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CHAPTER 1

Introduction

Mela] ornanic Iranicwtaks ha\c uaiiictl a laruc attention in the researeh eoniniunit}' o\er last

decacle. rhe\ are highl\ poi tuis materials with large surlaee areas and ha\ e potential

applications in scweial areas. /XdsorptiNe separation and high pressure hydrogen / gas storage

are also being im estigated on these IVameworks.

The forces acting on the surlaee ol a solid are unsaturated and hence when the solid is

exposed to a gas. the gas molecules associate with the surlaee through ^'an der Waal s and/or

chemical bonds with the solid surface. Ihis phenomenon is known as adsorption (!].

Adsorption can be broadh' classilied into two categories; physical adsorption or

physisorption and chemical adsorption or chemisorption. Ph}'sical adsorption iiwoKe only

relatively weak intermolecular lorces (i.e. \'an der Waals forces) and the physisoibed

molecule undergoes no signiilcant change in electronic structure whereas chemisorption

involves, essentially, the formation of a chemical bond between the sorbate molecule and the

surtacface of the adsorbent i.e. the molecule s electronic structure is signiticantly perturbed upon

adsorption.

1.1 Review on Adsoiption

The concept of adsorption was conceived as early as eighteenth centui}' lay Seheele and

Fontana when they observed porous solids to reversilvly adsorb vapors but the practical

applications of this propertv largelv remain unexplored. A lew familiar practical examples

that were practised in earlier times include removal ol moisture from gas streams using
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exploited in \aricnis applicatit)ns ranging IVoni adsoi"pli\'c separation/purilication, ion-

exchange and catal\ sis.

The priinaiN' classificalion between the adsorbents shows two distinct types of snrfaees;

'hydrophilie' and "Indrophobie". Sueli type ol" behavior can be attributed to the surface

polarity (as a lesult of [uesenee of ions in the structure) of the adsorbents. Polar adsorbents

viz. zeolites. aeti\ated aluniina. silica gel etc. show a tremendous affinit>- towards polar

molecules whereas non-polar aetixated carbon shows little or no alTinity towards polar

adsorbates. Zeolites ow e their In drophilie nature to the polarity of the heterogeneous suriaee

whereas presence of Indroxx l groups on the surface of silica gel or activated alumina is

largely responsible for their -hx-drophilicity" b> hydrogen bond formation. I hese features arc

particularly important for consideration during equilibrium based separation processes. The

fundamental physical properties of the targeted adsorbate molecule like polarizabilitx',

permanent dipole moment, quadripole moment, magnetic susceptibility in comparison with

the other molecules present in the mixture needs to be examined in detail at lirst before

sorbent design or selection.

The most important feature of any adsorbent material is their porosity. Basically, a highly

porous material possess high specific 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 erosion resistance are also

important considerations while characterizing any solid adsorbent before practical

applications. International Union of Pure and Applied Chemistry (lUPAC) 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 dilferenee between different adsorbents. For adsorbents like silica gel. actix ated
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In Fig: 2.2 (A). n\c ha\ c ihc assenibl\ (if a tclrahcdrally co-ordinated metal eenter and a linea

organic linker like 4.4 -bi[\Midine. It re.sult.s in a struetnre with an expanded diamond

topolog}'. Ikich bonel ()rtbe diamond network i.s replaced b>' a sequenee ol bonds that expands

the networks and \ iekls xoiel si")ace pi'oporlional to the length ol the linker. In Fig. 2.2 (B) the

organic linker is 1.4-ben/ene dicarbox> late. It allows Ibr the iormation ol an aggregate of

metal ions into M-O-C elusters that generalU referred as secondary building units (SBUs)

which finallv extends into a eube. /\ lew inlerences ean be drawn Irom these obseix ations.
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fi'amework top(iU*g> is nf critical inipoi taiicc since there could be \nrious possibilities lor

each geometrical sha|-)e. .As an e.xaniple. more than 100 dilTcrent topologies are jiossible lor

linking tetrahedral building blocks tcigether into structures w ith just one kitid ol \ crtex and it

purely depends on the designer's discretion to select a particular combination. In rctieular

synthesis, it is essential to establish the exact chemical conditions that will }'icld specific

nietal containing (cationie) secondarx building unit (SBlt) in situ, whereas organic (anionic)

SBUs are pie-assembled using organic sxnthetic methods. For a given cationie SBU, the

geometry of the organic unit |")la\ s an important role in gix ing direction to the structure. For

example structures of dilTcrent dimensionality arc possible in a combination as explained

above viz. a truncated euboetahetlron (O-D). a linear rod (1-D). the square grid (2-D) and

network (3-D) f9)

Although variation and robustness of zeolite structures too attracted researchers to expand

Ibeir range of composition beyond aluminosilicates which finally resulted into synthesizing

new framework topologies and in eighties and early nineties saw' the intioduction ol

aluminophosphates. metal aluminophosphate zeotypes and many more. But the complexity m

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

trameworks. If the bonding is weak, inter-network van der Waals interactions play a major

mle and only non-porous interpenetrated materials result. Thus the major challenge that

needs to overcome in MOF synthesis is to ensure minimizing interpenetration sulficicntly

that will help to open up pores and channels and finally to prevent the collapse ol the
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Table 2.1; Details cif aelsoiplivc sepaialicin studies on MOFs carried out b> \arious

researchers

MOT Rcscarclu i-

Sarkisox et al.

T** ■'
Skouiidas et al .

Diirren et al.

IRMOF Kavvakami et a

•  1.v.; j;v.

■  y ' :
'//' ^jfj-c '

k.'.axl#

Eddaoudi et al.

11 Liang et al.

Liu et al.

Keskin et al.

t

a? f-
■ if .r

\\ oi lv done ('riieorctical/ Experimental) Ref

Used inoleeular dxnamics (MD) to examine the self [29]

dilTusion of methane, n-pentane, n-hexane. ex'clohexanc.

n-heptane in MDI'-5 or IRN'IOF-1 at low loadings

Molecular dxnamics approach to probe self dilTusion
and transport dillusion oi small gas species in sexeial
MOI s as a function of pore loading at room temperature

Inxestigated the adscnption ol methane in a seiies ol [dl]
isoretieular MOhT or IRMOFs synthesized by Yaghi el
al. and compared them with other porous materials viz.
zeolites, carbon nanotubes using GCMC simulations

Studied adsorption of N2. CO?. Ar. FF and O2 on [32]
Zn(BDC) using GCMC and compared simulation results
with experimental data generated by Li et al.

Reported adsorption isotherms lor Ar. N2, CCI4. CHCI?.
C(d L, and cyelohexane in IRMOF-1

Studied separation between p-xylene and o-xyiene in a
variant of IRMOF-1

Carried out comparative moleeular simulation study of
CO2/N2 and CII4/N2 separation in zeolites and MOFs

Studied membrane based CH4/CO2 separation

I
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Researcher

KrLingle\ ieiute el al

Vishn\ak(n el al.

Wane et al.

Cu-BTC

Wang et al.

Yang el al.

Work done (Theoretical/ Experinienlal) Ref

Pixnided experimental evidence that Ar enters the [37]

octahedral cages of Cu-B TC but not CCI4

Reported first molecular structural model and [38]

described the preferential adsorption sites for Ar at

low temperature using GCMC simulation

ImproNcd the already existing process for large scale

production ol Cu-B PC and carried out adsorptix'c

separation experiments ol some common gases viz.

N:. O2. CO, CO2. CH4. N2O. C2H4 and C2H6-

SN'stematic simulation study on adsorption separation |^4()j
of gas mixtures viz. CO2/CO. C2H4/CO2 and

C2II4/C 21 bi

Studied CO2/N2/O2 mixture adsoiption in MOFs [41]

using molecular simulation

2.1.3.2 Gas Storage

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

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

have been looking Ibr an alternate source energy that can replace fossil luels since their

reserve is decreasing at an alarming rate. Molecular II2 is targeted to a more viable option.

Automobile sector is a nrajor consumer of energy arid with the advancement ol luel cell

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

The clilTiculty lies in the storage of fC, which would be safe and eeonomieal. Conventional

storage mechanisms like high pressure (compression) storage, cryogenic storage or exen
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Table 2.2: l iterature Re\ lew ul" Adsorption on MOFs (A) CH4 and CO2 adsorption (B;

Hydrogen adsorption

Rescarciier

Eddaoiidi et al.

Matciial

"nhTf-V
lRM()F-6

Work clone (Theoretical/

Experimental)

Sliowed good capacity at room

temperature.

Bourrellv et al. MiF-53. 47 CTI4. I:\plained differences in adsorption [43]

^  mechanism where CO2 adsorption on
MIL-53 shows "breathing-effeet".

Millward et al. MOF-2. MOI-

505, MOI'-74.

IlKUST-1.

IRNdOF-

1,3,6.1 1,

M()F-174

Provided ample data to show MOFs to [44]

the most effective adsorbent to capture

CO2 than any known conventional

adsorbents

Senkovska et al. 1 IKIJS F-1.

MIL-101.

Zn2(bdc)2dabco

Studied high pressure adsorption and [45

coneluded HKUST-1 to be the most

promising adsorbent

V. V

Ldewellyn et al. Mil,-100, 101 CII4. Reported highest uptake for CO2 on
MIL-101 (better aetivated sample) so lar

with significant for CH4 as well.
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Ji,

Researcher

Rosi et al.

Rowsell el al.

Wong-Foy et al.

>,-1

• - ' - .iC

Pan et al.

F6-ey et al.

•  -«-> ;/i ! ■ ■■ '.

■  ,. • wi ' /

.L:<'  ̂ .S' *' ■ *
,,,

' j- -f . '?.»•
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Latroehe et al.

Material

M()F-5

IRMOF-

1 .8.1 1 .18
&

M()F-177

1RM(7F-

1.6.1 1.20
M()I--1 77.74

IlKFISF-1

MMOM

N4IL-53

MIL-100. 101

Work done (Theoretical/ Experimental) Ket

Adsoi bed IR up to 4.5 \vt% at 78 K and 1% at [471

rcHim temperature and pressure of 20 bar.

All the measurements were earried out at 77 K [48]

and up to atmospheric pressure and FR uptake
were found to be 13.2. 15.0. 16.2. 8.9 and 12.5

mg g"' respectively.

The measurements were earried out at 77 K

and pressure up to 90 bar. The saturation
capacity varied widely for each MOP.

Adsorbed up to lwt% at room tempeiatuie
and pressure approximately 48 atm.

3.2 \vt% (Cr^^ based) and 3.8 wt% (AR^' [61
based) at 77 K and pressure under 1.6 MPa.

At room temperature capacity was 0.15 wt/o [5^
with pressure below 7.33 MPa, but at 77 K it
goes up to 3.28 ^vt% 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.
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Researcher Material Work tlonc (Theoretical/ Experimental) Ref

Li et al. MOl -5. IRM()I -8 ncnionstratcd the concept of [53.54]

dissociation/spillo\'er in hydrogen storage

which enhanced the capacity significantly

Li et al. IKUST-l. M 01 Siiowed at 77 K and at low pressure
HKUS'L is more effective whereas at room

temperature and high pressure MlL-101 is
ha\ ing more capacity.

Panella et al. l IKHSf-l

M()L-5

Compared the adsorption eapacit}' between
these two different MOFs. At 77 K and at

high pressures MOF-5 stores more FE
whereas at low pressures Cu-BTC shows
more promises

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 H2 loading as high as 7.5 W't%

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

measured to be —4500 m^ g"', although a tew more research papers published by the same

group reported higher Langmuir surface area (- 5640 ni^ g"'). At ambient condition the

reported H2 uptake decreased quite substantially as reported by atiother research group [52].

They measured a Inngmuir surface area of - 4300 m^g"' and the corresponding II2 loading

was 0.62 wt% at 298 K and 100 bar pressure.

•  " t' ;

■  ■■ ■ '-■■' 'S
■  j/i
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2.1.3.3 Catalwsi.s

Unlike adsorpli\c .separation or gas storage like applications, limited work is done on MOl s

being used as catal\sts. Hespitc ele\ated metal content ol MOFs. their use in eatalysis is

largely hampered b} the relati\ely low stability to thermal treatments. vai"}ing chemical

environments and moisture. The organic linker of the structure is generally gets ailected lirst.

Additionally, organic linkers tend to block the coordination sphere of the metal ions makinr

it non-accessible to the reactants. llo\\e\er. with the publication ol MOFs with accessible

metal sites by \arious research groups have opened their possibility to be used in several

catalytic applications, fhe research in this area is growing fast as is evidenced from number

of publications |57-67|.

2.2 Cu-BTC or HKUST-1 Framework

Cu-BTC [Cu3(BTC)2. Bl'C = 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 symnietry

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 connected

through sciuare-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

Figure 2.3: Schematic for Cu3(BTC)2(H20)3 (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

Material Institut Lavoisier) is a recent addition to the ever increasing list of metal organic

frameworks. Fdrey 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

Abstract-TH-1859_05610702
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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(lll) octahedral clusters having removable

terminal water molecules and therefore provide potential unsaturated metal sites in the

.Q- "'L-.f
> ' f V 'V'fc

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.

(a) (b)

.. . T

IV.

■| riiiK'rii: rhroniiiiin

Siih-uiiii

1.4-B1)(

(cl)
A--

H>hriil siijK'r-lctr:ihc'drun

Giant pores and cages of
MIL-101

p."

t  f*,' , ,II
■ : ■ I

and bdc
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2.4 Review oi^ Adsorption of the Gases of our Interest

In the preceding paragraph. I I: (cigether witii CO: and CII4 are found to be the major thrust

areas when it eomes to the gas adstaption stud) on xarious MOF surfaees. But to efleetively

study the nature of gas adsorption and to luiding out the adsorption parameters, it is always

pragmatie to widen the scope cd" the stud)' to \ arious other gas molecules (which can be used

as probes) depending on their ph) sieal properties.

The choice of various gases for our experimental study includes Ar. N2. O2. CO2. CH4. CO,

C3H8 and SIv>- A detailed literature review on adsorption study of each of these gases on

different adsorbent surfaees by \ arious researchers is given below in Tables 2.3 through 2.10.

Judiciously interpolation was done wherever necessary for sake of easier comparison.

Abstract-TH-1859_05610702



Table 2.3: Literature l ev icw nt Ar adsorption on \ arious adsorhcnts

Adsorbent

Lrcssiirc

/' / (bar)

rcni|icrature 1 .oarling

7' / K A' / nimol

Isostcric

Heat

25. 50. 100 1 .5. 2.12. 2.5

12.5. 100 0.0, 2.5

AC (AS) 5. 12.5 0.85, 1 .8 .9-9.2

AC(BPL) 1.4.6.06.37.3 0.39. 1 ,16. 3.6

AC

(Centaur)
1 .72. 5.38. 37.4 0.39. 0.94, 3.3

AC(WS42) 1.41.6.33,37.2 0.34. 1.21. 4.0

CMSl 1.74.5.52.37.5 0.37. 0.84. 2.1

Cu-BTC .25. 2.13

NaETS-4

304.12

Na-ZSM-5 18-16

Silicalite 1.20. 4.14. 7.3 0.19. 0.57. 0.9

305.75

ZSM-5 305.75
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Table 2.4: Literature re\ icw ol N - adsoipliun un v arunis adsoi'beiits

* t*

* j .<,5

Adsorbent

i^ressure

/' / (bar)

1 cm|ieralu

y / K

I

.oatliim

A' ' niinol rr"

isostcric

1 leat

- Vi , /
ih/y

(k.l mo!"')

(k.l nioL

1 lcnr\' constant

'/ /?
(mniol g"' bar ')

V' .'f'

}\
/

r"

AC (AS)

AC

(Centaur)

AC

(Norit R1)

AC

(WS42)

Cu-BTC

y7

I. 4.7

1 .21. 6.4. 17.4

3.9. 10.2. 95

5. 12.5

AC(BPL) 1.59.5.14,37.5

1 .36. 5.86. 37.3

0.58. 1.58

0.7. 1.71. 2.4

0.82. 1 .59. 3.3

0.85. 1 .3

0.41. 0.96. 3.0

0.35. 0.98. 3.0

1 . 1 1,4.99,59.8 298 0.39. 1.27,4.1

1.37 5.82.37.4 303 0.43. 1 .28, 3.t

1.61, 2.3:

12-9.2

30-20

1  1.95
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Adsorbent

IRMOF-I

IRMOF-3

MOF-177

MS

(CMSl)

NaETS-4

Prcssuie

/' / (bar)

1 .35. 5.9. 37.4

1 ciiiperatuic 1 .oading

/• ' K ,\' / ninio!

Isosteric

- Ml , /
t/i/S

(k.l mo!"')

0.34. 0.82. 1.9

(k.l niol ) (innioi

-V

y

>» '

305.5

305.62

20-1 8

. ■ d', )

Na-ZSM-5

Silicalitc 1 .19.4.09.7. 1

1. 4.7

304.9

24-19.5

0.2.0.56.0.8 15.07

0.25. 0.7

* ^ ■

H  -

H-ZSM-5

1 .01. 4.56

295.95

0.2. 0.72

17.5-18

20.7-16.5

i ''•Hi'

7/:"f
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Table 2.6: Lileratiiic rex iew dfCO: ;Klsorpti(in on x aruuis adsorbents

MIL-53

(Al)

MIL-53

(Cr)

Cii-BTC

Cu-BTC
(sample b)

Cu-BTC
(sample c)

H-
Mordenite

H-ZSM-5

IRMOF-I

[RMOF-3

Prcssnie

Adsorbent

r /(bar)

5A 1 .2.5.2. 10

AC 0.99. 4.97. 49.9
(Norit Rl )

AC 38
(Norit)

5. 10. 25

5. 10. 25

10. 17.5

I .OI, 1 .39

lem|icratiire 1 .oading

T / K

296.9

A' / niinol

6.0. 7.0

3.07. 3.5. 3.6

3. 5.65. 10

3.3. 8.2. 10.4

7.4. 8.0

1.2. 2.38

Isosteric

14 eat

-A//„. /
(k.l mol"')

19.64

35-17

3.3.8.0, 10 35-17

10. 12.5

38-27

(k.I moF

1 lenrv constant

"/ P
(inmol e"' bar"')
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•  ' f

r. i^*:'*'

jy ■ ■ ■ -Ir'l

i

' " l .J- --'js-y ■//. r /
f"i

Adsorbent

MIL-IOl
(sample b)

MIL-iOl
(sample c)

MIL-47

MOF-177

MOF-5

NaETS-4

Na-ZSM-5

Picssure

/' / (bar)

10. 60

10, 40

5. 10. 20

Silicalile 0.79.8.63. 17

1 .04, 5. 17, 20,4

1 . 4.5

rcni|icrature l.oaLling

/  ' K

304.4

293. 15

297. 1

304.4

307.8

303.6

A' ' mmol

Ft.5. 34.8

6.3. 8.8. I 1 .4

1 .31 , 2.8, 3

1 .45, 2.5, 3

1 .45, 2.4

isosteric
Meat

-Mi , /
(/i/\

(k.l moF
32-18

45-25

25-20

49-36

50-3 1

47-35

50-29

24.065

27-28

_ . , Uenrv constant
'/ /? ReF

^  (mmolg-' bar-')

Abstract-TH-1859_05610702



Table 2.7: I ̂ilcratuic rc\ ic\s dl C'l 1 1 aJsoi ptioii on \ ai ious adsoibcnls

Adsoibent

I'lessurc

/' / (bar)

25. 50. 80

I eini")eraUire 1 I.oading

y / K / nimol g'

i.so.stcric

I leaf

(k.I niol"'

_ . , Henry constant
~  .i.AO j p

(minolg-'bar-')

5. 25. 50 .0. 3. 3.2

1 .6. 3.6

1 .2. 5.2. 10 0.77. 1.46, 1.8 12.97

AC 5.4, 10.8.89.7

AC (AS)

AC(BPL)

AC

(Centaur)

2.99, 6.52,

37.4

2.9, 6.32, 37.3

64, 3.36, 5

1 .75, 2.63, 5.1

1 .75, 2.63, 5.1

14.4-7.8 14.35

AC

(Norit Rl)

AC

(WS42)

MlL-53

(Al)

MIL-53

(Cr)

1 .01. 5.04.

57.5

2.85. 6.14.

37.3

5. 10. 25

1.07. 5.53. 56

0.96. 6.28,

52.9

5, 10, 25

Cii-BTC 6.25,50, 100

10. 50

1 .08, 2.89, 6.4

1.82, 2.87, 6.2

2.2, 3.7, 6.0

0.65, 1.83, 3.9

0.57, 1.95, 4.6

3.7, 5.8

5.63, 9.38, 9.5

0.6

5.35, 9.59
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Adsorbent

Cii-BTC

IRMOF-1

IRMOF-

14

lRMOF-3

MCM-41

MIL-IOO

MS

(CMS!)

NaETS-4

Pi cssui c I i'eiiipci aliire i I oiuiing

P /(bar)

Cii-BTC 0.9

(sample b)

10, 50

5. 10. 30

MgY 0.96. 5.47. 59

I 0. 60

MIL-IOl 6.25.50. 100

MIL-101 10,34.80

(Sample a)

MIL-101 10

(Sample

b)
MIL-101 10

(Sample c)

3.09. 4.94.

37.5

/■ K

303. 15

304.3

304.41

.\' 111111(4 g'

Isdstenc

1 lent , ,

_  / (k.I inol ')
(ii/\

(k.I iiioF')

3.57. 12.72

0.5. 0.95. 2.3

0.4. 1 .69. 4.5

3. 9.5

2.5. 7. 19. 8.6

3.7. 10, 14.5

.26. 1 .52. 2.5

18-10

18-10

18-10

19.2-19.8

cn^^ constant

0.31 . 1 .59. 4. 1
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Adsorbent

Silicalifc

Pressure I ein|iei alure

/' /(hai ) 7 -K

1 .04.4.14.7.4 .^i()4

1 .17.7.4 342.0

1.39, .S. 19. 307.8

20.6

0.93 296.07

1.01. 4.86

1 . 1. 4.86. 53.2

Zn-dabco 6.25.50. 100

ZSM-22

1  .uadiim

.\' ' iiiuud e"

0.69. 1.49. 2.3

Isosteric

Heat

-a/6,. /
(k.l mol"')
26.5-22.5

0.59. 1 .37. 1.7 18.649

0.31. 1 .:

0.55. 1.5

0.6. 1 .66, 4.2

3.75. 8.44. 8.8

.  , Henry constant
-A''„..,o "/ p

(mmoU ' bar-')
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Table 2.8; L ileratuic i c\ icw (u C -,! Is ailsDi |itioii on \ ai uHis adsorbents

Adsorbent

Activated

carbon

Pressuic

/' / (bar)

1 .81. 5.73, 9.8

cnipcialurc

y ' K

1  .oaelinu.

.\' ' ninnd u

Isostcric

1 1 cat

4.78, 5.42, b.O

(k,l mo!"

,, lleniA'constant
-A/b,A.O ■/

(minoU ' bar-')

Cii-BTC

H- 1 . 16,2.07
Mordenite

1 . 14, 1 .24

293. 15

Silicalite 1 .08,5.56 1 .95, 2.03

ZSM-5 309.45

Table 2.9: Literature review ofCO adsorption on various adsorbents

Adsorbent

Pressure

P /(bar)

1 .2, 5.2, 10

I'emperatiire Loading

T / K N / mniol g"'

303 1 .03, 1 .81 , 2.1

Isosteric

11 eat

[k,l moP')
13. 18

Henry constant

(k,l mol ) (^niniol g"' bar"')

Cli-BTC
(sample b)

Silicalite 1 . 18, 4. 1, 7.3 305.3 0.27,0.72, 1 .0 16.656

1 .23, 4.07, 7.4 341 .4 0. 14, 0.41, 0.7
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Table 2.10: Litcraliirc i c\icw of SI",, .uisdrplidii dii \ arious aLisdi beiits

Adsorbent

Alumina

Pressure i I cnipciauirc I (nKliiip

P /(bar) /• K A' • mnidl tr

Isosteric

I leal

;k.l mol"
20.93

_A/, lienrv constant

(k.l mol ) g-i

BPL

Carbon

8.5-7 17.76

H-ZSM-5 294.7 35-38

304.6

295.45

29.302

28-40

Na-ZSM-5 42-40

PCB

Carbon

Silicalite

9.5-8

1 .38. 5.49 307.8

304.79

1 .88. 1.99

34.5-34

36-40

ZSM-5 298.15
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jS^vy, /yT.',

■ - -<' X:=?'-;;;j"^.^,4

■ ^ V ''' i %'^ / I

■^•v •'^'JA''^'' ' J1.- ■' '. <e.''i'^''J' 'fi ■ ^.'M'.

To overcome this limitation. \ ii ial model is modified with an additional term to introduce

saturation heiia\ior at iiigji iticssuic. I aj. (3.41 ) is modified to gic'e Virial-Langmuir isotherm

written as

/' = — I ^— Iexpl/n\' + c'A'^ I
/r.\/~,\

( N<M ) (3.46)

Here, /) is I lenr}'constant; h .c are \ irial coelTicients; 4/is the saturation capacity 1102J.

If the virial coel licie-Uits in the fcp (3.46) are zero, the above expression reduces to the wel

known Langmuir ec|uation.

The temperature dependency ol" the parameters /) , h and c in this case is given by

expressions similar to those in feis. 3.36, 3.43 and 3.44. Saturation capacity 4/ is also

expressed with similar lunctionalit>-.

(3.47)

3.7.5 Enthalpy of Adsoiption

The enthalpy ot adsorption, — is usually obtained from experiments or model paiameteis

using the following ec]uation [102|

a/7, ,, =-/?
fin /

f(i/r)
(3.48)

Table 3.1 presents ecjuations for enthalpy of adsorption for various models obtained using the

above equation. A detailed derivation is given in Appendix B.
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,  >■ "f - <;•;;vy ^

Table 3.1; bnlhalp\ oTaclscu plinn Ibr (.lilTerent isotherm models

Isotherm
Ibithalpy of Adsorption Equations

Models

A/ _ ULangmuir ^'hids ~ d\\rr) ^ ^^

Virial ( /^, I . + ''b + '-b 1 ' )

Dual Site

Langmuir

A//;; A /" '(S'" (1 + b' -7')' + A//,;' A/'''b"-' (1 + b' V)'
A/"'b"' (l +b'"7)' + A/'"b'-'(l + b*"/')"

Virial-

Langmuir

= - /i,+/vV+ +
A/ A/-A^

3.7.6 Equation of Stale (EoS) Appi-oach

The adsorbed phase ean also be deseribed using an equation of state instead ol solution
thermodynamics which uses a standard state [114, 117-118]. EoS approach is sometimes

convenient to handle mixture equilibria. In partieular. an EoS approach is used in this woik to

describe binary adsorption equilibria.

The adsorbed phase fugacity is still be related to bulk-gas phase fugacity by the Eq. (3.16).

Instead of following the solution thermodynamics approach to denote an ideal standard state

and account for non-ideality using the activity coefficient, the adsorbed phase tugacity is

directly given by an exact thermodynamic equation [114], analogous to a bulk phase.
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* ^j. ■ ' •

. . /--« V*

• W /I

'

<..-'.yy'T

Wi

,  . , //
m i * ■ ^'-F

\  -v:'.-
i  •-.••sy'r y.jf /'?. y/; ' f i

.  i'ls. ' 1 > ?! I

In y,-= —.[ ----
RT r.v,

IA /^/.ll
r(;V.Z)

\\jir
'  U'.A.S

1
A  j\',.RT

(3.53)

Wheie yV is ihc t^lal anmunt aelsorbcd. A) is ainounl adsorbed for species / and A is total

suiface per unit adsoibeel mass. In inxier to e\ aluate the integrals, a two-dimensional equation

of state is needed ielating the si^rcading pressure, molar area and temperature. The fugacity of

adsorbed phase can moie leadily be rejilaeed with more useful fugacity of bulk phase \ ia Eq.

3.16.

'  A J EAf
,  c/A , A'RT
I — + In—^

A  A

.f7 ft. dNZ
(3.54)

Eq. (3.54) can then be applieel to pure component isotherms and the required parameters for

an EoS can be estimated. Using appropriate mixing rules, the EoS parameters for the mixture

can be calculated, which in turn can be used in Eq. (3.54) to calculate the fugacity of the

adsorbed phase for the mixture.

The simplicity of this approach lies in the fact that the surface phase fugacity can be directly

calculated from the pure component isotherms using mixing rules or fitting the multi-

component experimental data to obtain the cross eoelTicients for the EoS. No other additional

functionality or models are required as in the case of solution thermodynamic approach

(where a model for activity coelficient dependent on spreading pressure is needed).
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3.7.7 Models Using l ioS Approach

A brief descriplinn nn \ aricuis iiickIcIs used using hoS approach is oullined in the Ibllowing

paragraphs. Detail derix alion is gi\en in ^Appendix C"

3.7.7.1 IIenr> "s Paw Region

The simplest lioS for the twci dimensional adsorbed phase is an ideal gas-like EoS which is

given by

R.a n .A

RT N.RT
(3.55)

Where, Z is the compressihilit> factor for the adsorbed phase.

Combining Eq. (3.54) and (3.55) we get

(3.56)

A, = p, .P.(p^^

3.7.7.2 Virial Formalism

The ideal FAS is limited only to very low pressures (spreading pressures). A simple yet

versatile extension can be obtained by virial EoS (with three parameters) written as [119-121]

1 + +Upv (3.57)

The mixture parameters are given by the mixing rules analogous to those in the gas phase

[109|.
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■' ̂ 'a
■'A- :■ ■■ ■• / r

y^mm4
,  ■ :r>:.

ZZ-^'' -^-^/

ZZZv,.-v;-•U
(3.58)

^/A
'  / A

For the case ofbinaiA mixture Fq. (3.50) can be written as

/V.Z = /V'  + " ■''l ^ ' •''3 : t V' ./q )+■''. .( -v;'^ .e, 4 3 ..vf ..xr .e, ,2+3 ..v, .x] .e, 22 + -vf' .cq ) (3.59)

Where /V is amonnl adsorbed Irum the mixture. Using Eq. (3.59) along with Eq. (3.53). the

fugacity ot a component / in the adsorbed phase of a binary mixture is

(n.x, .r:v\ „
•'1 -U = ,1 Z Z / ■^/ + Z Z / -^'A -U/A

/  ./ A

(3.60)

The constants b and are modified to include the factors 2/A and 3/2A' respectivel>'.

Equating the fugacities in the gas and adsorbed phases via Eq. (3.16), we get

'  f N r- R T\ ( B- RTInfi =In I'i.r.cpi =/"[~^-Z^j+A/.XA;^A7+A^^ZZ-^7--''uU/A-/''[-Z^

In y^.P.<j>i =/" -tZ +A/.XA-;Ay + A^ ZZ-^V-^'uU/A
I  \ \ Pi J i J k

(3.61)

Although this model is simple, the challenge in using this approach lies in obtaining the cross

coefficients like /y ( ' 4^ / ) and c,,).
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Following Kq. (3.C)1 ). the pure component isotherm simply reduces to virial model as in Eq.

/  <

3.7.7.3 Virial-Eanmnuir 1 ormalism

/ The following formalism was de\ ekiped in this work to enable use of Virial-Langmuir model

.Ai'i

y

'

/■

.  n ,

Of, y-Vti- 'y

.-j.•' yt i;

'nV \i'r ' . ;  ?il

for prediction of binar\ adsorption eciuilibria.

The compressibilitN' factor Z in this case is gi\ en by expression similar to Eq. (3.57) with

a Langmurian term added to account lor saturation.

Z = ^=M ,,ln " "
«7 U'>' ")-lj " "

(3.62)

The mixing rules similar to Eq. 3.58 are used for 6,,,^ andcy,,^ . In addition, the expression tor

saturation capacity ol the binary mixture is gi\'en by the mixing rule [101]

A ^ I,,,,. , A
(3.63)

Where , refers to saturation capacity of species/ . With these mixing rules, suitable

<.,u
/<WVh

mathematical manipulation of Eq. (3.53) and equating fugacities of bulk and adsorbed phases

yields

v'f-

L' i/

• 1-

In7^ =-In /3 +
A/ A/,„„ - /V N N.M , A , k

(3.64)

The constants /y cy,, and AT,,,,, are modified to include the factors 2! A and 3/2/E and A

respectively.
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For a pure gas the abo\ e expression reLluees lo the expression in Eq. (3.64) and for ease of a

perfect gas in the bulk gas ( fugaeit> replaced with pressure).

\rf'

-

Cf': -'9r, .
■  ' . '^'9'■

'.•. s ,> ^•
t X'Sft.

'■ t,

X, kiC■i' ,

•v. 1

/
./ ,

■- ■ ■^■' '^>rr .

,  . '. • : -* f ' j

■Vc .r:;V,
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4.1.1.2 Pfoccdure;

High (ciijjycrcillire \}-nlhcsi.s (.scini/i/e

This method was taken IVoni the work oT Wang et al. [39]; they have optimized the original

synthesis proeednre reported by Cduii et al. |74| and Yaghi et al. [122|. Benzene-1.3,5-

tricarboxylie aeid ( 1.9664 g. 0.009 mol) was added to ethanol (20 ml) and mixed thoroughly,

until it was eompletel> dissohed. C'uprie nitrate trihydrate (Odd ; 4.48 g, 0.018

mol) was dissoKed into deionized water (10 ml) in another Oask. The two solutions w-ere

then mixed and stirred at room temperature for 16 hours. The resulting viscous mixture was

transferred into a teilon lined stainless steel autoclave. The autoclave was heated inside a hot

air oven at 413 K. for 48 hours. The reaction vessel was then cooled naturally to room

temperature. Blue crystals of Cu-BTC were recovered by filtration and washed thoroughly

with deionized water. Phis product was dried at 358 K overnight. We call the MOT

synthesized using this procedure as sample A.

Loir icmpercilure syiUhcsis (sample B)

This method was reported by Liu et al. [80] and w-as a modification of previous woiks by

Rowsell and Yaghi [123]. 1, 3, 5-benzenetricarboxylic acid (1.0 g) was dissolved in 30 ml oi

a 1:1 mixture (volume ratio) of ethanol and N ,A-dimethylformamide (DMF). In anothei

flask, 1S)11 g of Copper (II) nitrate trihydrate was dissolved in 15 ml of water. The two

solutions were then mixed and stirred for 10 minutes. They were then transferred into teflon-

lined stainless steel autoclave and heated at 373 K for 10 hours. The reaction vessel was

cooled to room temperature normally. The resulting blue crystals were isolated by filtration
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and exlraclcd with niclhanol tncrnight using a Soxhlet extractor to remove soh'ated DMF.

The product was then (.iried at room temperature. We call this product as sample B.

A different batch of sample B w as prepared for carrying out high pressure adsorption and GC

analysis. 1 he batch was labelled as sample C in the main text. The reported surlace area ol

this batch of sample w as found slightK' higher than the first batch.

4.1.2 Synthesis ot Cr-BDC Framework or MIL-101

4.1.2.1 Materials

Chromium (111) nitrate nonahydrate 1 C'r(N()^),.9H^O , Loba Chemie]. L4-benzene

dicarboxylic acid \ . Loba ChcmicL Hydrolluoric acid [HF. Merck] were used as

obtained from vendors without further puritlcation.

4.1.2.2 Procedure

The original synthesis procedure was already reported elsewhere [75]. OT (4.00

gm, 0.206 mol) was added and dissolved in de-ionized water (48 ml). To this solution 1.64

gm of 1.4-benzene dicarboxylic acid (0.206 mol) was added; 0.5 ml of hydrofluoric acid was

added drop wise and the mixture was stirred for approximately 15 miiiutes. The solution was

then transferred to a teflon lined stainless steel reactor and sealed. The reactor was placed

inside a hot air oven at 403 K and held for 8 hours. The reactor was cooled to room

temperature afterwards. A fine green colored pow'der was obtained as the major product,

significant amounts of terephthalic acid (TLBDC) were still present in the form ol needle

shaped colorless crystals along with the product. To remove this impurity, contents were
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coiiipieiely translcrrccl inlo a conical llask and N. /V-dimelhylformamide was added

'ncrenientalh wilh contiiuunis shaking to dissohe IItBDC. The solution was then filtered to

tecover the product. I hc product was dried at 423 K overnight. However, still significant

^•iiount of free tercphthalic acid within the pores of MIL-101 were reported to be present

146|. An additional ethanol rinse was performed to remove this extra tercphthalic acid from

tile pores. In this step about 200 mg of the dried product was mixed with 15 ml of ethanol and

placed in an autoclax e at 373 K for 20 hours. Affer cooling, the resulting product was filtered

and washed with ethanol. fhe product was dried finally at 423 K overnight. This sample is

similar to Mll.-lOl'^ indicated in the work of Llewellyn et al. [46|.

4.2 Chapacterizalion

4.2.1 Scanning Electron Microscopy (SEM) and Optical Microscopy Imaging

The morphologies of the synthesized Cu-BTC and Cr-BDC products were characteiized

using a scanning electron microscope (SEM. LEO 1430 VP) equipped with an eneigy

dispersive X-ray spectrometer (L^DX).

The different batches of synthesized Cu-BTC samples were analyzed by comparing the

images taken in an optical microscope (Axiotech).

4.2.2 Powder X-ray Diffraction Analysis (PXRD)

The synthesized samples were sulyjected to X-ray diffraction by a diffractometer (XR14.

f3ruker AXS 1)8 Advance) equipped with the graphite monochromatized CufCa radiation
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Table 4.3: Ph\ sical pidpei tics (il \ ari(nis gases

l iquid

inol. wt. molar
gas

(g mol ) volume

(cm' mol ')

kinetic
Polari/.abilily

( ̂ 10"^^ cm'^)

dipole

moment

( X lO"'"' esu.

quadrupole

mornent

(xlO"'"C. nr)

critical properties

pressure temperature

0.1 12

48.98

45.99

35.70

42.48

73.83

34.98

126.:

* At normal boiling point
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Table 4.4: Second \ irial coclficicnt lor dillercnt gases [1251

/:?, X I ()■

(m kmoP )

/T X 1 0 D, X 1 0~' 7?, xlO' X 10'

(m^ kniol ' K) (ni^ knioP' (m^ kmol"' K^) (m^ kmol ' K )I
4.67()i;-()2 -1 .405k>01 -6.113E+04 8.050E+13 -4.630E+15

3.9()01-:-()2 -1 .554E+()1

3.805iM)2 -1 .518k:+01

5.441-02 -3.64E+01

N/A

-8.480E+04

-8.080E+04

E50E+06

E640E+14 -1.150E-t-16

1.851E+14 -ElOOE+16

8.59E+16

N/A N/A

-1.40E+19

5.4381-:-02 -2.714E+01 -2.135E+05 9.203E+14 -7.850E+16

.125I/-01 -l.OOOE+02 -4.314E+06 -E800E+16 -E650E+19

N/A

5.122E-02 -1.709E+01 -7.416E+04 4.630E+13 -2.863E+15

N.B. Molar density values for SFf, were taken from NIST chemistry web book [126] for

calculating second virial coefficients.
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