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ABSTRACT

Recently, porous metal organic framework materi@ddOFs) have attracted
considerable attention due to the wide range o$iptesapplications of the materials in 1)
gas storage, purification and separation; 2) aslysts and catalyst supports; and 3) for
adsorption of environmentally unfriendly speciesisTstudy has involved the synthesis,
characterisation and determination of the adsanfdesorption characteristics of
functionalised porous metal organic framework maker The overall objective was to
increase understanding of the role of surface fanat groups and framework flexibility in
determining the adsorption characteristics of gaseb vapours and assess the possible
applications of these materials for gas storagesapdration.

In this study, two new metal organic frameworks NEWC,.;HgCuN,O,4-CH7NO)
and NEW-2 (GH100sZn) were synthesised by solvothermahd solvent diffusion
methods, respectivel\Single crystal X-ray crystallographic determinaticevealed that
NEW-1 had a monoclinic space grobBf/c and the 3-D framework is constructed via two
square pyramidal copper atoms bonded with four icatimate ligands. The overall
framework of NEW-1 gives rise to a uni-directioralannel-like porous structure with
window size of 6.092 x 6.092 A (van der Waals ste§) where guest dimethylformamide
molecules reside. NEW-2 had a monoclinic space miGa/c and the framework is
connected via hexagonal building block of Znénd fumarate ligands to form a non-
porous structure.

The dynamic responses of flexible metal organim&aork NEW-1 to adsorption
of a series of probe molecules were investigated #rermodynamic and kinetic
parameters were determined. The series of probeawlels comprised of

i) HO and G-C, n-alcohols (methanol, ton-butanol) varying length and

hydrophilic to hydrophobic character,

i) C;-Cg alkanes (methane tenonane) vapours with similar cross-sectional area,

iii) chloro- species (methyl chloride, dichloromatte and chloroform) where the

cross-sectional area increases systematically

Iv) planar molecules (benzene and toluene) and

v) a range of permanent gases, (80, Ar).



The results showed that most of the adsorptionh&ats were Type | in the
IUPAC classification scheme, but some deviationsuged. In the case of adsorption of
longern-alkanes, at low pressure, convex isotherm cureatwere observed and at high
relative pressure, steep uptakes corresponding ai@ fiilling were observed. The
adsorption isotherms of small hydrophilic alcohobletules (methanol, ethanol and
n-propanol) exhibited a stoichiometric ratio for amb adsorbed and formula unit of
NEW-1. This indicates that hydrogen bonding betw#en hydroxyl group of alcohols
with carboxylate non-coordinated oxygen in the pwal of NEW-1. In contrast, a
stoichiometric relationship was not observed fer @kdsorption isotherms ofbutanol. It is
reasonable to conclude that the dominant intenactts n-butanol is the hydrophobic
surface rather than OH-surface oxygen interactidinermodynamic and Kkinetics
parameters for vapour adsorption were also inva®t) and compared in order to
understand the role of functional groups on surfdié®ision and framework flexibility.
Nitrogen, carbon dioxide, argon and methane adsorghowed that the total pore volume
was ~35% that obtained from the adsorption of vapo(alcohol, alkane etc).
The structural change produced by thermal actiaatm give the desolvated framework
with lower pore volume can be expanded by adsawptd both hydrophilic and
hydrophobic adsorptives. These differences wergbatéd to differences in isosteric
enthalpies of adsorption, which influence framewoflexibility and adsorption
characteristics. Both specific H-bonding and noeedfi interactions expand the collapsed
desolvated pore structure to similar values to dhestallographic pore volume. This is
likely to involve recovery of the long range ordey the gas sorption. The adsorption
kinetics for each isotherm pressure step were sedlypy a stretched exponential model.
The activation energies for diffusion of chlorofointo the porous structure as a function
of surface coverage and the isotherm show thapdhe structure expansion occurs at low
relative pressure rather than at high relative unes as in the case of other adsorptives.
Comparison of the isosteric enthalpies and actwaginergies for adsorption show that the
site-to-site hopping mechanism mainly controlsudiibn into the porous structure rather

than diffusion through narrow constrictions in fflagous structure.



Adsorption of hydrogen, nitrogen, oxygen and argeere studied in order to
investigate the possible applications of metal oigdramework NEW-1 in gas storage
and air separation. In case of the air separagidsgrption characteristics obN,, and Ar
on metal organic framework NEW-1, mixed-zinc/coppeganic framework (M'MOF-1)
and a carbon based molecular sieve (CMS-40) wergared. The crucial factors such as
molecular size and shape in relation to pore siracin determining the adsorption
characteristics on materials were investigatedec®etl kinetic models i.e. stretched
exponential model (SE), double stretched exponemialel (DSE) were used to determine
the kinetic adsorption parameters. Also, the isasenthalpies of gases adsorption at zero
surface coverage were determined. The results shavwery narrow pores are required in

metal organic frameworks to achieve kinetic selggtisimilar to CMS-40.
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CHAPTER 1

Porous materials

1.1 Terminology of porous materials and pore size

The International Union of Pure and Applied Chemgi$lUPAC)" % has defined a
porous material (or porous solid) as a solid wibineg i.e. cavities, channels or interstices,
which are deeper than they are wide. Porous mktecan be formed by a variety of
production processesg. carbonization process to produce porous carbochumay be
activated further by physical and chemical procgsemation of a crystalline structure in
the synthesis of metal organic frameworks from Wwhibe template/solvent can be
removed to form a stable porous structure, and l@mg techniques used for some
zeolites.

Pores can be classified by their availability to external fluid as shown in
Figure 1.1. Open pores may be open only at onearddire described as dead-end or blind
pores while the other pores may be open througespddowever, pores may also be
classified by their shape, for example, the por@pshcan be described as cylinders for
activated alumina, prisms for some fibrous zeqlitewities and windows for other zeolites
and metal organic frameworks. Different types ofgsomay also be pictured as apertures,

channels or cavities within a porous structure.

Open pores

Blind pore Through pores

Closed pore

Interconnected pores Channel -liked pore

Figure 1.1 Types of pores
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According to the International Union of Pure angphed Chemistry (IUPAC),
pores are generally classified into three categprniamely:

(1) Micropores, which have diameters smaller than 2 (RnR20 A). These are
sometimes called nanopores.

(2) Mesopores, which have diameters between 2 and 528600 A)

(3) Macropores, which have diameters larger than 50(rE00 A)

To date, porous materials have attracted tlent@dh of many researchers due to
their potential application in gas/liquid separatibeterogeneous catalysis and gas storage.
Applications of porous coordination polymers (ortaherganic frameworks) and porous

carbons are reviewed below.

1.2 Coordination polymer

The use of inorganic and organic molecules bogidnew porous materials has
become an attractive application. These possilpécgions are trapping guest molecules,
chemical sensing and gas separation and st8ragerey® ** has classified these new
porous inorganic and organic materials in to foiffiecent categories. The first category is
a pure inorganic framework, which has the templargénic molecules inside each cavity,
as shown in Figure 1.2a. For the next two categpt@mplated organic molecules form the
pillar between inorganic 2-D layers (Figure 1.2bjgot as a linker between 1-D inorganic
chain (Fig 1.2c). Both 1-D and 2-D inorganic laydird&ked by organic molecules are
usually referred to as hybrid inorganic-organic enials. The final category is coordination
polymer where organic ligands may be arranged arauuliscrete molecule, containing
one or more metal ion, as shown in Figure 1.2d.

Coordination polymers are also known as metahmigyframeworks (MOFs) or
metal-organic coordination networks (MOCNSs). Foasens of clarity, Ulrichet al*?
suggested that the term coordination polymer shtweldused to describe any extended
structure based on metals and organic bridgingndlgawhere metal organic framework is

typically used for structures that exhibit porosity
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3-D

e

(a) (b)

i il

(c) (d)

Figure 1.2 Four different categories of porous inorganic arghnic materials

These coordination polymers are often crystalhmaterials that consist of metal
ions (known as the connecter) and organic moleqideswn as the linkers) connected to
produce an infinite 1, 2, or 3-dimensional framekvera more or less covalent metal-
ligand bonding. In addition, the ligand must beria@ding organic group. However, these
coordination polymers could have other auxiliarynponents such as counter ions and non

binding guest in their structurgs: **

1.3 Synthesis concepts

Synthesis of coordination polymers is normallydzhen supramolecular approach.
These polymers are self assembled from metal ioctuster that are linked to each metal
by organic linking molecules to generate infinitarhework structure as shown in Figure
1.3 Compared to microporous zeolites and mesopordigatsialuminosilicate e.g.
MCM-type materials, the coordination polymers avareected through coordination bonds
weaker in energy than the strong Si/Al-O bondsaolires and molecular sieves. However,
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the relatively weak bond energies lead to divense f#exible coordination spheres
metal ions/metal clusters, which producerdination frameworks with different topolog
such as honeycomb (a), ladder (b), octahedrah@dagonal diamondoid (d), square ¢
(e), and zigzag chain (f) as shown in Figure

In principle a wide variety of framework topoloc ranging from simle chains to
ladders (1-D, sheets or brick wall or bilayer2-D) and framework(3-D) can be obtained
by the selection of reacti-influencing factors. This includes using differemtetal
coordination geometries and experimental varialdash as the mal to organic ligand
ratio and synthesis temperature. Moreover, by dngabe appropriate organic linker, it
possibly to control pore sizes and functionalitytieé open framework® ® " Some of the
metal ligands and organics bridging molecule aseuwised in the following sectio

® He K = @1 Kep{= X

n-1

Figure 1.3 Schematic representation ocoordination polymer, with the metal i

(M) and the organic spacer (S) equipped with twocdainits (bold™®

A A :::: ‘hq.'tkﬁ‘h. .f,;+ + ++II <
ISOEINS -h":ba'% - :I++ >
r T = A N S

() () (ch id) (e) (n

Figure 1.4Some network structures of metal organic framew®’
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1.3.1 Metal ions in coordination polymer

Transitionmetal or lanthanide ions are mostly used in the constructo
coordination polymers. Additionally, most of theseetals are based on nitrat
phosphates, sulfates, sulfides, halides, and cga® ' > However, these transition
metals are also used in the form of rl clusters or secondary building unit (SBU). 1
secondary building units armetal ions that are chelated by orgabridging ligand
molecules,which lock their metal position into -O-C clusters Furthermore, the SB
may contain two or more metal cen. For instance, metal organic framework
(MOF-5) contains four Z,0 tetrahedral or secondary building units, whick grined
together by carboxylate bridging linker moleculsssaown in Figure 1.5. These SBU «
help enhance structural bility and rigidity of the MOFs. However, specif8BUs can bt
generated in situ under the correct chemical camdi® *?°In term of coordinatiol
number of metal, metal ions that have higher co@tibn number tend to generat-
dimensional crystal structures, while the lower rdamation number metal ions tend

generate 1- and @mensionl crystal structuré*

i’./ S
I '“:- / P '.—.’-’- ,'I-I1_‘\
Yo iy eiosw
Y p ./\1.”-',,
0 ks p
) g -'_T 0 S
T Zn _710 /;’-‘\-J,'::'_' ‘\1*',-'_:::;
:E"r(/ ?f“—'—n\’r e e e “‘T.J‘ L
0 L S,
‘)‘/*n o N 205 NS
' u

Figure 1.5Representative geometries of secondary buildingksiéor the synthesis

of porous Zn frameworl.??

Recently, mixednetal organic frameworks havedrmesynthesised with interesti
properties. For example, mixed-Co and 1,4-di-(1-imidaxolyorethyl-benzene which
has potential to be a molecular magnetic alloy ri&t*> De Lill et al?* reported that
mixed lanthanide (Eu, Tb) organic framework ex@bittuminescence spectra athe
strong Ed" luminescence is enhanced the present of Tb incorporated into the s:
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structure. The enhanced Iluminescence property ¢ thixed lanthanide organic
framework demonstrates the potential applicatioligas-emitting diode.

Some applications of mixed metal organic framéwan adsorption have been
studied by Chenet al®® This report showed that the mixed zinc/copper metal
organic frame workmaterial (M'MOF-1) was solvothermal synthesised and the
single X-ray crystallographic determination lead the chemical formula of
Znz(BDC);[Cu(Pyen)]-(DMF3(H.0)s where HBDC = 1,4 benzenedicarboxylic acid and
PyenH = 5-methyl-4-ox0-1,4-dihydro-pyridine-3-carbaldeley The desolvation form of
this M'MOF-1 contained two types of pores e.g. poge of cross-section 5.6 x 12.0 A in
the direction of thec crystallographic axis (Figure 1.6a) and narroweegular
ultramicropores in the direction of thé crystallographic axis (Figure 1.6b).
The crystallographic pore volume of M'MOF-1 detemen using PLATORP is about
0.286 cni g™ . The copper sites, in the structure, have fowsiopossible coordination sites
bound by Schiff base N and O, so that there arepwiential open sites either side of the
CuN;O, plane for binding of hydrogen molecules or othpeces. The authors also
reported that the M’'MOF-1 displayed a kinetic igmoguantum molecular sieving ob H
and . Quantum molecular sieving in microporous M’'MOF 1dise to the larger zero-
point energy for the lighter Hresulting in higher amplitudes of vibration andveto
adsorption kinetics compared with the heaviger D

epam w
VR R IR
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o ad o lale

% o b I
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{284 q?.‘?‘fp

Wplh A2
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Figure 1.6 X-ray crystal structure of M'MOHR (a) the pores of about 5.6 x 12.0 A alang
axis and (b) the irregular ultramicropores aldngxis, respectively. Legend: Zn (Purple),
Cu (orange), O (red) , N (blue), C (grey), H (white
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1.3.2 Organic bridging molecules in coordination plymers

Organic linker molecules used in the synthesigamrdination polymers have to
bridge between metal ions. Therefore, multi dentaganic molecules with two or more
donor atoms are normally required to constructehasordination polymers. Currently,
multidentate nitrogen- and oxygen-donor organiarids are preferred in the synthesis of
coordination polymers due to their thermal stapiihd perhaps help prevent structural
collapse after removal of guest moleculés! The first two parts of the following topic
are discussion about the construction conceptsoofdimation polymers with a single
species of organic molecules, encompassing nitr@gehoxygen-donor molecules. The
last topic discusses the use of hybrid speciesg#rmic molecules to generate coordination

polymers.

1.3.3 Nitrogen—donor organic molecules

There are a wide variety of heterocyclic nitrogeganic bridging molecules as
shown in Figure 1.7. In the self-assembly procékdpnor sites can bond to metal ions
and generate T-shaped secondary building units JSBRenerally, this T-shaped
secondary building unit often produces obyor 2- dimensional structures. It should be
noted that the long chain of nitrogen-organic bindgmolecules e.g. 1,4-bis(3-pyridyl)-
2,3-diaza-1,3-butadiene, tends to produce intetpainen frameworks or polycatenation
structures leading to the production of 3-dimenaidrameworks. However, the structure
of the interpenetration framework usually collapatter guest molecules in the cavities are
removed®* The shorter chain of nitrogen-organic bridging ewoiles, such as 4,4'-
bipyridine, tends to produce 3-dimensional framéwomwithout interpenetration, for
example, the desolvated phase of porous framewatemal Np(4,4'-bipyridine}(NOs),
exhibited porosity and also showed the reversibksgexchange property.Noroet al?
reported the rigid framework CuSiB,4'-bipyridine)}, showed a high degree of porosity
with a surface area of 1337 gi’. The frameworks based on this 'dyipyridine have been
studied extensively using gas adsorption metfioddSome of the N-donor ligands which

can produce 3-D frameworks are shown in Figure 1.8.
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Most of these 3-D structures are synthesised rulndgroom temperature, using
layering or diffusion methods. However, this id oaiversal since 2,5-bis(3-pyridyl)-3,4-
diaza-2,4-hexadiene {idahd) which is a framework generated by refluxinge metal
organic ligand mole ratio for synthesizing thesB Bolymers ranges from 1.2-1.5. It has
been shown that the frameworks produced from reftuxmay exhibit high thermal

stability 2% 273034

1.3.4 Oxygen—donor organic molecules

A wide range of carboxylic acids have been usedcdastruct coordination
polymers, including carboxylate, oxalate, aliphaitd aromatic poly-carboxylate. Some
oxygen — carboxylate donor organic molecules, wluah produce 3-D frameworks are
present in Figure 1.9 and some ligand are discubseein. Compared with bi-dentate
N-donor molecules, bi-dentate carboxylate molechkege the flexibility to chelate metal
ions in different ways. This flexibility can be wséo generate a wide variety of the
polymer framework structures (Figure 1.10). Carbbateymolecules do not only coordinate
with metal ions as mono dentate (a) chelating lighat also coordinate with two to five
metal ions (b¥° Strong metal-oxygen bonding of carboxylate ionegi3-D coordination
frameworks with high stability.

Generally, there are two conventional methodscampletely deprotonate the
carboxylate group. Firstly, adding some strong bgsg. triethylamine) is normally
sufficient for complete deprotonation. However,gurystals may not be obtained, due to
this base producing a mixture of both framework bgproduct® 3’ The other methods
are hydrothermal or solvothermal synthesis at keghperature. For entropic reasons, these
high temperature synthesis methods can completgtyotbnate carboxylate ligands and
perhaps promote the formation of framework withhhignensionality. Furthermore, these
methods are normally generate pure mateffals.

Example of metal organic frameworks based odebpitate and tri-dentate are
Zn,O(BDC); (BDC = 1,4-benzenedicarboxylate):MOF-5 and {QMA) 2(H.0)s]» (TMA
= benzene-1,3,5-tricarboxylate):HKUST-1, respedyiveBoth MOF-5 and HKUST-1
framework are widely produced and studied in vagioaspects, especially in
adsorption/desorption of gases. MOF-5 consisteaf Zn,O clusters in octahedral subunit

that are connected to each other by terephthalatepg, while HKUST-1 consist of
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Cw(COO), with four copper connectors and bond with threezbar-1,3,5-tricarboxylate
groups. In term of cavity size, HKUST-1 has cadigensions of 9 A x 9 A. whilst MOF-

5 has smaller cavities of 5 A x 5 A. This may bedese the length of terephthalate ligands,
which are contained in the MOF-5 frameworks are rtelnothan benzene-1,3,5-
tricarboxylate group® 8 This indicates that length of organic moleculesaisnajor
influence on pores size and surface area of coatidim polymers.

Lin et al®®

reported that pore size and pore volume of metgdroc framework
materials can be controlled by varying the lengthhe carboxylic ligandin this study,
Cu(NGs),.2.5H0 was solvothermally synthesized with three diffee length of
carboxylate ligands. Quaterphenyl-3,3,5"-tetracarboxylic acid (k°), the longest
carboxylic ligand, gave the largest pore size aoldme with values of 8.3 A and 1.284
cm’g?, respectively. While, the shorter ligands, bipHeh@',5,5-tetracarboxylic acid
(HsLY) and biphenyl-3,35,5-tetracarboxylic acid (L%, gave the smaller pore size and

volumes (HL'; 6.5 A and 0.683 cfig™, H,L?7.3 A and 0.886 ciig™).

/SN N / N\ /
N/ \/ \_/ Q> <\N/

) A\~

2,4-bipyridine 1,2-bis(4-pyridyl)ethene

N/\ —N
_ \_/

1,4-bis(4-pyridyl)benzene

Figure 1.7 N-donor ligands which are preferred in coordimafmlymer synthesis often

generate 1-D or 2-D structure.
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2,4-(1,4-phenylene)bispyridine 4,4' bipyridine
2,4'-bpph
N=—
NZ Xy
| \ /7 \
N—N
—N
1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene
2,5-bis(3-pyridyl)-3,4-diaza-2,4-hexadiene bpdabd
b3pdahd
3,6-bis(pyridin-4-yl)-1,2,4,5-tetrazine
bptz
Figure 1.8 N-donor ligands that generate 3-D framework stmes.
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Figure 1.9 Some oxygen — donor organic molecules that pro8eddrameworks
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Figure 1.10Modes of coordination of the carboxylate idfs.

1.3.5 Hybrid organic molecules

It has been shown that both nitrogen-and oxygeredmolecules are effective for
construction of 3-D coordination polymers with largores. Theoretically, the concept of
the synthetic method is based on 2 reaction stéps. first step provides the two
dimensioned sheet layer, which is composed of metsl or cluster bonding with organic
molecules. Then, another organic ligand is addetbtm a pillar layer and bond all 2-
dimensional sheets together. This organic pillgedacan be constructed via H-bonding or
coordination bonding. However, coordination polymeonding via H-bond usually
generates an unstable structure in the absenceuest gnolecules. In comparison, a

coordination network provides a more stable franté&structure 43

Kondo et al** 42

synthesised channel-liked porous metal organimérsorks via
the direct mixing method under room temperaturedd@ms. These porous metal organic
frameworks are composed of two dimensional shefetSuo(pyrazine-2,3-dicarboxylate)
and these sheets coordinate with pillar organanids as shown in Figure 1.11. The pillar
organic ligands are pyrazine (pyz), '4,8ipyridine (bpy), 1,2-dipyridylglycol (dpyg) and
N-(pyridine-4-yl)isonicotimamide (pia) and thesgadnds form pillars between the 2-
dimensional sheets of Cu (pyrazine-2,3-dicarboxylat

Choi et al* hydrothermal and solvothermal synthesised of s{@ic)-
(bipyen)1.5]-HO(1) and [Ce(ndck(bipyen)]-GHes-H2O(2), respectively; where bipyen =
trans-1,2-bis(4-pyridyl)ethylene and.mtic = 2,6-naphthalenedicarboxylic acid). Both
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structures are composed -D sheets of C4O,CR)2)(R= naphthalene group) with the
sheets intermnnecting with the bipyen group, acting as a pilleading to -D framework.
Structure (1) and (2) has the pore dimensiorA x 3.5 A and 6.6 x 6.2 A, respectively.

|49

As another exampjélakamizaweet al.” solvothermal synthesisexd Cu(bza)(pyz) wher

bza(benzoate) formed2 layer and pyz (pyrazine) interlinked thos-D layers to form a

porous metal organic framewa

£ Z A 7

2-Dlayer 3-D porous frame

Figure 1.11Schematic representation of the construction ¢-D framework by a

pillar insertion strateg**

1.4 Classification of Metal organic frameworks

Kitagawaet al.® were first classified MOFs in to the three categmri®™, 2" and
3 generation. Basically, the framework structureshiese three categories contain gt
molecules inside their cavities or channels, heheenam hostguest complex. The®
generation frameworks lose their crystallinity atwllapse when guest molecules h.
been removed (Fig. 1.12). Th"generation frameworks can retain their crystaimind
do not collapse even when guest molecules haen removed. Additionally, these™
generation frameworks exhibit true porosity, whidn be used for gas/vapour store
Finally, the & generation frameworks have dynamic responses trreattstimuli, light
and host guest host exchange for instanurthermore, the'3generation frameworks m:
exhibit a new crystal phase when their guest has bemoved. Furthermore, pore size
these frameworks can be expanded, collapsed or dodensely packed system after t
guest exchang&:“® *"Horike et al*’suggested that thé“3jeneration frameworks m be
called as soft porous crystc Example of soft porous crystal ICU-SIP-3.3H20
[Cuy(OH)(CgH30;S)(H.0) - 2H,O] where SIP is Sulfoisophthalic acid) which |

selectively adsorbed only NO above the -opening pressure ¢~275 mbaf® Metal
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organic framework Zn(TCNQ-TCNQ)bpy constructed fraom(ii) centres and two
ligands—4,4bipyridyl (bpy) and 7,7,8,8-tetracyameguinodimethane(TCNQ).This
flexible structure exhibited gate opening and elgsnechanism in order to accommodated
0O, and NO in to the poré€. Bourrelly et al*® reported that porous chromium(lll)
terephthalate MIL-53(Cr) hydrogen-bonding netwosgktvizeen methanol/ethanol along the

tunnel of MIL-53 lead to structural transition.

Amorphous

/ﬂd__ ) +0G =
+G - * o
-G | IJ?

(b) ()
Figure 1.12Schematic representation of dynamic and flexibleRd@) the ¥ generation
frameworks; crystal to amorphous transition b) exjsag or shrinking of MOFs c) densely

packing during guest exchanffe.

1.5 Synthetic methods

Coordination polymers are crystalline materiald #mese materials need a crystal
growth technique in order to produce a suitablestatyfor X-ray diffraction analysis.
Generally, the favoured methods for synthesis gsétatline coordination polymers are
solvent diffusion and hydro(solvo)thermal synthe3isese two methods are discussed as

the following sections.

1.5.1 Diffusion methods

Basically, this method can be divided in two main techniqee$zent diffusion and
vapour pressure diffusion techniques. These tedesiglepend on different properties of

the solutions to grow the crystal.

13



CHAPTER 1 Porous materials

- Solvent Diffusion (Layering Technique).A small amount of solution (solution
of metal compound) is place in a tube and solutiborganic ligand is carefully layered on
the top of the solution. The tube is sealed artduledlisturbed. In the passage of time, some
crystals grow by diffusion of the ligand into a mileton solution. However, solvent
diffusion can be adapted by using an H-tube instdatie straight tube type. It should be
noted that the mixture of organic ligand solutitmowld be less dense than the metal ion
solution and a suitable volume ratio metal soluboganic solution is typically 1:4 or 1:5.
Typically, water/ethanol, water/mixture of waterdaethanol are commonly used for

growing crystals.

- Vapor Diffusion. This technique basically has the same principlhagrevious
technique but the precipitant is allowed to diffusto the solution from the vapour as
shown in figure 1.13. An advantage of these twarnegues is a small amount of material
may be used and it is possible to set up many ewpats by varying solvent and
experimental conditions at one time. However, thesghniques are time consuming
experiments due to slow diffusion and crystal giowtth the process taking a few days up

to several monthg: 2

() (b)

Figure 1.13Schematic representations of a) layering technaneeb)vapour

diffusion technique.

1.5.2 Hydrothermal or solvothermal synthesis

Hydro(solvo)thermal synthesis was firstly introddcfor the synthesis of zeolites.
Nowadays, this method is widely used for synthesfisseveral organic framework
coordination polymers. Hydrothermal synthesis gidslly employed in the temperature

range 110-240 °C in a Teflon-line autoclave undetogenous pressure. Under these
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conditions, the solvent temperature can be incteabeve its atmospheric pressure boiling
point while the solvent viscosity and dielectricnstant of the solvent are reduced.
Reduction of viscosity and dielectric constant a¢sthances the diffusion process and

crystal growtt?? *3Schematic of hydrothermal vessel is shown in Riguf.2.

Bursting disc

: Stainless
and sprin > ——
pring 1 ] steel lid
Teflon cup
Mixture of
Stainless- chemicals
steel shell

Figure 1.14 A schematic of a Teflon TM-lined, stainless autgeléypically

use in the laboratory to perf@ofvothermal synthesis.

1.6 Porous carbon materials

1.6.1 Activated carbon

European Council of Chemical Manufacturers' Feiteradefined* activated
carbon as non-hazardous, processed, carbonacemiiei® which have a porous structure
and large internal surface. In addition, the indrsurface area and volume of pores of
activated carbons is generally greater th@®0 nf g* and 0.2 mL g, respectively.
Activated carbons are a generic name for a groypoodus carbon materials produced by
carbonization followed by physical or chemical waation of carbon-rich organic
precursors. These activation processes producghapurosity and surface area which is
suitable for removal of impurities from gases amglil, gas storage and separation
processed> >

Activated carbons adsorb species from both gasemd liquid phases and the
adsorption process is influenced by the pore siggiloution of the activated carbon and
size, structure and properties of adsorbate. Tlageausf carbon adsorbents depends on

their surface area, pore size distribution andasarichemical characteristics. In adsorption
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from the liquid phase and gas phase, both macrougand mesoporous carbons are used
while microporous carbon is used in gas adsorptmocesses. Normally, both
marcroporous and mesoporous activated carbons bese employed irwaste-water
treatmert’>°, drinking water purificatio?? ®2 pharmaceutical and chemical industfiés,
etc On the other hand, most of microporous carboasiaed for odour treatmé&htgases
storagé ® and both agricultural and industrial exhaust gasegrol®* °® The properties

of activated carbons are directly related to theumneaof the starting material, the type of
production method and the temperature of productitore details on production methods
are described in section 1.6.6.1.

Stoeckl?” described the structure of activated carbon asisting of aromatic
sheets and strips often bent, resembling a mixdtiveood shavings or crumpled sheets of
paper with a variety of pores size between thene. vidriety of different gaps between the
sheets represents the makeup of the microporeschématic structure of activated carbon
Is shown in Figure 1.15.

In term of physical chemistry, activated carbone an amorphous and non-
graphitic form of carbon. Carbon atoms within theusture of activated carbon are
bonding with other carbon atoms forming hexagorigon similar to graphene shéat®
However, X-ray diffraction studies revealed thagdt graphene sheets stack on the top of
each other layer and each layer often has an iaeghape, randomly oriented, and lack
any directional relationship. So, the structuractivated carbon is much more disordered
than graphite. In addition, some heteroatoms aahanic minerals such as metal oxides
originating from the precursors and activation mdtAre normally present in the structure
of activated carbon. The heteroatom and impuritregictivated carbon depend on the
nature of the precursor and the activation process.

Figure 1.15A schematic structure of activated carbon
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The heteroatoms, which are mainly oxygen, hydrogeimpgen and sulfur, are
usually located at the edges of graphene sheetspiEsences of surface functional groups
determine either acidic or basic properties of dhvated carbon. Additionally, carbons
with acidic surface or basic functional groups neghibit cation and anion exchange
characteristics, respectively. The adsorption attarstic of activated carbon is not only
determined by its pore structure but it is alseedatned by surface functional grouys?

In addition, these surface functional groups plagigmificant role in chemisorption and
may enhance adsorption of some spe@e& " Several structures of acid and basic

surface functional groups have been proposed agnsimoFigure 1.16.

Acid groups Basic groups

Lacton

‘\O

g ;
OH Chromene ]
Ketones

N\

Va V \ Quinone o

o

Carboxyl Lactone

|
Pyrones

(0]

Figure 1.16Possible acid and basic surface functional graumpactivated carbon.

1.6.1.1 Production of activated carbon

Production of activated carbon can be accomplighethe following processes;
preparation of raw materials, carbonisation andvaton.* Originally, typical raw
materials for producing activated carbon were cpakt and lignite, wood, palm and
coconut shell. Recently, production of activatedboa from agriculture by-products and
waste water treatment residue has gained attemhiento its abundance, by-products

availability, and inexpensiveness. Agricultural fmpducts, for example, are saw dust, rich
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husk, fruit stones, fruit seed, shell and kerd&l$. There are four basic criteria for
selecting raw materials that should be consideagdyailability and cost b) a possibility of
yielding a good quality of activated carbon c) loantent of volatile organic matter and
ash d) high stability during storage. Raw materiabich have low volatile organic
content, normally give high yields of activatedhmar. In addition, raw material with high
lignocelluloses (around 40% upward) are suitableciammercial productioff Typical

fixed carbon contents of raw materials commonlyduse the production of activated

carbon are shown in table 1.1.

Table 1.1Fixed carbon content of raw materials commonlydugsethe production
of activated carbofi

Raw materials Approximate carbon content, %
Soft wood 40
Hard wood 40
Coconut shell 40
Lignite 60
Bituminous coal 75
Anthracite 90

Raw materials are usually crushed, milled andesldo particle size about 1-2 mm
before passing it through the cabonisation and/aobin steps. A particle size of ~ 1-2 mm
is appropriate for handling and yields good prdpsrsuch as high surface ar&%’
Sentorun-Shalaby and co-work€rdetermined the effect of particle size of raw miate
on the properties of the activated carbon. Threggba size ranges were examined which
were 0.85-1.7, 1.7-3.35 and 3.35-4.00 mm. Reshlsved that the coarser particles gave
the smaller surface area of activated carbons. Meryéhe coarser particles gave slightly

high percentage of the microporosity.
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The next process involves carbonization of the nadge In this step, the materials
is heated at temperatures normally below D@vith slow heating rate under inert gas,(N
Ar or very low Q condition) to eliminate non carbon species ance ginaterials with
enriched carbon contents (chars) with some pordsit§

Activation increases porosity and helps to improve accessibility of the pore
structure by opening the closed porosity. Activatoan be divided into two categories;
physical activation and chemical activation. In gilogl activation, the char is gasified in
steam, air or C® The activation temperature is normally in ran@®-800°C for steam
and carbon dioxide. For oxygen activation, howevaych lower temperature was
employed (300-500 °C) to avoid combustfgri*

Gasification of the char with steam and carbon idie@xare endothermic reactions as

described by the following equatiors;

C+HO = CO+H (AH = + 118.5 kJmat) (1.1)

cC+CQ = 2CO Q\H = + 159 kImol) (1.2)

Reaction of CO produced by equation (1.1) widast by the following reaction:

CO + HO = CO, +H,  (AH =-42.3 kdmol) (1.3)

During this physical activation, char gasificatiieads to the formation of meso-
and micropores, which form the porous structuraativated carbon. Activation with GO
is often used on a laboratory scale whereas stetira@on is preferred for larger scale
production of most activated carbons with the imdals importance of lower cost.
However, steam activation of activated carbon eihitager meso- and macropore
volumes than a carbon dioxide activated carbon.ithatlly, longer reaction times at
constant temperature give larger total pore volunaesl higher surface areHs.

A schematic representing the general steps forigdlyactivation is shown as Figure 1.22.
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In chemical activation, an activation reagent medi prior to carbonisation.

The process involves impregnation of the matenaith the chosen chemical agent.
Commonly, HSQ, ZnCh, H3PQ,, NaOH and KOH have been used as activation
reagent$® The activation reagents help to develop the ptrokiy means of dehydration,
degradation of volatile organic compounds and aksip remove inherent minerals from
the carbon. The interaction between the activateegent and the carbonised carbon
normally occurs during soaking and heating the ymsar material prior to carbonization at
high temperatur®” ® Major advantages of chemical activation, compak@dhysical
activation, are the higher yield, lower temperatafeactivation (less energy costs), less
activation time, and higher surface area activatadons can be obtainBtdHowever,
some disadvantages do appear which include highofdke activating agents, equipment
corrosion, and need to perform an additional clegsiep to remove the residue activation
reagent on product®’ A schematic representing the general steps fanida activation

Is shown as Figure 1.23.
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Figure 1.22Schematic representing the general steps for pdlyactivation
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Figure 1.23Schematic representing the general steps for da¢mctivation.
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1.6.2 Carbon molecular sieves

In 1949, Franklif* proposed the first report that fluids were exctid®m heat-
treated coals in the order of their molecular sixalkeret al’* reviewed the molecular
sieving effect for carbons etc. In 1973, Juntgenal®* prepared a black coal-based
adsorbent, which separated oxygen from nitrogemceSihen, the molecular sieving effect
has been studied extensively in both basic fundéahand industrial applications. Carbon
molecular sieves have been produced commerciatywadely used in the production of
nitrogen from air and gas purification procesSelslore details on applications of carbon
molecular sieves on air and gases separation scasdied in Chapter 3.

The term molecular sieve was originally introdudeg J W McBain * °° t

0
describe the selective adsorption of molecules aealite. Bekkumet. al?’ defined the
term molecular sieve as porous solid materials &ithpore size equivalent to molecular
dimensions 0.3 - 2.0 nm in diameter. Examplegystalline molecular sieves are zeolites
and amorphous forms are carbon molecular sieves.

In general, carbon molecular sieves (CMS) arebgrewp of activated carbon with
almost homogenous micropores of a few angstrondsaimeter, and are able to selectively
separate molecules on the basis of their size hages® * Nguyen and DY° gave a
gualitative description of the structure of carbplecular sieves as a bimodal structure
adsorbent with only a small contribution of mesnd anacropores to the total equivalent
surface area. Additionally, the surface of CMS irophobic. In comparison, the
micropore size distribution of CMS is much narrowtban in conventional activated
carbon. CMS have slit-shaped pores with pore sizeékse range 0.3 to 1.2 nm, and pore
volumes from 0.2 to 0.5 cig*. The surface area may range from 300 to 1,5ap"f 1
Compared to zeolite molecular sieves, CMS have sauperior properties, such as high
hydrophobicity, high thermal stability, resistanice both alkaline/acid media and less
expensive than zeolité® Furthermore, CMS generally have a larger pore meliand
their pore size can be adjusted to the right podthavby means of relatively simple
methods by controlling of carbon depositf8n.
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A variety of raw materials have been used t@pg@re CMS such as coal, nut shell,
coconut shell, palm shektc However, bituminous coal and coconut shells l@eeed to
be suitable raw materials for industrial productih'®*Figure 1.24 shows the production
process of CMS. In general, this quite similar ¢tivaated carbon but the CMS needs to

treated by more specific approacliks.
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Figure 1.24Procedure for the manufacture of molecular si@rban.



CHAPTER 1 Porous materials

Conventionally, there are two major approachgedouce CMS; the first approach
is the synthesis of CMS from carbonaceous precsirsoider specified carbonization
conditions that give pores of the appropriate disn@ms. The other approach for preparing
CMS is the modification of pore size of an existipgrous carbon by chemical vapour

deposition (CVD). The first approach may be dividetb four sub preparation methods;

1) Pyrolysis method; a selected carbonaceous precisrpgrolysed under
suitable carbonization temperature and inert envirent'> 1%

i) Contraction method; the carbonized material istégb@at a temperature
greater than 1000°C to shrink the pores of thecsonrateriaf® *°’

lii) Co-carbonisation method; a mixture of the carbahireaterial and
organic additive such as pitch, phenol-formaldehye&in or other
chemicals are pyrolysed under rigidly controlledhditions. The pore
size of the CMS may be controllable by changing amaf organic
additives'%® 109

iv) Covering method; a carbonized porous material ixethiwith a
chemical species and the mixture is further pyretyto reduce the pore

size by decreasing the size of the pores with gticotarbon.

The second approach is chemical vapour depos({t@¥D), which is the major
methods to control pore structure in selectivitycarbon molecular sievé¥ In this
method, a microporous substrate with narrow pare distribution is usually used as the
starting material. CVD involves a decompositiona@king) of a volatile hydrocarbon
above the surface of activated carbon, which cadep®sition as a thin film on the
surfacet* '3 A variety of hydrocarbon sources have been usetie@sleposition agents,
such as pyridine, pyrrole, benzene, acetylene, anetind cyclohexane. Benzene has often
been in used in CVD as it does not produce thernmtdiate by-product during the
decomposition process and this increases the dafttbe deposition process® Previous
research also showed that controlling pore sizelmmchieved under temperature and

pressure ranging from 300- 900 °C and 1 torr tcoaphere, respectively” 1> 118
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There are three possibilities for volatile hydndiman deposition into/on a pore of
activated carbon have been proposed as shown imeFig25-" 8119 ong exposure
times for hydrocarbon deposition may cause blogkerkes (b). According to case (c),
volatile hydrocarbon may be deposited uniformlyroie entire surface of the pore when
the molecular size of hydrocarbon is small enougldiffuse into the pore. In this case,
deposition of hydrocarbon along the pore can deeréd@ pore volume of activated carbon
and it will also slow the gas diffusion rate, which not desirable for gas separation
processes. The problem in case (c) may be avoigéddontrolling the suitable exposure
time for deposition and ii) using a hydrocarbonhadt molecular size larger than pore of
activated carbof’ In the last case (d), hydrocarbon is depositedhenpore mouth of
activated carbon. This (d) case produces a desi@blS as the pore size can be reduced
without reducing the pore volume.

Nguyen and DY° proposed the block and reopening method to yi€ldis with a
small narrow pore size distribution. This methodoives three steps: carbonization,
reduction of pore size by carbon deposition, andhlliy reopening of the pores by

1

(©) (d)
Figure 1.25 Schematic representation of carbon deposition rwmliéerent regimes:

controlled gasification.

]

(@)

(a) clean pore, (b) blocked pore, (c) depositiotirely on pore surface, and (d) deposit

around pore mouth.
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1.7 Applications of porous materials

1.7.1 Separation of unfriendly environmentally spees.

In recent years, there has been significant pudntid scientific concern over the
potential risks of industrial, flue gas emissiomsl @&lso impurities in wastewater streams.
These emissions may contribute to poor environnheqiality and also, pose a threat
human health. Thus, as the regulatory limits onirenmental emissions become more
stringent, industries have developed separatiorhntdogies that could remove
contaminants and pollutants from process wastearsgse Adsorption processes and
membrane separations are two dominant technoldlgashave been applied in industrial
waste treatment. Commercial available meso- andonamrous activated carbons have
been applied to waste water treatment system ierdadremove contaminants e.g. heavy
metal ions, dye, and organic molecul&s'?*While, micro-porous (nano-porous) activated
carbon is typically used as an adsorbent for reinofagaseous species. The surface
functionality of micro-and nanoporous activatedbogr can be modified for removal
various flue gases such as SQNO,, and volatile organic carbons (VOC$y!?
Furthermore, both micro-and nanoporous activatedocaalso have possible applications
in removal of polychlorinated dibenzo-p-dioxins (P@s), dibenzofurans (PCDFs), and
various forms of mercury speci&§:*?® Metal organic frameworks also show their
potential application in flue gas treatment suchGa®.**°** Britt and co-worker$”
conducted research on harmful gas adsorptiondelgloromethane and sulfur dioxide, on
six metal organic frameworks and activated carbidrey reported that MOF-199, with
open (unsaturated) metal centres, showed supeaionful gases adsorption compare to

activated carbon.

1.7.2 Clean energy storage.

Energy is an important part of our daily life.r€and other internal combustion
engines need the energy from fossil fuel combustriunction. However, fossil fuel
combustion leads to some environmental problemsjnistance acid rain, stratospheric
ozone depletion, development of the greenhousecteféand air pollution. These
environmental problems also have a negative effecpublic health. Furthermore, the
supply of oil is limited and supplies are likely bl@ecome scarce in the foreseeable future.
As a result, a number of solutions have been pexho®ne potential solution is using



CHAPTER 1 Porous materials

hydrogen as an alternative energy carrier. In tiveré, hydrogen may be the dominant fuel,
for use in vehicles generating only water as a pead* ***However, at present there are
no systems for hydrogen storage that meet all ¢élgeirements of safety, capacity, and
refuelling distance. Therefore considerable rese&@deing undertaken to develop new

porous materials for hydrogen storage application.

1.7.3 Catalysis

In 1995, the global catalyst market was estimateabbut 8,600 million US$, with
a significant growth in 2001, to a value of 10.7lliom US$. Catalyst marketing has
growing dramatically because of the remarkable @myp of catalyst to increase
accelerating the rate of a chemical reactwithout being part of the final products. Over
80% of the industrial chemical processes in useadays rely on one or more catalytic
reactions and these industrial chemical processelside, oil refining, petrochemical
processing, and the manufacturing of commerciaimiteds (olefins, ethylene glycol,
methanol, etc3*® **" Porous materials are used as either heterogermualysts or a
heterogeneous catalyst support. Zeolites and #&etlivearbons is also used as an inert
porous carrier material for distributing metal ¢gdés on the large internal surface, thus
making metal catalyst much more accessible to ae&kt Furthermore, precious metal
catalyst, e.g. gold, can be easily recovered byihgroff the activated carbon support
catalyst®® The applications of activated carbon supportedalgsit in fuel cell,
environmental issues and industrial processes atkeestablished® *** Attempts to
use MOFs as the catalyst are in an initial stagerinciple, MOFs can be synthesis in a
systematic route to funtionalise their structutesaddition, each functional groups may be
act as an active site and may be a catalytic cnfka example of a functionalized metal
organic framework which exhibits selective sorptiamd catalysis properties is [Cd(4-
btapa)(NOs).]. 6H,O.2DMF where 4-btapa = 1,3,5-benzene tricarboxatic tris [N-(4-
pyridyl)amide])*** Amine surface functional groups of this 3-D stuset only binding
selectively with short-chain alcohols e.g. methamthanol,n-propanol andn-butanol.
This Cd(4-btapgfNOs), was also used as the catalyst in the reactiorwtdidehyde with
methelene compounds and gave the malononitrileyotd@B%. Metal organic frameworks
with unsaturated metal centres may be a highlwa&nd selective Lewis acid catalyst in

some chemical reaction&* Llabrés and co-workef® showed that combinations of the
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two catalysts containing 10 wt% Cu(2-pymaR-pymo = 2-hydroxypyrimidinolate) and
90 wt % Co(PhIMy);(PhIM = phenylimidazolate) yields the best perfamoe in terms of
activity, selectivity for the oxidation of tetrali In the tetralin oxidation process, Cu(2-
pymo), was used for the activation of tetralin in orderproduce tetralinhydroperoxide
(TOOH). Once the TOOH was formed, Co(Phiivgpidly oxidised TOOH into tetralone.

1.7.4 Sensors

Many gas detectors developed for portable apbica are based on the change in
electric resistivity with varying gas concentratiand the sensitivity is normally dependent
on surface area. Therefore, nanoparticle metalesxiand porous materials with large
specific surface areas, and high sensitivity tghdélchanges in environments (temperature,
atmosphere, humidity, and light) are being develomand applied as detectors of
combustible gases, humidity, ethanol, and hydramab The most widely preferred for
this application are nanoparticle metal oxides sashSn@ TiO,, ZrO,, and ZnO
oxides™*’ However, recent studies revealed that metal ocg&mimeworks have the

138 and Cheret al*®

potential for sensor application. Woaga reported that microporous
Thy(Municate} and Eu(benzene-1,3,5-tricarboxylate) showed thversible sensing of
anions and this sensing is controlled by a molecsieve property. Small molecules are
allowed to pass while large molecules are excluftedh both microporous MOFs.
Additionally, Chenet al. gave further suggestion that the open metal centieu(BTC)
structure may lead to highly sensitive sensorsifoall molecules and ions. Yeceh al'*°
reported that the electrical signal from the tayas sensor can be enhanced by coating the

gas preconcentrator with IRMOF-1.
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CHAPTER 2

The adsorption of vapours and gases into
porous materials

2.1 General

The term adsorption was introduced to the litemahy Kayser in 1881%to refer to
the condensation of gases on bare surfaces. Kalgemtroduced the terms isotherm and
isotherm curve to explain the results of adsorptexperiments. In 1909, McBdin
proposed the term sorption for adsorption and gitieor in the case of phenomena which
cannot be distinguished precisely. In this particutase, the terms sorption, sorbent,
sorbate and sorbent should be u$gd.

The term adsorptioms used to denote the enrichment or accumulatioanef or
more components, whether molecules, atoms or ianan interfacial layer between two
bulk phases. In dealing with adsorption at gas-uaporous solid interfaces, it is
customary to call the components in the adsorbat# $he adsorbate, and to refer to the
same species in the bulk gas phase as the adsorptiditionally, the adsorbing solid is
called adsorbent. Adsorption is distinguished fraimsorption, which involves bulk
penetration of the gas/vapour into a mass of tiserihg solid or liquid: ’

As mentioned previously, when a gas iohiced into a solid, an adsorbed phase
bonded to adsorbent surfaces, may form. When thditons are changed, gas molecules
may desorb. Adsorption of a gas/vapour on a posolid is a spontaneous process, which
means that it involves a decrease in free enek@) (ue to the passing of the free gas to
the adsorbed film. There is a decrease in entray®y, because the gas adsorbed on the
surface of the adsorbent is more ordered than enghs phase. The thermodynamic

relationship of the adsorption process is showthagollowing equatiof: °

AG = AH -TAS (1)
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It is evident thatAH of the adsorption of gases and vapours on porolidssis
always an exothermic process for physisorption. sTkhe amount of gas adsorption
increases with decreasing temperature. Heat ofrpiilsio can be measured by direct

calorimetric methods or determined from isothernuss.

2.2 Physical and chemical adsorption

There are two broad types of adsorption procesphgsical adsorption and
chemical adsorption. These are both characteriyeithé strength and nature of the bond
between the adsorbate and substrafée distinction between physical and chemical
adsorption is very important as the process andéaviour of the adsorbed layers are
quite different.

Physical adsorption, or physisorption, involveseiniolecular bonds between
atoms or molecules being adsorbed and the subsgrateie to dipole induced dipole
interactions (London dispersive force), and otleatively weak interactions. In chemical
adsorption, or chemisorption, a chemical bond renfdl between the adsorbate and the
substrate. Such bonds, which involve the exchamgeharing of electrons between the
adsorbate and the substrate, are much strongeical yghysisorption binding energies are
about 20-70 kdmdland those of chemisorption are typically highentphysisorption.

In discussing the characteristics of physisorp@ao chemisorption it best to use
the analogy of condensation and chemical reacBome significant differences between
physisorption and chemisorption are summarizedaipld 2.1> 1%

» Reversibility:. Physisorption is reversible, i.¢he adsorbate will desorb
(become unbound from the substrate) when the paraisrial temperature is raised, and
return to its original condition in the gas phaS&emisorption is usually not reversible;
i.e., raising the porous material temperature n@yesult in the adsorbate returning to its
original form in the gas phase. Additionally, theypisorption rate at (273 K) is normally
faster than the chemisorption rate. This is becatisemisorption normally has to
overcome the activation energy for breaking chehioads while there is at most a small
activation energy involved in the physisorptiorgakes/vapours.

* Enthalpy of adsorption: Enthalpy of chemisorptiam,general, is much
larger than enthalpy of physical adsorption andegaly higher than 80 kJmdl
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Meanwhile, enthalpy of physical adsorption is tgfiig in the range of 20-70 kJmbhand
is larger than the enthalpy of condensation.

» Specificity: Physisorption is non-specific and doeet result in the
dissociation of adsorbed molecules. Chemisorpsovery specific due to the involvement
of chemical reactions between gas molecules arfdcgugroups of the porous material.
Chemisorption, furthermore, often results in thesdtiation of molecules during the
adsorption/chemical reaction process.

» Chemisorption: This is typically characterized by formation of a single
layer of adsorbate on the surface of porous mddebat in physisorption, multiple layers
of the adsorbate can form on the porous materials.

» Conditions of adsorption: Chemisorption typicallycars over a wide range
of temperatures, often exceeding temperatures mhwhe adsorbate will condense from
the gas phase to the liquid phase. Physisorpticarecvhen the temperature is close to
temperature at which the adsorbate will conderm® the gas phase to the liquid phase. In
physisorption, the uptake is generally favouretbattemperature while the uptake caused

by chemisorption is favoured at high temperature.

Table 2.1Comparison of physical and chemical adsorgtidfi

Physical Adsorption Chemical Adsorption

Rate of adsorption | Fast Slow

Enthalpy of Adsorption| Usually 20 - 40 kJ mdl | Usually > 80 kJ ma}

Origin of interactions | yan der Waals forces, non- Chemical bond forces,

force and specificity specific adsorption, easy | highly specific adsorption,
for desorption difficult for desorption due
to the need to break bonds

Monolayer coverage Monolayer and multilayerLimited to mono layer
formation depending on | coverage
environment

Dependence of the | Decrease with increasing| Increase with increasing
temperature temperature temperature
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2.3 Forces of Physical adsorption

There are two major combinations of forces involueghysical adsorption. The
first force is the long-rang attractive dispersioe van der Waals) interactions and the
other is the short range repulsive interaction betwthe adsorbent and the adsorbate
moleculet*

The force of attraction between adsorbate andd sabsorbent is due to
instantaneously fluctuating electric dipole momeintsither atoms or molecules of the
adsorbate and the surface of the adsorbent. Evam &aom or molecule with no permanent
electric dipole moment, fluctuations in the elentrcharge distribution will give it an
instantaneous (short lived, but averaging to zerer a longer time interval) dipole
moment which will induce a further dipole momentamearby atom or molecule. The
interaction between the original and induced dipotaments results in an attractive force
between these two moments. These dipole-dipolee$oare known as van der Waals
forces. The repulsive force arises from the petietreor overlap of the electron cloud
between adjacent molecules and surfaces. At shetandes, the repulsion force is
significant and increases rapidly.

Both attractive dispersive and repulsive forceshef two isolated atoms can be

expressed as potential energy in the following &qos* *°

Ep(r)=-Cr®-Cyr®-Cy™ (2)

wheregp(r) is the potential equation for dispersive foarelr is a distance between

two isolated atoms. The coefficier@s, C,, C; are the dispersion constants associated with
instantaneous dipole-dipole, dipole-quadrupole agdadrupole- quadrupole, etc.
interactions respectively. The termsrifiandr™°are relatively small and usually omitted.
So the equation thus simplifies to (3). The repaldorce can be expressed as the equation
(4). B is an empirical constant and the expometd usually found to be in the range 9 to
14 in order to fit the data, buh = 12 is commonly used. The dispersion and repulsive
interactions are frequently combined to give thaltpotential energy or Lennard-Jones (6-
12) potential as shown in equation (5)
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£ (1) =-Cr 3)

(4)
()

To apply the Lennard-Jones (6-12) potential equoatiiothe adsorption of gases or
vapours, which involves adsorbate atoms or ionss the equation becomes

Ex(r)=Br™"

e()=-Cr®+Br™

#(2) =B, z rij_lz -G, Z rij_6 (6)
j j
wherel]i(z) is the potential energy for the moleculexpressed as a function of its
distance z from the plane of the centre of atomsws in the surface layer. From the
surface planer; is the distance betweerand an atonj, in the solid andg; andC; are
characteristic repulsion and attraction constamtshfe gas-solid system.

Figure 2.1 shows that the potential energy of asf@oybed atom or ion varies as a
function of the distance z from the surface of #usorbentwith a largerz, the potential
energyreduces as the attractive force decreases. Wathadlerz, the potential energy increases
rapidly due to the adsorbate-adsorbent force bewpmépulsive.Once the atom or ion moves
closer to the surface of the adsorbent, the balbeteeen the attractive and repulsive

forces may be established at distancérthis distance #the potential energy of the atom
or ion is at a minimum.

¢(2) Repulsive forces

Total energy

Intermolecular distance
' z

Attractive forces

Figure 2.1Potential energy of a molecule versus its distancefrom the
adsorbing surface.
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2.4 Adsorption Isotherms

The quantity of gas taken up by a sample of seligroportional to the masa of
the sample, the temperature T, the presguriethe gas and the nature of both the solid and
the gas. This can be expressedchathe quantity of gas adsorbed in moles per gram of
solid:

n =f (p,T,gas,solid) (7

For a given gas adsorbed on a particular solid ket fixed temperature, equation (7)

simplifies to

n=f(py, gas, solid 8

If the temperature is below the critical temperataf the gas, the alternative form (9) is
more useful, Pbeing the saturation vapour pressure of the atlgerat the temperature of

the measurement.

n= f(B)(fJ gas, solid 9)

The parameter (pfpis described as the relative pressure. A grafiacting the amount of
adsorbed against pressure or relative pressureoratant temperature is called the
adsorption isotherm. This is usually expressedhasaimount of adsorbate per gram (or
volume) of adsorbent to each equilibrium pressdréhe gas at a constant temperature.
When a porous material is exposed in a closed spdlbesome definite pressure of gas, it
begins to adsorb the gas. The process is acconmtbhyian increase in the weight of the
solid and a decrease in the pressure of the géex. &time, the pressure becomes constant
at the value P, and correspondingly, the weighseg#o increase any further. The amount

of gas adsorbed can thus be calculated.
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In summary, by studying the adsorption isotheromg can: 1) estimate the surface
area/pore volumes, 2) estimate the pore size loigton, 3) assess the surface chemistry of
the adsorbents, and 4) determine the fundameritéie @adsorption process.

The majority of physisorption isotherms may beuged into the six types shown
in Figure 2.2. The five types of physisorption is&im were originally proposed by
Brunauer, Deming, Deming and Teller (B.D.D.T). Tdesn also be referred to as the
B.D.D.T classificatiort® ' The type six isotherm was proposed later by ®irg.* ’ Each

isotherm is discussed in more detail below.

Type | isotherm

Type | isotherm shows a rapid increase in the amoiigas adsorbed over the low
relative pressure range and then reaches a platethe high pressure range. Type |
isotherms are sometimes referred to as Langmuihesms and are often obtained when
adsorption is restricted to a monolayer. Therefochemisorption isotherms are
approximate to this shape.

Type | isotherms have been found for physical gaigm on solids containing
very narrow or slit pore structures, e.g. activatatbons, molecular sieve zeolites, a metal
organic framework and a certain porous oxide. Aiddapcrease in the amount of gas
adsorbed over the low pressure is often attribtgedicropore filling in porous solids and
then a subsequent horizontal or near horizontaeglaindicates that the micropores are
filled and no further adsorption will take placea, $he limiting uptake is governed by the
accessible micropore volume rather than by intesuaface area. Examples of type |
isotherms are usually obtained from nitrogen amtbaa dioxide adsorption on activated
carbon at 77 K and 195 K, respectivel}?
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Figure 2.2The six basic types of adsorption isotherms

Type |l isotherm

The Type Il isotherms are typically produced lojids which are non-porous or
macroporous and the isotherms represent unrestmctaolayer-multilayer adsorption on
a heterogeneous adsorbent. These are often refered the sigmoid isotherm. The
practice is to take poinb as the point of completion of a monolayer and iayker
adsorption. Consequently, multilayer adsorptionreases progressively with rising
pressure. Brunauer—-Emmett-Teller (BET) originalveloped a multi layer adsorption
theory and mathematical model to describe the Timotherms as described in Section
2.5.3. Examples of type Il adsorption isothermrategen adsorption on non-porous silica
at 77 K anch-butane adsorption on graphitized carbon black BoR98 K*2°



CHAPTER 2 The adsorption ofapours and gases into porous materials

Type Il isotherms

Type lll isotherms are distinguished from Typesibtherms by a convexity towards
the relative pressure axis entire range of thénesat and do not exhibit a poibt At low
relative pressure region, Type lll isotherms denrans very low uptake of adsorbate due
to the forces of adsorption in the first monolayesing relatively small. Adsorbate-
adsorbent interactions are also found to be weakther words, the adsorbate-adsorbate
interactions are stronger than adsorbate-adsorib&ractions. However, the uptake at
high relative pressure is much higher due to theodzhte-adsorbate interactions being
much stronger and this increases the driving fmtéhe adsorption process. Type Il
isotherms most commonly occur in both non-porousl amicroporous adsorbents.
Examples include the adsorption of water molecubes carbon and single wall

nanotubeél?®

Type IV Isotherm

The Type IV isotherms are found in many mesoporseigls. A characteristic
feature is that the adsorption branch of the isothes not the same as the desorption
branch of the isotherm and hysteresis is obser@etherally, the hysteresis loop occurs
due to the capillary condensation taking place @sopores and the limiting uptake at high
relative pressure. The hysteresis process is ddmatews in Figure 2.3 Type IV. At this
initial state, adsorption of molecules on to thdlsvaf porous material occurs at a very low
relative pressure until a monolayer (a to b) igrfed. Then, the multilayer adsorption
occurs as pressure increases (b to ¢) and follgwesapillary condensation at high relative
pressure belowp/p’ (c to d). In the capillary condensation process/\gaour molecules
tend to form a liquid-like layer with a curved mseus at pore entrances (d). As pressure
decreases, the angle of the curve of the menidsashanges. The liquid meniscus blocks
the liquid condensed in pores from evaporating.sTiiocking by the liquid meniscus
results in a high mass of adsorbate remainingarptirous material which then creates the
hysteretic loop (e). Examples of Type IV adsorptisotherm are: water adsorption on
silica®®, activated carbdn at 298 K and nitrogen adsorption on mesoporous M\t 77
K.ZG
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Type V isotherms

Type V isotherms, unlike Type Ill, occurs during thysteresis loop and exhibits a
point of inflection at a higher relative pressuseibsequently, the Type V isotherms reach
a plateau in the multilayer region of the isothevirere the capillary condensation occurs.
Type V isotherms occur most often with mesoporodsoebents. Examples include the
water vapours adsorption on carbon in which th@ididge-adsorbent interactions are very

weak and water adsorption on mesoporous alumigagk >+ 2’

Type VI isotherm

The Type VI isotherm represents the step-like matiithe adsorption process. The
steps result from sequential multilayer adsorptona uniform non-porous surface. Each
step-height represents the monolayer capacitydoh edsorbed layer. The best examples
were obtained with argon or krypton on graphitisatbon blacks at 77 K.

During the desorption process, the amount of ddsb molecule on the porous
surface should be the same as the amount of adsorblecule in the adsorption process.
In other words, the adsorption process should berséble. However, some deviations can
occur. The phenomena wherein the amount of adsariagerial in the desorption process
is higher than in the adsorption process is cdfigsteresis. To put it more simply, the
curve of the desorption isotherm deviates from ddsorption isotherm. Originally, the
classification of hysteresis loops was first praggbby de Boéf and it has been modified
by the IUPAC which recommended four types of hysteresis isathas illustrated in
Figure 2.3. Type Hconsists of a steep parallel adsorption and dé@sarpysteresis curve
and these hysteresis loops appear at high relpte®sure close to unity. The type id
normally given by porous media with narrow mesopadestribution. However, porous
materials with pores with an ink-bottle shape aadow channel open at both ends and
pore with a modulating surface can cause typdysteresis. Type Hs often associated
with a solid composed of irregular size and shapg.(many silica gel or cracking
catalysis).The H hysteresis loop borders the iype which indicates that the adsorbed
molecules are easily trapped in the porous material
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Type H and H, do not plateau at high relative pressures. Thegefib is more
difficult to distinguish where the limiting desom boundary curve is. These loops do
not close until the equilibrium pressure is reachethe saturation pressure or very close to
the saturation vapour pressure. Typgisioften observed in the adsorbent as slit shaped
pores and also found in the metal oxide aggregéteheet like shapes. TypesHs

associated with a Type | isotherm which is chargtte for microporous adsorbents.

Capillary condensation refers to the change ef ghs/vapour state into a liquid
layer with the curved meniscus at a lower prestur the saturated pressure. The term is
also widely used to describe the hysteresis isothén mesoporous materials. But recently
much evidence indicates that capillary condensasiarot the only reason for causing the
hysteresis loop. Some reports reveal that botharaéerd meso-porous media with pore
networking, ink-bottle shape pores or even modutatf pore structure can also trap
adsorbate&” *°Zhaoet al! and Fletcheet al.>? showed that the structural flexibility of a
microporous metal organic framework can provideiretics-based trapping mechanism

which leads to a hysteretic loop.

Figure 2.3The IUPAC classifications of hysteresis lobps
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2.5 Adsorption Equations

The shape of an adsorption isotherm reflects intienmas between the adsorbed
molecules and the surface of the porous media.efdrer, for the purpose of inspecting the
shape of the isotherm, it is useful to identify #dsorption mechanism and then decide
which mathematical model should be used to evaltlaecharacteristics of the porous
material. Thus numerous attempts have been matkyaloping mathematical expressions
to describe adsorption/desorption phenomena obddorevarious experimental isotherm
curves. There are many isotherm equations, for plgnidenry’s law, virial, Langmuir,
Freundlich, Brunauer—Emmett-Teller (BET) and Dub#Radushkevich (DR) equations.
Firstly, the plot of Langmuir equation generatesves that fit the Type | isotherm shape
and the monolayer capacity can also be obtaineoh floe equation. Secondary, the
isotherm plot of the BET equation corresponds t@eryl isotherms. TheDubinin—
Radushkevich model allows an estimation of the ompore volume from the low to
medium-relative pressure parts of the Type | isothd-urther details are discussed in the

following sections.

2.5.1 Henry’s law and virial equations

Henry's law is based on the assuompthat there is no interaction among the
adsorbed molecules at very low surface coverageryelaw is defined by the following
equatiorr

n=k,p (10)

wheren is the specific surface excess amount knis the Henry’s law constant. It
is possible to obtain the differential enthalpyaafsorption at zero coverag&,¢ho) by
plotting the variation of Henry’s law constant agsdil/temperature. Then, thegdo may
be calculated from;

A, h, = RT2(d(Ink,)/dT), (11)

ads
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The Henry's law equation implies that the specsiarface excess amoumn) (
should vary linearly with the equilibrium gas pne®s at sufficiently low pressure and
sufficiently high temperature (generally known aank’s law region). Kiselev and his co-

worker*® applied the virial treatment using the equatiolotwe

p=nexpC, +C,n+C,n* +C,n°> +......... ) (12)

wheren is the amount of adsorption at pressprand C; are virial parameters which

34
l.

depends on temperature. Celeal. °" proposed that the virial equation may be expressed

in the following form:

In(n/ p)=A, + An+ An® + ... (13)
where theA, andA; parameters of the equations (13) are related torbdie-adsorbent
interaction at zero surface coverage and adsoduserbate interaction, respectively.
Under condition of low surface coverage, the higbreler of the virial parametersy...)
can be ignored® * *® The values of, can be obtained from the graphdmf/p) versus
n at different temperatureb. Also, the isosteric enthalpy of adsorption atozsurface
coverage can be estimated from the slope of theqgbltn A, against IT. Additionally,
Henry’'s law constant may be calculated by usingetingation (14)

Ky =exp(A,) (14)

Typically, the virial equation is used to compaetherms when the adsorptives

are above their critical temperatdre®” %

2.5.2 Langmuir Equation

One of the initial models for the adsorption ofedes onto bare surfaces was
proposed by Irving Langmuir: *° The assumptions of the Langmuir equation are as
follows and a schematic diagram of the processsisawn in Figure 2.4:

« The molecules are adsorbed at definite equivalte® without dissociation.
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« Each site can only accommodate one adsorbate nelda other words,
only monolayer adsorption can take place.
* The heat of adsorption is constant and indepernafaghie amount of surface

coverage.

Reflectior )
Desorption

Adsorption

Figure 2.4 Schematic demonstration of Langmuir adsorptiom dlat surface

The processes of adsorption and desorption arendgrand the Langmuir model
can be derived from the kinetics of an equilibristate of the adsorption/desorption. The
rate of adsorption depends on the pressure of basop, and the fraction of available
surface area for adsorptiof, where& =1- 8, andé is the area covered by a monolayer of

adsorbate molecules. Then the adsorption rate is,

rate of adsorptionksp& = kip(1-&) (15)

The rate of desorption, on other hand, depends henamount of adsorbed
gas/vapours and is proportional to the fractiorthef occupied surface are&) and the

activation energyt).

rate of desorptionkgéiexp(-&/RT) (16)

wherek, and ky are the rate constants for adsorption and desorgstieps. In the

equilibrium state, the rate of adsorption and detsam is equal. Therefore the combination
of equation (15) and (16) is

55
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B(1-61) = kabhexp(-B/RT) 17)

61 — ka p

= (18)
(1-8)  kexp(E/RT)

WhereK is defined by

s (19)

K=
kK, (exp- E,/RT)

If n (in moles) is the amount adsorbed on 1 g of adsurtthené= n/ny,, whereny,

is the monolayer capacity. Insertion into (18) k&mthe Langmuir equation

(20)

p = equilibrium pressure (mbar)

n = amount adsorbed (mmofy
n,,= amount in monolayer (mmol™y
K = adsorption coefficient,

For convenience in testing experiment data, theghanr equation may be

rewritten in the linear form:

S |o

1 .0p
+ 2 21
Kn, n, 1)

The plot of% againstp should therefore yield a straight line with sle]%e.
n

m

Pressurep() can also be plotted in form of the relative puesgp/p°) which is the ratio of
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the actual gas pressure to the saturation pressurthermore, the specific surface area of

the solid can be calculated by the standard rela#shown in (22).
A= N L. an (22)

where A = specific surface area (g
an = a molecular cross sectional area{nm

L = Avogadro constant (6.022220™ molecules mat)

Cross sectional area of some adsorbedamlele are given by British Standard BSI
4359-1', McClellanet al*?, Grayet al** and Carrotet al** is shown in Table 2.2.

Table 2.2ross-sectional areas of some adsorbents.

Adsorbed molecules molecular cross sectional area
(nm?)
Nitrogen 0.162
Argon 0.138
Carbon Dioxide 0.210
Oxygen 0.141
Methanol 0.219
Ethanol 0.283
n-Propanol 0.328
n-Butanol 0.354
Chloroform 0.275
Dichloromethane 0.398
n-Heptane 0.573
n-Pentene 0.450
n-Hexane 0.510
Benzene 0.400
Toluene 0.460
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2.5.3 Brunauer Emmett Teller (BET) Theory

The Langmuir equation has been extended by Brundtremett and Teller to
include a multilayer adsorption mechanism giving #guation now known as the BET
equation. The kinetic derivation of the BET equatis an extension of the Langmuir
isotherm equation. The adsorption can be multilaygdt the Langmuir equation can be
applied to each layer. Additionally, at equilibriuthe distribution of adsorbate between
the different layers is constant and there is meraction among adsorbed molecules.

Let the surface area®, 60 1, 0 2, 6 3,..., 8 i be uncovered surface and the surface
covered monolayer, two layers, three layers anditleyers of adsorbate molecules,
respectively (Figure 2.5).

Figure 2.5Multiple layering on surface in BET theory.

For the first layer, the rate of adsorption onte Hare surface and the desorption

form the first layer are equal to each other, tfueee

rate of adsorption 6 = rate of desorption froh

ap6, =béen - £t | @3)

58
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wherea; andb; are adsorption and desorption constants for tiselyer ande; is
the enthalpy of desorption in the first layer whishexpected to be higher than the heat of

vaporization.
Similarly, the rate of adsorption onto the firgyér must be the same as the rate of

desorption from the second, third andi layer, that is

E
a, p91 = b292 eXF{_ R_'ZI') (24)
E
P8, =bo,en - = | 5)
apaﬂ=haem{—§%j (26)

The total surface area of the adsorbent is the suall individual areas which is

given by

6= (27)

i=0
Therefore, the amount of gas adsorbed on thasadovering one to i layer is

00

n:%‘Zia (28)

i=0

Hence, the total amount of gas adsorbed at a giwvessure is the sum of all

amounts. Therefore, the combination of equation &d (28) become;

nen = (29)

In order to obtain the amount of gas adsortea éunction of the pressure, two
simplified assumptions are included. Firstly, theathof adsorption of the second and

subsequent layers is the same and equal to thehlkgiefaction E.). Therefore;
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E2:E3:E4 ....... :Ei:EL (30)

The second assumption is that the ratio of the cahstant of the second layer and

the higher layer is equal to each other, thenviegi

== =g (31)

where g is assumed constant due to all the lagxsept the first) possessing the
same properties. It should be noted that no assongphave been made for the values of
E; and b/ for the first layer. This is because the firstdahas direct interaction between
the surface of adsorbent and adsorbate. From lsstimgtions, the surface area of layer

one toi layer @y, 02, 03,..., 0;) can now be expressed as the following equations:

a E,
61 =ybp Wwherey = E pexp{ﬁ) (32)
p_[(E
0, = X0, wherex = aex RT (33)
O5= X0>= X20, (34)

and so on for other layer while for the generabdd¥ layer);
0 = X10,= yx 16, (35)

Assume that C is a constant parameter, therefore:
C= X = ﬁ g ex{ij (36)
x b

Substituting (35) into equation (29) gives:
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. Ch, Y ix!
— = izlm (37)
m 90{1+ cY. xi}
i=1
By using the Abramowitz and Stegun’s formulas:
o X N X
X' =——;and ) ix' = 38
iZ=:I; 1-x .2:1: (1- x)? (39)
So, equation (37) can be simplified to the follogviorm
_ Cx (39)

E (1— x)(l— X+ Cx)

It should be noted that at the saturation vapoessure and finite number of layers

can adsorbed the total amount. So, wperp® thenn =« andx= p/p’, therefore;

_._DP E,

o =1l=—exp — 40
X(p=p ) g XF{ RT) ( )

ol
P-4 41
p°  p° F{ E. j 1

g T

o {wn
L = 42

Substitutingp / p° into (39), we obtain the BET isotherm equation

M CP . (43)

n= (p° . p){1+ (c —1)(|O/ p°)
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The BET equation can be rearranged as follows;

P__ 1, DG (44)
n(p-p) n,C nC p

where p° = saturation vapour pressure (mbar)

n = the amount adsorbed at pressure p (mnipl g

nm = the monolayer capacity (mmofy

The parameteC is given by

C = (@ a)/RT (45)
whereq = the heat of adsorption in the first layer
o/} = the heat of condensation

0i- d. = the net heat of adsorption

p
A plot of ———
P n(p’ - p

againstp—lizJ should therefore be a straight line if the

experimental data follows the BET isotherm. Thajgaratc—_cl and intercepti can
n

be determined from the linear graph. Ongds obtained from the slope and intercept, the
surface area can also be calculated from equa®@)y The plots of/n, againstp/p’ are
shown in Figure (2.6) together with their differescLower C values correspond to weak
interaction between adsorbent and adsorbate aisoitgives a Type Il isotherm. When C
is larger there is strong interaction between du=arand adsorbate and the BET equation
gives Isotherm Type Il. Very high C values are aletays indicative of micropore filling.
Testing the Type Il isotherm data against the lidean of BET equation normally
yields a good linear plot in the relative pressumage 0.05-0.3. At a higher relative
pressure, the plot usually deviates from linear8y, the linear BET plot will be valid if

the intercept is not negative and the C value te@range 100-200.
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The BET equation is widely used to interpret isotfe obtained using nitrogen
adsorption at 77 K and is usually applied for stefaarea analysis of macro-and
mesoporous materials. The equation is not appkceibthe case of micro-porous materials
and very high C values. This is because micropdinegf at low relative pressure regions

can lead to an overestimation of the surface area.

., -

Figure 2.6 Schematic diagram of isotherms for a range of IGesobtained from

the BET equation.

2.5.4 Dubinin — Radushkevich (D-R) Model

Dubinin and Radushkevich'' proposed an equation for the estimation of the
micropore volume from the low- and medium-relatpressure parts of Type | adsorption

isotherms. Their equation was adapted from the npialetheory of Polan)%s, and an
essential parameter of this theory is the quadtjtyhich is defined by
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0

A= RTIn(%) (46)

where A is an adsorption affinity which is also known as Pglanadsorption
potential. Dubinin assumed that the adsorption ggedn microporous materials involves
the volume filling of the micropores rather tharydeby-layer adsorption on the pore

walls. So the degree of pore filling of the microg®m @ may be defined by:

g=—- (47)

whereV, is the total volume of the micropore system &ritte volume that has been filled
when the relative pressure pg°. The fundamental postulate in the developmenthisf t

theory is thatg is a function of the differential molar work of auiption A such that;

A
6="f( 48
(ﬁ) (48)

wheregis termed the similarity constant which brings tfearacteristic curves’ of
0 againstA for different adsorptives into coincidence withetlourve for an arbitrary
standard (benzene was chosen wh@re 1). Another assumption is that the pore size

distribution is Gaussian, so the mathematical mou®) be expressed as
2
A
G=exp|- k(—j 49
p{ F; } (49)
By combining equations (47), (48) and (49), weagbt

V=V, exp{—%(RTln p°/ p)z} (50)

= exr{— B(%jz log?(p°/ p)} (51)

or

<|<
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whereB =(2.303R)? k andk is another characteristic parameter. Equation ¢ah)

be rewritten as equation (52) for linear graphtpigt

log,,(V) =10g,,(V,) ~ Dlog?(p°/p) (52)

Equation (52) can also be written in the form:

In(n) = In(n,) - DIN2(p°/ p) (53)

o=
- \B (54)

whereng is the amount of adsorbate which fills the micngsoandh the amount at

where

the relative pressum@p’.

According to equation (52) the linear D-R plot shibbe obtained by plotting of
log V againstlog, p° f ) An intercept of this D-R plot is equal to thealotmicropore

volume {p). However, D-R graphs may be non linear for sohdsing micropores and
ultramicropore$® These non linear graphs have been explained bgiMand Rari}*®
and the relationships between these deviations frioearity and the associated pore-size
distributionsare shown in Figure 2.7.

Isotherm A shows that the adsorption process ocaastinuously in the
microporous material which has the narrow Gausslatribution of pore size. The
adsorption is finished when all the porosity islefil at a relative pressure of

[log?,(p°/ p) =0] which means the partial pressure is equal to tbtal pressure

(p°/p=1).

Isotherm B shows the linearity of plot from thetial stages of adsorption (low
values of p’/p) followed by a horizontal part at high/p which indicates that either the
micropores are filled at a partial pressure less tthe total pressure or the larger size of
pores does not exist. The position of the cut oftlep/p° scale indicates the width of the

pore size distribution. The lowes/p’ for the cut off position indicates narrower and
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smaller pore size distribution. However, extragolaof the D-R plots to lofy {° p 30

may give a value of micropore volume too largeeadnalised, which would be erroneous.
Isotherm C shows that the plot has an upward dewidtom linearity at higtp/p".
This upward deviation indicates additional adsampttapacity, which could be caused by
the filling of supermicropores or filling of mesags or multilayer adsorption on surface
of non-porous materials. In this case, the micrepgplume can be calculated by
extrapolation of the linear part of the D-R plot.
Isotherm D exhibits negative deviation from the D+Rlationship at high

log?,(p°/ p) (low p/p°) which could be due to activated diffusion or nuol@r sieve

effects.

Isotherm E shows a non-linear D-R relationshipe Tpward curve may be related
to the volume filling in very narrow micropores. rehermore, the curve could also be
associated with the adsorption process not reachim@dsorption equilibrium. So, the D-
R equation should not be used to determine micepolume in this case.

In summary, the D-R equation generally appliesdsogption isotherms in the low
relative pressurep(p’ <0.03). The adsorption of G@nolecules on microporous carbon at
temperature 273 K, where the activated diffusidect$ are minimal, is an example of the

D-R equation being frequently used to determinenti@opore volumé® *°
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Figure 2.7 Schematic diagram of the deviation in D-R plotplained in terms of
distributions of site energy (after Maféh
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2.6 Adsorption Kinetics

In general, the kinetics of adsorption procegatso called atom or molecular mass
transport) involves the following basic processésese are 1) diffusion of adsorbate
molecules from bulk fluid to the surface of adsarthe) diffusion of the molecules in the
pore structure of the adsorbent and 3) diffusioon@l pore surfaces and 4) diffusion
through constrictions in the porosity. The ratesadborption and desorption in porous
adsorbents are often controlled by transport withie pore network, rather than by the
intrinsic kinetics of sorption at the surface.

When the system pressure is uniform, the difiugib gases and vapours through
porous materials can occur by several differenthmrisms depending on the pore size.
These mechanisms include free-gas diffusion, Knudg#fusion, viscous flow, and
surface diffusion. All of these mechanisms may dbuate to the flux of gas through the
pores of the solid. D. D. D& classify the transport regimes in porous mate@alshey

relate to their pore diameter. This convenientsifestion is shown as Table 2.3.

Table 2.3Transport regimes in porous media. Adapted froneDal %

Transport type Pore diameter| IUPAC classification scheme
(nm)
viscous flow or free gas diffusion >20 macropores and mesopores
molecular diffusion >10 mesopores
Knudsen diffusion 2-100
Micropore (configurational) diffusion <15 mircopores and ultramicropores

To classify the different types of diffusiomore precisely, Knudsen numbdg,)

should take in to account and this is defined &3 (5

A
K =2
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where is the mean free path (MFP) adds the characteristic pore diameter. The mean
free path is the average distance between colsion a gas molecule and can be

expressed by the following equatith>! >3

1= RT 56
V2mi?N,P (56)
whered is the collision diametelNa is Avogadro’s numbelR is the gas pressurB,is the
universal gas constant, amds the gas temperature (K).
According to the magnitude &f,, three main diffusion regimes can be defined as

follows:>*

Free gas diffusion Kh<< 1
Knudsen diffusion Kin=1
Surface diffusion Kp>>1

Within the Knudsen number can be distinguished tifferent types of diffusion
mechanisms as shown in Figure 2.8. Firstly, free-géfusion, also known as bulk or
molecular diffusion, generally occurs when porewiter is large relative to the mean free
path and at high system pressures (see Figure. 2rB#)is free—gas diffusion, collision
between diffusing molecules occurs far more fretjyethan collisions between the
molecule and the pore wall. Under these conditidhs, influence of the pore wall is
negligible and diffusion occurs by the same medraras in the bulk fluid.

Knudsen diffusion (or flow) of gas is the predaamt mechanism when pore
diameter is comparable with the mean free pathasfrgolecules and is often encountered
with high surface area materials at moderate presstience molecules are more prone to
collision with the pore wall due to difficulties thi diffusion into the narrow pore size. The
driving force for this diffusion is the concentiatigradient, thus the light weight molecule

diffuses in to the pores faster than the heavy oube
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a) Gas diffusion

777/
b) Knudsen diffusion

77777/7Z//7///7 77

Avep = d

D7777/77Z7;;//7/7;/Z/77///7Z7/77

c¢) Surface diffusion

=Sl

Dzziiidddkdkdiiziz777///7///.
d) Activated diffusion

Vi siiiin

Figure 2.8 Diagrammatic representations of different typedititision.

As the diameter of pores decrease, the dominaohamism of diffusion changes to
surface diffusion. Surface diffusion is a sitesite hopping process and takes place on an
open surface as well in pores. Activated diffus®observed when the dimensions of the
adsorbate molecules are slightly smaller than pr@arhing the size of the pore diameter.
Activated diffusion occurs during the adsorptionneblecules in micropores, which have
the highest energy. At low temperatures, the gagentes may not have sufficient kinetic
energy to enter these pores and the activationggneir diffusion is such that, at low
adsorption temperature, rates of adsorption becemslow that equilibrium may not be
reached in a reasonable time scale. Surface oraseti diffusion becomes dominant for
microporous materials, such as zeolites or microp®icarbons, and for strongly adsorbed
species. Diffusion in micropores is generally knotenbe dominated by the interactions

between the diffusing molecule and the pore watlsnicroporosity, the effects associated
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with the proximity of the pore walls become cru@ald micropore diffusion is an activated

process. This is because the diffusing moleculesvéhin the force field of the pore walls.

2.6.1 Empirical equation

Thermodynamically, diffusion is a mass transpodcpss generated by gradients in

chemical potential. Empirical mass diffusion isctésed by the equation below>’

= kt" (57)

where M; =amount uptake at timejid)
Me= amount uptake at equilibriurmd)
k= constant
t=time (sec)

n = diffusion exponent

Plotting of In(M/M¢) against In(t) should yield the linear line anc thiffusion
exponent can be obtained from the slope of this. pddferences in diffusion behaviour
can be distinguished by such an exponent. When @.5; the dominant diffusion
mechanism is Fickian where it is related to thecemtration gradient. While, i = 1 may
be described as a non-Fickian diffusion mechaniaththe adsorption is proportional to
timet. For an intermediate value nffrom 0.5 to 1 represent anomalous diffusidnch is
combines the transition region between both twes=s*® °°

Rao and co-worke¥$ proposed that there are two processes involvethén
adsorption of the diffusing species in carbon mal@csieves: 1) diffusion along the pores
and 2) diffusion through the barrier at the pordrarces. These two processes are
schematically illustrated in Figure 2.9. The Fickidiffusion model is followed when
diffusion along the pore controls the kinetics whthe linear driving force model is

followed when diffusion through the barrier is tfa¢e-determining step.
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Diffusion through the entrance barrier

. T~
S — ®—H

\ Diffusion along the pore \

Barrier at the pore entrance Barrier inside the pore

Figure 2.Biagrammatic representation of diffusion process

When both processes are significant, a combinedebaesistance/diffusion model
(CRBD), stretched exponential model (SE), doublposential model (DE) or double
stretched exponential model (DSE) are used to destrthe adsorption kinetics. The
models have been used to examine the adsorpti@tidsnof various gases/static vapours

g 62-67
k)

on carbon molecular sieves (CM8)" ®*and activated carbofi and metal organic

frameworks®® ®® ®More details on these models are discussed ifotlwsving sections.
2.6.2 Fickian Diffusion

In 1855, Fick proposed his First Law describingnear relationship between the
diffusing of solute per unit areal(: flux of componenti at timet) with respect to

concentration gradient as the driving foree? "2

- p|%
2=-0(%) .

whereD; is the diffusion coefficientC; is the concentration aralis its diffusion
distance. Fickian diffusion is a concentration geatl dependent process as represented

schematically in Figure 2.10:
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Concentration profile at equilibrium

'_‘-. T 4
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Concentration profile at start time =0

Figure 2.10Schematic representation of pore filling in thekiao model

The modification of Flick’s First Law equation falescribing diffusion behaviour in a

homogenous sphere of radimsan be expressed as;

2
% of 2C) (2] ) 59
ot oa a\ oa
an analytical solution to this ordinary pargagluation is given by;
M, 61 - Dn®rrt
—=1-— —e - 60
M, m nZ:; n’ XF{ a’ j (60)

where M = the adsorbate uptake at time t
Me = the adsorbate uptake at equilibrium
D = the gas diffusion coefficient in érs*

= the radius of the particle
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For short time scale an alternative equation of (68y be written as:

1
M, G(Dtjz e na | 3Dt
Zlog— | - m2+ 2D ierfo = |- 61
M a’ [ﬂ 2 e Ct\/B a’ (61)

e n=1

At an initial state of adsorption, the second amel higher term may be neglected
and gives:

M Dt \'? Dt

Mt :6(732) _Baz (62)

M

o =f—XFf (63)
o V4

As a result, at this short times scale/#L < 20%) plotting of M/M. against ¥?

1

: o . D2 o :
should give a straight line with a slope G‘C}T However, the series in equation (63)
(H)Ea

converges rapidly since the higher term becomeg sierall at longer timescales. So, the

second and higher term can both be ignored. Thexefor values of MM 50% the
expression can be written thus:

M, . 6 - D't
v-l‘?{exp(—az H 9

et o )

In this long-time scale, a plot of In[1{M¢] versus time will yield a straight line

So that:

with a slope and an intercept equal:gz—D and In%, respectively. So, the diffusion
a i

constant can be determined from such a plot.
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2.6.3 Linear driving force equation

Linear driving force (LDF) equation was originathgrived by Gleuckauf and
Coate$> “for determining the adsorption kinetics of speciechromatography. The

LDF describes the adsorption rate using the follmrdimensionless form:

dMm,
dt

=k(M,-M,) (66)

the simpler explicit form can be written by

—=1-e™" (67)

where M; = the amount adsorbed) at time t (s)
Me = the equilibrium uptakepu@)
k = the rate constant, ts

t

time (s)

Therefore a plot of In(1-WM¢) versus time will be linear with a gradient eqtal

-7°D

the rate constant. This rate constant k is compearab in the Fickian equation

(when M/Mg> 50%).

The basic assumption of the LDF is based on theaagee concentration of
adsorbate inside the particle as it directly radatéth the concentration in the fluid phase
as represented in Figure 2.11 Adsorption into tntigle takes place in the order 1, 2, 3, 4,
5... with the concentration uniform throughout thetigée. The model is frequently used
for mathematical simulation of breakthrough cunssorption behaviour and cyclic gas
separation processes such as pressure swing adsaspthermal swing adsorption (PSA

or TSA). The simplicity of the LDF equation medhat it can be solved analyticaffy.
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Concentration profile at equilibrium

< 5
4 >

< 3
2 >

< 1

Concentration profile at start time =0

Figure 2.11Diagrammatic representation of the LDF model

2.6.4 Combined Barrier Resistance/ Diffusion Model

A combined barrier resistance/diffusion model isdghon the assumption that the
gas diffusion was controlled by the existence dbaarier resistant at the surface and
subsequent diffusion in a spherical microporousesysy Fick’s First Law?> The relevant
equations for isothermal diffusion into a spherjgaitticle with this model are:

o _ D(a_CMz](a_Cj (68)
ot or r )\ or
and
b= &gCt) = k,{C()-C(r,)} (69)

where D = the crystallite diffusivity (crhs™)
C = the sorbate concentration (mmol&m
C”= The surface concentration in equilibrium wits gdnase (mmol ci
r = radial coordinate (cm)
t = time (sec)
ko, = The barrier resistance rate constant(@n s

£ = the radius of the particle (cm)
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The parameters derived from the model grénke barrier resistance constant (Cm s
) and k, the diffusion constant which is equal to Pfs*). The model has successfully
been used to describe the adsorption of varioussgaspours. However, using this model
is not simple to use since the finite differencahnd needs to be used.

A comparison graph of Fickian model, linear driyiforce and combined barrier

resistance is shown in Figure 2.12

0 |
-1 Fickiar | 0.63
CBRD
In(1-MyMg 2 T 1 086 M /M.
3 1 0095
4 4 | 0098

time
Figure 2.12Comparison of Combined Barrier Resistance Diffuskinkian diffusion
and LDF models,

2.6.5 Stretched Exponential (SE) Model

In 1970, Williams and Watt$ ’" found an empirical dielectric decay function that
fitted data for dielectric relaxation between glassid polymeric materials, including
polyethylacrylate and propylene oxide. Klafegtral.® have shown that there is a common
underlying mathematic structure relating the Fardteect-transfer mechanism which is an
example of relaxation via parallel channels usiiggdrchically constrained dynamics. This

stretched exponential function, is given by;

B
ot) = ex;{(%t} } 0<p<1 (70)
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where the exponeng and the constant depend on material and can be fixed as the

external conditions such as temperature and pressghite ¢t) is the relaxation function.

The stretched exponential model is one dimensioervth= 0.5 and exhibit three
dimensional whern3 = 1. Presumably an intermediate valuefof 0.75 describes a two
dimensional process. The concept of parallel an@lsehannels is physically feasible for
diffusion into a porous material. In order to apphe stretched exponential model to
adsorption and desorption kinetics for a specificrement/decrement, the equation was

used in the following form:

y= A{l— exr{— (kt)ﬂ ﬂ (71)

whereA is a constani is the rate constang the exponential parameter anig the time.
When the data are normalised to fractional uptékis, equal to 1 and for adsorption, the

equation can be rewritten as:
M _
Aol gcp<n (72)
M e

whereM; is the mass at timie M. is the mass at the equilibriutkjs the rate constant and
Lis the exponential parameter. The valuggad within the range 0.5 — 1. Whet= 1 the

stretched exponential model is identical with tivedr driving force model with a 3-
dimensional process and a single relaxation timéeiV £ = 0.5 the process is one

dimensional and there is a distribution of releomatimes.

Interestingly, Avrami also proposed his model, knoas Kolmogorov-Johnson-
Mehl-Avrami or KIMA equation, for describing thenkiics of crystallization. It is
apparent that the model has a form related to thetched exponential model. The

equation is given below*
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'\'\j—te —1-elk’) (73)

where M, is the mass at timge M. is the mass at the equilibriurhjs timek is the rate
constant and is temperature dependent wiiles named as the Avrami exponent.
Although the stretched exponential and Avrami eiguatare quite similar to each other,
the Avrami exponent) should be an integer from 1 to 4 dn$ independent gf , while
in the stretched exponential equation @< 1. If S varies as in the Avrami equation, then

the units ok will vary and this makes comparisons difficult.

2.6.6 Double Stretched Exponential (DSE) and DoubExponential (DE) Models

Normalized kinetic profiles for small pressure retments in the adsorption on
porous media can be described using a series otlswdhsed on a DSE model which
describes two kinetic processes each with a digtdb of relaxation times. The DSE
model is described as follows:

Mt

B pherhafd]

e

where A +A, =1
M; = the uptake at timg
Me = the equilibrium uptake,
ki andk, = the rate constants,
f1andp, = the exponents, describe the distribution cixation times.

A; andA; are the fractional contributions for process mearas corresponding to

adsorption rate constarksandk;, respectively.
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The double exponential (DE) model is a nested motidle DSE model witlf; =

S2=1 and in this case the equation (74) becomes:

% = Af-e™)+1-A)1-e*) (75)

The kinetics can be described by two processds wih single relaxation times:
(a) slow diffusion through windows with high actikan energy and (b) fast diffusion

along pore cavities with low activation enefgy*®

The criterion for an acceptable fit of the expenmad data to the kinetic model is
that 99% of residuals should be within + 0.02 foe normalized kinetic profiles for the
model with the least number of variables. The napgtropriate model was selected on the
basis of the lowest number of variables, whiclefitthe experimental data with the criteria

outlined above and was consistent with the porecgire and surface chemistry.
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CHAPTER 3

Air separation and gas storage on porous materials

3.1 Air separation

Nitrogen, oxygen, and argon are three of the modely used chemicals in the
world. In 1990, nitrogen, oxygen, and argon produrcin the USA was approximately 22,
13, and 0.36 billion cubic metres respectivétyaddition, the production of these gases
tends to be increased continuouskigure 3.1 shows the global market share (percentag
of sales) of industrial gases in 2008he major shared market is oxygen (29%), nitrogen
(17%), argon (10%) with the total share of oxygeairogen and argon together is 56% of
the global gas market. The largest markets for eryare in primary metals production,
chemical petroleum refineries and gasification. phaduction needed and the requirement
of the use of medical oxygen is also causing irgngademand. Gaseous nitrogen is used
in the chemical and petroleum industries and #l$® used extensively by the electronics
and metals industries for its inert properties.uignitrogen is used in applications ranging
from cryogenic grinding of plastics to food freegirgon, the third major component of
air, finds uses as an inert material primarily ielding, steelmaking, heat treating, and in

manufacturing processes for electrorics.

I Oxygen
I Nitrogen
I Argon
[ Carbon dioxide 9% %
I Acetylene
I Hydrogen 10%
[ THelium
[ Other

5%
0

22%

17%

29%

Figure 3.1 The global market shared of industrial gas in 2008
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Industrial gas suppliers have an advantage aver guppliers due to the fact that
air (raw material) is free. Air is mainly composeidnitrogen (78.09%), oxygen (20.95%),
argon (0.93%), and other minority components suglcabon dioxide and rare gases as
shown in Table 3.1. Thus, production of nitrogexygen, and argon may be carried out by
the separation from air. Two main separation systesere introduced; cryogenic and non-
cryogenic systems. The cryogenic system is the damiair separation system for large
scale application with high purity. Non-cryogenistems for air separation provide gas
products with lower purity than cryogenic systel@eme more details of both separation

systems are discussed in the following sectfohs.

Table 3.1Typical composition of dry air at sea level.

Component Symbol Volume %
Nitrogen N 78.084
Oxygen Q 20.946
Argon Ar 0.9340
Carbon Dioxide CQ 0.03697 (variable)
Neon Ne 0.00182
Helium He 0.00052
Methane CH 0.00016
Krypton Kr 0.00011
Ozone Q Variable
Nitrous oxide NO 0.00003
Hydrogen H 0.00005
Xenon Xe Trace

3.1.1 Air separation by cryogenic systems

Cryogenic systems are currently the most efficeamd cost-effective technology
for producing large quantities of either gasesauridl products from nitrogen, oxygen, and
argon with high purity. On site cryogenic produntiplants, typically, can supply gas
products greater than 40G/m However, the cryogenic air separation systecaised out
at a very low temperature, thus these gas separsygtems require a great deal of energy
as a result of the cryogenic temperature. Theseggriatensive systems result in high

operating costs as well as high price of the presfuc
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The basic concept of cryogenic separation isotd air to a very low temperature
to liquefy it, and then allow the liquid air to warup and vaporise. Cryogenic separation
relies on the fact that different gases in air hdwierent boiling points, thus each gas can
be separated by a distillation process. There iaee rhajor unit operations required to
separate air into useful products including air pogssion, impurity removal, heat
exchange, cryogenic separation and distillatioshasvn in Figure 3.2.

a) air compression : pre-treated air is compressed togh pressure in
order to provide energy needed for separation then,

b) air is compressed, cooled, and cleaned by padsihgpugh a molecular
sieve to remove impurities such as;

1) moisture and carbon dioxide which could freeze @adse
blockage of piping and equipment at low temperatuaed

i) hydrocarbons which could combust in an oxygen rich
environment.

c) the cleaned air is then cooled down by a heat exgdrawhile the
excess heat from the cooled air can be used foeaéing the gaseous
products.

d) cooled air is then further cooled down to a cryoeggemperature of
around -170 °C to -180 °C, close to the temperattrevhich air
becomes a liquid,

e) then the cooled air is passed through a seriesstflation columns to
separate it into useful products. The productsalaa be re-heated by

the excess air from the heat exchanger as mentainaee.

Typically, cryogenic systems can produce an oxygeuuct better than 99.5 %
oxygen, a nitrogen product with < 10 ppm oxygen argbn products which contains < 10
ppm impurities. Additionally, nitrogen gas contaigibetween 10 and 0.1 ppm oxygen is
classified as high purity nitrogen, while ultra lhigurity nitrogen only contains parts per
billion levels. Requirements for the purity of ga®duct vary amongst types of industries.
High purity of gases is only required for some #jpedndustrial processes where
impurities can affect either safety or quality b&tprocess, for example, the presence of
oxygen in nitrogen used in gas atomisation willdise the metal powd&r®In order to

avoid high cost of gases supplied, gas producta fsther air separation processes such as
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pressure swing adsorption where the purity requergms not stringent may fit this

requirement.

Air
compression

A\ 4

Impurities
removal
A 4
Heat lllllllllllllllllllllllllllll
exchanger
Excess heat
\ 4 ;
Cryogenic and | Compressed gas
distillation units g products
A 4 A 4
Liquefied gas Products
products — delivery

Figure 3.2 Simplified flow diagrams of the cryogenic air segdéon units.

3.1.2 Non- cryogenic air separations

Non-cryogenic air separation systems are typicalarried out at ambient
temperatures and mainly based on membrane technalogd) pressure swing adsorption
(PSA). Compared to cryogenic systems, both membiectenology and pressure swing
adsorption are the most economical processes ifareparation due to the fact that these
systems do not require energy to reduce temperafuhe gases. However, there are some
disadvantages when compared with non-cryogenicesyst Firstly, the capabilities of
these non-cryogenic systems to produce gases & ito moderate volume in the range
of 25-400 ni’h which is much lower than cryogenic systems. 8ely the purity of the
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product gases is also slightly lower. Some morildeare discussed in the following

sections.

3.1.2.1 Air separation by membrane technology

Air separation using membranes is a pressureprocess where the separation
is obtained as a result of differences in the mdtepermeation of each gas species.
Permeation rates are generally controlled by orfewsftransport mechanisnis?!

a) Knudsen diffusion is dominant when mean membrane [gizes of
membranes are smaller than the mean free patle afatbes.

b) Partial condensation of some components of a gasiraiin the pores
with exclusion of others and subsequent transpbrthe condensed
molecules across the pore. This normally occurs nwhsing a
mesoporous membrane (> 300 nm) so that the conitemsaan take
place.

c) Selective adsorption of the more strongly adsodmdponents of a gas
mixture on porous materials.

d) Kinetic molecular sieving involves separation oa basis of differences
in the rate of molecular sieving caused by the ipgsef smaller
molecules with faster kinetic speed through thepsmembrane while
larger molecules with slower kinetic speed are roiosd.

The technology of separation of nitrogen fromkgitmembranes has been available
commercially for about 15 years, although productd oxygen by this technology is still
in the research stagéCommercially available membrane systems use poigneriow
fibore membranes fabricated from polyimides, polieuts and polycarbonates. These
hollow fibore membranes generally consist of a tayer of nanoporous material with pore
diameter of < 7 nm and supported with another masas material such as alumina-
graphite.

Membrane separation units are capable of produogarly 600 tonnes of nitrogen
per day, with a purity range of 90-99%. Howeveg purity of oxygen obtained by this
method is in the range of 25-50% oxygen. Additignahe costs of membranes are high
and their durability is uncertain. Major benefits membrane systems are their simple
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operation and that they normally operate at nediemh conditions: ** * A simplified
diagram of single stage membrane process is showigure 3.3. Air is compressed and
passed to the series of filters for removal of initpes e.g. particulate matter, moisture,
hydrocabon and carbon dioxide. This is followed by hegtithe purified air up to
40-50 °C and the then feeding the heated gas tmémebrane unit. The oxygen permeates
faster than nitrogen passes through the membrahéhamitrogen product can be obtained
from the retained gas outlet of the membrane unit.

Membrane
separation unit

Venl
Air Fillers/ Primary
compressor adsorber

To nitrogen
compressor

Figure 3.3 A simplified diagram of single stage membrane pssc

3.1.2.2 Pressure swing adsorption (PSA)

Pressure swing adsorption (PSA) is a gas separgatiocess, which has attracted
increasing interest because of its low energy requeénts and low capital investment costs
in comparison to traditional separation proces#tess employed in a broad range of
industrial applications including the recovery gndification of hydrogen, the separation
of oxygen and nitrogen from air, the separationaimal and iso-alkanes , and a variety of
drying operation$®

Pressure swing adsorption was invented bys#kean in 1960. It is also known as
the adiabatic adsorption process. At about the stime, a similar process was also
introduced by Guerin and Domine but this lattergess is known as vacuum swing
adsorption in the present stafe'® A typical flow sheet of nitrogen separation from lay
PSA is shown in Figure 3.4.
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Essentially, nitrogen-pressure swing adsorptiequires at least two adsorption
beds. Firstly, pressurised air enters a vessellwharmally contains a carbon molecular
sieve. Then, oxygen is adsorbed more quickly thaangen and a nitrogen product stream
is produced until the bed has been saturated wiflyem. At this point, the feed air is
switched to a second adsorption bed while the besl is regenerated by reducing the
pressure to atmospheric pressure in which the ptisorcapacity of oxygen in the carbon
molecular sieve is reduced. Regeneration can asacbomplished by depressurisation at
high temperature or depressurisation to the vacwiage. These two regeneration
processes may specifically refer to temperatur@gwadsorption (TSA) and vacuum swing
adsorption (VSA), respectively.

Purities available of nitrogen and oxygen prodact 98-99.8% and 93-95%,
respectively. For many applications of oxygen aitdogen, ultra high purity of these
gases is not required and the daily requiremenoidarge. Some of these applications are
biological treatment of waste water, basic oxygamdces in steel making, pulp and paper
industry, and medical applicatiohs™ *"*°Under these circumstances, pressure swing

adsorption processes are commercial because eintipde design.

Nitrogen product

I

By-product < y

Air I\I 1
Air Fillers/ Primary
compressor adsorber

Figure 3.4 A typical flow sheet of nitrogen separation fromlay PSA.
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3.2 Porous materials for air separation

Typically, either carbon molecular sieves or zeslihave been used in pressure
swing adsorption to separate oxygen and nitrogem fair>® Both porous materials are
suitable for the separation of such gases becaeyecan sustain severe conditions such as
high pressure, chemical corrosion, and high tentpersa. These materials can be classified
in two groups which are oxygen selective adsorbantknitrogen selective adsorbents as

discussed in the following section.

3.2.1 Nitrogen selective adsorbents

3.2.1.1 Zeolites

Zeolites are ordered porous crystalline matendtt cavities of molecular sizes
connected by windows. Pores, channels, or cagesalites can also accommodate ions or
large molecules such as water molecules and amnamwigeven small organic molecules
to be adsorbed or desorb&d? In general, zeolites are alumino-silicates, w@tijise
materials with empirical chemical formul,,[O.Al203.ySiOz].w H20, whereM denotes
as an exchangeable cation of valenc&v is the number of water molecules contained in
the cavities of zeolites ang is the number of aluminium and silicon tetrahedral
respectively. Types of zeolite may be classifigdtheir structure and the letter in their
names (e.g., A, X, Y, Z) normally refers to theusture. The basic building units in
zeolites are tetrahedral Sj@nd AIQ, and each SiQtetrahedron is electrically neutral
while each AIQ unit has one excess negative charge which is tadarby an
exchangeable catiomypical cations are alkali metals, alkaline earttais, and the proton
H*. Possible sites of exchanged cations in zeolitesshown in Figure 3.5. Cations in
zeolites A (left) and X, Y at sitds andlll are able to adsorb molecules while $ite not

accessiblé? %
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oK

Figure 3.5Possible sites of exchanged cations in Zeolit¢lef) and X, Y
types (right)

Zeolites are ionic materials and therefore havgedaglectrostatic field gradients
within their cavities. These strong electrostaigdds result in strong adsorbate-adsorbent
interaction between adsorbate molecules with pml@adrupole moments and surfaces of
zeolites. This electrostatic property leads to ite®lbeing used as selective adsorbents for
the separation of compounds.

Synthetic zeolites A, X, and Y are mainly appliedhe pressure swing adsorption

process to produce oxygen from %ir?

These zeolites are nitrogen selective because
nitrogen is more polarisable than oxygen and tloeeehitrogen molecules are selectively
adsorbed on zeolite surfaces while allowing thegexyrich stream to exit the adsorber.

Generally, oxygen selectivity over nitrogen is apgmately 1.5 %

3.2.2 Oxygen selective adsorbents

3.2.2.1 Carbon molecular sieves

Carbon molecular sieves (CMS) are a unique ctd#ssnaterial in which the
selective porosity is incorporated by carbon dapmson a nanoporous substrate with pore
sizes of approximately 0.5 nm. These materialsugerl commercially for nitrogen and
oxygen separation from air by pressure swing adieorgPSA). The adsorption isotherms
of both N, and Q are approximately similar with both gases adsorbdélle CMS pores by

non-specific van der Waals forces. The PSA proebased on the difference in the rates
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of adsorption of oxygen and nitrogen with nitrogeing faster. Nitrogen, with a kinetic
diameter of 364 pm, being slightly larger than tbbxygen (346 pm) is responsible for
the kinetic selective of oxygen in the very narrpare size in CMS$® The smaller @
kinetic diameter allows faster diffusion througle tarrow pores than the bigger hinetic
diameter (see Figure 3.6). Generally, kinetic geliég of nitrogen over oxygen ranges
from 5-25 due to the different pore structure @& @vSs>’ %

Figure 3.6 Schematic representing the molecular sieving effeokygen (blue) and

nitrogen (red) separation

3.2.2.2 Metal organic frame works

Recent work on microporous metal organic framewdré&s drawn very interesting
adsorption properties and has exhibited their pessise in a broad range of applications.
However, research on gas separation using metahmrdramework is quite rare. Some of
these research papers are summarised here.

Quinet af®conducted adsorption studies of various pure gasethe metal
organic framework HKUST-1 or Cu-BTC. As shown inghie 3.7a), the
HKUST-1 sample is composed of dimeric cupric tedrboxylate building blocks,
[Cus(BTC)z(H20)]n, and these building blocks are covalent togetloeform a three
dimensional porous structure. The window size ®pibres is approximately 0.9 x 0.9 nm
with a surface area of 692.2°gh" and single-point total pore volume of 0.333%gm™°
The pure component adsorption isotherms were paddrat 295 K using a gravimetric
system. Figure 3.7(b) shows the isotherms of @l NO adsorption on HKUST-1 and
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both CQ and NO had strong preferential adsorption overadd Q. This is also the case
for adsorption of these gases on microporous catB6f7 In addition, they gave a further
suggestion that HKUST-1 can be used in air-prejpatibn units for the purpose of
removing impurities. However, this paper does ne¢ gheir comment on the possibility of
either oxygen or nitrogen separation from air.

Li and Yan§" observed gas adsorption and storage in metal icrgeamework
MOF-177. This MOF-177 were synthesised via a hydronhal route by using a
carboxylate derivative, 1,3,5-benzenetribenzoat€B(B as an organic linker and zinc
nitrate as the metal centre. The crystal data stidivat the basic structure of this MOF is
composed of zinc (Il) carboxylate clusters,s@(CQO,)s forming a three dimensional
structure which can accommodate spheres of diametet.18 and 1.08 nm as shown in
Figure 3.8(a). Additionally, a D-R pore volume i§9 cnig™ and Langmuir surface area is
4,500 nig . The adsorption isotherms of Bind Q were performed at 298 K on the MOF-
177 as shown in Figure 3.8(b). At pressure aboerBthHg, it can be noted that @as
adsorbed more favourably than &hd it showed @selectivity approximately 1.8 ovenN
They further suggested that the/l, selectivity could be caused by the higher magnetic
susceptibility of @ compared with that of Nwhich indicates a lack of electric charges on
the surfaces of MOF-177. Furthermore, highe¥Np selectivity could be obtained at
higher pressure.

'n, MUI!I-&g

Figure 3.7 (a) crystal structure of HKUST-F
(b) adsorption isotherms of,\D,, CO, and NO on HKUST-1 at 295 K°
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Figure 3.8(a) crystal structure (MOF-177 and (b) B O, adsorption isotherms on
MORL77 at 298 K and pressures up to 1 **

3.3 Recent hydrogen storage methods and proble

A main obstacle for using hydrogen as a non paolgutuel for vehicles is the lac
of a safe, efficient system for -board storage. One possible method to come this
obstacle is a system based on hydrogen adsorptiopomous materials such as carl
based materials, metal organic frameworks, complex hydridenaterials. Some aspe
of these porous materials are discussed b Environmentally friendly hyrogen has the
potential to be used as a future alternafuel in vehicles. Hydrogen needs to be store
a safe orboard systemThe operating requirements for effective hydrogtorage for

transportation include the followir®®

» Appropriate thermodynami, which is favouable enthalpies of hydrogt
absorption and desorptic
* Fast kinetics (quick uptake and relee
« High storage capacity (specific capacity to beedwrined by vehicle ranc
anduel cell efficiency)

» Effective heat transfe
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» High gravimetric and volumetric densities (ligheight and occupying as small a
space as possible),

* Long cycle lifetime for hydrogen absorption/degmn,

» High mechanical strength and durability, and

 Safety under normal use and acceptable risknatagormal conditions.

At present, high pressure storage methods ardywded for storing gases. This is
the simplest method to store hydrogen up to ~690rb¢he storage tank, but the energy
content is relatively low: approximately 4.4 MJ/farthydrogen compared with 31.6 MJ/L
for gasoline. There is also the issue of safetydimboard vehicle storage. In terms of
liquefaction, hydrogen in cryogenic tanks has almhigher energy content than in the gas
phase. The energy content of hydrogen in cryogeggtems can reach 8.4 MJ/L or
approximately twice that of the compression methddiswever, the energy density of
liquid hydrogen is still lower than gasoline. Fuatimore, a large quantity of energy is
required for liquefaction, which is about one thifcthe energy for storing hydrogen. Also,
the insulation system may not be able to maintha liquid hydrogen at a cryogenic

temperature (-252 °C) due to unavoidable evaparaiss.3*=>°

3.3.1 Physisorption on porous materials

Porous materials can potentially adsorb hydrogethein porous surface via weak
intermolecular interactions (e.g. van der Waalscdoor physisorption). At a given
temperature, the amount of hydrogen adsorbed imetibn of pressure and is released
when pressure decreases so this process is rdeersius, this adsorbed hydrogen can be
released more easily than chemical hydrides. Hokyelee to weak interactions, physical
adsorption is normally conducted at a low tempeeaf@7 K)*“*°Moreover, conducting
hydrogen adsorption experiments at high pressuteaarbient temperature leads to greater
error. This is because the buoyancy correctiongfavimetric systems need to be done
much more carefully. Furthermore, at high pressuegperiment impurities in hydrogen
gas may possibly adsorb on the surfaces and leaddd'”® Carbon based porous materials,
such as activated carbon and nanotubes, are sortte ghore promising materials for
storing hydrogen. This is because of their low dgnkigh surface area and good thermal

stability.
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For activated carbon, numerous studies have beee doth at 77 K and at room
temperature (see table 3.2). These results revahbdhydrogen adsorption capacity
depends on the total pore volume of activated caed@7 K and the pressure up to 20 bar
are in range the of 0.6-6.9 weight %. Hydrogen gaigm capacity at room temperature
and pressure up to 90 bar is just in the range.®fL® weight %. This is because the
physical adsorption of hydrogen based on weak esin/hals forces and these forces are
very weak at room temperatuf®e® *“'Zhaoet al*°, Jinet al*? and Nijkampet al**studied
the hydrogen adsorption on activated carbon witibua nanopore volumes. These reports
have shown that high hydrogen adsorption capaciter® observed on activated carbon
with a high nanopore volume which indicates thadrbgen fills the micropore volume
(see Figure 3.9). Smaller pore size plays an inapontole in hydrogen storage than the
larger pores due to the fact that pore walls arelose proximity which results in overlap
of potential energy fields. Consequently, the aoison potential is higher than that found

in larger poreé* +°
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| O 7

0.20 - o
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Figure 3.9 The variation of H adsorption capacity at 77 K with micropore volume
for carbon adsorbent§.
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Table 3.2Characterisations of hydrogen uptake in variousfglGadapted from Thonid

Surface Amount Amount Adsorbed
MOFs and porous carbons Area Adsorbed at at ambient
(m?g™ 77K (Wt%)  temperature (Wt%)

Porous Carbons

- NORIT* 1300 - 0.75 (120 bar, 296 K)
- AC-15% - - 0.85 (100 bar, 298 K)

- PAN carbon serie® - 0.58-1.95 (1 bar) -

- PAN carbon serie®’ - 1.18-2.15 (1 bar) -

- Various porous carbong’ 1815-2711  2.6-4.2 (50 bar) 0.25 (50 bar)
MOFs

- Niz(bpy)s(NO3)s (M) *® - 0.8 (1 bar) -

- Nig(bpy)s(NOs), (E)* - 0.7 (1 bar) -

- Mgs(NDC)3* 190 0.6 (1 bar) -

- Nig(btc),(3-pic)s(pd)s - 2.1 (14 bar) -

- Cug(btc),,(HKUST-1)*° 1154 3.6 (30 bar) 0.35 (65 bar)

- Zn,0O(bdc); (MOF-5, IRMOF-1) ** 4171 5.2 (48 bar) -

3080 4.3 (30 bar) 0.45 (60 bar)

- Zn,O(cbbdc); (IRMOF-6) ** 3305 4.8 (50 bar) -

- Zn,O(ndc); (IRMOF-8) ** 1818 3.6 (10-15 bar) 0.4 (30 bar)

- Zn40(btb), (MOF-177) 564" 7.5 (70 bar) -

3100" - 0.62 (100 bar, 298 K)

- Cr3OF(btc),, (MIL-100(Cr)) > 2700 3.28 (26.5 bar) 0.15 (73.3 bar)

- CrsOF(bdc)s, (MIL-101b(Cr)) > 5500 6.1 (60 bar) 0.43 (80 bar)
Zng(bdc),Cu(pyen), (M'MOF1)>? - 1.25 (10 bar) .
Where

bdc = benzene-l,4-dicarboxylate, R6-bdc =-dik&drocyclobutylbenzene-3,6-dicarboxylate, bpy-bipyridine,
btcc= benzene-l ,3,5-tricarboxylate, ndc phthalene-2,6-dicarboxylate, btb = benzene-| ,B&hzoate.
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3.3.2 Hydrogen adsorption in Metal organic framewtks

Physisorption of hydrogen on porous metal orgénaimeworks is one of the more
promising methods for hydrogen storage. Metal agrameworks with various window
and pore sizes can be tailor made by changing thetal nodes and organic spacers.
However, not all metal organic frameworks exhibiirgsity>® The method herein is
focused on porous metal organic frameworks (MOHsglwcan adsorb hydrogen on their
porous surface. Hydrogen adsorption experimentsbeanndertaken by either volumetric
or gravimetric methods. Ultra pure dry hydrogemeiguired for use in these experiments.
In addition, the H adsorption is normally conducted at a low tempeea(77 K) with
various pressures ranging from 1 to 20 bar. Howeseme H adsorption experiments
have been conducted at room temperature. Tablesl®®s that the high adsorption
capacity of H can be found only at 77 K. This is because of lilméted interaction
between MOFs and poorly polarisable hydrogen mdadscuwhich lead to strong
temperature dependence on hydrogen physisorptioditg via a weak van der Waals
force®® ®* Schmitzet. al®® and McKeownet. al® reported that MOFs and polymers of
intrinsic microporosity (PIMs) with ultramicroporesespectively, beneficially increased
the interaction between hydrogen molecules and paikat low pressure. However, the
relationship between maximum hydrogen uptake ab Ipiggssure with the BET specific
surface area of the porous materials is approxipéiteear® Latrocheet. al> reported
that metal organic frameworks with large specifiecface area MIL-100 (with cage
diameters of 25 and 29 A) and MIL-101 (with cagenueters of 29 and 34 A) provide a
high hydrogen adsorption capacity at high pres$uMOF-177 with two cage diameters
of 10.8 and 11.8 A shows the highest hydrogenratisn of 7.5 weight % at 77 K and at
70 bar’* However, hydrogen adsorption on MOF-177 at an amtbiemperature and at
100 bar decreased significantly to 0.62 weight'9%his is because the enthalpies of
hydrogen adsorption on MOFs are quite low (4-12mdl™).*" °" A theoretical study
showed that an adsorption enthalpy of 15.1 kJ'n®tequired for hydrogen adsorption at
ambient temperatur&. Thus, weak interactions between hydrogen and M&@Esa limit

1>% showed that interaction between hydrogen and open

for hydrogen storage. Chet. a
metal centre of mixed metal organic frame work (MDM 1) so far gave the highest
enthalpy of adsorption with the value of 12.3 kJl'fnoSchmitzet. al. further suggested

that it will be necessary to synthesis the MOF$1Watge surface areas whilst maintaining

an ultra microporous structute.
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CHAPTER 4

Objectives

4.1 Introduction

Porous materials, such as activated carbons eolites, are widely used for gas
storage, purification and separation, as catalysts catalyst supports, and for adsorption
of environmentally unfriendly species. Recentlyrqus framework materials or metal
organic frameworks (MOF) have attracted attentioe tb the wide range of structural
topologies and surface chemistries that can begdedi Structures of the metal organic
frameworks may be flexible and distort during trés@ption/desorption process, and
possible effects include molecular sieving by egido of molecules on the basis of size,
kinetic molecular sieving and quantum kinetic malac sieving. Some MOFs also exhibit
fluorescence, luminescence and magnetic propefttesbasic characteristic requirements
of MOFs for specific applications includes i) weléfined cavities and frameworks ii)
thermal stability suitable for removal of templatelecules without losing framework
integrity iii) small window dimensions may be repd for gas/vapour separation purposes
Iv) appropriate surface chemistry. As mentionedention 1.3, MOFs prepared from rod-
like organic ligands typically exhibited strongrfrawork rigidity. Short rod-like organic
ligands include furmaric acid and pyridine-4-canax acid were used to synthesize

MOFs in this research.

4.2 Overall objective

The overall objective of the research was the ®g#) characterisation and
determination of the adsorption/desorption chareties of functionalised porous metal
organic frame work materials in order to increasdanstanding of the effect of surface
functional groups and framework flexibility on adstion characteristics of gases and
vapours and to assess the possible applicatiorthese materials for gas storage and
separation.
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4.3 Specific objectives

4.3.1Synthesis and characterise the functionalisgebrous metal

organic frameworks

To prepare nano-porous metal organic framework mnadge

To determine the molecular structure, chemical awsiipns and physical
characteristic of the metal organic frameworks.

To classify the adsorption/desorption isothermseadécted gases/vapours on metal
organic framework according to the [IUPAC classiima scheme.

To determine surface area, micropore and total yoltemes of the adsorbents for a

range of adsorptives.

4.3.2 Effect of the oxygen surface functional gups of NEW-1 on

Vi.

Vil.

adsorption characteristics

To determine the characteristic of adsorption/desmm isotherm of selected
vapours on metal organic framework NEW-1 over gesnof temperatures.

To determine isosteric enthalpies for the vapoutsogtion on metal organic
framework as a function of surface coverage.

To determine the kinetics of adsorption for sele@ctapours on metal organic
framework NEW-1.

To model the adsorption kinetics of the vapouroguifon for selected vapours on
metal organic framework using appropriate models.

To evaluate the activation energies for adsorptiba range of gases/vapours on
metal organic framework NEW-1.

To compare and contrast the isotherm, thermodynakinetics and activation
energy of the adsorption of vapours in order tanigdate general principles and
correlations for understanding the effect of oxygemface functional groups on
adsorption characteristic of gases and vapourseivN.

To increase the scientific understanding of thee rof surface chemistry and

framework flexibility on adsorption characteristics
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4.3.3 Gas storage and separation

To determine the adsorption capacity of the hydnoge the metal organic
framework at 77 K and 1000 mbar.

To determine the isotherms of oxygen, nitrogen argbn adsorption on metal
organic framework (NEW-1 and M'MOF-1) and a carbunlecular sieve (CMS-
40).

To evaluate and compare the isosteric enthalpiesiedrption for oxygen, nitrogen
and argon adsorption on metal organic frameworkWNE and M’'MOF-1) and
carbon molecular sieve (CMS-40).

To evaluate and compare the kinetics of oxygempgétn and argon adsorption on
metal organic framework (NEW-1 and M'MOF-1) and lwam molecular sieve
(CMS-40).
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Experimental

5.1 Materials used

5.1.1 Gases and volatile organic compounds

The gases used were supplied by BOC Ltd, LondoK, Bind had the following
purities: nitrogen (99.999%), oxygen (99.999%), oarg(99.999%), carbon dioxide
(99.999%), hydrogen (ultra pure grade 99.9999%)tharee (99.95%), ethane (99%),
propane (99.5%)n-butane (99.5%) and chloromethane (99.9%). Theti®larganic
compounds used in adsorption/desorption studigside¢ benzene (anhydrous, 99.8%),
toluene (anhydrous, 99.8%), methanol (anhydrou$8%}) ethanol (anhydrous, 99.8%),
propanol (anhydrous>99.7%), n-butanol (anhydrous>99.8%), chloroform %99.0%),
dichloromethane>99.6%),n-pentane X99.0%),n-hexane ¥99.0%),n-heptane X99.0%),
n-octane ¥99.0%), andn-nonane %99.0%) were supplied by Aldrich Chemical Co.,
Gillingham-Dorset, U.K.

5.1.2 Adsorbents used
5.1.2.1Carbon molecular sieve-40 (CMS-40)

Carbon molecular sieve 40 (CMS-40) is a commersahple supplied by Air
Products and Chemical, Inc., Allentown, PA, U.S. &X¥0D was prepared from a
microporous substrate on which carbon was deposdedroduce a material that was
kinetically selective for oxygen and nitrogen. Tgeaticle size fraction of this carbon was

1-2 mm.

5.1.2.2 Mixed metal organic framework (M'MOF-1)

Mixed metal organic framework (ZfBDC)3;[Cu(Pyen)]-(DMF}(H20)s) was
supplied by Prof. Banglin Chen, University of TexRen American, Edinburgh, Texas,
USA. The synthetic method was as follows. A mixtafeZn(NGs),-6H0O (1.2116 g, 4.07
mmol), 1,4 benzenedicarboxylic acigBDC (0.6732 g, 4.06 mmol) 5-methyl-4-oxo0-1,4-
dihydro-pyridine-3-carbaldehyde: Cu(PyeniOs), (0.600 g, 1.24 mmol) and was
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dissolved in the mixture of DMF (306 mL) and® (30.6 mL), and heated in a vial (400
mL) at 373 K for 24 hrs.

5.1.2.3Metal organic frameworks NEW-1 and NEW-2

In this study, two new metal organic frameworkerev synthesised. These two
metal organic frameworks were named as NEW-1 and@/RE The prefix NEW is a term
dedicated to Newcastle University. Their synthesistes are described as the following
section.

Commercial availability of the starting chemicaterh Sigma-Aldrich were used
without further purification to synthesise both mlebrganic frameworks NEW-1 and
NEW-2.These starting chemicals include; fumaridd€4H,04, > 99.5%), dimethylamine
solution (GHgNH 2 M in methanol), zinc chloride (Zn£B 98%), pyridine-4-carboxylic
acid (GHsNO, > 99.0%), copper (Il) nitrate hemi-pentahydrate, NED{),-2.5H0, > 98%
andN,N-dimethylformamide or DMF (¢4;NO, > 99.0%).

a) Synthesis of metal organic framework NEW1

The synthesis procedure for NEW-1 was as followse tompound was
synthesised solvothermally in a 20 mL bomb. Cu{yQ.5H0. (0.154 mg, 1.25 mmol)
was placed into the solution of isonicotinic adddl@1l mg, 0.5 mmol) in 15 mL DMF. The
mixture was then stirred for 15 minutes before iplgat in a 20 mL bomb. The bomb was
heated at 160C under autogenous pressure in an autoclave fopdgs. After 2 days, the
bomb vessel was allowed to cool down to room teatpee. Dark blue micro crystalline
samples were filtered from the products. Therkdesample was washed with DMF and

then air dried at room temperature in a desiccator.

b) Synthesis of metal organic framework NEW2

The synthesis procedure for NEW-2 isf@®ws; 5 mL of fumaric acid
solution (5 M)q which contained 0.5 ml of dimethylamine was plagethe bottom of the
vial as shown in Figure 5.1a. This was followedajayer of 2 mL of methanol as an

interface layer above the fumaric acid solutiorg(ilb). Then a layer of 8 mL of zinc
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chloride (0.17 mg, 1.25 mmol) in 8 mL of methana@sradded above the interface layer
(Fig5.1c). The sealed vial was left undisturbedadm temperature (Fig.5.1d). Crystal

samples were harvested after a week.

Zinc chloride in

methanol

l— Methanol
Fumaric acid and

dimethylamine

(@) () (© (@@

Figure 5.1 Schematic representing the layering synthesisEiVh\2

5.2 Characterisation of adsorbents
5.2.1 X-ray Crystallography

a) Single-Crystal Studies

In this study, crystal data and structure refinetrfen both NEW-1 and NEW-2
were collected using Nonius KappaCCD diffractometer wigrand wscans (Mol 0.71073 A)
and a Bruker APEX2 CCD diffractometer with thinesliv scans (synchrotron, 0.69430 A)
in a cold nitrogen stream, respectively. Structurese solved by direct methods and
refined by full-matrix least squares, using SHELXL. non-hydrogen atoms were refined
anisotropically. The electron density contributiafi the diffused scattering of the
disordered guest molecules (DMF) and void spadbdefstructure was handled using the
SQUEEZE procedure in the PLATON software suite. SEhsingle crystal studies were
carried out by Dr. R. W. Harrington of the X-raystallography research group, School of

Chemistry Newcastle University.
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b) Powder X- ray Diffraction Studies (PXRD)

The Powder X- ray Diffraction technique was usediétermine the purity phase
of the bulk sample by comparing the PXRD patterthwhe simulated pattern from single
crystal X-ray diffraction. In this study, PXRD patbs were obtained with a PANalytical
X'Pert Pro MPD (multipurpose diffractometer), fittevith an X'Celerator which can
accelerate the scan speed. The diffractometerigsofiere recorded using Cykadiation
with a fixed divergent slit (0.38 mm) and with altage of 40 kV. For analyses, powder
samples were dispersed on glass slides and thégous scans were set to cover the
range 2-70 deg. The Powder X-ray diffraction wagied out by Dr. Kath Liddell of

Materials Analytical Unit, Newcastle University.

5.2.2 Adsorbents morphology and elemental analysis

a) Scanning electron microscope (SEM)

Size and sample morphology were obtained bygusa scanning electron
microscope called JEOL 5300 LV fitted with Rontew &5i(Li) energy dispersivX-ray
detector (EDX). Both detectors were cooled by kignitrogen. The EDX instrument was
run with an operating voltage of 25 kV under vacui@mqualitative elemental analysis.
The samples were coated with gold and images witorgdary electrons in high vacuum
mode. This scanning electron microscopy was caoigdy the Materials Analytical Unit,

Newcastle University.

b) Determination of C, H, N

A Carlo Erba 1108 elemental analyser was usedetermine the C, H, N
contents of the porous samples and also used @al ot establishing the purity of the
sample Roughly 1 mg of each sample was weighed into @&dsule and placed it in the
auto sampler. Then the tin capsule is droppedantertical quartz reactor tube maintained
about 1,000 °C. The concentration of each elemameties was determined from the
integral of the signals in comparison with thatteé analogous organic chemical standard.
This determination was also carried out by the Mal® Analytical Unit, Newcastle

University.
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c) Fourier Transform Infra-Red (FTIR) Spectroscopy

FTIR spectra (400-4000 jnof the samples were recorded using a Digilab
SCIMITAR series FTIR spectrophotometer. Samplesewimely ground in an agate
mortar. Approximately 2 mg of finely ground sampias mixed with 300 mg of KBr
powder (99.95% purity). The mixture was ground inagate mortar until the sample was
well dispersed and then transferred to the mechbdick press assembly where it was

subjected to a pressure of ~ 10 tons.

5.2.3Thermogravimetric (TGA) Studies

Thermogravimetric (TGA) Studiesere carried using Stanton Redcroft STA 780
thermobalance to determine thermal stability of shenples. The thermobalance consists
of an electronic microbalance with a platinum hawgd and ceramic container suspended
from it, down the centre of a furnace. The sampéssmwas monitored by computerised
control unit. The Pt v 13% Rh-Pt thermocouple meagusystem is also located under the
sample container in order to monitor the tempeeatéior analysis, roughly 20 mg of
adsorbent was placed in a ceramic sample bucken,Tithe sample was heated with a
furnace heating rate of 5 °C rifimnder a constant flow (50 émin™) of nitrogen and the
weight loss was recorded. The mass lossexpressed as a percentage, was calculated

using the equation as shown in equation (1);

m =———x100 (1)

where
m is the mass, in milligrams, before heating
m is the mass, in milligrams, at the final stage
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5.3 Adsorption studies

5.3.1 Intelligent Gravimetric Analyser

In this study, isotherms and adsorption/desomnpkimetics properties of all gases
and vapours were measured using an Intelligencei@etric Analyser (IGA) model 002.
The instrument was supplied by Hiden Isochema Wdarrington U.K. A schematic
diagram of the IGA is shown in Figure 5.2. The IG&stem consists of four main
compartments; temperature regulation system, madaoice system, pressure control
system, and reactor chamber.

A platinum resistance thermometer (PRT) is ihsthlin the IGA in order to
determine the sample temperature throughout theergmpnt. The accuracy of
measurement is about + 0.1 °C over a temperatungeraof -270 to 1000 °€.
Secondly, the microbalance system is a fully compsstd microbalance system which
automatically measures the mass change of the saasph function of time, pressure and
temperature. The microbalance is connected witlrcthumter weight in the left hand side
and a sample bucket via tungsten fixing hooks aartjtiown on the right hand side. The
microbalance has 5 gram capacity and has a long s&bility of+ 1 pg with a weighing
resolution of 0.2ug.

In the pressure control system, the pressure wasitoned by three pressure
transducers with ranges of 0 — 0.2 kPa, 0 — 10&tfh0 — 100 kPa. The accuracy of the
set-point pressure regulation was ab#u2.02 %. Cylinders of each adsorbent gas were
directly connected to the admit valve for feedirap do the reactor chamber. Volatile
organic liquids stored in a glass vapour resemnweire used to generate the vapour and this
reservoir was connected to the admit valve viaywgk. The reactor chamber housed the
sample bucket. Adsorption in diverse temperatungea can be done using two different
techniques; circulating liquid thermostirrer batldacryogenic liquid Dewar vessel. The
thermostirrer bath is normally used for temperatgsorption experiment in the range of
0-80 °C. A thermostirrer is controlled by the congosystem resulting in the set-sample
temperature being stable within + 0.05 °C. The riustirrer comprising of a water
heating/cooling device and a jacket containing Ritture of water and ethylene glycol
(Figure.5.3). Adsorption experiments at 77 K atebhsgmmersing the reaction chamber in
5 litres insulated — Dewar vessel which is filledhaliquid nitrogen. An acetone/dry ice
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mixture was used to set the sample temperatur@%oKlLwhile ice/ water was used to

control the adsorption temperature at 0 °C.

Pressure Control

System

| | X

Balance——>

> Exhaust valve
Temperature Control
>
>< Gas admit valve
I ] I ]
S Vapour admit
2 > P
valve
c ah /S
ounterweight v §— Sample bucket

Figure 5.2 A schematic diagram represents the Intelligenv{@ratric Analyser (IGA)
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E _ O-ring
Inlet
Sample
Hangdown >
L 5 Sample
Water CEE Bucket
Jacket
< Sample
Chamber
2:1 Water/
Anti -Freeze
Mixture 5 |_— Outlet

Figure 5.3 Schematic representation of a circulating liquierinostirrer

5.3.2 Isotherm and kinetic measurements

Adsorption studies were carried out under the &ristandard procedure BS 4535-
1% which are described as shown below. Prior to deténg any adsorption study, the
sample (approximately 20-50 mg) was exposed inl@a khigh vacuum condition in order
to remove physisorbed molecules or guest molecinea the porous material. Then,
heating was normally applied to the sample. Theimar heating temperature which did
not affect the sample was determined from thermagretric studies. In this study, carbon
molecular sieved — 40 (CMS-40) was outgassed at°C3@vhile mixed metal organic
framework-1 (M'MOF-1) and NEW-1 were outgassed @t°C and 110 °C respectively.
Degassing was complete when the sample mass watanbrover a period of 45-60
minutes as shown in Figure 5.4. The sample was toehed down to the adsorption

temperature under ultra-high vacuum conditions.
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Figure 5.4 Typical thermogavimetric profile for outgas is qolete when no further mass

loss occurs

In adsorption experiments, the mass of gas orwapptake on the adsorbent was
measured as a function of time and pressure. Theagh to equilibrium was monitored
in real time with a computer algorithm of the IGypsgem. After equilibrium was reached,
the pressure of the adsorptive was increased operiad of 20 — 30 seconds to the next
pressure step and the uptake of the adsorbent veastamed until equilibrium was
established, as shown in Figure 5.5. The equilibriypptake was established when 99.99 %
of the predicted mass uptake value, which is catedl by a real time computer, was
archived.

In the desorption measurements, the reverse methtite adsorption process was
followed. The pre-adsorbed gas or vapour was dedostepwise at constant temperature.
The adsorptive pressure was decreased over a tiaest 20 — 30 seconds until the
desired value was obtained. The pressure was anmadot at the set point by active
computer control of the inlet/outlet valves throaghthe duration of the experiment. The
decrease in mass uptake was measured as a furadtibme and the approach to
equilibrium was monitored in real time with a cortgrualgorithm the same as with the
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adsorption process. After the equilibrium was reachthe adsorptive pressure was
decreased to the next pressure step as shown umeFig6. The adsorption/desorption
isotherms for each gas/vapour were done at leastitworder to check their repeatability.

In order to calculate the kinetic parameters fogsomgtion, the increase in weight
versus time profile due to the adsorbate uptaked&oh pressure step was used. This data
was fitted to the appropriate kinetic model (theetic models were discussed in section
2.6). The residuals for the difference betweendhleulated and observed values for the

normalised profiles were typically less than = 0%02or the whole profiles.

A A
Pressure ste
Amount P
Adsorbed Equilibrium
P n Pressure
Pn Isotherm point for
pressure step B
P n-1
0 Adsorption uptake profile for pressure step Rito P,

Time

Figure 5.5Schematic diagram showing sequential pressure atepsorresponding

kinetics profiles for an adsorption isotherm
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adsorbed Pressure
Pressure steps
P n+l
Isotherm point
P, Equilibrium

P

Desorption profile

for pressure step R:.ito P,

Time

Figure 5.6 Diagram showing sequential pressure steps andspamneling kinetics profiles

for a desorption isotherm

5.3.3 Calculation of saturated vapour pressure

The saturated vapour pressures were calculatedg ubi@ following Antoine

equations*

B
T+C

log,, p° = A- (5.1)

wherep is the saturated vapour pressure (mmHg the temperature in degrees
Celsius,A, B andC are constants of the adsorbates. The constantbdaadsorbates used

and corresponding temperature ranges over whighateevalid, are given in the table 5.1.
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Table 5.1Antoine parameters and density of the adsorbates in this study>

Adsorbate Temperature range A B C Density
(°C) (g cn)

Argon -189.37 to-122.29 6.84064  340.271 271.801 1.34

Carbon dioxide -56.57 to 31.04 7.58828 861.82 271.883 1.032
Hydrogen -259.2 to -239.97 6.14858 80.948 277.582 0.79Y
Nitrogen -210 to -147.05 6.72531 285.573  270.087 0.808
Oxygen -218.8 to -118.57 6.83706  339.209  268.7p2 1.149
Water 0.01 to 373.97 8.05573  1723.64  233.076 0.99Y
Ethanol -114.1 to 243.1 8.13484 1662.48 238.181 0.789
Methanol -97.68 t0 239.43 8.09126 1582.91 239.096 0.791
n-Propanol -73.15 t0 263.56 7.77374 1518.16 213.76 0.8038
n-Butanol -37 to 289.9 7.29062 1282.8b 173.247 0.809
Methyl chloride -140.2 to 143.1 6.99771 870.17 235.586 0.917
Dichloromethane -95.14 t0 236.85 7.11464 1152.41 232.442 1.326
Chloroform -63.52 t0 263.25 7.11148 1232.79 230.213 1.489
Methane -182.48 to -82.57 6.84566 435.621 271.361 0.466
Ethane -182.8 to 32.27 6.95335 699.106 260.264 0.572
Propane -187.69 to 96.67 7.01887% 889.864 257.084 0.585
n-Butane -138.29 to 152.03 7.00961 1022.48 248.15 0.60p
n-Pentane -129.73 t0 196.5 7.00877 1134.15  238.6f8 0.626
n-Hexane -218.8 t0 118.57 6.9895 1216.92  227.451 0.660
n-Heptane -90.58 t0 267.11 7.0460% 1341.89 223.783 0.684
n-Octane -53.52 t0 322.5 7.14462  1498.96 225.874 0.702
n-Nonane -56.77 to 295.68 7.1884 1607.74 222.414 0.71y
Benzene 5.53 t0 289.01 7.06437  1296.93 229.916 0.865
Toluene -94.97 to 318.64 7.1362 1457.29  231.827 0.866

5.3.4 Determination of pore volume and surface areaf porous materials

Gases and vapours adsorption were firstly usethéwacterise adsorbent porosity
and secondly to investigate the effects of surfatemistry on the adsorption
characteristics, e.g. adsorption capacity, typésotherm, adsorption kinetics, molecular
sieve effects, isosteric enthalpy of adsorptiom, suwrface functional groups.

123
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The total pore volume was estimated by adsorptibmitnogen at 77 K from the
uptake at the maximum relative pressure used @xbpolation using a suitable isotherm
equation. Carbon dioxide was measured at both 27%hd& 195 K in order to estimate
micropore volume using the Dubinin-RadushkevichRpequation and total pore volume
of the sample, respectively. The shape and typasbrption isotherms were investigated

for a range of probe molecules which varied frordriophobic to hydrophilic in character.

5.3.5 Hydrogen adsorption

The main problem of studies on hydrogen adsorpidhe small mass of hydrogen
adsorbed and if the hydrogen gas is not pure enitughy lead to non reliable adsorption
isotherms. For example, many researchers repdmdaater impurity in hydrogen gas is
preferentially adsorbed on the sample rather thairdyen gas itseff.” So, ultra pure
hydrogen was used in this adsorption/desorptiodystadditionally, a purification system
was constructed by Dr. Xuebo Zhao and Prof. Markriia$ in order to further purify
hydrogen as shown in Figure 5.7. This was necedsarthe highest repeatability results
even when ultra pure hydrogen was used. The patidic system is comprised of the 30 g
calcium aluminosilicate zeolite and 40 g activatedbon in a stainless steel tube. The
purification system was evacuated then heated @K7@vernight and then cooled down in
order to degas all adsorbed species, especiallgrifadm the zeolite. Then hydrogen gas
was filled to about 0.8 MPa in the purification t&ya. Hydrogen was kept for a minimum
of 24 hours to remove water. After that, the systeas cooled down to 195 K for another
12 hours to remove other impurities such asNp, and hydrocarbon by adsorption on the
activated carbon. A secondary purification systeas aiso installed on the right arm of the
IGA machine. 30 g of zeolite was added in the sdaon purification system in order to
remove a very small quantity of water remainingha apparatus. This was necessary for

accurate hydrogen adsorption kinetic results.



CHAPTER 5 Experimental

Pressure Control System

E— @

! Exhaust
—>< valve
: Temperature
D:< Control
> H, admit valve
| - [
—|><]<—Cylinder
306 40 g Activated -
5A Zeolite N
carbon >
C‘é dg\ 30 g 5A Zeolite B
A Bl
I Dry ice bath, >
195 K
I
Counter Sample Purification
weight bucket system

Figure 5.7 Intelligent Gravimetric Analyser with purificatissystem

5.3.6 Oxygen, nitrogen and argon adsorption study

Adsorption of oxygen, argon and nitrog¢BW-1 and M'MOF-1, and CMS-40
were carried out at 195, 273 and 298 K. While CMSwlas measured at a higher
temperature range of 273, 288 and 298 K in ordeavioid the very slow adsorption
kinetics at 195 K. The adsorption temperaturesdeygen, argon and nitrogen were
chosen as mentioned before due to the fact thatrgiitsn kinetics were in range which
could be continuously measured over a reasonahlestale. The isotherms and isosteric
enthalpies of adsorption of these gases were ugsedetermine the potential of air

separation of both metal organic frameworks ana@amolecular sieves.
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CHAPTER 6

Characterisation of metal organic frame works and G1S-40

Two new three-dimensional metal organic framewonksned NEW-1 and NEW-
2, were successfully synthesised from CujN®ith isonicotinic acid and Zn(Ng) with
fumaric acid, respectively. Their structures weretedmined by single crystal X-ray
diffraction and were also characterised by meanslamical composition and physical
properties. The results revealed that NEW-1 wasrays MOF, while NEW-2 was a non
porous MOF. The total pore volume of NEW-1, caldafrom gases adsorption,
indicated that the desolvated structure of NEW-3 wartly collapsed. However, the total
pore volume of NEW-1, determined by adsorption sér@es of vapours, showed that the
partly collapsed desolvated structure of NEW-1 éased in total pore volumes to a value
similar to that obtained from the PLATON calculatirom crystallographic data. This
recovery of pore volume is due to framework fldxyoivhich is driven by the isosteric

enthalpy of vapour adsorption.

6.1 Characterisation of metal organic frameworks

The suitable samples of either NEW-1 or NEW-2 widtered and washed by
their mother liquor two times. The samples weredlin a vacuum in a desciccator for 48
hours. Then, the air dried samples were weighedVNEand NEW-2 gave 0.168 mg (a
yield of 55 % based on isonicotinic acid) and 0®ihfy (a yield of 58 % based on fumaric
acid). Results of their crystal morphology and itheiemical composition are described

herein.

6.1.1 Crystal data and structure refinement of MOFs

6.1.1.1 Structure description of NEW1

The X-ray crystallographic charaterisation of bhiegle crystal of NEW-1 was
carried out by Dr. R. W. Harrington of the X-raystallography research group, School of
Chemistry, Newcastle University. The result showed NEW-1 has the assignment of the
formula G>HgCuN,O4-CHgNO and has a monoclinic space groBgi/c. The final
refinement results are;R= 0.0399, wRR = 0.0920 [B>25] and residual density 0.42 and
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-0.85 e A3, The refined crystal data and the standard C# ik shown in table 6.1 and
Appendix A, respectively.

The asymmetric building block in the structuse domposed of two square
pyramidal copper atoms bonding with four isonicaten ligands, as shown in
Figure 6.1a. Cu atoms are bonded with three cafhtexyoxygen atoms from three
isonicotinate ligands (9 O, and Q) leading to the formation of eight membered rings.
The eight membered rings are interlinked via anotber pyridyl groups of isonicotinate
(N1, Ny) to form the layers along a crystallographi@and c-axis. Consequently, linking
these building blocks leads to the formation ok¢éhdimensional frameworks with the
DMF molecules occupying the void. Interestingly,e ttoxygen atom (§) of the
isonicotinate carboxylic group is uncoordinatedisThncoordinated oxygen atom 4O
gives the distance between each uncoordinated oxgtfam along the axis of about
11.57 A (8.53 A Van der Waals surface consider&tie O(4) is in close proximity to
square pyramidal copper centres in the pore wadldihg to a formed Cu(1)-O(3)-C(12)-
O(4) planar region (see Figure 6.1b).

In the square pyramidal copper, the longest bendths around the copper centre
are Cy-Oy, 2.2578(16) A, which is similar to the bond lergfiound in the literatur&®
The longest bond length most likely results frodaan-Teller effect® The shorter bond
lengths are found in Cul-O2, 1.9702(15) A and C®]-0.9889(15) A which are
comparable to the bond length found in the previiudies™ °The bond lengths of Cu-
N; and N are 2.0017(18) A and 1.9946(18) A, which are ity@ical range of values
1.991-2.026: % 1% 1The distance between Cu-Cu in the eight membéngd formation is
4.596 A, which is much longer than the Cu-Cu diséafound in Luet. al? 2.601(2) A and
the Cu-Cu interaction found in the other metal aigdrameworks HKUSY 2.628(2) A,
Cu-SIP-3-pyriding* 2.947(2) A, and Traret. al' 2.965(2) A. However, this Cu-Cu
distance is shorter than those distances foundi{lCQ),.4H,0** *2 5.8 A. Bond lengths
around pyramidal copper in the NEW-1 structure carapvith the selected structure from

literatures as shown in Table 6.2.
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Table 6 Crystal data and refinement of NEW-1

Parameters

Crystal data and refinement

Chemical formula (moiety)
Chemical formula (total)
Formula weight

Crystal system, space group

Unit cell parameters

Cell volume

Void volume (PLATON)
Calculated Porosity

z

Calculated density

Crystal colour and size
Temperature

Radiation, wavelength
Absorption coefficient|f)
Reflections for cell refinement

Data collection method

0 range for data collection
Index ranges
Completeness t6 = 26.0°
Reflections collected
Independent reflections
Reflections with B>20
Absorption correction

Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data / restraints / parameters
Final R indices [B>20]

R indices (all data)
Goodness-of-fit on ¥
Largest and mean shift/su

Largest diff. peak and hole

C1,HgCUN,O,-CH/NO
Ci5H15CUN;Os

380.84 (307.79 without moiety)
monoclinic, P2/c

a=11.579(2) A a=90°
b=12.292(3) A B =117.871(2)°
c=12.318(3) A y=90°
1549.8(6) R

551.4 R (35.6%)

0.269 cnig*

4

1.632 g/cm (1.319 g/cm without moiety)
blue, 0.02¢ 0.02x 0.00 mni
120(2) K

synchrotron, 0.69430 A

1.441 mni*

977 @ range 2.5 10 27.1°)
Bruker APEX2 CCD diffractometer
thin-slicew scans

2.51t029.8°

h-15to 16, k-17 to 17, F16 to 17
99.6 %

15631

4515 (Ry = 0.0453)

3521

semi-empirical from equivalents
0.9718 and 0.9986

direct methods

Full-matrix least-squares orf F
0.0512, 0.1354

4515/0 /230

R; = 0.0399, wR= 0.0920

R; = 0.0564, wR= 0.0985

1.031

0.000 and 0.000

0.42 and-0.85 e A®
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(d)
Figure 6.1 Showing a) structure of NEW-1 with numbering sckeaf two Cu

metal centre binding with isonicotinate ligand ¢ planar structure in the wall of NEW-1
c) framework formed by spiral isonicotinate ligaf@CD-UFUMUD) d) framework with
rod-like secondary building (CCD-UGEPEBO1)
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The simulated structure obtained using Mercurftwaoe version 2.2 (build
CR5)* showed that the framework exhibits a one dimenskamnel along the-axis after
the disordered DMF molecules are removed (Fig.6.Zbhg Mercury-Void was used to
simulate probe molecules with Van der Waals radiBsA in the void space of NEW-1 in
order to make the one dimension channel more gleadible (see Figure 6.2 c-d).
Additionally, the O(4) atoms on the surface of NEVpores are displayed in ball and stick
mode for the purposes of clarity. It can be sean tte framework exhibits an open-ended
channel along tha axis. These channels have a dimension of appréeiyn@. 892 x 8.892
A (distance from centre Cu to Cu cross sectiondmproximately 6.092 x 6.092 A (Van
der Waals surfaces considered). In addition, restdm the PLATON software indicated
that the void volume of this channel is about 3%6(551.4 &) of its cell volume.
The calculated density (in the absence of guesid)calculated porosity of the NEW-1
sample are 1.319 g ¢fand 0.269 crhg™, respectively. Furthermore, simulated results
from the PLATON-CAVITY? showed that the void radius in the framework istie
range of 1.74 - 2.24 A,

Previously, some metal organic frameworks synsleels from copper and
isonicotinate ligand were reported. Lu and BAttydrothermal synthesized their MOF at
140 ° C for three days and reported that theircgire consisted of a square pyramidal Cu
centre which linked together with five isonicotiedigands which made the framework
exhibit the one-dimensional channel along #haxis, as shown in Figure 6.1c. Tran and
co-workers also published their Cu-isonicotinate structuréhiolw was hydrothermal
synthesised at 150 ° C for four days, and revetiladthe framework was formed via the
coordination of the isonicotinate ligands and rib@-Isecondary building units of copper
centre as shown in Figure 6.1d. The PLATON resslitsv that the void volumes of Lu’s
and Tran’s frameworks are about 2.7% (3731 dad 17.8% (130 A of the corresponding
cell volume respectively. In comparison, the vaguees of these samples are much lower
than NEW-1. This may be because larger DMF moleauléhe NEW-1 structure can
support and form a larger pore than smaller wateleaules. Similar effects of various
sizes of guest molecule on pore structure werertegioWanget. al*® reported that room
temperature synthesis of Mn(HCQOWith large amines molecular size, such as
diethylamine and triethylamine, produced a framéwtwmpology with larger unit cell
volume rather than the framework synthesised witlaler amine molecular sizes, e.g.

methylamine and ethylamine. This report also shoteat unit cell volume increases from
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841 ARto 1873 R. Lu et. al* reported that solvent inclusion of metal organanfework
(Cu(lsonicotinate})in a series of solvents with different mcular sizes resulted in a ui
cell volume change from 1,326 to 1,432 with the B angles varying from 96.920(
t0101.229(2)° Senkovska et. al!’ reported that solwbermal synthesis ¢
Mg(maphthalenedicarboxlylai with larger solvent molecule size, e.g. DNVproduces

larger pore diameters of MOF rather than hydrotfasynthesis

(b)

Figure 6.2a) simulated structure of NE-1 after guest molecules were remov

showing a channel along tla axis (blue:N, gray:C, red:O, orar;Cu, and @ shown in
ball and stick modéor clarity) and b) Simulated structure wignobe moleculeof van der

Waals radius 1.5 A (yello\ alonga axis.
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(d)

Figure 6.2 cont Simulated structure of NEW-kith probe moleculs (orange) of

van der Waals radius 1.t along c)b axis and df axis.
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6.1.1.2 Structure description of NEW2

Single X-ray diffraction studies revealed that ttolourless crystalline of NEW-2
is a three dimensional framework. It has the chamiormula as @H100sZn with a
monoclinic space grou@2/c The final refinement results arg R 0.0171, wRR = 0.0428
[F>>25] and residual density 0.44 an®.20 e A3 The refined crystal data and the
standard CIF file are shown in table 6.3 and AppeBdespectively.

Basically, the structure consisted of the singldependent zinc atom (Znl)
which is bonded to four fumarate ligands (O1 and @8l two methanol (O2) via oxygen
atoms (Fig. 6.3a). This bonding leads to the formmabf hexagonal building blocks of
ZnOs. The bond distances between Zn and oxygen range 210669(15) to 2.1564(14) A.
These bond distances are comparable with the Zpftemalate)(4,4-bipyj, 1.998(2)-
2.617(2) A, and [Zn(kD)s(bpy)]succinat®’, 2.066(2)-2.166(2) A, but are quite a lot
longer than those found in diamond-like metal oigdramework®, 1.929(7) A and Zn
coordinate polymers, (1.935(2)-1.996(2) A.

The X-ray structural characterisation revealed thatstructure has cell volume
822.3(8) & and has no accessible void space, i.e. it is apooous framework. NEW-2
formed the dense structure either on dhé or ¢ axis, as shown in figure 6[8and 6.3c
respectively. The dense structure results from mmathanol molecules strongly bonded
with Zn, which could not be removed without decosipg the framework structure. It
should be noted that a series of solvents, e.gnethDMF, HO, and a mixture of D
and methanol, were also used to synthesise a orgfahic framework from Zn(N§), and
fumaric acid. However, suitable crystalline samptesild not be obtained from these

further experiments.
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Table 6.3Crystal data and refinement of NEW-2
Parameters Crystal data and refinement

Chemical formula (moiety)
Chemical formula (total)
Formula weight

Crystal system, space group

Unit cell parameters

Cell volume

Void volume

Calculated Porosity

z

Calculated density

Crystal colour and size
Temperature

Radiation, wavelength
Absorption coefficientt
Reflections for cell refinement
Data collection method

0 range for data collection
Index ranges
Completeness t6 = 26.0°
Reflections collected
Independent reflections
Reflections with B>20
Absorption correction

Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data / restraints / parameters
Final R indices [E>20]

R indices (all data)
Goodness-of-fit on ¥
Largest and mean shift/su

Largest diff. peak and hole

CsH1006Zn

CsH1006Zn

24351

monoclinic, C2/c

a=15.747(7) A a =90°
b=7.047(6) A B=116.31(8)°
c=8.266(3) A y=90°
822.3(8) R

No accessible void

Non porous

4

1.967 g/cm

colourless, 0.26 0.20% 0.10 mnd
150(2) K

MoKa, 0.71073 A

2.982 mm*

54 @ range 2.5 to 27.5°)
Nonius KappaCCD diffractometep,andw scans
4.6 t0 27.5°

h-20 to 20, k-9 to 8, 1-10 to 10
99.6 %

7363

944 (R = 0.0247)

845

semi-empirical from equivalents
0.5869 and 0.7547

direct methods

Full-matrix least-squares orf F
0.0212, 1.5563

944/0/81

R; =0.0171, wRR=0.0428

R; =0.0219, wRR= 0.0451
1.036

0.000 and 0.000

0.44 and-0.20 e A®
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(b) (c)

Figure 6.3View of NEW-2 structure a) showing numbering schesheexagonal
ZnQs centre bonding with fumarate ligand b) dense fraork along thea axis and c)

along thec axis.
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6.1.2 Elemental analysis of MOFs

Both NEW-1 and NEW-2 samples were dried in dedgacovernight, labeled as
air dried samples, and were used to determine @tél composition. The CHN values of
air dried NEW-1 are consistent with the calculat@tles for the sample without guest
molecule, indicating facile loss of DMF moleculessihown in Table 6.4. The carbon and
hydrogen composition for air dried samples of NEVdeg2eed well with calculated values
(Table 6.5).

Table 6.4Comparison of CHN analytical data for NEW-1 byccaddted and

experimental determiort

Elements (%)

Calculated values for

sample without guest molecules

Experimental

(air dried sample)

C12HgCUN204
C 46.82 46.21
H 2.62 2.87
N 9.10 9.33

Table 6.5Comparison of CHN analytical data for NEW-2 byoccgéited and

experimental determiosat

Elements Calculated values for Experimental
(%) Fresh sample (air dried sample)
(CeH1006Zn)
C 29.58 29.22
H 4.13 4.02
N - -
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6.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectra of commercial raw materials of betimicotinic acid and fumaric
acid were recorded and are also presented in g6 and 6.5 respectively. The
vibrational bands and proposed assignments from ptevious studied?%n the
isonicotinate complexes were used as guidelineslassify the functional groups and
assign infrared absorption bands for both NEW-1 &HeW-2 structures. Generally,
observation values of the bands in range 3421-842%7can be assigned to the O-H group,
which showed the presence of water in the samgie. absorption bands in range 3061-
3115 cm' and the strong bands between 1550-1670 ane attributed to the bending
vibrations of the C-H in aromatic ring, C=C aromoairetching, and were indicative of the
carboxyl group (C=0) stretching vibrations in thieusture. Additionally, unsaturated
oxygenv(C-O) in the structure can be observed in ranged14mB7 cnt. Furthermore,
coordination through N-O is normally demonstratgdte band in ranges 1209-1290tm
and 827-870 crh

Figure 6.4 and Figure 6.5 show the FTdRectra of 48wours air dried
NEW-1, desolvated NEW-1 and 48-hours air dried NEWamples. For comparison, the
FTIR spectra of the commercial raw materials, s@nicotinic acid and fumaric acid, are
also presented in the Figures mentioned before.vibrational bands around 1713 and
1717 cm' observed for both air dried NEW-1 and desolvatéeMN1 confirmed the
presence ofv(C=0) in the isonicotinic acid. The presence ofigime (CC+CN) in
isonicotinic acid also found in the vibration bareund 1555 and 1605 Erfor air dried
NEW-1 and 1554, and 1609 &found in desolvated sample. The strong band 16@6 an
1507 cni presenting C=0 and C-N stretching mtdé® respectively in DMF, do not
appear in both FTIR spectra of the air dried andobiated sample of NEW-1. This
indicates DMF molecules' facile loss from the NEVitaimework.

In the case of the FTIR spectrum for NEW-2, theation bands 1404, 1450 and
1543 found in air dried NEW-2 confirmed the presenév,{COO) andv{(COO) in the
fumaric acid. The vibrational wavenumbers and psepoassignments taken from the
literature for both NEW-1 and NEW-2 are listed iable 6.6 and 6.7 respectively.
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3422 3055 1713, 1612, 1558

a)idesoflvated NEW-1

b):air dried NEW-1

%Transmittance

c)'isonicotinic acid

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber, cm

Figure 6.4 Fourier Transform Infrared spectra for desolvateéd/V-1, airdried NEW-1

and free isonicotinic acid.
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Table 6.6The infrared spectra (¢hhof free isonicotinic acid (IN)

and NEW-1 sampléwtheir assignments

IN*® IN** IN Cu(IN)l, Desolvated Airdried  Assignments
(this study)  compleX’ NEW-1 NEW-1
3440w  3436m 3418m 3422bw 3426mb v(OH)
3052vw 3104w 3055w 3060m 3063vw 3063vw  V(CH)
1711s 1712vs 1713vs 1699vs 1717w 1713w v(C=0)
1616m 1616w 1612s 1597m 1609vs 1605vs Pyridine(®Q+C
1563w 1597w 1558m 1554s 1554vs 1555vs Pyridine(QQ+HC
1338s  1305s 1335s 1327m 1381vs 1385vs v(C-O)
1231s 1234m 1236w 1231s 1231s CHO
1027vs 1034vs 1035vw 1030s 1030s Ring deformafion
3086 1543, 1450, 1404, 1234, 987, 802
a) fumaric acid

()

(&)

c

8

I=

n

c

©

s

S

| | .I.. I. |

4000

I L]
3500 3000

L] I L]
2500 2000

1500 1000

Wavenumber, cm 1

500

Figure 6.5Fourier Transform Infrared spectra for NEW-2
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Table 6.7The infrared spectra (¢hof free fumaric acid (Fum)

and NEW- 2 sampléhviheir assignments

Ni(Fum)*®  Lny(Fum)(oxalate}® F[l);rr:::g%gll Fl;rgiznc NEW-2 Assignments
(this study)
3066w 3804vw 3080vw 3093w 3086w v(CH)
1553vs 1558s 1535vs 1543vs Va{COO)
1424m 1450s 1458m 1450m v¢(COO0)
1413s 1401s 1439m 1411s 1404s v{(COO0)
1222m 1230m 1242m 1234m v (C-0)
986m 990m 987vs 987vs v (CH)
880m 794vs 802vs COO, deformation

6.1.4 Powder X-ray diffraction (PXRD)

In order to establish the presence of the pureselad the MOFs, the PXRD

pattern of both MOFs is compared with the simuladatiern of the single crystal structure

produced by Mercury software. Before determining XRD pattern of the sample, the

NEW-1 sample was prepared by heating at 110 °Crwittahigh vacuum conditions for 3

hours and labelled as a desolvated sample. Additigrthe NEW-1 sample was also dried

in desiccator for 48 hours and labelled as aircdrie

Figure 6.6 shows four PXRD patterns of NEW-1 slasipThere are four main

peaks appearing in the simulated PXRD pattern ah lbe fresh sample and the

desolvated sample (see Figure 6.6a and b). Thess feaks are located 24 = 10.84°,
11.26°, 17.36° and 21.78°. However, simulated oldated pattern a¢d = 17.36° and

27.38° appeared in a very low intensity, whichasgibly due to contributions from DMF

molecules removed from the framewdrk.

Comparing to the air dried sample (Fig.6.6¢c), B¥RD profile matched well

with the simulated - desolvated pattern which iaths that the air dried sample was

similar to the single crystal. However, all fourcstgest peaks of the air dried sample

moved to a slightly lower angle compared to theusated - desolvated pattern, for

example, the intense peak at 10.84° in the sinililjpéttern has moved to 10.74° in the air

dried sample. There was a new peak occurred a61®9 the PXRD profile of air dry
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sample. This and other small changes in peak paosguggest that there was a small
change in structure. Li and Yafigso found small changes in the peak positiord©f-

177 and proposed that these small changes wertodatation of the unit cell to allow the

guests molecule to pass.

10.8¢
a) Simulated fresh sample

17.36

11.26 21.78

4

b) Simulated desolvated sample

10.74

Intensity

18.96  C) Air dried sample
11.17 21.60
0

10.70
10.27
- 18.05  d) Desolvated sample
4 21.50
T T T I
20 40
2 Theta

Figure 6.6Powder X-ray diffraction profiles for NEW-1
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As shown in Figure 6.6d, the PXRD pattern aftesalvation of the NEW-1
showed significant differences from the simulatedtgyrn due to the fact that there is no
peak af = 11.26° and two new peaks at 10.27° and 12.84 a@ppeared. Although, four
main peaks still remained, however, these threkspage moved considerably to the lower
angle far from the simulated pattern. These chamggseak positions suggest that the

framework was collapsed after the sample was datadyv

4 125
I Simulated Fresh sample
16.5 — Air dried sample

21.4

Intensity

- 15.82

2 Theta

Figure 6.7Powder X-ray diffraction profiles for NEW- 2
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As showed in Figure 6.7, PXRD pattern of NEW-2amied significantly after
exposure to air in a desiccator for 1 day. Thenisity of the peak &6 = 12.44° decreased
markedly while the highest intensity was a new pediich appeared a@f = 27.45°.
Furthermore, there are new peaks appeared for deaahosition2d = 40.38° and also
appeared as a shoulder of the peakdat 22.70°. This indicated that the simulated patter
does not match the PXRD pattern obtained for NE¥&@ple which is probably due to

there was some impurity in the sample.

6.1.5 Thermal stability

Figure 6.7a-b shows the TGA profiles of 12-hoams dried NEW-1 and as-
synthesised NEW-1, respectively. It is apparent bwh profiles exhibited two distinct
steps of weight loss. For as-synthesised sampéefitst step of 45.4 % weight loss is
attributed to the gradual loss of both DMF molesuba the outer surface of the sample
and also in the void of the structure. While, tH@AT profiles of air-dried NEW-1 shows
weight loss of 18.7 % on heating from 50 to 140Phis weight loss is in agreement with
calculated one molecule of DMF loss (18.9%) pemigla unit. This profile also indicates
that the NEW-1 sample is stable from room tempeeatyp to approximately 250 °C and
then gradually decomposes with the loss of isomate ligand.

Thermogavimetric analysis of 12 hours air-drieVW-2 indicates two stages of
weight loss (Fig. 6.9). An initial weight loss oceed between 25 to 170 °C, immediately
followed by the second decomposition of the framdwsiarted approximately at 290 °C.
The first weight loss of the air dried sample is@t5.97 %, which does not agree with the
calculated weight loss of two methanol moleculé&3%o) in the void of the corresponding
crystal structure. This disagreement indicated bwh methanol molecules are strongly

bond with the framework and cannot be removed witlzollapsing of the structure.
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Figure 6.8 Thermogravimetric analysis of air-dried NEW-1 ottee temperature range
25 to 700 °C at a heating rate of 5 °C Tnimder N atmosphere.
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Figure 6.9 Thermogravimetric analysis of air-dried NEW-2
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6.1.6 Particle size and crystal morphology

The Scanning Electron Microscope images of NEWafnple after drying in a
desiccator for 1 and 18 days are shown in figul®#&b, respectively. It is apparent that
the both crystals samples dried for 1 and 18 daad the irregular shape and the
distribution of their particle size was variabl@ypical particles were in the size range
approximately from 5 to 60 um. It is evident thhe tINEW-1 sample has long term
stability.

6.2 Characterisation of CMS - 40

For CMS-40, the CHN analysis found that the carisothe major composition in
the sample was 96.55% while 0.54 % is nitrogen asnéxpected there is no hydrogen in
the sample.

The FTIR spectra for CMS-40 shown in Figure 6.THere are five major bands
appeared which were 956 ¢L290 cn, 1543 cmi', 2021 cnit, and 3672 c.

Fig.6.12 shows the Scanning Electron Microscapages of CMS-40 sample.
Microscope image (a) show the particle size of@S-40 which has an average size in
range about 1-2 mm. Microscope image (b) showsdhgh surface texture of the CMS-
40 after magnified x 750.



CHAPTER 6 Characterisation of MOFs and CMS-40

11250 » 500

R ey

TT2C % 500 I 50 ym

(b)
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6.3 Surface area and pore volume determination

6.3.1 Adsorption of Gases and vapours on NEWY sample

6.3.1.1 Gas adsorption

Gas and vapour adsorption on the NEW-1 sample wardied in order to
determine the surface area and pore volume. Thar@dm characteristics of both,Mind
Ar on the NEW-1 sample were investigated at 77 Kilevthe adsorption of CQwvas also
studied at 195 K and 273 K. High pressure adsampai CQ and CH on NEW-1 at 303
K were also investigated.

Figure 6.13 shows that the nitrogen adsorptiathegm is a typical type | as
defined by the IUPAC classification scheme, but hasupward curvature due to pore
filling at high relative pressur€.The argon adsorption isotherm is intermediate betw
types | and type Il and does not reach a platé&tiBoth isotherms are very steep at’p#p
0.03 due to rapid filling of the pores. A small ambof hysteresis is observed at the upper
part of the adsorption branch, possibly indicatbogdensation in larger pores formed by
deflects in the crystal structure. The maximumuptake at 978 mbar (p/F 0.97) was
2.876 mmol ¢, while the maximum Ar uptake at 288 mbar fp#p 0.90) was 3.112
mmolg'. These uptake values and densities §{0N808 g crit)®® and Ar (1.38 g cil)*°
were used to calculate the total pore volume, whiak 0.09&m*g™* and 0.09&m’g* for
N, and Ar respectively. The Langmuir and BET equaiamre used to calculate the pore
volume and surface area from both &hd Ar isotherms. Langmuir and BET graphs are
shown in Appendix C, while their related parametams summarised in Table 6.8. The
surface areas determined from Ar adsorption frorth deangmuir and BET plots are
slightly higher than that of N Also, the total pore volume obtained from Langnplots
of N, and Ar were 0.072 cing® and 0.093cm® g™ respectively. The Langmuir pore
volume of Ar is consistent with those values catedl from the maximum uptake. The
Langmuir pore volume of Nis slightly lower than the value obtained from theximum
uptake due to the upward curvature of isothermgit relative pressure, which is possible
due to condensation in the porés®® However, these calculated pore volumes are much

-1

lower than the crystallographic data (0.269° g*, section 6.1.1.1), and this indicates

partial collapse of pores.
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Figure 6.14 shows the isotherms of £ddlsorption/desorption on NEW-1 at 293
and 195 K, respectively. Both isotherms were tyfeehaviour, and desorption branches
were reversible. The Dubinin-Radushkevich (D-R)t gty adsorption isotherm at 273 K
gave a calculated micro pore volume of approxinydde213cm® g™ (assuming a density of
CO, of 1.107 g crif).* The pore structural characterisation data arengiivéable 6.8. The
Langmuir plot of the adsorption isotherm at 195 &g a calculated total pore volume
0.116cm*g™. The surface area calculated from the BET plot 24 nf gt (195 K). The
total pore volume value obtained from £&isorption at 195 K was slightly larger than the
corresponding values obtained from nitrogen an@ramgdsorption. However, the values
are still well below the crystallographic pore vole and indicate that there is partial pore
collapse. The NEW-1 sample used in the water vapdaorption experiments were label
as decomposed NEW-1. The adsorption capacity ofd@@Q@ecomposed NEW-1 at 195 K
was markedly decreased and this isotherm gave Laingore volume 0.0835 g,

High pressure isotherms of @g@nd CH adsorption on NEW-1 at 303 K are
shown in Figure 6.15. Both isotherms were typed #me total pore volume calculated
from the plateau of CQand CH high pressuredsorption isotherms were 0.0929° g*
(2.384 mmol &, p CO, = 1.070 g crif) and0.074 cnig™ (2.146 mmol §, p CH, = 0.4660
g cni®), respectively. These calculated pore volumescarssistent with those total pore
volumes calculated from NAr and CQ adsorption isotherm at very low temperature.
However, the density of the adsorbed phase for amethis uncertain because the
measurements are well above the critical temperatiherefore, the system is not
undergoing a thermally activated phase change.

Table 6.8 shows Langmuir and BET Parameters aégyadsorption on NEW-1.
The C parameters of the BET obtained from As,aNd CQ (195 K) adsorption on NEW-

1 are larger than 200, indicative of the preserfcmioropores in NEW-1 sample. This
result is consistent with the pore size determibgdhe X-ray crystallographic method.
However, a BET graph with the C above 200 reprasemntropore volume filling, which

may lead to an unrealistic value of the surfaca3ré® ** 330 the BET surface areas are

only used as the primary data in this study.
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6.3.1.2 Vapour adsorption

Four series of organic probe molecules and waterewalso used in this
adsorption study to provide some more adsorpticaradteristics of the NEW-1 sample.
These four types were alcohols (methanol, ethamspropanol and n-butanol),
chloromethane compounds (methyl chloride, chlomf@nd dichloromethane), alkanes
(methane, ethane, propamebutane,n-pentane n-hexane,n-heptane anch-nonane) and
aromatics (benzene and toluene).

The adsorption isotherms of methanol, ethangdropanol andh-butanol at 298
K, are shown in Figure 6.16a-b and 6.17 a-b, rasmtg. All alcohol isotherms were very
steep at low relative pressure, a fact attributestiong adsorbent-adsorbate interacigns
and then followed by plateaus abovep/p’ 0.023, 0.025, 0.06 and 0.36 for methanol,
ethanol,n-propanol and-butanol respectively. The plateau was followedahgther steep
uptake for methanol and ethanol due to the potmdilwhich occurred at a relative
pressure close to 1. Thepropanol adsorption isotherm exhibited a secoratepl,
attributed to structural change of NEW-1 to accordate more adsorbate molecules. In
the case ofh-butanol, its adsorption isotherm showed smallevarg curvature than other
alcohols after reaching the plateau. The adsorpsiotherm of methyl chloride at 195K is
shown in Figure 6.18. The isotherm had a steepkapah very low pressure followed by
the plateau (~3.09 mmolgwith p/p° ~0.197) and upward curvature at high relative
pressure. The latter is a consequence of porendillisotherms of chloroform and
dichloromethane adsorption at 298 K are shown iguf@ 6.19 a-b. The chloroform
isotherm was convex towards the relative presski® &t the initial point of adsorption
(p/p° up to 0.015), while dichloromethane showed steefakepat very low relative
pressure. This small convex part of the chlorofasotherm can be attributed to an
opening up of the desolvated pore structure. A maount of hysteresis was also
observed during desorption.

Adsorption isotherms for methane, ethane and gmremdsorption at 195 K are
shown in Figure 6.20 and 6.21, respectively. Bodthane and ethane isotherms were type
I in the IUPAC classification scheme while propagehibited and intermediate type
between type | and Type Il. All methane, ethane pnoghane adsorption isotherm showed
a steep uptake at very relative pressure. Methdserption reached a plateau at 298 mbar

while ethane and propane reached the plateau @ip™~0.083 and ~p/p° 0.132,
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respectively. Isotherms far-butane adsorption on NEW-1 at 273 K is shown iguFe
6.22 a.n-Butane isotherms was type | in the IUPAC clasatfan scheme but has a
upward curvature at high relative pressurdutane reached the plateau ap/® 0.139
with the amount adsorbed1.94 mmol &.

Isotherms fon-pentanen-hexanen-heptanen-heptane ana-nonane adsorption
on NEW-1 at 298 K are shown in Figure 6.22- 6.2l tlese adsorption isotherms showed
initial convex curvature to the pressure axis fokad by a steep uptake adsorption stage of
adsorption, a plateau pip’ ~ 0.01 fi-pentane), 0.06n¢hexane), 0.03ntheptane), 0.10n¢
octane) and 0.0&¢nonane), then a gradual uptake due to pores fi(tegTable 6.9 and
6.10). All alkane adsorption isotherms also exkitbia small amount of hysteresis in the
desorption branchesThe steepest part of the toluene adsorption isotiveas in relative
pressure range 0.05-0.2 and this was followed pyiat of inflection (~p/p° 0.27) and
another gradual uptake. Similarly, a small amounhysteresis is observed during the
desorption process (Figure 6.25). The benzene piilsoisotherms were similar.

Comparison of all vapour isotherms shows that areth ethanol, chloroform-
butane n-pentanen-hexanen-heptanen-octane n-nonane and toluene isotherms are type
[, according to the IUPAC classification scheme, liave deviations at both low pressure
due to framework flexibility and high relative psese due to pore filling. The curvature at
low pressure becomes increasingly apparent withteasing temperature (see Chapter 7).
Additionally, these isotherms can also be clas$ifie sub-class H4 hysteresis loop. In the
same way, the step isotherm wfropanol is type VI. NEW-1 sample has a uniform
channel pore as shown by crystallographic res@ldslitionally, all desorption isotherms
of these vapour exhibited a small amount of hystera the desorption braches at high
relative pressure. These hysteresis branches lootgd to the capillary condensation of
vapour in the larger pores of NEW-1 sample formgdskructural defects. The step
adsorption isotherm found impropanol revealed that two adsorption processssilpy
occurred, hydrogen bonding with the framework drehtfilling of the pores. More details
on these two processes are discussed in ChapfEne7isotherms of both benzene and
toluene have an initial convex curvature with lowptake at low relative pressure. This is
attributed to framework structural change inducedtlie aromatic molecules with the

larger second cross-sectional dimension molecele {sible 6.11)
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Table 6.9 and 6.10 showing the Langmuir pararegteangmuir pore volume and
total pore volumes. The total pore volumes wereuwated from the maximum adsorption
capacity of the adsorbates at high relative pressLine total pore volume calculated for
adsorption of the series of alcohols on NEW-1 desed with increasing molecular
dimensions in the order of methanol 0.263 grh> ethanol 0.262 cig* > n-propanol
0.244 cmig’> n-butanol 0.200 crig™. Total pore volume obtained for methyl chloride
chloroform and dichloromethane were 0.231%gm 0.267 cmg®, and 0.253 crg™?,
respectively. In case of the alkane series, the polume increased with increasing of the
molecular dimension of molecule with the order afthane < ethane < propamehutane
< n-pentane -hexane N-heptane. Total pore volume of benzene and tolueare ®.254
cm’gl and 0.193 crg?, respectively As seen in Table 6.9 and Table 6.10, the pore
volume calculated from the Langmuir plots is uspddiwer than those values obtained
from the maximum adsorption capacity due to thegamr model estimating the plateau
of the isotherm rather than the pore-filling effathigh relative pressur&.** **As will be
discussed in chapter 7, the isotherm plateaus lyshale a stoichiometric relationship
with the crystallographic formula unit.

Figure 6.26 shows the adsorption isotherms of wate NEW-1 at 298. All
isotherms were type V in the IUPAC classificati@meame. Initially, the amount adsorbed
at low relative pressure is low due to weak adgerbdsorbent interaction. However, the
significant uptake occurred at higher presspg’(0.15-0.3). This significant uptake was
followed by the plateau and the second uptake dymte filling. Calculated pore volume
at the plateau of water adsorption isotherm of ferun was 0.085 cig™, which is
consistent with the total pore volume calculateshfi\,, Ar and CQ adsorption on NEW-
1. However, the total pore volumes calculated frahd & water adsorption isotherms
are similar to the total pore volumes of 0.115gfMand 0.178 cry’ at the plateau and at
the second uptake at high relative pressure rasphctThe total pore volume calculated
from the 29 and & water adsorption isotherm runs were significamiiyher than those
values calculated from thé'tun of water and B Ar and CQ adsorption, indicating that
the structure of NEW-1 had increased slightly adig@sorbing the water vapour.

Gurvitsch’s rule states that the amount adsorbiedelative pressure close 1
represent complete filling of the pores with liquadisorbate provided the isotherm is
parallel to the relative pressure axis. Typicalbttal pore volumes obtained for a range of

adsorbates agree within + 5%. The calculated tptak volumes from many of the
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adsorbates agree with Gurvitsch’'s rule and the tallggraphic value obtained from
PLATON. This is evidence that the pore structure NEW-1 was recovered after
adsorption of some species. The role of framewtakildility in NEW-1 is discussed in
detail in Chapter 7 in relation to molecular dimens and isosteric enthalpies of
adsorption.

6.3.2 Gases adsorption on CMS-40 sample

Nitrogen adsorption on CMS-4Q 77 K was very slow due to activated diffusion
effects. Therefore, the porous structure of CMSw8s characterized, using €O
adsorption, at 298 K. As seen in Figure 6.27, tl@& @Sotherm at 298 K is a type |
adsorption isotherm as defined by the IUPAC classibn scheme, confirming the present
of uniform micropores in the sample. Furthermoritejsi apparent that no hysteresis
occurred. The Dubinnin-Radushkevich (D-R) equatias used to analyse the isotherm
and to characterise the micropore volume of CMSwifich was 0.312 cig’ and the

correlation is 0.9978.
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Table 6.11 Comparison of physical parameters for the probdeoutes used in this

stu dy.39' 41, 45-49
Polarisability Kinetic Molecular dimensions
Molecule x 10%/cm® diameter (pm) X, Y, z (pm)
O, 15.812 346.7 298.5, 293.0, 405.2
N, 17.403 368.0 305.4, 299.1, 404.6
Ar 16.411 354.2 363, 351
COo, 29.11 330.0 333.9, 318.9, 536.1
H,O 82.3-95.0 264.1 322.6,291.7, 388.8
Alcohol series
Methanol 32.3-33.2 362.6 381.0418.0495.0
Ethanol 51.1-54.5 453.0 416.0, 427.0, 633.0
n-Propanol 65 498.0 n/a
n-Butanol 89.9 540.0 416, 446, 891
Chloromethane series
Methyl chloride 47.2-53.5 418.2 n/a
Chloroform 82.3-95.0 538.9 618.1, 571.3, 461.3
Dichloromethane 64.8-79.3 489.8 n/a
Alkane series
Methane 25.93 375.8 382.9, 410.1, 394.2
Ethane 44.3-44.7 443 380.9, 407.9, 482.1
Propane 33.3-39.3 430-511 660.6, 451.6, 402.0
n-butane 82.0 468.7 785.5, 451.9, 401.4
n-Pentane 99.9 450.0 910.1, 452.2, 401 .4
n-Hexane 119 430.0 1034.4, 453.6, 401.4
n-Heptane 136.1 430.0 1158.9, 452.3, 401.4
n-Octane 159 430.0 1283.3, 401.4, 452.4
n-Nonane 174 n/a 1407.6, 401.4, 453.7
Aromatic series
Benzene 100-107.4 534.9 662.8, 733.7, 327.7
Toluene 118-123 525.0 662.5, 401.2, 825.2
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CHAPTER 7

Effect of oxygen surface functional groups on gas&ypour

adsorption on porous metal organic framework NEW1

Adsorption studies of a series of vapours varymgifhydrophilic to hydrophobic
including water, alcohol series (methanol, ethamepropanol, n-butanol), chloromethane
series (methyl chloride, chloroform, dichlorometiby alkane series (methane, ethane,
propane, n-butane, n-pentane, n-hexane, n-heptafogtane, n-nonane), and aromatic
series (benzene and toluene) were used to investifp@ influence of surface oxygen
functional groups present in NEW-1 on the adsorptibaracteristics. The results show
that methanol, ethanol, ethane, propane, methybrat¢ and chloroform adsorption
isotherm plateaus exhibited the stoichiometric aati:1 for amount adsorbed and
crystallographic formula unit of NEW-1, while n-panol has two plateaus with ratios
0.5:1 and 0.75:1. In comparison, dichloromethangsoahad a plateau with 0.75:1 ratio.
However, n-butane, n-pentane, n-hexane and n-heptaisorption isotherms had a
stoichiometric ratio 0.5:1 for amount adsorbed afamula unit of NEW-1 for the
isotherm plateaus. In contrast, n-butanol, n-octam@onane benzene and toluene vapours
did not show stoichiometric relationships betweelme tamount adsorbed and
crystallographic formula unit of NEW-1 for the ieetm plateaus. The results indicate that
1) specific interactions with oxygen surface fumadl groups were dominant for small
hydrophilic molecules e.g. methanol, ethanol argtepanol and 2) the importance of the
relative size of the adsorbate to the frameworkeeg¢ppore structure formed by the
crystallographic formula unit in determining isothe plateaus. Here in, the adsorption
isotherm, adsorption kinetic parameters, isostegigthalpies and activation energies
obtained from the experiments are discussed irticgldo the adsorption characteristics,

structural characteristics and dynamic respons¢hefframework to adsorption.
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7.1 Introduction

Porous materials have a wide range of applicatifor example, gas separation
and storagé;?® sensoré; ° catalysts and catalysts suppditsand as adsorbents for the
removal of environmentally friendly species fronther air or waste watér* Porous
materials are available in four main types a) at&d carbon b) inorganic materials
(alumino-silicate) ¢) microporous polymers and dgtah organic framework materials.
Traditional porous materials, activated carbon aeblite have been investigated
extensively. However, microporous polymer and metghanic frameworks materials are
very recent developments. The first adsorptionhsiwh for metal organic frameworks
materials (MOFs) was reported in 1987The unique characteristics of MOFs is the
capability of rational design of a wide range afisture with different surface chemistry.
Therefore, an understanding of fundamental aspddtse adsorption/desorption processes
are necessary to aid the design of new materialspiecific applications.

Both adsorption and desorption isotherms, ad&wrptapacity and sorption
kinetics are determined by adsorptive propertigsoebent pore structure and surface
functional group, and the experimental conditioAdsorbents with ultra-microporosity
may exhibit size exclusion, molecular sieving andhrgum sieving effects during the
sorption process (details in Chapter 3). Furtheemtre flexible nature of some porous
metal organic framework material structures cano alsfluence the adsorption
characteristic$> *

The role of surface chemistry groups in adsorptinporous materials is a critical
part of determining adsorption characterisationthie case of porous carbon materials,
there are two types of surface sites involved mptsan process. The first surface sites are
hydrophobic sites on graphene layers in the cadiorcture, while the second surface
sites, hydrophilic sites, such as hydroxyl, carbopgroxide and aldehydstc, are located
on the edges of the graphene layers formed duithgregas or chemical activation process
(see section 1.6). For water vapour adsorptiorsethydrophilic functional groups play a
role as primary adsorption centres and these aitesites for H-bond formation with water
leading to the enhancement of water adsorpfidh.The water adsorption on primary
adsorption centres is observed at low pressuretivitftiuster layer formation occurring at
higher pressure until filling the porosity occurs reear saturated vapour presstire®®
Functional groups on the surface of porous carlere ltonly small effect on adsorption
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capacity for some gases and vapours. This is becties adsorption capacity at high
relative pressure is determined by the availabte polume®®

In the case of porous metal organic framework re$e a wide variety of
framework topologies can be obtained by selectidnreaction-influencing factors
including using different metal coordination georest, multidentate ligand etc.
Transition-metal or lanthanide ions are metal @shsecondary building units (SBUs) and
mostly used as the nodes in the synthesis of nwetgnic frameworks to generate 3-
dimensional topology. Moreover, by choosing appaiprorganic linker, it is possible to
control pore sizes and surface functionality of dpen frameworké® 2! The results from
Samsonenko and co-work&showed that there is no specific interaction ekeap der
Waals interactions between the adsorption of ageéyinolecules on the wall of the non-
surface functionalised microporous metal formai&hile the comparative result from

Matsudaet al?

indicated that acetylene was hydrogen bonded tmithnon-coordinated
oxygen atoms on the pore surface of theiry(fzdcy(pyz), where pzdc = 2,3-
pyrazinedicarboxylic acid and pyz = pyrazine, y&lda very high acetylene uptake at a
density 200 time of acetylene at room temperatireaddition, the amount adsorbed at
saturation pressure was one molecule of acetylenéopmula unit. Vaidhyanathaat al?*
also reported that their amine-functionalised metgianic framework give high uptake
and high isosteric enthalpy of G@dsorption. Recently, synthetic modification agto
was introduced in order to substitute the new fionel group on the surface of metal
organic framework materials. This approach may lead wide range of applications of
MOFs. For example, Sagt al®® post modified the pyridyl groups in to the ligaod the
MOF surface by alkylation reaction at room tempset The presence of pyridyl groups
on the surface pore allowed the MOF to be used aetadyst. Tanabe and his coworker
reported a post synthetic modification of the angnoups in ligands of isorecticular metal
organic framework IROMF-3 by alkyl anhydride. Thi®st synthesis is based on the
reaction of the amino functional group with a vigrief chemicals at room temperature.
The post synthetic structure of IRMOF-3 maintaimtsdcrystalline structure and porosity.
Functional groups in the linker ligands on thefate of metal organic framework
materials play an important role on the adsorptiesérption processes but unsaturated
metal sites also influence the adsorption/desanppimcesses. For instance, Cletral?

|.27

and Dincaetal”’ reported that hydrogen can bind more strongly Withunsaturated metal

centre within the MOFs and given a very high isostenthalpies of hydrogen adsorption.
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Recent molecular simulation of the water vapouroguson showed that the water
molecules had a large affinity for the Cu metaltoein the Cu-BTC MOF (HKUST-1,
BTC- benzene-1,3,5-tricarboxylatd).

Fundamental studies of gas/vapour adsorption axiblle metal organic
frameworks are in their infancy stage compare tweioporous materials, e.g. activated
carbons and zeolites. It is apparently that som&lneeganic framework materials have a
flexible structure, e.g. pore windows of an intergieation structure of [Cu(dhb¢},4-
bpy)].H.O where dhbc = 2,5-dihydroxybenxoic acid and-Bgy = 4,4bipyridine, are
opened at specific pressure of the,CN, and Q but windows were almost closed below
the specific gate pressure. The authors suggdsaedhis unique property possibly allows

this MOF to be used for gas separation or serféarhao et al™®

reported that pore
windows of Np(bipy)s(NOs), opened at high pressure to allow the hydrogerbdo
adsorbed in the cavity but the windows remainededoat low pressure. This allowed the
hydrogen to be trap in the cavities of the MOFoat pressure.

The structure of NEW-1 with DMF located in the @®rhas an uncoordinated
oxygen in the pore wall at a van der Waals distdrm® the non-coordinated Cu centre.
The DMF is not coordinated directly to the poreface by specific interactions. The pore
structure collapses on desolvation and it is pregdbat structure results in the oxygen
functionality and/or Cu centre, which are in clogeximity being available in the
desolvated structure. The objective was to prolesdrsites in NEW-1(details in section
6.1.1.1) with molecules of varying hydrophilic ahgidrophobic character to investigate
the dynamic response of the framework to adsorptibrgases/ vapours. Hydrophilic
vapours include water and four alcohols (methagtbianol, 1-propanol and n-butanol) and
three polar chloromethane compounds (methyl chdgriichloromethane and chloroform)
were also studied. Nine hydrophobic alkane gasmsolws (methane, ethane, propanre,
butane, n-pentane,n-hexane, n-heptanes,n-octane andn-nonane) and two aromatics
(benzene and toluene) were investigated. Adsorpbioprobe molecules with varying
hydrophilic and hydrophobic character and polanigre used to probe the surface

chemistry of the MOF and the dynamic response ®MIDF to adsorption.
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7.2 Alcohols adsorption on NEW1

7.2.1 Adsorption isotherms of alcohols

Four alcohol vapours methanol, ethanol, 1-propand n-butanol were used for
adsorption/desorption studies of NEW-1 sample. @tssption studies were conducted at

temperatures ranging from 298 K to 318 K.

7.2.1.1 Adsorption isotherms of methanol and ethaiho

Adsorption isotherms of methanol and ethanol Hewint five temperatures are
shown in Figure 7.1a-b and Figure 7.2a-b, respelgtivihe isotherms of both methanol
and ethanol are all type | in the IUPAC classificatscheme, but have deviations at high
relative pressure where there is a steep uptakeespmnding to the approach to pore
filling. The isotherms overlap much more closelyen plotted on a relative pressure. All
isotherm have a steep uptake at very low relatresgure region (as shown in Figure 7.1b
region |), followed by a plateaull(). The methanol isotherms from five different
temperatures reached the plateau p4t° ranging 0.12-0.15 and amount adsorbed
corresponding to one molecule of methanol per alggraphic formula unit of the NEW-

1 (Figure 7.3a). The ethanol isotherms reach thteal ap/p’ ranging 0.19-0.22, and the
amount adsorbed on the plateau also correspondsnéo molecule of ethanol per
crystallographic formula unit (Figure 7.3b). Thiglicates that one methanol or ethanol is
adsorbed per un-coordinated oxygen in the ligandEWV-1. The isotherms at 298 K and
303 K of both methanol and ethanol exhibited thevand curvature at high relative
pressure close to 1 where pores filling occursigredjl in Figure 7.3a). The total pore
volumes of methanol and ethanol calculated fronsé¢hepward curvatures were 0.263
cm’g?t (~p/p° 0.984) and 0.262 chy™ (~p/p’ 0.966), respectively which are consistent
with the total pore volume (0.269 2mg?) obtained from crystallographic calculations
using PLATON.

Fletcheret al®° reported isotherms for ethanol adsorption on a¢hethanol )
and methanolNl) template phases of Nbpy):s(NOs)s, bpy = 4,4 bipyridine, exhibits
plateaus while the adsorption isotherms for methahnowed a gradually increase without
reaching a plateau. The plateau of ethanol isothdéonE corresponded to pore filling and

coordination of the ethanol to the uncoordinateggex of the nitrate group. These
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methanol and ethanol adsorption isotherms are airtol that observed for methanol and

ethanol adsorption on activated carBori?

7.2.1.2 Adsorption isotherms oh-propanol

Figure 7.4a-b shows isotherms afpropanol adsorption on NEW-1 over
temperature range 298-318 K based on pressure edaiive pressure, respectively. All
n-propanol isotherms are exhibited step isothermshiwtan be divided in two five regions
(see Figure 7.4b). At very low relative pressurg the isotherms exhibited very steep
uptake followed by an initial plateau afp#’ 0.048-0.051( ). Then, the isotherms have a
step uptakelll ) before reached the second plateau g/p> 0.4 (V). The adsorption
isotherms of at 298 K and 303 K exhibited the umlv@airvature at high relative pressure
due to ~p/p’ close to 1Y). The total pore volume obtained ap/® 0.812, (298 K) was
0.244 cm g*. Amount adsorbed at the first plateau correspands0.5 molecules per
crystallographic formula unit of NEW-1, as showrFigure 7.6a. This suggests that the
propanol molecule is coordinated to alternate serfaxygen groups in NEW-1. The
second plateau corresponds to ~0.75 molecules pystalbographic formula unit of
NEW-1. Furthermore, the pressure at the second afteppropanol adsorption begins
increases with increasing temperature. A graplm(@iessure\ersusl/T was linear (R=
0.9995 (see Figure 7.7). The enthalpy of adsorptias ~ 63.8 + 0.9 kJ midlat this point
on the isotherm. It is proposed that it is relatedframework flexibility leading to
structural change in NEW-1 and rearrangement of atisorbate in order to increase
adsorption.

Framework flexibility is well established as a@mportant property of metal
organic frameworks. Fletchet al®® showed that adsorption of ethanol and methanol on
the ethanol template phase obL®py)(NOs)4, (bpy = 4,4 bipyridine), the windows were
too small to allow the ethanol and methanol tosghsough without framework flexibility.
A scissoring motion of the crystallographic unill @gas observed during adsorption. Also,
the methanol isotherm had a step at 2 methanol aulgle per Ni(bpys(NOs)s,

|.34

corresponding to structural change due to framevileskbility. Cussenrel al.”™ reported

that methanol NI) template phases of Mbpyk(NOs)s, bpy = 4,4 bipyridine, can

accommodate the adsorptive molecules with lages #man pore window due to the

|35

flexible sorption of the framework. Uemurat al”™ showed that the metal organic
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framework [{Zn(1,4-bdc)(dabco)}] (where 1,4-bdc=1,4-benzenedicarboxylate and
dabco=1,4-diazabicyclo[2.2.2]octane) exhibited daoaption step for propan-2-ol due to
expanding of the structureSimilarly, the metal-organic framework MIL-83 also
exhibited the opening or breathing of the framewonhich leads to a step in the
adsorption isotherm. It is evidenced that this thrieg effect occurred by rotation of the O-
C-O and C-Cbonds in the framework which is induced by eithdsaption at high
pressure or by relatively strong bonding betweesodshte-adsorbergpecies along the
channel of MIL-55. This report also showed thaelfthe breathing phenomenon, the
adsorption capacity increases to about 20 wt %. elkept al>’ synthesised MOF
[Co(H20)e]Ho(tc-ttf)-H,O which constructed by the 3D hydrogen-bonding oetw
between H(tc-ttf: tetra(carbonyl)tetrathiafulvalene) ionsdafCo(H,O)e].. This compound
showed a crystal-structure transformation on thmeonaal of two water guest molecules,
which is indicated that formation of hydrogen bontswater molecules play an important
role in this transformationKitamura et al®*reported that [Cifpzdcy(dpyg)h(pzdc =
pyrazine-2,3-dicarboxylate; dpyg = 1,2-di(4-pyridyycol) adsorbed methanol molecules,
while excluding methane. This is associated witke thydrogen bonding interaction
between the methanol molecules and the OH grouplseoflpyg ligands, which is strong
enough to transform the channel structure to allbw incorporation of the guest

molecules.

7.2.1.3 Adsorption isotherms oh-butanol

The adsorption isotherms fosoutanol are shown in Figure 7.5 a and 7.5 b based
on pressure and relative pressure, respectivelg. i3ttherms are type | in the IUPAC
classification scheme. Ah-butanol isotherms exhibited small upward curvatairerery
low relative pressurel up to ~p/p’ 0.05 then increased! | until reaching the plateau
(I1') and this was followed by the small upward curvesu(V ) of the isotherm atp/p’
close to 1(see Figure 7.5 b for the regions). Unlike other methanol, ethanol and
propanol isotherms for NEW-1, the small upward etuve is only observed in the
adsorption isotherm of the largesbutanol, which is presumably due to structural gean
which leads to opening of the desolvated mateaallow the vapour oh-butanol to be
adsorbed. The total pore volume calculated fromufstake was 0.20 chy* (~p/p’0.942),

which is lower than the value obtained from crystiaphic data and adsorption of other
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alcohols as mentioned previously (See Table 712¢. amount oh-butanol adsorbed at the
plateau of adsorption isotherm was 0.65 molecukoded on crystallographic formula
unit of the sample as shown in Figure 7.6b. Thi® radicates that there is probably no

specific adsorbate-adsorbent interaction relateearystallographic formula unit.

7.2.2 Effect of oxygen surface functional groups ottne isotherms of alcohols

adsorption on NEW1

Adsorption of ethanol and methanol on NEW-1 sasplshowed the
stoichiometric ratio 1:1 between the number of latdomolecules adsorbed and the
formula unit. This result is ascribed to hydrogeonding between the OH group of
alcohols with carboxylate non-coordinated oxygerhia pore wall of the NEW-1 (details
of the NEW-1 and its non-coordinated oxygen areidesd in Section 6.1.1.1). However,
the copper is 5 coordinate and this is also invibmity of the non-coordinated oxygen. In
contrast, adsorption isotherms mfpropanol has a stoichiometric ratio 0.5 : 1 of the
propanol per formula unit of NEW-1 due the hydrdighalkyl chain of n-propanol being
longer than those methanol and ethanol and raestyithe space available for specific
interactions between the hydroxyl group and thee goirface (Table7.2). The step in the
n-propanol isotherm results in a new plateau ab&lgbmetric ratio 0.75 : 1 and this step
corresponds to a minimum in the isosteric enthalfpgdsorption and the isosteric entropy
of adsorption becomes less negative. This indictitas there is an increase in disorder
during the step and this is discussed in detael lex the chapter. In case of thdoutanol
where no stoichiometric relationship is observdte ton-specific interactions of the
hydrophobic chains are dominant rather than therdpfdlic OH-surface oxygen
interaction.

The crystallographic data indicated that solvatedn of NEW-1 has pore
dimensions of approximately 7.09 x 5.65 A. Howetbe powder X-ray diffractogram of
desolvated NEW-1 differed from the solvated formigating structural flexibility and the
total pore volume (Madsorption at 77 K) of the desolvated form was mogver than the
PLATON pore volume indicating collapse of pores., 8® window dimension of the
desolvated form is expected to be much smaller th@8 x 5.65 A due to framework
collapses. A similar result was reported by Keperal®” which is reported that window
dimension of desolvated structure of [CeQk]H2(tc-ttf)-H,O where tc-ttf is
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tetra(carboxyl)tetrathiafulvaleneeduced from about 9 x 7 to 8 x 5 A. However, there
appears to be evidence indicates the flexibilityhef NEW-1 structure, e.g. opening of the
pores in the desolvated pore structure as showromparison of total pore volumes for

alcohols with N total pore volume, step adsorption isotherms-pfopanol (region III)

and upward curvature at low relative pressure regichen-butanol adsorption.

Table 7.1 Temperature dependence on the step adsorptimp@panol on NEW-1

Temperature (K) Pressure(mbar) Relative pressure

at the beginning of (p/p°)
the step isotherms

298 ~3.9 ~0.12

303 ~5.9 ~0.13

308 ~8.9 ~0.15

313 ~13.0 ~0.16

318 ~19.9 ~0.19

Table 7.2Summary of adsorption data for plateau regiorisatherm for NEW-1

Amount Relative Sorbate
Total pore pressure i
adsorbed at molecules Molecular size
Sorbates volume at start of AL 3%
plateau at o/p° ~1 plateau per formula (A)
(mmol/g*1) PP (o) unit
Methanol 3.2-3.28 0.263 0.12-0.15 11 3.81, 4.1395
Ethanol 3.2-3.23 0.262 0.19-0.22 01:01 4.16, 4233
n-Propanol 1.5-1.6 0.048-0.05 0.5:1
n-Propanol 2.1-2.3 0.244 0.4-0.5 0.75:1 B8
n-Butanol 2.0-2.03 0.200 0.31-0.32 0.65:1 4.16648191

* Minimum dimension; MIN-1, MIN-2, MIN-3
** MIN-3

185
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7.2.3 Adsorption thermodynamic measurements of altwls

Isosteric enthalpies and entropies of adsorptiere calculated at constant surface

coverage using the Clausius-Clapeyron equitidh**as shown below:;

AHVap AS
4
RT R

In(p) = -

where p = the pressure
AH.ap = isosteric enthalpy of vaporisation (kJ ol

AS = entropy of adsorption (kJ rifpl

T = temperature (K)

In (p) values from five temperatures ranging from 298-B18ere plotted against
1/T (K™ at fixed surface coverage. Gradients obtaineah fifeese straight line graphs were
used to calculate the isosteric enthalpy of adsmrQs). Also, an intercept which equals
to 4S/R can be evaluated. Examples of the plotdngb) againstl/T at fixed different
surface coverage are shown in appendix D. Thedagostnthalpies of adsorption for all

alcohols adsorption on NEW-1 are shown in Figu8e 7.

7.2.3.1 Isosteric enthalpy and entropy for methanahnd ethanol adsorption

The isosteric enthalpy of adsorption obtained frtra methanol and ethanol
adsorption decreased with increasing of surfacereme to ~ 0.75 mmol’gand ~1.0
mmolg*, respectively (See Figure7.1b and 7.2b). In regiorthe isosteric enthalpy of
adsorption of methanol was quite constant whilstesac enthalpy of adsorption of ethanol
gradually increased. This plateau regibncorresponds to the stoichiometric ratio 1:1
between molecules of either methanol or ethanabrdesl on crystallographic structure of
NEW-1. The values obtained for methanol adsorptianed with surface coverage in the
range of 57-65 kJ mdl(value at zero surface coverage 63.95 + 1.00 KJ'yrand were
higher than the enthalpy of vaporization of 35.2vd™. These values are slightly higher
than the values obtained for methanol adsorptiormathanol ¥) template phase of

Niy(bpy)(NOs), as shown in Table 7.3. Ethanol adsorption gavasiteric enthalpy of



CHAPTER 7 Effect of oxygen surface functioal groups on vapours adsorption/

adsorption of 62-74 kJ mibl(value at zero surface coverage 71.68 + 2.55 K3 nwhich

is much higher than its enthalpy of vaporizatior88f6 kJ mot. The values of enthalpies
obtained from methanol and ethanol adsorption #ghtly higher than those values
obtained from adsorption on activated carbon. Thegker isosteric enthalpy values at
zero surface coverage indicate that both methambleghanol have stronger bonding with
NEW-1 than activated carbon.

Detailed analyses of isosteric entropy of methaaud ethanol adsorption on
NEW-1 are shown in Figure 7.9. The highest valdasasteric entropies obtained for both
methanol and ethanol adsorption were found at twe $urface coverage which is
consistent with a very sharp adsorption isotherntoat pressure region. The isosteric
entropies adsorptions of methanol and ethanol atear become more negative with
increasing of the surface coverage showing theeasmd structural order during the

adsorption process.

7.2.3.2 Isosteric enthalpy and entropy fon-propanol adsorption

Isosteric enthalpies oh-propanol adsorption on NEW-1 decreased with
increasing surface coverage until being virtuallychenged in the region of the first
isotherm plateau, which is corresponds to ~0.5 oubds adsorbed per formula unit of the
NEW-1, while the lowest values were observed atasercoverage in the range ~1.7 -2
mmol g*, which is the region of the isotherm step. Theugio was at ~58 kJmdl
Thereafter, the isosteric enthalpy gradually insesawith increasing amount adsorbed.
The isosteric heat of adsorptionmepropanol is in range of 58-77 kJritadnd the value at
zero surface coverage was (78.55 + 2.51 kdindlhese isosteric enthalpies are similar to
those values obtained from adsorptiomedropanol on activated carbon and Co-formate
MOF as shown in Table 7.3.

Isosteric entropy obtained farpropanol adsorption on NEW-1 is shown in
Figure 7.9. At low surface coverage, there is #elithange of isosteric entropy with
surface coverage. It is apparent that the isosggriopy decreases sharply with increasing
of surface coverage from ~1.0 to ~1.6 mmdl and followed by a sharp increase with
further increase in surface coverage. This shacgpedse corresponds to the plateau of the
adsorption isotherm while the later increased spweds to the step of the adsorption

isotherm where structural change occurs in ordactmmmodate more molecules.
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7.2.3.3 Isosteric enthalpy and entropy fon-butanol adsorption

The isosteric enthalpy ferbutanol adsorption on NEW-1 was high (92.91 + 3.46
kJ mol'.) at zero surface coverage and then decreasediniteasing amount adsorbed
covering the range ~72-92 kJrtolThis high isosteric enthalpy presumably due ® th
large size oh-butanol induced structural change as can be seémeaupward curvature of
the adsorption isotherm at very low relative pressiven through, the amount adsorbed
increased from ~0.75-2.0 mmot'gbut the isosteric enthalpies were quite steady8at
kdmol*. This is corresponds to the amount adsorbed atplaau of the adsorption
isotherm. These values are much higher than theakmyt of vaporization of 43.3 kJmbl
and the enthalpy ofi-butanol adsorption on Co-formate M®Fbut it is similar to the
values obtained from adsorption on carbth$'

Isosteric entropy obtained farbutanol adsorption on NEW-1 is shown in Figure
7.9. The isosteric entropies obtained elbutanol adsorption become more negative with
increasing of the surface coverage. The trend efislosteric entropy obtained for

butanol adsorption is similar to methanol and ethan

7.2.3.4 Effect of oxygen surface functional groupsn the thermodynamic of

adsorption of a series of alcohols &NEW-1

Figure 7.10a shows the isosteric enthalpies at s@rface coverage obtained from
each alcohol adsorption on NEW-1 plotted againstilmber of carbon atoms in alcohols.
The linearity of the plot with correlation 0.998csts that there is a steady increase in the
adsorbent-adsorbate interaction energy with inangasf chain length. It is clear that the
order of isosteric enthalpy of adsorptiorbutanol >n-propanol > ethanol > methanol

Similar results were found in the gas chromatogiastudied of Carrott and
Sing™ which reported that, at zero surface coverageisthteric enthalpies of adsorption
of n-alkane,n-alkenes and aromatics on various activated carborease approximately
linearly with increasing of carbon number. A simileend of the isosteric enthalpy of
adsorption was also observed from the adsorption-alkanes (n= 5-8) on precipitated
calcium carbonat& The linear relationship of isosteric enthalpy déarption with carbon
number also depends on the polarisability of baisogbent and adsorbdfe.*® The

isosteric enthalpy for methanol adsorption on NEWg-hpproximately 2.7 times higher
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than the enthalpy obtained from methanol adsorptiomon-porous natural graphite (See

Table 7.3). This is probably due to channel-likedcroporous structure of NEW-1

enhancing the adsorbate-adsorbent interactionsinipai high isosteric enthalpy of

adsorption. Similar results have been reportedHferisosteric heats of adsorption gf Gy

alkanes on slit shaped microporous carbon, whieheahanced 1.2-2.0 times compare to

non-porous carboft: *' The isosteric enthalpies for both ethanol and areshadsorption

on NEW-1 were found to be higher ~1.2-1.6 timesntlilaose values obtained from
activated carbon and ~1.2-1.4 times than the vabl¢sined for theM andE phasesof

Niz(bpy)s(NOs)s, This is presumably due to hydrogen bonding betwakohols and

uncoordinated oxygen functional groups on the serfsf NEW-1. The isosteric enthalpies

for methanol and ethanol are similar to the valok®ined from both activated carbons

and theM andE phases oNiy(bpy)(NOs)s. The length of the alkane chain is clearly a

factor in determining the adsorbate-adsorbent acteon as well as the OH- functional

group. The increase in non-specific interactions dtkyl chains in alcohols become

increasingly important with increasing chain lengtid dominate the adsorbate-adsorbent

interaction for longer chain lengths. Hence, thange from specific hydrogen bond

dominated interactions far-propanol to non-specific interactions of the alkilains for

n-butanol.

Table 7.3Isosteric enthalpies of adsorption obtained fraerdtures.

Isosteric enthalpy of AdsorbatesQy (kJmol™)

References Adsorbents Temperature
Methanol Ethanol n-Propanol  n-Butanol
Enthalpy of
evaporisatiof?’ *° 35.2 38.6 40.45 43.3 *
This study 57-65 62-74 58-77 72-92 MOF-NEW-1 298-318 K
(63.95+1.0)** (71.68+2.5) (78.55+2.5) (92.91+3.4)
Taqui et al* ~45-70 ~50-70 ~55-86 ~61-79 Activated carbon 398K
Herryet al® 36.44 54.78 59.47 76.87 Activated carbgn 473-626 K
Fletcheret al* 39-52 44-63 51-56 Activated carbom 288-313 K
Prasetycet al.> 55.2 Activated carbon 303-323 K
Ludwig etal *’ 21.8 42.3 Natural graphite 303-623 K
42.3 Carbon black 303-623 K

Kunhaoet al.*° 58 62 76 56 Co-formate MOF -
Fletcheret al® 39-56 40-58 MOM andE? 268-288 K
Stoczyski et al > 45-49 CuO-ZnO-AD; | 433-493 K

* these values were determined at its boiling pdihvalue at zero surface coverage

& ethanol (E) and methanol (M) template phases efblNy)(NOs)s where bpy = 4,4

bipyridine
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7.2.4 Adsorption kinetics of alcohols

In a previous study of the methanolNl) and ethanol §) template phases of
Ni(bpy)(NOs), indicated that the adsorption kinetics of both auas at low surface
coverage obey a linear driving force (LDF) modelhil&, both methanol and ethanol
adsorption kinetics follow a combined barrier remise/diffusion model at high surface
coverage. Raet al® reported that there are two processes involvethénadsorption
process; a) diffusion along the pores and b) didffushrough the barriers at constrictions
in the porosity. The Fickian diffusion model isltaed when the former process is rate
determining while the LDF model is followed for thHatter. A combined barrier
resistance/diffusion model is followed when botlogasses are significantly control the
kinetics. The results from Finqueneis¢lal> also indicated that the kinetics of methanol
adsorption on activated carbon obey the LDF mddelever, the kinetic results obtained
for the adsorption of all alcohols on NEW-1 studgtsbwed that the LDF model does not
give a good fit for the experimental data. Therefa stretched exponential model (SE)
was used for fitting the experimental data and ¢ines a very good fit and the residual
errors obtained from this model being typically ab& 2 %. Details on SE model are
already discussed in section 2.6.5. Examples ®fSE and LDF model fitted on the
kinetics of all alcohols are provided in Appendixl&s clearly that the SE model provides
reasonably good fits for all kinetic profiles o€ahols adsorption.

The SE model, the model previously was used ttys@d} and b adsorption on
carbon molecular sieve (CMS) and a microporousbardf, adsorption of organic vapour
pollutants on activated carbn ammonia adsorption on porous silic8nand water
adsorption in activated carbotfsin case of the NEW-1, the structure is flexiblehaa
unidirectional array of pores. However the poredtre collapses as shown by the total
pore volumes obtained from Ar (77 K)r7 K) and CQ (195 K) adsorption and is
opened by adsorption of alcohols, which involvescHfr interactions (methanol, ethanol
and n-propanol) and non-specific interactions in theecagn-butanol. The SE model fits
the adsorption kinetics for all the isotherm stefiie rate constants change as a function
of surface coverage. In the cases of methanolnethand n—propanol where specific
interactions occurf values obtained from regiohandIll of the adsorption isotherms
were in the ranges ~0.75-0.90, ~0.67-0.98, and6-0.8.85, respectively. In the casenef

butanol, where the interactions are non-specffigalues were in the ranges ~0.50 to ~
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0.91. When the SE exponeght 1, this indicates that SE model reduces to D€ model
and is 3-dimentional with a single relaxation tiriéhen the SE model givgsvalues of
~ 0.75, the adsorption kinetics are a 2-dimensigmratess and whefi = 0.5 it is 1-

dimensiolnal with a distribution of relaxation tis™

7.2.4.1 Adsorption kinetics of ethanol and methanol

Figure 7.11a and b show the SE kingiie constants and exponents for methanol
adsorption on NEW-1 at 298 K based on pressureaaralint adsorbed, respectively. The
isotherm has three regions and the changes in cakpuotential gradients in these regions
influence the kinetic parameters. In regininitially the SE kinetics rate of constants
decreased until reached the minimum value at tesspre step close to ~0.6 mbar (~ 1.0
mmol g%). The SE adsorption kinetic increased with indregsf the amount adsorbed up
to ~ 3.0 mmol g as the chemical potential gradient gradually insesa The highest
amount adsorbed is corresponds to the isothernegulatvith stoichiometric ratio 1:1
between methanol and crystallographic unit. Inaedi, corresponding to the plateau of
the isothermthe adsorption kinetic parameters were too fasietermine accurately. This
region gave fast SE kinetic rate constants in #mege of 0.02-0.08s his upward
curvature corresponding to pores filling (regldn) resulted in slowing adsorption kinetics
due to decreasing chemical potential gradientlferSE kinetic exponent, tifewere quite
constant in ranges ~0.75-0.84 with pressure stepljalow 1 mbar (see regidij. In
regionlll (~150-165 mbar), thg values were increase with increasing of the amount
uptake and reach the maximum value ~0.9, whiclosedo the LDF model.

Figures 7.12a and b shows the variation of gd&or kinetic parameters for
ethanol adsorption on NEW-1 at 298 K based on ttesgore and amount adsorbed,
respectively. In regiom, it is apparent that the SE rate constant graguadireased with
increasing surface coverage. The rate constamtsasta0.0026 $and increased to ~0.0125
s* (~4 mbar) which is corresponded to ~3.0 mnidlaglsorbed on NEW-1. This increase
can be attributed to the change is chemical paegtadient with increasing pressure.
Region |l is the isotherm plateau region (amount adsorbedt30® mmolg) and this
corresponds to the stoichiometric ration of oneaeth per one crystallographic formula
unit. The adsorption kinetics in this region weve fast for accurate measurements in the

pressure range > 4 -70 mbar. In regidnwhere pore filling is approached, the SE rate
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constants were decreased. The expopiemtitially the SE rate constant is very close to
LDF then the rate of SE rate constants were graddakcreased with increasing of the
surface coverage. The values obtained from red¢ji@nd Ill covered ~0.67-0.98 and

~0.76-0.84.

7.2.4.2 Adsorption kinetics oin- propanol

Figure 7.13-7.14 shows the SE kinetic paramet@rsi-propanol adsorption on
NEW-1 at 298 K with pressure and amount adsorkeshectively. Both SE rate constants
and exponents change in relation to the fiyeropanol isotherm regions. In regibnthe
SE rate constants increase from ~0.005 to ~070at pressure ~0.2 mbar. The isotherm
step ends at approximately 1.5 mmé! and this amount adsorbed corresponds to the
stoichiometric ~0.5:1 oh-propanol and crystallographic unit. The increaseSE rate
constants in isotherm regidns consistent with the change in chemical potégtiadient.
The SE rate constant for the pressure steps ~B.&bar were obtainable due to the very
fast adsorption kinetics on the first plateau aagtion isotherm (regioli ). The trend of
SE rate constants in regidh is exhibited a “U” shape and this follows the tresfdthe
chemical potential gradient. Initially, SE rate stant were sharply decrease with
increasing of pressure and surface coverage. Shiecause the flexible MOF structure
changes in order to increase adsorption beyond.8é& n-propanol: Formula Unit ratio.
Then the SE rate constants were increased asotielisn reached plateau (regidh). The
SE rate constants in isotherm regldh (~10-17 mbar) were very fast, which is similar to
plateau regioril. Isotherm regior\vV starts at a pressure of ~17.5 mbar with the amount
adsorbed ~2.5 mmol'g In this region, the SE rate constant decreased f0.03 to 0.001
s' (27.5 mbar) as pore filling takes place. For tEekietic exponent g) the valuesvere
in the range ~0.80 — 0.85 up to amount adsorbedl m2nol g* (see regiorl). At region
Il (~7.0-7.8 mbar), thg values were slightly decrease from ~0.82 to 0.66.

7.2.4.3 Adsorption kinetics oin- butanol

The variations of SE rate constant with eithesspure or amount adsorbed ffier
butanol adsorption are shown in Figure 7.15a aridb/.respectively. Both SE rate
constants and exponents are discussed in ternfwed tegions, which are based on the
regions of adsorption isotherm. In regibnthe SE rate constant tends to increase with
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increasing of both pressure and surface coveragéheschemical potential gradient
increases. The rate constants obtained for tHmitanol adsorption range increased
initially from ~0.001 to ~0.005 at ~0.08 mbar. Thisaximum SE rate constant is
corresponded to the amount adsorbed of 1.6 mmiolagthe plateau ofi-butanol
adsorption isotherm. The SE rate constants werdaido be measured accurately in the
pressure range ~0.09-7.0 mbar in the plateau rdbidn regionlll , the SE rate constants
were decreased with increasing of both pressureaamount adsorbed which related to
filling of the pores as can be seen in adsorptsathierm. These changes follow the trends
expected from the chemical potential of the isather In the case of SE exponent, the
values for adsorption ofi-butanol do not change markedly with increasingsofface
coverage until the plateau of adsorption isotheymeached. In contrast, thevalues ofn-
butanol obtained beyond the isotherm adsorptiotealadecreased markedly from ~0.9 to
~ 0.5 which corresponds to the upward curvatur@adsforption isotherm as pore filling
takes place. The change Bffrom 1 to 0.5 indicates a change from a 3-dimerdio
process with a single relaxation time to a 1-dineme process with a distribution of
relaxation times. It is interesting to note that gtructure of NEW-1 is an unidirectional

array of pores

7.2.5 Activation energies for alcohol adsorption olNEW-1

The variations of SE rate constant with amoursodokd obtained at temperature
range 289-318 K for adsorption of alcohols on NEWate shown in Figure 7.16-7.19.
Typically, the SE rate constants in regilonorrespond to the initial adsorption uptake to
the plateau of the adsorption isotherm. The SE catestants fon-propanol adsorption
were obtained from both regioris and Il (step adsorption). As expected, the rate
constants increase with increasing of the temperatu

The activation energies corresponding to barrierditfusion of alcohol vapours

into the pores of NEW-1 sample were obtained usliegArrhenius equatioft: *®
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In k =1In A—E
RT

wherek is the rate constanf is the pre-exponential factoE, is the activation
energy,R is the universal gas constant ahds the temperature (K). The values of In(k)
versus 1/T were plotted and the activation enerdoe each amount adsorbed were
obtained from the gradiertE/R3" *° The SE rate constantg) (for specific surface
coverages were calculate by linear interpolatiotbwben adjacent isotherm points for
constant surface coverage. The In(k) values at gerface coverage were calculated by

extrapolation of the In(k) versus amount adsorhbreglys

7.2.5.1 Activation energy of methanol and ethanoldsorption on NEW-1

Figure 7.20 shows the activation energies for nrethadsorption on NEW-1 for
specific amounts adsorbed. It is apparent that dab&vation energy increases with
increasing surface coverage and reached the peak7 kJ mot at ~1.75 mmol §. An
increasing of activation energy is probably duestauctural change due to framework
flexibility leads to an increasing of diffusion b@r and decreasing SE rate of constants.
After the peak, the SE rate constants increase thedactivation energies decreased
dramatically to a minimum value of ~14.0 kJ thé¢+2.75 mmol &) as the pores of the
flexible framework open to accommodate more adderbmolecules. The activation
energies for adsorption covered the range 14 —-R2&&* and the value at zero surface
coverage was 14.47 + 1.15 kJ ol

Figure 7.21 shows the activation energies for ethadsorption on NEW-1 based
on the amount adsorbed calculated using the SEEoatstants. The activation energies for
adsorption covered the range 22 — 31 kJhauld the value at zero surface coverage was
24.53 + 0.64 kJ mdl The activation energies obtained for both methama ethanol
adsorption on NEW-1 are similar to those valuesioled for activated carbon and MOF
Niy(bpy).(NOs)s M andE phases as shown in Table 7.5.
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7.2.5.2 Activation energy fom-propanol adsorption on NEW-1

The activation energies fon-propanol adsorption were obtained from two
adsorption regions, from low relative pressurehisan regionl() and from step adsorption
region (Il ) as shown in Figure 7.22a and b, respectively. adivation energies obtained
from regionl did not change significantly with increasing ambadsorbed while the SE
rate constant decreased slightly. The value ofaiitin energies at this region covered the
range 30-38 kJ mdlwith the value at zero surface coverage of 33.3319 kJ mot. The
activation energy at the step adsorption initiatigreased with increasing of the amount
adsorbed to the steepest part of the isotherm deredsed as the isotherm approaches the
adsorption isotherm plateau (regitvl). This trend corresponds well with the SE rate
constant which initially decreased due to the iaseel diffusion barrier followed by an
increase with decreasing diffusion barrier. Theugabf activation energies at this step
adsorption region covered the range 42-57 kJniois clear that the activation energies at
low relative pressure region are much lower thase¢hactivation energy obtained in the
step adsorption region. The large value for thevaibn energy in the step adsorption
region (Il ) is presumably due to structural change of NEWRlorder to increase

adsorption and minimise adsorbate-adsorbate iritensc

7.2.5.3 Activation energy fom-butanol adsorption on NEW-1

The highest activation energy (75:848.19 kJ mof) for n-butanol adsorption was
obtained at the zero surface coverage. This isv@t by a decrease in activation energy
and reach the lowest value of 415&.38 kJ mol at ~ 1.3 mmol § adsorbed (Figure
7.23). The initial large value for the activatiomeegy at low relative pressure is due to the
initial filling of the narrowest porosity, with theighest energy in the collapsed desolvated
structure. This corresponded to the slowest SE cainstant at the initial stage of
adsorption process (regidi The structure gradually expands with adsorptmigive a
structure with a pore volume of 0.2 £gt', which is slightly lower than the values in the

region 0.26 crg™ obtained for methanol and ethanol.
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7.2.5.4 Effect on the oxygen surface functional gups on the activation energy

The literature on the activation energy for aldstemsorption on materials is very
rare. However, some data obtained from the liteeatre showed in Table 7.5. The
activation energies obtained from the methanol etidnol adsorption on NEW-1 over
temperature range 289-318 K show similar valuethése obtained for activated carbon
and M andE phases of N{bpy)(NOs), while the activation energy obtained for
butanol adsorption on NEW-1 was much higher than \hlues reported for activated
carbon®® Higher value of activation energy ofbutanol compared the other alcohols
studied is probably due to high diffusion barriaused by the larger size compared with
the NEW-1 pore structure. Figure 7.24 shows thévaobn energies at zero surface
coverage obtained for alcohols adsorption on NEWith the number of carbon atom of
alcohols. Although the linear relationship is reely weak it still indicates that the
activation energy increased with increasing ofribember of carbon atom. In comparison,
both the activation energies and isosteric enthalpi adsorption were listed in Table 7.6
and their values at zero surface coverage wereeglas seen in Figure 7.25. It is clear that
both isosteric enthalpies and activation energyeased with increasing of number of
carbon atom for adsorption of;<€C, alcohols on NEW-1. Additionally, the enthalpies
obtained for adsorption of methanol, ethanol angropanol are much higher than the
activation energy. This indicates that the enthadpyadsorption controls the barrier to

diffusion via a site-to-site or hopping mechanism.

Table 7.5Comparison of activation energies of adsorptio@e€,alcohols obtained
from this study and litenagds.

. . _1
References Activation energy, & (kJ mol”) Adsorbents Temperature
Methanol Ethanol n-Propanol n-Butanol
This study 14 - 29 22 -31 30-38 41-73 NEW-1 98-318 K
42 — 57*
Fletcheret al®* 8-40 10-49 20-38 Activated carbgn 288-313
Fletcheret al®® 16-33 10-60 MOIE 268-288 K
Fletcheret al®® 4-242 MOFM 268-288 K
5-64°

* determined at the step adsorption ofisleéherm
2and® represents the values at slow and fast kinetgpeetively, obtained

from DE model
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Table 7.61sosteric enthalpies and activation energies nbthfrom alcohols
adsorption on NEW-1.

Adsorbates Isosteric enthalpy at zerg Activation energy at zero
surface coverage surface coverage
Qst (kdmol™) Ea (kJmol™)
Methanol 63.95 £ 1.00 14.47 +1.15
Ethanol 71.68 £2.55 24.53 £ 0.64
n-propanol 78.55+2.51 33.33+1.19
63.36 £ 2.17 49.95 + 3.05
n-butanol 92.91 + 3.46 75.34 £3.19

* Mean value determinedhag step adsorption of the isotherm

7.3 Adsorption of water vapour

As described in Section 6.3.1, water adsorptitmdiess on NEW-1 were
conducted in the temperature ranges 298-303 Kisatherms at 298 K were type V in
IUPAC classification scheme while the adsorptiastherms at 303 K were not repeatable
due to irreversible partial structural collapsé&3alculated pore volume at the plateau and
the maximum uptake of water adsorption isother2o8t K was of 0.115 cfig™* and 0.178
cm’g* which is lower than total pore volume calculatednir PLATON 0.269 crhg™
However, pore volume calculated from water adsorpon NEW-1 are higher than the
values obtained from those total pore volume catedl from N, Ar and CQ adsorption
on NEW-1. This indicates that the structure of NEWas partly recovered after water
vapour adsorption. Water adsorption on NEW-1 alemws the stoichiometric relationship
2:1 between the molecule adsorbed and crystallbgrapnit. This stoichiometric
relationship indicates that water formed the clustemation in the pores of NEW-1.
After several water adsorption experiments, théheson of water adsorption on NEW-1 at
298 K gave the lower uptake and lower pore voluiin.86 mmol g and 0.0920 cig™,
respectivelyisotherm is shown in Section 6.3.1). These pollames are consistent with
the pore volume obtained from @@dsorption isotherm of NEW-1 at 195 K with the
values of 0.0835 cing™. The much lower pore volumes indicate that thecstire of

NEW-1 was partly collapsed after several water gutgm experiments.
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7.4 Methyl chloride, chloroform and dichloromethane adsorption on
NEW-1

7.4.1 Adsorption isotherms of methyl chloride, chlmform and dichloromethane

Figure 7.26 a and b shows the adsorption isoth@fmrmethyl chloride on NEW-1
over the temperature range 195-313 K based on yeesand relative pressure,
respectively. The adsorption isotherms have a amshape with type | in IUPAC
classification scheme but only the adsorption isothat 195 K deviates at high relative
pressure. This large upward curvature is obsergednethyl chloride adsorption is due to
pore filling. In regionl, the adsorption isotherms had very sharp uptakesumably due
to strong adsorbate-adsorbent interactions. Thes#hyinchloride isotherms reach the
plateau ap/p’ ~0.076-0.095, which corresponds to ~1 moleculenethyl chloride per
crystallographic formula unit (Figure 7.27 regibi

The isotherms for chloroform adsorption on NEV@vEr the temperature range
298-318 K are shown in Figure 7.28. These adsorpsotherms have a similar shape to
type | in IUPAC classification scherfi&However, it should be noted that the chloroform
adsorption isotherms exhibited a small upward dureaat very low relative pressure
(~p/p° 0.02, regionl). This upward curvature is due to interaction lestw adsorbate-
adsorbent and this probably results in a structtitahge lead to expansion or opening of
the porous structure of the flexible framework.région |l the isotherm showed a very
steep uptake. The chloroform isotherms from fivéfedent temperatures reached the
plateau ap/p’ ranging from ~0.28-0.32, which corresponds to -dletule of chloroform
per crystallographic formula unit of the NEW-1 (sesgionlll in Figure 7.30a). The
adsorption isotherm also exhibited slight upwardvatures at the relative pressure close to
1, which indicated pores filling occurred (see cegV ).

Figure 7.29 shows the adsorption isotherms dfldiomethane on NEW-1 over
the temperature range 298-318 K. The adsorpticdhesms have a similar shape with type
I in IUPAC classification scheme but have deviatatrhigh relative pressure. In regibn
the adsorption isotherms had very sharp uptakesuprably due to strong adsorbate-
adsorbent interactions. These dichloromethane ésoth reach the plateau @p° ~0.29-
0.35, which corresponds to ~0.75 molecule of digwethane per crystallographic
formula unit (Figure 7.30b regiorl). Large upward curvature is observed for
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dichloromethane adsorption at high relative presstiose to 1 and this is due to pore
filling

It is clear that the adsorption isotherms of methloride and chloroform showed
the stoichiometric ratio 1:1 between the adsorbemeoule and the crystallographic
formula unit. These results were presumably duedgeh bonding between the H atom of
chloroform with non-coordinated carboxylic oxygem the pore wall of NEW-1. This
stoichiometric ratio is similar to methanol andastbl adsorption on NEW-1. However,
adsorption isotherms of dichloromethane indicateat there is @.75:1 stoichiometric
relationship between dichloromethane adsorbed ledormula unit of NEW-1. The total
pore volumes obtained from methyl chloride adsorpton NEW-1 at 293 K and 195 K
were ~0.171 cfiyt and 0.232 crhg?, respectively. The total pore volume obtained from
chloroform and dichloromethane adsorption on NEW&t298 K were 0.267 and 0.253
cm’g?, respectively (see Table 7.7). These total potermes are consistent with the total
pore volume obtained from alcohols adsorption angtallographic calculation using
PLATON. It should be noted that the NEW-1 had aibiee structure which is evidenced
by the upward curvature at regionof chloroform adsorption. This is due to the co-
operative effect, which is probably caused by dafanm being slightly larger than the
pore dimensions with the isotherm curvature beittgbated to structure change in the

flexible framework which results in pore expansaiiow relative pressure.

Table 7.7Summary of adsorption data for plateau regionisatherm for NEW-1.

Parameters Methyl chloride Chloroform Dichloromethane

Amount adsorbed at plateau
(mmolg") 3.05-3.07 3.09-3.14 2.43-5.45
Relative pressure at plateau
(p/p") 0.076-0.079 0.28-0.32 0.29-0.35
Adsorbate _molecules per 1 1 0.75
formula unit
Total I t

o'al pore Vome & 0.232% 0.267 0.253

(p/p® ~1) cng™
Molecular size (A 6% 4,18+ 62 4.613, 5.713, 6.181 4.14,4.57, 6.26

* minimum dimension; MIN-1, MIN-2/IN-3
** determined from the maximum uptakehe adsorption isotherm at 195 K

*** kinetic diameter
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7.4.2 Adsorption thermodynamics for dichloromethane methyl chloride, and

chloroform adsorption on NEW-1

The isosteric enthalpy obtained for methyl chlderiadsorption on NEW-1 is
shown in Figure 7.31. The isosteric enthalpy fothylechloride adsorption increases with
increasing of surface coverage to ~0.5 mmd| which corresponds to regioh in
adsorption isotherm. The isosteric enthalpy ina@danarkedly in this region for ~24 kJ
mol™* to ~40 kJ mot. Then, the isosteric enthalpies of methyl chlosidee quite constant
at ~40 kJ mot for the isotherm. The isosteric enthalpy of mettiyloride at zero surface
coverage was 24.47 + 1.5 kJ mdrhis value is higher than the enthalpy of vaporizaof
21.4° kJ mol* and also higher than the values obtained from yhettioride adsorption
on Graphon (~10.4 kJ mdl®® However, the isosteric enthalpies of obtainednfiathyl
chloride adsorption on NEW-1 is similar to thosdues of obtained from the Carbonsieve
G and magnesium oxiffe(Table 7.8). The entropies for methyl chloride ag&on on
NEW-1 are shown in Figure 7.32. The highest valtigsosteric entropies obtained for
methyl chloride adsorption on NEW-1 was observedloat surface coverage and
decreased with increasing surface coverage anaaimsides with the very sharp increase
in the adsorption isotherm at low pressure region.

The isosteric enthalpies for both chloroform ahchloromethane adsorption on
NEW-1 are shown in Figure 7.33a and 7.33b, respagti The isosteric enthalpy of
chloroform adsorption decreased with increasinguoface coverage to ~0.2 mmot,g
which corresponds to regidnin adsorption isotherm. The isosteric enthalpyreased
remarkably in this region for ~70 kJ rifolo ~50 kJ mot, which is consistent with pore
expansion or structural change. Then, the isoskerats of chloroform were quite constant
at ~52.5 kJ mat and this corresponds to the plateau of adsorjsimtherm. TheQs; values
obtained for chloroform adsorption were in thega20 -73 kJmdl (value at zero surface
coverage of 72.54 + 2.83 kJ rifpland were higher than the enthalpy of vaporizatibn
31.28 kJ mot.*® Isosteric enthalpies of dichloromethane gradualigcrease with
increasing of the surface coverage. The valuesimduatafor this dichloromethane
adsorption were in the range 53-57 kJ ™@lalue at zero surface coverage of 56.69 + 1.3
kJ mol*) and were higher than the enthalpy of vaporizatib88.6 kJ mot. The isosteric
enthalpies of both chloroform and dichloromethaegorted in this study are similar to

those values of obtained from the other materibdble 7.8).
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The entropies for chloroform and dichloromethamsorption on NEW-1 are
shown in Figure 7.34a and 7.34b, respectively. dsecof chloroform, there is a rapid
increase in entropy (becomes less negative) tarlwemum values at very low surface
coverage which can be ascribed to the chloroforreautes opening pores. This is related
to the upward curvature of adsorption isotherm @t Irelative pressure. After the
maximum value is reached, the entropy of adsorptbrchloroform decreased with
increasing surface coverage. The highest value sobtéric entropies obtained for
dichloromethane adsorption on NEW-1 was observedoat surface coverage and
decreased with increasing surface coverage anaddimsides with the very sharp increase

in the adsorption isotherm at low pressure redibethyl chloride showed similar trends.

Table 7.8Isosteric enthalpies of chlorinated compounds igudigm obtained from
this study and literatures.

Isosteric enthalpies of AdsorbatesQ; (kJmol™)
References - - Adsorbents Temperatures
Methyl chloride | Chloroform | Dichloromethane
Enthalpy of
evaporisatioff" *° 21.4 31.28 38.6 o
This study 24-40 20-73 53-57 MOF NEW-1 298-318 K
(22.47+1.5)* (72.54+2.83) (56.69+1.38)
Chianget al®® 42.13 31.71 Activated carbon 278-353 K
Reidet al® 44.7 CMS 288-313 K
Diazet aI.67* 30.8 Carbon nanotubegs 473-525 K
28.5 Carbon nanofibers 473-525 K
Chenet al® 30-70 California soil 288-298 K
Giraudetet al®® 43.2 Norit R3extra 293 K
48.3 Pica NC6D 293 K
Markovic et al.® 445 37.9 Si@H 333-393K
43.9 39.9 SiENi 333-393 K
Mooi et al® ~10.6 Graphon 195-448 K
Mariwalaet al®* ~23-39 Carbonsieve G 273-295 K
Sprunget al®® ~25-33 Magnesium oxide  162-175 K|

* The isosteric enthalpies of adsorptidpd at zero surface coverage
** These values were determined at its boilinghpo

4nd® represents the granular activated carbon fromtNod Pica manufacturers
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7.4.3 Adsorption kinetics of chloroform and dichloomethane

The kinetic parameters of methyl chloride adsorpbn NEW-1 cannot determine
accurately because the adsorption kinetics werdastoThe SE kinetic rate constants and
exponents of chloroform adsorption on NEW-1 at R9&e show in Figure 7.35a and b. It
Is clear that, there are four regions, which anmestent with the adsorption isotherm. In
region |, the SE rate constant decreased with increasinthefpressure and amount
adsorbed until reached a minimum at a pressure ba¥ 0.8 mmol §) and the SE rate
constants in the range 0.002-0.06 Fhis is attributed to the opening of the collapse
porous structure resulting in slow diffusion kimstin upward isotherm curvature region
Then, the adsorption kinetics was gradually inadasgntil pressures close to ~20 mbar
(see regionl ). The amount adsorbed in this region was ~ 3.0 hghowhich corresponds
with amount adsorbed ~1:1 adsorbate molecule pgtattographic formula unit. The
adsorption kinetics between 20 to 200 mbar were too fast to be determined rabeky
and this corresponds to the adsorption isothertegla However, the adsorptions kinetics
decreased above 200 mbar where pores filling occiitse kinetic exponen{s) values
were in the range ~ 0.65-0.75 in both regibrandll . Thef values slightly increased as
the plateau is approached and thealues increased at very close to saturated vapour
pressure of chloroform.

Figure 7.36a and 7.36b shows kinetic SE ratetaahsand exponent graphs of
dichloromethane adsorption on NEW-1 at 298 K basethe pressure based and amount
adsorbed, respectively. The adsorption kineticdidhloromethane can be classified in to
three regions corresponding to the regions of gdi®or isotherm. In regioh, the SE rate
constants slightly decreased with increasing pressind amount adsorbed until the
minimum point is reached at a pressure of ~0.3 @5 mmol §) and SE rate constant
in the range 0.006-0.011'sIn regionl, the SE rate constants increased until ~3 mbar
corresponding to amount adsorbed of ~1.6 mriolTdpe adsorption kinetics betweerd
to 525 mbar could not be determined accuratelytdualkee changes in the amount adsorbed
for pressure steps on the plateau being very samall the very fast kinetics. Beyond
pressure 525 mbar, the SE rate constants decrads@ereasing of the amount uptake
due to pores filling. This is consistent with tHeange in chemical potential gradient. For
the SE kinetic exponentg)(were quite consistent at the low relative pressegion with

values in the range ~0.75-0.8. Then ghe&lues were slightly decreased at the plateau and
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followed with an increased of thg values at very close to saturated pressure of

dichloromethane.

7.4.4 Activation energy for chloroform and dichloranethane adsorption

The variations of SE rate constants with amount dfloroform and
dichloromethane adsorbed on NEW-1 obtained ovetehmperature range 298-318 K are
shown in Figure 7.37 and 7.38, respectively. Tyliycghe SE rate constants shown here
were obtained from region the first pressure step of adsorption to thequnesstep at the
plateau of the adsorption isotherms. The SE ratestaats ) for both chloroform and
dichloromethane adsorption from temperatures ré&t8$:318 K were interpolated from
the constant surface coverage and then were ploeisl/T. Therefore, the activation
energies are obtained from the slope from theses.pl®he activation energy profiles for
both chloroform and dichloromethane compounds aite cgimilar as shown in Figure
7.39 and 7.40, respectively. At region I, the ation energies for chloroform adsorption
were remarkably increased from 2051.36 to 73.7k 3.38 kJ mot. An increased of
these diffusion barriers caused the adsorptiontikisdowing down, as can be seen on the
SE rate constant at regionAt the peak, the activation energy obtained frdrtoroform
adsorption is corresponded to ~0.8 mmdl dfter reaching the peak, the activation
energies gradually decreased with increasing di aotount adsorbed and pressure. The
activation energies dichloromethane adsorption vgeeelually increased with increasing
of surface coverage until reaching the peak, thenactivation energy of both chlorinated
compounds trends to decrease with an increasingudbce coverage. The activation
energies obtained from dichloromethane adsorptierewn the range 10.200.79 — 23.52
+ 0.90 kJ mof and the amount adsorbed at the peak of the dctivahergy corresponds
to ~0.4 mmol . It is clear that the activation energy of chlamif is much higher than
dichloromethane. This is attributed to the largerleoular dimensions of chloroform as
compared to dichloromethane. It should be notetl ifwsteric enthalpies of chloroform
and dichloromethane at zero surface coverage ach mmigher than the activation energy,
which indicates that chloroform and dichloromethdifeuse to the pore by a site-to-site

surface hopping mechanism.
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Table 7.91sosteric enthalpies and activation energies nbthfrom chloroform and

dichloromethane adsorptions on NEW

Adsorbates Isosteric enthalpy at zerg Activation energy at zero
surface coverage surface coverage
Qst (kJ mol™) E. (kJ mol™)
Chloroform 72.54 £2.83 20.51 +3.36
Dichloromethane 56.69 + 1.38 10.20 £ 0.79

7.5 Adsorption of Alkanes on NEW1

7.5.1 Adsorption isotherms of alkanes

The adsorption of nine alkanes include methattegne, propanej-butane,n-
pentane n-hexane n-heptanen-octane and-nonane on NEW-1 were studied. Methane,
ethane and propane, adsorption studies were cadlattemperature ranging from 195 K
to 318 K,n-butane at 273-313 Ki-pentanen-hexane ana-heptane at 298 - 318K, while
n-octane andh-nonane adsorptions studies were conducted onl§8&K2

Adsorption isotherms for methane adsorption oNANE at temperature ranges
195-313 K are shown in Figure 7.41a. The isothesfmaethane adsorption at 195 K were
type | in the IUPAC classification scheme, whiles thdsorption isotherms of methane
determined from 273 K to 313 K only showed a vemyak amount of curvature with
increasing pressure. The total pore volume obtafoedhethane adsorption at 195 K was
0.084 cri g* which consistent with the total pore volumes calted from N (77 K) Ar
(77 K), and CQ (195 K) adsorption isotherms. Figure 4.1b showed that ametldoes not
have stoichiometric relationship between moleculsogbed and crystallographic formula
unit.

Adsorption isotherms for ethane and propane atisor on NEW-1 for
temperature range 195-313 K are shown in Figur@ardnd 7.42b, respectively. The
isotherms of methane adsorption at 195 K were typeghe IUPAC classification scheme
while the adsorption isotherms in range of 293-Bh8ere intermediate of type I. The total

pore volume obtained for ethane adsorption at 198ak 0.1685 cAg™ (n = 3.206 mmol
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g™, p(CoHe) =0.572 p/p° ~0.564), which is much higher than the pore volwbgined for
methane adsorption on NEW-1. This indicates thafpdrtial expansion of pore volume of
NEW-1 is induced by ethane adsorption.

All isotherms of propane adsorption were typenlthe IUPAC classification
scheme (see Figure 7.43). Also, the adsorptiorhésot at 195 K showed an upward
curvature at high relative pressure due to potmdil The total pore volume calculated
from propane adsorption isotherm at 195 K was 0&&6y(n = 2.961 mmol g, p(CsHs)
= 0.5853), which is slightly lower than the valugoulated from PLATON calculation.
However, these total pore volumes are much highen the pore volume calculated from
N2, Ar and CQ adsorption isotherms which indicates that poreuwma@ of NEW-1 is
expanded during adsorption of propane. Figure 7adha7.44b show that both ethane and
propane do not have stoichiometric relationshipse omolecule adsorbed per
crystallographic formula unifThe propane adsorption isotherms for 298- 318 Kehav
steep uptake until 0.538g per crystallographic formula unit and then incesasnore
gradually as the pressure is increased.

The n-butane adsorption isotherms for 298- 318 K hadralas shape to type |
shape in the IUPAC classification scheme but witbvged some upward curvature at very
low relative pressure (see Figure 7.45). This upvearrvature is probably due cooperative
effects leading to structural change. This upwandvature is followed by a steep uptake
until 0.6 GHj per crystallographic formula unit and then incesasery gradually as the
pressure is increased. This increase is less #taaghe corresponding propane isotherm.

Adsorption isotherms afi-pentane obtained in the temperature range 293- 318K
are shown in Figure 7.46 a-b. The isothermspentane had a similar shape to type |
shape in the IUPAC classification scheme but wdme deviations. The isotherms also
showed upward curvature at very low relative presgregionl) probably due cooperative
effects leading to structural change. In regibnthe isotherms exhibited steep uptake,
which is indicated high adsorbate-adsorbent intemacThere was also upward curvature
close to relative pressure ~ 1. Thgentane isotherms from five different temperatures
reached the plateau ap’ ranging from ~0.2 - 0.3. Figure 7.47 showed tha t
stoichiometric relationship between molecules gfemtane corresponding to the isotherm
plateau per crystallographic formula unit of theWH was close to 0.5. The adsorption
isotherms at 298 K and 303 K pfpentane exhibited the upward curvature at theivelat
pressure close to 1, which is attributed to pdhadi (see regionV).
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Adsorption isotherms of-hexane andh-heptane obtained from different five
temperatures are shown in Figure 7.48 and 7.4pectisely. Then-hexane and-heptane
adsorption isotherms are similar to the isotherhs-pentane. Botm-hexane andh-
heptane adsorption isotherms also showed upwarattue at very low relative pressure
(regionl), which is probably due to the cooperative effeeding to structural change. In
regionll, n-hexane and-heptane isotherms exhibited sharp uptake, whicltates high
adsorbate-adsorbent interactions.

Figure 7.50a shows the adsorption isothermswvef diifferent alkane vapours on
NEW-1 at 298 K. It is clear that all five isotherrase similar to type | in the IUPAC
classification. The amount adsorbed at the isoth@ateau oih-pentanen-hexane ana-
heptane are similar, but much higher thaoctane andh-nonane. The cross-sectional
dimensions oh-alkanes are similar and only differ in the thitdngest) dimension. The
amount adsorbed at the plateawndiutane n-pentanen-hexanen-heptanen-octane and
n-nonane isotherms corresponded to ~@/§°¢0.12), ~0.5 §/p°~0.14), ~0.5 §/p°~ 0.2),
~0.5 p/p°~0.2), ~0.4 /p°~0.2), and ~0.38p(p’~0.2) molecule of the adsorbent per
crystallographic formula unit of the NEW1 as showrigure 7.50a. The particular order
of the amount adsorbed on the isotherm plateanubistane> n-pentane n-hexane —n-
heptane >n-octane >n-nonane. The pore volumes calculated for the amadsbrbed at
the plateau are-butane 0.201 cfg™, n-pentane 0.202 cfg™; n-hexane 0.225 cfg™;
n-heptane 0.243 cfg™; n-octane 0.219 cig™* andn-nonane 0.218 cfg™. This is possibly
related to a relationship between molecular sizétae crystallographic repeat unit even
for non-specific interactions. Figure 7.50b showhkdt the stoichiometric relationships
between either molecules whexane on-heptane per crystallographic formula unit of the
NEW-1 existed for the plateau but not for the finptakes corresponding to the total pore

volume.

7.5.2 Thermodynamics of alkane adsorption

Figure 7.51 shows isosteric enthalpies obtainednfethane, ethane, propame,
butane,n-pentanen-hexane andh-heptane adsorption on NEW-1 over temperature range
288-313 K. The isosteric enthalpy of methane sgticreased from 23.83 £+ 1.14 kJ mol
! at zero surface coverage and stabilised at ~20dt3. mhere is no significant change of

isosteric enthalpies with pressure obtained foramthadsorption on NEW-1 and the
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isosteric enthalpy at the zero surface coverage 34280+ 1.34 kJ mdl The isosteric

enthalpy at zero surface coverage of propane wast481.52 kJ mot and there was no
Thishapty for methane is similar to the
enthalpies of vaporisation within experimental uteaty while the value for propane is

significant change with surface coverage.

significantly greater as shown in Table 7.10. T¢wsteric enthalpies obtained for methane
and propane adsorption on NEW-1 are similar to éheslues obtained from activated
carbon, microporous polymer and zeoffte®® " " "?rhe isosteric entropies obtained for
methane adsorption on NEW-1 decreased with inargasf the surface coverage. The
isosteric entropies for propane adsorption iniialecreased with increasing of surface
coverage until reached the minimum values at serfamverage ~0.25 mmol'g The

isosteric enthalpy of n-butane was slightly inceshsvith increasing of surface coverage

until reached the maximum value of ~59.33 kJ al surface coverage ~0.8 mmét.g

The isosteric enthalpy at zero surface coverage-mitane was 56.07 + 0.59 kJ ol

which is similar to those values obtained for paroarbons.

Table 7.10lIsosteric enthalpies of methane and propane atisombtained from this

study and the literatures.

Isosteric enthalpy of AdsorbatesQ (kJmol™)
References Adsorbents Temperatures
Methane Ethane Propane n-Butane
5\:‘;2%'5’3’;:{0?9, 50 8.2 14.7 18.4 22.4 xox
This study 18-24 31-32 40-51 52-59 NEW-1 298-318 K
(23.83+1.14)* | (31.90 +1.34)*| (48.24 +1.52)* | (56.07 + 0.59)*

Carrottet al ~17 ~28 ~39 ~50 Carbon AX21 293-303 K
~22 ~38 ~51 ~67 Carbon JF006 293-303 K

Caoet al® 22.2 36.6 495 62.9 Carbosieve B 413-653 K
20.9 33.3 44.3 58.6 Charcoal clothg 1 413-653 K
21.4 33.8 46.2 57.6 Charcoal clothg 2 413-653 K

Woodet al.® 2% Dichloroxylene 298 K
20.8 Dichloroxylene 298 K

Myers alan’ 21.1 31.1 41.4 ZSM-22 305.75 K

Almazanet al”* 39.9 453 49.6 Activated carbo 463-523 K

** simulated value, *** These values were deteredrat its boiling point.

* the isosteric enthalpies of adsorptiéh) at zero surface coverage
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Figure 7.51 shows isosteric enthalpies obtainednfrepentane adsorption on
NEW-1 at 298 K. There is no significant change sdsteric enthalpies with surface
coverage. The values obtained covered the range--68kJ mof with the value at zero
surface coverage of 64.65 + 1.23 kJ thdlhese valueare much higher than the enthalpy
of vaporization of 24.3 kJ md] but similar to those values obtained franpentane
adsorption on activated carbons as shown in Tahld.# “° The isosteric enthalpy
obtained frorm-pentane adsorption on NEW-1 is similar to the valoigtained from the-
pentane adsorption on activated carbons and z€0litehile the isosteric enthalpy for
pentane adsorption on NEW-1 are higher than th@dees obtained from the porous
alumina, carbon nanotubes and carbon nanoff8eféis is probably due to similarity
between the adsorbate and pore sizes of NEW-1,neimttathe non-specific adsorbate-
adsorbent interactions leading to high isosterithapy of adsorption. In the same way,

76
l.

Naonoet al. "> reported similar results that micro pore size smdace functional group is

enhanced the adsorbed-adsorbent interaction omadberption. Diazt al®”

reported
that the microporous activated carbons showedttigaisosteric enthalpies obtained from
vapours adsorption on microporous carbon were ~2Bigter than the values obtained
from mesoporous material e.g. alumina, carbon ndrest and carbon nanofibers. Detz
al. °” " ""syggested that the high isosteric enthalpies wetained for vapour adsorption
on porous materials with the acid surface functigmaup on the pore surfaces.

The isosteric enthalpies obtained framhexane andn-heptane adsorption on
NEW-1 decreased with increasing of the surface ramee until reached the minimum
values at surface coverage ~0.5 mnidl Ghese minimum values correspond to the point
on the adsorption isotherm where the plateau ishexh After that, the isosteric enthalpies
for n-hexane andh-heptane adsorption gradually increased, which spoeds to the
second uptake on the adsorption isotherm. The salb&ined fon-hexane adsorption on
NEW-1 were covered the range ~65-83 kJ hwith the value at zero surface coverage of
76.76 + 3.51 kJ mdiwhile the values obtained forheptane adsorption were ~54-94 kJ
mol* with the value at zero surface coverage of 89.23.48 kJ mot. These isosteric
enthalpies of-hexane ana-heptane were higher than the enthalpy of vapoanatf 27.2
kJ mol* and 31.7 kJ mdi, respectively. The isosteric enthalpies obtaimedhfn-hexane
and n-heptane adsorption on NEW-1 are slightly lower ttiawse values obtained from

Carbosieve B and charcoal cloths 1 and 2 as showable 7.122
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Figure 7.52 showed the isosteric entropies obtainech alkane adsorption on
NEW-1 at 288-318 K. The isosteric entropies for lmaee were dramatically decreased
with increasing of surface coverage while the sostentropies for ethane, propane and n-
butane gradually decreased with increasing of theumt adsorbed. In is apparent that
there is no significant change of isosteric entepwith surface coverage. The isosteric
entropies obtained from-hexane anah-heptane adsorption on NEW-1 decreased slightly
with increasing of the surface coverage until reacthe maximum values at surface
coverage ~0.5 mmol'g These maximum values correspond to the poinheratsorption
isotherm where the plateau is reached.

Figure 7.53 shows the isosteric enthalpies at seréace coverage obtained for
methane, ethane, propaneputane,n-pentane,n-hexane and-heptane adsorption on
NEW-1 plotted against the number of carbon atomalkane. It is clear that the order of
isosteric enthalpies of alkane is methane < etkapsepane n-butane <n-pentane <n-
hexane <n-heptane. The linearity of the plot with corredati0.9948 shows that there is a
steady increase in the adsorbate-adsorbent int@mmaehergy with increasing of chain
length of alkane. The liner relationship betweemgth of alkane molecules and isosteric

1”8 obtained

enthalpies was also shown in Figure 5.54. Ahstaal*® and Dernovayat a
similar results in gas chromatographic studies safsteric enthalpies at zero surface
coverage fom-alkane,n-alkenes and aromatics adsorption on various ponoaterials

showed an approximately linear increase with irgirepof carbon numbet®
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Table 7.11Isosteric enthalpies okpentane adsorption obtained from this study

and literatures.

n-Pentane
References Isosteric enthalpy,Qs | Activation energy, Adsorbents Temperatures
(kdmol™) E. (kJmol™)
Enthalpy of
evaporisatiof?’ *° 24.3 309.15 K
This study 62-66 (64.65 + 1.23)Ff  38-75 (29:64.51) NEW-1 298-318 K
Almazanet al/* 68.1 Activated carbon A950-4 463-523 K
Herryet al®® 53.9 Activated carbon A 473-573 K
58.6 Activated carbon D 473-573 K
Diazet al/* 48.01 Activated carbon 473-543 K
28.47 Alumina 473-543 K
52.96 Zeolite 5 A 473-543 K
Diazet al®" * 36.9 Carbon nanotubes 473-525 K
27.5 Carbon nanofibers 473-525 K

* the isosteric enthalpies of adsorpti@pj at zero surface coverage

Table 7.12Isosteric enthalpies okhexane ana-heptane adsorption obtained from

this study and literatures.

; -1
References Isosteric enthalpy of AdsorbatesQg (kJmol™) Adsorbents Temperatures
n-Hexane n-Heptane
Enthalpy of
evaporisatiof?’ *° 27.2 31.7 341.7,371.8 K
This study 65-83(76.76 + 3.51)1 54-94(89.27 +83.4 NEW-1 298-318 K
Caoet al® 88.9 100.4 Carbosieve B 413-653 K
82.1 93.6 Charcoal cloths 1 413-653 K
82.7 93.4 Charcoal cloths 2 413-653 K
Domingo-Gracia 33.8 39.2 Carbon black V3 606-636 K
etal’® 26.7 36.3 Pyrolytic graphite 606-636 K
Dernovaya et af® 37.1 42.4 Porous cellulose 333-383 K
43.7 52.5 Carbon black 333-383 K
Ahsanet al*® 36.4 44.1 Calcium carbonate 373-393

* the isosteric enthalpies of adsorpti@pj at zero surface coverage
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7.5.3 Adsorption kinetics forn-alkanes on NEW1

Adsorption kinetics of propan@-pentanen-hexane andh-heptane followed the
stretch exponential model (SE) and some selecteafithe model to the kinetic profiles
of the alkanes studied are shown in appendix E. é¥ew the adsorption kinetics of
methane and ethane were too fast to determineatetyr

Figure 7.55 a and b show the SE rate constankewadic exponent data versus
pressure and amount adsorbed for propane adsommidtEW-1 at 288 K, respectively.
Adsorption kinetics data fam-pentane were obtained from the low pressure re@ioaf
the adsorption isotherm. The SE rate constant dsete with increasing pressure and
stabilised at the amount adsorbed in range of +@4nmol ¢ with the SE rate ~ 0.019-
0.022 &. The SE rate constant then increased dramatisétityincreasing of the pressure
with the values in range of ~ 0.022-0.043 $his increase in SE rate constant corresponds
to the plateau of adsorption isotherm. In the caRe&SE exponent, th¢g values for
adsorption of propane slightly decreased with iasieg of surface coverage until reach
the minimum value of ~ 0.65 at an amount adsorb&®B5 mmol §. Then, the3 values
increased from ~0.65 to ~0.92 with increasing si&faoverage on the plateau of the
adsorption isotherm. Figure 7.56 shows the SE catestant versus amount adsorbed
graphs for propanadsorption on NEW-1 over the temperature range 3K had a
similar trend. The Figure indicates that the SEeiimconstant increased with increasing of
the temperature.

Figure 7.57a and b shows the SE kinetic rate aohstind exponent afpentane
adsorption on NEW-1 at 298 K. It is clear that,réhare four regions of the SE rate
constant. Firstly, at the initial adsorption praethe SE rate constant decrease to a
minimum point of this step at the pressure stepecko ~1.0 mbar and this corresponds to
an increase in the barrier (activation energy). ¢beesponding regioh of the isotherm
also showed the upward curvature, i.e. some cobperaffect resulting in structural
change opening the pores resulting in the develapwiea barrier to diffusion through the
pores. The adsorption SE rate constant determih@8&K increased until the pressure
step close to ~25 mbar, which is consistent tae¢igeon!l of the adsorption isotherm. The
adsorption kinetics determined at 298 K and overphessure range between ~26.0-550
mbar were too fast to be determined accurately.allserptions kinetics decreased beyond

pressure step 550 mbar, which is corresponds wsgihing in regionlVV of the adsorption
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isotherm. The amount adsorbed at the minimum SEaatstant was ~ 0.6 mmof gnd
this region gave the rate of adsorption kineticainge 0.0008-0.010'sWhile, the amount
adsorbed at the peak of regitbnof kinetic was ~ 1.4 mmolY This step gave the rate of
adsorption kinetic in rage 0.001-0.012 &or the kinetic exponent, thfewere in ranges
~0.6-0.9 with pressure step just below 1 mbar. Tther values were increase at the
pressure step very close to saturated pressurergame and reach the maximum value
~0.9. The SE rate constant versus amount adsontagahg) forn-pentaneadsorption on
NEW-1 over the temperature range 288-308 K is shioviigure 7.58.

Figure 7.59 and 7.60 shows the SE kinetic ratestemm and exponent of
n-hexane adsorption on NEW-1 at 298 K based on pressud the amount adsorbed,
respectively. The SE kinetic rates constant arertdkom two regions which correspond to
regionl andll on the adsorption isotherms. At the initial adsorp process, the SE rate
constant decrease from ~ 0.0073@~ 0.0016 3 at the pressure step close to ~0.10 mbar
(amount adsorbed ~ 0.97 mmat)gand this corresponds to an increase in the bafffe
corresponding regioh of the adsorption isotherm at high temperature alsowed the
upward curvature. This indicates some cooperatinetsiral change resulting in opening
of the pore and the development of a diffusionibarin regionll , the adsorption SE rate
constant are relatively constant ~ 0.0016 - 0.01Wish the maximum pressure step close
to ~0.25 mbar. The adsorption kinetics on the platef isotherm (regiotll ) were too fast
to be measured accurately. In the case of SE erpahe initial values of for adsorption
of n-hexane were in range of ~0.97-0.98 which is veogelto LDF. Then, thg values
decreased sharply with increasing of surface cgeetentil reach the minimum value of ~
0.69 at the amount adsorbed~ 0.9 mmdl ghen, thes values increased from ~0.69 to
~0.89 with increasing of the surface coveragdsas is related to the changes in the barriers
to diffusion into the porous structure. The kingtiofiles ofn-hexane adsorption on NEW-
1 at temperature range 298-318 K also showed ttheatSE kinetic rate constant is
tempereture dependent (see Figure 7.61)

Figure 7.62 and 7.63 shows the SE kinetic ratestamt and exponert for n-
heptane adsorption on NEW-1 at 298 K based on ypressnd the amount adsorbed,
respectively. The SE kinetic rates constant arertdkom two regions which correspond to
region| andll on the adsorption isotherms. In the initial addorpregion, the SE rate
constant slightly decrease from ~ 0.008ts ~ 0.0025 3 at the pressure step close to

~0.04 mbar. The corresponding regibf the adsorption isotherm at high temperature
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also showed the upward curvature which indicatesies@ooperative effective of a
structural change after build up in the barrierrdgionll, the adsorption SE rate constant
increased from ~ 0.0025'$0 ~ 0.016 & with the maximum pressure step close to ~0.1
mbar. The adsorption kinetics on the plateau ofisbéherm (regiorill ) were too fast to
be obtained accurately. In the case of SE expoti@ninitial values off for adsorption of
n-heptane were stabilised in range of ~0.81-0.85 with amount adsorbed of ~0.3-0.8
mmol g*. Then, thes values decreased sharply with increasing of sartmverage until
reach the minimum value of ~ 0.64 at the amountiwezl ~ 1.15 mmol. In regidh, the

S values varied in range of 0.62 - 0.78.

7.5.4 Activation energies for alkane adsorption oNEW-1

Activation energy profile of propane adsorption NEW-1 over the temperature
range of 288-308 K is shown in Figure 7.65. It pparent that the activation energy of
propane did not change markedly and stabilises0a252kJ mof with the amount
adsorbed up te1.0 mmol @ This was followed by an increased of activatiorrgy with
increasing of surface coverage. This increase sporeds to the adsorption steps close to
the plateau of the isotherm and there is a smabdluautnof curvature indicative of structural
change. This is most visible in the isotherms ol&di at higher temperatures. The
activation energies obtained from propane adsorptiere in the range of 19 to 43 kJ mol
! with the value of zero surface coverage of 19.663tkJ mof-

Activation energy profiles oh-pentane,n-hexane and-heptane adsorption on
NEW-1 over the temperature range of 298-318 K hosve in Figure 7.66, 7.67 and 7.68,
respectively. It is apparent that the activatiorergies ofn-pentane,n-hexane ancdh-
heptane have an inverted ‘U’ shaped trend. Injtialie activation energies were gradually
increased with increasing of surface coverage iagca peak. An increasing activation
energy is consistent with a decrease in SE ratetann This can be ascribed to structural
change opening the porosity and increasing theidbato diffusion into the porous
structure. The trends for the activation energies-pentanen-hexane anah-heptane are
to decrease with further increasing surface cowerathe activation energies obtained for
n-pentane adsorption was in the range 22 @15 to 74.27% 4.56 kJ mof with the values

at zero surface coverage 29.614.5 kJ mof. The activation energies at zero surface
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coverage obtained for-hexane andi-heptane adsorption on NEW-1 were 27+04.10 kJ
moltand 26.44+ 2.33 kJ mot, respectively. It should be noted that activagmergies at
zero surface coverage of propangentanen-hexane ana-heptane are much lower than
their isosteric enthalpies values which indicateat tmolecules of propan@&-pentane,
n-hexane andi-heptane diffuse to the pore by a site-to-site serfaopping mechanism
(see Figure7.69).

7.6 Adsorption of aromatic compounds on NEWL

The adsorption isotherm of both benzene andet@uon NEW-1 at 298 K are
shown in Figure 7.70 a (pressure basis) and 7.7telative pressure basis). These
adsorption isotherms are similar to type | IUPA@ssification scheme but the deviation
occurred at very low surface coverage. Both isaotiseexhibited the upward curvature at
low relative pressure region unfilp” ~0.9 which corresponds to the amount adsorbed of
both benzene and toluene ~ 0.4 mmdl Ghereafter, the benzene isotherm sharply
increased while the toluene isotherm is gradualtyeased until reaching the plateau.

The upward curvatures observed in both benzenddnene are similar to those
observed for larger alkanes and alcohols is prgbdbé to structural change to open up
the porosity to accommodate the molecular shapbsm#ene and toluene and this leads to
an increase in the barrier to diffusion as thecstme changes. The amount adsorbed of
benzene molecules on NEW-1 is higher than toluemkthe total pore volume obtained
from the maximum adsorption capacity at high re&apressure (Gurvitsch's rule) gave the
following valuesfor benzene 0.254 chy® and toluene 0.193 chg>. The toluene pore
volume is significantly lower than both pore voluotgained from benzene adsorption and
crystallographic pore volume obtained using PLAT@\69 cmi g1). This is due to the
molecular size toluene being larger than benzesiaefte : 4.012, 6.625 and 8.252 A and
benzene : 3.277, 6.628 and 7.337°A)In the case of spherical pores two dimensions are
important whereas for slit shaped pores only omeedsion is significant. In the case of
diffusion of molecules into NEW-1 which has 6.098.092 A pores it is apparent that in
the case of toluene the smallest dimension is taigen for benzene. Adsorption induces

structural changes as is evident from the shapieeasotherm.
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The initial upward curvatures convex to thesptge axes observed in both
benzene and toluene isotherms are similar to teequs observed of benzene and toluene
adsorption on titanium dioxif® and activated carb8h and also similar to the initial
uptake regions for CHglandn-alkanes. Figure 7.69 shows the isotherm of botizéee
and toluene adsorption on NEW-1 at 298 K basedherstoichiometric ratio of the amount
adsorbed. At the plateau, the amount of benzermaets was ~ 0.84 mmol‘gper formula
unit of NEW-1 p/p” ~0.23) while the amount adsorbed of toluene wasia®.45 mmol g
per formula unit of NEW-1/p° ~0.27). So, this is reasonable to conclude theretis no
relationship between the amount adsorbed of elieezene or toluene and formula unit of
the NEW-1.

7.7 Dynamic Response of NEWL to Adsorption

The pore structure of NEW-1 undergoes partialapsé on desolvation as shown
by the much lower total pore volumes obtained ftnogen (77K), carbon dioxide (195 K)
and argon (77 K) adsorption compared witih@ hydrocarbons and the various other
adsorptives studied. The latter were usually indyagreement with the crystallographic
value obtained from PLATON. Adsorption is driven the enthalpy of adsorption and
since the desolvated structure is most likely ndiserdered than the solvated structure,
the enthalpy also drives the structural changelvwwg ordering and opening of the pore
structure. This structural change can be driven boyh specific and non-specific
interactions.

This study has shown that specific hydrogen bapdimeractions occur for
methanol, ethanol and-propanol with surface oxygen groups, which aredem from
stoichiometric relationships between amounts adsbidt isotherm plateaus and oxygen
present in crystallographic formula unit. Chlorefoalso has an isotherm plateau where
the amount adsorbed corresponds to 1 GHCFormula Unit of NEW-1. In contrast;
butanol, dichloromethane and hydrophobic molecuiekides methane, ethane, propane,
n-butane n-pentanen-hexanen-heptanen-octane n-nonane, benzene and toluene do not
have specific interaction with the surface funcéilbgroups. The difference betweean
butanol and the other alcohols is ascribed tortheeasing dominance of the interaction of

hydrophobic with the surface rather than the hyldilapOH-surface oxygen interaction.
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Adsorption isotherms over a range of temperatwese used to determine the
isosteric enthalpies and entropies of adsorptiom &snction of surface coverage. The
adsorption kinetics for each isotherm pressureement for both hydrophilic and
hydrophobic molecules follows the stretched exptinbmodel, which is consistent with a
distribution of relaxation times. The rate constaahd exponentigB parameters were
studied as a function of surface coverage.

In the case of the adsorptives with slightly largeoss-sections/lengths the
isotherms had an initial upward curvature. The rtteetynamics and kinetics barriers of
adsorption were investigated in these regions. Bosteric enthalpies of adsorption
usually decrease with increasing surface coverdggreas the kinetic rates decrease and
the barriers to diffusion increase. These obsearmatifor n-propanol, chloroform and
propane,n-butane, n-pentane,n-hexane andn-heptane adsorption are indicative of a
cooperative effect involving structural change lagdo pore opening.

Isosteric enthalpies and activation energies dsogotion of a range of alcohols at
zero surface coverage on NEW-1 over temperaturg ra®8-318K increase with
increasing of number of carbon atoms. It is cléat the order of isosteric enthalpy and
activation energy of adsorption isbutanol >n-propanol > ethanol > methanol. It is
interesting to note that hydrogen bonding betweethanol, ethanol and-propanol and
surface groups predominates, whitebutanol does not show evidence for specific
interactions. However, the isosteric enthalpy ofadtion increases approximately
linearly with increasing of carbon number, molecsiae and longest molecular dimension
for alcohols.

Isosteric enthalpies and activation energiezead surface coverage for methane,
ethane, propan&:butane n-pentanen-hexane and-heptane adsorption on NEW-1 over
temperature rang 288-318K also increase with irstmgaof number of carbon atoms. The
Qst values are directly proportional to molecule sidgle the activation energies which
represent the barriers to diffusion are much lessetated with size. This can be attributed
to the very similar cross-section dimensions ofrtiiecules being very similar and these
are the important dimensions for diffusion alongctaegular unidirectional pores.
Similarly, it is apparent that the orders of isasteenthalpy and activation energy of
adsorption of alkanes at zero surface coveragmadhe orders as shown below;
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Enthalpies:
methane < ethane < propane-kutane <h-pentane 0-hexane <h-heptane
Activation energies:

propane sa-pentane <h-hexane w-heptane

The isosteric enthalpies obtained for adsorptioG,eC, alcohols and chloroform,
dichloromethane, and s€Cs alkanes adsorption on NEW-1 are much higher themn t
activation energy. This indicates that the enthapwdsorption controls the kinetics and
diffusion is a site-to-site hopping mechanism ratt@an limited by constrictions in the
porous structure. In case of adsorptive where tisecenvex curvature to the pressure axis
in the initial adsorption isotherm regions, for exde, chloroform,n-pentane etc. the
situation is more complex. At very low surface aage the isosteric enthalpy is higher
than the activation energy, but changes to a siuathere, as a result of structural change
(framework flexibility), the activation energy ireases to similar values to the enthalpy of
adsorption. Here, the factor controlling the adsorpdynamics changes from the site-to-
site hopping mechanism to increasing importancediffusion through barriers at
constrictions in the porous structure. A summaryhef isosteric enthalpies obtained for
alcohols, alkane and aromatic compound vapour ptisaron NEW-1 are shown in Table
7.13.

In general, the adsorption kinetics follows thentls expected from the isotherm
chemical potential gradient. The adsorption isatieepf vapours in this study show the
upward curvature of the isotherm at the relativespure close to 1. This results in a
slowing down of the adsorption kinetics. Furtherejothe adsorption isotherms of
propanol show the step adsorption isotherm. The aldsorption kinetics for the isotherm
step for 0.5 to 0.75 propanol molecules per formura are associated with an increase in
the activation barrier to diffusion into the porastsucture and the entropy of adsorption
increases (becoming less negative), which correfgptmincreasing disorder. This can be
explained by framework flexibility and the rearrangent of adsorptive molecules
coordinated to surface sites in the pores driventhgy chemical potential to a more
disordered state to accommodate more adsorbed nedednitially adsorption occurs in
on the surface and in structural defects which emgily accessible to the vapour. The
structural change leading to pore expansion oriogeis driven by the isosteric enthalpy

of adsorption. The largest of the adsorptives rmge of cross-section which does not
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expand the pore structure is methane with a cresties (3.829 x 4.101 x 3.942 A) can
clearly enter the desolvated collapsed pore strect&ome molecules, for example,
dichloromethane, barely show any change in isothehape or activation energies as
evidence for expansion of the pore structure. Aatsees such as dichloromethane appear
to open the porous structure in a uniform manndowever, chloroformn-pentanen-
hexane, etc show upward curvature in the isotheviich is accompanied by a marked
increase in activation energy for the barrier tiudion into the porous structure. This
cross-section is smaller than dichloromethane A 244.57 A which does open the pore
structure. The wupward curvature for chloroform aggon is possibly due to
heterogeneous expansion of the pore structure aviditstribution of structures changing
with changing amount adsorbed.

The dynamic response of unidirectional frameworEVI#1 to a range of
hydrophilic and hydrophobic adsorptives is compéerd framework expansion may be
driven by both specific hydrogen bonding and noeeffit van der Waals interactions. The
size of the adsorbate molecule relative to the miracture repeat unit and specific
interactions are important in changing frameworkictre. These factors may be useful

for gas separation using MOFs.
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Table 7.13 Comparison of physical and thermodynamic pararsefer the probe

molecules used in this study.

Kinetic Molecular dimensions Isosteric enthalpy of
Molecule diameter (pm) X, Y,z (pm) adsorption on
NEW-1 (kJ/mol)
O, 346.7 298.5, 293.0, 405.2 19.88 + 0.46**
N, 368.0 305.4, 299.1, 404.6 20.05 + 0.86**
Ar 354.2 363, 351 21.86 + 0.99**
COo, 330.0 333.9, 318.9,536.1 27.68 + 1.45
H,O 264.1 322.6,291.7, 388.8 17'35% 7
Alcohol series
Methanol 362.6 381.0 418.0 495.0 63.39+1.00
Ethanol 453.0 416.0, 427.0, 633.0 71.68 + 2.55
n-Propanol 498.0 n/a 78.55+2.51
63.36 +2.17*
n-Butanol 540.0 416, 446, 891 92.91 + 3.46
Chloromethane series
Methyl chloride 418.2 n/a 24.47+ 1.50
Dichloromethane 489.8 n/a 56.69 + 1.30
Chloroform 538.9 618.1, 571.3, 461.3 72.54 +2.83
Alkane series
Methane 375.8 382.9, 410.1, 394.2 23.83+1.14
Ethane 443 380.9, 407.9, 482.1 31.90+1.34
Propane 430-511 660.6, 451.6, 402.0 48.24 £ 1.52
n-butane 468.7 785.5, 451.9, 401.4 56.07 + 0.59
n-Pentane 450.0 910.1, 452.2, 401.4 64.54 +1.52
n-Hexane 430.0 1034.4, 453.6, 401.4 76.76 + 3.51
n-Heptane 430.0 1158.9, 452.3, 401.4 89.27 +3.48
Aromatic series
Benzene 534.9 662.8, 733.7, 327.7 4875
Toluene 525.0 662.5, 401.2, 825.2 48270

Note: * Mean value at the step isotherm of 1parml| adsorption on NEW-1
** Details in Chapter 8
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Figure 7.1 1sotherm for methanol adsorption on NEW-1 over tdraperature range 298-
318 K a)on a pressure basis with an inset in the low pressgion and

bn a relative pressure basis with an inset indlertlative pressunegion
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CHAPTER 8

Applications of NEW-1 for hydrogen storage and air separation

Adsorption of K N, O, and Ar were studied in order to investigate thegiole
applications of metal organic framework NEW-1 faasgstorage and separation. The
adsorption isotherm of hydrogen on NEW-1 at 77 &lassified as a type | isotherm in the
IUPAC classification scheme and no hysteresis waserwed during the desorption
process. The highest hydrogen uptakeldiar and 77 K was 2.98 +0.0016 mmiblghich
corresponds t00.6 % by weight, which is quite low compared ® 8% target set by the
US Department of energy (DOE). The adsorption ctiarastics of @, N,, and Ar on a
metal organic framework NEW-1, mixed-zinc/coppganic framework (M'MOF1) and a
carbon based molecular sieve (CMS-40) were alsernehed over the temperature range
195-298 K. The kinetics profiles obtained for gaaésorption on M’MOF-1 and CMS-40
followed the stretched exponential model (SE) aodbte stretched exponential model
(DSE), respectively. The adsorption kinetics ofegasn NEW-1 were too fast to be
determined properly. The kinetic selectivities fast and slow components of,/R
obtained for gas adsorption on M'MOF-1 were in th@nges 0.8-4.7 and 0.9-4.3,
respectively. While, kinetic selectivity of/ @, obtained for gas adsorption on CMS-40 was
in the range of 33-35. Higher isosteric enthalpwesre observed for gas adsorption on
both  NEW-1 and M'MOF-1, which is indicative of stger adsorbate-adsorbent

interactions compared to CMS-40.

8.1 Hydrogen storage on NEWL

Hydrogen is a possible energy source for powetag due to its pollutant-free
combustion. Most hydrogen is extracted by procgssimethane at oil refineries and
chemical plants. However, in the future hydrogem loa potentially produced from ethanol
and methanol via steam reforming proces$. However, the great challenge for
commercialising hydrogen powered vehicles is hydrogtoragé. Methods of hydrogen
storage which are currently under consideratiotuae high pressure gas, liquid hydrogen,
and adsorption on porous materials, complex hydrided hydrogen intercalation in

metals. None of these methods satisfy the criferidhe amount of hydrogen that can be
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supplied from a given weight or volume of tank faghicles for the refueling ranges
required”® Hydrogen is being developed for use in fuel cédiceic vehicles, which
potentially have higher efficiency. The use of logln physisorption on porous materials
is one of the main methods being considered foiclehapplications. These materials
would also need to satisfy the requirements of arealsle volume, weight and realistic
kinetics for charging and discharging the gas. UBedepartment of energy (DOE) has set
targets for the amount of hydrogen adsorbed as 6%bw2010and 9% wt by 2015.
Various types of porous materials have been ingat&d. It is now generally accepted that
there are limitations for the amounts of hydrodeat tan be adsorbed on carbon materials
at ambient temperatures and high pressure. Thedated to the low enthalpy of hydrogen
adsorption on carbon materials. Metal organic fraork materials are capable of being
designed and synthesized using systematic metlodsciude specific adsorption sites
with stronger interactions for hydrogen adsorpfidh. In this study, the metal organic
framework NEW-1 was used in hydrogen adsorptioroider to determine hydrogen

storage characteristics.

Hydrogen adsorption/desorption isotherms for NEW-77 K and pressures up to
1000 mbar are shown in Figure 8.1a and 8.1b. Tiserption isotherm of hydrogen on
NEW-1 is classified as type | isotherm in IUPAC sddication scheme. It is well
established that the sharp hydrogen uptake at loggspre region is enhanced by
micropores while the adsorption uptake at high fures region is controlled by the total
pore volume? ** Hydrogen adsorption was reversible and no hystesurred during
the desorption process. The highest hydrogen u@ek&000 mbar and 77 K was 2.98 £
0.0016 mmol g which corresponded t00.6 % by weight. The amount of hydrogen
adsorbed at this temperature and pressure corr@sgorn 1l molecule of hydrogen per
crystallographic formula unit of NEW-1. The maximuammount of hydrogen adsorbed
(2.98 mmol §) and the liquid density of hydrogen of 0.077 g ¢tmt the triple point
(—259.35C) can be used to calculate the volume of hydraagsorbed on NEW-1. The
calculated volume of hydrogen adsorbed on NEW-1 Wa&774 cm g, which
corresponds to 29 % filling of the total pore cédted from the PLATON (0.269 chyj™).
The porous structure of NEW-1 collapsed after dgiggsto remove the solvent to activate
the porous structure. The volumes of hydrogen &gsbon NEW-1 after pore collapse
were 86 %, 78 % and 63% of filling of the total @amolume as determined by, KD.099
cm® gtat 77 K), Ar (0.090 crhgtat 77 K) and C©(0.116 cni g'at 195 K), respectively.
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Chenet al® reported that the kinetics of,Hand § adsorption on M'MOF-1,
Znz(BDC)3[Cu(Pyen)]-(DMF3(H20)s, where HBDC = 1,4 benzenedicarboxylic acid and
PyenH = 5-methyl-4-o0xo0-1,4-dihydro-pyridine-3-carbaldeley and showed that the
adsorption kinetics obey a double exponential (B®Byel. This DE model describes two
diffusion processes during adsorption, diffusioangl two types of cavities of M'MOF-1
(5.6 x 12.0 A and irregular ultramicropores, detaih section 1.3.1). However, the
adsorption kinetics for hydrogen adsorption on NEWere too fast and could not be
measured accurately. The faster adsorption kinefi¢dsydrogen adsorption on NEW-1 is
due to the larger pore size in NEW-1 (6.092 x 6.@92compared with the hydrogen
molecule (2.4 x 2.4 x 3.14 A).

8.2 Air separation

Nitrogen and Oxygen are two of the most widelgdushemicals in the worlel.g.
manufacture of steel, welding of material, hospitahd laboratorie¥: > The recovery of
either nitrogen or oxygen from air is a commergialhportant consideration. Carbon
molecular sieves (CMS) are a unique class of natevhere the selective porosity is
incorporated by carbon deposition on a nanopor@aubon substrate with pore sizes is
approximately 0.5 nm. The kinetic selectivity oése materials for oxygen and nitrogen is
controlled by the extent of carbon deposition ahd txperiment conditions. These
materials are used commercially for nitrogen angger separation from air by pressure
swing adsorption (PSAf: " Recently, some novel porous framework materiato al
known as metal-organic coordination networks oraihetganic frameworks (MOFs) have
attracted the attention for applications in catalgsd gas storage particularly for hydrogen
storage. Some possible advantages of the metahiorffameworks are the pore sizes and
functionality of the open frameworks can be comgeblby choosing appropriate organic
linkers and metals. In the case of carbon moleaites the selective carbon deposit and
the microporous substrate are amorphous and rilyspwssible to establish the size of the
selectivity by probe molecule studi®s.’® In contrast, in the case of MOF materials,
detailed structural information is available fromra§y crystallographic studies. Therefore,
more detailed information is available on pore samel surface structure. In this study,
adsorption characteristics of, N, and Ar on NEW-1, M'MOF-1 and CMS-40 over the
temperature range 195 K — 298 K were investigafdslo, the adsorption kinetics and

adsorption enthalpies for these gases were detedmin
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8.2.1 Isotherms of Q, N, and Ar adsorption on porous materials

Figure 8.2 shows the uptake of all gases on NE&Y-195 K. It is apparent that
the gases adsorption isotherms at 195 K on NEWHLbea classified as Type | in the
IUPAC classification scheme. These adsorption &otis were approximately linear at
low pressure regions but deviated from linearithigher pressure. The uptakes of all gas
adsorption at 273 K and 298 K were linear with @asing pressure as shown in Figure 8.3
and 8.4, respectively. It is apparent that the gulgm capacities of both oxygen and argon
on NEW-1 over the temperature range of 195-298 Kevgmilar, while the adsorption
capacity of nitrogen was slightly lower than botkygen and argon. The adsorption
capacities of oxygen and nitrogen at 1000 mbar theetemperature range 195-298 K are
shown in Table 8.1. It can be seen that the eqiihio oxygen adsorbed on NEW-1 was
higher than nitrogen with highest pure componefecsi®ity of O,/N, of 1.47 at 298 K.
The smallest differences in the amount adsorbedxfggen and nitrogen adsorbed were
observed at 195 K.

Figure 8.5-8.7 shows the adsorption isothermgases on M'MOF-1 at 195, 273
and 298 K, respectively. The adsorption isothermhgases at 195 K showed that the
amount of gas adsorbed in the low pressure regioreased approximately linearly with
increasing pressure. However, the amount gaseshadbsaliverted from linearity in the
high pressure region. The adsorption isotherm®tit B73 and 298 K showed the amount
of gas adsorbed was linear with increasing presasreshown in Figure 8.6 and 8.7,
respectively. It is apparent that both oxygen argbm were adsorbed to a greater extent
than nitrogen on M’'MOF-1 and the equilibrium sebeity of O,/N, of 1.50 was observed
at 195 K.

Figure 8.8-8.10 shows the adsorption isothermgasies on CMS-40 over the
temperature range 273-298 K. It is clear that thmeunt of gas adsorbed on CMS-40
increased approximately linearly with increasinggsure. The amount of oxygen and
nitrogen adsorbed is similar to that of argon.
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Table 8.1Equilibrium amount of gases adsorbed on porougrniads at 1000 mbar

. O,
Samples \_Nlndoyv uptake N, uptake Ozll\_lz_ Temperatures
dlm(e£)5|on (mmol/g) (mmol/g) selectivity (K)
Metal organic frameworks
NEW-1 7.09 x 5.65 1.37 1.12 1.22 195
0.20 0.14 1.43 273
0.11 0.07 1.57 298
M'MOF-1 5.6 x12.0 1.32 0.88 1.50 195
and iregular ) 7 0.05 1.40 273
shaped
ultra-micropore 0.04 0.03 1.33 298
MOF-177° 7.1~7.6 0.18 0.10 1.80 298
Carbon molecular sieves
CMS-C606" - - - 1.04 298
CMS-C906" - - - 1.80 298
G-1, G-# 1.70 300
Zeolites®
NaX 0.16 0.23 0.25 295
CeX#10 0.15 0.59 0.68 295

It should be noted that the amount of nitrogerodeld was lower than amount of
oxygen adsorbed on both NEW-1 and M'MOF-1. Thigprisbably due to the lack of
electric charge on the surface of both NEW-1 and/MF-1 unlike zeolites, where the
quadrupole of nitrogen strongly interacts with asi in the pores of zeolités.>***The
pure component selectivities ob/, obtained from gas adsorption on both NEW-1 and
M’MOF-1 at 278 K are comparable to values obtaifedMOF-177 and carbon molecular
sieve C900 both having a selectivity of 1.80. Itudbbe expected that the higher pure
component selectivity of £N, could be obtained at higher pressure. Hence, oxygel
nitrogen are kinetically separated since the dopilim component separation ratio is

possibly too small for air separation using pormagerials’> >
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8.2.2 Kinetic selectivity of Q, N, and Ar

In term of the adsorption kinetics, previous ségdievealed that the kinetics of
oxygen, nitrogen and argon adsorption on carborecutdr siev€ 2 #’and zeolite®
follow the linear driving force model (LDF). Howavyehe kinetic constants for oxygen,
nitrogen and argon adsorption on NEW-1 at tempezat@bove 195 K could not be
obtained accurately due to the fast kinetic preffla gas adsorption as shown in Appendix
F. This is due to a larger window dimension of NEWompare to the molecular size of
the adsorptive leading to the fast adsorption kisetThe kinetic profiles for gas
adsorption on M'MOF-1 at 195 K were fitted with tteuble stretched exponential model
(DSE). Examples of the fitted DSE model on the #aseprofile of M'MOF-1 are shown
in Appendix F. There are two set of DES rate caristar oxygen, nitrogen and argon
adsorption on M'MOF-1 which are fast and slow D@Eerconstants. The lager pores are
expected to give the fast DSE rate constaniswhkile slow DSE rate constant,jks due

to diffusion through the irregular shaped ultraropwores.

Figure 8.11 shows the fast DSE rate constangdsradsorption on M'MOF-1 at
195 K. It is clear that the DSE rate constant oyg®n > nitroger> argon with the
selectivity of Q/N,and Q/Ar in range 1.2-2.0 and 1.5-1.9, respectively. Figui® shows
that the slow DSE rate constant tends to decredtbeincreasing pressure then reach a
plateau. The DSE rate constant of both nitrogenagdn tends to be constant, which is
probably due to constricted diffusion in the ultrarapores. The order of DSE rate
constants were oxygen > nitrogerargon with the selectivity of N, and Q/Ar in range
0.8-4.7 and 0.9-4.3, respectively. Figure 8.13 shthve DSE exponentis andg, obtained
for fast (k) and slow (k) DSE rate constant, respectively. The DSE exp@y@rdnd f,
obtained for argon, nitrogen and oxygen adsorptiorM’MOF-1 at 195 K were in range
1.2-1.6 and 0.5-1.0, respectively. The values oEB¥ponents; were higher than the
recommended values 0f< 1. These high values of DSE expongnare presumably due
to the diffusion of gases through the large poriee ®f M'MOF-1 which made the
adsorption kinetics very difficult to measure aataly.
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For CMS-40, the kinetics of gas adsorption on GMSat 273 K follow the
stretched exponential model (SE) which is indieatw diffusion through a distribution of
pore sizes. Some selected kinetic profile for oxygatrogen and argon adsorption on
CMS-40 are shown in Appendix F. The SE rate comstahgas adsorption on CMS-40 at
273 K are shown in Figure 8.14. It is clear that tinder of the SE rate constant of oxygen
>> nitrogen > argon. This shows that the sligistiyaller oxygen molecule diffuses more
rapidly in the pore of CMS-40 compared to nitrogerd argon molecules. This is often
attributed to the reverse order of the moleculaitivbf oxygen (2.8 A) < nitrogen (3.0 A)
< argon (3.8 A) as shown in Table 8.2. However ¢hess-sectional dimensions of the
molecules obtained from ZINDO calculations do nlebvs such a clear trend. The pure
component selectivity of £N, was in the range of 33-55 which is similar to ttedues
obtained for other CMS materials (25-48)?° The SE exponents) obtained for argon,
nitrogen and oxygen adsorptions on CMS-40 at 278efe quite constant and were in
range ~0.90-0.94, ~0.82-0.92 and ~0.73-0.81, réispdc(see Figure 8.15). Thevalues
obtainedfor Ar adsorption were very close to the LODFAY).

Table 8.2Comparison of structural and physical parametarsghie probe molecules

Parameters Oxygen Nitrogen Argon

Lennard-Jones (1) (pm)*° 346 364 340

Critical dimension
minimum cross 280 300 384
section (pm)?°

Molecular dimensions 298.5, 293.0, 405.2 305.4, 299.1, 404.6 363, 351,-
X, y, Z (pm)°
Dipole Moment (D}’ 0 0 0

Quadrupole moment

1.3 4.7 0
100 (Cm?)*’

Polarizability (A 33 1.6 1.76 1.66
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In summary, the kinetics profiles obtained for gadsorption on M'MOF-1
followed a double stretched exponential model du¢he presence of 2 types of pores
while the CMS-40 followed a stretched exponentiadei, corresponding to a narrow
distribution of pore sizes in the carbon deposiist adsorption kinetics obtained for gas
adsorption on NEW-1 were not analysed in detaihwitathematical models because of
their limited accuracy but the results suggest thatkinetics follow the pore size of the
selective structural regions in the materials: NEW-M'MOF-1 > CMS-40. The sizes of
pores in M'MOF 1 are very small but the temperatstikt had to be reduced to 195 K to
show kinetic differences. The DSE rate constantiobd for gas adsorption on both
M’MOF-1 and CMS-40 indicated that,(as the fastest kinetics while the rate constants
obtained for N adsorption are slightly higher than Ar. Critical mmhum cross section
appears to give a better prediction of adsorptimetics which is similar to the previous
results reported by Reiet. al'® *° Vyaset. al?? and Rutherforcet. al®’. Comparison of
the adsorption kinetics of INO, and Ar on NEW-1, M’'MOF-1 and CMS-40 shows that
MOFs must have extremely narrow pores to give ieeeteparation characteristics similar
to CMS-40 which is used commercially for air separa

8.2.3 Thermodynamic of Q, N, and Ar adsorption on porous materials

The isosteric enthalpies of adsorption at zendase coverage were calculated
using virial equatiort® ' 2* #*Kiselev et af®. firstly introduced the virial equation by
modifying the Henry's law equation and then Cele al®* proposed that the virial

equation can be expressed in a linear form as sheaw (details in section 2.5.1);
In(n/ p)=A, + An+An* +.... o

Where theA, and Ay parameters represent the adsorbate-adsorbentcinberaat
zero surface coverage and adsorbate-adsorbatadtiber, respectively. Values @é§ can
be obtained from the graphs offhg) versusn at different temperatureB The isosteric
enthalpy of adsorption at zero surface coveragebeadetermined from the slope of the

plot of Ay against IF.*% 18 2
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The adsorption temperature used in this studyakase the critical temperatures
of argon, nitrogen and oxygen and therefore, itas possible to express the pressures in
terms of relative pressure since the saturatedurgpessurep’) does not exist. The virial
plots for both NEW-1 and M'MOF-1 are obtained fréhe adsorption isotherms of gases
over the temperature range 195-298 K (see Figuré-821) while the virial plots for
CMS-40 were obtained from the adsorption isothefigases over temperature range 273-
298 K as shown in Figures 8.22-8.24. The virialtplobtained from gas adsorption on
NEW-1, M'MOF-1 and CMS-40 are linear over a majartpof the pressure range but
deviate from linearity at low-pressure where theartainties in the measurement of small
amounts adsorbed and pressures lead to highertaintiess in the virial graphs (see Figure
8.25-8.32).

The first and the second virial coefficients atéal from gas adsorption on metal
organic framework and carbon molecular sieve arewshin Table 8.3 and 8.4,
respectively. Good agreement was obtained for gatid, andA; for the adsorption of
gases on both metal organic frameworks and carbolecwar sieve. However, the data
showed that the higher terméy( etc.) in the virial equation could be ignoredi@at
uptakes/pressures.

In Table 8.3, thé\, obtained for gas adsorption on metal organic fiaanks and
CMS-40 decreased with increasing of temperatureexgsected for a physisorption
mechanism. The values of the first virial coeffitié, for nitrogen, oxygen and argon
adsorption on both NEW-1 and M'MOF-1 at temperatuenege 195-298 K were similar.
While, the values of the first virial coefficiendrf nitrogen, oxygen and argon adsorption
on CMS-40 over the temperature range 273-298 K wigatly higher than those values
obtained for both MOF-1 and M’'MOF-1 as a resulttttd amount of gases adsorbed on
CMS-40 being slightly higher. These higher valuesgpof CMS-40 are also indicative of
larger pore volumes/surface areas for CMS-40 tlbarbéth MOF-1 and M'MOF-1. The
pore structure of NEW-1 is in its collapsed formiethhas a low total pore volume. Thg
values of both metal organic frameworks obtainemnfithe adsorption of gases at 195 K
were much higher than those values obtained aa8d398 K. In case of the CMS-40, the
adsorption of oxygen, nitrogen and argon at 195r Kower temperature cannot be done

due to activated diffusion at this temperature.



CHAPTER 8

Applications of NEW1 for hydrogen storage and air separation

Table 8.3First virial coefficient A, mol g* Pa®) for gases adsorption on porous materials

Gases 195 K 273 K 288 298 K
NEW-1
0O, -16.51 + 0.052 -20.08 = 0.005 -20.71 £ 0.006
Ar -16.06 = 0.076 -20.05 £ 0.004 -20.64 = 0.007
N, -16.88 + 0.015 -20.54 +0.014 -21.09 +0.002
M'MOF-1
0O, -17.05 = 0.004 -20.89 £ 0.004 -21.42 +0.004
Ar -17.06 = 0.002 -21.00 £ 0.001 -21.51 +0.004
N, -17.51 £ 0.002 -21.31 £ 0.007 -21.67 +0.008
CMS-40
0O, -18.46 + 0.004 -18.83 £0.014 -18.98 £ 0.021
Ar -18.49 +0.011 -18.93 £0.013 -19.07 £0.013
N2 -18.32 £ 0.010 -18.72 +0.014 -18.95 +0.014

O’koye et al?® reportedA, values for oxygen and nitrogen adsorption on aarbo
molecular sieve at 298 K of -736 + 7 and -921 +g2®iol*, respectively. Reidt al*® *°
investigated the adsorption of nitrogen, oxygen argbn on various carbon molecular
sieves over the temperature range 273-343 K. TheesafA, for nitrogen, oxygen and
argon adsorption were in the range of -19.3 t03,2(.8.50 to -19.8 and -19.8 to -20.4 mol
g* Pa', respectively. While the values of tiée values for nitrogen, oxygen and argon
adsorption carbon molecular sieve were in the rarigé48 to -1077, -507 to -1079 and -
549 to -20.4 g mdl, respectively. Comparison of these literature @slforA, andA; with

the values obtained in this study shows that theysamilar.
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Table 8.4Second virial coefficientX, g mol*) for gases adsorption on porous materials

Gases 195 K 273 K 288 298 K
NEW-1
0O, -1125.2 £48.3 -1374.1 £48.0 -1111.3+£94
Ar -1641.1 £69.5 -1436.5 £ 355 -1070.9 +112.4
N, -1132.5+£20.1 -1482.7 + 186.4 -929.3+67.1
M'MOF-1
(o)) -812.9+5.3 -1281.2 +102.2 -1160.2 £ 154.3
Ar -858.4 + 3.7 -1211.7 £48.5 -934.9 £192.0
N, -1186.16 £ 12.3 -1670.6 +30.7 -1052.7 +423.3
CMS-40
(o)) -810.5+11.7 -1013.4 £50.2 -1206.4 +81.2
Ar -930.89 +£ 30.9 -993.59 +49.37 -1225.9 £52.9
N, -1084.2 £ 27.0 -1226.25 £ 52.1 -1245.5 £ 56.0

The values for the isosteric enthalpies of adsmmp(Qsy) for the gases studied

were obtained from graphs 8§ versus II as shown in Figure 8.33-8.35 and isosteric
enthalpy values are listed in Table 8.5. The valoke®s: at zero surface coverage for
oxygen, nitrogen and argon obtained for both NEAARdl M’'MOF-1 were in range 19-22
kJ mol* and were similar. While, the values ©f; at zero surface coverage for oxygen,
nitrogen and argon obtained for CMS-40 were 14-17mlol* and were lower than the
values obtained for those two metal organic frant&so These low values of isosteric
enthalpies obtained for gases adsorption on CMSntlicating weaker adsorbate-
adsorbent interaction compare to both NEW-1 and MRAL. HoweverQs: for CMS-40

is similar to the values obtained for adsorptionndfogen, argon and oxygen on other
CMS and porous carbons (see Table &55. 3> 3¢
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Table 8.5 sosteric enthalpies of adsorption fos, ™, and Ar on porous materials

Gases NEW1 M'MOF 1 CMS-40 Microporous carbon
(kJ/mol) (kd/mol) (kd/mol) and CMS
(kd/mol)
O, 19.88+0.46  20.89+1.09  14.28+1.3511.7-22.0% 1%
NP 20.05+0.86  20.16+1.71  17.08+0.20 14.7-21.5%%%
Ar 21.86+0.99  21.35+1.20  16.00 +2.3414.9-17.7°% %3

295
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CHAPTER 9

Conclusions

9.1 Overall conclusion

Two new three-dimensional metal orgdracmeworks, named NEW-1 and NEW-2,
were successfully synthesised fradu(NG;), with isonicotinic acid and Zn(Ng) with
fumaric acid, respectively. Physical, chemical agas/vapour adsorption/desorption
characterisation results indicate that NEW-1 isnalivectional nano-porous material with
non-coordinated oxygen surface functional group square pyramidal copper centres in
close proximity in the pore walls. NEW-1 has higlermal stability and the framework is
flexible. NEW-2 is non-porous material due to teatpl methanol molecules strongly
bonded with Zn. The NEW-2 framework decomposes wdiedried.

NEW-1 changes structure on desolvatibme unidirectional pore system with
surface oxygen functional groups and copper cempieeisdically located along the surface
of pores of NEW-1 provides a well defined structuce investigate the adsorption
interactions with surface functional groups and th@amic response of the flexible
framework to adsorption. Oxygen surface functiagra@lups and copper centres in NEW-1
dominate the adsorption characteristics of smallemes such as water, methanol,
ethanol,n-propanol and also, chloroform. Studies of isastenthalpies and activation
energies for ¢Cgzalcohol adsorption on NEW-1 demonstrate a linelatioship with the
number of carbon atoms in alcohols and also demaimssstoichiometric relationships

between isotherm plateaus and the crystallogrdphmgula unit.

The adsorption interaction for alkanes involvesi-specific dispersions forces
and the isotherms also showed some evidence farhgimetric relationships between
isotherm plateaus and the crystallographic fornuwde. This is attributed to the response
of the repeat unit in the MOF structure under thiguence of molecules with different

sizes. These relationships are not observed fgelo(G) chain alkanes.

The adsorption kinetics were analysed using acéiee exponential model for
each isotherm step, which provided kinetic paramsdteat allowed the activation energies

to be determined as a function of surface coverlgthe case of the species studied the
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isosteric enthalpies of adsorption were always drighan the activation energies. This
implies that the diffusion mechanism is dominatgdabsite-to-site hopping mechanism

rather than diffusion through constrictions in gore

The kinetics profiles obtained for nitrogen, argand oxygen adsorption on
M'MOF-1 followed a double stretched exponential ralbdue to the presence of 2 types of
pores while the CMS-40 followed a stretched exptiakmodel corresponding to a narrow
distribution of pore sizes in the carbon depodite Bdsorption kinetics of nitrogen, argon
and oxygen on NEW-1 were too fast to determine r@ately under ambient temperature
conditions. Adsorption of nitrogen, argon and oxygen both NEW-1 and M'MOF-1
needs to be done at very low temperature in ordeddtermine adsorption kinetics.
Comparison of the adsorption characteristics of NEWW'MOF-1 and CMS-40 shows
that MOFs must have extremely narrow pores to givetic separation characteristics
similar to CMS-40, which is used commercially farseparation.

9.2 Specific conclusions

9.2.1 Synthesis and characterise the porous metabanic frameworks

Three dimensional metal organic frameworks NEWCG1,HsCuN,O4-GH;NO)
and NEW-2 (GH100sZn) were synthesised via solvothermal and room &gatpre
method, respectively. It is apparent that NEW-& isanoporous material while NEW-2 is
a non-porous framework material. Solvothermal sgsith of NEW-1 using DMF as a
template molecule produced framework topology Wattger pore volume rather than the
framework synthesised with water template. The ltesiwtom single X-ray diffraction
revealed that NEW-1 has a channel-like porous nateith window dimension of 6.092
X 6.092 A. The pore volume obtained from a PLATO#lcalation was 0.269 chy™.
NEW-1 is thermally stable up to ~290 °C. The (M7 K) and CQ (195 and 273 K)
adsorption isotherms for NEW-1 were typical typeas defined by the IUPAC
classification scheme while the Ar adsorption isotiis were intermediate between types |
and type Il. Both nitrogen and argon isotherms leitddl small hysteresis while G@as

virtually completely reversible.
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The total pore volumes calculated from adsorpisotherms of both Nand Ar at
77 K, and CQ 195 K were 0.099 cfig* and 0.09&m’g™* and 0.116 ciy™, respectively.
These total pore volumes are much lower than potenwe calculated from PLATON
indicating pore structure of NEW-1 are partly cpias on desolvation. This is consistent
with the XRD profile of the desolvated form of NEW-Measurements of total pore
volume for CQ adsorption at 303 K and 55 bar gave a pore volorh@l cni g* (2.384
mmol g%). Similarly the amounts of methane adsorbed atK/5ar and 303 K/80bar are
equivalent to pore volumes of 0.084 and 0.074 gth respectively. However, there is
uncertainty over the density of adsorbed metharvelthe critical temperature. These
results indicate that there is no thermally acévathase transition of the desolvated NEW-

1 structure at temperatures up to 303 K.

Total pore volumes obtained from the maximum gaisan capacity at high
relative pressure gave the following values sintitathe crystallographic pore volume, for
example, methanol 0.263 &g, ethanol 0.262 cig™; n-propanol 0.244 cig™; n-butanol
0.200 cmig?; methyl chloride 0.227 cfg™, dichloromethan®.253 cnig?, chloroform
0.267 cmg™; methane 0.084 cig’, ethane 0.168 cig’, propane 0.225 cig’, n-butane
0.238 cnig?’, n-pentane 0.253 cfg™; n-hexane 0.257 ctg™; benzene 0.254 ciy' and
toluene 0.202 cfig™. It is apparent that these total pore volumesh e exceptions of
toluene andn-butanol, are consistent with Gurvitsch’s rule amgree well with the
PLATON pore volume obtained from crystallographiatad It is evident that the
adsorption data for NEW-1 are consistent with NEVideling flexible with total pore
volumes ranging from 9.07-0.26 crig™.

The adsorption process is driven by the enthalipgdsorption since when the
MOF is desolvated structural disorder is increagdekrefore, the enthalpy of adsorption
drives both the adsorption processes and the stalcthange from the desolvated
structure to the expanded structure. Molecules asdi, Ar, CO, and CH do not expand
the structure since the enthalpies of adsorpti@nlaw. Adsorptives which have high
enthalpies of adsorption by virtue of either a logm bonding interaction with surface of
oxygen functional group or dispersion interacti@ssin the case af-pentane etc. have
sufficient enthalpy to open the structure of deatdd porous structure of NEW-1.
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The hydroxyl groups in alcohols hydrogen bondbpidy to surface oxygen
functional groups as shown by stoichiometric relaghips between amounts adsorbed and
oxygen present in crystallographic formula unitisltproposed that framework collapse
leads to the Cu (1)-O(3)-C(12)-O(4) planar regionsolvated NEW-1 becoming non-
planar leading to O(4) pointing into the pore thgreroviding surface sites for hydrogen
bonding. However, the adjacent five coordinate Guaiso a possible site. Strong
interactions allow expansion of the porous strietiar the maximum pore volume. The
length of the alkyl chain in the alcohol clearlyshe major influence. As the chain length
increases i) it decreases the availability of oxygarface sites by occupying more space
i) the isosteric enthalpy of adsorption increasesl iii) it increases the hydrophobic

character.

9.2.2 Effect of surface chemistry on adsorptionharacteristics of MOF NEW-1

In order to increase the understanding of role wiffage chemistry on adsorption
characteristics, a series of adsorption isotherngages/vapours of varying size, shape and
hydrophobic/hydrophilic characteristics were stddoer the temperature range 298-318
K. Most of these adsorption isotherms were typethe IUPAC classification scheme but
some had deviations from the standard isotherm eshaglditionally, all desorption
isotherms of these vapour exhibited only a smalbamh of hysteresis at high relative
pressure. The adsorption isothermngbropanol on NEW-1 is type VI. The-propanol
isotherms exhibit steps corresponding to stoichtomeelationships between the amount
adsorbed and the crystallographic formula unit. Tddsorption isotherms of small
hydrophilic molecules e.g. methanol and ethana alhibited plateaus that correspond to
stoichiometric ratios for amount adsorbed and tren@ila unit of NEW-1. This suggests
that specific adsorbate-adsorbent interactionsrodtis proposed that hydrogen bonding
occurs between the OH group of alcohols and calbtxyon-coordinated oxygen in the
pore wall of the NEW-1.

Isosteric enthalpies for,&C3 alcohol adsorption at zero surface coverage on NEW
1 over temperature rang 298-318 K increase withessing of number of carbon atoms.
The isosteric enthalpies obtained for alcoholsayt decreased with increasing of surface
coverage stabilising at amounts adsorbed in thgerdn0-1.5 mmol § A decrease in

isosteric enthalpy fon-propanol adsorption is observed in the amountrbgsbrange 1.5-
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2.0 mmol ¢, which corresponds to the step in the adsorpsotherm. It is clear that the

order of isosteric enthalpy of adsorption ngpropanol > ethanol > methanol where

hydrogen bonding between alcohol and surface grgupdominates and the isosteric

enthalpy of adsorption increases approximatelyalityewith increasing of carbon number.

The isotherm oh-butanol adsorption does not have a stoichiomegtationship with the

crystallographic formula unit. This is ascribeddispersion interactions of the hydrocarbon

chain dominating the adsorbate-adsorbent interactio

The effect of surface interactions between adseraad adsorbent NEW-1 can be

summarised as below;

1)

2)

3)

It is proposed that adsorption characteristicsyafrtphilic molecules (R-OH,
R= H, CH;, GHs, CH;) depends on oxygen surface functional groups in
NEW-1 for smaller molecules whila-butanol does not have the specific
stoichiometric interactions indicating that the toghobic interactions
dominate the specific hydrophilic interactions watlrfaces fon-butanol and
other factors are influencing the adsorption preces

The isotherm plateaus foralkane adsorption on NEW-1 show evidence for
stoichiometric relationships with the crystallognapstructural formula unit.
Hydrophobicn-alkanes do not have a specific interaction with surface
groups of NEW-1. The stoichiometric trends areilaited to the systematic
repeat of the framework structure and the abilitynmlecules to fit into the
framework repeat unit. A particularly interestinigservation is the change of
the isotherm plateau from a stoichiometric 1:1 dolste: crystallographic
formula unit for ethane to 0.5: 1 forbutane,n-pentanen-hexane, ana-
heptane. Calculations based on the known densititge adsorbate show that
the pores are not fully for the smaller alkaneshim G-C; series. In the case
of propane, a high chemical potential is requikedrive the adsorption to the
1:1 stoichiometry which has a pore volume corredpanto total pore filling.
Isosteric enthalpies at zero surface coverage ativation energies for C3
alcohols adsorption on NEW-1 over temperature 208318K demonstrate
a linear relationship with the number of carbonmatm alcohols. Similar
trends are observed for the-C; n-alkane series. This illustrates the effect of

size on thermodynamic parameters
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4)

5)

6)

7)

8)

The adsorption kinetics of both hydrophilic and toghobic molecules
follows the stretch exponential (SE) model andrdies, SE rate constants and
exponentf values change with surface coverage, pressurgesnperature.
These changes are attributed to the change in chepotential gradient in
the isotherm. The exponent values from the SE model are close 1D
model, correspond to diffusion through high bagier diffusion of molecules
into or along narrow porosity. The increase in radestant is related to the
increase in chemical potential gradient in thehisaon.

In some cases the isosteric enthalpy of adsorpsamuch higher than the
corresponding activation energy for diffusion inbt@ porous structure. This
indicates that the diffusion mechanism is a siteite hopping mechanism.
When the barrier to diffusion is higher than thesteric enthalpy of
adsorption the adsorbate molecule and pore sizesiarlar. Examples of
former are systems where this is observed are algolarger alkanes ¢and
above) and CECl,. The latter is observed as the pore structureredgduring
the adsorption of CHGI

Framework flexibility is driven by the enthalpy @idsorption and occurs
irrespective of the types of adsorption interactian framework structural
change can occur due to both non-specific disperara@ specific H-bonded
interactions. Adsorption of probe molecules prosi@eidence in support of
stoichiometric relationships between the isotherrfatgaus and the
crystallographic formula unit emphasising the rofehe repeat nature of the
porous structure in MOFs.

In most cases the framework expansion occurs &t teiigtive pressure when
pore filling occurs. However, in the case of CEl@tsorption, the isotherm,
thermodynamic and kinetic studies are consistetit expansion occurring at
low pressure low pressure and this is driven byga bnthalpy of adsorption
at low surface coverage.

The n-propanol isotherm has two isotherm steps. Thé $iep corresponds to
a plateau with stoichiometry 0.53;OH per crystallographic formula unit.
This is related to the fact thatpropanol is too long to fit into the space
available if 1:1 stoichiometry occurred in the uredtional pores. The second

step occurs at higher chemical potential and ismpanied by an increase in
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both enthalpy and entropy of adsorption and, asslpwing of the adsorption
kinetics with an increase in the barrier to difusi These observations are
presumably related to structural change in thallleXramework and the need
to break H-bonding interactions to accommodate nmooéecules leading to
pore filling.

9) The dynamic response of the framework to adsorpBocomplex and it is
likely that there are a range of structural conéitions of NEW-1, which may
be taken during the adsorption process and onlydaergy changes allow
these to be driven by the adsorption process. Rebaked on the adsorbate:
crystallographic formula unit stoichiometry for ieerm plateaus indicates
that conformations corresponding to pore volumesl6-0.18 crm g* are
relatively stable. However, the results for thetgdais for G-C; alkanes
suggest that arrange of conformations or distrdngi of several

conformations may be present during adsorption.

9.2.3 Gas storage and separation

The adsorption isotherm of hydrogen on NEW-1 atK7is classified as type |
isotherm in IUPAC classification scheme and no énestis occurred during the desorption
process. The highest hydrogen uptakeéldt bar and 77 K was 2.98 + 0.0016 mmblg
which is corresponded td 0.6 % by weight which is quite low compare to G&tget of
the US DOE. In case of air separation, it is appathat the nitrogen, argon and oxygen
adsorption isotherms at 195 K on NEW-1 and M’'MOEah be classified as type | in the
IUPAC classification scheme. While the amount dfagien, argon and oxygen adsorbed
on CMS-40 over temperature range 273-298 K increamgproximately linear with
increasing of the pressure. Selectivity ratio,/[Q) obtained for gases adsorptions on
M’MOF-1 were in range 0.8-4.7 and 0.9-4.3, respetyi. While, kinetic selectivity ratios
(O2/N,) obtained for gases adsorption on CMS-40 were igga&8-35. Critical dimension
minimum cross section appears to give a betterigired of adsorption kinetics than
kinetic diameter. High isosteric enthalpies weresasbbed in gases adsorption on both
NEW-1 and M'MOF-1 which is indicated stronger adsde-adsorbent interaction
compare to CMS-40.
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Table Al. Crystal data and structure refinement for NEW-1

Identification code

Chemical formula (moiety)
Chemical formula (total)
Formula weight
Temperature

Radiation, wavelength
Crystal system, space group
Unit cell parameters

Cell volume

Z

Calculated density
Absorption coefficienft

F(000)

Crystal colour and size
Reflections for cell refinement
Data collection method

0 range for data collection
Index ranges
Completeness tb = 26.0°
Reflections collected
Independent reflections
Reflections with B>20
Absorption correction

Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data / restraints / parameters
Final R indices [E>20]

R indices (all data)
Goodness-of-fit on ¥
Extinction coefficient
Largest and mean shift/su
Largest diff. peak and hole

NEW-1

HsCuN,O,4-CGH/NO

H15CUN;Os

380.84

120(2) K

synchrotron, 0.69430 A
monoclinic,/©2

a=11.579(2) A a = 90°
b =12.292(3) A B =117.871(2)°
c=12.318(3) A y=90°
1549.8(6) A
4
1.632 g/ém
1.441 mnt"
776

blue, 0.82.02x 0.00 mm
978 fange 2.5t0 27.1°)
Bruker APEX2 CCD diffractdare
thin-slicew scans
2.5t0 29.8°
k15to 16, k-17 to 17, -F16 to 17
99.6 %
15631
4515,(R 0.0453)
3521
semi-empirical from equivdken
0.9718 and 0.9986
direct methods
Full-matrix least-squares dn F
0.0512, 0.1354
4515/0/ 230
R1 =0.0399, wR2 = 0.0920
R1 = 0.0564, wR2 = 0.0985
1.031
0.0047(14)
0.000 and 0.000
0.42 ar@l85 e A®
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Figure A1 ORTP view of coordination environment of NEW-1 anB®MF molecule in the pore is
shown
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N(2),~@

0(1B)

O(4A)

N(2A)

Figure A2 ORTP view of coordination environment of NEW-1.eTBBU of NEW-1 is formed by
two square pyramidal copper atoms bonding withtaignicotinate ligands.
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Table A2. Atomic coordinates and equivalent isotropic dispiment parameters Por NEW 2.
Ueqis defined as one third of the trace of the ortmadized U tensor.

Cu(1)
O(1)
0O(2)
O(3)
O(4)
O(5)
O(5A)
N(1)
N(2)
N(3)
C(1)
C(2)
C@3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)

X

~0.70961(2)
~0.58101(15)
~0.37957(14)
~0.84287(14)
~0.96842(16)
~0.4227(8)
~0.3349(5)
~0.63827(17)
~1.19387(17)
~0.2416(3)
~0.5257(2)
~0.4778(2)
~0.5486(2)
~0.6666(2)
~0.7065(2)
~0.5010(2)
~1.1079(2)
~1.0275(2)
~1.0373(2)
~1.1297(2)
~1.2046(2)
~0.9440(2)
~0.3319(4)
~0.2553(4)
~0.1256(4)

Yy V4

0.036754(19Y0.03629(2)
0.03715(12)-0.12870(15)
0.05773(12)-0.10874(14)
0.12999(12)-0.16662(14)
0.10130(13)-0.07592(15)
0.3914(8) -0.0265(7)
0.3732(4) -0.0942(5)
0.33283(14)-0.42772(17)
0.40472(14)-0.37193(17)

0.4897(2) 0.0571(3)
0.2823(2) —0.3990(2)
0.1998(2) -0.3127(2)

0.16532(16) -0.2551(2)
0.2165(2) -0.2868(3)
0.2999(2) -0.3712(3)
0.07882(16) -0.15659(19)
0.35914(17) -0.4028(2)
0.27373(18) -0.3360(2)
0.23200(16) -0.2356(2)
0.2773(2) -0.2076(2)
0.36377(19) -0.2762(2)
0.14642(17) -0.1526(2)

0.4200(4) —0.0173(4)
0.5498(3) 0.1505(4)
0.5083(3) 0.0449(4)

Table A3. Bond lengths [A] and angles [°] for NEW-1.

Cu(1)-O(1)
Cu(1)-0O(3)
Cu(1)-N(2C)
0(2)-Cu(1A)
0(3)-C(12)
0(5)-C(13)
N(1)-Cu(1D)
N(1)-C(5)
N(2)-C(7)
N(3)-C(13)
N(3)—C(15)
C(1)-C(2)
C(2)-C(3)
C(3)-C(6)
C(4)-C(5)
C(7)-H(7A)
C(8)-H(8A)
C(9)-C(10)

Y

0.01634(9)
0.0226(3)
0.0211(3)
0.0208(3)
0.0264(4)
0.077(4)
0.096(2)
0.0194(4)
0.0187(4)
0.0506(7)
0.0291(5)
0.0284(5)
0.0190(4)
0.0340(6)
0.0345(6)
0.0187(4)
0.0203(4)
0.0212(4)
0.0193(4)
0.0268(5)
0.0257(5)
0.0204(4)
0.0662(11)
0.0741(12)
0.0632(10)

2.2579(16)
1.9888(15)
1.9950(18)
1.9702(15)
1.277(3)
1.063(8)
2.0019(18)
1.337(3)
1.343(3)
1.330(5)
1.438(5)
1.384(3)
1.378(3)
1.511(3)
1.377(3)
0.950
0.950
1.385(3)

Cu(1)-0(2A)
Cu(1)-N(1B)
O(1)-C(6)
0(2)-C(6)
0(4)-C(12)
O(5A)-C(13)
N(1)-C(1)
N(2)—-Cu(1E)
N(2)-C(11)
N(3)-C(14)
C(1)-H(1A)
C(2)-H(2A)
C(3)-C(4)
C(4)-H(4A)
C(5)-H(5A)
C(7)-C(8)
C(8)-C(9)
C(9)-C(12)

1.9702(15)
2.0019(18)
1.239(3)
1.272(2)
1.237(3)
1.095(5)
1.334(3)
1.9950(18)
1.340(3)
1.438(5)
0.950
0.950
1.385(3)
0.950
0.950
1.389(3)
1.390(3)
1.512(3)
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C(10)-H(10A)
C(11)-H(11A)
C(13)-H(13B)
C(14)-H(14B)
C(15)-H(15A)
C(15)-H(15C)

O(1)-Cu(1)-O(2A)
O(1)-Cu(1)-N(1B)
O(2A)-Cu(1)-0(3)
O(2A)-Cu(1)-N(2C)
O(3)-Cu(1)-N(2C)
Cu(1)-0(1)-C(6)
Cu(1)-0(3)-C(12)
Cu(1D)-N(1)-C(5)
Cu(1E)-N(2)-C(7)
C(7)-N(2)-C(11)
C(13)-N(3)-C(15)
N(1)-C(1)-H(1A)
H(1A)-C(1)-C(2)
C(1)-C(2)-C(3)
C(2)-C(3)-C(4)
C(4)-C(3)-C(6)
C(3)-C(4)-C(5)
N(1)-C(5)-C(4)
C(4)-C(5)-H(5A)
O(1)-C(6)-C(3)
N(2)—C(7)-H(7A)
H(7A)-C(7)-C(8)
C(7)-C(8)-C(9)
C(8)-C(9)-C(10)
C(10)-C(9)-C(12)
C(9)-C(10)—C(11)
N(2)-C(11)-C(10)
C(10)-C(11)-H(11A)
0(3)-C(12)-C(9)
0(5)-C(13)-0O(5A)
O(5)-C(13)-H(13A)
O(5A)-C(13)-N(3)
O(5A)-C(13)-H(13B)
N(3)—-C(13)-H(13B)
N(3)-C(14)—H(14A)
N(3)-C(14)-H(14C)
H(14A)—C(14)-H(14C)
N(3)-C(15)—H(15A)
N(3)-C(15)-H(15C)
H(15A)—C(15)-H(15C)

0.950
0.950
0.950
0.980
0.980
0.980

105.59(6)
99.88(7)
162.10(6)
87.23(7)
89.64(7)
153.54(15)
113.37(14)
115.50(15)
118.16(14)
118.59(18)
120.2(4)
118.8
118.8
120.0(2)
117.5(2)
119.2(2)
119.3(2)
123.2(2)
118.4
118.31(18)
119.1
119.1
119.7(2)
117.79(19)
120.1(2)
119.6(2)
122.4(2)
118.8
115.39(19)
96.0(6)
112.6
129.1(5)
115.4
115.4
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry operations for equivalent atoms

A —x-1-y,—z B x7y+1/2,z+1/2

D x~y+1/2,21/2 E —Xx-2,y+1/2;-z-1/2

C(10)-C(11)

C(13)-H(13A)
C(14)-H(14A)
C(14)-H(14C)
C(15)-H(15B)

O(1)-Cu(1)-0(3)
O(1)-Cu(1)-N(2C)
O(2A)-Cu(1)-N(1B)
O(3)-Cu(1)-N(1B)
N(1B)-Cu(1)-N(2C)
Cu(1A)-O(2)-C(6)
Cu(1D)-N(1)-C(1)
C(1)-N(1)-C(5)
Cu(1E)-N(2)-C(11)
C(13)-N(3)-C(14)
C(14)-N(3)-C(15)
N(1)-C(1)-C(2)
C(1)-C(2)-H(2A)
H(2A)-C(2)-C(3)
C(2)-C(3)-C(6)
C(3)-C(4)-H(4A)
H(4A)-C(4)-C(5)
N(1)-C(5)-H(5A)
O(1)-C(6)-0(2)
0(2)-C(6)-C(3)
N(2)—C(7)-C(8)
C(7)-C(8)-H(8A)
H(8A)-C(8)-C(9)
C(8)-C(9)-C(12)
C(9)-C(10)—H(10A)
H(10A)-C(10)-C(11)
N(2)—-C(11)-H(11A)
0(3)-C(12)-0(4)
O(4)-C(12)-C(9)
0(5)-C(13)-N(3)
O(5)-C(13)-H(13B)
O(5A)-C(13)-H(13A)
N(3)—C(13)-H(13A)
H(13A)-C(13)-H(13B)
N(3)-C(14)-H(14B)
H(14A)—C(14)-H(14B)
H(14B)—C(14)-H(14C)
N(3)-C(15)-H(15B)
H(15A)—C(15)-H(15B)
H(15B)—C(15)-H(15C)

C—x-2,y-1/2-z-1/2

1.382(3)
0.950
0.980
0.980
0.980

92.14(6)
92.45(7)
89.25(

90.00(7
167 B6(
122188(
126169
117.61)(1
12316)
122)5(4
117.4(3)
122.4(2)
120.0
120.0
123.25(19)
120.4
120.4
118.4
126.5(2)
115.15(18)
121.8(2)
120.2
120.2
121.93(1
120.2
120.2
118.8
125.7(2)
118.88(1
134.9(7)
19.5
16.6
112.6
132.0
109.5
109.5
109.5
109.5
109.5
109.5



APPENDIX A

Table A4. Anisotropic displacement parameter$)(fr NEW-1. The anisotropic displacement
factor exponent takes the forr2ré[h?a**U'* + ...+ 2hka*b*U?

Ut U2 U3 2 U U=
Cu(l) 0.01508(13) 0.01090(13) 0.01880(14).00029(9)  0.00438(10)
~0.00005(9)
0(1) 0.0212(7)  0.0203(7)  0.0262(8)  0.0061(6)  O0dYB)  0.0021(6)
0(2) 0.0154(7)  0.0184(7)  0.0231(8)  0.0041(6) B8TB)  0.0012(5)
0(3) 0.0183(7)  0.0168(7)  0.0246(8)  0.0040(6)  ©MB)  0.0027(6)
0(4) 0.0276(8)  0.0236(8)  0.0309(9)  0.0102(7)  6X|I)  0.0078(7)
O(5) 0.064(6) 0.113(8) 0.065(6) -0.030(5) 0.039(5) -0.048(5)
O(5A) 0.120(4) 0.114(4) 0.081(3) -0.057(3) 0.071(3) -0.073(3)
N(1) 0.0189(8)  0.0151(8)  0.0205(9)  0.0012(7)  6ITU) -0.0004(7)
N(2) 0.0185(8)  0.0128(8)  0.0220(9)  0.0008(7)  GMmJ) -0.0006(6)
N(3) 0.0391(13) 0.0378(14)  0.0602(18)-0.0005(12)  0.0109(13)-0.0075(11)
c(1) 0.0267(11) 0.0274(12) 0.0372(14)  0.0135(10D.0183(11)  0.0074(9)
C(2) 0.0239(11)  0.0272(12) 0.0356(14)  0.0118(10p.0151(10)  0.0086(9)
C(3) 0.0173(9)  0.0142(9)  0.0212(10) 0.0011(8) 0B48) —0.0005(7)
C(4) 0.0259(12)  0.0367(14) 0.0425(15)  0.0206(12p.0186(11) 0.0112(10)
C(5) 0.0272(12)  0.0371(14) 0.0440(15)  0.0215(12D.0207(12) 0.0158(10)
C(6) 0.0192(9)  0.0133(9)  0.0185(10)-0.0018(7)  0.0046(8)  0.0008(7)
C(7) 0.0217(10)  0.0158(10)  0.0221(11) 0.0026(8) .0090(9)  0.0026(8)
C(8) 0.0207(10)  0.0188(10)  0.0230(11)  0.0000(8) .0093(9)  0.0017(8)
C(9) 0.0170(9)  0.0137(9)  0.0239(11) 0.0020(8) 068(8)  0.0000(7)
C(10) 0.0244(11) 0.0271(12) 0.0301(12)  0.0100(10p.0138(10)  0.0072(9)
C(11) 0.0222(10)  0.0263(12) 0.0303(12)  0.0087(9) 0.0138(10)  0.0081(9)
C(12) 0.0186(9)  0.0144(10)  0.0244(11) 0.0004(8) .0000(8)  0.0013(7)

C(13) 0.064(2) 0.073(3) 0.057(2) -0.009(2) 0.024(2) -0.031(2)
C(14) 0.053(2) 0.061(2) 0.096(3) -0.026(2) 0.025(2) -0.0039(18)
C(15) 0.0469(19)  0.055(2) 0.074(3) 0.0105(19) 16a(18) -0.0108(16)

Table A5. Hydrogen coordinates and isotropic displacemparameters (A NEW-1.

X y z U
H(1A) -0.4766 0.3037 —-0.4394 0.035
H(2A) -0.3961 0.1670 -0.2931 0.034
H(4A) -0.7195 0.1944 -0.2506 0.041
H(5A) —0.7864 0.3358 —0.3903 0.041
H(7A) -1.1019 0.3861 -0.4723 0.024
H(8A) -0.9662 0.2440 -0.3587 0.025
H(10A) -1.1415 0.2490 -0.1417 0.032
H(11A) -1.2660 0.3954 -0.2546 0.031
H(13A) -0.3102 0.3885 -0.0758 0.079
H(13B) —0.4039 0.4095 -0.0014 0.079
H(14A) —0.3403 0.5336 0.1460 0.111
H(14B) —0.2494 0.6279 0.1378 0.111
H(14C) —0.1855 0.5290 0.2315 0.111
H(15A) -0.1236 0.4576 -0.0156 0.095

H(15B) -0.0484 0.4968 0.1244 0.095
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H(15C) -0.1258

0.5832

Table A6. Torsion angles [°] for NEW-1.

O(2A)-Cu(1)-O(1)-C(6)
N(1B)—Cu(1)-O(1)—C(6)
O(1)-Cu(1)-0(3)-C(12)
N(1B)—Cu(1)-O(3)-C(12)
Cu(1D)-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(6)
C(6)—C(3)~C(4)-C(5)
C(1)-N(1)-C(5)-C(4)
Cu(1)-O(1)-C(6)-0(2)
Cu(1A)-0(2)-C(6)-O(1)
C(2)-C(3)-C(6)-O(1)
C(4)—C(3)—C(6)-0O(1)
CU(LE)-N(2)-C(7)-C(8)
N(2)-C(7)-C(8)-C(9)
C(7)—C(8)—C(9)-C(12)
C(12)-C(9)-C(10)-C(11)
C(7)=N(2)~C(11)-C(10)
Cu(1)-O(3)-C(12)-0(4)
C(8)—C(9)-C(12)-0(3)
C(10)-C(9)-C(12)-O(3)
C(14)-N(3)-C(13)-0(5)
C(15)-N(3)-C(13)-0(5)

~105.1(3)
~13.0(3)
176.28(14)
-83.83(15)
172.86(19)
1.6(4)
~177.7(2)
176.1(2)
-0.6(4)
102.9(3)
-7.3(3)
~165.1(2)
17.6(3)
173.61(16)
1.4(3)
~174.20(19)
172.8(2)
0.6(3)
~7.9(3)
12.4(3)
~162.7(2)
~1.9(11)
178.8(9)

Symmetry operations for equivalent atoms

A —x-1-y,-z
D x,-y+1/2,21/2

B x;y+1/2,z+1/2
E —x-2,y+1/2-2-1/2

0.0175 0.095
0(3)-Cu(1)-0(1)-C(6) 77.4(3)
N(2C)—-Cu(1)-O(1)-C(6) 167.1(3)

O(2A)-Cu(1)-O (D) 4.0(3)
N(2C)-Cu(1)-O(3)-C(12)  83.84(15)
C(5)-N(1)-C(1)-C(2 ~1.1(4)
C(1)-C(2)-C(3)-C(4) ~0.4(4)
C(2)-C(3)-C(4)—C(5) ~1.3(4)
Cu(1D)-N(1)-C(5)-C(4) -175.3(2)
C(3)~C(4)~C(5)-N(1) 1.9(4)
Cu(1)-O(1)-C(6)-C(3)  -75.7(4)
Cu(1A)-O(2)-C(6)-C(3)  171.39(13)
C(2)-C(3)-C(6)-0(2) 16.1(3)
C(4)-C(3)-C(6)-0(2)  -161.1(2)
C(11)-N(2)-C(7)8)( ~2.2(3)
C(7)—C(8)—C(9)-C(10) (B)0
C(8)-C(9)-C(10)-C(11)  —2.4(3)

CU(1E)-N(2)-C(11)t@) -174.93(18)
C(9)-C(10)-C(11)-N(2)  1.7(4)
Cu(1)-0(3)-C(12)-C(9)  169.75(14)
C(8)-C(9)-C(12)-0O(4) -169.8(2)
C(10)-C(9)-C(12)-0(4) 15.2(3)
C(14)-N(3)-C(13)-O(5A)  176.5(6)
C(15)-N(3)-C(13)-8(5  -2.7(8)

C—x-2,y-1/2-z-1/2
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Table B1. Crystal data and structure refinement for NEW-2.

Identification code

Chemical formula (moiety)
Chemical formula (total)
Formula weight
Temperature

Radiation, wavelength
Crystal system, space group
Unit cell parameters

Cell volume

Z

Calculated density
Absorption coefficienjt

F(000)

Crystal colour and size
Reflections for cell refinement
Data collection method

8 range for data collection
Index ranges
Completeness t6 = 26.0°
Reflections collected
Independent reflections
Reflections with B>20
Absorption correction

Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data / restraints / parameters
Final R indices [E>20]

R indices (all data)
Goodness-of-fit on ¥
Largest and mean shift/su
Largest diff. peak and hole

NEW-2
&11006ZN
§E1006ZN
243.51
150(2) K
Mak, 0.71073 A
monoclinic, C2/c
a=15.747(7) A o =90°
b =7.047(6) A B=116.31(8)°
c =8.266(3) A y=90°
822.3(8) A
4
1.967 g/ém
2.982 mm'
496
colourless, 020.20x 0.10 mn
58 fange 2.5 to 27.5°)
Nonius KappaCCD diffractosnet
¢ andw scans
4.6 to 27.5°
k20 to 20, k-9 to 8, I-10 to 10
99.6 %
7363
944 (R= 0.0247)
845
semi-empirical from equivaken
0.5869 and 0.7547
direct methods
Full-matrix least-squares dn F
0.0212, 1.5563
944/0/81
R1=0.0171, wR2 = 0.0428
R1 =0.0219, wR2 = 0.0451
1.036
0.000 and 0.000
0.44 ar@l20 e A®
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Figure B1 ORTP view of coordination environment of NEW-2.
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Table B2. Atomic coordinates and equivalent isotropic dispiment parameters201l\

for NEW-2 U, is defined as one third of the trace of the ortmadized U tensor.

X

Zn(1) 0.7500

O(1) 0.86084(8)
0(2) 0.79123(8)
0(3) 0.66104(8)
C(1) 0.86423(10)
C(2) 0.95966(11)
C(3) 0.61961(18)

Table B3. Bond lengths [A] and angles [°] for NEW-2.

Zn(1)-0(1)
Zn(1)-O(2B)
Zn(1)-0(3)
O(1)-C(1)
O(2)-C(1)
O(3)-H(3A)
C(2)-C(2E)
C(3)-H(3)
C(3)-H(3C)

O(1)-Zn(1)-O(1A)
O(1)-Zn(1)-0(2B)
O(1)-Zn(1)-0(2C)
O(1A)-Zn(1)-O(3A)
O(1)-Zn(1)-O(3A)
O(2B)-Zn(1)-O(3A)
O(2C)-Zn(1)-0(3A)
O(3)-Zn(1)-O(3A)
Zn(1D)-0(2)-C(1)
Zn(1)-O(3)-H(3A)
O(1)-C(1)-0O(2)
0(2)-C(1)-C(2)
C(1)-C(2)-H(2)
O(3)-C(3)-H(3)
O(3)-C(3)-H(3C)
H(3)-C(3)-H(3C)

y

0.7500
0.65443(16)
0.43625(17)
0.54348(17)
0.5219(2)
0.4599(2)
0.3981(3)

2.102(2)
2.1563(14)
2.0669(15)
1.260(2)
1.2754(19)
0.73(3)
1.332(3)
0.95(4)
0.99(3)

180.000(1)
87.64(6)
92.36(6)
90.65(7)
89.35(7)
90.55(7)
89.45(7)

180.00(5)

140.19(11)

102.4(19)

123.75(15)
117.82(14)
115.3(14)
112(2)
106.6(16)
107(3)

Symmetry operations for equivalent atoms

A —x+3/27y+3/2-z+1
C x;y+1,z21/2 D —x+3/2,y-1/2-z+3/2

B —x+3/2,y+1/272+3/2

Y

0.5000 0.00984(9)
0.74257(15)  0.0128(2)
0.84017(15)  0.0139(2)
0.51678(17)  0.0146(2)
0.8476(2)
0.9899(2)
0.3852(3)

0.0105(3)
0.0122(3)
0.0332(5)

Zn(1)-O(1A)
Zn(1)-0(2C)
Zn(1)-0(3A)
0(2)-zn(1D)
0(3)-C(3)
C(1)-C(2)
C(2)-H(2)
C(3)-H(3B)

O(1A)-Zn(1)-O(2B)
O(1A)-Zn(1)-0(2C)
0(1)-Zn(1)-0(3)
O(1A)-Zn(1)-0(3)
0(2B)-Zn(1)-0(2C)
0(2B)-Zn(1)-0(3)
0(2C)-zn(1)-0(3)
Zn(1)-O(1)-C(1)
Zn(1)-0(3)-C(3)
C(3)-O(3)-H(3A)
O(1)-C(1)-C(2)
C(1)-C(2)-C(2E)
C(2E)-C(2)-H(2)
O(3)-C(3)-H(3B)
H(3)—C(3)-H(3B)
H(3B)-C(3)-H(3C)

E x+2-y+1-z+2

2.102(2)
2.1564(14)
2.0669(15)
2.1563(14)

1.424(3)

1.505(3)

0.88(2)
0.95(3)

928p
87.6/(6
90.65(7)
89.35(7
180.0
89.45(7

90.55(7
131.10)1

123135(
111.1(19

118.43(14)

122.8(2)
121.9(14)
108.1(15)
115(3)
108(2)
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Table B4. Anisotropic displacement parameterg)(for NEW-2. The anisotropic
displacement factor exponent takes the forgi’[h’a*?U' + ...+ 2hka*b*U?]

Ut U2 Vi Vi U Ut
Zn(1) 0.00897(13) 0.01070(14) 0.00833(13) 0.0¢08P 0.00247(10) 0.00010(10)
0(1) 0.0096(5)  0.0154(6)  0.0109(5)  0.0043(5)  @41@)  0.0010(4)
0(2) 0.0099(5)  0.0169(6)  0.0127(5)  0.0031(5) BX@) -0.0022(4)
0(3) 0.0149(6)  0.0158(6)  0.0109(6)  0.0028(5)  BXB) -0.0017(5)
C(1) 0.0106(7)  0.0115(7)  0.0092(7) -0.0014(6)  0.0042(6)  0.0008(6)
C(2) 0.0120(7)  0.0129(8)  0.0105(7)  0.0026(6)  B88(8)  0.0019(6)
C(3) 0.0412(12)  0.0345(12)  0.0206(10Y%0.0056(9)  0.0106(9) —0.0236(10)

Table B5. Hydrogen coordinates and isotropic displacerparameters (A
for NEW-2.

X y z U
H(3) 0.666(3) 0.313(5) 0.385(5) 0.079(11)
H(2) 0.9587(15) 0.365(3) 1.059(3) 0.022(5)
H(3A) 0.6893(17) 0.503(3) 0.606(3) 0.026(6)
H(3B) 0.5696(18) 0.342(4) 0.403(3) 0.036(6)
H(3C) 0.5909(18) 0.462(4) 0.266(4) 0.045(7)

Table B6. Torsion angles [°] for NEW-2.

O(1A)-Zn(1)-O(1)-C(1) ~141(100) O(2B)-Zn(1)-O(1)-C(1)  89.12(15)
0(2C)-Zn(1)-0(1)-C(1) ~90.88(15) 0(3)-Zn(1)-0(1)-C(1)  -0.30(14)
O(3A)-Zn(1)-O(1)-C(1) 179.70(14) O(1)-Zn(1)-0(3)3L( -118.41(17)
O(1A)-Zn(1)-0(3)-C(3) 61.59(17) 0(2B)-Zn(1)-O(3)3L( 153.96(16)
0(2C)-Zn(1)-0(3)-C(3) ~26.04(16) O(3A)-Zn(1)-0(3)-C(3) 0(100)
Zn(1)-0(1)-C(1)-0(2) ~13.0(2) Zn(1)-0(1)-C(1)-C(2) 166.72(10)
Zn(1D)-0(2)-C(1)-O(1) ~165.00(11) Zn(1D)-0(2)-C(1)-C(2) 15.2(2)
O(1)-C(1)~C(2)-C(2E) 0.6(3) 0(2)-C(1)-C(2)-C(2E) -179.6(2)

Symmetry operations for equivalent atoms

A —x+3/27y+3/2-z+1 B —x+3/2,y+1/27z+3/2

C x;y+l1l,71/2 D —x+3/2,y-1/2~z+3/2 E —x+2-y+1-z+2

Table B7. Hydrogen bonds for NEW-2 [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
O(3)-H(3A)...0(2) 0.73(3) 1.95(3) 2.658(3) 165(3)

Symmetry operations for equivalent atoms
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0.304 a) Ar adsorption at 77 K -
1 |
0.254
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g
0.204
£
< - Y=A+B*X
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B. Parameter Value Error
N—r B
010 A 0.029927133 0.002201112
: B 0.310865279 0.004737051
0.05] - R SO N P
1a " 0.999304112 0.002326488 8  <0.0001
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] b) N, Adsorption at 77 K .
0.35- -
n
1 n
0.30+
2 0.25-
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- Y=A+B*X
£ 0.20-
PR
o Parameter Value Error
£ 0154
A 0.005406085 0.001510651
B 0.464553961 0.005160342
0.104
R SD N P
0.05-
0.999445201 0.003256075 11  <0.0§01
0.00 , .

T y T y T
0.0 0.2 0.4 0.6 0.8 10

Relative pressure, p/p

Figure C1 Langmuir plots of a) Ar and b) Nadsorption on NEW-1 at 77 K



APPENDIX C

0.40
a) CO, Adsorption 195 K
0.35
0.30]
S 0.25
IS
S
= 0.20
£ =A+B*X
‘a
S 0.15- Parameter Value Error
) A 0.01099 0.00138
0.10- B 0.36532 0.00213
0.054 . R sD N P
) . 0.99988 0.00162 9 <0.0001
0.00—F T T v T v T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, p/p
0.5
| -, b) D-R plot of CO, adsroption
0.0 =
0.5
= _
E 10dY=A+B*X
£
5’ | Parameter Value Error
< -1.54
o 1A 0.69873 0.05106
3 B -0.14949 0.0037
-2.0
IR sb ~N P
2.5
1-0.99847 0.0473 7 <0.0001
-3.0 : : : : : ,
0 5 10 15 20 25
Log’(PO/P)

Figure C2 Langmuir plots and D-R plot of G@dsorption on NEW-1 at
195 K and b) 298 K, respectively.
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1 a) BET Ar adsorption at 77 K
0.125-

o
[
o
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0.0754 Y=A+B*X

E Parameter Value Error

A 3.44070306E-40.001720901
B 0.561661271 0.013188795

p/p{1/n [1-(p/p )T}, gmol ™

0.025+4 R SD N P
1 0.998624361 0.003054616 7  <0.00(1
0.000 , , , , . : : : : : :
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1 b) BET plot of N, adsorption at 77 K
0.020
il 4
[)
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S 0.0154
=
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o Y=A+B*X
£
i 0.0104 Parameter Value Error
©
E 1 A 2.788312084E-5 2.662712634E-5
:'_, B 0.560172491 0.001170698
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3. 0.005
R SD N P
1 0.999995632 3.621003316E-5 4 <0.poo1
0.000 : , : , : , : ,
0.00 0.01 0.02 0.03 0.04

Relative pressurep/p°

Figure C3B.E.T plots of a) argon and by lddsorption on NEW-1



APPENDIX C

0.016+4 .
j c) BET plot of CO, adsorption at 273 K
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& 0.009 Parameter  Value Error
=, 1
& 0.008 A 0004166244 7.506860748E-6
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Figure C4B.E.T plots of CQ adsorption on NEW-1 at ¢) 273 K and d) 195 K,

respectively.
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Figure C5 Langmuir plots of a) methanol and b) ethanol adsmmpn NEW-1 sample at

298 K.
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Figure C6 Langmuir plots of ah-propanol and bi-butanol adsorption on NEW-1 sample

at 298 K.
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Figure C7 Langmuir plots of a) chloromethane and b) dichloettmne adsorption on
NEW-1 sample at 298 K.
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Figure C8 Langmuir plots of a) chloroform and b) ethane apgon on NEW-1 sample at
298 K and 195 K, respectively.
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a) propane adsorption at 195 K
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Figure C9 Langmuir plots of a) propane andrbputane adsorption on NEW-1 sample at
195 K.
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Figure C10Langmuir plots of ah-pentane and lr)-hexane adsorption on NEW-1 sample
at 298 K.
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Figure C11 Langmuir plots of ah-heptane and b)-octane adsorption on NEW-1 sample
at 298 K.
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Figure C12 Langmuir plots of ap-nonane and b) benzene adsorption on NEW-1 sample
at 298 K.
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Figure C13Langmuir plots of toluene adsorption on NEW-1 saegil298 K.
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Figure D1 Plots ofin p vs.I/T for the different surface coverage for methanasloagtion

on NEW-1
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Figure D2 Plots ofin p vsI/T for the different surface coverage for ethanobaggison

on NEW-1
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Figure D3 Plots ofln p vsI/T for the different surface coverage for 1-propaaagorption

on NEW-1
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Figure D4 Plots ofin p vsI/T for the different surface coverage febutanol adsorption

on NEW-1
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Figure D5 Plots ofin p vsI/T for the different surface coverage for chlorofadsorption
on NEW-1
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Figure D6 Plots ofin p vsI/T for the different surface coverage for dichloronaete

adsorption on NEW-1
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Figure D7 Plots ofin p vsI/T for the different surface coverage fepentane adsorption

on NEW-1
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Figure E1 a) SE and b) LDF Model fit for the kinetic proslef methanol adsorption on
NEW-1 at 298 K, p/p0 =0.20-0.25
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Figure E2 a) SE and b) LDF Model fit for the kinetic proslef methanol adsorption on
NEW-1 at 298 K, p/p0 =0.50-0.75
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Figure E3 a) SE and b) LDF Model fit for the kinetic proslef ethanol adsorption on
NEW-1 at 298 K, p/p0 =1.0-1.25
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Figure E4 a) SE and b) LDF Model fit for the kinetic proslef ethanol adsorption on

NEW-1 at 298 K, p/p0 =1.25-1.50
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Figure E5a) SE and b) LDF Model fit for the kinetic profileg 1-propanol adsorption on

NEW-1 at 298 K, p/p0 =0.05-0.075
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Figure E6 a) SE and b) LDF Model fit for the kinetic proslef 1-propanol adsorption on

NEW-1 at 298 K, p/p0 =0.10-0.125
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Figure E7 a) SE and b) LDF Model fit for the kinetic profileén-butanol adsorption on
NEW-1 at 298 K, p/p0 =0.055-0.060
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Figure E8 a) SE and b) LDF Model fit for the kinetic proslefn-butanol adsorption on
NEW-1 at 298 K, p/p0 =0.07-0.08



APPENDIXE

1.5- 2.0 mbar m m m =

Data: DDSE_MtMe

0.8 Model: SWeibulll
Equation: y = A*( 1 - exp( -(k*(x-xc))d ) )
Weighting:
» 0.6 y No weighting
g‘_‘ Chi*2/DoF =0.00051
S 0.4 R"2 = 0.99417
A 0.97433 +0.01114
XC 0 +1.07306
0.2 d 0.66024 +0.03766
k 0.01859 +0.00084
0.0 . , . , . , . , . , . , .
0 100 200 300 400 500 600 700

Pressure, mbar

el

813 1M, .
598 Sl [[ITTee

-0.03
VAT

0 100 200 300 400 500 600 700
1.0 b) 2.5-3.0 mbar n ==

Data: DDSE_MtMe

0.8+ Model: SWeibull1
1 Equation: y = A*( 1 - exp( -(k*(x-xc))™d ) )
Weighting:
o 0.6 y No weighting
gﬂ . Chir2/DoF  =0.00024
S o044 RY2 = 0.99743
] A 0.99119 +0.00919
XC 0 +0.31244
0.2+ d 0.64408 +0.01584
i K 0.01381 +0.00045
0.0- T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
0.04 Pressure, mbar
a5
el . et 1T
001 Welllsedes
38
- T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700

Figure E9 SE Model fit for the kinetic profiles of chloroforadsorption on NEW-1 at 298
K,a) p/p0=0.0001-0.0003 and b) p/p0 =0.0004D.0
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Figure E10 SE Model fit for the kinetic profiles of dichlora@thane adsorption on NEW-1
at 298 K, a) p/p0 =0.00008-0.00017 and b) p/p@6&-0.005
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Figure E11 SE Model fit for the kinetic profiles af-pentane adsorption on NEW-1 at 298
K, a) p/p0=0.00074-0.0011 and b) p/p0 =0.001B0D6
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Figure E12 SE Model fit for the kinetic profiles af-hexane adsorption on NEW-1 at 298
K, a) p/p0=0.0001-0.00015 and b) p/p0 =0.0001B}025
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Figure F4 Various models fitted for the kinetic profiles©f adsorption on NEW-1 at 195
K, 500-600 mbar
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Figure F8 SE Model fit for the kinetic profiles of Nadsorption on CMS-40 at 273 K, 20-
60 mbar
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Figure F9 SE Model fit for the kinetic profiles of Nadsorption on CMS-40 at 273 K, 150-
200 mbar
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Figure F10 SE Model fit for the kinetic profiles of Nadsorption on CMS-40 at 273 K,
400-500 mbar
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Figure F11 SE Model fit for the kinetic profiles of Nadsorption on CMS-40 at 273 K,
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Figure F2 SE Model fit for the kinetic profiles of Nadsorption on CMS-40 at 273 K, 900-
1000 mbar
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Figure F13 SE Model fit for the kinetic profiles of £adsorption on CMS-40 at 273 K, 20-
60 mbar
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Figure F14 SE Model fit for the kinetic profiles of £adsorption on CMS-40 at 273 K,
100-150 mbar
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Figure F15 SE Model fit for the kinetic profiles of £fadsorption on CMS-40 at 273 K,

200-300 mbar

1.0 aE = [] [] [ [
0.8 = 400-500 mbar  Equation: y = A%( 1 - exp(-(K(xxc))'d) )
' Weighting:
y No weighting
© 0.6
s Chi~2/DoF =0.00025
5 R"2 = 0.99744
= 0.4
A 0.97632 +0.0031
XC 0 +0.34727
0.2 d 0.79174 +0.01712
k 0.02305 +0.00039
0.0 — T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Time (Tg)
0.01 T
-0.01
-0.02
203777
0 200 400 600 800 1000 1200 1400 1600 1800

Figure F16 SE Model fit for the kinetic profiles of £adsorption on CMS-40 at 273 K,

400-500 mbar



PRENDIX F
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Figure F17 SE Model fit for the kinetic profiles of £adsorption on CMS-40 at 273 K,
700-800 mbar
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Figure F18 SE Model fit for the kinetic profiles of £fadsorption on CMS-40 at 273 K,
900-1000 mbar
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1.0+ = 300 - 400 mbar
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Figure F19 SE Model fit for the kinetic profiles of Ar adsdign on CMS-40 at 273 K,
300-400 mbar

104 = 900 - 1000 mbar
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Figure F20 SE Model fit for the kinetic profiles of Ar adsdign on CMS-40 at 273 K,
900-1000 mbar



PRENDIX F
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Figure F21 DSE Model fit for the kinetic profiles of Nadsorption on M'MOF-1 at 195 K,
5-20 mbar
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Figure F22 DSE Model fit for the kinetic profiles of Nadsorption on M'MOF-1 at 195 K,

80-100 mbar
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Figure F23 DSE Model fit for the kinetic profiles of Nadsorption on M'MOF-1 at 195 K,
350-400 mbar
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Figure F24 DSE Model fit for the kinetic profiles of Nadsorption on M'MOF-1 at 195 K,
600-700 mbar
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1.0
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Figure F25 DSE Model fit for the kinetic profiles of £adsorption on M'MOF-1 at 195 K,
20-40 mbar
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Figure F26 DSE Model fit for the kinetic profiles of &adsorption on M'MOF-1 at 195 K,
120-140 mbar
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Equation: y=yo+A1*(1-exp(-(k1*x)"d1))+A2*(1-exp(-(k2*x)"d2))
0.84 Weighting:
' = 500-600 mbar No weighting
Chi"2/DoF =0.00004
© 0.6 RA2 = 0.99962
=
R yo 0 +0
= 0.44 Al 05 %0
k1 0.05877 +0.00059
dl 1.38555 +0.01385
0.2 A2 0.5 +0
< k2 0.0145 +0.00017
d2 0.58136 +0.00701
0.0-! T T v T T
0 200 600 800 1000
Tlme (To)
0.010:
0.005 T T
9?9?"997T TTTT ?
0.000 °
-0.005 L
-0.010:
-0.015
T T T v T v T T
0 200 400 600 800 1000

Figure F27 DSE Model fit for the kinetic profiles of &adsorption on M'MOF-1 at 195 K,

500-600 mbar
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Figure F28 DSE Model fit for the kinetic profiles of adsorption on M'MOF-1 at 195 K,

900-1000 mbar
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Figure F29 DSE Model fit for the kinetic profiles of Ar adgiion on M'MOF-1 at 195 K,
40-60 mbar
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Figure F30 DSE Model fit for the kinetic profiles of Ar adgion on M'MOF-1 at 195 K,
800-900 mbar



