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ABSTRACT

Metal organic frameworks have gained considerable attention in recent years. Duce to their
high surface arca and pore volume they are being widely evaluated for potential applications
in several arcas including adsorptive separations, gas storage and catalysis. Early adsorption
studics on MOFs concentrated on hydrogen storage: this was followed by evaluation of their
potential for CO; and methane adsorption. Only recently adsorption of other gases is being

investigated for their potential applications in adsorptive separations.

The aim of this work 1s two-fold: apart from systematic measurcment and analysis of these
frameworks for adsorption of several carefully gases with industrial potential. this work also
aims to correlate the adsorptive behaviour of the gases to their physical properties. In order to
achieve this objective, adsorbate gases themselves, experimental temperature and pressure

were carcfully chosen for these measurements.

Two different frameworks viz. Cu-BTC (HKUST-1) and Cr-BDC (MIL-101) were studied.
Gravimetric experiments for measurement of pure gas adsorption were systematically carried
out using a magnetic suspension balance (Rubotherm). Gases like Ny, Oz, Ar. CO. COx. CH.,.
C;Hg and SF, with varying physical properties (e.g. molecular diameter. polarizability.
dipole-quadrupole moments) were chosen as probes for studying adsorption properties of

these MOF's concerned. These studies were carried out at selected temperatures between 283

to 353 K and pressures ranging between 0-100 bar.

It was observed in literature, synthesis of MOFs under different reaction conditions (i.e.
temperature) and post synthesis treatments yield samples with different specific surface areas
and pore-volume. This difference affects the overall adsorption properties of the framework.
Uinder these circumstances it has often been a practice to use a “scaling-factor”™ to match
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isotherms obtained in different laboratories or comparing experimental data with simulation
results. The results obtained in this work showed that such scaling factor may not be unique:

it changes with loading. but rather independent of temperature. pressurc or the adsorbate. At

the zero pressure limit it would be equal to the ratio of Henry constants.

The isotherms on Cu-BTC could be well described by Langmuir, Virial or Virial-Langmuir
type models; however that on Cr-BDC required a Dual Site Langmuir type model. Cr-BDC is
known to have heterogeneity to adsorption with active metal centers and sites inside the pores
of super tetrahedra being the two major locations for adsorption. The enthalpy of adsorption
at low loading was directly related to polarizability of the adsorbates as in case of zeolites:
CO and CO; however were exceptions due to their polarity. For all gases considered. the
enthalpies of adsorption werc found to be lower than those on purely siliceous zeolite like

silicalite. suggesting that only moderate interaction exists between the gas and the
{rameworks.

Comparative adsorption study of three different gases viz. CO, CO; and CH4 on Cu-BTC and
Cr-BDC frameworks up to high pressures indicates that the polarity of the gas molecules
plays an important role in determining their adsorption behaviour. In the low loading region
the difference between enthalpies of adsorption for all three gases are modest for Cu-BTC
whereas they are more pronounced in case of Cr-BDC. This behaviour is attributed to
availability of accessible open metal centers for electrostatic interactions. Due to these
clectrostatic interactions, CO which has dipole moment initially adsorbs more than a non-
polar molecule like CHy. However, as the open metal centers needed for electrostatic
interactions arc occupied the effect of these interactions decreases and methane (which has
slightly higher polarizability than CO) starts to adsorb more after this region. Due to large

pore volume of Cr-BDC, the loading for gases at our highest experimental pressure does not
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seem to approach saturation as in case of Cu-BTC. The adsorption behaviour for these

gascs can be well correlated to the temperature. pressure and polarity.

CO»+CHy binary adsorption was studied on Cu-BTC at at 305 K and for pressures up to 10
bar using an infinite dilution gas chromatographic method: appropriate thermodynamic

analysis using Virial-Langmuir model was performed on these experimental results. Based on

this analysis. cross virial cocfficients for adsorption were estimated. The results indicate that

that within 10 bar the adsorption of CO,+CHy mixture on Cu-BTC follows Ideal Adsorbed

Solution Theory closely. The selectivity value lies between 5.7 and 7.2.

The results presented in this work indicate that MOF materials have high capacity (or at least
comparable to those on zeolites) for a variety of gases: on the other hand they only have

modest enthalpics of loading unlike in case of polar zeolites. Both these properties make

(hem attractive candidates for applications in adsorptive separations.
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CHAPTER 1

Introduction

Metal organic frameworks have gained a large attention in the rescarch community over last
decade. They arc highly porous materials with large surface arcas and have potential
applications in several arcas. Adsorptive separation and high pressure hydrogen / gas storage

are also being investigated on these frameworks.

The forces acting on the surface of a solid are unsaturated and hence when the solid is
exposed to a gas. the gas molecules associate with the surface through van der Waal's and/or
chemical bonds with the solid surface. This phenomenon is known as adsorption [1].
Adsorption can be  broadly  classified into two categories:  physical adsorption  or
physisorption and chemical adsorption or chemisorption. Physical adsorption imvolve only
relatively weak intermolecular forces (i.e. van der Waals forces) and the physisorbed
molecule undergoes no significant change in clectronic structure whereas chemisorption
involves. essentially. the formation of a chemical bond between the sorbate molecule and the
surface of the adsorbent i.c. the molecule’s electronic structure is significantly perturbed upon

adsorption.

[.1 Review on Adsorption

The concept of adsorption was conceived as early as cighteenth century by Scheele and
Fontana when they observed porous solids to reversibly adsorb vapors but the practical
applications of this property largely remain unexplored. A few familiar practical examples

that werc practised in earlier times mclude removal of moisture from gas streams using
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suitable hydrophilic agents in driers. removal of impurities such as H,S and mercaptans {rom
natural gas, removal of harmful organic pollutants from water etc. [2]. The above processes
arc very much still in vogue and are classified as purification processes. Major advances in
the ficeld of adsorption took place in the later half of the twentieth century with the advent of

new adsorbents mainly zeolites and development of efficient process cycles.

Although first synthetic zeolite was synthesized by Milton at the Union Carbide Corporation
but the history of this class of adsorbent goes dates back. It all started with the discovery of a
minecral called “stilbite” by a Swedish mineralogist Cronsted. The said mineral showed
intumescence when heated in a flame and this new family of material was named *“zeolite™.
The etymology of the word “zeolite™ explains its origin from Greek words “zeo™ and “lithos™
meaning “to boil™ and “stone”. Since then for most of the times natural zeolite crystals were
making their presence felt in “museums™ to the amusement of the visitors till the advent of
first man-made synthetic zeolites [3]. Simultaneously new and efficient process cycles were

developed and adsorption established itself as one of the major unit operations in process

industries.

All adsorption separation processes involve two principal steps. They are: (a) adsorption.
when one component is being preferentially adsorbed onto the solid from its mixture and (b)
desorption or regeneration, during which the adsorbent bed is cleaned to be used for the next

cycle. Adsorptive separation processes can be categorized on certain principles. They are

summarized as [1]:

(I Based on mechanism of separation: Adsorptive separation is achieved by one of
the following three mechanisms: steric. kinetic and equilibrium. Steric effect is
also known as size-selective sieving. Here the microporous adsorbent allows only

the smaller molecule (diameter of the molecule is comparable with the dimension

-2
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o' the micropore) to pass through wherecas larger size molecules are totally
excluded. Adsorbents c.g. zcolites having uniform pore size distribution shows
steric effect. A common example is separation of linear from branched and cyclic
hydrocarbons on 5A zeolite. Kinetic separation is achieved due to the differences
in diffusion rates of different molecules. It is achieved with adsorbents of varying
pore size distribution. A classic example is the separation of Ny from Air using
molecular sieve carbon. Equilibrium separation on the other hand depends on the
differences between relative affinities of the adsorbent towards various adsorbates.

Majority of the adsorption processes operate through equilibrium mechanism.

Based on feed composition: The separation processes may also be divided in the
linc of feed concentration. Based on feced concentration the separation process
may be divided into bulk separation and purification. As had been defined by
Keller [1]. bulk separation is the point when 10 wt% or morc of the mixture is
adsorbed. Purification processes are generally separation processes when the

components adsorbed are generally present in low concentration. have little

cconomic value and are not recovered.

Based on method of adsorbent regeneration: Adsorbents can be regenerated by
several mechanisms. Widely used ones include temperature swing adsorption
(TSA) cycles. pressure swing adsorption (PSA) cycles. purge gas stripping and
displacement desorption. TSA cycles are run on heating-cooling mechanism
whereas PSA process involves steps like: pressurization-adsorption-countercurrent
blowdown and countercurrent purge. PSA processes are fast whereas each
heating-cooling cycle in a TSA process requires a lot of time and used exclusively

for processes. in which the amount of adsorptive gases being processed are small.
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Apart from TSA and PSA. other regeneration processes include purge gas
stripping and displacement desorption. In inert purge gas stripping cycle. the
adsorbent is regenerated by passing a non-adsorbing and weakly adsorbing gas
through the adsorber without changing the temperature or pressure. The void in
the bed is filled with the inert gas upon completion of regeneration. However. in a
displacement desorption a gas or vapour that adsorbs about as strongly as the
adsorbate is used: regeneration is thus facilitated both by adsorbate partial-
pressure réduclion and by competitive adsorption of the displacement medium [1].
Displacement desorption process requires more complex scheme of operation and
is used only in situations where rest of the processes fail. Some important
examples of displacement desorption technique are MOLEX and PAREX
processes. The MOLLEX process uses the Sorbex simulated moving bed technique
(developed by UOP) to recover high purity n-paraffins by continuous adsorptive
separation. This technique is similar in concept to liquid chromatography. but
carried out on a large commercial scale. UOP’s PAREX process is used for the
recovery of para-xylene from mixed xvlenes that offers high product purity. high
product recovery. high efficiency and extended adsorbent life. “Mixed xylenes™ is
a mixture of Cg aromatic isomers that includes ethyl benzene. para-xylene. meta-
xylene, and ortho-xylene. They boil so closely together that separation by

distillation is not practical. PAREX process provides an efficient means of

recovering para-xylene using a zeolitic adsorbent [1-2]

The importance of adsorption based processes can be gauged from situations when other
conventional separation processes don’t perform efficiently. A few typical cases are given

below [1]:
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Although process simplicity and scalability is the reason behind popularity of
distillation over other unit operations. however when the rclative volatility
between the key components to be scparated is less than 1.2 to 1.5 or cven lesser.
distillation becomes highly energy intensive and fails when relative volatility is
unity. In such cases. alternate separation mechanisms like adsorption yield better
result. Adsorption based separation techniques can be highly efficient because of
high separation factors achievable between the key components by pragmatic
selection of a suitable zeolite. Separation of isomers e.g. n-paraffin from iso-
paraffin using SA molecular sieve. separation of iso-paraffins. iso-olefins from di-
n-butylamine using 10X molecular sieve are the examples where adsorptive

separation are more effective than distillation [1, 2].

When the component of our interest is present in low concentration and bulk of

the feed is of low-value. adsorption is preferred to distillation.

When the two groups of components to be separated are having overlapping

boiling ranges. adsorption based separation is effcctive if they contain chemically

or geometrically dissimilar molecules.

1.2 Adsorbents of Industrial Importance

The success and failure of any adsorption based system largely depends on the selection of a

proper adsorbent for a particular application. Although literature is crowded with examples of

various adsorbents but only a few could last over the ages of technological advances. Some

well known adsorbents are: silica gel. activated alumina. activated carbon. carbon molecular

sieves and zeolites. Fach of these adsorbents has certain specific features that have been
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exploited in various applications ranging from adsorptive  scparation/purification. ion-

exchange and catalysis.

The primary classification between the adsorbents shows two distinct types of surfaces:
‘hydrophilic™ and “hydrophobic™. Such type of behavior can be attributed to the surface
polarity (as a result ol presence of ions in the structure) of the adsorbents. Polar adsorbents
viz. zeolites. activated alumina. silica gel ete. show a tremendous affinity towards polar
molecules whercas non-polar activated carbon shows little or no affinity towards polar
adsorbates. Zcolites owe their hyvdrophilic nature to the polarity of the heterogeneous surface
whcrcas presence of hydroxyl groups on the surface of silica gel or activated alumina is
largely responsible (or their “hydrophilicity™ by hydrogen bond formation. These features are
particularly important for consideration during equilibrium based separation processes. The
fundamental physical properties ol the targeted adsorbate molecule like polarizability.
permancnt dipole moment. quadupole moment. magnetic susceptibility in comparison with
the other molccules present in the mixture needs to be examined in detail at first before

sorbent design or selection.

The most important feature of any adsorbent material is their porosity. Basically. a highly
porous material possess high specilic surface area and total pore volume. Pore size
distribution is also an important consideration during physical characterization of a porous
material. Parameters like bulk density. crush strength and ecrosion resistance are also
important  considerations while  characterizing any  solid adsorbent before  practical
applications. International Union of Pure and Applied Chemistry (IUPAC) categorized
porous materials into three different categories by size: microporous (<2 nm). mesoporous (2-
50 nm) and macroporous (50 nm). Within the microporous regime. there exists a
fundamental difference between dilferent adsorbents. For adsorbents like silica gel. activated

§)
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carbon or activated alumina there is a distribution of micropore sizc whereas in a zcolitic
adsorbent since the micropore size is controlled by the crystal structure there is virtually no
distribution of pore size. This unique feature of zeolites leads to significant results in

adsorption properties and set them apart from other conventional adsorbents.

1.2.1 Zeolites

Zcolites are crystalline aluminosilicates of alkai or alkali earth elements, such as sodium.

potassium and calcium. The chemical composition of zeolites can be represented by the

following stoichiometry:
M, [(A1O,) (SiO,) 1.zH,0

Where x and v are integers with y/x equal to or greater than 1. »n is the valance of cation Af.
and = is the number of water molecules in each unit cell [1]. The zeolite framework basically
consists of an assemblage of SiO4 and AlOy terahedra. joined together in various regular
arrangements through shared oxygen atoms. to form an open crystal lattice containing pores
of molecular dimensions. Since the crystal lattice determines the micropore structure. it

results into pores of uniform size with no distribution. a feature very unique amongst

adsorbents.

In the zeolite framework each aluminium atom introduces one net negative charge and must
be balanced by an exchangeable cation. Replacing the cation by means of ion exchange
imparts exciting adsorptive properties into the structure and had been widely exploited. The
water molecules present within the framework can be removed casily by simple heating or
evacuation which leaves almost an unaltered skeleton with a void fraction varving between

(.2-0.5. The Si/Al ratio is very important in a zcolite framework. Generally the ratio is never
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less than one but there is no upper limit to it. The adsorption properties show a systematic
shift as ratio changes from Aluminium rich to Silicon rich. Aluminium rich zeolitic
[rameworks are hydrophilic and have very high affinities for water and other polar molecules
whercas microporous silicas (Si rich) viz. silicalite are hydrophobic. The transition from
hydrophilic to hydrophobic character generally occurs at a Si/Al ratio ranging [rom 8 tol0.
Thus the adsorptive properties of zeolites vary considerably with Si/Al ratio and cationic

form of the framework [1, 2].
There are different types of zeolitic frameworks cited in literature [2]. A few examples are
given below:

(A)Sodalite (the channels are constricted by six-membered oxygen rings with free

diameter of about 2.8 A).

(I3) “Small-pore™ zeolites such as Type A. Chabazite. and Erionite (access is through

cioht-membered oxygen rings with free diameter of 3.0-4.5 Al

(C)*Medium-pore™ pentasil zeolites include names such as ZSM-5. ZSM-11. and Silialite
by ten-membered oxygen rings and intermediate channel with free

(characterized

diameter of 4.5-6.0 A).

(D)*“Large-pore”™ zeolites such as Type X. Type Y. and Mordenite (access is through

twelve-membered oxygen rings with free diameter o' 7.0-7.4 A).
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The schematic representation of two zeolite framework structures is given below:

Figure 1.1: Schematic diagrams depicting framework structures of two common zcolites. (A)

Zeolite A (B) Zeolite X or Y [1, 2].

The structural unit in both Type A zeolite and Types X and Y, is the truncated octahedron as
shown in Fig. 1.1. The unit is also known as sodalite cage or beta cage. The four member
rings of the sodalite units are linked through four member prisms, which assemble into Type
A framework. The free diameter in the central cavity is 1 1.4 A. which is entered through six
cight member oxygen-ting apertures with a minimum diameter of 4.4 A. In case of Type X

and Y zeolite frameworks the sodalite units are linked through six member prisms and the

aperture is formed by the 12 member oxygen rings with a free diameter of approximately 7.4

A.

Although “Zeolite' was discovered in the eighteenth century. it took approximately another
century before practical applications of this class of material was realized e.g. reversible
adsorption-desorption of water. jon-exchange etc. By the advent of the 20™ century its
potential in various other fields materialized e.g. adsorption of organic and smaller molecules
cte. Soon the shape-selective nature was noted and in 1932 McBain coined the term

‘molecular sieve™ to the zeolite minerals [4]. With the advent of X-ray crystallography
9
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detailed information on structural configuration was possible and it opened a new door to the
understanding of the zeolite frameworks. Table 1.1 gives detail information on zeolite

synthesis. invention and applications ever since the report of first man-made synthetic zeolite

hdemm

tll date.

Table 1.1: Chronology of major events in the field of zeolite synthesis and application [3]

Year Inventor/Industry Synthesis & Applications
1949-1954 Milton-Breck Synthesis of zeolites A.X.Y
Commercialization of zeolites A.X.Y leading
Union Carbide Corporation | applications in: Drying. n-iso alkane
1954-1962 & separation
Mobil Catalysis: isomerization on Y. cracking on X
and Y
B Synthesis of high silica zeolites MFI & BEA
used for shape selective processes. dewaxing
1967-1981 Mobil. Henkel and Xylene isomerization and production
Ton exchange: detergents. A zeolites instead
of phosphates.
. . . Synthesis of aluminophosphates. SAPO.
1982- Union Carbide Corporation., . . o ‘
MeAPO and their major applications were in
1986 Chevron. UOP-Norsk Hydro _ )
[sodewaxing. methanol to olefins.
' Synthesis of titanium silicalites TS 1 and its
1983 Enichem _ . .
major use was in phenol hydroxylation
1992 Mobil MCM-41. niésopomus molecular sieves
1994-1998 Corma NanBEEéiélline zeolites o
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1.2.2 Major Considerations on Sorbent Selection

The key role that an adsorbent plays in any application is providing with the surface area
required for selective sorption of the preferentially adsorbed species. The selection of a
proper sorbent for a particular application is complex and requires prior knowledge on certain
aspects. The most important scientific basis for sorbent selection is the equilibrium isotherm.
The equilibrium isotherms of all the constituents of the gas mixture need to be determined in
different operating conditions of pressure and temperature. Different theories have been
proposed to model adsorption of gas mixtures from pure component data. Based on
equilibrium isotherm data. following factors are found to be very important in choosing a

proper adsorbent [1, §]:

(A)Selectiviry: A high selectivity is desirable to realize any adsorptive separation process.

The parameter, separation factor can be defined as

x /1y,

(1.1)

a, =
x,/y,

Where x and v are the equilibrium mole fractions of the component ‘i* in adsorbed and
" B
gas phases respectively. Ideally a high separation factor means a better selectivity for the

adsorbent.

(B) Capaciry: Sorbent capacity in the operating temperature and pressure range is very
important information. A high capacity is desirable since the capacity determines the

size and therefore the cost of the adsorbent beds.

(C) Sorbent regeneration: The method of sorbent regeneration viz. PSA or TSA and the

magnitude of the required swing is a major consideration on sorbent selection.
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(D) Product purities: Product purity is a key factor in deciding the effectiveness and

ovcrall cconomy of the process.

(I5) Length of unused bed (LUB): A short LUB or a sharp concentration front is desirable

since it results in high sorbent productivity as well as high product purity.

Apart from the aforementioned factors there are certain other factors like stability and cost
which are equally important for consideration during selecting a sorbent. Sorbent deactivation
during catalysis primarily by coke deposition is an important consideration in the processing
of crude petroleum. The total void space in an adsorbent bed generally varics with the
sorbents. A low void space is desirable for effective product recoveries. The gas mixture

remaining within the voids of a saturated bed remain unrecovered and hence reduce the

clliciency of the process.

1.2.3 Equilibrium Adsorption Isotherms

Adsorption of a pure component ol gas on a solid at equilibrium can be represented by the

following lunction:
N = f(P.T) (1.2)

N is the amount adsorbed in cc STP per gm. P is the pressure and T is temperature.

At constant temperature, the amount of gas adsorbed onto a solid surface is only a function of

P and is known as adsorption isotherm [1].

I'he ITUPAC classification |2, 6] of adsorption isotherms is shown in Fig. 1.2. Type | isotherm

is characteristic of a microporous adsorbent where molecular diameter of the adsorbate
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molecule matches exactly with the pore diameter of the adsorbent. There is a definite
saturation limit to such type of an adsorbent which corresponds to the complete filling of the
micropores. Tvypes Il. 11l and VI corresponds to non-porous or macroporous adsorbents
whereas tvpes 1V and V characterizes mesoporous adsorbents. Isotherms of types Il and IV
are associated with stronger gas-solid interactions whercas types Il and V associated with
weaker gas-solid interactions. An isotherm of type IV suggests the formation of multilayer
cither on a plane surface or on the walls of pores much larger than the molecular diameter of
the adsorbate molecule. Isotherms of types Il and III characterizes adsorbents with wide
range of pore sizes. For such type of adsorbents as the pressure increases adsorption occurs

from monolayer to multilayer followed by capillary condensation.

1 I
A

m v
3
5
ks
g
Elv vi

="//

Relative pressure >

Figure 1.2: [UPAC classifications of adsorption isotherms [6].
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1.3 Pressure Swing Adsorption (PSA) Process

Invention of Pressure Swing Adsorption or PSA process was a major breakthrough in
adsorption based applications. The credit for inventing PSA process went jointly to
Skarstrom and Guerin de Montgareuil and Domine in 1957-1958. PSA process involves steps
like: pressurization-adsorption-countercurrent  blowdown and  countercurrent  purge.
Technically there was a fundamental difference between either of the processes developed by
the above researchers. The Esso process developed by Skarstrom used a low pressure purge
to clcan the adsorbent bed following the blowdown step whereas the Air Liquede process

developed by Guerin de Montgareuil and Domine, utilized a vacuum swing |1, 7].

The salient feature of a PSA process lies in the fact that pressure can be changed much more
rapidly. thus making it possible to operate a PSA process on a faster cycle. thereby increasing
the throughput per unit of adsorbent bed volume. There are also a few drawbacks of the
process such as PSA processes are restricted to components that are not too strongly
adsorbed. If the preferentially adsorbed species is very strongly adsorbed. a high vacuum is

required to effectively remove the adsorbed product during the regeneration step.

The chronology of events leading to the development of PSA process is given in the

following tabular form (Table 1.2):
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Table 1.2: Chronology of major events in PSA process development |7, 8]

Year Developments

1930-1933 | First PSA patent filed and issued to Finlayson and sharp

1953-1954 | In this paper H. Kahle outlined the principles of PSA process

1955-1956 | Synthetic zeolite produced commercially

C.W. Skarstrom and P. Guerin de Montgareuil and D. Domine patented their

findings on PSA

Development of ‘Heatless Drier’ for small scale air-dryving and ‘Isosiv’

1957-1958

1960-1965 ) .
process for separation of linear hydrocarbons

1965-1970 | Development and commercialization of PSA hydrogen purification

Development of large-scale O, PSA process and O, selective carbon sieves

1970-1973
produced commercially
10761980 Development of PSA nitrogen process using CMS adsorbent and small scale
medical oxygen unit
— 1982 LLarge scale vacuum swing process for air separation
i 1088 Development of second generation zeolite adsorbents for air separation by

vacuum swing

1992-1993 | High selectivity LiX for air separation

1993 Praxair patents on VSA air separation
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1.4 Novel Adsorbents

New materials usher new technologies. Synthesizing novel materials has long been cherished
as a stepping stone in technological advancement. It is not long back when zeolites and
activated carbon. known to be the most versatile. used primarily in wide ranging industrial
applications. But as the need grows for more efficient. economical and highly specific
functions. conventional adsorbents were not found effective enough to deal with such
problems. Although. improved synthesis and different post-treatment procedures of zeolites
and activated carbon resulted into some of their derivatives but the need of the hour was to

design and synthesize materials that could be more effective.

In the quest for designing novel adsorbents. attention has been paid to develop hybrid
structures involving both inorganic and organic components by employing novel synthetic
routes. The general concept was to take advantage of both the metal coordination and

functionalities of the organic components. The concept of reticular synthesis which can be

described as the process of assembling judiciously designed rigid molecular building blocks

into predetermined ordered structures or networks. held together by strong bonding is found

to be the key to the true design of novel solid-state materials. Researchers have envisioned
that to fully realize the benefits of designing crystalline solid state frameworks the structural
integrity and rigidity of the molecular building blocks must remain unaltered throughout the

construction process: key feature of reticular synthesis [9]. The said mechanism plays a

pivotal role in producing robust porous materials by connecting rigid rod-like organic

moieties with inflexible inorganic clusters acting as joints. The length and functionalities of

the organic units determine the size and chemical environment of the resulting void spaces.

Accordingly. the concept of “tailor-made’ materials finally realized. Appropriate selection of

starting materials can give rise to myriad of different structures. Within a short period of time

16
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a large variety of extended structures have been successfully prepared and the collection of
compounds has been given various names e.g. ‘co-ordination polymers’. ‘hybrid organic-
inorganic materials™. ‘organic zeolite analogues® or ‘metal organic frameworks’. Although
cach terminology signifies certain aspects of the materials it encompasses but for a solid to be
truly called a ‘Metal Organic Framework™ or MOF. it must possess robustness implying

strong bonding. assembling units are available for modification by organic synthesis and

geometrically a well-defined structure [10].

1.5 Background of Present Research Work

Metal Organic IFrameworks (MOFs) represent a new family of novel adsorbents. They
generally consist of inorganic and organic building blocks. They have high surface area
(- 1000 to 5000 m’ g"). large pore volume (0.7-1.5 cm’ g") and low to moderate heat of
adsorption (~12 to 30 kl mol™' at moderate coverage). All these features make this class of
adsorbents very attractive from an application point of view. However. certain challenges
remain before these materials can be exploited for adsorption. It has often been found that the
materials synthesized in different laboratories (or even in different batches from the same lab)
have different adsorption characteristics and it is often difficult to reproduce experimental
results with accuracy. This variation is usually attributed to the difference in degree of purity

ol the adsorbent as well as residual solvent used during synthesis which is left inside the

pores. Moreover, some of these materials are known to have low thermal stability and

decompose on exposure to moisture for long periods of time.
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[.6 Research Objectives

[Limited adsorption data is available on MOFs. The adsorption isotherm data even on a
widely studied MOF like Cu-BTC is limited to gases like CO; and CIHy with a few
exceptions: data on other gases is usually limited to low pressures. A thorough analysis and
interpretation ol adsorption propertics for gases with varying physical properties is not
available till date on any MOF: on the other hand such analysis will be highly useful in
understanding the behavior of the materials and will enable chemists towards tailor make
materials targeted for specific applications. The work aims at developing a better

understanding of the adsorption properties of metal organic [rameworks.

Out of numerous metal organic frameworks synthesized. IRMOT (Isoreticular Metal Organic
ramework) series along with Cu-BTC and MIL (Matérial Institut Lavoisier) series are the
most widely known and studied. As part of our research objective on adsorption study we

chose two members representative of two different families. The adsorbents of our interest

are:

(I Cu-BTC or HKUST-1 (Hong Kong University of Science and Technology)
(1)  Cr-BDC or MIL-101 (Matérial Institut Lavoisier)

The main objectives are:

(1 To study the affect of surface arca on the adsorption properties ol Cu-BTC
(11) To measure adsorption characteristics for variety ol gases with different physical

properties. The results are analyzed to:

(AyCorrelate the adsorption characteristics with properties of gas
18
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(B) Compare adsorption properties of Cu-BTC and Cr-BDC framework

(Il To develop a new technique combined with appropriate thermodynamic

formulation for fast characterization of binary adsorption equilibria.

A detailed study of available literature on MOFs’ indicate that specific surface arca of same
MOI* synthesized and reported from different laboratories varies widely. This difference
which is due to synthesis and post treatment procedures. greatly affects the adsorption
properties of these materials. One of the goals of this study was to validate the use of a
“scaling-factor™ (ratio of amounts adsorbed on different samples) to match isotherms
obtained in different laboratories or comparing experimental data with simulation results. Cu-

BTC was chosen for this study since it is one of the widely studied MOF with reported values

of surface areas varying between ca. 700 to 1500 m? g

Cu-BTC is widely studied due to its simple synthesis procedure. high loading for CO, at
moderate pressure (10 bar) and high selectivity for CO2/CHg separation. However. it is
thermally unstable above 250°C: it also has poor stability in humid environment. Cr-BDC on
the other hand is a MOF first reported by Férey and co-workers in the year 2005. It is stable
until 350°C and possesses one of the highest known unit cell volume (ca. 702. 000 A?)
reported till date. It is also known to adsorb exceptionally large amounts of COs at high

pressures (> 40 bar). Hence. Cr-BDC was chosen as another representative material for
present investigation.
Adsorption of gases viz. N2, Oz, Ar, CO, CO,. CHy. SF, and Cillg was investigated on these

MOI’s. As outlined earlier. the choice of gases was based on their differences in physical

properties like molecular size. polarizability and electric moments apart from their potential
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use for industrial applications. Experiments were performed up to pressures of about 10 bar

for these gases on both the materials.

In addition. adsorption isotherms up to 100 bar were also measured for three gases viz. CO.
CO> and CHy which have almost same kinetic diameter. but varying degrees of electric
moments (CFH, is non-polar. CO; has a quadrupole and CO has a dipole moment). It would be
interesting to observe their adsorption behaviour over a wide temperature and pressure range
on these two frameworks. which are known to have open metal centers that facilitate
clectrostatic interactions. Moreover. these gases are also important from industrial
perspective. Additionally. as will be discussed later. it is necessary to have high pressure pure
gas adsorption data for lighter species to be able to model binary adsorption equilibria. As an
example. in order to calculate adsorption of a binary mixture of (CO;+CHy) on Cu-BTC

using IAST (Ideal Adsorbed Solution Theory) at 10 bar , reliable values of pure gas

adsorption data for CHy are needed to about 90 bar.

Finally. any realistic process development requires estimate / prediction of mixed gas

adsorption. While IAST is often used as a tool to achieve this objective. its validity still needs

o be tested. Conventional mecasurement techniques for mixed gas adsorption are time-
consuming: in this work we have developed an infinite dilution gas chromatographic
technique along with a Virial-Langmuir isotherm model. to obtain binary interaction

parameters. The binary parameters obtained can be readily used to make predictions for

mixed gas adsorption. The CO+CHa mixture was chosen for this study because of ils

importance in various industrial applications.

20
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This thesis is arranged as follows. Chapter 2 presents a literature review on synthesis and
adsorption on metal organic frameworks, adsorption data for several gases of our interest on
various adsorbent materials. Chapter 3 includes theory on adsorption thermodynamics and
models for pure and mixed gas adsorption equilibrium. Chapter 4 presents various physical
characterization methods used for characterizing the adsorbents. along with a detailed
description and protocol for adsorption equilibrium measurement (gravimetric and gas
chromatographic) methods. This chapter also includes a data handling section that describes
conversion of experimental measurements to desired results. Chapter 5 presents discussion
on experimental results including adsorption of various gases Cu-BTC. Cr-BDC. comparison
of adsorption characteristics of CO. CO; and CHy4 on both these frameworks for pressures up
to 100 bar followed by infinite dilution gas chromatographic method for binary adsorption

equilibria of CO2+CHy on Cu-BTC framework. Chapter 6 presents conclusions and scope

for future research.
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CHAPTER 2

Literature Survey

2.1 Metal Organic Frameworks (MOF5s)

2.1.1 Introduction

“Metal Organic Frameworks™ or MOFs represent a class of novel materials that has caught
the attention of researchers owing to their great diversity in structures resulting from co-
ordination between inorganic metal atoms/ions and organic ligands as linkers. Proper
sclection of metal atoms/ions and organic linkers leads to innumerable possibilities in the co-
ordination geometry with wide variation in structural architecture. A few very attractive
motifs include honeycomb, brickwall. bilayer. ladder. herringbone. diamondoid. rectangular
grid. and octahedral gcometries [9-16]. The inorganic part in a MOF topology invariably
(with a few exceptions) consists of first-row transition metals whereas organic links such as
cyanide. glutamate, formate. triazole. oxalate. carboxylate. and squarates are well known |9,
11-23]. MOFs are crystalline porous solids composed of a 3-D network of metal ions held in
place by multidentate organic molecules where the spatial organization of these structural

units results to a system of channel and cavities in the nanometer length scale. The ‘tunable

matrices’ or so-called ‘tailor made’ structures of MOFs has made it possible to design and

synthesize materials meeting specific applications.

Although references cited in some review articles highlighted the concept of novel solids was
introduced as early as sixties however history of these materials goes dates back (early
examples are Hofimann type clathrates. Prussian-Blue type structures. and Werner complexes)

but the true interest in this field of synthesizing MOFs generated decades later [24-25]. MO}-

2
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5 was reported [26] and published in 1999. The inability of these solids to maintain
permanent porosity and avoid structural rearrangements upon guest removal or guest
exchange. leading to complete collapse of the framework has an obvious shortcoming
initially. MOFs exhibiting permanent porosity have been reported later. In the following
paragraphs structural configuration of MOF-5 is been discussed. MOF-5 consists of Zn>' and

| .d-benzenctricarboxylate. Fig. 2.1 shows the structure and topology of MOF-5.
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Figure 2.1: MOF-5 structure and topology. (a) The MOF-5 structure shown as ZnO,

tetrahedra (blue polyhedral) (b
model (c) The structure shown as the envelopes of the (OZn4)O12 cluster (red truncated

tetrahedron) and benzene dicarboxylate (BDC) ion (blue slat) [9].

) The topology of the structure shown as a ball-and-stick
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In MOF-5. ZnsO(CO1), units containing four ZnOy tetrahedra with a common vertex and six
carboxylate carbon atoms that define an octahedral secondary building unit (SBU) are joined
together by benzene links. This leads to a cubic network in which the vertices are the
octahedral SBUs and the edges are the benzene struts. In practice. this compound was
prepared from Zn(I1) and BDC acid under pre-determined conditions to effect the octahedral
SBU in situ. Since the SBU and the benzene links are relatively large and rigid entities. the
structure produced has exceptional porosity and large micropore volume (larger than any
known zcolite). The stability of the said framework is also very high. The exceptional
stability of MOF-5 can be understood by comparing its basic network. composed of single
atom vertices (Fig. 2.1(b)) with the actual structure of MOT*-5 (Fig. 2.1(a)) which has cationic
clusters at the vertices. The basic network has no resistance to shear if the links are
considered to be universal joints. However, in actual MOF-5 structure. the cationic cluster
has a truncated tetrahedral envelop (Fig. 2.1(c)). and the rigidly planar O,C-C(H,4-CO; linkers

have a planar slat envelop. The linkage of these two groups produces an inherently rigid

structure held together by mutually perpendicular hinges.

2.1.2 Strategies for Construction of MOF Structures

The key to successfully designing metal organic frameworks lies in the use of linkers meant

to achieve desired network topologies by connecting transition-metal centers or polynuclear

clusters serving as nodes of the network. Myriad of different possibilities are there depending

on our choice of metal atoms/ions and organic linkers. Flexibility or the rigidity of the

frameworks is greatly affected by the choice of organic linker in the structure. To illustrate

| the complete behavior let us consider the following example [27].

9
]
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In Fig: 2.2 (A). we have the assembly of a tetrahedrally co-ordinated metal center and a lincar
organic linker like <4 -bipyvridine. Tt results ina structure with an expanded diamond
topology. Fach bond of the diamond network is replaced by a sequence of bonds that expands
the networks and vields void space proportional to the Tength of the Tinker. In g, 2.2 (B) the
organic linker is 1.4-benzene dicarboxylate. It allows for the formation of an aggregate of
metal ions into M-O-C clusters that generally referred as secondary building units (SBUs)

which finally extends into a cube. A few inferences can be drawn from these observations.
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Figure 2.2: Assembly of Metal Organic Frameworks. (A) Flexible metal-bipyridine
structures with expanded diamond topology (Metal-orange, Carbon-gray, Nitrogen-blue) (B)
Rigid metal-carboxylate clusters expanding into a cube (Metal-purple, Carbon-gray, Oxygen-

‘red). For the sake of clarity all hydrogen atoms are not shown [27].
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(A) Aggregated metal ions or clusters in case B allow for the formation of a more rigid
structure or frameworks since metal ions are locked into their positions by
carboxylates whereas in case A the framework is having one metal ion at a network
vertex. Thus the SBUs serve as large rigid vertices that can be joined by rigid organic

links to produce extended frameworks of high structural stability.

(B) The use of long links in case A increase the spacing between the vertices yielding a
void space proportional to the length of the linker. Although in principle such
expanded structures provide large pores but often in practice they are subject to high

interpenetration or interweaving leading to low porosity whereas replacement of a
vertex by a group of vertices results in open structures without a tendency of

interpenetration and optimal pore volume may be achieved.

So. successful synthesis of MOFs depends on the assembling of rigid molecular building

blocks into ordered structures held together by strong bonds also known as “Reticular
Synthesis™.

Reticular meaning “net-like™. concerns the linking of molecular building blocks into

predetermined structures in which such units are repeated and held together by strong bonds.

The structural integrity and rigidity of the building blocks remain unaltered throughout the

construction process. The chemistry boasts of conceiving of a structure first and then making

it in a laboratory. The Cambridge Structure Database (CSD) documents structures of more
than 11.000 extended metal organic compounds in which a metal ion or cluster has been
linked by an organic moiety where the linking functionality is a cyanide, pyridyl. phosphate
or carboxylate. Among them. approximately 3.000 compounds have known to have 3-D
" structures and about twice that number have 2-D) structures. The formation of a particular
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framework topology is of critical importance sinee there could be various possibilities for
cach geometrical shape. As an example. more than 100 different topologies are possible for
linking tetrahedral building blocks together into structures with just one Kind of vertex and it
purely depends on the designer’s discretion (o select a particular combination. In reticular
Synthesis, it is cssential to establish the exact chemical conditions that will yield specific
Metal containing (cationic) sccondary building unit (SBUY in situ, whereas organic (anionic)
SBUS are pre-assembled using organic svnthetic methods. For a given cationic SBU. the
geometry of the organic unit plavs an important role in giving direction to the structure. Tor
example structures of different dimensionality are possible in a combination as explained
above viz. a truncated cuboctahedron (0-D). a linear rod (1-D). the square grid (2-D) and

network (3-1) 9]

Although variation and robustness of zcolite structures too attracted researchers to expand
their range of composition beyond aluminosilicates which finally resulted into synthesizing
new framework topologics and in eighties and early nineties saw the introduction of
aluminophosphulcs. metal aluminophosphate zeotypes and many more. But the complexity n
synthesis conditions where starting precursors undergo transformations (a subject not yet
fully understood) together with significant trial-and-error make the complete process

complicated.

Strong bonding is very essential for achieving permanent porosity in metal organic
frameworks. If the bonding is weak. inter-network van der Waals interactions play a major
role and only non-porous interpenctrated materials result. Thus the major challenge that
needs to overcome in MOV synthesis is to ensure minimizing interpenetration sufticiently

that will help to open up pores and channels and finally to prevent the collapse of the
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resulting structures upon pore evacuation. However. it is also been noted that the reduction of
pore size by interpenetration of {rameworks could also be beneficial in specific cases such as
[, storage [28].Increasing surface areas. access to open metal centres or sites are known key
strategies to improve H, loading by physisorption on porous MOVFs. Catenation (intergrowth
ol two or more identical frameworks). has been an interesting topic in MOVF research and is
being explored for increasing Hy storage capacity on MOFs. It is used as an alternative way
to reduce pore sizes in porous MOFs. There were evidences in published articles about the
improvement in Hz loading in catenated structures [28]. Catenation actually can take multiple
forms viz. interpenetration (maximum displacement between frameworks) or interweaving
(minimum displacement between frameworks). Interpenetration leads to maximizing the

exposed surfaces of catenated frameworks whereas interweaving leads to reinforcement of
individual frameworks resulting into improving rigidity and framework stability with an
increase in thickening of walls.

Ma ct al. [28] explained that catenation can increase the overlap of the attractive potential of
opposite walls thus enhancing the interaction between hydrogen molecules and the

frameworks and the boosted energy fields of the pore walls also increase the number of

ellective hydrogen binding sites.

2.1.3 Potential Research Areas

lver since the first successful synthesis of a metal organic framework (MOF-5) there has
been a continuous surge in research activities in this field. The concept of reticular design
enables “tailoring” a MOF structure with regular porosity at the nanometer scale. *Tunability”
coupled with very high ‘surface area” and ‘pore volume™ made metal organic frameworks a

very interesting proposition for research i various fields. MOF's are highly crystalline with
30
Abstract-TH-1859 05610702



very low crystalline framework densities and interestingly most of the pores fall under
[UPAC microporous regime i.e. < 2 nm and can be synthesized in very pure form. The salient

features and beneficial traits shown by MOFs attracted researchers across the globe to exploit

its potentials.

Buoyed by the success of MOF-5. a major focus of the researchers turned onto synthesizing
novel materials or frameworks that involves a simple and pragmatic choice of metal atoms
and organic linkers as building blocks. Their intriguing features raised enough speculations in
different quarters and till date more than 2.000 MOF structures with compositional and
architectural diversity have been synthesized. unparalleled by any other class of matcrials.

‘The most widely studied MOF series since its inception can be grouped as follows:

(N The Isoreticular Metal Organic Framework or IRMOF series (MOF-5 being also

known as IRMOF-1).

(1D Cu-BTC or HKUST-1.

(I11)  Matérial Institut Lavoisier or MIL series

Although the number speaks volumes about their variation in structural configuration but not

all them are stable. Thermal and chemical stability. along with high surface area is what

| researchers look for in a good material to be effective at the industrial level. Structural

| aspects of these adsorbents mainly improved synthesis procedures and better activation

methods along with gas adsorption studies primarily focusing on H; storage had been carried
out and cited in different articles. Interesting results on CO> and CHy adsorptions were

reported in various articles. Molecular simulations explaining “host-guest™ interactions were

explained in detail by various research groups. A thorough review of various research articles

identities the following areas where major research activities are going on:
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(1) Adsorptive separation/purification [29-41]
(1l) Gas storage [42-50]

(I11)  Heterogencous catalysis [57-67]

Apart from these aspects. the potential of MOF materials are also being investigated in areas

like non-linear optics. microelectronics and healthcare [68-72].

2.1.3.1 Adsorptive Separation/Purification

Many MOF materials. owing to their tunable structures and uniform pore size distributions
have been investigated for studying their effectiveness in adsorptive separation applications.
The rescarch works primarily focused on two certain aspects: theoretical and experimental.
[-xperimental studies on pure gas adsorption of various gases on different MOFs have been
studied using mechanisms like gravimetric, volumetric and/or gas chromatography at widely
different conditions of pressure and temperature. Equilibrium adsorption isotherms from pure
component study give valuable information on adsorbate-adsorbent interaction and hence on
separation factor. Binary or mixed adsorption experimental data on MOFs are very scarce and

most of the data reported in articles till date concentrates on Ideal Adsorption Solution

Theory or IAST model to predict binary adsorption behavior for a particular gas mixture from
their pure component study. Extensive theoretical investigations have been carried out on
adsorption and diffusion of gases or gas mixtures in MOFs using quantum chemical
caleulations or molecular simulations. Molecular Dynamics (MD) simulations. Grand

Canonical Monte Carlo (GCMC) simulations are well known molecular simulation

| techniques to study adsorption behavior. Table 2.1 gives an illustrative documentation of

| some works done or undertaken in adsorptive separation applications on MOFs.
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Table 2.1: Details of adsorptive scparation studies on MOFs carried out by

researchers

MOF

Rescarcher

IRMOF

Abstract-TH-1859 05610702

Sarkisov et al.

Skoulidas ¢t al.

Diirren ct al.

Kawalkami et al.

Eddaoudi et al.

Huang et al.

[.iu et al.

Keskin et al.

i
|
1
|
I
|

various

Work done (Theoretical/ Experimental)

Ref

lised molecular dynamics (MD) to examine the self
diffusion of methane. n-pentane. n-hexane. cyclohexane.

n-heptane in MOE-5 or IRMOF-1 at low loadings

NMolecular dynamics approach to probe sell” diffusion
and transport diffusion of small gas species in several

NMOI's as a function ol pore loading at room tempcrature

Investigated the adsorption of methane in a series of
isoreticular MOFEs or IRMOFs synthesized by Yaghi ¢t
al. and compared them with other porous materials viz.

seolites. carbon nanotubes using GCMC simulations

Studied adsorption of Na. CO;. Ar. H> and O on
Zn(BDC) using GCMC and compared simulation results

with experimental data generated by Li et al.

Reported adsorption isotherms ftor Ar. N CCly. CHCls.

Cll, and cyclohexane in IRMOF-1

Studied separation between p-xylene and o-xylene in a

variant of IRMOF-1

Carried out comparative molecular simulation study of

CO>/N; and CH4/N> separation in zeolites and MOF's

Studied membrane based CHy/CO; separation

[29]

f—
'5d
9

—

—
[S]
S

—
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MOF | Resecarcher

Vishnvakov et al.

Wang ct al.

Cu-BTC

Wang ct al.

Yang ct al.

Krungleviciute et al.

|

~ Work done (Theoretical/ Experimental)

Provided experimental evidence that Ar enters the

octahedral cages of Cu-BTC but not CCly

Reported  first molecular — structural - model  and
deseribed the preferential adsorption sites for Ar at

low temperature using GCMC simulation

Improved the already existing process for large scale
production of Cu-BTC and carried out adsorptive
separation experiments of some common gases viz.

N:. ()3. CO. (‘()3. Clh N:O C3H4 and CQH(,.

Svystematic simulation study on adsorption separation
of gas mixtures viz. COyY/CO. CHY/CO2 and
CHHL/Callg

Studied CO>/N-/O, mixture adsorption in MOJF's

using molecular simulation

|38]

[40]

[41]

2.1.3.2 Gas Storage

Storage of gases in porous adsorbents is new traits that are gaining grounds in the field of

adsorption study for various applications. It is a long time since scientists and researchers

have been looking for an alternate source energy that can replace fossil fuels since their

reserve is decreasing at an alarming rate. Molecular H; is targeted to a more viable option.

Automobile sector is a major consumer of energy and with the advancement of fuel cell

technology. direct on-board use of hydrogen in vehicular transportation is a real possibility.

I'he difficulty lies in the storage of Hy, which would be safe and economical. Conventional

storage mechanisms like high pressure (compression) storage. cryogenic storage or cven
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storage in metal hydrides are found lacking in certain aspects. be in terms of cost. safety or
kinctics. Storage of Hj in porous adsorbents is a subject that is gaining importance in the
recent past. Ever since the development of highly porous metal organic frameworks (MOFs)
a major focus is shifled towards its ability to store hydrogen. An outstanding property of
MOFs that has prompted their study as hydrogen storage candidate is their large apparent
surface area and pore volume. Although literature is crowded with research articles on H;
storage on MOFs but the results are far from encouraging (with a few exceptions) and a
disparity between results are conspicuous. The H; adsorption capacity on MOFs is falling
‘short of U.S. Department of Energy (DOE) targets. The 2010 energy density targets for

hydrogen storage system (including container and necessary components) arc 7.2 MJ kg™ and

5.4 MJ L. which translates as 6.0 wt% and 45 kg Hj per m’ [73].

Methane is the major component of natural gas with a high heat of combustion. It is abundant
compared to conventional fossil fuels and emits least amount of CO, per unit of heat

| produced. Methane, mostly in vehicular transportation is used as compressed natural gas

. (CNG) and in few cases as liquefied natural gas (LNG). Liquefied natural gas or LNG offers

a comparable energy density to that of petrol or diesel but its storage. requiring expensive

cryogenic tanks together with boil-off losses has prevented its widespread commercial

applications. CNG mode of storage on the other hand requires pressure as high as 200 bar in

pressure vessels. The whole process is costly since it requires expensive multistage

compression. The concept of adsorbed natural gas (ANG) where the gas is stored as an

adsorbed phase in a porous solid can be a viable alternative to CNG. To promote the

vehicular application of methane. the U.S. Department of Energy (DOE) has set target for

| methane storage at 180 v(STP)/v(standard temperature and pressure equivalent volume of

1 methane per volume of the adsorbed material) under 35 bar. near ambient temperature. with
1the energy density of ANG being comparable to that of CNG used in current practice [45].
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MOTF's owing to their extraordinary surface area and pore volume are fast becoming a

material to reckon with in this field.

The importance of CO, capture is by far the most important subject concerning the
environment and need no introduction when it comes to the matter of pollution and global
warming. Separation of CO, from its mixture coming out of various sources is a major
consideration at the industrial level. Aqueous amine solutions are used most widely to absorb

and capture CQ,. Problems arising out of corrosion and solvent regeneration are two major

hurdles to overcome in a conventional “amine-based™ process. On the other hand pressure

swing adsorption (PSA) technology using porous adsorbents as a tool is a very good

alternative. Many research efforts are going on to identify and develop suitable materials

having high affinity towards CO, showing good capacity and selectivity as well.

Bascd on many research and review articles published, we tried to summarize some of the

works. mostly experimental in a tabular form (Table 2.2). The contents of the table focus on

and show how fast MOFs are becoming a major research area in gas storage applications.
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Table 2.2: Literature Review of Adsorption on MOFs (A) CHy and CO, adsorption (B)

Hydrogen adsorption

(A)

Rescarcher

lid(la()ud'iié-lﬁul .

Bourrelly ct al.

Millward ct al.

Senkovska ct al.

Llewellyn et al.

M;llcrinlr 7

CMOPF-S.
IRNMOL-6

MIT.-53. 47

MOL-2. MOF--
505, MOI-74.
HKUST-1.
IRMOI--
1.3.6.11.
MOI'-174

HKUST-T,
MIL-101,
/n>(bdce)>dabeo

MIL.-100. 101
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ClHa.
CO:>

CO;

CHy

CHa.
CO»

t

with significant for CHy as well.

37

MIL-101 (better activated sample) so lar

L - ——

Work done (Theoretical/ Ref
| Experimental)

Showed good capacity at room [42]
temperature.
[xplained differences in  adsorption | [43]
mechanism where CO, adsorption on
MIIL.-53 shows “breathing-effect™.
Provided ample data to show MOFI's to | [44]
the most effective adsorbent to capture
CO> than any known conventional
adsorbents
Studied high pressure adsorption and | [45]
concluded HKUST-1 to be the most
promising adsorbent
Reported highest uptake for CO, on




Researcher

Rowsell ¢t al.

Wong-lFoy et al.

Pan et al.

Férey et al.

Latroche et al.

Rosi et al.

Material

NOT--3

IRNOT--
1.8 11.18
&
MOI-177

IRMOI--
1.6.11.20
MOI-177.74
HKUST-1

MMOM

MIL.-53

MIL.-100. 101

" Adsorbed 1 up to 4.5 wi%e at 78 K and 1% at

. 111 D "1
room temperature and pressure of 20 bar.

mg g respectively.
The measurements were carried out at 77 K
and pressure up to 90 bar. The saturation

capacity varied widely for each MOT.

Adsorbed up to 1wt% at room temperature

and pressure approximately 48 atm.

3+
3.2 wt% (Cr‘” based) and 3.8 wt% (Al
based) at 77 K and pressure under 1.6 MPa.

Work done (Theoretical/ Experimental) Ref

[47]

All the measurements were carried out at 77 K| [48]
and up to atmospheric pressure and Ho uptake
were found (o be 13.2.15.0.16.2. 8.9 and 12.5

49]

150]

[51]

[52]

At room temperature capacity was 0.15 wt%
with pressure below 7.33 MPa. but at 77 K it
goes up to 3.28 wt% at pressure below 2.65
MPa (for MIL-100) whereas for MIL-101 the

capacity was as high as 6.1 wt% at 77 K.

Abstract-TH-1859 05610702

38




Contd. ..

Researcher Material
Lictal. | MO-5.IRNMOI-8
Lictal. HIKUST-1T. MIT-101
Panclla ct al. THIKUIST-1.
MOI:-5
L

having more capacity.

these two different MOFs. At 77 K and at
high pressures MOF-5 stores more Ho
whereas at low pressures Cu-BTC shows
more promises

Work done (Theoretical/ Experimental) Ref
Demonstrated the concept of 53. 54
dissociation/spillover in hydrogen storage

which enhanced the capacity significantly

Showed at 77 K and at low pressure |55]
HKUST is more effective whereas at room
temperature and high pressure MIL-101 is
Compared the adsorption capacity between [56]

From the above table. we can summarize that till date MOF-177 is reported to show highest

hydrogen adsorption capacity. Wong-Foy et al. [49] reported H loading as high as 7.5 wt

%

/

on MOF-177 at 77 K and 70 bar pressure. The corresponding Langmuir surface arca was

. . )
measured to be ~4500 m~ g ' although a tew more research papers published by the same

group reported higher Langmuir surface area (~ 5640 m’ g). At ambient condition the

reported H, uptake decreased quite substantially as reported by another research group [S2].

T ed ¢ - . . 2 -1 . .
Ihey measured a Langmuir surface area of ~ 4300 m“g” and the corresponding 11> loading

was (.62 wi% at 298 K and 100 bar pressure.
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2.1.3.3 Catalysis

Unlike adsorptive separation or gas storage like applications. limited work is done on MOI's
being used as catalyvsts. Despite clevated metal content of MOFs. their use in catalysis 1s
largely hampered by the relatively low stability to thermal treatments. varying chemical
environments and moisture. The organic linker of the structure is generally gets alfected first.
Additionally. organic linkers tend to block the coordination sphere of the metal ions making
it non-accessible to the reactants. Towever, with the publication of MOFs with accessible
metal sites by various rescarch groups have opened their possibility to be used in several
catalytic applications. The rescarch in this area is growing fast as is evidenced from number

of publications [S7-67].

22 Cu-BTC or HKUST-1 Framework

Cu-BTC [Cuy(BTC),. BTC = 1.3.5-benzenetricarboxylate] also known as HKUST-1 is a
widely studied MOF. It was first reported by Chui et al. [74] in 1999. In this framework. two
octahedrally co-ordinated Cu atoms are connected to eight oxygen atoms of tetracarboxylate
units to form a dimeric Cu paddle wheel. Each BTC ligand holds three dimeric Cu paddle

wheels to form a microporous open framework with face-centered cubic symmetry.

Cu-BTC has a 3-D channel structure connecting a system of tetrahedral-shaped cages
accessible through small windows (ca. 3.5 A in diameter). The large cavities are connectied
through square-shaped windows with a diameter of ca. 9 A. Fig. 2.3 shows the structure

schematically.
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The importance of Cu-BTC can be gauged from the fact that ever since Chui and his
colleagues reported this co-ordination polymer, there was a growing interest generated in the
following years leading to the improvisation of the synthesis methods and better activation
procedures resulting into more stable and highly porous solids. Research in various areas viz.
gas separation, storage and catalysis has been going on presently. It won’t be an exaggeration
to mention that Cu-BTC turns out to be one of the most sought after adsorbent at the research

level.

Figure 2.3: Schematic for Cu3(BTC),(H,0); (BTC= 1,3,5-benzenetricarboxylate) metal
organic framework. In this figure Cu-Green, O-Red, C-Gray). For the sake of clarity all

hydrogen atoms are not shown [37, 74].

2.3 Cr-BDC or MIL-101 Framework

Cr-BDC [BDC = 1,4-benzenedicarboxylate] framework or MIL-101 (an acronym for
Matérial Institut Lavoisier) is a recent addition to the ever increasing list of metal organic
frameworks. Férey et al. [75] first synthesized and reported this chromium-terephthalate
based solid. The synthesized product showed a very high specific surface area and pore
volume. They reported MIL-101 to be very stable for months under ambient atmosphere. The
structure remains stable at high temperature (up to 473 K) and in presence of different
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organic solvents. These properties make MIL-101 an attractive candidate for adsorption study

of various gases.

MIL-101, the hybrid solid is synthesized from carboxylate moieties (benzene-1,4-
dicarboxylate or bdc) and trimeric chromium(IIl) octahedral clusters having removable
terminal water molecules and therefore provide potential unsaturated metal sites in the
structure. The resulting zeotype architecture as shown in Fig. 2.4 are built by the connection
of large hybrid supertetrahedra which further assemble to form very large mesopores. The
cell volume for MIL-101 is ca. 702, 000 A’. Removal of guests results into an accessible

diameter of size ~29 A and 34 A.

Sub-unit

Trimeric chrominum l 1.4-B1)(

Hy brid supcer-tetrahedron

Giant pores and cages of
MIL-101

Figure 2.4: Schematic for Cr-BDC or MIL-101 Framework (a) Inorganic trimer (b) Benzene-
1,4-dicarboxylic acid (bdc) (c) Supertetrahedra made from the linkage of inorganic trimers
and bdc (d) Schematic view of MIL-101 structure [75-76].
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2.4 Review of Adsorption ol the Gases of our Interest

In the preceding paragraph. I together with CO> and CHy are found to be the major thrust
areas when it comes to the gas adsorption study on various MOF surfaces. But to effectively
study the nature of gas adsorption and to finding out the adsorption parameters. it is always
pragmatic to widen the scope of the study to various other gas molecules (which can be used

as probes) depending on their physical propertices.

The choice of various gascs for our experimental study includes Ar. Ny, O, CO,. CHy. CO.
C;Hg and SI,. A detailed literature review on adsorption study of each of these gases on
different adsorbent surfaces by various rescarchers is given below in Tables 2.3 through 2.10.

Judiciously interpolation was done wherever necessary for sake of easier comparison.
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Table 2.3: Literature review of Ar adsorption on various adsorbents

_ B ﬁi - ) lsosteric
Pressure Femperature l.oading
N Heat _\; Henry constant
Adsorbent o R - I\; ""‘l'_“l) I Rel
_ / (KJ mo o -l
P/ (bar) I K N mmol ¢! Ay, -| (mmol ¢ bar™)
- Y (kJ mol™)
13X 25.50. 100 298 1.5.2.12.2.5 [77]
12.5. 100 288 0.9.2.5 11-8 10.94 [78]
4A 70 208 1 86 [77]
5A 84 298 240 [77]
AC (AS) 5.12.5 288 0.85. 1.8 11.9-9.2 1.8 [78]
AC (BPL) 1.4.6.06.37.3 303 0.39.1.16. 3.6 [79]
AC 1.72.5.38.37.4 303 0.39.0.94.3.3 [79]
(Centaur)
AC(WS42) | 1.41.6.33.37.2 303 0.34.1.21.4.0 [79]
CMS| 1.74.5.52.37.5 303 0.37.0.84. 2.1 [79]
Cu-BTC 5.10 208 1.25.2.13 [80]
NaETS-4 1.07 288 0.12 20 [81]
NaX 0.97 304 0.2 12.7 {82]
304,12 12.7 [83]
Na-ZSM-5 1.09 296.2 0.25 18-16 18 [82]
Silicalite | 1.20.4.14.7.3 305.75 0.19.0.57.0.9 0.17 [84]
0.8 305.75 0.14 15.8 [85]
CZsMs || 308578 | 15.8 B N LI
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Table 2.4: Litcrature review of N- adsorption on various adsorbents

Pressure |

tTemperatu

[Loading

Isosteric

Abstract-TH-1859 05610702
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re IHeat _\; Henry constant
Adsorbent l\( ""‘lf’l 1P Ref
I’/ (bar) I K N mmol ¢! ~ Vi ISRt (mmol g™ bar™)
o ST [k molh

13X 60 208 2.95 [77]

12. 100 288 1.2.2.5 14-9.1 13.91 [78]

o2 298 0.8.2 [80]

4A 100 208 2.24 0.7 [77]

5A 1.4.7 293 0.58.1.58 [87]

1.21.6.4.17.4 2906 0.7.1.71. 2.4 [88]

96 208 2.58 [771

AC 3.9.10.2. 95 303 0.82.1.59.3.3 [89]

AC(AS) 5.12.5 288 0.85. 1.3 12-9.2 11.95 (78]

AC(BPL) | 1.59.5.14.37.5 303 0.41.0.96. 3.0 [79]

AC 1.36.5.86.37.3 303 0.35.0.98. 3.0 [79]
(Centaur)

AC 1.11.4.99,59.8 298 0.39.1.27. 4.1 0.4 [90]
(Norit R1)

AC 1.37.5.82.37.4 303 0.43.1.28.3.8 [79]
(WS42)

CaA .12 308 0.67 30-20 [91]

Cu-BTC 5.10 298 1.61.2.32 [80]

1 295 0.31 1921

4,12 2908 1. 1.8 [86]

300 4.5 (03]

1 295 0.25 0.31 [39]




T N B . Isosteric
Pressure I'emperature loading
. IHeat Henry constant
Adsorbent - o o I
—-\/ / o Ty
I’/ (bar) I 'K N mmol ¢! s 0 (mmol g™ bar™)
- - - (kJ mol™)
IRMOF-1 300 0.8 [93]
IRMOF-3 300 5.8 (93]
MOF-177 1.01 208 0.1 [04]
MS 1.35.5.9.37.4 303 0.34.0.82.1.9 [79]
(CMSI)
NaETS-4 1.07 288 0.25 21.3 [81]
NaX 111 305.5 0.4 20-18 19.9 [82]
305.02 19.9 [83]
Na-ZSM-5 1.13 204.9 0.4 24-19.5 24.1 182]
Silicalite 1.19.4.09. 7.1 304.9 0.2.0.56.0.8 15.07 0.18 [84]
1.4.7 313 0.25.0.7 [95]
0.93 205.95 0.2 17.5-18 17.6 [85]
1.01.4.56 313 0.2.0.72 [90]
H-ZSM-5 1.07 294.3 0.25 20.7-16.5 20.7 (82] |
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Table 2.5: Literature review of O adsorption on various adsorbents

Abstract-TH-1859 05610702

Pressure Temperature Loading Isosteric
Heat —A Henry constant
Adsorbent &J ""‘l’f‘l) I Ref
- <J mo > hap!
I/ (bar) /K N /mmol g N /| (mmol g™ bar
I (kJ mol™)
S5A 1. 4.4 293 0.17.0.09 0.18 [87]
0.96.5.34.17.7 290 0.18.0.83. 1.8 [88]
AC (BPL) 1.6.5.05.37.4 303 0.42.0.99. 34 [79]
AC 1.81.6.67.37.2 303 0.43.1.16. 3.2 [79]
(Centaur)
AC 1.84.6.21.37.4 303 0.44.1.29.43 [79]
(WS42)
CaA 1.06 308 0.22 19-16 [91]
Cu-BTC I 29§ 0.25 [91]
1.2 298 0.5.0.85 [86]
! 295 0.2 0.21 [39]
MOF-178 1.01 298 0.17 [94]
MS 1.67.5.03. 37.4 303 0.37.0.81.2.2 [79]
(CMST)
NaETS-4 1.07 288 0.16 24.5 [81]
NaX 1 306.1 0.2 15 [82]
- Silicalite I 305.3 0.15 16.3 [85]
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Table 2.6: Literature review of CO» adsorption on various adsorbents

Pressure

Adsorbent
P/ (bar)
13X L1
S5A 1.2.5.2.10
AC 0.99. 4.97.149.9
(Norit R1)
AC 38
(Norit)
MIL-53 5.10.25
(Al)
MIL-53 5.10.25
(Cr)
Cu-BTC 4.12
0.97
Cu-BTC 0.9
(sample b)
Cu-BTC 10.17.5
(sample c)
H- 1.01.1.39
Mordenite
H-ZSM-5 1.03
IRMOI*-1
0.8
IRMOF-3 1.03
]
MIL-100 10. 60
MIL-101 10. 34

(Sample a)

lemperature

-J
Y]

304

298

303

296.9

300

208

Abstract-TH-1859 05610702

[oading

[sosteric

Heat _AJ Henry constant
g - e Ref
N mmol o =N,/ (k] mol™) (mmol g”' bar™")
- T | (kImol™
6.0.7.0 [86]
3.07.3.5.3.6 19.64 [97]
2.23.5.05. 10 4.74 [90]
0.24 [98]
3.3.8.2.10.4 35-17 [43]
3.3.8.0.10 35-17 [43]
10.12.5 [80]
1.6 14.5 [93]
4.7 6.24 [39]
[39]
7.4.8.0
[99]
2.2.2.38
(821
1.9 38-27 38
14.5 [93]
0.57 [100]
1.25 19.5 1931
0.91 [100]
9.18.5 63-20 62 [40]
9,25 32-18 [40]
I, - _ 1
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Adsorbent

(sample b)

MIL-101
(sample ¢)

MIL-47

MOF-177
MOF-5
NaETS-4

NaX

Na-ZSM-5

silicalite

7Z1F-8

MIL-101

Abstract-TH-1859 05610702

Pressure 1 le;;\;{\ I.oading Isosteric
© Heat Al Henry constant
S S T I Rel
P/ (bar) /K N S mmol o R (k) mol™ (mmol ‘a’-l bar™)
- - (KJ mol™")
10. 60 303 12,32 32-18 [46]
10, 40 303 145,348 45-25 44 [40]
5.10.20 304 6.3.88. 114 25-20 [43]
I 208 .59 [100]
I 208 0.68 [100]
1.01 206 2.1 [101]
1.07 288 3.26 07 (S1]
0.29 304.4 4.0 49-36 491 [82]
0.69 305.8 5.4 [82]
1.19 312 4.64 50-31 [91]
I 293 ¢ 47-35 47 [102]
293.15 48 [83]
0.72 297.1 1.9 50-29 50 [821
0.79. 8.63. 17 304.4 1.31.2.8.3 24.065 3.85 [84]
1.04,5.17.20.4 307.8 1.45.2.5.3 28 [103]
1.4.5 313 1.45.2.4 [95]
0.8 303.6 1.5 27-28 27.2 [85]
0.9 298 0.8 100
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Table 2.7: Literature review of CHy adsorption on various adsorbents

Pressure

Adsorbent |
P/ (bar)
13X 25.50.89
5.25.50
4.12
4A 92
SA 84
S5A 1.2.5.2. 10
AC 5.4.10.8.89.7
AC (AS) 5
AC (BPL) 2.99,6.52.
37.4
AC
(Centaur) | 2.9.6.32.37.3
AC 1.01.5.04,
(Norit R1) 57.5
AC 2.85.0.14,
(WS42) 37.3
MIL-53 5.10.25
(AD)
BaY 1.07.5.53. 56
CaY 0.96. 6.28,
52.9
MIL-53 5.10, 25
(Cr)
Cu-BTC 6.25, 50, 100
0.94
|
I 0. 50

| Temperature |

288
208
298

208

303
288
303

303
298
303
304

298
208

304

303

205

Abstract-TH-1859 05610702

Foading

<y -1
N mmol g

2.91
0.77.1.406. 1.8

24,33

1.75.

1.75.2.63. 5.1

1.08.

. 2.87.

0.65.

0.57.

5.63.9.38.9.5
0.92

0.6

S0

[sosteric
[ eat

| (kI mol™)

17-7

12.97

14.4-7.8

—"\hu./\ il

(klJ mol™)

Henry constant
I

- N
(mmol g~ bar h

Ref

17.53

S
(9]
thn

[77]
[78]
[86]
[77]
1771
[97]
[89]
[78]
[79]

[79]

[90]

[104]
[104]

[43]

[45]
[105]

9]

L L0ef




Pressure
Adsorbent -

P/ (bar)
Cu-BTC 412
Cu-BTC 0.9
(sample b)
IRMOF-1
IRMOF-- 10. 50

14
IRMOF-3
MCM-41 5.10.30

MgY 0.96.5.47.59
MIL-100 10. 60
MIL-101 6.25.50. 100
MIL-101 10, 34. 80
(Sample a)

MIL-101 10
(Sample

b)

MIL-101 10
(Sample c)

MS 3.09, 4.94,
(CMS1) 37.5
NaETS-4 1.07

NaX 0.93

NaY 1.24.6.14,

. 004 |

o |
lL‘IHPCI'&I[lH'C |

300

208

300

303,15

298

303

303

303

303

303

303

288

304.3

304 .41
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l

oading

N
mmol ¢

\ ¢
234
0.8

3.57.12.72

0.5.0.95.2.3

0.4, 1.609.4.5

t9
N

I

3.9.5

.7.19. 8.6

10, 14.5

¥
~J

3.7

1.26,1.52. 2.5

0.54

0.60

0.31.1.59.4.1

]
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Isosteric
IHeat _\; Henry constant
- N I p Ref
=N/ (kI mol'™) (mmol g bar™)
(kI mol
[80]
12.5 (93]
14 [39]
9.5 [93]
[100]
12.5 [93]
[107]
[104]
20-9 19 480 [40]
[45]
18-10 [(406]
18-10 [406]
18-10 18 580 [40]
[79]
29.3 [81]
19.2-19.8 19.2 [82]
19.2 [83]
[104]




Adsorbent

.\
Na-ZSM-5

Silicalite

Sry
Zn-dabco
ZSM-22

ZSM-5

Pressure

P/ (bar)
083
1.04, 4. 14, 7.4

1.17.7.4

39,519,

20.6
0.93

1.01.4.80
1.1.4.80.53.2

6.25.50. 100

I'emperature

K
2063
304
342.0
307.8
296.07
207
313

298

309

29715

I oading

|sosteric

Heat \/i Henry constant
—A ’ / ‘
1 o I p Rel

V' mmol ¢! M (k) mel™y (mmol g™ bar'

A = (kJ nml")

0.7 206.5-22.5 26.5 [82]
0.59.1.37.1.7 18.649 0.71 [ 84]
0.31.1.2 [84]
0.09. 1.49, 2.3 20 [103]
0.65 21-21.5 20.9 [85]
0.70 21 21 [102]
0.55.1.5 [96]
0.6.1.66,4.2 [104]
3.75.8.44.8.8 (431
27.2 [83]
21.0 [83]
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Table 2.8: Literature review of C:l e adsorption on various adsorbents

drecarnr . . lsosteric
Pressure lemperature lLoading
“ IHeat _AJ IHenry constant
Adsorbent | . - - — ‘“"li‘l) i Ref
_ / Jmo g
I/ (bar) I K N mmol g Mo 0 (mmol g bar™)
o ] 7 (K)hmol™)
Activated 1.81.5.73. 9.8 303 4. 78.5.42,.0.0 [89]
carbon
Cu-BTC | 283 0.2 [92]
| 318 3.0 [92]
H- 1.16.2.07 303 I 141,24 [99]
Mordenite
NaX I 293 3.4 [102]
203,15 34.4 [83]
Silicalite 1.08.5.56 307.8 1.95.2.03 40.0 [103]
ZSM-5 309.45 - 41.0 [83] |
Table 2.9: Literature review of CO adsorption on various adsorbents
Pressur T srature L oadi Isosteric
ressure emperature .oading Heat N Henry constant
. ads 0 "
Adsorbent ' N /B Ret
A,/ (kJ mol™) (mmol g" bar'
P /(b{"') 7‘ / l< A," /ll1l110| g" ads r
— (kJmol) 7
SA 1.2.5.2. 10 303 1.03.1.81.2.1 13.18 [97]
Cu-BTC 1 295 0.8 1.27 [39]
(sample b)
Silicalite | 1.18.4.1.7.3 305.3 0.27.0.72.1.0 | 16.656 0.26 [84]
i 123.4.07.7.4 | 3414 |oado4t07 | L [84]
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Table 2.10: Literature review of S adsorption on various adsorbents

—— . - S — — _— e
i . [sosteric
Pressure ¢ Lemperature I oading
; ] s Heat _AJ Henry constant
1 - ads O
Adsorbent | L L S 2l I Ref
! NV (kJ mol™) (mmol o' par!
P/ (bar) VAR N Nommol ¢ R & barH
Alumina 1.01 305 0.2 20.93 0.17 [108]
BPL 0.81 305 225 8.5-7 17.76 [108]
Carbon
H-ZSM-5 0.19 294.7 I .4 35-38 35.2 [82]
NaX 0.67 3046 2.2 28-38 8.2 [82]
0.51 305 [.55 29.302 14.01 [108]
0.65 295 25 28-40 28 [102]
295.45 28.4 [83]
Na-ZSM-5 0.33 295.2 1.65 42-40 42 (82]
PCB 0.51 305 2.5 9.5-8 45.4 [108]
Carbon
Silicalite 1.22 305 1.35 39.348 17.27 [108]
1.38.5.49 307.8 1.88.1.99 35.0 [103]
0.13 304.79 1.3 34.5-34 34.4 (851
| 298 1.9 36-40 36 [102]
35.9
Czsmes | ] esas | | LS L ] sy |
54
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CHAPTER 3

Theory

3.1 Phase Rule

The two phases in equilibrium are the bulk gas and the adsorbed phase with their own sets of

intensive propertics. By definition equilibrium means equality of

[a] Thermal potential (or temperature)
[b] Mechanical potential (or pressure)
[c] Mass potential (or chemical potential)

The equality of thermal potential is obvious as in that both phases must be at the same
temperature. otherwise. heat exchange would occur and the system will no longer be in
cquilibrium. Equality of chemical potentials of each species in the two phases at equilibrium

assures no nct mass transfer.

The problem arises when we try to equate the mechanical potentials. Thermodynamically the
adsorbed phase is two-dimensional and pressure as an intensive variable is meaningless.
Pressure and its corresponding extensive variable volume are not appropriate coordinates for
the work term in two-dimensional adsorbed phase [109]. An intensive variable called
spreading pressure is defined for the adsorbed phase to fix its state [110]. Its units are N m”'
i.c. same as that of surface tension. The corresponding extensive variable is thc molar area. «

. which is the area of the solid per mole of adsorbed gas. The mechanical work term for the

adsorbed phase per mole of solid is thus ( 7.a ). analogous to ( .17 ) in the bulk phase.
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Since it is customary to express the amount adsorbed N, based on unit mass of the
. . ) _ r
adsorbent. the area is also expressed on the same basis as specific area 4 = N.a and has the

- S 2]
units off m~ kg

Duc to the extra intensive variable caused by lack of mechanical equilibrium. the phase rule

[111] for adsorption becomes
F=C- X +3 (3.1)

Where. I~ = number of degrees of freedom
(' = number of chemical species and

x = number of phases

Thus. there is one extra degree of freedom in the surface phase equilibria compared to the

bulk-phase equilibria.

3.2 Fundamental Property Relations

The following fundamental properties are written for the adsorbed phase. In this treatment the
solid is considered neither a component nor a phase. The fundamental property relation tor

adsorbed phase is [112-113]

d(Nu)=T.d(N.s)—rn.d(N.a)+ 2y, dN, (3.2)

Or, du=T.ds—mda+2 u.dx, (3.3)

where. N is the total number of moles adsorbed per unit mass of the adsorbent. u 18 the
molar internal energy. 7 is the temperature. s is the molar entropy. m is the spreading

pressure. « is the area of adsorbent per unit mass per number of moles adsorbed ( N)ope s
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the chemical potential of a component /7 and A, is the number of moles of component 7
adsorbed per unit mass of the adsorbent. In Eq. (3.3) x, is the mole fraction of the component
ol 7 in the adsorbed phase. It is obvious from this equation the thermodynamic variable =

(spreading pressure) is delined by the equation

Ez_(@) (3.4)

oa

The molar enthalpy /i for the adsorbed phase is given by.
h=u+nm.a

Resulting in the following equation from Eq. (3.3)

dh=T.ds+admr+ 2 p,.dx, (3.6)

Using the usual Legendre transformations. the molar Gibbs free energy g of the adsorbed
phase can be written as

dg = —sdT +adm+ 2 p .dx, (3.7)

3.3 Phase Equilibrium Relations

In the following equations. the super-script g denotes the bulk gas phase and all other

variables refer to the adsorbed phase. The variables x, and y, denote the adsorbed phase and

the gas phase compositions. respectively. The phase equilibrium relation given by the

cquality of chemical potentials in both phases is

) {3.8)

o= = Or  du* =du,

57
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Where., t* and g are the chemical potentials of a component i in the bulk gas phase and

adsorbed phase respectively. The gas phase chemical potential under isothermal conditions

can be written as

dut =RTdIn f* (constant 7 ) (3.9)

Where. 7% is the fugacity of species i in the bulk gas phase mixture. Similarly. the adsorbed

phase chemical potential g, is related to its fugacity f, under isothermal conditions through

du, = Rlen(f,) (constant T ) (3.10)

Combining Eq. (3.8). (3.9) and (3.10) gives.

dln(/;) dln(f: ] (3.11)

Performing the integration on Eq. (3.11). {from a pure component at low spreading pressurc

to P in the

-

7 1o 7 in the mixture for the adsorbed phase and from a low pressure P

mixture for the bulk gas phase,

/ RAntids (3.12)
VARV

f{/'f}—f{ﬂ}

The fugacities in both the phases as the limits #° and P approach zero can be

approximated as

Lt f{n‘—ﬂ and L1 / {Py="r (3.13)

' —0
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I-q. (3.13) then becomes

LA {P} (3.14)

; T
Jid = —=.,
r

The ideal gas-like behavior can also be assumed at these low spreading pressures.
7’A=N .RT=H.P .RT (3.15)

Where /7, is the Henry constant for the adsorbed phase. Combining Egs. (3.14) and (3.15)

[109, 114]

_ H,.RT
A

[EP) (3.16)

3.4 Gibbs’ Adsorption Isotherm

For the sake of clarity ideal bulk gas phase is used in the following equations. However.
without any loss of generality. pressure can be replaced by the fugacity of a real gas mixture
at any stage. From Eq. (3.8) the chemical potential in the surface phase given in terms of the

bulk gas phase properties is.

dp, = RTd In(y, P) (constant 7°) (3.17)

rom the fundamental property relations. any molar property A for the adsorbed phase can

be written as.

NM=M{T.n.N,.N,....} (3.18)
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['he total difterential is

) =T\ N 7
d(J\..\/):{ﬂ;‘f_’ 4+ w} ar+Y IN.M) AN (3.19)
I'.N, x. N, 8” . I.N,,,

o or ,

Gibbs-Duhem relation follows Eq. 3.19 and is given as

oM A (N .M 3
E | an [ L) arow e 2XAD] (320
cr S (‘:’7‘ TN C‘}”’ . l.N

U h
LA E ]

Using ¢ for the property A/ in Eq. (3.20) together with Eq. (3.17). the Gibbs™ adsorption

isotherm is given by

—adm+RT YoxdIn(y P)=0 (constant 77) (3.21)
Substitutinga = A/ N .
—Adrn +RTYXNdIn(y,P)=0 (constant 77) (3.22)
IFor a single component system the equation simplifies to
—Adrn+RT.NdInP =0 (constant 77) (3.23)
This is called as the Gibbs™ adsorption isotherm in adsorption literature [115].
3.5 Spreading Pressure
Integrating Eq. (3.22) from zero pressure to a pressure /|
(3.24

SN j_dp
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The quantity v has the units of moles per unit mass of adsorbent. It is called reduced

spreading pressure and is often used synonymously withz . At P2 =0 there is no adsorption

and the spreading pressure is zero.

The spreading pressure is not an experimentally measurable quantity. Thus. relations like Eq.
(3.24) arc used to calculate its value for a pure gas adsorption. A detail procedure for
calculation of spreading pressure using various isotherm models is given in Appendix A and

more cumbersome exercise is necessary to find its value for multi component mixtures [99].

3.6 Ideal Adsorbed Solution Theory (IAST)

A solution thermodynamic approach yields the following phase equilibrium relation for

cquality of fugacities in bulk and adsorbed phases.

pPy, =xp P’ (3.25)

- gas

Where, 1y is bulk gas mole fraction. P is the pressure. ¢, is Mugacity coefTicient of bulk

gas to account for non-ideality. x, is adsorbed phase mole fraction. ¥, is activity coefficient in
. . . 0 : e .

adsorbed phase (to account for non-ideal adsorbate mixture) and 7 1s pressure at the

standard state.

A convenient standard state is pure gas at same temperature and spreading pressure as that of
the mixture. If the adsorbate mixture is ideal (IAST) and neglecting gas phase non-ideality

. 3.25 simplifies to

} .: ]) L X, !),“ (}1‘ :(W)

o1
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With this phase equilibrium relations along with an equation for total amount adsorbed ( NV).
one can predict binary gas adsorption equilibria (i.e. finding partial amount adsorbed N, for a
given gas mixture of mole fraction y at 7 and P . For example in case of binary equilibrium.

the following eight equations need to be solved.

X' =nPp (3.27)
X, P =y, P (3.28)
IN' B} =0 (3.29)
fH{N;.P'}=0 (3.30)
fAN! . P w}=0 (3.31)
LA B =0 (3.32)
4% =] (3.33)
x5, % (3.34)
N NN

/, and f, are isotherms for pure gas | and pure gas 2 respectively. 7, and f, are relations tor

spreading pressure y obtained via Eq. (3.24) [112].

3.7 Models for Pure Gas Isotherms

[n this section we present a review of various isotherm models used in this work

3.7.1 Langmuir Isotherm

The Eangmuir model is based on the following assumptions:

jal FFixed number of well defined localized sites

62
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[b] [-ach site can hold one molecule

[c] All sites are energetically homogeneous
[d] No lateral adsorbate-adsorbate interactions

Bascd on these assumptions. the Langmuir equation can be represented by any one of the

[ollowing forms

ﬁ_ (B/M)P
M 1+(B/M)P
__MBP_ (3.35)
M+ P
P BNM
M—-N

Where. 7 is the pressure. M is the maximum loading corresponding to monolaver coverage

and f31s Ilenry constant.

In (he above equation, M is assumed to be independent of temperature (7). while [ is

dependent on 77and is given by Vant Hofls” equation of the form

e
'JJ
o
-~

ﬁ‘:ﬁ(ow’_ﬁ"'/r (8.

3.7.2 Dual Site Langmuir (DSL) Isotherm

The Dual Site Langmuir (DSL) model is a four-parameter isotherm. distinguishing two
categories of different active sorption sites in the adsorbent. each one following a Langmuir
adsorption behavior. The DSL model is represented by [116]

A_[(l)(s‘ll:ip A,/(?l(u)‘IZlP
N = — = -
1+6'"P 14825

—
)
iy
~J
—
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Where. M/ and 6" denotes saturation capacity and aflinity parameters for sites of type 7~

respectively.

The temperature dependency is included through affinity parameters via

AV I 1
S =8 exp| —&| = - — (
RO\T T,

Where. 5"'is the alfinity at reference at 7, and —A/") is the enthalpy of adsorption on site 7

(99}
4
o0
S

with respect to temperature 7, .
The Henry's constant in this case is given by

B = [‘\"[(I)C?(”‘FA'I‘:)(S[D (33())

3.7.3 Virial Isotherm

Based on two dimensional virial equation of state of the form

Ta b

RT a a’

The surface phase virial isotherm model can be derived and is represented by (Appendix A)

In(P/N)=k+bN +cN°? (3.41)

oo . 5% ; T ey B -
¢ " is the Henry constant and is related to the gas-solid interactions only. The other highet

coeflTicients viz. b .¢ ete. are called as second and third virial coefficients respectively.

04
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The following temperature dependency is usually used for the virial coetficients

k=In [3‘0,+%'—‘ (3.42)
l

b=h,, +% (3.43)
C

¢=Coy (3.44)

The physical interpretations of the virial coefficients are strictly valid only for homogeneous
adsorbents at low coverages. Since virial equation is open ended. there is no limit on the
amount adsorbed as the pressure is increased. But. this can lead to erroneous results if the
virial equation is extrapolated beyond the range of data. However. within the temperature and
pressure limits of the data. virial equation is flexible and thermodynamically consistent. The
virial equation is also reliable to calculate Henry’s law constants with good accuracy. In fact

in a virial domain plot [In(P?/N)vs N ]or [In(f/N)vs N ] the intercept is k and is directly

related to Henry constant. Henry’s constant f is given by

B:e—k (345)

3.7.4 Virial-Langmuir (V-L) Isotherm

The Langmuir equation usually assumes energetic homogeneous surface. rarely possible in
realistic situation. On the other hand, virial equation is flexible, thermodynamically correct
and describes the Reterogeneity of the surface. However, the virial model does not explain the

saturation at high pressure, a phenomena usually observed in many cases.
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To overcome this limitation. virial model is modified with an additional term to introduce
saturation behavior at high pressure. hg. (3.41) is modified to give Virial-Langmuir isotherm

wrilten as

A

BV : , ﬂ
P =" ———Jexp|hN + N7 (N <A (3.40)
[N N

Here. fis Henry constant: A~ ¢ are virial coctficients: A/ is the saturation capacity [102].

If the virial cocllicients in the [:q. (3.40) arc zcro. the above expression reduces to the well

known Langmuir equation.

The temperature dependency of the parameters 3. h and ¢ in this case 1s given by

expressions similar (o those in ligs. 3.36. 3.43 and 3.44. Saturation capacity A/ is also

expressed with similar functionality.

()

\/ .
M= A +/T‘ (3.47)

3.7.5 Enthalpy of Adsorption

The enthalpy of adsorption. —A/, is usually obtained from experiments or model parameters
using the following equation [102]
A _pCIn/ (3.48)
A1/ T
Table 3.1 presents equations for enthalpy of adsorption for various models obtained using the

above equation. A detailed derivation is given in Appendix B.
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AN

Table 3.1: Enthalpy ol adsorption for ditferent isotherm models

IEnthalpy of Adsorption Equations I£q. No.
Models
R oy .
Langmuir | Mo =8 = [ R 3.49
(/1T
R N 50
Virial *'/;7‘ :;(/}Il) + /)(lw"\ + L‘«l\‘\ ) 7
Dual Site | A/, ARLNTST (1 Sy +L\/l(‘“2,31\/(2)5‘3)(1 +5"”P)_ s <
s _ 3.5
Langmuir R 1\/”’8"'(1+5”’1’)—+;\[‘3’5‘3’(1+5“’P)—
Virial- An , 7‘\/ \¥
{\_/"H’:, B +h N+ N +- am o May 352
. R L ! MoOM-N
Langmuir :
. |

3.7.6 Equation of State (EoS) Approach

The adsorbed phase can also be described using an equation of state instead of solution
thermodynamics which uses a standard state [114, 117-118]. EoS approach is somelimes
convenient to handle mixture equilibria. In particular, an EoS approach is used in this work to

describe binary adsorption cquilibria.

- N . . . . . o, p)

The adsorbed phase fugacity is still be related to bulk<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>