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ABSTRACT

The increasing interest of green chemistry in the use of greelvents, has led to a surge

in the need of solid materials stabidiquid phase processes. In particular, the use of porous
materials such as zeolites and their related Metal Organic Framework (MOF) counterparts
as catalysts or membranes has drawn grtantion.Yet even though zeolites are already
widely used in petrochemical applications, their commercialisation in liquid phase
operations has not yet been achieved. A major reason for this is that the stability of zeolites
and MOFs in water has nottyeeen fully evaluated and understood.

In order to tackle the (in)stability challenge, various points call for attention. This mainly
includes identification of porous materials that possess sufficient stability in solvent media.
As such, the aim of thisiésis is to present a detailed investigation of the stability of various
porous materials in water and organic solvents. Detailed understanding of material
degradation upon direct contact with solvents at elevated temperatures is provided, by
focusing on dferent analytical techniques and spectroscopic studies. This work begins in
Chapter 3, by exploring how different zeolite structures of various framework densities, pore
volumes and aluminium contents are modified upon water treatment in continuous flow
reactors (CFR) at elevated temperature and pressure. Chapter 4 focuses on the investigatit
of the MFI framework and the role of aluminium content in hydrothermal stability in CFR.
Subsequently, in Chapter 5, the stability of MOF structures as analogueslites is
investigated in CFR. Preliminary investigations led to the selection of68{@r)H
structure as the most robust in water. Subsequently, the choice of metal, linker and
operational conditions are determinedyardingMOF (in)stability. In clsing, Chapter 6

evaluates the findings of this study and describes the potential further questions that raise.
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1 Introduction

1.1 Zeolitesi structure, properties and applications

1.1.1 Structure

The term zeolite refers to a variety of crystalline, microporouginfensional
aluminosilicates. They occur naturallgnd can also bmade syntheticallyandhave been
studied for more than 300 yeaif$ie general chemical formula of natural zeolites stands as

follows:
Mexn[(AlO 2)x(SiOr)y] - zH0

Where: Me i compensating (or extfiamework) cationssuch as Nj K*, Ca*,

Mg?*, orrelated ions of positive charge,
ni thecharge balancing the catiokl€),
z17 number of water moledes per unit cell,

x/y i glicon to aluminium molar ratio.

Theframeworkof a zeolitecan accommodate a wide varietychfirge compensatiragtions
(Me) that are located in cavities and channels. This occurs as forshemn (Si) replaced
with aluminium (Al), a negative charge is introduced into the framework,clwhs

compensated with an equivalent number of cations or ions of positive cherd€ (NH4").

The conventional Léwensteinian linkages rule states that if an oxygen bridge links two
tetrahedra and an aluminium atom occupies one, the other must lpedcby silicon.
Therefore, the x/y ratiayhich is the SiAl ratio, is dictated to be a number between 1 and
infinity. However, since 1954 when the rule was conceptualisederal publications
provided solid evidence for existence of Agiwensteinian lhkages in some protonated
zeolite frameworks. Detailed periodic density functional theory (DFT) calculations have
given evidence of thermodynamic preference fof Atoms to be bridged one another by a
hydroxyl groupt This concept challenges the genlgragreed assumption of how atoms are

arranged in zeolites.
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There are 67 different known natural zeolites, which are divided into 28 different framework
types®The synthetic mamade zeolitesover more than 200 structures, out of which some
are pure silica, aluminium free and doped silica matefialsilicalite-1,2 SSZ24,° ITQ-9,*
all-silica zeoliteb® and their derivatives such &sanium silicalite1® and all silica S#b’,
which can be directlybottomup synthesised or require pestnthetic methods to be
achieved.

Zeolites are specific hierarchical structures formed by linked tetralHmdlding blocks with

a uniform subnanometre or nanometre scale pores nefiweke internal tetrahedral blocks

are so called primary building units (PBU)xornersharing TQ tetrahedraFurthermore,

PBU are most oftenJi04] and [AIO4]™ units linked by oxygen bonding creatingg type
secondary building urst(SBU). Linked SBU units create the whole zeoligirBensional
framework.What is more, the SBU units are used to organise all of the zeolites structures
according to the IUPAC rab of nomenclature of microporous materfaf®r instance, an
important class of zeolites are MFI structures, of which the mostkwelvn member is
ZSM-5. The MFHype structure is built up from oxygen bridged pentasil unit chains. A
single pentasil uniconsists of eight firvenembered rings. A different example of a structure
isanLTAt ype structur e bui-chge), consistiag ofs29 @ atdms (sie C
4- membered rings, four-embered rings, threeZBunits or four 14-1 units), as prented

in Figure 1.1.

Figure 1.1 A perspective and parallel view of a sodalite c&ge

A 3-dimensonal cubic framework is built by linking the 8 sodalite cages through double
4member ed ri ngasvictryatdingmet éJr & 11.2 ) i
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Figure 1.2 The8-sodalite cagesonnected through doublede mber ed r i ngs -cavitg(haldi n g
black)?6

I n a sodi u-+eavity iked throughethe @hemberedings of 4.1 A diameter,
creates a-8limensional system of channels. These channels are widely known as the zeolite
pore system or porosity. The effective 4.1 A diameter window size is subject to change by
the presence of exchangeable eftsanework catios, which partially block the pore. The

e i g-sages building the LTA unit have 12 negative charges that must be compensated by
these ions. In this way the LTA structure forms so called 3*Afgkm), 4 A (N&-form) and

5 A (Ca*/Na'-form) molecular sievesThe 3 A and 5 A are formed by replacing the sodium

via a postsynthesis iorexchange procedure.

Porosity is the most significant feature of porous crystalline structAmesrding to the
IUPAC classification, micropores are charactegisby diameterof less than 20A,
mesoporesre those with diametefiom 20 to 500 A, and macroporage thoséarger than

500 A In thecase of zeolites, the pores are molecular dimensions, and form highly regular
and coordinated network. Most of the zeolites are ifledss microporous materials, as the
pore diameters created BBU are smaller than 26. As mentioned before, the three
dimensional frameworks ameade up of a series of ring&eolites can therefore be classified

according to their Jatom ring sizes as

f small pore (3.5 4.5A, i.e.,LTA),
f medium pore (4.5 6.0A, i.e., MFI),
{ large pore (6.0 7.5A, i.e.,FAU, MOR).

These pore dimensions enable zeolites to act as molecular sieves in selective ior

permeability (membrane processes) and as sbelpetive catalysts in heterogeneous
3
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catalysis. For example, the MBype frameworkhas ahreedimensionalpore systentuilt
up oftwo interconnected parallel straight and sinusoidainEbnbered ring channels. Those

channels create an overall high internal active surfacearea.

New micrae or mesopores in the crystalline structure can be introdogé&do approaches,
includingbottom-up methods such as hard templating, soft templating andteonplating,

or top-downmethods, such as demetalation or delamination and ass€riihigbottomup
approach is present during the crystallisation of a zeolite and is linked to the use of organic
structuredirecting templates (OSDAspnd mineralsing agens, such ase.g. HF.
Postsynthetic methods include metal extraction, such as dealumination ahchtesi or
aggregation of afrady existing zeolite particles. Demetalation is based on extraction of one
or more framework atoms (Si, Al, Ti) from the crystalline zeolite structure through strong
acid or alkali treatment. In contrast to zeolite dealunovnatdesilication does not

significantly affect the acidity and the crystalline structure of zedfites.

1.1.2 Framework density (FDs))

Application in ion exchange, catalysis, and sorption strongly depends on the size and
orientation of the internal pores and channels. For ion sorption, the total pore volume is alsc
important. In general, pores are related to the Framework densgy, (¥Bich isthenumbe

of silicon tetrahedral atoms per 1088 Back n 1989 Brunner and Meier found a
relationship betwen zeoliteframework densities, porosity and the smallest rings in their
framework, based on theoretical studi€$hey have shown that the EDaluedepends on

the number and type of the smallest rings in the tetrahedral structure. The lowest density
frameworks are those with a maximum number ahembered ringse(g, FAU type
framework, F3i=13.3, smallest rin§ 4). Also, & reported in their wotkhighly porous
structures built of 5and 6membered rings, as smallastgs, were unlikely to occur.
However, they also found out that@&d 4membered ringsreremuch less stable than 5

and é6membered one&urthermorethey also proposed that thecsassful synthesis of very

low FDs;i, extralarge pore and highly porous zeolite structure would be unlikely to happen
in the case of pure silica structures. According to Molieeal., a way to produce stable
largepore zeolites for catalytical applicati® is the use ofelatively large and rigid
OSDAs?®
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Frameworks with lowest R such asthe FAU structure, are predominantly built of
4-membered rings. What is more, the framewtagks 5membered rings subunitén
contrast to the MFI structure. Theredpto obtain same volumes and sizes of mesopores less
time is requied to remove atoms (througlemetalation) frona less dense FAWtructure

than from a much denser MFI structure.

In nearly all known cases, the general observation is that the higlddhalue, the lower

the zeolite pore openings and pore volumes. However, thgreatnterest in findingstable
zeoliteswith high FDsj andextralargepores that allow diffusion of bulky reactanBespite
effortsmade upeecentlyby industrial and academiesearch, oly a fewzeoliteswith more

than 12ring channeldiave been successfully synthesised. Examples of these ai®35SZ
SSz59, ECR34 and OSGL.'* As mentioned beforehe FDsi does not reflecthe size of

the pore opengs, which is crucial for catalytic activity and sieving properties. This is why
some zeolites possess similar or sdfidei and smallest ring sizes (here 4), but different
pore openings.e, ETR (15.4 T/1000 &) and BEA (5.3 T/1000 A) structures, pore
openings of 10.08 and 6.7A, respectively. Subsequently, larger pore opening mean larger
pore volumes of the zeolite. However, this observation is valid only for few novel structures,

which are not yet used industrially.

Channel dimensionand orientations are significant in various applications. Medium (MFI)
and large (FAU) pore materials dominate in catalytic processes in petrochemical industry
(i.e.,, cracking, isomerisation and reformjpngOn the other hand, small poséructures

(i.e, CHA, LTA) have found application in gas separation, humidity sensors, ethanol
dehydratioror asadsorbents/desiccarifs

Table 1.1 summarisestructural features of some of the most common zeolites used in
industrial application. The 5 firftameworktypesare thesoc al | ede Gibi FIf i VE
MOR, FAU, and FERAII those structures and their application are discussed further in this
chapter, in Section.1.4.
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Table 1.1 Summary of structural featess of structures dominating in industrial procedées.

: . : Framework density
Framework | Zeolite e tetrriihedra n Kﬁig'nr?amﬂ?gf (FDs)®
9 T/1000 A3
. 12 6.5x 7.0 (c)*z
MOR Mordenite 8 2.6 x5.7 (C)** 17.0
. 10 42x5. 4 (c
FER Ferrierite 3 3.5 x 4.8 (b)* 17.6
FAU Zeolite Y 12 TAXT.A <111>%%* 13.3
12 6.6 X 6.7 <100>**
BEA Zeol i 12 z 15.3
5.6 x 5.6 (¢c)*
10 5.1 x 5.5 (a)***2
MFI ZSM-5 10 5.4 x 5.6 (b)** 18.4
LTA Zeolite A 8 4.1 x 4.1 <100>*** 14.2
CHA SAPO34 8 3.8 x3.8 (c)*** 15.1
DDR ZSM-58 8 3.6 x 4.4 (c)** 17.6

@ Qrientation examples: (c) parallel to [001], <111> parallel to all crystallographelliyalent (x, y, z) axes
of the cubic structure. The number of asterisksdicates the channel system belrg2- or 3-dimensional;
Z interconnecting channel systems.

®) Framework density, calculated for an idealised;Ri@mposition in the highesbgsible space group.

The sorption capacity strongly depends on the width of the channels. This means that large
molecules will only be able to enter and diffuse through wider channels. Cations located
within the voids can also affect the total pore vaduand sorption properties. Since it is
possible to synthesise zeolites of different SO0z molar ratios and different doping
metals, the micropore volume might vary even for the same crystalline structure. These
changes alter the properties and have a huge impact on sieving and catalytic properties. A
an example, the LTA typeS{O./AlOs = 2) zeolite is most commonly balanced by an alkali

ion (.e, Na'", K*, C&"). The counterbalancing cation has a major influence on the pore
opening size. The primary sodium form has-difBensional channel system of a :8
diameteropening When sodium is exanged to larger potassium, the pore is compressed
to 3.2A. Therefore, KLTA (or K-A zeolite) is alsocalledthe 3 A molecular sieve. It is
possible to exchange the sodium ion for a divalent calcium one, and as there are only half o

the cations present the structure, some pores open up fodiameter?®
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1.1.3 Physicochemicalproperties of zeolites

Zeolites belong to the group of cationic exchanglers to the negatively chargedrface,
which is a result of the isomorphieplacement of Sy Al in the tetrahedral framewotk.
Chargebalancing cationsan be easily, partially or fullexchanged athese arenteracting

with the latticethroughonly Coulombc forces.Theexisting Lewis and Brgnsted acid sites
in zeolites are presented in Figure 1.3.

Brensted acid site

\ H
| )
0 o o 0

N \ SN T Sbstdonor N N0 N /
‘: : Si"" with Al - l l

OO0 OO 06

O““
O\“‘“
O“"

Substitution of
4+ ith X4—
w1 Lewis acid sites
X

o\\“
ow"“ -'

i
o ° o

(X =Ti, Sn)

Figure 1.3 Representation of the Brgnsted and Lewis acid sites in zeolites

One of two acidity sitepresentn a zeolite are the Lewis acid sites, usually generated by the
framework and exteframework Al (EFAI) specie¥ Lewis acidity can be also generated

by substitution of Si with other tetravalent heteroatgnes Srf*, Ti**, Zr*") in the zeolite
framework?® The second type of zeolite acid sites are the Brgnsted acid sites associated witt
the bridging hydroxyl groups (OH group) in thei @H)i Al unit of the framework

tetrahedra. All protonic form (Hi.e., H-ZSM-5) zeolites are so called solid Brgnsted acids

The metal atoms located in the framework positions can undergo partial or total relocation
to extraframework positions when heated to high temperatures. For instance, an FTIR study
by Leeet al, demonstrated that in a protonated-Z&iVI-5 zeolite, galiim was located in
framework positiong® However, at temperatures above 8D0a strong relocation tendency

was observed. This relocation caused the generatiirooig Lewis acidites of unsaturated
extraframework gallium centres. Yet al.observed aimilar trend for the HY zeolite after

high temperature calcination (above 80P?! The relocation of Al generated fivand

7
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six-coordinated EFAI species. Same observations were madediglLiin the case of a

dealuminated and rehydrated zeolitey 42

The SiOx/Al203 molarratio of thezeolite determines the acidity as well as other physical
properties such as tigdrophobic or hydrophilic character of the structérdigh content of

Al in the zeolite frameworkunesthe zeolitehydrophilicity, thermally stabilitybut also
makes itunsuitable for acidic conditiorf§. Aluminium rich structuresre used for solvent
dehydration due to strong adption of polar molecules, while high and-allica structures

are nonpolar adsorbentd.he higher the content of Si, the more hydrophobic the structure.
The inclusion of Al in the zeolite imparts so called hydrophilic point defects in the structure.
It has been generally accepted that the presence of silanol nests (hydrophilic defects) an
their concentration and distributiooorrelate with the zeolites increased hydrophilic
behaviour* What is more, sincevater uptake is much favourable, water molecules share
the void spaces with the charge compensating cations v and the catiorsse mobile
within the framework and can underga unlimited number ofeversible iorexchange,

dehydration and rehydration cycfes.

The ultimate physical and chemical properties of zeolites can be tailored in several different
ways. The zeolite lifetime strongly depends on its synthesis route. For example, large
crystals in which the pore channels areented along the longest crystiimension tend to

be prone towardincreased coke formatiorCoke is defined ascarbonaceous deposits
formedin catalytic processeand deposited on active siteés zeolite poresexternal or
internal zeolite surfacese.g, hydrocarbon molecules depasit in the pores of a HZSN
catalyst after ethanol conversion reactions, whichtéedemporary deactivation dhe
catalyst>?% Relatedly, it has been shown that ultrathin Myfle zeolite crystals found to be
much more catalytically active and stabtenparing to a commercial samplélailoring of

the shape and dimensions can be achieved by contrdtieigmperature, water content,
molar composition, use of OSDAs, hydroxyl media flodride media®2° Fluoride ions

have a profound impact on silica mineralisation and compensate positive charge linked to
the use of OSDASs. As a result, crystalline materials vaitel structural defect density are
achieved® Furthermore, it has been reported that silicdlifgreparedwith the use of
mediumcontairedsignificantly fewerstructural defect?? Since this structure is ail-silica

type, the focus was on the surdawhere silanol groups (8IH) were undesired. As a result,

the densiesof polarSi-OH groupsveremuch lower in comparison to a sample crystallised
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with the use of OHmedium and therefore a higher pH of the inisighthesigel. However,
Nabaviet al reported that zeolite crystals achieved by fluoride sowtxe of much larger
sizes, which is particularly undesiréa cataltic applications due to high mass transfer

resistance’

It is important to note thdhe use ofluoride media sourcas also ratheundesirable due to
their highly toxicity, with HF beingparticularly most dangerous to handfé.In order to
eliminate problematic surface silanol groups and supress degradiaorostsilanisation
(also known as ilylation)*®* and otler methods of surface modificabn, such as
polydopamine polymerisatidhand amindunctionalisatiod® areemployed Silanisation is
a process of covering a sudce with organsilane (i.e, chlorosilane,
octadecyltrichlorosilane3-aminopropyltriethoxysilanemolecules which replace terminal
OH groups throulg formation of covalent SD-Si bonding.As an example, Zapatt al.
reported surface treatmentof an HY (SiO/AlI20:=60) catalyst with
octadecyltrichlorosilan¢OTS)for thebiofuel upgradingeactionsn water/oil emulsiong®
This method led tohydrophobisation of the external surface as well as enhanced

hydrostability.

1.1.4 Zeolite industrial applications and future prospects

In this secton, different existing industrial applications and possible future uses of zeolites
are discussed. Due to possibility of extended contact with water and/or organic solvents, the
solvent stability is critical. Since it is still not fully understood what esa&ertain zeolite
structures more or less stable, the solubility and possible rapid deactivation mechanisms ar

described in a later section, section 1.1.5.

It is worth mentionindnerethat amongmore than 200 existingeolite frameworks, less than
10 ae used in industrial processes, and only 5 structures dontieatatalyst production
(FAU, MFI, MOR, FER, and BEAY’ A major reason for this is lack of understanding why
they are such differences in structural stability among different zeolite framewdnrk
choiceof frameworkis even narrower in water purification systems, where LTA and CHA
type zeolites are mostly explor&tf® Additionally, pure silica commercial DDR type zeolite

membranes have been pagghin gas separation selectivity proceséeé3ne of the main
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reason for this limitation is mainly the costradvel zeolite preparation; this is the need for

expensivéDSDAs, which facilitate the formatiasf molecule cages and chann&ls

1.1.4.1Catalytic hydrocracking

As mentioned previously, medium (MFI) and large (FAU) pore aluminosilicates are widely
used in the petrochemical industry. Oofethe most important processilising zeolite
catalysts is hydrocracking, which is a btstep process of (1) breaking of leogain
hydrocarbonsinto smaller ones(cracking) and (2) hydrogenation, at both elevated
temperatures and pressurdgdrocracking processes are done in aioolous flow regime

with the use of fixeebed or ebullatethed reactors (hydrocrackers). As the processe
suggests constant flow of hydrogen is required to prevetitene adsorption (coke
formation) in the pores. This provides much longestgam tims, as the frequent catalyst
regeneration is not necessary. In conventional Flaigtic Cracking (FCC), hydrogen is

not requiredHowever,coke formation is significant when zeolites are used, hence for this

application noble metaktalyss on metal oxide suppartarebeing widely employed®

Among zeolites, artially dealuminated higisilica zeolite Y is most frequently used in
industrialhydrocracking'* However, it is necessary to reduce water content of the fresh feed,
ideally to less than 25 ppm, a& elevated temperatures (2800°C) and pressures
(8,27515,200kPa) water vapour (steam) causes the crystalline structure to collapse as
demetalation and/or agglomeration takes place. In some processes such as Unicrackin
(UOP LCC) and GOFining (Exxon Mobil) water content is tolerated up to 500*ppm.

1.1.4.2Biomass conversion

Much of researchers' attention has recently turned towards catadgtiersion of biomass

to valuable chemicals and energye( valorisation).One of the reasonwhy catalytic
biomass conversidmasnot yet been commercialisedthat zeolitesnaynotbestable in the
liquid phasesuch as hot liquid waté? Hence, theevaluation of their stability and the need
of development is crucial. However, it is still worth mentioning, due to high interest in
biomass use especially for production of energy from renewable soliltesuse of
renewable biomass feedstock instead axfsil fuels from petrochemical industry would

revolutionise todayods worié, COland NQ)iemssionsn g
10
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and hereafter help with the global warming. Thesgrenmental problems asdsopushing
green chemistry interest towards the use of water insteddraiful and toxicorganic

solvents for catalytic reactiorfs.

Carbohydrates (sugars and starches) represent a large part of the biomass feedstock. One
these, ignocellulose composedof cellulose (9%80%), hemicellulose (10%0%), and

lignin (5%-35%), is an attractive andhallenging substrate for bioethanol producfion
Cellulose is a linear polysaccharitaild of hundreds to thousandsonosaccharide units
joined byglycosidic linkages Cellulosic bioethanol fuel can be produced from catalytic
hydrolysisof cellulose to glucoseHowever, zeolites seem not to have same importance in
biomass conversion as the petrochemical industrybut they can be used in further
transformations otleconstructed lignocellulogé Although, moisture content of biomass
ranges from 5 to 35% and after dryiagl00-200°C drops to <5%. The use of watgable

zeolite catalyst couldhelp bypass the engetically and economically tensive biomass
dehydraion steps and open a new pathway of lower catalytic reaction tempefatrBsis

is why hightemperatureliquid phase stable inorganic catalysts are needed to be developed.
The major step to achieve this is to understand the weak points causing zeolite degradatio
in liquid phase. As an example of a catalyst development, Ma@inal presented that
isomersation of glucosean be achieved with all silica, aluminium freegparedvith use

of HF),Shb cat al yst. Batch reaction (1@ mnt . %
at 110°C and 12 minat 140°C. Both reactions given product yields of approxihgate

46 wt. % of glucose, 31 wt. % of fructose anev@ % of mannosé?

1.1.4.3Solvent dehydration systems

The first zeolite membranes used in industry on a commercial scale were zeolite
Na-A membranes produced in 1999 Mitsui Engineering & Shipbuildingo., Jpan, used

for organic solventlehydratior?® In 2011, aGerman cmpany,GFT Membrane Systems
constructed five plants for high scale ethanol dehydration, utilising LTA coatedHaunnel
alumina tubes® Until now, several companies produced zeolite coated ceramic membranes
mostly for application in @rvaporation(PV) andor vapour permeation(VP) separation

processes.

11
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Pervaporation is a membrabased process in which separation of constant boiling point
(azeotropespr closeboiling organic mixture®ccus. Pervaporation is used when standard
distillation fails, e.g.,for separatingnixtures of ylene isomers? In principle, iquid phase

flow is being placed in contact with a mbrane on the feed side and by applying vacuum
permeatés removed as vapour phageCold traps provide surfaces chilled by liquig &hd

are used to trapondensable vaors and prevent the vapour reaatp vacuum pumpThe

most important features differencing pervaporation from distillation are lower operating
temperaturg lower pressurs, and the ability to gearate mixtures with low energy
consumption.Furthermore, separatidakes place in onstep, as the mechanism does not
rely on the volality of the mixture components. It idased on the molecule

absorption/diffusion properties and the permselégtif the inorganic membrarté.

In a paper byGallegaLizon et al, commercially availablgoolymeric, silica and zeolite
pervaporation membranes were investigated towatulganol dehydration from water
mixtures>*Herein, at 60C and 10 wt. % water content, damembrane (SMART Chemical
Company Ltd., UK dissolved in early 2030obtainedlower fluxes than the microporous

silica unit, while water selectivity was 4.5 times higher.

Table 1.2 presents commercially available zeolite membranes. All systems were used in P\
andor VP for solvent dehydration. Athentioned companies are on the market and actively

produce membranes asiby 2021.

Table 1.2 Chosen industrial zeolite membranesliquid separation (PV/VPapplications

3 Coating side, —
Company Name Zeolite type substrate Application
Bioethanol and solven
M
Mitsubishi Chemical Co., Zebrex CHA Outer, ceramic dehydration
5
Japafi KonKer™ CHA tube Beverage
concentration
Hitachi Zosen Co., Jap#h HDS" LTA(Na-A) | Ou't SA:I s Ethanoldehydration
HDS® | FAU (NaY) tube
itsui i i - LTA (Na-A i
Mitsui Engineering & ( ) | Outer, ceramic Bioethanol
Shipbuilding Co., Ltd. tube .
T-type dehydration
(Japariy’ . s
(zeolite T)
Jiangsu Nine Heaven Hiech Out eAls .
Co., Chin&® - LTA (Na-A) tube Solvent dehydration
0,
Pervatech BV, Netherlants - LTA (Na-A) | nn eAl0;s Ethanol (>90 %)
tube dehydration
Fraunhofer, IKTS, Germafy - LTA (Na-A) ou ttugem s | govent dehydration

12
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In 2008, Hitachi Zosen Co. deliverddpan's first largecalebioethanol dehydration plant

with the production capacity of 50,000day?. It was reported that The Hitachi Zosen
membranéHDS®), which is a NaA zeolitethin film deposited on outesurface of the ADs

porous support tubevasstable under the pervaporation dehydration operagibh30°C 51
However, even though for these zeolite membranes swelling did not occur, other issues wer:
reported, such as framework degradation, dealumimatnol solubility in acidic solutions.
What is more, hydrothermal stability issues were observed. When the Nmlite
membrane was in contact with feed of higher water conteats50 to 80 wt. %, it was
reported that the membrane was severely damagedfter 6 h of operatioat 70°C%2 This

includes decrease in relative crystallinity, cracks langepinholesobservedy SEM.

1.1.4.4Desalination

According to the World Health Organisation (WHO), the occurrence of sodium in drinking
water at levelsbove 0.2y L affects the taste of it. Knowing this, the lowest acceptable salt
(NaCl) rejection rate is 99.5% if seawater (3.5% salinity) is to be converted into drinking
water. This is becausengterm exposure to excess of sodium chlohdppens tincrease
blood pressure with agé\ll the recommendations and requirements for drinking water
quality are collected in thepen access WHO Guidelines for Drinkimgter Quality
(GDWQ) documenf?

Since LTA zeolite membranedhave demonstrated excellent merhance in solvent
pervaporation separation, they are also believed to be suitalilesfalination proceg$5
However, as described in the pimus section, N&\ zeolite coated PV dehydration
membrane failed when the feed water content was greater thaf? &%.of the methods

of overcoming limitations 1o the synthesisf zeolite thin films on ceramic tubes was the
development of the Mixed Matrix Membrane (MMKR)n principle, the MMM is supposed

to combinethe benefits of polymeric matrix and inorganic nanoparticles. Nanoparticles
(inorganic fillers) were expected to Hespersedn acontinuous polymer phaseowever,

so far none of the designed MMMs systems has been commercially used. Unédytuna

most cases there were issues with physical and chemical compatibility and the possibility of

large-scale fabricatioff®

13



Chapterl

However, one of the prospect inorgapaymer membrane examples would be the thin film
nanocomposite (TFN) membrane. In thése, the inorganipolymer layer creates a thin
coating on top of a porous polymer supportsécherdrom the Hoek groupat the
University of California at Los Angeles (UCLAlesigned and patented such a reverse
osmosis (RO) membran®@antumFlux NanoHO Inc, since 2014 a part of LG Chem,

Korea) forseawater desalinatiohe membrane is built out of 3 elementaonwoven

polyester fabric, porous polysulfone film and the nanocomposite-A(Nzeolite

nanoparticlegpolyamide) thin filmé”%8 A single uni has an active area of 372 nwater

permeate flow ratef 34 n? day! and minimum NaCl and boron rejection of 99.75% and

93.00%, respectivell?

Table 1.3 presents chosen membranes tested in laboratory scale. All systems were used

PV andor VP desalination.

Table 1.3 Prospective olite membranes and their performance in pervaporation applicatidedalination

Zeolite - NacCl Conditions on | Conditions on | Thickness Flux Rejection
Support (g LY feed side permeate side (um) (kg m?h7) (%)
. Seawater, o
Na-A i glass DH 8 69°C,30LH Vacuum, - 1.9(@h) 99.9
ceramic tub®& 31 77°C, 30 L I 133 Pa 3 4.9 (4 h) 99.9
Silicate1 - - 1.9
AlL,O; tubé” a5 | otoc paLr| Vacuum, 6.0 (100 h) 99.0
ZSM-5 - U-Al,03 ' T 0.1 MPa 33 2.0 99.0
tube’® ' (100 h) '
N Vacuum,
2SS [)3?'203 3.8 80°C 7 MPa feed : 0.85(N/A) |  99.0
pressure
ZSM5-UALOs | 4, 90°C vacuwm, 20 ~14.3 75.0
tubée’t ' 21°C ' ~7.0 (90 h) 82.0
pressure
FAU - APTES
. : Seawater Vacuum 3.25
modi f-i ¢ o 75°C 2.3 99.8
AlLOs tubg? 3.5% 10 kPa (120 h)

As described before, in order to overcome limitations for commercial membranes use, many
different studies were conducted on alternative zeolite type membranes. In all cases, the
major challenge was to find stable solutions for heavy metal water purification and seawater
desalination, where high water content is present. A partimdashasbeen placed oNIFI
structure asthe ZSM5 zeolitecan be synthesised in a wide range o880z molar ratiq

hasa medium rangef 3-dimensional interconnecting channéis1-5.6 A) networkanda
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high framework densjt(18.4 T/1000 A), whichmakes it a potentially stable and suitable

candidate for a desalination membrane.

The paper byChoet al.reported an excellent performance of almembrane in seawater
desalinatior?> The membrane rejected more that 99.9% seawater ions such &S Nég®",
cea*, S, F, CI, Br, SO, PQ?Z, NOs, except forcharge neutral boron, B(Ok)Boron
rejection was on the level of 79.2% at 69°C, while the flux was relatively low (€ kg').
However, the paper failed to consider the lbeign experiments and presented observations
after only 4 h of desalination. Because of thisee performance and stability of those

membranes after extended periods of operation are unknown.

However,the paper by Drobekt al. presented a 560 h desalination test in pervaporation
mode’* The main aim of this study was to show the decrease of thedniite based
(ZSM-5 and Silicalitel) membranes performance in time. During the toergnexperiment,

the NaCl concentration increased from 3.5% to 7.5% and a decrease in performance wa
observed for both membranes. Salt rejection dropped from 99.9% to below 30% and 96% tc
82% for ZSM5 and Silicalitel, respectively. This was most probably doeNa ion
exchange and dissolution mechanisms. However, these pervaporation tests were done in
cyclic change of temperature and sea salt concentration without any previous regeneratiol

of the membranes.

1.1.4.5Gas separation systems

Nowadays, gas separatiogsteems are applicable in many industrial processes such as
hydrogen recovery, C{storage, natural gas upgrading, alkenes recovery, air purification
and other? In particular separation of C@andCHys is importanin e.g.,anaerobialigestion

of plant aml animalderivedbiomass Opposite to catalytic hydrocracking, €€eparation

takes placatlow temperatures but requires elevated pressures. This is why stable inorganic

membranes are much more favourable than polymer ones for this application.

Table 1.4 presents commercially available zeolite gas separation membusees in

CO/CHs mixture separatiorprocesss.
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Table 1.4 Chosen industrial zeolite membranesdas separatioapplications

Coating side,

Company Name Zeolite type substrate type Application
H|tac2| Zoggn Co., Hitz Cop LTA Out ehlDstube CO; separation
apa FAU CO; separation
NGK Insulators, DDR I nneAl,Os U CO,separation from
Japarf® honeycomb tube methane

In February 2019, twdapanese companies started the construction of a gas separation
facility at aTexasbasedpetroleum site. Daily, during production at the site, approximately
85,000m? of associated gas wgsnersed. In 2020 it was announced that the facility would

be tesing largescale (0.18 m diameter, 1.n length) DDR-type membranes (NGK
Insulators, Japan). The role of the membranes is the remo@&hbdfom theassociated gas

So far, initial tests were carried out only on a laboratory §€a8 m diameter, 0.16n
length)but underconditions similar to redife ones. These were as follows:-8% mol%

COz and 2935 mol% CHs gas mixture, 5&0°C, tansmembrane pressure differerate
7.4-7.7MPa and up to 148 testing time. As eesult,the separation factor of@/CHs was

high and relative gas permeability was stabtk) throughout the test, which is considered

as a succesg.

In addition, NGK Insulators performed their first gas separation tests. ShijfRetype
membranes were prepared by hydrothermal synthesis on the outer wall of alpAteDs

tube (active area of 8.7 cHh’® The best results were reported for the DDR membrane in a
1:1 CO,/CH4 gas system, at 26 and transmembrane pressure difference of 0.1 ®Pa.
Higher temperatures (up to 1®@) and pressure differeas resulted in lower GO
permeance and separation. Furthermore, in order to check the effect of humidity on gas
permeation and DDR stability, @0,/CH4 gas mixture containing water vapour (up to
3% H20) was introduced to the feed aftabilising the membrane with a dry mixture for

4h at 25°C. Because of the introduced vapour, the;€meance and the separation
selectivity decreased by 56% and 50% their initial values, respectively.the CH
permeance was the same as during lstabion. Both permeance and selectivity were
recovered to initial values as soon as vapour was switched back to the dry mixture.

Contrarily, the presence of 3% Nad no effect on both G@ermeance and selectivity.

According toHitachi Zosen Co.the Hitz CO, membrane separation element is able to

reduceCO, concentratiorfrom around 400 ppniin atmospheric airjo less than 80 ppm
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Furthermore, the element can extr@geo of the CQ from engine combustion exhaust,

which typically contains 2G0%of the gas>®

Small pore zeolites frameworks such 88T, CHA and DDR are the main interest of
researchers for gas separation, as these zeolites ppssess a sizesimilar to that of the
CHs (3.8 A), but larger than the COmolecule(3.3 A). However, despite excellent testing
results and scalep possibilities, the industrial production of SAB® (CHA type) and

zeolite T (LTTtype) membranesor gas separation has not yet come to realisation.

1.1.5 Zeolite deactivation mechanisms and solubility in liquid media

1.1.5.1Reversible deactivation mechanisms

As described previously, in section, 1.1wo of the major problems prohibiting the use of
zeolite catalysts for biomass conversion and other liquid phase ajpig are the rapid

rates of deactivation and framework collapse observed upon use in the liquid phase. Due f
those phenomena, the use of zeolites is still limitethaseindustrial applications. There

have been several reasons identified for the tedkactivation in liquid phase catalysis,
most of which are reversible. Understanding the stability and overcoming these deactivation
mechanisms wouldpenthe possibility of using a wider variety of zeolite frameworks in

industry. Reversible mechanisme @nes including fouling (coking) and poisonffig.

The first deactivation cause, fouling, is associated with site blockage by physisorbed reactior
by-products. This is very common when heavy hydrocarbons are produeeduring
hydrocrackingThat is why constant flow of hydrogen is needed to avoid this phenomenon.
However, fouling might also occur in liquid phase biomass convetsitine process causes

a decrease in specific surface area and porosity, and results in redagedsioractivity

and selectivity of the catalyst. This process is reversibleegeheratiorcan be achieved

by simple calcination (over 58GQ) procedurd? The ultimate aim of this is to remove the

material that blocks access of the reactants from pores and voidsinmreuse the catalyst.

Poisoning refers to strong chemisorptiorvafious adsorbates, which block the active sites.
This is associated with various components present in the feed or wptlodhycts formed
during the catalytic reaction. Similar to fog, partial egeneratioris possible by thermal
treatment® However, preventioiy removal of contaminants from the feed is much more

beneficial due to the ability of the catalyst to operate for longer times without need of
17
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intermittent regeneration. Other ways to prevent chemisorption are the optimisation of
zeolite pore structure drfor adding additives that selectively adsorb the contaminants

causing poisoniné

1.1.5.2Irreversible deactivation mechanisms

There are three known irreversible processes causing the catalyst deactivation and on
associated with mechanical disorder. Thes®acbemical (leaching, dissolution and active

site reorganisation) and physical nature (mechanical alteration).

Leaching is thesolubilisation of particular components of the catalyst while in reaction
medium® It is irreversible and might be a consequencaative site reorganisation. The
process can be detectedtbg liquid phase analysis such as KB and MRAES methods
Contact time between ¢hliquid and solid phases might play a critical role in the leaching
processBritton et al previously reported that reactions done under continuous flow regime
offer multiple advantages over bataactions in terms of catalyst lifetime and its actifty.
However, it should be noted that postsynthetic metal leachermy, lemetalation) is
occasionally targeted in order to stimulate the formation of mesopores. For this process,
acids and bases are used in a controlled time and temperature processth@neagt of
producing mesopores is by controlieéesilication.Groenet al.published initial findings in

this field and PérezRamirezet al. further expandedthe topic®®®’ These authors also
emphasise the neddr sustainable zeolite synthessute and note that most bottarp

approaches use larger amounts of toxic organic templates.

The (solvo)thermal dissolution is associated with the structural destruction or dissolution of
the solid when in contact with a hot solveRbr zeolites, it meanamorphisation or
formation of new phasé§ This process can be identified through comnemmniques used

for thecharacterisationf powderssuch as pwder X-Ray diffraction(pXRD).

Active site reorganisatiorsiptering)is associated with agglomeration of active sites, which
results in reduction of specific surface area aocessiblective site area. This process is

strongly temperature depdent and most likely occurs due to (solvo)thermal reactfons.
Since atoms within the zeolite framework can move to drirmework positions this

process might be a precursor to leaching, which is irreversible. Reorganisation might be
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regenerated by gilation. This process is associated with covetirgexternal surface with

organosilangswhich also enhancésydrophobicityof the zeolite®®

A mechanism not strictly associated with deactivation, but causing multiple problems, is
mechanical alternation of the materiad., size reduction or breakup of particles. The
mechanism is especially important when operating in continuous flow regirguebs

media might cause abrasion to the solid material. This process might be problematic wher
performing reactions in fedbed reactorsunder continuous flow regimeBecause of
mechanical alternation, smaller particles are formed. This causes presddnagphin the

continuoudlow reactor?®

To overcome the irreversible deactivation and complete degradation of the material, two
approaches are possible. Thest is to try and avoid possible causes by minimising
parameters initiating deactivation, thssby feed purification or tuning the framewdik.
Second approach is to carefully monitor of the parameters in the synthesis process, such ¢
presence of silanol nests aadcept partial deactivatiorin order to avoid chances of
mechanical alternationhé temperature and pressure must be chosen in such a way, which
avoids severe gradients in the reactor. This problem often occurs in catalytibdked

reactors as mentioned above.

1.1.5.3Solubility in water

As discussed in Section 1.1.4, solvent dehydrationgsses are performattemperatures

up to 130°C, while desalination is typically performed in a lower temperature regime,
ranging from 30°C to 100°C. It has been observed that the lower the water content, the highe
process temperatures are toleratethieyzeolite structuré To add atelevated temperatures

(up to 400°C) catalytic processes can be achieved only if the water concentrationsvare belo
25 ppm. In high temperature hydrocracking, steamas®s fApoi sono, cau
deactivation of the catalyst, but also a general collapse of the whole structure. However, it is
not clearly known what makes certain zeolite structures more stable and less prone tc

irreversible deactivation mechanisms.

Studies show that steaming process differs from standard water treatment. However, stean
treatment is a conventional method of zeolite dealumination. Since the 1970s,

dealuminated zeolites were used asluk Catalytic Qacking (FCC) catalysts
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Dealumination i steam is preferred since high silica zeotiteof SiOx/Al2Os molar ratio
>6, cannot be synthesised in a traditionattomup way. Thus, commercial zeolites are
postsynthetically treated with steam (>4@) to achieve dealumination and therefore
higher Si contenf>®* As an example, aommercial NaY zeolite (CBV 100,
SIO/AI03 = 5.1, Zeolyst) is steamed and ierchanged to achieve high silica content, of
SiO/Al>03 up to 80 (e, CBV 780 for commercial uses

However, when using liquid water undartogenic pressurawenelleet al. suggested that

the main degradation mechanishthe HY and HZSM5 zeolites was the hydrolysis of
Si-O-Si (siloxane) bond¥ This phenomenon was observed in contrast to dealumination,
which dominated while steam apglieSteam treatment of the HY zeoliéel to an increase

in the SiIQ/AI>.0O3 and complete amorphisation within 6 h at Z8°C. Another study that
focused on the impact of steaming on BEA type zeolite has shown that after applying 100%
steam for 14 h 480°C, 14% of all framework Al atoms moved to EIRfositions’® The
dealumination lead to a decrease of Brgnsted acid sites concentration to a number muc
lower than expected. So far, it was accepted, that the high temperature steaming always leac
to hydmolysis of the SIO-Al bonds, formation of EFAspecies and observation of hydroxide

species on the zeolite surface.

It is a wellkknown fact that high alumina zeolites are more soluble in aqueous acidic media
and high silica ones are more soluble in aquedkedi.®® In a neutral value of pH (pH ~7)

the overall zeolite solubility in water at room temperature is known to be low and nearly
non-existent. However, when higher temperature is involved the stability in neutral pH
differs.

Table 1.5 presents observations offedent zeolite type structures behaviour when in
contact with water when samples were tested in Teflon lined stainless steel autoclaves unde

autogenic pressure.
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Table 1.5 Examples of chosen zeolite struas hydrothermal stability studies in recent years.

Commercial?

Test

T

Time

Structure | Zeolite Y/N method °C) h) SiO2/Al 203 Result/ Change®
Pore volume: TMS+
M-,
25 Si/Al: N,
Crystallinity:
160 significant decrease
Pore volume: MS+ M
Si/AlL Y -
3:3:;;\?68 150 Crystallinity: slight
. v reactor, decrease
BEA Hb (Clariant) 1 g zeolite in 48 Pore VOIL,:An_]e' TMS-
ngg]tlé rOf 25 SilAl: N
Crystallinity:
300 completely lost
Pore volume: T+ MS+
M-,
150 Si/Al: Y -,
Crystallinity:
completely lost
BEA?®8 HD 50 mL 25 Crystallinity: 6%
v Teflon lined
MF|98 HZSM-5 (Zeolyst) s° 200 6 23 Crystallinity: 359
autoclave, ystallinity: 35%
0.5g
Pore volume: TMS-
M-
Si/AlL Y -
200 mL 250 144 92 Crystallinity: no
Teflon lined change
HZSM- SS BET area: 81%
TON® >0 N autoclave, Pore volume: TMS-
0.3g zeolite | 100 SilAl: Y -
in 200 mL of BET area: 6%
water 72 92 Pore volume: TMS-
M-
200 SIAL: Y-
BET area: 26%
30 Pore volume: MS+
50 Crystallinity: no
MF1°4 HZSM-5 change
. 27Al NMR: octahedral
TeroSnSImed 80 Al peak disappeared
Y autoclave, 1| 200 6 12 Pore VO“%'”_‘e: MS+M
(Zeolyst) g zeolite i’n Crystallinity: 34%-
20 mL water 30 Pore V°'L.”T‘e: MS+M
FAUS HY Crystallinity: 65%-
Pore volume: MS+ M
80 Crystallinity:

completely lost

@ (Y) i changed; (N)i no change observed; (T)total pore volume(MS) - mesopores volumeM) i
micropore volume; (+) increase in valug;) i decrease in value. All values compared to untreated samples.
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The experimental investigationsighlighted in Bble 1.5, of variouszeolite hydrothermal
stability provide useful dataFor example, a number méportshavefocusedon thestability

of FAU, MFI andBEA type frameworksIn contrast, the only data considering the MOR
structure reported only the change in relative crystallinity without focusing on other features
such as pore volume, EFAppearance or change in other textpralperties. However, a

few conclusions can be made after analysing the presented dataset. First of all, in aqueot
environment, it is clear that the higher the temperature, the larger the damage to the structur
of a particular zeolite material. The inddcgtructural damageas mainly observed as a
significant loss of framework integrity, evidenced by a loss of relative crystallinity and
(micro)pore volume. Secondly, in elevated temperatures°@0the MFI structure, in
particular the HZSMb zeolite BiO/Al.Ozrange 2380), showed relatively better stability

than the FAU structure. Thirdly, the lower the aluminium content, the larger the damage to
the FAU structure. Ramelle et al. observed that the low aluminium zeolite Y was
completely amorphous aftemly 6h of treatment in the autoclavkLastly, both BEA
structures of high and low aluminium content completely lost crystallinity after contact with
water at 300C. This observation might indicate that at some point, the tempeiathigh
enough to damage the zeolite structure, after only a few hours, no matter how durable an

stable it would batlower temperature (168C).

Despite these findings, it is clear tladitthe studiepresented thus far have focusetthe
stability of zeolites under autogenous pressure in Tdflfmd autoclaves, and none of them
were done under other conditions, such as high pressure or continuous regime.
Consequently, direct extrapolation of these findings to the use of zeolites in continuous flow
liquid-phase applications is not straightforward. Accordingly, it is clear that further
knowledge regarding the chemistry of zeolite materials in liquid phase media is required for

improved performance in heterogeneous catalysis or separation procdssedtained.

1.1.5.4Vapour and organic solvent uptake

Hydrophobic zeolites of high silica content do have an organophilic nature, which might
find application ire.g.,solventphased catalysis or in solvent separation applications.

While, as expected, waterp@ur uptake is increased in hydrophilic high Al content zeolites,

ethanol sorption isotherms revealediféerent behaviour. In particular,samilarly high level
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of ethanol vapour uptake among high aluminaZ@M-5, SiQ/Al.03:=30, Zeolyst) and no
alumina (Silicalite-1) samples was observ&l. At 35°C, two Silicalite-1 samples
synthesised in hydroxyl and fluoride media resulted the same values of ethanol uptake
(~2.4mmol g1). This would mean that the concentration of structural silanol defects had no
influence on ethanol sorption abilities. However, th&%M-5 (30) sample had a slightly
higher ethanol uptake 6f3.0 mmol ¢! underthe same temperature testing conditions.

Another study, by Hungeet al focused on the influence of methanol on acid sites of
HZSM-5 and NaZSMb (both commercial, Si€Al-0s = 30, Chemiewerk Bad Kstritz).1%t
Two types of experiments were doradsorption isotherms of methanol vapat25°C and
TPD chemisorption in the range of-377°C. Methanol vapour isotherms showed that the
adsorption on HZSMb is always higher than on its Marm. However, inthe case of both

samples the coverage was in a similar range e8&0nmol ¢'.

After comparing bth studies, it can be concluded that the adsorption capacity of both
solvents (methanol and ethanol) over th&$&M-5 zeolite is comparable. In addition, the

kinetic diameter of methanol and ethanol aré@A and 43 A, respectivelyt®?

According to own aalysis and gathered data, &iZSM5 (30) sample is capable of
absorbing135mL g?! of water vapour (at 2&). This means that the vapour sorption
capacity is approximately 770 times higher thatme casef ethanol and methanol sorption.
Water is more polar thamost usedrganic solvents. Since the critical diameter of water
molecules is 2.8, these moledes can penetrate the structural zeolite channels much easier,
while larger molecules such as ethanol and methanol are excluded. Recsagyfound

that the zeolite stability might be dirgctcorrelated with the concentration of internal
structural defcts and the number of intraporous water molecules absorbed into the
structuret®® However, these assumptions have not yet been proved and evidesecke
research is needed. Comparison studies between different structures call for attention sinc
it is notclearly known what enhances hydrolysis (framework degradation) and if it applies

to all types of zeolites.
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1.2 Metal Organic Frameworks1 structure, properties and applications

1.2.1 General structure

Metal Organic Frameworks (MOFs), which are usually referred emalogues to zeolise

are builtup of metal ionsor clusterscoordinatedwvith organic mone, di-, tri- or tetravalent
ligands, usually referred as organic link¥f8VIOF structures may be organisedrbpeating
coordinationinto 1-, 2- or 3-dimensiorl frameworks. However, only the general idea of
structural building units makes MOFs and zeolites similar. The choice of metal ion or cluster
and the organic linker #exible butdictates the overall structure and most of the properties,
such & cavity size, pore volume, specific surface area, aciaygrophilicity, and thermal

stability 1°°

In 1989 Hoskins and Robson proposed a new class of polymeric materials, new infinite
polymeric frameworks consisting of three dimensionally linkedlitogl units®® In early
papers, Robson proposed a series of predictions about these structures, all of which hav
been experimentally confirmed. However, it was tevelopment of the first MOR&

1995 which turned out to ba milestone in porous artificiarystal sciencé®” One of the

most well-known and widely researcheMOF structurs is the secalled IRMOF1 (or
MOF-5).1%8 This MOF is composed of oxygecentred ZnO clustersand a terephthalate
dianion linker betweet? It was synthesised for the first time1899 bythe Yaghi group.

Its derivative, IRMOR3, differs by only a single amino group on its carboxylate linker. The
use of 2aminoterephthalic acid (\dBDC) introduces the said amino group. This slight
difference in the structure influences various properties such as thermal and solvent
stability 11°

Same as in the case of zeolites, various MOF topologies are successfully synthesised b
varying the arrangement of linker and meatahtaining SBU unitsi.e., linear, triangle,
square, cubietc.)! These arrangements have been classified and it has been recommende
that for network topologies three letter codes from the Reticular Chemistry Structure
Resource (RCSRwould be used, as presented in Figure li.dhould be mentioned, that
currently (as of November 2021) there are more than the full Cambridge Structural Database
(CSD) contains over 100,000 known MO¥$.
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Figure 1.4 A small part of aable ofsuggestd possibléinary metalorganicframeworksarrangementAll
data shown are taken from the Reticular Chemistry Structure Red®E&R). Adapted fronKalmutzki et
al. work published irScience Advance'd®

The naming for the network topologies was adapted from zeolite science. As an example
the abbreviationia comes from the fouconnected net of a diamond. A MOF structure may
also have its derivatives and in this case a suffix is added vehehe orignal vertices are

replaced by tetrahedron ongs).!!!

Most of the earlydeveloped MOFs had poor chemical stability, which resulted
degradatiorof the frameworksvenunderambientconditions!!* Poor stability has thus
initially prohibited the use of MOFs in applications such as catalysis and membrane
separation, even though their chemical structure and functionality, such apdiwis
nature ad tuneable structurgsuggest high suitability for these applicatiét'sRecently,

more and more watestable MOFshave been developed and many applications in water

have been investigated and reportéd!’118

Similar to the case of zeolites, the water stability of MOFs might begyostetically
improved. Burtchet al observed that the stability could be improved by the incorporation
of hydrophobic fluorinated and alkyl functional groups on the ligah@his mechanism is
related to two typgof hydrophobicity. In the first case, water is being prevented from
adsorbing into the inner pores. In the second case, water can still adsorb in the pores bt

cannotcluster around the metal centre
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1.2.1.1ZIF -8

Zeolite Imidaolate Frameworks (ZIFs) are subsebf the MetalOrganic Fameworksand
are isomorphic with zeolites. ZIFs are composed of tetrahedrally coordinated transition
metal ions €.g.,Fe, Co, Cu, Zn) connected by imidazolatamidazolatetype linkers!2°
The lasic repetitive units of metals (M) are similar to Si and Al ions in zeolites, same as
imidazolates (IM) are in place of linking O atoms. The 145° angle between-1ive-M

makes them similar to zeolites in terms of framework construétfon.

The most welknown ZIF structure is the sodaliteod type ZIF8, built with zinc ions
coordinated by four imidazole ring% The coordination is san@esin thecase ogiliconand
aluminium atomsovakntly joined by bridging oxygen ions zeolites'?® The structure is
known for its large cavities with a diameter of 814, which areconnected through small
pore channels of 34 diametersThe aystal structure of ZIf8 is presented in Figure 1.5.

Figure 1.5 Crystal structure of ZiH8, where ZnN - blue tetahedra; carbongrey balls; large cavitiesyellow
spheresThe figure was adapted from a published articl&bjje et al1??

The ZIFs group differs from other MOF subgroups by exhibitipdrophobe properties??
Generally, ZIF8 is known for higlporosity, highspecificsurface area, hydrophomeature
open metal sites and water stabifif§.

Stability studies were conducted BPyark et al. and revealed that amongst twelve tested
zeolite imidazole frameworks only Zn(l1) Z4&found to be water insolubté® The structure
mantained its crystal structure after being kept 7 days in boiling watefC).@hd organic
solvents. Furthermore, the structure remained unchangedaitiag (100°Q it for 24 h in
0.1M and 8 M aqueous NaOM?> Unfortunately, the paper failed to proeidata on the acid
stability of the tested ZIFs.

26



Chapterl

Preliminary studies confirmed thAtF-8 remaired structurallyunchanged after immersing
in boiling water or steaming at 300°C by demonstrating data omythtltine structure and
specificsurfaceareat?® Bhattacharyyat al.reported thatheacid gagi.e., SOz and in humid
air) causesirreversible degradation mechanism, this research vgapported bya
computational study?’ Also, an indetailed EDX and FTIR study on Z& hydrolysis
showed thatvater attack might take place to a certain extent gddblysisis observed after
prolonged water treatmeat high temperature¥2 The described degradation mechanism
involved partial cleavage of the A% bond in the building unit, leading to a formatioh

hydrolysed clusters in water

The ZIF8 as a commercial product is produced under the name B&sd@it200 (BASF).

1.2.1.2MIL -53

A typical MIL-53 structure consistof interconnected (via OH groupsprnersharing
AlO4(OH), octahedra bridged by ,4-benzenedicarboxylateH(BDC) linkers For each

metal centrefour ofthe oxygen atoms originate from four different carboxylate graefps

the linker. he remai ning two oXxygen -@Hgooapswhizle | o n

bridge neighbouring metalusgterst?® The structure is presented in Figure 1.6.

AIO,(OH),
+ I

Terephthalate — MIL-53(Al)
Figure 1.6 (a) octahedrametal building unig andthe H,BDC linker forming (b) a 3D stucture with 1D

rhombic channelsAtom colaurs: C, black; O, redal, blue. Figure was adapted from a published article by
Nguyenet al13°
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The MIL-53 structure is characteristic for its 3D structure and 1D diamond shape channels
of 8.5A (anhydroushlong the [100] crystallographic directiofhis MOF is praised fdts
remarkable thermal stability (up to 5@ in air), high microporosity and high specific
surface are&! Due to its structure, MH53(Al) has exceptional potential in catalysis, as it
possesse8rgnstedtype and Lewidype acid sites. RecentlyIL-53(Al) was used in
catalysis such asalkylation, cycloaddition, Mannich reaction and cellulose
transformatiort®® Furthermore, MIL53(Al) and MIL-53(Al)-NH2 mo d i f -alemiha U
membraneshowed an excellent efficiency and performance in terms of separating an
hazardous organic dygom methanol and isopropanabolutions at an extremely high
concentration of 20fng L"1.132

However, prolonged testing MIL -53(Al) understatic conditions,n boiling waterunder
reflux, has shown that surface degradation of the MOF particles might occur. The particles
might become covered with a thick amorphous sheb-8fO(OH) and exhibit a large

number of protrusion®’

The ultramicroporous MIE53(Al) MOF is commercially produced under the name
Basolitse A100 (BASF).

1.2.1.3HKUST-1 (Cu-BTC)

The HKUST-1, also known as CGBTC, was first described in 1999 as@enrframework
metatcoordination polymervith a molecularsieve chareter and thermal stability up to
240°C in airt3

Studies on water sorption abilities have shown that HKWS3 strongly hydrophilic and

that the Cd&* metal sites were the primary adsorption sites for water and other polar
moleculest®>136137|n contrast to previously described structures, HKHS3 built of metal
copper nodes interconnected by 1;Beémzenetricarboxylic acid (BTC), which is a tritopic
linker. The crystal structure of HKUSI, a coppebased paddle wheel topology, is
presentedn Figure 1.7.
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!4» u'

Figure 1.7 Crystal structure oHKUST-1 where primary pore sizégreen ball)pore sizglarge brown ball);
secondary pore sidpink ball); hydrogerfwhite ball and stick); linker stru{grey ball and stick); copper nods
(small brown ball and stick); oxygen (red ball and stick)iadécated. Figure was prepared and adapted from
Chemtube3D.1*8

The HKUST-1 structure was found to possess moderate steam stability and high efficiency
in revasible sorption of C@'° It was also found to be highly stable in steam but with
significant decrease iits specific surface areand water capacity afteprimary water
adsorption:*® Another water vapour adsorption study, under dynamic-agpilibrium
conditions simulating scenarios of carbon capture from natural gas, showed that water
vapour did not cause the decomposition ofBIIC (25°C, 15 and 120 min exposure time,

5.6 mbar partial pressur&):

The ultramicroporousMOF is commercially produced under the name Badoli®300
(BASF).

1.2.1.4Ui0O-66

The structure of a model Ui66 structure is built out of octahedromsnsisting of
zirconium(Zr), hafnium (Hf) or cerium (Ce) atom#& As an example, in a Ui®6(Zr), the
Zr atons are capped bg3-oxo ande3-hydroxy groups occurringepeatedly creating
[ZrsO4(OH)4] clusters Octahedral edges are linked all together weginboxylate groups
originating from the organic linket,4-benzenedicarboxyla{&l.BDC) or its functionalised

analogue. Thisesultsin a formation of the UiG66 structure presented in Figure 1.8.
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Figure 1.8 A representation of a defefree structure of UiG66 with 12coordinated Zbased metal clusters
interconnected by thk4-benzenedicarboxylatél(BDC) linker in a facecantered cubic array. Atom labelling
scheme: C, black; O, red; Zr, blue polyhedra; H, white; tetrahedral cavity, oranagleedral cavity, yellow3

Depending on the linker variation, the MOF derivatives are named with added suffixes, as
follows, i.e., -H (H2BDC); -NH2 (NH2BDC); -OH (OH-BDC); -COOH (BDGCOOH).The
UiO-66(Zr)-H is characteristic for having a pore siae6 A along with tetrahedral and

octahedral cavities of 7.4 A and 8.4dfametey respectively**

Along with thermal stability up to 38C, the most intriguing properof this particular MOF
is its reported solvent stabilitgt room temperature amongommonly used solvents
i.e, acetone, chloroform, isopropanol, methanol and wéteThese could prove the
potential for applications such as gas sorption and separation, solvent separation an

catalysis.

It was reported by DeCostt al. that both UiG66(ZryH and -NH2 showed structural
stability towards organic solmés, water and 0.1 M HCI after testing the stabgityoom
temperature for 24 H° However, astructural breakdown was observed when both were
exposed to 0.1 M NaOH. The complete degradation of the structure was indicated by

observation of an amorphousk® pattern.

In a work by Caratellet al, a multistepcomputationaimodelling approach was used to
explore the influence of water and methaiM¢OH) on active sites of a UiB6 structure?®

It was found that water had a beneficial effect on reactivity as it provided extra Brgnsted
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sites through hydrogen bonding. On the other hand, methanol molecules weredbiteted
active sites and linked by hydrogeonds Methanol was believed to asfsin proton transfer
between active sites and charged intermediates in the solution. In this case, methanol wa

believed to stabilize the active site charge.

The postsynthetic ligand exchange (PSE) reported by Marratad. showedthat the role
of MeOH was to aidstabilisation of dangling linker$*’ However, a strong interaction was
found between MeOH solvent species and the inorganic clustéidddR detectedignals
from MeOH. The chemisorption of MeOhvas observedven though the sample was
washedwith EtOH and driecit 100°C beforahe NMR analysis. Previously, Shearetral.
reported a decrease in the linker content of a-68Q3tructure washed with MeO¥ These
observations shoed thatthe excesaise of MeOHmight generatstructural defectsueh as

missing linker and/or cluster.

Furthermore, an IRMOB [ZnsO(BDC-NHy)3], whichis a zinc analogue of a Ui66-NH>
structurehas shown poor stability towards MeGH.A degree of crystal degradation,
broadening of peaks and reduced intensities, were observed by pXRDogftatidn of
methoxymethyl amine groufiy the reaction with paraformaldehyde and Meéitéronly
24 h at50°C.

1.2.2 Potential prospect commercial appliations

1.2.2.1Water harvesting

Water harvesting isre of theMOF applications that is currently attracting interest. The
Yaghi group have designed a novel MOF wdttarvester prototype in 2047 The general

idea was to generate fresh water out oialerany conditions. The devias powered by

sun, under ambient sunlight and a condenser was used to recover water vapour absorbe
inside a MOF801(Zr)*%° As the project gained attention, the group shifted their focus from
zirconium type MOF to newlylesignedaluminium MOF-303(Al). The search for a new
material was driven by the need fohydrolytic stdble MOF materialt®® Apart from the
synthesis, there aralso moreltallenges and objectivés achieve, such asability towards

airborne contaminanteptimised heat and mass transport dfidient sunlight utilsation

This selection of thelaminium MOF-303(Al) in the optimised system presented sorption

abilities 10 times higher than when theMOF was previously used. What is more, the
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synthesis was done in a much greener way, with use of only water as $¢ivier2018, a

larger device with dimensions similar to a microwave was tested in the daiestip USA,

the Mojave dessert. The authors of the project have shown that even if the relative humidity
and temperature were at the level of 10% arf€€C2vespectively, the recovery of water was

0.7 L day* kgwor 11521t was initially planned that by the end of 2019 the group would be
able to produce a new device with harvesting capacityl@fl7 day* kg of pure drinkable

water.

1.2.2.2Catalysis

Metalorganic frameworks have rapidly gained interest as analogues to zeolites. Their degres
of structurdlexibility, variety of topologies, pore sizes and supposed stability across a wide
range of pH and temperatures makes them superior candidates towardsethe
heterogeneous cataly$fSFurthermore, their unique structurey beof bifunctional nature

as the unsaturated metal sites and weakly coordinated moieties could funtievisaand
Bragnsted acid site$? Their catalyticactivity originates from the uncoordinated metal
centres and functional groups attached to the linkers of the framéWwdike use of these
structuresin catalysis has not yet reached industrial scale due to their complexity, and a lack

of fundamental understanding of the structures.

Several studies show that MOFs have a potential in sebas®d catalysi€® This is mainly

due to the pore sizes and topology of the framework, which can be finely tuned by selecting
appropriate linkers and metal nodess an example, Bakurwet al. presented that
isostructural UiG66 structures (Hf, Zr, and Ce) exhibited varying degree of gcidliThe

acidity order was found to be Hf>Ce>Zr, in accordance with their oxophilicity order.

However, there are still a lot oiallenges and objectivés overcome such as understanding
the structure and reactivity relationship, establishing sustaimablgion protocols and

validating the materials in scals® scenario$®®
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1.3 Aims and objective

Water stability of materials used in catalysis and separation processes has clearly become
topic of research interest over the last decade. However, to date chadlenges have still

not been completely overcome. One of these is the understanding of hydrolysis and othe
processes leading to complete structural degradation of the materials. Answering the
guestions of why some materials grene to water damagehile others not, is one of the
scopes of this thesis research. As an example, all zeolites are built of same atoms but th
arrangements of those are different in each of the 250 known structures. Building units creat:
different 3dimensional frameworks afhich some are highly resistant to water damage,
while others undergo structural failure. Similar observation can be made for the case of MOF

structures.

Based on this, the main aim of this thesis is to develop experimental protocols to investigate
and futher evaluate the stability of chosen zeolite and MOF structures in contact with
solvents. Of primary interest is the evaluation of the stability of these mataniddsreal
operational conditionse., in the presence of a solvaatitelevated temperatiand pressure,

in continuous flow. The thesis starts from testing commercially available materials. Later
experiments focus on the solvent stability of synthesised structures, in order to compare the
trends generated to those obtained for the commenogd, avhilst gaining greater control

over the composition and structure of the materials. In all cases, relative crystallinity and
microporosity are the first indicators of internal changes, although complex spectroscopic
studies as well as simple methods also employed to prove and understand the observed

structural changes, such as leaching and/or dissolution.

To summarise, the studies that will be covered in this thesis are as follows:

1 In Chapter 3, preliminary studies are done focusing only on chos®mmercial
zeolites (FAU, BEA, MFI, MOR, FER, and LTfkamework typekin order to gain
understanding on the stability of different structures in water. Continuous flow
experiments in a fixethed reactor are employed due to ease of sample and effluent
evalation, and to provide realistic mechanistic information. The relation between
framework density, decrease in crystallinity and (micro)pore volume of various
zeolite frameworks is investigated.

1 In Chapter 4, the effect of aluminium loading in the MFI tyeelite on its water

stability is investigated. Differences and similarities between-symthesised and
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commercially available samples are covered. High alumina content F&2SM
samples are also compared to commercial mordenite (MOR) and ferrierite (FER)
sanples of the same aluminium loading. The degree of desilication is evaluated by
MP-AES analysis.

In Chapter 5, the focus is switched to four chosen MOF structures as analogues tc
zeolites. All structures (ZH8, HKUST-1, MIL53 and UiG66) are investigatefbr

their thermal and hydrothermal stability. Further, the effect of linker and metal choice
in a Ui0O-66 MOF structure is explored. The effect of solvents such as ethanol,
methanol and water on the structuae elevated temperatures (:160°C) is
evaluate. Characterisation techniques, in particular XRD, DRIFTS and
13C CP-MAS NMR, are used to understand hydrolysis processes in the Zr MOF.
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2 Experimental and characterisation techniques

2.1 List of reagents

The following reagentistedwere usedn this project. All reagents were used as received

without further purification, unless otherwise stated

>\

DD D DD DD DD D D D D D D D D D> D D> D> > D > D

Ethanol (Absolute, Sigma Aldrich)

N,N-Dimethylformamic, DMF ©9% Alfa Aesar)

Methanol (99.5%, Fisher Scientific)

Zeolite ZSM5 (SIG/AI203 = 23, 30, 50, 80, 280, Zeolyst)

Zeolite Beta (SIQAI.O3 = 25, 38, 300, Zeolyst)

Zeolite Y (SiQ/AI03=5.1,30, 80, Zeolyst)

Mordenite(SiOx/Al 203 = 20, Zeolyst)

Ferrierite(SiO/Al 203 = 20, Zeolyst)

Zeolite A (Linde type A, BCR/05, SiQ/AI>Oz = 2)

Basolité® Z1200 SigmaAldrich)

Basolité® C300 SigmaAldrich)

Basolité® A100 (SigmaAldrich)

Tetraethyl orthosilicate, TEOS O 9 9 . 0Sigm&ARirich)
Tetrapropylammonium hydroxide, TPAOH (1 M in® Sigma Aldrich)
Sodium aluminateNaAIlO, (Technical, anhydroysigma Aldrich)

Zirconium chloride, Zrcl( ©99. 5%, Sigma Al dri ch)
Hafnium chloride, HfCJ, (98%, Sigma Aldrich)

Acetic acid (glacial), AAQ9 9. 99 % t r a cSigmantddrich)l s b as
Potassium nitrate, KN§{>99%, Sigma Aldrich)

Sodium nitrate, NaN§) (>97%, Sigma Aldrich)

Ammoniumnitrate, NHNOz ( O 9 8 %, Honeywel | FI uka]
Zinc nitratehexahydrate, Zn(NR-6H20 (98%, Arcos Organics)
2-Methylimizadole, HMIM (99%, Sigma Aldrich)

Terephthalic acidHBDC (98%, Sigma Aldrich)

2-Aminoterephthalic acidNH2BDC (99%, Sigma Aldrich)

Aluminium, Reference Standard Solutid®Q0ppm +1% Fisher Scientific)
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A Silicon, Reference Standard Solutid®Q0ppm +1% Fisher Scientific)
A Ammonia (L0%NHz in Ar, BOC gases)
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2.2 Synthesisprocedures
2.2.1 Zeolite synthesis

2.2.1.10ne-pot synthesis ofSilicalite-1

The synthesis of Silicalitd was done as followsTEOS(10.24 g, 49.4 mmolvas added
dropwise to TPAOH15 g,1 M in H20O, 15.0 mmol) The resulting solution was left stirring
andhomogenised for Ih at room temperature, prior to additionryO (5 mL, 278mmol;
total HLO: 941 mmol) The solution was then left stirring at room temperature fitte

homogeneouslear gel hadhefollowing composition
1 SiGx: 0.304 TPAOH: 19.05 KD

The resulting gel was homogenided 3 hand crystallised (72 h at 175) in a Teflonlined
stainless steel Parr autoclaveThe assynthesised material was later recovered by
centrifugation (4300 rpm, 5 min), washed with deionised water at least 3 times and dried in
a benchtop overa{110°C, 16 h, static air).

2.2.1.20ne-pot synthesis oHZSM-5

The preparation of HZSNs (MFI type) of SiQ/Al>Os molar ratio equal 30 was done as
follows;! TEOS (10.24 g, 49.4 mmolyas added dropwise to TPAOH (151gM in H:O,
15.0 mmol) The resulting solution was left stirring and homogenised forat room
temperature prior to addition of NaAd@.291 g,1.63 mmol of Al>0z3) dissolved inH2O
(5mL, 278 mnol; total HO: 941 mmol). The solution was then left stirring at room

temperature, the final homogeneous clear gel had the following composition:
1 SiG: 0.304 TPAOH0.033Al,03: 19.05 HO

The resulting gel was homogenided3 h and crystallised (72 h at T in a Teflm-lined
stainless steel Parr autoclave. The -sygnthesised material was later recovered by
centrifugation(4300 rpm, 5 min), washed with deionised water at least 3 times and dried in

a benchtop overa{110°C, 16 h, static air).

For all other HZSM5 sample used in this study, the amount of added NaAlas
recalculated in accordanegth a desired5iO/Al.03 molarratio (80-300).
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2.2.2 MOF synthesis
2.2.2.1Ui0-66(Zr)-X (X = H, NH>)

The method was adapted and modified from a published paper byaHlas follows? In a
round bottom flaskAcetic Acid (2.223 mL,38.87 mmal was added to DMK20 mL,
258.3mmol) at room temperature under stirring. To the solution, Z(Gl1776 g,

0.762mmol) and the linker was added as follows:

A 0.1266 g of HBDC (0.762 mmo) for UiO-66(Zr)-H;
A 0.1380 g of NHBDC (0.762 mmo) for UiO-66(Zr)-NHy;

The solution was aged for 10 mirirghg in room temperature prior to transferral into a
Teflon lined stainless steel Parr autoclave. The final homogeneous clear gel had the

following composition:
1 ZrCl: 1 H.BDC/NH2BDC: 51 Acetic Acid: 339DMF

The autoclave was then heated up to°C2for a desired time (248 h).The assynthesised
material was later recovered by centrifugation (4300 rpm, 15 min), washed with ethanol at
least 3 times and dried in air overnight{10°C, 16 h, static air). To completely remove the
solvent residue tpped in the poresf UiO-66(Zr) the powder \as dried under vacuum
(at110°C, 6 h).

2.2.2.2Ui0-66(Hf)-H

The method was similar as described in Section 2.2.2.1, with only one difference. Instead o
ZrCla, HfCls was used, as follows:

A 0.1266 g of HBDC (0.762 mmo);
A 0.2441 g of HfCk (0.762 mmoy;

The solution was aged for 10 min stirriajroom temperatur@rior to transferral into a
Teflon lined stainless steel Parr autoclave. The final homogeneous clear gel had the

following composition:
1 HfCl4: 1 H.BDC: 51 Acetic Acid 339DMF

The autoclave was then heated up to°@2for a desired time (248 h). The asynthesised
material was later recovered by centrifugation (4300 rprmit$, washed with ethanol at
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least 3 times and dried in air overnight (1€N16 h,static air).To completely remove the
solvent residue trapped in the pores of 4&{Hf)-H the powder wasdried under vacuum
(11¢°C, 6 h).

2.2.2.3ZIF-8

Two separate solutions were prepared. In the first round bottom flask Zp(BDO
(0.89g, 3 mmol) was disslved in methano{30 mL, 742 mmol) The second solution, in a
round bottom flaskdMIM (1.97 g,24 mmol)was dissolved in methan@0 mL,494mmol).
The solutions were mixed with stirring at room temperattine final homogeneous clear

gel had the following composition:
1 Zn(NQs)2:6H20 : 8 HMIM: 412MeOH

The solution was left stirring for another 24and the resulting white precipitate was
collectad by centrifugation (4300 rpm, IBin), washed 3 times with methanol and dried in
a benchtop overa{110°C, 16 h, static air).

2.3 Zeolite postsynthesis procedures

2.3.1 Organic template removal

The assynthesised zeolite sample was grounded in a mdréarsferred into a ceramic
calcination boat and placed into a quartz tube inside a high temperature combustion furnace
The tube was then sealed on both sides and the furnace was heated up to 550°C, at a heat
rate of 1°C mirt. The sample was held forI8in flowing air (80 mL min") to allow the
organic template to be removed. The sample was left to cool down to room temperature priol

to use.

2.3.2 Protonation of assynthesised materials

Followingthetemplate removal, thene pot synthesised zeolites wemwerted to the NiH

form by ion exchange with an aqueous solution o&NBk (1 M) as follows;

Per 1 g of zeolite, 30 mL of the 1 M solution was added in a round bottom flask. The flask

was heated up to 100 and left for 6h under reflux. After this time, the flask was cooled
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down and the zeolite was then filtered and dried in a benchtop oveéiC(11®h, static air).
The procedure has been repeated 3 tirReowing this procedure, then exchanged
powderwas placed on a ceramic calcination boat in a combustion furnaesteHup to
55C°C, at heating rate of 2@ mir* in static air. The sample was held at 550°C for 3 h and

later left to cool down to room temperature prior to use.

A onepot laboratory symiesised MFI type ZSMNb zeolite sample after activation,
possessing a S¥AlI.03 molar ratio of 30, was denoted as HZ&S\30) HT.

2.3.3 Protonation of commercial zeolites

Commercial (NH* form) andthe one-pot synthesised zeolite samples were activated prior
to use. The activation led to a conversion into their acid forih (Fhe procedure, given for
NH4-ZSM-5 (280) and any other NFizeolite, was as follows;

The NHi-ZSM-5 (SiQ/Al03 = 280) was transferred to a ceramic calcination boat and
placed inside a higtemperature combustion furnace. The furnace was heated up°®, 550
heating rate of 1 min. The sample was held for 3 h in static air at the desired temperature
(550°C) and allowed to cool down to room temperature prior to use.

A commercial zeolite saple,e. g, commer ci al BEA type zeol i

possessing a SyAl.Ozmo | ar ratio of 25, was denoted

2.3.4 Alkali ion -exchange of commercial materials

For some tests zeolites of fbrm have been further converted to Na, K or other cation forms

by ion exchange with aqueous solutions of chosen nigrgtéNaNQO; (1 M) as follows;

For every 1 g of zeolite 30 mL of the solution (IN\ANGs) was added in a round bottom
flask. The flaskvas then heated up 8°Cfor 6 h under reflug. The flask was then cooled
and the zeolite filtered and dried in a benchtop o {C, 16 h, static air). The
procedure was repeated 3 timEsllowing this procedure, then-exchanged powdevas
placed on a combustion boat in a combustion furnace. The furnadeeatesilip to 550C,

at heating rate of € min. The sample was held for 3 h in the desired temperaturégp50

in static air.
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2.4 Relative values determination

2.4.1 Relative crystallinity determination

The relative crystallinity(Xre) was determined by comparirtge Integrated Peak Area
(Table2.1) from the pXRDdiffraction pattern of the treated ¢Xand untreated sample,
where the untreateXunr) Samples wre denoted as 100@tystalline, as described by the

equation:
8 8 p
3 pTTT

In general, the relative (%) crystallinity is equal to sien of areas of characteristic peaks
(Table 2.1) of the treated sample to the sum of areas of characteristic peaks of the parer

reference sample, multiplied by 100%.

Table 2.1 Peak areas taken to determine the relative crystallinity

Zeolite structure MOR FER FAU BEA MFI LTA

Peak area 18.5%29.5°| 21.5%27.5°| 18.0%28.5° | 21.0%~24.0°| 21.5%25.0° | 10.0° 35.0°

Preferred orientation and textures #ne most common cause of intensity variations in
pXRD powder analysis. Therefore, the peak intensity is very sensitive to the sample
preparation methodachsample for analysis wasepared on the same samptdderand

was analysed 5 times in order to guarantee that the relative crystallinity is caleutated
high accuracy.tlwas observed that the middle range of the diffraction pattern was most
comparable betweernuns It was decided that for the purpose of the relative crystallinity
determination theow angle pea& would be omitted.Relative crystalhity error bars

represented the standard deviation of the Integrated Peak Area after 5 samples examinatio

2.4.2 Relative microporosity determination

Micropore volums (Vme, pores of a diameter <2nm) wederived using thesimulation

method provided by th&Quantachrome Instrumens®ftware. The calculation was done by
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the nonlocal density functional theofNLDFT) of N2 - silica equilibrium transitiorkernel
at 77K basedon acylindrical pore mode

All values were determined in rel. %, where the volume or area of a tested sample was
compared to an untreated one. As an example, relative microporosity calculation is given a:
the micropore volume of testdd mc) Sample was divided by the value of amreated
(Vmeunt) One and multiplied by 100%, and described by the equation:

6
6

pnimpb

2.5 Zeolite and MOFs solvothermal testing

2.5.1 Stability tests in continuous flow

The solvent stability tests were carried wué fixed-bed continuous flow reamt (CFR)in
presence of watesr another solvent (ethanol, methanol) flow. The setup is presented on
Figure 2.1.

BPR
\
<]

Effluent

HPLC pump

Figure 2.1 Scheme of the reactor used in continuous flow operation

The tests were performealith the use of deionised water and orgasidvens such as
ethanol and methanainder mildinlet pressurg25-50 bar) The temperature was ranging
from room temperature up to 160°C, depending on the test. The inlet solvent flow was set tc
0.3 mL min* by the means of an HPLC pump.

One of the projects within thresearclyroup focused on addition of small amounts of water
(1<x<10% w/w) to methanofor glucose to fructose isomerisation at low temperatures
(110°C), and the conversion of fructose into methyl lactate at higher temperatures (160°C)
over an Stb zeolite* Due to similarities in experiments, it was decidegédorm most of

the testat 110C. However, temperature of 18D waslateralso usedo test MOF samples

for their solvothermal stability
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In the case ofzeolites, each powder was pelletised and sieved to retain particles between
63-77 um in diameter. Pelldisation and sieving are important in catalysis and in particular
when using continuouglow systems, due taminimisation of backmixing and for
maintaining a low pressure dré@he sievedsample (0.2 g) waplaced in between two
plugs of quartz wooin the fixed-bed CFR In the case of MOFs, the powders were not
pelletised due to probability of structure damagée real testing system is presented on

Figure 2.2.

Figure 2.2 Photograph of theealtlife testing systenin a continuous flow operatiarniThe packed figd-bed
CFR reactor was immersed in an oil bath.

The reactor was built with the use of 16 Stainless Steel Swagetokibe fittings.The
testedmateriaAwas packed i nt o a(35memlosg)and arrit af BSums t e
was placed at the reactor exit. Tgreparedstainlesssteel reactor wathenimmersed in an

oil bathand the system was heated tdesired temperature. Pressure in the system was
controlled by means of a bagkessure regulatdiBPR). The BPR is commonly used to
prevent reagent boilingndallow operations above the boiling poirfthe BPR wasetto
10barfor tests with water and02barfor tess for with ethanol and methanol. &fsolvent

was pumped into the systerby the use of &oleParmer Single Head Piston Pump

(316stainless steel fluid path).

2.5.2 Stability tests in round bottom flask

The zeolite hydrothermal (Batch) stability tests were carriedncaitound bottom flask of
250 mL capacityThe sievedzeolite sampl€0.2 g)wasplacedin the flask and 250 mL of

water was added he flask was placed in an oil bath, heatedil boiling and kepunder
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reflux up The flask wadeft under stirring for 120 h. The samplegre recovered by

centrifugation and dried in a benchtop oven (T1,QL6 h, static air).

2.6 Materials characterisation techniques

2.6.1 Powder X-Ray diffraction (pXRD)

The powder XRay diffraction (pXRD) technique allowthe characterisation of bulk
structure of solid materials in order to explore their crystal structure, phase composition,
phase purity, residual strain, orientation, size and the shape of unit cells. Nearly all of solid
materials can be characterised hig thethod. Every solid crystalline material owns its own
unique ordered microscopic structure, called the crystal lattice, which has a unique
individual X-r ay powder pattern (6fingerprinto).

incident Xrays inteacts with the material.

X-rays are generated by bombarding a copper cathode ray tube with acceleratg:ggh
electrons. Controlling the current and voltage results in the emission of a speBay X
wavelength. The monochromatig kKadiation filteredthrough a nickel plate is collimated to
concentrate into a beam and directed towards the sample. The peaks recorded on &
experimental diffraction pattern are a visual translation of the atom scattering within a

specific plane of an ordered lattice. This ex pl ai nedawfy t he Br ag

I cA OHFIl
Where: T i order of diffraction(1,2..),
A i spacing between diffracting planes (nm),
[ T incident angle?),

1 7 wavelength of the Cu beam (nm).

In a crystalline material, diffraction occursfarny | atti ce or directi
law. This occurs when the-Rays interacts with the atoms in two lattice planes as presented

on Figure 2.3.
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Figure 2.3 A scheme of XRay diffraction interacting with the crystal lattice plane according to the Bragg law
equatior®

The experimental diffraction patterns can be compared stihdard referencpatterns
collected in open databasestle case of zeolitesush database igrovidedonline by the
InternationaZeolite Association (IZA)!° Crystallite sizes may be determined knowing the
peak width through the Scherrer equation; however, the latter is limited to species with
particle sizes of greater than 5 rfrthe particles are too small 3nm), the peakroadening

might become so severe that in some cases it would not be even deétected.

The XRD technique is essential to analyse the crystalline structure of solid materials. Here
it was used to confirm phapurity of zeolite and MOF samples. This technique was utilised

at every step of powder processing,, after synthesis, ion exchange, thermal activation.
After running astability test,the technique was used to confirm undergoing changes in the

crystd structure of tested materials.

Powder Xray diffraction (XRD) patterns were measunedh the use ofa PANalytical
X6Pert PRO diffractometer equipped with a
Diffraction patterns were recorded betwee@ ® A 2 dize 0.61678, ppotal time 38in).

All measurements wemoneunderambient conditions.

2.6.2 Nitrogen physisorption

N2-physisorptiormethod is a common method used in identification of specific surface area
and pore volume of solid materials. The analysis proceeds through the adsorption anc

desorption of a Bkmonolayer onto and from a solid sample. This process is done at low
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partial pessureat-196°C (77 K), which is the boiling point for liquid nitrogen. Determining

the surface area can be done by computing the monolayer capacity of a’%ample.

For nonporous materials, the Brunati@nmettTeller (BET) equation is the most widely
usedfor surface area analysis and it relies elative pressure (PdPbetween0.05 and
0.3513In this rangehe BET theory suggesthie adsorption isotherm should form a straight

line.

P p#
6

0
6 # 0

P
0 #

Where: 01 equilibrium pressurékPa),
0 T saturation pressui&Pa),
6 1 volume of adsorbed gdsn),
6 1 volumeof gasrequired tocreatea monolayefcn?),

#1 constantelatedto theheat of adsorptian

However, the BET concept is not reliable for calculating surface areascodporous
materials since the second and further layers of nitrogen are already built up prior to the
completion of the primary monolay&in order to provide a more realistic information on
adsorption, pore sizes and pore volumaber methods suchsaBJH and NLDFT are
applied. AlthoughBJH is a methodbased on the Kelvin equatidhis usedto detemine
porosity (cylindrical pores) and pore size distribution aoily mesoporous solgl To
determine the pore volume and surface area of a microporoigsiahaa more modern
nonlocal density functional theoffNLDFT) method is used as it is based on complex pore

models, such asylindrical, spherical, sliand other

Total pore volume (Y, mesopore volume (), micropore volume (Mc), pore size
distribution and specific surface areaff values weredeterminedwith the use of the
non-local density functional theoffNLDFT) of theN> - silica equilibrium transitiorkernel

at 77K basedon acylindrical pore model. The measurements were conductins study

to gain information about the pore volumes, pore size distribution and specific surface ares

of the tested zeolite and MOF samples before and after solvothermal stability tests.
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The N-physisorption analysis was performed -486°C (77 K) ona Quantachrome
Autosorb 1Q unit. Prior to analysiggolite samples were degassati300°C (6 h, 10° bar
pressurgand MOF samples a60°C (6 h, 10° bar pressuieto remove all residual water

or solvents from internal pores.

2.6.3 Water vapour isotherms

Water vapour adsorptiaaothermsveredetermined byapourphysisorptioranalysis in the
circulation bath temperature of Z5in a Quantachrome Autosorb 1Q unit. Prior to analysis,
samples were degassed at 3008( (108 bar pressudeand MOF samples a60°C (6 h,

108 bar pressude Data was collected in order to determine tibi&al adsorption volume
which was taken from the topmost data point of the isothefRs €70.95).1° Isotherms were
collected in order to compare the shape of isotherm andrihlevlues of vapour sorption
among the analysed samples. By knowing the final values of water sorption capacity
hydrophilicity of the samples was determined. This techniquepnwasiily used due to a

need of determining the relationship between the aliwm content and/or ion exchange
and the water vapour sorption capacity of the tested zeolites.

2.6.4 Thermogravimetric analysis (TGA)

Thermogravimetric Analysis (TGA) determines the weight change (wt. %) of a given sample
as a function of temperature. The T@&Aequipped with a precise analytical quartz crystal
microbalance placed inside a combustion furnace. The decomposition reactions are
monitored by the change in the sample weight as the furnace is heated in an inen
environment. To achieve that, the comtbws crucible is held under a constant flow of an
inert gas (nitrogen or argon) in order to remove gaseous decomposition products and tc
prevent condensation of water vapour on the inner walls of the instrument. The identification
of peaks in weight change performed by the first derivativeddvative thermogravimetry

DTG) of the weight loss curve with respect to temperature. The DTG analysis gives
information useful in determination of tleeg.,phase changes, dehydration, desorption or

degassing prosses-®

TGA was primarily used to monitor the changes in sample weight as the furnace temperature

changed and to determine the overall thermal decomposition temperature of the samples
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These changes might include physisorbed effluent evaporation from the sankde, |

decomposition, recrystagation and other mechanisms.

The Thermogravimetric Analysis was performed on a Perkin Elmer TGA 4000 unit.
Analysis was done on samples of around 10 mg in the range of room temperature to 800°(
at a rate of 10°C mif undera constant nitrogen purge (8L min' ).

2.6.5 Temperature-Programmed Desorption (TPD)

Ammonia TPD is a measurement of desorption of chemisorbed ammdHig, (@s a
function of temperature. Samples are-treatedin order to remove all solvent residue or
watervapour from the surface and inner pores. This process is done under inert conditions
with the use of a steady gas flow through a glaseland for this application helium is
used. @sorptionof the chemisorbedNHsz is measuredusing a Thermal Conductity
Detector(TCD).

The detector measures changes in the thermal conductivity of the gas stream, where th
conductivity is proportional to the molecular gas concentration. The concentration is
referenced to @&Hz calibration curve which is prepared bynjecting known volumes
(0.220.4 mL) of pure NH directly into the TCD sampling loop and recording the signal
(Figure2.4).
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Figure 2.4 TPD calibration curveKnown volumes ofNH3 (0.2-0.4 mL) were injected into the system and the
signal was reported. The area values are an average of 4 TCD signals for each injected volume.
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The number of moles of NHwvas calculatefrom the Ideal Gas Law equation:
06 124
Where: Pi pressure of the gas (Ra)
V i volume of the gas ()
ni amountof substance of ggsol),
R ideal gas constamual to 8.313JK't mol'%),

T 1 absolute temperature of the gas.(K)

The TCD signal plotted versus temperature is usedltmlate the volume of total ammonia
consumed based on the integrated area from the plot and sample mass. Blank runs a
performed for each material to determine the TCD signal resulting from the degradation of
the material or loss of compensating anidngng heating. The ammonia capacity for each
material is calculated by finding the difference in peak area for theT®B curve and the

blank curveThe temperature and the quantity of gas desorbed provide information on active
sites, their strength ambssibility of sample regeneratiéh.

Ammonia TPD was used in this work in order to probe different MOF structures with
ammonia to determine the distribution of weak and strong acid kitesder to obtain the
proper ammonia sorption capacity two difiereneasurements were performed for the same
sample.One measurement was done for the sample without chemisorbed ammonia. This
was used to subtract the backgrounohf the data obtained through analysis withsNH
saturation. This was specifically neededtfaUiO-66(Zr}-NH: in order to differentiate the
coordinated ammonia from the decomposed MOF structure. The TPD profiles were plotted
as TCD signal versus temperature in order to determine the distribution of these acid sites
Quantitative analysis allowed for comparisonhef synthesised MOF acidities, which might

find use in liquid phase heterogenecasalysts.

The ammonia drption analysis was performed on @uantachrome ChemBE3000
TPRTPD/TPO unit. The sample wagwetreatedfor 120 min at 160°C, heating rate
10°Cmin'?, in a flow of helium (80 mimin'Y). After 20min of ammonia(10% NHsin Ar)
saturation the system wassted for 1 hat 100°C, heating rate 10°C min under a helium

flow (80 mL min'1) in orderto removethe physisorbed ammonia. Chemisorbed ammonia
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was desorbed by heatitige sample up to 500°C, at a heating rate 10°C mim helium
flow (80 mL mir'). Desorbed ammonia was monitored using a thermal conductivity

detector (TCD), set to@urrent of 180 mV, attenuation 1.

TPD calibration curveresented oRigure 2.4 was provided by Takudzwa Bere fiQardiff
Catalysis Institute Gardiff University. The calibration of the Quantachrome ChemBET

3000 was done by Cardiff Catalysis Institute (Cardiff University).

2.6.6 UV-VIS absorption spectroscopy

The Ultraviolet-Visible spectroscopyUV-VIS) uses light beam in the visible and near
ultraviolet range Z00-800 nm wavelength range)n this technique, light is partially
absorbed by the molecules when the beam passes through the sample. At specifi
wavelenghs, the internal valence electrons of the molecule undergo energy excitation to

higher antibonding molecular orbitaf$.

In the case of MOFshe light being absorbed at a particular wavelength is corresponding to
the difference of energy between thghest occupied molecular orbital (HOMO) and the
LUMO (lowest unoccupied molecular orbital) of the organic lifkeThe UV-VIS
spectrophotometer measures the intensity of the light before and after passing through th

sampleand comparethe difference beteen them.

The spectra obtained in this work present bands that are eé®i@aterials. These spectra
allow the identification of metal node coordination and absorption edges. It is accepted that
a standard Ui@b6 shows an absorpti@ge at 330 nm in thegV region?®

A solid-stateUV-VIS spectrophotomete€ary 4000was used to monitor the changas
absorbanceA UV-VIS changeover wavelength of 260n was presentThe wavelength
range o200-800nm was utilised at scan rate of 20® min™t. Background scans were taken
using a high purity PTFHisc. Prior to analysis, samples were grounfin® powder using

an Agate pestle and mortar.

2.6.7 Transform Infrared Spectroscopy (FTIR)

The Fourier Transform Infrared spectroscopy (FTIR)}tecanique used to obtain absorption
spectra based on the vibrations of the atomic bonds within a molecule. The Fourier transforn
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IS required to convert thebtainedraw data into the actuaibrationalspectrumThe infrared
incident radiation passing thugh the molecule is absorbed at a particular energy. The
molecule is thetransited to a higher energy vibrational staiee absorbed energy (infrared
radiation) corresponds to the frequency vibration of a molecule and a peak in the spectrun
appearg?

Chemical bonds vibrate in different motions as the absorb emnggrying intensities and
frequencies, they stretch, bend, scissor, rock and #iste energy required to change the
vibration of a chemical bond is aldixed. This is primarily because g¢habsorption of
infrared radiation is a quantised process. A molecule absorbs only specific energy of infrarec
radiation. During the absorption process only the frequencies of radiation that are equal tc
the natural vibrational frequencies of the specifmecule are absorbed. However, only the
bonds that possess a dipole moment, which changes as a function afatinadsortthe
infrared radiatiorf? In organic chemistry, vibrational bands (stretching and bending) are
allocated in specific regions of the infrared spectrum and tables describing characteristic IR
absorption regions can be found online. This is because each type of bond has a differer

natural frequency of vibration.

The FTIR technique allows light absorption measurements in a wide range of frequencies
(4000400cm™).2% It is a very efficient, nomlestructive and cheap method of analysing
solids. Moreover, this method is a complemenfarythe NMR technique. This is because
both spectroscopy techniques are based on the interaction between electromagnetic energ
FTIR spectroscopy is used to define the presence or absence of functional groups based c
their vibration modes at differentfrared wave numbers. These can be easily monitoyed
analysing the position and intensity of the different infrared absorption b&lsdscan be

used to quantitatively determine concentrationsofanic molecules within a sample
WhereasNMR spectroscpy is used to identify the chemical structuies content and
purity.2°> The technique is much more complex #dsed to determine the type and number

of e.g.,carbonatoms in a moleculdn the case of inorganic solids, this technique is used to

determnethe coordination antype ofbondingin materials

There are variousampling technigug used in conjunction witFTIR such adDiffuse
Reflectance Infrared Fourier Transformpestroscopy (DRIFTSand the Attenuated Total
Reflection (ATR) Both are usefbr fine bulk powders without any special preparation or

pre-treatment
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DRIFTS uses a sample cup that needs to be filled in with the bulk sample. The IR beam
interacts with the particles in one of several ways. Radiation can be reflected without
penetratio of the sample; the light can undergo multiple reflections off particle surface or
can be scattered after timeident radiatiorpenetrateghe particle. Scattering is how the true
diffuse reflectance resulté The output mirror controls the directiontbi scattered energy

into the detector of the spectrometer (Figure 2.5).

mirror

Figure 2.5 A scheme ofhe FTIR DRIFTS experimenrt.

The ATR operates on an accessory provided with a beystal that possesses lagh
refractive index at a certain anglEhose are most usually polished diamond, zinc selenide
and germaniunerystals. In contract to the DRIFTS method, here the light iseilatcted
directly on the surfacé&his part of the light internally penetrating the sample is called the
evanescent wavelhe depth of penetration depends on the light beam entering angle,
wavelength, the refractive index of the crystal and the sampiex.tdfalinternal reflection,

the light beam exits the crystal and is directed to thddictor (Figure 2.6). The method

does not require the use of finely grounded KBraxskroundsample.
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Figure 2.6 Scheme ofthe FTIR ATRexperimentgleft, A); sample is pressed on the crystal surface. The
penetration depth (right, B) depends on wavelefgth.

Both techniques, DRIFFand ATR were used in this work in order to obtain the infrared
spectra of untreated and solvent treated zeolite and MOF samples. These spectra were us
in the characterisation of the structure of these materialsintensity awl position of the

OH stretching vibrati on spositibns af alemnoum.k and

The DRIFTS spectra were recorded on a Bruker Tensor Il spectrometeriitiech liquid
N2 cooled Mercury @dmium Telluride (MCT) detector over a range 00@800 cm' at a
resolution of 2 cnt frequency and 16 scanBackground scans were taken using finely

ground KBr.

The ATR spectra were recorded on a Bruker Vertex 70 spectrometer fitted with a l}quid N
cooled Mercury Cadmium Telluride (MCT) detector andiamondATR cell. Scans were

collected across the range 40400 cm, at a resolution of 2 chfrequency and 32 scans.

DRIFTS analysisfrom Chapter §Figure 5.19 and Figure 5.2@)@asprepared byor Giulia
Tarantino from Imperial College London.

2.6.8 Scanning Electron Microscopy (SEM)

SEM is a characterisation technique, which is based upon the utilisation of-ankeigy
electron beam over a solid material and where the detection of the backscattering anc
secondary electrons is the main mechanispbeérving images. The method is widely used

in materials science as it allows the observation of surface topography and microstructure.

The collimated electron beam is emitted from by an electron iggea fwith a tungsten

filament cathodeDuring the scanthe X-Ray interacts witlelectrons in discrete orbitals of
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atoms in thesample producing different signals. To create images signals emitted from the
materials surface must be identified by the inbuilt detector. Typically, two out of three types
of signds, depending on the interaction volume, are studied during the beak scattered

electrons and secondary electrons (Figure 2.7).
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Figure 2.7 Scheme of the teardreghaped volume of the sample knownlesinteraction volumé

As described on the figure, three types of interactions can be studied in order to characteris
the sample. Secondary electrons (SE) originate from the sample surface or e fiaear

(up to 10 U de pTHe ncident beamhkeockmaut teereleardns of their
outer orbital shell and the atoms becomes ionised. They are reflected from the sample b
low intensity (less than 50 eV) inelastic scattering. The emission does not depend on the
accelerating voltage valueshis type of interaction provides valuable information on the
morphology and topography of the particles.

Backscattered electrons (BSE) originate from high intensity (from 50 eV to incident beam

energy) electrons that are reflectecdbackscatteretly elasic scattering interactions out of

the sample (up to &ém depth). The intensity and brightness of the image depends on the

atomic number and the acceleration voltage of the primary beam, the higher the brighter.
This type of interaction is primarily usedrfdetection of high atomic number elements to

provide useful information on the elemental composition of the particles.

The emission of characteris#aiger electrons may occur when the amount of energy to be

released is larger than in the inner statéhdfX-ray is to be emitted, a single outer electron

falls into the inner shell vacancyhe energy of the Xay is the difference between the
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energies of the two excited states and this is characteristic of the particular atomic species

The energy of theselectrons is generallgw, of few kV.

In this study, Scanning Electron Microscope (SEM) technique wsadto provide direct
informationabouttopography othe assynthesised and tested zeolite and M@dterials
The material zeolite and MOF materials were placed on a holder inside a chamber and th
chamber was evacuated prior analysis. Cathped and coppédapped stainlesssteel

holders were used in examination of the solids.

Back scattered electron (BSE) imagiwas primarily used in this study. A Hitachi Tabletop
TM3030 scanning electron microscope operating with accelerating voltagelsvVoarid
15kV was used.

2.6.9 Energy Dispersive Xray Spectroscopy (EDX)

Energy Dispersive Xay (EDX) spectroscopy is an-bay technique used to perform the
elemental composition analysis of sedithtematerials. The detector is coupled with a
Scanning Electron Microscope (SEM) and data generated during the analysis is in a form o
a spectrum with peaks of different intensitiesresponding to the elements making up the
composition of the mapped area. Theqd@structiveanalysis can be performed on a point,
line, or area of a chosen sample. The malfiproach EDX i@ complementaryool for all

other materials analysis technigué&n example of a spectrum is presented on Figi#e

cpsleV.

40 —
35—

30 —

Figure 2.8 Energy dispersive Xay analysis (EDX) spectrum ah untreated HZSNs (30) HT sample.
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When the incident beam hits the Silicon Drift DetediSDD) it creates a charge pulse
proportional to the Xay energy. The pulse tonverted to a voltage pulbg an amplifier.

The energy of all incident Xays is determined from the voltage measurements and sent to
the computer for further evaluation. The identification of elements in an EDX spectrum is
based orenergy of the Xays versus the number of couetsitted by atoms electrons as
those transfer from high to low energy shéfls.

Since the Scanning Electron Microscopy (SEM) coupled with an Energy Dispersaye X
(EDX) detector is able to perform elemental analysis, in this work EDX analysis was
primarily used to analyse the chemical composition of the zeolites before and after water
stability tests. EDX analysis was performed with a Hitachi Tabletop TM3030 scanning
electron microscope coupled with a BRUKER Quantax XFlash® 6 detector. All values

presentedhn this work are an average of 10 areas of different parts of the analysed sample.

2.6.10Nuclear Magnetic Resonance (NMR) spectroscopy

2.6.10.1 Theoretical background

Nuclear Magnetic Resonance (NMR) spectroscapyan ideal method in materials
characterisation as it is a powerful tool providétedailed structural informatioon molecule

and its atoms arrangements. The experiments are performed on the nuclei of an atom and tt
overallnumber of neutronandprotans must beodd, so thenucleus has a halhteger spin,

which isdescripted by the quantum number.e., 1/2, 3/2, 5/2. When an external static
magnetic field is applied, an energy transfer between low and high energy levels is possible
The quantum nund¥y | and the gyromagnetic rato(constant property of eactucleu3 are
associated with the magnetic moment catleshd defined as:

e = 1 9

Themagnetic moment of the nuclei canddigned with (low energy) or against (high energy)
the direction of theexternal magnetic field @. When the nucleus is exposedexiernal
magnetic field the atomic energy level® split intadifferentlevels This spliting is called
as the Zeeman Effedhe spinquantum number isenamed asn and each energy level is

therefore defined as:

% | or"
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When the quantum numberis +%2, twonuclear degenerate spin energy levels (Figure 2.9)

areformed and the difference between these levels is expressed as:
Y% or"
Where: i reduced Planck constag@ sb),
27 gyromagnetic ratio (MHz ),

Bo i external magnetic fieldT).

A

E=-myhB, m=-1/2 l

AE=yhB,

Energy (eV)

E=-myhB, m=+1/2 l

>

Magnetic Field (T)

Figure 2.9 Schematic representation of the splitting of the degenerate nuclear energy levels under an appliec
magnetic field. The green spheres represent atomic nuclei which are either aligned with (low energy) or agains
(high energy) the magnetic field.

The enery transfer takes place at a wavelength corresponding to a radiofrequency radiation
and after relaxation timayhenhigher energy state return to the lower stéte absorbed
energy is emitted at the same frequetidgadiofrequency radiation of hundreds\viHz or

GHz is required for the absorption to occur.

Protons in a molecule have different resonandbetsamdrequency. This is a result of
protons being surrounded by a different number of electrons (vasietleelectron densities

vary) and their eistence in slightly different magnetic environments from one another.
When a molecule is exposed to a magnetic field the shielding electrons start to circulate. The
circulation, known as the diamagnetic current, generates a counter magnetic field that
oppases the applied magnetic field. This effect is known as diamagnetic shielding. The
greater the electron density around a nucleus, the greater the induced counter field.
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Various functional groups are locatedlifferent place®f theNMR spectrumas theyneed
different external magnetic fields to bring them in to resonance at a particular radio
frequency.The active nuclei in the sample resonate at difiefeequencies that are called
resonance frequencich e Che mi c al s h iisfthe re¢odant,freqgency efa |
nucleus relative to a standard in a magnetic fidklan example, a peak at chemical shift of

2 ppm means thatraucleusneeds a magnetic fietd/o millionths less than the field needed

by the external reference sampte produce resonanc&he signals emitted by the atoms
sample are receivethy the detectorand Fourier transformed by the spectrometer
(Figure2.10).

A
Intersity tersity
FID SPECTRUM

Wﬂﬂ M

Figure 2.10 Fourier tansformatiorof the raw FID into a spectrufA.

The process afignal receivings called an acquisitioWhen an acquisition is carried out,
the yet nortransformeddata is acquired and the received signal is called an FID (Free
Induction Decay)Through urier transformatiorthe FID is transformednto a frequency

spectrum

2.6.10.2 Magic Angle Spinning (MAS) in Solid state NMR

The Magic Angle Spinning (MAS) issed toperform experiments in solistate NMR
spectroscopy The principle of this method is the elimination of anisotropic magnetic
susceptibility effect by spinning a cyli
(dnw=54.7°) to the static magnetic fieRd (Figure 2.11).
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Figure 2.11 Magic-angle spinningthe 4 mm zirconia rotofblue) is rotating with high frequency inside the
main magneticfield( . The axis of r ot at in@®@h7°)withrespecttatieedlirettign t h ¢
of Bo.

Spinning is necessary as it helps narrowing the lines and so it is used for accurate chemics
shift measurement8.It has been found that if the solid sample is spun at tate85 kHz

at the angle of 54.7%ith respect to the magnetic field,,Bhe random molecular motion

and anisotropic dipolar interactions are reduced. When the sample is spun presence c
spinning sidebandmay occur. These signatesult from the modulation of the magnetic

field at the spining frequency

Different pulse sequences are used for different isotopes in order to acquire the NMR
spectrum. Crossagparisationis commonly ged for routine studies in carbon environment
examination, such as of MOF structuras,itis more sensitive in comparison to the single
pulse method. Although, single pulse provides higher level of quantitation for organic
samplesbut sample analysis takes longer tirfeShe single pulse sequence is much often
used for high ionic strength m@les when the proton probe channel is disrupted,
e.g.,analysis of graphene or carbon nanotules.

Solid State MAS NMR analysis was performed on a Bruker Avance Ill HD 400 MHz unit.
Between 50 to 100 mg of solid sample was packed in a 4 mm zirconiaaratospun
at10kHz.

Training and sttings as well as any help needed, were provide®biia Richardsfrom

Cardiff Catalysis Institute (Cardiff University).
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2.6.10.3  Single Puls¢’/Al MAS NMR spectroscopy

Aluminium MAS NMR is performed using single pulse seq@eanith MAS. Most often the

2IAl (1 =5/2) chemical shifts are used to differentiate two aluminium coordination the
tetrahedral framework aluminiunBignsted acid sit¢sand octahedral extraframework
aluminium EFAI, Lewis acid sites). Tetrahedral aluminimamges between 100 and 50 ppm
and octahedral between 20 arid ppm? In some casesemtacoordinated aluminium
(AlOs) can be observed in tliange between 20 and 52 ppghT.he naturahigh abundance

of 2’Al (100%) reduces the analysis time significantly.

In this work,2’Al spectra were analysed due to the need of investigating and understanding
the framework and extrfmamework (EFA) positionsof aluminium in the zeolite structure.

Since MAS NMR spectroscopy gives the ability to examine solid state materials, it became
the most reliable method of analysing zeolites. By analysing and interpretation of the spectre

it became clear that this methisdthe most accurate in determining the amount ofIEFA

The ?’Al SP spectra were recorded wBA92 scans and a recycle delay between scans of
0.2s. The operating frequency was 104\28z. Aluminium chemical shift was referenced
to an external standardference Al(NQ@)s with anintense peak signal at 0 ppm.

2.6.10.4 Single Pulse®®*Si MAS NMR spectroscopy

The silicon NMR was performed using single pulse sequence with MAS. The analysis of
295 (I = 1/2) isotope required extended acquisition times to obtain spastitais the only

stable natural isotope with mean abundance of 4.67%.

In this work,?°Sispectra were used in order to investigate the framework positions of silicon
in the zeolite structure before and after performing hydrothermal stability tebis GFR.
Typically, in a zeolite, silicon atoms can reside in five possible coordination environments
i Si(wAl) units, where n=0, 1, 2, 3, 4. The n number means the distribution of Al atoms
around the central SiKinit. Alternatively the more common nangrfollows the Q notation

i so called @sites, where n denotes the number of linked; &®ahedra [®= SiEAl)], as

shown on Figure 2.12.
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Si (0Al)
Si (3Al)
Si (4Al)
80 | %0 00 10 120

293 § (ppm)

Figure 2.12. 2°Si NMR chemical shifts rangef Si (nAl) species”’

The?%Si SP spectra were recorded with 128 scans and a recycle delay between scans of 20
The operating frequency was 79.8MHz. Chemical shift was referenced to kaolinite

secondary reference wittF®8i peak signal at 192.0 ppm.

2.6.10.5 Cross Polaisation 13C MAS NMR spectroscopy

A normal*C (I = 1/2) chemical shift spans from 0 to 250 ppm and corresponds to various
functional groups in the structure. Carbon NMR tables and charts of chemical shifts are

easily found online.

In this work,*3C spectra were obtained in order to investigate the carbon positions and to
assign resonances resulting from chemisorbed solvents'3ThERMAS NMR spectra
were recorded with 512 scans and a recycle dekylrhe operating frequency was 100.63

MHz. The clemical shift was referenced to glycine with the main @ak76.5 ppm.

2.6.11Microwave PlasmaAtomic Emission Spectrometer(MP-AES)

Microwave Plasma Atomic Emission Spectroscopy {MES) is an atomic emission
technique used to obtain talemental compositioof liquid samplesThis technique utilises
microwave energy to produe@glasmadischarge usinguppliednitrogen Liquid samples
pumped with a peristaltic pump are nebulised prior to contact with plasma, which causes
excitation of electrons in order toné light in a characteristic pattern of wavelengthighe

intensity of the emitted light, thus the spectrum, is proportional to the number of atoms of
67



Chapter2

the element detected. Microwave induced plasma (MP) is a high temperaturS(200K)

source of thetamic emission therefore excellent excitation source for efficient detection of
most elements. Elements can be detected in a range of part per million (ppm) up to 1 wt. %
(10000ppm). MRAES is a powerful tool, which allows identification and quantifiaad
several dissolved metallic species simultaneously. What is more, the method allows atorr
detection at low operational cost and eliminates the need for flammable gases by running ol

air.

In this work, MRAES was primarily used to determine the quarditysi and Al present in
the effluent water after treating the zeolite materials in water. The amounts of leached Si anc
Al were of high importance in understanding the hydrothermal stability of selected zeolites

at elevated temperatures and pressures.

MP-AES was performed on an Agilent 4100 MES. The average concentration was taken
from results at the wavelengths of 251.611 and 288.158 nm for silicon (Si) and 394.401 anc
396.152 nm for aluminium (Al). MIAES was used to determine the wt. % of Al and Si in
the effluent water. The results were compared against the values obtained for fresh wate
before passing the catalystSilicon and aluminium reference standard solution
(1000ppm= 1%) were used for determining Si and Adlibration curvs. In order to b
confident about the outcome of the Si analysis, a blank experiment with only glass wool
packed in the reactor was performed (24 h,°C)ONo Si leaching was observed, &gt

values of Si in effluent water were no different from the blank satdeienisd water)
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3 Hydrothermal stability of selectedcommercial
zeolites

3.1 Introduction

Microporouscrystallinealuminosilicats are widely used in industdue to their strongcid
sites good thermal stability, higburface area, wetlefinedporosity, adsorption capacity
and ion exchange abilitié¢sAs described in Chapter {see Section 1.1.2)enlite
frameworkgpossessarious pore sigs and dimensionmaking thenfavourablefor caalytic
shape selective reactioasd molecular sieving.g.,desalination

Most of the commonly used commerci&lotites can b@roduced syntheticallgn a large
scale and in a wide range of SI®I,03; molar ratios? Aluminium (Al) atoms are typically
locatedin the lattice, or less commonly form extrameworkAl (EFAI) species, which
results in formation of Lewis acid sites. These sites are key elemearatlytic activity as
they introduce the negative chargéoithe frameworkFurthermore, Al defects might be
desirable in the framework as their appearance tunes the hydrophilicity of the 2atiie.
thenegativecharge is counterbalanced by proton)(this leads to the formation of Br@gnsted
acid sitesThiswas described in more detail in Chapter 1 (see Section 1.1.3).

Maintaining and protecting drinking water has become one of the main challenges of modern
times. In some parts of the worfdeshwateishortages have resulted in the need of building
seawatedesalination plantsNowadays, search for new desalination solutions and water
stable membrane materials is crucial. In additiceeg chemistrffocuses on the use of
environmentally friendly solvents that do not cause groundwater polleitateritself is

anenvironmentally friendly solvent to be considereddmen catalysis.

Hence, hydrothermal stability of the zeolisea key parameter to iteolecular sieving and
catalytic performanceHowever, it can be expected that several parameterbave an
influence on i lifetime such aghe SiO./Al20s molar ratio, framework density (K, ion
exchangeparticle size etdn particular, the amount of Alndpresence of alkaline cations

in the framework can have a profound impact on the stability and resistance to framework
failure in contact with water and stednt was previously shown that the MFI framework,
(Si/Al<20), the presence of high Al concentrations preeéBi from beingextractedvhich

limited pore formatiorf.Consequentlythe stability of zeolite structure is an important topic
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of wide research interest due to the important role of zeolites in industrial applications, such

ase.g.,desalination, catalysis and gas segian®

In general, as described in Chapter 1 (Section 1.1.5.1), desilication and dealumination are
thought to be equally causing framework failure in water. However, it was not yet confirmed
which of the processgsogresses fastandwhich of themis the startig pointof framework

failure.

Although manypresentstudie§!011213141525 discyssedhe stability of zeolite in water,
none of thee were performed neasctual catalytic reaction conditiorsg., at elevated
temperature and/or at high pressi®st of the studies concentrdten stability in boiling
water under refluxunder autogenous pressuneleflon-lined autoclavesr after treatment

in steam.

In work by Lutz et al, different behaviours of densely structured (MFI, MOR) and
openstructured (BEA, FAU)framework typesn water and steam were studfédThe
authors have found that after 7at240°C two destructioomechanismsook placé an acid
(H*) attack on the SD-Al bonds and an alkaline (Otattack on the termin&i-OH (silanol)
group on thezeolite surface.What is morethe dense structure kbba maximum of 20%
crystallinity, whereas thepenstructured, lost up to 80%. Howevdretewas a significant
difference in framework damage between thdite=s) the experimental outcomegre not

clearly explained by the authors.

Anotherrecent studyby Reuleet al, focusedon the effet of nitric acid treatment on
Mordenite(MOR).2® The authors of this studyuggestdthat the dealumination processs
coupled with the removal of Al sitédsom the 4membered rings (T3 and T4) the 8- and
12-membered channels. Another stufbcused on hot liquid watdr r e at ment of
(BEA), indicated that the Al -Bites, including AIO-Si angles and bonds, remed
unaffectec® At the sane time, XRD and STEM analysis tife crystal structureaveshown
disruptions in the framework. Theuthors concludethatthe degradation occwed due to
hydrolysis ofthe siloxane FO-T bridges, whichwerelocated in the 4nembered rings of

thez e o | strdcteire.b

Consequently, at the outset of this wirkre was no reported available data on the stability
of zeolites inpresence of water in fixebed continuous flow reactors (CFR). Such tests
provide valuable information for not only the rapidly growing flow chemistry catalysis but

also membrane separation technolagyere high pressureand high temperatures play
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importart roles!’ The aim of this Chapter was to obtain fundamental datapeesknta
detailed study on the stability of commercially available zeolgetonging to theso called
0bi g f i(weMFl, BEA AL MOR and FERramework typesand zeolite A (LTA
framework) arall structures of high interest in the petrochemical and desalination industry.
Zeolites of high and low Adontentwere chosen for tesits in continuousvaterflow regime
under mild inlet pressure andnying water temperatures. The outcomes of these tests were
examined in detail with the use pbwder XRay Diffraction (pXRD) N2-physisorption,
watervapour sorptionEnergyDispersie X-ray spectroscopy (EDXpingle Pulsé®Siand

2IAl MAS NMR andMicrowave Plasma Atomic Emission Spectroscopy (MEES).

3.2 Results and discussion

3.2.1 Characterisation of untreated parent zeolites

To gain an initial understanding of water impact, a number of commercial zeolites provided
by Zeolyst were explored. The d#es used in this study had a very similar chemical
composition but were of different frameworks. All initial materials possessadar
SiOx/Al,03 molarratios of 2030. Fowder Xray Diffraction (pXRD) was usetb verify the
crystallinity of the initid samples, prior to testing. Diffraction patterns of all initially tested
zeolites are presented in Figure 3.1. Titegrated Peak Arseof these samples were later
used to determine the relative crystallinity.
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Figure 3.1 The pXRD patterns of pelletised commercial zeolite samples used for hydrothermal stability tests

The diffractograms of all untreated zeolites in the preliminary screening were compared with
the IZA Structure Commissiordatabaseavailable onliné® Presented pXRD patterns
matched the reference patterns found in the database. As an example, for untreated Y zeoli
the major reflection peaks were | ocated
(111), (220), and (331) kite planes, respectively.

The peak broadening argssédrom two features crystallite size and straifichange of
d-spacingy® As defined by the Scherrer equation; the smaller the crystabroader the

peak. This is due to decreased number of difingctattice planes of a crystal. Strain is
caused by defects, such as dislocations, which disrupt the atomic arrangement of a crysta

Sharp peaks are due to the crystalline phase and broad fedueteshe amorphous phase.

It was observed thall the matterns exhibited intense diffraction reflectioescept for

H b(25) C sample, whiclwas of lower intensity and exhibited peak broadening. This was
due the fact that commercial zeoltevas synthesised as a polymorph of at least two, up to
three, distintive structure$ polymorph A, polymorph B and much less often, Polymorph
C. Polymorph A is chiral, whereas polymorph B is acHitdlhese two polymorphs are built

equally in terms obuilding unitsand create aandom stacking sequent®at makes the
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pXRD pattern look somewhat disorder@drhis gives an impression of a large amorphous
phase. Up to now, there was still no existihgractesation method to determine the exact
proportions of thepolymorphs inthe zeoliteh. Recetly, a synthesis of all pure silica
Polymorph C and nearly pure Polymorph B were achieved, however it was still not possible
to obtain a pure Polymorph A zeolbe?

3.2.2 Pre-screening of highaluminium content commercial zeolites

In order to understarttie dfferences in framework behaviourthe prsence of hot (111C)
pressurised water zeolites wereamined for hydrothermal stabilitgeolites, of similar Al
content (SiO/Al20s molar ratio of 20-30) were chosen for these tests. Powders were
pelletised andsieved prior to packing and testing. Samples (0.2 g) were packed into
fixed-bedcontinuous flow reactorf€CFR) and testedndermild inlet (2550 bar) pressure

The deionised water flow was set to 0.3 ml thifihe reactor was immersed in an oil bath
and all initial tests were carried out for R4t 110°C However, further tests were carried
out in time and temperature ranging4 h andat 80-110°C, respectively. Conditions are
stated before each experiment description. The whole setup was descridbetil in
Chapter 2, SectioR.5.1.

The testing system was kept under stable outlet pressure (10 bar) by the means of
backpressure regulator. By this, the operations above the water boiling point were possible
to proceed. It must bmentioned her¢hat all samples were abbreviated by their origin
here, C for commercial zeolitee.,commercial BEA type zeolite sample after activation,

possessing 8i0,/Al.0z molar ratio of 25, was denoted ab {25) C.

Continuous flow experiments were chosen due to ease of performing, collecting and
analysing the sample and the effluent. In contralsatoh operatiorthe powder was packed
into the CFR. Furthermore,ontinuous flowis preferred in industrial scale catalytic
chemistrydue topractcal and economic reasons, as high productivity lamdcosts are
desirablet’

After running the CFR experiment for a required amourtinoé the fixedbed reactor was
dried overnight in a benchtop oven (16 h, 0air), opened and the dried sample was

collected for further characterisation.
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The pXRD analysis was used to gather diffraction patterns of initial and tested powders. The
relaive crystallinity (Xe, %) afterwater treatmentwas evaluatedby comparison of the
Integrated Peak Arseof characteristic peaks beforeu¢ and after () water treatment,

following the method presented in Chapter 2 (Section 2.4.1x]esatibed by the equation:
8 8 p
g p T

In addition, N-physisorption was used to determine micropore volume (pores < 2nm) of the
samplesTotal pore volume (Y, mesopore volume (M), micropore volume (Mc), pore
size distribution and specificidace area (&) values were determined with the use of the

nonlocal density functional theory (NLDFT) as described in Section 2.6.2.

The relative microporosity (¥, %) was determined by comparing micropore volumes of
tested (Vnc) samples to untreadeVmceunt) Ones, following the method presented in Chapter

2 (Section 2.4.2), and described by the equation:

6
6

Zpmmb

Results of all initial tests (24 h, 11Q), relative microporosity and crystallinity for each

sample, as well as relativetal porosity values\;re) are presented in FiguBe2.

76



Chapter3

Relative microporosity (%)
0 10 2 30 40 50 60 70 80 90 100

P Lo v a b a b by b by b a b a1y

% MR

7

HY (30) C

HB (25) C

V,

trel

HFER (20) C =112.8%

LI B BN BB B BLNLEL A LA BN BRI B B
0O 10 20 30 40 50 60 70 80 90 100
Relative crystallinity (%)
Figure 3.2 Screening of various structure type zeolites with Higlcontentin pressursed waterat 110°Cfor
24 h (CFR). SiO,/Al O3 ratios are noted ingsenthesisRelative total porosity values (M) were also added.

Relative crystallinity eror bars represent the standard deviation of the Integrated Peak Areasafteples
examination

First preliminary tests gave an overalea of zeolite stability proving that different
frameworks behave differentiyndersame experimental conditionshe pXRD analysis
confirmed changes in peak intensities after contact with water, and reduction of initial
crystallinity was observed in adamples. The error bargpresent the standard deviation of

thelntegrated Peak Arsaoffive measurements for easample.

Out of 5 tested samples, an average of 92&b6yatalinity after treatment maintained in the
HZSM-5 (30) C, HMOR (20) C and HFER (20) C samplés opposition to HY(30) C and

H b(25) C, these three structures are considerezbalitespossessingpigher framework
densites (FDsj). However, inthe case of thezeolite b f r a m@mBA) ackurate
crystallinity measurerantsare difficult becauseof polymorph stackingand the structure
being alreadypartialy disordered in the-direction?® This complicated buildingtructure
herestacking faultsleadto complex pXRD patterns that made the analysis of the zéolite

frameworkvery difficult.*

In all testedcases, subahtial decrease in micropore volumentywas accompaied by
increase in mesopore volumen(yy and overall total pore volum@/;). Out of the five
samples, the increase in total pore volume followed the trend of
HZSM-5<HMOR<HFER<HY<H b Indeed, he MFI structurgresentedhe lowesincrease
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in relativetotal porosity (by 5.1%pamongall examined saples. Thez e o | i (B5¢ C Hb
sampleshowedadecreasef micropore volume odround60% and increase of overall total
pore volume of 56.5%n contrast, thestructural changesf the HY (30) C zeolite were
severe and the drastas well. Thedecrease in # micropore volume indicadea partial
dissolutionor amorphisatiomf the zeolite, in agreement witkisting literaturé2>2° The

FAU structure is also known for its low density, resulting from the wide pore diameter of
7.4 A defined byl12-memberoxygen rings. Low density is alsgssociatedvith the void

volume, which in this case of FAU structures is around 48%.

Based on the relative total pore volume £ data, in all cases pore volume has increased
with lowest change of only 5.1% in th&BM-5 (30) C.Also, in thecase of HMOR (20) C

and HFER (20) C, these changes were relatively small, 8.0% and 12.8% increase,
respectively. However, significant changavas acknowledgemhthec a s e o0 {25 € h e |
zeolitesamplewhere the total pore vahoe increasedyb56.5%. To highlight the differences,
acomplete surface aréaorr) and porosity (micropore and total pore volume) dataset of the

two samples (HZSM andH B, of opposite Ve values, are listed in Table 3.1.

Table 3.1 Complete surface aregsprr), microporosity (Vi) and total porosity (Vi) data obtained for
H-b (25) C and HZSM-5 (30) Csamples before and aftewatertreatmeni{24 hat110°C, CFR)

Sample type Sample ID Sorr (MZQ)® | Vi (cm¥g)® | Vmc(cm3/g)©
Untreated 540 0.498 0.121
Hb (25
24 h est 397 0.779 0.047
Untreated 844 0.301 0.153
HZSM-5 (30) C
24 h est 696 0.317 0.123

@ Specific surface area obtained from NLDFT
®) Total pore volume from NLDFT
© Micropore volume from NLDFT

Inthecase of HZSMb (30) C, thepore volums after treatment didot significantly change

in comparison with the untreated sample. Howevecyraporosity decreased by B% in
favour of mesopores formation, while total pocdume increased by 5.1%. On top of that,
specific surface areaS) has decreased by 17.5%or@rarily, theH b(25) C sample was
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much more impacted by the water, with a drastic decrease in micropore volume and increas
of total pore volume of 63.5% an®.5%, respectively. Although, the specific surface area

decreased only by 26.5%.

Therefore, it was noticed that the more structurally dense MFI, FER and MOR structures are
less influenced by water in comparison to structures that are disorgeyB&A and of low
framework density.e., FAU.

3.2.3 General dfect of aluminium content

It was slown above, in Figure 3.2, that the type of framework has an influence on the zeolite
behaviour when icontact with water. To expand the screening, more samples prdwided
Zeolyst were chosen in order to understand the Al content role. Zeolites fraY théb
andHZSM-5 groupsof much wider Si@AI>0s molar ratios (5.1280) were chosen for this
screening. Powder-Xay Diffraction (pXRD) was usedo verify the crystallinity ofall the

initial samples. Diffraction patterns are presented in Fi§8e
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Figure 3.3 Powder Xray Diffraction patternswere grouped and labellgblack forHZSM-5, MFI structire
type (A, top); light blue forHY, FAU structure typandlight yellow for Hb, BEA structure typdB, bottom).

Presented pXRD patterns of each group match their reference patterns foldal in
Structure Commission databd§d-ollowing the screening frorsection 3.2.1, tests were
performed for the expanded group of samples. The study was carried out under same
experimental conditions, in pressurised water for 24 118fC (CFR). Results of relative

crystallinity and microporosity of the expanded screeaiggpresented iRigure 3.4.
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Figure 3.4 Expanding the screening sélectedstructure type zeolitasnderpressurged water(24 hat110°C,
CFR). Relative crystallinity reor bars represent the standard deviation of the Integrated Peak Area after
samples examination

The study carried ouhipresence of water at 1Tshowed that the general microstructure
changes are different for each framework. There was not amrifend for all samples, but
specific trends within the same group of zeolite frameworks. The errordgaesent the
standard deviation dghe Integrated Peak Arsaoffive measurements for easample. For
instance, itwas observedhat asthe silicon (Si) content of the low densityHY zeolite
increasedthe relativecrystallinity deaeased linearly. An opposite observation wesnfor

the Hb structure, where more crystallinity retained in the high Si content sample. However,
as described befer BEA typestructures are more complex structures. Therefore, the
determination of crystallinity was subject to a widendard deviatiodue to polymorph
stacking. Because dhis particular zeolite groupature further examination will be only
consideed insection 3.2.5 of this Chapter, where the ( 3 sample s tested faon
exchange and possible applicati@ams considered

On the other hand, theeolites belonging to thBlFI framework showed relatively good
stability across the entire rangelere, the MFI showed excellent water stability with a
decreasef only 6:13%in crystallinity andstill high percentage of relative microporosity
What is more, irthe case of the MFI stiture, the decrease anystallinity based on the Al
content washot linear. Moving from HZSMb (23) C to HZSM5 (280 C there is a small
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change in crystallinity and the overall changes werteas drastic as ithe case of the FAU

and BEAstructure.

In all samples, substantial decrease in micropore volume (Mas ackowledged. Inthe

case ofHY samples, the loss of microporosity followed the loss of crystallinity while the
SiOy/Al,03 molar ratio valuencreased. The trend was exactly reversetth@case ofHb,

where the highest silica content sample retained mosbpace volume. In thélZSM-5

group, lower microporosity loss was observed in samples of I8¥@fAl.Os molarratio.
However, in the MFI group the fluctuation in relative microporosity was present as well.
This indicated that the possible amorphisation or internal framework collapse might be
proceeding. Although, these processes vpeogressing much slower than the case of

otherzeolite groups

A review article on mesoporosity in zeolites explained that mesopores are created as
consequence of internal micropore fouling and most probably the migration of framework
Al into extraframework sites or extractiorf eilica at high temperature§ Therefore, this
suggested thah the case of this studyhe mesoporosity was formed out of the existing

micropores and thepossibledissolution of a zeolite is rather internal than external.

3.2.4 Influence of temperature and time on FAU type zeolite

Given that the pracreening has shown a major influence of water on the fraxdework

type group, a more focused investigation on was carried out. The gathered information from
previous sections have made it clear that this streetent through most structural changes.
The influence of water on the framework stability was presented before on Bigufighe
commercial HY §iO/Al,03 molar ratioof 5.1-80) samples were chosen for testing in
pressuried water (CFR) for the influenceof varying time (624h) and temperature
(80-110C). Results are presented in Figure 3.5.
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Figure 3.5 Behaviour of FAU type zeolite ¢valuated by pXRDBspectra relative crystallinity analysis
temperatureof 80°C and 110C, and timeof 6-24 h in CFR Relative crystallinity eror bars represent the
standard deviation of the Integrated Peak Area &ftamples examination

By decreasing the temperatwkwater from 110C to 80°C, higher stability of both lower

Al content GiOx/Al20Os molar ratio30 and 80) zeolites was observéidis clear that by
decreasing the Al content, a decrease in ovenalience result$urthermore, the change

in water tempeature ndicatel that water hadan impa&t on the zeolite structure. By
increasing theéemperaturethe modificationand dissolution of the zeolite framework is
acceleratd. The obtained results showed that both parameters, time and temperature, hav
adestructive effect on crystallinitynterestingly, @learchange in relative crystallinifyafter
analysing with pXRDwas noticed afteonly 6 h of water treatment.

Studies on stability of high Al content and dealuminateze¥dlite in presence of aqueou
medid®®> and steartf are already presented in the literature. Yet, these studies were done
under autogenic pressure ifeflon lined stainless steehutoclave. An article by
Buttersaclet al, exploredthe stability of a Yzeolite with much higher S¥DAI.Os molar

ratio of 130, and reported that although the zeolite underwent amorphisation, there was nc
loss in mass after direct contact with water at 138°8ccording to the authors, the
micropore volume loss was paralleled with a formation of mesopores and amorphous phast

starting on the outer surface.
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Physical properties athe analyseddY zeolites specific surface aregSprr), total pore
volume (M), micropore volume(Vmc) and relative crystallinity (%) are presented in

Table3.2. These quantifications were done on the tested samples before and after treatmen

Table 3.2 Physicalproperties of zeolitsamples used in this work before and after water treat{2dnh
at110°C, CFR).

Untreated sample Treated 24 hat 110°Cin water
Vme rel(d) Xrel(e)

Sample ID Vi® Vind® | Sper® Vi®) Vind© Sper@
(%) (%)
(cm¥g) | (cm3g) | (m?g) | (cm¥g) | (cm¥g) | (m?g)

HY (6.1)C | 0.252 | 0.225 | 909 0.440 0.212 669 94.2 90.1

HY (30)C | 0.317 | 0.267 | 919 0.398 0.168 644 62.9 63.0

HY (80)C | 0.299 | 0.246 | 815 0.394 0.102 581 41.5 32.8

@ Specific surface area obtained from NLDFT

®) Total pore volume from NLDFT

© Micropore volume from NLDFT

@ Relative microporosity calculated according to protocol in Chapter 2 Section 2.4.2
€ Relative crystallinity calculated according to protocol in Chapter 2 Section 2.4.1

In all cases, crystallinityXr) and micropore volme (Vic re) vValuesgradually decreased
while the SiQ/Al20s molar ratio increased. While the high Al content HY (5.1) C
maintained the initial crystallinity at a level of 90.1%, this significantly dropped to 32.8%
for the low Al content sample HY (80) Total pore volume values increased by 74.6% for
the HY (5.1) C versus only 31.8% fhliY (80) C sample. In all cases, a decrease in specific
surface areaSprr) and micropore voluméVmc) were observed as well. The secondary
mesopore system formation is in good agreement with the observations described and give
by Buttersaclet al?®

Nevertheless, it was previously shown that the commercial Y zeolites provided by Zeolyst
and used in this study were psginthetically modified® The zeolites were previously ion
exchanged, steamed and acid treated to achieve dealumination and auhsdugieer
SiO/Al>03 molar ratios. It was also previously shown that poetlified FAU framework
typeis much more sensitive to alkaline metfiaifter treatment in alkaline solutions, the

ultra-stable zeolite Y underwent dissolution and became sukmtgnamorphous!?
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Furthermore, formation of mesopores and a decrease in specific surface area was directl

linked to the ongoing process of material amorphisation.

To verify possible ongoing amorphisation hypothesis, pXRDNwphysisorptioranalysis
were performed. Figure 3.6 presents pXRD patterns of the HY (80) C sample before and
after treatment in watet 110°C after 6 h and 24 h. A inside graph presents how the relative

microporosity compares to relative crystallinity loss.
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Figure 3.6 The diffraction patternsof commercial zeolite HY (80) C treated @FR at 110°C untreated
(black), 6 h (yellow) and 2B (blue).Comparison of relative microporosity and crystallinity ofYH80) C
sampe before and after treatment

Presented data revealidt a significant internal transformation took place in the FAU type
zeolite of SiQ/Al203 molar ratio 80. The smaller inside graph, showed linearpanallel
tendency of relative crystallinity and microporosity loss as a function of time. Treating the
sample with water flow (110°C) resulted in a significant loss in relative crystallinity afte
only 6 h, and the signal was further decreased after 24 h of treatment. Broaderpegland
shifting indicated the decreasing crystallite size as well as changes insfhecithg. This
indicated partial structure disordering, amorphisation or dissolafitre material. After 24

h, the loss of crystallinityvas followed by thencrease of total pore volume by 31.8%.

To further support and investigate the framework collapse presented in relation to the FAU
type zeolite sample, bothDRIFTS FTIR spectraand Quantitative EDXnicroanalysisvere
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conducted. The data provided by the EDX analysis on th€88YC sampleshefore and

after 24h at 110°C water flonexperimenis presented in Table 3.3.

Table 3.3 Data from theguantitative EDX microanalysiserformed on the HY (80) C samgiefore and after
water treatment (24 lt 110°C, CFR). Standard deviations represent the distribution of atoms after ten
measurements for each gaim

Sample ID SiO/Al,O3® SD ®ua)
HY (80) C Untreated 80.03 5.54
HY (80) C 24 hat110°C 22.80 4.61

@Si0O,/Al O3 molarratio was determined with EDX analysislues are an average of 10 different areas of the
sample® Standard deviation

According to EDX data, the SAI>Oz molar ratio decreased by 71.5%. This clearly shows
that after the 24 h water treatmexitt10°C the framework is destroyed due to Si and Al
leaching. Although, the amount of initial Al is too lotw definitely state thatmain
degradation mechanism is desilication. Apparently, metal leaching is one of the permanen

deactivation mechanisntisat involve zeolite materiafg

However, changes in the zeolite framework were easily detected by the HRIHR
analysisThe spectiof the untreatednd treated HY (80) €Gample are presented in Figure

3.7. The most important vibrations are annotated with asterisks.

{HY (80) C 24h 110°C

Absorbance

|HY (80) € untreated

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

Wavenumber (cm™)

Figure 3.7 DRIFTS FTIR spectra of the untreated and water treated g4 h0*C, CFR) HY (80) C samples.
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The spectrum of the untreated sample shantedsive bands d410050cm' 1, with two weaker
sideband at 12086m' ! and 950cm'!, all attributed to the SO and AFO asymmérical

stretching vibrationof the internal Si and Al exchanged tetraheir8and located at
830cm'!, 610cmt and528cm' * were all assigned with stretching and bending vibrations
Si-O-Al bonding and octahedral groue. extraframework Al specied! The difference

between the untreated and treated spectra is the disappearance of bands assigned to EF

This meant that most likely EFAI species were no longer present in the sample after watet

treatment. Yet, this observati needs additional confirmation B{Al MAS NMR studies.

However, bands assigned to framework positions remained unchanged meaning tha

framework Al positions remained stable in the sample.

Even thoughhe EDX microanalysis confirmed that the materiat lmajority of its Si, this

was not sufficient to prove how the remaining Si environment rearranged in the sample aftel

water treatment. With the help of MAS NMR, it is possible to possibly confirm that the EFAI

was removed from the sample and the Si ahérAironment changed. In order to prove
those assumptions, battsi and*’Al MAS NMR were conducted.

The Single Pulsé®Si and?’Al MAS NMR spectra ofthe untreated and water treated
(24 h, 110°Q HY (80) C sampleare presented in Figure 3.8.
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Figure 3.8 Single Pulse®Si (left, A) and?’Al (right, B) MAS NMR spectra for theintreatedblack), 6 hat
110°C (yellow) and 24 tat110°C (blue) watertreatedHY (80) C samples.

Significant dilanges wer@bserved in both, the @ind Al environmentAs described in
Chapter 2 (see section 2.6.10.4), in a zeolitegdioccur in five possible coordination

environments The most common distribution is the-salled ¢ coordination, which is
87



Chapter3

linked to the Si@ tetrahedron building the framework. The region assigned to this
coordination falls betweer105 and-120 ppm.In the Single Pulsé’Si NMR spectra (left,

A) of the untreated sangl a strong resonangeeak at-107 ppm was observed. The
resonance was attributed to the highly order&@SgOSi)] coordination®> A small peak,

also associated with the*@as observed afl12 ppm. The &coordination peaks of much
lower intensity were observed-403 ppm and100 ppm The spetra of the treated in water
samples were much differefit was observed, that only after 6 h of treatment, the main peak
intensity has lowered and the Pcreased. However, after 24 h, the arising of tReves
significant. The appearance ofethQ® signal is associated with formation of mostly
[(SiO)sSiOH] units This indicated that the framework became significantly defective and

degradation propagated as leaching took place.

As described in Chapter 2 (see section 2.6.1Mm83t often Al occugin a zeolite framework

in two distinctive coordinations. This is the tetretad framework Al between 100 ppm and

50 ppm) and octahedral extraframewdik(betweer20 ppm and-10 ppm). Inthe case of

the 2’Al (right, B) NMR, the spectrum of thentreated sample presented a tetrahedrally
coordinated Al resonance peak located at 55 ppm and octahedral extraframewdik (EFA
coordination peak located at O ppm. After 6 h of water treatment, the 0 ppm peak was still
intense. Although, after 24 h the oesince was no longer observed. This confirmed the
previous considerations derived from the DREHTIR spectra, where bands assigned to
EFAI were no longer detectedlhe main framework Al peak was much broader, but still of

high intensity.

The mesopore fonation is associated with the removal of the octahedral Al, which is
accompanied by the process of Si dissolving. However, while the Si leaches out of the
framework positions, Al was found to be more stable inldttece. The extraction of Al
generated ydroxyl defects on the surface of the framew®rk. seems that the hydrolysis
occurs on the SD-Si bridgeswhile EFAI species are extracted from the sample.

3.2.5 Influence of Na ion exchange on commerciZlSM-5

Even though therotonated formof zeolites vere the most employed in applicationghe
oil-refining and petrocheroal industriesthere were cases in which the negative charge of

the structure was balanced by with an alkali cation, such as sodiurff (Na).
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A partial exchange of Mo/ZSNs (SiQ/Al.Os = 30) catalysts with the Nacation was
reported to neutralize strong acid sites associated with the framework Al*&tbnesalkali
exchange helped decreasing coke formation and improved the stability of the M&/ZSM
catalyst in the noixidative methaa dehydroaromatisation (MDA) reaction. Therefdia,

ion exchange could be employed as additive for enhancing zeolite stability and higher
anti-coke capability

In terms of membrane stability, earlier studies found that Z3Mnosheets of medium Al
content (SiOx/Al 203 = 50) exhibited outstanding stability of at least 1 month performance in
pervaporatiordesalination of brines, witBaline concentrations up to 24t. %.3° It was
explained that the high hydrophilicity resulted from high Al surface contethiNa” as

extraframework ion compensat@AlO ;]-Na').

According to Buttersackt al, Na" counter ions had a strong negative impact on the stability
of siloxane bonding in a zeolite Y after contact with watddowever, the statement that
H-forms were more stable than {f&m was valid only for dealuminated zeolites. It was
also acknowledged that the behaviour of the-dealuminated zeolite of high Al content

was completely reversed.

Water vapour sorption isotherms of commeraiatreatedzeolite HZSM-5 (23) Cand
HZSM-5 (280 C samples before and aftda’ ion exchangés presented in Figurg.9. lon
exchange was performed according to the protocol describetétail in Chapter 2,
Section2.3.4.
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Figure 3.9 Water vapour sption isotherms of commerciptotonatecand Na iorexchanged HZSM (23)C
andHZSM-5 (280) C samples

The effect of preferential neutralising the acidic H sites associated with Al atoms by partial
Na exchangéedto a drastic change in water vapour uptakée zeolite. In both cases the
protonated andla’ ion exchanged ZSNs samples have presented a type | isotherm which
is characteristic fomicroporoushydrophilic solids However, in both cases, after Na ion
exchange the water vapour sorption abilityswdecreased by 50% compared to the
protonated forms. Water vapour sorption in presence of Na-featreework counteron

was considerably much lower compared to HZ5EInalogues with silanol surface defects.
The phenomeon was studied back in the 1980s amas considered as an adsorption of
isolated water molecules on the alkali metal cation and a second sheluputdhigher

equilibrium pressure¥.

To further explore the effect &fa” as countefon, sodium exchanged commercial Z&M
were compared with their protonic formselRtive crystallinity and microporositgata

derivedfrom H* andNa" samplesare presented in Figure 3.10.
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Figure 3.10 Influence of Naion exchange on commercidZSM-5 (23) and (2803amples treated with water
(24 hat 110°C, CFR)i relative crystallinity and microporosity comparison betweenahid Na* samples.
Relative crystallinity eor bars represent the standl@eviation of the Integrated Peak Area aBeamples
examination

It was acknowledged that the addition of Na to the zeolite did not significantly modify the
overall water stability. Only minor changes in relative crystallinity and microporosity were
observed after water treatment (2&ah110°C, CFR). The error bargpresent the standard
deviation ofthe Integrated Peak Arsaoffive measurements for eashmple. Irthecase of

the Na" and HZSM5 (23) C sample, the protonated material shows much higher relative
microporosity. The additional micropore volume might\adl originate from the structure

dissolution and be created instead of mesopores.

To confirmSiO/Al20s and NaO/SiO, ratios, EDX analysis was performed and the dataset
is presented in Table 3.4. Due to EDX selectivity and dynamic range limitationds data
shown only for ZSM-5 (23) Cand NaZSM5 (23) C samplke
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Table 3.4 EDX analysison HZSM-5 (23) Cand N&ZSM-5 (23) Csampleshefore and aftewater treatment
(24 hat11(°C, CFR).Standarddeviations represent the distribution of atoms after ten measurements for each
sample.

Untreated Treated 24h at 110°C in water
Sample ID
SiO/AI203® | SD | Na2O/SiOz®) | SD | SiO2/AlI203® | SD | NaxO/SiOx® | SD
HZSM-5 (23 C 20.65 0.29 0.01 0.00 17.92 0.43 0.01 0.00

NazSM5 (23 C 21.55 1.75 0.21 0.02 21.33 0.47 0.14 0.00

@ Si0y/Al, O3 molarratio was determined with EDX analysislues are an average of 10 different areas of the
sample.
®)Na0/SiO, molarratio was determined with EDX analysislues are an average of 10 different areas of the
sample.

In terms of theSiO/Al.03 molar ratio ofHZSM-5 (23) G the sample had a much higher
decrease in the molar ratio. This means, that desilication took place to a much higher exten
than in terms of the alkaéixchanged sampl&Vhat is more, it was acknowledged that
hydrophobicity did affect the overall stabjliof the zeolite. Therefore, the presence of Na

in the structure is preserving the crystallinity to some extent confirming previous

assumptions.

3.2.6 Alkali ion exchange on commerciab (38) zeolite

Data gathered in the previous section (see Section 3.2.5) of this Chapter, indicated the
probability of enhancing stability of zeolites in water by alkali ion exchange. Such stability
would find applications in separation processes or aqueous enviroraaygsis. A recent
study*! speculated the use afkali-e x changed b -acdacatalystsThestsdy L e w
compared a commercial zeolite MH(25) with ion exchanged (Li Na" and K') and a
commercial Sh (38) sample. According to the authors, the lfkachanged samples were

not active for alcohol dehydration or reductive etherification of HMEhough, all of them

were equally stable during the reaction.

In terms of CQ adsorption, a Nazeolite SiO2/Al203= 15) after ion exchange showed an
increase in adsorption capacity in the sequence ‘oNK'>Li*>Ba*>Ca&*>Mg?". The
performance of K exchangedb z e wdsicdnfirmed by adsorption isotherms and

corresponding heats of adsorption for CG®
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To explore the effect of alkali countEms, allali-exchanged commercialH ( 3s8mple
were compared with its protonic form and the results are shown in Figure 3.11. lon exchange

was performed according to the protocol describetetailin Chapter 2, Section 2.3.4.
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Relative crystallinity (%)

Cap (38) C

KB (38) C

Nap (38) C

Figure 3.11 Influence ofalkali ion exchange on commercielb  ( 3 €ple€treated with water (24ah
11C°C, CFR)i relative crystallinity and naroporosity comparison betweer &hdalkali exchangedamples
Relativecrystallinity eror bars represent the standard deviation of the Integrated Peak Areasataples
examination

The test resulted in an increased relative microporosity in alkali exchanged zeolite in the
K*>Na>H">C&" sequence. Which is in line withrgviously discussed GCadsorption
capacity. Samples exchanged with &nd N& gave better results in terms of relative
crystallinity. Studies have shown that by customising the hydrophobicity of zeolite channels,
inner active sites may be protected inemus environmerf€ This is the case, since Na ion
exchange of HZSM zeolite has already confirmed that water vapour sorption abilities
decreased by 50% compared to its protonated forms (See Figure 3.9). To make a cleare
view, Table 3.5 summases all othetexturaldetails ofexamined sampldsefore andafter

water treatment.
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Table 3.5 Textural properties abn exchanged Bl ( 3zZ&qlite amples used this work before and after
water treatment24 hat110°C, CFR).

Untreated sample Treated 24h at 110°C in water
Xrel(d)

Sample ID Vi® Vmc® Sorr®@ Vi Vmc© Sorr®
(%)

(cm¥fg) | (cm®/g) (m?/g) (cm®/g) (cm®/g) (m?/g)
Cb (38 0.307 0.197 729 0.459 0.157 685 93.6
Kb ( 38 0.227 0.117 460 0.430 0.128 593 119.3
Nab (3§ 0.305 0.199 722 0.623 0.199 929 107.2
Hb ( 38 0.298 0.200 755 0.755 0.135 799 102.3

@ Specific surface area obtained from NLDFT

®) Total pore volume fronrNLDFT

© Micropore volume from NLDFT

@ Relative crystallinity calculated according to protocol in Chapter 2 Section 2.4.1

In terms of total pore volume, tliea b (38) C samples had the
vol ume, by 49. 5%. 380sarppke,rwhich resuited in thighesHibcredse
of 153.3%. The Kb (38) C and Nab (38) C
104.3% increase, respectiveMthough,Kb (38) C and Nab (38)
results in terms of minimal micropow®lume increase of 9.4% and 0%, respectively. The
t wo other sampl es, Cab (38) C and Hb ( 3¢
volume. Overall, the | argest change was I

pore changes were recorded.

All samples were examined by EDX to investigate the possible change A#AB and

X/Al ratios (where X is the alkali ion). Data was gathered in Tal@le 3.

94



Chapter3

Table 3.6 EDX analysisof ion exchagedHb ( 3s@mplel@fore and aftewater treatment (24 at110°C,
CFR). X refers to the counter ion. (*) lilhecase oH b  ( 3&8njple, the X is N@on. Standard deviations
represent the distribution of atoms after ten measurements fosaagie.

Untreated Treated 24h at 110°C in water

Sample ID
SiO2/AI20:@ | SD | X/IAI® | SD | SiOz/AlI20:® | SD | X/AI® | SD
Cab ( 34.28 1.77| 0.42 | 0.04 27.58 3.32| 0.40 | 0.01

Kb (3 33.29 0.54| 1.04 | 0.05 25.37 0.74| 0.67 | 0.05

Nab ( 33.29 1.88| 0.91 | 0.13 23.68 1.11| 0.66 | 0.13

Hb (3 34.30 1.25| 0.10%) | 0.05 22.32 1.27| 0.07) | 0.02

@ Si0/Al,O3 molarratio was determined with EDX analysislues are an average of 10 different areas of the
sample.
®) X/Al molar ratio was determined with EDXnalysis values are an average of 10 different areas of the
sample.

T h e (38)Csample presented a higher decreasg@/Al>0Os molar ratio, than its alkali
exchanged derivatives. This means that desilication took place to a much higher extent ir
the protonated sample than in the alleaichanged ones. Lowest decrease in the molar ratio
was observed ithecase ot h e C a bampl& What i<Ontesesting, in contrast to other
ions, the calcium (C4) ion remained in the internal channeBhe negative charge
introduced byaluminiumin the frameworkis compensated by calcium. Meaning that one
divalent C&"ion compensates for twaluminium atomsinstead oftwo monovalent K or

Na' ions.TheCa*ion occupies a space within the channel between two adjacent aluminium
atoms and remains within this regidn.contrast to th&* andNa*, C&* ionsare difficult

to move andare not diffusing through the zeolft¢ This also might explain the lowest
increa® of total porevolume sincehe ion is not removed from the framework as easily as
Na" and K. The EDX analysis confirmed that the untreated and treated samples had same
wt. % of Ca*.

It was observed that the framework degradation under aqueous phdgmesrs similar
to the protonated and sodium exchanged MFI structure discussed in previous sectior
(Section 3.2.5). This allows the conclusion that alkali ion exchange on zeolites limits the

excessive degradation of the internal zedtéenework.
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3.2.7 LTA zeolite stability

The5 A molecular sieveare poduced by cation exchange of calci¢@a)for sodium(Na)

in zeolite A. Commercial desiccardase in a form obeadsor pellet. TheLTA zeoliteused

in this study was a CaA zeolite (LTA, Liadype A fameworR, a C&" exchanged sodium
aluminium silicate (BCRZ05, provided in form of beads with21% clay as binder). Further
information about LTA structure and its properties can be found in Chapter 1 (see section
1.1.1).

In general, theewlite A (LTA framework is an important zeolite widely used in solvent
dehydration, as described in Chapter 1 (see Section 1.1#i8)characteristic for its
superior properties such as-@lignensional channel system of small potew, FDs; of 14.2

and sgnificant water uptake possibilities. Herein, the LTA framework was used due to its
low SiO/Al.03 molar ratio of 2, which means that testributionof Si and Al is equal in

the structure.

The pXRD analysisvas usedo verify the crystallinity of theeolite Auntreated and water
treated samples. Conditions were kept the same, as for previous samplbe, test was
performedin pressuised water(CFR) for 24 h att10°C Figure 3.12 presents diffraction

patterns bboth samples.

g LTA 24 h 110°C

Intensity (a.u.)

LTA untreated

5 10 15 20 25 30 35 40 45 50 55 60
2 Theta (deg)

Figure 3.12 The pXRD patterns of untreatethd treated in water (24 & 110°C, CFR). Comparison of
diffraction patterns before and after treatment with water.
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The diffraction patterns wereompared tdZA Structure Commissionlatabase available
online. Presented pXRPpatterns matched the reference the patterns corresponding to the
LTA framework. The major refd®B&t1R.8,116.2p e ak
21.7, 24.0°, corresponding to the (200), (220), (222), (420), (442) and (622) lattice planes,
respetively.!® The XRD peak intensitfor the treated sample is much less intense than the
untreated one. After water treatment, theegrated Peak Asewas only of 46.9% of the

untreated sample.

Values presented in Table 3.7 are theéueal propertie®f thezeolite Asamples bfore and

after treatment. Data is derived frova-physisorption and wateapour sorptioranalysis.

Table 3.7 Textural propertie®f LTA samples used ithis work before and aftewater treatmen¢24 h at
110°C, CFR)

Vi® Vincd® Sorr® Vapour sorption capacity
Sample ID
(cm¥g) (cm?qg) (m?/g) (cm¥g)
LTA Untreated 0.378 0.220 1168 245
LTA 24 h 110°C 0.391 0.210 1106 -

@ Specific surface area obtained from NLDFT
®) Total pore volume from NLDFT
© Micropore volume from NLDFT

A small reduction in porosity after testing was attributed tartbeease in mesoporosity as

the volume of micropores decreased. The high surface area of the untreated sample remain
nearly unchanged, indicating that even if framework damage is propagating, the core of
structure is still intacHowever, water vapoupsption capacity was highest among all tested
samples, reaching 245 mtlg

Quantitative EDXmicroanalysisvas conductetb assess the elemental compositibthe
samples. The analysis was done in order to understand how the elemental compositiol
changesafter water treatment. Table 3.8 presents a summary 8bwbmposition of the
untreated and water treated sample.
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Table 3.8 LTA sample wt % compositiorconducted by EDXefore and after watéreatmen{24 hat110°C,
CFR). TheSiO./Al 03 molarratios standard deviations and relative crystallinity are gi&andard deviations
represent the distribution of atoms after ten measurements for each.sample

0 Si Al Na Ca Mg SiO/ Xrel®
Sample ID SD
Wt. % | Wt. % | Wt. % | Wt. % | Wt. % | Wt. % | Al203® (%)

LTA Untreated | 59.16 | 17.01 | 12.94 | 3.51 572 1.66 2.53 0.08 | 100.0

LTA 24 h110°C| 57.25| 17.81 | 14.21 | 0.15 8.82 1.75 241 0.11 | 46.9

@ Si0y/Al, O3 molarratio was determined with EDX analysislues are an average of 10 different areas of the
sample.
®)Relative crystallinity calculated according to protocol in Chapter 2 Section 2.4.1

According to the EDX quantitative analysis, thee@ge elemental compositionas
17.01wt. % of Si andlL2.94 wt. % of Al. These values after treatment were 17.81 wt.Sio of

and 14.21 wt. % of AlThis means thatigherwt. % of Si and Al remained in the sample
after treatment and tI&O,/Al O3 molar ratiohas not changed in a significant way, by only
4.3%. As mentioned before, crystallinity of the treated samples has decreased by 53.1% ii

comparison with the untreated one

On the other hand, Na was extracted nearly completely from the sample afterasdtes it

in the CFR. The larger alkali ions (Mfgand C&") remained in the structure. This
phenomenon was previously observed in the alkali ion exchahlffedamples (see
Section3.2.6).

The MP-AES analysis was used to determine the Si and Al concentrdtiahe effluent
water, which was collected after passing through the sample. The amounts Si and Al tha
leached from the solid sample were approximately 17.40 wt. % and 20.77 wt. % of the total
Si and Al in the sample, respectiveljhis means that the MRES analysis is in good

agreement with thEDX andthe observetbss of crystallinity derived by XRD.

In order to understand the Si and Al distribution before and after treatmemMlASMNMR
was conducted. The Single PufS8i and?’Al MAS NMR spectraof both untreated and
treated with water (24 h, 130) LTA samples are presented in Figure 3.13.
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Figure 3.13 Single PulseSi (left, A) and?’Al (right, B) MAS NMR spectra for theintreatedblack) and
water treated (yellow) for 24 dt 110°C, LTA samples.

In comparison to previously presented Solid State NMR spectra, here (left, A) tife Si Q
coordination is not observed. Instead, both of the samples exhibited sharp resonance peal
at -91.5ppm, attributed to the Q[Si(OAl)4] units coordinationat the usual shifts for
zeoliteA which isin line with previous studies on the LTA zeolff¢® The spectrum of the
treated sample is no differetitan the untreated’his means that the Si leachms of the

sample and nat.g.undergoes phase transition.

However, minor changes were observed in the Single PIRseNMR (right, B) spectra

While the untreated sample resonance spectrum exhibited framework Al in tetrahedral
coordination(51.3 ppm), theéesonance was much broader in the water treated sample, only
after 24 h of water treatment. What is more, a small amount of octahedrahededd: FA

was detected. Thevell separated signdbcated at 7®%pm couldbe assigned to the
tetrahedrally coordinated calcium alumosilicate (framework or dsdraework) groups or

the clay binder (most likelgalcium aluminat€aAlkOa).*’

3.2.8 Framework density considerations

Theresultspresentedo fardemonstrate the waterimpact on the stability of various zeolite
frameworks and theinternal degradatianThe comparison & wide variety of commercial
zeolites gavensight ino the water stability ofdifferent structure of similar chemical

composition For the purpose of the work, Tal8ed summarise all structur& details for

99



Chapter3

analysed zeolites. Presented data is based on the information found in Database of Zeolit

Structues!®

Table 3.9 Summary of structural paraters of examined zeolites.
Zeolite structure MOR FER FAU BEA MFI LTA

Type of rings 12,8,5,4 | 10,8,6,5 12, 6,4 12,6,5,4 | 10,6,5,4 8,64

6-6 or 62 or 8 or 44 or
SBU 5-1 51 6or42orl N/A 51 6-2 or 6 or
4-1or4 1-4-1or4
Framework density
(FDsj) 17.0 17.6 13.3 15.3 18.4 14.2

(T/1000 A3)

The secondary building units (SBU) afermed fom [SiO4] and [AlO4]" tetrahedra linked

by oxygen bridgesFramework densitgFDs) is anumber of tetrahedral atoms per 1000 A
calculated for an ielalied SiQ composition in the highest possible space grdinerefore,

the higher the number, th#enserthe structure and lower the inner pore volume. As
described in Chapter 1 (see Section 1.1.2), frameworks with lowgraFDpredominantly
built of 4-membered rigs. The higher the FD, the larger the rings and smaller pores and

more compact structure.

The same table with corresponding relative crystallifotyeach tested sample, gathered
from Figure 3.2 and 3.4, and Table 3.7 of this Chapt@resented on Fige3.14
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Figure 3.14 Relative crystallinityof different zeolite samplexfterwater treatment (244t 110°C, CFRYyersus
Framework DensityFDs;) of the analysed structuresll samples weralivided into groups, according to the
aluminium content and the Sifa\l.03; molar ratio: ultrahigh 5.1 (black circle), high 230 (yellow triangle),
medium 3880 (blue square) and low 2800 (green reversed triangle).

All tested zeolites were divided into groups, according toSi/Al>.0Oz molar ratioand
therefore higher Atontent ultrahigh(2-5.1 ratio), high (2€80 ratio) medium(38-80 ratio)

and low (286300 ratio) As presented on the Figure, there is a general trend of higher relative
crystallinity for denser zeolite structures (higher sfDWhat is more, inside eme
framework group, zeolites with higher Al content showed higher relative crystallinity values.
This means that Amight play an important role in the overall zeolite structure stability,

when in contact with water.

3.3 Conclusions

In this chapter, stabilityests were done on a variety of commercial zeolites. In partieular,
different approach focusing on representing real industrial processes and detailed
spectroscopic studies before and aWatertreatmentvas employedThe investigation of
water impatstarted from measuring the relative crystallinity and microporosity of selected
zeolites These comparisongereused as a first descriptor of tebility of the materials.
Maintaining initial crystallinityis often crucial for the activityand performanceof the

material incatalysis, sorption and membrane processes.
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The generalaim was to achieve better understanding of the processes that und#rgo in
internal framework ofzeolites while use of presssgd waterflow. A range of detailed
comparisonbetween different structures (MFI, BEA, FAU, MOR and FER) and wide
SiO/Al>03 molarratioswasexplored in order to have a better insight of the hydrothermal
stability among these structures. To generate relations a variety of stedezonducted,
including, powder XRay Diffraction (pXRD), vapour sorption isotherms;physisorption
isothermsEnergyDispersive X%ray spectroscopy (EDX) arfési and?’Al MAS NMR.

This study resulted in a conclusion, that the zeolites of the MFI frame&8M-5 zeolite)

were mostydrothermallystable among all tested structures. Micropore analysis suggested
that in most cases, under the influence of water, mesopores were formed and the structure
lost their initial crystallinity Quantitative EDX analysisonfirmed that the HY as well as
HZSM-5 and alkaliexchanged zeolites underwent desilication, but to a different extent.
DRIFTS analysis on HY (80) C sample gave an idea of the sequence of processes
undergoing in the structuieEFAI removal, desilicatio and finally a possible framework

Al removal. A partial exchange of the HZSBA(23) C sample with a N&ounter iorled to

drastic change in hydrophilicity. The desilication process was not as drastihasase of

the protonated sample. A partialienx c hange of HNa and 83 shavedwi t |
that the C& exchanged sample was least affected by water. Furthermore, after water

treatment C# remained in the structure, opposite tbafid N&, which leached out.

By exploring thes A zeolite A(LTA structur@ by comparing data generated fré?8i and
2IAl MAS NMR and MRAES it became clear that Si and Al leaching happen both at the
same time. As previously shown, larger alkali ions such as calcium remained in the structure

while those osmalleratomic radius (sodium) leached out.

From the data obtainexb far, it can beancludel that desilicatioras well as dealumination
are equally the main cause of structure failiviost likely, StO-Si bridges undevent
hydrolysisafter EFA removal starting from the smallest rings builditige zeolite irternal

channels. In all cases, the micropore volume and ouetallporositywereaffected.

The framework density wadirectly related to the pore volunamadrings subunits in the
zeolite structureThe research presented in this work shows that zeolites with higher values
of FDsi are much more stable imater environmenthan those with lower F§& What is

more, structures with higher Al content among all tested framewaorks, were more resistant tc

textural damage.
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Chapter 4

4 Influence of aluminium content on the stability of

high framework density zeolites

4.1 Introduction

Aluminosilicate zeolites are widely used in research and chemical industiyging
catalysis, heavy metal sorption and membrane separation prote€sesentional
hydrothermal synthesis method of zeolites has several advantages ovsynplossis
treatment methods.€., acid dealumination). These are bottamincorporatiorof various
tri- and tetravalent metals into the framework, controlled pore size distribution, introduction

of intentional defects or defect free synthesis.

In Chapter 3, various commercially available zeolites were tested for their water stability. In
tha chapter, it was demonstrated that higher aluminium (Al) content of the zeolite structure
led to a corresponding increase in material stability when in direct contact with hot water.
What is more, it was found that high Framework Densitys(Ffructuresuch as Mordenite
(MOR), Ferrierite (FER) and ZSM (MFI) are much more stable in water than the structures
oflowFDs, such as zeolite b (BEA), zeolite °
commercially available zeolite materials possess a liméede of available Si€DAI>0Os

molar ratios. Therefore, the final results derived from Chapter 3 prohibited a conclusive

discussion regarding the impact of Al content in terms of zeolite stability.

To overcome this, herein the focus is directed more dempipe role of Al in the zeolite
structure, particularly as the Al content can strongly influence performance and catalytic
activity in addition to the stability of the zeolite. Previous investigations by Saghala

have shown that local Al distribution the ZSM5 framework can be controlled by the
conditions of the zeolite synthesislence, the Al distribution strongly affected the product
composition during olefins cracking. A higher concentration of single Al atoms (one Al atom
in the six or five-membered rings) in the material resulted in higher yields of propene,

ethene and pentene and lower yields of aromatics.

High aluminium contenZSM-5 zeoliteswere also reported to be excellent catalysts for

butene cracking reactiohA study by Jiaet al.,explored the role of a hollow structure of a
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mesoporous ZShb zeolite (SiQ/AI0s = 32)% It was found that the good accessibility of

Lewis acid sites, associated with BFSpecies, originated in higher catalytic performance.

In addition to catalytic activity, the hydrophilicity of a zeolite and its water uptake abilities
strongly depend on the Sif@I.03 molar ratio. The higher the content of Al the more
hydrophilic the structure and more water molecules occupying the intercspaces as
presented in Chapter Additionally, water is mobile within the framework and can undergo

an unlimited number ofeversible deand rehydratiorcyclesunderambient conditions
However, high Al contenhight make the zeolite unsuitable faeunderacidic conditions.
Consequently, the Al content may also affect the stability of the zeolite in a pressurised,
continuous flow reactor (CFRA water stability study by Jamét al. reported that in a
medium aluminium content ZSK¥2 (SiQ/Al20z= 60) Al leached from framewk to EFA
positions when hot water was appliedowever, it was shown that the EF#pecies have
created a protective layer for silicon bonds. As a result, the framework was more resistant tc
failure at elevated water temperatures (up to 250°C) thamwvitseanalogues with a lower

Al content (SiQ/Al.O3 = 160200) was exposed. The overall stability of the zeolite was
strongly dependent on the temperature of applied water. Furthermore, a study by Ravenell
et al.reported similar observations in a studywater stability of Y and ZShb zeolites in
temperatures up 200°C?

Due to the potential importance of Al content in terms of zeolite stalyiliéyny previously
reported studies focused on the hydrothermal stability of different aluminosilicate
zeolites®910111213 Many experimental studies are also supported by DFT calculation
models and a large number of relevant theoretical papers that can be found in the literatur
as well* However, in line with the data presented in Chapter 3, these previous studies have
almaost exclusively focused on commercially available zeolites and were done under static

conditions.

The screening of commercial materials, which was discussed in Chapter 3, gave a firs
insight on the differences in stability, depending on the frameworktgearsd aluminium
content. However, analysis on commercial materials had limitation due to the fact that most
of the samples had an unknown history of synthesis, were prepared by post synthetic
modifications of the parent structure, and were only availablienited SiG/Al Oz molar

ratios (23, 30, 50, 80 and 28%):57 Consequently, there is a need for comparisons to be

made between posteated commercial zeolites and synthesised zeolites prepadst
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strict, analogous conditions, in order to be#erdy how their chemical composition and
topology influence zeolite stability. An improved understanding of zeolite hydrolysis and

the role of Al would be highly beneficial for prospect applications in liquid phase operations.

It was demonstrated in Chaptthat the MFI framework, in particular the ZShkeolite,

was among the most water stable frameworks. This chapter presents ia-oepthstudy

of how the aluminium content of the MFI framework impacts its stability, by preparation of
ownpot laboratoy synthesised ZSNs materials. Subsequently, comparison of its stability

to zeolites of similar FE) materials is covered.

4.2 Results and discussion

4.2.1 Characterisation of onepot synthesised HZSM-5 zeolites

It must be mentioned here that all the samplesudsexd in this chapter are abbreviated by
their origin i a onepot laboratory synthesised MFI type ZSMzeolite sample after
activation, possessing a Si@Al.,03 molar ratio of 30, was denoted as HZS\30) HT.
Synthesis of each zeolite was done accordinghe protocols given in Chapter 2 (see
Sections 2.2.1.1 and 2.2.1.2).

To understand in better detail the stability of the MFI structure, a range of fESM-b
zeolites of SIG/Al20s molar ratios ranging from 30 to infinifize., no Al) was successfully
hydrothermally synthesised with the use of hydroxide medium. fdweder Xray
Diffraction (pXRD) was used in order to verify the crystallinity of the synthesised samples.

The diffraction patterns of calcined samples are presented in Figure 4.1.
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Figure 4.1 pXRD patterns of all onpot synthesised and calcined zeoliteZ &M-5 (30-300) and pure silica
Silicalite-1 (MFI type) samples.

The sharp and wellefined diffraction patterns of the MFI struatarwere observed the

case of all the synthesised samples. All diffractograms were compared with the 1ZA
Structure Commission database available orifiriEhe presence of intense characteristic
di ffracti o=r7.98) 882k, 23.14°f 23.26¢ and.24° clearly indicated that the
collected diffractograms corresponded to highly crystallin@3#-5 and Silicalitel
zeolites. In addition, no other diffraction peaks corresponding to undesired impurities were

observed.

Single Pulse?®Si and?’Al MAS NMR spectra were recorde further investigate the
content and coordination environmentSyfand Alin the synthesised materials. The spectra
presented on Figu#e2 show differences in Si (left, A) and Al (right, B) distribugson
between the high (30), miedn (80) and low (300) aluminium content MFI frameworks.
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Figure 4.2 Comparison of Single Puls&Si (left, A) and?’Al (right, B) Solid State MAS NMR spectra of
untreated HZSMb (30) HT (blue), HZSM5 (80)HT (yellow) and HZSM5 (300) HT (black) zeolite samples.

In the three measured samples, the vast majority of framework Si is located in the
Q* (-118ppm) coordination, which is confirmed by tHSi spectra (left, A). This is clearly
visible, especially inthe case of the HZSMb (300) HT sample. When the Al content
increases, the Qesonance becomes broader and eventualheicase of the HZSM (30)

HT sample, a new resonance appearsld® ppn. This peak is associated with thé Q
coordination. The &resonance is usually associated with two types of speicges,
[Si(OSiB(OAl)] and [Si(OSi3(OH)] ones, indicating that the Al is exchanging Si in the
framework tetrahedra. THéAI spectra (righ, B) confirm these observations. In all cases,
the majority of the Al atoms were located in the tetrahedral framework sites (55 ppm), with
only a minor part as EAAO ppm) which was increasing with the Al content increase in the
material. Inthe case othe HZSMS5 (300) HT sample, the signal located in the EFEgion

is so insignificant that it is most likely noise from the analysis background.

The amount of Al in the framework, as well as surface defects associated with the silanol
nests, have a greatfiuence on the hydrophilicity of the zeolite. Water vapour sorption
analysis (Figure 4.3) was performed room temperature (25°C) on chosen -po¢
synthesised samples in order to confirm the differences in hydrophilicity, which are directly

relatedto the zeolite chemical composition.
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Figure 4.3 Water vapour sorption isotherms on synthesised MFI type zeolites gA&i0; molar ratio 36300
and pure silica Silicalitd. Isotherms were recordatitemperature of 25°C.

As a result, the obtained water vapsarption isotherms/ere as expected and represented
the hydrophilicity and hydrophobicity of selected samples, depending on the ialimin
content. In line with expectations, the higher the aluminium content the vapour uptake was
higher. Furthermore, the HZSHKI (30) HT isotherm shape (type 1) was typical for
hydrophilic microporous materials. However, HZEM(300) HT and Silicalitd HT
samples were represented by type V isotherms, which are distinctive for more hydrophobic
materials. The vapour sorption abilities resulted in volumes of 135-mb2ymL g! and

32mL g?! for HZSM-5 (30) HT, HZSM5 (300) HT and Silicalitd HT samples,

regectively.

4.2.2 Influence of water on crystallinity and porosity

To extend the study from Chapter 3, the-poé synthesised set of HZSHzeolites was
investigated for water stability. In line with the research presented in Chapter 3, water
stability tests wee performed in order to understand how the Al content might affect the
properties and overall durability of the HZSB/zeolites. Similar as previously presented,
these tests were performed inddded continuous flow reactors (CFR) with deionised water

flow (0.3 mL min') under moderate inlet pressure &5 bar). The packestainlesssteel
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reactor was immersed in an oil bath and all tests were carried out foaP410°C as

described in detail in Chapter 2 (see Section 2.5.1).

The results of theests in a form of relative crystallinity are presented in Figure 4.4. The
relative value determination was done according to the protocol given in Chapter 2 (see
Section 2.4.1).

HZSM-5 (30) HT —

HZSM-5 (80) HT

HZSM-5 (150) HT .

HZSM-5 (210) HT ~

HZSM-5 (300) HT e

Silicalite-1 HT =
0 10 20 30 40 50 60 70 80 90 100 110
Relative crystallinity (%)

Figure 4.4 Relative crystdinity of HZSM-5 zeolite materials of SiAI.Oz molar ratios 3eB00 and pure
silica, Silicalitel. Relative crystallinity error bars represent the standard deviation of the Integrated Peak Area
after 5 samples examination.

A good level of crystallinitybetween 886%, remained within the whole range of 30 to
210 with a slight decrease afystallinity for the low aluminium content HZS¥ (300) and

pure silica Silicalitel. However, it was acknowledged that a progressive loss of crystallinity
occurred amig all the series with the highest loss for HZSNBOO) HT (84%) and in pure
Silicalite-l HT (78%) samples, where a low content and no aluminium are present,

respectively.

Changes of textural properties, especially specific surface aseg &d porosyt, in form

of relative values are given in Table 4.1. As presented in Chapter 3, changes in micropore
volume and total pore volume were the first indicator of internal changes happening after
direct contact with water at elevated temperatures. The relatlue determinations were

done according to the protocol given in Chapter 2 (see Section 2.4.2).
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Table 4.1 Summary of changes to the textural properties in a form of relative values, all based on NLDFT
cdculations.

Sorr @ Vi ® Vind® Vip @
Sample ID
(rel. %) (rel. %) (rel. %) (rel. %)
HZSM-5 (30) HT 92.9 109.1 82.1 138.6
HZSM-5 (80) HT 96.2 106.5 92.9 124.6
HZSM-5 (150) HT 106.5 104.7 84.6 104.2
HZSM-5 (210) HT 90.5 120.6 954 884
HZSM-5 (300) HT 85.7 97.5 85.2 88.7
Silicalite-1 93.1 94.3 88.8 114.2

@ Specific surface arg@n?/g) obtained from NLDFT
®Total pore volumedm?®/g) from NLDFT

© Micropore volume ¢m?/g) NLDFT

@ Mesopore volumecfr®/g) NLDFT

As an addition taelative crystallinity, changes in pore volumes were observed as well.
Interestingly, Silicalitel exhibited the highest loss of crystallinity lolidl not lose muclof

its micropore volume and retained 88.8% of its initial micropore volume value. Insalca
micropore volume loss was observed. Although, higher mesopore volumes were found in
high Al content zeolites (30, 80 and 150), compared to high Si ones (210 and 300). Total
pore volume increased by 42D0.6 % in samples of 3D10 molar ratiovalues ad decreased

in high silica ones (300 and Silicalte.

4.2.3 Comparison study between possynthetic treated and onepot
synthesised HZSM5 zeolites

This study investigated the similarities in performance of commercially available (presented
in Chapter 3and materials prepared via the g synthesis method (hydrothermal route).
The textural properties were analysed by powdeaydiffraction, N-physisorption, water

vapour sorption experiments and AF IR analysis.

Figure 4.5 presents a comparisorcammercial (C) and orgot synthesised (HT) HZS¥
zeolite samples with similar aluminium content treated for in water for 24 110°C
(asdescribed in Section 4.2.1). Additionally, relative total pore volumeelVof each

sample was added on thight-handside of the figure.
112



Chapter 4

Relative microporosity (%)
0 10 20 30 40 50 60 70 80 90 100

7 /

HZSM-5 (80) HT V, .=106.5%
- —~ 7
HZSM-5 (80) C i, V, o =121.3%
// 7 //
HZSM-5 (300) HT s =97.5%

t rel

0 10 20 30 40 50 60 70 80 90 100
Relative crystallinity (%)

Figure 4.5 Comparison of relative crystallinity and microporosity among commercial (C) angaine
synthesised (HT) materials of similar aluminium content treated with waterC8C1for 24 h.Relative
crystallinity error bars represent the standard deviation of the Integrated Peak Area after 5 samples examinatior

Values of relative crystallinity and microporosity were similar with slight differences along
the comparison set. Thindicates that the commercial pgghthetic modified and orgot
synthesised structures had comparable tolerance upon exposure to hot water flow. At 110°C
the relative crystallinity of all samples decreased 118% with a highest crystallinity loss

for the HZSM5 (300) HT sample. Materials with higher aluminium content (30 and 80)
retained >90% of their original crystallinity. No additional crystalline phases have been
observed on the pXRD diffraction patterns of treated samples, meaning that noases ph

or phase transition happened after treatment with water.

Furthermore, the total pore volumes: ) estimated from the Nohysisorption isotherms
were only a bit higher in terms of the HZSBA80) C sample, with an increase of 21.3%.
However, the inreasing total pore volume values, by-8.1%, confirmed formation of
internal mesopores, which was observed to happen in every tested sample. The appearan
of mesopores is mainly associated with the partial collapse of micropore or internal
dissolution.

ATR-FTIR analysis was conducted on untreated and treated HZ&@0) HT samples in
order to confirm the pore collapse in treated samples. The HZEM0) HT was used as
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an example, to determine the effect of water on the internal structure -@ndrtsi AFO

bonds. The spectra are presented on presented on Figure 4.6.

HZSM-5 (300) HT -

Absorbance (a.u.)

———]
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Wavenumber (cm'')

Absorbance
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*

untreated

2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

Figure 4.6 ATR-FTIR spectra of a treated (dark yellow) and untreated (black) HBSB00) HT. Asterisks
point out bands described in tex

The spectra of the untreated and treated samples presented a characteristic intense band :
wavenumber of 1070 crh and a shoulder at 1250 Cinattributed to the asymmetric
stretching vibrations of the internal silicon{8(Si)) and aluminium ex@nged (SIO(Al))
tetrahedrd® The bands of symmetric stretching vibration of th¢ T bonds occu
wavenumber region of 79800cm?. The bands located at 4380 cm?® were associated

with the internal TO bending, which can be assigned with@\bards?° The intense band

at 550 crit was found to be typical for the MiStructured material and is associated with
the pentasil framework vibraticd However, the only change (highlighted in the box) in the
spectra was around 4261 ! and this region has been assigned to pore opening vibrétions.
However, in the case of the spectrum below 50¢,dime equipment is not very accurate
and there is a possibility of making an error by interpreting this reficom these IR
spectra, it isseen that the disappearing pore opening baiyht beassociated with the
undergoing changes in the internal channetb@snicropore volume decreasedamour of

mesopores formation.
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4.2.4 Medium aluminium content HZSM-5 (80) HT stability with time

In orderto explore the structural stability a medium Al content HZSN80) HT structure

was examined. The HZSHE (80) was chosen due to several reasons, including the detection
and linear dynamic range limitations of the MIES technique and the EDX elemental
aralysis.Out of all synthesised zeolites, this structure had the lowest Al cdd@times

less than Si contenbut could still be easily detected by EDXhe detection limit for bulk
materials is 0.1 wt.% therefore EDX cannot detect trace elementgntmatmons below 0.01
wt.%.2

In order to test the stability rplonged tests on the HZSBI(80) HT zeolite samples were
conducted. A set of experiments was carried out for 24, 51 anth 12G fixed-bed
continuous flow reactor (CFR) in water at 110°CeTdeionised water flow was set to
0.3mL mint. To clarify, for every test a new untreated sample was packed into the CFR.

To verify the changes in the texture, the collected data was compared by means of pXRD
N2-physisorption, Pore Size Distribution (NLDFT), EDX, MAS NMR and MBS. The
results from conducting pXRD, Mphysisorption and EDX analysis were gathered and
presengd in Table 4.2.

Table 4.2 Summary of Si@AI,O3 molar ratio, pore size volumes, surface areas for the untreated and treated
in different amount of time HZSNb (80) HT samples. Standard deviations (SD) reprethe distribution of
atoms after ten measurements for each sample.

SDFT ®) Vt(c) Vmc @ Xrel(e)
Sample ID SiO2/Al203® | S D
(m%g) (cm¥g) | (cm¥g) | (%)
HZSM-5 (80) HT untreated 77.08 2.08 762 0.279 0.134 100.00
HZSM-5 (80) HT 24h 110°C 70.18 1.53 733 0.297 0.125 94.80
HZSM-5 (80) HT 51h 110°C 65.40 3.25 770 0.353 0.126 88.35
HZSM-5 (80) HT 120h 110°C 63.90 4.20 711 0.341 0.118 79.77

@ Si0y/Al, O3 molar ratio was determined with EDX analysis; values are an average of 10 different areas of the
sample.

®) Specific surface area obtained from NLDFT

©Total pore volume from NLDFT

@ Micropore volume from NLDFT

@ Relative crystallinitycalculated according to protocol in Chapter 2 Section 2.4.1
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The N-physisorption analysis showed that the micropore vol(Mag) did change for all
samples, with the highest decrease of approximately 12% after 120 h of treatment.
Additionally, the total pre volumeg(Vy) of the 120 h samplacreased by 22.2%, which was

a second largest change just after the 51 h treatment sample. The decrease in micropo
volume and increase of total pore volume again indicates formation of new mesopores at the
expense omicropore retention. What is interesting is that treatment with hot water might be
an alternative method of introducing mesoporosity to the MFI structure other than treating

it in alkaline agueous media, as is typically folloviéd.

Furthermore, EDX analysiof the materials indicated that silicon leaching indeed occurred.
The difference in SigdAl203 molar ratio before treatment and after 120 h sigsificant-

a drop of 17.1%. This indicates that silicon leaching might be the main mechanism of
framework degradation. At the same time, the relative crystallinity decreased by ~20%.
There was a clear correlation between the change of A0 molar ratio and relative

crystllinity as they both changed gradually, with elapsing time, as presented on Figure 4.7.
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Figure 4.7 Visual representation of change in relative crystallinity (black line, squares), microporosity (yellow,
circles) and the SigAl,Oz molar ratio (blue, triangles) after HZSM (80) HT sample treatment with water
for 24h, 51 h and 120 ht110°C.
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In order to understand changes undergoing in the MFI framework Solid State NMR was
conducted on the untreated amater treated HZSM (80) HT samples. Figures 4.8 presents
Single Puls&®Si and?’Al MAS NMR spectra of the untreated and treated HZ5{80) HT.

[®si A |ZAl B
3 120h 110°C| 3 120h 110°C
© ©
2z | 2 | 5
® 51h 110°C | ‘& 51h 110°C
o G
£ ] £ ]
24h 110°C 24h 110°C
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Figure 4.8 Comparison of Single PulgéSi (left, A) and?’Al (right, B) Solid State MAS NMR spectra of
untreated and treated HZS®(80) HT zeolite samplek untreated and after 24 h (yellow), 51 h (blue) and

120 h (green) treatment in water.

In thecase of thé%Si spectra (left, A), the untreated and treated zeolites show one main peak
at-119ppm, corresponding to the tetrahedrdloQordination. The intensity did not vary
significantly among the series; therefore, it was decided to normalise to peaks to &how th
the shape remained the same for among all samples. No additional resonances and pe

broadening were observed in the presented spectra.

No significant changes were observed for the Al environment (right, B) as well. Tipgb5

and Oppm resonance peakerresponding to the tetrahedral coordinated and octahedral Al
atoms remained nearly unchanged. However, the octahedral resonance peak was slightl
broader inthe case of the 51 h and 120 h treated samples. This would mean that the EFA
species might havieached out from the sample or that a minor amount of framework Al

was moving into EFAI positions. Spinning side bands are observed a@fipgm.

Silicon and aluminium leaching are important descriptor of the framework stability, as this
characteristiavas often crucial for the activity of the material in catalytic applicatféns.
Thus, to support the observation of silicon leaching, Microwave Plagitamic Emission

Spectroscopy (MFAES) analysis was carried out on the effluent water after passing the
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fixed-bed CFR. According to EDX analysis, the average Al and Si content of an untreated
HZSM-5 (80) HT sample was 1.16 wt. % and 46.38 wt. %, respectively. As three separate
samples were analysed for the treatment with water, all data was adjusted fwiagmpro

sample weights and data was presented on Figure 4.9 exposing a rather linear trend for bo
Al and Si extraction from the samples.

30
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—o—51 h 110°C Si /
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Figure 4.9 Amount of extracted (%) Si and Al from HZSH(80) HT samples in time, compared to the total
weight of all the sample packed in the reactor. Green sijsmaple 24 lat 110°C; yellow doi sample 5h
at110°C; blackrianglesi sample 120 lat110°C tratment with water. Al was not detected in effluenthie
case of 24 h and 51 h samples. Black revetrsadglesi Al extraction from sample 120&t 110°C.

In the case of the sample treated for 24 h, Si was present in effluent water with an average
conentration of 5.63 ppm. This concentration corresponded to approxir@atdlyvt. %of

the total Si present in the untreated sample. However, the analysis showed no presence
aluminium in effluent.

The same experiment was conducted after 48 h for thérBatbd sample giving the average

Si concentration of 6.0ppm concentration, corresponding to 4.55% of total Si andget
presence of Al. However, for the sample treated for 120 h three separate effluent sample:
were analysed. The results for Si andrakpectively were as follows: 51 h (Al 1.58 wt. %,

Si 5.00 wt. %), 105 h (Al 13.31 wt. %, Si 17.68 wt. %) and 120 h (Al 3.11 wt. %,
Si4.26wt. %). Giving a total of 18.00 wt. % Al and 29.94 wt. % Si extracted from the parent
zeolite sample after 120 h.
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The data derived frolIP-AES method confirmed that the entire set of samples underwent
desilication and to a lesser extent dealumination, which is in line with the data presented
previously. Furthermore, it dear that dealumination occurred toach lower extent than
desilication It is alsonoticedthat desilication occurred from the first hours of testing and is
followed by framework dealuminatiomvhich iseventuallyexpected, since the framework

loses quite a significant number of framework S

4.2.5 High aluminium content HZSM-5 (30) stability

4.2.5.1Influence of extended water contact on stability

As presented previously (Section 4.2.3), the-poesynthesised and commercial samples of
the high aluminium content MFI structure showed only little difiess in relative
crystallinity and microporosity after 24 h of testing. This section focused on comparing
textural differences after extending the tests to 120 h. Table 4.3 summarises differences ii
pore volumes an&iO,/Al.O3 molar ratios ofuntreatedandtreated samples with watat

110°C for 120 h.

Table 4.3. Summary of SiQAI,Os; molarratio, pore size volumes, surface areas for the untreated and treated
in different amount of time HZSN (30) HT and HZSMb (30) C samples. SiAI,O3 molar ratio was
determined with EDX analysisStandard deviations (SD) represent the distribution ofmsatafter ten
measurements for each sample.

Untreated After 120h at 110°C in water (CFR)
Sample ID Vi@ | Vpd® sSD Vi@ | Vipd® sSD
SiO2/Al203© . SiO2/Al203©) .
(cm®/g) | (cm®/g) ( U)l (em¥g) | (cmP/g) (u)
HZSM-5 (30)
c 0.301 | 0.153 28.79 0.39 | 0.304 | 0.105 21.90 0.76
HZSM-5 (30)
HT 0.344 | 0.147 31.25 1.40 | 0.384 | 0.132 23.03 0.67

@Total pore volume from NLDFT

® Micropore volume from NLDFT

© Si0,/Al,03 molarratio was determined with EDX analysis, values are an average of 10 different areas of the
sampé
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The onepot synthesisetHZSM-5 (30) HT sample exhibited similar stability compared to
the postsynthetic modified HZSM (30) C sampléexplanation of descriptiom Section

2.3.2 and Section 2.3)3In both cases a similar change $iO,/Al>O3 molar ratio was
observed, which decreased by 23.9% and 26.3% for the commerctai@pot synthesised
sample, respectively. In terms of pm@ume,the HT sample retained more microporosity

i 91.7% vs 68.6% commercial one, but the HT sample was more prone to formation of

mesoporosity and increase of overall total pore volume (111.6% vs 101.0% commercial).

All samples were analysed by Single Pui%& and?’Al MAS NMR and compared after
120h treatment in wateraf 110°C), in order to see possible differences in the Si and Al

environments (Figure 4.10).
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Figure 4.10 Comparison of Single Pulg&Si MAS NMR spectra of untreated and treated HZ5§B0) C (op
left, A) and HZSMS5 (30) HT pottomleft, C) zeolite samples 120 h in water. Comparison of Single Piélse
MAS NMR spectra of untreated and treated HZSKBO0) C fopright, B) and HZSM5 (30) HT pottomright,
D) zeolite samples for 120 h in water.

The difference in Si environment depending on the2&ik03 molar ratio of the MFI

structure was previously discussed in more detail in Section 4.2.1. While the Single Pulse
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295 MAS NMR spectrum of HZSM (80) HT sample presented only* @ordination
(Figure 4.8)a different Si environment is observed in the NES (30) samples. Here, as
presented on Figu#e 10, the HZSMb (30) commercial (left, A) and ofot synthesised

(left, C) samples resulted in same shape spectra and chemical shift of Si nuclei. The pea
centred at117ppm corresponds to the highly orddrQ species. In contrast, the resonance

at -110ppm were attributed to the 3Qspecies, corresponding to [(S¥ES)OH] and
[Si(OSi)k(OAD] units. After 120 h of testing, no major changes were observed in both

spectra.

In terms of the aluminium environmefrtght B and D), the Single Pul$éAl MAS NMR
spectra presented sharp resonance peak at 55 ppm, attributable to tetrahedrally coordinat:
Al atoms. The small fraction of Al signal located at O ppm confirmed the existence of EFAI.
Both spectra were compéia, but the C sample resulted in shifting a small amount of the
framework Al into EFAI positions. This is observed by the change in peak intensity and its
broadening.

Silicon leaching was also observed by MIES measurements by measuring the effluent
soluion from the fixedbed CFR. The results of these measurements obtained from the
HZSM-5 (30) C and HZSM5 (30) HT samples are presented in Figure 4.11.
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Figure 4.11 Amount of extracted (%) Si from HZS (30) HT and HZSMb (30) C samples in time,
compared to the total weight of all the sample packed in the reactor. Al was not detected in eftfheaatse
of all samples. The Al concentration was same as in thé&blan
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According to EDX analysis, the average Al and Si content of the untreated commercial (C)
and onepot synthesised (HT) samples was 2.63 wt. % and 2.52 wt. % (Al), and 39.42 wt. %
and 40.77#wvt. % (Si), respectivelyln the case of the HZSM (30) HT sam|e, silicon was
present in the effluent water (116 mL) after just 6 h, with an average concentration of
6.98ppm (SD +£0.01 ppm). This means that about 0.81 mg of Si leached from the sample.
Since the total mass of the sample packed into CFR was 200 nbeatudal wt% of Si

was 40.77%, this equalled to approximately W89 of total Si of the sample Si content
that leached out after only 6 h. After 120 h of testing the amount of extracted Si reached
28.16 wt.%. Giving a total of 29.15 wt. % of thet& Si content that leached out from the
initial packed sample.

In the case of the commercial HZS® (30) C sample, after 49 h the average concentration
of Si in the effluent water was 13.95 ppm (SD +0.14 ppm), resulting in approximately 14.68
wt. % Si thd leached. After 120 of testing the amount attained an additional 18.0%/4nt.
resulting in a total of 32.7&t. % extracted from the sample.

Both analysed samples presented similar results with a slightly better result for the
HZSM-5 (30)HT sample. Thdinal values were 32.73 wt. % and 29.15 wt. % of total Si
extraction for the commercial and hydrothermal sample, respectively. In contrast to the
HZSM-5 (80) HT sample analysed in Section 4.2.4, Al was not present in the effluent water
at any stage. The MRES system did not detect higher aluminium concentrations compared
to the blank samplégain,same as in the casetbEHZSM-5 (80) HT sample, thelP-AES
analysis confirmed undergoing desilication but not dealumination. The results of the tests
performel undersame experimental conditiomgere similar for samples presented in this

and previous section.

4.2.5.2Influence of water temperature on stability

To determine the influence of water temperature on the stability diZlsM-5 (30) HT,

the sample was tested at room temperature (22°C) for 120 h and compared with a sampl
testedat 110°C for 120 hFrom the previous stability test of the two samgabguesiit
appeared that similar level of desilication was present in botbommercial and
hydrothermal sample in the same temperature and testing time. As such, only3H38M

HT was explored at lower temperature. Table 4.4 summarises differenceg vohones
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andSiO/Al 203 molar ratios ofuntreatecand treated HZSM (30) HT samples with water
in CFR at 110°C and 22°C for 120 h.

Table 4.4 Summary of SiQAI,Os molarratio, pore size volumes, surfaceasdor the untreated and treated
HZSM-5 (30) HT samples in different temperatures. Bi@,/Al,Os molarratio was determined with EDX
analysis. Standard deviations (SD) represent the distribution of atoms after ten measurements for each sampl

Vt(a) Vmc(b)
HZSM-5 (30) HT Si0/AI20:©) | S D
(cm?¥g) | (cm®/g)
Untreated 0.344 | 0.147 31.25 1.40
After 120hat110°C in water (CFR] 0.384 | 0.132 23.03 0.67
After 120hat22°C in water (CFR)| 0.344 | 0.142 26.61 0.24

@Total pore volume from NLDFT

®) Micropore volume from NLDFT

© SiOy/Al O3 molar ratio was determined with EDX analysis, values are an average of 10 different areas of the
sample

An interesting difference in porosity was acknowledged, while the total pore volume
increased by 11.6% for the treat&tdl10°C sample, the room teemature one showed no
difference in values. What is more, the microporosity dropped by only 3.6% for the 22°C
one, in comparison to a drop of 26.3% for the high temperature tested sample. However, th
SiO/Al>03 molarratio changed ithecase of both samples by 26.3% and 14.8%étase

of the samples treated 4t10°C and 22°C, respectively, suggesting that some desilication
possibly took place even at room temperatlmgure 4.12 presents the ATRIIR

analysisdata.
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Figure 4.12 ATR-FTIR spectra of untreated HZSK(30) HT (black) and treatestt 22°C (light yellow) and
110°C (light blue) for 120 h.

The spectra of the samples presented characteristic bands, whighreveoesly described

in detail in section 4.2.2 of this Chapter. However, again the only change (pointed with the
box) was around the 420 thband region, assigned to pore opening vibratféiitie room
temperature treated sample showed no difference in comparison to the untreated sampls
This proves that the water did not affect the micropore volume. From data gathered in Table
4.4 it wasunderstoodhat room temperature water had nearly no influence on the porosity
of the high aluminium zeolite. Again, AFRTIR analysis confirmed that changes to the

structure were observed after contact with hot (110°C) water.

All samples were analysed by Single Pui%si and?’Al MAS NMR and compared after
120h treatment in elevated and room temperature water. Single Pulse MAS NMR spectra

are presented in Figure 4.13.
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Figure 4.13 Comparison of Single PulséSi (left, A) and?’Al (right, B) MAS NMR spectra of untreated
(black) and treated HZS¥ (30) HT samples 120 h in watat110°C (yellow) and 22°C (blue).

In all cases, thé&’Si (left, A) the esonance atl17 ppm corresponded td Qighly ordered

species. The resonance B0 ppm were attributed to*Qpecies and ithecase of the room

temperature treated sample, the peak was slightly more intense, although it was decided t

normalise the péa& to show that the shape remained the same for among all samples.

All the 2’Al spectra (right, B) presented two clear resonances. One very sharp and intense

centred at 5ppm and the second one located at O ppm. The sharp resonance peak at 55 ppi

was asgn to tetrahedral coordinated Al atom. The small fraction of Al signal located at 0

ppm confirmed the existence of exframework aluminium in all samples. the case of

room temperature treated sample, the Bb&®k is slightly less intense as if theAtkvould

leach out of its positions or the Al was reinserted into framework posffions.

Figure 4.14 presents results obtained by-MES analysis. These measurements were

conducted to observe differences in silicon and possible aluminium leaching.
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Figure 4.14 Amount of extracted (%) Si from HZS@ (30) HT samples after treatmeatroom temperature
(22°C) and 110°C. Al was not detected in effluenthiecase of all samples. The Al concentration wasesa
as in the blank sample.

Noticeably, the samples presented opposite results in terms of Si leaching. The room
temperature (22°C) treated sample resulted in a final value of 1.05 wt. % of the total extractec
Si. However, this was 28 times lower tharthe case of the sample treatatil10°C. The

final values for both samples were approximately 1.05 wt. % and 29.15 wt. % of total sample
Si content that leached after 120 h at 22°C and at 110°C, respectively. What is more, in bott
cases the levels of exttad aluminium were omitted, as the concentration level was no

different as the blank sample.

To summarise, the room temperature treated sample has shown to be nearly completel
unmodified after 120 h of treatment in the CFR. The HZS80) HT sample washserved

to have no change in total pore volume and only a negligible decrease of 3.4% of micropore
volume. This change can be associated with the very small amount of leached silicon (1.0¢
wt. %). However, the lack of pore collapse was confirmed by tistiggipore opening bands
observed by ATRFTIR analysis. These results confirm that the EDX analysis might not
always be the most reliable in terms of 8i©,/Al.O3z molarratio calculations. The initial
calculation shown in Table 4.4 suggested much lasiganges of the internal structure. On

the other hand, the sample treated af Clluffered internal damage. The micropore volume
decreased by 10.2% in favour of mesopore formation. The total pore volume had increaset

by 11.6% and ATR-TIR analysis confirmg pore modification at higher temperature.
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Desilication was confirmed by MRES analysis, with 29.15 wt. % of total Si that leached
from the sample. However, in both cases’®8& MAS NMR spectra were similar, and only

a small difference was observedlief’Al MAS NMR spectra. Interestingly, the amount of
octahedrally coordinated AEFAI) species was shown to decrease in the 22°C treated
sample, which might mean that the EFAI might be reattached to framework positions. This
may in fact be possible since it was already demonstrated that in some cased tinegBFA

revert into the tetrahedr coordination after heating the zeolite above 108°C.

4.2.5.3Influence of testing conditionson stability

In the final test, it was to investigate whether the water contact volume over the zeolite and
testing conditions may have an influence on the framewankage. Two different extreme
testing conditions, focused on different processes, were chosen fdZz8M-5 (30) HT
samplée flow (CFR) and staticBatch) conditions. The static test was done in a simple round
bottom flask under stirring and reflux to adavater evaporation (as described in Chapter 2,
Section 2.5.2). The flask was filled with 250 mL of distilled water and heated to 110°C. The
water contact volume over the zeolitere refers to thevater volume per weight of the
zeolite sample and there#othe lower the volume, the higher the water contact interaction.
In both cases 0.2 g of zeolite was used. To clarifjhécase of the static test (Batch), the
sample was in static contact with 250 mL of water during 120 h. However, in the flow test
(CFR), when water flow of 0.81 min was used, 8.64 times more water volume has passed
through the sample during 120 h.

After static testing, the Batch sample was dried overnight in a benchtop oven (110°C, static
air) and compared to the sample tested FRG110°C, 120 h)The EDX and pore size

analysis of untreated and treated samples are presented in Table 4.5.
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Table 4.5 Summary of Si@AI,Os; molar ratio, pore size volumes, surface areas for the untreated and treated
HZSM 5 (30) HT samples. The samples were treated for 120160°C CFR and 1208 at 110°C Batch.
Standard deviations (SD) represent the distribution of atoms after ten meadsrfemeach sample.

Vt(a) Vmc(b)
HZSM-5 (30) HT SiO/AI:0:©) | S D
(cm¥g) | (cm®/g)
Untreated 0.344 | 0.147 31.25 1.40
After 120 h at 110°C in water (CFR| 0.384 | 0.132 23.03 0.67
After 120 h at 110°C in water (Batcl 0.309 | 0.200 23.51 0.81

@Total pore volume from NLDFT

® Micropore volume from NLDFT

© Si0,/Al,O3 molar ratio was determined with EDX analysis, values are an average of 10 different areas of the
sample

The difference between the Si@I.0s molarratios was very similar, indicating a decrease

of 26.3% and 24.8% for thHeFRand Batch samples, respectively. The sample treated in the
CFR showed an increase in total pore volume and decrease in micropore volume by 11.69
and 10.2% respectively. In coasit, the sample treated in a round bottom flask (Batch) lost
10.2% of total pore volume and gained 36.1% in microporosity. This might happen due to
two different mechanisms undergoing in the samples, since two different testing conditions
are considered Ine. The change in observations might be due to diffesaté¢r contact
interaction Since the longer water contact might influence the generation of extra micropore

volume due to longer times of water penetration.

Figure 4.15 presents the ATIRTIR analysidata of both CFR and Batch samples. As was
done previously, the analysis was performed to confirm the possible disappearance of por:
opening bands.
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Figure 4.15 ATR-FTIR spectra of untreated HZSB®(30) HT (black) and treated for 12h110°C in CFR
(yellow) and Batch (blue).

Again, as expected the spectra of the samples presented specific bands which were describ
in detail in Section 4.2.2 of this chaptemwever, again the only change (pointed with the
box) was around 420 ¢rregion assigned to pore opening vibratidisth treatecdsamples

were similar and lacked the band. This means that despite the different testing conditions
both samples underwent similar structural changes, indicating that the temperature of wate

has a major impact on the stability of the zeolite.

Samples wer analysed by Single Pul&Si and?’Al MAS NMR after the 12(h treatment
under different testing conditions. Single Pulse MAS NMR spectra are presented in
Figure4.16.
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Figure 4.16 Comparison of Single Ps&2°Si (A) and?’Al (B) MAS NMR spectra of untreated (black) and
treated HZSM5 (30) HT samples 120 h in wat@r110°C in CFR (light yellow) andt110°C in Batch (light
blue).

The?°Si spectra (left, A) presented a sharp resonance peik7appm comsponding to &
highly ordered species. For the Batch sample, thee@k was a bit broader. The resonance
at-110 ppm, attributed to Qvas better defined for the Batch sample thathétase of the
CFR sample, indicating that rearrangement of atomstrhigle taken place after boiling the

sample in water to a greater degree in the Batch reactor.

The?’Al spectra (right, B) were a bit different from the samples analysed before. The Batch
sample lacked the Al signal located at O ppm, which meanE#dtwas removed from the
sample after treatment. The sharp resonance peak at 55 ppm, assign to tetrahedr
coordinated Al atom, had also broaddwhich meant that the aluminium environment had
definitely changed. The CFR spectrum remained unchangednpacson to the untreated
sample. This can mean that twater contachas an impact on the Al environment. This
might be the extraction from framework or rearrangement from | BBAframework

positions.

It was confirmed that testing conditions have a majtwence on leaching or dissolution of
the zeolite framework, and imarticular the stability of EFA sites. A study by
Ravenelleetal. presented similar observatigreoncludingthat siloxane hydrolysis plays a
dominant rolein framework dissolutionafter testing HZSM5 (MFI) samples of high Al

content under autogenic pressure in a Telloed autoclavée
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4.2.5.4High density frameworks and water contact

As presented in the previous section (Section 4.2.5.3), different observations on the stability
of Al in the MFI structure were observed. The HZSNBO) HT sample has demonstrated a
decrease iEFAI species after boiling it in water for 120 h (Batch). It was assumed that there
is a relationship between theater contactand the removal of framework and/or extra
framework aluminium from the zeolitender static conditions. To verify the assumption,
CFR and Batch tests were performedadrigh Al content commercial zeolitd ests were
performed in order to determine whether the results between the MFI, FER and MOR

structures could be comparable.

The HFERR (20) C and HMOR (20) C samples were tested in CFR (0.2 g, 0.3 mi, min
120h, 110°C) and boiled (0.2 g, 250 mL water, 120 h, 110°C, heated under raslux)
described in detail in Chapter 2, Sections 2.5.1 and 2.5.2). The treated sampéeslyses=l

by Single Puls&®Si and?’Al MAS NMR after 12Ch and spectra are presented in Figure
4.17.

2g;j A ZTAl B
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Figure 4.17 Comparison of Single Pulgesi (left) anc?’Al (right) MAS NMR spectra of untreated and treated
atl110AC water in CFR and hop left & ahdtdqp dighaB) and BNNORKZB)ECR ( 2
(bottom leftC and bottom righD) samples.
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In thecase of HFER (20) C, tH&Si resonancedp left, A) presented no visible differences

in peak shape and chemical shift for both CFR and Batch samples. Similar observations wer:
made for the HMOR20) C (bottomleft, C) samples. No visible differences were observed

in the2%Si spectra, where the resonanéel15ppm corresponded to*@nd-108 ppm was

attributed to @ species.

On the other hand, for both tested zeolites,’tAé MAS NMR (top right, B andbottom

right, D) spectra presented a main peak at 55 ppm that was ascribed to tetrahedral Al ir
zeolite framework. The HMOR (20) C (right, D) and HFER (20) C (right, B) Batch sample
spectravere no different from the untreated materiblswever, the HFER (20) C (right, B)
spectrum after treatment in CFR presents a shift of the-atreework Al reenance peak

from O ppm to 7 ppm. The peak was much broader, which would mean that Al species might
have rearranged in the structure by formatiofivef-coordinated extrframework Alor are

a subject to leaching.

However, inthe case of HMOR20) C (bottam right, D) the CFR treated sample, the EFA
resonance is muchmore intensive and broadar comparison to the untreated sample,
indicating an increase in concentration of EFAI species, their rearrangement in the sample

and their possible extraction.

In bath cases, HMOR20) C and HFER20) C samples, the change in EIR¢nvironment

might not be observed on the spectra, due to the possibility theades better in Batch

than in CFRSince8.64 times more water volunpasses the sample in CFR, and theetim

of water interaction is different under both conditions, as specified previously. In order to
confirm the ongoing dealumination and/or desilication of both samples while testing in the
CFR (Figure 4.18) and Batch (Figure 4.19), the-MES analysis was p®rmed on the
effluents. Samples were taken during the continuous process and after finishing the
experiment. Test results of the HFER (20) C and HMOR (20) C samples were compiled with
the HZSM5 (30) C and HT samples tested previously and added asnederand are
presented in Figure 4.18.
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Figure 4.18 Percentage of extracted Si out of total Si from HMOR, HFER and HBSMmples tested in

CFR. Aluminium extraction has been omitted as the concentration level was same as blank sample. Wate
temperaturef 110°C.

After analysing 4 similar aluminium contergolitesunderthe same testing conditions and
temperature, one main thing was acknowledged. Even though the MFI samples containe
less Al in the framework, these materials still presented better results htelomgvater
stability than MOR and FER, whigoossess higher Al content in their structures.

In the case of the HFER (20) C and HMOR (20) C samples, Si extraction reached
44.40wt. % and 59.60 wt. % of the total Si content respectively. These numbers are much
higher than irthe case of the MFI strdare. However, in all cases, Al was not detected by
the MRAES system, meaning that no framework andBAl species leached out of the
samples. However, when exposed to water for a shorter time, aluminium located in the

framework positions might underganpial or total relocation to extimamework positions,
as observed by solid state NMR.

After 120 h of Batch testing, samples were recovered by centrifugation. Both HMOR (20)
and HFER (20) C samples were dried in a benchtop oven (110°Cstegihair) and it was
observed that approximately 53.3% and 85.6% of the initial sample weights were recovered
respectively. Following separation from the samples, the water effluent (250 mL) was also

analysed by MFAES for the presence of aluminium asiticon. The results are presented
on Figure 4.19.
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Figure 4.19 Percentage of extracted Si/Al out of total Si/Al from HMOR (top, A) and HFER (bottom, B)
samples tested in Batch compared to samples tested in CFR. Water tempérEt0f€. CFR tested sample
and Si leaching (black line, squares); Batch tested and &iitep (yellow, circles); Batch tested and Al
leaching (blue, triangles).

Interestingly, here in both cases the leaching study showed the presence of Si and Al in th:
water recovered by centrifugation after the Batch tests. The percentages of leached S
(amount of Si leached out of total Si in the sample) are much lower than after testing the
samples in CFR (HFER: 44.40 Wh vs. 14.23 wt%; HMOR:59.60wt. % vs. 37.71 wt%).

It might mean thatvhenin constant contact of the zeolite with watederstaic conditions,

the silicon leaching is reduced as the system reaches a solubility equilibrium. However,
aluminium leaching was observed as welthacase of the HMOR (20) C and HFERD) C
samples the percentages of leached Al were 18.4%\ahd 11.3@vt. % of total Al content

in the samples, respectively. In this case, the continuous flow of water can inhibit the
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leaching of Al and have a huge impact on the stability of the zeolite sample. This
observations also confirm that Al leaches much easiggr static conditions (Batch) than
in CFR.

Looking at the results from both CFR and Batch tests, it can be concluded that the shorte
water contacin CFR inhibits dealumination. Whereas longeter contact, in Batcimeans

limited desilication but also @umination of the zeolite. This phenomenon was not only
reported for one higldensity zeolite structure, but for 3 different frameworks, which makes
this observation even more interesting. However, the lack of leached Al was observed only
in high Al contet zeolites (MFI, MOR, FER), since Al was previously detected in the
effluent after testing the medium content MFI structure in CFR (see Figure 4.9 in Section

4.2.4), which would confirm the stabilising role of Al in the framework.

In line with other pubtations,degradation of theeolite structureoccurs rather through
hydrolysis of Sii1Of1 SiAllatonmsdtay irt theia tetraltbeévad u mi
octahedratoordination positions in the zeolite framework, however s8itg leaching out
micropore volume decreases in favour of micropore formaifiba.Si leaching seems to be
more prone in structures with increasing Si/Al rafi@sting conditions have a huge
influence on the stability. It is concluded that in closed systéere: batch)in whichthe
zeolite is in contact with a known volume oftergat the beginninghe Sileaching happens

at the same rate as in the flow system. Howewmea,closed systenteaching ofSi reaches

a dissolution equilibrium and the water becomes saturated with Sfrmmsthe zeolite
frameworkwhich causes drothe systempH. The solubility of Si limits the extent to which

the framework can be hydrolysé&tiSince stability of zeolites at low pH is widely known, it

is expected that Al atoms witle progressivelfeached from the zeolif€.This is observed

on Figure4.19, where Si reached solubility equilibrium and the drop in pH caused
dealumination. On the other hand, a continuousflow system, saturation of Si is not
possible, as there is constant new flow of deionized water and Si is moved from its

framework position ancemoved from the system without causing dealumination.

4.3 Conclusions

The aim of this chapter was to achieve adyainderstanding of the role of aluminium in

high-density framework zeolites. The MFI structure is of great industrial interest as it may
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find use in different aqueous environment application, such as catalytic biomass conversior
and desalination processdHerein, a focused study on the stability of various MFI zeolites
of different aluminium content during treatment with hot water flow (CFR) was undertaken.
Zeolites were tested for longer times of 120ahlow and high temperatures (22°C and
110°C) andlifferent testing conditions (flow and statiggre applied.

For this purpose, a set of new MFI materials was prepared via the standard hydrotherma
method with use of TPAOH OSDA. A range of detailed comparisons between different
similar onepot synthesis#t and commercial zeolites structures was explored. Different
studies were conducted and relations presented. As a result, similar stability was observe
for samples of different origin but sar8&0,/Al.Oz molar ratiowithin the MFI structure.

Observing andpreventing silicon and aluminium leaching is important in terms of
framework stability and is often crucial for the material catalytic activity and performance
in membrane sieving. At this stage of #tady,it was shown that in MFI structure zeolite
silicon and aluminium leaching occurred when the medium aluminium content zeplite
HZSM-5 (80) HT was exposed to water at 110°C. However, Si leaching was observed from

the very beginning of CFR testing, whereas Al leaching happened much later in tles proce

A high Al content MFI zeolite was chosen for further tel$twas confirmed that both of the

MFI type zeolites lost similar amounts of framework silicen for HZSM-5 (80) HT and
HZSM-5 (30) HT the values of total extracted Si w@®94 wt.% and29.15 wt. %,
respectively. On the other hand, no aluminium was present in effluent after testing the
HZSM-5 (30) HT sample, while the aluminium extraction was approximdi@l90% of

total Al extracted from thédZSM-5 (80) HT sampleThis reconfirmed that aluminium
played a great role in effective prevention of framework degradation and that desilication

was mainly generating secondary mesoporosity in theAligiontent MFI framework.

Moreover, it was found that water temperature plaignificant role. This was confirmed

by exposing the HZSM (30) HT zeolite sample to water flow in CFR at room’(@2and
elevated temperatures (XQ) for 120 h. The amount of Si extracted from the room
temperature treated sample was 28 times lowan inthe case of the high temperature
treated one. Also, the micropore volume and overall total porosity were not affected after
testing in room temperatufé/hat is more, no Al was present in the effluent water after both

samples were tested, meaningttho dealumination was observed.
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Different testing conditions were implemented as well. Since the HE$80) HT sample

was already testeahderflow conditions (CFR), it was decided to compare it to a sample
testedunderstatic conditions (Batch). Theasic conditions were implemented in a form of

a simple round bottom flask under stirring and reflux to avoid water evapoochtrzater at
110°C. Both samples were tested for 120 h. The Batch samplsifmddr SiG/Al Oz molar

ratio after the experimentut the ’Al MAS NMR revealed extraction of ERAand
framework aluminium peak broadening which was not observed in any other sample before
This indicated that the method of testing had an influence as well on the level and the

mechanism of the zeolite frework degradation.

To confirm these observations, twdet high density andigh aluminium conterzeolite
structures were usédrerrierite FERtype)andMordenite MOR type). These samples, of
similar SiQ/Al>0Os molar ratio of 20, were tested under same conditions of time and
temperature in Batch and CFR. It was concluded that the level of framework degradation
depends on the testing conditions and therefore the water interaction with the zeolite. Here
two extrane methods were usednderstatic conditions (Batch) the longer contact means
longer water penetration of the zeolite but also reaching solubility equilibrium since stable
water volume was used. This is an opposite situation to the flow conditions (@R the
volume of water passing through the sample is much greater, but also theewditer
interaction is shorter and solubility equilibrium is not reached. It was also observed that in
Batch conditions Si and Al leaching happened simultaneously dtir kBlordenite and
Ferrierte structures, whereas in CFR no aluminium was present in the effluent water.
However, the desilication level was much higher when the zeolites were tested in flow
(CFR).

The research presented in this chapter has confirmedetiges with higher Al content in

their framework are less prone to framework damage when exposed to direct contact with
water at high temperature. The fact that no dealumination was present and observed in th
H-ZSM-5 zeolite for such a prolonged timethre CFR is interesting from a catalytic point

of view. This means that Lewis acid sites might not be affectediadersome suitable
conditions (mainly related with choosing the appropriate reaction temperature) the zeolite
could behave as watéwlerantcatalysts for prolonged periods of time

137



Chapter 4

4.4 References

1 M. Dusselier, M. E. Davi€Chem. Rev2018,118 52655329

2 P. Sazama, J. Dedecek, V. Gabova, B. Wichterlova, G. Spoto, S. Barditgal,
2008,254, 180 189

3 C. Auepattana aumrung, V. M8r quez, S.
Praserthdantci Rep2020,10, 13643

4 Y. Jiao, L. Forgr, S. Xu, H. Chen, J. Han, X. Liu, Y. Zhou, J. Liu, J. Zhang, J. Yu,
C. D'Agostino, X. FanAngew. Chem. Int. EQ2020,59, 1947819486

5 D. W. Breck,Zeolite Molecular Sieves: Structure, Chemistry and, Usén Wiley

& Sons, Newyork-LondonSydneyToronto, 1974

6 I. G. Wenten, P. T. Dharmawijaya, P. T. P. Aryanti, R. R. Mukti, Khoirud/®C
Adv, 2017,7, 29520 29539

7 A. K. Jamil, O. Muraza, R. Osuga E. N. ShafeiHdKChoi, Z. H. Yamani, A. Somali,

T. Yokoi, J. PhysChem. €C2016,120 2291822926

8 W. Lutz, H. Toufar, R. Kurzhals, M. Suckowdsorption 2015,11, 405413

9 R. M. Ravenell e, F. Sche¢bl er A. D6 Am
Lercher, C. W. Jones, C. SievelsPhys. Chem. 014,114, 1958219595

10 A. Vjunov, J. L. Fulton, D. M. Camaioni, J. Z. Hu, S. D. Burton, I. Arslan, J. A.
Lercher,Chem. Mater.2015,27, 35331 3545

11 L. Zhang, K. Chen, B. Chen, J. L. White, D. E. ResasccAm. Chem. Sqc.
2015,137, 11816011819

12 P. A. ZapataY. Huang M. A.GonzalezBorja, D. E. Resascal. Catal, 2013,308
82-97

13 A. R. Maag, G. ATompsett, J. Tam, C. Aik Ang, G. Azimi, A. D. Carl, X. Huang,
L. J. Smith, R. L. Grimm, J. Q. Bond, M. T. Timkehys. Chem. Chem. Phy2019,21,
1788017892

14 C. J. Hear d, L. Grajciar, F. Uhlt i k,
Nachtigall, Adv.Mater., 2020,32, 2003264

15 R. Zhang, S. Xu, D. Raja, N. B. Khusni, J. Liu, J. Zhang, S. Abdulridha, H. Xiang,
S. Jiang, Y. Guan, Y. Jiao, X. Faflicropor. Mesopor. Mat.2019,278 297306

16 M. J. Remy, D. Stanica, G. Poncelet, E. J. P. Feijen, Grahet, J. A. Martens, P.

A. Jacobs,). Phys. Chem1996,100, 1244012447

17 Zeolyst, standard zeolite powders, accessed 1 March 2021, http://zeolyst.com

18 IZA Structure Commission, Database of Zeolite Structures, accessed 1 March 2021,
http://www.izastructure.org/databases/

19 D. Coutinho, R. A. Orozidevan, R. F. Reidy, K. J. Balku§jicropor. Mesopor.
Mat., 2002,54, 229 248

20 S. M. Auerbach, K. A. Carrado, P. K. Duttdandbook of Zeolite Science and
TechnologyCRC Press, 2003

21 D. Lesthaeghe, P. Vansteenkiste, T. Verstraelen, A. Ghysels, C. E. A. Kirschhock, J.
A. Martens, V. Van Speybroeck, M. Waroqui&rPhys. Chem. 008,112 9186 9191

22 L. Shirazi, E. Jamshidi, M. R. Ghaser@ryst. Res. TechnpR008,43, 130031306

23 J. I. Goldstein, J. R. Michael, N.W.M. Ritchie, J. H. J. Scott, D. C. Joy (2018) SEM
Image Interpretation. In: Scanning Electron Microscopy aiiRbBY Microanalysis. Springer,
New York, NY.

24 A. Palizdar, S. M. SadrameRenewable Energy020,148 674688

138


https://www.sciencedirect.com/science/article/pii/S0021951713001978?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0021951713001978?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0021951713001978?via%3Dihub#!

Chapter 4

25 P. Sudarsanam, E. Peeters, E. V. Makshina, V. |. Parvulescu, B. FCI8#1s, Soc.
Rev, 2019,48, 23662421

26 R. Mokaya,Chem. Commun2000, 18911892

27 J. A. van Bokhoven, A. M. J. van der Eerden, D. C. Koningshegged, Surf. Sci.
Catal, 2002,142, 18851890

28 S. Prodinger, M. A. Derewinsket.Chem, 2020,60, 420436

29 X. Liu, P.Méki-Ar vel a, A. Aho, Z. Vajglova, V.
K. Eranen, T. Salmi, D. Y. MurzirMolecules2018,23, 946.

139



Chapter5

5 Stability of MOFs

5.1 Introduction

For the last 25 years, academic and industrial perspective has focusedienelopment

of alternative materials to zeolites and other porous inorganic solids. This interest resulted
in discovery and research of Mefatganic Frameworks (MOFs) which are a subclass of
coordination polymers.These materials are built of metal ions metatoxo clusters
coordinated with organic linkers formingddmensional ultraporous structures. MOFs are
often compared to zeolites as they possess similar features such as porosity, high adsorptic
abilities and solvent sorption capacitfddoweve, unlike zeolites, MOFs are characterised

by open metal sites (OMS), coordinatively unsaturated sites (CUS) or open coordination
sites (OCS)while T-atoms {.e.,Al, Si) in zeolites are of lower accessibility due to large

oxygen ions surrounding the kebaton?

MOFs show great potential for a variety of applications, including thin film devices,
catalysis, biosensor, drug delivery agents high-capacity adsorbenf$® First known

MOF structuresvere unstable and exhilsti poor hydrothermal or even steam stabifity.
Zeolites, as purely inorganic materials, were expected to present excellent hydrotherma
stability. However,they have als been shown to suffer from some limitations in water of
elevated temperatures. These observations were demonstrated throughout the two previot
chapters, where zeolites presented internal structural damage due to partial desilication an

dealumination mdtanisms after contact with hot water.

Severalrecent publications focused on stability and improving stability of MOFs in water.
Batraet al.built a machine learningased model tolassify MOFs accurately and instantly
towards stability depending on tatgapplication, or thamount ofwater exposefiDing et

al. summarised recent advances in the design and synthesis of stable MOFs abd3d®F
materials through synthesis or by post synthetic structural procédswgs shown that a
well-design of MOFs synthesis route can provide extraordinary performance for targeted
application.UiO-66 (Figure 5.1) is considered to be a stable materiahfplications in

agueous environmeht!!
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Figure 5.1 A representation of the Ui®6 MOF framework.

Hydrothermdly stable MOFs could be potentially used for applications in liquid phase
operations. Thermogravimetric analysis (T@&esan initial idea of amaterial stability,
providinginformation about thermal decomposition and the rate of weight loss as function
of temperature or time. According to a review paper from 28fthst commomethod for
determining the water stability of a MOF is to expose it to steam and comparXRie
patterns and BET surface area measurements of a post treated powder to the untr&ated one
However, liquid phase operations require much advarestthy methods. This is mainly
because certain structures might show good stability under steam but degrade completel
when in direct contact with liquid water, particularlyed¢vatedpressure. Another testing
condition proposed, is immersion and stigrinnder relevant aqueous conditions. Such
studies might suggest high stability due to static conditions. However, as presented in
Chapter 4, the choice of experimental setup has a great influence on the stability tes

outcomes.

As mentioned previously, theis a certain number of MOF structures which are potentially

stable in water. HKUSL structure was confirmed to be stable at 40% relative humidity for

7 days in ait? A solid state NMR study has presented that the material maintains structural

integrity when in contact with water content up to 0.5 mol equivalent with respect to

coppert® Water adsorption cycles performed for a 66 have shown that the structure

maintains unchanged porosity and surface area after 6 cycle¥Cat*a2&hat is more, due

to excellent adsorption properties materials such as@8iMIL-53, and ZIF8 have been

studied extensively for removal of toxic metals due to their high chemical stabifity.

UiO-66 was reported to be stable in a broad pH range of 1 to 10 and was found to be superic
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for removal of arsenic (arsenate) from wafe®imilarly, the capability was observed in ZIF

8.17 MIL-53 membranes have besuccessfully used for the dehydration of a watéy!
acetate mixture (7 wt.% water) by pervaporation &C66 Another paper studied water
stability of MIL-53(Al) by immersing in different solutions of varying pH values.(2, 7,

and 14) at differentemperaturesi.g., at room temperature, 50 °C and 100 *€)The
crystallinity maintained unchanged for over 7 days at temperatures below 50 °C. However,
slight degradation was observed by pXRD for samples immersed at 100 °C for the same

amount of time.

All these mentioned studies present great potential for the use of MOFs in liquid phase
operations. Yet none of the review papers published so far (up to 2020) mestrocadal
stability studies done in continuous flow regime (CE®R$22 However, publications related

to the use of MOFs in membrane applications show greater potential for useyfor

desalinatiort®

A need for CFR studidsasarisen as a consequence of these observationsifhef this
Chapter is to obtain fundamental data on water and solvent stability of selected MOF
structures. Shorter times of-28 h were chosen for the initial studies, with a possibility for
further tests to be extended for up to 120not only in water, but also ethanol and methanol

for comparison of the outcomékhese types of studiese not yet published in literature.

5.2 Initial MOF screening

Based on detailed literature reviews, four MOFs weresehdor stability tests in CFR

order toscreen out the most water stable framew8fk?22® Previous reported studies on
those materials have shown that these MOF structures are considered in catalytic perspecti\
due to their unique porosity, potential stabilityderhigh temperature conditions, scalp

possibilities, and Lewis and/or Brgnsted acidfty.

Three out of four MOFs were obtained from BASF, and 8680ZryH was synthesised
according to the procedure described in Chapter 2, Section 2.2.2.1. Table 5.1 summarise

the chosen MOF structures, focugion the MOF name, metal ion and linker source.
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Table 5.1 Selection of MOF structures used in the study.

Commercial Metal _
MOF ID® _ Linker source
name® ion/cluster
MIL -53(Al) Basolit¢® A100 Al3* Terephthalic acid (MBBDC)
HKUST-1 (or MOFR5) Basolit¢® C300 cuw Trimesicacid (HsBTC)
ZIF-8 Basolit¢® 21200 zZn?* 2-Methylimidazole (HMiM)
UiO-66(Zr)-H - Zr+ Terephthalic acid (lBDC)

(a) All structures schemes are presented in Chapg&ection 1.2.1

(b) Produced by BASF

Further details on the structure, characterisation and properties of these MOF structures ar

presented in Chapter 1. Samples of the commercial HKUSIF8, MIL-53(Al) and

synthesised Uieb6(Zr}H were subjectetb thermal analysis in order to establish the nature

of the coordinatedomponents and to validatiee thermal stability of these material$ie

MOF powders were not pelletised prior to analysis, as it was previously reported that specific

surface aregyore szesand crystallinitywereseverelyaffected by the pellegation proces$*

TGA analysis was performed in order to confirm that the textural properties and thermal

decomposition points were consistent with previous studiesTGA¢ DTG curvesof four

unmdified samples wereecordedand are presented on Fig&2.
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Figure 52 TGA (black) and the DTG (greenyurves of HKUST-1 (top, A); ZIF-8 (top, B)
UiO-66(ZryH (bottom, C);MIL -53(Al) (bottom, D)samples. The asterisks point the peak calculation of the
largest change in sample weight defined by ttelérivative of the weight loss curve (black line).

The samples were heated with a controlled ramp(t8&C miri!) underconstanhitrogen
purgeandflow rate of30 mL miri ! in orderto record their thermal responisetemperature
range of 28800°C. Thermalstability studieseveakd that all frameworks are stable u@to
least 350C. All structures, except for ZH8 (Figure 5.2top, B), had water or other solvent
trapped inside thpores, which evaporated at 20

In the case ofte HKUST-1 (Figure 5.2top, A) sample, in the first stepf the TGA curve
aweight loss of almost 20 wt. % indicatdshydration of thadsorbed water ook/ent inner

the material.This losscorrespond to 3 water molecules per each copper centre in the
framework?® At 365°C, HKUST-1 underwent complete decompositidgmyolving around

45 wt. %, loss and theemaining(35.2 wt.%)structure converted to inorganic copper oxide
phase (CtO and CuO¥® Theweight loss andhe overall thermogravimetrianalysis isn

line with previously reported TGA curves of this matefial.

The thermaldecomposition of Ui@6(Zr)H is presented onifure 5.2(bottom,C). The
decompositiorstartedoy aweight loss of 6.1 wt.%owhich was associated widraporation

144



Chapter5

of adsorbed solvent (DMF) moleculaes around100°C andlater by dehydroxylation of
zirconium oxoclustershichwas assigned to tremall weight change at 480 (total loss of
15.6 wt.%)?8 The largeweightloss at 536°C is most likely due to the linketatilisation?®

UiO(Zr)-66-H decomposes to zircami(ZrQ), which is he final remainingsolid material
(43.1wt.%).

An ideal hydroxylated UiO(Zrp6-H has a molar mass of 1664.06 g thoh an ideal case
scenario a defedtee dehydroxylatedUiO(Zr)-66-H is denotedas ZsOs(BDC)s. When
heatingproceduras applied, the final decompositiai a dehydroxylated UiO(Z#$6-H is
considered afollows:*°

Zrs06(BDC)s(s) + 45 Qg)A 6 ZrOys)+ 48 CQg)+ 12 HO()

Knowing that the final product is solid Zs@ moles = 739.34 g md), the expected weight
loss is55.56%, while thaecorded weibt loss was 56.9%This can indicate remaining
impurities in form of acetic acidr ethanoltrapped in the Ui@6 poresThe shape of the
TGA curve and observation$ weight changes aia line with othefTGA studies of similar

UiO-66 structures?

The MIL -53(Al) (Figure 5.2 bottom, D) was stable up to 620 Similar as in the case of
other samples, the first step and weight loss of 6.9 wt.% is associated witlaploeation

of adsorbedvater.The ZIF-8 (Figure 5.2 top, B) framework decomposed at 6@3and a
weight loss of 32 wt.%s observedThese values are as expected and in line with previous
reports>23 Since ZIF8 exhibits hydrophobic properties, no initial weight loss was observed
at ~100C.3*

Samples were examined for hydrothermal stahilitstainless steel continuous flow reactors
(CFR) with deionised water flow according to procedure given in Chapter 2, SR&itn

(0.2 g packed sample, 35 bar inlet pressure, 10 bar back pressure, water flownoirs?,

11C¢°C). After running the comuous flow experiments the fixdokd reactors were dried in

a benchtop oven overnight (16 h, 110°C, air), opened and the samples were collected fo
further characterisationShorter testing times of 248 h were chosen for the initial studies,

in order b determine the extent gressure buildip in the system. If this pressure is not

relieved, theCFR system may be damaged.

Powder Xray Diffraction (pXRD) was used to verify the crystallinity of all of the initial

samples and those after water treatm@&hese studies give importaimformation about
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possible changes in the crystal structure after contact with water. In an ideal situation, na
change should be observed. Diffraction patterns of untreatkdvater treated HKUST

and ZIF8 samplesare pesetted in Figures.3. Due to structural similarities and ease of
presenting and discussing the data the-88[r}-H and MIL-53(Al) samples are presented

on a separate figure, Figused.

A > B
; ; 30 35 40 45 50 55 60
) ) \
5 24h 110°C Water |[& \ 24h 110°C Water
2 = -
= =
(= C
i 2
£ £
Untreated HKUST-1 Untreated ZIF-8
¥ i — 1 T T ' 1 ! i I |
10 20 30 40 50 60 10 20 30 40 50 60
2 Theta (deg) 2 Theta (deg)

Figure 5.3 A comparison of untreated (black) and water treated (light yellow) for 24110°C (CFR)
A) HKUST-1; B) ZIF-8 samples.

HKUST-1 (Figure 5.3)eft, A) is known not to be stable in wat@tere theMOF wasused

to presentan example of MORnstability in water,as the structuranderwent a complete
structural transformation only after 24 h of treatment. The diffraction pattern of the HKUST

1 exposed to hot water did not reveal the presence of the BTC ifnKbe completed
degradation of the MOF crystal structure arose most likely by the hydrolyie metal

linker bond and transformation into another unique crystal structure. Consequently, the
framework resulted in, most possibly, a mixture of or a material built gfezdpydroxide
Cu(OHY and a protonated carboxylic link€rHowever Cu(OH) can beused for HKUST

1 synthesis(room temperatureaqueous ethanolic solution), therefore the degradation of

MOF could be possibly reverséd.
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In the case of the ZIR (right, B) the MOF main peak intensities (7.20.4 and 12.9)
decreased significantly after water treatment. Furthermore, additiomalpeaks were
observed in the 360° region (highlighted by the box). After water treatment, five small
peaks located at 32.,634.7°, 36.5°, 47.8%7.2 (highlighted by asterisks) appeared, all
associated with formation @O 3° Differently than HKUST1, ZIF-8 underwent moderate

hydrolysis and at a much slower pace.

A B

g 48h 110°C Water (3“ 24h 110°C Water
= =4
= =
(= C
2 9
£ £

Untreated UiO-66(Zr)-H Untreated MIL-53(Al)

JL.L].LJ;LJLLMJL..&.J» J MJ\«J A
T T T T I T [ T I T T T T T T T T T T T

10 20 30 40 50 60 10 20 30 40 50 60
2 Theta (deg) 2 Theta (deg)

Figure 5.4 A comparison of untreated (black) and water treated (light yellow) for 24 ora481°C (CFR)
A) UiO-66(Zr}H; B) MIL-53(Al) samples.

The UiO66(Zr)H (left, A) and MIL-53(Al) (right, B) presented on Figure 5.4 are much
more comparable as these materials possess the samgHpRBIC), but different metal

ions; Zr and Al, respectively. The Ui66(Zr)-H structure (left, A) is widely comdered as

a structure stablenderstatic water conditions. Here, the diffraction patterns after 48 h
presented no change in comparison to the untreated sample. No additional phases wel

detectedand the intensities of all peaks remained the same.

In contast to Ui0G66(ZryH, the MIL-53(Al) (left, B) structure underwent complete
framework transformation only after 24 h of treatment. The diffraction pattern of the

untreated sample presented 2 peaks associated withBiR¥C linkeri an intense peak at
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17.4 and a smaller one at 254 These peaks are still visible in the treated sample pattern,
although are of much lower intensitiee. general, the diffraction pattern after water
treatment fails to follow the untreated sample pattern. A m@&guecrystaline phase was
formed, most likely in form of2-AIO(OH) and/or 2-Al.03*' However, further
characterisation of the new phase is recommended

In order to confirm changes in textural properties a complegehysisorption analysis on
the untreated and treated materials was also performed in order to see hpedifie

surface area @s1) and total pore volume ¢)/changesifter water treatmerffable5.2).

Table 5.2 Completetextural properties; specifisurface aredSper) and total porosity data(Vi) of MOF
untreated and water treatsampleg24-48h at110°C, CFR).

MOF ID Sample type Sort (M? gH)@ Vi (cmd g ®
Untreated 565 0.800
MIL -53(Al)
24 h 110C 66 0.008
Untreated 1338 0.602
HKUST-1
24 h 110C 15 0.016
Untreated 1234 0.625
ZIF-8
24 h 110C 838 0.427
Untreated 1591 0.618
UiO-66(ZrrH
48 h 110C 1518 0.611

(a) Specific surface area obtained from NLDFT
(b) Total pore volume from NLDFT

As can be seen, all samples demonstrated different levefseoific surface areand total

pore volumes, with the untreateliO-66(Zr)-H presenting higheSorr value (1591m? gl)

of all the tested MOFs. However, both HKUSTandMIL -53(Al) presented significant
decreases ithe Sprr and V4, values due to botktructures beingonverted to inorganic
phases, as presented previously with pX@action patterns. Inorganic nonporous phases
present very low values of specific surface area and are characterised by the lack of por:
volume.Wherea<ZIF-8 presented a significant decreasboth Sprr and \f values by 32%

In the case ofUiO-66(Zr)H these changes were very slight, with a decrease in specific
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surface area of 4.5% and pore volume of only 1% after 48 h, which proves that this structure

exhibits unprecedentdd/drothermabktability beyondall testedVIOFs.

However, looking aFigure 5.3 and Figure 5.4, it is not easy to verify if commercial materials
are just less stable than synthesised ones, since the synthesis route of the commerci
materials is unknown. As an examplestady bylLeeet al presateddifferences in ZIF8
physicochemical propertieafter using7 different synthesisoutes and concluded that
smaller particlesvere more stable and active Knoevenagel condensatioeactions'?
Moreover, the choice of zinc source might also be significatability of ZIF-8 was a topic

of a research study dyhenget al, who explored the influence of zinc source on the MOF
stability by immersing each prepared Z8Fat 80°C water for up to 10 days.This work
presented that a higher framework stabititight be achieved by usirgjnc acetaténstead

of other zinc salts as the main metal source in the synthesis.

Since the synthesis of Z& is relatively straightforward, a stability comparison was made
between commercial ZiB and laboratory synthesisedFZ. Accordingly, ZIF8 was
prepared via a simple solvothermal rofdkowing the procedure described bjan et al,

using Zn(NQ).-6H,0 as zinc source aridmethylimidazoleas linker sourcé? Both were
dissolved in methanol prior mixing and left stirring at room temperature in a round bottom
flask. After 24 h the ZIF was collected by centrifugation, washed and dried. A detailed
preparation method is described in Chapter 2, Section 2.2.2.4.

The commercial material (henceforth Z8C) was compared to a room temperature
synthesised material (henceforth BRTS) in terms of crystallinity after 24ih stainless
steel continuous flow reacto(€FR) with deionisedwater flow at 110C. Diffraction

patterns of untreated and water treated samples are presented o Eigure
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Intensity (a.u.)

Intensity (a.u.)

ZIF-8 RTS
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Figure 5.5 A comparison of commercial Zi8 (ZIF-8 C, left A) versus room temperature synthesised one
(ZIF-8 RTS, right, B maqification x2 samples. Untreated (black) and 124t110°C (CFR) water treated

(light yellow).

In order to present the results in a readable aval/emphasesthe differences, the scale of
the B graph was magnified 2 times. The untreated&HTS sample (right, B) presented
much lower initial peak intensity than its commercial equivalent-&ZIE (left, A). In
contrast to theommercialZIF-8 C sample, the sythesised sample (RTS) neatlympletely
transformed into Zn@fter only 24 h of treatment. As previously described, the ZnO peaks
are located &82.6°, 34.7°, 36.5°, 47.897.2. However, the small peaks between 5 and 30°

indicate that a small amount dig metalimidazolemetal structure still remained in the

treated samplelThe overall outcome has proved, that both of the samples, prepared most

likely by two different methods, were unstablederwater flowconditionsbut to a different

extent. These redis clearly showthat the choice of synthesis route and zinc source have a

determining influencen the stability of a MOF structure, as suggested previously.

However, all of the tested commercial sampleslerwent partial or complete hydrolysis
and/or tansformed into unique crystal structures only after 24 h treatment in watef@t 110
This strongly implies that HKUST, ZIF-8 and MIL-53(Al) are materials that in present
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forms could be ruled out from the usederpressurised liquid wateonditionsfor extended

periods of time.

It was observed that the ovaynthesised Uiéb6 structure possesses good thermal stability
with a final decomposition point &36°C No change in the pXRD diffraction patterns
occurred after 48 h of water treatmédniportantly, the structurexhibited nearlyno lossin
specific surface area and total pore volumes over 48 h of treatment°atihlibe CFR.
Therefore,further exploration of Ui@6 structureand its stability was undertaken since

promising and interesting stability results have been obtained.

5.3 UiO-66(Zr)-H and its amino analogue, UiG66(Zr)-NH>

5.3.1 Materials characterisation

After initial testing of HKUST1, ZIF8, MIL-53(Al) and UiG66(Zr)-H, it was concluded

that only UiG66(Zr)H was stable in CFR after 48 h of testing at°T10rhe morphology

of the structure remained unchanged after direct contact with hot water as confirmed by
pXRD analysis. Thisieconium (Zr) containingstructureis aporaus materiain which the
terephthalate linker choice can be controlled, dinthtes the structure and hence properties

of the materiaf® Several different Ui@6 analogues have been synthesised so far by
usingvariousfunctionalisederephthalatéinkers includinggroupssuch asNH2, -(NH>)2,

-NOg, -Br, -OH, -(OH), -SQsH, -COOH, - and-(SH).*%% In order to understand the linker
choice on its framework stalhy, two analogue frameworksH and-NH2) were synthesised
according to procedures presented in Chapter 2, Section 2.2.2.1. The only difference in the
procedure, was the choice of linker soureggphthalic acidind 2aminoterephthalic acid).
Figure 5.6resents Scanning Electroridvbscopy (SEM) images tiie surface morphology

of both UiG-66(Zr) materials.
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D7.1 x8000 10 um D7.1 x8000 10 um

Figure 5.6 SEM imagesof UiO-66(Zr}H (left) and UiG66(Zr)-NH- (right). Magnification: 8000x, BSE
15kV.

The SEM image of Uia@6(ZryH (left) gives a clear view ofubic intergrown crystals
However, the UiG66(Zr}NH: (right) crystals are much smaller in sizes. Both materials
present high crystallinityand possesspecificsurface aresof up to 00 n? g', which is

in line with previous findings in the existing literatre.

The untreated UiG66(ZryH and UiG66(ZrrNH> samples were probed by
Thermogravimetric analysis (TGA) amilesentedn Figure5.7. It is interesting, that with

such a slight difference in linker choice, these materials differ significantthermal
stability.
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30 ; ; ; ; ; . ; . : . ; ; ; .
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Figure 5.7 TGA (black) and the DTG (green) curveisuntreated Ui@66(Zr)-H (left, A) andUiO-66(Zr}NH>
(right, B) samples.
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The TGA analysis was run in order to understand the thel®calmposition of the materials.
A slower temperature ramp rate would provide more detailed steps for mass tlhhesase

of UiO-66(Zr)-H (left, A), most likely water and/or solvents trapped in the peveporated

at 100°C, while partial dehydroxylatiar the zirconium oxoclusters took place at 406°C.
Based on the Siderivative (DTG),complete structural decomposition due to the linker
volatilisation and/or loss of the benzene ring was observed at 536°C. The final residue was
formation of norporous ZrQ product?’ In the case of UiG66(Zr)-NH: (right, B) the first
step at 70°C is associated with the evaporation of residue ethanol trappedarethafter
the postsynthetic centrifugation. Same as tie case of the noamino sample,
dehydroxylation took place at around 390°C. The initial decomposition efBXIKC linker
occurred at 305°¢ which means that framework collapse started much ednb@ inthe
case of the Ui@6(ZrrH material. As inthe case of the protonated sample, formation of
final ZrO, product occurred at 545°C.

Among different Lewisacids, the Zdoped zeolites had shown excellent catalytic
performances for the transformation of cellulosic biomagsccording to Cormeet al,
Zr-BEA can actively catalyse the transfer hydrogenation and etherification re2€t®inse

the UiO-66(Zr) materials are promising in terms of catalytic applications, this leads to a need
for the totalammonia sorption capacigxaminationand Lewis/Brénsted acidity strength
determination. Theseere evaluatedby the means of ammonia temperatpregrammed
deorption (NH-TPD). The analysis was performed mairdye tothe potential use of
variousUiO-66 structuresas new functional materiala catalysis especially in aqueous
environment.The procedure was described in detail in Chapter 2, Se2t@®’. The

NHs-TPD profiles are presented in Figureé35s.
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Figure 5.8 NHs-TPD profiles of UiG66(Zr)-H (left, A) and UiO66(Zr)NH- (right, B) samples. TCD signal
for sample analysis without Nfdaturation (yellow dash line) and sample analysis with $ditlration (black

solid line). The subtracted data is shown as a solid blue line.

The chemisorbed ammon(dlHz) was desorbed from ¢hsamples by heating the materials

up to 500C, as suggested in existing literat@tén order to obtain the ammonia sorption
capacity two different measurements on the same structure were performed. First
measurement was done with ttfeemisorbed ammaoaiand the second one, withobtom

the data obtained throughalysis with NH saturatior(black solid linexhe nonchemisorbed

data (yellow dash line) was subtracted (blue slofiel) and this data was used to calculate
the totalammania sorption capacityl his subtraction was performed so thatd\j¢nerated

by linker desorption did not misrepresent the resutemplete identification of the
chemisorbed Nkl on different acid sit® was accomplished by deconvolution of all

significant TPD peaks, which are presented on Figure 5.9.
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Figure 5.9 NHs-TPD profiles of UiG66(Zr}H (left, A) and UiO66(Zr)}-NH: (right, B) samples (solid black
line) with their Gaussian deconvolution profiles (solid yellow line) and fitted peaks (dashed lines).

Figure 5.9 present three types of data. The black solid lines represent the original
experimental data obtained by saloting chemisorption profiles, as described previously.
The yellow solid lines represent the BNHAPD profiles deconvoluted by fitting with the
Gaussian function. The dashed lines (blue, green and violet) are the fitted peaks, with
corresponding temperatwdocated above each peak centre. The deconvolution of the
desorption plots for the UKB6(ZryH and UiG66(ZryrNH2 sample was done using

Gaussian function to present each acid site contribution.

TPD analysis on the Ui®B6(Zr)-H (left, A) resulted in 3 mai peaks associated with weak,
medium and strong acid sites. The weak acid sites were detected@i22bwvere assigned
to the evaporation of residual DMF solvent trapped in the 3érBse medium acid sites
with the peak centred at 28Dwere assignedith Lewis acidsites, which ar&r* nodes?
The third area, at around 39 was associated with adsorption on the zircomiaclusters

( £OH groups), which are associated with the Brgnsted acid sites.

In the case ofUiO-66(Zr}NH: (right, B) the acidity resulted from desorption of ammonia
from 3 different acid sites. A very wiegeak at 218C was attributedo weak acid sites.

This corresponded most likely to evaporation of residual DMF solvent and the physical
adsorption of NH on weak Lewis acid siteS.The second desorption peak at 31@vas
assigned to medium acid sites, which meant ammonia adsorption on strong Lewis acid sites
These sites are thaeccessible amino group$ the NH>-BDC linker. The last peak, which

was found at around 435, was assigned to strong acid sites. Same #seinase of the
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protonated analoguassociated with Nkadsorbed on Brgnsted acid sites, the zircon@a

clusters( £OH groups).

The details and corresponding quantitative vahigained from thé&lHs-TPD analysisare

specified in Table 5.3

Table 5.3 Ammonia sorption capacity per unit mass of adsorbent.

Sa”.‘p'e Total NH3 Peak of desorption temperature (°C) and
MOF ID Weight : ; T
@ capacity (mmol/g) | corresponding peak area contribution (%)
UiO-66(Zr)yH 0.055 0.133 225 (8.6) 280 (36.7) 390 (54.7)
UiO-66(ZrrNH2 0.084 0.187 216 (6.3) 310 (55.4) 435 (38.3)

In general, in both cases strong acidity resulted from desorption of the ziogorchusters
( £#OH groups). However, the larger MHapacity resulted for the UG6(Zr)NH:
structure.This was due to stronger adsorption of :\dth the amindunctionalisel part of
the framework, the amino groups of thEl>-BDC linker. This means that the amine UgB

structure might be of greater catalysis potential, if stable in aqueous environment.

5.3.2 CFR stability testing

When thinking about stability, it is essentialunderstand how the frameworks reacts to
different liquid solventsln order toadvance the knowledge generated in previous sections
andinvestigateo which extent both Ui€B6 materials are stabladditional CFRtests were
performed for longer periods of tin{&20 h). In particulardifferentliquid solventswere
used. Similar as ithecase of zeolitegested in Chapter 3 and 4, herein all tests were carried
out for in CFR in solventi.¢., H:O, MeOH, EtOH) flow(0.2g, 0.3 mL mint, 120 h,110°G
35bar inlet pressure)Tests were conducted on the both WH&Zr) materials, the
UiO-66(ZrrH and its amino analogue UiG6(ZrrNHo.. Interestingly, such test were not
performed and have not yet been published irdlitee. The outcomes of the pXRD analysis

are presented on FigubelO.
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Figure 5.10 The pXRD spectra of Ui@6(Zr}H (left, A) and UiG66(Zr>NH- (right, B) after solvothermal
treatment4t110°C, 120 hCFR).

The untreated YRD diffractograms of both tested MORwesented higlerystallinty
patterns. All patterns we consistent with previously reportRD of this framework!®

having no impurities or secondary phases, as well as having the two most intense peak
located a t 2 Y and7 8.6 correspoding to the (111) and(200) crystal planes,
respectively’®> A slight decr eas e i°npeakiftensity2vds olisergedor the
functionalsed UiO-66(Zr}NH>. This could be due to the altering of the original organic
scaffoldng, that is the terephthalic ac{&izBDC).

Water and ethanol treated MOFs, of bdthand-NH2 samples, showed negligible changes

in their crystallinity and maintained their single phasen under elevated temperature and
high-pressureconditions. Methanol, on the other hand, had a severe detrimental effect in
terms of the framework crystallinity. Although it has been shown in literature that methanol
can play a crucial role in the cremti and stabilisation of dangling linkers in the
UiO-66(ZrrH material®* here methanol had a damaging effect on the structure.
Interestingly according to the same paper,Mgrreiroset al, a considerable linker leaching
was observed after suspending LB6(Zr)-H in 10 mL of MeOH &t40°C, 72 h)>*Methanol

157


























































































