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Abstract
Electroreduction of CO2 into high-valued chemicals is a promising way to reduce CO2 emissions while
simultaneously producing bulk chemicals currently produced from fossil-fuel feedstocks. The down-
side of this process is that conversion rates are low, meaning the resulting product stream is a complex
gas mixture consisting primarily of reactants and by-products and a relatively small amount of product.
This study focuses on the development of a new downstream separation process to capture ethylene
from a mock-up reaction mixture (mole fractions C2H4/CO2/CO/H2/H2O : 20/55/15/15/5), based on low
driving forces and suitable for application in a 100kW test case within the e-Refinery. An extensive
literature study of numerous separation techniques for gases was conducted and adsorption was cho-
sen as the most suitable option. After screening of various adsorbents, active carbon was selected as
the most potential sorbent. Based on a selectivity analysis, the primary focus was on the behaviour of
C2H4/CO2 on active carbon. Using a simple, custom-build set-up, transient breakthrough experiments
were performed for this gas mixture and the resulting selectivity for an equivolume feed, yielded a lower
separation performance than expected based on the ideal adsorption solution theory, respectively a
selectivity of 1.5–1.7 versus 3.2–3.5. Additionally a theoretical model was developed using MATLAB,
which described the velocity profile inside the adsorber column and could qualitatively predict break-
through behaviour. Further analysis led to the conclusion that for a more accurate quantitative match
between experimental and numerical results, isotherm parameters should be obtained from the same
type of active carbon. Ultimately this technique could be used to increase the ethylene content in
a CO2-bearing stream and pave the way for a new, energy-efficient method to obtain hydrocarbons,
ethylene in this case, from an electrolyzer cell.

Keywords: Adsorption, ethylene capture, breakthrough times, activated carbon, separation technology,
e-Refinery, numerical model, velocity variation
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1
Introduction

1.1. CO2 reduction in the world
We are living in a world were CO2 or carbon dioxide and its influence is mentioned daily in newspapers,
social media, scientific journals etc. and even though its global effects on climate change are subject of
discussion. It is measured that CO2 concentrations in the atmosphere have increased that over the last
30 years at 1% per year, with a decline seen in Q1 of 2020 due to decreased energy demand in China
and mild weather conditions on the northern hemisphere [1], [2]. At the time this thesis was written, the
COVID-19 pandemic raged over the world and the forced confinement imposed by many governments
is estimated to decrease global emissions by -4% (–2 to –7%) for low estimates and up to -7% (–3 to
–13%) if restrictions are continued until the end of 2021 [2]. The effects of this decrease will last for
years and gives us a another good motivation to rethink current emission patterns. This, combined with
the new strategies of the European Union of CO2 utilisation and increasing carbon dioxide taxes could
be good incentives for us to look into a new direction [3].

1.2. Carbon cycle and e-Refinery
In a techno-economical study by Fernández-Dacosta et al. a prospective assessment is made where
10% CO2 is captured off an industrial hydrogen unit and used for commercial-scale polyol production.
The authors mention that CO2 utilisation in this form has ”limited potential” for full scale operation on
an industrial level, however has a 23% reduction in ”climate change potential” with respect to the base
case, in which no CO2-capture system is implemented [4]. This illustrates how Carbon Capture and
Utilisation (CCU) uses flue gas and is converted into re-usable bulk chemicals, in contrast to Carbon
Capture and Storage (CCS), where CO2 is only stored. The complex process of commercial scale
CO2 utilisation faces huge challenges which need to be identified and understood. The capture and
processing required for CCU will not necessarily result in the lowest climate change potential, since the
the environmental trade-off is more complex compared to CCS [4], [5]. Nevertheless the prospect of
closing the carbon cycle is a great step towards a carbon neutral future.

To achieve this feat we would have to reconsider the concept that the bulk of the worlds chemicals is
retrieved from fossil fuel-derived feedstocks and look into alternatives. Electroreduction of CO2 offers
a potential route towards the production of gaseous carbons, such as the aforementioned polyols or
methane and ethylene [6], [7], alcohols [8], [9] and oxygenates [9], [10]. Advances in this field has
led to more workable productivity, selectivity and efficiency, as well as more durable and more efficient
catalysts [6], [11]. Combining electroreduction with renewable energy sources creates a useful bridge
between emissions and fossil fuels, while simultaneously creating a method to store (long times, e.g.
seasonal storage) electrical into chemical energy. This is why the the e-Refinery incentive was launched
in 2018 at the TU Delft. This consortium has the goal to ”electrify and decarbonise the chemical and
energy industries with its unique integrated approach, ranging from materials to processes and their
upscaling” [12].

1
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1.3. Industrial Separations
Inherent within the e-Refinery, identical to the classical, fossil-based refineries, separation processes
account for a huge portion of the energy consumption. To illustrate the vastness of energy required,
David S. Sholl and Ryan P. Lively mention seven industrial separations to change the world. Three of
seven, e.g. splitting of alkanes and alkenes, capture dilute emissions from flue gases and hydrocarbons
from crude oil, are related to the e-Refinery in some way. To further stress the need for improvement
the authors state that approximately 32% of the energy in the United States is used for industrial pur-
poses, of which 45-55% is used for separation processes [13].

The first industrial separation mentioned, the splitting of alkanes and alkenes, is of particular interest.
Ethylene, and in general olefins, are fundamental feedstocks for a wide range of chemical products.
Global production of ethylene was 116 million tonnes in 2005 [14] and exceeded 200 million tons in
2016 [13], this is almost 30 kilograms for every person on earth per year and is one of the most pro-
duced organic compounds in the world. In industry, the olefin/paraffin separation is typically done using
high-pressure cryogenic distillation and the huge amount of production, combined with the STP boil-
ing point of ethylene at –107.3 degrees Celsius accounts for 0.3% of the worlds energy use [13]. As
mentioned, ethylene is also a potential product of electroreduction of CO2, and even though production
using this technique is nowhere near industrially relevant quantities, the previous statements on current
ethylene cryo-based separation, emphasise the need for a less energy demanding separation process.

The second method mentioned, capturing of CO2 in flue gas, is important since it is the obvious feed-
stock in CO2-reduction. Capturing this gas efficiently will reduce the amount of CO2 emitted into the
atmosphere, while simultaneously reducing raw material costs. Eventually such an alternative produc-
tion method would eliminate the need for the third industrial separation mentioned.

1.4. Alternative Production Route
Contrary to other common, binary gas mixtures, such as CH4/C2H4 [14], [15] CH4/CO2 [15]–[17],
C2H4/C2H6 [15], [18]–[21], the C2H4/CO2-mixture is significantly less studied. A good example where
the C2H4/CO2-mixture plays an essential role, is in the effluent of the Oxidative Coupling of Methane
(OCM) reaction. This is another pathway that is used for producing ethylene in a more sustainable
way and it is based on pyrolysing CH4 into ethylene with side products ethane, carbon monoxide and
hydrogen. The motivation for using methane feedstock is that it can be obtained through a variety of
renewable options, such as biogas from organic waste [22] or landfills [23]. This process is interesting
to compare to the CO2 reduction pathway as both are upcoming technologies and both have issues
to be proved in industry because of poor ethylene conversion and selectivity, as well as limited cat-
alyst lifetime [6], [24], [25]. Two important differences between the renewable synthesis routes can
be observed. Firstly, OCM depends on a constant supply of biogas and production can be controver-
sial, as land used for agriculture could be replaced for chemicals production. Secondly, OCM reactor
effluent contains two more light hydrocarbon gases (neglecting minor side products), i.e. methane
and ethane [26]. Because of the low conversion, over 70% of methane is still present in the gas mix-
ture after reaction as well as ethane as side product. The resulting mixture is challenging to separate
using conventional scrubbing and distillation methods, because large amounts of methane and other
products need to be recycled to minimise waste streams and conserve carbon in the process, mak-
ing this process economically unfeasible for now [26]. The advantage of using CO2 electrolyzer from
a separation perspective is substantial, as the gas-phase reactor effluent is free of methane and ethane.

1.5. Goals and research question
Focus of this thesis and its research question is finding a downstream separation process of CO2-
reduction cell, which captures ethylene, while using minimal energy resources and yields high purity
product. To help answer this question this thesis is subdivided into various chapters. In Chapter 2 a
thorough literature of various separation techniques and its relation to the mock-up reactor effluent is
described and aims to find the one with most potential. In chapter 3 the chosen separation technique,
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adsorption, will be examined further and various sorbent materials are screened for their separation
capabilities. Chapter 4 discusses an experimental set-up to determine breakthrough times and chapter
5 will cover experimental work were the chosen material is used in transient breakthrough experiments
and the behaviour of binary C2H4/CO2 mixture on active carbon is investigated. Chapter 6 will provide
a theoretical model of the experiments which can be used in a later stadium for improving the adsorp-
tion based separation process. This thesis will finish by giving the conclusions found in this work and
the recommendations to further design and develop a downstream separation process.



2
Literature research and theory

2.1. Introduction & Physical properties
Selection of a suitable and efficient separation process is essential in making any process success-
ful. This chapter is dedicated to evaluating current separation strategies and discusses their potential
for the mock-up reactor effluent. Possible options that are investigated include absorption, cryogenic
methodologies, membrane technologies, surface separations and more are all discussed in the up-
coming sections. The low conversion rates of CO2 to C2-products, due to the high kinetic barrier of the
C-C coupling step, will increase the amount of reactants and products in the gas mixture, making the
separation process more complex [10]. Additionally the desire to focus on low driving force technolo-
gies makes finding a solution a challenging task.

In Table 2.1 the physical properties of the gas-phase components of the electrolyzer are given and upon
inspection of the kinetic diameter, normal boiling point, polarizability, dipole and quadrupole moments,
it is hard to identify a clear handle which can easily be exploited. Ideally ethylene can be separated from
the mixture in a single unit operation, simultaneously recycling CO2 and H2, while purging water and
CO. Capturing of a specific gas in similar mixtures is possible if the target gas has a suitable handle,
this could be the Lewis acidity of CO2 or the distinctive kinetic diameter of H2 or the dipole moment of
H2O [28]. Performing such an operation with ethylene as target gas in a mixture of gases with similar
physical properties, while also adhering to the low driving force goal, is something that has not been
accomplished before.

Another complication lies in the large amount of ethylene and CO2 in the gas mixture, accounting
together for roughly 75% of the mixture, meaning their characteristics are of major importance when
choosing the separation system. Both gases have low boiling points, do not differ a lot in size, have
high polarizability and no dipole moment.

Table 2.1: Physical property data [27]

Compound molecular
weight
[g/mol]

Kinetic
diameter
(Å)

Normal
boiling
point (K)

Polarizability
× [10ኼ
cm3]

Dipole
moment
[10ኻዂ per
(esu ⋅ cm)

Quadrupole
moment
[10ኼዀ per
(esu ⋅ cm2)]

C2H4 28.05 4.16 169.42 42.52 - 1.5
CO2 44.01 3.30 216.55 26.5 - 4.3
CO 28.02 3.69 81.66 19.5 0.110 2.5
H2O 18.01 2.65 373.15 14.5 1.855 -
H2 2.02 2.89 20.27 8.0 - 0.662

4
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2.2. Selection criteria
Having mentioned this lack of a suitable handle, this chapter will focus on highlighting various types of
separation techniques to determine the most promising one, while fulfilling the highest percentage of
process requisites. Before embarking into a huge campaign to identify all possible separation schemes
for the full mixture, they are accessed based upon a few criteria to efficiently choose themost auspicious
candidate. Those include:

• A considerable amount of information should be available in literature concerning the material
and/or process.

• The technology should be ethylene selective for the given reactor effluent

• Experimental testing can be performed on a small scale and can be upscaled for application in a
100kW electrolyzer cell.

• The process should operate at low driving forces, in other words energy requirements should be
low.

Besides these criteria, the system is preferably able to deal with water vapor, however due to the
complication of water vapor present for most systems, it is assumed water can be removed using a
condenser. Goal is not to design or synthesise new materials, nor to go on a extensive experimental
campaign to test the separation capacity of unproven materials, but rather to focus on methods that
are (partially) proven for (a part of) the mock-up reactor effluent.

In the following section some well-known separation techniques as absorption, distillation, adsorption
and membranes technologies as well as more unproven options will be explained and their potential is
discussed.

2.3. Absorption
Absorption based separation is based on relative solubility’s of individual components in the mixture in
liquid phase, meaning some components get enriched in the bulk aqueous phase, while the remainder
stays in the gas phase, creating a split. Within absorption three types are commonly described: e.g.
physical, chemical and ionic liquid absorption.

2.3.1. Physical absorption
Physical absorption is based on the principles of Henry’s law, meaning that equilibrium concentration
is a function of partial pressure and temperature and does not react with the solvent [29]. Because
uptake is higher at high partial pressures, pressurising or heating of the feed is one of the main energy
consumers, making physical absorption generally uneconomical when absorbate feed concentration is
under 15% [30]. To regenerate the absorbent heat is applied, pressure is reduced or a combination of
both.

Commercial processes include the Rectisol process with methanol as sorbent and over 100+ plants in
operation, the UOP selexol process, which uses dimethyl ether and ethylene glycol blend as sorbent
and has over 110 operational plants worldwide. Other processes are the Purisol, Morysorb and Shell
Sulinol processes [31], [32]. These processes have in common that they are mainly used to remove
acid gases (CO2, SO2, COS) to upgrade natural gas, purify Fischertrops effluent or biogas.

2.3.2. Chemical absorption
Chemical absorption is characterised by a chemical reaction between the absorbent and the gas phase
component to form a weakly bonded intermediate. The solvent is chosen in a way that the equilibrium
favours the formation of this intermediate and is therefore often preferred when absorbate concentration
in the feed is low or partial pressures are low. Within chemical absorption two types can be identified;
reversible and irreversible absorption. In reversible absorption the solvent can be regenerated using
heat or pressure changes, in the second case the bonded intermediate is essentially irreversible and is
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commonly applied when the amount to be adsorbed is small and requires marginal exit concentrations
[29].

Both chemical and physical absorption is usually performed in counter-current columns, where the sol-
vent is fed at the top and gas flows from the bottom and is absorbed by the lean solvent. The saturated
solvent leaves from the bottom and is (often thermally) regenerated in the stripper, the absorbate is
now recovered and removed while the adsorbent is cycled back to the absorbing column [31].

Chemical absorption is extensively used for CO2 capture, therefore a very mature technology and
has been commercialised for many decades. Arguably the most important industrial application is the
removal of CO2 using alkanoalmines, this includes primary, secondary, and ternary amines containing a
hydroxyl group, for example Monoethanolamine (MEA), diethanolamine (DEA) or more complex multi-
or cyclic amines [31], [33]. The MEA process is exploited by numerous suppliers, such as CB&I, Caloric
Anlagenbau and Randall Gas Technologies [32].

2.3.3. Ionic liquids
Ionic Liquids (ILs) are salt solutions that are in liquid form under an arbitrary temperature, for example
100°C, and consist mainly of ions and short lived electrons pairs. Main advantages of ILs are their
low vapor pressure, high polarity, wide liquid region, good thermal stability and non-toxicity [31], [34].
ILs are used in many applications in various fields however limited amount of solvents have made it to
commercialisation, the same is observed for separation applications of ILs [35].

ILs can both be used as a chemical and physical absorbent. For physical absorption main factors in
the solubility are the free volume and the size of ILs, as well as used cations and anions [31]. An-
thony et al. measured the effect of various ILs, e.g. [bmim][BF4] and [bmim][Tf2N]1 on the solubility of
CO2, ethylene and various other gases. They concluded that cations do not play a significant role on
CO2-solubility and anions do play a role, where for the [Tf2N] anion the highest solubility was reported.
Additionally it was reported that gases with large dipole or quadrupole moments and molecules able to
form other bonds (i.e. hydrogen bonds) have the highest affinity with the IL and finally other non-polar
gases related accurately with their polarizability. This results, in decaying order of solubility, for the
mock-up reactor effluent in: H2O>CO2>C2H4>CO>H2 [36].

Chemical absorption in ILs for CO2-capture is reported by Bates et al., who created a task specific ionic
liquid (TSIL), which is a IL tailer-made for specific characteristics. Using this technique they created a IL
able to absorp CO2 with similar efficiency as existing absorbent solutions. Downside of this technique
is that as CO2 is absorbed, the viscosity of the fluid increases and flow becomes increasingly more
difficult [37]. Alternatively to this problem Camper et al. mixed commercially available alkanoalmines
(MEA, DEA) with the room temperature IL. This way the absorbent mixture could be tuned to more
effectively capture CO2 in various conditions and processes. Advantageous of these amine-IL solu-
tions is that they possess similar CO2 uptake capabilities and behaviour, but lack the disadvantages of
TSIL (high viscosity) and pure alkanoalmines solutions (high vapor pressure, low CO2 loading, solvent
degradation, corrosion) [38].

Alternatively, options may lie in the olefin/paraffin separations as huge gains are also to be made in
this section as mentioned in the introduction. The unsaturated bonds of olefins have the capability
of donating 𝜋-electrons, contrary to saturated paraffins whose electrons are confined in the bond or-
bitals. This makes olefins essentially Lewis acids which are able to interact with trans metal cations,
for example Ag+ and Cu+ [20]. Sun et al. investigated a novel copper(I)-based supported ionic liquid
membrane (SILM). This SILM is a polyvinylidene fluoride microporous membrane impregnated by a
IL consisting of CuCl and 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]). The result showed that
ethylene permeability and permselectivity could be controlled by varying the CuCl/[Bmim][Cl] ratio, for
a ratio of two the highest permeability and permselectivity were reported [39]. Similar research is re-
ported for polysulfone (PSf) asymmetrical porous hollow fibers with solvents consisting of silver salts

1[bmim][BF4] = 1-n-butyl-3-methyl imidazolium tetrafluoroborate, [bmim][Tf2N] = 1-n-butyl-3-methyl imidazolium
bis(trifluoromethylsulfonyl) imide
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Figure 2.1: Vapour liquid equilibria for binary ethylene and carbon dioxide mixture. The equilibria were estimated with the Peng
Robinson equation of state using Aspen Plus software.

(AgNO3 and AgBF4) solutions in various IL with imidazolium and phosphonium cations. In this case
37% of the original ethylene in a 80:20 ethylene:ethane ratio was recovered after 8 hours [40].

2.3.4. Conclusion on absorption based technologies
Numerous examples were given of industrial scrubbing installations using physical or chemical absorp-
tion for CO2-removal strategies, however non of them met the criteria of one-step ethylene capture. Of
course this does not mean that one-step ethylene capture using absorption is impossible, however
in the light of our goal to not embark on an experimental endeavour, it is considered out of scope to
continue in this field and search for a suitable solvent. An alternative would be to consider two-step
process, where CO2 is removed using absorption from of the reaction mixture, resulting in a mixture
from which ethylene can more easily be isolated.

Also for ionic liquids substantial amount of research is conducted on CO2-capture. Interesting for our
specific gas mixture are the solubilities of various gases in ILs reported by Anthony et al., seen here
was that solubility of ethylene is simple intermediate with respect to the other components in our mix-
ture and therefore does not provide us with the desired handle for the one-step capture.

Ionic liquids provide us with a paradigm, as there are a million simple ionic liquids [35], which can be
used binary or ternary systems giving us respectively 10ኻኼ and 10ኻዂ possible combinations between
them, one could argue that one of them provides a good option for this process, however finding it, is
not the scope of thesis.

2.4. Cryogenic separation techniques
No exact definition exists when the cryogenic temperature range begins, but the cryogenic range be-
gins when so-called permanent gases (N2, O2 etc.) start to liquefy around –150°C. The reason to chill
gases to these low temperatures is that phase changes start occurring and separation can be per-
formed based on differences in condensation and sublimation point. Based on this principle high purity
oxygen and nitrogen (> 99.9%) are obtained in air separation [41] or CO2 can be captured from flue
gases with 99.99% purity and recovery [42], these examples indicate the possibilities to obtain high
quality product. Cryogenic separation methods are not limited to just distillation, other options include;
the cryogenic packed bed, anti-sublimation process, Controlled Freeze Zone process, CryoCell pro-
cess or implementation of stirling coolers. [43].
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2.4.1. Cryogenic Distillation
The first method that comes to mind when separating at cryogenic temperatures is cryogenic distilla-
tion. Its principle is based on the relative volatilities of the components in the mixture and the goal is use
the effective vapor pressures to extract one or several components from the mixture. The advantages
of (cryogenic) distillation are well-known and is therefore extensively used in industry, some include:
high maturity of the process, no need to introduce additional components and the ability to produce
high purity products combined with minimal losses of product [29]. It is currently also the dominant
separation technique for the splitting of hydrocarbons [14].

Inspecting the standard boiling points of all components in Table 2.1, it is immediately clear that ethy-
lene has the middle boiling point and therefore does not provide an easily accessible handle for 1-step
capture of ethylene. Additionally the vapour-liquid equillibria of CO2/C2H4 are given in Figure 2.1. Re-
viewing these diagrams it is seen that for low CO2 fractions the difference in boiling point is minimal,
making it energy intensive to obtain a high purity ethylene fraction, additionally the azeotrope will in-
crease the process complexity. Stünkel et al. report a process scheme for the removal of ethylene
in a OCM reaction mixture (see section 1.4) and the process consists of a purification and separation
section. In the purification section CO2 is removed using a MEA-based absorption unit and in the sep-
aration stage one or multiple distillation columns are used to capture methane and ethylene [45]. To
reduce the energy requirements, Salerno et al. use a technique called feed-splitting, where gas and
liquid fractions are split in a decanter and subsequently fed at different trays in ethane/ethylene col-
umn, the result is a 16% drop in refrigerant costs [25]. Alternatively Dutta et al. modelled the economic
feasibility of using LNG as cold source for the distillation of the OCM reactor effluent and showed that
no other external cooling was required. However because of the relative high price of LNG with respect
to NG, this method is only favorable when LNG-cold energy is obtained as side product from another
process [46].

Despite all of the previously mentioned processes the huge stand-in-the-way for this method to be im-
plemented in the e-Refinery is still the considerable energy demand necessary to bring down the gas
mixture to a point where components start condensing. It is not uncommon that cooling accounts for
50% of operating costs [43]. To reduce this amount, energy efficient solutions, for example multistage
compression and cooling [47], increasingly synergistic process flow diagrams [25] or process intensi-
fication. The latter even reported that using their optimised and intensified cryogenic network a profit
gain of over 69% could be reached [48]. An important sidenote is the required use of the ethylene prod-
uct, preferably product is used locally or transported through high pressure pipelines, besides this it is
not uncommon for ethylene to be stored in surface refrigerated tanks, in this case ethylene is required
at cryogenic temperatures, making the economic case stronger for cryogenic separation methods [14].

2.4.2. Stirling coolers
The basic principle op Stirling Coolers is based on the reversible Stirling cycle and allows for gases
to be cooled to very low temperatures. Its basic operation is based on four phases being repeated in
a cycle, the phases are described by Song et al. as: 1. expansion under an isothermal condition, 2.
refrigeration under a constant volume condition, 3. compression under an isothermal condition, and
4. heating under a constant volume condition. Advantages of the coolers are their high reliability, high
efficiency, small size and they are only reliable on electrical power [49]. The mechanical cooler is in
itself not a separation method, but a tool that can be used to cool gases to cryogenic levels. Song et
al. proposed a CO2-capture process based on Stirling Coolers combined with heat integration to find
an efficient method to desublimate and capture CO2 [50]. Downside is that this concept has only been
proven on labscale using binary mixtures (N2 and CO2) and no pilot scale or industrial applications
have been reported [43].

2.4.3. Cryogenic Packed Bed
Tuinier et al. proposed a post-combustion CO2 capture process, which effectively freezes out CO2 and
water and captures the permanent gases. This packed bed consists of a steel monolith structure which
is cooled using excess cold duty that is available at liquefied natural gas regasification sites [51]. This
concept is based on the desublimation and freezing of CO2 and H2O, where different fronts of firstly
condensing H2O create the equilibrium temperature and subsequently a second front of desublimat-
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ing CO2 forms and creates the second equillibrium temperature. The authors mention that amount of
condensation and desublimations reaches a maximum, depending on the amount of cold energy in the
bed, this prevents plugging or unacceptable pressure drop in the bed during a capture cycle [51]2. This
concept proved to be successful for a mixture of N2, CO2 and H2O. Major advantage of this process in
that water is removed in the same unit operation, removing the need for an additional drying section.
Additionally H2S has been added to the mixture and the total mixture had more capture potential than
the MEA based absorption process or a VPSA separation process [52].

Although this method removes water and carbon dioxide from the gas mixture, simplifying the original
gas mixture, it does not provide a single unit operation which captures ethylene and a second unit
operation step would be required. Another downside of this method is that is reliable on the availability
of LNG gas, when this is not the case a refrigerating system is required, substantially increasing energy
consumption [52]. Additionally this process has not been proven in industry and has only be shown in
small scale experiments, making the cryogenic packed bed not a viable option.

2.4.4. Controlled Freeze Zone
The Controlled Freeze Zone (CFZ) technology is originally intended to deal with very sour natural gas
reserves, which may contain up to 70% CO2 and 5% H2S and must be removed to make it suitable
for transportation and combustion [43]. This large amount of CO2 and H2S makes normal distillation
difficult as CO2 is very prone to freezing and blocking the column. As a solution ExxonMobil proposed
the idea to dedicate a specific zone in the column where CO2 is allowed to freeze out and falls down
to a melt tray and capture the acidic gases in a single separation step. This melt tray is kept above
the solidification temperature by feeding heat through warm vapor coming from the stripping section
of the column [53], [54]. This idea could be extended to multi-component mixtures, where multiple
components are freezed out [55]. The high CO2 content in the proposed reactor effluent, make this
type of distillation interesting. Downside however of this method is that it was originally intended for
methane separation and Northrop et al. mention that higher concentrations of heavier hydrocarbons
(C2+) will end up in the CO2-stream and thus making a second separation step inevitable [53].

2.4.5. Alternative cryogenic methods
As alternative to the previously mentioned methods the following methods are described for flue gas
CO2 capture of coal fired power plant and were investigated as viable ethylene capture options.

Anti-sublimation (AnSu) process
This method, described by Clodic et al. is based on the similar physical principle as the cryogenic
packed bed, that is the desublimation of CO2. Difference is however that CO2 is freezing directly to the
heat exchanger with as main advantage that the heat of fusion can be recovered [56]. This process
consists of five stages. In the first stage moisture is removed and the mixture is cooled to -40°C, in
the second stage cold energy is retrieved from the outflowing streams using a heat exchanger, in the
third stage the gas mixture is further cooled using a integrated refrigeration cascade. Stage four con-
sists of the actual CO2 heat exchangers where the CO2 is desublimated. In the fifth stage the CO2 is
recovered. In this system water should be removed to prevent unacceptable rise in pressure drop in
the fourth stage, this in contrast with the cryogenic packed bed, where different moving fronts prevent
substantial pressure drop differences. Another complication is that the build-up of CO2 on the heat
exchanger limits the amount of heat transfer to the gas mixture negatively affecting efficiency. An extra
complication is that the freezing temperature of CO2 is dependent on its partial pressure in the gas mix-
ture, the lower the desired final concentration of CO2 the lower the temperature of the heat exchanger
should be and the more energy is required.

CryoCell process
In the CryoCell process flue gas is dehydrated, cooled using outflowing gas and further cooled to the
CO2 freezing point. In the next step it is expanded using a Joule-Thomson valve and enters the special
2For detailed information on the process, the reader is referred to the original paper by Tuinier and coworkers [51].
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designed CryoCell column as a three phase system. The solid CO2 is recovered at the bottom of the
column, heated by the reboiler and removed as a liquid. At the top methane is recovered and com-
pressed to storage or sale specifications [57].

Both processes are intended and designed for CO2 recovery from flue gases or upgrading of biogas,
and could prove useful when reducing the CO2 amount in the mock-up reactor effluent or when high
purity CO2 need to be recycled. The implementation would however not provide the desired handle for
ethylene capture.

2.4.6. Conclusion on cryogenic separation methods
The advantages of cryogenic distillation are the high recovery and purity of products, the maturity of the
technology, makes it a viable option for this separation process. Simulations of the separation process
of the OCM reactor effluent show that cryogenic distillation can be efficiently applied for a more complex
reaction mixture (mock-up mixture including methane and ethane) and using methods as feedsplitting,
synergistic schemes, process intensification or using more unproven options such as stirling coolers,
energy demands can be decreased.

Alternatively CO2 freezing or sublimation methods are considered, the applicability of these methods
ranged between labscale and pilot scale and were mainly designed for the capture of CO2. These
methods would reduce the amount of CO2 in the mixture and would make separation easier, non of
them provided perspective of obtaining high purity ethylene, in other words, all of them would require
additional separation steps.

Main issue with cryogenic distillation is the inherent need for cooling and the auxiliary equipment costs
and one could wonder if this fits the green character of the e-Refinery. The normal boiling point of
ethylene with respect to the mixture does not allow for a one-step capture of ethylene, meaning multiple
columns are required for product retrieval. An important side note needs to be made, if at the process
implementation site cold energy is available, for example the expansion of LNG which can efficiently
be captured, operational costs would decrease substantially. This differs of course per location and
therefore it is assumed in this thesis, that such cold energy is not available and the reactor effluent
needs to be cooled in its entirety.

2.5. Adsorption
Adsorption is the natural tendency of molecules to collect at the surface of a solid material. This binding
strength is unique for every adsorbent-adsorbate combination and can therefore be used as a sepa-
ration technique. Most of the time, the binding is weaker than chemical bonds and be reversed by a
relative mild adaptation in process conditions [29]. This reversibility is the basis of two fundamental
stages, first the adsorption phase, where a mixture of gases (in this case) is fed and the more strongly
adsorbed species is captured by the adsorbate and the second stage where this adsorbate is released
by a change in pressure (pressure swing adsorption) or temperature (temperature swing adsorption)
and the adsorbent bed is regenerated. The first industrial applications of adsorption were reported for
N2/O2 splitting, air drying or in hydrogen purification. Nowadays adsorption is seen in more and big-
ger processes, with the largest hydrogen purification units in the petroleum industry having production
rates up to 100 tonnes per day [58]. Other applications that are currently used on industrial scale are
carbon dioxide recovery or natural gas purification. For example the Molecular Gate adsorbers of Guild
Associates Inc. are in operation with over 40 units today. These units are used for the upgrading of
landfill gas, digester gas, coalbed methane and natural gas and are able to deal with water saturated
stream containing 3 to 40% CO2 levels [32].

Similar to absorption, two types of adsorption typically occur. Physical adsorption, which is based on
weak Van der Waals-attraction forces and are characterised by low enthalpy values, typically around
20 kJ/mole. This type of sorption is reversable and molecules are not bounded to a single adsorbent
molecule, but are free to travel over the surface. Chemical bonding between adsorbate and adsorbent
is identified by a much stronger bonds, such as covalent or electrostatic bonds, and have a high en-
thalpy bond around 200 kJ/mole and are irreversible [59]. This irreversibility is a major disadvantage
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when used for bulk separations, as the adsorbent will need replacement very regularly, disrupting the
process and increasing the operational costs. The next sections will focus on finding a method to ef-
fectively capture ethylene.

2.5.1. Finding an ethylene selective handle
Materials often used as adsorbent include activated carbon, metal-organic frameworks, silica gel, ac-
tivated alumina, zeolites [29], [58]. The amount of dispersion forces a molecule “feels” towards the
adsorbent is dependent on molecular weight, presence of functional groups, such as double bonds or
halogens, polarizability and the micropores of the solid. Inspecting Table 2.1 it can be observed that
ethylene and CO2 both are non-polar molecules with large quadrupole moments, where CO2 > ethy-
lene. Using surface modifications or locally introduced charges in cation exchanged zeolites or open
metal sites in MOFs, the absorbent structure can be adapted in such a way that the electrical field can
act on the quadropole moment of ethylene or CO2 and create a potential separation handle [60]. Diffi-
culty lies in finding a suitable network that is able to selectively capture ethylene without co-capturing
CO2 or other species in the mixture.

For example García et al. reported the dynamic adsorption experiments using a zeolite 5A Molecular
Sieve (MS) on a mini-plant scale for the separation process for the OCM reactor effluent. The uptake
of ethylene, CO2 and other species in the mixture were reported and it was observed that adsorption of
both C2H4 and CO2 was significant, in other words no suitable handle for ethylene capture was found.
To obtain a good ethylene/CO2 split the authors proposed to use amine based absorption to remove
CO2 [61].

Alternatively Bachman et al. sought to find a handle by using porous, highly tuneable metal organic
frameworks. Their idea was to use a framework with open metal sites that ”involves balancing the elec-
tropositivity and 𝜋-backbonding ability of the coordinatingmetal site for achieving selectivity” [26]. In this
context the authors found of the investigated materials, e.g. M2(m-dobdc) (M = Mg, Mn, Fe, Co, Ni)3,
that Mn2(m-dobdc) did not exhibit a particularly large affinity towards different species in the mixture,
however did have the relative largest affinity towards ethylene. The calculated binary ethylene/CO2
selectivity for this compound was around 8. For Fe2(m-dobdc) an even higher selectivity of 11 was
reported, however ethylene/CO selectivity was a factor 10 lower compared to Mn2(m-dobdc), being
approximately 10 and 100 respectively. These calculations were verified in breakthrough experiments
and simulations and proved that Mn2(m-dobdc) is capable of high selective ethylene capture [26].

Disadvantage of the previously mentioned adsorbents is that they are not commercially available, lim-
iting up-scaling capabilities. Zandvoort et al. recently investigated the same mixture of gases and
screened commercially available adsorbents for selective ethylene capture in CO2 bearing mixtures. In
their research the authors examined cation exchanged zeolites (13X, CaX, NaY, 5A, 4A) and activated
carbon (AC) to test adsorption capabilities. Using ideal adsorption solution theory (IAST) predictions
(see section 3.6.1) the selectivity of the binary mixture C2H4/CO2 was determined for all adsorbents,
from these results it was observed that zeolites 4A and 13X were CO2 selective and AC was ethylene
selective, the remainder showed no significant extra adsorption of either species. These calculations
were verified in transient breakthrough experiments and simulations using the binary mixture in various
ratios. For a C2H4/CO2 ratio of three a breakthrough time of 15 minutes for ethylene was observed
compared to 6 minutes for CO2, indicating the preferable adsorption of ethylene on AC in agreement
with the calculations.

Desorption was investigated using N2 carrier gas at normal pressure, observed was that CO2 desorp-
tion was substantially faster then ethylene desorption, the authors state that for a C2H4/CO2 ratio of
0.5, comparable ratio as the mock-up reactor effluent, after 12 minutes a nearly pure ethylene stream
could be obtained. No experiments with hydrogen or carbon monoxide were performed by the authors.

3m-dobdc4- = 4,6-dioxido-1,3-benzenedicarboxylate



12 2. Literature research and theory

2.5.2. Comparison to the fruit industry
In an extensive review Keller et al. describe ethylene as the natural ripening agent in plants, and
has therefore significant effect on growth and development as well as the storage life. Since low con-
centrations already have influence, controlling ethylene concentrations in storage can prevent major
product losses and insure a fresh product. The most widely used technology is the use of potassium
permanganate-based scrubbers, which oxides ethylene into carbon dioxide and water. Also among
other methods, the use of zeolites and carbon based adsorbents is suggested to reduce ethylene con-
centrations. Of the reported zeolites, mordenite Na was the most favorable as a cyclic adsorbent and
could be regenerated using micro-wave heated water. Ethylene uptake was about half compared to
the oxidation capacity of the potassium permanganate-based scrubbers (20 versus 37 mmol/kg), but
could be regenerated [62]. Additionally Bailén et al. describe the use of carbon-based adsorbents
for ethylene control and could, depending on the conditions (partial pressures of CO2, O2 and other
gases, temperature, humidity) obtain similar ethylene uptake as permanganate-based scrubbers [62],
[63]. The involvement of ethylene in fruit ripening and in the reactor effluent make it interesting to
compare both and the possibility to use AC as adsorbent is investigated further in the next section.

2.5.3. Effect of activated carbon on other species
To further investigate the possibility of AC as adsorbent the theoretical IAST separation factor of ethy-
lene and the other various species in the mixture was determined. Naturally AC is a hydrophobic
adsorbent, however adsorption effects of water vapor on AC can be significant. This effect can be
explained by the presence of functional groups on the surface or edges which can act as nucleating
sites. Depending on the amount of functional groups or the concentration of water vapor in the feed,
this effect can compete and disrupt adsorption of the originally targeted species [64].

Experimental adsorption equillibria of pure hydrogen and carbon monoxide on activated carbon were
investigated to relate their uptake to ethylene and CO2, these results are given in Table 2.2. The exper-
imental data have been extracted from the original paper using the Data Thief tool [65] and have been
fitted using a temperature dependent, dual site Langmuir model (see section 3.4.2) to quantitatively
compare their uptake. Observed is that for similar conditions, different types of AC yield a range of up-
takes for the same specie, this effect can be explained by the differences in pore size, specific surface
area and surface chemistry [66]. A similar feat is observed by Zandvoort et al. who attempted to model
breakthrough experiments on zeolites and AC. Contrary to zeolites, they were unable to match sim-
ulations with experiments and they explained this poor quantitative match because isotherms for the
simulations were obtained from a different kind of AC than the type used in breakthrough experiments
[67]. Nevertheless can it be observed that for the given AC types hydrogen uptake is limited and most
likely has limited effect on ethylene uptake. Carbon monoxide uptake is more substantial and its effect
on ethylene capture should be investigated.

2.5.4. Effect of 𝜋-complexation and examples
𝜋-complexation or 𝜋-back bonding is a special kind of bond in which the 𝜋-orbitals of a metal line-up
with a ligand and are able to release (e.g. back donation) electrons from a filled d-orbital of the metal to
an antibonding orbital of the ligand and is for example seen in transition metal-olefin complexes [72]. In
Figure 2.2 this is graphically displayed, seen is how the 5s orbital of a silver atom binds with 𝜋∗-orbital.
Because of the relatively diffuse 𝜋-orbitals of olefins, adsorbents containing metals capable of 𝜋-back

q [mol kgዅ1]

C2H4 CO2 CO H2 AC type/supplier Ref.

2 0.35 Norit B4 [68]
2.6∗ 1.5∗ Type BPL, 6/16 mesh [69]
2.9∗ 0.02∗ Calgon Co [70]

2.4∗ 0.9∗ 0.03∗ ’Commercial’ [71]

Table 2.2: Loading of various compounds onto different active carbon types at 298K and 1 bar. (∗) are calculated using the
dualsite, temperature dependent Langmuir model.
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Figure 2.2: Schematic representation of an olefin binding
with transition metal Ag+. First the outside s-orbital binds
with the bonding orbital of the metal, second the -bond
consisting of the outside electrons in 4d orbital bind with
the empty antibonding ∗ orbital of ethylene [19].

bonding are commonly investigated in olefin/paraffin separations. Reported metals that provide good
selectivity for olefin capture include Cu+ or Ag+, when incorporated in an adsorbent framework it can
result in adsorption enthalpies of over 100 kJ/mol. Downside of this strong bond is that regeneration
may prove to be quite challenging [73]. This affinity towards ethylene can also be exploited in ethylene/-
carbon dioxide mixtures, two examples are given below.

Zhou et al. studied the deep removal of ethylene of a carbon dioxide stream (approx. 1% (V) C2H4 in
CO2) comparing NaY and HY zeolites with AgNO3-Modified Y-Zeolites. They reported the presence
of two types of adsorption sites for the modified zeolites, the weak sites that were also found in the
unmodified zeolites and the strong sites, which are the newly introduced Ag+ active sites. For the weak
adsorption sites strong competition exists between ethylene and CO2 and therefore ethylene particles
are primarily captured by the strong, more selective adsorption sites. Also desorption for the weaker
sites occurs at around 100 °C, while for the strong sites desorption is at 240 °C. Using temperature-
programmed desorption the authors were able to selectively capture ethylene [74]. For the opposite
mixture (1% (V) CO2/C2H4) He et al. reported the metal−organic framework named Qc-5-Cu (fab-
ricated by copper tetrafluoroborate and quinoline-5-carboxylic acid), which was able to capture CO2
with great selectivity (IAST calculations showed selectivity of almost 40). In density functional theory
(DFT) calculations it was observed that binding occurs though 𝜋−𝜋 interactions between the molecules
and the framework, and that in this case the high selectivity can be explained because the quinoline
ring makes it difficult for ethylene to conjugate with the framework [18]. These examples indicate that
with proper use of metal complexes, adsorbents can be tuned to specifically target ethylene (or CO2,
interesting for the upgrade towards high-grade ethylene).

2.5.5. Conclusion on adsorbent technologies
Finding a suitable adsorbent capable of selectively capturing ethylene is not straightforward, however
the potential advantages are clear; simple equipment, process operation at moderate conditions and
low energy requirements. Possible adsorbent options include activated carbon, silica gel, zeolites and
metal-organic frameworks, which can be tailored to meet specific needs. The similar properties (polar-
ity, quadrupole moment, dipole moment) of ethylene and carbon dioxide make the need for a custom
adsorbent seem evident. Mn2(m-dobdc) and Fe2(m-dobdc) were reported to have good selectivity’s
towards ethylene, being 8 and 11 respectively, where Mn2(m-dobdc) also has large C2H4/CO selectiv-
ity of approximately 100. Additionally transition metals Cu+ and Ag+ are reported to have good 𝜋-back
bonding capabilities with ethylene, these capabilities are used create a selective handle towards ethy-
lene and CO2

Besides these MOFs and zeolites, active carbon was also reported as adsorbent with favorable equilib-
rium towards ethylene in a range of C2H4/CO2 (0.5-3) mixtures, having a calculated IAST selectivity of
3 to 4. This is not as high as the custom made adsorbents, however does have the advantage of being
widely available and cheap, being advantageous when larger scale set-up are build. Additionally the
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(a) Xu et al. provide an overview of carbon molecular
sieves, zeolite, polymeric and silver/copper based mem-
branes [77].

(b) Bachman et al. report membranes incorporated with
various loadings of M2(dobdc)nanocrystals. Grey dots
represent polymeric membranes [28].

Figure 2.3: Ethylene/ethane separation performance for various types of membranes. The black lines in both figures indicates
the upper bound for polymeric molecules.

transient desorption experiments of a binary C2H4/CO2 mixture indicate that CO2 desorption is faster
than ethylene desorption, meaning that after all CO2 has desorped a stream of nearly pure ethylene
can be recovered. Interestingly a similar feat is currently seen in the plant conservation industry, where
the organophilicity of AC is used to effectively capture ethylene and could be regenerated after use.

2.6. Membrane Technology
Membrane separation is based on the relative permeability of a individual gases through a membrane
based on the physical or chemical properties of the gas. The main driving force in gas-membrane sep-
aration is the pressure difference that is present across the membrane and based on the gaseous sol-
ubility and permeability, the permeable molecules (permeate) diffuse through and the non-permeable
molecules (retentate) stay on the feed stream side. The specific kind of membrane that is used, is of
great importance in the design of a membrane-separation unit as it will hugely effect the performance
[75], [76].

Industrial applications of membranes include for example the UOP Separex™membrane systems (130
units installed worldwide), capable of removing CO2, H2S and water vapor from a hydrocarbon stream
or the Cynara® Membrane Units (40 units installed worldwide) are used to capture bulk quantities of
CO2 from hydrocarbon gas stream and is even capable of handling condensing liquid hydrocarbons.
Hydrogen upgrading facilities using the UOP Polysep™ Membrane by Air Liquide (125 installations
worldwide) are capable of producing a 90 to 99% hydrogen product stream, these are all processes
reaching the initial stages of maturity [32], [76]. The general advantages of membrane processes in-
clude its low capital and operating costs, the possibility of modular upscaling and simple process flow
sheets. However the technology is often not economical for the production of very large amount of
product.

For gas separation, a trade-off is often encountered between the permeability and selectivity of a ma-
terial and will characterise the performance of the final product. A high permeability will increase the
flow through the membrane or reduce the pressure drop over the system, downside is that selectiv-
ity decreases as molecules can diffuse more easily through the membrane. And vice versa for a low
permeability a higher selectivity is often seen. This is graphically displayed in Figure 2.3. Here the
O2/N2 selectivity is displayed on the y-axis and permeability on the x-axis, it is suggested that an up-
per boundary exist for many polymeric membranes and to overcome this limit is subject to intensive
research.
Within membrane gas separation various membrane materials exist, those include polymeric mem-
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branes, inorganic membranes, Metal-organic framework membranes, Mixed Matrix Membranes and
some other materials [78].

2.6.1. Polymeric Membranes
Polymeric membranes are extensively used in industry for their low costs and their wide range appli-
cations and some examples include silicone rubber, polycarbonate, polyimides or larger copolymers
[75] . Typically they are divided into glassy or rubbery polymers, depending on the glass transition
temperature of the material. Rubbery membranes consist of long chain which can be stretched and
when the stress is released the membrane will return to its original state. Glassy membranes on the
other hand consist or rigid chains, that will break when tension in increased. Generally glassy polymers
have good separation characteristics, e.g. high selectivity, combined with low permeability, this effect
is explained by the presence of less free volume within the chains. For rubbery polymers the opposite
is observed. This effect is also displayed in Figure 2.3, where the rubbery polymers are represented
more significantly in the bottom right corner and and glassy polymers in top left corner [78].

2.6.2. Inorganic membranes
Inorganic membranes contain typically oxides, metals or elementary carbon and compared to polymeric
membranes, they are more durable, show less plastification and have better control over pore size
and distribution. They are typically characterised based on their internal pore size range between
dense (<0.5nm) and macroporous (>50 nm). The microporous range (pore size ranging between 0.5
and 2 nm) is interesting for CO2 and hydrocarbon separations. Examples include silicates, zeolites
and carbon molecular sieves (CMS) [78], [79]. For example Salinas et al. describe the use of high
performance CMS that was pyrolised between temperatures of 500 and 800 °C. The membranes were
capable of ethylene capture in a binary, equimolar ethylene/ethane mixture with a selectivity up to 14
at 4 bar and which claimed to be the highest to date. Molecular sieves are identified for their stability
and high permeability, but have not been produced at industrial sized scale [78], [80].

2.6.3. Facilitated transport membranes
Facilitated membranes have a special agents incorporated into their polymer matrix that can selectively
and reversely bind with the target molecule, providing an additional route next to normal diffusion. This
way, for a decent permeability, very high selectivies of 165 have been reported for the ethylene/ethane
mixture [81] and of 60 for propylene/propane [82]. This is achieved for example by implementation of
silver ions into a polymeric membrane, which are capable to form a metal complex with the 𝜋-bond of
olefins (see Figure 2.2). In a recent patent it was shown that for increased silver ion concentration in
the membrane a higher permeability and selectivity was observed, while still being able to produce a
99.5 m% permeate stream, [83]. In practise however, these membranes were found to be too unstable
during longer continuous operation [78].

2.6.4. Pilot scale OCM processes
PolyActive membrane, a commercial blockcopolymer, is produced on a commercial scale and installed
into membrane modules by Brinkmann et al.[84]. In their pilot scale investigations they assessed the
capability of this membrane to capture CO2 from gaseous hydrocarbons (CH4, C2H4). It was concluded
that the membrane was stable for longer periods under continuous operation and was able to capture
carbon dioxide from hydrocarbons with good selectivity towards methane and moderate selectivity to-
wards ethylene. However the CO2 recovery of 44% at 10 bar feed pressure and 70% at 20 bar feed
pressure, indicate that a hybrid separation system (the authors suggested amine-based absorption) is
needed to minimise losses. Besides ethylene losses through the permeate were in the range of 25%,
so another membrane stage would be required to reduce losses [84]. Additionally Schuldt et al. re-
ported a ”strong swelling influence of CO2” which has a negative effect on the CO2/C2H4-selectivity as
CO2 partial pressures increase, meaning that process pressure ranges are limited [85].

Comparable results were seen in pilot scale tests by Stunkel et al. They investigated four membranes
to study CO2 capture in OCM reactor effluent and the effect of ethylene losses. Cellulose acetate (CA),
polyethylene oxide (PEO), polydimethylesiloxane (PDMS) and matrimide (PI) were investigated and
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the highest CO2/C2H4-selectivity of 16.5 was found for PI. However in their initial screening with PI it
was found that for 90% CO2-capture, ethylene losses would be in the range of 40%. To improve the
pilot experiments they aimed to capture half of the CO2 of a feed consisting of 25% CO2, and subse-
quently implement an amine-based absorption step. This way unacceptable ethylene losses could be
prevented [86]. Both cases show that for commercial membranes loss of product is considerable.

2.6.5. Olefin/paraffin separations
Olefin/paraffin separations are notoriously difficult to achieve, due to large similarity between molecules
and are conventionally performed using distillation. On the other hand over 2000 publications and
patents have been published on hydrocarbon membrane separation over the last 30 years, indicating
the interest in enhancing existing membranes and commercialise them [76].

Hou et al. published a comprehensive review were the latest developments concerning olefin/paraf-
fin separations and over 50 different types of membranes are reported. From a separation point of
view they discovered that the selectivity/permeability barrier was the main limitation for industrial ap-
plications. Separation occurs either through chemical interactions, based on the preferential diffusion
though dense polymers and alternatively through sieving molecules using judicious materials with ap-
propriate pore sizes and shapes. From a material point of view two general types of materials are
seen, e.g. dense and porous membranes. Dense membranes, consisting of linear branches of poly-
mer, are diffusion based and are therefore limited by the selectivity/permeability upper bound. As
solution porous materials with micropores (e.g. MOFs, zeolites, carbon molecular sieves) are being
designed [19]. For both points of view, MOFs are obtaining significant attention, as these polycrystalline
membranes can be varied in organic linker molecules, creating the possibility to tune size, shape, in-
ternal cavities and chemical affinity [78]. To find the ideal ethylene selective membrane Xu et al. used
non-equilibrium molecular dynamic and DFT simulations. In their results the designed AHT zeolite was
found to be superior relative to the other reported membranes, having a permeability of 958 Barrer and
a C2H4/C2H6-selectivty of 102, see the red star in Figure 2.3a [77].

2.6.6. Metal-organic framework membranes
Introduction of metal-organic frameworks (MOFs) into membranes is a relatively new phenomena and
is obtaining an increasing amount of attention due to properties as large pore size, high surface area
and good selectivity towards small or chiral molecules. Bachman et al. report the use composite mem-
branes consisting of MOFs dispersed into a polyimide polymer phase, with ethylene/ethane selectivity’s
of around 5. The membranes consisting of Ni2(dobdc) or Co2(dobdc) nanocrystals were also found to
have greater ethylene selectivity or consisting of Mg2(dobdc) or Mn2(dobdc) with greater permeability
and increased durability, all operating above the upper bound, seen in Figure 2.3b). Besides this in-
creased separation performance, the authors reported suppression of the plastification effect caused by
mobile polymer chains that are being dissolved by the penetrating gas as pressure increases, decreas-
ing selectivity. The polymer membranes were able to handle high pressures, without loss in selectivity,
making them applicable for separations previously inaccessible for membrane separations [28]. The
same group also reported a solid sorbents (e.g. Mn2(m-dobdc) and Fe2(m-dobdc)) capable of highly
selective ethylene capture from a mixture containing CO2, CO, H2. These nanocrystals could also be
incorporated into membranes to boost ethylene capture [26].

2.6.7. Conclusion on membranes
Membrane based separation is a maturing technique that is increasingly common in industry, typical
applications are for example bulk CO2-capture in flue gas, biogas and natural gas upgrading or hydro-
gen capture. Advantages of membrane technology include low capital costs, limited operating costs,
no moving parts, modular up-scaling and the lack of phase changes. Weaknesses of this technique
are its sensitivity to fouling, plastification or compaction, that is generally deterioration of pores caused
by pressure or temperature effects and a selectivity/permeability trade-off.

To find an ethylene selective membranes three types of membrane were examined, e.g. polymeric, in-
organic and facilitated transport membranes. To ’examine/scout/look into/investigate’ different options,
the OCM-process and olefin/paraffin separation procedures were examined(, because of their similar
outflow compositions)
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Polymeric membranes are the simplest type of membrane examined and known for their wide applica-
bility and low costs, however ethylene selective processes are scarse. Pilot scale experiments of OCM
reactor effluent using membranes matrimide was the most suitable with the highest ethylene/carbon
dioxide selectivity of 16.5, but was used only to reduce CO2 concentrations and subsequently another
separation step was proposed. Alternatively PolyActive membrane, proved to have decent recovery
of CO2 from a hydrocarbon stream (methane, ethylene), but ethylene losses were significant in the
range of 20%, also indicating multiple stages or additional separation techniques are needed to make
the process economical. Polymeric membranes also have the tendency to be bound by the selectiv-
ity/permeability line, making industrial applications limited. To overcome this limitation inorganic and
facilitated transport membranes, which include carbon molecular sieves, zeolites and metal-organic
frameworks, are used. Pyrolised carbon molecular sieves are able to have high fluxes with good sta-
bility, but currently are limitedly available on commercial scale.

From both a material as a separation point of view the tune ability of MOFs and zeolite is an effective
way to overcome the selectivity/permeability bound by tuning size, shape, internal cavities and chemical
affinity and can therefore specifically be designed to be ethylene selective. Similar to adsorbents,
Co2(m-dobdc) and Mg2(m-dobdc) dispersed into a polymer phase proved to yield ethylene from ethane
with respectively high selectivity or high permeability. An alternative strategy is to use metal complexes
which can form a bond with the 𝜋-orbital of olefins, metal ions as Ag+ or Cu+ can be incorporated into
a polymer matrix, and be used as facilitated membranes to improve performance. Additionally it may
be worthwhile to use simulations to find the ideal material to push the limits of selectivity/permeability
boundary.

2.7. Other technologies
2.7.1. Reactive separation
By using a reactant the properties of ethylene can be changed in such a way separation is signifi-
cantly easier. Oligomerization would be the first option that comes to mind, by creating repeating units,
the boiling point of the carbon chain would increase, to the point were distillation is more feasible or
even liquefies at room temperature. High grade ethylene (>99.9%) is polymerized on catalysts (for
example titanium(III) oxide or chromium(VI) oxide) to produce polyethylene [14]. However in this case
other gases in the mixture would foul the catalyst, making this step inaccessible. Alternatively the Shell
higher olefin process (SHOP) is used to produce linear branched olefins of lengths up to approximately
20 repeating units [87].

Graf et al. describe a combined process for the oxidative coupling of methane and reactive alkylation
of benzene to the intermediate ethylbenzene using ZSM-5. Conversion ranged between 90 and 98%
for reactor temperatures between 320 and 400 °C. No effect with other species in the mixture, e.g. CO,
CO2, CH4, C2H6 and H2O, was observed and water even had a positive effect on the stability of ZSM-5
[88]. The liquid ethylbenzene can easily be recovered from the gas mixture, for example using a flash
or distillation. The ethylbenzene can be used as intermediate in the production of methylbenzenes and
sold as such. Otherwise a dealkylation procedure in this case or cracking process in case of oligomer-
ization would be required, which typically occurs under high temperature and pressure conditions or
using catalysts [14]. This additional process step would significantly increase capital and operational
costs.

2.7.2. High temperature looping
High temperature solid looping is a technique commonly used to capture CO2 from flue gases and is
based on the reaction of calcium oxide with CO2 to form CaCO3. In a fluidized bed reactor operating
around 650 °C the lean absorbent chemically binds to the CO2 and is transported to a stripping column.
This column operates at around 900 °C to recover and produce a pure stream of CO2. Advantages of
this technique are that CO2 is inherently separated from other components in the flue gas, it can easily
be retrofitted into existing infrastructure and the absorbent material, essentially limestone, is abundant.
Downsides include the high operating temperatures, meaning efficient heat integration needs to be
implemented to keep energy requirements to a minimum. Also the technique has limitly proven itself
in industry, with a few pilot plants being the largest scale to date [60]. Although this technique captures
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CO2 with high purity, it does not provide an ethylene selective handle, meaning additional separation
steps would be required. Also no information is available on the effect of C2H4, CO and H2 in the
process.

2.7.3. Hybrid technologies
Combining different types of separation techniques is an efficient way to overcome the weaknesses of
a single technique. Also using specific techniques the different unique handles of specific molecules
can be targeted more efficiently.

Several options were already suggested before, for example Stunkel et al. proposed a separation
set-up for ethylene capture of a OCM gas mixture consisting of a membrane module, amine based ab-
sorption and distillation. The resulting hybrid system yielded a 40% reduction in energy requirements
compared to the orginal base case [45], [86]. Moreira et al. implemented a cryogenic adsorption pro-
cess as an alternative for a distillation column for the upgrading of natural gas. This way an energy
reduction was achieved combined with a higher methane recovery [89]. As discussed in section 2.5,
adsorption with tailermade adsorbents can be an alternative option to produce high grade ethylene. Es-
pecially as impurities commonly removed via distillation, a relative large amount of energy is required
for the removal of trace impurities. A hybrid set-up were bulk quantities are removed with distillation/ab-
sorption/membrane technologies and further purified with adsorption could be interesting approach [18].

Hybrid technologies will vastly increase the number of process configurations, in practice most pro-
cesses consist of multiple technologies, however in this case focus will be on a single method and can
later be expanded to a hybrid scheme.

2.8. Selection process
2.8.1. Selection criteria
In the beginning of this section, four selection criteria were given. The goal of this review is to screen
existing separation technologies and find the one most suitable for our given reactor effluent. The cri-
teria are shortly repeated below.

• A considerable amount of information is available in literature concerning the material and/or
process.

• The technology should be ethylene selective for the given reactor effluent

• Experimental testing can be performed on a small scale and can be upscaled to be applied to the
effluent of a 100kW electolyzer cell.

• The process should operate at low driving forces, in other words energy requirements should be
low.

By means of an overview (given in Table 2.4), Technology Readiness Levels and the given criteria, one
technique is chosen and developed further into an suitable downstream separation process for within
the e-Refinery framework.

2.8.2. TRL explanation
First introduced by NASA in the 1970s, Technology Readiness Levels (TRL) can be used to estimate
the maturity of a technology and provide a uniform, quantitative method to compare them to each other
[60], [90]. For application in chemical separation processes an alternative scale is required and is given
in Table 2.3. This scale is based on continuousness of processes, power output and the industrial scale
it is currently applied.

Even with these straightforward guidelines, assessing every technique is not always obvious, factors
as discrepant reporting methods or industrial confidentiality, all influence the TRL reported here. Other
limitations of TRL, such as actual industrial relevance or the fact that readiness is not necessarily scales
with appropriateness, are important to keep in the back of your mind. Nevertheless, when interpreted
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Table 2.3: Technology Readiness Levels (TRL) applied to chemical separation processes, based on [60].

TRL# Power useage Comment

TRL 1 basic principles observed
TRL 2 basic process design
TRL 3 experimental proof of concept
TRL 4 <50 kW continuous labscale experiments
TRL 5 0.05–1MW pilot scale experiments at industrial conditions
TRL 6 1–10MW prototype demonstration, steady state operating in industry conditions
TRL 7 >10MW system demonstration in operational environment
TRL 8 complete system and operational at industrial scale
TRL 9 fully proven system, competitively used in the field

correctly, this scale can aid in selection of a separation process. And in a few years from now, can be
used to see which technologies have developed significantly over the years.

2.8.3. TRL Table
In this table the investigated technologies are summarised, included are the reported application and
the corresponding TRL number based on Table 2.3, and the most important comments regarding im-
plementation in the e-refinery and towards ethylene capture.

Table 2.4: Overview of the screened technologies. Included are the reported application, estimated TRL and most relevant
comments regarding implementation. O/P-separation = olefin/paraffin separation (includes C2H4/C2H6 and C3H6/C3H8 split);
OCM-separation = Oxidative coupling of methane separation

Separation
process

Reported
application

TRL Comments

Absorption
Physical CO2-capture 9 • high energy requirement

• CO2-selective
Chemical CO2-capture 9 • Regeneration requires significant energy

• Extensively used for CO2-capture
Ionic liquid CO2-capture

O/P-separation
5
1

• Limitly proven in industry
• Many configurations possible
• Ethylene selective IL are very novel

Cryogenic methods
Distillation O/P-separation

OCM-separation
9
6

• Mature technology, high purity products
• High energy requirements • Selectivity of unity
for CO2/C2H4 mixture for low CO2 fractions

Stirling coolers CO2-separation 4 • Not stand-alone method
• No pilot scale experiments reported

Cryogenic
packed bed

H2O and
CO2-capture

4 • Removes CO2 and H2O simultaneously, no ethy-
lene capture
• Uneconomical without cheap cold source

Controlled
freeze zone

CO2 and sour
gas capture

7 • Upgrade of distillation column to handle solids
• C2+ hydrocarbons end up in CO2 stream

Adsorption
PSA/TSA in
general

CO2-capture
H2-upgrading
NG-upgrading

9
9
9

• Ethylene selective (for particular adsorbents)
• Low energy requirement

Metal organic
frameworks,
Zeolites

O/P-separation
OCM-separation

4
2

• Highly tuneable to specific needs
• Complicated synthesis procedures for non-
commercial materials

Active carbon OCM-separation 2 • Ethylene selective
• Cheap and commercially available
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Membrane Technology
Polymeric
membranes
(in general)

CO2-separation 9 • Widely available
• Considerable ethylene losses
• Strong selectivity/permeability trade-off

Advanced
Polymeric
membranes

O/P-separation
OCM-separation

3 • Implementation of MOFs create more diverse
properties, e.g. being ethylene selective
• Synthesis more complicated
• Fouling and degradation issues

Facilitated
transport
membranes

O/P-separation 3 • Highly olefin selective, e.g. using Ag+-ions
• Increase selectivity without losing permeability
• limited stability and durability

Inorganic
membranes

O/P-separation 4 • More durable, less plastification
• Industrial use is limited, because of complicated
preparation procedures

Other
Reactive sep-
aration

Oligomerisation
Alkylation with benzene

1
1

• Untested reversibility to ethylene

High tempera-
ture looping

CO2-capture 6 • Inherent CO2-capture from other components, no
ethylene capture
• High temperatures and advanced heat integration
required

2.9. Result
Based on the available information the choice wasmade to further investigate an adsorption based sep-
aration process as it meets the most criteria. Those criteria include the affinity for ethylene for particular
adsorbents, the ability to test at labscale without the need for expensive or complicated experimental
set-ups. Additionally adsorption based processes can be considered to be relatively low energy con-
suming and has been proven on various scales in industry. Depending on the type of adsorbent used,
the TRL of these processes ranges between the discovery phase, for new custom MOFs or zeolites to
demonstration and deployment phase, for industrial hydrogen production or CO2-capture facilities.

This technique will be investigated further in the next chapters. An extensive screening for ethylene
selective adsorbents will be done, an experimental set-up will be made to test one adsorbent and
a corresponding model will be created to improve and help with developing a suitable downstream
separation process process.



3
Adsorption Theory, Screening and

Selection
This chapter is dedicated to finding a suitable adsorbent capable of selective capture of ethylene. Also
the fundamentals of adsorption equillibria and other important parameters and its application in sepa-
ration technologies are described. Many of these properties are essential in all adsorber design stages
and therefore also useful for later work.

3.1. Fundamentals of adsorber design
Kneabel describes three types of considerations, which are used in adsorption based separation [91];
those include:

1. Adsorbent properties
The fundamental concepts of adsorbents are comprised of, but not limited to, isotherms and parameter
estimation, IAST and selectivity calculations, mass transfer effects, particle characteristics, kinetics and
pressure drop. [91].

2. Application review
For the application of the system considerations should be made for the basic operations conditions,
the type of regeneration technique, corresponding energy requirements. As well as sensitiveness of
the adsorbent material for fouling, aging and swelling.

3. Process design
Finally the equipment and integration of the system are to be considered. This includes bed design
(fixed, fluidized bed), geometry of the bed, column types and insides as well as other miscellaneous
factors as safety, system framework, maintenance or start-up/shut-down.

These concepts and their effects will be discussed in the following sections. Although all of these
considerations are important, this thesis will focus predominantly on the first part; adsorbent properties.
Attempted will be to discuss as many of the design factors to find a suitable framework which is able to
selectively capture and produce high purity ethylene.

3.2. Adsorbent Screening
In this section various adsorbents are investigated and their separation potential is assessed, where
the main focus lies on their ethylene capture abilities. In this extensive screening analysis, factors
as (theoretical) selectivity, synthesis difficulty, stability and industrial relevance will be used to find a
suitable candidate. The adsorbent of choice will be examined further and the details will be used to set
up numerical and experimental analysis.

21
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Common adsorbents that are seen in industrial gas separation are zeolites, metal organic frameworks
(MOFs), activated carbon, silicates and alumina or ion exchange resins [29]. Experimentally testing
all of these would require considerable experimental effort, besides most of these adsorbents have
substantial literature data available on them for various gasmixtures. In Table 3.1 an extensive overview
for these adsorbents is provided and are briefly explained in the following sections.

3.2.1. General Adsorbents
Activated carbon and silicate adsorbents are common in industrial gas separations. In section 2.5 acti-
vated carbon was described as good potential candidate for ethylene capture. The screening analysis
in Table 3.1 is extended further as separation potential of other combinations of species in the mixture
are examined and include an additional C2H4/CO2 mixture as well as CO2/CO and C2H4/H2 mixtures.
The additional C2H4/CO2 source resulted in comparable IAST selectivity as previously found, indicating
that different AC types can have similar performance. Ideally an C2H4/CO sample would be examined
but at the time of writing this data was unavailable, alternatively a CO2/CO mixture was investigated
and yielded a selectivity between 18–24, depending on the mole fraction. Now based on the similar
physical properties between C2H4 and CO2, cautiously, a decent separation potential between C2H4
and CO could be expected, however only experiments can verify this statement. Finally H2 capture by
AC is marginal and this is verified by a C2H4/H2 selectivity of over 200.

Silica gels are hydrophilic in nature and therefore suitable capturing of water from cracking gas or
natural gas or H2S removal from organic solvents [29]. This makes silica gel generally unsuitable
for alkene capture and is not mentioned in existing literature and therefore this adsorbent type is not
investigated further.

3.2.2. Zeolites
Zeolites are aluminosilicate crystalline structures originally found in nature, but nowadays mass pro-
duced to be used as commercial adsorbents. They generally consist of structured cages consisting
of six windows, which can imbibe a large number of guest molecules. The structure of the cage is
determined by negatively charged aluminium atoms that are balanced with cations (e.g. Na+, K+, Ag+
and more) and the size of the window apertures is dependent on type and number of cations and can
range from 3 Å to 10 Å [92]. These cations are loosely bound to the structure and can be exchanged
with its environment by contacting the zeolite to a solution. For example Sue-aok et al. who modified
the NaY–zeolite by exposing it to dilute solutions containing various group I metals and making them
tuneable to meet specific needs, such as ethylene capture [93].

The primary structure of zeolites consists of tetrahydral SiO4 and AlO4 units, which are assembled
into various geometrical shapes, such as cubes or octahedra. The units are connected via the oxygen
atoms and size of the windows depends, besides cations, on the amount of oxygen atoms in the ring. A
lot of zeolite structures exist, but only the ones common for gas separation will be discussed, classified
as type A, X and Y [92]. All types are build from the same sodalite cages, main difference however
between these types is their spacial orientation and the location of the cations in the structure. The
four-member ring structure in Figure 3.1 is characteristic for type A zeolites and the six-member rings
for type X and Y. Second main characterisation is the location of the cationic molecules, which can be
spread over positions I, II and III, in decreasing order of likeliness. Type Y is differentiated from type X
by having a higher Si/Al ratio in the framework (typically 1–1.5) [94].

As mentioned, by incorporation of different types of cations, different aperture sizes can be achieved,
for example by exchanging K+ with Na+ resulting in type [K]A zeolite with an smaller effective aper-
ture of 3 Å due to the large size of K+ ions and therefore dubbed 3A zeolite. Alternatively, the double
charge of Ca2+-ions means 2 Na+ are replaced by one cation, yielding a bigger aperture size of 5 Å,
yielding [Ca]A or 5A zeolite [92]. Similarly, aperture sizes are controlled for [Ag]A, [Ca]X, [Na]X, [Na]Y
or ZSM-5 zeolites. For ethylene and carbon dioxide separation this size is of major importance as
too small apertures will kinetically block both molecules, prohibiting adsorption of ethylene (3A or 4A
zeolite), while for too large aperture can lead to co-adsorption of other species. Alternatively, ions with
sites that bind specifically to ethylene can help increase selectivity, for example [Ag]A zeolite was able
to bond its silver metal with ethylene by complexation of the 𝜋-bond, yielding a promising selectivity
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Figure 3.1: Structure and positions of cations in zeolite four member prisms (type A) (right) and six member prisms (type X and
Y) (left). Roman numbers indicate cations sites. [96]

of 10.3. Major drawback of this zeolite is the decreasing selectivity and capacity seen after multiple
cycles, Zandvoort et al. mentioned this might be due to reduction to metallic silver or agglomeration of
silver ions, blocking the pore entrances [95].

Alternative to these common zeolites, they can be modified with other metal ions. Sue-aok et al. re-
ported that NaY zeolites exposed to solutions of group I metals will incorporate these into their structure,
without losing its crystalline structure [93]. This way M-NaY is able to adsorb ethylene, whereas pure
NaY is not. Identically C2H4 adsorption performance was considerably improved by implementation of
silver ions in NaY and HY zeolites [74].

From the screening analyses in Table 3.1 it was concluded that non of the investigated standard ze-
olites was able to selectively capture ethylene and therefore those were not investigated further. The
modified zeolites were only tested for their ethylene adsorption capacities and not for their separation
performance in reaction mixtures, therefore these modified zeolites are no longer considered.

3.2.3. Metal Organic Frameworks
The third major group of adsorbents for gas separation are metal organic frameworks (MOFs) already
covered extensively in section 2.5. MOFs tested for gas mixtures similar to the the mock-up reactor
effluent are scarce. Most promising was Mn(m-dobdc) as reported by the group led by Prof. Long
at Berkeley. Interesting to mention is the Qc-5-Cu MOF reported by He et al., although not ethylene
selective it is able to effectively remove low volume fractions of CO2 from ethylene bearing streams,
which in turn might be key to obtain polymer grade ethylene.

3.2.4. Overview of screened sorbent materials

Table 3.1: Screening of adsorbents for selective ethylene capture

Adsorbent type Mixture 𝑆12i Notes Ref.
General Adsorbents
Active carbonii

AC1 (Pittsburgh) C2H4(1)/CO2(2) 3-4iii [97]
AC2 (KF15000) C2H4(1)/CO2(2) 3-4iii • Similar separation potential com-

pared to AC1
[98]

AC3 (Norit B4) CO2(1)/CO(2) 21iii [68]
AC4 (Calgon Co.) C2H4(1)/H2(2) 210iii • Marginal H2 uptake by AC [99]

Table 3.1: Continued on next page
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Table 3.1: continued from previous page
Adsorbent type Mixture 𝑆12i Notes Ref.

Silicates Hydrocarbon/H2O
Hydrocarbon/H2S

- • Used as desiccant [29]

Zeolite Adsorbents
[K]A (3A) zeolite C2H4/N2 - • Pores are to small for ethylene

capture
[95]

[Na]A (4A) zeolite C2H4(1)/CO2(2) 0.7 • CO2 selective [67]
[Na]A (4A) zeolite C2H4/C2H6/

CH4/N2

- • Kinetic limitations towards Ethy-
lene

[95]

[Ca]A (5A) zeolite C2H4/CO2/N2
CH4/CO

- • Slow desorption of ethylene
• Fully recoverable
• Co-adsorbs C2H6 and CO2

[95]

[Ca]A (5A) zeolite C2H4(1)/CO2(2) 0.8-1.2 • Selectivity dependent on mole
fraction

[67]

[Ag]A zeolite C2H4(1)/CO2(2)
/CH4/C2H6/N2/
CO

10.3iv • Unstable after multiple cycles
• Strong 𝜋-interaction between
olefins and transition metals

[95]

[Ca]X (10X) zeolite C2H4(1)/CO2(2) 1 • Non-selective towards neither
specie

[26], [95]

[Na]A (13X) zeolite C2H4(1)/CO2(2) 0.7iii • CO2 selective
• Behaves non-ideally

[67], [100]

[Na]Y zeolite C2H4(1)/CO2(2) 0.9 • Non selective [67]
ZSM-5 C2H4(1)/CO2(2) 0.8-1.3iii • Si/Al ratio of 15, 30 and 60 anal-

ysed
• Selectivity dependent on Si/Al ra-
tio

[101]

Modified Zeolite Adsorbents
AgNO3/NaY C2H4(1)/CO2(2) - • Ag+-sites form strong chemical

bond with ethylene
[74]

AgNO3/HY C2H4(1)/CO2(2) - • Ag+ ions on HY show better sta-
bility compared to AgNO3/NaY
• Both Ag-NaY/HY zeolites are ca-
pable of deep removal of C2H4 of
CO2-bearing stream

[74]

NaY modified with group I metals Vmax v

NaY zeolite C2H4 0 • Standard zeolite not susceptible
to ethylene [93]K-NaY zeolite C2H4 103.5 • Best adsorption due to cation-𝜋
and CH⋯O interactions

Rb-NaY zeolite C2H4 98.5 • Poorer adsorption due to large
size of Rb+-ions

Cs-NaY zeolite C2H4 90.2 • Large Cs+-ions cause blockages
of CH⋯O adsorption sites

Metal Organic Framework Adsorbents
M2(m-dobdc) 𝑆12, 𝑆13vi

M2 = Mg C2H4(1)/C2H6/ 1,- • Co-captures CO2

[26]
M2 = Mn CH4/H2/CO2(2)/

CO(3)
8,100 • Suitable for selective ethylene

capture
M2 = Fe 12,120 • Unstable in air
M2 = Co 7,1.2 • Effective for no/low CO feeds
M2 = Ni 4,0.8 • Effective for no/low CO feeds

Table 3.1: Continued on next page
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Table 3.1: continued from previous page
Adsorbent type Mixture 𝑆12i Notes Ref.

Qc-5-Cu C2H4(1)/CO2(2) 0.025 • Tested for deep removal of
CO2/C2H4 (1:99, V/V%)

[18]

i Selectively of compound (1) and (2) given in the Mixture-column at 298K. For 𝑆12 < 1, the adsorbent
is selective to compound (2)

ii Note that all active carbon types are different and cannot simply be compared with one another.
iii Based on IAST predictions.
vi Selectivities for binary, equimolar mixtures. Based on IAST predictions.
v Maximum volume of C2H4-adsorption in cm3/g. Themodified NaY zeolites were synthesised for various
ion exchange concentrations, only the highest adsorption volumes are reported here.

iv Selectivity calculated from experimental breakthrough data using the method described in section 4.6.

3.2.5. Uninvestigated Options
In the previous sections more proven options are discussed, which means that the sorbents contained
C2H4 and at least and one other component of the reaction mixture. Especially in the field of MOFs
but also for zeolites options lie in unexplored options. A starting direction could be towards the fields
of splitting light hydrocarbon gases or olefin/paraffin separations.

Numerous examples exist, for example, Plonka et al. report SBMOF-1 and SBMOF-2, which are able
to split C1 and C2 hydrocarbons, and additionally the same group also states that SBMOF-1 can se-
lectively capture CO2 in a CO2/N2 mixture [102], however they did not report how this specific MOF
would perform for a C2H4/CO2 mixture. Also Chen et al. who propose a packed bed with three differ-
ent sorbent beds in series, which capture acetylene, ethane and CO2 impurities to yield ethylene as
product from the respective quaternary mixture [103]. Or Hao et al. who report the robust framework
TJT-100, capable of selectively capturing ethane and acethylene through C−H⋯O interactions, from
a C2H2/C2H4/C2H6 mixture and thus producing highly pure ethylene [104]. Other examples are MIL-
101-Cr-SO3Ag [105], MOF-74-Fe [106] or PAF-1-SO3Ag [107] for ethylene/ethane separations.

These examples may look promising in regard of producing high purity ethylene, however physical dif-
ferences between alkanes/alkynes and CO2 (e.g. alkanes are hydrophobic, no carbonyl groups, have
small/no quadruple moment) are significant. This means that materials that are proven, highly ethy-
lene selective for olefin/paraffin mixtures, may not be able to split C2H4/CO2 mixtures. A way to screen
these materials is to use isotherm data and calculate the IAST selectivities, however for custom MOFs
this data is very often not available, alternatively the materials would have to be synthesised locally
and breakthrough experiments have to be performed.

3.3. Adsorbent Selection
Important characteristics that were looked for in the screened adsorbents: 1. the ability to selectively
capture ethylene; 2. industrially relevant and easily accessible; 3. long term stability and regenerability.
Also keeping in mind the selection criteria of section 2.2, activated carbon (AC) is chosen as candidate
to be examined further. Some of the general advantages of AC over other adsorbents are the good
regenerability, it is easily available and producible, cheap in large quantities, low toxicity. The most
significant downside of AC is the relatively low C2H4/CO2 selectivity, especially compared to custom
produced MOFs.

3.4. Adsorption Equilibria
3.4.1. Classification of Isotherms
The IUPAC uses a general classification of adsorption isotherms and is given in Figure 3.2. Their
characterisation is based on pore sizes and gas adsorption behaviour, where type I is typical for mi-
croporous materials, type II for polymolecular adsorption in non- or macroporous materials and type
III is seen when sorbate-surface interactions are weaker then sorbate-sorbate interactions. Types IV
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Figure 3.2: IUPAC classification of adsorption isotherms. For type IV and V hysteresis is observed [109].

and V are similar to types II and III, but for macroporous or mesoporous materials respectively. Type
VI is more rare and represents stepwise multi-layer adsorption on homogeneous surfaces. Another
classification that is seen in favourable isotherms (Types I, II, IV), recognised as the concave is down
and unfavourable isotherms (Types III and V), as the concave is up [58], [108], [109]. The behaviour of
the concave is fundamental for the design, as it describes the preferred direction of mass transfer, for
a favourable isotherm the direction is from gas to solid phase and for unfavourable vice versa. Note-
worthy is that for desorption the boundary conditions are reversed, meaning that favorable isoterms
become unfavourable [58]. For types IV and V a hysteresis loop is observed, meaning adsorption and
desorption take different pathways. The exact nature of this effect is not entirely known, but its linked
with inkbottle pore geometry and the nucleation mechanism for capillary condensation [110].

In the development of adsorption based separation generally isotherms of the first and second type
are used and are therefore this thesis is limited to these types. An noticeable exception however is the
adsorption of water on carbon surfaces, which is categorised as a type V isotherm [58], [92].

3.4.2. Isotherm Models
To describe the adsorption of gases onto an adsorbent, isotherm models are commonly used. These
modelsmathematically describe the amount of adsorbate that is captured by the adsorbent as a function
of pressure for a given temperature. Ayawei et al. describe in their overview a total of 27 unique
isotherm models ranging from one to five parameters, with each their own advantages and suitable
application ranges [111]. For the design purpose of this thesis only a selection of these models and
their extensions will be explained in following sections. The most used models include the linear,
Langmuir, Freundlich, TOTH and Langmuir-Freundlich (SIPS) models, see Table 3.2.

Linear isotherm
The linear adsorption model is the only one parameter model and resembles Henry’s law as it is a
proportional to the partial pressure of the adsorbate gas. This model can be used for some adsorbent-
adsorbate mixtures for low partial pressures and when particles are secluded of neighbouring particles.
[111]. Advantage of this model is that linearity allows for analytical solutions modelling the behaviour
of adsorber column, however in reality this model becomes inaccurate for moderately high concen-
trations, as it keeps increasing indefinitely, not taking into account saturation of the adsorbent. Be-
sides increased computer power makes solving non-linear systems very accessible and more accurate
isotherms model can easily be used.

Langmuir isotherm
The langmuir model is based on monolayer surface coverage and it assumes adsorption and desorp-
tion as reversible processes. It is based on the assumptions of an isothermal system with an ideally
flat adsorbent surface, where a clear distinction between free and occupied sites can be made. The
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Table 3.2: Selection of the most common used adsorption isotherms.

Isotherm model Expression Parameters Ref.

Linear 𝑞 = 𝐾ፇ𝑃 𝐾ፇ [kg molዅ1 barዅ1] [111]

Langmuir single site 𝑞 = 𝑞፬ፚ፭
𝐾ፋ𝑝

1 + 𝐾ፋ𝑝
𝑞፬ፚ፭ [kg molዅ1]
𝐾፥ [barዅ1]

[111]

Langmuir Freundlich 𝑞 = 𝑞፬ፚ፭
𝐾ፋ𝑃ኻ/

1 + 𝐾ፋ𝑃ኻ/
𝑞፬ፚ፭ [kg molዅ1]
𝜈 [–] [112]

TOTH 𝑞 = 𝑞፬ፚ፭
𝐾ፓ𝑃

(1 + (𝐾ፓ𝑃))ኻ/
𝑞፬ፚ፭ [kg molዅ1]
𝐾ፓ [barዅ1]
𝜈 [–]

[108]

Dual site Langmuir
model

𝑞 = 𝑞፬ፚ፭,ፀ
𝐾ፋፓ,ፀ𝑃

1 + 𝐾ፋፓ,ፀ𝑃
+ 𝑞፬ፚ፭,ፁ

𝐾ፋፓ,ፁ𝑃
1 + 𝐾ፋፓ,ፁ𝑃

𝐾ፋፓ,ፀ = 𝐾ፋፓ,ፀኺ exp{
𝐸ፀ
𝑅𝑇}

𝐾ፋፓ,ፁ = 𝐾ፋፓ,ፁኺ exp{
𝐸ፁ
𝑅𝑇}

𝑞፬ፚ፭,ፀ/ፁ [kg molዅ1]
𝐾ፋፓ,ፀ/ፁ,ኺ [barዅ1]
𝐸ፀ,ፁ [J molዅ1]

[67]

Langmuir Freundlich
model (SIPS)

𝑞 = 𝑞፬ፚ፭,ፀ
𝐾ፒ,ፀ𝑃

1 + 𝐾ፒ,ፀ𝑃
+ 𝑞፬ፚ፭,ፁ

𝐾ፒ,ፁ𝑃
1 + 𝐾ፒ,ፁ𝑃

𝐾ፒ,ፀ = 𝐾ፒ,ፀኺ exp{
𝐸ፀ
𝑅𝑇}

𝐾ፒ,ፁ = 𝐾ፒ,ፁኺ exp{
𝐸ፁ
𝑅𝑇}

𝑞፬ፚ፭,ፀ/ፁ [kg molዅ1]
𝐾ፋፅ,ፀ/ፁ,ኺ [barዅ1]
𝐸ፀ,ፁ [J molዅ1]
𝜈 [–]

[26],
[67]

systems that accurately adhere to this model are limited, however it is a good approximate conformity.
This model is often used to described microporous (Type I) adsorbents [58], [111]. Similar to the linear
model, the adsorbed amount keeps increasing for increasing pressure and to overcome this effect, the
Langmuir Freundlich isotherm was introduced.

Langmuir Freundlich isotherm
The Langmuir Freundlich or SIPS model is based on the idea that adsorption sites are distributed ac-
cording to an exponential form based on the heat of adsorption and is generally applicable for hetero-
geneous surfaces. The additional parameter (1/𝜈) creates a finite limit when the pressure is sufficiently
high [112]. For low pressures the isotherm reduces to the standard Freundlich form and has equal poor
performance in this region. This model is commonly used to describe heterogeneous surfaces [113],
[114]. To overcome the weakness in the low pressure region the TOTH isotherm was introduced.

Toth isotherm
The Toth isotherm is empirically derived from the monolayer-based Langmuir isotherm to reduce errors
between experimental adsorption spectra and its anticipated isotherm. The heterogeneity of the system
is described by the 𝜈 parameter. For 𝜈 = 1 this equation reduces to the Langmuir isotherm and the
more it deviates from unity the system can be characterised as heterogeneous. This isotherm is able
to describe adsorption behaviour for low and high pressures [111], [114].

Number of parameters and multi-site coverage
The parameters in the isotherm models described above are determined by fitting experimental data.
Since all models are non-linear, linear isotherm being the obvious exception, a non-linear regression
method is applied, which can have a large number of independent parameters. By increasing the
amount of parameters in the fitting equation, the error with data points can be reduced. Simply put,
a two parameter model will generally will have a larger error compared to a three parameter model,
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depending on the type of function and type of data. On the other side, as the number of parameters
increases in a function the parameters will lose their physical significance [100]. In reality, isotherm
data will be prone to measurement error and increasing the amount of parameters will lead to lower
standard deviation, however could also induce overfitting and make the model unreliable when estimat-
ing intermediate data points. In other words the noise in the data is incorporated into the model [111].
This effect is for example seen in the fitting of the CO2 isotherm using the SIPS isotherm in Figure A.2d.
Here the parameters that were found in the fitting procedure, produce an nonphysical curvature for the
low pressure region, caused by overfitting of the original isotherm data.

Another method to increase the number of parameters, without losing physical significance, is to con-
sider the existence of multiple adsorption sites on the adsorbent. To better account for heterogeneity an
extension can be introduced to account for these multiple adsorption sites. A summation over identical
terms can be implemented to the isotherm equation, where each term accounts for a different type of
adsorbent-adsorbate bonding site. In this model gas molecules adsorb first on the easily accessible
sites and then the less favourable sites. The real number of different adsorption site may in reality be
very large, but in practice two types of sites will accurately describe an isotherm [115]. This dual site
model is implemented for the Langmuir and Langmuir-Freundlich isotherms in Table 3.2.

Temperature dependence of isotherm model
Experimental adsorption equillibria that are ranged over a temperature domain can be fitted with pa-
rameters that are made temperature dependent by implementation of an Arrhenius type exponential,
i.e. 𝐾 = 𝐾ኺ exp{𝐸/𝑅𝑇}. This term also contains the activation energy, which quantifies the minimal
interaction energy required for the adsorbate to start binding to the adsorbent. This term is substituted
for the equillibrium constant K, seen in Table 3.2 [89], [116].

3.4.3. Error analysis
To determine the quality of a given fit often an error analysis is done. One method is to transform a
non-linear isotherm into linear equations, which allows for simple linear regression analysis to find a
dependent and independent variable of the form: 𝑦 = 𝑎𝑥 + 𝑏. Also this method is used to find an
appropriate fitting relation, as well to verify consistency of isotherm models [111]. An example for such
a transformation is the linearization of the Langmuir isotherm into 𝑃/𝑞 = 1/𝑞፬ፚ፭𝐾፥ + 𝑃/𝑞፬ፚ፭, where
𝑎 = 1/𝑞፬ፚ፭ and 𝑏 = 1/𝑞፬ፚ፭𝐾፥. This simple regression has however the disadvantage that the error
structure is susceptible to change due to this transformation [117]. Also the fact that more elaborate
isotherm models have forms that cannot be linearized, causing that non-linear regression methods are
more suitable. These non-linear regression methods are based on minimizing the residual error be-
tween data and predicted isotherm values. Several methods to calculate this error exist, Ayawei et al.
mention seven different methods, for example Sum of Square Errors or Marquardt’s Percent Standard
Deviation methods [111].

The fit quality of a specific isotherm and its corresponding data set is based on the normalised standard
deviation (iso-nSTD), given in Equation 3.1 [116]. Here 𝑞።,፞፱፩ and 𝑞።,፦፨፝፞፥ are respectively the mea-
sured experimental value and the calculated value by the respective isotherm. Here a distinction is
made between isotherm models that are dependent on temperature and those that are not. Only when
isotherm data is available over a temperature range, the data is fitted using a temperature dependent
model.

iso-nSTD = 100√ 1
𝑁 − 1

፧

∑
።ኻ
(
𝑞።,፞፱፩ − 𝑞።,፦፨፝፞፥

𝑞።,፞፱፩
)
ኼ

(3.1)

3.4.4. Model selecting criteria
To ultimately pick the the most suitable model, three different aspects are considered. First the result of
the error analysis described in the previous section. Secondly the isotherm should should be thermo-
dynamically consistent, this means: 1. when the pressure goes to zero, the isotherm should become
linear. Meaning the isotherm adheres to Henry’s law; 2. there should be a saturation of adsorbent for
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increasing pressure. In other words the solid phase has a finite amount of pores and surface area and
therefore only a finite amount of gas can be adsorbed. An example where this is not the case is for
a Freundlich isotherm of the form 𝑞 = 𝐾𝑃ኻ/; 3. for increasing pressure, the derivative of the slope
should always be positive. This is to ensure that the amount adsorbed always increases with increas-
ing pressure [108]. Thirdly, the applicability of the given model should be considered, this includes: 1.
the given range is suitable for the given application; 2. the isotherm expression should be able to be
implemented without increasing the computational effort substantially; 3. the parameter fitting using
standardised algorithms should be able to produce physical consistent results. Additionally, factors
as initial conditions should have no influence on the resulting parameters, as well as local minima or
insensitive parameters should be avoided.

3.5. Isotherm data and parameter estimation
3.5.1. Activated carbon isotherm data
In contrast to other adsorbents, each specific active carbon type has a different precursor, different
production process and is sieved to obtain a specific particle size, yielding different surface structures
and mass transfer properties, this makes comparing isotherms of various sources unreliable. In total
seven species of activated carbon are examined, containing at least two components from the mock-
up reaction mixture; an overview is given in Table 3.3. Included in this overview is the particle size
and specific surface area. The particle size ranges from small (0.15 mm/85 mesh) to pellet size (3mm
in length/6 mesh) and the BET surface area is between typical values of AC; 500 and 1500 m2/g.
Finally the equilibrium data range of the unary isotherm experiments is provided and similar conditions
are seen, the temperature at ambient and slightly above ambient temperatures (data from Reich et
al. being the exception) and pressure ranging from 0 to at least 700 kPa (excluding the Hwang data).
Noteworthy is that a non of the available sources contained the full reaction mixture, consequently only
the separation potential of parts of the reaction mixture could be examined.

3.5.2. Results of data fitting and parameter estimation
All data sets were fitted using the previously described dual site, temperature dependent Langmuir and
SIPS isotherms. The parameters are found using the Levenberg-Marquardt least squares algorithm
in MATLAB, e.g. using the build-in function nlinfit.m. All the parameters and plots, including the
normalised standard deviation, are given in Appendix A. Based on the arguments in section 3.4.4,
the dual-site Langmuir model proved to the most suitable. The main arguments to discard the dual-
site Langmuir Freundlich model was that some parameters in the model proved insensitive for least
squares algorithm and in some cases overfitting was observed, i.e. Figure A.2b and A.2d.

Some general notes regarding the data fitting.

• Since no tabulated data was available, the isotherm data from Hwang, Grande and Lopes was
extracted from graphical data using Data Thief software [65]. The accuracy of this method is
inherently prone to error and this is reflected in a higher standard deviation. This is for example
clearly seen in Figure A.5e or A.6d.

• In case of H2 isotherm data, the single site model yielded better results for both models.

3.6. Selectivity analysis
To gain insight in the separation performance of each type of active carbon, a selectivity analysis for
various binary mixtures of the reactor effluent is made. This analysis is based on the Ideal Adsorbed
Solution Theory (IAST), which requires as input the fitted parameters of section 3.5. The details of the
IAST methodology are given in the next section.

3.6.1. Ideal Adsorbed Solution Theory (IAST)
First described by Myers and Prausnitz in 1965, the Ideal Adsorbed Solution Theory (IAST) is based
on the elemental equation analogous to Raoult’s law of vapour liquids equilibrium [97].

𝑃። = 𝑃፨። 𝑥። (3.2)



30 3. Adsorption Theory, Screening and Selection

Table 3.3: Overview of different sources of isotherm data for active carbon. A hard requirement was that it contained a minimal
of two compounds of the mock-up reactor mixture.

Authors [Ref.] Supplier/name Particle
size

BET
[m2/g]

Pressure
range
[kPa]

Temperature
Range [K]

Components

Reich et al. [69] Pittsburgh
Chemical
Co.

20×85
mesh

990 0 - 3800 213, 260,
301

C2H4, CO2

Osterkamp et al.
[98]

KF-1500 - 1400 0 - 1000 273, 298,
323

C2H4, CO2

Hwang [68] NORIT B4 14×18
mesh

1100-
1200

0 - 100 298 CO2, CO

Choi et al. [99] Calgon Co. 6×16
mesh

1150-
1250

0 - 2000 293, 303,
313

C2H4, H2

Grande et al.
[71]

Commercial - - 0 - 2200 303, 323,
343

CO2, CO, H2

Lopes et al.[118] Commercial 6×10
mesh

480 0 - 700 303, 323,
343

CO2, CO,
H2, H2O

Park et al. [112] Kuraray
Chemical
Co.

8×12
mesh

1300 0 - 1000 293, 308,
323

CO2, CO, H2

where 𝑃። is the partial feed pressure for component 𝑖, 𝑥። is the mole fraction of component 𝑖 in the
adsorbed phase given by:

𝑥። =
𝑞።

∑፧።ኻ 𝑞።
where∑𝑥። = 1 (3.3)

𝑃ኺ። is the sorption pressure of component 𝑖, 𝑞። is the molar loading in kg per mole adsorbent in the
adsorbed phase, 𝑛 is the number of components in the mixture.
Using the Gibbs adsorption isotherm the adsorption potentialΨ, units mol kgዅ1, given by 𝜋𝐴/𝑅𝑇, where
𝜋 is the ”spreading pressure which should be equal for each of the pure components as for the mixture”,
yielding:

Ψ = 𝜋𝐴
𝑅𝑇 = ∫

ፏᎲᑚ

ኺ

𝑞ኺ። (𝑃)
𝑃 𝑑𝑃 (3.4)

Where 𝑞ኺ። is the pure component isotherm which are described by various adsorption models, for ex-
ample the dual site SIPS or dual-site Langmuir isotherms. For the dual-site Langmuir isotherm the
integration can be solved analytically and is given in Equation 3.5. All other integrals were calculated
numerically.

∫
ፏᎲᑚ

ኺ

𝑞ኺ። (𝑃)
𝑃 𝑑𝑃 = ∫

ፏᎲᑚ

ኺ
(𝑞ፀ,፬ፚ፭𝑏ፀ𝑃1 + 𝑏ፀ𝑃

+ 𝑞ፁ,፬ፚ፭𝑏ፁ𝑃1 + 𝑏ፁ𝑃
) 1𝑃𝑑𝑃 = 𝑞ፀ,፬ፚ፭ ln(1 + 𝑏ፀ𝑃

ኺ
። ) + 𝑞ፁ,፬ፚ፭ ln(1 + 𝑏ፁ𝑃ኺ። ) (3.5)

Finally the single components and the mixture are related, for the same temperature and spreading
pressure over the adsorbed phase, in the following equation:

1
∑፧። 𝑞።

=
፧

∑
።

𝑥።
𝑞ኺ። (𝑃ኺ። )

(3.6)

The system given in Equations 3.2 to 3.6 has to be solved numerically to obtain the loading 𝑞 for each
component i. Using the loading in the adsorbed phase and the mole fraction y in the gas phase the
selectivity 𝑆ኻኼ of species 1 and 2 is determined via Equation 3.7.
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𝑆ኻኼ =
𝑦ኻ/𝑦ኼ
𝑞ኻ/𝑞ኼ

(3.7)

Assumptions
To apply the IAST methodology the following assumptions, given by Walton & Sholl, are made [119]:

• adsorbate molecules in the mixture have equal access to the entire surface area of the adsorbent

• The adsorbent is homogeneous

• The adsorbed phase is an ideal solution in which interactions between molecules are equivalent
in strength

3.6.2. Binary selectivities
Binary selectivities for ethylene and other components in the gas mixture were calculated via IAST
methodology with dual-site Langmuir isotherms. For more comprehensive overview, all binary pairs in
the gas mixture of all literature sources are included and allows for quantitative comparison between
different activated carbon types. The analysis results for 298K and 1 bar are given in Figure 3.3 and
are plotted as function of the gas mole fraction of the most adsorbed specie of both, so selectivities are
always greater than 1. Missing in this overview is the binary mixture of ethylene and carbon mono-oxide
due to lack of experimental data.

Additionally to the selectivities already presented in section 3.2.4 a more extensive analysis is provided
in the coming section for five binary gas mixtures. For the first binary mixture C2H4/CO2 (Figure 3.3a)
two different datasets are used, the dataset of Reich is the same used by Zandvoort et al. and their
calculations generated identical results, verifying that the used calculation methodology is correct [67].
The dataset of Osterkamp provided slightly lower IAST selectivities, however is in the same range,
strengthening the case that the general selectivity is in this region. For the CO2/CO mixture (Fig-
ure 3.3c) the difference between different AC types is clearly visible; for identical conditions the IAST
model predicts a selectivity range between 8 and 13. Differences in surface area, pore and micropore
volumes, BET and external surface areas contribute to these varying selectivities [66]. Based on the
relative selectivity of the C2H4/CO2 and CO2/CO mixtures, it is reasonable to assume that C2H4/CO
selectivity will be of a similar magnitude. Low affinity of AC for hydrogen is observed in Figure 3.3b and
d, for ethylene/H2 only a single dataset is used and yielded a selectivity of 200 to 225. For CO2/H2 the
selectivity varied quite significantly ranging between 120 for the Park dataset and 250 for the Grand
data set. This effect can partially be explained by different AC particle characteristics, but additionally
the fitted parameters for the hydrogen isotherm for the Lopes and especially the Grand dataset are less
reliable because of the method of data collection, see section 3.5. Similarly, the difference in selectivity
for CO/H2 mixtures (Figure 3.3e) can be explained.

Concluding from this IAST analysis is that 1. selectivity between C2H4 and CO2 is limiting and therefore
essential in final adsorber design; 2. Difference between AC types are significant and have major
influence on the ultimate selectivity.

3.6.3. Limitations and extensions to IAST
The IASTmethodology is a simplification of the real phenomena and therefore loses accuracy in case of
non-ideal situations. For example IAST calculations are inaccurate when there is a non-homogeneous
distribution of species throughout the framework; when there is strong hydrogen bonding between ad-
sorbate molecules, e.g. water/hydroxyl or hydroxyl/aromatic mixtures; when segregation effects are
present in the column, e.g. preferential sitting of adsorbates at the side of the column or in voids [15].
For example the IAST selectivity of ethylene and CO2 on 5A zeolites predicts that recovery of ethylene
from this mixture is not possible, while in breakthrough experiments it was observed that for feed ratios
below unity recovery of ethylene was possible. The non-idealities describing this phenomena can be
quantified using the Real Adsorbed Solution Theory (RAST) [120]
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Figure 3.3: IAST selectivities for five binary mixtures at 298K and a total pressure of 1 bar. A: C2H4/CO2 B: C2H4/H2 C: CO2/CO
D: CO2/H2 E: CO/H2. For information on the references, see Table 3.3

In the analysis given above only binary mixtures were examined, but the IAST methodology can be
extended to multiple components, however as a mixture gets more complex, it will start deviating from
ideal conditions. The departing from ideality is mainly contributed from heterogeneity of the adsor-
bent and the increasing variation between adsorbate molecules. If the contribution of the adsorbate-
adsorbate interaction is significant relative to the adsorbate-adsorbent interactions, the system will be
governed by adsorbate interactions and consequently lead to non ideal behaviour [121]. Bachman et
al. report IAST methodology for a five specie mixture and used it to predict equilibrium conditions for
various separation stages and in their calculation obtained 99.9% pure ethylene. However the authors
mention no accuracy of the calculation nor do they provide an experimental data to verify their results
[26].

3.6.4. Effect of water vapour on AC
It is known that water adsorption onto active carbon is classified as type V isotherm, meaning that for in-
creasing pressure initial uptake is slow, followed by a steep increase, before slowly reaching saturation
(Figure 3.2). Lopes et al. investigated the adsorption of water on AC in a gas mixture containing H2O,
CO2, CH4, CO, N2 and H2; it was found that water adsorbed most of all components in this mixture
[118]. A similar conclusion was obtained by Cen et al., who investigated the effect of 3% water vapor
in flue gas for CO2 capture. The adsorption of CO2 on AC is negatively affected when water vapour
is present and further decreases over multiple adsorption-desorption cycles. This effect could be con-
tributed to water vapour exhibiting unfavourable competition with CO2. Moreover, after an increasing
amount of cycles, blockage of the pore entrances would lead to additional diffusional resistance to-
wards the active sites of AC [122].

Because of this strong adsorption of water, it is often removed in industrial PSA processes. Multiple
approaches exist to remove this water; for example adsorption based methods include: a separate
separation unit containing active silica or alumina as adsorbent, or use the initial layer of the active
carbon bed as water remover [118].



3.7. Kinetics 33

3.7. Kinetics
Kinetics or more specifically mass transfer kinetics is an all-inclusive term that is used to describe
intraparticle mass movement. Knowledge concerning the kinetics of an adsorber bed is essential as it
controls the rate of adsorption and desorption phases in a cycle [91]. Slow kinetics will lead to dispersed
breakthrough behaviour and fast kinetics in turn lead to very sharp breakthrough fronts. Generally
physical rate of adsorption is controlled by four steps [29];

1. External mass transfer. This is a thin film surrounding the adsorbent particle where the outside
border is at solute bulk concentration and the inside is at the solid outside border of the adsorbent
particle.

2. Internal mass transfer. This term describes the diffusion from the outside of the adsorbent particle
towards the inner pore structure.

3. Surface diffusion of the solute inside the pore surface

4. Adsorption onto the porous surface.

3.7.1. Governing kinetics of gases in activated carbon
In reality for gas-phase systems the effect of the thin film layer is marginal compared to the diffusional
limitations. This implies that kinetic behaviour is governed in the macro- and/or micropore region [58].

Diffusion in macro- and mesopores
Macropores (> 50 nm) and mesopores (ranging 2 to 50 nm) are categorised together as in both the
same four diffusion types are distinguishable. In these pore size regions, when pore size is large
relative to the free mean paths a gas particle travels, bulk diffusion is dominant. For decreasing pore
size or lower pressure, particles will have a large change to collide into walls and Knudsen diffusion will
become dominant. Additionally at high pressure or large pore size, influence of forced convection or
Poiseuille flow will play a role. Finally the fourth type, surface diffusion can occur when the gas phase
molecules are sufficiently mobile and pressure is high. Last two types of diffusion are in parallel with
bulk and Knudsen diffusion and are therefore additive [58].

Diffusion in micropores
In the case of micropores (< 2 nm) diffusion, pores are of equal size order as the diameter of the gas
molecules and the molecules are continuously attracted to the solid phase. In these pores it does not
makes sense to distuinguish between adsorbed or gas phase molecules and it is common to assume
all molecules are in the adsorbed phase. The driving force of this diffusive process is the difference in
chemical potential, which in an ideal case will yield Ficks first law of diffusion. Secondly, contrary to
bulk or Knudsen diffusion, micropore diffusion is strongly dependent on temperature and is generally
described using an Arrhenius exponential [58].

3.7.2. Modelling of kinetics
To mathematically describe all mass transfer and diffusion types described in the previous section into
one system is an enormous task. This model would require knowledge of inaccessible parameters
(i.e. diffusion coefficients for all species), while also being a highly non-linear system. Simplification of
the system would lead to less bulky systems, while retaining accurate solutions. In reality micropore
diffusion is the rate limiting step for most adsorbent systems and this can be described by a setting up
a mass balance over the adsorbent particles. This would however still require solving bulky differential
equations with additional boundary conditions. To overcome this issue, the differential equation can
be substituted by a simple linear rate expression, e.g. the linear driving force (LDF) model [29]. This
model assumes all diffusion and mass transfer rates are packed into one first order rate constant k.
This model is commonly used to described adsorbent beds and provides a reasonable prediction for a
wide range of operating conditions [58].
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3.8. Pressure Drop/Fixed bed dynamics
Additionally to kinetics, large scale (flow and mass transfer) behaviour of the adsorber bed is essential
for designing the separation system. Dimensionless relations are often used to generalise flow and
mass transfer behaviour inside fixed bed columns, some expressions that are very common are the
Reynolds, Peclet and Nusselt numbers.

As mentioned in the previous section, mass transfer coefficient k is used to describe all transport from
the gas to the solid phase. It is dependent on properties of the flowing medium (density, viscosity
and diffusion coefficient), flowrate of the medium and adsorbent particle diameter. For low Reynolds
numbersi (Re < 50) an adaptation of the Colburn-Chilton j-Factor given by Yoshida et al. [91], see
Equation 3.8. Where 𝜓 is the particle shape factor and the modified Reynolds number is given by
Re’ = 𝜌𝑣፬/𝜇𝜓𝑎። and 𝑎። = interfacial area/volume = 6(1 − 𝜀)/𝑑፩. Generally it is desired to have a large
mass transfer coefficient and from Equation 3.8 two useful relations are extracted that can easily be
adapted to control mass transfer rate. First that 𝑘 ∝ 𝑣ኺ.ኾዃ፬ , meaning for two times higher velocity the
mass transfer increases only by factor 1.4. Controlling flowrate is straightforward, however the major
disadvantage of increasing velocity is that it is inversely proportional with time and therefore adsorbate
has less time to form an equilibrium with the adsorbent phase.

𝐽 = 𝑘
𝑣፬
𝑆𝑐ኼ/ኽ = 0.91ΨReᖣዅኺ.ኻ Re < 50 (3.8)

Secondly, 𝑘 ∝ 𝑑ዅኺ.ኻ፩ , meaning to increase mass transfer by a factor 2, particle size has to decrease
by a factor 0.7. Smaller particle size inherently will increase flow resistance in the adsorbent bed in
the form of pressure drop. The pressure drop in a fixed bed is commonly described using the Ergun
equation (Equation 3.9) and consists of a laminar region (left hand side) and turbulent region (right
hand side). The pressure difference is quadratically inversely proportional to the particle size for the
laminar region and inversely proportional for the turbulent region. Also related to pressure drop is the
ratio between length and diameter of the column. For small L/D, a lower pressure drop is seen, but flow
distribution is more difficult to control and the system is susceptible to dead volumes and vice versa for
high L/D.

𝜕𝑃
𝜕𝑧 =

150𝜇
𝑑ኼ፩

(1 − 𝜀)ኼ
𝜀ኽ

𝑢 + 1.75𝐿𝜌𝑑፩
(1 − 𝜀)
𝜀ኽ

𝑢|𝑢| (3.9)

3.9. Application review and Process design
The main focus in this stage is on adsorbent properties, but as mentioned in the introduction of this
chapter, more considerations are essential for developing a separation system. Regarding the applica-
tion of a fixed bed with AC as adsorbent, it is advantageous to know how the bed responds to different
temperatures, both in the adsorption and in the desorption phase, other considerations as fouling or
energy requirements should be kept at the back of your mind. Full process development is too early
in this stage; however thinking about factors that could reduce maintenance or safety risks, will be
beneficial in later process design stages.

iThe Reynolds number in the experiments in chapter 4 is below 50, therefore not the orginal Chilton and Colburn analogy is
given, but the Yoshida adaptation
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Experimental Procedure

4.1. Introduction
After the process of screening potential adsorbents in the previous chapter, transient breakthrough
experiments are performed. Various test set-ups or commercial equipment are being used for these
type of experiments. For example Zandvoort et al. report the use of a Flowrence platform, which
is a specialised tool that is capable of simultaneous and flexible testing of 16 adsorbent materials
[67], [95], [120]. When such highly specialised equipment is unavailable, a custom made solution is
a good alternative, for example Bachman et al. report a sample holder immersed in a water bath, fed
by a feed controlled with mass flow controllers and then measuring the outflow composition using a
mass spectrometer or gas chronograph [26]. In this chapter the development of a simple, custom-
build experimental set-up is described which can be used to analyse adsorbents and examine their
ethylene capture abilities. The results of these experiments can subsequently be used for verification
of numerical simulations, which are essential when developing a separation process.

4.2. Adsorber bed design
4.2.1. Geometrics of the column
The function of the adsorbent bed is to hold the adsorbent material in place and to ensure that the
desired adsorbate is captured. The main design parameters of the adsorbent bed are its length and
diameter. Previously mentioned in section 3.8, high L/D will lead to less dead volume in the column,
better flow distribution, but higher pressure drop compared to a low L/D ratio. For the experimental work
it is considered more important to have sharp breakthrough behaviour and improved flow distribution
then reduced pressure drop. Additionally high L/D ratio allows for quick heat transfer.

To find a suitable L/D ratio is dependent on the system conditions, industrial systems commonly have
ratios ranging between 2.5 and 4 [123] but ratios between 10 up to 75 are more common for lab scale
experiments. To allow for not-to-long breakthrough times of around 5minutesi and flowrates that are not
high, to reduce chemical gas use andwaste, a L/D ratio of approximately 20 is used. Since standardised
Swagelok tubing is used, the column is bound to a limited amount of diameters; for an outer diameter of
12 mm and corresponding internal diameter of 9 mm, a bed length of approximately 180 mm is found.
Further it is suggested to have a column diameter/particle diameter ratio of approximately 50 to avoid
channelling effects [124], with an average particle size of 0.15 mm (see section 4.2.2) and a diameter
of 9 mm, this ratio is 60. Including the inert place holders, the total length of the bed will be 250 mm.

4.2.2. Adsorbent properties
The two main adjustable adsorbent properties influencing the behaviour of the column are the particle
diameter 𝑑፩ and the bed porosity 𝜀. No unambiguous method exists for determining the ideal particle
diameter and Gabelman states that the preferred particle size is the smallest one that still has a tolera-
ble pressure drop [125]. For example for gas separation process in industrial applications larger mesh
iBecause sample taking is done manually, faster breakthrough times will result in less sample taking
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Figure 4.1: Dependence of particle sphericty and packing density on bed voidage. Modified from Levenspiel [126]

sizes (6×10 or 6×16 mesh size) are commonly chosen (see Table 3.3).

At the time the experiments were performed, two types of activated carbon were available in the lab,
e.g. granular 4×8 mesh and 100 mesh. Based on the heuristic Gabelman mentioned, the smaller
particles were chosen for the experiments. Besides the 4×8 mesh are quite sizeable compared to the
column diameter and would without crushing them into smaller particles, lead to voids and excessive
wall effects. Note that active area of the adsorbent varies marginally with different particle size, as most
active area is inside the pores and an insignificant amount on the exterior surface [125].

The bed porosity is determined by the amount of adsorbent in the column with respect to the empty
space, note that this is not the same as the particle porosity which is the void inside the particle. The
bed porosity can for example be controlled during the loading of the adsorbent into the column, when
applying force on the adsorbent a more dense loading can be achieved. The advantage of a more
densely packed bed is that moremass of adsorbent occupies the same volume in the bed, disadvantage
is that this decreases bed porosity and therefore increases the pressure drop. The dependence of
sphericity and packing density for various particle geometries is displayed in Figure 4.1.

4.2.3. Other factors
The safety risk for this type of set-up is low and no additional measures were taken. Because of the
low flowrates, the gases leaving the column were directed away from the user and purged into the air.

4.3. Chemicals
CO2, N2 and Ar were accessible in the lab though build-in gas lines. Ethylene or C2H4 (99.5%) was
purchased from Sigma-Aldrich in a 14L pressurised cylinder and used without any further purification.
Activated Charcoal DARCO G-60, 100-mesh particle size was used from Sigma-Aldrich and was used
without modification.
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4.4. Experimental set-up
4.4.1. Framework
Breakthrough experiments were conducted using a custom-build set-up consisting mainly of Swagelok
fittings and 6 mm teflon tubing. The flowchart of the set-up is given in Figure 4.2 and additionally a
picture of the set-up is provided in Appendix C. The adsorber column consists of 12 mm Swagelok
tubing and can be circumvented using a bypass, from which the composition of the gas mixture can
be measured directly. A cylinder containing ethylene gas is connected to the system using a Dräger
pressure reducing valve. The remaining gases are fed to the system by installed gas lines in the lab.
Pressures of all gases could be regulated between 0 and 7 bar. The composition of the gas inflow was
regulated using Omega FL-2501-VL rotameters and were subsequently mixed in-line to produce the
gas mixture. Due to the low viscosity of gases, further mixing (for example using mechanic agitation
or a static mixer) is rarely needed and in most cases a long pipe with turbulent flow does suffice [127].
The adsorber column is connected to the system using two 6x12 mm tube fittings which in turn also
keep the inert material in place. The adsorber bed is held in place by 3 cm of glass wool on top and
bottom sides to prevent possible migration of solid material through the inlet or outlet.

4.4.2. Column
The column and its supporting valves are held in place by a dual adjustable clamps. Temperature of
the column is controlled by RKC Instruments SB1 digital temperature controller fitted into a IP65 distri-
bution box. The controller was connected to Horst HB Heating tape with Textile Glass Insulation and
was chosen for its ability to fit small radii. The thermocouple was installed underneath the heating tape
and measures the temperature at the end of the tip at approximately halfway of the column. The tape
was densely packed over the full length over the column to allow for quick and efficient heating. The
heating tape was fixed in place and isolated using fiberglass tape bound together with aluminium tape.

4.4.3. Loading of the column
The unmodified AC was loaded into the column straight from its packaging container. Important is the
way the adsorbent is loaded, the AC can be pressed to create a dense bed or can be loaded gently to
create a more losely packed bed. The way this is loaded affects the bed porosity, the interstitial velocity
and ultimately the breakthrough time. As the particle diameter is small compared to what is commonly
used in industrial applications, adsorbent was packed as loosely as possible into the column.

4.4.4. Fraction collection
To determine the outflow composition, fractions were collected at predefined timesteps using dispos-
able 3 mL syringes and were closed air tight using syringe valves. The syringes valve could be con-
nected to the 6 mm tubing and this connection was considered air tight. After each experiment the
labelled syringes could all separately be analysed using the micro GC. By preliminary analysis, break-
through times could be estimated and the frequency interval of sample taking could be increased to
have additional datapoints at times outflow composition is changing rapidly. After each experiment all
syringes were flushed two times with nitrogen and stored full of gas for the next run.

4.4.5. Micro Gas Chromatograph
The composition of the out flowing gas was analysed using a Varian CP-4900 micro gas chromatograph
(micro GC). First introduced in 2003, this micro GC is a small, compact and portable gas analyser
intended for on-field analyses of natural gas, refining, specialty gases or fuel cell samples. It consists
of two columns fitted with a micro-machined Thermal Conductivity Detector (TCD), which is a common
detector used in gas chromatography. At the time of manufacturing the supplier stated that the operating
range is between 1 ppm and 100% [128]. Calibration was done before the start of the experiments by
TU Delft technicians after discussing the requirements of the set-up. After calibration of all components
the setting were kept constant for all experiments.
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Figure 4.2: Flow chart of the experimental set up. 1 Feed of chemicals; 2. Rotameters; 3a. Bypass 3b, Feed to column; 4.
Column fittings; 5. Adsorbent bed; 6. Heating tape; 7. Temperature sensor; 8. 3-way valve; 9. Flowmeter; 10. Sample collector
11. Micro GC

4.4.6. Limitations of set up
Comparing this set up to the flowrence platform used by Zandvoort et al. or the set up used by Bach-
man et al. controlled by digital mass flow controllers and flowmeters, described in section 4.1, this
simpler, cheaper set up is bound to lose accuracy in flow and composition control. Nonetheless this
set-up should be able to study the qualitative behaviour of gas adsorption.

A few examples of limitations that were encountered were:

• Rate of sample taking; because of the manual operation sampling rate is limited to one sample
every 10 seconds. However at this maximum rate human errors are more likely to occur.

• Analysing time per sample; since the micro GC required 9 minutes per sample, continuous sam-
pling was not possible as the interval would simply be to large. The micro GC did not allow for
simultaneous measurements.

• Because of the manual sample taking, long analysing time and flushing of the syringes air con-
tamination was inevitable.

• The rotameters were used on the lower limit of their operating range; the means accurately con-
trolling the flowrate was difficult. Additionally small changes in pressure in feed lines, also influ-
enced the flowrate.
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• Age limit of the micro GC; all equipment deteriorates over time therefore it is not unusual the
accuracy has decayed.

• Sensidyne Gilian Gilibrator 2 was used for flow measurements and was not able to take auto-
mated, continuous measurements.

4.5. Column heating
For the desorption experiments it is essential to know how much time is required to heat the column to
a uniform temperature. The most accurate approach would be to solve a time dependent heat balance
over the radius of the column, alternatively the Fourier instationary heat transfer relation is used. To
use this relation the following assumptions are made: 1. The wall of the column is at constant tem-
perature 𝑇፰; 2. the column in considered homogeneous in temperature when �̄� = 0.99𝑇፰; 3. Since
the column consists of two composite layers, e.g. the metal tubing and the adsorbent bed, the lowest
thermal diffusivity of both layers is used; 4. the heat transfer from the heating equipment to the wall
and from the metal layer to the adsorbent bed is neglected; 5. The column is considered infinitely long.

First the temperature ratio �̄� is determined via Equation 4.1, where 𝑇፰ is the wall temperature, �̄� is the
average temperature at time 𝑡 and 𝑇ኺ is the initial bed temperature. Subsequently the Fourier number
is determined using the Heisler chart provided by Janssen and Warmoeskerken in their Transport Phe-
nomena Data Companion [129]. Using the relation for the Fourier number Fo = ፚ፭

ፃᎴ , the time required
to reach a homogeneous temperature can be determined. Here 𝑎 is the thermal diffusivity and 𝐷 is
the characteristic diameter, in this case the diameter of the column. For active carbon 𝑎ፀፂ = 2.03e-6
m2 sዅ1 [130] and for type 310ii steel 𝑎፬ = 3.40e-6 m2 sዅ1 m2/s [132]. The results for 𝑇፰ = 308, 318,328
and 353K are given in Table 4.1.

In reality the first assumption is not realistic, as the column is heated the wall temperature rises ac-
cordingly. However when comparing the time required to reach 99% homogeneity with constant wall
temperature (𝑡ዃዃ) with the time required for the heating tape to reach the setpoint temperature (𝑡ፒፏ),
it is seen that the duration of heating is a factor 4–5 longer than the homogenisation time, meaning
the heating rate of the system is limiting. In reality this implies that the time the setpoint temperature
is reached, it can be assumed that the temperature in the column is at approximately homogeneous
temperature.

�̄� = 𝑇፰ − �̄�
𝑇፰ − 𝑇ኺ

(4.1)

4.6. Numerical analysis of breakthrough times
4.6.1. Mass balance
To obtain quantitative information about the separation performance, breakthrough data is analysed
numerically. The required data consists of the volumetric fraction of each specie of the outflowing gas
(𝑦።) with respect to time. The separation performance is compared in terms of breakthrough time (𝑡),
uptake capability of specie i (𝑞።), mole fraction in the solid phase (𝑥።) and selectivity (𝑆።,፣). The cal-
culation of these parameters is done using the following methodology. First the breakthrough time is
iiSwagelok fittings and pipes are made of type 316 steel, type 310 steel however has very similar thermal properties [131]

Table 4.1: Overview of applicable heating times in the adsorber bed. ፭ᎻᎻ was determined using Heisler charts and ፭ᑊᑇ was
measured experimentally.

𝑇፰ [K] �̄� Fo 𝑡ዃዃ [s] 𝑡ፒፏ[s]
308 0.035 0.16 11.3 40
318 0.023 0.18 12.8 55
328 0.018 0.20 14.2 70
353 0.006 0.28 19.9 90
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defined as the time were the concentration in the outlet stream has reached >5% of the inlet concen-
tration. Next the uptake capacity of each specie is determine via a material balance to determine the
amount of gas transferred from the gas phase to the solid phase. The mass adsorbed is simply the
difference between the inlet and the outlet concentration over a given time range, with an additional
term accounting for the dead volume fraction in the column.

𝑚።,ፚ፝ = 𝑚።,።፧ −𝑚።,፨፮፭ − 𝑐፭𝑦።,፞፱።፭ (𝑉፨፥ − 𝑉ፚ፝፬) (4.2)

where 𝑉፨፥ is the column volume given by 𝐴 ⋅ 𝐿 and 𝑉ፚ፝፬ is the apparent or bulk volume. However to
determine 𝑉ፚ፝፬ experimentally is not straightforward and the ultimate effect of the dead volume on the
selectivity calculation is small, therefore it is neglected. The amount of mass fed to the column for a
constant inlet concentration of specie i is multiplied by the total flowrate and a given time period, given in
Equation 4.3. The amount of material leaving the column is calculated similarly, except that the outflow
fraction is dependent on time and is calculated by integrating the area under the breakthrough curve,
depicted in Equation 4.4. The loading can subsequently be determined by plugging in these equations
into Equation 4.2 and using that𝑚።,ፚ፝ = 𝑞። ⋅𝑚ፚ፝፬, where𝑚ፚ፝፬ is weight of the adsorbent in the column.
The result is given in Equation 4.5.

𝑚።,።፧ = 𝑐፭𝑦።,።፧𝑄(𝑡ኼ − 𝑡ኻ) (4.3)

𝑚።,፨፮፭ = 𝑐፭𝑄∫
፭ኼ

፭ኻ
𝑦።,፨፮፭𝑑𝑡 (4.4)

𝑞። =
𝑐፭𝑄
𝑚ፚ፝፬

∫
፭ኼ

፭ኻ
(𝑦።,።፧ − 𝑦።,፨፮፭) 𝑑𝑡 (4.5)

Subsequently the mole fraction of specie i in the solid phase is given by Equation 4.6. The selectivity
for a binary mixture is given by Equation 4.7.

𝑥። =
𝑞።

∑፧፣ኻ 𝑞፣
(4.6)

𝑆ኻኼ =
𝑞ኻ/𝑞ኼ
𝑦ኻ/𝑦ኼ

(4.7)

To evaluate the integral of Equation 4.5 the outlet composition data of need to be transformed into
some continuous function. Three commonly used techniques to numerically estimate the area under
the curve are the midpoint rule, trapezoidal rule, and Simpson’s rule. The midpoint rule approximates
the area using rectangular Riemann sums with equal width. This method is accurate when the amount
of intervals becomes really large, however in the case of limited data points this method is inaccurate.
Alternatively, the curve in between data points is approximated linearly, in this case the area is approx-
imated using trapezoids instead of rectangles, e.g. trapezoidal rule. It is important to note that when
the concave is up, the trapezoidal approximation tends to underestimate the area under the curve and
vice versa.

For type I adsorption isotherms (section 3.4.1) the expected function has a sigmoid or ”S”-shaped curve
and to better account for this shape the curve in between data points can better be approximated using a
parabolic formula. This is known as Simpson’s rule or parabolic rule. Compared to the trapezoidal rule,
Simpson’s rule uses multiple weighted data points to estimate the shape of the parabola. Generally is
it considered that the Simpson’s rule yields the most accurate results [133]. To test if this statements
holds when the amount of datapoints is limited, an numerical analysis done.
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4.6.2. Accuracy of numerical analysis
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Figure 4.3a: Plot of an analytical sigmoid function for increasing
ᎎ

To examine the performance of trapezoid and
Simpson rule on a sigmoid shaped function they
are compared with a function with similar shape.
This function (Equation 4.8) is chosen to behave
similarly as the mass transfer zone seen inside
an adsorber column. Advantage of this function
is that 𝛼 can be altered to change the slope of the
curve, this way the approximations can be veri-
fied for various types of MTZs. Another advan-
tage is that for the for any value of 𝛼 the integral
between 0 and 1 will have the same solution, e.g.
0.5, making comparison to trapezoid and Simp-
son approximations straightforward. The trape-
zoid calculations are performed using the MAT-
LAB build-in function trapz.m and the parabolic
calculations are performed using an adaptation
of the trapz.m function, simps.m. This code
was retrieved from MATLAB file exchange, an
open source community driven platform, and
used without modification [134]. Noteworthy is that both functions work for any length array, are able
to handle arbitrary spaced data points and are vectorised for short run times.

To simulate the unevenly distributed time steps encountered in experiments, the space vector was
divided into n-distributed points, each having a U(0,0.1) deviation, only the initial, halfway and final
coordinates (𝑥 = 0, 0.5, 1) were fixed in all simulations. The numerical analyses was performed for
eight semi-arbitrary values of 𝛼, (𝛼 = 3, 5, 10, 15, 20, 30, 40, 50), to account for wide and sharp MTZs. In
Figure 4.3a it is observed that for increasing 𝛼, the slope becomes steeper. The amount of data points
in the experimental section is limited; it is expected that for a low number of data points the integration
can have a significant error. The significance of this effect is tested in the analytical function by using
an increased amount of data points, for 𝑛 = 10, 15, 20, 30, 100. To eliminate any integration outliers due
to the random distribution of the spacial coordinates, this analysis is repeated 10 000 times, essentially
making this a Monte Carlo simulation. From the results, the relative error (Equation 4.9) is calculated for
each combination of gridsize and 𝛼 and used to calculate the percentual error with respect to the exact
solution. The result is depicted in Figure 4.3b, were the results for each n are subdivided in rectangles.
Qualitatively analysing the error for increasing n it is observed that error decreases, for example the
error for 𝑛 = 100 remains under 0.5% for all values of 𝛼. Secondly, for both types of approximation
and all values of n it can be seen that for increasing 𝛼 (cf. increasing slope) the approximation be-
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Figure 4.3b: Monte Carlo analysis of the Simpson and Trapezoid approximation for a sigmoid function
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comes increasingly more inaccurate. For the first limit 𝛼 → 1, Equation 4.8 becomes linear, no large
changes of f(x) are seen and can therefore easily be approximated. The increasing error effect can be
explained by the change of nature of the function for increasing 𝛼; when 𝛼 → ∞, Equation 4.8 becomes
a step function. In this limit, the change in f(x) is too large and both approximations tend to break down.
Finally, a significant error is seen for the Simpson approximation as 𝛼 increases, especially for small
values of n. It is hypothesised that the combination of polynomial fitting, which requires three points to
determine the parabola, and the large change of f(x) causes this large deviation.

Because the amount of samples taken in the experiments is small and the columns high L/D ratio is
designed to have sharp mass transfer zones (cf. high values of 𝛼), which can lead to significant errors
based on the type of approximation used. Based on this analysis, the trapezoid approximation is used
for the numerical analysis of the breakthrough times.

𝑓(𝑥) = 1
1 + ( ፱

ኻዅ፱)
ዅᎎ (4.8)

Errorᎎ,፧ =
1
𝑘

፤

∑
።ኻ

|𝐴i,model − 𝐴analytical|
𝐴analytical

⋅ 100% (4.9)



5
Experimental Results

After the considerations for the experimental set-up in the previous chapter the transient breakthrough
experiments were performed. The goal of these experiments was to test the newly build set-up, the
separation potential of activated carbon and compare the results with the theoretical IAST calculations.
Further will the results be used to verify the mathematical model given in chapter 6.

First the results of the unary breakthrough experiments for C2H4 and CO2 mixtures are given, the
error in the system is analysed and then adsorption and desorption of C2H4/CO2 binary mixture is
investigated for different temperatures. Experiments are limited to C2H4 and CO2 mixture, because
of the safety risks that are associated with working with CO. As the experiments were performed
on a limited time scale, upgrading to a CO-safe working environment would take considerable effort,
besides the amount of fume hoods at the time of experiments was limited. Additionally, adsorption of H2
on active carbon is very poor, studying breakthrough behaviour of C2H4/H2 mixtures is less significant
for the final separation process. Therefore this thesis focuses only on the C2H4/CO2 binary mixture.

5.1. Unary breakthrough analysis
These experiments were conducted to test the performance of the set-up and and assess the behaviour
of components in the column. The experiments were performed twice for each specie, because of vary-
ing flowrates and composition, only one run per specie is displayed. The unary breakthrough analyses
were performed with an approximately equivolume feed with the remainder of the flow being an inert
carrier, e.g. argon gas. Argon gas was chosen as it was possible to differentiate between air contam-
ination (extensively explained in section 5.2) and the carrier gas. The results for C2H4/Ar and CO2/Ar
are given in Figure 5.1. Flowrates of adsorbate gas streams were equal for both experiments, e.g. 60
mL min-1, however the flowrates of the carrier were 65 and 82 mL min-1 for the C2H4 and CO2 mixture
respectively. The final composition measurements were taken at 600 seconds and were considered
the steady state flowrates. Before analysing the experimental breakthroughs, it should be noted that
the micro GC was unable to measure argon gas; therefore the percentage was determined by sum-
ming the volume fraction to 100%. Secondly the nitrogen seen in the diagram is the contamination that
entered the system due to leakage or processing the samples. The amount of nitrogen in the system
was between 0 and 2%.

As seen in the IAST predictions, adsorption of both C2H4 and CO2 on active carbon is observed.
The qualitative behaviour is as expected in an adsorber column; for ethylene, a sharp, sigmoid-shaped
mass transfer zone which reaches the steady state feed concentration after saturation, the sharp break-
through can be traced back to the large L/D ratio of the column. The mass transfer zone for CO2 is
broader compared to ethylene and takes longer to reach the state steady concentration. In particu-
lar, after the breakthrough of CO2, the outflow concentration increases rapidly before slowly reaching
steady state. In the breakthrough experiments of Al-Janabi et al., similar behaviour is seen for a equiv-
olume CO2/N2 mixture on AC [135]. When quantitatively comparing Figure 5.1a and b the first thing
to notice is that the breakthrough times for C2H4 and CO2 are almost identical, being 135 and 130
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(a) Breakthrough curve for C2H4. 𝑄ᐸᑣ = 65 mL min-1
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(b) Breakthrough curve for CO2. 𝑄ᐸᑣ = 82 mL min-1

Figure 5.1: Unary breakthrough diagrams. Flow consisted of an approximately equivolume feed containing the adsorbent and
the inert carrier; argon gas. ፏᑗᑖᑖᑕ  ኼ bar, ፓ  ኼዃዂK,፦ᑒᑕᑤ  ኼ.ኺኻg, ፐᑒᑕᑤᑠᑣᑓᑒᑥᑖ  ዀኺ mL min-1

seconds. An important remark is that the feed concentration of CO2 is lower than C2H4, e.g. 0.42 and
0.48 respectively. The uptake capabilities 𝑞። (for calculation procedure, see section 4.6) for both com-
ponents are 2.68 and 2.17 mol kgዅ1 respectively. Two preliminary observations could be made until
this stage; 1. ethylene uptake is larger than carbon dioxide uptake, however not substantially. This
is an important observation, because this means CO2 uptake in unary experiments is significant and
could subsequently lead to lower ethylene selectivity in the binary experiments; 2. Based on the mass
transfer zone, uptake of CO2 is slower. An explanation for this effect could be that the mass transfer
rate of CO2 into the pores is slower compared to ethylene adsorption rates, indicating that ethylene
diffuses into the pores quicker.

5.2. Error analysis of the system
5.2.1. Types of errors
As the set-up was custom build and untested, possible errors in the system should be carefully exam-
ined. Parts or steps that were susceptible to error are given below. From this list, the types of errors
that were considered significant are discussed further and their effects are incorporated quantitatively
in the results.

1. Air contamination due to sampling procedure

2. Calibration error

3. Random system error

4. Gas leakage

5. Syringe contamination

6. Measurement time error

7. Mixing error

8. Human error

1. Air contamination error
The manual fraction collection means that the system is prone to air contamination, as there is a brief
moment the sample opening is in contact with air, meaning inevitably a small amount of air is present
in the sample. This contamination is typically between 1 and 2 V%, however outliers up to 5V% are
seen. As the contamination occurs before the sample is taken, it has no effect on the composition
ratio and lead to a dilution of the outflowing gas. This diluting effect can become problematic when
comparing composition at different timesteps, as this will cause a variable underestimation of the actual
composition. To make uptake samples at different timesteps quantitatively comparable, it is assumed
that the sample can be normalised. This means it is assumed when there were no contamination, the
remaining composition scales linearly to fill the contamination void. This calculated is via Equation 5.1.

𝑐።,፧፨፫፦ = 𝑐።,፦፞ፚ፬፮፫፞፝ +
𝑐።,፦፞ፚ፬፮፫፞፝

∑፧፤ኻ 𝑐፤,፦፞ፚ፬፮፫፞፝
⋅ 𝑐፨፧፭ፚ፦።፧ፚ፭።፨፧ (5.1)
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The main issue with this method is that initially there is air (measured as nitrogen) present in the set-
up and this is not to be confused with the air contamination. Therefore it is assumed when the first
sample amount of nitrogen is under 2V%, this is due to air contamination and the correction equation
mentioned above is applied. Before this moment, in the initial phase of the experiment, there is no
way of differentiating between contamination and air that was in the column before the experiment.
Therefore it is assumed that the air contamination error initially is equal to the average of the last five
measurements.

2. Random error
This error is associated with the repeatability of measurements, as identical measurements of the same
sample should have identical results. The supplier of the GC, Varian Inc, reported in their original
brochure a precision of 0.13% relative standard deviation for the measurements. [128]

Ideally, to eliminate or decrease the significance of this error, every experiment could be repeated mul-
tiple times and every measurement performed in duplicate or triplicate. In the current experimental
procedure this would however be very time consuming and therefore an alternative method was used
to estimate the size the system error. This method is based on analysing a pre-mixed sample of an
approximately equivolume CO2/N2 mixture twelve times and determining the normalised standard de-
viation (nSTD). Details and procedure are given in Appendix B. This resulted in standard deviations
of nSTDN2 = 1.42% and nSTDCO2 = 1.37%. It is assumed that the presence of one component in
the mGC is not influencing the result of another component, and therefore that both variables can be
considered independent. Subsequently both standard deviations are summed in quadrature to yield
the normalised random error, nSTD = 1.97% . Although this normalised error is based on a CO2/N2
containing mixture, it is assumed valid for all components for all volume fractions. The 95% confidence
interval is consequently given by 1.96 ⋅ nSTD.

3. Calibration error
The mGC was calibrated with pure component gases before starting the experiments, but nevertheless
physical inconsistencies were observed. In other words, the total volume fraction of the outflowing gas
should always be 100%, but this was not always the case. In reality it was seen that for mixtures of
gases the total volume percentage was on average a few procent short of 100%, indicating some sort
of system error. Reasons for this bias could be due to bad calibration, attraction of molecules to each
other in mixtures, non-linear behaviour of components on the column.

A normalisation step was done for two reasons. Firstly it makes measurements physically consistent,
but more importantly it makes quantitative comparison possible, when assuming that all components
can be scaled linearly with the same normalisation factor, independent of the fraction of that compo-
nent. A side effect of this normalisation step is that the error determined in the previous sections is also
affected, this error therefore scales with same factor.

Note the difference between the random error and the calibration error. As this random of error assess
the ability of the GC to repeat measurements, independent of calibration or experiment.

4. Leakage
Gas systems are inherently sensitive to leakage. The system consists of Swagelok fittings and when
installed correctly are considered air tight, especially for the low pressure system in these experiments.
More susceptible to leakage are the disposable syringes. To test the air tightness over time the com-
position was measured once and then again after a 24 hour interval. From this simple test it was
concluded that no nitrogen was measured in the syringe and it can be considered air tight. The sy-
ringe valve must of course be securely tightened and the syringe was unmoved over the time interval.
Finally the syringe connection to the set-up and to mGC remain, the first connection is straightforward
as the valves are made to fit directly into the 6mm tubing. More problematic is the syringe connection
to the mGC which required a unique adaptor, this was custom made as no pre-fabricated adaptor was
available. Although improvised, the adaptor showed no signs of leakage, as tests with pure ethylene
or CO2 showed no air contamination in the mGC.
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5. Syringe contamination
To minimise the effect of contamination of the previous sample, each sample is flushed three times
with nitrogen. Before each sample the nitrogen is purged and connected to the system, leaving trace
amounts of nitrogen in the syringe. The effect of these trace amount are insignificant compared to the
air contamination and therefore not included in this analysis.

6. Time measurement error
Samples are manually obtained from the system on predetermined time stamps and has two possible
sources of error. First, the process of taking a sample takes roughly four seconds, meaning a sample
is always the average composition over these seconds and secondly the manual factor implies that
sample taking is never exactly on the predefined time stamp. Without an automatic sampling system it
is impossible to prevent these errors and besides it is impossible to quantify or mathematically estimate
the size of this error. Therefore the time error was chosen to be the same as the sampling time, e.g.
four seconds.

7. Mixing error
Since the mGC requires samples in the order of microliters, inhomogeneous gas mixtures will lead to
skewed measurements. As there is no straight forward way of verifying this is the case in reality, let
alone determine the error associated with mixing, it is not included in this analyses and all samples are
considered homogeneously mixed, including the sample to determine the random error.

8. Human error
As in any experimental procedure human error affecting measurements is never inevitable and is only
excluded when experiments are repeated for multiple times.

5.2.2. Propagation of error and calculation
From the analysis of the previous section three error types are used to determine to 95% confidence in-
terval of the volume fraction. The effect of the air contamination error and calibration error are based on
the normalisation factor used to standardise the measurement, while the random system error is fixed
for each measurement and scaled to relative amount of each component, resulting in general Equa-
tion 5.2, where 𝑦።,፧ is the volume fraction of specie i of measurement n, 𝛼ፚ፞,፧ and 𝛼፞,፧ respectively
the normalisation factors of air contamination error (ace) and calibration error (ce) for measurement n
and nSTD the normalised system error. The coefficient 1.96 is used to find the 95% confidence interval
[136]. All terms in the equation are dimensionless.

Time scale related error was used as described in the previous section and the 95% confidence interval
is estimated to be equal to the sampling time, e.g. four seconds.

𝑦።,፧ = 𝑦።,፧ ± 1.96𝛼ፚ፞,፧𝛼፞,፧nSTD (5.2)

5.3. Binary breakthrough experiments
From the unary breakthrough experiments and the adsorbent screening, it was observed that activated
carbon has greater affinity towards ethylene than to carbon dioxide. Using binary transient break-
through experiments the actual separation potential of DARCO G-60 activated carbon could be evalu-
ated.

5.3.1. Experimental results
The results are displayed in Figure 5.2 including the 95% confidence intervals described in the previ-
ous section. Reviewing these binary transient breakthrough experiments it is immediately clear that
two fronts have formed. For example in Figure 5.2a for T = 298K, first the CO2 front breaking through
after 160 seconds and secondly the C2H4 front after 220 seconds, verifying that the bed is ethylene
selective. Noticeable is the sharpness of the CO2 stoichiometric front compared to the ethylene front.
It is hypothesised that the sharpness can be explained by a ’pushing’ effect, where the nitrogen in the
column is pushed out of the column by the entering feed. The phenomena will be discussed more
extensively in section 6.7.4.
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(a) T = 298K, Q1 =65 mL min-1
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(b) T = 308K, Q1 = 52 mL min-1
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(c) T = 318K, Q1 = 55 mL min-1
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(d) T = 328K, Q1 = 55 mL min-1

Figure 5.2: Transient breakthrough experiments for C2H4/ CO2 gas mixtures for various temperatures (298K–328K) with inlet
pressure of 2.5 bar. The remainder of the composition is nitrogen left in the column after purging.

Similarly to the unary breakthrough analysis, the adsorption uptake 𝑞። is calculated and is displayed in
Table 5.1. For a complete overview the volume feed fraction 𝑦። and selectivity 𝑆 are included. Inspect-
ing the selectivity values it is immediately clear that those are significantly lower than what the IAST
calculations predicted, e.g. between 1.5 and 2 for the experiments versus 3 and 4 for the predictions.
This means that the the separation potential of the adsorbent bed is lower than the IAST predictions
would suggest. The question that arises is, why is the selectivity in these experiments so low compared
to the predictions.

5.3.2. Comparison to IAST methodology
To answer this question, first the IAST calculations are investigated in more detail. In Figure 5.3 a
quantitative comparison between the IAST calculations using isotherm data of Reich and Osterkamp
(given in A.2 and A.3) and the numerical analysis of the breakthrough time is shown. To reduce the
effect of ambiguous behaviour of identical species on various AC types, two isotherms sources were
used in the IAST prediction. The ethylene fraction 𝑦 is displayed as a function of molar fraction in the
adsorbed phase 𝑥, where for a binary mixture 𝑥ኻ = 𝑞ኻ/(𝑞ኻ + 𝑞ኼ). In Figure 5.3a the breakthrough mix-
ture C2H4/CO2 with a summed partial pressure of 0.4 bar given by Zandvoort et al. is compared with
IAST calculations and adsorption experiments of Bering and Serpinsky. They studied the adsorption
equillibria of ethylene and propylene on activated carbon between 0.07 and 0.36 bar [137] and the data
for 0.36 bar is depicted in the figure. Upon inspection it can be seen that the experimental equillibria
correlate well with the IAST predictions. It should be noted that three different types of active carbon
were examined, however this verifies that AC is ethylene selective independent of the type used. The
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Figure 5.3: Comparison of theoretical IAST calculations with experiments for binary C2H4/CO2 mixture. The ethylene fraction ፲
in the gas phase is plotted as function of molar fraction in the adsorbed phase ፱. Theoretical IAST data is represented as , ;
Numerical analysis of breakthrough time , ; Experimental data . The parity line is given by ፱  ፲ and represents a selectivity
of unity.

Zandvoort experiments were performed at 313K and the data breakthrough data was calculated using
a similar methodology as described in section 4.6 and was extracted from their paper without modi-
fication [67]. Based on the IAST calculations, the amount adsorbed in the solid phase decreased on
average 1.5% when increasing the temperature from 298K to 313K, because of this small difference
it is assumed that the experimental data of Bering and Serpinsky is comparable to the Zandvoort ex-
periments. Using this assumption it is clear that loading of ethylene in the Zandvoort experiments is
significantly higher than predicted by the IAST calculations and the equilibrium experiments. Zandvoort
et al. only provide a qualitative comparison between IAST prediction and breakthrough experiments
and do not mention the loading difference [67].

In Figure 5.3b the IAST prediction for 298K at 2.5 bar is given together with the numerical analysis of
the breakthrough times conducted in this work. Three breakthrough experiments were performed with
varying ethylene feed concentrations, e.g. 𝑦 = 0.33, 0, 50 and 0.57 with the remainder of the feed con-
sisting of carbon dioxide. Comparing the experimental results with the IAST prediction, it is seen that
the prediction slightly overestimates the ethylene loading found from the experiments. The most obvi-
ous reason for this discrepancy would be the different loading capabilities of various AC types. Other
possible explanations include; competitive adsorption between C2H4 and CO2, meaning that in reality,
interactions between both species negatively influence the selectivity towards ethylene. This non-ideal
behaviour is not incorporated in the IAST methodology (and in the theoretical model described in chap-
ter 6). Also the effect of pressure drop along the z-direction in the column is neglected in the IAST
methodology, where constant pressure is assumed. Finally mistakes in the error analyses or under- or
overestimating of specific errors could lead to a distorted calculation.

The results in Figure 5.3a and b lead to an interesting observation that for increased pressure the

Table 5.1: Loading ፪, volume feed fraction ፲ and selectivity ፒ for transient breakthrough experiments. Subscripts 1, 2 indicate
C2H4 and CO2 respectively.

T=298K T=308K T =318K T=328K

𝑞ኻ [mol/kg] 3.1 3.0 2.6 2.4
𝑞ኼ [mol/kg] 1.6 1.9 1.8 1.7

𝑦ኻ 0.5 0.45 0.42 0.40
𝑦ኼ 0.42 0.49 0.47 0.50
𝑆ኻኼ 1.5 1.7 1.6 1.7
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selectivity towards ethylene decreases. An explanation for this loss of selectivity can be that for higher
pressure, CO2 is more easily adsorbed onto the adsorbent. Similar behaviour is also seen in the pure
component isotherm data (see Appendix A), where for pressures from 0 to 3 bar ethylene adsorption is
higher compared to carbon dioxide adsorption. While for pressure over 5 bar carbon dioxide adsorption
is more prevalent.

5.3.3. Effect of temperature variation
In the previous sections it was made clear that the selectivity is dependent on the pressure of the sys-
tem and higher pressure has a negative effect on ethylene/carbon dioxide separation. This section
investigates the effect of an increased temperature on the selectivity of the system. For adsorption
systems it generally is known that increased temperature results in higher kinetic energy of the parti-
cles and the absolute adsorption capacity decreases [58]. This results in faster saturation of the bed
and therefore shorter breakthrough times. In Figure 5.2a-d the transient breakthrough diagrams for
the temperature range 298K–328K are given and the general trend is that as temperature increases,
breakthrough times shorten. It should be noted that breakthrough times are highly dependent on the
flowrate as well as the feed concentrations and with the used set-up controlling these parameters was
not straightforward. The small deviations in experimental conditions this caused, makes quantitative
comparison of breakthrough times unreliable.

The selectivity was determined using the mass balance in Equation 4.5 and 4.7. As flowrate and gas
feed fraction are incorporated into the mass balance, the effect of the small deviations in experimental
conditions could be rectified. The result of the selectivity analysis is given in Table 5.1. In this table it is
observed that selectivity is marginally dependent on the temperature in the adsorbent bed. Additionally
with a lower absolute adsorption capacity, increased temperature does not lead to benefits in terms of
separation potential. Since temperature had a small effect of heat on selectivity, this supports the
assumption of neglected heat of adsorption.

𝑞። =
𝑐፭𝑄
𝑚ፚ፝፬

∫
፭ኼ

፭ኻ
(𝑦።,።፧ − 𝑦።,፨፮፭) 𝑑𝑡 (4.5)

𝑆ኻኼ =
𝑞ኻ/𝑞ኼ
𝑦ኻ/𝑦ኼ

(4.7)

5.3.4. Conclusion on binary breakthrough experiments
The following conclusions were drawn from the breakthrough experiments

• For a feed consisting of approximately equivolume feeds of C2H4/CO2, AC is ethylene selective

• Selectivity towards ethylene is lower than predicted by the IAST methodology

• Reduced pressure has a positive effect on the selectivity towards ethylene

• In the temperature range 298K–323K no significant effect on selectivity is observed

5.4. Desorption experiments
An essential step in an adsorption based separation process is the removal of the adsorbed species. To
study the desorption behaviour of AC, the bed was saturated with a predefined flow with a C2H4/CO2-
ratio of 40/60 V%. The equillibriated bedwas subsequently flushedwith a constant flow of pure nitrogen,
e.g. 70 mL min-1 i. Regarding the desorption of ethylene and carbon dioxide on AC, Zandvoort et al.
state that in the later stages of the desorption phase it is possible to obtain a nearly pure stream of
ethylene. In their transient desorption experiments for various ethylene/carbon dioxide feed ratio’s,
CO2 desorption was significantly quicker, resulting in a ethylene rich phase after all CO2 has desorped.

The transient desorption results are displayed in Figure 5.4. In the current experimental methodology,
the column was saturated and subsequently heated to its respective desorption temperature and after
iThe flowrate was measured at 298K
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thermal equilibrium was reached, the desorption process started. This means there is a some time
between stopping the feed and reaching thermal equilibrium in which the adsorbent bed can change in
composition, this thermal transition zone is depicted in the results as the grey shaded box ranging from
t = ts to t = 0. The first observation is that due to the introduction of the N2 gas the composition at the
start of the desorption experiment (at t = 0) has lowered with respect to the time of saturation (t = ts).
More interesting however is that in the same transition period the volume fraction of CO2 decreases
while the C2H4 fraction remains equal or increases for all desorption temperatures, in other words CO2
desorbs more significantly out of the bed relative to C2H4 due to the increased temperature. This effect
becomes stronger as the desorption temperature is increased.

After the desorption stage started it is clear that for all temperatures, desorption of CO2 is faster than
ethylene, this is in agreement with the desorption experiments of Zandvoort et al. [67]. When inspect-
ing the desorption of both species in a more quantitative way it is interesting to compare the times
that yC2H4

surpasses yCO2
. Again it is seen that for increasing temperature this time reduces from ∼130

seconds for 298K to ∼60 seconds for 328K and for 353K this moment is even immediately after thermal
equilibrium was formed in the adsorbent bed. Verifying again that the effect that an increased temper-
ature has on positive effect on CO2 desorption behaviour of the gas mixture.

The statement at the beginning of this section that a nearly pure stream of ethylene could be recovered
in the final stage of the desorption process is not entirely true for these experiments. For example for t
> 200 seconds for T = 328K or 353K a flow with C2H4/CO2-ratio of > 5 could be obtained, but it would
be after losing a considerable amount of ethylene in the initial phase of the desorption process.

5.5. Summarising the experimental results
Summarising, three types of experiments were performed; transient unary and binary adsorption and
binary desorption experiments. In the unary breakthrough experiments, behaviour of one single ad-
sorbate specie was examined. The first goal was to test the new set-up and examine behaviour of the
main components of the reaction mixture on the adsorbent bed. The results showed that both ethylene
and carbon dioxide adsorbed on the bed, as was expected from literature. Additionally an extensive
error analysis was performed to find and describe weaknesses in the system, where main flaws of the
system were the amount of air contamination and the reliability of the micro GC. Mapping those weak-
nesses is essential for the reliability of further experiments using the set-up.

After validation of the system, breakthrough experiments with a binary C2H4/CO2 feed were examined.
Based on IAST predictions a selectivity of 3.0 to 3.5 in favour of ethylene was expected. Numerical
analysis of the experiments however showed that actual selectivity was substantially lower, ranging
between 1.5 to 1.7. This difference might be caused by competitive adsorption between ethylene and
carbon dioxide, this non-ideal behaviour is not included in the IAST methodology and therefore could
lead to higher selectivity values. The competitative behaviour could be more significant for increased
pressure, as selectivity towards ethylene decreases for increasing pressure. Additionally it should be
noted that differences in AC types will have effect on adsorption behaviour and ultimately the selectiv-
ity. Additionally an increase in temperature had limited effect on selectivity.

During the desorption phase two main observation were made. Firstly, the CO2 fraction decreased
faster than the ethylene fraction, meaning at later stages of the process a more concentrated ethy-
lene fraction could be obtained, however not at significant ethylene loss during the initial phase of the
desorption stage. Secondly desorption of CO2 was more sensitive to changes in temperature, as for
increased temperature the desorption rate increased, while for the same temperatures no significant
change in C2H4 desorption rate was observed.
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Figure 5.4: Transient desorption experiments for C2H4/CO2 gas mixtures for various temperatures (298K–353K) with constant
flow of N2 gas. The grey shaded rectangles indicate the thermal transition zone were the saturated bed is allowed to heat up
from 298K to the desired desorption temperature.



6
Modelling and Simulation Results

6.1. Introduction
The increase in computation power has made process simulation an essential part of a process engi-
neers life. Modern processors are capable of calculating numerous complex equations in a reasonable
time and this way the process parameters (i.e. pressure, composition, temperature etc.) can be varied
to accurately estimate their effects. This can and has proven itself to lead to increases in efficiency
and productivity without performing extensive experimental work. Contrary to distillation or absorption
processes, modelling of adsorption process is inherently transient, therefore analytical methods used
for the firstly mentioned technologies do not suffice.

Figure 6.1: Velocity deviation of CO2 adsorption on AC, calcu-
lated using two different models with various velocity assump-
tions. The first model assumed no velocity change (validated
with the analytical solution), the second model assumed vari-
able velocity change (validated with experimental results). The
breakthrough deviation is calculated by taking the time at /Ꮂ 
ኺ. concentrations [135].

In an adsorbent bed, generally modelled as a
packed bed, the adsorbent is initially free of
adsorbate and compositions at fixed positions
in the column change as the adsorbent parti-
cles saturate at the end of the adsorption cy-
cle. The moment of saturation of the bed
for a specific specie is observed experimen-
tally by breakthrough times and these times
give a good indication of the separation effi-
ciency of the adsorbent for a given mixture,
as both adsorption capacity and selectivity are
weighted in in the calculations [138]. The
bed is governed by simultaneous mass, mo-
mentum and heat transfer balances of gaseous
components, the transport to the solid phase
and physical properties of the bed accompa-
nied with a set of initial and boundary condi-
tions.

During the experiments it was observed that
the temperature increase was marginal, 1-2K for
each experiment, therefore the heat effects are
neglected in this thesis and system is considered
isothermal. The momentum balance on the other
hand cannot be neglected; as the gas phase get
adsorbed the volumetric flowrate decreases. El-
Janabi et al. investigated the effect of velocity

variation in packed beds and reported that for light adsorbing gases (for example methane or ethane
on AC) have a deviation of 2% in breakthrough time for feed concentration of 20%. For strong adsorbing
gases this effect is more significant; for the same feed concentration a deviation of 6% was observed

52
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[135]. The general trend is that for a increase in feed concentration the deviation rises significantly, this
is depicted in Figure 6.1. Note that extensive PSA or TSA modelling is beyond the scope of this thesis
and will only focus on describing breakthrough behaviour.

6.2. Assumptions
To formulate a model describing the fixed bed adsorber, several assumptions are made to simplify the
model and decrease complexity and computing power [139].

1. Components in the gas phase are modelled using ideal gas law

2. Adsorption equilibria are described by best fitted corresponding isotherm, e.g. Dual site Langmuir
isotherms.

3. all adsorbent particles are assumed to be homogeneous in shape, size and density

4. Mass transfer between adsorbent particles and the bulk phase is described by a linear relationship
with mass transfer coefficient 𝑘, known as linear driving force model.

5. Pressure and concentration gradients in radial direction are neglected

6. The pressure drop in the 𝑧-direction in modelled using the empirical Ergun equation,

7. Any temperature effects due to adsorption are neglected

8. In the column backpressure is not possible, in other words 𝑃፳። ≥ 𝑃፳።ዄኻ
9. the concentration gradient in the adsorbent particle is neglected: 𝑞።(𝑟, 𝑡) = ̄𝑞።(𝑡), where 𝑟 is the

radius of the adsorbent particle.

6.3. Model equations
6.3.1. Axial dispersion model
The fixed bed column is governed by the following material and kinetic balance equations and include
the overall mass balance, component mass balance, Ergun equation and rate of adsorption or driving
force equation. The component mass balance for specie i is given in Equation 6.1 and the overall mass
balance over the full column is given by Equation 6.2. Here the specific concentration in the mixture
is given by 𝑐። in mol mዅ3, 𝑢 is the superficial gas velocity in m sዅ1, ̄𝑞። the radially averaged loading in
the adsorbent particles in mol kgዅ1, 𝑃 the pressure in bar, 𝜀 is the bed porosity without units, Đፚ፱ is
the axial dispersion coefficient in m2 sዅ1, 𝜌፬ the bed density in kg mዅ3, 𝑡 is the time in seconds, 𝑧 the
length of the column in meter and 𝑛 the amount of components in the mixture.

𝜕𝑐።
𝜕𝑡 +

𝜕𝑢𝑐።
𝜕𝑧 − Đፚ፱

𝜕ኼ𝑐።
𝜕𝑧ኼ + 𝜌፬ (

1 − 𝜀
𝜀

) 𝜕 ̄𝑞።
𝜕𝑡 = 0 (6.1)

𝜕𝑐፭፨፭
𝜕𝑡 + 1 − 𝜀𝜀

𝜌፬
፧

∑
።ኻ

𝜕𝑞።
𝜕𝑡 +

𝜕𝑢𝑐፭፨፭
𝜕𝑧 = 0 (6.2)

Substituting the ideal gas law, 𝑐 = 𝑃/𝑅𝑇, and knowing that 𝑐፭፨፭ = ∑
፧
።ኻ 𝑐።,rewriting yields Equation 6.3.

The equation is used in this form to relate the individual component concentrations to the total system
pressure.

𝜕𝑃
𝜕𝑡 = −𝑅𝑇

1 − 𝜀
𝜀

𝜌፬
፧

∑
።ኻ

𝜕𝑞።
𝜕𝑡 −

𝜕𝑢𝑃
𝜕𝑧 = 𝑅𝑇1 − 𝜀𝜀

𝜌፬
፧

∑
።ኻ

𝜕𝑞።
𝜕𝑡 − 𝑅𝑇

𝜕
𝜕𝑧 [𝑢

፧

∑
።ኻ
𝑐።] (6.3)

The amount being adsorbed in the solid phase is giving by the linear driving forcemodel, which assumes
a linear gradient between the solid and gas phase, where the gradient is given by 𝑘ፋፃፅ, the mass
transfer coefficient. 𝑞∗። is a adsorption isotherm and in this case described by the dualsite Langmuir
model. The LDF model is often used for its simplicity, while still providing an reasonable prediction over
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a wide range of conditions and is most accurate when the isotherm approaches linearity and tends to
breakdown as the MTZ becomes sharper [58]. Alternative to the LDF model is to set up a intra-particle
mass balance describing the diffusion of adsorbate into the adsorbent particle, however is not applied
in this thesis [67], [139].

𝜕 ̄𝑞።
𝜕𝑡 = 𝑘ፋፃፅ(𝑞

∗
። − ̄𝑞።) (6.4)

𝑞∗። = 𝑞፬ፚ፭,ፀ,።
𝐾ፀ,።𝑃።𝑦።

1 +
፧
∑
።ኻ
𝐾ፀ,።𝑃።𝑦።

+ 𝑞፬ፚ፭,ፁ,።
𝐾ፁ,።𝑃።𝑦።

1 +
፧
∑
።ኻ
𝐾ፁ,።𝑃።𝑦።

(6.5a)

Where 𝐾 is given by Equation 6.5b and 6.5c.

𝐾ፀ,። = 𝐾ፀኺ,። exp{
𝐸ፀ,።
𝑅𝑇 } (6.5b)

𝐾ፁ,። = 𝐾ፁኺ,። exp{
𝐸ፁ,።
𝑅𝑇 } (6.5c)

The kinetic balance is given by the laminar part of the empirical Ergun equation which accounts for the
pressure drop over the column.

𝜕𝑃
𝜕𝑧 =

150𝜇
𝑑ኼ፩

(1 − 𝜀)ኼ
𝜀ኽ

𝑢 (6.6)

6.3.2. Mass transfer coefficient
𝑘ፋፃፅ (sዅ1) is calculated by the relation given by Equation 6.7 as described by Seader [140], where 𝑘፞፱፭
is the external mass transfer resistance in m sዅ1, 𝑎 for a spherical particle is given by 𝑉፬፩፡፞፫፞/𝐴፬፩፡፞፫፞
or 𝑑፩/6 and 𝐷፞፟፟ is the effective diffusivity inside a particle. Since the Reynolds number is low in some
of the experiments, the effect of external mass transfer layer becomes more significant, therefore this
relation is used.

1
𝑘ፋፃፅ

= 𝑎
𝑘፞፱፭

+
𝑑ኼ፩

60𝐷፞፟፟
(6.7)

The external mass transfer coefficient is determined using the relation provided by Dwivedi and Upad-
hyay in Equation 6.8 and was chosen for its suitability in the low Reynolds number region [141]. Note
that the Reynolds number in this case is defined as: Re’= 𝑑፩𝜌፠𝑢/𝜇𝜀, the Schidt number is defined
as: Sc = 𝜇/𝜌፠Đ፦.

𝑘፞፱፭ = 2.40𝑢Reᖣዅኺ.ዀዀScዅኺ.ዂ 0.08 < Re < 125, 160 < Sc < 1.3 10ኾ (6.8)

The effective diffusivity is determined via the Bosanquet correlation and is given in Equation 6.9 [142].
The tortuosity 𝜏፩ describes the convoluting pathways of particles inside a porous medium and can in
this case considered to be equal to 3 [142]. The effective diffusivity is dependent on the molecular
diffusivity Đ፦ and the knudsen diffusivity Đ፤.

Đ፞፟፟ =
𝜀
𝜏፩
( 1
Đ፦

+ 1
Đፊ
)
ዅኻ

(6.9)

The Knudson diffusion coefficient is derived from the kinetic theory of gases and given in Equation 6.10.
Since in this regime the particle is more likely to collide with the pore wall instead of other particles the
mean free path is replaced with the pore diameter of the adsorbent particle 𝑑፩፨፫፞. 𝑀። is the molecular
weight of specie 𝑖 is given in kg molዅ1, hence the additional factor 10ኽ in the equation.

Đ፤,። =
𝑑፩፨፫፞
3 √ 8𝑅𝑇

𝜋𝑀። ⋅ 10ኽ
(6.10)

The molecular diffusion coefficient between specie i and j (Đ፦,።፣ in m2 sዅ1) is given by the Fuller-
Schettler-Gridding (FSG) correlation in Equation 6.11 [142], [143]. The diffusion volume 𝜁። (cm3 molዅ1)
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is given in Table 6.3. In this table the diffusion volumes of various common species are given and
additionally the diffusion volume of organic compounds could be calculated by summing the atomic
and structural diffusion volume increments.

Đ፦,።፣ =
10ዅ𝑇ኻ. ( ኻፌᑚ +

ኻ
ፌᑛ
)
ኺ.

𝑃 (𝜁Ꮃ/Ꮅ። + 𝜁Ꮃ/Ꮅ፣ )
(6.11)

6.3.3. Boundary Conditions
The solutions of this system requires suitable initial and boundary conditions. For an open-open type
column in the adsorption stage it is assumed that the column is filled with inert, non adsorbing gas
(i.e nitrogen or argon) and that the adsorbent bed is free of any adsorbed material. At time 𝑡 = 0,
the entrance of the fixed bed is exposed to a stream of constant inlet pressure, inlet velocity and
composition for the remainder of the experiment and are given as Dirichlet boundary conditions. The
inlet superficial velocity is related to the flow rate and is determined via 𝑢 = 𝑄/𝐴. Additionally at the
column exit Neumann boundary conditions apply. All conditions are summarised in Table 6.1.

Table 6.1: Initial and boundary conditions for an open-open fixed bed column.

Initial conditions Boundary conditions

𝑐።፧፞፫፭(𝑧, 𝑡 = 0) =
𝑃
𝑅𝑇 𝑐።፧፞፫፭(𝑧 = 0, 𝑡) = 0

𝜕𝑐።፧፞፫፭
𝜕𝑧 (𝑧 = 𝐿, 𝑡) = 0

𝑐።(𝑧, 𝑡 = 0) = 0 𝑐።(𝑧 = 0, 𝑡) =
𝑦።𝑃
𝑅𝑇

𝜕𝑐።
𝜕𝑧 (𝑧 = 𝐿, 𝑡) = 0

𝑞።(𝑧, 𝑡 = 0) = 0 𝑃(𝑧 = 0, 𝑡) = 𝑃።፧፥፞፭

𝑢(𝑧 = 0, 𝑡) = 𝑢።፧፥፞፭

6.4. Solving method
The system of equations given in section 6.3 cannot be solved analytically and therefore require a form
that is computationally solvable. The system parameters vary over on the length of the column and are
transient. Various methods exist for the computation of partial differential equations and in this thesis
the method of lines (MoL) is applied. In this method the spacial derivatives are discretized using finite
difference methodology, creating a system of ODEs to be solved in the temporal domain. As the ODE
solvers used are initial value based, a requirement of using MoL is that the PDE is well-defined in the
time dimension. Since the initial conditions are known for the column, this condition is met.

6.5. Discretisation
The backwards difference and central difference approximation are used for respectively the first and
second order spacial derivatives, given in Equation 6.12 and 6.13. Note that the subscripts in these
and the following equations in this section do not refer to specie i, however denote the spacial mesh
point i and the temporal mesh point j. The discretised equations of the overall mass conservation equa-
tion (Equation 6.14), component mass balance equation (Equation 6.15) and adsorption rate equation
(Equation 6.16) are given next.

𝜕𝑐።,፣
𝜕𝑧 ≃

𝑐።,፣ − 𝑐።ዅኻ,፣
Δ𝑧 (6.12)

𝜕ኼ𝑐።,፣
𝜕𝑧ኼ ≃

𝑐።ዅኻ,፣ − 2𝑐።,፣ + 𝑐።ዄኻ,፣
(Δ𝑧)ኼ (6.13)
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𝜕𝑃።,፣
𝜕𝑡 = −𝑅𝑇1 − 𝜀𝜀 𝜌፬

፧

∑
𝜕𝑞።,፣
𝜕𝑡 − 𝑅𝑇Δ𝑧 (𝑢።,፣

፧

∑𝑐።,፣ − 𝑢።ዅኻ,፣
፧

∑𝑐።ዅኻ,፣) (6.14)

𝜕𝑐።,፣
𝜕𝑡 = 1 − 𝜀

𝜀
𝜌፬
𝜕𝑞።,፣
𝜕𝑡 + Đፚ፱

Δ𝑧 (
𝑐።ዄኻ,፣ − 𝑐።,፣

Δ𝑧 −
𝑐።,፣ − 𝑐።ዅኻ,፣

Δ𝑧 ) − 1
Δ𝑧(𝑢።,፣𝑐።,፣ − 𝑢።ዅኻ,፣𝑐።ዅኻ,፣) (6.15)

𝜕𝑞።,፣
𝜕𝑡 = 𝑘።,፣(𝑞∗።,፣ − 𝑞።,፣) (6.16)

The velocity in the adsorber bed is determined using the pressure difference calculated via the laminar
region of the Ergun equation (Equation 6.17). This implies that the pressure derivative is calculated
not at the centre of the grid cell but at the grid cell border and consequently the velocity too. To correct
for the half-way velocity, simply the average of 𝑢።ዅᎳ/Ꮄ and 𝑢።ዄᎳ/Ꮄ is determined via Equation 6.18.

𝑃።,፣ − 𝑃።ዅኻ,፣
Δ𝑧 = 150(1 − 𝜀)

ኼ

𝜀
𝜇
𝑑ኼ፩
𝑢።ዄᎳ/Ꮄ (6.17)

𝑢። =
𝑢።ዅᎳ/Ꮄ + 𝑢።ዄᎳ/Ꮄ

2 (6.18)

Because of the dependence of 𝑘፞፱፭ on velocity, via the Reynolds number in Equation 6.8 and the
dependence of Đ፦,።፣ on the pressure (Equation 6.11), 𝑘ፋፃፅ is recalculated for each space step.

6.6. Model validation
In order to validate the described model it iwass tested using experimental data of a equivolume, bi-
nary mixture of CO2 and N2 adsorbing on active carbon. Experimental breakthrough data at various
flowrates was collected from Al-Janabi et al.[135] and plotted as diamonds in Figure 6.2. The corre-
sponding isotherm parameters for the dualsite Langmuir model were obtained from the single com-
ponent isotherms found in the supplementary information accompanying the experimental data. The
parameters are given in appendix A.8. All further operation conditions were identical to the reported
parameters and can be found at the original publication [135].

The results of the model for the CO2 outflow composition for flow rates 10, 20 and 100 mL minዅ1 are
displayed as the coloured continuous lines in Figure 6.2. The bed was discretized into 50 equally sized
nodes in the z-direction and 200 time steps. It is observed that the model slightly underestimates the
composition relative to the experimental data, indicating that themass transfer rate 𝑘ፋፃፅ is undervalued.
Some of this difference might be associated by the estimated physical parameters not provided by Al-
Janabi, e.g. 𝑑፩፨፫፞, 𝜏፩, 𝜌፬, 𝜌. Also the isotherm fitting process, identical to the procedure described in
section 3.5, was prone to small errors, which propagate into the isotherm parameters. Finally N2 was
considered as an inert component and adsorption of this specie was neglected. Taking these factors
into account the model does provide an accurate estimation of the breakthrough times, confirming the
validity of the model.

6.7. Transient breakthrough simulations
6.7.1. System parameters
All system parameters are given in Table 6.2. The gas density is of air at 25 °C at 2.5 bar, the gas
viscosity is of air at 25 °C. The bed porosity is determined using the correlation chart given by Walas
which correlates bed void fraction to the ratio between particle diameter to the column diameter and
the particle morphology resulting in a bed porosity of 0.28 [144]. The pore diameter is measured using
a Micrometrics TriStar 2 and ranged between 1.8 and 2.4 nm, in the simulations an average of 2.1 nm
was used. Additionally the feed fraction is specified per experiment, the diffusion volumes are provided
in Table 6.3 and the isotherm parameters are given in Appendix A.
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Figure 6.2: Validation of the model with experimental transient breakthrough data for ፐ  ኻኺ, ኼኺ, ኻኺኺ mLminᎽ1. The solid
diamonds represent the CO2 volume fraction in the outflowing gas and the continuous lines the numerical model. The remainder
of the composition consists of N2.

Table 6.2: Column properties and input parameters

Parameter Value Parameter Value

Bed length (L) 0.19 m Pore diameter (𝑑፩፨፫፞) 2.1e-9 m
Bed diameter (D) 9e-3 m Gas viscosity (𝜇) 1.85e-5 kg mዅ1 sዅ1
Flowrate (Q) 50–65 mL minዅ1 Temperature (T) 298–353K
Particle diameter (𝑑፩) 1.5e-4 m Bed porosity (𝜀) 0.28
Gas density (𝜌፠) 2.94 kg mዅ3 Spacial increment (Δz) 1.9e-3 m
Apparent density AC (𝜌፬) 2000 kg mዅ3 Time increment (Δt) 2.0 s

Table 6.3: Diffusion volumes ᎓ for various simple molecules in cm3 molᎽ1. These parameters are used for the determination
of the molecular diffusion coefficient. Diffusion volumes of organic molecules can be determined by summing the respective
volume increments, e.g. ∑ᑚᎾᎳ ᎓ᑚ. Data obtained from Kinaci et al. [143].

Atomic and structural diffu-
sion volume increments

Diffusion volume of simple
molecules

C 16.5 CO2 26.9
H 1.98 CO 18.9
O 5.48 N2 17.9

H2O 12.7
H2 7.07



58 6. Modelling and Simulation Results

6.7.2. Simulation Results
The results of the numerical simulations are compared with the transient breakthrough experiments in
Figure 6.3, where the experimental data is represented using the error bars as described in section
5.3.1. The bed is initially filled with non-adsorbing nitrogen, which is ”pushed” out of the column by the
entering gases, this effect is shown qualitatively by the sharp breakthrough front appearing after 100
– 150 seconds. In reality, beside diffusion effects, mixing caused by flow through a porous medium
will lead to the development of a broader mass transfer zone. Additionally the numerical breakthrough
behaviour of ethylene, represented by the yellow line, shows comparable qualitative features as the
experiments, in other words the behaviour of the mass transfer zone is predicted correctly. In agree-
ment to the experiments the increase in temperature will lead to lower adsorption capacity and faster
breakthrough times.

Comparing the numerical breakthrough times quantitatively with the experiments the match is poor.
For all simulations the CO2 breakthrough is predicted earlier than the experiments and the C2H4 break-
through is predicted later. This indicates that the model underestimates CO2 and overestimates C2H4
adsorption.

Fundamentally two justifications could be given for the mismatch between the experimental and nu-
merical results. First there could be some unknown factor during the experiments which led to more
CO2 and/or less C2H4 adsorption. Such factors could be non-ideal interaction between ethylene and
carbon dioxide molecules, CO2 molecules saturating the easily accessible sites or something else.
Secondly something could be off in the methodology of the numerical model, the used parameters or
the isotherm data. In sections 6.7.3-6.7.5 the last three arguments will be discussed.

6.7.3. Effect of variable velocity on breakthrough behaviour
To investigate the methodology of the numerical model, the velocity behaviour, and indirectly the pres-
sure behaviour, is first considered. In Figure 6.4 a comparison between variable and constant velocity
model shows that a significant shift in breakthrough time is observed, where the constant velocity break-
through is approximately 150 seconds later. The shifting of breakthrough time for both velocity models
was also reported by Al-Janabi et al. [135] and by Babu et al. [139], both mention that the constant
velocity model overestimated the breakthrough time. In the introduction of this chapter in Figure 6.1
the deviation in breakthough time was plotted as function of adsorbate feed concentration, in the case
of a fully adsorbing feed the deviation will be most significant and based on Figure 6.1, is around 30%.
Inspecting the ethylene breakthrough times, it is indeed observed that for both compounds 𝑐/𝑐ኺ = 0.5
appears approximately 30% earlier.

Interesting is the difference in breakthrough behaviour for the carbon dioxide front, which is substan-
tially more dispersed for the constant velocity model. It is hypothesised that this effect is caused by
how velocity and pressure behave in both models; in the constant velocity model at arbitrary grid cell i,
the adsorbate gases are partially adsorbed and the remainder will flow to the next grid cell, since this is
dictated by the constant velocity assumption. At grid cell 𝑖 + 1 the material is again partially adsorbed
and the remainder flows to grid cell 𝑖 + 2, this is repeated until all material is adsorbed and equilibrium
at the time step is reached. This effect is repeated for all timesteps and will eventually lead to a broader
mass transfer zone at the column end. For the variable velocity model this is not the case; for grid cell
i the adsorbate gases are adsorbed, causing a decrease in pressure and consequently a decrease in
velocity. Depending on the adsorption rate, in this case 𝑘ፋፃፅ, grid cell i will adsorb all gas passing the
node until saturation before the flow reaches grid cell 𝑖 + 1. This way the adsorbing gases propagate
through the column, creating a sharp CO2 front at the column exit. This effect also discussed in section
6.7.4. Note that axial dispersion effects will lead to some broadening of the mass transfer zone in the
column, however this effect is small for columns with a large L/D ratio.

Additionally a large pressure drop over the column will contribute to the break through difference be-
tween both models. For a large pressure drop, the pressure near the exit of the column is considerably
lower compared to the entrance region, meaning at the end of the column the adsorbent is saturated
faster, decreasing the breakthrough time.
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(a) T = 298K, Qtot =65 mL min-1, yet = 0.57
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(b) T = 308K, Qtot = 52 mL min-1 yet = 0.46
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(c) T = 318K, Qtot = 55 mL min-1, yet = 0.48
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(d) T = 328K, Qtot = 55 mL min-1, yet = 0.45

Figure 6.3: Comparison of numerical simulations (continuous solid lines) versus the breakthrough experiments for the C2H4/CO2
mixture for various temperatures.
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Figure 6.4: Effect of model having variable velocity (continuous lines) and constant velocity (dotted lines and ∗) in the column,
the solid symbols represent the experimental results. T = 308K, total inlet flow was 52 mL min-1
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6.7.4. Velocity behaviour inside the fixed bed
The velocity behaviour of an adsorber bed is displayed as contour plots in Figure 6.5, however to ex-
perimentally validate the velocity profiles in a fixed bed is complicated. In a first attempt to qualitatively
validate the velocity behaviour, breakthrough behaviour of experiments and the model is compared
and the results are described physically.

In Figure 6.5a and 6.5b the velocity contours of the first 40 seconds after the start of the experiment are
displayed on a fine grid size, since the change in velocity is initially very large. The fine grid size was a
factor ten denser in the temporal domain and a factor three denser in the spatial domain compared to
all other simulations in this report. This yields the following increments for the fine grid; Δ𝑡 =0.2s and
Δ𝑧 = 6.3e-4m compared to Δ𝑡 = 2s and Δ𝑧 =1.9e-3m for the normal grid, seen in Figure 6.5c and 6.5d.

In Figure 6.5a the gas in the column is stagnant at 𝑡 = 0 until the fresh feed enters the column. As
the bed is initially free of adsorbent, uptake is largest in the first moments when the feed enters the
column. This causes the pressure to drop locally due to adsorption of the gases, giving rise to a large
pressure difference and will lead to a large local superficial velocity, as predicted by the Ergun equa-
tion. The effect of the large pressure difference decreases as the column becomes more saturated in
the 𝑧-direction, because the unsaturated front is moving away from the entrance of the tube. In Fig-
ure 6.5a-6.5c, the adsorption effect is clearly seen, as the velocity decreases to 0 immediately as the
front reaches unsaturated parts of the bed, this will ultimately give rise to the sharp breakthrough front
seen in Figure 6.4. In Figure 6.5e the intersection of the superficial velocity for three different moments
is plotted as function of the column length. The blue line shows the velocity profile after ten seconds
and the sharp decrease in velocity is clearly seen.

The same effect is seen for the the adsorption of ethylene creating a second, local velocity drop. Since
only a part of the flow is adsorbed, the resulting pressure drop is smaller and so is the effect on the
velocity. The effect is clearly visible in the red line in Figure 6.5e, where a small drop in velocity is
seen after 0.08 m. The broadness of the ethylene mass transfer zone could be explained using similar
arguments as the CO2 breakthrough in the constant velocity model. As the ethylene front is moving
slower through the bed compared to the CO2 front, the higher velocity of the CO2 particles will ’carry’
the ethylene forward, causing more dispersed breakthrough.

After all components have broken through after ∼330 seconds the bed is saturated and a steady state
situation prevails. In this case the velocity difference is only dependent on the pressure drop caused
by the fixed bed. In Figure 6.5e this is displayed by the yellow line, increasing gradually towards the
end of the column.

6.7.5. Model and isotherms parameters
Most parameters of the system could easily be determined and are used with very small uncertainties
and therefore not discussed in this section. The flow input is one crucial exception; as the flow was
measured using a bubble meter, the measurements were not continuous and susceptible to inaccurate
readings. Moreover, flowrate has a critical effect on the breakthrough time, meaning that small devia-
tions in flowrate potentially have large effect on the accuracy of the model.

A second factor that has substantial effect of the breakthrough behaviour are the isotherm parameters
for the dualsite Langmuir model used in the adsorption uptake equation. As mentioned, every type of
AC behaves differently due to differences in pore and surface structure, meaning the isotherm data
used will produce different results than the experiments, this effect is also reported by Zandvoort et al.
[67]. The best solution to overcome this issue is to obtain isotherm data locally of the same type of AC.

In Figure 6.6 the model results are given for two different sets of isotherm parameters, where the con-
tinuous lines represent the parameters obtained from experimental data from Osterkamp et al. and
the dotted lines the experimental data from Reich et al.. For both parameter sets the estimated CO2
breakthrough time was almost identical, however a more considerable variation is seen for the C2H4
breakthrough time. As all other parameters in the model are identical, the difference in breakthrough
behaviour could be fully accounted to the parameter sets.
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Table 6.4: Comparison of selectivities found using experiments in this work and selectivities found using IAST methodology and
the numerical model using parameters sets based on isotherm data from Osterkamp et al. [98] and Reich et al.[69].

Osterkamp Reich

Column temperature Experimental IAST Numerical IAST Numerical

298K 1.5 2.3 2.0 2.8 2.9
308K 1.7 2.4 2.1 2.9 2.7
318K 1.6 2.4 2.2 2.9 2.8
328K 1.7 2.4 2.3 3.0 2.9

In Table 6.4 a quantitative comparison is given of the effect of the isotherm parameters, again under-
lining the importance of the isotherm parameters. Here the C2H4/CO2-selectivity found in the experi-
ments, the IAST methodology and in the numerical model for both parameter sets is given. To better
compare the results, numerical selectivities are calculated via the same approach as the experimental
selectivities, see section 4.6. For the same isotherm parameters, it is seen that the IAST method-
ology and numerical model produce almost analogous results, indicating that both methods perform
similarly under the same conditions. Both however are not able to accurately predict the experimental
selectivities.

6.7.6. Conclusion on the theoretical model
In this chapter a theoretical model was developed to estimate the breakthrough behaviour of fixed bed
columns. In the experiments, both components are captured and the effect on pressure and subse-
quently velocity is significant. Considering the mock-up mixture (among other things, consists of 20%
ethylene, 55% carbon dioxide and 15% carbon monoxide) velocity effects are considerable and should
be included.

The model was validated using experimental breakthrough data of a binary mixture consisting of CO2
and N2 and the model provided an accurate estimation of the breakthrough time and behaviour. After
validation, the model was used to estimate the adsorption behaviour in the custom build set-up and
the quantitative match between the numerical and experimental results was poor. To explain the poor
match, first the velocity profile was investigated and it was seen that the qualitative velocity behaviour
could explain the experimental breakthrough well. Additionally the velocity behaviour made sense from
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a physical point of view, confirming the validity of the model.

Secondly, the input variables were reconsidered and it was hypothesised that the effect of inaccurate
flow measurements and isotherm data obtained from a different AC type was of major influence on the
simulation results and could explain the poor match between numerical and experimental results. To
verify this statement, the isotherm data for the specific type of AC used in these experiments should
be obtained and used with this model.

Conclusively, this model will contribute to understanding velocity behaviour in an fixed bed column and
is good step in the direction of qualitative and quantitatively describing adsorption behaviour of ethylene
and carbon dioxide on active carbon.



7
Conclusions and Recommendations

7.1. Conclusions
The aim of this thesis was to find and develop a new downstream separation process that could capture
ethylene from amixture of gases produced by a CO2 electrolyzer cell. After an extensive literature study
and assessing multiple separation techniques, adsorption met the most selection criteria, for example
its ability to operate at low driving forces or its ability to be ethylene selective. After the screening of var-
ious adsorbents that were ethylene selective based on experimental results or predictions made with
Ideal Adsorption Solution Theory (IAST), Active Carbon (AC) was chosen as the adsorbent of choice.
AC is chemically and thermally stable, has good regenerability and because of its large commercial
availability, the need for material development is obviated.

A preliminary analysis of the mock-up reaction mixture (mole fractions C2H4/CO2/CO/H2/H2O : 20/55/
15/15/5) was performed and the binary selectivities of most components in the mixture were deter-
mined using adsorption isotherm data. From the resulting selectivity data, it was concluded that the
C2H4/CO2 pair was the primary impediment towards achieving a ethylene selective system, mainly due
to the similar physical properties of both species, e.g. kinetic diameter, polarizability and quadrupole
moment.

The behaviour of this binary gas mixture on active carbon was examined using a simple, custom-build
experimental set-up. A qualitative assessment of unary breakthrough behaviour and an extensive er-
ror analysis of the system was performed to validate the experimental set-up. The binary C2H4/CO2
breakthrough experiments were performed and from the resulting breakthrough data, the selectivity
for the adsorbent with respect to ethylene was calculated. In addition, a theoretical model describing
adsorption behaviour was developed and the effect of velocity variation due to pressure drop and the
adsorption of components was included. After validation using experimental data from literature, the
model was used to predict the behaviour of the transient breakthrough experiments. The model was
able to predict the qualitative behaviour of the experiments, however the quantitative match between
the numerical and experimental results was poor. Most noticeably, CO2 breakthrough was predicted
approximately 30–40 seconds earlier compared to the experiments and C2H4 breakthrough was pre-
dicted 0–30 seconds late.

The experimental results indicate that separation performance was significantly lower than expected
from IAST predictions and in the theoretical model, suggesting that the assumptions of ideality in both
models was inappropriate. The deviation of ideality could be explained by competitive adsorption be-
tween both species. Additionally it was seen that for increased pressure the selectivity towards ethylene
decreased, meaning the relative affinity of CO2 for AC increased for increasing pressure. From a mod-
elling perspective, two reasons were examined that could explain the mismatch, e.g. model behaviour
and input parameters. First a comparison between a constant and variable velocity model showed the
superiority of the variable velocity model in predicting breakthrough times when a significant part of the
feed is adsorbed. Secondly, inspection of the modelled velocity profile could explain the sharp CO2
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breakthrough front and the broader C2H4 front, both validated by the experiments. Comparison of two
different sets of isotherms parameters led to the conclusion that their effect on predicting breakthrough
behaviour is significant and to obtain a quantitative good match, it is essential to obtain isotherm data
of the identical type of adsorbent.

Summarising the results, it is observed that separating ethylene and carbon dioxide is inherently com-
plex and depending on the type of AC, a selectivity of 1.5 to 3.5 in favour of ethylene is reached.
This implies that to obtain a stream of 99.9% ethylene either a significant amount of stages would be
required, another type of adsorbent could be used in a later stage to remove CO2 or an additional
separation technique could be implemented. However, adsorption using active carbon is a relatively
cheap and simple technology to increase the ethylene content in a CO2-bearing mixture.

7.2. Recommendations and Outlook
In this work, the foundations have been laid for the development of novel separation process to capture
ethylene from a CO2 bearing stream using active carbon. In order to further develop this concept into
an operational separation process the following recommendations are suggested to improve experi-
mental work and theoretical model accuracy plus the subsequent steps towards realisation.

Regarding the experimental set-up the following suggestions are made;

• Implement digital flow controllers for better control of the feed

• Automate the sampling procedure; this way the sampling rate and accuracy can be increased

• Perform experiments under additional conditions, including different pressure ranges, sub-room
temperatures and varying feed compositions.

• Increase complexity of the feed mixture by adding carbon monoxide, hydrogen and water.

For additional validation of the theoretical model, the following recommendations are given;

• Measure isotherm equilibria of the specific type of active carbon used in the transient break-
through experiments and obtain the respective parameter sets.

• Implement digital flowmeter in the experimental set-up and verify the velocity profile at the column
exit.

• Verify (and improve) the model under more experimental conditions.

• Use the model to estimate the desorption behaviour.

Ultimately, after implementation of the recommendations, the future outlook of this concept could be
towards;

• the use of multiple stages, either using multiple beds containing AC or various types of adsorbent,
and

• the implementation of this concept in an actual CO2-electrolyzer process and capture ethylene
continuously.
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A
Active Carbon Isotherm Data

A.1. Hwang et al CO2/CO
Table A.1: Parameters fits for dualsite Langmuir model for CO2 and CO on NORIT B4 activated carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir CO2 6.5 7.16e-5 22e3 - 0.5 1.59e-3 20e3 - 3

CO 1.1 5.57e-6 15e3 - 2.5 7.85e-5 20e3 - 17

(a)CO2 isotherm. Fit by dual site Langmuir model (DL)
(b) CO isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

Figure A.1: Isotherm data for CO2 and CO based on data of Hwang et al [68]. Various data sets are represented by different
colours.
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A.2. Reich et al C2H4/CO2

Table A.2: Parameters fits for dualsite Langmuir and Langmuir Freundlich model for C2H4 and CO2 on Pittsburgh Chemical
Company activated carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [–] [mol/kg] [1/bar] [J/mol] [–] [%]

DS Langmuir C2H4 4.2 7.44e-5 24e3 - 4.0 3.21e-6 23e3 - 3.3

CO2 5.9 5.63e-5 21e3 - 5.8 7.51e-7 25e3 - 3.2

SIPS C2H4 8.9 4.11e-3 11e3 0.47 0.2 1.48e-4 20e3 1 5.6

CO2 10.8 7.89e-5 18e3 0.76 0.4 2.33e-4 24e3 1 2.1

(a)C2H4 isotherm. Fit by dual site Langmuir model (DL)
(b)C2H4 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(c)CO2 isotherm. Fit by dual site Langmuir model (DL)
(d)CO2 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

Figure A.2: Isotherm data for C2H4 and CO2 based on data of Reich et al [69]. Various data sets are represented by different
colours.
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A.3. Osterkamp C2H4/CO2

Table A.3: Parameters fits for dualsite Langmuir and Langmuir Freundlich model for C2H4 and CO2 on KF-1500 activated carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir C2H4 4.0 8.78e-5 26e3 - 6.5 1.34e-5 23e3 - 0.9

CO2 2.8 1.5e-4 22e3 - 13.9 8.32e-6 23e3 - 1.8

DS SIPS C2H4 11.6 1.08e-3 15e3 0.62 0.060 9.66e-5 20e3 1 0.8

CO2 18.8 1.28e-4 17e3 0.77 0.05 1.10e-3 20e3 1 0.9

(a)C2H4 isotherm. Fit by dual site Langmuir model (DL)
(b)C2H4 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(c)CO2 isotherm. Fit by dual site Langmuir model (DL)
(d)CO2 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

Figure A.3: Isotherm data for C2H4 and CO2 based on data of Osterkamp et al [98]. Various data sets are represented by
different colours.
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A.4. Choi et al C2H4/H2

Table A.4: Parameters fits for single and dualsite Langmuir model for C2H4 and H2 on Calgon Company activated carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir C2H4 2.1 2.06e-8 41e3 - 4.7 1.37e-4 22e3 - 0.2

SS Langmuir H2 111.5 3.5e-6 10e3 - 9.9 (meh)

(a)C2H4 isotherm. Fit by dual site Langmuir model (DL)
(b)CO isotherm. Fit by single site Langmuir-Freundlich
(SIPS) model (SLF)

Figure A.4: Isotherm data for CO2 and CO based on data of Choi et al [99]. Various data sets are represented by different
colours.
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A.5. Grande et al CO2/CO/H2

Table A.5: Parameters fits for dualsite Langmuir and Langmuir-Freundlich model for CO2, CO and H2 on commercially activated
carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir CO2 7.8 1.14e-4 18e3 - 1.5 7.3e-8 45e3 - 1.3

CO 2.0 4.34e-7 21e3 - 4.0 7.14e-5 21e3 - 4.7

H2
i 5.5 1.6e-3 2.9e3 - 31

SIPS CO2 9.4 3.38e-4 17e3 0.77 0.28 5.16e-11 19e3 1 7.7

CO 2.7 5.06e-5 23e3 1.01 2.8 8.19e-7 20e3 1 1.0
H2

i 1.6 3.1e-3 3.7e3 1.18 4.8
i Parameter estimation of H2 data was unreliable, since isotherm data was extracted from graphical data.

(a)CO2 isotherm. Fit by dual site Langmuir model (DL)
(b)CO2 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(c)CO isotherm. Fit by dual site Langmuir model (DL)
(d) CO isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

Figure A.5: Continued on the next page
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(e)H2 isotherm. Fit by dual site Langmuir model (DL) (f) H2 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

Figure A.5a: Isotherm data for C2H4 and CO2 based on data of Grande et al [71]. Various data sets are represented by different
colours.

A.6. Lopes et al CO2/CO/H2

Table A.6: Parameters fits for dualsite Langmuir and Langmuir-Freundlich model for CO2, CO and H2 on commercially activated
carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir CO2 4.5 2.92e-5 23e3 - 1.1 1.03e-6 38e3 - 2.3

CO 7.0 2.15e-8 35e3 - 1.6 3.13e-4 16e3 - 8.8
H2 0.62 9.29e-5 14e3 - 0.97 9.01e-5 14e3 - 21

DS SIPS CO2 5.2 4.91e-5 24e3 0.82 0.22 2.07e-8 19e3 1 5.4

CO 8.6 4.32e-5 18e3 0.86 2.74e-4 3.2e-4 20e3 1 69

SS SIPS H2 14.5 9.45e-6 14e3 1.00 39
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(a)CO2 isotherm. Fit by dual site Langmuir model (DL) (b)CO2 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(c)CO isotherm. Fit by dual site Langmuir model (DL)
(d) CO isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(e)H2 isotherm. Fit by dual site Langmuir model (DL) (f) H2 isotherm. Fit by single site Langmuir-Freundlich
(SIPS) model (SLF)

Figure A.6: Isotherm data for CO2, CO and H2 based on data of Lopes et al [118]. Various data sets are represented by different
colours.
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A.7. Park et al CO2/CO/N2/H2

Table A.7: Parameters fits for dualsite Langmuir and single- and dualsite Langmuir-Freundlich model for CO2, CO, N2 and H2
on Kuraray Chemical Company activated carbon.

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir CO2 5.9 8.17e-6 26e3 - 1.72 1.56e-4 24e3 - 2.5

CO 3.6 1.41e-4 16e3 - 0.41 1.63e-4 21e3 - 1.4

N2 3.7 1.27e-4 15e3 - 0.65 2.56e-4 18e3 - 0.4

H2 0.54 1.75e-4 14e3 - 2.3 2.74e-5 15e3 - 18.4

DS SIPS CO2 8.3 1.6e-4 19e3 0.75 4.10e-3 3.84e-7 20e3 1 3.5

CO 4.0 2.71e-4 15e3 0.92 3.6e-3 0.59 18e3 1 4.4

N2 4.1 2.83e-4 15e3 0.92 7.54e-4 0.71 18e3 1 8.1

SS SIPS H2 18.8 1.78e-5 13e3 0.88 7.9

A.8. Al-Janabi et al CO2/N2

Table A.8: Parameters fits for dualsite Langmuir model for CO2 and N2. Used for the validation of the numerical model [135].

Site A Site B
Isotherm Compo- 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 𝑞፬ፚ፭ 𝐵ፀ,ኺ 𝐸ፚ 𝜇 nSTD
model nent [mol/kg] [1/bar] [J/mol] [-] [mol/kg] [1/bar] [J/mol] [-] [%]

DS Langmuir CO2 7.1 1.53e-4 17.8e3 - 0.74 2.1e-3 21.6e3 - 1.61

N2 4.69 6.79e-5 15.4e3 - 0.56 6.97e-4 17.7e3 - 0.62
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(a)CO2 isotherm. Fit by dual site Langmuir model (DL) (b)CO2 isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(c)CO isotherm. Fit by dual site Langmuir model (DL)
(d) CO isotherm. Fit by dual site Langmuir-Freundlich
(SIPS) model (DLF)

(e)N2 isotherm. Fit by dual site Langmuir model (DL)
(f) N2 isotherm. Fit by single site Langmuir-Freundlich
(SIPS) model (SLF)

Figure A.7: Continued on the next page
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(g)H2 isotherm. Fit by dual site Langmuir model (DL)
(h)H2 isotherm. Fit by single site Langmuir-Freundlich
(SIPS) model (SLF)

Figure A.7a: Isotherm data for CO2, CO, N2 and H2 based on data of Park et al [112]. Various data sets are represented by
different colours.



B
System error analysis of microGC

After calibration of each component the Varian CP-4900 micro gas chromatograph the system error
was evaluated and the standard deviation was determined from this analysis.

B.1. Procedure
A 20 mL syringe was filled with approximately 10 mL N2 and 10 mL CO2 gas and left for 3 hours to
diffuse into an homogeneous mixture. After homogenisation this syringe was connected to the mGC
and not disconnected until the end of the experiment, to prevent any contamination of air. For each run
the valve between the syringe and adapter was opened, 1-2 mL gas was pushed into the mGC and the
valve was closed again. This was repeated for twelve runs.

B.2. Results
The results are given in Table B.1. From this data the normalised standard deviation per component is
calculated using Equation B.1, resulting in: 𝜎N2 = 1.42% and 𝜎CO2 = 1.37%. The summed error over
the full volume range (nSTD) is found by summing in quadrature, via Equation B.2.

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
N2 51.19 52.63 51.33 52.13 51.44 50.98
CO2 49.93 50.15 50.12 50.88 50.42 49.42

Run 7 Run 8 Run 9 Run 10 Run 11 Run 12
N2 50.22 50.41 51.52 51.41 52.03 50.47
CO2 48.89 49.12 50.65 51.01 50.65 49.89

Table B.1: Result of twelve identical measurements of the same gas mixture on the Varian CP-4900 micro-GC

𝜎። = 100√
1

𝑁 − 1

ፍ

∑
።ኻ
(𝑦። − �̄�𝑦።

)
ኼ

(B.1)

nSTD = √𝜎ኼN2 + 𝜎
ኼ
CO2

(B.2)
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C
Experimental Set-up

Figure C.1: Overview of the experimental set-up used for the transient breakthrough experiments
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