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Summary

In today’s world, the primary concern is the energy consumption. Energy consumption
have been increased significantly due to the industrial development, supermarkets,
automobiles and household appliances. And day after day this ever growing demand for
energy is increasing. However, the total amount of energy in the world is fixed. As a result
to compensate for future demands for energy or to sustain in the distant future researchers
are trying not only to find new sources of energy but also they are looking for efficient use
of existing energy. Yes, it is true that in this modern era of science and technology, we are
wasting a lot of energy such as low grade heat. This low grade heat can be integrated to
some of the wonders of modern science like adsorption cooling systems. These systems
can use low grade heat to produce cooling effect. Choosing the right adsorbent/refrigerant
pair is the most important task for the construction of a high performance refrigeration
system. This thesis is describing the various experiments and simulations so as to achieve

the research objective. The key points by each chapter are given as follows:

Chapter 1 deals with the analyzing different functional carbon based adsorbents with
various refrigerants on a thermodynamic perspective. Naturally an adsorbent/refrigerant
pair is chosen by its adsorption characteristics such as refrigerant uptake and Kinetics.
However, considering an adsorption system a pair with good uptake and Kkinetics is not
good enough. The pair should also be thermodynamically suitable for the rigorous design
of a practical adsorption chiller. Here in this study the adsorbed phase entropy and enthalpy
along with the isosteric heat of adsorption is expressed in terms of uptake. Also T-s
mapping is done to investigate the entropy flow. Moreover, the applicability of different

pairs was studied for different cooling conditions.

In Chapter 2 the synthesis of a metal organic framework (MOF) for water adsorption is

discussed. Here aluminum fumarate metal organic framework was synthesized using a
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green technology. After that material characterization was done using XRD and FESEM.
Porous properties were measured using N2 adsorption analysis. The porous properties and
water adsorption properties of this synthesized aluminum fumarate MOF was compared
with the properties of commercially available one.

Chapter 3 focuses on the works done in a different laboratory which involves surface
structure determination of Pd(111) using low energy electron diffraction technique. The
surface was cleaned inside an ultra-high vacuum chamber and then auger electron
spectroscopy and LEED pattern recording was done. The experimental and theoretical I(E)

curves were measured and Pendry reliability’s factor constant was found to be 0.14.

In the last part of this thesis there is a general conclusion provided mentioning the
highlights of different chapters used to compile this work. Moreover, there is brief

discussion is provided for future research.
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CuarTErR 1

Thermodynamic property surfaces for various

adsorbent/adsorbate pairs for cooling application

This study focuses on comparative analysis of five different adsorbent/adsorbate pairs
regarding thermodynamic property fields based on some well-established mathematical
modelling. The thermodynamic property fields - enthalpy (h), entropy (s) are expressed in
terms of temperature, pressure and adsorbed quantity. Moreover, the isosteric heat of
adsorption for pairs having a common adsorbent with the three different refrigerants were
compared to investigate the effect of adsorbate molecules on the isosteric heat of
adsorption. T-s diagrams are analyzed for all the five pairs for different cooling conditions-
5 °C, 10 °C and 15 °C. This information along with the isotherms and kinetics data find
immense importance in the computation of energy balances of the adsorbed phase. These

results are crucial for rigorous design and analysis of adsorption cooling systems.

Keywords

D-A modelling; enthalpy; entropy; heat of adsorption; Maxsorb I11.
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Nomenclature
c

E

h

Hads

o o v s Z

Pu)

< < u»n v

Greek letters
A

H

Subscript
a

ad

ads

cond

des

evap

specific heat capacity [J kg™ K]

activation energy [J kg™
enthalpy [J kg ]

isosteric heat [J kg ]

mass [kg]

adsorbent mass [kg]

fitting parameter [-]

pressure [Pa]

instantaneous uptake [kg kg™
maximum uptake [kg kg ]
molar gas constant [J kg™ K]
specific entropy [J K™* kg™
entropy [J K]

specific volume [m® kg™]

volume [m®]

difference [-]

chemical potential [J kg™]

adsorbate
adsorbent
adsorbed phase
condenser
desorbed phase
evaporator
fluid

2|Page



g gas

Acronyms

CFCs chlorofluoro-carbons

GWP global warming potential

HCs hydro-carbons

HFCs hydrofluoro-carbons

HCFCs hydro-chloro-fluoro-carbons

HFOs hydrofluro-olefins

ODP ozone depletion potential

UNFCCC united nations framework convention on climate
change

UNEP united nations environment programme

1.1 INTRODUCTION

Gas or vapour adsorption finds its immense importance in the fields of gas separation [1—
3], gas purification[4,5], adsorption chillers [6-8], cryocoolers [9] and energy storage
systems [10]. In solid-gas physical adsorption, over a wide range of temperature and
pressure, gas molecules come into contact with a porous solid adsorbent and impinge
against the surface behaving non-ideally as some molecules are captured by the Van der
Waals forces created from the dangling bonds in the surface atoms while the uncaptured
molecules depart. When the surface forces are relatively intense resulting in molecules
leaving the adsorbent surface being negligible, the gas molecules will form a layer
covering the surface of the porous adsorbent. However, there can be other uses of
adsorption such as pollutants removal from the environment such as heavy metal ions [11],
organic dyes [12,13], oils, and other contaminants [14,15]. Physical adsorption mainly
occurs within the pores of adsorbent and the exterior surface of the adsorbents. To
understand this phenomena, the knowledge of adsorption characteristics over a wide range
of temperature and pressure are required [16]. Adsorption isotherms and porous property

determination are the traditional ways of characterising a single component
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adsorbent/adsorbate system. Numerous studies have been conducted on synthesising
different adsorbents [17,18]. Researchers also modified the commercially available parent
adsorbents using different treatments [19,20]. All these adsorbents had been characterised
using the traditional methods with various adsorbates (both natural and commercial)
[6,21-24]. However, this characterisation is incomplete without the thermodynamic
properties such as entropy, enthalpy and isosteric heat of adsorption. This additional
information is required for analysing and development of a practical adsorption bed. Hence
some research works involve thermodynamic analysis along with the porous properties
and adsorption isotherms [16,25-27]. However, there is hardly any literature which
compares different adsorbent/adsorbate pairs in terms of their thermodynamic property
fields.

Among a wide-ranging choice of adsorbents, activated carbons (AC) are most popular for
their high adsorption capacity, faster kinetics, high surface area, uniform pore size
distribution and thermal stability. Moreover, they are inexpensive and insensitive to
moisture. [28] There are many types of activated carbons commercially available such as
- Maxsorb 111, surface treated activated carbons, biomass derived activated carbons,
activated carbon fiber (ACF) and so forth. In this study Maxsorb Il and ACF-A20 were
chosen as adsorbents. The SEM image of these two are shown in Figure 1.1 (a) and (b). A
lot of studies so far has been done on these adsorbents using various adsorbates [8,29-32].

The porous properties of these two adsorbents are presented in Table 1.1.

Table 1.1 Porous properties of the assorted adsorbents.

BET surface Average pore

Adsorbent Total-pore . Reference
area volume [ml/g] width
[m*/g] [nm]
Maxsorb I11 3150 2.01 2.008 [27]
ACF-A20 1930 1.028 2.160 [8]

In case of refrigerant selection, the choice was not so straightforward. In the early stages
there were few choices of refrigerants. People did not care about toxicity, flammability,
environmental impacts, high pressure hazards during selection of refrigerants. They used

whatever worked as refrigerants [33]. With the continuous development of refrigeration
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technology, many new refrigerants such as - CFCs, HCFCs, HFCs, HCs, HFOs have
emerged with their pros and cons. CFCs and HCFCs had chlorine in their structure which
acted as a potential threat for ozone layer depletion. These refrigerants either have phased
out or in the verge of being phased out because of the actions of different international
organizations such as — UNFCCC (United Nations Framework Convention on Climate
Change), UNEP (United Nations Environment Programme), etc. Several protocols and
amendment took place after the Vienna Convention in controlling these hazardous
refrigerants [34-36]. Hence, now a days HFCs and HCs have been preferred as
refrigerants. Although, HFCs and HCs have zero ozone depletion potential (ODP), HFCs
are potential candidate for global warming and HCs are flammable. Concerning these
factors, the refrigerants preferred in this study — n-butane, R134a and R32 and their
properties are shown in table 1.2. Figure 1.1 (c) illustrates the molecular structures of the

assorted refrigerants.

Table 1.2 Properties of the selected refrigerants [37—44].

Refrigerants R600 R134a R32

Chemical formula CsH1o C2H2F4 CH2F

Chemical name n-butane Tetrafluoroethene  Difluoromethane
ODP 0 0 0

GWP 4 1300 675

Normal boiling Point (°C) -0.50 -26.07 -51.5

Critical temperature (°C) 152 101.1 78.26

Critical pressure (MPa) 3.79 4.05 5.78

Toxicity No No No

ASHRAE safety group A3 Al A2L
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This study focuses on five different functional pairs: ACF-A20/R32 [45], Maxsorb I11/n-
butane [27], ACF-A20/R134a [22], MAXSORB 111/R32 [45] and Maxsorb 111/R134a [32]
to express their thermodynamic property fields in terms of isosteric heat, temperature,
pressure and amount of adsorbate and provide a comparative analysis among them in
thermodynamic viewpoint, intended for practical adsorption chiller applications.
Furthermore, to investigate the effect of refrigerant’s physical properties on the heat of
adsorption; the heat of adsorption of Maxsorb 111/R32 [45] and Maxsorb 111/R134a [32]
pairs were compared with Maxsorb 111/n-butane pair.

n-butane R-gz R-1345‘)
©C OH OF

(a) (b) (c)
Figure 1.1 (a) SEM image of Maxsorb Il [27], (b) SEM image of ACF-A20 [46] (c)
molecular structures of refrigerants.

Adsorption isotherms for all the mentioned pairs have been fitted with D-A modelling in

the literature. Table 1.3 indicates the values of adjustable parameters for best fitting.

Table 1.3 Adjustable parameters for D-A isotherm modelling of different adsorbent-

adsorbate pairs.

Adsorption pairs F_] ([:II:g kg [Ek Jkg] Error
ACF-A20/R32[45] 1.09 1.014 104 AAD 0.005 Kg Kg*
Maxsorb I1l/n-butane [27] 1.05 0.8 300 *

ACF-A20/R134a [22] 1.4  1.256 68.6 ARE 3.2%

Maxsorb 111/R32 [45] 1.15 1.57 75.72 AAD 0.03 kg kg™
Maxsorb 111/R134a [32] 1.17 1.945 85.27 *

* Not available in the literature
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1.2 MATHEMATICAL MODELLING
1.2.1 Isosteric heat of adsorption:

The isosteric heat of adsorption Hyqs is defined as the differential change in energy 0Q that
occurs when an infinitesimal amount of adsorbate uptake dq is transferred at constant
pressure P, temperature 7, and the amount of adsorbent M; or the constant adsorbent
surface ranging from the bulk gas phase to the adsorbed phase [47].

AH :[%) (1)

According to the mass balance, the number of molecules adsorbed (m,) in the adsorbent

must be equal to the number of molecules lost from the adsorbate ().

m m m
dma:—dmg:>d£ an—d[—gJ:dq:—d(—gJ (2)
MS MS MS

Here, q is the uptake term having a unit of kg kg™!. The elemental heat rejected on to the

adsorbent can be found using the 2" law of thermodynamics as-
—~dQ=TdS 3)
Where S is the sum of entropy changes in the system. S is expressed as-

S=S,+S,+S, (4)

Where s, a, and g denote solid, adsorbed and gaseous phase. Substituting the values from

equations (3) and (4) into equation (1) the isosteric heat of adsorption takes the form as -

0S
(5] )] () 5
aq P, T, My aq P, T, My aq P.T,Mq

As (885 J ~ 0, equation (5) can be written as,
aq P.T.M,

0S
AH,, =-T|| =2 - 6
ads [( aq JP‘TYmS Sg] ( )

Now, the chemical potential of the adsorbed phase is a result of the partial change in

internal energy (u) with the amount of adsorbate uptake (q) [25].
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_[ou
- [ [aq J,, ] "

Therefore,

9
d,ua:—(asaj dT +[avaj dP+(ﬁj dg ®)
aq T,P aq T,P aq T,P

And similarly for gaseous phase chemical potential,

du, =—s,dT +v,dP 9)
At equilibrium, g, = 1, . Hence, it can be written as dz, =d

So combining equations (7) and (8), we get -

0
(asaj dT—(aVaj dP—(ﬁJ dg =s,dT —v,dP (10)
aq TP g TP o TP
For a constant amount of adsorbate,
0
(ﬁ} ~0 an
8(2] TP
From equation (10) -
o, dT —s,dT =v,dP-v,dP (12)
aq TP
or,
oS dP
a =s —(vV.—-V, )— 13
5] s o

Using equation (13) in equation (6), the isosteric heat of adsorption can be expressed as,

dP
AH,, =-T[v, -v,]— 14
ads [ g a] dT ( )

Where, vg and va are the specific volumes of the gas and the adsorbed phase,

respectively.

8|Page



The pressure of an adsorbed phase is exerted by both the temperature and the uptake, i.e.,
P=P(T,q).

So the gradient of the adsorbed phase pressure with respect to the temperature can be
expressed as -

PP a2 is)
dT \oq ) dT \aT ),

Thus, the heat of adsorption or isosteric heat of adsorption (Hads) as a function of uptake
(g) can be calculated by the following equation.

o(InPp
A =Ty | | AT, gy 3(inP) (16)
om, ). dT oar |

Here, the second term of the right-hand side indicates the conventional form of the isosteric
heat of adsorption derived from the Clausius-Clapeyron equation. Besides, the first term
defines the behaviour of adsorbed mass concerning both the pressure and the temperature

changes during an adsorbate uptake because of the non-ideality of its gaseous phase.

The DA equation for adsorption isotherms can be expressed as follows -

q=_0p, exr{—{%ln(%)} } (17)
= In (ijz—{iln[&j} (18)
. E P
) _£ ) i 1/n
= Inp=Inp, T { In{qm j} (19)

Differentiating with respect to T yields,

1Un
olnP 0 E q
=—In(P. —In| — 20
aT ot (5)+RT2{ [q} 20
oInp 5 o
= RTPELE R Cin(R)+E{-In| X @1
oT or J
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o P. : .
Now substituting the value of RT? oln in equation (16), we have an expression for the

isosteric heat as a function of uptake -

* \—

AH . =h,, +Eln[%Jn +Tvgg—$(P,T) 22)

Where, h, = RTZaiTIn(PSm) (23)

1.2.2 Enthalpy and entropy of adsorption system

In physical adsorption, the thermodynamic properties such as the entropy (s) and enthalpy
(h) of the adsorbed phase are described in terms of the measured variables, namely P, T
and ma. The accurate measurement of h and s requires the isosteric heat of adsorption and
the specific heat of the adsorbed phase are necessary. Being path independent, the change
of extensive thermodynamic quantity can be tracked by taking their integrating form. For

example, from-

(i) an initial reference pressure Po to non-equilibrium pressure P at constant T and ma,
followed by an initial reference temperature, To, to temperature, T, at zero adsorbate (ma
=0), and finally from zero amount of adsorbate to any adsorbate uptake, ma, at constant T
and P,

or (i) firstly, an initial reference amount of adsorbate uptake (here x # 0) to an adsorbate
uptake, m,, at constant T and P, then from an initial reference temperature, To, to
temperature, T, at constant P and m,, and finally from zero adsorbate to adsorbate mass,

m,, at constant T and P.

The integration of the thermodynamic properties can also be depicted schematically in
Figure 1.2. In the following sections, we approach the properties of the adsorbed phase by
first considering the entropy as a function of P, T and ma.. The Gibbs law is then invoked

to calculate enthalpy [48].
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T Final state (Po, T, M)
A - “2
(P, T, ma) (P, T, ma’) -~ I
- |
. - T |
I Path 1 I |
| Initial state ' path3 1
1(Pgy, T, Mm,=0) I I
| I I
| - - Sy [
-~ 1o~ o !
(P, To, m;=0) | Ssy

(P’ TOv ma)

Figure 1.2 Three possible thermodynamic paths for calculating extensive thermodynamic

properties from the initial state to final state [48]

The total differential of the extensive thermodynamic property, enthalpy of an

adsorbent/adsorbate system can be written as -

dh =dh, +dh, (24)
Where, dhs are the total differential of the solid phase enthalpy, and dha is that of adsorbate
phase enthalpy.

Using the relation between derivatives, the total differential of the solid phase enthalpy is

written as -
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dhsz[ahsj dT+(ahsj dP = Mc,_ .dT + T(ﬁj +v, +dP (25)
ot ), oP ). P oP ),

Using Maxwell’s relationship given in equation (26); equation (25) takes the form
expressed in equation (27) -

(@] sz—(avsJ ap (26)
oP ); oT ),
dh, =Mc, dT +qv, T (Wsj dP (27)
. ot J,
On the other hand, the total differential of the adsorbed phase enthalpy is given by -
dh, = (6h""j dT +(6haj dP + on, dm, (28)
T Jom, P Jr om, ).,

Using the Gibbs equation, the Maxwell relation, and the relation between derivatives, the
first, second and third term of the right-hand side of the above equation can be expressed

as -

(ahaj =mecC,, ; (a—haj = T(%j +v, odP = va—T(avaj dpP
oT pm, ’ oP T, oP ); aT ),

and | dm, =(h, —AH, )dm,
am TP

a

(29)

Now substituting the values of dha and dhs into equation (24), the differential expression

for measuring adsorbed phase enthalpy becomes -

dh=Mc, dT +m,c_,dT + vS—T(avsj dP + va—T(avaj dP+(h —AHads)dma
P P ot J); aT Jp ’

(30)
Neglecting the pressure and uptake dependence of solid phase thermodynamic properties
with respect to pressure and temperature, the enthalpy of the adsorbent/adsorbate system

becomes -
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AH,, OV, OAH 1 0
AR Ny 8Tads}dT+£[hg(P,T)—AHads]dQ+IVaddP

T T

AH 4

h= cp‘ad.[dT +.[ Cog (P T)+— :
T, T,

0 o g aT pO
(31)
Where,
m dpP AH AH ov oH
=—2 : AH, =-T[v.-v.]— and ¢ =c, +—=2d a9 | 7 ad gy
q M ads [ g a] dT p.a P.g T Vg [a-l- jp oT [ ]

Again, in the case of entropy, it is measured by the summation of its solid and adsorbed
phases.

ds =ds, +ds, (32)
Subscripts ‘s’ and ‘a’ indicate the solid adsorbent and adsorbate, respectively.

The extensive entropy of the solid phase as a function of P and T is given by-

c
dss=(%j dT +(%j dP=MﬁdT—(%j dP (33)
aT ), oP ). T ot ),

And the total differential of entropy in the adsorbed phase is

dsaz(asa) dT +(asaj dp+| S| gm, (34)
). P ) om, ).

where the first term of the right-hand side refers to the partial change of entropy with

respect to temperature at constant pressure and the amount of adsorbate uptake and is

written as -

C
(asaj dT ~m, 22 (35)
p,my T

oT

The second term represents the change of entropy as a function of pressure at constant
temperature and the amount of adsorbate in the adsorbed phase, and, using Maxwell

relationship, this can be expressed as -
().
P )i . T Jom,
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. 0s . . .
And the third term (a £ j is defined as the change of entropy with respect to the amount of
m
P,T

a

adsorbate.

. . . u .
It is well-known that the chemical potential of an adsorbed phase 1, { (;—J ] is a result
m
S,v,,ug

a

of the partial change in internal energy (u) with the amount of adsorbate uptake (ma).

Therefore,

5
d,ua:—LaSaj dT+(aVaj dp{ﬁJ dm, (37)
om, TP om TP om TP

a a

Similarly, for gaseous phase chemical potential,

0S oV
d,ua:—{ g] dT{ g] dP (38)
om, om
TP TP

9
s

At equilibrium, g, = 1, . So, we can write -

dy, =du,
0 0S ov
= (aSaJ dT—[aVaj dP_Lﬁj dma:{ g] dT—[ QJ (39)
om, )., om, ) o om, ). o om, . om, p
For a constant amount of adsorbent,
0
el I (40)
om, TP
Now we have,
0S ov
(aSaJ dT—( g} dT:(aVaJ dp—{ g} dp 1)
om, ). o omg ) om, ). o om, p

s
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tc " T ov
S:J. p.s dT-i—J‘ Sg _AHads dma+qJ. CP +AHads _AHads _ 9 _aHads d_T (42)
i T 5 T i 9 T v, \aTl ] or | T
Or,
o, =s,—(v, -V )d—P (43)
om, ) T T

Now, substituting appropriate terms in equations (33) — (35) and combining them, the differential

equation for calculating adsorbed phase entropy takes the following form -

C C
ds = M 22 T +m, 22 dT—(avsj dP—(a"aJ dP+{s (v —va)d—P}dma (44)
T T ar ), ). o Mo YalgT

After simplification,
te tc " dP

s=M | 2dT +m,_ | 22dT + | {s. —(v, —v.)—+dm 45
_['_[ T a_l_—[ -I- -([{ g ( g a) dT} a ( )

Which can be further expressed for per unit mass of the adsorbent (M=1) as,

c T v q
p,sdT+q Cpg +AHads _AHadS _9 _% d—T—}—I Sg —AHads dq (46)
T A T Vg \OTJ, 0T )T g T

S=

o —
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1.3 RESULTS AND DISCUSSION
Equation (22) is used to calculate the isosteric heat data of the studied pairs which are
shown in Figure 1.3.

700
[ -—-Maxsorb I11/n-butane
600 -Maxsorb 111/R134a
[ *-Maxsorb 111/R32
= 500 | -+ ACF-A-20/R134a
g g -»-ACF-A-20/R32
2 400 |
g
S 300 f
S L
g [ M
2 200 f
100 |
O [ L L L L L L L L L L L L L L L L L L L L L L L L L L L L L
0.0 0.4 0.8 1.2 1.6 2.0 2.4

Uptake [kg kg1]

Figure 1.3 Comparison of isosteric heat of adsorption.

It is evident from Figure 1.3. that, all the five pairs exhibit a common characteristic — the
isosteric heat of adsorption decrease with the increment of surface loading. This happens
because the adsorbate is first adsorbed in the narrower pores of the adsorbents. These
narrower pores are high in energy and cause a relatively high adsorbate-adsorbent
interaction. As a result, the isosteric heat or the heat rejection during adsorption is the
highest at the beginning of the adsorption process. After occupying all the high energy
sites, the adsorbate molecules enter into the pore sites having less energy which results in
a lower isosteric heat. When comparing within the five assorted adsorbent-refrigerant
pairs, it can be observed that Maxsorb I11/n-butane pair possesses highest isosteric heat at
lower uptake values and decreases rapidly with surface coverage. Whereas, the isosteric
heat of adsorption decreases slowly for ACF-A20/R32, Maxsorb 111/R32 and Maxsorb
I11/R134a pairs compared to the other pairs. In that sense, ACF-A20/R32, Maxsorb
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[11/R134a and Maxsorb 111/R32 pairs can be considered as a more suitable choice over the
ACF-A20/R134a and Maxsorb Ill/n-butane pairs in designing a practical adsorption
cooling system when only considering the isosteric heat of adsorption. A lower isosteric
heat of adsorption would require less energy to maintain the bed temperature for
adsorption to happen. However, Maxsorb 111/n butane and ACF-A20/R32 pairs can act as
suitable choice for heating applications because the heat generated from the isosteric heat

of adsorption can be used for heating the space as well.

1400
i -®-ACF-A-20/R32
[ -—Maxsorb I11/n-butane
1200 ! ACF-A-20/R134a
[ -+Maxsorb 111/R134a
1000 | -=Maxsorb I11/R32
EJ L
- [
= 800 |
= [
o
F [
2 600 |
L
400 |
200 | M
O [ L L L L L L L L L L L L L L L L L L L
0.0 05 1.0 1.5 2.0 2.5

Uptake [kg kg?]

Figure 1.4 Comparison of enthalpy map.

Enthalpy and entropy maps with the uptake of the discussed pairs are obtained at 298.15
K using equations (31) and (46) which are depicted in Figure 1.4 and Figure 1.5,
respectively. All five adsorption pairs show that the enthalpy and entropy of a single
component adsorbate-adsorbent system always increase with the increasing uptake.
However, ACF-A20/R32 pair shows the highest rate of change of enthalpy with respect to
the uptake, whereas enthalpy of ACF-A20/R134a pair remains relatively steady. So
considering the enthalpy, it can be concluded that ACF-A20/R32 pair is the most preferred

pair in designing a practical adsorption chiller.
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Figure 1.5 Comparison of entropy map.

However, figure 1.5 illustrates that ACF-A-20/R32 and Maxsorb I11/n-butane pairs have a
higher increase in entropy with increasing uptake. Maxsorb I1l/ R134a pair shows
comparatively moderate increase of entropy with uptake considering the previous two
pairs. Contrarily, ACF-A-20/R134a and Maxsorb I11/ R32 pairs exhibit a relatively steady
entropy increase with uptake. However, in the lower uptake regions from, 0.1 kg kg to
0.8 kg kg ACF-A-20/R134a pair manifests the lowest values of entropy whereas, in
slightly higher uptake range from 0.8 kg kg™ to 1.4 kg kg Maxsorb 111/ R32 pair exhibits
the lowest entropy among all the pairs. This result suggests that the practical adsorption
chiller should be designed considering the ACF-A20/R134a or Maxsorb 111/ R32 pair

respectively depending on the cooling load required.

The T-s maps for the adsorption characteristics of Maxsorb I11/n-butane, ACF-A20/R134a,
ACF-A20/R32, Maxsorb I11/R134a and Maxsorb I11/R32 systems are shown in Figures
1.6(a), (b), (c), (d) and (e) respectively where ABCDA represents the adsorption cooling
cycle in terms of entropy as a function of T and g (g=ma/M) (neglecting the effect of

pressure). All the diagrams are plotted considering an operating condition of 5 °C cooling.
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During regeneration phase (lines a-b-c), the pressure in the adsorber bed rises from Pevap
to Pcond by heating the adsorber bed. The refrigerant desorbs and gets condensed in the
condenser. The amount of adsorbed uptake falls from Qads t0 Qdes, and the entropy rises
from Sads t0 Sdes. Contrarily, during the adsorption phase, following the path DAB, the
adsorber bed is cooled, and the pressure falls from Pcong t0 Pevap. Then, the refrigerant
vapour is adsorbed on the adsorbent and the amount adsorbed again increases up to Qads

from ques. It is also found from the present analysis that the entropy flow, As(=s,, —S.)

in the Maxsorb 1l1/n-butane, ACF-A20/R32, Maxsorb I11/R32 systems, are higher than
that of the other two systems- ACF-A20/R134a and Maxsorb I11/R134a. This suggests that
relatively higher energy is required to drive the adsorption cooling systems with ACF-
A20/R32, Maxsorb 111/R32 and Maxsorb 111/ n-butane Adsorbent/ refrigerant pairs when
compared with ACF-A20/R134a and Maxsorb I11/R134a adsorbent/adsorbate pair

associated systems.

If the cooling load is changed to 10 °C and 15 °C the difference between uptake and offtake
become larger and the entropy flow reduces. Moreover, the area of operation also
increases. This is shown in Figure. 1.6(f) and (g) for 10 °C and 15 °C respectively for
ACF-A20/R134a pair with green shades. The rest of the pairs also show similar
improvements. The key parameters for the T-s diagrams for all the cooling conditions are

summarized in table 1.4.
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Figure 1.6. (a)-(e) T-s diagram considering 5 °C cooling for Maxsorb I11/n-butane, ACF-
A-20/R134a, ACF-A-20/R32, Maxsorb I1I1/R134a, Maxsorb I1I/R32 paired system,

respectively; (f) and (g) T-s mapping for ACF-A-20/R134a paired system for 10 °C cooling
and 15 °C cooling, respectively.
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Figure 7. Variations in isosteric heat for different refrigerants pairing with a conventional
adsorbent (MAXSORSB I11).
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Table 1.4. T-s maps defining parameters.

Adsorption Pcond  Peva Qads = Odes = Aq Entropy
pairs f(Pevap, f(Pcond, flow
[kPa] [kPa]  Tads) Tdes) [kg kg [kIkg!K"
[kg kg’  [kgkg'l '] ']
Maxsorb 111/ 283.41 124.25 0.70 0.63 0.07 1.35
n-butane
Maxsorb Ill/  770.2 349.66 1.62 1.36 0.26 0.8
O R134a
LI‘I’ Maxsorb 111/ 1927.5 951.45 0.68 0.48 0.20 6.8
g R32
= ACF-A20/ 770.2 349.66 1.17 0.95 0.22 0.75
R134a
ACF-A20/  1927.5 951.45 0.75 0.60 0.15 7.4
R32
Maxsorb 111/ 283.41 148.45 0.73 0.63 0.1 1.2
n-butane
Maxsorb Ill/  770.2 414.61 1.70 1.36 0.34 0.75
O R134a
S Maxsorb 11/ 1927.5 1106.9 0.75 0.48 0.27 6.5
" R32
,E’ ACF-A20/ 770.2 148.45 1.23 0.95 0.28 0.5
R134a
ACF-A20/ 19275 1106.9 0.80 0.60 0.20 7.0
R32
Maxsorb 111/ 283.41 176.15 0.75 0.63 0.12 1.13
n-butane
Maxsorb IIl/  770.2 488.37 1.77 1.36 0.41 0.70
O R134a
2 Maxsorb I1l/ 1927.5 1280.8 0.82 0.48 0.34 6.4
" R32
|_°>’ ACF-A20/ 770.2 488.37 1.30 0.95 0.35 0.4
R134a
ACF-A20/  1927.5 1280.8 0.86 0.60 0.26 6.9
R32

The isosteric heat of adsorption was compared for three different adsorbates: n-butane,

R32 and R134a pairing with a common adsorbent Maxsorb III in Figure 1.7 along with
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isosteric heat of adsorption of SFs.in NaX [25,50]. Contributions of different adsorbate
molecules causing variation in thermodynamic property fields were investigated here. One
interesting observation was; the more fluorine atoms present in the adsorbate molecules
results in having a steadier isosteric heat of adsorption. In case of an R32 molecule there
are 2 fluorine atoms resulting in a steady isosteric heat profile. R134a molecule contains 4
fluorine atoms resulting in a steadier isosteric heat profile whereas, SFs molecule having 6
fluorine atoms has its isosteric heat increasing with the surface coverage. One possible
reason for this could be the highly electronegative fluorine atoms neutralizing the van der
Walls forces created by the surface atoms of the adsorbents. Another reason behind this
could be the states of the adsorbates. Both R32 and R134a refrigerants remain in their
superheated gaseous phase. As a result, the gas-solid interaction between the refrigerant
/carbonaceous adsorbent pair becomes weaker than that of the gas-gas interaction (among
refrigerant molecules). This dominant gas-gas interaction causes increase in the isosteric
heat of adsorption. Initially, the effect of this increase in isosteric heat is negligible.
Whereas, at higher uptake, this increase in isosteric heat of adsorption affects the usual
decreasing trend of isosteric heat of adsorption profile by making it more steady. This

completely agrees with the adsorption data of SFs in NaX in published literature [25,50].

1.4 CONCLUSION

The thermodynamic characteristics such as entropy and enthalpy of single component
adsorbate-adsorbent systems were investigated based on some well-established
mathematical models. It was observed that the entropy and enthalpy of the adsorbed phase
increased with the uptake whereas the isosteric heat of adsorption decreased. Furthermore,
this study showed that the number of fluorine molecules has an indistinguishable effect on
the isosteric heat of adsorption. Change of isosteric heat profile depends on the number of
fluorine atoms present in the refrigerant molecule. With no fluorine atom the isosteric heat
of adsorption decreases sharply with uptake (Maxsorb IIlI/n-butane). With two fluorine
atoms (for R32) it becomes a bit steadier. For R134a where there are four fluorine atoms
it is more steady. However, for SF¢ adsorption in NaX the six fluorine atoms cause the
isosteric heat of adsorption increase with uptake instead of decreasing. This happens

because the high electronegative fluorine atoms are responsible for making the gas-gas
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interaction more dominant than the gas-solid interaction. T-s mapping for all the pairs for
different cooling conditions lead to some interesting results. When the evaporation
temperature is changed from 5 °C to 10 °C the difference between uptake and offtake
become larger resulting in an increment of the operating area. The entropy flow also
reduces ensuring less power to drive the system. In addition, if the evaporation temperature
is changed from 10 °C to 15 °C the improvements are higher. Apart from the kinetics and
adsorption isotherms, the thermodynamic property fields could also play a vital role in
selecting a proper adsorbent/refrigerant pair for a specific application. This, in turn, opens
a door for optimization studies regarding adsorption system. Moreover, this information
can be used to analyze the energy balance and adsorption equilibrium which are essential

for the rigorous design of an adsorption cooling system.
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CHAPTER 2

Synthesis and Characterization of Aluminum
Fumarate Metal Organic Framework

Microporous metal-organic frameworks (MOFs) having higher difference between
adsorption and desorption uptake per cycle are considered as one of the most potential
adsorbents for future designing of adsorption heat pumps. In this study, aluminum
fumarate was synthesized using a green reaction (water was used as solvent instead of
DMF) involving hydrothermal process. In case of water adsorption on this green
synthesized aluminum fumarate, s- shaped isotherm was obtained. This s-shaped isotherm
ensured the difference between uptake and offtake to be large within a narrow pressure
range. The newly synthesized aluminum fumarate shows higher water uptake and

enhanced porous properties than the commercially available now.

2.1 INTRODUCTION

MOFs are highly crystalline powdered like materials having high surface area and pore
volume. These materials are moderately stable and can be synthesized in their very pure
form [51-53]. As a result, they become great potential materials for various applications
involving microporous materials such as catalysis [54,55], gas separations and storage
[56-59], sensors [60] and heat pumps [61,62]. As the MOFs are known to possess high
surface area and pore volume they fulfil one of the basic conditions to be an adsorbent for
adsorption chiller. Water adsorption has been done on number of MOFs including ISE-1,
HKUST-1, MIL-100(Fe), MIL-53(Fe), Basolite 100A and Basolite F300. And they

showed better performance when compared with silica gel and zeolite [63-65]. Thus



MOFs are becoming more and more popular for water assisted AHT applications. The
pore diameter and hydrophilicity plays an important role in water adsorption in an
adsorbent. The adsorbents with pore diameter below the critical (20.76 A) for water, [66]
would trigger water adsorption in the pores without condensation. Moreover,
hydrophilicity in the pore must be adequate to allow water nucleation and pore filling
below the relative pressure (P/Ps) of 0.3 for AHT applications [61,67].

Recently, Aluminum Fumarate (Al-Fum), an aluminum based MOF was synthesized and
patented by Kiener et al. However, the water adsorption on Al-Fum is high at relatively

higher pressures.

Alvarez et al. [68] had compared the adsorption characteristics of Al-Fum with MIL-
53(Al) by experimenting its selectivity with ethanol. Jeremias et al. [69] had synthesized
Al-Fum adsorbents with additional coating for higher stability and thermal conductivity.
Elsayed et al. [70] compared the water adsorption capability of Al-Fum with CPO-27(Ni)
at 25 °C under static and dynamic conditions. Both materials were found suitable for

adsorption heat pump and desalination applications from simulation viewpoints.

° Oxygen

Aluminum

o Carbon

o Hydrogen

Figure 2.1 3D view of Aluminum Fumarate

In this study, we have modified the synthesis procedure for Aluminum fumarate prescribed



in the patent. The porous properties are characterized by SEM, XRD and N2 adsorption
isotherm analysis. To observe the amount of water uptake on Al-Fum MOF, water
adsorption experiment is conducted by a thermogravimetric method for 30 °C, 50 °C and
70 °C temperatures and pressures up to the saturated region. All the experiments were also
done for commercially available aluminum fumarate for comparing data with our

synthesized one.

2.2 EXPERIMENTAL SETUP

2.2.1 Materials

Aluminum sulfate octadecahydrate (Al>(SO4):.18H,0, 57.5%, Waco Pure Chemical
Industries), fumaric acid (COOH-CH=CH-COOH, 98%, Waco Pure Chemical Industries)
and sodium hydroxide (NaOH, Sigma Aldrich co) were used for synthesis of Aluminum
Fumarate. Deionized water was used as a solvent. All the reagents were of analytical grade

and were used as it was supplied without further purification.

2.2.2. Synthesis

For synthesizing Aluminum fumarate 7 gm of Al>(SO4)3:.18H.0 (0.0105 mol) was
dissolved in 30 ml of deionized water at room temperature in a glass beaker and heated to
60°C using an electric heater. Next, 2.63 gm of fumaric acid (0.0227 mol) and 2.73 gm of
NaOH (0.0683 mol) were mixed in 39 ml of water and dissolved by stirring. NaOH helps
in deprotonation of fumaric acid. The solution was heated to 60°C and was added to the
solution of fumaric acid dropwise with stirring at 250 RPM for 16 minutes. White milk
like the suspension was observed. The product was separated from the reaction mixture by
centrifugation at 5000 RPM for 20 minutes and washed with water for 3 times to remove
any unreacted reagents. The product was collected in a glass petri dish and dried in a
vacuum oven at 100°C for 8 hours. The product was powdered using a mortar and pestle.

Finally, the powder was activated at 150°C in a vacuum oven for 8 hours.
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Figure 2.2 Hydrothermal synthesis of Aluminum fumarate MOF.

2.2.3 Characterization

2.2.3.1 XRD and FESEM

The microstructure and morphologies of the samples were determined by JEOL JSM-
7900F FESEM (Field Emission Scanning Electron Microscopy) operated at 3 kKV. Powder
X-ray diffraction (PXRD) analysis were performed on a Rigaku SmartLab 9kW AMK
using monochromatic CuK, radiation with a step size of 0.02°, the operated wave length
was 1.54 A at 40 kV and 30mA.

The pore size, pore volume and specific surface area of samples were measured by N>
adsorption/desorption isotherms at 77K. The samples were degassed at 120°C for 3h prior
to N2 adsorption measurement. The N> adsorption/desorption isotherm of synthesized
composites has been investigated using volumetric method employing 3Flex™ Surface

Characterization Analyzer as shown in Fig. 2.3. The pore size distribution is determined
using NLDFT (Non Localized Density Functional Theory) from the N, adsorption

isotherms. The total pore volume is obtained by N> adsorption data under saturation
conditions. If the isotherm is nearly horizontal throughout the range of P/Psas it
approaches to saturation, macro pores are not found in the adsorbent structure. Hence, the



pore volume is defined properly. With the existence of macro pores, the isotherm will have
a sharp increase as P/Ps approaches to 1. The limiting uptake of the isotherm is used to
identify as the total pore volume of adsorbent.
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Figure.2.3 Schematic diagram of 3Flex™ Surface Characterization Analyzer.

2.2.3.2 Water adsorption

The amount of water vapor on Al-Fum MOF at different temperatures and pressures are
measured by a thermogravimetric analyzer (TGA) due to the high accuracy and ease of
control of pressure and temperature during experimentation. We have used the magnetic
suspension adsorption measurement unit (Rubotherm of type MSB-VG-S2) supplied by
BEL Japan, Inc. Figure. 2.4. shows the schematic diagram of the magnetic suspension

adsorption measurement unit. Experimental procedure [19] can be explained as follows;

(1) We have measured water adsorption isotherms for both commercially available
aluminum fumarate and our synthesized aluminum fumarate.
(2) First, the commercial sample of 65 mg was put into the sample basket and placed

into the measuring chamber of the magnetic suspension balance unit.
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Figure 2.4 Schematic diagram of experimental apparatus.

(3) The sample was regenerated at 100 °C under vacuum conditions for about 4hrs.
then the sample was cooled down to the set adsorption temperature where the
measuring chamber is disconnected from the vacuum pump units.

(4) The measuring chamber was connected to the evaporator chamber. Evaporator
temperature was controlled using an oil bath. Pressure of measuring chamber
increased rapidly until it reached the evaporator pressure corresponding to the set
evaporator temperature. Adsorption process was then carried out where adsorbent
mass was recorded continuously until reaches to the adsorption equilibrium
conditions.

(5) Evaporator is then disconnected from the adsorption chamber where its
temperature increases to a certain value to create a new evaporation pressure for

the next measuring step.



CHAPTER 2 — SYNTHESIS AND CHARACTERIZATION OF ALUMINUM FUMARATE
METAL ORGANIC FRAMEWORK

(6) Steps (3) — (5) were repeated for other sets of adsorption temperatures.
(7) Same procedure was also carried out for our synthesized aluminum fumarate

sample.

2.3 RESULTS AND DISCUSSION
2.3.1. XRD and FESEM characterization:

Figures 2.5(a) and 2.5(b) show the SEM (scanning electron microscopy) diagram for
commercial aluminum fumarate and our synthesized one respectively. The size of the
sample is about 1 um with quadrahedral shape. The shape synchronizes with the molecular
structure of aluminum fumarate [68]. Hence, this proves that aluminum fumarate is
synthesized correctly.

SEM HV: 10.0 kV WD: 5.12 mm MIRA3 TESCAN|
SEM MAG: 200 kx Det: InBeam
View field: 1.27 ym 3_200kx KRICT

Figure 2.5 SEM images of (a) Commercial aluminum fumarate [68] (b) our synthesized
aluminum fumarate

Figure 2.6 shows the PXRD (Powder X-ray Diffraction) graphs of the Al-Fum. The first
peak can be seen at 10 ° with small peaks shown at higher angles. The peaks correlate the
intensity of AP*in the adsorbent structure. It also shows that the purification of the
material was properly done. Thus, the material structure is stable as no additional peaks

are detected.


https://www.sciencedirect.com/topics/engineering/correlate
https://www.sciencedirect.com/topics/engineering/purification
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Figure 2.6 XRD image of synthesized aluminium fumarate

2.3.2. N2 adsorption

Figure 2.7 and 2.8 show the N adsorption-desorption isotherm on commercial and
synthesized aluminum fumarate adsorbent. From the experimental data, it is found that on
each case the volumetric N2 uptakes for both the samples are within 12 mmol/g of
adsorbent before approaching to saturated pressure. As approaching towards the saturated
pressure, the volumetric uptake increases up to approximately 17 and 16 mmol/g of
sorbent respectively. This suggests that the material has large variations of micropores and
macropores within their structures. One more interesting fact can be observed from the
two above mentioned figures is that in commercial sample there is some hysteresis in N2
adsorption where as in case of synthesized sample the amount of hysteresis is reduced.
The pore width, pore volume and surface area are calculated employing BET analysis and
N2 adsorption data. These are shown in table 2.1. In Figures 2.9 (a) and (b) the pore size

distributions of the two samples and they agree with the crystallographic data in figure 2.9


https://www.sciencedirect.com/topics/engineering/adsorption-isotherms
https://www.sciencedirect.com/topics/engineering/micropores
https://www.sciencedirect.com/topics/engineering/macropores
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Figure 2.7 N2 adsorption-desorption on commercial aluminum fumarate at 77K
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Figure 2.8 N2 adsorption-desorption on our synthesized aluminum fumarate at 77K
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Figure 2.9 Pore size distribution of (a) commercial aluminum fumarate (b) our synthesized
aluminum fumarate (c) pore size measured from crystallographic data of aluminum

fumarate.

Table 2.1 Porous properties of the commercial and synthesized aluminum fumarates.

Sample BET surface area Average pore width Pore volume
[m?g™] [A] [em®g]
Commercial Al-Fum 600 11 0.58

Synthesized Al-Fum 674 11 0.53




2.3.3 Water adsorption isotherm

Water adsorption isotherms were measured for both the commercial and our synthesized
aluminum fumarate samples. The results are shown in Figure 2.10. In both cases, we

obtained S-shaped isotherms that are the desired one for adsorption chiller application.
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Figure 2.10 Water adsorption isotherms comparison between commercial and our

synthesized aluminum fumarate.

However, in every cases the uptake of our synthesized aluminum fumarate was higher than
that of the commercially available sample. Moreover, for the synthesized sample the
isotherms also shift towards lower pressure region making it more suitable for practical
application. This is because the lower the pressure the less chances of leakage. The reason
behind this could the related to the increase of surface area. This could have happened

because of the green synthesis approach.



2.4. CONCLUSION

In this study, we have shown that we have successfully synthesized aluminum fumarate
using a green synthesis approach. The XRD and SEM images matched well with the
published literature confirming its reliability. The pore size distribution matched well with
the commercial sample. In our synthesis process, we managed to increase the surface area
about 10 % than the commercial sample. Because of that, the water uptake also increased.
However, this study shows that the isotherms can be shifted towards the lower pressure
region. This could lead to a new scope of research, as MOFs properties are highly tunable.
The various ways of modification can help in shaping the isotherms as well as shifting

them to our desired ones.
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CHAPTER 3

Surface structure determination of clean Pd
(111) using low energy electron diffraction
(LEED)

The surface relaxation of clean Pd(111) surface is determined using quantitative low
energy electron diffraction (LEED) analysis. The cleanliness of the surface is confirmed
using Auger electron spectroscopy (AES). We collected experimental data for 5
symmetrically independent beams, covering a cumulative energy range of 841 eV. With a
minimum Pendry reliability factor R, = 0.14, we found that the first six atomic layers
showed sequence of expansion (+) and contraction (-) of (+; +; +; -; +; +), as compared to
the bulk-truncated interlayer spacing of 2.2452 A. The determination of this relaxation

sequence is important for understanding the structural growth of 2D materials such as

plumbene on Pd(111).

3.1 INTRODUCTION

The surface of a crystalline surface in vacuum is generally defined as the few,
approximately three or four, outermost atomic layers of the solid. The surface properties
vary significantly from the bulk due to the difference in coordination number. The surface
may be entirely clean or it may have forcing atoms deposited on it or incorporated in it. In
macroscopic materials, the bulk electronic structure determines most materials properties,
with negligible influence of the surface. However, at nanoscale the surface states can
profoundly influence or completely dominate the electronic properties, affecting for
example the conductance and charge transport through nanowires [71]. This can also effect
the mechanical strength, heat dissipation, heat flow, etc. The surface plays a significant

role in the modern nanotechnology e.g. semiconductor devices or heterogeneous catalysis.



If the surface is of several atomic layers it can be considered as a 2D (two dimensional)
surface. This 2D surface is enormously studied as a part of 2D surface crystallography
[72,73]. 2D materials like graphene, borophene, germanene, silicene, phosphorene,
antimonene, and bismuthene, plumbene etc. find enormous application areas due to their
extraordinary properties and applicability in various ways [74—87]. The realization of the
last element of group 14, plumbene have been elusive until Yuhara et al [88] have
characterized the successful growth on Pd(111). Typically, very recently, molecular
dynamics simulations revealed that the mechanical properties of plumbene are several
times greater than those of bulk lead [89].

A lot of studies have been conducted for the production of plumbene and a profound
suggestion has come out that Pd (111) could be the substrate where plumbene can be grown.
Pb should be adsorbed on a Pd (111) substrate to grow plumbene using segregation
technique. Low energy electron diffraction technique gives us the opportunity to
characterize the surface with vast information. The energy range of less than 1000 eV
which is suitable for its low penetration depth and wavelength of around 1 A gives the
atomic resolution to get the details of the surface structure. The determination of this
structure with the numerical values makes it more reliable technique to the

experimentalists as well as theorists.

In this experiment, at first we have cleaned the Pd(111) which is confirmed using Auger
electron spectroscopy (AES) and then determined the surface relaxation using low energy
electron diffraction (LEED). The surface relaxation obtained in our experiment is different
compared to the previous report by Ohtani et al [90]. However, the Pendry reliability factor
in our case is lower compared and the discrepancy may arise due to the presence of foreign
materials in previous experiment. The structure determination of Pd(111) finds immense

importance on the context of growing plumbene on it.

3.2 INSTRUMENTATION
The Pd (111) sample was clamped by tantalum plates on molybdenum blocks insulated by
an aluminium nitrate sheet for resistive heating in an UHV chamber. The sample holder

then mounted at the end of the tube which was then cooled down by introducing liquid N2



into the tube. LEED and AES optics was available in the chamber which works better in
the pressure higher than 1x10® Pa. They were surrounded with magnetic shields. The
temperature was measured using thermo-spot sensor (FTZ6, Japan sensor). For the sample
cleaning process, cycling of argon sputtering and annealing at high temperature (800 °C)
was used in Ultra High Vacuum condition. The obtained surface as studied by LEED I(E)
in the chamber, without replacing the sample. A movable shutter was deployed to protect
the LEED screen from the damage and contamination during the sputtering and sample
annealing. The whole setup is shown in Figure 3.1. Brief descriptions of the corresponding

tools are given in the following section.

3.2.1. Ultra High Vacuum Chamber
Vacuum chamber was used here which can create an enclosed environment having 1x10°
8 Pa pressure. This was possible by using four different pumps. They are - rotary pump,

sublimation pump, ion pump and turbo molecular pump.

(=
[\

Figure 3.1 Experimental setup (UHV part)



3.2.1.1 Rotary-vane pump:

Rotary-vane pumps are a common type of vacuum pump, with two-stage pumps able to
reach pressures well below 107 bar. Main part of this pump is the rotor which turns and
corresponding gas flows into the enlarging suction chamber until the second valve seals
off the chamber. If the outlet valve is not open by the atmospheric pressure the gas is

remain compressed.

3.2.1.2 Sublimation pump

The sublimation pump is a vacuum pump that is used as a part of vacuum systems so that
the level of vacuum improves. Here, a high constant current is used through titanium
filament which causes the sublimation. The sublimated titanium can get deposited on the
chamber walls. Some gases then trapped on the titanium atom, hence pressure is reduced
[91].

3.2.1.3 lon pump

lon pumps are electro-physical vacuum pumps that remove gases from their environment
by turning them into solid materials. It works in four steps: a) creates high magnetic field,
b) generates plasma, c) ionize gas molecules d) capture gas ions.

3.2.1.4 Turbo molecular pump

Molecules are adsorbed in the blades of the pump and leave again after certain period of
time, where the speed of blade is higher than the thermal molecular speed to ensure that

the transferred molecules are not able to come back to the chamber [92].

3.2.2 Manipulator

A manipulator was employed in the UHV chamber to allow the 3D movement of the
sample. It is also used for fine tuning of the electron beam normalization by adjustment of
the limited inclination of the rod with respect to the vertical axis. The sample was annealed
by direct current passing through the sample via the Ta wires from a DC power supply.
During annealing the temperature of the samples were measured by infrared pyrometer

and thermocouple.



3.2.3 Sources

Several gas or liquid sources were attached through variable leak valve to the UHV
chamber. Solid sources such as Silicon, Lead, Germanium, Bismuth and Tin were put in a
Ta tube with small hole, and they were evaporated by heating of the ta tube and come out

from the small hole to the sample surface.

3.2.4 Thermo-sensor
Radiation pyrometer was used to measure the temperature of the sample surface which

have temperature sensing range of 600-2000°C.

3.2.5 Low Energy Electron Diffraction (LEED)

LEED images were used to analyse the clean Pd surface structure. LEED spot intensities
were measured using a digital charge-coupled device (CCD) camera with computer
controlled data acquisition system [93]. A brief description of LEED optics is presented
below:

The LEED measurements were performed in an ultra-high vacuum (UHV) chamber. The
chamber was equipped with a four-grid commercial OMICRON LEED optics. In our
experiment the base pressure in the chamber was 1 x 1078 Pa.

The Commercial Omicron SPECTALEED four grid LEED-AES optics was installed in
the chamber. A monochromatic electron beam (20-500 eV), was generated by the electron
gun, to incident upon a sample[94]. After undergoing diffraction, the electrons were
backscattered from the periodic surface and travel through a series of grids, as shown in
Figure 3.2. The outer grid, which was placed nearest to the sample, is grounded to ensure
that the electrons travel in a field free region, as the inner grid and the sample are grounded.
The inner grids were used to filter the electrons, and the elastically scattered electrons can
be reached to a fluorescent screen. A digital CCD camera was fixed at the backside

viewpoint to acquire the LEED patterns (Figure 3.3).
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3.3 EXPERIMENT

There are several steps involved in determining the surface structure of clean Pd (111). At
first, the chamber needs to be prepared. The vacuum condition of the order 10 Pa is
achieved using rotary vane, sublimation, ion and turbo molecular pumps. The chamber
was also baked for several hours prior to this to have an even better vacuum condition.
After getting the desired vacuum condition inside chamber the sample was cleaned using
argon sputtering and annealing. High energy argon ions were first bombarded towards the
exposed surface of Pd (111) substrate. The argon ions etched out 1 or 2 atomic layers of
Pd substrate. These layers also included the surface impurities. After the impurities etched
out a pure but non smooth layer of Pd surface left. Then the substrate was annealed at 800
k to obtain a smooth layer at the surface. When heated the atoms would migrate and upon
cooling down they would be much more relaxed to a make a smooth surface. After that the
LEED pattern was observed and I(E) curves were obtained using the intensities of LEED
spots.

The Barbieri/Van Hove symmetrized automated-tensor LEED package was used to
calculate the theoretical I(E) curves of the structure models to determine the atomic
positions [95]. The calculations of atomic scattering were performed by considering 13
phase shifts (Imax = 12), whereas the imaginary part of the inner potential (Voi) was fixed
at —5.0 eV and the real part was determined through theoretical-experimental matching
and attributed by minimizing Pendry’s reliability factor (Rp). The error bars on the
structural parameters were calculated from the variance of Rp, AR = Ruin(8|Voi//AE)1/2,
where Ruin 1s the minimum Rp value and AE is the total energy range of the experimental

I(E) curve.

3.4 RESULTS AND DISCUSSION

3.4.1 Auger electron spectroscopy

The auger electron spectroscopy (AES) of the clean surface is shown in Figure 3.4 the
spectra shows the main peak of palladium at 330 eV and other palladium related peaks.
This confirms that there are no other foreign elements expect Pd atoms on the surface of

the substrate.



Figure 3.4 Auger electron spectroscopy of clean surface showing the peak corresponding

Pd atoms.

3.4.2 LEED pattern analysis

The LEED pattern of the clean Pd(111) surface in shown in Fig 3.5 at (a) 120 eV and (b)
270 eV which were recorded at low temperature of 120 K. The Pd(111) surface shows a 3-
fold rotational symmetry from which intensity of five symmetrically independent beams

were collected for experimental calculation.

Figure 3.5 Figure 1LEED pattern of clean Pd(111) at (a)120 eV and (b) 270 eV
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3.4.3 I-V curve analysis

The comparison between the best fit experimental and theoretical curve is shown in
Figur3.6. For five beams: (1,0), (0,1), (1,1), (2,0) and (0,2). The optimized structure has
Debye temperatures of 140 K, 220 k and 280 K for first, second and third Pd layer
respectively. The optimized structure yields a Pendry Rp factor of 0.14.
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Figure 3.6 Best fit comparison between the theoretical and experimental I(E) curves

having Pendry reliability factor Rp = 0.14.
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Figure 3.7 Ball model of the surface relaxation of clean Pd(111)



The sphere ball model of the relaxed structure is shown in Figure 3.7 the relaxation
sequence for the first six layers are (+; +; +; -; +; +) compared to the bulk termination of

2.24 A,

3.5 CONCLUSION

In summary, the clean Pd(111) surface structure is determined using LEED analysis. AES
spectra confirmed the cleanliness of the surface after which the relaxation of the Pd(111)
surface 1s determined. The relaxation sequence shows (+; +; +; -; +; +) which shows
discrepancy with the previous data. However, our reliability factor is much lower
compared to the published data and this can give important information for further studies

regarding growth of 2D materials.
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General Conclusion

The overall conclusion of this thesis is summarized as follows:

7
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Some potential adsorbent/refrigerant pairs are studied in terms of their
thermodynamic compatibility in designing an adsorption cooling system. These
pairs are compared in terms of their isosteric heat, enthalpy and entropy. In case of
isosteric heat ACF-A20/R32, Maxsorb I11/R134a and Maxsorb 111/R32 pairs were
found suitable for cooling application. However, ACF-A-20/R134a and Maxsorb
[11/n butane pairs could be the pairs for designing a heating system. When
considering enthalpy ACF-A-20/R32 pair shows best characteristics to be the pair
for chosen in case of cooling application. And if entropy is given the priority in
choosing best pair cooling applications ACF-A20/R134a or Maxsorb 111/ R32 pair
stands out depending on the cooling load required. Another fact found here was the
effect of fluorine atoms in isosteric heat of adsorption. The more fluorine atoms
present in the refrigerant the lesser the variation in isosteric heat of adsorption
before being positive when there were 6 atoms in case of SFes. Also T-s mapping
was done for different cooling conditions for all the discussed pairs. All of them
showed positive response when the cooling load was reduced. But in case of ACF-
A-20/R134a pair the improvement was the highest.

Aluminum fumarate metal organic framework is successfully synthesized using a
green synthesis technique involving the hydro-thermal procedures. The XRD and
FESEM characterizations is performed for this sample and matched with published
literature to confirm its authenticity of being aluminum fumarate. The porous
properties and water adsorption properties are measured and compared with the
data for the commercial aluminum fumarate sample. And the synthesized sample
is found to be superior when compared with the commercial aluminum fumarate.
The clean Pd(111) structure is determined using low energy electron diffraction
and auger electron spectroscopy with the relaxations until 6 atomic layers. The

relaxation was found to be having a sequence of (+, +, +, -, +, +) with a Pendry’s

52|Page



reliability factor of 0.14. this result contradicts with published result but as the Rp

is lower for this case, we can consider our data to be more accurate.



RECOMMENDATIONS

In this section there are some directions given for future researchers to successfully utilize

and further extend this study.

» The thermodynamic property field analysis shows that there could be others
parameters to be taken care of other that only adsorption uptake and kinetics when
designing a practical adsorption system. This open a new scope of study to make
sure which parameter should be given highest priority. Or maybe there is scope for
optimization.

» The green synthesis of aluminum fumarate technique can be applied to synthesize
similar MOFs. Also we can dope different metal nodes or try different linker
organic materials. All these can have an effect on the pore size modification,
adsorption affinity, kinetics and so on. Also in MOFs isotherms can be shifted and
also modified.

» The clean Pd(111) surface structure with surface relaxations can be applied in

future 2D material growth (like plumbene) having Pd(111) as substrate.
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