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Abstract

Ammonia sorbents are important for both the synthesis and transport otadled green
ammonia. Though Mgg€is currently the most commonly used absorbent &mmonia it has a
number of deficiencies and so new materials are needed targésisgsorption and desorption

speed and high temperature and cycling stability.

13X zeolites underwent ion exchange and were studied for ammonia adsorption. The sodium ions
in the 13X structure were replaced by protons, magnesium or lanthanum ions. In each case, the
ammonia capacity was increased by the ion exchange, most significantly for magnesium, with
fast, stable adsorption. Protons generated strongrBted acid sites hich gave ammonia that

was stable at high temperatures, lanthanum generated Lewis acid sites which gave weakly bound
ammonia stable only at low temperatures and magnesium generated a combination of strong
Bronsted acid and weak Lewis acid sites giving &wl high temperature ammonia. In each
material the locations of the ammonia binding sites were identified using SXRD, supported by

modelling.

Lanthanum ion exchange was shown to cause structural disruption due to the size of the
lanthanum ions. This digption was shown to be related to lanthanum content but detrimental
to capacity. The acidity of the lanthanum zeolites could be tuned using varying lanthanum

content.

A variety of layered materials, including Mg@lere studied in greater detail.reatment of MgGl
using acetone was found to significantly improve the absorption rate at detriment to the
ammonia capacity; this was proposed to be due to reordering of exfoliated ;May@rs or
nanopore generation. This treatment was foundke unstalde with both time and cycling and

attempted alternative methods of stable layer disruption were unsuccessful. Instead, layers were



exfoliated and supported on zeolite which gave fast, stable sorption even at high temperatures

and low pressures.
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1. Introduction

1.1. Ammonia

Ammonia is widely considered omd the most important chemicals worldwide. Industrially, it is
produced on a hugscale, consuming.83%of the total global energy Ammonia is used as a
feedstock in a number of chemical processes though iteary use is in nitrogen based

fertilizers?

Plants require a nitrogen source as part of their growing process. Althouglatthesphere
consists of 80 % nitrogen it is present as inaccessible nitrogehAgamonia (consisting of 82 %
nitrogen by weight) is a viable chemically reactive and thus useable nitrogen salioeang

nitrogen tobe used bylantsand improving yields.

The importance ofammoniabased fertilisers cannot be overstated. As of &) the use of
ammonia fertilizers exceeded5@ million metric tonnes. The introduction of ammoniabased
fertilizershas allowed for a huge population growdls their use leadstsignificant improvement

in crop yields and increasing efficiency in agricultural processes. In the 100 years following the
introduction of ammonigbased fertilizers, the number of humans supported per acre of arable

land more than doubled, a change mapiessible as a result of ammonia productfon.

Although it idifficult to quantify exactly how much of the crop yield increase can be attributed to
ammonia, independent estimates put it at between-30%? Using this figure, it has been
calculated that approximately 27% of the wdB8dopulation in this time has been supported by
ammonia corresponding to 4 billion people who would not exist withositd#velopment and
use? With regards to the current population, an estimated 44% of them rely on ammonia

fertilizers?



Currently, populations worldwide are continuing to increase coupled with increasing average
global temperatureg. It is widely accepted that this increasingntperature wil also cause
increased flooding This will change the land available for arable farming and is predicted to
cause problems with food securityThe combination of growing populations and decreasing

areas for farming mean that fertilizers Widecome more important thaever.

Though the main use of ammonia has previously been as a fertilizer, there is currently a huge
amount of interest in alternative uses of ammonigroadly speaking the majroposeduses for
ammonia are in fertilizers, a@n energy vectoand as a fuel(either the ammoniaitself or as a

source of hydrogen).

Ammonia made near farms

Transportation

Cracking

Fuel cell vehicle

Figure 1-1: Schematic of potentialises for ammonia including transport, fertilizer, ammol
power plants and in fel cell vehicles (after cracking to hydrogén).

Ammonia sorbents are important, not only in ammonia synthesis, but also for transportation of
ammonia.There iscurrently an extensiveammoniadistribution network including piplines and

rail, road and maritime transportatioh.



1.2. Ammonia & anEnergy Vector

Oneuse of ammonia which is increasingly studied is its potential usen @nergy vector. This

becomes more and more imp@ant as renewable alternatives to fossil fuels are sought.

One problem with renewable energy sources such as solar or wind energy is their intermittent

supplyt i.e. it is not always sunny or windy when the energy from these sources is required. To

comba this, some way of storing the energy is required so it can be used when it is needed.

There are many potential methods of energy storage and it is a huge field. Commonly, energy is
stored using batteries, where the charge discharge cycle is used to Brifmoerratic supply from

renewable source$

Anothermethod of capturing the energy from renewable sources is the use of alternative fuels.
The emitted energy from e.g. wind can be used to generate a @ well studied example of

this process is the photochemical splitting of water to give hydrogenfaslaHowever, hydrogen

is a dangerous fuel due to it being flammable and explosive and storage is problematic as it is a
gas® Other commonly proposed energy vectors are hydrocarbons, generally very short chain

hydrocarbong Systems involving methane antethanol are commos

One possible energy vector with many advantages is ammonia. It contains three hydrogen atoms
per molecule so it can provide a hydrogen source followtimg use of a simple ammonia
decomposition catalyst. Hydrogen storage in the fosmammonia avoids the safety problems
associated with the explosive and flammable nature of hydrdgemrthermore there is already a
well-established transportation network for ammoniaand so there is already significant

investment into ammonia based green energy systéms.



One such project involving ammonia is the recent green hydrogen project between Air Products,
ACWA and NEOM, using Haldor Topsoe ammonia technbldwg project wiluse solar and wind
power to generate hydrogen which is then converted to ammonia and can be transported before
being converted back to hydrogen to be used as a fuel. This system aims to produce 1.2 million
tons of green ammonia per year, which will beneertedto hydrogen with a focus on supplying
hydrogen fuel cell buses and trucks. This project alone would lead to a reduction @m@&Sions

of over 3 million tons each year.

Hydrogen
Power H
Nitrogen 2
Ammonia
Global

Distribution

Ship/Truck
Carbon-
free H,

Figurel-2: A schematiof the NEOM green ammonia project, poweredrbyewable energyThe
ammonia is distributed and then carbon free hydrogen can be generated at the point.6f use
Thisproject emphasises how important ammonia is to decarbonising economies. Saudi Arabia is
investing significantly in new green technologiesan attempt to reduce the dependence of the
Saudi Arabian economy on oil revenues. This $5 billion dollar plant in one of the first of many

projects focusing on green enerdy

Another country which is investing in green ammonia systems is Austfaiialarly to Saudi
Arabia, Australia is well suited for solar powered ammonia production. Australia haseidvast
the Asian Renewable Energy Hub which will includedti® NXlaRg&wind and solar electricity

plant making green ammonfaRenewable energy sources (initially focusing on wind and solar)



will be used to synthesisammonia from water and air. This ammonia will then be both used
locally and exported internationally tooantries including Japan and Korea, to be utilised as
hydrogen. Projects such as this emphasise the opportunities ammonia storage opens up; it allows
for solar energy to be stored and used across the globee Australian government has
committed ALES570 milion over the next 10 years for projects supporting ithdomestic

hydrogen industry.

The versatility of such processes is highlightedngyannouncement by Yara, a Norwegian firm,
that they will fully electrify one of theialready existingammonia poduction plants’ This plant
will be powered by hydiy showing that green ammonia production is applicable to a wide

variety of countries.

The focus of countriesuch as Norway and Saudi, which have historically been high producers of
oil, on green engy systems emphasises the attraction of such systems and their ongoing

importance.

Ammonia sorbents can be an important part of such systems, either in the synthesis or

transportation stages, as will be discussed in more detail later.

1.3. Ammonia inTransport Applications

One possible area where ammonia as an energy vector has possibfel wpplications is in
transport applications. A move away frgmetroleumbasedfuels would help to meet the goal of
decreasing carbon containing emissioriBhough fuels such as natural gas and methanol
(produced from natural gas) are often studied, dwetheir high energy capacity and already

existing distribution networl& this is very short sighted. Natural gas is snenewableand these



fuels still emit carbon dioxide so focussing on such fuels only postpones the change to a green

fuel.

Ammonia isa good option as it does not contain carbon and so the burning of it does not give off
carbon dioxide Although ammonia is currently produced frofmssil fuels, alternative methods
are being developed which would allow for green ammonia (discussed inegreetail in1.5).

The main drawback to ammonia as a fuel is its toxfodyercoming this by adsorbing ammonia
into a nontoxic material for storage would make ammonia an excellent candidate for a fuel

source.

One area where ammonia has seen particular interest is the maritime sector. The International

Maritime Organizatongzo f A A KSR |yl feaira adldAay3a GKFEG FyYY2y

(7))
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$1.4 trillion between 2030 and 2080.This majority of this investment will go towds green
ammonia plants as it is estimated that over 900 million tons of ammonia will be needed to meet

the 2050 demand® This is over five times the current ammonia outpUThis demonstrates just

how significant the potential need for ammonia storagetinology is.

Another possible use of ammonia in green transport is as a hydrogen séiydegen would be

a useful fuel as its combustion gives only water making it a perfect green fuel. However, hydrogen
storage has many barriers. Commonly proposearaie materials are MOFs, complex metal
hydrides and borohydridedJnfortunately,these materials are all deficient in some way; MOFs
require unfeasibly low operating temperatures, complex metal hydrides cannot currently achieve
high enough capacities andofwhydrides show extremely poor reversibd§ adsorption® An
ammonia store, coupled with a decomposition catalyst, could allow for safer production of

hydrogen for combustionn the previously discussed NEOM project ammonia is used both as an
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as a hydrogen source for transport applications.

1.4The Haber Process

Currently, anmonia is produced via the Haber procestspwn below.

3N+ B A 2NH (Equationl)

Patented in 1908 as a method of reacting nitrogen and hydrogen to give ammonia, the Haber
process gained its creator Fritz Haber a Nobel prize and revolutionised agricultural processes.
Although the initial process was developed by Haber, further work mgineer Carl Bosch,

adapted theprocess and allowed it to be used on an industrial stale.

1.4.1. Kinetics and Thermodynamics
The above mentioned process is an exothermic reaction and so esle@mificant heat? This
means the reaction would be favouredlatv temperatures however, as the reaction is very slow
at low temperatureg(due to the difficult nitrogen dissociation stefh)is is not used industrially.
As the reaction involves the production of two gaseous molecules from four gaseous molecules,
LeCha St ASNDRE LINAYOALI S LINBRAOGA (KFG KAIR LINB

This is why high pressures are used in industry.

1.4.2. Current Industrial Process
The Haber process uses an imnrutheniumcatalyst, coupled with very high temperaas and
pressures to prduce ammonia? In industrial operations, the Haber process is extremely energy
intensive. As the pressure of the system decreases as the reaction progresses, the reaction must
take place at a high pressure (8800 bar)!? The reation is exothermic so would be favoured at

low temperatures, however, the reaction is very slow at low temperatures and so high

NJ

aa



temperatures are required. This problem is further compounded by the fact that catalysts
generally require high temperatures tperform efficiently. Industrially, the Haber process
operates at 40600 °C. Despite this, the reaction has a low efficiency, with a single pass
conversion of 185%due to the thermodynamic limitations' his means that many recycle steps

are needed which increases the energy used in thegse¢urther:?

1.4.3. Catalysts
There are two prominent catalysts studied in relation to the Haber process. The catalysts provide
an alternative energy pathway from the reactants to the products and so lower the temperature
needed for the reaction to take plac&his is a particular nessity for the Haber process, where

the splitting of a nitrogen molecule is a very difficult reaction.

Catalysis can be split into two main fields; heterogeneous and homogeneous cdfalysis.
Heterogeneous catalysis is where the catalyst and the reacexitt in different states (almost
exclusively a solid catalyst and liquid or gaseous reactants) and homogenous catiadyrsighe
catalyst and the reactants are in the same state (generally both ligtfieh®terogenous catalysis
has a number of advantageover homogenous catalysis; the catalysts are normally stable under
extreme conditions (e.g. of temperature or pressure) and the difference in states between the
catalyst and reactantallows for facileseparaton ofthe catalyst at the end of the reactio This,

in turn, means thatthe catalyst can be reused or recycled more easily than a homogenous

equivalent®?

Given the very high pressures and temperatures neanrgss the Haber procesdeterogenous
catalysts are the obvious choic&he two maintypes of catalysts studied for use in the Haber
process are iron based and ruthenium based catalysts, each having different advantages based on

the system in questiof?



When considering the reaction to produce ammonia it is clear that there amuraber of
processes involved. Both molecular nitrogen and hydrogen must be split followed by reaction to
give the ammonia molecules. Of these processes, it is well documented that the splitting of
nitrogen is the rate determining step for the ammonia pratan reaction? Hence, this is the
initial focus for catalyst development in the Haber process, as this is where the greatest
improvement is achievable. Shown below is a plot of the turn over frequency against the
dissociative chemisorption energy of i@rs transition metal elemenisgiving a typical volcano
plot.}* The reaction is a compromisghen it comes to the dissociative chemisorption energy. A
low value suggests that the ammonia will not stay on the catalyst for long enough to react while
too high a value means that the dissociated ammonia will be bound too tightly and not leave the

surface.
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Figurel-3: Volcano plot showing the relative efficiencies of various metals for ammonia syn
(adapted from'4).
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As is shown aboveuthenium and iron are the optimal combination of long enough residence
time on the catalyst surface and low enough binding atow for further reaction of the

dissociated nitrogen. This is evidenced by the peak in turnover frequency at these points.

While iron and ruthenium show similar nitrogen dissociation abilities there are a number of other

relevant factors which determe which metal is used in the catalysts for various conditions.

Iron based catalysts have the overwhelming advantage of low priGéven the scale on which
ammonia is produced this is a significant considerativan has a high availability and its
processing is well studied and relatively eg@gmbined with its good activity, these factors make

iron-basedcatalysts the most commonly used catalysts for ammonia production.

As is seen from the above volcano plot, ruthenium also shows good activitpitfogen
dissociation and hence ammonia synthesis. The increased activity compared to iron means it is a
suitable catalyst for milder ammonia synthesis conditions such as lowered temperatures and
pressuresOne main drawback with using a ruthenium cattligsthat they are more prone to

poisoning that iron catalysts and so very pure nitrogen and hydrogen sources must b€ used.

1.5. Towards a Nevmmonia SynthesRrocess

Although widely used, there are a number of problems with the current Haber pr@sesso

many possibilities for new technologies

One of the main drawbacks is the extremely high energy use and associated chobxare
emissions? It is widely known that atmospheric carbon dioxide causes global warming. This has
been related to climate issues including flooding, drought and other extreme weather évents.

These sorts of events cause a number of deaths, have great economic impacesaftdin
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significant changes of the lives of people affected. It is estimated that an extra 250,000 deaths will
occur each year as a result of climate change between 2030 and 2050 2018 climate events

had economic costs in the region of tens ofitwil US dollaré.

With ammonia production producing over 1% of all global carbon dioxide emissidgris clear
that there isa great motivation for decreasing the energy use in ammonia production plants. A

great deal of research has been focussed on this.

The main problemwith improving ammonia production is the inherent thermodynamics and
kinetics of the reaction necessitatindpigh temperatures and pressures in its current form.
However, the introduction of more efficient ruthenium catalys$tas changed this. Their high
efficiency means thalower temperatures and pressures, which are impossible with-based

catalysts, canéused.

To further reduce the emissions from ammonia production, renewable sources of the reactant
gases required can be used. Atmospheric nitrogen is already used but renewable energy sources,
such as wind or solar power, can be used to obtain hydragethe electrochemical splitting of
water. This also has the advantage of giving a very pydeogen source which is necessary to

avoid poisoning of the ruthenium catalyst.

Another means of improving the efficiency of the ammonia production proceaksosgh the use

of sorbents, which is the focus of this wokbsorption of ammonia as it is produced has been
shown to improve the efficiency of ammonia synthesis through limiting the reverse reaction
(where ammonia is decomposed) and shifting the eguiilin.® This isan extremely promising

area and so a more thorough understanding of how this process works is needed to aid the

development of new sorbents.
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1.6 Sorbents

1.6.1. Adsorption versus Absorption
Initially, the difference between adsorption and absorptionust be discussed. Both are
processes by way of which a molecule, atom or ion interacts with a secondary material.
Adsorption is a surface process where th®dms/molecules/ions bind to the surface of the
adsorbent. Absorption involves tregoms/molecules/ions permeating the bulk of the absorbent.
Clearly there will be ambiguity in some materials, particularly those where the surface is not
particularly well defined but these will be the general definitions used in this thesis. Sorbents will
be used a general term referring to both adsorbents and absorbents and sorption used for non

specific adsorption or absorption.

161.[ S / KIFIGStASNDa t NAYyOALX S
The use of sorbents to improve the efficiency of catalytic processpmsed to be at least
partially3 2 JSNY SR 068 ¢KI G Aa (y2ey a [S [/ KFEGStASNRS
to counteract a change upon it, i.e. if temperature of a system is increased, a reaction equilibrium
will shift in such a way to lower the temperature. When ussogbents, the ammonia produced
by the catalyst is removed from the system by the sorbent. pitdasents the backward reaction,
shifts the equilibrium on the catalyst surface and pushes the system to produce more amfhonia.
This is a further way of loweringhe necessary conditions for ammonia production or

alternatively improving the ammonia production under the same conditions.

1.6.2. Gas Behaviour

How the gas, in this case ammonia, interacts with the solid must be considered when trying to

improve sorption prperties.
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First, the kinetic behaviour of the ammonia can be considered. The kinetic model describes gas
molecules as being in ceaseless, random motion with negligible istzetheir diameters are
orders of magnitude smaller than the distances they éldhetween collisions). The molecules are
assumed to only interact through brief, infrequent, elastic collisi@r@®ollisions with the sorbent
material are relevant here. Collision flux describes the number of collisions between the gas and

an area over @eriod of time on an area and time basis.

Zy =ﬁ (Equation2)

where Z is the collision flux, p is the pressure, m is the mass ofotecule, kis 2t 41T YI y Q&

constant and T is the temperature.

Also mportant here is the transport properties of ammonia. Diffusion refers to the migration of

matter from a region of high concentration to a region of low concentratiodlany diffusion
O2STFFAOASYGA IINB NBLRZNISR Ay GKS fAGSNY Gd2NBI K
describe experimental dat® E LISNA YSy Gl t t 85 O2y OSYy (N} GA2ya | NB
law of diffusion can be defined as

J(c) =D'(c)nc (Equation3)

where J(c) is the concentration flux! iB the Fick diffusion coefficient andt is the change in

concentration with respect to positioff.

This law describes how the diffusion of a gas is drivethéygradient of concentratiomnd the

diffusion coefficient. Diffusion coefficients are commonly calculated computatiotfally.

1.6.3. Surfaces

As adsorption is a surface phenomenanany of the recent breakthroughs in surface science

offer insight into the adsqation processand how to study it
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1.6.3.1.The Langmuir Isotherm

LG Aa 1y2sy (GKFG GKS O02¢0SNIX3IS 2F +y |Raz2NbIFGS
the gas pressure (provided temperature is constahtYhis relationship is described by an
adsorptin isotherm, commonly the Langmuir isotherm. This is often used to describe systems
such as high surface area solids adsorbing gas, as is often the case in heterogeneous catalysis or

gas storage.

Associative adsorption is the simplest type of adsorptiod aan be described by the Langmuir
isotherm?2°

M+ S=MS (Equation4?)

Where M is the adsorbing gas molecule, S is a surface site and MS is a molecule adsorbed on a
surface site. Rate constants of &nd lk can be assigned to the adsorption and desorption

processs (the forward and backward reactions, respectiyely

The rate of adsorption varies as such;

Rate of Adsorption =R(%") (Equation5®)

Where k is adsorption rate constant, P is pressure dnds the portion ofmonolayer sites

occupied (i.e. 1 represents thdractional monolayer coverage ahoccupiedsites).

This demonstrates how the rate of adsorption is high at high pressures, higtlukes and when

there are many unoccupied sites.

The rate of desorption is described as follows;
Rate of Desorption =k (Equation6®)

Where k is the desorption rate constant andis the portion of monolayer sites occiggl.
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The above shows that the rate of desorption is not directly dependent on the pressure of the

z A

system, althoughas @F NASa gAGK LINB&aadaNBE GKSNB Aa +y AYR

At equilibrium,the rate of adsorption and desorption are equal and so the folloviioids;

kP (%) =kd' (Equation72)
which can be rearranged to give;
. Na_ KP C oo
?:} = (Equationg8®°)

where N is the number of occupiedurface sites, N is the total number of sites, KiisqiKi.e. the

equilibrium constant) and P is the pressure.

This equation represents the Langmuir adsorption isotherm which allows for prediction of
monolayeradsorbate coverage changed with presseéifé similar equation exists for dissociative
adsorption, which occurs when a molecule dissociates on a surface; this is not expected to occur

under the conditions studied here and so is not discussed further.

The Langmuir isotherm model relies on a number of assumpfforfgstly that the surface is
uniform, the adsorption sites are equivalent and each adsorption site can be occupied by just one
molecule. A dynamic equilibrium is assumed to exist between theagdghe adsorbed layer at

the pressure and temperaturd-he adsorbing molecules are assumed to be continually colliding
with the surface and any collision with a vacant site leads to the formation of a bond while any
collision with a filled site causes tlaglsorbate to return back to the gas phatieis assumed that
there is no movement between sites once a molecule is adsorbed and finally, the enthalpy of

adsorption is taken to remain constant for each site, no matter the coverage. Although these
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assumptbns do not hold under all circumstances, the Langmuir isotherm generally models

associative adsorption well.

1.6.3.2.The BET Isotherm

The main drawback to the Langmuir adsorption isotherm is that it does not apply when layers
thicker than monolayers are formirf§.The adsorption of gas molecules on to an already
adsorbed monolayer will show very different behaviour to gas molecules adsorbirgean
surfaces. To model this, Brunauer, Emmett and Teller proposed a further model, nhow known as

the BETnmodelwhich exends the Langmuir Isotherm for multilayer adsorptiéh.

Again, the model makes assumptidhshe first layer is assumed to show Langmuir behaviour
and later layers form consecutively (e.g. layer two forms on layer one, layer three on layer two
and soon). Atequilibrium,the rates of condensation and evaporation are taken to be equal for
each layer.Furthermore, the enthalpy of adsorption of the first layer is equal to the Langmuir
case while the enthalpy of adsorption is assumed to be equal and dpposthe enthalpy of
vaporisation for later layers. These assumptions give the BET equation;

P 1 (c—1)P

. = + Equation9?
VB —P) VUl ' VnCP, (Eq )

where V is the volume of gas adsorbed at pressure.R®s the monolayer adsorption volume, P

is the pressure at which the material is saturated with adsorbate and C is the BET céhstant.

This is commonly exploited to calculate surface areas of solids, uspigydisorption, though can
be used in other contexts, such as determining thermodynamic propertiesastions between

gases and solids.
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1.6.3.3.Classifications of Isotherms

Langmuir and BET are two of the five types of isotherm that were initially classjfiBcubauer,

Denning, Denning and Teller.

Adsorption

v

Relative Pressure

Figurel-4: The five types of isotherm, classified by Brunauer, Denning, Denning and?Teller.

Type Iclosely resemble Langmuisotherm behaviour (when the asymptote is a result of the
limited number of sites being fillgdut also describes filling of micropores within a solidhére
the filling of the pores is the limiting facot® These isotherms are most commonly seen here and

are typical forzeolites.

Type Il isotherms occur when adsorption takes place onpwnus materials or materials with
very large pores, where unrestricted multiplayer adsorption can take pfddehe characteristic
shape occurs because monolayer adsorption occust followed by further layer filling at higher

pressuresThe BET isotherm can be used to understand such behaviour.
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Type Il isotherms occur when there is multilayer formation at all pressures due to initial
adsorption facilitating further adsorptionsathe interaction between gas molecules is more
favourable than interactions between gas molecules and the suffaddis is a relatively

uncommon case and is not often seén.

Type IV isotherms are typical of materials with pores of sizes betwedi®a®A; at these pore

size multilayer adsorption and capillary condensation both occur leading to this isotherm%hape.

Type V isotherms were the final type identified initially. They are similar to type 1V but also show
the same effect as in type Il wheemitial adsorption promotes further adsorption due to strong

interactions between gas moleculé&sSimilarly to type Ill, this is an uncommonly seen isoth&rm.

Further work on isotherms has allowed an additional type of isotherm to be identified Vi/p
isotherms show a number of steps, caused by stepwise adsorption omtellalefined non-

porous surface; the height of the steps is proportional to the capacity of the 1&ers.

1.6.4. SorbentConsiderations
There are a number of considerations when it comes to ammonia sorbents. The most obvious
consideration is ammonieapacity either on a volumetric or gravimetric basis. This is a measure
of the capacity of thenaterialto take upammonia. When considerirgmmonia sorbents for use
in Haber process type applications, the ammonia sorbent will always be stationary, and
commornly on relatively large scales. This means that the weight or volume capacity is less of a
consideration than it would be in, for instancemmonia storage materialsin transport

applications.
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An extremely important factor in ammonia sorbents is the rate of ammonia sorption. Fast rates of
sorption mean the ammonia is quickly removed from the system and so the above described
equilibrium shft canoccur.If ammonia sorption is too slow then it is unlikely that this equilibrium

shift will occur.

Thestrength of interactions between the ammonia and the sorbent are a critical contarsis a
removed from the system and thus the catalyst equilibrium will not be shifted yet too strong an
interaction and the ammonia will be very difficult to removdis is strongly related to thecidity

of the studied adsorbent material as ammonia is a basic molecule.

When considering which materials are most appropriate there are a number of structural

considerations. Strong ammonia adsorption sites alone are not enough for a good adsorbent
these sies must be fully accessible to the ammonia molecules. This is a consideration for porous
materials where the pore structure must be open enough to allow for access of the ammonia
Y2t SOdz Sad DAGSY | YY2YyAlI Q& aYl f falyddd sgnificant A &

problem but it should be considered none the less.

The stability of the material, both with and without ammonia is a further factor that must be
considered Current Haber conditions are extreme, with respect to both temperature and
pressure, and any sorbent needs to be stable under these conditions. This is less of a
consideration for transport applications or mild Haber conditions which ideally occur under

conditions significantly closer to ambient.

It is clear that different applications will have differeptiorities with regards to sorbent

properties.In Haber process typapplicationsthe sorbent will be stationary and so gravimetric

OLasS 2F 3ISGUAYIABKEBEXY USRI OBk2Y | f2dzgii SN OGAzy
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capacity is lessnportant that volumetric. Priorities for such application include high temperate
stability (due to the high operating temperature of the reactors), fast sorption and desorption (as
gl a RSY2yaidNI GSR Fa |y S SRandRabilityozsr inang tNEes (ass 2 NJ
the sorbent bed will ideally not be regularly replaced). When the sorbent is being used in low
temperature ammonia synthesis applications the high temperature stability is no longer a
particular consideration though the sorption andesbrption speed and stability remain
important. Transport applications and operations where ammonia is used as an energy vector
have differing priorities. One substantial difference is that these are mobile applications and so
the gravimetric capacity ismiportant. For consumer transport applications fast sorption is
necessarywhile for maritime applications this is less of a concern. Again, stable sorption is
important for these applications. These differing priorities mean that the materials target for
sorption research will be different depending on under what circumstances the final material will

be used.

1.6.5. PreviousDevelopments
Some work has already been carried out in the field of sorbents for Haber process type
applications. Much of the pioneering woin this area has been carried out by Cussler who, along
with Knaebel, first proposed the idea of separation of ammonia usingramoniasorbent to
improve the efficiency of Haber process systems in61&&d proposed that this could allow for
ammonia sythesis under more moderate conditiond/ork has continued in the group including
the recent development of a pilot plant demonstrating the feasibility of ammonia under low

pressure?® So far it has achieved production rates of 65 kg ammonia pef°day.
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Figurel-5: ThesmallscaleHaber process proposed by Cussler and colleagues. JItioi air),

H. (from water) are compressed, heated and then reacted to give ammonia. The ammoni:
passes through a condenser and separator to give the product ammonia. The proposed sy
powered by wind energy to allow for generation of ammonia on site at, kample, a large
farm24

Initial lab experiments showed that a relatively simple systeith a catalyst bed and a separate
MgC} absorbent bed'shown inFigurel-6), which gases could be pumped between, allowed the
conversion of ammonito be increased to 95%n(comparisorto 20% for typical Haber processes
although the kinetics of these systems are not really compajableisammoniaproductionwas
much slower with absorbent due to slow diffusion of ammonia with the absorBeiithis
demonstrates how fast absorption or adsorption is a target for any new sorb@&iigy also

considered a single bed with mixed catalyst and absorlfgindwn inFigure1-6) which initially

did not show good results due fwrobablepoisoning of the catalyst by water in the Mg}

Ny
Catalyst Bed 3y Absorbent Bed === NH;
) g
a
N, —
Mixed Catalyst and
pr— NH
Absorbent Bed i
H, =
b)

Figurel-6: Two possible setips using absorbents to improve catalyst activity explored by Cu
et al, a) the absorbent bed following theatalyst bed and b) a mixed catalyst and absorb
bed 2

In 2016 a smalpilot plant in Minnesotawas developed based on the above experiments.

Ammonia was produced using renewable sources of hydrogen and nitrogen, at lower
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temperatures than a conventional Haber pl&htAn excellent starting pointthis work clearly

demonstrated that small scale ammiarsynthesis from renewable sources is possible.

Since the initiabenchmarking experiments carried out on the Minnesota plant, further work has

improved understanding and efficiency of ammonia synthesis under milder, greener conditions.

Given the preiously discussed limitations caused by slow sorption of ammonia to MggCi

and CaBrloaded on silicand zeolites werdrialled with some succes$240 % loading of Mggl

or CaBy on silica or zeolite Y showed-80 mgyndJabsorvent (150°C, 4 bay. However, only metal
halide-based absorbents have been considered, demonstrating the need for further study of

porous material adsorbents.

The effect of reaction temperature, pressure, absorption temperature, and tgassport were
studied?® Initially, the rate of separation of the produced ammonia was a crucial fd¢nce

this had been identified and resolved, the limiting factor was found to be the recycling of
unreacted product$® Later research showed that mixed bed (iron catalyst and absorbent

mixture) avoided this as recycle was not needed.

Work by Cussler also considers the engineering considerations of such systems. Ia laastrCI
system one of the main factors limiting practical use is that desampdf ammonia is very slow,

due to poor diffusion of desorbed ammonia from the materighgineering solutioa are
proposed two absorbent beds so one can blesarbing while the other desorli@s can be seen

in Figure1-7) or desorption purely by pressure swifgt is possible that a chemistry solution is

also possible; an sorbent which shows very fast desorption could also overcomes these problems

andso zeolites are promising materials to study further.
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(a) Conventional (b) Absorption based
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Figure 1-7: Comparison ofa) the conventional ammonia synthesis reactor -sgt and b) the
proposedabsorption-basedset-up, offering arengineering solution to slow ammonia desorptic

In the proposedibsorption-basedset-up one absorbersiabsorbing produced ammonia while tt
other undergoes desorption and is regenerated.

Furthermore, this work also showed the importance of ammonia desorption r&assler and
colleaguesdeveloped a model to understand what factors limit the potential improvement in

ammonia productiorwhen using MgGl Theylooked at desorption of ammoni@om MgCi when

the absorbent was below maximum capacity aasidered thekinetics of desorptiort®
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Interior Surface Film Layer Gas
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Figure 1-8: Cussler model of concentration within ammonia desorbing MgUQie initial bulk
concentration of € diffuses from the z=I front until the particle surface. The concentration at
particle surface is in equilibrium with the gas phase.

They define the concentrations of ammonia in the sorbent interior section; i the

concentation of ammonia at the temperature of absorption and” ds the equilibrium
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concentration at the temperature of desorption. The concentration of ammonia in the sorbent

surface film section varies with position and time, decreasing until it reaches thielpaurface.

They describe this in a more quantitative way. Firstly, the reaction releasing the ammonia from
the bulk, in terms of flux:

J=k(c*-¢") (Equation1C?®)

where k is a reaction rate constant (per uaita of the z=I interface) and*ds the concentration
of ammonia at the temperature of absorption and @s the equilibrium concentration at the

temperature of desorption.

This is then equated to the flux across tieenainder of the solid where the amonia is no longer
part of the amine bulk
_D

3= (¢ c1) (Equation112®)

bl

where D is the diffusion coefficient of ammorniathe ammonia complex free region, H is the
distribution coefficient (the concentration of ammonia in Mg@vided by the concentration of
ammonia in gas phase iequilibrium with the MgC)), ¢" is the initial equilibrium bulk

concentration and gisthe surface concentration at the soligas interface.

By equating these two flux equations Cusgleal. gave an overall desorption flux of:

k(ct—cui)

[ 2 kZ(eF—o e (Equation1223)

1+
_\; DH Cap

J=

where Go is the ammonia concentration of ammonia in complex with Mdglthe sorbent

interior region and all othevariables are as previously described.



25

Further examination of thishowed that the desorption of amnmia from MgClis limited by the
rate of ammoniadesorption, the heating rate othe rate of diffusion from the Mge¥ These are
the factors which must be targeted to improve tlehancementeffect in sorption assisted

ammonia production.

Overall, he variety of literature produced by the Cussler group shows that absorption of
ammonia can allow for green ammonia production but quick absorption and desorption improves
the system and both the operating and desorption temperatures have a significaut effi the
practical operations of such systentr these reasons, it would be beneficial to have a material

that can absorb ammonia at the operating conditions of the cat#lgstd desorb easily.

1.7.New Sorbent Materials

The wealth of literature studying ammonia sorbents provides many possible directions for further
research. Here two different classes of materials willshedied: porous materials and layered
materials. Though MgGlis the most commonly used absorbentnamber of deficiencies have
been identifiedwhich these materials can potentially overconf@orous materials show good
stability (important for high temperature applications and stability with cycling) and open
structures which should lead to fast sorpticand desorption (which has been shown to be
essential®). As MgGlis a layered material, other layered materials will be studied with a target of

improving diffusion and stability.

1.8 Porous Materials

Porous materials areaell-studiedclass of materials for adsorption and many catalytic reactions.

They benefit from very high surface areas leading to a number of possible active sites and
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generally show excellent high temperature stability. Discussed in this thesis are zeolites, SAPOs

and activated carbons.

1.8.1. Zeolites
Zeolites are silicaluminabasedmaterials which both occur naturally and are synthesised for
commercial purposes. A huge number of zeolite structures are known, with 252 framework codes
describing zeolites currently ligleby the International Zeolite Association, and more being

assigned every year, particularly as computationally aided design of zeolites imgroves.

Zeolites have a long and varied history, with the first natural zeolite discovered in 1756 by
Cronstedt, o understood it to be a new class of minerdlsThroughout the 1700s,
understanding improved with scientists noting properties including adsorption, ion exchange and

dehydration.

Though naturally occurring and synthetic zeolites both exist, naturadyirdog zeolites are
rarely, if ever, used in industrial settings, partially due to structural defects commonly being
present. In contrast, synthetic zeolites have vevgll-defined structures and are hugely useful

in a number of industrial processes.e€Tfirst synthetic zeolite was prepared hydrothermally in

1862, by St. Claire Devifte.

Broadly speaking, the applications of zeolites in industry can be split into Hreses:catalysis

(primarily in the oil and gas industry), adsorption and ion exgkan

1.8.1.1.Structure
Zeolites consist of a network of silicon and aluminium oxide tetrahedra, joined via oxygen, to give

a complex, high surface area network consisting of a system of channels and¥ores.
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A huge variety of zeolites are known, and so zeotisas be chosen to give the desired properties
for a particular reaction. Variation in channel width or pore size means zeolites can selectively

adsorb molecules based on size or shape.

The basic structure of a zeolite is based on silica tetrahedraivEofgnctionality, some of the
silicon atoms are replaced by aluminium. These tetrahedra join via oxygen to give structural units

which then repeat to give a porous netwotk.

As silicon has a charge of 4+ while aluminium has a charge of 3+, the repthagnsdicon by
aluminium results in a charge unbalance on the material. This unbalance must then be

counteracted by the introduction of another ion, commonly sodium.

+ +
Na Na

o

0 0 0 /o o,
VV‘Si/ \Si/ \s|/ \Sim / \AI \Si/ \AIM

— s

Figurel-9: Substitution of silicon by aluminium generating charge balancing ions.

These charge balancing ions give rise towya the interesting and useful properties of zeolites.
One such property iBmnstedacidity. When the ion balancing the charge is drbgen ion this
causesBmnstedacidity in the zeolite, providing a binding or catalytic site for many reactions. This
acidity is particularly useful for reaction odsorbing basic molecules such as ammonia, due to

the interactionwith the nitrogen lone pir.*

The nature of the charge balancing ion can be changed, allowing for many interesting properties

to be introduced Metal ions can be introduced altering the catalytic properties.
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1.8.1.2.Synthesis
As naturally occurring zeolites have inconsistent struegyureolites are commercially synthesised

for use in industrial processes.

The first reported synthesis of zeolite materials was by St Claire Deville in 1862. In spite of this,
much of the grounebreaking work which led to the zeolite synthesis methoseditoday was not
carried out until the 1940s. The first synthetic zeolite without an equivalent structure in nature
was synthesised in 1948 by Barrer who hydrothermally treated both synthetic and naturally
occurringaluminosilicates with barium or potassn chloride or bromide to give new materials.

Work by researchers at Union Carbide developed such techniques further, pioneering the use of
more reactive starting materials, allowing zeolite synthesis under milder conditions. Robert
Milton, at Union Carlde, used this technique to develop Zeolit€® &and Zeolite ¥ and

eventually over 20 different zeolite4.

Modern day zeolite synthesis is commonly hydrothermal. This involves heating an aqueous
mixture of silicon and aluminium sources and a mineralisagent (usually at high pH) to

temperatures above 10€C in an autoclave. Eventually, the amorphous reactants undergo change
to give the crystalline zeolite. Directing agents are also commonly used to generate particular

pore structure®*

1.8.1.3. Applications
The interesting properties of zeolites make then suitable for many applications with the most

commercially important uses being catalysis, adsorption and ion exchange.

Despite moves towards more renewable energy sources, the petrochemibadtiyg is still a

hugely important industry. A 2020 report by BP stated that 84.3 % of energy worldwide comes
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from fossil fuel®, with demand for such products increasing in many countries. Products deriving
from petroleum products are also important, paularly plastics, and demand for such products
continues to rise. A significant portion of petrochemical processes use zeolite catalysts, due to

their widely varying structures and flexible acid properties.

The first uses of zeolites asatalysts were in the petrochemical Industry. In 1959, researchers at
Carbide developed a zeolite Y based catalyst for use in isomerisation. This was followed in 1962
by Mobil, who used modified synthetic zeolite X to catalyse hydrocarbon cracking, glléavin
efficient gasoline production and saving millions of barrels of crud® ®his is one of the most
important industrial processes worldwide, with hundreds of thousands of tonnes of zeolite being

used every year for catalytic crackiftg.

Another u®ful application of zeolites is ion exchange. One early use of this process was
developed by Union Carbide in 19%7As discussed, zeolites can contain a number of ions which
balance the charge generated by the substitution of silicon by aluminium ingblge structure.
These ions can be exchanged for other ions within a solution passed through the zeolite pores.
This is most commonly applied in detergents, which is the smgolite single market by volume,

at 72%6%°

The adsorption properties of zetds lead to many industrial applications. The abitifyzeolites

to adsorb molecules was first recognised by Grandjean in 1909 who recorded dehydrated
chabazite adsorbing ammonia, hydrogen andaitowever, itwas notuntil the 1930s and 1940s
when muchof the pioneering work on zeolite adsorption was carried out. Barrer was the first to
classify zeolites based on size considerations, eventually leading to commercially important
zeolite adsorption, particularly by Union carbide. Furthermore, zeolitese hmvnumber of

properties which make them excellent candidates for gas separation through adsorption. This
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effect was first observed by Weigel and Steinhoff in 1925, who observed dehydrated chabazite
adsorbing water, methanol, ethanol and formic acid but acetone or benzené. Developing
from this, Union Carbide developed synthetic zeolites, patenting the ISOSIV process which was

used to separate paraffins.

Thewell-definedpore size and high porosity of zeolites mean that they are excellent at separati
atoms or molecules based on their size or differing chemical properties. There are three main
types of separation that zeolites can exhibit; separation based on different size/shape, separation
based on different diffusion or separation based on différadsorption strength. Size exclusion
KFa I 1S2tAGS FOGAy3a & | avy2fSOdzZ I NJ aAS@SeT
pass through the zeolite, while larger ones cannot. One such example of this is the use of 3A
zeolite to remove water frm ethanol, allowing the purified ethanol to be used as a fu®larious
molecules can also be separated by zeolites by exploiting the fact that smaller molecules will
diffuse through the porous network more quickly than larger molecules, an effect whalroto

a greater extent at higher temperatures. Hydrogen can be separated from methane in tifs way
Finally, molecules can be separated based on their different adsorption strengths, due to the
acidbase properties of the zeolite. Molecules with highmrels of basicity interact more strongly

with acid sites on zeolite and so can be separated from less basic molecules. One examples of this

in the separations of carbon dioxide and methane using8Z#s described by Venna.

More recently, there has l#n a great focus on using zeolites as gas storage materials.

1.8.1.4.lon Exchange

lon exchange is one of the most commonly used techniques to alter the properties of zeolites. As

was described previously, zeolites contain ions, commonly sodium, which balanehdrge
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generated by the replacement of silicon by aluminium within the structure. lon exchange is when

these balancing ions are replaced by other ions altering the properties of the zeolites.

One commonly used form of ion exchange is exchanging sodiuprdtons (via a ammonium ion
intermediate) to giveBransted acid sites which are important catalytic sites in many reactféns.
Alternatively, metal ions are also commonly used. Exchange of sodium ions by metal ions
generally is more favourable due toehact that this process involved replacing multiple sodium

ions with each metal ion due to the differing charges and so is entropically favourable.

VV‘Si/O\AI/O\SI/ \AIM
Na‘ Na+ /
o) o) o) o, /o o,
WSi/ \Si/ \s|/ \Sim = VV‘Si/ \AI \Si/ \AIM
\ -
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Figure1-10: Replacement of silicon by aluminium causing a charge imbalance counterac
sodium ions, which can then be replaced by e.g. protons or magnesium ions.

It is important to note that ion exchange as discussed here does not alter the elements within the
framework structure of the zeolite. Altering of the framework elements can be achieved by the
introduction of additional elements during the synthesis of #emlites while ion exchange alters

extraframework species post zeolite synthesis.
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1.8.1.5.Acidity
One of the most crucial properties of zeolites which contributes to their widespread use in
industry is their tuneable acid properties. Zeolites generally exhilgt types of acidity; Lewis

acidity andBrgnstedacidity 3

Lewis acidity in zeolites occurs as a result of the aluminium in the zeolite which is pressdeout

the framework of the zeolite¥ High temperature dehydration and steaming of zeolites ave t
mechanisms by which aluminium is removed from the zeolite framework. These species, known
as extra framework aluminium, are Lewis acid sites as they are able to accept a lone pair of
electrons, through a now empty orbit#l.The aluminium can be preseas Al(OH)or AIOH",
depending on the conditions which generate the extra framework alumina species. Furthermore,
these extra framework species can interact with oxygen atoms in the bulk zeolite structure,
increasing theiBransted acidity through a mednism known as th&mnsted Acid Site Lewis

Acid site synergy.

Brgnsted acidity in zeolites occurs as a consequence of the replacement of silicon in the zeolite
structure by aluminium. When silicon, a tetravalent ion, is replaced by aluminium, a ttivaien

a charge imbalance is generated across the structure. This imbalance then must be counteracted
by an ion, commonly Nar H", depending on the synthesis conditions of the zeolite. Wheis H

the counter ion, it is present on one of the O atoms forquia tetrahedra with framework
aluminium, the exact location of which is determined by the synthetic condifibrighe
framework structure has an effect in determining the strength of these acid sites, as does the
exact location of the aluminium atom inwald 3¢ Furthermore, the distribution of these sites, the
bonding geometry around them and their ease of access all vary the acidity of the zeolites and
hence a thorough understanding of these properties is essential if the acid behaviour of a zeolite

is tobe understood.
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Ammonia is a basic molecule andtbe acidity ofa zeolite will have a significant effect on the
ammoniaadsorption properties ofhe zeolite. There are a number of techniques commonly used

to study acidity of zeolites. @rtechnique igemperature programmed desorption (TPD) of probe
molecules using thermogravimetric analysis (TGA) which measures the weight change and rate of
weight change in a sample as a function of temperattird/eight changes corresponding to
processes including desption, decomposition, oxidation or reduction can be identified. The use

of basic probe molecules (commonly ammonia or pyridine) can then give information on the
acidity of a zeolite by studying the location and nature of desorption peaks. Unfortunf@ifely,
cannot alone distinguish between Lewis aBansted acid sites*® Furthermore, the desorbing
molecules may be radsorbed as they move through the pore network which can make
identification of sites difficulf® One further use of TPD is to determine the desorption energy of
sites. By varying the heating rate and seeing how to locations of peaks changes, the energy of
desorption and thus the acid site strength can be determifiethis technique is commonly used

in literature; work by Yet al. showed the desorption energies of ammonia #Z8M5 were 7, 21

and 113 kdnol! using TPD and so the sites could be classified as weakly binding (e.g. van de
Waals interaction between ammonia and framework oxygen), hydrdgemding and strong
Brgnsted acidbase adduct formatiott demonstrating how TPD can be used to calculate zeolite

addity.

Also commonly used to study zeolite acidity is solid state NDffen used are?®Si,?’Al, *H, 17O,

BN and®'P.#% Aluminium speata are typically used to determine the relative ratios of tetrahedral
and octahedral aluminium. Framework aluminium tetrahedrdlipd to oxygen atoms while
extraframework aluminium are octahedral. As these peaks are present in different positions
(four coordinate at 60 ppm and six coordinate at 0 ppm), the Al NMR spectra can be used to study

Lewis acidity in a zeolité.For example, Bokhovegt al. used Al NMR to compare the acidity of
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two zeolites; HUSY zeolite showed more extirmmework aluminium, 8 was shown by an

additional peak at 0 ppm, than Néazeolite*®

NayY H-USY

o )

100 50 0 —éﬂppm 100 50 0 -éDppm

Figurel-11: 2Al NMR spectra of N¥ and HUSY, both showinfipur coordinate Al, indicated by
peak at 60 ppm. HISY shows an additional peak at 0 ppm corresponding to -&simaework
aluminium?®

Silicon NMR can also give information of the frameworthagpeak position varies depending on
the coordination environrant of the atom? The use of Si NMR complements Al NMR and both
are often used to study dealumination of zeolit€s’O NMR is sometimes used to study zeolite
acidity; it enable the hydroxide groups generating acidity to be directly studied and so is an
extremely useful technique. However, the low abundancy’6f means that enriched zeolites
need to be used which makes this technique very costly and so it is less frequentf} Tkedise

of probe molecules in NMR can also be used to give informatiorthe acidity of zeolites.
Ammines and phosphines are adsorbed on the zeolite ‘@Ndand3!P used to study acidity, as
different acid strengths give different chemical shifts for tlis@bed molecule4® Though this is

a good way of determining acidityf @ zeolite, it cannot give information on the location of the

acid sites. Complementary techniques are required for this.

One such technique, which allows for the location of acid sites to be determinedrag X
diffraction (XRD). Many reported zeoliteystal structures were determined using single crystal

XRD though the advent of synchrotronay sources means that powdesry diffraction is now
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commonly used® Most useful when studying acidity is the use of synchrotrenayXdiffraction
(SXRD) taletermine the location of acid sites and study the interaction of gas molecules with

them.

Rietveld refinement of collected SXRD allows for very detailed structural information to be
determined®® The location of adsorbed probe molecules on the zeolie be determined and
therefore the strength and location of acid sites determined. Commonly used probe molecules
are ammonia and pyridin&.One of the main drawbacks of this technique is that XRD cannot be
used to visualise hydrogen atoms, present in bibih acid site and the probe molecules. One way

to overcome this is to study the distances between the framework oxygen atoms and the lone
pair donor molecule of the probe molecule. This distance is directly related to the acid strength of
the binding siteand so it does not matter that the hydrogen atoms of tBesnsted acid site

cannot be visualised.

One example of this technique in the literature is the elucidation of acid site locatiofZ BIMb

by Yeet al.. ** Ammonia was loaded on-BSM5 and thenstudied using SXRD. Four ammonia
binding sites were assigned and the distances between the nitrogen of the ammonia and the
framework oxygen compared. One ammonia (assigned N1) was located/8a8683.460A from
framework oxygen atoms in a bidentate fash and so was assigned as ammonia very strongly
interacting with aBransted acid site to give an NHspecies. Two further ammonia (assigned N2
and N3) were foundo be located in the sinusoidal channel of23M5 and form hydrogen
bonding interaction with the strongly bound N1 ammonia. The final ammonia (N4) showed longer
distances between it and the other ammonia and so was assigneal \weak physisorption
interaction with the zeolite wall. These determined strengths match well with force field

calculations and TPD experiments also carried out. Additionmadgitu SXRD studies showed that
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the occupancies and bond lengths of the ammonia molecules changed as woeljpbeted

given the assigned strengths.

This work demonstrates the value of SXRD to study zeolites. It cordifpnevious proposal
(based on modelling data) that thBransted acid sites in FZSM5 are located in the cross
channel region of the zeolitd=urthermore, this work demonstrates how acidity is not the only
factor affecting adsorption and that the spatial arrangement of probe molecules within a zeolite

is also important.
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Figurel-12: Locations of ammonia molecules withirZ23M5 with calculated bonding distance

as determined by Rietveld refinement of SX®D

This technique has since been expanded to other zeolites to great effect. Ammonia adearbed
ZnAlIPO5 was studied to determine the location of the acid sites in the AIPO, allowing for the

acidity to be tailored. This was then used to improve the selectivity and activity of gamma

valerolactone tgpentatonicacid?®

It is possible to overcomenhg inability to visualise hydrogen atoms by using neutron diffraction.
This would allow for a fuller picture of zeolite structures and probe molecules to be determined,
however,in-situ neutron diffraction is difficult and so neutron diffraction anday diffraction are

better considered as complementary techniqu#s.

A further difficulty with XRD is that it cannot differentiate between silicon and aluminium atoms

due to their very similar size. In fact, there are very few techniques which can be osed t
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determine the positions of aluminium or silicon in a zeolite. One technique which has been
proposed is atom probe tomography which researchers report can be used to determine the
distribution of aluminium in ZSM.*” However, this technique does not se¢mhave been widely
used and determining the distribution of aluminium and silicon in zeolites experimentally remains
challenging. More commonly used are computational techniques, where the energy of various
structures is compared. For example, Fletcleeral. screened potential structures of S$2Z
zeolite, varying the aluminium distribution, using DFThey found that structures which were
previously thought to be impossible (i.e. with Al atoms in close proximity) were viable, which

would allow for ineresting catalytic activity if achieved experimentally.

1.8.1.6.Examples

Three types of zeolitare studied in this thesis, chosen for their varied properties.

13X is daujasitetype zeolite made of sodalite cages joined via hexagonal prisms generating a
framework with large pore® It has a high silicon content whidéh turn means there are many
balancing sodium ions making it a perfect candidate for ion exchange. It hachangeels of 13

A% allowing for the inclusion of larger moleculéEhe extremely open nature of the 13X pore

network and small size of ammonia means that the zeolite is very accessible for ammonia.
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Figurel-13: Representation of the pore network infaujasitezeolite. a) The ball and stick mod
represents the framework (redra oxygen, yellow are silicon/aluminium) and the purple/yellc
shapes represent the space within the netkd?b) The lines represent the AlfSi bonds and the
circles the possible adsorption sit&s.
There are three sites which have been identified for possible adsorgtidna angdaladentifies
three broad classes of sodium sites in Nal3X; one locatéleirnexagonal prisms joining the
sodalite cages (site 1), one located on the six membered rings on the unjoined hexagonal faces of
the octahedra (site Il) and one located on the walls of the channels in the supercage and the four
ring channels (site I1fy.Studies have shown that the supercage is accessible to ammonia and that

ammonia can enter the sodalite cages, thus allowing for access to alt’sites means that all

sites are theoretically available for ammonia sorption.

ZSM5 is a MFI frameworkeolite, consisting of pentasil units joined by oxygen atom links to
generate a network of straight and sinusoidal chanfglEhe pores here are smaller than in 13X

(reportedly less than 8°3) but still large enough that ammonia can enter.
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Figure 1-14: Representation of the pore network in a MFI zeolite; the ball and stick m
represents the framework (red as oxygen, yellow are silicon/aluminium) and the bluely
shapes represent the spaeéthin the network?®

Mordenite exists as both a naturally occurring and synthetic zeolite. The pore structure is made

up of five oxygen rings, joined to give main pores with diameter of 6.6 A interconnected by 2.8 A

small pores?

Figurel-15: Representation of the pore network in a mordenite zeolite; the ball and stick m
represents the framework (red as oxygen, yellow are silicon/aluminium) and the orange s
represent the space within the nebrk 3¢

1.8.2. SAPOs
SAPOs are very closely related to zeolites, and the structural considerations and properties are

very similar. As well as the framework silicon and aluminium atoms, SAPOs contain phosphorous

atoms, altering the properties of the materialSyntheses of SAPOs are very similar to those of
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zeolites. There are many SAPOs used in industrial processes:38AP@sed in light olefin

production, rhexane isomerisation and N@moval®®

1.8.3. Activated Carbons
The final class of porous materialsalissed here are activated carbons. Activated carbons are
extremely high surface areaarbonbased materials, often generated from burning carbon
containing waste. Activated carbons are used fdsaption of a variety of gases and liquid
including C@ HS, SQ@ HCI, phenol and metal ioA%Different functional groups can be present
on the carbon surface including alcohols, aromatics and aliphatic chains, which may influence
their adsorption capacitie¥. The functional group present in a particular aated carbon can be
determined using techniques such as IR. However, in this work, the activated carbon is only used

as a support, taking advantage of its high surface area and so this was not studied.

1.9.Layered materials

1.9.1. Metal Halides

A significant portion of the research efforts on ammonia storage to date have focussed on metal

halides, with particular focus on the group two halides.

Initially used in heat pumps, metal halides have been extensively studied with works on over 350

ammania salt complexes collated in 1999 by TouZan.

Kojimaet al. provide a further excellent review of the breadth of literature studying halides for
ammonia absorptiort? They discuss ammonia sorption on Li, Na, Mg, Ca, Ni, Cu, Zn, Sr, Ba, Ag, Co

and Pt hiides, with MgCGland CaGlshowing the highest gravimetric derisi
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Multiple papers exist comparing varioon®etal halidesLiuet al. comprehensively studied Mggl
CaCJ, CaBy, SrGland SrBrand thecorresponding hydrated forms and examined thigility of
each of these materials to absordnd desorbammonia at a variety of temperatures and
pressures? They found that Mg@lCaGland CaBrshowed the highest capacity at temperatures
between 298 K ah 473 K at 40 kP& hey found that athigher pressures (60 and 100 kPa) the
ammonia absorption was not fully reversible. Hydrated forms of Ca@dl SrGl showed
reversible ammonia sorption but their very low capacity means they are of limited use inrindus
Thepoor reversibilityof these materials under high pressures has implications for their potential

use in Haber type processes, where higher ammonia pressures are expected.

Sharonov compared ammonia sorption on MgQCaGland BaGl| finding that MgGl shows the
highest ammonia capacity, followed by Gaé@hd that the sorption capacity peaks at low

temperatures in all studied halidég.

The conclusion from these works is that magnesium chloride shows the highest gravimetric
capacity for ammonia absorptiofiherefore, it was used as the standard to which other materials

were compared.

1.9.2. MgCh

Due to the high gravimetric capacity of Mg@lis a commonly used and thus well studied

ammonia absorption materidf.5%54

MgC} has the cubic close packed Cdsitucture with octahedral metal ions, shown kgure
1-16. Edge sharing magnesium chloride octahedra form the layers which are then held together

by weak van der Waals interactiof%®’
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Figurel-16: Structure of MgG#®

MgC}h as an ammonia storage compound is well studied in the literdtti#&%® MgCh is
theoretically capable of binding six ammonia molecules per magnesienire, giving an
extremely promising ammonia content of 52 w#oThe structure of Mg@NH:)s has been

determined to adopt the #tC} structure ®

Figure1-17: Structure of MgG(6NH)s. ¢ (The H atoms of the ammonia molecules are not sho
for clarity.)
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The introduction of ammonia into thBIgC} is not a surface process but is instead absorption to
give a new crystal structur&he ammonia molecules diffagnto the lattice of MgGlby opening
up the weak interaction between the CIMgCI lay&r gain access to the Mgwhich ammonia
interacts with. It is reported that this hexammonia complex is achieved by the absorption of
two ammonia, followed by four ammoniahown below??
MgCt+ 2 NHA MgChH(NH):2 (Equation13%®)

MgCh(NH), + 4 NHA MgCh(NH)s (Equation14°%%)

The desorption of ammonia is also studied with two mechanisms proposed. The first involves the

desorption of four ammonia, followed by one ammonia and then the final amméia.

MgCh(NH)s A MgCh(NH:)2 + 4 NH (Equation155279
MgChH(NH)2 A MgChNH; + NH (Equation16°279
MgCiNH; A MgCh+ NH (Equation17%%79

An alternative mechanism involves three steps each resulting in the loss of two amfiéhia.

MgCh(NH)s A MgCh(NH)s + 4 NH (Equation18°4%9
MgCh(NHs)s A MgCH(NH:), + 2 NH (Equation19°458
MgCE(NH)2 A MgCh + 2 NH (Equation20°*%8)

Structural changes with desorption have been identifi€thristensen and diskov discuss that
nanopores are generatkduring the desorption mcess increasing the MgCiurface area,
allowing for easier desorption than would be expected from a-porous materiaf:"* This bodes

well for applications where multiplebsorption desorption cycles will be used.

However there are some problems with ammonidsorptionon MgCi, which we will attempt to
overcome here As discussed previously, the ammonisaption is not fully reversiblat high
ammonia pressure® Thismeans that the high capacity cannot be fulsedunderhigh ammonia
pressure conditionssome ammonia remainbound to the metal centrdn the material after
attempted regeneration meaning subsequent cycles do not use pure MgCkorption and so

the capacity iggravimetricallylower.®®* Another draviback to MgGlas an ammonia l@sorbent is
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that there is significant volume change obsarption. MgGINH)s is almost half as dense as
MgC} meaning thatthe MgC} almost doubles in volume orbaorption.”2 This has implications for
the engineering of any lesorbent setups or applications where He absorbent volume is
important. One solution proposed in the literature tis use supported Mg&which shows no
volume changasany MgC} volume chageis limited by the pore size of the zeolitthoughthis
reduced volume change & the expense of gravimetric capactfyAnother drawback with Mggl

is its poor high temperature capacity. At higher temperatures, muchehnigimmonia pressures
are needed for the maximum ammonia capacity of Mg&be achieved? Ojhaet al.report that

an almosttenfold increase in pressure is needed to achieve the same equilibrium ammonia
absorption capacity of Mg©ivhen going from 50 to 158C2 This has implications for systems
where the absorbent operates &iigh temperatures, e.g. in the proposed one mixed bed system

2F | dza 4RigBrBI®E 06 aS S

Thesedeficiencieswith ammonia absorption on Mg{jive anumber oftargetsfor an improved
sorbent. An ideal material woulthave the high capacity of Mgdbut with highly reversible
sorption and no volume changé& new material should have high ammonia capacity at high
temperatures. Furthermore, fast desrption has been shown to be a crucial requirement for

improved ammonia capacify.

1.9.3. Layered Double Hydroxides
An alternative class ofsorbent materiad is layered double hydroxides (LDHsYhese are
particularly useful materialssghe size of molecules that zeolites can adsorb is clearly limited by
the pore size of the zeolites. Layered materials, such as layered double hydroxides, can have
larger spaced betweerhe layers, hypothetically allowing for larger molecules or greater volume

of molecules to intercalate between the layers.
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LDHs are a class of materials based on the mineral hydrotaldtels consist of edge sharing
octahedra, formed of metal ions sumaded by octahedral hydroxide ionhese layers show the
same structure to those found in brucite, Mg(@Hn mineral hydrotalcite these ions are MY

and AP but these can be replaced by a huge variety of other metal ions to alter the properties of
the LDHMonovalent and tetravalent metal ions can also be introduced, increasing the number of
possible structures even furtheKanet al. reviewed the variety of elements included in LDHs
reported in literature with the following summary. This shows jushow flexible the LDH

structure is.
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Figure1-18: lllustration of the variety of elements which can be introduced to LEBHsments
which have been included as a major component are shown in solid red (monovalent ions
(divalent ions), green (trivalent ions) and yellow (tetravalent ions) while elements which
been present only as a minor component are shown in hatchkeie (divalent ions) and gree
(trivalent ions). Adapted fror?.

If only divalent metal ions were present the layers would be neutral, but introduction of trivalent
metal ions causes an unbalance. This meandayers have an overall positive charged so are
balanced by interlayers which have a net negative charge. The interlayer speciee ram a

huge variety of molecules or ions;® C@, NQ and Clare common’* though metal cluster$

and large organic molecules are also possible
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LDHs have metal ion layers between  Giylers, similar to Mgg;lwith the metal ion surrounded
by octahedral hydroxide ions. Further species are present between thda@éts, which can

vary, including kD, C@, NQ and Clamong others’

Figurel-19: LDHs structure (octahedra representing M, @hers, circles representing interlay:
species)’
There are two main ways in which LDHs are useatigorption:as prepared or calcined. If LDHs

are to be used as prepared, one of the main areas for improvement is the surface area.

A significanbenefitof LDHs is that they can be prepared as very thin layer materials ranging from
single molecular layers to few layers. As a result, very higlacirareas are possible, which
means LDHs have wide ranging applications including catalysis, ion exchange and
electrochemistry’* One promising method of increasitige surface area of an LDH is through
organic solvent treatments during synthesis. Workb@2 1 N Kl a aK2gy GKIQ
acetone can greatly improve the surface area of an LDH though both minimising the number of
LDH layers present and the size of the lay&ithe exact mechanism of this treatment, known as

the AMOST methads not fully understood. lis proposedhat the increase in surface areadae

to the acetone entering between the LDH layers, disrupting the structure and decreasing the
bonding capability between the layef$it has been suggested that the acetonepliaces water
molecules on the surface of the LDH layers and so significantly decreases the hydrogen bonding

interactions between the layerS. This means that layers are less capable of aggregaitiayg
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stacking, therefoiincreasng the surface ared® Thisdisruption means thin layers or even single
layers of LDH are possible giving a much higher surface area, wiliible targetedfor ammonia

adsorption.
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Figure1-20: Proposed mechanism fancreased surface area with AMOST treatm@rd) shows
the standard synthesis, with water molecules on the LDH surfamasting between the layer:
leading to a stacked structure after drying. b) shows the AMOST method, where the ac
molecules remce the surface water, there is decreased bonding interaction between the I
and drying gives unstacked layers.

The main challenge with such treatments is the difficultkéeping the single layers exfoliated
after drying’® Almost all previous syhesis methods for single layer LDHs lead to reordering
when allowed to completely dry and give a lowdrinterlayer separatiorthan was present

before the exfoliation treatment’ The AMOST method shows improvements hérioughthe

potential for reordering should still be considered.
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A further related material to LDHSs is the equivalent oxilBHs can be calcined to give high

surface area oxide materials, which can also be trialled as sorbents.

LDHs are commonly used gads@bents, frequently for CQ.8! The gas molecules are stored in
the interlayer region interacting weakly with the metal hydroxide lay&s ammonia sorption in
MgCt initially also involves the interlayer region, it is hoped that some of the developments

around LDHs can be applied to Mgélko.

1.10. Aims and Objectives

The aims of this work are to develop new ammonia sorbents, mainly for @erimonia synthesis

applications.

Though MgGlis the most commonly usedbaorbent, a number of deficiencies haveen
identified. In Haber process type applications the following priorities have been identified,;
volumetric capacity (as the sorbent will be stationatlermal stability (due to the high operating
temperature of the reactors), fast sorption and destion (as Cusslétidentifiedis essential) and
stability over many cycles (ddeally,the sorbent bed wilhot be regularly replaced¥or these
reasons, zeolites will first be targeted due to thieigh temperature stability and open structure,
which should lead to fast sorption and desorption. These zeolites will be modified to give a variety
of adsorption sites including metal ion sites andsidted acid sites in the hope of improving
capacity This adsorption will be studied in detail tmderstand what factors affect ammonia

sorption in such materials and so allowing for better development of future materials.

For low temperature ammonia synthesapplications,high temperature stability is no longer a
particular consideration thoughthe sorption and desorption speed and stability remain

important. For these applicationsgytered materials will be studied in greater detail again trying
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to improve the materials to give easier diffusion of ammonia through the structure without
stability problems MgCi will be modified, primarily through disruption of the layered structure,
in an attempt to improve ammonia diffusion through the solid and better the cycling ability
Techniques used in other layered materials, with a focus on LDH teclsnigilebe used here

and a variety of layered materials studied.

In all cases a variety of characterisation technigques will be tsedgnderstand the sorption
properties of the materials. Gravimetric techniques will used to study the sorption and desorpti
properties, while techniques such as NMR and BET will allow for structural informitisitu
synchrotron Xray diffraction will be used extensively to identify ammonia positions and
understand the binding sites within the sorbents. Modelling techamwill be used to support

this. The use of these characterisation aims to give an understanding of what factors improve the

ammonia sorption process and how this may be used to tailor future materials.

1.11.  Chapter Outline

This thesisonsists of sighapters each studying different aspects of ammonia sorption.

Chapter 2 gives detail of the material syntheses used, technical information on the
characterization methods applied and theoretical background of the main instrumental

techniques used.

Chapter 3compares the ammonia capacity of a series of modified 13X zeolites, preparedHtjsing
Mg?* and L& ion exchangeto give fast, reversible adsorptianEach zeolite shows different
desorption profiles indicating different structural changesaagsult of the ion exchange process.
Rietveld refinement oin-situ TPD SXRD, supported by DFT modelling, NMphyNisorption and

gravimetric techniques, allows for the determination of the structures and the ammonia binding
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sites to be identified. Hion exchange generateBransted acid sites giving strong ammonia
binding, L&" ion exchange causes structural disruption and Lewis acidity giving weaker ammonia

binding and Mg shows a combination of acidity.

Chapter 4explores the lanthanum i@ exchange procedsirther and how the disorder it causes
affects the ammonia capacity. A combination éétiReld refinement of XRD, NMR, TPD and N
physisorption was used to study the effect on temperature, time and concentration on the
lanthanum ion exchange pecess.These experiments show that the lanthanum ion concentration
improves ammonia capacity though this can also lead to undesirable dealumination process.

Furthermore, a correlation between lanthanum content and acidity is seen.

Chapter 5 is focused dayered materials. First, gravimetric techniques are used to study MgCl
and NiGl. Acetone treatmenbf MgC} is shown to greatly improve the ammonia absorption rate
and this is shown to be as a result of exfoliation of the layered strucflternative methods of
layer disruption are attempted, including alternative solvents, dopant elements, pillaring and
interlayer species introduction. Finallsupporied exfoliated MgGlis proposed as a fast, stable

ammonia sorbent, particularly at high temperaturasd low pressures.

Finally, Chapter 6 summarises the findingthed work and offers possible future lines of study.

Supplementary information, including details of the refined parameters from Rietveld

refinements, is given in the appendices.
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2. Experimental

2.1.Materials

Unless otherwise specified all starting materials were purchased from S\piniah and used as
received. The ZS® used was a commercial sample from SINOPEC, China with a Si:Al ratio of

19.25. Gases used were bottle pure gases from BOC.

2.2.Syntheses

2.2.1. 13X Zeolite Modifications

The maodified zeolites were prepared using the method commonly used in our group.

Zeolites were prepared via ieexchange of commercially available Nal3X zeolite (Nal3X from
Sigma Aldrich), with a Si:Al ratio of 1.2. The initimcentration of ions in solution for exchanging

was chosen so that all the sodium in the zeolite could be exchanged.

Commercial Nal13X (Sigma Aldrich) was used in the ion exchange process due to its high sodium
content. To exchange the ions, the zeolifmy) was added to a nitrate solution (prepared with 50

mL DI water) and stirred overnight at room temperature. After stirring overnight, the zeolite and
solution were separated by centrifuging at 5000 rpm for 5 minutes. The solution was discarded,
the zeolite stirred with water (approx. 50 b and the mixture centrifuged again. This washing
process was carried out a total of three times. The zeolite was then dried alCD@ernight,

then calcined at 550C in flowing N (approx. 10my/min flow rate, 1@ C/min ramp rate) for 5

hours.
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Table2-1: Nitrate used and nitrate mass used in ion exchange syntheses.

Zeolite Nitrate Used Mass nitrate
H13X NHNG; (Sigma Aldrich) 4.00 g
Lal3X La(NQ)s.6H:0 (Sigmahldrich) 7.229g
Mg13X Mg(NQ)..6HO (Sigma Aldrich) 6.419g
Ni13X Ni(NQ)..6HO (Sigma Aldrich) 7.26¢

2.2.2. Further Lanthanum Modifications
Similar preparations were used to prepare the modified lanthanum zeolites varying the
lanthanumconcentration, ion exchange temperature, ion exchange time and zeolite, as described
below. In each case La(j¢6HO (Sigma Aldrich) was used as the lanthanum source and the
process after ion exchange was the same. After stirring, the zeolite and solution were separated
by centrifuging at 5000 rpm for 5 minutes. The solution was discarded, the zeolite stirred with
further water and the mixture centrifuged again. This washing process was carried out a total of
three times. The zeolite was then dried at Xt overnight, then calcined at 55C in flowing KN
(approx. 10n/min flow rate, 10 C/min ramp rate) for 5 hours.

Table2-2: Nitrate, mass, temperature and duration of lanthanum ion exchange series.

Mass of lon lon
Target Zeolite Used La(NQ@);.6HO  Exchange Exchange
used Temperature Duration

Lal3X Nal3X, 2 g (Sigma Ailcir) 7229 25°C 16 hrs
0.5Lal3X Nal3X, 2 g (Sigma Aldrich) 3.61g 25°C 16 hrs
1.5Lal13X Nal3X, 2 g (Sigma Aldrich) 10.83 g 25°C 16 hrs
Lal3X 40C Nal3X, 2 g (Sigma Aldrich) 7.22¢ 40°C 16 hrs
Lal3X 60C Nal3X, 2 g (Sigma Aldrich) 7.22¢ 60°C 16 hrs
Lal3X 24hr Nal3X, 2 g (Sigma Aldrich) 7.22¢ 25°C 24 hrs
Lal3X 48hr Nal3X, 2 g (Sigma Aldrich) 7.22 ¢ 25°C 48 hrs

2.2.3. LDH Syntheses

All LDH materials were synthesised using the following method, previously used by our group.

Mixed nitrate solution, sodium hydroxide solution (1M) and sodium carbonate solutions were

prepared in separate vessels. All starting materials were purchaseigjaia Aldrich.
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Sodium carbonate was added to 5Q.wf water, the nitrates to 50 inof water and the sodium
hydroxide to 100 rhof water.

Table2-3: Mass of nitrates, sodium carbonate and sodium hydroxide used in LDH syntheses.
Target Al(NQ)3.9H0 Mg(NQ).. 6HO Ni(NQ),. 6HO NaCQ NaOH

Mg/Al LDH 3.76¢g 5.13g 0.00g 212¢g 49

Ni/Al LDH 3.76 g 0.00 g 5.82g 2.12 g 49
A 250 nhthree neck round bottom flask was equipped with a stirred bar and pH probe and the
sodium carbonate solution. A small amount of the sodium hydroxide solution was added to bring
the pH to 9. The nitrate solution was added, with concurrent addition of sodiydroxide to
ensure the pH remained between 8.5 and 9.5. This was repeated until all the nitrate solution had

been added. The flask was sealed and the solution stirred overnight.

The synthesised LDH and solution were separated by centrifuging at pa06r five minutes.
The solution was discarded, the LDH stirred with further water and the mixture centrifuged again.
This washing process was carried out a total of three times. The LDH was then dried°@t 110

overnight.

2.2.4. Acetone Treatment of Mgg&l
Frst a saturated solution of Mg@Qlvas prepared, using the reported solubility of Mg®IgCi (3
g, Sigma Aldrich) was dissolved in deionised water (L)Swith stirring. Acetone (approx. 40Ln
was added and the mixture vigorously stirred overnight. feated MgCl was then dried at 110

°C overnight.

As discussed in greater detail in the results sectioryMT}) showed problems with layer
reordering. Unless otherwise specified, a fresh batch oMiTC} was prepared in advance of

testing.
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2.2.5. Ethanol Teatment of MgGl
First a saturated solution of MgQlas prepared, using the reported solubility of Mg®IgCi (3
g, Sigma Aldrich) was dissolved in deionised water (T)5with stirring. Ethanol (approx. 40Ln
was added and the mixture vigorouslyrstid overnight. The treated MgGhas then dried at 110

°C overnight.

To avoid any possible problems with layer reordering, a fresh batch-MgE} was used for

testing.

2.2.6. Calcium, Nickel and Copper doping of MgCl
In each doping experiment, thé&vel of dopant was chosen to replace a quarter of the
magnesium ions as this was expected to disrupt the layers but not change the structure from the
MgC} structure. The chlorides were dissolved fully in an excess of water, stirred overnight and

then dried at 110°C overnight.

All chlorides were purchased from Sigma Aldrich.

Table2-4: Mass of chlorides used in doped chloride syntheses.

Target MgCh CaCl NiCh Cud
Ca/Mgdi 0.95¢ 0.37¢g 0g 0g
Ni/MgCh 0.95¢ 0g 0.43 ¢ 0g
Cu/MgCl 0.95¢ 0g 0g 0.45¢g

2.2.7. TPA Pillaring of Mg/Al LDH
Terephthalic acid pillared LDH was prepared using a modified version of the previous LDH

synthesis, adapted to follow the pillaring method describedibgzdzon'

The LDH was prepared in the same way as before with the addition of disodium terephthalic acid.



61

A saturated solution of disodium terephthalic acid (0.83 g) was prepared. 0.5 M NaOH solution
was added to bring the pH to above 9 (approx. B was required). A second solution of
Mg(NQ)..6HO (3.85 g) and AI(NJ2.9HO0 (2.81 g) in 10 mof water was prepared. The nitrate
solution was added to flask containing 100L raf water with constant stirring, using the
NaOH/TPA solution to keep the pH thie mixture between 8.5 and 9.5. Once all the nitrate

solution had been added, the flask was sealed and the solution stirred overnight.

The synthesised LDH and solution were separated by centrifuging at 5000 rpm for five minutes.
The solution was discaed, the LDH stirred with further water and the mixture centrifuged again.
This washing process was carried out a total of three times. The LDH was then dried®°@t 110

overnight.

2.2.8. TPA Pillaring of Mgl

MgC}t (1.24 g) was fully dissolved in water (1Q)rwith stirring. Disodium terephthalic acid (0.83
g) was added and the solution stirred overnight. The solution was driedGatQ overnight to

give a solid.

2.2.9. Introduction of Interlayer Nickel Chloride to LDH

Nickel chloride was introduced between th®H layers using the method devised by ®&no.

First, [EAN];[NiICk] was prepared by dissolving NiCl.40 g) and ENCI (3.6 g) in hot ethanol (150

mLb). The solution was stirred overnight and dried at 2CO

This product (2.41 g) was dissolved in ethlg®0 nL) and the previously prepared Ni/Al LDH (1 g,
see2.2.3 was added, the flask sealed and the solution stirred overnight. The mixture tesedfil

washed with ethanol and dried overnight at 7.
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2.2.10.Supported MgGl

Three methods of supporting Mg@n high surface area supports were trialled.

MgCHC(1) was prepared by adding Mg@ln ®uvy 3J0 FyR | OGAGFGSR [/ &n
activated,! a K m: YIFE&3Z 1§ FI L &hddomicatingif@ 1 hodr Défere/ddying pn Y

overnight at 160C.

MgCHC(2) was prepared by adding Mg@.28 g) to acetone (50 Igh sonicating for 1 hour,
0SF2NB RRAYy3I | OGAGIGSR /GSRIDP W KIIE:d/YHENREZY | LI

sonicating for a further hour. The mixture was dried overnight at&0

MgCHZSM5 was prepared by dissolving Mg(.53 g) in water (50 k) and adding ZSM (3.00

g). The mixture was stirred overnight then dried might at 160°C.

2.3 Characterisation

2.3.1. Lab Source-Ray Powder Diffraction (XRD)
[ 62N} G2NE - w5 HSNB LISNF2NYSR 2y t!blfeadaollt

Rigaku SmartLab diffractometers.

¢CKS t Iyl f &l #ifddctbmeteravasSopdiated at46 kV and 40 mA using Qadiation
(<= 1.54056). Patterns were recorded between 4 and,ABsing a step size of 0.01and a step

time of 1.03 s/step.
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radiation €= 1.54056). Patterns were recorded between 4 and, 4sing a step size of 0.027

and a step time of 1.03 s/step.

The Rigaku SmartLab diffractometer was operated at 50 kV and 30 mA usingradiielion (<=
0.709317/0.713607)Patterns were recorded between 3 and $0using a scan speed of 0.003
and a step time of 0.09min (equivalent to 0.36 s/step). Laboratory XRD on the Rigaku SmartLab

were recorded by Dr Tazoon Benedict Lo at The Ho#gngPolytechnic University.

2.3.2. Intelligent Gravimetric Analysis
The IGA is a very powerful gravimetric tool for studying sorption. It consists of a high precision
balance (18 mg resolution), gas inlet and exhaust, furnace (operational up to ®)0and

vacuum pumping station (with both standard dry scroll pump and a turbomolecular pump).

Prior to experiments the sample (approx. 20 mg) was placed in the sample chamber and the
chamber sealed using a copper gasket (using a new gasket each time to ensureecegiag

of the chamber). Pure ammonia gas is connected to the system and the pressure regulated
internally. Temperature is regulated by two platinum resistance thermocouples, one located in

the sample chamber and one externally, between the furnace armkthe outer chamber casing.
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Figure2-1: Schematic of IGB02 setup.

During an isotherm measurement the pressure is increased at a specified rate. Once the chosen

setpoint is reached this pressure is maintained for a specified time.

After all experiments the ammonia from the system must be removed, so the sample can be
safely removed without exposing the user to pure ammonia gas. This is done via a process of

repeated flushing with Ngas.

The ammonia sorption process was studied using a Hiden Isochema Intelligent Gravimetric
Analyser (IGM02) using pure ammonia (99% purity, BOC). In each experiment approximately

20 mg of sample was used. Samples were loaded in the sample chamber and prior to any sorption
each sample was dried at 300 for eight hours, under vacuum (& tbar), then cooled to 25C

and the initial ample weight accurately recorded. To record an isotherm, ammonia pressure was
altered at 200 mbar intervals (ramp rai® mbar/min), kept at each pressure for 20 minutes and

the sample weight recorded at each step. This was then repeated decreasing the pressure at 200
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mbar intervals. To record the sorption rate the ammonia pressure was set at 400 mbar (ramp rate

of maximum D0 mbar/min) and the weight change recorded until it stabilised.

2.3.3. Thermogravimetric Analysis (TGA)
TGA was used to study the desorption of ammonia from the materials. Desorption was studied
using a TA Instruments Q600 SDT. Ammonia was first loaded usiii@Aa clean samples were
dried for eight hours at 300C under vacuum then were loaded with ammonia at 400 mbar until
the weight stabilized (around 30 minutes). An exact masX)(Bg) was placed in an alumina pan
in the SDT and the temperature was inged to 800°C at a rate of 10C/min under 100 ml/min

flowing nitrogen. A TGA curve and its first derivative were simultaneously collected.

2.3.4. N2 Physisorption
N physisorption measurements were collected in collaboration with Dr Robert Jacobs (Oxford

Univesity).

N, adsorption and desorption isotherms were determined using a Micrometics TFB6G0.
Isotherms were obtained using ultrahigh purity gases (99.999%). Prior to measurement, the
zeolites were first calcined at 55C under flowing N A known mas (0.20.2 g) was loaded into

the sample cell then dried under vacuum €10orr) at 150°C for 12 hours. The isotherms were
then measured at 77 K and up to 1 bar; the surfaseaswere calculated using the BET model
(using the initial slope of the isothm from 0.01 to 0.1 P/, the pore volume obtained using the
0.995 relative pressure point and the microporous properties determined usingl@ tnalysis

of the adsorption portion of the isotherm.

2.3.5. AINMR

SSNMR spectra were collected in collaboratiith Dr Nick Rees (Oxford University).
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2IAl SANMR spectra were measured orBauker AVIIKO0O spectrometer using Larmor frequency
of 10420 Hz. The one pulse method was used with afdilse, a 0.4 s delay time and a scanning

number of6500

2.3.6. SXRD and Rietveld Refinement
Synchrotron XRD data were collected at Beamline 111, Diamond Light Source, UK and Beamline
BLO2B2, Sprirg, Japan. SXRD patterns were collected in collaborationMit&hristopher Foo
(Oxford University), Dr Tszoon Benedict Lo (The Ho#png Polytechnic University), Dr Lin Ye
(Fudan University), Dr Pu Zhao (Oxford University) Bndatchamapan Yoskamtorn (Oxford

University).

MgC} datawere collected at Beamlinelll, Diamond Light Source; detailed beamline information

is provided elsewheréThe energy of the incident-béy flux was set at 15 keV. The wavelength

I Yy R (€8 point were refined using a diffraction pattern obtained from a kjghlity silicon

powder (SRM640c). For the ammotiiee samples, the sample was ground and loaded in a 0.5
mm borosilicate glass capillary and then dried under vacuum at 423 K for 2 hoursestgition

SXRD data were achieved by using the raultilyser crystals (MAC) dete@ NA Ay GKS H°

78° with 0.001° data binning. Each MAC pattern was collected for an hour to get good statistics.

All other SXRD data were collected at Beamline BL0O2B2, 8pmiegailed beamline information
elsewhere! The energy of the incidetNJ & Tt dzE ¢+ & aSd G oT1-1S85x0
zero point were refined using a diffraction pattern obtained from a Si (1 1 1) daudtal
monochromator. For the ammoniiee samples, the sample was ground and loaded in a 0.5 mm

borosilicate ghss capillary and then dried under vacuum at 423 K for 2 hours. For the ammonia

containing samples, the sample was ground and dried under vacuum°@@80C bar) then

¢
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cooled to room temperature and exposed to pure ammonia gas (99.9 % purity, BOC) at
approximately 400 mbar for 30 minutes. The sample was then placed in a 0.5 mm borosilicate

glass capillarand flame sealedHighresolution SXRD data of all samples were achieved by using

the positiona SY A A G A @S RSGSOG2 NRE-78) with .AAP dataybinningk Eachh © NI y

pattern was collected for 120 s to get good statistics. For itleitu ammonia desorption

measurements the samples were heated at a rate of 5 K/min and scans carried out every 100 K.

2.3.7. DFT

DFT simulations were carried out by Dr AtbéRoldan, Cardiff University.

Pristine and modified 13X zeolite and ammonia molecules simulations were performed using the
Vienna ab initio simulation package (VASPhe PBE density functionaland a kinetic energy

cut-off of 550 eV. The inner electrons were represented by projector augmented wave (PAW)
pseudopotential$® For H13X, all Na atoms were assumed to be removed. For Lah8X,a

atom substituted three Na atoms from the primitive c@lhe periodic simulation cells, and all the

atoms in them, were allowed to expand and contract freely upon ionic exchange asd NH
interaction. The Brillouin zone was sampled by a 055kpoint mesh, which is dense enough to
ensurePulay stress. LoA§J Yy 3S RAALISNEAZ2Y O2NNBOUGA2Yy & -6 SNB Ay
D3 method® Ammonia in the gas phase was relaxed in a box of 15 x 15 XA3 A K | - aAy 3f S
centred kpoint generated through the MonkhorgPack method! The optimization thresholds

were 15 eV and 0.01 eV/A for electronic and ionic relaxations, respectively. All the calculations

were assessed by diagonalizing the numeric Hessian with a 0.05 A step, rendering no imaginary
frequencies. A Hubbard approach correction (DFT + U) using thedef Dudarev et al. was

used on the La 4drbitals!? The parameters were set to Ueff = 7.5 eV, which better reproduce

the reduction of La oxide's.
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2.3.8. Catalytic Testing
The effect of the sorbent on ammonia production was tested in an ammonia productaotor
using a commercial catalyst. Activity was determined using a quartz fixed bed-nedator.
Commercial catalyst (approx. 100 mg, accurately weighed) was placed in a quartz tubular reactor
(5 mm internal diameter) sandwiched between quartz woobding usedthe absorbent (2000
mg, accurately weighed) was placed in the quartz tubular reactor, downstream of the catalyst bed
again sandwiched between quartz wool. In the 0 cm distance experiment there was no quartz
wool between the catalyst and absorbiebheds. Prior to testing, the catalyst was activated at
773K and the absorbent at 673 K, under a linear flow of nitrogen (52 mL/min). During reaction, a
3:1 mixture of Hand N was passed through the reactor at a pressure of 50 bar and flow rate of
52 mLmin. The catalyst was at 743 K and the absorbent at 423 K (Note: the absorbent was not
heated; this was residual heat from the catalyst portion of the reactor). After the reaction, any
ammonia absorbed on the absorbent was desorbed by heating the absotbeif3 K under
flowing nitrogen (52 mL/min). Throughout, the exit gas was passed through an acid trap
(concentrated KHSQ solution) and the ammonia production measured by titrating this solution

with NaOH solution and methyl red indicator.

2.4.Data Analysis

TOPA&\cademic Version 6 was used to determine structural information from the diffraction
patterns, making use of the Rietveld refinement methods in the softWaltial 13X framework
structure and sodium positions were based on the Olson Nal3X ntoBatterns were refined

by optimisation of both scale and lattice parameters. A Chebyschev function with 20 coefficients
described the background and a ThompsooxHastings pseud¥oigt peak function used to

describe the peak shape.
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During analysis, #hquality of the Rietveld refinements of diffraction data was confirmed by low
values of goodnessf-fit (GOF,.2) and R factors (8 R, Rxy) and a well fitted pattern with
acceptable B, within experimental errors. The background of these valuesssudsed ir2.5.3

Furthermore, the determined structure had to make chemical sense and show reasonable errors.

The method used to determine the structure of the zeolites including ammonia has been
previously developed in our grodfs!® First, the unmodified commercidlal3X loaded with
ammonia was studied. The 13X starting mateisalikelyto be slightly different tothe sample
studied by Olson and theoretically thedsorption of ammonia molecules could alter the
structure. For these reasons, first, the frameworkusture of Nal3X was determined. As the
adsorbed ammonia molecules contain only light elements, they are not expected to contribute
significantly to high angle diffraction. Therefore, the high angle region of the diffraction pattern
can be used to determithe framework structure. The pattern was initially refined above.30
The coordinates (x, y and z) of Al, Si, O and Na were refined. Occupancy of the framework Al, Si
and O atoms were fixed at 1, while occup@scof sodium atoms were refined. Isotropic
displacement factors g were allowed to refine with the value of the Al and Si isotropic
displacement factors set to be equal and the isotropic displacement factors of the framework O
atoms set at twice this whilesBof sodium were set as equal to daother and allowed to refine

freely.

Next, this structure used as a basis for the whole pattern refinement containing ammonia. The
structures were determined by refining the patterns in areas with significant peaks generally
around 560 °. Specific rangs for each pattern are listed with the relevant results. The ammonia

positions were determined by comparing the observed Fourier electron density map with the one
calculated from the refined structure. Discrepancies between the two show where there is

addtional electron density as a result of thelsorbed ammonia molecules. Only the position of
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the N atoms in ammonia were determined due to protons being unable to be visualised by SXRD.
Nitrogen atoms were positioned according to this and their exact jpost calculated by
repeatedly allowing the x, y and z and occupancy parameters to refine, while the framework
species were fixed (so called simulated annealing). ThedRie was used to judge the quality of

the refinement. The R value decreased when amonia molecules were added indicating a
better fit. Additional ammonia molecules were added in the above described way uptil R
increased on addition, indicating the quality of refinement was worsening and so no additional

ammonia were necessary.

After the position and occupancies of the nitrogen atoms of ammonia had been determined, the
previously fixed framework parameters were also allowed to refine. This ensures a global
minimum in the refinement fit has been achieved. All atoms had coordéin@tey and z) refined.
Occupancy of the framework Al, Si and O atoms were fixed at 1, while occupancy of sodium and
nitrogen atoms were refined. Isotropic displacement factorg)(®ere allowed to refine with the

value of the Al and Si isotropic displawent factors set to be equal and the isotropic
displacement factors of the framework O atoms set at twice this. Occupancies and isotropic

displacement factors were always refined independently of each other as they are correlated.

The room temperaturg298K Nal3XNH; refinement was used as a starting point for the higher
temperature refinements. The determined Nal3X framework structure was used as a starting

point for the other ion exchanged refinements, following the above procedure.

Indexing of XRD pattes was carried out using the method developed by A. A. Cd&lfibe
accuracies of indexing was judged using the calculated de Wolff figure of mgrithélorigin of

which is discussed 5.3
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2.5. Theoretical Background

2.5.1. Intelligent Gravimetric Analysis
One of the most commonly used techniques in this thesihesstudy ofsorption/desorption
isotherms, collected using intelligent gravimetric analy$isis technique exploits the fact that
when a material adsorbs or absorbs a gas its weight chagediscussed previously absorption
is a bulk process and adsorption is a&face process, which can be further split into physisorption
and chemisorption processes. Physisorption is a long range, weak interaction due to van der
Waals type interaction® This bonding is characterised by change in electron density in the
adsorbing molecule and the adsorbate separatellpuring physisorption the free gas is in
equillibrium with the adsorbate layet? Chemisorption is a much stronger interaction. In contrast
to physisorption, chemisorption is characterised by an exchange of electretvgeen the
adsorbate and adsorbent and so can be understood in terms of traditional covalent or ionic
bonding interactiong? Each of these processes can be studied using IGA though they cannot be

easily differentiated using this technique alone.

An isaherm generated on the 1Ggives capacity information and shows how this changes with

pressurewhile also givingnore information on the material.

Different isotherm shapes are characteristic of different types of materials. Brunauer, Denning,

Denning ad Teller initially classified adsorption isotherms into five different tyfes.
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1l | Q.

Adsorption

Relative Pressure

Figure2-2: The five types of isotherm, classified by Brunauer, Denning, Denning ancTeller.

Type lisotherms occur when adsorption is limited to a few layers; this can be chemisorption
(when the asymptote is a result of the limited number of sites being Jikedphysisorption in
microporous material§where the filling of the pores is thamiting facton.?? These isotherms are

most commonly seen here and are typical for zeolites.

Type Il isotherms occur when adsorption takes place onpwbus materials or materials with
very large pores, where unrestricted multiplayer adsorption care talace?? The characteristic
shape occurs because monolayer adsorption occurs first, followed by further layer filling at higher

pressures.

Type Il isotherms occur when there is multilayer formation at all pressures due to initial
adsorption facilitatig further adsorption as the interaction between gas molecules is more
favourable than interactions between gas molecules and the suffaddis is a relatively

uncommon case and is not often se&n.
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Type IV isotherms are typical of materials with pooésizes between 15000A; at these pore

size multilayer adsorption and capillary condensation both occur leading to this isotherm%hape.

Type V isotherms were the final type identified initially. They are similar to type IV but also show
the same effet as in type Il where initial adsorption promotes further adsorption due to strong

interactions between gas molecul&sSimilarly to type I, this is an uncommonly seen isotherm.

22

Further work on isotherms has allowed an additional type of isothrrbe identified. Type VI
isotherms show a number of steps, caused by stepwise adsorption onto ale&fieied non

porous surface; the height of the steps is proportional to the capacity of the 1&/ers.

2.5.2. X-Ray Diffraction
X-ray diffraction is one of the most commonly used materials characterisation techniques, giving

important structural information about crystalline, bulk materials.

XRD exploits the fact that the distance between repeating units of crystalline matsriisilar
in magnitude to the wavelength of-dys. This means that when a material is exposed to a beam
of Xrays, theelectron cloud of the atoms in the materiahuses scattering giving a diffraction

pattern.2®

This principle was studied by William Lkance Bragg and William Henry Bragg, who proposed

NI 33Qa [t¢ G2 SELIEFAY GKS LKSy2YSyl o
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Figure2-3: Schematic of induced diffractionofaflNd- & 6 SIF YZ RSY2yad NI i
adapted from?3,
N} 3304 [6 Oy 068 NBLNBASYGSR Ay (KS F2tf26AY:

n<=2dsih (Equation21)

where n is an integek is the wavelength of the incident radiation, d is the spacing between the

layers and is the incident angle of the-pay beam?

2 KSy . NI3I3Qa tlg Aa aliGAaFASR ompareofakbigr 0 KS ¢
magnitude to the interplanar spacing) interference occurs and intense peaks are generated at
certain angles leading to a diffraction patteddRay diffractiorpatterns are characteristic of the

unit cell causing the diffraction. The angle of incident radiation can cause constructive
interference (where reflections combine in phase and so increase in intensity) or destructive
interference (where reflections conitie out of phase and so cancel each other out). This causes

certain reflections to be missing, known as systematic absences.
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During XRD, the-bays are scattered by the electron density of the atoms within the structure.
This means that heavy elementsitfwvgreater electron density) strongly scatter electrons while
light elements do not? Hydrogen, which has almost no electron density, does not scattayX

in any significant way and so the location of hydrogen atoms cannot be determined usagg X
diffraction.?* For this reason, only the location of the nitrogen atom in ammonia molecules is
studied here. Furthermore, there is a decrease in scattering factor as‘tran@le increase¥'

This can be exploited as it means that at high angles the maitrilwation to the diffraction

pattern will be from heavier elements.

Single crystal and powder-rdy diffraction are both commonly used to determine structures.
Powder diffraction has the main advantage of not needing to synthesise a single crystal of the
material being studied, which is very difficult for many rmganic reactiong® Powder
diffraction also gives a good representative pattern of the bulk structure as many particles are
present in the studied sampfé.Furthermore, this quickens data caition times which can be

useful for materials which are unstable underay bombardmeng?

The main drawback to powder diffraction is that, as all orientations are present simultaneously,
there is often overlap of peaks within the pattern meaning thatermination of the structure is

more difficult?* Synchrotron radiation provides one possible solution to this.

Synchrotron radiation has vastly improved the ability to determine structures of materials using
X-ray diffraction. Laboratory-¥ay radiaton is generated by bombardment of electrons to a metal

target, commonly copper or molybdenum. In a synchrotron, electrons are generated and
significantly accelerated to near the speed of light. Due to the curved nature of the synchrotron,

electrons changspeed and so release energy tangentially, in the form of high brightaess?*
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Generally, synchrotrons operate with a booster where the electrons increase in energy before
passing on to the main storage ring where they can ennéys to beamlinesvhere experiments

are carried out.

Radio-Frequency
Generator Building

Linear Accelerator

" Laboratory/Office Buildings
Figure2-4: Schematic of a typical synchrotrén.

Initially, synchrotron radiation was only a-pyoduct of experiments in particle accelerators.
Furtherresearch found that bending magnets could be used to accelerate the electrons leading to
2" generation synchrotron facilities. This has since been developed further, with curfent 3

generation facilities using insertion devices; undulators and wigdlers.

Synchrotron radiation has a number of significant advantages over laboratory sousys.X
Firstly, the Xays generated are of high brightness, in the order of-1®> more so than
laboratory source Xays. This allows for much shorter experiments and also gives much higher

resolution patterns, as a high signal to noise ratio permits small features in the pattern to be
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detected?® The low angular divergence of the beaneans that high angle data can be collected
at good resolution while the horizontally polarised beam means the fall in intensity with high 2
seen in laboratory experiments can be minimigé&ynchrotron radiation gives highly tuneable
X-ray wavelength witch means it can be tailored to the experiment e.g. to aveidyXébsorption

by sample.?® Finally there are practical applications; the large synchrotron facilities allow for
large experimental setips or longer term experiments that simply would not leadible in a lab

setting?®

2.5.3. Indexing and Refinement of SXRD Patterns
The advent of synchrotron radiationrgy diffraction allowed for much more useful information
to be derived from diffraction patterns. Refinements, mainly Rietveld refinement, allow for

structure determination from high quality synchrotron d&ta.

The first step in structure analysis from a diffraction pattern is generally indexing. This allows the
space group and lattice parameters of a structure to be determined from the locatidheof
Bragg peaks in a pattefdThe space groups of the zeolites studied here are well known and so
these patterns were not indexed. When the space group and lattice parameters were to be
determined, the method developed by Coelho was used, which judgestiexing using the de
Wolff figure of merit!® The de Wolff factor accounts for both peaks that are present which would
not be expected from the space group and peaks that missing which would be expected from the

space groupg?

The Rietveld refinement athod was developed by Hugo Rietveldd can be used to refine
parameters such as unit cell parameters, atomic coordinates, atomic site occupancies and

thermal parameterslt is a wholepattern fitting method which exploits nclinear leastsquares
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to minimise the difference between the observed peak intensitied those calculated from a
model pattern based on a postulated crystal strcutéteWhen carrying out a Rietveld
refinement, it is useful to consider the factors which affdu pattern separatelysplitting them

into group of parameters. Peak positioh ¢r d) is determined by the crystallographic lattice,
space group symmetry and instrumental factors; integrated peak intenskyicdp|? Corkp)
determined by crystal sicture and geometric contributions; peak profiles,,) determined by
instrument and microstructure factors and the background is determined by instrument and

scattering influence?

This method generates-Rctors which are used to evaluate the qualibf the refinement.
However, these must be considered in the context of the chemistry of the material. Alau&

which corresponds to a structure which does not make chemical sense is not a good result.
Furthermore, the observed pattern and the cabield pattern must be visually compared; if
some peaks are a good fit while some are very poor this suggests a problem with the model, no
matter the quality of the Rralues. These caveats aside, there are a numbenafilies commonly

used to assess the qgliiy of Rietveld refinements.

R = z; I,

r i 2
Ry = 5, willy—1,)2 (Equation23%)
P EI' WI' Iﬂz
R n—p (Equation24 %)
P Liwilp
5> _ Rw 2 (Equation252°)
- 2
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where |, is the experimental Bragg pedahtensity, Ic is the calculated Bragg peaktensty, wi is
the weighting coefficient at thé" step (equal tol,n/?), n is the number of observables in the

data and p is the number of parameters in the refinement.

R, (Equation22 %) is the profile Rfactor and is the most commonly used agreement factor. It
simply measures the difference between the observed and calculated intensities. This has the
drawbacks of overemphasing any strong reflections and ignoring the effect of any experimental
uncertainties?® This leads to the weighted profile-fRctor, Ry, (Equation23 29). This gives a
weight to each data point and is directly related to the function which is minimised by Rietveld
refinement (the numerator irRyp).2° Rexp (Equation24 %) is a measure of the expectedf&ctor

for a given number of observable and parameters; the best posBillthat could be expected

.2 (Equation252%) is goodness of fit and compares the ratio of the squareR.pénd Rex,?°

There is detailed literature discussing the meaning of these factors and how they should be dealt
with, particulaty by Davié® and Toby". Bearing in mind the previous comments about the need
for a chemically sensible solution, there is not a specific point at wRighalues which become
acceptably small, however, &, of 12 has been proposed as a rough guideti®ther refined
patterns of zeolites containing adsorbed species (also studied at Springve been published

with Ryp values of between 8 and £333

tF N} R2ZEAOI &% o6S030dSNI I dZ vialhed &nd Br- dpparerthySworsé (i 2
refinemert. This is because the high resolution data contains a greater number of data points
which leads to very o, @ £ dzSa I y R 23@2 NI yiONSAshoiiEtothe tiessole

means by which the quality of a Rietveld refinement is judged foDSXR instead the similarity

between the observed and calculated patterns should be studied along witRhealue.
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2.5.4. Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) can give structural information on the framework of zeolite
materials. Solid stat& Al NMR is commonly used to study zeoligsl is a bulk technigu#.NMR
exploits the fact that when an external magnetic field is applteé spin of nuclei with nozero
spins (i.e. unpaired electron) alignBy subjecting the sample to a radio frequency pulse the
alignment of these spins can be reversed and the frequency that is needed to cause this studied.
These frequencies are depenteon the distribution of electrons around the nucleus and so the
NMR frequencies give important chemical structure informafibin solid state NMR these
interactions are anisotropic as they depend on the orientation of the sample relative to the
magnett field direction and there is not the continuous movement of solution that is seen in
liquid state NMR. To reduce the effects of this a technique known as Magic Angle Spinning is

commonly used, which decreases peak broadening effécts.

Different coordnation environments of aluminium in zeolite structures give different peak
positions in the NMR spectdue to differentshieldingeffects®® and so &uminium spectra are
typically used to determine the relative ratios of tetrahedral and octahedral aluminium.
Framework aluminium tetrahedily bound to oxygen atoms while extfi@mework aluminium

are octahedral. As these peaks are present in different positions (four coordinate at 60 ppm and
six coordinate at 0 ppm), the Al NMR spectra can be used to study Lewis acidity in a%Eolite.
example, Bokhovert al. used Al NMR to compare the acidity of two zeolitesty8BlY zeolite
showed more extrdramework aluminium, as was shown by an additional peak at O ppm, than

NaY zeolite®”
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2.5.5. Thermogravimetric Analysis
Thermogravimetric analysisGR) and differential thermogravimetric analysis (DTGA) can be used
to determine the desorption energy of molecules adsorbed or absorbed in a material, such as

ammonia on zeolite.

Desorption of ammonia from a zeolite is a first order proc¢ésthe desorfion energy for
ammonia desorbed from the zeolites were calculated according to the following eqéfation
which is a modified form of the Arrhenius equation which assumes first order desorption:

2INTnCE Vi 4edRTn OIn BedAR (Equation26%)

where T, is the temperature giving maximum desorption in the differential thermogravimetric

FylFrfeaArada OdzaNIBSIT | A Agesil teSdesorfivnidbelly andANidSa colistant.d NI (0 S

Varying the heating rate material is exposed to and plotting 2Tt yi 0 @& MEthzd MK ¢

AaSNASa 2F 1 @FfdzSa | fds206a TFT2NI 0KS RSIUSNYAYIl GA 2\

2.5.6. N2 Physisorption

N2 physisorption was used tdeterminethe surface area of the samples.

The N physisorption isotherms are odelled using BET theory, named for Brunauer, Emmett and
Teller? This theory is based on the Langmuir theory of monolayer adsorption, expanded to
explain multilayer adsorption also. This considers molecules adsorbing oxefiakkd sites on

the surface(one site per molecule) and then adsorbed molecules going on to provide adsorption
sites for further molecules. The final adsorbed layer is considered to be in equilibrium with the

gas phase.
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There are a number of underlying assumptiotie Langmuir mdel applies to each layer; the gas
molecules dsorb in layers infinitely; gas molecules can only interact with adjacent layers; the first
gas molecule layer has constant enthalpy of adsorption, which is higher than that of later layers

and the enthalpy ofdsorption for layer two and beyond is equal to the energy of liquefacion.

This leads to the following equation:

P 1 N (c-1)F (Equation27%?)
V{:PE_P}_ V€ VinCF,

where V is the volume of gas adsorbedpagssure P, Yis the monolayer adsorption volume, P

is the pressure at which the material is saturated with adsorbate and C is the BET céhstant.

Plotting of P/R against 1/V[(PP)-1] gives a straight line with intercept | and slope A which can
then be used to calculate the monolayer adsorption volume. This only holds in the linear region of
the graph, at low P/Pvolumes (between 0.05 and 0.35).

1 (Equation28??)

From the monolayer adsorption volume thatal surface area can be calculat&d.

VinVs (Equation29?)

4

-S'mm: =

where S G KS G201t adzNFIFOS FINBFZ b Aa ! @g23F RNRQA

of the adsorbing species.

Finally, the BET surface area is simply the total surface area divided by the mass of ad$orbent.
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3. Modified 13X for Ammonia Adsorption

Ammonia asorbents are increasingly important materials as their use in industrial applications
such as the HabdBosch process and transport applications become more widespeadide
variety of ammonia storage materials have been studied, amongst them metale&&fid
borohydride$, zeolite§’, COFsand MOF%'2, A variety of metal halides have been studied,
including magnesium, calcium, strontium and barium chloride and brofiddagnesium
chloride has one of the highest ammonia storage capacifigs¥ ammoia, by weight*) of the
metal chlorides and so is one of the more widely studatd usedammonia dsorption
materials. Althoughwidely used it is not an ideal material for all conditiodfsorption on
magnesium chloride is more favourable at low opergtiemperature$?, it exhibits quite poor
reversibility of &sorption!® has slow bsorption times$ and requires relatively high temperatures
for the full desorption of ammonia (up to 408C") and undergoes decomposition at high
temperatures Each of thesaleficienciescan cause difficulties for practical applications.g.
where fast, reversible, stable, low temperaturdsarption and desorption is necessary for

Success.

Porousmaterials are promising candidates for high temperature ammonia adsorptiornadiiir

very high surface area, high temperature stability and extremely tuneable surfaedthough,

these materials are expected to show lower gravimetric capacity thanJvigpey generally show

good high temperature stability making thethey are potential targets for adsorption assisted
ammonia catalysis type systems. Faster adsorption rates would also be beneficial, as would more
stable adsorption. Mge&khows significant change in volume on ammonia absorption, which is

not suitable in # applications and zeolites are expected to be superior in this aspect.
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3.1.Initial Screening

First, a number of porous materials were screened for ammonia capacity. Initial materials
targeted were zeolites, SAPOs and activated carbon, tletasses of materials that are well
studied in literature 1> ZSM5 (Si:Al of 19and 13X(Si:Al of 1.2)vere chosen as initial zeolites.
There has been significant previous work in our group on-23#¢4ding to an understanding of

the location, number ad type of ammonia adsorption sites within the zeolited3X was chosen

due to its large pore size and significant number of sodium sites, leading to the potental for
high degree ofion exchangé® SAP@4 was chosen due to a good understanding of its
structure!® and activated carbon as a naeolite material for comparisqrwhich is commonly

used in adsorption processés

Increase in Weight (%)

SAPO-34 Activated C ZSM-5 Nal3X
Material

Figure3-1: Maximum ammonia adsorption capacity measured on a Hidden Isochef@0ls
using 1000 mbar pure ammonia. Prior to adsorption each sartgderoximately 20 mgyas
dried at 573 K for eight hours, under vacuuoooled to 298 Kand the initial sample weigh
accuratelyrecorded. Samples were kdpat 298 Kand anmonia pressure was increased at 2
mbar intervals, kept at each pressure for 20 minutes andstimaple weight recorded.

As is shown ifrigure3-1, each of the porous materials studied showed a relatively low adsorption

capacity compared to that of MgCIThis is to be expected as there are a significantly lower
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number of adsorption site on a gravimetric basis in these materials. Nal3X showed the highest
capacity with a 3.80.5 % increase in weight as a result of ammonia adsorption, compared to
2.91+05 % for activated carbon, 2+t05 % for ZSWb and 11+05 % for SAP@4. This, copled

with the high number of sodium ions present in the structure, meant that Nal13X was chosen for

further ion exchange studies.

3.2lon Exchange of Nal3X

lon exchange ia methodused to modify zeolite materials. As discussed in greater detail in the
introduction, ion exchange is a process where extra framework ions present in the zeolite (in the
case of Nal3X, the high number ofans) are exchanged with other ions to alteetproperties

of the zeolite.

4 different ion exchange processeem attempted. H ion exchange was used to generate
Bronsted acid sites whickhould provide gotential strong adsorption site for basic ammonia
moleculeg!, Mg?* used due to the good capdy of the Mg centre in Mget+131422 NP* used due
to the capacity of Nighnd to studycoordinationeffectsof the transition metal iorand L3" used
as it is well known that high coordination environments (of up t&)1@re accessible in rare earth

elements and so there is a potential for high ammonia adsorption.

3.2.1. Ammonia Adsorption Capacity

Ammonia adsorption desorption isotherms of each of thaterials were recorded.
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Figure3-2: Ammonia adsorption isotherms for Nal3X, H13X, Mgl13X, Lal3X and Nil3X, ¢
measured on a Hidden Isochema 332 using pure ammonia. Approximately 20 mg ohgke

was placed in the IGA sample chamber, each sample was dried at 573 K for eight hours
vacuum cooled to 298 Kand the initial sample weight accurately recorded. Adsorption
desorption isotherms were recordedt 298 Kby setting the ammonia pressure at 200 mt
intervals, holding at each pressure for 20 minutes and accurately recording the sample weig

As is clear fronfigure 3-2, each of the ion exchange processes has improved the ammonia
adsorption capacity of Nal3X. Isotherm shape is related to the porosity of the materials and each

of the isotherms shows a clasdigpe 1 isotherm, typical of micrapous materials such as

zeoliteg’, indicating that the microporous nature of the zeolites remains in each case.

By comparing the 100@nbar points of each isotherm the maximum capacity under pure
ammonia conditions can béetermined. It is important to note that although the ion exchange
experiments to synthesise these materials were the same, it is likely that the extent -of ion
exchange is different in each material. Each modified zeolite shows a higher capacity thah Nal13
Ni13X shows a relatively small increase (5.4 % increase, compared to 3.5 % increase for Nal3X)
suggesting that the direct coordinatioaffect of transition metal ion with ammonids not

significant. H13X shows a slight improvement (to 6.1 %) indicttatgBrensted acid sites have
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been successfully generated, improving the adsorption properties. The highest capacity materials
were Lal3X and Mg13X (15.0 and 16.5 %, respectively) which show good potential for ammonia

adsorption materials.

Study ofthe desorption isotherms of each of the modified samples shows that decreasing
pressure alone is not enough to remove the bound ammonia, as is evidenced by the 0 mbar
desorption points not reverting to the starting weight of the material. This suggestshbeee is a
relatively strong interactiomeaning that the ammonia is not totally desorbed under the
standard desorption condition3.hus, the recyclability of the ammonia over the zeolitesthen

studied in more detajlas shown irFigure3-3.

Adsorption capacity is not the only relevant factor in ammonia storage. The rate at which the
ammonia adsorbs is also relevanparticularly as Mgekhows gite slowadsorption (under our

typical evaluation it took about 1 hour to reach a steady state, see Chapter 5).
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Figure3-3: Adsorption rate graphs recorded on Hidden IsochemaQGAfor H13X, Lal3X ar
Mg13X. Approximately 20 mg of sample was placed in the IGA sample chamber. Pr
adsorption materials were dried under vacuum at 573 K for 8 hours, and the sample v
accurately recordeat 298K For adsorption, pure ammonia gas at 400 mbar was introduced
rate of 100 mbar/minat 298 Kand the pressure kept constant. The weight change in
materials was recorded to track the adsorption. To desorb the ammonia between cycle
pressure was decreased to vacuum and the temperature increased to 573 K for 8 hours.

It isapparentthat the open struture of this modified zeolite gives rapid adsorption. As can be
seen fromFigure3-3, each of the ion exchanged zeolite®gls a steep slope on approach to the
maximum adsorption point. This takes approximately five minutes. There is some decrease in

capacity with cycling and some residual ammonia not fully removed by the desorption process

used between cycles. Further expegnis show that a higher desorption temperature is required

to fully remove ammonia (see secti@m.2).
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3.2.2. Desorption Studie

The desorption of each afie above samples was studied to try and understand the nature of the

ammonia adsorptiorand desorption

Na13X
1009 — = H13X
= Mg13X

La13X

90 +

% of Initial Weight

80

70

3C|)0 4CI)O 560 6CIJO 7C|)O 8CI)O 9CIJO 10|OO
Temperature (K)

Figure 3-4: Desorption of ammonia on Nal3X, H13X, Mgl3X and Lal3X recorded or
Instruments Q600 SDT. To load ammonia on H13X, Mg13X and Lal3X, clean samples w
for eight hours at 573 K under vacuuoooled to 298 Khen were loaded with ammonia at 40
mbar at 298 Kuntil the weidht stabilized (around 30 minutes). The samples were flushed wit
before being placed in the SDT. To load ammonia on Nal3X the zeolite was dried at 453
vacuum for 4 hours, exposed to ammonia at approximately 400 mbar for 30 minutes and |
in the SDT. The temperature was increased to 1073 K at a rate of 10 K/min under 100 r

flowing nitrogen and the weight change recorded. In each case, approximately 10 mg of ¢
was used.

As is clear irFigure3-4, each of the samples shows a different desorption profile indicating
different ammonia interactions. Lal3X shows the simplest desorption pattern, with only one
slope indicating one desatipn site at low temperature (<470 K) with 15% in weight Idgig13X
shows three different downward sloping areas; one from room temperature to approximately

470 K one from470 Kto 720 Kand a final one fron720 Kto 820 K H13X shows two desorption

sites; room temperature to470 K and up to around 67Q Each of these regions on the graphs



93

corresponds to desorption although it is important to note that sites with very similar desorption

energies may overlap and so cannot necessarily be differentiatesbloas the SDT data alone.

Further study of the desorption patterns can elucidate information on the energies of each of the
desorption sites. Through repeating the above experiments with different heating rates, studying
the differential thermogravimetd graph and then using the modified Arrhenius equation shown
below, the energy of desorption can be calculated.

2INTn ¢t Vi 4edRTn Bln BedAR (Equation 1)

Tn is the temperature at which there is a maximum in the differential thermogravimetric
RS&2NLIi A2y OdzNIDSikis the desarptiinkeSergiNandAds adJArth&nlis constant.
Plotting(2InTw ¢t yi 0 I 3.0 foryadarticudamseries of vang heating rates allows for the

determination of Ges
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The desorption of ammonia from each sample was studied at 1, 5, 7.5, 1@dfhid.
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Figure3-5: Differential thermogravimetric desorption of ammonia from Nal13X, H18X3X and
Mg13X at heating rates of 20 K/min, recorded on a TA instruments Q600 SDT. To load amr
on H13X, Mg13X and Lal3X, clean samples were dried for eight hours at 573 K underatact
298 Kthen were loaded with ammonia at 400 mbatr298 Kuntil the weight stabilied (around
30 minutes). The samples were flushed wittbefore being placed in the SDT. To load ammor
on Nal3X the zeolite was dried at 453 K under vacuum for 4 hours, exposed to ammonia al
approximately 400 mbar for 30 minutes and placed in the SDaterhperature was increased t
1023 K at a rate of 20 K/min under 100 mL/min flowing nitrogen and the weight change recc
In each case, approximately 10 mg of sample was used.

The desorption profile of Nal13X shows one main, low temperature peakaindicof a weak
interaction. The linearization of the peak positions at different heating rates shows the

desorption energy of this peak is 1.28nkdl?, confirming this is a very weak interaction. There is

also a very small peak at around 700 K. Thpgdbablydue to some protonic character in the
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commercially available Nal3X and only contributes a very small portion of the ammonia storage

in Nal3X.

As can be confirmed ifrigure 3-5.b., H13X has two desorption peaks with the maximum
desorption at aroundt50 Kand around700 K The linearization of the peak positions at various
heating rates gives the desorption energies of these peaks to be 3.29 af8 81mol?,
respectively.Comparison of the area under each peak, allows for the relative proportion of
ammonia in each site to be estimated; the low temperature peak is 2.5 times the size of the high

temperature peak and so 2.5 times as much desorbing anianis present in these sites.

According to literature, e strength of the binding sites allows them to be classified into weak,
moderate or strong bonds indicative of dispersion, electrostatic or covalent interactions, as was
determined by Steineet al..?®

Table3-1: Classification of bond based on bond energies, as determined by Steimiet®

Bond energy (kanol?) Type of interaction
<16 Weakg Electrostatic/dispersion
16-63 Moderate¢ Mostly electrostatic
63-167 Strongg Strongly covalent

Comparison of the experimentally determined values with the abbafele3-1, allows the 3.29 kJ
mol* bond to be classed asweeak electrostatic/dispersion type interaction. This is the type of
interaction which would be expeced when the ammonia is only weakly bound to the zeolite
surface without any electron sharing or transfer from the ammonia. In contrast the 91r88I&J
can be categorized as a strongly covalent bdmedween adsorbate and solid adsorbefit has
been reported by Yet al?’ that ammonia adsorption energy onBxgnsted acid sit€d AFO(H)Si)

of HZSMb is about113 kJ mol. Thus,our measured value is ithe same order of magnitude as
that of the Bransted acid site which isprobably generated during the proton ion exchange

process with the Nal3Kvhich showed only trace feature in the high temperature region of the
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TPD graph)This acid site can, by defion, donate a proton to the ammonia, resulting in an4\H
species which would be expected to have a strong covalent interaction with the newly created O
species. This NHspecies is clearly a very stable form of ammonia demonstrating that the proton
ion exchange process gives an improved, high temperature ammonia adsorbent. This means that
H13X is a promising material for use in adsorbent assisted ammonia synthesistepsiodnere

the catalyst bed is operating at higher temperaturebereMgC} a less viable material.

It is interesting that Lal3X dispkpnly one, lowtemperature ammonia desorption, regioifhe
linearization showed the desorption energy of this sitas 1.79 kdnol™. This is indicative of a
weak electrostatic/dispersion interaction i.e. only a surface zeolite interactsimilar tothat
seen in the parent Nal3X materidlowever, theammoniacapacity in Lal3X (ca. 15%, ségure
3-2) is much highethat of Nal3X(ca. 3.5%, se€&igure3-2). Thus there is clearly a dramatic
increase in the numbers of weak sites for low temperature ammaoimding (higher desorption
peak)mearing that this modified material isvery suited tolow temperatureapplications where
fast adsorption anddesorption can readily taking place and strongly bound ammonia is
detrimental In later section, we will further present evidence for the nature of the sites and

explain the increase in the numbers when lanthanide ion is introduced.

From these experiments, it is clear thdg13X also shows a number of desorption peaks. Similar
to Lal3X there is a low temperature desorption region but the higher temperature peak clearly
splits into two very similar peaks. The linearization shows the desorption energy is k]

for the low temperature peak(<470 K)and 83.73 and 108.66 kdol! for the two high
temperature peakgdesorption at around 670 K and 770 K, respectivélg)would be expected
there is still a weak electrostatic/dispersion interaction from ammonia interactirng thie zeolite
surface(as was seen in other zeolite materialslpwever, he two high temperature peaks are

indicative of some sort of covalent interactiomhis desorption peak positioand energiesof
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these high temperaturgeaks matches well withthat of the Br@gnsted acid site (A)(H}Si)seen in

H13X.

In literature, the following reaction is proposed to occur as a result of the polarising nature of the
Mg?*ion?8;

Mg?* + HO = Mg(OHJ + H (Equation 28)

Through thismechanism, the exchange of magnesium can give strong acid sites which are not
seen in the other metal exchanged samples. Therefasepropose the latter stronger adsorption
peaks occur as a result of binding with magnesium hydroxide type species @inhgdtaneously
generated proton¢ KS AAYAE I NI LINPG2yA O yI (dz2NB caukeNikK S
to form the adduct Nkt hencegiving asimilar desorption regimé& ammonia on H13X acid sites
The doubly chargk and small sizeof the Mg?* ion render it extremely polarized to pull the
electron density from OH giving to M@(H) with stronger protonic nature than the-@(H}Si
site. Nal13X should not contain a significant numbeBwinsted acid sites however, during the
introduction of Mg?* with the liberation of Na during ion exchange of Mg nitrate solution,
dissociation osolutionwater moleculesis envisaged tgenerateterminal OH @ Mg?* during the
preparation?® Interaction with this species, dhe simultaneouslygenerated proton would be
expected to give the high temperatureammonia desorption species seen in the THRis
generation of potonic sites has been reported in the case of*Zmmobilizationas ZrROHon

HZSM# which was shown to interact with ammonia aB@nstedacid site

In an attempt to understand the reasons for such different desorption behaviour in the modified

13X materials further structural characterisation was carried out.

Wi
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3.2.3. NMR
Solid state Al NMR is commonly used to study zeolites as it gives valuable information on the
coordination environment of the aluminium and shows the presence of dréimework

aluminiumsites which generate acidi¥and so may be useful in ammonia adsorption.

The zeolites were studied without ammonia.
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La13X
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Figure3-6: Al NMR measurements of Nal3X, H13X, Mg13X and Lal3X, recordeBraker

AVIIl 400spectrometer, at a Larmor frequency of 104.34 MHz. A one pulse sequence
adopted, with a 10° pulse, a delay time of 0.4 s and a scanning number of 8000. The cl

shift was referenced to an aqueous 1M Al€ilution. In each experiment accurately measured

mg of sample was used.

As is shown ifFigure3-6, each ofthe recorded?’Al spectra show only one peak. In the Na13X,
H13X and Mgl13X this is one sharp peak at arddd@pm, characteristic of tetra coordinated
aluminium? This is typical for a framework alumina species where the aluminium is surrounded

by 4 oxgen atoms. None of these samples show efteemework aluminium species, meaning

that any ammonia bonding is through either the framework, éxehangednetal ions or, in the
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case of H13Xnd Mgl13Xthe generated Binsted acidity. The NMR spectra also skawat the

ion exchange process is mild enough that the general zeolite structure remains.

Lal13X shows a significantly differél NMR spectra to the other zeolite samples. One broad
peak is present, centred around 40 ppm and stretching across thectegbvalues for 4, 5 and 6
coordinated aluminiuni® This indicates that there are a number of coordination environments
present in the Lal3X sample and so a significant degree of disorder that is not present in the
other zeolites. The lanthanum ion exchage process clearly significantly alters the zeolite
structure. The ion exchange processes were carried out to be as similar as possible with the metal
ion concentration in the exchange solutions chosen so as to allow for complete exchange of the

Na' ions.However, the ion exchange process appears to be different in different zeolite materials.

In the case of 133 the ion exchange process does not seem to only liberate three corresponding
sodium ions. The tetrahedral aluminiuie also somehow liberated téorm extraframework
aluminium by the La* with the dramatic change in coordination environment to 5 (around 30

ppm) and 6 (around 0 ppriY) giving structural distortion toreatesome new Lewis acid sites.

One proposed reasofor this drastic differencés that as the exchange process proceeds, the
sodium ions are removed and replaced by the new ion. In the case®bfobaexchange this
required three sodium ions to be replaced by one ion. It is possiblethigastabilisingeffect of

these ions means thaheir loss results in a disordered zeolite type material. This effect may be
compounded by the fact that each of the exchange processes will be favoured to a different
degree. The generation of three sodium ions in solutmrer one lanthanum ion will be
entropically favoured which may account for a greater degree of ion exch&uogdgermore, L&

is a much larger ion than'ldr Mg?* and so can have a greater disruptive effect.
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3.2.4. N2 Physisorption

BET surface areas, pore volumes and pore diameters were also studied.

Table 3-2: Porosity characterization of Nal3X, H13X, Mgl3X and Lal3X, determined using a
Micromeritics Trista¥3000. Prior to characteritian each sample was dried overnight 823 K
under flowing nitrogen. Samples were then loaded into tubes and further drietRatKunder
vacuum. Madsorption and desorption isotherms were then obtained at 77K.

Sample Nal3X H13X Mg13X Lal13X

BET Surface area | 818.9 m3/g 510.6 m3/g 816.2 m3/g 609.1 m3/g
t-Plot xg;‘)pore 730.8m2g  2332mg  743.8milg  544.4 melg
t-Plot External ) ) 5 5
SurfaceArea 88.0 m#/g 277.4 m3/g 72.3 m3/g 64.7 m3/g
t-Plot Micropore 5 5 3 3
Volume 0.27cmd/g 0.10cm3/g 0.28cm3/g 0.20cm3/g
Adsorption Average
Pore Diameter (4V/A 15.8 A 23.1A 16.7 A 16.9 A
by BET)

Using the BET modedhe surface areas of each of the modified zeolites were determined and
compared to that of the unmodified zeolite. Na13X has a high surface area ¢ 8&& as
would be expected from a zeolite. Mgl8semblesNal3Xvery closely, giving comparable BE
surface area of 818 m?/g. The degree of porosity, pore volume and pore size are fairly similar to
each other,ndicating that the Mg  ion exchange does not create major structural alterations to

the framework.

In contrast,Lal3X has a lower surfaegea (609 rf/g) than the unmodified Nal3X zeolite. As
previously discussed, it is likely thattimtroduction oflanthanum ims induces some degree of
structural alteration or distortion. The effect ¢drge sizeand multiple chargef the lanthanum
ions may have caused the structural distortion of the parent zeoliteshould be noted that
according to structural refinement data (shown later), there is only a relatikely level of
lanthanum doping It is interesting to note that such small doping afithanum ions could cause

the distortion to give low pore volume (0.20n3%g) but higher average pore siz&69 A. This
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may be caused by the dealumination progeb®e extra framework alumina species could block

the pores to some degree.

The geomatic positions of the lanthanum ions in the zeolite and the original for structural

distortion should be further studied.

Unexpectedly, it appears thail3Xcreates the largest structural changesslhtows the lowest
surface area of the modified zew@s at 511 r¥g. One possible explanation is that the protons are
extremely poor at stabilising the zeolite structure. It is anticipated Huwatium ions are playing an
important role in stabilising thizeolite structurewith the high Al to Si ratio andhéir removal can

cause instability. This can be provided by the addition of metal ions in the Lal3X and Mg13X
zeolites but may be difficult in HL3Xhe substantial losses in internal surface area, pore volume
and the dramatic change in pore size, indicéte partial collapse of the crystalline Nal3X
structure to a more open amorphous form where the disjoint between the amorphous phases

alter the defined pore size.

3.3In-situ SXRD Studies

In-situ synchrotron Xray diffraction studies were used to understande structure of the
unmodified and modified zeolites, how the ammonia interacts with them and how this changes
with temperature. Combined with the previously discussed characterisation data this allows for a

full picture of the ammonia storage in zeoli®aterials and how this can be further tailored.

First, the structure of each of the materials, excluding ammonia, were determined. This allowed
the structures to be determined before studying the ammonia. Next, ahemonia containing
structureswere determined and studied as the temperature was increased and the ammonia

desorbed.
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The structures were determined using Rietveld refinement of the synchrotron data obtained from

BL0O2B2 at Spring, Japan.

3.3.1. Refinement of Nal3Xittout Ammonia
Initially, the structure of Nal3X was established. Previously, the structure of Na based 13X was
determined by Olsofl, whose single crystal zeolite work was ground breaking and crucial to
understanding the structures of many zeolites. Theame differences between different
commercially available Nal3X structures, both in the number and location of the sodium ion
ariSaz o0dzi htazyQa adaNHzOGdz2NBE A& dzasSR Fa | adl
refined, and then the sodium ions addl@ne by one to see if they improved the fitting of the
refinement. Finally, any additional sodium sites were located by comparing the observed and the
calculated Fourier maps and using any discrepancies as locations possible further sodium sites.
InourO2YYSNOALFE blmo- GKS &adGNHzOGdz2NE é+Fa ONRLFRE &
framework was typical of a faujasite zeolifeh f a2y Qa Y2RSf ARSYGAFTASa
sodium sites in Nal3X; one located in the hexagonal prisms joining the sackadies (sites | and
LQOX 2yS f20FG6SR 2y G(KS &AE YSY0OSNBR NAy3Ia 2y
6aAisSa LL YR LLQU YR 2yS t20F0SR 2y GKS g1 ff

channels (site Ill). The sites in the comaialrstudied sample are closely related to these.

In the Olson model, tetrahedral atom sites are identified as either silicon or aluminium. However,
these atoms cannot be differentiated byr&y diffraction alone, due to their similar size. Instead,
the two positions are assignesblelyto aluminiumor silicon; this minimises AD-Al interactions,
which are forbidden by Lowenstein's Rétét is important to emphasise that this is the origin of

the tetrahedral atormpositions and not any crystaljraphic finding.
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Figure3-7: Unit cell of Nal3X (viewed along 110), as determined by Rietveld refinement of £
pattern.
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a. Nal, located within hexagonal faces of the b. Na2, located in the nejoining hexagonal
prisms which joirthe sodalite cages. faces of the sodalite cages.

c. Na3, located in the main channel of the zeolite.

Figure3-8: Locations of the three sodium sites in tbemmercial, unmodified Nal3X zeolite, as
determined by Rietveld refinement of SXRD pattern.

There are three sodium sites present in the unmodified Nal13X sample. Nal is located within the
faces of the hexagonal faces which form the prisms which join the sodalite cages, a site present in
the Olson model. Na2 is also present in the Olson model;stdteum ions are located on the
hexagonal faces of the sodalite cages which do not join the cages i.e. the surface of the main pore

walls. Finally, there is a third site which is within the main pore of the zeolite.

The occupancy of each of these sitesvadso determined.
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Table3-3: Occupancies of each Na site, as determined by Rietveld refinement of SXRD pattern.

Site Occupancy Equivalent Positions
Nal 0.188(5) 32
Na2 0.301(4) 32
Na3 0.236(10) 96

Each sodium site shows only partial occupancy.

3.3.1. Refinement of Nal13X with Ammonia
After the structure of the zeolite framework was established, the location of the ammonia
molecules was determined. It is important to note that protons cannot be visualisedy XRD
and so each ammonia molecule is only shown as a nitrogen atom. The change of the occupancy

and location of these sites as temperature was increasas studiedn-situ.

At room temperature (298K four ammonia sites were present. All three of the prasly

identified sodium sites are used in bonding. Both N1 and N4 bingeimiain pore of the zeolite,
close to the exterioNa3site. N2 binds to theposition closer to the Na2 located on the semi
interior site of the zeolite Finally, N3 interacts witthe interiorNal, a site within the hexagonal

prisms which join the sodalite cages.

It is clear the accessibility of the various sites is not a problem, with the ammonia being able to
access multiple regions of the zeolite, not just the large main por¢hefzeolite. This was
expected due to the small size of ammoritiowever, one would envisage that a site within the
main pore is most easily accessible and so can act as a handling site (gate site) for uptake or
download of gaseous ammonia from the maapop and diffusion of the ammonia to and from

the other accessible sites.
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The ammonia binding was then also studieekitu as the temperature was increasebh-situ
experiments are extremely useful as they show exactly what is happening in the matetial as
desorption proceeds and so give useful insights into how tls®bent works under close to real
conditions. The occupancy, binding atom and binding distance of each site were compared at 100
Kintervals. By seeing how the occupancy and binding digtasf each of the sites changes as
temperature is increased, motaneticinformation can be gathered on the nature of the binding

site.

According to the TPD, the majority of the ammonia is located in sites which desorb below 473 K.
(seeFigure3-5), presumably by the weak iatipole interaction with the Lewis adés there is no
strong protonic site for trapping the ammonia. Although SXRD allows the locations of nitrogen
atoms in ammonia to be determined, the precise binding mode to the specific location of the
internal surfae is not determined. Instead, the nearest atoms are compared although the actual

binding site may be the oxygens close to thé ites rather than to the cations themselves.
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N1 N1
o Al T:,[Tr%er Occll\Jllanc Binding | Binding
pancy Atom Distance
N
@ 298K | 0.452(23) | Na3 1.65
e
@\ @ @ L0
Qo D o 77 373K | 0.367(9) Na3 1.83
" .
1 9  m% @
OS'Q * ° 473K | 0.292(8) Na3 1.76
Naa")
i 9 s @
™) 9 573K | 0.108(8) Na3 1.49
® _o °
¢ . @ 673K | 0.044(8) | Na3 1.70
4 ‘ 2 ’ 2 . (8) a .
773K 0

a. Location of N1, in the Na13X zeolite. N b. Occupancy, binding atom and distanc8} (

is closest to Na3, of the main zeolite pore for N1 in Nal3X, at increasing temperatures

and is close to O1 and O4.

Figure3-9: Site N1, location, occupancy and binding in Nal13X, at increasing temperatul
determined byRietveld refinement of SXRD pattern.

As can be seen iRigure3-9, site N1 shows a close interaction with Na3 (less thak 2t all
temperature) Simgle crystal XR®) NMR*and neutron scatteriny of ammonia on A type zeolites

have shown that cooperative effects between framework oxygen and sodium species can cause

very short ammonia sodium bond lengths.

LS

2
N

Figure3-10: Representation of how ammoniientates to interact with both sodium ions ar
framework oxygen. Adapted frof.

As is shown ifrigure3-10 ammonia molecules orientate to interact very closely with sodium ions
when nearby oxygen species are also present; a lone electron pair on ammonia interacts with the

Na' ion and the protons ofammonia interacts with oxygen though the ammonia proton. This
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reportedly gives MNa distances of around 1.8% and sointeraction can explain the bond
distances of less than & between the ammonia molecules and sodium iofkere is some

variation in binding distance although there is not a linear relationship between distance and

temperature.
N2 N2
Temper N2 Binding | Binding
0 Al ature | Occupancy Atom Distance
- 298K | 0.411(14) | Na2 3.09
@ .09
-@, 373K | 0.288(8) Na2 2.52
@ P J %0 0
b
J N2 g
0 Si Qt“\'. g e’ ..,_'_JNa%. 473K 0.154(8) Na2 3.35
® <
® 0 @ & 573K | 0.083(8) Na2 3.23
o J Na3JJ o
®)
° @ ‘ 673K 0.061(6) Na2 2.98
" 2
@ 9
773K 0.078(6) Na2 3.01

a. Location of N2, located in the main chann b. Occupancy, binding atom and distanc®s (
of the zeolite, close to both Na2, Na3 and th for N2 in Nal3X, at increasing temperatures
pore walls.

Figure3-11: Site N2, location, occupancy and binding in Nal3X, at increasing temperatui
determined by Rietveld refinement of SXRD pattern.

As can be seen fRigure3-11, site N2 initially binds to Na2 (seimierior site) with slightly longer

distance compared to those N to Na3 site. Again, this is a weak intergotaiygblywith both Na

and framework oxygen involved.
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Tenper N3 Bir’:ld:?ng BirI:Idsing
ature | Occupancy| yom” | pistance
298K | 0.168(9) | Nal 2.26
373K 0
473K 0
573K 0
673K 0
773K 0

a. Location of N3, located in the centre of thi b. Occupancy, binding atom and distancA} (
joining hexagonal prism linking the sodalite for N3 in Nal3X, at increasing temperatures
cage.

Figure3-12: Site N3, location, occupancy and binding in Nal3X, at increasing temperatul
determined byRietveld refinement of SXRD pattern.

AsFigure3-12 shows, #e N3 binds with Na2within the prisms which join the sodalite cages. It
shows a low N&\ length of 2.26% and is clearly a very weakly bound site shown by the fact it is
only occupied aR98Kand has completely desorbed by 373K. This is interesting asalé® ithe
only site which is in the interior positiaf the zeolite. It iseported inliterature that it is
unfavourable for ammonia molecules to be present in this site and that it only occurs to a
significant effect at high pressurésThe constrained nature of the site, trapped within a very
small prisms means it is unfavouralelietropicallyand so easier to desorb than other sites. It is
important to consider the fact that N3 is present in the middle of the hexagonal channel, with
equidistant Na2 sites on either side and so the bindillegerto Na2 is actually binding with two
equivalent sodium iondt should also be noted that the rapid diffusion of N3 to N4 is seen as the
increase in the occupancy in N4 fr@@8Kto 373K before the ammonia is desorbed to the gas

phase via this gate site.
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o Al Temper N4 N4 N4

Bindi Bindin
ature | Occupancy Atorrr:g Distan(?e

@ 298K | 0.236(16) | Na3 1.39
@ c@ 2 o 373K | 0.470(10) | Na3 | 1.86
N4 @
S :
@ e ® 9 e 473K | 0.228(10) | Na3 1.37
J Na3 2
ﬁ' ¥ = 573K | 0.257(10) | Na3 1.31
®_ o
673K | 0.206(10) | Na3 1.44
> @ (10)
773K | 0212(7) | Na3 1.79

a. Location of N4, located in the main chann b. Occupancy, binding atom and distanc&s (
of the zeolite, out oplane with the ring. for N4 in Nal3X, at increasing temperatures

Figure3-13: Site N4, location, occupancy and binding in Nal3X, at incretsimgeratures, as
determined by Rietveld refinement of SXRD pattern.

Similarly to N1, N4 also shows a close interaction with Na3 (less tifamdoth cases, at all
temperature) This is indicative of interaction with both the sodium ion and the poré efahe
zeolite. Again, thereis some variation in binding distargalthough there is not a linear

relationship between distance and temperature.

But Site N4is somewhatunusual in that it is the only site which does not show a continual
decrease in czupancy with increasing temperatusnd can maintain high degree of occupancy

even at 773KBetween298Kand 373 K the occupancy of site N4 actually increases. This is
coupled with a decrease in occupancy of all other sites, most significat@i{N3. This seems to

suggest that ammonia molecules are moving freame of the other sites into N4. Site N4 is
FOGAY3 & + &a2NI 2F a3 GS arisSée sKAOK FYY2YAL
directly desorbed to the gas phas&his suggestshat N4 isa more easily accessible and

kinetically more stablsite from the others.
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3.3.2. Determination of Modified 13X structures
This experiment was repeated with each of the modified zeolites. As discussed previously, each of
the zeolites was modified witlan aim of fully replacing the sodium ions with the new ion,
although this leads to differences in metal ion concentration during the exchange and different
entropically favourability in the ion exchange reactions. To establish how much of an effect this
has, the sodium ion occupancy of each site was studied.

Table3-4: Occupancy of sodium sites as determined by Rietveld refinement of SXRD data.

| Na Site 1 Na Site 2 Na Site 3
Na13X 0.188(47) 0.301(4) 0.236(10)
H13X 0 0.310(5) 0
La13X 0 0.087(4) 0.121(5)
Mg13X 0.135(15) 0 0.242(31)

As is seen iifable3-4, the sodium occupancy rfd so degree of ion exchange) is different in the
different prepared zeolitesit is interesting to note that eaclon exchange process shows
differing loss of sodium site®roton ion exchange has caused the complete removal of two of the
three sodium sites and had no effect on site two. When the sodium is exchanged for lanthanum,
site one ceases to contain sodium Wsites two and three both see a partial removal of sodium.
Sites Nal and Na2 are sodalite cage sites and so are near to a high density of oxygen atoms. It is
known that rare earth elements, such as lanthanum, preferentially achieve high oxygen
coordinaton® and the position of lanthanum ions in these sites allows for this, explaining the
preferential ion substitution hereMagnesium ion exchange caused the smallest decrease in
sodium occupancies with some sodium remaining in $ita$ and Na3Sodium si& occupancy is

not the only consideration, as ions may also be present in other forms in the structure, offering
additional ammonia sites. This explains why Mgl3X appears to be the least successful ion

exchange process and yet the best ammonia adsorptiatenal.
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location of the exchanged protons cannot be directly determjniedtead, their presence was

indirectly established by looking at the position andeagth of the ammonia binding (s&e4.1).

A number of lanthanum sites were determined, with varying occupancies. The framework
structure of the LalR® is slightly different to that of the unmodified structure. The bond angles
change, bond lengths increase slightly and there is generally a very slight loss of structure. The
Na2 site moves slightly further from the pore walls, towards the main pore efzévolite. This
structural change explains why the-8BIMR is so different for Lal3X compared to the other
zeolites. However, the space group remains sameand there is not dargechange in unit cell

parameters.

Figure3-14: Unit cell of Lal3X (viewed along 1183 determined by Rietveld refinement of SX
pattern.
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a. Lal, located just beyond the hexagonal fac b. La2, located in the maghannel of the
of the prisms which join the sodalite cages. zeolite.
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c. La3, located in the main pore of the zeolite, out of the plane of the Al/Si/O ring.

d. La4, located within the joining hexagonal e. La5, located within the sodalite cage.
prisms.
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c. La6, located in thmain pore of the zeolite, out of the plane of the Al/Si/O ring.

Figure3-15: Locations of the six lanthanum sites in the Lal3X zeolite, as determined by R
refinement of SXRD pattern.

The occupancy of each of these sites was also determined.

Table3-5: Occupancies of each La site, as determined by Rietveld refinement of SXRD pattern.

Site Occupancy Equivalent Positions
Lal 0.300(0) 32
La2 0.018(1) 96
La3 0.016(0) 96
Lad 0.020(1) 96
La5 0.015(1) 96
La6 0.019(1) 96

Six lanthanum sites are present in the Lal3X unit cell. The highest occupancy site in Lal, which is
in a roughly similar position to Nal. In the unmodified 13X this was the sodium site where low
temperature ammonia bonding occurGlearly, the Na ion in ¢hsodalite can be replaced

favouraby by this rare earth ion due to the high coordination to the nearby oxygen atoms, as is
shown by the many near oxygens in the hexagonal face of the sodalite c&ggyiie3-15.a.

Louwenet al.used DFT to study the feasibility ofLian exchange on zeolite’’ywhich has a

very similar structure to 13X. They found that the most stable initial lanthanum idtiqgross just
outside the joining prism of the sodalite cage (equivalent to Lal here), providing this ion is further

stabilised by water molecules. If the water molecules were removed, the structure remained the
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same, though had a higher energy. This exglavhy the Lal position here shows the highest

lanthanum occupancy.

There are 5 further lanthanum sites present, although each sheny low occupancy. Due to the
high level of symmetry in the unit cell there are many equivalent positions and so these
lanthanum siteseach correspond to only2 La atoms per unit cell. Site La2 is in a very similar

position to Na3while the other lanthanum sites are not direct substitution of any sodium sites.

The magnesium sites generated by ion exchange were detednine

Figure3-16: Unit cell of Mg13X (viewed along 110), as determined by Rietveld refinement of
pattern.
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b. Mg2, located within the hexagonal face c. Mg3, located within the main pore of the zeolite
of the prisms which join the sodalite cage out of the plane of the ring.

Figure 3-17: Locations of the three magnesium sites in the Mgl13X zeolite, as determine
Rietveld refinement of SXRD pattern.
The occupancy of each of these sites was also determined.

Table3-6: Occupancies of each Mg site, as determined by Rietveld refinement of SXRD pattern.

Site Occupancy Equivalent Positions
Mgl 0.309(20) 96
Mg2 0.188(7) 32
Mg3 0.375(11) 96

There arethree magnesium sites present in Mg13X, which show a greater occupancy than the La
sites in Lal3X. Mgl is located very close to the original Na3 site but given the relevant
occupancies of these sites this cannot be strictly an exchange process and insteazbttesinm

ion is filling some of the vacant sitdsterestingly, Mgl is binding to oxygen atoms, which was

not seen in any of the other materials. Tipiobablyaccounts for the high temperature storage
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which was seen ifrigure3-4, as magnesium hydroxidgenerationcould lead to Bregnsted acid

type species. As was discussed previously, the polarising nature of theidvigcan split the

water used in the synthesis and simultaneously generate magnesium hydroxide species and
protons? Furthermore,this generation of protonic sites has been reported in the case 6f Zn
immobilizationas ZrROHon HZSM® which was shown tdnteract with ammonia as 8ransted

acid site The presence of this hydroxide species suggests protons are probably also formed,
although they cannot be visualised using XR@ain, there is a magnesium site ®jgresent in

the same position as Nal, swging that this is a favourable site for exchange. There is a further

site, Mg3,within the main pore of the zeolite

3.4. Ammonia Position Determination

The location of ammoniainding sites in the zeolitesand how this changed over the desorption
process was studied usingn-situ SXRD. The ammonia binding atomse established by

determining the nearest neighbour.

3.4.1. H13X

First the ammonia sites in H13X were studied, in an attempt to understand the reason for good
high temperature stability and to determé to what extentBrgnsted acid site formation is

important for this.

Five binding sites weridentified.
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a. N1, N2 and N4, all located within the main channel of the zeolite, at different positions wi
respect to the Al/Si/O ring.

b. N3, located within the sodalite cage. c. N5, located just slightly outwith the
hexagonal faces of the prismgich join the
sodalite cages.

Figure 3-18: Location of N atoms of ammonia molecules, the H13X zeolite, as determin

Rietveld refinement of SXRD pattern.

As can be seen irigure3-18, the majority of sites are present in the zeolite main channel. The

binding sites were determined by looking at the closest atom to th@gén atomsAs discussed

previously, the length of bond between a binding atom and the binding site can be used to

classify the type of binding present.
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Table3-7: Classification of bond based on bond enesgis determined by Steinet al. 2

Bond Length (A, where X and A are

Type of interaction

heteroatoms)
>3.2 Weak¢ Electrostatic/dispersion
2.53.2 Moderate¢ Mostly electrostatic
2.2-25 Strongg Strongly covalent

N1 N1
@~ T:{Sr%er Occll\Jllanc Binding | Binding
- R o PaNY Atom | Distance
- 1 0/-9 04
» N @ 298K | 0.631(15) | oO1 2.99
@ @ °"--a
Na3* 01
@D o D 373K | 0.628(13)| O1 2.75
o
J N1 P
/ . 473K 0.701(12) o1 2.87
E
I o
S ° 573K 0
. @ /09 673K 0
773K 0

a. Location of N1, in the H13X zeolite. N1 is b. Occupancy, binding atom and distancls (
closest to O1, of the main zeolite pore, and i for N1 in H13X, at increasing temperatures.

close to O4 and the previously occupied Na:

site, probablynow a Bpnsted acid site.

Figure3-19: Site N1,location, occupancy and binding in H13X, at increasing temperature
determined by Rietveld refinement of SXRD pattern.

Site N1, which initially has one of the highest occupancies of each of the ammonia sites, is located
within the zeolite channel. Ehlength between the N and the binding O, located in the ring of the
pore (2.99Ainitially), suggests that this is a moderate electrostatic interaction which is supported
by the stability of the site up to moderately high temperaturkss anticipated that when Nas
replaced with Hin the position of Na3, the O1 and O4 between the Al waildr the BAS

locations for the NEladsorption as NH. It can be seen frorRigure3-19, that the ammonia

molecule is close to both O1 and O4. ¢l used SXRD and comparison of bond lengths to

study acidity of zeolite® They reportammonia oxygen distances of between 2.0 and.5

similar to as found here. Furthermore, thiyund that the distance between the ammonia
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nitrogen and the oxygendm the Branstedacid site can be related to the strength of this
interaction?® The lengthening of an-@H;" interaction corresponds to a lower degree of overlap
between the' o orbital and the terminal H atoms from the framework oxygen leading to a more
protonated ammonium ion. This means that the interaction between N1 and the framework is
weaker than that of, for example, N4, evidenced by®llLhaving an initial bond distance of 2.99

A compared to 3.24 A for N@4. This also explains why N1 is unocedgaifter 573K.

This allows this site to be identified as one of the low temperature sites seen in the ammonia TPD

experiments Figure3-5).

N2 N2
| T:trSrp;er Occljzanc Binding | Binding
0 A pancy Atom Distance
N
: 298K | 0.290(8) | Na2 2.83
Na
@ 373K 0.218(9) Na2 2.18
N2 @ s
°@ e 473K | 0.195(8) | Na2 1.42
. “Naz = Y
J 573K | 0.203(9) | Na2 2.74
e @
‘@ Y
o Y g
. 673K | 0.151(7) | Na2 2.84
W S
¢ =
773K | 0.061(5) | Na2 2.97

a. Location of N2, in the H13Xolite. N2 is  b. Occupancy, binding atom and distanc&s (
closest to N2, the sodalite cage face sodiul for N2 in H13X, at increasing temperatures.

site and is within the main zeolite pore.

Figure3-20: Site N2, location, occupancy and binding in H13X, at increasing temperatur
determined by Rietveld refinement of SXRD pattern.

N2 is a similar site to that seen in the unmodifidh13Xzeolite, with birding as a wea
interaction of ion dipole as the Na2 site is still prevalent (desorption < 470 Kigeee3-5). As
was seen in Nal3X, there goeobably complimentary effects where the N2 atom interacts with

the Na2 ion while NH bonds from ammonia interact with the framework oxygens. This means

this site igprobably the lower temperature peak seen in the TPD experimeRitgure3-5).
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N3 N3
@ T:,[Tr%er Occll\Jlsanc Binding | Binding
(- N Pancyl atom | Distance
298K 0.599(7) 02 2.93
373K | 0518(7) | 02 3.07
473K 0.417(6) 02 3.36
573K | 0.442(7) | 02 3.06
673K | 0.428(6) | 02 3.02
773K | 0.380(5) | 02 3.17

a. Location of N3, in the H13X zeolite. N3 is b. Occupancy, binding atom aditances A)

closest to 02, of the sodalite cage, and is clc for N3 in H13X, at increasing temperatures.

to the previously occupied Nal sitgrobably

now a Bpnsted acid site.

Figure3-21: Site N3, location, occupancy and binding in H13X, at increasing temperatur
determined by Rietveld refinement of SXRaitern.

Sites N3s located within the sodalite cage. Prior to ion exchange, O2 was close to Nal, and so it
is likely there is now &mnsted acid site here. The distance between N3 and 02 (Ap®
characteristic of a NFispecies interaction, furtheconfirmed by the high temperature stability of

this site, seen by its partial occupancy even at 773 K.Biested acid site effect igprobably
further emphasised by the fact that the sodalite cage means that there are a number of O atoms

in close proximy and so the possibility for multiple binding interactions. This allows this site to

be identified as one of the high temperature desorption sites in the TPD experintegtsd3-5).



122

Temper N4 N4 N4
o Al aturl?a Occupanc Binding | Binding
o pancy Atom Distance
N
N 298K 0.221(10) | 04,01 | 3.24, 3.37
. a °
- S— g =]
Qo o o 373K | 0.449(15) | 01,04 | 3.31, 4.01
@s ° @ °
o o1 473K 0.546(14) | 01,04 | 3.17, 3.86
. Na3* 573K 0.752(18) | 01,04 | 3.18, 3.56
) @ o
. ..A 673K 0.480(15) | 01,04 | 3.12,3.53
° @ o". —o
773K 0.262(10) | O1,04 | 3.08, 3.46

a. Location of N4, in the H13X zeolite. N1 is b. Occupancy, binding atom and distancA} (

closest to O1 and O4, of the main zeolite po for N4 in H13X, at increasing temperatures.

and is close the previously occupied Na3 sit

probablynow a Bpnsted acid site.

Figure3-22: Site N4, location, occupancy and binding in H13X, at increasing temperatur
determined byRietveld refinement of SXRD pattern.

Prior to ion exchange, Na3 was located close to O1 and O4, meaning that a prptobdbly
located here, providing a possilfgnstedacid site, similarly to N1 and N3. The positioning of N4
between the two oxygen s and the resulting bond distances (3840 04 and 3.37 A to O1 at
298K are indicative of stron@ransted acid binding, allowing this site to be assigned as a high
temperature desorption site in the TPBigure3-50 ® CdzNIi K S NJ 2 NB I torthatinA Y A £ | NJ
the Nal13X sample is seen here. The occupancy of N4 increases with temperature indicating that it

is possible for ammonia atecules desorbing from other sites w@dsorb to this accessible,

kinetically stable site, before being fully removed from the zeolite.
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N5 N5
Binding | Binding
Atom Distance

@~ Temper N5
ature | Occupancy

Qo 298K | 0.669(14) | O3 1.81
Si

373K | 0.640(14) | O3 2.04

473K | 0.558(9) 03 2.18

573K | 0.528(12) | 03 2.09

673K | 0.554(8) 03 2.22

773K | 0.527(7) 03 2.25

a. Location of N5, in the H13X zeolite. N5 is b. Occupancy, binding atom and distanc®s (
closest to O3 of the sodalite cage. for N5 in H13X, a@hcreasing temperatures.

Figure3-23: Site N5, location, occupancy and binding in H13X, at increasing temperatur
determined by Rietveld refinement of SXRD pattern.

N5 shows little change ioccupancy with increasing temperatuseggesting atrong interaction.

The position of N5, within the prism means that there are likely multiple interactions with the
zeolite, stabilising the ammonia furtheifhese factors mean it is very likely the amnaoni
molecule is covalently bound to a ddisted Acid OH site, forming an NHspecies.This is
supported by the fact that O3 previously was close to Nal; it is likely that the ion exchange has
led to a proton being present in this position instead, providan@mnsted acid site. This
corresponds to the very strong ammonia seen in the SDT at high temperatures and modelling
data. Sites such as N5 allow for high temperature ammonia storage in applications such as Haber

Bosch type applications.

Clearly the pratn exchange of zeolite has improved both the stability and number of the
adsorption sites in the zeolite, through the generation ofristed acid sitesparticularly in N3,

N4 and N5 which show very strong ammonia binding and so are assigned to therhjggrdéure
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desorption peak present in the TPDFidure 3-5). The other ammonia sites are weaker
interactions; N1 is a very weak interaction between ammadiiansted acid site that does not
result in a Nk species while N2 is a dispersion type int¢i@t, as was seen in Nal3X.
Comparison of the desorption seen here and the TPBu(e3-5) gives a good fit; the ratio of
desorbed from low temperaturgite compared to high temperature sites is very close (low:high is

2.46 here, compared to 2.48 from TPD).

The stability of the ammonia sites in the other modified zeolites was compared.

3.4.2. Lal3X
The SDT of Lal3X shows less high temperature ammonia stordigeSDT data, likely due to the
lack of Bensted acid sites. Lal3X shows tammoniasites within the sodalite cage, one within
the joining hexagons and one in the main chanwel.discussed, rare earth metal ions such as
lanthanum prefer sites with higer neighbouring oxygens in order to attain a more stabilized
form. The sodalite cage position of thanthanum ionsoffer such stability and so are a
preferentially occupied sitdhis differs from H13X where the majority of sites were in the main

pore. Tke occupancy of each site waksostudied.
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Temper N1 N1 N1
d ~ atur'?a Occunancy| Binding | Binding
pancy Atom Distance
298K 0.123(78) Lal 1.81
373K 0.103(7) Lal 1.89
473K 0.065(6) Lal 1.56
573K 0
673K 0
773K 0

a. Location of N1, in the La13X zeolite. N1 b. Occupancy, binding atom and distanc&s (
within the distorted sodalite cage, for N1 in Lal3X, at increasing temperatures.
interacting with Lal.

Figure3-24: Site N1, location, occupancy and binding in Lal3X, at increasing temperatul
determined by Rietveld refinement of SXRD pattern.

The TPD of ammonia from Lal3Kig(re 3-5), showed only low temperature desorption,

suggesting the only weak interactions are present.

It is reported in the literature that the unoccupied f orbitals of rare earth elements, such as
lanthanum, can act as Lewis acid sites in zeolites despite their diffuse f&tlifeis reportedly

can lead to very small bond lengths, as low a& B some system¥.It is also likely that the
oxygen atoms nearby allow for complimentary bonding eeets was seen between Nand

framework oxygen in Nal13X.

N1 interacts with the lanthanum in the sodalite cage, as previously described, with some
interaction with sodalite cage oxygen atoms also. Thé\lzond length (initially 1.8R) is as
would be expected from such an interactiSrparticularly given the constrained sodalite cage

environment and the framework oxygen effecthieTquick desorption of ammonia fromithsite
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(N1 is unoccupied at 573 K) confirm this is a weak interaction, asesadrsthe TPD of ammonia

from Lal3XKigure3-5).

N2 N2
Temper N2 Binding | Binding

ature | Occupancy Atom Distance
298K 0.222(9) 02 2.04
373K 0.103(5) 03 2.23
473K 0.055(3) 03 2.86
573K 0

673K 0

773K 0

a. Location of N2, in the Lal3X zeolite. N2 is b. Occupancy, binding atom and distancls (
distorted hexagonal prisms joining the for N2 in Lal3X, at increasing temperatures.
sodalite cages interacting most closely with

the framework oxygen.

Figure3-25: Site N2, location, occupancy and binding in Lal3X, at increasing temperatul
determined by Rietveld refinement of SXRD pattern.

N2 is within the prisms joining the sodalite cages. It s &milar position to N&513X though the
lack ofBrgnsted acid site in Lal3X results in a significantly lower stability (N2 is unoccupied by
573K) as would be expected emphasising tBatnsted acid character is essential for high
temperature stability.Ilt has been previously discussed that it is unfavourable dmmonia
molecules to be present in this site, without stabilisiBgansted acid sites®® due to the

constrained nature of the &t Ammoniatrappedhere,within a very small prismss unfavourable

entropicallyand so easier to desorb than other sites.
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N3 -
o Al : '/f ?) J Tgtr:r%er OcctlSancy B:t'gmg Ngislig]r?égg
8 298K 0.467(4) Lal 2.55
373K | 0.457(4) Lal 2.56
473K 0.475(4) Lal 2.56
573K 0.502(3) Lal 2.54
673K 0.494(3) Lal 2.56
773K 0

a. Location of N3, in the La13X zeolite. N3 b. Occupancy, binding atom and distanc&s (

within the distorted sodalite cage, for N3 in Lal3X, at increasing temperatures.
interacting with Lal.

Figure3-26: Site N3, location, occupancy abdhding in Lal3X, at increasing temperatures,
determined by Rietveld refinement of SXRD pattern.

N3 is a very similar site to N1, it is also within the sodalite cage and interacts with Lal and

framework oxygen. It shows slightly higher occupamrgpably due to its position equidistant

from multiple Lal ions but is still completely desorbed by 773K.
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Temper N4 N4 N4
o Al P Binding | Binding
ature | Occupancy Atom | Distance
L(
@ 298K | 0.131(6) | Na3 2.09
I
@ 373K | 0.127(8) | Na3 2.14
a
Qo 473K | 0.138(7) | Na3 2.26

N4

@ s 1 573K | 0.127(10) | Na3 1.82
™) - @ - N 3 g 673K | 0.098(9) | Na3 2.03

o

a. Location of N4, in the La13X zeolite. N4 b. Occupancy, binding atom and distanc&s (
in themain pore between sodium ions. for N4 in Lal3X, at increasing temperatures.

773K 0

Figure3-27: Site N4, location, occupancy and binding in Lal3Kcatasing temperatures, a
determined by Rietveld refinement of SXRD pattern.

Finally, N4 is the only site closette macrgore, as can be seen Figure3-27. This site is similar
to the gate sites identified in HL13X and Nal3X, however without an increasing ammonia
occupancylts low occupancy and relatively low temperature stability show that this is only a
week interactionas was seen in Nal3X where there are simultaneous reactions witmna
framework oxygen. This iis contrast tothe pore sites in H13X due to absence of protonic

character

All sites are unoccupied at 773K, giving good fit with the TPD of ammonid &bBXKigure3-5),

showed only low temperature desorption (below 673K).
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3.4.3. Mg13X

As a final comparison, the sites and occupancies of Mgl13X were pdepaterestingly, it shows
both high and low temperature ammonia in the SDT tradeich is proposed to ba result of the
simultaneous generation of magnesium hydroxide and proton species.

N1 N1

o A T:tr:rﬁ;er Occll\Jllanc Binding | Binding
PaNCY| " Atom | Distance

? 298K | 0.730(30) | ©O5 3.66

]

@ 373K | 0.672(26) | ©O5 3.80
| N1

@ s ° 473K | 0.507(5) 05 3.07

W/ @— 573K | 0.497(4) | O5 3.06
I @ w 673K | 0.488(8) | 05 3.16

873K | 0.464(7) 05 3.29

a. Location of N1, in the Mg13X zeolite. N1 i b. Occupancy, binding atom and distancls (
within the main pore of the zeoliténteracting for N1 in Mg13X, at increasing temperatures
most closely with N4 ammonia, and close to

05 (of MgO).

Figure3-28: Site N1, locationpccupancy and binding in Mg13X, at increasing temperature:
determined by Rietveld refinement of SXRD pattern.

As shown irFigure3-28, site N1 is located in the main pore of the zeolites and shows the highest
initial occupancy of any of the sites. N1 is identified to bond with the oxygen binding to Mg1.
None of the other moified zeolite species showed the presence of metal oxide or hydroxide
species in the exchanged samples. N1 shows strong binding with O5, with bond lengthd of 3
This is comparable to binding seen in othegridted acid samples, both here and in the

literature 2’ As was previously discussed, it is not possible to locate hydrogen atoms using SXRD,
however, this bond distance and stability is typical 8ranstedacid site interaction. This

suggests that the magnesium species may in fact be magnesiuroxXgyel. This accounts for the

high temperature desorption region seen in the TPD and explains why it is seen in the Mg13X TPD
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but not the Lal3X TPD; the generation of the hydroxide species is crucial for high temperature
ammonia stability in metal ion exahged zeolites. As can be seen from Higure3-28. a. the
ammonia is fairly close to the oxygen atoms making up the ring of the main pore. If theatgehe
protons are present here this would strengthen the interaction between the ammonia and the

zeolite.

It is possible thathis siteis OG Ay 3 Fa I a3k (S -NameX &é N#1aX. g | a
Ammonia molecules desorbing from other sitdeeper in the zeolite can pass to this site before

being fully removed from the zeolite.

This high temperature species means that this material is very promising for Haber type
applications, where high temperature stability is desirable. Combinedtvitthigh capacity, this

is a very promising material.

a



Temper N2 Birl:ldzing Birl:ldzing
ature | Occupancy Atom Distance
298K | 0.261(11) | Mg2 2.76
373K 0.262(8) Mg2 2.78
473K 0.317(9) Mg2 2.70
573K 0.365(7) Mg2 2.59
673K 0
873K 0

a. Location of N2, in the Mg13X zeolite. N2 is b. Occupancy, binding atom and distanc&s (
within the sodality cage of the zeolite, for N2 in Mg13X, at increasing temperatures
interacting most closely with Mg2 (which is

located in the hexagonal faces of the prisms

joining the sodalite cages).

Figure3-29: Site N2, location, occupancy and binding in Mg13X, at increasing temperatur
determined by Rietveld refinement of SXRD pattern.

As can be seen figure3-29, site N2 is located within the sodalite cage, with a fairly low initial
occupancy 00.261(11) Similar sodalite cage sites were seen in the H13X and Lal3X materials
(H13XN3 and Lal3X1 respectively). Site N2 here and La8IXare both weak interactions
between the ammonia and metal site. This is confirmed by this site being unoccupied at higher
temperatures (above 673 K) and the relatively long binding distance (between 2.59 anfyj 2.78
depending on temperature). These factors mean that this site caasbgned as the ammonia
present in the lower temperature desorption site, as was seen in the TPD pattern. Comparison of
this site and the equivalent H13X site (H183), emphasises the importance Bianstedacid

generation; theBrgnstedacid sitein H13Xgredaly increases the stability of this site giving high

temperature stability which is not seen here.
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N3 N3
D £ o Al Temper N3 Binding | Binding
’/3 ature | Occupancy| “aiom” | Distance
r’ "‘: t @ Vo 208K | 0.464(6) | 02 2.53
/ ' N3 o .
N P
02 ' D - @ 373K | 0.481(4) | 02 2.52
p- ‘/’ @ s 473K 0
E @
G% J 573K 0
““ g 673K 0
&
) ®
0/’ e
873K 0

a. Location of N3, in the Mg13X zeolite. N3 i b. Occupancy, binding atom and distancls (

within the main pore of the zeolite, interactin for N3 in Mg13X, at increasing temperatures

with framework O2 atoms.

Figure3-30: Site N3, location, occupancy and binding in Mgl13X, at increasing temperatur
determined by Rietveld refinement of SXRD pattern.

Site N3 is a further main pore site, seerrigure3-30. Similarly located sites were seen in Nal3X
(N2Na13X) and H13X (N213X) though the absence of Na2 in the Mg13X structure means that
this N3 site has lowered temperature stabilisggen by the site being unoccupied from 473K, and

is present slightly closer to the zeolite pore walls. Although the bond length is typical of a
moderately strong interaction, the poor temperature stability suggests that this is a weak
interaction and the Bort bond distance is merely a result of the ammonia being held in the

centre of the ring to interact with multiple oxygen molecules. The distances and occupancies are
similar to those seen in NH13X, where there was a weak interaction witBmanstedacd site.

This is possible here, if the magnesium ion exchange generates a proton as expected, though the
proton location cannot be unambiguously determined using XRD alone. Nevertheless, this is

clearly a weak interaction and can be assigned to the lowmptrature region of the ammonia

TPD trace (seEigure3-5).
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@ ~ N4 N4

Temper N4 S o
Bindin Bindin
& Vo ature | Occupancy Atomg Distange
P 208K | 0.497(31) | O5 1.99
Qo
N4 373K | 0523(25)| O5 1.92

J 473K | 0.468(14) | O5 2.17
- ‘ Q\
) \
é&o\_ ‘0
‘J \\:99‘ 573K | 0.430(12) 05 1.98

673K | 0.649(25)| ©O5 1.32

873K | 0.794(10) | 05 2.00

a. Location of N4, in the Mg13X zeolite. N4 i b. Occupancy, binding atom and distancls (

within the main pore of the zeolite, interactin for N4 in Mg13X, at increasing temperatures

most closely with O5 (which itself interacts

with Mgl).

Figure3-31: Site N4, location, occupancy and binding in Mg13X, at increasing temperatur
determined by Rietveld refinement of SXRD pattern.

N4 is the site which was identified to bond with the oxydending to Mgl, as can be seen in
Figure3-31. None of the other modified zeolite species showed the presence of metal oxide or
hydroxide species in thexchanged samples. N4 shows strong binding with O5, with bond lengths
of around 2A. This is indicative of a covalent interaction, which is further supported by the high
temperature stability of the ammonia in this site. As was previously discussedpit p@ssible to
locate hydrogen atoms using SXRD, however, this bond distance and stability is typical of a
Bronsted acid site interaction. This suggests that the magnesium species may in fact be
magnesium hydroxide. Once again, it is possible that tieeedso interaction with any generated
proton species. This ammonia accounts for the high temperature desorption region seen in the
TPD [igure 3-5) and explains why it is seen in the Mgl13X TPD but not the Lal3X TPD; the

generation of the hydroxide species is crucial for high temperature ammonia stability in metal ion

exchanged zeolites.
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Furthermore, theincreasng occupancy with temperature (i.e. tveeen 573 and 673 Kis
SOARSYOS 2F GKAa &Akdivias dedd (inANAaL3Xlaiid NBH13X. AinrtioBia a4 A G S ¢
molecules desorbing from other sites deeper in the zeolite can pass to this site before being fully

removed from the zeolite.

This high temperature species means that this material is very promising forr Hgbe
applications, where high temperature stability is desirable. Combined with the high capacity, this

is a very promising material.

3.5.Molecular Modelling

Molecular modelling was also used in an attempt to confirm the ammonia positions determined

by SXRD.

3.5.1. H13X
First the framework structuref H13X was calculate®rotons were found in multiple locations.
Protons were found on both oxygen sites which makehe main zeolite channel i.e. equivalent
to O1 and O4, in the previously numbered structure. Protons were also located on some O2 sites,

the oxygen making up the ndmking hexagon faces of the sodalite cages.

The position and nature of the ammonides were then also determined. Four ammonia sites
were found:two in the main channel of the zeolite, one in the sodalite cage and one within the

hexagonal prism linking the sodalite cages.
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Figure 3-32: Determined Nkl positions in H13X, calculated usiMienna ab initio simulatior
package (VASEY*the PBE density function®and a kinetic energy cudff of 550 eV. The stic
model represents the zeolite framework,uel circles represent nitrogen atoms and white circ
represent the hydrogen atoms.

These positions map well to the ammonia positions determined by Rietveld refinement.

Nlmodelled iS Close to the zeolite wall (similar t®28krp and is confirmed to ba moderate binding

site..

a) b)
Figure3-33: Comparison of a) Nddeied POSition to b) N2xrp both are located within the mai
pore of the zeolite, close to the hexagonal phase of the sodalite cage.
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N lmodelled POSItion is very similar to position M&p both are located within the main pore of the
zeolite, close to the hexagonal phase of gwlalite cage. One clear difference is the lack of Na2
sodium in the modelled structure, leading to dachaving a further position from the zeolite
pore wall. The modelled structure assumed no sodium remained and so this explains this
difference, thoughthe general position is the same in the structures from modelling and SXRD.
However, bond lengths between the ammonia and the binding site cannot be compared as the
binding sodium is completely absent in the modelled structure. Neither of the structugggesu

strong ammonia binding as NH

NZ2modelled dOo€s notcompletely match any of the Rietveld structurebl2modeled is located in the

centre of the hexagonal prisms joining the sodalite cages. This is a closely related sitgs® N5

Both these site¢ NE A RSY G A FTASR Ay Sitef 152lofdded withiy thaickritré of a i NHzO
iKS KSEF32ylf LINRAaAYE 6KAES aAdS mQ Aa 20 GSR

N2modelleais located in site Twhile Ngroh @ Ay AAGS mMQd
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a)
Figure3-34: Comparison of a) Nideled POSition to b) NBxrd NZnodeled iS l0cated in the centre o

the hexagonal prisms joining the sodalite cages whilexfts located in the centre of the
hexagonafaces of these prisms.

Though both ammonia molecules are located in the prisms joining the sodalite cages there are
some differences. The modelled position of ammonia is within the prism joining the cages while
the SXRD position instead shows ammamithin the faces of these prisms. There is also some
distortion in the hexagonal prisms in the modelled structure; this was not seen in the Rietveld
refined structure o in the NMR of H13X. This may be the cao$ehe discrepancies in the

position betweenthe two structures as this distortion makes the face site less energetically

favourable or renders the central prism site accessible to ammonia.

N3nodeling COrresponds to the previously labelledBd)rp the strongly bound species which bond

length suggested was Ntspecies.
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Ia:?gure 3-35: Comparison of a) N3deled pc?s?ition to b) N3xrp both are located within the
sodalite cage.

The position 0N3nogelingCorrespondswell to the position of Ngxrp though is slightly less central

in the sodalite cage. The bond lengths between the ammonia and the equivalent O2 in each
structure were comparedN3nodelingt0 O2 had a bond length of 2.85 A whilegyato O2was

2.93 A. This further supports this ammonia position. This ammonia is the first ammonia which the
modelling suggested was hHvhich was also suggested by the Rietveld refinement. Both the

position and nature of the ammonia site match well between thedelling and the Rietveld

refinement.

There is a final Nédeling position. The location of this, within the main pore, almost in plane with

the large 12 ring of the zeolite, suggest that this is equivalent to thedNdosition
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a) b)

Figure3-36. Comparison of JaN4nodelied POSition to b) Nixrp both are located within the mait

pore of the zeolite

Although the position of Nébgeiea@nd NXxromatch fairly well there are some differences. Firstly,
Ndmodelled IS @an NH' species while Nskrpis not. This corresmds to a shorter bond length;
N4nodeerO1 bond length is 2.58 A while the Rietveld refinedLlis 2.99 A. One possible reason

for this discrepancy is the previously discussed lack of sodium in the modelled structure. Another
possible explanation is # N4nodenea IS instead more comparable to Bl4kofrom the Rietveld

refined structure. N4xrgvas also a main pore site, though further out of plane with the 12 ring of

the zeolite and was Brgnstedacid site.

On the whole, there is a good fitetween the modelled ammonia positions and the Rietveld
refined positions. Ndodeled Was equivalent in position and type to &2cand NZodelied Similar in
position and type to N&ro N3nodelled Was in the same position as Mdpand both were Nkt
speges. N4hogeleda WasS a pore site which could be equivalent to eithersiddor N4sxrp it was

difficult to tell due to the lack of sodium in the modelled structure.
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3.5.2. Lal3X Structure
The lanthanum exchange zeolite structure was determined and favourabktidns for the
ammonia molecules foundSodium was also considered in this model, and so pore sodium

remained in the Na3 positions that were determined by Rietveld refinement.

Figure 3-37: DeterminedNH; positions in Lal3X, calculated usiWigenna ab initio simulatior
package (VASE)#the PBE density function&and a kinetic energy cuiff of 550 eV. The stic
model represents the zeolite framework, green circles represent lanthanum atoms, yellow «
represent sodium atoms, blue circles represent nitrogen atoms and white circles represe
hydrogen atoms.

Only one lanthanum position was found to be favourable; trghanum position was found to
be within the sodalite cage. Thisbroadly equivalent thalsxrp as previously discussed, whish
present in the sodalite cagwith the highest occupancy dnthe lanthanum ion involved in

ammonia bonding.
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a) b)
Figure 3-38: Comparison of a) Ladieiead position to b) Ladxrp determined from Rietvelc
refinement; both are located within the sodalite cage of the zeolite.

The bond lengths between the Lal and the near oxygens can be compared to judge the closeness
of the modelled structure and the Rietveld refined structure. Bbad length between Laddelied

and the nearest oxygen is 2.48 A while the SXRBOLAfnd length is 2.54 A. These almost
equivalent distances indicate that the lanthanum position determined by modelling matches the

experimental position well.

Again, far ammonia positions were determined, one within the sodalite cage, one within the

hexagonal prisms joining the sodalite cage and two in the main pore of the zeolite.

N21modelled@Nd N3wodelea@re in similar positions in the main pore of the zeolitelyGyne main pore
ammonia was found in the Rietveld refined structure. By comparing the positions of the modelled
ammonia molecules and the distances between the ammonia and framework zeolite atoms,
N3nodelled IS ShOown to be in a close position to the pmsly studied Nékrosite, determined by

Rietveld refinement of the SXRD data.
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Ia:?gure 3-39: Comparison of a) N3delied pgiition to b) N4xrp both are located within the
sodalite cage dfhe zeolite.

Again, bond lengths between the ammonia and framework species can be used to determine the
closeness of the structures. N3eiea Showed a binding distance of 2.43 A to the binding sodium
compared to 2.09 A in the Rietveld refined structurhis difference is likely due to the
experimentally prepared samples showing some lanthanum in the pores. Although this was only a
small lanthanum content it likely affects the possible ammonia positions and may lead to a
shorter required bond length. Filnermore, the modelled data did not assume any disruption in
the zeolite structure which was clearly seen in the Rietveld refined structure and further
supported by experimental data, such as NMR. These factors may also explain why the Rietveld
refined stucture shows only one ammonia site while the modelled structure shows two;
additional lanthanum ions in the zeolite pore apeobably reducing the potential number of

ammonia sites here.

NZ2modellediS in @ similar position to Nzrp within the hexagonal prims joining the sodalite cages.
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Ii?gure3—40: Comparison of a) Ndelied pct));ition to b) N2xrp both are located within the
hexagoml prisms joining the sodalite cages.

The ammonias are clearly in similar position in the modelled and experimental data. Again, bond
lengths between the ammonia and the framework species give a good indication of the fit
between the two structures. Ndeled is located 2.59 A from the nearest oxygen, while,Nds

2.04 A. This is a slight difference, due to the disruption in the experimental Lal3X structure
forcing N2xroslightly off centre and so closer to the nearest oxygen atom. Despite this, the

position is clearly still within the prism and so the modelled structure supports the experimental

data well.

Finally, the Nddeled position was studied. It is located in the sodalite cage, close to the centre.

This is a similar position to M&p
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Figure3-41. Comparison of a) Ndueled POSition to b) N3xrp both arelocated within the sodalite
cages.

Again, the ammonia positions of the two structures are clearly similar. To confirm this the
distance between the bonding lanthanum and the ammonia in the two structures were
compared. Néodelledlanthanum distance is 2.68 A while the equivalengiNdanthanum distance

is 2.55 A. These are clearly a good fit, indicating that the modelled structure supports dfae N3

ammonia position well.

Furthermore, none of the ammonia species in the maatklLal3X structure were shown to be
NH* species; this matches well with the experimental TPD dataimsitu SXRD experiments,

which show only weakly bound ammonia andBmnstedacid site species.

Overall, the modelled structures and ammonia argamd match for the SXRD refinemeiithe
N3nodelled POSItion is equivalent to Nérpthough the lack of lanthanum in the pores in the
modelled structure slightly affects the bond distance nMdies @and N2xrmare both located in the
sodalite cage joiningexagonal prisms and Néieled and N3xroare both located in the centre of
the sodalite cage. Moreover, all of the modelled ammonia were low temperature, demonstrating
the both the nature and location of the modelled species support the experimental atada

Rietveld refinement.
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3.6.Conclusion

Crystalline Na13X zeolites contain extremely high Al to Si (Si:Al of 1.2) contents, which are charge
balanced by sodium ions. Some of these sodium ions were partially exchanged with cations;
namely protons, lantharm and magnesium and the samples were studied for ammonia uptake
The introduction of these cations all improved the ammonia adsorption capacity particularly for
the latter two as compared to the parent Nal3X zeolite structure. It is found that Nal3Xezsolit
mainly characterized with Lewis acid sites for weak adsorption of ammonia (ammonia desorption
< 470 K). The crystallinity of Nal3X zeolite is substantially decreased when sodium ions are
exchanged with protons, however, this partial H13X gave somengdr adsorption sites
(ammonia desorption > 670K) for ammonés a result of Bmnsted acid site(AFO(H}S)
generation. On the other hand,al3X showe comparable weakdsorptionsites but significantly

higher capacity for ammonia uptakdue to the increasein Lewis acidity of the disordered
structure whenlL&" is incorporatedinto the zeolite framework.Interestingly, the partial ion
exchange of sodium ions of Mgl3X gave both weak and strong binding sites for ammonia,
indicative the coexistence difoth types of adsorptiorsites which was proposed to be a result of
simultaneous generation of magnesium hydroxide and protohke different affiniies and
capacities at different temperatures shdtat ion exchange of cations could be used to tailor this

zeolite alsorbent for particular applications.

3.7.Future Work

The fact that the lanthanum disorder has an effect on the ammonia desorption should be studied
in further detail. It is unlikely that the level of loading chosen here is optimum and so comparison
of varyirg degrees of lanthanum ion exchange would allow for this effect to be studied in greater

detail. To fully understand ho@mmonia is stored in the zeolites, the whole ammonia molecule
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should be studied. Neutron diffraction would allow for the hydrogéonzs in ammonia to be
visualised which would give more useful information about the positioning and packing of the
ammonia. Neutron diffraction would also allow thegBsted acid sites to be unambiguously

assigned, instead afetermining using varyindistance of ammonia zeolite interactions.
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4. Optimising Lanthanum lon Exchange

As was discussed in the previous chapter, the lanthanum ion exchange process causes disruption
to the 13X zeolite structure. It is not entirely clear why only the lanthanum ion exchange causes

such structural disruption and whether the higher ammonia cépas because of this disruption

The study of lanthanum ion exchange process has been reported in literature. Lercher and
colleagues studied the nature, concentratiand location of lanthanum ions in fagjte zeolites

using primarily NMR and DEThey reported that the size of the lanthanum ion hydration shell
limits the possible locations accessible to the lanthanum ions during the exchange process.
However, raisig the temperature allows for entry into the smaller pore of the zeolite e.g. the
lanthanum ions can even enter the sodalite cagifter heating (such as with the calcination
process used here) lanthanum ions doaind in positions where they oacoordinate to many
oxygen atoms i.e. near to the hexagons which make up the sodalite cage framework. However,
research by Gong showed that this process (i.e. lanthanum ions entering the sodalite cages) can

also cause structural distortion under some ciimhs 2

To understand this process, and howaffects the subsequent ammonia adsorption capacity of
the materials, further experiments were carried out to see the effect of temperature, ion

exchange time and lanthanum ion concentration.
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4.1.Effect of Tenperature

Theeffect that the ion exchange temperature was studied, compagxghange at room

temperature, 40°C and 60C.

4.1.1. Ammonia Capacity

Ammonia Capacity (%)

RT 40°C 60°C

Figure4-1: Ammonia storageapacityof Lal3X samples which underwent ion exchange at r
temperature (25°C), 40°C and 60C. Samples (approximately 1 g) were connected to a Scl
vacuum line and dried at 55 under vacuum for 4 hours. The samples vwai@ved to cool to
room temperature and therexposed to pure ammonia ggapproximately 400 mbarjor 45

minutes. To determine capacity the samples were placed in a TA Instruments Q600
Approximately 10 mg of sample was placed in the SDT. The temperasis increased to 60T

at a rate of 1C/min under 100 mL/min flowing nitrogen and the weight change recorded.
450°C sample weight was used to calculate capacity, assuming all weight loss up to this po
due to ammonia. (See Appendix for rhetl validation.)

Figure4-1 shows the ammonia capacity of the Lal3X samples which underwent ion exchange at
room temperature, 40°C and 60°C. The émperature increase has clearly had a detrimental
effect on the ammonia capacity of the materials with th8.3 +2.0 % capacity of RT Lal3X
decreasing to 3.7 2.0% for 40°C Lal3X and 6.32t0% for 6(°C Lal3X. The higher temperature

ion exchanges mapotentially cause structural breakdown in the zeolites leading to lowered

capacity: this was confirmed with further characterisation in later experiments.
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4.1.2. Ammonia Desorption

The desorption profiles of the ammonia loaded samples were compared.

100- — RT 0- — RT
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Figured-2: Desorption of ammonia on Lal3X prepared by ion exchange of Nal3X at RT, 40

°C recorded on a TA Instruments Q600 SDT. First the samples were dried under flpatingN

°C for fve hours,then attached to a Schlenk line. They were dried under vacuusb@fC for

four hours cooled to room temperatureand then pure ammonia gas was added (around -
mbar, for 45 minutes.) The samples were placed in the SDT and the temperature was incre

800 °C at a rate of 1C/min under 100 mL/min flowing nitrogen and the weight char
recorded.

Figure4-2 shows the different ammonia desorption patterf@r the samples which underwent
L&"* ion exchange at different temperatures. All samples show the greatest desorption in the low
temperature region, although the 40 and 60 exchanged samples show desorption peaking at a
slightly higher temperature. TheTRLal3X desorption peak is centred at°@ the 60°C Lal3X
peak at 154C and 40C Lal3X peak at 182. This indicates more weakly bound ammonia when
La ion exchange was carried out at RT as compared to 40 i@l e effect of temperature on
lanthanum exchanged Nal3X has not been systematically investigated, However, €oaha
reported that increased lanthanum content led to lower ammonia desorption temperatimre
lanthanum exchanged zeolite Y. From our experiments, higher ion exchange teorpsrappear

to enhance the strength of ammonia binding in the zeolite. Interestingly, the samples which
underwent exchange at higher temperatures also show additional features at high temperatures

(500°C and above). Previously, desorption in this area atbuted to very acidic sties strongly

binding to ammonia. The lack of dsted acid sites mean it is unlikely that the lanthanum
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exchanged zeolite is storing ammonia at temperatures above’@50nstead, it is envisaged that

the zeolite structure mayave undergone a structural change. It was reported by Triguri.

that structural instability in zeolites with rare earth elements exchanged can be seen using
thermogravimetric technique$. Thus, the TG features at high temperatures in the high
temperature exchanged samples can be attributed to the structural changes in the zeolite due to
the instability the framework when exchange occurs at elevated temperatures. The higher
temperature ion exchange causes structural instability in the zeolite, ahawn by the high
temperature peaks in the derivative weight profile, which may also be the reason for the
aforementioned decreasing ammonia capacity. Also, the generation of additional sites (e.g. Lewis

acid sites through dealumination) could cause angjgain acidity.

4.1.3. N2 Physisorption

To understand any porosity changes,plysisorption was used.

Table4-1: Porosity characterization of Lal3X with ion exchange temperatures of RT, 40 &ad 60
determined using a Micromeritics Trista000. Prior to characterization each sample was dried
overnight at 550°C under flowing nitrogen. Samples were then loaded tndmes and further
dried at 120°C under vacuum. Nadsorption and desorption isotherms were then obtained at
T7K.

Sample RT 40°C 60°C
BET Surface area 609.1 m#/g 603.3 m3/g 577.7 m3g
t-Plot Micropore Area 544.4 m3g 550.4 m3/g 528.9 ma/g
t-Plot External Surface Areg 64.7 m3/g 52.9 m3/g 48.8 m/g
t-Plot Micropore Volume 0.204 cmd/g 0.254 cmd/g 0.250 cm3/g
ﬁi‘?ﬁﬁﬁn@\fﬂgyespé’{f 16.9 A 19.8 A 20.2 A

As can be seen ifiable4-1, the temperature that the lanthanum ion exchange process occurs at
has an effect on the porosity of the final materials. As temperature increases, the samples show a
lower total BET surface area coupled with an increasing pore volume and average poggdiam

The surface area of the zeolites decreases from 66%/8) when ion exchange is carried out at
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room temperature, t0603.3 m2/g when carried out at 4 to 577.7 mZ/gat 60°C, respectively.
This supports the idea that carrying out the lanthanum éthange at higher temperatures
increases the disruption caused to the zeolite, leading to a decreased ammonia capacity.

Dealumination has been shown to decrease surface area of zedlites.

4.1.4. AFNMR

ANMR was used to determine which ion exchange proces®es gdjisordered aluminium

environments and to what extent.

Aysuaju| ane|ay

00 150 100 50 0 50 1100 -1
Chemical Shift (ppm)

Figure4-3: 2’Al NMR measurements of Lal3X after ion exchange for at room temperatuf€,

and 60°C, recorded ora Bruker AVIII 408pectrometer, at a Larmor frequency of 104.34 MH:

one pulse sequence was adopted, with a 10° pulse, a delay time of 0.4 s anchengaarmber

of 8000. The chemical shift was referenced to an aqueous 1M AdGltion. Dotted lines

correspond to 0, 30 and 55 ppm, indicating 6, 5 and 4 coordinate aluminium, respettively.

Figure4-3 shows the effect that ion exchange temperature has on the ion exchange process using
NMR. The three NMR spectra are very similar; each shows a broad asymmetric peak

encompassing 55 and 30 ppm indicating that four and six coordinated aluminium is present,
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respectivel\t There is a slight shift compared to literature valupsssiblydue to very slight

differences in the coordination environments.

The broad peak seen in RT Lal3X becomes more broadened from RICtarDthen 6%C,
showing a more significarghoulder peak at O ppm (higher degree of six coordinated aluminium
species). This indicates more 4 coordinated aluminium is generated and so an increasing degree
of dealumination has occurred. Thésipports the TPD and BET data suggesting deadiioin

Lal3X exchanged at 8C seems to show ancrease in 5 coordinate aluminium; the broad peak

is higher in the 30 ppm region, indicative of disordered species such as 5 coordinated aluminium.

Denget al. used 2 Al NMR to study the dealuminatioprocess of zeolite Y after increasing
calcination temperatures. They found that the dealumination process is initially the conversion of
four coordinate framework aluminium to six coordinate extramework aluminiun® The
pristine sample showed only a 53m peak, corresponding to four coordinate framework
aluminium, while the mildly dealuminated sample also showed an additional peak at 4 ppm,
assigned to six coordinate extfmmework aluminium. At higher levels of dealumination there
was a further peak ta30 ppm. This was assigned to five coordinate aluminium species. It is
interesting to note that this species is only seen at high levels of dealumination; this is reportedly
a product of water molecules reacting further with the four coordinated alumingp®cies This
matches well with the spectra seen here. The increase of the five coordinate aluminium peak
relative the four coordinate aluminium peak is seen in the°60sample indicating that the

zeolite here is undergoing a similar dealuminationhwedy to seen in literaturé.

There is some evidence in the literature suggesting that an ion exchange equilibria with faujasite
type zeolites can be reached at room temperature and thigher temperatures do not show a

significant effec Howeer, this contradicts the changes in the surface areas and TPD data we
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observed, which suggested that there was greater dealumination in the higher temperature

samples with the increase in extfeamework aluminium.

Often, increasing acidity of zeolitersples is attributed to increased Lewis acidity as a result of
the dealuminatiort This cannot be unambiguously determined from this NMR data. A
comprehensive review on Lewis acidity in zeolites by Bokhetex. shows that there is not a
direct correlation between the existence of extifaamework aluminium and Lewis acidiy/This

is because not all extrframework species exhibit acidity. Therefore, the fact dealumination
occurs cannot alone be used to infer there will be an increase in acidity. Ins¢ehdjques such

as TPD are more applicable as a means to study the acidity of zeolites.

4.1.5. XRD

High quality XRD patterns were collected for each sample and used to determine the structure of

each of the modified zeolites.

The structures of each of theal3X zeolites is very similar to that of the previously discussed
Lal3X zeolite (Chapter 3). The variations are in the sodium occupancies, lanthanum occupancies
and location and occupancies of the ammonia sites. The starting point for the temperature
altered ion exchange samples was the previously determined Lal3X structure which was itself
based on the Na13X model by Olgéithe site positions, occupancies and isotrafigplacement

factorswere allowed to refine (more detail is available in Chapter 2).

First, the locations of the lanthanum ions were determined at high angles; as ammonia contains
only light elements it is not expected that the adsorbed ammonia molecules will affect the

diffraction pattern at high angles.
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a. Lal, locatefust beyond the hexagonal face b. La2, located in the main channel of the
of the prisms which join the sodalite cages. zeolite.
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c. La3, located in the main pore of the zeolite, out of the plane of the Al/Si/O ring.

Qo

d. La4, located within the joining hexagonal e. La5, located within the sodalite cage.
prisms.
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f. La6, located in the main pore of the zeolite, out of the plane of the Al/Si/O ring.

Figure4-4. Locations of the six lanthanum sites in the Lal3X zeolite, as determined by Ri
refinement of XRD pattern. Exact positions are from Lal3X (16 hours, RT).

The differing occupancies of the lanthanum sites was usedacktthe ion exchange process
between the zeolites.

Table4-2: Occupancies of each La site, as determined by Rietveld refinement of XRDgattern

, RT Lal3X Site 40°C Lal3X Site 60°C Lal3X Site
Site
Occupancy Occupancy Occupancy

Lal 0.300(0) 0.247(2) 0.245(1)
La2 0.018(1) 0.020(3) 0.012(3)
La3 0.016(0) 0.011(4) 0.017(5)
Lad 0.020(1) 0.016(2) 0.014(3)
La5 0.015(1) 0.025(1) 0.027(1)
La6 0.019(1) 0.027(3) 0.031(2)

As can be seen ihable4-2 the high temperaturéon exchange experimentglthough partially
increasing dealumination, la not led to more efficientan exchange. Site Lal, which shows the
highest occupancy and contributes to the ammonia capadigreases with higher ion exchange
temperatures. With room temperature ion exchange the occupancy is 0.300, &C4the
occupancy is 047 and at 60°C the @cupancy is 045. This demonstrates how the increased
disorder (as seen by the decreased surface ame@ AINMR has not improved the@verallion

exchange efficiency.
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This is similar tdhat seen in silver ion exchange of zeolité? Yyhere dealumination did not
correspond to increased ion exchange. It was not previously clear if the improved ammonia
adsorption capacity upon introduction of lanthanum (see chapter 3) was the result of the
increasing disorder of the structure or due tanthanum itself. Thesesamples show lower
apparent ammonia capacitcoupled with higher exchange temperaturesausing greater
structural disruption. Thissuggests thatthe ammonia capacity can be attributed to the

lanthanum ion concentration, not the striwral disruption.

It seems that the increased dealumination is causing a decrease in the lanthanum occupancies.
This can be patrtially attributed to the fact that the increasing dealumination means there are less
interactions between the lanthanum ions dénthe framework leading to reduced stability.
Lanthanum leaching from the structure would be expected if the lanthanum was less stable and
such leaching would be entropically favourable, further promoting this pathway. A similar effect
was seen in GASM5, where dealumination was coupled with a loss of copper from the

structure®®

It is likely that the dealuminated extfsamework aluminium also plays a role in the lanthanum
occupancies. DFT studies by Liu and colleagues compared the stability dfaxteavork species

in various locations within faujasite zeolittsThey found that although monrnuclear extra
framework species are found in the main pore of the zeolite, over time the most
thermodynamically stable location for extfeamework aluminium secies was within the
sodalite cage and it was favourable for clusters to fétihis could explain the decreased Lal
occupancy seen here; increased dealumination leading to more alumina species within the
sodalite cage would decrease the space availédsidanthanum ions and so decrease the Lal

occupancy.
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Another interesting observation from the calculated lanthanum occupancies is that the La5
occupancy increases slightly when higher ion exchange temperatures are used. As can be seen in
Figure4-4, this site is located within the prisms joining the sodalite cagasvery constrained

site. It is likely that the dealumination makes this constrained sibre accessible and so the
occupancy increases. However, as this site is not involved in ammonia binding this increased

occupancy is not expected to have an effect on ammonia capacity.

The locations of the ammonia molecules were determined and thres $ound in each of the

high temperature exchanged samples, all also present in the room temperature Lal3X. The XRD
determined capacities were compared to those determined experimentally. AtGIQal3X
showed a 5.2 % capacity here and.@ +2.0% expeimental capacity while 68C Lal3X showed a

4.4 % capacity here and a 6.3 220 % experimental capacity. There are clearly some
discrepancies, though it is important to note that the structure in XRD only accounts for the
crystalline phases. No extfeamework aluminium was seen in XRD despite it being present so

the XRD capacities are nditectly comparable.
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a. N1, in distorted sodalite cage. b. N2, in distorted hexagonal prisms joining the

sodalite cages, binding to O2 and close to Lal.
.; Lal
N3 &
Lal

c. N3, in distorted sodalite cage.

Figure4-5: Location of N atoms of ammoniaolecules, the Lal3X zeolite, as determined
Rietveld refinement of XRD pattern.

Table4-3: Occupancies of eadiiH; site, as determined by Rietveld refinement of XRD pattern

Site RT Lal3X 40°C Lal3X 60°C Lal3X
N1 0.123(78) 0.147(19) 0.161(20)
N2 0.222(9) 0.186(23) 0.141(15)
N3 0.467(4) 0.358(14) 0.288(48)
N4 0.131(6) 0 0

Table4-3 shows the change in occupancies of the ammonia sites when the zeolite undergoes ion
exchange at different temperatures. There is no significant change in the occupancy of site N1

between the amples.

As can be seen ifable4-3, the occupancy of N2 is significantly lower in the higher temperature
ion exchange sample; the 0.222 RT Lal3X ocxypdecreases to 0.186 and 0.141 at@0Lal3X

and 60°C Lal3X. The occupancy of site N3 decreases to a greater extent with ion exchange
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temperature from 0.467 at room temperature, to 0.358 at4Dand 0.288 at 68C. This is in line

with the decreased d1 occupancy. Furthermore, dealumination results in a breakdown of the
zeolite framework structure which would be expected to affect the ammonia capacity as there is
some degree of interaction with the framework in all ammonia sites. This is especiallgftsite

N2, where the binding site is a framework oxygen, and site N3 where the ammonia is stabilised
through multiple interactions. Dealumination here could greatly affect this binding, which
explains why these show the greatest proportional decreas@rddver, dealumination is
reported to generate aluminium species preferentially located within the sodalite Gathes

would be expected to lower the ammonia capacity as potential vacancies for ammonia become

filled with extraframework aluminium.

Onefurther reason for the lowered occupancy in the high temperature ion exchange samples is
the loss of site N4; the gate site that was seen in the previodsaRIX sample. Clearly, it is more
favourable for samples where the ion exchange was carried ohiglier temperatures to store
ammonia in the sodalite cage sites. This would be expected if the increased dealumination
(expected from surface area and literattfegives a more open structure, making these sites
more accessible. Furthermore, it is possilthat the dealuminated aluminium is present in the
pores, though non crystalline and so unidentifiable using XRD. This would also make site N4

unfavourable, as is seen here.

4.1.6. Effect of Temperature Conclusions
It is clear that the temperature at which then exchange process takes place has a significant
effect on the ammonia capacity of the synthesised zeolite. Higher ion exchange temperatures
gave a lower ammonia capacity due to the increased dealumination in the samples. The
dealumination could be seeim the change in the MIMR spectra, the decreasing BET surface

area and an additional high temperature peak in the TPD trace indicative of structural disruption.
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XRD showed that this decreased the Lal occupancy which led to a decreased number of ammonia
sites. The dealumination is proposed to lower Lal occupancy through decreased interactions
between lanthanum and the zeolite framework and blocking by aluminium species. The lower

ammonia capacity can also be attributed to these factors.

4.2 Effect of Time

The effect of the duration of ion exchange was studied, by comparing 24 and 48 hour ion

exchange times with the standard 16 hours.

4.2.1. Ammonia Capacity

Ammonia Capacity (%)

16 hours 24 hours 48 hours

Figure4-6: Ammonia storageapacityof Lal3X samples which underwent ion exchange for 1€
and 48 hours. Samples (approximately 1 g) were connected to a Schlenk vacuum line and
550 °C under vacuum for 4 hours. The samples were allowed to cool to room temperatur
then exposedto pure ammonia gagapproximately 400 mbarjor 45 minutes. To determine
capacity the samples were placed in a TA Instruments Q600 SDT. Approximately 10 mg of
was placed in the SDT. The temperature was increased té@@da rate of 10C/min uncer 100
mL/min flowing nitrogen and the weight change recorded. The 458ample weight was used
calculate ammonia capacity, assuming all weight loss up to this point was due to ammoni
Appendix for method validation.)

Figure4-6 shows the effect of longer ion exchange times on the ammonia capacity of the Lal3X

samples. The longer experiments have clearly had a detrimental effect on the @ancapacity
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of the materials with thel8.3 £+2.0% capacity of 16 hour Lal3X decreasing to 0% for 24
hour Lal3X and 7.6 20 % for 48 hours Lal3X. This may be due to the increased structural
changes, as was seen in the high temperature samplesre is evidence in literature that at least
24 hours is required to reach an equilibrium ion exchange fioinis possible that when more La
ions are introduced at the equilibrium conditions, they could introduce a structural collagke of
Lal3X samle due to electrostatic repulsion of La ions within the framework (dealumination).

The further characterisation here discusses this further.

4.2.2. Ammonia Desorption

The desorption profiles of the ammonia loaded samples were compared.
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Figure4-7: Desorption of ammonia on Lal®Xepared by ion exchange of Nal3X for 16, 24 .
48 hoursrecorded on a TA Instruments Q600 SBifst the samples were dried under flowing
at 550°Cfor five hours, th@ attached to a Schlenk line. They were dried under vacuubb@tC
for four hours cooled to room temperatur@and then pure ammonia gas was added (around -
mbar, for 45 minutes.Thesamples were placed in the SDT andtémaperature was increased t
800 °C at a rate of 1C/min under 100 mL/min flowing nitrogen and the weight char
recorded.

As can be seen iRigure4-7 the desorption patterns of the samples ion exchanged for differing
times are broadly similar. Longer ion exchange times lead to slightly higher temperature
desorption with the room 16 hour Lal3X peak at@@ncreasing to 158 after 24 hours and 144

°C after 48 hours. This is a less significant change than was seen in the varied temperature

samples, suggesting that ion exchange time has less of an effect than temperature on the
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strength of the ammonia zeolite interactions. The position of this peak leen shown to be
related to lanthanum occupancy, both in literatdrand in the temperature varied samples.
Furthermore, the longer duration ion exchange samples (24 hours and 48 hours) also show an
additional peak at high temperature (50C and above)This was again attributed to a generated
instability in the zeolite structure, as was also reported by Trigusral.* This demonstrates that

both longer and higher temperature ion exchange generate structural instability in the zeolite.
Also, any germation of additional sites (e.g. Lewis acid sites through dealumination) could cause a

change in acidity.

4.2.3. N2 Physisorption

To understand any porosity changes,glysisorption was used.

Table4-4: Porosity baracterization of Lal3X with ion exchange times of 16, 24 and 24 hours
determined using a Micromeritics Tristd000. Prior to characterization each sample was dried
overnight at 550°C under flowing nitrogen. Samples were then loaded into tubes andédurth
dried at 120°C under vacuum. Nadsorption and desorption isotherms were then obtained at
77K.

Sample 16 hours 24 hours 48 hours
BET Surface area 609.1 m#/g 585.5 m#/g 611.5 m3/g
t-Plot Micropore Area 544.4 m3g 535.2 m3/g 554.6 m3/g
t-Plot External Surface Area 64.7 m3/g 50.2 m3/g 56.9 m3/g
t-Plot Micropore Volume 0.204 cm3/g 0.258 cm3/g 0.257 cm3/g
ﬁ;ﬂg:'eor”(f\‘/’gigye;é’{)e 16.9 A 20.5 A 10.7 A

As shown ifmable4-4 the duration of the ion exchange experiments has an effect on the porosity,
however, this is not a clear linear relationship such as is se#n the varying temperature
experiments. Between 16 and 24 hours there is a decrease in surface area (from 6@ptb m
585.5 nt/g), coupled with an increase in pore volume (from 0.26#/g to 0.258 cn¥g) andpore
diameter (from16.9 A t020.5 A)as woud be expected with greater structural breakdown over a

longer time. However, after a 48 hour ion exchange an increase in surface area was seen (to
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611.5 nt/g), compared to both the 16 and 24 hours samples. This is determined to be as a result
of an increae in both micropore surface area. External surface area can be related to the particle
sizé® and so the increase in external surface afeom 50.2 m?/g after 24 hours to 56.9 m2/g
after 48 hours would indicate an increasing particle size over tthmjgh this appears to be a

competing effect with the decrease in surface area with dealumination.

4.2.4. AFNMR

ANMR was used to determine which ion exchange processes gave disordered aluminium

environments and to what extent.

48 hours

24 hours

Ajisualu| annedy

16 hours

50 100 50 0 -50 -100 1
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Figure 4-8: 2’Al NMR measurements of Lal3X after ion exchange for 16, 24 and 48
recorded ona Bruker AVIIl 400 spectrometeat a Larmor frequency of 104.34 MHz. A one pt
sequence was adopted, with a 108lge, a delay time of 0.4 s and a scanning number of 8
The chemical shift was referenced to an aqueous 1M A@ltion. Dotted lines correspond to (
30 and 55 ppm, indicating 6, 5 and 4 coordinate aluminium, respecfively.

As can beseen inFigure4-8, the NMR spectra show that different ion exchange times has an
effect on the aluminium environments present in zeolites. There ig liifference between the

experiments carried out for 16 and 24 hours which both show four coordinate and five coordinate
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aluminium sites (at around 55 and around 30 ppm respecfiyétysimilar amounts and a small
asymmetry in the peakuggestingsix coordinate aluminium (at around 0 pPmSome changes

are seen between these samples and the HM8ur exchanged sample. There is greater
differentiation between the constituent four, five and six coordination peaks in the 48 hours
calcined sample. This indicative of a decreasing number of aluminium environem&nthe

very broad peaks seen in the 16 and 24 hour exchange samples are indicative of distortion of the
four, five and six coordinate aluminium sites or intermediate positions between the type
sites®, as a result of the dealumination process. The greater differentiation between these peaks
suggests that the longer ion exchange time give more time for an equilibrium to establish and so
intermediate sites between e.g. five and six aioate aluminium are not present. There is
evidence in literature that at least 24 hours is required to reach an equiliricl@arly longer is
required here. The sample which underwent ion exchange for 48 hours shows a more significant
peak at 0 ppmeorresponding to extrdramework aluminium and so supports a greater degree

of dealumination.

4.2.5. XRD
High quality XRD patterns were collected for each sample and used to determine the structure of
each of the modified zeolites. The starting point for tleying time ion exchange samples was
the previously determined Lal3X structure which was itself based on the Nal13X model by
Olson!! The site positions, occupancies and isotrapgplacement factorsvere allowed to refine
(more detail is available in Cpizr 2). Again, the same lanthanum sites were present in the

longer duration ion exchange samples (§egure4-4).

The occupancies of the lanthanuites were studied to track the ion exchange process.
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Table4-5: Occupancies of each La site, as determined by Rietveld refinement of XRDgattern

. 16 hr Lal3X Site 24 hr Lal3X Site 48 hr Lal3X Site
Site
Occupancy Occupancy Occupancy

Lal 0.300(0) 0.241(1) 0.242(3)
La2 0.018(1) 0.015(3) 0.011(3)
La3 0.016(0) 0.020(2) 0.017(2)
Lad 0.020(1) 0.020(3) 0.020(3)
La5 0.015(1) 0.024(1) 0.024(1)
La6 0.019(1) 0.016(2) 0.019(2)

As can be seen ifiable4-5, there is slight variation in the lanthanum occupancies in the samples
which underwent longer ion exchange. The occupancliadf, which was determined to lead to

the majority of ammonia capacity, decreases from 0.300 after 16 hours, to 0.241 and 0242 after
24 and 48 hours, respectively. It was suggested previously that the increasing dealumination
would reduce the stability ofanthanum ions due to decreased interactions with the zeolite
framework, leading to lanthanum leaching. This appears to be the case here. It is evident that the
higher lanthanum content sample with less structural disruption gives lower desorption
temperaure. The attempted further inclusion of lanthanum specidato the structure using
higher temperatures seems to havecausal damage in structurehence the resulting
dealuminated samples containing lower lanthanues {t has beeteached) and extréramework
aluminium show higher ammonia desorption temperaturdoreover, it was suggested that
dealuminated extréframework aluminiumspecies form preferentially in the sodalite caddhe
increased dealumination in these samples may be causing this and so the Lal occupancy

decreases.

Two ammonia sites were present in the samples. The determined structure seems to match fairly
well with the experimental ammonia capacities; 24 hr Lal3X showed a 4.5 % capacity here and a
5.7 +2.0% experimental capacity while G Lal3>howed a 6.4 % capacity here and a 750t

% experimental capacity.
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a. N3, in distorted sodalite cage. b. N4, in the main pore between sodium ions.

Figure4-9: Location of N atoms admmonia molecules, the Lal3X zeolite, as determinec
Rietveld refinement of XRD pattern.

Table4-6: Occupancies of eadiiH; site, as determined by Rietveld refinement of XRD pattern

. 16 hr Lal3X Site 24 hr Lal3X Site 48 hr Lal3X Site
Site
Occupancy Occupancy Occupancy
N1 0.123(78) 0 0
N2 0.222(9) 0 0
N3 0.467(4) 0.367(11) 0.382(11)
N4 0.131(6) 0.248(26) 0.403(24)

The occupancies of the relevant ammonia sites can be se€ahife4-6. The N1 site present in

the other zeolites was absent from the 24 and 48 hour éachanged samples. Instead, N3 is the
sole sodalite cage site. The occupancy of N3 decreases with increasing ion exchange time from
0.467 when the zeolite was exchanged for 16 hours to 0.367 and 0.382 when exchanged for 24
and 48 hours, respectively. Tigeare multiple factors whichffect capacity in this site. Given this

site binds to Lal, the occupancy of Lal will affect the possible ammonia capacity. This would
partially account for the decreasing occupancy. Furthermore, the degree of deakionidfects

the site occupancy. As was seen in the temperature varied samples, greater dealumination affects
the ammonia capacity as there is interaction with the zeolite framework as well as the lanthanum
binding sites. Moreover, dealumination is repaité generate aluminium species preferentially
located within the sodalite cad® this would be expected to lower the ammonia capacity as

potential vacancies for ammonia become filled with exfti@nework aluminium. The decrease in
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N3 occupancy with decasing Lal occupancy was also seen in the varied temperature ion

exchange series, suggesting that the N3 occupancy is correlated with Lal occupancy.

The occupancy of gate site N4 increases in the 24 and 48 hour samples, from 0.131 in the 16 hour
sample t00.248 and 0.403, respectively. The high temperature ion exchange samples showed
that increased dealumination made this a less favourable site, though this is not seen here. It is
possible that the location of extrfiamework aluminium species leads to ghdifference. It was
reported in the literature that extrdramework aluminium is initially present in the main pore

and then moves to the sodalite caéfdt is possible that the longer ion exchange times used here
have allowed for a greater portion of e¢hextraframework aluminium species to migrate. This
would account for the increased N4 occupancy seen here. It is also possible that the less effective
lanthanum exchange process means that there can be a greater number of sodium ions
remaining and so thee are more available for ammonia binding. As these are gate sites it is likely

that the other ammonia molecules will pass through these during the desorption process.

4.2.6. Effect of Time Conclusions
The effect of ion exchange duration was studied. Both efsamples which underwent longer ion
exchange showed lower ammonia capacity than the standard 16 hour sample. TPD stiggest
this was partially due to an increased level of instability in the matesdiéth wasalso shown in
decreased surface area. Furthmore, AINMR suggested that the samples which were ion
exchanged for longer showed greater dealumination coupled with less intermediate species. XRD
showed that this decreased the Lal occupancy which led to a decreased number of ammonia
sites. The dealumation is proposed to lower Lal occupancy through decreased interactions
between lanthanum and the zeolite framework and blocking by aluminium species. The lower

ammonia capacity can also be attributed to these factors. It was also proposed that the iomger



170

exchange time allows for movement of the exframework lanthanum species, altering the most

favourable ammonia positions.

4.3 Effect of L& lon Concentration

The effect of the lanthanum ion concentration during the ion exchange was also studied, by

comparing initial concentrations of 0.5 and 1.5 times the original concentration.

4.3.1. Ammonia Capacity

20

15+

10+

Ammonia Capacity (%)

Nal3X 0.5Lal13X 1Lal3X 1.5La13Xx

Figure 4-10: Ammonia storage capacity of Nal3X, 0.5Lal3X, 1Lal3X and 1.5Lal3X. !
(approximately 1 g) were connected to a Schlenk vacuum line and dried &C5&@der vacuun
for 4 hours. The samples were allowed to cool to room pgenature and then exposed to pur
ammonia gas (approximately 400 mbar) #&rminutes. To determine capacity the samples we
placed in a TA Instruments Q600 SDT. Approximately 10 mg of sample was placed in the ¢
temperature was increased to 60Cat a rate of 1(’C/min under 100 mL/min flowing nitroge
and the weight change recorded. The 48D sample weight was used to calculate capac
assuming all weight loss up to this point was due to ammonia. (See Appendix for

validation.)
Figure4-10 shows the ammonia capacity of 13X with varying lanthanum contents. All of the
samples containing lanthanum showed higher ammonia capacity tharBXaThe capacity

increases from 3.% 0.5 % for unmodified Nal13X to 10:¢2.0%, 18.3 2.0% and 10.5 2.0% for
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0.5Lal13X, 1Lal3X and 1.5Lal3X, respectively. Clearly, there is an optimum level on lanthanum
concentration with both too low and too highrdthanum concentrations lowering the ammonia
capacity. There are a number of possible reasons for this. Previously, we have shown that the
lanthanum improves ammonia capacity through the creation of additional binding sites within the
sodalite cage of theewlite (see Chapter 3 for further detail). This explains the decreased capacity
of almost a half in the 0.5La13X sample compared to 1Lal3X. There is clearly a different effect
leading to the decreased capacity in 1.5Lal3fcheret al.found that the loation and number

of the lanthanum ion within faujasite type zeolites changes with the concentration of lanthanum
ions in ion exchange solutidnAt high lanthanum ion concentrations the lanthanum ions repel
each other during the exchange process. If alaingffect occurs here there would be a lowered
lanthanum concentration within the 1.5Lal3X sample and consequently a lowered ammonia

capacity.

It is important to note that the La contents are target values; further experiments would be
required to confim the actual lanthanum contents of the samples which would allow for the

lanthanum content to be more directly related to ammonia capacity.

4.3.2. Ammonia Desorption

The desorption profiles of the ammonia loaded samples were compared.
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Figure4-11: Desorption of ammonia on Lal3Xth La ratios of 0.5, 1 and 1.5 times the previc
experimentsrecorded on a TA Instruments Q600 SBifist the samples were dried under flowit

N, at 550°Cfor five hours, then attached to a Schlenk line. They were dried under vacubf0¢

°C forfour hours, cooled to room temperaturand then pure ammonia gas was added (arot

400 mbar, for 45 minutes.The samples were placed in the SDT and teenperature was
increased to 800C at a rate of 10C/min under 100 mL/min flowing nitrogen and the weic
change recorded.

There areonly slight differences between the ammonia desorption on the different lanthanum
ratio zeolites, as can be seenRigured-11. Interestingly, 0.5Lal34Lal3X and 1.5Lal13X all show
broadly similar desorption patterns, with derivative weights of each sample all showing that the
majority of desorption is low temperature. 1.5Lal3X shows the highest temperature desorption
peaking at 177C (compared to 96C for 1Lal3X and 1£& for 0.5Lal3X) indicating that the
higher level of lanthanum gives more strongly bound ammonia, as Cermmlashowed and was
seen in the previously discussed sampgléaurthermore, there is additional evidence of this
concentration effect in the literature; varying lanthanum coordination in zeolite Y slightly
increased the ammonia desorption temperaturénterestingly, this work also did not show a
linear relationship between lanthanum concentration and ammonia desorption tempeyaas

was seen here. 1.5La also shows a small high temperature peak as is seen in some of the other
samples indicative of the zeolite starting to breakdown. This suggests that the high concentration

of lanthanum in the ion exchange solution can cause smsi@bility in the structure though less

than e.g. high temperatures or longer ion exchange times.
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4.3.3. N2 Physisorption

To understand any porosity changes,glysisorption was used.

Table4-7: Porosity characterization of Lal3X with lanthanum ion concentrations of 0.5, 1 and 1.5
times the initial concentration and the unmodified Nal3X, determined using a Micromeritics
Tristar3000. Prior to characterization each gale was dried overnight at 55 under flowing
nitrogen. Samples were then loaded into tubes and further dried at @2@nder vacuum. N
adsorption and desorption isotherms were then obtained at 77K.

Sample Nal3X 0.5 Lal3X 1 Lal3X 1.5 Lal13X

BET Surfazarea 818.9 m3/g 597.0 m3/g 609.1 m3/g 617.7 m3/g
t-Plot Micropore Area 730.8 m3/g 547.7 m3/g 544.4 m3/g 571.9 m3g

t-Plot External Surface

Area 88.0 m#/g 49.3 m3/g 64.7 m3/g 45.8 m2/g
t-Plot Micropore 0.272 cm3/g 0.259 cm3/g 0.204 cm3/g 0.265 cm3/g
Volume
Adsorption Average
Pore Diameter (4V/A 15.8 A 20.0 A 16.9 A 19.4 A
by BET)

Table4-7 shows the influence of varying initial lanthanum ion concentration during ion exchange.
Nal3X is included for a comparison of no lanthanum; it is clear that any lanthanum ion exchange
at all has a significant effect on the surface area, pore volume arelgiameter of the materials;

more so than variations in lanthanum ion concentration.

Increasing lanthanum ion concentration causes an increasing surface area. 0.5Lal3X has surface
area 597.0m%/g and1Lal3X a slightly greater surface are®@®.1 m2/g. Thiswould be expected

from greater number of lanthanum ions within the structure giving additional surface area. At
lower lanthanum ion concentrations the pores may have larger diameter due to the lack of large
lanthanum ions in theml..5Lal13X the highesurface area a617.7 m3/g, however the large pore

diameter and pore volume is close to 0.5Lal13X, suggesting a low lanthanum ion content.

4.3.4. AF-NMR

AFNMR was used to determine which ion exchange processes gave disordered aluminium

environments and to whizextent.
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Figure4-12: 27Al NMR measurements of Lal3X with relative La of 0.5, 1 and 1.5 and Nal13)
La) for comparison, recorded on a Bruker AVIII 400 spectrometer, at a Larmor freque
104.34 MHz. A one pulse sequence was adopted, with a 10° pulse, a delay time of 0.4
scanning number of 8000. The chemical shift was referenced to an aqueous L\soAGoON.
Dotted lines correspond to 0, 30 and 55 ppm, indicating 6, 5 and 4 it@bedaluminium,
respectively?

Figured-12 shows the effect of La concentration on the disorder after ion exchange.

It is clearthat any level of lanthanum ion exchange leads to some degree of disorder of the
zeolite structure, as is shown by the change from a single peak in the Nal13X sample to multiple or
broad peaks in each of the lanthanum modified samples, indicating a vafegiuminium
environments corresponding to structural distortion. This suggests that it is not the pH of the ion
exchange solution which causes the disorder, as the pH of the 0.5La ion exchange solution is
similar to that of the magnesium ion exchangdusion discussed in the previous chapter. These
experiments confirm that the size of the lanthanum ion and the fact that it causes significant
increase in disorder (due to one3tdon replacing three Naions) are the main drivers of the

structural breakdwn.
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However, there does not seem to be a linear relationship between lanthanum ion exchange and
the degree of structural changes caused. 1La shows the highest proportion of five coordinate
aluminium (with the region between 5 ppm (4 coordinate alumirfiuand O ppm (6 coordinate
aluminiunf) being one roughly symmetrical peak), followed by 0.5La which has some degree of
disorder with the main peak corresponding to four coordinate aluminium (55 Sppmith a
shoulder corresponding to fiveoordinate aluminium and a small peak corresponding to four
coordinate aluminium (0O ppfh Interestingly, 1.5La shows less disorder than the samples with
less lanthanum, with only a four coordinate aluminium peak (55 Ppnith a small shoulder.
Gonget al. showed that the lanthanum content in the lanthanum site Lal is one factor which has
an effect on the degree of dealuminatiénlhis suggests that there is less lanthanum present in

the Lal site in 0.5Lal3X or 1.5Lal3X, compared to 1Lal3X.

4.3.5. XRD
High quaty XRD patterns were collected for each sample and used to determine the structure of
each of the modified zeolites. The starting point for the varying lanthanum content samples was
the previously determined Lal3X structure which was itself based on ##3X model by
Olson!! The site positions, occupancies and isotrafigplacement factorsvere allowed to refine

(more detail is available in Chapter 2).

The structures of each of the Lal3X zeolites is very similar to the previously discussed Lal3X
zeolite. The variations are in the sodium occupancies, lanthanum occupancies and location and

occupancies of the ammonia sites.

Comparing the occupancies of the lanthanum sites is one way to track the ion exchange process.

The same lanthanum sites were seeithase samples as in the 1Lal3X zeolite (Sgared-4).
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Table4-8: Occupancies of each La site, asetlgtined by Rietveld refinement of XRD pattern

. 0.5Lal3X Site 1Lal13X Site 1.5Lal13X Site
Site
Occupancy Occupancy Occupancy

Lal 0.232(2) 0.300(0) 0.145(3)
La2 0.019(3) 0.018(1) 0.025(4)
La3 0 0.016(0) 0.094(1)
Lad 0.009(1) 0.020(1) 0.019(2)
La5 0.009(3) 0.015(1) 0.010(5)
La6 0.014(2) 0.019(1) 0.019(2)

As shown irTable4-8, there is varying lanthanum occupancy in the three zeolites. Lal was the
site which provided the binding site for the majority of the ammonia. At half lanthanum ion
concentration (0.5Lal13X)he occupancy of Lal is decreased, from 0.300 to 0.232. This would be
expected with lower initial concentrations, as there are less lanthanum ions available to exchange

with the framework sodium.

Interestingly, the increasing lanthanum concentration iBLR13X does not correspond to an
increase in Lal occupancy as would be expected but a decrease to 0.145. This corresponds to a
significant increase in La3 occupancy, from 0.016 in the 1Lal3X sample to 0.094 in the 1.5La13X.
Site La3 is a main pore site aisdt possible that the increase occupancy here is hindering access

to the sodalite cage lanthanum sites such as Lal, decreasing the ammonia capacity. Furthermore,
the relationship between concentration of ion exchange solution and resulting lanthanum
concentration has been discussed in literature. Lerabieal. found that theprobablelocation of

the lanthanum ion changes with the concentration of lanthanum ions in ion exchange sdlution.
They report that at high lanthanum ion concentrations there is greatteraction between the
lanthanum ions and so the more constrained positions within the sodalite cage become
unfavourable. Either mechanism for lowered Lal capacity would be expected to lead to a
decreased ammonia capacity as two of the ammonia sites §Nd N3) in the unmodified
structure are binding to this lanthanum site (see Chapter 3 for more detail) the decrease in

occupancy of this site corresponds to a decrease in ammonia capacity.
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The occupancy of the lanthanum sites other than Lal and La® shty slight variation. They
generally show a lower occupancy at lower lanthanum ion concentration, as would be expected.

It is important to note that these sites did not directly contribute to ammonia bonding in 1Lal13X.

The lanthanum content in thessamples correspond well to the proposed relationship between
the lanthanum ions present in the 13X samples and the ammonia desorption temperature; the
higher lanthanum content of the samples, the lower the desorption temperature of the ammonia.

This is tre of all the samples studied here.

Both 0.5Lal3X and 1.5Lal3X showed two ammonia sites, both of which are also present in
1Lal3X. Although the 1.5Lal13X sample XRD refinement showed a good fit with the experimental
value (9.7 compared th0.5 +2.0% expeimentally) the 0.5Lal3X did not (4.8 compared @9+

2.0% experimentally). It is important to note that the XRD pattern is only of the crystalline phase;
any amorphous material in the zeolite sample, which may contribute to capacity, would not be

seenby XRD and may account for the discrepancy in these values.

a. N1, in distorted sodalite cage. b. N4, in the main pore between sodium ions.

Figure4-13: Location of N atoms of ammoniaolecules, the Lal3X zeolite, as determined by
Rietveld refinement of XRD pattern. (Labels are the same as in Chapter 3 for clarity)
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Table4-9: Occupancies of eadiiH; site, as determined by Rietveld redfiment of XRD pattes

. 0.5Lal3X Site 1Lal13X Site 1.5Lal13X Site
Site
Occupancy Occupancy Occupancy
N1 0.396(9) 0.123(78) 0.307(9)
N2 0 0.222(9) 0
N3 0 0.467(4) 0
N4 0.254(64) 0.131(6) 0.699(26)

The occupancies of the two sites vary. N1 showsgher occupancy in both the low and high
concentration exchange samples, despite both showing a lower concentration of Lal lanthanum.
These are the only samples studied here wrgbbw this.This can possibly be attributed to the

lack of dealumination seen in thesamples. It is possible that dealumination leads to more
mobile ammonia within the sodalite cage, lowering occupancies, and so the low dealumination
samples can show higher ammonia capacity here. Alternatively, there may now be more space
within the sodalie cage. As discussed previously, there are a three possible ammonia sites near
to or within the sodalite cage sites in 1Lal3X (N1, N2 and N3); it is possible that the lack of the N2
and N3 here likely leads to higher occupancy in the N1 sodalite caghusit® a less constrained
environment within the sodalite cage. Furthermore, it is proposed that dealumination generates
aluminium species preferentially located within the sodalite ctdewering ammonia occupancy
within the sodalite cage. These samplshow the least dealumination and so this effect is
expected to be minimal here, increasing the N1 ammonia capacity. However, further experiments

would be required to confirm these hypotheses.

Site N4 is a main pore gate site, as was seen in the o#fites. This site binds to sodium and
framework oxygen and so the change is unlikely to be directly due to the changing lanthanum
content in the samples. Instead, the less effective lanthanum exchange process means that there
can be a greater number of giwum ions remaining and so these are more available for ammonia
binding. As these are gate sites it is likely that the N1 ammonia molecules will pass through these

during the desorption process.
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Although the occupancies of N1 and N4 are higher in 0.5{ai® 1.5Lal3X an in 1Lal3X the
overall ammonia capacity is lower due to the loss of sites N2 and N3. This demonstrates the
importance of lanthanum concentration during ion exchange in determining the ammonia
capacity of the Lal3X. Low concentration does offer enough binding sites while too high
concentration also reduces the main ammonia binding site and so lowers the capacity. It seems

likely that degree of dealumination is also affecting capacity here.

Similar nodinear relationships between targganthanum concentration and activity are seen in
literature. Xuet al. reported that an intermediate lanthanum concentration on zeolite Y gave the
best activity of the series of prepared zeolites for fluid catalytic cracking due to varying acidity and
stability.” Given the ammonia capacity is also related to acidity this matches well with what is

seen here.

4.3.6. Effect of L& lon Concentration Conclusions
The effect of varying ion concentrations during the ion exchange process was studied. The high
levek of dealumination seen in the other samples was not seen here, as can be seen from the Al
NMR. Low Lal concentrations were seen in both samples; in 0.5Lal3X this was attributed to the
lower lanthanum concentration in solution while in 1.5Lal3X this wadbated to increased
lanthanum concentration in other sites blocking access. In both cases this led to a decreased

ammonia capacity.

4.4.Conclusions

Various experiments showed how a number of different factors affect the lanthanum ion

exchangeprocess of zeolites and what implications this has for ammonia adsorption.
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The effect of temperature on the ion exchange process was studied. Higher ion exchange
temperatures gave a lower ammonia capacity due to the increased dealumination in the samples.
This could be seen in the change in theNMR spectra and the decreasing BET surface area. XRD
showed that this decreased the number of ammonia sites and made the sodalite cage sites more
favourable in comparison to main pore sitggpbablyas a resli of dealumination and extra

framework aluminium.

Then, the effect that the ion exchange time has on the ammonia capacity was studied. Both of
the samples which underwent longer ion exchange showed lower ammonia capacity than the
standard 16 hour samplé[PD suggested that this was partially due to an increased level of
instability in the material which also shown in decreased surface area. Furtherme/Rl
suggested that the samples which were ion exchanged for longer showed increased
dealumination. Tis led to lower Lal occupancy and consequently lower ammonia capacity, due
to the decrease in sodalite cage ammonia sites. This was attributed to increased lanthanum
leaching due to the more open dealuminated structure and blocking of sites by-fesanawork

aluminium, which can move to the sodalite cage with time.

The effect of varying lanthanum ion content was also studied. There are two competing processes
which affect the capacity here; a too low lanthanum ion concentration during exchange means
there is not enough ammonia binding sites while too high lanthanum ion concentration leads to
unwanted interaction between the lanthanum ions and blocking of the pores which also leads to
a decrease in ammonia binding sites. There is clearly an optimum ywbioh minimises these
effects. Further study would allow the ideal concentration to be determined (though it is clearly

between 0.5Lal13X and 1.5Lal3X, anobablyclose to 1Lal3X).
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These experiments allow for some more general conclusions about faveulafthanum ion
exchange for ammonia storage. There is a relationship between the Lal occupancy and the
ammonia capacity though other factors also influence this. The capacities are also affected by the
degree of dealumination. Dealumination can both lowlee lanthanum and ammonia capacities

as there is lowered interaction between these species and the pore walls and because
dealuminated extreframework species cahlock access to sites. Clearly, it is not the disorder
itself which improves ammonia capagitgs can be seen from the increased temperature ion
exchange samples which showed greater dealumination but decreased ammonia storage.
Instead, it is the lanthanum ion content in the zeolite which improves activity. Unfortunately, the
dealumination processs a side effect of attempts to increase the lanthanum ion concentration
within the zeolite. Further methods of increasing lanthanum ion concentration while retaining the
zeolite structure should be explored. Stepwise addition of low concentration ofidanim ions

could improve the lanthanum content of the zeolite without a loss of structure which could
increase the ammonia capacity even further. Furthermore, a correlation between lanthanum
content in the zeolites and ammonia desorption temperature wasnth higher lanthanum

content corresponds to lower ammonia desorption temperatures.
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5. Layered Materialfor Ammonia Sorption

As discussed in the introduction, magnesium chloride is one of the most commonly used and
studied ammonia absorbentS. Much work has also been done on other group twetal

halides<¢, which will not be reproduced here.

Liu et al. comprehensively studied MgCICaCl| CaBy, SrGl and SrBr and the corresponding
hydrated forms and examined the ability of each of thewaterials to absorb and desorb
ammonia at a variety of temperatures and pressut@hey found that Mgl CaGland CaBr
showed the highest capacitfor room temperature ammonia storagesharonov compared
ammonia sorption on MgéglCaCland BaGl finding that MgCGl shows the highest ammonia
capacity, followed by CaChnd that the sorption capacity peaks at low temperatures in all

studied halide$.

MgC}t has the cubic close packed Cd€iructure with octahedral metal ionsEdge sharing
magnesium chlade octahedra form the layers which are then held together by weak van der
Waals interactiong®® The introduction of ammonia into MgQOk not a surface process but is
instead absorption to give a new crystal structufee ammonia molecules diffainto the lattice

of MgC} by opening up the weak interaction between the CIMgCI lsyergain access to the
Mg?" which ammonia interacts withwith this in mind, a number of absorbents are studied here
with the aim of improving the ease of accessibility for ammonia through disruption of the layered

structure.

Techniques which are used in other layered materials, particularly LDHs, will béerseWork
08 hQlIFTNB KFa akKz2gy GKFG GNBFGYSYld gAGK FOSG2y:

though both minimising the number of LDH layers present and the size of thelfaykis will be
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attempted with MgGl. Doping of elements into thilgC} structure, pillaring and the introduction

of interlayer species will be used to introduce disruption to the layered structure.

These materials will be explored for use in Haber type ammonia synthesis systems. Fast ammonia
sorption anddesorption ha been shown to berucial in such systerhsand soimprovement here

will be beneficial for sorbent aided ammonia synthesis.

5.1.Layered Materials Screening

Initially, a variety of different materials were screenddigCh as a standard due to ifgreviously
reported high capacity and common ushiC} to determine if the dorbitals of the transition
metal canoverlapwith the ammonia molecule to raise themperaturestability ofabsorption or
cause any other interesting behavigiwo LDHs (Mg/Al and Ni/Adjue to the welknown ability
of LDHSs to store a huge variety of molecules between their lagedsGdBg aslanthanide ions
show high possibly coordinatiomumbers potentially giving rise to ahigh degree ofammonia

absorption.
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Figure5-1: Maximum ammonia absorption of MgCNiC}, Mg/Al LDH and Ni/Al LDH capac
measured on a Hidden Isochema @32 using 1000 mbar pure ammonia. Approximately 20
of sample was placed in the IGA sampleamber, each sample was dried at 3W for eight
hours, under vacuumthe sampe cooled to 25°C and the initial sample weight accurate
recorded.Remaining at 3 °C, ammonia pressure was increased at 200 mbar intervals, kef
each pressure for 20 minutes and the sample weight accurately recotigednaximum capacity
shown here is the sample weight at 1000 mbar ammonia pressure.;Gdpacity was recordel
using pure ammonia gas in a Schlenk line. First the sample was dried 4,300der vacuum
cooled to room temperatureand the sample exposed to pure ammonia ¢agproximately 400
mbar)for 30 minutes.

As can be seen iRigure5-1, each of the alternative absorbents tested showed lower absorption
than MgCJ, which showed a 96 % increasen weight with dsorption. NiGlshowed the next
highest absorption with 76 % increasgboth the Mg/Al LDH and Ni/Al LDH materials showed

very low absorption, of 7 andtd % respectiveland GdBg had an absorption capacity of 38%.

It is expected that in Mg&INiCl and GdBsthe ammonia molecules will coordinate to the metal
centres, while in the LHD materials they will be present between the layers and not necessarily
coordinated to a metal The above absorption values correspond to a different number of

ammonia molecules per metal centre, described below.
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Table5-1: Comparison of actual and theoretical maximum number of ammonia molecules per
metal centre, calculated from absorption showrFigure5-1.
Absorbent MgChk NiCk GdBeg
Ammonia per metal centre 5.5 5.9 7.0
Theoreticaimaximum ammonia per metal centr 6’ 62 9B

Table 5-1 shows the number of ammonia molecules coordinated to each site. Mgl the
lowest coordination number with an average of 5.5 ammonia molecules per magnesium,centre
lower than the theoretial maximum of 6. Ni€has almost the theoretical maximum number of
coordinated ammonia molecules. GdBhas the greatest number of ammonia molecules
coordinated to each metal centre, with 7.0, showing that the rare earth element can indeed
achieve greatercoordination as proposed, however, the heavier weight of GdBads to
significantly lower gravimetric absorption. As discussed in the introduction, this low gravimetric

capacity is not a problem for all applications; stationary uses of absorbents Hasepiorities.

Based on the above data, MgQlontinues to be the highest capacity ammonia absorbent,
however absolute capacity is not the only conceas is discussed in the introductioAlso
important is he rate at which the ammonia absorland the stability of absorbance across
multiple cyclesThe absorptiorrates of the most promising candidates, Mg@hnd NiCl, were

studied for 3 cycles
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a. Cycles 1 and 3 for MNabsorptionon MgCi b. Cycles 1, 2 and 3 for pl&bsorption on NiGI
Figure5-2: Absorption rate graphs recorded on Hidden IsochemaQGAfor MgGl and NiGl
cycle 1,2 and 3Cycle 2 is missinigom MgC} due to datacorruption.) Approximately 20 mg o
sample waglaced in the IGA sample chamber. Prior bs@ption materials were dried unde
vacuum at 300°C for 8 hourscooled to 25°Cand the sample weight accurately recorded. |
absorption, pure ammonia gas at 400 mbar was introduced at a rate of 100 mbaatis °C
and the pressur&kept constant. The weight change in the materials was accurately record
track the dsorption. To desorb the ammonia between cycles, the pressure was decreas
vacuum and the temperature increased to 3@for 8 hours.

As can be seen iRigure5-2, both MgCland NiGlshow a decrease in ammonia absorption
capacity with rate. The MgQlapacity decreases to 78 % after three cycles (85% of tie ape
92 % capacity) while Ni@iapacity decrease to 36% (57 % of the cycle one 63 % capahity).
agrees with work by Kubotet al* and Liuet al.* who both reported decreasing ammonia

capacity under cycling conditions in metal halidess, however,evident that MgGlshows both

better stability and higher capacity compared to N#dter cycling.

Theinstability of both materialsvould not be ided for industrial applications, where the same
absorbentmust gothrough multiple absorption and desorption cycles. It is important to note
than compared to industrial scales, 3 cycles is a very small number. It would be useful to test the
materials fora significantly greater number of cycles and see how the stability changes. It is likely
that materials reach a stable point after a certain number of cycles and it would be good to
determine when and at what capacity this stability occlusnger term cyiing experiments have

been reported in the literature. Kubota and colleagues studied theogtion of ammonia on
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NiC4, though only with partial removal of ammonia between cycles, and reported high stability
across the first ten cycléé. This suggests #t partial desorption of ammonia improves the

stability of dsorption.

Despite the lowered capacity of the cycled materials, the absorption rate increases, as is
evidenced by the steeper slope as the absorption approaches the plateau. The structurd of bo

MgCt and NiGlis clearly changing with cycling to result in such varied capacities and rates.

Hummolshej et al. studied the absorption and desorption processes of ammonia fromMgCl
They determine that the desorption of ammonia from Mg&H,O gererates a nanopore systems

of smaller, interconnected crystals.

Figure 5-3: Representation of how desorption of ammonia from M@EHO generates &
nanopore system, adapted from

This more open structure, shown kigure5-3, would be expected to improve sorption rates, as

the addiional surface area allows for easier sorption of ammonia to the Ma(k. However, if

this process also generates structural defects it could cause a decrease in ammonia capacity, as
was seen ifFigure5-2. Furthermore, the importance of the unit cell size is discuss#ith

reference to works by OlovsstnJones et af and Leinewber et &’ it is known that the crystal
structure of magnesium chimle changes upon absorption of ammonia, and that the Hger

spacing must increase to accommodate ammonia molecules. Therefore, any increase in interlayer
spacing would also be expected to increase the ammonia absorption rate. Some combination of

porosity change, particle size change and increasing interlayer spacing are the cause of the
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increase absorption rate seen with cycling and further experiments are required to fully

understand this.

5.2.Proof of Concept

Before proceeding further, experiments veecarried out tostudy the improvement in ammonia
production capacity caused by the use of absorbents. This follows up extensive work in this area

carried out by the Cussler grodp®2°

Catalytic testing of a commercial iron catalfst ammonia syrttesis with and without absorbent
beds was used to prove that absorbents improve gwerallammonia productionactivity. The

distance between the absorbent and catalyst beda packed reactor tubeas also varied.
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Figure5-4: Ammonia production over commercial iron catalyst with no absorbent (showi
black line), MgGlabsorbentor NiC} absorben. Activity was determined using a quartz fixeed

micro-reactor. Commercial catalyst (approx. 100 mg, accurately weighed) was placed in a
tubular reactor (5 mm internal diameter) sandwiched between quartz wool. If being use:
absorbent (2000 mg, accurately weighed) was placed in the qualtddr reactor, downstrearn
of the catalyst bed again sandwiched between quartz wool. In the 0 cm distance expel
there was no quartz wool between the catalyst and absorbent beds. Prior to testing, the ce
was activated at 773K and the absorbentt&B K, under a linear flow of nitrogen (52 mL/mi
During reaction, a 3:1 mixture okldind N was passed through the reactor at a pressure of 50
and flow rate of 52 mL/min. The catalyst was at 743 K and the absorbent at 423 K (No
absorbent wa not heated; this was residual heat from the catalyst portion of the reactor). /
the reaction, any ammonia absorbetdas desorbed by heating the absorbent to 673 K un
flowing nitrogen (52 mL/min). Throughout, the exit gas was padtedugh an acid trap
(concentrated KHSQ solution) and the ammonia production measured by titrating this solut
with NaOH solution and methyl red indicator.

FromFigureb-4, it can be seen that the presence of the absorbents has an effettteocatalytic
activity. When theMgC} absorbentbed islocated directly adjacent to the catalyst bed the
activity of the catalyst doublesthe ammonia production valuesignificanty increase from
30,000>mol/gcafhr when no absorbent is present, to 65,08fhol/gca/hr with the absorbent bed
directly adjacent to the cataly$ted. This effect is also seen to a lesser extent when the absorbent

bed is separated from the catalyst bed by 5,cwhere an increase in activity to 48,000

>mol/gea/hr was seenWhen the catalyst and absorbent beds are 10 cm apfaetimprovement
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in activity compared to the absorbent free experiment is negligilitee catalyst activity is only
32,000>mol/gea/hr. It is evident that the distance between the catalyst and the absorbent has a

significant effect on the degree of improvement of the yield.

Thisfinding builds on work by Cussler, who studied the use of absorbents in ammonia synthesis.
When using calcium chloride as an absorbent to separate the catalytically produced ammonia
from the gas streanthey found that fast separation of ammonia from nigen and hydrogen is
essential to avoid ammonia decomposition occurring via the reverse reaétidris supports the
result here; it is expected that if the ammonia absorbent is far from the catalyst bed then the rate
at which ammonia is separated from thmeactant gases will be slower and therefore it will be
more difficult to exert any changes to the dynamic equilibrium of the system. Furthermore, the

rate at which the ammonia is absorbed will also be important.

A similar increase in activity seen kvia NiCGl absorbent bed as was seen with Mg@®hen the
two beds are adjacent the activity of the catalyst increases to 68:000l/gc../hr, compared to

30,000>mol/gca/hr when no absorbent is present.

Further experiments are needed to understand teffect fully, and to explore whichbsorbent
factors improve the increased catalytic effect furthparticularly to determine whether capacity

or absorption rate or some other factor has more of an effé€siven the suggestion in literature is
that the rate of absorption has the most significant effect on the increase in catalyst activity when
using sorbent® this should be further explored here is also significant scope for optimising the
many conditions which can be varied including but not limitedofmerating conditions and
absorbent bed volume, length and density. The results from these experiments are being
modelledas part of a collaboration witBr Wenchan Qi and Professor René Bariakiesintara in

the Engineering Departmentniversityof Oxford This wilenhanceour understanding and allow
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us to improve both the catalytiand absorbentsystens and lead to asuitable catalyst and

sorption technology in ammonia synthesis

5.3.Kinetic Testing of MglAbsorption

To furtherunderstand the absorption process on Mg®inetic experiments were carried out.
The capacity for ammonia absorption on Mg®@hs compared at a variety of temperatures. At
high temperatures the likelihood afnolecular collision between the ammonia and MigGs
greaterallowing for faster uptakdout ammonia molecules already absorbed on Mg¥ohave

higherenergyenabling thento leavethe surface

100+
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Figure5-5: Maximum ammonia absorption capacity for Mg&t various temperatures recorde
on Hidden Isochema 1G#02. Approximately 20 mg of sample was placed in the IGA sa
chamber. Prior to lasorption materials were dried under vacuum at 3@for 8 hoursgooled to
25°Cand the sample weight accurately recorded. Bosorption, pure ammonia gas at 400 mb
was introduced at a rate of 100 mbar/mat 25°Cand the pressure kept constant. The weic
change in the materials was accurately recorded to track theogption. (Note: The 25C and 50
°C experiments were omompletely clean Mge&l The 50°C sample was also used for tl
remaining experiments. To desorb the ammonia between experiments, the pressure
decreased to vacuum and the temperature increased to ®@or 8 hours. The temperature wi
then increased tdhe target.)
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Figure 5-5 shows a clear temperature dependence for ammonia absorption as would be
expected.At higher temperatures, more ammonia moleesilhave the required energy to desorb
from the MgCland so there is a lower capacity. The room temperature capacity of.Nfa&:6

% decreases to &b %at only 50°C and even further above 10C with the capacities at 100,
150, 200 and 250C being 87, 7 and 6 % respectively. The vast majority of the capacity is lost
above 100°C. This is also reported in literature, to an even greater extent with Mgionia
capacities at 300C as low at 0.12% being report&dlhishassignificant implicationsadi use of
MgC4 in high temperatureindustrial applicationsLow ammonia capacity at high temperatures
may limit the ability of an absorbent to be used industrially, as it will reach the maximum capacity
very quickly.These materials may be better suited to lower temperature applications. However,
the above catalytic testinggure5-4) shows that even with the absaght at 423 K there is still

an improvement in catalytic activity.

5.4 Acetone Treatment of Mgcl

As repeated cycling showed such an improvement in ammonia absorpfitake rate other
methods of nanopore generatioar layer disruptionwere explored firstly acetone treatment.
This methoddeveloped by Chen &tl.’°, usesacetone treatment of LDH® generatestructural
disruption and significantly increases the LDH surface diteay found that acetone treatment of
LDHs decreased the number of LDH layerseat increasing the surface area without structural
changes to the layers themselves. Given M@®o shows a layer structure, this method may

improve the MgGlsurface area and so ammonia capacity.

5.4.1. Ammonia Absorption Rate

A completelysaturated solution of Mgéeivas treated with acetone and the dried MgC} tested

for ammonia absorption capacity.
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Figure5-6: Absorption graphs recorded on Hidden Isochema-0G2 for MgGl and ATMgC}.
Approximately 20 mg of sample was placed in the IGA sample chamber. Pribsdmption
materials were dried under vacuum at 300 for 8 hours¢ooled to25 °Cand the sample weigh
accurately recorded. Fotbaorption, pureammonia gas at 400 mbar was introduced at a rate
100 mbar/minat 25°Cand the pressure kept constant. The weight change in the materials
accurately recorded to track thebaorption.
As can be seen iRigure5-6, the rate of ammonia absorption was much faster in the acetone
treated MgCl sample, shown by the steeper slope on the approach to the platEag.maximum
absorption capacity of AMgC} (of 719 isreached after 16 minutes. It takes MgB0 minutes
to reach this point and 70 minutes to reach plateau. This corresponds tdsor@ion rate of
0.77 mmol/g/min for MgGlcompared to 2.61 mmol/g/min for AMgC}. The acetone treatment
causes a great than threefold increase in absorption rate; a significant improvement. Initially,
this was attributed to the process increasing surface area of Mi@ugh decreasing the

number of layers, as was seen in the initial LDH work by Gieal,'° though further

characterisation is required to confirm this.

Unfortunately, hisincrease in rateorrespongto a decrease in the capacityhis isimilar to the

increasel rate, decreased capacity relationship that was seen with ammonia absorption
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desorgion cycling(seeFigure5-2). This suggests that the effect of the acetone treatment i

similar to that of the ammonia cycling. The change in rate wyttling of MgGlwas attributed to
nanopore generation and changes in the layer ordering, as was described by Christensen and
collegues. It is possible that the acetone treatment can also generate nanopores and alter the
layers in a similar way. This wdldle expected if acetone is entering the structure in a similar way
to ammonia. Further experiments are required to fully understand the change which the €gCl
undergoing due to acetone treatment and if surface area effects or nanopore generatiorolead t

the increase sorption rate.

5.4.2. N2 Physisorption

Chen etal. proposed that the benefit of the acetone treatment on LDH materials peaidy due

to increased surface aréd.N. physisorption was used to compare the surface areas in the
unmodified and the acetone treated MgQamples to determine if the increased ammonia
absorption rate in AMgC} was due to increased surface area.

Table5-2: Porosity characterization dfigCh and ATMgC}, determined using a Micromeritics
Tristar3000. Approximately 100 mg of sample was accurately weigheamples were then
loaded into tubes and dried &23 Kunder vacuumfor 12 hours N, adsorption isotherms were
then obtained at 77K.
Sample MgChk  AT-MgCh
BET Surface are 1.66 m2/g 7.56 m2/g

The acetone treatment has indeed increagbd surface area, from 1.66 #y to 7.57 n#/g. This
increase in surface area is similar to as was seen in the acetone treatment of LDHs in lit@rature
However, the very low surface area of bulk Mgitiwder means that even a proportionally great
increase irsurface area results in a still low surface area. In the qaorous MgGldescribed by
Hummelshyj et al. the BET surface area of the ammonia free sample was 95 frhis is much
greater than seen here indicating that any generation of npoes in tle AFMgC} is not
occurring tosucha significant extent. This suggests that the layer disruption effect is a greater

contributor to the increased ammonia sorption rate in-MGCh. This is not unexpected,; it is well
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documented ttat uptake of ammonigo MgC} is a bulk absorption process and so surface area

effects are expected to be minimal.

Both MgG and ATMgCh have low surface areas when compared to the zeoliengles
previously discussed. This demonstrates that there is very little surface sorption taking place. This
is confirmed by the fact that AMgC} has a greater surface area (around four times that of the

unmodified MgG) and yet did not show an increaseammonia absorption capacity.

5.4.3. XRD

Both the unmodified and acetone treated Mg@lere studied using XRD to determine if the

differences in absorption properties could be accounted for by structural differences.
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Figure5-7: XRD patterns of MgCGind ATMgC} (freshly synthesizedrecorded on @ ANalytical
- Qt. Batt&rns were recorded between 10 and 6Qsing a step size of 0.02and a step time
of 1.03 s/step. The * represents MgQieaks, all other peaks are fro MgCL.6H:O type
structures.

As can be seen iRigure5-7, there are similarities between the XRD patterns of Ma@@tl AT

MgC}. Due to the XRD pa&trns being recorded under ambient conditions and Mgading
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hygroscopic the Mgeshows a significant number of peaks associated with hydrated magnesium
chloride (i.e. MgGI6H0), which unfortunately significantly overlap with the anhydrous
magnesium cloride peaks. However, the 003 and 006 peaks can be assigragthyolrousMgCh

in the untreated MgGlsample The other peaks in thilgQ, pattern and the peaks in ANMIgCh

are in equivalent positions to those in the XRD patterrVigfC}.6HO. This suggests that the
majority ofMgC} present n the AT-MgC} diffraction pattern in hydratedTounderstand how the
acetone treatment affected the layer spacing, particularly if it has caused exfoliation, SXRD data
was used to determine the space group and lattice parameters of each sample, using the method
described by Coelh#}.Prior to scanning t samples were fully dried under vacuum.

Table5-3: Space group and lattice parameters for Mg&id ATMgCh calculated from SXRD

(collected at 411, Diamond andBL02B2 Springd, respectively) using the meadd described by
Coelho?* My represents the de Wolff figure of merit.

Space b c h J. M

Sample Group

MgCh R3m 3.0416 3.0416 14.7677 90.00° 90.00° 120.00° 15.91
AT-MgC} C2/m 9.8606 7.1066 6.0747 90.00° 93.75° 90.00° 19.51
First thespace group and lattice parameters of the unmodified Mg@fre determined, as can be
seen inTable5-3. The space group was3d®. It isimportant to note that the hkls in R3-R R32
and R3m are the same as those 3R and so technically the pattern could represent any of
these space groups. Given the adequatg Wlue and wealth of literature discussing the space
group of MgGlsuggesing R3m’, this structure can be confidently assigned as this. The lattice
parameters were determined, with a, b and ¢ have value8.6416 3.0416 and 14.7677A,

respectively andt = i 90°y96® and 120> respectively.

Similarly, the space grougnd lattice parameters of AWMgCh were calculated. It is one of C2, Cm
or C2/m (all equivalent with regards to hkls). The structure of M@D is fairly well studied
and has been determined to have a C2/m structtis® it is probable AMgC} also adpts this

structure, with acetone molecules in similar positions to water molecules. Thigpisorted by
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the fact the lattice parameters of ANIgC} are very similar to MgebHO ©.860, 7.1066 and
6.0747 for ATMgC}, compared t09.8607, 7.1071and 6.0737 for MgCh.6H0>). The M value is

good and suggests this space group is appropriate.

There isa small amount of water used in the synthesis ofMJC} to ensure the MgGlis in
solution. This is not enough to fully hydrate all the Mg@ed. Either some of thlgC} hydrates
completely or the water sites are filled with a combination of water/acetone but still adopt the
MgCh.6HO structure. It is possible the hydrated Mg@itesent in the XRD pattern is only one
phase present. Singlayler MgGlor disordered MgGlstructures would not show on XRD as they
are not crystalline. Their presence cannot be ruled out. It is also important to note that these XRD
patterns were obtained by synchrotron radiation. This means very minor phasdsewiétected

and so it is not clear what component of the total sample is actually the M¢&D like phase.

If the crystalline phase seen in XRD has residual water or acetone molecules after drying, this
would account for at least some of the loweredpeaity. Fully hydrated Mg@Qould have fully
coordinated magnesium centres and so could not absorb any further ammonia molecules as they
will instead be filled with water molecules. This would suggest that anycngstalline phase is

the reason for the apacity and fast sorption rate. This would be expected if there was single layer

MgC} present, as the sorption sites would be much easier to access.

5.4.4. Location of Acetone Molecules?
One possible explanation for the lowered ammonia absorption capacitiais the water or
acetone molecules used in the exfoliation of layers is binding to the magnesium centres and so
there are a reduced number of possible sites for ammonia to bind to. To understand if this was

the case, the TPD of AMgCh was compared to thiaof unmodified MgGl
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Figure5-8: Thermogravimetric analysis of Mg@nhd ATMgC} recorded on a TA Instrument
Q600 SDT. Approximately 10 mg of sample was placed in the SDT. The temperature was it
to 600°C at a rate of 10C/min under 100 mL/min flowing nitrogen and the weight char
recorded.

As can be seen frorRigure55-8, the thermogravimetric patterns of MgCand ATMgC} have
significant differences. The slopes up to around 3Q0 are attibuted to water molecules
absorbed under ambient room temperature conditions and, in the case oM@d}, any
remaining acetone molecules. There are three desorption regions for Mgidé there are four

for AT-MgC}, with the additional desorptiorprobably due to the acetone having a different

interaction with the magnesium centre from water.

The first of the desorption regions of MgQk between room temperature and 115C,
corresponding to a loss of 2.7 % of the initial weight. A second desorptmionres present
between 115 and 166C, corresponding to a further 4.0 % of the initial weight lost. Finally, the

third desorption region, present between 186 and 272C corresponds to a 10.9 % weight loss.
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AT-MgC} shows four desorption regions. THast, between room temperature and 116C

corresponds to a weight loss of 7.5 % of the initial weight. The region between 110 as@ 173
corresponds to a 24.8 %, while between 173 and 2D6a loss of 10.9 %. Finally, the highest
temperature desorptions between 206 and 26Z, corresponding to 11.4 % of the initial weight

lost.

Neither of the two materials show further desorption after approximately 2@until MgGl
decomposition begins after 408C (similarly to the 418C decomposition onset repid in
literature?®). Furthermore, each of the materials shows a clear plateau before°@)0vhen
decomposition occurs; at this temperature the sample can be assumed to be pure dngGo

the number of coordinated water and acetone molecules can berdsated.

The desorption profile of Mg&torresponds to a total water content of 1.2 water molecules per
magnesium centre (Mg£l1l.2H0), with the low temperature desorption (up to 12&) region
corresponding to 0.18 moles of water, the medium (115 to 165 0.27 moles and the highest
temperature region (166 to 279C) 0.74 moles. This is ambiently absorbed water. As both water
and acetone are used in the acetone treatment of MgBé exact solvent content cannot be
determined. If all the weight loss is assumed to be acetone loss then 2.1 acetone molecules are
present per magnesium centre (MgQGHsO).1). However, it is likely that at least some of the

weight loss is due to watalesorption and so the actual formula contains less acetone.

The TPD of both acetone treated and untreated MgGbw desorption only below 30€C. This
shows that the 308C overnight drying process prior to absorption measurements is enough to
remowe any water or acetone from AWIgC} and so the loss of ammonia absorption capacity in

AT-MgC} cannot be due to acetone filling sites.
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5.4.5. Desorption of Ammonia
Also studied was the desorption of ammonia from-MdC} and MgCl to see if there is any
difference and understand the absorption sites present. As discussed.i both MgGland AT
MgC} appear to both be solely MgCifter the 300°C and e all of the desorption products are

attributed to ammonia in both samples.
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Figure5-9: Desorption of ammonia on MgGind ATMgC} recorded on a TA Instruments Q6(
SDT. @& load ammonia on Mg&hnd ATMgC} clean samples were dried for eight hours at 3GC
under vacuum cooled to 25°Cthen were loaded with ammonia at 400 mbar 25 °C until the
weight stabilized (around 60 minutes). The samples were flushed witlefdre being placed ir
the SDTApproximately 10 mg of sample was used. The temperature was increased G 60@&
rate of 10°C/min under 100 mL/min flowing nitrogen and the weight change recorded.
Figure5-9 shows the difference in ammonia desorption from treated and untreated Ma§@QCl
shows two clear ammonia desorption regions, one between room temperature andQ@hd
one between 202C am 302°C. ATMgC} also shows two desorption regions, one between room
temperature and 203C and one between 20% and approximately 40Q. It can be seen that

the second region shows a less clear plateau, indicating that the ammonia is not fully etésorb

before decomposition of the Mgglbegins.
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Based on the initial weight of MgQirior to ammonia absorption, the initial ammonia absorbed
MgC} material has the formula Mg&5.5NH compared to AIMgCh which has initial formula

MgCh.ANH.

Both ATMgCt and MgG showed two regions of ammonia desorption. In Mg@ie low
temperature desorption region (between room temperature and 2@) contained 3.0 NHper
Mg centre while the higher temperature regi (between 201 and 302C) contained 2.2 NH
molecules. 0.3 NHmoles of ammonia remain above 302. In AIMgC} the low temperature
desorption region (between room temperature and 203) contains 1.5 NHmolecules per
magnesium centre while the highéemperature region (between 203 and 40Q) contains 0.9
NH; molecules per magnesium centre. At 490, 1.6 moles of ammonia remain in the-MN§Ch

structure.

The ratios of low to high temperature desorption are similar in both samples althAl¥gCh

shows slightly less ammonia proportionally in the high temperature desorption region (ratio of
low to high temperature ammonia is 1.36 in unmodified Mg&id 1.67 in AMMgC}). This
suggess that there is no significant change in the distributiof possibleabsorptiond & A (i1 S & ¢
available as a result of the acetone treatment; the sdooading seemdo be available, just in
proportionally lowercapacity.This supports the idea of single or few molecular layer Wuogihg
generated by the acetone trément; there areno extra sites being generated by the acetone

treatment process.

It is also obvious that the temperature at which high temperature desorption takes place is higher
in AFMgC}, shown in the fact that slope does not reach a plateau3@0 °C and instead

continues to show desorption. There is also significantly more ammmemeining in the AT
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MgC} sample when Mggbegins to decompose at around 480. Neither of these properties are

very favourableand theywill probablyhave an éect on the cyclability.

MgC}h.6NH has been determined to adopt the;®tC} structure'. The crystal structure may be
considered equivalent to a cubic double perovskite A 8 gAGK ' T/ 3 . Ta3ds . QI

being replaced by ammonia molecules.

)-—-‘—“4_.‘ & ‘ s

Figure"s-lo? MgCi.GNH;_structure (H atoms omitted for clarity). Chlorine atoms are showt
green, magnesium in dark blue and N in light blue.

These sites are equivalent and so ammonia in them would be expected to act equivalently. The
presence of different desorption sites in ammonia loadddC} has been discussed in the
literature. Thereis some ambiguity in the literature over how the ammoulesorption from
MgC}.6NH; takes place. Zhu and colleagues reported a three stage process with stepdh5 50

°C, 115200 °C and 20€90 °C, each corresponding to two ammonia molecules desorBing
Alternatively,Christensemreports the desorption firsbf 4 ammonia up to 226C followed by two
separate desorption steps of one ammonia molecule, both occurring before 30B%MhC 2.

Both of these papers suggest that four ammonia molecules are desorbed in the low temperature

region up to around 200C, éther as a one step or two step process. The results here are a
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combination of the two models, with the initial lower temperature desorption (up to 200
holding the majority of the ammonia, similar to the Christensen métiéls discussed, the
ammonia baded MgClshows a lower capacity than hypothetically possible (5.5 iNétead of 6

NH;) and this is due to lower occupancy low temperature site. The higher temperature site

contains 2.2 Nkimolecules similar to as seen by ZhATFMgC} shows similar dgorption but

with lower occupancy in each site.

5.4.6. Instability of AAMgCh

In the course of experiments with AMgC} it became clear that the instability of the acetone

treated material made it unsuitable for industrial applications.

Two main types of instability were founihstability over time and instability with cycling.
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a. Comparison of a freshly prepar&®MgCh (<1 b. Comparison of 1 and 29 absorption
week) and old AMgC} (>2 months) capacity of AAMgCh

Figure 5-11: Maximum absorption as recorded on Hidden Isochema-Q@GA for ATMgCh
samples. Approximately 20 mg of sample was placed in the IGA sample chamber. F
absorption materials were dried under vacuum at 3@D for 8 hourscooled to 25°C and the
sample weight accurately recorded. Fobsarption, pure ammonia gas at 400 mbar w
introduced at a rate of 100 mbar/miat 25°Cand the pressure kept constant. The weight char
in the materials was accurately recorded to track thies@ption. To desorb the ammoni

between cycles, the pressure was decreased to vacuum and the temperature increased’®
for 8 hours.
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As is clear fronfrigure5-11, AFMgC} shows significant problems with stability. First, there is a
clear decrease in capacity of MQCh over timewith the initial 54t6 % capacity decreasing to
3916 % after 2 months, ss of 28% of the initial capaci#lthough ATgC} is not studied in
literature, there is a great deal of work on 2D materials. This instalsiliigmmonly seen in 2D or
single layematerial$®. For example, exfoliated single layer Mo&orders to abulk material
when stored under ambient conditions; this rearrangement is coupligd degradation of the
layers themselves leading to a lowered activit@imilarly, exfoliated few layer black

phosphorous reorders due tatmospheric moisture, due tit being a very hydrophilic materi&.

It is likely that thereare similarreorderingprocesgstaking place in the AMgCh samplesEven
untreated MgCl is hydrophilic and so atmospheric water may cause rearrangement as is seen
with few layer black posphrous®! A direct rearrangemenbf the layersto the original MgCh
structure would be expected to correspond @ return to the initial high ammoniaapacityof
untreatedMgC} which is not the case. This indicates that it is not possible for the acetone treated
layers to reorder to their original structure. This is similamtoat is seen for rearrangement of

single layer MoS®

These similarities with single or few layer materials suggests that the acetone is exfoliating the
layers and that the reason for the increased ammonia sorption rate is due to the magnesium
centres lzing more accessible to ammonia. This shows that layer disruption or exfoliation should

be targeted in future materials.

Further ingability of AFMgC} is seen with cycling. As is discusseBigure5-2, MgCi shows a
slight decrease in capacity with cycling so a similar decrease in capacigMaf@Tvould not be

unexpected. However, the AWgCh shows a significantly greater decrease in capacity, with
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almost all the initial capacity being lodtie tocycling. This indicates that there iuather,

different process in place here.

Based on comparison with similar literature materialdikaly explanation is that the layers are
not reorderingto the initial MgC structure but instead to a new structurend therefore are

making accessing the magnesium centres difficult. Potential structures are proposed below.

Ad
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Figure 5-12: Layers of Mggloctahedra (shown in yellow) and how the potential structu
disruption caused first by acetone treatment and then proposed partial reordering over time
Figure 5-12 shows possible structures which would explain the decrease in capacity of the
acetone treated sample over time. Slight disordering of the layers could render the magnesium

centres inaccessibjes shown.

This instabilityover timedoes not necessarily mean AMgC} is not suitable for industrial use.

The acetone treatment could be prepared immediately befaseor could even be prepareid-
situ. It is also possible that the reorderéad/ers could be rexfoliated as is seen in other layered
materials such as Me®’ This could mean that thimitial improvementin capacity ischieved
again, although this has not been explored hdree instability of AMgC} with cycling is more
likely to be problematicAs is shown ilRigure5-11.b., there is a significant decrease in capacity in

cycle two and almost all of the initial capacity/FMgCh is lost. It is again likely that the
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exfoliated layers are reordering in a disrupted way, meaning that the magnesium centres are no
longeraccessible, lowering the capacity. The lowered capatisgvedwith cyclingindicates
that this material is not suitable fondustrial applications, where multiple absorption desorption

cycles are necessary.

5.5.Stable Layer Disruption

It is clear from the AMQgC} results that the initial disruption of the layers (i.e. to give better
separation) is beneficial for rate of abgtion but the instability of the layers means NCh is
unsuitable for industrial applications. If a material could be prepared where theNgy€ts were
disrupted but in a more stabJgpermanentway and without any loss in capacity, this could be a
excellentcandidate for fast ammonia absorption. A number of methods of layer disruption were

attempted, discussed below.

5.5.1. Alternative Exfoliation Solvents
Two alternative exfoliation solvents were used. Ethanol was used as it is another organic solvent
but is largerand more polathan acetone and has different functionality. Due to the previously
mentioned similarities with MoSayers, a similar method to that used for single layer Mo&s

used.
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Figure5-13: XRD patterns of MgCIAFMgCh and ETMgCh recorded on @ANalytical Qt S NI

Alpha Patterns were recorded between 4 and®@ising a step size of 0.01@nd a step time of

1.03 s/step. The * represents Mg@kaks, all other peaks are from Mg6H0 type structures.
ETFMgC} shows the same Mg£bHO structure as AMgC). Interestingly, there is a variation in

the relative peak intensities from that seen in-RKGCh. Paricularly noticeable is that the 400
peak is greater in intensity in the gCh when compared to the AMgC}h pattern. When
carrying out solvent treatments on LDHSs, researchers find the relative peak intensities éhange.
After acetone treatment of LDH&e 003 peak in the XRD pattern significantly decreases which
they attribute to the generation of nanosheets meaning there is no longer stacking in this
direction and so no diffraction. gimilar effect may occur here; the increasing relative intensity of
400 may correspond to decreasing coherence in the structure indicating formation of nanosheets.
However, the predreatment of the ammonia sorbents is expected to remove residual solvent (as
was seen irb.4.4 and so EMgC} should be studied after drying ensuring no water sorption
from the atmosphere to understand if this effect is also present in the dry sample. Unfortunately,
as can be seen iRigure5-13, the ethanol treated sample showed significant reordering under

ambient conditions, as indicated by the absence of peaks at high angles. This corresponded to a

transition from a powder to a we geHike substance. Theonversionof EFMgC} under ambient
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conditions to an amorphous material and its extremely hygroscopic nature mean thdgETis
not a suitable for ammonia absorption as it is not practical to have an ammonia sorbent which is

not stable under atmospheric conditions.

The attempted gnthesisof exfoliated MgGlwith BuLigave a gel on drying which could not be

isolated for further testing.

5.5.2. Introduction of Dopant Elements
One method of introducing disruption was the use of dopant elements. Shetidopants is very
common in materials chemistry leading to changes in unit cell sizes and chemical properties. A
variety of dopants were tried. The dopants were chosen to study a rangenofizes.One
consideration is whether the dopant will cauglisruption in the layers or instead form as a
separate phase. It is also possible that the initial Mg@lcture could tolerate the introduction
of the dopant and the structure would not undergo any change. Formulae exist which determine
if a structure can tolerate dopants, e.g. in perovskité¥, but there isno equivalent work on

dopants within MgGl

NiC} has the same crystal structure as Md@lhich may make it less likely to form as a separate
phase as it can be more easily introduced inte MgC] structure. CuGland CaGlboth have
different structures from MgG(C2/n¥® and Pnnni® respectively)lon size will also affect whether
the structure is changed. Six coordinate ¥gas a ionic radius of 0.7, while six coordinate
Ni?*, C&* and C&* have ionic radii of 0.68, 1.00A and 0.73A respectivel§/. These dopants will

therefore allow for the effect of both ion size and crystal structure of dopants to be studied
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Figure5-14: XRD pattern comparing Mgiz1Ca/MgGl Cu/MgCl and Ni/MgCl recorded on a
PANalytical Qt. 8at&rns were recorded between 4 and 6sing a step size of@.7° and a
step time of 1.03 s/step.
XRD, shown above Figure5-14, shows that each of the doped materials show the same general
structure asMgC} with each showing hydrated Mg@HO also. In Cu/Mggl there is an
additional phase present (shown by a small peak at arourt)i $liggesting that the copper has
not fully entered the MgGlstructure, most likely due to the different structure ofuChk
demonstrating this is more important in doping than ion sidewever none of the XRD patterns

show significant peak shifting, suggesting théas not been anynoticeableincrease in layer

spacing as a result of the introductionddpant elements
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Figure5-15; Maximum ammonia absorption of MgCATMgC}, NiCl, Ni/MgC4, Ca/MgCl and
Cu/MgCi capacity measured on a Hidden Isochema-0B2 using 1000 mbar pure ammoni
Approximately 20 mg of san®plvas placed in the IGA sample chamber, each sample was dr
300°C for eight hours, under vacuymooled to 25°Cand the initial sample weight accurate
recorded.At 25 °Cammonia pressure was increased at 200 mbar intervals, kept at each pre

for 20 minutes and the sample weight accurately recorded; the maximum capacity shown |
the sample weight at 2000 mbar ammonia pressure.

As is seen irfrigure5-15, each of the doped materials shows a significantly lower absorption
capacity han MgCl (9016 % capacity) or Nig(7746 %, discussed in greater detail previously, see
Figure5-2). Nickel doped Mg€&had capacity of 543% and calam doped MgGlhas capacity of
53#6 %, both showing a decrease on the unmodified materials. The copper doped material

showed the lowest capacity of all the materials, at @3%, suggesting that the different

structures of MgGland CuGImake the introdution of Ci#*into MgC# difficult.

It is clear that doping Mg&With other elements does not improve the layer structure of MgCl
and in fact causes a significant decreas¢éhs ammoniaabsorption. As the absorption capacity

was so low in these matet&mabsorption rate was not studied.
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5.5.3. Pillaring
Pillaring was attempted as an alternative method of separating the layers. There has been

significant work on pillaring of LDH materf&lsanother class of layered materials.

Initially terephthalic acid (TPA) was used as a pillar. It is commonly used in MOFs as a linker where
it forms the scaffold separating metal ions, as in 88 MO and the MIL famifj. TPA pillaring

is also usedn LDHs, where the introduction of pillars creates additional catalytic sites and
disrupts the layered structuf® For these reasons, terephthalic acid was introduced to see if this

led to an improvement in sorption capacity or rate.

As thesynthesis is well studiéj TPA pillared Mg/Al LDH was first prepared.

——— Mg/Al LDH
——— TPA Mg/Al LDH

003
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Figure5-16: XRD patterns of Mg/Al LD&hd TPA Mg/Al Urecorded on aPANalytical Q't
Alpha Paterns were recorded between 4 and 70using a step size of 0.02and a step time of
1.03 s/step. Peak hkl assignments adapted ffém

As is shown ifrigure5-16, the introduction of the TPA pillar did not cause loss of LDH structure.

However, there is also no change in peak spacing (which would indicate a change in layer spacing)
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and a slight decrease in crystallinity, as evidenced by the broastdespn the XRD pattern of the
pillared LDH. However, this is different to the literature, where TPA pillaring of an Mg/Al LDH
almost doubled the spacing between LDH layers, noticeable in XRD p&tt€hesonly difference
between the synthesis here andi¢ literature synthesis is the Mg:Al ratio; it is clear that either
this affects the ability of the TPA to increase the layer spacing or the TPA was not intercalated

between the layers in this sample.

MgC} was also treated to introduce pillars.
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Figure5-17: XRD patterns of MgChand TPA Mgglrecorded on aPANalytical- Qt S NJi

Patterns were recorded between 4 and 70usihg a step size of 0.0F7and a step time of 1.0:
s/step. * represent MgGpeaks and represent hydrated Mgl

Figure5-17 shows the XRD of the TPA pillared Mg@ibws both MgGland hydrated MgGlas

was seen in each of the modified samples. Interestingly, there is a change in relative intensities of
the MgCl phases with the 009 peak being significantly larger in the TPA pillared..Md@3
suggests that there is a change in the layering, leading to greater coherence between the pillared

layers. A similar effect was seen wheraminoterephthalic acidvas inter@lated into a Ni/Al

LDH* This supports that the layering has changed as a result of pillaring. This is promising for
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ammonia sorption; it would be interesting to see if the layers being held apart by the pillars leads

to faster or more stabledsorption.
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Figure5-18: Maximum ammonia dsorption of Mg/Al LDH and TPA Mg/Al LDH capacity meas

on a Hidden Isochema 1882 using 1000 mbar pure ammonia. Approximately 20 mg of sai

was placed in the IGAasple chamber, each sample was dried at 300for eight hours, unde
vacuum cookd to 25°Cand the initial sample weight accurately recorded.25 °C, ammonia
pressure was increased at 200 mbar intervals, kept at each pressure for 20 minutes a
sample weight accurately reoded; the maximum capacity shown here is the sample weigl

1000 mbar ammonia pressure.

Unfortunately, as is shown irigure5-18, the TPA pillaring of Mg/Al LDH has a negative effect on
the ammonia capacity. Unmodified Mg/Al LDH had a capacity of 7 % while the TPA pillared
version only had capacity of 3 %; over half of the initial capacity was lost as a result of pillaring.

Althoudh the target area for improvement was adsorption rate, this is not uséfiilcomes at

significant detriment to the adsorption capacity.

5.5.4. Introduction of Interlayer Species

Another method of layer separation discussed in the literature is the introduction of interlayer
species.This is used in LDH materials. The method developed by {Saligms and Orfidwas

initially trialled with a Ni/Mg LDH which was used in the screepiogess and seemed successful
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so was also attempted for MgClHowever, when Mg€&lwas used instead of the LDH, the
interlayer NiClhydrated very quickly under ambient conditions (as shown by a change in colour
and transition from a solid to a liquid) kiag the material inappropriate for ammonia

absorption.

5.5.5. Supported MgGIScreening
The possibility of supporting MgQin a high surface area material watso explored. It was
hoped that if the MgGlwas present as a single layer on the surface lifjh surface area support
then the magnesium centres would be very easy to access, and so sorption would be fast, but as

they were anchored to the support there would be no problems with layer rearrangement.

Another benefit of a supported MgQtatalystis that it would be expected to show a constant
volume with sorption. Mg@lincreases greatly in volume with absorption of ammonia and it has
been shown that this means it is not suitable for use in some industrial setfindgCh on a
porous support wold not show a change in volume with sorption, as the sorption is taking place
within the void of the pores which is already present. In a supported sorbent the ammonia is
merely filling previously empty space when it binds to the magnesium compared tppmsead

MgC} where it must enter the structure and so increases the volume.

Two different classes of support were initially trialled; activated carbon and zeolite. Both are

known to have high surface areas and also good high temperature stébility.

Two different methods of supporting MgCbn supports wereused both using acetone
treatment. It was hoped that the acetone treatment woudd least partially exfoliate the layers
before they were loaded on to the support, giving the previously discusseefits in rate,

without the problems with stabilityln one experiment, the saturated Mg@blution and support
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were both added to acetone at the same tirffldgCH/C(1)) Alternatively, the MgGwas treated

with acetone and then the support added and tméxture stirred(MgC}C(2))

Initial ammonia sorption capacity results are shown below.
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Figure 5-19: Ammonia sorption isotherms for AMIgCh MgClZSM5, MgClC(1) and
MgCHC(2) measured on a Hidden Isochema @32 using pure ammonia. Approximately
mg of sample was placed in the IGA sample chamber, each sample was dried@tf@08ight
hours, under vacuumcooled to 25Cand the intial sample weight accurately recordeBlach
isotherm was collected a5 °C. During sorption on MgeC(1) and MgGIC(2), ammonia
pressure was increased at 200 mbar intervals, kept at each pressure for 20 minutes a
sample weight accurately recorded. During desorption, ammonia pressasedecreased a
200 mbar intervals, kept at each pressure for 20 minutes and the sample weight acct
recorded. During sorption on AWIgC} and MgGYZSM5, ammonia pressure was increased
100 mbar intervals, kept at each pressure for 20 minuted #re sample weight accuratel
recorded. During desorption, ammonia pressure was decreased at 100 mbar intervals, |
each pressure for 20 minutes and the sample weight accurately recorded. Each

supported samples is adjusted to only considex MgCJ weight, to allow for valid comparisor

As can be seen iRigure5-19, each of the modified materials still shows a typical type 1 type

isotherm, indicating that the Mg€loading on the supports has not caused a loss in porosity. This

is a good indication, as it was possible that MgGuld form as large particlddocking the pores

instead of a single layer as was hoped. Any patrticles tinat formed have not formed to such an

extent that thematerials are no longer porous.
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There is a variation is the ammonia capacity possible in each material. Both activated-carbon
based materials show lower sorption than the acetone treated Mg&hple, although method 2

of loading MgGlgave significantly higher ammonia sorptitmaximum capacity of 35 %, based

on MgCd content) than method 1(maximum capacity of 11 %j is clear that the Mg&layers

first need tobe exfoliated before being loaded onto the support. It is likely that the support being
present while the layers are exfoliated causes the MgCbind to the support before the layers

are fully exfoliated. It is possible that theeatone treatment has a detrimental effect on the

activated carbon support and causes a breakdown of the porosity but this seems less likely.

It is clear than the Mgg&loading on zeolite shows the best ammonia sorption capacity. When
only the MgCGlweightis considered (as is reasonable given the Mig@bing was chosen so as to
completely cover the surface of the zeolite) the MgLIM5 sample shows a comparable
maximum ammonia capacity to MgCh (MgCHZSM5 showing a maximum capacity of 57 %
comparal to 54 % for AMgC}). Furthermore, at lower ammonia pressuresgtbapacity of
MgCHZSMS5 is significantly higher than AMgC} e.g. the 200 mbar capacity fdgCl/ZSMS5 is

39 % over three times the capacity of -GC}) which was 11 % at the same pgrre
MgCHZSMS5 is clearly a better low temperature sorbeprobablydue to the improved diffusion
abilities of the material. Thisupports the previous hypothesis that interlayer spacing and
accessibility of magnesium centres are the main factors lgatineasy ammonia sorption. This
also has implications for possible industrial uses; under conditions where there is likely to be a
low ammonia pressuresupported MgC} could take up significantly more ammonia than the
standard MgGlmaterials. This woulde beneficial for consumer transport applications, where
pure ammonia gas is likely to cause safety conceémbents which have high ammonia capacity

at low partial pressures of ammonia would be extremely beneficial.
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Due to the good sorption capacitf MgCHZSMb5, it was studied in further detail.
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Figure5-20: XRD patterns of Mgg€ZSM5 and unmodified ZSAB, recorded on a PANalytici

. Qt. Bat&rns were recorded between 4 and 7Qising a step size of 0.021and a step time of
1.03 s/step.

As can be seen iRigure5-20, the XRD patterns of Mg£ASM5 and unmodified ZSM are
similar. MgGIZSM5 does not show any peaks indicative of Mggplecies confirming that any

MgC} is presentas a single layer or very small particles. This, combined with the ammonia

sorption isotherm, shows there is no Mg@articles blocking the zeolite pores.

As the expected benefit from the supported material was fast, stable sorption, the cycling abilit

of MgCH/ZSM5 was also studied.
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Figure5-21: Sorption graphs recorded on Hidden IsochemaH@®R for MgGIZSM5, with cycles
1, 2 and 3 Approximately 20 mg of sample was placed in the IGA sample chamber. P
sorption materials were dried under vacuum at 3@for 8 hoursgooled to25°Cand the samle
weight accurately recorded. For sorption, pure ammonia gas at 400 mbar was introduce
rate of 100 mbar/mimat 25°Cand the pressure kept constant. The weight change in the mate
was accurately recorded to track the sorption. To desorb the ammonia dmtweycles, the
pressure was decreased to vacuum and the temperature increased teC3fad 8 hours.

As can be seen irigureb-21, the MgCIIZSM5 sample shows much faster initial ammonia
sorption than MgGlI(Figureb-2). The zeolite support allows for easy access to the magnesium
centres and so ges very fast sorption. It is also a much more stable material with each of the
sorption cycles being similar, and no significant decrease in capacity with cycling being seen.
Given that fast ammonia sorption amiésorption has been shown to leeucial forincreased

activity in sorption assisted ammonia synthésikis material is very promising. The high stability

with cycling is beneficial for industrial applications where many cycles are required.

The rate data clearly shows that the separation of nemgmm chloride layers is beneficial for fast

sorption with the additional benefit of Mg&€ZSM5 givingvery stable sorption.
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5.5.6. High Temperatur&orption

Zeolites are knowfor their high temperature stability particularly in industrial applications under

high pressures. The high temperature sorption capacity of MgENM5 wasalsoexplored.
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Figure5-22: High temperature (250C) ammonia sorption isotherm for MgZSM5 measured

on a Hidden Isochema 1682. Approximately 20 mg of sample was placed in the IGA sa
chamber, the sample was dried at 380 for eight hours, under vacuymooled to 250Cand the
initial sample weight accurately recorded. Ammonia pressure was increate2D0 mbar
intervals, kept at each pressure for 20 minutes and the sample weight accurately rect
During desorption, ammonia pressure was decreased at 200 mbar intervals, kept at each p

for 20 minutes and the sample weight accurately record€te weight is adjusted to onl
consider the MgGMweight, to allow for valid comparison with other samples.

As is shown above, MgZ2SM5 shows much higher sorption capacity at high temperatures than
MgC} alone which shows a 400 mbar capacity of @ttas shown previously iRigure5-5).
MgCHZSM5 shows a 19 % capacity based on Mg@Clthe same pressurdnterestingly, this is
the only sample studied which showsavker weight after desorption than the initial wght of
sorbent. This is pobably due to the highemperature meaning ammonia can react with any
surface spcies remaining on the zeolite. Most importantly, this does not affect the capacity of

the zeolite. This good temperature stability, combineditiv very fast sorption, makes it an

excellent possibility for industrial Haber type processes. As was previously discussed (in section
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5.2), there is a strong relationship between the distance between the absorbent and the catalyst
beds and the improvement in absorption capacity. This leads to the possibility of a mixed catalyst
sorbent bed, where there is no separation between the catalyst gnedsorbent. This is one
system proposed by Cussler for improved ammonia synthesis using sorbent assisted Haber
process’® For these types of set ups it is very important that the sorbent shows high temperature
stability and so Mg@ZSMS5 is an excellentandidate.MgC} supported on zeolite is a promising

sorbent for a system of this type and should be further explored.

5.6.Conclusions

MgC}h was studied in greater detail, as it is the most commonly used industrial ammonia
absorbent. Results showed thatshows the higher absorption capacity of the studied layered
materials though it shows slow absorption and significantly lowered high temperature capacity.
Catalytic testing confirmed the absorbents close to the catalytic bed improve the catalyst activity.
Nanopore generation and separation of Mglalers was shown to significantly improve the rate

of ammonia absorption. Despite multiple alternative methods being tried it was not possible to
exfoliate the layers in a stable way. Instead, MdgBiers were gpported on zeolites which gave
fast, stable sorption. Zeolite supported Mg@lso gave good high temperature sorption and
improved low ammonia pressure sorption, meaning that it shows great potential to be used in a

mixed catalyst sorbent bed in industtiHaber applications.

5.7.Future Work

These results show great scope for further experimentation. Alternative methods of supporting
MgC} could be explored, with the aim of increasing the proportional weight of Ma@ thus
overcoming the lower ammoniaapacity on a gravimetric basis. Testing of the proposed mixed

catalyst sorbent bed would confirm that the high temperature sorption capacity of XtgGlite
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is beneficial. There are a number of other applications where MigQlised as a catalyst or
absobent including in Zieglddatta catalysts and heat exchangers. Although significantly out
with the scope of this project, it would be interesting to see if the stable supported ANtg€kd

materials give any benefits in these applications.
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6. Conclusions

Ammonia sorbents are important for both the synthesis and transport otalled green
ammonia. Though Mgg€is currently the most commonly used absorbent for ammonia it has a
number of deficiencies and so new materials are needed targetingien and desorption speed

and high temperature and cycling stability.

First, porous materials were screened; based on these results 13X was studied further. The
sodium ions in 13X were exchanged for protons, lanthanum or magnesium and the sarapes
studied for ammonia uptakeThe introduction of these cations all improved the ammonia
adsorption capacity particularly for the latter two as compared to the parent Nal3X zeolite
structure, while also improving adsorption speed and stability. It isidothat Nal1l3X zeolite is
mainly characterized by Lewis acid sites for weak adsorption of ammonia (ammonia desorption <
20C°C). Proton ion exchange gave some stronger binding sites (ammonia desorptiofCy #00
ammoniaas a result of Bmsted acid site(AFO(H}S) generation. On the other hand,al3X
showeal comparably weak dwelling sites but significantly higher capacity for ammonia uptake.
Lanthanum ion exchange was shown to cause dealumination in the structure. Interestingly, the
partial ion exchangef sodium ions of Mgl3X gave both weak and strong binding sites for
ammonia, indicativeof the coexistence oboth Bmnsted and Lewis acidity; this was determined

to be due to the generation of magnesium hydroxide species. The locations of the sites in each

zeolite were studied using SXRD and modelling.

Each of the zeolites achieved the aims of stability with cycling and fast ammonia adsorption. The
variety of ammonia strengths seen in the prepared zeolites mélaat they can be tailored to
specific applicabns; Lal3X when low desorption temperature ammonia is required and Mg13X
where high temperature stability is valuable. This makes them suitable for either low and high

temperature Haber applications.
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One clear avenue for further study of these materialsuld be using neutron diffraction to
understand how the ammonia molecules orientate with respect to each other and the zeolite
framework. This would also allow thedBisted acid site locations to be unambiguously assigned.
There is also scope for optinmg the ion exchange process for each sample to potentially

increase the ammonia capacity through the generation of additional sites.

The lanthanum ion exchange process was studied in greater detail to understand how the
dealumination affected the ammoaicapacity of the zeolites. The effect of temperature on the
ion exchange process was studied. Higher ion exchange temperatures and longer ion exchange
times gave a lower ammonia capacity due to the increased dealumination in the samples. The
effect of vaying lanthanum ion content was also studied and two competing processes found to
affect the capacityToo low a lanthanum ion concentration during exchange means there is not
enough ammonia binding sites while too higlanthanum ion concentration leads imwanted
interaction between the lanthanum ions and pore blocking which also leads to a decrease in
ammonia binding sites. The lanthanum ion content in the zeolite improves activity though the
detrimental dealumination process is a side effect of attemjotdncrease the lanthanum ion
concentration within the zeolite. Furthermore,nainverse correlation between lanthanum
content in the zeolites and ammonia desorption temperature was fodrds suggests that there

is room for further optimisation of the ideal lanthanum ion concentrati6aurthermore, as the
location of the extraframework aluminium species was found to be important, techniques which

could accurately étermine its location would be interesting.

Finally, avariety of layered materials, including MgGhere studied in greater detail. Treatment
of MgC} using acetone was found to significantly improve the absorption rate at detriment to the

ammonia capaity; this was proposed to be due teorderingof the exfoliated MgC} layers or
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nanopore generation. This treatment was found to unstable with both time and cydltiger
methods of layer disruption were trialled including alternative exfoliation sdbkjedoping,
pillaring and introduction of interlayer species.was not possible to exfoliate the layers in a
stable wayusing any of these method$nstead, MgGllayers were supported on zeolites which
gave fast, stable sorption. Zeolite supported Mg¥o gave good high temperature sorptjdast
sorption, good cyclabilitand improved low ammonia pressure sorption, meaning that it shows
great potential to be used in a mixed catalyst sorbent bed in industrial Haber applicdtiotiser

methods of lagr stabilisation could also be trialled.
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7. Appendix

7.1 Chapter 3 Supplementary Information

7.1.1. Calculation of Ammonia Binding Energies

Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTGA) of the
ammonia adsorbed 13X materials were heated to 900 °C in nitrogen by using an TA Instruments
SDT Q600 at 1, 5, 7.5, 10 and Imin heating rates. The desorption egg for ammonia
desorbed from the zeolites were calculated according to the following equation, which was
adaptedfrom the Arrhenius equation which assumes first order desorption:

2INTn Gt Vi 4edRTn OIn BedAR
where T, is the temperature giving aximum desorption in the differential thermogravimetric
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Figure7-1: Desorption of ammonia on H13X, Mg13X and Lal3X recorded on a TA Instrt
Q600 SDT. Clean samples were dried for eight hours at@G@Mder vacuum then were loade
with ammonia at 400 mbar urtthe weight stabilized (around 30 minutes) before being place
the SDT. The temperature was increased to 800at a rate of 10C/min under 100 ml/min
flowing nitrogen and the weight change recorded.
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Figure7-2: Differential thermogravimetric desorption of ammonia fradal3XH13X, Lal3X and
Mg13X at heating rates df, 5, 7.5, 10 an@0 K/min, recorded on a TA instruments Q600 SDJ.
load ammonia on H13X, Mg13X and Lal3Xarcsanples were dried for eight hours &73 K
under vacuum then were loaded with ammonia at 400 mbar until the weight stabilized (around
30 minutes) The samples were flushed with before being placed in the SDIo load ammonia

on Nal3X the zeolite was driet 453 K under vacuum for 4 hours, exposed to ammonia at
approximately 400 mbar for 30 minutes and placed in the SB& temperature was increased to
1023 Kat a rate 0f20 K/'min under 100 nb/min flowing nitrogen and the weight change recorded.

In each ase, approximately 10 mg of sample was used.

















































































































































































