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Thesis outline 
 

This thesis is a compilation of two parts, where the first part is ‘Kappa’ 
describing the introduction and summary of the appended papers and the 
second part encompasses five papers, which is the foundation of this thesis. 

 

Chapter 1  Introduction 

Describes project vision and highlights research questions. 

Chapter 2  Biogas  

Provides an overview of biogas and its upgrading technologies. 

Chapter 3  Porous materials 

Serves as an introduction to porous materials with a specific emphasis on zeolites 
and metal-organic framework characteristics. This chapter also provides an 
overview of tailoring porous materials. 

Chapter 4  Materials and methods 

Describes materials and methods including data analysis. 

Chapter 5  Summary of appended papers 

Provides a summary of appended papers. 

Chapter 6   Conclusions 

Highlights the main conclusions.  

Chapter 7   Future scope 

Discusses future work possibilities. 

Chapter 8   References 

List of references. 

 

 



 

 
 

 

 

 

 



 
 

 
 

Abstract 

 

Porous materials have shown potential for solving one of the significant challenges 
to sequestering CO2 gas from point sources. Microporous materials, zeolites and 
metal-organic frameworks (MOFs) are porous materials with tailorable adsorptive 
properties to develop higher performance for an energy-efficient CO2 separation. 
One of the potential applications of these materials is the removal of CO2 from biogas 
(biogas upgrading) to achieve biomethane, which can be utilised to produce heat, 
electricity and vehicle fuel. Biogas upgrading is a key technology to utilise biogas as 
a high-value fuel and contribute towards the transition from fossil fuels to carbon-
neutral fuel. 

The aim of the thesis is to enhance the adsorptive properties and mass transfer kinetics 
of the hierarchically structured microporous materials by novel approaches to achieve 
efficient biogas upgrading. In this thesis, zeolites and metal-organic frameworks were 
tailored and specifically structured to develop multimodal porous adsorbents. The 
commercial CaA and NaX binderless granules were optimised via a partial ion-
exchange process using potassium and cesium cations to achieve high IAST (Ideal 
Adsorbed Solution Theory) CO2-over-CH4 selectivity of 1775 and 525, respectively, 
than their corresponding zeolites. Moreover, the optimised ion-exchanged CaA and 
NaX binderless granules displayed high CO2 adsorption capacities of 4.3 mmol/g 
and 5.1 mmol/g at 298 K and 100 kPa, respectively. The breakthrough experiment 
showed that the NaK4.5Cs0.3X binderless granules retained 97% of their CO2 
adsorption capacity after five adsorption-desorption cycles with the mass transfer 
coefficient of 0.41 m/s, suggesting a high methane recovery in biogas upgrading 
cycles.  

To design complex structures at nanoscale, an electrospinning technique was used to 
process a hierarchical porous ZSM-5 nanofiber composite for enhanced CO2 
adsorptive properties. ZSM-5 nanofiber composite showed an increase of 30.4% in 
the BET surface area after the post-thermal processing compared to pure ZSM-5 
nanopowder with a significant increment of 34 % in the CO2 uptake capacity, 2.15 
mmol/g at 293 K and 100 kPa. Furthermore, the ZSM-5 composite nanofiber was 
structured into mechanically strong pellets with a maximum tensile strength of 6.5 
MPa to withstand the rapid pressure swings. The ZSM-5 pellets displayed stable 
adsorption-desorption cycles (up to 5) in the breakthrough experiment, signifying 
negligible chemisorbed CO2 with a high mass transfer coefficient of 1.24 m/s. 

 



 

 
 

Another novel structuring approach with the ability to control pore morphology was 
applied to NaX and CaA zeolite powder using a low-cost freeze granulation 
technique. The freeze granulation procedure was optimised to fabricate 
homogeneous NaX and CaA freeze granules, 2-3 mm in diameter. The ice templated 
pores formed during the freeze-drying provided a high degree of additional 
macroporosity of 77.9% for NaX and 68.6% for CaA freeze granules in order to 
achieve rapid diffusion to the adsorption sites in the granules. The zeolite NaX freeze 
granules showed a sharp breakthrough curve, implying a low mass transfer resistance 
with a mass transfer coefficient of 1.3 m/s while keeping the high equilibrium CO2 
uptake capacities of 5.8 mmol/g at 273 K and 1 bar, respectively.  

Further on in the studies, we optimised the synthesis parameters to obtain hierarchical 
Cu-MOF nanocrystals to introduce mesoporosity to enhance the CO2 mass transfer 
kinetics. The volumetric CO2 capacity of hierarchical Cu-MOF was 2.58 mmol/g 
at 293 K, 100 kPa with low isosteric heat of adsorption, 28 kJ/mol, and they 
displayed a high specific BET surface area, 627.4 m2/g. To investigate the CO2 
separation performance, the hierarchical Cu-MOF powders were mixed with a 
polymer binder for structuring into pellets to impart additional mechanical stability 
of 1.4 MPa. The hierarchical Cu-MOF crystals displayed a high CO2 gravimetric 
uptake of 160 mg/g. In the breakthrough experiments, the hierarchical Cu-MOF 
pellets achieved stability after the first cycle and showed high mass transfer kinetics, 
1.8 m/s, implying rapid CO2 separation with reduced cycle time.  
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1. Introduction 

1.1 Project vision 

Biogas is an alternative renewable energy resource, which has emerged as a potential 
solution for reducing the release of CO2 into atmospheres and promoting waste 
valorisation. Efficient use of biogas can facilitate the replacement of fossil fuel energy 
demands, leading to a sustainable transition at an economically viable level. Biogas is 
primarily composed of methane (CH4, 40 to 70 vol%), however it has a significant 
amount of carbon dioxide (CO2, ~40 vol%), which puts constraints on utilising biogas 
to its full potential1. Nevertheless, this shortcoming can be overcome by the removal 
of CO2 (referred to as biogas upgrading) via adsorption-driven separation technology. 
For efficient CO2 separation from biogas, porous materials with remarkable CO2 
uptake capacity are exploited to a great extent, as exemplified by potential zeolites and 
metal-organic frameworks. Despite traditional nanoporous materials being developed 
for decades, the issue of efficient CO2 separation from biogas still exists. This challenge 
can be overcome by developing hierarchically structured adsorbents with rapid 
kinetics and tailored CO2-over-CH4 selectivity. 

 

1.2 Aim and objectives 

The aim of the project was to tailor pores in structured hierarchical adsorbents at 
various length scales, micro-, meso-, and macropores, to achieve rapid mass transfer 
kinetics with superior CO2-over-CH4 selectivity. In this regard, an ion-exchange 
method was employed on commercialized binderless zeolite NaX and CaA to 
optimise the CO2 adsorptive properties and enhanced the selectivity. Further feasible 
approaches were chosen to structure nanoporous powders into mechanically robust 
pellets/granules with improved mass transfer kinetics.  
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Based on the project’s aim, the following research questions were formulated: 

RQ 1. How can pore-size tailoring improve the CO2-over-CH4 selectivity for 
commercialised binderless zeolite NaX and CaA?  

      |Paper I 

 
RQ 2. How can hierarchical structuring enhance the kinetics in the selected 

adsorbents? 

|Paper III and IV 

 
RQ 3. Is it possible to incorporate pores at all length scales within a single 

nanostructured adsorbent to develop high-performing material with 
enhanced CO2 separation kinetics?   

                        |Paper V 

 

To answer these research questions, specific objectives were described: 

• Investigation of textural properties and CO2 adsorption capacity of tailored 
adsorbents by measuring adsorption isotherms. 

• Investigation of the feasibility of alternative structuring methods to provide 
mechanically stable adsorbents with enhanced porosity.  

• Incorporating micro-, meso-, and macroporosity in single nanostructured 
adsorbent using facile pathways.  

• Evaluation of mass transfer kinetics of structured zeolites and MOFs (metal-
organic framework) using breakthrough experiments.  
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2. Biogas  

2.1 Fossil fuel to biogas 

 

Global energy demands are principally fulfilled by the combustion of fossil fuels and 
this has significantly contributed to elevated levels of anthropogenic gases in 
atmosphere2,3. Carbon dioxide, a potent greenhouse gas, is a prime by-product of such 
fossil fuel combustion and results in serious environmental concerns such as global 
warming4,5, ocean acidification6 and unstable climatic changes7,8. In 2001, the reported 
CO2 concentration in the atmosphere was 400 ppm and is projected to rise 
continuously up to 970 ppm by 2100 according to the IPCC (Intergovernmental Panel 
on Climate Change)9,10. This underlines the most prominent challenge faced by 
industrialised modern society, namely the reduction of carbon dioxide emission levels 
in the atmosphere. According to studies carried out in the last decade, the most 
effective strategy to mitigate the atmospheric CO2 is not only by replacing fossil 
fuels11,12 but also by capturing CO2 from its sources of emission13,14. Consequently, 
industries are propelled towards renewable energy resources such as solar15 
hydropower16 and wind energy17 to fulfil legislation requirements for sustainability18. 
However, most of the energy resources are geographically dependent and are not 
being fully developed for efficient utilisation due to national policies, legislations and 
expensive infrastructure19,20.  

In this prevailing scenario, biogas could be an ideal substituent for natural gas/fossil 
fuel to potentially decrease the fossil fuel dependency and carbon footprint on the 
European market21,22. Europe is responsible for more than half of the biogas 
production, 197 TWh, in the world, and the majority of it is used in electricity 
production. In September 2020, the European Commission set the new reduction 
target for 2030 greenhouse gas emissions to at least 55%, relative to 1990 levels23. 
According to the Renewable Energy Directive, biogas is a promising energy resource 
in achieving European Commission targets24. In a recent Eurostat report, 54.6% of 
Sweden’s energy comes from renewable resources, which is the highest in the 
European Union, followed by Finland (41.2%), Latvia (40.3%) and Denmark 
(36.1%)25.
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2.2 Biogas composition 

Biogas is produced from anaerobic digestion (AD) of organic matter such as energy 
crops, manure, sewage sludge, agricultural residues and household food waste 
involving various complex biochemical processes26. Additionally, digestate (residual 
waste) collected after anaerobic decomposition is enriched with nutrients, which can 
be exploited as an excellent fertiliser in the agricultural sector27. Hence, this 
conventional process of producing biogas enables the recirculation of nutrients back 
to the farmland, signifying high energy-efficiency and sustainability. Figure 1 
represents a simplified overview of biogas production together with its applications. 
According to the Swedish Gas Association’s 2018 report, there are 280 biogas plants, 
of which 35% is from sewage sludge, 47% from bio-waste and the rest is from landfills, 
farm plants and industrial wastewater plants28. In this context, producing eco-
sustainable energy from bio-waste is notably more beneficial than landfills as it avoids 
the uncontrolled discharge of greenhouse gases into the atmosphere.  

 

Figure 1: An overview of biogas production and applications29. 

 

Methane (CH4, 40-70 vol%) is the key energy carrier in biogas, however carbon 
dioxide (CO2) accounts for a substantial volume percentage (~40 vol%) in biogas 
composition1. Additionally, biogas includes traces of hydrogen sulphide (H2S), 
nitrogen (N2), oxygen (O2), ammonia (NH3), water vapour (H2O), dust particles, 
siloxanes, halogenated and aromatic species30. The raw biogas composition specifically 
depends on the type of substrate and process design used for biogas production. Table 
1 shows the different compositions of biogas obtained from various substrates31-36. 
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Table 1: Raw biogas composition obtained from different plants, compared with natural gas composition. 

Components  Waste water 
treatment plant 

Household 
food waste 

Landfill 
gas 

Natural 
gas * 

CH4 (vol%) 58-65 60-70 45-62 89 

CO2 (vol%) 33-40 30-40 24-40 0.67 

N2 (vol%) <1 <1 <1-15 0.28 

O2 (vol%) 0-5 0-5 <1-3 0 

H2S (ppm) 0-24 0-2000 15-427 2.9 

NH3 (ppm) <100 <100 0-5 0 

Wobbe 
index, upper 
(MJ/Nm3) 

- 
 
 

27 
 
 

18 
 
 

55 
 
 

Lower 
calorific 
value (kWh 
Nm-3) 
 

 
- 
 

6.5 4.4 11.0 

*Denmark 
Wobbe index – measure of the interchangeability of fuel gas 
Calorific value – energy released during combustion 

 

2.3 Biogas upgrading 

Raw biogas generated directly from anaerobic digestion can be used in gas turbines or 
in generators to produce electricity. However, to maximise biogas usage in the 
transport infrastructure and for natural gas replacement, further removal of impurities 
referred to as biogas upgrading is a prerequisite. These impurities add limitations to the 
efficient use of biogas and increase the technological demands and cost for upgrading, 
compression and transportation. Hence, subsequent removal of undesired chemical 
species is essential to procure optimally performing fuel before injecting into the 
natural gas grid.  

 



Chapter |2. Biogas                                                  Doctoral thesis| Kritika Narang Landström 
 

8 
 

Table 2 summarises the estimated impact of impurities in biogas upgrading with 
different removal processes30,37,38. Aside from the pronounced use in heat and 
electricity generation, upgraded biogas (also referred to as biomethane) can further be 
utilised as a vehicle fuel or can be cooled down to obtain liquefied biogas (LBG) for 
heavy road transport and marine transport.  

Table 2: Biogas impurities with their anticipated impact. 

Impurity Possible consequences Removal methods 

H2O • Can react with H2S, NH3, CO2 
• Can cause corrosion 
• Water condensation at high 

pressure 

Physical drying, condensation,  
chemical drying, adsorption 
using silica 
 

H2S • Can deteriorate compressors, 
motors, pipes, gas storage tanks 

• Can irreversibly damage 
adsorbents 

Chemical absorption using 
NaOH, FeCl3 

CO2 • Reduces the calorific value 
• Can cause corrosion in presence 

of water 

Absorption with amines or 
water, PSA, membrane 
technology, cryogenic 
separation 

Siloxanes • Surface erosion Absorption by ionic liquids, 
cryogenic separation  

 

2.3.1 Upgrading technologies                            
In order to remove CO2 from biogas, various carbon-capturing technologies have 
been widely studied and developed on an industrial scale involving adsorption, 
absorption, membrane-based technology and cryogenic separations30. However, the 
existing technologies offer both strengths and drawbacks, as described in Table 3 with 
respect to upgrading efficiency, methane slip, capital investment and energy 
consumption39,40. 
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Table 3: Overview of several biogas upgrading technologies. 

Technology CH4 
recovery 
(%) 

Methane 
slip** 
(%) 

Energy 
consumption 
(kWh/Nm3) 

Economic 
assessment 

Cons 

Water 
scrubbing 

98  <2 0.45-0.90 Cost- 2 ct 
kWh-1a; 1 ct 
kWh-1b 
High OPEX 

Generates foam, 
Slow process, 
Corrosion, 
Sulfur 
accumulation 
 

Chemical 
scrubbing 

>99 <0.1 0.3 High OPEX Corrosion, 
Precipitation of 
salts, Amine 
decomposition 

Physical 
scrubbing 

>95 <0.1 0.5-0.7  
 

High OPEX 
and CAPEX 

Demanding 
regeneration  

PSA 
 

95-98  
 

1.5 0.2-0.6 High 
maintenance 
cost 

Malfunctioning 
of valves, H2S 
removal 
required  

Membrane-
based  
 

>96 
 

0.5-2 0.23-0.45 High OPEX Additional gas 
processing  

 
Cryogenic 
separation  

98 
 

1 0.8-1.54 High 
CAPEX 

 

Expensive 

* OPEX and CAPEX - operating expenses and capital expenses, respectively;  
** Methane slip (%)- Percentage of CH4 loss during biogas upgrading; 
a) Upgrading capacity- 250 Nm3/h Stockholm Vatten 
b) Jönköping municipality, Sweden 

 

In the pursuit of selecting the most feasible biogas purification technologies, detailed 
assessment is required with the aim of achieving specific purity of biomethane > 98% 
as per the current legislations. PSA offers high methane efficiency with the possibility 
to remove other gases from the biogas stream. The regeneration process in PSA is 
usually rapid and requires no thermal input signifying low energy requirement as 
compared to water/chemical scrubbing. Therefore, PSA technology is currently being 
employed in the biogas upgrading industry41.   
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2.3.1.1 Pressure Swing Adsorption (PSA) 

 

PSA cycle 

PSA technology is established to separate CO2 selectively from the biogas stream under 
elevated pressure via physical adsorption42. Figure 2 illustrates the simplified flow 
diagram of a PSA unit. In a PSA operation, compressed raw biogas between 4-10 bar 
is fed into a fixed bed (column) filled with adsorbents such as carbon molecular sieves, 
silica or zeolites to selectively adsorb CO2. The adsorption process can be either 
equilibrium based, implying that the adsorbent exhibits higher CO2 uptake capacity 
than CH4, or based on kinetics, where the diffusion of CO2 molecules to the 
adsorption sites is faster than CH4. In this way, CO2 is selectively being adsorbed by 
the adsorbent from biogas while methane passes through the adsorbent and is collected 
at the top of the column. After a certain time, when the PSA column is saturated with 
CO2, the adsorbent is regenerated by lowering the pressure to desorb the CO2. To 
reduce the methane loss during the process, the exiting gas from one column is fed 
back to another column to reach the desired pressure, which additionally reduces the 
energy consumption.  

 
 

Figure 2: Simplified process flow in pressure swing adsorption system. 
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Small-scale PSA plant 

The investment cost for a PSA plant predominantly depends on the throughput 
capacity, as shown in Figure 3. The specific power consumption in a small-scale PSA 
unit (0.6 kWh/Nm3) is higher than the corresponding large-scale unit (0.2 
kWh/Nm3)30,43. This highlights the major challenge faced by the biogas upgrading 
industry with small-scale PSA units, <200 Nm3/h. An indispensable factor in reducing 
the cost of small plants is the efficacy of porous adsorbents44. Hence, successful 
implementation of efficient high-performing adsorbents will reduce the upgrading cost 
of biogas in small-scale PSA units. Most of the adsorbents are produced in powder 
form, which offers various practical challenges due to the high attrition rate, high-
pressure drop and the issue that it can cause fluidisation of bed with the risk of 
malfunctioning valves. Keeping this in mind, conventional powders must be 
transformed into mechanically robust structured adsorbents to withstand the pressure 
swing adsorption process with better heat and mass transfer characteristics. F. Akhtar 
et al. described possible pathways for processing powders into various structured forms 
such as monoliths, granules, pellets and honeycombs to overcome the shortcomings 
and bottlenecks of the PSA bed45. Together with other studies, it is established that 
the efficiency of the structured porous adsorbent can lead to more effective and low-
cost PSA processes by reducing the PSA cycle time and power demand46,47.  
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3. Porous materials 

3.1 Types of porous materials 

Porous materials are the class of materials which possess a large number of pores in 
different size regimes offering novel characteristics such as high porosity, ultra-high 
specific surface area, a vast number of structural configurations, and versatile 
chemistry50. In the past two decades, it has become apparent that these inherent 
properties offer promising solutions in the field of gas storage, gas separation, and 
purification technology51,52. IUPAC has classified nanoporous materials (pores ≤ 100 
nm) based on their pore sizes53: 

a) Microporous < 2 nm 
b) Mesoporous 2 nm-50 nm 
c) Macroporous > 50 nm 

Nanoporous materials are an important class of porous materials, which includes micro 
and mesoporous materials. Nanoporous materials such as nanocarbons54, zeolites55, 
porous silica56, and MOFs57 (metal-organic frameworks) have shown tremendous 
advantages in high CO2 selectivity and CO2 adsorption capacity due to narrow pore 
openings58. In this context, pore openings are of importance as they are of a similar 
size to the effective kinetic diameter of CO2 (0.33 nm), which can facilitate selective 
CO2 capture. M. Sevilla et al. reported the sustainable formation of porous carbon 
using biomass and showed that porous carbon with a large number of narrow 
micropores (<1 nm) displayed high CO2 uptake of 4.8 mmol/g at 298 K and 1 bar59. 
Similarly, Z. Zhang and co-workers investigated the influence of pore sizes in 
activated carbon for CO2 adsorption capacity and concluded that pore size plays a 
critical role in the CO2 uptake at a specific adsorption temperature. They reported 
that the activated carbon with a critical pore size of 0.70 nm exhibited a high CO2 
uptake capacity of 4.3 mmol/g at 298 K and 1 bar60. Several comparative studies were 
conducted amongst nanoporous adsorbents, where zeolites were found to be a 
potential candidate due to their well-defined micropores with remarkable molecular-
sieving characteristics61,62. For instance, J. McEwen et al. reported a comparative study 
on activated carbon, NaX zeolite, and ZIF-8 (zeolitic imidazolate frameworks) for 
CO2 adsorption and concluded that zeolite NaX outperformed other adsorbents in 
terms of CO2/CH4 selectivity (IAST, Ideal Adsorbed Solution Theory) and CO2 
adsorption capacity63. Additionally, zeolites demonstrated strong dipole-quadruple 
interactions between the extra framework cations and CO2 molecules. From the 
viewpoint of practical application, zeolites hold great potential due to their low 
production cost, which makes them more economically feasible.  
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3.1.1 Zeolites 

Zeolites are prominent microporous aluminosilicates with a well-defined 3D 
crystalline structure and are explicitly studied for CO2 separation55. Zeolites consist of 
covalent oxides of silicon and aluminium with a general formula 
My/z[(SiO2)x(AlO2)y].nH2O, where M represents extra-framework cation with a 
valency z, x/y defines the ratio of Si/Al and n is the number of water molecules. The 
zeolite framework is negatively charged due to the difference in the oxidation state of 
Al (III) and Si (IV), which is balanced by the extra framework cations.  

Many promising natural zeolites such as chabazite, mordenite, clinoptilolite, and 
synthetic zeolites such as NaX, CaA, ZSM-5, etc., have shown industrial potential 
due to their remarkable adsorption capacities and easy reusability. The vast majority 
of comparative studies have been conducted on a series of zeolites in search of better 
adsorbents for CO2 capture64. For instance, T. Inui et al. thoroughly examined several 
natural and synthetic zeolites and suggested that chabazite and NaX are the most 
promising zeolites for CO2 separation in PSA operation64. Similarly, Siriwardane and 
co-workers, conducted a comparative study on five commercially available zeolites 
NaA, CaA, NaX, WE-G 592, and APG-II to investigate their CO2 separation 
efficiency in a PSA system65. They reported that NaX zeolite exhibited the best CO2 
separation performance amongst the zeolites with a CO2 adsorption capacity of ~ 0.7 
mol/kg at 120 °C and 1 atm, thus implying that NaX can be a potential adsorbent for 
carbon capture in industrial separation processes65. Similarly, Harlick and Tezel 
conducted an extensive screening on a range of zeolites such as NaX, NaY, ZSM-5, 
H-Y-5, and concluded that NaX (Si/Al~2.2) zeolite could be a potential adsorbent 
for CO2 separation using the PSA technique66.  

The zeolite CaA has shown a reasonably high volumetric CO2 uptake of 5.63 
mmol/cm3 at 313 K, 0.15 bar while also being commercially efficient by displaying a 
longer breakthrough time compared to Mg-MOF-7467. The zeolite CaA exhibits 
strong interaction between the quadruple moment of CO2 and cations situated in the 
zeolite framework, which makes it highly selective. M. Mofarahi studied the CO2 
separation from a CO2/CH4 binary mixture for CaA zeolite and showed that CaA is 
highly efficient with an estimated equilibrium selectivity of ~14 at 0.8 CO2 mole 
fraction (303 K, 4 bar)68. Additionally, tailored ZSM-5 zeolite is also considered as a 
potential adsorbent for carbon capture69,70. For example, a remarkable CO2 adsorption 
capacity, 6.13 mmol/g was achieved by 70% amine impregnated ZSM-571. A. Masala 
et al. developed a ZSM-5 (78 wt%)/carbon (22 wt%) composite and reported a CO2 
adsorption capacity of 2.2 mol/kg at 25 °C and 1.1 bar with high isosteric heat of 
adsorption, 49 kJ/mol72. 
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3.1.2 Metal-organic frameworks (MOFs) 

MOFs are 3D crystalline porous materials composed of inorganic and organic building 
blocks, offering exceptional inherent features such as high specific surface area, pore 
functionalisation as well as vast structural tailoring possibilities73,74. Since the early 21st 
century, MOFs have been widely studied and developed for carbon capture and 
separation technologies. For instance, A.R. Millward et al. compared MOF-177 with 
benchmark zeolite NaX pellets and standard commercial MAXSORB (porous carbon) 
and demonstrated that MOF-177 showed a remarkably high CO2 uptake capacity of 
33.5 mmol/g at 35 bar and ambient temperature75. Similarly, MIL-101 showed an 
excellent CO2 uptake capacity of 40 mmol/g (5 MPa and 303 K) as a result of the easy 
access of CO2 molecules to the large mesoporous cages (2.9×3.4 nm) via microporous 
windows of 1.2 and 1.6 nm76. P. Nugent et al. conducted a study on the synergistic 
effect of thermodynamics and kinetics on metal-organic material referred to as SIFSIX, 
which constitutes an array of hexafluorosilicate (SiF6

2−)77. Through crystal engineering, 
they were able to optimise SIFSIX to achieve a remarkable CO2 uptake capacity of 
183 mg/g from a binary mixture (CO2/CH4:50/50) at 298 K and 1 bar. 

Conventionally, MOFs are synthesised via a solvothermal method in a closed vessel 
where a solvent mixture containing inorganic salts and organic linkers is heated at 
elevated temperature (usually 60-120 °C). In 1999, benchmark HKUST-178 and 
MOF-579 were produced via traditional synthesis, which led to the beginning of the 
MOF chemistry. Studies have shown that MOF characteristics are highly influenced 
by reaction conditions80-82 and hence synthesis optimisation is a vital step in developing 
MOFs for carbon capture. A. Taheri investigated the influence of several synthesis 
parameters of MIL-53 MOF, such as reaction duration, temperature and metal to 
linker molar ratio for CO2/CH4 separation83. They concluded that the reaction 
temperature has a significant effect on BET surface area, particle size, crystallinity and 
product yield. Recently, MOF nanocrystals have gained a great deal of attention due 
to their enhanced mass transfer kinetics and adsorption properties84,85. One of the ways 
to downsize MOF crystals is to tailor the synthetic conditions or by using capping 
agents/templating agents during synthesis to control the nucleation and growth rate. 
An excess amount of templating agents or organic linkers can arrest the crystal growth 
by depleting the metal ion concentration in the reaction mixture. Hence, an interplay 
of the ratio of precursors is often required to obtain nanocrystals. For instance, J. 
Zhuang and co-workers investigated the influence on the crystal size and morphology 
by tuning Zn2(adc)2dabco MOF synthesis in terms of concentration and ratios of the 
reagents86. They showed the formation of cuboid MOF nanocrystals, 200-500 nm in 
size with equimolar solution of zinc-adc and dabco. Whereas, after reducing the dabco 
concentration, brick-like MOF nanocrystals of 1-2 µm were obtained. It is important 
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to note that a large number of experimental trials are often needed to optimise the size 
and morphology of the MOF crystals. 

The studies on amine-functionalised linker to create Lewis basic sites in MOFs have 
shown outstanding CO2 uptake capacities in NH2-MIL-53, NH2-UIO, and NH2–
MIL-12587. Needless to say, these additional sites influence CO2 interactions 
significantly and result in extraordinary CO2 adsorption capacity. Despite technical 
advances, MOFs synthesis is generally expensive due to high-priced solvents and 
organic linkers88. According to the US Department of Energy (DOE), low production 
cost ($10/kg) is required for gas storage applications and consequently potential 
pathways are being explored to reduce the production cost89. However, upscaling of 
MOFs at a low cost still remains a significant challenge and hinders their application 
in the gas separation field.  

3.2 Selective screening of porous materials 

3.2.1 Selection parameters 

Several experimental and molecular simulations have been conducted to screen the 
novel adsorbents for CO2 capture. For instance, E. Mangano reported a systematic 
experimental method, a zero length column technique, for efficient and rapid 
screening of a wide range of porous adsorbents90. However, experimental screening 
methods for tens of thousands of porous materials can be time consuming and 
expensive. Therefore, an alternative approach to develop a selection parameter for 
evaluating the success of adsorbent in the PSA technology has been devised. It is based 
on material characteristics such as selectivity, working capacity, regenerability etc.  

Working capacity: In biogas upgrading, the PSA cycle consists of CO2 adsorption at high 
pressure and desorption at low pressure (1 atm). Due to the different pressure steps, 
considering maximum CO2 uptake of the adsorbent is not sufficient. Hence, a 
working capacity of the adsorbent is defined, which represents the difference in CO2 
adsorption capacity at high and low pressure and is considered a key parameter in the 
initial screening of adsorbent. High working capacity is significant to achieve high 
productivity as a large amount of gas mixture can be treated with a given amount of 
adsorbent at a given cycle time.  

Selectivity: It is necessary that the adsorbent possesses high selectivity for CO2 
adsorption versus CH4 to exclusively adsorb CO2 from biogas stream. If the adsorbent 
does not have high CO2 selectivity, then it will adsorb a significant amount of CH4 as 
well, which will later be released during regeneration.  
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This valuable methane loss is referred to as methane slip and should be minimised for 
efficient biogas upgrading. Additionally, due to low CO2 selectivity of the adsorbent, 
other gases will be adsorbed, which reduces the CO2 removal efficiency. Hence, for 
an ideal adsorbent in PSA, CO2-over-CH4 selectivity should be high.  

Regenerability: Regeneration is the process of removing the adsorbed species from the 
adsorbent, so that the absorbent can be reused in PCA cycles. The process contributes 
significantly to the energy consumption. For example, adsorbent with chemisorbed 
CO2 requires regeneration at very low desorption pressure (or vacuum) which results 
in high energy requirements91. Moreover, if the adsorbent is not fully regenerated, the 
CO2 uptake will be reduced with the cycles leading to low PSA efficiency.  

Heat of adsorption: The isosteric heat of adsorption describes the binding energy of 
adsorbent and adsorbate. It also indicates the approximate amount of energy needed 
to regenerate the adsorbent. Hence, a high heat of adsorption is considered detrimental 
to the separation performance, as it requires a large energy input to remove adsorbed 
gases.  
A trade-off between parameters is often required to achieve the most efficient 
adsorbent. For example, a low heat of adsorption is needed to have a low energy 
footprint in PSA cycles, whereas the selectivity often goes down with decreased heat 
of adsorption. Maring and Webley conducted a process simulation on the adsorbents 
to establish a correlation between the material characteristics and biogas upgrading 
requirements and concluded that a moderate correlation exists between the cost and 
heat with an optimal value between 35-45 kJ/mol92.   

 

3.2.2 Figures of merit 

According to the selection parameter several figures of merit are defined in the 
literature to screen the adsorbents for efficient gas separation. For instance, Rege et al. 
reported a simple figure of merit to evaluate novel adsorbents based on the working 
capacities for assessing the binary gas separation potential in the PSA technology93. 
Equation (1) represents a simple model for screening the potential adsorbent: 

 𝑆𝑆 =
𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶2
𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶4

 𝛼𝛼 (1) 

 
where 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶2 and 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶4 are working capacities of carbon dioxide and methane 
respectively, determined by the difference in their equilibrium adsorption capacities 
between 0.1-1 bar at 293 K and 𝛼𝛼 is the CO2-over-CH4 selectivity (IAST). 
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Similarly, A.D. Wiersum et al. proposed an adsorbent performance indicator (API) as 
shown in equation (2) with the flexibility to be used in other processes94. Here 𝛼𝛼12 is 
the selectivity of gas 1 (the most adsorbed) versus gas 2, heat of adsorption for gas 1 is 
described as ∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎,1, and 𝑊𝑊𝐶𝐶1stands for working capacity of gas 1: 

 

 
𝐴𝐴𝐴𝐴𝐴𝐴 =

(𝛼𝛼12 − 1)𝑊𝑊𝐶𝐶1
|∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎,1|

 (2) 

 

Additionally, F. Akhtar and co-workers defined a figure of merit (equation (3)) which 
considers equilibrium selectivity and adsorption cycle time to screen the structured 
adsorbents95:  

 

 
𝐹𝐹 =

𝑓𝑓(𝑆𝑆)𝑁𝑁𝐶𝐶𝐶𝐶2
𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎

 (3) 

 

In this proposed figure of merit, 𝑁𝑁𝐶𝐶𝐶𝐶2 is time-dependent CO2 uptake, 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 gives the 
adsorption cycle time and f(S) is the function of IAST selectivity. Using a series of 
extended models described in the literature94,95, a new figure of merit, Fm, was 
developed in the present ‘HiGradeGas’ project as illustrated in equation (4):  

 

 
𝐹𝐹𝑚𝑚 = 𝐶𝐶1

  𝑓𝑓(𝑆𝑆)𝑊𝑊𝐴𝐴

𝜏𝜏𝑎𝑎𝑑𝑑𝑎𝑎|△𝐻𝐻𝑎𝑎| + 𝐶𝐶2
1
𝑊𝑊𝐵𝐵

+ 𝐶𝐶3𝑡𝑡1
2

+ 𝐶𝐶4
1
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 (4) 

 

where WA and WB are working capacities; t1/2 is the adsorbent’s half-life time; △𝐻𝐻𝑎𝑎 is 
the heat of adsorption for CO2; 𝜏𝜏𝑎𝑎𝑑𝑑𝑎𝑎 is the regeneration time; slip refers to methane 
slip and 𝑓𝑓(S) is defined as a function of CO2-over-CH4 selectivity (IAST). Aside from 
the abovementioned selection parameters, Fm could change depending on gas data and 
weight functions (C1, C2, C3 and C4). 
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3.2.3 Adsorbent requirements for PSA operation 

Several other adsorbent parameters come into play during PSA operation such as 
pressure drop, mechanical stability, mass and heat transfer as illustrated in Figure 4. 

 

 
 

Figure 4: Structured adsorbent characteristics, illustrating mass transfer, heat transfer, mechanical 
stability and pressure drop. 

Pressure drop: In rapid PSA cycle, pressure drop occurs during the adsorption and 
pressurisation stage, leading to premature breakthrough. This results in low methane 
recovery and reduces the working capacity of the adsorbent at any given time. 
However, optimised structuring of the adsorbent with tailor-made porosity is required 
to minimise the pressure drop (equation (5)) associated with the packed bed 96: 

 

 ∆𝐴𝐴
𝐿𝐿

= 150
(1 − 𝜀𝜀)2

𝜀𝜀3
 
𝜇𝜇
𝑅𝑅𝑝𝑝2

𝑈𝑈 + 1.75
(1 − 𝜀𝜀)
𝜀𝜀3

 
𝜌𝜌
𝑅𝑅𝑝𝑝

𝑈𝑈2 (5) 
 

 

where ∆𝐴𝐴 is the pressure drop across the packed bed of length, L, void fraction in the 
PSA bed is mentioned as 𝜀𝜀, 𝜌𝜌 is defined as the adsorbent density, 𝜇𝜇 stands for the 
viscosity of the gas, 𝑈𝑈 describes the superficial velocity of the gas/mixture and 𝑅𝑅𝑝𝑝 is  
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the diameter of the granule. F. Rezaei et al. conducted detailed analysis on CO2 
breakthrough cycles for complex structured adsorbents such as NaX thin films on 
monoliths and traditional structured adsorbent such as NaX beads97. The study showed 
that, at shorter cycle times, low-pressure drop was noted for the NaX thin film in 
contrast to NaX beads, leading to high throughput, purity and recovery for the NaX 
thin film. 

Mechanical strength: Structured adsorbents must exhibit high mechanical strength to 
withstand the rapid pressure swings in the CO2 separation cycles.  

Heat transfer: Adsorption is an exothermic process. Therefore, it increases the 
temperature of the adsorbent during the adsorption process in the PSA cycle. This rise 
in temperature will reduce further gas uptake due to poor heat transfer characteristics. 
Hence, an optimal adsorbent must have better heat transfer management.  

Mass transfer kinetics: Mass transfer kinetics plays a significant role in efficiency of biogas 
upgrading as it describes the mass transfer rate from gas phase to adsorbed phase. 
Furthermore, rapid mass transfer kinetics can reduce the cycle time in biogas upgrading 
for a particular adsorbent. Studies have shown that granules of small radius exhibit fast 
mass transfer kinetics44. However according to Equation (5) adsorbents must possess a 
large void fraction (𝜀𝜀) and big granules (𝑅𝑅𝑝𝑝) to achieve low-pressure drop. Similarly, 
high porosity enhances the diffusion of the molecules but, on the other hand, 
according to Rezaei et al., a high adsorbent density is needed to acquire high 
throughput as expressed in equation (6)44: 

 

 Throughput = 𝑊𝑊𝜌𝜌𝐵𝐵
𝜏𝜏

 (6) 
 

where throughput of the PSA column depends on working capacity (W); the bulk 
density of the adsorbent (𝜌𝜌𝐵𝐵) and 𝜏𝜏, the cycle time. Therefore, a trade-off based on 
the several parameters is required to optimise the adsorbent performance according to 
specific process design. 

 

 

 



Chapter |3. Porous Materials                                 Doctoral thesis| Kritika Narang Landström 
 

23 
 

3.3 Tailoring of porous materials 

Pore engineering and material structuring offer seemingly limitless possibilities to 
achieve energy-efficient materials with low mass transfer constraints. Researchers have 
focused on tailoring the pore size to alter the CO2 selectivity using ion-exchange 
process for zeolites98. In addition, porous materials can be tailored to incorporate 
mesopores and macropores to develop hierarchical structures which can significantly 
influence the molecule diffusion. 

 

3.3.1 Ion-exchange process  

The ion-exchange technique is a favourable approach to specifically tailor a zeolite’s 
interior pores as well as its gas-adsorptive properties. Barrer outlined the first 
quantitative study on ion-exchange diffusion and equilibria in aluminosilicates in 
1956, which has led to a paradigm shift in gas separation applications99. This opens the 
path for optimising the zeolite’s pore structure to deliver high CO2 capacity and CO2 
selectivity. T.H Bae and co-workers investigated a series of divalent cation exchange 
zeolites A and X for post-combustion CO2 capture, and showed that Ca2+ ion 
exchanged A zeolite exhibited high volumetric CO2 adsorption capacity (5.63 
mmol/cm3) with high isosteric heat of adsorption (-58 kJ/mol)67. The reason was 
attributed to the increase in overall 8-ring pore diameter and strength of CO2 
interaction with Ca2+ cation. A remarkable molecular sieving effect can be achieved 
by exchanging specific cations to alter the 8-ring pore window in order to obtain 
similar size of kinetic diameter of CO2. In a similar context, Bacsik et al. conducted a 
K+ cation exchange study on zeolite A powder. They showed that an ion-exchanged 
zeolite|Na12−xKx|-LTA (1.8 ⩽ x ⩽ 3.2), with most of the K+ cations occupying 
positions in 8-ring, hindered the diffusion of CH4 and led to significantly improved 
CO2-over-CH4 selectivity100. They also estimated that ion-exchanged LTA zeolites 
have low methane slip compared to their non-ion-exchanged counterpart, which is a 
crucial parameter in testing efficacy of PSA system. Moreover, the electric field and 
effective pore aperture in zeolite crystals can be tuned through partial ion-exchange 
to achieve high selectivity. In this regard, Q. Liu et al. demonstrated partial ion-
exchange of zeolite NaKA with an optimum K+ content of 17 at.% to precisely tune 
the pore aperture in order to restrict the diffusion of N2 molecules (<0.01 mmol/g, 
0°C and 101kPa), which resulted in high CO2-over N2 selectivity101. 
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3.3.2 Hierarchical structuring 

Broadly speaking, porous material illustrating bimodal or multimodal pore 
distributions are termed as hierarchical porous solids. Traditional porous powders are 
not suitable for the CO2 separation from biogas using PSA technology due to various 
associated drawbacks such as high pressure drop across the bed, high attrition rate, 
clogging of valves, poor heat transfer and risk of bed fluidisation45,97. Micropores in 
traditional adsorbents can impede the rapid diffusion of molecules to active sites due 
to the confined pores. In order to improve the traditional microporous materials, 
hierarchical structuring with a multidimensional network of mesopores/macropores is 
explored to achieve rapid molecular mobility within the material. 

To address these issues, processing of powders into a hierarchically structured form is 
a significant step in developing efficient adsorbents for PSA units. For instance, W. 
Zhang et al. shaped ZSM-5 nanocrystals into pellets with a maximum tensile strength 
of 6.5 MPa to achieve mechanical robustness for the CO2 separation process102. 
Structuring powder into a macroscopic form such as pellets, foams, laminates, granules 
and honeycombs promotes high flow and rapid mass transfer kinetics with high 
mechanical strength. To date, tremendous efforts have been made to design 
multimodal pore sizes for developing hierarchical systems to facilitate the molecule 
access while keeping the inherent porous characteristics. Several techniques have been 
utilised, such as extrusion, colloidal processing, sacrificial templating, pressing, coatings 
of scaffolds, spray drying and tape casting, which have been widely studied to form 
pellets, granules, etc.45 Porous powder processing involves mixing the powder with 
the inorganic and organic binders and further structuring the powders to a specific 
engineered shape and eliminating the sacrificial binder by heat treatments to impart 
mechanical robustness. Common inorganic binders are bentonite and kaolinite to 
impart additional mechanical strength into the structured adsorbent. For example, 
Charkhi et al. fabricated NaY nanozeolite granules using a novel two-step granulation 
technique to investigate the influence of inorganic binder concentration on the 
adsorption capacity. They concluded that with 20 wt% of bentonite (binder) in 
granulated NaY zeolite exhibited 43% higher N2 adsorption capacity103. Other 
traditional granulation techniques such as foam granulation, spray granulation, reverse 
wet granulation and thermal adhesion granulation result in non-homogeneous 
granules or hollow spheres due to migration of the constituents to the periphery during 
the granulation process104. It is possible to structure binder-less hierarchical adsorbents 
through pulsed current processing and hydrothermal transformation and still achieve 
high mechanical strength without diluting the adsorbent with any binder. In this 
regard, binderless NaX laminates, 750 µm thick, were produced by pulse current 
processing and they displayed biaxial strength of 4 MPa with CO2-over-CH4 (IAST) 
selectivity of 96105.  
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3.3.2.1 Freeze granulation  

 
Freeze granulation has been used for decades in structuring metallic powders for 
industrial and research applications106,107. Recently, this technology has been employed 
for structuring the zeolites producing free flowing homogenous granules with the 
possibility to create highly porous structures with controlled pore morphology108. In 
this structuring approach, colloidal suspensions of powders were prepared, 
incorporating additional binders to enhance powder compaction and impart the 
mechanical strength to the granules. Furthermore, these suspensions were sprayed into 
liquid nitrogen, resulting in instant frozen granules with segregated ice crystals that 
were subsequently freeze-dried, thus obtaining residual ice template pores. Instant 
freezing imposes diffusion limitations on the particles, which inhibits their migration 
to the granule’s surface and hence preserving the homogeneity. Earlier studies have 
shown that solid loading, applied air pressure, viscosity and suspension flow rate can 
tailor the granule characteristics such as porosity and size109,110. M. Vicent et al. 
conducted a comparative study on freeze-drying and conventional spray drying 
methods for nanosuspensions of alumina and titania and showed that the freeze-drying 
process produces high porosity granules with a narrow pore size distribution111. 

 

3.3.2.2 Electrospinning 

 
Electrospinning nanotechnology has attracted a great deal of attention in recent years 
for fabrication of nanofibers with vast applications in tissue engineering, drug delivery 
and carbon capture112,113. This technique produces electrostatic fibres of diameters in 
the nanometre range with high surface area, which is a prerequisite for gas separation 
applications. The electrospinning technique offers possibilities for developing complex 
structures with tailored composition and morphology. Hence, electrospun nanofibers 
have recently been investigated for gas separation and have shown great potential in 
CO2 separation technologies114.  Y. Zhang and co-workers produced self-supported 
HKUST-1 nanofibrous membranes with high adsorbent loading (82 wt%) using 
electrospinning and showed the feasibility of the electrospinning technique for CO2 
separation processes115. In addition, the developed HKUST-1 nanofibrous membranes 
displayed CO2 uptake capacity of 3.9 mmol/g at 25 °C and retained 95% capacity after 
100 adsorption-desorption cycles. Similarly, D. Nan et al. designed ultrafine 
electrospun carbon nanofibers using polyacrylonitrile polymer as a precursor to 
investigate its CO2 capture performance116. The electrospun carbon nanofibers showed 
a high BET surface area of 650 m2/g with ultra-narrow pores of 0.5 nm-0.63 nm 
exhibiting stable CO2 uptake capacity of 2.92 mmol/g at 298 K and 1 bar. The 
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electrospun nanofibers usually contain polymers, which can put some constraints on 
their adsorption performance such as blocking access of molecules to the pore interior. 
In this regard, secondary processing via thermal treatments are needed to improve the 
adsorption characteristics.  
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4. Materials and methods 

4.1 Materials 

4.1.1 Zeolite CaA 

Zeolite CaA is a crystalline aluminosilicate with a Linde Type A (LTA) structure 
(Figure 5a) and was first reported by Breck in 1956117. The zeolite A structure is 
formed by connecting sodalite cages [46 68] via a double 4-ring [46] creating a large 
alpha cavity [4126886]. The 3D pore network enables molecule diffusion through 
primary narrow pore openings encircled by 8 oxygen atoms, classified as 8-ring 
zeolite118. In zeolite A, the Si-Al ratio is 1, which results in a high amount of charge 
on the framework, generating high electric field gradient which is responsible for its 
relatively high CO2 uptake. To stabilise the negative charge, divalent cations (Ca2+) 
tend to occupy the sites that do not contribute to the complete blocking of pore 
opening, leading to a pore window aperture of 0.5 nm. 

The CaA powder and binderless granules, 1.6 mm in diameter with a particle size of 
2.5-4.0 µm were purchased from Luoyang Jianlong Chemical Industrial Co. Ltd 
(Yanshi, Henan, China) for ion-exchange (Paper I) and freeze granulation process 
(Paper IV). 

 

4.1.2 Zeolite NaX 

NaX zeolite is a faujasite (FAU) framework type (Figure 5b) crystalline 
aluminosilicate. The fuajasite framework consists of three composite building units, 
double hexagonal rings ( d6R), sodalite cages, and a large supercage cavity with four 
12-ring windows (free diameter ~ 7.4 Å)118. The channels in the framework allow 
molecules to diffuse in the three dimensions. NaX zeolite has been used in various 
applications stated throughout the literature119,120 and the key factor is the supercage, 
which enables the accommodation of large molecules and cations. Hence, NaX is 
extensively being investigated in ion-exchange and molecule adsorption. 

For ion-exchange (Paper I) and freeze granulation (Paper IV), NaX powder and 
binderless granules, 1.6 mm in diameter with a particle size distribution of 2.5-4.5 µm 
were purchased from Luoyang Jianlong Chemical Industrial Co. Ltd (Yanshi, Henan, 
China)  

 



Chapter |4. Materials and Methods                        Doctoral thesis| Kritika Narang Landström 
 

30 
 

4.1.3 Zeolite ZSM-5 

The MFI structure (Figure 5c) of ZSM-5 is formed from five-membered rings, which 
are organised in such a way to create interconnected cavities of straight and sinusoidal 
10-ring channel systems121. The straight [010] and sinusoidal [100] channels of ~5.6 Å 
aperture runs perpendicular to each other, creating intersecting sites with a volume of 
0.9 nm3.  

For developing ZSM-5 nanofibers by electrospinning technique (Paper III), nano H-
ZSM-5 powder (Si/Al ratio = 26) was purchased from ACS material (USA). 

 
Figure 5: 3D structural representation including channel system:122 a) LTA, b) FAU, c) MFI. 

4.2 Materials processing 

4.2.1 Ion-exchange (Paper I) 

For ion-exchange process, potassium chloride and cesium chloride were purchased 
from Sigma Aldrich (Germany) and were used as received. The commercialised 
binderless zeolite NaX and CaA granules were initially subjected to partial ion-
exchange by K+ cations and furthermore, these partially exchanged granules undergo 
another ion-exchange process with Cs+ cations. As described in Table 4, binderless 
granules and respective salts were added in water and stirred for 60 min using overhead 
stirrer. 

Table 4: Details of K+ and Cs+ cation exchange process with their final composition. 

Zeolite 
Granules 

Zeolite 
(g) 

KCl(g) CsCl 
(g) 

Water 
(ml) 

Final composition 

NaX 10 8 - 1000 NaK3.9X 
NaK3.9X 5 - 0.20 500 NaK4.5Cs0.3X 
CaA 5.1 4 - 1000 CaK2.6A 
CaK2.6A 5.9 - 0.20 500 CaK2.5Cs0.2A 
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4.2.2 Electrospinning (Paper III) 

The electrospun nanofiber (Paper III) were obtained from Nanospider needle-
free electrospinning equipment (Elmarco, Czech Republic). A distance of 140 
mm was maintained between rotating cylinder and collector electrode, operated at 
30 kV. The ZSM-5 nanopowder slurry was prepared using PVP polymer (PVP-L, 
MW-10000 g/mol; PVP-H, MW- 1300000 g/mol). The prepared slurry weight ratio 
is as follows; PVP-L: ZSM: Ethanol: H2O- 1:20:50:50. Further, the slurry was 
transferred into a 250 ml plastic container for ball milling to avoid any agglomerates 
during the electrospinning process. The slurry was ball milled at 50 rpm for 7 days. 
Additional PVP-H was added to facilitate the electrospinning process with a 
final weight ratio of PVP-L: PVP-H: ZSM: Ethanol: H2O- 1:10:20:50:50.  

 

4.2.3 Pelletisation (Paper III and Paper V) 

As-spun nanofiber (Paper III): The ZSM/PVP nanofibers were structured into 
pellets of 20 mm in diameter via compression by a vertical press. Prior to the 
process, the nanofibers were cut into spheres and stacked in a cylindrical mold 
of diameter 20 mm and height of 8.1 mm.    

 

 
Figure 6: ZSM/C pellets after thermal treatments. 

 
Cu-MOF and hierarchical Cu-MOF (Paper V): MOF powders were mixed with 20 
wt% of PVA (polyvinyl alcohol) polymer. Further, the MOF powders were filled in 
graphite mold of 11 mm in diameter and subjected to warm compaction process at 
100 °C and 20 MPa. 

 
Figure 7: Pellets a) Cu-MOF b) hierarchical Cu-MOF. 
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4.2.4 Freeze granulation (Paper IV) 

Zeolite A and X powders were transformed into homogenous granules using lab-scale 
freeze granulator LS-6, PowderPro (Sweden) equipped with Watson-Marlow Bredel 
Pump (England). The stable colloidal suspensions of zeolite (20 wt%) were prepared 
using bentonite clay (3 wt%), polyethylene glycol (PEG, 4 wt%), polyacrylic acid 
(PAA, 2 wt%) and distilled water (71 ml). Both the suspensions were stirred at 500 
rpm overnight to achieve de-agglomerated slurry.  

During the freeze granulation process, the NaX and CaA suspensions were 
continuously stirred at 500 rpm using a magnetic stirrer. Further, the NaX and CaA 
suspensions were drawn into a narrow nozzle (diameter, 0.7 mm) using a pump at 30 
rpm and were sprayed at an airflow of 0.19 bar and 0.17 bar, respectively into the 
liquid nitrogen vessel. Subsequently, the frozen NaX and CaA granules were collected 
in an aluminium tray and freeze-dried at -110 °C for 72 h under vacuum.   

 

4.2.5 Thermal treatment (Paper III and Paper IV) 

The heat treatment was conducted using Nabertherm GmbH N11/HR/P300 
(Germany) annealing and hardening furnace. In Paper IV, the zeolite NaX and CaA 
freeze granules were heated up to 700 °C at a rate of 1 °C/min. The electrospun 
nanofiber composites (Paper III), were thermally treated in two steps: 1) pre-oxidation 
and 2) carbonisation using a tube furnace. The heating rate was set to 25 °C/h and 
other parameters are described in Table 5.  

 

Table 5: Thermal treatment parameters for electrospun nanofiber composites. 

Electrospun 
nanofiber  
composites 

Process Atmosphere Temperature 
(°C) 

Holding 
time 
(h) 

ZSM/PVP 
nanofibers 

Pre-oxidation Air 350 3h 

ZSM/PVP
-Ox 
nanofibers 

Carbonisation N2 700 4h 
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4.2.6 MOF synthesis (Paper V) 

The metal salt, copper (II) nitrate hemipentahydrate (assay ≥99.99%); organic linkers, 
1,4-diazabicylco[2.2.2]octane (DABCO, assay ≥99%) and 9,10-
anthracenedicarboxylic acid (H2ADC, assay-95%); solvent,  N,N-
dimethyleformamide (DMF) were purchased from Sigma Aldrich (Germany). The 
chemicals were used without further purification.  

The metal salt solution was prepared by dissolving Cu(NO3)2.2.5 H2O (233 mg, 1 
mmol) to 9 ml DMF solvent. Weighed organic linkers of DABCO (93.1 mg, 0.83 
mmol) and H2ADC (266.25 mg, 1mmol) were dissolved in 18 ml DMF to form 
organic linker solution. Further, the reaction mixture was prepared by mixing metal 
salt solution and organic linker solution and was subjected to stirring for 20 min using 
magnetic stirrer. The mixture was heated in a 30 ml autoclave for 48 h at 120 °C to 
obtain Cu-MOF nanocrystals. Same weighed precursors were used for synthesis of 
hierarchical Cu-MOF, however the solvent amount was increased to 70 ml. The 
reaction mixture was placed in 100 ml autoclave and heated at 120 °C and 48 h. 
Further, the MOFs were subjected to solvent exchange with ethanol for 3 days, where 
it was replaced by fresh ethanol three times per day.  

 

4.3   Characterisation 

4.3.1 Material’s textural characterization 

Textural analysis of porous materials is one of the fundamental characterisations to 
elucidate the gas adsorption performance by evaluating set of parameters such as 
porosity, specific surface area and pore structure characteristics. Nitrogen gas 
adsorption at liquid nitrogen temperature and mercury intrusion porosimetry were 
considered as an indispensable approach for pore structure analysis to predict the 
carbon capture properties. 

N2 sorption isotherm: The nitrogen gas uptake was studied at 77 K at a pressure range 
of 0-90 kPa using Gemini VII 2390 Surface Area Analyser (Micrometrics, Norcross, 
USA). The constant temperature during the experiment was maintained by immersing 
the sample and reference tubes in a Dewar flask. Prior to the analysis, the samples were 
activated under vacuum using VacPrep 061 to remove the guest molecules such as 
water, solvent and adsorbed gases. The samples in Paper I and Paper III were degassed 
at 573 K for 24 hrs. The zeolite NaX and CaA freeze granules (Paper IV) were 
regenerated at 573 K overnight. MOFs developed in Paper V were degassed at 463 K 
for 12 hrs. 
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Mercury Intrusion Porosimetery (MIP): MIP was conducted to determine the pore size 
distribution by gradual intrusion of mercury into the porous sample over a wide range 
of externally applied pressure, 0.03-420 MPa, to access mesopores and macropores. 
MIP was performed on Micrometrics AutoPore III-9400 (Norcross, GA, USA) for 
binderless NaX and CaA granules including their ion-exchanged derivatives (Paper I), 
freeze granules (Paper IV), Cu-MOF and hierarchical Cu-MOF (Paper V). For 
evaluating the hierarchical features of nanofiber-derived ZSM/C pellets (Paper III), a 
POREMASTER mercury porosimetry analyser (Quantachrome instruments) was 
used.  

 

4.3.2 Microstructure analysis  

Scanning Electron Microscopy (SEM): Scanning electron micrographs of NaX and CaA 
commercialised binderless granules (Paper I) and freeze granules (Paper IV) were 
obtained from JSM-IT300 (JEOL, Tokyo, Japan) equipped with tungsten filament, 
operated at 15 kV acceleration voltage. The size of the crystals was measured using 
ImageJ software. To investigate the microstructure of ZSM-5 composites (Paper III), 
a high-resolution Zeiss Merlin SEM implemented with field emission gun was 
employed. A thin gold layer was deposited on the sample using Leica EMACE 200 
coating system (Paper I and Paper IV) and Bal-Tec SCD0045 sputter coater (Paper III). 
An extreme high resolution microscope, XHR- SEM, Magellan 400 (FEI company, 
Eindhoven, Netherlands) was used to obtain the micrographs for MOFs (Paper V). 
Prior to the analysis, MOFs were coated with a thin platinum layer (~ 35 nm) using 
Leica EMACE 200 coating system.  

Transmission Electron Microscopy (TEM): In-situ TEM was performed on the as-spun 
ZSM/PVP composite nanofiber (Paper III) in O2 and N2 atmosphere at various 
temperatures to investigate the effects of thermal treatments using a Titan 80-300 (FEI) 
electron microscope at 80 keV with a low beam current of ca. 30 e/nm2s. The sample 
was spun directly on the plasma-cleaned heating chips (DENS solution) with the 
heating rate of 10 °C/min. Ex-situ TEM analysis were conducted using a JEOL 3000F 
equipped with Gatan image filter 2000. EELS (Electron energy loss spectroscopy) 
analysis were carried out for the electrospun nanofibers composites. Prior to the 
analysis, samples were sonicated for 5 min in acetone and dried on Cu-TEM grid.  

Particle size analyser: Beckman Coulter LS 13 320-laser diffraction particle size analyser 
(Indiana, USA) was used to acquire the particle size distribution of ZSM-5 
nanodispersions (Paper III). 
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4.3.3 Elemental analysis 

Energy Dispersive X-ray Spectroscopy (EDS): Qualitative and quantitative chemical 
analysis were executed on NaX and CaA ion-exchanged powders and commercialised 
granules (Paper I) using EDS coupled to JSM-IT300 SEM ((JEOL, Tokyo, Japan).   

 

4.3.4 Structural analysis 

X-ray diffractometer (XRD): The powder X-ray diffraction patterns (Paper I, IV, V) were 
acquired from PANalytical Empyrean instruments (Malvern, UK) facilitated with 
PIXcel 3D detector using Cu Kα radiation (wavelength, 0.154 nm) conducted at 40 
kV and 45 mA.  

 

4.3.5 Thermogravimetric analysis 

The thermogravimetric measurements were conducted on Netzsch TG 439 
(Germany) to evaluate the weight percentage of ZSM-5 nanoparticles in the as-spun 
ZSM/PVP composite nanofiber. Additionally, TGA was used to investigate the 
carbon content in the ZSM/PVP carbonized pellets (Paper III). The thermal stability 
for Cu-MOF and hierarchical Cu-MOF (Paper V) was investigated using STA 449 
F3, Netzsch (Germany). 

 

4.3.6 Gas adsorption experiments 

Volumetric single gas adsorption: Single gas adsorption isotherms were measured using 
Gemini VII 2390 Surface Area Analyser (Micrometrics, Norcross, USA) for CH4 and 
CO2 gases at various temperatures. Prior to the analysis, the samples were degassed in 
the same way as described for the N2 adsorption isotherm. 

High-pressure gravimetric adsorption: The CO2, N2 and CH4 adsorption isotherms at high 
pressure were obtained for Cu-MOF and hierarchical Cu-MOF (Paper V) using 
ISOSORP SA (TA instruments, Germany) equipped with automatic gas dosing 
system (S-G) and patented magnetic suspension balance, to measure the samples for 
CH4, N2 and CO2 gases under controlled conditions. The measurements were carried 
out at 295 K and 10 bar. Prior to the analysis, the samples were activated at 463 K in 
vacuum for 6 hrs. Later, the buoyancy measurement was conducted to evaluate the 
fluid density for buoyancy correction. Finally, the gravimetric CO2, N2 and CH4 
adsorption measurements were carried out at 295 K and up to 10 bar. 
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4.3.7 Mechanical stability 

A compression test for NaX and CaA binderless commercial granules with their 
corresponding ion-exchange derivatives (Paper I) and MOF pellets (Paper V) was 
performed on Zwick Z050 (Zwick GmbH & Co.KG, Germany) universal test 
machine by positioning it between the steel plates in a 1kN load cell. The ZSM-5 
nanocomposite pellet strength was evaluated using Zwick Roell EZ030 mechanical 
tester (Zwick GmbH & Co.KG, Germany), offering a maximum force of 30 kN (Paper 
III). 

 

4.3.8 CO2 separation analysis 

To investigate the kinetic performance of the nanoporous materials for CO2 separation 
from CO2/CH4 gas mixture, cyclic adsorption-desorption breakthrough tests were 
conducted. The breakthrough experiment is a more realistic approach as it 
comprehends parameters such as uptake capacity, transport characteristics and 
adsorption selectivity. The breakthrough experiments on the structured samples such 
as NaX and CaA zeolite commercialised binderless granules with their optimum ion-
exchanged derivatives (Paper I), ZSM-5 nanocomposite pellets (Paper III), freeze 
granules (Paper IV), MOF pellets (Paper V) were investigated using Pressure Swing 
Adsorption Technology, PSA-300 LC (L&C Science and Technology, Florida, USA). 
The hierarchical structured adsorbents were packed into a fixed column of the PSA 
system. Prior to the breakthrough test, the structured zeolite samples and MOFs pellets 
were regenerated at 473 K and 463 K, respectively under a helium flow of 20 ml/min.  

 

4.4  Data analysis  

4.4.1 Adsorption isotherms 

The profile of adsorption isotherms is classified by IUPAC into six types, as shown in        
Figure 8. The type I isotherm is represented by microporous adsorbents such as 
activated carbon and zeolites with a concave profile against relative pressure. At high 
partial pressure saturation limit is reached, which is governed by accessible micropore 
volume of the adsorbent. Type I profile also exhibits a steep uptake at low-pressure 
regime, signifying strong adsorbate and adsorbent interactions in narrow micropores. 
On the other hand, if the interaction is weak, the adsorption profile will resemble type 
III. Type III isotherm does not have a knee (bend), which implies that the monolayer 
formation is obscure and most of the gas is adsorbed at the most favourable active sites. 
Type II physisorption isotherm profile depicts multi-layer adsorption by nonporous 



Chapter |4. Materials and Methods                          Doctoral thesis| Kritika Narang Landström 
 
 

37 
 

or macroporous solids. Type IV is generally a characteristic of porous materials with 
mesopores. They also exhibit hysteresis at high pressure due to the condensation in 
mesopores. Type V is similar to type III at a low-pressure regime and is observed for 
water adsorption on hydrophobic porous adsorbents. The stepwise type VI adsorption 
isotherm is not that common among porous material, however it can occur during 
layer-by-layer adsorption on a uniform nonporous adsorbent.   

 

 
       Figure 8: IUPAC classification of adsorption isotherms53,123. 

 

4.4.2 Selectivity determination 

IAST (Ideal Adsorbed Solution Theory) selectivity  

IAST model is a useful approach in predicting multi-component adsorption behaviour 
and selectivity using experimental pure-component adsorption isotherms. The 
following assumptions were considered in IAST model124,125. 

o The adsorbent is homogenous. 
o Each component has the same accessible sites. 
o Multi-component gas mixture is considered as an ideal solution, i.e. 

having equivalent intermolecular forces between them. 

The model is fitted with the best-fit parameters obtained from the Langmuir isotherm 
model (equation (7)) which is based on following assumptions.126 
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o Monolayer formation assuming surface homogeneity. 
o Adsorption sites are distributed evenly. 
o Negligible interaction between adsorbed molecules. 
o Dynamic equilibrium between the adsorbed species and adsorbate (gas 

phase). 

 𝑛𝑛
𝑛𝑛0

=  
𝑘𝑘𝐴𝐴

1 + 𝑘𝑘𝐴𝐴
 (7) 

 
Here, n is the amount of the adsorbed gas, n0 represents the maximum adsorbed 
amount or saturation capacity, P is the pressure and k is the Langmuir constant. 

In this work, the model was fitted to the single CO2 and CH4 adsorption isotherms 
using MATLAB for predicting the selectivity for a gas mixture (CO2:CH4, 50-50 
mol%) for commercialised NaX and CaA granules including their partial ion-
exchanged derivatives (Paper I) and ZSM-5 nanofiber composites (Paper III).  

 

Henry’s selectivity 

Estimating selectivity using Henry’s law is a simple approach as it neglects the complex 
nonlinearity of the adsorption isotherms. Henry’s law as described in equation (8) is 
applicable to the adsorption isotherm at a sufficiently low-pressure regime: 

 𝑞𝑞 = 𝐾𝐾𝐶𝐶𝑠𝑠 

 
(8) 

where q is the uptake, 𝐾𝐾𝐶𝐶 is the Henry’s constant and p is the pressure of bulk gas 
phase. Henry’s selectivity (S12) is defined as the ratio between Henry’s constant of 
components 1 (strongly adsorbed) and 2 (weakly adsorbed) as shown in equation (9): 

 S12=  𝐾𝐾𝐻𝐻(1)
𝐾𝐾𝐻𝐻(2)

 (9) 

 

Since the Langmuir model was used to fit the adsorption isotherms, the Henry’s 
constant can be evaluated from the product of Langmuir parameters; n0, maximum 
capacity and k, adsorption affinity as described in equation (10)127: 

      𝐾𝐾𝐶𝐶~𝑛𝑛0 ∙ 𝑘𝑘 (10) 
 

The Henry’s selectivity was estimated for X and A freeze granules (Paper IV) using 
CO2 and CH4 adsorption isotherms obtained at 273 K. The CO2-over CH4 and CO2-
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over-N2 selectivities for Cu-MOF and hierarchical Cu-MOF (Paper V) were evaluated 
using isotherms measured at 293 K.  

 

4.4.3 Mass transfer study 

In the breakthrough experiment, the adsorbent is packed in the PSA column (Figure 
9) and the inert gas (helium) is first introduced into the column. After some time the 
adsorbent (CH4/CO2 gas mixture) is introduced in the bed as a step function. The 
data obtained from the breakthrough measurements were simulated using a fixed bed 
adsorption model to evaluate the efficacy of the adsorbent for the industrial biogas 
upgrading process. Figure 10 display an example of breakthrough curve (black, square) 
for the hierarchical Cu-MOF pellets (Paper IV). 

  

 

The breakthrough curve represents the relative concentration (C/C0) versus time, 
where C is output concentration and C0 is the input concentration. The first part of 
the curve signifies that the gas is being adsorbed by the adsorbent. The second region 
is referred to as mass transfer zone, where the concentration of the adsorbate is 
increasing in the effluent. Lastly, when the adsorbent is saturated, C/C0 is equal to 1.  

 
Figure 9: Schematic of the packed column in a PSA system. 
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The mass balance differential equation (equation (11)) is developed to provide the 
concentration of the fluid in the bulk phase as a function of position in the column of 
length 𝑧𝑧 and time, 𝑡𝑡 as mentioned below: 

𝐷𝐷𝐿𝐿
𝜕𝜕2𝑐𝑐
𝜕𝜕𝑧𝑧2

+ 
𝜕𝜕(𝑢𝑢𝑐𝑐)
𝜕𝜕𝑧𝑧

+
𝜕𝜕𝑐𝑐
𝜕𝜕𝑡𝑡

+  
1 − 𝜀𝜀
𝜀𝜀

 
𝜕𝜕𝑞𝑞
𝜕𝜕𝑡𝑡

= 0 (11) 

 

where 𝑐𝑐 represents the concentration of the fluid, 𝑢𝑢 represents the fluid velocity, 𝜀𝜀 is 
the void fraction in the PSA bed and 𝑞𝑞 is the adsorbate loading in the adsorbent. The 
mass balance equation constitutes four terms in which the first term accounts for the 
axial dispersion, where DL stands for axial diffusion coefficient; the second term 
represents the axial variation in fluid velocity; the third term is a differential profile of 
concentration with respect to time; and, lastly, the fourth term gives the variation in 
the adsorbate loading over a differential time. 

For simplicity, it is assumed that the fluid velocity and porosity is constant; all cross-
sections are considered homogeneous and flow in radial direction is neglected. The 
adsorption column dynamic data was fitted using simplified analytical interpretation of 
the mass balance differential equation (12), provided by Klinkenberg128. 

𝐶𝐶/𝐶𝐶0 =  1/2 × 𝑒𝑒𝑒𝑒𝑓𝑓𝑐𝑐 (
7�𝜉𝜉

8
−

9√𝜏𝜏
8

) (12) 
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Figure 10: Breakthrough curve. 
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The symbols 𝜉𝜉 and 𝜏𝜏 stand for dimensionless length and dimensionless time, 
respectively and are expressed in equations (13) and (14), respectively.  

 

𝜉𝜉 = 𝜅𝜅𝐾𝐾𝑧𝑧((1 − 𝜖𝜖)/𝜐𝜐𝜖𝜖 (13) 
 

𝜏𝜏 = 𝜅𝜅 �𝑡𝑡 −
𝑧𝑧
𝜐𝜐
� (14) 

 

In the above equations, 𝜅𝜅 represents the mass transfer coefficient and 𝐾𝐾 is the Henry’s 
constant of the porous adsorbent loaded in the column. υ represents the interstitial 
velocity and is expressed in equation (15),  

𝜐𝜐 = 𝑄𝑄𝑉𝑉𝜖𝜖/𝑆𝑆 (15) 
 
where 𝑄𝑄𝑉𝑉 gives the volumetric gas flow rate and the cross-sectional surface area of the 
bed is given by 𝑆𝑆. Origin 2019b software was used to simulate the breakthrough data 
according to the Klinkenberg model to estimate the mass transfer coefficient.  
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5. Summary of appended papers 

 
Paper I  

Optimized cesium and potassium ion-exchanged zeolites A and X 
granules for biogas upgrading 
Kritika Narang, Kristina Fodor, Andreas Kaiser and Farid Akhtar  
RSC Advances, 2018, 8, 37277 

 

Zeolites have the remarkable property of tailoring pore size at molecular level via ion 
exchange process for efficient CO2 separation. In this article, an ion–exchange 
approach was employed to optimise the selectivity and adsorptive characteristics of 
well-known zeolite A and X. Furthermore, the partial ion-exchange zeolites were 
investigated for their kinetic performance in CO2 separation from CO2–CH4 gas 
mixture. However, to utilise these promising zeolites effectively in a PSA unit, 
mechanically stable commercialised binderless zeolites NaX and CaA granules were 
considered to minimise the challenges such as pressure drop, fluidisation of bed. 
Initially, zeolite CaA and NaX powders were extensively tailored to procure optimum 
combination of CO2 uptake capacity and CO2-over-CH4 selectivity via partial K+ and 
Cs+ ion which was further used as a guideline to prepare partially K+ and Cs+ ion-
exchanged CaA and NaX binderless granules.  

The optimised partial ion-exchanged zeolites X and A granules retained their 
mechanical strength, 2 MPa and 1.3 MPa respectively, after the ion-exchanged 
process, which signifies their ability to sustain the rapid pressure swings in the 
breakthrough experiments. The optimally tailored NaK4.5Cs0.3X and CaK2.5Cs0.2A 
binderless granules displayed significantly higher CO2-over-CH4 selectivity (IAST), 
525 and 1775 respectively at 298 K, compared to its pure analogues with CO2 

adsorption capacity of 5.1 mmol/g and 4.3 mmol/g respectively. The obtained CO2 
uptake values of optimally ion-exchange zeolites were higher than the previously 
reported ion-exchanged LTA zeolite Na10.2KCs0.8|8[Al12Si12O48]8, 3.31 mmol/g (293 
K and 101 kPa)98. To obtain a realistic overview of CO2 separation performance, cyclic 
adsorption-desorption breakthrough experiments were performed at 2 bar and 293 K 
on optimised partially ion-exchanged NaK4.5Cs0.3X and CaK2.5Cs0.2A zeolites. The 
simulated mass transfer coefficient of NaK4.5Cs0.3X was 0.41m/s, higher than the 
CaK2.5Cs0.2A binderless granules, 0.13 due to the relatively large pore size in a faujasite 
framework.  
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Figure 11: (Left) SEM micrograph of NaX granule; (Right) CO2 (top) and CH4 (bottom) 

adsorption isotherms for NaX (black, square), Nak3.9X (blue, triangle) and NaK4.5Cs0.3X (red, 
hollow square). 

 

 

 

Author’s contribution 

I have performed and analysed data with the help of Kristina Fodor (co-author), 
under the guidance of other co-authors. 
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Paper II 

Electrospun nanofiber materials for energy and environmental applications 

Wenjing Zhang, Kritika Narang, Alma Jasso-Salcedo, Yibo Dou, Søren Bredmose 
Simonsen, Mads Gudik-Søren, Nadja Maria Vinkel, Farid Akhtar, Niklas Hedin and 
Andreas Kaiser 

Energy Procedia, 2019, 158, 6723 (extended abstract) 

 

Electrospinning is a promising technique to design nanofibers in numerous assemblies 
with remarkably high surface areas at a high production rate. Prominent progress has 
been made in the development of an electrospinning technique and particularly, 
engineered electrospun nanofibers in energy conversion and environmental 
applications. In this published extended abstract, an electrospinning technique is 
highlighted for designing complex structures at nanoscale with precise control of 
composition and morphology to specifically tailor the performance and functionality 
for particular applications. Electrospun nanofibers can be fabricated into mechanically 
strong secondary structures to produce advanced functional adsorbents for carbon 
capture. 

 

 

Author’s contribution 

I have examined the nanofibers produced by electrospinning technique for carbon 
capture.  
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Paper III 

Highly structured nanofiber zeolite materials for biogas upgrading 
Wenjing Zhang, Kritika Narang, Søren Bredmose Simonsen, Nadja Maria Vinkel, 
Mads Gudik-Sørensen, Li Han, Farid Akhtar and Andreas Kaiser 
Energy Technology, 2019, 8, 1900781 
 

 

Hierarchically structured porous adsorbents have immense importance in the industrial 
gas separation processes and have recently attracted considerable interest. Here, we 
report the use of a simple and one of the most versatile techniques, electrospinning to 
produce hierarchical zeolite composite nanofibers which were evaluated for their CO2 
separation characteristics. In this study, low cost, ZSM-5 nanopowder zeolite was 
selected and transformed into a composite nanofiber using polyvinylpyrrolidone (PVP) 
polymer. The ZSM/PVP electrospun nanofibers were further optimised by post-
thermal treatments in order to effectively remove the polymer that was blocking the 
micropores and hindering the access to gas molecules. This structural tailoring of 
composite nanofibers (ZSM/C ) results in a significant increase in specific surface area, 
30.4% higher than the non-structured ZSM-5 powder with the CO2 adsorption 
capacity of 2.15 mmol/g and CO2-over-CH4 selectivity of 20 calculated using ideal 
adsorbed solution theory (IAST).  

 

 
Figure 12: SEM micrograph of carbonised ZSM/C nanofibers (left) and breakthrough curve with 

inset of carbonised ZSM/C pellet (right). 
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For efficient use of these nanofiber composites in the lab-scale PSA unit, further 
pelletisation of nanofibers was carried out to impart additional strength and introduce 
additional macropores channels. ZSM/C composite pellets displayed high structural 
stability with a maximum tensile strength of 6.46 MPa and can easily sustain the rapid 
pressure swing involved in adsorption-desorption breakthrough cycles. The evaluated 
mass transfer coefficient for the ZSM/ C pellets is 1.24 m/s, higher than the 
commercialised binderless zeolites NaX granules (1.01 m/s, Paper I).  

 

Author’s contribution: 

I have investigated the textural and gas adsorptive properties. I have analysed 
adsorption isotherms and simulated the mass transfer coefficient from the breakthrough 
experimental data. I have also written adsorption related parts in the article including 
abstract and conclusion. 
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Paper IV 

Freeze granulated zeolites X and A for biogas upgrading 

Kritika Narang and Farid Akhtar 
Molecules, 2020, 25(6), 1378 

Versatile powder processing routes are available to form hierarchical porous structured 
adsorbents with high mass transfer, low-pressure drop, mechanical and chemical 
durability. Here, a robust freeze granulation technique was employed to shape 
traditional zeolite X and A powders into granules. Stable homogenous colloidal 
suspension of both zeolites NaX and CaA was formed using binders to impart 
additional mechanical strength. The suspension was transformed into homogenous 
granules of 2-3 mm in diameter by optimising the freeze granulation processing 
parameters such as airflow, stirring speed and suspension pumping rate. The single gas 
adsorption isotherms illustrated that NaX and CaA freeze granules showed CO2 
adsorption capacity of 5.8 and 4 mmol/g respectively with macroporosity of 77.9% 
and 68.6%, respectively. To evaluate the mass transfer kinetics, freeze granules were 
subjected to five cyclic adsorption-desorption breakthrough cycles. The CaA freeze 
granules have high mass transfer coefficient, 1.6 m/s higher than the previously 
reported for a freeze-cast zeolite A monolith129. 

 
Figure 13: SEM micrograph of CaA zeolite with the inset of CaA freeze granule (left) and mercury 

intrusion porosimetry for CaA freeze granule (right). 

 

Author’s contribution 

I have performed experiments, analysed the data and written the manuscript with the 
guidance of the co-author.  
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Paper V 

Inducing hierarchical pores in nano-MOFs for efficient gas separation 

Kritika Narang and Farid Akhtar 
Manuscript 

In gas separation application, hierarchical adsorbents are essential to improve mass 
transfer kinetics for the faster diffusion of molecules which can reduce cycle time and 
which results in higher efficiency. However, the studies on hierarchical 
nanostructuring of metal-organic frameworks (MOFs) including pores at all length 
scale are sparse. In this context, we report the hierarchical nanostructuring of Cu-
MOF using facile pathways for CO2 separation technology. Copper MOF nanocrystals 
were synthesised from two organic linkers, DABCO (1,4-diazabicylco[2.2.2] octane) 
and H2ADC (9,10 anthracene dicarboxylic acid). Use of mixed organic linkers depletes 
the local metal ion concentration, thereby arresting the growth of crystals and results 
in nanoscale MOFs. Furthermore, the synthesis was optimised to introduce mesopores 
with average pore size 27 Å to facilitate the CO2 mass transfer kinetics. The 
hierarchical Cu-MOF displayed a 41% higher BET surface area, with a 46% increase 
in volumetric CO2 uptake capacity, 2.58 mmol/g than the Cu-MOF. To incorporate 
pores of all length scales within a single adsorbent, the hierarchical Cu-MOF 
nanocrystals were structured into pellets to possess additional macropores in order to 
enhance the CO2 diffusion to the adsorption site. The 5 cyclic adsorption-desorption 
breakthrough experiment showed that the hierarchical Cu-MOF pellets possess high 
mass transfer coefficient, 1.8 m/s as compared to previously reported benchmark NaX 
freeze granules (1.3 m/s), signifying the incorporation of micro-, meso-, and 
macropores can significantly enhance the mass transfer kinetics in gas separation 
technology108. Additionally, hierarchical Cu-MOF pellets exhibit CO2 uptake capacity 
of 3.1 mmol/g at 293 K, 4 bar with stable CO2 breakthrough cycles. 
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Figure 14: N2 adsorption isotherm at 77 K; Cu-MOF (left) and hierarchical Cu-MOF (right) 

 with inset of DFT pore size distribution. 

 

Author’s contribution 

I have performed experiments, analysed the data and written the manuscript with 
guidance of co-author. 
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6. Conclusions  

 

RQ 1. How can pore-size tailoring improve the CO2-over-CH4 selectivity for 
commercialised binderless zeolite NaX and CaA ?  

The pore size in zeolite NaX and CaA can be precisely tailored using an ion-exchange 
process. Ion-exchange also gives the possibility to tailor the electric field gradient 
within a pore in order to manifest high CO2 interaction with exchanged cations. In 
this regard, potassium and cesium cations were ion-exchanged to alter the pore 
windows to achieve high steric selectivity in commercialised binderless NaX and CaA 
zeolites. Initially, NaX and CaA powders were ion-exchanged to determine the 
optimum combination of the CO2 adsorption capacity and CO2-over-CH4 selectivity 
and further used as guideline to optimise partial ion-exchange on commercialised 
binderless NaX and CaA granules. A systematic increment in the IAST (Ideal 
Adsorbed Solution Theory) CO2/CH4 selectivity was observed in NaX binderless 
granules after K+ cation exchange (NaK3.9X), followed by Cs+ cation exchange 
(NaK4.5Cs0.3X). The IAST (CO2/CH4) selectivity for NaX was 329, which was 
increased to 384 for NaK3.9X and finally reached 525 for optimum partial ion exchange 
NaK4.5Cs0.3X binderless granules. A similar trend was observed for CaA ion-exchanged 
binderless granules where the IAST selectivity (CO2/CH4) from 542 (CaA) increased 
to 906 for CaK2.6A and finally to remarkable 1775 for the optimum partial ion-
exchange CaK2.5Cs0.2A. The ion exchange NaX and CaA binderless zeolites displayed 
high mechanical strength of 2 MPa and 1.3 MPa respectively in order to sustain rapid 
pressure swings in 5 adsorption-desorption breakthrough cycles. Additionally, mass 
transfer coefficient was evaluated from breakthrough data and was found to be 0.41 
m/s for NaK4.5Cs0.3X and 0.13 m/s for CaK2.5Cs0.2A binderless granules. 

 

RQ 2. How can hierarchical structuring enhance the kinetics in the selected 
adsorbents?     

Structuring the crystalline powders into hierarchical porous forms can facilitate the 
CO2 separation by enabling rapid mass transfer, low-pressure drop within the PSA 
column, better thermal management and high mechanical strength. Hierarchical 
porous structures possess pores at various length scales, which alters the gas diffusion 
kinetics. We have reported freeze granulation as being a favourable technique, which 
enables the optimisation of processing parameters to transform powders into 
homogenous granules. The obtained hierarchically structured NaX and CaA freeze 
granules of 2-3 mm in diameter exhibit macroporosity of 77.9% and 68.6%, 
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respectively. Additionally, zeolites’ individual morphology and crystallinity were 
preserved in the NaX and CaA freeze granules with a CO2 uptake capacity of 5.8 
mmol/g and 4 mmol/g, respectively. The cyclic adsorption-desorption breakthrough 
experimental studies were conducted to estimate the CO2 separation performance and 
showed that both granules possess a sharp breakthrough curve, implying low mass 
transfer resistance. The NaX and CaA freeze granules showed high mass transfer 
coefficients of 1.3 m/s and 1.6 m/s due to the presence of large macropores generated 
by ice templating during freeze granulation/drying process. This suggests that the 
freeze granulation process was able to create homogenous porous granules including 
additional macroporosity which enhance the CO2 mass transfer from gas phase to the 
adsorbed phase.  

Similarly, the electrospinning technique was also used to structure nano-ZSM-5 
powder into nanofibers which further undergo post-carbonisation processing to 
fabricate mechanically robust pellets. The carbonised ZSM nanofibers showed a 30.4% 
increment in the BET surface area with the CO2 uptake capacity of 2.15 mmol/g at 
293 K. The cyclic adsorption-desorption breakthrough test of the carbonised ZSM 
pellets showed high mass transfer coefficient of 1.24 m/s, suggesting that 
electrospinning with post thermal treatments can facilitate the CO2 separation from 
gas mixtures. 

 
RQ 3. Is it possible to incorporate pores at all length scales within a single 

nanostructured adsorbent to develop high-performing material with enhanced 
CO2 separation kinetics?  

To realise the efficiency of the multimodal pore network for CO2 separation kinetics, 
hierarchical porous MOF nanocrystals were synthesised using facile solvothermal 
synthesis. The synthesis was further optimised by varying the solvent amount to obtain 
additional mesopores with an average pore size of 27 Å. The existence of micropores 
and mesopores within the nanocrystals was clearly signified from the sharp N2 uptake 
at low-pressure regime and a step in adsorption isotherm (Type IV), respectively. For 
easy access of CO2 molecules to these micropores and mesopores, additional 
macropores were induced in the pelletisation step. In breakthrough experiments 
hierarchical Cu-MOF pellets showed high mass transfer coefficient of 1.8 m/s, higher 
than the benchmark zeolite X and A as reported earlier108, which clearly suggests that 
hierarchical porous structures including micro-, meso-, and macropores could 
facilitate the diffusion of CO2 to the adsorption sites. 
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7. Future scope 

 

 

The reported structured adsorbents in this work showed remarkable CO2 adsorption 
capacity and selectivity with high mass transfer kinetics. It would be interesting to 
further investigate the influence of humidity and H2S on the structure stability and 
CO2–over-CH4 selectivity. In addition, it will be valuable to complement the reported 
results with the CO2 diffusivity values, to further develop our understanding on mass 
transfer kinetics in complex pore networks. 

The experiments have shown that the hierarchical structured adsorbents contribute 
significantly to enhancing the mass transfer kinetics in the adsorption driven 
technology. However, it will be interesting to carry out a detailed comparison of 
differently structured adsorbents and estimate the overall efficiency in terms of CO2 
capture, gas selectivity, mass transfer kinetics including capital and operational 
expenditure. Complementarily, more efforts are required in scaling up the structuring 
process with the aim of achieving low-cost and high-performance adsorbents for 
industrial gas separation application. 

Finally, for the biogas upgrading industry, it would be valuable to expand our research 
on PSA process optimisation for hierarchical structured adsorbents and the work 
carried out in this project can help in reaching that goal. It would also be beneficial to 
develop advanced computational methods for predicting the hierarchical structured 
adsorbent’s efficiency in biogas upgrading small and large plants. 
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