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Abstract

Biogas is a promising alternative fuel with low CO2 emissions and high 
market potential due to the abundance of organic biomass. Despite being 
a renewable form of energy, biogas consists of 40-45% CO2, which lowers
its calorific value [1]. Various porous materials have been tailored to 
adsorb CO2 gas from the biogas stream to obtain 95-97% biomethane. 
Zeolites are one of the promising porous materials that can contribute 
remarkably in the upgrading process by selectively adsorbing the CO2 gas 
from biogas [2]. 

The aim of this thesis is to develop hierarchical structures by novel 
approaches to enhance their CO2 adsorptive properties. The first part of 
the study addresses the tailoring of zeolites NaX and CaA binderless beads 
using the ion-exchange process to acquire high CO2 adsorption capacities
of 5.1 mmol/g and 4.3 mmol/g at 298 K with the high mechanical strength
of 2 MPa and 1.3 MPa respectively. The ion-exchange process was 
optimized for NaX and CaA zeolite to obtain high CO2-over-CH4

selectivity of 525 and 1775 respectively. The breakthrough experiments 
show that the partially ion-exchanged zeolite NaX has high mass transfer 
kinetics with a CO2 uptake rate of 2.8 mg of CO2/g/s as compared to the 
zeolite CaA binderless beads.

The second part dealt with the structuring of zeolites using freeze 
granulation and electrospinning techniques. The freeze granulation 
process was optimized to form granules of 2-3 mm in diameter from NaX 
and CaA zeolite powder. The CO2-over-CH4 selectivities were 
investigated using Henry’s law and it shows that the NaX granules offer 
high selectivity of 214 than the CaA granule, 172 at 273 K and 100 kPa. 
No physical damage was observed when the granules were subjected to 
five cyclic breakthrough adsorption-desorption experiments at 4 bar. In 
addition, NaX granules offer a high uptake rate of 3.6 mg of CO2/g/s with 
a mass transfer coefficient of 1.3 m/s as compared to the CaA granules.

To move further in structuring techniques, electrospinning was used to 
fabricate hierarchical porous structures. ZSM-5 nanofibers composites 



were developed from the ZSM-5 nanopowder and polyvinylpyrrolidone
(PVP) polymer. Two-step post thermal treatment were carried out: Pre-
oxidation and carbonization on ZSM-5 nanofibers composites to form 
mechanically strong composite structures. The post-carbonized structures 
showed a 30.4% increase in specific BET surface area than the ZSM-5 
nanopowder with the CO2 uptake of 2.15 mmol/g. To investigate the 
CO2 separation properties, secondary pellet structures were developed 
with a tensile strength up to 6.46 MPa. The CO2 uptake rate for pellets 
was 2.3 mg of CO2/g/s without any performance decay after the first cycle 
with the simulated mass transfer coefficient of 1.24 m/s. 
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1 Introduction
Introduction to the research project 

Upgrading the biogas to biomethane, (≥95 vol%) is a vital step for using 
it efficiently in heat, electricity generation, natural gas grids or as a fuel. 
Removal of CO2 from the biogas is one of the main upgrading steps as 
biogas contains 40-45% of CO2, depending on its source. The most 
promising industrial solution for the CO2 removal from the biogas is based 
on adsorption phenomena by porous materials. Amongst the porous 
materials, zeolites are one of the most promising candidates for CO2

separation with efficient use in pressure swing adsorption (PSA) 
technology. Various hierarchical porous structures using zeolites have 
been designed for the efficient separation of CO2 from the raw biogas to 
obtain biomethane. Therefore, structured and tailored zeolites have been 
rigorously investigated for achieving high CO2 adsorptive properties.

Aim and objectives of the project
The project aims to design hierarchically porous structured adsorbents 
from zeolites with tailored CO2 separation performance for the upgrading 
of raw biogas to biomethane. Zeolites are produced in the form of 
powder and require secondary processing to produce structured forms for 
an efficient adsorption performance. The optimally structured zeolites 
show high mechanical and chemical stability and can offer low mass 
transfer resistance and low-pressure drop to enhance the CO2 separation 
performance in the biogas upgrading process. Low-cost zeolites A, X, and 
ZSM-5 were selected and their CO2 adsorptive properties were tailored 
with the aim to reduce the upgrading cost in adsorption-driven biogas 
upgrading system
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Research questions
The research questions addressed in this work are as follows:

• Can partial ion-exchange of the zeolite A and X enhance the 
efficiency in the biogas upgrading process?

• How the ion-exchange influences the adsorptive properties, mass 
transfer kinetics and mechanical strength of zeolite binderless beads?

• Is it possible to optimize the ion-exchange process to achieve high 
CO2-over-CH4 selectivity while keeping the CO2 adsorption 
capacity and mechanical strength?

• Can freeze granulation process be optimized to produce homogenous 
granules from A and X zeolite powders?

• How the electrospinning of nanopowders of zeolites into nanofibers 
influence the adsorptive properties?

• Did the fabricated secondary structures after the post treatments of 
zeolite composites enhance the CO2 separation efficiency? 
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Fossil fuels to biogas
Long-term extraction and the usage of fossil fuels have posed constraints 
on the global economy and the global climate up until today [3]. The 
combustion of fossil fuels is a significant contributor to the CO2 emissions 
in the atmosphere and about 88 % of energy demands were fulfilled by 
fossil fuels in the last decade [4]. The exhaustion of fossil fuels was
extensively analyzed with intensive comparative assessments in the past to 
develop alternative resources for energy production. There is a need to 
replace fossil fuels and transits towards low carbon renewable energy to 
remove sustainable threats to human society.

The utilization of renewable sources depends on various factors such as 
countries’ policies, their geographical positions, legislations, etc. [5]. Due 
to the abundance of biomass, biogas is one of the promising energy 
sources in order to reduce greenhouse gas emissions and replace fossil 
fuels. Biogas production is low-cost and offers various advantages over 
other renewable sources such as a reduction in soil and water pollution, 
etc. To facilitate sustainable energy production, biogas is used for heat and 
electricity generation, cooking, and as fuels. Therefore, significant efforts 
have been made by Europe to use biogas/biomethane as an alternative 
renewable fuel. Figure 1 shows the potential of biogas and biomethane in 
2010, 2020 and 2030 [6].
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Figure 1: The potential of biogas (below, grey) and biomethane (above,    
green) for 2010, 2020 (estimated) and 2030 (estimated). **projected
potential share of total biogas upgraded to biomethane.

1.4.1 Biogas production and composition
Biogas is produced by anaerobic decomposition of organic matter
including various complex processes involving different microbial 
activities to be used in vehicle fuel, heat and electricity generation, etc.
(Figure 2). The anaerobic digestion procedure offers notable advantages 
over the other bioenergy production methods such as high-energy
efficiency and sustainability [7]. After the production of biogas using the 
anaerobic digester, the residue can be used as a fertilizer for crops, which
further makes the production of biogas more sustainable to the 
environment [4]. Biogas production involves complex processes 
including various consortia of microorganisms and is divided into four 
steps namely, hydrolysis, acidogenesis, acetogenesis, methanogenesis
[8,9]. In the end, a raw gaseous stream of biogas consists primarily of 
methane with a substantial amount of CO2 (~ 40 %) including trace 
amounts of water vapor, siloxanes, hydrogen sulfide, ammonia, etc. The 
final composition of the biogas mainly depends on the source of the 
organic matter as well as on the process design. 

12
18

300.3
6.5

18

0

10

20

30

40

50

60

2010 2020 2030

Bi
lli

on
 N

m
3 /

ye
ar

Year

Biogas/biomethane production

Biomethane

Biogas
2 % **

26 % **

37.5 % **



Kritika Narang Licentiate Thesis

5

Figure 2: Representation of biogas production with its various applications.

In Table 1, different sources with their biogas composition are shown 
[10-12]. One major drawback associated with the biogas production is 
that it produces many impurities such as carbon dioxide, hydrogen sulfide, 
siloxanes, ammonia, nitrogen, etc. Therefore, it is important to upgrade 
the biogas to biomethane to use it efficiently in various sectors. 

Table 1: Composition of biogas produced from different sources.

Composition
of Biogas 

Sewage Organic 
waste

landfills Natural 
gas

CH4 (vol%) 55-65 60-70 30-65 81-89

CO2 (vol%) 35-45 30-40 25-47 0.67-1

N2 (vol%) <1 <1 <1-15 0.28-14

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

H2S (ppm) 0-2000 0-2000 30-500 0-2.9

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

Total chlorines 
(mg/Nm3)

<0.25 <0.25 0.3–225 NA

Siloxane 
(µg/g-dry)

<0.08–
0.5

<0.08–0.5 <0.3–36 NA



Kritika Narang Licentiate Thesis

6

Techniques for biogas upgrading
Upgrading of biogas mainly refers to the removal of impurities from the 
biogas stream to get biomethane. Table 2 shows the impurities present in 
biogas with its consequences [11-15]. 

Table 2: List of impurities with its consequences in the upgrading process.

Impurity Probable consequence
H2O Corrosion in storage tanks, compressors, 

pipes due to reaction with CO2, H2S and 
NH3 to form acids

H2S Degrade the compressors, gas storage 
tanks, and engines
Forms SO2 and SO3 during combustion

CO2 Lowers the calorific value

Siloxanes Forms SiO2 and microcrystalline quartz
which erodes the surface due to 
deposition at spark plugs, valves, etc.

NH3 Corrosion with water

Cl-, F-, 
hydrocarbons

Can corrode combustion engines
Toxic

1.5.1 Removal of small impurities
Various technologies have been developed so far to remove all the 
impurities from the biogas. Some impurities with their removal processes
are mentioned in Table 3 [16-21].
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Table 3: Impurities from biogas with its possible removal processes.

Impurity Removal process
H2O Physical drying via condensation

Chemical drying

H2S Absorption with liquids, membrane 
separation, adsorption, biological processes, 
adsorption on activated carbon, etc. 

Siloxanes Physical absorption, chemical absorption

Halogenated 
carbon hydrates

Adsorption

NH3 Electrochemical conversion, ultrasound 
treatment, air stripping, the adsorption 
process 

O2 Molecular sieves, membranes, or cryogenic 
separations; 
Catalytic reduction 

1.5.2 Removal of Carbon dioxide
The CO2 content in the biomethane must be less than 3 (vol%) as per the 
required specifications of pipelines whereas a typical vehicle fuel specifies
the combined CO2 and N2 content must be in the range of 1.5-4.5 (vol%)
[22]. Various methods for removal of CO2 is described below:

Water scrubbing: Water scrubbing technology utilizes the 
phenomenon of higher CO2 solubility in water than CH4. In this process, 
biogas is compressed up to a pressure of 10-20 bar at 40 °C in a vertical 
column and water is introduced in countercurrent flow from the top of 
the column. The column is usually filled with unstructured packing 
material to enhance the interface area for boosting the CO2 absorption
[23]. 

Chemical scrubbing: In the chemical scrubbing method, instead of 
water another solvent is used with high affinity towards CO2 that results 
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in higher CO2 absorption. Commonly, monoethanol amine (MEA),
diethanol amine (DEA), diglycol amine can be used as an absorbents. 
Nowadays, industries are mainly using activated methyldiethanolamine 
(aMDEA), which is a mixture of methyldiethanolamine (MDEA) and 
piperazine. 

Membrane Technology: Use of membranes for gas separation began in 
the early 1980s, to separate a binary mixture of CH4 and CO2. Membrane 
technology consists of two separation processes: (1) gas-gas separation, 
where gas phase exists on both the sides of the membranes and (2), gas-
liquid absorption separation, where the gas phase is on one side and liquid 
phase on the other side of the membrane. Membrane separation process 
works on various mechanisms such as size exclusion (molecular sieving), 
mean path difference (Knudsen diffusion), etc.

Biological methane enrichment: In 1995, Strevett et al. investigated 
the biological approach to purify biogas using the anaerobic 
chemoautotrophic process to remove CO2 and H2S and studied the 
mechanism and kinetics behind it [24]. In the biologically derived 
methane enrichment, CO2 and H2 produced during the anaerobic 
digestion of the organic matter is consumed as a carbon source and 
electron source respectively by the hydrogenotrophic methanogens. 

Cryogenic Technology: Methane and carbon dioxide gas can be 
separated from each other using their difference in their boiling point. 
Methane and carbon dioxide boils at -160 °C and -78 °C at atmospheric 
pressure, respectively. This opens up the possibility of separating both the 
gases by cooling or compressing the biogas.

Pressure Swing Adsorption (PSA): PSA technology works on the 
selective adsorption of the desired gas (e.g. CO2) from the gas mixture 
(e.g. biogas) by the porous adsorbents and recovers the adsorbed gas at 
low pressure. The compressed biogas is fed to the adsorption bed, where 
the porous adsorbents such as activated carbon, silica gel, alumina or 
zeolite are situated and afterward, pure methane is collected at the top of 
the bed (Figure 3) [25]. 
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Figure 3: Schematic representation of PSA unit [26,27].

The adsorption process in PSA can be equilibrium based i.e. adsorbent 
has high CO2 adsorption capacity or based on kinetic selectivity where 
due to the difference in the diffusion rates of CO2 and CH4, adsorbent 
adsorbs CO2 faster. Presence of H2S in the biogas can irreversibly damage 
the molecular sieves; therefore, it is important to pre-separate it from the 
biogas before upgrading it with the PSA unit [28]. The PSA process 
requires dry gas; hence, the crude biogas must be free from water. 

After all the multistep removal processes, the biogas is transformed into 
biomethane with >95 vol% CH4. While, selection of the appropriate 
technology for CO2 adsorption depends on various factors such as the 
scale of the production, individual needs of biogas facilities, application of 
upgraded biogas, etc. In Table 4, the pros and cons of the various CO2

separation technologies are listed [13,29,30]. 
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Table 4: Various CO2 removal technologies with their advantages and 
disadvantages.*OPEX- Operating expenditure, CAPEX- Capital expenditure, methane 
slip (%)- Percentage of methane escapes in the atmosphere during the biogas upgrading 
process. 

Technology Advantages Disadvantages
Water 
scrubbing

High efficiency (up to 98%)
Removal of H2S 
concurrently, 
Methane slip* (<2%)

High OPEX*

Creates foam, slow process, 
Accumulation of Sulfur, 
Clogging 

Chemical 
scrubbing

High efficiency (>99 %)
Low methane slip* (<0.1%), 
CO2 absorption is higher 
and faster than water 
scrubbing

Corrosion, precipitation of 
salts, Decomposition of 
amine by O2, Expensive 
regeneration
Residual waste treatment is 
needed

Physical 
scrubbers

Higher absorption than 
water scrubbing process
High efficiency (>95 %)
Low methane slip* (<0.1 %)

Solvent regeneration is 
troublesome in the presence 
of H2S

PSA High efficiency (95-98 %), 
low energy consumption, 
removal of H2S, resistant to 
impurities 

Deterioration of valves with 
time

Membrane-
based
Technology

Quicker installation and 
startup, efficiency >96 %
Simple operation, scale up 
flexibility, no use of 
hazardous chemicals

CH4 losses, multiple steps
required for high purity, 
High OPEX*

Biological 
removal

Removes H2S and CO2

Low energy requirements
No unwanted end products

Lab scale, additional H2 is 
required, a trace amount of 
O2 and N2 are left

Cryogenic 
separation 

Efficiency 90-98 %
Recovery of pure CO2

High CAPEX*
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The PSA process acquired a lot of interest due to low capital investments. 
PSA can be efficiently used in large-scale production of biomethane as 
compared to membrane-based technology. Moreover, PSA technology is 
able to reduce the level of oxygen to 0.2-0.5% by volume whereas other 
processes like physical scrubbers will not remove oxygen. Oxygen can 
damage the amine irreversibly in the amine scrubbing process. 
Additionally, PSA technology has the ability to remove the nitrogen 
depending on the adsorbent used, while other mentioned technologies
do not remove the nitrogen in their standard configuration. Due to the 
above-mentioned reasons as well as low energy requirements with fast 
regeneration procedure, PSA is one of the most used commercial 
technology for biogas upgrading.       

Many of the removal technologies use porous materials to upgrade the 
biogas to biomethane. Continued development has been made to develop 
a highly efficient CO2 capture material for the separation process and 
sequestration. Research is still ongoing to develop the best porous 
material for PSA technology.

Porous Materials
Porous materials such as activated carbon, metal-organic frameworks, 
carbon molecular sieves, zeolites, etc. have a high specific surface area 
with large pore networks and are extensively used in gas separation 
technologies [31]. Porous materials are classified into three main groups:

a) Microporous - less than 2 nm
b) Mesoporous - between 2-50 nm
c) Macroporous – greater than 50 nm

An optimum porous adsorbent for the CO2 separation must have high 
CO2 adsorption capacity, high selectivity, rapid mass transfer kinetics, etc. 
Few of the porous materials are briefly discussed further in accordance 
with its high CO2 capturing properties.

Porous carbon

Porous carbon materials have gained a lot of research interest due to the 
ease in tailoring their porosity, surface characteristics, adsorption 
properties, etc. One of the most widely used porous carbon is activated 
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carbon. Activated carbon has a high specific surface area and high
micropore volume. M. Sevilla et al. have shown a promising approach in 
synthesizing N-doped activated carbon with a high surface area of 2400 
m2/g with a pore volume of 1.2 cm3/g, resulting in a high CO2 uptake 
of 7.4 at 0 °C and 1 bar [32]. Carbon molecular sieves (CMS) are other
porous materials, which are formed by the controlled pyrolysis of a 
polymeric precursor. CMS with well-developed narrow and 
homogenous micropores offers high CO2 adsorption [33]. Similarly, J.S. 
Albero et al. have compared well-developed CMS with the well-known
MOF-177 and MOF-200 and shows that CMS with high micropore
volume exceeds the CO2 adsorption capacity as compared to the best 
known MOFs [34]

Metal Organic Frameworks (MOFs)

Metal-organic frameworks are 3-dimensional crystalline organic and 
inorganic hybrid material with tunable pore size. MOFs possess 
tremendously high surface area (up to 7000 m2/g), high porosity and low 
crystal density [35]. S. Couck et al. have reported remarkably enhanced 
CO2/CH4 selectivity for MIL-53 after the effective functionalization with 
amino groups [36].

Zeolites

In the 18th century, Swedish mineralogist, Axel Fredrik Cronstedt 
observed a large amount of steam coming out from the mineral when 
heated in blowpipe flame and coined it ‘zeolite’, which is derived from 
two Greek words, ‘zeo’ and ‘lithos’ meaning “to boil” and “a stone”
respectively. Zeolites are porous crystalline aluminosilicates consisting of
a framework of voids and channels. They are composed of infinitely 
extending three-dimensional networks of SiO4

4- and AlO4
5- tetrahedra 

connected to each other by the sharing of oxygen atoms, which leads to 
an anionic framework. This negative charge is compensated by the 
presence of extra-framework exchangeable cations such as Na+, H+, Ca2+, 
etc. within the pores. The general empirical formula for aluminosilicate 
zeolites is expressed below. The guest species is written between the 
braces, | | and the host framework is written between the square brackets,
[ ].
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|Mx/n (H2O)w|[(AlO2)x (SiO2)y]

Where M represents an extra-framework cation containing n valence 
electrons, w is the number of adsorbed water molecules and y/x gives the 
Si/Al ratio of a zeolite. Zeolites are a promising candidate in separating 
CO2 from biogas and can be potentially used in PSA technology [37-41]. 
The advantages and disadvantages of a few porous materials are described 
in Table 5 [35,42,43].

Table 5: Porous materials with their pros and cons.

Porous 
Material

Pros Cons

Activated 
carbons

Cheap raw material, low 
regeneration temperature

Amorphous, broad
pore size distribution, 
very low molecular 
tunability, limited 
structural diversity, 
low CO2 uptake

Metal-
organic 
frameworks

Broad structural diversity, 
crystalline, high surface area, 
high porosity, the high scope 
of tailoring, narrow pore size 
distribution

Low thermal stability, 
expensive synthesis

Zeolites Crystalline, thermally and 
chemically stable, fast 
adsorption kinetics, ion 
exchange property, easy to 
structure, well-defined pore 
size, narrow pore size 
distribution, high CO2

adsorption uptake

Poor stability under 
moisture

Figure of merit

Various numerical models have been defined for the screening of the 
adsorbents for CO2 separation using PSA technology [44]. These 
numerical models are often called a figure of merit. Rege et al. proposed 
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a figure of merit to screen the adsorbents for binary gas separation in the 
PSA system based on the equilibrium adsorption capacities [45]. The 
model described below, is used for the selecting adsorbents for CO2 gas 
separation from CH4 for PSA system.

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶2
𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶4

𝛼𝛼 (1)

In equation (1), 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶2 and 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶4 are working capacities of carbon 
dioxide and methane respectively, defined by the difference in their 
equilibrium capacities between 0.1-1 bar at 293 K and 𝛼𝛼 is the IAST 
selectivity for the CO2/CH4 (50%/50%) mixture.  

Using the above knowledge, an extended figure of merit, F is described 
in equation (2)* on the basis of working capacities; WA and WB, 
adsorbent’s half time; t1/2, the heat of adsorption;△ 𝐻𝐻𝑎𝑎, regeneration 
time; 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑, methane slip, a function of IAST CO2-over-CH4 selectivity 
(𝑓𝑓(S)). The figure of merit value also depends on available gas data and 
weight functions (C1, C2, C3 and C4).

𝐹𝐹 = 𝐶𝐶1
𝑓𝑓(𝑃𝑃)𝑊𝑊𝐴𝐴

𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑|△𝐻𝐻𝑎𝑎| + 𝐶𝐶2
1
𝑊𝑊𝐵𝐵

+ 𝐶𝐶3𝑡𝑡1
2

+ 𝐶𝐶4
1
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

*Equation contribution from the HiGradeGas project

(2)

Zeolites for CO2 adsorption
Zeolites are traditionally used as an adsorbent for gas separation due to its 
unique property of molecular sieving. A comparative study was carried 
out by the Siriwardane et al. for various commercially available zeolite
such as 4A, 13X, APG-II, WE-G 592 and concluded that the CO2

adsorption capacities are greatly affected by the framework characteristics. 
They also reported that the 13X zeolite performed better with the highest 
adsorption capacities than the other studied materials [46]. Tezel in his 
study showed the complete recovery of the adsorbed CO2 from the 13X 
zeolite without any significant change in the isotherms [47]. Similarly, 
Ruthven reported that the amount of residual CO2 is negligible (ca. 0.1 
mmol/g) in the X zeolite [48]. This implies that zeolite X is capable of 
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performing cyclic adsorption-desorption experiments for the gas 
separation application. Joe McEwen also carried out a comparative 
studied on ZIF-8, 13X zeolite and BPL activated carbon based on IAST 
calculations and shows that the 13X zeolite has a significantly higher 
CO2/CH4 selectivity amongst other studied adsorbents [49]. Moreover, 
the selectivity of 23 was obtained at 0.95 CH4 mole fraction, greater than 
the previously reported MOFs such as HKUST-1 and Mg2(dobdc) [49-
51]. Furthermore, Masoud et al. studied 5A zeolite for CO2 and CH4

gaseous mixtures and shows that the 5A zeolite is highly selective towards 
the CO2 [52]. Additionally, Bacsik et al. have investigated the CO2 and 
CH4 separation characteristics for the LTA type zeolite and concluded 
that with modified |Na12−x Kx|-LTA type zeolite, quite low methane slip 
can be achieved with high CO2/ CH4 selectivity [53]. Ammonium ZSM-
5 is also considered as a reference in various studies as it contains a 
network of narrow micropores [54]. Furthermore, amine impregnated 
ZSM-5 composites has shown high CO2 uptake of 5.32 mmol/g [55].
Due to the low-cost and high tailoring/structuring possibilities, zeolite X, 
A and ZSM-5 were developed to enhance their CO2 adsorptive 
properties.

Tailoring of zeolite 
Zeolite can be precisely tailored in different ways to obtain desired 
properties such as improved crystal morphology and porosity. The 
traditional methods for tailoring the porosities were the post-treatments
on the zeolites such as thermal treatments, acid treatments, etc. [56-59]. 
Moreover, the nature and the local properties of the active site of the 
zeolite can also be tailored using different synthesis approach. Through 
the various synthetic approach, nanozeolite can be prepared with a size of
less than 200nm by influencing the nucleation and crystal growth [60]. 
Hongbin Zhang et al. have tailored the crystallization process of ZSM-5 
by an easy, salt-aided, seed-induced method for selectively managing the 
morphology and architecture of the ZSM-5 crystals [61]. Furthermore, 
Sergio Fernandez et al. reported the top down base leaching approach to 
tailor the mesoporous size (2-8 nm) in beta zeolites, without affecting its 
microporosity [62]. Similarly, Yang Zhao et al. modulated the porosity of 
MTW zeolite mesocrystals by changing the H2O/silicate ratio to control 
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the crystallization kinetics [63]. For tailoring the adsorption properties of
zeolites, the ion-exchange is one of the robust methods.

1.8.1 Ion exchange in zeolites
Most of the zeolites have an intrinsic property of ion exchange, which
can modify their gas adsorption properties. The ion exchange 
characteristics in zeolites emerge from the consequence of isomorphous 
replacement.  In this substitution, silicon atoms are replaced by aluminum 
atoms and give rise to a negative charge on the zeolite framework, which
can be neutralized by the presence of extra-framework cations within the 
pores of the zeolites. This phenomenon has given rise to the possibility of 
ion exchange in zeolites. Ion-exchange process is established from the 
equilibrium and kinetic thermodynamic interpretation. When a zeolite 
comes in contact with a solution containing ions, an ion-exchange process 
will occur until the equilibrium is established, resulting in the 
redistribution of the ions within the solution phase and the zeolite. The 
rate-determining step is the particle (cations, water molecules, cation-
water complexes) diffusion process. 

Cation exchange within an ion exchanger depends on the properties of 
the ion exchanger as well as the nature of the cation species such as charge, 
size, etc. Environmental conditions of the ion exchange process such as 
temperature, type of solvent, the concentration of the cationic species, 
etc. can influence the ion exchange process. The ion exchange process 
can be represented as:

ZBAZA + ZAB�ZB ↔ ZBA�𝑍𝑍𝐴𝐴+ZABZB (3)

According to the above equation, A and B symbolizes ions with ZA and 
ZB valencies respectively. Symbols with the bar represent the cations in 
the zeolite framework. Initially, AZA is in the solution (entering ion) and 
BZB is initially in the zeolite crystal (exiting ion). Figure 4, shows an ion-
exchange of Na+ cations in NaX zeolite with Cs2+ cations.
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Figure 4: Ion exchange in NaX zeolite (picture is taken from the web and 
modified) [64]. 

Structuring of zeolite

Need for structuring 

Using material as a powder in the biogas upgrading system offers some 
drawbacks such as fluidization bed, high-pressure drop, etc. Due to the 
high particle attrition rate in powders, the significant pressure drop is 
noticed in the PSA bed, which in turn requires more power to maintain 
the constant flow and thereby increases the maintenance cost and energy
[65]. Keeping this in mind, structuring the powders into pellets, granules,
etc. enhances overall performance in terms of better flowability, low-
pressure drop, rapid mass transfer and leads to the low-cost CO2 capture 
technology while addressing the issues of conventional powders [66,67].
The pressure drop across the bed (length L) needs to be minimized and is 
given by equation (4) [68].

∆𝑃𝑃
𝐿𝐿

= 150
(1 − 𝜀𝜀)2

𝜀𝜀3
𝜇𝜇
𝑅𝑅𝑝𝑝2

𝑈𝑈 + 1.75
(1 − 𝜀𝜀)
𝜀𝜀3

𝜌𝜌
𝑅𝑅𝑝𝑝

𝑈𝑈2 (4)

Where 𝜀𝜀 reperesents the void fraction, 𝜌𝜌 is the density, 𝑅𝑅𝑝𝑝 stands for the 
granular diameter, µ is the viscosity of the gas and U represents the 
superficial gas velocity. According to the above equation, the large void 
fraction and bigger granule size is needed for a low-pressure drop in a 
PSA bed. 

Structuring the adsorbents also offer a better gas-solid contacting strategy 
for efficient CO2 capture. Efficient processing and structuring will result 
in robust, dust free and attrition resistant gas adsorbents with rapid 
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dynamics and enhanced mechanical strength [44]. It also enhances the
efficiency and reliability of the gas separation systems.

Various investigations have been done on structured zeolite to enhance 
the high CO2-over-CH4 selectivity. Farid Akhtar et al. have reported the 
strong binderless NaX zeolite laminates prepared using pulsed current 
processing with biaxial strength of more than 3 MPa. These laminates 
show high CO2 adsorption of 5 mmol/g (298 K at 1 bar) as well as CO2-
over-CH4 selectivity of 96 with rapid swing adsorption process. Harshul 
Thakur et al. have fabricated 3D-printed zeolite monoliths of 13X and 
5A and evaluated that the mechanically stable monoliths have similar CO2 

adsorption to their powder counterparts with relatively rapid dynamics in
structured monoliths. Farid Akhtar et al. prepared the hierarchal porous 
13X binderless zeolite monolith by colloidal processing and optimized it 
by thermal treatment to obtain improved CO2 capturing performance of 
6.62 mmol/g at 0.29 relative pressure [69].

1.9.1 Various structuring techniques
Structuring is achieved by various processing techniques such as colloidal 
processing, sacrificial templating, coatings, extrusion, etc. (Figure 5). The 
overall processing steps include a) the making of suspensions by mixing 
the powder with the organic and inorganic additives, b) structuring it in 
the desired shape and c) removing the additives by the thermal treatment 
to obtain mechanically strong structured adsorbent.

Pulsed current processing, hydrothermal transformation results in
mechanically strong structures while using small amounts of inactive 
binders [70]. Extrusion is one of the structuring methods, which is widely 
accepted in industries and can process mechanically strong and attrition 
resistant pellets, honeycomb structures, granules, etc. [71] Colloidal 
processing and casting of porous powders are one of the industrially used 
techniques to structure the porous powders via tape casting, gel casting,
etc. Another method is a coating of scaffold and honeycombs to prepare 
the structured adsorbents with the rapid mass transfer kinetics and low-
pressure drop. The coating on ceramic foams with active porous materials
yields high mechanical strength with low-pressure drop [72, 73]. To 
obtain the structured material in wide scale range, commonly the 
sacrificial templating processing method is used. Furthermore, freeze 
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casting is one of the techniques where porous powders are shaped in 
highly porous anisotropic structures [74]. 

Figure 5: Representation of various structuring processes [44].

Various granulation techniques also exist such as freeze granulation, steam 
granulation, thermal granulation, steam drying, spray drying, etc. 
Amongst all these granulation techniques, freeze granulation was the most 
promising technique. Granules formed from the freeze granulation 
process have narrow pore size distribution, high porosity, and improved
flowability with rapid mass transfer and diffusion kinetics. Freeze 
granulation process requires low energy input as compared to other 
techniques. 
Electrospinning is a widely used versatile technique to produce fibers at 
the nanoscale of synthetic/natural polymer, metals, ceramics and 
composite systems using high potential electric field. Due to this unique 
offering, there has been a tremendous increase in the research field as well 
as commercially over the past decade [75-78]. Moreover, this technique 
is regarded as one of the promising methods to develop materials at large 
scale with characteristics of large surface area and good permeability 
together with the unique capability of controllable pore structure [79, 80].

1.9.1.1 Fabricating binderless beads
Recent advances have been made in designing of binderless beads, where 
the binder is transformed into an active adsorbent leading to the 
fabrication of the binderless beads [81]. The post manufacturing 
procedure is carried out by the hydrothermal process to convert the 
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temporary binder into an active adsorbent [82]. This enhances the 
adsorption properties of the structured binderless beads.

1.9.1.2 Freeze granulation technique
The aim of the process is to produce free-flowing granules with even 
distribution of binders and particles. The powders must be well dispersed
with binders in water to obtain a homogenous suspension, which is
further pumped into spray nozzle and is atomized into fine droplets by 
the application of airflow. The suspension droplets fall into liquid nitrogen 
and result in instantaneously frozen granules. Afterward, the granules are 
freeze-dried via sublimation. The ice in the granule is sublimated, leaving 
behind ice-templated pores.  This freeze-drying process prevents the 
segregation of the binders or migration of binder with small particles to 
the circumference of granule due to the limitation in diffusion dynamics, 
from the conventional drying procedure such as spray drying. Therefore, 
it avoids the possibility of having granule shrinkage and formation of hard 
shells. The freeze granulation process is shown in Figure 6.

Figure 6: Schematic representation of freeze granulation process.

The role of the binder is to amplify the powder compaction as well as to 
enhance the strength of the formed granules. Modification in the solid 
loading in the suspension can affect the density of the formed granules 
whereas suspension rheology, suspension flow rate and the applied air 
pressure is responsible for the size and shape of the formed granules.
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1.9.1.3 Electrospinning technique
There are two classical representations of electrospinning setup namely 
horizontal and vertical as shown in Figure 7. The process is carried at 
room temperature in atmospheric conditions. The typical set-up consists 
of three main components:

• Spinneret (capillary tube, pipette tip)
• High voltage source to induce certain polarity into the polymer melts 

or solution.
• Metal collector 

Figure 7: Electrospinning technique a) vertical representation
b) horizontal representation.

In the electrospinning approach, the polymer solutions or melts are 
converted into fine fibers using the electrostatic forces. This high 
electrostatic potential generates electrified liquid jets, which is further 
accelerated towards the collector [83, 84]. The nanofibers are solidified 
on the collector of opposite polarity because of evaporation of the solvent
[85-87]. 
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2 Materials and methods
NaX zeolite

The NaX has a faujasite (FAU) type framework (Figure 8), which is 
composed of sodalite cages through double six-ring (d6R) and leads to 
the creation of large supercage cavity that provides a large pore diameter 
(maximum aperture 0.80 nm). The channels are defined by the 12-ring
pore system in NaX zeolite [88, 89]. Because of their large pore size, they 
are expected to adsorb large molecules such as neopentane (kinetic 
diameter of 0.62 nm) [90].

Figure 8: Faujasite framework [91].

Zeolite NaX powder and binderless beads with particle size of 2-4.5 µm
were purchased from Luoyang Jianlong Chemical Industrial Co. Ltd 
(Yanshi, Henan, China) with a particle size of 2-4.5 µm (Paper I and IV).

CaA zeolite
Zeolite CaA has a Linde Type A (LTA) structure formed by connecting 
sodalite cages [46 68] through double four-ring [46] which creates an alpha 
cavity [4126886] as shown in Figure 9. This type of linking generates a 
three-dimensional intersecting eight rings channel system. The smallest 
free aperture along the channel limits the accessibility of the guest 
molecules in the zeolite. Thereby able to access bigger molecules than 
water (kinetic diameter, 2.7 Å) via eight- ring window with a maximum
free aperture of 4.3 Å, whereas, sodalite cages are not accessible to the 
molecules larger than water [90].
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Figure 9: Linde type A framework [91].

Zeolite CaA powder and binderless beads with particle size of 2-4.5 µm 
were purchased from Luoyang Jianlong Chemical Industrial Co. Ltd 
(Yanshi, Henan, China) (Paper I and IV).

ZSM-5
ZSM-5 has a MFI framework type structure constructed from five-
membered rings including interconnected cavities of straight and zigzag 
ten-membered ring channel system going in a straight and zigzag way as 
shown in Figure 10. The pore aperture size is around 5.3 Å. Zeolites with
MFI type framework are highly silicious. ZSM-5 has a Si/Al ration larger 
than 10. Nano H-ZSM-5 with Si/Al ratio of 26 is purchased from ACS 
material (USA) (Paper III).
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Figure 10: ZSM-5 framework [91].

Methods

Ion-exchange process (Paper I)

Initially, the zeolite granules are partially exchanged by K+ cations and 
further, the partially exchanged zeolites (with K+ cations) undergoes 
another ion-exchange process with Cs+ cations. The details are mentioned 
in Table 6.

Table 6: Ion exchange process description of NaX and CaA granules with their composition.
*The final composition is determined by the EDS analysis

Granules Zeolite
(g)

KCl(g) CsCl 
(g)

Water 
(ml)

Stirring 
time 
(min)

Final 
composition*

NaX 10 8 - 1000 60 NaK3.9X
NaK3.9X 5 - 0.20 500 60 NaK4.5Cs0.3X
CaA 5.1 4 - 1000 60 CaK2.6A
CaK2.6A 5.9 - 0.20 500 60 CaK2.5Cs0.2A

Electrospinning (Paper III)

Elmarco needle-free Nanospider was used for the electrospinning 
process, operating at 30 kV. The distance between the 
electrospinning wire and receiving substrate was 140 mm. The ZSM-
5 nanopowder was mixed with the PVP polymer (MW-10000 g/mol, 
PVP-L), ethanol, and water in a weight ratio of 1:20:50:50 (PVP-
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L:ZSM:Ethanol:H2O) to form a slurry. The mixture was ball-milled 
using zirconia balls (diameter/length = 9 mm) at 50 rpm for 7 days.  
Before undergoing electrospinning, PVP polymer (MW- 1300000 
g/mol, PVP-H) was added in a weight ratio of 1:10:20:50:50 (PVP-
L:PVP-H:ZSM:Ethanol:H2O) to facilitate the electrospinning 
procedure.

Freeze granulation process (Paper IV)

Lab-scale freeze granulator LS-6, PowderPro (Sweden) equipped with 
Watson-Marlow Bredel Pump (England) was used to prepare the 
granules. The suspensions of NaX and CaA were prepared using 
bentonite clay, polyethylene glycol (PEG), polyacrylic acid (PAA). The 
suspensions were placed on a magnetic stirrer at 500 rpm overnight to 
attain homogeneous de-agglomerated suspensions. The amount is 
described in Table 7.

Table 7: Quantity of material used in making NaX and CaA suspensions

Suspensions Zeolite
(wt %)

Bentonite 
clay (wt 
%)

PAA
(wt 
%)

PEG
(wt 
%)

Water 
(ml)

NaX 20 3 4 2 71
CaA 20 3 4 2 71

The suspensions were continuously stirred at 500 rpm using magnetic 
stirrer and drawn into the nozzle (0.7 mm in diameter ) using the pump 
at 30 rpm. The NaX and CaA suspensions were sprayed into the vessel 
containing liquid nitrogen with an applied airflow at 0.19 bar and 0.17 
bar respectively to freeze the droplets instantaneously. Further, the 
granules were collected and freeze-dried at -110 °C for 3 days under 
vacuum. 

Thermal treatment

The electrospun ZSM/PVP nanofibers have undergone thermal 
treatment using Nabertherm GmbH N11/HR/P300 (Germany)
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annealing and hardening furnace. The heat treatment description is given 
in Table 8 (Paper III). Granules formed from the freeze granulation process 
were thermally treated up to 700 °C at a heating rate of 1 °C/min (Paper 
IV). 

Table 8: Heat treatment description

Steps Gas Heating 
rate

Temperature Holding 
time

Pre-
oxidation

Air 25°C/h 350°C 3h

Carbonizati
on

N2 25°C/h 700°C 4h
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3 Modeling
Ideal adsorbed solution theory (IAST)

In 1965, Prausnitz and Myers pioneered the Ideal adsorbed solution
theory [92]. The IAST theory is used to predict the binary mixture 
adsorption behavior from the experimental single gas adsorption 
isotherms. It has been shown that the IAST can estimate precisely the gas 
mixture adsorption in zeolites [93-95]. The pure component isotherm 
data is fitted precisely with an appropriate model over the pressure range.
IAST theory is a thermodynamic approach to estimate the adsorption 
equilibrium for the gas mixture using single gas adsorption isotherms. It 
is based on three assumptions [96]:

1) All the adsorbate molecules have an equal surface area available.
2) The adsorbed phase is an ideal solution at constant pressure and 

temperature (equal strength between the molecules).
3) The adsorbent is considered homogeneous.

In order to carry out IAST integration, the Langmuir model was used to 
fit the experimental pure isotherms of CO2 and CH4 and required 
parameters were obtained using IAST model for a binary mixture of 50-
50 mol% of CO2-CH4 at various total pressures. The Langmuir model 
assumes that each active site on the adsorbent surface is capable of 
adsorbing one molecule and no interaction exists between the adsorbed 
molecules. It also assumes that there exists a dynamic equilibrium between 
the adsorbed molecules and the molecule present in the gas phase [97].
The Langmuir model (5) is expressed as:

𝑞𝑞
𝑞𝑞𝑑𝑑

=
𝑏𝑏𝑃𝑃

1 + 𝑏𝑏𝑃𝑃
(5)

Where P is the partial pressure of the adsorbate in the gas phase, q
represents the adsorbed amount of the adsorbed species, qs is the saturated 
capacities of the adsorbed species and the Langmuir adsorption parameter 
is given by b. The model was simulated using MATLAB.
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Selectivity determination using Henry’s law
The CO2-over-CH4 selectivity of the structured adsorbents (granules, 
Paper IV) was determined using Henry’s law. The single gas adsorption 
isotherms were fitted according to the Langmuir model using Origin 
software. The maximum single gas adsorption capacity, qm and Langmuir 
constant, b were obtained through the Langmuir model fitting of 
adsorption isotherm at 273 K. The Henry’s constant, KH is calculated 
using equation (6):

𝐾𝐾𝐶𝐶 = 𝑞𝑞𝑚𝑚 ∙ 𝑏𝑏 (6)

Selectivity (S) is then given by equation (7):

𝑃𝑃 =
𝐾𝐾𝐶𝐶(𝐶𝐶𝐶𝐶2)
𝐾𝐾𝐶𝐶(𝐶𝐶𝐻𝐻4)

(7)

Mass transfer study
For calculating the mass transfer coefficient, an assumption was made that 
the axial dispersion is negligible in the PSA system for the structured 
adsorbent used, so differential mass balance equation in a bed of length z 
becomes [98]:

𝜐𝜐
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ �
1 − 𝜖𝜖
𝜖𝜖

�
𝜕𝜕𝑞𝑞′

𝜕𝜕𝑡𝑡
= 0

(8)

In equation (8), 𝑞𝑞′ is the amount of the adsorbate in the adsorbent, c 
represents the concentration of the gas, 𝜖𝜖 is the total void fraction and t 

represents time. 𝜐𝜐 is the interstitial velocity given by equation (9).

𝜐𝜐 =
𝑄𝑄𝑉𝑉𝜖𝜖
𝑃𝑃

(9)
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Where QV and S represent the volumetric flow rate of the gas and the 
cross-sectional surface area of the bed respectively.

Equation (10) taken from the Klinkenberg, describes the relative 
concentration of the gas (adsorbate) in the breakthrough experiment [99]:

𝐶𝐶/𝐶𝐶0 = 1/2 × 𝑒𝑒𝑒𝑒𝑓𝑓𝜕𝜕 (
7�𝜉𝜉

8
−

9√𝜏𝜏
8

)
(10)

Where dimensionless length, 𝜉𝜉 and dimensionless time, 𝜏𝜏 is given by 
equation (11) and (12) respectively:

𝜉𝜉 = 𝜅𝜅𝐾𝐾𝜕𝜕((1 − 𝜖𝜖)/𝜐𝜐𝜖𝜖 (11)

𝜏𝜏 = 𝜅𝜅 �𝑡𝑡 −
𝜕𝜕
𝜐𝜐
� (12)

In the breakthrough experiment, the time adsorbate takes to come out of 
the bed depends on the uptake kinetics and the adsorption capacity, 
which is described by the Henry’s constant, K at rapid diffusion and low 
partial pressures. The breakthrough curve with sharp front tells about the 
mass transfer resistance, 𝜅𝜅 of the structured adsorbents. 

The experimental breakthrough data is fitted according to equation (10)
to obtain the mass transfer coefficient using the Origin software.
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4 Characterization

Microstructure Analysis

The microstructural analysis gives the morphological information of the 
material. It is one of the first characterization step required for material 
development to know the shape, phase transformation, alignment, etc. 
Acquired high-resolution images down to nanometer scale help in 
determining the crystal shape, grain orientation, crystal size, depth, etc. 

• Scanning Electron Microscopy (SEM)

In SEM, the electron beam is generated and focused on the sample to 
produce various signals for analysis. JSM-IT300 SEM (JEOL, Tokyo, 
Japan) equipped with tungsten filament electron source at an acceleration 
voltage of 15 kV was used to characterize the NaX and CaA powders, 
granules and binderless beads (Paper I and IV). A high-resolution Zeiss 
Merlin (Field Emission Gun) SEM was used to investigate ZSM-5 
composites (Paper II and III). Prior to the analysis, samples were coated 
with a thin gold layer (~21 nm) to avoid the charging effect often 
produced by non-conducting samples using Leica EMACE 200 coating 
system (Paper I and IV) and baltec SCD005 sputter coater (Paper II and 
III).

• Transmission Electron Microscopy (TEM)

An in situ TEM investigation was carried out on the ZSM/PVP 
composite nanofibers to study the effect of thermal treatments (Paper III) 
using a Titan 80-300 (FEI) electron microscope. The nanofibers were 
directly spun on the chip-based heating holder (DENS solution). An ex-
situ TEM measurement was carried out from JEOL 3000F equipped with 
EELS (Electron Energy Loss Spectroscopy), GIF 2000, Gatan and 
operated at 300 kV (Paper III). 
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Energy Dispersive Spectrometer (EDS)

JSM-IT300 SEM ((JEOL, Tokyo, Japan) is equipped with the EDS was 
used to investigate quantitatively the ion-exchange zeolites powders and 
binderless beads (Paper I).

X-ray diffractometer

The powder X-ray diffraction was conducted on PANalytical Empyrean 
instrument (Malvern, UK) equipped with the PIXcel 3D detector with 
Cu Kα radiation (wavelength 0.154 nm) operating at 40 kV and 45 mA 
(Paper I and Paper IV).

Volumetric adsorption

Single gas adsorption measurements were carried out by Gemini VII 2390 
Surface Area Analyzer (Micrometrics, Norcross, USA) for all the samples 
mentioned in this thesis to obtain the CO2 & CH4 adsorption isotherms
as well as to determine the IAST CO2 over CH4 selectivity. For evaluating 
the specific BET (Brunauer–Emmett–Teller) surface area of the zeolites, 
N2 gas was used at 77 K. All the samples were degassed at 300 °C under 
dynamic vacuum prior to the measurements using VacPrep 061 for 24 h. 

Thermogravimetric analysis

ZSM-5/PVP composite nanofibers as well as carbonized ZSM/C 
composite pellets had undergone thermal analysis conducted using 
NETZSCH TG 439 (Germany) up to 900 °C at the rate of 5 °C/min in 
the air (Paper III). Apart from the thermal stability, the content of the 
ZSM-5 nanoparticles and carbon in composite nanofibers and carbonized 
composite pellets were determined respectively. 

Gas breakthrough experiments 

Cyclic adsorption-desorption breakthrough experiments were carried out 
on Pressure Swing Adsorption, PSA-300LC (L&C Science and 
Technology, Florida, USA) system for the ion-exchanged binderless 
beads (Paper I ), granules (Paper IV) and carbonized ZSM/C composite 



Kritika Narang Licentiate Thesis

32

pellets (Paper III). The breakthrough experiment was carried out in a fixed 
bed of length 100 mm and 15 mm in diameter.

Mercury intrusion porosimetry

The mercury intrusion porosimetry was executed on Micrometrics 
AutoPore III-9400 (Norcross, GA, USA) for binderless beads (Paper I), 
and freeze granulated zeolites (Paper IV) over a pressure range of 0.03-
420 MPa. The surface tension of 0.485 N/m and 130° contact angle of 
mercury were used in the Washburn equation to evaluate the pore size 
distribution. The porosity of pellets (Paper III) was obtained from the 
POREMASTER mercury porosimetry analyzer from 
Quantachrome Instruments.

Particle size analyzer

The particle size distribution for ZSM-5, nanodispersions was measured
from Beckman Coulter LS 13 320-laser diffraction particle size analyzer
(Paper III).

Mechanical strength measurements

Zwick Z050 (Zwick GmbH & Co.KG, Germany) universal test machine 
was used to perform compression tests on the binderless beads, by placing 
it between the steel plates in a 1kN load cell (Paper I). The compression 
tests on the ZSM/C pellets were performed using Zwick Roell EZ030 
mechanical tester (Zwick GmbH & Co.KG, Germany). Xforce load cell 
was used, which can go up to a maximum force of 30 kN (Paper III).
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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, Farid Akhtar 
RSC Advances, 2018, 8, 37277

In this article, zeolite X and A binderless beads were partially ion-
exchanged to investigate the CO2 adsorption capacities and CO2-over-
CH4 selectivities. The binderless beads were optimally tailored by partial 
ion-exchange with K+ and Cs+ cations according to its performance in 
CO2-over-CH4 selectivity using ideal adsorbed solution theory (IAST).
NaK4.5Cs0.3X and CaK2.5Cs0.2A binderless beads showed high CO2-over 
CH4 selectivity than its pure counterparts with the CO2 adsorption 
capacity of 5.1 mmol/g and 4.3 mmol/g respectively. After the ion 
exchange process, CaK2.5Cs0.2A and NaK4.5Cs0.3X binderless granules 
show mechanical strength of 1.3 MPa and 2MPa, respectively. To 
investigate the CO2 separation from the CH4, cyclic breakthrough 
adsorption-desorption experiment was carried out. The CO2 uptake rate 
was calculated and found to be 2.8 mg of CO2/g/s for NaK4.5Cs0.3X and 
2.5 mg of CO2/g/s for CaK2.5Cs0.2A granules with the mass transfer 
coefficient of 0.41 m/s and 0.13 m/s respectively.
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Author’s contribution: Author has performed all the experiments on 
binderless beads apart from mechanical testing and mercury intrusion 
porosimetry. The author has also analyzed the results and written the 
paper with assistance from co-authors.

Figure 11: Ion-exchange description (left) and CO2 adsorption isotherms for NaX 
(black, square), Nak3.9X (blue, triangle) and NaK4.5Cs0.3X (red, hollow square) and 
CH4 isotherm for NaX (olive, inverted triangle), Nak3.9X (pink, circle) and 
NaK4.5Cs0.3X (green, diamond)
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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-Sørensen, Nadja Maria Vinkel, Farid 
Akhtar, Niklas Hedin, Andreas Kaiser
Energy Procedia, 2019, 158, 6723

In this extended abstract, the versatility of the electrospinning technique 
is mentioned to design nanoscale advanced structures from various 
materials such as polymer, ceramics, metals, etc. using high potential 
electric field. Electrospinning can also develop materials at large scale with 
large surface area and good permeability. The secondary structures were 
fabricated and tailored for the specific application such as gas separation. 
Due to these unique capabilities, the electrospinning technique is 
commercially being used to produce nanofibers on a large scale with 
controllable pore structure. 

Author’s contribution: Author has done the gas separation related 
experiments on the materials structured by the electrospinning technique.
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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, Andreas 
Kaiser

In this article, the hierarchical porous zeolite composite structures were 
evaluated for their CO2 separation properties. The ZSM-5 composite 
nanofibers were designed using the electrospinning technique. The post 
thermal treatment, pre-oxidation, and carbonization were carried out to
form mechanically strong composite structures.  The textural properties 
and the single gas CO2 and CH4 isotherms were recorded for all the 
composite structures. The specific BET surface area of ZSM-5 carbonized 
nanofibers was 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). 
Additionally, the ZSM-5 carbonized nanofibers were shaped into pellets 
with a maximum tensile strength of 6.46 MPa, to perform efficiently in a 
breakthrough experiment. The CO2 uptake rate for pellets was 2.3 mg of 
CO2/g/s without any performance decay after the first cycle with the 
simulated mass transfer coefficient of 1.24 m/s. 
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Figure 12: Schematic illustration of a) the utilization of zeolite adsorbent/polymer 
composite nanofibers for biogas upgrading, b) the wire-based electrospinning process and c) 
SEM micrograph of a ZSM-5/PVP composite nanofiber.

Author’s contribution: Author has performed, analyzed and written all 
the adsorption related experiments. The author has also contributed to
writing other parts of the article such as abstract and conclusion.
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Paper IV

Freeze granulated NaX and CaA zeolites for biogas upgrading
Kritika Narang, Farid Akhtar

In this article, the NaX and CaA zeolite powders were structured to
homogeneous granules using freeze granulation processing using 
bentonite clay. The process parameters as well as suspension preparation 
were optimized to produce homogenous granules, 2-3 mm in diameter 
for efficient CO2 separation performance. The thermal treatment was 
carried out up to 700 °C to remove the polymer used in freeze 
granulation process and to induce the strength between the binder phase 
and the zeolite and within the zeolite powder to ensure that granules can 
undergo rapid pressure swing. The CO2 adsorption capacity for NaX 
granules was 5.8 mmol/g at 273 K, 45 % higher uptake than CaA 
granules. NaX granules also offer high CO2-over CH4 selectivity of 214 
than the CaA granules calculated using Henry’s law. For evaluating, the 
CO2 separation performance from the binary mixture of CO2 and CH4, 
cyclic adsorption-desorption breakthrough experiments were carried out 
for the NaX and CaA granules. NaX granules show high CO2 uptake rate 
of 3.6 mg of CO2/g/s for NaX granules, 16.1% higher than CaA granules 
with a mass transfer coefficient of 1.3 m/s.
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Figure 13: Experimental illustration of freeze granulation process with post thermal 
treatment.

Author’s contribution: Author has performed, analyzed the 
experiments and written the manuscript with assistance from co-authors.
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6 Concluding remarks and future work
Conclusion

Ion exchange

The partial ion-exchange process increases the efficiency of the zeolites 
NaX and CaA in biogas upgrading process by tailoring their CO2 and 
CH4 adsorptive properties with enhanced CO2-over-CH4 selectivity. The 
partial ion-exchange process was optimized to obtain an optimum 
concentration of cations in the zeolite, CaK2.5Cs0.2A, and NaK4.5Cs0.3X
with high CO2-over-CH4 selectivities. The IAST selectivity (CO2/CH4) 
shows a systematic increment after partial ion-exchange with k+ cations 
and further with Cs+ cations from 329 for NaX zeolite binderless beads
to 384 for NaK3.9X and finally to 525 for NaK4.5Cs0.3X. CaA binderless 
beads show a high increment after the partial ion-exchange, from 542 for 
CaA binderless beads to 906 for CaK2.6A and finally to remarkably high 
selectivity of 1773 for CaK2.5Cs0.2A binderless beads. The ion-exchanged 
derivatives of NaX and CaA binderless beads were structurally stable after 
the five adsorption-desorption cycles in breakthrough experiments, 
possessing mechanical strength of 2 MPa and 1.3 MPa with mass transfer 
resistance of 0.41 m/s and 0.13 m/s respectively. 

Structuring zeolites

Freeze granulation is a promising method to develop homogenous 
granules from the powders by keeping the morphology and crystallinity 
intact. The freeze granulation process parameters, as well as suspensions 
rheology, were optimized to develop homogenous granules of NaX and 
CaA zeolite, 2-3 mm in diameter. The NaX and CaA granules possess 
macroporosity of 77.9 % and 68.6 % with large interparticle voids 
between the zeolite particles within the granules. These large voids 
provide an efficient flow of gas towards the adsorption sites with rapid 
mass transfer kinetics. The thermal treatment leads to mechanically strong 
granules and can withstand rapid pressure swings in the PSA unit. NaX 
granules offer high CO2 adsorption capacity of 5.8 mmol/g at 273 K with 
a CO2-over-CH4 selectivity of 214 calculated using Henry’s law. NaX 
granules have a higher rate of CO2 adsorption, 3.6 mg of CO2/g/s with a 
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mass transfer coefficient of 1.3 m/s than the reported binderless beads in 
the paper I.

Electrospinning is a promising technique to develop nanofibers from a 
rich variety of materials. The hierarchical porous structures obtain from 
the ZSM-5 nanopowder and the polyvinylpyrrolidone polymer (PVP)
after the post thermal treatment (pre-oxidation and carbonization) offers 
high specific BET surface area of 330 m2/g as compared to 253 m2/g for 
ZSM-5 nanopowder. A high increment in micropore area was also 
noticed from 1.1 m2/g for as-spun ZSM/PVP nanofibers to 215 m2/g for 
ZSM/PVP-Ox (pre-oxidized) and to 223.5 m2/g for ZSM/C
(carbonized). The CO2 adsorption capacities at 293 K have shown an 
increment from 1.6 mmol/g for ZSM-5 powder to 2.04 mmol/g for 
ZSM/PVP-Ox nanofibers and further to 2.15 mmol/g for ZSM/C
nanofibers. The reason is the post-thermal treatment where the PVP 
binder converts into an amorphous carbon that further enhances the CO2

adsorption capacity. The secondary structures from the ZSM/C
nanofibers were fabricated into pellets and offer high mechanical strength 
of up to 6.4 MPa at a pellet density of 0.96 g cm-3 with a narrow pore 
size distribution. These hierarchical porous structures have demonstrated 
enhanced CO2 separation performance with a high CO2 uptake rate of 
2.3 mg CO2/g/s and a mass transfer coefficient of 1 m/s without any 
adsorption performance decay within 5 cycles in the cyclic adsorption-
desorption breakthrough experiments.

Future work

First part

The hierarchical porous structures will be further investigated for its 
biogas upgrading efficiency via pressure swing adsorption technique. The 
study of the CO2 adsorptive properties of these structured materials will 
be carried out by varying the humidity percentage in the gas mixture. It 
will be interesting to investigate the stability as well as the mass transfer 
kinetics of these materials under the influence of water.
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Second part

In the second part, the focus will be to produce new porous materials for 
biomethane storage. The concept is based on developing highly porous 
metal-organic frameworks for high methane storage from the various 
synthetic approach such as hydrothermal, solvothermal, microwave 
synthesis, etc.
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Optimized cesium and potassium ion-exchanged
zeolites A and X granules for biogas upgrading†

Kritika Narang,a Kristina Fodor,a Andreas Kaiserb and Farid Akhtar *a

Partially ion-exchanged zeolites A and X binderless granules were evaluated for CO2 separation from CH4.

The CO2 adsorption capacity and CO2-over-CH4 selectivity of binderless zeolites A and X granules were

optimized by partial exchange of cations with K+ and Cs+, while retaining the mechanical strength of

1.3 MPa and 2 MPa, respectively. Single gas CO2 and CH4 adsorption isotherms were recorded on

zeolites A and X granules and used to estimate the co-adsorption of CO2–CH4 using ideal adsorbed

solution theory (IAST). The IAST co-adsorption analysis showed that the partially ion-exchanged

binderless zeolites A and X granules had a high CO2-over-CH4 selectivity of 1775 and 525 respectively, at

100 kPa and 298 K. Optimally ion-exchanged zeolite X granules retained 97% of CO2 uptake capacity,

3.8 mmol g�1, after 5 breakthrough adsorption–desorption cycles while for zeolite A ion-exchanged

granules the reduction in CO2 uptake capacity was found to be 18%; CO2 uptake capacity of 3.4 mmol

g�1. The mass transfer analysis of breakthrough experimental data showed that the ion-exchanged

zeolite X had offered a higher mass transfer coefficient, (k) through the adsorption column compared to

zeolite A; 0.41 and 0.13 m s�1 for NaK4.5Cs0.3X and CaK2.5Cs0.2A, respectively.

Introduction

The combustion of biomass produces approximately the same
amount of CO2 with respect to its decomposition cycle, which
leads to biomass carbon neutrality. In this respect, biomass
conversion to biogas is a viable choice of a renewable fuel.1

Biogas is produced from a large diversity of biomass feedstocks,
such as sewage, industrial waste, agricultural waste, dairy
manure, landll waste, food processing by products, etc., via
anaerobic digestion.2 Methane is the primary component of raw
biogas (45–75%) in addition to carbon dioxide (typically 25–
55%) and other components like hydrogen sulde, ammonia,
water and trace gas compounds like oxygen and hydrocarbons.3

In order to use biogas as vehicle fuel or its induction to existing
natural gas grids, upgrading of biogas to biomethane with
a CH4 mole fraction over 96% is required to meet the standards
laid out by respective industries.4 Several technologies have
been developed to upgrade raw biogas via adsorption5 absorp-
tion,6 permeation7 and cryogenic technologies8 resulting in
biogas with a content of CH4 > 90%.9 Moreover, adsorption-
based technologies offer advantages like low upgrading costs
and ease of scalability with biogas production unit over other
technologies.

Various microporous adsorbents have been explored during
the last two decades in the eld of biogas upgrading such as
activated carbon, zeolites and metal–organic frameworks
(MOFs).10 Zeolites A and X have many advantageous properties
like exibility in tailoring the pore opening, high CO2 uptake
capacity, chemical and thermal stability, hence these materials
have been investigated for biogas and natural gas upgrad-
ing.11–13 Analogues of zeolite A with 8-ring pore openings have
pore apertures with the diameters similar to the kinetic diam-
eters of CO2 (0.33 nm), N2 (0.364 nm) and CH4 (0.38 nm).14 The
aperture size for zeolite A depends on the extra framework
cation present in the structure, thus it varies between 0.3–
0.5 nm.15 Due to these characteristics, researchers have tailored
the pore size using partial ion exchange process on zeolite A for
CO2 separation from gas streams.16 Liu et al., ion exchanged Na+

cations with K+ and reported ideal CO2-over-N2 selectivity of 172
with 17 atomic percentage (at%) K+ content in zeolite A.15 Bacsik
et al., investigated NaKA zeolites for CO2-over-CH4 separation,
and suggested that |Na12�xKx|-LTA, with x ranging between 1.8
# x# 3.2 (x being the number of ions in pseudocell) offers high
CO2-over-CH4 selectivity.17 Cheung et al., reported a high CO2-
over-CH4 selectivity, of around 1500 for |Na10.2KCs0.8|-LTA,
which was achieved by partial ion exchanging Na+ to K+, and
then replacing some of the K+ with Cs+.18 Zeolite NaX has been
studied extensively for CO2 separation from ue-gas streams
due to its superior CO2 adsorption capacity and selectivity over
N2.19–21 Harlick and Tezel showed that NaX and NaY had the
highest CO2 adsorption capacities and proposed these zeolites
as best candidates for CO2 separation,22 while Walton et al.,
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showed that in all cases X zeolites possess more CO2 molecules
per supercage than the Y by examining their Li, K, Na, Rb, and
Cs ion exchanged derivatives.23 Next to this, Cavenati et al.,
conducted a study of high pressure adsorption of CO2, CH4 and
N2 on zeolite NaX, and concluded that the adsorbent was highly
selective to CO2 thus rendering it suitable for purication
purposes.20

The microporous zeolites are used in structured forms in
adsorption-based separation technologies using pressure and/
or temperature cycling. The mechanically stable structured
microporous materials are required to minimize the pressure
drop, promote high gas ow and rapid mass transfer kinetics
throughout the adsorption column in a swing adsorption
process.24 The earlier reports on the partially ion-exchanged are
focused on powdered zeolite. The processing of these partially
ion-exchange powders to structured forms using clay binders
(typically 25–45%)25 can inuence the adsorption properties
signicantly.26 Moreover, the addition of clay binders to zeolites
to achieve desired mechanical stability reduces the durability of
the structured product.27 The reports on structuring of partially
ion-exchange zeolites are sparse despite the fact that structuring
is an important aspect of practical separation of CO2 from
methane for biogas upgrading using adsorption-based tech-
nologies.28 In this regard, current work reports a robust method
to process partially ion-exchange binderless structured granules
of zeolite CaA and NaX with reasonably high mechanical
stability and adsorption performance for biogas upgrading. The
binderless granules of zeolite CaA and NaX were subjected to
partial ion-exchange with K+ and Cs+ cations to optimize the
adsorptive properties for CO2 separation from CH4 in a pressure
swing adsorption process. The evaluation of adsorption prop-
erties such as CO2 uptake capacity, CO2-over-CH4 selectivity and
cyclic performance of mechanically strong partially ion-
exchanged zeolites A and X granules are reported. Cyclic
breakthrough measurements and calculated mass transfer
coefficients of zeolite NaX and CaA granules as well as their

optimal ion exchanged derivatives are reported in this study to
evaluate the performance.

Experimental
Materials and methods

Commercially available zeolite NaX and CaA powder and
binderless granules were purchased from Luoyang Jianlong
Chemical Industrial Co. Ltd., Yanshi, Henan, China, with
zeolite crystal size 2–4.5 mm. Potassium chloride (optical grade
99%) and cesium chloride (optical grade $99.5%) were
purchased from Sigma Aldrich Chemie GmBH, Germany. The
partial ion exchange is a simple and a robust method. The K+

and Cs+ ion exchange process for the granules was performed in
two stages. First, the CaA and NaX zeolite granules were
partially ion-exchanged by K+ cations and then the partially K+

exchanged zeolite granules (CaKA and NaKX) were collected and
further ion exchanged with Cs+ cations. The detailed experi-
mental description of the ion exchange process on the powders
of zeolite NaX and CaA and their CO2/CH4 selectivities are
provided in the ESI (Tables 1S and 2S,† respectively). The
optimum combination of CO2 uptake capacity and CO2/CH4

selectivity obtained from the partially K+ and Cs+ ion exchanged
powders of zeolite CaA and NaX was used as a guideline to
prepare partially K+ and Cs+ ion exchanged granules of CaA and
NaX to obtain optimum combination of CO2 uptake capacity
and CO2-over-CH4 selectivity as shown in Table 1.

Characterization

The elemental composition of the partial ion exchanged NaX
and CaA powders as well as of granules were determined by
energy dispersive spectroscopy (EDS) using JEOL JCM-6000Plus
scanning electronmicroscope (SEM). The zeolites granules were
crushed into powder and were spread onto a double-sided
copper tape and examined at an accelerating voltage of 15 kV.

Table 1 Ion exchange process description for NaX and CaA powder and granules

Starting zeolite
Amount of
zeolite (g)

Amount of
KCl (g)

Amount of
CsCl (g)

Amount of
water (ml)

Stirring
time (min)

Final zeolite
compositiona

NaX powder
NaX 5 1 — 500 30 NaK3.7X
NaK3.7X 1.2 — 0.02 120 30 NaK3.27Cs0.19X

NaX granule
NaX 10 8 — 1000 60 NaK3.9X
NaK3.9X 5 — 0.20 500 60 NaK4.5Cs0.3X

CaA powder
CaA 1 0.8 — 100 30 CaK3.4A
CaK3.4A 1.8 — 0.06 180 30 CaK2.5Cs0.45A

CaA granule
CaA 5.1 4 — 1000 60 CaK2.6A
CaK2.6A 5.9 — 0.20 500 60 CaK2.5Cs0.2A

a The nal composition of the zeolite aer ion-exchange was determined by EDS analysis.
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The same procedure was followed for the zeolite powders.
Scanning electron microscope (SEM) micrographs were ob-
tained on JEOL JSM-IT300 microscope. The X-ray powder
diffraction pattern (PXRD) of NaX, CaA zeolites including its
ion-exchange derivatives were analyzed using PANalytical's X-
ray diffractometer (Empyrean, Nederland) over the 2q range
from 5 to 60�.

The CO2, CH4 equilibrium adsorption isotherms were
collected on a Gemini VII 2390 Surface Area Analyzer (Micro-
meritics, Norcross, USA). Apart from the adsorption isotherms,
the surface area of the samples was measured by N2 adsorption
at liquid nitrogen temperature (77 K) using Brunauer–Emmett–
Teller analysis technique. Prior to the measurements, the
specimens were degassed using VacPrep 061 for 24 h at 573 K
under a dynamic vacuum. All the adsorption measurements
were done at 298 K within a pressure range of 1 to 90 kPa. The
CO2-over-CH4 selectivities of all zeolites were calculated using
Henry's Law constants (KH) and ideal adsorbed solution theory.
The co-adsorption of CO2–CH4 was estimated using ideal
adsorbed solution theory (IAST). Single gas adsorption data and
Langmuir model were utilized to obtain the parameters needed
to estimate the binary selectivity coefficients using IAST model
for a mixed gas containing 50–50 mol% of CO2–CH4 at various
total pressures. The equilibrium cyclic performance of the ion-
exchanged zeolites was recorded on a Gemini VII 2390 Surface
Area Analyzer (Micromeritics, Norcross, USA).

The mechanical strength of the granules was determined by
performing a compression test between the steel plates in a 1
kN load cell on Zwick Z050 universal test machine. A pre-load of
5 N was used. The test was carried out on ve identical granules
of each type to obtain a statistically signicant data distribu-
tion. Mercury intrusion porosimetry of the zeolites granules was
performed on a Micromeritics AutoPore III-9400 (Norcross, GA,
USA) over a wide range of pressures (0.03–420 MPa). The pore
size distributions were obtained from the Washburn equation
using 0.485 N m�1 surface tension and 130� contact angle of
mercury. To investigate the biogas upgrading, cyclic break-
through measurements on NaX, CaA granules as well as their
potassium and cesium ion exchange analogues were obtained
using a Pressure Swing Adsorption PSA-300LC (L&C Science and
Technology, Florida, USA) system. Prior to the measurement,
the zeolite granules were regenerated at 200 �C in helium gas
passing through the column at a ow rate of 20 ml min�1 for
12 h. Moreover, the dew point of �15 �C was used as a bench-
mark to ensure the drying of the zeolite column. A binary
mixture of CO2/CH4 (45 mol%/55 mol%) gas was passed in the
xed bed of length 100 mm and 15 mm in diameter to study the
adsorption performance of zeolites and its optimum ion
exchange derivatives at 2 bar and 293 K up to 5 cycles. The ow
rate was set to 19 ml min�1 and 15 ml min�1 for CO2 and CH4

gases respectively. The amount of the adsorbent in the PSA
column were 4.96 g, 5.30 g, 4.28 g, 4.70 g for NaX, CaA, optimal
ion exchanged NaX, optimal ion exchanged CaA zeolites,
respectively. For the cyclic measurements, the zeolite column
was regenerated by evacuation. A pressure of 0.01 bar was
chosen to be reached in the columns for regeneration in the
cyclic measurements.

Results and discussion

The zeolite granules, 1.6 mm in diameter, in Fig. 1 consist of
primary zeolite particles with a size distribution of 2.5 to 4.0
microns for CaA granules and 2.5 to 4.5 microns for NaX
granules. The partial ion-exchanged derivatives of zeolites CaA
and NaX granules with K+ and Cs+ were prepared following the
adsorptive properties and energy dispersive spectroscopy anal-
ysis of elemental composition of partial ion exchange of CaA
and NaX powders with varying fraction of K+ and Cs+ cations
(ESI, Table 3S†). The compositions of the optimal ion exchange
zeolite A and X granules determined from energy dispersive
spectroscopy (EDS) analysis were CaK2.6A, CaK2.5Cs0.2A, NaK3.9X
and NaK4.5Cs0.3X, respectively. The microstructure and X-ray
diffraction data in Fig. 1 and ESI (Fig. 1S and 2S†) conrms
that the optimal ion exchanged zeolite A and X crystals preserve
the morphology and crystallinity aer the ion exchange process.

In (Fig. 2a), the uptake capacities of CO2 of zeolite CaA and
ion-exchanged CaK2.5Cs0.2A granules are 4.5 mmol g�1 and
4.3 mmol g�1, respectively. In (Fig. 2b), the uptake capacity of
CO2 for zeolite NaX and NaK4.5Cs0.3X granules are 5.6 mmol g�1

and 5.1 mmol g�1, respectively. The CO2 uptake capacity of
binderless granules of CaA and NaX is comparable to the
structured zeolite A and X monoliths prepared without addition
of binders.25,29,30 Moreover, it has been established that the
binderless structured adsorbents offer advantages of high CO2

adsorption capacity and durability over traditional adsorbents
structured using inorganic clay binders up to 45% to achieve the
mechanical strength.27,31 Aer partial ion-exchange, the bind-
erless zeolite granules show small decrease in the uptake
capacities, which is attributable to the presence of extra
framework cations. The charge density decreases in order of Na
> K > Cs, resulting in a decrease of electrostatic interaction
between the extra frameworks cations and the permanent
quadruple moment of CO2 and hence the reduction in CO2

capacities is observed for the optimal ion-exchanged granules.
Similar decrease in the CO2 uptake capacity was shown by the
partially ion exchange CaA and NaX powders (ESI, Fig. 3S†).
This result agrees with studies of Walton et al., who showed that
the CO2 capacity increased with the small alkali cations in X and
Y zeolites.23 Similar results have been reported in the literature
on alkali exchanged faujasite zeolites.32 The CO2 uptake
capacities for the ion exchanged zeolite granules are higher
than the previously reported ion exchanged zeolites,18 3D-
printed NaX and CaA zeolite monoliths29 while maintaining
the high CO2/CH4 selectivity of the granules.

In (Fig. 2a), the CH4 adsorption capacities of zeolite CaA and
optimal ion-exchanged CaK2.5Cs0.2A granules are 0.74 mmol g�1

and 0.69 mmol g�1, respectively and in (Fig. 2b), the uptake
capacity of CH4 for zeolite NaX and NaK4.5Cs0.3X granules are
0.67 mmol g�1 and 0.46 mmol g�1, respectively. The reduction
in CH4 uptake is connected to the hindrance to the percolation
of CH4 due to enhanced diffusion barrier in ion-exchanged
cages.33 The partial ion exchange of the CaA and NaX powders
shows the similar reduction in CH4 adsorption capacities (ESI,
Fig. 4S†). Moreover, linear isotherms were obtained in case of

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 37277–37285 | 37279
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CH4 adsorption due to the absence of a quadruple moment in
CH4 giving rise to weak interaction primarily via dispersion–
repulsion forces exist between CH4 molecules and the adsor-
bent.34 CO2 cyclic adsorption isotherms for the optimal ion
exchange derivatives of CaA and NaX granules are reported in
(Fig. 2c and d) respectively. The cyclic stability was investigated
over up to 4 cycles. For the rst cycle, the zeolite granules were
regenerated at 300 �C under vacuum and for the further cycles,
the zeolites were regenerated under vacuum at room
temperature.

In (Fig. 2c and d), the reduction in the CO2 adsorption
capacity is observed aer cycle 1. The reason for this reduction
is attributed to chemisorption of CO2.35,36 No further reduction
is observed in the following cycles. For the CaK2.5Cs0.2A gran-
ules, 15% of the reduction in the CO2 uptake is noticed from 1st
cycle to 4th cycle, while the reduction of 7.9% is observed in the
case of NaK4.5Cs0.3X granules. However, aer the rst cycle, the
CaK2.5Cs0.2A and NaK4.5Cs0.3X granules keep the CO2 adsorp-
tion capacity.

The textural properties and the CO2-over-CH4 selectivity of
zeolites granules and the optimal ion exchange derivatives are
shown in Table 2. The specic surface areas of granulated
CaK2.5Cs0.2A and NaK4.5Cs0.3X are 351 m2 g�1 and 474 m2 g�1,

respectively. The decrease in the surface area is observed with
the increase of cation size (Na < K < Cs), as reported earlier.37

The external surface area and the micropore volume of the
NaK4.5Cs0.3X granules were 33 m2 g�1 and 0.25 cm3 g�1 and for
CaK2.5Cs0.2A granules were 64.2 m2 g�1 and 0.16 cm3 g�1

respectively. There is no signicant decrease in micropore
volume and external surface area for the zeolites with its cor-
responding optimal ion exchange derivatives. These results
suggest that the ion-exchange process of zeolite granules did
not result in surface contamination of the zeolite particles and
the granules. The reduction in the total surface area is mainly
determined by the reduction in micropore area due to size
difference of the cations. Similar observations have been re-
ported for ion exchanged zeolite powders.38,39 The calculated
CO2-over-CH4 selectivities in Table 2, using Langmuir adsorp-
tion model and ideal adsorbed solution theory (IAST), show
higher values for optimal ion-exchanged zeolites CaA and NaX
with K+ and Cs+ cations (ESI, Table 4S† for Langmuir parameter
and the Henry's constant for the powders and granules). The
CO2-over-CH4 selectivity increases with partial exchange of K+

cations. It is also noticed, that the CO2-over-CH4 selectivity
increased with the addition of Cs+ in the structure. The role of
the Cs+ in the structure is determined to be two-fold. First, due

Fig. 1 (a) SEM of CaA granules with inset of CaA granule (b) XRD of CaA granules (as-received CaA granules, CaK2.6A and CaK2.5Cs0.2A) (c) SEM of
NaX granules with inset of NaX granule (d) XRD of NaX granules (as-received NaX granules, NaK3.9X and NaK4.5Cs0.3X).

37280 | RSC Adv., 2018, 8, 37277–37285 This journal is © The Royal Society of Chemistry 2018
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to its size it is expected to reduce the pore opening of the super
cage to achieve molecular sieving effect, however the signicant
size difference of Cs+ compared to Na+ ion will generate
a stronger interaction for the bigger cation, because the
molecular shielding from the surrounding oxygen atoms is less,
thus the interaction with CH4 will not be limited, as it is the case
with the Na+.40

Furthermore, it is deduced that two factors will affect the
selectivity of the potassium and cesium ion-exchanged zeolite
granules: (a) steric selectivity, due to the reduced pore opening
and pore volume and (b) the difference in the interactions of
CO2 and CH4 gases with the individual cations. Even though
zeolite NaX contains cations at all sites, position I and I0 are
within the sodalite cages and these are usually not reachable for

Fig. 2 (a) CO2 adsorption isotherms of CaA granules: as-received (- black square), CaK2.6A (C red circle) and CaK2.5Cs0.2A (O blue hollow
triangle), and CH4 adsorption isotherms of CaA granules: as-received (; purple inverted triangle), CaK2.6A (A dark green diamond) and
CaK2.5Cs0.2A (4 orange circle with plus sign inside). (b) CO2 adsorption isotherms of NaX granules: as-received (- black square), NaK3.9X (:blue
triangle) and NaK4.5Cs0.3X (, red hollow square), and CH4 adsorption isotherms of NaX granules: as-received (; olive inverted triangle), NaK3.9X
(C pink circle) and NaK4.5Cs0.3X (A green diamond). (c) cyclic adsorption of CO2 on CaK2.5Cs0.2A granules. (d) Cyclic adsorption of CO2 on
optimized NaK4.5Cs0.3X granules: cycle 1 (; black inverted triangle), cycle 2 (: red triangle), cycle 3 (C green circle), cycle 4 (- blue square).

Table 2 Textural properties of CaA and NaX zeolites and their optimal ion exchange derivatives, including the IAST selectivities

Granules
BET surface area
(m2 g�1)

Micropore area
(m2 g�1)

External surface
area (m2 g�1)

Micropore volume
(cm3 g�1)

IAST selectivity
(CO2/CH4)

CaA 436 370 66.6 0.21 542
CaK2.6A 354 304 50.1 0.17 906
CaK2.5Cs0.2A 351 287 64.2 0.16 1773
NaX 496 461 35 0.26 329
NaK3.9X 458 425.4 32.8 0.24 384
NaK4.5Cs0.3X 474 441.4 33 0.25 525

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 37277–37285 | 37281
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most adsorbate molecule (ESI, Fig. 5S†).23 The non-accessibility
of certain sites due to the size difference of the cations leads to
a signicant decrease in CH4 uptake of the cesium and potas-
sium ion exchanged zeolites, generating only a slight reduction
in the CO2 uptake. This difference in the amount of reduction in
the CH4 and CO2 uptake capacities give rise to high CO2-over-
CH4 selectivity. The interaction between the cations and the
CO2 is higher as compared CH4 due to the stronger polariz-
ability and quadrupole moment of CO2.41

The use of zeolites in industrial applications requires
a strong macroscopic structure with good mechanical stability
and hierarchical porosity which can provide a low pressure drop
and rapid mass transfer kinetics.42 High mechanical strength is
crucial for the adsorbents as they undergo large and rapid
pressure and thermal variations.27,43 Table 3 shows that the
mechanical strength of the optimal ion-exchanged granules is
comparable to pure CaA and NaX granules. Nevertheless, a drop
in the mechanical strength has been noticed for the optimal
cesium ion exchanged granules. Optimal cesium exchanged
granules underwent two times the ion exchange process which
may result in erosion and dissolution of contact points/bridges
between the zeolite crystals in the granules and reduce the
mechanical strength.31 The mechanical strength of ion-
exchanged binderless CaA and NaX granules (Table 3) is
higher than the mechanical strength reported for conventional

structured CaA and NaX zeolite monoliths.25 The retention of
mechanical strength aer the ion-exchange process is related to
the binderless nature of the zeolite granules. It has been re-
ported that the addition of clay binders to the zeolites results in
signicant reduction in the mechanical durability of the struc-
tured body on exposure to acidic and basic aqueous media.27

Fig. 3 shows the differential pore size distribution of the CaA,
NaX and its optimal ion exchange derivative, measured by
mercury porosimetry. The macroporosity of the zeolites is listed
in Table 3. The CaA and the NaX zeolite granules show
a homogeneous pore size distribution with a maximum
centered at 0.4 mm. The peak corresponds to interparticle voids
between the zeolites particles in the binderless granules. Such
large pores are required for efficient mass transfer of gas
molecules to the adsorption sites in the zeolite crystals.

Fig. 4 shows the cyclic breakthrough experiments on
adsorption column of binderless CaA and NaX granules and
their optimum ion exchanged derivatives to evaluate and
compare the performance. In breakthrough curve, C/C0 implies
relative concentration of CO2, where C and C0 represent the
concentration at the outlet and the inlet of the xed bed
respectively. The rst part of the breakthrough curve in which
the relative concentration (C/C0) is zero implies that all the CO2

gas molecules are being adsorbed. The second part of the curves
with a steep increase in relative concentration implies that the
adsorbent is saturated, and an increasing concentration of CO2

gas molecules is slipping (through the column). The zone
between zero to one is described as mass transfer zone (MTZ).
The xed bed is completely saturated when C/C0 is equal to one.

Aer the rst cycle, the reduction in the breakthrough point
for further cycles is due to the chemisorbed CO2 molecules, as
observed in cyclic experiment in (Fig. 2c and d) also, that could
not be released through regeneration by evacuation. Both of the
optimal ion exchange zeolite granules show stability in the
adsorption capacity aer three cycles. The amount of CO2

adsorbed by the zeolites until the breakthrough point for pure
NaX and CaA zeolites were determined to be 4.6 mmol and

Table 3 Macroporosity and mechanical strength of the CaA and NaX
and their ion exchanged derivatives

Granules Macroporosity (%)
Compressive
strength (MPa)

CaA 24.7 3 � 0.7
CaK2.6A 25 3.6 � 1.1
CaK2.5Cs0.2A 29.2 1.3 � 0.4
NaX 21 4.4 � 2.0
NaK3.9X 23 3.4 � 0.9
NaK4.5Cs0.3X 19.5 2 � 0.4

Fig. 3 (a) Pore size distribution of CaA granules of as-received granules (square), CaK2.6A (circle) and CaK2.5Cs0.2A (triangle). (b) Pore size
distribution of NaX granules of as-received granules (square), NaK3.9X (circle) and NaK4.5Cs0.3X (triangle).
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3.3 mmol of CO2 per g of the zeolite, respectively, for the nal
cycle. NaK4.5Cs0.3X shows the adsorption capacity of 3.8 mmol
g�1 in the nal cycle and is higher than the CaK2.5Cs0.2A zeolite,
which adsorbs 3.4 mmol of CO2 per g of zeolite.

The CO2 uptake rate was 2.8 mg of CO2 per g per s for
NaK4.5Cs0.3X and 2.5 mg of CO2 per g per s for CaK2.5Cs0.2A
granules. The amount of CO2 adsorbed in breakthrough
experiment is less than the amount adsorbed in the equilibrium
gas adsorption experiment shown in Fig. 2. The sharp front in
the breakthrough curve as shown in Fig. 4 implies that the
zeolite granules have low mass transfer resistance and the uid
ow distribution is even within the granules. The mass transfer
coefficient which corresponds to the speed of the molecules to
diffuse and amount adsorb within the adsorbent can be derived
from eqn (1) which was adapted from Klinkenberg44 and was
tted to the experimental breakthrough.

C=C0 ¼ 1=2� erfc
�
7

ffiffiffi
x

p .
8� 9

ffiffiffi
s

p �
8
�

(1)

where x is the dimensionless length given by eqn (2) and s is the
dimensionless time given by eqn (3).

x ¼ kKz((1 � 3)/y3) (2)

s ¼ k
�
t� z

y

�
(3)

y ¼ QV3

S
(4)

In above equations, k is mass transfer coefficient, K is Henry
constant of the adsorbate, 3 is the total void fraction, z is the bed
length, t is the time in minutes, y is interstitial velocity which is
given by eqn (4), where QV is the volumetric ow rate of the gas
and S is the cross-sectional surface area of the bed.

The simulated mass transfer coefficient k is 1.01 and
0.6 m s�1 for pure NaX and CaA granules, respectively. High
mass transfer indicates rapid diffusion of CO2 molecules into
the adsorbent. The mass transfer is fast in NaX due to relatively
large pore size (0.74 nm) in the zeolite framework. The mass
transfer coefficient was reduced to 0.41 and 0.13 m s�1 for
NaK4.5Cs0.3X and CaK2.5Cs0.2A granules respectively. Due to the
presence of extra framework cations in the zeolite, the diffusion
of CO2molecules is slower in the adsorbents and hence resulted
in the relatively low mass transfer coefficient. The mass transfer
coefficients for pure and ion-exchanged derivates are compa-
rable to laminated NaA zeolites prepared by freeze casting.28

Conclusions

The optimal ion exchange of CaA and NaX zeolites and their
adsorption properties were studied. The optimal concentration

Fig. 4 CO2 cyclic breakthroughmeasurements on (a) CaA granules, (b) CaK2.5Cs0.2A granules, (c) NaX granules and (d) NaK4.5Cs0.3X granules (,
black cycle 1, B red cycle 2, > purple cycle 3, O blue cycle 4, Pgreen cycle 5).

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 37277–37285 | 37283
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was determined according to the performance of the ion
exchange zeolites by evaluating the CO2-over-CH4 selectivity
using IAST theory. The CaKCsA with the 2.5 (at%) K+ and 0.2
(at%) Cs+ content and NaKCsX with the 4.5 (at%) K+ and 0.3
(at%) Cs+ content gives the CO2 uptake value of 4.3 mmol g�1

and 5.1 mmol g�1 respectively with high CO2-over-CH4 selec-
tivity as compared to pure CaA and NaX. The optimal ion
exchanged CaA and NaX zeolites shows high mechanical
strength of 1.3 MPa and 2 MPa respectively. The breakthrough
curves suggest low mass transfer resistance for both NaX and
CaA granules including its optimal ion exchanged derivatives.
NaX ion exchange granules have shown better performance as
compared to CaA ion exchange zeolite, by having a CO2 uptake
rate of 2.8 mg of CO2 per g per s while achieving the stability
aer few cycles with a mass transfer coefficient of 0.41 m s�1.
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9 L. Deng and M. Hägg, Int. J. Greenhouse Gas Control, 2010, 4,
638–646.

10 T. A. Makal, J. Li, W. Lu and H. Zhou, Chem. Soc. Rev., 2012,
41, 7761–7779.

11 T. Montanari, E. Finocchio, E. Salvatore, G. Garuti,
A. Giordano, C. Pistarino and G. Busca, Energy, 2011, 36,
314–319.

12 S. J. Chen, Z. C. Tao, Y. Fu, M. Zhu, W. L. Li and X. D. Li, Appl.
Energy, 2017, 205, 1435–1446.

13 Y. Gao, J. Zhou, H. Sheng, X. Liu, X. Yong, S. Wang, Z. Yan
and T. Zheng, Xiandai Huagong, 2014, 34, 50–54.

14 R. T. Yang, Adsorbents: Fundamentals and Applications,
WileyInterscience, New York, 2003.

15 Q. Liu, A. Mace, Z. Bacsik, J. Sun, A. Laaksonen and
N. Hedin, Chem. Commun., 2010, 46, 4502–4504.

16 B. Yang, Y. Liu and M. Li, Chin. Chem. Lett., 2016, 27, 933–
937.

17 Z. Bacsik, O. Cheung, P. Vasiliev and N. Hedin, Appl. Energy,
2016, 162, 613–621.

18 O. Cheung, D. Wardecki, Z. Bacsik, P. Vasiliev,
L. B. McCusker and N. Hedin, Phys. Chem. Chem. Phys.,
2016, 18, 16080–16083.

19 D. Ko, R. Siriwardane and L. Biegler, Ind. Eng. Chem. Res.,
2003, 42, 339–348.

20 S. Cavenati, C. A. Grande and A. E. Rodrigues, J. Chem. Eng.
Data, 2004, 49(4), 1095–1101.

21 A. Eskandari, M. Jahangiri andM. Anbia, Int. J. Eng., Trans. A,
2016, 29, 1–7.

22 P. J. E. Harlick and F. H. Tezel, Microporous Mesoporous
Mater., 2004, 76, 71–79.

23 K. S. Walton, M. B. Abney and M. D. LeVan, Microporous
Mesoporous Mater., 2006, 91, 78–84.

24 F. Rezaei and P. Webley, Chem. Eng. Sci., 2009, 64, 5182–
5191.

25 F. Akhtar and L. Bergström, J. Am. Ceram. Soc., 2011, 94, 92–
98.

26 R. V. Jasra, B. Tyagi, Y. M. Badheka, V. N. Choudary and
T. S. G. Bhat, Ind. Eng. Chem. Res., 2003, 42, 3263–3272.

27 F. Akhtar, L. Andersson, S. Ogunwumi, N. Hedin and
L. Bergström, J. Eur. Ceram. Soc., 2014, 34, 1643–1666.
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Supplementary information

S1: Ion exchange procedure 

The ion-exchange process was optimized in two steps.

First step – Ion exchange with K+ cations: The zeolite powders/granules were mixed with the 
potassium chloride in distilled water and stirred at room temperature. The samples were washed 
three times with distilled water and dried at 110 °C. The degree of the partial ion-exchange was 
evaluated with the energy dispersive spectroscopy analysis, CO2 and CH4 adsorption and BET 
surface area. The ion-exchanged compositions demonstrating the high CO2 adsorption capacity 
and CO2/CH4 selectivity were used for further ion-exchange with Cs+ cations in the second step.

Second step - Ion exchange with Cs+ cations: The optimum K+ ion exchanged zeolites 
powders/granules obtained in the first step were mixed with cesium chloride in distilled water 
and stirred at room temperature. The samples were washed three times with distilled water and 
dried at 110 °C. The degree of the partial ion-exchange was evaluated with the energy dispersive 
spectroscopy analysis, CO2 and CH4 adsorption and BET surface area.

The detailed amount is described in Table 1S for NaX powder as well as NaX binderless 
granules whereas Table 2S shows the detailed description of the ion exchange process for the 
CaA powders and CaA granules. 

Table 1S: Ion exchange process description for NaX powder

NaX Powder
Starting 
zeolite

Amount of
zeolite (g)

Amount of 
KCl (g)

Amount of 
CsCl (g)

Amount 
of water 
(ml)

Stirring 
time (min)

Final zeolite
Composition*

Selectivity 
KH(CO2)/ 
KH(CH4)

NaX 1.003 0.203 - 100 30 NaK5.9X 143
NaX 5 1.001 - 500 30 NaK3.7X 77
NaX 5.006 2.002 - 500 30 NaK5.29X 140
NaX 5.002 4.001 - 500 30 NaK6X 146
NaK3.7X 1.2023 - 0.0484 120 30 NaK3.46Cs0.38X 135
NaK3.7X 1.2018 - 0.0243 120 30 NaK3.27Cs0.19X 144
NaK3.7X 1.2034 - 0.0124 120 30 NaK3.42Cs0.17X 143
NaK5.29X 1.2011 - 0.0486 120 30 NaK4.75Cs0.45X 132
NaK5.29X 1.2004 - 0.0251 120 30 NaK4.57Cs0.20X 146
*The final composition of the zeolite after ion-exchange was determined by EDS analysis.

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2018



Table 2S: Ion exchange process description for CaA powder
CaA Powder
Starting 
zeolite

Amount of 
zeolite (g)

Amount of 
KCl (g)

Amount 
of 
CsCl (g)

Amount of 
water (ml)

Stirring time 
(min)

Final zeolite
Composition*

Selectivity 
KH(CO2)/ 
KH(CH4)

CaA 1.003 0.051 - 100 30 CaK0.94A 138
CaA 1.0167 0.1016 - 100 30 CaK1.54A 66
CaA 1 0.203 - 100 30 CaK1.94A 38
CaA 1.003 0.403 - 100 30 CaK2.68A 175
CaA 1.003 0.8 - 100 30 CaK3.40A 288
CaA 1.015 1.608 - 100 60 CaK4.26A 127
CaA 1.003 3.199 - 100 60 CaK4.57A 48
CaA 5.006 2 - 500 30 CaK2.77A 139
CaA 5.009 4.004 - 500 30 CaK3.08A 179
CaA 5 8 - 500 30 CaK3.11A 223
CaK2.77A 1.8010 - 0.144 180 30 CaK1.55 Cs0.80A 144
CaK2.77A 1.8011 - 0.0723 180 30 CaK1.88 Cs0.42A 128
CaK2.77A 1.8018 - 0.0359 180 30 CaK1.74 Cs0.17A 168
CaK3.08A 1.8011 - 0.1446 180 30 CaK1.91 Cs0.8A 152
CaK3.08A 1.8006 - 0.0728 180 30 CaK2.21 Cs0.43A 152
CaK3.08A 1.8012 - 0.0362 180 30 CaK2.5 Cs0.21A 160
CaK3.08A 1.8012 - 0.0610 180 30 CaK2.5 Cs0.45A 220
CaK3.11A 1.802 - 0.1450 180 30 CaK2.51 Cs0.79A 50
CaK3.11A 1.8012 - 0.0728 180 30 CaK2.63 Cs0.40A 77
CaK3.11A 1.8008 - 0.0369 180 30 CaK2.76 Cs0.19A 100
*The final composition of the zeolite after ion-exchange was determined by EDS analysis.



S2: Electron Dispersive Spectroscopy (EDS)

EDS analysis was done on the powdered zeolite NaX, CaA and its ion exchange derivatives in 

order to confirm the ion exchange. The result of few selected zeolites is shown in table 3S.

Table 3S: Elemental analysis of zeolite NaX, CaA powder and its ion exchange derivatives

Zeolite 

powder
Ca (at%)

Na

(at %)

O 

( at%)

Al 

( at%)

Si 

( at%)

Cl

( at%)

K

(at%)

Cs

(at %)

CaA 3.94±0.52 -- 70.52±2.04 12.18±1.20 10.71±0.78 -- -- --

CaK3.08A

3.12±0.57

-- 69.54±1.34 11.43±0.88 9.65±1.10 1.83±0.99 3.11±0.51 --

CaK2.5Cs0.79A 4.1±0.46 -- 68.84±1.31 12.66±0.46 11.03±0.38 0.06±0.03 2.5±0.27 0.21±0.03

NaX -- 11.85±0.3

9

62.35±3.11 12.21±1.78 13.31±1.68 -- -- --

NaK5.88X -- 5.63±0.45 62.06±0.95 11.65±0.70 13.38±0.62 1.31±0.43 5.88±0.51 --

NaK5.97Cs0.10X -- 4.95±0.50 64.27±2.90 11.73±0.82 12.88±0.68 0.05±0.04 5.97±1.96 0.10±0.09

S3: SEM and XRD data 

Scanning electron micrographs of the CaA, NaX powders and some chosen ion exchange 

derivatives of these zeolite powders are shown in Fig. 1S. The analysis showed that the size and 

shape of the crystals are similar before and after the partial ion exchange. The average size of the 

polyhedral crystal was found to be 3µm.



Fig. 1S: SEM images of a) zeolite CaA powder b) CaK3.08A c) CaK2.5Cs0.2A d) zeolite NaX 
powder e) NaK5.9X f) NaK6.83Cs0.61X .

The PXRD pattern of the as-received zeolite NaX and CaA powder is shown in Fig. 2S. 
Randomly, ion exchange samples are chosen to compare the XRD of as received and ion 
exchange derivatives. The structure of zeolite NaX and CaA powder does not change by partial 
ion exchange with potassium and the same is observed when next to potassium a small amount 
of cesium was introduced. However, the added quantities were very small; therefore, no changes 
in the crystallinity were expected. 

Fig. 2S: Powder XRD pattern of a) NaX (black) and NaK8.13X (red), NaK6.83Cs0.61X (blue); b) 
CaA (black) and CaK2.5 A (red), CaK1.91Cs0.2CaA (blue)
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S4: Adsorption Isotherm

Fig. 3S: a) CO2 uptake isotherms of CaA powder (as-received powder, whole optimization with 
K cations) b)  CO2 uptake isotherms of CaA powder (optimized with K cations followed by 
whole optimization with Cs cations c) CO2 uptake isotherms of NaX powder (as-received 
powder, whole optimization with K cations) d) CO2 uptake isotherms of NaX powder 
(optimized with K cations followed by whole optimization with Cs cations).

Fig. 3S shows the CO2 adsorption isotherms of zeolite CaA and NaX powder with the follow-up
potassium ion exchange and cesium ion exchange derivatives.  The CH4 adsorption isotherms for 
both powder zeolites and its follow up potassium and cesium exchange derivatives is given in 
Fig. 4S.
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Fig. 4S: a) CH4 uptake isotherms of CaA powder (as-received powder, whole optimization with 
K cations) b) CH4 uptake isotherms of CaA powder (optimized with K cations followed by 
whole optimization with Cs cations c) CH4 uptake isotherms of NaX powder (as-received 
powder, whole optimization with K cations) d) CH4 uptake isotherms of NaX powder 
(optimized with K cations followed by whole optimization with Cs cations).

The CO2 and CH4 maximum adsorption qm, Langmuir constant b parameter and henry’s constant 

are obtained from the adsorption isotherm at 298K and 100 kPa fitted by the Langmuir model for 

zeolite NaX, CaA and its ion exchanged derivatives for both granules and powders and is 

represented in Table 4S. 
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S5: Langmuir parameters and Henry’s constant

Table 4S: Langmuir parameters and Henry’s constant for the powders and granules as well as 
their optimum ion exchange derivative for both CaA and NaX zeolites.  

Powder CO2 CH4

qm b KH qm b KH

(mmol/g) (1/kPa) (mmol/g) (1/kPa)
NaX 6.07 0.2306 1.4 1.12 0.0107 0.012
NaK5.88X 5.47 0.2473 1.35 1.064 0.0068 0.0072
NaK5.97Cs0.10X 5.08 0.2464 1.25 1.1036 0.0068 0.0075
CaA 4.42 0.4714 2.08 1.86 0.0056 0.0104
CaK3.08A 2.88 0.2554 0.735 1.276 0.0032 0.0041
CaK2.5Cs0.79A 6.46 0.0248 0.16021 0.019 0.1655 0.0031
Granules
NaX 5.19 0.4105 2.130 4.60 0.0019 0.0087
NaK3.9X 5.03 0.2063 1.038 3.49 0.0017 0.006
NaK4.5Cs0.3X 4.84 0.2121 1.026 3.00 0.0020 0.006
CaA 4.43 0.6265 2.775 3.142 0.0056 0.018
CaK2.6A 4.425 0.4864 2.152 2.154 0.005 0.011
CaK2.5Cs0.2A 4.4237 0.5233 2.315 2.541 0.00408 0.0103

S6: Zeolite X and A structure

There are 88 cations in the unit cell of zeolite X, and these charge-balancing cations have 
different locations within the framework, as it can be seen in Fig. 5Sa). These sites are: Site I-
near the center of the double six-member ring, site I’ is within the sodalite cavity nearly 
symmetrically positioned with the site I. Site II can be found at the center of the single six-
member ring or into the supercage, while site II’ is inside the sodalite cavity around the single 
six-member ring. Site III and III’ are found in the supercage, from which site III’ is on the inner 
surface of the supercage1. In order to exchange the cations present in the super cage, the ion has 
to diffuse through the 12 ring pore opening (free diameter around 7-9 Å), while to exchange the 
ions, in the small cages they need to diffuse through the 6 ring opening (free diameter around 2.5 
Å). Fig. 5Sb) represents the framework structure of zeolite A with its cationic sites. In zeolite A, 
eight sodalite cages (β cages) are located at the corners connected together via four-membered 
oxygen rings. This arrangement gives rise to α cage with a free diameter of about 11.4 Å.  In the 
zeolite A, the cations are located at the center of the six rings on the threefold axis (site I), in the 
eight ring windows (site II) and at the close proximity of the four ring (site III)2.

III
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Figure 5S: Schematic representation of a) zeolite X; b) zeolite A with their cationic sites3
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Abstract

Electrospinning is the one of the most versatile techniques to design nanofiber materials with numerous applications in the fields 

of energy conversion, catalytic chemistry, liquid and gas filtration.1 By electrospinning, complex structures can be designed from 

a rich variety of materials including polymers, metals, ceramics and composite, with the ability to control composition, 

morphology and secondary structure and tailor performance and functionality for specific applications. Moreover, with recent 

developments in the design of electrospinning equipment and availability of industrial-scale electrospinning technologies with 

production rates of several thousands of square meters per day new opportunities for electrospinning are imminent. With this, the 

advanced research on materials performed in our labs is getting closer to the commercialization of new products for applications 

in fields of energy and environment. 

An overview will be given on electrospinning activities at DTU Energy that address the sizable challenges in energy and 

environmental applications by electrospinning: 1. Electrospun perovskite oxide nanofiber electrode for use in solid oxide fuel 

cells. In this application, a (La0.6Sr0.4)0.99CoO3-δ cathode was shaped into 3-dimensional thin-film by so-gel assisted 

electrospinning method combined with calcination and sintering; 2. Electrospun nanofiber materials for gas adsorption.  Both the 

advantages and challenges of using electrospun nanofiber materials will be discussed, in terms of electrochemical performance, 

surface area, packing efficiency and mechanical stability.
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Figure 1. a) Electrospinning process; b) Industrial-scale electrospinning equipment (Elmarco); c) Pt-C/Nafion 
nanofiber electrodes for proton exchange membrane fuel cells2; d) metal oxide nanotubes; e) metal oxide nano-
pearl string; f) metal oxide nanofiber.3
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