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ABSTRACT

The need in energy has resulted in the burning of fossil fuels at an increasgiglgvel.

The consequence iga@leaseof high volumes of carbodioxide gagCQ,) in theatmosphere

This gas is a major greenhouse gas which causes global warming. There is therefore a great
needto efficiently sequestrate this gas (g@or a sustainakl economic development and
environmentA new class of metal organic frameworks (MOFs) is a promising high potential
application in carbon dioxide capture.

In the current study, synthetic methods were developed for the design of porous cobalt
succinatesrad nickel hydroxyterephthalates for Cadsorption. The methods developed and
interrogated include, sonication, hydrothermal synthesis (at room temperature, reflux and
Parr reactor), and microwave synthesis. The conventional cobalt chloride hexahydrate wa
substituted by cobalt acetate for synthesis at room temper&oipalt acetate was used to
replace cobalt chloride in the synthesis of cobalt succinate at room temperature ana led to
new cobalt succinate complex (G#&8). The complexeCoSAc differs from CoS
synthesized from cobalt chloride hexahydrate. Synthesis of cobalt succinate via sonication
(CoSsn) was achieved in 45 min and the structure of the complex was different when
synthesized via the hydrothermal route (under reflux) abbreviatedCoS

Cobalt succinates were also synthesized under autogenous pressure (pr) using different
reaction conditions. The obtained complexes are abbreviated aprCoSoSpr2 and CoS

pr3. Pores were observed in these pounds as shown by SEM.hermoegravimetric
analysis showed that weight loss of guest molecules increased using hexane in the
following order: CoSr3>CoSpr2>CoSprl. On the other hand, microwave synthesis (mw)
was used to prepare cobalt succinates complexes under different reaction contivaiss

found that two of the obtained complexes i.e. @81 and CoSnw2 were similar. The

EDS results of these complexes showed the presence of chlorine and potassium. This



confirms that their structures are different from cobalt succinates synthélsrpegh the

other synthesis routes.

In this study, additional porous complexes i.e. nickel hydtexgphthalates, were
synthesized via a thermal route using different reaction conditions and abbreviated Bs Nitp
Nitp-2, and Nipt3. The synthesis of Nitg and Nitp3 involved the use of hexane to assist in
the purification of Nitp2 and Nitp3 by removal of unreacted terephthalic acid.

All the synthesized complexes were carefully characterized using various techniques viz.,
FTIR, UV-Vis, TGA, XRD, SEM, ad EDS. The C@adsorption study wasarried outusing

TGA. The results obtained showed that @o®2 achieved the highest adsorption capacity of
0.074 mmol of CQ/g among the synthesized cobalt succinates. The effect of using hexane in
the synthesis of Coefir2, and Co$r3 led to a higher adsorption capacity compared to- CoS
prl. The regeneration process i.e. adsorpdiesorption was performed for three cycles using
CoSpr2. Among Nitpl, Nitp-2, and Nitp3, Nitp-2 showed the highest adsorption capacity

of 0.16 mmol of C@qg. It is also concluded from the G&generation process using N2p

as a representative adsorbent for thegeles that these adsorbents can be recycled and

reused.
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Chapterl: Introduction

CHAPTER 1: INTRODUCTION

1.1 Introduction

This chapter briefly gives a background on the origin of carbon dioxidg)(@@ich is the

main greenhouse gand illustrates the hazards that might be caused by the high volume of
CO, emitted in atmosphereseveral technologies used to sequestrate the subject gas are
discussed herein. However, such technologies have been reported to present several
drawbacks. Terefore, an alternative technology of using the emerging class of porous
material, metabrganic frameworks (MOFs) has been used to capture &fiently.
Different materials are used for @@apture and include amimsed solvents, ionic liquids,
zeoltes, ordered mesoporous silica, and membranes. The studies showed that MOFs offer
more advantages over the others. Advanced properties of these compounds are developed

through various synthetic methods some of which are described in this work.

1.2 Background

Global warming and its consequences are on the increase due to anthropogenic influences of
carbon dioxide, the main cause of globarming and other greenhouse gggGHG). In

201Q it was reported that Cxontributes up to 76% of the total global wamg[1,2]. From

the industrial revolution up to 2005, carbon dioxide concentration increased by about 36%.
Accordingto an intergovernmental panel on climate chafig€C) estimations, the increase

may even be as high as 95% by 2100 if no effective pddidgpstituted on carbon dioxide

(CO,) emissionl].

The incrase in CQ emittedfrom anthropogenic influences where the sourcesearergy,
industry, transport and building sectdPachauret al reported that the burning of fossil fuel

in power plants makes the highest contribution towardsedilssion amonghose sectors

[1]. In 2006, world energy was dependan95% from fossil fuels as reported Bwen([3]

1



Chapterl: Introduction

while Menyahreported thaSout h Af r i cgysupgy dépendea lon 7€% ebeing
derived from burning fossil fue[g¢].

IPCC announced that the increase in,Gmissionis caused by population growth and
industrial development, the latter being the main cause. It was noted that the population
growth from 2000 to 2010 was approximately thene as the previous three decades while
the industrid development increased sharpGO, emission by 22%1]. The group of
twentycounties including South Africa (G20), the world's leading indusaiised and
emerging economiesas responsible for 81.5% of global £€€missions in 201%ecause of

rapid industrialization5].

1.2.1 Impacts caused by CQemission
According to the | PCC, the temperature on
°C in 2100[1]. This would result in annual precipitation increase in somasaemda
decreasén others.Consequentlythis global warmingcouldlikely influences oceans andea
levelrise in 2100 between 0.5 and 1.4 metdysvel990[6]. Consequentlydue to the rise in
temperatureaarctic and antarctic ice wilnelt anddecrease and life quality for humans and
animals will suffer because water, food and air will be adversely affEc@d Therefore, it
is important to sequestrate ¢@om flue gas relesed from power plants in order to

counteract its contribution towards global warming.

1.2.2 Reduction of CO, emission
Research anducted on differennethods to improve the efficient removal of £@om the
atmosphere has been a constant theme of huge [Vjlueghe liquidamines based absorption
method was found to effectively capture {J8] but requires a high energy input for

regeneration of the adsorbef#,9]. Aminebased solvents easily deteriorate and are


http://www.telegraph.co.uk/news/2016/09/01/china-declares-war-on-spitting-crowds-and-smog-ahead-of-g20/
http://www.telegraph.co.uk/news/2016/09/01/china-declares-war-on-spitting-crowds-and-smog-ahead-of-g20/
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somewhat corrosive and are easily oxidiz#d,11], all of which limit their application.

lonic liquids were used as an alternative to amine solvents with increased absorption capacity
and absence of volatility but their viscosity is a drawbd@&{. Membranes were used for
carbon capture as improved materials due to their selectivity but their limited permeability
remained a challengéd3,14] Research on alternative materials, viz., zeolites showed high
adsorption and stability but overwhelmgi challenges are low GQadsorption at high
temperature, high temperature to regenerate the adsorbent and low stability in the presence of
water [15]. In addition to these drawbacks, zeolites displayed a low selectivity for CO
adsorption16]. A new class of hybrid material derived from metal ions with a-defined
coordination geometry and organic linkers was found to contribute to efficient&@ure

[161 18]. Porous materials referred to as Metal Organic Frameworks (MOFs) are reported as
having a greater potential for G@dsorptior9,18].

The research continues tavestigatetechnologies that can effectively reduce &mission
[19,20] Several countries have developed technologies to captusd2@@2] including
solvent systems based on amine adsorbents, chemical looping (rié¢s) oand zeolites. In
Korea, they developed the technology to capture @€ng dry potassium based sorbents
[23]. Research on the use of Zeolitic Imidazolate Framew{2Kk$ and Porous Carbon
Monoliths [25] to contribute to C@ sequestration in America, China ar&lermany.
Adsorbents for C@capture such as MOFs were developed, produced and commercialized all
over the world26]. In SouthAfrica, a carbon capture policy plans to impleme@@ plant

using amine base solvents by 2(J20]. Research on the use of other techniques are an
ongoing investigation; for example, the use of MOFs for gas adsorption is ongoing in South
Africa [27]. Among the cases studied in South Afrithe syntheses of ZrMOFs for
hydrogen storage [28] and Zn( £OH,)(HBTRI)(BTRI)(H2O);]-DMA-3H,O and

Gd(BTRI)(H.0)s] (HBTRI: 1,3,5benzene tricarboxylic acid and BTRI its deprotonated unit)
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using zinc(ll) sulphate heptahydrate and gadolinium(lll) nitrate heptahydrate mixed with
HBTRI for the stability test is r&iving much attentid29]. The investigations are egoing

to find amaterialsthat can efficiently contribute to the GCapture.

Metal-organic frameworks (MOFsre metal or metal oxide clusters connected by gikar
ligands which serve as bridgg&0]. This emerging class of MOFs is scientifically exciting

due to their crystalline nature, pore tunability, large surface aretthermal and chemical
stability [30i 33]. They have a wide range of application such as; gas storage, chemical
separation, catalysis, drug delivery, and gas adsorp@ah The goodquality of MOFs
depends on different synthetic parameters which offer good tailoring for the desired structure
[34]. The high cavity and/or high surface area also depends on the length of the organic
linker (ligand)[32] which may contain functionalities suchist® H, 1 COOHdonatng d N
groups[32]. The ®urce of metal salt also contributes to properties like purity and structure of
the synthesized MOFs and these may have an impact on gas ads@tidrurthermore,

the concentration, solvent, and pH play important roles and have to be taken into account
during preparation of these porous mateliad. The effect of benzene as a template in the
synthesis of MOFs resulted in porous +ioterpenetrated compouni35]. Temperature is

the most important parameter reported to play a crucial role in designing M@Eki¢ve a

3D (three dimension) structuf86]. An example of the effect of temperature on the MOFs
structure is the synthesis of cobalt succinates at temperatures abdi@ Wbzh leads to a

3D stricture with an increase in  the number of coordinated ligands on the metal centre and
incorporation of hydroxyl groups[37,38] The compound Co@#®)s(CsH4Os), was
synthesized at temperatures below 2@0while Cg(OH)(C4H404)s was synthesized at
temperatures above 18D usig the same starting mixture.

Postsynthesis modifications of MOFs are done to provide purification, activation, and

functionalization of synthesized MOFs in genehallight of these treatments, activation by
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solvent exchange with low boiling point sehts which also removal guest molecules from
pores results in a high surface afép All of these treatments may be required to improve

the quality of MOF to enhancehe adsorptioncapacityand selectivity forgas[39]. In some

cases the process of activation may result in pores coltppsirblockages according to the

kind of MOFs[33] and thus it is important to search and try alternative parameters during
synthesis and different ways of purification.

MOFs are investigated for their efficiency for carlmboxide adsorption more often than
other compounds generally in a laboratpfj. In addition, MOFs require low energy for
regeneration compared to otheridadsorbent$9,19]. Thus MOFs can be used for €0
capture to sustain an economy and development as well as to improve the environment.
These good properties of MOFs prompt the study of paraial organic complexes for GO
capture. In this regard, the synthesis of cobalt succinates and nickel hyelreplythalates

were optimized to enhance their €&isorption capacity and selectivity.

This study focuses on synthesizing porous metal orgemicplexes with enhanced GO
adsorption. Two porous metatganic compounds were studied, cobalt succinates and nickel
terephthalates. The syntheses are based on methods such as sonication, thermal, microwave,

and hydrothermal preparation.

1.3 Problem statement

The South African Industrial enterprise, as well as other industrialized countries, emits huge
amounts of carbon dioxide (GDin the atmosphere. This gas is the major cause of global
warming. The main cause is burniofifossil fuels due to the highedhand of electricity. The
sequestration of C{ro limit its emission is necessary at especially power plants. Different
policies and technologies have been applied fop €&pture but still there are gaps and

inefficiency due to the challenges of economgiowth and high input energy for sorbents
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regeneration. Porous Met@rganic Frameworks (MOFs) are being developed around the
world but are not widely tested for carbon capture.

Metal carboxylates including cobalt succinates and nickel terephthalagels isCQ
adsorption have great promise. A family of cobalt succinates has been synthesized but no
investigation on their ability to capture @OCobalt succinates were synthesized
hydrothermally which takes three daj@6]. However, a synthesis based on microwave
technology can provide final products of MO#&tsout10 min[30] and sonication has the
potential to reduce reaction time and produce products in high yield and excellent
crystallinity [40]. These two methods are not known in the synthesis of cobalt succinates. A
study on nickel hydroxyerephthalate was carried out but their potential oa &fSorption is

unknown.

1.4 Research gquestion of the study

i. Can obalt acetate as the source of metal ion give cobalt succinate different from cobalt
chloride hexahydrate?
ii. Can the synthetic reaction using sonication, reflux, Parr reactor, and microwave result
in different cobalt succinates?
iii. Can the use of the qaolarsolvent (hexane) results in new phases in the synthesis of
cobalt succinates amdckel terephthalates?

iv. Can the synthesized cobalt succinates and nickel terephthalates adgserb CO

1.5 Hypothesis

i. The use of cobalt acetate as metal source can contribute ggrtthesis of new cobalt

succinates.
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ii.  The synthesis via sonication, reflux, Parr reactor, and microwave can give different
cobalt succinates frameworks.

iii. The use of hexane in the synthesis of cobalt succinates and nickel terephthalates can
result in the n& phases.

iv. Cobalt succinates and nickel terephthalates can adsorb CO

1.6 Objectives

i. To evaluate the effecf usng different metal source vizobalt acetatandcobalt
chloride hexahydraten the structure of the producgbalt succinates
ii. To evaluatelte effect of the syntlsesmethod i.esonication, refluxautogeneous
heating Parr reactgr and microwave on cobalt succinate structure.
iii. To ewluate the effect of hexane on the structurgsoajuscobalt succinates and nickel
hydroxyterephthalates.

iv. ToevaluateCO, adsorptiorcapacityof the synthesized adsorbents.

1.7 Research approach

The hydrothermal synthesis at autogenous pressure was performed to achieve a highly
porous material. The use of cobalt acetate to produce new materials was performed.
Smication was one of the synthetic methods to synthesize cobalt succinates in 45 minutes.
Non polar solvent, hexane, was used in the hydrothermal reaction to facilitate the synthesis of
accessible porous cobalt succinates and nickel terephthalates. Mierewaihesis might

also contribute to the preparation of the adsorbent materials in shorter periods of time i.e one
hour, in order to increase surface area and increased porosity with higladS@ption

capacity. The test of COadsorption in these compais is compared with other metal
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organic frameworks. The optimization of reaction conditions for the synthesis of these

compounds may enhance the adsorption capacity gf CO

1.8 Research outlines

This thesis is composed of seven chapters including thisfiagiter.

Chapter one: This chapter introduces and provides a summary of the work. It states the
purpose and the objectives of the project. Here is addressed the problem showing the
different technologies used to address the issue. The general infororatioe use of porous

metal organic complexes to limit carbon dioxide emission is also given in this section.

Chapter two: This Chapter report on technologies in the critical way that carbon capture
should rely on one with low cost. It describes the mdteuaed in CQ sorption and the
relative drawbacks. The details are mainly given on the synthesis and application of MOFs as
advanced materials for GOThe reaction condition like temperature is reported to favor the
formation of porous products when wetintrolled. Example, interpenetration can be formed
due to the high temperature. Different treatments to avoid this interpenetration were
investigated. The use of microwave in different works leads to MOFs with increased surface
area according to this ditature. Furthermore, pesynthesis to enhance adsorption capacity,

as well as selectivity, was also provided.

Chapter three: This chapter presents the materials and the actual methodology used to
synthesize cobalt succinates and nickel hydiexgphthadtes. It explains the research
instruments and the characterisation techniques for analysis of the synthesized compounds. It
also presents the experimental process used to testa@&drption in the synthesized
compounds.

Chapter four: This chapter presémthe characterization and discussion for the synthesized

cobalt succinates.
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Chapter five: Here, the characterization and the discussion have focused on the synthesized
nickel hydroxyterephthalates. It also discusses the effect of hexane used in thessy/ion
resulting compounds.

Chapter six: The adsorption capacity of pure €®@n synthesized adsorbents was
investigated using TGA instrument. The cyclical adsorption was investigated to evaluate the
stability of compounds. This will allow us to compaviich relevant synthetic that can be
adopted to synthesize MOFs for further research and application. A brief conclusion will be
stated at the end of this chapter.

Chapter seven:The summary of findings, in general outlined here including conclusion

and recommendation. The achievements on hypottesisnentioned and suggestiofgr

future projects to suggest if there would be scalability from this research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter reviews the technology methods developar carbon dioxide capture.
Different processes and conditions used to capture and sequestratoi@Olue gas are
presented.

The parameters such as temperature, pressure, and humidity can be controlled to optimise
operating conditions for COsorgion process. The sorption process can involve absorption
materials such as amuimsed solvents, ionic liquids, membranes and adsorption solids such
as zeolites and metal organic frameworks. One of the focuses of using these materials is the
sorption seletivity. The problems associated with these materials fos &@pture are cost

and efficiency. In this case, porous metal organic complexes known as-omgztaic
frameworks (MOFs) showed promise as being cost effective with a high capturing efficiency.
The synthesis of MOFs can be developed in various ways to produce more efficient
framework types. This synthesis may require the use of microwaves to enhance CO
capturing efficacy as discussed by a number of researchers. However, the emphasis must be

placedon the reusability which is one of the key properties of excellent MOFs.

2.2 Background of CCS and fators influencing it

Carbon dioxide (Cg) gas,as well as other greenhousesgs, are generated from burning
fossil fuels and cement productidt,42] among many other sources. The combustion
process produces G@ncluding others gses such as methane, Sahd NO [42,43] This
causes an increase in the amount of gf@sent in the atmosphere and consequently results
in global warming which has been implicated in current devastating global disasters such a

desert encroachment and famif#3]. Therefore, it is necessary to develop a medns o

10



Chapter2: Literature review

capturing the C@in order to reduce its emissidt]. According to Rao and Rubin, the
separation process involves the adsorption process in whighfré@ its gas phase is
attached to the surface of solid adsorb@$ such as MOF#5] and zeolite$46]. There is
another absorption process in which 4®solubilized in chemical liquids such as amines
and ionic liquid based solveni46,49] Temperature and pressure are limiting factors in the
process[48]. The procedures of producing single and concentratedfo@ a dilute gas
requires energy inpyd8]. The energy cost is typically referred to as thergy penalty as
there is the portion of electricity or energy from a power plant which is additional energy
required for the CCS procefggl].

Producedcarbon dioxide gas from power plants is an unwanted product from electricity
production which increases expenses for CCS. Siriwardarae suggested condition for
CO, separation from flue gas which involves a sequence of different conditions such as
temperature and pressure that can also allow the recovery of the sgilagnihe research
states that tempertae swing adsorption (TSA), and pressure swing adsorption (PSA) offered
an efficiency in CCS[49]. However, according to Merek al.; TSA is more applicable to
industrial conditions because it showed a reduction of the specific heat consuj@fion
The conditionssuch as temperature and pressare the components of three basic,CO
separation and capture options such ascprebustion capture, oxyiel conbustion, and
postcombustion capturfl9]. All the options use energy, but the energy differs in costtinpu

from one option to anoth¢t1] due to the effort of input.

2.2.1 Pre-combustion CO, capture
Precombustion capture involves the-darbonation by gasification of starting fuel like coal

and biomass by reacting them with oxygen or air. There is separation,@&t@wch higher

11
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pressure from gasified coal syngas (largehyaRdCO) prior to the gas going to a combustion
turbine. B is purified and then applied for different uses including electrical and thermal
power[11]. Blomenet al reported that the total input of this process is expensive, because it

requires extended plant, complex instruments , lewiiput and poor purificatiofi1].

2.2.2  Oxy-fuel combustion capture

This approach consists of burning fuels usingepoxygen rather than air to produce nearly
pure CQ. During combustion kD also is produced and saxiated with some poisonous
gases such as S(30; which have to be further removed and therefore-forey combustion
limits emission of harmful compound€ven though this process is associated with
purification, its operability is limited by high cost due to the cryogelmtillation for the
production ofoxygen and cooling of Cf£[11,20] These limitations of high cost for
producing pure oxygen and cooling capacity are always associated withdsigimput and

practical installation of the C&apture system.

2.2.3 Postcombustion capture
In this process, COis removed froma flue gas containing mainly ;,Nand CQ. Post
combustion capture provides removal of other contaminants such as oxygeantSQ
gases[11,19] The disadvantage of low il pressure for C®separation from flue gas
requires large equipment to allow high gas loading resulting in an expensive p&@jess
Moreover, the use of amine solvents for absorption require high energy for desorption due to
chemical sorptiofil1,51], but solid adsorbents are promising since they reguiow energy
for regeneratiorf17]. However, despite disadvantages, gmshbustion capture is the most
feasible on a short time scale and is easily able to be fitted to existing powdL@hithis

independent installation for pesbmbustion can allow the manipulation of each unit

12
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separatelyBlomenet al reported that postombustion can be less expemrdi\1]. Therefore

the postcombustion capture can be considered to beidbal for CQ capture among two

other optiong11]. Figure 2.1 illustates the summary of the three options for, &€paration

from flue gas in a power plant.

Post-combustion NZI
capture |
Coadl, gas, Biomass (6(0}
air Power plant Separation
4
Pre-combustion
capture
Coal, gas, Biomass Gadification CO, co
Air, ,Steam and reforming | | Separation 2
Power plant }—» N,
Air A 1
Oxy-fuel
combustion
Coal, gas, Biomass Power plant and heat 5 CO
» O,
Air » Air separation
» N2

Figure 0.1: Three options for C@capture from power plant generation [20]

Merkel et al. showed that postcombustion allows lovwpressure sorption that can be

applicable in amindased absorption and ionic liquifis3]. Postcombustion can ab be

used in zeolite, activated carbon, and MOFs leading to lower cost effective strEt8gia$

The sorbents used for G@apture can be divided into liquids amines based solvents and

13
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ionic liquids known for the absorption process and the solids such as zeolites and MOFs

known for the ads@tion process.

2.3 Carbon dioxidecapture by absorption

The various types of sorbents such as amines based solvents, ionic liquids and membranes are
used for the absorption processnine-based solvents and ionic liquids absorb,@0m flue

gas by dissolutin [45,53] Once the solubility and compatibility of absorbents hawenbe
investigaed, it can prowde the best solution for the process for CCS techniques as this
depends on theature or content of absorbeh®. Camperet al. found out that both ionic

liquid andamine solvents have different absorption capacity and seledgyity

2.3.1 Amine-based solvents
The amine based solvents are amines designed to remove acidic gagesguch as +$
and CQ from natural gas streani¥4]. Therefore, amine solvents are used for, C&pture.
Examples of amindased absorption solventinclude a30% monoethanolamine (MEA) in
water successfully used to remove about 80% of f@in flue gag47]. The absorption of
CGO;, in amines involves new strong chemical bond formation which requires high doergy
break it[8,54]. Apart from high temperature for desorption there are other disadvantages such
as solvent volatility, high energy required in regeneration @memical deterioration in
amines based solvenis2]. In conducted experiments by other groups it was found that an
increase in the concentration of amifgased solvents minimizes the energy forbeat
regeneration but requires high amine loading and use of huge amounts of water to stabilize
the temperaturfl0,48] These processes illustrated certain effects on reduction of energy to

regenerate sorbents, and solvent corrosion and degrada@pnThe use of high amine

14



Chapter2: Literature review

loading and largamounts of water requires large equipmentnplex processes and loss of

absorbent resulting in high cqg#].

2.3.2 lonic liquids
lonic liquids (ILs) and room temperature ionic liquids (RTId&xved fromimidazolium,
phosphonium, ammonium, and pyridinium compoundsstrdied for CQ capture[8]. Due
to the tunability in these ionic ILE3,55], their functionalization using phosphonitrased
amino acids achieved a one mole of ;,C@erone mole of ILs stoichiometry, showing high
CO, absorption[55]. In this regard, ionic ligids showed better manipulations than amine
based absorbents due to the possibility ofwalatility, impregnation and adjustment of ions
with side chains[8,55]. The polar functionalization IrRTILs had shown noticeable
enhancement of COsolubility, however the increase in viscosity presented difficulties
[8,57].
The sorption of C@depends on interaction between absorbent and thpl§&8] Camper
et al stated thaRTLs with acid gas (C¢) form insoluble carbamathat helps to deliver the
capture reactiofi8] which is different from amine based sorbeirsaddition, CQ absrbed

by RTLscan beeasilyremoved by the reduce press(ifegure 2.2)

2HO + Co,
_\_NHZ NHT/

Figure 0.2: Formation of new chemical bonds in amine during@Bsorption process [8].

The gas can babsorbed by chemical or physical sorption phenomgha6,59] Chemical

sorption processes requires energy to break the formed[8@%] while physical sorption
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does not involve chemical reacti¢d,45]. The energy used to recover the functionalized
RTILs is low compared to that of amib@sed absorbentas there is no need for the
additional heat for C®desorptiontherefore this reflects great promis® CO, capturing

[8,54]. However, carbamates formed in the RTLs can remain soluble slowip@li30rption

[8].

2.4 Carbon dioxide capture by membranes

Membranes canebprepared by incorporating fine crystalline material such as MOFs and
zeolites into polymeric matrixes forming a film layer that favours permeafikty60,61]

The increase in pmeability in membrandased CQseparation represents a feasible energy
cost saving13,60]. The sequestration of GQising membranes startedrigain the 1990s,

where the use of membranes was proved to be more efficient than amine solutions for CCS
but with low selectivity and permeabilif§3]. Carbon dioxide separation in membranes does
not result in a new chemical bofit4]. Merkel et al synthesized membranes with enhanced
CO, permeances of capacity greater than 1000 g@ms (permeation unitard a CQ/N;
selectivity of 50 (interms dfle n r y 0 s ). Howevey,tthaynrealized that the requirements

of feed compression to increase permeation results in high cost. Furthe¥fanra and
Carreon demonstrated the draack of membranes, for exampfez eol i t e I mi
frameworks8 0  (8¢rheRbranes had a low permeability and selectiditijf. A study of
developing high selective and permeability in Blfnembranes may lead to materials with a
high effiagency for CQ separation but the study is still ongoingherefore alternative

developmergof solid adsorbents such as zeolites and MOFs fordE®required.
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2.5 Carbon dioxidecapture by adsorption

Carbon dioxide is adsorbed through interaction of tremdmknt surface which does not alter
the nature of adsorbed gH®]. Britt et al reported that such adsorbgiflike zeolites and
MOFs) can provide promising energfficient alternatives to the current amibased

absorption systeni9].

2.5.1 Zeolites
Zeolites are solid porous aluminosilicate mater|[éls] with a large external surface area,
large pore volum¢62] and thermal stability63]. These properties give advantagestifair
application on C@capture from postombustion60,62] The adsorption of C£on zeolites
does not involve the formation of a strong chemical interaction as in amine based adsorbents.
Thus less energy is needed for regeneration of adsorbents because high temperatures would
not be requied[64].
Zeolite adsorption capacity depends on their chemical compo§ltijnSiriwardaneet al.,
showedthat Zeolites rich in sodium hawehigh CQ adsorption capacitjl5]. In general
Zeolites have high adsorption for €@epending on their chemical content but the presence
of water molecules in gas mixtures impairs their efficief@y]. Li et al, showed that
recovery of CQ from zeolite 13Xdecreased from 78.5 to 60% due to the preseheeater
molecules[66]. In addition, the study comdted by Brandani and Ruthven found that the
adsorption capacity of COn CaX zeolite at 50C dropped from 2.5 to 0.1 mmol/g when
water vapour was loaded form 0.8 to 16.1 Wé%|. They explained this phenomenon to be
a result of competitive adsorption of water molecules resulting in blocking the available sites
for CO, adsorption. Inaddition, water condensation can result in the formation of carbonic

acid which destroys the adsorption b§s]. Through the vacuum swing process, water can
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be removed in 13X. However, the problem is the reduction gfd&Sorption and purity and
the requirements of additional equipment for vacuum pugapin

On the other handslauchhum and Mahanta showeefficiency in zeolite 13X and zeolite
4A due to the partial regeneration of the adsorf@fit The requirement of high temperature
for regenerating zeolite at 36C is a challenge. Furthermomgolites showed low CAN,
selectivity due to the similarity of the kitie diameters of C@and N and that the selectivity

may depend on increasing temperafd#g.

2.5.2 Metal-organic frameworks MOFs
The class of metal organic frameworks (MOFs) were mostly known around 1995 as structural
threedimensional (3D) porous complexfg8]. Nowadays MOFs are industrially produced
by BASF and sold by Sigma Aldrich under the &mame Basolit¢' [26]. The emerging
MOFs have been applied in gas sorptj8h,70], heavy metal sorption, stora§j#0], and
catdysis [71]. These properties are the motivation to further dgveksearch on these
compounds for potent application.
These compounds are formed by metal cations or metal clusters bridged by anion ligands that
allow spacing between cations or clust@®]. MOFs are porous crystalline materialgh a
network of two or three dimensional structures that can be tuned for high porosity and a
geometrically weldefined structural framework73,74] The most advanced MOFs are
three dimensional (3D) structures with porosities and capacity to adsorb or desorb materials
such as guest molecul€ssi 77]. The network is formed by connectivity of metaijanic
hybrids that can have one of the following structures Modes A, B or C illustrataedure F
2.3[77] where a 3D structure can be achieved. The noetatre binds on functional groups
such as oxygen or nitrogen from the organic linker in different modes forming layers which

are connected to each other through organic linké8. This connectivity leads to
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frameworks characterised by stable building blocks resulting from the synthetic conditions
allowing them to retain their structuf82,80] These substances are known to be reticular
because pore size and functionalities can be modified through organic linkers or MOFs post

synthesis by keeping the same basic archite¢fdie

C C
/N NG :
HO, O HO/ \OA_,M HO/B N\ B no” \O
1) A QA NN I c
M M l l M M v
M M
Modes A,A" and A" Mode B and B' Mode C

Figure 0.3: Coordination modes showing carboxylates linked to metal canter or node [78]

Connectivity in the framework depends on the nature of the metal ion (Figure 5.2) that
contributes to the structural dimension of the framewi&®. Apart from the metal ion
connectivity, bridging ligands also contribute to different coordination modes (dimension) in
network formation multidentate functionalitig80]. The metal ion can have one of the
coordinatiom modes as shown in Figure 24and the ligand can havwaultidentate sites
(Figure 2.8). There are three kinds of networks formed by hybrid metal and organic
compounds. The first is ordimension {D) which are compounds made of a metal centre
and an organic moiety considered as havirigbe like or chain (Figure 2.G) architecture
[69,82,83] The second are twadimensional 2D) structures which are sheets or
polycatenated honeycombs (Figure2)4[69,83]with no channel volume, whereas the third
are threadimensional D) frameworks that contain pore volumes or open channels (Figure
2.4 E)[69,73,84] Therefore, formation of the various dimensional structures depends on the

possible available bridging sites from the metal ion and the ligands. It had been shown that
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3D frameworks are formeby pillared linkers (ligands) which bridge 2D sheets of metal

organic building blocks in which channels or pores can be obsgt8g3d]

A
-M— —M/ _,\',|_ |\|/| _,\',li Metal ion or metal-ligand fragment with fre
/ 7 / 7 coordination sites
. ot B
/ ' Multidentate
bridging ligands
C
- Mo— Mo— M- 1D cordination polymer chaine
D
i b Y M >‘M’< 2D coordination polymer,
| ' _7M/ \Mi Vv - coordination network,
’ metal organic framework (MOF
,M M*'
M M
7 \
Y
2
g T A
| / \/
7M - ~M— 3D coordination polymer,
_M/_ — M/_ M coordination network,
I | M ~ metal-organic framework (MOF)
—M/ MZ \M//
7 /1 |
M _—
// M

Figure 0.4: Coordination polymer MOFs with different coordination m@@ig]

25.2.1 General synthetic strategies and features of MOFs
The synthetic method and control of reaction conditions esponsible for the features of
good MOFs [18,85] These MOFs contain pores where solvents can be hosted during
synthesis with the possibility that the solvent can be removed by application of vacuum,

solvent exchange using low boiling solvents oathey in order to get a high surface area
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[85,86] The paramount property is the retention of the crystalline structure of the MOF after
removalof guest solventE86i 88].

The behaviour of MOFs on removal and adsorption of guest molecules can be categorized in
the following groups; rigid frameworks and flexible/dynamic feaworks [89,90] Rigid

MOFs, like zolite, are stable, robust with permanent porosity that are resistant to external
stimuli. For example, during adsorption or desorption of guest molecules where pressure and
temperature are applied, rigid MOFs retain their porqd®91] Flexible effects in MOFs

were observed in compounds containing ditopiccaboxIj@té It is found that in MOFs

such as MiIL47 (VIV) (Materials of Institute Lavoisier)metal cent e s cong ai ni ng
hydroxyl groups allow flexibility and contribute to rigidity in MiL7 (VIV) [79]. Davieset

al. observed that [Z6 #£H,)(HBTRI)(BTRI)-(H.O),]-DMA-3H,0O can adsorb up to 4.5
extra water molecules with Issand restoration of crystallinity upon dehydration and
rehydration[29]. Flexible property allows the adsorption and release of guest gases in pores
of MOFs retuning their original structure and thus are able to be used for selective
adsorption[92]. On the other hand, the rigid MOFs offer a high selectivity uptake gf CO
which depends on different interactions between adsorbent and adgdfjat&his was
observed in Cobalt Adeninate MOFBhe selectivity and enhanced gas uptake in MOFs
depends on porezg@ and may be enhanced by further functionalization. This process was
observed in bidMOF-11 after amino and pyridine functionalizatif¥8]. The interaction of
adsorbates and adsorbents occurs in pore channels and at the surface of the MOFs.
Poreshas afeature that offes low density and increase in MOFs surface area, prompted
designers or researchers in gaheo synthesize thregimensional MOFs. Some parameters

like; kind of metal salt, organic linker, deprotonating agent, temperature range, and reaction
time are the most important to be considered in synthesis of open channelitieasional

MOFs for gasseparation and stora@&3,94] Highly porous compounds can be considered
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as having the most successful applicafio#95] The MOFs can be prepared from mixtures

of metal salts, ligands, solvent and deprotonating agents associated with different reaction
conditions to achieve porous crystalline materigd8,96] The templates or structural
directing agent (SDA) known in zeolite synthesis to achieve desired dimension structure or
increase in channels or pore capacity can also be applied in [dQFs

The same reaction mixture can lead to different MOFs depending on the method used or the
modification of onditions[79]. For example, reduced surface area due to large particle size,
occluded pores by guest molecules and catenation or interpenetration of frameworks can be
caused by size or shape of ligand, high temperature hagid concentration[971 99].
Moreoverpostsynthesis treatment may be used to enhance the quality of MOFs in enhancing
gas adsorptiorf18,78] Therefore optimized reaction conditions may leada predicted
porous material.

Different methods such as, sonication, hydrothermal, and microwave assisted synthesis were
used to synthesise MOFs. These methods are hydrothermal (when water is solvent) or
solvothermal (solvent other than water is usgdjeesig18,100] soncation ( acoustic wave

generate the heating ener¢i®p1,102]and emerging microwave assisted synthgkisl 03]

2.5.2.2 Conventional hydrotermal or solvothermal synthesis of MOFs
Reactions take place at elevated or room temperature where the solvent can be water or
another organic solvent. The preparation of MOFs consists of mixing the metal salt, ligand,
and water or another kind of solveartd retained at a given temperat3®,104] Sometimes
substances like deprotonating agents or structure directing agents are atliedetction
mixture allowing deprotonation of the ligand so that a porous material can be achieved

[40,96]
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The mixture is put in a closed vessel and heated at different temperature above the boiling
point of solvent in autogenous pressure where the process isdeterras solvothermal
synthesis [79]. Nonsolvothermal or hydrothermal syntheses are performed at room
temperature below or under reflux heating in an open vessel withoutraatton of pressure

[79]. In this synthesis, there is no auto created pressure. However, a Parr reactor at high
temperature is employed with auto creation of presglLBe88,78] Thermal synthesis of
MOFs is commonly known to produce pos frameworks with the desired structure

dimension105].

2.5.2.3 Synthesis by sonication
Sonication is used to synthesize MOFs whichreffghort reaction times, high yields and
crystallinity compared to conventional oven heaf#hd,106] The short reaction time is due
to sonication which involves the growth and collapse of bubbles in liquids known as acoustic
activation[101]. This acoustic activation results in extremely high local temperature around

5000 K and pressures as well as thieamxdinary heating and cooling rdi€1,106]

2524 Microwave

The discovery of microwave heating in 1946 by Spencer at the Raytheon Corporation
heraldedin the application of electromagnetic wavp¥)]. Microwaves are normally
generated by a magnetron, consisting of an osdillaaverting highvoltage direct current

into high frequency radiation generating enefd®]. These radiations interact witheth
electrical charges of polar/ions from the solution or electrons/ions from material in the solid
state[79]. lonic liquids are potentially suitable solvents in microwave synthesis since they
have the capacity to allow Higonic conductivity and polarizability throughout the bulk of

the materia[107]. Theenergy created is transmitted to sanple and promotes dielectric
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solvents like water to align with the alternating electric field of the microwgh@s When
molecules collide with each other, heat is generated and spread out homogeneously
throughout the mediurfd0], resulting in high speed nucleati¢l08]. This indicates that
energy from a microwave is more efficient than that from conventional methods such as oil
baths and hot plates used for chemical reacfid®@s During microwave synthesis, solvents

in the mixture reach temperature above their boiling point in vessels that are pressurized
[40].

Heating through Microwave is achieved through an ability to control parameters like
irradiation power, time of reaction and temperaf{dfy which are the most important factors

for chemical synthesi§l09]. Advantages of this heating method are; uniform grain size,
control of the mechanical and optical properties of the products and pure products compared
to conventional heating41,110] Microwave synthesis has been developeduccessfully
synthesize organic and nanoporous inorganic mat¢#ia/$07,111] The synthesis of MOFs

by microwave seems to not be commonly used although being very popular in organic
syrthesis [41,95,107] and thus its application in the synthesis of MOFs or inorganganic

hybrid should be expanded upon.

Microwave synthesis improves the properties such as lowering particle (Table: 2,1) size
narrow size distribution, higher crystallinity and high internal surface area in MOFs
[103,111] This allows achieving higher internal surface area than in the other heating
methods. For exampl&abouniet al synthesized crystalline porous material (GBMusing
microwave and achieved a surface area2®87 nfg'' compared to 580m°g'! from
conventional thermal methodi30]. Table 2.1 illustrates that microwave syntheses achieves

smaller particle size that conventional synthesis.
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Table0.1: Comparison of crystal size of MOFs synthesized from conventional and
microwave synthesis

Compounds Reaction condition Crystal size Reference

MOF, Zrn(NDC),(DPNI) Conventional: 1C ~ 400pum x 150pm [112]

Microwave: M 150pum x 20pum

MOF-5, Zn,(O)(BDC); Conventional 500mm [40]
Microwave 20i 25 mm

MIL101: Cr3F(H,0),0[(O,C)-CsHy-(CO,)]5.nH,O  Conventional 800mm [113]
Microwave 200mm

MIL101: CrsF(H,0),0[(0,C)-CsH4-(CO,)]5.nH,O  Conventional 400mm [113]
Microwave 200mm

[M3(NDC)3(DMF)4]; M= Co, Mn Conventional 50-200¢ m [95]
Microwave 5-20e m

Cu-BTC Conventional 20e m [114]
Microwave 10e m

Co-MOF-74 crystals Conventional 300e m 7@ m [103]
Microwave 50e nx8e m

The synthesis via microwave offers a short reaction time and a high yield. An example is the
synthesis of [Cy(obay(DMF),]-5.25(DMF)(MCF23) at 160°C in 2 h [40]. Moreover, the

small size of crystals obtained via the microwave process shows an increased in its surface
area [111]. However, using conventional synthetic methods,
[Cupx(obap(DMF),]-5.25(DMF)(MCFR23) was synthesized in TRat the same temperature as

in the microwaveproces440]. Conventional synthesis also produce crystal with low surface

area[113].
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Microwave synthesis offers the opportunity to get good quality, and higher yield of products
compared to conventional syntheses. The small size of crystals obtained via microwave

process shows an increased in its surfaca[afe .

2.5.2.5 Temperature dependence in metal succinates and MOFs
characterisation
In most cases the crystal structure formation of MOFsrdlgenced by temperature in the
hydrothermal synthesigl15,116] Metatoxygen networks are arranged depending on the
temperature of the synthedi37]. This means that temperature is a factor that influences
MOFs synthesis.
The network structure of metal succinates is infaezl by the reaction temperature where the
topology of the frameworks is sensitive to temperatures both below and aboW€.100
Forsteret al stated that compounds synthesized below AMMave similar properties and
ones over 108C have an increase inein coordination of metal clustsharing connectivity
(rings), coordinated succinates and incorporation of hydroxyl grf88}s For exampleat
room temperatur€o(H,0)4(C4Hs4) was obtained whereas §0H),(C4H4O,4)4 was obtaied
hydrothermally at 186C [37,120] On the other han@o4(OH), (H20), (CsH404)sBH,O was
synthesized using the same temperature with a small noticeable change of reaction condition
from the synthesis of GEOH),(C4H404)4 [117]. They noted that care should be taken for
every single step in reaction conditions for hybrid metal organic synthesis. Although
temperature is the most important factor, others viz., solvent, pressure and metal ions should
also be considered. The latter act eliéintly in coordinating with ligands according to the

nature of transitional metal in agqueous solution to affecilig].
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2.5.2.5.1 Influence of temperature on interpenetration control and
dimensional structure

Temperature control can provide dimensional structure control of metal organic net#works.
3D metad organic hybrid can be successfully synthesized by increasing reaction temperature
[38]. On the other han&@hanget al. and Janialet al showed that too high a temperature
may lead in poor pore size for MOF9,116] An example is the synthesis of 2D network
[Cus(pz-OH)2(H20)x(SIPA)(OAC)] (SIPA: 5sulphoisophthalate) at 126 while, a 3D
framework[Cus([s-OH)4(SI-PA)x(OAc);] was formed at 186C [119]. Another example is
the synthesis of cobalt succinate at a temperature beloWCl@Bulted in 1D frameworks,
and by increasingie temperature to 15C, a 3D framework was obtain¢@B]. A counter

effect is that the synthesis at 1% causes the open window (ring) of succinates to become

twisted (Figure 2.5) and resulted in very narrow wind{®@3.

Figure 0.5: Evolution of the five phases of cobalt succinates, from low temperature (far left)
to high temperature (far right)[94]

Referring to the Figure 2.4 above, the faisd second phases are 1D, which are synthesized
below 100°C, the third phase illustratéise 2D synthesized at 150 and the fourth and fifth
phases are 3D synthesized at over A5({B8]. Observing the two last phases, tpen space

in the cobalt ring network atoms is reduced with increase in reaction temperature.
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To overcome this, the temperature range, dilution of starting materials were controlled to
successfully get non interpenetrated framewad6]. Jianget al 2010., during the synthesis

of Cd(L)(bpy)(1,C2/m), Cd(L)(bpy)-44D-2.5DMF (1), the temperature was raised to get
Cd(L)(bpy)-4.5H0-3DMF which is an interpenetrated framework formfwith 3.4% of

reduced surface area, therefore interpenetrated frameworks cause lower surface area resulting
from high temperaturg20].

The temperature influences structure dimension of products from the same starting materials,
to produce 1D, 2D, and 3D Mod¢38,115] Their decomposition temperature or stability

may also depend on the kind of metal cluster in MOFs as mentiotieel work of Kozachuk

et al [121]. In light of the metal cluster, its combination with organic linkers provides a

strong bond that influence the stability of MOE&2].

2.5.2.6 Influences of metal source in metal organic frameworks synthesis
A metal source contributes towards the framework assembly in MOFs during their synthesis.
The reaction time and featuresch as crystal size, surface area and pores can be different
[115,126,127] The use of copper acetate as a metal source leads to anchoring a preformed
secondary building unity with a continuation of MOFs growth while the copper nitrate metal
source is characterised with a delayed grojA@®8,129] The precursor metal source can
have a solubility that allows the sétirmation of layers in MOF§126]. The framework of
Cu-BTC (benzene tricarboxylate) prepared from copper acetate coai(GOO), paddle
wheels with copper dimers as four connectors and beriz8retricarboxylate as three
connectors, resulting in a cubic, wvidpen framewor123]. However,Cu-BTC prepared
from copper nitrate, the unEw(COO), does not exisf127]. Different frameworks from
different metal source can be also observed[Nin/(CsH404)4(OH)s(H20)s] D7aAd

[Ni7(C404)(OH),(H20),]-2H,0. The two MOFs wergrepared formNiCl,-6H,0,C4HgO4
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(1:1.5) andNi(acetatey)-6H,O, C4HsO4 (1:2), respectively[115,131] The metal source,
solvent as well as temperature are thain parameters in connecting networks during MOFs
synthesis. Table 2.2 summarize the effect of reaction conditions on the formation of metal

organic complexes.

2.5.2.7 Use of structure directing agents (SDA)
Structure directing agents (SDAs) are defined dsstamces introduced in a chemical
synthesis to achieve porous materials such as MOFs with desired str{@4jr&3DAs are
widely known for ncreasing pore size in Zeolitg29]. The same idea was applied in the
synthesis of MOFs where aromatic compounds such as benzene and salicylic acid were used
to achieve 3D structures with wide channels of Ji@aH,04)3(H20),] [97]. Cetyltrimethy}
ammonium bromide (TAB) as a surfactant in combination with hydrophobic organic
compounds, such as 1,3rtmethylbenzene (TMB) was used to increase the porosity of the
mesostructured [G(btc)(H.0);] MOFs [68]. This shows that SDA can be incorporated in
MOFs synthesis tincrease porous structure as well as surface area in order to improve the

adsorption capacity.
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Table0.2: List of synthesized metal organic complexes with their metal sources and reaction conditions

Compounds Mixtures ratio of metal salt : ligand KOH molar ratio/  Solvents/physical conditions Ref
and formulae (pH)
CoCGH,O,BH0 CoCh-6H,0, CHsO,4 (1:1.5) 1 H.O 5ml, rt [37]
Co5(OH)»(C4H404)4 CoCh-H,0, GHsO4 (1:1.5) 4 Autogenous, 186C [41,122]
Co[(C4H40)]n CoSQ-7H,0, ZnsSQ-7H,0, C4HO, (1:1: 0.5) 0 2-propanolH,0 & DMF, 140°C [81]
C0,(CsH206)(H20)]-8H,0O Co(GH0,), CgH4O6 (1:1.5) 0 H,O & THF [130]
[Ni7(C4H3 2)4(OH)s(H,0)3]- 7TH,O  NiCl,-6H,0,C4HeO4 (1:1.5) 4.1 H,O 5ml, Autogenous, 17¢C [128]
[Ni#(C4HO,)s(OH), (H20),]-2H,O  Ni(acetate)6H, O, C4HgO4(1:2) 0 Autogenous, 150C [115]
Co(H,0)x(C;H404) Co(OH), CHesO, (1:1) 0 H,0, 60°C [38]
C0o/(OH)g(H20)3(C4H4O4)4- 7H,O Co(OH), C4HeO, (4:1) 0 H,O 5ml, Hydrothermally, 156C [104]
C0y(OH),(H20)(C4H404)3-2H,0 CoChL.6H,0, GHsO,4 (1:1.5) 4 H,O 5ml, Autogenous, 18fC [117]
C03(OH)(C4H40O4),- 10H,0 Co(N03)2,C4He0, (1:0.5) 0 CH;OH/H,0O and inNa,CQO;, r.t [131]
CoCGH,0,4-3H,0 CoCGQ; (Excess)CyHeO4 0 H.O near ebullition [132]
Nd,(C4H404)3 NdCls, C4HsO,4 (1:1.6) pH (4.55) py  Aqu. solution of metal salt an [133]
alcoholic solution of acid, rt
Ery(C4H404)3 ErCls, C4HgO4 (1:1.6) pH (4.55) py  Aqu. solution of metal salt an [133]

HO0,(C4H40,)3(H20)4]-6H-0
HO,(C4H404)3(H20)z]-H-0
[HO2(C4H404)3(H20);] 5.0.5(GHe)

HOCI3'6H20, C4H604 (115)
HOCI3'6H20, C4H604 (115)

Ho(NOs)3.3.5H,0, CsHs04(0.5:0.75)

pH (4.5) NaOH
pH (4.5) NaOH
pH (5.5) TEA

alcoholic solution of acidi
H,0, r.t
H,O, 180°C

[134]
[134]

H,O 5.5 mL, benzene 4.5 mL, 1€ [97]

°C
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Several solvents such as dimethylformamide (DMF), dimethylacetamide (DMA),
diethylformamide (DEF), Nnethylpyrrolidone (NMP) andetramethylammonium bromide

were additionally identified as structure directing agents, which can be used to form one or
other type of MOH135]. It was also noted that hydrophobic molecules are able to occupy
void spaces and whesevacuated leave large pore size or chanf®3$ These pores can
perform an opening and closing process described as a breathing property which imparts
important flexibility to the frameworfd5]. This property allows gas adsorption and removal
without damaging the adsorbent materials. However, some hydrophobic molecules used as
templates failed to free interpenetration but changed the MOFs structure by increasing the
pore volumg35]. This depends on the nature of the framéwSome pores can contain-no

deprotonated ligands [102]. Therefore, deprotonating agents are needed.

2.5.2.8 Use of deprotonating agents
Inorganic viz., KOH or NaOH and organic compounds viz., TEA (triethylamine) or pyridine
are used to liberate hydrogemsfrom ligands or to dissociate ligands into ions for the
preparation of complexdg87,96] These substances are rederto as deprotonating agents in
synthesis of metal organic frameworf&’]. During the synthesis of MOFs, a carboxylic
ligand in general can remain in the pores as guest molecules due “‘womplete
deprotonation136]. The FTIR characterisation of the synthesized M&@CRithout any
deprotonating agentewed the free acid (ligand) absorption band but on using TEA in the
synthesis of MOCR. and MOCRH the absence of free acid absorption band was confirmed
[136].
The use of TEA in synthesis of BIIC proves the successful preparation of a 3D
(dimension) structure with rigid and stable porawshitecturg96]. This is compared to the

synthesis of MetaBTC using acetate and water as polar solvent which lead teDa 1
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structure while using ethanol (poor coordinating solvent) and weak base, it forrizd 2
structure[96]. As the pH of the reaction medium increases, the structure dimension changes
from 1-D through 2D to 3D [129]. However, this effect is clearly demonstrated on using
KOH in the synthesis of cobalt succinate at room temperature. It givé3 @mdde at room
temperature but at high temperature it givesx1®ode[37,38] The KOH deprotonates the
ligand becoming polydentate ligand and thus facilitating the existence of pores in the
framework [137]. This process depends to the polarity of the solvent [@8d It is noted

that the deprotonating agents and SDA may play a role in structure determination sf MOF
networks with free pores. The resulting porous MOFs can contribute to the high adsorption

capacity of CQ.

2.5.2.9 Activation of MOFs
After reaction, the MOFs products contain guest molecules or solvents in channels or porous
structure. The surface area of thawaterials is relatively small due to the obstruction of
pores or channels by guests molecyi8&. It is important to remove the guest molecules in
order to increase the surface area or to make it accessible and this process is known as the
activation[33,87] The activation is performed by conventional methods which corgfists
heating the MOFs in vacuufi8,87] However, this method causes partial or full loss of
porosity in MOFs and it was suggested that activation using solvent exchange with low
boiling solvents with is preferab[@8,87] Activations are commonly done to achieve a high
surface area even though other methods such as supercritical carbon dioxide can be also used

[33].
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2.5.3 Adsorption capacity
Adsorption capacity is one of the ways to e the amount of GGhat can be adsorbed by
materials. This depends on different conditions such as temperature, pressure and moisture
[78,140] The adsorption capacity of GAs measured by adsorption equilibria where
gravimetric and volumetric equilibria are investigaf@d]. The gravimetric C@adsorption
refers to the quantity in mass of adsea CQ per quantity in mass of adsorbents, while
volumetric CQ uptake measures the quantity of £0O be stored on volume of adsorbent
[21]. The two techniques determine the heat efficiency of MOFs in order toagvahe
energy required for regeneration of adsorbfd#]. The interaction between GQGnd
adsorbent should not be strong otherwise high energy will be required to break the CO
framework[138]. The presence of metal ion sites in MOFs channels is a feature that plays an
important role in C@ adsorption. For example, interaction betweeoordinatively
unsaturated nickel sites of Jhtp) (Hidhtp: 2,5dihydroxyterephthalic acid), gives rise to a

high CQ adsorption capacity94,140}

25.3.1 Interaction of absorbed gas in MOFS
The properties of solid adsorbents especially MOFs in agls®rption and/or storage is
explained by interactions found in some sites in the channels of pores or at the surface area of
these porous material®7]. Getzschmanret al., in their findings showed that the gas
methane (Cl) can adsorbed at the metal qii@9]. Not only CH, but also carbon dioxide
(CO,) was identified to be adsorbed at the metal sites i.e. Ni and Cu of MOFs such as
Ni/DOBDC and CuBT(138]. Interactions were found in gbtc), MOFs where the metal
centre ats as a Lewis acifb8,147 to accommodate electrons from host molecules. On the

other hand, the sites of interaction of 4®the framework can be other than metal centre.
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Even though selectivity can be determined by pore sizeneti& separation, metal site can
induce selectivity by polarizing the adsorbates, referred &eatronic polarizability. MOFs
possess a high surface area withrop#es which can lead to higldsorption capacity but

with poor selectivity[138]. The gases possess different quadrupolar or polarizability
moments that results in high enthalpy of adsorptimr. example, for the CAN, separation
relevant to postombustion for C@capture, the higher polarizability (G29.1x10% cm®;

N,, 17.4 x10?° cm®) and quadrupole moment (GQ.3.4 x10°C.n%; Ny, 4.7 x10% C.nf) of

CO, compared with Mresults in a higher affinity of the surface of the material for, CO
[94,140] This means the surface of MOFs induce polarity in gases which results in a high
interaction between CCand the surface area of MOFs than other gases. Charged organic
groups and metal cation sites in metal organic frameworks enhance selectivity due to
polarizability[138].

The result found from interaction of G@nd MOFs typicallyMIL-53 [C!"'(OH)(OOGI

CeH4i COO)] showed that the site that attracts,G©oxygen from hydroxyl group in the
framework[45]. The role of oxygen from hydryl group is to provide electrons (as electron
donor) to carbon dioxide for attractionfd5]. It is noted that this interaction occurs in
frameworks that contain coordinated hydroxyl groups. The oxygen from the carboxylate in
the framework also acts as an adsorption site fop, Ghich has been computed in
M(OH)(O.Ci CgH41 CO,) where M stands for AI57]. Sernaguerreroet al, in their work,

also icentified interactions between amines and,@Junctionalized compound440].

This can help to evaluate the effect of high density of metal clusters in MOFs. The effect of
the hydroxyl groups is also observed in the synthesis of cobalt succinates by increasing the
temperature in presence of KQBI7] which evaluated C@adsorption. All these features can
have an enhancing impact on g£@dsorption but still also depends on the size of the pores

[46,58,143]
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2.5.3.2 Enhancement of adsorption capacity
Porous metal organic framewarkontain structures that are responsible for, @@sorption.
These structures are basic sites including a number of saturated metal ions and Functiona
groups such as amino, pyridine, hydroxyl, and carboxylates groups that atte@&4CiA0]
In the light of these features, the arrangement or density of these structures in the framework
may increase the capacity for €&dsorption. A report on functionalization of MB3(AI*")
MOF bagd on OH, COOH, NH,-, and CH functional groups showed that the hydroxyl
group OH increased both adsorption capacity and adsorption selectivity than the other
functional group$51]. In some MOFs i.e. GBTC an increase in the adsorption capacity via
the presence of water molecules coordinated to-opstal sites of the hydrated framework
[142]. It was alsoobserved that hydratedu-BTC adsorbed C©O71% more than the nen
hydrated CeBTC at 0.1 baf142]. However, this capacity was reduced to 45% at 1 bar. This
shows that thengssure parameter also affects the adsorption process. In their findings they
showed thatwater molecules create electric fields which interact with the quadrupolar

moment of CQfor increased adsorption.

2.6 Chapter summary

Literature shows thaf O, captureprocessesising sorption techniqueavolve adsorption and
desorption which has a cost implication on production of energy. In the desorption process,
temperature swing adsorption (TSA) is considered as a better technique to reduce energy
costs than pressal swing adsorption (PSA). Application of TSA for posimbustion
techniques result in a minimum of equipment needed and allows for a continuous power plant
lay out without interruption. Postombustion techniques should be applied with materials

that canadsorb CQ.
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Various materials to absorb G®iz., amines and ionic liquids were developed. Among all
materials, physical adsorbents require lower energy for regeneration than amines or ionic
liquids. According to the findings, MOFs offer more advantagelsding tunable to achieve

a high adsorption and selective capacity forbdfferent methods to synthesize MOFs have
been developed where temperature, metal source, structural directing agents and
deprotonating agents are able help achieve the desirdes Mighly porous 3D MOFs with

high surface area are more attractive for application. The variation of parameters that
contribute to high surface area, porosity, and three dimensional (structure) are mostly
temperature, time, and the kind of metal soueese parameters should be taken into
account during conventional thermal synthesis or microwave synthesis.

In MOFs, conventional hydrothermal or solvothermal and microwave synthesis are compared
where it was found that microwave synthesis can procheter adsorbents for GO
Microwave synthesis produces MOFs with small crystal size as materials with increased
surface area compared to conventional syntheses. Short reaction lkiwes energy
consumptionand high yield also make this technology econotyidaasible.

The synthesized products can have their adsorption capacity and selectivity enhanced at
lower cost by postreatment. Different activation methods viz., solvents exchange, vacuum,
and supercritical carbon dioxide make pores or channelsssibte for application. The
structure of the pores and polarity on the internal and external surface area are the main
factors for consideration in GCadsorption capacity and selectivity. The structure of the
metal environment, presence of hydroxyl greuamine, carboxylates functional groups are

the most welknown sites of adsorption for carbon dioxide. The nature, quantity and the
arrangement of these structures and functional groups leads to enhanced adsorption and

selectivity of CQ.
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CHAPTER 3: EXPERIMENTAL

3.1 Introduction
This chapter gives procedures usedynothesizecobalt succinates and nickel terephthalates.
The technical methods to characterize the synthesized compounds are also explained. This

chapter illustrates summary of synthetic ahdacterizatiormethods used in this study.

3.2 Materials

All reagents were used without further purification. Table 3.1 indicates reagents, origin and

their purity.

Table0.1: Chemical reagents

Reagents Origin Purity %
Cobalt chloride hexahydrate: Co@H,O Saarchem 98
Cobalt acetate tetrahydrate: Aldrich chemical N/A
Co(CHCO,),.4H,0 company

Succinic acid: GHgO4 Saarchem 99
Sodium hydroxide: NaOH KIMIX 98
Potassium hydroxide KOH Sigma Aldrich 85
Nickel nitrate hexahydrate: Ni(N£» Sigma Aldrich 96
Terephthalic acid: §HsO4 Sigma Aldrich 98
Hexane: GH14 Sigma Aldrich 95
Ethanol: GHsOH KIMIX 98

3.3 Synthesis of cobalt succinates
The synthesis focuses on cobalt succinates where succinic acid andr&@étiad to cobalt
salts dissolved in water according to the literafid3®37] Hexane wasnitroduced in the

mixture in an autogenous hydrothermal synthesis to evaluate its effect on the resulting
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products. Table 3.2 lists the abbreviations of the compounds according to the synthetic
method. Two reactions were carried out at room temperatureigity different metal
sources i.e., cobalt (i) chloride hexahydrate (CoS) and cobalt (ii) acetate tetrahydrate (CoS
Ac) by keeping the molar ratio of metal to ligand constant (1:1.5). The volume of water was 5
ml in all preparations. The molar ratio ofoK to metal salt in both CoS and GA8 was

(1:1). However, when Cog®H,O was used as the metal salt, the molar ratio of KOH was
increased from 1 to 4 for the synthesis of &oSCoSth, CoSprl, CoSpr2, CoSpr3, CoS

mwl and CoSnw2. Typical synthesis for CoSn was carried out by adding succinic acid
(0.41 g) to a solibn of cobalt(ll) chloride hexahydrate (0.55 @) 5 ml of water. There
followed by addition of potassium hydroxide (B.§) to raise the solution to pH around 4.
The mixture was sonicated for 45 min and the resulting solid phase was collected by
filtration. The synthesis of Coefr2 and Co$r3 was performed in a Parr reactor at 220

with the introduction of hexane. The synthesis via microwave (300W) at°@5Was

performed in one step for CaBwl and in two steps for Ca8w?2.

Table0.2: Abbreviations of cobalt succinate complexes and synthesis conditions

Compd code Metal source Synthetic conditions

CoSAc (CH;COO)XLC 0 T® H rt (4 weeks/water)

CoS CoCLBH,O rt (3 weeks/water)

CoSsn CoCLBH,O 30°C Sonication (30 min/water)

CoSth CoCLBH.O 170°C reflux (3 days/water)

CoSprl CoCLBH,O 170°C Parr reactor, 3 days, water

CoSpr2 CoCLBH,O 170°C Parr reactor, 3 days; water25 ml hexane
CoSpr3 CoCLBH,O 170°C Parr reactor, 3 days; wates ml hexane
CoSmwl CoCLBH,O 150°C microwave (60 min/water)

CoSmw?2 CoCLBH,O 150°C microwave, 60 min neat and 60 min /water

The molar ration of metal salts to ligand (1:1.5) in all compountisoom temperature
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All products were filtered, washeglith a mixture of water and ethanol (1:1) and dried in

vacuum oven at 6.

3.4 Synthesis of Nickel hydroxyterephthalates

The ligand, terephthalic acid was converted into the disodium terephthalategsla®{day)

in order to allow the dissolution in watand was synthesized according to grecedure
reported by Parkt al [142]. Nickel hydroxyterephthalate compounds were prepared by the
hydrothermal synthetic method according to the promedeported by Cartoat al [143]

with slight modifications. After dissolving ¢E1,04N& (0.82 g) in an aqueous solution of
Ni(NO3)2 (0.96 g) in water (7.2 ml)the pH was adjusted to 8 by adding NaOH (1M). Two
different volume ratios of hexane were used in théh®gis to evaluate their effects on the
resulting products. The starting mixtures were sonicated for 10 minutes to allow
homogeneous mixing. All reaction mixtures were heated af@50r three days. The light
green powder products were washed with a unéxbf water and ethanol (1:1) and dried in a
vacuum oven at 6{C. The synthesized compounds are abbreviated in Table 3.3 according to

the synthetic reactions conditions of nickel hydroesephthalates.

Table0.3: Abbreviations of the synthesized nickel terephthalates

Code name Synthetic conditions

Nitp-1 Water, 7.2 ml

Nitp-2 Water, 7.2 ml + hexane, 1.8 m|
Nitp-3 Water, 7.2 ml + hexane, 3.6 ml

Ni(NGs), : CgH4OsNa,, Molar ratio (1:1.5), under Pr at 15(C, 3 days
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3.5 Characterization techniques

3.5.1 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR analysis provides information of functional group in the complg@448] APerkin
Elmer FTIR spectrometer was used to scan a compressed disc of compound to analyse it in
the range between 200 and 4000cihe background was obtained using only potassium
bromide (KBr) to correct the baseline. A small quantity of compound was crushed into a fine
powder and compressed into a transparent disc. The spectra of compounds were measured

under the same conditions as the background.

3.5.2  Ultraviolet-Visible spectroscopy(UV-Vis)
This method of analysis gives the information of idigand charge transfer and the presence
of metal ions in the coordination liganfis44]. The compounds were dissolved in solvents
according to their solubility. Using two UV cells (2ml): one as blank and the other for the
compound allowed analysis to be carried out in the range of wavg teh  (-800 nn2 0 O

using GBC U\Vis 920 instrument.

3.5.3 Thermal gravimetric analysis (TGA)
Thermal gravimetric analysis (TGA) checks thermal stability and weight loss of guest
moleculeq30]. It is also used to characterize thermal chemical and physical pespe4b).
A Perkin Elmer STA 6000 instrument was used for TGA analysis. A massbofing of the
compound was loaded into a ceramic crucible and placed automatically in the TGA for
heating. Heating was run from 40 to A@at a rate of 16C min* under an air flow ratefo

19.8 ml/min. The data were recorded using Pyris software. The results were plotted (weight

40



Chapter3: Experimatal

loss percentage against temperature) using origin software to evaluate guest gases removal

capacity and the decomposition of the molecules.

3.5.4 X-ray powder diffraction (XRD)
The characterization using XRD provides an identifiable structure and crystallinity of the
phas€[30,148] The diffraction pattern is used to identify the metal organic comp[8¢gs
Powdered cobalt succinates were qualitatively analysed on a BRUKER AXS D8 advance
(Germany) diffractometer with PSD Vant&cDetectors. The instrument performed hwé
CuK U -ray radiation tube with x ay wave | = h3#06A) acaafating on
voltage of 40 kv and current of 40 mA at iThemb lab, South Africa. The data were recorded
at 2» in range of 6A and 80A at r orefromt emper

BRUKER.

3.5.5 Scanning electron microscopy and Energy dispersive-Kay spectroscopy
(EDS)

The surface morphology and shape of complexes were determined using scanning electron
microscopy (SEM). The images were obtained using Zeiss Auriga field em@siofFEG)
SEM. The compound particles were placed onto the holes of discs and coated by Iridium to
allow the conductivity. The instrument operated at 5 keV for imaging using -Emsn
secondary detectofhe elemental composition and distribution wassiitated by Energy
Dispersive Xray spectroscopy (EDSIEEDS spectra were collected at 20 keding asilicon

solid-state drift detector on a selected surface.
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3.6 Adsorption and desorption process of carbon dioxide

The adsorption and desorption studies wevestigated using a thermal gravimetric analyzer
(TGA: PerkinElmer STA 6000) equipped with Pyris software. All compounds were activated
under vacuum at 6%C overnight to remove any excess moisture and other solvents before
analysis. A mass of compoundttveen 6 and 7 mg was loaded into the ceramic crucible and
placed in the TGA machin®esorption process was performed under nitrogen (50 ml/min at
4.8 bar) and heated from 33 to 120 Desorption temperature was held isothermally at 120
°C for 60min to evacuate the maximum guest molecules. The temperature was then cooled to
33°C and the purge gas was switched from nitrogen (50 ml/min at 4.8 baryi{d C®I/min

at 1.3 bar). The compound was held a®GFor 30 min to achieve adsorption egoilum.
Thereatfter, the purge gas was switched from @nitrogen (50 ml/min at 4.8 bar) for GO
desorption. The weight change due the;@@sorption was measured using Pyris software.

The organogram of the synthetic reaction conditions, characterizégimiques and

adsorption procedure used in this study are represented in Figure 3.1.

@ etal carboxylates)

-

Synthesis of Nickel hydroxy-

Synthesis of cobalt _

succinates terephthal ates
Effect of temperature, pressure and KOH
ratio in synthesis of cobalt succinates
Effect of hexane in cobalt Effect of hexane in nickel
succi nates synthesis

terephthal ates synthesis
]

Effect of microwave heating on
cobalt succinate synthesis

L Characterisation by FTIR, UV/Vis, TGA, PXRD,
SEM and EDS

( Test of CO, adsorption )

Figure 3.1: A scheme of brief experimental methods used in this study
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3.7 Chapter summary

CoS and Co&\c were prepared from cobalt chlorideedahydrate and cobalt acetate
tetrahydrate metal sources respectively at room temperature. Thermal heating at reflux of 170
°C was used to prepare Gtfswhile the synthesis via sonication was used to prepares@oS
Sonication for 45 mins provided a sherreaction time. The above syntheses were carried
out in open reactor vesseMicrowave heating at 158C was used to prepare Gosv1 for

one hour and Co&w2 for two hours. The Pameactorwas used tosynthesizecobalt
succinates using cobalt chloridexahydrate asmetalsource to prepare Cg31 using only

water. Two different volumes of hexane were introduced to similar starting mixtures as in
CoSprl to prepare Cofr2 and Cosr3. The compounds Nip, Nitp-2, and Nitp3 were

prepared in the sanveay as for Co$rl, CoSpr2, and Co$r3.
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CHAPTER 4: RESULTS AND DISCUSSION: COBALT SUCCINATES

4.1 Introduction

Cobalt succinates were synthesized at different temperatures (25, 150, 36 470

assigned code names as shown in Table 4.1.

Table0.1: Compound codes and their corresponding explanation

Compound Reaction conditions

code

CoS Succinic acid and CogbH,0 at rt.

CoSAc Succinic acid and Co(GEOO0)LBH,0 at rt.

CoSsn Succinic acid and CogBH,O by Sonication at 38C.

CoSth Succinic acid and CogBH,0 by thermal at 176C.

CoSprl Succinic acid and CogbH,O by Parr reactor at 17C.

CoSpr2 Succinic acid and CogbH,0 by Parr reactor in hexane (1.25 ml
CoSpr3 Succinic acid and CogBH,0 by Parr reactor in hexane (2.5 ml).
CoSmwl  Succinic acid and CogBH,O by microwave at 158C

CoSmw2  Succinic acid and CogbH,O by microwavelh without water

followed by 1h with water at 151C.

All synthesized materials were characterized using FTIRVISYXRD and TGA. Other

analytical techniques such as SEM and EDS were used to characterize oslC68S

pr2, CoSpr3, and CoSnwl1.
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4.2 FTIR characterisation

Analysis based on FTIR confirms the presence of different functional groups in
compounds. Figures 4.1 (a, b, and c) displays the FTIR spectra eA€d>S, CoSsn,
CoSth, CoSprl, CoSpr2, CoSpr3, CoSmwl and CoSnw2. The spectim of succinic

acid was displayed for comparison with the synthesized compounds.

The bands at 3405, 3524 and 3632 ‘cane assigned to the stretching vibrations for the O

H groups of coordinated water molecules via strong hydrogen bonding. The peak at 170
cm? is assigned to unreacted succinic acid (ligaji@)l] and is not present in all the
products which confirms the complexation of the ligand to the metal centre. In addition,
peaks at 1553 and 1402 ‘chrorrespond to asymmetric and symmetric vibrations of the
COO which supports complexatidi32]. The peaks at 1327 and 1036' trare attributed

to -Oi H and-Ci C- vibration mode, respectively, while the peaks at 1241 and 1176 cm
are attributed to theCH,i group, while the peak at 803 this assigned t¢Ci H). Small
intensity peaks at 662, 559, and 5&@ ! are assigned to th€o-O absorption. The IR
spectra of the present compounds are essentially similar to that observed for

COC4H4O4-!Z|-H20 [146]

45



Chapter4: Results and discussion: Cobalt succinates
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Figure 0.1: FTIR spectraof cobalt succinates a) from Co(@EOO)H”H,O or CoChToH,O
at rt, sonication & thermal reaction, b) Parr reactor and c) microwave
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Figure 4.1 (b) shows sharp peak at 3337'ent t r i but ed t o -Oikeasthe esence
free nonhydrogen bonded OH (hydroxyl) group. The stretching frequentissrved at 1550

and 1409 cit correspond to asymmetric and symmetric vibrations of the ‘G@ixh
indicate bond formation of Co with the acetate oxygen. The other identified peaks are
assigned as follow, 1316 ¢hto -Oi H, 1116 cni to i CHyi , 1036 crit to -Ci C-, 861 and 814

cm’ to Ci H, 674, 569, and 510 ¢ to CoO vibrations[37,150] The peak at 417 crhis
ascribed toCo-OH absorption[37,151] The IR spectra (Figure 4.1b) are similar to that of
MIL -9 reported by Livaget al.[36]. It is worthy to mention that both Cefr2 and Co$r3

have peaks sharper than Go& which could be associated with the effect of hexane used in
the synthesis which enabled less interaction between functional groups.

The FTIR spectra o€EoSmw1 and CoSnw?2 (Figure 41c) showed a shoulder around 1600
cm * which corresponds to the bending mode related to occluded water moldd@eshe

peaks around 1550 ¢fand 1409 ciit are attributed to asymmetric and symmetric vibrations

of the COOrespectively. The presence of these peaks confirms catiahnof the ligand to

the metal centre for Ce@wl and CoSnw2. All the synthesized products showed the
correspondingbands at 662, and 556m'' due to CeO similar to that reported for
K2C0x(C4H4Oy), [146]. Both CoSmwl and CoSnw2 seem to be similar. Figure 4.2
illustrates the sticture as proposed I8harrock and Theophanides which can be attributed to

CoSmwl and CoSnw2 [146].
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Figure 0.2: Proposed structure for the compound @o®1 and Co$nw2 [152]

Figure 4.2 shows the gauettonformation of the double bridges in the compound which
results in a cagéke structure, at the point where the two CQftoups form two bridges
between cobalt and potassium. In this cage, four Gfodups form four bridges between two
identical metalsin the centre of the cage, two potassium iong @fe also bridged by four
oxygens from the COQ@roups. The Clions observed ithe EDS analysis (Figure 4lpact

on K" as counter iong149]. This structure allows cobalt centres to adopt a tetrahedral
geometry as explained I8harrock and Theophanidgst6].

The FTIR results show that the compounds @@SCoS, CoSsn, and Co$h contain water
molecules in the frameworks as shown by the broad peakeen 3688 chhand 2650 ci.
Compounds Co®rl, CoSpr2, and Co%r3 synthesized at 17T in the Parr reactor (pr)
contain coordinating hydroxyl groups indicated by the peak around 333ihstead of water
molecules. The increase in the reactiongerature to above 10C results in replacement of
water molecules by hydroxyl groups and an increase in the number of coordinated
carboxylates on the metal centre as reported by Lidgal and Forsteret al [37,38]
However, CoSh synthesized under reflux at 17G cortains water molecules without
additional hydroxyl groups which could arise by the absence of pressure in preparation of

CoSth. Sun and Sun explaitne effect of temperature to be associated with other parameters
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such as pressure to influence the assmeblyhe framework, structural modulation and
transformation of MOF$150]. The effects of such combined or separated parameters could
influence the presence or absence of coordinated water molesdelsydroxyl groups in
MOFs. InCoSmw1 and CoSnw?2 structruesthere is no incorporation of hydroxyl groups.
Even though the product was synthesized at°Cothere was no pressure involvement as
indicated by the microwave instrumefihe absence of shapeaks at 333and 417 cit in
CoSmwl and CoSnw?2 indicates that there are no coordinated hydroxyl groups or water
molecules. This could be caused by removal of water at the beginning of the reaction thereby

preventing creation of pressure during microwave heating.

4.3 Ultraviolet and Visible (UV-Vis) characterization

All the synthesized compounds were dissolved in different solvents according to the extent of
t he compound©6s -Visosbeatra présented in Figutesed, 3Uaxid c illustrate
the intraligand charge transferansition and the presence of metal ions in coordination with

the ligand. The peak values corresponding to their assigned states are presented in Table 4.2.
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Figure 0.3: UV-Vis spectra of cobalt succinates a) from Co¢CBO)»HH,O or

CoChLTeH,O at rt, sonication & thermal reaction, b) Parr reactor and c) microwave.
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Table0.2: UV-Vis spectra observed for cobalt succinates

UV-Vis absorption bands (hm)

Compound Intra -ligand Tig P)'TY(F) “T10 “Ax(F)  “ANj(OF'AN;j( |
charge transfer
CoS 225 466 and 514 - -
CoSAc 255 and 297 466 and 514 -
CoSth 275 466 and 514 - -
CoSsn - 466 and 514 - -
CoSprl - 466 and 516 767 -
CoSpr2 - 516 731 and 767 850
CoSpr3 - 516 731 and 767 850
CoSmwl - 477 and 543 650 -
CoSmw2 - 477 and 543 650 -

Figure 4.3 (a) shows a shoulder around 466 and a peak at 514 nm attribb&edhlsarbance

of Co-O which also indicates the presence of‘Cons. These peaks are assigned to the

4Tlg,( P )“TYg(F) transition with octahedral coordination. Similarly, the transition state of

cobalt ions in octahedral coordination has been reported bydPa@ll and Bordbaret al.

[155,156] This state indicates the transfer of charge from the d orbital ohétal ion to a

void orbital of the ligandSharrock and Theophanidebserved similar absorption peaks at

511 and 470 nm for cobalt succinate tetrahydrate (511 and 47 ting) form of octahedral

and tetrahedral geometry respectivllg6]. The absorption bands between 200 and r3#7

are assigned to intlggand charge transfét44].
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UV-Vis spectra ofCoSprl, C&pr2, andCoSpr3 (Figure 4.B) provideinformation on
coordination of the succinate ligand to cobalt centre. The observed peak at 516 nm in all three
compounds is attributed to tﬁ@lg( P )4TYg(F) transition for octahedral coordination to the

Co™ ion. Peaks at 734nd 767 nm are associated withy© “A,4(F) transition for octahedral
coordination of C8 with succinate ligand. The absorption band at 850 nm could be due to
the “A_Nj(O°FANj( P) transition of (Céh ®n. Similarl,rteesepyr am
absorpibn bands are found in cobalt compounds synthesized by Saratd144] and Poul

et al.[151].

UV-Vis absorption spectra (Figure 4)3of CoSmwl and @Smw2 are similar. The
absorption band around 477 nm is assigned to*thg(F) Y “T:g(P) transition and is
associated with the octahedral coordination of'@ans. The peaks around 543 and 650 nm

are attributed to theid transition of the d(Co™) ion in tetrahedral coordination. These
bands have been assigned*Tag Y “Tig (P) aml “T.g Y “A.g(F) transitions respectively

[144].

4.4 Thermal gravimetric analysis (TGA) characterisaion

The weight loss percentages and stability of the porous metal frameworks were
investigated by thermal gravimetric analysis (TGA). The thermal gravimetric data of cobalt
succinates shown by the percentages mass loss and their probable attribupoeseated

in Table 43 and displayed in Figures 4.4b, and c).
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53



Chapter4: Results and discussion: Cobalt succinates

Table0.3: Weight loss analysis for cobalt succinates

Compound  Temperature Weight loss Group lost
range (°C) (%)
CoSAc 40- 139 10.6 H,O (coordinate)+ Ethanol
300- 393 46 Ligand decomposition
CoSth 40- 134 25 H,O (coordinate) + Ethanol
308- 352 40 Ligand decomposition
CoSsn 40- 134 24.6 H,O (coordinate) + Ethanol
260- 346 40 Ligand decomposition
CoS 40- 135 29.9 H,O (coordinate) + Ethanol
314- 376 40 Ligand decomposition
CoSprl 40- 313 1.9 Guest HO + Ethanol
314- 389 47.6 Ligand decomposition
CoSpr2 40- 277 3.6 Guest HO + Ethanol
277- 401 54 Ligand decomposition
CoSpr3 40- 297 4 Guest HO + Ethanol
305- 391 52 Ligand decomposition
CoSmwl 293- 417 7.2 Guest HO + Ethanol
293- 417 28 Ligand decomposition
CoSmw2 293- 417 7.2 Guest HO + Ethanol
293- 417 28 Ligand decomposition

The coordinated water and other guestanoles are removed during the first stage and the

ligand was decomposed the second step (Figure 4,4, and c). The % weight loss is far

different from that of starting mataf (succinic acid). Figure 4.@) illustrates two main
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steps in weight losS.he first weight loss of 25 and 24.6% (calculated 23.6%) respectively,

for CoSth and CoSsn was noted between 40 and 84 These weight losses are
attributed to the removal of three water molecules simil&@awese t . &ndidgs[132].

The weight loss of 29.9% in CoS, from 40 to £85could be associated to four water and

one ethanol molecule. The theoretical weight loss percentage correspondd2.29.
Similarly, Randhawa and Gandotr§l53] observed the sameweight loss in
Co(GH404) T MOHising TGA analysisThe first stage of the weight loss of 10.6%
(calculated 10.3%) in Ce&c was observed from 40 to 188 which corresponds to the
removal of one water and ethanol molecule.

The second stage of weight loss defines the stability of the synthesized compounds. The
compound CoSn collapses from 260 to 34€ with weight loss of @%, while CoSth
collapses from 308 to 35Z with a similar weight loss of 40%. CoS collapses from 314 to
376°C with a weight loss of 40%, and G@8 collapses from 300 to 39& with weight loss

of 46% of the organic moiety. This indicates that oves¢hemperatures, the synthesized
compounds start to decompose by loss of the organic molecule resulting to cobalt oxide.
However, among these four synthesized compounds,-sGofs the least stable. The
percentages noted for the resulting cobalt oxated3.4 for CoSAc, 35 for CoSth, 35.4 for
CoSsn, and 30.1 for CoStigure 4.4 (b) illustrates a slight weight loss of 1.9% from 40 to
313 °C in CoSprl and corresponds to removal of the guest water and ethanol molecules
[80,84] Also, the 3.6% weight lost fro 40 t0277 °C of CoSpr2 resultedfrom theremoval

of guest molecules including hexaj#5,80,84] The weight loss of 4% observed from 40 to
297°C in CoSpr3 is attributed to removal of guest and hexane molecules from the structural
channels of the synthesized product. In @o% the weight loss of 2.7% observed in the
range 198-220°C which <could be related to the tr:

structure [154].
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Considering compounds synthesized in the Parr reactor, the removal of water, ethanol, and
hexane guesholecules increased from compound €u$ to CoSpr3. This increase can be
attributed to the effect of hexane whican change the siz# create thgores allowing the
accessibilityby the guest moleculg85]. The hydrophobicity of the hexane template can
allow formation of pores around it. TheXame template can also influence the flexibility of

the succinate bridges by influencing the pore sikesimilar effect was reported for
[Coz(ndg(bi-pyen]-CsHe-H20., where benzene increased the capacity of Hbstguest
gasesn the compoundi35].

Combustion of therganicmoiety in CoSprl wasnoticed between 314 and 389 with a
corresponding weight loss of 47.6 %. At a temperature bet®&éand 401°C, compound
CoSpr2 underwent a 54.0% weight loss, while between 305 an(38152% weight loss in
CoSpr3 was noted. Similarly, Livaget al. observed a 53.0% weight loss due to combustion

of the organic moiety in GEOH),(C4H4O4)4 [36]. The compound, Cefrl showed a higher
thermal stability (314C) than CoSr2 and Co%r3. The percentageof resulting cobalt
oxides are 50.5 for Cefrl, 42.5 for Co$r2, and 44.0 for CoPr3.

The observed weight loss from 40 to 293 in CoSmwl and CoSnw2 (Figure 4.4)
corresponds to 7.2% for both compounds. The two compounds showed the same % in the
weight for the same temperature range. These weight losses are related to the removal of
occluded guest water and ethanol molecules.

The decomposition of Ce®w1, andCoSmw?2 occurred between 293 and £C7with 28%

weight loss. From the TGA results foo&Emwl and CoSnw2, it is concluded that both
compounds are similar and confirmed bylIR analysis (Figure 4k) and XRD
diffractograms (Figure 4.7 section 4.6). The percentage of residue (cobalt oxide) after

decomposition in the two compounds is 64.8.
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The TGA analysis showed possible guest molecules accessibility in the synthesized metal
organic frameworks using hexane. According to the TGA results, removal of guest molecules
corresponded to the capacity of guest molecules that had been hosted in éveofianAs
hexane was used in the synthesis of pd5and Co$r3, the percentage of weight loss
before ligand decomposition was higher than that of-@dS It has been reported that the
hydrophobic molecules which occupy pores are able to increasazéhef poreq35]. The
adsorption capacity foCO, could be higher in the compounds where higher amounts of the
guest molecules have been remoyEsb]. TGA also provides the maximum temperature of
activation at which the porous compounds is stable before decomp$88i@60] The final
residue in all the compounds after quete decomposition is CoO. Howev@gS and CoS

Ac showed further decomposition at 56@e670°C respectively whickcan probably be the
decomposition of G, to CoO similar to that observed in [Co(HCQRH,O] [81]. This
difference may be due to the process of energy change from the transitional state to the

formation of the final prducts.

4.5 Scanning electron microscopy (SEM) and energy dispersivX-ray
spectroscopy (EDS)

The surfacemorphology,and pore structures of the synthesized products were investigated

by scanning electron microscopy (SEM) techniques (Figures- 443). The elemental

composition was identified using energy dispersivayspectroscopy (EDS) (Figure 49

d). CoSprl, CoSpr2, CoSpr3 and CoSnw1 were selected for SEM and EDS analysis.
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Figure 0.5: SEMimages of Co$rl synthesized using only water, showing a) the surface
morphology b) the aggregate particles filled in pores

EHT = 500 kV Signal A = InLens Date 26 Feb 2016 EHT= 5.00 kv Signal A = InLens Date 26 Feb 2016
WO = 4.6men Mag= 100X Time 40:30:05 | — WO = 46mm Mag = 100.00 KX Time 110:28.57

Figure 0.6: SEM images of Coefr2 synthesized using water and 1.2 of hexane a)
surface morphology and shape and b) free pores and very few aggregate particles at the
surface.

(b)

EHT = 500 kv Signal A = InLens Date 26 Feb 2016
WD = 4.6 men Mag= 1.00KX Time :10:40:01

- . i i o S 8 i
Figure 0.7: SEM image of Cofr3 synthesized using water and 2.5 ml of hex@r@urface
morphology and shape and b) free pores and aggregate particles at the surface
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