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RESUME

Le procédé d'adsorption par variation de pression est I'une des techniques utilisées dans l'industrie pour séparer le CO2
du biogaz afin de produire du biométhane. Cette technique d'adsorption est connue sous le nom d'adsorption modulée
en pression (PSA) ou adsorption modulée en pression sous vide (VPSA), cette derniére impliquant I'utilisation d'un
vide pour la régénération de I'adsorbant. Le mécanisme de 1’adsorption dépende de la sélectivité a I'équilibre ou
cinétique de l'adsorbant pour séparer le CO: et le CHa. Le VPSA garantit une régénération totale de l'adsorbant,
rétablissant ainsi sa capacité de travail maximale, mais au prix d'une consommation énergétique supplémentaire liée
al'utilisation du vide. Le PSA est donc plus avantageux, mais il nécessite l'utilisation d'un adsorbant approprié capable
de maintenir une capacité de travail élevée méme lorsque la régénération est effectuée a pression ambiante.

L'un des adsorbants potentiels pouvant étre utilisé dans le processus PSA pour la séparation CO2/CH4 dans le biogaz
est le HKUST-1. Ce matériau est I’un des MOFs fréquemment étudiés comme adsorbant pour la séparation CO2/CH4
compte tenu de sa disponibilité commerciale et de grande capacité d’adsorption vis-a-vis du CO,. Néanmains, les
voies de synthése actuelles mises en ceuvre a 1’échelle industrielle conduisent a I’obtention de poudres cristallines
auxquelles des post-traitements de mise en forme sont nécessaires. La mise en forme de HKUST-1 par extrusion en
utilisant deux liants thermoplastiques : TPU, (thermoplastic polyurethane) et PLA (polylactic acid) au caractere
hydrophobe a été verifié, dans le but de fabriquer un adsorbant avec une bonne tenue mécanique et une stabilité a

I’humidité améliorée en vue de sa mise en ceuvre dans un procédé de séparation CO,/CHa.

HKUST-1 en poudre a été mélangé avec 10 % en masse de PLA ou TPU, suivi par ’extrusion du mélange pour
produire des composites, désignés respectivement HKUST-1/PLA et HKUST-1/TPU. La caractérisation par
diffractométrie de rayons X (DRX), microscopie électronique a balayage (MEB) et analyse thermogravimétrique
(ATG) a confirmé la préservation de la structure cristalline du MOF, ainsi que 1’absence de dégradation thermique
des composites. Les mesures d’isothermes d’adsorption CO2/CH4 jusqu’a 10 bars a 298 K mettent en évidence une
augmentation des capacités d’adsorption en CO> et CHs des deux composites, de 1’ordre de 16-30% par rapport au
HKUST-1. La prédiction par le modéle IAST des équilibres de co-adsorption pour un mélange équimolaire CO2/CH,
a 298 K a permis d’évaluer leur sélectivité dans une gamme de pression jusqu’a 10 bar. Il se trouve que la sélectivité

des composites est 1égérement dégradée par rapport a 1’adsorbant HKUST-1 pur.

HKUST-1 est connue pour sa sensibilité a I’humidité qui diminue sa capacité d’adsorption. L’étude de la stabilité des
matériaux composites en conditions humides montre que 1’adjonction du TPU confére au composite un caractére
hydrophobe qui améliore sa résistance a sa dégradation en présence d’eau. Aprés un stockage prolongé des matériaux
en conditions humides, HKUST-1/TPU et HKUST-1/PLA présentent respectivement des diminutions de 10% et 25%
des capacités d’adsorption de CO2, contre 54% pour le HKUST-1 pur.

Une simulation du procédé de séparation par adsorption modulée en pression (PSA) appliquée & un mélange

équimolaire CO2/CHy4 représentatif de la composition d’un biogaz, a été réalisée a I’aide du logiciel gPROMS, en



prenant en compte les propriétés d’équilibre mesurées pour le matériau adsorbant composite. Le modele a été
développé a partir de la simulation du cycle de Skarstrom d’une unité de taille industrielle, comportant deux colonnes
adiabatiques, contenant un volume d’adsorbant de 3.6 m® pour un débit d’alimentation CO,-CH, de 0.07 kg/s a 298
K. Les valeurs hautes et basses de pression appliquées ont été définies a partir de la capacité maximale de travail de
I’adsorbant mesurée a 1’équilibre. Celle-ci permet d’opérer la désorption & pression atmosphérique sans requérir au

vide, énergétiqguement coditeux.

L’optimisation des paramétres du cycle améne la production d’un raffinat enrichi en CH4 avec une pureté de 99.7%,
mais associé¢ a un taux de récupération tres faible en méthane, inférieur a 7%. Afin d’améliorer les performances de
I’'unité PSA, une étape supplémentaire d’égalisation de pression a été introduite dans le cycle et cette nouvelle
simulation a été fait en utilisant 4 colonnes. Dans ces conditions, les taux de récupération en CH4 peuvent alors étre
significativement améliorés, jusqu’a 22.6%, mais restent cependant insuffisants par rapport aux spécifications de
performances attendues de 1’unité. Néanmoins, comme la séparation CO2/CHa4 a été simulée avec succés en utilisant
le procédé PSA, il est évident que la consommation énergétique spécifique calculée pour ce travail serait inférieure a
celle d'autres études utilisant le procédé VPSA.

Pour conclure, cette é¢tude montre qu’il est possible de formuler des adsorbants composites a base de MOF mis en
forme de granulats grace a I’extrusion de mélanges contenant de faible fraction en masse de polymere. Il est démontré
que I’adjonction du liant polymére peut permettre de formuler des adsorbants moins dégradables en présence
d’humidité. La simulation des performances du composite pour la séparation CO2/CH4 dans un procédé PSA montre
qu’il est possible de produire du méthane enrichi avec une pureté de 99%, mais de faibles taux de récupération en

CH4 sont obtenus dus a la faible sélectivité de 1’adsorbant.

Plusieurs perspectives peuvent étre mises en avant pour cette étude. Tout d'abord, les protocoles de mise en forme
devraient étre étendus a d'autres adsorbants d'intérét, tels que d'autres MOFs commerciaux, des zéolithes synthétiques
ou des argiles échangées par cations. Ensuite, des analyses expérimentales de courbe de percée devraient &tre menées
pour établir des modéles cinétiques d'adsorption pertinents et valider les résultats de simulation PSA de ce travail.
Enfin, les performances simulées de séparation PSA pourraient étre considérablement améliorées en utilisant des
configurations de cycles plus complexes, comme l'ajout de plusieurs étapes d'égalisation de pression ou le recyclage

du gaz résiduaire dans le flux d'alimentation.
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AC Activated carbon

AD Anaerobic digestion

AMP 2-amino-2-methyl-1-propanol
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CHAPTER 1: INTRODUCTION

1.1. General introduction

The increasing trend of Greenhouse Gas (GHG) emission over past decades has undoubtedly contributed to the
global warming [1]. Carbon dioxide (CO,) gas made up the bulk of GHG emission, whereby the majority of CO, was
generated from the fossil fuel and industry (FFI) [2]. If GHG emission is left unchecked, it would lead to irreversible
impact on natural systems such as the extinction of ~50% of tropical marine species, water scarcity for 4 billion people
as well as concurrent heatwaves, droughts and flooding in global scale [1]. One of the strategies to mitigate CO>
emission is to transition the use of energy source from fossil fuel to renewable energies with low carbon emission [3]
[4] [5]. Biogas, which is produced from anaerobic digestion of organic waste, is one of the emerging renewable
energies considered for energy transition. However, CO; as the major gas contaminant in biogas stream (20-50 %vol)
[6] [7], needs to be removed to obtain biogas with high purity of methane (CH4), also known as biomethane. The
process of removing CO; from biogas is known as biogas upgrading, and Pressure Swing Adsorption (PSA) is one of
the technologies applied in industry for this process [8] [9]. In PSA, solid-state adsorbent such as zeolite, activate
carbon (AC), alumina and carbon molecular sieves (CSM) are employed for biogas upgrading [10],where these

adsorbents are capable to selectively adsorbed CO; over CH, in biogas.

In the past decades, a new family of porous solid called metal-organic framework (MOF) has emerged as a
potential adsorbent for gas separation, such as CO./CH, separation [11] [12]. MOFs are two- or three-dimensional
porous crystalline materials with well-defined structures and superior surface areas of 1000-10 000 m?. g~* [13]. MOF
structure is made up of metal nodes such as transition metals, alkaline earth elements, p-block elements, actinides or
mix metals [14], linked together with organic ligands, such as polycarboxylates, phosphonates, sulfonates,
imidazolates, amines, pyridyl, phenolates [15].In this study, HKUST-1 (Hong Kong University of Science and
Technology-1) was chosen as the model MOF as this MOF has been widely studied for CO,/CH4 separation
application as it shows a good CO./CH4 equilibrium selectivity [16, 17]. Additionally, HKUST-1 is one of the few
commercially available [18] making the procurement of this MOF for this study relatively easy. The HKUST-1 is
composed of copper nodes linked with BTC as the linker and was first reported by Chui et al. [19] as MOF with BET
surface area = 692.2 m2. g* and accessible porosity of 40.7%. However, HKUST-1 is also known for its instability in
humid condition [20], which would lead to disintegration of its structural framework thus its capacity to selectively

retain gas molecules.

1.2. Problem statement

Today, the application of HKUST-1 or MOFs in general as an adsorbent in industry is limited as they are often
synthesized under powder form, which is not an ideal form for an adsorbent to be used inside an adsorption column.
The powder form can cause operational issues, such as clogging and increased pressure drop across the column. To
address this challenge, MOF powders must be shaped into larger solid-state forms. VVarious MOF shaping techniques
reported in the literature can be categorized into two main approaches: in situ shaping, where shaping occurs

simultaneously with MOF synthesis, and post-synthesis shaping, where the powder is synthesized first and then
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shaped. Some post-synthesis shaping methods incorporate binding agents, which facilitate the aggregation of MOF
particles by creating bonds between them, leading to the formation of larger agglomerates [21]. However, the use of
binding agents generally results in a reduction in the MOF’s BET surface area and adsorption capacity, as the binder
can block the MOF pores [21]. Nevertheless, literature indicates that the impact of binders on MOF properties is highly
dependent on both the type and quantity of the binding agent used. Therefore, understanding the influence of binding

agents on MOFs is crucial for advancing MOF shaping techniques.

The present study aims to contribute to the field of MOF shaping by synthesizing HKUST -1/thermoplastic (PLA
or TPU) composites for CO2/CH. adsorption across a wide range of pressures and temperatures. Therefore, it is
essential to develop the most suitable shaping protocol for HKUST-1 powder. Following that, this study needs to
better understand the impact of the proposed shaping protocol on the HKUST-1 intrinsic properties. Finally, the
potential of shaped HKUST-1 produced in this study for the separation of CO,/CHy. in the context of biogas upgrading
needs to be well understood. Addressing these gaps in understanding related to the shaped HKUST-1 will be the
central focus of this study.

1.3. Objectives of the study
The main goal of this study is to shape MOFs powder into a compact and less degradable adsorbent in order to
improve the PSA’s CO./CH4 separation performances. It is therefore interesting to determine the difference or

similarity of the shaped composites with pristine HKUST-1 material. Following are the objectives of this study:

1. To develop preparation protocols for the production of HKUST-1/ thermoplastic composites.

2. To investigate HKUST-1/thermoplastic composites properties by relevant analysis methods.

3. To simulate the CO2/CHj4 separation performance of these composites in the context of biogas upgrading
using the PSA process.

1.4. Scopes of the study
Synthesis and characterization: The pristine HKUST-1 powder used in this study was procured commercially and
used as it is for its characterization and subsequent shaping. The shaping of HKUST-1/thermoplastic composites was
done using post-synthesis shaping method (extrusion and additive manufacturing), with PLA and TPU as the binder.
The synthesized materials were characterized for the studies of crystal structure (PXRD analysis), chemical
functionalities (FTIR analysis), morphology (FESEM analysis), thermal stability (TG analysis) and pore textural
properties (nitrogen physisorption analysis).

Adsorption equilibria: The synthesized materials in this study were tested for the equilibrium measurement of pure
CO; and CHg at both low pressure (up to 1 bar) and medium pressure (up to 10 bar). The adsorption isotherms were
also conducted at three different temperature of 273 K, 298 K and 323 K. For high-temperature adsorption conditions,

the effect of temperature gradient of the instrument was taken into consideration.

PSA simulation for CO2/CHa separation: Simulation of CO,/CH, separation using HKUST-1/PLA composite as

adsorbent. The simulation was conducted using equimolar mixture of CO2/CH4, which represent the composition of

23



cleaned biogas prior to biogas upgrading process, with adsorption pressure of 4 bar and temperature of 298 K.
Additionally, the regeneration of adsorbent bed was simulated at atmospheric pressure without the use of vacuum.
Lastly, the physical and thermodynamic properties of HKUST-1 composites obtained from this study were used to

develop the simulation models, whereas kinetics parameters were taken from literature studies.
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CHAPTER 2: STATE-OF-THE-ART

2.1. Context of study

2.1.1. Greenhouse gas (GHG) emission: status and trends

According to the intergovernmental panel on climate change (IPCC), global GHG emissions, which originate

from human activities, have been steadily increasing since the industrial revolution in the 19™ century, reaching an
all-time high of 59 GtCO2-eq in 2019 [1]. Figure 2-1-a breaks down the percentage of emission for different GHG
constituents whereas Figure 2-1-b categorize the contribution of different sectors in terms of GHG emission. Carbon

dioxide (CO,) gas made up the bulk of GHG emission in 2019, which was generated from the fossil fuel and industry
(FFI) as well as from land use, land-use change and forestry (LULUCF), followed by methane (CH4) gas, nitrous
oxide (N20) and fluorinated gases (F-gases). Additionally, since 1990 until 2019, the energy and industry sectors
accounts for more than half of the global GHG emission, followed by agriculture, forestry and other land use (AFOLU)

sector, transport and building [2].
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Figure 2-1: (a) Evolution of GHG emission by gas constituent from the year 1990 until 2019. (b) Evolution of GHG

emission by sector from the year 1990 until 2019. Both graphs were taken from IPCC [2].
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On one hand, this increase in GHG emission results in an increase in carbon dioxide (CO,), methane (CHa) as
well as nitrous oxide (N-O) concentrations in atmosphere where in 2019, their concentrations are 410 parts per million,
1866 parts per billion and 332 parts per billion, respectively (Figure 2-2-a). On the other hand, the global surface
temperature has been steadily increasing, where in 2020, it records an increase up to 1.1°C relative to the year of 1900
(Figure 2-2-b). This trend of increasing global temperature corroborates with the findings of increasing GHG
concentration in atmosphere (e.g. CO2, CH4 and N,O) for same the period. Thus, the IPCC has concluded in its 6™

assessment report [1] that emission of GHG has unequivocally contributes to the global warming.
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Figure 2-2: (a) Evolution of the atmospheric concentration for the three major well-mixed GHGs of CO,, CH4 and
N-0. (b) Evolution of global surface temperature. Both graphs were taken from IPCC [1].

Furthermore, IPCC has stated that the rise in global temperature leads to adverse impacts on human life ranging
from heat-related mortality to mental health, biodiversity loss in ecosystems (forests, coral reefs, arctic regions),
decrease in food and water security as well as mass waves of immigration from coastal cities due to sea level rise [1].
In the event of unabated GHG emissions leading to the increase in global temperature by 4°C relative to the year of
1900, IPCC has projected irreversible impacts on natural systems such as the extinction of ~50% of tropical marine

species, water scarcity for 4 billion people as well as concurrent heatwaves, droughts and flooding in global scale [1].

2.1.2. Mitigation strategies
Aware of the potential harm brought by the increase in GHG emission, the United Nations Framework Convention
on Climate Change (UNFCCC) was created in 1992 [3] by the United Nations (UN) to organize global efforts in
stabilizing GHG concentrations at a level that would prevent dangerous anthropogenic (human induced) interference
with the climate system. The convention outlined the commitments for all parties involved, placing major
responsibilities on developed countries to implement national policies to limit anthropogenic emissions. Additionally,
it established the structure, reporting requirements, and mechanisms for financial resources, fundamentally setting the

scene for global climate policy.

During the 21t UNFCCC conference of the parties (COP-21) held in Paris in 2015, the Paris agreement [4] was
adopted and entered into force in 2016. The main objective of the agreement is to limit the global temperature increase

to 2°C by 2100 and pursue efforts to limit the increase to 1.5 °C. The agreement introduced new binding
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commitments, asking all parties to deliver nationally determined contributions (NDC) and to enforce national
measures to achieve, and attempt to exceed such commitments. NDCs are milestones in GHG emission cuts that it
strives to achieve and can be conditional, where international assistance is needed (technical or financial) or non-

conditional, i.e. each country is capable of achieving with its current available means.

Strategies to mitigate GHG emission and limit the rise in global temperature to 2 °C revolves around the idea of
limiting CO, emission and concentration in the atmosphere, which consist of three main climate mitigation approaches
[5]: (1) conventional mitigation efforts, which employ decarbonization technologies and techniques that reduce CO»
emission. (2) negative emissions technologies, which revolves around the technologies of carbon dioxide removal
directly from the atmosphere. (3) radiative forcing geoengineering technologies, which revolves around the principle
of altering the earth’s radiation balance through the management of solar and terrestrial radiation. In this section, we

will only focus on the explanation of the first approach.

As previously mentioned, CO, from fossil fuel and industry made up the bulk of GHG emission; hence,
conventional mitigation technologies and efforts should be focused on both the supply and demand sides of energy.
Within the power/energy sector, decarbonization can be achieved through the introduction of renewable energy,

nuclear power as well as carbon capture, storage and utilization (CCUS) technologies [5].

According to the latest report prepared by the international energy agency (IEA), as of 2022, the total installed
capacity of nuclear power in energy sector reaches up to 417 GW in 2022 and IEA projected for it to reach 482 GW,
557 GW and 622 GW by 2030, 2040 and 2050 respectively [22]. Nuclear energy is considered as a low-carbon solution
for climate change mitigation, with lifecycle GHG emission from electricity supplied from nuclear energy estimated
to be in the range of 1-220 gCO.eq/kWh, which is lower than that of coal source (675-1689 gCO.eq/kWh) and oil &
gas (290-1689 gCO.eq/kWh) [23]. However, nuclear energy comes with a number of major disadvantages. First, the
capital and operating costs associated with nuclear power development are quite significant. Moreover, risk of
environmental radioactive pollution is a major problem related to nuclear power, which is mainly caused by the threat

of reactor accidents as well as nuclear waste disposal [5].

Next, CCUS technologies involve separating and capturing CO; gases from processes that rely on fossil fuels
such as coal, oil, or gas. The captured CO; is then transported and stored in geological reservoirs for extended periods.
The primary objective is to reduce emission levels while continuing to utilize fossil fuel sources. There exist three
CO; capturing technologies [5]: pre-combustion, post-combustion, and oxyfuel combustion, each with a specific
process for extracting and capturing CO,. Once CO: is successfully captured, it is liquefied and transported via
pipelines or ships to suitable storage sites. The use of CCUS is expected to reduce GHG emissions to 70—-290
gCO2eq/kWh for coal source and 120-170 gCO.eq/kWh for gas source [23].

Lastly, IEA has reported that renewable energy installed capacity in the energy sector reaches 3629 GW in 2022
and it was projected to reach 8611 GW, 14965 GW and 19120 GW by 2030, 2040 and 2050 respectively [22]. Example
of renewable energies are solar photovoltaic, wind power, hydropower, geothermal and bioenergy. The utilization of

renewable energy is not only limited to the energy sector, as it can also be employed within the industry, transportation
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and building sector [5]. Renewable energy sources are also considered as low carbon solution for climate change
mitigation, with the following estimated lifecycle GHG emission for electricity [23]: solar photovoltaic (5-217
gCO2eq/kWh), wind power (7-56 gCO2eq/kWh), hydropower (2-70 gCO.eq/kWh), geothermal (679 gCO.eq/kW),
and bioenergy (90-480 gCO.eq/kWh).

In the context of this work, we are going to be focusing on one of the mitigation strategies to reduce CO;

emissions, which is the scaling up of renewable energy, or more precisely, biogas.

2.1.3. Biogas as a renewable energy
Bioenergy from biogas has the potential to become a significant global renewable energy source as an attractive
alternative to fossil fuels. In this subsection, the production of biogas, its feedstock and composition as well as its

potential capacities will be briefly explained.

a) Biogas production

Biogas is an output of anaerobic digestion (AD), which involves the breakdown of organic matter through a
different sequence of biochemical reactions in the absence of oxygen. Generally, four biochemical processes are
involved in biogas production via AD: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Figure 2-3) [24,
25].
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Figure 2-3: Biochemical process for the production of biogas via AD. Figure reproduced from [24, 25].

Hydrolysis in AD is the first step in the process, which involves the decomposition of complex organic polymeric
materials such as carbohydrates, proteins and lipids into smaller, water-soluble compounds such as sugars, amino

acids, and long-chain fatty acids by enzymes produced by the microorganisms [24].

Next, in the process of acidogenesis, the products of the previous hydrolysis stage are further broken down by a
variety of microorganisms to produce weak acids (mostly organic acids) such as acetic acid, propionic acid, butyric
acid (VFAs), lactic acid, alcohols, hydrogen and carbon dioxide (CO2) [24].
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During the acetogenesis stage, which is the third process of AD, the products of the previous acidogenesis process
are converted by acetate-forming bacteria into acetate, with hydrogen and carbon dioxide being the main products
[24]. This step constitutes the final phase for fermentation of organic wastes prior to methanogenesis, which is the
final steps of AD.

The final stage of AD process, which is methanogenesis, is very crucial as the majority of methane in a biogas
composition is generated from it. During this stage, carbon dioxide-reducing and hydrogen-oxidizing methanogens
convert hydrogen and carbon dioxide to obtain methane, while acetoclastic methanogens utilize acetate to produce
methane [24].

b) Biogas feedstock and composition

The feedstock for AD in biogas production could be originated from renewable materials such as (1) agricultural
waste, (2) industrial waste, (3) landfills waste and (4) sludge. Agricultural waste is animal residues, which include
cow manure, swine manure, chicken manure, horse manure, elephant manure, fishery residue, and slaughterhouse
waste [26]. Next, industrial waste originated from the food and beverage (F&B) industries, the agro-industrials (paper
and cellulose industry), distilleries waste and refineries waste [26]. Meanwhile, landfills waste is made up of urban
solid waste corresponds to food waste, paper, wood, plastic, metal, and glass. Finally, sludge used for AD could be
obtained from liquid wastes such as brewery wastewater, palm oil mill effluent (POME), biodiesel wastewater, and
bioethanol wastewater [27].

Biogas is primarily composed of methane (CH4) and carbon dioxide (CO.), with traces of various other gases
such as hydrogen sulfide (H2S), ammonia (NHs), hydrogen (H2), nitrogen (N2), oxygen (O-), and carbon monoxide
(CO), as well as saturated or halogenated carbohydrates [6, 7]. Additionally, the gas mixture may contain water vapor
and solid particles, along with siloxanes. The composition of biogas varies based on the type of biomass used and
operating conditions of the digestion process. Table 2-1 provides typical compositions of biogases obtained from
different feedstock types. It can be observed that whatever the type of feedstock used, CO is the predominant biogas

impurity, with contents averaging 30—40 vol% and peaks up to 50 vol%).

Table 2-1: Typical compositions of biogas according to the biomass source in volume percent basis (%vol.)

Components Agricultural waste [6] Industrial waste [7] Landfills [6] Sludge [7]
Methane, CH, 50-80 50-70 45-65 50-80
Carbon dioxide, CO; 30-50 30-50 20-50 20-50
Hydrogen sulphide, H,S 0.70 0-8 0.10 0-1
Hydrogen, H» 0-2 0-2 0-5 0-5
Nitrogen, N 0-1 0-1 0-3 0-3
Oxygen, O- 0-1 0-1 0-1 0-1
Carbon monoxide, CO 0-1 0-1 0-1 0-1
Ammonia, NH3 Traces Traces Traces Traces
Siloxanes Traces Traces Traces Traces

Biogas can be directly burnt to produce heat and energy. However, the presence of noncombustible CO; in biogas

decreases its calorific value. Therefore, biogas could be purified by removing its contaminants to obtain gas rich in
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CHys, known as biomethane. Post-treatments of raw biogas include removal of moisture and acid gases like CO; and
H,S, as well as trace components such as nitrogen, oxygen, hydrogen, carbon monoxide, ammonia, and siloxanes. The
different technologies employed for the post-treatment of raw biogas are further explained in the section 2.2, page 32,
of this chapter.

c) The outlook for biogas and biomethane

From the year 2010 until 2019, it was estimated that global biogas production has increased from 65 GW to 120
GW, in which 70% originated from Europe [28]. Moreover, by taking into account the current implemented policies,
IEA has projected the global biogas production to reach 12.6 mt (million tonnes) and 26.7 mt in 2030 and 2050,
respectively [22]. In addition to that, IEA has also projected that the production of biomethane, which is the purified
version of biogas, will reach 7.2 mt and 40.8 mt in 2030 and 2050, respectively [22]. This reveals the huge potential
for the market growth of biogas as well as biomethane. The current trend and potential outlook for biogas and
biomethane production in France and Malaysia will be elaborated below:

®,

+« Biogas and biomethane outlook in France

Biogas adoption in world regions varies due to factors such as feedstock availability and supportive policies. Its
production in Europe's energy transition is pivotal. Today, Germany stands out as the primary market, hosting two-
thirds of Europe's biogas capacity [29]. France has also been actively advocating for biogas production, as could be
seen from the increasing amount of energy production from biogas and biomethane in France (Figure 2-4), as reported
by the French’s Statistical Data and Studies Department (SDES) [30]. Production of biogas in France has been
gradually increasing in the past decade, with its energy production reaching 14 TWh in 2022. Moreover, the production
of biomethane, which is obtained after biogas up-grading, has also the same increasing trend as biogas. In 2022, around
7 TWh or energy was produced from biomethane that was injected into the French national gas grid. This means that
in 2022, half of the biogas produced in energy sector was purified into biomethane before being subsequently injected
into the national gas grid system.
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Figure 2-4: (a) Evolution of energy production from biogas in France. (b) Evolution of energy production from
biomethane injected into the French national gas grid system. Data extracted from [30].
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Based on the current trend for biogas and biomethane production, it could be seen that there the potential for biogas
market in France is promising. In 2022, the European Union (EU) introduced the REPowerEU Plan with the aim of
reducing its dependency on fossil natural gas supply from Russia due to the geopolitical crisis between Russia and
Ukraine. The European Commission has set a target to produce 38 billion cubic meters (bcm) of biomethane, which
originated from biogas produced by AD, annually in the EU by 2030, representing a tenfold increase of biomethane
production since 2022 [31]. Similarly, by 2050, its production is even projected to rise up to 91 bem annually [31].
Out of this, 18% of biomethane potential in 2030 and 2050 would be produced by France [31].

7

+ Biogas and biomethane outlook in Malaysia

About 90% of Malaysia's electricity is today produced from coal and fossil natural gas [32]. On another hand,
Malaysia's tropical climate offers abundant biomass resources that can be harnessed for biogas production. Potential
biomass sources for biogas production include palm oil mill effluent (POME), agriculture waste, animal waste,
municipal and sewage waste [33]. The growth for biogas and biomethane in Malaysia has recently shown promising
development, though still in a very early stage, as illustrated in Figure 2-5 [34].
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Figure 2-5: Biogas demand (direct use and purified) in Malaysia [34].

The growth of biogas market in Malaysia could support the enactment by the Malaysian parliament of the
Renewable Energy Act 2011 [35], which allows the implementation of a special tariff system to catalyze the
production of renewable energies. The rising demand for biomethane has so resulted in the operation of 125 fully
functional biogas plants in 2020 [33], with the majority of these plants feeding the national gas grid. As the market
for biogas is still in its infancy stage, an accurate prediction of its outlook is difficult. Nevertheless, Malaysian
government needs to play a more active role in introducing incentives to promote the usage of its biomass sources,

especially POME, for the production of biogas.
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2.2. Biogas purification to biomethane

As previously mentioned, raw biogas could be further purified to eliminate its impurity, thus increasing its
calorific value. The purified biogas is referred as biomethane and could be injected into a natural gas grid system,
whereas the process of purifying biogas into methane by removing impurities is referred as biogas upgrading. In this
section, the French’s specification for the quality of biomethane injection into its national gas grid system will be

presented followed by a brief explication of different biogas purification techniques for the removal of impurities in
biogas.

2.2.1. Biomethane specification for injection into French gas grid system
Table 2-2 lists the technical specification of biomethane, which is based on the Frech standard NF EN 16723-1,
for its integration into different type of French’s gas grid system [36]: (1) Gaz Réseau Distribution France (GRDF),
(2) TEREGA, (3) Storengy, (4) Réseau GDS (RGDS), (5) GRTgaz.

Table 2-2: Technical specification for biomethane quality for injection into French gas grid system [36]

Type H? Type B?

o _ Type H! gas Type H! gas
Criteria Unit gas gas
GRDF/RGDS TEREGA/Storengy
GRTgaz GRDF
Higher calorific value kWh. m
10.7-12.8 9.5-105
(HCV) 3
CH4 composition %vol >96.5 > 96 97.5 > 88.3
CO; composition %vol <35 <4 <25 <117
H,S composition mg. m3 <5
Total sulfur mg. m-3 <30
H, composition mg. m3 <6
O, composition %vol <0.75 <0.7 <3
NH; composition mg. m* <3
Hg composition pg. m - <5 -
CO composition %vol <2
Siloxane composition mg. m* - <5
Cl composition mg. m-3 <1
Dust mg. m-3 - <5 -
H,O dew point °C <5
Gas temperature °C 5-35 0-50 - 5-35

!gas with high HCV value. ?gas with low HCV value.

In order to match the specifications for injection into natural gas grid, biogas needs to be purified and undergo
several treatment processes to remove the main contaminant of biogas, which is CO, as well as other contaminants
such as moisture and harmful and/or toxic compounds (such as H>S, siloxanes, volatile organic compounds VOCs and
NHs) until the obtention of biomethane with CH4 purity > 97 %.
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2.2.2. Biogas upgrading technologies

All gases except CH4 contained in biogas are undesirable gases and are known as contaminants. For the biogas
purification process, the first step is biogas cleaning and the second step is biogas upgrading. Biogas cleaning is
performed to remove harmful or toxic components such as H,S, Si, CO, siloxanes, VOCs, and NHs, whereas biogas
upgrading aims to increase the calorific value of biogas by removing CO2. This section starts with the principle behind
each biogas upgrading technologies used in the context of CO, removal, followed by the comparison of each
technology operating parameters as well as the repartition of each technology currently employed in industrial scale
in the context of European market.

a) Principle

The established biogas upgrading technologies are derived from the natural gas purification industry. Currently,
several separation technologies for biogas upgrading exist at commercial readiness level such: absorption, adsorption,
cryogenic distillation and membrane. It should be highlighted that some of these processes could eliminate CO; along
together with other traces of contaminants concurrently. The principle behind each biogas upgrading technologies
employed in industry is further elaborated below.

R/

% Absorption

Gas-liquid absorption is a treatment process widely used in air treatment. In the case of biogas, this process can
be used to remedy the presence of various compounds. Absorption process for biogas upgrading can be categorized
into either physical or chemical scrubbing. A physical scrubbing operation relies on a separation dictated by the
solubility differences between the gas components into the solvent. For separation of CO;, from CHoa, either water or

organic solvents are employed for physical scrubbing.

One of the first solvents studied and used by industry was water, as the water-soluble compounds present in
biogas absorb better into water than hydrophobic, apolar compounds such as the main target compound, methane. The
solubility of CH4 is 26 times lower than CO; in water at 298 K [10]. Figure 2-6 shows a schematic of a process flow
diagram of a recirculating water scrubber. This operation is carried out in a packed column where pressurized biogas
flows in countercurrent to the washing solution. The higher the pressure in the column and the lower the water
temperature, the better the transfer of CO, from gas to liquid phase. Next, the CO; saturated water is transferred to the
flash column, where the pressure is dropped to minimize methane loss by recirculating the desorbed gas to the feed
stream. The water then leaves the flash tank and goes to the desorption column, where the pressure is further decreases
and air came into contact with the water in a countercurrent direction. This promotes the desorption of CO, from water
to air (solvent regeneration). Physical scrubbing using water for biogas upgrading also allows the removal of H,S in
concurrent with CO; [10], though acidic properties of these compounds lower the pH of the water, making it is

necessary to feed the process with fresh water to rebalance the pH.

Meanwhile, water could be replaced with organic solvents, which have significantly higher solubility of CO; in
comparison to water. As an example, Selexol®, which is a trade name for an organic solvent of dimethyl ethers of

polyethylene glycol, has the capacity to absorb at least three times more CO, than water at 30 bar and 333 K [37].
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Organic solvents commonly used in physical scrubbing are mixtures of methanol and dimethyl ethers of polyethylene
glycol [8]. Similar to water, H,S also could be co-absorbed with CO, using organic solvent. However, ss the solubility
of CO; and HzS in organic solvent is higher than in water, the regeneration of organic solvent requires a higher
temperature condition to ensure total regeneration, which contributes to a higher electrical consumption: i.e. 0.32 kWh.

NM piogas for organics solvent vs 0.25 kWh. Nm yieqss for water solvent [38].
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Figure 2-6: Simplified process flow diagram of a recirculating water scrubber. Image reproduced from [39].

Even higher loading and selectivity capacities are achieved when absorption is carried using a chemical solvent.
Chemical scrubbing processes for biogas upgrading involve reversible chemical reactions between the absorbed gases
and the solvent. Commonly used solvents for removing acid gases such as CO and H.S are aqueous amine solutions
such as mono-ethanolamine (MEA), diethanolamine (DEA) and methyldiethanolamine (MDEA) [8, 39, 40]. Figure
2-7 shows a schematic of biogas upgrading by amine scrubbing. The raw biogas at ambient pressure enters the
absorption tank from the bottom, and an amine solvent enters through the top of the tank. During the counter-current
flow, CO; reacts with the amine solvent, which leads to the temperature increases in the solvent as the reaction is
exothermic [10]. The saturated amine solvent then goes to the heat exchanger, where it is heated until boiling point
before entering the stripping column. The stripping column allows the separation of the two phases: desorbed CO,

and boiling amine solvent.

Today, a common option is to use a mixture of MDEA and piperazine (PZ), which is sometimes called activated
MDEA (aMDEA). It has a significantly higher absorption capacity compared to MDEA, the reason being that PZ acts
as an activator in CO: capture by enhancing the CO; solubility and absorption rate of the MDEA solution of CO- as
well as the absorption rate of the MDEA solution. [39, 41, 42].
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Figure 2-7: Simplified process flow diagram of an amine scrubber. Image reproduced from [39].

R/

% Adsorption

Gas separation via adsorption implies the selective transfer of molecules (adsorbate) on a solid surface
(adsorbent), thanks to physical interactions (Van der Waal forces) [39]. In the context of biogas upgrading, CO> in
raw biogas is adsorbed by porous physical adsorbent such as activated carbons, zeolites (natural or synthetic) and
silica gels [10]. This technique enables the selective adsorption of CO, from biogas either through: (1) adsorption
capacity of an adsorbent that adsorb larger amounts of CO, than CHj4 at equilibrium condition (adsorption
equilibrium) or (2) adsorption kinetic of an adsorbent that adsorb CH4 molecules slower than CO.. Further explanation

regarding absorbents used for biogas upgrading will be detailed in section 2.3, page 42.

Figure 2-8 shows the simplified process flow of the adsorption process frequently applied in the context of biogas
upgrading, which is known as Pressure Swing Adsorption (PSA) [10]. In this process, there are four vertical columns
that are used for adsorption, blowdown, purge, and pressurization sequences. These four columns allow the process
to maintain continuous production of biomethane, as each vessel engages in different phase concurrently. First,
compressed biogas enters the adsorption column and COx is captured by the means of adsorption on the surface of the
adsorbent until saturation of the adsorbent occurs. Second, desorption of CO- from the adsorbent occurs by stepwise
depressurization of the adsorption column, which are under pressure to atmospheric pressure. Third, purge gas enters
the adsorption column to push out any leftover CO accumulated inside the adsorption column. Finally, the adsorption
column is pressurized using the feed biogas stream. The main feature of PSA is the blowdown step, where the

desorption of CO; occurs by decreasing the pressure inside the adsorption column to atmospheric pressure.

Meanwhile, another adsorption technique employed for biogas upgrading is the Vacuum Pressure Swing
Adsorption (VPSA). VPSA also works on the same principle as PSA, where the only difference is that VPSA comes
with a vacuum pump that makes the desorption process of CO, under vacuum condition during blowdown sequence.
It should be noted that there exist 2 more adsorption techniques for gas separation, though in the context of biogas
upgrading, they are not employed in the industry and thus will not be further explained here. These techniques are

called Temperature Swing Adsorption (TSA) and Electrical Swing Adsorption (ESA)
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Figure 2-8: Simplified process flow diagram of a pressure swing adsorption unit. Image reproduced from [39].

R/

+« Cryogenic distillation

Cryogenic technology is popular for treating landfill gas, particularly for the removal of contaminants such as
CO; and N2 [8]. The process relies on the differences in the boiling points of the different gas components, which are
—78.2°C vs —161.5°C, at 1 bar for CO2 and CHa. It should be noted that this technique can be used to separate virtually
all the constituents in biogas from methane (e.g. CO2, NH3, H,S, O2). Figure 2-9 shows the simplified diagram of such
a process. Typically, the process must operate at high pressure and low temperature to effectively separate CO, from
CH, and prevent CO; freeze-out during the operation [43]. The cryogenic process comprises three main sections:
compression, refrigeration, and distillation/separation. compression section, biogas is compressed in multi-stage
compressors separated by water inter-coolers. The reason for this arrangement of alternate compression and cooling
is to ensure the temperature of the biogas stream between compressor able to be kept constant as to maximize the
compressor performance [43]. After leaving the last compressor, the high-pressure biogas is diverted into the
refrigeration system to cool down the biogas close to the liquefaction temperature of CO,. Finally, the pressurized and
cooled biogas enters the distillation/separation column where biomethane was obtained as a final product and liquid
CO; was a valuable by-product.

Waste
stream

Biogas

Compressor Cooler Compressor Cooler Compressor Cooler

Distillation
column

Figure 2-9: Simplified process flow diagram of cryogenic separation. Image reproduced from [44]
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R/

« Membrane separation

The principle behind membrane separation is based on the selective permeation of gas components through a
semi-permeable membrane. Figure 2-10 shows the simplified process flow for membrane separation. It should be
noted that for biogas application, separation of compounds is often limited to three species: methane, carbon dioxide
and hydrogen sulfide [45]. However, it is recommended to clean the raw biogas by removing H.S from it, as to avoid
deterioration, clogging of the membrane and to prolong the membrane life [44]. The cleaned biogas is then fed into
the membrane module at high pressures, where gas types with higher permeability in biogas preferably pass the
membrane to the low-pressure permeable side, while gas types with lower permeability accumulate on the high-

pressure side and leave the membrane module as a retentate.

Different membrane shapes are available for this technique: flat, wound and hollow-fiber [44], The most
commonly used membrane materials in this technique are polymeric membrane: polysulphone, polyimide, and
cellulose acetate [8, 45], as these materials show higher selectivities between methane and carbon dioxide. Apart from
that, inorganic membranes have excellent thermal stability, mechanical strength, and resistance against chemicals
compared to polymeric membranes. The examples of this type of membrane are zeolite, silica, activated carbon, metal-
organic framework, and carbon nanotubes [10]. Each type of membrane has their own advantages and limitations,
which is not discussed in details here, though the most crucial aspect about the choice of membrane to be employed
in biogas upgrading is its ability to resist harsh process conditions (e.g. high temperature and pressure) and chemically

resistant to H,S present in raw biogas if it was not removed prior to the membrane separation process.
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Figure 2-10: Simplified process flow diagram of a membrane upgrading process. Image reproduced from [39].
b) Comparison of process operating conditions and performances

Table 2-3 compares the operating conditions, CH4 purity and loss as well as the energy consumption for different
biogas upgrading technologies explained in Section 2.2.2-a, page 33. Each of the technique presented previously is
able to produce biomethane with CH, purity > 97% vol, which is the requirement for biomethane injection into French
national gas grid system. Furthermore, chemical absorption induces the lowest CH4 losses thanks to the use of a
chemical solvent that is very selective towards CO,. Meanwhile, physical absorption, PSA/VPSA and cryogenic

distillation are characterized with comparable CH. losses, though are considered as less efficient than chemical
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absorption. Lastly, membrane separation generates the largest CH4 losses, as CH. is also able to permeate through the
membrane together with CO; [8, 38].

Chemical absorption is the only biogas upgrading technique that is operated under ambient pressure, while the
others operate under pressurized condition [8, 38]. Apart from that, chemical absorption and cryogenic distillation
operates far from ambient temperature, with chemical absorption requires very high temperature (453 K) and
cryogenic requires very low temperature (214-228 K) to separate CO; from biogas. Meanwhile, physical absorption,
PSA/VPSA as well as membrane separation techniques operate at the temperature range closer to the ambient
temperature. As a consequence, the electrical consumption of chemical absorption and cryogenic distillation both have
the highest electrical consumption among other biogas upgrading technologies [8, 38]. This is followed by membrane
separation technique, which consumed 0.5 kwWh. Nm-3 raw biogas due to its operation high pressure (20-36 bar), and
chemical absorption technique, which consumed 0.42 kWh. Nm-2 raw biogas due to its operation at high temperature
(453 K) [8, 38], Lastly, the physical absorption and PSA/VPSA technique have comparable energy consumption as

their operational pressure and temperature parameters closely resemble each other.

It should be noted here that the reported energy consumption for the PSA/VPSA separation technique in Table 2-
3 has a wide range (0.16-0.43 kwWh. Nm® raw hiogas) [8, 38], as in literature, there is often no distinction between
both process by researchers and they are often grouped in the same category. As an example, in the study by Vilardi
et al. [46], the authors simulate the biogas upgrading by “PSA” process, although the regeneration of the bed was
actually operated under vacuum condition of 0.3 bar. Nevertheless, it is logical that PSA has a lower energy
consumption than VPSA at the same operational temperature and adsorption pressure condition, as PSA does not

require the use of a vacuum pump during regeneration of the adsorbent bed.

Table 2-3: Comparison of different biogas upgrading technologies [8, 38].

Physical Chemical )
. ] PSA/VPSA Cryogenic Membrane
absorption absorption
Water
scrubber:
6-10 20-36

Operational pressure (bar) 1 4-8 40

Organic
scrubber:
4-7
Water
scrubber:
Temperature (K) 293-313 453 278-303 214-228 298-333

Organic
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scrubber:
328-353
Water
scrubber:
1-3
CHg loss (%) 0.04-0.1 1-35 0.5-3 0.5-20
Organic
scrubber:
1.5-4
Water
scrubber:
95-98
CH, purity (%) > 98 > 96-98 99 90-97
Organic
scrubber:
93-98
Water
scrubber:

) 0.25
Energy consumption

(kWh.Nm raw biogas)

0.42 0.16-0.43 0.2-0.79 0.5
Organic
scrubber:
0.32

Biogas cleaning Not required Required Required Recommended Required

c) Repartition of biogas upgrading technology employed in the European market

Every biogas upgrading technology exhibits its own advantages and limitations relatively to others, as
summarized in Table 2-4. PSA process, which is the technology of interest in this work, has many advantages,
especially in terms of low negative environmental impacts, as the process does not involve the use of chemical
products. In addition to that, the adsorption unit is also compact as well as easily scalable for medium and high
production capacity of biomethane. However, in many cases, the raw biogas needs to be cleaned before being fed into
the adsorption unit, which limits the attractiveness of adsorption compared to the physical absorption process.
Moreover, high CH4 loss during the adsorption process is another drawback of this process. Nevertheless, PSA could
be regarded as a competitive technology for biogas upgrading, as a considerable amount of biomethane plants in
Europe have adopted it as biogas upgrading technology. In study [8], it was reported that out of 503 plants, 18% of
them use the PSA process for biogas upgrading (Figure 2-11-a). Similarly, in 2020, the European Biogas Association
(EBA) and Gas Infrastructure Europe (GIE) [9] reported that 10% of 729 biomethane plants in Europe have adopted
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PSA as biogas upgrading technology, and this percentage could be higher, as 38% of these plants did not provide the
information of their chosen biogas upgrading technology (Figure 2-11-b). It could be said that PSA remains relevant

today in the context of biogas upgrading.
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Figure 2-11: (a) Distribution of upgrading technologies applied by biomethane plants in Europe [8] in 2016. (b)
Distribution of upgrading technologies applied by biomethane plants in Europe [9] in 2020.

Table 2-4: Advantages and limitations of biogas upgrading technologies [8, 38].

Advantages

Limitation

Physical absorption (water
scrubbing)

Physical absorption

(organic scrubbing)

Chemical absorption

PSA

40

Easily scalable

Inexpensive

Easy to operate

Co-removal of H,S

No special chemical or equipment
CO; solubility
Relatively low methane loss

Higher than

Co-removal of H,S and other impurities

Highest biomethane quality
High CO; removal efficiency
Low methane loss

No gas pressurization required

Dry process
Relatively inexpensive
Easily scalable

Compact

water.

High water demand even with
regeneration

H.S damages equipment

Clogging due to bacterial growth
Foaming possibility

Expensive investment and operation
Difficult to operate

Heating required for complete
regeneration

High investment cost

High

regeneration

heat  requirement  for
Corrosion of equipment

Salt precipitation

Foaming possible

High methane loss

Complicated process control

H.S

required

and  water pre-treatment



Cryogenic High biomethane purity High investment and operational
Fewest methane losses cost
Pure CO; as a by-product Pre-treatment required
High energy requirement

Relatively new technology

Membrane Simple and compact construction Multiple steps needed for high purity
Easy operation and maintenance Medium to high methane losses
Modular configuration Membrane replacement required in
No chemical or heat demand 1-5 years
High reliability Clogging and fouling of membranes
Expensive

2.2.3. Biogas cleaning technologies
As mentioned previously, biogas cleaning was carried out to get rid of harmful contaminants that can damage and
corrodes the piping line, such as H»S and H,O, prior to the process of biogas upgrading. In this section, the technologies

carried out for dehumidification of biogas and H,S removal from biogas will be briefly explained.

a) Removal of H,0O

The biogas that leaves digesters in AD process is always saturated with water and this water must be dried if the
biogas is to be used for grid injection or vehicle fuel. Other impurities, such as siloxanes and particles, can dissolve
into water. When removing water vapor in raw biogas, certain impurities (e.g. Siloxane, HsS) would dissolve into the
water, thus removing them simultaneously. The process of biogas dehumidification could be carried out through three

different techniques: (1) condensation, (2) adsorption and (3) absorption

Raw biogas, which has 5% water at 308 K as saturated water vapor [10], can be removed by changing the pressure
and temperature, which will then cause the condensation of water vapor, making it possible to physically separate
water from biogas. Some examples of physical separation equipment that could be used to separate condensed water
from biogas are: (1) cyclone separators, which utilize the centrifugal force to separate water droplets, (2) moisture
traps, which use a pressure differential to create a low temperature and condense water, and (3) demisters, which
separates water particles from biogas stream by a wired mesh with microspores 0.5-2 nm [47].

Next, water removal from biogas can be carried out using the adsorption technique. The dew point of biogas can
be reduced to 233 K by using water adsorption in columns pressurized to 610 bar [10]. These columns are filled with
silica, alumina, magnesium oxide, or activated carbon. To maintain continuous operation, two columns are required:

one operates until it reaches saturation while the other undergoes regeneration at low pressure.

Lastly, the dehumidification of water in the biogas stream can be carried out by the absorption of water in glycol,
a drying agent, which can lower the dew point of biogas from 268 K to 258 K [10]. However, the regeneration of

glycol can only be carried out at a high temperature of 473 K, which would require high energy consumption.
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b) Removal of H,S

The removal of H,S from biogas can either be carried out during biogas production via anaerobic digestion (in
situ desulphurization) or after biogas production (ex-situ desulphurization), though in this sub-section, we will only
be focusing on the techniques for ex-situ desulphurization. H,S can be removed from the biogas stream through several
ex-situ desulphurization methods such as: (1) physical and chemical absorption, (2) adsorption, (3) membrane

separation and (4) bio trickling filtration (BTF).

As previously mentioned in section 2.2.2, water and organic scrubbing could be used to remove H,S in biogas as
it is soluble in water as well as organic solvent [47]. The absorption process occurs in a high-pressure column in which
the biogas is washed with either water or organic solvent, resulting in the transfer of H,S from gas to liquid solvent.
The advantage of physical absorption is that CO; is also removed concurrently with H,S [10]. In addition to that,
chemical absorption of HsS can be carried out with chemicals such as sodium hydroxide (NaOH), calcium hydroxide
(Ca (OH)y), iron (1) chloride, iron (I11) hydroxide, ethylenediaminetetraacetic acid, monoethanolamine (MEA) and
Ferric-Ethylenediaminetetraacetic acid (Fe3*/EDTA) [47].

Next, HsS removal from biogas by adsorption technique was based on two parallel adsorbent columns that operate
under adsorption and regeneration mode concurrently and packed with iron oxide (Fe2Qs), iron hydroxide (Fe (OH)3)
or zinc oxide (ZnO). At the end of this process, sulphur binds as insoluble FeS or ZnS [47]. Additionally, the removal
of H,S from biogas under the form of elemental sulfur could also be carried out using activated carbon that was
impregnated with alkaline or oxide such as sodium carbonate (Na,COs3), potassium iodine (KI), sodium hydroxide

(NaOH), potassium hydroxide (KOH), sodium bicarbonate (NaHCO3), and potassium permanganate (KMnOa) [47].

Desulphurization of biogas using membrane separation technique is similar to that of CO, removal process during
biogas upgrading. The separation is based on the selective permeability property of the membranes, which allows the
permeability of H.,S while retaining the CH4 on the other side of the membranes. However, the material of the
membrane is crucial as it must withstand the corrosive nature of H.S, which is why polymeric membrane are usually

chosen as the material [10].

Finally, H2S removal can be performed using BTF technique that can be performed using a column packed with
materials with large surface such as pall rings or polyurethane foam. On the surface of the packing materials exist
sulphur-oxidizing microorganisms (Thiomonas, Thiobacillus, Acidithiobacillus, Paracoccus, Halothiobacillus or
Sulfurimonas) [10] that oxidized H>S into element sulfur or sulfate. The process operates by injecting raw biogas with
02, NO2 or NOj at the top of packed column. At the same time, water that serve as the nutrient for the microorganism
is also injected at the top of the packed backed column using spray system. As the gases and water trickles down the
packed column, the H,S was oxidized on the surface of the packing materials by the microorganism. With this

technology, the H,S concentration can be reduced in the biogas stream along together with NH3 [10].

2.3. Pressure Swing Adsorption (PSA)
In the context of this work, we are focusing on the biogas upgrading technique of PSA, or Pressure Swing

Adsorption, which is a process that relies on the selective adsorption of at least one gaseous component onto an
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adsorbent surface under elevated pressure. This adsorption occurs due to physical forces like van der Waals forces or
electrostatic forces. In the PSA process, the strongly adsorbed constituents are retained in the column and composes
the extract, while the effluent gas stream that contains the less interactive species composes the raffinate. The
performances of PSA depend on various factors affecting the bed adsorption capacity and separation selectivity.
Additionally, the regeneration capacity of the adsorbent material varying with pressure and temperature conditions

also plays a crucial role in influencing the efficiency of the process.

A PSA unit operates in a cyclic mode, where high pressure steps lead to the adsorption of gas, while steps with
pressure decrease causes gas release. Commercial PSA plants for biogas upgrading application feature four set pf
columns filled with adsorbents. These columns operate in parallel and in phase shift several steps, where the most
conventional PSA cycle is known as Skarstrom cycle [48], The following describes the Skarstrom cycle applicable to

a 4 column PSA unit in the case of biogas upgrading:

e Adsorption (AD): During this phase, biogas, from which hydrogen sulphide and water vapour have been
removed, is introduced into one of the adsorbers. As the gas passes through the vessel, CO is selectively
adsorbed by the media, while methane exits at the top of the vessel. Before the adsorbent material becomes
fully saturated, the raw biogas feed is redirected to another prepared vessel that has already been regenerated,
ensuring continuous operation.

e Blowdown (BD): This step involves depressurizing the adsorber vessel to atmospheric pressure in
countercurrent flow to that of feed gas. The decrease in pressure causes desorption of CO; from the adsorbent,
and the CO»-rich gas is pumped out of the vessel.

o Purge (P): At the lowest column pressure, the purge step is initiated using upgraded biogas that flow in
countercurrent direction to that of feed gas. This step ensures complete regeneration of the adsorbent bed,
preparing it for the next cycle of adsorption.

e Pressurization (PS): Biogas is pressurized into an adsorption vessel (column) to a range of 4-8 bar [8].
Within the column, the adsorbent material selectively retains targeted compounds like CO», while methane
flows through and accumulates at the top of the column. The pressure inside the column gradually increases

from the pressure of the purge step until reaching the operational pressure for adsorption

The sequence of Skarstrom cycle for each PSA unit is presented in Table 2-5 and the evolution of pressure in a
PSA unit during each sequence is illustrated in Figure 2-12-a. In addition to that, Figure 2-12-b illustrate the flow of
gas during each sequence. During this cyclic sequence, one of the columns is always engaged in adsorption while the
other three are in different phases of regeneration to ensure continuous production. Additionally, a part of the raffinate

produced during the adsorption phase is re-introduced into another column that is under the purge sequence.

43



4 AD : BD P PS
Padocpton i
S— |
Raffinate
b) T
Bed Bed Bed Bed
1 2 3 4
AD BD P PS

Figure 2-12: (a) Pressure profile for each step in Skarstrom cycle. (b) simplified schematic configuration of PSA
units in the Skarstrom cycle.

Table 2-5: Sequences of PSA units in Skarstrom cycle.

Steps 1 2 3 4
Bedl | AD | BD P PS
Bed2 | BD P PS AD
Bed 3 P PS AD | BD
Bed 4 PS AD | BD P

Despite the maturity of Skastrom cycle configuration in the PSA process, it is also known for its disadvantages.
According to Ruthven [49], the PSA process is able to produce raffinate product under very pure form, but the extract
product is generally discharged in an impure form as a byproduct. This evidently leads to the low recovery of raffinate
gas component as a fraction of raffinate gas component will be discharged as the byproduct in the extract. In the
context of CO./CH4 separation for biogas upgrading, CH, as the raffinate product would be produced at high purity
but CH4 recovery will be somewhat low as non negligeable amount of CH, would be lost in the extract product as off
gas. To improve the CH4 recovery, two general approaches could be made. The first involves the optimization of the
PSA cycle process by adding additional steps in the PSA cycle or number of adsorbent beds to further treat the CH4
content in extract product [49]. Further example of the optimization of PSA cycle for biogas upgrading is discussed
in Chapter 4 of this work. The second approach would be to select an adsorbent with higher working capacity and
better CO2/CHa selectivity [49].

The mechanism of adsorption in PSA onto adsorbent involves two main types of selectivity [49]: (1) equilibrium

selectivity and (2) kinetic selectivity. The first refers to the preferential capture of the stronger adsorbing species by
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the solid adsorbent when the process reaches operating conditions close to equilibrium. Meanwhile, the second relies
on the separation driven by the differences in diffusional rates of constituent molecules through the adsorbent pores.
Therefore, adsorbents used in PSA could also be categorized into two types: (2) kinetically selective adsorbents where
the rate of CO; adsorption is faster than CH4 and (2) equilibrium selective adsorbents where CO adsorption capacity
is higher than CH.. Examples of equilibrium selective adsorbent are activated carbon, zeolite, and silica gel, whereas
carbon molecular sieves are an example of a kinetically selective adsorbent. Both CO,/CH, equilibrium selectivity,

“zzz/cm' and kinetic selectivity, a’gi,"z/m, could be calculated by using the following equations [50]:

eq __ Xco, /xCH4

a =
C0,/CH
2/CHa Yco,/XcH,
akin _ KH,COZ DCOZ E 2_2
€02/Hs = K,y o, | Den &
) 4 4

where x is the molar faction of the adsorbed phase, y is the molar fraction of gas phase, Kn (mol. kg*. Pa?) is the

Eq. 2-1

Henry coefficient and D (m2. s) is the diffusivity of gas. Further explanation regarding Ky and D is available in

Chapter 3 and Chapter 4 respectively.

Zeolites are inorganic crystalline materials which structure is composed of regular networks of alumina and silica
tetrahedra (TO4 — oxygen atoms bridge the tetrahedral atoms) [51]. This forms crystalline superlattices containing
molecular-sized pores, formed between windows, into which gas molecules can penetrate. Zeolite exists naturally and
can also be synthesized in the laboratory. It possesses regular pore sizes in the range of 0.3 — 1.5 nm [52] and specific
surface area ranging between 3-925 m?%g [53] [54] [55]. The mechanism of gas separation of zeolites is based on
dipole-quadrapole interactions between the gas molecules and the alkaline or alkaline-earth cations in the channel of
the zeolite framework. One of the most commonly studied zeolites for CO2/CH, separation is zeolite 13X [56]. As an
example, in the study by Chen et al. [57], Zeolite 13X was analyzed for adsorption isotherm for CO2/CH, at
temperature of 298 K and 333 K and pressure range of 0-3.5 bar. The authors stated that the CO./CH4 equilibrium
selectivity is in the range of 7.7-9.2 and 10-15.6 at 298K and 333K, respectively. Other type of zeolites that have a
good CO,/CH, equilibrium selectivity are NaX, LiX, NaUSY, and CaX. [56] [58] [59]. Today, multiple methods for
the synthesis of zeolites have been studied in literature such as hydrothermal synthesis (normal or elevated pressure)
[60] [61], molten salt method [62], fusion method [63], alkali activation [64] [65], microwave-assisted synthesis [66]
and synthesis by dialysis [67].

Activated carbon (AC) is a highly porous material that can be synthesized through chemical or physical activation
processes. ACs have disordered and distributed broader range of pore sizes, ranging from 0.8—10 nm (micropores),
10-50 nm (mesopores) and 50-2000 nm (macropores) [68]. However, because of their fairly wide pore size
distribution, activated carbons have rather low selectivities for the adsorption of molecules of different sizes. AC
generally exhibits surface area ranging from 700 to 1800 m?. g2 [69] [70]. Thanks to their large porous surface area,

high thermal stability and adsorption capacity as well as low production cost make it as a suitable adsorbent for CO;
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capture [71] [72] [73] [74]. An example of the application of AC for CO2/CH, separation in biogas is a study by
Peredo-Mancilla et al. [75], where activated carbon was used for the analysis of equimolar adsorption isotherm of
CO,/CH, at 303 K on the pressure range of 0-3 MPa. The authors stated that the CO2/CHs4 equilibrium selectivity for
AC is in the range of 1-6. The physical activation of the activated carbon first involves the heating of base material up
to 900°C in the absence of oxygen and then followed by activation of carbon-enriched char at temperature up to
1000°C. Finally, the product is exposed to activating agents such as steam and oxygen for final pore formation [76].
Examples of common bases used for AC manufacturing are bituminous coal, lignite coal, and coconut shell [76] [77].
The chemical activation process for the production of activated carbon consists of a combination of carbonization and
activation in a single step. The starting precursor was mixed with selected chemical activating agents under an inert
atmosphere at the temperature of 400-800 °C [78]. Examples of chemical agents commonly used in chemical
activation process of AC are ZnCl,, KOH, HsPO4 and K,COs [79] [80] [81] [82]. ACs produced from chemical
activation need to undergo washing steps for the complete removal of impurities and chemical residues from carbon
structure [83] [84].

Next, silica adsorbents are mesoporous materials with a pore diameter range of 2-50 nm and a large surface area
(up to 2370 m?/g) [85] [86]. The highly adaptable structure and surface chemistry, as well as the low production cost,
make it as a suitable adsorbent for CO- capture [86]. Typical silica adsorbents available commercially for CO- capture
are Mobil Composition of Matter No. 41 (MCM-41) [87], Mobil Composition of Matter No. 48 (MCM-48) [88], Santa
Barbara Amorphous No. 15 (SBA-15) [89] and Santa Barbara Amorphous No. 16 (SBA-16) [90]. The simplicity of
the silica adsorbent synthesis process is one of its major advantages over other materials. Examples of available
synthesis method available in literature are sol-gel processing [91], template assisted techniques [92], microwave

assisted techniques [93], and chemical etching method [94].

Lastly, carbon molecular sieves (CMS) are a special group of activated carbon (AC). The CMS has an amorphous
microporous structure and uniform micropore size distribution. Their uniform pore openings are similar in size to
small molecules, usually between 3 and 7 A [95] [56]. These properties allow the CMSs to provide selectivity for the
separation of gas molecules with different molecular sizes [96] [97] [98]. The CMSs can be prepared from any
carbonaceous material with low content of inorganic compounds such as lignocellulosic materials, coal and polymers
by control pyrolysis or chemical vapor deposition methods [52] [99] [100] [101]. In the controlled pyrolysis process
for CMS synthesis, the carbon precursor is pyrolyzed at a temperature of 600-1100 °C under different environment
and the adsorption capacity is increased through creation of micropores. It is possible to mix the carbonized porous
material with a chemical species followed by further pyrolyzation to induce a reduction in pore size by deposition of
pyrolytic carbon at the pore entrance [102] [103] [104]. Meanwhile, the chemical vapor deposition (CVD) method
involves the deposition of pyrolytic carbon at pore mouth to match the pore entrance with the adsorbate size. Pyrolytic
carbon or pyrocarbon is obtained from thermal decomposition of volatile unsaturated hydrocarbons such as acetylene
[105], benzene [106], methylpentane [107],cyclohexane [108] and methane [109].

The equilibrium and Kinetic selectivity of some adsorbents commercially available for biogas upgrading

application is presented in Table 2-6 for reference.
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Table 2-6: Equilibrium and Kinetic selectivity of adsorbents for CO, and CH, at 100 kPa [8].

Absorbent CO2/CHaequilibrium CO2/CHg4 kinetic
Adsorbent Type o o
name selectivity selectivity
) PCB, Calgon o
Activated carbon (AC) Equilibrium 3.3 -
Corp.
Zeolite 5A 5A (Sinopec)  Equilibrium 5.2 3.6
Zeolite 13X 13X (Sinopec)  Equilibrium 8.9 4.5
Carbon molecular sieves o
CORK-DC-0 Kinetic 4.8 8.9
(CMS)

2.4. Metal-organic framework (MOFs)

2.4.1. Introduction to MOFs structure and families

MOFs are two- or three-dimensional porous crystalline materials with well-defined structures and superior surface
areas of 100010 000 m2. g~* [13]. MOF structure is made up of metal nodes such as transition metals, alkaline earth
elements, p-block elements, actinides or mix metals [14], linked together with organic ligands, such as
polycarboxylates, phosphonates, sulfonates, imidazolates, amines, pyridyl, phenolates [15]. Table 2-7 lists among the
most commonly linkers used in MOF synthesis the ones of the carboxylate family. MOFs can be synthesized by
various methods such as hydrothermal (solvothermal) [110] [111], electrochemical [112], mechanochemical [113]
[114], microwave assisted synthesis [115], ultrasound assisted synthesis [116], spray-drying synthesis [117] [118] and
by flow chemistry [119].

The large variety of MOF structures results from the possibility of designing the material frameworks by tuning
the metal ions or the linkers adapting to the desired application. Therefore, to facilitate the synthesis and engineering
of these versatile materials, Baerlocher et al. introduced a structural entity called Secondary Building Unit (SBU)
[120], which refers to the one-dimensional chain of organic-inorganic structure of metal nodes and ligands. The
interconnection among SBUs occurring through organic ligands results in the formation of an extended three-
dimensional framework. By understanding and manipulating SBUs, researchers can determine and tailor the properties
of MOFs to be synthesized. Table 2-8 lists some possible combinations of SBUs with organic linkers producing
different families of MOFs.

Table 2-7: Different types of carboxylate ligands used in the synthesis of MOFs.

Acid form Base form (anion)
H2BDC Benzene-1,4-dicarboxylic acid BDC 1,4-benzenedicarboxylate
HBPDC 4,4-biphenyldicarboxylic acid BPDC 4,4-biphenyldicarboxylate
H2NDC 1,4-naphthalenedicarboxylic acid NDC 1,4-naphthalenedicarboxylate
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HDHBDC/ 2,5-dihydroxy-1,4-benzene- DHBDC/ 2,5-dioxido-1,4-benzene-

H.DOBDC dicarboxylic acid DOBDC dicarboxylate
H2PDC Pyridine-2,6-dicaboxylic acid HPDC Pyridine-2,6-dicaboxylate
HsBTB 1,3,5-tri (4carboxyphenyl) benzene BTB 1,3,5-benzenetriyltribenzoate
HsBTC Benzene-1,3,5-tricarboxylic acid BTC 1,3,5-benzenetricarboxylate
1,3,5-triscarboxyphenylethynyl .
HsBTE BTE 1,3,5-triscarboxyphenylethynyl
benzene
1,3,5-tris (4'-carboxy [1,1'biphenyl]- ,3,5-tris (4’-carboxy[1,1’-biphenyl]-
H.BBC ( y [1,1'biphenyl] BBC ( yl phenyl]
4-yl) benzene 4-yl) benzoate

Table 2-8: Different MOF families produced from divers SBUs and linkers

SBU Organic ligand  MOF’s type MOF’s chemical formula Ref
Octahedral ZnsO(C02)s .

Linear BDC MOF-5 Zn40(BDC);3 [121]

Trianglular BTB MOF-177 Zn4,O(BTB); [122]

Linear BDC-C;H:  IRMOF-6 Zn40O(C;HsBDC)3 [122]

Cubic CUZ(C02)4

Triangular BTC HKUST-1 CUsBTC [122]




{Zn3[(0)3(CO,)3]}- helices

M,(DOBDC)

” DHBDC MOF-74 [122]
o ? M= Mg, Zn, Co, Ni, Fe, Cu or Mn

2.4.2. Potential for HKUST-1 as an adsorbent for CO2/CH4 separation

Recently, MOFs have been gaining attention for their potential application in gas separation owing to their
inherent properties, such as high specific surface area, large porosity and tunable pore size [14]. In the literature, MOFs
have been extensively studied for their capability to separate CO, from CHa. For example, in a study by Loiseau et al.
[11], CO. adsorption performance of MIL-96 synthesized through a solvothermal method was investigated. The
authors found that at 30 °C and 10 bar, MIL-96 exhibits adsorption capacities of 4.4 mmol/g for CO, and 1.95 mmol/g
for CH4, which demonstrates the preferential adsorption of CO, rather than CHa. In another study by Bourrelly et al.
[12], MIL-53 (Al) was synthesized and its CO2 and CH4 adsorption capacities were investigated. MIL-53 (Al) exhibits
CO; and CH4 adsorption capacities of 3 mmol/g and 2 mmol/g respectively, at 5 bar and 303K. At this condition, the
separation factor corresponding to the ratio of the adsorption capacities of the pure components, is around 1.5 and still

indicates the preferential adsorption of CO,.

HKUST-1 (Hong Kong University of Science and Technology-1) refers to a metal-organic framework known as
MOF-199 or Cu3(BTC)2 and was first reported by Chui et al. [19]. The HKUST-1 composed of copper nodes linked
with BTC as the linker. Figure 2-13 depicts a simplified scheme of the structural unit of HKUST-1, containing four
carboxylate groups coordinated to two Cu?* ions to form a three-dimensional porous network with the chemical
formula [Cus(BTC)2(H20)s]. [123]. Additionally, in a hydrated state, the HKUST-1 structure includes one water
molecule unit coordinated to the two metal centers in an axial position. HKUST-1 adsorbent has been widely studied
for CO,/CH, separation as it shows a good equilibrium selectivity [16, 17]. For example, in a study by Teo et al. [16],
measurements of CH4 and CO; adsorption isotherms at temperature condition of 130 K, 140 K, 180 K and 298 K and
pressure range of 0-5 bar, shows that CO; is always preferentially adsorbed against CHa. This study also reveals what
are the preferential adsorption sites for both gas constituents, located near the open metal sites for CO; and in the
octahedral cages of the ligand for CHa. Besides, Hamon et al. [124] studied CO,/CH, separation by conducting
breakthrough experiments at a pressure range of 1-5 MPa and at a temperature of 303 K by using adsorption column
with a volume of 3.8x10* m® and 2 g of powder HKUST-1 as the adsorbent. The authors measured the CO2/CH,4
equilibrium selectivities in the range between 4.8 to 11.5, depending on the composition amount of both gas
constituents in the mixture (25% vol CO2/75% vol CH4, 50% vol CO2/50% vol CH. and 75% vol CO,/25% vol CHa).
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Figure 2-13: HKUST-1 cubic metal-organic framework structure (left), and its secondary building unit (SBU)
(right). Grey—carbon; light grey—hydrogen; red—oxygen; cyan—copper. In the right-hand figure, the larger green
spheres indicate the exchangeable axial positions of the SBU [125].

At low pressure, the CO, capture performance of HKUST-1 is mainly dictated by the interactions between the
open metal sites and CO, molecules, whereas at high pressure, surface area of HKUST-1 has a significant impact of
the adsorption capacity of CO, as higher surface area results in a higher CO2 adsorption capacity [123]. Figure 2-14
shows for the pressure conditions of 1 bar and 5 bar at 298 K, the comparison with literature data of CO, and CH4
adsorption capacities of HKUST-1 with other MOFs, as well as with other conventional adsorbents, [124] [126] [12]
[127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137]. It can be noted that CO; is always preferably
adsorbed than CH4 under the reported tested conditions. On one hand, HKUST-1 shows at both pressure conditions
better CO; adsorption capacities than MOFs such as PCN-68 and MIL-101 (Cr), as well as than CMS. On the other
hand, MOF-74 adsorbent family exhibits larger CO, adsorption capacities than HKUST-1 at both pressure conditions.
Similarly, at 1 bar, the CO, adsorption capacity of zeolite 13X surpasses that of HKUST-1, though this trend is
reversed at the higher pressure of 5 bar. Nevertheless, HKUST-1 is one of the few MOFs that are commercially

available [18] making the procurement of large-scale amounts of material with consistent quality easier.
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Figure 2-14: (a). Comparison of CO, and CH4 adsorption capacities for different adsorbents at 298 K and 1 bar. (b)
Comparison of CO; and CH, adsorption capacities for different adsorbents at 298 K and 5 bar.
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Additionally, the screening of MOFs potential performance for CO2/CH, separation in the context of biogas

upgrading can be carried out following equation (Eq. 2-3) as proposed by Wiersum et al. [138]:

5 05
(WCCOZ) ) (ﬁ%'}"ﬁ) Eg. 2-3

API =
AIJCOLadS

where the API signify the “Adsorbent Performance Indicator” as proposed by Wiersum et al. to quantify the potential

CO,/CH, separation performance of an adsorbent, WC,, (cm?® STP/cm? of adsorbent) is the working capacity of an

eq/kin

adsorbent, aCOZ/CH4iS the selectivity (either equilibrium or kinetic) of an adsorbent and lastly AHc, qq45 is the heat of

adsorption of an adsorbent.
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Figure 2-15 : Adsorbent Performance Indicator (API) of different adsorbent for equimolar CO2/CH, separation at 25
°C,5 bar adsorption pressure and 1 bar regeneration pressure. Data taken from [138].

Figure 2-15 compares the different API values of adsorbents for CO,/CH, separation from biogas in the condition
of equimolar mixture of CO, and CHa, 25 °C of biogas temperature,5 bar adsorption pressure and 1 bar regeneration
pressure. It is clear based on API value that HKUST-1 should be performing relatively better than conventional
adsorbents such as zeolite 13X and CMS for biogas upgrading application at the stated operating condition. Therefore,
based on all of the aforementioned reasons, we have chosen HKUST-1 as the MOF model for this study.

However, one of the main drawbacks for using HKUST-1 as an adsorbent for CO, capture from biogas is its
sensitivity towards moisture, which may be still present at low concentrations in the biogas feed even after the drying
step. HKUST-1 is known as a MOF that is sensitive to water as the Cu open-metal sites of HKUST-1 has a high
affinity with water which results in the elongation of Cu-O bonds of HKUST-1 and thus leads to disintegration of
HKUST-1 framework [20] [139]. Consequently, this leads to a drop in the CO, adsorption capacity of HKUST-1 as
shown in the study by Alvarez et al. [140], where HKUST-1 exposed to water was shown to lose its CO, adsorption
capacity at 303 K by 8% in comparison to dehydrated HKUST-1 (13 mg CO./g HKUST-1).
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2.5. Shaping technologies

For industrial application of MOF materials as adsorbents, one of the necessary conditions is the ability to process
the shaping of powders in order to avoid clogging, gradual loss of the active materials and high-pressure losses
throughout the adsorption column [141]. The shaping of MOF materials can be done either in situ, during MOF
synthesis and crystal growth, or in a post-synthesis process [141]. In the in situ approach, the MOF crystals are
synthesized simultaneously with a substrate immersed within the reaction mixture, and the MOF crystals in situ
nucleate and grow on the surface of the substrate. Meanwhile, in post-synthesis approach, MOF crystals are pre-
synthesized in a separate step, followed by compositing with the hybridizing agents and casting into various shapes
The choice of either the former or the latter approaches depends on the intended application and also on the stability
of the intended MOF structure. Nonetheless, the main challenge of the shaping process is to ensure that the impact of
the shaping process on MOFs intrinsic properties remains minimal while ensuring also that shaped materials
demonstrate sufficient mechanical and chemical stability. In the following sub-section, various shaping technologies
employed to engineer MOF powders for CO; capture application are reported. Furthermore, the impact of these

shaping technologies on the MOFs properties, e.g. BET surface area and CO- adsorption capacities are discussed.

2.5.1. Post-synthesis shaping methods

a) Pressing/compression

MOF materials to be applied for CO, capture have been shaped by one of the most conventional powders shaping
technologies, i.e. compression/pressing. This method involves pre-synthesized MOF crystals to be filled inside a mold
and subjected to uniaxial compression to obtain a simple shape agglomerate (Figure 2-16) [141]. When MOFs are
subjected to the high pressure from the compression, it undergoes inter-crystal fusion to form a macroscopic body that
is mechanically strong enough to enable manual handling. However, the pressure applied during compression should
be carefully selected to avoid the complete destruction of the crystal structure (amorphization) and therefore loss of
intrinsic properties of MOFs [21]. This method could be carried out either without or with the addition of binding

agent, where the binding agent facilitates bonding of individual particles by generating a link between them [21].

Pressure

11

Porous pellet

/
o I

/ Powder

Figure 2-16: Schematic representation of the preparation procedure of MOF disk tablets by compression. Image
reproduced from [142].
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The shaping of ZIF-8 and MIL-53(Al) via mechanical compression without the usage of binding agent was
reported by Ribeiro et al. [142]. MOFs pellets were obtained varying the compression pressure parameter at 62 MPa
and at 125 MPa. At 62 MPa, shaped ZIF-8 material experiences both specific surface area and pore volume reduction
as low as 7% relative to the pristine MOF powder, whereas compressed MIL-53(Al) particles suffer reduction of
specific surface area and pore volume reduction by 46% and 36%, respectively. Meanwhile, at compression pressure
of 62 MPa, both the specific surface area and pore volume of pelletized ZIF-8 recorded a reduction by 12 % relative
to ZIF-8 pristine powder. In similar condition, pelletized MIL-53(AL) suffers a reduction of specific surface area and
pore volume by 32% and 24% respectively. This study by Ribeiro et al. [142] demonstrate clearly that the application
of compression method for MOFs shaping will inevitably lead to the loss of surface area and pore volume of materials,

with the degree of severity depending on the type of MOFs used.

Apart from that, the shaping of MOF-801 powder into pellets via mechanical compression and addition of binding
agents was reported by Taddei et al. [143], where three different binders were investigated: polyvinylalcohol (PVA),
sucrose and polyvinylbutyral (PVB). The authors initially analyzed which binding agent results in a pelletized MOF-
801 that possess highest mechanical strength by conduction a simple drop test. It was reported in this study that usage
of PVB is the most preferred binder, as 5 wt% of PVB that underwent compression at 438 MPa at 15s was found to
be sufficient to fabricate highly resilient MOF-801 pellets. The authors then determined the impact of different
compression pressure (146 MPa, 292 MPa and 438 MPa) on the pelletized MOF-801 with 5 wt% of PVB binder. The
authors concluded that with the presence of binding agent, the compression pressure did not have a major impact on
the BET surface area of the pelletized MOF-801, as its reduction is only in the comparable range of 32-39% relative

to the MOF-801 powder, whatever the compression pressure may be.

b) Wet granulation

Wet granulation is another available method to assemble MOF crystals into shape, in which binders with sticky
surface are mechanically co-blended with the MOF crystals [141]. The wet granulation process that occurs in high-
shear granulators can be divided into three main stages: (1) wetting and nucleation, (2) consolidation, (3) attrition and
breakage, before finally an assembly of parent MOF powder into bigger agglomerates called granules was obtained
(Figure 2-17-a) [144]. When the liquid binder is introduced to the powder mass, particles begin to aggregate and form
clusters (nucleation). This binder functions as a bridge between clusters, creating granules. These granules then
undergo compaction, resulting in solid particles (consolidation). Aggregation is a key process in granulation, leading
to the formation of larger particles (agglomerates) from smaller ones. When subjected to shear forces, these larger

agglomerates break down into smaller granules.

The most conventional granulator used to perform granulation is the mechanical granulator that works based on
the mechanical forces such as shear (Figure 2-17-b) [145]. The shear wet granulator mainly consists of a mixing bowl,
an impeller, and an auxiliary chopper. The impeller is used for powder mixing and promoting granule densification,

while the function of the chopper is to break apart the wet lumps or promote the growth of smaller particles.
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An example of MOF shaping using wet granulation method is a study by Valekar et al., they have successfully
shaped MIL-100(Fe), MIL-101(Cr), UiO-66(Zr), and UiO-66(Zr)_NH, powders into spherical particles at
atmospheric pressure and ambient temperature by using mesoporous p-alumina as a binder [146]. The resulting
granulated MOF particles consist of up to 95 wt% of MOF powder loading. The material mechanical stability could
be then improved by decreasing the MOF content and increasing the alumina content. A similar process was applied
by Chanut et al. [131] to fabricate granules of UiO-66(Zr), UiO-66(Zr) NH,, MIL-100(Fe) and MIL-127(Fe) with a
polyvinyl-based binding agent. The authors stated that the addition of binder did contribute to the blocking of pores
in MOFs, resulting in a decrease of BET surface area of each granule in the range of 4-20% relative to their respective
pristine MOF powder.
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Figure 2-17: (a) Schematic representation of granulation method [144]. (b) Schematic diagram of shear wet
granulator [145]

c) Sol-gel

The term sol-gel is associated with chemical processes that firstly generate a sol, which is a colloidal suspension
of submicron-sized particles in a solvent, followed by the formation of gel state, which is simply defined as a non-
fluid 3D network that extends through a fluid phase [147]. Then, the gel was either dried slowly to form a dense

‘xerogel’ or the gel underwent supercritical drying to form aerogel (Figure 2-18). It has to be noted that this shaping
method does not require the use of pressure to obtain large solid-state compact materials.

Another method for shaping MOFs without the usage of binder was reported in the studies by Madden et al. [148]
and by Zhang et al. [149], where monoliths of HKUST-1, UiO-66, Ni(BDC) and Mn3(BTC), were fabricated using a
sol-gel preparation.. The shaping process then involves the preparation of solutions of MOFs precursors and their
gelation taking place through stirring and centrifugation. This is followed by subsequent slow drying or CO, drying,
resulting in the production of MOF xerogels and MOF aerogels, respectively. The monoliths obtained after the sol-
gel method exhibit comparable CO; uptakes in comparison to pristine MOF powders, with no obvious degradation in
their intrinsic properties. Their specific surface area was preserved with no pore blockage neither particle

amorphization.
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Figure 2-18: Schematic representation of the sol-gel method.
d) Extrusion

The application of an extrusion process was also reported to shape MOFs powder for CO; capture purpose. The
principle behind shaping by extrusion is relatively straightforward (Figure 2-19): (1) MOFs were mixed with the
binder and inserted into an extruder. (2) MOF-binder mixture paste was extruded out and cut into different desired
lengths. (3) MOFs' extrudates were dried to eliminate any remaining solvents. Extruder may be divided into screw
and piston types [21]. On one hand, a screw extruder allows continuous processing and might consist of one (single
screw), two (twin screw) or multiple screws which operate in simultaneous and parallel rotations. On the other hand,

piston extruders operate in batch mode that enables the extrusion of pastes with high viscosity and compaction.
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Figure 2-19: Schematic representation of the sol-gel method. Image taken from [144]

e) Additive manufacturing (3D printing)

Additive manufacturing (3D printing) is a relatively new technology for MOFs shaping and has been gaining
attention as the process is easy and is able to produce geometrical complex designs at low cost. 3D printing is based
on the same principle as conventional extrusion process, that is, it requires binder/plasticizer to form a MOF-binder
paste which is then extruded through a printing nozzle and subsequently deposited on a substrate in a controllable
layer-by-layer manner to form an object defined by the user. Four types of additive manufacturing techniques have
been reported in literature [150] for the shaping of MOFs: (1) Fused Deposition Modelling (FDM), (2) Direct Ink
Write (DIW), (3) Selective Laser Sintering (SLS) and (4) Digital Light Processing (DLP) (Figure 2-20).
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Figure 2-20: Schematic representation of additive manufacturing method for (a) FDM, (b)DIW, (c) SLS and
(d)DLP. Image taken from [150].

Fused deposition modeling (FDM), also referred to as fused filament fabrication, is a process in which a
thermoplastic polymer is heated above its glass-transition temperature (T4) and extruded through a nozzle (Figure 2-
19-a). As the semi-molten polymer is deposited on the printer bed, it solidifies upon cooling, forming bonds between
layers through chain diffusion, which results in a mechanically stable 3D printed object. In the context of MOFs
shaping, a study by study by Evans et al. [151], demonstrates the shaping of ZIF-8 powder into a monolith via FDM.
The ZIF-8-thermoplastic composite was heated up to 1°C above its melting point, so that it solidifies right after
extrusion and subsequently welds to the previous layers. Zif-8 powder was incorporated homogeneously into both
poly-lactic acid (PLA) and thermoplastic polyurethane (TPU) matrices, that act as the binder, and printed to produce
ZIF-8 monoliths with MOF’s loadings up to 50 wt%.

Next, the basic principle of Direct Ink Write (DIW) technique for additive manufacturing resembles the
conventional extrusion process. The first step of DIW consist of the formation of a MOF-binder paste by suspending
the parent powder in a liquid with dissolved binding agent and plasticizer. Thereafter, the paste is pushed through a
thin printing nozzle and subsequently deposited on a substrate in a controllable, layer-by-layer manner. Finally, the
3D printed object is further subjected to a thermal treatment for the removal of solvent (Figure 2-19-b). Thakkar et al.
[152] have reportedly shaped MOF-74(Ni) and UTSA-16(Co) monoliths using DIW technique that operates with
layer-wise deposition of a slurry mixture containing MOF powder, bentonite clay (binding agent) and poly-vinyl
alcohol, PVA (plasticizer). The resulting slurry mixture was printed in a layer-by-layer manner, followed by drying at
373 K. The 3D-printed MOF-74(Ni) and UTSA-16(Co) monoliths were fabricated with MOF loadings as high as 80
and 85 wt%, respectively.
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Selective Laser Sintering (SLS) technique for additive manufacturing involves the melting of a thermoplastic
material with a laser beam in the presence of the parent powder. The laser is traced over a cross-section of the printing
object in the xy plane. Once a layer is sintered, the platform will be lowered by one-layer thickness, and a new layer
of material is applied on the top by a roller on the printer and finally the 3D object is left to cool and solidify (Figure
2-19-c) [150]. An example of the application of SLS technique for the shaping of MOFs is the study by Lahtinen et
al. [153], where 10 wt% of commercial HKUST-1 was mixed with Nylon-12 (N12) powder and printed at 443 K. The
XRD analysis on the printed object confirms the presence of HKUST-1 particles and further CO; adsorption analysis
reveals that the adsorption capacity of active HKUST-1 inside the 3D printed object is similar to that of bulk pristine
HKUST-1 material.

Lastly, Digital Light Processing (DLP) technique consists of a light source of a specific wavelength (typically in
the ultraviolet range), that is used to selectively cure the surface of a photopolymerizable liquid monomer, which
contains small amounts of photoinitiators and additives (Figure 2-19-d). The light-activated reaction transforms the
liquid monomer into solid resin, layer by layer, until the 3D structure is formed. An example of MOF shaping using
DLP technique is a study by Halevi et al. [154], where 3D printed HKUST-1 structures were obtained. The authors
mixed 10 wt% of HKUST-1 powder with a blend of 2-phenoxyethyl acrylate (PEA) and polyethylene glycol diacrylate
(PGD) as the polymeric matrix, while Irgacure-819 and Irgacure-184 were applied as photoinitiators. The
characterization of the 3D printed material reveals the preservation of HKUST-1 particles inside the 3D printed

composite, showcasing the successful shaping of MOFs.

2.5.2. In situ shaping methods
a) Wet impregnation/coating

MOFs shaped composite adsorbents intended for CO, capture application have also been fabricated by addition
of a binder via the wet impregnation/coating method. This method involves the usage of a porous monolith, which
acts as a support of the adsorbing phase. The impregnation of MOF components onto the support is subsequently
completed with the in situ growth of MOFs' crystallites (Figure 2-21). Such a shaping process was tested by Qian et
al. [155]. In this study, HKUST-1 particles were crystallized onto the support material after by wet impregnation. The
porous support was first soaked with the MOF precursor solution by immersion. This step was repeated multiple times
to ensure an efficient penetration of the MOF precursors onto the support matrices. The in situ growth of HKUST-1
crystallites on the surface of the porous support was performed by heating the support at 363 K for 20 h. No
deformation of the porous support monolith was observed after such a treatment and the presence of HKUST-1
particles was verified using XRD analysis. In another study by Rezaei et al. [156], the coating of MOF-74(Ni) and
UTSA-16(Co) onto the surface of cordierite monolith, that acts as support, was successfully achieved via in situ dip
coating (ISDC) and layer by layer (LBL) coating. ISDC technique involves the immersion of the support into the MOF
precursor solution, which contains the linker and metal ions, prior to solvothermal reaction, resulting in the in situ
growth of MOFs particles on the surface of the support. In the LBL coating technique, the support was first dipped in
a solution containing the metal and organic linker alternately for several cycles to induce crystal growth. Then, the

support was finally being totally submerged in MOF precursor solution, followed by a solvothermal reaction. The

57



resulting MOF-74(Ni) and UTSA-16(Co) monoliths were successfully fabricated with MOF loadings as high as 52
and 55 wt% respectively.

@rystallize
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HCM o HCM-Cu3(BTC)2

Figure 2-21: Schematic representation of the wet impregnation/coating method. Image taken from [155].

2.5.3. Impact of shaping methods on MOF’s textural properties and CO adsorption capacity

Ideally, the MOF shaping process should maintain the same characteristics and performances as its pristine
powder. Nevertheless, numerous studies conducted so far show that shaping technologies may affect MOFs properties,
especially when the process implies either pressurization [157, 158] or the use of a binder [159, 160]. The variations
in the material specific surface area is one of the important indications for their performance as CO» adsorbents, as
higher CO; adsorption capacities are reported with an increase in the surface area, so that a linear correlation could be
established between them [161, 162]. The reductions in shaped MOF adsorbent specific surface area and CO;
adsorption capacities (whichever data that is available), depending the applied shaping method mentioned in the

previous sub-section, are reported in Table 2-9.

From the literature studies, it appears that shaping of MOFs via powder compression without usage of binder
leads to a reduction in the MOF BET surface area and CO- adsorption capacities. This phenomenon could be observed
in two separate studies by Ribeiro et al. [142] and by Chen et al. [163]. Ribero et al. conducted the shaping of ZIF-8
and MIL-53(Al) at the same process parameters (62 MPa and at 125 MPa). The authors observed different severity in
BET surface area reduction for both MOFs, where pelletized ZIF-8 suffers reduction around 7-12% whereas that of
pelletized MIL-53(Al) is around 32-46%, in comparison to their respective pristine material. Similarly, the reduction
in CO- adsorption capacity of pelletized ZIF-8 is lower than that of pelletized MIL-53(Al), i.e. 5-7% vs 15-17%. The
same impact of compression technique on BET surface area and subsequently CO, adsorption capacity was observed
by Chen et al. [163], where compression Ni-MOF-74 without binder results in the decrease of BET surface area and
CO; adsorption capacity by 10% and 36%, respectively. On another hand, compression with the usage of binder was
carried out in study [143],where MOF-801 was shaped using a pressing process and polyvinyl butyral (PVB) as the
binding agent. Pellets of MOF-801 were characterized by a reduction of up to 32-37% in their BET surface compared
to pristine, depending on the pressure of compaction. The authors stated that binding agent contributes to the pores

blockage, hence causing the observed severe reduction of BET surface area.

Next, MOFs shaping via granulation was conducted in a study [146], where MIL-101 (Cr) and UiO-66 (Zr)
granules were synthesized using 5wt% of mesoporous p-alumina (MRA) as the binder. Interestingly, the granules

obtained showed only 9-13 % of losses in the BET surface area and 7-8% of reduction in the CO, adsorption capacities
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at 1 bar in comparison to pristine MOFs. The authors attributed these limited textural effects to the mesoporous nature
of the binding agent. Similarly, MIL-100 (Fe) and MIL-127 (Fe) granules, which were prepared using 3 wt% of
polyvinyl-based binder in study [131], exhibited small losses in BET surface area (5-10%), though their reduction of
CO; adsorption capacity at 10 bar is non-negligible (18-20%). This study shows that even at a low loading of binder,

pore blockage that leads to BET surface area reduction and CO; adsorption capacity would still occur.

The analysis of the effect of the sol-gel preparation on material BET surface area and CO; adsorption capacities
appears a little complicated. On one hand, a study by Madden et al. [148] demonstrates that HKUST-1 and UlO-66
synthesized from sol-gel method exhibits lower BET surface area (19-21%) and CO, adsorption capacities (22-32%)
than their respective pristine form. On the other hand, a study by Zhang et al. [149] demonstrated an increase in the
BET surface area (71%) and CO- adsorption capacities (18%) after production of HKUST-1 aerogel. It is unclear why
the findings of former studies are different from the latter, though it should be highlighted that shaped MOFs obtained
from the study of Madden et al. were dried slowly to produce MOFs xerogels, whereas MOFs aerogels obtained from

the study of Zhang et al. were dried by supercritical CO..

Meanwhile, the shaping of MOFs via extrusion was carried in study by Hong et al. [164], where MIL-101 (Cr)
extrudate, which used 40 wt% of bentonite clay as the binder, exhibits reduced BET surface area by 9%, and CO;
adsorption capacities lowered by 45% compared to the pristine powder. Similarly, in another study by Rivera-Torrente
et al. [165], aluminium fumurate extrudates, which included either 50 wt% of clays or SiO; as a binding agent,
recorded a significant reduction in BET surface area (42-73%) and CO; adsorption capacities (50-67%). In both of
these studies, the authors attributed these effects to the addition of different type binding agent as well as their high

loading amount.
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Table 2-9: BET surface area and CO, adsorption capacities reported for shaped MOF

CO:2 adsorption capacity at 10

) Binder BET surface area (m?/g) Adsorption
Shaping ) ) bar (mmol /g)
MOF Binder loading ) ) Temperature  Ref
method Shaped Reduction Shaped Reduction
(wt%) Powder Powder (K)
MOF (%) MOF (%)
1736-
ZIF-8 1983 7-12 5.9 5.5-5.6 5-7
1841
303 [142]
- - 432-
. MIL-53(Al) 796 32-46 41 3.4-35 15-17
Pressing 538
Ni-MOF-74 820 733 10 118 7 36 298 [163]
569-
MOF-801 PVB 5 899 605 32-37 N/A N/A N/A N/A [143]
MIL-101 (Cr) ) 4066 3685 9 2.9° 2.7° 7
) p-alumina 5 298 [146]
. Ui0O-66 (Zr) 1050 911 13 1.2° 1.1° 8
Granulation
MIL-100 (Fe) 2261 2043 5 8.3 6.5 22
PVA/PVB 3 303 [131]
MIL-127 (Fe) 1181 1117 10 134 11 18
HKUST-1 307 834 71°¢ 5.1° 6° 18°¢ 273 [149]
Sol-gel HKUST-1 - - 1871 1512 19 6.2° 4.2b 32
) 298 [148]
UiO-66 1288 1015 21 2.7° 2.1° 22
MIL-101 (Cr) Bentonite clay 40 202 183 9 1.1° 0.6° 45 298 [164]
) o Bentonite /
Extrusion Aluminium o 595-
montmorillonite 50 1034 42-74 6 3-2 50-67 303 [165]
Fumarate ] 274
/ SiO;
» MOF-74 (Ni) ) 15 1180 737 38 5.6 45 20
Additive Bentonite clay 298 [152]
) UTSA-16 (Co) 10 727 568 22 3.5 2.9 17
manufacturing
ZIF-8 TPU/PVDF 60 1752 701 60 0.6*° 0.5 17 303 [151]
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hierarchical

Wet HKUST-1 porous carbon  56-63 1448 2571% 64-81  3.98" zjzb 31-41 [155]
impregnation/ monolith 298
Coating Ni-MOF-74 cordierite 48 3398 652 81 650 L7 74
UTSA-16 (Co) monolith 55 746 223 70 4 10 75 [156)
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aValue of CO2 adsorption capacity of powder taken from [126]. ® Value of CO adsorption capacity measured at 1 bar. ¢ Indicate the increase in value instead of reduction.



MOFs shaped via additive manufacturing were reported in studies by Thakkar et al. [152] and by Evans et al.
[151]. In the former study. MOF-74 (Ni) and UTSA-16 (Co) materials were printed respectively using 15 wt% and 10
wt% of bentonite clay as binding agent and DIW as the printing technique. These 3D printed MOFs exhibited reduction
in both BET surface area (22-38%) and CO; adsorption capacities (17-20%). Meanwhile, Evans et al. printed ZIF-8
using the FDM technique and a mixture of TPU/PVDR thermoplastic (60 wt%) as a binding agent. The 3D printed
ZIF-8 suffers 60% reduction in BET surface area as well as 17% reduction in CO, adsorption capacity at 1 bar. The
authors of both studies attributed the high loading amount of binder as the main cause of the observed effects, as the

high content of binders further amplifies the risk of pore blockage.

Finally, the in situ shaping approach via wet impregnation/coating technique was employed by Qian et al. [155],
wh43 ere 37-44 wt% of HKUST-1 was grown on the surface of the hierarchical porous carbon monolith. The
synthesized HKUST-1 monolith has lower BET surface area (64-81%) than powder HKUST-1, as well as lower CO;
adsorption capacity (31-41%), as MOF active material only grown on the surface of support material. Similar pattern
of reduced BET surface area and CO; adsorption capacity using wet impregnation/coating technique was also observed
in the study by Rezaei et al. [156], where 48 wt% of Ni-MOF-74 and 55 wt% of UTSA-16(Co) was coated on the
surface of cordierite monolith. The obtained MOFs monolith display a lower BET surface area (70-81%) and CO,
adsorption capacity (74-75%) than powder MOFs as almost half of the monolith consist of the support material that

does not adsorb well COzand is non porous.

Overall, several key takeaways could be highlighted concerning bibliographical review on the shaping method of
MOFs for CO; capture application. First, the use of pressure/compression technique for MOFs shaping is advantageous
in terms of its simplicity and this shaping technique is able to produce shaped MOFs with good mechanical strength
[141]. However, the high pressure exerted during this technique could lead to amorphization of crystals, leading to
the decrease in BET surface area as well as CO; adsorption capacity. Furthermore, the severity of the impact is
dependent on the type of MOFs used, thus, optimization of process parameters is needed for each MOFs. Second, the
usage of binding agent for shaping of MOFs is advantageous in terms of yielding strong and hard monoliths under
low pressure process (e.g. extrusion, granulation, additive manufacturing) [141]. Despite that, the addition of binder
comes with the risk of pore blockage that will inevitably impact the BET surface area and CO; adsorption capacity of
shaped MOFs, and the severity of this impact depends on the type of binder and its loading amount. Finally, the in
situ approach of MOF shaping via wet impregnation/coating technique is advantageous as this technique is
straightforward and could be applied concurrently during MOF synthesis [141]. However, the limitation of this
approach is the support used for the coating, as it must be chemically resistance towards the chemical use for MOF
synthesis. Furthermore, the porous nature of the support greatly influences the CO, adsorption capacity of shaped

MOFs, as more active MOFs crystals could be grown on porous support than non-porous support.
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2.6. Conclusion

The bibliographical review conducted in this chapter reveals the harm of GHG emission, especially CO, emission,
into atmosphere as it contributes to climate change and if left unchecked, it would lead to irreversible impacts on
natural systems such as the extinction of ~50% of tropical marine species, water scarcity for 4 billion people as well
as concurrent heatwaves, droughts and flooding in global scale. One of the strategies to mitigate CO, emission is
through the use of renewable energy that emits less carbon that fossil fuel. In the context of this study, biogas is the
energy sources of interest. The main contaminant in the biogas stream is CO2, which causes the calorific value of
biogas to drop. The elimination of CO; from biogas, which is known as biogas upgrading, results in biomethane with

a high purity of CH. that could be injected into a natural gas grid system.

Multiple biogas upgrading technologies are currently employed in industry such as absorption (chemical and
physical), cryogenic distillation, membrane separation and PSA. PSA technology for biogas upgrading, which is the
technology of interest in this study, works on the basis of selective adsorption of CO, over CH4 by adsorbent bed. The
performance of PSA CO,/CH, separation in biogas depends on two aspects; the first is the optimization of the PSA
cycle configuration for CO,/CH4 separation, where the most conventional configuration is known as Skarstrom cycle;

the second aspect is the adsorbent’s adsorption capacity and selectivity.

Conventional adsorbents used in PSA for biogas upgrading are zeolites, activated carbon, silica as well as carbon
molecular sieve. Recently, a new candidate for adsorbent material for CO»/CH, separation has emerged, which is the
Metal Organic Framework (MOF). MOFs are made up of metal ions linked together to form a porous network material
capable of selectively adsorb gas molecules. HKUST-1 is one of the MOF often studied in literature for CO; capture,
as it has a good CO,/CHy, selectivity and high CO; adsorption capacity as well as one of the few MOFs available
commercially. However, application of HKUST-1 or MOFs in general as the adsorbent for PSA is limited due to the

synthesis of this material is often under powder form, which is not suitable for direct application in the PSA column.

The literature review on MOF shaping technology reveals that MOFs shaping technology can be done either in
situ or post-synthesis. In situ shaping of MOFs consist of growing MOFs crystals on the surface of substrate, which
is limited by the nature of the substrate and low loading of MOFs active material in the fabricated shaped MOFs.
Another MOF shaping approach could be carried out after the synthesis of MOF powder, either using technique where
MOF powder is compressed into agglomerate or using binding agent to produce shaped MOF. In this study, the
approach of post-synthesis MOFs shaping techniques (extrusion and additive manufacturing), which uses binding
agent, was adopted, as the knowledge of binding agent impact on MOF intrinsic properties is always crucial for this

field and the shaping process itself is straightforward and does not require any specialized equipment.

This study is based on the potential of shaped HKUST-1 as an effective adsorbent for CO2/CH4 separation using
a widely developed PSA technology. The next chapter will discuss further on the methods carried out in this study to

shape HKUST-1 as well as the analysis of the shaping impact on HKUST-1 properties.
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CHAPTER 3: Elaboration and Characterization of
HKUST-1 composites

3.1. Introduction to thermoplastics
Thermoplastic is a type of polymer that becomes pliable or moldable when heated and solidifies upon cooling.
Thermoplastics are composed of linear or branched macromolecules bonded by weak interactions forces (Van der

Waals or hydrogen bonds) and could be either amorphous or semi crystalline [166] (Figure 3-1).
Thermoplastic present several advantages:

e Multiple cycles of heating and cooling can be repeated without severe damage, allowing reprocessing.
e Short processing time because of the absence of the chemical reaction of crosslinking.

e  Processing is easy, because there is only a physical transformation.

e Absence of gases or water vapor if the material is correctly dried before processing.

e The wastes are partially recyclable.

Crystalline
region

Amorphous
region

Figure 3-1: Schematic structure of a thermoplastic. Image reproduced from [167]

As the processing of thermoplastic is relatively easy, this makes it as an attractive choice as a binding agent as it
will not complexify the shaping process. Today, as there are numerous thermoplastic materials available in the market,
a simplified framework that allows the classification of these different thermoplastic materials, as proposed by the

company Tangram Technology [168], which utilizes two criteria for the categorization of thermoplastics.

The first criterion to classify different thermoplastics materials is the crystallinity of the polymer. Amorphous
polymers (those with no significant degree of crystallization) behave very different to semi-crystalline polymers (those

with a significant degree of crystallization) [168], which helps to facilitate the segregation of different thermoplastic
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polymers into their own respective category. The general properties of amorphous and crystalline polymers are
summarized in Table 3-1:

Table 3-1 Comparison between properties of amorphous and semi-crystalline thermoplastic materials [168].

Amorphous Semi-crystalline
Wide range of meting temperature Distinct and sharp melting point
Low specific gravity High specific gravity
Low tensile strength and tensile modulus  High tensile strength and tensile modulus
High ductility Low ductility
Low creep resistance High creep resistance
Usually transparent Translucent or opaque
Low fatigue resistance High fatigue resistance
Low chemical resistance High chemical resistance
Suitable for structural applications Suitable for structural applications

Another criterion that facilitates the distinction of different thermoplastic materials is to divide them into the
relatively arbitrary grouping (e.g. ‘Commodity’ polymer, ‘Engineering’ polymer and ‘High-performance’ polymer),
which takes into account the thermoplastic material’s performance and cost [168]. The performance considered is
related to the mechanical and thermal properties of the material, whereas the cost is based on the worldwide production

volume of the material, a large production volume signifying a cheaper cost of the material.

‘Commodity’ thermoplastics have the lowest performance among other two categories, though this does not
necessarily signify that the thermoplastic materials in this group are not suitable for any particular application.
Furthermore, thermoplastics in this category are generally cheaper as these bulk polymers make up the majority of the
worldwide production volume of thermoplastics. Next, ‘Engineering’ thermoplastics have enhanced properties and
are used for applications where the requirements for mechanical or thermal properties are stringent. These
‘Engineering’ thermoplastics are generally more expensive than ‘Commodity’ thermoplastics, and are also produced
in less volume than the latter. Lastly, ‘High-performance’ thermoplastics have the highest performances in terms of
mechanical and physical properties and are used in the most demanding applications. Due to this, they are generally

very expensive and their worldwide production volume is the lowest among all three categories.

These two simple criteria (crystallinity and performance) allow the classification of most of the thermoplastic
families as shown in Figure 3-2. A simple classification table, which is also dubbed as ‘Periodic Table of
Thermoplastics’, has been created by Tangram Technology [168] as an attempt to provide a simple codification of the
different thermoplastic types and structures. The first group of the classification table (amorphous polymers —
commaodity thermoplastics) includes several common thermoplastic families, such as vinyl chloride (PVC), styrene

(PS) and cellulosics (CA, CAB, CAP) [168]. These families of thermoplastics are inexpensive, easy to process and
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exhibit a good moisture stability. However, their mechanical and thermal stability is relatively low. These

thermoplastics are suitable to be used as packaging materials, piping materials, as well as cable insulation materials.

Next, the second group of the classification table (amorphous polymers — engineering thermoplastics) consists of
thermoplastics families such as acrylics (PMMA) and polycarbonate (PC) [168]. These thermoplastics exhibit a
moderate mechanical strength but low chemical resistance. Examples of application of these materials are optical

lenses and headlamp sets, safety helmets and CD’s.

Polysulphones/polysulphides (PES/PPS) and imides (PI) are among the thermoplastic families that could be
classified in the third group [168]. They exhibit high mechanical and thermal resistance properties, as well as good
resistance to chemical degradation. These thermoplastics are suitable to be used as components in chemical pumps,

electric connectors, semiconductor wafer clamps, TV and automotive.

An example of thermoplastics family in the fourth group of the classification table (Semi-Crystalline polymers —
commodity thermoplastics) is Polyolefins (PE, PP) [168]. This type of thermoplastics exhibits a good chemical and
thermal resistance but its mechanical strength is moderate. Kitchen ware, food wrapping materials, toys and medial

syringes are some of the examples for the application of this type of thermoplastics.

The fifth group (Semi-Crystalline polymers — engineering thermoplastics) includes thermoplastics families such
as polyesters (PET) and polyamides (PA) [168]. These thermoplastics are tough and rigid with moderate chemical and
thermal resistances. They are suitable to be used as kitchen utensils materials, drink bottles, gear wheels, as well as
clothing fabrics.

Finally, an example of thermoplastics family in the sixth group (Semi-Crystalline polymers — high performance
thermoplastics) is fluoropolymers (PTFE, FEP, PFA, CTFE, ECTFE, ETFE) [168]. This type of thermoplastics
exhibits excellent chemical and thermal resistances, as well as excellent mechanical strength. Non-stick coatings, high
and low temperature electrical and medical products, as well as other applications needing excellent dielectric strength,

chemical, and temperature resistance are some of the examples for the application of this type of thermoplastics.
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Figure 3-2: Periodic Table of Thermoplastics created by Tangram Technology [168].

This classification table, though it may seem vague and not well accurate, provides a general idea on what type
of thermoplastic would be suitable to be chosen as binding agent in this work. For our application, the binding agent
must have a strong mechanical strength so that the MOF/thermoplastic composite produced from the shaping process
could retain its form when used inside an adsorption column. Furthermore, the chosen binder must also have a high
thermal stability as to avoid its degradation during the exothermic adsorption process that usually results in local
temperature increases in the adsorbent bed. Additionally, the cost of the thermoplastic to be chosen must be sufficiently
low. Based on these criteria, the thermoplastic to be chosen in this work as the binding agent should belong to the 2™
or 5" group of the classification table.

3.2. Choice of the binder

In this work, two thermoplastics were chosen as the binding agent for the shaping of HKUST-1 powder: polylactic
acid (PLA) and thermoplastic polyurethane (TPU), which can be categorized in 5™ and 3" group respectively [168]
[169]. PLA belongs to the family of aliphatic polyesters which are considered biodegradable and compostable
materials [170]. PLA can be either semi-crystalline or amorphous, depending on the synthesis process of the polymer
[170]. Meanwhile, TPU belongs to the thermoplastic elastomers (TPE) family and can be considered as an amorphous

polymer [171]. The general properties of these two thermoplastics are compared in Table 3-2.

Table 3-2: General properties of PLA and TPU

PLA TPU Ref.
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Tensile strength (MPa) 35.5-54.1 4.5-7.3

Young modulus (MPa) 1476-1516 7-9 [172]
Elongation at break (%) 3.3-5.3 487.9-773.9
Degradation temperature (K) 623 626-672 [173]

As PLA could be considered as a semi-crystalline thermoplastic, it possesses a higher tensile strength and tensile
modulus than TPU that can be considered as amorphous. Conversely, TPU exhibits a rubbery property, with a higher
elongation at break value in comparison to PLA. The degradation temperature of both thermoplastics is comparable,

although the degradation temperature of PLA is fixed while it is set in a wider range for TPU.
A short description on the synthesis process of both PLA and TPU thermoplastics is presented below:

a) PLA

PLA was first discovered in the early 1800s by the French chemist Theophile-Jules Pelouze who produced low-
molecular-weight PLA through the poly-condensation of lactic acid followed by a century later when Wallace
Carothers synthesized PLA by heating lactide in vacuum [174]. The utilization of PLA is favored because it can be
massively produced from agricultural source (lactic acid), avoiding the use of petrochemicals. PLA is synthesized
through two well-known processes (Figure 3-3): direct polycondensation (DP) and ring-opening polymerization
(ROP). It should be noted that polylactic acid and polylactide are the same substances, the difference in names is just

an indication on which route has been taken to produce them.
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Figure 3-3: General routes of PLA production

Lactic acid, which is chemically known as 2-hydroxy-propionic acid, is the basic building block for the production
of PLA. Most of the lactic acid produced globally is made using the fermentation process of carbohydrate. The sources
can come from different types of starch and cellulosic materials, such as wheat and rice bran, corn cob, barley, wheat
starch and corn starch [175]. Lactic acid produced from glucose fermentation can undergo DP process to produce
PLA, but this process requires the usage of coupling agents. The purpose of the coupling agents is to increase the
molecular weight of the lactic acid prepolymer (My = 1000-5000 g/mol) which affects the mechanical properties of
the subsequent PLA product [175]. Conversely, the usage of coupling agents is not required for the production of PLA

via the ROP process, as the lactic acid prepolymer is transformed into an intermediate substance called lactide. The
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anionic or cationic ring polymerization of lactide yields to the formation of polylactide (PLA). The ROP process

remains the most widely used production method as this process has a higher yield and low toxicity impact [174].

PLA can easily be dissolved in chloroform, methylene chloride, dioxane, acetonitrile, 1,1,2-trichloroethane and
dichloroacetic acid [175]. Additionally, PLA can also be dissolved in toluene, acetone, ethyl benzene and
tetrahydrofuran when heated to boiling temperatures [175]. Generally, PLA is insoluble in water, alcohol and alkanes
[175].

b) TPU

Polyurethanes (PUs) were first discovered by Bayer and coworkers in 1937, whereas thermoplastic polyurethanes
(TPUs) were developed in the 1950s as a new type of PU, in Germany by Bayer-Fabenfabriken and in the United
States by B.F. Goodrich [176]. TPUs attract significant interest because they possess interesting properties, such as
high flexibility, good mechanical strength and abrasion resistance, and transparency. TPUs are synthesized via the
reaction of a polyol with a diisocyanate. Figure 3-4 illustrates the molecular morphology of TPUs, which generally
consists of linear soft segments, SSs, and linear hard segments, HSs [176]. The HSs mainly consist of a rigid
diisocyanate moieties and a chain extender moieties, whereas the SSs are typically made of long polyol chains
(polyether, polyester, and polycarbonate). The diisocyanate component function in TPUs is twofold. First, it acts as a
coupling agent between SSs—HSs—chain extender, whereas the second function of the diisocyanate is its structural
contribution to TPU physical properties [177]. Meanwhile, the polyol components enable the formation of long,
strong, linear TPU chains which make up the bulk of the derived TPUs (50-80 wt%) [177]. Therefore, the type of
polyol components used for the synthesis of TPU exerts a considerable influence on the material’s physical and
chemical properties. Lastly, the chain-extender component, usually a glycol, has about the same size as the
diisocyanate component. The main function of the chain-extender component is to react with some diisocyanate to
produce urethane-rich hard segments that comprise regions of strong hydrogen bonding in the TPU polymer chains
[177].

Hard segment
, ~ 7 Soft segment
Urethane group

Figure 3-4: Illustration of structural morphology of TPU. Image reproduced from [176].
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TPUs are typically synthesized either by one shot (OS) or two-shot (TS) process (Figure 3-5). In the OS method,
the reaction components (polyols, isocyanates, and chain extenders) are simultaneously mixed and poured into a mold
where the crosslinking reaction occurs. In order to increase the hardness and modulus of a TPU, it is possible to
increase the quantity of isocyanates and chain extender, which will produce more longer hard segments [178]. The
OS method yields to a narrower distribution of hard-segment lengths compared to the TS method. Meanwhile, the TS
method, which is also known as “prepolymer method”, consists of two steps. The first step involves the preparation
of prepolymer by reacting diisocyanate and long-chain diol to produce isocyanate-terminated linear chains
(prepolymer). The second step involves the reaction of the prepolymer with chain extender, which is usually a short
organic diol [178], to produce a high-molecular-weight TPU. The two-step synthesis procedure leads to high molecular
weight transformable polymers (Mw = 100,000 g/mol) [178].
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Figure 3-5: General routes of TPU production

It is difficult to generalize the solubility properties of TPUs in a chemical solution as they depend on the type of
polyol (polyether, polyester and polycarbonate) used for their synthesis. Despite that, dipolar aprotic solvents such as
Dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP) or Dimethyl sulfoxide (DMSOQ) are usually able to
dissolve TPUs [178].

3.3. Synthesis of HKUST-1 composites

3.3.1. Materials
HKUST-1, also commercially known as Basolite@C300 (Basolite is a trademark of BASF SE), was supplied by
Sigma Aldrich. The specific surface area, as specified by the supplier, was in the range of 1500-2100 m?/g and the
bulk density was 0.35 g/cm?. The sieving conducted on 1g of HKUST-1 powder at 80 Hz for 20 mins reveals that the
particles have a diameter less than 100 um. The binding agents used in this study were obtained from commercial
PLA and TPU products, purchased respectively from JADI LIFE SOLUTIONS (Malaysia) and FormFutura
(Netherlands). The melting temperature of the PLA and TPU is respectively in the temperature range of 473-503 K

and 493-523 K, according to the suppliers. The powder materials were used as it is for the subsequent shaping process.
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3.3.2. Shaping process of HKUST-1 by extrusion

Figure 3-6 illustrates the protocol developed for the HKUST-1 powder shaping process in this study, using either
PLA or TPU as a binder. Briefly, the homogenous mixing of HKUST-1 with PLA or TPU was achieved by dissolving
the binding agent in 1 ml of their respective solvent (chloroform for PLA and DMF for TPU) using a VWR Symphony
ultrasonic bath at 328 K for 1 hour. Prior to their dissolution, the polymers were heated at 383 K to eliminate any
possible water traces. Next, after addition of HKUST-1 powder, the solution was sonicated for another 30 mins in
order to obtain a homogenous mixture of MOF/thermoplastic. The HKUST-1/thermoplastic suspension was then
inserted into a 5mL DB syringe, followed by its extrusion to obtain HKUST-1 extrudates. At last, the synthesized
extrudate were washed with methanol and subsequently heated overnight at 383 K under vacuum to remove the

leftover solvent. The dried composites were then cut into small cylinders of about 1-2 mm in length.

HKUST-1 TPU FLA
¥ ¢
Solvent -..__ N ) dl
(DMF or Chloroform) ~** 4
Sonication for 1.5 Extrusion
hours at 328 K

Bl =
- 5 — 5  HKUST/TPU

— —
Washing with Overnight heating at
methanol 383K

HKUST-1/PLA

Figure 3-6: Schematic figure of the shaping process for HKUST-1/polymer composite by extrusion

The loading amount of PLA and HKUST-1 used for the synthesis of HKUST-1 extrudates in this study is available
in Table 3-3. The PLA content was varied between 5 and 20 wt% during the synthesis of HKUST-1 extrudate, with
the objective of finding the minimal binder loading required to elaborate an extrudate that able to retain its form after
shaping. The criterion to judge whether an extrudate was able to retain its form was rather qualitative, that is, once the
extrudate was dried, it was pickup by hand and rolled over the palm of the hand for several seconds. Any extrudate
that shows sign of disintegration or deformation was then deemed as failure. The results obtained showed that a
minimum of 10 wt% of PLA loading is needed to obtain a HKUST-1 composite capable to retain its shape after
shaping. Therefore, in this work, this 10 wt% of binder loading has been chosen as the standard for the synthesis of
HKUST-1 composites. The extrudates containing 10 wt% of PLA and TPU are denoted as HKUST-1/PLA and
HKUST-1/TPU, respectively, and they were subsequently characterized in this work.

71



Table 3-3: Variation of PLA loading for the synthesis of HKUST-1 extrudate

HKUST-1 mass (g) PLA mass (g) Binder loading Observation
(wt%0o)

0.95 0.05 5 Non-extrudable paste obtained

0.90 0.10 10 Extrudate retained solid form

0.80 0.20 20 Extrudate retained solid form

3.3.3. Shaping of HKUST-1 by additive manufacturing

PLA and TPU are often used in additive manufacturing to elaborate 3D-printed shapes, owing to their relatively
low melting temperature (PLA = 473-503 K and TPU = 493-523 K) and ability to solidify without alteration of their
mechanical properties. Therefore, the shaping of HKUST-1 by additive manufacturing has also been tested in this
study by using PLA and TPU. Fused Deposition Modeling (FDM) and Fused Granulate Fabrication (FGF)
technologies were tested in this work. Note that only one type of thermoplastic was considered for each 3D printing
strategy, due to the limited amount of HKUST-1 available. The first attempt to shape HKUST-1 powder (Basolite
C300) via additive manufacturing was done using PLA as the thermoplastic material and FDM as the method. FDM
is an extrusion-based additive manufacturing technology that uses the build input material in the form of thermoplastic
filament. The filament is melted in the heating head and then extruded through the nozzle with consecutive re-
solidification upon cooling in order to form the desired shape. The second attempt for shaping HKUST-1 via additive
manufacturing was done by using Fused Granulate Fabrication (FGF) and TPU as the thermoplastic material. By
analogy with FDM, FGF is also an extrusion-based additive manufacturing technology with the only difference that
composite is charged in the heating head in form of the granulate/pellet. It should be noted that HKUST-1 shaping
using FGF technology is in the early stage of development at the time of the manuscript writing and thus no qualitative

or quantitative data related to the sample properties have been yet produced for this production route.
The detailed methodologies applied for HKUST-1 shaping via FDM and FGF technologies are described below:

a) HKSUT-1 shaping method by FDM

Figure 3-7 illustrates the protocol for the shaping process of HKUST-1 via FDM technology developed for this
work. The shaping process includes three main steps: solvent casting, filament preparation and filament extrusion.
The first step consists of dissolving PLA in a solvent (chloroform) using VWR Symphony ultrasonic bath at 328 K
for 1 hour, followed by the addition of HKUST-1 to the solution and further sonication for another 30 minutes to
ensure homogenous mixing. The mixture suspension is then cast onto a glass petri dish and left to dry overnight at
338 K to produce a film. The second step involves the fabrication of filament from the said film. The film was cut into
small squares (0.1cm x 0.1cm) and inserted into a Wellzoom (China) desktop filament extruder (tip 1.75 mm)
operating at 473 K. Finally, the obtained filament was inserted into a 3D pen (3DPEN-2) and extruded/printed layer

by layer at a temperature of 473 K into a square shape composite with a dimension of 1cm x 1cm.
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Figure 3-7 : Schematic figure for the shaping process of 3D printed HKUST-1/PLA by FDM.

Table 3-4 summarizes different PLA loadings that were tested for the fabrication of filaments and 3D printed
composites. The filament used as input material for the 3D printed composite must possess sufficient strength so that
it does not break during the printing step. The results obtained demonstrate that the minimal PLA loading of 70 wt%
was needed to fabricate a 3D printed composite having a sufficient mechanical strength. This 3D printed composite
with 70 wt% of PLA loading is henceforth denoted as 3D printed HKUST-1/PLA and was subsequently
characterized in this work.

Table 3-4: Variation of PLA loading for the fabrication of the filament and 3D printed composite

HKUST-1 mass (g) PLA mass (9) PLA loading Observation
(wt%b)

Unable to produce filament/unable to

15 15 50 .
print
Filament is fragile/3D printed object is

1.2 1.8 60 .
fragile
Strong filament obtained/3D printed

0.9 2.1 70

object retained solid form

b) HKSUT-1 shaping method by Fused Granulate Fabrication (FGF)
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The process of HKUST-1 shaping by FGF technology is relatively straightforward in comparison to FDM. The
input material employed for FGF is the HKUST-1/TPU extrudate (section 3.3.2, page 70) with a low TPU content, in
order to minimize the degradation of MOF gas adsorption performances resulting from the presence of a binder. The
choice of TPU is motivated by its high flexibility in comparison to PLA, thus facilitating the 3D printing process.
Figure 3-8-a shows the 3D printer operating FGF technology that was used at the technical platform Compositic
(France). It contains three main parts: motor, feed port and printer head. The motor controls the displacement of the
moving parts (printing head and support) with respect to X, Y and Z axes during 3D printing. The HKUST-1/TPU
extrudate is loaded into the feed port, which able to accommodate up to 50 cm?® of the input material at a time. A
rotating screw pushes the extrudate through a barrel towards the printer head, where the melting of thermoplastic takes
place (493-523 K in case of TPU), followed by composite extrusion through the nozzle. After re-solidification, the
designed 3D shape can be obtained. (Figure 3-8-b).

As previously mentioned, the shaping of HKUST-1 by FGF technology is still in the early stage of development,
therefore there is yet any sample of 3D printed HKUST-1/TPU that was successfully obtained and characterized by
quantitative analysis. Table 3-5 summarizes several attempts of the fabrication of 3D printed HKUST-1/TPU. The
most recurrent problem occurring during the printing tests was the blockage of the printing nozzle (diameter = 1.4
mm), which could be attributed to the low amount of TPU in the molten plastic, contributing to a high viscosity. The
most encouraging result obtained so far was the printing of HKUST-1/TPU with a thermoplastic binder loading of 40
% in mass (Figure 3-8-b). The extrusion through the printer nozzle was successful for this particular loading but
problems could still be observed during the continuous printing process, where layers of the 3D printed HKUST -
1/TPU parts did not adhere well to each other during the re-solidification. To solve this issue, further optimization of
the 3D printing parameters (e.g. extrusion speed/deposit speed ratio, printing temperature, height of printer head, layer

width) is being developed by the technical platform Compositic.
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Figure 3-8: (a) FGF 3D printer used for the fabrication of 3D printed HKUST-1/TPU. (b) Printing of HKUST-1/TPU
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Table 3-5: Summary of HKUST-1/TPU printing tests

Test TPU loading (%) Observation
1 10
2 20 Obstruction in the nozzle during
3 25 printing
4 30
5 35

6 10 Extrusion of the material through
printing nozzle was observed

3.4. Characterization methods

Apart from HKUST-1 powder (Basolite C300), three samples of HKUST-1 composites were subsequently
characterized in this work, which are: HKUST-1/PLA, HKUST-1/TPU and 3D printed HKUST-1/PLA. The first two
of the samples were synthesized from extrusion whereas the last sample was synthesized from additive manufacturing

FDM method. In this section, the methods employed for the characterization of these materials are described.

3.4.1. X-ray diffraction (XRD) analysis
The crystalline structure of the synthesized samples was analyzed using powder X-ray diffraction (PXRD). The
patterns were recorded by using a Bruker AXS-D8 Advance Diffractometer (Massachusetts, U.S.) equipped with a
copper anode (. = 1.5406 A). Data were collected in the 20 range from 5 to 50° with a step of 0.02° and a scan speed

of 1 °/min.

3.4.2. Fourier transform infrared spectroscopy (FTIR) analysis
To perform local characterization of chemical bonds in composite materials, Fourier-transform infrared
spectroscopy (FTIR) was employed. The spectra were acquired on Thermo Nicolet IS5 Spectrometer (Massachusetts,
U.S.) in the Attenuated Total Reflection mode, allowing direct measurement of powder samples within 15 runs (scans)
in a wavenumber range of 5000-400 cm™. Measurements were performed under ambient air on freshly outgassed
samples (heated at 383 K under dynamic secondary vacuum for 24h). For every sample, the background scanning was

performed to subtract signals of air impurities and specimen holder.

3.4.3. Scanning electron microscopy (SEM) analysis
The morphology of the samples was observed from scanning electron microscopy (SEM) images acquired on
JSM 7600F from JEOL (Japan) equipped with both backscattered electron (BSE) and secondary electron (SE)
detectors. The samples were prepared using a standard specimen preparation technique, where the cast sample was
deposited onto a conductive carbon double-sided adhesive tape on a stub. Coating of the sample was performed with
a platinum sputter coater for 60 s. The sample was placed in a vacuum chamber before the imaging was done. Energy
dispersive X-ray spectroscopy (EDXS) analysis was carried out to access the concentration distribution of different

elements on the sample surfaces.
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3.4.4. Thermogravimetric analysis (TGA)
Thermogravimetric measurements were performed on a Setaram LabSys evo TGA-DTA instrument (Caluire, France).
5 mg of samples were heated in a platinum crucible from ambient temperature up to 800 °C with temperature ramp of
10 °C/min under flow of N2 (20 ml/l) to homogenize heat transfer, protect the balance and avoid sample oxidation. In
order to account for mass variation induced by factors other than sample weight loss, the TGA curve measured for an

empty crucible was systematically subtracted from that of the sample.

3.4.5. Attrition test analysis
The mechanical resistance of shaped MOFs against the frictional forces experienced in fluidized or packed beds,
transportation, handling, and storage could be evaluated through the attrition test standard D4058—96 ASTM norm. In
this work, a standard test similar to that employed by Khabzina et al. [179] was applied. Briefly, 0.2 g mass of material
was introduced into a glass vial and was rolled at a frequency of 60 rotations per minute (rpm) for 30 min. Afterwards,

the sample was passed through a 500 um sieve to recover fine particles. Attrition percentage is calculated as follows:
initial mass-recovered mass above 500 pm

Attrition= — x100 Eqg. 3-1
initial mass

3.4.6. N2/CO-, adsorption/desorption isotherm analysis

Textural properties of the materials were characterized by using N2 adsorption/desorption isotherms at 77 K. The
total porous volume was calculated from experimental N, adsorption data at p/po= 0.98, whereas micropore volume
was determined by applying the t-plot (Harkins-Jura) method on N, adsorption data. The isotherms were obtained
using 3Flex manometric adsorption analyzer from Micromeritics (Unterschleiheim, Germany). The instrument is
equipped with pressure transducers, allowing measurements in the domain of relative pressure (p/po) ranging between
10~ 7 and 1 with 0.15% precision of absolute pressure reading. The acquisition was performed in a fixed-dose mode
until p/pe = 0.03 and then incrementing relative pressure. The aliquot was adjusted between 1.3 and 2 mmol N»/g. To
reach the equilibrium conditions, the equilibration time for each isotherm point after aliquot injection was adjusted
until pressure stabilization, but not exciding 1h/point. Samples were degassed at 383 K under vacuum for at least 72
h using Smart VVacPrep from Micromeritics. The volumes of cell non-occupied by sample were determined at ambient
temperature and at 77 K by helium expansion. The apparent specific surface area was determined based on the
linearized BET isotherm as follows [180]:

p/Po 1 n Cger-1

= (p/po) Eq. 3-2
q(1-p/po) 4, Ceer 95, CaEr P/Po a

where q is the specific amount adsorbed at the relative pressure p/po, Cger is the constant parameter and qwm is the

specific monolayer capacity.

The pressure range considered for the BET calculations was adjusted in the domain between 107 < p/pe< 1072 in the

way to respect the four consistency criteria suggested by Rouquerol et al. [180]:
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o the quantity Cger should be positive (i.e., a negative intercept on the ordinate of the BET plot is the first
indication that one is outside the appropriate range).

o application of the BET equation should be restricted to the range where the term q(1 — p/po) continuously
increases with p/po.

e the p/povalue corresponding to qm should be within the selected BET range

The CO; adsorption isotherms at pressure less than 1 bar were measured using the 3Flex manometric adsorption
analyzer from Micromeritics (UnterschleiBheim, Germany) at IMT Atlantique. Ultrahigh purity CO, gas (>99.995
vol%) supplied by Air Liquide were used for this study. The instrument is capable of measuring equilibrium data in
the domain of relative pressure P/Po (P is the gas probe set pressure and PP is the saturation pressure) ranging between
107 and 1 bar with 0.15% precision of absolute pressure reading. The acquisition was performed in a fixed-dose mode,
whereas the temperature of the materials in the sample cells was controlled by a water bath contained in a Dewar
vessel, set to 298 K. Prior to measurements of gas equilibrium data, a mass of adsorbent of about 100 to 200 mg was
placed in each sample cell and further outgassed under dynamic vacuum condition, at 383 K and for at least 12h. The
dead volumes corresponding to the volumes non-occupied by the solid phase were determined from helium expansion
measurements carried out at ambient and sample cell temperature, respectively.

3.4.7. Water contact angle measurement

The water contact angle can be used as an indicator of a surface wettability. It is known that 6 < 90° signifies that
the sample is hydrophilic, if 90° <0 < 120°, the sample is hydrophobic and if 6 > 120° the sample is super-hydrophobic.
Water contact angle was measured using the sessile droplet method. A distilled water droplet was deposited from a
syringe on the surface of the samples. An image of the water droplet was immediately taken by a high-speed digital
microscope camera (Amscope MU1000), and the contact angle, 6, between the droplet and the surface of the samples
was determined using the ImageJ software with LB-ADSA plugin that uses Young-Laplace equation for the fitting of
the droplet profile [181, 182]. Each test was repeated five times, and the reported results were the average of these

five measurements.

3.4.8. H,0 adsorption isotherm and ageing under humid atmosphere analysis
The measurement of H.O adsorption isotherms was done using Micromeritics 3Flex manometric analyzer by
analogy with N2 physisorption. The experimental isotherm data were collected at 298 K from 0 to 2.1 kPa, which
correspond to relative humidity (RH) of 0-60% at this temperature. Prior to each measurement, samples were degassed

under dynamic vacuum at 393 K for 12 h, and the sample holder dead volume was measured using helium expansion.

Ageing of the samples under the effect of moisture was performed by exposing materials to the ambient air at 298
K in a room with controlled relative humidity (RH) of 40 + 5% for the duration up to 3 months. The stored samples
were then characterized by measurements of N, and CO; adsorption isotherms at 77 and 298 K respectively up to 1
bar.
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3.5. Results

3.5.1. Materials structure verification

a) HKSUT-1 composites synthesized from extrusion

The structural and composition analysis of the samples was performed by powder XRD. Figure 3-9 illustrates
XRD peaks observed for HKUST-1/TPU, HKUST-1/PLA, pristine HKUST-1, TPU as well as PLA. Neat PLA
exhibits strong characteristic peak at 16.8 ° due to diffraction from (110) and/or (200) planes. The less intense peaks
at14.7 °,19.1 ° and 22.4 ° correspond to (010), (203), and (105) planes respectively [183, 184]. Meanwhile, pure TPU
exhibits a characteristic broad peak around 20 ° due to the diffraction from (110) planes of the TPU soft segments
[185, 186], subjected to a high degree of disorder. The XRD profiles for both neat PLA and TPU used in this work,
suggest that the former is semi-crystalline whereas the latter is amorphous. HKUST-1 powder exhibits XRD peaks at
6.7 °,9.5° 116 ° and 13.4 ° that can be assigned to the (200), (220), (222) and (400) crystal planes of HKUST-1
[187, 188].
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Figure 3-9: (a) XRD of HKUST-1, HKUST-1/PLA and PLA. (b) XRD of HKUST-, HKUST-1/TPU and TPU.

The structural analysis of the HKUST-1/PLA system shows that HKUST-1 characteristic peaks are also present
in the composite. In addition to that, characteristic diffraction peaks corresponding to the neat PLA can also be
observed in the composite, specifically at 16.8 °. At this position, the doublet peaks can be observed for pristine
HKUST-1, where the intensity of the first peak of the doublet is smaller than the second. Interestingly, the intensity
of the first and second peaks of this doublet becomes similar in the case of HKUST-1/PLA, which can be related to
the main signal coming from PLA. Meanwhile, characteristic peaks associated with pristine HKUST-1 are also present
in the XRD pattern of HKUST-1/TPU system. However, the presence of TPU is not easily distinguishable in HKUST-
1/TPU composite, which is not surprising considering that TPU known as an amorphous polymer [171, 189, 190] thus
the presence of its characteristic broaden peak is somewhat difficult to be identified in the XRD analysis signature of

that composite.
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Figure 3-10: (a) FTIR of HKUST-1, neat PLA and HKUST-1/PLA extrudate. (b) FTIR of HKUST-1, neat TPU and
HKUST-1/TPU extrudate

Analysis of FTIR spectra enables to further analyze the composition of the HKUST-1/thermoplastic composites.
Figure 3-10-a shows the FTIR spectra of HKUST-1/PLA extrudate, pristine HKUST-1 and PLA. PLA is made up of
lactic acid, which is rich in carbon chain containing C=0 groups. The band at 1750 cm can be assigned to the presence
of carbonyl groups for both the PLA and the extrudate samples. In addition, both HKUST-1/PLA extrudate and PLA
spectra exhibit peaks at 1184 cm™ and 1090 cm, originating from the symmetric and antisymmetric stretching
vibrations of C-O groups. Next, peaks with small intensity at 956 cm™ and 871 cm%, observable in FTIR spectra for
both materials, correspond respectively to the in plane bending vibrations (rocking vibration) of CH3 and vibration of
(C-COO0) groups [191]. Furthermore, HKUST-1/PLA spectrum also exhibits bands similar to the ones observed for
pristine HKUST-1. Both spectra of HKUST-1 powder and HKUST-1/PLA extrudate exhibit characteristic asymmetric
vibrations of carboxylate groups at 1500-1700 cm and symmetric vibrations at 1300-1500 cm™ [113]. The peak at
1650 cm! is assigned to the C=0 stretching vibration of deprotonated benzene tricarboxylic acid [192], whereas the
bands at 490 cm™ and 727 cm™ correspond to the copper-oxygen bond (Cu-O) and aromatic C-H bending of benzene
rings [193, 194].

Figure 3-10-b compares the FTIR spectra between HKUST-1, TPU and HKUST-1/TPU materials. Several
characteristic bands of TPU could be observed on the spectrum of HKUST-1/TPU: polyurethane C—N bond stretching
at 1535 cm; stretching vibrations of non-hydrogen bonded-C—(C=0)-O- (ester group) at 1225 c¢cm!; stretching
vibration of hydrogen bonded —-C—(C=0)-O- at 1061 cm™. However, the characteristic peaks at 1730 and 1705 cm™,
which correspond to C=0 stretching, does not properly appear in the spectrum of HKUST-1/TPU composite [195,
196]. In addition to that, similar characteristic HKUST-1 peaks, which were already explained in the previous

paragraph, could also be observed in the HKUST-1/TPU spectrum.

To summarize, both XRD and FTIR analysis point out the presence of HKUST-1 and PLA in the HKUST-1/PLA
composite. However, the signature of TPU cannot be distinguished from XRD analysis of the HKUST-1/TPU sample,

which may be due to the amorphous structure of the thermoplastic. FTIR analysis shows some characteristic peaks of
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TPU in the HKUST-1/TPU composite, while peaks corresponding to the pristine HKUST-1 remains visible in the
HKUST-1/TPU.

b) HKSUT-1 composites synthesized from additive manufacturing

Evidence of incorporation of HKUST-1 and PLA in 3D printed HKUST-1/PLA fabricated through FDM
technology, was investigated through XRD analysis. Figure 3-11-a shows the comparison of XRD patterns between
3D printed HKUST-1/PLA, extruded HKUST-1/PLA, pristine PLA and pristine HKUST-1. Once again, the presence
of HKUST-1 inside the 3D printed HKUST-1/PLA structure is evidenced by the presence of its characteristic peaks.
Interestingly, the characteristic peak of PLA at 16.8 ° is clearly distinguishable in the XRD pattern of 3D printed
HKUST-1/PLA. This is attributed to the high loading of PLA (70 % in mass) present in the 3D printed material.
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Figure 3-11: (a) XRD of PLA, HKUST-1, HKUST-1/PLA and 3D printed HKUST-1/PLA. (b) FTIR of HKUST-1,
neat PLA and 3D printed HKUST-1/PLA.

Figure 3-11-b shows the FTIR spectra of 3D printed HKUST-1/PLA, pristine HKUST-1 and PLA. It can be
observed that all characteristic peaks of PLA are clearly distinguishable in 3D printed HKUST-1/PLA spectrum.
Characteristic peaks of HKUST-1 at 490 cm™ and 727 cm™, corresponding to the copper-oxygen bond (Cu-O) and
aromatic C-H bending of benzene rings, are barely visible in 3D printed HKUST-1/PLA IR spectrum.

To conclude, the combined XRD and FTIR analysis on 3D printed HKUST-1/PLA reveals that both PLA and
HKUST-1 components are present in the composite material, which verifies the successful shaping of HKUST-1

adsorbent via additive manufacturing using FDM technology.
3.5.2. Morphology of samples

a) Extruded HKUST-1 composites

Scanning electron microscopy (SEM) imaging was used to characterize the surface morphology of adsorbent
materials. Figure 3-12 compares the morphology observed between HKUST-1/TPU, HKUST-1/PLA and pristine
HKUST-1. Most of pristine HKUST-1 particles exhibit an octahedron shape, which is the reported morphology of

Basolite C300 [197]. A minor fraction of large crystallites of irregular shape probably signifies the presence of defects
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induced by the synthesis route. An interesting observation that can be highlighted for both composites is the
arrangement of polymer binders and HKUST-1 crystallites within the composites. In HKUST-1/TPU composite, MOF
crystallites are held together by a fibrous network of TPU polymer, whereas in HKUST-1/PLA material, crystallites
are surrounded by continuous PLA matrix. In both composites, particles of HKUST-1 are not totally encapsulated by

their respective polymeric binder after shaping, thus remaining accessible for gas adsorption. This can be attributed to

the low loading amount of thermoplastic binder, which reduces the likelihood of particle encapsulation.

Figure 3-12: SEM image of (a) HKUST-1. (b) HKUST-1/PLA. (c) HKUST-1/TPU.

The Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted on both composites to investigate
elements present in the systems. Chemical cartography of the surface was performed in order to characterize the
distribution of C and Cu elements between MOF and polymer. Figure 3-13-a and 2-13-c display elemental mapping
for HKUST-1/PLA and HKUST-1/TPU, respectively. The mapping reveals a uniform distribution of C element
(represented by blue color) over the surface of composites as it is present in both MOF particles and binders. However,
Cu element (represented by red color) has a more heterogenous distribution, as it is only present in HKUST-1 particles.
By combining the mapping of Cu and C elements together, it can be observed that there is a clear separation between
the Cu element in HKUST-1 and C element in the polymeric binder in both composites. This observation indicates
the absence of HKUST-1 alteration with following Cu transfer in polymer phase upon composite formation. It should
be noted here that the greyish section in the elemental mapping corresponds to the area where EDS analysis is unable

to detect the elements due to shadowing.

EDS spectra of HKUST-1/PLA and HKUST-1/TPU are presented in Figure 3-13-b and 2-13-d, respectively.
Qualitatively, the peaks corresponding to the expected main elements in the composites (C, O and Cu) were identified.
C and O elements are present in both HKUST-1 and polymeric binder, whereas Cu element is only present in HKUST-
1. In addition, the platin (Pt) element detected in the EDS analysis correspond to the coating that was done on the
sample prior to the analysis. It should be noted that the difference of an element’s relative content in HKUST-1/TPU
and HKUST-1/PLA are not exploited as the samples used for the analysis were not flat, which renders the quantitative
analysis of EDS unreliable. Nevertheless, peaks for EDS spectra measured for HKUST-1 composites were similar to
that of powder HKUST-1 reported in other studies [198, 199] (Figure 3-13-e), albeit with different intensity.

Nevertheless, this confirms the preservation of HKUST-1 particles upon composite formation.
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Figure 3-13: (a) EDS mapping for HKUST-1/PLA. (b) EDS spectra for HKUST-1/PLA. ¢) EDS mapping for
HKUST-1/TPU. (d) EDS spectra for HKUST-1/TPU (e) EDS spectra for HKUST-1 powder from study [198].

b) HKSUT-1 composites synthesized from additive manufacturing

Surface morphology of 3D printed HKUST-1/PLA is shown in Figure 3-14. A much lower number of MOF
particles are exposed on the surface and most of them feature an irregular shape, different from octahedrons like for
the pristine material. The observed cleavage of MOF crystallites in smaller fragments is likely due to the high stress
applied onto the particles during the synthesis process (fabrication of filament and/or 3D printing of filament). The
encapsulation of MOF crystallites in PLA limits the accessibility of gas towards the particles, thus degrading

adsorption performances of the materials (discussed below).
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Figure 3-14: SEM image of 3D printed HKUST-1/PLA.

3.5.3. Thermal properties of materials
a) Extruded HKUST-1 composites

In a study by Doman et al. [200], thermal decomposition of HKUST-1 has been well described. In an inert
atmosphere, the degradation of HKUST-1 could be observed at several temperature ranges. Generally, the first mass
loss in HKUST-1 occurred at a temperature range of 373-423 K, and is attributed to the evaporation of water entrapped
inside of microporous porous network. The next mass loss (very small quantity) usually occurred at 433-523 K region,
which leads to the release of organic vapor originated from esters, carbon dioxide and water vapor. The last mass loss
occurred in the region 553-583 K, which results in a release of a large amount of volatiles due to the degradation of
the organic BTC ligand (approximatively 1.7 ratio of linker-to-metal weight loss). The solid residue remaining after
583 K mainly consists of CuO and Cu,O as a minor constituent. The presence of the latter signifies a partial reduction

of Cu(ll) by organic species during heating.

Thermal degradation of PLA has also been well described [174]. The decomposition temperature of PLA is
normally in the range of 503-533 K. The mechanism of the thermal decomposition for PLA starts with hydrolytic
degradation by water traces followed by lactide reformation, oxidative main-chain scission and inter- or intramolecular
transesterification reaction. During the decomposition process of PLA several gaseous products are formed. Among
the major species determined by FTIR analysis [201], figure volatile aldehyde, carbon dioxide and carbonyl
complexes. Traces of water could also be produced during the degradation of PLA due to fragmentation of lactide

oligomer

The degradation of TPU polymer has been extensively studied in literature. In 1972, Wooley studied the thermal
decomposition in nitrogen atmosphere of polyurethane made up of polyethers and polyesters [202]. It was shown that
the decomposition behavior of both polyurethane types has a similar pathway. Wooley proposed that polyurethane
degradation starts at the temperature range of 473-573 K, where a complete loss of diisocyanate unit occurred and
leads to the formation of a nitrogen-free polyol residue. At the immediate temperature range (573-1073 K), polyol

residue continues to decompose, forming complex products which probably consist of hydrocarbons and oxygenated
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species. Finally, at high temperature (1073-1273 K), the residue decomposes into nitrogen-containing products of low
molecular weight (mainly hydrogen cyanide, acetonitrile, acrylonitrile, pyridine and benzonitrile). A similar study
was conducted by Herrera et al. [203], regarding the thermal decomposition under nitrogen flow of TPUs made up
from different polyol (polyethers and polyesters) and 4,40 -diphenylmethane diisocyanate (MDI). Both TPUs exhibit
two distinct peaks on their respective TA-curves at temperature range of 623-758 K, as well as mass losses above
1023 K. Carbon dioxide was found to be the most abundant product during the first step of degradation in nitrogen,
indicating the scission of the urethane bond. In addition to that, the TPU synthesized with polyethers losses around
85% of its initial mass, while the polyester-based TPU mass losses attain 90%. This deviation is attributed to the
difference in the oxygen-content of the used polyols. For the second degradation stage in nitrogen, a much more

complex mixture of product originated from polyol-segment was observed.
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Figure 3-15: TGA profile for TPU, PLA, HKUST-1 and its composites.

The TGA profiles for pristine HKUST-1, its composites, as well as for neat PLA and TPU are shown in Figure
3-15. The first weight loss of the pristine HKUST-1 used in this study occurs at 373 K, followed by gradual mass loss
in the range 433-523 K and ends with a sharp mass loss at 613 K. This TGA profile is similar to the one previously
reported in the study by Doman et al. [200]. Thermal degradation of neat PLA starts at a slightly higher temperature
than the one reported in literature [174] (593 vs. 533 K). Meanwhile, the profile of the TPU thermal degradation
starting at 553 K, is perfectly in line with that for polyurethane reported in [202]. TGA curve for TPU exhibits two
distinct peaks in the ranges 553-613 K (decomposition of polyol groups in soft segments) and 663-733 K

(decomposition of urethane bonds in hard segments) [204, 205].

The thermal degradation of HKUST—1/TPU and HKUST—1/PLA proceeded in two steps; a first mass loss
occurred between 350 K—410 K, which corresponds to a 3% and 5% weight loss for HKUST—1/TPU and
HKUST-1/PLA, respectively. This initial mass loss was associated with the evaporation of leftover solvent molecules
(chloroform, DMF or methanol) that remain trapped inside the pores. The second mass loss started around 560 K and
590 K for HKUST—1/TPU and HKUST-1/PLA, respectively, which can be attributed to the start of the framework

and polymeric binder degradation. Moreover, the decomposition behavior of both hard and soft segments of TPU is
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no longer distinguishable in the HKUST-1/TPU composite. It can be observed that both HKUST-1/TPU and HKUST-
1/PLA composites display a lower degradation temperature than pristine HKUST-1 and their respective pure
polymeric binders. This can be attributed to the presence of metal in MOF particles that may act as a catalyst for

polymer degradation, as concluded in several other studies [206, 183, 151].

b) HKUST-1 composite synthesized from additive manufacturing

The TGA profile of a 3D printed HKUST-1/PLA together with that for pristine HKUST-1 and neat PLA, are
shown in Figure 3-16. As expected, a similar pattern of thermal evolution can be observed as for extruded
HKUST1/PLA. It involves two steps of weight loss: at around 323-573 K, attributed to the evaporation of guest solvent
molecules that remain trapped inside the pores, and a second weight loss at 584 K, attributed to the collapse of the
framework as well as degradation of PLA. This result shows that degradation pattern of HKUST-1/PLA composite
produced either through extrusion or additive manufacturing have similar thermal degradation behaviors. Therefore,
it can be concluded that different binder loading content in a composite does not have a significant impact on the final

material’s thermal stability.
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Figure 3-16: TGA profiles for pristine HKUST-1, PLA and 3D printed HKUST-1//PLA.

3.5.4. Mechanical resistance
In the existing literature, multiple mechanical properties of granulated porous solids and MOFs were used to
evaluate and quantify their mechanical properties such as elastic moduli and tensile strength [207, 208, 209], hardness
[210] and attrition/abrasion strength [211, 179]. However, in spite of the growing trend towards reporting the
mechanical properties of shaped MOFs, these are usually not compared to industrial standards for their proposed

applications [207].

In this work, an attrition strength is considered as an indicator of mechanical resistance of HKUST-1 composites,
because adsorbents with a high attrition value could lead to bed clogging or an increase in pressure drop inside the

adsorption column. The attrition test was conducted by referring to the test of D4058—96 ASTM norm [212], where
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solid samples are rotated for a fixed number of revolutions in a cylindrical drum. Fines produced by attrition and
abrasion in the test are determined by sieving through a standard sieve.

Table 3-6 compares the attrition values measured for the HKUST-1/TPU and HKUST-1/PLA along with
commercial adsorbents and MOF extrudates from other studies. It could be observed that HKUST-1/TPU is only
slightly lower in attrition value in comparison to HKUST-1/PLA (0.4% vs 0.5%), but both samples possess a
comparable mechanical resistance attrition with other commercial adsorbents, as reported in [207]. In addition to that,
3D printed HKUST-1/PLA does not exhibit any mass loss due to attrition after the test, which can be explained by a
high loading of PLA increasing its mechanical stability. Considering that the materials used in developing the
D4058-96 ASTM standard method exhibited attrition less than 7 % [212], which is higher than that of HKUST-1/PLA
,HKUST-1/TPU and 3D printed HKUST-1.PLA, it is reasonable to conclude that all synthesized HKUST-1
composites have a good resistance to attrition.

Table 3-6: Attrition percentage of HKUST-1/TPU, HKUST-1/PLA, 3D printed HKUST-1/PLA, conventional
zeolite adsorbents and MOF extrudates.

Sample Attrition loss (% wt) Reference
HKUST-1/TPU 0.4
HKUST-1/PLA 0.5 This study
3D printed HKUST-1/PLA 0
Zeolite 3A <0.2
4A <0.2
[207]
5A <0.2
13X <0.2
AC-Norit RZN; 0.2
. [179]
UiO-66 extrudate 14

3.5.5. Textural properties
a) Extruded HKUST-1 composites

The specific surface areas of samples were determined using the BET model applied to nitrogen adsorption
isotherms measured at 77 K. In the first step, the N, adsorption isotherms of pure TPU and pure PLA were measured
to verify whether the binding agent used for the shaping is porous or not. Figure 3-17 shows that both polymeric

binders adsorbed negligible amounts of Ny, thus signifying a non-porous character of both materials.
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Figure 3-17: N, adsorption isotherms for TPU and PLA. Filled and unfilled symbols signify adsorption and
desorption branches respectively

As a next step, N adsorption isotherms of HKUST-1 powder and its composites obtained by extrusion were
investigated. Figure 3-18 shows the adsorption isotherms in both linear and logarithmic scales. All isotherms feature
a shape I type relevant of microporous solids [213]. The N2 adsorption capacities of HKUST-1/TPU and HKUST-
1/PLA are slightly larger than that of pristine HKUST-1, which signifies that HKUST-1 particles in both composites
remain accessible for gas diffusion, as evidenced by SEM imaging at micron scale. In addition to that, it can be seen
that nitrogen filling at pressure range p/po< 10 is different for both composites when compared to pristine HKUST-
1. This indicates some changes related to the accessibility of the primary adsorption sites located in the microporous
domain after shaping.
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Figure 3-18: N, adsorption isotherm plots for HKUST-1/TPU, HKUST-1/PLA and HKUST-1 in (a) linear scale and
in (b) log scale
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Table 3-7: BET Surface areas, pore volumes of HKUST-1, HKUST-1/TPU and HKUST-1/PLA

Sample Seet (M?/g)  Micropore volume (cm3/g)  Total pore volume (cm?®g)
HKUST-1 1500+ 4 0.46 0.65
HKUST-1/TPU 1557 £ 28 0.50 0.65
HKUST-1/PLA 1528 + 17 0.54 0.65

Table 3-7 summarizes the BET surface areas and the pore volume data derived from the 77K-N, adsorption
isotherms for HKUST-1/TPU, HKUST-1/PLA and pristine HKUST-1. The micropore volumes and BET surface areas
of both HKUST-1/TPU and HKUST-1/PLA are slightly larger than that of pristine HKUST-1. This result is surprising
because, as reported by numerous studies [214, 215, 216], the introduction of non-porous binder required for the
shaping usually degrades textural and gas adsorption properties of porous materials. Most probably, the observed trend
can be explained by the effect of “washing” of pristine HKUST-1 with the solvents (DMF or Chloroform, Methanol)
during the shaping process. To verify that immersion in solvents influences the porosity and BET surface area of
HKUST-1, pristine MOF powder was washed in methanol, DMF and chloroform respectively, for three times
(hereafter will be referred as “methanol washed HKUST-1”, “DMF washed HKUST-1" and “Chloroform washed
HKUST-17), and then subsequently characterised by N adsorption at 77 K (Figure 3-19 and Table 3-8). As expected,
when pristine HKUST-1 is rinsed with these solvents, an increase in the BET surface area of the pristine adsorbent is
observed. This indicates the presence of some residual reactant(s) in micropores of the MOF material directly received

from the manufacturer.

As both HKUST-1/PLA and HKUST-1/TPU have a commonality of being washed with methanol at the end of
their respective synthesis process, their BET surface area are compared with that of methanol-washed HKUST-1. It
could be observed a difference of 22% and 20% for HKUST-1/PLA and HKUST-1/TPU respectively, in comparison
to methanol-washed HKUST-1. These deviations are larger than 10% which is the expected minimal reduction in the
surface areas of the composites considering the 10% mass loading of hon-porous binder introduced in their synthesis.

Therefore, it is likely that partial micropore blockage does occur in the composites due to the shaping process.
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Figure 3-19: N adsorption isotherms of HKUST-1 and solvent-washed HKUST-1.

Table 3-8: BET Surface area, pore volume of HKUST-1 and the respective solvent-washed HKUST-1.

t-plot Micropore volume Total pore volume

Sample Seet (M?/g) (cm?/q) (cm?/g)
Pristine HKUST-1 1500 + 4 0.46 0.65
DMF washed HKUST-1 1616 + 45 0.46 0.65
Chloroform washed HKUST-1 1762 + 20 0.51 0.72
Methanol washed HKUST-1 1956 * 47 0.60 0.79

b) HKUST-1 composite synthesized from additive manufacturing

Figure 3-20-a shows the N2 adsorption isotherms of HKUST-1, PLA and 3D printed HKUST-1/PLA. Their BET
surface areas and pore volumes are summarized in Table 3-9. It can be observed that 3D printed HKUST-1/PLA
suffers significant reductions in N2 adsorption capacity, BET surface area, and pore volume in comparison to the
pristine HKUST-1. This finding is coherent with the results of SEM imaging, which revealed that MOF particles in
the 3D printed composite are encapsulated by PLA, thus limiting their exposure to gas phase. Furthermore a severe
degradation of CO; adsorption capacities of the 3D printed material in comparison to pristine HKUST-1 (Figure 3-
20-b), demonstrate that 3D printed HKUST-1/PLA could not be considered for CO2/CHa separation as the high loading
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amount of the binder causes pore blockages. It was then decided to stop further analysis of this material due to this

discouraging finding.
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Figure 3-20: (a) N2 adsorption isotherms of HKUST-1, PLA and 3D printed HKUST-1/PLA. (b) CO; adsorption
isotherms of HKUST-1 and 3D printed HKUST-1/PLA

Table 3-9: BET Surface area, pore volume of HKUST-1, PLA and 3D printed HKUST-1/PLA.

SBET

Sample mlg) Micropore volume (cm®/g) Total pore volume (cm?®/g)
m</g
HKUST-1 1500 0.46 0.65
PLA 3 0 0
3D printed HKUST-1/PLA 70 0 0

3.5.6. Ageing analysis and hydrophilicity

a) Ageing of materials

HKUST-1 is known to be sensitive to water as its open-metal sites have a high affinity to H.O molecules, resulting
in the formation of Cu-O bonds and disintegration of HKUST-1 framework [20] [139]. Figure 3-21 displays the H.O
adsorption isotherms for HKUST-1-TPU, HKUST-1-PLA and pristine HKUST-1 at 298 K. As expected, pristine
HKUST-1 is able to adsorb a larger quantity of water in comparison to the extruded composites when the relative
humidity (RH) increases. Furthermore, the accessible pores of pristine HKUST-1 start to be completely filled with
water at P/Pg = 0.17. Meanwhile, the presence of either TPU or PLA in the composite has an effect on lowering the
quantity of adsorbed water molecules as the relative pressure increases. It is possible that the polymeric binder partially
hinders the access of water molecules to certain open metal-sites in HKUST-1. Interestingly, it can be noticed that the
accessible pores in HKUST-1-PLA start to be filled with water at a similar relative pressure than pristine HKUST-1,
while this is not the case for HKUST-1-TPU, as completion of adsorption only comes at higher relative pressure P/Pg

~ 0.27. This can be explained by the hydrophobic nature of TPU, reducing the interaction intensity of the adsorbent
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composite with water. Pristine HKUST-1 powder in this work demonstrates H,O adsorption capacity of 32 mmol/g at
saturation and temperature of 298 K, which were considered high as traditional adsorbent such as commercial silica
exhibited H,O adsorption capacity of 25 mmol/g at similar temperature [217].
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Figure 3-21: H,O adsorption-desorption isotherm plots for HKUST-1-TPU, HKUST-1-PLA and HKUST-1 at 298
K.

In addition, samples have been subjected to multiple cycles of H,O adsorption isotherm acquisition at 298 K. This
analysis allows the observation of HKUST-1 adsorption performance degradation after the exposure to water vapor
upon multiple cycles of adsorption-desorption. The desorption step is similar to the adsorption procedure, that is, the
acquisition of desorption points was performed by decreasing the relative pressure until p/po = 0.03 followed by fixed-
dose mode until p/po = 0.01. The aliquot was adjusted between 1.3 and 2 mmol H,0/g. To reach the equilibrium
conditions, the equilibration time for each isotherm point after aliquot injection was adjusted until pressure
stabilization, but not exciding 1h/point.

Figure 3-22 shows the evolution of the H,O adsorption capacities for HKUST-1 and its composites during 5
continuous H»0 adsorption-desorption cycles. The most notable observation is the fast degradation of H.O loading by
pristine HKUST-1 upon cycling, related to the alteration of open metal sites when exposed to water molecules.
Meanwhile, the H,O adsorption capacity for HKUST-1/PLA is only slightly reduced under the same conditions, which
indicates that PLA presence in the composite slows down material’s degradation. Finally, HKUST-1/TPU displays a
consistent H,O uptake after each cycle, which indicates no significant degradation of the material, most probably due

to the higher hydrophobicity of TPU in comparison to PLA.
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Figure 3-22: Variation of H,O adsorption capacity for HKUST-1, HKUST-1-PLA and HKUST-1-TPU after
multiple cycles of adsorption equilibrium.

To further evaluate the stability of MOF composites exposed to moisture, samples were stored in a humid environment
(RH =40 + 5% and controlled temperature of 298 K) for the duration of 3 months and several re-characterizations of
the samples (N2 and CO; adsorption isotherm analysis) were performed during this period on a monthly basis.
Considering the H.O isotherm data previously obtained for HKUST-1 and its composites, the tested air RH was
sufficiently high to ensure a complete micropore filling with water from the atmosphere. Figure 3-23-a presents the
variation of the BET surface areas for HKUST-1-TPU, HKUST-1-PLA and pristine HKUST-1 after 3 months of
storage in humid environment. As expected, pristine HKUST-1 shows a degradation of its BET surface area after 3
months of storage in the humid environment. Meanwhile, HKUST-1-PLA has a similar degradation pattern as pristine
HKUST-1 during the 1%t month of storage, but the texture seems to stabilize after 1 month. Interestingly, HKUST-1-
TPU exhibits a less sensitivity to degradation under humid exposure than HKUST-1-PLA during the 1% month, which
moreover seems to be halted after 1 month of storage. We hypothesized that TPU being more hydrophobic than PLA,
it contributes to a slower degradation of HKUST-1 in the composite. Additionally, both polymeric binders may have
hindered access towards the MOF open metal sites, which are the preferential adsorption sites for water molecules,
and that can also explain the stabilization of the degradation for both composites after 1 month of storage. Additionally,
similar patterns of degradation in the CO; adsorption capacities of the different samples measured at 298 K and 1 bar

can be observed (Figure 3-23-b).
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Figure 3-23: Variations of (a) BET surface areas and (b) CO, adsorption capacities for HKUST-1, HKUST-1-PLA
and HKUST-1-TPU extrudates stored in humid condition for 3 months.

b) Characterization of hydrophobicity of thermoplastics

A surface is considered hydrophobic when its static water contact angle, Owater iS >90 ° and assumed as hydrophilic
when Owater 1S <90 ° [218]. In literature, TPU is known to be more hydrophobic than PLA [219, 220] and we have
subsequently verified this by conducting surface wettability tests on the surface of both thermoplastic (Figure 3-24).
The average water contact angle for TPU and PLA are presented in Table 3-10. It can be deduced that TPU is more
hydrophobic than PLA, based on water contact angle value of each polymer. Therefore, the presence of a more
hydrophobic TPU as a binding agent in comparison to PLA is the reason for improvement of moisture stability of

HKUST-1 composite observed in this work. This finding corroborates those reported in other studies [221, 222, 223],

relating the presence of a hydrophobic polymer with increasing moisture stability of a MOF’s composite.

AR, A

Figure 3-24: Image of water drop onto the surface of PLA (left) and TPU (right).

Table 3-10: Average value of water contact angle on the surface of TPU and PLA.

Polymer Average contact angle (°)
PLA 66.9
TPU 90.3
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3.6. Conclusion

In this chapter, three shaping processes of HKUST-1 powder using two different thermoplastic binding agents
were investigated. The first shaping process involves the extrusion of HKUST-1 with 10 wt% of binding agent, either
TPU or PLA. The second shaping process involves the printing of HKUST-1 by additive manufacturing using FDM
technology. This method was only tested using PLA as the binding agent and requires the fabrication of HKUST -
1/PLA filament, which in turn requires a high loading amount in mass (70%), followed by printing of the filament.
The third shaping process of HKUST-1 involves additive manufacturing using the FGF printing technology. The FGF
was applied to manufacture HKUST-1/TPU composites starting from the extruded material as prepared in the first
shaping process. As the shaping process by FGF technology is still in the early stage of tests, there is no suitable
example of composite that could be used for subsequent analysis. Composites synthesized from the first and second
shaping processes were then characterized to verify the preservation of HKUST-1 crystallites in the composites. XRD
and FTIR analysis results show that HKUST-1 particles are present in composites without subsequent alteration. In
addition to that, SEM imaging reveals that the external surface of the HKUST-1 particles in composites elaborated by
extrusion are not fully covered by the polymeric matrix and remain accessible to gas, whereas SEM images of 3D
printed HKUST-1/PLA show a significant encapsulation of MOF crystallites by PLA, being at the origin of a limited
gas access to the MOF’s porous network. Apart from that, all composites synthesized either by extrusion or by additive
manufacturing (FDM) process have sufficient mechanical stability to be employed as adsorbents inside fixed-bed
columns in a gas treatment unit. Nitrogen adsorption isotherms reveal that both HKUST-1 composites synthesized via
extrusion have a higher BET surface area than the pristine form (1500 m?/g), which is attributed to the effect of
washing of the samples with methanol at the end of the shaping process that helps to remove any subsequent impurities
remaining in the pores. However, it should be noted that both HKUST-1/PLA and HKUST-1/TPU exhibit a lower
BET surface area (22% and 20% respectively) in comparison to methanol-washed HKUST-1, which is an indication
of partial pore blockage occurring inside the composites. Meanwhile, the nitrogen adsorption isotherm of 3D printed
HKUST-1/PLA reveals a significant reduction in the BET surface area (70 m?/g) after shaping. This is due to the
presence of a high amount of non-porous PLA polymer in the sample, which leads to the encapsulation of HKUST-1
particles and hence prevent them from being accessible to gas. Based on the obtained results, it is clear that only
HKUST-1 composites synthesized by extrusion present a potential to be used as an adsorbent for CO2/CH, separation,
whereas 3D printed HKUTS-1/PLA exhibiting a poor porosity cannot be considered as a good adsorbent candidate.
Finally, the effect of hydrophobicity between TPU and PLA was quantitatively investigated, and it was verified that
the former is more hydrophobic than the latter. It was so revealed that the use of a more hydrophobic thermoplastic as
a binding agent helps improving the moisture stability of HKUST-1 based composites, as their degradation rate was
reduced in presence of moisture. As only HKUST-1 composites synthesized via extrusion results in encouraging
results, only HKUST-1/PLA and HKUST-1/TPU as well as pristine HKUST-1 are further analyzed for CO,/CH.
adsorption analysis in next chapter.
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CHAPTER 4: Adsorption performance of materials

This chapter focusses on the analysis of CO2/CH, adsorption for HKUST-1 composites synthesized via extrusion as
well as pristine HKUST-1. For that, the first section will be focusing on the presentation of thermodynamics aspect of
an adsorption phenomenon. Several theoretical models that could be utilized to describe the adsorption equilibria of
pure gases will be explained together with the principles of adsorption enthalpy calculations. Additionally, the
formalism of Ideal Adsorbed Solution Theory (IAST) to describe the co-adsorption isotherms for multi-component
gas mixtures will also be introduced. Next, the second section of this chapter explains experimental techniques adopted
for the measurements of pure gas adsorption isotherms under different pressure and temperature conditions. Finally,
the last section will be revolving around the results of experimental pure gas adsorption isotherms of the synthetized
composites, their respective adsorption heats values as well as the prediction of CO./CH,4 co-adsorption isotherms,
CO, working adsorption capacity and selectivity for each material as to assess the potential performance of the

synthesized materials when being applied as an adsorbent for CO2/CH4 separation in PSA process.

4.1. Modelling of adsorption thermodynamics

4.1.1. Generality
Adsorption is a phenomenon of molecules or ions transfer from a fluid (liquid or gas) to an exposed solid surface
or a porous space. This process depends on the existence of a force field of a surface, which reduces the potential
energy of an adsorbed phase below that of the ambient bulk phase. The inverse phenomenon from that leads to the
desorption of gas molecules. The gas molecules that were adsorbed by solid is called adsorbate, whereas the solid

where the adsorption took place is called adsorbent.
Adsorption can be classified into two main types, depending on the nature of interaction forces at the surface:

e Physical Adsorption (Physisorption): This type of adsorption results from weak dispersion-repulsion
interactions (van der Waals forces) and other supplementary electrostatic contributions (polarization, field-
dipole and field gradient-quadrupole interactions) between the adsorbate and the adsorbent surface.

Physisorption typically occurs at relatively low temperatures and is reversible.

e Chemical Adsorption (Chemisorption): The forces involved in chemisorption involve a substantial degree of
electron transfer/sharing, which leads to the formation of chemical bonds between the adsorbate and the
adsorbent surface, such as covalent bonds or ionic bonds. This type of adsorption can occur at temperature

significantly higher than room temperature and can be irreversible.

The physisorption is reversible, with low enthalpy (typically ranging from 10 to 40 kJ.mol?) [224] and the
adsorption could be either monolayer, multilayer or take place in the whole adsorption volume (usually micropore

volume). Meanwhile, the chemisorption is usually irreversible, with high enthalpy (typically ranging from 20 to 400
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kJ.molt) [224] and limited to monolayer adsorption. In this work, we restrict in what follows to physisorption
phenomena, as MOF can be classified as physical adsorbents.

The description regarding adsorbent properties and different types of adsorbents typically employed in industry
has already been explained previously in chapter 1 (cf. Section 2.3, page 42) and thus will not be re-elaborate here.
However, it would be beneficial to reiterate here the three different classifications of pores for an adsorbent: (1)
micropores are narrower than 2 nm with subdivision in ultra (<0.7 nm) and super (0.7-2 nm) micropores, (2) mesopores
- pore diameter between 2 and 50 nm, (3) macropores — diameter above 50 nm.

The shape of physical adsorption isotherm is a good qualitative indicator in identifying the textural characteristics
of an adsorbent. In addition to that, the adsorption isotherm graph is also often used to describe the equilibrium
adsorption of a pure gas. According to IUPAC classification [225], the majority of adsorption isotherm could be
classified into six types, as described in Figure 4-1.

v Il

\ VI

Amount adsorbed —»
w

e
Relative pressure

Figure 4-1: Different type of physical adsorption isotherm
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Type I

This type of isotherm is characterized by the constant existence of a horizontal plateau, which represents
saturation of the adsorbent, even as the relative pressure increases. This type of isotherm is usually obtained for

microporous adsorbent, where the filling of the micropores occurred at very low relative pressure.
Type II

This type of isotherm is characterized by the progressive increment of adsorbed quantity with relative pressure
and it is usually obtained for non-porous adsorbent or macroporous adsorbent. This type of adsorbent also indicates a
multilayer adsorption. Point B, which is situated at the starting point of the quasi-linear region of the adsorption graph,

corresponds to a statistical monolayer completion on the adsorbent surface and beginning of multilayer formation.
Type III

This type of isotherm corresponds to the case where the interactions between adsorbate-adsorbent are weaker than
intermolecular interactions in the adsorbed phase. In other words, the adsorbate molecules initially at low pressure
becomes hard to be adsorbed, but once sufficient adsorbate molecules have been loaded on the surface, further uptake

tends to facilitate thanks to the growth of “islands” of the adsorbed phased induced by intermolecular interactions.
Type IV

This type of isotherm exhibits the same shape as isotherm type II in the region of low relative pressure. At a
higher relative pressure, this type of isotherm exhibits a characteristic hysteresis due to capillary condensation

occurring in the mesopores of an adsorbent.
Type V

This type of isotherm is usually obtained from microporous materials with low adsorbate-adsorbent interactions.
The shape of this type of isotherm is similar to that of type Il and Il in the low relative pressure region. At higher

relative pressure, the capillary condensation in the mesopores occurred, as indicated by the apparition of hysteresis.
Type VI

This type of isotherm is usually observed in the case of an adsorption on an energetically homogenous solid
surface. Each step of the horizontal line that appears in the shape of the isotherm as relative pressure increases,

correspond to formation of adsorption layers on the solid surface.

Depending on the structure of the adsorbent used, any type of physical adsorption isotherm shown above would
be obtained. For MOFs, the typical adsorption isotherm shapes are of type I, IV or V [226] [227]. It should be
highlighted that all these isotherm types are typical for fluids under subcritical conditions, i.e. when all the described
phenomena taking place due to intermolecular interactions. However, the shape of adsorption isotherm for
supercritical fluids (e.g.CO2, CH4) might be different from that of IUPAC classification [228].
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Apart from the qualitative information that could be obtained from these adsorption isotherms on the textural
properties of an adsorbent, some quantitative information, such as monolayer adsorption capacity or pore volume,
could also be acquired. For that reason, numerous adsorption models have been developed to describe either for pure

gas or multi-component gas adsorption isotherm, which will be introduced in the following sections.

4.1.2. Adsorption models for pure gas
The adsorption models employed to describe adsorption isotherm for pure gas are not only useful in carrying the
quantitative analysis of experimental isotherms, it is also necessary parameters for the establishment of adsorption
models for multi-component gas and the simulation of adsorption process. In this section, we will present some
adsorption models developed in the literature that were based on Gibbs isotherms, multilayer adsorption models, and

empirical models.

a) Adsorption models based on Gibbs isotherm

Gibbs isotherm serves as a basis for numerous developments of adsorption models. Gibbs isotherm was based on
the thermodynamics of gas and adsorbed phase. Gibbs has demonstrated that at the equilibrium condition, the chemical
potential of both phases are equal [229]. Consequently, an equation known as the general equation of Gibbs isotherms

has been established and could be expressed as:

dn
ngP=? Eq. 4-1

where v, correspond to the molar volume (m*.mol™) of gas phase, P is the pressure of gas phase (Pa), 7 is the spreading
pressure of adsorbed phase (Pa.m) and I is the surface concentration of adsorbed phase (mol.m2). Spreading pressure

of the adsorbed phase plays the same role as pressure in bulk gas phase [229].

R/

« Henry’s law
Henry’s law, which was first developed in 1803 [230], could be considered as the simplest adsorption isotherm

model. The model was developed with the following hypotheses:

1. The adsorbed molecules form a monolayer on the solid surface.

2. The surface of adsorbent is energetically equivalent.

3. The adsorbed molecules are energetically isolated from one another, thus, there are no interactions
between them.

4. Each adsorption site could only accommodate a single molecule.

5. Gas phase is considered ideal.

6. Adsorbed phase behaves similarly to gas phase.

As the adsorbed phase behaves similar to the gas phase, which is considered ideal, thus the equation of state for

adsorbed phase could be expressed as:

mA=nRT Eq. 4-2
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where A is the surface of adsorbent (m?), R is the molar gas constant (J. mol%. K'), T is the temperature (K) and n is
the quantity of adsorbed phase (mol). Eq 3-2 can be further expressed in terms of surface concentration of adsorbed

phase I':

—=— =T Eq. 4-3

Eq. 4-4

By combining both Eq. 4-4 and Eq. 4-3 with the general equation of Gibbs isotherm (Eg. 4-1), following

expression is obtained:

—_— = Eqg. 4-5

Eq. 4-5 reveals a linear relationship between the pressure of the gas phases with the surface concentration of the
adsorbed phase. By expressing the amount of adsorbed phase per mass of adsorbent, g (mol. kg?), instead of surface

concentration, ', Eq. 4-5 can be re-written as:

dq
q ap P = KyP q

Eq. 4-6 is known as Henri’s law, which demonstrates the proportionality of the amount of gas adsorbed with the

pressure of the gas phase. The proportionality factor is called Henry's law coefficient, Kn (mol. kg*. Pa?).

The Henry isotherm model only offers an appropriate fit of the adsorbate adsorption at low pressure and thus
unsuitable to be used in this study, as the adsorption isotherm measurements are done at a pressure higher than ambient
allowing to reach high surface coverage / high degree of micropore filling with adsorbed phase, enabling significant

intermolecular interactions.

®,

+« Langmuir isotherm

Langmuir isotherm model is a two-parameter model that is easy to use and often provides a good approximation
of experimental isotherms. It was developed based on a kinetics principle where the adsorption and desorption rates
are equal, and the adsorption equilibrium will be defined as a state of dynamic equilibrium [229, 231]. The assumptions

of this mathematical model are [232]:
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1. Adsorption occurs in a single layer

2. The surface of adsorbent is energetically equivalent.

3. The adsorbed molecules are energetically isolated from one another., thus, there are no interactions
between them.

4. Each adsorption site could only accommodate a single molecule.

5. Gas phase is considered ideal

Langmuir adsorption isotherm was originally developed in 1916 to describe gas—solid-phase adsorption onto
activated carbon [233]. The Langmuir isotherm equation is given by:

KL'P

T TR P) S 4T

where gm is the maximum adsorption capacity (mol. kg™) and K. (Pa?) is the Langmuir coefficient representing the
theoretical affinity parameter of the adsorption site-adsorbate. In addition, the linearized form of the Langmuir model,

which can be used for data fitting, is given by:

1 1
-
q, 9,K.P)

1
= Eq. 4-8
q q

The Langmuir model describes adsorption isotherms of the type | with saturation at infinite pressure and is
consistent with Henry's model at low pressures. An example on the application of this model to describe an adsorption
isotherm is the work by Zito et al. [234], where Langmuir model was used to fit various experimental adsorption
isotherms of pure gas (H,, CH4, CO,, CO and H,0) on Faujasite NaX and NaY zeolites, at analysis temperature
ranging from 100 to 500 K and analysis pressure up to 5 bar. All experimental adsorption isotherms in this work
display a type | isotherm shape, where a horizontal plateau could be observed after certain equilibrium pressure
indicating saturation adsorption capacity of the adsorbent. It was observed that the Langmuir model fit well the

experimental adsorption isotherms of each pure gas with a value of R? > 0.99.

In another work by Saha, D. and Deng, S. [235], CO adsorption on MOF-5 and MOF-177 was carried out at
analysis temperature of 195 K, 237 K and 298 K as well as analysis pressure up to 1 bar. The obtained experimental

adsorption isotherms was successfully described by Langmuir isotherm at the mentioned analysis condition.

b) Multilayer adsorption model
< Brunauer—-Emmett—Teller (BET)

Brunauer-Emmett-Teller (BET) model is a theoretical equation developed in 1938 [236] and it was an extended
from the classical Langmuir adsorption isotherm with modification from monolayer to ideal multilayer adsorption.
This model made use of the same assumptions as those in the Langmuir model, that is, for each layer, the surface is
energetically homogenous and there is no interaction among adsorbed molecules. In addition to that, it assumes the
formation of multiple layers of adsorbed molecules due to condensation phenomena starting from the second layer.

As the adsorbed molecules on a layer is considered becoming the adsorption site for new molecules of the next layer,
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it is theoretically possible to form an infinite number of layers, N, during adsorption of pure gas, where BET model
could be expressed as:

+

N N+1
CBET'I:% I- [(N—H)' (P%) N (P%) ] \I

a._
b 1_'P£0 \1"‘ [(CBET'I)' p%] - [CBET' (p%)N 1]/

Eq. 4-9

where Cget corresponds to BET constant that relates the adsorption energy of the first layer, Ei, to the liquefaction

energy of the adsorbate, Ei, which could be expressed as:

Copr—el KT Eq. 4-10

Eqg. 4-9 could be further simplified, as demonstrated in [237], where for a known value of Cger, the graph of g/gm
= f (P/, N) superposes with each other for whatever number of adsorption layer, N, at relative pressure less than 0.35.
It could be said that, for a range of relative pressure P/P° < 0.35 (commonly employed for specific surface area

measurements), the BET model can be re-written as:

P
q CBET : p_
0 Eq. 4-11

dm [1+ Coer— 1) (p%)] [1- (P%)]

where the linearized form for Eq. 4-11, as previously introduced in chapter 2, could be obtained:

P/P, 1 Cger-1
- + (P/Py) Eq. 3-2
q(1-P/Py) 4, Ceer  9,,CaET 0 a

It should be noted here that gm signifies the monolayer saturation capacity, BET model is suitable to describe gas-
adsorbent system in which results in the obtention of adsorption isotherm of type II or type III (non-porous solid), that
generally involve the use of N3 as the pure gas at 77 K for the determination of the adsorbent’s specific surface area
[238]. However, when BET model is applied for microporous solid, there is a risk of micropore filling that takes places
in the pores rather than mono or multilayer coverage, which could lead to the overestimation of specific surface area
[239].Thus, the choice of pressure range that respects the consistency criteria by Rouquerol et al. [180] (cf. section

3.4.6, page 75) is crucial in obtaining results comparable between different works.

c) Empirical adsorption models

As there are diverse adsorbent materials with complex structure available today, it is inevitable that assumptions
of models previously presented are unable to be respected, which leads to incompatibility of the adsorption models
with experimental adsorption isotherms. For that purpose, multiple empirical models have been developed throughout
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the years to describe gas-solid adsorption equilibria by various porous solids. Here, we summarize the most common
models applied to describe physisoprption by MOFs.

R/

«» Freundlich model

Freundlich model was originally developed in 1906 [240] and it is the earliest known empirical equation
describing the non-ideal and reversible adsorption process, not restricted to the formation of an adsorbed monolayer.
This model is able to account for multilayer adsorption, considering a non-uniform distribution of interaction

intensities over a heterogenous surface [232]. This adsorption isotherm equation is given by:

1
q=K;-Pi Eq. 4-12

where Kr (mol. kg. Pa*™ is the Freundlich coefficient related to the adsorption capacity and w is the Freundlich
constant representing the heterogeneity of the adsorbent surface. Freundlich model could also be written under a linear

form as follows:

1
logq=logKg + ;LlogP Eq. 4-13

The value for 1/n is generally less than 1 (0 < 1/u<1). When 1/u has the value of 0, it signifies that the adsorption
is constant and thus independent of pressure, whereas when 1/u has the value of 1, it signifies that adsorption is directly

proportional to pressure thus the adsorbent will never become saturated.

However, this Freundlich isotherm model has some theoretical limitations, restricting its experimental validity: it
does not fit the Henry’s law in the low-pressure range and does not predict any finite adsorption capacity at saturation
pressure [231]. An infinite surface coverage in the high-pressure range is thus mathematically predicted, but this has
no physical sense.

R/

+« Langmuir—Freundlich (or Sips) model

The Langmuir—Freundlich (or Sips) isotherm model was developed in 1948 [241], with the consideration of the
surface heterogeneity of an adsorbent, which is contrary to that of the Langmuir model. Additionally, the Langmuir—
Freundlich isotherm reaches a finite surface saturation limit at sufficiently high pressures, opposite to the Freundlich

model. Sips isotherm model is given by:

(K - P)!/"

—~S 7 Eq. 4-14
m (K - P)1/n a

q=q

where Ks (mol. kg. Pal) is the Sips coefficient representing the theoretical affinity parameter of adsorption site-

adsorbate and w is the Sips constant representing the surface heterogeneity parameter.
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In general, Sips model works better than Freundlich model in describing the high-pressure range of an adsorption
isotherm as it takes into consideration the saturation capacity of an adsorbent with a heterogenous surface. However,
Sips model possess the same disadvantage as Freundlich model where it does not follow Henry’s law when pressure
is low [232]. Both the advantage and limitation of this model need to be taken into account before applying it to
describe an experimental adsorption isotherm. As an example, Gargiulo et al. [242] have studied the CO, adsorption
on mesoporous silica SBA-15 functionalized with polyethylenimine, at analysis temperature ranging between 298 K
— 348 K and analysis pressure up to 1 bar. The experimental isotherm obtained in the study shows that at low pressure,
the amount of CO; adsorbed is not proportional to the equilibrium pressure and as the equilibrium pressure approaches
1 bar, a horizontal plateau signifying the saturation with CO; could be observed. Sips model was successfully used to
describe the experimental adsorption isotherm and the value of n obtained is greater than unity, demonstrating a certain

degree of heterogeneity of the studied material.

R/

«» Toth model

Toth isotherm model is another empirical equation developed in 1971 [243] to describe an adsorption with sub-
monolayer coverage, supposing an asymmetrical quasi-Gaussian energy distribution, with most of the sites having an
adsorption energy lower than the peak (maximum) or mean value [231]. It is expressed as follows:

Eqg. 4-15

_ KTP
= T (KR

where Kt (mol. kg. Pa'™) is the Toth coefficient representing the theoretical affinity of adsorption site-adsorbate

and n is the Toth constant representing the surface heterogeneity parameter.

This model reduces to the Langmuir isotherm equation when n equals to 1 [229]. In addition to that, at low
pressure, this model follows Henry’s law [244]. Therefore, the Toth model is suitable to describe an adsorption
isotherm where the amount of gas adsorbed at low pressure is proportional to the equilibrium pressure and there is a
finite saturation capacity at higher pressure region. An example of the application of this model was demonstrated in
the work of Wang et al. [245], where CH,4 adsorption on granulated AC was investigated at an analysis temperature
range of 283 K — 328 K and analysis pressure up to 50 bar. The obtained experimental adsorption isotherm shows that,
at low pressure, the quantity of CH,4 adsorbed is proportional to the equilibrium pressure and at higher pressure, the
apparition of horizontal plateau starts to be observed. Authors confirm that Toth model was able to perfectly fit the

experimental adsorption isotherm of the study.

®,

+«+ Dual-site Langmuir model

The dual-site Langmuir model was developed to model an adsorbent surface with energetic heterogeneities,
supposing two different types of adsorption sites [246]. As this model was derived from the Langmuir model, it retains
the same assumptions, with the exception that each type of adsorption sites acts independently so that the dual-site
Langmuir model results from the sum of the single Langmuir isotherm models applied to for the two types of sites

[246]. It is expressed as follows:
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__ KpL1P __ KprzP
m,1 1+(KDL,1.P) qm,2 1+(KDL,2.P)

q=q Eq. 4-16

where gm,1 and gm,2 (mol-kg™) are the theoretical saturation capacity of gas per unit mass of adsorbent of site 1 and 2
respectively, Kpr1 and Kpr2 (Pal) are the Dual-site Langmuir coefficients representing the theoretical affinity

parameter of adsorption site 1-adsorbate and site 2-adsorbate, respectively.

Since this model is based on a single Langmuir isotherm model, it also exhibits an asymptotic property at low
pressures and there exist a finite limit at high concentration (pressure). A successful implementation of this model for
particular pure gas adsorption isotherm signifies the existence of dual adsorption sites inside an adsorbent towards a
particular adsorbate. Such is the case for the study of Chowdhury et al. [247], where adsorption of CO, and CH4along
with C3Hsg, SFs, and Ar on MIL-101, were measured at three temperatures 283, 319, and 351 K and analysis pressure
up to 10 bar. Authors highlighted that all pure gas adsorption isotherms were successfully modeled by the dual site
Langmuir model, where the adsorption capacity of both sites differs significantly, demonstrating the heterogeneity of
MIL-101 materials.

¢+ Dubinin—-Radushkevitch (DR) model

The Dubinin—Radushkevich model is another empirical isotherm, which was specifically developed in 1947 [248,
229] for modeling of subcritical vapor adsorption onto the micropore solids, obeying a pore-filling mechanism. This
model applied the potential theory developed by Polanyi [249], which assumes a heterogenous “adsorption space”
within which a molecule from the bulk phase loses an amount of potential energy and this potential increases with
closer proximity to the solid surface. When the potential energy of a system is sufficient to bring the vapor to the
saturation pressure, condensation occurs, leading to the liquefaction of the vapor. This condensation, together with the
usually much smaller effects of concentration in the remainder of the adsorption space, accounts for physical

adsorption.

Polanyi has described this adsorption potential, €ads, as:

P
€ads = RTIn <?) Eq 4-17

where gads (J. mol?) is the adsorption potential. According to Polanyi [249], the quantity of adsorbed phase could

therefore be expressed in the function of adsorption potential:

q = f(&aas) Eq. 4-18

The function f in Eg. 4-18 has not been defined theoretically and Dubinin and Radushkevich proposed their
empirical equation [248, 229]:
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1 __1 Py?
Geq - ol TE?) _ e< (T ings) ) Eq. 4-19

where Eo (kJ.mol?) is the characteristic energy of adsorption towards a reference adsorbate and P is the similarity
constant. Polanyi proposed [249] that the value of B for different adsorbates could be deduced from a reference

adsorbate, often benzene:

€ads _ Eref

B B Bref

Eq. 4-20

where Brer = 1 for benzene and benzene potential curve is the €.

DR equation is widely used to describe the adsorption isotherm of sub-critical vapors in microporous solids and
is useful for the determination of the microporous volume and apparent surface area of this type of solids [250]. The
model fits the data at high pressures and in the intermediate range of pressure as well, but does not predict the Henry’s

law at low pressures [232].

4.1.3. Heat of adsorption
The heat of adsorption is an indicator of the strength of interaction between an adsorbate and a solid adsorbent.
Heat of adsorption represents the difference in the enthalpy of the system prior to and after the adsorption process
[251]. The heats of adsorption of components of a gas mixture are key thermodynamic variables for the design of
practical gas separation processes such as pressure swing and thermal swing adsorption [252, 253]. Knowledge of
heat of adsorption helps to determine the extents of temperature changes within the adsorbent bed during adsorption
and desorption steps of the separation process. These temperature changes ultimately govern the performance of the

separation process as desorption is favored at high temperature, whereas adsorption is favored at low temperature.

In addition, the heat of adsorption may also provide information about the mechanism of the adsorption process,
either physisorption or chemisorption. In a physisorption process, the heat of adsorption is normally lower than 40
kJ/mol, while in a chemisorption, it is significantly higher [224]. However, it should be noted that these limits are

approximate and should be considered with caution in any theoretical analysis.

Two experimental procedures are commonly applied to assess the heat of adsorption: (i) calorimetric method
(usually called direct method), which directly measures the heat released during the adsorption process and (ii) method
of isosters (indirect method) deducing the adsorption heat from the quantitative relationship established at different

equilibrium pressure and temperature data determined for a constant amount of the adsorbed substance [253].

®,

«» Direct method

Direct calorimetric measurement of heats of adsorption, AH, for pure gases or multicomponent gas systems is a
convenient and accurate method [252]. The principle behind this method involves the measurement of heat flow profile

followed by the integration of the obtained signal. It frequently operates in a fixed aliquot mode and can be coupled
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with manometric set-up for simultaneous measurement of adsorption equilibria and associated adsorption heats. There
are basically numerous types of calorimeters that are sensitive enough to directly measure the heat of adsorption of
gas molecules such as but not limited to; (i) isoperibol (constant temperature) calorimeters, (ii) adiabatic calorimeters,
and (iii) heat-flow calorimeters [254]. Nowadays, most modern calorimeters are of the heat-flow type, such as Tian-

Calvet type heat flux microcalorimeter [252, 254].

«» Indirect method

The determination of heat of adsorption via the indirect method may be preferred to the calorimetric method

because of its ease of use [255].

This method determines the isosteric heat of adsorption from experimental isotherm data measured at different
temperatures, assuming this quantity to be independent of temperature and pressure [229]. It may, however, vary with
adsorption loading. Isosteric heat of adsorption, Qsr, can be calculated from Van't Hoff thermodynamic equation
which is assimilated to Clausius—Clapeyron-type relation (Eq. 4-21) at a given amount of adsorption loading [229].

By integrating Eq. 4-21, the linear function of In P versus 1/T is obtained (Eq. 4-22).

OllnP
Qgr =-R 1 Eq. 4-21
o1 /,
QST 1
1 P=—<—>+C Eq. 4-22
TRAT d

where, Qst (kJ-mol-1) and C is a constant.

Figure 4-2 illustrates the values of Qsr determined from CO- adsorption isotherms at 298 K, 308 K and 323 K
onto 13X [137], which were subsequently fitted using three different isotherm models; Dual-site Langmuir-Freundlich
(DLF), Sips and Freundlich. Figure 4-2-a compares the goodness of fit of the three isotherm models. DLF (solid lines)
fits the isotherm data the best, followed by the Sips model (dashed lines) and the Freundlich model (dotted lines)
respectively. The CO- heat of adsorption data, Qsr, derived from these different models are reported in Figure 4-2-b.
The significances of the fitting goodness of the isotherm model are well enlightened, because the profile of adsorption

heat in the function of the adsorbed amount is highly sensitive to the choice of the isotherm model.
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Figure 4-2: (a) CO; adsorption isotherm on 13X at 298 K, 308 K and 323 K with DLF fitting (solid line), Sips fitting
(dashed line) and Freundlich fitting (dotted line). (b) Qsr values in function of CO; loading amount determined from
DLF, Sips and Freundlich model.

Figure 4-3 shows the difference in the CO; heats of adsorption values, obtained from either direct or indirect
methods for different adsorbents, at different loadings [256] [257] [258] [259] [260]. It can be observed that although
the isosteric heat of adsorption Qsr and calorimetric heat of adsorption AH are generally in good agreement, with some
deviations could be observed, around 30%. A comprehensive review by Du et al. [255] reports CO- heat of adsorption
data obtained for HKUST-1 (Table 4-1) from different studies using either direct or indirect approaches. It should be

noted that, even when using similar approaches for the determination of Qsr, slight variations still occur.
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Figure 4-3: Comparison between isosteric heat of adsorption Qsr, and calorimetric heat heats of adsorption, AH, for
a different quantity of CO, adsorbed.

Table 4-1: CO; heat of adsorption of HKUST-1 determine via direct and indirect approach.

Approach  Heat of adsorption (kJ/mol) Description Ref.

Calorimetric 30 Differential thermal analysis  [261]
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21.4-245 Calvet calorimeter [256]

Isosteric 241-34.4 Without using fitting equation  [257]
25.7-29.2 Pade fitting equation [262]
26.1-27.0 - [263]

4.1.4. Adsorption models for gas mixture

Industrial adsorption processes generally involve a mixture of several adsorbates interacting with each other. For
these systems, it is important to know not only the adsorption isotherms of the pure substances but also the co-
adsorption equilibria for mixtures, in order to make accurate predictions of process performances. Carrying out
experimental measurement of adsorption isotherm for a gas mixture is generally more complicated than that of pure
gas, which is why it is more interesting to develop co-adsorption models capable of predicting mixture behavior based
on knowledge of pure substance isotherms. In this section, we will present a frequently used model for predicting the
adsorption of gas mixture; ldeal Adsorbed Solution Theory (IAST).

a) ldeal Adsorbed Solution Theory (IAST)

Ideal adsorption solution theory was developed by Myers and Prausnitz [264] to provide a solid theoretical
foundation in predicting multi-component adsorption isotherm from single pure component adsorption isotherm data.
IAST works on the assumption that the adsorbed phase and gas phase forms an ideal mixture. This leads to an

expression analogous to Raoult’s law for the adsorbed phase as follows [246]:

y,; P =x;-B(m) Eq. 4-23

where yi and Xx; are the molar faction of gas component i in the gas and adsorbed phase respectively, P (Pa) is the
pressure of gas mixture, P°(mr) is the hypothetical pressure of the pure component that gives the same spreading

pressure on the surface
Next, to describe the thermodynamic equations for the adsorbed phase, three major assumptions were made [264]:

1. The adsorbent is assumed to be thermodynamically inert, i.e. the change in a thermodynamic
property of the adsorbent, such as internal energy, during an adsorption process at constant
temperature is assumed to be negligible compared with the change in the same property for the
adsorbing gas.

2. Each adsorbed species has access to the same area of the adsorbent surface.

3. The Gibbs definition of adsorption applies to the adsorbed phase, i.e. Gibbs dividing surface
equation defines an adsorbed phase accounting for the amount of adsorbate condensed in the pores

in excess and the amount of gaseous adsorptive occupying the intra-particle voids.

With these assumptions, the basic thermodynamic equations for the adsorbed phase emerged in a form perfectly

analogous to the familiar thermodynamic equations for a real fluid could be expressed as [246]:
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Adm, = Z q¥dy, Eq. 4-24

where A (m?. kg?) is the adsorption specific surface area, i (Pa. m) is the spreading pressure of component i in the
pure gas system, p, is the chemical potential of component i and gi® (mol. kgl) is the quantity of component i adsorbed
when in equilibrium with the gas phase in the pure gas system. The integration of Eq. 4-24 leads to the following

expression [246]:

0
A Pi qf (P)
— = dp Eq. 4-25
RT J; P a

Eq. 4-25 describe the thermodynamic equation of adsorbed phase in the pure gas system, expressed in function
of the quantity of component i adsorbed in pure gas system, gi°, and the reference pressure of component i in pure gas
system that has the same thermodynamic state as in the gas mixture system, Pi°. It should be noted here that the

expression of gi° depends on the chosen model to describe pure gas adsorption isotherm (cf. section 4.1.2, page 97).

In a gas mixture system, equilibrium is attained when the reduced spreading pressure (wiA/(RT)) has the same
value for each component in the system. Assuming a binary component gas mixture, Eq 3-25 could be expressed as
[246]:

mA  mA (PP P2 q9(P
T A :L:J q:( )dP :J qz( )dP Eq. 4-26
RT _RT J, P , P

Using the above equations, the composition of the adsorbed phase xjand the reference pressures P, (Eq. 4-
23), can be determined, usually by numerical resolution. Since the solution of the adsorbed phase in the gas mixture
system is ideal, the total quantity of the adsorbed phase is the sum of the adsorbed quantities of the various constituents
[246]:

1 Z X;
—= > —5 5 Eq. 4-27
0 &g} (P)) a

where gt (mo. kg?) is the total quantity of component i adsorbed in the mixture gas system. As the value of g and X
for each component in the gas mixture system are identified, it is possible to predict the co-adsorption capacity of the

component in the gas mixture system, gi (mol. kg*), expressed as follows [246]:

4 =X - Gt Eq. 4-28

109



Finally, the IAST- equilibrium selectivity, ai;*ST was derived from the distribution of the molar fractions of the
components in both the gas and adsorbed phases at equilibrium conditions, as expressed in Eq. 4-29 [246]:
X;AST/X]_IAST

IAST
gast 5 /N Eq. 4-29
Vi yi/Yi

It should be noted that the non-ideality of the adsorbed phase can be modeled by introducing vapor-liquid
equilibrium theories for non-ideal solutions (activity coefficients, etc.). This is the basis of Real Adsorbed Solution

Theory (RAS) though we will not explain it in further detail in this work.

4.2. Experimental methods

4.2.1. Manometric measurement

a) General approach

Measurements of pure gas adsorption isotherms in this study were done via the manometric method. This
technique measures the amount of gas removed from the gas phase in a static mode by determining the pressure drop
AP in a fixed volume [265]. General configuration of manometric equipment is shown in Figure 4-4. The equipment

generally consists of two main compartments: a reservoir and a sample cell.

L Atequilibrium, P3

Sample cell

Figure 4-4: General configuration of manometric apparatus where the sample cell temperature equals to the reservoir
temperature

The determination of gas removed from the gas phase in manometric experiments is based on the application of
non-ideal gas law as presented in Eq. 4-30. If V and T are known, the measurement of P at equilibrium allows the

determination of the number of moles of gas present in the bulk phase.
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PV=nZRT Eq. 4-30

where P (Pa) is gas pressure, V (m°) is the gas volume, n is the number of moles in the gas phase, Z is the gas

compressibility factor (Z=1 for an ideal gas), R (J- mol- K*) is the gas constant and T (K) is the temperature).

Prior to measurement of equilibrium data, the adsorbent samples in the sample cell were degassed at 383 K for
12 h under dynamic vacuum condition. Following cell, both sample cell and reservoir were connected together by
opening the separating valve and they are both held under vacuum to remove any trace of residual gases in the
equipment. Then, the separating valve was closed, the reservoir was pressurized with the tested gas up to an initial
pressure P1, whereas the sample cell is kept under vacuum (denoted P> In a general case). In order to dose the amount
of gas introduced into the sample cell, the separating valve between the reservoir and the sample cell is re-opened and
the new equilibrium pressure Pz is determined in both vessels after equilibration delay, determined from the rate of
gas pressure variation . By applying a mass balance on the system, the number of moles adsorbed in excess per unit
of mass of the adsorbent sample can be determined. The mass balance equation is expressed according to Eq. 4-30
[50]:

PV P3(Vi+Vy)

An = - L 4-
n ZPI,T.R.T ZP3,T'R'T Eq 4 31

where An (mol) is the number of moles adsorbed, Ze11 and Zps 1 are the gas compressibility factors, P1 and P3 are
respectively the pressure in the reservoir before dosing and the equilibrium pressure in both the reservoir and sample
cell,V1 is the volume of the reservoir and V2 is the dead volume in the sample cell which include inter and intra

porosity of adsorbent.

Once the first equilibrium data point is determined, the reservoir is re-pressurized to a new initial pressure, whilst
the pressure in the sample cell is kept to the previous equilibrium pressure by closing the separating valve. After
introducing a new gas dose into the sample cell by re-opening the separating valve, a new equilibration pressure is
attained in both vessels, which allows the determination of the new isotherm point. Therefore, Eq. 4-32 can be further

generalized to determine the number of moles adsorbed in excess at any instantaneous point m of an isotherm:

m
Z [ P1 m V1 P2 m V2 P3 m (V +V2)
adsm — ZP1 ~TRT ZPz TRT Zp, . rRT Eq. 4-32

J \ J
Y \ Y / Y

Moles in Molesin  Molesin V1
Vibefore V> before + V2 at

dosing dosing equilibrium
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It should be noted that P3m = P2m-1 and that the value of the compressibility factor Z can be assumed as 1 for the
acquisition of equilibrium data at pressure and temperature close to ambient as most gases behave as ideal under these
conditions. The non-ideality of the gas needs to be accounted for the acquisition of data at elevated pressure. In this
study, the well-developed NIST REFPROP database, derived from a variety of thermodynamic state equations, which

provides a large panel properties of different fluids, was used for the determination of the compressibility factor [266].

The determination of dead volume in the sample cell, V2, can be done either through indirect or direct method.
The former approach consists of deducing the volume non occupied by adsorbent by determining the skeletal density
of the adsorbent via ex-situ Helium pycnometry analysis [267] whereas the direct determination of dead volume, V-,
involves the usage of an in situ Helium gas expansion approach. In this study, we have adopted the direct approach to
determine the value of V2. Supposing He to be a non-adsorbing gas (n,q,, = 0) dosing sample cell with He aliquots

allows to deduce V3, Eq 3-32.

b) Influence of temperature on manometric measurement

Up to this point, the configuration of a manometric equipment was described in the condition where the
temperature of analysis in the sample cell is assumed to be equal to temperature of the reservoir, T. However, this
condition is not necessarily true as the measurement of isotherm may be conducted at temperature that differs
significantly from those in the reservoir. This situation will result in temperature inhomogeneities along the system
which need to be accounted for when determining the dead volume in the sample cell, V2. Figure 4-5 describes the
configuration of the manometric apparatus when a single gas component is adsorbed with a gradient temperature
between the reservoir T1, and the sample cell T». In this configuration, the term apparent “up” dead volume Vu, and
“down” dead volume Vg, are introduced to separate two regions in the sample cell V2 which are at different
temperature. V, is the upper region in the sample cell at the temperature of the reservoir T1, while Vp is the lower

region in the sample cell at the analysis temperature Ta.
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P1, T1, V1

L Atequilibrium, P3

Sample cell

Figure 4-5: Configuration of the manometric system taking into consideration the gradient of temperature between
the sample cell and the gas reservoir

Knowing that V2 = Vy + Vp in the condition where analysis temperature in the sample cell, T differs from
reservoir temperature, T4, then Eq. 4-32 becomes:

m
nads,m: Z

m=1

Pl,m'Vl " PZ,m'VU " PZ,m'VD ) P3,m'Vl ) P3,m'VU ) P3,m'VD
ZPLmTl‘R‘Tl ZPz,mTZ'R'TZ ZPLmTZ'R'Tz ZP3,mT1'R'T1 ZP3,mT]'R'T1 ZP3qu2'R'T2

Eq. 4-33

The determination of temperature depended dead volume Vy and Vp are obtained from helium expansion
experiments. This experiment starts with the assumption that there is no adsorption of helium by the adsorbent and
the sample cell was initially void of gas (P2 = 0). Furthermore, the reservoir was initially filled with helium at pressure
P1 and both the sample cell and the reservoir achieved equilibrium pressure of P; when dosing was done. When the
analysis temperature for the helium expansion experiment is similar to the reservoir temperature, T1, the gas mass
conservation in the system can be written as:

PV, Py(Vi+Vyr)

= Eq. 4-34
R'Tl RTI

When the analysis temperature inside the sample cell differs from the reservoir, To# Ty, then V2 =V, 1,= Vu +

Vb. In this condition, the gas mass conservation in the system can be written as:

PV, PS'V1+P3'VU+P3'VD
RT, RT, RT, RT,
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PV Py (V,+V P;-V
1Vl _ 3 ( 1 U)+ 3 VD Eq 4-35
RTl RT] RT2

By combining Eq. 4-34 with Eq. 4-35, either Vp or Vy can be determined from helium expansion measurement

at two controlled temperatures T and T respectively:

Py (Vi+Vyr,) _ P3'(V1+VU)+P3'VD
RT, RT, RT,
Vor-Vu Vb

T T, Eq. 4-36

As V2=V, 1,=Vu+ Vp, Eq. 4-36 can be further simplified into:

v YanVar
D (& _1) Eq. 4-37
T,

When Vp was determined from the helium-calibrated values of V, 1 and V, 1,, Vucan then be calculated. Once

Vp and Vy are determined, Eq. 4-33 can be used to determine the amount of gas adsorbed at any isotherm point.

c) Influence of high pressure on manometric measurement

In general, adsorption refers to the increase in the Eq.y of a gas (or fluid) near a solid surface. Figure 4-6-a shows
the density profile of a gas near the surface for the case of single-component adsorption [268]. Three regions can be
identified in the figure, from left to right: (1) the density is zero in the solid region, (2) the interfacial region where
there are presence of adsorbed molecules (black circles) and unabsorbed molecules (white circles, and the density is
substantially higher because of the potential field of the solid, (3) gas region where the density decays to the bulk gas
density at some far away distance from the surface [269]. The interface region poses some uncertainty when the
calculation of the total gas adsorbed wanted to be carried out, as there is ambiguity concerning the choice of lower

boundary limit of the interface region that depends on the type of gas.

According to Gibbs, the boundary of the interfacial region between adsorbed and gas phases [270], can be defined
by a so called Gibbs Dividing Surface (GDS) located somewhere within the interfacial region, as illustrated in Figure
4-6-h. The gas region with volume V9 has a homogeneous density, p¢ (mol. m®), up to the dividing surface, whereas
the adsorbed phase region with volume V2 and density p(z). At the surface of adsorbent, the adsorbed molecules are
supposedly under condensed liquid-like form has a higher density than gas phase (area of “a” in Figure 4-6-b) whereas
the unabsorbed molecules located further than the adsorbent surface have a similar density to bulk gas phase (area of
“b” in Figure 4-6-b).
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Figure 4-6: (a) Profile of gas density at standard gas-solid interface (b) Profile of gas density with introduction of
GDS.

The measured adsorbed quantities in manometric experiments (and other volume-basis measurement techniques)
can be related to net, absolute and excess adsorption concepts (Figure 4-7) [271]. What separates these concepts

between each other is the location of GDS.

In absolute adsorption, the GDS is drawn around the adsorbent solid particle, which comprises the porous solid
and the micropore volume. In this case, the volume of adsorbed phase, V2, and the volume of gas phase region, V¢,

are expressed as follows:

Vea=vs + Voore = abs Eq. 4-38

VIZVeeu=V* = Vpore = Vi Eq. 4-39

abs

Where the suffix “abs” signifies the absolute adsorption condition, V* is the inaccessible solid volume and Ve is the

volume of the sample cell.

Meanwhile, in excess adsorption, the GDS is drawn through the pores to consider only the inaccessible solid
phase volume. Therefore, the volume of adsorbed phase, V2, and the volume of gas phase region, V¢, are expressed as

follows:

Ve=vs =14 Eq. 4-40
VI=Vie—V* + Vpore = Vegc Eq. 4-41

Where the suffix “ex” signifies the excess adsorption condition.

Lastly, in net adsorption, the GDS is defined to make the volume adsorbed phase region, V2, to be zero, whereas

the volume of gas phase region, Ve, is the volume of sample cell, as expressed as follows:
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va=0="va, Eq. 4-42
Vo= Veen = Ve‘)qc Eq 4-43

absolute adsorption excess adsorption net adsorption

&a <O

L L _J

- solid side
| fluid side

Figure 4-7: llustration of Gibbs hyper-surface definitions by absolute, excess, and net adsorption. Dark shaded
regions are not accessible by fluid molecules [271]

Gibbs dividing "hyper” surface:

As previously described, the manometric measurement conducted in this study involves the use of Helium as
probe molecules to determine the dead volume of the adsorption system. In other words, the volume of gas phase
region defined during the manometric measurement is equivalent to the condition where GDS is drawn on the surface
of the solid, which results in the volume of adsorbed phase region V2 and gas region V9 expressed as Eg. 4-39 and
Eq.3-40 respectively. Consequently, the amount of adsorbed gas at measured at each equilibrium pressure as expressed

in Eq. 4-32 corresponds to excess adsorbed quantity, Nex

At elevated pressure conditions, the density of uncondensed gas molecules near the solid surface, p9, approaches
or may even surpass that of condensed adsorbed phase (Figure 4-6-b). making measured excess adsorbed quantity,
Nex, Z€ro or negative. Therefore, for the adsorption measurements at high pressure range, it is recommended to convert
the measured excess adsorbed quantity nex, into absolute adsorbed quantity, nass. The value of naps can be computed
using the following expression [271]:

Naps = Nex + PgVpore Eq. 4-44

Figure 4-8 illustrates the evolution of nex and nass as the adsorption pressure increases. At low pressure, the value
of nex is very similar to naps as there are not much of uncondensed gas molecules near the surface of adsorbent.
However, at point C, the value of ne starts to stagnant and decreases as higher pressure, due to the increases the gas
density resulting in the presence of more and more uncondensed molecules near the adsorbent surface. In this work,
the chosen analysis pressure is not sufficiently high and it was verified that the fraction of uncondensed molecules
near the adsorbent surface could be omitted. Therefore, the measured excess adsorbed capacity, nex is similar to the

absolute adsorbed quantity, naps , in the tested analysis condition (naps = nex).

116



Absolute adsorption

! B Excess adsorption
cy 4D 3
Z
_—~ Vpore'pg
:
Pressure

Figure 4-8 : A schematic representation of the difference between excess and absolute adsorption capacities as a
function of pressure at constant temperature [272].

d) Materials and protocol for manometric measurement

The adsorption isotherms at pressure less than 1 bar were measured using the 3Flex manometric adsorption
analyzer from Micromeritics (Unterschleilheim, Germany) at IMT Atlantique (Figure 4-9-a). Ultrahigh purity CO,
and CH, gases (>99.995 vol%) supplied by Air Liquide were used for this study. The instrument is capable of
measuring equilibrium data in the domain of relative pressure P/P° (P is the gas probe set pressure and PP is the
saturation pressure) ranging between 10~ and 1 bar with 0.15% precision of absolute pressure reading. The acquisition
was performed in a fixed-dose mode, whereas the temperature of the materials in the sample cells was controlled by
a water bath contained in a Dewar vessel, set to 273 K, 298 K and 323 K respectively. Prior to measurements of gas
equilibrium data, a mass of adsorbent of about 100 to 200 mg was placed in each sample cell and further outgassed
under dynamic vacuum condition, at 383 K and for at least 12h. The dead volumes corresponding to the volumes non-
occupied by the solid phase were determined from helium expansion measurements carried out at ambient and sample
cell temperature, respectively.

Next, the adsorption isotherms at pressure higher than 1 bar were measured the using PCT-Pro manometric
equipment from SETARAM (Caluire, France) at IMT Atlantique (Figure 4-9-b), in the range of pressure from 1 bar
up to 10 bar. Ultrahigh purity CO2 and CH4 gases (>99.995 vol%) supplied by Air Liquide were used to carry out the
experiments. The adsorption equilibrium data were measured by varying the increment of pressure between the
reservoir and sample cell (AP = P1 — P,) before dosage: i.e. AP = 0.5 bar for equilibrium pressure P3 < 3bar, and AP =
1 bar for Ps > 3 bar. The isotherms were determined at three different temperatures; 273 K, 298 K and 323 K. The
sample holder made up of stainless steel with a cylindrical shape has a volume of 40 cm?®. The temperature inside the
sample cell is controlled thanks to a heating jacket, an isolation coating and a thermocouple when heating above room
temperature. A water bath in a Dewar vessel was used for chilling below room temperature. The whole manometric
system (pipelines, reservoirs and sample cell) was first evacuated using a vacuum pump and purged using a gas probe.
2 g of material was placed inside the sample holder and cylindrical stainless-steel spacers were used to fill in the
remaining volume inside it. Prior to the equilibrium data measurement, the sample was outgassed in situ under

dynamic vacuum conditions, at 283 K for at least 12h. Next, the sample holder dead volume was determined from
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helium expansion experiments maintaining the sample cell temperature equals to the reservoir temperature (301 K) or
set to the analysis temperature.

a)

Figure 4-9: (a) Micromeritic 3Flex used in this work for adsorption isotherm measurement at pressure up to 1 bar.
(b) SETARAM PCT-PRO used in this work for adsorption isotherm measurement at pressure up to 10 bar.

4.2.2. Fitting of adsorption model for pure gas isotherm
In this work, the fitting of adsorption models, which previously introduced in section 4.1.2, page 97, with

experimental CO, and CH, adsorption isotherms data was carried out using following adsorption models:

Henry’s law
Langmuir
Freundlich

Sips

Toth

Dual-site Langmuir

ek wnpE

As the raw adsorption data collection was done at different temperature (273 K, 293 K and 323 K), the influenced
of temperature needs to be taken into account to ensure that the tested adsorption model above fits well the
experimental results at any given temperature. As an example, the temperature dependent Henry’s coefficient, Ky, is

expressed as:

1 1
KH = klekz(T Tref> Eq 4_45

where ki (Pal) and k2 (K) is respectively the pre-exponential and exponential constant for temperature dependence of
Kn, whereas T and Trer is respectively the analysis temperature and reference temperature. It should be noted that Eq.

4-45 could also be used to expressed the Langmuir coefficient (K.), Freundlich coefficient (Kg), Sips coefficient (Kir)
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and Toth coefficient (Kr) in function of temperature. Meanwhile, for DSL model that have two coefficients, which

corresponds to two adsorption sites, their temperature dependent expression are as follows:

kore a1 - 7 Eq. 4-46

KDL,l =

a7 1) Eq. 4-47
Kprp = kgpe ref

where Ka, 1 (Pa?) and ka2 (Pa?) is respectively the pre-exponential constant for adsorption site 1 and site 2, whereas
and exponential constant for temperature dependence of Ku, whereas Ko, 1 (KY) and Ko, 2 (K) is respectively

exponential constant for adsorption site 1 and site 2.

As previously explained, an adsorption model could be said to describe well an adsorption isotherm when the
predicted values of the former are similar or closely resemble to that of the latter at any analysis conditions. To achieve
this, the parameters of each adsorption model need to be estimated and optimized. Additionally, the optimized
parameters must physically make senses, which is achieved by considering a constraint for each adsorption model

parameter (e.g. gs, Kun, n) that must have a positive value > 0.

The optimization of parameters for each tested adsorption model was carried out using Least Square Method
(LSM). The main idea of LSM is to reduce the error between the predicted value of a model and raw data by finding
the optimal parameters of linear/non-linear regression. The optimal parameters were obtained by minimizing the

residual sum of squares (RSS), expressed as:

n

RSS= Z C de])2 Eq. 4-48

4 i
i=1

where gexp (Mol. kg'?) is the measured adsorption capacity value whereas gmodel (Mol. kgt) is the predicted value from
an adsorption model. The estimation and optimization of the adsorption model parameters can be done either

analytically or numerically.

> Analytical solution

Assuming linearized Langmuir model are used to fit the raw adsorption data, then gmoder could be expressed as:

11
modet qs(KL'P) qs

1
Gmoaer=bo F + by Eq. 4-49

where bo = 1/(gs .KL) and b1 = 1/gs. Adsorbed amount thus becomes function of two variables: b0 and b1.
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When RSS function is minimal, the partial derivatives with the respect of each variable = 0:

n ) n 1 2
RSS:Z (qexp-qnmlel)i = Z (qexp-b0 P + bl). - min
=1 =1 '
ORSS 1 1
T (Gesxp = Do +b1) -5 = 0
=
ORSS 1

i=1

By solving differential equations for simple linear regression, we obtained:

) (5) + 03 (5)= 2 7)o
i=1 pr) =

n

i=1
n
1
boZ: (E) +b-n= . Qexp Eq. 4-51

i=

Solving the sum of two linear equations, the values of bg and b; can be calculated and thus the saturation capacity,
s, and equilibrium Langmuir constant, K., can be deduced correspondingly. The analytical solution for LSM could
be applied to any of the previously mentioned isotherm model either in linearized or non-linearized form. In this work,
we did not adopt the linear approach, as it is too time consuming with different adsorption models that wanted to be

tested. Instead, we have carried out the optimization using humerical approach.

» Numerical solution

The numerical approach to minimize the RSS is a much easier and faster than analytical approach. In this
approach, the estimations and optimizations of adsorption model parameters are implemented using algorithms and

are executed on computers. Four concepts are essential in optimization of parameters in the numerical approach:

1. Decision variables
2. Objective function
3. Constraint
4. Linearity
A decision variable is the input parameters chosen in a problem represented by a model. In this work, the
parameters of an adsorption model are chosen as the decision variables. As an example, the decision variables in this
work for Langmuir model are ki, ko, and gs. The decision variables are the value that will be estimated iteratively in

numerical approach.

An objective function is a mathematical formula that calculates the result the decision maker uses to determine

how well their choices work out. The objective function in this work is the RSS and we seek to minimize it.
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A constraint is a restriction or requirement that decision variables must meet. In this work, the constraint for all

decision variables is that they must not have a negative value.

Linearity refers to the mathematical form of the objective function and constraints, which determine which
algorithm that can be used for the iterative calculation of decision variable values and objective function. In this work,

all the tested adsorption models are used in their non-linear form.

The algorithm used in this to find the optimal values of the decision variables is the Generalized Reduced Gradient
(GRG) nonlinear algorithm. It takes the initial values of the decision variables (value defined randomly by decision
maker) as its initial solution and considers small changes in those variables until the minimization of objective
function.

In this work, the numerical approach for the optimization of an adsorption model parameters was carried out using

“solver” tools in Excel.

Finally, to quantify the goodness of fitting of equilibrium experimental data with isotherm model after LSM,
another error function called coefficient of determination, R?, (Eq 3-52) was computed in this study. The goodness of
fit of an isotherm model is justified by maximizing R? approaching 1 and minimizing RSS approaching 0. R? is defined
as follows [232].

1- (qexp_qmodel)2

R?= 2
2 (9T

Eq. 4-52

Where @ (mol. kg1) is the mean value of gmodel.

model

4.2.3. Computation of adsorption heat

When the most suitable adsorption model was chosen to describe the adsorption isotherms of pure gas at any
analysis condition, the calculation of isosteric heat of adsorption Qsr could be carried out. Figure 4-10 helps to
illustrate the method to determine Qs from a pure gas adsorption isotherm model at different temperature values. Fist,
for each adsorbed amount of equilibrium loading g, we determined is the value of equilibrium pressure Pi at each
temperature level Ti. Next, the plot In P vs. 1/T for each geq is built (isoster), and according to Eq. 4-22, the Qs can be
determined from the slope of the line. It should be highlighted that for a large range of systems, isosters are linear in
In P vs. 1/T coordinates [257, 258, 273] By repeating above steps for different value of equilibrium loading, the graph

of Qs in function of g could be traced for a particular gas.
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Figure 4-10: The method of calculation of isosteric heat of adsorption using Clausius—Clapeyron approach

4.2.4. Method for predicting co-adsorption isotherm using IAST model

After the appropriate adsorption model was chosen to describe the pure gas adsorption isotherm, the prediction
of co-adsorption isotherm for gas mixture using IAST could be carried out. The IAST calculation procedure can be
executed in multiple ways, such as using Visual Basic for Applications (VBA) in Excel, Math Lab or other available
software such as pylAST [246] and IAST++ [274]. For this study, we have opted to use IAST++ software [274] to
predict the co-adsorption isotherms of CO, and CH. in a mixture representative of a biogas. Figure 4-11 summarizes
the workflow of the IAST calculation procedure in IAST++, assuming: (i) an equimolar binary mixture of species A
and B (ya= ys = 0.5), and (ii) both adsorption isotherms of each pure component described by the Langmuir model
(cf. Eq. 4-7, page 99).
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Figure 4-11 : Workflow of IAST calculation assuming Langmuir isotherm model was used to describe pure gas
adsorption isotherm.

The first step involves the choice of pure gas adsorption model for each gas species and introduces them in Eq.

4-25. The upper limit of integration of Eq. 4-25 is Pi°, which could be expressed in terms of adsorbed phase molar

fraction x;, using Eq. 4-23. Next, at equilibrium condition for a gas mixture, the reduced spreading pressure (Eq. 4-

25) is similar for each gas component and as the sum of adsorbed phase molar fraction is equal to 1, the value of x;

for each gas mixture could be computed. Then, the known value of x; allows the determination of P{® (Eq. 4-25), total

adsorbed quantity q: (Eg. 4-27) and the co-adsorption capacity of the component in the gas mixture system q; (Eq. 4-

28). Finally, the selectivity of both gas species is deduced from Eqg. 4-29.
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4.3. Results

4.3.1. CO; and CH4 adsorption isotherms
Figure 4-12 and Figure 4-13 presents the CO, and CH, isotherms measured at 298 K for pristine HKUST-1

material and its composites with PLA and TPU thermoplastics. The reported isotherms describe the equilibrium mass

adsorption capacities (molar quantity adsorbed by 1g of adsorbent) as a function of pressure for each pure component.
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Figure 4-12 : CO; adsorption isotherms on HKUST-1 (green square), HKUST-1/PLA (red circle), and HKUST-
1/TPU (blue triangle), up to 10 bar at 298 K. Graph in inset represent CO- adsorption/desorption isotherm up to 1
bar where solid and open symbols represent the adsorption and desorption of CO, respectively.
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Figure 4-13: CH, adsorption isotherms on HKUST-1 (green square), HKUST-1/PLA (red circle), and HKUST-
1/TPU (blue triangle), up to 10 bar at 298 K. Graph in inset represent CH4 adsorption/desorption isotherm up to 1
bar where solid and open symbols represent the adsorption and desorption of CHy, respectively
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In Figure 4.12, pristine HKUST-1 (Basolite C300) is shown to reach a CO, adsorption capacity of 3.7 mmol/g
and 9.8 mmol/g at 1 and 10 bar, respectively. These values are within the range of data reported in the literature (3.5
— 4 mmol/g at 1 bar and 8.5 — 11 mmol/g at 10 bar) for the same adsorbent material [275, 276, 277]. Moreover, the
CO; adsorption capacities in the low pressure range (<1 bar) are proportional to the equilibrium pressure, which is in
accordance with the Henry’s law. In this region, the adsorption and desorption isotherms coincide so that adsorption
is fully reversible. When the equilibrium pressure is higher than 1 bar, the CO; adsorption isotherm on HKUST-1 is
still increasing but no longer appears to be linear with the equilibrium pressure. At 10 bar, the saturation of the material

appears close to be completed as the curve tend to a plateau.

Meanwhile, the CO, adsorption isotherms for both HKUST-1/PLA and HKUST-1/TPU composites are shown to
be similar to that of HKUST-1 in the low-pressure region, up to 1 bar. At higher pressure, between 2 to 10 bar, the
CO; adsorption capacities of both HKUST-1/PLA and HKUST-1/TPU exhibit adsorption capacities up to 18% higher
than those measured on pristine HKUST-1. This increase in the composite adsorption capacities could be related with

the larger BET surface areas and micropore volumes of the composites as pointed out in the previous chapter.

Figure 4-13 shows that the CH4 adsorption capacities on pristine HKUST-1 are 0.8 mmol/g and 4.1 mmol/g, at 1
bar and 10 bar, respectively. As observed previously with CO,. Both HKUST-1/PLA and HKUST-1/TPU composites
exhibit a CH,4 adsorption capacity increase up to 30% in comparison to HKUST-1, in the equilibrium pressure range
higher than 1 bar. The higher BET surface areas and pore volumes of the composites explain such an increase. For all
the materials, CH4 adsorption isotherms are almost linear in the whole equilibrium pressure range. The saturation of
the materials appears then far to be reached, and no trend towards the apparition of a plateau at 10 bar can be observed.
The CH. uptake capacities are found significantly below those of CO,, around 2 ties lower. This result is indicative of
the better affinity of CO, for HKUST-1 surface, and preferential adsorption of CO, over CHy is corroborated in other
studies [275, 276, 277].
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Figure 4-14 : Adsorption isotherms of CH. (open symbols) and CO; (solid symbols) at different temperatures for (a)
HKUST-1, (b) HKUST-1/PLA, and (c) HKUST-1/TPU. The lines represent DSL model fitting.

The CO, and CH4 adsorption isotherms at different temperature are presented in Figure 4-14 for HKUST-1,
HKUST-1/PLA and HKUST-1/TPU respectively. Unsurprisingly, it can be observed that an increase in temperature

results in a decrease in both CO, and CH. adsorption capacities. The modelling of the experimental adsorption
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isotherm data at all temperatures for each material was done considering different isotherm equations, as described

previously. The predictive ability of each isotherm model, as well as their parameters, are presented in Table 4-2.

The predictive ability of the temperature-dependent isotherm models was evaluated through two criteria; the
coefficient of determination, R? and the sum squares errors, RSS. It can be observed that both Freundlich and Henry
isotherm models are unsuitable to describe temperature dependent CO, and CH4 isotherms for any material. This is
explained because of the inconsistency of these models and the absence of any predicted saturation plateau at high
pressure. Additionally, even if the Langmuir model is not satisfactory to describe well the CO, and CH, isotherms,
the introduction of the saturation capacity term contributes to improving the experimental data fitting, as specified by

the values of R? and RSS, in comparison to the Henry and Freundlich model.

The model retained to fit the best the CO, and CHa isotherms data for all the materials is the Dual-Site Langmuir
model for which we observe a good prediction of the experimental isotherm data at all temperature and for all the
materials, with the value of R? = 0.99 and RSS = 0.8 — 1.20. The comparison between the predicted and experimental
isotherm data obtained by using the Dual-Site Langmuir model is graphically illustrated in previous Figure 4-14. The
parameter adjustment of the dual-site Langmuir model on the experimental isotherms representative of CO, adsorption
up to 10 bar, reveals that the monolayer saturation capacity of adsorption sites 1, gsi, is higher than the monolayer
saturation capacity of adsorption sites 2, gs.. Because it is known that CO2 adsorbs preferentially onto adsorption sites
near the open metal sites of the HKUST-1 crystalline structure [278, 16] (Figure 4-15-a), it is likely that gs;
corresponds to those adsorption sites, whereas qs, describes the monolayer saturation capacity near the ligand. The
dual-site Langmuir model was also successfully applied to the CH4 isotherms on HKUST-1. Similarly, the adjusted
value of gs1 was found superior to gso. The adsorption of CHs on HKUST-1 surface crystal predominantly occurs in
the octahedral cages of the ligand, whereas adsorption near the metal sites would be lower due to its reduced
accessibility [16, 279] (Figure 4-15-b). Therefore, gs1 most likely represents the monolayer CH, saturation capacity
near the ligand, whereas qs, describes the capacity of CH4 for the adsorption sites near the open metal sites of HKSUT-
1. The dual-site Langmuir also reveals that both composites exhibit higher monolayer saturation capacities when

compared to pristine HKUST-1.
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At 298 K and 5 kPa At 298 K and 1500 kPa

Figure 4-15 : Molecule structure for (a) CO, adsorption and (b) CH4 adsorption on HKUST-1 at different pressure
and temperature. The light blue atoms represent CO2 molecules and the yellow atoms represent CH4 molecules that
are adsorbed onto the structure. The open metal sites are represented by gray atoms whereas the red atoms represent

the ligands. The image is reproduced from [16]

The results of fitting of CO, and CH, isotherms using Toth and Sips models are also recapitulated in Table 4-2.
It should be highlighted here that based on their R? values, both these models describe the equilibrium data as well
dual-site Langmuir model, especially in the high pressures range. Nevertheless, the dual-site Langmuir model was
chosen to represent the whole sets of CO, and CH,4 isotherms of the materials due to the relevance of the model
accounting for two different types of adsorption sites as already suggested in several other studies [278, 16, 279].
Isosteric heats of adsorption.
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4.3.2. Isosteric heat of adsorption

The effect of temperature on equilibrium adsorption uptakes for all samples were previously presented in Figure
4-14 for both CO; and CH, gases. The adsorption capacity of the gases in all samples decreases with the increasing
temperature demonstrating the mechanism of physical adsorption (exothermic). The level of binding strength in the
adsorbate-adsorbent interaction of a MOF material can be quantified by the isosteric enthalpy of adsorption, Qsr. The
Qst values were calculated for the range of CO; loading of 1-10 mmol-g* and CH,4 loading of 1-3 mmol.g™. As
previously mentioned, the determination of Qsr is done using the linear regression of equilibrium data, thus to ensure
the accuracy of the calculation, the coefficient of determination R? for each loading must be sufficiently high. Figure
4-16 shows the Arrhenius plots used to deduce the CO, and CHy. isosteric heat of adsorption at different loading for
all the materials. Thanks to the fitting goodness of the isotherms with the dual-site Langmuir model, the linear
regression of equilibrium data for all the samples is accurate with the value of R? equal to 1. The results are then

presented in Figure 4-17 for different adsorbed amounts.

The values of isosteric adsorption heats of CO, (25 kJ/mol) and CHa4 (15 kJ/mil) on the pristine HKUST-1 are
comparable to the ones reported in other studies (CO2: 20 — 26 kJ/mol and CHa: 15 — 17 kJ/mol) [280, 281, 16]. For
all samples, the difference between the isosteric heat values for CO, and CH, is significant and in line with the
difference in molecule affinities observed from the isotherm measurements. In the range of tested pressure, the values
of Qs for both gases also remain constant even as the adsorption coverage keeps on increasing. When comparing the
CO; isosteric heats of adsorption between pristine HKUST-1 and the composites, the latter appear lower by at least
10% which can be considered as advantageous for the separation process as this should imply lower regeneration
temperature. It is possible that after shaping the pristine HKUST-1 with the respective polymers, lower energy
adsorption sites in the MOF structure become more easily accessible by both gases, hence reducing the heat of

adsorption.
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Figure 4-16 : Arrhenius plot for the calculation of CO, and CHy, isosteric heat of adsorption for HKUST-1 (a-i and
b-ii), HKUST-1/PLA (b-i and b-ii) and HKUST-1/TPU (c-i and c-ii) with the coefficient of determination, R?, for
each amount adsorbed, g, in mmol-g-*
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Figure 4-17: Isosteric heat of adsorption for HKUST-1 (green square), HKUST-1/PLA (red circle) and HKUST-
1/TPU (blue triangle). Solid and open symbols represent CO, and CH. respectively.

4.3.3. CO,/CHy,4 adsorption selectivity

By using the dual-site Langmuir isotherm model for the fitting of CO, and CH, equilibrium data, the co-adsorption
isotherms for equimolar mixture of CO2/CH, [282], were predicted for all the materials using IAST. Figure 4-17
describes the predicted co-adsorption isotherms of pristine HKUST-1 and the composites for an equimolar mixture of
CO,/CH4 at 298K. For comparison purpose, the prediction of the co-adsorption isotherm onto zeolite 13X (isotherm
data obtained from [137] using IAST has also been included in Fig 4-18 as this material is cited in literature as a
referent adsorbent for CO,/CH4 separation. It can be observed that CO; is more preferably adsorbed than CH4 on all
investigated adsorbent materials. In the pressure range lower than 2 bar, pristine HKUST-1 and the composites have
comparable CO, and CH4 co-adsorption capacities, whereas at higher pressure, the composites demonstrate larger
adsorption capacities than pristine HKUST-1.
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Amount adsorbed (mmol/g)

Pressure (MPa)

Figure 4-18 : IAST-predicted co-adsorption isotherms for equimolar CO2/CH4 mixtures on HKUST-1 powder (green
square), HKUST-1/PLA (red circle), HKUST-1/TPU (blue triangle) and 13X (black diamond) at 298 K as a function
of total bulk pressure. Solid and open symbols represent CO, and CH4 adsorption, respectively.

When comparing performances of composites with benchmark zeolite 13X, it can be noted that the latter has a
higher CO; adsorption capacity when the operating pressure is lower than 3 bar. Above that pressure, the composites
have better CO, adsorption capacities. However, the benchmark zeolite 13X is characterized with a significantly lower
CH, adsorption capacity in the pressure range up to 10 bar. Working capacity of an adsorbent, which is defined by the
difference between the adsorbed quantities at production and purge pressure is an important characteristic for choosing
an adsorbent in PSA. As an example, when considering a production pressure for biogas upgrading at 8 bar [17] and
a purge pressure at 1 bar. We can observe that the CO, working capacities of HKUST-1/PLA composite (6.3 mmol/g)
and HKUST-1/TPU composite (6.1 mmol/g) are significantly higher than with the adsorbent 13X (1.8 mmol/g) which

demonstrates the applicability of the composites for biogas upgrading.

Figure 4-19 presents the variations in the IAST-predicted selectivities of equimolar CO, and CH4 mixtures on
pristine HKUST-1 and the composites in the pressure range up to 10 bar, at 298 K. Interestingly, it can be observed
that the CO./CH, selectivities for the composites slightly diminish as the bulk pressure increases, whereas the
selectivity of pristine HKUST-1 does not vary so much with increasing pressure. Nevertheless, the difference of the
selectivities between pristine HKUST-1 and the composites are not substantial and they could be said to be comparable
to each other. The predicted IAST CO./CHy, selectivity of pristine HKUST-1 in this work was compared with that
obtained from experimental results of equimolar CO2/CH, separation by Hamon et al. [124]. The authors reported that
in the range of 1-10 bar and 303 K, the measured CO»/CHy, selectivity of HKUST-1 powder is in the range of 6-9,

which are comparable with the predicted results in this work.

Meanwhile, when comparing IAST selectivities between MOF extrudates and benchmark zeolite 13X, it can be
observed that the value of the latter is significantly higher than the former. Such a difference in the material selectivities

may be related to the more competitive CO, rather than CH4 adsorption onto the zeolite 13X, due to CO, quadrupole
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moment, resulting in a strong interaction with the Na* cations on the adsorbent surfaces of 13X while CH4 has no
dipole or quadrupole moment resulting in a lesser interaction [283].
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Figure 4-19 : IAST-predicted selectivities toward CO, and CH, for equimolar CO2/CH4 mixtures on HKUST-1
(green square), HKUST-1/PLA (red circle), HKUST-1/TPU (blue triangle) and 13X (black diamond) at 298K as a
function of total bulk pressure.

Finally, Figure 4-20 demonstrates the effect of temperature on the selectivity of HKUST-1 and its composites. It
could be observed that an increase in temperature decreases the CO2/CHa4 selectivity for all materials while the
materials are more selective toward CO; than CH,4 at lower temperature. Additionally, the prediction by IAST shows
that the selectivity for composites generally starts to decrease gradually when the equilibrium pressure surpasses 4
bar. This could be related to the shape of CO, adsorption isotherms for the composites, where increment of CO;
adsorption capacity starts to show signs of slowing down from this equilibrium pressure, contrary to CH4 where the

adsorption capacities continue to increase proportionally with equilibrium pressure up until 10 bar.
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Figure 4-20: IAST-predicted selectivities toward CO, and CH4 for equimolar CO2/CH4 mixtures on (a) HKUST-1
(b) HKUST-1/PLA and (c) HKUST-1/TPU at different temperatures.
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298 K and 323 K.

Table 4-2 : Fitted parameters of different models for CO, and CH4 adsorption isotherms of HKUST-1, HKUST-1/PLA and HKUST-1/TPU up to 10 bar at 273 K,

HKUST-1 HKUST-1/PLA HKUST-1/TPU
CO; CHa CO; CHa CO; CHa
Isotherm Fitted
. arameters 273K | 298K | 323K | 273K | 298K | 323K | 273K | 298 K | 323K | 273K | 298K | 323K | 273K | 298 K | 323K | 273K | 298 K | 323K
R? 0.508 | 0.295 | 0.773 | 0.909 | 0.965 | 0.980 | 0.075 | 0.646 | 0.856 | 0.956 | 0.992 | 0.990 | 0.087 | 0.625 | 0.860 | 0.902 | 0.979 | 0.983
Henry’s RSS 914.34 22.54 542.96 8.40 545.34 4.97
law ky (bar?) 4.54 3.58 3.93 2.81 4.45 4.38
kz (K1) 72151 1138.86 609.94 879.18 659.64 1177.78
R? 0.935 | 0.970 | 0.991 | 0.981 | 0.991 | 0.995 | 0.998 | 0.998 | 0.999 | 0.999 | 0.999 | 0.998 | 0.998 | 0.997 | 0.999 | 0.999 | 0.996 | 0.996
RSS 38.39 473 121 0.25 1.73 0.35
Langmuir | o " molikg) 14.61 16.07 14.61 16.07 14.49 15.30
ki (bar ) 56.67 0.57 48.14 0.67 44.24 1.10
kz (bar ) 2899.26 1504.48 2685.58 1418.62 2614.56 1724.16
R? 0.867 | 0.944 | 0.913 | 0.995 | 0.998 | 0.993 | 0.895 | 0.945 | 0.908 | 0.993 | 0.996 | 0.996 | 0.894 | 0.947 | 0.905 | 0.990 | 0.998 | 0.996
RSS 104.05 157 76.18 1.72 76.03 0.60
Freundlich ™= "har ) 20.57 6.05 19.49 4.82 19.41 7.45
ks (K7 879.50 1086.37 842.02 930.07 838.14 1212.75
n 2.66 1.44 2.37 1.28 2.34 1.30
R 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.998 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.998 | 0.999 | 0.999 | 0.999 | 0.999 | 0.998 | 0.999
Sips RSS 0.94 0.32 0.50 0.24 0.75 0.16
gm (Mol/kg) 11.97 14.05 14.14 15.77 13.83 22
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ki (bar) 123.74 0.82 53 0.72 50.21 0.55
k (bar?) 3072.52 1707.75 2691.14 1425.31 2618.12 1706.04
n 0.96 1.15 0.93 0.99 0.91 1.11
R? 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.998 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.998 | 0.999 | 0.999 | 0.999 | 0.999 | 0.998 | 0.998
RSS 0.89 0.36 0.41 0.24 0.53 0.19
gm (Mol/kg) 11.87 22.26 13.88 14.57 13.49 42.49
Toth
ki (bar?) 112.77 1.02 46.19 0.74 42.72 0.50
ka (bar?) 3076.66 1711.04 2707.98 1428.1 2640.49 1706.33
n 1.09 0.56 1.18 1.09 1.23 0.55
R? 0.998 | 0.999 | 0.999 | 0.998 | 0.997 | 0.998 | 0.998 | 0.998 | 0.999 | 0.999 | 0.999 | 0.998 | 0.998 | 0.997 | 0.999 | 0.999 | 0.996 | 0.996
RSS 1.24 0.80 1.21 0.25 1.73 0.35
Qm1
12.23 9.81 14.61 16.07 14.50 15.30
(mol/kg)
- C]mz
Dual-Site " 2.09 2.09 2.09 2.09 2.09 2.09
Langmuir (mol/kg)
ki, a (bar?) 116.76 1.83 48.14 0.67 44.23 1.10
ki b (K?) 3066.95 1762.24 2685.58 1418.62 2614.42 1724.25
ko, ba(bar?) 60.29 60.28 60.29 60.28 60.29 60.28
ka, b (K) 1404.2 36328.4 14404.1 36328.42 14404.5 36328.42
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4.4. Conclusion

Adsorption equilibria of CO; along with CH4 were examined for the pristine HKUST-1 and its composites,
HKUST-1/PLA and HKUST-1/TPU. The equilibrium data for both gases were collected using manometric equipment
in the pressure range up to 10 bar and temperature 273 K, 298 K and 323 K. In the pressure range below 1 bar and at
the temperature of 298K, all the investigated adsorbents have similar CO, and CH4 adsorption capacities, following a
linear trend with pressure according to the Henry’s law. However, in the high pressure range (between 2 to 10 bar),
the CO; adsorption capacities of both HKUST-1/PLA and HKUST-1/TPU are increased up to 18% compared to
pristine HKUST-1. Such an increase was attributed to the larger BET surface areas and micropore volumes of the
composites compared with pristine HKUST-1. Similar observations are made regarding the adsorption of CHa. In
comparison to pristine HKUST-1, both HKUST-1/PLA and HKUST-1/TPU have a gradual increment in the CH4

adsorption capacity up to 30% as the equilibrium pressure is increased above 1 bar.

The dual-site Langmuir isotherm model was found to accurately describe the experimental equilibrium data of
CO; and CHs4. Temperature was found to strongly impact adsorption performances of materials, as a higher
temperature results gas adsorption depression. Additionally, the isosteric heat of adsorption of HKUST-1 composites
are slightly lower than its pristine material, which would reduce the energy required to regenerate the adsorbent. To
establish the separation performances of the composites and pristine HKUST-1, the co-adsorption isotherms were
derived from the IAST, considering the case of equimolar gas mixture representative of biogas composition. The
predicted co-adsorption isotherms show that CO is always more favorably adsorbed than CH, onto all the materials,
which is a good indication of their suitability as an adsorbent for CO./CH, gas separation. The composites exhibit
higher CO and CH4 adsorption capacities than pristine HKUST- but the equilibrium selectivities of both composites
were slightly reduced above pressure of 1 bar compared to the pristine HKUST-1 because of larger amounts of co-
adsorbed CHy, at this pressure range. The predicted separation performances of the composites according to the IAST
were compared with the reference zeolite 13X. Under the same operational process conditions (Pags = 8 bar, Ppurge = 1
bar and T = 298K), the CO, working capacities of HKUST-1/PLA composite (6.3 mmol/g) and HKUST-1/TPU
composite (6.1 mmol/g) are significantly higher than the one derived for the zeolite 13X (1.8 mmol/g). However,
zeolite 13X has a significantly higher CO2/CHy, selectivity than both the two composites, as it adsorbs far less CHa.
Nevertheless, the results obtained in this section demonstrate the interest to further the potential of use of explore the
shaped HKUST-1 composites as adsorbents in PSA for CO,/CH. gas separation from biogas. In order to objectively
evaluate CO2/CHy, separation performances, it is important to go beyond the analysis and comparison of adsorption
selectivities by performing simulation and optimization of the whole PSA process operating HKUST-1 composite

adsorbent material.
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CHAPTER 5: Simulation and optimization of PSA

process for biogas upgrading

In this chapter, two separate cases were simulated using simulation software, gPROMS: (1) Model validation. (2)
PSA cycle for CO,/CHy, separation in the context of biogas upgrading. The objective for the 1% case is to verify that
gPROMS is able to reliably reproduce the experimental and simulation results reported by Asadi et al. [17],.
Meanwhile, the objective of the 2™ case is to estimate the performance of the synthesized HKUST-1 composites for
biogas upgrading process, which are biomethane purity, recovery of biomethane, productivity of PSA cycle and energy

consumption per cycle as a function of operation conditions.

It should be noted that in the 2™ case of the simulation, several important context/hypotheses have been taken to
simplify the overall process. First, the simplified composition of a pre-treated raw biogas, that is CO, and CHs in
equimolar ratio without minor impurities (H2S, N2) and moisture, was considered. Second, the simulation was only
done only using one of the HKUST-1 composites as an adsorbent (HKUST-1/PLA), as both of them have similar gas
adsorption capacities. Finally, as the information concerning the Kinetic adsorption properties of synthesized HKUST-
1 composites was not analyzed in this study, we have opted to use the kinetics data available in literature, as reported
by Asadi et al. [17] for commercial HKUST-1 material. In that study, the slope of the CO; breakthrough profile for
commercial HKUST-1 adsorbent is very steep, indicating fast mass transfer/adsorption kinetics resulting in a quasi-
instantaneous equilibration of adsorbent materials and a quasi-complete saturation of adsorbent bed after

breakthrough.

All of these assumptions help to complete the mathematical model for the biogas upgrading simulation, thus
allowing to acquire a better understanding of the impact of operational parameters on CO,/CH, separation. The
obtained simulation results provide a good starting point in estimating the efficiency of the HKUST-1 composite,
though it is undeniable that experimental breakthrough analysis and kinetic characterization of the composite would

improve the accuracy of the simulation results.

This section will first start with the presentation of recent developments of the PSA process cycle configuration
for biogas upgrading and available kinetics models to describe the mass transfer. Then, the simulation methodology

in this work is shown and finally the results of both simulation cases are presented.

5.1. Different configurations of PSA/VVPSA cycle for biogas upgrading

The typical biogas composition from industrial biogas plants (in terms of CO, and CH, content) depends on the
type of raw material used [284]: (i) household or industrial waste (CO, = 20-35% vol and CH4 = 65-75% vol), (ii)
sludge from wastewater treatment plant (CO; = 20-55% vol and CH4 = 45-75% vol) or (iii) agricultural waste (CO; =
25-30% vol and CH4 = 40-55% vol). For the biogas upgrading within this range of composition via PSA/VPSA

process, the CO, capture performance is influenced by the choice of adsorbent and the cycle configuration. In this
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section, a short review of the PSA/VPSA configurations for biogas upgrading applications reported in literature will
be presented. Table 5-1 shows the comparison of different configurations of adsorption cycle and their respective
biogas upgrading performances.

Table 5-1: Comparison of the operational parameters and CO2/CHj, separation performance of a different configuration
of PSA/VPSA process for biogas upgrading

Operational parameters Separation performances
PSA/VPSA Separation CO2/CH4 Biogas . . CHa CHs CHa
i i Adsorbent . Pads/Pregen . Biogas velocity . . Ref.
configuration mechanism (bar) composition flowrate (Nms) purity | recovery productivity
ar m/s
(% vol) (Nmd/h) (%) (%) (kgcrHa.m3ht)
Skarstrom L [28
CMS Kinetics 5.8/0.1 45/55 500 1.4 98 90 -
cycle 5]
Dual-stage L 70422 [28
CMS Kinetics 10/90 80-100 1.1-2.3x10° 98 99 56
(V)PSA 5b/0.5° 6]
VPSA + N2 Zeolite Equilibri [28
uilibrium _ _ -
purging 13% q 4/0.08 40/60 2-12 0.1-0.6 99 93 7
Dual-stage Zeolite Equilibri [28
uilibrium . -
VPSA 5A q 6/0.2 40/60 100 0.2-0.4 97 99 8]
VPSA + off L [28
i CMs Kinetics 8/0.5 40/60 396-971 0.1-0.2 97 80-95 80-160
gas recycling 9]

aFirst stage. °Second stage.

Biogas upgrading using the Skarstrom cycle, which is the most conventional cycle configuration, is able to
produce biomethane with high CH4 purity, but the inconvenient is the non-negligible amount of CH, lost during the
process. Therefore, multiple configurations derived from the Skarstrom cycle have been introduced in the literature to
increase CH4 recovery (cf. Table 5-1). The dual-stage VPSA process contributes to a higher methane recovery than
the single stage VPSA process. It should be highlighted here that biogas upgrading simulation for studies listed in
Table 5-1 involves both laboratory scale and industrial scale, with biogas flowrate ranging from 2 up to 1000 Nm?3h.
The principle behind each configuration is given in Table 5-1 as well as their respective advantages and limitations,

discussed presented in the following sections.

5.1.1. Skarstrom cycle

Detailed explanation regarding the concept of Skarstrom cycle configuration has been previously given in section
2.3, page 42, thus it will not be further described here. An example on the application of this type of configuration is
a study by Barbera et al. [285], where the simulation of biogas upgrading with CO2 and CH4 volumetric composition
of 45% and 55% respectively, was done using operational pressure and flow rate listed in Table 5-1 at 308 K. In
addition to that, the simulation used CMS as adsorbent media and the raw biogas was assumed to has undergone a
pretreatment process prior to adsorption, leaving only CO, and CHy, as the gas constituents. The authors employed six
interconnected columns (Figure 5-1), with three coupled adsorption/desorption pairs working in parallel and each
adsorption column treats 1/3 of the inlet biogas flowrate. Each adsorption column underwent simple Skarstrom cycle:
co-current pressurization using the biogas feed, co-current adsorption step, a counter current blowdown step and

finally a counter current purge using the product stream. The results of simulation for this section reveal that
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biomethane obtained as upstream product has purity of 98% and total CH4 recovery of 85%, whereas the off gas
obtained during blowdown and purge step has a CO; purity of 89.7% and CO; recovery of 99%. The loss of CH, is
mainly attributed to the purge step that uses a fraction of CHa-rich product to push downward CO, that was
accumulated at the top of an adsorption column. Authors stated that by lowering adsorption pressure and increasing
adsorption time, it is possible to increase CH,4 recovery but at the expense of biomethane purity. Additionally, authors

reported that the specific energy consumption for the Skarstrom to be on the order of 0.27 KWh.Nm3ca.

6 PSA units - cycle configuration

c1 ’T* B‘D FT PTS
T )EGE Sl c2 P PS A BD
| % MCOMPR ' T T !
X c3 A BD P PS
A A 1 ! ! 1
c1 c c3 c4 cs ce ca P PS A BD
! 1 1 !
A BD P PS
Cc5
1 ! ! 1
P PS A BD
ce ! 1 1 !

A: Adsorption

PS: Pressurization
BD: Blow down

P: Purge

Figure 5-1: Process Flow Diagram of a Skarstrom cycle configuration [285]

5.1.2. Dual-stage (V)PSA process configuration
The concept of dual-stage (V)PSA process resembles that of distillation process, which consist of one rectifying
section for purification of the light component and one stripping section for the purification of the most adsorbed gas
(Figure. 4-2). In the context of biogas upgrading, the light component obtained in the rectifying section is biomethane
(CH4) whereas the gas obtained in the stripping section is CO». This type of configuration allows to obtain each gas

constituent at high purity, either as a product or off gas.
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Figure 5-2: Dual-stage PSA scheme used to obtain purified streams of methane and carbon dioxide [286].

As raw biogas enters the first separation stage, the less adsorbed CH4 will be obtained at high purity at the top of
the column, though a certain quantity of CH4 will be inevitably co-adsorbed with CO; in the adsorbent media. As the
adsorbent undergoes regeneration process, the off gas contains a large amount of desorbed CO, as well as non-
negligible amount of CH4, which will inevitably lead to low CH, recovery for the biogas upgrading process. This is
where the stripping section plays an important role. The CO; rich off-gas from “rectifying section” is sent to the
“stripping section”, where CO2 will be retained by adsorbent media and the less adsorbed CH4 will be recycled back
to the feed stream of the rectifying section. This step contributes to a higher CH4 recovery for the biogas upgrading

process and consequently a higher purity of CO- in the off-gas stream.

In a study by Grande and Blom [286], dual-stage (V)PSA configuration was simulated for natural gas upgrading
with CO; and CH4 volume composition of 10% and 90%, respectively, using operational parameters previously listed
in Table 5-1. It should be noted here that the lowest pressure applied in the rectifying section never reaches vacuum
condition, making it a PSA process. The simulation was done by assuming that the gas was pre-treated prior to the
PSA process and CMS was used as adsorbent media. The simulation of the first rectifying section was made using
6columns within 10 different steps (Figure 5-3). The results of the initial simulation for this section reveal the CH,4
purity obtention of 98% with a total CH4 recovery of 85% (Table 5-2). The 2% contamination with CO; in the product
stream is attributed to the transfer of some desorbed CO; from the saturated adsorbent media towards another
regenerated column during the pressure equalization steps, whereas the loss of 15% in CH4 recovery is attributed to
the recycling of CH4 during the purge and pressurization steps. Additionally, the simulation reveals that the CO; purity
of the streams taken from the blowdown and purge steps is merely 39%. This is caused by the low effective utilization
of adsorbent media (40% of its total adsorption capacity) as the adsorbent is not completely regenerated due to the

thermal and mass transfer effects in the column.
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Figure 5-3: Scheme of the cycle steps employed in the rectifying section of the PSA unit by Grande and Blom [286].

The simulation was then continued for the “stripping section” using the CO> stream obtained from the simulation
of rectifying section and the operational parameters listed in Table 5-1. This section was simulated using three columns
with 5 different steps (Figure 5-4) and vacuum condition was used for the regeneration of the adsorbent. The results
obtained reveal that 94% of the CH, entering the “stripping section” were able to be recovered as a top product with
the CH, purity of 90% (Table 5-2) and be recycled back the feed gas stream of the rectifying section. In addition, a
relatively high purity of CO, stream (91%) is able to be obtained during blowdown. By integrating the results of the
simulation of both sections, Grande and Blom demonstrated that dual-stage (V)PSA configuration is able to obtain
CH, recovery higher than 99% and overall CH4 purity of 98%. Meanwhile, if the simulation was conducted without
stripping, its CH4 purity and recovery would be 98% and 85% It should also be noted that the productivity of the
overall process is around 50% lower than the one obtained in PSA units for biogas upgrading, due to the existence of
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Figure 5-4: Scheme of the cycle steps employed in the stripping section of the PSA unit by Grande and Blom [286].
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Table 5-2: Separation performance for single-stage and dual-stage PSA unit by Grande and Blom [286]

Dual-stage PSA  Single-stage PSA
CHg4 purity (%) 98 98
CHy recovery (%) 99 85

An example of dual-stage VPSA configuration for biogas upgrading application is the study by Augeletti et al. [288],
where the binary CH4 and CO, mixture separation with a volumetric composition of respectively 60% and 40% was
performed. In contrast to [286] where the separation of CO2/CH, on CMS is operated under kinetic control, the study
of Augeletti et al. uses Zeolite 5A as the adsorbent media in both rectifying and stripping sections, operating the
separation under equilibrium conditions. Additionally, vacuum regeneration of the columns is employed in both
sections (operational parameters are listed in Table 5-1). As the operational pressure used in this study is lower than
that of Grande and Blom [286], Augletti et al. were able to apply the same dual-stage VPSA configuration by using
only eight columns in total, where four interconnected columns were used for each rectifying and stripping section.
These columns underwent 6 steps for a complete biogas upgrading cycle (Figure 5-5), which are: (i) Feed (FE), (ii)
equalization of pressure (EQ1 & EQ?2), (iii) blowdown (BD), (iv) purge (PU) and (v) pressurization (PR). EQ 1
involves connecting a column initially at low pressure with another column that has a higher pressure, until both
columns reach a new intermediate pressure, whereas EQ 2 is the inverse of EQ 1. The simulation of the rectifying
section reveals that biomethane obtained as product has a purity of 98.8% with a methane recovery of 83.9%, whereas
CO; purity in the stream taken from BD and PU steps is around 78.5%. Next, the simulation of said CO; stream in the
stripping section results in the obtention of 99.1% in CO; purity for the off gas, whereas the product stream, which
was eventually recycled back to the feed of rectifying section, consist of 17.8% and 82.2% in CO, and CHy, purity,
respectively. Overall, the application of dual-stage VPSA configuration for biogas upgrading as simulated by Augletti

et al., demonstrates the viability of the obtention of high purity biomethane with total CH4 recovery greater than 99%.
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Figure 5-5: Scheme of the cycle steps employed in both the rectifying and stripping section of the VPSA unit by
Augletti et al. [288].

5.1.3. VPSA with N3 purging

Khunpolgrang et al. [287] have studied the effect of adding N2 purging step in the VPSA process for biogas
upgrading. VPSA unit containing four interconnected columns (Figure 5-6) operating 13X zeolite as an adsorbent was
fed with the mixture of 40% CO, and 60% CHya, simulating the pre-treated biogas. Operational parameters used for
the simulation are listed in Table 5-1. Each column underwent 9 steps within the cycle: (i) Pressurization (P) from
atmospheric pressure to the adsorption pressure, (ii) Adsorption (A): continuous feed of the column with CH4/CO;
mixture, (iii) Equalization pressure drop 1 (ED1) between adsorption column and intermediate tank, (iv) Equalization
pressure drop 2 (ED2): the equalization of residual pressure in an adsorption column with a second adsorption column,
which had just been evacuated, (v) Blowdown (BD): to decrease the residual pressure in an adsorption column to
atmospheric pressure, (vi) Purge (PG): feed of the column with N; flow to flush the column at the pressure of
adsorption (A) under countercurrent regime (with the respect to feed), (vii) evacuation (EV) through the feed end by
vacuum pump, (viii) Equalization pressure rise 2 (ER2)-re-pressurization of a freshly regenerated column 1 with the
gas from another adsorption column. (ix) Equalization pressure rise 1 (ER1): further increase of pressure in column 1

(after ER1) by the transfer of gas from an intermediate tank.
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Figure 5-6: A simplified diagram of the pilot-scale four-column VPSA process with N purging [287]
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Figure 5-7: Scheme of the cycle steps for the VPSA process with N, purging [287].

Authors stated that the simulation of this VPSA process configuration results in the obtention of biomethane
purity of more than 99% and a methane recovery of 93%. In comparison, they simulated another simulation for the
VPSA process of biogas upgrading but without the N purging step. It was revealed that the absence of N purging
contributes to a decrease of biomethane purity by 9% and a decrease of methane recovery by 10%. However, the
energy consumption of the VPSA configuration with N2 purging was found to be increased around 70% compared

with VPSA configuration without purging, i.e. from 0.136 to 0.232 kW h/m?® of CH,, due to the extra energy required
to pressurize N2 from atmospheric pressure to adsorption pressure.
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5.1.4. VPSA with off gas recycling
In a study by Chouikhi et al. [289], a new configuration of VPSA process for biogas upgrading was simulated for
a mixture of CO; and CH, with a volumetric composition of 40% and 60%, respectively. CMS was chosen as the
adsorbent media for the simulation and its operational parameters are listed in Table 5-1. The main feature of the
VPSA configuration proposed by Choukhi et al. revolves around the recycling of off gas, which is obtained during
purging and blowdown stages, to increase the purity and recovery of CHa.. The simulation of biogas upgrading using
this type of VPSA configuration by Chouikhi et al. consists of 5 columns with 15 steps. The sequence of the cycle
steps for a single bed is shown in Figure 5-8.
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Figure 5-8: Cycle representation based on a single bed sequence of 15 steps [289].

These 15 steps can be categorized into 5 phases, which are:

I Production phase:
e Adsorption steps (ADS1; ADS2).
e Adsorption reflux step (ADS3_Ref): recycling of a fraction of the off-gas (rich in CO2) obtained during
blowdown back to the bottom of the column.
Il. Depressurization phase:
o Two equalization depressurization steps (Eql_H & Eg2_H): partial pressurization of two columns with a

high-pressure gas present in a column at the end of the production phase.
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e Purge provides step (PP) wherein a column that just underwent Eq2_H is further depressurized and
connected to another column undergoing the blowdown step. The gas stream from the former column allows
to push the impurities in the latter.

1. Regeneration phase:

e One equalization depressurization step (Eq3_H) wherein the gas at the intermediate pressure present in a
column is used to pressurize partially another column, which just underwent blowdown step and is under
atmospheric pressure, to a higher-pressure condition.

e  One blowdown step (BD1).

e  One blowdown with reflux step (BD2_Ref), wherein the regeneration is completed by evacuating a column
using a vacuum pump, with some gas stream originated from PP step entered from the top of the column to
push away impurities inside the column. Additionally, a fraction of the desorbed gas exiting from the bottom
of the column is recycled as feed stream of another column, which is in the ADS3_Ref step.

V. Low pressurization phase:

e Two equalization pressurization steps (Eq3_L, Eq2_L) wherein a column initially at atmospheric pressure is
pressurized with the gas extracted from two different columns, which are in Eq3_H and Eq2_H steps,
respectively.

e Atime-out step (T-M) in which a column is isolated by closing all the valves. During this step, the column
waits for the other columns to finish their respective steps.

V. High pressurization phase:

e Anequalization pressurization step (Eql_L), wherein a column is partially pressurized with the high-pressure

gas extracted from another column that underwent Eql_H step.

e Two Pressurization steps (F1, F2).

Authors stated that the simulation of this process configuration results, but without recycling of off gas, in the
obtention of biomethane purity of 97% and CH4 recovery of 80% using 3.5 m® of adsorbent inside an adsorption
column. The initial analysis of the simulation reveals that the 20% of the CH, was lost during the purge steps and
blowdown steps. Therefore, a series of simulations with different recycle ratio values for the off gas were conducted
to evaluate the impact of the recycling. Results indicate when the off gas was not recycled, the CH,4 recovery of the
simulation is 80 % with productivity of 80 kgcxa.m=h, whereas when 80 % of the off gas was recycled, the CH,4
recovery increases to 95% with productivity of 160 kgcrs.m=ht. There is a clear is a trade-off between CH,4 recovery

and the productivity of biogas upgrading as the recycled gas substitutes the feed flow rate.

5.2. Adsorption kinetics

5.2.1. Principle of diffusion
A proper understanding of adsorption kinetics in PSA process could be achieved by analyzing the mechanism of mass

transfer in macropores and micropores of an adsorbent. For a porous adsorbent, the diffusion of adsorbate inside a
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porous space involves different transfer mechanisms. The molecules of adsorbate must first travel through the external
film barrier enveloping an adsorbent particle, followed by diffusion inside the pores of the adsorbent (macropores and
micropores). Different mechanisms of mass transfer inside an adsorbent particle are summarized in Figure 5-9-a. As
the bulk gas comes into contact with an adsorbent particle, (i) gas molecules diffuse inside the film (or boundary layer)
surrounding the external surface of the solid particle, followed by (ii) diffusion inside macropores and mesopores and
finally (iii) diffusion inside micropores. Figure 5-9-b illustrates the typical concentration profile of adsorbate from the
bulk phase until the interior of an adsorbent particle at the start of adsorption. The adsorbate in the bulk phase has a
concentration of Cgq. As the capacity of the fluid film is small compared with that of the adsorbent particle, it could be
assumed that there is very little accumulation of adsorbate within the film. Consequently, there exist a concentration
gradient between the bulk phase and the film. The adsorbate concentration continues to decrease close to its minimum

value as adsorbate approaches the center of the adsorbent particle.
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Figure 5-9: (a) Schema of mass transfers from bulk gas phase to the adsorbent solid surface. (b) Concentration profile

of gas component in bulk phase, film layer and inside adsorbent particle at the start of adsorption.

a) External film diffusion

External film diffusion involves the transfer of gas molecule in the film (or boundary layer) surrounding the
external surface of the solid particle. This arises because the surface of an adsorbent or catalyst particle is always be
surrounded by a laminar boundary layer through which transport can occur only by molecular diffusion [290]. The
thickness of this layer is related to hydrodynamic gas flow conditions, whereby it decreases with increasing superficial

velocity of a highly turbulent regime.

External resistance is generally correlated in terms of film mass transfer coefficient, ks (m. s%), which could be

estimated from the correlation proposed by Wakao et al. [291].

2kR |
Df P_+1.1Sc3Re" Eq. 5-1

m
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where Rp (m. s) corresponds to the radius of adsorbent particle and Dm (m?. s) corresponds to the molecular
diffusivity of constituent i in bulk gas phase.

Sc and Re are Schmidt and Reynold numbers, respectively and they are both dimensionless. Reynold number
allows to empirically estimate whether a flow regime (laminar or turbulent) whereas Schmidt number represents the
ratio between momentum diffusivity and mass diffusivity. Both of them are expressed as follows:

Sc= -
PgDm Eq. 5-2
ud
Re= Pg"% Eq. 5-3
n

where u superficial velocity of gas (m.s™?), it is calculated by dividing volumetric flowrate, Q (m®.s*), with cross

sectional area of bed, Aped (M?) ; Py density of gas (kg. m); dp diameter of adsorbent particle (m); i dynamic viscosity
of gas (Pa.s).

b) Mesopore and macropore diffusion

The mechanism of diffusion dependents on the ratio of molecular kinetic diameter and pore width. Within the
macropore range, transfer occurs mainly by molecular diffusion mechanism, as the collisions between diffusion
molecules occur more frequently than the collision between diffusing molecules and pore walls [290]. Meanwhile,

within the mesopore range, Knudsen diffusion is generally more dominant, but there may also be a significant
contribution from Poiseuille diffusion.

Poiseuille diffusion

Figure 5-10: Representation of a different mechanism for internal diffusion.

®,

«» Molecular diffusion

Molecular diffusion occurs when two or more different molecular species of diffusing gas collided [290] (Figure
5-10). This phenomenon tends to become more predominant when the mean free path of gas molecules is shorter than

pore diameter (Figure 5-10). The relative frequency of the intermolecular collisions and molecule—wall collisions are
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determined from the ratio of the pore diameter (dpore) to the mean free path (). In the case of binary gas mixture of

species A and B, the molecular diffusivity, Dm (m?. s1), can be expressed as Eq. 5-4 [292]:

Eq. 5-4

m

_0.0018583-T1'5~£AB< 1 N 1 )0-5
Pg - UXB A M, Mg

where aag (A) is a characteristic diameter of molecules, frequently referred as collision diameter between molecules;
eas (K) is the maximum energy attraction between molecules A and B; Maand Mg (mol. kg?) is molecular weight of

gas component A and B; ks is Boltzmann constant (m?-kg-s2-K1).
o s can be further expressed as follows:

O'ABZO.S * Oy +0.5- Op Eq 5-5

€aB = 1/ €a€B

where o and og (A) are the kinetic diameter of gas component A and B.

R/

«» Knudsen diffusion

In small pores or at low pressure condition, the mean free path, A, could become comparable with or even greater
than pore diameter, dpore. Consequently, the collision between pore walls and diffusing molecules is no longer
negligible (Figure 5-10). In Knudsen diffusion, the rate at which momentum is transferred to the pore walls greatly
exceeds the transfer of momentum between diffusing molecules, so that the latter can be neglected [290]. The value

of Knudsen diffusivity of a constituent, Dk (m?. s), could be estimated from the following equation [290]:

T
Di=97Rpore \/ﬂ; Eq. 5-6

where Rpore (M) corresponds to the radius of the pore. The Knudsen diffusivity varies only weakly with temperature
and it is independent of pressure, as this mechanism does not depend on intermolecular collisions. Additionally, the

diffusivity is dependent on molecular weight, which is the same as case as molecular diffusion.

When transitioning from molecular diffusion to Knudsen, meaning when the mean free path is comparable with
the pore diameter, the effect of both molecular and Knudsen diffusion is significant. Therefore, the approximation of

the transport diffusivity of both mechanisms, Dx-m (m?2. s), can be done using the following equation [290];

1 1 1
- Eq. 5-7
Dk—m Dk Dm
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«» Poiseuille diffusion

Poiseuille (or viscous or streamline) flow describes a steady laminar flow of incompressible and Newtonian fluid
(Figure 5-10), which resulted from the difference in total pressure between the ends of a pore capillary [290]. This
mechanism could be significant during the pressurization of the PSA column. The diffusivity by Poiseuille, Diyv (m?.
s1), could be estimated from the following equation [290]:

_ PRzz)ore

Eq. 5-8
8u a

v

c) Micropore diffusion

Diffusion in micropores is dominated by interactions between the diffusing molecules and the pore wall. Diffusion
within micropores is known as configurational diffusion, surface diffusion, or simply micropore diffusion, but these
terms are essentially synonymous. The mechanism of surface diffusion is based on the motion of adsorbed phase
jumping from one adsorption site to another vacant site (Figure 5-11). The effect of surface diffusion is important
when the physically adsorbed molecules are mobile and the concentration of the adsorbed phase is high. Surface

diffusion is an activated process that follows Arrhenius law and can be expressed as Eq. 5-6 [293]:

_Ea,s)

Dg = Dsoe( RT Eqg. 5-9

where Ds (m?. s%) the surface diffusivity; Dso (m2.s?) is the surface diffusivity at zero adsorption coverage for a
reference temperature and; Eas (J.mol™) is the activation energy related to surface diffusion.

Figure 5-11: Representation of the mechanism for surface diffusion

The internal diffusional resistance in mesopores/macropores and micropores region can be combined together by
considering the combination of diffusional resistances in terms of the equivalent resistance curcuit (Figure 5-12). The
Knudsen and molecular resistances are positioned in series while being parallel to surface resistance and Poiseuille

resistance, respectively. The total diffusivity for internal diffusion, Dt (m?. s%), could be expressed as:
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where 7 is the tortuosity factor of an adsorbent and gp is the porosity of an adsorbent particle (intraparticle void volume

only).

Knudsen Molecular
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A%

Surface
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Figure 5-12: Combination of internal diffusional resistance according to a resistor network model [290].

5.2.2. Kinetics model
Kinetics model is used to represent the mass transfer mechanism inside the particles of adsorbents. Multiple
kinetics model with varying degree of complexity have been developed and reported in literature. In this section, we

will briefly present some of these kinetics’ models.

a) Fick’s model

In the period 18501855, Thomas Graham and Adolf Fick verified the proportionality between the diffusive flux
and concentration gradient. Fick’s first law of diffusion was then formulated [290] (Eq. 5-11):

J=-D 6_C Eq. 5-11
0z

where J (mol.m2.s1) is the diffusive flux, D is Fickian diffusivity (m2 s7), C (mol.m) the species concentration in

fluid phase and z (m) is the distance coordinate in the space.

Consequently, Fick has demonstrated from material balance that the diffusion of a species in a parallel-sided duct

with a constant diffusivity could be expressed as Eq. 5-12:

ac o]
at 9z
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ot 0z 022 Eq. 5-12

It is a mass conservation equation commonly known as Fick’s second law of “non-stationary” diffusion [290] in

which both spatial (9z) and temporal (dt) variations of species concentration are defined.

b) Gradient of chemical potential

Kinetics model based on chemical potential was developed by Barrer in 1971 [294] with the aim of describing
the mass transfer of adsorbate inside an adsorbent particle. Fick’s first law of diffusion has established that the driving
force of diffusion is the gradient of concentration, dC, which could be related to the gradient of chemical potential,
du, defined by the change in chemical energy in a system per mole of molecules at constant temperature and pressure
[290]. Hence, if the diffusive flux is considered as a flow driven by the gradient of chemical potential, then the flow
must be opposed by frictional forces [290]. The steady-state energy balance for a differential element can be expressed
as following [290]:

au_

5= —fu Eqg. 5-13

where p (J-mol?) is the chemical potential of the adsorbate, u (m-s) is the gas flow velocity and f (kg. m. s’ mol?)

is the coefficient of molecular friction with its surrounding when the molecules are moving.

To relate the gradient of chemical potential to the concentration in adsorbed phase, the equilibrium gas phase
must be considered as an ideal gas system in which the activity of the adsorbate, a, is identified by its partial pressure,
P, as shown in Eq. 5-14 [290]:

u=p'+R-T-lna=p’+R-T-InP Eq. 5-14

where WO is the standard chemical potential for pure phase, R is the gas constant (R=8.314 J-mol*-K1) and T (K) is

the temperature.

Therefore, the differential element du/dz presented in Eq. 5-13 could also be expressed as follows:

) dInP
M_r.T.

— . Eg. 5-15
0z 0z

Eqg. 5-15 can then be substituted into Eq. 5-13:

151



R-T 0lnP
u=—-——-
0z

Eq. 5-16

The expression of diffusive flux in adsorbed phase, J (mol.m. s%) can also be defined as the product of u (m.s-
1) gas concentration, C (mol. m=) [290] :

1  R-T 9lnP
Vet T e
dInC R-T dInP

R R S

R-T 8lnP aC

f 9InC oz

Eq. 5-17

The diffusive flux expressed in Eg. 5-17 could be compared with that defined by Fick’s first law (cf. Eq. 5-11,
page 149). Hence, at a given temperature, Fickian diffusivity, D, could be expressed as:

D= R-T (alnP) _D (61nP> Eq.5.18
=777 Gmc/), =7 Gmc/; a- >

where Do (m?-s) is the Fickian diffusivity in adsorbed phase at nearly zero adsorption coverage (corrected diffusivity)
[290] and @ In P/@ In C is the thermodynamic corrective factor which follows adsorption coverage, known as Darken

corrective factor.

Kérger et al. have stated that in a microporous adsorbent, there is no clear distinction between molecules on the
surface and molecules in the gas phase in the central region of the pore [290]. Therefore, it is more convenient to
consider only adsorbed phase concentration, g (mol.m3), instead of gas phase concentration C. Therefore, assuming
an ideal vapor phase, the Eq. 5-17 and Eq. 5-18 can be re-written as:

R-T dlnP dq
=_T.m.$ Eq. 5-19
R-T (0InP dInP
b= Tf (alnq)T =Do- (61nq>T Eq. 5-20

If the isotherm of a system is linear following Henry’s law, which is usually the case for diluted system or low-
pressure region, the Darken corrective factor d In P/d In q = 1 and thus D = Do [290]. However, if the adsorption
occurs beyond Henry’s law region, then the Fickian diffusivity is dependent on Dg coefficient and Darken corrective

factor, determined by isotherm shape (e.g. Langmuir, Freundlich, Toth, etc..).
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As an example, assuming Langmuir model (cf. Eq. 4-7, page 99) was used to describe the pure gas isotherm, the
fractional adsorption loading, 0, can be written as:

q K, P

9:—:7
dm 1+ (K,P)

Eq. 5-21

As an example, the Darken corrective factor for Langmuir isotherm can be expressed as Eq. 5-22 [290]:

(6lnP) 1

dlng/, T 1-9
(6 In P) _ 1
dlng/, ,___KP
e N D) Eq. 5-22

¢) Linear Driving Force (LDF) model

As explained previously, the diffusion of gas molecules involves different transfer mechanisms, which are the
diffusion in external film, internal macro/mesopores diffusion and micropores diffusion. The LDF model, which
originally proposed by Glueckauf and Coates [295], assumed that all the possible mass transfer resistances related to
each transfer mechanism could be simplified into a single global mass transfer coefficient, KLor. According to this
model, the uptake rate of a species into adsorbent particles is proportional to the linear difference between the average
adsorbate concentration at present conditions, g, and the adsorbate concentration in equilibrium with the bulk phase

of that species at the outer surface of the particle, qeq'c’ and is given by [295]:

d

q
Fre Kipr (%q'c - Q(t)> Eg. 5-23

where qeq|c (mol. m) corresponds to adsorbed quantity in equilibrium with bulk phase concentration C and Kior (s

1) is the global LDF mass transfer coefficient.

d) Biporous Linear Driving Force (bi-LDF) model

Another model that is available inside simulation tool gPROMS is the Bi-LDF model. Bi-LDF model is a variant
of LDF model, where instead of grouping all possible mass transfer resistance into a single mass transfer coefficient,
Bi-LDF takes into account each of the mass transfer resistance in the film, macro/mesopore and micropores region

separately. This model describes the rate of adsorption of a single adsorbate component into an adsorbent particle by:

aq
5 = a, ks (C — Cy) Eq. 5-24

where ap is the specific area of adsorbent (m2.m=); ks (m. s%) is the external film mass transfer resistance (cf. Eq. 5-1,

page 145); Cs is the concentration of a gas component at the adsorbent pellet surface (mol.m-3).
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The value of Cs is dependent on the macro/mesopores and micropores mass transfer resistance, and could be
further expressed as:

Sp anore kmicro

ot + : <Qeq|cpore - Q(t))] + Cpore(t)

kmac—mes

Cs =

kmac—mes

Eq. 5-25

where Cpore (Mol. m3) is the concentration of gas in the pores of adsorbent; qeq|c (mol. m3) is the adsorbed quantity
pore

in equilibrium with gas phase concentration in the pores; kmicro (s%) is the LDF coefficient for mass transfer through
micropores; Kmac-mes (s2) is the LDF coefficient for mass transfer through macro/mesopores. The terms Kmicro and Kmac-
mes could be estimated as follows:

15D,
kmac-mes = rlz = Eq. 5-26
14
15D,
micro = T _3 Eq. 5-27
e

where rp and rc (m) correspond to the adsorbent particle radius and crystal radius, respectively. By injecting Eq. 5-25
into 4-24, the rate of adsorption of a single adsorbate component into an adsorbent particle by the bi-LDF model could
be re-written as:

6q gp anore kmicro
5= a, kg (C(t) - [k 5t . qeq|cpore —q(®) )| = Cpore () Eq. 5-28

mac—mes kmac—mes

In this work, we are unable to determine the adsorption Kinetics parameters for our materials. Therefore, we have
opted to acquire the relevant adsorption kinetics parameters for HKUST-1 from the literature instead. For that, we
have referred to the study by Asadi et al. [17], where CO./CHs breakthrough analysis of commercial Cu-
BTC/HKUST-1 procured from by the same supplier in our study, was conducted at 308 K and 1 bar. The authors
successfully implemented bi-LDF model with appropriate kinetic parameters to describe the breakthrough of
CO/CHa. Thus, for this work, we implemented the same bi-LDF model with the same adsorption kinetics parameters
as reported by Asadi et al. [17].

5.3. Simulation methodology

5.3.1. Column dynamic (mass, energy and momentum balances)

a) General assumptions
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As previously mentioned, two cases of simulation were conducted in this study. Following main assumptions are

taken for both cases:

e The system is considered one dimensional, which only involves axial configuration. No mass, heat or velocity
variations in the radial direction.

e The adsorbent is assumed to be perfectly homogeneous. All the beads of an adsorbent are considered being
identical (cylindrical pellet).

e The porosities are constant, and the solids are perfectly rigid.

e  Gases are considered ideal gases, and the gaseous mixture is supposed to be ideal.

e The mass transfer rate is represented by a bilinear driving force (bi-LDF) model.

e The dispersion coefficient of each gas constituent in the gas mixture is considered the same.

Additionally, for the 1st case of simulation, it was assumed that there is an exchange of energy with the
environment, whereas for the 2™ case external heat exchange is neglected.
b) Mass conservation equations

The mass balance for each component inside a column is described through equation 4-29. This expression takes
into account the axial dispersion in the column, the gas convection, the accumulation in the bulk gas phase and the
accumulation in the adsorbed phase.

aC  d(ul) d aC\ dq
= — —)- = Eg. 5-29
e =g+ o3 (P 3;) 3¢ q
Accumulation ) Axial Accumulation in
) Convection ) )
in gas phase dispersion adsorbed phase

where D is the axial dispersion coefficient (m2.s);y is the gas molar faction, poed (kg. m=3) is the bed density, &, is

the total inter- and intra- particle void (g.,=€pea*[1-€veal€,) @nd q is concentration of adsorbed phase (mol. m®).

As bi-LDF was chosen as the model to describe the mass transfer, Eq. 5-28 is used to express the accumulation
in the adsorbed phase in Eq. 5-29:

6q gp anore kmicro
5= a, kg (C(t) - [k 5t . qeq|cpore —q(®) )| = Cpore () Eq. 5-28

mac—mes kmac—mes

Additionally, the gas phase dispersion in the axial flow direction, Dy, can be either specified or calculated based
on molecular diffusivities, Dm (Eq. 5-1). When calculated, the correlation by Wakao [291] may be used as expressed
in Eq. 5-30:

€pea DL

=20+ 0.5-Sc; - Re Eq. 5-30
Dy,

c) Energy conservation equations
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The continuity equation for energy transport of gas phase throughout the bed in axial direction is given in Eq.4-
3L

i(AH)aqi— i a(qu)+a(/1 aT) Y o T-T) Eq. 5-31
£ e 5o\ P o ) 0z T2\ ) T g T TV &
i=
L ) J ) J
Y Y Y Y
Energy in Axial Convection ~ Conduction

adsorbed phase dispersion
where AH; is the heat of adsorption of gas component i (J. mol™); Ht is the bulk gas phase specific enthalpy (J. mol-
D); detr is the effective thermal conductivity (W. m™. K1), hr.w is the heat transfer coefficient between gas phase and
wall (W. m2. s1), Tw is the temperature of wall (K) and dred is the diameter of the wall (m).

The effective thermal conductivity of the adsorbent-adsorbate system may be estimated from Specchia correlation
[296], as given by the following equation:

1

022e,,42 . 2
1, T3

Aeff = Sbed/‘lg + (1 - Sbed) Eq 5-32

where Xg is the thermal conductivity of gas mixture (W. m™. K1) and A is the thermal conductivity of adsorbent
particle (W. m. K1).

In the condition where heat exchange with environment is not neglected, the energy balance at the bed wall must be
taken into account in Eq. 5-31 and is given by the following equation:

aT, 0 aT,, dped
Pwlow ¢ _az< w 62) Tow (dbea +1 )2 _(dbed)z (=T
2 w 2
(s +21) Eq. 5-33
bed
+ hw—ext : = 2 (Text - Tw)

(e n) - (%)

where pw (kg. m?) is the mass density of wall material; Cpw (J. kg*. K1) is the specific heat capacity of the wall
material; Aw (W. m?. K?) is the thermal conductivity of the wall material; Text (K) is the temperature of the
environment; lw (m) is the thickness of the wall; hw-ext (W. m2. K1) is the heat transfer coefficient from the wall to the
environment.

d) Momentum conservation equations

We have considered that pressure loss throughout the column is expressed through Ergun’s law:
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opP (1 = epea)®  1.75(1 — gpeq)p9u?
———150u — — 3 =
0z gbedep €ped dp

0 Eq. 5-34

e) Boundary conditions

To solve the system of partial differential equations detailed above, the boundary conditions are needed. The flow
direction of the gas inside the column is from the feed at z = 0 to the product side of the bed, z = L. The boundary
condition is summarized in Table 5-3.

Table 5-3: Boundary conditions for each conservation equation

Z=0 Z=L
Mass conservation equation ﬂinym =uC D oc D oc 0
q Apon =u Epealy, 9z Eped Lo,

Energy conservation pin ;‘n OH; 1 aT aT

R :qu _gbedDL—_—Aeff_ — =0
equation Aped dz 1000 0z dz

Momentum conservation )
p=pin -

equation

where 2" is the molar flow rate at the entrance of bed (mol. s1); yi" is the molar fraction at the entrance of the bed;
Aued is the bed ross-sectional area (m?), H¢" is the mass specific enthalpy at the entrance of the adsorption section of

the bed on the feed side (J. mol™); P'" the pressure at the feed entrance of the adsorption bed (Pa).

5.3.2. Single column design

a) Case 1: Model validation

As previously mentioned, the objective of the simulation for case 1 is to verify the reliability of the simulation
tool gPROMS. This is done by replicating the experimental CO2/CH4 breakthrough results, reported by Asadi et al.
[17], with our own simulation. Therefore, it is important to re-use the same parameters as reported by Asadi et al. in
the simulation of case 1

Figure 5-13 presents the simplified version of an adsorption column used for our simulation of the case 1. The
feed gas, which consists of CO2/CH4 mixture as well as He as carrier gas, enters the adsorption column from the
bottom with its flow rate being controlled by valve VA opening. As the gas mixture passes through the adsorbent bed,
the less adsorbed component leaves the column through the valve VB at the top. Once breakthrough has been achieved,
the regeneration of the bed is started by changing the feed gas stream to pure He, closing of the valve VB and opening
of the valve VVB. Additionally, Table 5-4 lists the parameters related to the column design. It should be highlighted,
that unless it is stated otherwise, all the listed parameters in this section are taken from Asadi et al. [17]
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Figure 5-13: Simplified scheme of an adsorption column used for the CO2/CH, breakthrough simulation [17].

Table 5-4: Column design parameters and adsorbent properties for CO,/CH. breakthrough simulation [17].

Bed length (m) 0.305
Adsorbent volume (m3) 0.103x 10°®
Dead volume 1 (m%) N/A
Dead volume 2 (m°%) N/A
Adsorbent layer Single
Adsorbent Cu-BTC/ HKUST-1
Adsorbent shape Cylindrical
dp (mm) 3
pp (kg. m3) 958
Cpp (kJ.kgt.K1) 0.72
Ap (W.mLK?Y) 1.5
€bed 04
Adsorption pressure (bar) 1.1
Regeneration pressure (bar) 1
Column’s initial temperature (K) 308
CO2/CH4/He initial molar fraction 0/0/1

2 Value taken from [297]. ® Value taken from [298].

b) Case 2: PSA cycle for CO,/CH, separation in the context of biogas upgrading
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Figure 5-14 represents the simplified version of an adsorption column used for our PSA simulation with indication
of gas stream flow directions. The feed gas consists of CO./CH4 mixture entering the column from the bottom through
the valve V1 also used for the control of flow rate. The less adsorbed component (CHJ) is collected as the product at
the outlet of valve V3 and a fraction of it is also be used as purge gas for another column by opening valve V4. Finally,
the depressurization and purging inside the column are done at counter-current flow and the off gas is channeled out

from the bottom of the column by opening V2 valve.

Production >
va va Purge gas

ead volum
r 1 N
Adsorbent
Dead volume
1
Feedgas — [~ [ Juelp Off gas
V1 vz

Figure 5-14: Simplified scheme of an adsorption column used for PSA simulation

The parameters for the design of the column are listed in Table 5-4. The dead/void volume 1 and 2 at the feed and
product section of the column ensure a good distribution of gas upon entering and leaving the adsorption bed. Column
design parameters used in this simulation (e.g. bed length, adsorbent volume, dead volume) were based on the study
of Chouikhi et al. [289], where the industrial scale adsorption column was designed and simulated for biomethane
production. The adsorbent chosen for the simulation of 2™ case is HKUST-1/PLA, with its respective physical
properties. Next, in order to achieve the highest working CO; adsorption capacity, the adsorption pressure was set at
4 bar during the feed stage. Beyond this pressure level, as the predicted by IAST modeling, material’s CO2/CHa
adsorption selectivity starts to decrease (cf. Figure 4-19, page 131). Lastly, the regeneration pressure is set at 1 bar
since we wanted to simulate the PSA process without using vacuum regeneration.

Table 5-5: Column design parameters and adsorbent properties for PSA simulation

Bed length (m) 2.4
Adsorbent volume (m?3) 3.6
Dead volume 1 (m3) 0.1
Dead volume 2 (m3) 0.1
Adsorbent layer Single
Adsorbent HKUST-1/PLA
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Adsorbent shape Cylindrical

dp, (mm) 2

pp (kg. m3) 990

Cpp (kJ.kgL.K?Y) 0.72

Ap (W.mLK?Y) 1.5°

€bed 0.3
Adsorption pressure (bar) 4
Desorption/purge pressure (bar) 1

2 Value taken from [297]. ® Value taken from [298].

5.3.3. Cycle configuration
a) Case 1: Model validation

The CO,/CH. breakthrough experiment conducted by Asadi et al. [17] was simulated using a general PROcess
Modelling System (gPROMS) environment (PSE Entreprise, UK), and numerically solved Finite Volume (FV)
discretization scheme with 200 intervals. The simulation of the breakthrough process was carried out using an
adsorption column initially filled with pure He at the pressure of 1.1 bar. The overall simulated breakthrough
experiment steps are presented in Figure 5-15:

e Adsorption (A): Mixture of CO,, CH4 and He with the molar fraction of 0.83, 0.04 and 0.13, respectively,
enters the adsorption column from the feed section at the bottom of the column. The He gas acts as a carrier
gas and together with less adsorbed major component CHy it leaves the product section at the top of the
column. The adsorption step ends when the CO- concentration at the outlet is similar to that of the inlet.

o Regeneration (R): After a complete utilization of the dynamic CO, working adsorption capacity, the
regeneration of the bed is started by flashing pure He from the feed section of the column. The adsorbed gas
in the adsorbent media is then desorbed and pushed upwards by the carrier gas. The off gas (rich in CO3)
then leaves the column at the top section. The regeneration step ends when only He is detected in the off gas
stream.
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Figure 5-15: Descriptive scheme of steps applied for the simulation of CO2/CH4 breakthrough conducted by Asadi et
al. [17].

b) Case 2: PSA cycle for CO2/CH, separation in the context of biogas upgrading

The evaluate CO,/CH, separation performances of HKUST-1/polymer composite materials elaborated in this
study, the simulation of PSA involving HKUST-1/PLA composite as the adsorbent media was carried out. The system
of partial differential equations describing mass and heat transfer within PSA unit was solved in gPROMS using FV
discretization scheme with 200 elementary volumes. Additionally, the simulation was executed until Cyclic Steady-
State (CSS) is detected before the maximum number of simulation cycle is reached (1000 cycles). For the simulation
of the 2" case, two cycle configurations were tested: (i) Skarstrom cycle and (ii) Skarstrom + Pressure Equalisation
(PE) cycle.

¢+ Skarstrom cycle configuration

The biogas upgrading simulation using Skarstom cycle configuration was carried out using 2 PSA units instead
of 4. This is to minimize the time required to carry out a complete simulation until CSS. Figure 5-16 illustrates the
Skarstrom cycle process steps simulated for the two PSA units. The PSA units undergo 4 steps in total, which are
Adsorption (A), Blowdown (BD), Purge (P) and Pressurization (PS), as previously described in section 2.3, page 42.

The time for each 4 steps is denoted as ta, tep, tr and tps.

Concerning PSA cyclic time, the adsorption time, ta, is synchronized with the purging time, tp, as a fraction of
biomethane produced during the former step is used for the latter as purging gas. Additionally, the blowdown time,

tsp, and the pressurization time, tes, are set to be similar.
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Figure 5-16: Descriptive scheme of Skarstrom cycle applied to the simulation of CO2/CH, separation using HKUST-
1/PLA as adsorbent media. The arrows signify the flow of the gas stream.

Initial conditions inside the column prior to the start of simulation are listed in Table 5-6. Both of the PSA units
are initially considered being filled with pure CH4. Temperature inside both PSA units is initially similar to that of the
temperature of feed gas (298 K). Finally, the initial pressure inside Column 1 was set to 4 bar as at the beginning of
the cycle this column would have just undergone pressurization step, whereas Column 2 was set to 1 bar, as would

have been expected after the blowdown step.

Table 5-6: Initial conditions of Skarstrom PSA cycle for biogas upgrading

Column 1 initial pressure (bar) 4
Column 2 initial pressure (bar) 1
Column 1 initial temperature (K) 298
Column 2 initial temperature (K) 298
CO,/CHy initial molar fraction  0/1
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Figure 5-17: Descriptive scheme of Skarstrom + Pressure Equalization cycle applied to the simulation of CO2/CH4
separation using HKUST-1/PLA as adsorbent media. The arrows signify the flow of the gas stream.

Figure 5-17 illustrates the configuration of Skarstrom cycle with Pressure Equalization step that was simulated
with four interconnected columns. The newly added Pressure Equalization (PE) involves the connection of two PSA
columns at different pressure, until the pressure in both of them stabilizes and reaches a new intermediate value. The
PE step can be categorized into two phases: PE 1 and PE 2. PE 1 starts when a PSA column, which just underwent
adsorption step and is still under a high-pressure, is connected to another column that has a lower pressure condition
after purge step. This results in the desorbed gas in the high-pressure PSA unit to flow in co-current direction towards
the other connected PSA column. Conversely, PE 2 starts when a PSA column, which just underwent purge step and
is at low pressure condition, is connected to another PSA column that has a higher pressure. This results in the desorbed

gas from the other high pressure PSA unit to enter the lower pressure PSA unit in the counter-current direction.
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Table 5-7: Column’s initial condition parameters for Skarstrom + PE configuration

Column 1 initial pressure (bar) 4
Column 2 initial pressure (bar)
Column 3 initial pressure (bar)
Column 4 initial pressure (bar) 4
Column 1 initial temperature (K)
Column 2 initial temperature (K) 298
Column 3 initial temperature (K)
Column 4 initial temperature (K)
CO,/CHyg initial molar fraction  0/1

Initial conditions inside the columns at the beginning of simulation are listed in Table 5-7. All the columns are initially
considered being filled with CH4. Temperature inside both columns is initially similar to that of the temperature of
feed gas, which is 298 K. Furthermore, the initial pressure inside Column 1 and Column 4 were set to 4 bar as they
would have just undergone pressurization and adsorption, respectively, prior to the start of the cycle. Meanwhile,
Column 2 and Column 3 were set to be initially at 2 bar as both columns o would have just undergone PE prior to the

beginning of the cycle.

5.3.4. Operational/lsotherms/Mass and heat transfer parameters

a) Case 1: Model validation

Table 5-8 summarizes operational/isotherms/mass and heat transfer parameters used for this simulation.
Specifications of the feed gas stream, breakthrough steps time, parameters of heat transfer and mass transfer are similar
to those reported by Asadi et al. [17]. Meanwhile, the parameters for CO, and CH. isotherm models (Langmuir) were

determined from isotherm data, as reported by Asadi et al. [17] (cf. Eq. 4-7, page 99).

Table 5-8: Operational/lsotherms/Mass and heat transfer parameters applied for the simulation of CO,/CH,4
breakthrough reported by Asadi et al. [17]

CO; 0.83

CO2/CH4/He feed molar fraction CH4 0.04

He 0.13

Feed volumetric flow rate (m3.s) 13.4x10®
Feed gas temperature (K) 308
Feed pressure (bar) 1.1
Adsorption time, ta (S) 3000
Regeneration time, tr () 1500
Isotherm model Langmuir-IAST
Monolayer saturation capacity, gs,i (mol/kg) CO, 13.70
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CHs 8.14

. CO; 46.72
Pre-exponential constant by, i (bar?)
CH,4 2.54
) ) CO; 2719.50
Exponential constant by, i (K1)
CH,4 1815.76
AH (KLmol") CO; 22.8
; .mol’
hads CHa 15.1
Heat transfer coefficient between bulk gas and adsorbent, ht.ags (W.m2.K™2) 65.3
Heat transfer coefficient between bulk gas and wall, h¢-y (W.m1.K?) 25
Heat transfer coefficient between wall and environment, hy.ext (W.m1.K?) 20
Dispersion coefficient, D x10* (m2.s) 3.10
CO; 1.88
Macro/mesopore diffusivity, Dx.m X10° (m2.s%) CH,4 1.92
He 2.08
) o CO; 0.0174
Micropore diffusivity, Ds (m2.s)
CH. 0.0059

b) Case 2: PSA cycle for CO2/CH, separation in the context of biogas upgrading

Table 5-9 summarizes operational/isotherms/mass and heat transfer parameters used for the simulation of 2" case.
The parameters of isotherm model are taken from the results presented in chapter 3 for HKUST-1/PLA adsorbent
whereas the mass and heat transfer parameters previously used in the simulation of case 1, as we have not measured

them for HKUST-1/polymer composites synthetized in the frame of this work.

Next, the pressure of the feed gas was set to be similar to the pressure of adsorption, which is 4 bar, though it
should be noted that pressure of biogas obtained by anaerobic digestion could vary from atmospheric pressure up to
more than 10 bar [299, 300], depending on the process parameters applied. For the PSA simulation performed in this
section, it was assumed that the CO2/CH4 mixture used as feed gas was initially at 1 bar before being compressed to

feed pressure.

Finally, it should be noted that the duration of either Skarstrom cycle or it’s modified with PE steps version is not

detailed here, being variable parameter which is constantly adjusted to obtain the best PSA performances.

Table 5-9: Operational/Isotherms/Mass and heat transfer applied for the PSA simulation of CO2/CH4 separation
using HKUST-1/PLA.

) CO2 0.5
CO,/CHa/He feed molar fraction
CH,4 0.5
Feed mass flow rate (kg. s?) 0.074
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Feed gas temperature (K) 298

Feed pressure (bar) 4
Isotherm model Dual site Langmuir-1AST
) ) ) CO; 14.61
Adsorbent saturation capacity for site 1, gs1.i (mol/kg)
CH,4 16.07
) ) ) CO; 2.09
Adsorbent saturation capacity for site 2, sz (mol/kg)
CH. 2.09
. ) CO; 48.14
Pre-exponential constant for site 1 by, i (bar?)
CH. 0.67
. ) CO; 60.29
Pre-exponential constant for site 2 b, i (bar?)
CH.4 60.28
) ) CO; 2685.58
Exponential constant bsp, i (K1)
CH.4 1418.62
. . CO; 14404.1
Exponential constant b, i (K2)
CH.4 36328.4
Al (kI.mol) CO, 22.3
; .mol
hads CHa 11.8
Heat transfer coefficient between bulk gas and wall, h¢y (W.m1.K?) 25
o CO, 1.88
Macro/mesopore diffusivity, Dj, k.m X10° (m2.s%)
CH. 1.92
) o CO; 0.0174
Micropore diffusivity, Di s (m2.s?)
CH. 0.0059

5.3.5. Simulation performance criteria

a) Case 1: Model validation

To verify that the process simulation software gPROMS is a reliable tool to solve differential equations describing
mass and heat transfer processes in the adsorption column, we directly compared simulation results and experimental
CO,/CH. breakthrough data reported by Asadi et al. [17]. As a first step, we focused on CO; breakthrough time,
denoted as ty, coz, Which is the time when CO- gas is detected at the outlet of the column due to the consumption of
the adsorption media CO, working capacity. Next, the bed saturation time, denoted as tsat, coz, which is the time when
the concentration of CO; gas constituent at the outlet of the column becomes equal to that of the column inlet.
Additionally, the maximum/minimum temperature values of the bed throughout the breakthrough analysis are also
compared with experimental values to determine the accuracy of the simulation. These temperatures are measured at
different positions of the bed, which are 0.01 m, 0.12 m and 0.23 m from the bed inlet section for the total bed height

of 0.305 m, and they are denoted as Twot, Tmid and Ttop respectively. The overall goodness of fit of temperature and
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outlet CO; concentration profiles with experimental results is also taken into consideration when determining
gPROMS reliability.

b) Case 2: PSA cycle for CO./CHj4 separation in the context of biogas upgrading

Two main PSA process performance indicators were defined: CH4 purity, which corresponds to the averaged
methane content in the outlet product (Eq. 5-35), and CH. recovery, which is the ratio between the quantity of CH,
produced during the production phase and the quantity of CH4 (Eq. 5-36) used as feed during the adsorption and
pressurization steps. The simulation was carried out with the objective of achieving biomethane purity > 97%, which

is the recommended purity for the injection of biomethane into French gas pipeline grid [301].

CH, product quantit
CH, purity (%) = i 9 4

Eg. 5-35
CH, product quantity + CO, product quantity a

CH, product quantity
CH, feed quantity

CH, recovery (%) = Eq. 5-36

CHj, productivity (Eq. 5-37), which is the amount of CH4 produced per unit of volume of adsorbent for the total
duration of cycle time, is another PSA performance indicator, determining the scale of a PSA unit.

_ CH, produced by a PSA unit
"~ Adsorbent volume * total cycle time

k
CH, productivity (h 513) Eq. 5-37

The specific energy consumption, being mainly due to: (1) compression of feed gas, (2) vacuum regeneration of
adsorbent and (3) recycling of gas streams, allows evaluating the economic performance of a PSA units. For the
simulation carried out in this work, the feed gas mixture, which represents cleaned biogas, is assumed to be produced
from anaerobic digestion and to be initially at 1 bar [300] before being compressed to feed pressure. The specific
energy consumption is expressed as follows [289]:

Y-1
Y n Pout Y
total cycle time * (—) RT = <_> _
Y-1 5 in )
Specif kWh _ P Eq. 5-38
pecific energy (Nm3 methane) B total CH, produced

where Y = ep/cy is the ratio of specific heat(assumed to be equal to 1.4); & the mechanical efficiency of the compressor
(assumed to be 80%); fu the molar flow rate (mol. s*); Pt and P™™ the pressure of gas exiting and entering the

compressor, respectively.
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5.4. Simulation results

5.4.1. Case 1: Model validation

The experimental results reported by Asadi et al. [17] were compared with the results of the simulation to verify
the reliability gPROMS solver used in this work. Figure 5-18 shows the CO; breakthrough and temperature profile of

the simulation and their comparison with literature values. A simplified scheme of the column showing the localization

of thermocouples is also presented in the figure. Additionally, Table 5-10 summarizes the simulated results for CO;

breakthrough and saturation time, as well as temperatures at different axial position of adsorbent bed for a gas mixture

of 83% CO2,4% CH4 and 13% He.
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Figure 5-18: (a) CO. breakthrough profile (b) Temperature profile along adsorbent bed. (c) Simplified scheme of the
column showing the position of each thermocouple. ta and tr signifies adsorption time and regeneration time.

Table 5-10: Comparison between simulation results and experimental values of CO»/CH. breakthrough analysis
reported by Asadi et al. [17]

Thot (K) Tmid (K) Tiop (K)
th,co2 (S)  tsat, co2 (S)
Max  Min Max  Min Max Min
Experimental (Asadi et al.) 200 675 327.9 280.7 329.6 290.8 3274 295
Simulation 1.1 (S1.1) 180 640 331.7 279.6 3345 2869 3354 291
Relative error (%) 10 5.1 1 0.3 15 1.3 24 14

Simulation 1.1 reveals that the breakthrough of CO; occurs at t, co» = 180 s and the adsorbent bed becames

saturated at tsa;, coz = 640 s. These results agree within 5-10% of relative error when compared to the experimental

values by Asadi et al., which is still tolerable. Additionally, temperature profiles at different height of the adsorbent

bed during adsorption and desorption process were successfully simulated. Adsorption is an exothermic process,
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resulting in heat release and causing the adsorbent bed temperature increase, whereas desorption is endothermic thus
leading to temperature drop. The maximum and minimum values of Tuot, Tmia and Tip Obtained from the simulation
are comparable to the experimental results, with a difference between 0.3-2.4% in relative error. This relatively small

error suggests that the choice of mass transfer and isotherm parameters is appropriate for the simulation.

Apart from that, qualitative comparison between simulation results and experimental data from literature could
also be made through the goodness of fit between the CO- breakthrough profile and the temperature profile, which
were obtained from the simulation, with that of the experiments. As could be observed from Figure 5-18-a, the
simulated breakthrough profile fits well with experimental results throughout both the adsorption and regeneration

steps.

Meanwhile, Figure 5-18-b shows the simulated and experimental temperature profiles at different positions in the
column. The experimental results show that the measured temperatures by all thermocouples attained a maximum
level, followed by a gradual decrease of until it becomes similar to the temperature of feed gas at the end of adsorption
time, ta. This decrease results from the cooling of the adsorbent bed by the feed gas flow, thus, it is logic that the
cooling at the middle and top sections is slower than the bottom section that is close to the entrance of feed gas.
Similarly, the measured temperatures attained a minimum value, followed by a gradual increase until the end of
regeneration time, tg. This increase in temperature results from the heating of the adsorbent bed by feed gas flow, thus
it stands to reason that the heating of the bottom section of the column is much more rapid than the middle and the top
sections. Meanwhile, the simulated temperature profiles could be observed to differ slightly from the reported
experimental temperature profiles by Asadi et al. [17]. To be more precise, the simulated temperature profiles for
middle and top sections of the column are unable to describe well the gradual decrease and increase of temperature
observed during ta and tr, respectively.

It is probable that the adjustment of heat transfer parameters chosen for the simulation would improve the
goodness of fitting of the overall temperature profile. To verify this, a sensitivity analysis was performed to investigate

the impact of hr.ads, hr.w and hy.ext 0N the temperature profiles of the adsorbent bed.

a) Effect of heat transfer coefficient between bulk gas and adsorbent, hr.ags

As the adsorbent bed heats up/cools down from the heat released/consumed from the adsorption/desorption of the
gas constituents, the feed gas stream constantly enters the adsorbent media and passes through it. This gas stream
enters the adsorption column at a constant temperature, which can be different from that of the adsorbent bed. This
temperature gradient would result in heat transfer between the bulk gas phase and the solid, with the rate dependent
on the heat transfer coefficient hr.ags. To improve the goodness of fit between the simulated temperature profile and
experimental results, new simulations were performed by modifying only the value of hr.ags (20 W.m2.K-*and 100
W.m1.K1) while keeping other parameters unchanged from Simulation 1.1 (S1.1). Figure 5-19 displays the CO;
breakthrough profile and temperature profile of the new simulations, whereas Table 5-11 summarizes the impact of

ht.ags On the simulation results.
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Figure 5-19: (a) Fitting of CO, breakthrough profile for different hr.ags values. (b) Fitting of temperature profile
throughout adsorbent bed for different hs-a9s values.

Table 5-11: Impact of h.ags On the simulated results

Variable
Results
parameter
htats (W.mLK-) to, co2 tsat, co2 Thot (K) | Tmid (K) Tuop (K) |
(s) (s) Max Min Max Min Max Min

Experimental (Asadi et
200 675 327.9 280.7 329.6 290.8 3274 295.0

al.) 65.3
Simulation 1.1 (S1.1) 180 640 331.7 2796 3345 2869 3354 291.0
Simulation 1.2 (S1.2) 100 170 630 332.0 279.1 335.0 286.7 3359 290.9
Simulation 1.3
(s1.3) 20 170 650 3277 2824 3320 2879 333.0 291.8

Based on the obtained results, the heat transfer coefficient hy..gs did not have a significant influence on the performance
criteria of the breakthrough process. Additionally, the CO; breakthrough and temperature profile of the new
simulations (S1.2 and S1.3), which has a different value of ht.ags, is similar to that of the initial simulation S1.1. These
findings allows to conclude that hy..gs coefficient did not play a significant impact on improving the goodness of fit for
the temperature profile.

b) Effect of heat transfer coefficient between bulk gas and and wall, hr.y

As the temperature of the feed gas stream traversing the adsorbent bed fluctuates due to the heat
released/consumed during adsorption/desorption phenomena, a temperature gradient between the gas phase and the
adsorption column wall will inevitably be established, leading to heat transfer between them, with the rate controlled
by the heat transfer coefficient ht.w. Thus, new simulations were carried out by modifying the value of hw (15 W. m’

1 Ktand 35 W. m%. K't) while keeping other parameters constant as in S1.1. Figure 5-20 display the CO; breakthrough
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and temperature profiles for the new simulation, whereas Table 5-12 summarizes the impact of ht. on the simulation

results.
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Figure 5-20: (a) Fitting of CO, breakthrough profile for different hr.y values. (b) Fitting of temperature profile
throughout adsorbent bed for different hs-y values.

Table 5-12: Impact of hsy on the simulated results

Variable
Results
parameter
e (W. ML, K1) t,coz  tsat,coz Thot (K) | Tmid (K)- Twop (K) |
(s) (s) Max Min Max Min Max Min

Experimental (Asadi
200 675 3279 280.7 329.6 290.8 327.4 295.0

etal.) 25
Simulation 1.1 (S1.1) 180 640 3317 279.6 3345 2869 3354 291.0
Simulation 1.4 (S1.4) 35 180 630 330.7 281.3 333.2 288.6 3346 2922
Simulation 1.5
(515) 15 170 650 3327 2774 336.1 283.7 3364 288.6

Simulations S1.4 and S1.5 were carried out by increasing and decreasing the value of ht.y, respectively. It can be
observed that this parameter has a minor impact on the breakthrough time performance criteria (to, co2 and tsa, co2) as
well as the CO; breakthrough profile. However, the same cannot be said about the maximum/minimum temperature
throughout the bed and the temperature profile. An increase in the value of hr.y (S1.4) results in an increase in the
accuracy for the simulated maximum/minimum temperatures throughout the bed, though the goodness of fit between
the simulation and experimental results has notably worsened. Similarly, by decreasing the value of parameter hr.w
(S1.5), the goodness of fit of simulated temperature profile with that of the experiment improved, though it comes at
the expense of decreasing accuracy between the simulated maximum/minimum temperatures throughout the bed and

that of the experimental results.

171



c) Effect of heat transfer coefficient between wall and external environment, hy.ext

As the adsorption column used by Asadi et al. for the breakthrough analysis is not insulated [17], a heat transfer

between the wall and exterior would occur when there is a temperature gradient between these two media. This heat

transfer could contribute to the rate of temperature fluctuation throughout the adsorbent bed. The rate of heat transfer

between the wall and the environment depends on the heat transfer coefficient hr.ex. By analogy with two previous

sensitivity analysis case studies, the simulation was done by modifying only the value of ht.ex (5 W. m™. K*and 10

W. m, K1) while keeping other parameters as in simulation 1 (51.1), with the aim to determine the impact of this

heat coefficient in improving the goodness of fit on the simulated temperature profile with experimental results. Figure

5-21 displays the CO; breakthrough and temperature profile for the new simulation, whereas Table 5-13 summarizes

the impact of hr., on the simulation results.
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Figure 5-21: (a) Fitting of CO; breakthrough profile for different hw.ex: Values. (b) Fitting of temperature profile

throughout adsorbent bed for different hy.ex: Values.

Table 5-13: Impact of hy.ext On the simulated results

Variable
Results
parameter
Tbot (K) Tmid (K) Ttop (K)
hw-ext (W.MK?) | th coz (S)  tat, coz (S) . ) .
Max Min Max Min Max Min
Experimental
) 200 675 3279 280.7 329.6 290.8 3274 295.0
(Asadi et al.)
) ] 20
Simulation 1.1
180 640 3317 2796 3345 2869 3354 291.0
(S1.1)
Simulation 1.6
(51.6) 10 160 650 331.7 279 335.2 2844 337.2 288.0
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Simulation 1.7
(S1.7)

5 160 580 3318 2787 3359 2814 339.2 2843

Based on the simulated result, it could be observed that by decreasing the value of hy.ex, the absolute error between
simulated performance criteria and that of the experiments increases. The relative error for ty, co2and tsa, co2 could
reach up to 15-20%, whereas the error related to the maximum/minimum temperature throughout the bed could reach
up to 2.7-3.6%. On another note, the goodness of fit between the simulation and experimental results for breakthrough
and temperature profile improves as hw.ex: decreases. Therefore, it could be concluded that the heat transfer coefficient
hw-ext has an impact on the overall goodness of fit between simulation and experimental breakthrough and temperature

profile, but it comes at the expense of the accuracy of the simulated results.

d) New breakthrough simulation with modified heat transfer coefficient parameters for hr.y, and hy-ext.

As the sensitivity analysis conducted on heat transfer coefficient parameters shows that the modification of ht.y
and hy.ext parameters could improve the goodness of fit between the simulated and the experimental temperature
profiles, a new simulation (S1.5 and S1.6) using the adjusted parameter’s value was carried out. Table 5-14

summarizes the results of the new simulation and Figure 5-22 displays the new CO; breakthrough and temperature

profiles.
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Figure 5-22: (a) Fitting of CO; breakthrough profile for simulation with modified heat transfer parameters. (b)
Fitting of temperature profile throughout adsorbent bed for simulation with modified heat transfer parameters.

Table 5-14: Comparison between simulation with modified heat transfer parameters, and experimental values of
CO,/CH4 breakthrough analysis as reported by Asadi et al. [17]

Variable parameter Results
hf—w hw-ext tb, CO2 tsat, CO2 Tbot (K) Tmid (K) Ttop (K)
(W.m2 K?YH  (Wm?2.K?) (s) (s) Max Min  Max Min  Max Min

173



Experimental
] 25 20 200 675 3279 280.7 329.6 2908 3274 295

(Asadi et al.)

Simulation
15 10 160 650 3335 2755 337.1 2811 336.7 287.2

1.8 (S1.8)

Relative
- 20 3.7 1.7 1.9 2.3 3.3 2.8 2.6

error (%)

As expected, the overall goodness of fit of the simulated temperature profile improves when compared to earlier
simulation S1.1. However, the new simulation S1.8 failed to predict accurately the performance criteria of the
breakthrough process, with an absolute error up to 20% could be observed for tp, co2. As we are unable to improve the
simulation results without having this trade-off, we decided to prioritize the simulation that yielded the lowest relative
error in terms of performance criteria with a somewhat reasonably good fitting of the simulation. The result of the
simulation 1.1 (S1.1) carried in this work was able to reasonably reproduce the experimental results of the
breakthrough analysis reported by Asadi et al. [17], which validates the model embedded in gPROMS solver. It is
however undeniable that the adjustment of several thermophysical properties, which being hard to measure

experimentally, would further improve the accuracy of the simulation.

5.4.2. Case 2: PSA cycle for CO2/CH, separation in the context of biogas upgrading

As previously mentioned, PSA simulation for the separation of equimolar mixture of CO2/CH, (assuming other
contaminants has been removed during biogas cleaning process), was carried out using HKUST-1/PLA as the
adsorbent media. This study serves as the preliminary assessment of the efficiency of the shaped HKUST-1 composite
in its application as an adsorbent in biogas upgrading. The simulation was made with the constraint condition to obtain
an averaged biomethane with purity > 97% under steady state regime (CSS). Prior to the simulation of the whole PSA
process, a simple breakthrough profile was generated to ensure that the chosen cycle time for the simulation of the
e2" case, specifically, ta and tps, did not surpass the CO, breakthrough time, ty, co2, Of the adsorbent bed. The
breakthrough simulation was conducted on a single column with the same column design parameters as well as
isothermal/mass and heat transfer parameters listed in Table 5-5 and Table 5-9 previously. Furthermore, the single

column was assumed to be initially filled with CH4 at pressure of 4 bar and temperature of 298 K.

Figure 5-23-a illustrates the simplified scheme of a single adsorption column as well as the relevant operational
parameters used to simulate the breakthrough profile of HKUST-1/PLA adsorbent bed (Figure 5-23-b). The CO;
breakthrough of the adsorbent bed would occur at 1010 s and its saturation would take place after around 1200 s. It
should be reminded here that this result was based on the assumption that the adsorbent bed was CO»-free prior to the
start of the adsorption phase, thus breakthrough would occur much earlier if the adsorbent bed is not completely
regenerated. Nevertheless, based on the simulation results, the total time of the regenerated adsorbent bed that could
come into contact with the feed gas stream (sum of ta and tps) should not exceed ty, coo, to avoid the biomethane

obtained as the product being contaminated with high concentration of CO», thus reducing its purity.

174



a) " b)

Operational parameters :

Feed gas composition = 50%v CO, 50%v CH,
Mass flowrate = 0.07 kg/s

Pression= 4 bar

Temperature = 303 K

Total simulation time = 10000 s

CO,volumetric fraction

> DX

Feed gas

0.6+

0.5

0.4

0.3

0.2

0.1+

0.0

300 600 900 1200 1500 1800
time (s)

Figure 5-23: CO; breakthrough profile using HKUST-1/PLA as adsorbent media.

a) Skarstrom cycle configuration

The PSA simulation for equimolar CO,/CH, separation was carried out following the Skarstrom cycle

configuration. This first simulation was denoted as Simulation 2.1-S (S2.1-S) and Table 5-15 summarizes its

simulation variable parameters (cycle step duration) as well as the obtained performance indicators, whereas Figure

5-24 displays the pressure and temperature profile in the column prior before CSS has been achieved.

Table 5-15: Process performance for PSA simulation with Skarstrom configuration

Simulation variable parameters

Performance indicators

ta(s) tep(S) te(s) tes(s) Total cycle time (s)

CH, purity (%) CHa recovery (%)

Simulation 2.1-S
(S2.1-9)

300 100 300 100 800

98.9 2.5
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Figure 5-24: Pressure profile (straight lines) and temperature profile (dotted lines), measured in the middle of
adsorption column, for simulation 2.1-S.

Simulation 2.1-S was successfully carried out until the CSS condition was achieved. The biomethane obtained as
the product during adsorption step has a CHa purity up to 98,9%, which exceeds the minimum required purity of 97%
set as our objective, though at the same time, it can be observed that resulting recovery of CH4 Is extremely low.
Additionally, the pressure and temperature profiles inside the 2 PSA columns provide an interesting information about
the overall simulated process. The pressure is able to reach 4 bar during adsorption step and reduce to 1 bar during
purge. It can be observed that during one complete simulation cycle, the temperature in the bed fluctuates by + 15K.
At CSS condition, the simulated temperature range of the bed is in the range of 400-423 K, which is around 100 K
higher than the temperature of feed gas. This result is a bit peculiar and prompted us to further investigate the evolution
of temperature and pressure from the start of the cycle until CSS (Figure 5-25).
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Figure 5-25: (a) Evolution of pressure at the middle of adsorption column 1 from initial simulation cycle (S2.1-S)
until CSS. (b) Evolution of temperature at the middle of adsorption column 1 from initial simulation cycle (S2.1-S)
until CSS.

Simulation 2.1-S managed to reach the CSS only after 813 cycles, which takes about 645,000 s in total process

time. As the adsorption column is considered insulated and there is no heat exchange with the environment, the leftover
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excess heat generated from adsorption is accumulating in the column and gradually heats up the adsorbent bed until
CCS has been attained. Additionally, it can be observed that the pressure inside the adsorption column at the end of
the 1%t cycle of the simulation (pressurization step) was 2.5 bar, which is lower than the expected adsorption pressure
of 4 bar. This makes the valve connecting the column to the product reservoir at the top of the column to remain closed
during adsorption step, hence no biomethane was obtained as the product before CSS establishment. After multiple
cycles of the simulation (= 714 cycle), the pressure inside the column after pressurization step finally approached the
expected adsorption pressure of 4 bar thus allowing bio-CH4 production at the outlet of the process. This information
reveals that the chosen pressurization time of 100 s for S2.1-S is not sufficient to ensure the pressure inside the column
to reach the expected adsorption pressure at the end of the pressurization phase.

Based on this information, it is clear that the pressurization step in the cycle configuration requires improvement.
Thus, new simulation S2.2-S was carried out by increasing the value for tes (consequently tgp). Figure 5-26 displays
the evolution of pressure and temperature in the middle of the column for Simulation 2.2-S and Table 5-16 compares

the performance indicators for new PSA simulations 2.2-S (S2.2-S) at CSS, with increased value for tps and tgp.
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Figure 5-26: (a) Evolution of pressure at the middle of adsorption column 1 from initial simulation cycle (S2.2-S)
until CSS. (b) Evolution of temperature at the middle of adsorption column 1 from initial simulation cycle (S2.2-S)
until CSS.

Table 5-16: Impact of tes to the performance criteria of PSA simulation

Simulation variable parameters Performance indicators
Total cycle | CHa purity CHy recovery
ta(s)  teo (s) te () tes () .
time (s) (%) (%)
Simulation 2.1-S
300 100 300 100 800 98.9 2.5
(S2.1-S)
Simulation 2.2-S
300 170 300 170 940 99.8 6.2
(S2.2-S)
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Simulation 2.2-S corresponds to the same case as Simulation 2.1-S with extended pressurization time tes (170 s
instead of 100 s) from that of. Once the CSS was obtained for S2.2-S, the CH. recovery of the PSA process increases
to 6.2%. The increase in tps helps to ensure that the pressure inside the column after the pressurization step is able to
reach 4 bar at an earlier cycle number than that of Simulation 2.2-S (714 cycles vs. 132 cycles). Furthermore, the
temperature inside the column under CCS is 320 K — 350 K, which is significantly lower than that observed in S2.1-
S and can be at the origin of the improved purity within this cycle, as lower temperature increase the adsorption
capacity of an adsorbent. Unfortunately, the CH4 recovery for this new simulation still remains very low, as CH4 in
the off gas stream during blowdown and purging steps was sent directly to vent instead of being recycled. Therefore,
a new configuration of cycle was simulated with the aim of minimizing the amount of CH4 being sent to the vent by

introducing PE step between adsorption and blowdown steps, which is presented in the next sub-section.

b) Skarstrom + Pressure Equalization cycle

Pressure Equalization (PE) step works by connecting two columns at different pressure to distribute gas according
to pressure difference. The addition of this step allows to shorten the pressurization time required to obtain working
adsorption pressure inside the column and improve the energy-efficiency of the process. The adsorbent properties,
column design parameters as well as operational/isotherms/mass and heat transfer parameters of the modified
Skarstrom cycle configuration are similar to those used in S2.1-S (cf. Table 5-5, page 158, and Table 5-9, page 164),
with different initial condition as compared to S2.1-S (cf. Table 5-7, page 163) due to the introduction of PE steps.

The new simulation, which is denoted as simulation 2.1-PE, was carried out with the same objective as S2.1-S,
that is, to obtain biomethane with CH4 purity > 97% under steady state regime. Table 4 -17 summarizes the simulated
performance indicators and Figure 5-27 displays the simulated pressure and temperature profiles at the CSS of this

new PSA configuration.

Table 5-17: Process performance for PSA simulation with Skarstrom+PE configuration

Simulation variable parameters Performance indicators
ta tsp tp tps tre1 tpe2 Total cycle CHg purity  CHa recovery
6 & 6 6 6 (s) time (s) (%) (%)
Simulation 2.1-
PE 971 371 200 400 971 971 3884 99.7 22.6
(S2.1-PE)
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Figure 5-27: (a) Simulated pressure and temperature (in the middle of the bed) profiles for a complete PSA cycle
under CSS regime.

The new simulation with modified Skarstrom cycle affords CH4 purity of 99.7% recovery of 22.6%. Additionally,
the simulated pressure profile at the CSS shows that the pressure inside the column prior to the start of adsorption step
reaches the 4 bar level relatively fast (4 complete simulation cycles). Additionally, the pressure inside the column
experienced a fluctuation nearing the end of adsorption phase, as at this instant, the first column is connected with a
second column that is in pressurization phase, which used the biomethane product from the 1%t column as the
pressurization gas for the 2" column (PS). This is to minimize the amount of CO, adsorbed during pressurization (PS)
step. Meanwhile, the simulated temperature profile at the CSS condition demonstrates that at the start of the adsorption
phase, the temperature inside the column is in the range of 300 K and it gradually increases up to 335 K nearing the
end of this phase. This is significantly better than the result of simulation 2.1-S that predicted the temperature inside

the PSA column at the beginning of the adsorption phase to be as high as 400 K under CSS condition.

It is also interesting to observe the evolution of pressure and temperature inside a PSA unit from the start of the
simulation until the CSS condition was obtained, which is visualized in Figure 5-28. The impact of the PE step addition
in the cycle configuration becomes evident as the pressure inside each adsorption column is able to reach the expected
level since the 1% complete simulation cycle and continuously to be so until the establishment of CSS, which is a stark
contrast to that observed earlier for S2.1-S and S2.2-S. The variation of pressure during a complete PSA cycle is
accompanied by temperature fluctuation where it increases during pressure buildup steps (e.g. PE 2, PS, A) and goes
down during the pressure decrease steps (e.g. PE 1, BD, P).
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Figure 5-28: (a) Evolution of pressure and temperature (in the middle of adsorption column) from initial simulation

cycle (S2.1-PE) until CSS. (b)

The consistency of pressure and temperature evolution inside the adsorption column during the whole simulation

cycle, as well as the rapid obtention of CSS for the PSA simulation of the modified Skarstrom configuration, is a good

indication that the PSA process is well simulated. To further assess the separation process performances of the

COy/CH4mixture using HKUST-1/PLA, the productivity and specific energy consumption of Simulation 2.1-PE were

determined. The PSA unit of S2.1-PE has CH4 productivity of 10 kg cha.m™.h" and a specific energy consumption of

0.15 kWh. Nm3 ¢ns. Table 5-18 compares the CH4 productivity and specific energy consumption for the PSA

simulation of the modified Skarstrom cycle in this section with the other examples of PSA/VVPSA simulation presented

previously in section 4.1:

Table 5-18: Comparison of the operational parameters and CO./CH, separation performance of this study with
different PSA/VPSA process simulation studies for biogas upgrading.

Operational parameters Separation performances
PSA/VPSA Biogas CHa Specific energy
. . Adsorbent | Pass Pregen Temperature o ) Ref.
configuration flowrate | productivity consumption
(bar) (bar) (K)
(Nm3/h) (kQCH4.m'3_h'1) (kWh.Nm3CH4)
HKUST- This
PSA 4 1 298 203 10 0.15
1/PLA work
VPSA CMS 58 0.1 308 500 - 0.27 [285]
702 28
(V)PSA CMS 313 80-100 56 - [286]
5b 0.5°
VPSA Zeolite [287]
13X 4 0.08 303 2-12 - 0.23
Zeolite
VPSA EA 6 0.2 298 100 - 0.23 [288]
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VPSA CMS 8 05 305 3;9761' 80-160 0.28-0.48 [289]

aFirst stage. "Second stage.

It could be observed that the specific energy consumption for simulation 2.1-PE is lower than that reported in
other studies for CO2/CH, separation using VPSA configuration. This is not surprising as the PSA simulation in this
work did not require the usage of vacuum pump for the regeneration of adsorbent bed, hence contributing to less
energy requirement for CO,/CH, separation. On another note, the CH4 productivity of simulation 2.1-PE is lower
when compared with the CO,/CH4 separation simulation of other studies; Grande and Blom [286], Chouikhi et al.
[289] . This is logical considering that for simulation 2.1-PE, a grand portion of produced biomethane is redirected to
other column as purge gas and pressurization gas, whereas in the study by Grande and Blom [286], the biomethane
product was only used for purge step and the study by Chouikhi et al. [289] did not recirculate the produced
biomethane. Overall, the simulation of CO2/CH,4 separation using the configuration of modified Skarstrom cycle
(addition of PE step), shows a promising use of our composite material as the adsorbent media, with a CH4 purity of
biomethane exceeding 97% and a low specific energy consumption of the PSA process. However, the simulated PSA
process also yielded a low CH4 recovery with a relatively low production of CH4 when compared with other studies

concerning the simulation of CO,/CHj4 separation.

It should be noted that operational parameters for PSA simulation conducted thus far for CO2/CHs separation
using HKUST-1/PLA are not yet fully optimized, as the initial aim for the simulation was to do a preliminary
assessment of the shaped HKUST-1 suitability as adsorbent media for CO,/CH, separation. This means that there is a
possibility of improving the CH4 recovery and productivity of the simulated PSA process by optimizing parameters
such as adsorption pressure and temperature, PSA cycle time, feed biogas flowrate and the product to purge gas flow
ratio. Additionally, a more complex cycle configuration for PSA simulation could be investigated to improve the
overall performance of CO2/CH, separation. Furthermore, the accuracy of simulation results could be further verified
by executing an experimental analysis on the breakthrough and PSA separation using the shaped HKUST-1 as
adsorbent. Finally, a much more comprehensive commercial analysis, ranging from the cost of production of the
HKUST-1 composite to the operational cost of the PSA process, could be studied to further asses the viability of the

material application in industrial scale.

5.5. Conclusion

In this chapter, a preliminary study was conducted to assess the suitability of HKUST-1 composite material, which
in this section is represented by HKUST-1/PLA, to be used as an adsorbent media, by means of PSA simulation using
a process simulation tool gPROMS. Some relevant parameters required to ran the PSA simulation has already been
determined from previous chapter such as the adsorbent physical properties and the considered isotherm model,
whereas other parameters (mass and heat transfer kinetics) have not been measured in this work and were directly

taken from literature.
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Prior to the simulation of complete PSA cycle for CO,/CH. separation, the capability of gJPROMS was assessed
by executing the simulation of breakthrough analysis experiment reported in the work Asadi et al. [17], providing the
most complete spectrum of parameters for the modeling of mass and heat transfer phenomena. The simulation of
CO,/CH, breakthrough is comparable to the experimental results reported by Asadi et al., with a relative error between
the simulation and experimental results less than 10% for the CO; breakthrough/saturation time of adsorbent bed and
absolute error less than 2.4% for the maximum/minimum temperature along the adsorbent bed. In addition to that, the
overall goodness of fit between simulated results with experimental breakthrough and temperature profile is
satisfactory, which verified the reliability of the embedded models in gPROMS solver to predict the CO./CH4
separation using adsorption.

Next, the PSA simulation using HKUST-1/PLA as adsorbent media for the separation of equimolar CO,/CH.
mixture was carried out by using conventional Skarstrom configuration. The results of the simulation show that
biomethane with CH4 purity of 98.9% could be obtained, but with an extremely low CH, recovery of 6.2%.
Additionally, the CCS condition of the Skarstrom scheme could only be obtained after 343 complete cycles, which
take around 322,000 s in total process time. To improve the PSA process and produce a more reliable results, the
Skarstom cycle was modified with an addition of pressure equalization step. The modified Skarstrom cycle results in
the obtention of CSS after only 4 complete cycles and the temperature inside the adsorption column did not differ
significantly from the temperature of feed gas. This new simulation predicts the biomethane purity of 99.7% and
specific energy consumption of 0.15 kWh. Nm cns. Additionally, the CH,4 recovery of the modified Skarstom cycle
is 22.6%, which, although could still be considered low in comparison to the best cases reported in literature, it is

significantly better than that obtained for simple Skarstrom configuration simulated earlier in our work.

Several perspectives for the improvement of the PSA simulation in this work could be envisioned, such as
optimizing the operating parameters, adding the off gas treatment step in the cycle configuration to obtain better CH4
recovery and conducting experimental PSA separation to verify the accuracy of the simulation. Nevertheless, the
simulated results show a promising possibility of the shaped HKUST-1 to be applied for the separation of CO2/CH4

contains inside biogas using PSA.
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GENERAL CONCLUSION AND PERSPECTIVES

Biogas production has been increasing in recent years thanks to the implementation of multiple renewable energy
policies motivated by economic and environmental benefits in order to reduce GHG emission. Biogas is produced
from the anaerobic digestion of various organic wastes, such as sewage sludge, agricultural and crop residues, and
animal dung, as well as industrial organic wastes and wastewater. Biogas consists of two main components: methane
(50-80%), carbon dioxide (20-50%). Other gases that are present in biogas composition are water vapor, oxygen,
hydrogen sulfide, ammonia, nitrogen, carbon monoxide, and traces of halogenated hydrocarbons, siloxanes, and
toluene. Biogas can be burned directly on-site to produce heat and electricity. However, biogas energy density is low
compared to natural gas (NG) since it contains a large fraction of carbon dioxide in addition to other secondary
contaminants. Therefore, biogas needs to be purified to produce biomethane, having a composition matching the

specifications for injections into gas grids.

Biogas upgrading can be achieved via numerous technologies, such as water/physical/chemical scrubbing, cryogenic
separation, membrane separation and pressure swing adsorption (PSA)/vacuum pressure swing adsorption (VPSA).
In the context of this study, we are interested in the removal of CO, from biogas via PSA, avoiding the use of a vacuum
in the desorption step that would then be replaced with desorption in atmospheric pressure. Because vacuum
desorption is mainly responsible for the high energy costs of VPSA processes, better energy performances by PSA

separation are foreseen. The choice of adsorbent is one of the key factors in designing such a process.

Recently, metal-organic frameworks (MOFs) have been gaining attention for their potential application in gas
separation owing to their inherent properties, such as high specific surface area, large porosity, and tunable pore size.
However, the application of MOF in industrial scale is still limited as the production of this material is often under
powder form, therefor it requires to underwent shaping process to be used inside an adsorption column. The present
study was devoted to the shaping of HKUST-1, which is the model MOF chosen in this study, and examine its CO-
adsorption performances and separation ability from CHa. The aim was to fabricate an adsorbent with a good

mechanical and moisture stability, as well as suitable CO./CH4 separation performance to be use in PSA process.

HKUST-1 powder was mixed with 10% by mass of PLA or TPU, followed by extrusion of the mixture to produce
composites, designated as HKUST-1/PLA and HKUST-1/TPU, respectively. Characterization by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and thermogravimetric analysis (TGA) confirmed the preservation of
the MOF's crystalline structure and the absence of thermal degradation of the composites. CO,/CH,4 adsorption
isotherm measurements up to 10 bars at 298 K highlighted an increase in CO, and CH, adsorption capacities of the
two composites, by approximately 16-30% compared to HKUST-1. The IAST model prediction of co-adsorption
equilibria for an equimolar CO»/CH4 mixture at 298 K allowed for the evaluation of their selectivity over a pressure
range up to 10 bar. It was found that the selectivity of the composites was slightly degraded compared to pure HKUST -

1 adsorbent.
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HKUST-1 is known for its sensitivity to moisture, which decreases its adsorption capacity. The study of the stability
of the composite materials under humid conditions showed that the addition of TPU imparts a hydrophobic character
to the composite, improving its resistance to degradation in the presence of water. After prolonged storage of the
materials in humid conditions, HKUST-1/TPU and HKUST-1/PLA showed decreases in CO; adsorption capacities of
10% and 25%, respectively, compared to 54% for pure HKUST-1.

A simulation of the pressure swing adsorption (PSA) process applied to an equimolar CO2/CH4 mixture representative
of biogas composition was carried out using the gPROMS software, taking into account the equilibrium properties
measured for the composite adsorbent material. The simulation was initially carried out based on Skarstrom cycle
configuration for an industrial-sized unit, comprising two adiabatic columns, containing an adsorbent volume of 3.6
m3 for a CO,-CH, feed flow rate of 0.07 kg/s at 298 K. The adsorption pressure value applied was defined based on
the highest predicted IAST selectivity of the adsorbent for equimolar mixture of CO./CHa. The desorption pressure

was set to be at atmospheric pressure as to avoid using a vacuum, which is energetically costly.

Optimizing the cycle parameters leads to the production of a CHg-enriched raffinate with a purity of 99.7%, but
associated with a very low methane recovery rate, less than 7%. To improve the performance of the PSA unit, an
additional pressure equalization step was introduced into the cycle, and this new simulation was conducted using 4
columns. Under these conditions, CH4 recovery rates can be significantly improved, up to 22.6%, but still remain

insufficient compared to the expected performance specifications of the unit.

The results obtained in this study demonstrate the viability of using shaped HKUST-1 as an adsorbent in the context
of biogas upgrading. As the studies are completed, there are several perspectives that can be highlighted. First, in
terms of the shaping method, it is possible to further develop the use of 3D printing as alternative technology for the
MOF shaping, as the binding agent materials used in this work is thermoplastics, which often used as feed material
for 3D printer. Several shaping tests are currently being studied for the 3D printing of HKUST-1, using FGF
technology. Additionally, the use of more hydrophobic thermoplastic binder could be investigated to minimize or even

eliminate the inherent moisture sensitivity of pristine HKUST-1.

Secondly, in terms of the adsorption equilibria and kinetics, several other analyses could be conducted to further
improve the accuracy of this work. As an example, equilibrium adsorption of CO, and CH4 gas mixture can be
performed directly to obtain the co-adsorption isotherms so that we do not only depend on the IAST system to evaluate
the selectivity and working capacity of the adsorbent in gas mixture condition. The analysis on the adsorption Kinetics,

which was not conducted in this study, could be done in future study such as the zero-length column (ZLC) method.

Lastly, in terms of the real application of shaped HKUST-1 in CO2/CH, separation process, experimental process such
as breakthrough analysis and PSA separation process must be conducted to be compared with the PSA simulation
conducted in this work. The installation of this equipment is currently ongoing at Universiti Teknologi PETRONAS
as well at IMT Atlantique. Furthermore, the parameters optimization of the PSA simulation presented in this work
could be further explored, as well as complexifying the PSA cycle configuration, to increase the low CH, recovery

and productivity obtained from the simulation. Overall, we believe that the findings of this work can contribute to
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some extent in the development and application of MOFs as an adsorbent in PSA process in the context of biogas

upgrading,
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Résumé : HKUST-1 est l'un des MOFs
fréquemment étudiés comme adsorbant pour
la séparation CO2/CHs compte tenu de sa
disponibilité commerciale et de grande
capacité d’adsorption du CO,. Néanmoins,
les voies de synthése actuelles mises en
ceuvre a l'échelle industrielle conduisent a
I'obtention de poudres auxquelles des post-
traitements de mise en forme sont
nécessaires. La mise en forme de HKUST-1
par extrusion en utilisant deux liants
thermoplastiques TPU, (thermoplastic
polyurethane) et PLA (polylactic acid) a été
réalisé, dans le but de fabriquer un adsorbant
avec une bonne tenue mécanique et une
stabilité a 'humidité améliorée en vue de sa
mise en ceuvre dans un procédé PSA. La
caractérisation par DRX, MEB et ATG a
confirmé la préservation de la structure
cristalline du HKUST-1, ainsi que I'absence
de dégradation thermigue des composites
jusqu'a 523 K.

Les mesures d’isothermes d’adsorption
CO./CHs mettent en évidence une
augmentation des capacités d’adsorption
en CO; et CH, des deux composites, de
l'ordre de 16-30% par rapport au HKUST-
1. Apres un stockage prolongé des

matériaux en conditions  humides,
HKUST-1/TPU et HKUST-1/PLA
présentent respectivement des

diminutions de 10% et 25% des capacités
d’adsorption de CO2, contre 54% pour le
HKUST-1 pur. Enfin, Une simulation du
procédé PSA en utilisant HKUST-1/PLA
comme adsorbant, a été appliquée a un
mélange équimolaire  CO2/CHs4. La
simulation montre que la production d’un
d'un raffinat enrichi en CHs avec une
pureté de 99,7%, est associé a un taux de
récupération faible en CHs de 22,6% et
consommation d’énergie de 0,15 kWh.
Nm=3 chs, ce qui doit étre amélioré en
optimisant les paramétres du procédé.

Title : Elaboration of Metal Organic Framework - polymer composites for CO, capture by Pressure Swing

Adsorption in the context of bio-CH, enrichment.

Keywords : adsorption, MOF, composite materials, simulation, PSA, biomethane

Abstract HKUST-1 is one of MOFs
frequently studied as an adsorbent for
CO,/CH, separation thanks to its high CO
adsorption capacities and commercial
availability. It is often produced in powder
form and thus requires a post-shaping
process for use as an adsorbent in fixed-bed
separation processes. Powdered HKUST-1,
was extruded into pellets using two
thermoplastic binders: TPU, (thermoplastic
polyurethane) and PLA (polylactic acid), with
the aim to fabricate an adsorbent with a good
mechanical and moisture stability for use in
PSA process. The characterization of the
HKUST-1 composites (HKUST-1/PLA and
HKUST-1/TPU) was determined via XRD,
TGA, SEM-EDS, and N2 adsorption isotherm
analysis The gas-separation performances of
the materials were measured from CO, and
CH. isotherms. The composites preserved
the HKUST-1’s crystalline structure and they
are also thermically stable under 523 K,

whilst their textural properties were not
significantly modified compared with the
pristine HKUST-1. Furthermore, both

composites exhibited larger CO, and CHa
adsorption capacities in comparison to the
pristine  HKUST-1. After three months of
storage under atmospheric humid conditions,
CO; adsorption capacities were reduced to
only 10% for HKUST-1/TPU, whereas
reductions of about 25% and 54% were
observed for HKUST-1/PLA and the pristine
HKUST-1, respectively. Finally, PSA
simulation for CO./CH4 separation was carried
out to asses the viability of using the composite
as adsorbent media. The process simulation,
which was performed using HKUST-1/PLA as
the adsorbent predicts biomethane production
with CH4 purity of 99.7% and specific energy
consumption of 0.15 kWh. Nm cs. However,
the simulated CH, recovery rate remains low at
22.6%, which requires improvement by
optimizing the process parameters.
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