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ABSTRACT

In this work, adsorption characteristics of variotetegories of metal organic frameworks
(MOFs)viz. flexible MIL-53(Al) MOF, unsaturated metal sitesntaining M/DOBDC MOFs (M

= Mg, Mn, Co and Ni) and saturated metal sites @iong M/DABCO MOFs (M = Ni, Cu and
Zn) are investigated. Equilibrium adsorption capesiof these materials for several adsorbates
are measured over a wide range of temperature r@sdype to understand the effect of adsorbate
physical properties, framework flexibility, coorditively unsaturatedcgs) metal sites and metal

constituents in the framework on their adsorptibaracteristics.

In the first part of work, the breathing phenometfonframework flexibility) of MIL-53(Al) is
thoroughly studied by measuring the adsorption desbrption of CQ CH,;, N, CO and @
gases at 293 K on this sample. X-ray diffractograinthe sample were measured at different
stages of adsorbehtstory to identify the structural phase of the correspogdample. The role
of adsorbenthistory on the structural transformation is capitalized ttme its adsorption
characteristics. By choosing an appropriaigory, the sample under vacuum is tuned into the
narrow poreip) form which exhibits more than fourfold increasedO, capacity (at about 0.17
bar and 293 K) along with exceptional enhancemeiisiselectivity over B CH;, CO and Q at

sub-atmospheric pressures.

Isotherms of CQ CO, CH, N, Ar, C;Hs and GHg are measured on M/DOBDC frameworks at
294, 315 and 352 K over a wide range of pressunalegly CO,, CO, CH, and N isotherms are
measured on M/DABCO frameworks in the range ef 6 bar at three different temperatures.

Isotherms are modeled to obtain important pararmdike Henry’'s constant and enthalpy of
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adsorption. Ildeal Adsorbed Solution Theory (IASE) used to predict multi-component

adsorption data.

M/DOBDC MOFs exhibit significantly higher Henry’®istant and adsorption enthalpy at zero
coverage for polar COand CO gases than that for non-polar gases wntiiasi polarizability
(ike CH; and N) due to the presence of electrostatic interactibasveen the polar gas
molecules and theus metal centers of DOBDC frameworks. Amongst norap@ases, these
guantities vary linearly with polarizability. Adgatron characteristics of DOBDC frameworks in
the Henry’s region substantially change for polases by variation of the metal constituent in
the framework. For example, Mg/DOBDC exhibits higfhadsorption enthalpy (42 kJ ritcht
zero coverage) and Mn/DOBDC exhibits lowest adsompenthalpy (28 kJ mdl at zero
coverage) for C® On the other hand, adsorption enthalpy of nomp@H,; (~ 17 kJ mof at
zero coverage) is similar on all the frameworksu&sdion uptake of both polar as well as non-
polar adsorbates almost linearly correlates with plore volume of these frameworks. £O
selectivity on Mg/DOBDC is significantly higher thahat on most of the adsorbents including
other DOBDC MOFs with selectivity value of 251, 2hd 288 over Cij CO and N,
respectively, at zero coverage and 294 K. In cehirli/DOBDC and Co/DOBDC have
preferential selectivity for CO over other gased dave shown CO selectivity value of ~ 7.5,
441 and 677 over CQCH, and N, respectively, at zero coverage and 294 K. Witndase of
loading, selectivity and adsorption enthalpy of&@d CO decrease because the reduction in the
electrostatic interactions are more pronounced thanncrease in lateral interactions for these
gases. M/DOBDC MOFs are stable upon exposure tg CO, CH, N, Ar, CHg and GHs.

But, the samples lose their adsorption characiesisfter exposure to &t higher temperatures.

Xi
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The M/DABCO frameworks show considerably lower limadand selectivity for polar CQand
CO gases at low pressures than the M/DOBDC framewdue to absence of electrostatic
interactions. In contrast to DOBDC samples, DABCiInples have negligible effect of metal
cation on their adsorption characteristics and gdd®m uptake in the Henry’s region is same on
all DABCO frameworks for each gas including thatpolar gas such as G@nd CO. The small
values of adsorption enthalpy at zero coveragey(enl9 kJ mof for CO,) should make the
easier regeneration for DABCO frameworks. IAST jprtdan increase in the selectivity of €O
over the other three gases, with increasing presamd CQ@ mole-fraction. The DABCO
frameworks are found to be selective for Tdver CO (which is not common in adsorption

literature) with a selectivity value of ~ 2 at zemverage and 294 K.

Xii
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CHAPTER 1

INTRODUCTION

Porous materials have been extensively studiedheynists, physicists, and material scientists
during last three decades. Many applications hasenbproposed for these materials in strategic
domains such as adsorption, separation and putifice as well as catalysisl[- 3. Synthesis

of novel porous materials and evaluation of thefrfprmance for the mentioned applications is
still an important subject of scientific researchhis chapter presents a discussion on
adsorption, industrially relevant adsorbents and £#nissions. It elaborates the background of
the research work. Importance and objectives ofptiesent work are highlighted accordingly in

this chapter.

1.1 Adsorption

Adsorption is a surface phenomenon where the deofa fluid increases near the vicinity of a
solid surface. In this process the fluid near th@nity is called “adsorbate” and the solid is
called as “adsorbent”. When a gas is exposed i surface, the gas molecules interact with

the surface through van der Waal’s forces, elstitw forces and/or other chemical bondd. |

The concept of adsorption was first recognized blge8le and Fontan®][in the eighteenth
century; however the use of adsorption for largdesseparation and purification is a relatively
new advancemen6]. The most familiar known example of adsorptiongass is the removal of

trace amount of moisture from either gas or ligstteams. Similarly, adsorption is also

1
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employed in large scale applications of removaHg® from natural gas and organic pollutants
from water. The application of adsorption as a mseainseparating mixtures into two or more
streams is a more recent development. Recoversoaifatic hydrocarbons in Arosorb process in
the early 1950s6] and separation of linear paraffins from branched cyclic isomers in the
early 1960s are the earliest example of adsorgeparation processes, [/]. After 1970s, there
has been a tremendous advancement in field of piisordue to discovery of many porous

materials such as carbon molecular sieves, zedalites

1.2 Types of Adsorption
Based on difference in the mechanism, adsorptiarbeabroadly divided in two categories

(i) Physisorption: When adhesion between adsorbate molecules andbadscsurface takes
place purely due to electrostatic and/or van deal&#orces, the process is called physisorption.
While, van der Waal contribution is always preseiéctrostatic contributions are significant
only for adsorbents with ionic structure such adites. Physisorption is a reversible process and
the binding energy is typically lov8], however heat of adsorption for polar moleculks H,O

or NH; on zeolite type of adsorbents may be unusually 0 — 130 kJ md). Multilayer

adsorption is possible at appropriate conditionsase of physisorption.

(i) Chemisorption:In this type of adsorption, the adsorbate molec@ssociate to adsorbent
surface through chemical binding and the energyase of chemisorption (100 — 1000 kJ Mol

is significantly higher than that of physisorptip8]. Since in chemisorption, the adsorbate
molecules are attached to the surface by valenedithg, only monolayer adsorption is possible.

Heterogeneous catalysis mostly involves this tyipedsorption.
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1.3 Adsorbents of Industrial Importance

The adsorbent is the heart of any adsorption psoeesl the success of the process largely
depends upon its selection. From a large numbadsdrbents that are reported in the literature,
only a few have survived the technological progreSdica gel, activated carbon, carbon

molecular sieve, activated alumina and zeolitestlaemost studied adsorbent materials. Based

on the elemental composition, conventional adsdsbesn be divided into two categories.

(i) Organic frameworks:Activated carbons are a typical example in thieegary. They are
usually synthesized by the pyrolysis of carbon-nuohterials and generally have higher pore
volume which results into large saturation capesit]. However, these materials have
disadvantages such as unordered structures andeleactivities. To overcome the issue of poor
selectivity, carbon adsorbents with narrow distiidu of micropore sizes are prepared using
special activation procedures and are known aoarilecular sieves. Carbon sieves with pore
diameter ranging from about 4 to 9 A][are synthesized to obtain enhanced selectivities;
however, porosity and hence saturation adsorp@iadty for these materials is lower. Another
disadvantage of carbon molecular sieves is the tdckeproducibility of properties between

different batches9].

(i1) Inorganic frameworksin these frameworks, porous structure is formeaedp by inorganic
elements. Silica gel, activated alumina and zeoldee the common examples of inorganic

frameworks.

Silica Gel. Partial dehydrated form of polymeric colloidaligt is known as silica gel
(Si0..nH0) [6]. The presence of hydroxyl group in the structyiedds polarity and it exhibits

selectivity for polar adsorbates such as watemhal; amine etc. over non-polar adsorbates.

TH-1308_09610719



However, the pore size distribution is quite lafgethis material and thus its adsorption capacity

is lower than that of carbon molecular sieves atpoessures.

Activated Alumina. Activated alumina is a porous high-area form afnahium oxide. The
surface of this material is more polar than thatsiita gel and has both acidic and basic
characters, indicating the amphoteric nature afnalium [6]. This material has similar affinity
for water at room temperature as that of silicg gelvever, at higher temperature capacity of
activated alumina is higher and therefore this neltevas earlier used as desiccant before its

replacement by molecular sieves.

Zeolites. Zeolites are crystalline aluminosilicates of alkah alkali earth elements, such as
sodium, potassium and calcium. The chemical conipasof zeolites can be represented by the

following formula [].

M.l(AIG,), (SIG), ].2,H,0

Wherez; andz, are the integers withh/z; equal to or greater than i js the valancy of the metal
cationM, andz; is the number of water molecules in each unit [g&llIn these materials, silica
and alumina tetrahedra are connected togetherriougaarrangements through shared oxygen
atoms to form an open crystal lattigg).[Since the micropore structure in these mateigls
determined by crystal lattice, the pore size irséhmaterials is fixeds]. Change in Aluminium

to Silicon ratio leads to a systematic shift in thésorption properties of these materials.
Aluminium rich zeolitic frameworks are hydrophilend have very high affinities for polar
molecules (such as water) whereas microporousasil{that areSi rich) such as silicalite are
hydrophobic. The transition from hydrophilic to mgghobic character generally occurs at a
Si/Al ratio ranging from 8 t0o10. Some zeolites (Zeoli@X) have shown very promising GO

adsorption capacitiesl] and selectivities at lower pressures, but theyehlmited high
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pressure capacity compared to activated carbongallev pore volume. In addition, due to
strong affinity for CQ at low pressure, the regeneration energy requinemieZeolite 13X is

also high.

Some features of adsorbents have a strong effechein adsorption characteristics and are

worthy to be discussed.

(a) Surface Polarity:Some adsorbents exhibit surface polarity due éoptesence of charged

ions in the structure. Polar adsorbents such &sagjel, activated alumina and zeolites are
generally hydrophilic in nature and show enormaifisity for polar adsorbates (such as®).

On the other hand, activated carbons have non-paléece; however, a slight polarity may arise
from surface oxidation. As a result these mategalsibit hydrophobic and organophilic nature
[6]. The feature of hydrophilicity or hydrophobicityan be judicially exploited for many

separation processes based on adsorption equifibriu

(b) Porosity: Since adsorption is a surface phenomenon, porésitgne of the important
characteristics for an adsorbent. Higher porosithcates higher specific surface area and pore
volume. Higher surface area and pore volume gdgeesults into higher saturation adsorption
capacity and thus can extremely be useful for guiis@r storage of gases (such as methane and
hydrogen) at high pressures. However, extremelgysmaterials usually tend to have low/poor
volumetric uptake capacities and hence the adsbiiesh sizes might be large. A reasonable
balance should be obtained between these two clictiray necessities. In addition to porosity,
pore size distribution also affects the adsorptoraracteristics of adsorbents. Based on
International Union of Pure and Applied Chemistity RAC) standards, porous materials can be
divided into three different category: (i) micropos (pore size < 2 nm), (ii) mesoporous (pore

size from 2 to 50 nm) and (iii) macroporous (paee s> 50 nm). It is of great interest to study
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the adsorption characteristics of microporous nedterdue to their potential for adsorptive
storage, separations, and catalysis applicationtné¥ et al. 1] reported that among best
adsorbents for CHstorage, the most frequent pore sizes are betwemmd 8 A, exactly big

enough for one or two CHnolecules.

1.4 Important Factors to be Considered in AdsorbenGelection

The following factors are some of the importantdas that should be considered in choosing a

suitable adsorbend[ 6, 12 — 1}

(A) UptakeCapacity A high loading capacity at the desired procesgltmns reduces the size

of adsorber column and thus less operating and fosts can be achieved. The measurement of
equilibrium isotherms of all the constituents o# thas mixture at different operating conditions
of pressure and temperature is one of the prerigegiifor effective evaluation of an adsorbent
for a particular process. Another important par@mebmmonaly known as working capacity is
obtained as the difference between uptake caps@tieadsorption and desorption conditions.
Working capacity is a preferred parameter over pyotake capacity in evaluating the potential
of any adsorbent in a real process as it direalyesponds to the actual amount of adsorbate

guantity that can be captured during a full adsonptlesorption cycle.

(B) Selectivity Selectivity is one of the important parameter &ty adsorptive separation

process.
The selectivity is defined as

Xi/Yi
o= ZUTL 1.1
U xjlyj
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wherex; andy; are the equilibrium mole fractions of the componé&nin adsorbed and bulk gas
phases respectively. A good adsorbent also shailsekective to component(s) of interest for
better separation. However, if selectivity of re@ component(s) is very high then it's
desorption would be difficult. Hence, the optimalextivity value should be decided based on
the process. For example in case of purifier wiaelsorbent bed is supposed to capture the trace
amount of impurities, a higher value of selectiwtpuld be desired because in this case bed
saturates after a long time and costly regenerateon be afforded. On the other hand in a
separation process where bed saturates shortlgetbetivity should be moderate to have easier

regeneration of the bed.

(C) Adsorbent regenerationAn ideal adsorbent should be easily regeneralde desorption
should be achieved by mild changes in either pressu temperature). Regeneration at high
temperatures or rigorous vacuum substantially ssme the operational cost. Typically, low
value of enthalpy of adsorption translates intoyeageneration, but lower enthalpy values also
tend to decrease the adsorption uptake capacignaddsorbent. Thus, a reasonable balance

between low enthalpy values and uptake capacitgseebe achieved.

(D) Stability of the adsorbent under process candg Stability of the adsorbent material is also
an important parameter in adsorbent selection.example, adsorbents used for C&pture
from flue gas must be stable in the presence l&ast some water vapor as flue gases generally

contain some water.

1.5 Novel Adsorbents

Over the last three decades, the enormous amourseérch has taken place on synthesis and
characterization of porous adsorbent materials tduéheir potential for a large numbers of

7
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practical applications such as storage, separatidrpurification, drug delivery, catalysis et8] [
Conventional adsorbents such as activated carbomd =zeolites were successfully
commercialized and have been used for a varietinddstrial applications. However, since
adsorption is primarily a material driven technglpi is necessary to develop porous materials

with better characteristics for development ofciint adsorptive processes.

In pursuit of developing novel adsorbent materidlee focus has shifted towards hybrid
structures, with the word ‘hybrid’ used to indicatee involvement of both ‘organic’ and
‘inorganic’ components. The logic behind thesemfits was to incorporate the properties of
both metal coordination and organic functionalitiesthe same structure. The concept of
reticular synthesis has been adopted to conneddlitgii blocks together to form a bigger
network. The structural integrity and rigidity ofofecular building blocks has to remain
unaltered during construction process for the jraktealization of this technique. Based on this
concept, a large volume of novel porous structina@ge been synthesized during last decade.
These novel materials were called by different ramg. ‘hybrid organic-inorganic materials’,
‘co-ordination polymers’ or ‘metal organic framewst. Even though each terminology has its
own reason, ‘Metal Organic Framework’ or MOF is mowdely used. For this category of
materials, variation in organic functionalities, taleclusters, and structural motifs can easily
afford an infinite number of possible structurd®][ The numbers of possible structures can
further be magnified by post-synthetic modificagofilt6]. In addition, by choosing an
appropriate combination of inorganic cluster anglaoic ligand with appropriate functionality, a
tailor made structure can be easily synthesized.urtiform and good porosity in MOFs coupled
with heterogeneity has encouraged researchervéstigate these materials in the fields of,CO
capture 17 — 19, catalysis 0 — 21, drug delivery 2 — 23, biomedical imaging 4], and

Hydrogen storage2p — 28§.
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1.6 Overview on CQ Emissions

The last century has witnessed humanity activelglating organic fossil fuels like coal,
petroleum, and natural gas as energy sources. Rippately 80% of the total COemissions
come from energy generation whereas industry dmntes the remaining 20% emissions
(cement - 7%, refinery - 6%, steel - 5%20]. The enhancement in these activities is further
expected to increase in the future to meet theaoangrowth and the industrial development of
developing countries. The burning of fossil fuelequces significant quantities of G(a ton of
solid fuel releases 2.76 tons of £@to atmosphere)3P]. Being a chemically stable molecule,
CO, sustains in the Earth’s atmosphere for about 12@rsy BO], resulting in gradual
accumulation. This accumulation leads to the greesé effect which creates global warming.
Scientists believe that present trend of ,Cémission into atmosphere may increase its
concentration to such a level which will increasele atmospheric temperature sufficient to melt
the polar ice caps and to increase sea level dafigtin the near future. These types of climate

changes will be a disaster for the humanity anchotibe afforded.

1.7 Different Pathways of CQ Separation

At present, a lot of research is devoted to deveédmhnologies to reduce the anthropogenic
emissions of C@into the atmosphere. The three major pathwaysdooon capture are listed

below.

. Post-Combustion: The flue gas from burning of fossil fuel is in pe@ce of air contains
a mixture of gases such as £0,, N, H,O, SQ and NQ etc. CQ is then separated from this

flue gas stream using a suitable processes suahsasption, adsorption etc. In majority of the
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situations, this pathway is adopted because thstiegiplant can be retrofitted to include a
suitable carbon capture section.

. Pre-Combustion: Hydrocarbon fuel is first burnt in a gasifier punihg syn gas. CO is
further converted to C£oy Water-Gas-Shift reaction to yield hydrogen. G©separated from
the resulting mixture of CQand H, while pure hydrogen is the product that is olgdims a
carbon-free fuel.

. Oxy-Combustion: Fuel is burnt in a stream of pure oxygen instefaordinary air. Thus,
the flue gas stream contains no nitrogen and €& be captured more efficiently with lower
cost by simple condensation process. Althoughgatbway looks very simple, the challenge lies

in obtaining pure oxygen without adversely affegtihe economics of the existing process.

Different pathways have different methods of LC8eparation 31]. For post combustion
technology, absorption of Gan agueous alkanolamine solutions is the most comtachnique

of CO, capture. However, scientific community is actvéhvolved in search for alternate
technologies due to high energy requirement forahene absorption process in addition to
corrosive nature of the solvents used for absampfidembranes, solid adsorbents, ionic liquids
and biological processes are some of novel teclesithuat are being widely investigated for £LO
separation. Amongst these processes, adsorptigpoi@us materials has received considerable
focus B2 — 3§; zeolites and activated carbons have been stduigdn this category32 — 39.
Difficult regeneration in case of zeolites and Isglectivity in case of carbons make their usage
economically unviable. In recent years, novel adsots known as Metal Organic Frameworks
(MOFs) have received considerable attentiB6 | 38. These adsorbents have been widely
investigated for C@ capture applications due to their tunable poreicstire and ligand

functionality.
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1.8 Background of the Present Work

During the last decade MOFs received consideratdntion worldwide. A large number of
MOF compounds with varying surface properties vaymthesized. Some MOFs are reported to
have surface areas in range of 4000 - 628@hwhich is considerably higher than that of other
porous materials38]. While the initial research focus has been ortlsgsis of the materials, a
considerable amount of research in the later yieatsed on the evaluation of their potential for
various gas storage/separation applications. Sor@&M(like Mg/DOBDC and Ni/DOBDC)
exhibited exceptional potential for industrial dpations of CQ capture and CiHstorage. The
stability of MOFs still remains a challenge ancgage number of MOFs are known to have poor

stability under humid environment.

In general adsorption is primarily governed by &lasorption of high binding energy sites at low
pressures and availability of large surface arehigttier pressures. In addition, the adsorption
characteristics also depend upon the structurafigiration (.e the phase) for the flexible

adsorbents. The physical properties of adsorbaepolarity, polarizability and the kinetic

diameter also play an important role on the adsmmpA systematic investigation (to understand
the role of adsorbate properties, the adsorbeuttste, its pore size and its pore volume, the
availability of unsaturated metal sites in the feavork, the organic linkers and metal cations in
the framework, and the framework flexibility) issestial to design and develop MOFs with

tailor made structures for targeted applications.

1.9 Research Objectives

The following is a brief of the research objectivasthis work. In the first part, structural
flexibility of MIL-53(Al) MOF is investigated to toe its structure and obtain enhanced,CO
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uptake capacity and selectivity. In the second phthis work, two categories of MOFs with
rigid framework are selected to understand theceié coordinatively unsaturatedys metal

sites and constituent metal cations in the fram&warthe adsorption characteristics of MOFs.

Effect of Adsorbent History on the Framework Flexitly of MIL-53(Al)

In general, adsorbents have rigid framework anit #dsorption characteristics remain unaltered
at a given temperature and partial pressure chdserbate. However, some MOFs such as MIL-
53 exhibit flexibility in their structure. MIL-53(A transforms its structure from large pohe)(
domain to narrow porenp) domain and vice versa (so called breathing phema) each of
these phases have different Henry's constant asdrpiion enthalpy for a given gas. Factors
such as adsorption of certain guest molecules ik, H,O etc.), change in temperature or
application of mechanical pressure are known tagedstructural transformation in MIL-53(Al).
But all the literature reports indicate poor capaand selectivity of C@on this material. In this
work, a systematic investigation will be performtedunderstand the effect of the adsorption and
desorption history of the sample on the adsorptaharacteristics of MIL-53(Al). By
understanding the effect of adsorbent history, @@ o develop a protocol to tune the structure
of MIL-53(Al) suitably to enhance its GQuptake and selectivity. MIL-53(Al) has good stéil
comparable to that of other conventional adsorbantsis one of the reasons behind its choice

for this work.

Role of cus Metal Sites, Metal Constituents and Adsate Physical Properties on the

Adsorption Characteristics of MOFs

Isostructural MOFs with the same metal atom, buthwiarying organic ligands are fairly
common (IRMOF series for example). A significanarbe in adsorption characteristics of these

IRMOFs was observed when organic ligands are va@edhe other hand, studies on adsorption
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characteristics for a wide range of gases on igostral MOFs with same organic ligand but
different metal atoms are limited. Substitutionnoétal centers in the structure has a significant
effect on adsorption characteristics of many zeslitin an effort to understand the role of
coordinatively unsaturated¢ys metal sites and the constituent metal in the éaork on the
adsorption characteristics, two different seriesisoistructural MOFsie. M/DOBDC MOFs
with coordinatively unsaturated metal sites and MACO MOFs with coordinatively saturated
metal sites) with different metal cations were @dor this study. In the DOBDC series
Mg/DOBDC, Mn/DOBDC, Co/DOBDC and Ni/DOBDC MOFs wllle synthesized, whereas for
DABCO series Ni/DABCO, Cu/DABCO and Zn/DABCO samplwill be synthesized. The
effect of the metal cations on the adsorption dattarestics of a given gas within each of the two

isostructural series will be examined.

Several industrially important gases covering aendiégree of polarity and polarizabilityiZ.
CO,, CO, CH, Ny, Ar, GHs, and GHg) will be chosen as adsorbates in this study. The
adsorption characteristics will be evaluated bysneag adsorption isotherms over a wide range
of temperature and pressure in a gravimetric Urie isotherm modeling will be performed to
obtain insights of adsorbate—adsorbent interactidhe model parameters will be utilized to
calculate important thermodynamic parameters swglerghalpy of adsorption and Henry’'s
constant. Variation of the enthalpy of adsorptioithwoading helps in understanding of
adsorbateadsorbent interactions and is also essential termstehd the ease of regeneration.
Selectivities for various industrially importaninbry mixtures will also be calculated using Ideal
Adsorbed Solution Theory (IAST). The effect of piwgsd properties (kinetic diameter, polarity
and polarizability) of adsorbate on their adsomptcharacteristics on a given MOF will be

examined.
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The arrangement of this thesis is done as follows.

Chapter 1 discusses the definition of adsorption along vethoverview on various types of
adsorbents, their importance and limitations. $bahcludes background and objectives of the
present research workihapter 2 presents literature review on history and progdsmetal
organic frameworks. Adsorption uptake and adsonpéiothalpy of several gases of our interest
on MOFs as well as on some conventional adsorbesdsalso been presentedhapter 3
includes relevant theory related to adsorptioniaatherm modeling. The valuation of important
parameters such as Henry’s constant, adsorptidrakytand selectivity predictions using Ideal
Adsorbed Solution Theory (IAST) are presentedapter 4 provides the details and protocol for
various experiments performed in this work. Detaois the calculation methodology for
converting raw experimental data into appropriatendin are also presente@hapter 5
discusses a tuning method developed in this worknisance C@®uptake and selecitivty of
flexible MIL-53(Al) framework. Chapter 6 contains an adsorption analysis of M/DOBDC
MOFs that contain coordinatively unsaturatémis) metal sites. An attempt is made to
understand the effect of adsorbate polarity, poddniiity, cus metal sites and different metal
constituent in the framework on the adsorption ab@@ristics of these MOF<hapter 7
discusses adsorption characteristics of variousistghlly important gases on coordinatively
saturated metal site containing M/DABCO series dDM8. The effect and importance ais

metal sites is also highlighte@hapter 8 outlines conclusions and future scope.
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CHAPTER 2

LITERATURE SURVEY

This chapter presents literature review on histand progress of metal organic frameworks.
Some major achievements on MOFs in the field of g@dsorption and gas storage are
highlighted. Adsorption uptake and adsorption efgiraof several gases of our interest on

MOFs as well as on some conventional adsorbents ko been listed.

2.1 Metal Organic Frameworks (MOFs)

Metal organic frameworks (MOFs) are the relativebvel porous material8¢ — 43 in which
metal cations are connected by multitopic orgaimikelrs to form extended crystalline structures
[44]. Due to lack of a specific definition for theseatarials during their early stage, other
designation such as porous coordination polymerP)PR5], porous coordination network
(PCN) [@6], zeolite-like metal organic framework (ZMOFX7Y], metal azolate framework
(MAF) [48], ZIF (zeolitic imidazolate framework49], etc. have also been widely used for
them. MOFs have unparalleled advantage over otbesug materials due to their structural
tunability and diversity; a large variety of MOR&ttures can be realized by varying organic
linkers, metal ions, and structural motifs. Duéhtese reasons, the number of reported MOFs has
been increased exponentially over the last fewsyaailmer et al. 11] have generated 137,953
hypothetical MOFs from the library of 102 buildingocks. The variation in adsorption

characteristics have been further magnified by-pgsthesis modifications of existing MOFs.
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In addition to the structural tunability, MOFs alsave large internal surface areas and porosity.

In fact, the highest known specific surface argaoissessed by MOF-210 (6200 gt) [38].
2.1.1 Background on MOFs

It is widely accepted that the idea of 3D netwalathesis was first introduced by Hoskins and
Robson $0] in 1990, using organic molecular building blogkakers) and metal ions. This idea
proved to be historic after 10 years when two noles MOFsviz. MOF-5 (Figure 2.1)36] and
Cu-BTC [B1] with robust porosity were synthesized. Howevke stability of these MOFs was
not as good as that of conventional adsorbents asiceolites and activated carbons. But after
that, MIL series of MOFs were synthesiz&9,[41, 52 with good stability. MIL-53 MOFs also
have another especially of exhibiting structuraxibility [39, 41. In 2002, a series of Zn
dicarboxylates MOFs have been synthesized baségeoroncept of isoreticular chemisfBg.
Development in MOF synthesis continued further and. another advancement,
M2(BDC),DABCO (M = Cu, Zn) MOFs 39, 41,54, 53 containing mixed organic linkers were
reported. Thereafter, large variations in metalsi@amd organic linkers have been utilized by

various research groups to synthesize several MiDftisg the last 10 years.

Several developments in the MOF research have wtwver the last few years. A large
number of MOFs with varying properties have beentlsgsized and are reported by several
research groups3p, 38 — 42, 52, 53, 56 — B2D’Keeffe and Yaghi 36, 38, 40, 53, 56 — 63
worked extensively on synthesis of several new M@hsultaneous to the development of new
structures, focus was also on applications of timegeerials. It is desirable to have an adsorbent
with large specific surface areas to enhance isomdion characteristics. Due to their large
specific surface areas, pore volumes and high pgrddOFs have been evaluated widely for

their adsorption based applications such as gasge®5 — 28, 38 gas separationd7 — 19,
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catalysis 20 — 21 and drug delivery42 — 23. In gas storage area, MOFs are extensively
investigated for methane and hydrogen storage. pomiacus of adsorptive separations using
MOFs was on evaluation of their performance foboardioxide capture application87 — 69.
In addition, researchers have also explored MORtmtial candidates for separation ofl{Q
and hydrocarbon mixtures. In most of the studibg, separation performance of MOFs is

hypothesized from the single component adsorptaia df constituent gases.

2.1.2 Design and Synthesis of MOFs

MOFs are self-assembled crystals obtained from lrseta#aining nodes and organic ligands,
connected together through coordination bonds. Ttiesstructure of formed material depends
on linkage geometries and shape of both componj@glsThe idea of “node and spacer” was
used by many researchers to form “coordination rpekg” 27, 72]. Based on this concept,
synthesis of MOFs with simple structure can be dusyed controlled up to at least certain level;
however, it is difficult to implement the “on-papetesign for more complicated casé}. [In
many instances, it is impossible to control formatof inorganic clusters during synthesis of

MOFs [73].

Yaghi and co-workers locked metal ions into rigicetat-oxygen-carbon clusters (by using
carboxylate functionality) with the points of ex$gon to obtain entities known as secondary
building units (SBUs)40]. MOF-2 [83] and MOF-5 B6] are the first synthesized MOFs based
on this concept of SBUs. In MOF-5 (Figure 2.1),abetdral ZnO(CO) SBUs are connected to

each other through benzene links. This yieldskaccnetwork in which octahedral SBUs act as
“nodes’ and benzene links as “strut”. Since SBUswadl as links are large, the resultant
structure has shown exceptional porosity. The qanoé SBUs has been used extensively to

develop different topologies for MOFs structurd§,[84. Variations in geometry of SBUs and
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organic linkers have resulted in the synthesis t#rge number of MOFs. To date, more than
11,000 MOF compounds are documented in the Camd&digicture Database (CSD). Some of

the representative organic linkers and MOFs syizbdaising them are tabulated in Table 2.1.

Figure 2.1: MOF-5 structure with topologyaj ZnO, tetrahedra (blue polyhedra) are connected
by benzene dicarboxylate linkers (O, red and C¢llao form MOF-5 structure;b) The

topology of the structure shown as a ball-and-sticklel @0].
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Table 2.1: Some commonly used organic linkers in MOF synthesi

tribenzoic acid

Organic Linker Surface
MOF Area Ref.
Name Structure S
(m°g”)
. MOF-5 2900 59
benzene 1,4- o
_ _ _ MIL-53 1140 21|
dicarboxylic acid o
- MIL-101 2674 r4
2-amino, ) NH2-MIL-53 960 [75
benzene 1,4- )> E > (H
dicarboxylic acid W o IRMOF-3 2160 62]
4 Cu-BTC
© 1482 [76]
benzene 1,3,5- p or HKUST
tricarboxylic acid =
Ho MIL-100 1810 (7
2,5-dihydroxy, - ) MOF-74 -
benzene 1,4- or M/DOBDC 885— 1800 78],
dicarboxylic acid ° 5 B (M = Mg, Zn etc.)
benzene 1,4- ? om
dicarboxylic acid >_©“<
Ho o M2(BDC),DABCO [79,
and 1400- 1925
o /j or MIDABCO 80]
1,4-diaza bicycle &//N
[2,2,2] octane
4,4' 4"-benzene- O
1,3,5-triyl- MOF-177 4508 62]
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MOFs are generally synthesized through one-potassiémbly reaction between a metal salt and
the organic ligand. The temperature of the readsam important parameter in MOF synthesis.
Two types of temperature profiles solvothermal armah-solvothermal, are defined in the
literature B5]. Reaction that takes place in a closed contaumeler autogenous pressure and
above the solvent boiling point is known as soleothal reaction§6]. On the other hand, non-
solvothermal reactions occur below or at boilingyperature of solvent under ambient pressure
[85]. In conventional synthesis procedures of MOF, émergy necessary for the reaction is
given by heating the reactor typically in an “aléve” type setup. Energy can also be supplied
by more sophisticated means such as electromagratiation, mechanical waves, electric
potential or by microwavesJ]. These differences in the synthesis routes yddférent particle

size distributions as well as morphologies, whitfac the properties of the product.
2.1.3 Structural Transformation in MOFs

In general, the structure of MOFs is rigid as isecaf most Zeolites. However, for some MOFs,
significant structural changes take place undetacerconditions. When material exhibits two
successive structural changes first from a phase with large pork) volume to a phase of
narrow poreifp) volume and then a second one fromrpeo thelp, the behavior is known as

breathing phenomen&§].

MIL-53 series of MOFs are the classic examples @Rd with flexible structure. These MOFs

are made up of interconnecting metal (Cr or Al)stdus which share the corners with benzene
dicarboxylate (BDC) organic ligandd1, 42, 88 The structure of these materials changes from
large pore Ip) domain to narrow porenp) domain and vice versa (Figure 2.2) upon suitable
change in its external environment (partial pressifradsorbate, for example). The cell volume

of MIL-53(Al) decreases approximately 35% from 14%% to 947 R [41] during its
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transformation fromp to np domain. MIL-88 is another example of a flexible FQvhich
changes its structure from one phase to another agsorption of various guest molecules. The

change in cell volume of this MOF is almost thrieees from ~2480 Ato 8240 & [89].

N S
P - >% COat 1 bar 5 b~ CO, at 10 bar 3% - %
I N, A 2 g S R T N 2 & . o .
\:;:k‘:,/ \\;:f and 298 K ‘M; ,“W“; v and 298 K ‘;;(,// \\;(’
‘f‘ ‘“\ ““. ‘\sw ‘M'M ‘M s “‘\ / “‘\
P % e R 8 B gy 8 P i e
AN . & ¥ I N
\;/ "‘;/ ! ‘ ‘f,:‘/ W
Ip form of MIL-53 (Al) np form of MIL-53 (Al) Ip form of MIL-53 (Al)

Figure 2.2: Structural transformation of MIL-53(Al) from largeore (p) to narrow porer(p)

domain followed by reverse transformation to laogee (p) [90].

Several factors affect the structural transforrmatioMOFs. As an example, factors affecting the

structural transformation in MIL-53 MOF are discedsext.

(a) Adsorption of certain guest molecules

Ferey et al. 39, 41, 47 reported the structural transformation of MIL-%3aterials upon
adsorption of C@and HO at room temperature. They propose an initial filireg stage during
CO, adsorption where the molecules of £& H,O adsorb onto the opposite hydroxyl groups
and result in a structural shrinking of pores ia ftramework; the isotherm shows saturation at
about 2 molecules of CQper unit cell. Upon further increase in the pressthe pores reopen

and additional C@adsorption takes placéd, 91.

(b) Temperature

Liu et al. B8] proposed that structural transformation for MIB-6ccurs even due to change in

the temperature. They have reported the followiagtionship between MIL-53(Al or Cr)
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structure and temperature under vacuum. (i) Bel@®% K: narrow phasenp); (ii) Above 375
K: large phaselg); (ii) 350 — 375 K:np to Ip during heating; (iv) 125 — 150 Kp to np

during cooling.

(c) Mechanical Pressure

Beurroies et al.92] reported that the structure of MIL-53 can alsafamsformed fronp to np
phase under vacuum by applying 55 MPa of exterrethanical pressure. They also reported

that this transformation is reversible.

2.2 Adsorption of Different Gases

One of the important parameter to screen an adsorf¥ gas storage and separation
applications is its pure component equilibrium ag8on capacities. These investigations also
help in understanding the material’'s adsorptionpprtes. Single-component adsorptions of
various gases have so far been reported over a tarmber of MOFs43]. An overview of
literature data on representative adsorption ugtakeseveral adsorbates used in this study on a
variety of MOFs is presented in Tables 2.2 — 2@.tRe sake of comparison, adsorption data on

some conventional adsorbents is also included.
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Table 2.2:Representative literature for G@dsorption.

BET At 1 bar At 40 bar Enthalpy of
Adsorbent Surface Excess amount Termperatire Excess amount Temperature adsorption at Ref.

Area adsorbed adsorbed zero coverage

(m?* g (mol kg™ () (mol kg™ () (kJ mol™)
MOF-2 345 0.6 298 3.2 298 - [62]
MOF-5 2833 1.0 298 22 298 - [62]
(IRMOF-1) |- L — — — 145 p3
MIL-101 4230 - — 37 304 44 94

2674 2.8 295 - - 32 [74]
Cu-BTC 1663 5.8 295 15.4 295 23 of]
MIL-100 1900 N = 175 303 62 94
IRMOF-3 2160 1.1 298 18.8 198 — [62]
IRMOF-6 2516 1.05 298 19.7 298 — [62]
IRMOF-11 2096 1.5 298 14.8 298 — [62]
MOF-505

1547 3.2 298 104 298 — [62]
(NOTT-100)

TH-1308_09610719
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Table 2.2 contd.

Adsorbent BET At 1 bar At 40 bar Enthalpy of Ref.

Surface Excess amount Temperature | Excess amount Temperature | adsorption at

Area adsorbed (K) adsorbed (K) zero coverage

(m?*g") | (mol kg™ (mol kg?) (kJ mol™)
MOF-177 4508 0.8 298 33.9 298 - [62]

- - - - - 14 [68]
MOF-74 816 4.6 298 10.4 298 [62]
(Zn/DOBDC) A
Mg/DOBDC | 1800 8.0 293 15 313 - [67]
Ni/DOBDC | 1218 6.9 298 12 298 36 od]
Co/DOBDC | 1080 6.7 296 - - — [97]
Cu-BTTri 1750 1.9 313 15.6 313 - [67]
MIL-53(Al) [ 1500 2.3 304 10.425 bar) 304 35 17 [42]
MIL-47 1500 2.5 304 11.4 (25 bar) 304 25-20 421
Zn/DABCO | 1725 2.0 298 14 (15 bar) 298 21.6 79
Ni/DABCO | 1705 2.0 298 12 (15 bar) 298 20.4 79
MOF-200 4530 - - 55 298 — [39]
MOF-205 4460 - - 33 298 — [39]
MOF-210 6240 — — 53 298 — [39]
Zeolite 13X | 616 4.7 298 6.9 298 49 35
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Table 2.2 contd.

Adsorbent BET At 1 bar At 40 bar Enthalpy of Ref.
Surface Excess amount Temperature | Excess amount Temperature | adsorption at
Area adsorbed (K) adsorbed (K) zero coverage
(m?*g"h) | (mol kg™ (mol kg?) (kJ mol™)
Norit R1 1450 2.5 298 10 298 22 34
Maxsorb 3250 2.1 298 27 298 16.2 34
Silicalite 440 — — — - — [98]
- 14 308 2.9 304 28 9f]

L: Langmuir surface area
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Table 2.3:Representative literature for GEdsorption.

Adsorbent | BET Pore Crystal Excess Total amount adsorbed | Pressure| Temperature | Ref.

Surface | volume density amount (mol kg™ | (mol LY (bar) (K)

Area (cc g% (g cch adsorbed

(m*g?) (mol kg™)
Ni/DOBDC | 1593 0.56 1.20 7.77 8.62 10.27 35 298 [100
Cu-BTC 2203 0.77 0.88 10.23 11.38 10.04 35 298 [10(]
Co/DOBDC | 1433 0.51 1.17 7.63 8.39 9.87 35 298 [10(]
PCN-14 2360 0.83 0.83 9.64 10.89 9.02 35 298 [100
Mg/DOBDC | 1957 0.69 0.91 8.78 9.82 8.93 35 298 [100
NJU-Bail0 | 2883 1.11 0.67 11.49 13.21 8.79 35 290 [107]]
NOTT-109 | 2110 0.85 0.79 9.89 11.16 8.79 35 300 [107
UTSA-20 1156 0.63 0.61 8.75 9.69 8.79 35 300 [103
NOTT-101 | 2805 1.08 0.68 11.16 12.77 8.75 35 300 [102]
PCN-11 1931 0.91 0.75 10.20 11.56 8.66 35 298 [104]
NOTT-100 | 1661 0.68 0.93 8.32 9.33 8.66 35 300 (102
NOTT-103 | 2958 1.16 0.64 11.71 13.44 8.66 35 300 [102
PCN-16 2273 1.06 0.72 10.25 11.83 |8.57 35 300 10g]
NOTT-107 | 1770 0.77 0.76 10.10 11.25 8.53 35 298 104
Zn/DOBDC | 885 0.41 1.23 6.21 6.83 8.39 35 298 19
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Table 2.3 contd.

Adsorbent BET Pore Crystal Excess Total amount adsorbed | Pressure| Temperature | Ref.

Surface | volume density amount (molkg®) [ (mol L™ (bar) (K)

Area (cc gY) (g cch adsorbed

(m*g?) (mol kg™)
MIL-53(Al) | 1235 0.54 0.98 7.69 8.48 8.30 35 303 [107]
NOTT-102 | 3342 1.27 0.59 11.86 13.75 8.08 35 300 [10Z
NU-125 3120 1.29 0.58 11.90 13.84 7.99 35 298 [108
IRMOF-6 2630 0.92 0.65 10.70 12.14 7.90 36.5 298 [53
Mn/DOBDC | 1102 0.50 1.08 11.39 12.14 7.90 35 298 [78]
UIO-66-NH, | 1080 0.40 1.36 4.90 5.49 7.46 35 303 [109
IRMOF-1 3995 1.40 0.62 8.65 10.76 6.70 35 298 [10(]
UlO-66 970 0.36 1.32 4.38 4.91 6.52 35 303 [10¢]
IRMOF-3 2160 1.07 0.63 8.57 10.18 6.43 36.5 298 [62,

110

MIL-125 1820 0.67 0.81 6.78 7.77 6.29 35 303 109
UTSA-62 2190 0.91 0.59 9.17 10.54 6.21 35 298 117
NU-111 4930 2.09 0.41 11.72 14.87 6.07 35 298 112
PCN-66 4000 1.63 0.44 11.12 13.57 |5.98 35 298 119
DUT-23 (Co) | 4850 2.03 0.40 11.72 14.78 5.94 35 298 114
SNU-71 1770 0.71 0.84 5.85 6.92 5.80 35 298 115
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Table 2.3 contd.

Adsorbent BET Pore Crystal Excess Total amount adsorbed | Pressure| Temperature | Ref.

Surface | volume density amount (molkg®) [ (mol L™ (bar) (K)

Area (cc gY) (g cch adsorbed

(m*g?) (mol kg™)
PCN-68 5109 2.13 0.38 11.62 14.82 5.63 35 298 [117]
MOF-177 4500 1.89 0.43 10.24 13.08 5.63 35 298 [38]
ZIF-8 1445 0.59 1.14 4.00 4.87 5.54 35 303 [114
MIL-125 1820 0.67 0.81 6.78 1.77 6.29 35 303 [10€]
UTSA-62 2190 0.91 0.59 9.17 10.54 6.21 35 298 [117]
NU-111 4930 2.09 0.41 11.72 14.87 6.07 35 298 [112
PCN-66 4000 1.63 0.44 11.12 13.57 5.98 35 298 [117]
DUT-23 (Co) | 4850 2.03 0.40 11.72 14.78 5.94 35 298 [114]
SNU-71 1770 0.71 0.84 5.85 6.92 5.80 35 298 [115
PCN-68 5109 2.13 0.38 11.62 14.82 |5.63 35 298 113
MOF-177 4500 1.89 0.43 10.24 13.08 |5.63 35 298 34
ZIF-8 1445 0.59 1.14 4.00 4.87 5.54 35 303 114
MIL-100 1900 1.10 0.70 6.01 7.63 5.36 35 303 94
MOF-205 4460 2.16 0.38 10.77 14.02 5.31 35 298 39
IRMOF-8 4326 1.83 0.45 8.59 11.34 5.09 35 298 117]
NOTT-119 4118 2.35 0.36 9.59 13.13 4.73 35 298 118
MIL-101 4230 2.15 0.44 7.10 10.27 451 35 303 94
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Table 2.3 contd.

Adsorbent BET Pore Crystal Excess Total amount adsorbed | Pressure| Temperature | Ref.
Surface | volume density amount (molkg®) [ (mol L™ (bar) (K)
Area (cc gY) (g cch adsorbed
(m*g?) (mol kg™)
MOF-210 6240 3.60 0.25 9.36 14.78 3.71 35 298 [3€]
MOF-200 4530 3.59 0.22 8.17 13.57 2.99 35 298 [38]
AX-21 4880 1.64 0.49 11.59 14.06 6.88 35 298 [100
activated
carbons
Zeolite 13X | 616 0.27 1.43 2.89 3.30 4.73 35.5 298 [119,
120

L: Langmuir surface area
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Table 2.4:Representative literature for CO adsorption.

Adsorbent Low pressure High pressure Enthalpy of Ref.
adsorption at

Excess Pressure | Temperature | Excess | Pressure | Temperature | zerg coverage

amount (bar) (K) amount | (bar) (K) (kJ mol™?)

adsorbed adsorbed

(mol kg™) (mol kg™)
IRMOF-1 0.58 1 298 72 40 298 9.3 121
IRMOF-3 0.6 1 298 7.2 40 298 10.1 1217
Zn/DABCO - - - 7.8 40 298 12 1217
Cu-BTC 14 1 295 9.1 43 295 24 o
MIL-101 0.89 1 295 6.6 68 295 44 oq
Ni/DOBDC 5.6 0.8 303 - - - 58 122
MIL-53(Al) 0.30 1 303 - - - 16.4 po7
Zeolite 13X 1.17 1.1 303 3.12 10.2 303 20 127
Silicalite 0.27 1.2 305 1.0 7.3 305 16.7 124
g: data obtained from GCMC simulation
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Table 2.5:Representative literature fordsorption.

Adsorbent Low pressure High pressure Enthalpy of Ref.
adsorption at

Excess Pressure | Temperature | Excess | Pressure | Temperature | ;erg coverage

amount (bar) (K) amount | (bar) (K) (kJ mol™?)

adsorbed adsorbed

(mol kg™) (mol kg™)
IRMOF-1 — — — 4.8 40 298 8.4 121
IRMOF-3 - - - 4.85 40 298 9 121
Zn/DABCO — — — 5.2 40 298 11 12]]

- - - 1.48 15 298 - [79]
Ni/DABCO — — — 1.46 15 298 — [79
MIL-53(Al) 0.20 1 303 - = - 15.9 pLo7
Cu-BTC 0.31 1 295 2.32 10 298 - [125, 12(]
MOF-177 0.2 1 293 - — — 10 [6€]
Mg/DOBDC 1.1 1 293 - - - 18 [68]
Ni/DOBDC 1.02 1 298 6.45 100 298 — [96]
Zeolite 13X 0.8 2 298 — - = — [35]

- - - 2.5 100 288 14 9.1 127
Silicalite 0.27 1.2 305 1.0 7.3 305 16.7 124
Norit R1 0.39 1.1 298 4.1 59.8 298 — [12€]

g: data obtained from GCMC simulation

TH-1308_09610719
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Table 2.6:Representative literature for Ar adsorption.

Adsorbent Low pressure High pressure Enthalpy of Ref.
adsorption at
Excess Pressure | Temperature | Excess | Pressure | Temperature | zerg coverage
amount (bar) (K) amount | (bar) (K) (kJ mol™?)
adsorbed adsorbed
(mol kg™) (mol kg™)
Cu-BTC 1.25 5 298 2.13 10 298 = [125
0.44 1.6 295 191 9.2 295 = [76]
MIL-53(Al) 0.17 1 303 - - - 15.1 [L07]
MIL-101 0.12 0.9 283 2.0 10 283 15 74
Zeolite 13X 0.9 12.5 288 2.5 100 288 18 [127
Silicalite 0.19 1.2 305 0.9 7.3 305 - [124
AC (BPL) 0.39 14 303 3.6 37.4 303 - [129]

32
TH-1308_09610719



Table 2.7:Representative literature foplds adsorption.

Adsorbent Low pressure High pressure Enthalpy of Ref.
adsorption at
Excess Pressure | Temperature | Excess | Pressure | Temperature | zerg coverage
amount (bar) (K) amount | (bar) (K) (kJ mol™?)
adsorbed adsorbed
(mol kg™) (mol kg™)
Cu-BTC 1.0 0.1 295 4.8 1 295 = [124
MOF-5 — — — 19 1 297 15.1 130
MIL-101 3.0 1 298 15.5 8.5 298 45-30 131
Mg/DOBDC 15 0.1 298 6.3 1 298 27 137
Fe/DOBDC 1.03 0.1 318 6.6 1 318 25 13§
Zeolite 13X 0.4 0.1 323 1.6 1 323 29.22 134
Silicalite 1.9 1 308 2.4 20 308 29 99
Zeolite 5A 1.4 1 293 2.22 13.9 293 10 13f]

TH-1308_09610719
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Table 2.8:Representative literature foglds adsorption.

Adsorbent Low pressure High pressure Enthalpy of Ref.
adsorption at

Excess Pressure | Temperature | Excess | Pressure | Temperature | zerg coverage

amount (bar) (K) amount | (bar) (K) (kJ mol™?)

adsorbed adsorbed

(mol kg™) (mol kg™)
Cu-BTC 5.2 0.1 318 7.2 1 303 44 134
MOF-5 17.5 0.1 300 19 1 300 20.17 1301
MIL-53(Cr) 2.4 0.1 303 4.0 1 303 - [13¢]
MIL-53(Fe) 0.0 0.1 303 2.4 1 303 - [13¢]
Mg/DOBDC 7.1 0.1 298 8.2 1 298 33 132
Fe/DOBDC 4.6 0.1 318 5.3 1 318 33 138
NaX 3 0.1 293 3.2 1 293 34.4 139
Silicalite 1.66 0.1 308 1.94 X 308 41 99
activated carbon5.0 0.1 273 8.3 1 273 40.7 14Q
ASA
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Table 2.9:Representative literature for @dsorption.

Adsorbent Low pressure High pressure Enthalpy of Ref.
adsorption at
Excess Pressure | Temperature | Excess | Pressure | Temperature | zerg coverage
amount (bar) (K) amount | (bar) (K) (kJ mol™?)
adsorbed adsorbed
(mol kg™) (mol kg™)
Cu-BTC 0.3 1 295 - - — 13.88 126
MIL-53(Al) 0.13 1 303 — — — 14.5 o7
Zn/DABCO 0.4 2.5 298 - — - - [79]
Fe/DOBDC 3.75 0.1 226 54 1 226 41 140
Zeolite 13X 0.2 1 306 - - - 15 B2
Silicalite 0.15 1 305 — — — 16.3 a2
Zeolite 5A 0.18 0.96 296 1.8 17.7 296 10 143
AC (BPL) 0.42 1.6 303 3.4 37.4 303 = [129]
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The data in tables 2:22.9 clearly indicates that considerable variatiothe adsorption uptake
is observed for MOFs than in case of conventiommoebents such as zeolites or activated
carbons. While significant studies are done on, @ CH adsorption on MOFs, the research
work reported on adsorption of other industriallgportant gases (like CO, for example) on
MOFs is limited. Some MOFs with moderate surfaceagiM/DOBDC, Cu-BTC etc.) exhibit
high CQ uptake at ambient conditions. In addition, thes@Rd have also shown exceptionally
high saturation volumetric loading for GHat ambient temperature, however saturation
gravimetric uptakes of CHat ambient temperature on these MOFs would natsbieigh as that
on MOFs with high surface area such as MOF-177, NOG, MOF-205, MOF-210 etc. It
should be emphasized that adsorption uptake ommaihic scale is also important, since the size

(volume) of adsorptive vessel is governed by tHametric uptakes.

2.3 Potential Applications of MOFs

The porosity in MOFs coupled with the heterogenaitythe surface characteristics has
encouraged researchers to study them for potespialications in the fields of separation, gas
storage, catalysis, biomedicine, sensors, micrteleics etc. This section presents the highlights

of some important developments on MOFs for gas (HH,) storage and separation applications.
2.3.1 Gas Storage

Methane is considered to be a cleaner fuel. Howetgeenergy density at ambient temperature
and pressure is only 0.04 MJ*Lcompared to 32.4 MJLfor gasoline {44. The volumetric
energy density of methane can be increased by assipn or liquefaction, but these techniques
are economicaly expensiv&(Q. In order to overcome these limitations, the ggetensity of

methane at ambient temperature and moderate pees@5 bar) can be alternatively increased
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by adsorbing it onto porous materials. US DepartnegnEnergy (DOE) has set volumetric
methane storage target as 263 cc/cc. Considerig§% volumetric loss due to packing of
adsorbent 100, methane uptake of 350 cc(STPN&6mentiS Needed to meet the above target.
Over the last decade, MOFs are widely evaluatedriethane adsorption as illustrated in Table
2.3. In a major contribution, Yaghi and coworkeavd synthesized a series of very high surface
area / pore volume possessing MOFs such as MOFNM®©F-200, MOF-205 and MOF-210
[38]. These MOFs exhibit very good gravimetric methapéake (293-331 cc/g) at 35 bar and
ambient temperature3§]. However, their volumetric uptake for the samenditons is
considerably lower (only 67-126 cc(STP)A&6bent due to the poor crystal densiti€&8[ 100Q.

In fact, these uptake values are lower than thaabivated carbons such as AX-2D(). Ma et

al. [145 reported Cwadip) (adif’ = 5,5'-(9,10-anthracene-diyl)di-isophthalate) dENR14
MOF as the best adsorbent for methane storage aitolumetric uptake of about 230
cCc(STP)/cc at 35 bar and 290 K. Later, Peng ejldlg reported the highest total volumetric
uptake (267 cc(STP)/cc) on Cu-BTC at 65 bar and R%98eeting the DOE target of 263 cc/cc
methane storage. Recently, uptake at 35 bar andk288 Ni/DOBDC (228 cc(STP)/cc) was
found to be slightly higher than that on Cu-BTC{22(STP)/cc) and PCN-14 (195 cc(STP)/cc)
[146. Mason et al. 100 performed the methane adsorption on six represgatMOFsviz. Cu-
BTC, Ni/DOBDC, Mg/DOBDC, Co/DOBDC, PCN-14, MOF-5d&one AX-21 activated carbon
over 0— 100 bar range at 298 K; similar to Peng etl46] work, volumetric uptake was highest
on Ni/DOBDC up to ~35 bar and later at higher puess, Cu-BTC exhibits a better capacity due

to its high pore volume.

Hydrogen is also considered as a promising fuetéet the energy requirements of fututéf.
On a gravimetric basis, hydrogen has almost thireest higher energy value than gasoline;

lower heating value of hydrogen and gasoline ai® M2 kg' and 47.2 MJ kg, respectively
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[148. However, on a volumetric basis, liquid hydrogeas only 8 MJ [* energy density
compared to 32 MJ t for gasoline 148. For a car using hydrogen as fuel, about B3 kg of
hydrogen would be needed per 300 miles drivig][ In order to reduce the size and pressure of
on-board hydrogen feed tank, the energy densityydfogen needs to be improved. DOE targets
for 2017 of hydrogen storage are 5.5 wt% in graviimecale and 40 gtin volumetric scale at
an operating temperature -0#0 to 60°C under a maximum delivery pressure of 100 G4
Hydrogen storage on a variety of materials sucthasnical hydrides149, carbohydratel50],
inorganic nanotubed $1], porous adsorbent4%2 etc. was reported in the literature. MOFs are
one of the extensively studied adsorbent mateftalbydrogen storage and are considered to be
the promising candidates. Hydrogen uptake on MO% \{4% at 77K and 1 bar on MOF-5) was
reported in 2003 for the first tim&T]. Thereafter, a large number of research articgsrting
hydrogen adsorption on several MOFs are publishela literature. The highest known excess
hydrogen uptake at 77 K is 9.95 wt% on NU-100 M@Fk& bar 5. This material also has
total uptake of 16.4 wt% at 77 K and 70 bar. Ondtreer hand, the highest reported total uptake
is 17.6 wt% (excess 8.6 wt%) on MOF-210 at 77 K &0Adbar B8]. Zhou et al. 147] have
measured the hydrogen uptake on M/DOBDC (M = Mg, Ma, Ni, Zn) MOFs at 150, 100 and
77 K up to 30 bar. While their excess uptake (2.3.8 wt%, 77 K) below 5 bar pressure is
promising, the same is not true for higher pressukéambient temperature, hydrogen uptake on
MOFs are very low (typically ~0.5 wt%). Till dateo lMOF is known which meet the DOE
target. However, in order to achieve DOE targetesd attempts are being made by improving

the surface functionalities of MOF$93 — 15T.
2.3.2 Separation of Gases

Mason et al. §8] evaluated the performance of MOF-177 and Mg/DOBE temperature

swing adsorption process of @@apture from flue gas by measuring the single comept
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adsorption isotherms of GGand N across the entire temperature range (2983 K). They
calculated the working capacity as théfalence between GQOoading at adsorption condition
(0.15 bar and 313 K) and desorption condition (L d& considered desorption temperature).
Maximum working capacity of 17.6 wt% was obtained 473 K desorption temperature. As
expected, with increase of desorption temperatuwekivwg capacity increased, but at the same
time regeneration at higher temperature is alsoensxpensive. On the other hand, negative
working capacities were obtained for MOF-177. Aughalso compared the working capacities
of Mg/DOBDC with that of benchmark NaX. NaX exhiitigher working capacity than
Mg/DOBDC for desorption temperature less than 358Ut for higher desorption temperatures,
working capacity of NaX was lower. GQelectivity over N at 313 K for a mixture of 0.15 bar
CO, and 0.75 bar Nwas also significantly higher on Mg/DOBDC (175aththat on MOF-177

(5) and NaX (115).

Krishna [L58 examined Cu-BTC, MIL-101, Zn/DABCO and Zeolite Xléor separation of C®
from mixture of CH and CO for pressure swing adsorption process. Bppeared to have
highest selectivity for C@over both CO and CH For lower pressures (up to 10 bar), NaX
exhibits best performance due to its highest wayldapacity; however, at higher pressuras
60 bar, Cu-BTC was found to perform better. Amoligadsorbents studied, MIL-101 exhibits

lowest working performance even though it has hsgkarface area.

Herm et al. §7] tested MOF-177, Co(BDP), Cu-BTTri and Mg/DOBDCr ftnydrogen
purification and precombustion G@apture. They measured single component adsorgétm
of both CQ and H at 313 K up to 40 bar. They compared the perfonaaf these materials
with that of NaX and Carbon JX101. IAST predictiondicate exceptional C{selectivity over
H, (826) on Mg/DOBDC for a binary mixture containi8@% hydrogen at 313 K. Interestingly,

both gravimetric as well as volumetric working ceiias on Cu-BTTri were higher than those
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on other adsorbents including Mg/DOBDC. In anotherrk, Herm et al. §9] analyzed
Mg/DOBDC MOF for high pressure G{ZCH4/H, separation. They concluded that significant

enhancement in separation can be obtained by MigOBDC over NaX.

Xiang et al. 159 compared the performance of UTSA-16 with thaMg/DOBDC and many

more adsorbents for G@LH,; and CQ/N, separation. Initially, Mg/DOBDC performed better
than UTSA-16. However, after exposing both the dasats towards moisture, the performance
of Mg/DOBDC decreases upon. On the other hand; €@ption was repeatable and reversible

for UTSA-16 even after further exposing the adsotisample to air for three days.

Separation of &N, is a useful industrial separation. Bloch et 241] synthesized a new MOF
(Fe/DOBDC) with open iron-(Il) coordination siteghis MOF exhibits selective binding for,O
over N via. electron transfer interactions. They reported kiighest known @ over N
selectivity (7.5) for equimolar mixture at 1 barda?98 K. However, high temperature (473 K)
was needed for desorption of,@vhich resulted into the decomposition of the ctiee. So they

identified 226 K to be more suitable for separatd®,/N, using Fe/DOBDC.

MOFs have also shown extraordinary performancddeer olefin/paréin separations. Bae et
al. [16(Q calculated the propene/propane selectivity byngisiAST for Mg/DOBDC,
Mn/DOBDC and Co/DOBDC samples. They obtained acsieiey of 46 on Co/DOBDC at 1 bar
and 298 K for equimolar mixture. They also perfodniiee breakthrough experiments to confirm
this result. Later, Bloch et al133 measured equilibrium adsorption isotherms of rae#
ethane, ethylene, acetylene, propane, and propygleie/DOBDC MOF at 318, 333, and 353 K
to investigate its ability for C- C; separation. This material exhibits very strongnéif for
unsaturated acetylene, ethylene, and propyleneobgdsons. For an equimolar mixture and 318

K, ethylene selectivity over ethane on Fe/DOBDCgemnfrom 13 to 18, which is higher than
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that on NaX (9 to 14) and Mg/DOBDC (4 to 7). Simyaselectivity of propylene over propane

on Fe/DOBDC (13 to 15) was also higher than thabther adsorbents.

2.4 Modification of MOF Structure

In order to improve the performance of MOFs for gawage, separation, and catalysis related
applications, their structure can be modified byaaiety of techniques as some of them

discussed in this section.
2.4.1 Functionalization of MOFs

Functionalization of organic ligand (1,4-benzeneadboxylic acid) of IRMOF-1 with -Nb
resulted in a formation of a IRMOF-3 with differeatisorption propertie$®]. CO, uptake at
ambient condition on IRMOF-3 was found to be higti&t on IRMOF-1 62]. IRMOF-3 was
further acetylated with acetic anhydride to prodiRBIOF-3-AM1 with a yield of >90% 161,
162. Biswas et al. 163 observed the different breathing phenomena in-BBAl) when they
incorporated various functional groups (like -@y,--CHz, -NO,, -(OH),) in the structure. In an
attempt of metal functionalization, Himsl et al6f] exchanged 15% of the acidic protons of the
MIL-53(Al) MOF with lithium by using lithium diisopppylamide (LDA). As a result, the BET
surface area reduced from 1564 g to 1384 m g”. But hydrogen uptake at 1 bar and 77 K
increased from 0.5 wt% to 1.7 wt%. Xiang et 469 doped lithium inside Cu-BTC and MIL-
101 structure to improve hydrogen uptake at 1 lmar a7 K; however doping resulted in a

decrease of the surface area of the resultant ialater
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2.4.2 Generation of Coordinatively Unsaturated MethSites in MOFs

Metal centers in a MOF system possess fixed numbeoordination vacancies through which
they connect to the organic ligands. If some oféhpositions can be ‘opened’, the material will
have coordinatively unsaturatedu§ metal sites. Theseus metal sites induce additional
electrostatic interactions for polar gases. MIL-191he one of the first synthesized MOF known
to havecus metal sites$2]. This material exhibits a large Henry’'s constand selectivity for
polar gases such as g¢énd CO compared to other MOFs withocus metal centers (MOF-5 for
example) 74, 94. However, due to bigger pore diameter and ongynall number otus metal
sites in MIL-101, the effect is not pronounced &wBTC with smaller pore size seems to be
better for CQ/CH; separation I58. M/DOBDC series frameworks are one of the most
interesting series of metal organic framework aredextensively studied for GQ@apture. These
materials are known to have a large numberco$ metal sites. In these MOFs, 2,5-
dihydroxyterepthalic organic linker exists in ietraanionic form.e. 2,5-dioxido-1,4-benzene-
dicarboxylate (DOBDC), in which both the aryloxided carboxylate moieties act as ligands to
the metal. This coordination results occupatioriive# coordination positions by oxygen atoms.
The sixth position is occupied by water (solvenplecule which can be removed by thermal
treatment (at higher temperature) under vacuum,ingathe metal sites in the framework
unsaturated1[66 — 169 These metal sites exhibit exceptional affinity polar CQ adsorbate
Substitution of suitable metal ions such as Mglate of Zn increases the GQptake by more

than 2 times at 0.1 bar and ambient temperatur®IfdOBDC MOFs P7].

2.4.3 Structural Flexibility

MIL-53 series of MOFs are known to have flexibleusture B9, 41. In addition to being

extensively investigated to understand the bregtpimnomenon, these MOFs have also been
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evaluated for selective adsorption of gaskg 42, 170 vapor [L7]], and liquid compounds
[172, 173. Hydrated form of MIL-53(Cr) has showed near zadsorption uptake for CHbut
adsorbs C@due to the gating effeci7(. A similar gating phenomenon has been observed in
some others MOFs like SNU-M1Q7Q and ELM-11 [L74. It has been demonstrated that these
materials can be used for selective adsorption ifférdnt gases at fferent gate-opening
pressures, which depends on the physical propedfegas molecules. Cu(dhb@ipy)
MOF[179 presents the typical example of gate-opening phmma. On this MOF, initially
CO,, CHy, N2 and Q isotherms are flat (near zero uptakes in the losggures), followed by a
sudden increase in uptake of each gas at corresmgpgdte-opening pressure. Cd(bpndc)(bipy)
has also shown different gate opening pressuremgladsorption of Ar, @and N at low
temperature. In addition, selective adsorption gfa®d NO over i as well as benzene over
cyclohexane at room temperature has been obtam@h@ CNQ-TCNQ)(bipy). Attempts have
also been made to develop the flexible motif intogad lattice of MOFs to obtain a highly
selective sorption of COover N, and CH [176. In another work, mesh-adjustable molecular

sieves (MAMSs) MOFs exhibit temperature-dependel®csive adsorption of gasek/[7, 178.

2.5 Structural Properties of MOFs

An outstanding challenge in the prediction of atale MOF structure’ for a target application
is to understand the role of various parameterk siscpore size, surface areas metal sites,
different metal constituents, organic linker ete the adsorption characteristics of MOFs.
Eddaoudi et al.g§3] replaced organic linker (1,4-benzene dicarboxgaid) of IRMOF-1 (or
MOF-5) with other organic linkers and synthesizeskdes of MOFs (IRMOF-1 to IRMOF-16).

With increasing the size of organic linker (fromedmenzene ring to two or more benzene rings),
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the specific surface area of the resultant MOF eases; this indicates a better gravimetric
saturation adsorption uptake on MOFs formed frorhuiky organic linker. However, with
increasing size of the organic linker, crystal dignand hence the volumetric adsorption uptake

of the MOF decreases.

Karra et al. T1] performed the numerical simulations to obtain aldlsorption isotherms of CO,
CHa, N2 and B on Cu-BTC. They reported the presence of ele@tiosnteractions between CO
and Cu-BTC framework and insignificant CO-CO int#ians. However, Cu-BTC was not
found to be selective for CO over @Hecause lateral interactions between, @Gtélecules were
large enough to counter balance both the electiostderactions and the lateral interactions of
CO molecules as CO has smaller polarizability. Tlaéso further compared the adsorption
characteristics of Cu-BTC, Zn/DABCO, IRMOF-1 andMRF-3 [12]] to investigate effect of
small pore size andusmetal sites. They observed slightly higher,@dsorption uptake on Cu-
BTC (MOF with moderate pore size ands metal sites) than that on Zn/DABCO (MOF with
smaller pore size and rmusmetal sites) at low pressure and ambient temperatiowever, the
pore size has a much smaller impact tharctiemetal sites and higher CO uptake was found on
Cu-BTC. Recently, Chowdhury et aBg] compared the adsorption characteristics of Cu-BTC
(moderate pore size and less exposad metal sites) and MIL-101 (bigger pore size and
exposedcus metal sites). They observed higher Henry's contistéor CQ and CO and lower
Henry's constant for CHon MIL-101 at ambient temperature. This confirnie tmore
pronounced impact afus metal sites than that of pore size for polar dos@s. However, for
non-polar adsorbate, the effect of pore size hag mmgpact. Similar to the observations of Karra
et al. [L21], the difference between the Henry’s constant ¢f¥01 and Cu-BTC was more for

CO than CQin the work by Chowdhary et aB%.
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2.6 Simulation Studies on MOFs

Due to possibility of synthesis of a large numbeMOF structures, it is infeasible to design the
optimal MOF structure for a targeted applicationlyohy experimentation. Molecular level
information responsible for the experimentally alied macroscopic properties cannot be
obtained by experimental methods and simulationspcavide molecular level insights into the
underlying mechanism involved 79, 18Q. Simulations can help in screening the large neimb
of MOFs for a particular application and it canoalsrovide the ability to hypothesize the
structure of best performing MOF. In most of thegliation studies, adsorption isotherms of
MOFs are calculated using the grand canonical M@aito (GCMC) methoddl, 83. Excellent
review articles that summarize the developmentmktion works on MOFs are available in
literature [fO, 181 — 18} Duren et al. 183 have demonstrated that the information obtained
from molecular simulations can help in developing tlesign principles for a specific adsorption
application on MOFs. Krishnd 84 presented a review on diffusion characteristita gingle
gas as well as mixture in a wide spectrum of poroaterials including MOFs. Jhon et d8p
presented a simulation study highlighting the dffefcalkoxy-functionalization on IRMOFs, as
they found the highest CHiptake at low and moderate pressure on IRMOF-@altiee stronger
potential overlap of smaller pores. Binding enesgi¢ CH, for its adsorption on M/DOBDC
MOFs were calculated using first-principles caltiolas based on density-functional theorg][
The results indicate that GHffinity to thecus metal sites of these MOFs is higher than that to
the typical adsorption sites in most of the oth€@m8. Liu and Smit]86 have done simulations
to compare the performance of zeolites (MFI, DDRI &TA) and MOFs (Cu-BTC, MIL-47,
IRMOF-1, IRMOF-11, IRMOF-12, IRMOF-13, IRMOF-14).h&y reported that though MOFs
exhibit better characteristics compared to zeofbegas storage, their performance in separation

is similar to that of zeolites. They reported tlthiference in the polarity of constituent
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adsorbates in the mixture should be an importacibfafor selecting a suitable material for

separation.

2.7 Stability of MOFs

Stability of an adsorbent is an important factoruttderstand the feasibility of its usage for
practical applications. The stability of MOFs caa tivided as framework stability, thermal
stability and chemical stability. The structuralstity upon removal of guest molecules from the
as-synthesized product refers to the frameworkilgtabf the material. MOFs with smaller pore
size or volume have better framework stability ahdse with higher pore size or volume
generally have poor framework stability. Use of ahelusters as the nodes is one of the highly
used technigues to synthesize stable MOFs. Thestahllity is a major issue for many MOFs
because they are not stable at temperature ab®/K.4dowever, few numbers of MOFs can be
used up to 500 K or more without losing their fravoek stability. In contrast, conventional
adsorbents are stable at even more than 1000 Ketatope. When the bonds between metal
nodes and organic ligands break upon its exposutieget adsorbate molecules, then the material
is called chemically unstable. For practical amilans such as CGseparation from flue gas,
stability of MOFs in humid condition is essentidecently, water stability of several MOFs such
as Cu-BTC, MOF-5, MOF-177, UMCM-150, MOF-505, MIIO1 and ZIF-8 have been
examined by Cychosz and Matzg&B7]. They reported the best stability for MIL-101 ltaed

by Cu-BTC and ZIF-8; MOF-5 and MOF-177 were foundbe highly unstable. Kizzie et al.
[188 explored the effect of humidity on performance MfDOBDC MOFs, while all the
M/DOBDC MOFs were found to be unstable upon exp®gior moisture; Co/DOBDC was

relatively less unstable compared to others instrées. Liang et al.7P] evaluated the stability
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of My(BDC),(Dabco) (M=Zn,Ni) MOFs in humid environment. Theybserved these
frameworks were stable upon 30% relative humidiéger vapor at 28C, but they collapsed at a
60% relative humidity water vapor sorption. Latéfalton and coworkerslB9 have improved
the stability of Za(BDC),(Dabco) for water exposure of up to 90% relativenidity by proper
functionalization of the BDC ligand. Placing of npalar shielding groups (e.g., methyl) on the
BDC linker enhanced the stability whereas placin@pgroups (e.g., —OH) on the BDC linker

destabilized the structure at lower humidity.

MOFs look to be more versatile than conventionadoaldents. In most of the studies, the
performance of MOFs are evaluated and compared otitar adsorbents. However, to move
from lab scale to pilot plant and eventually tousttial scale, a lot of “tuning” in terms of
stability, selectivity, uptake capacity etc. idlstecessary before MOFs make an appearance as
practical alternatives to existing adsorbents. techiamount of work is done on the investigation
of the adsorption characteristics of these matersgistematically and link it to the physical
characteristics of the adsorbate / adsorbent paithis work, an attempt will be made to
correlate the adsorption uptake with various patarsesuch asus metal sites, the constituent
metal in the MOF structure, polarity and polariziépiof adsorbate. In addition, the structure of

flexible MIL-53(Al) MOF will be judicially tuned taenhance its uptake and selectivity for CO
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CHAPTER 3

THEORY

This chapteincludes some theory related to adsorption anchisoh modeling. The valuation of
important parameters such as Henry’s constant, gutgmn enthalpy and selectivity predictions

using Ideal Adsorbed Solution Theory (IAST) arespreed.

3.1 Phase Rule for Adsorption

In general, phase equilibrium indicates equalityharmal, mechanical and chemical potentials.
Adsorption is a surface phenomenon, and due tdieddi intensive variable, adsorption has one
extra degree of freedom compared to that of bulksprequilibria. The phase rule for adsorption

is thus [L90,

F=C-x+3 3.1
Where- F = number of degrees of freedom

C = number of chemical species and

x = number of phases
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3.2 Equilibrium Adsorption Isotherm

Due to additional degree of freedom, the equilitoriamount adsorbed for a pure gas on an

adsorbent is a function of two variables (pressune temperature).

N =I{P,T} 3.2

where,N is the amount adsorbe®, is the pressure ad is the temperature.

At constant temperature, the adsorbed amount is

N = I{P} 3.3

and this relationship is commonly called as an gatsm isotherm. Fugacityf)is used instead
of pressure to account for non-ideality in the ghase at high pressurd®[] and then isotherm

relationship becomes.

N = I{ f} 3.4

IUPAC has classified the adsorption isotherms aiféerent types (Figure 3.1192. Type |
represent the adsorption characteristics of miaaym adsorbent in which the molecular
diameter of the adsorbate matches exactly withptite diameter of the adsorbent. This type of
isotherms have definite saturation limit correspngdo the complete filling of the micropores.
Non-porous or macroporous adsorbents show typés dind VI isotherms whereas mesoporous
adsorbents exhibit types IV and V isotherms. Shafpesotherms itself indicate that there is
stronger gas-solid interactions for type Il anddnd weaker one for type Ill and V. Shape of
type VI suggests the multilayer formation either amplane surface or on the walls of pores

which are much larger than the molecular diameténeadsorbate molecule.
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Amount adsorbed

Relative pressure

\j

Figure 3.IJPAC classifications of adsorption isothermi93,.

3.3 Henry’s Constant

The linear relationship between fluid phase anddmsl concentrations is known as Henry’'s

law and Henry’s constant is defined as the slogé®isotherm at the limit of zero pressure.

Mathematically, Henry’s constarft, is written as Eq. 3.5.

(N
ﬁ—(gquo 3.5

The Henry's constanpy is a measure of vertical interactions betweemndddge and adsorbent.
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3.4 Models for Pure Gas Isotherms

In the following section, various adsorption isgthenodels used in this work are presented. All

of the discussion presented here is related tossxadsorption.
3.4.1 Langmuir Isotherm

The Langmuir model is based on the following assionp:

(i) Fixed number of adsorption sites

(ii) Each site can hold only one molecule

(i) All sites are equally energetic

(iv) No lateral interactions between adsorbatisorbate molecules

Based on the above assumption Langmuir equatifamrisulated as

N= N& 3.6
Nmax+ﬂ

max

where,N (mol kg*) is the excess amount adsorbithar) is the fugacityN™ (mol kg?) is the

saturation capacity (mol kg* bar') is Henry’s constant. Saturation capacity is coesid to
be independent of temperature; and the temperalapendency for Henry’'s constant is

expressed by
B=5exp(8”/T) 3.7
. . © Y
where, T is temperature in K. The two paramete@s and are related to entropy and
enthalpy of adsorption at zero loading, respedtivel
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3.4.2 Dual Site Langmuir (DSL) Isotherm

The Dual Site Langmuir (DSL) model demonstrates ékistence of two types of adsorption
sites of different energetic. Each site followsangmuir adsorption behavior. A DSL isotherm
model is given by193

N = Nlmaxlglf + szaxﬁzf 3.8
1+41  1+f,1

where,N;"® and N, (mol kg') are the saturation capacities of sites 1 an@éghactively;3;
and g, (bar') are the affinity parameters for sites 1 and 3peetively. Saturation capacities
(N, and N,"®) are considered to be independent of temperatudetize usual temperature

dependency was considered for the affinity pararadteg. 3.9).
B.= B exp(BO/T) B, = B exp(82/T) 3.9
The Henry’'s constanp) in this model can be calculated as

B=N™B +N"p, 3.10
3.4.3 Virial Isotherm

A virial isotherm is versatile as it can accommedttie heterogeneity in adsorption. Simple

virial isotherm with three parameters is expressetbliows 193:
f 2
In (Nj =bN +cN° —In(5) 13.

where, b and ¢ are second and third virial coefficients for agé@n. The temperature

dependency for these parameters is

b=p© +b(1)/-|- : c=c® +C(l)/T 3.12
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The temperature dependency fas same as that in Eq. 3.7.

Due to the nature of Eq. 3.11, the isotherm doeserbibit saturation at high pressures. Thus
extrapolation of virial equation beyond the expenal measurements is not suggested.
However, within the experimental range of tempertand pressure data, virial equation is

flexible and is also thermodynamically consistent.

In general, an adsorption isotherm is plottetllims f domain. However, for an experimental data
analysis perspective, isotherm in a virial domanf{H/N) vs N] can be extremely useful. The
intercept fIn(p)]of virial domain plot can directly be used to ahtéhe Henry's constang). In
addition, the slope of the virial domain plot refe the energetics of adsorption. Any step or
inflection in the virial domain plot indicates theterogeneity in the adsorbent. This type of

information is not easily recognizable from isothaylotted in conventional domain.
3.4.4 Langmuir-virial Isotherm

The Langmuir equation is derived for only energéiienogeneous surface which is generally
not possible in a realistic situation. On the otii@nd, flexible virial equation is versatile andhca
describe adsorption on a variety of surfaces. Hawethis equation does not account for the
saturation at high pressure, a phenomena usuadgredd for most of the cases. Thus, Langmuir
and virial models are combined in a Langmuir-vimabdel 193 (Eq. 3.13) to overcome the
limitations in either case.
In(ij=bN+cN2+|n N 3.13

N B(N™ = N)
This model correctly captures a saturation uptak&'G* at high pressure. The temperature

dependency for the Henry's constant and virial petersh, care giverby Eqg. 3.7 and Eq. 3.12.
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3.5 Enthalpy of Adsorption

Enthalpy of adsorption indirectly gives the stréngt adsorbate and adsorbent binding and thus
can be used to characterize the adsorption prepasfiany adsorbent. Enthalpy of adsorption at
zero loading dictates the regeneration condition,eikample lower adsorption enthalpy at zero

coverage will result in easier regeneration ofddsorbent. The enthalpy of adsorptiah,gscan

be readily calculated from the model parameteradsforption isotherms using the following

equation 139

3.14

where,R is universal gas constant. The enthalpy of adsmrgor each model obtaineda. Eq.

3.14 are given in Table 3.1.

Table 3.1:Enthalpy of Adsorption relevant isotherm models.

Model Enthalpy of Adsorption (Ahag9 Eg. No. | Ref.

Langmuir -R(BY) 3.15 193]

Dual-Site N R( 1(0) Nlmax'gl 1L+ B, f )2 + ,82(0) szaxﬁz L+ ﬁlf)zj 3.16 193

Langmuir N,""B,A+ B, T)* + N,""B, 1+ S, f)*

Virial “R(B% —bN - cON?) 317 | 193

Langmuir-virial | - R(8® -b®N -c®“N?) 3.17 [9g
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3.6 Spreading Pressure

Since adsorbed phase is thermodynamically two-dsimeal, pressure cannot be considered as
an intensive variable. Therefore, pressure anddtgesponding extensive variable volume are
not appropriate variables for work term in two-dma®nal adsorbed phas&9y]. A different
intensive variable known as spreading pressusedefined for the adsorbed phase to fix its state
[195. It has units of N il which is same as that of surface tension. Theesponding extensive
variable is the molar area (area of the solid pelenaf adsorbed gasd, Thus mechanical work
term for the adsorbed phase per mole of solid eacaliculated aga; this is analogous tBV in

the bulk phase. Since the amount adsorNes generally expressed for a unit mass of the
adsorbent, the area is also represented on the Isasieas specific aréaand has the units of

m? kg™. For a single component system, the Gibbs’ adorigotherm is given bylp6— 197.
- Adn+RTNdINP=0 (at constdint 3.18

From the above equation, the reduced spreadingymesg, is given by

LA

“N
=22 Zdp 3.19
d T {P

The quantityy has the unit of moles per unit mass of adsorbints also often used
synonymously withz. At P = 0, the spreading pressure is zero due to no adsor@ince the
spreading pressure cannot be measured experinyeriigll 3.19 is used to calculate its value for
a pure gas adsorption either by numerical integmatr from isotherm model. The expression for
w using various isotherm models is given below ibl&&8.2. These expressions are essential for

IAST calculation discussed in the next section.
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Table 3.2: Spreading pressure for relevant isotherm models.

Model Expression fory Eg. No. | Ref.
Langmuir N n(N™ + ) 3.20 193
Dual-Site N In(1+ B, f) + NI In(1+ B, f) 3.21 193
Langmuir

Virial N +1bN2 +ch3 3.22 97

2 3
Langmuir-virial max _ 3.23 193
%bN2 +§cN3 - Nmaxln(N—maxNj

3.7 Ideal Adsorbed Solution Theory (IAST)

A solution thermodynamic approach yields the follogvphase equilibrium relation for equality

of fugacities in the bulk and the adsorbed phases.

0 gas

yPy =xyP° 3.24

0gas
where,y; is bulk gas mole fractiorR is the pressureg is fugacity coefficient of bulk gas to

account for non-ideality is adsorbed phase mole fractionjs activity coefficient in adsorbed
phase (to account for non-ideal adsorbate mixtane) P,° is pressure at the standard state. A
convenient standard state is pure gas at the saim@etature and spreading pressure as that of

the mixture. If the adsorbate mixture is ideal B@4 simplifies to

y P:xl?o 3.25
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With this phase equilibrium relations along with egquation for total amount adsorbéd,(one

can predict binary gas adsorption equilibiia. (finding partial amount adsorbédl for a given

gas mixture of mole fractioy at T andP) [198. For example in case of binary equilibrium, the

following eight equations need to be solved.

Y, P=xP’

Y, P=xR,”
1L{N,°,R’} =0
IL{N,’,R,’} =0
I{N,", R’ ¢} =0

|4{N20’P20’¢/} =0

X +x =1
1% %
N N% N%

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

where,l; andl, are isotherm models relatidg® to P;° andN,° to P, for pure gas 1 and pure gas

2, respectively [Eqgns. 3.6, 3.8, 3.11 or 3.13hndl, are relations for spreading pressyrevia.

Eq. 3.19 as given in Table 3.2 for the respectiegl@h[Eqns. 3.26 3.23].
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CHAPTER 4

EXPERIMENTAL

This chapter presents the details and protocolsveoious experiments performed in this work.
The synthesis procedures followed for the synth@silfferent MOFs are included. Details on
the calculation methodology for converting raw eipental data into appropriate domain are

also presented. Physical properties and puritiegasgfes considered for this work are provided.

4.1 Synthesis of MOFs Studied

4.1.1 Synthesis of MIL-53(Al)

The synthesis of MIL-53(Al) was carried out undediothermal conditions using aluminium
nitrate nonahydrate (AI(N{».9H,O, aldrich), benzene 1,4-dicarboxylic acid (BDC, ritg,
dimethylformamide (DMF, Merck) and deionized wases per the procedure suggested by
Loiseau et al.41]. The molar composition of starting materials WagAl(NO3)3.9H,0) : 0.5
(BDC) : 80 (HO). The solution was placed in a Teflon lined stébclave at 493 K for 3 days
and allowed to react hydrothermally. The producs Wigered and washed with deionized water.
The resultant product consists of mixture of MILAB and unreacted BDC. For removal of
unreacted BDC199, typically 1 g of MIL-53(Al) as-synthesized wasspersed in 25 ml of
DMF and introduced in teflon lined steel autocldwe 15 h at 423 K. The product was cooled,

filtered and calcined overnight at 553 K.
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4.1.2 Synthesis of Mg/DOBDC

The synthesis of Mg/DOBDC was carried out accordimthe procedure suggested by Caskey et
al.[97]. A solid mixture of 2,5-dihydroxy terephthalicid¢0.888 g, 4.472 mmol, Sigma aldrich)
and Mg(NQ),-6H,0 (3.795 g, 14.8 mmol, Merck) was added into a A5(¥/v/v) mixture of
DMF/ethanol/water (400 mL). The suspension was cadad for about 5 minutes to make it
homogeneous. Then the suspension was then equialiybated in twenty seven 30-mL
polypropylene vials. These vials were capped tygatld kept in an oven at 398 K for 20 hours.
Samples were then cooled to room temperature feliotsy decantation of mother liquid from
the yellowish crystals. Methanol of similar quaytés that of the mother liquid (~15 mL per
vials) was added. Then suspension was collectacbldD-mL polypropylene vial. After every 12
hours, methanol was decanted and replaced with frethanol for the next two days to get as-

synthesized Mg/DOBDC crystals. These crystals wleexl and stored in vacuum.

4.1.3 Synthesis of Mn/DOBDC

Synthesis procedure of Mn/DOBDC was slightly maatififrom that reported in literatur@47).

A solid mixture of 2,5-dihydroxy terephthalic acid.888 g, 4.472 mmol, Sigma aldrich) and
Mn(NO3),-4H,0 (3.715 g, 14.8 mmol, Merck) was added into a A5 //v/v) mixture of
DMF/ethanol/water (400 mL). The suspension was catad for about 5 minutes to make it
homogeneous. Then the suspension was equally bditgd in twenty seven 30-mL
polypropylene vials. These vials were capped tygatld kept in an oven at 404 K for 24 hours.
Samples were then cooled to room temperature feliblwy decantation of the mother liquid
from the brownish crystals. Methanol of similar gtity as that of the mother liquid (~15 mL

per vials) was added. Then suspension was colleénted 500-mL polypropylene vial. After
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every 12 hours, methanol was decanted and replaitbdresh methanol for the next two days

to get as-synthesized Mn/DOBDC crystals. Thesetaiysvere dried and stored in vacuum.

4.1.4 Synthesis of Co/DOBDC

As per procedure suggested elsewh®8@ R,5-dihydroxy terephthalic acid (0.482 g, 2.468a,
Sigma aldrich), Co(Ng),-6H,0 (2.377 g, 8.67 mmol, Merck) and a 1:1:1 (v/v/vixture of
DMF—-ethanol-water (200 mL) were mixed in a 500polypropylene vial. Sonication of the
suspension was done for about 5 minutes to mdkeniibogeneous. Then vial was capped tightly
and kept in an oven at 373 K for 24 hours. Sampds when cooled to room temperature
followed by decantation of the mother liquid frommetviolet crystals. Methanol of similar
guantity as that of the mother liquid (~200 mL) veakkled. After every 12 hours, methanol was
decanted and replaced with fresh methanol for thgt iwo days to get as-synthesized

Co/DOBDC crystals. These crystals were dried aoedtin vacuum.

4.1.5 Synthesis of Ni/DOBDC

The synthesis of Ni/DOBDC was carried out as pecedure suggested by Caskey ef%l]. A
solid mixture of 2,5-dihydroxy terephthalic acid.408 g, 2.41 mmol, Sigma aldrich) and
Ni(NO3),-6H0 (2.378 g, 8.178 mmol, Merck) were added to all(¥/v/v) mixture of DMF-
ethanol-water (200 mL) in a 500 ml polypropylerma.vSonication of the suspension was done
for about 5 minutes to make it homogeneous. Thahwas capped tightly and kept in an oven at
373 K for 24 hours. Sample was then cooled to re@mperature followed by decantation of
mother liquid from the light greenish crystals. Kol of similar quantity as that of the mother
liquid (~200 mL) was added. After every 12 hourgtimanol was decanted and replaced with
fresh methanol for two days to get as-synthesiz&@d®BDC crystals. These crystals were dried

and stored in vacuum.
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4.1.6 Synthesis of Ni/DABCO

Ni/DABCO was synthesized as per procedure suggdsyedrstad et al. 15]. A mixture of
Ni(NO3),.6H,O (3 mmol, Merck), benzene-1,4-dicarboxylic acid i@@mol, Merck), 1,4-
diazabicyclo (2,2,2) octane (2.49 mmol, Alfa Aesamgd DMF (60 cy Merck) was taken in a
conical flask at room temperature and stirred ogsly until it is well dissolved for about 20
minutes. This mixture was then transferred intceffon lined autoclave. The autoclave was
heated to 383 K and held for 24 hours. Then it gzaded to room temperature; the solid product
was filtered and washed thoroughly with DMF followsddrying at ambient temperature (290 —

303 K) under vacuum. The dried material was transfeinto a vacuum desiccator for storage.
4.1.7 Synthesis of Cu/DABCO

The synthesis procedure for Cu/DABCO was similartitat of Ni/DABCO but with minor
changes. A mixture of Cu(N{.3H,O (3 mmol, Merck), benzene-1,4-dicarboxylic acid (3
mmol, Merck), 1,4-diazabicyclo (2,2,2) octane (2#@nol, Alfa Aesar) and DMF (60 cin
Merck) was taken in a conical flask at room tempeeand stirred rigorously until it is well
dissolved for about 20 minutes. This mixture waentkransferred into a teflon lined autoclave.
The autoclave was heated to 393 K and held for d8rdh Then it was cooled to room
temperature; the solid product was filtered and edshoroughly with DMF followed by drying
at ambient temperature (290-303 K) under vacuune. difted material was transferred into a

vacuum desiccator for storage.
4.1.8 Synthesis of Zn/DABCO

The procedure suggested by Dybtsev et&4] yvas followed for the synthesis of Zn/DABCO
compound. A mixture of Zn(Ng),.6H,O (1.61 g, Merck), benzene-1,4-dicarboxylic acidB{0

g, Merck), 1,4-diazabicyclo (2,2,2) octane (0.28gros) and DMF (60 cfiy Merck) was taken
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in a conical flask at room temperature and stirrgdrously until it is well dissolved for about 20
minutes. This mixture was then transferred intceffon lined autoclave. The autoclave was
heated to 393 K and this temperature was maintdimed8 hours. The product recovery and

storage steps were similar to those of Ni/DABCO @udDABCO.

4.2 Characterization of MOFs Synthesized
The following instruments were used to characteheeMOFs synthesized in this work.

In this work, Mettler TOLEDO, thermogravimetric dyeer (model no. TGA/SDTA 85) was
used to perform Thermogravimetric analysis (TGA)tlié synthesized samples. An alumina
crucible was used as sample holder during all exyggrts. About 10 mg of the adsorbent sample
was used for the analysis. All experiments wereedonder an inert atmosphere;(fow of
about 40 cthmin) with a heating rate range of-510 K min*. Based on the TGA profile of
sample, its out-gassing temperature was determihethg subsequent surface area / pore

volume analysis and isotherm measurement.

Surface area and pore volume were measured innBaciCoulter SA 3100 analyzer by
performing N physisorption study at 77 K. The samples weregassed under vacuum at high
temperature prior to Nadsorption. The specific surface area was caledlay using the BET

(BrunauerEmmett-Teller) model and relative pressure (§/Range of 0.05-0.2 was used in its

calculation. The pore volume was calculated atadatermined relative pressure (§}/éf 0.98.

Powder X-ray diraction (XRD) patterns of all samples synthesizethis work were measured
on a Bruker A8 advance instrument operating at\@kd 40 mA using Cu & (A =1.5406 A)

radiation.
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4.3 Experimental System Used for Adsorption Measuraents

The experimental setup used for gas adsorption umement consists of a Rubothéffn

Magnetic Suspension balance. The balance was cmuhéa the gas cylinders through the
networks of stainless tubes as shown in Figure Mlass flow controllers, temperature
transducers and pressure transducers were inctedoed appropriate locations. Pneumatic

valves were used for the ease of experimentation.

Gas 1
N2
N1 H2 N3
Helium HI H3 Gas 2
Heltun S nrc —< 9 pkte
MSB 20000 P3
p— torr
F1 H4 M2
[ | M3 5 /000

* _ED—N torr P2

Sinker——): I |

Bucket —> . . XHS
F2 N4 Hé6
35Q0 P4
ﬁ psi
Tank | D<Iﬁ ¥
M0 18X gy M =

N torr Pl

H13

Vacuum < M

=
(\S]

> Vent

X

Figure 4.1: Schematic of gravimetric adsorption measuremeitused in this work.
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Nomenclature

MSB # Magnetic Suspension Balance

MFC # Mass Flow Controller

H1 - H13 # Pneumatic Valves

N1, N2, N3, N4 # Needle Valves

M1, M2, M3 # Manual Swagelok Valves

P1, P2, P3, P4 # Pressure Transducers

F1 & F2 # Filters

More details on major hardware components usekisnsetup are given in Table 4.1.
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Table 4.1:List of instruments used in the gravimetric expemtal System.

Component Model Manufacturer | Range Accuracy Resolubn
3-position
Gravimetric Magnetic
_ Rubotherm 025 g +20ug 10ug
Balance suspension
balance
Mass flow Diegler 0-200 cc 2% of full g
GFC-17 J 1 ccmin
controller Aalborg min’ scale
627B11TDCAB 0-10 torr 0.001 torr
MKS 10.12%
627D18TBC1B 6100 torr 0.1 torr
Pressure Instruments of full scale
627B24TBC1B 620000 torr 1 torr
transducers
PX41CoO0- ~ | £0.5% _
Omegadyne 8500 psi lpsi
3500PSIA of full scale
Thermocouples JK Type
p yp 904
Temperature _ 0-1200°C 1°C
o Masibus of full scale
indicators
Heated and
) _ -25to
refrigerated RW-2025 G Jeio Tech " +0.05°C 0.1°C
circulator
Pfeiffer .
Vacuum pump| DUO 2.5 <6x10°torr | N/A N/A
Vacuum
High speed .
Compressor HS-WP-1 ) 0-100 psi N/A N/A
appliances

In addition to the above mentioned instruments, gahak fittings and stainless steel tubings (of

1/4" and 1/8) were used for connecting various sections irettgerimental assembly.
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4.4 Equilibrium Adsorption Measurement

At first, the adsorbent was loaded into the budkehe balance system and then the system is
hermetically sealed. Adsorbent sample of about &r gnore was used to avoid errors in
measurement. Thereafter, activation of the sample done by heating it at higher temperature
(Table Al in the Appendix A for more details) undercuum (and about 30 émin™ purge
flow of helium). Activation of the sample was ensunghen no significant reduction in its
weight occurs with time. Activated sample was cdadie the experimental temperature under
vacuum. The first measurement point on the isothemms obtained by charging the desired
adsorbate to the target pressure inside the adsorpell; sufficient time was allowed to reach
equilibrium. Usually, first few measurements weome at very low pressures (below 0.05 bar)
in order to obtain accurate Henry’'s constant. Sgipset measurements for the isotherm were
obtained by increasing the pressure in the incrémheshoses. Equilibrium adsorption was
measured at approximately 3520 points within entire pressure range to get met@ble
isotherm model parameters. After completion of@kperiment for an isotherm, the sample was
again activated at higher temperature under vacasmdescribed earlier. The excess amount
adsorbed was calculated from raw measurements bsimygancy corrections (as described in the
next section). Relations between net, excess asdlib amount adsorbed have also been
presented. However, only excess adsorption quasitiéife used/presented in whole thesis. The
impenetrable solid volume of adsorbent for buoyaooyection was obtained from helium
measurements at 293 K in the pressure range of 26 bar, using non-adsorbing helium

assumption. Steps involved in the experimentatrerebaborated in Appendix A in more detail.

4.4.1 Calculation of Amount Adsorbed
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When activated sample is equilibrated with a gas@rticular temperature and pressure, Gibbs’

amount adsorbed\) is calculated as

Mt :M - MO -'-Vbuoyancpgas 41

€q

where, Mo is true adsorbent weight including bucket weightvacuo,Meq is adsorbent plus
bucket weight at equilibriumMy and Meq can directly be obtained from the balence reading

taken during the experimenti.

M., =MP1-ZP (at equilibrium) 4.2
M, =MP1-Z2P {(n vacuo) 4.3

where,ZP is the weight measurement at zero point positMR,l is the weight measurement
when only bucket was lifted, ardP2 is the weight measurement when both bucket ariesin

were lifted.

The last term on RHS of Eq. 4.1 accounts for theybacy correction necessary to convert
“raw” experimental measurements into appropriatewam adsorbed as discussed in the Section

4.5.
Bulk Gas Properties
The bulk density was obtained from the virial equabf state

[1+4B%P
_1+
gas — RT M

2B ! 4.4

0
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where,M,, is the molar mass of the gaB, is the pressurd, is the temperatureR is the gas

gas ;

constant and™" is the gas phase second virial coefficient. Thealsemperature dependency

for B*°is taken as

BgaS:Bl'FE"‘E"'E"'E
T T T¢ T° 45

The values 0B; for the gases used in this study are tabulatdéite 4.2.

Table 4.2: Second virial coefficients for different gas@9(j.

Gas Byx10? B,x10" B3x10° B,x10%° Bsx10"’
m3kmolt| m?®kmol!K mS kmol* K3 m>kmol* K& | m®kmol?K®
He 1.400 -3.540 -5.950E-06 3.610E-13 -7.940E-15
COo, 5.440 -3.€35 -14.9€0 85.900 -139.70(
CH, 5.43¢ -2.71¢ -2.13¢ 0.92( -0.78¢
(e{0) 5.12: -1.70¢ -0.74- 0.04¢ -0.02¢
N2 4.67( -1.49¢ -0.611 0.081 -0.04¢
Ar 3.805 -1.518 -0.808 0.185 -0.110
O, 3.900 -1.554 -0.848 0.164 -0.115
CoHg 8.095 -6.171 -14.350 67.600 -97.400
CsHg 11.250 -10.000 -43.140 -18.000 -165.000

Fugacity was used instead of pressure to handle thié gas phase non-ideality at higher

pressuresi91]. It was obtained from the virial equation for thelk gas phase using
In(ij - [ Bgasp} 4.6
P RT

4.5 Different Types of Amount Adsorbed

In general, any experiments to measure adsorbedramequire a correction term (last term in
Eq. 4.1) as discussed above. In adsorption litezadeveral “types” of adsorption are defined

based on the reference state to calculate the hagyaolume or locating the so-called Gibbs
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dividing surface. The common reference states usedsorption literature are given in Figure

4.2 [196.

0
v
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Figure 4.2: (a) Equilibrium between Adsorbate and Adsorbéhj; Reference state for Absolute
Adsorption; (c) Reference state for Excess Adsorpti(); Reference state for net Adsorption

Framework 196].

Absolute Adsorption

Figure 4.2 (b) shows the reference state for abs@dsorption. The gas molecules exist in the
non-shaded “available” volume of the tank at theeaonditions (temperature and pressure) as
that in Figure 4.2 (a). Thus, the density of molesun the non-shaded region of this figure is
same as that of the bulk density in case (a). Teelexd black region is considered to be
unavailable for the gas at the reference stateittonsl The difference between the number of
gas molecules between the two cases (a) and ¢d)lexd as the absolute amount adsorbed. On a
normalized basis, the difference per unit massdsioebent is the so called specific absolute

amount adsorbed.

Excess Adsorption
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Figure 4.2 (c) (bottom left) shows the referenaestor excess adsorption. The gas molecules
exist in the non-shaded “available” volume of thak at the same conditions (temperature and
pressure) as that in Figure 4.2 (a). Thus, theitfen$ molecules in the non-shaded region
(including that inside the pores) of this Figur2 &) is same as that of the bulk density in case
(equilibrium). The shaded black region is the sieda“impenetrable solid volume” that is
unavailable for the gas. The difference betweenntimaber of gas molecules between the two
cases (a) and (c) is called as the excess amosotkadl. Thus, excess amount is equivalent to
the number of additional gas that can be accomreddat the “penetrable” region of the tank

due to adsorption. By far this is the most commardgd reference state in adsorption literature.

Net Adsorption

Figure 4.2 (d) shows the reference state for nsbrtion. The gas molecules exist in the total
volume of the tank at the same conditions (tempegaaind pressure) as that in Figure 4.2 (a).
Note that in this reference state the total volwhéhe tank is considered available to the gas
unlike in the earlier two cases. Further, the dgnsfi molecules in the tank at the reference state
is same as that of the bulk density in case (ag difference between the number of gas
molecules between the two cases (a) and (d) ieccas the net amount adsorbed. Thus, net
amount is equivalent to the number of additionad taat can be accommodated in the total
volume of the tank (as opposed to that in the pahkt volume only for case of excess) due to

adsorption.

4.5.1 Determination of Buoyancy Volume for VariouRReference States

In order to calculate the amount adsorbed baseahgrone (absolute, excess or net) reference
states, it is necessary to correct the microbalang®al with appropriate buoyancy correction

term as described in Eq. 4.1.
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The buoyancy volume for net adsorption is the bnoyaacting on the bucket alone (excluding
the sample). This is usually obtaineth Eq. 4.1, by using a convenient gas to record the
microbalance signal of the bucket only (in the albseof any sample) at several densities of the
surrounding bulk gas. In the absence of adsorkEmplke, the change in microbalance signal is
solely due to buoyancy of the bucket assemblygjeetive of the gas used) and hence LHS of
Eq. 4.1 is zero. The slope of microbalance siggalrest bulk gas density is thus directly related
to the buoyancy volume (of the bucket in this ca4gee). Argon was used as probe gas to
obtain buoyancy of the bucket for data reportedhis work. In net adsorption only bucket

experience buoyancy force therefore

Vo Voucket 4.7

uyoancy net =
In case of excess adsorption the impenetrable soligme also experiences the buoyancy force

and

v, Vit + V. 48

uyoancy excess ¥ bucket s

where \{ is the impenetrable solid volume. The buoyancyn® is calculated again from the
change in microbalance signal on the bucket andosaassembly. However, since a porous
solid sample adsorbs the probe gas, LHS of Eqgisdabn-zero unlike in the previous case when
only the bucket is used to measure the buoyanaymnel LHS of Eq. 4.1 is zero in presence of a
sample only if the sample does not adsorb the pgalseHence, helium is conventionally chosen
as a non-adsorbing probe gas to obtain impenetsalit volume (and hendé,yoyancyfor excess
adsorption). With non-adsorbing helium assumptiom LHS of Eq. 4.1 is zero; the slope of
microbalance signal against helium density is eelato the buoyancy volume for excess

adsorption.
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In case of absolute adsorption the impenetrabléd sablume as well as the pores also
experiences the buoyancy force. Thus the absolntaiat adsorbed at a given condition is the

amount of gas present in the solid adsorbent imeguthat in the “pores”.

Vb = Vbucket +Vs +Vp 4.9

uyoancy absolute —

whereV, is the pore volume of the adsorbent.

4.6 Conversion of Units

Generally “amount adsorbed” is expressed for pérkilogram of adsorbent. However, in order
to understand the effect of metal atom substitutiorthe framework, specific units are not
suitable; since the molar masses of the differestahratoms are different, the formula mass of
resultant unit cell also varies. Thus, the unitashount adsorbed” is converted from ‘mol%g

to ‘molecules unit ceft’ using.

NM,
.= 4.10
100(
where N, is amount adsorbed in molecules unit'teM is amount adsorbed in mol kg\ is
molecular weight of unit cell in g.
Amount adsorbed for per metal atoNy| can be further calculated from
N
N, =—* 4.11
n

wheren is the number of metal atoms in one unit cell.

Volumetric adsorption uptakes are also importamntpi@ctical applications in gas storage and
separation. Gravimetric uptakds)(can easily be converted to volumetric uptaités following

Eq. 4.12.
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N, = Ng, 4.12

where,N, (mol L) is volumetric amount adsorbel,is amount adsorbed in mol kgnd pc (g

cm®) is crystal density of the adsorbent.

It should be noted here that Eq. 4.12 is valid \tlih strict assumption of no void space between
two crystals or two particles of adsorbent. In rseénario, there will be always some void
fraction within the adsorbent material. Thus théuweetric uptake obtained from Eq. 4.12 is the
maximum possible uptake. In reality, the experiraiypiachieved value of volumetric uptake is

lower than that obtained through Eq. 4.12 and dépepon the packing of adsorbeihd§.
4.7 Experimental Conditions

Adsorption equilibria of various gases on sever&)ig were measured gravimetrically for a
wide range of pressures and temperatures. Thelddefaihe experimental conditions at which

adsorption measurements were performed, is giv@alie 4.3.

Table 4.3: Experimental ranges for various adsorption isethereasurements.

Adsorbent Adsorbate Temperatures (K) Pressure Rargy(bar)
CO, 293 0-26
CH, 293 0-26

MIL-53(Al) CO 293 0-26
N> 293 0-26
0O, 293 0-26
CGO, 294, 315, 352 0-30
CH, 294, 315, 352 0-50
CO 294, 315, 352 0-120

M/DOBDC ~ | N2 294, 315, 352 0-120

(M= Mg, Mn, Co, Ni) [, 294, 315, 352 0-120
CoHe 294, 315, 352 0-25
CsHs 294, 315, 352 0-7
CO, 294, 314, 350 0-—26

M/DABCO CH, 294, 314, 350 0-—26

(M = Ni, Cu, Zn) CO 294, 314, 350 0-26
N> 294, 314, 350 0-26
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4.8 Purity of Gases

The purity of all the gases used in this work wasranthan 99%. No further purification of

purchased gas was done. Purity detail of the siugises is provided in Table 4.4.

Table 4.4:Details of gases used in this study.

Gas

Supplier

Minimum Percentage Purity

(Approximately)
He 99.995
C
CN:OZ Assam Air Products ggéc
2 I
O, 99.¢
Ar BOC India Limitec 99.99¢
CO 99.9¢
CH, 99.9¢
CoHe . o . 99.5
CaHs Vadilal Gases Limited, India 995
n-C4H1g 99.5
i-CaH1c 99.5

4.9 Physical Properties of Gases Used

Physical properties of the gases used in this \aoekgiven in Table 4.59.p3.

Table 4.5:Physical properties of gases used in this study.

Gas Molecular Kinetic Polarizability | Dipole Quadrupole
Weight Diameter Moment Moment
(g mo™) (A) (x1C*cm’) (x1C%®estcm) | (x1C*Cm?)
He 4 2.58 2.06 0 0
CO, 44 3.2 26.% 0.C 14.Z
CH, 16 3.8 26 0.C 0.C
Co 28 3.7¢ 19.5 0.117 2.5
N2 28 3.64 17.€ 0.C 1.52
Ar 40 3.4 16.6 0.0 0.0
O, 32 3.5 16 0.0 1.3
CoHs 30 4.4 44.7 0.0 0.65
CsHs 44 4.3 62.9 0.0 4.0
74

TH-1308_09610719




CHAPTER 5

STRUCTURAL TUNING OF FLEXIBLE MIL-53(Al) MOF

This chapter presents a systematic investigationthen effect of adsorption history on the
structural transformation of flexible MIL-53(Al) M© By choosing a suitable history, the
narrow pore form of MIL-53(Al) was stabilized at2B under vacuum. This narrow pore tuned
form of MIL-53(Al) exhibited a significant increase CO, loading and selectivity compared to

un-tuned form at sub-atmospheric pressure and 293 K

5.1 Background

Approximately, 80% of the total GGemissions take place from the combustion of fdssls
such as coal, oil, and natural gas. Thus the atlaptaf cleaner energy sources instead of fossil
fuels would be ideal way to control G@missions. However, on a short term basis, it is
necessary to have efficient carbon capture fromethsting emission sources. Absorption into
aqueous amine solutions is one of the widely usmthniques to capture GOscientific
community is actively involved in search of othéteematives due to known drawbacks of the

amine absorption process such as solvent degragdataosion, high regeneration cost etc.

The development of an adsorption based process adtexnate technique for GQ@apture is
mostly driven by synthesis of novel adsorbent nmatervhich can selectively adsorb reasonable
amounts of C@ Metal organic frameworks (MOFs) are being widelyestigated for their

potential to efficiently remove of GCrom process stream8¢ — 38, 62, 67 — 69, 1p0The
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members of the MIL serie2(1], MIL-53 MOFs are among the few which are readitgble
towards moistured[l, 43 but exhibit poor adsorption uptake and selegtitar CO, [42]. These
MOFs were originally synthesized by Férey and cokers B9, 4]. In these porous materials,
connection between infinite trans-chains of M (MAE* or CP") octahedra and BDC results a
three dimensional framework with one-dimensionalmbic channels4[l]. After removal of
unreacted BDC molecules from MIL-53 (Al) structurg activating it at higher temperatures,
channel dimensions are about 8.5x8% owever, a reversible adsorption of 1 water makec
per Al atom transforms its structure frdm(large pore) domain top (narrow pore) domain of

2.6x13.6 & channel dimensiong]. More structural details of both phases of thistenial are

provided in Figure 5.1 and Table 5.1.

Figure 5.1: Crystal structure of MIL-53(Al)d) in Ip domain (samplépg) and p) in np domain

(samplenpo) (O, red; C, grey; Al, pink)41].
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Table 5.1: Structural details of MIL-53(Al) MOF41].

Chemical Formula | Unit cell parameters Cell | Crystal | Conversion factor

formula of unit| weight of| Cell Cell volume | density |for mol kg' to

cell unit cell | lengths angles molecule unit celt
(9) (A) (A3 (g cm®) | conversion

Al 4020C32H20 832.44 a=6.6085|a=90 |1411.9 | 0.979 0.832

(Ip phase) b=16.675 |B=90

90

c=12.813 |y

Al 40,0C32H20 832.44 a=19513 | a=90 |946.8 1.460 0.832
(np phase) b=7.612 =104

c=6.576 |y=90

Most of the MOF materials have rigid framework MIt-53 MOFs are among few which have
flexible structure and they exhibit structural stormation fromlp domain tonp domain and
vice versa (so called breathing phenomena) upoorpiiisn of certain guest molecules (like
CO,, HO etc.) B1, 42, 91, 138, 202 — 2D4y change in temperatur@d] or by applying
mechanical pressur8, 205, 20p Considerable amount of research work is pubtistre these
materials due to their fascinating breathing betradnd good stability. In their work on
coadsorption measurements of £fdd CH in MIL-53(Al), Ortiz et al. p07] state that the total
amount adsorbed depends on histow. (vhether the measurements were performed during so
called pressure or composition swipes) of the systdowever, the parent form of MIL-53

material has shown low GQ@apacity and selectivitylB].
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Attempts were made to exploit MIL-53 for adsorptseparation of gases like ¢@nd CH by
structural modification of the framework materiglydrated 70 and functionalized208
(using 2-amino terephthalate linkers) forms of MiB- have been used to enhance,CO
selectivity by transforming its structure into tim@ form [170, 208, 20P (which exhibits
negligible capacity for CiHat low pressures). The resultant materials shohigter CQ
selectivity over ChH However, compared to parent MIL-53 material, §©, adsorption
capacity of the hydrated form decreased signifiggidf7{. In case of the amine functionalized
form [20§, at sub-atmospheric pressures a marginal incréas€éO, uptake capacity was
observed, while at higher pressures the gravimaptake was actually lower than that of parent

material due to the presence of additional funeti@noups.

In this chapter, a technique is presented to tuie33(Al) structure into itsxp domain at sub-
atmospheric pressures to considerably increase @Othcapacity and selectivity. The tuning in
this work is achieved by simply changing the higtof the sample. Since functional groups and
other guest molecules are not used in this metloggolthere will be no negative effect on
gravimetric uptake capacity, or competitive adsorptof the guest molecules. Generally,
modifications (such as amine grafting or othersketdance C@uptakes at sub-atmospheric
pressures also result higher enthalpy of adsorptidrich means with increase of @Qptake,
the regeneration cost also increases. Howeverhig work using the method presented,
enhancement of CQuptake and selectivity on MIL-53(Al) will be ackied without additional

energy penalty for regeneration.
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5.2 Characterization of MIL-53(Al)

MIL-53(Al) MOF was synthesized following the proeed suggested by Férey and coworkers
[41]. After synthesis, sample was subjected to DMEttreent followed by calcination at 553 K

to remove the unreacted BDC molecul&3g.

5.2.1 Thermogravimetric Analysis (TGA)

TGA of the synthesized MIL-53(Al) is shown in Figub.2. The TGA profile obtained in this
work for MIL-53(Al) is similar to that reported ithe literature 41, 107. The initial weight loss
below 373 K is due to the removal of water from slaenple. Thereafter, the material continues
to show stable weight up to ~ 723 K. The sharpease in weight loss above 723 K is due to the
collapse of MIL 53(Al) structuree. removal of structural BDC linkers from the framewd41].
Thermal stability of this MOF (723 K) is higher thanost of the other MOFs such as
Zn/DABCO [79], CuBTC [125, MIL-101 [74], MOF-210 B8], Mg/DOBDC [97] etc. Apart
from good chemical stability, superior thermal gitgbis also an advantageous factor for MIL-

53(Al).
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Figure 5.2: Thermogram of MIL-53(Al) at a heating rate of 5 Knf under a flow of 40 cth

min™ of No.

5.2.2 X-ray Diffraction (XRD) Analysis

XRD analysis of MI-53(Al) sample was performed aféetivating it at higher temperature of
493 K. The obtained X-ray diffraction (XRD) patter(Figure 5.3) indicate a good crystallanity
for prepared MIL-53(Al) compound. These patterns similar to the XRD pattern reported by

Loisue et al.41] for large porelp) domain of MIL-53(Al).
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Intensity (a.u.)

20

Figure 5.3: X-ray diffractogram of MIL-53(Al) after high tempa&ture activation.

5.2.3 Surface Area and Pore Volume Analysis

Nitrogen physisorption at 77 K (Figure 5.4) is penied on MIL-53(Al) to calculate its surface

area and pore volume. Prior to nitrogen physisomptMIL-53(Al) sample was degassed at 493
K for 2 h. The BET surface area and pore volumeevestimated to be 1284 " and 0.64 crh

g* respectively. These values obtained in this wakk @mparable to those reported in the
literature. The detailed comparison of these reswith the existing literature is provided in the

Table 5.2.
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Figure 5.4: N, physisorption at 77 K on MIL 53(Al).e( represents adsorption branch; (o)

represents desorption branch.

Table 5.2: Surface area and pore volume of MIL-53(Al).

BET Surface area  Pore volume Ref.

(m* g*) (cm’g?)

1140 - B1]

1235 - 107]

1300 0.42 15]

1664 0.60 P10

1284 0.64 This study

* Langmuir surface area.
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The above TGA, XRD, and BET characterization resoiatched well with previous literature

reports.

5.3 CO;, Isotherms of MIL-53(Al)

Adsorption and desorption of GGt 293 K on MIL-53(Al) is shown in Figure 5.5. Beé
performing the adsorption measurement of,CMIL-53(Al) sample is activated at 493 K.
Although MIL-53(Al) is a microporous material, todtained isotherms are of type-IV with clear
steps. The similar results for G@dsorption on MIL-53(Al) have already been reparite the
literature by Bourelly et al4P] and Boutin et al.90]. The steps in the isotherms are known to
be attributed to the structural transformation d.M3(Al) or so called breathing phenomenon

[41, 42, 90

10

(o0]

»

N / mmol g*
N

N

f/ bar

Figure 5.5: CO, isotherms at 293 K on MIL-53(Al) after activating at higher
temperature of 493 K (samply). ® represents adsorption; represents desorption.

Lines are drawn as a guide to the eye.
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5.4 ldentification of Different Phases of MIL-53(Al)

XRD patterns of MIL-53(Al) sample were measured different stagesi.e. after high
temperature activation, after G@dsorption up to 1 bar, after completely desorli@ under
vacuum at 293 K and after performing &tsorption at high pressumea(> 15 bar) at 293 K on
CO, desorbed sample (Figure 5.6). The obtained patterere matched with the existing
patterns of different phases of MIL-53(Al) in theetature to identify the phase of the sample at

above stages.

v\,.—'JwL_J.L-A e (a)
% . (b)

(€)

~J_L.~.~ N (d)

20

Intensity (a.u.)
(

-

4

[

Figure 5.6: XRD patterns of § samplelpo, (b) sample aftedp—np
transformation at about 1 bar of gQc) samplenpy and (d) sample after

N, adsorption at high pressuia(> 15 bar) at 293 K on sampigo.

An initial high temperature (493 K) activation ofIM53(Al) yields thelp structure that is
retained even after the sample is cooled to therxental temperature (293 K8§, 9Q. The
obtained XRD pattern (Figure 5.6a) of MIL-53(Al) 283 K after high temperature activation

(493 K) well matched the reported XRD patterrippphase of MIL-53(Al) #1]. We call this as
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samplelpo (material in itslp structurein vacug. The CQ uptake (solid circles, Figure 5.5) for
this material are also in good agreement with dmtiex reported datadfl, 42, 90, 9Land the
predominance dfp phase is obvious initially. As the sample is exqub® CQ, the firstlp—np
transformation takes place at low pressures (B-bér) R11], followed by a saturation in GO
capacity for thenp structure at about 1 bar. The XRD pattern for ghmple at this condition
(Figure 5.6b) differs from that of sampgj® and matched with the reported XRD pattermpf
phase of MIL-53(Al) #1]. Thus majority of the sample exists in the phase at 1 bar of GO
As CGO, pressure is further increased, reverse transfamatarts at about 4.5 bar, a step in the
isotherm is observed accordingly. Finally, by af®bar the sample completely transforms into
its Ip form. During desorption, as the pressure is dsedathe sample will undergo a
transformation back into thep structure. The two hysteresis loops observed I(iWwepressure
hysteresis is prominent in inset of Figure 5.5) atabuted to the differences in the structure of

the sample during adsorption and desorption bran@tk

CO, uptake at sub-atmospheric pressures merits fagsst (of Figure 5.5). In this region, while
the adsorption branch includes tipe->np transition, during desorption the sample is cargm

to be in itsnp form. What happens when the sample is desorbedrjolow pressure (say about
0.01 mbar)? As expected, the initial weight of $henple is regained (matching well with that of
the sample Ip in vacug. However, we observed that the XRD pattern (Feghr6c) of the
sample is similar to that of th& structure reported in literaturdl]. This is to be expected
because a hysteresis loop is observed in the legspre region. While the existence of
hysteresis in low pressure region has been repefsegvhere in literatur@(], to the best of our
knowledge no attempt has been made to correlateregss with the phase of the sample (in this

case, majority of the sample will be in thp domain). As we will demonstrate, this important
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observation can be exploited to tune the adsorpti@racteristics of the material. We call this

CO, desorbed sample aample np.

5.5 Tuning of MIL-53(Al) Structure into Different P hases

From the above discussion it is clear that guest MIL-53(Al) MOF can be stabilized to i

as well amp phase at 293 K. In contrast to the earlier replonterk, tuning tonp phase in this
work is done without inclusion of any extra funci# groups or guest molecules. In brief, the
activation (or desorption of guest molecules) ghbr temperature (493 K) yields the material in
its Ip phase and adsorption of g@llowed by its complete desorption at 293 K ysaigh phase.
The necessary steps involved to tune MIL-53(Al)ointhe desired structural form are
summarized in Figure 5.7.

Activation of MIL-53(Al)
at 493 K undej vacuum

np form Ip form (Sample Ip,)

- S COyat 1bar A~
iR and 293K K KK
T R ape W Ry | o mmmmmm- S P4 P

Sl i Activation

and 293 K | Vat 493 K
M complete COZ~ i

Ip form np form (Sample np,)

Figure 5.7: Structural transformations in MIL-53(Al).
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5.6 Adsorption Characteristics of Different Phases

Adsorption and desorption branches of G€dtherm at 293 K on botp phase (samplp,) and

np phase (samplepg) of MIL-53(Al) MOF are shown in Figure 5.8.

3
b
25 | -
A—— - ,,
il A /Ot"‘;‘r
: - e
5 A
515 | ¢
=LY
~ 1 | /
i A /,/
0.5 [
0e® | | |
15 0 02 04 06 08 1
f/ bar o

Figure 5.8: (a) CO; isotherms at 293 K on different structures of MIB(AI). (b) enlarged portion
of the isotherms in the low pressure regientepresents adsorption on samfge o represents
desorption on samplio; A represents adsorption on sampia; A represents desorption on

samplenp,. Lines are drawn as a guide to the eye.

Adsorption isotherm of COon the samplap, (filled triangles, Figure 5.8) is different thamat
on sampldpo. First, in the low pressure region the uptake 6, ©n samplenpy increases as
compared to that of sampig, and almost matches desorption branch of the isotloa sample
Ipo (Figure 5.8b). At about 0.17 bar, ¢®ading capacity on sampl, (1.75 mol kg) is
significantly higher than that on samppe (0.42 mol k). The comparison is highlighted for
this pressure due to its industrial relevance e fgases, partial pressure of £® typically

between 0.12 0.20 bar). This increase in G@ading on samplapy is to be expected, sinog
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structure has larger Henry’'s constaP09. Some of the earlier works have also attempted to
exploit this feature of thep structure to enhance GQoading at low pressurel70, 208.
However, such a high enhancement in,Qftake has not been reported (possibly due to
presence of guest molecules or functional grougheir samples). In addition, since the sample
npo is already in theyp domain prior to adsorption, the filgt—np transition no longer occurs
and corresponding hysteresis below 1 bar disapfdealsl and open triangles in Figure 5.8b
overlap).np—lp transformation occurs at slightly higher presdoresamplenp, because in this
case, sample exists in itp form at the start of COadsorption resulting into a better stability of
np phase. It is also worth mentioning that the enbarent of CQ capacity is achieved without
any additional regeneration penalty, as the demorfiranches oipo or npo samples follow the

same curve (open circles and triangles in Figusb)s.

Adsorption and desorption of other industrially mn@ant gases such as,NCH,;, CO and Q are
also measured at 293 K on bdphphase (samplpo) andnp phase (samplepg) of MIL-53(Al)

MOF sample (Figures 5.9 — 5.12).
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f/ bar

Figure 5.9: N, isotherms at 293 K on different structures of MIB(AI). e represents

adsorption on samplépo; o represents desorption on samfpg; A represents
adsorption on sampl@pg; A represents desorption on sampj®. Lines are drawn as

a guide to the eye.

Adsorption and desorption isotherms of & 293 K on the samplés, andnpy have significant
differences (Figure 5.9). As reported in literat{®0, 107, structural transformation does not
occur in case of samplpo and isotherm does not exhibit hysteresis. In esttrisotherms on
samplenpo show several interesting features, &bsorption was negligible upto to a certain
pressure (ea. 1 bar), as th@p form of the sample excludes, Molecules with larger kinetic
diameter and low adsorption energi@f9. This is the lowest uptake reported fos dbh non-
hydrated and non-functionalized form of MIL-53(Ad) 293 K. At higher pressures, increase in

adsorption may be readily attributed to tipp—Ip transformation of the sample. As a result of
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this structural transformation, hysteresis is atbserved in the isotherms (which was absent
earlier in case of samplpo). After a certain pressured. 12 bar), the transformation is complete
and both the adsorption and desorption branchewxidei with that on thdp structure. The
predominance ofp phase for the sample equilibrated with Bt high pressure is further
confirmed from the XRD pattern (Figure 5.6d). Thoehavior is also observed for other
industrially important gases like GHCO and @ (Figure 5.10 — 5.12). It is interesting to note
that for all the four gases considered, tipe—Ip transformation is complete when loading is in
between 1.5 and 2 mol Rg Thus, the range of pressure at which the tramsftion occurs
seems related to the adsorption affinity of theaseg on to the sample. For example, the
transformation during CHadsorption occurs at a lower pressure comparethaboccurring
during adsorption of CO, £or N,. On the other hand, no transformation occurs exeto 25
bar when samplap, is exposed to a non-adsorbing gas like healiuno the best of our
knowledge, structural transformation of MIL-53(Alpon adsorption of gases like ¢HN,, CO

and Q at ambient temperature has not been reported so fa
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f/ bar

Figure 5.10 CH, isotherms at 293 K on different structures of MIB(AI). e

represents adsorption on samifgg o represents desorption on samjde A
represents adsorption on samplgy; A represents desorption on sampia.

Lines are drawn as a guide to the eye.
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Figure 5.11 CO isotherms at 293 K on different structures dtL{43(Al). e
represents adsorption on samigg o represents desorption on samiple A
represents adsorption on sampf®; A represents desorption on sampj®.

Lines are drawn as a guide to the eye.
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15

f/ bar

Figure 5.12 O, isotherms at 293 K on different structures of MHB(AI). e

represents adsorption on samjg o represents desorption on samige A
represents adsorption on sampla; A represents desorption on sampl®.

Lines are drawn as a guide to the eye.
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5.7 High Selectivity of CQ over CHy, N, CO and G,

Figure 5.13 highlights the usefulness of the tuned form of MIL-53 (samplenpy) for
separations. Even though MIL-53(Al) has greatebibta towards moisture, it has not gained
much attention for C®separation due to its poor capacity and selegtovitthelp structure 42,
107, 202. However now, we have removed these limitatiomsatlarge extent, by tuning the
pores intonp domain; CQ capacity at about 0.17 bar (similar to its panpiedssure in flue gas)
is significantly higher (1.75 mol K than those reported elsewhere (0-42.00 mol kg") on
any MIL-53 material (including the hydrated or ftinoalized forms) 170, 208. At the same
time, thenp form shows near zero uptake for £, CO and Q@ at pressures below 1 bar. Thus
very high CQ selectivity is achieved. Sinag phase of samplap, is retained up to 1 bar
during adsorption of all gases at 293 K, similentt in CQ selectivity will be obtained at sub-
atmospheric pressure even for multi-component @tisor of these gases. No further
experiments (with relevant gas mixtures) are neé¢de@lidate selectivity trend shown in Figure

5.13.
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f/ bar

Figure 5.13 Adsorption capacities of CQe), N, (X), CH; (A), CO @) and
O (¢) onnp structured MIL-53(Al), samplapy at 293 K. Lines are drawn as a

guide to the eye.
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5.8 Summary

It is widely believed that the structure of MIL-28) depends on its equilibrium environmerd.
temperature and partial pressure of the adsorbast gnolecules. In this chapter, we have
demonstrated that the adsorption and desorptidgarfisf the sample after the high temperature
activation also strongly influence its structurahnsformation (and hence its adsorption
properties). By choosing an approprigtgh the sample under vacuum was tuned intorghe
form which exhibits more than fourfold increasedi, capacity (from 0.42 mol kbto 1.75 mol
kg' at about 0.17 bar and 293 K) along with exceptienhiancement in its selectivity ovep,N
CHs;, CO and @ at sub-atmospheric pressures. MIL-53(Al) also bitdd structural
transformation upon adsorption 0f,N\CH,, CO and Qat 293 K in itsap form. We believe these
results demonstrate a methodology that can be ksgpldo tune flexible materials for
enhancement of adsorption capacity / selectivity sondesign separation processes based on

such adsorbents.
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CHAPTER 6

ADSORPTION CHARACTERISTICS OF COORDINATIVELY

UNSATURATED METAL SITES CONTAINING DOBDC MOFS

This chapter contains an adsorption analysis of MBDC MOFs which have coordinatively
unsaturated (cus) metal sites. An attempt is madentierstand the effect of adsorbate polarity,
polarizability, cus metal sites and different metahstituent in the framework on the adsorption

characteristics of these MOFs.

6.1 Background

In previous chapter, effect of framework flexibjliis investigated for the flexible MIL-53(Al)
MOF. A methodology was presented to tune the flexdtructure of MIL-53(Al) to enhance its
adsorption uptake and selectivity for £ the sub-atmospheric region. In next two chapter
the effect of coordinatively unsaturatémis) metal sites on the adsorption characteristichef t
MOF is investigated. While in this chapter, MOFsthwecus metal centers (M/DOBDC) are
selected; in the next chapter M/DABCO MOFs withligiigle cusmetal centers are chosen. The
effect of variation of metal constituent in therfrework is also evaluated for each category of
MOF. In addition, the effect of physical propertigfsadsorbate on adsorption characteristics is

also highlighted.
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The family of isostructural MOFs (M/DOBDC, M = MyIn, Co, Ni and Zn), known to contain
cus metal sites, has been recently reported in tieealiire $3, 96, 97, 166 — 169In these
MOFs, metal atoms (M) are coordinatively bondedhi® oxygen atoms of the carboxylate and
hydroxylate groups of the 2,5-dihydroxy terephthacid ligand (Figure 6.1). This coordination
results in occupation of five coordination posisarf metal atom by the oxygen atoms. The sixth
position is occupied by water molecule which canré®oved by thermal treatment at higher
temperature under vacuum making the metal siteaofiédwork coordinatively unsaturatelbp,
169. The structure of these MOFs is honeycomb-likéhnwarge one-dimensional pores of 11-12
A diameter 96]. Unit cell parameters and other details of M/DABErameworks are listed in

Table 6.1.

Figure 6.1: Crystal structure of (a) Mg/DOBDC16§€], (b) Co/DOBDC [L6€] and (c)

Ni/DOBDC [167] MOFs (O, red; C, grey; Mg, yellow; Co, violet; Niky blue).
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Table 6.1: Structural details of M/DOBDC MOF466- 169.

Chemical Molecular | Unit cell parameters Cell | Crystal | Conversion factor
formula of unit| weight of| Cell Cell volume | density |for mol kg' to
cell unit cell lengths angles molecule unit celt
(9) (A) (A3 (g cm®) | conversion
C7oH18054MQ1s | 2184.7 a=26.026 | a =90 |3964.7 | 0.915 2.185
b=26.026 |p=90
c=6.7587 |y=120
C72H160s:Mnyg | 2736.1 NA NA 3964.7| 1.146 | 2.736
C72H18054C018 | 2808.0 a=25885|a=90 |3949.0 | 1.180 2.808
b=25.885 | B =90
c=6.8058 |vy=120
C72H180s4Nizg | 2803.6 a=25785|a=90 |3898.3 | 1.194 2.804
b=25785 | =90
c=6.7701 |y=120

* Mg/DOBDC cell volume was used for the calcuati

M/DOBDC MOFs have been investigated for gas storage gas separation applications.
Ni/DOBDC compound of this family exhibits very gostbrage performance for methan@][
and hydrogen 147. On the other, C® uptake and selectivity at flue gas conditions on
Mg/DOBDC are better than that on other DOBDC commaisuincluding Ni/DOBDC §8, 97.
Similarly, Fe/DOBDC is reported to be one of thestb@dsorbent for €N, [14]1] and
hydrocarbon 133 separation. Earlier studies in literature repiwe effect of substitution of
various metal atoms on the adsorption charactesisif hydrogen and methane on DOBDC

series of MOFs18, 147. It was also reported that structure of DOBDC frarme® decomposes
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upon exposure to humid environment and the ratdeobmposition is comparatively higher for
Mg/DOBDC [188 compared to other M/DOBDC MOFs. These isostratiMOFs seem to be

good candidates for studying the effect of metalrasubstitution (in the framework) on the
adsorption characteristics; the presence of a laugeber ofcus metal sites will pronounce the
effect of metal atoms. It would be interesting ystematically investigate the effect of metal
atom in the framework on adsorption of several gagéh varying polarity over a wide range of

temperature and pressure conditions.

In this chapter, the adsorption properties of ,CQO, CH, N,, Ar, CHs and GHg on
M/DOBDC (M = Mg, Mn, Co, and Ni) MOFs at three teemptures (294, 315 and 352 K) and
for a wide range of pressure are presented. Dubetachange in the metal atoms and their
corresponding ionic radii (Table 6.2), the elediats interactions of theusmetal centers in the
framework with the adsorbate molecules are expettele different, thereby affecting the
adsorption characteristics. Thermodynamic propegiech as the Henry’'s constant and enthalpy
of adsorption were calculated for each MOF to hgittlthe effect of adsorbate properties and
metal atom on the adsorption at different condgidn addition, selectivities for various binary
mixtures were also calculated using Ideal Adsorpti®olution Theory (IAST) 198 to

understand the effect of metal atom in the framé&weor this important thermodynamic property.

Table 6.2:lonic radii of relevant divalent metal catiori p].

Metal Mg?* (V) MnZ* (V) Co”™ (V) Ni“* (V)

lonic radii, A 0.66 0.75 0.67 0.63
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6.2 Characterization of Frameworks Synthesized

Mg/DOBDC, Co/DOBDC and Ni/DOBDC frameworks were 8wsized following the
procedure reported in the literature as discusse&dction 4.1. The detailed description of
synthesis procedures is provided in Section 4.hceSithese materials are highly sensitive
towards moisture 43, 18§, additional care has been taken to avoid any &xm@o of the
synthesized samples in ambient environment. Théhegized samples were analyzed using

thermogravimetry, powder XRD and BET surface aredysis.
6.2.1 Thermogravimetric Analysis (TGA)

Thermograms of all the M/DOBDC samples (M = Mg, Mig and Ni) are shown in Figure 6.2.
The temperature was ramped from 298 to 873 K witheating rate of 5 K mih and the
measurements were performed under a nitrogen almaospThere are total three weight loss
steps for each sample. The first weight loss spemB77 K is relatively rapid, and corresponds
to the removal solvent (methanol) and moisture. 3éeond weight loss is due to detachment of
coordinatively bonded water molecules; thus creatiaordinatively unsaturated metal sites in
the frameworks96]. The final weight loss step corresponding todkeeomposition and collapse
of the framework varies for each sample (about ¥6Gor Co/DOBDC to ~700 K for

Mg/DOBDC).
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Figure 6.2: Thermogram of as-synthesized Mg/DOBDE&-), Mn/DOBDC (---), Co/DOBDC

(--+) and Ni/DOBDC+-) at a heating rate of 5 K mifrunder flow of N.

6.2.2 Powder X-ray Diffraction (PXRD) Analysis

Powder XRD analysis (Figure 6.3) of synthesized WBDC samples indicates very good

crystallanity for these frameworks. In additiong tbbtained results are similar to the PXRD

pattern reported in the literature for M/DOBDC caupds 471 and also confirm the

isostructural nature of the compounds.
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Figure 6.3: X-ray diffractogram of (a) Mg/DOBDC, (b) Mn/DOBD(¢) Co/DOBDC and (d)

Ni/DOBDC.

6.2.3 Surface Area and Pore Volume Analysis

The N isotherms of the M/DOBDC samples at 77 K are shawifrigure 6.4. Mg/DOBDC

exhibits the highest Nspecific loadings per unit gram (Figure 6.4a). ldger, when loadings

are converted to a unit cell basis, a significdr@nge in the trend is observed (Figure 6.4Db).
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Figure 6.4: (a) Adsorption of N on Mg/DOBDC ¢), Mn/DOBDC @), Co/DOBDC ¢) and

Ni/DOBDC (A) at 77 K; p) N2 loadings are given for per unit cell.

The N isotherms at 77 K were used to obtained surfaea @nd pore volume for the
frameworks. The surface area and pore volume dhalcompounds on are given in Table 6.3.
The surface area for Mg/DOBDC obtained in this w679 ni g') is comparable to that
obtained by Caskey et al. (1495 gi') [97]; however, it is lower than that reported by Hezm
al. (1800 mM g*) [67] and is higher than that reported by Bae et &06Inf g*) [160. Similarly,
the BET surface area obtained in this work for ottieee DOBDC frameworks are slightly
higher than that observed by other researchersVikeet al. 8 and Caskey et al9[]. The
surface area obtained in this work for Mg/DOBDC7a%f g*), Co/DOBDC (1428 rhg?) and
Ni/DOBDC (1485 M g*) are very close to the geometric surface areartegpdy Yazaydin et
al. [37] for these frameworks.€. 1639, 1508 and 1456°g™ for Mg/DOBDC, Co/DOBDC and
Ni/DOBDC, respectively). Experimental values of fage area, such a close to geometric

surface area are rarely reported in the literature.
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Table 6.3:BET surface area and pore volume of the DOBDGsaf MOFs used in this study.

Compound Surface area Pore volume

m’ g* nn uc? cm’® gt nm° uc*
Mg/DOBDC 1579 5.73 0.82 2.97
Mn/DOBDC 1304 5.92 0.69 3.15
Co/DOBDC 1428 6.66 0.71 3.30
Ni/DOBDC 1485 6.91 0.77 3.58

It is interesting to note that both the surfaceaed pore volume of unit cells vary linearly with

the 2 ionization energy of metal atom in the framewdglg(re 6.5).
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Figure 6.5: Variation of (a) surface area angb) pore volume of unit cell with" ionization

energy of metal cation in DOBDC MOFs.

6.3 Adsorption Isotherms

As DOBDC frameworks have a large numbercas metal sites, electrostatic interactions are

also expected to play a significant role on thdsaption characteristics. In order to understand

the effect of both polarizability as well as padigriadsorbates such as Ar;Hg and GHg are

also included. The low pressure adsorption datacaasfully measured to get accurate insights

TH-1308_09610719
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of Henry’s law region. All isotherms are plottedéén conventionalN vs. f] domain as well as
in virial domain [In€/N) vs. N]. A virial domain plot is useful for analyzing thew pressure

experimental data as mentioned in the Section 3.5.3
6.3.1 CQ Isotherms

The CQ isotherms of Mg/DOBDC, Mn/DOBDC, Co/DOBDC and N@BDC samples at 294,
315 and 352 K are shown in Figures 6.6 — 6.7. [jag streams come out at about ambient
pressure with C@concentration of 12 — 20% which means the, @@rtial pressure in flue gas
streams ranges from 0.12 to 0.20 bar. Thus, iessrdble to have good G@dsorption capacity
in this pressure range for an adsorbent used foovel of CQ from the flue gas streams. €O
adsorption at 0.15 bar and 294 K is 5.07 ikl on Mg/DOBDC which is significantly higher
than that on most of the MOFs and other adsortsnis as CuBTC (2.63 mol Ry[76], MIL-
101 (0.7 mol kg) [74], MOF-5 (0.1 mol kg) [37], UTSA-16 (2.1 mol kg) [160, Ni/DABCO
(0.28 mol k@) [75], MIL-53(Al) (0.4 mol kg") [75], NH.-MIL-53(Al) (0.7 mol kg [75],
MOF-177 (0.14 mol kg) [37] , MIL-47 (0.25 mol kg") [37] and Zeolite 13X (3.8 mol kY [35].
After Mg/DOBDC, NiDOBDC exhibits second highest £aptake of 3.75 mol k§followed by
Co/DOBDC (3.3 mol kg) and Mn/DOBDC (2.6 mol k§ at 0.15 bat and 294 K. Gravimetric
CO; saturation uptake at 294 K on these samples r&ngesl1.5 to 14 mol Kg it is similar to
that on other adsorbents compounds with similaiasararea and pore volume like Ni/DABCO
(14 mol kg [75], MIL-53(Al) (10.5 mol kg') [42], MIL-47 (12.5 mol k") [42] and is
significantly lower than that on MOFs with largarface area and pore volume such as MIL-
101 (22 mol kg) [74], MOF-177 (34 mol kg) [62], MOF-200 (55 mol kg) [38], MOF-205 (33

mol kg") [38], MOF-210 (53 mol kg) [39].
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Virial domain plot of CQ on Mg/DOBDC exhibit a clear inflection at ~ 8 maj” loading as
shown in Figure 6.7. This behavior is typical foheterogeneous adsorbent and usually cannot
be observed when isotherm is plotted in conventipass. f] domain. This inflection indicates
that the adsorbent is energetically heterogenemadgorption of C@on Mg/DOBDC. With the
increase in temperature, this inflection decreasd@isating the reduction in the heterogeneity to

CO, adsorption on Mg/DOBDC at the higher temperatlgetherms with such inflection cannot

be modeled by a Langmuir equation.
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Figure 6.6: CO, isotherms of DOBDC MOFs. Symbols are experimedésh at 294 K«), 315

K (m) and 352 K (A); lines are fits obtained using DSL isotherm parameters from Table 6.4.
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from Table 6.4.
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6.3.2 CO Isotherms

CO isotherms on MOFs are rarely reported althougtustrial need exists for separation of
CO,/CH,/CO gas mixturesZ13 — 214 in processes like steam reforming. To the besbwof
knowledge, CO isotherms are reported only for NBBDT [122 among all four DOBDC
frameworks and up to an atmospheric pressure oAbsorption isotherms for CO on
M/DOBDC frameworks are shown in Figures 6.8 — 63ince these frameworks adsorbed a
large amount of CO at low pressures, CO adsorpimsmeasured at very low pressures such as
0.2 mbar in order to get the adsorption charadiesisn Henry’s law region. The obtained CO
loading of ~4.7 mol kg at 0.1 bar and 294 K on CoDOBDC and NiDOBDC is Highest
known CO uptake on any adsorbent at similar camusti Thus Ni/DOBDC and Co/DOBDC
merit special attention for capturing CO from pregstreams. Even at ambient condition the CO
uptakes on M/DOBDC samples is higher than mosthefdther adsorbents such Zn/DABCO
[121], CuBTC, P9, MIL-101 [95], and NaX [L23. The virial domain plots of CO also exhibit
inflection at about 6- 7 mol kg' loading, demonstrates heterogeneity for adsorpifo80O on

M/DOBDC frameworks.
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Figure 6.8: CO isotherms of DOBDC MOFs. Symbols are experialetidta at 294 Ke), 315

K (m) and 352 K (A); lines are fits obtained using DSL isotherm parameters from Table 6.5.
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6.3.3 CH, Isotherms

CH, isotherms on M/DOBDC frameworks at 294, 315 and B5are shown in Figures 6.10 —
6.11. CH uptake at ambient condition on these frameworkgea between 1.1 to 1.3 molkg
this value is slightly higher than that on MIL-1024], Zn/DABCO [79], MIL-53(Al) and MIL-
47 [42] and is comparable to that on CuBTEH]. The difference between the uptake of Qi
M/DOBDC compounds and that on other adsorbents @@alient conditions, is not as
significant as in case of polar gases such asd>@ CO. At higher pressures, gravimetric uptake
on M/DOBDC MOFs is considerably lower than that N®TT-101 [L0Z, MOF-177 8],
MOF-210 B8] and AX-21 activated carborl()( due to lower pore volume of M/DOBDC
frameworks. In contrast to G@nd CO, virial domain plot of C{tlo not show any inflection for
the experimental pressure and temperature rangeremwvin this study. In fact, the other
relatively non-polar gases §NC,Hg, CsHg and Ar) also do not exhibit any inflection in thei

virial domain plot.
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Figure 6.10: CH, isotherms of DOBDC MOFs. Symbols are experimetidsh at 294 K«), 315
K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm parameters from

Table 6.6.
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Figure 6.11: CH, isotherms of DOBDC MOFs in virial domain. Symbal® experimental data

at 294 K @), 315 K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm

parameters from Table 6.6.
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6.3.4 N Isotherms

The N, adsorption isotherms on all the four samples weeasured up to ~ 100 bar (Figures
6.12 — 6.13). The uptake varied between 0.6 ton@o8kg™ at 294 K and 1 bar. This value is
slightly higher than that on many adsorbents si&cMHA_-53 [75], MIL-47 [37], MOF-5 [121],
MOF-177 B8], Ni/DABCO [75] and is comparable to CuBTC€{, 121; N, adsorption data at

higher pressure is rarely reported on MOFs.
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Figure 6.12: N, isotherms of DOBDC MOFs. Symbols are experimed#h at 294 Kd«), 315
K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm parameters from

Table 6.7.
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Figure 6.13: N, isotherms of DOBDC MOFs in virial domain. Symbal® experimental data at

294 K (@), 315 K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm

parameters from Table 6.7.
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6.3.5 GHg Isotherms

C,Hs isotherms of all four M/DOBDC frameworks are showrFigure 6.14- 6.15. Isotherm at
294 K for Mg/DOBDC is similar to that reported byad®et al. 132). Adsorption loading at 294

K and 1 bar on M/DOBDC frameworks (~ 6 molgs comparable to that on Fe/DOBDC
[133; however, it is higher than that on Cu-BTC2f, MOF-5 [13(, MIL-101 [131], Zeolite
13X [134 and silicalite P9]. As in case of CQ adsorption uptake at higher pressure on
M/DOBDC frameworks (~ 8 mol k§at 8.5 bar and 294 K) is lower than that on MILEEO

15.5 mol kg at 8.5 bar and 298 K)LB1] due to lower pore volume of M/DOBDC frameworks.
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Figure 6.14: C,He isotherms of DOBDC MOFs. Symbols are experimedédl at 294 K«),
315 K @) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm parameters

from Table 6.8.
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Figure 6.15: C;Hg isotherms of DOBDC MOFs in virial domain. Symbale experimental data

at 294 K @), 315 K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm

parameters from Table 6.8.
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6.3.6 GHg Isotherms

CsHg isotherms obtained for all four M/DOBDC frameworde shown in Figure 6.166.17.
The isotherms obtained in this work at 294 K foD@BDC are similar to that reported by Bae
et al. L60. Adsorption loading at 294 K and 1 bar on Mg/DOBRBnd Co/DOBDC frameworks
(~ 6.5 mol kg") are slightly higher than that on Fe/DOBDE3J; it is also higher than that on
Cu-BTC [136, MIL-53(Cr) [138, Zeolite NaX [L39 and silicalite P9]. CsHg isotherms are

saturated at a relatively lower pressure due thigis polarizability.
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Figure 6.16: C3Hg isotherms of DOBDC MOFs. Symbols are experimedédl at 294 K«),
315 K (@) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm parameters

from Table 6.9.
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Figure 6.17: C3Hg isotherms of DOBDC MOFs in virial domain. Symbale experimental data
at 294 K @), 315 K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm

parameters from Table 6.9.
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6.3.7 Ar Isotherms

Ar isotherms for all four M/DOBDC frameworks areasim in Figure 6.18- 6.19. The
adsorption uptake at 294 K and ~ 100 bar on M/DOBB@eworks is ~ 7 mol K§ this value
is significantly higher than that on Zeolite 13X§2nol kg") [127). Ar isotherms do not saturate

even at 100 bar due to its low polarizability.
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Figure 6.18: Ar isotherms of DOBDC MOFs. Symbols are experiraedata at 294 Ke(), 315
K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm parameters from

Table 6.10.
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Figure 6.19: Ar isotherms of DOBDC MOFs in virial domain. Synidare experimental data at
294 K (@), 315 K (m) and 352 K (A); lines are fits obtained using Langmuir-virial isotherm

parameters from Table 6.10.
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6.4 Isotherm Modeling

In order to model the excess adsorption isothermsous gases on M/DOBDC compounds
attempts were made to fit the experimental dataguseveral models. A Langmuir equation
could not describe the adsorption behavior of M/M@Bcompounds due to the heterogeneity of
the adsorbent surface. As in case of adsorptioatier MOFs withcus metal centersgg], the
isotherms for polar gases (¢@nd CO in this case) on the four M/DOBDC framevgork
considered in this work were well described by aldite Langmuir (DSL) model (Eqg. 3.8) with
good statistical significance. Other sites withfetént energies may also exist but they are
lumped into either of these two sites because @inegnergetically very close to one of these two
sites [/4]. For other relatively non-polar adsorbates {(CHN,, C,Hs, CsHg and Ar), DSL
equation was not required and Langmuir-virial igoth (Eq. 3.13) was sufficient to model the
experimental data. The results from the fits acdutied in Figures 6.6 — 6.19 along with the

experimental data. The model parameters are givé@alles 6.4 — 6.10.

123

TH-1308_09610719



Table 6.4: Dual site Langmuir (DSL) isotherm model parametiays CO, adsorption on

DOBDC MOFs.
Mg/DOBDC  Mn/DOBDC Co/DOBDC Ni/DOBDC
Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error’ (Std. Error, (Std. Error’ (Std. Error’
N.™ , mol kg™ 5.19 6.18 7.0C 5.3¢
(0.10) (0.33) (0.39 (0.19
N, | molkg™* 9.07 6.06 5.42 7.57
(0.10) (0.27) (0.2 (0.14
£19%10° bar* 0.132 3.520 0.964 0.322
(0.052) (0.875) (0.291) (0.095
A K 5142.6 3436.8 3901. 4477.6
(126.6) (76.9) (96.9 (95.6
£ 9%10° bart 0.239 0.323 0.248 0.805
(0.050) (0.088) (0.095 (0.162
£ K 3508.2 3385.6 3424. 3163.0
(69.5) (89.3) (131.9 (71.2

Table 6.5: Dual site Langmuir (DSL) isotherm model paramefersCO adsorption on DOBDC

MOFs.
Mg/DOBDC  Mn/DOBDC Co/DOBDC Ni/DOBDC
Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error; (Std. Error, (Std. Error (Std. Error)
N:™ , molkg™* 4.68 5.13 5.7C 5.0¢
(0.10) (0.16) (0.03 (0.09
N."®, molkg* 4.17 2.74 2.61 4.2¢
(0.10) (0.11) (0.09 (0.14
£19%10° bar* 0.169 1.431 0.02¢ 0.019
(0.032) (0.268) (0.006 (0.013
/Y K 4167.6 32475 5611.f 5932.0
(63.2) (60.5) (62.2 (224.2
£9%10°, bar' 2.502 0.987 1.10¢ 0.116
(0.434) (0.322) (0.039 (0.079
£ K 2253.7 2447 .4 2581.! 3453.2
(59.3) (106.5) (116.9 (226.9
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Table 6.6: Langmuir-virial isotherm model parameters for tdisorption on DOBDC MOFs.

Mg/DOBDC Mn/DOBDC  Co/DOBDC Ni/DOBDC

Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error; (Std. Error,  (Std. Error (Std. Error

A9%10% mol kg* bar* 1.06 5.13 1.0z 1.32
(0.03) (0.04) (0.03 (0.03

AP K 2039.2 1962.2 2127.2 2010.8
(53.4) (56.2) (67.3 (53.3

b®, mol™* kg 0.229 0.176 0.259 0.241
(0.015) (0.049) (0.056 (0.049

b®, mol* kg K -78.0 -68.2 -91.1 -78.%
(14.7) (15.8) (18.0 (14.7)

N™ molkg™ 9.33 8.07 8.52 9.1C
(0.09) (0.06) (0.05 (0.09

Table 6.7: Langmuir-virial isotherm model parameters faradisorption on DOBDC MOFs.

Mg/DOBDC  Mn/DOBDC  Co/DOBDC Ni/DOBDC
Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error, (Std. Error,  (Std. Error (Std. Error)

A9%10% mol kg* bar* 0.18 1.05 0.4C 0.2t
(0.00) (0.03) (0.02) (0.00)

AP K 2524.2 1776.9 2218.5 2371.0
(67.4) (51.6) (77.9 (104.8

b®, mol™* kg 0.199 0.393 0.405 0.066
(0.064) (0.057) (0.077 (0.097)

b®, mol* kg K -47.4 -124.3 -126.3 2.5
(20.2) (18.1) (24.7) (30.7)

N™, molkg™ 7.79 6.66 7.0¢ 7.7C
(0.05) (0.04) (0.04 (0.09
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Table 6.8: Langmuir-virial isotherm model parameters feHg adsorption on DOBDC MOFs.

Mg/DOBDC  Mn/DOBDC  Co/DOBDC Ni/DOBDC
Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error’ (Std. Error,  (Std. Error (Std. Error)
A9%10% mol kg* bar* 0.184 0.335 0.235 0.117
(0.008) (0.020) (0.018 (0.009
AP K 3298.2 3152.0 3345.2 3538.4
(115.3) (149.1) (207.7 (143.9
b®, mol™* kg -0.472 -0.189 -0.608 -0.557
(0.295) (0.377) (0.511) (0.34)
b®, mol* kg K 65.1 -56.7 64.0 95.7
(93.3) (119.8) (164.2 (107.9
¢, mol? ke? 0.109 0.102 0.170 0.128
(0.039) (0.055) (0.079) (0.047)
cP mol? kg? K -22.4 -13.5 -34.6 -25.1
(12.4) (17.6) (22.9 (15.0
N™, molkg* 8.79 7.47 7.88 7.98
(0.05) (0.03) (0.03 (0.05
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Table 6.9: Langmuir-virial isotherm model parameters faHg adsorption on DOBDC MOFs.

Mg/DOBDC Mn/DOBDC Co/DOBDC Ni/DOBDC

Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error, (Std. Error,  (Std.Error) (Std. Error’

A9%10% mol kg* bar* 0.247 1.240 0.390 0.027
(0.025) (0.174) (0.061) (0.001)

AP K 3778.3 3326.3 3804.3 4604.8
(269.6) (306.9) (397.5 (173.9

b®, mol™* kg 0.331 1.724 0.573 -0.979
(0.725) (1.012) (1.079 (0.451)

b®, mol* kg K -341.8 -882.7 -496.9 73.€
(230.5 (323.5) (341.9 (140.9

¢, mol? kg? 0.066 -0.145 0.113 0.334
(0.110) (0.183) (0.179) (0.073

¢ mol? kg K 21.3 115.8 20.4 -55.¢
(35.0) (58.3) (53.9 (22.7)

N mol kg* 7.39 6.02 6.61 6.51
(0.06) (0.04) (0.02 (0.02

Table 6.10:Langmuir-virial isotherm model parameters for Alsarption on DOBDC MOFs.

Mg/DOBDC Mn/DOBDC Co/DOBDC Ni/DOBDC

Parameters Coefficient Coefficient Coefficien Coefficient
(Std. Error, (Std. Error,  (Std. Error (Std. Error)

A9%10% mol kg* bar 1.53 2.74 1.7¢€ 1.22
(0.01) (0.03) (0.02 (0.02

AP K 1495.2 1290.2 1492.6 1587.9
(18.0) (23.9) (20.3 (35.2

b®, mor* kg 0.183 0.353 0.301 0.082
(0.019) (0.033) (0.022 (0.033

b™®, mol* kg K -67.6 -127.8 -107.9 -34.3
(6.3) (10.7) (7.2 (11.2

N™ molkg™ 8.87 7.41 7.82 8.72
(0.06) (0.10) (0.09 (0.112)
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The saturation uptakes (from the model paramété) of all gases of different frameworks are
plotted against unit cell pore volume of the fraroekg in Figure 6.20. Two interesting
observations can be made. First, the saturatioskapdn all frameworks is the highest for £O
(which has the smallest kinetic diameter) and & litwest for GHg (which has the largest
kinetic diameter). Second, the saturation uptake gien gas increases with the increase of pore
volume of the framework. For all gases, the saimaiptake is highest on Ni/DOBDC followed
by Co/DOBDC, Mn/DOBDC and Mg/DOBDC in that ordeC3Hg slightly deviates from this

order with a slightly higher saturation loading 2~ %) for Co/DOBDC compared to that of

Ni/DOBDC.
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Figure 6.2(: Variation of saturation uptake of GQu), CO (), CH, (¢), N2 (A), Ar (x), C:He

(+) and GHg (-) with pore volume for DOBDC MOFs.
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6.5 Effect of Physical Properties of the Adsorbate
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Figure 6.21: Adsorption isotherms of CQm), CO ¢#), CH, ("), N2 (&), Ar (%), CHe (+) and
CsHs (-) at 294 K on DOBDC MOFs; lines are drawn as a guadthe eye.

The excess adsorption isotherms of ,CCO, CH, N, Ar, CHs and GHg on M/DOBDC
frameworks at 294 K are shown in Figure 6.21. Hotha samples, adsorption capacity aHg

is higher than that of CHN,, Ar and GHg at low pressure, due to its polarizability andisli
guadrupole moment (Table 4.6). However, in cased@DOBDC, adsorption uptakes of G@t
lower pressure are similar to that ofHg discounting the 2.4 fold difference between their
polarizability values. This indicates strong elestatic interactions between g@olecules and

Mg/DOBDC framework. Similarly in case of Co/DOBD@d Ni/DOBDC, low pressure CO
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isotherms are comparable tosHg even though there is ~ 4 fold difference betweka t
polarizability of these gases. The reasons belhisdetxceptional uptake for GOn Mg/DOBDC
and CO on Co/DOBDC and Ni/DOBDC will be discussatil. On the other hand, low pressure
uptake of GHg is significantly higher than that of G@r CO on Mn/DOBDC. This indicates
that the strength of electrostatic interactionsMeen CQ (or CO) and Mn/DOBDC framework
are weaker than those on other frameworks. Carbonoride which has a dipole moment
exhibits high loading initially (in the low pressuregion) compared to that of @Hue to strong
electrostatic interactions between polar CO moksuand cus metal centers of DOBDC
frameworks. However, once these unsaturated metalers are occupied by the adsorbate
molecules, dispersion interactions dominate, rasyin preferential adsorption of GHwhich
has higher polarizability) over CO. Although,Hg is relatively non-polar, its adsorption
capacity on Mg/DOBDC and Mn/DOBDC is higher thaattbn CO, due to its significantly high
polarizability. The lowest adsorption capacity af@ha all samples can be readily attributed to its
low polarizability and non-polar nature. Isotherofsall adsorbates (except Ar) on M/DOBDC
frameworks saturate within the experimental pressange, in contrast to isotherms of these
gases on a large pore size MOF like MIL-19H[ This difference in adsorption characteristics
of M/DOBDC and MIL-101 MOF in the high pressure icgis a result of better affinity (due to
cus metal centers) and smaller pore volume of M/DOBB3@&turation loading of C£(12.2 -
14.2 mol kg") is significantly higher than that of the othersga due to its smaller kinetic
diameter. However, when compared to other adsasheith large pore volumes such as MIL-
101 P5], CuBTC P5], IRMOF-1 [62], IRMOF-3 [62], UMCM-1 [215 and MOF-177 2], the

gravimetric saturation loading for GoOn M/DOBDC frameworks is significantly lower.
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6.5.1 On Henry’s Constants and Adsorption Enthalpy

The Henry’'s constan{f] at 294 K andhe adsorption enthalpy at zero coveragth{sso of
gases studied on M/DOBDC MOFs are shown in Fig@r22 — 6.25. Both these quantities were
obtained from the isotherm model parameters (Taldlgs — 6.10). These plots help in
understanding the effect of polarity and polariigbon the adsorbate-adsorbent interactions.
Both £ and -4h,4s o vary almost linearly with polarizability for relaely non-polar Ar, CH,
C,Hs and GHs gases; this behavior is similar to that for slitea[99], and MIL-101 [74].
However, for polar gases (GOCO, N), higher values off and -4hagso are observed,
highlighting the role of electrostatic interactioms the adsorption for these gases. The deviation
from the trend for polar gases is larger in casRIdOBDC frameworks than that for MIL-101
[95], indicating that the electrostatic interactioresvizeen polar gases and ttigs metal sites is

more pronounced in M/DOBDC frameworks.

6 R on 45 b
a C 3 1g A
5 K / 40 | \
A C3H8
o 4 3L L, co
8 co = 30 '\ A
— 3 [ o L
o \‘ E co
5 27 y=0.1281x - 3.3473 2 25 F
= R2 = 0.994 ~,
Z 1w g2+ / y = 0.4238x + 6.1455
= 2\ < N s R2=0.9663
Z 0 N R T
1 CH 10 AN CH
A 4 2
\
_2 1 Ar 1 1 1 5 |Ar | | 1
10 20 30 40 50 60 10 20 30 50 60

Polarizability / 1025 cmd)

Figure 6.22: Variation of @) Henry's constant at 294 K ank) (enthalpy of adsorption at zero

occupancy with polarizability of the adsorbate Kbg/DOBDC adsorbent; linear trend lines for

non-polar adsorbates are also shown.
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Henry's constant for COat 294 K on the Mg/DOBDC MOF is higher than thatroost of the
other adsorbents such as CuBTI5,[ 216, MIL-53(Al) [42], MIL-101 [74, 94, IRMOF-1,
IRMOF-3 [93], MOF-177, silicalite 99, NaX [139, H-mordenite 217] and ZIF-8 B7].
However, Henry’'s constant for Gt 294 K on M/DOBDC compounds is comparable td dma
MOFs such as CuBTQLq and MIL-101 [74, 94. In addition, to the best of our knowledge,
the Henry’s constant obtained for CO on Ni/DOBD@pée is the highest reported so far (547.2
mol kg* bar' at 294 K). The reasons for such behavior are dii in the next section.
Similarly, Henry’s constant for Non DOBDC sample is also higher than most of tiheosolid
adsorbents; however, the difference between Herggisstant of DOBDC MOFs and other

adsorbents for Nis not as pronounced as that for polar gasesau €0 or CO.

Enthalpy of adsorption at zero loadinglf.gs9 of CO, on the studied M/DOBDC frameworks
(~28 — 42 kJ mal) are higher than that on MOF-177 (~15 kJ ™dB8]. -4hagso of CO, on
Mg/DOBDC (~42 kJ mat) obtained in this work is similar to that reportedearlier literature

[68]. It is also interesting to note that enthalpyadBorption at zero coveragelifagsg for CO,
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on Mn/DOBDC (28 kJ md)) is considerably lower than that on isostructivigf DOBDC (42 kJ
mol™) indicating smaller energy penalty for regeneratibut at the same time loading is also
significantly lower (2.6 mol kg on Mn/DOBDC as opposed to 4.8®l kg* on Mg/DOBDC at
0.15 bar and 294 K). On the other hand, at abaeitsdtme conditions, a saturated metal site
containing MOF like Ni/DABCO has a loading of 0.2®l kg* and enthalpy of ~20 kJ mbl
Enthalpy of adsorption at zero coverdg¢h,gsg of CO on Ni/DOBDC (~50 kJ md) is higher
than that on most of the other MOFs such as MIL-¢815 kJ mof) [95] and CuBTC (~24 kJ
mol™) [95] . In case of CHN,, Ar, C;Hs and GHg adsorption on M/DOBDC sampleglihygs oIS

comparable to that on MIL-109%|, CuBTC [95].

Variation of Henry’s constant with temperature ®wn in Figure 6.26. As already mentioned,
Henry's constant for CQis larger on Mg/DOBDC at all the temperatures.DX0BDC and
Mn/DOBDC exhibit the highest Henry's constants fo® and GHg respectively at all the
temperatures. This comparison indicates that teetrelstatic interactions are least dominant in
case Mn/DOBDC and is to be expected because afrlamgic radii of MAA* (Table 6.2). In case
of Co/DOBDC, Henry's constant for CO was highertloan that for GHs at 294 and 315 K. At
352 K, Henry's constant of #ls surpassed Henry's constant of CO due to decreaasbei
electrostatic interactions betweeus metal site and CO molecules. For all four DOBDC
adsorbent considered, Henry's constant is lowestAb due to its non-polarity and low
polarizability at all the three temperature studiedthis work. With the increase in the
temperature, the decrease in Henry’s constant laf gases (C®and CO) is more pronounced
than that of non-polar gases (Ar, §HThis can easily be attributed to the reductiornthe
electrostatic interactions betweesus metal centers and polar adsorbates as temperature

increases.
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Figure 6.26: Variation of Henry's constant with temperature @€©, (), CO ¢#), CH, (¢), N
(A), Ar (%), CHg (+) and GHg (-) on DOBDC MOFs. Lines are drawn as a guide tcetres

It is easier to understand the effectcak site availability on adsorption properties by siad
the variation in adsorption enthalpy with loadifidne enthalpies of adsorption on all the four
frameworks for CQ@ CO, CH N, Ar, GHs and GHg were calculated from respective isotherm

models (Table 6.4 — 6.10). The variation with loagis shown in Figure 6.27.
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Figure 6.27: Variation of adsorption enthalpy with loading 16, (m), CO (), CH, (v), N
(A), Ar (x), CHg (+) and GHg (-) on DOBDC MOFs. Lines are drawn as a guide tcetres

In case of CQand CO, the adsorption enthalpy is initially hidgnre to electrostatic interactions
betweercusmetal centers and these gases. After certainriggdil8 molecules per unit cell or 1
molecule per metal atom) the adsorption enthalgyedeses sharply as tbesmetal centers are
progressively filled and attains a steady value.other hand, with increase in loading, a slight
increase in adsorption enthalpy is observed forNar,CH,s, C;Hg and GHg and is attributed to
the increase in lateral interactions between addgerimolecules. It should be noticed here that
the increase in adsorption enthalpy becomes marmipent as polarizability of adsorbates

increases. For example, the increase in enthalffyleading for GHg is much more pronounced

than that for Cll N, or Ar.
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6.6 Effect of Metal Cation in the Framework

Henry's constants, saturation adsorption uptakesaasorption enthalpies of different DOBDC
MOFs are compared for all the gases to investitaerole of metal cation on the adsorption

characteristics of M/DOBDC MOFs.
6.6.1 On Henry’'s Constants

Henry's constantf) is a measure of interactions between the adsorbatecules and the solid
surface. Henry’'s constants of all adsorbates &réifit temperatures for all the four frameworks
studied in this work are plotted in Figures 6.28&.28c. Several interesting features can be
observed in these figures. First, the Henry’'s cmisis relatively insensitive to the choice of
metal atom in the framework for relatively non-podmses like Clj C,Hs, CsHg, N> and Ar at

all temperatures due to negligible electrostatteractions. Second, the Henry’'s constant for
polar gases like COand CO is strongly dependent on the metal atonthéen adsorbent
framework; since the electrostatic interactions ohate in the low pressure region, differences
in these electrostatic interactions of the adserhath different metal centers result in such a
behavior. It can also be seen that the differenddanry’s constants for GQor CO) between
the four DOBDC frameworks decreases as temperanmeases because the electrostatic
interactions become weaker with the increase op&rature and the effect of metal atom in the

framework on the Henry’s constant for these gasesines less pronounced.

In general, framework containing the metal with #mallest ionic radius exhibits stronger
affinity (and hence high Henry's constant) for #msorbate molecules. However, two features
merit special attention. First, as has been distus=arlier in literature97], Mg/DOBDC

framework exhibits superior affinity for GOn the Henry’s law region due to preference of the

Mg®* in the framework for oxygen-containing ligands.c&ed, in case of CO adsorption
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Ni/DOBDC and Co/DOBDC frameworks exhibit signifitggnlarge values of Henry’'s constant
for CO (surpassing that of even £€énd GHs on these frameworks). Ni/DOBDC (547 molkg
bar' at 294 K) and Co/DOBDC (320 mol kgbar® at 294 K) exhibit considerably higher
Henry's constants than Mg/DOBDC (12 molbar® at 294 K) and Mn/DOBDC (5 mol Kg
bar! at 294 K). Thes-donation 127 of electron lone pair by CO molecules to the NdaCo

metal ions results in this exceptional affinitytbése frameworks for CO.
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Figure 6.28 Variation of Henry’'s constants #&h) 294 K, (b) 315 K and(c) 352 K with
polarizability for Mg/DOBDC (), Mn/DOBDC (@), Co/DOBDC ¢) and Ni/DOBDC (@&).
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6.6.20n Adsorption Isotherms at High Pressures

6.6.2.1 On Isotherms of Non-polar Gase$H, isotherms at 294 K on all the four adsorbent
samples are compared in Figure 6.29. Due to néfgiglectrostatic interactions betweeuns
metal sites of these frameworks and non-polag @Hlecules, the change of metal constituent in
the framework has negligible effect on the adsomptiharacteristics in the low pressure region
(ca. < 0.5 bar) (Figures. 6.29a). Thereaftea.(@bove 1 bar), loading on these frameworks are
related to their pore volumes; while the higheatiag was observed for Ni/DOBDC (which has
the highest pore volume), lowest capacity is obsrdor Mg/DOBDC (which has the lowest
pore volume. In fact, the saturation uptake capescivary almost linearly with pore volumes
(Figure 6.29b) obtained from;Nsotherm at 77 K. Isotherms for other relativebnspolar gas

(Ar, Co;Hg and N) also follow similar trends (Figures 6.30 — 6.32).
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Figure 6.29: (a) CH, isotherms at 294 K on Mg/DOBDC ), Mn/DOBDC (), Co/DOBDC §)
and Ni/DOBDC (). (b) Variation of CH saturation uptake with pore volume of DOBDC

MOFs.
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Figure 6.31 (a) C;Hg isotherms at 294 K on Mg/DOBDC ), Mn/DOBDC (@), Co/DOBDC §)
and Ni/DOBDC (A). (b) Variation of GHg saturation uptake with pore volume of DOBDC

MOFs.
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6.6.2.2 On GHg Isotherms. C3Hg isotherms at 294 K on M/DOBDC compounds are shiown
Figure 6.33. Comparison of 38g Henry's constants for M/DOBDC samples indicates th
negligible role of metal constituent in the framelwomn GHg adsorption at low pressure.
However, with increase of pressure, differenceearisetween adsorption capacity of different
frameworks and Co/DOBDC exhibits higher uptake thzat by other DOBDC frameworks at
saturation. As in case of other gases, NH&" for all the frameworks are related to their pore
volumes; however Co/DOBDC has slightly higher sation loading (~ 2.7 %) compared to that
of Ni/DOBDC. Repeated experiments confirm to thessults and we are unable to offer any
reasonable explanation for this anomaly at thigest&lolecular simulations may offer insight

into this behavior.
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Figure 6.33 (a) C3Hg isotherms at 294 K on Mg/DOBDC ), Mn/DOBDC (@), Co/DOBDC §)
and Ni/DOBDC (A). (b) Variation of GHg saturation uptake with pore volume of DOBDC

MOFs.

6.6.2.3 On CQ Isotherms. CO; isotherms at 294 K on M/DOBDC MOFs are shown iguiré
6.34a. The CQuptake capacities for these frameworks behaverdiftly in two regions. As
already discussed, in the Henry’s law region the, GQiakes follow the order Mg/DOBDC >
Ni/DOBDC > CoDOBDC > Mn/DOBDC. As the pressure re@ses, the metal centers are
progressively filled; at a loading of ~1 molecuker pnetal atom (18 molecules per unit celis
metal centers are saturated and hence the roletal atom should be negligible. Accordingly in
this region (highlighted region in Figure 6.34d)e tdifference between adsorption capacity of
the four framework is negligible. As the presswsdurther increased, the pore volume of the
framework governs the adsorption capacity and ass® of non-polar gases, saturation loading

on these frameworks varies linearly with pore vadufRigure 6.34Db).
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Figure 6.34: (a) CO; isotherms at 294 K on Mg/DOBDC ), Mn/DOBDC (@), Co/DOBDC §)
and Ni/DOBDC (). (b) Variation of CQ saturation uptake with pore volume of DOBDC

MOFs.

6.6.2.4 On CO isothermsFigure 6.35 reports the CO adsorption isotherm29t K oncus
metal site containing M/DOBDC frameworks. At lowepsure ¢a. 0.01 bar), CO adsorption on
Ni/DOBDC and Co/DOBDC is considerably higher thaatton Mg/DOBDC and Co/DOBDC;
the difference of this magnitude (~100 times) carre@accounted by the slight difference in the
ionic radii of different metals; since this can atee only a small difference in electrostatic
interactions. In literature, it is reported that @®lecules donate-electron lone pair to the Ni
[127). Thus, exceptional CO adsorption uptake on Ni/M@Band Co/DOBDC is attributed to
the c-donation of electron lone pair by CO moleculesh®cus Ni and Co metal centers. The
difference between Ni/DOBDC or Co/DOBDC and theeothwo frameworks studied in this
work are significant even at pressures as highldsat (~ 2 times). Thereatfter, as thes metal
centers are occupied, electrostatic interactions vggaker and similar to other gases, CO
saturation capacities are found to be linearlyteeldo the pore volume for these frameworks

(Figure 6.35hb).
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Figure 6.35: (a) CO isotherms at 294 K on Mg/DOBDC)( Mn/DOBDC (@), Co/DOBDC §¢)

and Ni/DOBDC (A). (b) Variation of CO saturation uptake with pore vokim

The above results indicate that for non-polar ghe, metal atom in the framework plays
negligible role; however, it plays an importanterdbr polar gases like GCand CO. While
Mg/DOBDC exhibits significant high Henry’'s constdior CO,, Ni/DOBDC and Co/DOBDC
show large value of Henry’'s constant for CO duesdoonding. As thecus metal cations are
filled, the difference between four frameworks b@es negligible for even polar gases. At high
pressure pore volume of the framework governs tisomtion and is linearly related to the

saturation capacity of the gas.

6.6.3 On Enthalpy of adsorption

The effect of metal constituent in the M/DOBDC framorks on their adsorption characteristics

is further elaborated by variation of adsorptiotheipy with loading (Figures 6.36 — 6.37).
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Figure 6.36: Variation of adsorption enthalpy of)( CO, and ) CO with loading for

Mg/DOBDC (-), Mn/DOBDC (), Co/DOBDC §) and Ni/DOBDC (4 )

At low loadings the enthalpy of GGand CO varies significantly (Figure 6.36) with timetal
atom in the framework due to differences in theodoste-adsorbent electrostatic interactions for
different frameworks; thereafter, this differencanishes and the enthalpy difference between
various framewaorks is negligible. At about 1 mollegoer metal atom, C{and CO enthalpies of
all the frameworks are almost equal (due to cotepbecupation otus metal sites and hence
the effect of constituent metal in the frameworkighes). However, in case of non-polar gases
such as (Cll N, Ar, C;Hes and GHg) the enthalpy of adsorption is almost independérithe

constituent metal atom in the framework for entaege of loadings (Figure 6.37).
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6.7 Prediction of Binary Selectivity using IAST

The selectivities of various binary mixtures ar&egkated using Ideal Adsorbed Solution Theory
(IAST) [198 to understand the effect of adsorbate properdied metal constituent in the
DOBDC framework on the binary adsorption. The v&iain CQ, selectivity over CH N, and
Ar with pressure from a 20% GGOn the binary mixture at 294 K is shown in Figu&88a —
6.38c. In case of non-polar gases,,G@lectivity is higher over the gas with lower pdability
(COJ/Ar selectivity is higher than that of G@H,). At sub-atmospheric pressures £O
selectivity over Chl, Np, and Ar is considerably higher in DOBDC framewotksn that on
other adsorbents. This can be easily correlatéaetstrong electrostatic interactions betweeas
metal centers and GOnolecules. As already discussed due to exceptioredérence of Mg
for oxygen-containing ligands, GQelectivity on Mg/DOBDC is significantly higherah that
on the other DOBDC frameworks. GQ@electivity over Chl at zero pressure and 294 K on
Mg/DOBDC (250) is also significantly higher tharatton most of other MOFs like IRMOF-1
(3) [218, PCN-6 (3) R19, CuBTC (4) p19, MIL-101 (4) [220], socMOF (20) p19, Li-
IRMOF-1 (180) R21], NaX (55) [L58, Ni/DOBDC (60), Mn/DOBDC (28) and Co/DOBDC
(28). Similarly, CQ selectivity over N at zero loading (294 K) on Mg/DOBDC (288) is
significantly higher than that on most of other MOlike IRMOF-1 (4) 121, IRMOF-3 (5)
[121], CuBTC (20) 21}, MOF-177 (7) .59, Zn,(BDC),DABCO (7) [121], MFI (10) [159,
NaX (200) 159, bio-MOF-11 (100) 159, Ni/DOBDC (92), Mn/DOBDC (63) and Co/DOBDC

(54); however, it comparable to UTSA-16 (300%9.

At low pressure, C®molecules experience strong electrostatic intemastwith cus metal sites
in M/DOBDC frameworks. As these sites are progredgifilled, the electrostatic interactions
weaken resulting into a considerable decrease in $&@ctivity with pressure. However, the

magnitude of decrease in selectivity with presssirdifferent for each of the frameworks. For
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example, in case of MN/DOBDC the decrease in/8@selectivity with pressure is smaller (as
compared to that in case of Mg/DOBDC), since theetebstatic interactions of GQvith this

framework are weaker.
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Figure 6.38: Variation of CQ selectivity over &) CHs, (b) N2 and €) Ar at 294 K with pressure
on Mg/DOBDC (), Mn/DOBDC (@), Co/DOBDC ¢) and Ni/DOBDC (A). CO, mole fraction
in all binary mixtures is 20%. Symbols are calcedhvalues; lines are drawn as a guide to the

eyes.

The variation in C@selectivity over CO with pressure from a 20%G®the binary mixture at

294 K is shown in Figure 6.39. Several interestibgervations can be highlighted in this figure.
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In this case both COand CO molecules experience electrostatic intenastwith cus metal
centers of M/DOBDC frameworks and thus L£eelectivity for CQ/CO binary mixture is
considerably lower than for G{CH,;, COJ/N, and CQ/Ar binary mixtures. Moreover, GO
selectivity over CO in the Mg/DOBDC framework dasst change appreciably with pressure,
since the decrease in electrostatic interactiortairgscfor both the gases as tbes sites are
occupied. Mg/DOBDC and Mn/DOBDC frameworks are sile for CQ throughout the entire
pressure range. In fact, G®electivity at zero coverage and 294 K on Mg/DOBR2) is higher
than that on many MOFs such as Zn/DABCO (I2]] and CuBTC (7) 121, 158. But the
selectivity of CQ/CO mixture is lower than 1 at low pressures folDXdBDC and Co/DOBDC
samples, indicating that these samples are moeetsad to CO. In fact at zero loading the
CO/CQO, selectivity on these samples are as high as @t (of Henry's constants on these
samples) and the samples remain selective to CO @wdo 10 bar. However, as in the other
cases, as theus metal centers are filled with increasing presstine, CO/CQ selectivity
gradually decreases. At pressures higher than . @Hegasamples have preferential selectivity for

CO, over CO (since the saturation capacity of,@higher).
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Figure 6.39: Variation of CQ selectivity over CO at 294 K with pressure on MGEBDC (),
Mn/DOBDC (m), Co/DOBDC ¢) and Ni/DOBDC (A). CO, mole fraction is 20%. Symbols are

calculated values; lines are drawn as a guided@yes.

The DOBDC compounds are found to be selective fora®er CH and N (Figures 6.40) due to

presence of electrostatic interactions in case@f@sorption.
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Both Ni and Co containing DOBDC frameworks, exhhogher selectivity for CO over CHand
N> (Figures 6.40a — 6.40b) as compared to that bYDGDC and Mn/DOBDC. CO selectivity
over CH, obtained in this work on Ni/DOBDC at zero loadiagd 294 K is 441; this value is
much higher than that on MIL-101 (3®5 and CuBTC (~1) 11]. CO selectivity over B on
Ni/DOBDC at zero loading and 294 K is even higl@&f7). As in case of CQthe selectivity of
CO over CH and N decreases with pressure due to reduced electcostiEractions. Decrease
in CO selectivity over Mis lesser pronounced than that over,Chkcause of the quadrupole
moment of N. For Mg/DOBDC and Mn/DOBDC samples, decrease ingef@ctivity over CH
and N with pressure, is less pronounced than in caddi/&fOBDC and Co/DOBDC (which

show exceptional Henry’s constants for CO adsonptio
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The effect of temperature on g®electivity over N is shown in Figure 6.41a. GQelectivity

for a binary gas mixture (20% G@t 1 bar) decreases by ~2.4 to 3 times when thpdgture is
increased from 294 to 352 K. This decrease camddily attributed to the larger decrease in the
electrostatic interactions for GAmolecules than that for Nmolecules by the increase of
temperature. Similar behavior is also observedCiOs selectivity over Chj, Ar (Figure 6.41b —
6.41c) and for CO selectivity over GHN, (Figure 6.42a — 6.42b). On the other hand,, CO
selectivity over CO (Figure 6.41d) does not chaagpreciably since both of the gases have
considerable polarity; thus the decrease in seigctivith (increasing) temperature will be
smaller in case of a binary mixture containing fpadar species than in case of a binary mixture

containing one polar and one non-polar adsorbate.
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Figure 6.41: Effect of temperature on GQelectivity (for 20% molar composition of Gover
(& N2, (b) CHy4, (©) Arand @) CO at 1 bar total pressure for Mg/DOBD2),(Mn/DOBDC (),
Co/DOBDC ¢) and Ni/DOBDC (A). Symbols are calculated values; lines are drasva guide

to the eyes.
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6.8 Stability of Frameworks upon Exposure to Diffeent Adsorbates

For practical realization of any adsorptive sepamaprocesses, the adsorbent should be stable
upon the exposure to gas mixtures. In most of tleegsses (especially for those involving
removal of CQ from flue gas streams), moisture and oxygen ae jptesent apart from major
components such as GN,, CH, etc. Kizzie et al. 188 have already performed the stability
analysis of these M/DOBDC (M = Mg, Co, Ni, Zn) MOfes their exposure to moisture. They
observed that all of the M/DOBDC compounds arealristto moisture exposure. They reported

that Mg/DOBDC is highly unstable in humid environmheompared to all other DOBDC MOFs.

In this work, the stability of M/DOBDC (M = Mg, MrCo, Ni) MOFs was evaluated upon their
exposure to studied adsorbaitesCO,, CO, CH, N, Ar, C;Hs and GHg at 294, 315 and 352 K.

In addition, Q is also included because of its industrial releean
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First, CQ adsorption uptake was measured at 294 K and brbar freshly prepared activated
sample without exposing it to any other gases. Th#nthe high pressure adsorption
measurements reported in the preceding section€®@y CO, CH N, Ar, C;Hs and GHg at
294, 315 and 352 K were measured on the sample i¢kimg their exposure to these
adsorbents). The GQdsorption uptake was measured again at 294 KlLdat. Thereafter, the
sample was exposed to, @t 294 K and ~ 100 bar; then followed by anoth&, @dsorption
uptake measurement at 294 K and 1 bar. Theexposure was repeated at 315 and 352 K
followed by CQ adsorption uptake measurement at 294 K and ldwdr ttme. The reduction in
the measured CQuptake at 294 K and 1 bar is correlated to thecefdf QG on the framework
stability. Stability upon exposure to, @t various temperatures is evaluated to see fkeofo

temperature on framework stability during its expesto Q.

7 E——Q —
=Ht = =
— :;\ — I\ —
s IEN TE =\ |ER
e s |lE = = =
: L. BN IEL EN |E
S HE =N |E =\
z =BE =B — =8
3 I 15\ — SE\ =8
=\ = = =
: E N |E =\ IE
=N B =N\ |IE
0 = N e = P I — —::
Mg/DOBDC Mn/DOBDC Co/DOBDC Ni/DOBDC

Figure 6.43: CO, uptake at 294 K and 1 bar on freshly prepared DOBiamples (vertical
lines); after performing adsorption measurementsC@, CO, CH, N,, Ar, GHg and GHg
(horizontal lines); after exposing to @t 294 K (dots); after exposing ta@ @ 315 K (backward

slashes); after exposing te & 352 K (forward slashes).
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CO, uptake before and after adsorption measuremer@OgfCO, CH N, Ar, C;Hs and GHsg
matches exactly for all samples (Figure 6.43). Thanfirms no change in adsorption
characteristics of frameworks up on their exposarthese gases. GQptake slightly decreases
after exposure to £at 294 K indicating instability for M/DOBDC sampglé G, environment at
294 K. However, with increasing temperature of expe (to @), decrease in CQuptake
becomes more pronounced. Aftep ©xposure at 352 K, CQOuptake reduces considerably
indicating the collapse of structure. M/DOBDC framueks are reported to be unstable in the
humid [18§ and in the steam2P? environment. In addition, this work demonstratbst
M/DOBDC (M = Mg, Mn, Co, Ni) frameworks are also stable in the oxygen environment

especially at higher temperature.
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6.9 Summary

DOBDC MOFs exhibit significantly higher adsorptioptake for the polar COand CO gases
compared to that for other relatively gases suchArad,, CH, in the Henry’s region due to the
strong electrostatic interactions between polarodidge molecules andus metal centers.
However, as theus metal centers are filled, the variation of adsorptenthalpy with loading
manifests a prominent inflection at a loading odwathl molecule per metal atom in case of,CO
and 0.8 molecule per metal atom in case of CO @ptoaches to that of other relatively non-
polar gases with similar polarizability; this higtits the prominent role @lusmetal sites on the
adsorption characteristics of M/DOBDC frameworks fwolar adsorbates. The adsorption
characteristics ofusmetal sites containing DOBDC frameworks can berdtscally altered for
polar adsorbates by change of metal constituenthenframeworks. C©adsorption at low
pressures follows the order Mg/DOBDC > Ni/DOBDC »/BOBDC > Mn/DOBDC with
adsorption enthalpies ranging between 42 and 2t¢dJ. Ni and Co/DOBDC frameworks
exhibit preferential selectivity for CO over allhetr gases due to its favorable interactions with
the cus Ni and Co metal centers and also show higher atlsarenthalpy (> 46 kJ md). The
metal atom in the framework has negligible effectanlsorption loading of non-polar adsorbates
in the Henry’s region. For both polar and non-p@dsorbates, the saturation loadings correlate
well with the pore volumes of the respective framg®. M/DOBDC MOFs were found to be
stable up on exposure to @O, CH, Ny, Ar, GHg and GHs. However, exposure to @t high

temperatures significantly affects the adsorptioaracteristics of these MOFs.
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CHAPTER 7

ADSORPTION CHARACTERISTICS OF COORDINATIVELY

SATURATED METAL SITES CONTAINING M/DABCO MOFS

This chapter reports the adsorption isotherms 0L, 3CH;, CO and N at 294, 314 and 350 K
upto ~ 25 bar on saturated metal sites containifn ABCO MOFs. Similar to DOBDC MOFs,
effect of adsorbate properties and metal cationthe framework is investigated on the
adsorption characteristics of DABCO MOFs. The watko highlights the role of having cus

metal sites on the adsorption of different gases.

7.1 Background

In previous chapter, the effect of metal atom vamain the M/DOBDC MOFs on their

adsorption characteristics was studied. A significaariation is observed in the adsorption
characteristics for polar adsorbates because e#tatic interactions between adsorbate
molecules and coordinatively unsaturat@ids) metal centers of these MOFs vary with the
change of metal atom in the framework. In this ¢bgpve study the effect of metal constituent
in the framework and adsorbate physical propertiesthe adsorption characteristics of

M/DABCO MOFs.

The DABCO MOFs have negligible coordinatively unsated(cus) metal centers; hence, they

are expected to behave differently than DOBDC MO first member of DABCO MOHRse.
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Cu/DABCO was synthesized by Seki et &4][forming a paddle wheel of two copper(ll) atoms,
two benzene dicarboxylate molecules and one 1Zabiayclo[2.2.2]Joctane (DABCO)
molecule. Later, isostructural Zn/DABCO and Ni/DABGwvere synthesized by Dybtsev et al.
[55 and Arstad et al.7B], respectively. In these MOFs, DABCO molecule adsa pillar to a
two-dimensional layer of metal dicarboxylate (Figut.1). There are two distinct pore sizes (7.5
A x 7.5 A along the-axis and 4.8 A x 3.2 A alorgy andb- axes) §5, 223. The mass and the
volume of a unit cell of Zn/DABCO MOF are 9.48 x %0y and 1147.6 Arespectively $5),

which correspond to a crystal density of 0.826 4 cc

Figure 7.1: Crystal structure of Zn/DABCO MOF (O, red; C, grdy; white; N, violet; Zn,

green) b5].

All metal atoms are coordinatively saturated in MEBCO MOFs. While small pore sizes in
these MOFs are favorable for enhancement of véititeractions between the adsorbent and the

adsorbate, the absence afs metal centers results in negligible electrostatteractions 71,
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121] and hence in smaller Henry's constant and enthalpadsorption. The lower enthalpy
values are indeed beneficial for easier regenerati@n adsorption process. Some of the earlier
studies for gas adsorption on DABCO MOFs are abkdlan the literature. Senkovska et al.
[224 have studied ClHadsorption on Zn/DABCO framework at 303 K up tcb1yar. They
found complete reversibility for the adsorptionfoiggion branch and reported the stability of the
framework upon adsorption of GHat higher pressure. Arstad et al5| have measured GO
adsorption on Ni/DABCO at 298 K. Arstad et al5[ have also functionalized the DABCO
MOF with amine groups in order to enhance its, @ftake at sub-atmospheric pressures. Karra
et al. [L2]] have performed GCMC simulation for GGCO and N adsorption in Zn/DABCO. In
another important progress, Liang et al9][have reported C£ N, and CH adsorption on
Zn/DABCO and Ni/DABCO up to 15 bar. They obtainegcbhanged C@uptake after water
sorption at 30% relative humidity and 298 K; howe€, uptake decreased after water sorption
at 60% humidity. In comparison to other well stadMOFs such as CuBTC, MOF-5, MIL-101
etc. adsorption studies on these MOFs are limi@umprehensive investigation of adsorption
characteristics of these MOFs involving various csldates as well as a large range of
temperature and pressure will be beneficial in wstdading the adsorption behavior of MOFs
with coordinatively saturated metal centers. Wiiile earlier literature suggests the absence of
electrostatic interactions and low enthalpy val@es adsorption on these MOFs it will be
interesting to systematically investigate and compidne adsorption characteristics of these
MOFs with the coordinatively unsaturated metal siataining DOBDC MOFs studied in the
previous chapter. Effect of metal cation variationthe DABCO MOFs on the adsorption

characteristics will also be examined.
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7.2 Characterization of Frameworks Synthesized

Three M/DABCO samples (M = Ni, Cu and Zn) were &gsized as detailed in Section 4.1. The
synthesized samples are characterized by perforthiegnogravimetric and BET surface area

analyses.
7.2.1 Thermogravimetric Analysis (TGA)

The thermo-gravimetric analyses (TGA) of all thideDABCO samples are shown in Figure
7.2. The first weight loss for samples occurs betw@60 and 450 K, corresponds to the removal
of solvent DMF molecules. In between 405 and 56Qhe, mass of the sample is relatively
stable; hence during the adsorption measuremdrgsnaterials were activated at temperature
between 450 and 500 K. The final weight loss smpesponding to the decomposition of the
sample and collapse of the crystal structure stditait 573 K for Cu/DABCO and Zn/DABCO

and at about 680 K for Ni/DABCO.

10C
80 | \“_

60

40 | TS

Weight Loss, %

20 -

300 500 700 900
Temperature (K)

Figure 7.2: Thermogram of Ni/DABCO-—), Cu/DABCO (----) and Zn/DABCO { — -) at a

heating rate of 5 K mihunder flow of N.
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7.2.2 Surface Area and Pore Volume Analysis

N2 physisorption isotherms at 77 K (Figure 7.3a) wased for the calculation of BET surface
area and pore volume. Prior to measurement pad$orption at 77 K, all the samples were
degassed by heating them at 453 K under vacuwmroddings at 77 K were converted into
amount adsorbed per unit cell (Figure 7.3b) to ielate the effect of formula weight of the unit
cell. The comparison of BET surface area and potarme with existing literature is listed in
Table 7.1. The obtained surface area and pore le@mthese compounds are similar to that
reported in literature earlier; slight differencetlween the results of different research groups is
common in MOF literature and is attributed to tlhesence of impurities including the solvent
molecules in these samples. The same reason isutgtt for somewhat lower surface area
exhibited by Cu/DABCO material. Even after sevetidémpts, we were unable to improve the
surface area of Cu/DABCO MOF. Indeed it is intargstto note that one other reported

literature on Cu/DABCO also lists a surface are&4fi0 nf g™.

700 18
600 g 16 ,
8 —~ AAAAAAAAAAAAAAAAA EE 14 AAAAAAAAAAAAAAAAAAA&M
£ & 500 S 1,
20 3 5
5 ., 400 S, 10
T T S
25 300 | S5 8
C o S 3
S ’ °3 6
S E 200 f g9
€ G <8 4
<™ 100 £
2
O 1 1 1 1 O 5 )
0 02 04 06 08 1 0 02 04 06 08 1
Relative pressure (PR,) Relative pressure (PPy)

Figure 7.3: (&) N, adsorption at 77 K on Ni/DOBDQ\J, Cu/DOBDC ¢) and Zn/DOBDC (0);
(b) N2 loadings per unit cell.

162

TH-1308_09610719



Table 7.1: Surface area and pore volume of Ni/DABCO, Cu/DAB&t@ Zn/DABCO MOFs.

Surface Pore Reference
Compound area volume

m’g®  nnfuct cm®g?  nm’uct
Ni/DABCO 1904 1.76 0.98 0.91 this work

1705 - 0.82 - 19

1925 - 0.74 - 15]
Cu/DABCO 1415 1.33 0.72 0.68 this work

1400 - 0.71 - 8Q]
Zn/DABCO 1863 1.77 0.67 0.64 this work

1450 = = = b5

1725 3 0.85 - 19

7.3 Adsorption Isotherms

In order to evaluate the role of both electrostaind dispersion interactions on adsorption
characteristics of M/DABCO MOFs, the adsorption smeament of four gases (GQCH,, CO

and N) with varying polarity and polarizability were ff@ermed on these MOFs.

7.3.1 CQ Isotherms

Adsorption isotherms of C{bn all samples at 294, 314 and 350 K are shovkigare 7.4. All
isotherms exhibit type-lI shape which is to be eig@dcas M/DABCO adsorbents are
microporous in nature. GQoading on Ni/DABCO measured in this work is stighigher than
that reported by Liang et al79] and comparable to that reported by Arstad e{d]. CO,
capacities obtained on Zn/DABCO at ambient tempeeaare slightly lower than that reported
by Karra et al. 121] and comparable to that reported by Liang et78].[In addition, to the best

of our knowledge C®isotherms on Cu/DABCO are measured first timenia work.
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Figure 7.4. Isotherms of C@on DABCO MOFs. Symbols: experimental data at 29 K 314
K (m) and 350 K &); lines are fits using Langmuir-virial isothermrameters from Table 7.2.

CO; loading at 294 K and 0.1 bar on DABCO compoundsnily ~ 0.2 mol kg; this adsorption
uptake is significantly lower than that on previgustudied DOBDC compounds (2-14.7 mol
kg?). However, at 25 bar, loading on DABCO MOFs (114 mol kg') is similar to that on
DOBDC frameworks. C®loading on DABCO MOFs at about ambient conditi¢ghgl — 2.2
mol kg?) is higher than that on IRMOF-1 (0.98 mol'§gThough both DABCO MOFs as well
as IRMOF-1 do not have open metal sites, smallee peameter for DABCO MOFs (~7.6 A)
compared to that for IRMOF-1 (~14.5 A) results ibgiter adsorption uptake on DABCO MOFs

at lower pressure. GQoading on Ni/DABCO (2.2 mol k§ and Zn/DABCO (2.13 mol kY at
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about ambient conditions is also higher than tmatRMOF-3 (1.4 mol kg), MOF-177 (1.1 mol
kg, ZIF-8 (1.3 mol kd) [37], MIL-47 (1.5 mol kg") [42]; it is comparable to that on AC
(Norit R1) (2.2 mol k&) [128, H-mordenite (2.2 mol K§ [217], Na-ZSM-5 (1.9 mol kg at
0.72 bar) 2] and silicalite (2.3 mol kg) [99]. The loading on these DABCO MOFs for g6t
ambient conditions is lower than that on MOFs cioiig open metal sites (such as CuBTC (5.5
mol kg') [76], MIL-101 (2.5 mol kg [74] and MgDOBDC (7.8 mol kg) [97]). While the
loading in the low pressure region is lower for I@BCO MOFs compared to that of CuBTC
[99], as the pores are gradually filled this differertecreases since pore volume of these MOFs
are comparable. On the other hand, the pore volafmL-101 [95] is considerably higher and

hence it exhibits a higher saturation capacity thaBCO MOFs (Figure 7.5).

CO; loading on Cu/DABCO is somewhat lower than that MWDABCO and Zn/DABCO
throughout the entire measurement conditions dugntaller surface area. Nevertheless, as in
case of Ni/DABCO and Zn/DABCO, Cu/DABCO also hast&eCG adsorption capacity (1.4

mol kg') at ambient condition than MOFs like IRMOF&7], MOF-177 B7), ZIF-8 [37] etc.
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Figure 7.5: Comparision of C@isotherms on Ni/DABCO 4), Cu/DABCO ), Zn/DABCO

(m), at 294 K, CuBTC«) [95] and MIL-101 () [95], at 295 K.

7.3.2 CH, Isotherms

Figure 7.6 shows adsorption of €ldn DABCO MOFs at three different temperatures.iis
case of CQ isotherms are of type-l. GHadsorption capacities, measured in this work on
Zn/DABCO are similar to that reported by Liang &t[&@9]; however in case of Ni/DABCO,
slightly higher adsorption capacities are obtaiirethis work. In contrast to COCH, loading

on DABCO MOFs are comparable to that on DOBDC M@dtadied in the previous chapter)
over the entire range of pressure and temperaNifPABCO and Zn/DABCO show higher
saturation gravimetric capacity (~11 mol'k@btained from model parameter) for £ 294 K
than zeolites like 13X (2.9 mol Ky [35], 4A (1.5 mol kg') and 5A (2.9 mol kg) [225. But
saturation gravimetric capacities on these MOFsaaver than that on MOF-200 (8.17 mol g
[38], MOF-205 (10.77 mol kg) [38], MOF-210 (9.36 mol kg) [38], MIL-101 (7.1 mol kg")
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[74, 94 and activated carbon (AX-21) (11.59 mol§d100 due to the smaller pore volume of
DABCO MOFs. On the other hand, volumetric saturatiptake of Ci on Zn/DABCO MOFs
(~9 mol LY is substantially higher than that on MOFs wittg&void fraction such as MOF-200
(1.8 mol L) [38], MOF-205 (4.08 mol ) [38], MOF-210 (2.4 mol [}) [38], MIL-101 (3.2 mol

LY [74, 94, and activated carbons (5.7 mohL(AX-21) [100.

9
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Figure 7.6: Isotherms of Chlon DABCO MOFs. Symbols: experimental data at 29 K 314
K (m) and 350 K @&); lines are fits using Langmuir-virial isothermrapmeters from Table 7.3.

167

TH-1308_09610719



7.3.3 COlsotherms

Adsorption isotherms of CO on DABCO MOFs at alleatemperatures studied are shown in
Figure 7.7. These isotherms do not reach thea&inruptake capacity within the experimental
pressure range. The adsorption capacities measutkid work for CO on Zn/DABCO at 294 K
are slightly lower than those reported by Karraakt[121]. CO adsorption isotherms for
Ni/DABCO and Cu/DABCO are not reported in the lgtrre to the best of our knowledge.
Similar to CQ, adsorption uptake of CO on DABCO samples is suthstlly lower compared to
that on DOBDC samples; this trend continues and ewe5 bar loading on DABCO samples is
lower. CO adsorption uptake at 294 K and 1 bar BBABCO and Zn/DABCO (0.25 mol k3

is comparable to uptake on silicalite (0.27 mol'k§124, IRMOF-1 (~0.2 mol kg) [121],
IRMOF-3 (~0.25 mol k@) [121]; however it is substantially lower than that oeclite 5A (~1
mol kg%) [226, CuBTC (1.43 mol kg) and MIL-101 (0.89 mol Kg) [95]. Adsorption uptakes
of CO on DABCO MOFs at high pressuma(25 bar) and 294 K temperature (~4 mof-kgre
comparable to IRMOF-1 (~4 mol Ry [121], IRMOF-3 (~4 mol kg) [121] and MIL-101 (~4
mol kg') [95] but these uptakes are lower compared to correspgruptakes on M/DOBDC

(~7 mol kg") [227 and Cu-BTC (~8 mol k) [95].
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Figure 7.7: Isotherms of CO on DABCO MOFs. Symbols: experiraedata at 294 Ke), 314
K (m) and 350 K &); lines are fits using Langmuir-virial isothermrapmeters from Table 7.4.
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7.3.4 N Isotherms

N, isotherms of DABCO MOFs are shown in Figure 7A& in case of CO, the isotherms fos N
do not reach their corresponding saturation cajgacwithin the experimental pressure range.
The capacities obtained in this work fof dh Zn/DABCO at 294 K are slightly lower than those
reported by Karra et al1R1]. On the other hand, J\tapacities on Ni/DABCO are slightly higher
than those reported by Liang et al9] Adsorption uptake of Nis also lower for DABCO
compounds than that for DOBDC compound in the Hsnrggion; however, at 25 bar only
marginal difference exists between adsorption ggak these compounds; Mading at 294 K
and 1 bar on DABCO MOFs vary between 0.09 to 0.b#kg"; this value is comparable to that
on silicalite (~0.2 mol kd) [126, MOF-177 (0.2 mol kg) [68], and is lower than that on MIL-

53(Al) (0.3 mol kg') [107] and Zeolite 13X (~0.4 mol kY [35].
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Figure 7.8: Isotherms of Non DABCO MOFs. Symbols: experimental data at 294 K 314 K

(m) and 350 K Q); lines are fits using Langmuir-virial isothermrameters from Table 7.5.
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7.4 1sotherm Modeling

The modeling of adsorption isotherms provides dulisasight into the adsorption energetics
[74]. A simple Langmuir equation did not fit the adstion isotherms indicating the
heterogeneity which is likely to exist because e inherent nature of MOFs (with several
functional groups in their structure). So, a Langrvirial isotherm was used to model
adsorption of C@ CO and CH on these materials (Eq. 3.13). As iNotherm does not exhibit
saturation behavior within the experimental raraggy attempt to model it with Eq. 3.13 yields
statistically insignificant value for the saturatitoading N™). Hence, only a simple virial
isotherm (Eqg. 3.11) with three parameters was tgetbscribe the adsorption behavior gf N
The parameters for isotherm models of the four gasethe three DABCO MOFs studied in this

work are given in Tables 7.2 - 7.5.

Table 7.2: Langmuir-virial isotherm model parameters for G@dsorption on DABCO MOFs.

Ni/DABCO Cu/DABCQC Zn/DABCO
Parameters Coefficient Coefficient Coefficient
(Std. Error) (Std. Error; (Std. Error)
A9%10% mol kg* bar* 6.63 4.19 6.33
(0.10) (0.07) (0.09)
AP K 2320 2354 2328.5
(36) (45) (33)
b, mol* kg - 0.070 -0.212 0.020
(0.059) (0.103) (0.059)
b®, mol* kg K -29.1 10.8 - 55.4
(18.8) (33.0) (18.6)
¢, mol? kg? 0.036 0.079 0.030
(0.006) (0.014) (0.006)
cP mol? kg? K -9.2 -22.1 -7.4
(1.8) (4.4) (1.9)
N™, mol kg" 15.0 11.3 14.2
(0.1) (0.1) (0.1)
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Table 7.3: Langmuir-virial isotherm model parameters for dsorption on DABCO MOFs.

Ni/DABCO Cu/DABCQ Zn/DABCO

Parameters Coefficient Coefficient Coefficient
(Std. Error) (Std. Error, (Std.Error)

A9%10% mol kg* bar* 16.38 25.91 18.14
(0.26) (0.49) (0.35)

Y K 1743 1562 1670
(32) (37) (38)

b®, mor* kg 0.073 1.126 0.284
(0.107) (0.127) (0.061)

b®, mol* kg K -38.4 - 345.1 -107.2
(32.6) (40.7) (20.0)

¢, mol? kg? 0.050 - 0.153 -
(0.019) (0.030) -

cP mol? kg? K -14.7 41.4 -
(6.2) (9.9) -

N™, mol kg 11.6 7.2 10.7
(1.0) (0.2) (0.5)

Table 7.4: Langmuir-virial isotherm model parameters for Gf3@ption on DABCO MOFs.

Ni/DABCO Cu/DABCQ Zn/DABCO

Parameters Coefficien Coefficient Coefficient
(Std.Error) (Std. Error, (Std. Error)

A9%10% mol kg* bar* 22.32 34.5 31.58
(0.17 (0.87) (0.47)

S K 1387 1188 1296
(15) (45) (0.27)

b®, mol™* kg 0.342 1.455 0.580
(0.095 (0.487) (0.080)

b®, mor* kg K -114.4 - 382.6 -181.8
(28.3 (152.0) (28.7)

¢, mol? kg? 0.036 - 0.584 -
(0.033 (0.283) -

¢ mol? kg K -16.7 120.1 -
(10.6' (91.7) -

N™ mol kg 6.4 3.2 10.0
(0.4) (0.2) (2.1)
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Table 7.5:Virial isotherm model parameters fop &tdsorption on DABCO MOFs.

Ni/DABCO Cu/DABCO Zn/DABCO

Parameters Coefficient Coefficient Coefficient
(Std. Error; (Std. Error, (Std. Error

A9%10% mol kg* bar* 2.20 6.67 4.91
(0.10) (0.112) (0.13

Y K 2103 1560 180¢
(122) (39) (66)

b®, mol™* kg 0.016 0.363 -0.758
(0.651) (0.375) (0.495

b®, mol* kg K 23.6 -78.2 282.6
(200.9) (117.0) (151.8

¢, mol? kg? 0.262 0.334 0.273
(0.259) (0.256) (0.224

cP mol? kg? K -72.7 -87.4 -86.¢
(77.1) (76.9) (66.7

7.5 Effect of Physical Properties of the Adsorbate

The excess adsorption isotherms of ,COO, CH, and N on M/DABCO MOFs at 294 K are
shown in Figure 7.9. The trends of the isothernessamilar for all the three frameworks. The
adsorption capacities follow the order &QH,>CO>N, over the entire experiment range for all
samples. Lower adsorption capacities of CO,@Hd N gases compared to that of £€an
easily be attributed to the smaller polarizabiéityd bigger kinetic diameter of these gases (Table
4.6). Although CO has a permanent dipole, its guswor uptake is lower than that of GH
(which is non-polar but has higher polarizability) these MOFs; this indicates the negligible
role of electrostatic interactions between CO makes and M/DABCO frameworks due to
coordinative saturation of metal atoms in thesen&aorks. Simulation results of Karra et al.

[121] also show similar observations. However, thisdrés very different to the adsorption of
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CHsand CO on previously studied M/DOBDC MOFs with opeetal sites where electrostatic
interaction of CO with metal centers also playsraportant role. In addition, the isotherms for
CO and N (both these gases have polarizability and kirgiieneter close to one another) on all
the three MOFs almost overlap again confirming tiegligible role of the electrostatic

interactions between CO and the framework in trsogation on DABCO MOFs.
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Figure 7.9: Adsorption isotherms of C(m), CO ¢), CH, (¢) and N (A) on DABCO MOFs at

294 K; lines are drawn as a guide to the eyes.

7.5.1 On Henry’s Constants and Adsorption Enthalpy

Variation of Henry's constant of all gases with tteenperature is plotted in Figure 7.10 for

M/DABCO MOFs. This quantity is useful for understiarg the adsorbate-adsorbent interactions
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at zero loading. In these DABCO MOFs, the effecteshperature on Henry's constant of both
polar (CQ and CO) and non-polar (GHgases is almost similar. This is in contrast p@ro

metal sites containing M/DOBDC MOFs where electabstinteractions dominate.

Henry's constant for COis higher than that for other gases for DABCO M@Es to its higher
polarizability. For M/DOBDC MOFs studied in the preus chapter, the Henry's constant is
larger for CO than that for CHlue to the electrostatic interactions betweenrgo@ molecules
andcusmetal sites of these MOFs. In contrast, DABCO M@ksibit higher Henry’s constants
for CHy; this trend confirms the dominance of dispersiatieractions and the negligible role of
electrostatic interactions in adsorption on DABC@HRs&. With the increase in polarizability of

adsorbates, Henry’s constants increase.

176

TH-1308_09610719



Ni/DABCO

In (B / mol kg* bar™)
=

2.8 3 3.2 3.4 3.6
1000/T, K*

Zn/DABCO

In (3 / mol kg" bar?)
=

2.8 3 3.2 3.4 3.6
1000/T, K*

In (B / mol kg" bar")

Cu/DABCO

2.8 3 3.2 3.4
1000/T, K*

3.6

Figure 7.1C Variation of Henry’s constant with temperature @®, (m), CO (), CH, (¢) and
N2 (A) on DABCO MOFs. Lines are drawn as a guide toetym

The Henry’s constant for Gat 294 K on the DABCO MOFs is higher than thatiange pore

MOFs like IRMOF-1, IRMOF-3 93], MOF-177 B7] and ZIF-8 B7]. It is however, lower than

that on zeolites like silicalitedp], NaX [139 and H-mordenite417] and on MOFs with open

metal sites like Mg/DOBDC227], Mn/DOBDC [227, Co/DOBDC P27, Ni/DOBDC [227,

CuBTC [76, 21§, MIL-53(Al) [42] and MIL-101 [74, 94. The Henry's constant for CHat 294

K is comparable to that on silicalitéZ4. It is lower than that on CuBTQ@16¢, MIL-101 [74,

94] and activated carbon (Norit R1}38. However, DABCO MOFs show higher capacity for
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CH, than silicalite 124, zeolites like 13X 35, 4A [225 and 5A P25 due to their larger pore
volume. The Henry's constant for CO is comparablehat on silicalite 124; however it is
lower than that on Zeolite 5226, MOFs like M/DOBDC p27], CuBTC [121, 216, 7land
MIL-101 [74] which contain open metal sites. Finally, the Héhrconstant for nitrogen is
comparable to that on silicalité34, 142 and MOF-177 §8]; however, it is lower than that on
M/DOBDC [227], CuBTC B5, 93, 126, 216 zeolites like 5A 143, 228 and 13X B5, 127,

225

The variation of adsorption enthalpy Ahaq9 with loading is shown in Figure 7.11 for
M/DABCO MOFs. Since the isotherms of CO angddver a loading of only about 2 — 3 mol
kgt at 350 K, enthalpy plots for these gases arediib only 2 — 3 mol k§loading to avoid
any extrapolation of data. Adsorption enthalpyerbzcoverage (4h.qs9 for CO; is higher than
that for other gases. Polar CO exhibits lower dpth&4h,4s9 than non-polar CH For all
gases, an increase in adsorption enthalpy is obdemth increase in loading. This increase is
due to increased lateral interactions between ads®rmoleclues. These results for enthalpy
closely follow the reported values from GCMC sintidas by Karra et al.121] on Zn/DABCO
MOF for CQ, CO and N. This is in contrast to DOBDC MOFs where enthatjscreases

sharply for polar gases after the open metal aitedilled.
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Figure 7.11: Variation of adsorption enthalpy with loading 00 (s), CO ¢), CHs () and N
(A) on DABCO MOFs. Lines are drawn as a guide toetye

The adsorption enthalpy4haq for CO, on DABCO MOFs varies between 19.4 to 24.7 kJ'mol
and is similar to that reported by Liang et &l9][on these materials. This is about 1.7 times
lower than that on Mg/DOBDC MOF studied in the poeé chapter. This value is also lower
than that on MOFs like CuBT@G}], MIL-100, MIL-101 [94] and zeolites like 13X32]. This
difference is mainly due to absence of unsaturatetal sites and electrostatic interactions. The
adsorption enthalpy-4haq9 for CH, varies between 13.9 and 19 kJ thahd is comparable to
that on M/DOBDC (studied in the previous chapt&21, 13 X [127], AS activated carbon
[127, MIL-53 [42], MIL-100 [86], IRMOF-3 [93], NaX [145, 229 and NaY [L45, 229 but
slightly higher than that on large pore MOF likeMRF-1 [93]. The enthalpies of adsorption at
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zero loading for CO on DABCO MOFsAhagso between 10 — 12 kJ mblis about 4 times
lower that on Ni/DOBDC MOF (reported in previousapker.) It is also lower than that on
zeolite like 5A R17] and H-mordernite Z17], but it is comparable to that on silicalit&2f).
Finally, the enthalpy of adsorption for Naries between 13.3 and 15.1 kJ thahd comparable
to that on silicalite 1264. It is higher than that on large pore MOFs liIRMOF-1 and IRMOF-3
[93] but lower than that on M/DOBDC (studied in theyous chapter)27, CuBTC [93, 230,

silicalite [93, 23Q and CaA 93, 230Q.

The lower values of enthalpy of adsorption for hé4OFs in general would make it easier to
regenerate these materials. However, it must behasiged that low enthalpy of adsorption at
zero coverage implies weak adsorbate-adsorbemtatiens and hence results into low loading
in the low pressure region. The design of an effitiadsorption process requires consideration

of several aspects and has been discussed elsewligzeature 158, 231 — 23Bin detail.

7.6 Effect of Metal Cation in the Framework

The effect of different metal cations in the M/IDABGM = Ni, Cu and Zn) frameworks on their
adsorption characteristics is evaluated by compathe Henry's constants, the adsorption

uptakes at higher pressures and adsorption engisalpi
7.6.1 On Henry’'s Constants

Henry's constants of all adsorbates for all the¢hDABCO frameworks studied in this work are
plotted in Figure 7.12. Henry’s constants of abgmare similar for Ni/DABCO and Zn/DABCO
and it can be concluded that metal atoms have giblglirole on adsorption characteristics of

DABCO MOFs. This trend is opposite to that obtainedhe previous chapter for DOBDC
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MOFs where metal constituent of the framework hdsdasive role on adsorption characteristics
of polar gases. Marginally lower values of Henrgenstants are obtained for Cu/DABCO
possibly due to presence of left over impuritiesfrthe synthesis in this framework as already
discussed. Difference between Henry’'s constanBdtk and 350 K for same gas (say £0r
example) on different MOFs does not change withpenature also indicates the negligible

contribution of electrostatic interactions.
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Figure 7.1z Variation of Henry’'s constants with polarizabilitfor Ni/DABCO (A),

<3

In (B / molecules unit cell bar?)

Cu/DABCO () and Zn/DABCO ¢); solid symbols represent the values at 294 K apen

symbol represent the values at 350 K.
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7.6.2 On Adsorption Isotherms at High Pressures

Isotherms of various gases on the three DABCO dt R9ver a wide pressure range are
compared in Figure 7.13. As already discussed,idberms in the low pressure region are
governed by the adsorbent-adsorbate interactiarse@ponding to the Henry's constant) while
that near the saturation loading are governed lkypbre volume of the respective MOFs.
Accordingly, Zn/DABCO and Ni/DABCO plots closelylfow each other throughout the entire
pressure range indicating negligible effect of rhatams even on saturation loading. However,
the capacities on Cu/DABCO are lower than that gBABCO and Zn/DABCO due to possibly

presence of some impurities in Cu/DABCO structwstated earlier.
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Figure 7.1% Adsorption isotherms of studied gases at 294 KNBBABCO (A ), Cu/DABCO

(#) and Zn/DABCO ().

7.6.3 On Enthalpy of adsorption

The variation of adsorption enthalpy with loadimyeals the strength of host-guest interactions
as a function of coverage. The variation in enthapthe four gases with loading is plotted for

M/DABCO samples (Figure 7.14). The enthalpies drthed three samples for a given gas not
only match at zero loading, but they also closeljofv one another over the loading range

shown.
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Figure 7.14 Variation of adsorption enthalpy of studied gaséh loading for Ni/DABCO @),

Cu/DABCO ¢) and Zn/DABCO ¢).

7.7 Prediction of Binary Selectivity using IAST

The selectivities for different binary mixtures buas CQ/CO, CQ/CH,, COJ/N, and CH/CO
mixtures at 294 K were predicted using ldeal Adedrkolution Theory19§. Three different

compositions were considered to see its effectéoh case.
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7.7.1 CH, selectivity over CO

In contrast to M/DOBDC MOFs (Figure 6.40), DABCOngoounds are found to be selective for
CH,4 over CO (Figure 7.15) due to absence of electiiostigteractions and higher dispersion
interactions for CHl (as it has higher polarizability). The selectivipyedicted by IAST for
CH4/CO mixture on DABCO varies between 2 and 3.8 a4 29 for the pressure ranges
considered. This selectivity value is higher th&mattreported on CuBTC (~1)7] and
Ni/DOBDC (~0.0022) 227]. In case of CuBTC, the selectivity of GO mixture is close to
unity; even though CO has lower polarizability th@H,, its dipole moment (and thereby the
electrostatic interactions with the open metal eenin the framework) enhances its adsorption.
In case of Ni/DOBDC, the adsorbent is strongly agle for CO over Chl(with selectivity of ~
441) due to the strong electrostatic interactiostsvben CO molecules awds Ni metal centers
[227]. On the other hand, in case of DABCO MOFs, absefi@pen metal centers result in the
MOF being more selective for GHwhich has a higher polarizability). In generdle tCH,

selectivity increases with the increase of preseuracrease in composition of GH
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Figure 7.15: Variation of selectivity of Chl with pressure at 294 K for different CO
compositions: 5 % CO-{), 50 % CO {----) and 95 % CO (----).

7.7.2 CQ selectivity over N

The selectivity of C@N; binary mixtures is shown in Figure 7.16. The s@ldyg obtained for
Zn/DABCO MOF in this work, is similar to that reped by Karra et al.l21]. Selectivity at zero
pressure and 294 K on Zn/DABCO is 7.6; it is sligitigher than that on Ni/DABCO (6.3) and
is slightly lower than that on Cu/DABCO (9.3). Theselectivity values are comparable to that
on MOF-177 (7) 159 and MFI (10) L59; they are higher than that on large pore MOFs lik

IRMOF-1 (4) 159 and IRMOF-3 (5) 159. But, they are significantly lower than that on
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CuBTC (20) 159, NaX (200) [L59, bio-MOF-11 (100) 159, Mg/DOBDC (288) p27] and

UTSA-16 (300) 159,

20 26
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Figure 7.16: Variation of selectivity of C® with pressure at 294 K for different,N
compositions: 5% N(——), 50 % N (----) and 95 % N (----).

In all the MOFs, with increase in pressure or cosipmn of the CQ, selectivity increases. At
higher compositions of CQ contributions from lateral interactions betwebe tdsorbed CO
molecules increase, thereby increasing the seigctivl]. A similar effect of pressure and
composition on C@selectivity was observed by Karra et d2]] for CuBTC. However, this
trend is opposite to that obtained for M/DOBDC feamorks in the previous chapter, where,CO

selectivity decreases with increase of pressurdaaeeduction in the electrostatic interactions.
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In order to understand the effect of metal atoniati@n in the DABCO framework on the binary
selectivity, CQ selectivity over N at 294 K for equimolar binary mixture is shownRigure
7.17 for the three DABCO MOFs. Although, there ligg difference (< 15%) between the
selectivities of different DABCO adsorbents, théuna and trend is almost same with respect to

the pressure and composition.
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Figure 7.17 Variation of CQ selectivity over N with pressure in equimolar binary

mixture at 294 K for Ni/DABCO (----), Cu/DABCO-(---) and Zn/DABCO {—).

7.7.3 CQ selectivity over CH,

CO, selectivity over CH on the three studied DABCO sample at 294 K foabimixtures of
5%, 50% and 95% CHis plotted in Figure 7.18. The selectivity obtalne this work is

comparable to that obtained on Zn/DABCO by Chemlef234 and Liu et al. 235. CO,
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selectivity at zero coverage and 294 K on thesendraorks is approximately 3, which is
comparable to IRMOF-12[L8, PCN-6 and CuBTCZ19; however, it is lower than that on MIL-
101 (4) R2Q, socMOF (20) P19, Li-IRMOF-1 (180) R21], M/DOBDC (25— 250) p27]. CO;,
selectivity for CQ/CH,4 mixture increases with increasing pressure. Iregenthe strength of
vertical interactions decreases with increasinggree. However, due to absenceco$ metal
sites in the DABCO based MOFs this decrease incatiinteractions will be small. On the other
hand, lateral interactions increase with increagiressure and this increase will be higher for
CO; than that for Cll This trend is opposite to that observed ¢as metal sites containing
M/DOBDC MOFs studied in the previous chapter, wireraith increasing pressure, the
decrease in vertical interactions for £© higher compared to the increase in lateralaat®ons.
Increase in C@ selectivity with increase in pressure or compositiof the CQ, is less
pronounced for C@CH,; mixture than for C@N, mixture due to larger difference in
polarizability of CQ and N. The effect of metal change in the framework isiimal for

CO,/CH,4 binary mixture (Figure 7.19), as in case of A binary mixture.
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Figure 7.18: Variation of selectivity of C® with pressure at 294 K for different GH
compositions: 5 % CH—), 50 % CH () and 95 % CHhl(----).
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Figure 7.1¢: Variation of CQ selectivity over Cl with pressure in equimolar binary mixture at

294 K for Ni/DABCO (----), Cu/DABCO (:---) and Zn/DABCO {—).

7.7.4 CQ selectivity over CO

Although CO is polar, DABCO MOFs exhibit good ¢€®electivity of ~7 over CO at zero
coverage and 294 K (Figure 7.20). This value ghsly higher than that obtained by Karra et al.
[121] on Zn/DABCO. This value is comparable to that GuBTC (~7) 21, 158 and
Mn/DOBDC (6) 27, but it is lower that on NaX (36)1p§ and Mg/DOBDC (24) 227]. In
contrast to these MOFs, Ni/DOBDC and Co/DOBDC coumuts studied previous chapter are
selective for CO over COwith a selectivity value of ~ 7.5 at zero pressanel 294 K. The
increase in C@selectivity with increase in pressure or compositof the CQ for CO/CO
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binary mixture is similar to that for GIN, binary mixture. As in earlier cases, the effect of
metal variation in the framework has negligibleeetf on CQ selectivity over CO for low
pressures (Figure 7.21). However at higher presssne difference between £€klectivity
of Ni/DABCO, Cu/DABCO and Zn/DABCO is observed digeconsiderable difference in their

saturation capacities for CO.
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Figure 7.2C. Variation of selectivity of C@ with pressure at 294 K for different CO
compositions: 5 % CO-{), 50 % CO {----) and 95 % CO (----).
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Figure 7.21: Variation of CQ selectivity over CO with pressure in equimolar
binary mixture at 294 K for Ni/DABCO (----), Cu/DABO (---) and

Zn/DABCO (—).

7.8 Effect ofcus Metal Sites on Adsorption Characteristics

Ni/DOBDC studied in the previous chapter and Ni/D2® studied in this work chapter may be
chosen as representing candidate to understaneftbet of havingcus metal sites in the
framework on the adsorption characteristics. Bo#sé MOFs have same metal atom and similar
surface area / pore volume; however, while Ni/DOBBdhtains a large number ofis metal
sites, Ni/DABCO has its metal sites coordinativedyurated. Adsorption enthalpy and selectivity
of Ni/DOBDC and Ni/DABCO are compared to highlighie effect ofcus metal sites on the

adsorption characteristics.
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7.8.1 Adsorption Enthalpy

The variation of adsorption enthalpyf,q9 of CO,, CO, CH, and N on Ni/DOBDC and
Ni/DABCO is plotted in Figure 7.224h,4s of CO, and CO at zero coverage are substantially
higher on Ni/DOBDC than that on Ni/DABCO. As alrgadiscussedcus Ni metal centers in
Ni/DOBDC compound generate a strong electrostatiteractions with polar adsorbate
molecules resulting into a higheth,qs values for them on this compound. A sharp decrease
Ahygs of CO, and CO occurs once tloeis metal centers of Ni/DOBDC are filled. On the other
hand, no such trend is observed for Ni/DABCO duedgligible electrostatic interactions. For
relatively non-polar gases such as /Cahd N, the difference betweemth,ys of the two

frameworks is smaller.
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Figure 7.2Z: Variation of enthalpy of adsorption with loading ICO, (m, o), CO (@, 0), CH, (

), N2 (A, A); closed symbols represent Ni/DOBDC and open sysntapresent Ni/DABCO.
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7.8.2 Selectivity of Binary Mixtures

The selectivities at 294 K for different equimolainary mixtures on Ni/DOBDC and
Ni/DABCO are shown in Figure 7.23. As expected,,G6lectivity ove Ch on Ni/DOBDC is
considerably higher than that on Ni/DABCO (Figur3a) due to the electrostatic interactions
between C@ molecules anctus Ni metal centers of Ni/DOBDC framework. Similarl¢O
selectivity over CH (Figure 7.23b) at 294 K on Ni/DOBDC is ~400 tintggher than that on
Ni/DABCO in the low pressure region. In contrastl{selectivity over M on Ni/DOBDC is
slightly lower than that on Ni/DABCO (Figure 7.23ogcausecus metal sites in Ni/DOBDC

have slight electrostatic interactions with tdolecules reducing its selectivity for GH
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7.9 Summary

In this work, we studied the adsorption charactiessof four industrially relevant gases (O
CH4;, CO and N) on Ni/DABCO, Cu/DABCO and Zn/DABCO metal organiameworks.
Adsorption data was compared with the availablerdiure data for a variety of adsorbents.
Virial and Langmuir-virial models were used to mbdee experimental isotherms. Henry’s
constant and enthalpy of adsorption were calculéiat the model parameters. €@xhibits
higher Henry's constant and enthalpy of adsorptompared to other studied gases. The
enthalpy of adsorption and Henry’'s constant forapgases (C®and CO) on DABCO MOFs
are lower than that on open metal centers congiM/DOBDC MOFs studied in the previous
chapter due to absence of electrostatic interagtidimis property of DABCO MOFs should
make it easier to regenerate them at milder canditi However, C® uptake at ambient
condition and selectivity for C#CH, and CQ/N, binary mixtures is found to be poor in
DABCO MOFs compared to that in the M/DOBDC MOFshaus metal sites. In contrast to
M/DOBDC MOFs, the metal atoms in the adsorbent &@aork and polarity of the adsorbate
play negligible role in the adsorption on the DABGADFs. IAST predicts enhancement in £0
selectivity with pressure and G@ole-fraction. M/DABCO MOFs are found to be sele=tfor
CH,4 over CO (with a selectivity between 2 and 3.8)jahs not very common in adsorption
literature. The adsorption characteristics of NiEXZC and Ni/DABCO MOFs were compared

to highlight the role oEusmetal sites on the adsorption characteristics OFsl

197

TH-1308_09610719



CHAPTER 8

CONCLUSIONS AND FUTURE SCOPE

This chapter summarizes the major inferences drixam the research work presented in this

dissertation and recommendations for further extansf this work in future.

8.1 Conclusions

The main objective of this work was to systemalycadvestigate the adsorption characteristics
of selected metal organic frameworks (MOFs). MOiesnf various categories were judicially
chosen to represent framework flexibility, presenecoordinatively unsaturateaty(s metal
sites and absence afismetal centers. Accordingly, MIL-53(Al) MOF studi@dthe first part of
this work is flexible, while the frameworks of tMOFs considered latevig. DOBDC and
DABCO MOFs) are rigid but differ in availability dhe cus metal centers. Several industrially
important gasesviz. CO,, CO, CH, N, Ar, C;Hg, CsHg and Q) representing a wide range of
polarity and polarizability were chosen for studydsorption isotherm measurements of the
considered gases were performed on these MOFsrtelate their adsorption characteristics
with the adsorbate physical properties. The sahenbmplishments and major conclusions from

this work are summarized in the following sections.
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8.1.1 Structural Tuning of MIL-53 (Al) Flexible MOF

As stated in literature a high temperature acitva{d93 K) yields large pore structure for MIL-
53(Al) that is retained after cooling the sampl®8 K under vacu¢denoted asamplelpo). In

line with the earlier workssamplelpo exhibits structural transformations first fromdarpore
(Ip) domain to narrow porenp) domain in the sub-atmospheric region and them frioenp to

the Ip domain at higher pressures (> 4.5 bar) upon atearpf CO, at 293 K. During
desorption structural transformation occurs atedéht pressure conditions resulting into two
hysteresis loops. On the other hand, no such temstion was observed during adsorption of
CHa, Nz, CO and Q@ on this sample at 293 K. In this wodgmplelpo was tuned first into thep
phase at room temperature under vacuum, sipgehase is known to adsorb higher amounts of
CO, at low pressures compared to that oflthphase. This tuning was achieved by equilibrating
the sampldpy with CO, at a pressure of ~ 1 bar at 293 K. Then, instddugh temperature
treatment, C@Qwas completely desorbed from the sample by juslyamy vacuum (below 0.01
mbar) at room temperature. This £€@esorbed MIL-53(Al) sample show narrow pore suitet

and is denoted amamplenpo.

In contrast tasamplelpo, first hysteresis below 1 bar during €@dsorption at 293 K disappears
for samplenppand a significant enhancement in adsorption uptékeO, is obtained in the sub-
atmospheric regime. In fact, GQptake capacity increases fourfold from 0.42 nt to 1.75
mol kg* at 0.17 bar (this pressure is chosen to makedtmparison because in flue gases partial
pressure of C@ranges between 0.12 to 0.20 bar). As,@€sorption branch for bogamplelpg
and sample npo overlap each other, it can be further concluded the enhancement in GO
uptake onSample npy is obtained without any extra regeneration pengdty compared to

sample Ip).

199

TH-1308_09610719



Other gases (CKI N,, CO and Q) adsorbs negligibly osample npo below 1 bar and 293 K;
thus, sample npp obtained by the tuning method proposed in thiskwoot only exhibits
enhancement in CQadsorption uptake but also shows high selectifiatyCO, over the other
gases considered in the sub-atmospheric regior®&tk2 At higher pressure asample npg

transforms fromnp to Ip structure, and hysteresis (which was otherwisesrgtbearlier for
sample Ip) is observed in isotherm of GH\,, CO and Qon Samplenpoy. Thenp tuned form

of MIL-53(Al) thus exhibits better C&capacity and selectivity at sub-atmospheric caorlit

8.1.2 Adsorption Characteristics of DOBDC MOFs

Adsorption isotherm measurements of ££00, CH, N,, Ar, C;Hs and GHg are performed on
cus metal sites containing M/DOBDC (M = Mg, Mn, Co,daNi) MOFs over a wide range of
temperature and pressure. The ;C&lsorption uptake obtained at 0.15 bar and 294nK o
Mg/DOBDC (5.07 molkg™) is considerably higher than that on most of thieeo adsorbents
including other DOBDC frameworks. Similarly Ni/DOEBDand Co/DOBDC MOFs possess
high CO loading (~ 4.8 mdig™) at 0.1 bar and 294 K compared to that on therattsorbents
reported in the literature. On the other hand giteimetric adsorption loading of relatively non-
polar CH, and N in the sub-atmospheric region on the DOBDC frantés/@re comparable to
that on other adsorbents. Significantly higher goison uptake in the low pressure region for
CO, and CO gases on these M/DOBDC frameworks is at&t to the strong electrostatic
interactions between polar adsorbate moleculesasthetal centers. Isotherms of €énd CO
on the DOBDC MOFs follow a dual site Langmuir isattms model in which high energy site
corresponds to theusmetal sites. In contrast, a Langmuir-virial isathesuccessfully describes

the adsorption behavior of other (relatively notappgases.
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The change of metal constituent in the frameworlansttically alters the adsorption
characteristics of DOBDC MOFs for polar gé&nd CO gases. For example, Henry’s constant of
CO, for Mg/DOBDC is about 4 to10 times higher thanttfoa other frameworks due to due to
preference of the Mg ions for oxygen-containing ligands; similarly, Higis constant for CO
on Ni/DOBDC at 294 K is about 116 times larger thiasit on Mn/DOBDC. The-donation of
electron lone pair by CO molecules to the Ni ioesuits in this exceptionally higher Henry’'s
constant value for CO on Ni/DOBDC. However, as metal centers are progressively filled
with the increase pressuring, effect of constitumetal atom in the framework decreases and
saturation adsorption capacities of these gaseg alarost linearly with the pore volume of
M/DOBDC compounds. Interestingly, there is no difece between the Henry’'s constants of
DOBDC compounds studied for other gases indicéatiwegnegligible role of metal cation on the
adsorption of non-polar gases in the low pressegme. But as in case of G@nd CO,
saturation adsorption capacities of these gasesvaly almost linearly with the pore volume of

M/DOBDC compounds.

IAST predicts good selectivity for GQOover CH, CO, Ar and N on Mg/DOBDC. At zero
coverage and 294 K, Mg/DOBDC exhibits £selectivity of 24 (for CO) and 1104 (for Ar). In
contrast to this, Ni/DOBDC and Co/DOBDC display ferential selectivity for CO over other
gases including COFor example at 294 K, Ni/DOBDC shows CO selettiaf 677 for N and

7.5 for CQ at zero coverage.

M/DOBDC compounds are found to be stable upon exgow all the gases studied. However,
they display instability upon exposure te @specially at higher temperatures. While good
selectivity and loading of COand CO on M/DOBDC MOFs make them highly potential
candidates for separation of these gases, highalpgtiof adsorption and poor stability upon

exposure to @still remain to be addressed.
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8.1.3 Adsorption Characteristics of DABCO MOFs

Adsorption characteristics of coordinatively satedametal sites containing M/DABCO MOFs
are studied by performing adsorption of £@H,;, CO and N at 294, 314 and 350 K in the
range of 0- 25 bar. Adsorption uptake of G@n the sub-atmospheric region (for example at
0.15 bar and 294 K) on M/DABCO MOFs ranges 0.2.8rfol kg which is considerably lower
compared to corresponding uptake on M/DOBDC MOFRg«{%5.1 mol kg"); this difference in
adsorption uptake can easily be attributed to theemce ofcus metal sites (and hence
electrostatic interactions) for M/DABCO MOFs. Siarlly, loading of another polar gas CO at
294 K and 1 bar on M/IDABCO MOFs is substantiallwés (only ~ 0.2 mol kg). In fact, for
M/DABCO MOFs, Henry’s constant and adsorption elphaf polar CO are lower than those
of non-polar CH (Henry’s constants of CO and Gldt 294 K are ~ 0.25 mol Kgbar® and ~
0.55 mol kg' bar” respectively); this indicates negeligble elecatistinteractions between polar
CO molecules and metal centers of DABCO framewdrksontrast, saturation uptake of €&
higher pressure on M/DABCO frameworks (~ 4115 mol kg') are comparable to that on
M/DOBDC frameworks due similar pore volumes. Adsimp enthalpies of CO(~ 19 kJ maf)
and CO (~ 11 kJ md) at zero loading on the DABCO MOFs are signifitgfdwer than that on
other MOFs like MIL-101, CuBTC, M/DOBDC etc. Thisgperty should make the regeneration
of DABCO frameworks easier. DABCO MOFs are foundéselective for CiHover CO (with

a selectivity value between 2 and 3.8) due to high@arizability for CH and negligible

electrostatic interactions; this trend is not veoynmon in adsorption literature.

Adsorption enthalpy and selectivities of binary tanes on cus metal sites containing
Ni/DOBDC and are compared with that on Ni/DABCChighlight the role otusmetal sites on
the adsorption characteristics of MOFs. Adsorptemthalpy of CO at zero coverage on

Ni/DOBDC (> 46 kJ mdl) is considerably higher than that on Ni/DABCO (+ &J mot).
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Similarly, CQ, selectivity over N is almost 15 times higher on Ni/DOBDC. Althougwkr
adsorption enthalpy for DABCO compounds is attkectrom regeneration point of view, lower
adsorption uptakes in the Henry's low regime andrselectivities do not make these MOFs

suitable candidates for G@eparation applications.
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8.2 Recommendation for Future Works

This work presents a systematic and detailed ilyeggin to understand the adsorption
characteristics of different categories MOFs. Thare certainly several areas which merit

further research attention.

. np tuned form of MIL-53(Al) sample has shown a velyod adsorption capacity and
almost infinite CQ selectivity in the pressure range equivalentue fjas conditions. Moreover,
this MOF is known to have very good stability. Hesg in this work only single component
adsorption measurements were performed on thigestteg form of MIL-53(Al). So we
strongly recommend that thig tuned form of MIL-53(Al) can be further studied anvacuum
swing adsorption (VSA) process for g@apture from flue gas. The obtained economicsfor
tuned form of MIL-53(Al) may be compared with that benchmark Zeolite 13X.

. Though M/DOBDC compounds have shown very good gudisor uptake and selectivity
for polar CQ and CO gases, these MOFs are susceptible to hamiidbxygen environment. It
would be interesting to improve the stability oése frameworks may be by functionalization of
organic ligand. In fact, similar type of attempshzeen made by Walton and coworkeér89 to
enhance the stability of pillared DABCO MOFs. THeeet of such functionalization on other
adsorption characteristics needs to be investigated

. While M/DOBDC MOFs seem to be attractive in adsorptuptake and selectivity
perspective, M/DABCO MOFs have advantage of easgeneration. So the performance of all
of these MOFs in the real time processes (PSA/TSANshould be evaluated for various

industrial separation applications to identify MCdestable for various application.
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APPENDIX: A

Detall of the Experimental Protocol

followed for Adsorption Measurement
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Experimental Protocol

The gravimetric adsorption measurement unit usethfe work has also been used by an earlier

doctorate studenDf. Pradip Chowdhauryof our group 193. The necessary steps involved in

the operation of this unit are elaborately presgie him in his dissertationl93. After that

only slight modifications in this gravimetric adption measurement unit are made during

present work and schematic of latest form of thepses shown in Figure 4.1. The steps followed

during gas adsorption measurements in this unipeegented below.

Before going into details of the experimental poolp some procedures can be defined as

follows.

Procedure - Vent

1)
2)
3)
4)

5)

Open H5, H6, H8, M3 in order

If P3 > 760 torr, follow below steps; else close Hb&, H8, M3
Open H12 and wait till P3 reaches < 1000 torr

Open H4 and wait till P3 reaches 760 torr

Close H4, H5, H6, H8, H12, M3

Procedure - Vacuum

1)

2)

Open H5, H6, H8, M3

If P3 =< 760 torr, directly follow below steps 370
Else

(a) First, followprocedure - vent

(b) Open H5, H6, H8, M3

(c) Follow steps 3to 7
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3) Switch on vacuum pump and open H13
4) Wait till P3 reaches < 20 torr

5) Open H4 and wait till P3 reaches 0 torr
6) Close H4, H5, H6, H8, H13, M3

7) Switch off vacuum pump

Procedure - Pressure Charge

1) Select a particular gas and connect it to H2 of$4y H2 for example)

2) Open gas cylinder regulator and start the weighasueement at three positions of
balance.e. ZP (zero point position), MP1 (when only bucketsvifted) and MP2 (when
bucket and sinker both were lifted). Online measumet of these weights was done
throughout whole experiment by software.

3) Open H4, H5 and H8

4) Open H2 and close this valve after getting the rddspressure inside the balance
assembly

5)  For the sake of safety of pressure transducersaaadracy in the measurements, open
and monitor théransducers as following
If P4 < 350 psi, open M3; else monitor P4
If P3 <1000, open M2; else monitor P3
If P2 < 10, open M1, H11 and monitor PEganonitor P2

6) After injecting the gas wait for sufficient time &ttain equilibrium. The time needed to
gat equilibrium is not fixed and depends upon satidorbents and adsobate gas. Usually
if the change in sample weight is less than 1 mg1f® minutes, equilibrium was

assumed.
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7)

8)

Once the equilibrium was achieved, balance readmigZP, MP1 and MP2 were
manually noted down. Pressure and temperatureggsadere also taken.
Adsorption readings corresponding to the next sylset pressures were obtained by

following steps 4 - 7 in loop.

The complete experimental protocol is divided ivaoious sub-sections as following

(i) Sample loading

1)
2)
3)
4)

5)

Open the balance and take out the bucket

Take the weights of empty bucket and glass wool
Load the adsorbent sample into bucket

Mount the bucket into the balance

The balance chamber is then sealed and whole sysésnensured to be leaks free

(ii) Activation of sample

Activation of adsorbent sample was done prior t@rgvisotherm measurement to remove

adsorbed impurities from the sample. These im@&ittan be anything such as foreign gas

molecules, moisture and left over solvents fromdinethesis. Below steps were followed to do

the activation. If nothing is mentioned about amve or other part, by default that is in closed

position.

1) Follow procedure - vacuum

2) Switch on vacuum pump

3) Open regulator (upto ~2 bar) of Helium cylinder weated to H1 through mass flow
controller

4) Open H1, H5, H8, M3
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5)

6)
7
8)
9)

10)

11)

12)

If P3 > 760 torr, open H12 till P3 reaches ~760,thren close H12 and open H13

Else, directly open H13

Wait till flow rate in mass flow controller stakibs at set value of 30 cc rilin

Open H4, close H5 and open H6 in order

Put Heater surrounding to balance and set theatk@mperature

Open the software and observe the weight change

Activation was considered to be complete once tenge in sample weight was less
than 10ug (resolution of the balance) for approximatelyn3@utes.

Close software, H1, H4, H6, H8, M3, Helium cylindswitch off vacuum pump and
remove heater

Follow procedure - vacuum

(iii)) Helium buoyancy measurement

Helium buoyancy measurement was done to know tloydncy volume of sample and was

generally done only once for a sample. In this adserbing assumption was considered for

Helium and measurements were done generally ak284he pressure range of O — 26 bar.

1)

2)
3)
4)
5)
6)

7)

After activating the sample, the balance chambes vaught down to the experimental
temperature by following water from the circulatioath

Connect Helium cylinder to H3

Open H5, H8, M3

Open H3 and close it after getting ~2000 torr i &3

Follow procedure - vent

Follow procedure - vacuum

Close H5, H8, M3
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8) Follow procedure - charge pressufaese H3 in place of H2)
9) Follow procedure - vent

10) Follow procedure - vacuum

(iv) Adsorption measurement

1) Activate the adsorbent sample

2) Bring down the balance chamber temperature to Mperemental value by following
water from the circulating bath

3) Connect desired gas cylinder to H2

4) Open H5, H8, M3

5) Open H2 and close it after getting ~2000 torr i &3

6) Follow procedure - vent

7) Follow procedure - vacuum

8) Close H5, H8, M3

9) Follow procedure - charge pressure

10)  Follow procedure - vent

11) Follow procedure — vacuum

Table Al. Details of activation protocols used for differémDFs.

Adsorbent Temperature (K) Time (hours)
Ni/DABCO 453 2
Cu/DABCO 453 2
Zn/DABCO 453 2
Mg/DOBDC 523 5
Mn/DOBDC 523 5
Co/DOBDC 523 5
Ni/DOBDC 523 5
MIL-53(Al) (samplelpg) 493 2
MIL-53(Al) (samplenpg) 293 2
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APPENDIX: B

Measured Net and Excess Adsorption

Isotherm Data on Studied MOFs
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Table A2. Adsorption and desorption isotherm data of,©@8to MIL-53(Al).

Adsorbent Gas | Temperature Adsorption Desorption
(K) P Nnet Nexcess P Nnet Nexcess
(bar) (molkg®) | (molkg?h (bar) (molkg®) | (molkg?h
0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.15 0.15 0.06 1.23 1.23
0.15 0.38 0.38 0.15 1.64 1.64
0.34 1.36 1.37 0.34 1.98 1.99
0.68 2.26 2.28 0.65 2.30 2.32
1.01 2.52 2.55 1.00 2.57 2.60
1.27 2.69 2.72 1.26 2.76 2.79
1.7 2.88 2.92 2.0 3.94 3.99
2.7 3.20 3.27 2.7 5.42 5.49
(')ff ,\t,lulrc‘_eg;(o/i,';‘ o, 903 3.4 3.35 3.44 33 6.19 6.28
(sample Ip,) 4.0 3.46 3.57 4.0 6.78 6.89
4.7 3.56 3.68 4.6 7.15 7.27
54 4.09 4.23 5.3 7.51 7.65
5.7 4.73 4.88 5. 7.64 7.79
6.0 5.74 5.90 6.0 7.76 7.92
6.3 6.68 6.85 6.4 7.89 8.06
6.7 7.47 7.65 6.6 7.96 8.14
8.1 8.30 8.52 8.0 8.33 8.55
12.0 8.92 9.25 11.7 8.90 9.22
0.00 0.00 0.00 0.00 0.00 0.00
0.04 0.73 0.73 0.08 1.32 1.32
0.17 1.75 1.75 0.13 1.59 1.59
0.27 1.93 1.94 0.24 1.85 1.84
0.37 2.07 2.08 0.40 2.07 2.06
0.55 2.25 2.26 0.73 2.35 2.33
0.81 2.39 241 1.01 2.53 2.50
1.10 2.53 2.56 1.23 2.68 2.65
131 2.59 2.62 1.7 3.12 3.08
1.7 2.70 2.74 2.0 3.76 3.71
2.0 2.77 2.82 24 452 4.46
2.4 2.85 291 2.7 5.40 5.33
2.7 2.88 2.95 3.0 5.79 5.71
3.0 2.93 3.01 3.3 6.29 6.20
3.4 2.98 3.07 3.6 6.50 6.40
3.7 3.00 3.10 4.0 6.82 6.71
4.0 3.02 3.13 4.3 7.02 6.91
np tuned form 4.3 3.05 3.16 4.6 7.22 7.10
of MIL-53(Al) Cco, 293 4.7 3.10 3.22 5.0 7.40 7.27
(Sample np) 5.0 3.14 3.27 54 7.59 7.45
5.3 3.32 3.46 5.6 7.69 7.54
5.7 3.67 3.82 6.0 7.83 7.67
6.0 4.10 4.26 6.4 7.98 7.81
6.3 4.69 4.86 6.7 8.09 7.91
6.7 5.32 5.50 7.0 8.20 8.01
7.0 6.11 6.30 7.4 8.30 8.10
7.3 6.85 7.05 7.7 8.38 8.17
7.7 7.68 7.89 8.0 8.45 8.23
8.1 8.09 8.31 8.3 8.51 8.28
8.3 8.22 8.45 8.7 8.62 8.38
8.3 8.27 8.50 9.0 8.68 8.43
8.6 8.36 8.59 9.3 8.74 8.49
9.1 8.44 8.69 9.6 8.79 8.53
9.4 8.49 8.75 10.1 8.87 8.59
9.7 8.54 8.81
10.1 8.59 8.87
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Table A3. Adsorption and desorption isotherm data gfoNto MIL-53(Al).

Adsorbent Gas | Temperature Adsorption Desorption
(K) P Nnet Nexcess P Nnet Nexcess
(bar) (molkg®) | (molkg?h (bar) (molkg®) | (molkg?h
0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.02 0.02 0.19 0.04 0.04
0.13 0.03 0.03 0.43 0.09 0.10
0.28 0.06 0.07 1.03 0.20 0.23
0.41 0.09 0.10 2.0 0.39 0.44
0.56 0.12 0.13 4.1 0.71 0.82
0.69 0.14 0.16 8.1 1.22 143
0.89 0.18 0.20 11.9 1.59 1.90
1.02 0.20 0.23 15.8 1.88 2.29
(')ff ,\t,lulrc‘_egg,f&{;] N, 903 2.0 0.39 0.44 19.9 212 2.64
(sample Ip,) 3.0 0.55 0.63 26.3 2.37 3.06
4.0 0.71 0.81
5.1 0.86 0.99
6.1 0.99 1.15
8.0 1.23 1.44
12.0 1.61 1.92
16.0 1.90 2.32
20.0 2.13 2.65
26.3 2.37 3.06
0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.01 0.01 0.24 0.03 0.04
0.14 0.00 0.00 1.02 0.17 0.20
0.28 0.00 0.01 2.0 0.39 0.44
0.42 0.00 0.01 3.9 0.68 0.78
0.54 0.01 0.02 8.0 1.18 1.39
0.68 -0.01 0.01 12.1 1.60 191
0.90 0.02 0.04 15.8 1.87 2.28
1.03 0.00 0.03 19.8 2.06 2.58
np tuned form 2.0 0.00 0.05 26.2 2.35 3.03
of MIL-53(Al) N> 293 3.0 0.02 0.10
(Sample npy) 4.0 0.12 0.22
5.0 0.26 0.39
6.0 0.46 0.62
7.0 0.73 0.91
8.0 1.00 121
12.1 1.59 1.90
16.0 1.88 2.30
20.0 2.08 2.60
26.2 2.35 3.03
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Table A4. Adsorption and desorption isotherm data of,©Hto MIL-53(Al).

Adsorbent Gas Temperature Adsorption Desorption
(K) P Nnet Nexcess P Nnet Nexcess
(bar) (molkg®) | (molkg?h (bar) (molkg®) | (molkg?h
0.00 0.00 0.00 0.00 0.00 0.00
0.15 0.11 0.11 0.33 0.23 0.24
0.35 0.25 0.26 0.56 0.40 0.41
0.69 0.49 0.51 1.01 0.67 0.70
1.03 0.68 0.71 1.34 0.90 0.93
1.34 0.91 0.94 2.1 1.27 1.32
Ip tuned form 2.0 1.25 1.30 3.1 1.77 1.85
of MIL-53(Al) CH, 293 3.0 1.75 1.83 3.9 2.07 2.17
(Sample Ip) 4.0 2.14 2.24 8.1 3.25 3.46
8.1 3.26 3.47 11.9 3.88 4.20
121 3.96 4.28 15.6 4.35 4.77
16.1 441 4.84 20.0 4.70 5.24
20.0 471 5.25 26.0 497 5.68
26.0 497 5.68
0.00 0.00 0.00 0.00 0.00 0.00
0.66 0.02 0.04 0.33 0.20 0.21
1.02 0.11 0.14 0.59 0.39 0.41
1.31 0.28 0.31 1.01 0.66 0.69
2.0 1.13 1.18 1.32 0.86 0.89
np tuned form 3.1 1.72 1.80 2.0 1.23 1.28
of MIL-53(Al) CH, 293 4.0 211 2.21 3.1 1.74 1.82
(Sample npy) 8.0 3.22 3.43 4.0 2.14 2.24
12.0 3.92 4.24 8.1 3.27 3.48
16.0 4.36 4.79 11.7 3.92 4.23
20.0 4.70 5.24 15.8 4.40 4.82
26.0 5.01 5.72 19.9 473 5.27
26.( 5.01 5.7
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Table A5. Adsorption and desorption isotherm data of CO duhlio-53(Al).

Adsorbent Gas Temperature Adsorption Desorption
(K) P Nnet Nexcess P Nnet Nexcess
(bar) (molkg®) | (molkg?h (bar) (molkg®) | (molkg?h
0.00 0.00 0.00 0.00 0.00 0.00
0.16 0.05 0.05 0.30 0.12 0.13
0.33 0.09 0.10 0.65 0.21 0.23
0.68 0.18 0.20 1.03 0.31 0.34
1.02 0.26 0.29 2.0 0.54 0.59
2.0 0.51 0.56 4.1 0.94 1.05
Ip tuned form 4.0 0.91 1.01 6.1 1.28 1.44
of MIL-53(Al) | CO 293 6.0 1.24 1.40 7.9 1.54 175
(Sample Ip) 8.0 1.56 1.77 10.1 1.80 2.06
10.1 1.82 2.08 11.8 1.98 2.29
12.1 2.00 2.32 16.1 2.33 2.75
16.1 2.32 2.74 19.9 2.57 3.09
20.0 2.56 3.08 25.8 2.82 3.50
25.8 2.82 3.50
0.00 0.00 0.00 0.00 0.00 0.00
0.36 0.00 0.01 0.41 0.13 0.14
0.85 0.00 0.02 0.71 0.21 0.23
1.06 0.00 0.03 1.01 0.29 0.32
2.0 0.04 0.09 2.0 0.53 0.58
3.0 0.19 0.27 4.0 0.94 1.04
4.0 0.43 0.53 6.0 1.30 1.46
gf“;‘f[‘%dszzﬁ;" od 003 5.0 0.82 0.95 8.1 1.61 1.82
(Sample np) 6.2 1.21 1.37 10.0 1.85 211
8.0 1.55 1.76 12.0 2.05 2.36
10.0 1.80 2.06 15.8 2.38 2.79
12.0 2.02 2.33 19.6 2.62 3.13
16.0 2.36 2.78 26.2 2.89 3.58
20.0 2.63 3.15
26.2 2.89 3.58
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Table A6. Adsorption and desorption isotherm data goBto MIL-53(Al).

Adsorbent Gas Temperature Adsorption Desorption
(K) P Nnet Nexcess P Nnet Nexcess
(bar) (molkg®) | (molkg?h (bar) (molkg®) | (molkg?h
0.00 0.00 0.00 0.00 0.00 0.00
0.14 0.02 0.02 0.38 0.11 0.12
0.36 0.06 0.07 0.75 0.18 0.20
0.67 0.09 0.11 1.01 0.22 0.25
1.02 0.19 0.22 2.09 0.42 0.47
2.0 0.37 0.42 3.9 0.73 0.83
Ip tuned form 4.0 0.69 0.79 6.0 1.05 1.21
of MIL-53(A) | O, 293 6.1 1.01 117 8.0 1.34 155
(Sample Ip) 8.1 1.28 1.49 10.4 1.65 1.92
10.3 1.55 1.82 12.0 1.85 2.16
12.1 1.76 2.08 15.8 2.25 2.66
16.1 2.14 2.56 20.1 2.62 3.15
20.0 2.46 2.99 26.0 3.00 3.69
26.0 2.86 3.55
0.00 0.00 0.00 0.00 0.00 0.00
0.13 0.00 0.00 0.38 0.06 0.07
0.32 -0.01 0.00 0.75 0.14 0.16
0.71 -0.01 0.01 1.01 0.18 0.21
1.03 -0.02 0.01 2.09 0.38 0.43
2.0 0.00 0.05 3.9 0.69 0.79
np tuned form 4.0 0.17 0.27 6.0 1.00 1.16
?;Zrlkélsesggg 0. 293 6.0 0.57 0.73 8.0 1.30 151
8.0 1.11 1.32 10.4 1.61 1.88
10.5 1.57 1.84 12.0 1.81 2.12
12.0 1.76 2.07 15.8 2.21 2.62
15.9 2.16 2.58 20.1 2.58 3.11
19.9 2.52 3.04 26.0 2.93 3.62
26.0 2.93 3.62
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Table A7. Adsorption isotherm data of G@Gnto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.00
0.002 0.64 0.64 0.004 0.34 0.34 0.002 0.04 0.04
0.006 1.29 1.29 0.006 0.48 0.48 0.004 0.07 0.07
0.012 212 2.12 0.009 0.69 0.69 0.009 0.16 0.16
0.02 2.69 2.69 0.02 1.03 1.03 0.013 0.22 0.22
0.04 3.73 3.73 0.03 1.62 1.62 0.03 0.42 0.42
0.09 4.68 4.68 0.05 2.40 2.40 0.05 0.74 0.74
0.13 4.99 4.99 0.10 3.21 3.21 0.09 1.17 1.17
0.19 5.37 5.37 0.14 3.69 3.69 0.14 1.57 1.57
0.38 6.08 6.09 0.20 4.13 4.13 0.20 2.02 2.02
0.67 6.84 6.85 0.31 4.65 4.66 0.41 2.98 2.99
Mg/DOBDC | CQ | 1oy 7.55 7.57 0.67 5.53 5.54 0.64 3.64 3.65
1.29 7.96 7.99 1.01 6.05 6.07 1.00 4.28 4.30
2.0 8.93 8.97 1.27 6.38 6.41 1.31 4.68 4.70
4.0 10.54 10.63 2.1 7.7 7.21 2.09 5.36 5.40
8.0 11.88 12.06 4.0 8.48 8.56 3.99 6.36 6.43
12.0 12.41 12.68 8.1 9.99 10.16 7.99 7.67 7.81
16.0 12.66 13.03 12.0 10.70 10.95 12.1 8.47 8.69
20.0 12.77 13.25 16.0 11.11 11.45 16.1 8.96 9.26
25.6 12.82 13.46 20.0 11.35 11.78 20.0 9.30 9.68
33 12.63 13.53 26.3 11.51 12.10 26.2 9.52 10.02
33 11.38 12.16 32 9.71 10.34
0.000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.00
0.001 0.02 0.02 0.005 0.06 0.06 0.009 0.04 0.04
0.004 0.10 0.10 0.011 0.13 0.13 0.03 0.11 0.11
0.010 0.25 0.25 0.03 0.32 0.32 0.07 0.24 0.24
0.02 0.52 0.52 0.06 0.68 0.68 0.12 0.43 0.43
0.04 0.88 0.88 0.11 1.12 1.12 0.19 0.66 0.66
0.07 1.53 1.53 0.17 1.66 1.66 0.27 0.90 0.90
0.10 2.12 2.12 0.27 2.28 2.28 0.45 141 1.42
0.19 3.14 3.14 0.45 3.31 3.32 0.67 1.97 1.98
0.27 3.84 3.84 0.68 4.04 4.05 1.02 2.68 2.69
0.45 4.83 4.84 1.03 4.89 491 1.35 3.13 3.15
Mn/DOBDC (e{@) 0.66 551 5.52 1.37 5.44 5.46 2.0 3.88 3.91
1.03 6.36 6.38 2.0 6.18 6.21 3.0 4.75 4.79
2.0 7.79 7.82 3.0 7.06 7.10 4.0 5.29 5.34
4.0 9.26 9.32 4.0 7.61 7.67 8.0 6.82 6.93
8.1 10.36 10.49 8.1 9.00 9.12 12.0 7.61 7.77
12.1 10.76 10.96 11.9 9.57 9.75 16.1 8.08 8.30
16.0 10.95 11.23 15.9 9.89 10.14 20.1 8.39 8.67
20.0 11.03 11.39 20.0 10.06 10.38 26.1 8.66 9.03
26.0 11.03 11.52 26.1 10.13 10.57 32 8.75 9.22
32 10.78 11.42 31 10.03 10.57
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Adsorbent Gas At 294 K At 315K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?®) | (bar) | (molkg™® | (mol kg™
0.000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.00
0.003 0.10 0.10 0.004 0.06 0.06 0.006 0.03 0.03
0.007 0.23 0.23 0.009 0.12 0.12 0.011 0.05 0.05
0.010 0.34 0.34 0.02 0.33 0.33 0.02 0.10 0.10
0.02 0.58 0.58 0.05 0.69 0.69 0.03 0.14 0.14
0.03 0.93 0.93 0.11 1.33 1.33 0.06 0.23 0.23
0.05 1.77 1.77 0.19 2.21 2.21 0.11 0.43 0.43
0.10 2.73 2.73 0.33 3.19 3.19 0.20 0.74 0.74
0.17 3.89 3.89 0.66 4.60 4.61 0.35 1.21 1.21
0.33 5.15 5.15 1.03 5.47 5.48 0.67 2.11 2.12
coboOBDC | cq | 068 6.31 6.32 1.28 5.86 5.88 1.03 2.96 2.97
1.04 7.06 7.07 2.0 6.70 6.72 1.28 3.42 3.43
1.32 7.48 7.50 4.0 8.02 8.07 2.0 4.40 4.42
2.0 8.37 8.40 8.0 9.22 9.32 4.0 5.84 5.88
4.0 9.69 9.74 12.0 9.78 9.93 8.0 7.24 7.33
8.0 10.68 10.79 15.9 10.13 10.33 12.1 7.98 8.11
12.8 11.11 11.28 20.0 10.29 10.55 16.0 8.42 8.60
16.0 11.23 11.45 26.1 10.39 10.74 20.0 8.70 8.92
20.0 11.28 11.57 33 10.36 10.82 26.2 8.95 9.25
25.8 11.27 11.66 33 9.11 9.50
0.000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.00
0.002 0.13 0.13 0.005 0.11 0.11 0.007 0.06 0.06
0.004 0.25 0.25 0.009 0.20 0.20 0.02 0.12 0.12
0.007 0.43 0.43 0.02 0.38 0.38 0.05 0.31 0.31
0.010 0.62 0.62 0.04 0.78 0.78 0.10 0.55 0.55
0.013 0.83 0.83 0.12 1.95 1.95 0.20 0.98 0.98
0.02 1.40 1.40 0.17 2.58 2.58 0.34 1.53 1.53
0.04 1.98 1.98 0.33 3.61 3.61 0.72 2.66 2.67
0.06 2.78 2.78 0.70 4.87 4.88 1.05 3.35 3.36
0.11 3.57 3.57 1.06 5.65 5.66 1.32 3.79 3.80
. 0.20 4.56 4.56 1.32 6.01 6.03 2.0 4.70 4,72
NIDOBDC | CQ | (34 5.08 5.28 21 6.84 6.87 4.0 5.99 6.03
0.69 6.34 6.35 4.1 8.18 8.23 8.0 7.36 7.45
1.06 7.12 7.13 8.1 9.55 9.65 12.0 8.19 8.33
1.28 7.48 7.50 12.0 10.19 10.35 16.0 8.69 8.88
2.0 8.44 8.47 16.0 10.57 10.78 20.0 9.04 9.28
4.0 9.88 9.93 20.1 10.77 11.04 26.1 9.43 9.74
8.0 11.00 11.11 26.0 10.89 11.26
12.0 11.43 11.60 32 10.86 11.33
16.0 11.65 11.88
19.9 11.77 12.07
26.0 11.78 12.19
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Table A8. Adsorption isotherm data of CO onto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0028 0.04 0.04 0.0031 0.01 0.01 0.0081 0.03 0.03
0.0070 0.09 0.09 0.0064 0.03 0.03 0.0130 0.04 0.04
0.0106 0.14 0.14 0.0104 0.05 0.05 0.04 0.06 0.06
0.02 0.22 0.22 0.02 0.11 0.11 0.07 0.10 0.10
0.03 0.35 0.35 0.04 0.19 0.19 0.11 0.15 0.15
0.06 0.70 0.70 0.06 0.27 0.27 0.21 0.26 0.26
0.10 1.01 1.01 0.11 0.44 0.44 0.35 0.39 0.40
0.19 1.61 1.61 0.20 0.76 0.76 0.67 0.68 0.69
0.68 3.08 3.09 0.32 1.08 1.09 1.05 0.98 1.00
1.05 3.57 3.59 0.67 1.82 1.83 1.26 1.13 1.15
1.32 3.83 3.86 1.03 2.32 2.34 2.1 1.61 1.65
Mg/DOBDC CO 2.1 4.30 4.34 1.32 2.63 2.66 4.1 2.44 251
2.7 4.56 4.62 2.0 3.16 3.20 8.1 3.36 3.50
4.1 4.95 5.04 4.0 4.03 4.11 12.1 3.93 4.14
8.1 5.55 5.72 8.1 4.79 4.95 16.2 4.31 4.60
12.2 5.91 6.17 12.2 5.20 5.44 20.3 4.57 4.93
16.0 6.14 6.48 16.1 5.47 5.79 26.2 4.83 5.29
20.0 6.32 6.75 20.2 5.66 6.06 32 4.99 5.56
26.4 6.50 7.07 26.2 5.85 6.37 41 5.14 5.86
33 6.59 7.30 33 5.95 6.61 50 5.25 6.13
41 6.63 7.51 41 6.04 6.86 65 5.27 6.42
50 6.65 7.73 51 6.05 7.07 86 5.25 6.77
65 6.53 7.94 64 6.03 7.31
86 6.25 8.14 86 5.81 7.54
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0053 0.03 0.03 0.0054 0.01 0.01 0.0074 0.01 0.01
0.03 0.17 0.17 0.02 0.04 0.04 0.04 0.03 0.03
0.07 0.35 0.35 0.07 0.16 0.16 0.12 0.08 0.08
0.11 0.55 0.55 0.13 0.28 0.28 0.34 0.23 0.23
0.31 1.25 1.25 0.33 0.67 0.67 0.69 0.44 0.45
0.65 2.02 2.03 0.68 1.19 1.20 1.03 0.63 0.64
1.06 2.61 2.63 1.07 1.63 1.65 2.0 1.13 1.16
2.0 3.43 3.46 2.0 2.45 2.48 4.0 1.88 1.93
4.0 4.25 4.31 4.0 3.38 3.44 8.0 2.80 291
8.0 4.98 5.11 8.0 4.25 4.37 12.0 3.44 3.60
Mn/DOBDC co 12.1 5.37 5.56 12.1 4.71 4.89 16.1 3.83 4.04
16.0 5.61 5.86 16.2 5.01 5.25 20.0 4.12 4.38
20.0 5.80 6.12 20.1 5.18 5.48 26.5 4.42 4.77
26.0 5.96 6.37 26.3 5.36 5.75 32 4.58 5.00
32 6.05 6.56 33 5.48 5.97 39 4.68 5.19
43 6.10 6.79 40 5.53 6.12 50 4.85 5.51
50 6.11 6.92 50 5.59 6.33 67 4.89 5.77
68 5.99 7.09 70 5.52 6.57 86 4.89 6.02
87 5.83 7.25 87 5.44 6.74 102 4.77 6.11
104 5.60 7.32 105 5.25 6.83
250

TH-1308_09610719




Adsorbent Gas At 294 K At 315 K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?®) | (bar) | (molkg™® | (mol kg™
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0002 0.10 0.10 0.0012 0.15 0.15 0.0033 0.08 0.08
0.0007 0.27 0.27 0.0025 0.26 0.26 0.0086 0.16 0.16
0.0015 0.53 0.53 0.0037 0.37 0.37 0.0117 0.21 0.21
0.0023 0.74 0.74 0.0051 0.50 0.50 0.02 0.38 0.38
0.0035 1.02 1.02 0.0063 0.59 0.59 0.06 0.87 0.87
0.0045 1.25 1.25 0.0102 0.90 0.90 0.11 1.29 1.29
0.0073 1.74 1.74 0.02 1.57 1.57 0.20 1.94 1.94
0.0095 2.06 2.06 0.05 2.59 2.59 0.33 2.56 2.56
0.02 2.79 2.79 0.11 3.48 3.48 0.69 3.51 3.52
0.03 3.46 3.46 0.19 4.11 4.11 1.05 4.03 4.04
0.05 4.14 4.14 0.33 4.66 4.66 1.29 4.27 4.28
0.10 4.79 4.79 0.69 5.22 5.23 2.0 4.75 4.77
0.20 5.25 5.25 1.05 5.47 5.48 4.1 5.32 5.36
0.36 5.55 5.55 1.30 5.57 5.59 8.1 5.71 5.80
Co/DOBDC CO 0.70 5.76 5.77 2.0 5.76 5.78 12.1 5.88 6.01
1.07 5.90 5.91 4.1 5.98 6.03 16.1 6.05 6.22
1.29 5.91 5.93 8.2 6.24 6.34 20.2 6.15 6.36
2.0 6.03 6.06 12.1 6.39 6.53 26.3 6.23 6.51
4.1 6.22 6.27 16.1 6.51 6.70 33 6.28 6.63
8.1 6.48 6.58 20.1 6.59 6.83 41 6.31 6.74
12.1 6.67 6.82 26.2 6.70 7.01 51 6.34 6.88
16.2 6.81 7.02 33 6.76 7.15 72 6.31 7.07
20.0 6.95 7.20 40 6.79 7.26 93 6.14 7.12
26.1 7.07 7.40 51 6.79 7.40 116 6.10 7.32
33 7.16 7.58 72 6.71 7.57
42 7.19 7.73 91 6.57 7.66
51 7.18 7.84 114 6.35 7.72
72 7.06 7.99
86 6.91 8.03
117 6.54 8.09
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0002 0.15 0.15 0.0007 0.21 0.21 0.0038 0.14 0.14
0.0009 0.56 0.56 0.0017 0.40 0.40 0.0121 0.35 0.35
0.0018 1.02 1.02 0.0050 0.90 0.90 0.02 0.57 0.57
0.0037 1.62 1.62 0.0098 1.41 1.41 0.04 0.92 0.92
0.0087 2.48 2.48 0.03 2.29 2.29 0.07 1.29 1.29
0.03 351 3.51 0.05 2.91 2.91 0.10 1.59 1.59
0.04 3.91 3.91 0.10 3.61 3.61 0.20 2.25 2.25
0.06 4.24 4.24 0.21 4.19 4.19 0.34 2.82 2.82
0.11 4.64 4.64 0.34 4.54 4.54 0.68 3.53 3.54
0.20 4.98 4.98 0.71 4.96 4.97 1.06 3.95 3.96
0.36 5.28 5.28 1.09 5.19 5.20 1.31 4.18 4.19
0.68 5.63 5.64 1.33 5.28 5.30 2.1 4.57 4.59
. 1.03 5.90 5.91 2.0 5.50 5.52 4.0 5.14 5.18
NI/DOBDC co 1.29 6.07 6.09 4.1 5.85 5.90 8.0 5.60 5.69
4.0 6.81 6.86 8.0 6.19 6.29 12.0 5.94 6.07
8.1 7.37 7.48 12.1 6.47 6.62 16.1 6.20 6.38
12.2 7.77 7.93 16.0 6.67 6.87 20.1 6.41 6.63
16.1 7.98 8.20 20.0 6.82 7.07 26.1 6.55 6.84
20.0 8.20 8.47 26.0 7.04 7.36 33 6.69 7.06
26.1 8.33 8.68 33 7.15 7.56 40 6.77 7.21
33 8.40 8.84 40 7.25 7.75 51 6.79 7.35
40 8.41 8.95 51 7.36 8.00 73 6.75 7.56
51 8.37 9.06 72 7.38 8.29 90 6.62 7.62
72 8.23 9.22 90 7.32 8.46 111 6.44 7.67
91 8.01 9.27 110 7.29 8.69
113 7.77 9.35
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Table A9. Adsorption isotherm data of Glénto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352 K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.20 0.21 0.21 0.35 0.22 0.23 1.02 0.32 0.34
0.36 0.38 0.39 0.69 0.42 0.43 1.28 0.41 0.43
0.68 0.71 0.72 1.02 0.61 0.63 2.0 0.61 0.65
1.04 1.05 1.07 1.30 0.76 0.79 4.0 1.12 1.19
1.28 1.26 1.29 2.1 1.16 1.20 8.0 1.98 2.12
2.1 1.92 1.96 4.1 2.09 2.17 12.1 2.69 2.91
4.0 3.19 3.28 8.1 3.41 3.57 16.0 3.26 3.55
8.0 4.77 4.94 12.0 4.26 4.50 20.0 3.68 4.04
Mg/DOBDC | CH, | 120 5.63 5.89 16.0 4.86 5.18 26.0 4.08 455
16.0 6.18 6.53 20.0 5.27 5.68 33 4.47 5.07
20.1 6.54 6.98 26.0 5.71 6.25 40 4.72 5.46
26.0 6.86 7.44 33 5.96 6.65 50 4.90 5.83
33 7.02 7.77 40 6.10 6.94
40 7.07 7.99 50 6.16 7.23
50 7.03 8.21
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.04 0.05 0.05 0.04 0.03 0.03 0.72 0.25 0.26
0.11 0.13 0.13 0.11 0.08 0.08 1.04 0.36 0.37
0.34 0.37 0.38 0.33 0.21 0.21 2.0 0.64 0.67
0.69 0.73 0.74 0.68 0.43 0.44 4.1 1.26 1.31
1.07 1.10 1.12 1.06 0.65 0.67 8.0 2.14 2.25
2.0 1.92 1.95 2.1 1.22 1.25 12.1 2.87 3.03
4.0 3.18 3.24 4.0 2.14 2.20 16.3 3.41 3.63
8.0 4.62 4.75 8.0 3.44 3.56 20.0 3.84 411
12.0 5.37 5.56 11.9 4.28 4.46 26.1 4.26 4.61
Mn/DOBDC | CH, | 163 5.84 6.11 16.2 4.83 5.07 32 457 5.01
20.0 6.10 6.43 20.1 5.15 5.46 39 4.78 5.31
26.0 6.35 6.78 26.1 5.49 5.89 50 4.97 5.66
31 6.43 6.95 32 5.65 6.15 69 4.97 5.95
40 6.48 7.17 39 5.79 6.40 93 4.79 6.15
49 6.43 7.29 49 5.85 6.63 115 4.41 6.14
68 6.05 7.31 69 5.58 6.73
92 5.26 7.13 92 5.16 6.78
116 4.23 6.94 114 4.59 6.72
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Adsorbent Gas At 294 K At 315 K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg™?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.10 0.10 0.12 0.10 0.10 1.07 0.42 0.43
0.11 0.16 0.16 0.22 0.18 0.18 1.29 0.51 0.52
0.22 0.31 0.31 0.34 0.28 0.28 2.0 0.77 0.79
0.34 0.47 0.47 0.70 0.55 0.56 4.0 1.40 1.44
0.70 0.93 0.94 1.03 0.81 0.82 8.2 2.44 2.53
1.06 1.38 1.39 1.29 0.98 1.00 12.0 3.18 3.31
1.29 1.63 1.65 2.0 1.48 1.50 16.2 3.77 3.94
2.0 241 2.44 4.0 2.59 2.64 20.0 4.19 4.40
4.0 3.87 3.92 8.1 4.02 4.12 25.3 4.64 491
comoBDC | cH | 80 5.35 5.45 12.0 4.83 4.97 33 5.02 5.38
12.0 6.04 6.19 16.1 5.37 5.56 40 5.26 5.70
16.1 6.51 6.72 20.1 5.73 5.97 51 5.43 6.00
20.0 6.78 7.04 26.2 6.07 6.39 72 5.50 6.32
26.0 7.01 7.36 33 6.28 6.69 91 5.33 6.39
33 7.14 7.59 40 6.39 6.89 113 5.10 6.45
41 7.18 7.74 51 6.45 7.10
51 7.12 7.84 72 6.15 7.11
72 6.60 7.68 90 5.81 7.07
91 5.99 7.46 115 5.10 6.82
116 491 7.08
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.13 0.13 0.35 0.27 0.27 1.05 0.40 0.41
0.20 0.25 0.25 0.70 0.49 0.50 1.30 0.48 0.49
0.34 0.41 0.41 1.09 0.74 0.75 2.1 0.72 0.74
0.70 0.80 0.81 1.31 0.86 0.88 4.0 1.28 1.32
1.07 1.19 1.20 2.0 1.29 1.31 6.1 1.77 1.84
1.33 1.44 1.46 4.0 2.27 2.32 8.0 2.20 2.29
2.1 211 2.14 6.0 3.04 3.12 12.1 2.93 3.07
4.0 341 3.46 8.1 3.64 3.74 16.0 3.52 3.70
6.0 4.32 4.40 12.1 4.49 4.64 20.0 3.98 4.21
Ni/DOBDC CH, 8.0 4.96 5.07 16.0 5.05 5.25 26.2 4.51 4.81
12.0 5.80 5.96 20.0 5.47 5.73 33 4.84 5.22
16.2 6.32 6.54 26.5 5.91 6.25 40 5.09 5.55
20.1 6.65 6.93 33 6.20 6.63 51 5.37 5.97
26.3 7.00 7.37 41 6.38 6.92 72 5.52 6.38
33 7.17 7.64 51 6.44 7.13 87 5.52 6.58
40 7.28 7.86 72 6.32 7.33 117 5.37 6.85
51 7.31 8.07 92 6.00 7.36
72 6.87 8.01 117 5.38 7.24
92 6.33 7.90
118 5.28 7.64
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Table A10.Adsorption isotherm data of,Nnto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.04 0.04 0.04 0.11 0.06 0.06 1.04 0.20 0.22
0.10 0.10 0.10 0.22 0.11 0.11 1.29 0.25 0.27
0.19 0.18 0.18 0.34 0.16 0.17 2.0 0.37 0.41
0.35 0.32 0.33 0.66 0.31 0.32 4.1 0.71 0.78
0.67 0.59 0.60 1.03 0.46 0.48 8.1 1.27 1.41
1.02 0.85 0.87 1.31 0.58 0.61 12.0 1.72 1.93
1.32 1.05 1.08 2.0 0.85 0.89 16.2 2.10 2.39
2.0 1.47 1.51 4.1 1.51 1.59 20.1 241 2.76
4.1 2.40 2.49 8.0 2.38 2.54 26.1 2.75 3.21
Mg/DOBDC No 8.1 3.46 3.63 12.1 2.99 3.23 32 2.99 3.55
12.0 4.06 4.31 16.2 3.46 3.78 39 3.24 3.93
16.2 4.49 4.83 20.1 3.77 4.17 50 3.48 4.36
20.1 4.77 5.20 26.0 4.13 4.65 72 3.47 4.73
26.1 5.05 5.61 33 4.38 5.03 94 3.46 511
32 5.22 5.90 39 4.53 5.30 122 3.28 5.41
39 5.34 6.17 51 4.58 5.59
50 5.40 6.47 73 4.57 6.02
71 5.23 6.76 94 4.40 6.28
93 4.96 6.98 120 4.10 6.50
121 4.54 7.19
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.11 0.05 0.05 0.33 0.09 0.09 1.04 0.15 0.16
0.32 0.14 0.15 0.66 0.18 0.19 2.0 0.28 0.31
0.66 0.27 0.28 1.02 0.26 0.28 4.0 0.52 0.57
1.04 0.43 0.45 2.0 0.49 0.52 8.1 0.94 1.05
2.0 0.78 0.81 4.0 0.92 0.98 12.0 1.32 1.48
4.0 1.39 1.45 8.0 1.58 1.70 16.1 1.61 1.82
8.0 2.26 2.39 12.0 2.10 2.28 20.0 1.87 2.13
12.0 2.90 3.09 16.0 2.52 2.76 26.2 2.19 2.53
16.0 3.33 3.58 20.0 2.83 3.13 31 2.41 2.82
Mn/DOBDC | N, | 200 3.63 3.95 26.0 3.24 3.62 38 2.65 3.15
25.9 4.00 4.41 32 3.48 3.95 49 2.85 3.49
32 4.21 4.72 39 3.65 4.23 68 3.06 3.95
39 4.41 5.03 50 3.83 4.57 90 3.14 4.32
49 4.53 5.31 70 3.97 5.01 113 3.12 4.59
69 4.53 5.64 92 3.88 5.25
92 4.35 5.84 114 3.74 5.44
113 4.15 5.99
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Adsorbent Gas At 294 K At 315 K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?®) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.05 0.05 0.35 0.15 0.15 1.06 0.21 0.22
0.11 0.08 0.08 0.69 0.27 0.28 1.30 0.25 0.26
0.22 0.17 0.17 1.01 0.40 0.41 2.0 0.37 0.39
0.36 0.27 0.27 1.28 0.49 0.51 4.0 0.70 0.74
0.68 0.49 0.50 2.0 0.75 0.77 8.1 1.24 1.33
1.04 0.72 0.73 4.0 1.34 1.39 12.1 1.71 1.84
1.31 0.88 0.90 8.0 2.24 2.33 16.1 2.10 2.27
2.0 1.28 1.31 12.1 2.88 3.02 20.2 2.42 2.63
4.1 2.18 2.23 16.0 3.34 3.53 26.3 2.81 3.09
comoBpc | N | 80 3.30 3.40 20.0 3.70 3.94 33 3.11 3.46
12.1 3.99 4.14 26.0 4.08 4.39 40 3.36 3.78
16.0 4.43 4.63 33 4.38 4.77 51 3.61 4.14
20.0 4.75 5.00 40 4.59 5.06 72 3.90 4.65
25.6 5.06 5.38 51 4.73 5.33 94 4.00 4.98
33 5.29 5.71 72 4.86 5.71 123 3.91 5.19
42 5.44 5.98 94 4.76 5.88
51 5.53 6.18 123 4.55 6.02
72 5.49 6.42
94 5.31 6.53
123 5.02 6.62
0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00
0.68 0.52 0.53 1.03 0.41 0.42 4.1 0.70 0.75
1.03 0.74 0.75 1.30 0.49 0.51 8.1 1.21 1.30
1.31 0.89 0.91 2.0 0.73 0.75 12.2 1.62 1.76
2.1 1.29 1.32 4.0 1.27 1.32 16.1 2.01 2.19
4.0 2.06 2.11 8.1 2.08 2.18 20.1 2.34 2.56
8.0 3.05 3.16 12.1 2.65 2.80 26.2 2.65 2.94
12.2 3.70 3.86 16.0 3.07 3.27 33 2.94 3.30
16.2 4.10 4.32 20.0 341 3.66 40 3.22 3.66
20.0 4.40 4.67 26.1 3.78 4.10 51 3.51 4.07
Ni/DOBDC N, 26.2 4.75 5.10 33 4.05 4.46 72 3.88 4.67
33 4.97 541 40 4.28 4.78 91 4.04 5.04
40 5.13 5.67 51 4.48 5.12 123 4.34 5.69
51 5.32 6.01 72 4.67 5.57
72 5.35 6.33 91 4.68 5.82
94 5.31 6.59 122 4.66 6.19
122 5.16 6.84
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Table A11.Adsorption isotherm data of,Bs onto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.000 0.00 0.00 0.000 0.00 0.00 0.00 0.00 0.00
0.003 0.04 0.04 0.010 0.07 0.07 0.06 0.15 0.15
0.007 0.10 0.10 0.02 0.14 0.14 0.11 0.25 0.25
0.010 0.15 0.15 0.07 0.43 0.43 0.21 0.50 0.50
0.02 0.22 0.22 0.11 0.74 0.74 0.36 0.85 0.86
0.03 0.39 0.39 0.21 1.37 1.37 0.70 1.61 1.62
0.05 0.80 0.80 0.32 2.13 2.14 1.01 2.24 2.26
0.09 1.33 1.33 0.65 3.68 3.69 1.27 2.70 2.72
0.18 2.60 2.60 1.01 4.62 4.64 2.0 3.71 3.75
Mg/DOBDC | GHs 0.30 3.84 3.85 1.28 5.06 5.09 4.0 4.99 5.06
0.64 5.40 541 2.1 5.84 5.88 8.1 5.98 6.13
1.04 6.14 6.16 4.2 6.63 6.72 12.1 6.32 6.55
2.0 6.92 6.96 8.1 7.15 7.32 16.0 6.50 6.81
4.0 7.46 7.55 12.4 7.36 7.63 20.0 6.59 6.98
8.0 7.87 8.05 16.2 7.41 7.77 26.2 6.60 7.13
12.1 7.97 8.26 20.1 7.40 7.86
16.0 7.97 8.36 26.0 7.29 7.93
20.0 7.90 8.42
26.0 7.70 8.45
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000
0.007 0.10 0.10 0.02 0.20 0.20 0.05 0.16 0.16
0.011 0.18 0.18 0.05 0.43 0.43 0.10 0.29 0.29
0.03 0.47 0.47 0.09 0.80 0.80 0.32 0.89 0.89
0.05 0.83 0.83 0.17 1.46 1.46 0.49 1.35 1.36
0.09 1.56 1.56 0.28 2.30 2.30 0.68 1.82 1.83
0.14 2.54 2.54 0.41 3.10 3.11 1.02 2.55 2.56
0.28 3.92 3.92 0.64 3.94 3.95 1.35 3.09 3.11
0.45 4.65 4.66 1.01 4.67 4.68 2.0 3.80 3.83
0.67 5.15 5.16 1.37 5.04 5.06 4.0 4.79 4.84
Mn/DOBDC | GHg 1.01 5.56 5.58 2.0 5.45 5.48 8.0 5.48 5.59
1.39 5.85 5.87 4.1 6.02 6.08 12.0 5.75 5.92
2.0 6.17 6.20 8.1 6.40 6.53 16.0 5.85 6.08
4.0 6.58 6.65 12.1 6.54 6.73 20.0 5.90 6.19
8.1 6.87 7.01 16.0 6.58 6.84 26.0 5.89 6.28
12.1 6.95 7.16 20.0 6.55 6.89
16.0 6.93 7.22 26.0 6.44 6.92
20.0 6.85 7.24
26.0 6.68 7.24
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Adsorbent Gas At 294 K At 315 K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?®) | (bar) | (molkg™® | (mol kg™
0.000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.00
0.003 0.07 0.07 0.014 0.14 0.14 0.04 0.25 0.13
0.009 0.20 0.20 0.02 0.24 0.24 0.07 0.46 0.25
0.02 0.56 0.56 0.04 0.44 0.44 0.13 0.76 0.46
0.04 0.90 0.90 0.06 0.65 0.65 0.21 1.24 0.76
0.06 1.42 1.42 0.12 1.30 1.30 0.34 2.34 1.24
0.09 2.43 2.43 0.19 2.05 2.05 0.67 3.17 2.35
0.20 4.17 4.17 0.33 3.24 3.24 1.01 3.64 3.18
0.35 511 5.11 0.66 4.65 4.66 1.27 4.50 3.65
0.70 5.95 5.96 1.01 5.29 5.30 2.0 4.93 4.52
Co/DOBDC | GH, | 1.04 6.31 6.32 1.30 5.60 5.62 27 5.42 4.96
1.33 6.51 6.53 2.0 6.07 6.09 4.0 6.05 5.46
2.7 6.99 7.02 2.7 6.31 6.34 8.0 6.26 6.14
4.0 7.19 7.24 4.0 6.59 6.64 12.0 6.37 6.39
8.0 7.45 7.56 8.0 6.94 7.04 16.0 6.40 6.55
12.1 7.50 7.67 12.1 7.06 7.21 20.0 6.38 6.63
16.0 7.47 7.70 16.0 7.08 7.29 26.1 6.70
20.0 7.38 7.69 20.0 7.07 7.34
26.2 7.21 7.66 26.1 6.98 7.36
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.003 0.06 0.06 0.02 0.20 0.20 0.10 0.32 0.32
0.009 0.19 0.19 0.04 0.39 0.39 0.19 0.58 0.58
0.02 0.38 0.38 0.10 0.93 0.93 0.35 1.04 1.04
0.04 0.84 0.84 0.18 1.57 1.57 0.68 1.84 1.85
0.07 1.33 1.33 0.31 2.41 2.41 1.03 2.53 2.54
0.09 1.87 1.87 0.65 3.77 3.78 1.32 2.98 2.99
0.20 3.27 3.27 1.06 4.55 4.56 2.0 3.73 3.75
0.34 4.17 4.17 1.28 4.81 4.83 4.1 4.74 4.79
0.68 5.17 5.18 2.0 5.39 5.42 8.0 5.55 5.64
Ni/DOBDC CHs 1.03 5.67 5.68 4.1 6.08 6.13 12.0 5.87 6.01
1.30 5.90 5.92 8.0 6.56 6.66 16.0 6.03 6.22
2.0 6.33 6.36 12.0 6.76 6.92 20.1 6.12 6.37
4.2 6.87 6.93 16.0 6.82 7.04 26.0 6.25 6.58
8.0 7.20 7.31 20.1 6.84 7.13
12.0 7.30 7.48 26.1 6.79 7.19
16.2 7.31 7.56
20.0 7.30 7.63
26.3 7.19 7.67
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Table A12.Adsorption isotherm data of;8s onto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352 K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0019 0.25 0.25 0.0041 0.21 0.21 0.0112 0.15 0.15
0.0034 0.46 0.46 0.0067 0.36 0.36 0.02 0.21 0.21
0.0055 0.84 0.84 0.0095 0.52 0.52 0.03 0.40 0.40
0.0083 1.39 1.39 0.0136 0.74 0.74 0.06 0.90 0.90
0.0115 1.95 1.95 0.02 1.16 1.16 0.11 1.75 1.75
0.02 3.37 3.37 0.03 1.80 1.80 0.21 2.84 2.84
0.03 4.17 4.17 0.05 3.06 3.06 0.45 4.05 4.06
0.07 5.06 5.06 0.12 4.36 4.36 1.07 4.93 4,95
Mg/DOBDC | GHs | (.11 5.48 5.48 0.22 5.03 5.03 1.30 5.08 5.10
0.21 5.87 5.87 0.49 5.57 5.58 2.8 5.55 5.60
0.45 6.21 6.22 1.08 5.99 6.01 4.1 5.74 5.82
1.05 6.53 6.55 1.32 6.08 6.11 7.0 5.94 6.07
1.30 6.59 6.62 2.7 6.33 6.39
2.7 6.78 6.84 4.1 6.44 6.53
4.0 6.88 6.97 6.7 6.53 6.68
7.0 7.00 7.17
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0013 0.19 0.19 0.0020 0.13 0.13 0.0041 0.08 0.08
0.0029 0.53 0.53 0.0040 0.27 0.27 0.0065 0.11 0.11
0.0043 0.88 0.88 0.0064 0.46 0.46 0.0094 0.17 0.17
0.0064 1.43 1.43 0.0090 0.68 0.68 0.01 0.28 0.28
0.0080 1.92 1.92 0.0120 1.06 1.06 0.02 0.41 0.41
0.0107 2.66 2.66 0.02 1.71 1.71 0.04 0.79 0.79
0.02 3.58 3.58 0.04 2.89 2.89 0.10 1.86 1.86
0.05 4.38 4.38 0.11 4.09 4.09 0.19 2.93 2.93
0.11 4.77 4.77 0.21 4.52 4.52 0.46 3.88 3.89
Mn/DOBDC | GH, | 0-21 4.99 4.99 0.49 4.88 4.89 1.01 4.42 4.43
0.47 5.23 5.24 1.01 5.11 5.13 1.31 4.56 4.58
1.01 5.42 5.44 1.30 5.19 5.21 2.7 4.84 4.88
1.29 5.49 5.51 2.7 5.37 5.41 4.0 4.96 5.01
2.7 5.64 5.68 4.0 5.45 5.51 7.0 5.05 5.15
4.0 5.69 5.76 7.0 5.52 5.63
7.0 5.76 5.89
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Adsorbent Gas At 294 K At 315 K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?®) | (bar) | (molkg™® | (mol kg™
0.0000 0.00 0.00 0.0000 0.00 0.00 0.0000 0.00 0.00
0.0007 0.19 0.19 0.0024 0.23 0.23 0.0029 0.07 0.07
0.0015 0.42 0.42 0.0047 0.48 0.48 0.0079 0.19 0.19
0.0030 1.01 1.01 0.0069 0.76 0.76 0.0115 0.29 0.29
0.0042 1.56 1.56 0.0102 1.19 1.19 0.02 0.50 0.50
0.0055 2.23 2.23 0.01 1.73 1.73 0.03 0.94 0.94
0.0070 2.88 2.88 0.02 2.48 2.48 0.06 1.76 1.76
0.0093 3.53 3.53 0.05 4.01 4.01 0.10 2.74 2.74
0.0120 3.96 3.96 0.06 4.40 4.40 0.19 3.69 3.69
0.02 4.73 4.73 0.11 491 491 0.47 4.57 4.57
0.03 5.02 5.02 0.20 5.27 5.27 1.05 5.10 511
Co/DOBDC | GHs 0.06 5.42 5.42 0.48 5.64 5.65 1.31 5.21 5.22
0.11 5.65 5.65 1.02 5.87 5.88 2.7 5.50 5.53
0.11 5.68 5.68 1.30 5.92 5.94 4.0 5.62 5.66
0.22 5.87 5.87 2.7 6.07 6.10 7.0 5.71 5.79
0.23 5.88 5.88 4.0 6.12 6.17
0.49 6.06 6.07 7.0 6.16 6.25
1.06 6.24 6.25
1.29 6.27 6.29
2.7 6.41 6.45
4.0 6.46 6.51
7.0 6.45 6.55
0.0000 0.00 0.00 0.0000 0.00 0.00 0.00 0.00 0.00
0.0008 0.16 0.16 0.0022 0.20 0.20 0.02 0.38 0.38
0.0017 0.35 0.35 0.0046 0.42 0.42 0.05 0.87 0.87
0.0030 0.68 0.68 0.0098 0.92 0.92 0.06 1.25 1.25
0.0044 1.05 1.05 0.02 1.42 1.42 0.09 1.80 1.80
0.0064 1.60 1.60 0.03 2.33 2.33 0.19 2.80 2.80
0.0092 2.28 2.28 0.04 3.05 3.05 0.33 3.43 3.43
0.0122 2.81 2.81 0.09 3.90 3.90 0.69 4.10 4.11
0.02 3.50 3.50 0.22 4.62 4.62 1.05 4.42 4.43
0.03 3.92 3.92 0.35 491 491 1.31 4.56 4.57
Ni/DOBDC | GH, | 0.06 459 459 0.72 5.29 5.30 2.7 4.94 4.97
0.12 5.01 5.01 1.05 5.47 5.48 4.0 5.12 5.17
0.21 5.35 5.35 1.30 5.55 5.57 6.7 5.30 5.38
0.35 5.59 5.59 2.7 5.79 5.82
0.71 5.84 5.85 4.0 5.88 5.93
1.06 5.98 5.99 6.7 5.95 6.04
1.32 6.03 6.05
2.7 6.19 6.23
4.0 6.26 6.32
6.7 6.28 6.38
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Table A13.Adsorption isotherm data of Ar onto DOBDC MOFs.

Adsorbent Gas At 294 K At 315K At 352K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.20 0.05 0.05 1.00 0.16 0.18 0.68 0.06 0.07
0.32 0.07 0.08 1.27 0.19 0.22 1.01 0.09 0.11
0.67 0.15 0.16 2.0 0.31 0.35 1.27 0.11 0.13
1.02 0.23 0.25 4.0 0.59 0.67 2.0 0.17 0.21
1.28 0.28 0.31 8.0 1.09 1.25 4.0 0.34 0.41
2.0 0.44 0.48 12.0 1.53 1.77 8.1 0.64 0.78
4.1 0.85 0.94 16.1 1.94 2.26 12.0 0.92 1.13
8.0 1.56 1.73 20.0 2.26 2.66 16.1 1.17 1.46
12.0 2.15 241 26.1 2.70 3.22 20.1 1.40 1.76
Mg/DOBDC Ar 16.1 2.68 3.02 32 3.04 3.68 26.1 1.72 2.18
20.1 3.07 3.50 39 3.33 4.12 32 1.99 2.56
26.0 3.56 4.12 50 3.63 4.64 39 2.24 2.94
33 3.99 4.71 50 3.66 4.67 50 2.54 3.44
40 4.31 5.18 72 3.96 5.44 51 2.51 3.42
50 4.57 5.67 94 4.01 5.96 72 2.89 4.19
50 4.59 5.69 113 3.94 6.31 94 3.07 4.77
72 4.81 6.42 112 3.13 5.17
94 4.73 6.87
115 4.52 7.18
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.67 0.14 0.15 1.03 0.14 0.16 1.06 0.11 0.12
1.03 0.21 0.23 2.0 0.28 0.31 2.0 0.18 0.21
2.0 0.41 0.44 4.0 0.56 0.62 4.0 0.36 0.41
4.0 0.81 0.87 8.1 1.06 1.18 8.1 0.66 0.77
8.1 1.47 1.60 12.1 1.50 1.68 12.1 0.95 1.11
12.0 2.02 2.21 16.0 1.86 2.10 16.0 1.19 1.40
15.9 2.48 2.73 20.0 2.18 2.48 20.1 1.40 1.67
20.0 2.88 3.20 26.2 2.61 3.00 26.0 1.72 2.06
26.1 3.35 3.77 32 2.88 3.36 32 1.98 2.40
Mn/DOBDC Ar 31 3.68 4.18 39 3.17 3.76 39 2.19 2.71
39 3.97 4.60 50 3.46 4.21 50 2.47 3.14
50 4.26 5.08 70 3.79 4.86 70 2.86 3.80
71 4.47 5.65
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Adsorbent Gas At 294 K At 315 K At 352 K
P Nhet Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?®) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.13 0.04 0.04 0.20 0.04 0.04 1.33 0.15 0.16
0.21 0.06 0.06 0.36 0.07 0.07 2.0 0.22 0.24
0.35 0.10 0.10 0.68 0.12 0.13 4.1 0.43 0.47
0.69 0.18 0.19 1.06 0.19 0.20 8.1 0.77 0.86
1.05 0.28 0.29 1.29 0.23 0.25 12.0 1.10 1.23
1.32 0.34 0.36 2.0 0.36 0.38 16.1 1.40 1.57
2.0 0.52 0.55 4.1 0.69 0.74 20.0 1.67 1.88
4.0 1.00 1.05 8.0 1.28 1.37 26.0 2.02 2.30
8.0 1.82 1.92 12.1 1.79 1.93 33 2.38 2.73
CoDOBDC | Ar | 120 2.48 2.63 16.0 2.22 2.41 40 2.64 3.06
16.0 3.01 3.21 20.2 2.61 2.85 50 2.96 3.49
20.0 3.44 3.70 26.0 3.06 3.37 72 3.40 4.17
26.0 3.96 4.29 33 3.48 3.87 94 3.66 4.67
33 4.43 4.86 40 3.83 4.31 109 3.73 491
40 4.71 5.23 51 4.14 4.76
51 5.00 5.67 72 4.52 5.40
72 5.25 6.21 94 4.63 5.79
94 5.23 6.50 109 4.62 5.98
111 5.13 6.65
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.0 0.54 0.57 0.35 0.06 0.06 1.30 0.14 0.15
4.1 0.99 1.04 0.71 0.12 0.13 2.0 0.20 0.22
8.0 1.73 1.84 1.06 0.18 0.19 4.1 0.38 0.43
12.2 2.40 2.56 1.29 0.21 0.23 8.1 0.73 0.82
16.0 2.90 3.11 2.0 0.35 0.37 12.1 1.05 1.18
19.3 3.27 3.53 4.1 0.66 0.71 16.0 1.33 1.51
25.9 3.84 4.19 8.1 1.21 1.31 20.0 1.61 1.83
33 4.28 4.73 12.1 1.69 1.84 26.5 1.97 2.27
40 4.62 5.17 16.1 2.13 2.33 33 2.28 2.65
Ni/DOBDC Ar 51 4.99 5.69 20.0 2.48 2.73 40 2.62 3.07
72 5.33 6.34 26.4 2.98 3.31 51 2.98 3.55
92 5.43 6.74 33 3.37 3.79 73 3.49 4.31
101 5.45 6.90 40 3.73 4.24 87 3.75 4,74
51 4.08 4.73 99 3.92 5.04
72 4.51 5.44
87 4.77 5.90
100 4.78 6.09
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Table A14.Adsorption isotherm data of G@Gnto DABCO MOFs.

Adsorbent Gas At 294 K At 314K At 350 K
P Nnet Nexcess P Nnet Nexcess P Nnet Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.14 0.26 0.26 0.34 0.36 0.37 0.34 0.16 0.17
0.35 0.66 0.67 0.69 0.76 0.78 0.68 0.35 0.36
0.68 1.36 1.38 1.04 1.19 1.21 1.02 0.53 0.55
1.00 2.14 2.17 1.32 1.54 1.57 1.32 0.68 0.71
1.31 2.97 3.00 2.1 2.52 2.57 2.0 1.06 1.10
2.0 4.86 4.91 2.7 3.33 3.40 2.7 1.42 1.48
; 2.7 6.53 6.60 4.0 5.05 5.15 4.0 2.16 2.25
NI/DABCO €O, 4.0 8.81 8.91 5.3 6.53 6.66 5.3 2.89 3.01
5.4 10.11 10.25 8.0 8.44 8.64 8.0 4.25 4.43
8.0 11.44 11.65 12.0 9.92 10.22 12.0 5.85 6.12
12.1 12.32 12.65 16.0 10.70 11.11 16.0 6.96 7.32
16.1 12.72 13.17 20.1 11.12 11.65 20.0 7.71 8.17
20.1 12.90 13.48 25.9 11.43 12.14 26.0 8.41 9.02
26.0 13.00 13.79
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.12 0.16 0.16 0.12 0.09 0.09 0.10 0.03 0.03
0.34 0.45 0.46 0.27 0.19 0.20 0.27 0.09 0.10
1.02 1.40 1.43 0.67 0.49 0.51 0.68 0.24 0.25
1.24 1.74 1.77 1.00 0.74 0.76 1.00 0.35 0.37
2.6 4.05 4.11 1.28 0.97 1.00 1.22 0.42 0.45
4.0 5.74 5.84 2.7 2.14 2.20 2.7 0.94 1.00
Cu/DABCO | CQ 5.3 6.85 6.98 4.0 3.26 3.35 4.0 1.41 1.49
8.0 8.03 8.24 5.3 4.24 4.36 5.4 1.88 1.99
12.0 8.90 9.22 8.0 5.67 5.86 8.0 2.75 2.92
16.0 9.31 9.74 12.1 6.86 7.15 12.0 3.84 4.10
20.0 9.44 10.00 16.0 7.47 7.87 16.0 4.64 4,99
26.0 9.51 10.27 20.0 7.82 8.33 19.9 5.21 5.65
26.0 8.11 8.79 26.1 5.75 6.34
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.09 0.16 0.16 0.07 0.07 0.07 0.07 0.03 0.03
0.23 0.41 0.42 0.07 0.07 0.07 0.20 0.10 0.10
0.47 0.90 0.91 0.20 0.21 0.21 0.47 0.23 0.24
0.99 2.07 2.09 0.20 0.21 0.21 1.00 0.49 0.51
0.99 1.93 1.95 0.47 0.50 0.51 1.6 0.77 0.80
1.6 3.58 3.62 0.47 0.50 0.51 1.6 0.80 0.83
1.6 3.48 3.52 1.00 1.09 1.11 2.7 1.33 1.38
2.6 6.14 6.20 1.01 1.13 1.15 2.7 1.34 1.39
2.6 6.15 6.21 1.6 1.83 1.86 47 2.38 2.47
Zn/DABCO | CQ 4.6 9.06 9.17 1.6 1.90 1.93 4.7 2.37 2.46
4.6 8.96 9.07 2.7 3.18 3.24 8.0 4.01 4.16
7.9 10.86 11.05 2.7 3.25 3.31 8.0 3.94 4.09
8.0 10.92 11.11 4.6 5.67 5.77 13.3 5.95 6.21
13.3 11.94 12.26 4.7 5.59 5.69 18.7 7.16 7.53
18.9 12.30 12.78 7.8 8.10 8.27 26.1 8.04 8.58
26.0 12.40 13.10 8.0 8.14 8.31
13.3 9.83 10.13
18.7 10.54 10.97
25.9 10.95 11.57
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Table A15.Adsorption isotherm data of CO onto DABCO MOFs.

Adsorbent Gas At 294 K At 314K At 350 K
P Nnet Nexcess P Nnet Nexcess P Nnet Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.35 0.08 0.09 1.29 0.21 0.24 2.0 0.19 0.23
0.68 0.15 0.17 2.0 0.31 0.36 2.7 0.24 0.30
1.02 0.21 0.24 2.7 0.40 0.46 4.1 0.35 0.44
1.30 0.28 0.31 4.0 0.58 0.68 54 0.45 0.57
2.0 0.44 0.49 54 0.75 0.88 8.0 0.65 0.82
2.7 0.57 0.64 8.0 1.06 1.25 12.0 0.90 1.16
: 4.0 0.82 0.92 12.1 1.47 1.76 16.1 1.12 1.46
NI/DABCO co 54 1.05 1.19 16.0 1.82 2.20 20.1 1.31 1.74
8.0 1.50 1.70 20.1 211 2.59 26.1 1.56 2.12
12.0 2.04 2.35 26.0 2.49 3.11
16.0 2.56 2.97
20.0 2.93 3.44
26.1 3.38 4.05
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.34 0.06 0.07 0.34 0.04 0.05 0.69 0.06 0.07
0.72 0.11 0.13 0.69 0.08 0.10 1.00 0.08 0.10
1.03 0.15 0.18 1.01 0.12 0.14 1.27 0.09 0.12
1.32 0.20 0.23 1.30 0.15 0.18 2.0 0.14 0.18
2.0 0.29 0.34 2.0 0.22 0.27 2.7 0.17 0.23
2.7 0.37 0.44 2.7 0.28 0.34 4.0 0.24 0.32
Cu/DABCO cO 4.0 0.52 0.62 4.0 0.39 0.48 54 0.31 0.42
5.3 0.66 0.79 54 0.49 0.61 8.0 0.42 0.58
8.0 0.89 1.09 8.0 0.67 0.85 12.0 0.56 0.81
12.0 1.19 1.49 12.0 0.89 1.17 16.0 0.69 1.02
16.0 1.38 1.78 16.0 1.06 1.43 20.0 0.79 1.20
20.0 1.58 2.07 20.0 1.20 1.66 26.1 0.91 1.45
26.1 1.73 2.38 26.0 1.34 1.94
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.20 0.05 0.05 0.20 0.04 0.04 0.21 0.03 0.03
0.21 0.05 0.05 0.48 0.08 0.09 0.47 0.05 0.06
0.47 0.11 0.12 1.00 0.17 0.19 0.48 0.05 0.06
0.48 0.11 0.12 1.00 0.17 0.19 1.00 0.10 0.12
1.00 0.24 0.26 1.6 0.27 0.30 1.01 0.11 0.13
1.00 0.25 0.27 1.6 0.28 0.31 1.6 0.17 0.20
1.6 0.39 0.43 2.7 0.45 0.51 1.6 0.17 0.20
1.6 0.37 0.41 2.7 0.44 0.50 2.7 0.27 0.32
Zn/DABCO | CO 2.7 0.62 0.68 4.6 0.76 0.86 2.7 0.27 0.32
4.7 1.00 1.11 4.7 0.74 0.84 4.7 0.45 0.54
4.7 1.04 1.15 8.0 1.16 1.33 4.7 0.43 0.52
8.0 1.62 1.80 13.3 1.78 2.06 8.0 0.70 0.85
13.3 2.43 2.73 18.7 2.28 2.68 13.2 1.09 1.34
18.7 3.11 3.53 26.2 2.84 3.39 18.7 1.42 1.77
26.1 3.83 4.42 26.0 1.82 2.31
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Table A16.Adsorption isotherm data of Glénto DABCO MOFs.

Adsorbent Gas At 294 K At 314K At 350K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.38 0.23 0.24 0.14 0.06 0.06 1.07 0.24 0.26
0.69 0.41 0.43 0.36 0.14 0.15 1.31 0.29 0.32
1.03 0.60 0.63 0.70 0.27 0.29 2.0 0.43 0.47
1.30 0.74 0.77 1.02 0.39 0.41 2.7 0.55 0.61
2.0 1.15 1.20 1.29 0.49 0.52 4.1 0.84 0.93
2.7 1.50 1.57 2.0 0.76 0.81 55 1.09 1.21
: 4.0 2.20 2.30 2.7 0.99 1.05 8.0 1.53 1.70
NI/DABCO CHy 54 2.81 2.95 4.0 1.44 1.54 12.0 2.10 2.36
8.0 3.89 4.10 54 1.87 2.00 16.0 2.59 2.94
13.2 5.36 5.71 8.0 2.63 2.82 20.0 3.00 3.44
16.0 5.93 6.35 12.0 3.54 3.83 26.0 3.51 4.08
20.0 6.53 7.06 16.3 4.30 4.70
26.1 7.24 7.94 20.0 4.83 5.32
26.0 5.45 6.10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.1 1.69 1.79 0.12 0.05 0.05 0.30 0.06 0.07
55 2.19 2.33 0.67 0.22 0.24 0.67 0.14 0.15
8.1 2.94 3.14 1.05 0.35 0.37 1.00 0.20 0.22
12.0 3.75 4.05 1.26 0.42 0.45 1.38 0.26 0.29
16.0 4.28 4.69 2.0 0.61 0.66 2.7 0.46 0.52
20.0 4.60 5.11 3.0 0.89 0.96 4.0 0.64 0.72
Cu/DABCO CH 26.0 4.92 5.59 3.9 1.10 1.19 5.3 0.81 0.92
55 1.46 1.59 8.0 1.11 1.28
8.3 2.03 2.22 12.1 1.52 1.77
12.0 2.64 2.92 16.6 1.89 2.24
16.1 3.17 3.55 20.2 2.15 2.57
20.0 3.56 4.03 26.2 2.47 3.02
25.9 3.96 4.58
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.04 0.04 0.21 0.08 0.08 0.19 0.04 0.04
0.09 0.05 0.05 0.48 0.16 0.17 0.45 0.09 0.10
0.20 0.10 0.10 1.03 0.33 0.35 0.98 0.18 0.20
0.20 0.10 0.10 1.6 0.54 0.57 1.6 0.29 0.32
0.47 0.25 0.26 2.7 0.86 0.92 2.7 0.49 0.54
0.48 0.24 0.25 4.7 1.49 1.59 4.6 0.84 0.93
1.01 0.50 0.52 7.9 241 2.58 8.0 1.38 1.53
1.01 0.55 0.57 13.3 3.57 3.86 13.3 2.09 2.34
1.6 0.85 0.89 18.7 4.41 4.82 18.7 2.68 3.04
1.6 0.80 0.84 26.0 5.20 5.77 25.9 3.30 3.80
ZWDABCO | CH, | g 0.85 0.89
1.6 0.80 0.84
2.7 1.40 1.46
2.7 1.30 1.36
4.7 2.19 2.30
4.7 2.32 2.43
7.9 3.30 3.48
8.0 3.43 3.61
13.3 511 5.42
18.6 6.03 6.46
26.0 6.72 7.34
264

TH-1308_09610719



Table A17.Adsorption isotherm data of,Mnto DABCO MOFs.

Adsorbent Gas At 294 K At 314K At 350 K
P Nret Nexcess P Nret Nexcess P Nret Nexcess
(bar) | (molkg™ | (molkg®) | (bar) | (molkg?) | (molkg?) | (bar) | (molkg™® | (mol kg™
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.32 0.37 0.40 1.02 0.14 0.16 1.33 0.09 0.12
2.1 0.55 0.60 1.28 0.18 0.21 2.2 0.15 0.20
2.7 0.69 0.76 2.0 0.28 0.33 2.7 0.18 0.24
4.0 0.98 1.08 2.7 0.36 0.42 4.0 0.27 0.36
8.1 1.61 1.82 4.0 0.53 0.63 54 0.35 0.47
. 12.3 2.11 2.42 5.4 0.69 0.82 8.0 0.50 0.67
NI/DABCO | N | 145 259 3.00 8.0 0.97 1.16 12.0 0.70 0.96
19.8 291 3.42 12.0 1.32 1.61 16.1 0.88 1.22
26.0 3.29 3.96 16.0 1.64 2.02 20.0 1.02 1.45
20.0 1.89 2.37 26.1 1.22 1.78
26.1 2.19 2.81
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.05 0.11 0.14 2.7 0.22 0.28 0.35 0.01 0.02
1.33 0.14 0.17 4.0 0.30 0.39 0.68 0.03 0.04
2.0 0.21 0.26 5.4 0.38 0.50 1.03 0.04 0.06
2.7 0.27 0.34 8.0 0.52 0.70 1.32 0.04 0.07
4.0 0.40 0.50 12.1 0.70 0.98 2.0 0.08 0.12
5.4 0.53 0.66 16.0 0.86 1.23 2.7 0.09 0.15
Cu/DABCO N 8.0 0.73 0.93 20.0 0.99 1.45 4.0 0.14 0.22
12.0 1.01 1.31 26.0 1.15 1.75 53 0.18 0.29
15.9 1.26 1.65 8.0 0.26 0.42
20.0 1.45 1.94 12.0 0.36 0.61
26.0 1.65 2.29 16.0 0.44 0.77
20.0 0.52 0.93
26.0 0.61 1.14
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.02 0.02 0.06 0.01 0.01 0.19 0.02 0.02
0.18 0.05 0.05 0.20 0.03 0.03 0.44 0.03 0.04
0.45 0.09 0.10 0.45 0.06 0.07 0.98 0.07 0.09
1.00 0.18 0.20 0.97 0.12 0.14 1.6 0.11 0.14
1.6 0.28 0.32 1.6 0.20 0.23 2.6 0.17 0.22
2.7 0.46 0.52 2.6 0.32 0.37 4.6 0.31 0.40
Zn/DABCO N, 4.7 0.78 0.89 4.7 0.54 0.64 8.0 0.52 0.67
8.0 1.27 1.45 8.0 0.90 1.07 13.5 0.81 1.06
13.3 1.92 2.22 13.3 1.40 1.68 18.7 1.06 1.41
18.7 2.46 2.88 18.7 1.81 2.20 25.9 1.30 1.79
25.8 3.04 3.62 26.1 2.23 2.78
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