a 4-coordinated environment. Upon calcination, Al
cations migrate to tetrahedral sites within the structure, but these are not seen in
pristine LDHs.*? Surface modified LDHs (with silanes) have been shown to develop
resonances in this region and thus this environment may develop from the binding
of another species such as phosphate on the surface.** LDHs formed from the
reconstruction of LDOs under high phosphate concentrations have been shown to
develop a similar broad resonance (66 ppm) which is likely the same species.*> A
peak at =~ 65 ppm has also been observed as a minor environment in amorphous

aluminium hydroxide which may be present as an impurity.46
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Figure 3.30: 2"Al DP-MAS NMR of SLDH at 10 kHz
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Figure 3.31: 3'P CP-MAS NMR of SLDH at 10kHz
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P CP-MAS NMR (Figure 3.31) shows two P environments: one at 0.65ppm,
attributed to overlapping signals of monodentate and bidentate surface bound phos-
phate (2.6 to 3.2 ppm and —1.4 to —0.9 ppm)?” and one at —9.4 ppm, attributed to
adsorption on amorphous aluminium hydroxide.*® Amorphous aluminium hydrox-
ide has been shown to form during LDH synthesis to different extents depending
on the synthesis method and can be undetectable in powder XRD and TEM
analysis.*>° The ?Al environment for amorphous aluminium hydroxide appears
as a broad resonance at 14.5 ppm overlapping with the LDH Al environment, and
is likely the cause of the asymmetry seen (Figure 3.30). Intercalated phosphate
produces a resonance at ~ 8.5 ppm,*” which is not observed. This suggests that
the phosphate does not displace the carbonate ion by ion exchange as theorised by
Zhao et al. due to its higher charge,® in agreement with the basal spacing observed
(=~ 2.3nm), which is similar to those observed for pure carbonate phases, far lower
than that reported for phosphate phases (2.8 nm).%* This is likely due to the major

species in solution being HPO4? , which has a lower ion affinity than CO4* .38

¥C CP-MAS NMR (Figure 3.32) shows one major resonance, with a shoulder
at 170 ppm, which can be de-convoluted into three resonances at 170, 168 and
165 ppm. Ishihara et al. assigned two resonances in MgAl hydrotalcite at 170 and
167 ppm to CO3* and HCO3 or a differently coordinated CO3*  respectively.**
HCO;3~ resonances typically occur at 161 ppm (NaHCO3)%®, but chemisorbed CO,
on MgAl LDO show resonances at 167 and 165 ppm for monodentate and bidentate
bound carbonate which match well with the shifts observed here.?® There are two
unexpected peaks at 22.6 and 63.3 ppm which match with the CH; and CH carbons
of isopropyl alcohol (CH3CH(OH)CH3) suggesting contamination of the sample or

the rotors used.

The thermal decomposition of the material is shown in Figure 3.33. There are
three stages of decomposition, with weight losses of 17.2, 17.5 and 6.3% of the
starting mass each. Up to 230°C, there is a steady weight loss from physisorbed

water before a sharp peak in the derivative thermal trace above 150°C from loss
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Figure 3.33: TGA analysis of SLDH produced on a 25g scale. The derivative trace
is shown below (dotted line) and calculated mass changes between 30 to 230°C, 230 to

460°C and 460 to 800 °C are included.
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of the interlayer water.”” The second thermal event is due to decomposition of the
LDH structure with dehydroxylation and decarboxylation releasing further H,O
and CO,. The two peaks observed in the derivative thermal analysis have been
assigned in the literature to the decomposition of the different metal hydroxide
sites: Mgy Al-OH (350 °C) and Mgz —OH (400 °C).57 % Mass loss above this region
is attributed to further decarboxylation as the structure changes to a solid solution

of MgO and AlyO,.57:58

To further investigate the thermal evolution of the material, variable temperature
powder XRD experiments were conducted. Figure A.22 shows XRD patterns at
50 °C increments, with representative patterns from the different stages of thermal
evolution shown in Figure 3.34. There is no observable change in the pattern below
150 °C, after which the reflections from the layered structure become weaker, with
only the basal and (110) reflections remaining. Figure A.23 shows the variation
of the d spacing of the (003) Bragg reflection with temperature. Below 100°C,
typical thermal expansion is observed before the basal spacing collapses from 0.777
to 0.657nm between 150 to 275°C. This change of 1.2nm corresponds to the
loss of interlayer water molecules with previous studies on synthetic hydrotalcite
showing this change occurring between two distinct phases with non-overlapping
reflections.’™%® By 400°C, the LDH reflections are no longer observable and re-
flections corresponding to a periclase-type (MgO) phase appear, growing stronger
as the temperature increases further up to 900°C. Various phases have been
reported for the high temperature decomposition products of LDHs; typically, a
mixture of oxides such as spinel (MgAl,O,), aluminium oxide (Al;O3), magnesium
oxide (MgQO) or an amorphous solid solution.’”%2 Although Al can be included
in the periclase (MgQO) structure,®® it is considered more likely that the bulk of
the aluminium is within an amorphous phase. Reaction of Al and phosphate
species at high temperatures have been shown form amorphous species and this
may prevent the formation of crystalline Al phases at elevated temperatures.
Shimamura et al. reported a study on the thermal decomposition of PO, intercal-

ated LDHs with similar phase changes seen.%> They also observed a gradual shift
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Figure 3.34: Variable temperature powder XRD patterns of MgsFeys5Algs SLDH.
Pattern measured at A =0.825276 A and converted to the equivalent pattern at Aoy =
1.540 57 A for ease of comparison. Peaks can be indexed to the patterns below (RRUFF
Project R050457 - Hydrotalcite, and AMCSD 0000501 - Periclase).!2:61

in basal spacing and describe the intermediate dehydrated LDH phase as slowly
transitioning between polytypes (3R1 to 1H), which would result in the Bragg
reflections observed (263°C) indexed to (001) (13.4°), (002) (27°), (100) (33.7°),
(101) (36.5°) and (110) (60.1°). They also suggest there is evidence for phosphate
ions bonding between the layers; however, the basal spacing observed (0.85nm) is
much larger than seen for the SLDHs discussed here, providing further evidence

the phosphate is not intercalated.

3.3.4 Solid content

The initial reaction had a solid content (recovered product divided by reaction
volume), yielding approximately 10 g L~" or 100 Lkg™* SLDH. For this method to
be utilised on a large scale, it is desirable to increase the solid content by reducing
the reaction volume. The amount of reagents used were kept the same, but the
volume of D.I. water used was reduced two and four times (to 5 and 2.5mL from

10 mL). The XRD patterns of the SLDHs produced are shown in Figure 3.35. There
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Figure 3.35: XRD patterns of SLDHs made from A-MgHPO, from reactions with
different solid contents. Denoted by approximate yield of SLDH per reaction volume. *
indicates a reflection due to the sample holder. Peaks can be indexed to the patterns
below (RRUFF Project R050457 - Hydrotalcite and R050455 Brucite).!?

Table 3.10: Variation of lattice parameters (a, ¢) of the SLDHs derived from A-MgHPO4
from reactions with different solid contents extracted from Figure 3.35.

Solid content  dy19 a CDL, doos c CDL,
(gL™1) (nm)  (nm)  (nm)  (nm)  (om)  (nm)
10 0.153 0.306 15.651 0.771 2.313 6.343

20 0.153 0.306 17.636 0.772 2.317 6.590

40 0.153 0.306 23.673 0.776 2.328 6.206

is little variation in the patterns as the solid content is increased and, importantly,
no new impurity peaks present, showing the solid content can be increased without
varying the composition of the products. The crystallinity of the products in the a
direction increases with the solid content (Table 3.10), likely due to the increased
pH.% Reducing the volume by two times again (eight times from the initial reaction)
failed to produce an LDH product, as the slurry became too viscous for mixing to

occur.

The Ny adsorption/desorption isotherms are presented in Figure 3.36 and show

there is little variation in the BET SSA with the concentration of the reaction.
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Figure 3.36: Ny adsorption/desorption isotherms of SLDHs made from A-MgHPO,
from reactions with different solid contents. SSA of samples calculated via the BET
method are given in the legend.

Deviations are observed above p/p’ = 0.7 suggesting changes to the pore size
distribution. Figure A.24 shows the calculated pore size distribution with all
samples possessing a large amount of micropores (12 A) and a range of mesopores
from 20 to 400 A. A shift in the mesopore distribution to larger pore sizes causes
the hysteresis loops to close at high pressures, with a corresponding increase in the

total pore volume observed (0.46 to 0.7 cm?3g™!).

3.3.5 Alternative Al sources

In order to make the process greener and improve the atom economy, other sources
of Al (e.g. gibbsite (Al(OH)3) and sodium aluminate (NaAlO,)) were considered.
Al(NO3); is made by the reaction of Al(OH); with HNOs:

As the nitrate anion is not included in the LDH product, it can be considered an

unnecessary spectator which should be avoided where possible.
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Figure 3.37: Powder XRD patterns of SLDH made from gibbsite with or without
NaCOg3 at RT (= 20°C) or 80°C. * indicates a reflection due to the sample holder.
Peaks can be indexed to the patterns below (RRUFF Project R050457 - Hydrotalcite,
R050455 Brucite and AMCSD 0000501 - Gibbsite).!2:6!

Table 3.11: Variation of lattice parameters (a,c) of the SLDHs made from Al(OH)3
and NaAlOs, extracted from Figure 3.37.

d110 a CDLa d003 C CDLC

Reagents (nm)  (nm) (nm) (nm)  (nm)  (nm)

Al(OH)3 & Nap,CO3 80°C  0.153 0.305 31.435 0.765 2.294 12.009
Al(OH)3 No Nay,CO3 80°C  0.153 0.305 20.985 0.763 2.290 14.982
NaAlO; No Na,CO3 80°C  0.153 0.306 13.269 0.779 2.336 5.921

Use of an analogous procedure to that discussed previously (Chapter 3.3.1, Chapter
3.4.12), with gibbsite replacing aluminium nitrate, produced an LDH phase at 80 °C
but not at RT (Figure 3.37 a and b), likely due to the low solubility of gibbsite
at RT (K, = 107338 at 25°C).57 The presence of significant amounts of Mg(OH),
is attributed to the reaction of A-MgHPO, under alkaline conditions with a low
Al concentration. This is caused by the slower dissolution kinetics of Al(OH);
compared to AI(NO3);-9H20. At RT, the presence of the LDH phase was not
detected. The observed sharp reflections, corresponding to unreacted gibbsite,

suggest that the dissolution kinetics are inadequate in the absence of heating.
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Figure 3.38: Nj adsorption/desorption isotherms of SLDH made from gibbsite or
sodium aluminate with or without NaoCOj3 at 80°C. SSA of samples calculated via
the BET method are given in the legend.

In pursuit of further enhancing the atom efficiency, the reaction was conducted
omitting the addition of NayCOg3, which still resulted in the formation of an LDH
phase at 80°C. The crystallinity in the a axis is reduced, indicating that the lower
concentration of carbonate anions retards the growth rate of the LDH layers (Table

3.11), and there is also an increase in the amount of brucite impurity formed.

The Ny adsorption/desorption isotherms of the two LDH containing products are
shown in Figure 3.38. Both samples show lower SSAs than the SLDH made using
aluminium nitrate (126.1 and 131.6m?g™! vs 167.2m?g~!, Figure 3.20), likely
due to the significant brucite impurities, but still comparable, indicating that
changing the Al source does not significantly affect the SSA of the SLDH produced.
The hysteresis loops for the two SLDHs also differ in shape, due to a change in
the mesopore distribution (Figure A.25); the sample prepared without NayCOj
possesses mesopores with a larger average size (maximum % at 86.3 A vs 63.4 A),

but a smaller total volume (0.59 cm?® g™ vs 0.33cm®g™!).

To investigate if a more soluble Al source would prevent brucite formation, sodium
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Figure 3.39: FTIR spectra of SLDH made from NaAlO,.

aluminate (described as NaAlOy (anhydrous) or NaAl(OH), (hydrated)) was used
(Chapter 3.4.13, Figure A.26); this is used industrially as a soluble equivalent to
Al(OH)3. Sodium aluminate is formed by dissolving gibbsite in 25% aqueous
NaOH solution near the boiling point and precipitates upon cooling. The use
of sodium aluminate as the aluminium source effectively yielded LDH devoid of
brucite impurities, as intended; however, it also displays reduced crystallinity
(Figure 3.37 d, Table 3.11). The exclusive use of sodium aluminate, in the absence
of additional base, was ineffective in generating LDH materials, which is attributed

to insufficient alkalinity of the solution.

The FTIR spectra of the SLDH product formed using NaAlO, is shown in Figure
3.39 and shows similar absorption bands to the previously discussed materials
(Figure 3.5), with a mixture of both phosphate and carbonate ions present. Notably,
even without the addition of NayCOj there is still a strong absorption band from
CO5? ", suggesting reaction with dissolved atmospheric CO, and a strong preference

over the PO,*" anion.

The Ny isotherm (Figure 3.38) shows that the material has a similar hysteresis loop
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to that made with Al(OH)3 (due to their similar mesopore distributions A.25), but

with a higher surface area (184.7m?g™!), due to an higher volume of micropores

(11.84) .

3.3.6 Effect of reaction time

To better understand the transformation of A-MgHPO, into SLDH and to invest-
igate if the reaction time could be reduced, different reaction times (0.66, 1, 1.5,
2, 2.5, 3, 4, 5, 6.5, 16, 24, 48 and 72h) were studied to see their effect on the
SLDH produced. An analogous procedure to that previously developed was used
(Chapter 3.3.1, Chapter 3.4.14), varying the reaction time and without the addition
of NayCOj3. The formation of the LDH phase was found to be rapid and poorly
crystalline SLDH was observed after the shortest reaction time tested (40 min,
Figure A.27). The crystallinity was seen to vary over the course of the reaction
time, reaching a maximum at 16h (with the true maximum likely between 6.5
and 16 h) before decreasing again (the extracted CDLs are shown in Figure 3.40,
Table A.1). A decrease in crystallite size indicates that the SLDHs are not stable
to dissolution and further crystallites may be formed by secondary nucleation,
decreasing the average size.%® After 24h, there is a noticeable shoulder on the
(006) Bragg reflection attributed to the (001) reflection of brucite, which increases
in intensity in the 48 and 72h samples, indicating that some of the dissolved Mg
from the SLDH re-precipitates as brucite.

The Ny isotherms are shown in Figure A.28 with the changes in SSA with the
reaction time also shown in Figure 3.40. All the isotherms are of ITUPAC Type II
shape with H3 hysteresis loops, as seen previously (Figure 3.20), which increase
in size with the reaction time, indicating an increase in porosity. The surface

area rises linearly from 26.6m?g~! (1.5h) to 68.7m?g™!

at 16 h where peak crys-
tallite size was measured. Interestingly, the surface area then rapidly increases
as the crystallite size decreases, up to 146.4 and 225.2m?g~! after 24 and 48h,
respectively. Smaller particles have a higher intrinsic surface area, but the increase

in surface area is also accompanied by a large increase in pore volume (0.22 to
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Figure 3.40: Variation of crystallite domain lengths and BET SSA for SLDHs vs the
reaction time. See Table A.1 and Figure A.28

0.45cm® g™, Figure A.29) from the formation of both micropores and additional
mesopores in the range of 20 to 150 A, likely formed upon the LDH dissolution.
At higher reaction time, there is a decrease in the surface area attributed to the
increasing impurity fraction. This behaviour differs from that reported by Panda et
al. who showed the crystallite size of conventionally synthesised MgAl CO3 LDHs
increased linearly with time, as expected for the diffusion limited Ostwald ripening

process, and may be due to the presence of PO,* .6

The FTIR spectra for the different SLDH are shown in Figure A.30. The initial
spectra for SLDH made using 1 and 6.5 h reaction times display similar absorption
bands to those discussed previously (Figure 3.18), with absorption bands seen
for ~OH (3448 cm™1), HyO (1644 cm™1), CO3%” (1365cm ™), PO,*” (1029cm™)
and M—O (600 to 900cm™'), but also a weak absorption at1134cm™') which is
attributed to a vibration of HPO,*~ or P,O;*" in unreacted A-MgHPO,.7™ This
additional absorption decreases with time and is not significant in the samples
made using a reaction time of > 16h, indicating complete conversion. After a

longer reaction time (> 16h), the CO3* absorption (1365 m™!) starts to decrease
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whilst the phosphate concentration increases (992 cm™!, normalised to the M—O
absorption). This indicates an anion exchange mechanism is occurring, which,
given the preference of LDH for carbonate over phosphate as observed in the initial
precipitation, is unlikely to be occurring within the LDH, especially since phosphate
uptake is reported to saturate in LDHs after < 5h.” As noted previously from the
SS-NMR results (Figure 3.30), there is an unknown tetrahedral Al environment
present within the products and the phosphate is likely bonded to an amorphous
Al phase (Figure 3.31). Glemza, Parent and Welsh reported the synthesis of high
surface area (250 to 350 m?g~!) amorphous aluminium phosphate gels (AIPOy)

under similar reaction conditions:

which display a mixture of Oy, (minor) and T, (major) Al environments.” Sequest-
ration of dissolved Al may explain why brucite is formed at extended reaction
times. Given that brucite is only a minor phase observed by XRD at extended
ageing times, suggesting only minor dissolution of the SLDH product, and that
the Ty environment observed by SS-NMR is relatively small, the high surface area

observed is still attributed to the LDH phase.

3.4 Experimental details

3.4.1 Reagents and chemicals

Struvite (MgNH,PO, - 6 HyO ) was purchased from Alfa Aesar. Aluminium nitrate
(AI(NOs3)s3 - 9H50), sodium hydroxide (NaOH) and sodium carbonate (NayCOs)
were purchased from Sigma Aldrich. 1M NaOH was made by dissolving 40g of

NaOH in 1L of deionised (D.I.) water.

Struvite derived LDH products are denoted as SLDH.



3. Synthesis of layered double hydroxides from struvite 127

3.4.2 Effect of temperature on SLDH

2.7609 g (11.25mmol) of struvite was suspended in 20 mL of 1M NaOH at the de-
sired temperature (65, 75 and 85 °C) under Ny flow connected to a HCI bubbler and
stirred at 500 RPM for 1h. 1.5899 g (15 mmol) NayCO3 was added to the suspension
and stirred for 5min. A solution of 1.4067 g (3.75 mmol) AI(NOj3);3-9H>0 in 20 mL
of D.I. water was then added dropwise (2 mL/min) and the pH of the solution kept
at 11.5 via addition of additional 1 M NaOH. The mixture was allowed to age for
2h before being filtered and washed with D.I. water until the filtrate was at pH 7.

The solid residue was then dried overnight at 30 °C under vacuum.

3.4.3 Effect of temperature on intermediate phase

2.7609 ¢ (11.25mmol) of struvite was suspended in 20mL of 1M NaOH at the
desired temperature (65 and 85°C) under Ny flow connected to a HCI bubbler and
stirred at 500 RPM for 1 h. The suspension was filtered and washed with D.I. water
until the filtrate was at pH 7. The solid residue was then dried overnight at 30°C

under vacuum.

3.4.4 Effect of NaOH during activation on SLDH

2.7609 g (11.25 mmol) of struvite was suspended in 10mL of 1M NaOH at 65°C
under Ny flow connected to a HCI bubbler and stirred at 500 RPM for 1h or 1.5h.
1.5899 g (15 mmol) NayCO3 was added to the suspension and stirred for 5min. A
solution of 1.4067 g (3.75 mmol) AI(NOj3)3-9H,0 in 20mL of D.I. water was then
added dropwise (2mL/min) and the pH of the solution kept at 11.5 via addition of
additional 1 M NaOH. The mixture was allowed to age for 2h before being filtered
and washed with D.I. water until the filtrate was at pH 7. The solid residue was

then dried overnight at 30 °C under vacuum.

3.4.5 Effect of NaOH during activation (intermediate)

2.7609 g (11.25 mmol) of struvite was suspended in 10mL of 1M NaOH at 65°C
under Ny flow connected to a HCI bubbler and stirred at 500 RPM for 1h or 1.5h.
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The suspension was filtered and washed with D.I. water until the filtrate was at

pH 7. The solid residue was then dried overnight at 30 °C under vacuum.

3.4.6 Effect of heating ramp rate on SLDH

2.7609 g (11.25 mmol) of struvite was suspended in 10mL of 1M NaOH at room
temperature under N, flow connected to a HCl bubbler and stirred at 500 RPM
before being heated to 65°C after which it was left to continue stirring for 1h
or 1.5h. 1.5899 ¢ (15 mmol) NayCO3 was added to the suspension and stirred for
5min. A solution of 1.4067 g (3.75 mmol) Al(NOs3)s-9Ho0O in 20 mL of D.I. water
was then added dropwise (2mL/min) and the pH of the solution kept at 11.5 via
addition of additional 1M NaOH. The mixture was allowed to age for 2h before
being filtered and washed with D.I. water until the filtrate was at pH 7. The solid
residue was then dried overnight at 30 °C under vacuum. For the SLDH made from
ground struvite, the powder was ground in a pestle and mortar for 5min before

use.

3.4.7 Effect of heating ramp rate on intermediate phase

2.7609g (11.25 mmol) of struvite was suspended in 10mL of 1M NaOH at room
temperature under Ny flow connected to a HCl bubbler and stirred at 500 RPM
before being heated to 65°C after which it was left under stirring for 1h or 1.5h.
The suspension was filtered and washed with D.I. water until the filtrate was at
pH 7. The solid residue was then dried overnight at 30 °C under vacuum. For the
sample made with ground struvite, the struvite powder was ground in an alumina

pestle and mortar for 10 min prior to use.

3.4.8 Struvite calcination

The initial amorphous MgHPO, (A-MgHPQO,) sample was prepared under the de-
gassing conditions described above (Chapter 2.1.1). Similar samples were prepared
in the laboratory by placing 10g of struvite in either a crucible (muffle furnace)

or alumina boat (tube furnace under Ny or vacuum) and heating to 110°C at
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10 K/min. Samples were heated for 16 h before being cooled and collected. For
further scale up, 10 to 60 g struvite were loaded into a tube with sintered inserts
and placed within a vertical furnace. The powder was fluidised under a high flow
of Ny and heated to 200°C at 10 K/min and held for 2h before being cooled and

collected.

3.4.9 Synthesis of SLDH from A-MgHPO,

0.2¢g (1.66 mmol) A-MgHPOy, 0.2079g (0.55 mmol) Al(NO3)3-9H20 and 0.2646 g
(2.5mmol) NayCO3 were added to 10 mL 1 M NaOH and stirred at room temperat-
ure (RT, ~ 20°C) or 80°C for 20h at 1000 RPM. The mixture was then filtered
and washed with D.I. water until the filtrate was at pH 7. The solid residue was

then dried overnight at 30 °C under vacuum.

3.4.10 Scale up of SLDH synthesis from A-MgHPO4

The 0.1 g scale reaction is as described in Chapter 3.4.9. For the 5 and 50 times scale
(0.5 and 5g), the synthesis method was the same but the amounts of reagents used
were: 0.758¢g (5.74 mmol A-MgHPO, - 0.32H,0, 0.717g (1.91 mmol) AI(NO3); -
9H,0 and 1.52g (50 mmol) NayCO3 in 50mL 1M NaOH or 6.904 g (57.4 mmol
A-MgHPO,, 7.173 g (19.1 mmol) AI(NO3);-9H50 and 15.2¢g (500 mmol) NayCOj

in 500mL 1M NaOH.

For the 250 times scale, 25.2588¢ (210 mmol) A-MgHPO,, 26.2591¢g (70 mmol)
Al(NO3)3-9H50, 3.7097 g (35 mmol) NayCO3 and 70g (1750 mmol) NaOH were
added to 1.75L D.I. water in a 5. Chemglass jacketed reactor, equipped with an
impeller and baffles, heated to 80°C. The suspension was stirred vigorously for
20h at 440 RPM. The reactor was then emptied and the mixture filtered under
vacuum and washed with D.I. water until the filtrate was at pH 7. The solid residue

was then dried overnight at 30 °C under vacuum.
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3.4.11 Effect of solid content on SLDH synthesis from A-
MgHPO,

0.1443¢g (1.2mmol) A-MgHPO,, 0.1501g (0.4mmol) Al(NO3);-9H>O and 0.4¢

(2.5 mmol) NaOH were added to x mL D.I. water (z = 10, 5,2.5,1.25, 1) and stirred

at 80°C for 20h at 750 RPM. The mixture was then filtered and washed with D.I.

water until the filtrate was at pH 7. The solid residue was then dried overnight at

30°C under vacuum.

3.4.12 Alternative Al sources for SLDH - Al(OH);

0.1804 g (1.2 mmol) A-MgHPOy, 0.0390 g (0.5 mmol) Al(OH);3 and 0.2120 g (2 mmol)
NayCOj3 were added to 10 mL 1M NaOH and stirred at room temperature (RT, ~
20°C) or 80°C for 20h at 1000 RPM. The mixture was then filtered and washed
with D.I. water until the filtrate was at pH 7. The solid residue was then dried

overnight at 30 °C under vacuum.

3.4.13 Alternative Al sources for SLDH - NaAlO,

0.2886 g (2.4 mmol) A-MgHPO,, 0.0624 g (0.8 mmol) NaAlO and 0.2120 g (2 mmol)
NayCO3 were added to 10 mL 1 M NaOH and stirred at 80 °C for 20 h at 1000 RPM.
The mixture was then filtered and washed with D.I. water until the filtrate was at

pH 7. The solid residue was then dried overnight at 30 °C under vacuum.

3.4.14 Effect of reaction time on SLDH

0.2886 g (2.4 mmol) A-MgHPO,4 and 0.3002g (0.8 mmol) Al(NOj3);-9H,O were
combined together under alkaline conditions (20mL 1 Molar NaOH) and heated
at 80°C under stirring for the different reaction times chosen. The mixture was
then filtered and washed with D.I. water until the filtrate was at pH 7. The solid

residue was then dried overnight at 30 °C under vacuum.
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3.5 Conclusions and future work

The previously reported synthesis method to produce LDH materials from the waste
mineral struvite has been shown to be highly sensitive to the reaction conditions
used. During the activation step, a multitude of phases can be observed depending
on the amount of base used, including a scarcely mentioned ammonium analogue of
hazenite. There are numerous struvite-type materials containing different metals
(Fe, Co, Ni, Zn, Mn)3!; further work could be conducted to investigate if this is
a general pathway to produce other materials with a mixture of NH;© and Na*t
cations. Optimisation of the SLDH synthesis prevented the formation of impurities,
but the surface area of the products was low compared to that previously reported

(220m?g~! vs 184m?g!).

A new synthesis pathway was developed using the amorphous MgHPO, product
formed on struvite thermal degradation. After reaction with AI(NO3)s-9H,O and
Nay;COj3 under alkaline conditions, pure LDH phases were produced with surface
areas > 200m?g~t. The particles were observed to maintain the morphology of
the struvite precursor by SEM imaging, as in the previously reported method. The
synthesis was shown to be scalable up to 25g and the reaction volume could be

decreased without the formation of impurities or changes to the material produced.

It was shown the atom economy could be improved by using NaAlO, as the alu-
minium source; without the addition of a CO5?~ source, CO, is sequestered from the
atmosphere and preferentially intercalated over the PO,3~ present in the reaction
mixture. Further work should assess PO4* recovery from the supernatant. Re-
placement of NaOH with KOH may allow for the recovery of potassium phosphates
(KH,PO, and KoHPO,) for use as fertilisers.”™ The formation pathway is complex
with a period of LDH crystal growth followed by dissolution, where the surface
area increases significantly. Further optimisation of the reaction temperature may
lead to shorter reaction times, as high surface areas were only observed when the

reaction time was > 1d.
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4.1 Introduction

As discussed in Chapter 1.2.1, the rapid rise in the COs concentration in the
atmosphere due to anthropogenic emissions has led to the ongoing climate crisis.

Negative emission technologies are needed to meet international goals set out to

156
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deal with this problem. The types of technology ready to be employed at scale
are: enhancement of natural sequestration processes (reforestation and enhanced
rock weathering); bioenergy carbon capture and storage; and direct air capture
(DAC) and storage. DAC and storage is not limited by the land requirements of
the other two types and can be built where it is most convenient, but does carry a
higher energy and cost requirement. To overcome these limitations, cheap and long
lasting sorbents with a low process energy are needed. The criteria for lowering
the process energy are fast sorption/desorption kinetics, low energy of regeneration

and a high capture capacity.

As discussed in Chapter 1.2.4, much of the work developing these adsorbents
has been done with mesoporous silicas as the support material. Layered double
hydroxides (LDHs) have the same abundance of surface hydroxyl groups as silica
and, with a relatively low cost ($1 to 25kg '), offer a cheaper alternative support
material which can be modified in the same way. As such, LDH-derived LDOs
have been used to produce Class 1 sorbents by supporting polyethyleneimine (PEI)

1

with high adsorption capacities of 2.27mmolg™" and enhanced thermal stability

up to 300°C, due to a strong amine-support interaction.

They have also been used to produce Class 2 materials via a silane grafting reaction.
This was first shown by Park et al. by grafting (3-aminopropyl)triethoxysilane
(MONO) onto dodecylsulfate intercalated ZnCr LDH.? Wang et al. then used a sim-
ilar method, utilising dodecylsulfate intercalation of MgAl LDH to enable the exfoli-
ation of the sheets which were grafted with 3-aminopropyl-triethoxysilane (MONO),
N-2-aminoethyl-3-aminopropyl-trimethoxysilane (DI) and N1-(3-Trimethoxysilyl-
propyl)diethylenetriamine (TRI), and tested for the capture of pure COs with
a capacity of around 1mmolg~!.3 Changing the number of amine groups per
silane (MONO = 1, DI = 2, TRI = 3) leads to an increase in the amine loading
(mmoly g71) of the material, yielding higher CO, capacities. However, there is not
a linear relationship between the increased amine loading and the COs capacity

as the longer chains can cause pore blocking, leading to issues with diffusion
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Figure 4.1: Structure of N'-(3-Trimethoxysilylpropyl)diethylenetriamine (TRI).

and the accessibility of active sites.* The CO, capacity of the modified LDH at
room temperature was not directly related to the amine loading with 2.39, 5.14
and 6.01 mmoly g™, providing CO; capacities of 1, 1.1 and 0.74mmolgo, g~ (for
MONO, DI, and TRI, respectively, under pure CO, at 25°C).? This trend differed
from that reported for silica modified materials.> More recent work by Zhu et
al. investigated MgAl LDH exfoliated using the aqueous miscible organic solvent
treatment (AMOST) and grafted with 3-[2-(2-aminoethylamino)ethylamino|propyl-
trimethoxysilane (TRI) for DAC applications. The LDH synthesis used a low
Mg:Al ratio of 0.5 : 1 leading to Al impurities, but showed an similar capacity of

1.05mmol g~ even under low CO, concentrations in simulated air.%

Industrially produced LDHs typically have low specific surface areas (SSA) limiting
the amount of amine which can be dispersed on the surface. In all of the Class 2
LDH materials reported, an exfoliation technique has been employed to increase
the surface area, allowing a greater amount of amine to be loaded for an enhanced
adsorption capacity. SLDHs derived from struvite offer an alternative route to high
surface area LDH materials as shown in Chapter 3.3, avoiding the costly AMOST
process and, as such, their use as support materials for solid supported amine DAC
sorbents is investigated in this chapter. The effect of the grafting conditions is

explored as well as the effect of different organo-amine functionalities.

4.2 Silane grafted SLDHs

Initially, N'-(3-Trimethoxysilylpropyl)diethylenetriamine (TRI) was chosen as the
amino silane for grafting, as it is commonly used in the literature. Typically, 0.2 g
of SLDH was dried under vacuum at 100 °C and then suspended in 20 mL toluene
before 0.6 mL TRI was added dropwise and left to stir for 15min under a Ny
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headspace before being heated to 85°C and stirred for 16h (see Chapter 4.3.2).
The reaction involves the condensation of the silanol groups, typically methoxy or

ethoxy, with the surface hydroxyl groups of the LDH:

M—OH + Si(RO);R" — M—0-Si(OR)>R' + ROH
(one condensation reaction)
5 (M—O—):Si(OR)R’ + 2 ROH — (M—0—);SiR + 3 ROH
(multiple condensation reactions)

Any H,0O present in the reaction mixture will hydrolyse the silanol which can lead
to self-condensation/polymerisation and the formation of more complex oligomer

grafted groups:
H,0 + Si(RO)3R' — Si(OR)2(OH)R' + ROH

Deliberate addition of H,O has been utilised as a synthetic strategy to increase the

amount of amine groups in a sorbent via formation of a multilayer of silica.™®

FTIR spectra of the pristine and TRI grated SLDH are shown in Figure 4.2. The
grafted SLDH shows the characteristic LDH absorptions (discussed in Chapter
3.2.1): 668 to 739 cm™! (MO stretching modes), 1365 cm™! (CO5®  antisymmetric
stretch), 1644 cm™! (interlayer HyO bending), 3468 cm™! (—~OH); and also shows
new sharp absorption bands from the grafted amino silane molecules: 1117 cm~!
(C—N stretching vibration), 1471 cm™! (-~ CH,— bending modes), 1571 cm ™! (- NH
bending mode) and 2933 cm ™! (—~CH,— stretching vibration).? A broad —~NH wag-
ging vibration at 650 to 900 cm ™! overlaps with the M-O adsorption bands and the
sharpening of the peak at 1024 cm™~! is attributed to the new Si—O—M adsorption

band (M = Si, Mg, Al).

29Si SS-NMR of the grafted LDH is shown in Figure 4.3. There are three main en-

vironments corresponding to the T3, Ty and T3 sites (—51.5, —60.8 and —69.4 ppm)
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Figure 4.3: 2°Si CP-MAS NMR spectrum of TRI-modified SLDH measured at 10 kHz.
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where T, features x oxane bonds from the Si atom to the LDH surface or to other
Si via hydrolysis and self-condensation and 3 — x silanol or silyl ether groups.
The relative amounts of the different Si environments increases 13 > Ty > T}
(7.1:4:1) indicating a preference for multiple condensation reactions on each Si.
There are no Tj signals (—45ppm), indicating removal of any free unreacted silyl-
amine. Peak fitting is improved by the inclusion of a peak (66.6 ppm) forming a
shoulder to the T3 peak (69.4ppm), indicating a small amount of a distinct T3
environment.'® The T} and T} resonances are also broad, likely due to overlapping
signals from environments with differing amounts of hydrolysis (differing silyl ether
and silanol groups). There are also some small resonances at lower ppm (—76
to —96ppm) which are not seen in literature spectra of similar materials. 2°Si
resonances in this region are frequently observed for Qy_s sites, specifically silicon
with four Si—O bonds, Q)9 —71 to —81 ppm, @)1 —83 to —89ppm, and ()5 —91
to —96 ppm. These should not be present, as the Si—C bond in the precursor is
expected to be stable, and a ()3 peak at —101 ppm is anticipated. Additionally,
silsesquioxanes, which are cages formed by the hydrolysis of siloxanes, may also
contribute. These silsesquioxanes are products of the self-condensation of amino-
silane molecules. However, research by the group of Kaneko on related amino-
silanes, namely 3-aminopropyl triethoxysilane (MONO, Figure 4.27(a)) and N-
2-aminoethyl-3-aminopropyl trimethoxysilane (DI, Figure 4.27(b)), demonstrates
298 signals from —66.3 to —71.0 ppm, suggesting that this is not the origin of
the unexpected signals but could explain the second T3 environment.!'"*? Further

discussion of these unusual resonances is in Chapter 4.2.2.

The TGA trace of the TRI-modified SLDH is shown in Figure 4.4. The overall
decomposition of the modified SLDH is similar to that of the unmodified SLDH, but
the derivative curve shows subtle changes to the thermal events. There is a change
in the profile of weight loss below 150°C, with a clear peak weight loss at 70°C
compared to the steady weight loss seen in the unmodified SLDH. In LDHs, this
weight loss is due to the loss of physisorbed water;'? in the amine-modified SLDH,

this is accompanied by the loss of carbon dioxide and water bonded to the amine
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Figure 4.4: TGA thermal curve of SLDH and TRI-modified SLDH. The derivative trace
is shown below (dotted line). TGA curves for TRIQSLDH shifted to lower temperature

due to a reduced sample mass used for analysis.

Table 4.1: Weight changes for different thermal events measured by TGA (Figure 4.4).

Weight change (%) in temperature range (°C)

Sample
150 225

0to 150 to

450 to

800

SLDH 8.49 7.86
TRIGQSLDH 8.08 7.00

6.87
2.63

groups introduced (Figure B.2 shows the TGA-MS of TRIQSLDH up to 120°C).1

The next thermal event occurs between 150 to 230 °C; this is attributed to interlayer

water loss in the unmodified SLDH. A shoulder seen in the unmodified SLDH at

195 °C, attributed to a distinct water environment, is no longer present in the amine-

modified SLDH and the weight loss is decreased (7.0 and 7.9 % for TRIQSLDH

and SLDH, respectively), indicating that this species of water is consumed during

the grafting process.!® There is an additional weight loss event at 250°C in the

TRI-modified SLDH (4.1% vs 2.5%), attributed to self-catalysed hydrolysis of

surface bound silane, as seen for MONO-modified boehmite,'® or desorption of

physisorbed polycondensed silane.!” In MONO substituted boehmite, there are
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Figure 4.5: Possible binding modes of amino silanes on a hydroxylated surface as
described by Zarinwall et al.'6 M = Mg, Al, R = H, Alkyl.

two events related to self-catalysed hydrolysis: monodentate bound amino silane
at 85°C (Figure 4.5 type b) and bidentate bound amino silane at 245°C (Figure
4.5 type c¢) and, as such, some of the mass loss < 100°C may be from loss of
this monodentate amino silane. For the two thermal events between 250 to 500 °C
attributed to dehydroxylation of MgyAl-OH (350°C) and Mgs;—OH (400°C) in
the SLDH, 3151819 there is a new overlapping mass loss at 350 °C arising from the
pyrolysis of the functional alkyl chains of the amino silane remaining, described as
a chemical bond monolayer containing a mixture of surface bound (Mg, Al1-O—Si)
and self-condensed silanol (Si—O—Si) bonds between the silanes in MONO-modified
boehmite (Figure 4.5 type e).'020:21 Further mass loss is due to decarboxylation as

the structure changes to a solid solution of MgO and Al,O5!315

and dehydroxylation
to form SiO, for the TRI-modified material.1%2° After normalising by the mass loss
due to physisorbed species below 150 °C, the total change in mass loss can be used

to approximate the amount of silane grafted:

Amrrrascpn = (1 — 2) * Amgrpn + © * Amog;

Where Amyrresrpr is the mass change in the grafted material, x is the mass
fraction of the TRI in the grafted system, Amgrpy is the mass change in the

ungrafted SLDH and Amrg; is the mass change of theoretical purely grafted TRI.
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This equation can be rearranged for x:

- Amrriasipn — Amsrpu
Amrrr — Amgsrpn

The change in residual weight (Amrgrrascpr — Amsrpr) at 800°C is 5.46 %,

Amgrpg = 64.42% and Amrpr = MAI{VZ-?R = 83.70%. Assuming the weight

loss is due to Si—C bond cleavage, the silane forms three bonds with the surface
and the loss of protons is negligible (MWg;_g is the molecular weight of the
organic moiety and silicon = 172.32gmol™!, MWj is the molecular weight of

the organic moiety= 144.24 gmol™'). This gives 2 = 0.28 and the loading of TRI

T

e s = 1.64 mmolpgr; g~!. This silane loading is higher than that

as Crrr =
measured by CHN (Table 4.2, 0.328 mmolg; g~ !), suggesting an underestimate of
Amrg; and implying additional components are lost such as unreacted alkoxy

groups or loss of the entire TRI group, including the Si functional group.

N, adsorption and desorption isotherms are shown in Figure 4.6. There is a
significant decrease in the surface area (256.8 to 158 m? g~!) with the associated
decrease in pore volume (0.74 to 0.44cm?®g™!) seen in Figure 4.7. This shows
the grafting process coats the pores of the SLDH with a similar profile of pore
distribution to that seen in the parent material, but with smaller pore widths (the
first maxima > 20 A shifts from 34 to 27 A. The pores of 15 A observed in the
parent material are not present in the TRI grafted material, indicating that these
pores are filled by TRI molecules which have a similar size of ~ 12.4 A, preventing

diffusion of Ny into them.??

The CO, adsorption isotherm collected at 25°C is presented in Figure 4.8. The
DAC CO, capacity is defined as the amount of CO, taken up at 0.4 mbar (approx-
imately the current partial pressure of COy in the atmosphere). The DAC COq
capacity of the TRI-modified SLDH is 0.25 mmolco, g~!. The adsorption isotherms
of the pure SLDH and TRI-modified commercial SBA-15 are used as references.
The DAC CO; capacities of these two materials are 0.29 and 0.32 mmolco, gt
respectively (Table 4.2). The higher CO4 capacity of the modified SBA-15 is to be
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Figure 4.6: Ny adsorption/desorption isotherm of TRI-modified SLDH. SSA of samples
calculated via the BET method are given in the legend.
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Figure 4.7: Pore size distribution calculated using a density functional theory model
(slit) on Ny adsorption isotherms of TRI-modified SLDH (Figure 4.6). The pore volumes
at p/p® = 1 of the samples are given in the legend.
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Figure 4.8: COj adsorption isotherms for SLDH, amine-modified SLDH and amine-
modified SBA-15. The low pressure region is shown in the main graph and the full
isotherm is shown in the insert.

expected as it possess a higher surface area allowing for more amino silane to be
grafted (1.099 mmolrr g ! vs 0.328 mmolyry g ! for TRIQSBA-15 and TRIQSLDH
respectively). The DAC of the TRI grafted SBA-15 capacity is similar to those

reported in the literature (0.33 mmolco, g~! by Wadi et al. and 0.2 mmolco, g !

by Wang et al., providing validation for the experimental measurement setup.*%
Despite possessing a lower surface area (254 m?g™!) than the SBA-15 (571m? g™,
Figure B.1) the SLDH performs comparably with 78% of the DAC CO, capacity.
Surprisingly, the modified SLDH is also outperformed by the unmodified SLDH
which has no clear chemisorption sites that are typically needed for uptake at low
pressures and which is widely accepted as having no CO, capacity.?* The SLDH

displays a similar sharp uptake under low pressures of CO5 to the amine-modified

materials, suggesting it does also adsorb via a chemisorption mechanism.

Pristine LDHs have not been as extensively studied for COy adsorption as their
mixed metal oxide derivatives and no reports of their performance under DAC
conditions were found in the literature. A brief summary of the investigations into

LDH COy interactions is given here. A comparative study by Radha and Navrotsky
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on the energetics of CO4y adsorption on both MgAl LDH and LDOs showed LDHs
could adsorb up to 0.62mmolco, g~ (at 25°C, ~ 0.6 bar) via chemisorption with
high initial enthalpies (—92kJmol™'), forming both monodentate and bidentate
carbonate species with uptake onto Mg—0O sites and within the basic interlayer
region.?® Ishihara et al. also showed low surface area MgAl LDH (12.3m?g™!) can
still adsorb up to ~ 0.179 mmolco, gt (25°C, 0.5bar), attributed to reaction
with basic Mg—OH sites and with a significant proportion of the uptake occurring
within the interlayer space.?® Sharma, Tyagi and Jasra investigated the influence
of the synthetic parameters of MgAl LDHs on the CO, adsorption capacity with a
maximum of &~ 0.89 mmolco, g~" at 1 bar (at 30°C) for their optimised sample.*”
The CO5 uptake was shown to correlate with the Al content, surface area and crys-
tallinity, with both physisorption and chemisorption processes occurring. Shang et
al. investigated high surface area MgAl LDHs (455 m? g~! via the AMOST method)
which adsorbed ~ 0.75 mmolco, g~ under 1bar CO, (at 50°C) comparable with
the capacity observed here.?® In summary, LDHs can uptake CO, via chemisorption
onto basic Mg—O sites as well as via physisorption, with a significant amount of
the capacity attributed to the interlayer region. Comparison of the SLDH and
TRIQSLDH isotherms shows two intersections of the curves at ~ 1mbar and
0.6 bar which indicates the SLDH possesses fewer chemisorption sites, but possesses
a higher affinity for CO, and also a higher physisorption capacity (linked to the
higher SSA, Figure 4.6).

Table 4.2 shows the measured N in the sample, the calculated amine and silane

loadings and the amine efficiency at 0.4 mbar:

CO4 capacity

amine efficiency = -
moles of amine

CHN analysis confirms the SLDH is free of nitrogen so all nitrogen present in
the grafted samples was attributed to grafted silane. Although the amine density
of the TRIQSBA-15 is higher than that of the TRIQSLDH, the capacity is not
proportionally larger, giving it an amine efficiency of 0.098 which is comparable

to values commonly seen in the literature (0.12).* Comparatively, the TRIQSLDH
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Table 4.2: N weight percentage, amine and silane density, DAC COs capacity and amine
efficiency for SLDH grafted with TRI under standard and anhydrous conditions.

g 1 N N Silane loading COs capacity =~ Amine
ample (av. wt%) (mmolg™')  (mmolg™!) (mmolg=!) efficiency
SLDH 0 0 0 0.299
TRIQSLDH 1.38 0.985 0.328 0.250 0.254
TRIQSBA-15 4.62 3.298 1.099 0.324 0.098

has a much higher amine efficiency of 0.254, suggesting a synergy with the SLDH,;
the intrinsic CO4 capacity of the SLDH may still contribute to the overall capacity
measured whilst not requiring any amines or the LDH surface may help to stabilise

the carbamate species formed.

These isotherms are all Type I and were fitted using commonly used linear models.
These models were developed to describe different adsorption phenomena and,
as such, a good fit to the experimental data can help elucidate the mechanisms
involved. The models and their equations are listed in Table 4.3 and their derivation

is discussed in Chapter 2.1.2.

Table 4.3: Linear isotherm models and equations. C, is the concentration of adsorbate
at equilibrium (partial pressure), ¢ and g, are the equilibrium and maximum concen-
trations of the adsorbate on the surface. R? values for the fitting to the SLDH and
TRIQSLDH isotherm data are also given.

Model Equation R? SLDH R? TRIQSLDH
C. 1 C.
Langmuir — = + — 0.979 0.994
Qe Gmic  Gm
1
Freundlich log(g.) = log(Kr) + —log(C.) 0.966 0.788
n
Rt RT
Temkin ¢, = 5 In(Kr) + o In(Ce) 0.895 0.977
. G, Ge
Elovich In(=) = In(K.qp) — — 0.872 0.936

C. Im
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Figure 4.9: CO; adsorption isotherm data for unmodified SLDH transformed to fit
common linear equations.
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Figure 4.10: CO; adsorption isotherm data for amine-modified SLDH transformed to
fit common linear equations.
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Figure 4.11: CO, adsorption isotherm data for amine-modified SLDH transformed to
a Scatchard plot.
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Figure 4.12: CO. adsorption isotherm data for unmodified SLDH transformed to a
Scatchard plot.

Table 4.4: Extracted Langmuir parameters from the linear regions of the Scatchard
plots in Figures 4.12 and 4.11. N is the density of the adsorption site and K is the
Langmuir equilibrium constant of the site.

Sample Parameters
N, 448 x 107! K, 1.11
SLDH Ny 1.21 K, 443 x1073

N1 2.81 x 10_1 K1 9.38
TRIGQSLDH N, 5.54x 1071 K, 1.88
Ny 875x 1071 K3 3.27x 1072
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The isotherm data, converted to align with the respective linear equations, is presen-
ted in Figures 4.9 and 4.10. For both the amine-modified and unmodified SLDH,
the Langmuir model (homogeneous adsorption) has the highest R? value (0.994 and
0.979 respectively). The Temkin model (allowing for interactions between adsorbed
species) also fits well for the amine-modified SLDH isotherm (R? = 0.977), but not
for the unmodified SLDH (R? = 0.895), while the Freundlich model gives a good
fit for the unmodified SLDH isotherm (R?* = 0.966), but not the amine-modified
SLDH (R? = 0.788). However, despite the high R? values, it is evident that none of
the linear models sufficiently characterise the experimental data accurately. This
discrepancy is highlighted by the observed reductions in the slope of both the
transformed Langmuir plots as well as the presence of multiple inflection points
within the Freundlich and Temkin isotherms. These deviations suggest a high

degree of heterogeneity within the strength of the binding sites.

Using Scatchard analysis (Chapter 2.1.3) to probe the number of types of binding
site in each isotherm yields the plots shown in Figures 4.11 and 4.12; both plots are
non-linear, indicating at least two binding sites. A rudimentary categorisation of
the types of binding sites can be inferred from the count of linear segments (each rep-
resenting a simple Langmuir model within a multi-site Langmuir context). In this
instance, two linear regions are observed for the SLDH, attributed to chemisorption
and physisorption, whereas three regions are noted for the amine-modified SLDH,
corresponding to strong and weak chemisorption and physisorption. The extracted
Langmuir equilibrium constants and site density are shown in Table 4.4. The
estimation of chemisorption sites on the amine-modified SLDH is 0.835 mmoly g~!.
Considering the total amine loading (0.985 mmoly g™1), there exists a theoretical
maximum of 0.493 mmol potential ammonium carbamate sites, thus suggesting the
presence of &~ 0.34 mmol additional chemisorption sites of a different type. This
figure is comparable to the number of sites predicted for the unmodified SLDH,

implying that some of these sites remain in the modified material.
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Non-linear modelling of the isotherms allows for more complex multi-parameter
models to be used. The models and their equations are listed in Table 4.5 with

their derivations discussed in Chapter 2.1.4.

Heterogeneous materials are more accurately represented through multi-parameter
models capable of characterising the distribution of site energies, although they
require fitting via non-linear optimisation. A description of the models used is
given in Chapter 2.1.4 with the equations and RMSFE values of the fittings in
Table 4.5. The isotherms and the fitted non-linear models are shown in Figures
4.13 and 4.14. In the linear representations, several models exhibit divergence
from the experimental isotherm data at elevated pressures, although all models
initially appear to provide an adequate fit in the low-pressure region. However,
upon applying a logarithmic scale which expands this region (Figure B.3 and B.4),
it becomes apparent that many of the models also fail to accurately represent this

region.

The unmodified SLDH is well described by the DSLangmuir, TSLangmuir and
JensenSeaton models with the TSLangmuir isotherm having the best fit (RMSE =
0.00392). Both the DSLangmuir and TSLangmuir show a strong (chemisorption)
adsorption site with a capacity of ~ 0.4mmolco, g~! (K ~ 1mbar™!) with the
additional site in the TSLangmuir model allowing it to better model the weak
physisorption and the high pressure region. These values are comparable with those
derived from Scatchard analysis and confirm a mixture of adsorption mechanisms.
The Jensen-Seaton model accounts for the lack of saturation at high pressure as
a result of gas compressibility. The adsorbed phase compressibility (b) calculated
here is unreasonably high (0.8735bar™!), suggesting this factor is allowing this

single site model to describe the dual types of adsorption.

The amine-modified SLDH is also well described by these models as well as the
Quadratic model. The TSLangmuir model had the best fit (RMSE = 0.00543)
with 0.18 mmol g~! of a strong chemisorption site (K = 12mbar™') and 0.41 mmol g~

of a weaker site (K = 0.8mbar '), again comparable to the values estimated by
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Figure 4.13: Unmodified SLDH COg isotherm (o) and the optimised fittings of the
models described in Table 4.5.
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Table 4.5: Non-linear isotherm models and their equations. n(p) is the loading at pressure p, n,, is the maximum loading and K, 0,t,a,b,c
are variables to be optimised. The root mean squared error (RMSE) for the fitting of the models to the isotherms in Figures 4.13 and 4.14

is also given.

Model Equation RMSE
SLDH TRIQSLDH
K
Langmuir n(p) = my +§( 1.75 x 107" 82 x 1072
p
. 1p K2p -2 -2
DSLangmuir n(p) = N, 1T Ko + N,y 15 Kop 1.05 x107* 1.81 x 10
. P Kop Ksp - _
TSL e " 3.92 x 1078 543 x 1073
angmuir  n(p) =n 11+K1p+ 21+K2p+n T Kop X X
Freundlich n(p) = Kp'/™ 567 x 1072 7.56 x 1072
K, + 2K
Quadratic n(p) = mlpj(L Ka_;+ [?;)92 741 x107? 1.83 x 1072
K K K
TemkinApprox n(p) = nml_i_ijfg( + nm0(1 n i{p)2(1 n i(p ) 1.67 x107' 7.46 x 1072
K
Toth n(p) = N b 64 x1072 3.71 x 102
1+ (Kp)!
JensenSeaton n(p) = Kp[l + (&)C]_l/c 9.08 x 107* 6.09 x 1073
a(1l+ bp) ' '
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Scatchard analysis. The Jensen-Seaton model again has an unreasonable adsorbed
phase compressibility (b =0.4418bar™!). The quadratic model is another one site
model which shows a good fit to the data. For this model, the non-linearity at
higher pressures is described by a weaker second interaction of each site with an
additional molecule of adsorbate. The interaction between the molecules in the sites
is strongly repulsive (¢ = 0.003 < 1), calculated by transforming the parameters

to the form given in Chapter 2.1.4.
K,=2K = K =1.004

Ky = K% = ¢ = 0.003

Although the error is small (RMSE = 0.0183), the shape in the high pressure
regions does not match well, with significant curvature instead of the linear trend

observed, and it underestimates uptake at low pressure.

In summary, the non-linear modelling shows good agreement with the conclusions
drawn from the Scatchard analysis. Both the amine-modified and unmodified
SLDH show significant heterogeneity with both chemisorption and physisorption
processes occurring. This is not well described by any of the single site models, but

a good fit is achieved with both the dual- and triple-site Langmuir models.

The isosteric heat (enthalpy of adsorption) was then calculated from multiple
isotherms at various temperatures (Figure ?? and ??) via the Clausius-Clapeyron

equation (Equation 2.2) and plotted in Figures 4.15(a) and 4.16(a).

As the the low loading data is missing for the unmodified SLDH, the enthalpy

1 and shows a steady decline from

can only be calculated above 0.3 mmolco, g~
135.79 to 65.73kJmol~*. This trend is similar to that reported by Radha and
Navrotsky: a steady decrease from 92.04 to 17kJmol™ 2> A decreasing enthalpy
is typical of a heterogeneous adsorbent with the strongest sites (high enthalpy of

adsorption) bound first at lower pressures and weaker sites then filled once they

are saturated. The large error range indicates that the regeneration process may



4. COgy capture using SLDHs

-t- Ahs 1.0
175 A
— 1504 0.8
| =
S o
£ 1254 3
) 1S
é | g 0.6
o 100 4 ¢ o
< f=s
5 ]
Q751 g 04
g
3
© 504
0.2
254
0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Loading [mmolg~1]

()

—e— 298.15K
—e— 308.15K
—e— 318.15K
—e— 328.15K
0 200 400 600 800 1000

Pressure [mbar]

(b)

Figure 4.15: (a) Isosteric heats of adsorption for unmodified SLDH calculated via the
Clausius-Clapeyron equation from the COg isotherms at varying temperatures in (b).
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not be fully complete or that the reactions are irreversible, such that uptake is by

different sites on subsequent cycles.

The amine-modified SLDH shows a steadily increasing enthalpy from 16.78 to
169.89 kJ mol ! before plateauing after a loading of 0.3 mmolco, g~ 1. This suggests
a cooperative adsorption mechanism. This differs from the isosteric heats reported
for amine-modified silica materials; these typically show constant or decreasing
enthalpies of adsorption as would be expected for non-interacting sites with a
narrow distribution of adsorption enthalpies. Using only sequential temperature
isotherms for the calculations yields a similar trend (Figures B.5, B.6 and B.7) at
low coverage, suggesting it is not an artefact from site deactivation. Decreases
in enthalpy are seen at decreasing onset loadings as the chemisorption capacity

decreases with temperature.

While cooperative adsorption mechanisms for CO5 are widely reported for metal or-

ganic frameworks, they are not commonly discussed for materials such as inorganic
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Figure 4.17: Schematic description of proposed adsorption mechanism. On initial
uptake, most of the amines are parallel to the pore and are hydrogen-bonded to the
LDH surface (green). Adsorption requires disruption of these hydrogen bonds, giving
AH,is = a+ f — 2u where « is the enthalpy of reaction to form a carbamate, 3 is
the stabilisation of the carbamate with an adjacent base and p is the interaction energy
of the amine and the LDH surface. At higher coverages, some of the alkyl chains are
perpendicular to the pore, due to interactions with CO4 adsorbed on neighbouring sites.
This gives a limit of AH,qs = o + S if no hydrogen bonds must be broken. A material
transitioning between these two states is a simplistic interpretation of Simon et al’s
model.??
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amine-modified oxides.?° In metal organic frameworks, the mechanism is described
as the protonation of an amine in the grafted diamine group during the adsorption
of an initial CO5 molecule which destabilises the second amine group in the diamine,
leading to an insertion adsorption mechanism where the next COy molecule can
insert into the weakened N—M bond (Figure 1.8). Such a mechanism is not
possible here as there are no N—M bonds present; however, there are still multiple
nitrogen atoms per grafted moiety and so a similar mechanism, where protonation
of one of the amines disrupts a strong surface-amine interaction with another
amine in the alkyl chain, could have a similar activating effect. Simon et al. have
developed a statistical mechanical model for gas adsorption onto dynamic moieties
which fits this description and leads to the phenomenon of increasing isosteric
heat.?? The amine-containing alkyl chains can have two orientations: parallel to
the pore wall or a higher energy reactive conformation perpendicular to the pore
wall. Initial isosteric heats are low, as the exothermic adsorption process is offset by
the endothermic rotation of the site and its neighbours to their active conformation.
As more of the sites rotate to their active form, subsequent adsorption has a higher
percentage binding on already activated sites (Figure 4.17). An effect similar to
this has been shown by Potter et al. for CO5 adsorption on PEI-modified SBA-15
where the capacity and isosteric heat of adsorption increase with the PEI loading,
attributed to a smaller proportion of the amines interacting with the support

surface.?!

Studies on the heat of adsorption have been conducted for silica-based sorbents,
with the enthalpy depending on the grafting density®?, the type of silane used
(number of amines in the alkyl chain)®® and the availability of silanol groups?
with values reported above 90 kJmol™'.3* The isosteric heat values calculated for
TRIQSLDH are significantly higher (> 150kJmol "), indicating that the change
in support from silica to LDH has a major influence on the species formed upon
CO, adsorption. This value is closer to the 125kJ mol™* reported by Pinto et al.
for amine-modified nanoporous clays.?> The carbamates formed upon CO, capture

have been shown to interact with the surface silanols via hydrogen bonding, leading



4. COgy capture using SLDHs 159

to a stabilisation of the chemisorbed CO4 and so it is hypothesised that an increase
in the strength of these support-carbamate interactions leads to the enhanced
adsorption enthalpy.?®3” A high adsorption enthalpy means the material requires
a higher amount of energy for regeneration; however, as the DAC CO; capacity
is 0.25 mmolco, g~1, the average enthalpy of adsorption will be lower, making it

comparable with other silica-based sorbents (86.4 kJmol™").

In summary, amine functionalities were introduced into the sample with silane
grafting, as evidenced by changes in the FTIR spectra and TGA traces. A decrease
in the pore size compared to the unmodified SLDH indicates the amine is dispersed
within the pores of the support and ??Si SS-NMR shows the sample is free from ad-
sorbed (unreacted) silanes, with all the amino silane bound (via a siloxane linkage)
to another heteroatom. The DAC COy capacity of the TRIQSLDH is comparable
to the benchmark adsorbent TRIQSBA-15 (78% of the capacity). Modelling of the
COg isotherm shows that both chemisorption and physisorption processes occur and
calculations of the isosteric heat of adsorption show an unusual increasing trend,
with coverage suggesting a cooperative mechanism. Unexpectedly, the unmodified
SLDH also shows a significant uptake under DAC conditions. Comparison of the
isotherms of the modified and unmodified SLDH show clear changes to the CO,

binding sites.

4.2.1 Effect of grafting solvent

While toluene is widely used as the grafting solvent, several papers have investigated
the use of alternative grafting solvents. Feitosa et al. showed that various solvents
could be used for silane grafting, but that non-polar solvents such as cyclohexane,
toluene and hexane lead to the highest amine densities and this leads to enhanced
CO, capacities, with cyclohexane performing the best.?® This was attributed to a
decreased solvation interaction between the solvent and both the silanol groups of
the support and the alkoxy-silane groups of the amino silane, changing the reaction
equilibrium. Sanchez-Vicente et al. also showed supercritical CO, is an effective

and cheap solvent for industrial scale silane grafting.3® Cyclohexane and xylene are
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non-polar solvents that are less toxic than toluene (with immediately dangerous
to life or health values of 1300 ppm and 900 ppm respectively vs 500 ppm) and
were investigated as alternative solvents to see if they would affect the amount of
silane grafted and to reduce the toxicity of the reaction in line with the principles

of green chemistry.

The amine-modified SLDHs were prepared in a similar process to the TRI-modified
SLDH discussed previously (Chapter 4.2). A full description of the experiments are
given in Chapter 4.3.3. Typically, 1g of SLDH was dried at 100 °C under vacuum
and suspended in 75 mL of solvent (toluene, xylene or cyclohexane) before 3 mL
TRI was added dropwise and left under stirring for 15 min under a Ny headspace

before being heated to 85°C and stirred for 16 h.

The FTIR spectra of the amine-modifed SLDH in different solvents are shown in
Figure B.8. The spectra all show the same adsorption bands with the additional
~CH (2933 cm™1!), ~NH (1571cm™1), ~CHy— (1471cm™!) and C-N (1117cm™1)
adsorptions present, irrespective of the grafting solvent, showing that they may all

be used successfully as grafting solvents.

The TGA traces of the TRI-modified SLDHs are shown in Figure 4.18. The traces
for all three show similar decomposition events, with the main differences in de-
composition rate occurring during the events due to the amino silane functionality.
The samples grafted in xylene and cyclohexane show increased rates of weight
loss at < 150°C and at 250°C with higher corresponding mass losses (10.7 and
11.3 %, respectively vs 8.5 % for the sample grafted in toluene, Table 4.6). This is
consistent with the samples having a higher amine density (Table 4.7), but the rate
of decomposition at temperatures between 300 to 450 °C is approximately the same
(18.7, 19.7 and 18.7 % for the samples grafted in xylene, cyclohexane and toluene,
respectively), suggesting all three samples contain a similar quantity of this silane
site. This is consistent with this type of silane belonging to a monolayer on the

support, with all samples possessing a saturated surface.
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Figure 4.18: TGA thermal curve of SLDH and TRI-modified SLDH grafted in different
solvents.The derivative trace is shown below (dotted line).

Table 4.6: Weight changes for different thermal events measured by TGA (Figure 4.18).

Weight change (%) in temperature range (°C)

Sample
Oto 150to 225to 300to 375to 450to 300 to
150 225 300 375 450 800 450
SLDH 849 7.86 253 4.01 879 6.87 15.30
TRIQSLDH 853 644 436 573 9.63 T7.57 18.68
TRIQSLDH-Xylene  10.70 6.08 4.71 577 970 7.63 18.70
TRIQSLDH-Cyclohexane 11.26 5.71  5.28 6.11 10.22 7.42 19.70

The CO, adsorption isotherms of the materials produced from grafting in the

different solvents are shown in Figure 4.19. The form of all three isotherms is

similar with a Type I shape with high uptake at low pressure and vary only in

their adsorption capacities; the DAC CO, capacities of the three materials are

0.267, 0.244 and 0.196 mmolco, g~! for the grafting using toluene, xylene and

cyclohexane, respectively. This shows that the grafting solvent used does have

an effect on the grafting process and, under these conditions, toluene produces

the material with the highest DAC performance. This trend is different to that

observed by Sanchez-Vicente et al., where the use of cyclohexane as the grafting
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Figure 4.19: CO; adsorption isotherms for amine (TRI)-modified SLDH grafted
in different solvents. The low pressure region is shown in the main graph and the
full isotherm is shown in the insert. The irregular steps observed are attributed to
measurement artefacts.

Table 4.7: N weight percentage, amine and silane density, DAC CO; capcity and amine
efficiency for SLDH grafted with TRI in different solvents.

Sample N N lizgirileg cag;)czity Amine
(av. wi%) (mmolg™)  WHE, - PEDL) efficiency
SLDH 0 0 0 0.299
TRIQSLDH-Toluene 3.42 2.442 0.814 0.267 0.109
TRIQSLDH-Xylene 3.88 2.770 0.923 0.244 0.088
TRIQSLDH- 4.92 3.513 1.171 0.195 0.056
Cyclohexane

solvent increased the amine density compared to toluene, leading to an increase in

capacity, although a similar increase in amine density is observed.?®

Table 4.7 shows the measured N in the sample, the calculated amine and silane
loadings and the amine efficiency at 0.4 mbar. The amine density shows an inverse

trend to the DAC CO, capacity, with densities of 2.442, 2.770 and 3.153 mmoly g !
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for the grafting using toluene, xylene and cyclohexane, respectively. The reduction
in capacity thus implies that although there are additional amine sites for COq
uptake, fewer of them are available for reaction, leading to a reduction in amine
efficiency (0.109, 0.088 and 0.056). A hypothesis for the reduction in amine ef-
ficiency is that the increases in amine density lead to reduced diffusion of CO,
to amines situated within the pores.!* This behaviour has been demonstrated by
Anyanwu et al., who showed that for wet-grafted amine-modified silica (where water
was deliberately added), amine density was enhanced by increasing the amount of
water added, but at low temperatures (25°C), this had an adverse effect on the
adsorption capacity due to kinetic limitations, which did not effect the adsorbents
at higher uptake temperatures.® An increase in the amine density may be due to
changes in the solvent-surface interaction, as hypothesised by Feitosa et al., or by
an increase in self-condensation of the amino silyl ether.?® The non-polar solvents
used are immiscible with water, with water saturation concentrations of 0.003,
0.0217 and 0.027mol L~! for cyclohexane, xylene and toluene, respectively.! As
the water saturation concentration for the solvents decreases with the increasing
amine density observed, it is unlikely that the increase is due to enhanced self-
condensation. The changes in the amounts of amino silane seen decomposing at
~ 250°C also correlate with the increased amine density (cyclohexane > xylene
> toluene), indicating a change in the distribution of binding modes of the silyl

products.

In summary, all three solvents allowed TRI to be successfully grafted on SLDH.
Changing the grafting solvent increased the amine density in the order cyclohexane
> xylene > toluene. Surprisingly, this led to a reduction in CO; capacity, implying
that there is an optimal level of grafting beyond which kinetic limitations result
in a decrease in performance. The increase in amine density is associated with an
increase in the weight loss at 250 °C attributed to bidentate amino silane, suggesting

that the grafting solvent influences the distribution of silyl products.
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4.2.2 Effect of moisture on grafting

To investigate whether there was any effect caused by trace water present in the
reaction on the grafting density, a further synthesis was conducted under anhydrous
conditions. As discussed previously (Chapter 4.2.1), a lower amine density showed a
higher amine efficiency, leading to a higher DAC CO, capacity. Further reductions

in the amount of self-condensation may enhance this effect further.

SLDH was modified using similar conditions (Chapter 4.2.1) with the inclusion of
Schlenk techniques; a full description is given in Chapter 4.3.4. In summary, 1g of
SLDH was dried at 100 °C under vacuum in a Schlenk flask overnight, cooled and
75mL of dried (using a solvent purification system) toluene was added under a Ny
atmosphere. 3mL TRI was added dropwise under vigorous stirring and left under
stirring for 15 min before being heated to 85 °C and stirred for 16 h. The suspension
was filtered and washed several times to remove excess TRI before being collected

via vacuum filtration. This sample was labelled TRIQSLDH-Dry.

The FTIR spectra are shown in Figure B.9. The spectra all show the same
adsorption bands arising from the grafted TRI (-NH at 1571 cm™! and —CH, - at
1471 cm™!), but a reduction in the band at 1117 cm~*. Si—O-Si linkages display
an adsorption band at ~ 1100 cm ™! and, as such, may be a large contributor to this
resonance; a large decrease in the adsorption indicates a reduction in hydrolysis to

form these linkages, as intended.

The #Si SS-NMR spectrum is shown in Figure 4.20. The same signals are observed
in the NMR spectrum as for the TRIQSLDH produced under standard conditions
(Figure 4.3). Tj_3 peaks at —49, —57 and —67 ppm and unknown peaks at —82,
—85, —88 and —93 ppm. However, under the anhydrous conditions, the previously
unattributed peaks in the range —75 to —100 ppm become the dominant environ-
ments, with the T, sites suppressed to broad resonances of approximately equal area
compared to the increasing trend seen in TRIQSLDH. The reduction in relative
amount of silanes in the typical T} _3 environments suggests that these signals arise

from species that require water (for hydrolysis) to form and are likely due to the
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hydrolysis self-condensation polymerisation reaction. As the unknown signals are
unaffected by the removal of water from the system, it is likely that they are due
to the surface grafting reaction which does not require water. As these signals do
not appear in previously reported silane grafted LDH systems, it is possible they
arise due to P—O—Si coupling. This has been reported in the reaction of silica
and phosphoric acid*? which is used in the formation of silicophosphates.*® The
inclusion of a P linkage is shown to shift Q sites by -10 ppm.** The direct reaction
of MONO with K3PO,, NagPO4 and PO(OMe); failed to show any new signals
in the #Si spectrum and attempts to confirm the environment by heteronuclear

P-0O-Si HMQC MAS experiments were unsuccessful.*?

The TGA traces are shown in Figure 4.21. There is no additional weight loss
observed at 65 and 250°C as seen for TRIQSLDH. This suggests these types
of silanes result from the hydrolysis self-condensation reaction and require the
presence of trace amounts of water to form. The weight loss at temperatures
between 300 to 375°C (5.13%) is comparable to that of TRIQSLDH, indicating
this site does not require water to form and is therefore likely formed by reaction

with the SLDH surface.

SEM images and EDX mapping of TRIQSLDH are shown in Figures 4.22 and 4.23.
The morphology of the SLDH is retained (Figure 3.28) with large particles &~ 20 pm
in size made up of small platelets (Figure 4.22(d)). The elemental mapping shows
there is a homogeneous distribution of nitrogen across the particle, indicating that

surface modification is successful, with no obvious agglomerations that can be

Table 4.8: Weight changes for different thermal events measured by TGA (Figure 4.21).

Weight change (%) in temperature range (°C)

Sample
0Oto 150to 225to 300to 375to 450 to 300 to
150 225 300 375 450 800 450
SLDH 849 786 253 401 879 6.87 15.30

TRIQSLDH 853 644 436 573 9.63 7.57 18.68
TRIQSLDH-Dry 7.82 6.20 275 513 981 7.70 17.65
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Figure 4.20: 2°Si CP-MAS NMR spectrum of TRI-modified SLDH measured at 10 kHz.
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Figure 4.21: TGA thermal curve of SLDH and TRI-modified SLDH.The derivative
trace is shown below (dotted line).
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Figure 4.23: HR-SEM EDX mapping images of TRIQSLDH.
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Figure 4.25: HR-SEM EDX mapping images of TRIQSLDH-Dry.
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Figure 4.26: CO3 adsorption isotherms for amine (TRI)-modified SLDH grafted under
standard and anhydrous conditions. The low pressure region is shown in the main graph
and the full isotherm is shown in the insert.

Table 4.9: N weight percentage, amine and silane density, DAC COs capacity and amine
efficiency for SLDH grafted with TRI under standard and anhydrous conditions.

g 1 N N Silane loading COs capacity =~ Amine
ampie (av. wt%) (mmolg™!)  (mmolg™?) (mmolg=!) efficiency
SLDH 0 0 0 0.299
TRIQSLDH 3.42 2.442 0.814 0.267 0.109
TRIQSLDH-Dry 1.14 0.814 0.271 0.391 0.480

observed (Figure 4.23(g)). The SEM and EDX mapping of TRIQSLDH-Dry are
shown in Figures 4.24 and 4.25. The morphology and elemental distribution match
closely with the TRIQSLDH sample, indicating a similar grafting mechanism in

both samples.

The CO; isotherms for the TRIQSLDH-Dry modified using the standard proced-
ure and under the anhydrous conditions are shown in Figure 4.26. The change
in grafting conditions has a clear improvement on the DAC CO, capture per-

formance, with the capacity increasing from 0.267 to 0.390 mmolgo, g~!. The
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total number of available sites also has a large increase, with a capacity of 0.576

Lat 10 and 1000 mbar, respectively, compared to 0.358 and

and 0.942mmolco, g~
0.540 mmolco, g~ ! for the SLDH modified using the standard procedure, due to
an increase in both the amount of chemisorption and physisorption. Table 4.9
shows the amine density in the anhydrous grafted SLDH is significantly decreased
(0.814 mmoly g~! compared to 2.442mmoly g~!), but the amine efficiency greatly
increases to 0.48 (from 0.109) as was hypothesised. This is close to the maximum
amine efficiency possible via the alkylammonium carbamate ion pair mechanism
(< 0.5). At 10mbar, the amine efficiency would be 0.708, indicating significant
contribution from a different mechanism: either stabilisation via interaction with

the SLDH support rather than an adjacent amine or CO, adsorption directly on
the SLDH support.

In summary, under anhydrous conditions, the COy adsorption capacity was shown
to increase despite a significant decrease in the amine density, with the associated
amine efficiency (0.48) approaching the theoretical maximum (0.5). A decrease in
the weight loss observed at 65 and 250 °C implies that the silyl species decomposing
at these temperatures require a hydrolysis reaction to form and that their formation
is thus prevented under anhydrous conditions. A similar decrease in the resonances
for the T)_5 environments in the 2°Si SS-NMR spectra suggest these too are from
polymerised groups and the previously unreported environments in the —75 to

—100 ppm region are the signals due to silane reactions with the SLDH.

4.2.3 Effect of amine

Number of amines in the alkyl chain

N'-(3-Trimethoxysilylpropyl)diethylenetriamine (TRI) is commonly used during
silica modification over the equivalent silanes with fewer amines: 3-aminopropyl-
triethoxysilane (MONO, Figure 4.27(a)), N-2-aminoethyl-3-aminopropyl-trimeth-
oxysilane (DI, Figure 4.27(b)). The work by Wang et al. showed the CO, uptake

kinetics varied with different onset temperatures for fast uptake for the three LDHs
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(a) 3-aminopropyl triethoxysilane (b) N-2-aminoethyl-3-aminopropyl trimeth-
(MONO). oxysilane (DI).

Figure 4.27: Structures of MONO and DI.

modified with MONO, DI and TRI (28, 73 and 84°C, respectively).> MONO-
modified LDH had the fastest kinetics at all temperatures, with the DI- and TRI-
modified LDHs reaching comparable rates at higher temperatures (approximately

1 respectively, at 80°C). As fast reaction

0.41, 0.4 and 0.33 mmolco, g ' min~
kinetics and capacity at ambient temperatures are necessary properties for DAC
sorbent materials it was investigated whether a similar effect would be seen for

modified SLDHs.

MONO- and DI-modified SLDHs were prepared in a similar process to the TRI-
modified SLDH discussed previously (Chapter 4.2). A full description of the
experiments are given in Chapter 4.3.5. Typically, 0.2g of SLDH was dried at
100 °C under vacuum and suspended in 20 mL toluene before 0.6 mL MONO or DI
was added dropwise and left under stirring for 15 min under a N, headspace before

being heated to 85°C and stirred for 16 h.

The FTIR spectra of the SLDH modified with the different amino silanes are shown
in Figure 4.28. MONO- and DI-modified SLDH show the same adsorption bands
as seen for TRI-modified SLDH (Figure 4.2), with no significant change in the
intensity or positions of the adsorptions of the organic groups, despite a reduction

in their concentration (Table 4.10).

¥C SS-NMR is shown in Figures 4.29 (CP-MAS) and 4.30 (CP-NQS). All three
of the amine-modified SLDHs show similar C environments: Si—CHy;—C (11 ppm),
C-CHy;-C (23ppm), C-CHy—NH, (40 ppm), CH3—O and/or C-CHy;—NH-C
(50 ppm overlapping, DI and TRI), C-NHCO,H (164 ppm) and CO3 (170 ppm).
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Figure 4.28: FTIR spectra of MONO-, DI- and TRI-modified SLDH.
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In the MONO-modified SLDH, the only signals in the low shift region arise from
the three carbon environments in the alkyl chain, with no signal from any ethoxy
groups, indicating complete hydrolysis of the Si. In DI-modified SLDH, there
are two new carbon environments overlapping at 51 ppm; the environments are not
entirely equivalent, leading to a broad resonance. In the TRI-modified SLDH, there
are four carbon environments at 51 ppm with an odd peak shape arising from small
variations in chemical shift between the inequivalent sites. The peak at 170 ppm is
from the COj3 anion of the SLDH, as seen previously (Figure 3.32), and the peak
at 164 ppm is from the carbamate formed upon exposure of the amine groups to
atmospheric conditions.*® The main FTIR stretching frequencies for ammonium
carbamate are COO ™~ 1553cm™! and 1393 cm™!, and CN 1117 cm™!, overlapping
with the NH, CO3*  and CN adsorptions from the sorbent.*”

The CP-NQS experiments (Figure 4.30) support these assignments with suppres-
sion of the CHy signals in the low shift region. The Si—-CHy—C (11ppm) and
C—-CH,-C (23 ppm) environments show the greatest suppression, indicating that
they experience the least motional averaging. The reduced suppression of the
C-CHy;—NH-C (50 ppm) and C—CH,—NHj; (40 ppm) resonances imply that they
experience more motion with greater freedom of movement the further they are

from the stationary surface bound Si tether.

#Si SS-NMR of the SLDH grafted with the different amines (MONO, DI, TRI)
is shown in Figure 4.31. They all show resonances at similar frequencies, as seen
previously (Figure 4.3). The three expected environments corresponding to the
Ty, Ty and Ty sites (seen at —51, —60 and —69 ppm) show similar shifts in all
samples, indicating that the Si environment formed from the grafting reaction is
similar, irrespective of the alkyl chain. All of these peaks are broad and fitting is
improved by the addition of a second broad peak at higher shift. For the 77 and T5
environments, O—R hydrolysis to form O—H is expected to produce environments
with a higher shift, due to an increase in the partial positive charge of Si’* which

could account for these environments. However, previous reports of species in
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Figure 4.30: '3C CPNQS NMR spectrum of MONO-, DI- and TRI-modified SLDH
measured at 10 kHz.
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measured at 10 kHz.
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Figure 4.32: TGA thermal curve of SLDH and amine (MONO, DI, TRI)-modified
SLDH.The derivative trace is shown below (dotted line).

solution show hydrolysed groups at lower shift due to the acid base reaction with
the amino group of the alkyl chain (Si—O~---H3N*—R).1%4® The resonances from
—76 to —96 ppm discussed previously in more detail (Figure 4.20) are present in
all samples and can be fitted by the same four distinct resonances at 81, 86, 89 and

93 ppm.

TGA traces of the different amino silane-modified SLDH are shown in Figure 4.32.
The SLDH modified by the amino silanes with shorter alkyl chains show similar
decomposition traces with two additional peaks in the derivative weight plot. The
initial weight loss attributed to loss of HoO and COs shifts to a maximum weight
loss at 70 and 80°C (for DIQSLDH and MONOQSLDH, respectively), suggesting
a stronger interaction energy with the sorbent. DIQSLDH has a decreased mass
loss at 250 °C compared to TRIQSLDH although they have similar amine densities
(Table 4.10); this is attributed to the lower molecular mass of the grafted silane.
Unexpectedly, the MONOQSLDH does not show the thermal event at 250°C,
instead showing a new peak at 325°C, suggesting that the shortening of the

alkyl chain has stabilised this silane species. The thermal decomposition of the
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monolayer at temperatures between 300 to 450 °C shows a similar trend with the
mass loss decreasing due to the decreasing molecular weight of the alkyl chain being

pyrolysed.

The CO, adsorption isotherms for the SLDH modified with the different amino
silanes are shown in Figure 4.33. The SLDH modified with the MONO and DI
amino silanes also show the Type I isotherm profile, but both show increased DAC
CO; capacity: 0.44 and 0.311 mmolco, g~ !, respectively. This trend differs from
those previously reported, with MONO-modified SLDH having a 1.4 and 1.7 times
higher capacity than the DI and TRI-modified SLDH.?> The amine density and
amine efficiency are presented in Table 4.10. This shows that although the amine
density increases with the number of amine groups in the functional chain of the
silane, the amount of silane grafted decreases. This suggests that the shorter alkyl
chains on the silane experience less steric interactions on the surface, allowing
more efficient packing during the grafting process. Table 4.11 shows the calculated
estimate for the surface density of the silanes, the average surface domain of each
group and the average radius of the domain compared to the length of the alkyl
chain. This estimate was made using the method described by Yoo et al.; total

hydrolysis of the silane was assumed to calculate the amount grafted per gram of

. . o Silane loadingg, .
SLDH (Silane loading,_, == T (Silanc Toadingy, « MW)). The average surface density

was then found by dividing this amount by the SLDH SSA (347m?g~!, D =

Silane loadinggSLDH
SSA

), with the average domain given by its inverse (A = %), from which
the radius of the domain was calculated (assuming a circular domain, R = \/g).22
The radius of the silane domain increases with the length of the alkyl chain of
the amino-silane (3.982, 4.641 and 4.747 A for MONO, DI and TRI, respectively),
indicating that a higher grafting density is possible. For all the amino silanes,
the radius remains shorter than the length of the alkyl chain, allowing interaction
between the chains, both in the formation of a alkylammonium carbamate ion pair

for CO5 binding and sterically during the grafting process.
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The amine efficiency increases with the decreasing amount of amine groups, indicat-
ing that more of the amine groups in MONOQSLDH and DIQSLDH are available
to react with CO, and that the shorter chain enhances diffusion, as has been
reported previously.® This is the opposite trend to that seen for MCM-48 where
the amine efficiency increases with the alkyl chain length.*® This is likely due to
the decreased silane density (radius of domain = 5.66 A for MONO@MCM-48)

preventing interaction between the amines.

These samples were sent to our collaborators in the group of Dr. Xuancan Zhu
at Shanghai Jiao Tong University for testing under dynamic conditions. Their
measurements under static and dynamic conditions are shown in Figures B.11 and
B.10. The trend observed under static conditions is the same as that discussed
previously (MONO > DI > TRI) and with the unmodified SLDH outperforming the
amine-modified samples. The DAC capacity values differ with the SLDH having a
higher capacity of 0.353 mmolgo, g1 and the amine-modified SLDH having lower
capacities (TRIQSLDH 0.187 mmolco, g~ and DI, MONO & 0.3mmolco, g™").
Under dynamic conditions, the trend of DAC adsorption capacities between the
amine-modified SLDHs is inverted (TRI > DI > MONO). All the samples show sim-
ilar adsorption rates for the first 15 min, reaching 0.15 mmolco, g~ ! the uptake rate
then slows, with samples not saturated after 2h at uptakes of ~ 0.3 mmolco, g L.
The enhancement of the TRIQSLDH DAC capacity implies either that the static
capacity measurement is incorrect or that the uptake is enhanced in this setup,
potentially by moisture in the gas stream. The samples reach a capacity of >
0.225 mmolco, g~ after 40 min (75% of the uptake after 2h), indicating potential

for short cycle times.

Effect of amine substituent groups

As the MONO amino-silane produced modified SLDH with the highest DAC CO,
capacity, the type of the amine was investigated to determine any influence on
the reaction of the amine with COs and the resulting DAC CO4 capacity. Two

commercially available silanes similar to MONO were selected, with the amine
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Figure 4.33: COg adsorption isotherms for amine (MONO, DI and TRI)-modified
SLDH. The low pressure region is shown in the main graph and the full isotherm is shown
in the insert. The irregular steps observed are attributed to measurement artefacts.
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Figure 4.34: Structures of MONO-Me and MONO-Ph.



Table 4.10: N weight percentage, amine and silane density, DAC COs capcity and amine efficiency for SLDH grafted with MONO, DI
and TRI.

Sample N (av. wt%) N (mmolyg™) Si(lslrrlsollo gafiir)lg C(girf(ipgzﬁi;y Amine efficiency
SLDH 0 0 0 0.299 -
MONO@QSLDH 1.62 1.157 1.157 0.443 0.383
DIQSLDH 2.385 1.703 0.851 0.311 0.183
TRIQSLDH 3.42 2.442 0.814 0.267 0.109

Table 4.11: The average silane density, domain and associated inter-silane distance for SLDH grafted with MONO, DI and TRI. SLDH
SSA = 347m?g!

g 1 Silane loading M, Silane loading  Silane density Silane domain Radius of domain  Alkyl chain length
ampe (mmoly g™!)  (gmol ™)  (mmoly g5 py)® (nm—2)° (nm?)4 (A)e (A)f
MONO@SLDH 1.157 86.19 1.285 2.007 0.498 3.982 5.2
DI@SLDH 0.851 129.26 0.957 1.478 0.677 4.641 8.9
TRIQSLDH 0.814 172.32 0.947 1.412 0.708 4.747 12.4

@ Molecular weight (MW) of surface grafted organo-silane (Si + Alkyl chain)

b Silane loading per gram of SLDH calculated by 1—(Si?zif§?of§iiingW)

¢ Silane density (D) is calculated by dividing the silane density per g of SLDH by the surface area of the unmodified SLDH:

Silane loading
SSA

4 The average silane domain is given by %

¢ Assuming the domain of each grafted silane is circular the average radius (R) of the domain is given by R = \/%
f Estimates of the length of the alkyl chain as reported by Yoo, Lee and Jones??

SH('IS buisn aunydvo é0)) ¥
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group modified with a methyl (Trimethoxy[3-(methylamino)propyl]silane, MONO-
Me) or phenyl (N-[3-(Trimethoxysilyl)propyl]aniline, MONO-Ph) group (Figure
4.34).

MONO-Me and MONO-Ph modified SLDHs were prepared in a similar process to
the previously discussed amino-silane TRI-modified SLDH discussed previously (for

example Chapter 4.2). A full description of the experiments are given in Chapter

4.3.6.

The FTIR spectra are shown in Figure 4.35. The adsorption bands are similar to
those seen for MONO@SLDH (Figure 4.28), but are missing the strong N—H band
at 1570 cm™!, characteristic of primary amines, as both feature secondary amine
groups. MONO-Ph@SLDH also has a C=C adsorption band at 1604cm™! from

the aromatic phenyl group.

The TGA thermal traces are shown in Figure 4.36. Similar thermal events to those
observed for MONOQSLDH (Figure 4.32) are seen: a slow mass loss up to 150°C
without the peak loss at ~ 60°C for MONO-Ph, attributed to its reduced CO,
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Figure 4.35: FTIR spectra of amine (MONO-Me and MONO-Ph)-modified SLDH. O
indicates a peak arising from brucite.
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Figure 4.36: TGA thermal curve of SLDH and amine (MONO-Me, MONO-Ph)-
modified SLDH. TGA curves for MONO@QSLDH shifted to lower temperature due to
a reduced sample mass used for analysis.
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Figure 4.37: CO; adsorption isotherms for amine (MONO, MONO-Me and MONO-
Ph) modified SLDH. The low pressure region is shown in the main graph and the full
isotherm is shown in the insert.
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Table 4.12: N weight percentage, amine and silane density, DAC COqy capacity and
amine efficiency for amine (MONO, MONO-Me and MONO-Ph)-modified SLDH.

Sample N N Silane loading COq capacity AIr.line
(av. wt%) (mmolxg™!)  (mmolg™?) (mmolg=!) efficiency
SLDH 0 0 0 0.25 -
MONO@SLDH 1.9 1.356 1.356 0.284 0.209
MONO-Me@SLDH 0.98 0.700 0.700 0.215 0.308
MONO-Ph@SLDH 0.83 0.593 0.593 0.075 0.127

capacity (Figure 4.33), no clear thermal event at 250 °C as seen for DIQSLDH and
TRIQSLDH or at 325°C for MONO®QSLDH, instead displaying a steady decrease

before a higher mass loss ~ 400 °C.

The CO4 adsorption isotherms for the SLDH modified with MONO-Me and MONO-
Ph are shown in Figure 4.37. All the isotherms show the Type I isotherm profile
seen for the previously discussed amino-silane modified materials. The DAC CO,
capacities for the secondary amine (MONO-Me and MONO-Ph)-modified SLDHs
(0.22 and 0.07 mmolco, g1, respectively) are lower than that of the primary amine-
modified SLDH (0.284 mmolco, g™1). The amine density and amine efficiency are
shown in Table 4.12, which shows that for all three amino-silane grafted SLDHs,
the amount of silane grafted is lower for the substituted amines compared to the
MONOG@QSLDH sample (1.356, 0.7 and 0.593 mmol g~ for MONO, MONO-Me and
MONO-Ph).

The secondary amine modified with a methyl group (MONO-Me) exhibits a lower
DAC capacity compared to the primary amine (MONO). However, it demonstrates
a higher amine efficiency, suggesting that methylation positively influences the
stability of the ammonium carbamate formed. Unfortunately, the overall capacity

is limited by the reduced density of grafted silane.

The phenyl-modified secondary amine displays significantly different performance;
although the amine density is similar to methyl-modified amine (with the slight
decrease attributed to the increased bulk of the phenyl group) the DAC COq
capacity is approximately 33% of the MONO-Me@SLDH sample. The capacity at
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higher pressures is also significantly reduced, reaching 0.109 and 0.301 mmolco, g !

at 10 and 1000 mbar, respectively. If the decrease in amine efficiency were solely
due to a decrease in affinity, it would be expected that the capacity would tend
to a similar value at high pressures where all the sites are close to saturation
in both samples. As they instead show similar increases due to physisorption
(shown by similar gradients above 200mbar), the number of sites available for
chemisorption must decrease. Three potential explanations for this phenomenon
are proposed: firstly, the phenylaniline moiety might not engage in a reaction with
COg in the solid sorbent, leading to any uptake being attributable to the SLDH
support with a reduction in available sites due to the grafting process (this is
likely given that aniline is a weak base (pK, = 4.63) and that stronger bases are
utilised in aqueous systems to form the ammonium component of the ion pair).?%>!
Alternatively, partial oxidation of aniline upon exposure to air may reduce the
amount of amine sites.5? Finally, the steric hindrance due to the phenyl group may
prevent the proton transfer necessary for the formation of a stable alkylammonium
carbamate ion pair. Further spectroscopic studies to identify the species formed
upon CO, adsorption are needed to determine which of these causes is responsible
for the decrease in amine efficiency. The low uptake of the MONO-Ph sample does
provide a convenient control to demonstrate that the uptake under DAC conditions
is primarily linked to the amine modification and is not simply residual uptake from

the support.

4.2.4 Process energy calculations

The sorbent production cost and energy consumption are two of the crucial consid-
erations when evaluating a DAC process. Amine-modified SLDHs provide a lower
cost alternative to metal organic frameworks and templated mesoporous silicas,
thus addressing the first point. A brief evaluation of the energy cost for their use

in the DAC process is given below to address the second.

Several processes contribute to the energy consumption: fans to pass the air over

the material in the contactor during the adsorption step and heaters and /or vacuum
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pumps needed to induce CO, release during the desorption step. However, 84
to 96 % of the operational energy requirements are estimated to be used by the
thermal regeneration process.”® The minimum thermal energy required for the
thermal regeneration (Qre4en) can be estimated thermodynamically depending on:
the heat capacity (C} sorbent), temperature increase needed (AT = Tyesort, — Tudsors)
enthalpy of COs adsorption (AHugsors) and the COy adsorption capacity (gco,)-
This is an underestimate as it does not account for HyO adsorption which may be
substantial.

Cy

,sorben
—psorbent + Cp,COg(g)] AT + A[—[adsorb
dco,

Qregen = {

Thus, it can be seen that to lower the energy of regeneration, a sorbent should
posses a low specific heat capacity, a low regeneration temperature, high DAC CO,
adsorption capacity and low enthalpy of adsorption. The specific heat capacity of
the sorbents estimated from the heat flow during DSC experiments (Figure B.12
and Table B.3), a desorption temperature of 120 °C and the enthalpy of adsorption
calculated for TRIQSLDH were used.

The average heat capacity of the SLDH from 30 to 120°C is calculated from the
DSC heat flow as 1.76 JK~! g=!. This is higher than that previously reported for
MgsAl LDHs by Bernard et al. (953JK 'mol ™', 1.53JK~'g~')>* and Prentice
et al. (958.67JK 'mol™!, 1.61JK~' g~ ) at 298 K.>® The amine-modified SLDHs
possess similar heat capacities (1.63 to 1.89 JK~! g!), with the increases attributed

to the entropy changes from the mobile alkyl chains.

TGA-MS of TRIQSLDH desorption of COs captured from dry air (Figure 4.38)
shows a peak desorption temperature of 86.4 °C (20 K min™!) with total desorption
complete 5 min after reaching the regeneration temperature (120 °C). Temperature
programmed desorption of TRIQSLDH-Dry exposed to pure CO (Figures 4.39 and
B.13) shows the amine-modified SLDHs have a maximum release of CO5 at 57.5°C
(5Kmin™') and 45°C (1 Kmin™') but continue to steadily release CO5 up to the
set desorption temperature (120°C). Peak desorption occurring at temperatures

lower than 120 °C suggests the potential for lowering the regeneration temperature,
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Figure 4.38: TGA-MS data of the desorption step of TRIQSLDH. The peak desorption
temperature and the time where the CO5 concentration has returned to background levels
are marked.
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Figure 4.39: CO; TPD signal for TRIQSLDH-Dry at 5°Cmin~!. The COs capacity
calculated from the gas flow rate is given.



4. COgy capture using SLDHs 186

thereby reducing the associated energy cost (sensible energy). Specifically, heating
from 25 to 120°C contributes &~ 80% to the total calculated energy, with a
regeneration temperature of 80°C achieving a 42% reduction in sensible energy.

However, this modification may lead to a decrease in capacity.

In a study by the US National Academies, modelling of a solid sorbent system was
shown to have energy requirements from 1.93 to 23.09 GJ taé)g (the minimum work
thermodynamically possible being 0.45GJ taéz) between a best and worse case
scenario with 1.85 to 19.3GJ ta(l)Q required for the thermal desorption step.”® In
the worst-case scenario, achieving negative emissions is not feasible when fossil fuels
remain in use, necessitating a fully green energy grid. However, moderate energy
requirements, such as 4.8 GJ; to6 ) of thermal energy, are still capable of producing
negative emissions even when thermal energy is derived from coal combustion, with

0.44 Mtco,, produced per Mtgo, captured, at a cost of $ 288 taéz.

The estimates of energy required for a process using amine-modified SLDHs are cal-
culated using the thermodynamic parameters shown in Table 4.13 at 10.04 GJ; tog, )

for MONO@SLDH and 11.73 GJ; tc, TRIGSLDH-Dry.

Table 4.13: Thermodynamic parameters for process energy calculations. Cpco, ) is
the molar heat capacity of COsz. C), sorpent is the heat capacity of the sorbent. gco, is
the quantity of CO9 adsorbed per cycle. AT is the difference between the adsorption
and desorption temperatures. AH,gs0r 1S the enthalpy of adsorption of CO5 onto the
sorbent. Qregen is the energy requirement for COg capture using the sorbent.

Parameter ‘ Sample ‘ Value
Cp,c0a0) 37.2Jmol ' K
AT 95°C
Cpsorbent | MONO@SLDH 1.629J K 1g
4co, MONO®QSLDH 0.440 mmol g~!
AH gsor TRIQSLDH 86.4kJ mol™*
Qregen MONO@SLDH | 441.650 kJ; mol ™ 10.04 GJ; teo,
Cpsorvent | TRIQSLDH-Dry 1.749J K 'g
4Co, TRIQSLDH-Dry 0.390 mmol g *
AH gsort TRIQSLDH 86.4kJ mol ™"
Qregen | TRIQSLDH-Dry | 515.972kJ, mol ™" 11.73 GJ, tgf,

2 Heat capacity at 25°C.%¢
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These values are significantly higher than those previously reported for amine-
modified LDH by Ge et al. (4.2GJ; taéz), due to increased values of C,, AT
and AH,4s, and a reduced gco,.’” Their work showed that optimisation of the
desorption temperature led to a reduction in the specific energy requirements,
achieving a minimum of 2.27 GJ; taéz at a desorption temperature of 40 °C. The cal-
culated energy requirements for desorption align with those calculated by Surkatti
et al. for PEI impregnated SBA-15 and the common commercial sorbent Lewatit,
which are 150 and 225kJ; mola(l)Q, respectively, with adsorption at 21°C and
desorption at 90 °C.'* Therefore further studies to optimise the process conditions
are imperative to make these SLDH-based sorbents competitive compared to other

materials currently reported.

4.2.5 CO; productivity

According to Balasubramaniam et al., the key performance metrics for a DAC
process are the dry COy purity (molar fraction of COs in the extract stream which
depends on the regeneration method), the specific energy requirement (discussed
previously) and the CO5 productivity which is an indicator of how large the capture
plant would be.?® They define the productivity of a DAC process as the tonnes of

CO, extracted per day per cubic metre (tco, d™' m™2).

Mass of CO4 captured

Pr =
" (Volume of the sorbent)(Cycle time)

Balasubramaniam et al. estimated that the technology used by the Climeworks
plant had a specific energy requirement of ~ 10.8 MJ kg™' and a productivity
of 0.074tco, d™'m™, providing benchmark values for comparison. The specific
energy requirement is comparable to that calculated for the SLDH sorbents and a

brief evaluation of the productivity of SLDH-based sorbents is given for comparison.

The productivity is related to both the volumetric adsorption capacity and the
length of the adsorption/desorption process. The high powder density of the
parent SLDH material also results in the amine-modified sorbent possessing a

high powder density (MONO@SLDH 0.727 gmL™!, TRIGSLDH-Dry 0.792 gmL ™).
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This gives DAC volumetric adsorption capacities for the highest capacity materials
of 0.320 mmolco, mL™! (MONO@SLDH) and 0.309 mmolco, mL ™" (TRIGSLDH-
Dry), significantly higher than the reference TRIGSBA-15 (0.082 mmolco, mL ™).
From the TGA data in Figure B.10 and TGA-MS (Figure B.14), CO, adsorption
to the saturation capacity takes > 2h, but the uptake rate is minimal after this
time. Figures 4.38 and B.2 show CO, desorption is complete after only 5 min using
a 20°Cmin~! temperature ramp rate. Using a 2h adsorption period at 25°C, a
10 min desorption period at 120°C and a 20°C/min ramp rate gives a cycle time
of 139.5 min. This gives productivities of the MONO@SLDH and TRIQSLDH-Dry

systems as 0.145 tco, d™' m™ and 0.140 tco, d™' m™ respectively.

_ 4co,.v ¥ M Rco, * 1073

P
" Cycle time

This surpasses both the Climeworks benchmarks and the materials evaluated by
Balasubramaniam et al., largely due to the high tap density and aided by a relatively
short cycle time. Balasubramaniam et al. estimate the volume of the sorbent using
an estimated bed voidage of 0.4 and the sorbent’s particle density (average density
within a particle including interstitial pores),’® this corresponds to a loose packing

and is slightly less dense than that for dense (tapped) bed voidage (0.375).99

4.3 Experimental details
4.3.1 Reagents and chemicals

The amino silanes: 3-aminopropyl-triethoxysilane (MONO), trimethoxy[3-(methyl-
amino)propyl]-silane (MONO-Me), N-[3-(trimethoxysilyl)-propyl]-aniline (MONO-
Ph), N-2-aminoethyl-3-aminopropyl-trimethoxysilane (DI) and N'-(3-trimethoxy-
silylpropyl)diethylenetriamine (TRI) were purchased from Sigma Aldrich and used
without further purification. The solvents: toluene, xylene, cyclohexane, hexane
and methanol were purchased from Sigma Aldrich and used without further puri-
fication. Dry toluene was made by passing it through a solvent purification system

(SPF) and was stored in an ampoule under a Ny atmosphere prior to use.
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4.3.2 Synthesis of TRI-modified SLDH

0.2 g of SLDH was dried under vacuum in a vacuum oven at 100 °C for 1 h and then
suspended in 15mL toluene before 0.6 mLL TRI was added dropwise. It was then
left to stir for 15min (750 RPM) under a slow flow of Ny through the headspace
before being heated to 85°C and stirred for 16 h. The solution was centrifuged at
1000 RPM for 10 min before washing by re-suspension and centrifuging sequentially
in (two times 20 mL) toluene, (20 mL) hexane and (20 mL) methanol. The sample

was then dried overnight at 60 °C under vacuum.

4.3.3 Effect of grafting solvent on TRI-modified SLDH

1g of SLDH was dried under vacuum in a vacuum oven at 100°C for 1h and then
suspended in 75 mL toluene before 3 mL of TRI was added dropwise. It was then
left to stir (750 RPM) for 15 min under a slow flow of Ny through the headspace
before being heated to 85°C and stirred for 16h. The solution was filtered and
washed with (two times 25 mL) toluene, (25mL) hexane and (25 mL) methanol.

The sample was then dried overnight at 60 °C under vacuum.

4.3.4 Effect of moisture on TRI-modified SLDH

TRIQSLDH dry was made under similar conditions (Chapter 4.3.3) with the inclu-
sion of Schlenk techniques. In summary, 1g of SLDH was dried at 100 °C under
vacuum in a Schlenk flask overnight (16h), cooled and then 75 mL of dried (using
a solvent purification system) toluene was added via cannula. 3 mL TRI was added
dropwise via syringe under vigorous stirring and left to stir for 15 min before being
heated to 85°C and stirred for 16 h. The suspension was filtered by filter cannula
and washed by sequential resuspension and filtration with approximately (two times
25 mL) toluene, (25 mL) hexane and (25 mL) methanol to remove excess TRI before
being collected via vacuum filtration. The sample was then dried overnight at 60 °C

under vacuum.
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4.3.5 Effect of amine number on amine-modified SLDH

4¢g of SLDH was dried under vacuum in a vacuum oven at 100°C for 1h and
then suspended in 300 mL toluene before 12 mL of amino silane (MONO, DI, TRI)
was added dropwise. It was left to stir (750 RPM) for 15min under a slow flow
of Ny through the headspace before being heated to 85°C and stirred for 16 h.
The solution was filtered and washed with (two times 100 mL) toluene, (100 mL)
hexane and (100 mL) methanol. The sample was then dried overnight at 60°C

under vacuum.

4.3.6 Effect of amine type on amine-modified SLDH

0.2g of SLDH was dried under vacuum in a vacuum oven at 100°C for 1h and
then suspended in 15mL toluene before 0.6 mL of amino silane (MONO, MONO-
Me, MONO-Ph) was added dropwise. It was left to stir for 15 min (750 RPM) under
a slow flow of Ny through the headspace before being heated to 85°C and stirred
for 16h. The solution was filtered and washed with (two times 20 mL) toluene,
(20mL) hexane and (20mL) methanol. The sample was then dried overnight at

60 °C under vacuum.

4.4 Conclusions and future work

SLDHs were successfully grafted with amino silane moieties to produce materials
which can be used as CO, sorbents. The grafted amine density can be varied by
the solvent used and the removal of trace water, with lower amine densities giving
higher DAC capacities. This was attributed to kinetic limitations caused by pore
blocking of the material. Reducing the length of the amine-containing organic

chains increased the DAC capacity, attributed to a similar kinetic phenomenon.

The best samples of MONOQSLDH and TRIQSLDH-Dry showed DAC capacities

1 1

of 0.443 mmolco, g~ and 0.391 mmolco, g7  Estimates of the process energy

and CO, productivity for the sorbents were comparable to that estimated for the
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currently employed sorbents by Climeworks, but the process energy is larger than

similar work reported in the literature.

The sorbents were characterised by FTIR, TGA and SS-NMR. The nature of the
environments producing resonances from —75 to —100 ppm in the 2°Si SS-NMR still
require conclusive identification, potentially by the synthesis of the novel organo-
functionalised silicophosphates for comparison or further multi-nuclear quantum
correlation experiments. TGA-MS may also help to confirm the origin of the

different mass losses observed.

The unusual increasing enthalpy of adsorption observed for the sorbents should
be corroborated by isothermal calorimetric measurements. If these results are in

agreement, further modelling is needed to explain this phenomenon.

Lastly, the process energy and productivity for the two best sorbents (MONO@SLDH
and TRIQSLDH-Dry) were calculated and are comparable to estimates of the
materials used commercially. Many reports in the literature use lower regeneration
temperatures and peak COs release for these materials was observed at temper-
atures significantly below 120 °C, suggesting lower regeneration temperatures may
be employed. Further work exploring the sorbent capacity at lower regeneration

temperatures is needed which ideally will lower the process energy cost significantly.

Initial cyclic stability tests using a TGA-MS setup were conducted, but further

work evaluating the sorbent under true process conditions is needed.
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5.1 Introduction

As discussed in Chapter 1.3.1 the plastic crisis has been of growing concern, with the
amount produced annually continuing to increase, and with demand outpacing the
increase in recycled plastic. Polyolefins such as polyethylene (PE) and polypropyl-
ene (PP) account for 67% of post-consumer plastic' and cannot be easily recycled,
either reaching their end of life in landfill or incineration for energy recovery.
Mechanical recycling of the polymers is difficult as contaminants prevent their use
in food packaging, one of their common applications. Additionally, hot spots during
thermal treatment cause the chains to break, reducing their mechanical strength,
and restricting their useful life to a single reprocessing cycle. Chemical recycling is
difficult because the polymers lack functional groups and have high bond stability.
Pyrolysis, which is thermal degradation without oxygen, is often employed, yielding
a distribution of products due to a statistical cleavage of bonds. The process has
been well studied and occurs via homolytic bond fission to produce radicals that can
stabilise themselves via intramolecular hydrogen transfer before producing lower
molecular weight fragments by [-scission. Pyrolysis can be performed at various
temperatures with low-temperature pyrolysis (< 300°C) yielding a higher amount
of liquid products than high-temperature pyrolysis (> 700°C) which produces
mostly gaseous products. PP is also noted to be more susceptible to bond scission as
a result of the higher stability of the secondary radical formed. Catalytic pyrolysis
introduces a catalyst into the pyrolysis reactor that can lower the temperature at
which bond fission occurs as well as narrow the product distribution and increase
the selectivity. Numerous materials such as FeyO3, AlySisO5(OH), and Zeolites
have been used for catalytic pyrolysis of polypropylene to produce fuel range oils
(at & 500°C), with an emphasis on the low cost of the catalyst.?® These catalysts
are not selective, producing a range of products up Csy5 and there is a need for more

selective catalysts if the products are to be used for applications other than fuel.

In addition to use as a sorbent, the high surface area of the SLDHs produced in

Chapter 3.3.1 makes them appealing as catalysts or catalyst precursors, as a higher



5. Catalytic polypropylene pyrolysis using transition metal-doped SLDHs 197

surface area typically correlates with a higher number of exposed catalytic sites.
This chapter explores the development of these SLDH materials to include cata-
lytically active (transition) metals (TM) and their use in the catalytic pyrolysis of

polypropylene at moderate temperatures (< 300 °C) to produce gaseous products.

5.2 Development of TM-doped SLDH catalysts

Previously reported catalysts for catalytic polyolefin pyrolysis include supported
Co, Ni, Zn, Fe, and Cu.*® Zn, Fe and Ni were chosen as targets for potential SLDH-
based catalysts, due to their high natural abundance, low cost and the relative ease

of their reported LDH synthesis.

5.2.1 Zn-doped SLDH

MgsZnAl SLDH synthesis was attempted by partially substituting Mg with Zn
during the synthesis. The methodology was the same as that developed in Chapter
3.3.6 and given in detail in Chapter 5.4.2.

The powder XRD pattern for the material produced is shown in Figure 5.1. Along-
side sharp Bragg reflections corresponding to a hydrotalcite-like phase, there are
also sharp peaks which correspond to a zincite phase (Zn0O), indicating that the
some of the Zn is not contained within the LDH structure and precipitates inde-
pendently. ZnO is a common impurity during ZnAl LDH synthesis,® forming when
the AI*T concentration is low.” Aqueous 7Zn>T is stable vs ZnO at pH < 8,8 with its
minium solubility at pH ~ 10;° therefore synthesis under less alkaline conditions
was carried out in an attempt to prevent ZnO formation. The initial pH was varied
by reducing the amount of 1M NaOH solution (described in Chapter 5.4.2); the
powder XRD patterns of the produced materials are shown in Figure C.1. The
pH of the solution of metal salts was initially ~ 3.8 and was increased to 9, 9.5
and 10 by addition of approximately 4, 4.5 and 5mL of 1M NaOH solution. The
powder XRD patterns show similar features with a broad amorphous halo from

15° to 50°, potentially from unreacted starting material (A-MgHPO,), two broad
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Figure 5.1: Powder XRD pattern of material produced from partial substitution of Mg
for Zn during SLDH synthesis. Peaks can be indexed to the patterns below (RRUFF
Project R050457 - Hydrotalcite and R0O60027 - Zincite).!? * indicates a reflection due to
the sample holder.

Bragg reflections at 35° and 61°, tentitatively assigned to amorphous LDH, and
low intensity Bragg reflections at 8, 16.6, 27.5, 29.3 and 30.8° which correspond
to the (001), (111), (212), (122) and (221)/(203) reflections of MgsP207 - 3.5 HyO,
as reported by Chen et al.''’ and Kongshaug et al.,'? which is formed from the

hydrothermal reaction of Mg*™ and H3POy in the presence of a base.

Failure to form an LDH phase using this method was attributed to the low amount
of base added (although the initial pH was in the range known for LDH precipit-
ation),'® as the LDH consumes OH™ ions as it precipitates, making the solution
more acidic. 3.2mmol of metals were used in the reaction, so at least 6.4 mmol
of NaOH (> 6.4mL 1M NaOH) is required to maintain an alkaline environment
during the coprecipitation. To prevent further increases in pH during addition, the

NaOH solution was added dropwise (0.1 mLmin~?!, as detailed in Chapter 5.4.2).

The powder XRD patterns for the materials formed upon addition of 6.5, 8, 10
and 12mL 1M NaOH are shown in Figure 5.2. The patterns for the materials
made using 6.5 and 8 mmol NaOH (Figure C.2) appear similar to those discussed
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Figure 5.2: Powder XRD pattern of material produced from partial substitution of
Mg for Zn during SLDH synthesis using slow addition of various amounts of 1 M NaOH.
Peaks can be indexed to the patterns below (RRUFF Project R050457 - Hydrotalcite,
R060027 - Zincite and R050455 - Brucite).!? * indicates a reflection due to the sample
holder.

previously (Figure C.1 4 to 5mmol). The reflections assigned to MgsP20, - 3.6 H,O
are not observed, the broad reflections at 35° and 61° have an increased intensity
and new reflections are seen at 12, 19 and 24°. These are attributed to a mixture
of a hydrotalcite-like phase ((003), (006), (012), (018) and (110)/(113) at 12, 24,
35, 45 and 61°) and brucite phase ((001) and (011) at 19 and 38°). As the amount
of base added increases (10 and 12mmol), the intensity of the hydrotalcite-like
phase increases and the brucite phase is not observed. However, the ZnO phase
is present instead. Based on these observations, it is concluded that Zn is not
compatible with the developed SLDH synthesis, with low crystallinity SLDH and
brucite formed using low amounts of base and ZnO forming when higher amounts

are used.

5.2.2 Fe-doped SLDH

Similarly to Zn, inclusion of Fe was attempted via partial substitution of Al dur-

ing the SLDH synthesis. Figure 5.3 (a) shows the powder XRD pattern of the



5. Catalytic polypropylene pyrolysis using transition metal-doped SLDHs 200

synthesised material. The pattern contains sharp peaks which can be indexed to

hydrotalcite, as well as a shoulder at 20° assigned to a minor brucite impurity.

Following the success of the synthesis of the partially substituted MgsFegsAlg 5
SLDH, the fully substituted MgszFe SLDH was synthesised (Figure 5.3 (b)). The
intensity of the SLDH peaks is significantly reduced, similar to that reported for

.14 Extraction of

MgFe LDH produced via variable pH coprecipitation by Silva et a
the lattice parameters (Table 5.1) shows a linear change in the a unit cell parameter
with increased Al substitution (Figure C.3) in accordance with Vergard’s law: the
observed lattice parameter is the weighted average of the constituent components
in a solid solution. The a parameter (0.313nm) is comparable to the literature
value of 0.311nm." There is also a significant amount of brucite impurity ((001),
(011), (102) and (110) at 19, 38, 51 and 59°). Attempting to remove this impurity,
the ratio of Mg used was lowered to MgsFe which reduced the intensity of the (011)
and (110) brucite reflections (Figure C.4). A further decline in the intensity of these
Bragg reflections was observed upon reducing the quantity of NaOH employed in
the synthesis. (Mg,Fe SLDH Figure C.5, Mg,Feq5Alys LDH Figure C.6). The
samples are all brown powders (Figure 5.4), with the shade of the samples getting

darker with increased Fe content.

The elemental composition of MgsAlg sFeg 5 and MgsFe SLDHs are shown in Table

5.2, with the calculated formulas as:

[Mg0.698A10_164F60.138(OH)Q] [(CO3)0.15] -0.034 H3P04 -0 HQO and

[Mg0.65F60.34(OH)2] [(CO3)0,17] -0.06 HQCO3 -0.016 H3PO4 -0.8 HQO

The metal ratios are similar to the amounts of metal precursors added, indicating
that all the metals precipitate to a similar degree. The main anion is carbonate
with the amount observed approximately equal to half the M™ cations. There
is a minor amount of phosphate present, but it is not the main anion as it is
present at a concentration that is an order of magnitude lower. The phosphate

concentration also decreases without the addition of Al, which provides further
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Figure 5.3: Powder XRD pattern of material produced from partial and total substi-
tution of Al for Fe during SLDH synthesis. Peaks can be indexed to the patterns below

(RRUFF Project R050457 - Hydrotalcite and R050455 - Brucite).'?

Table 5.1: Lattice parameters (a,c) of the Mg,Fe,Al;_, SLDHs and their respective
crystallite domain lengths (CDL).

d a CDL, d c CDL.
Sample (nlrlr?) (nm) (nm) (r?r(f) (nm) (nm)

MgsAl 0.1528 0.3056 19.7995 0.7716 2.3149 8.0168
MgsFepsAlps  0.1533 0.3067 6.2369 0.7767 2.3300 4.6729
MgsFe 0.1565 0.3131 12.8598 0.7712 2.3137 7.8530

(a) Mg3Fe0A5A10.5 (b) Mg2F60.5A10_5 (C) MggFe SLDH (d) MgQFe SLDH
SLDH SLDH

Figure 5.4: Photographs of Mg,Fe,Al; , SLDHs (z = 2,3,y = 0.5,1).
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evidence of enhanced phosphate binding by Al. The overestimate of all the elements

in MgsFe SLDH suggests there is some metal oxide present.

To assess the morphology of the Fe-doped SLDHs, HR-SEM was used with EDX
mapping to assess the distribution of elements within the sample. Figures 5.5
and 5.6 and Figures 5.7 and 5.8 show the microscopy images and EDX mapping
for MgoFe and MgoFegsAlgs SLDH, respectively. MgoFegsAlgs SLDH exhibits
particles of a similar form to that of the undoped MgzAl SLDH materials, char-
acterised by large particles (< 30 pm) composed of intergrown platelets. However,
the morphology has changed, with the characteristic coffin shape of the struvite
precursor not observed, suggesting a change from the solid-solid transformation pre-
viously observed. Figure 5.7(c) illustrates that these platelets possess a hexagonal
shape, with a diameter of 500 nm and a thickness of 30 nm. The EDX mapping re-
veals a uniform distribution of C, O, Mg, and Al within the particle, although areas
of increased Fe concentration suggest some degree of phase segregation. MgyFe
SLDH shows a different morphology with smaller particles (< 4 pm) and a lumpy
surface which appears as an agglomeration of smaller &~ 150 nm spherical particles.
This morphology appears similar to that reported for MgFe LDHs by Kim et al.'®
This variation in morphology suggests a change in the growth mechanism of the
SLDH. The EDX mapping shows C, O, Mg and Fe are present throughout the
particle, but small regions of high Mg concentration suggest a small amount of the

A-MgHPO, precursor may remain.

A further two ratios of Fe:Al were synthesised (MgsFeg7Algs and MgoFeggAlgs);

the powder XRD patterns are shown in Figure 5.9. As well as a decrease in intensity

Table 5.2: Elemental composition (wt%) of MgsAlgsFegs and MgoFe SLDHs and the
elemental composition calculated for their estimated formula.

Sample C H N Al Fe Mg P Na

MgoAlpsFeps 2.75 3.07 0.00 59 10.34 22.68 1.43 0.02
Calculated  2.39 2.81 0.00 5.87 10.22 2249 1.40 0.00

MgsyFe 281 257 0.00 0.00 19.68 16.03 0.51 0.06
Calculated  2.82 3.82 0.00 0.00 19.81 16.15 0.51 0.00
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\ 135nm

(d)
Figure 5.5: HR-SEM images of MgyFe SLDH.

(b)

O K series Fe L series P K series

C K series

Mg K series

(c) (d) (e) (f) (8)
Figure 5.6: HR-SEM EDX mapping of MgsFe SLDH.
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(b)
(e) (f) (2) (h)

Figure 5.8: HR-SEM EDX mapping of MgsAlysFeq s SLDH.
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Figure 5.9: Powder XRD pattern of material produced from different levels of substi-
tution of Al for Fe during SLDH synthesis. Peaks can be indexed to the patterns below
(RRUFF Project R050457 - Hydrotalcite and R050455 - Brucite).!?

Table 5.3: Lattice parameters (a,c) of the Mg,Fe,Al;_, SLDHs and their respective
crystallite domain lengths (CDL).

d110 a CDLa doog C CDLC
(m)  (m)  (om)  (m)  (m)  (um)

Sample

MgoFeg5Alps  0.1534 0.3069 12.9230 0.7754 2.3261 5.8238
MgoFep7Alps  0.1544 0.3088 10.8740 0.7819 2.3456 6.1267
MgoFepgAlyo  0.1548 0.3097 11.7170 0.7819 2.3456 6.3037

Mgs,Fe 0.1561 0.3122 10.2109 0.7716 2.3148 7.6660

with increased substitution, there is also a change in lattice parameters (Table 5.3,
Figure C.7). The c¢ lattice parameter remains similar (&~ 2.33nm), but there is
a linear change in the a lattice parameter (0.307 to 0.312nm), as seen for the
MgsM™ SLDH samples. The limits of the linear fit shown in Figure C.7 (y =
0 = a=03015nm, y =1 = a = 0.312nm) provide different bounds from the
literature values of @ = 0.3046 nm Mg,Al LDH!® and a = 0.310 nm Mg,Fe LDH,*
suggesting the Fe incorporation is not complete and the Mg content in the SLDH
is higher than attributed. As the CDLs of the SLDHs remain similar, the reduced

intensity observed must be due to the sample composition. This could be due to the



5. Catalytic polypropylene pyrolysis using transition metal-doped SLDHs

Intensity (a.u.)

2006

L~ A~ ~o0o°C
542 °C
249 °C
28 °C
8 —— Hydrotalcite R050457
1 L I s
= —— Periclase AMCSD0000501
|
s —— Magnesioferrite R070127
g | g § & g
| T i l
T T T T T T T T 1
10 20 30 40 50 60 70
26 (°)

Figure 5.10: Variable temperature powder XRD patterns of MgsFeps5Algs SLDH.
Pattern measured at A =0.825276 A and converted to the equivalent pattern at Aoy =
1.54057 A for ease of comparison. Peaks can be indexed to the patterns below (RRUFF

Project R050457 -
Periclase).10:17
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Figure 5.11: Variable temperature powder XRD patterns of MgoFe SLDH. Pattern
measured at A =0.825276 A and converted to the equivalent pattern at Aoy = 1.540 57 A
for ease of comparison. Peaks can be indexed to the patterns below (RRUFF Project
R050457 - Hydrotalcite, R070127 - Magnesioferrite, AMCSD 0000501 and AMCSD
0002758 - Periclase).!%17
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increased formation of an amorphous phase (suggested as a-FeO(OH) by Manohara
et al. after a limiting composition of Mg,Fe LDH), although no amorphous halo is
observed, or alternatively it could be due to a reduction in beam intensity due to
K-edge adsorption by the Fe atoms as discussed by Mos, Vermeulen, Buisman and

Weijma (the Fe fraction of the metal ions doubles from % to 3).%

Variable temperature powder XRD measurements were conducted to evaluate the
thermal evolution of the materials (Figures C.8 and C.8), with Figures 5.10 and

5.11 showing representative patterns from different stages of the thermal evolutions.

Both materials show similar phase transformations: breakdown of the LDH struc-
ture followed by the formation of metal oxides. The loss of interlayer water is
clearly observable with a decrease in the basal spacing (the change in d-spacing of
the (003) Bragg reflection with temperature is shown in Figure C.10) and the loss
of the (006) Bragg reflection. The partially doped material has a higher thermal
stability than the fully doped material, with (003) Bragg reflection visible until
> 400 °C compared to > 300°C. Above 400°C, there are broad Bragg reflections
from periclase (MgO) and a sharp reflection from a spinel-like phase assigned to
magnesioferrite (MgFe,O,4) for MgoFe SLDH and a solid solution Mgy (Al Fe)O42!
of magnesioferrite and spinel (MgAlOy) for MgsFeg5Alys SLDH. For the MgyFe
SLDH, these grow and get sharper with increasing temperature, with an additional
set of sharp reflections from an unknown phase appearing above 800°C (17.2, 22.7,
23.8, 25.3, 32, 36.2, 51.8 and 69°). For the MgyFey5Alys SLDH, the spinel-like
phase is lost above 700 °C with only broad peaks attributed to a MgO-type phase
((Mg, Fe)O) remaining. This differs from that observed for both pure MgAl*? and
MgFe systems and from that previously reported for their mixture, which remain

as a mixture of MgO and a spinel-type phase.?

5.2.3 Ni-doped SLDH

Ni was also introduced in a similar method with partial Mg substitution. The

powder XRD pattern of the MgoNiAl LDH synthesised is shown in Figure 5.12 and
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Figure 5.12: Powder XRD pattern of material produced from partial substitution of
Mg for Ni during SLDH synthesis. Peaks can be indexed to the patterns below (RRUFF

Project R050457 - Hydrotalcite).!”

Table 5.4: Lattice parameters (a,c) of the MgaNiAl SLDH and their respective
crystallite domain lengths (CDL).

d110 a CDLa d003 C ODLC
Sample (nm) (nm) (nm) (nm) (nm) (nm)

MgsAl  0.1528 0.3056 19.7995 0.7716 2.3149 8.0168
MgoNiAl  0.1526 0.3053 10.4985 0.7675 2.3024 4.9207

Figure 5.13: Photograph of MgsNiAl SLDH.
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a photograph of the light-blue sample in Figure 5.13. The powder XRD pattern
shows only reflections for a hydrotalcite-like material showing the Ni does not
precipitate as a separate crystalline material. Extraction of the unit cell parameters
(Table 5.4) shows similar values to the Mgz Al SLDHs, but with a lower crystallinity.
The a lattice parameter (0.3053 nm) is higher than that reported in the literature
(0.3043 nm), but the decrease from the MgsAl SLDH is similar to that predicted
by the differences in Shannon radii (Oj, : Ni**/Mg*"/AI*" = 0.69/0.72/0.535A).4
The elemental composition of the MgyNiAl is given in Table 5.5 with an estimated
formula of [Mgg 526Nig.224Alg.25(OH)2][(CO3)0.1 (HPOy4)g.02] - 0.011 H3PO4 - 0.77 H2O.

Table 5.5: Elemental composition (wt%) of MgeNiAl SLDHs and the elemental
composition calculated for its estimated formula.

Sample C H N Al Ni Mg P Na

MgoNiAl 1.4 3.15 0.16 7.59 14.82 1441 1.11 0.04
Calculated 1.36 3.94 0.00 7.64 14.89 14.48 1.09 0.00

HR-SEM and EDX mapping of the particles are shown in Figures 5.14 and 5.15.
Similar to the Fe-doped SLDHs, there are a variety of particle sizes with the largest
observed possessing a diameter of 9.2 pm. Comparably to the other Al-containing
SLDHs, platelets can be observed on the particles’ surfaces (Figure 5.14(d)), but
regions with a smoother texture can also be observed (Figure 5.14(c)). The lack
of coffin-shaped particles indicates a change from the solid-solid transformation
as seen for the Fe-doped SLDH. EDX mapping reveals a uniform distribution of
C, O, and Al across the particle, which also include both Mg and Ni. However,
areas which show elevated concentrations of Ni contain minimal Mg, and similarly,
regions with high Mg concentrations show a negligible Ni. This suggests a degree

of phase segregation, perhaps into a mixture of MgAl and NiAl LDHs.
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Figure 5.15: HR-SEM EDX mapping of MgoNiAl SLDH.
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5.3 Catalytic polypropylene pyrolysis

5.3.1 TGA experiments

Initial screening of the catalysts was conducted using a TGA-MS setup. PP and
the SLDH catalysts were blended together by mixing the SLDH (10 wt%) into a
hot solution of polypropylene in Xylene followed by precipitation in cold acetone
(Chapter 5.4.5). This yielded well-mixed samples of fine powder (Figure 5.16) which

ensured good contact during the pyrolysis.

The TGA traces are shown in Figure 5.17 with an onset temperature for the
pyrolysis of around 300°C. Although the onset temperature is the same for the
SLDH-blended PP, the peak weight loss moves to a higher temperature (448 to
457°C), indicating that the SLDH stabilises the PP. This has been previously
reported for PP-LDH systems, where LDHs are added as a flame retardment via
catalytic enhancement of char formation and endothermic decomposition. The
thermal stability of such materials is often given by the temperature at which 10
and 50 % of the mass is lost (719, T50) which increases by 18.2 to 30.3°C for Ty
and 41.9 to 45.4°C for Ty, (stability enhancement: PP-MgyFey5Aly 5 SLDH > PP-
MgyFe SLDH > PP-MgyNiAl SLDH) and is accompanied by a residual ~ 5% char
from the SLDH (Table 5.6). These thermal stability enhancements are comparable

with those reported in the literature.25:26

Further investigation into the relative thermal stability of the PP-SLDH blends is
shown in Figure C.11; the samples were held at each of 250, 300, 350 and 400°C

% > S
Sm— R

Figure 5.16: Photograph of re-precipitated blends of polypropylene and TM-SLDHs.
Left to right: pure PP, PP-MgsFe SLDH, PP-MgsFeg5Algs SLDH and PP-MgoNiAl
SLDH.
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Figure 5.17: TGA analysis of PP and PP-SLDH blends. The derivative is shown as
the dotted line. The Hy MS signal is shown above.

Table 5.6: Flame retardment parameters from the TGA of PP-SLDH composites

(Figure 5.17).

Sample T10 (OC) T50 (OC) Char (%)
PP 378.6 408.9 0.02
PP-MgsFeqg5Algs SLDH  408.9 454.3 5.69
PP-Mg,Fe SLDH 402.7 452.9 5.14
PP-Mg,NiAl SLDH 396.8 450.8 6.46

for 1h while they decomposed. There is minimal degradation observed at 250°C

for any of the samples, but increasing rates of decomposition are observed as the

temperature is increased. As seen in the continuous temperature ramp experiments

(Figure 5.17), the pure PP degrades at a faster rate than the SLDH-blended samples

(Table 5.7), with the Fe-containing samples degrading at similar rates and the

MgoNiAl SLDH degrading the slowest. The pure PP shows a maximum weight

loss during the heating step from 300 to 350°C and the SLDH blends show a

maximum weight loss upon heating from 350 to 400°C.

During the PP degradation numerous products were evolved; the Hy signal and

that for ions with m/z ratio from 30 to 150 are shown in Figures 5.17 (top)
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Table 5.7: Maximum PP-SLDH degradation rate observed at each isothermal hold
temperature (Figure C.11).

Sample 250°C 300°C 350°C 400°C
(%min™!)  (%min~!) (%min~!) (% min~!)

No catalyst —0.504 —0.877 —3.091 —2.214

MgoFegsAlgs SLDH  —0.667 —0.517 —1.401 —4.152

MgsFe SLDH —0.516 —0.501 —1.311 —4.332

MgyNiAl SLDH —0.507 —0.377 —0.962 —4.432

and 5.18 (for pure PP). An increase in ion counts is seen above 330°C with a
maximum concentration at ~ 450°C corresponding to the maximum weight loss
rate seen in the TGA analysis. The most intense ion signals are observed in
clusters at m/z 39 to 43, 55 to 57 and 69 to70, corresponding to C3, Cy and Cs
products, respectively, with weaker signals observed at higher masses in intervals
of 14 (additional CHy units), up to 124 (Cy). Although this distribution of ions is
indicative of hydrocarbon species, it does not identify the particular molecules or
isomers present; due to the many overlapping signals, deconvolution to determine

the relative concentrations of the specific ions was not successful.

Signal (a.u.)
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Figure 5.18: Heat-map of ions detected by TGA-MS during the pyrolysis of PP.
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5.3.2 Batch reactor experiments

To enable identification of the products formed during the pyrolysis, samples
were heated in a sealed pressure vessel for 24 h before the gaseous products were
identified using GC-MS and quantified via GC using an FID. Details of the exper-
imental setup are given in Chapter 5.4.6. Figure C.12(b) shows a typical GC-MS
chromatogram; the major compound peaks are marked by their retention time and
their respective mass spectrums are shown in Figures C.12(c) to C.12(m), with
the major ion peaks labelled with their constituent molecular fragment ion. The
corresponding quantitative GC chromatogram is shown in Figure C.12(a) with the

major compound peaks labelled.

The product yield was then estimated from the gas volume fraction (Vy roduet) and
gas yield (Myqs).

Yieldproduct = MaSSgas * Mf,product

products

Mf,product = Vf,product * MWproduct/ Z Vf,i * MWz

The TM-doped SLDHs were introduced into the reaction vessel to evaluate if they

provided any catalytic activity.

Figure 5.19 shows the distribution of solid, liquid and gas products; the gas product
distribution by volume; hydrogen conversion (assuming all Hy produced is from
the PP) and gas product yields. The addition of MgyNiAl SLDH to the pyrolysis
reaction increases the proportion of gaseous products produced. The distribution of
the hydrocarbon gases remains similar; however, the volume fraction of Hs is greatly
increased (from 11 to 53 %), suggesting the addition of MgsNiAl SLDH promotes Hy
formation. From the CHN results discussed previously, there is hydrogen present
in the MgyNiAl SLDH (3.15 wt%); however, if all of this were converted to Hy via
steam reforming with the pyrolysis gases, it would only lead to a increase in yield of

0.003 15 g1, gpp, significantly lower than the observed increase of 0.008 25 gy, gpp.

Figure 5.20 shows gel permeation chromatography (GPC) data of the pure PP,
the pyrolysed PP and the PP after pyrolysis with or without the MgoNiAl SLDH
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Figure 5.19: PP pyrolysis data using 10 wt% MgoNiAl SLDH at different temperatures.

catalyst. The pure PP has a molecular weight M,, = 255.6kDa (6075 monomer
units) and a polydispersity index (PDI) of 9.6. The PDI is a measure of the
distribution of molecular weights of a polymer sample. It is defined as PDI = %—: >
1 where M,, and M,, are the weight average and number average molecular weight
respectively. Higher values indicate a wider distribution of molecular masses. After
pyrolysis, the polymer chains show clear signs of chain scission with a molecular
weight M, = 9.6 kDa (228 monomer units, 3.76% of the original value) and PDI =
2.4. This is in the range for PP waxes,?” and is the typical product for PP pyrolysis
at moderate temperature.?® These waxes are suitable for further catalytic cracking

to produce petrochemical products.?® The addition of the SLDH catalyst leads to a
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Figure 5.20: Molecular mass distribution (M,,) of PP before and after pyrolysis. the
M,, of the maxima are labelled.

Table 5.8: Molecular mass and polydispersity index (PDI) data for PP and the solid
product after pyrolysis. M,, = > n;M;, M,, = > w;M; (where w; = "M—]:[Z)

Result-ID and Sample name M, (gmol™") M, (gmol™ ") PDI (M,/M,)

Raw Polypropylene 255650 26650 9.6
No catalyst 9600 4000 2.4
Mgy NiAl SLDH 8350 3400 2.4

small decrease in polymer length M,, = 8.35kDa (198 monomer units), PDI = 2.4
suggesting it does not significantly promote the rate of chain scission. There is also
a secondary peak in the M, distribution of the pyrolysed samples with a maxima
~ 300 Da (7 monomer units). Smaller chains may be present, but are outside the

range of the GPC measurement (200 Da, 4.75 monomer units).

Control experiments using dried (at 110°C) SLDH, calcined (at 600°C) SLDH,
ZSM-5 (a zeolite used commercially to form light olefins) and NiO (nanopowder) are
shown in Figure C.18. NiO and calcined MgyNiAl SLDH (SLDO formed after de-
hydroxylation) still show high Hy selectivity (60% and 46% respectively), indicating
that the Ni species are catalytically active, enhancing Hy formation from PP. The

dried SLDH still shows enhanced Hs selectivity compared to no catalyst, with
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the decrease from the non-dried SLDH attributed to the loss of Hy produced by
the steam reforming reaction of water from the SLDH and the olefin products.?
MgsFeg5Algs SLDH was also tested, with only a small boost to Hs selectivity
and was not investigated further. Decreases in the amount of gas produced and
subsequent product yields are attributed to the lower temperatures recorded within
the reactor, limiting further comparison. The zeolite ZSM-5 catalyst displays
markedly different catalytic performance, with a solid yield of 42%. ZSM-5 has been
widely reported for use in cracking reactions due to its high number of acidic sites.3°
Among the gaseous products observed, a significant increase in the selectivity for
Cs_4 and pentene is observed. This selectivity has been previously reported and is

ascribed to the shape selectivity of the catalyst’s pores.?!

Upon increasing the pyrolysis temperature, the fraction of gas products increases
and a small amount of liquid products are observed. The Hy volume fractions
are lower at the higher pyrolysis temperatures, indicating the rate of C—C bond
scission increases faster than the rate of dehydrogenation, with no enhancement of
the Hy yield observed. Higher pyrolysis temperatures could not be explored due to

limitations of the experimental setup.

The hydrocarbons formed after thermal pyrolysis are in agreement with those

132 They developed a series of differential equations detailing

reported by Kruse et a
the various reactions and intermediates they expected, which gave a prediction in
good agreement with the product distribution to that measured experimentally
at 350°C. The radical mechanism is initiated by C—C bond fission to form a
primary and secondary radical. The resulting chemistry results from the more
stable secondary radical which can undergo inter- and intra-molecular hydrogen
transfers to form various intermediate radicals which form the different products
after [-scission. There is an increased energy barrier for 1,3- and 1,4-hydrogen
atom transfer due to the ring strain of the transition state and an entropic barrier
for higher order 1,n-hydrogen atom transfer reactions, explaining the preference for

1,5-hydrogen transfer and subsequent pentane formation.?3
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Figure 5.21: Mechanism for the formation of the major gaseous products observed

during thermal pyrolysis of PP suggested by Kruse et al.3?

Previous studies have demonstrated that variations in reaction times during the
synthesis of SDLH impact the surface area and crystallinity of the resultant product.
Given that these characteristics may influence the number of active sites within
the material, extended ageing periods were investigated for MgsNiAl SLDH. Fig-
ures C.14, C.15, C.16 and C.17 depict the XRD patterns, FTIR spectra, Ny
adsorption/desorption isotherms and calculated pore distributions of the MgsNiAl
SLDHs synthesised using reaction times of 1, 2 and 3d. Analogously to the pure
MgsAl SLDHs, crystallinity is observed to decrease with prolonged ageing (Table
C.1), while FTIR absorption of CO3 diminishes and the PO, absorption augments.
Notably, the surface area continues to increase with extended ageing, rising from

74m? g ! after one day to 216 m? g~! post three days.

Figure C.18 illustrates the product distribution from PP pyrolysis utilising these
catalysts (at 300°C). The product distribution for all three catalysts is similar,
with the predominant gas fractions comprising Hs, propylene, and pentane. Non-
etheless, the gas yield increases with the ageing time of the catalyst, signifying an

enhancement in activity (13%, 24%, and 31%, respectively).

5.3.3 Comparison with traditionally synthesised Ni LDHs

To isolate the origin of the enhancement in catalytic activity seen previously, which
is likely due to the increase in PO4*" or the higher surface area, four LDH samples
were produced following the conventional coprecipitation method. MgyNiAl LDH
was synthesised with CO5?~ or PO, as the interlayer anion and half of the product
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b & A

Figure 5.22: Photograph of MgyoNiAl LDHs. Left to right: MgaNiAl-COs, MgoNiAl-
PO4, MggNiAI—COg—AMOST and MgQNiAl—PO4—AMOST.

was given the AMOST treatment with isopropyl alcohol to increase the surface area.
Full experimental details are given in Chapter 5.4.7. The materials are a similar

blue-green colour to the Ni-doped SLDHs (Figure 5.22).

The XRD patterns of the four LDHs are given in Figure 5.23. The CO3*  containing
LDHs show the typical LDH Bragg reflections with the extracted unit cell para-
meter given in Table 5.9. The AMOST treated sample does not show a decrease
in CDL, compared to the untreated sample (13.6nm vs 12.5nm), as is typically
reported, arising from reduced layer stacking indicating that the treatment has not
affected the LDH stacking.?* The PO,*  containing LDHs do not show the typical
LDH reflections, with the only features being broad halos centred at 35.5° and
61.8°. This is similar to previously reported PO,* LDH phases, with a loss of
crystallinity in the c-axis causing the disappearance of the basal reflections (00()

and with only the reflections with a component parallel to the plane remaining

((012), (110) and (113)).35:36

The elemental composition of the synthesised LDHs is given in Table 5.10. The
estimated formulas for MgoNiAl-COg3, MgoNiAl-PO4, MgoNiAl-CO3-AMOST and
MgyoNiAl-PO4,~-AMOST are:

[Mgo.506N10.245A10 249 (OH)2][(CO3)0.125] - 0.06 H,CO5 - 0.6 H,0,
[Mgo.507Nig.235A10.258(OH)o] [(HaPOy)g.258] - 0.05 HsPO, - 1.3 H,0,
[Mgo.489Nig 25310 258(OH)2] [(CO3)0.120] - 0.1 HoCO3 - 0 C3H,OH - 0.45 H,0 and
)

[Mgg 518Nig.228Alg 254(OH)5|[(HoPOy)g 415] - 0.05 POy - 0.072 C3HO - 0.3 Hy0.
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Figure 5.23: XRD patterns of the conventionally synthesised MgsoNiAl LDHs. Enlarged
pattern of the PO42~ LDHs between 30° to 70° shown in the insert.

Table 5.9: Lattice parameters (a,c) of the MgsNiAlCO32~ LDHs and their respective
crystallite domain lengths (CDL).

d110 a CDLa d003 c CDLC
Sample (m) (om)  (am) () (om)  (om)
Mg,yNiAl-COg3 0.153 0.305 12.501 0.780 2.340 3.815

MgoNiAl-CO3-AMOST 0.153 0.305 13.606 0.784 2.353 2.772

Table 5.10: Elemental composition (wt%) of MgeNiAl SLDHs and the elemental
composition calculated for its estimated formula.

Sample C H N Al Ni Mg P Na
Mg,NiAl-CO4 237 3.53 0.00 745 1597 13.64 0.00 0.04
Calculated 243 3.75 0.00 7.54 16.13 13.80 0.00 0.00
Mgy NiAl-PO, 0.22 3.3 0.00 570 11.32 10.11 7.95 0.09
Calculated 0 441 0.00 5.78 1145 10.23 7.92 0.00
MgyNiAl-COs-AMOST  3.05 3.27 0.00 7.69 16.37 13.11 0.00 0.03
Calculated 3.06 3.48 0.00 7.76 16.54 13.24 0.00 0.00

Mg;NiAl-PO4,-AMOST  2.46 272 0.00 6.48 12.63 11.89 9.03 0.11
Calculated 245 3.64 0.00 6.46 12.61 11.87 887 0.00
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The metal stoichiometry measured is almost the same as the reactants (Mg:Ni:Al
is 2.1:1.0:1.0, 2.2:1.0:1.1, 1.9:1.0:1.0 and 2.3:1.0:1.1, respectively), indicating that
all the metals have precipitated. The phosphate anion is clearly included within
the PO3®  based materials, with minimal carbon in the Mg,NiAl-PO, sample.
The amount of water was adjusted to achieve correct mass percentages for the
other elements; however, the overestimation of the hydrogen mass indicates that
an additional element is present which has not been accounted for. The high
P:Al ratio of the PO3®~ based materials (1:1.22 and 1:1.21 for MgsNiAl-PO, and
MgoNiAl-PO4~-AMOST, respectively) may indicate the formation of a non-LDH

metal phosphate phase.

To assess the functional groups present in the materials, FTIR spectra were meas-
ured and are shown in Figure 5.24. All samples feature M—O (550 to 1100 cm™1),
H,O (1644 cm™!) and O—H (2600 to 3750 cm™') adsorptions, as are characteristic
for LDHs. Additional adsorptions are observed at 1365cm™" for the CO3*  con-
taining LDHs, at 1039 cm™! for the PO,*" containing LDHs (with minimal CO3*"
contamination observed) and at 3698 cm™! (residual IPA) for the AMOST treated
LDHs. The broad O—H adsorption is also shifted to lower wavenumbers for the
PO,* vs CO3*  (maximum at 3291cm™' vs 3448cm™!, respectively) which is

associated with a stronger interaction with the interlayer anion.?”

To confirm the success of the AMOST process, the Ny adsorption isotherms were
measured (shown in Figure 5.25 with the calculated pore distributions shown in
Figure C.19) and the BET SSA calculated. Both the CO3*~ and the PO,*" conven-
tionally produced LDHs show similar properties with surface areas of 44m? g=! and
55m?g~!, respectively. The pore size distribution is also similar, with the main
difference being a small decrease in the size of the micropores in PO,*" (11.8 A
from 12.7 A). The isotherms of the AMOST treated samples change significantly:
the surface area increases by 5.4 and 8 times for the CO3*>" and PO,  LDHs,
respectively, with the CO3?~ LDH featuring a large H2(a) type hysteresis loop, in-

dicating ink-bottle type pores leading to window-induced cavitation.®® The increase
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Figure 5.24: FTIR spectra of the conventionally synthesised MgoNiAl LDHs.
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Figure 5.25: Ny adsorption/desorption isotherms of the conventionally synthesised
MgyNiAl LDHs. BET SSAs are shown next to the isotherms
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in surface area is associated with an increase in the number of micropores (11 to
16 A) and mesopores (20 to 300 A). The surface area increases indicated the process
was successful with the increases for the CO3?~ system typical of AMOST treated
LDHs.?* The increase in surface area seen for the PO,®  system is almost twice
that of the AMOST COs?  material, indicating that the material is particularly
susceptible to delamination, perhaps due to the poor stacking crystallinity of the
layers, although the surface area is within the range that has been previously

reported.3?

TGA measurements of the materials were conducted to investigate their thermal
evolutions (Figure 5.26). The MgyNiAl-CO3 LDHs show the thermal events typical
of a carbonate LDH: steady mass loss from 30 to 200 °C, due to loss of physisorbed
and interlayer water,* before dehydroxylation and decarbonation between 250 to
450°C. The AMOST sample shows a destabilisation, with the max decomposition
rate occurring at 330 °C compared to 382 °C for the untreated sample, with the rel-
ative sizes of the M',M™MOH and M"50H and decomposition peaks reversing. 043
The MgyNiAl-PO, LDHs show clearly different thermal events: there is enhanced
mass loss < 200 °C and no obvious thermal event from 250 to 450 °C. The enhanced
mass loss in the dehydration region is attributed to the larger hydration sphere of
the PO4*  compared to the CO3*  anion,*** while the lack of thermal events
at higher temperatures is due to the different thermal decomposition pathway of
PO, which polymerises to form metaphosphates or reacts with the surface rather

than being liberated as a gas.6:47

To investigate the influence of the anion on the Ni in the system, temperature
programmed reduction (TPR) experiments were conducted with the profiles shown
in Figure 5.27. Ni reduction does not occur until above 350 °C in either system as
is typical for Ni oxides. Ni reduction can be classified into three regions based on
the strength of the interaction with the support: weak (400 to 500°C), medium
(500 to 600 °C) and strong (600 to 800 °C).*® The reduction profiles are significantly

different between the samples, with the CO3? system showing a small amount of a
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Figure 5.26: TGA thermal curves of the conventionally synthesised MgaNiAl LDHs.
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Figure 5.27: TPR signals of the conventionally synthesised MgoNiAl LDHs.



5. Catalytic polypropylene pyrolysis using transition metal-doped SLDHs 225

well-defined weak site (peak at 430 °C for the non-treated sample and 420 °C for the
AMOST sample) and a less well-defined medium to strong site (broad peak from
475 to 750°C) compared to the PO4*  system, which shows most Ni in a poorly
defined weak to medium site (broad peak from 355 to 600 °C) and a small amount
of Ni in a well-defined strong site (peak at 690 °C for the non-treated sample and
700°C for the AMOST sample). This indicates that the anion does interact with
the Ni species, with at least two types present in the materials in varying amounts.
The peaks for the CO3?>~ LDH can be assigned to bulk NiO (400 °C)* and Ni in the
Mg(Ni, A1)O solid solution (LDO phase formed on calcination).’® Multiple phases
may be present in the LDO material, leading to a convolution of curves forming
the broad feature observed such as NiAlO4 (592°C) and NiyAlO4 (681°C.5! The
well-defined peak for the PO4*  LDHs at ~ 700 °C matches that seen for Niz(POy),
and for mixed Ni*™ and PO,®" impregnated SiO, by Chen et al. indicating this is a
PO, complexed Ni species.?® The broad peak at 450 °C in the PO~ LDHs is also
attributed to bulk NiO, with the increase in relative amount indicating that the
LDH is less stable to segregation. The similarity of the AMOST treated LDHs and
the non-treated LDHs indicate the AMOST process does not effect the distribution

or stability of the Ni species.

SEM images and EDX mapping of the LDHs are shown in Figures: C.20 and C.21;
C.22 and C.23; C.24 and C.25; C.26 and C.27 for MgoNiAlCO3, MgoNiAl POy,
MgyNiAlCO3 AMOST and MgyNiAl PO, AMOST SLDHs respectively. The particles
are all large agglomerations of smaller spherical particles. In the images of the
CO4%" based LDHs, the largest particles are 58 pm and the smaller spherical
particles are 100 to 700 nm. High magnification images show these spherical particles
are made of intergrown platelets in the typical sand-rose morphology of LDHs with
a platelet thickness ~ 20nm (Figures C.20(d) and C.24(d)). EDX mapping shows
a homogeneous distribution of Mg, Al and Ni throughout the particles with no
phase segregation, as seen for the SLDH. In the PO,® based LDHs, the largest
particles observed are 42 pm and the smaller spherical particles (/~ 350 nm) possess

a smooth surface. A lack of plate-like particles is in agreement with the XRD
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pattern (Figure 5.23) which shows no strong LDH reflections from sufficiently
large LDH crystallites. There is no observed difference in morphology between
the normal and AMOST treated samples, in contrast to previous work by Chen et
al. which showed a decrease in agglomeration from smooth densely stacked particles

to loose flower-shaped agglomerates.®3

In summary, a CO3* and an unconfirmed PO,* Mg,NiAl LDH phase were
synthesised with the presence of the desired anion confirmed by FTIR and elemental
analysis. The SSA of the samples were successfully increased using the AMOST
method with the PO,*  based material showing a high BET SSA of 439m?g~'.
The changing of the anion used in the synthesis influences the distribution of Ni
sites in the material, as seen by the temperature programmed reduction profile,

suggesting a degree of Ni anion interaction.

These catalysts were tested for PP pyrolysis using a similar experimental setup
to that used for the SLDHs, with an increase of the catalyst loading to 20%
and a degrease in the reaction time to 5 hours. All the LDH materials were
catalytically active, changing the product distribution of the reaction (Figure 5.28).
All the catalysts showed a similar gas yield, which is significantly lower than the
conversion observed previously, attributed to the decreased reaction time. For
the non-AMOST samples, both catalysts enhanced the Hy production, with the
PO4*" LDH showing a slightly higher selectivity than the CO3* LDH (18% vs
13% respectively), likely due to the higher amount of water within the catalyst, as
evidenced by the higher TGA loss < 200 °C.

The AMOST samples had a much higher Hy yield, but also a significant amount of
acetone present. This was attributed to the dehydrogenation of residual isopropyl
alcohol within the catalysts. Similar materials have been used to this effect, such as
Ni-SiO,, prepared by Lokras et al. by impregnation and reduction at 300 °C, which
showed 20.4% conversion to acetone after 24h at 300°C.5* Assuming the carbon
content of MgyNiAl-PO4 LDH is all from isopropanol (2.46%, 0.683 mmolpa g1 By ),

this gives a theoretical yield of 39.6 Mg .ione ELpy compared to the experimental
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Figure 5.28: PP pyrolysis data using 20 wt% of different MgoNiAl LDH catalysts at
290 °C.

yield of 51.2 Mg cione ELpy (SOMe acetone is observed for the non-AMOST treated
samples to which the excess yield is attributed). The high yield indicates that full
conversion of the IPA to acetone may be occurring. High selectivity for acetone is
rarely reported for Ni-based catalysts, with the competitive dehydration reaction
to form propene also occurring, with the selectivity depending on the other metals
present.?® For example, CuO-NiO nanocomposites developed by Said et al. show
98% conversion and 100% selectivity to acetone at 200°C in a fixed bed setup.
Given the high conversion rate observed for the MgyNiAl LDH, further work should
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be conducted to evaluate it as an effective catalyst for this application.

To evaluate if there was an increase in Hy production from the PP with the increase
in surface area, the catalysts were dried at 200°C under vacuum to remove any
residual solvent before the reaction. A colour change was observed, indicating
a change in the Ni coordination sphere (Figure C.28). The product yield from
the use of the dried catalysts is shown in Figure C.29. There is no significant
variation in the gas fraction produced, but there are noticeable changes to the
gas product selectivity. Of note, the CO3>" based catalysts show a higher con-
version and hydrogen selectivity. The Hs selectivity for all the dried samples is
similar (~ 25%); with an increase observed for the non-AMOST treated samples,
suggesting an increase in activity and a decrease for the AMOST treated samples
as expected, without the formation of significant amounts of acetone. All the
samples also show significant amounts of methane produced (selectivity 44% to
53%) whilst the yields of other hydrocarbons remain similar. This change in
selectivity is unexpected and suggests that a new active site which promotes the
formation of methane is formed during the drying process. In Ni-based catalysts
reported in the literature, a major problem is reduction of the Ni'! species under
the reaction conditions to form Ni nanoparticles which are highly active for C-C
bond cleavage, forming methane, hydrogen and coke. This trend aligns with the
observed selectivity, and low-temperature heat treatments of Ni-based materials
have been demonstrated to affect their structure.”® However, further investigations
are required to elucidate why this transformation is detected at 200 °C, rather than

at the elevated temperatures applied during pyrolysis.

Although the TPR profiles (Figure 5.27) suggest there is no reduction reaction be-
low 400 °C, the catalysts were calcined and reduced at 600 °C (denoted as MgaNiAl-
X-R) to evaluate any changes to catalytic performance from reduced Ni species.
Figure C.30 shows the XRD pattern of the reduced samples with weak broad reflec-
tions at at 44.7° and 52° indexed to the (111) and (110), indicating the formation

of Ni nanoparticles. The reflections are stronger for the PO,*" based material



5. Catalytic polypropylene pyrolysis using transition metal-doped SLDHs 229

and weak periclase reflections are also observed for the CO3®  based material.
Figures C.31 to C.34 show SEM and EDX mapping of the two reduced samples.
The materials morphologies are similar to the pre-calcined samples with isolated
particles (< 10 pm) observed for the CO3* based sample and large agglomerations
(< 32um) for the PO4* based sample. The surface of the CO3*" based sample
still shows the intergrown sand-rose texture and the surface of the PO,* based
samples is no longer dominated by the smooth lumpy spheres previously observed,
but with a similar sand-rose morphology to the CO3*~ samples (Figure C.33(d)).
EDX mapping shows the elements are still homogeneously distributed within the

samples, with no obvious agglomeration of Ni.

The product distribution when the reduced catalysts are used for catalytic PP
pyrolysis is significantly altered with Hy and methane selectivity enhanced com-
pared to the unreduced catalysts. However, there is significant differences in the
product distribution between the PO,*  and CO4*  based catalysts. The Mg,NiAl-
PO4-R catalyst is highly selective for Hy (61%) with 15% selectivity for methane
compared to the Mgo,NiAl-CO3-R catalyst which is only 29% selective for Hy and
61% selective for methane. The MgyNiAl-CO3-R catalyst shows a similar product
distribution to dried catalyst, indicating further calcination and reduction has
little effect on the catalyst. The significant enhancement of Hy production using
the MgoNiAl-PO4-R catalyst suggests that after calcination and reduction, the
PO,*" within the material exerts a significant influence in the catalyst, forming a
different active site than in the precursor material. Ni phosphate materials have
been reported for dehydrogenation reactions such as CagNi(POy)g, which was used
for the dehydrogenation of n-butane to 1,3-butadiene by Britton et al.,’” or Ni'l
phosphosilicate used for the dehydrogenation of propane by Zhang et al.’® Zhang
et al. discuss how the Ni-O—-P bond stabilises the Ni'l species, preventing its
reduction and the formation of Ni clusters during the reaction. Ni’ nanoparticles
show high methane selectivity and poor stability. This behaviour correlates with
the activity observed for the reduced catalysts with the CO3?  catalyst showing
high methane selectivity compared to the PO,®  catalyst which shows high H,
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selectivity. This suggests the selectivity of the catalysts may be improved by
calcination without reduction to decrease the amount of Ni’ present, while enabling

the stabilising Ni—O—P interactions.

In summary, the anion used to prepare the catalyst has a minimal effect on the
catalyst performance during polypropylene pyrolysis, with the PO,*  catalysts
showing a slight increase in activity. The AMOST treated samples show the
catalysts are active for isopropanol dehydrogenation to acetone. After drying,
the selectivity of the catalysts changes, with a significant amount of methane
formed and the CO3* " catalysts showing a higher conversion to gas than the PO,*"
materials. After calcination and reduction, the selectivity of the catalysts is further
changed: the CO3*" based material is highly selective for Hy (29%) and CHy (61%)
whilst the PO4*" based material has a higher preference for Hy (61% vs 15% CHy).
The gas yields are lower (=~ 3%) but the Hy yield is enhanced (0.8% and 1.5%)

compared to the non-reduced catalysts.

5.4 Experimental details for Chapter 5
5.4.1 Reagents and chemicals

Aluminium nitrate (AI(NO3)3 - 9H50), iron nitrate (Fe(NOj3);3 - 9H,0), magnesium
nitrate (Mg(NOj)s -6 H0), nickel nitrate (Ni(NOj)q-6H50), sodium hydroxide
(NaOH), trisodium phosphate (NagPO,) and sodium carbonate (NasCOj3) were
purchased from Sigma Aldrich. Xylene and acetone were purchased from Sigma
Aldrich and used without further purification. 1M NaOH was made by dissolving
40g of NaOH in 1L of D.I. water. 0.75M NaOH was made by mixing 3 : 1 1M
NaOH to D.I. water. Polypropylene beads (My =255.6kDa, PDI = 9.6) were
supplied by SCGC, Thailand.

5.4.2 Synthesis of Zn SLDH

0.192 g (1.6 mmol) A-MgHPO, (calcined struvite, Chapter 3.4.8), 0.238 g (0.8 mmol)
Zn(NO3)z - 6 H,O and 0.300 g (0.8 mmol) AI(NO3)s -9 HoO were added to 20 mL 1 m
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NaOH and stirred at 80°C for 20h at 750 RPM. The mixture was then filtered
and washed with D.I. water until the filtrate was at pH 7. The solid residue was

then dried overnight at 30 °C under vacuum.

Reduced NaOH

0.192 g (1.6 mmol) A-MgHPO, (calcined struvite, Chapter 3.4.8), 0.238 g (0.8 mmol)
Zn(NOj)s - 6 H,O and 0.300 g (0.8 mmol) AI(NOj)s - 9 HoO were added to 20 mL D.I.
water, the pH adjusted to the desired level by addition of 1M NaOH (4, 4.5 and
5mL for pH 9.15, 9.56 and 10.14) and stirred at 80°C for 20h at 750 RPM. The
mixture was then filtered and washed with D.I. water until the filtrate was at pH

7. The solid residue was then dried overnight at 30 °C under vacuum.
Slow addition of NaOH

0.192 g (1.6 mmol) A-MgHPO, (calcined struvite, Chapter 3.4.8), 0.238 g (0.8 mmol)
Zn(NO3)s - 6 H,O and 0.300 g (0.8 mmol) AI(NO3)3 - 9 HoO were added to 20 mL D.I.
water, the chosen amount of 1M NaOH (6.5, 8, 10 and 12mL) was added slowly
(0.1 mLmin~"') and stirred at 80°C for 20h at 750 RPM. The mixture was then
filtered and washed with D.I. water until the filtrate was at pH 7. The solid residue

was then dried overnight at 30 °C under vacuum.

5.4.3 Synthesis of Fe SLDH

Mg,Fe,Al,_, SLDH were synthesised using the following methodology with the
quantities of reagents given in Table 5.11. A g A-MgHPO, (calcined struvite,
Chapter 3.4.8), B g Fe(NO3)3-9H,0 and C' g AI(NO3)s3-9H,O were added to
either 20mL 1M or 0.75M NaOH and stirred at 80°C for 20h at 750 RPM. The
mixture was then filtered and washed with D.I. water until the filtrate was at pH

7. The solid residue was then dried overnight at 30 °C under vacuum.

5.4.4 Synthesis of Ni SLDH

0.192 g (1.6 mmol) A-MgHPO, (calcined struvite, Chapter 3.4.8), 0.233 g (0.8 mmol)
Ni(NO3)s - 6 H,O and 0.300 g (0.8 mmol) AI(NO3z)3 - 9H,0 were added to 20 mL 1 M
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Table 5.11: The amount of metal precursors used to produce MgFeAl SLDHs of different
ratios

Sample A B C
MgsFeo.sAlos (295??131?01) ((gigrigl) (oo.alfnorifl)
MgsFe ol (0 Rmm)
MeaFeosAlos (o il (0Gmmel) (0.6 mm)
Mg,Feq 7Alo 3 (;fififl) (o(.)éi?ffngol) (O??;é?;i(r)nil)
Mg,Feq sAlo 2 (gfi?flfl) (o?éziiil) (o?z'gig?nil)
MgzFe 02001g 04848

(2.41mmol)  (1.2mmol)

NaOH and stirred at 80°C for 20h at 750 RPM. The mixture was then filtered
and washed with D.I. water until the filtrate was at pH 7. The solid residue was

then dried overnight at 30 °C under vacuum.

The synthesis was scaled up five times using 0.96 g (8 mmol) A-MgHPO, , 1.163 ¢
(4mmol) Ni(NOj3)s-6H,0 and 1.5g (4mmol) Al(NOj3)3-9H0 and 100mL 1M
NaOH

5.4.5 Preparation of polypropylene SLDH blends

10 wt% SLDH in polypropylene blends were prepared via mixing a SLDH suspen-
sion and a solution of dissolved polypropylene and re-precipitating the mixture.
0.02g of SLDH was added to 10 mL of xylene and suspended via sonication for
30min and 0.2 g polypropylene was separately dissolved in 40 mL xylene at 130 °C.
The SLDH suspension was added to the dissolved polypropylene and left to stir
for 1h. The resulting mixture (still at 130°C) was then added dropwise to a
vigorously stirred beaker of 100 mL of acetone (at RT) which caused precipitation
of the polypropylene/SLDH blend. The suspension was separated via vacuum
filtration and washed three times with acetone. The collected powders were then

dried overnight under vacuum at 30°C
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5.4.6 Batch polypropylene pyrolysis

Batch pyrolysis reactions were conducted in a 50 mL high pressure vessel from Parr.
Approximately 0.5g of polypropylene beads and the desired catalyst (typically
0.05g or 0.1g) were added to a pre-weighed glass liner with a glass stir bar
and sealed within the pressure vessel. The inlet was attached via hose to a
Schlenck line, degassed and filled with 2bar Ny. The vessel was placed within
a home-built heating mantle and heated to the desired temperature, monitored by
a thermocouple within the vessel. After the experiment was complete, the vessel
was allowed to return to room temperature and the gas products were analysed by
GC and GC-MS (Chapter 2.1.11 and 2.1.11). The mass of the products and liner

were measured to calculate the gas yield.

5.4.7 Synthesis of conventional Ni LDH

6.41 g Mg(NO3)s2 - 6 HO (25 mmol), 3.63 g Ni(NOj3)s - 6 HoO (12.5 mmol) and 4.69 g
Al(NO3)3 - 9H50 (12.5 mmol) were dissolved in 58 mL degassed (boiled) D.I. water.
This was added to a solution of 4.1g NazPO, (25 mmol) or 2.65g (25mmol) in
50mL degassed D.I. water at a rate of 0.833 mL/min under a flow of Ny with the
pH kept at 9.5 via addition of 1 M NaOH. The mixture was aged for 20 h (overnight)
under stirring. The mixture was then filtered and washed with D.I. water until the
filtrate was at pH 7. The precipitate was divided in two, and half was subjected to
the AMOST treatment: the solid was resuspended in 1L of isopropyl alcohol and
stirred over night before being collected by vacuum filtration. Both the AMOST-
treated and the non-AMOST-treated solid residues after filtration were then dried
overnight at 30°C under vacuum. Depending on the anion used, and whether the
AMOST treatment was used, the samples were labelled as MgsNiAl-CO3, Mgy NiAl-
POy, MgoNiAI-CO3-AMOST and MgyNiAI-PO4-AMOST.

Dried samples were prepared by taking 0.15 g of the respective catalysts and heating
them to 200°C under vacuum for 2h. A colour change from blue/green to light

brown was observed. Samples were cooled and then stored in a desiccator.
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Calcined and reduced samples were prepared by loading 0.4 g of the catalyst into
an alumina boat, heating the sample to 650°C (5°Cmin~') under a flow of H,
(50mL min~!) for 2h. After cooling, the samples were transferred to a glove box

for storage until use.

5.5 Conclusions

Both Fe and Ni were included into SLDH materials via the addition of their salts
during the synthesis procedure. EDX mapping of the particles indicates that there
is some segregation of the metals and the crystallinity of the materials is reduced.
Further work may explore the inclusions of other metals into the material such as
Cu and Co. MgyNiAl SLDH was shown to be a catalyst for the production of Hy

during PP pyrolysis, although it does not appear to promote chain scission.

Variation of the reaction time in the preparation of the Ni SLDH increases the
surface area and PO,*  content and led to increased catalytic activity. Catalysts
were prepared by conventional LDH precipitation processes to investigate the effect
of the PO,*" anion and the surface area on the catalyst performance. The PO,*"
based material appeared largely amorphous from their XRD patterns, but the EDX
mapping shows that the particles contain a homogeneous mixture of P, Mg, Al and
Ni. These materials catalyse the formation of Hy during PP pyrolysis, with similar
product selectivities and activities irrespective of the anion used or the specific
surface area of the catalyst. Upon drying or calcination, the materials catalyse
the formation of methane, suggesting the formation of Ni’ nanoparticles, while the
reduced PO, catalyst shows the highest selectivity for Hy (61%) of the catalysts
tested, indicating that a Ni-O-P interaction occurs. Although the catalysts show
catalytic activity for Hy production, the conversion to gas is low. Further work
should explore increasing the gas conversion either through increasing the reaction
temperature via modification of the experimental setup or via the inclusion of a

co-catalyst such as ZSM-5 to promote low temperature cracking.
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Actual post-consumer waste comprises a variety of contaminants, including plasti-
cisers incorporated during the production phase, as well as contaminants accumu-

lated throughout their usage. Further work should investigate any effect these may

have on the pyrolysis system.
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6.1 Conclusions

The work in this thesis has focused on developing the synthesis of LDHs derived
from struvite and their applications in sustainable technologies. The effects of
different reaction parameters on the direct conversion of struvite to LDHs were
explored, such as the reaction temperature, the amount of base, and the size of
the precursor particles. Non-obvious parameters such as how quickly the reaction
mixture was heated were shown to have a significant effect, with faster ramp rates
hindering conversion. An unusual intermediate phase was identified as the am-
monium analogue of hazenite, which has not been previously synthesised directly,

as far as could be ascertained.

An alternative synthesis pathway was developed using a separate calcination step.

This produced SLDHs with elevated surface areas (> 180m?g~!). Different meth-

239
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ods for the calcination of struvite were explored, with struvite produced under a
flow of Ny found to produce SLDHs with the highest surface area (218 m?g™!).
The calcination method strongly affected the properties of the product formed,
with significant changes in the pore distributions between those calcined under
vacuum and those under Ny. The humidity was also crucial, with the presence
of water causing formation of the mineral dittmarite. This process is simple and
easy to scale up with 25g produced and can be carried out at high solid loadings
(up to 40gL™1). The synthesis was improved according to the principles of green
chemistry by using NaAlO, as the aluminium source, which has an improved atom
economy compared to AI(NOjz)s -9 Hs0 and can be easily derived from other waste

products, such as blast furnace slag.

In line with the goal of developing sustainable technologies, the use of SLDHs as
CO, sorbents was explored. SLDHs were functionalised with a variety of different
amino silylethers and showed the ability to capture COy under atmospheric condi-
tions (up to 0.443 mmolco, g~ at the ultra-low pressure of 0.4 mbar (equivalent to
400 ppm)). The isotherms were fitted to various theoretical models, and the best fit
was found using a triple-site Langmuir model (with a RMSE value of 5.43 x 107?).
At least two sites are needed to fit the experimental isotherm well, indicating that a
mixture of chemisorption and physisorption processes occur. The amount of grafted
amine was found to vary with the grafting solvent and whether anhydrous condi-
tions were employed, with a maximum loading of 1.171 mmol g~* when cyclohexane
was used as the grafting solvent. Surprisingly, the COy capture performance was
increased with lower amine loadings (0.391 mmolco, g~ ! for TRIQSLDH-Dry, with
an amine efficiency of 0.48), suggesting the presence of diffusion-based limitations

on COy performance.

Various thermodynamic properties of the sorbents were measured and the pro-
cess energy and productivity were calculated (10.04 GJ tEéQ, 0.145 tco, d~'m™3).
These values are comparable to estimates of the commercial process used by Cli-

meworks (a specific energy requirement of ~ 10.8 MJ kg™' and a productivity
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of 0.074tco, d™'m™3). The high tap density of these sorbents is unusual (=
0.7gmL™') and is a key factor in the high productivity. TPD measurements
suggest that a lower regeneration temperature could be used (< 80°C), which
would decrease the process energy costs to levels more competitive with materials

previously reported in the literature (4.2 GJ t6(132)‘1

Finally, the introduction of other elements into the SLDH materials was invest-
igated. Iron and nickel were successfully incorporated into the structure via the
addition of their salts during the synthesis. Elemental mapping confirmed the
introduction of these metals into the material, although a small amount of segreg-
ation was observed. Preliminary experiments using these materials as catalysts
for catalytic polypropylene pyrolysis are reported. The materials are catalytically
active, enhancing the production of Hy (from 11 to 53%); however, the gas yields

are low (=~ 20%), limiting the overall conversion with a large amount of wax formed.

The effect of ageing time upon the performance of the MgNiAl SLDH catalysts
was evaluated with longer ageing times increasing catalytic activity (the gas yield
increased from 13 to 31% upon increasing the ageing time from 1 to 3 days).
Conventional LDHs were prepared for comparison, varying the anion (CO3*  or
PO,*") and employing a solvent treatment (AMOST) to increase the surface area.
The reaction using PO,*  yields an amorphous material which displays a high
surface area after solvent treatment (439m?g~!, compared to 239m? g~! for the
solvent treated CO3®  material). TPR measurements show that changing the anion
influences the nickel-support interaction, with the PO,* -based material showing
more well-defined sites and a greater amount of weakly interacting nickel species.
Surprisingly, the product distribution and catalytic activity of all of the catalysts
were very similar. After drying or calcination and reduction, the materials show
enhanced selectivity for methane (up to 61% by volume), suggesting the formation
of nickel nanoparticles.?” A more noticeable difference in catalyst selectivity is
observed in the calcined and reduced catalysts, where the PO4* -based material

shows a high Hj selectivity (61%), albeit with a low gas conversion (2%).
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6.2 Future Work

These waste derived SLDH materials with high density and surface area have a
wide scope for application. Additional technologies utilising these SLDHs should
be developed, with potential applications in other sustainable technologies such
as wastewater remediation to absorb harmful substances in water streams such
as pharmaceuticals or per- and polyfluoroalkyl substances or to catalyse PET
plastic hydrolysis.*® There are several unexplained results that would also warrant
further investigation, such as the increasing enthalpy of adsorption on the amine-
modified SLDH and the unexplained *°Si NMR signals (—75 to —100 ppm). Further
materials may also be developed by the inclusion of other metals, such as Cu, into

the structure.”

Further work should investigate phosphate recovery from the supernatant and
reuse of the water for subsequent batches in a process similar to that described
by Zhang et al. In the field of DAC sorbents, there has been recent work design-
ing MOFs (and similar classes of porous sorbents) which include hydrophobic
components to increase the COy adsorption selectivity and enable capture from
humid air without the significant additional energy costs associated with desorbing
water during the thermal regeneration step.”!® Perhaps a similar modification can
be achieved for LDH-based absorbents by capping the residual hydroxyl groups
with silanes containing hydrophobic groups such as octadecyltrimethoxysilane or
hexamethyldisilazane.'''? Considering the materials developed for polypropylene
catalytic pyrolysis, there is scope for further work to improve the gas conversion,
perhaps with the use of an acidic zeolite co-catalyst (such as HZSM-5) to promote
low-temperature cracking, whilst the Ni-based catalysts further decompose the

pyrolysis gases produced.!?

In a broader outlook, waste derived LDHs have the potential to solve many issues
currently facing society as they exhibit a broad range of chemistries and work in
this area should be continued. As listed in the introduction to this thesis, there

have been numerous reports of waste derived LDH from a variety of different
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waste sources. Many of these reports simply extract the desired metal cations
into solution for use in a conventional LDH synthesis, but as demonstrated in this
thesis, direct transformation of these waste materials can produce unique structural
features which may enhance their performance. It should be investigated if other

waste materials can produce further unique materials.
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Figure A.1: Pore size distribution calculated using a density functional theory model
(slit) on Ny adsorption isotherms of SLDHs (Figure 3.7) produced via the previously
reported method at different temperatures. The pore volumes at p/p® = 1 of the samples
are given in the legend.
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(c) (d)

Figure A.2: SEM images of SLDHs produced via the previously reported method at
75°C.

Table A.1: Variation of lattice parameters (a, c) of the SLDHs made using different
reaction times, extracted from Figure A.27.

Solid content d1i10 a CDL, doo3 c CDL,
(eL71) (nm)  (nm)  (nm)  (nm)  (om)  (nm)
0.66 0.153 0.305 8.073 0.788 2.365 2.867
1 0.153 0.305 11.024 0.781 2.344 3.673
1.5 0.153 0.305 8.133 0.784 2.352 3.314
2 0.153 0.305 8.997 0.781 2.344 3.569
2.5 0.153 0.305 9.521 0.781 2.344 3.676
3 0.153 0.305 10.909 0.781 2.343 4.322

3 0.153 0.305 13.681 0.780 2.339 4.656

4 0.153 0.305 12.045 0.779 2.337 4.000

4 0.153 0.306 14.280 0.780 2.341 4.631

5} 0.153 0.305 12,939 0.780 2.340 4.526
6.5 0.153 0.306 14.108 0.777 2.331 5.873
16 0.153 0.306 14.199 0.774 2.322 6.718

24.33 0.153 0.306 11.750 0.771 2.313 6.018
48.5 0.153 0.306 10.113 0.763 2.290 4.415
72 0.153 0.306  9.484 0.755 2.266 3.962
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(b)

(c) (d)

Figure A.3: SEM images of SLDHs produced via the previously reported method at
85°C.
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(d)
Figure A.4: SEM images of struvite purchased from Alfa Aesar.
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Figure A.5: XRD patterns of SLDH produced using a reduced amount of 1 M NaOH.

Peaks can be indexed to the patterns bellow (RRUFF Project! R050540 - Struvite and
the ammonium analogue of hazenite).?
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Figure A.6: Ny adsorption/desorption isotherms of SLDHs produced using varying
activation steps, labelled by the amount of 1M NaOH used and the activation time. SSA
of samples calculated via the BET method are given in the legend.
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Figure A.7: XRD patterns of intermediate produced using varying activation steps,
labelled by the amount of 1M NaOH used and the activation time. R.U. = Ramp Up
(approximately 20 min). Peaks can be indexed to the patterns bellow (RRUFF Project!
R050540 - Struvite and the ammonium analogue of hazenite).?



A. Appendiz for Chapter 3 251

307 e 10ml,RU. +1h18.79 mg

N
[$)]
1

N
o
1

Quantity Adsorbed (mmol/g)
5 &
1 1

o
[6)]
1

©
=}

0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p°)

o
o

Figure A.8: Ny adsorption/desorption isotherms of SLDHs produced using varying
activation steps, labelled by the amount of 1 M NaOH used and the activation time. R.U.
= Ramp up (approximately 20 min). SSA of samples calculated via the BET method are
given in the legend.
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Figure A.9: XRD patterns of calcined struvite. Peaks can be indexed to the patterns
above (RRUFF Project R060011 - Hydromagnesite and SpringerMaterials sd_ 1400160 -
Dittmarite)!3.
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(b)
Figure A.10: HR-SEM images of A-MgHPO,4 made under vacuum.

(b)
Figure A.11: HR-SEM images of A-MgHPO4 made under No.
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Figure A.12: N, adsorption/desorption isotherms of struvite and calcined struvite after
degassing at 110°C. (a) Struvite, (b) Struvite calcined under vacuum at 110°C and (c)
Struvite calcined under No at 110°C. SSA of samples calculated via the BET method
are given in the legend.
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Figure A.13: Pore size distribution calculated using a density functional theory model
(cylindrical) on Ny adsorption isotherms of struvite and calcined struvite after degassing
at 110°C (Figure A.12). (a) Struvite, (b) Struvite calcined under vacuum at 110°C and
(c) Struvite calcined under Ny at 110°C. The pore volumes at p/p’ = 1 of the samples
are given in the legend.
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Figure A.14: Ny isotherms of SLDH made from struvite calcined under different
conditions. SSAs of samples calculated via the BET method are given in the legend.
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Figure A.15: Pore size distribution calculated using a density functional theory model
(slit) on Ng adsorption isotherms of SLDH made from calcined struvite calcined under
different conditions (Figure A.14). The pore volumes at p/p’ = 1 of the samples are
given in the legend.
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Figure A.16: XRD patterns of calcined struvite freshly made and after 2 months. Peaks
can be indexed to the pattern bellow (RRUFF Project R060011 - Hydromagnesite).!
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Figure A.17: Ns isotherm of SLDH produced from A-MgHPO,4 on different scales. SSA
of samples calculated via the BET method are given in the legend.
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Figure A.18: Pore size distribution calculated using a density functional theory model
(slit) on Na adsorption isotherms of SLDH made from A-MgHPO4 on different scales.
(Figure A.17). The pore volumes at p/p® = 1 of the samples are given in the legend.

Figure A.19: HR-SEM images of SLDH made from A-MgHPOy4 at a 0.1 g scale reaction.
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Figure A.20: HR-SEM images of SLDH made from A-MgHPO, at a 0.5 g scale reaction.
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(b)

(d)
Figure A.21: HR-SEM images of SLDH made from A-MgHPO, at a 5 g scale reaction.
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Figure A.22: Variable temperature PXRD spectra of SLDH produced on a 5 g scale.
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Figure A.23: Variation in the basal spacing dgg3) with temperature for Mgz Al SLDHs
extracted from Figure A.22
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Figure A.24: Pore size distribution calculated using a density functional theory model
(slit) on Ny adsorption isotherms of SLDH made from A-MgHPO, with different solid
contents (Figure 3.36). The pore volumes at p/p® = 1 of the samples are given in the
legend.
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Figure A.25: Pore size distribution calculated using a density functional theory model
(slit) on Ny adsorption isotherms of SLDH made from Al(OH)s3 or NaAlOy (Figure 3.38).
The pore volumes at p/p” = 1 of the samples are given in the legend.
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Figure A.26: XRD of sodium aluminate (NaAlOg). Peaks can be assigned to the
pattern below (simulated from Materials Project mp-9212).*
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Figure A.27: XRD patterns of SLDH made after different reaction times. * indicates a
reflection due to the sample holder. Peaks can be indexed to the patterns bellow (RRUFF
Project R050457 - Hydrotalcite and R050455 Brucite).!
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Figure A.28: Nj isotherm of SLDH produced from A-MgHPQOy4 using different reaction

times. SSA of samples calculated via the BET method are given in the legend.
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Figure A.29: Pore size distribution calculated using a density functional theory model
(slit) on Ny adsorption isotherms of SLDH made with various reaction times (Figure

A.28). The pore volumes at p/p® = 1 of the samples are given in the legend.
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Figure A.30: Variation of the FTIR spectra of SLDH with the reaction time.
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Figure B.1: CO- adsorption isotherms of SBA-15. The BET SSA is given in the legend.
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Figure B.2: TGA-MS data of the desorption step of TRIQSLDH. The temperature of
peak COq desorption and its onset and where the COs concentration have returned to
background levels are marked.
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Table B.1: Optimised parameter values for the best fitting models seen in Figure 4.13

7 a23dvyy) uof xpuaddy g

Model Equation RMSE Parameters
. o My 156 K, 5871 x 107
DSLangmuir n(p) = nmllfﬁ + "mz% 1.05 x 1072 !
Ny 0.4513 K, 1.007
Ny 26.03 K, 182 x107°
TSLangmuir  n(p) = N, 222 + 222 4, K2 399 5% 103
& ®) i I * K Nm, — 0.1718 K, 8532 x1073
M 0.4219 Ky 1.339
JensenSeaton n(p) = Kp[l + (a(fi’;p))c]_l/c 9.08 x 1073 K17 a 06775
b 8.735 x107* ¢  0.2607

L9G



Table B.2: Optimised parameter values for the best fitting models seen in Figure 4.14

7 a23dvyy) uof xpuaddy g

Model Equation RMSE Parameters
DSLangmuir n(p) = np, 1fll<€p + Ny 1f[2£p 1.81 x 1072 '™ 04909 K 0.002121
Nm, 0.5525 K, 2.044
(p) =n Kip . Kap N, 0.6938 K; 8296 x 10~*
TSL i "I+ K ™14+ Kop 543 %1073
angmtt * Ko P oy 0.1827 Ky 12.17
+ Mg
1+ Ksp Nms  0.4062 Kz 0.8264
Quadratic n(p) = nm*ﬂ?{iﬁ?{ﬁ? 183 x 1072 ' 0.5559 Ko 2.008
K, 0.003195
JensenSeaton n(p) = Kp[l + (a(fﬁp))c]_l/c 6.09 x 1073 K 2.796 a  0.6489
b 4418 ¢ 0.5911

893
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Figure B.5: Isosteric heats of adsorption for TRIQSLDH calculated via the Clausius-
Clapeyron equation from the isotherms at 25 and 35°C in Figure ?7.

Table B.3: Heat capacities derived from the calorimetry measurements in Figures

B.12(b) and B.12(c).

Heat capacity

Heat capacity

Average heat capacity

Sample (10.00°Cmin~!)  (5.00°Cmin~1) (C,)
SLDH 1.75 1.77 1.76
MONO@SLDH 1.64 1.62 1.63
DI@SLDH 1.88 1.89 1.89
TRIQSLDH 1.78 1.82 1.80
TRI@QSLDH-Dry 1.74 1.76 1.75
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Figure B.6: Isosteric heats of adsorption for TRIQSLDH calculated via the Clausius-
Clapeyron equation from the isotherms at 35 and 45°C in Figure ?7.
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Figure B.7: Isosteric heats of adsorption for TRIQSLDH calculated via the Clausius-
Clapeyron equation from the isotherms at 45 and 55°C in Figure ?7.
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Figure B.8: FTIR spectra of TRI modified SLDH grafted in different solvents.
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Figure B.9: FTIR spectra of TRI modified SLDH grafted under standard and anhyd-

rous conditions.
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Figure B.10: Dynamic CO2 uptake experiment of amine functionalised SLDH using
400 ppm COy at 25°C using a PerkinElmer TGA 8000. The samples were pre-
treated by degassing at 120 °C for 2h and pre-balanced at 25°C for 3h under Ny flow.
Approximately 10 mg of each sample was used during the tests.
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Figure B.11: Static CO5 uptake isotherms of amine functionalised SLDH. The samples
were pre-treated by degassing at 120 °C under vacuum for 6 h.
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Figure B.12: DSC measurements of SLDH and amine modified SLDHs. The baseline
heat flow for an empty sample pan has been subtracted and the values normalised by the
sample mass.



B. Appendiz for Chapter 4

Signal (a.u.)

120
—— Temperature (°C)
——Run 1
——Run 2
100
o
g 80 4\ Area = 1.43 mmol CO, I
©
8 60+
€ 45 °C
()
l_
40 4
20
T T T T T
0 50 100 150 200 250
Time (min)

274

Figure B.13: CO, TPD signal for TRIQSLDH-Dry at 1°Cmin~!. The COy capacity
calculated from the gas flow rate is given.
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Figure C.2: PXRD pattern of material produced from partial substitution of Mg for
Zn during SLDH synthesis at different starting pH. Peaks can be indexed to the patterns
bellow (RRUFF Project R050457 - Hydrotalcite and R050455 - Brucite)!.
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Figure C.4: XRD patterns of Fe substituted SLDHs. Peaks can be indexed to the
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Figure C.5: XRD patterns of Fe substituted SLDHs. Peaks can be indexed to the
patterns bellow (RRUFF Project R050457 - Hydrotalcite and R050455 - Brucite)?.
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Figure C.6: XRD patterns of partially Fe substituted SLDHs. Peaks can be indexed to
the patterns bellow (RRUFF Project R050457 - Hydrotalcite and R050455 - Brucite)!.
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Figure C.9: Variable temperature powder XRD spectra of MgoFe SLDH.
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Figure C.11: TGA trace of PP-SLDH blends with isothermal steps at 250, 300, 350
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Table C.1: Lattice parameters (a, c) of the MgsNiAlCO3?~ SLDHs prepared using
different reaction times and their respective crystallite domain lengths (CDL).

d a CDL, d c CDL.
Semple () (am)  (om)  (om)  (wm)  (am)

1day 0.153 0.305 11.006 0.770 2.309 5.121
2 days 0.152 0.305 10.405 0.768 2.305 4.784
3days 0.153 0305 8.799 0.763 2.290 3.633
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Figure C.15: Variation of the FTIR of MgoNiAl SLDH with the reaction time.
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Figure C.16: Ny adsorption/desorption isotherms of MgoNiAl SLDHs prepared with
different reaction times
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Figure C.17: Pore size distribution calculated using a density functional theory model
(slit) on Ng adsorption isotherms of MgoNiAl SLDHs prepared with different reaction
times (Figure C.16). The pore volumes at p/p® = 1 of the samples are given in the
legend.
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Figure C.18: Polypropylene pyrolysis data using 10 wt% MgoNiAl SLDH catalysts
prepared using different ageing times at 300 °C.
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Figure C.19: Pore size distribution calculated using a density functional theory model
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C. Appendix for Chapter 5 288

(c) (d)

C K series Mg K series

(c) (d) (e) (f) (8)
Figure C.21: HR-SEM EDX mapping of MgsNiAl CO3 LDH.
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Figure C.23: HR-SEM EDX mapping of MgsNiAlPO4 LDH.
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Figure C.25: HR-SEM EDX mapping of HR-SEM images of MgoNiAl CO3 LDH with
AMOST treatment.
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Figure C.26: HR-SEM images of MgaNiAlPO4 LDH with AMOST treatment.
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Figure C.27: HR-SEM EDX mapping of MgaNiAl PO, LDH with AMOST treatment.
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Figure C.28: Photograph of dried MgoNiAl LDH catalysts. Left to right: MgaNiAl CO3,
MgoNiAl1CO3 AMOST, MgoNiAlPO4 and MgoNiAlPO4 AMOST.

100 4
80 Mg,NiAl PO,
AMOST Dry
2 60 Mg,NiAl CO B2
© 7 Il
B 91% L_]solid A?IIZOST Dry3 [ Methane
[ 97% 94% 96% o7% | [ Liquid [ Ethylene
k3] Gas Ethane
=) ] Mg,NiAl PO, I Propylene
3 41 Dry I Propane
a I sobutene
[ Pentene
Mg,NiAl CO5 [_]Pentane
20 Dry I isoherane
[ Hexane
(=)
o 6% % 9% o No catalyst
- T T T T
f T T T T "
No catalyst Mg,NiAl CO; Mg,NiAl PO, Mg,NiAl CO; Mg,NiAl PO, o % e A - o

Dry Dry AMOST Dry  AMOST Dry Volume Fracti
olume Fraction

(a) Distribution of solid, liquid and gas (b) Gas product distribution by volume.
products

0.0459 [ No catalyst 21
[ Mg;NiAl CO, Dry
0.04 -| [ Mg,NiAl PO, Dry
[ Mg,NiAl CO, AMOST Dry
0.035 4 [ Mg,NiAl PO, AMOST Dry
5 0034 S
5 5
B 0025 | S
S o
>
o 0.02- 2
[2] Q
© o
= 0.015 =
0.01
0.005 -
Nocatahst  MGNAICO,  MGNAIPO,  MGNAICO,  MGNAIFO,
&L & {\\fb‘@ &“& Qé@ \\,\0‘\@ Z\e‘@ (\\é‘z (\\fé@ +o°° +¢,<\° Q@°° ’ oy “ory ANOST Dry AMZO‘STDry
SR AFCHE VS R &
(c) Hydrogen conversion as fraction of the (d) Gas product yields.

amount present in the polypropylene.

Figure C.29: Polypropylene pyrolysis data using 20 wt% dried MgsNiAl SLDHs at
290 °C.
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Figure C.30: XRD patterns of MgaNiAl LDHs reduced at 650 °C Peaks can be indexed
to the pattern below (Periclase - AMCSD 0000501 and Nickel - MP-23).67
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Figure C.31: HR-SEM images of calcined and reduced (at 650 °C) MgaNiAlCO3z LDH.
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Figure C.32: HR-SEM EDX mapping of calcined and reduced (at 650 °C) MgaNiAl CO3
LDH.
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Figure C.34: HR-SEM EDX mapping of calcined and reduced (at 650 °C) MgaNiAl POy
LDH.
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