
Investigation of the Gas Adsorption

Properties in the Metal-Organic Framework:

CPO-54-M (M= Co, Mg, Mn, Ni)

Even Storheim

Master Thesis in Renewable Energy

Supervisor: Professor Pascal D. C. Dietzel

Geophysical Institute

University Of Bergen

August 2019





Preface

This master’s thesis is part of the Master’s program in Renewable Energy (Energy Materials) at

the Geophysical Institute at the University of Bergen. The experimental part of the thesis was

carried out at the Department of Chemistry with Prof. Pascal D. C. Dietzel as supervisor. The

work started in October 2018, and was completed in August 2019.

Even Storheim

Bergen, 2019-08-05

i



Acknowledgment

First of all, I would like to thank my supervisor Prof. Pascal D. C. Dietzel at the University of

Bergen, for all his help and guidance during my time in his research group. I want to thank him

for his enthusiasm, feedback, and for always leaving the door open for his students. I would

also like to thank my fellow students at the Geophysical Institute for making my time at the

University of Bergen a memorable experience. Thanks to Anders Teigland for getting me started

in the lab, and for showing me all the instrumentation. Thanks to Anita for her critical eyes. A

special thanks to Silje for understanding why I had to spend so many late ours and weekends

at the University, for always believing in me, and for encouraging me to be the best version of

myself every day.

ii



Summary

Climate change and global warming as the result of anthropogenic pollution are among the

biggest challenges of our generation. As the world’s energy demand is expected to increase in

the years to come, carbon capture and storage (CCS) technology may play an essential part in

the transition towards zero-emission energy production. The current CCS technology is energy-

inefficient. Therefore, one seeks to find new solid materials to use as sorbents in more efficient

CCS processes. One such material is the metal-organic framework CPO-54-M (M=Co, Mg, Mn,

Ni), which is based on an extended version of the linker molecule used in CPO-27.

This study aims to discover how the extended linker molecule in CPO-54 affect the appli-

cability of these materials for CO2/N2, CO2/CH4 and CO2/O2 separation, how CPO-54 adsorbs

N2O, and whether or not the materials are suitable to separate Xe from Kr. In this work, the

gas adsorption capacity of CPO-54-M (M = Mg, Mn, Ni, and Co) have been measured for CO2,

CH4, N2, O2, N2O, Kr, and Xe. Isosteric heats of adsorption and selectivity coefficients have been

calculated based on these adsorption measurements. This work has given new insight into the

CPO-54 MOF series and its properties.

The results of this study have shown that CPO-54 is highly selective of CO2 over N2, CH4,

and O2. The essential has also shown that CPO-54 selectively adsorbs Xe over Kr. The selectivity

factors were found to be highly temperature-dependent, and the selectivity was found to be

highest at lower temperatures. The results indicate that the extended linker molecule in CPO-54

decreases the MOF’s CO2, CH4, N2 and O2 adsorption capacity, and the CO2/N2, and CO2/CH4

selectivity, compared to CPO-27. The Xe/Kr selectivity, on the other hand, was found to increase.

The Qst at the open metal sites in both CPO-54 and CPO-27 were found to be of similar

magnitude and the Qst was found to be lower at the secondary adsorption site in CPO-54. The

study has, furthermore, shown that CPO-54 have high uptakes of N2O and a high selectivity of

N2O over N2.
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Sammendrag

Klimaendringer og global oppvarming som resultat av antropogene utslipp er blant de største

utfordringene denne generasjonen står ovenfor. Verdens energibehov er forventet å stige i de

kommende årene, og CCS-teknologi kan komme til å spille en viktig rolle i overgangen til en

null-utslipp-energiproduksjon. Dagens CCS-teknologi er energi-ineffektiv og en ønsker derfor

å finne nye materialer som kan brukes som adsorbent i mer energieffektive prosesser. Et slikt

materiale er det metall-organiske nettverket CPO-54-M (M=Co,Mg,Mn,Ni), som er basert på en

utvidet versjon av linker-molekylet fra CPO-27.

Denne studien tar sikte på å finne ut hvordan den utvidede linkeren i CPO-54 påvirker disse

materialenes anvendbarhet for CO2/N2, CO2/CH4 og CO2/O2 seperasjon, hvordan CPO-54 ad-

sorberer N2O og hvorvidt disse materialene kan brukes til å separere xenon og krypton fra hveran-

dre. I dette arbeidet har gass-adsorpsjonskapasiteten til CPO-54-M (M = Mg, Mn, Ni og Co) blitt

undersøkt for gassene CO2, CH4, N2, O2, N2O, Kr og Xe. Basert på disse målingene har de isokore

adsorpsjonsentalpiene og selektivitetskoeffisientene blitt beregnet. Denne studien har gitt ny

innsikt i CPO-54 MOF-serien og dens egenskaper.

Resultatene fra denne studien har vist at CPO-54 selektivt adsorberer CO2 fremfor CH4, N2 og

O2. Studien har også vist CPO-54 er selektiv mot Xe fremfor Kr. Studien viste at selektivitetsfak-

torene var meget temperaturavhengig og at de var høyest ved lavere temperaturer. Resultatene

indikerer at det utvidede linker-molekylet i CPO-54 fører til lavere opptak av CO2, CH4, N2 og

O2, samt lavere CO2/N2- og CO2/CH4-selektivitet. Derimot viste det seg at X e/K r -selektiviteten

økte.

Det ble vist at Qst ved de umettede matall-kationene var av lik størrelsesorden i både CPO-54

og CPO-27, og at den var lavere ved de sekundere adsorpsjonsplassene i CPO-54. Studien har

videre vist at CPO-54 har et høyt opptak av N2O og en høy selektivitet av N2O fremfor N2.
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Symbols
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P Pressure / Pa

p0 Saturation pressure / Pa

PT Total pressure / Pa

K Equilibrium constant

Ka Adsorption constant
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vm Volume of adsorbed molecules / m3

mv Molar volume of adsorbed gas / m3mol-1
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qi Saturation pressure at adsorption site i / Pa

bi Langmuir parameter at adsorption site i
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ai Equation parameter

bi Equation parameter
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Chapter 1

Introduction

1.1 Background

Climate change and global warming are generally considered to be some of the biggest chal-

lenges of our generation. With growing global population and an increasing energy use per

capita in many countries in Asia and Africa, the world is close to reaching its limit for sustain-

ability. There is a consensus among the scientists of the world that a significant part of climate

change is the direct result of human activities.1

The Paris Agreement of 2016 marked a turning point for global climate and energy politics.

For the first time, all of the UN were brought together and unanimously agreed to undertake

significant and ambitious actions to combat climate change and to keep the temperature rise of

this century below 2◦C compared to pre-industrial times.2

The atmospheric CO2 concentration is rising at an alarming rate.3, 4 By now, it is a well-

established fact that human activity and anthropogenic pollution are the causes of this increase

as we continue to burn coal, oil and gas.5 The economic sectors that contribute most to the

world’s total CO2 emissions are the electricity and heat producing sectors.6 85% of the global

energy in 2017 was produced by burning fossil fuels, and by that emitting 35 billion tons of CO2

per year.7

The world’s energy consumption is not expected to decrease. On the contrary, global energy

demand will increase as non-OECD countries become more and more developed. As a result

of this, the energy consumption per capita is growing at a faster rate in developing countries

2



1.1. BACKGROUND CHAPTER 1. INTRODUCTION

Figure 1.1: Atmospheric CO2 concentration measured at the Mauna Loa Observatory, Hawaii.
The red line is carbon dioxide level, measured as the mole fraction in dry air. The black line
shows the same data after correction for the average seasonal cycle.3

compared with OECD countries.8, 9 A global reduction in energy consumption may seem futile.

Therefore one has to put greater emphasis on finding new, more efficient technologies, and

utilize renewable energy sources to a more considerable extent than today. Energy production

from renewable energy sources, such as wind and solar power, has seen exponential growth over

the last decades and is still growing.10, 11 However, it is not enough at the present time to replace

all fossil fuel based energy production.

Carbon capture and storage (CCS) is a controversial topic. To capture and store CO2, rather

than emitting it, is in itself a good thing, but it comes with some considerable disadvantages.

The problem with today’s CCS technology is the massive energy penalty it comes with. A gas

power plant with CCS technology requires significantly more energy to run and be operational,

thus raising the production costs of the power plant. For this reason CCS technology is consid-

ered by many to be an inefficient way to reduce emissions of climate gases. Nevertheless, if new

energy-efficient CCS technologies are implemented, it can make the transition towards a zero

emission energy production, based on renewable energy,14 easier. There are already several

3
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large-scale CCS facilities around the world, and some, like Sleipner and Snøhvit in Norway,12

have been operational for several decades. Another is the new direct air capture (DAC) plant

that recently opened in Hinwil, Switzerland13 in May 2017.

If CCS is to play a part in the solution, new materials must be developed and new processes

designed based upon these. A new class of solids that have shown promising properties for CO2

capture is metal-organic frameworks (MOFs). MOFs are a class of nanoporous crystalline solids.

Due to their large internal surface area, they are promising adsorbent materials. MOFs are a

relatively new class of solids, and they have both the largest surface area and the lowest density

of any known crystalline solids. In addition to the large surface area, MOFs have an exceptionally

free diffusion through the channels.15, 16, 17, 18 These properties have given scientists all over

the world hope that a MOF may just be that new material CCS technology needs. There are

several materials that have good potential, and this thesis will look more closely at one of these

candidates.

4



1.2. OBJECTIVES CHAPTER 1. INTRODUCTION

1.2 Objectives

This study deals with the investigation of the gas adsorption properties in the CPO-54 MOF

series, which is based on an extended version of the linker used in construction of the CPO-

27 compounds, a series of MOFs that performs exceptionally well in CO2 adsorption and have

been studied extensively for application in separation processes. The extended linker leads to

an isostructural framework with larger pores. These allow adsorption of larger amounts of gas,

so the focus of the thesis will be on investigating how this affects the potential of these materials

for CO2/N2, CO2/CH4 and CO2/O2 separation, which are among the most relevant separation

processes in energy technology. I will, in addition, look into N2O adsorption in CPO-54 and also

investigate whether or not CPO-54 can be suitable for Xe/Kr separation.

1.3 Approach

In this work, I have synthezised CPO-54-M using four different metal compounds: Co, Mg, Mn

and Ni. Gas sorption measurements with N2, CO2, CH4, O2, N2O, Kr and Xe were conducted

in order to investigate the adsorption properties. This thesis will firstly give a brief introduc-

tion to metal-organic frameworks and a short overview of MOFs for gas separation processes

in Chapter 2. In Chapter 3, I describe the different syntheses I have used in details, and give

an overview of the instrumentation and chemicals used in the experimental work. The results

of my experimental work and computational analysis will thereafter be presented in Chapter 4

and discussed in Chapter 5. Lastly, in Chapter 6, I present my conclusions of the study and give

some recommendations for further work.

1.4 Limitations

This study is restricted to the experimental measurement of the gas adsorption capacity for

CPO-54-M, and the investigation by IAST (ideal adsorption solution theory) of CPO-54-M’s gas

separation properties. It is beyond the scope of this study to cover the economical issues of

CCS-technology, or the question of how MOF’s, such as CPO-54, can be implemented into new

or existing processes.

5



Chapter 2

Background

2.1 Metal-Organic Frameworks

Metal-organic frameworks is an incredibly versatile class of crystalline materials, and they are

known to possess some remarkable properties. Their ultra-high porosity and flexibility, due

to a vast diversity of different building units, make them an ideal material class for hetero-

geneous catalysis and gas adsorption processes.19 The many possibilities of different organic

linker molecules and metal cations possible, allow scientists to make new MOFs tailored for

specific purposes and applications. At this point, the only limitation is one’s imagination. Since

MOFs consist of an inorganic connector and an organic linker, the study of MOFs involves

several branches of chemistry, and bridges the traditional gap between organic and inorganic

chemistry. Theory from both fields as well as computational models are needed to understand

this class of crystalline materials entirely.

2.1.1 The discovery of MOFs

Metal-organic frameworks are generally considered to be a relatively new class of materials, but

materials that fit the general criteria for MOFs have existed for a long time. The very first dis-

covery of materials that resembled a metal-organic framework was Prussian Blue (Hexacyano-

ferrate) and Zeise’s salt, back in the early 18th century.20, 21 Only since the 1990s has the reaserch

field of metal-organic frameworks developed and grown explosively. The discovery of the frame-

6
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work Cu(4,4-bpy)1.5NO3(H2O)1.25 by Yagi and coworkers in 199522 and the seminal report of

MOF-5 in 1999 by Li et al.23, 24 (Figure 2.1), marked the start of an intensive search for new

MOFs.23 MOF-5 was porous, relatively stable, had a well-defined crystal structure and a vast

internal surface area. It was, in other words, the first material to fit the modern definition of a

MOF.

Figure 2.1: The famous MOF-5 / IRMOF-1, discovered in 1999. This is considered to be the MOF
that really sparked the international research interest in the MOF-area.

Since then, there has been an exploding research activity in the MOF field. The new material

class received enormous interest, not only from a scientific point of view but also from com-

mercial and industrial interests. Tens of thousands of different structures have been discovered

in the last decades, and the number of publications concerning metal-organic frameworks has

seen exponential growth. New MOFs are still discovered every week, but even though there are

7
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so many of them, only a few have sparked scientific interest.

Figure 2.2: MOF-74/CPO-27, discovered in 2005. An isostructural MOF series where M can be
Mg, Fe, Co, Ni, Cu or Zn. The MOF has honeycomb-like structure and the highest reported
number of open metal sites when activated.

In 2005, a new series of isostructural compounds, M-MOF-74 (CPO-27-M), with a honeycomb-

like structure and large one-dimensional pores ( 11-12 Å) were discovered ( figure 2.2). The CPO-

27-M MOFs are a series of isostructural compounds formed by the reaction of 2,5-dihydroxy-

terephthalic acid and a number of salts of divalent cations (M=Mg, Mn, Fe, Co, Ni, Cu, Zn). Yagi

et. al reported the Zn-MOF-7425 and Dietzel et. al presented CPO-27-Co.26 They found that this

structure was stable after the removal of all the solvent molecules and, more importantly, that

there was a very high concentration of unsaturated metal cations in the structure.17 These open

metal sites (OMS) in the CPO-27 have furthermore been identified as the primary adsorption

8
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site for guest molecules.27, 28 The CPO-27 series is among the most investigated MOFs due to

its excellent properties in several application areas, and the record high concentration of open

metal sites. They are also particularly promising for CO2 capture and CH4 storage.17, 18

2.1.2 Structure Of MOFs

Metal-organic Frameworks consist of two main components - secondary building units (SBUs).

There is always an organic linker and a metal connector. Both of these have preferred coordina-

tion modes, which make out the foundation for the MOF structure (Figure 2.3).

Figure 2.3: A simplified illustration of how the linkers and metals coordinate to one-another.
The organic linkers are represented by straight lines while the metal connectors are represented
as octahedrons.

The linkers are typically planar or linear molecules, generally with 2-4 electron donating

functional groups that can form bonds to the metal connector (bi-, tri- or ploy dentate). Aro-

matic linkers are the most used because of their rigidity and stability.

The metal connector is usually small metal oxide clusters, a diatomic or a single metal cation.

The connector can be seen as the signature part of the MOF. There is a constant race between

9



2.1. METAL-ORGANIC FRAMEWORKS CHAPTER 2. BACKGROUND

Figure 2.4: Some typical organic linker molecules used for a number of metal-organic frame-
works.

researchers to find new connectors to make new MOFs and be the first to investigate their prop-

erties. Computational methods are often used to investigate possible new compounds before

they are ever synthesized. Some MOFs, like the ones in the CPO-27 series, are all made with the

same linker but with different metal cations. They all have the same honeycomb-like structure

and similar properties, and the series is therefor an iso-reticular one.

2.1.3 MOF Synthesis In General

There are several different methods for synthesizing MOFs. The most common of these are the

solvothermal approach.29 In this method, the precursors are dissolved in a polar solvent that

has a high boiling point and can dissolve both organic and inorganic materials. This allows the

reactants to be homogeneously mixed before the reaction. Typical solvents for MOF syntheses
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are, e.g. DMF, DMSO and NMP. The crystallization normally happens in a closed vessel at ele-

vated temperatures and pressures. The temperature range can vary from room temperature up

to 250◦C, and the reaction vessels are typically heated in electric furnaces.

The solvothermal method offers several advantages: It is easy to perform, has a small chance

of failure due to falsely workup, and it does not require any advanced instruments. The disad-

vantage is, of course, the reaction time, which can range from hours to several days. Other

methods, such as microwave-assisted synthesis, electro- and mechanochemical synthesis and

sonochemical synthesis are also used to make MOFs.

MOF synthesis is dynamic, and thereby very sensitive to small changes in the reaction mix-

ture. A trial-and-error approach is often used to optimize reaction conditions. Parameters that

can be changed are temperature, reaction time, solvent, pressure, concentrations, pH and the

nature of the precursors.

Some times it is beneficial to use a modulator in the reaction. Modulators are used to control

the crystallization process and prevent unwanted and rapid precipitation of amorphous prod-

uct. These modulators are nonstructural, mono-topic linkers (e.g. acetic acid, benzoic acid,

hydrochloric acid) that make dynamic bonds with the metal precursor. This helps to slow down

the growth, due to the fact that the modulator and the linker compete for the same metal coor-

dination sites.30

The synthesized product should always be washed with the same solvent that was used for

the synthesis, in order to remove any byproduct and excess linker left in the reaction mix. To be

able to remove all the solvent molecules from the structure entirely, one frequently performs a

solvent exchange where the polar solvent is replaced by a more volatile solvent (e.g. methanol).

The MOF is then filtered and dried under reduced pressure in order to evaporate all the solvents.

To fully activate the entire surface area one can heat the material under vacuum to speed up the

process. This, of course, requires a structure that is thermally stable within the heating range

in question. Materials are only permanently porous if the solvent molecules can be removed

from the pores without the structure collapsing. Not all MOFs survive this step, and that de-

creases their framework crystallinity, while other MOFs change their structural properties when

the solvents are removed.31
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2.1.4 MOFs For Gas Separation

MOFs have a very high surface-to-volume ratio. The highest reported surface area to date is

7000 m2/g (experimentally measured) and the highest theoretical surface area is 14600 m2/g.32

With numbers like these, together with their high porosity, it is no wonder that MOFs are seen

as an exiting material class for a wide range of industrial applications - CCS being one of them.

Carbon capture has been a hot topic in recent years, and it is still one of the most intensively

studied gas separation processes. Today’s carbon capture technology is mainly CO2 scrubbers

with aqueous alkanolamine solutions. The problem with these is that the regeneration energy

is too high for an efficient process, in terms of energy demand and cost, due to large portions

of water in their composition.33 This has been a huge motivation to finding new solid sorbents

that can be used in a more energy efficient way, and at a lower cost. MOFs are considered a

promising sorbent material for dry separation processes, where one seeks to utilize the differ-

ence in the interaction between the MOF and different gas species.27 Because of this difference

in MOF/gas interaction, one can design an MOF to have a higher affinity towards a specific gas,

and thus be able to separate it from a given gas mixture. MOFs are normally synthesized as pow-

ders, so consequently, one has to find a practical solution for incorporating MOFs into industrial

processes.

Making materials with open metal sites is a commonly used strategy for selective gas sorp-

tion in solid sorbents. The benchmark MOF with OMS is, by far, CPO-27-Mg (Mg-MOF-74 ).

This has been reported by several groups.26, 34CPO-27-Mg has been found to be the porous ph-

ysisorbent with the highest CO2 uptake of them all ( 8.1 mmol g -1 at 298K and 1 bar) and has

among the best CO2-selectivities for any MOF.35, 36 However, CPO-27-Mg requires dry condi-

tions to reach these high values, because the OMSs are more preferably occupied by water. This

water-sensitivity is a challenge when it comes to application in real processes, because of the

difficulties of running a large-scale separation process in completely dry conditions. McDon-

ald et al. showed in 2012 that one could somewhat overcome this problem for Mg2(dobpdc) by

functionalization with N,N-dimethylethylenediamine, and still get good CO2-selectivity - even

in the presence of water.37 One possible way of utilizing the open metal-site MOFs are by incor-

porating them into membranes, as suggested by Bae and Long in 2013.38

Other materials, such as the MOF CuBTTri, 2011,39 and the zeolite 13X have shown very
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good properties for CO2/N2 separation. Even carbon materials, such as carbon nanotubes and

graphene, have been intensively studied for possible use in CCS. These carbon materials do

not achieve CO2 uptakes or heats of adsorption at the same level as MOFs and zeolites at lower

pressures. They can, however, survive harsher conditions than both MOF’s and zeolites, and

they have a good uptake at higher pressures.40

MOFs are also interesting for other separation processes. One of them being separation of

the two noble gases xenon and krypton. Xenon is used and/or produced in many areas; rang-

ing from medicine to commercial lighting, from scientific analysis methods to bi-product of

nuclear reactors. Xe capture from "air" might be of interest for recycling of medically used Xe.

Xe/Kr separation is related to nuclear fuel processing where both occur and one wants to re-

move the radioactive 85Kr isotope. CPO-27 have shown interesting potential for Xe capture and

separation from Kr. Better, in fact, than MOF-5.41, 42

Although carbon dioxide is generally considered to be the main contributing anthropogenic

pollutant towards global warming, other gases, such as methane and nitrous oxide, have a higher

global warming potential per formula unit. From a climate and energy perspective, it is also of

great interest to be able to capture these gases. MOFs have already shown potential to selectively

capture both of these gasses.43
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2.1.5 CPO-54-M

In 2010, Dietzel et. al. made a new compound: CPO-54.44 They discovered that the CPO-54

MOFs crystallized with the same honeycomb-like structure and network topology as CPO-27

(Figure 2.5) and that they could synthesize it with several of the same divalent cations; Co2+,

Fe2+, Mg2+, Mn2+ and Ni2+. CPO-54 also possesses a high concentration of open metal sites

in - the second highest reported and second only to CPO-27. The structure consists of six-

coordinated divalent metal centers, each coordinated to three carboxyl groups, two oxide groups

and one solvent molecule at the open metal site. This makes up helical M(II)-O-C rods in the

structure.25

Figure 2.5: The solvated framework structure of CPO-54-M before activation of the open metal
sites.

The big difference between the two MOFs is the organic linker. The CPO-54 series is made
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with a an extended version of the linker molecule used in the CPO-27 MOFs (Figure 2.6). The

pore diameter of CPO-54 is approximately 1 Å larger, compared to its predecessor.

OH

OH

HO

O

OH

O

(a) (b)

OH

HO

OHO

OHO

Figure 2.6: These are the organic linker-molecules used in the two MOFs a) Used in
CPO-54: 1,5-Dihydroxy-2,6-naphthalene-dicarboxylic acid, and b) used in CPO-27: 2,5-
dihydroxytterephhalic acid

2.2 Motivation

While CPO-27 is widely known and studied in detail by researchers all over the world, the CPO-

54 series still remains an unchartered field. It is therefore of scientific interest to investigate the

adsorption properties of these MOFs and see how they compare to CPO-27 and other metal-

organic frameworks.
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2.3 Characterisation

This section gives a brief description of the various characterization techniques used in this

work.

2.3.1 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a conventional analysis technique, especially in organic

chemistry. This powerful technique is used for characterization of materials and to determine

their purity. Many atomic nuclei have an intrinsic magnetic moment due to an odd number

of protons or neutrons. In NMR the sample is subjected to a magnetic field, thus inducing an

energy gap between the spin states, here described in equation (2.1):

∆E = hγB0

2π
(2.1)

where h is Planck’s constant, γ is the magnetogyric ratio (unique to each nucleus) and B0 is

the applied magnetic field.

The distribution of nuclei in the different energy states (α and β) are given in the Boltzmann

equation, (2.2):

Nα

Nβ
= e

−∆E
kT (2.2)

The sample is subjected to short pulses of radiation, causing the spin state to resonate be-

tween the energy states (α and β) when the energy of the radiation matches the energy gap,

∆E. These interactions can further be measured and processed by Fourier Transformations to

produce a NMR spectrum.

The dispersion of NMR signals will, of course, be influenced by electrons that protect the

nuclei, and by the chemical environment on the neighboring atom. It also depends on the mag-

netic field and radiation frequency. Because of that, one uses a proton reference frequency, nor-

mally that of tetramethylsilane (TMS). Equation 2.3 uses the measured frequency (ν), the ref-

erence frequency for TMS (ν0) and the spectrometer frequency (νs) to define the chemical shift

(δ), which is more convenient to work with.
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NMR can be used on solid samples, but it is most common (as done in this thesis) to measure

materials in solution, where the dissolved molecules can rotate freely.

δ= ν−ν0

νs
(2.3)

2.3.2 Powder X-Ray Diffraction

Powder X-ray diffraction is an analytic technique using monochromatic X-rays to collect in-

formation on crystalline materials. When the x-ray radiation is directed through a crystal, it

interacts with the regular arrays of electron densities in the crystal lattice, causing it to scatter

in many directions. The scattered x-rays will interact with each other, and, if the path length

of the x-rays between the reflective planes is equal, create constructive interference and thus

maximums. These maximums can be detected. Destructive interference will occur when the

path length difference is not an integer multiple of incident wave length. The intensity of the

interference distribution is a function of the wavelength of the incident light and the scattering

centers involved in the particular hkl plane. This means that the electron density of the atoms

contributes to the intensity of different reflections. The Braggs equation (2.4) describes the an-

gle at which a beam of X-rays of a particular wavelength diffracts form a crystalline surface:

nλ= 2d sinΘ (2.4)

Where d is the spacing between the crystal lattice planes,Θ is the angle between the lattice plane

and the beam of incident X-rays, n is an integer and λ is the wavelength of the incident X-ray

radiation.

By varying the angle of the centered sample one can attain all possible diffraction directions

of the lattice. The plot of the intensity of the scattered X-rays as a function of the angle (2Θ)

produce the PXRD patterns. It is evident from the Bragg equation that a perfect crystal would

produce a perfect pattern without noise and with infinitely thin peaks. Peak broadening have a

variety of causes, for example that the radiation is not perfectly monochromatic, crystal lattice

distortion, stacking faults, etc. . . It is therefore essential to consider the signal-to-noise ratio,
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Figure 2.7: An illustration of how the radiation interact with the lattice planes in X-ray diffrac-
tion. The notations are related to the Bragg equation 2.4.

counts per second and FWHM when determining the crystalline quality of a material.

X-ray diffraction can be performed in two ways: Either on a single crystal or a powder con-

sisting of many randomly orientated crystals. Single-crystal XRD (SCXRD) is beneficial for crys-

tal structure determination. It requires crystals that are large enough to be measured. PXRD is

a powerful tool and is the technique used in this thesis. The diffraction pattern can reveal infor-

mation on the crystal systems and unit cell parameters and is an excellent method to confirm

that one has produced the correct product.

2.4 Adsorption

Gas adsorption is a ubiquitous process in chemical science, and these measurements are widely

used to determine the surface area of solid materials and their pore size.
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The adsorption process takes place at the interface between a solid material (adsorbent)

and a gas molecule (adsorbate). All molecules will interact with each other through weak van

der-Waal forces. If a gas molecule is far from the surface of the adsorbent, it will not "feel" any

attracting forces. If, however, a surrounding gas molecule gets close enough to a solid mate-

rial, it will start to "feel" the actracting force. The potential energy between the adsorbent and

adsorbate will decrease exponentially with decreasing distance, to a point where it will be in

an energetic minimum. At this point, the gas molecule is neither pushed away nor pulled fur-

ther towards the adsorbent. This is called adsorption equilibrium point. This can be illustrated

trough the Lenard-Jones potential curve (Figure 2.8), where the potential energy between the

gas and the solid is a function of distance between the two molecules. This overall process is

called physisorption.45Chemisorption, where the adsorptive binds chemically to the adsorbate,

will not be discussed in this thesis, as only physisorption is relevant to the MOFs in question.

zij

V(zij)

AttractiveRepulsive

zmin

Figure 2.8: The Lenard-Jones potential describes the potential energy between two molecules, i
and j as a function of the distance between them, z. The attractive and repulsive forces working
between them are minimised at a given distance, zmi n .

One of the motivations for studying MOFs is their very large specific surface area. Because of

the spacing between the metal cations, created by the organic linkers, MOFs are often, but not

always, porous. This porosity gives MOFs great applicability for gas adsorption. Pores can, in

general, take many different forms: They can be regularly shaped as circles, rectangles, and
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polygons, or be shaped at random. Some materials have randomly distributed pores, while

others have pores in well-defined patterns that create channels through the material or make

up two-dimensional and three-dimensional voids within the structure. A convention is that

pores have to be deeper than they are wide to be defined as a pore.

All adsorption measurements in this work are measured as excess adsorption. Excess ad-

sorption is the amount of gas taken up by the adsorbent beyond what it could have contained,

under the same conditions, in a free volume equivalent to the total pore volume of the sample

material. The excess adsorption isotherm will deviate from the absolute adsorption isotherm.

The deviation will get more significant as the pressure increases. Absolute adsorption is the to-

tal amount of a gas species that is confined within the material. In a material, the pores will

restrict how efficient gas molecules can be packed within them.

Adsorption measurement at low pressures (up to 1 bar) is standard procedure in many labs.

At such low pressures, the difference between excess and absolute adsorption is so small that

it can be neglected. Since most industrial processes happen at pressures higher than 1 bar,

adsorption measurements at elevated pressures (up to 100 bar) have become more and more

common. In these high-pressure measurements it is of crucial importance to correct for abso-

lute adsorption before one uses the data for further analysis (e.g. isosteric heat of adsorption).

The excess adsorption is, however, often sufficient for performance comparison because it re-

flects the usable capacity.

IUPAC have defined six main isotherm types (Figure 2.9).46 Type I is reversible and typical

for microporous solids. It approaches a limiting value as p
p0

→ 1. Type II is reversible, typical for

non- or macroporous adsorbents. The intermediate flat region corresponds to the monolayer.

Type III is not common. Type IV is irreversible, has characteristic hysteresis loop associated with

capillary condensation in mesopores, and the initial part is similar to the type II behaviour. Type

V is not common. Type VI is a stepwise multilayer adsorption on a uniform non-porous surface.

Step height represents the monolayer capacity.
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Figure 2.9: The different isotherm types as defined by IUPAC. Type Type I isotherm is typical for
MOFs.

2.4.1 Langmuir Theory

In 1918 Langmuir proposed a model for describing the physisorption process. In this model,

he made several assumptions. Langmuir assumed that the rate of adsorption equals the rate of

desorption at equilibrium and that the adsorption energy is equal for all the adsorption sites. He

further assumed that there was a defined number of adsorption sites, where only one molecule

could occupy one adsorption site and that these molecules do not interact with each other. The

Langmuir theory accounts only for formation of a monolayer on the adsorbent surface. The

type I isotherm is therefore often referred to as the Langmuir isotherm, because they are typical

for monolayer adsorption.47 This relation is shown in the Langmuir equation, (2.5):
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KaP (1−ΘL) = KbΘL (2.5)

where P is the pressure, Ka is the adsorption rate constant and Kb is the desorption rate

constant. ΘL is the fraction of the surface that is occupied by the adsorbate. Equation 2.5 can be

used further to derive the Langmuir model, (2.6):

ΘL = K P

1+K P
, K = Ka

Kb
(2.6)

The Langmuir surface area can be calculated from equation (2.7).

SL = vm Na s

mv
(2.7)

Na is Avogadro’s number, vm is the volume of adsorbed gas molecules, mv is the molar volume

of adsorbed gas at standard pressure and temperature and s is the cross-section of the adsorbing

species.

2.4.2 Brunauer–Emmett–Teller Theory

In 1938 Brunauer, Emmett and Teller (BET) made an extension of the Langmuir model, so

that they could describe multilayer adsorption isotherms, and not only monolayer isotherms.48

Brunauer, Emmett and Teller assumed that the first adsorption layer could act as a substrate for

further adsorption. It is what we know as multilayer adsorption, where every absorbed molecule

can in turn act as an adsorption site. BET assume that all of these sites are energetically equal.

However, the interactions between the solid surface and the first adsorption layer will have

stronger interactions than that of the 2nd and 3rd layer. In other words, the heat of adsorption

will be higher for the first layer and then lower and constant from the 2nd layer and onwards. As

in the Langmuir case, BET assume that there are no lateral interactions between the adsorbed

molecules. BET further assume that the Langmuir theory is valid for each layer. The adsorption

process, according to BET, is presented in equation (2.8) and given in a linear form in equation

(2.9).
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v = vmC p

(p0 −p)[1+ (C −1)( p
p0

)]
(2.8)

Where p is the equilibrium pressure, p0 is the saturation pressure, and v is the adsorbed

amount of gas. The expression holds two constants, vm and C. VM is the specific monolayer

capacity and C is the BET constant.

p

v(p0 −p)
= C −1

VMC
(

P

P0
)+ 1

VMC
(2.9)

In order to find the two constants, VM and C, one can plot p
v(p0−p) vs. ( P

P0
) and use the inter-

cept a and the slope b from the straight line in equation (2.9)

vm = 1

a +b
(2.10)

C = 1+ b

a
(2.11)

Normally in BET theory, one uses the intervall where 0.05 < p
p0

< 0.35. This is not the case

for MOFs. Multilayer adsorption has strong restrictions in microporous materials, due to the

small dimensions of the pores.49 Instead one uses the Rouquerol criteria, where C must always

be positive and v(1− p
p0

) are monotonically increasing with p
p0

.50

The BET surface area is calculated from equation (2.12), where mv is the volume occupied

by one mole of adsorbent at standard temperature and pressure.

SBET = vm Na s

mv
(2.12)

BET surface area is the typical surface area that is most frequently reported in the literature

for microporous materials.49

2.4.3 Isosteric Heat Of Adsorption

One of the fundamental quantities in adsorption measurements is the isosteric enthalpy of ad-

sorption. The common therm for this, which is most often used, is isosteric heat of adsorption
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(Qst = −∆Hads.) . Heat of adsorption is, in conjunction with gas separation processes, a sub-

stantial quantity, because it describes how well a gas species will adsorb onto a material. It can,

furthermore, be used to look at a material’s affinity towards certain gasses over others. The heat

of adsorption is a measure of the negative enthalpy of adsorption at a given volume. In order to

calculate the heat of adsorption for a material, one needs a minimum of two isotherms collected

at two different temperatures not too far apart (a difference of 10 K is a good rule of thumb). The

isosteric heat of adsorption can be calculated from equation (2.13):

Qst =−∆Hads. = R
(∂ln(p)

∂ 1
T

)
ΘL

(2.13)

where p is the pressure corresponding to the loadingΘL , T is temperature, R is the universal

gas constant and Qst is the isosteric enthalpy of adsorption. ΘL indicates the surface coverage is

kept constant (thereby isosteric).

The isosteric method requires perfectly spaced n intervals. However, for experimentally

measured isotherms, this is not the case. The n intervals might well be approximately equally

spaced, but this is not good enough for the purpose of calculating the heat of adsorption. One

can approach this problem in several ways. One can either extrapolate to the correct n value

from the experimentally measured datapoint, or one can fit the isotherm to an appropriate func-

tion. The latter is by far the more preferable method.

If, for example, the isotherms fit well with the dual-site Langmuir model (Equation 2.14), the

parameters from the fitted model can be used to calculate the equilibrium pressures for a given

set of regularly spaced n values. This can further be used, together with the Clausius-Clapeyron

equation (Equation 2.15) to determine the heat of adsorption,

n = q1b1pv1

1+b1pv1
+ q2b2pv2

1+b2pv2
(2.14)

RT 2
[∂ln(p)

∂T

]
n
=Qst (2.15)

Equation 2.15 can be re-written as:

24



2.4. ADSORPTION CHAPTER 2. BACKGROUND

[ln(p)]n =−(
Qst

R
)(

1

T
)+C (2.16)

The Qst can then be obtained from the slop of ln (p) vs. (1/T) plot from equation (2.16).

A difficulty can sometimes arise when trying to fit an analytical model to an isotherm’s low

pressure region, or to isotherms which display a stepwise behavior. Because of that, a virial-type

equation is often used to determine the Qst. In this approach, one uses a virial equation to fit

several experimental isotherms, presented as ln( p
n ) vs. n, simultaneously to the equation:

ln(p) = l n(n)+ 1

T

m∑
i=0

ai ni +
l∑

i=0
bi ni (2.17)

Where p is equilibrium pressure, n is loading, T is temperature and ai and bi is tempera-

ture independent parameters. The ai parameters from equation (2.17) are further used in the

following equation to obtain the heat of adsorption,

Qst =−R
m∑

i=0
ai ni (2.18)

It follows that the heat of adsorption at zero-coverage is given by:

Qst =−Ra0 (2.19)

2.4.4 Ideal Adsorption Solution Theory

When considering a material’s applicability for gas separation, it is of crucial importance to

know its selectivity towards certain gases over others. However, producing binary or multi-

phase isotherms experimentally by direct measurement is a complicated and challenging task.

In 1965, Meyers et al. found a way to get around this problem. They purposed the Ideal

Adsorption Solution Theory (IAST), where they constructed multi-phase isotherms from single-

compound measurements.51 Today, IAST is widely used and is considered a powerful tool for

sidestepping time consuming and laborious adsorption measurements with mixed gasses, and

it has the advantage that one can determine multicomponent isotherms directly from the single-

component isotherms without any additional parameters. The accuracy of the IAST model has
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been well documented by comparison with Configurational Bias Monte Carlo simulations of

mixed adsorption52

IAST is founded on two basic assumptions:50, 51

1. The adsorbate acts like an ideal solution in equilibrium with the gas phase. This is con-

sidered to be equal to the equilibrium between a liquid and a vapor phase, analogous to

Raoult´s law.

2. The spreading pressure for each component is equal to that of the mixture.

These assumptions lead to the following two equations:

pyi = xi p0
i (π) (i = 1,2) (2.20)

and

AΠ

RT
= Aπi

RT
=

p∫
0

na
i

pi
dpi (2.21)

where p0
i (π) is the hypothetical pressure of the component in the gas phase that gives the

spreading pressure π. yi and xi are yi are the mole fractions in the fluid and adsorbed phase,

respectively.

In this work, a Python Package (pyIAST), released in 2015 under a MIT-licence by M. Simon

and co-workers, was used to perform the IAST-calculations and to obtain separation coefficients

for several different mixed gases.53 In order to perform the IAST-calculation, one needs to obtain

the spreading pressure, πi of a pure component i at the pressure p0
i . For IAST, the spreading

pressure are given as:

πi (p0
i ) = RT

A

∫ p0
i

0

q0
i (p)

p
d p (2.22)

π∗ = Aπ

RT
=

∫ p0
i

0

qi

p
d p (2.23)

π∗ and π are the reduced spreading pressure and the spreading pressure, respectively, A is
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the specific surface area of the adsorbent, and qi is the the saturation capacity of component i.

The spreading pressure of single components is equal at constant temperatures:

π∗
1 =π∗

1 = ... =π∗ =π (2.24)

In order to compute the spreading pressures from equation (2.22) pyIAST needs the adsorp-

tion isotherm of the pure-component first. Again, this can be done in one of two ways: Either

by fitting the experimental isotherm to an analytic model, or by linear interpolation. For a more

detailed discussion on the choice of method, the reader is referred to [Simon, Smit, Haranczyk

53, p. 371].

By passing initial values for mole fractions for the gas components (two gasses in the case of

this work), pyIAST returns their respective partial pressures:

y1PT = x1p1 (2.25)

(1− y1)pT = (1−x1)p2 (2.26)

This is further used to calculate the selectivity coefficient for component 1 over component

2:

S12 = (
x1

x2
)(

y2

y1
) (2.27)

Where pT is the total pressure. The selectivity is normally presented as a function of the total

pressure in the computed mixed-gas system.
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Chapter 3

Experimental Section

3.1 Chemicals

This chapter describes the syntheses, experiments and chemicals used in this work. All chem-

icals, reagents and solvents used in this work were purchased from Sigma Aldrich and used as

received without further purification.
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Metal Sources

• Cobalt (II) acetate tetrahydrat, ACS reagent, ≥ 98.0%

• Magnesium (II) acetate tetrahydrat, ACS reagent, 99.5%

• Manganese (II) acetate tetrahydrat, Purum p.a, ≥ 99.0% (KT)

• Nickel (II) acetate tetrahydrat, Purum p.a, ≥ 99.0% (KT)

Solvents

• N-Methyl-2-pyrrolidone, anhydrous, 99.5% (NMP).

• Distilled water (distilled in the home lab using an Aquatron A4000 water distiller).

• Tetrahydrofuran, ACS reagent ≥ 99.9% (Contained 250 ppm BHT as inhibitor).

Other Chemicals

Acetic acid

Benzoic acid

Hydrochloric acid

Acetone

Ethanol

Liquid nitrogen

Dimethyl sulfoxide

Potassium bicarbonate

1,5-dihydroxynapthalene

Dry ice

Methanol (anhydrous,

99.8%)

Gases

The gases used for gas adsorption measurements, and the inert gas used for the Schlenk-line,

were all bought from Yara Praxair and had a minimum purity of 99.999%

N2

CO2

CH4

O2

He

N2O

Xe

Kr

Ar
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3.2 Procedures

Ligand Synthesis

The linker in CPO-54 is 1,5-dihydroxy-2,6-naphthalene-dicarboxylic acid (DHNDC). To produce

it, potassium bicarbonate 27 g, 0.27 mol) was mixed with 1,5-dihydroxynaphthalene (13 g, 0,08

mol) by use of pestle and mortar. This homogenous mixture was transferred to a teflon lined

autoclave and reacted at 230◦C in a pre-heated electric furnace for 20hr. No overpressure was

observed.

After cooling, 2M hydrochloric acid was added to the solid mixture, resulting in a furious

evolution of CO2. Addition of hydrochloric was stopped when the evolution of CO2 stopped.

The resulting suspension was filtered, affording a green solid. The solids were dissolved in a sat-

urated solution of potassium bicarbonate. To this, concentrated HCl was added, again resulting

in the evolution of CO2. The mixture was filtered, dissolved in THF (roughly 1.5L) and filtered

one more time to remove any inorganic impurities. The THF was then removed by use of a rotor

evaporator at 30◦C and 268 mbar. The brown solid was suspended in water, filtered again and

dried.

The dried powder was further dissolved in acetone. The acetone was removed by evapora-

tion at 30◦C and 300mbar. The resulting yellow-brown solid material was washed with acetone

and dried again. Finally, to get a pure powder, it was washed in a 1:1 mixture of ethanol and wa-

ter, then dried, producing a yellow powder. This powder was placed in a sealed Schlenk-flask,

put under dynamic vacuum and heated to 90◦C overnight to remove all solvents from the final

product.

OH

OH

+ 2

HO O-

O

1. 230°C, 20 hours

2. HCl / H2O

+ K+

COOH

HO

OH

COOH

+ 2H2O 2KCl+

Figure 3.1: Overall reaction equation for the reaction used to make the 1,5-dihydroxy-2,6-

naphthalene-dicarboxylic acid.
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MOF Synthesis

CPO-54-Mg

1,5-dihydroxy-2,6-naphthalene-dicarboxylic acid (0.25 mmol, 0.0620 g) and ml n-methylpyrolidone

(8 ml) was combined in a 23 ml Teflon liner and stirred for 10 minutes. Magnesium (II) acetate

tetrahydrate (0.5 mmol, 0.1073 g) and water (1 ml) was added to this solution while stirring. The

solution was stirred for a further 5 minutes. The autoclave was sealed and put into a pre-heated

furnace to react for 24 hours at 140◦C. The sample was taken out of the furnace and cooled down

(approximately one hour) before it was washed with NMP and water.

The pale yellow powder was filtered under inert conditions by use of a Schlenk-line. The

sample was soaked in 50 ml of methanol to replace any potential solvent molecules left in the

structure. This was repeated three times. The methanol was exchanged after 1 and 2 hours be-

fore it was left soaking in methanol overnight. Lastly, the dried and filtered product was trans-

ferred to an argon-filled Schlenk-flask and heated at 110◦C under dynamic vacuum for 24 hours.

The finished material was stored in an argon-filled glove box.

CPO-54-Ni

1,5-dihydroxy-2,6-naphthalene-dicarboxylic acid (0.3 mmol, 0.0745 g) and n-methylpyrolidone

(9 ml) were combined in a 23 ml Teflon liner and stirred for 10 minutes. Nickel (II) acetate

tetrahydrate (0.6 mmol, 0.1493 g) and water (1 ml) was added to this solution whilst stirring.

To this, Benzoic acid (3.0 mmol, 0.3664 g) was added, and the solution was stirred for another

5 minutes. The autoclave was sealed and put into a pre-heated furnace to react for 24 hours

at 140◦C. The sample was taken out of the furnace and cooled down (approximately one hour)

before it was washed with NMP and water.

The dark yellow powder was filtered under inert conditions by use of a Schlenk-line. The

sample was soaked in 50 ml of methanol to replace any potential solvent molecules left in the

structure. This was repeated three times. The methanol was exchanged after 1 and 2 hours be-

fore it was left soaking in methanol overnight. Lastly, the dried and filtered product was trans-

ferred to an argon-filled Schlenk-flask and heated at 110◦C under dynamic vacuum for 24 hours.

The finished material was stored in an argon-filled glove box.
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CPO-54-Co

1,5-dihydroxy-2,6-naphthalene-dicarboxylic acid (0.25 mmol, 0.0620 g) and ml n-methylpyrolidone

(8 ml) was combined in a 23 ml Teflon liner and stirred for 10 minutes. Cobalt (II) acetate

tetrahydrate (0.5 mmol, 0.1250 g), water (1 ml) and acetic acid (0.5 mL) were added to this so-

lution while stirring. The solution was stirred for a further 5 minutes. The autoclave was sealed

and put into a pre-heated furnace to react for 16 hours at 140◦C. The sample was taken out of the

furnace and cooled down (approximately one hour) before it was washed with NMP and water.

The dark brown powder was filtered under inert conditions by use of a Schlenk-line. The

sample was soaked in 50 ml of methanol to replace any potential solvent molecules left in the

structure. This was repeated three times. The methanol was exchanged after 1 and 2 hours be-

fore it was left soaking in methanol overnight. Lastly, the dried and filtered product was trans-

ferred to an argon-filled Schlenk-flask and heated at 110◦C under dynamic vacuum for 24 hours.

The finished material was stored in an argon-filled glove box.

CPO-54-Mn

1,5-dihydroxy-2,6-naphthalene-dicarboxylic acid (0.25 mmol, 0.0620 g) and ml n-methylpyrolidone

(8 ml) was combined in a 23 ml Teflon liner and stirred for 10 minutes. Manganese (II) acetate

tetrahydrate (0.5 mmol, 0.1230 g) and water (1 ml) was added to this solution whilst stirring. The

solution was stirred for a further 5 minutes. The autoclave was sealed and put into a pre-heated

furnace to react for 24 hours at 110◦C. The sample was taken out of the furnace and cooled down

(approximately one hour) before it was washed with NMP and water.

The dark orange powder was filtered under inert conditions by use of a Schlenk-line. The

sample was soaked in 50 ml of methanol to replace any potential solvent molecules left in the

structure. This was repeated three times. The methanol was exchanged after 1 and 2 hours be-

fore it was left soaking in methanol overnight. Lastly, the dried and filtered product was trans-

ferred to an argon-filled Schlenk-flask and heated at 110◦C under dynamic vacuum for 24 hours.

The finished material was stored in an argon-filled glove box.
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Powder X-Ray Diffraction

PXRD measurements were carried out on a Bruker AXS D8 Advance, with a 9-position sam-

ple changer. Data collection was performed using monochromatic Cu Kα1 radiation in Bragg-

Brentano geometry.

Nuclear Magnetic Resonance Spectroscopy

A 1H-NMR spectrum was measured on a Burker Biospin AV 500 instrument with broadband ob-

serve probe and field strength of 500MHz. DMSO was used as the solvent in the measurement.54

Gas Adsorption at Standard-Pressure

The standard-pressure gas adsorption measurements were conducted on a BELSORP-max in-

strument equipped with a low-pressure transducer and a turbo-molecular pump, allowing mea-

surements with high precision from very low pressures ( p
p0

= 10-8).

The samples were prepared under inert conditions and transferred to the sample cell in-

side an argon-filled glove box. The sample cells were closed with quick-connectors. Before the

measurements, the samples were activated at 110 ◦C for 8 hours in a dynamic vacuum on the

instrument itself. A span adjustment was performed between all the measurements. The sam-

ples were kept under dynamic vacuum on a Belprep-vacII pre-treatment station between the

measurements. The samples were purged with nitrogen before they were transferred back onto

the instrument. An overview of the measured gases and temperatures are presented in Table

3.1.

A slush of dry ice and ethanol was used as coolant for the measurements at 195 K. The pur-

pose of adding ethanol was to enable the gas sample holders to be pressed down into it, without

too much resistance from the dry ice, in case the impact would break them.
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Table 3.1: Overview of the measured temperatures and gases at standard-pressure for CPO-54-
Mg, CPO-54-Ni and CPO-54-Co.

Adsorptive Temperature / K
N2 77 278 288 298
CO2 195 278 288 298
CH4 195 278 288 298
O2 278 288 298
N2O 195 278 288 298
Xe 278 288 298
Kr 278 288 298

Gas Adsorption at High-pressure

The high-pressure gas adsorption measurements were carried out on a Belsorp-HP instrument.

Several dead volume measurements were performed on the empty sample cell and filter cap,

both at room temperature and 77K, to determine its total volume. The dead volume was further

measured after the sample was weighed and filled into the sample cell, in order to determine

the final dead volume. This was further used to calculate the true density of the sample, a pa-

rameter used in the measurement by the Belsorp software. The dead volume of the sample was

measured again after all the planned measurements were conducted. The sample was weighted

again after all the measurements, to ensure that the correct mass was used to convert the mea-

sured data from excess to absolute adsorption.

The sample was heated to 110 ◦C for 24 hours in a dynamic vacuum prior to the first adsorp-

tion measurement, and again for 8 hours in-between all the following measurements, using the

instrument’s external heating cap. Three parallells were measured for each temperature. An

overview of the gases and temperatures measured for CPO-54-Ni and CPO-54-Mn are shown in

Table 3.2 and Table 3.3, respectively.

34



3.2. PROCEDURES CHAPTER 3. EXPERIMENTAL SECTION

Table 3.2: Overview of the measured temperatures and adsorptives at high-pressure for CPO-
54-Ni.

Adsorptive Temperature / K
N2 77 288 298 303
CO2 278 288 298
C H4 278 288 298
O2 278 288 298

Table 3.3: Overview of the measured temperatures and adsorptives at high-pressure for CPO-

54-Mn.

Adsorptive Temperature / K

N2 77 278 288 298

CO2 278 288 298

C H4 278 288 298

O2 278 288 298
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Chapter 4

Results

This chapter summarises the results of the experimental work and the data analysis for all of the

explored materials: CPO-54-M (M= Co, Mg, Mn and Ni). Here, the powder X-ray diffraction pat-

terns of all the MOF’s are presented, as well as a NMR spectrum for the ligand used to synthesise

them. Sorption isotherms and their accompanying analyses and calculations are shown for all

compounds, as are the isosteric heats of adsorption. Finally, the gas separation properties are

presented.
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4.1 PXRD

All the material was examined by powder X-ray diffraction. Patterns were collected at angles

3◦ ≤ 2Θ≤ 70◦ and wavelengthλ= 1.54Å. Please note that the intensities are normalized between

0 and 100 for easier comparison.

Figure 4.1: Experimentally measured powder X-ray patterns for CPO-54-Mg (red), CPO-54-Mn
(green), CPO-54-Ni (blue), CPO-54-Co (magenta), and one calculated pattern black.
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4.2 NMR

A 1H-NMR spectrum was recorded of the synthesized 1,5-dihydroxynapthalene-2,6-dicarboxylic

acid using DMSO as solvent (Figure 4.2). One can see the signals from the aromatic hydrogen

atoms at 7.70 ppm to 7.81 ppm, whilst signals from the alcohol and acid groups appear at 12.61

and 14.14. Signals from the solvent (DMSO) are clearly visible at lower shifts, as is acetone and

THF. Both of these were used to purify the product after the synthesis.

Figure 4.2: H-NMR spectrum of 1,5-dihydroxynapthalene-2,6-dicarboxylic acid.
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4.3 Sorption

In order to investigate the gas separation properties of CPO-54, adsorption isotherms were mea-

sured at several temperatures and with the following adsorptives: CO2, CH4, N2, O2, Xe and Kr.

Unfortunately, due to the very untimely breakdown of the Belsorp-HP instrument, only one of

the compounds (CPO-54-Ni) was measured with the full range of gasses at high pressures, and

it was only possible to collect a few isotherms for CPO-54-Mn (CO2 and N2). In this section the

resulting adsorption and desorption isotherms are presented.

4.3.1 CPO-54-Mg

An N2 isotherm was measured for CPO-54-Mg at 77K to determine the maximum capacity for

N2 uptake, the pore volume and the surface area of the material (Figure 4.3).

BET-theory was applied to the isotherm in order to find the surface-area and pore volume.

By use of the Rouquerol criteria, the linear range for the BET-plot was identified as 0 ≤ p/p0 ≤
0.0396 (Figure 4.4) and used in the BET analysis (Figure 4.5). The calculated pore volume and

surface area are presented in Table 4.1.
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Figure 4.3: Adsorption (circles with colour fill) and desorption (circles without colour fill)
isotherm for the material CPO-54-Mg, measured at 77K. The sample was pre-heated under dy-
namic vacuum at 388K for 8 hours prior to the measurement. The line between the data points
is meant only as a guide for the eye.
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Figure 4.4: The Rouquerol criteria was used to define the linear range for the N2 measurement
at 77K prior to the BET-analysis. The red point represent the experimental data, whilst the blue
line indicates the final point where v/(1− p/p0) is increasing monotonically with p/p0. The
upper limit for p/p0 was found to be 0.00396.
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Figure 4.5: BET-plot used in the BET analysis of the N2 at 77K measurement on CPO-54-Mg. The
linear regression (represented by the dashed red line) was performed on the experimental data
(blue) in its linear region, as defined by the Rouquerol criteria.

Table 4.1: Overview of calculated pore volume and surface area for CPO-54-Mg.

Material
Pore volume /

cm3g-1
BET surface area /

m2g-1
Langmuir surface area /

m2g-1

CPO-54-Mg 0.7281 1819.4 1994.4
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Further, adsorption isotherms were measured at room temperature, and temperatures close

to room temperature, for CPO-54-Mg (Figure 4.6). The temperatures 278 K, 288 K and 298 K

were chosen so that the isosteric heat of adsorption could be calculated based upon them (see

section 2.4.3). In order to illustrate the interactions between the different gases and the open

metal-sites, the isotherms are plotted on a semi-logarithmic scale.

It was also of interest to investigate the maximum capacity for CO2 uptake. Therefor, a mea-

surement of CO2 adsorption at 195 K was conducted. The CH4 uptake was also measured at

195K, to make it possible to calculate the separation factor between the two gases at that tem-

perature. In addition, N2O was also measured at 195K to show how its uptake compared to the

CO2 uptake.
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Figure 4.6: Adsorption and desorption isotherms for CPO-54-Mg. The sample was pre-heated
under dynamic vacuum at 388K for 8 hours prior to the measurement. a) CO2, b) CH4, c) N2, d)
O2, e) N2O, f ) Kr, and g) Xe. The red data points represent the 278 K isotherms, the blue data
points represent the 288 K isotherms, and the green data points represent the 298 K isotherms.
The line between the data points is meant only as a guide for the eye.
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Figure 4.7: Isotherms for CPO-54-Mg plotted as number of molecules adsorbate per mole adsor-
bent on a semi-logarithmic scale. a) CO2, b) CH4, c) N2, d) O2, e) N2O, f ) Kr, and g) Xe. The red
data points represent the 278 K isotherms, the blue data points represent the 288 K isotherms,
and the green data points represent the 298 K isotherms. The line between the data points is
meant only as a guide for the eye.
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Figure 4.8: Isotherms for CPO-54-Mg at 195 K, plotted as the number of molecules adsorbate
per mol adsorbent on a semi-logarithmic scale. The orange line represents CO2, the green line
represents CH4 whilst the purple line represents N2O. The line between the data points is meant
only as a guide for the eye.

46
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4.3.2 CPO-54-Ni

An N2 isotherm was measured at standard-pressure (0<p<1 bar) for CPO-54-Ni at 77K to deter-

mine the maximum capacity for N2 uptake, the pore volume and the surface area of the material,

figure 4.9.

Figure 4.9: Adsorption and desorption isotherm for the material CPO-54-Ni, measured at 77K.
The isotherm was measured using liquid nitrogen as coolant, and the sample was pre-heated
under dynamic vacuum at 388K for 8 hours prior to the measurement. The line between the
data points is meant only as a guide for the eye.

Again, the isotherm (Figure 4.9) correspons well with a type I isotherm as defined by IUPAC

(see Figure 2.9), which validates the use of BET-theory for pore volume and surface area determi-

nation. The Rouquerol criteria (Figure 4.10) was used to define the linear range of the BET-plot
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(Figure 4.11) to be 0 ≤ 0.0747. The calculated pore volume are shown in Table 4.2. Adsorption

isotherms for CPO-54-Ni were also measured at standard-pressure and at three different tem-

peratures (Figure 4.12 and 4.13).

Figure 4.10: The Rouquerol criteria was used to define the linear range for the N2 measurement
at 77K prior to the BET-analysis. The red point represent the experimental data, whilst the blue
line indicates the final point where v/(1− p/p0) is increasing monotonically with p/p0. The
upper limit for p/p0 was found to be 0.0747.
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Figure 4.11: The BET-plot used in the BET analysis of the N2 at 77K (standard-pressure) mea-
surement on CPO-54-Ni . The linear regression (represented by the dashed red line) was per-
formed on the data (blue) in its linear region, as defined by the Rouquerol criteria.

Table 4.2: Overview of calculated pore volume and surface area for CPO-54-Ni based on the
standard-pressure N2 77K measurement.

Material
Pore volume /

cm3g ^\textrm{-1}$
BET surface area /

m^2 g-1
Langmuir surface area /

m^2 g-1 Instrument used

CPO-54-Ni 0.5275 1180.1 1272.4 Belsorp-MAX
CPO-54-Ni 0.3814 915.9 1003.3 Belsorp-HP
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Figure 4.12: Isotherms measured on CPO-54-Ni at three different temperatures. A water bath
was used to keep the materials at a constant temperature whilst measured. The sample was
pre-heated under dynamic vacuum at 388K for 8 hours prior to the measurement. a) CO2, b)
C H4, c) N2, d) O2, e) N2O, f ) K r and g) X e. The red data points represent the 278 K isotherms,
the blue data points represent the 288 K isotherms, and the green data points represent the 298
K isotherms. The lines are meant only as a guide for the eye.
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Figure 4.13: Isotherms for CPO-54-Ni plotted as the number of molecules adsorbate per mole
adsorbent on a semi-logarithmic scale. a) CO2, b) C H4, c) N2, d) O2, e) N2O, f ) K r , and g) X e.
The red data points represent the 278 K isotherms, the blue data points represent the 288 K
isotherms, and the green data points represent the 298 K isotherms. The line between the data
points is meant only as a guide for the eye.
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Figure 4.14: Isotherms for CPO-54-Ni at 195 K, plotted as the number of molecules adsorbate
per mole adsorbent on a semi-logarithmic scale. The orange line represents CO2, the green
line represents C H4 whilst the purple line represents N2O. The line between the data points is
meant only as a guide for the eye.

High-Pressure Gas Adsorption Measurements on CPO-54-Ni

Gas adsorption on CPO-54-Ni was measured at high pressures for a number of adsorptives at

different temperatures. A new N2 isotherm at 77K was also measured - this time at a BELSORP-

HP instrument (Figure 4.15). Even though a standard-pressure N2 isotherm at 77K had already

been measured, it was essential to start the high-pressure measurement series by doing one

more for comparison reasons. By doing that, there was now a reference uptake, a reference pore
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volume and a reference surface area that could be compared with future N2 at 77K measure-

ments, to check that the material still performed at its initial level during the course of measure-

ments.

Figure 4.15: High-pressure N2 isotherms 77K for CPO-54-Ni. Two of the isotherms were mea-
sured in between measurements with other gases, whilst the other two were measured at the
start and the end, respectively. Dark cyan: the initial measurement, yellow: after the N2 mea-
surements, green: after the CO2 and CH4 measurements, blue: measurement after O2 - final.
The lines between the data points are meant only as a guide for the eye.

The linear range of the isotherm was, again, defined by the Rouquerol criteria (Figure 4.16).

The linear ranges are listed in Table 4.3. This was used to produce a BET-plot (Figure 4.17). The

surface areas and pore volume were calculated using equations 2.5, 2.7, 2.10, 2.11 and 2.12 (see

Table 4.4.)
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Table 4.3: Overview of the linear ranges for BET-analysis of the N2 77K adsorption isotherms.

Experiment-ID 20181018-R1 20181114-R1 20190130-R1 20190224-R1
Linear range 0<p/p0<0.05480 0<p/p0<0.04441 0<p/p0<0.05707 0<p/p0<0.06345

Table 4.4: Overview of the calculated pore volumes and surface areas from all the different high
pressure measurements of N2 at 77K on CPO-54-Ni.

Experiment-ID
Pore volume /

cm3 g -1
BET area /

m2 g-1
Langmuir area /

m2 g-1 Comment

20181018-R1 0.3814 915.9 1003.3 First measurement.
20181114-R1 0.3794 911.1 1002.8 After N2 measurements.
20190130-R1 0.3817 896.3 991.21 After CO2 and C H4 measurements.
20190224-R1 0.3825 899.0 995.01 After O2 measurements. Final.

Isotherms for N2, CH4 and O2 adsorption were measured at three different temperatures

(intervals of 10 K), in order to calculate the heat of adsorption and the separation factors (Figure

4.18).

54



4.3. SORPTION CHAPTER 4. RESULTS

Figure 4.16: Rouquerol criteria for N2 isotherms at 77K. a): 20181018-R1, b): 20181114-R1, c):
20190130-R1, d): 20190224-R1.
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Figure 4.17: BET-plots for all the high-pressure N2 measurements. a): 20181018-R1, b):
20181114-R1, c): 20190130-R1, d): 20190224-R1.
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Figure 4.18: Excess adsorption N2, CO2, CH4 and O2 isotherms measured at three different tem-
peratures. a) CO2 isotherms. b) C H4 isotherms. c) N2 isotherms. d) O2 isotherms. The red data
points represent the 278 K isotherms, the blue data points represent the 288 K isotherms, and
the green data points represent the 298 K isotherms. The line between the data points is meant
only as a guide for the eye.
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4.3.3 CPO-54-Co

N2, CH4 and O2 adsorption isotherms were measured for CPO-54-Co at three different temper-

atures, whilst CO2 was measured at two (Figure 4.22). A water bath was used to keep the sam-

ples temperature constant during the measurement. The Belsorp-Max instrument, on which all

the standard-pressure sorption measurements were performed, has only got two sample ports

with high precision pressure sensors. The third one has a lower precision. The measurements

at near-room-temperature were all carried out on three materials in parallel: CPO-54-Mg and

CPO-54-Ni on the high precision ports, and CPO-54-Co on the port with lower precision. One

measurement on CPO-54-Co was, however, measured with a high-precision sensor: 77K N2 (Fig-

ure 4.19).

The calculated pore volume and surface area are presented in Table 4.5.

Table 4.5: Overview of calculated pore volume and surface area for CPO-54-Co.

Material
Pore volume /

cm3g-1
BET surface area /

m2g-1
Langmuir surface area /

m2g-1

CPO-54-Co 0.4979 1275.5 1342.2
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Figure 4.19: Adsorption and desorption isotherm for N2 at 77 K for CPO-54-Co. The lines are
meant only as a guide for the eye.
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Figure 4.20: The Rouquerol criteria was used to define the linear range for the N2 measurement
at 77K prior to the BET-analysis. The red point represents the experimental data, whilst the blue
line indicates the final point where v/(1− p/p0) is increasing monotonically with p/p0. The
upper limit for p/p0 was found to be 0.0523.
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Figure 4.21: The BET-plot used in the BET analysis of the N2 at 77K (low pressure) measurement
on CPO-54-Ni . The linear regression (represented as the dashed red line) was performed on the
data (blue) in its linear region, as defined by the Rouquerol criteria.
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Figure 4.22: Isotherms measured on CPO-54-Co at three different temperatures. A water bath
was used to keep the materials at a constant temperature whilst measured. The samples were
pre-heated under dynamic vacuum at 388K for 8 hours prior to the measurement. a) CO2, b)
CH4, c) N2, d) O2, e) N2O, f ) Kr and g) Xe. The red data points represent the 278 K isotherms, the
blue data points represent the 288 K isotherm, and the green data points represents the 298 K
isotherms. The lines are meant only as a guide for the eye.
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Figure 4.23: Isotherms for CPO-54-Co plotted as the number of molecules adsorbate per mol
adsorbent on a semi-logarithmic scale. a) N2O isotherms. b) Xe isotherms. c) Kr isotherms.
The red data points represent the 278 K isotherms, the blue data points represent the 288 K
isotherms, and the green data points represent the 298 K isotherms. The lines are meant only as
a guide for the eye.
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Figure 4.24: Isotherms for CPO-54-Co plotted as the number of molecules adsorbent per mol
adsorbate on a semi-logarithmic scale. a) CO2 isotherms, b) CH4 isotherms, c) N2 isotherms, d)
O2 isotherms. A slush of dry ice and ethanol was used to cool the samples during the measure-
ment. The line between the data points is meant only as a guide for the eye.

4.3.4 CPO-54-Mn

The CPO-54-Mn material was measured both at high-pressure and standard-pressure. Very un-

fortunately, the measurements were forced to stop, due to instrumentation failure shortly after

they had started. The high-pressure measurements were continued after the broken vents on

the BELSORP-HP instrument had been replaced. The sample had, by that time, been stored

in the instruments sample holder, under a N2 atmosphere, for approximately three and a half
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months. The three isotherms that were measured at 77K are presented in Figure 4.25.

Figure 4.25: Isotherms measured at 77K for CPO-54-Mn. Red: shows the very first measurement
of the sample, collected at a BELSORP-MAX instrument. Blue: shows the first measurement on
the high-pressure instrument, BELSORP-HP. Orange: shows the isotherm that was measured
three months after the other two, after the BELSORP-HP had been repaired.

A BET-analysis was performed on all of the three isotherms to find their pore volume and

surface area. The Rouquerol criteria was used to define the linear ranges (Figure 4.26). The BET-

plots are presented in Figure 4.27, whilst the pore volumes and surface areas are displayed in

Table 4.6.
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Figure 4.26: Linear ranges defined by the Rouquerol criteria for CPO-54-Mn. a): ES-1-
041-20190211 (BELSORP-MAX). a): ES-1-041-20190306 (BELSORP-HP). a): ES-1-041-20190620
(BELSORP-HP).
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Figure 4.27: BET-plots for CPO-54-Mn. a): ES-1-041-20190211 (BELSORP-MAX). b): ES-1-041-
20190306 (BELSORP-HP). c): ES-1-041-20190620 (BELSORP-HP).
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Table 4.6: Overview of the pore volumes and surface areas from the different N2 measurements
at 77K for CPO-54-Mn.

Experiment-ID
Pore volume /

m3 g-1
BET-area /

m2 g-1
Langmuir area /

m2 g-1

ES-1-041-20190211
BELSORP-MAX

0.5459 1354.4 1402.3

ES-1-041-20190306
BELSORP-HP

0.5063 1323.6 1352.4

ES-1-041-20190620
BELSORP-HP

0.4413 1081.7 1208.0

Figure 4.25 and Table 4.6 clearly shows a drop in performance for the material.

A total of two gases was measured for CPO-54-Mn: CO2 and N2 (Figure 4.28). The isotherms

are presented in a semi-logarithmic plot Figure 4.29 as moles adsorbed gas pr. mol adsorbent.
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Figure 4.28: Excess adsorption isotherms measured at high-pressure for CPO-54-Mn at three
different temperatures. A water bath was used to keep the materials at a constant temperature
whilst measured. The sample was pre-heated under dynamic vacuum at 388K for 8 hours prior
to the measurement. Red) CO2 at 278 K, blue) CO2 at 288 K, green) CO2 at 298 K, orange) N2 at
278 K, purple) N2 at 288 K, and dark cyan) N2 at 298 K. The lines are meant only as a guide for
the eye.
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Figure 4.29: Gas uptake of CO2 and N2 in CPO-54-Mn presented as moles adsorbed pr. mole
adsorbent (excess adsorption). Red) CO2 at 278 K. Blue) CO2 at 288 K. Green) CO2 at 298 K.
Orange) N2 at 278 K. Purple) N2 at 288 K. Dark cyan) N2 at 298 K. The lines are meant only as a
guide for the eye.
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4.4 Isosteric Heat of Adsorption

A dual-site Langmuir model (Equation 2.14) was fitted to all the experimental isotherms for

CPO-54-Mg, CPO-54-Ni and CPO-54-Co, CPO-54-Mn. A MATLAB code was written in order

to calculate the Qst from the dual-site Langmuir fit-parameters . The MATLAB code is included

as Appendix A and the DSL fits are presented in Appendix C.

As mentioned in Section 2.4.3, a small error in the isotherm fit can give large errors in the cal-

culated Qst. Therefore, the heat of adsorption was calculated by means of two additional meth-

ods: an akimia interpolation method and a virial-type method. The interpolation method was

performed by the software provided by Belsorp (BELMASTER). For the virial method, the model

from Equation 2.17 was fitted to the experimental isotherms. The resulting fit-parameters were

used in the MATLAB code, together with Equation 2.18, to calculate the heats of adsorption. The

MATLAB code is included as Appendix B and the virial equation fit-parameters as Appendix E.
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4.4.1 CPO-54-Mg

The heat of adsorption for CPO-54-Mg was calculated using three different methods. The re-

sulting Qst from the dual-site Langmuir method are presented in Figure 4.30, whilst the results

of all the three methods are compared in Figure 4.31.

Figure 4.30: Isosteric heat of adsorption for CPO-54-Mg. Red: CO2, blue: CH4, green: N2, or-
ange: O2, violet: N2O, cyan: Xe, magenta: Kr in CPO-54-Mg. The values were calculated by
fitting a dual-site Langmuir model to the experimental isotherms and applying the Clausius-
Clapeyron equation.
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Figure 4.31: Comparison of the isosteric heat of adsorption for CPO-54-Mg. (a) CO2, (b) CH4,
(c) N2, (d) O2, (e) N2O, (f ) Xe, and (g) Kr, calculated using three different methods to describe
the isotherms: DSL-fit (red), virial equation (green) and spline interpolation (blue).
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Some deviations between the three methods can be observed in both Figure 4.30 and Figure

4.31.

4.4.2 CPO-54-Ni

For both the high- and low-pressure isotherms the Qst was calculated using three methods. The

heat of adsorption was calculated by the dual-site Langmuir model and the Clausius-Clapeyron

equation for the standard- pressure and the high-pressure measurements (Figure 4.36 and Fig-

ure 4.33, respectively).
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Figure 4.32: Isosteric heat of adsorption for CPO-54-Ni. Red: CO2, blue: CH4, green: N2, or-
ange: O2, violet: N2O, cyan: Xe, magenta: Kr. The values were calculated by fitting a dual-site
Langmuir model to the experimental standard-pressure isotherms and applying the Clausius-
Clapeyron equation.
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Figure 4.33: Isosteric heat of adsorption for CPO-54-Ni Red: CO2, blue: CH4, green: N2, and or-
ange: O2. The values were calculated by fitting a dual-site Langmuir model to the experimental
high-pressure absolute adsorption isotherms and applying the Clausius-Clapeyron equation.
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The three methods are compared in Figure 4.35 (standard-pressure) and Figure 4.34. In the-

ory, the high-pressure and low-pressure experiments should result in equal heats of adsorption.

However, this is not the case. By comparing the values and trends in Figure 4.32 and 4.33 one

can clearly see significant differences. Dual-site Langmuir functions were used to fit to the ex-

perimental isotherms.

Figure 4.34: Isosteric heats of adsorption for four different gases in CPO-54-Ni: CO2 (a), CH4 (b),
N2 (c) and O2 (d). These values have been calculated based on absolute adsorption isotherms
from the high-pressure measurements of CPO-54-Ni.
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Figure 4.35: Isosteric heats of adsorption for CPO-54-Ni, calculated in three different ways for
several gases. (a) CO2, (b) CH4, (c) N2, (d) O2, (e) N2O, (f ) Xe, and (g) Kr. These heats of adsorp-
tions are based on adsorption measurements at standard-pressure.
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4.4.3 CPO-54-Co

All three methods were used to calculate the heat of adsorption for CPO-54-Co. The results from

the DSL-method are shown in Figure 4.36, and compared to the two other methods in Figure

4.37.

Figure 4.36: Isosteric heat of adsorption for Red: CO2, Blue: CH4, Green: N2, Orange: O2, violet:
N2O, cyan: Xe, magenta: Kr in CPO-54-Co. The values were calculated by fitting a dual-site
Langmuir model to the experimental isotherms and applying the Clausius-Clapeyron equation.

Again, there are some deviations between the results that the three methods produce. The

virial method for N2 deviates quite a lot from the two others, whilst the results from the virial

and interpolation methods are fluctuating around the results of the DSL method for O2.
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Figure 4.37: Comparison of the isosteric heat of adsorption in CPO-54-Co, using three different
methods to describe the isotherms: DSL-fit (red), virial equation (green) and spline interpola-
tion (blue), for the gasses: (a) CO2, (b) CH4, (c) N2, (d) O2, (e) N2O, (f ) Xe, and (g) Kr.
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4.4.4 CPO-54-Mn

The CPO-54-Mn high-pressure adsorption isotherms were used to calculate the isosteric heat of

adsorption for CO2 and N2 (Figure 4.38). Both a virial equation and a dual-site Langmuir model

were used describe the experimental isotherms.
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Figure 4.38: The isosteric heat of adsorption for CO2 andN2 in CPO-54-Mn. The Qst are calcu-
lated from high-pressure absolute adsorption isotherms measured at three different tempera-
tures (278K, 288K and 298K). Two different methods have been used. Red: is the Qst for CO2

where a DSL-fit was used to describe the isotherm. Green: Qst for CO2 where a virial equation
was used to calculated it. Blue: the Qst for N2 calculated by use of a DSL model. Orange: the Qst

for N2 where a virial equation was used to describe the experimental isotherms.
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4.5 Gas Selectivity

A code was written for Python 3 in order to run the pyIAST package on the experimental isotherms

(previously described in Section 2.4.4). The python code is attached as Appendix D. The focus

has been on investigating the selectivity of CO2/N2, CO2/CH4, CO2/O2, N2O/N2 and Xe/Kr.

4.5.1 CPO-54-Mg

CO2/N2 (Figure 4.39), CO2/CH4 (Figure 4.40), CO2/O2 (Figure 4.41) and Xe/Kr (Figure 4.42) sep-

aration were investigated for CPO-54-Mg at 278K, 288K and 298K. A dual-site Langmuir function

was used to describe all the experimental isotherms.

Figure 4.39: Separation factors for CO2/N2 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Mg at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.40: Separation factors for CO2/ CH4 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Mg at three different temperatures; (a)
195K,(b) 278K, (b) 288K, and (d) 298K.
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Figure 4.41: Separation factors for CO2/O2 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Mg at three different temperatures; (a) 278K,
(b) 288K, and (c): 298K.
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Figure 4.42: Separation factors for Xe/Kr in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Mg at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.43: Separation factors for N2O/N2 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Mg at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.

4.5.2 CPO-54-Ni

For CPO-54-Ni, selectivity coefficients were calculated using both the high-pressure and standard-

pressure experimental data. A dual-site Langmuir function was used in both cases to fit to

the adsorption isotherms. Selectivity was calculated for CO2/N2 (Figure 4.44), CO2/CH4 (Fig-

ure 4.45), CO2/O2 (Figure 4.46) and Xe/Kr (Figure 4.47) using data from the standard-pressure

experiments. Selectivity for CO2/N2 (Figure 4.49), CO2/CH4 (Figure 4.50), CO2/O2 (Figure 4.51)

was also calculated based on the high-pressure data.
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Figure 4.44: Separation factors for CO2/N2 in a binary gas mixture, computed from the single-
component isotherms by use of IAST for CPO-54-Ni at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.45: Separation factors for CO2/CH4 in a binary gas mixture, computed from the single-
component isotherms by use of IAST for CPO-54-Ni at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.46: Separation factors for CO2/O2 in a binary gas mixture, computed from the single-
component isotherms by use of IAST for CPO-54-Ni at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.47: Separation factors for Xe/Kr in a binary gas mixture, computed from the single-
component isotherms by use of IAST for CPO-54-Ni at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.48: Separation factors for N2O/N2 in a binary gas mixture, computed from the
standard-pressure single-component isotherms by use of IAST for CPO-54-Ni at three different
temperatures; (a) 278K, (b) 288K, and (c) 298K.
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Figure 4.49: Separation factors for CO2/N2 in a binary gas mixture, computed from high-
pressure single-component absolute adsorption isotherms by use of IAST for CPO-54-Ni at two
different temperatures; (a) 288K, and (b) 298K.
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Figure 4.50: Separation factors for CO2/CH4 in a binary gas mixture, computed from high-
pressure single-component absolute adsorption isotherms by use of IAST for CPO-54-Ni at three
different temperatures; (a) 278K, (b) 288K, and (c) 298K.
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Figure 4.51: Separation factors for CO2/O2 in a binary gas mixture, computed from high-
pressure single-component absolute adsorption isotherms by use of IAST for CPO-54-Ni at three
different temperatures; (a) 278K, (b) 288K, and (c) 298K.
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4.5.3 CPO-54-Co

The separation coefficients were calculated for CPO-54-Co at different temperatures and using

different compositions of the investigated gases. The values for CO2/N2 separation are shown

in Figure 4.52, CO2/CH4 separation in Figure 4.53, CO2/CH4 separation in Figure 4.53 and Xe/Kr

separation in Figure 4.55.

Figure 4.52: Separation factors for CO2/N2 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Co at two different temperatures; (a) 288K,
and (b) 298K.
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Figure 4.53: Separation factors for CO2/CH4 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Co at two different temperatures; (a) 288K,
and (b) 298K.
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Figure 4.54: Separation factors for CO2/O2 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Co at two different temperatures; (a) 288K,
and (b) 298K.
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Figure 4.55: Separation factors for Xe/Kr in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Co at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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Figure 4.56: Separation factors for N2O/N2 in a binary gas mixture, computed from single-
component isotherms by use of IAST for CPO-54-Co at three different temperatures; (a) 278K,
(b) 288K, and (c) 298K.
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4.5.4 CPO-54-Mn

The CO2/N2 selectivity coefficients (Figure 4.57) were calculated for CPO-54 using the high-

pressure experimental data. A dual-site Langmuir function was used to fit to the adsorption

isotherms.

Figure 4.57: Separation factors for CO2 and N2 in a binary gas mixture, computed from single-
component high-pressure absolute adsorption isotherms by use of IAST for CPO-54-Mn at three
different temperatures; (a) 278K, (b) 288K, and (c) 298K.
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Chapter 5

Discussion

This chapter deals with the discussion of the results presented in Chapter 4. It will present an in-

terpretation of the key findings, a comparison with literature, and an evaluation of the methods

used to obtain the results.
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5.0.1 PXRD

The experimental PXRD-patterns (Figure 4.1) compared well to the calculated pattern. This con-

firmed that the synthesized materials were indeed CPO-54-M. The elevated background in the

CPO-54-Co pattern was due to the fact that the data were collected using Cu-monochromatic

radiation, which leads to an absorbance of radiation in the Co-compound.

5.0.2 CPO-54-Mg

From the results in Chapter 4, it is clear that the CPO-54-Mg material outperformed all the rest

in terms of uptake. The maximum capacity (Figure 4.3) of CPO-54-Mg are of similar magni-

tude to what Queen et al. (2014) have found for CPO-27-Mg (20.9 mmol g-1 and 19.5 mmol

g-1, respectively).55 The isotherm was recognised as a type I isotherm, is confirms the assumed

micro-porous structure of the material. The calculated BET surface area and pore volume were

found to be 1819.4 m2g-1 and 0.7281 cm3g-1, respectively, which is significantly larger than the

previously reported BET surface area of CPO-54-Mn (1409 m2g-1 and 0.59 cm3g-1) by Dietzel et

al. (2010).44 This is an expected result because of the difference in formula weight.

The O2 and N2O isotherms of CPO-54-Mg have different curvature than the other gases (Fig-

ure 4.6). The CO2 and N2O isotherms display a defined stepwise behavior, as opposed to all the

other measured gases. If one puts this into context with the heat of adsorption for CO2 and N2O,

it becomes obvious that the step in the isotherm corresponds to the filling of the open metal

sites. This effect is even more profound at 195 K (Figure 4.8).

The CO2 uptake, measured at 195K (the sublimation temperature of CO2), shows the maxi-

mal capacity for CO2 adsorption in CPO-54-Mg, which is more than three times as high as the

uptake at ambient temperature. The stepwise behavior is also more defined, compared to mea-

surements close to room temperature, and the step occurs at lower pressure. The CH4 isotherm

at 195K, on the other hand, does not exhibit such a prominent step, compared to CO2, nor such

a high uptake. This behavior is not unexpected, of course, since one would expect the van der

Waals interaction between CH4 and the adsorbent to be much lower, compared to CO2. CH4 also

has a much lower melting point (90.7 K), meaning that one would not get the full CH4 uptake at

this temperature.
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The reason for the different shaped isotherms becomes evident from the calculated isosteric

heat of adsorption (Figure 4.30). The Qst values at low loadings compare well to what both Di-

etzel et. al and Queen et al. (2014) reported for CPO-27-Mg (Table 5.1), although it drops at

a significantly lower loading compared to their results. CPO-54-Mg displays two well-defined

heat of adsorption levels for CO2 gas, and only one for the remaining gases.18, 55 These levels are

caused by the difference in how the gases interact with the open metal sites within the pores. As

mentioned earlier, incorporation of open metal-sites in MOF’s is a well-established method for

enhancing carbon-dioxide uptake. Because of the quadrupole moment of the CO2 molecule, it

will interact strongly with the OMS. CH4, N2, and O2, however, do not interact as strongly with

the OMS, resulting in an even Qst over the full range of uptake. The Qst value for CO2, on the

other hand, will drop from 42 to 19 kJ mol-1 after all of the OMSs have been occupied.

Table 5.1: A comparison of the CO2 isosteric adsorption for CPO-54-Mg found in this work, and
values for CPO-27-Mg reported by Yu et al. (2013) and Queen et al. (2014).

CPO-54-Mg
(This work)

CPO-27-Mg
(Yu et al. 2013)

CPO-27-Mg
(Queen et al. 2014)

Qst / kJ mol-1

(at 0.1 mol mol-1)
42.1 42.0 43.5

The heat of adsorption at 43 kJ mol-1 indicates an adsorbate/adsorbent interaction. With

a heat of adsorption as high as this, one could ask whether this is actually a chemisorption,

and not a physisorption. However, based on the isotherm and how the gas species desorb (re-

versible process), this is clearly a physisorption process. This is an important point, considering

an application in CCS processes. It is, of course, essential to have sufficiently strong interaction

between the adsorbent and CO2. However, in order to be a realistic option for use in CCS, the

interaction cannot be too strong. The stronger the interaction (or chemical bond), the more en-

ergy is needed to regenerate the adsorbent material and rerelease the CO2 after the separation

process is complete.

The difference in heats of adsorption forms the basis for the material’s separation properties.

The CO2/N2 selectivity, as calculated by use of IAST (Figure 4.39), shows that CPO-54-Mg has a

very high affinity for CO2 over N2 gas. Based on the fact that CPO-54 have open metal sites, this
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behavior is expected. As far as CO2 selectivity goes, CPO-54-Mg has a superb selectivity of CO2

over N2. However, not as high as CPO-27-Mg.18

CPO-54-Mg also shows a high affinity towards CO2 over CH4 (Figure 4.40). However, the

CO2/CH4 selectivity in CPO-54-Mg is lower than what has previously been reported for CPO-

27-Mg (63 and 135, respectively)18 . It is also lower than what has previously been found as

CH4/N2 selectivity in CPO-27-Mg.18

One can see that the N2O/N2 separation, just as the CO2/N2 separation, is at a very high

level (Figure 4.43). It follows from the similarities between CO2 and N2O that they should inter-

act with the MOF in a similar manner, and the selectivity factors show just that. The N2O/N2

selectivities are just below the CO2/N2 selectivities at 278K and 288K. At room temperature, the

order is reversed. In fact, CPO-54-Mg has a slightly higher uptake of N2O than of CO2 at temper-

atures near room temperature (Figures 4.6). This is reflected in the heat of adsorption, which is

significantly higher for N2O than for CO2 (Figure 4.30). At 195K, on the other hand, it adsorbs

more CO2 than N2O (Figure 4.8).

One can also observe that the heat of adsorption for Xe far exceeds that of Kr (Figure 4.30). Xe

is a heavier noble gas, and will therefore interact more strongly with the OMS within the pores.

The difference in Qst is large enough to give high selectivity factors for selection of Xe over Kr

(Figure 4.42). Both the heat of adsorption and Xe/Kr selectivity are higher for CPO-54-Mg than

for CPO-27-Mg. The total uptakes, however, are lower for CPO-54-Mg than what Lee et al. (2013)

have reported for CPO-27-Mg.42

The selectivity of CO2 over O2 was found to be the highest of them all. Not surprising, since

the O2 uptake was by far the lowest of all the measured gases. This indicates that CPO-54-Mg

has a very good potential for CO2 from O2.

5.0.3 CPO-54-Ni

The standard-pressure isotherm in Figure 4.9 displayed a micro-porous behavior in the form of

a type I isotherm, as defined by IUPAC. The BET-theory could hence be used to find the pore

volume and surface area, which were found to be 0.5275 cm3g-1 and 1180.1 m2g-1. As expected,

this is significantly lower than the surface area and pore volume found for CPO-54-Mg. In fact,

it corresponds well with trends in surface area for varying metal-centers in the CPO-27 series,
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where it has been shown that the surface area is higher in the compounds with lighter metals

(Mg>Mn>Co>Ni).

The CPO-54-Ni material investigated in this work display somewhat lower uptakes for all

the measured gases, compered to results previously reported for standard-pressure CPO-27-Ni

measurements in the literature (Table 5.2).18, 55 Just as the pore volume and surface area, the

uptakes in the nickel compound are significantly lower than that of the magnesium one (see

Figure 4.12). If one compares the CO2 uptake in CPO-54-Ni and CPO-54-Mg (Figures 4.14 and

4.8, respectively), one can see that the uptake is approximately 30% lower for the nickel material

than the magnesium one.

CPO-54-Ni generally exhibited lower uptake and surface area, compared to CPO-54-Mg. The

full CO2 capacity at 195 K are approximately 30% less in CPO-54-Ni than in CPO-54-Mg (Figures

4.14 and 4.8. The uptakes for CPO-54-Ni found in this work are also lower than what others have

reported in the literature for CPO-27-Ni (Table 5.2).18, 55

Table 5.2: Comparison of the CO2 uptakes at 298 K (100 kPa) for CPO-54-Ni found in this work
and the results reported by Queen et al. (2014) for CPO-27-Ni.

Material
CO2 uptake at 298 K, 100 kPa /

mmol g-1

CPO-54-Ni
(This work)

7.1

CPO-27-Ni
(Queen et al. 2014)

3.8

The lower uptake (at standard pressure) for CPO-54-Ni, compared to CPO-54-Mg, also re-

flects in the isosteric heat of adsorption. The Qst at zero-loading for CPO-54-Ni was found to

be 40 kJ mol-1, which is 3 kJ mol-1 lower than that of CPO-54-Mg. Also, the heat of adsorption

for the secondary adsorption site in CPO-54-Ni is lower, compared to CPO-54-Mg. This in turn,

means that both the primary adsorption site (the OMS) and the secondary adsorption site in

CPO-54-Mg will adsorb more readily than the corresponding sites in CPO-54-Ni.

The N2O adsorption in CPO-54-Ni was similar to CPO-54-Mg. Although CPO-54-Ni had

lower total uptake of N2O than CPO-54-Mg, the heat of adsorption was at the same level in both

materials. The Qst for N2O was also generally higher than the Qst for CO2 in both CPO-54-Ni and
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Table 5.3: Comparison of Xe/Kr the calculated selectivity in equimolar mixtures at 298 K (0.05
bar and 0.5 bar) for CPO-54

Material
Xe/Kr selectivity in
equimolar mixture

(0.05 bar, 298 K)

Xe/Kr selectivity in
equimolar mixture

(0.5 bar, 298 K)
CPO-54-Mg 10.6 10.1
CPO-54-Ni 16.2 14.3
CPO-54-Co 13.5 11.6

CPO-54-Mg.

From Figure 4.32 one can also see that the heat of adsorption for Xe gas is much higher than

for Kr. This indicates a high selectivity for Xe over Kr. The IAST selectivity for Xe/Kr of CPO-54-Ni

is, in fact, even higher than that of CPO-54-Mg (Table 5.3).

The picture changed somewhat when CPO-54-Ni were measured at high pressures. The first

thing one should note (Figure 4.18 compared to Figure 4.12) is that the uptake of CH4, N2, and O2

are much closer to that of CO2 compared to the standard-pressure measurements. One can ob-

serve that the CO2 uptake has doubled, while the CH4 and N2 uptake have almost five-doubled.

Interestingly, it is the O2 uptake that has increased the most from standard-pressure to high-

pressure, by a factor of thirteen. It has even surpassed that of N2. The curvature of the isotherms

also suggests that the uptakes are closer to the maximum capacity, since the increase in uptake,

as a function of pressure, subsides in the higher pressure range.

Also, the isosteric heats of adsorption, calculated from the high-pressure absolute adsorp-

tion isotherms, deviates a great deal from the resulting Qsts from the standard-pressure mea-

surements (Figure 4.33). It is especially worth noticing how the Qst for CO2 changes with respect

to loading. Where there were two clearly defined levels in the standard-pressure Qst (one for the

open metal site and one for the secondary site), the graph now starts to decrease immediately

instead of behaving in a stepwise manner. Even though both the starting and end values are

within what one could expect, the total Qst curve is unexpected. This may indicate that a large

number of the open nickel sites were not open at all, but instead blocked by something else (e.g.

water), hindering the CO2 molecules from adsorbing onto them.

Thus, the difference in behavior from the high-pressure to the standard-pressure isotherms
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resulted directly into differences in separation properties. By comparison of the calculated

CO2/N2 selectivity (Figures 4.44 and 4.49), one will see that the selectivities from the high-

pressure measurement are only half of the selectivities for the standard-pressure measurements.

To explain this decrease, one must look at how the uptakes and surface area changed in the high-

pressure experiments (Table 4.2). Firstly, a drop in BET-surface area was observed, compared to

what was measured at the Belsorp-MAX. The cause of that might be how the sample was han-

dled when it was installed onto the high-pressure instrument, where the sample was exposed

(unavoidable) to the room-atmosphere for a short time before being installed. Secondly, the

increase in uptake was higher for N2 than for CO2 at high pressure, which directly decreased

the CO2/N2 selectivity, compared to standard-pressure. This is disappointing, because, despite

the all time consuming work, it is now impossible to determine with certainty how good the

separation properties for CPO-54-Ni are at high pressure with the full surface area available.

5.0.4 CPO-54-Co

CPO-54-Co displayed the lowest N2 (77K) uptake of all the investigated materials in this study

(Figure 4.19). The isotherm was recognized as a type I and BET-theory was applied to calculate

surface area and pore volume. Although CPO-54-Co had a lower N2 uptake at 77K than CPO-

54-Ni, it has a higher surface area (Table 4.5). Again, this corresponds to the observed trend in

surface area in CPO-27 (Mg>Mn>Co>Ni).

As for both CPO-54-Mg and CPO-54-Ni, the CO2 isotherms for CPO-54-Co have a different

curvature than those of CH4, N2, and O2 (see Figure 4.22), and one do not see the stepwise

behavior as profound as for CPO-54-Mg and CPO-54-Ni. No step can be observed for CH4, N2,

and O2. The N2O isotherm, on the other hand, displays a stepwise behavior (most clearly shown

in the 195 K isotherms, Figure 4.24). In fact, this material shows a higher uptake of N2O than

CO2. Similar values for the uptake of N2O and CO2 are expected, based on the similarities of the

two gases.

The similarities between N2O and CO2 are reflected in the isosteric heats of adsorption. The

curvature of the Qst for N2O and CO2 are similar, although the Qst for N2O is slightly higher

than for CO2 at the lower loadings (Figure 4.36). Interestingly, the heat of adsorption for N2O

has the same value at zero loadings for all three materials (Mg, Ni and Co). Whereas the CO2
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heat of adsorption for CPO-54-Co was significantly lower than for the magnesium and nickel

materials, it now has the same value at zero loadings (44 kJ mol-1). This may indicate that the

Co-OMS interacts stronger with N2O than with CO2, or it could merely be that the material was

better activated (meaning that more of the OMS might have been available) prior to the N2O

measurements, compared to the CO2 measurements. The samples were, however, pre-treated

in the same manner before both measurements, which points in the direction of N2O adsorbing

stronger onto the Co2+ open metal site compared to CO2.

An interesting point is that, although CPO-54-Co has a much lower total uptake than CPO-

27-Co, the CO2 heat of adsorption is higher in CPO-54-Co, compared to what has been reported

by both Yu et al. (2013) and Queen et. al (2014) for CPO-27-Co (Table 5.4).18, 55 Further more, the

CO2/N2 selectivity is low, compared to CPO-54-Mg, CPO-54-Ni and CPO-27-Co.18 Based on the

trends in selectivity from CPO-27, it was expected that the cobalt material should have a lower

CO2/N2 selectivity than the magnesium and nickel materials.

Table 5.4: A comparison of the CO2 uptake and Qst found for CPO-54-Co in this work, and values
for CPO-27-Co reported by Yu et al. (2013) and Queen et al. (2014)

CPO-54-Co
(This work)

CPO-27-Co
(Yu et al. 2013)

CPO-27-Co
(Queen et al. 2014)

CO2 uptake /
mmol g-1 6.0 6.8 6.7

Qst / kJ mol-1

(at 0.1 mol mol-1)
36.1 34.5 33.8

Both the uptake and Qst are higher for Xe than for Kr in CPO-54-Co (Figures 4.22 and 4.36 ).

Furthermore, the heat of adsorption for the cobalt material is higher than that of the magnesium

material (Figure 4.30). This is in agreement with previously reported trends in CPO-27-Co and

CPO-27-Mg Lee et al. (2016)42 The Qst found in this work is higher than those reported for CPO-

27-Co by both Lee et al. (2016) and Thallapally et al. (2012), indicating a good potential for Xe/Kr

separation in CPO-54-Co.41, 42

That potential was confirmed by IAST calculations (Figure 4.55), yielding selectivities similar

to what has previously been reported for CPO-27-Co.41 The Xe/Kr selectivity was lower com-

pared to CPO-54-Ni, but higher than for CPO-54-Mg. This indicates that the trend for how
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strongly Xe interacts with the open metal sites in CPO-54 is Ni>Co>Mg, and that CPO-54-Co

are an interesting material for use in Xe/Kr separation processes.

5.0.5 CPO-54-Mn

The N2 77K isotherm for CPO-54-Mn was identified as a type I, which confirmed the expectation

that synthesized material was microporous. Following from that, BET-theory could be applied

and used to calculate the specific surface area and pore volume. The initial N2 measurement

at 77K (standard-pressure) resulted in a pore volume of 0.5459 cm3g -1 and a BET-area of 1354.4

m2g -1. The surface area is lower than for CPO-54-Mg, but higher than CPO-54-Co and CPO-54-

Ni, thus joining the previously described trend from CPO-27

(Mg>Mn>Co>Ni). The surface area is, in other words, directly scaled with the materials formula

weight. The surface is for CPO-54-Mn are slightly lower than what was previously reported by

Dietzel et al. (2010) for the same material (approximately 10%), but higher than for CPO-27-

Mn.44

If one examines the uptake in Figure 4.25, one will see that CPO-54-Mn has a high N2 uptake

at 77K. Higher than the cobalt material, but lower than the magnesium and nickel compounds.

Due to the lower surface area, compared to Dietzel et al. (2010), it also has approximately 12%

lower total N2 uptake at 77K than what they have previously reported (Table 5.5).44

Table 5.5: Comparison of the maximum N2 uptake at 77 K and the BET surface areas for the
different CPO-54 materials.

Material
Maximum N2 uptake

at 77 K, 1 bar /
mmol g-1

BET surface area /
m2g-1

CPO-54-Mg 21.4 1819
CPO-54-Mn

Dietzel et al.(2010)
19.2 1409

CPO-54-Mn 17.0 1354
CPO-54-Co 15.8 1276
CPO-54-Ni 19.1 1180

Unfortunately, the same drop in uptake and surface area as were observed for the nickel ma-

terial was also observed here when the material was installed onto the BELSOR-HP instrument
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for high-pressure measurements. The drop in surface area was approximately 10%. Again, this

may be due to the way the sample is installed on the instrument, where it is briefly exposed to

an open atmosphere.

CPO-54-Mn also had a second drop in performance. As mentioned in chapter 4, the high-

pressure instrument broke down shortly after the measurements had begun. That resulted in

a three-month-long period, where the sample was kept on the instrument under a N2 atmo-

sphere, before the instrument was repaired. A new N2 measurement at 77K was completed to

check how the material had kept its properties. The result showed that it had experienced a new

drop in both surface area and uptake, now displaying approximately 80% of its initial surface

area.

In other words, the surface area was down by 20% by the time the CO2 measurements had

started. Consequently, the measured CO2 uptakes in CPO-54-Mn were not as high as they po-

tentially could have been if the material had been in it’s original condition. The CO2 uptake

found for CPO-54-Mn in this work is significantly lower than what Yu et al. (2013) have pre-

viously reported for CPO-27-Mn at high-pressure.18 The CO2 uptake in CPO-54-Mn in this

work is, however, significantly higher than what Dietzel et al. (2010) reported for CPO-54-Mn

at standard-pressure.44 (Table 5.6). Unfortunately there are no CO2 measurements at standar

pressure in this work, which makes it difficult to compare the results of Dietzel et al. (2010)

directly to the results of this work.

Table 5.6: A comparison of the CO2 uptake and Qst found for CPO-54-Mn in this work, and
values for CPO-54-Mn reported by Dietzel et al. (2010), and for CPO-27-Mn reported by Yu et al.
(2013)

CPO-54-Mn
high-pressure

(This work)

CPO-54-Mn
standard-pressure
(Dietzel et al. 2010)

CPO-27-Mn
high-pressure
(Yu et al. 2013)

CO2 uptake /
mmol g-1

298 K
8.0 6.5 11.5

Qst /
kJ mol-1 40.7 36.0 33.9

It was not only the CO2 uptake that was lower for CPO-54-Mn, compared to CPO-27-Mn,
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but also the selectivity. Yu et al. (2013) reported generally higher CO2/N2 selectivity for CPO-27-

Mn than what has been found for CPO-54-Mn in this work (Table 5.7). It is interesting to note

that the CO2/N2 selectivity for CPO-54-Mn are decreasing as the pressure increases, whilst it is

opposite for CPO-27-Mn.

Table 5.7: Comparison of CO2/N2 selectivity for CPO-54-Mn and CPO-27-Mn at high pressures.

Material
CO2/N2 selectivity

in equimolzr mixtures at
298 K, 1 bar

CO2/N2 selectivity
in equimolzr mixtures at

298 K, 8 bar
CPO-54-Mn
(This work)

65 30

CPO-54-Mn
(Yu work)

61 89

Another interesting point is the CO2 Qst for CPO-54-Mn, which has higher values than ex-

pected. Dietzel et al. (2010) have already shown that the Qst are higher for CPO-54-Mn than for

CPO-27-Mn.44 However, the values found in this work are even higher than what Dietzel et al.

(2010) reported for the same material. A difference between the two studies is the pressure at

which the isotherms were measured (standard-pressure vs. high-pressure). The curvature of the

CO2 Qst is also deviating from what one would expect. One normally see two levels: one repre-

senting the OMS and one representing the secondary adsorption site. Here, however, there are

no defined levels. The curvature for CPO-54-Mn at high-pressure is similar to that of CPO-54-Ni

at high-pressure. These results may indicate that the adsorbate/adsorbent interaction for the

Mn2+ site are more profound at high pressures and low loadings. However, further studies are

needed to confirm this.
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Table 5.8: Comparison of the isosteric heat of adsorption (at 0.1 CO2 per M2+) for CPO-54-Mn
and CPO-27-Mn.

CPO-54-Mn
High-pressure

(This work)

CPO-54-Mn
Standard-pressure
(Dietzel et al. 2010)

CPO-27-Mn
High-pressure
(Yu et al. 2013)

CPO-27-Mn
Standard-pressure

(This work)
Qst

kJ mol-1 40.5 36.1 31.3 31.7

5.0.6 Potential for application

All in all, the CPO-54 materials in this work have shown very similar behaviour to CPO-27. The

isosteric heats of adsorptionn for the open metal sites are in the same order of magnitude in

both MOFs for CO2, CH4, N2, and O2. However, the Qst at the secondary adsorption sites are

in general lower for CPO-54 than for CPO-27. This suggest that the extended linker in CPO-54

results in a lower heat of adsorption for adsorption sites other than the OMSs.

The total gas uptakes of CO2, CH4, N2, and O2 are lower in CPO-54 than in CPO-27. Although

the CO2/N2, and CH4/N2 are somewhat lower in CPO-54, it is still in the same order of magni-

tude.

These results suggest that CPO-54 is a suitable MOF-candidate for use in CO2/N2, and CH4/N2

separation processes and N2O-capture from air. However, CPO-27 still remains the better ma-

terial of the two for carbon capture.

The point where CPO-54 differs most from CPO-27, in terms of sorption properties, is the

ability to separate Xe and Kr. The Xe/Kr are, to the best of my knowledge, better than what has

been reported for any CPO-27 material. The open magnesium-site generally showed the highest

heats of adsorption, especially for CO2 and N2O. However, for Xe adsorption, the highest Qst was

on the open nickel-site. CPO-54-Ni also displayed the highest Xe/Kr selectivity. Thus making

CPO-54-Ni a most interesting material for Xe/Kr separation.

It is evident from the IAST calculations that the selectivity factors for all the different ad-

sorbates in all the CPO-54 materials are highly temperature-dependent. This indicates that it

would be favourable to run potential selectivity processes with CPO-54 at lower temperatures,

where one would have a more selective and efficient separation proses.
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5.0.7 Work Evaluation

A large part of the practical work was spent in the laboratory, trying to produce perfect CPO-54

samples. This proved to be more challenging than expected, mainly due to the water-sensitivity

of the CPO-54 series. The inert filtration process was time consuming, and it never worked quite

as it was intended to in the beginning, because some air (and thereby also water) seemed to get

into the system every time. This problem was resolved by using a brand new Schlenk-line, as

we suspected that there might be some contamination in the old one. The materials made after

that were fine. In fact, the CPO-54-Mg and CPO-54-Mn samples produced in this work are the

best-preforming CPO-54 materials made by anyone in this research group since the CPO-54-Mn

material that Prof. Dietzel et al. reported in 2010.44 It might, however, be possible to synthesis

even better CPO-54-Ni and CPO-54-Co samples than those who were made in this work.

A weakness in the gas sorption measurements is their sensitivity to error in mass. If one

has an error of 1% when weighing the sample, one will get a 1% error in the isotherm. It will,

consequently, result in errors in the calculated heats of adsorption and selectivity. To insure

that the correct mass was used, the samples were weighed both before and after the measure-

ments. That is, with the exception of the high-pressure measurements of CPO-54-Mn. That

sample is, at precent time, still being measured, and has therefore only been weighed prior to

the measurements. Measurements of this sample will be continued by the research group after

the submission of this thesis.

Another potential source of error that stands out, is the fits used to describe the experimental

data. Both the Qst and selectivity are highly sensitive to errors in the isotherm-fits. Especially in

the lower pressure areas. I have therefore used three different methods to calculate the isosteric

heat of adsorption. However, the fits obtained by the dual-site Langmuir model were highly

acceptable (Appendix C). The virial equation generally did not fit the experimental data as well

as the DSL, and this reflects in many of the calculated Qst. Whereas the DSL and interpolation

yield similar results, the results from the virial equations deviate more from the other two.
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6.1 Conclusions

This study aimed to discover how the extended linker in CPO-54 would affect the applicability

of these materials for CO2/N2, CO2/CH4 and CO2/O2 separation, how CPO-54 adsorbed N2O,

and whether or not the materials were suitable to separate Xe from Kr.

In this work, the gas adsorption capacity of CPO-54-M (M = Mg, Mn, Ni, and Co) has been

measured for CO2, CH4, N2, O2, N2O, Kr, and Xe. Isosteric heats of adsorption and selectivity co-

efficients have been calculated based on these adsorption measurements. This work has given

new insight into the CPO-54 MOF series and its properties.

The results of this study have shown that CPO-54 is highly selective of CO2 over N2, CH4, and

O2. The selectivity factors were found to be highly temperature-dependent, where the selectivity

was highest at lower temperatures. The results indicate that the extended linker molecule in

CPO-54 decreases the MOF’s CO2, CH4, N2 and O2 adsorption capacity and the CO2/N2, and

CO2/CH4 selectivity, compared to CPO-27.

It has been shown that the Qst at the open metal sites in both CPO-54 and CPO-27 are of

similar magnitude. The Qst was found to be lower at the secondary adsorption site in CPO-54.

The study has, furthermore, shown that CPO-54 has a high uptake of N2O and a high selectivity

of N2O over N2.

The study has also shown that CPO-54 can indeed, based on selectivity, be used to separate

Xe and Kr, and that it has a significantly higher Xe/Kr selectivity than CPO-27.
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6.2 Recommendations For Further Work

This thesis has given new insight into the CPO-54 series. However, there is still more to learn

about the CPO-54 MOFs, and the following points might be of interest for further research:

• High-pressure gas adsorption has now been studied for CPO-54-Mn and CPO-54-Ni. A

natural progression from this work will, therefore, be to investigate high-pressure adsorp-

tion for the remaining materials: CPO-54-Mg, CPO-54-Co, and CPO-54-Fe.

• To better understand how suitable CPO-54 actually is for CCS technology, further stud-

ies could address the efficiency (both energetically and economically) of a potential CCS

process with CPO-54 as adsorbent.

• Based on the high Xe/Kr selectivity of CPO-54-Ni, it may be interesting to investigate fur-

ther whether this property can be utilized in a separation process.
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Matlab Code - Calculating The Isosteric Heat

Of Adsorption From A Dual-Site Langmuir

Model

clear all

clc

% Information required from user

% Name of input file with dual Langmuir-Freundlich parameters (without

% mandatory ending "_fitparam.dat"

FNBase = "ES-1-048_CO2";

% Format T q(sat)1 b1 v2 q(sat)2 b2 v2

% Temperature and dual Langmuir function parameters

% New row for each set

nmax = 0.0055; % Max amount adsorbed (at highest T) / mol g-1

nstepwidth = 0.0001; % Step width / mol g-1

nstep = double ( int32 ( nmax / nstepwidth ) );% Number of data points to calculate

% Had to use the double(int32()) construct because of some weird behavior

% of MATLAB that results in 0.0026 / 0.0001 = 26.0000 (instead of 26) whereupon the array

% definitions further down result in an error.

Q = load(FNBase+’_fitparam.dat’,’-ascii’) % Don’t forget to change the output
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% filename at the end!

[nTemp, ncol] = size(Q); % nTemp is the number of temperatures

T = Q(:,1);

q1 = Q(:,2);

q2 = Q(:,5);

b1 = Q(:,3);

b2 = Q(:,6);

v1 = Q(:,4);

v2 = Q(:,7);

syms p real % p / kPa

S=ones(nstep,1);

result=ones(nstep,nTemp+5); % Number of columns = nTemp plus 1 for n and 4 for output

%from linear regression

for i = 1:nstep

n = nstepwidth*i;

result(i,1)=n;

for k = 1:nTemp

eqn = [n == (q1(k) * b1(k) .* p^v1(k))/(1+b1(k) .* p^v1(k)) +

(q2(k) * b2(k) .* p^v2(k))/(1+b2(k) .* p^v2(k))];

S(i,1)=solve(eqn, p);

result(i,1+k)=S(i);

end

end

%Debugging

disp(result)

%plot(result(:,2),result(:,1),’bo’,result(:,3),result(:,1),

%’go’,result(:,4),result(:,1),’ro’)

%set(gca, ’XScale’,’log’)

% Now for the linear regression
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R = 8.314462; % Universal gas constant / J K-1 mol-1

k = nTemp+2; % Index for adding Q(st) data to ’result’ array

Tinv = 1./T; % x values = 1/T

for i = 1:size(result,1)

parray = log(result(i,2:(1+nTemp)).*1000); % ln p for all pressure values

%in a row, note conversion from kPa to Pa!

parray = transpose(parray);

b = polyfit(Tinv, parray, 1); % Linear regression

result(i,k) = b(1); % Slope

result(i,k+1) = b(2); % Intercept

yfit = polyval(b,Tinv); % Compute R2 residual

yresid = parray - yfit;

SSresid = sum(yresid.^2);

SStotal = (length(parray)-1) * var(parray);

rsq = 1 - SSresid/SStotal;

result(i,k+2) = rsq;

Qst = -b(1)*R/1000; % Qst / kJ mol-1

result(i,k+3) = Qst;

end

%disp(result)

plot(result(:,1),result(:,k+3),’bo’)

save(FNBase + ’.mat’,’result’)

save(FNBase + ’.csv’,’result’,’-ascii’)
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Matlab Code - Calculating The Isosteric Heat

Of Adsorption From A Virial Model

clear all

clc

% Information required from user

FNBase = "ES-1-048_CO2";

nmax = 0.0054; % Max amount adsorbed (at highest T) / mol g-1

nstepwidth = 0.0001; % Step width / mol g-1

%nstep =( nmax / nstepwidth );

nstep = double ( int32 ( nmax / nstepwidth ) );% Number of data points to calculate

% Had to use the double(int32()) construct because of some weird behavior

% of MATLAB that results in 0.0026 / 0.0001 = 26.0000 (instead of 26)

%whereupon the array

% definitions further down result in an error.

% Parameters from virial fitting.

%Number of parameters (ai) depends on the curve fitting.

a0 = ;

a1 = ;

a2 = ;

a3 = ;
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a4 = ;

a5 = ;

a6 = ;

a7 = ;

a8 = ;

a9 = ;

% Equation for calculating the Qst:

syms Qst % Define variables

R = 8.314462; % Universal gas constant / J K-1 mol-1

S=ones(nstep,1);

result=(nstep); % Number of columns

for i = 1:nstep

n = nstepwidth*i;

result(i,1)=n;

for k = 1

eqn = Qst == -R*(a0 + a1.*n + a2.*n^2 + a3.*n^3 + a4.*n^4 + a5.*n^5 +

a6.*n^6+ a7.*n^7 + a8.*n^8+ a9.*n^9);

S(i,1)=solve(eqn, Qst);

result(i,1)=S(i);

end

end

plot(result)

disp(result)

save(FNBase + ’.csv’,’result’,’-ascii’)
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Dual-site Langmuir fits
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Figure C.1: Dueal-site Langmuir model fitted to experimental data for CPO-54-Mg. a) CH4 195
K, b) CH4 278 K, c) CH4 288 K, d) CH4 298 K, e) CO2 195 K, f ) CO2 278 K, g) CO2 288 K, h) CO2

298 K, i) N2 278 K, j) N2 288 K, k) N2 298 K, l) O2 278 K, m) O2 288 K, n) O2 298 K, o) N2O 195 K,
p) N2O 278 K, q) N2O 288 K, r) N2O 298 K, s) Kr 278 K, t) Kr 288 K, v) Kr 298 K, v) Xe 288 K and w)
Xe 298 K.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Table C.1: Parameters from the dueal-site Langmuir model fitted to experimental data for CPO-
54-Mg.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Figure C.2: Dueal-site Langmuir model fitted to experimental data for CPO-54-Ni. a) CH4 195 K,
b) CH4 278 K, c) CH4 288 K, d) CH4 298 K, e) CO2 195 K, f ) CO2 278 K, g) CO2 288 K, h) CO2 298
K, i) N2 278 K, j) N2 288 K, k) N2 298 K, l) O2 278 K, m) O2 288 K, n) O2 298 K, o) N2O 195 K, p)
N2O 278 K, q) N2O 288 K, r) N2O 298 K, s) Kr 278 K, t) Kr 288 K, v) Kr 298 K, v) Xe 288 K and w)
Xe 298 K.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Table C.2: Parameters from the dueal-site Langmuir model fitted to experimental data for CPO-
54-Ni.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Table C.3: Parameters from the dueal-site Langmuir model fitted to experimental high-pressure
data for CPO-54-Ni.

Figure C.3: Dueal-site Langmuir model fitted to high-pressure experimental data for CPO-54-Ni
a) CH4 278 K, b) CH4 288 K, c) CH4 298 K, d) CO2 278 K, e) CO2 288 K, f ) CO2298 K, g) N2 288 K,
h) N2 298 K, i) N2 303 K, j) O2 278 K, k) O2 288 K and l) O2 298 K.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Figure C.4: Dueal-site Langmuir model fitted to high-pressure experimental data for CPO-54-
Mn a) CO2 278 K, b) CO2 288 K, c) CO2 298 K, d) N2 278 K, e) N2 288 K and f ) N2 298 K.

Table C.4: Parameters from the dueal-site Langmuir model fitted to experimental high-pressure
data for CPO-54-Mn.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Figure C.5: Dueal-site Langmuir model fitted to experimental data for CPO-54-Co. a) CH4 195
K, b) CH4 278 K, c) CH4 288 K, d) CH4 298 K, e) CO2 195 K, f ) CO2 278 K, g) CO2 288 K, h) CO2

298 K, i) N2 278 K, j) N2 288 K, k) N2 298 K, l) O2 278 K, m) O2 288 K, n) O2 298 K, o) N2O 195 K,
p) N2O 278 K, q) N2O 288 K, r) N2O 298 K, s) Kr 278 K, t) Kr 288 K, v) Kr 298 K, v) Xe 288 K and w)
Xe 298 K.
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APPENDIX C. DUAL-SITE LANGMUIR FITS

Table C.5: Parameters from the dueal-site Langmuir model fitted to experimental data for CPO-
54-Co.
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Appendix D

pyIAST Code

This code were written for Python 3 to run the pyIAST package and calculate the separation

coefficients.
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Appendix E

Fits of a virial equation to the experimental

data
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APPENDIX E. FITS OF A VIRIAL EQUATION TO THE EXPERIMENTAL DATA

Figure E.1: Virial equation fitted to the standard-pressure experimental data for CPO-54-Mg. a)
CH4, b) CO2, c) N2, d) O2, e) Kr, f ) N2O and g) Xe.
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APPENDIX E. FITS OF A VIRIAL EQUATION TO THE EXPERIMENTAL DATA

Figure E.2: Virial equation fitted to the standard-pressure experimental data for CPO-54-Ni. a)
CH4, b) CO2, c) N2, d) O2, e) Kr, f ) N2O and g) Xe.
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APPENDIX E. FITS OF A VIRIAL EQUATION TO THE EXPERIMENTAL DATA

Figure E.3: Virial equation fitted to the high-pressure experimental data for CPO-54-Ni. a) CH4,
b) CO2, c) N2 and d) O2. 138



APPENDIX E. FITS OF A VIRIAL EQUATION TO THE EXPERIMENTAL DATA

Figure E.4: Virial equation fitted to the standard-pressure experimental data for CPO-54-Co. a)
CH4, b) CO2, c) N2, d) O2, e) Kr, f ) N2O and g) Xe.
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APPENDIX E. FITS OF A VIRIAL EQUATION TO THE EXPERIMENTAL DATA

Figure E.5: Virial equation fitted to the high-pressure experimental data for CPO-54-Mn. a) CO2

and b) N2.
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