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Abstract

This doctoral thesis includes the work carried out at ICIQ and CELSA
on the study of CO, capture and mineralization. In the steel indus-
try, which notably contributes to global CO, emissions, Chapter 2
explores and evaluates current benchmark carbon capture technolo-
gies. These technologies are critically assessed for their integration
potential into a secondary steel plant, namely CELSA. Process simu-
lation and comprehensive infrastructure assessment are employed to
identify technically feasible and economically viable options. Among
the technologies considered, amine scrubbing and vacuum swing ad-
sorption (VSA) with zeolite 13X emerge as the most developed and
suitable solutions for carbon capture in CELSA. However, it’s crucial
to highlight that the results obtained during the assessment did not
yield promising outcomes that would warrant immediate implemen-
tation. However, novel systems and, more importantly, promising
materials and chemicals for CO, capture are emerging to undergo
testing in existing industrial infrastructures. In chapters 3 and 4, the
versatile metal-organic framework TAMOF-1 is characterized as a
highly selective material for CO, in C'Oy /Ny and COs/C H, mixtures.
It is evaluated for post-combustion CO, capture and biogas upgrad-
ing, exhibiting promising results not only experimentally but also
theoretically and computationally. To achieve full utilization of CO2
in the value chain, it must not only be captured from industrial or
environmental gas streams but also transformed into useful products
(e.g., fuels, building materials, food feedstock) or stored in geologi-
cal sources (or industrial wastes that mimic this geological behavior).
Chapter 5 provides a comprehensive characterization of CELSA slags
as a potential storage medium for CO, in the form of carbonates.
This characterization aims to contribute insights into waste manage-
ment (both solid and gaseous) and promote better practices for the
circular management of these materials. By exploring the potential
of CELSA slags as a CO, storage medium, this research contributes
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to the development of sustainable solutions for carbon capture and
utilization, aligning with broader efforts to mitigate climate change
and transition to a low-carbon economy.
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“If I had an hour to solve a
problem I’d spend 55 minutes
thinking about the problem
and 5 minutes thinking about
solutions.”

Albert Einstein
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1.1 Background and Relevance 3

1.1 Background and Relevance

1.1.1 Growing concern about CO, emissions

The Intergovernmental Panel on Climate Change (IPCC) projects
that if current trends continue, global warming is expected to reach
1.5°C between 2030 and 2050'. This temperature increase is pri-
marily driven by population growth and development, which heavily
relies on the use of fossil fuels. Over the past few decades, carbon
dioxide (CO3) emissions from fossil fuel consumption have doubled,
surpassing 36.8 Gt of CO, per year?. Consequently, there has been
an estimated increase of 0.8-1.2°C from pre-industrial levels'2.

The gradual rise in global temperatures has significant implica-
tions, leading to a growing range of risks to humanity, economies,
and ecosystems. These risks include sea level rise, intensified ex-
treme weather events, biodiversity loss, and threats to human health,
security, food availability, and water resources®. Effectively address-
ing these challenges requires comprehensive political, economic, and
technological investments on a global scale to expedite the implemen-
tation of decarbonization strategies.

The scientific and industrial communities will play a pivotal role
in the endeavor to develop and enhance technologies that facilitate
the effective management of CO5 emissions. Notably, carbon capture
and sequestration (CCS), a process involving the selective capture
and permanent underground storage of CO,, has been widely ac-
knowledged as a critical component within strategies aimed at con-
straining global warming to levels below 2°C36.

1.1.2 Why carbon capture??

The process of capturing CO, entails the selective separation and
concentration of carbon dioxide from a gas mixture (e.g. COy/Ny,
CO4/CHy). The purity level of CO, captured is crucial, depending
on the specific application and intended utilization. This concept is
commonly referred to as CO, capture and utilization (CCU), empha-
sizing the future valorization of the captured CO,.

In another approach, after the COs capture process, the focus
shifts to storage the COq-rich stream in geological reservoirs. In this
context, the emphasis is primarily on the secure and reliable storage
of CO,, with less emphasis on achieving extremely high purities. This
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4 Chapter 1. Introduction

approach is commonly known as CO, capture and storage (CCS), rec-
ognizing the importance of effectively sequestering CO5 in geological
formations.

COg capture plays a fundamental role in the integration of the en-
ergy transition mix towards a low-carbon economy and the achieve-
ment of greenhouse gas emissions neutrality goals. The following
are some reasons highlighting the importance of CO4 capture in this
context:

Emission reduction: CO, capture enables the direct removal of
carbon dioxide from the atmosphere, preventing its release through
emission sources. By capturing and storing COy emitted by indus-
tries, power plants, and other sectors, a significant reduction in green-
house gas emissions is achieved.

Complement to renewable energies: While renewable ener-
gies are crucial for transitioning to a cleaner energy matrix, the inter-
mittent and sometimes unpredictable generation of renewable energy
can pose challenges in maintaining a constant and stable electricity
supply. CO2 capture can help compensate for these variations by al-
lowing the use of fossil fuels in combination with carbon capture and
storage technologies. This facilitates a smoother transition towards
an energy system based on renewable sources.

Utilization of existing energy sources: CO, capture enables
the utilization of existing infrastructures and investments in power
plants and other industrial processes that rely on fossil fuels. By im-
plementing carbon capture and storage technologies in these facilities,
the need for complete replacement can be limited, while maximizing
the efficiency of the existing assets.

Offsetting hard-to-reduce emissions: While actions to reduce
emissions at the source should be prioritized, there are sectors where
complete elimination of emissions is particularly challenging, such as
cement, steel, and chemical production. CO capture offers a solution
to address these ”hard-to-reduce” emissions by capturing and storing
the CO, released in these processes, thereby contributing to global
emissions mitigation.

Bridge to negative emissions technologies: In addition to captur-
ing CO, from emission sources, carbon capture can also play a key
role in the development of negative emissions technologies. These
technologies, such as direct air capture and bio-energy with carbon
capture and storage (BECCS), have the potential to remove addi-
tional CO4 from the atmosphere, helping to offset historical emissions
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and achieve carbon neutrality goals™®.

Moreover, Brian et al.(2017)? conducted a comprehensive study
utilizing historical and current IPCC data, providing compelling ev-
idence that supports the indispensability of integrating CO, capture
technologies across the energy sector to meet the 2050 net emissions
commitment. Their research demonstrated that only a scenario in-
corporating these technologies can effectively achieve the desired out-
come. Through the implementation of carbon capture technologies,
the potential elimination of up to 12.6 PgC per year becomes feasible,
resulting in the storage of 776-981 PgC by the year 2100.

Furthermore, their findings indicate that this particular scenario
offers promising prospects for curbing the rise in atmospheric carbon
concentration. By the end of the century, the projected atmospheric
carbon concentration is estimated to range between 328-363 p.p.m.,
accompanied by a corresponding atmospheric temperature range of
approximately 1.2-1.4°C. Importantly, these figures align with the
climate objective of limiting temperature rise to below 1.5°C, repre-
senting a crucial milestone in climate mitigation efforts. Additionally,
this scenario exhibits the potential for a gradual transition back to at-
mospheric carbon concentration levels comparable to those observed
during the pre-industrial era.

In this context, the focus of this doctoral thesis on COy capture
holds significant scientific and practical importance. By investigating
and enhancing the efficiency of a new CO, capture technology, this
research contributes to the global efforts aimed at mitigating climate
change and establishing a sustainable future.

1.1.3 Technological pathways for CO, capture

There are four pathways for the concentration of CO, (1.1, three of
which (post-combustion, pre-combustion, and oxy-combustion) are
implemented in industrial manufacturing processes. The fourth path-
way involves the capture of CO, directly from the atmosphere.

Pre-combustion: The carbon is removed from the fuel before
to enter in the combustion chamber. Syn-gas (mixture of CO and
H,) is produced by the fuel gasification, then the CO is oxidized to
CO49 and H30 reduced to Hs in an shift-reactor. Then the mixture
of CO9/H; is separated, the Hy for fuel and the CO, is compressed
and storage.

Oxy-combustion: The fuel undergoes combustion in an oxygen-
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Figure 1.1: Strategies for COs capture in power plants. Figure adapted
with permission from ref.?10:11

rich stream with minimal or no nitrogen content. Initially, the oxygen
(O2) is separated from the Og/Ny mixture found in the air (this step
consumes a significant portion of the energy pathway). Subsequently,
pure oxygen is employed as the oxidizing agent during the combustion
of hydrocarbon fuel. This process yields flue gas, which is abundant
in COy and H,O, with the latter being easily condensable.
Post-Combustion: Following the combustion process where the
fuel reacts with oxygen, the resulting gas, known as flue gas, is com-
posed primarily of Ny, COs, Os, HyO, and various impurities. Typ-
ically, this gas is discharged into the atmosphere as waste since it
is downstream of industrial processes, requiring no modifications to
existing industrial facilities for CO2 capture. The main challenge
associated with this capture method lies in the energy-intensive sep-
aration of CO, from the predominantly present Ny in the flue gas'?.
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Direct air capture (DAC): This particular technological path-
way focuses on the extraction of COs from the surrounding atmo-
sphere. As the atmospheric concentration of CO, is relatively low
(approximately 400 ppm, ), this process demands a substantial amount
of energy!®. In recent years, it has gained prominence as a crucial
strategy in mitigating the levels of atmospheric CO,, alongside the
three aforementioned pathways for CO5 capture.

This thesis primarily centers around post-combustion COy cap-
ture. This method holds significant importance as it allows for the
installation of CO4 capture infrastructure without disrupting the pro-
duction process, offering a rapid solution to mitigate the COq indus-
trial emissions®. However, for it to be effective, the captured CO,
must be either stored (CCS) or utilized as a carbon source to pro-
duce valuable materials like biofuels, solar fuels, plastics, and so on
(CCU).

One of the primary limitations of post-combustion carbon capture
is the low concentration of COs in the flue gas, typically ranging
from 4% to 20%314716. The energy required to concentrate CO,, is
inversely related to its concentration in a gas mixture. The minimum
energy demand is approximately 9 kJ-mol™! of CO, captured?. As
illustrated in Figure 1.2, depicting the minimum work required for
typical COq concentrations in gaseous streams.

Recognizing the significance of CO4 capture as an additional tool,
alongside renewable energies, hydrogen utilization, process optimiza-
tion, and waste management, serves as the fundamental technologi-
cal framework. Together with a shift in social awareness, these ap-
proaches will contribute to the achievement of the carbon neutrality
goal by 2050.

1.2 Post-Combustion CO, Capture Tech-
nologies

Presently, the prevailing technology employed on an industrial scale
for the separation of acid gases, such as CO5 or H,S, from combustion
gases, natural gas and or other industrial processes is amine-based
absorption. This technology capitalizes on the reversible nature of
the reaction between an aqueous alkali solvent and an acid gas'™!,
Nevertheless, despite its considerable advancement, this methodol-
ogy confronts several critical challenges that impede the economic
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Figure 1.2: Minimum work required for CO9 capture based upon initial gas
concentration. Grey bars and ranges indicate the variation in minimum
work anticipated for 50% COq capture at 80% purity (lower bound) to
90% COg capture at 99% purity (upper bound). Figure adapted with
permission from ref.314

viability of CO4 capture for enterprises. These challenges include the
substantial energy consumption associated with amine regeneration
and the production of toxic waste that poses considerable difficulties
in terms of disposal and management, among other issues.

Several promising CO, capture technologies are emerging, and
while some have reached advanced stages of development, further re-
search is required to render CO, capture economically viable on a
large scale. The progress of these technologies has been hindered by
the fact that the cost of COy capture has historically exceeded the
cost of releasing COy into the atmosphere. However, the changing
landscape has prompted various government initiatives and industrial
investments aimed at achieving technological maturity in emerging
CO; capture methods®?%1?. Furthermore, the CO, concentration in
flue gas typically ranges below 15%. Consequently, the thermody-
namic driving force for CO2 capture from flue gas is relatively low
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(CO4 partial pressure is typically less than 0.15 bar), posing a signifi-
cant technical challenge in developing cost-effective advanced capture
processes??.

Novel COy capture technologies possess the potential to signifi-
cantly enhance the industrial-level capture process by improving en-
ergy efficiency and addressing current limitations. Among these tech-
nologies are high-temperature solid looping systems, the advance-
ment of new solid sorbents, and the development of membranes.
These advancements hold promise for reducing energy consumption
and mitigating challenges associated with current capture technolo-

gies?19:20

1.2.1 Amine-Based stripping

CO, post-combustion capture using amine aqueous solutions involves
a reactive absorption-solvent regeneration process. As illustrated in
Figure 1.3, a typical amine-based carbon capture system comprises
two primary sections: 1) the absorption section, where CO,/vapor
are solubilized in a liquid amine based sorbent (capture the COs),
and 2) the stripping section, where the solvent is regenerated under
steam (CO, release)?!22,

The absorber receives two inputs: flue gas enters the column from
the bottom and flows upward, while the amine solvent enters from
the top. The CO, content of the flue gas depends on its source.
Coal-fired boilers typically emit flue gas with 10-15% CO,, while
natural gas-fired and biomass-fired boilers release flue gas with 4-
9% CO4 and 12-14% CO,, respectively. Industrial process streams,
such as blast furnace gas (steel industry), cement kiln off-gas, and oil
refinery plant fired heater off-gas, have CO, concentrations of 22%,
19%, and 8-9%, respectively®. As the flue gas ascends through the
absorber, it interacts with the amine solvent, enabling CO, capture.
The resulting gas coming off the top of the absorber is purified and
release to the atmosphere?3.

The rich solvent, laden with CO,, enters the upper-middle section
of the stripper and encounters steam generated in the lower section.
The steam’s energy effectively releases CO, from the solvent, regener-
ating the solvent to a lean state. This regeneration process consumes
the largest portion of energy in the overall CO, capture process, typ-
ically ranging from 3.5 to 5.5 GJ ton~! CO,, although some studies
report values as low as 2.9 GJ ton™! CO,>*26. The lean solvent,
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Figure 1.3: Typical and simplified process flow diagram (PFD) of amines
stripping CO2 capture system.

now devoid of CO,, exits the stripper and returns to the absorber.
However, a small fraction of the lean solvent degrades due to temper-
ature control issues within the stripper and requires treatment before
disposal.

The CO, released by the steam energy ascends to the top of the
stripper and passes through a condenser to remove as much water
vapor as possible, enabling its transportation to storage. The con-
densed water returns to the stripper for reuse.

A cross exchanger, positioned strategically between the absorber
and stripper, plays a crucial role in energy optimization. It heats
the rich amine entering the stripper while simultaneously cooling the
lean amine exiting the stripper. The rich amine requires heating to
approximately 110°C, while the lean amine is cooled to the absorber’s
operating temperature of around 40°C?". The cross exchanger utilizes
the sensible heat from the hot stripper bottoms to heat the absorber
bottoms, reducing the energy demand for the reboiler. In general,
the lean solvent may require further cooling with cooling water to
reach the desired temperature for the absorber.
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1.2.2 Carbonation-Calcination (CaO lopping)

The concept of calcium looping (Ca-Loop) encompasses a diverse ar-
ray of COy capture process routes with varying degrees of maturity,
technical complexity, and economic viability. Moreover, The Technol-
ogy Readiness Level (TRL) varies depending on the type of process
configuration (currently and intermediate level 5-8), all of which oper-
ate on the same thermodynamic principle. Figure 1.4 shows a simpli-
fied schematic diagram of the Ca-Loop process and its integration into
a power generation plant. These process options share the common
use of calcium oxide (CaO) as a regenerable sorbent for CO, capture.
At high temperatures, CaO reacts with CO5 to form CaCOs. Subse-
quently, calcination of CaCOj3 in a COg-rich atmosphere (potentially
containing steam) completes the ”calcium loop.” The high temper-
atures required for sorbent regeneration through CaCOj calcination
and the high temperature of CO5 absorption in the carbonation reac-
tion distinguish calcium looping systems from other post-combustion
CO; capture systems. Heat recovery can be highly efficient using
advanced steam cycles, thereby reducing the overall energy penalty
of the system*®2?8. The equilibrium curve of CO, on CaO establishes
the relevant temperature ranges for CO, capture applications. This
equilibrium indicates that it is possible to reduce the CO5 concentra-
tion in a flue gas at atmospheric pressure below 1.2%vol at 650°C,
while temperatures exceeding 900°C are required to produce a pure
COg stream during CaCOj3 calcination. The demand for high tem-
peratures in a COs-rich calciner presents the primary challenge in
determining the method for supplying the necessary heat for CaO
regeneration. The calcination enthalpy of CaCOjs is quite high (168
kJ/mol at 900°C), and it is inherently difficult to provide a large heat
flux to a high-temperature reactor'®2?.

1.2.3 Pressure and Temperature swing Adsorp-
tion (PSA and TSA)

In the realm of carbon capture technologies, adsorption processes
play a pivotal role in effectively sequestering CO, from industrial
emissions. Diverging from absorption, where CO4 dissolves in liquid
solvents like amines, adsorption entails the adherence of CO5 to the
surface of a sorbent. This method utilizes porous dry solids, char-
acterized by high surface areas and adsorption capacities, including
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Figure 1.4: Simplified and Schematic CaO-Looping process for CO2 cap-
ture in a coal-fired power plant (adapted from!®).

silica (SiO3), zeolites (aluminosilicates), activated carbon, and, more
recently, Metal-Organic Frameworks (MOFs)*.

MOFs represent a versatile class of adsorbents with remarkable
tunability, enabling the synthesis of a diverse array of materials tai-
lored for specific separations®. This exceptional flexibility arises from
the combination of different metals with organic compounds, result-
ing in MOFs with customizable pore sizes, surface chemistries, and
various other properties. Such adaptability positions MOF's as highly
promising candidates for carbon removal applications.

The crux of this process lies primarily in the choice of adsorbent.
The high selectivity of the adsorbent and its susceptibility to deteri-
oration by pollutants commonly present in combustion gas streams
(e.g., water, NOx, SOx, among others) are critical factors. Zeolite
13x stands out as the benchmark adsorbent for CO5 due to its high
selectivity, albeit its challenge lies in the difficulty of regeneration®!.
Nevertheless, a new material has emerged, already in production scale
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and tested in industrial plants: CALF-20, a metal-organic frame-
work®?. This development marks a significant stride in overcoming
the limitations of traditional adsorbents.

The ongoing progress in developing new materials is crucial to
ensuring the sustainable implementation of CO, capture technology.
The field is dynamic, with the pursuit of materials that not only
enhance efficiency but also address environmental concerns and eco-
nomic viability.

Figure 1.5: Schematic Pressure vacuum swing adsorption (PVSA) process
flow diagram for post-combustion COy capture.

The configuration of the adsorption cycle steps and the process
itself are typically tailored to the type of material being used. Figure
1.5 depicts a schematic diagram of the main components of a P/VSA
system. The system primarily consists of an inlet gas conditioning
section, which removes impurities such as moisture, NOx, and SOx,
before the gas passes through the adsorbents. This is followed by the
adsorption stage in one of the columns (typically a fixed bed filled
with the adsorbent) and in parallel the desorption stage in another
of the adsorption columns connected with a vacuum pump (or other
device that can generate a temperature or pressure differential) that
can exert a pressure difference to regenerate the adsorbent and release
the COy, which is then stored. Once the adsorption column is satu-
rated, it switches roles with the column that has been regenerated,
ensuring a continuous process.
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The Skarstrom cycle, introduced in 1960, is the benchmark PSA
cycle33. It employs pressurization, adsorption, blowdown, and purge
steps across two synchronized beds, ensuring continuous operation
without feed interruption. Optimization efforts have led to the im-
plementation of several additional steps, typically involving the use
of more columns, but each additional step introduces a significant
increase in complexity, capital costs, and operating costs'®.

Critical metrics for adsorption process performance include prod-
uct purity and recovery, operational pressure range, energy require-
ments, and scale-up considerations. Operating pressure and temper-
ature influence CO4 purity and recovery, while pressure drop in the
column, affected by gas velocity and bed porosity, impacts both ad-
sorption and desorption. Designing an effective adsorption process
involves sequencing steps and determining the number of beds based
on feed conditions, adsorbent properties, feed gas composition, and
desired purity grades® 3.

While adsorption processes offer simplicity, quick start-stop ca-
pabilities, and no chemical emissions, scalability remains a challenge
compared to the widely used amine absorption process. The economic
viability of a PSA/VSA process hinges on swing capacity, which is
the difference in adsorbed gas between adsorption and desorption
conditions3¢ 9.

1.2.4 Membranes-Module system

Membrane-based CO, capture systems have the potential to be a
promising technology for gas separation due to their advantages of
flexibility, compact size, high modularity, absence of phase transi-
tions, simple mechanical configurations, and typically stationary op-
erating conditions. These factors facilitate ease of scale-up?15:16:28:40,
However, the technological maturity of membrane-based COy cap-
ture systems remains relatively low, primarily due to the demand
for membranes with exceptional COy /Ny selectivity, particularly for
dilute CO2 streams such as flue gas. Additionally, the low pres-
sure of post-combustion gasses necessitates large pressure gradients
(to evacuate the permeate), leading to substantial energy consump-
tion. Similar to adsorption systems, membranes exhibit thermal and
chemical sensitivities to certain combustion gas components (e.g.,
acid gas, sulfides), necessitating pre-treatment before deployment in
post-combustion applications. Due to these problems, to achieve rea-
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sonable COy recovery and purity (>90% and >95% respectively),
multiple separation stages, recirculation of exhaust gas streams, and
good process optimization must be implemented¢4142 Figure 1.6
shows a simplified configuration of a membrane-based CO2 capture
system for a coal-fired power plant.

Figure 1.6: Simplified diagram of membrane COs capture plant with se-
lective CO5 recycle at a coal-fired power plant(adapted from*!).

The membrane separation process takes advantage of the differ-
ence in diffusion rates and sorption coefficients (properties of mem-
brane materials) of gasses through the selective membrane. In the
context of CO4 capture, membranes allow preferential permeation of
CO; over other compounds in a gas stream. Partial pressure differ-
ences across the membrane influence the direction and speed of the
diffusion process®3.

For industrial separations, there are two common membrane ge-
ometries for gas separation: hollow fibers and spiral wound modules.
These configurations maximize the surface contact area of the mem-
brane to achieve a manageable cylindrical module (higher surface
area to volume ratio reduces the vessel sizes).

In the case of hollow fibers, single- or double-layer systems can
be used to form membranes. Single-layer hollow fibers have a poly-
mer component for both the selective layer and the porous support.
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Double-layer hollow fibers contain one polymer for the selective layer
and a second polymer for the porous support.

A typical hollow fiber module contains on the order of 10 tightly
packed hollow fibers, which are sealed at the ends with thermoset-
ting epoxy. The feed gas can be introduced from either the shell
side or the tube side of the fibers and typically flows in a countercur-
rent configuration with respect to the permeate stream to maximize
mass transfer rates. A spiral wound membrane, on the other hand,
consists of alternating layers of asymmetrical flat sheet membranes
separated by porous spacers, with the permeate and feed streams
flowing through alternating layers. Hollow fiber modules offer the
advantage of a higher surface-area-to-volume ratio, allowing the de-
sign of smaller membrane plants for certain clearances, but require
a higher pressure drop compared to spiral wound membrane mod-
ules®*24 Membrane-based CO2 capture systems have the potential
to be a promising technology for gas separation, but further develop-
ment is needed to improve membrane selectivity and reduce energy

consumption®’.

1.2.5 Cryogenic CO, capture.

Cryogenic capture technology produces high-purity CO, without us-
ing chemical agents, avoiding contaminants associated with chemical
absorption methods. Before the carbon capture unit, the flue gas
has to be dehydrated alongside standard flue gas conditioning steps
( such as desulfurization, denitrification, and dust removal) to pre-
vent pipeline blockages and equipment damage from freezing. At its
core, cryogenic CO, capture relies on cooling the gas mixture and
leveraging the distinct dew or freezing points of CO, and other gases
for phase separation. This approach is categorized into two methods:
liquefaction capture, which uses gas-liquid phase changes, and subli-
mation capture, based on gas-solid transitions. Given that CO, has
a high triple point pressure (517.95 kPa), converting it to liquid un-
der ambient pressure is unfeasible, necessitating higher pressures for
liquefaction® 8. The prevalent techniques for achieving CO, phase
transition include:

e Direct cooling and solidification, where the exhaust gas is cooled
under ambient conditions to transition CO, directly from gas
to solid, requiring extremely low temperatures (below -100°C).
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e Multi-stage compression liquefaction compresses CO, above its
critical pressure (around 73 atm) to induce liquefaction, typi-
cally followed by subsea storage. While common and straight-
forward, this method is energy-intensive.

e A combined compression and cooling process, initially com-
pressing CO, to a moderate pressure before refrigeration cycles
liquefy it. Subsequent pressurization allows for its storage.

e An advanced liquefaction-solidification method involves com-
pressing CO, to a slightly lower pressure than the previous
technique, cooling it to liquid form, and finally reducing its
temperature and pressure to achieve solidification.

Each method showcases a unique strategy to exploit cryogenic prin-
ciples for efficient CO, capture and storage.

Cryogenic distillation methods are predominantly applied to cap-
ture CO4 at high concentrations. Their application for CO, recovery
from flue gas is often impractical due to its elevated temperature,
substantial discharge volume, and relatively low CO, concentration
and partial pressure. As a result, integrated capture systems are em-
ployed, wherein an initial stage focuses on CO, pre-concentration,
followed by a subsequent purification phase. Figure 1.7 illustrates
a streamlined diagram of the post-combustion CO, capture process
from flue gas, integrating membrane systems to enhance CO4 concen-
tration, thereby facilitating subsequent cryogenic purification step.

Figure 1.7: Membrane-Cryogenic condensation combined mixing flow
chart?.
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1.3 Materials for CO, capture

Despite the industrial-scale adoption of certain carbon capture tech-
nologies, such as amine absorption, and the quasi-industrial imple-
mentation of metal oxide systems, particularly those based on calcium
(Ca-loop), a significant energy gap remains to be bridged before these
technologies become economically viable for companies®®49.

Membrane-based technologies hold promise due to their ease of
implementation, but they are still in their early stages of develop-
ment and face several drawbacks, particularly in terms of material
stability®°.

While less mature in the realm of CO, capture, solid adsorbents
offer promising advantages over conventional capture methods, draw-
ing inspiration from their successful applications in O, separation and
air dehumidification. Advantage include:

e Substantial Energy Savings: Adsorbents have the potential to
achieve a 30-40% reduction in energy consumption compared
to amine-based technologies330:32,

e Tunable Solid-State Capture Chemistry: Pore size and shape
can be precisely controlled to optimize CO, capture® 5°.

e Adaptability to Diverse Conditions: Adsorbents and cycling
configurations can be tailored to suit a wide range of thermo-
dynamic conditions®®.

e Avoidance of Hazardous Emissions: Dry capture systems elim-
inate the risk of toxic or corrosive volatiles emitted by amine-
based adsorption units?2430:57,

This section delves into a brief overview of the main CO, ab-
sorbent classes 1.8 such as Metal-Organic Framework, Zeolites, Ac-
tive Carbons, and Amines-functionalized silicas.

1.3.1 Activated Carbon

Porous carbons have emerged as promising adsorbents for CO5 cap-
ture due to their exceptional properties, including high surface area,
tunable pore structure, and excellent stability. Their affordability,
easy regeneration, and resistance to harsh environments make them
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Figure 1.8: Illustrative examples of adsorbent types discussed in this sec-
tion. (Adapted from?).

particularly attractive for industrial applications?. Conventional

porous carbons, such as activated carbons (ACs) derived from coal,
petroleum, and coconut shells, have been widely used for CO, cap-
ture. However, their surface chemistry and pore structure are often
uncontrollable due to the uncertain structures of their precursors.
This can lead to suboptimal CO, capture efficiency, particularly at
low COy concentrations. The development of tailored porous car-
bons through self-assembly, hydrothermal treatment, and pyrolysis
has gained significant attention. These methods allow for precise
control over the structure and properties of the carbon materials,
enabling the optimization of CO, capture performance®3%8,

The effectiveness of CO, capture is strongly influenced by the
microstructure of the adsorbents and the interactions between the
adsorbent and COsy molecules. A comprehensive understanding of
these factors is crucial for designing highly efficient CO, capture sys-
tems®®5%, Precisely controlled synthesis of carbon structures offers
a promising avenue for understanding the molecular-level proper-
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ties of carbon materials and their COy capture performance. This
knowledge can be harnessed to guide the development of practical
COy capture applications. Porous carbons hold immense potential
as adsorbents for COy capture. Continued research efforts focused
on tailoring the structure and properties of these materials are es-
sential for optimizing their CO, capture efficiency and enabling their
widespread adoption in industrial applications?.

1.3.2 Zeolites

Zeolites are aluminosilicate minerals with a porous structure formed
by tetrahedral units of aluminum, silicon, and oxygen. Their com-
position can be tailored to achieve specific properties for various ap-
plications, such as CO5/Hy, COy/Ny separation, dehumidification,
among others. In gas separation processes, zeolites act as molecular
sieves, allowing smaller molecules to pass through their micropores
while blocking larger ones. Zeolite 13X (Na-X) is the benchmark ma-
terial for COy capture due to its ease of synthesis, low cost, and high
COy adsorption capacity. However, its performance is hindered by
competition from water molecules for adsorption sites, and the high
energy needed (37.2 kJ/mol) for adsorbent regeneration®.

Zeolite 13X loses its adsorption capacity significantly in humid
conditions (around 90%), due to the competitive adsorption with
water vapor, which is abundant in flue gas, reducing their CO4 cap-
ture efficiency over time®. Therefore, pre-treatment of the flue gas
to remove moisture is necessary before PSA/VSA units, which in-
creases the overall cost of CO, capture!®. Despite these challenges,
zeolites offer several advantages over other CO, capture materials.
They have a uniform structure and composition, ensuring consistent
performance. Moreover, they are relatively inexpensive to produce,
and can withstand high temperatures and pressures, making them
suitable for energy-intensive industrial applications®©!.

Pre-drying flue gas streams, while potentially cost-prohibitive,
may be essential for zeolite-based CO4 capture systems to achieve op-
timal performance, considering that gas streams of interest for CCS
are often saturated with water. Continued development of zeolites for
CCS will benefit from novel design motifs, such as amine-impregnated
organic/inorganic hybrids, that maintain CO, capacity and selectiv-
ity in the presence of water. However, addressing the decrease in
surface area and pore volume upon amine introduction is crucial to
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maximize CO, capture capacity®3%8.

1.3.3 Amine-Functionalized zeolites and silicas

Amino-functionalized silicas, like amine-based solutions, utilize the
acid-base chemical selectivity of amines to effectively capture COs in
wet gas streams. By employing a solid support instead of an aque-
ous solvent medium, the energy costs associated with solvent heat-
ing can be eliminated, potentially leading to more efficient capture
processes. Two primary methods have been developed to synthesize
amine-based silica sorbents: direct impregnation and covalent tether-
ing of aminosilanes to the supports. The selectivity of these sorbents
stems from the formation of ammonium carbamate, carbamic acid,
or bicarbonate species, with the product distribution influenced by
amine identity, amine proximity to adjacent amine groups, and water
content?3%:59:62

While surface modifications of zeolites and silicas via amine im-
mobilization generally enhance CCS performance, they also result
in reduced surface area and pore volume upon amine introduction,
thereby limiting CO2 capture capacity. In contrast, immobilized
amines in mesoporous silicas do not suffer from surface area or pore
volume reduction. However, they are susceptible to leaching prob-
lems, where the active amines desorb from the pores during regener-
ation, oxidation, and urea formation3%°%.

Cation exchange is a versatile and effective technique for modify-
ing the adsorption properties of zeolites, offering two distinct advan-
tages; 1) enhance adsorption sites: Cation exchange introduces ad-
ditional interactions between CO, molecules and the cations within
the zeolite structure, strengthening the adsorption sites. This mod-
ification leads to increased COq uptake at low pressures, 2) reduced
CO4 Saturation Uptake: Cation exchange can also reduce the sat-
uration uptake of CO, due to a decrease in the zeolite’s free vol-
ume. This modification results in decreased CO4 uptake at high pres-
sures. These property changes induced by cation exchange present
an attractive trade-off for post-combustion COy/Ny separation. For
instance, an amine-functionalized silica adsorbent like polyamide-
functionalized silica PEI-MCM-41 exhibits significantly higher (ap-
proximately 40%) COq adsorption capacity under saturated humidity
conditions compared to dry conditions. However, zeolite 13x, as men-
tioned earlier, loses almost all of its adsorption capacity under humid
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conditions3?63.

1.3.4 Metal-Organic Frameworks.

Metal-organic frameworks (MOFSs) are a class of crystalline porous
materials composed of inorganic metal ions or clusters held together
by organic linkers (Figure 1.8d). This unique architecture imparts
MOFs with a remarkable tunability of their pore structures, en-
abling the incorporation of specific functional groups onto their inter-
nal surfaces to enhance their gas storage and separation properties.
MOFs exhibit exceptionally high surface areas, reaching up to 7,000
m2g~130 allowing them to retain large quantities of guest species
such as gases or liquids. By carefully selecting the building blocks,
MOF structures can be tailored for a wide range of applications,
including gas storage and separation, energy recovery, sensing, and
catalysis3?04767,

Conventional MOF synthesis methods, such as hydrothermal and
solvothermal processes, typically involve long reaction times (hours
to days) and are limited to small laboratory scales (milligram to
gram yields). These methodologies are therefore unsuitable for in-
dustrial applications due to their high energy consumption and scal-
ability limitations. To address these challenges, researchers have
developed innovative synthesis methods that reduce energy require-
ments, enabling the production of MOF's at room temperature. These
methods often involve non-aqueous solvents such as DEF, DMF, and
ETOH%%  but water-based synthesis is also possible, making indus-
trial production more feasible%. Alternative synthesis approaches
include microwave-assisted synthesis, mechanochemistry, continuous
flow reactions, and spray drying™. The synthesis method signifi-
cantly impacts the properties of MOFs, particularly their CO, cap-
ture efficiency. Therefore, optimizing MOF synthesis protocols is
crucial for industrial applications.

Despite their versatility, MOFs face challenges in CO5 capture ap-
plications. Their adsorption sites, often charge-dense metal cations,
are susceptible to water passivation, which can significantly reduce
their CO4 capture capacity and selectivity. This issue is particularly
relevant in carbon capture processes involving humid streams gasses.
To overcome this challenge, research is focused on developing MOF's
with stable and scalable structures that maintain their CO, adsorp-
tion capacity in the presence of water. Such materials hold promise
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for commercialization and widespread adoption in carbon capture
technologies!®3%71,

Finally, for practical applications, MOFs require shaping into pel-
let, monolith, or fiber forms®. These structured forms enhance me-
chanical stability, mass transfer characteristics, and ease of handling,
making them more suitable for industrial processes.

Overall, MOF's represent a promising class of materials for gas
storage and separation technologies. Their tunable pore structures,
functionalizable surfaces, and diverse applications make them highly
versatile for a wide range of industrial needs. However, further re-
search is necessary to overcome the challenges of scalable synthesis
and gas contaminants instability, paving the way for their widespread
commercialization.

1.3.5 Amine-functionalized MOF's.

Due to the crystalline-modular nature of MOFs, the study of the
amine-functionalization of these materials is more diverse and com-
plex than the functionalization of conventional adsorbents™. There
are two functional-modification approaches of MOF building units
with amino derivatives: 1) The first involves a pre-synthetic modifi-
cation, wherein amino groups (1-, 2-, or 3- degree amine) alter the co-
valent bond before MOF synthesis®. However, this method presents
challenges in achieving the correct MOF functionalization. The syn-
thesis method used to create MOFs can be limiting, particularly in
the case of solvothermal methods. In such methods, thermally labile
ligands can cause problematic solubility or coordinate metal ions™.
Discovering the suitable reaction conditions to synthesize a specific
MOF topology with a modified ligand is often time-consuming and
non-trivial. 2) The second approach is post-synthetic modification,
based on chemical modification based on the MOF already manufac-
tured rather than on the precursors of the molecule (monomers). The
final material only requires compatibility with the newly introduced
functional groups (and the necessary reaction conditions), circum-
venting any incompatibility with the synthetic methods required to
obtain the MOF38727,

Amino group functionalization of the void spaces in Metal-Organic
Frameworks (MOFs) significantly enhances their ability to adsorb
and selectively uptake CO, molecules® ™ The use of alkylamine groups
(R{NHR; or RNH,) in the functionalization of MOFs has shown
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promising results, as these groups are capable of interacting directly
with CO, molecules, leading to the formation of a stable complex
known as ammonium carbamate (C-N covalent bond formation), which
significantly enhances CO, selectivity at low partial pressures (<
100Torr)™ ™. Moreover, amino-functionalized MOF's have been shown
to exhibit excellent resistance to the harmful effects of moisture in gas
streams’*. However, the presence of amines in the pore voids of MOFs
and their high chemical affinity with CO, generates chemisorption,
leading to a high energy penalty of adsorbent regeneration (Qst (CO,)
>60 kJ/mol, and T > 90°C)%%7"7  Although it is relatively easy
to prepare amine-functionalized MOFs at the laboratory scale, and
many exhibit significantly improved COq-capturing properties in both
dry and wet gas mixture conditions, several issues still need to be ad-
dressed. As mentioned earlier, chemisorption involves high regenera-
tion energies, and their production at scale can be energy-intensive™.
Additionally, the researchers are still determining whether modifying
conventional porous adsorbents, such as silicas or zeolites, is more
cost-effective than implementing post or pre-synthetic MOF modifi-
cations since the production of MOF itself is relatively costly.

1.4 Ciriteria for screening candidate CO,
Capture materials

This thesis focuses on using a characteristic adsorbent for CO, cap-
ture. Therefore, this section emphasizes the criteria for selecting the
best CO, adsorbent and how promising adsorbents are experimen-
tally and theoretically evaluated.

Physical adsorbents with high selectivity to CO, are the preferred
choice in the industry due to their ease of regenerability compared to
chemical adsorbents. They are often used in packed bed-like columns
unless composited on membranes or supported on a metal surface.
When the gas enters the column, the adsorbent material selectively
retains the gas for some time, allowing the other components to pass
through the column’. The application of energy is required to re-
cover the adsorbent and release the targeted pollutant, such as CO,.
The energy applied must be significantly higher than the interac-
tion between the CO, and the active sites of the MOF. Several ways
of supplying this energy boost include temperature changes (TSA),
pressure changes (PSA or VSA), electrical pulses, or even impulses
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from an external fluid, such as N, or He®.

In this sense, a potential adsorbent for CO, capture must comply
with the following points or at least have a balance between them,
which allows its deployment at scale:

1. High CO, adsorption capacity: The adsorption capacity (at
equilibrium) of a sorbent material is of vital importance to the
capital cost of the capture system, as it dictates the amount of
adsorbent required, which also sets the volume of the adsorption
vessels®!. In practice, it is preferred to use the working capac-
ity (difference in capacity between adsorption and desorption),
which must be at least greater than 2 mmol/g of adsorbent
to compete with the commercial alternative of absorption with
amino derivatives (1.5 - 2.0 mmol/g of sorbent solution)'940:80,
Remember that the CO, concentration is different for each type
of industrial off-gas. Therefore, a kind of adsorbent will serve
better or worse for specific applications. For example, high CO,
adsorption capacity at low partial pressures (<0.15bar) of CO,
is preferred for post-combustion applications (4-15% CO,), but
for example, for biogas upgrading applications where CO, can
range from 40-70%, high capacity at higher partial pressures
of this gas is preferred. The adsorption isotherm, measured
through gravimetric or volumetric analysis, is a critical param-
eter that determines the maximum adsorption capacity of an
adsorbent®?.

2. Selectivity for COy A desirable feature besides having a high
CO, adsorption capacity is a high CO, selectivity over other
gases in the target gas mixture. The selectivity directly im-
pacts the purity or quality of the captured CO2, as it depends
on the ratio between the CO, adsorption capacity and that of
another component (e.g. Ny, CHy) in a given gas composition.
Hence, it also affects the cost of transporting and storing this
gas, and consequently, the economics of CO4 capture in gen-
eral. Flue gases (generated using fossil fuels) containNy and O,
among other compounds. Therefore, suitable absorbent mate-
rials must possess a high CO2 selectivity against these other
gas components®!. Active carbons present a noteworthy exam-
ple of highly porous materials with commendable adsorption
capacity. However, their selectivity towards CO2 hinders the
attainment of the recommended purity (>95%)%C.
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3. Fast adsorption/desorption kinetics: The kinetics are related

to the intrinsic reaction kinetics of CO2 with the functional
group of the adsorbent, as well as the mass transfer or diffusion
resistance of CO2 through the porous structure of the adsor-
bent. If it is a supported adsorbent, the support also comes
into play in the adsorption kinetics of this gas, so it should also
be optimized to minimize the diffusion resistance. The kinetics
can be seen in the breakthrough curves of an adsorbent (gas
concentration versus time graphs). A fast kinetic is a steeper
curve, so the adsorption capacity at the breakthrough point will
be closer to the adsorption capacity. As most of the capture
systems using adsorption columns work at the breakpoint, this
property (kinetics) directly influences the amount of CO2 ad-
sorbed, so it also impacts the design of the adsorption columns.
However, its primary influence is on the adsorption/desorption
cycle times, as these depend on the total adsorption capacity
and kinetics. If the adsorption kinetics is fast, its analogous
counterpart (desorption) will also be closed, which facilitates
the removal of CO2 from the adsorbent and results in lower en-
ergy consumption in the regeneration of the adsorbent3%73-80:81

. Fase Regenerability: Regeneration under mild conditions (low

temperature, no significant pressure changes) and maintaining
an efficient regeneration capacity during adsorption-desorption
cycles is necessary to generate cost-effective CO, capture and
compete with current amine technologies. Controversially, when
there is a high adsorbent-adsorbate interaction, hence a high
adsorption capacity, regeneration becomes more difficult and
expensive®>® . Because of this, it is necessary to strike an opti-
mal interaction balance. One of the properties associated with
the degree of regeneration is the isosteric heat of adsorption.
The lower the regeneration, the easier it will be (however, the
adsorption will be lower) for physisorption the values are be-
tween -25 kJ/mol to -50 kJ/mol, and for chemisorption, they
can range from —60kJ/mol to —90 kJ/mol®'. This isosteric heat
indicates the intensity of the interaction between the adsorbent
and the molecule selective to it.

. Tolerance/Stability to impurities: The industrial off-gas mix-

ture contains various pollutants (e.g. NOx, SOx, H,0, etc),
which must be considered when selecting adsorbents. NOx and
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SOx are always present in flue gas, and although their complete
removal is difficult, a significant portion can still be captured by
the adsorbent. Water is another pollutant that exists in higher
concentrations than SOx and NOx. Therefore, the adsorbent’s
hydrophobicity is crucial for its chemical process longevity. Wa-
ter removal is also possible, but it comes with a high cost, and
the lower the amount of water to be removed, the greater the
expense.

6. Cost and scale-up Synthesis: One of the main characteristics
that a good adsorption material has to have, given that it has
to be implemented on a large scale, is a sustainable (environ-
mentally, socially, and economically favorable) synthesis. Since
the synthesis of activated carbon and zeolites are already almost
forty years old since their implementation and synthesis on a
large scale, the following points are more focused on MOFs.
These are the ones that suffer the most in terms of their syn-
thesis, mainly due to the use (in some cases) of critical raw
materials and especially the use of polluting solvents (in most
or almost all organic syntheses, it is the most polluting raw ma-
terial®®). Therefore, in order for the most critical parameters
that must be considered for the industrial scale-up of MOFs
are a) the cost of raw material per kg of obtained MOF, b) the
amount of MOF produced per m? of reaction mixture per day,
¢) conditions required for reaction agitation during synthesis,
d) length of time required and amount of solvent required for
sample filtration, and e) washing conditions necessary for dry-
ing (activating) prepared solids®“®!. Recently, there has been
a discussion about which materials are the most effective for
capturing CO, at an industrial level. Activated carbon, zeo-
lites, and MOFs are the most commonly discussed materials.
Activated carbon and zeolites are preferred due to their ability
to be synthesized at scale at a low production cost and their
demonstrated mechanical and chemical stability. In contrast,
the synthesis of MOF's at an industrial scale is still in its early
stages and is mainly performed in laboratory and pilot scales™.

Figure 1.9 radar bar plot qualitatively evaluates crucial metrics
for material selection in carbon capture. It displays mean values for
each material property, represented by bold lines, and typical vari-
ability within a material class, shown as error bars. This plot offers
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a general overview of the potential of different material types for
carbon sequestration. It makes it useful for those new to the field
to grasp innovation opportunities in material enhancement quickly.
Currently, amines are the predominant commercial option for car-
bon capture. However, their significant environmental and energy
drawbacks highlight the unresolved challenge of sustainable CO, se-
questration. In contrast, activated carbons and zeolites show lim-
ited scope for improvement. On the other hand, MOFs, silicas, and
amino-functionalized MOFs, despite their current unconvincing prop-
erties, hold considerable potential for improvement due to their high
customization capability. Some materials in these categories already
demonstrate exceptional properties, although they are few.

Figure 1.9: Radar bar chart for key sorbent selection criteria (adapted
from?).
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1.5 Standard methods for adsorbent eval-
uation.

A thorough understanding of thermodynamics and mass transfer (dif-
fusion) is essential to understand adsorption processes effectively.
This section presents a succinct overview of the fundamental princi-
ples for characterizing adsorbents and gaining a broad understanding
of the thermodynamics and dynamics governing the adsorption pro-
cess. This section exclusively addresses physical adsorption, which
arises from Van der Waals and electrostatic interactions between the
adsorbate and the adsorbent. Unlike chemical adsorption, which in-
volves electron transfer and bond formation with potential dissocia-
tion, physical adsorption is more generalized and can occur in either
the gas or liquid phase®®®. While many concepts apply to both
phases, our focus here centers on gas-phase adsorption.

1.5.1 Common analysis for material characteri-
zation

The correct initial characterization of the material is important in or-
der to identify the crystallographic chemical structures, morphology
and to establish a correct activation and working temperature range
of the adsorbent. In addition, by correctly identifying the structures
and how they impact adsorption, future adsorbent materials can be
better designed. The fundamental characterizations that are essential
to understanding these crystalline solid materials include:

e SEM, and TEM — Morphology and particle size
e ICP, EDS — Elemental analysis

e SXRD, PXRD — Structure Determination

e TGA — Architectural stability

e FT-IR, NMR — Coordination environment

In adsorption processes, thermogravimetric analysis (TGA) is sig-
nificant in determining a temperature range within which a material
remains thermally stable. TGA also aids in identifying an activation
temperature, which involves removing the solvent from the adsorbent
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and rendering the material’s porous structure accessible. Solvother-
mal methods or physical alterations, such as pressure changes, can
accomplish this solvent removal. When combined with adsorption
isotherms, the activation procedure can be optimized. However,
achieving this optimization can be challenging and requires numerous
trials-error tests.

1.5.2 Thermodynamic evaluation.

Adsorption isotherms.

Adsorption isotherms graphically illustrate the amount of adsorbed
species within a material at different partial pressures while maintain-
ing a constant temperature (figure 1.10). This relationship between
partial pressure and adsorbed gas quantity is commonly expressed
in terms of the adsorbent mass. In the low-pressure range, where
isotherms are commonly assessed, fugacity, the thermodynamically
rigorous phase equilibrium term, appropriately replaces partial pres-
sure since the fugacity of an ideal gas equals its partial pressure. The
equilibrium expression points to fugacity over partial pressure when
dealing with higher pressures™®%87 Isotherms are the best descriptor
of the adsorption capacity of a material.

Figure 1.10: (a) Adsorption isotherms for NH; on charcoal. (b) Schematic
representation of pressure and temperature swing adsorption. Reprinted

from38.

These isotherms may exhibit various shapes (Types I to VI, as
depicted in Figure 1.11), with Type I, II, and V being the most
frequently encountered in separation process. Type I is consistently
associated with rigid microporous adsorbents. In contrast, flexible
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sorbents may exhibit Type V isotherms, characterized by transitions
between closed (nonporous) and open (porous) phases. While this
isotherm type is uncommon, it can prove highly advantageous. The
curve’s steepness determines the extent to which 100% of the working
capacity (amount adsorbed = amount desorbed) can be achieved in
these flexible materials®.

Figure 1.11: Different types of adsorption isotherms as classified by ITU-
PAC®?

Various procedures exist for isotherm determination. Volumetric
methods typically enjoy widespread use, while gravimetric and dy-
namic methods offer alternative approaches. Dynamic methods entail
employing a gas carrier and a gas sensor at the adsorbent’s outlet to
gauge the equilibrium (saturation) adsorbed gas amount.

Adsorption isotherms are essential in characterizing adsorbents
and providing a deep understanding of a material’s intrinsic proper-
ties regarding the interaction between the adsorbent and gas species
at equilibrium. These isotherms allow us to see the maximum amount
of a substance the material can hold under specific gas concentration
and temperature conditions. This knowledge is essential for making
decisions before delving into more detailed adsorbent characteriza-
tion.
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Working Capacity.

The work capacity (ANco2), the difference between CO, uptake at
the adsorption (loading) and desorption (release) temperature and
pressure conditions of the process under consideration (1.1), is the
most relevant measure of adsorption process performance.

AAN'C’OZ = Nads - Ndes (11)

As previously discussed, the working capacity is also influenced by
the Type of isotherm used. Figure 1.12 provides an example wherein,
despite both isotherms having the same adsorption capacity at 1 bar,
there is a discrepancy in their working capacities.

Figure 1.12: Schematic illustration of the difference in working capacity
between adsorbents with the same adsorption but with two different types
of isotherms. (a) type I isotherm, as found in most rigid microporous
adsorbents; (b) type V isotherm (commonly called S-Type), as found in
flexible adsorbents that can alternate between closed (non-porous) and

open (porous) phases™.

The working capacity is a valuable tool for preliminary vessel siz-
ing when storing the adsorbent. A higher working capacity implies a
reduced need for column volume. However, it is essential to note that
working capacity does not directly measure the efficiency of an actual
adsorption system (such as PSA, VSA, or TSA). This is because it
does not account for the energy expended during the cycle. As a re-
sult, the working capacity cannot accurately represent the economic

efficiency of the adsorption capture process®.
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CO, Selectivity.

The CO, selectivity of a sorbent measures the ratio of CO4 sorption
capacity to another gas under specific conditions. Selectivity to nitro-
gen is crucial for carbon capture after combustion (post-combustion),
while selectivity to methane plays a vital role in natural gas purifi-
cation. Selectivity also impacts the purity of the adsorbed gas and
the levels of the outlet gas stream (effluent). In the case of a binary
mixture, adsorption selectivity (Sads) is determined by the equation
1.2.

Qi/Qj
Sads = 1.2
¢ pz’/pj ( )

Here, ¢; ; and p; j represent the work capacities and partial pres-
sures for components i and j, respectively. This measurement is also
referred to as ideal selectivity or molar selectivity.

In practice it is very difficult to measure multicomponent isotherms,
usually the data found in the literature are referred to single-component
isotherms, given their ease of measurement using commercial systems.
Therefore, due to the cost and complexity of the measurements, mul-
ticomponent isotherm data as well as the selectivity between these
components are often predicted using single-component adsorption
isotherms. A commonly employed approach to estimate the multi-
component adsorption selectivity relies on the Ideal Adsorbent So-
lution Theory (IAST). This method utilizes the single-component
isotherms of CO, and the competing gas™. It operates under three
assumptions, which are essential for conducting selectivity calcula-
tions:

1. The pure components form an ideal mixture (no change in area
or enthalpy when mixing the pure components), a reasonable
approximation for most systems.

2. The area accessible to both adsorbates is equal (i.e., the sorbent
is not a molecular sieve).

3. The thermodynamic properties of the sorbent do not change
relative to the thermodynamic properties of the sorbate (i.e.,
the sorbent is not a molecular sieve). of the sorbate (i.e., there
is no phase transition induced by the sorbate).
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The equations that are implicit in the TAST calculation are as

follows:
N
d =1 (1.3)
i=1
Pyz = Pioxz (
M = Mig] = ... = TN 1.5
T 7
m= B opyd P (1.6)
A Jo
1 N T;
= s 1.7
Giot Z QS ( )

As can be seen in equation 1.3, the sum of the mole fractions of
the different components of the gas mixture is equal to unity. For the
equilibrium phases Rault’s law (equation 1.4) can be applied. The
spreading pressure 7 is directly related to the chemical potential of
the solid adsorbent (us), under the adsorbing species. Since system
equilibrium may only be obtained if us is in equilibrium along the
entire surface. 7 is defined in equation 1.6 where A is the surface
area of the adsorbent, R is the gas constant, T is the temperature,qq
i is the pure component quantity adsorbed at pressure P. Fy i is
the vapor pressure of the pure component i in equilibrium with qg;.
Finally, since it is assumed that the adsorbed solution behaves ideally
(the area covered by one adsorbed species is not affected by the other
competing adsorbed species), it is expected that the g is directly
related to the X; and its respective adsorbed quantity individually by
the relationship in equation 1.7. By solving this system of equations,
each x;, y; and qot can be calculated. Combining x1/y; and xs/ys
into Equation 1.2 can produce the selectivity of component 1 over
component 2.

The TAST is essentially the translation of Raoult’s Law for vapor-
liquid equilibrium to a system composed of an adsorbed phase on an
adsorbent and a vapor phase. Since this is an ideal approximation,
it is necessary to approximate that all vapor phase components can
access all sites on the adsorbent, that the adsorbent is homogeneous,
and that the intermolecular forces are equivalent between all compo-
nents of the fluid. As with predictions based on Raoult’s Law, signif-
icantly different interactions between different fluid species break the
ideal solution approximation, and the model falls apart. TAST has
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limitations in the accuracy of the predicted multicomponent isotherm
data and, in general, does not capture the proper behavior of polar
species or mixtures in which one of the components is strongly ad-
sorbed®S.

Modeling the adsorption isotherms.

When modeling an adsorption process, extract IAST selectivity val-
ues or, adsorption heats from isothermal data, it is convenient to
fit the isotherm data with adsorption models. Similar to any model
applied to experimental data, a diverse range of models is available,
some grounded in the fundamental principles of adsorption, while
others adopt a more empirical approach.5¢.

The following is a brief explanation of the most commonly used
ones:

e Henry’s Law: Physical adsorption from the gas phase is an
exothermic process, so the equilibrium favors adsorption at
low temperatures and desorption at higher temperatures33%.
Therefore at sufficiently low concentrations, the equilibrium re-
lationship usually approximates a linear form (Henry’s law):

qg=KC (1.8)

The proportionality constant ” K” is also called Henry’s con-
stant which is simply the adsorption equilibrium constant.

e Langmuir Isotherm: Often, the adsorption isotherm of most
microporous adsorbents can be represented, at least approxi-
mately, by the ideal Langmuir model (equation 1.9).

q KZC
- = 1.

This model was derived by considering the balance between oc-
cupied and unoccupied adsorbate sites on the adsorbent. In
low concentration regions this model is reduced to Henry’s
law339%91  In the model K; is an equilibrium constant that
is directly related to Henry’s constant (K = K % ¢s). This
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constant can also be correlated with the adsorption area and
the porosity of the adsorbent. C'is the adsorbate concentration
at equilibrium. And ¢,, represents the maximum adsorption
capacity of the adsorbate.

e Freundlich Isotherm: An alternative expression to describe
especially Type I isotherms is the Freundlich model (equation
1.10). This model is applicable when adsorption occurs on het-
erogeneous surfaces®®. This is an empirical model, but its ex-
pression is also attributed to the fact that it defines the surface
heterogeneity and the exponential distribution of active sites

and their energies™.

¢=KpCY" . n>1 (1.10)

1/n is the adsorption intensity, it also indicates the relative en-
ergy distribution and the hetereogeneity of the adsorbate sites.

Unlike the Langmuir model, this model cannot be reduced
to Henry’s expression at low concentrations. In order to ob-
tain great entrepreneurial flexibility, the Langmuir and Fre-
undlich models are sometimes combined (known as Lagnmuir-
Freundlich or Sips). This adaptation (equation 1.11) does not
have a theoretical basis, it is purely empirical which is suitable
for predicting adsorption on heterogeneous surface, but avoids
the limitation that the Frenlucich model had at high adsorbate
concentrations®*%. Therefore at low concentrations this model
reduces to Freundlich, but at high adsorbate concentrations, it
predicts the Lagnmuir model (monolayer adsorption).

q Kcl/n
o T+ KO (1.11)

¢ Langmuir-Freundlich Dual-Site: Langmuir Single-Site can-
not describe a large number of real gas-solid adsorption systems
well enough. For heterogeneous surfaces (as in almost all real-
world materials), the adsorption energy at each site will vary,
depending on the local chemistry and structure. The most fa-
vorable sites will be filled first, followed by the less favorable
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ones. For heterogeneous adsorbents, the most simplified case
is the following where only two different adsorption sites are
available??. Each site can be modeled by a separate equilib-
rium constant, K7 and K,. Therefore the Langmuir-Freundlich
Dual-Site model can be written as the equation 1.12.

QK0 @ K,C"?
1—|—K10U1 1+K20U2

g=qa+qp= (1.12)

When in the equation 1.12, the coefficient v, 5 takes the value
of 1, it is known as Langmuir Dual-Site.

e Brunauer-Emmett-Teller (BET) isotherm: Both the Lang-

muir and Freundlich isotherms fall under the category of type
I isotherms, which is the most frequently observed form, es-
pecially in the case of microporous adsorbents. However, cer-
tain materials, such as activated alumina and silica gel, or the
adsorption of water on specific adsorbents, often exhibit type
IT behavior. This behavior is typically described by the BET
equation 1.13.

4, K(p/p°)
p/r° T (1=C(p/p°)(1—C(p/p°) + K(p/p°))

(1.13)

Here, P, represents the saturation vapor pressure. However,
it’s worth noting that the physical model from which this ex-
pression was originally derived may be somewhat unrealistic,
particularly when applied to microporous solids. This is be-
cause it relies on an oversimplified extension of the Langmuir
mechanism to multilayer adsorption®393.

The BET method is still the most widely used procedure to
evaluate the surface area of porous through nitrogen adsorption
at cryogenic temperatures, despite the weakness of its theoret-
ical foundations33%4. Nevertheless, it has also found utility in
representing moisture isotherms on activated alumina, where
the isotherms conform to the well-defined type II form.
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Isosteric Heat of adsorption.

To separate two species effectively from a gas mixture, they must
exhibit differing interaction energies with the adsorbent surface, en-
suring one is preferentially adsorbed over the other. The quan-
tity of adsorbate on a given mass of adsorbent hinges on the rel-
ative pressure, temperature, and the adsorbate-adsorbate interac-
tion energy, often referred to as the ”(isosteric) enthalpy of adsorp-
tion (AH,4)". This enthalpy represents the heat released during
adsorption (an exothermic process). The more negative the ad-
sorption enthalpy’s magnitude, the greater the adsorption of species
at a given pressure and temperature. This energy release during
adsorption (AH,qs < 0kJ/mol) inversely correlates with the des-
orption enthalpy, AHy.s, needed for the reverse desorption process
(AH,u4s = —AHygs) in physisorption (without activation barrier). In
contrast, chemisorption is more complex, involving substantial in-
teraction potentials similar to chemical bonds and higher adsorption
enthalpies. It also entails activation energies, as seen in typical chem-
ical reactions.

The AH,4, provides a guide to the energy required to regenerate
the sorbent. The amount of heat required to regenerate a sorbent
is a parameter that significantly influences the cost of regeneration
(operating cost of a carbon capture plant).

Approaches for determining AH,ds can be categorized into two
primary methods: experiment-based calculations and molecular sim-
ulations. Molecular simulations often rely on isotherms derived from
extensive canonical Monte Carlo simulations (GCMS) and are calcu-
lated using the ensemble fluctuation approach®. Experimental proce-
dures, on the other hand, can be approached directly or indirectly. In
the direct method, a calorimetric-volumetric system uses a calorime-
ter to measure the heat released during adsorption directly®. How-
ever, these systems are notably complex and costly, limiting their use
in research. The most common indirect approach for determining the
isosteric enthalpy of adsorption involves using adsorption isotherms
as a function of the adsorbate’s quantity. The reciprocal interaction
energy between adsorbate molecules is typically assessed indirectly
based on at least two adsorption isotherms obtained at closely spaced
but different temperatures (T1, T2) with AT ~ 10 — 20K. These
isotherms serve as the foundation for either Clausius-Clapeyron or
virial analysis approaches to ascertain the isosteric enthalpy of ad-
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sorption?™?. For the Clausius-Clapeyron approach, both adsorption
isotherms must be fitted using the same continuous function, such
as Langmuir, dual-site Langmuir, Toth, Sips, Jovanovic, Dubinin-
Radushkevic, Freundlich-Langmuir, or other suitable fits. Follow-
ing this fitting process, the isotherms are analyzed for pressure (p)-
load (n) data pairs with identical loads (n) at each temperature.
This method is known as the "isosteric” approach and relies on the
Clausius-Clapeyron equation (1.14)%% | which relates the heat of
adsorption to the temperature-dependent behavior of the adsorption
isotherm.

D2 T1'T2>
AH,s(n)=—-R-In| —= - ——= 1.14
() <p1 Ok (1.14)

In the case of virial analysis, the isotherms are fitted according to
the virial-type equation (equation 1.15), which expresses pressure
(p) as a function of the gas charge (n). Virial analysis has been
particularly useful for calculating adsorption enthalpies, especially
for highly polarized gases like CO45 and SOs,.

p=n-exp (Z Cm’) (1.15)
i=0

In equation 1.15, CO represents a constant for adsorbate-adsorbent
interactions, while C1, C2, and so on denote constants for double,
triple, and higher-order interactions within the adsorbent field. These
Ci constants are temperature-dependent, and the heat of adsorption
(Qst) is determined as shown in equation 1.16.

" dCs
Qst(n) = <i0 o RT n) (1.16)

Note that AHqs(n) or Q«(n) varies with loading. Most materi-
als have different adsorption sites with different surfaces energies and
thus AH,4, depends on the surface coverage of the adsorbent. There-
fore, it is possible to illustrate the energetic heterogeneity (elucidate
different adsorption sites of a solid surface) when AH,4; is plotted
against the adsorbed amount gq.
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1.5.3 Adsorption column dynamics (Experimen-
tal Breakthrough):

Most (almost all) large-scale processes are carried out under dy-
namic conditions. Especially for processes where gas separation is
performed by pressure or temperature change (PSA, VSA, or TSA)
within a packed column. Properties like cyclic and long time stability,
competitive adsorption and mass transfer kinetics is vital for select-
ing an appropriate adsorbent for a specific separation process. These
properties can be obtained using dynamic methods, and all of them
are essential prerequisite for the modeling, analysis and scale-up gas
separation process?1%°. Moreover, the breakthrough measurements
in a fixed-bed column with a simulated gas mixture are much closer
much closer to the actual practice of gas capture/separation, and
multicomponent selectivity predicted using IAST. In dynamic evalu-
ation, the gas mixture passes through the fixed bed column contain-
ing the adsorbent. At the outlet of the bed, there is a gas detector
that records the gas concentration as a function of time (figure 1.13).
Although it seems a simple experiment, understanding the dynamic
behavior is challenging since it depends on the interplay between ad-
sorption kinetics, adsorption equilibrium, and fluid dynamics®310t,
However, the general pattern of dynamic behavior is usually deter-
mined by the shape of the equilibrium relationship33®6.

The asymptotic behavior of transitions under the influence of
mass transfer resistances in long and ”deep” fixed-beds is important.
With an unfavorable isotherm, the width of the transition becomes
proportional to the depth of the bed it has crossed. For the linear
isotherm, the width becomes proportional to the square root of the
depth. For the favorable isotherm, the transition approaches a con-
stant width called a constant pattern. The design of non-regenerative
and many regenerative sorption systems is often based on the concept
of mass transfer zone (MTZ) (figure 1.13), which closely resembles
the constant pattern. The MTZ is the range of the bed where the
adsroption process rapidly progresses towards equilibrium. The MTZ
moves along the bed from the inlet point to the outlet point during
the adsorption process.

The formal analysis of the adsorption column dynamics starts
from the basic differential equation derived from a transient mass
balance in a column element!??, . If the model is represented by the
axially dispersed plug flow, it assumes the form of the equation 1.17.
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Figure 1.13: Schematic diagram of the fixed bed column for Breakthrough
measurements.

By assuming plug flow, we also assume that all other variables also
vary only with distance along the column.

dec 0 &c 1—e¢ oq
ot T\ = Py - ( )P@

Accumulation + Advection = Dispersion + Sink

u@+@+(1_6> % _y (L)

(1.17)

e )Mot~

In equation 1.17 € is the void fraction of the bed, v is the inter-
stitial velocity of the carrier fluid, ¢ is the operating time, z is the
distance from the inlet of the mobile phase, C(z,t) is the compo-
sition of the flowing solute and ¢ is the concentration of solute in
the stationary phase. Dy is the axial dispersion coefficient, u is the
superficial velocity, and p, is the particle density. The rate of mass
transfer to the particle for each component is given by Eq 1.19. If
the axial dispersion and pressure drop through the column can be
negligible and if the adsorbate concentration is small, the expression
can be reduced to equation 1.18.

To complete the required set of equations, it is necessary to in-
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clude the adsorption rate of the solute or contaminant. Several mod-
els exist to approximate the mass transfer process. These are typi-
cally based on assumptions that the velocity is proportional to the
amount available for transfer and to the free sites in the solid mate-
rial and lead to different forms of kinetic model'®*. However, most
of the studies accept that the adsorption rate can be represented by
the linear driving force model (equation 1.19 ) in terms of the overall
fluid phase mass transfer coefficient!3.

9q
=K 1.19
2 Kufa.—q) (119
Where K is a velocity constant and ¢, is the saturation value.
g = f(C) is given by the isotherm. The total concentration C in
terms of partial pressures is given by eq. 1.20.

P

C:
R-T,

(1.20)

P is the total pressure, Tj is the gas phase temperature and R is
the universal gas constant. The Ergun equation considers the terms
of the pressure drop and velocity changes (eq. 1.21). where p, is the
gas phase viscosity, p, is the gas phase density and dp is the particle
diameter.

2
LOP kel =7 (=€)

_ 1.21
(9Z 3d12) 3d pg ( )

There are boundary conditions (equations 1.22, 1.23) that are
used to solve partial differential equation systems (PDE). To eval-
uate and model the breakthrough curve, analytical solutions of the
system Equations 1.17 and 1.19 should be solved with mathematical
or analytical methods.

C(z,0)=0 and C*(z,0) =0,
initially clean interstitial fluid for 0<z < L. (1.22)
C(0,t) = Cy,

that is, constant composition at bed access. (1.23)
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Additionally, in order to fully understand the dynamic behavior of
adsorption, it is essential to perform a rigorous analysis that includes
an energy balance within the column. This energy balance can be
described by eq. 1.24:

o7, o(uT,) . 0T, a7,
eCg, T + Cg, 5 = €\, 52 (1 —¢€)p,Cs T
Jg;
4h,,
- LT, - T) (124)

Where: () is the molar specific heat of the gas phase, AL is the
axial heat dispersion coefficient, C; is the solid specific heat, (—AH?7)
is the adsorption heat for the ith component at zero coverage, h,, is
the internal convective heat coefficient between the gas and the wall,
int d is the bed diameter, and T, is the wall temperature.

This energy balance considers various factors that contribute to
the dynamic behavior of adsorption, including heat transfer between
the gas and the solid, adsorption and desorption processes, and heat
transfer between the column and the surroundings. By solving this
energy balance, it is possible to obtain a detailed understanding of
the temperature distribution within the column and its impact on
the adsorption process.

Experimental analysis of the Breakthrough cruves.

While the theoretical underpinnings of concentration-time curve (break-
through curve) analysis may be complex, the practical application of
determining an adsorbent’s capacity is relatively straightforward. By
utilizing concentration data collected over time during the adsorption
process, the adsorption capacity can be calculated as the area above
the breakthrough curve. This approach provides a simple yet ef-
fective method for quantifying the adsorbent’s capacity. Dynamic
breakthrough curves®3®® are typically plotted as the concentration of
the different gas compounds in the outlet stream, in %, or the gas
concentration fractions, denoted as C'/Cy, where C and Cj are the
outlet and inlet concentration, respectively, as a function of time. In
all cases of analysis, the time values must be corrected by subtracting
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the corresponding dead time. The dead time is defined as the time re-
quired for the gas mixture to flow through the separation module and
all the pipes leading to the analyzer. It depends on the dimensions of
the pipes and the operating conditions (gas flow, pressure, and tem-
perature). From the breakthrough curves, several parameters can be
systematically obtained to evaluate the separation performance of the
adsorbent material for a selective gas (in this study, CO,) over other
compounds (e.g., CHy, Ny) under different conditions. These param-
eters include: the adsorption capacity of the adsorbent material for
the selective gas; the selectivity of the adsorbent material for the se-
lective gas over the other compounds; and the breakthrough time,
which is the time required for the concentration of the selective gas
in the effluent to reach a specified level. Moreover, the shape of the
breakthrough curve, which can provide insights into the adsorption
mechanism.

Figure 1.14: Breakthrough curve plots: adsorbate concentration in the
column effluent as a function of time.

Breakthrough time (¢,). When the Mass Transfer Zone (MTZ)
arrives at the end of the adsorbent bed at time ¢, marking the point
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where the adsorbate concentration initiates an increase. This point is
referred to as the breakthrough time (or breakthrough point), illus-
trated in figure 1.14. In binary mixtures of COy—N, and CO,~CHy, a
COy-selective adsorbent will selectively adsorb CO,, resulting in the
longest breakthrough time for CO,. The CO, breakthrough time rep-
resents the time required to obtain pure CH, or N, streams from the
separation module with a very low CO, impurity. This parameter,
measured in units of time, is directly obtained from breakthrough
curves. In this study, it is defined as the time taken for the outlet
stream to reach 1% of the inlet CO, concentration, indicating the
breakthrough point.

Adsorption capacity at breakthrough (g,). For process de-
sign considerations, and given the undesirability of increasing ad-
sorbate concentration at the outlet of the column, it is crucial to
determine the adsorption capacity of the adsorbent fixed-bed at the
breakthrough point (b;), denoted as ¢,'°. This parameter is the
amount of a gas compound adsorbed on the MOF before it gets out
of the bed, specifically when it reaches the 1% of the inlet concen-
tration at the outlet stream. It can be directly obtained from the
breakthrough time and the inlet molar flow of the gas, by subtracting
the gas accumulated in the void space of the bed. The breakthrough
adsorption capacity of each gas component, in units of mmol-g—*, at
given operation conditions, can be calculated through the following
equation:

CoF,  Co VoP
100 " 100 RTM

Where Cj is the inlet gas concentration, in %, F is the overall
inlet molar flow rate, in mmol-min~!, ¢, is the breakthrough time,
in min-g~!, V, is the void volume of the bed, which has been calcu-
lated, from nitrogen adsorption isotherm at 77 K%:1%4 R is the ideal
gas constant (0.082 L-atm-mol™'-K~!), M is the mass of the MOF
(activated), P and T are the pressure and temperature in the mod-
ule, respectively. Thus, the first and second terms refer to the total
amount of gas retained in the bed and the amount of gas in the fluid
phase, respectively, at the breakthrough point.

P = (1.25)

Adsorption saturation capacity at saturation (¢s). The ad-
sorbate concentration in the efluent is almost negligible before reach-
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ing the breakthrough point (¢,). As the mass transfer zone moves out
of the adsorbent bed, the concentration gradually increases. Finally,
the leading edge of the mass transfer front reaches the end of the
bed, resulting in the effluent concentration becoming equal to the
feed value (i.e., ¢/co = 1) at the saturation (equilibrium) time (¢.).At
this point, the entire bed attains equilibrium with the feed!®®. The
adsorption capacity at saturation point (gs) is the most commonly
adsorption capacity parameter found in breakthrough studies and
refers to the total amount of a gas component adsorbed on the ad-
sorbent before this gets saturated(i.e., when the gas reaches the inlet
concentration at the outlet stream). Moreover, this value closely re-
sembles the capacity obtained from adsorption isotherms measured
using volumetric or gravimetric methods. To obtain this value, first,
the breakthrough curve is plotted as C'/C, versus time (min). Then
the total adsorption capacity of each gas, at given operation condi-
tions, is calculated by subtracting the gas retained in the bed void
space as in equation 1.25, through the following equation:

teat C,F c, V,P
F _ _ 1.2
/0 (Co - C)dt 100M 100 RTM (1.26)

The length of the mass-transfer zone or , equivalently, the differ-
ence between breakthrough and equilibration times, depends on the
mass-transfer rate.

Selectivity. The CO,—X; selectivity at the breakthrough point
and the saturation point is estimated at given pressure and temper-
ature conditions, through the equations 1.27 and 1.28, respectively.
Where X; refers to the gas type used, i.e, CH, or N,

Qb,002/00,002
b, X; / Co,Xi
QS,CO2/CO,002
qs,X; / Co,x;

Sh,cOy/X: = (1.27)

Ss.c0,/X;, = (1.28)
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"We live in a society
exquisitely  dependent on
science and technology, in
which hardly anyone knows
anything about science and
technology.”

Carl Sagan

CO, Capture at CELSA:
Current Strategies,

Innovations, and Future
Outlook.

Abstract This chapter explores the viability of COy capture in
CELSA. It examines how existing carbon capture technologies can
be adapted to this secondary steel industry. Two technologies were
selected based on their maturity and suitability for CELSA: amine-
scrubbing and VSA with zeolite 13x. These technologies were evalu-
ated in terms of economics (total annualized cost or TAC) and energy
(energy consumption per ton of CO, captured). While these technolo-
gies are relatively mature and appear to be well-suited for CELSA,
the results do not indicate the immediate feasibility of their imple-
mentation. The operational expenditure (OPEX) results exceeded 30
€ /tonco,, and the energy consumption surpassed 600 kWh/tonco,.
These findings suggest that further research and development are nec-
essary to optimize these technologies and reduce their costs and en-
ergy requirements before they can be viably implemented in CELSA.
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2.1 Introduction

Iron and steelmaking processes consume a large amount of fossil fuels,
contributing to 6-7% of global CO, emissions!. The proposed study
aims to analyze the current CO, capture (CC) technologies to comply
with the European Green Deal that aims to cut CO, emissions by
20502. This reduction is necessary to curtail the economic impact on
companies resulting from the rise in CO, emission prices (currently
valued at €90 per tonne of CO,). This aligns with CELSA Group’s
vision, which focuses on using waste (steel scrap) and reducing or
re-purposing CO, as a raw material in accordance with the circular
economy principles. However, the process of capturing CO, is costly
and energy-intensive, besides being the one with the highest cost in
the CO, valorization cycle (capture, storage, and/or utilization)?.

2.1.1 What is CELSA and what is the problem
with its emissions?

COMPANIA ESPANOLA DE LAMINACION S.L. (CELSA), a com-
pany that is part of the CELSA group, one of the largest steel pro-
ducers in Europe, with a production capacity of 2.5 million tons of
steel per year in CELSA Barcelona. In this sense, CELSA seeks
and pursues the development of new technologies that help reduce
the environmental impact of its production process. The CELSA
group’s steel manufacturing process involves using scrap metal as its
raw material. An electric arc furnace (EAF route) is used to melt
the scrap metal, which provides thermal energy through the elec-
tric arc between the electrodes of the furnace. Currently, the EAF
furnace, combined with secondary metallurgy, allows for the produc-
tion of a significant amount of the world’s steel production through
the recycling of scrap metal. In Spain, the EAF route produces 9
million tonnes of steel annually, equivalent to 65% of Spanish pro-
duction. In the European Union, the EAF route can produce up to
51 million tonnes of steel annually (46% of the total crude steel pro-
duction)?. The EAF route has several advantages, such as the use
of various types of raw materials (scrap metal, direct reduction iron,
iron ingots, among others) and aggregates (arrivals, lime, etc.) to
manufacture any steel. Depending on the limits of the raw material,
the EAF route has a reduced investment and environmental impact
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when compared to the blast furnace route (BF) and the use of the
Basic Oxygen Furnace (BOF). The BF route combined with the BOF
has an emission of 2.2 tonCOyeq per tonne of crude steel produced,
whereas the EAF route, in agreement with the use of reduced iron
(DRI), has a value of 1.2 tonCO,eq®.

Figure 2.1: Schematic representation of the CELSA BCN company struc-
ture.

The schematic representation of how CELSA BCN’s industrial
plant is distributed is shown in Figure 2.1. Direct emissions in the
EAF furnaces are not problematic for CELSA or similar industries.
The concentration of CO, is around 0.5% mol, making it completely
diluted. The small amount of CO, at the outlet is due to the use of
carbon during the composition regulation of the steel casting. The
amount of CO, emitted to the atmosphere as a gaseous stream in
the main melting plant is approximately 15k tonCO,/year. The ma-
jor carbon emission focus of the Meltshop plant is the use of carbon
for steel composition regulation and electrodes, which emits about
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49k tonCO4 annually. However, these emissions cannot be elimi-
nated by CO, capture. The main focus of direct emissions from
the EAF route is downstream of the process. Once raw steel bil-
lets are produced, they are reheated in the Rolling Mill reheating
furnaces (RMF). These furnaces usually operate with natural gas
(CH,) as fuel to produce the energy required to mold the steel bil-
lets into the desired product (wires, barrels, etc.). The concentration
of CO, in these reheating furnaces is around 9% (a characteristic of
CH, combustion), and to be concentrated, it needs a minimum of 9
kJ/molCO,. However, this is just a minimum value and does not
take into account any possible inefficiencies or losses that may oc-
cur in the CO, capture systems. CELSA BCN alone produces about
112,561.75 tonCO, per year due to steel rolling mills. CELSA op-
erates across Europe with seven principal manufacturing facilities.
The implementation of CO, capture technologies presents an oppor-
tunity for the company to significantly reduce its carbon footprint at
the organizational level. Remarkably, this reduction can be achieved
without impacting the production process. Table 2.1 displays the
gas composition of one of the CELSA BCN laminations. All other
rolling mills reheating furnaces off-gases demonstrate similar behav-
ior. Alongside the dilute concentration of CO4 in the exhaust stream,
there are numerous impurities such as water, CO, NOx, SO,, and fine
particles. These impurities make it challenging to implement CO,
capture technologies, which must be robust enough to endure these
impurities. Usually, these impurities are eliminated before concen-
trating the CO,. However, removing these impurities also increases
the cost, with moisture removal being the most expensive’. There-
fore, to achieve cost-effective CO, capture, the technology must be
efficient in CO, capture and robust enough to withstand the impurity
of water in the flue gas streams.
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Table 2.1: Gas composition of Rolling mill furnace (RMF)
off-gas.

Parameter Value

Pressure, bar 1.0159

Temperature, K 509.55

Moisture, %mol 3.7

CO,, %mol 8.9

04, %mol 6.4

CO, mg-Nm™ 0.3

NOy, mg-Nm™ 135.2

Fine particles, mg-Nm™ 2.3

SO,, mg-Nm™ 0.507

As can be seen in figure 2.1, CELSA has only in the BCN plant
(in the other plants, it is distributed similarly) four main emission
points separated by large distances, which implements this type of
technology even more complicated, due to logistical and industrial in-
tegration difficulties. Contrary to sectors characterized by a singular
emission source, such as power generation and cement manufactur-
ing, where carbon dioxide capture technology can be concentrated
at that specific point, the context of an industry like CELSA de-
mands a distinct approach. For effective integration within such an
industry, the technology must exhibit modularity and adaptability,
enabling seamless coupling adjacent to each chimney associated with
the reheating furnaces.
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2.2  Which CQO, capture technologies could
be suitable for CELSA?

Figure 1.1 introduces several CO, capture strategies, among which
oxy-combustion and post-combustion techniques are identified as par-
ticularly conducive to the operational environment at CELSA. Oxy-
combustion, while promising in capture efficiency, demands signifi-
cant capital cost and operational energy, primarily due to the requi-
site pure oxygen from the air. This method also necessitates compre-
hensive modifications to the furnace and associated systems within
CELSA to mitigate increased moisture and potential condensation
challenges in the efluent gases®®9. On the other hand, Post-Combustion
CO, Capture (PCC) offers a technologically and economically fea-
sible avenue to curb emissions across various industries, facilitating
compliance without substantial infrastructure overhaul®*!. Although
initially capital-intensive, PCC is projected to gain economic trac-
tion, propelled by regulatory shifts and the incremental costs tied to
CO, emissions. The discourse on CCS adoption underscores fluctuat-
ing installation and operational expenses influenced by the combus-
tion gas composition'’'2. Advancements in CO, capture technology
are crucial for enhancing cost-efficiency, particularly at lower CO,
concentrations, ensuring robust capture efficacy. Accessibility to di-
verse technologies addressing distinct emission sources is imperative
for the generalized deployment of CCS, aiming at cost reductions in
emissions abatement. Recognizing that CCS applicability spans both
large and small emitters accentuates the necessity for systems engi-
neered to specific emitter profiles, optimizing efficiency and cost. The
variability in plant dimensions and gas compositions negates a one-
size-fits-all technological solution, advocating for a multi-technology
assessment to identify the most suitable and economically advanta-
geous CCS strategy.

2.2.1 Suitable Post-combustion CO, capture tech-
nologies.

Section 1.2 provides a brief overview of extensively studied PCC tech-
nologies. In addition, Figure 2.2 shows a qualitative comparison tai-
lored to CELSA’s industrial facilities, focusing on five key factors
critical for effectively implementing this type of technology within
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industrial production operations. The suitability of this PCC tech-
nologies may vary based on specific industrial contexts and condi-
tions in which they are implemented. Among these, amine scrub-
bing stands out for its maturity and established benchmark for en-
ergy consumption!®. CO, separation via absorption has undergone
extensive validation at multiple scales, proving its efficacy in con-
trast to less tested technologies®!1'4. Economic analyses underscore
the cost-plant size relationship, with larger installations benefiting
more significantly from economies of scale. However, the inherent
complexity of absorption processes often renders them suboptimal
for smaller applications, which favor procedural simplicity over scale
economies. For CELSA, with multiple distinct emission sources, se-

Figure 2.2: Qualitative comparison of post-combustion technologies that
could be feasible for CELSA.

lecting a modular and compact PCC system is crucial to avoid the
impracticality of amalgamating all exhaust streams before treatment.
Expressly, amine regeneration necessitates steam, which is presumed
to be an internal resource in many assessments. This assumption is
valid for industries like power generation but not for CELSA, which
requires an integrated steam circuit. Innovations in amine technol-
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ogy and system design aim to optimize desorption and thermal effi-
ciency, with developments in electrochemical, rotating packed beds,
and membrane reactors showing promise. Conversely, adsorption
and membrane technologies, noted for their straightforward de-
sign and operational simplicity, emerge as more viable at smaller
scales®?11. Despite their size constraints and potential sensitivity to
flue gas impurities, these methods currently present higher energy de-
mands for low-concentration CO, streams. Generally, its integration
is less complex and focuses on electrical and gas connections, with po-
tential flue gas conditioning. For thermal adsorption-desorption pro-
cesses like Temperature Swing Adsorption (TSA), additional energy
integration is necessary'®. Ongoing research in these domains pri-
marily targets material innovations to enhance the cost-effectiveness
and energy efficiency of CO, capture!!.

CaO-looping, a technology that has been growing lately, is a
specialized subset of chemical loop technologies. It has undergone
extensive investigation, with its efficacy proven not only in labora-
tory settings but also at the pre-industrial level®!6. It holds promise
for significantly diminishing environmental impact and energy usage
associated with amine absorption technologies, thus reducing capture
costs. Currently, it stands at an advanced stage in the technology
readiness spectrum (TRL 6-7)!7. The efficacy of CaO-looping tech-
nology is highly dependent on specific industrial conditions, most
notably within the power generation, cement production, and pri-
mary steel manufacturing sectors. It demonstrates peak effectiveness
in facilities with a single, large-scale, direct emission source. The
economic viability of PCC technology hinges on the precise thermal
integration with existing industrial facilities, efficiently utilizing the
inherent thermal energy produced by this technology. Essential to
this integration is maintaining operational temperatures at approxi-
mately 600-700 °C for the carbonation phase and exceeding 900°C
for the calcination phase'®!. For CELSA, exploring this thermal
recovery option remains unknown, potentially presenting complexity
given the specialized nature of their billet-reheating furnaces. The
potential solution would entail substantial retrofitting to integrate
the recuperated heat and elevate combustion efficiency through gas
preheating. These extensive changes, however, would not be spatially
impractical given the necessary large-scale infrastructure.

In power generation facilities, where steam is produced integral
to turbine operation, harnessing the requisite thermal output from



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 2. COy Capture at CELSA: Current Strategies,
66 Innovations, and Future Outlook.

CaO-looping could enhance the steam supply and overall process ef-
ficiency. Research substantiates that such synergy can significantly
refine energy production and CO2 capture, potentially reducing cap-
ture costs to below €23/tonCO,*17% surpassing the economic ef-
ficiency of amine absorption methods. Considering the operational
distribution of cement plants and primary coal-based steelworks, im-
plementing CaO-looping could also yield cost-effective outcomes!™1.

In our final review of PCC technologies, we consider cryogenic
CO, capture (section 1.2.5), a method akin to amine absorption cap-
ture that has reached an industrial application phase. This technol-
ogy exhibits notable efficiency in CO4 capture at higher partial gas
pressures, with associated costs of €44/tonCO, and energy require-
ments between 1.9 and 2.5 MJ/tonCO,?' 3. However, its feasibility
diminishes markedly with lower CO, partial pressures (< 20%), re-
sulting in increased costs around €96/tonCO, and energy consump-
tion between 34 MJ/tonCO,%3. The footprint demands, and capital
expenditures for installation are considerable. As with amine absorp-
tion and Ca-looping technologies, cryogenic capture necessitates pre-
cise thermal (cooling) integration within industrial facilities. It also
requires the removal of water prior to entering the CO, condensation
circuit to prevent the potential freezing that can obstruct pipelines
and cause significant operational disruptions?*?. Studies applying
this technology to power generation (around 15%CO,) often combine
it with an initial PSA/VSA or membrane-based pre-concentration
stage, followed by cryogenic methods to achieve high CO, purity.
This approach can lead to substantial initial capital costs, though
operational expenses may be reduced®. Given these considerations,
we surmise that cryogenic CO, capture is not an economically viable
PCC technology for the CELSA reheat furnace context.

The cost-effectiveness of the five processes evaluated; CO, cap-
ture by sorption, adsorption, membrane, Ca-Loop, and cryogenic,
varies according to the scale and operational parameters of the in-
dustrial facility, the specificity of separation demands, and the cho-
sen sorbents/solvents materials in the case of absorption, adsorption
and membranes PCC. While several techno-economic analyses have
scrutinized these processes independently or in juxtaposition for par-
ticular applications, comprehensive comparative assessments, partic-
ularly at more minor scales with low CO, concentrations, remain
limited in the literature.
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2.3 Comparative Analysis of MEA Ab-
sorption and 13X Zeolite Adsorption
as PCC.

We consider Amine absorption and Zeolite 13x adsorption the pri-
mary technologies for in-depth CO, capture analysis at CELSA’s
rolling mills. We base this decision on several factors: Adsorption,
particularly with zeolite 13X, offers an advantageous mix of opera-
tional simplicity, cost-efficiency, and energy usage. As the technol-
ogy is already well-established, developing new adsorbent materials
is expected to advance in the future. Understanding the operational
mechanics of adsorption is crucial, as it will inform the exploration
of these emerging materials. Conversely, despite amine absorption
being the most extensively researched and having the cheapest car-
bon capture cost, its feasibility at smaller scales and in facilities with
multiple emission points remains questionable. However, as engineer-
ing firms consistently propose amine-based solutions for CELSA, it
is essential to rigorously assess their profitability and practicality for
CO, capture applications at CELSA.

We conducted a comparative analysis of this type of technology
in terms of energy (MJ/tonCOsavoided) and economics (€/tonCO,
avoided). Our team performed this analysis for a pilot a pilot plant
scale that CELSA planned to set up in its facilities. The results
are relative to that plant scale and may vary if implemented on an
industrial scale. Especially, if a comprehensive study is conducted,
considering the thermal and process integration with industrial fa-
cilities. The term CO4 avoided takes into account the difference of
the total CO, captured minus the direct emissions due to the energy
expended both in heat and electricity in the implementation of the
carbon capture system.

However, it is crucial to acknowledge that certain PCC technolo-
gies may gain significance in the future-specifically, the Ca-Loop and
the membrane bases PCC. The first requires precise and efficient
integration with the industrial process, particularly concerning en-
ergy utilization, to ensure profitability. A comprehensive study is
essential to ascertain the true potential of this capture technology.
Furthermore, membrane technologies must make significant progress
in achieving better durability and CO, selectivity to become cost-
effective as a PCC technology.
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2.3.1 Methodology.

The methodology comprises three primary components: 1) Simula-
tion and evaluation of the CO, capture processes under established
assumptions. 2) An overview of the economic feasibility of imple-
menting this technology via techno-economic analysis, calculating
the total annualized cost (TAC) of each CO, capture technology. 3)
Economic and energetic comparison and feasibility analysis for the
company CELSA.

2.3.2 Pilot plant study for CO, capture by amine-
based absorption.

In section 1.2, we provide a concise explanation of the amine-based
capture process. Based on the characteristics of CELSA’s rolling mill
furnace gas streams (Table 2.1), we design the process to adapt the
gas conditions for the installation of amine-based CO, capture tech-
nology. All the design and simulations were performed using AVEVA
PRO/II process design software. The thermodynamic property pack-
ages used are Peng-Robinson for all auxiliary units (heat exchangers,
compressors, pumps, etc.) and the AMINE special package for ab-
sorber and stripper design. The process diagram flow scheme is shown
in figure 2.3. The thermodynamic model as well as the simulation
software was first validated by replicating several works in the lit-
erature®42530 A ysual in the industrial CO, source for CCS, the
CELSA off-gas also contain CO,, Ny, Oy, HyO, CO, and traces of
NOx and SOx. In this work, we consider the feed as a gaseous mix-
ture of COy, Ny, Oy, and HyO. We assume that NOx and SOx have
already been removed by a feed desulfurization unit. In this work,
the volumetric feed compositions are chosen as follows: CO, (8.9%),
H,0 (3.7%), Oy (6.4%), and N, (balance). All compositions remain
fixed; their variation was not studied in this work. The COy recov-
ery percentage is set at 90%, with a concentration higher than 95%.
Although, the amine absorption typically gives higher purities due
to its high selectivity for CO5®. The purity of the output stream
significantly influences CO, compression?’; a purer CO, stream re-
duces the cost of the compression stage if the goal is to transport
and store CO,, which is a significant advantage of this amine capture
technology.
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Figure 2.3: AVEVA PRO/II CO, carbon capture with MEA simulation
flowsheet.

Gas conditioning.

The combustion gases of the rolling mill furnace are first cooled from
509.5K to around 313K. The pressure is set at 1.6 bar to overcome the
pressure drops in the capture system, increase the selectivity of the
absorbing solution, reduce the height of the absorption column and
reduce energy consumption in the stripper3!. To achieve this, two
cooling stages are proposed: one before pressurization, and another
after pressurization with compressor C-1. Tube-and-shell exchang-
ers are considered, with an overall heat transfer coefficient (U) of 1
kW /m2-K, and a compressor with an efficiency of 75%. The cooled
and compressed gas is sent to the bottom of the absorption column.

Absorption section.

In this work, we investigated the chemical absorption of carbon diox-
ide using a 30% by-weight aqueous solution of monoethanolamine
(MEA). MEA is a commonly used solvent for CO, capture due to its
high reactivity and absorption capacity®?>3!. As documented in vari-
ous studies'*32737 kinetic and equilibrium reactions play a crucial role
in the CO, capture process involving monoethanolamine (MEA)?.
Specifically, a set of reactions was considered, including three ionic
equilibrium reactions (Eq. 2.1, 2.2, 2.3) and kinetic reversible re-
actions involving CO, (Eq. 2.4, and 2.5). These reactions represent
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the complex interplay between chemical species and their transforma-
tions during CO, capture, providing a comprehensive understanding
of the underlying mechanisms.

2H,O = H30" + OH~ (2.1)

MEA" + H,O = H;0%" + MEA (2.2)

HCO3 + H,O = H;0" +CO;~ (2.3)

COy+ MEA + H,O = MEACOO™ + H30™ (2.4)
COy+OH™ = HCO; (2.5)

After being conditioned, the flue gas enters the bottom of a packed
column and comes into countercurrent contact with the MEA lean so-
lution. As the flue gas flows through the absorber, CO, reacts chemi-
cally with MEA and is transferred to the liquid phase. The clean gas,
devoid of CO,, exits the column and is vented to the atmosphere. The
COgq-rich MEA solution leaves the column at the bottom. A make-
up process maintains a consistent MEA concentration of 30% in the
lean solution fed to the absorber. The COs-lean solution, obtained
from the desorber, undergoes heat exchange with the rich solution
from the bottom of the absorber in HX-3 to increase its temperature
before entering the make-up and cooling stage. This heat exchange
maximizes process efficiency by utilizing the heat extracted from the
poor solution stripper. The absorber operating pressure and temper-
ature are crucial factors. High pressure and low temperature mini-
mize the required number of stages and reduce the absorber’s flow
rate and equipment volume®®. Running the absorber at feed gas pres-
sure is advantageous to minimize gas compression and refrigeration
costs®?. However, to avoid an oversized absorber column, an equilib-
rium pressure of 1.5 bar was chosen for CELSA, which has low CO,
concentrations (< 10%). Packed columns are continuous, differential-
contacting devices that are better described by mass transfer models
than by equilibrium-stage concepts. However, packed-tower perfor-
mance is often presented based on equivalent equilibrium stages using
the packed height equivalent to a theoretical stage (HETP). The ab-
sorption column is set with 10 equilibrium stages, and the column
height is calculated iteratively to maximize mass transfer efficiency
between equilibrium stages, considering the minimum inflow to the
absorption column and avoiding flooding and excessive pressure drop.
Additionally, the column diameter must be such that it does not ex-
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ceed one-eighth of the column diameter to prevent poor distribution
of liquid and vapor flows. Table 2.2 provides details on the column
characteristics and packing. The multistage rate-based model is em-
ployed to determine all parameters and column sizing. This model
assumes mass transfer between contacting phases as the cause of
separation, with equilibrium achieved exclusively at the vapor-liquid
interface'*. The Maxwell-Stefan theory is utilized to calculate mass
transfer rates®.

Table 2.2: Absorption column characteristics.

Property Value Units
Package Heigh 8.2 m
Section ID 0.46 m
Packing type Flexiring, metal
Nominal Packing diameter 15.875 mm

Stripping section.

The COqy-rich MEA solution is pumped from the bottom of the ab-
sorber to the cross heat-exchanger (HX-3) where it is heated to 365
K due to heat exchange with the CO4-lean MEA solution leaving the
stripper. The heated solution is then sent to the top of the stripper.
In the second stripper section, the liquid flows countercurrent to the
vapor flow generated by the reboiler. From the top of the stripper,
a gaseous mixture of carbon dioxide and water is sent to a partial
condenser where the CO, is concentrated in the gas phase and then
sent to compression, while the water is recovered in the liquid phase.
The stripper usually operates at pressures higher than atmospheric
because the vapor pressure of CO, increases faster compared to the
vapor pressure of HyO. This is because the heat of absorption of CO,
in MEA is almost twice the water heat of vaporization. It is also
essential that the stripper operates at a higher pressure than the ab-
sorber to reach higher temperatures and favor the transfer of CO, over
water. However, this working pressure must be regulated so that the
degradation temperature of the MEA (495.15K3¢ ) is not reached.
It is always prudent to maintain a temperature between 383-398K
in order to maximize CO, desorption rates without degrading the
amines over a long period*’. Moreover, the operating temperature of
the condenser on top of the stripper is important to reduce the con-
centration of water and achieve an adequate concentration of CO, to
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be sent to compression, without affecting the operation of the com-
pressors. Assuming plant water is available for cooling to 298.15K,
the operating temperature of the condenser in this work is set to
322 K. Unlike the absorber performance, the packing height in the
stripper does not have a significant influence on the mass transferred,
and therefore does not have much influence on the reboiler duty!'4.
This happens because, once the rich solvent is defined, the duty is
used only to heat the feed and to reverse the absorption reactions,
independent of the amount of contact surface available. Therefore, to
determine the appropriate stripper packing height, the temperature
profile is monitored to observe the internal behavior of the column.
The literature suggests establishing a height that makes the tem-
perature gradient always above 1 Km 132, avoiding isothermal zones
within the stripper stages. This work determined the stripper column
height to be 3 meters. The characteristics of the desorption column
are summarized in Table 2.3. In summary, the procedure followed in
the stripper design is as follows: a.Characterization of the rich sol-
vent and definition of the target performance regarding the amount
of COy stripped.; Column effectiveness: b. Simulation of the plant for
different values of the stripper packing height; c. Evaluation of the
liquid temperature gradient profiles for the corresponding values of
the packing height; d. Choice of the packing height that guarantees
a liquid temperature gradient higher than 1 Km~! at each column
point; and d. Computation of the reboiler duty and the column di-

ameter.

Table 2.3: Stripping column characteristics.
Property Value Units
Package Heigh 3 m
Section ID 0.308 m
Packing type Flexiring, metal
Nominal Packing diameter 15.875 mm

After exiting the stripper, the COy-lean MEA solution, initially
at 398 K, is pumped through heat exchanger HX-3. This process
reduces its temperature to 371 K. Subsequently, as previously stated,
the solution goes through a make-up and cooling stage to 320 K
before re-entering the absorption column.Both the solution pumps
(rich/lean) and the gas compressors operate with an efficiency of 75
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%. The heat exchangers have an overall mass transfer coefficient (U)
of 1 kEWm2K~1.

The table A.1 shows the list of process equipment and their con-
ditions used for the simulation and evaluation of the CO, capture
process from the off-gases of the reheating furnace.

2.3.3 Pilot plant study for CO, capture by 13X
zeolite adsorption.

In carbon capture process processes, the adsorption using solid sor-
bents instead of solvents is attractive due to their stability, ease of
handling, and lack of volatility and toxicity''. The sorbents are
commercially available in large quantities and are relatively inex-
pensive, depending on the material and its synthesis method*!. Cer-
tain types of materials also exhibit selectivity and capacity for CO,
capture®!42. Different process configurations exist for adsorption,
including temperature swing adsorption (TSA), pressure swing ad-
sorption (PSA), and vacuum swing adsorption (VSA), as explained in
section 1.2.3. The choice of configuration or combination of configu-
rations (e.g., TSA-VSA, PSA-VSA) depends on the characteristics of
the adsorbent. VSA has gained attention for its potential to achieve
higher efficiencies than PSA®®. However, studies have shown that
applying pressure before the VSA process can enhance pressure drop
and vacuum pressures, improving process efficiency**#*. Selecting
the appropriate adsorption cycle configuration is crucial for achiev-
ing the desired separation performance, optimizing process efficiency,
and minimizing equipment costs®*47. The cycle configuration em-
ployed in this study considers simplicity, a limited number of steps,
and minimal auxiliary equipment parts. This approach aims to ini-
tially evaluate the influence of this technology in a pilot plant for
industries such as CELSA. While increasing process complexity can
improve capture efficiency regarding CO, recovery and purity, it can
also increase energy consumption®4849.

Pre-Conditoning unit.

The evaluation of CO, capture with adsorbents assumes that the
CELSA off-gas exits the desulfurization unit without NOx and SOx
before being sent to the capture process. The conditions of the
CELSA flue gas are the same as those described for the case of amines
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in Table 2.1. However, here the gas was simplified to a composition
of three gases: CO,, Ny, and H,O to facilitate the calculation and
simulation of the process. This simplification is made because sev-
eral articles in the literature highlight that O, does not intervene
much in the interaction with CO,, as Ny does®. Additionally, in the
CO, capture evaluation stage, it is assumed that the gas enters as
a binary mixture of CO,/N, for the simulation. However, the eco-
nomic cost of implementing a dehydration stage down to 100 ppm of
the flue gas stream is evaluated, as this has a significant impact and
is one of the main criticisms of current adsorbents!!*1:52, Neverthe-
less, when deciding to implement this type of technology on a large
scale, it is also important to include a future rigorous calculation that
describes the competitiveness of CO, with H,O in the adsorbent, if
applicable, to select the best adsorbent for the adsorption capture
process. However, we believe that this is not necessary for a prelim-
inary evaluation. The process simulation of the conditioning stage
(dehydration and cooling) was evaluated using AVEVA Pro/II sim-
ulation software. The simulation diagram flow of the conditioning
unit process is shown in Figure 2.4. In this pre-conditioning stage,
the blower (B1) undertakes the system’s pressure drop up to 1.2 bar.
The gas is then cooled with a direct contact cooler (DDC1) up to
59°C, followed by a pre-condensation stage to remove water. The gas
is then dehydrated in a TSA process with Silica Gel. The dehydrated
flue gas is compressed to the adsorption pressure of 2.69 bar. The
water vapor leaving the silica gel column regeneration is recycled and
mixed with the flue gas.

Vacuum swimg adsorption (VSA) section.

We employed the Machine-Assisted Adsorption Process Learning and
Emulation (MAPLE) framework, a data-driven surrogate model that
accurately emulates the operation of cyclic steady-state adsorption
processes®?355  This framework is based on a robust mathemat-
ical model that describes the key physical phenomena within the
adsorption column. The physical model equations are described in
the equations 2.6, 2.7, 2.8, 2.9. Moreover, this study makes several
assumptions: 1) the gas phase behaves like non-interacting particles,
obeying the ideal gas law, 2) the flow in the column is described by
an axially dispersed plug flow model, combining plug flow and axial
dispersion, 3) the fluid and solid phases are in thermal equilibrium,
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Figure 2.4: AVEVA PRO/II pre-conditioning stage simulation process flow
diagram.

with no temperature gradient, 4) the column is adiabatic, with no
heat transfer to the surroundings, and 5) the mass transfer between
the gas and solid phases follows a linear driving force (LDF) model,
where the mass transfer rate is proportional to the concentration dif-
ference between the phases.

Since our objective was not to design a new process but to eval-
uate an existing technology, MAPLE provide a suitable tool. Addi-
tionally, MAPLE considers the case of post-combustion CO, capture
from dry flue gas, through a two configuration of a four-step vacuum
swing adsorption (VSA) process; one with Feed pressurization (FP)
and one with light product pressurization (LPP) shown in figure 2.5.
Specifically, we use the LPP (Figure 2.5 b) configuration because it
enhances the overall efficiency of the process. This has been demon-
strated both at laboratory® and pilot scale.

Overall mass balance:

1P 10T 7’8(P) 1— € RT &% 9g;
—_— . — ——— —_—— —— _v —

Pot Tot  Poz'T e P ot

i=1

(2.6)



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 2. COy Capture at CELSA: Current Strategies,
76 Innovations, and Future Outlook.

Component mass balance:
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Figure 2.5: VSA process configurations: a) Feed pressurization (FP) and
b) Light product pressurization (LPP). Adapted from?®3:5°

The LPP cycle comprises the following steps: 1) Feed: CO,/N,
feed mixture (CO, mole fraction yF) enters the column bottom at
interstitial velocity vF and pressure PH (2.6 bar) for time tADS. Ny-
enriched product exits the column top; 2) Purge: vacuum is applied
from the top of the column, reducing column pressure to PINT to
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maximize Ny removal while minimizing CO, loss; 3) Evacuation: vac-
uum is applied from the bottom of the column, reducing pressure to
PL for CO, product recollection; and, 4) Light Product Pressuriza-
tion (LPP): Feed step product pressurizes the column back to PH,
enhancing CO, recovery. The simulation runs each cycle step se-
quentially using a finite volume scheme to discretize mass and energy
balance PDEs. MATLAB’s ode23s solver is used for the resulting
ODEs. The key performance indicators (KPIs) calculated by the
model are a) CO, Purity (%), as the ratio of COy moles to total
moles (COy + Ny) in the product; b) CO, Recovery (%), as the ratio
of product stream CO, to feed stream CO,; ¢) the Energy consump-
tion, that is the sum of feed pressurization, purge, and evacuation
energies (main engine isentropic efficiency = 75%); and d) the Pro-
ductivity, as the moles of product CO, per unit adsorbent volume per
cycle time (sum of all stage durations). All the KPIs equations are
described in Eq.2.10, 2.11, 2.12, and 2.13.Simulations model a single
bed cycling through stages until reaching a cyclic steady state (CSS).

EVAC
PurityCO, = —— 1200 % 100 (2.10)
nEGAC 4 nkY A0
nEVAC
RecoveryCOy = gg%D x 100 (2.11)
nco,
nEVAC
Productivity = —22 (2.12)

Vads X tcycle

FEaps + Eprow + Erpvac + Epress
COymass in product

Energy = (2.13)

Our study focused on Zeolite 13X, a widely recognized adsorbent
for CO, capture®. Validating the model is crucial in the simula-
tion process of carbon capture, as it relies on established data. We
employed a simplified single-site Langmuir (SSL) model, to describe
the competitive adsorption equilibrium of CO, and N, within the
isotherm data on zeolite 13X. The SSL model is a generic isotherm
that can capture the behavior of many practical systems with a small
set of parameters®4. The SSL model is described by equation 2.14,
where ¢;x is the equilibrium solid-phase loading, b; is the equilib-
rium constant for component i, and g, is the saturation capacity.
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Table 2.4: Parameters used in the simulation of the CO, cap-
ture process by adsorption with 13X zeolite.

Parameter Value units
SSL isotherm parameters for Zeolite 13x°”
Qsat 4,960.70  mol m-3
b0,CO, 2.50E-06 m3 mol-1
b0,N, 2.70E-06 m3 mol-1
bi(CO,) 7.29E-01 m3 mol-1
bi(Ny) 2.00E-03  m3 mol-1
—AUCO, 31.19 kJ mol-1
—AUN, 16.38 kJ mol-1
Adsorbent properties
Bulk Density 1000 kg m-3

Specific heat capacity 1070 J-kg-1-K-1
Process Properties

yfeed CO, 0.09
Temperature feed 298.15 K
PH high pressure 2.69 bar

PI intermediate pressure 0.137 bar
PL low pressure 0.02 bar
Feed velocity 1 m-s-1

t ads 66.8 s

The equilibrium constant’s temperature dependence is described by
equation 2.15, where A H; is the enthalpy of adsorption, R is the ideal
gas constant, and T is the temperature. While a dual-site Langmuir
(DSL) model would provide a more accurate representation of the
adsorption behavior, the SSL isotherm was chosen because it is sim-
ple to use and can reasonably approximate the experimental data.
The relevant parameters used in the simulations, including the ther-
modynamic conditions, are summarized in Table 2.4.

o QSatbiOi
1+ b0020002 -+ b]\[QCN2

0 (2.14)

As MAPLE is based on the simulation of a generic CO, VSA
capture process®, it assumes that the gas entering the process is
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dehydrated and at a low temperature (25°C). The data obtained from
the conditioning-stage process simulation in AVEVA /PROII software
(excluding the water content in the output composition) was then
interfaced with MAPLE (which runs within MATLAB environment),
to assess the overall impact of implementing this CO, capture process.
Figure 2.6 shows the simplified diagram flow of the overall process.
Vacuum pumps have been thought to deliver consistent volumetric
flow rates across various vacuums. In reality, vacuum pump flow rates
comply with certain performance curves. However, the hypothesis of
a consistent volumetric flow rate is employed for a more generic design
framework than the one used here. The Table A.2 shows the list of
process equipment and their conditions used for the simulation of the
conditioning and VSA process with zeolite 13x for post-combustion
CO; capture.

Figure 2.6: CO, capture by 13X zeolite adsorption process flow diagram.

Columns shceduling.

The VSA system’s transient nature requires programming the cy-
cle with the minimum number of columns for continuous operation.
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Key considerations include a continuous feed with constant through-
put, separate purge and evacuation vacuum pumps, simultaneously
coupled stages, and a dedicated vacuum pump for each column. Sub-
raveti’s?#>8 procedure was used to determine the column scheduling,
with each train comprising the minimum number of columns and vac-
uum pumps required for continuous operation. The minimum num-
ber of columns per train was calculated using Eq. 2.16. Where t;

represents the duration of step i in the cycle.

N
N = Ceiling (—Zzswm )

(2.16)
taps

2.3.4 Economic evaluation

In this study, we employ the Total Annualized Cost (TAC) per unit
mass of captured CO, as the basis for the cost analysis. This approach
is consistent with several prior works®?25:3%59  The TAC comprises two

components: annualized investment cost (AIC) and annual operating
cost (AOC), as shown in Equation 2.17.

TAC = AIC + AOC (2.17)
AIC = ¢ x TPC + AMC (2.18)
i(1+ i)
- 7/ 2.1
O T (2.19)

The AOC encompasses all expenses incurred for utilities neces-
sary for the process’s operation, primarily energy and cooling sup-
plies. On the other hand, the AIC constitutes the sum of the initial
plant purchase cost (which includes capital investments subject to
annualization®*3%18) and the ongoing maintenance costs, as detailed
in equation 2.18. Here, TPC and AMC represent the total plant and
annual maintenance cost, respectively, while ¢ is the capital recovery
factor. It relates to the discount rate ¢ and the annuities received n,
which equals the life of the time plant. Equation 2.19 provides its
definition. All costs are given in egg3 per tcoe captured.
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Table 2.5: Total plant cost (TPC) components.

Total installed equipment cost (TIC) Indirect cost (IDC) Balance of plant (BOPC)
equipment purchased cost engineering and supervision auxiliary buildings
installation costs construction expenses service facilites

intrumentation and control costs contractor fees site development

painting, insulation, electrical, piping costs contingencies
building, service facilities costs start-up expenses
spare parts

taxes, insurance, freight charges

TPC =TIC + IDC + BOPC =TIC(14+0.32+02)  (2.20)

(2.21)

The AMC can be quantified as a percentage (5%%%39) of the total
plant cost (TPC), with a capital recovery factor of 0.154. The TPC
is calculated as the sum of three components: the total equipment
installed cost (TIC), indirect costs (IDC), and the balance of plant
costs (BOPC). These components are all expressed proportionally to
the TIC, as shown in equation 2.20. Table 2.5 provides a detailed list
of the components that make up the terms of equation 2.20.

The total investment costs (TIC) comprise both equipment pur-
chase costs (EPC) and equipment installation costs (EIC), as shown
in equation 2.22. Furthermore, the EIC can be expressed as propor-

tions of EPC for each principal piece of equipment®3%4559 a5 detailed
in Table 2.6.

TIC = EPC + EIC (2.22)

The annual operating hours were set as a fixed value of 8000 hours,
and this value was utilized to calculate the operating costs (AOC). To
calculate the equipment purchase cost (EPC), the equations of Seider
et al.?® have been used. Table 2.7 provides a detailed breakdown of
the costs associated with utilities(cooling, electricity, and heating.)
used in the economic calculation. The detailed equations for each
equipment are shown below.

Liquid Pumps.

In the absorption process, the cost of solution pumps is expressed
according to Equation 2.23, where S = QH%5. The flow rate @ in
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Table 2.6: Equipment installation costs (EIC) as a percentage
of equipment purchase costs (EPC).

Equipment % of EPC equivalence
blowers L2%EPC
fans 61%EPC
COMPressor 49%EPC
vacuum pumps 12%EPC
liquid pumps 30%EPC
heat exchangers 61%EPC
refrigerating units 46%EPC

towers, adsorption columns,
membrane modules, coolers

62%EPC

Table 2.7: Cost of utilities used in the CO, capture process.

Utility Unit Value Ref.
Electricity €/kWh 0.0625 8
Steam € /tonSteam  13.905 5061
Cooling water € /kWh 0.0463 ®

gal/min, and the pump head is H in ft.

EPClymp = exp9.7171 — 0.6019[In(S)] + 0.0519[In(S)]>  (2.23)

Vacuum pumps.

Assuming no air leakage, S is approximated as the flow rate of the gas
mixture entering the equipment. The acquisition cost is determined
by the type of pump selected and calculated using equations 2.24-
2.27.
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liquid-ring S : 50 — 350ft*/min — EPC = 8.2505%%
(2.24)

three-stage lobe S : 60 — 240 ft* /min — EPC = 7.1205°*
(2.25)

three-stage claw S : 60 — 270 ft> /min — EPC = 8.6305°3°
(2.26)

screw compressors S : 50 — 350 ft* /min — EPC = 9.5905%%
(2.27)

Blowers.

The purchase cost of the blower is calculated using equation 2.28. Fj,

if a material factor, for carbon steel is 1. Cp is defined with equation
2.29.

EPCblower = FMCB (228)
Cp = exp [6.8929 + 0.7900in(F.)] (2.29)

The consumed power (PC) is derived by dividing the brake power
by the efficiency of the motor (nM). In the case of an electric motor,
nM is typically 90%8. When considering blowers, the representative
size factor is the brake power (PB) by equation 2.30. This can be
calculated from the inlet volumetric flow rate (@), inlet and outlet
pressures (pr,po), and the isoentropic efficiency (nB), which assume
ideal gas conditions and a constant specific heat ratio (7).

pp =P 7 [(@) T 1] (2.30)
ng y—1|\pr

Compressors.

The compressor purchased cost is evaluated as the equation 2.31.
Factor FD is considering 1 for electric drives, FM is 1 same as blower
and CB is calculated by equation 2.32
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EPCcompressor = FDFMCB (231)
Cp = exp [7.5800 + 0.8In(F.)] (2.32)

Heat exchangers.

The purchase cost of each heat transfer equipment, which includes
heat exchangers, coolers, reboilers, condensers and inter-stage cool-
ers, are calculated based on equation 2.36. The cost of each piece
of equipment is obtained from the heat transfer area (Aj.) used to
exchange heat from a hot fluid to a cold one. The heat transfer
area is calculated by equation 2.33, where Q, U and AT,,; being the
heat duty, the global heat transfer coefficient and the log-mean tem-
perature difference, respectively. We use a Cg expression for shell
and tube ”fixed-head” heat exchangers. The pressure factor Fp is
calculated as equation 2.35.

Q

Ane = Tag (2.33)

Cp = exp [a + b(In(A)) + c(in(A))?] (2.34)

Fp = 0.9803 + 0.018 (i) +ec (3)2 (2.35)
100 100

EPCyx = Fp-Fy - Fr-Cp (2.36)

The heat transfer are is either determined through design calcula-
tions (in the case of TSA columns for the silica-gel dehydration sys-
tem) or obtained by performing an energy balance considering fluid
temperatures, heating or cooling duties, and the heat transfer coeffi-
cient. Carbon steel (FM = 1) is used as the construction material for
all heat exchangers, with the exception of the solution heat exchanger
(HX-3) in the absorption system. This deviation is attributed to the
corrosive nature of amines at high temperatures®14:30:36:40,:4559 = Forp
HX-3, stainless steel is chosen as the shell /tube material, and its FM
value is calculated using equation 2.37.
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Table 2.8: Cost of packing materials for absorption and ad-
sorption columns.

Material Unit  Value Ref.
Flexi ring, metal, 15.8 mm 1703.4 €/m3 ®
Pelletized Zeolite 13x 6 €/kg
Pelletized Silica-gel 2 €/kg
A\ 007
Py =2 — 2.
= 2.70 + (1000) (2.37)

Pressure and contactor vessels.

Equation 2.38 calculates the acquisition cost for absorption and ad-
sorption columns. Fm is the construction material factor, and Cv,n
(2.39) is the free-on-board (FOB) purchase cost of an empty vessel
with weight Wn. Cpl,n (2.41) represents the added cost for platforms
and ladders, while Vpn is the de adsorber packaging volume.

The cost of packing depends on the specific technology, according
to the data reported in table 2.8. It encompasses the cost of metallic
packing for absorption columns and the cost of adsorbent inventory
for adsorption columns. Finally, CDRn is a column’s installed cost
of flow distributors (and redistributors for absorption). For an initial
cost estimate, in the absence of a vendor quote, the installed cost
of a liquid distributor in an absorption column can be approximated
as 125 $/ fty of the column’s cross-sectional area. As a general rule,
distributors should be installed at each feed point, and for conserva-
tive estimates, redistributors should be placed approximately every
20 feet3S.

Vessel weight is determined using Equation 2.40, where L,, and
D,, are the length and diameter, respectively, tg is the shell thick-
ness, and p is the material density. The shell thickness is calculated
based on the column diameter, module of elasticity, and maximum
allowable stress, which are influenced by operating temperature and
pressure levels. The overall thickness is then rounded up to the near-
est fabrication value.
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E‘PCJ n’uessel — FM * Cfu,n + Cp[m, + ‘/p,n * CPK + CDR,TL (238)

Cy = exp 7.27 + 0.182[In(W,,)] + 0.0229[in(W,,)]>  (2.39)

W, = (1(Dy +1,)(0.8D,, + Ly)tsp)  (2.40)

Corm = 7.27(D,,)**2(L,)°  (2.41)

Differences exist in their geometrical proportions, specifically for
adsorption columns. For VSA columns, a height-to-diameter (H/D)
ratio between 3-4%2%3® has to be considered. However, for the TSA
silica-gel dehydration system, a type of shell exchanger adaptation,
a H/D ratio between 2 — 3 is preferable®®%. For TSA columns, the
cost of a vessel with the same total adsorption bed cross section is
added to the cost of a "flat head” type shell and tube heat exchanger
with a single-pass tube bundle. The cost of TSA columns includes
the cost of a vessel with the same total adsorption bed cross-section
added to the cost of a "flat head” type shell and tube heat exchanger
with a single pass tube bundle. Each column also has associated
switching valve costs. The number of switching valves per column
is estimated based on the adsorption cycle configuration, and the
estimated purchase cost of each valve is 500-1000 euros, which varies
depending on its size and configuration (2-way or 3—way).

2.4 Results and Discussion.

In Section 2.1.1 , we discussed CO, capture technologies suitable
for CELSA’s reheating furnaces. Two mature technologies were se-
lected for the presented analysis: absorption (With MEA-solution
solvents) and adsorption (with Zeolite 13x). The development and
innovation of these technologies primarily involve new solvents (for
absorption) and materials (for adsorption), as the process design is
well-established®1%:6%%6  The economic and technical studies of imple-
mentation of new technologies in a company are influenced by most
of the available knowledge not only of the new technologies, but of
the knowledge itself, of the production process of each industry3?4%.
Most studies focus on low concentration (< 10%) CO, capture post-
combustion, in a general way, or for power generation plants. How-
ever, each industry has its unique production configuration, which
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can significantly impact the feasibility of different technologies. The
analysis conducted for CELSA is based on my knowledge gained dur-
ing my previous tenure at the company. It combines relevant studies
from literature®925:45:53,55,59-61 " adapted specifically to CELSA’s sec-
ondary steel industry and its reheating furnaces, where the highest
percentage of post-combustion CO, emissions is concentrated, as il-
lustrated in Figure 2.1.

2.4.1 Capital Expenditure (CAPEX)

Capital expenditure (CAPEX) encompasses a company’s investments
in acquiring or upgrading fixed assets. These investments signif-
icantly influence strategic decision-making. Our analysis assessed
the total plant cost (TPC) of CO, capture technologies, consider-
ing both equipment-installed cost (TIC) and associated infrastruc-
ture(IDC and BOPC). Figure 2.7a shows the TIC divided for each
section of the two types of CO, capture technologies analyzed for
CELSA, amine-stripping and VSA with zeolite 13x. The amine-
absorption plant demonstrated a lower TIC at €466 /toncos com-
pared to the adsorption plant utilizing Zeolite 13X (€539/tongco2),
representing a 15.6% difference. This cost differential was reflected
in the TPC. We observe that the Amine-absorption CO, capture
(CC) technology, without conditioning, has a marginally higher cost
of approximately 5% compared to the VSA process using Zeolite 13x.
However, the determining factor that penalizes the adsorption tech-
nology in this particular case is its flue gas conditioning, which incurs
a significantly higher cost, estimated to be 61% more than the amine-
absorption process. The Total equipment Installation Cost (TIC)
associated with gas conditioning encompasses several key processes.
These include the cooling of the CELSA gases achieved through di-
rect contact with the gas, the pre-drying system utilizing a temper-
ature swing process (TSA) with Silica~gel, and the impulsion of the
gas to overcome the pressure losses inherent to the system. In the
case of VSA, an additional compression step of the dry gas is in-
cluded to ensure efficient working capacity, ultimately contributing
to a higher efficiency in CO4 separation. For an amine-absorption
system, post-drying with triethylene glycol (TEG) was required to
remove water before the CO, utilization or storage. In the case of
VSA, the final compression step and the type of gas-drying system
used significantly increase the cost of the CC equipment. Among
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the drying methods, TSA silica-gel (used to achieve a humidity level
below 100 ppm) is more expensive than the post-drying system with
triethylene glycol (TEG) for amine absorption. The cost of TSA
silica~gel pre-drying is €237.57/tongcos, while the cost of TEG post-
drying is €146.7/toncps. Therefore, the cost of adsorption-based
CC technology implementation increases significantly due to the re-
quirement of conditioning factors. The cost of auxiliary equipment
in the case of amine adsorption is significantly higher than in the
adsorption system (53 with respect to €20/tongcoz), primarily due to
the increased complexity of the integration and amine systems com-
pared to the adsorption systems. The total investment cost (TIC)
of auxiliary equipment includes the cost of switching valves in the
adsorption system and the cost of liquid pumps and secondary heat
exchangers in the case of amine absorption. This cost difference is
one of the reasons why adsorption systems are often considered more
attractive for industrial implementation!!. The primary cost driver
in the CO, capture installation was the separation columns. The
zeolite adsorption columns were considerably more expensive (18%)
than the scrubber and stripper of the amine-absorption technology.
This difference is primarily attributed to the longer regeneration time
of the 13X zeolite compared to its adsorption time (74 respecto to
380 seconds). Consequently, more columns are required to process
the flue gas and achieve the desired target (90% recovery and 95%
purity). In contrast, the amine absorber is heavily influenced by the
partial pressure of CO,, leading to an increase in its height to attain a
high CO, recovery rate. However, this increase in height does not re-
sult in a proportional increase in cost, unlike the adsorption columns,
where the cost of each column is multiplied by the total number of
columns. Therefore, it is essential to consider adsorbents that exhibit
not only high selectivity for CO, but also facile desorption properties
to minimize the number of adsorption columns required and optimize
the overall cost of the CO, capture process.

2.4.2 Operational Expenditure (OPEX)

In this study, we evaluate the operational expenditure (OPEX) of
the CO, capture plant, focusing primarily on the annual operating
cost (AOC). The AOC is dominated by the process’s energy require-
ments and utility consumption, including cooling process water and
solvent replenishment (MEA and TEG for amine absorption). Fig-
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Figure 2.7: Comparison of economic and energetic performance of MEA
and VSA CC technologies.a) Total plant cost (TPC) breakdown. b) An-
nual operating cost (AOC) breakdown. c¢) Total annualized cost (TAC)
breakdown. d) Energy consumption breakdown.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 2. COy Capture at CELSA: Current Strategies,
90 Innovations, and Future Outlook.

ure 2.7b illustrates the economic breakdown of these factors for each
capture technology. Amine absorption incurs the highest regenera-
tion operating cost (€23.6/toncez2) due to steam usage for regener-
ating the desorption column. In contrast, the VSA process utilizes
electrical energy for vacuum pump operation, resulting in a lower
regeneration cost of €12.15/toncps. However, the VSA process re-
quires gas impulsion at a higher pressure (2.6 bar) during the initial
adsorption stage to enhance working capacity. This incurs a higher
cost (€21.8/toncpe) than amine absorption (€6/toncoz), where com-
pression is only needed to overcome system pressure drops in the
absorption and desorption columns. Amine absorption also involves
additional costs like liquid pumping (€0.1/toncoz) and solvent re-
placement (MEA solution for CO, capture and TEG for dehydra-
tion, at a combined cost of €1.7/toncp2). The VSA process incurs
an extra cost of €2.47/toncps for steam used in regenerating the
pre-dehydration with silica gel. Cooling water consumption costs are
comparable between the two processes, with a slight advantage (19%)
for amine absorption. Although the energy consumption for regener-
ation is higher in amine absorption than in vacuum swing adsorption
(Figure 2.7d), the cost of steam is lower than the cost of electricity,
making the operating costs of the amine absorption process compet-
itive with those of the vacuum swing adsorption process.

2.4.3 Total Annualized Cost (TAC)

Figure 2.7c depicts the decomposition of the Total Annual Cost (TAC)
into the Annual Investment Cost (AIC) and Annual Operating Cost
(AOC) with a CO,4 recovery of 90% and a purity exceeding 95%. Un-
der these conditions and for the specified plant size, the overall TAC
for the Vacuum Swing Adsorption (VSA) process is €205/toncoz,
representing a 15% increase compared to the amine absorption pro-
cess. Notably, the ratio of AIC to AOC remains similar for both
processes, ranging between 22-23%. However, the AOC for VSA is
higher than that of amine absorption, with values of 38 and 33.1
€ /tongosg, respectively.

The AOC for absorption technology involves maintaining an in-
flow of aqueous MEA solution to the AB-1 column with a mole frac-
tion of 0.3. This is achieved through a replenishment flow rate of 3
kmol/h of the aqueous MEA solution, containing 90% mol of MEA.
Este make-up de solucion de MEA representa un 5% del AOC. More-
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over, the AOC breakdown reveals that steam constitutes a significant
portion, accounting for 71% of the total AOC. It is essential to note
that while improving the productivity of an amine-absorption system
requires optimizing the CO, desorption process, this comes at the cost
of increased energy consumption!43%36. The steam consumption rate
in the reboiler rises, leading to higher temperatures in the desorber
head, which can affect the overall efficiency of the system®7.

In the VSA process, compression is responsible for 57% of the
AOC, while vacuum pumps consume 32%. These two factors ac-
count for more than 80% of the VSA process’s operating costs. This
is largely influenced by the process design, which depends on the
adsorbent type. The design of the columns (length and diameter)
to process a certain volume of gas is determined by the adsorbent’s
characteristics, and the number of columns required is influenced by
the ease of gas regeneration (which is correlated to the number of vac-
uum pumps needed)®*®. The compression required in the gas drive
and conditioning phase (9% of the total AOC) can be marginally re-
duced, as the gas needs to be cooled and driven to the adsorption
columns. However, the power consumption per compression in the
adsorption and desorption steps could be significantly decreased by
developing new types of adsorbent materials. It is important to con-
sider that the AIC of the VSA process could potentially increase if
the very low-cost 13x zeolite is replaced with a new generation ad-
sorbent, which is likely to be more expensive®5!. Additionally, the
vapor cost in the AOC (6% of the total) could be eliminated by using
a moisture-resistant adsorbent. Zeolite 13x has limited resistance to
moisture, and Hy,O competes with CO, for adsorption sites. Thus,
finding an adsorbent with enhanced moisture resistance could signif-
icantly reduce operating costs!?6%:69,

The AIC for amine-absorption and VSA-based carbon capture
processes account for 81% of the total technology-associated invest-
ment cost (TAC). The gas separation columns contribute the most to
the AIC in both absorption and VSA processes. Moreover, the cost
of AIC and AOC of flue gas conditioning (cooling and compression)
in both technologies are unavoidable expenses.

In the case of the absorption process, the AIC does not decrease
significantly with the change of solvents?532 3470 This is because the
infrastructure, particularly for this type of process, depends heav-
ily on the CO, concentration in the flue gas, the absorber dimen-
sions, and the desorption rate for the stripper dimensions. Unlike
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the absorption process, the VSA process offers opportunities for cost
reduction. Compression, the number of columns, and dehydration
account for a total of 71% of the total AIC in the VSA process. Pre-
dehydration and compression before adsorption contribute to 33% of
the total AIC. Therefore, innovation and development in adsorption
technologies for CC are primarily focused on discovering new mate-
rials that can lower the systems costs. This is crucial for making
adsorption CC technology economically viable and displacing estab-
lished amine-based technologies!!#57572,

2.4.4 Energy consumption.

Figure 2.7d illustrates the contribution of various energy consump-
tion components in amine-absorption and VSA CC technologies. The
amine-absorption process consumes nearly double the energy com-
pared to the VSA process, registering 1371.9 versus 684.5 kWh/toncos.

Regarding flue gas drive and compression, the VSA system ex-
hibits an approximately three-fold higher energy consumption. This
is attributed to the necessity of operating at elevated pressure in the
VSA process to enhance the adsorption capacity. However, excluding
the high-pressure adsorption step (i.e., considering only gas drive),
the VSA and absorption systems exhibit more comparable values at
55.3 and 96.3 kWh/toncos, respectively. These latter values pos-
sess limited variability, while the dry gas compression in the VSA
system (293.4 kWh/toncoz) presents potential for reduction through
optimized system design and the development of novel adsorbent ma-
terials®25:4%,

Comparing the regeneration processes in both technologies, the
energy consumption associated with amine regeneration in the strip-
per is approximately 6.5 times higher than the work performed by
vacuum pumps to desorb CO, from adsorption columns. Despite this
significant difference, the amine-absorption system still boasts a lower
annual operating cost (AOC) due to the more economical nature of
steam compared to electricity. Notably, in the amine-absorption sys-
tem, steam consumption in the stripper reboiler accounts for a sub-
stantial 92% of the total energy consumption, while this figure stands
at only 28% for the VSA process.

With respect to gas dehydration processes, pre-dehydration using
silica gel before flue gas entry into the VSA system exhibits higher en-
ergy consumption (139 kWh/toncos) compared to post-dehydration
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with triethylene glycol (TEG) in the amine-absorption system (56.8
kWh/toncoz). Although TEG systems are applicable to both VSA
and amine-absorption processes, they are typically preferred when
moisture concentrations are less dilute, as is the case at the end of
the absorption process. TEG dehydration systems effectively remove
water to prevent freezing in pipes before liquefying CO, for trans-
portation and storage purposes® 3.

2.4.5 QOutlook.

CO2 utilization presents a double win for industries: reducing di-
rect emissions and creating new markets within the circular economy,
specifically the carbon economy. However, for CO, to be utilized or
stored, it must be concentrated®™ 7" to make downstream processes
economically viable. The major hurdle lies in the high energy and eco-
nomic cost of CO, capture, often exceeding other stages in the CO2
valorization chain (capture-utilization or capture-storage)™®™. Our
present small-scale study examined the economic and energy impact
of a CO, capture pilot plant for CELSA. While the findings may apply
to larger scales, it represents a preliminary assessment. Thermody-
namic data was estimated, potentially deviating from real-world sce-
narios. Pilot plant testing and a future industrial-scale study are cru-
cial next steps. These studies should consider the plant’s energy and
process interconnections, such as waste heat recovery and gas recircu-
lation. In CELSA’s case, integrating waste streams could make CaO-
looping CC technology a contender. It deserves evaluation alongside
existing amine absorption and VSA-Zeolita 13X technologies. While
both amine absorption and CaO-looping require significant infras-
tructure, their applicability might be limited by CELSA’s dispersed
emission points. Conversely, adsorption and membrane technologies
offer advantages due to their modularity, especially for industrial de-
ployment. Beyond capture studies, future research should investigate
the fate of captured CO,. This includes exploring diverse scenarios
and models for circular economic integration with complementary in-
dustries or CO, storage options. By quantifying costs, energy inputs,
and potential savings, such analyses will provide a clearer picture of
CO, capture and utilization’s economic viability and sustainability.
Furthermore, all studies considering different CO2 capture options
and utilization or storage technologies must include a life cycle as-
sessment (LCA)'780 This is critical to comprehensively evaluate
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the technology’s environmental impact — both directly and indirectly
— leading to more informed decision-making. Future research can
significantly contribute to advancing CO, capture and utilization by
addressing these critical aspects, ultimately integrating them into a
broader sustainable industrial ecosystem.

2.5 Conclusions.

In this study, we investigate alternative routes for post-combustion
CO, capture of CELSA stream flue gas. The flue gas contains 8.9%
CO, mol and 3.7% H,O mol at the rolling-mill reheating furnace
stack exit temperature and pressure of 236°C and 1.01 bar, respec-
tively. The objective is to recover 90% CO, and deliver it at 95%
purity. We qualitatively evaluated different established CO, capture
(CC) processes based on literature data and their suitability for im-
plementation in an industry like CELSA. Two technologically mature
CC processes were selected for rapid implementation and testing at
the industrial level. These processes are intended to be representative
of the separation technology on which they are based: 1) adsorption
using an aqueous solution of MEA and 2) adsorption, specifically by
pressure and vacuum changes (VSA) using zeolite 13x in conventional
fixed beds. In the case of adsorption, the gaseous flue was dried before
introduction into the CO, capture unit. However, for the adsorption
with the amine solution, the dehydration process is done after CO,
capture. Both technologies are well characterized in the literature,
providing reliable data for detailed modeling, simulation, and vali-
dation of the process, as well as for realistic cost estimation. We
expect that any of the capture processes considered can be feasibly
implemented and operated in an industrial plant today. However,
for the time being, we considered simple process configurations. In a
future industrial implementation, these configurations will need fur-
ther study and optimization, especially in the thermal integration
with the existing CELSA steel industrial plant. While there may be
better liquid sorbents, solid adsorbent materials, or process configu-
rations, or materials that do not require feed pre-drying, we chose to
focus on well-known and widely researched technologies and materials
to provide useful information on CO, capture after combustion.

As a preliminary step, robust and established simulation tools
were employed to simulate the processes for all the technologies un-
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der consideration. For the simulation, a pilot CO2 capture plant of
the various technologies utilized was considered, with a capture rate
of 800 tonCO2/year and the previously stated objectives. While pro-
ductivity is a parameter that would need to be defined for each CC
technology type, it was not used as a comparison variable. How-
ever, energy demand and economic evaluation are defined consis-
tently across technologies and can be directly compared. The energy
demand of each equipment was determined through thermodynamic
equations, and the economic evaluation was performed by calculating
the total annual cost (TAC) of the studied DC technologies.

Based on the techno-economic comparison within the investigated
plant size and capture rate range, the straightforward adsorption-
based process employing an aqueous MEA solution exhibits supe-
rior cost performance compared to the adsorption-based separation
process utilizing Zeolite 13x. Notably, the VSA process was approxi-
mately 15% more expensive than the adsorption process. While there
is no significant economic distinction between the two technologies
currently, the VSA process possesses substantial potential for cost
reduction, particularly in the gas dehydration process (contributing
13% of the total annualized cost) and the compression operation (ac-
counting for 18% of the total annualized cost), as well as in terms of
infrastructure requirements (such as the number of columns, vacuum
pumps, etc.). In the VSA process, the adsorption columns alone con-
stitute approximately 47% of the TAC This advantage stems from de-
veloping novel adsorbent materials, particularly those with enhanced
moisture resistance and sorption capabilities. In contrast, the absorp-
tion process is inherently limited by the physicochemical properties
of the flue gas.

The comparative energy analysis revealed that the amine absorp-
tion process exhibited significantly higher energy consumption (1372
kWh / toncez) compared to the VSA (Vacuum Swing Adsorption)
process (685 kWh / tonggs). Despite this difference in energy con-
sumption, the annual operating cost (AOC) exhibited a marginally
lower cost for the amine-absorption process, with a difference of only
14%. This apparent anomaly can be attributed to the differing en-
ergy sources utilized by the two processes. The amine-absorption
process employs steam for regeneration, while the VSA process relies
on electrical energy. In the context of the analysis, the cost of steam
was lower than that of electrical energy, leading to a lower AOC for
the amine-absorption process.
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In the amine-absorption process, the steam consumption for re-
generation accounts for approximately 92% of the total energy con-
sumption, making it a crucial aspect to consider. This process is
particularly suitable for industries that have access to steam within
their own facilities. However, CELSA lacks its own steam genera-
tion capabilities. In the present study, the cost of steam used was
taken from the available literature®®?:! and this cost is an estimate
as an accesible hot utility. It is important to note that the optimal
approach would be to design and install a small steam generator,
taking into account the consumption of natural gas and the associ-
ated installation costs. Industries such as power generation are more
inclined to adopt systems that require steam, as they typically have
the necessary infrastructure and steam availability. By implement-
ing such systems, industries can take advantage of the high steam
consumption efficiency of the amine-absorption process. This opti-
mization can lead to significant cost savings and improved overall
process efficiency. Therefore, in industries like CELSA, where steam
is unavailable, the amine-absorption process’s AOC can be signifi-
cantly increased.

The VSA process, which employs adsorbents, faces challenges in
competing with amine-absorption. The primary limitation lies in the
maximum velocities attainable in these systems. This necessitates
the use of numerous columns and potentially multiple parallel trains.
While using multiple modules offers a degree of robustness, it presents
two significant hurdles. Firstly, complexity arises from integrating the
numerous modules and managing the associated piping and control
systems. Secondly, cost is a major factor, as each column adds to the
overall expense, accounting for a substantial percentage of the total
plant. It is challenging to anticipate cost savings from economies
of scale. Consequently, the scale of the capture plant emerges as a
critical consideration. Despite the challenges, VSA technology may
still be more appealing for small and medium-scale point sources,
such as CELSA rolling mill furnaces, due to its reduced complexity
and cost competitiveness compared to other available technologies.
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"It doesn’t matter how beau-
tiful your theory is, it doesn’t
matter how smart you are. If
it doesn’t agree with experi-
ment, it’s wrong.”

Richard Feynman

TAMOF-1 as an Adsorbent
for Carbon Capture:
Preliminary Assessment for
Post-Combustion CO,
Removal

Abstract In this chapter, we provide a thorough analysis of the
performance of TAMOF-1 in a continuous, steady-state adsorption
process for COy /Ny separation. TAMOF-1 demonstrates an excep-
tional ability to selectively capture CO, from a mixture of CO, and
N,, exhibiting high selectivity and remarkable adsorption uptake (up
to 3.7 mmol g=! CO, at room T and P) across a wide range of con-
centrations. To assess the feasibility of the adsorption system in a
continuous process, we have designed and analyzed an experimental
vacuum swing adsorption (VSA) process. This performance eval-
uation aims to establish TAMOF-1 as a highly promising material
for CO4 capture, bridging the gap between effective adsorption and
practical regeneration in real-world applications.
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3.1 Introduction.

Beyond pollution remediation and global warming mitigation, carbon
dioxide capture (CC) holds vital significance in numerous fields'=.
The burning of fossil fuels for electricity generation, industrial pro-
cesses, and transportation is the primary source of this excess CO, in
the atmosphere!?. As we explained before the Post-combustion car-
bon capture (PCC) is a pathway for technologies designed to capture
carbon dioxide from the flue gas of power plants and/or industrial
facilities. The goal of PCC is to reduce the amount of CO, released
into the atmosphere and mitigate the effects of global warming.
Current technologies for CO, capture (CC) suffer from important
limitations such as high energy consumption and/or poor CO, cap-
ture performance especially at low pressure* 7. The current technolo-
gies for CC at industrial level are:i) scrubbing (chemical and physical)
; ii) physisorption processes; iii) cryogenic separation; iv) partial dis-
tillation; and v) membrane separation. Chemical scrubbing (such
as amine scrubbing), is considered by many the best and most ma-
ture technology for CO, removal® 19, This process involves selective
chemical absorption of carbon dioxide. However, this technology has
three major drawbacks i) high energy consumption for solvent regen-
eration due to the chemical nature of the interactions involved!*? i)
waste generation (solid salts and gaseous compounds due to chemical
degradation of amines)!, and iii) the large footprint which is techno-
economically unviable, specially for small industrial facilites'*. An-
other well-established industrial technology for gas separation is ph-
ysisorption such as pressure swing adsorption (PSA), vacuum swing
adsorption (VSA) or thermal swing adsorption (T'SA)'. These pro-
cesses involve at least two consecutive steps. In the first one, CO2 is
selectively adsorbed by the active component at high/ambient pres-
sure (PSA/VSA) and/or low temperature (TSA)!®. In the following
step, the adsorbent is regenerated by CO, desorption by pressure
swing/vacuum (PSA/VSA) or/and at high temperature (TSA). Ph-
ysisorption has advantages over chemical absorption because it typ-
ically demands lower energy consumption during the second (regen-
eration) step'”. The combustion gas (flue gas) is produced at low
pressure (close to the ambient pressure) and temperatures (180 — 255
©C). The swing pressure process offers thus the most economically
affordable option for upgrading avoiding the need of expensive com-
ponents (such ad heat exchanger in the the of amines scribbing!®1®)
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and depending of the adsorbent material reducing the operating ex-
penditures (OPEX) and avoiding high operating pressure to achieve
good process performance®'?.

However, CO, capacity of physisorption technologies is limited.
High adsorption pressures (> 4 bar) are needed to reach competitive
performance when compared with chemical scrubbing?. Moreover, a
complete and fast adsorbent regeneration usually requires heating?*.
Currently, the benchmark material for PSA-based CC is the molec-
ular sieve 13X?2. This commercially available zeolite has acceptable
CO, adsorption capacity and selectivity. However, its regeneration
requires high energy consumption, very similar to that needed for
amine scrubbing!®?3. Indeed, an efficient cyclic, continuous 13X-
based process with good cost-effective capacity for reliable CO, gas
removal requires high adsorption pressures (high AP) and/or high
desorption temperatures®*. Even in these conditions, recovering high
purity gases, as CO,y (> 99%), with this technology remains a chal-
lenge, since CO, selectivity decreases at higher pressures. Carbon-
based materials are another class of adsorbents offering the advan-
tage of low cost and easy regeneration although they are limited by a
low adsorption capacity and selectivity, especially at low pressures®.
New materials combining competitive performance in selective CO,
uptake, and release, are needed to realize widespread CC technolo-
gies. Demonstration at the industrial scale, and versatility to different
gas stream features are additional key challenges towards CC market
penetration®%2%25

Metal-organic frameworks (MOFs) have been proposed for CO,
capture!®?628  The most successful examples are based on selective
chemisorption: excellent CO, capture performance, but with highly
endothermic regeneration process, and uncertain chemical stability.
MOF materials offering physisorption processes combining high CO,
uptake and low energy consumption upon CO, release are just emerg-
ing>?!. Some of the most remarkable candidates include CALF-20°, a
Zm-based oxalate-bridged framework with high performance in CO,
capture from flue gas, and an extraordinary robustness under hu-
mid conditions; or USTA-16%, that is a MOF with K+ counterions
as active sites (KCos(cit)s, this material shows both high volumet-
ric (160 cm® cm™2) and gravimetric CO, capacities (4.2 mol kg™
at 1 bar and 298 K; 0.9 mol kg™! at 0.15 bar and 333 K). Along
this line, our group has discovered a new material, TAMOF-130:3!
(Figure 3.1), obtained from cheap and non critical raw materials by
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reaction of a copper salt and a derivative of the natural amino acid
L-histidine under soft-chemistry conditions, with good synthetic scal-
ability. TAMOF-1 (triazole acid metal-organic framework) is a chiral
MOF with high stability upon water and organic solvents and per-
manent porosity. It is formed by the coordination of copper(II) (as
a metallic center) and (S)-3-(1H-imidazol-5-yl1)2-(4H-1,2,4-triazol-4-
yl)-propanoic acid (as an organic linker). Due to the presence of
stereogenic centers in their linkers, TAMOF-1 can be used for the
separation of certain chiral molecules®. Moreover, this material has
a 3D network, made from 10 A wide (Figure 3.1b), helicoidal, inter-
communicated channels, decorated with multiple dangling functional
groups carboxylate, triazole and imidazole (Figure 3.1a) exhibiting
a BET specific surface area of 980+£50 m? g=! | micropore volume
of 0.38 cm?® g=!, ando also, permanent porosity towards humidity,
acids and/or bases (Figure 3.1d). Table 3.1 shows a summary of
crystal and physical properties of TAMOF-1. In a previous studies,
was also reported the performance of TAMOEF-1 as stationary phase
for the chromatographic separation of racemic mixtures of organic
substances thanks to its porosity and homochirality®®. Moreover, the
characteristic shape and size of its channels and pores, as well as the
Cu metal center, make TAMOF-1 a good candidate for separating
also a wide variety of volatile organic compounds such as benzene—
cyclohexane system (cyclic compound reconnection), hexane isomers
(degree of branching reconnection), and xylene isomers (positional
isomers reconnection). Remarkably, separation of these molecules
has been proved in both liquid and gas phase332.
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Figure 3.1: a) Structure of the linker L-2-deaza-2-(4H-1,2,4-triazol-4-
yDhistidine (S-HTA) and projection of the crystal structure of TAMOF-1
on the [111] plane. b) Representation of crystal structure of TAMOF-1,
showing the network of open 10 A-wide channels. ¢) Thermal cycle for
the coordination geometry of Cu!! centers. Thermal ellipsoid plots at 3
A from the metal crystallographic position at 100, 298, and 403 K (dehy-
drated state), and again at 100 K after rehydration by controlled addition
of water. d) PXRDs of TAMOF-1 confirming structural integrity after in-
cubation in water during 96 hours at neutral (purple), acid (red) and basic
(blue) conditions. e) Thermogravimetric analysis in air for a TAMOF-1

powder sample. Figure was taken and adapted from Corella-Ochoa et
al.30,

The multi-kilogram scale production of TAMOF-1 has been demon-
strated in powder form (particle size < 10um); from common reagents
and avoiding safety-related issues. Additionally, TAMOF-1 was also
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Table 3.1: Summary of TAMOF-1 Crystal and physical properties.

Formula [Cu(H20)9(CsHgN5Os)o]- 6 HyO

molecular weight [g mol™!] 583.93
crystal system cubic

space group P43/32
susrface area BET [m? g™'] 980.5
pore volume [cm3 g™ !] 0.38
framework density [g m-3] 1.14
particle size [pm)] 0.2-10

crystal size [mm?] 0.05x0.05x0.03

pelletized using widely available, safe, and affordable materials (e.g.,
bentonite, and water). The resultant pellets (Figure 3.2) exhibited
remarkable porosity, with a surface area of approximately 850 m?
g~! and a micropore volume of 0.34 cm?® g~!, comparable to the pow-
der form. Moreover, this pellets exibhist a mechanically stable and
stress resistant (>10bar) bodies of spherical shape (~ 2.5-3.5 mm
diameter).

Figure 3.2: (a) Powder and (b) pelletized TAMOF-1.

In this study, we thoroughly characterized TAMOF-1 (in powder
and pellet forms) as a selective CO, adsorbent for post-combustion
capture from COy/N, gas mixtures. Adsorption isotherms reveal
exceptional CO2 capacity and selectivity over a broad range of con-
centrations, temperatures, and pressures. Fixed-bed breakthrough
experiments demonstrate TAMOF-1’s ability to efficiently capture
CO, from N, streams at dynamic conditions, even at low C'Oy con-
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centrations. The weak interactions between C'Oy and TAMOF-1 re-
sult in rapid diffusion and efficient desorption, as evidenced by the
nearly vertical breakthrough curves. This translates to a simple and
energy-efficient regeneration process. Furthermore, TAMOF-1 ex-
hibits durable dynamic adsorption/desorption performance, achiev-
ing high C'Oy purity and recovery in a VSA process. Benchmarking
against other adsorbent demonstrates TAMOF-1’s promising perfor-
mance, particularly in terms of C'Oy capture recovery and productiv-
ity, which directly impact operational costs. Notably, the TAMOF-1
pellet outperforms the powder form in terms of regeneration effi-
ciency. This study highlights TAMOF-1’s potential to bridge the gap
between effective adsorption and affordable regeneration. Its scalable
synthesis (>10kg), robust material properties in and pellet form, and
exceptional performance with combustion gas-type conditions make
it a strong candidate for large-scale C'O, capture applications.

3.2 Experimental section.

3.2.1 Chemical and Materials.

TAMOF-1, with molecular formula [Cu(H20)2(Cs HgN5O3)s] - 6 H>O,
has been synthesized following the procedure described in a previous
publication®. A complete crystal structure characterization can also
be found therein, and is also described in table B.1. All reagents
employed in the synthesis were of commercial grade and used without
further purification. The bentonite (AlyO3 - 45703 - Hy0) used as a
binder for MOF pellet formation was supplied by Sigma Aldrich.
Molecular Sieve 13x and its pelletized form, with a chemical formula
Nagg[(AlO2)s6(S102)106] - © H2O, was also supplied by Sigma Aldrich.

3.2.2 Particle and bulk density.

The skeletal density of the TAMOF-1 particle (density of the particle
without porosity) was determined by helium pycnometer measure-
ments carried out on a Quantachrome micro Ultrapyc 1200e. Bulk
density was measured as a function of adsorbent bed height, internal
pipe diameter, and post-column packing.
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3.2.3 Thermogravimetric analysis.

TAMOF-1 thermal stability up to 423-433 K has been confirmed by
thermogravimetric analysis (TGA) performed using a TGA /SDTAS851
Mettler.

3.2.4 Pellet synthesis.

The TAMOF-1 pellets were synthetized in a Caleva Multi Lab (CML)
equipment. The synthesis of pellets involves several steps: weigh-
ing, mixing, homogenization, extrusion, spheronization, and drying.
First, 0.19 g of TAMOF-1 and 2 g of Bentonite are weighed. These
weighed materials are added to a mixer for 3 minutes at 60 rpm. Wa-
ter is quickly added for approximately 20 seconds to ensure proper
mixing with the bentonite and TAMOF-1 mixture. The wet mixture
is then homogenized and is gradually added to the extruder at 80
rpm. The extruded material is transferred to a spheronizer and ro-
tated at 1230 rpm for 3 minutes. Finally, the obtained pellets are
dried at room temperature for 72 hours.

3.2.5 Adsorption isotherms.

Adsorption isotherms for COy and Ny were measured using an Au-
tosorb iQ (Quantachrome) at 303 K and pressures up to 10 bar. Ad-
ditionally, CO, adsorption isotherms were collected at various tem-
peratures ranging from 303-333 K up to 1 bar. Before starting the
analysis set, the sample is activated at 150°C for 15h under vacuum
(10E79% torr). As the sample is hygroscopic, a degassing is performed
at 120°C for 2 hours between each measurement step to eliminate
traces of moisture by contact with air.

3.2.6 Dynamic fixed-bed column adsorption ex-
periments.

Gas separation module.

In our breakthrough experiments, we maintained a ratio of bed height
to column inner diameter (Hb/Di) between 3-4'2. We used a 1-inch
tube (1.95 cm inner diameter) as the separation module, with a bed
height ranging from 5.3 to 5.8 cm. For larger-scale applications, the
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diameter will depend on the gas velocity, and the height will be cho-
sen to achieve a reasonable breakthrough time, pressure drop, and
cost?®3. The TAMOF powder and its pelletized form were packed in
the middle of the module to create a compact bed, while the remain-
ing volume was filled with glass wool. The aim was to maintain a
consistent bed length of 5.9 cm for both the TAMOF-1 powder and
pellet samples. This was achieved by adjusting the packing of the
materials. The amount of TAMOF-1 powder packed was 10.2 g (7.88
g dehydrated), while the amount of TAMOF-1 pellet packed was 10.8
g (8.8 g dehydrated). The column configuration packing are shown
in Figure 3.3.

Figure 3.3: Column packing configuration for TAMOF-1 powder and pellet
samples.

Activation Procedure.

Prior to each measurement, TAMOF-1 was activated in-situ at 393 K
(1 Kmin™') to remove water. Two activation methods were tested. i)
This method utilized a nitrogen (N,) flow of 200-300 ml/min through
the column, monitoring the water content in the outlet stream. ii)
The second method placed the column under vacuum for 15 hours,
monitoring the vacuum pressure, which reached a minimum of 1072
mbar. These activation methods ensured the adequate dehydration
of the TAMOF-1 material before each measurement, minimizing the
influence of water on the experimental results. To assess the effective-
ness of the activation, we tested the column with pure CO, gas after
each activation procedure. The adsorption performance was eval-
uated using thermodynamic CO, adsorption values obtained from
adsorption isotherms.
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3.2.7 Set-up and Experimental conditions.

Breakthrough measures were performed by using the experimental
set-up shown in Figure 3.4a. Gas cylinders of Ny (Praxair, 99.999%),
and CO, (Air Liquide, 99.998%) were used. The flows/compositions
of the inlet gas stream were controlled upstream the separation mod-
ule by a set of calibrated mass flow controllers (Bronkhorst EL-
FLOW). A manometer and a backpressure controller (Bronkhorst,
EL-PRESS) were placed downstream the separation module. A manome-
ter was also used upstream the bed to monitor the actual pressure at
the bed inlet under no pressure control conditions. Unless otherwise
stated, all pressure values are reported in units of absolute bar (bar).
Small inlet pressures were measured under no pressure control con-
ditions (overall inlet flow between 30-250 NmL/min). In particular
inlet pressures of 1.05-1.8 bar were measured depending on the CO2
saturation degree of the bed and the flow rate used. The separation
module was heated by a linear power silicone heating wire () 3mm
FOR-FLEX NORMAL, Electricfor) rolled around the column, the
temperature was measured with a K-type thermocouple (Thermo-
coax) inserted in the middle of the bed, and it was controlled with a
temperature controller EZ-Zone (Watlow). The outlet stream of the
column was on-line analyzed by micro gas chromatograph (MGC,
Agilent MicroGC 490) equipped with Molsieve MS5A, using Ar as
carrier gas (99.999 % purity), and Poraplot U column, using He as
carrier gas (99.999 % purity), along with thermal conductivity detec-
tors (TCD). In the experiments conducted, a partial flow of N2 in
the inlet gas mixture was maintained below 25 NmL/min. Addition-
ally, during column activation with pure CO,, a nitrogen flow of 30
NmL/min was blended with the gas exiting the separation module to
meet the flow requirements of the gas chromatograph (GC). A non-
return valve with minimal pressure drop was employed to prevent
reverse flow. The transit time or death time of the gas in the set-up
was also evaluated and subtracted at each operation condition.

All experiments were conducted at 1 bar and 25°C under initial
gas conditions. However, the operating pressure is based on the sys-
tem pressure drop. The gas outlet concentration was registered, and
the equilibrium was reached, indicated by a concentration compara-
ble to the initial set concentration (adsorbent saturation).
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Breakthrough experiments (BT) linked with regeneration.

Prior to regeneration analysis, initial breakthrough (BT) experiments
were conducted using CO, concentrations of 6%, 15%, and 30% (bal-
ance Ny) at a total flow rate of 30 ml/min. Each BT experiment
utilized a fully regenerated column, achieved by purging with N, at
250 ml/min for 15 hours at 120°C (initial activation procedure).

Breakthrough experiments (BT) for the Oxygen effect.

To investigate the effect of oxygen on CO2 recovery and purity, the
initial breakthrough (BT) experiment was conducted using an inlet
gas mixture containing 6% CO,, 84% Ny, and 10% O,.

Breakthrough experiments with different gas velocities.

These experiments utilized a column activated by the second method.
Prior to each BT experiment, the column was purged with N, at
100 ml/min for 2 hours at 80°C to ensure removal of residual gases.
Subsequently, 30 ml /min of He was flowed through, and the gas
concentration was recorded to verify complete column cleanliness (no
CO, detection and N, concentration consistent with baseline). The
column was then isolated. In this experimental study, three distinct
total gas flow rates were employed: 86 4+ 1 ml/min, 177 4+ 2 ml/min,
and 269 £+ 1 ml/min. These flow rates corresponded to gas velocities
of 0.005, 0.010, and 0.015 m/s, respectively. The primary objective of
these experiments was to attain a target concentration of 6% CO,(He
balance). Additionally, each experiment was conducted at varying
temperatures (25-80 °C) and pressures (1-5 bar) for different gas
velocities.

3.2.8 Regeneration.

The regeneration of TAMOF-1 powder after saturation was inves-
tigated under varying vacuum hold times. We aimed to maintain
identical temperature conditions as those used in the breakthrough
experiments (isothermal). However, a decrease in temperature was
observed due to the vacuum application. This regeneration study
was conducted for the three inlet gas compositions used in the BT
experiments 3.2.7: 6%, 15%, and 30% CO, (N, balance). Addition-
ally, regeneration was evaluated for activation type 2 using only 6%
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COg, and the same experiment was repeated with TAMOF-1 pellets.

Determining the equal Breakthrough and cleaning time.

Following saturation (Step 1), TAMOF-1 was regenerated by apply-
ing a vacuum (Step 2) from the column bottom for a duration equal
to the previously measured breakthrough time, the steps are shown
in Figure 1b and 1c, respectively. This regeneration-saturation cy-
cle (Steps 1-2) was repeated until the breakthrough time in Step 1
became equivalent to the vacuum regeneration time in Step 2 in the
last three measures. The CO, and N, concentrations in Step 1 were
continuously monitored with the GC.

Determining the amount of CO, desorbed at different vac-
uum times.

The regeneration process involved a two-step cycle repeated until a
steady state was achieved. In Step 1 (saturation), the module was
saturated by flowing the inlet gas mixture through the TAMOF-1
separation column. Step 2 involved applying a vacuum for a pre-
determined duration. This cycle (Steps 1-2) was repeated until the
amount of CO, desorbed during the last three measurements showed
minimal change in the CO, desorbed amount, indicating a steady
state. The vacuum hold time used was 0.08, 0.5, 2, 10, and 30
minutes. In some cases, the latter times change depending on the
previously measured breakthrough times (BT) to match them. Ad-
ditionally, a regeneration cycle with a vacuum hold time equal to the
final BT was performed. The amount of CO, desorbed by the vacuum
is determined by integrating the concentration-time curve obtained
during Step 1 using equation 1.26. Integration is performed until the
saturation point is reached.

Determining the N2 remaining inside the column.

To quantify the final CO, purity achievable during TAMOF-1 col-
umn regeneration, the amount of residual nitrogen (N,) inside the
column was measured. This procedure was performed after the fi-
nal regeneration cycle (Steps 1-2) using an insulated module. The
measure analysis began with cleaning the inlet gas line; pure CO,
flowed through the line at a 130ml/min flow rate until the entire line,
including the bypass, reached a pressure slightly above atmospheric
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(e.g., 1.1 bar). The gas supply was then closed, followed by a vacuum
applied to the line for 3 minutes. This cleaning step with CO, purge
was repeated three times to ensure the thorough removal of any gas
line contaminants. Next, the gas collection cylinder was attached to
the top of the column and evacuated for 2 minutes to remove air.
CO, gas then flowed through the column at a 30 ml/min flow rate
with the cylinder inlet valve open to collect the desorbed gas (Figure
1d). Once the cylinder pressure reached a 1.2 bar, the inlet gas flow
was stopped, and the cylinder was isolated from the column. The
cylinder was then connected to the micro-GC gas inlet line (Figure
le). The gas inlet line was then evacuated for 3 minutes with the
cylinder closed. Gas sample analysis starts immediately after closing
the GC vacuum and opening the cylinder valve. This measurement
cycle (involving collection and micro-GC analysis) was repeated until
the Ny concentration in the collected gas matched the baseline level
established earlier.

3.2.9 Baseline of the N, concentration.

To assess the purity of the regenerated CO,, the inherent N, concen-
tration in the gas chromatograph (GC) baseline, resulting from air
intake in the GC line, was used. The TAMOF-1 column was initially
saturated with 30 Nml/min CO, flow rate and then isolated. A gas
collection cylinder was attached to the column top and evacuated
for 3 minutes. Subsequently, CO, gas was flowed through the col-
umn into the cylinder until reaching 1.2 bar gauge pressure, at which
point the gas lines were closed. The GC inlet line was then evacuated
for 3 minutes with the cylinder closed. Gas concentration analysis
commenced immediately upon closing the GC vacuum line and open-
ing the cylinder valve. This process was iterated until the last three
baseline concentration values exhibited less than 5% deviation.

Experimental cyclic design and Key performance indicators
(KPI) determination.

The CO4 adsorption evaluation cycle, based on the experimental steps
detailed in sections 3.2.8, 3.2.8, and 3.2.8, and also schematized in
the Figure 3.4, was designed to assess both CO, purity and recov-
ery. This four-step cycle mirrors the classic Pressure Swing Adsorp-
tion (PSA)/Vacuum Swing Adsorption (VSA) process®*35. The cy-
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cle comprises the following steps: (a) Pressurization: The column is
pressurized with feed gas to 1.15 bar (determined by column pressure
drop). (b) Adsorption: As described in section 3.2.8 (Figure 3.4b),
COy is preferentially adsorbed by TAMOF-1. The CO, adsorption
capacity (Qadcos) is determined by integrating the breakthrough
curve (up to 0.01 C/Co). The breakthrough time should be the same
as regeneration time. (c¢) Blow-down: Column pressure is reduced
to vent non-selective components (N,). Optimizing this step can in-
crease CO, purity at the expense of CO, recovery. Experimental data
from sections 3.2.8, and 3.2.8 allows for quantification of CO5 and N,
loss during blow-down step, which is crucial for calculating recovery
and purity. (d) Recovery: Vacuum is applied to the column (Fig-
ure 3.4c) to desorb captured CO, and residual N, inside the column.
Desorbed CO, is quantified by integrating the breakthrough curve
up to saturation (eq. 1.26). This data, combined with adsorption
data, enables evaluation of CO, recovery efficiency and final product
purity. CO, recovery and purity can be calculated using equations
3.1 and 3.2, respectively, considering CO, desorbed per vacuum re-
generation time and residual Ny in the column. This cycle design
facilitates a comprehensive assessment of CO, capture performance,
informing the optimization of both recovery and purity.

Qadcor — Qdecos(blow;)

C'Osrecovery = x 100
? Y Qadcor
(3.1)
d —Qd blow;
COspurity = Qadcos — Qdescon(blow:) x 100

Qadcos — Qdescos(blow;) + Qdes o (blow;)
(3.2)
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Figure 3.4: Experimental set-up for breakthrough experiments. (a) Pho-
tograph of the entire experimental set-up. (b-e) Schematic illustrations of
the process: (b) Adsorption, (c) Regeneration of the adsorbent, (d) Rec-
ollection the N, remaining in the adsorbent, and (e) measurement of the
N, concentration inside the gas sample cylinder.
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3.3 Modeling.

This section focuses on fitting isotherms and breakthrough curves
to understand the interaction of the adsorbent with CO5 and Nj.
[sotherm fitting elucidates the equilibrium behavior of the adsorbent
with both gases, while breakthrough curve fitting estimates the kinet-
ics of the selective gas (CO,) with TAMOF-1. All model parameters
were optimized to best match the experimental data obtained in the
laboratory.

3.3.1 Adsorption isotherm modeling.

The adsorption isotherms of CO, and Ny at 25°C up to 1 bar were
fitted with four models: Langmuir (single-site), Freundlich, Sips, and
Langmuir-Freundlich (Dual-Site). The corresponding equations (1.9,
1.10, 1.11, and 1.12, respectively) are described in section 1.5.2. This
fitting aimed to identify the best-fitted model and estimate the isos-
teric enthalpy of adsorption (AHads), as described in section 1.5.2.

The Freundlich isotherm is an empirical relationship derived from
experimental isotherm data. Acknowledging the unphysical behavior
of the Freundlich isotherm near saturation, Sips®®37 proposed a more
generalized form (eq. 1.11). Moreover, the Langmuir-Freundlich
(Sips) model is a simple model that effectively reproduces the equi-
librium adsorption behavior of TAMOF-1. We used this model to
fit the experimental isotherm data at low CO, partial pressures (0—1
bar) and high pressures (1-10 bar).

3.3.2 Breakthrough curve modeling.

To formulate a breakthrough curve for this system, a mathematical
model was applied based on the following assumptions: (1) The flow
pattern is described by the axially dispersed plug flow model. (2)
The system operates under isothermal conditions. (3) The frictional
pressure drop through the column is negligible. (4)The adsorption
equilibrium isotherm is described by the Sips isotherm. (5) The ad-
sorbent particles are spherical, homogeneous in size, and have a uni-
form density. (6) The velocity of the gas is constant. (7) The driving
force is the concentration gradient of the adsorbed phase. (8) The
diffusion coefficient is constant. Additionally, the experimental data
used for the fitting of the breakthrough curves are shown in Table
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B.4. Under these assumptions, a set of governing scaled equations
was derived, as described in section 1.5.3.

The energy balance equation (Eq. 1.24) is not applied in the
modeling of the fixed-bed system with TAMOF-1, assuming isother-
mal conditions. The Sips isotherm model (Eq. 1.11) is utilized to
correct the un-physical behavior of the Freundlich isotherm and fit
the experimental data. The commonly used C'/" term corresponds
to an adsorption term proportional to C™(gm —q) (Eq. 1.19), which
can be expressed in the form C™(¢gm — ¢)", where C is the concen-
tration, and, m and n represent the partial order of the chemical
reaction. However, it is the ratio m/n that determines the isotherm
shape. Therefore, we keep the single parameter model®*3®. In the
limit KC™ << 1, the Freundlich relation is retrieved, while for m =
1, the Sips model reproduces the Langmuir isotherm. Due to the dif-
ficulty of analysis nonlinear equations it is common to study a linear
approximation of Eq. 3.3. A linear adsorption equation is obtained
by placing the Langmuir isotherm into a linear kinetic relation (Eq.
1.19). Consequently, the equations used to reproduce the sink term
and isotherm (Eqgs.1.19 and 1.11) were modified to Egs. 3.3 and 3.4,
respectively. Trying to keep the simplicity in the model with a single
term, and adding a robust one that can reproduce the TAMOF-1
adsorption rate.

B
K K O™ (g — q) — Kaq" (3.3)

ot

= —————— 4
G = 1y KRG (3.4)

Where ¢, refers to the equilibrium adsorbed amount at a given
concentration, ¢, is the maximum adsorbed amount, K is the equi-
librium constant, K, and K, are the adsorption and desorption rate
constants, respectively, and m and n are the Sips isotherm parame-
ters.

The mass balance described by the equation 1.18 in conjunction
with the equation described above was solved numerically using the
ordinary finite difference equations (ODE) method using MATLAB
solver. The model parameters were optimized to best fit the experi-
mental breakthrough data obtained in the laboratory.
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3.4 Results and discussion.

3.4.1 Adsorption isotherms.

TAMOF-1 powder. Single gas (CO,, and Ny) adsorption isotherms
of TAMOF-1 powder up to 10 bars were measured in the 293-353 K
temperature range (Figure 3.5a). As a function of temperature, all
isotherms maintain their characteristic shapes, with gas uptake in-
creasing as the temperature decreases. Type I isotherms are obtained
for CO,, without reaching a plateau (saturation) in the investigated
pressure range. In example at 293K, CO, adsorption capacity of
4.2 mmol g~! and 6.7 mmol g~! are obtained at 1 and 10 bars, re-
spectively. Linear isotherms are obtained for Ny, indicating selective
preferential uptake of carbon dioxide with respect to nitrogen. The
BET surface area calculated from the N, isotherm at 77 K was 980
m2 ¢~!. From the different adsorption models available (See sec-
tion 1.5.2), the dual-site Langmuir-Freundlich model shows the best
fitting for the CO, adsorption isotherms (Figures B.1).

See, for instance, the comparison with Langmuir-Freundlich (Sips)
model at different range concentrations (Figure B.2). This indicates
that at least two different adsorption sites are responsible for domi-
nant CO, uptake. Tables B.2 and B.3 show the isotherm parameters
and regression coefficients. In figure 3.5¢ shows the CO2/N2 selectiv-
ity calculated by the ideal adsorption solution theory (IAST). This
calculated selectivity at 1 bar and 298K was 205, 160, and 135 for
a 6:94, 15:85, and 30:70 CO,/N, mixture, respectively. Moreover,
the IAST plot reveals a decreasing trend in selectivity with increas-
ing partial gas pressure (concentration). This behavior suggests that
TAMOF-1 is more capable of resolving the separation of CO,/N, at
lower partial gas pressures. This is in contrast to common materials
where obtaining good selectivity at low CO, concentrations is often
challenging. The change in the curve’s shape, characterized by in-
creasing slightly selectivity at high concentrations, indicates that CO,
molecules at high concentrations can access more active sites within
the TAMOF-1 framework compared to lower concentrations. This
observation provides brief insights into the material’s adsorption be-
havior and its potential for efficient CO,/N, separation under varying
gas partial pressure conditions (concentrations). Another important
remark is the complete adsorption/desorption reversibility obtained
for all the gases (figure 3.5a) with no hysteresis observed. This behav-
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ior aligns with the physical nature of the gas adsorption phenomena
within TAMOF-1 network and underscore the structural rigidity of
this material. The isosteric enthalpy of adsorption, AH,4s was esti-
mated via an indirect approach from the CO, adsorption isotherms
at the different temperatures using the Clausius-Clapeyron equation
(eq. 1.14). The zero- loading heat of adsorption for CO, was —39 kJ
mol'. Figure 3.5b shows the evolution of —AH,4s with CO, uptake.
A high —AH 4 is found at low pressure (zero coverage, —AHgugs—0),
and then it rapidly decreases as CO, uptake increases, approaching
the bulk-phase sublimation heat of CO,, 25-27 kJ mol~!, at adsorp-
tion capacity higher than 2 mmol g=!. This energy range points
to a physical gas adsorption process, and denotes a heterogeneous
adsorption process occurring at multiple adsorption sites with differ-
ent surface energies. This typical physisorption behavior prove the
capability of these MOF to resolve CO,/N, mixtures in a wide pres-
sure and temperature range, with low energy need to regenerate the
material from CO, in the initial adsorption sites.

Figure 3.5: Isotherms of TAMOF-1 for CO, and Ny. TAMOF-1 powder:
(a)Singles gas CO4 (squares) and N, (points) adsorption isotherms at tem-
perature range 293K-353K up to 10 bar. (b) Heat of adsorption (AH,ds)
calculated as a function of CO, uptake. (c) IAST selectivity of CO4/Ny
mixtures at 303 K up to 10 bar. TAMOF-1 pellet: (d) Single gas CO,
adsorption isotherms of TAMOF-1 pellets and powder at 303K and 1 bar.
(e) IAST selectivity of CO,/Ny mixtures at 303K up to 1 bar.

TAMOF-1 pellet. TAMOF-1 pelletized readily with 12% ben-
tonite retained an expected high BET surface are up to 850 m3g—!.
As shown in Figure 3.5d, TAMOF-1 pellets also exhibited a high
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equilibrium CO, adsorption capacity of 3.2 mmol g=! at 303 K and 1
bar, representing an 11% reduction compared to TAMOF-1 powder
(3.6 mmol g-1) at same conditions. Moreover, Figure 3.5e reveals an
IAST selectivity trend similar between powder and pellet TAMOF-1.
With a selectivity values calculated at 1 bar and 298 K: 200, 143,
and 111 for a 6:94, 15:85, and 30:70 CO,/N, mixture, respectively.

Sips fitting aproximation of the adsorption isotherms.

The Sips equation (Langmuir-Freundlich approximation), detailed in
equations 3.3 and 3.4, effectively describes adsorption equilibrium
in both isotherms and breakthrough curves363%3%  While the dual-
site Langmuir-Freundlich model offers a thermodynamically sound fit
with acceptable physical parameters, its complexity hinders incorpo-
ration into breakthrough curve modeling. Conversely, the single-site
Langmuir model, favored for its simplicity, fails to accurately repre-
sent TAMOPF-1 equilibrium behavior, particularly at low partial pres-
sures (<10%) relevant to the performed breakthrough curves (Figure
B.2). To address this, the Sips model emerges as a suitable alterna-
tive, correcting the non-physical behavior of the Freundlich equation
while maintaining a simpler form?3®3°. Adaptation of this model,
specifically in the reaction degrees (m and n) of CO, with TAMOF-1
active sites, is necessary. Figure B.2 illustrates how varying m and
n influence the model’s fit to experimental data. At low CO, partial
pressures, n=2 and m=1 provide the best fit, suggesting different ac-
tive site accessibility compared to high CO, partial pressures where
n=3 and m=2 are optimal. Selecting n=2 and m=1 for low con-
centrations yields a qm value of approximately 9, representing the
theoretical maximum adsorption capacity of TAMOF-1 under ideal
conditions. This finding underscores the need for a nuanced model
that captures the complex adsorption behavior of TAMOF-1 across
varying CO, concentrations. Additionally, also supporting on the
isosteric heat curve (Figure 3.5b), it is evident that TAMOF-1 pos-
sesses at least two distinct active sites for CO, adsorption. At high
CO, concentrations, the evolved heat is less than 30 kJ/mol, indi-
cating that this fraction of CO, is weakly bound and easily released.
In contrast, the more strongly bound CO,, which is challenging to
remove, is likely anchored to the Cu(Il) ions within the framework.
According to the Sips isotherm modeling, we propose that each CO,
molecule interacts with two Cu(II) centers, and each Cu(II) can bind
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up to two CO, molecules. Thus, the approximate relationship at
higher CO, partial pressures, the strongly bound CO, species can be
represented as (C'O3)2Cus (2C0O, molecules bind with 3 Coppers).

3.4.2 TAMOF-1 Adsorption/Desorption (Regen-
eration) Measurements: First Activation

To gain insights into the performance of TAMOF-1 powder as an ad-
sorbent capable of not only adsorbing but also regenerating (cleaning
from CO,) easily under various operating conditions, a comprehen-
sive regeneration study was conducted. As previously mentioned,
these studies were carried out with activation type 1 (cleaning with
N,). Vacuum regeneration was selected to simulate a pressure swing
physisorption process (VSA/PSA), which is widely employed in in-
dustry. This approach aimed to assess the suitability of TAMOF-1
for such processes.

Breakthrough measures.

In figure 3.6a we report nitrogen/carbon dioxide breakthrough curves
through a TAMOF-1 powder bed after activation at 1 bar and 298
K at different COy/N, ratios. Gas separation parameters obtained
from the breakthrough curves are reported in Table S19 (See SI for
details). Pure Ny (> 99.9%) elutes first and speedily from the bed.
Regular S-shaped curves were instead observed for CO,. Effective
COy/N, separation is achieved in all cases as CO, is sensibly de-
layed. This confirms slower CO, diffusion through the TAMOF-1
bed. By reducing CO, molar flow, the related curves shift towards
higher breakthrough times (BTt). Bt(CO,) increases from 1.84 to
6.5 min g~! when CO,/N, ratio is reduced from 30:70 to 6:94. In
contrast, BT(N,) point is almost constant, independent of the CO,
fraction. This can be attributed to the extremely fast N, elution
which makes differentiation and measuring experimentally difficult.
The adsorption capacities at saturation (gs) and breakthrough point
(gp) of carbon dioxide and nitrogen were evaluated. The gb(CO,)
were 0.57, 0.62, and 0.67 for CO,/N, ratios of 6:94, 15:85, and 30:70,
respectively. At the saturation point, the capacity increased approx-
imately 1.38 times the breakthrough capacity, with ¢s(CO,) values of
0.79, 0.86, and 0.92 for each CO, concentration increment. Moreover,
the breakthrough time followed the expected trend“’, with the longest
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BTt(CO,) of 7.3 min g~! observed for the 6% CO2 concentration. As
the gas concentration increased, the BT time decreased, reaching a
value of 1.84 min g~! for 30% CO,. Nitrogen showed non or mini-
mal interaction in all three concentration cases, and the BT(N,) point
could not be detected precisely with the micro-GC (not even with the
mass spectrometer). Therefore, the selectivity (5,(COy/Ny)), partic-
ularly at the BT point, could not be determined. However, the selec-
tivity at saturation (Ss), though not entirely realistic, was estimated
to be 123.7, 48.7, and 25.9 for 6:94, 15:85, and 30:70 CO,/N, rations,
respectively. The selectivity increased as the CO,/N, ratio in the
feed gas mixture decreased, exhibiting similar behavior to the ideal
selectivity evaluated from the single-gas adsorption isotherms (Fig-
ure 3.5¢,e). TAMOF-1 demonstrated an enhanced ability to separate
CO,/N, mixtures more easily and selectively at CO,-dilute concen-
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Figure 3.6: Regeneration study in TAMOF-1: (a) BT measures at differ-
ent CO4 gas concentrations (6,15, and 30%) at 25°C and 1bar. (b) CO,
desorbed in function of vacuum cleaning time. (c¢) N, remaining inside
the column in the function of the vacuum cleaning time. (d) Influence of
O, in CO4 desorption and Ny remaining inside the column. (e) Column
configuration for cycle analysis. (f) Key performance indicators (CO re-
covery and purity) at different gas mixtures ratios and blow-down times.
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Adsorption/desorption measures.

The regeneration study aimed to evaluate the amount of CO, des-
orbed at different vacuum times and determine the remaining trapped
N, in the column after vacuum cleaning. As shown in Figures 3.6b
and ¢, the CO, concentration increase corresponds to a higher CO,
adsorption on TAMOF-1. At higher partial pressures, more CO, is
desorbed within the same vacuum time interval. Notably, 30 seconds
of vacuum cleaning desorbed 0.08 mmol g=! of CO, at a ratio of
6C04:94N,, while decreasing this ratio to 30C0O4:70N, led to a higher
CO, desorption of 0.22 mmol g~!. The desorption kinetics of CO2 ex-
hibit an inverse exponential pattern, characterized by a steeper slope
at higher CO, concentrations. This observation suggests that CO,
desorbs more rapidly as the concentration of CO, increases, indicating
a concentration-dependent desorption process. This phenomenon can
be attributed to the competition between CO, molecules for available
desorption sites, leading to faster desorption at higher CO, concen-
trations. However, considering high-purity CO, co-filtration at high
CO2 partial pressures, the amount of recovered CO2 may be reduced,
potentially affecting the efficiency of the CO, capture process. The
maximum vacuum cleaning time was determined based on achieving
an equivalence between adsorption time (at the breakthrough point)
and regeneration time (vacuum cleaning). Figure 3.6b illustrates also,
that lower CO4 concentrations result in longer equivalence times be-
tween adsorption and desorption. The corresponding times for 6:94,
15:85, and 30:70 CO,/N, ratios were 30, 23, and 14 minutes, respec-
tively. The residual N, in the column (Figure 3.6¢) appears to be
released rapidly, irrespective of the gas fraction used in the adsorp-
tion step. The curves depicting the amount of N, remaining in the
column as a function of applied vacuum time exhibit similar behav-
ior and magnitude. Approximately 0.002 mmol g=! of N, remains
in the column after only 30 seconds, and it is almost entirely elim-
inated after 5 minutes of vacuum cleaning. This suggests that the
extremely weak interaction between Ny and the framework allows for
its straightforward removal from TAMOF-1, which does not pose a
challenge. In contrast, CO, could present difficulties in terms of re-
covery (as previously mentioned) if it is not recirculated, given its
facile elimination within a certain range.
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Effect of the Oxigen in the CO, recovery and purity.

In combustion gas streams, excess O, added to ensure proper com-
bustion, exits as an eluent in the stack off-gasses*' 3. To evaluate
its influence on both CO, desorption and Ny retention in the column,
the same procedure performed for the binary mixture of 6C0O2:94N2
was repeated for 6C05:10045:84N,. The mixture with the lowest CO,
concentration was chosen, as we hypothesized that N, would be the
most competitive gas, especially in hindering CO, elimination. Fig-
ure 1d shows the adsorption step (step 1) after 5 and 30 seconds of
vacuum cleaning (step 2). The desorbed CO, appears unaffected by
the added O, concentration, with a slight increase of 7% at 30 sec-
onds. However, the amount of Ny remaining in the column is lower
in the presence of Oy, with differences of 0.0035 and 0.00054 mmol
g1 at 5 and 30 seconds, respectively. This suggests that N, exits
quickly in both cases, indicating that the presence of O, does not af-
fect the extremely low interaction of Ny in TAMOEF-1. Therefore, the
analyses were performed with binary mixtures, consistent with the
theoretical literature, where most studies focus on binary CO,/N,
mixtures due to their greater difficulty of separation, especially at
low CO, concentrations®224445

VSA Cycle key performance inficators anaylisis.

The vacuum swing adsorption (VSA) cycle, utilizing a single labora-
tory column and extrapolated to a two-column continuous process,
is illustrated in Figure 3.6e (detailed in section 3.2.9). Figure 3.6f
demonstrates the relationship between CO, recovery, purity, blow-
down time, and inlet gas partial pressure. Experimental data reveal
that shorter blow-down times are required for high CO, purity as
CO,/N, ratio in gas inlet mixture increases. Specifically, achieving
>99.9% CO, purity necessitates at least 10 minutes for a 6CO5:94N,
inlet ratio, whereas 5 minutes suffice for both 15:85 and 30:70 ratios.
To meet carbon capture and storage (CCS) requirements (minimum
95% CO, purity, 110 bar, 30°C), a 5-second blow-down appears opti-
mal across all tested inlet gas ratios. This shorter duration, however,
leads to lower CO, recovery rates: 77%, 47%, and 43% for 6:94,
15:85, and 30:70 CO,/N, ratios respectively. While a 99.9% CO, pu-
rity could enhance CO, valorization in specific markets (e.g., food), it
significantly compromises recovery rates (27%, 19%, and 13% for the
respective ratios). This trade-off highlights the importance of balanc-
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ing purity and recovery objectives. The ease with which TAMOF-1
releases CO, contributes to lower CO, recovery at longer blow-down
times. To improve overall capture efficiency, recirculation of a portion
of the CO, removed during blow-down is recommended. These find-
ings underscore the need for further optimization to enhance CO, re-
covery while maintaining acceptable purity levels, especially at lower
CO, concentrations in the inlet gas.

3.4.3 Activation of TAMOF-1.

To obtain the highest adsorption capacity of CO, for TAMOEF-1, the
activation process is a critical step that needs to be carried out before
its use. Before each adsorption isotherm measurement, a dehydra-
tion step is performed at 150°C and 10-6 torr to prevent exceeding the
degradation temperature of TAMOF-1, which is above 200°C. This
procedure is a standard protocol successfully employed with this ma-
terial, as reported in the literature®*?!. In contrast, we followed the
first activation method (section 3.2.6) for the dynamic experiments
in the packed bed column. i) With this activation method at 393
K (1 K'min™') using 200 NmL-min~! of N, flowrate for 15 hours
in 10g of TAMOF-1 (hydrated) bed column. Notably, after only 3
hours, no water could be detected in the micro-GC connected online
to measure the water concentration. This observation provided initial
evidence suggesting that the activation was successful, prompting us
to experiment using this activation method. However, following the
completion of the TAMOF-1 regeneration study described in section
3.2.8, 3.2.7, 3.2.7, (performed with the first activation method), we
observed an increase in the adsorption capacity after cleaning the col-
umn under vacuum for 15 hours at 80 °C before subsequent analyses.
The initial breakthrough experiment with pure CO, gas conducted
after vacuum cleaning revealed a significant enhancement in the CO,
adsorption capacity, reaching up to 2.98 mmol-g—!. Notably, in pre-
vious experiments with the activation method with N2 flow, the CO,
adsorption capacity remained at 2.1 mmol-g~!. At this point, we
decided to initiate a preliminary study of the activation procedure
in a fixed-bed column before proceeding with the planned experi-
ments (Breakthrough experiments at different gas velocities). As is
standard practice, first, we performed experimental CO, adsorption
isotherms with a degassing procedure involving N, flow and vacuum
up to 10-6 Torr. Notably, the vacuum procedure resulted in a 25%




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

3.4 Results and discussion. 131

increase in CO, adsorption by weight. Additionally, the color of the
activated material differed; N, activation resulted in a gray color,
while vacuum activation resulted in a light violet color, as shown in
Figure 3.7.

We conducted further experiments to optimize the activation pro-
cedure of the TAMOF-1 fixed-bed column. Based on our initial
observations, we tested the same procedure in a fixed-bed column,
using vacuum and heating the column up to 120°C (second activa-
tion method). We initially used a glass column to monitor the color
change during activation inside the column visually. We also ex-
perimented with different methods of applying vacuum within the
column. The most effective approach was to apply a vacuum simul-
taneously from both the bottom and top of the column, which facili-
tated faster removal of water from the pores of TAMOF-1. Applying
a vacuum from only one side of the column leads to uneven complete
activation on one side of the TAMOEF-1 bed. This occurs because
the powder packs on the side where the vacuum is not applied, re-
ducing the pressure (vacuum) on that side. As a result, water is not
effectively removed from that side, leading to inefficient activation.

One of the reasons suggesting that flowing N, through the col-
umn is not as effective as vacuum, even when water concentration
in the outlet gas is no longer visible, is that the hydration water is
removed with low energy. However, the coordination water in the 3D
structures of TAMOF-1 units, where octahedral Cu(II) is connected
to four deprotonated ligands (two imidazolate and two triazolate lig-
ands) and two HyO molecules, requires higher energy to be removed
and reach complete activation. This process involves the loss of the
two coordination positions occupied by H,O after activation and a
color change (Figure 3.7d). A weight loss of 22.7% is observed in the
powder material when complete hydration is achieved. Using this
activation type in a small column (1g of TAMOF-1), an increase in
the CO, adsorption capacity up to 4.2 mmol-g~! with pure CO, is
observed (Figure 3.7c), similar to the value obtained in the adsorp-
tion isotherms under similar conditions. Consequently, this activa-
tion procedure was selected for the subsequent experiments, includ-
ing breakthrough curves with various gas velocities and a repeated
regeneration study, although only at one condition (6% CO,, 25°C,
and 1 bar). We employ the same type 2 activation before the anal-
ysis for pellets. All subsequent experiments were conducted using
this activation without encountering any issues. We hypothesize also
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that applying a vacuum from only one side of the column could be
sufficient for the pellet column. Pelletization of the TAMOF-1 pow-
der increases macroporosity while preventing the overpacking of the
material. Moreover, it would ensure a consistent vacuum pressure
throughout the column, which could benefit even in VSA processes.

In this small secction, we aimed to emphasize the critical role of
the activation in your adsorbent material, particularly for TAMOF-
1. While TAMOF-1 is a robust material, its performance is highly
dependent on the correct execution of the activation process. If an
activation is performed incorrectly, it cannot be rectified by subse-
quent activations. Specifically, performing a type 2 activation after
an initial type 1 activation does not result in the desired activation
state, leading to diminished adsorption performance compared to a
single, correctly performed type 2 activation. After proper activa-
tion, TAMOF-1 can be conveniently regenerated (or reactivated) if it
loses some adsorption capacity during operation, effectively restoring
its full adsorption potential. This has been extensively demonstrated
through multiple analyses employing the same material. Notably,
the regeneration process does not significantly alter the structural
integrity or adsorption properties of TAMOF-1, making it a durable
and reusable material. The facile regeneration capability is particu-
larly advantageous for practical applications, as it reduces the need
for frequent material replacement and minimizes waste production®.
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Figure 3.7: 3D structure of (a) as-synthetized and (b) activated TAMOF-
1 powder. Colour code for spheres: hydrogen (white), carbon (grey),
nitrogen (violet), oxygen (red) and copper (blue). (c¢) CO, breakthrough
curves of TAMOF-1 powder after activation with Ny flow and vacuum.
(d) Pictures of the TAMOF-1 powder colors after activation with Ny flow
(middle) and vacuum (left).

3.4.4 TAMOF-1 Adsorption/Desorption (Regen-
eration) Measurements: Second Activation

The physisorption performance of TAMOF-1 for CO, was observed to
improve after the second activation (section 3.4.3). In light of previ-
ous regeneration study results (after the first activation), TAMOF-1
tends to perform better at lower CO, concentrations. Industrial ap-
plications, where current post-combustion CO, capture technologies
encounter the most challenges, necessitate a focus on the inlet gas ra-
tio to the 6C0O4:94N, capture system while maintaining the operating
conditions of temperature (298 K) and pressure (1 bar). Although
future optimization for higher CO, concentrations is not ruled out,
this regeneration study addressed this aspect.

Figure 3.8a presents the breakthrough curve of the post-activation
column (blue), along with the sequential curves measured after each
vacuum regeneration. TAMOF-1 CO, uptake capacity at saturation,
qs(CO,), was 1.03 mmol g~!, exhibiting a 28% increase compared
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to its breakthrough point capacity, ¢,(CO,), with a Breakthrough
time of 9.45 min g~ (7.88 g de TAMOF-1 powder activated). The
BT(CO,) point, similar to the cleaning vacuum time, occurred at 41
minutes. This observation suggests that vacuum regeneration does
not entirely remove CO, from TAMOF-1, as remnant CO, remains
within the material’s pores. The cyclic stability of the material was
assessed by repeating the cleaning process and measuring the BT 10
times, resulting in consistent BT and cleaning times of 41 minutes.

Figures 3.8b and 3.8c illustrate the CO, desorbed and residual N,
quantities at varying vacuum times. Even after 120 minutes of vac-
uum, the desorbed CO, (0.87 mmol g~!) remains lower than the total
CO, adsorbed by TAMOF-1. Notably, at 41 minutes of desorption
time (equivalent to the adsorption time), 0.65 mmol g=! of CO, is
desorbed, while minimal vacuum times of 5 and 30 seconds yield 0.12
and 0.125 mmol g~! respectively. The residual N, at 30 seconds is
5.11x10~* mmol g~!, compared to 0.1 mmol g~! without vacuum. Us-
ing the VSA configuration (section 3.2.9), the recovered COy amount
and purity were calculated (Figure 3.8d). Without blow-down time,
86% pure CO, is recovered. A 30-second blow-down increases purity
t0 99.9%, but recovery drops to 80%. The CO, physisorption bench-
mark zeolite 13x (powder) under identical conditions (6CO,:94 N,
298K, 1 bar) reveals a high CO, adsorption capacity at saturation
(gs=3 mmol g~!) with a breakthrough time of 38 min g=! (8.1 g of
activated 13x zeolite). However, zeolite 13x exhibits significant CO,
retention, requiring 90 minutes for desorption and yielding 0.88 mol
g~ ! of desorbed CO,. The CO, concentration step is also slow, taking
nearly 2 minutes to reach 99.8% purity with a substantial CO, loss of
0.238 mmol g~!. In contrast, TAMOF-1, under the same VSA cycle,
achieves 99.8% CO, purity with an 81% recovery rate, compared to
65.7% for zeolite 13x (Figure 3.8¢). This translates to respective CO,
mass flow recoveries of 0.015 and 0.01 m3 h~! kg~!.



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

3.4 Results and discussion. 135

Figure 3.8: Experimental results of the regeneration measurements: (a)
CO4 Breakthrough curves at different regeneration time under vacuum;
(b) amount of CO4 desorbed at different regeneration time under vacuum;
and (c) Ny remaining inside the column after regeneration with vacuum.

3.4.5 TAMOF-1 Pellet Adsorption/Desorption (Re-
generation) measures.

For industrial applications, transitioning from powder to structured
forms (e.g., metal-supported, pellets, membranes) is crucial®?46:47,
Preliminary isotherm analyses (Figure 3.5d) of previously synthe-
sized TAMOF-1 pellets with 12% bentonite binder show promising
results. These pellets withstand up to 10 bar pressure without signif-
icant particle loss (< 1%). Additionally, these pellets also exhibit a
remarkable specific surface area, approximately 848 m? g~!. Conse-
quently, testing their performance under dynamic conditions (break-
through measurements) in the same VSA system configuration used
for TAMOEF-1 powder is warranted. Figure 3.9a compares the break-
through curves of the pellet and powder using pure CO, to assess
total adsorption and activation. Notably, the pellet exhibits only a
6% reduction in CO, adsorption capacity at saturation (g, = 3.52
mmol g~!) compared to the powder. The similar S-curve shapes sug-
gest comparable mass transfer mechanisms, potentially attributed to
the low gas velocity used due to the pure CO, environment (gas ve-
locity approaching zero until breakthrough).
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Figure 3.9: (a) TAMOF-1 powder and pellet Breakthrough curves with
pure CO, at 298K and 1bar.(b) CO5 and N, breakthrough curves on
TAMOF-1 pellet for 6C04:94N, ratio at 298K and 1 bar. (c) TAMOF-1
pellet breakthrough curves of CO,, with a feeding CO,/N, gas mixture
with a 6:94 concentration at a total flow of 30 NmL min~!, 298 K and
1.05 bar. The data include a batch of TAMOF-1 that was preliminarily
activated (Sla), and measurements were taken after steady state with an
80 min vacuum regeneration time (S1b-S1J). (d) CO4 recovery and purity
as a function of the blow-down time for TAMOF-1 pellets and powder at
30 NmL min~!, 298 K, and 1.05 bar.

The performance of the TAMOF-1 pellet was evaluated under in-
let gas conditions of 6C04:94N, at 298K and 1 bar. Figure 3.9b dis-
plays the CO, and N, breakthrough curves. Similar to the TAMOF-1
powder, the pellet exhibits minimal interaction with N,, with an es-
timated CO, selectivity of 163. The CO4 adsorption capacity at sat-
uration (g,) is 1.04 mmol g~!, and at breakthrough (g;) is 0.85 mmol
g~ !, with a breakthrough time of 9.40 min g~!. An 80-minute vacuum
cleaning time was determined to be equivalent to the breakthrough
time during adsorption. Remarkably, there is only a 6% decrease
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in qs(CO,) for the TAMOF-1 pellet (0.98 mmol g~!) under steady-
state adsorption/desorption cycles with an 80-minute vacuum time
(Figure 3.9¢). The steady-state qb(CO,) is 0.747 mmol g~!. Cyclic
stability tests over 10 adsorption/desorption cycles revealed no loss
in adsorption performance. Using the experimental data of desorbed
CO, at different vacuum times (5 sec, 30 sec, 80 min) and residual
N, inside the column, along with the procedure established for the
TAMOF-1 powder, the CO, recovery capacity and purity in the VSA
cycle were calculated. Figure 3.9d compares the pellet and powder
data, showing similar CO, purity values at 5 seconds (95% and 98%,
respectively) and 30 seconds (99.9%) of vacuum concentration time
(blow-down). However, the pellet’s recovery is compromised com-
pared to the powder, with 88.8% recovery at 5 seconds (vs. 81.8%
for powder) and 69.9% at 30 seconds (vs. 80.9%). Without blow-
down time, assuming full recovery at steady state, the CO4 purity is
78.1% for the pellet and 86.6% for the powder. These results suggest
that the pellet exhibits faster desorption kinetics. This is further
supported by the minimal reduction (= 6%) in adsorption capacity
from the first adsorption after activation to steady state, compared
to the powder (=~ 38%). This faster desorption necessitates shorter
vacuum times for CO,y concentration to avoid significant CO, loss
without recirculation.

3.4.6 Breakthrough curves data at different gas
velocities.

When scaling up gas separation technologies for industrial applica-
tions, it is crucial to characterize both equilibrium (via adsorption
isotherms) and kinetics (via breakthrough curves) under various op-
erating conditions (temperature, pressure, gas velocity). This enables
the effective transfer of these parameters from laboratory to larger
scales!?48,

Figure 3.10 shows the breakthrough curves for TAMOF-1 pow-
der exposed to a mixture of 6% CO, (He balance). The curves il-
lustrate the effects of manipulating three variables: pressure (1-5
bar), temperature (25-80°C), and gas velocity (0.005-0.015 m s );
i) Pressure: As expected, the adsorption capacity (gs) tends to in-
crease proportionally with the partial pressure of CO,. At 298K and
1 bar, gs(CO,) is 0.9 mmol g~!, increasing to 1.74 mmol g~* at 5
bar (Figure 3.10a). This is consistent with the increased CO, partial
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pressure driving adsorption. ii) Temperature: Adsorption capacity
is inversely proportional to temperature. At 1 bar and 0.005 m s-1,
qs(CO,) values are 0.9, 0.59, and 0.28 mmol g~! at 25, 50, and 80°C
respectively (Figure 3.10b). This reflects the exothermic nature of
adsorption, where higher temperatures hinder CO, uptake. iii) Gas
Velocity: Adsorption capacity appears independent of gas velocity
within the measured range. At 298K and 1 bar, qs(CO,) remains
constant at 0.90 mmol g~! across all three velocities (Figure 3.10c).
This suggests that mass transfer limitations are not significant within
this range. Furthermore, for the measurements at 1 bar, a reduced
pressure drop of | 0.15 bar was noted at the highest velocity of 0.015
m s~!. For detailed experimental data at each operating condition,
refer to Figure B.3. This comprehensive overview provides valuable
insights into the interplay between temperature, pressure, and gas
velocity, in the TAMOF-1 powder adsorption performance.

Figure 3.10: Breakthrough curves for 6:94 CO,/He gas mixture: (a) Dif-
ferent pressure at 25°C and v=0.005 m s~! , (b) Different temperature at
Ibar and v=0.005 m s~! and (c) Different gas velocity at 25°C and 1 bar.

Characterizing TAMOF-1 under dynamic adsorption conditions
allows for a more accurate estimation of its mass transfer by calculat-
ing the mass transfer coefficient (MTC). Since the linear adsorption
equation cannot fully capture key physical aspects®®, we employed the
Sips model (order n=2, m=1) and validated it against breakthrough
experimental data at varying velocities (0.005 — 0.015 m s™!) under
298 K and 1 bar. Using equations 1.17 (section 1.5.3), 3.3, and 3.4, we
estimated the transfer coefficients Kad and Ked. Figure B.4 shows
the experimental data and the fitted curve for TAMOF-1 powder.
Kad values were 0.003, 0.006, and 0.008 m3kgs~! for gas velocities of
0.005m s, 0.010m s, and 0.015 m s~!, respectively. Interestingly,
the Kde parameter (describing desorption) exhibited higher values
than Kad (0.42, 0.84, and 1.27 s7!), suggesting that TAMOF-1 des-
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orbs easily at lower concentrations (low adsorption rates). This aligns
with findings in section 3, demonstrating rapid adsorption/desorption
rates and the need for short blow-down times, albeit with potential
for significant CO, loss at longer blow-down durations. While ad-
sorption and desorption coefficients may vary with temperature and
flow rate, they should remain constant with respect to concentration
and q based on the proportionality assumption. To verify this, we
conducted breakthrough measurements at a constant velocity (0.005
m s~!) but varying concentrations (1, 2.5, and 6% CO,). The Kad
coefficient exhibited a slight variation as a function of concentration
(0.003 4 0.0005 m3kgs~!), suggesting that the nonlinear sink model
accurately captures the physics without violating model assumptions.
Detailed results of all experiments can be found in Table S1.

Figure 3.11: Breakthrough curves for TAMOF-1 powder and pellet at
different gas velocities: (a) 0.005, (b)0.010, and (c)0.015 m s~!, under 298
K and 1.05 bar.

TAMOF-1 pellets were evaluated under the same velocity range
(0.005-0.015 m s '), pressure, and temperature conditions (298K,
1 bar) as the powder form. Figure 3.11 displays the breakthrough
curves for powder and pellet TAMOF-1 shape at varying gas ve-
locities. Both forms (pellet and powder) exhibit similar saturation
adsorption capacities (0.93 £ 0.03 mmol g~!) across the tested ve-
locities. However, due to differences in mass transfer (evident in
the distinct S-curve shapes), the breakthrough adsorption capacities
differ. The breakthrough times for the pellet are 3.64, 1.61, and
0.87 min g~! at 0.005, 0.010, and 0.015 m s~!, respectively. As the
figure illustrates, the curve slope becomes steeper with increasing ve-
locity, resulting in higher breakthrough adsorption capacities (g;) at
lower velocities. Specifically, ¢,(CO,) values for the pellet are 0.66,
0.55, and 0.45 mmol g~! at 0.005, 0.010, and 0.015 m s~!, respec-
tively. In addition to these analyses, the mass transfer coefficient K4
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in TAMOF-1 decreases as expected, due to the increase in macrop-
orosity, which facilitates faster desorption but slower mass transfer
(steeper curves and lower K, 4 values). Figure B.5 presents the exper-
imental breakthrough curve data for the TAMOF-1 pellet at different
evaluated rates, along with the curves fitted to the experimental val-
ues. The K,; values for the TAMOF-1 pellet were 1.7x1075, 2.3
%1075, and 2.8x107% m3kg~'s~!, corresponding to each gas velocity
increment, respectively.

3.5 Outlook.

An ideal adsorbent for post-combustion CO, capture should possess
several key attributes: i) high CO, adsorption capacity, ii) rapid ad-
sorption/desorption kinetics, iii) high selectivity for CO, over Ny and
O,, functionality in humid conditions, iv) mild regeneration condi-
tions, v) structural formability (e.g., beads, laminates, monoliths),
vi) chemical, mechanical, and thermal stability, and vii) low-cost,
scalable production®®. TAMOF-1 demonstrates potential in meeting
most of these criteria, offering a promising pathway towards cost-
effective and reliable industrial-scale CO, capture. However, while
theoretical hypotheses suggest competition between water and CO,
adsorption in TAMOF-1, practical evaluation under cyclic conditions
is necessary to confirm its performance. If unsatisfactory, a dehu-
midification system may be required, potentially increasing capture
costs. Investigating hydrophobic filler incorporation into TAMOF-1
pellets for improved performance in humid environments is a poten-
tial avenue for future research. Other MOFs may exhibit superior
properties in one or more of the aforementioned criteria, but not
all. Notably, many reported MOFs, despite high CO, capacity or
selectivity, cannot tolerate even ambient moisture. CALF-20 stands
out as a MOF with promising results® across all criteria, warranting
future comparative evaluation against TAMOF-1. Zeolite 13x, de-
spite high CO, adsorption capacity, underperforms under cyclic con-
ditions due to high energy consumption for desorption and sensitiv-
ity to water®. In gas separations, simple metrics like selectivity and
working capacity often correlate poorly with process performance,
as evidenced by our study. Zeolite 13x exhibits high adsorption ca-
pacity at low CO, partial pressures but underperforms under cyclic
conditions compared to TAMOF-1. A recent studies screening high-
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lights the importance of detailed process modeling and optimization
in sorbent selection®!®22:51:52  (Cost and scalability of synthesis are
crucial factors. Many MOF's require expensive, non-commercial apro-
tic solvents or linkers. TAMOF-1 utilizes readily available, low-cost
components (water, methanol, and ethanol as solvents) and scalable
synthesis methods3%32, While materials may exhibit exceptional in-
dividual features, their integration with optimal process engineering
conditions, such as capture conditions and available waste energy
for regeneration, is key. TAMOF-1’s moderate uptake at lower par-
tial pressures and high uptake at higher pressures make it suitable
for pressure swing processes at lower temperatures. We are cur-
rently developing a mobile pilot plant (Figure 3.12) for scaling up the
COy capture process via VSA (vacuum swing adsorption) to evaluate
TAMOF-1’s real-world performance under real gas conditions. This
will provide critical data for scaling up to industrial levels. TAMOF-
1’s high selectivity and fast kinetics enable faster cycling, enhancing
process productivity, with results expected to clarify points iii) and
iv). Given its scalability and durability, TAMOF-1 may pave the
way for widespread MOF use in large-scale industrial gas separation,
particularly for post-combustion CO, capture. Efficient capture is a
crucial step in reducing greenhouse gases, and integrating advanced
materials with advanced processes will facilitate larger demonstra-
tion projects to validate MOF's in real-world CO, capture scenarios.
This study provides valuable initial observations and trends regarding
TAMOF-1’s potential for post-combustion CO, capture. However,
further analysis is needed to assess its feasibility for industrial im-
plementation, including energy consumption, water competitiveness,
real gas testing, and techno-economic evaluation.
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Figure 3.12: Post-combustion CO, capture pilot plant using VSA with
TAMOEF-1.

3.6 Conclusions.

TAMOF-1, a stable and robust homochiral metal-organic framework
(BET specific surface area = 980 + 50 m?g~!), demonstrates selec-
tive CO, adsorption from gas streams, reaching up to 3.7 mmol g—*
at 1 bar and 298K. Adsorption isotherms confirm preferential CO,
uptake over N, across a wide pressure range (0-10 bar), yielding
favorable separation parameters for CO,/N, mixtures. High IAST
selectivity (up to 205) is achieved across various CO,/N, concentra-
tions (6-30%), pressures (1-10 bar), and temperatures (293-353 K).
Importantly, the weak interactions between CO, and TAMOF-1 en-
able easy, low-energy regeneration. A modified Langmuir-Freundlich
(Sips) isotherm model accurately fits the CO, equilibrium isotherms,
while the Langmuir model describes the N, isotherms.
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Dynamic column breakthrough experiments with binary CO,/N,
mixtures (6:94, 15:85, 30:70) at 298K and 1.05 bar reveal a concentration-
dependent desorption process, with faster CO, desorption at higher
concentrations. The longest breakthrough time (7.3 min g=!) occurs
at the lowest CO, concentration (6%). N, interaction with TAMOF-1
is minimal, allowing for high CO, purities (>99.9%) after 5 minutes
of vacuum regeneration. An experimental 4-step vacuum swing ad-
sorption (VSA) configuration demonstrates ~95% CO, purity and
~TT7% recovery with only 5 seconds of vacuum at 6:94 CO,/N,.

Vacuum activation of TAMOF-1 nearly doubles its adsorption
capacity compared to Ny purging, underscoring the importance of
activation methods. Cyclic performance tests (VSA) under flue gas
conditions (6:94 CO,/N,, 298K, 1.05 bar), using the second activation
method (vacuum), reveal that TAMOF-1 outperforms benchmark ze-
olite 13x, achieving 25% higher CO, recovery at ~ 99.8% purity.
Pellet and powder forms of TAMOF-1 exhibit comparable adsorp-
tion capacities (~ 1 mmol g!') under dynamic conditions (298K, 1
bar, 6:94 CO,/N,). However, the pellet desorbs more easily, leading
to higher purities at shorter concentration times but lower recovery
at longer times.

Single-component CO, breakthrough experiments with 6:94 CO,/He
at various velocities (0.005, 0.010, 0.015 m s™!) further validate the
modified Sips model. Both pellet and powder exhibit fast kinet-
ics, with adsorption mass transfer coefficients (K,q4) of 3 — 8 x1073
m3kg~'s™! (powder) and 1.7- 2.8 x107° m3kg~'s™! (pellet).

Given these performance metrics, TAMOF-1 pellets show promise
for post-combustion carbon capture using pressure/vacuum swing
adsorption technologies. Its tunable regeneration protocol allows
for flexible adaptation to time and energy constraints. Ongoing ef-
forts focus on scaling up and optimizing the VSA process, evaluating
real-world industrial stability, and ultimately assessing the techno-
economic feasibility of TAMOF-1 for large-scale CO, capture.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

144

Chapter 8. TAMOEF-1 as an Adsorbent for Carbon Capture:
Preliminary Assessment for Post-Combustion CO, Removal

References

1.

10.

11.

Brickett, L. Carbon Dioxide Capture Handbook (US Depart-
ment of Energy (DOE)/NETL, 2015, Aug. 2015).

COy Emissions in 2022 tech. rep. Accessed: 2023-6-19 (2022).

Xie, J., Xia, Z., Tian, X. & Liu, Y. Nexus and synergy be-
tween the low-carbon economy and circular economy: A sys-
tematic and critical review. en. Environ. Impact Assess. Rev.
100, 107077. 1SSN: 0195-9255,1873-6432 (May 2023).

Hasan, M. M. F.; Baliban, R. C., Elia, J. A. & Floudas, C. A.
Modeling, Simulation, and Optimization of Postcombustion
CO 2 Capture for Variable Feed Concentration and Flow Rate.
1. Chemical Absorption and Membrane Processes. en. Indus-
trial & Engineering Chemistry Research 51, 15642—-15664. 1SSN:
0888-5885, 1520-5045 (Dec. 2012).

Siegelman, R. L., Kim, E. J. & Long, J. R. Porous materials for
carbon dioxide separations. Nat. Mater. 20, 1060-1072 (2021).

Lin, J.-B. et al. A scalable metal-organic framework as a durable
physisorbent for carbon dioxide capture. Science, 1-4 (2021).

Keith, D. W., Holmes, G., St. Angelo, D. & Heidel, K. A Pro-
cess for Capturing C'O, from the Atmosphere. Joule 2, 1573~
1594 (2018).

Nakao, S.-I., Yogo, K., Goto, K., Kai, T. & Yamada, H. Ad-
vanced C' Oy capture technologies: Absorption, adsorption, and
membrane separation methods (Springer, 2019).

Figueroa, J. D., Fout, T., Plasynski, S., Mcllvried, H. & Sri-
vastava, R. D. Advances in C'Oy capture technology-The U.S.
Department of Energy’s Carbon Sequestration Program. Int.
J. Greenhouse Gas Control 2, 9-20 (2008).

Wilcox, J., Haghpanah, R., Rupp, E. C., He, J. & Lee, K. Ad-
vancing adsorption and membrane separation processes for the
gigaton carbon capture challenge. Annu. Rev. Chem. Biomol.
Eng. 5, 479-505 (2014).

Rackley, S. A. in Carbon Capture and Storage (Second Edition)
(ed Rackley, S. A.) 115-149 (Butterworth-Heinemann, Boston,
2017). 1SBN: 978-0-12-812041-5. http://www.sciencedirect.
com/science/article/pii/B9780128120415000064.


http://www.sciencedirect.com/science/article/pii/B9780128120415000064
http://www.sciencedirect.com/science/article/pii/B9780128120415000064

UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 145

12.  Green, D. W. & Perry, R. H. Perry’s Chemical Engineers Hand-
book (McGraw-Hill Book Co., London and New York, 2008).

13. Liu, H., Idem, R. & Tontiwachwuthikul, P. Post-combustion
COy Capture Technology: By Using the Amine Based Solvents
ISBN: 978-3-030-00921-2. http://1link. springer.com/10.
1007/978-3-030-00922-9 (Springer International Publishing,
Cham, 2019).

14. Luis, P. Use of monoethanolamine (MEA) for CO, capture in
a global scenario: Consequences and alternatives. Desalination
380, 93-99 (2016).

15.  Zanco, S. E. et al. Postcombustion C'O, Capture: A Compara-
tive Techno-Economic Assessment of Three Technologies Using
a Solvent, an Adsorbent, and a Membrane. ACS Engineering
Au 1, 50-72 (2021).

16. Seider, W. D. et al. Product and Process Design Principles:
Synthesis, Analysis, and Evaluation en. ISBN: 978-1-119-63698-
4 (Wiley, May 2020).

17. Riboldi, L. & Bolland, O. Overview on Pressure Swing Ad-
sorption (PSA) as CO, Capture Technology: State-of-the-Art,
Limits and Potentials. Energy Procedia 114. 1SSN: 18766102
(2017).

18.  Subraveti, S. G., Roussanaly, S., Anantharaman, R., Riboldi,
L. & Rajendran, A. How much can novel solid sorbents reduce
the cost of post-combustion C'O, capture? A techno-economic
investigation on the cost limits of pressure-vacuum swing ad-
sorption. Applied Energy 306, 117955. 1SSN: 03062619 (Jan.
2022).

19.  Gas Adsorption in Metal-Organic Frameworks (eds Grant Glover,
T. & Mu, B.) (CRC Press, Boca Raton, FL. : CRC Press-Taylor
& Francis Group, [2018], Sept. 2018).

20. Danaci, D., Bui, M., Mac Dowell, N. & Petit, C. Exploring
the limits of adsorption-based C'Os capture using MOFs with
PVSA — from molecular design to process economics. en. Molec-
ular Systems Design & Engineering 5, 212-231. 1SSN: 2058-
9689 (2020).



http://link.springer.com/10.1007/978-3-030-00922-9
http://link.springer.com/10.1007/978-3-030-00922-9

UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 8. TAMOEF-1 as an Adsorbent for Carbon Capture:
146 Preliminary Assessment for Post-Combustion CO, Removal

21. Hu, Z., Wang, Y., Shah, B. B. & Zhao, D. CO, Capture in
Metal-Organic Framework Adsorbents: An Engineering Per-
spective. Advanced Sustainable Systems 3, 1800080. 1SSN: 2366-
7486 (2019).

22. Balogun, H. A., Bahamon, D., AlMenhali, S., Vega, L. F. &
Alhajaj, A. Are we missing something when evaluating adsor-
bents for CO 2 capture at the system level? Energy Environ.
Sci. (2021).

23. Hasan, M. M. F., Baliban, R. C., Elia, J. A. & Floudas, C. A.
Modeling, Simulation, and Optimization of Postcombustion
CO 2 Capture for Variable Feed Concentration and Flow Rate.
2. Pressure Swing Adsorption and Vacuum Swing Adsorption

Processes. en. Industrial & Engineering Chemistry Research
51, 15665-15682. 1sSN: 0888-5885, 1520-5045 (Dec. 2012).

24. Riboldi, L. & Bolland, O. Evaluating Pressure Swing Adsorp-
tion as a C'Oy separation technique in coal-fired power plants.

International Journal of Greenhouse Gas Control 39, 1-16.
ISSN: 17505836 (2015).

25. Abanades, J. C. et al. Emerging CO, capture systems. Int. J.
Greenhouse Gas Control 40, 126-166 (2015).

26. Mukherjee, S., Kumar, A. & Zaworotko, M. J. in Metal-Organic
Frameworks (MOFs) for Environmental Applications (ed Ghosh,
S. K.) 5-61 (Elsevier, 2019).

27. Jiang, D.-e., Mahurin, S. M. & Dai, S. Materials for Carbon
Capture 1SBN: 978-1-119-09117-2 (John Wiley & Sons, 2020).

28. Baci, M. et al. Metal-Organic Frameworks (MOFs) for Enuvi-
ronmental Applications (Elsevier, 2019).

29. Masala, A. et al. COy Capture in Dry and Wet Conditions in
UTSA-16 Metal-Organic Framework. en. ACS Applied Materi-
als € Interfaces 9, 455-463. 1SSN: 1944-8244, 1944-8252 (Jan.
2017).

30. Corella-Ochoa, M. N. et al. Homochiral Metal-Organic Frame-
works for Enantioselective Separations in Liquid Chromatog-
raphy. Journal of the American Chemical Society 141, 14306—
14316. 18SN: 15205126 (Sept. 2019).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 147

31. Gonzélez-Galan, C. et al. Separation of Volatile Organic Com-
pounds in TAMOF-1. ACS Applied Materials € Interfaces 14,
30772-30785. 1sSN: 1944-8244 (July 2022).

32. Nunez-Rico, J. L. et al. TAMOF-1 as a Versatile and Pre-
dictable Chiral Stationary Phase for the Resolution of Racemic
Mixtures. ACS Applied Materials & Interfaces 15, 39594-39605
(2023).

33. Gabelman, A. Adsorption can be used to treat waste streams
or purify valuable components of a feed. This article describes
both equilibrium and mass-transfer considerations, and reviews
the fundamentals of adsorption system design. en. Back to Ba-
sics (2017).

34. Douglas M. Ruthven S Farooq, K. S. K. Pressure Swing ad-
sorption (John Wiley & Sons, 1996).

35. Duran, 1., Rubiera, F. & Pevida, C. Separation of CO; in a
Solid Waste Management Incineration Facility Using Activated
Carbon Derived from Pine Sawdust. Energies 10, 827 (2017).

36. Myers, T. G., Font, F. & Hennessy, M. G. Mathematical mod-
elling of carbon capture in a packed column by adsorption. en.
Appl. Energy 278, 115565 (Nov. 2020).

37. Ayawei, N., Ebelegi, A. N. & Wankasi, D. Modelling and In-
terpretation of Adsorption Isotherms. J. Chem. Chem. Eng.
(2017).

38. Myers, T. G., Cabrera-Codony, A. & Valverde, A. On the de-
velopment of a consistent mathematical model for adsorption
in a packed column (and why standard models fail). en. Int.
J. Heat Mass Transf. 202, 123660. 1sSN: 0017-9310,1879-2189
(Mar. 2023).

39. Myers, T. G. & Font, F. Mass transfer from a fluid flowing
through a porous media. en. Int. J. Heat Mass Transf. 163,
120374. 18sN: 0017-9310,1879-2189 (Dec. 2020).

40. Seader, J. D., Henley, E. J. & Roper, D. K. Separation Pro-
cess Principles, 3rd Edition en. I1SBN: 978-1-118-13962-2 (John
Wiley Incorporated, Nov. 2010).

41. Sayari, A., Belmabkhout, Y. & Serna-Guerrero, R. Flue gas
treatment via C'Oy adsorption. en. Chem. Eng. J. 171, 760
774 (July 2011).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 8. TAMOEF-1 as an Adsorbent for Carbon Capture:
148 Preliminary Assessment for Post-Combustion CO, Removal

42. Rubin, E. S., Davison, J. E. & Herzog, H. J. The cost of C'O,
capture and storage. Int. J. Greenhouse Gas Control 40, 378
400 (2015).

43. Van De Haar, A. et al. Dynamics of Postcombustion C'O,
Capture Plants: Modeling, Validation, and Case Study. Indus-
trial and Engineering Chemistry Research 56, 1810-1822. ISSN:
15205045 (2017).

44. Madeddu, C., Errico, M. & Baratti, R. CO, Capture by Reac-
tive Absorption-Stripping (2019).

45. Jansen, D., Gazzani, M., Manzolini, G. & Van Dijk, E. Emerg-
ing C'O, capture systems. Int. J. Greenhouse Gas Control 40,
167-187 (2015).

46. Toannou, 1., Galdan-Martin, A., Pérez-Ramirez, J. & Guillén-
Gosalbez, G. Trade-offs between Sustainable Development Goals
in carbon capture and utilisation. Energy Environ. Sci. (2022).

47. Nagireddi, S., Agarwal, J. R. & Vedapuri, D. Carbon Dioxide
Capture, Utilization, and Sequestration: Current Status, Chal-
lenges, and Future Prospects for Global Decarbonization. ACS
Engineering Au (2023).

48. Pai, K. N., Prasad, V. & Rajendran, A. Practically Achiev-
able Process Performance Limits for Pressure-Vacuum Swing
Adsorption-Based Postcombustion COy Capture. en. ACS Sus-
tainable Chem. Eng. 9, 3838-3849. 1SSN: 2168-0485,2168-0485
(Mar. 2021).

49. Samanta, A., Zhao, A., Shimizu, G. K. H., Sarkar, P. & Gupta,
R. Post-combustion CO, capture using solid sorbents: A re-
view. en. Ind. Eng. Chem. Res. 51, 1438-1463 (Feb. 2012).

50. Qasem, N. A. & Ben-Mansour, R. Adsorption breakthrough
and cycling stability of carbon dioxide separation from C'O,/N2/H20

mixture under ambient conditions using 13X and Mg-MOF-74.
Applied Energy 230, 1093-1107. 1SsN: 03062619 (2018).

51. Nguyen, T. T., Lin, J.-B., Shimizu, G. K. & Rajendran, A.
Separation of C'Oy and Ny on a hydrophobic metal organic

framework CALF-20. en. Chemical Engineering Journal 442,
136263. 1SSN: 13858947 (Aug. 2022).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 149

52. Subraveti, S. G., Roussanaly, S., Anantharaman, R., Riboldi,
L. & Rajendran, A. Techno-economic assessment of optimised
vacuum swing adsorption for post-combustion C'Osy capture
from steam-methane reformer flue gas. Sep. Purif. Technol.
256, 117832 (2021).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 3. TAMOF-1 as an Adsorbent for Carbon Capture:

150 Preliminary Assessment for Post-Combustion CO, Removal




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

”An expert is one who has
made all the mistakes that
can be made in a very small
field.”

Niels Bohr

Selective adsorption of CO,
in TAMOF-1 for the
separation of CO,/CH, gas
mixtures.

Abstract In this chapter, we introduce TAMOF-1, an eco-friendly
metal-organic framework (MOF) designed to efficiently separate car-
bon dioxide from methane and nitrogen in biogas type mixtures.
TAMOF-1 demonstrates exceptional CO, adsorption capacity, re-
markable cyclic stability, and efficient regeneration properties. Com-
putational analysis corroborates its superior sorption and transport
characteristics. These attributes position TAMOF-1 as a promising
candidate for industrial CO, capture and biogas purification utiliz-
ing pressure/vacuum swing adsorption technology. Ongoing research
endeavors focus on evaluating TAMOF-1’s performance under realis-
tic conditions and optimizing operating parameters to maximize its
potential for practical applications.
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4.1 Introduction.

The presence of CO, in gas streams is detrimental to the environment
as greenhouse gas emissions and an undesirable impurity in industrial
feedstocks. It is particularly problematic in methane-based gas mix-
tures like biogas and natural gas, where it can significantly reduce
the fuel’s quality and heating value’?. Biogas, obtained from the
anaerobic fermentation of biological residues, is a promising green
alternative to natural gas®*. It offers a sustainable solution for con-
verting biowaste into renewable energy while reducing greenhouse gas
emissions®. However, the separation and capture of CO, from biogas
pose significant challenges. The main challenges in CO, separation
from biogas include: i) Similar kinetic diameters of CH; and CO,
molecules, making physical separation methods based on size exclu-
sion ineffective. ii) Preference for low-pressure operations (close to
1 bar) to minimize energy consumption from compression work, re-
sulting in a low driving force for separation. iii) The requirement
for very high CO, removal efficiency (> 98%) to meet pipeline-grade
specifications and ensure effective utilization as a fuel.®” Overcoming
these challenges requires advanced technologies and materials that
can selectively and efficiently separate CO, from CH, under mild op-
erating conditions. Research efforts are focused on developing novel
separation processes, such as membrane separation, adsorption, and
chemical absorption, to achieve high CO, removal efficiency while
minimizing energy consumption and meeting the stringent require-
ments for biogas upgrading. At a large scale, capturing CO, for
methane purification is primarily achieved through water scrubbing
and chemical (amine) scrubbing®®, which are well-established tech-
nologies'®!. However, these methods have significant drawbacks: 1)
High energy requirement for solvent regeneration: Both water scrub-
bing and amine scrubbing require substantial energy input to regen-
erate the solvents used in the CO, capture process. This energy
requirement can be a major operational cost, especially for large-
scale applications. #i)Large footprint: Both scrubbing systems typ-
ically require extensive infrastructure and equipment, resulting in
a large physical footprint. This can be a limiting factor for small-
scale industries or facilities with limited space. In the case of amine
scrubbing, an additional drawback is iii) Waste management: Amine
scrubbing generates solid salts and traces of gaseous compounds due
to amine degradation. These waste products require proper han-
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dling, treatment, and disposal, which can pose environmental and
regulatory challenges. This necessitates the development of alterna-
tive solutions based on novel and cutting-edge materials. The sep-
aration of CO,/CH, mixtures directly in the gas phase would be
highly desirable. In this context, a promising process for gas sep-
aration is physisorption!?!?. Due to the physical nature of the in-
teractions involved, this process typically requires lower energy con-
sumption during the regeneration step compared to processes gov-
erned by strong chemical interactions such as chemisorption in solid
or liquid adsorbents. Different technologies based on physisorption
are available, such as pressure swing adsorption (PSA)*1® vacuum
swing adsorption (VSA)'  and thermal swing adsorption (TSA).
These technologies involve at least two consecutive steps, to operate
in continuous. Stepl) First, CO, is selectively adsorbed by the ac-
tive component at high pressure and /or low temperature, and Step2)
then, the adsorbent is regenerated by CO, desorption at lower pres-
sure/vacuum (PSA/VSA) or/and at higher temperature (TSA). The
search for efficient physisorbents for CO, removal has led to the in-
vestigation of various porous materials!®. Benchmark zeolites ex-
hibit competitive separation performance at high pressures (4-7 bar),
with acceptable adsorption capacity and selectivity. However, their
high regeneration energy requirement is a drawback'®?. Carbon-
based materials provide advantages in terms of low cost and easy
regeneration but are limited by lower adsorption capacity and se-
lectivity. The limitations of these adsorbents currently restrict the
commercial use of carbon capture (CC) technologies to niche appli-
cations. To open up new opportunities for CC, suitable materials
are needed that combine high adsorption capacity at low/moderate
working pressures, high selectivity for CO, over molecules of simi-
lar dimensions (e.g. CHy and Nj), low-energy regeneration, and fast
adsorption/desorption kinetics. Such materials would enable the im-
plementation of CC not only for biogas upgrading but also in many
other fields, especially if CC becomes economically competitive with
current CO, emission rights.

Metal-organic frameworks (MOFs) are a class of crystalline and
porous materials?1?? synthesized by the self-assembly of metal ions
or clusters with organic ligands or linkers?®?*. These materials ex-
hibit exceptional properties?, including high accessible surface areas
(up to 6200 m?g~1)%, exceptionally high porosities (up to 90%)?7,
tunability in pore dimensions and morphology?®, versatile function-
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ality?®, and thermal and chemical stability®”. Due to these prop-
erties, MOF's are considered promising materials for selective gas
separations, potentially able to overcome the intrinsic limitations of
traditional adsorbents3'™33. Although over 70,000 MOFs have been
discovered to date, only a few have shown promising features for ad-
sorption/desorption protocols or as membrane components for CO,
capture?’3*. Some notable examples include CALF-20, a Zn-based
oxalate-bridged framework with high performance in CO, capture
from flue gas and remarkable robustness under humid conditions®,
and M g (dobpdc), a Mg-based tetramine-functionalized framework3®
with exceptional cyclability and stability during CO, capture from
flue gas. In the case of CO,/CH, separations for biogas upgrad-
ing, MUF-16 (Co(Haip),, Haip = 5-aminoisophthalic acid) is a note-
worthy MOF3". It can capture carbon dioxide from hydrocarbons
with exceptional selectivity, although with moderate CO, adsorp-
tion capacity. Another interesting MOF is Qc — 5 — Cu — sql, a
Cu-quinoline-5-carboxylic acid supramolecular network that exhibits
excellent COy/C Hy selectivity via a molecular sieving mechanism.
However, in this case, too, moderate CO, adsorption capacity is re-
ported®®. In many instances, critical elements affecting the industrial
feasibility of MOF's as selective CO, adsorbents, including the scala-
bility and sustainability of the synthesis process and the shaping of
the materials into desired forms such as beads, pellets, or monoliths,
have not received sufficient attention’.

TAMOF-1 is the first in a series of novel homochiral MOFs based
on natural amino acid derivatives, by transformation of the a—amino
unit into a triazole group?®*'. TAMOF-1 ([Cu(S — TA)s].xH,O,
S — HTA = (S) —3 — (1H — imidazol — 5 — yl) — 2 — (4H —
1,2,4 — triazol — 4 — yl) — propanoic acid) is easily synthesized at
large scale from low-cost raw materials just by reaction of a cop-
per(Il) salt with L-histidine derivative (imidazole — 5 — ylmethyl)-
(1,2,4—triazol —4—yl)acetate(L1) in water. This material has a 3D
network, made from 10 A wide, helicoidal, intercommunicated chan-
nels, decorated with multiple dangling functional groups carboxy-
late, triazole and imidazole exhibiting a BET specific surface area of
980450 m2?g~! and a micropore volume of 0.38 ecm?®g~142. Moreover,
water can be initially removed and the material can be activated for
gas separation just after mild heating up to 353-393 K in presence of
vacuum. These conditions are milder than those generally required
for common MOFSs or zeolites*344.
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In our previous reports, we demonstrated the remarkable perfor-
mance of TAMOEF-1 as a stationary phase for enantioselective chro-
matographic separations of racemic mixtures, owing to its intrinsic
porosity and homochirality*!. This unique combination of proper-
ties enables efficient chiral recognition and separation of enantiomers.
Furthermore, TAMOF-1 has been successfully employed for the ki-
netic resolution of chiral substrates via catalytic coupling reactions,
showcasing its potential in asymmetric synthesis*?. Beyond its enan-
tioselectivity, TAMOF-1 also exhibits exceptional capability for the
separation of volatile organic compounds (VOCs), including the chal-
lenging benzene-cyclohexane system and xylene isomers?. The char-
acteristic shape and size of its channels and pores, along with the
presence of the Cu metal center, contribute to its high efficiency in
VOC separations. Notably, TAMOF-1 demonstrates versatility by
achieving effective separations in both liquid and gas phases. More-
over, in Chapter 3 we demonstrate that TAMOF-1 possesses an ex-
traordinary capacity for CO, adsorption, making it a promising ma-
terial for industrial applications. It exhibits impressive selectivity
for CO, over Ny, rendering it suitable for CO, capture and sepa-
ration processes. Crucially, TAMOF-1 displays excellent cyclic sta-
bility, maintaining high performance in terms of CO, recovery and
purity over multiple adsorption-desorption cycles. This stability is
of paramount importance for practical applications, as it ensures the
long-term viability and efficiency of the material.

Here we report how TAMOF-1 is a highly selective physisorbent to
resolve C'Oy/C H, mixtures and in a broader context, aiming upgrad-
ing the biogas. Breakthrough experiments with a bed of TAMOF-1
powder show its capability to selective separate CO, from methane
and nitrogen in ternary COy/CH,/Ny gas mixtures, with efficient
performance in a wide concentration. Indeed, CO4 adsorption prop-
erties depend just on the CO, relative molar flow, with negligible
effects from the presence of other gases (CH, and/or N,). TAMOF-1
exhibits a high selectivity for CO, over CH, across a broad concen-
tration range. By combining experimental adsorption data with the-
oretical tools such as Monte Carlo simulations and molecular dynam-
ics, it was observed that CH, undergoes rapid mass transfer within
TAMOF-1, facilitating its efficient removal with high purity. Addi-
tionally, TAMOF-1 demonstrated remarkable cyclic stability in ad-
sorption/desorption experiments when employed as a pellet. These
findings highlight the promising potential of TAMOF-1 as an adsor-
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bent for CO,/C' H, mixtures, particularly in the biogas gas context.
This material offers a promising solution to bridge the gap between
effective adsorption and affordable regeneration, making it a viable
candidate for practical applications.

4.2 Materials and methods.

4.2.1 Materials.

TAMOF-1, with molecular formula [Cu(H50)(CsHgN502)2].6 HO,
was synthesized following the procedure described in a previous pub-
lication*'. The structure and purity of the samples was confirmed
by powder X-ray diffraction (Fig. C.1). Following the procedure
outlined in Chapter 3, a TAMOF-1 pellet was also synthesized.

4.2.2 Adsorption isotherms.

Adsorption isotherms of carbon dioxide,methane and nitrogen, (up
to 10 bar) at 298K were carried out with an Autosorb iQ (Quan-
tachrome). Adsorption isotherms of CO, were also performed at sev-
eral temperatures, between 293-333 K. Prior to analysis, the sample
was degassed and dehydrated (activated) for 24 hours at 423 K and
1075 Torr.

4.2.3 Dynamic fixed-bed column adsorption ex-
periments.

Gas separation module.

For the breakthrough experiments, different tubes loaded with differ-
ent TAMOF-1 amounts were used as separation modules . Notewor-
thy, the experiments gave consistent per mass results. Two different
columns were used: Column 1: 1 g TAMOF-1 powder (0.77 g dehy-
drated), bed length and inner diameter: 1.45 cm and 1.27 cm; Col-
umn 2: 10.1 g TAMOF-1 powder (7.84 g dehydrated), and 10.86 g
TAMOF-1 pellet (8.38 g dehydrated), bed length and inner diameter:
5.9 cm and 1.95 cm. Scaling the system does not affect TAMOF-1
performance. In both, TAMOF-1 was packed within the module with
glass wool support at the top and the bottom of the column.
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MOF activation procedure.

Prior to measurements, TAMOF-1 was activated in situ for water
removal. The activation was performed at 393 K for 15 hours by
applying a vacuum (10~ mbar) at both the top and the bottom of
the module. This procedure removes any residual water molecules
that may interfere with the adsorption of CO,. After activation, the
performance of the adsorption was evaluated by flowing pure CO,
(5 ml min™!) through the TAMOF-1 and measuring the adsorption
capacity. The measured adsorption capacity should be consistent
with the value measured by the adsorption isotherm.

4.2.4 Set-up and Experimental conditions.

Breakthrough measures were performed by using the experimental
set-up shown in Figure C.2. Gas cylinders of, CH4 (Linde, 99.998%),
CO, (Air Liquide, 99.998%), COy/CH, mixture with composition
of 50.3/49.7% (Messer) and Ny (Praxair, 99.999%) were used. The
flows/compositions of the inlet gas stream were controlled upstream
the separation module by a set of calibrated mass flow controllers
(Bronkhorst EL-FLOW). A manometer and a backpressure controller
(Bronkhorst, EL-PRESS) were placed downstream the separation
module. A manometer was also used upstream the bed to moni-
tor the actual pressure at the bed inlet under no pressure control
conditions. Unless otherwise stated, all pressure values are reported
in units of absolute bar (bar). The separation module was heated
by a linear power silicone heating wire (# 3mm FOR-FLEX NOR-
MAL, Electricfor) rolled around the column, the temperature was
measured with a K-type thermocouple (Thermocoax) placed in be-
tween the module and the silicon heating wire, and in contact with
both. It was controlled with a temperature controller EZ-Zone (Wat-
low). The outlet stream of the column was on-line analyzed by mi-
cro gas chromatograph (MGC, Agilent MicroGC 490) equipped with
Molsieve MS5A, using Ar as carrier gas (99.999 % purity), and Po-
raplot U column, using He as carrier gas (99.999 % purity), along
with thermal conductivity detectors (TCD). In the experiments per-
formed with a pure COy/CH, mixture flow below 30 ml min™!, a
nitrogen flow of 30 NmL min~! was mixed with the gas coming out
from the separation module in order to meet the flow requirements of
the GC. In this case, a non-return valve with negligible pressure drop
was used to avoid reverse flow. Prior to each measurement, following
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a thorough cleaning of the column, it is filled with Helium gas. The
transit time or death time of the gas in the set-up was also evaluated
and subtracted at each operation condition.

Breakthrough measures TAMOF-1 powder.

Breakthrough curve measurements for TAMOF-1 powder were con-
ducted under varying conditions in two columns. In the Column
1 (1g), measurements were taken with varying CO,/CH, ratios of
25:75, 50:50, and 75:25, as well as with a constant 50% CO4 concen-
tration and varying C'H,/N; ratios of 50:50:0, 50:25:25, and 50:0:50.
All measurements in the small column were conducted at 25°C and
1.05 bar. In the Column 2 (10g), measurements were performed with
a constant 5% CO2/CH, mixture (He balance), but with varying
COy/CH, ratios of 50:50, 30:70, and 70:30. These measurements
were conducted with a total inlet gas velocity of 0.015 m s™! at 25°C
and 1.05 bar.

Adsorption—desorption cycles test.

Adsorption/desorption cycling was performed on a packed bed of ac-
tivated TAMOF-1 pellets using column 2. A 50:50 C'Oy/C H, mixture
was introduced at a total flow rate of 30 ml min~!, under conditions
of 25°C and 1.05 bar. Desorption was achieved through vacuum
regeneration, with each cycle’s duration determined by the break-
through point observed during adsorption. A total of 10 cycles were
evaluated.

Computational methods.

Monte Carlo (MC) and Molecular Dynamics (MD) simulations were
performed by Salvador R.G. Balestra and Sofia Calero from the Eind-
hoven University to investigate the sorption and transport properties
of carbon dioxide, methane, and nitrogen molecules both individu-
ally and as mixtures within the TAMOF-1 material. The theoretical
analysis focused on discerning the mechanisms that explain the sep-
aration process of mixtures of interest from a molecular perspective.
In addition to sorption and transport properties we also calculated
the breakthrough curves. To conduct these, the simulations were per-
formed at various temperatures, from 263.15—333.15K. They used a
cubic supercell with dimensions of 2 x 2 x 2 for TAMOF-1. The initial
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relaxation of the atomic coordinates was achieved using an extended
semi-empirical tight-binding model known as GFN2-xTB,%* which
was performed using DFTB+ code (v. 22.2)*". The CO, model com-
prises three Lennard-Jones sites with charges centered on each atom.
The carbon—oxygen bonds remain fixed, while the Lennard-Jones pa-
rameters and the molecular structure of CO, were derived from re-
search conducted by Garcia-Sanchez et al*®. For the N, molecule,
they adopted the model proposed by Potoff and Siepmann®®, which
incorporates three charged sites and two Lennard-Jones sites centered
on each N atom. Regarding the CH, molecule, they used an un-
charged united atom model®, considering the CH, group as a single
interaction center with its own effective potentials. TAMOF-1 frame-
work was assumed to be rigid during both the MC and MD simula-
tions. To accurately capture the interactions between the adsorbates
and framework, a van der Waals interactions were employed. Fur-
thermore, Coulombic interactions were considered for the CO5 and N,
molecules. The Ewald method was used in these cases. The Lennard-
Jones parameters were derived from the well-established DREIDING
potential®', except for the Cu atoms, for which we adopted parame-
ters from the UFF potential®?. The mixed Lennard-Jones parameters
were calculated using Lorentz-Berthelot mixing rules. To perform the
MC and MD simulations, the reliable RASPA code® was used, and
followed the established protocols. This protocol has been used suc-
cessfully for other Cu-paddlewheel MOF (Cu-BTC)5*. The adsorption
isotherms were determined through MC simulations using a Grand
Canonical ensemble (¢ VT). The pressure values were converted to
fugacity using the Peng-Robinson equation of state. The simulation
conducted minimum of 10° MC cycles. Within each MC cycle, the
following trial MC moves were randomly selected for a given molecule:
translation, rotation, reinsertion at random positions, and swapping
(insertion or deletion). Binary isotherms and selectivities were calcu-
lated using IAST using the RUPTURA code®. The time step used
in the MD simulations was 0.5 fs to carry out 108 cycles of simu-
lation. During the MD simulation, the radial distribution functions
and atomic mean squared displacements were calculated. To study
the transport properties of CO, and CH,, we equilibrated the sys-
tems using a canonical ensemble (NVT). Subsequently, using the mi-
crocanonical ensemble (NVE), the self-diffusion coefficients for CO,
and CH, from the measured mean-squared displacement at several
concentrations and temperatures was calculated.
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4.3 Results and discussion.

4.3.1 Adsorption isotherms measures.

Single-gas (CO,, CHy, and Ny) adsorption isotherms of TAMOF-1
powder were measured up to 10 bars in the 293-353 K temperature
range (Figure 4.1). All isotherms retain their characteristic shapes
with increasing gas uptake as the temperature decreases. Type |
isotherms are observed for CO,, indicating microporous behavior
without reaching a plateau (saturation) within the studied pressure
range. For instance, at 298 K, CO, adsorption capacities of 3.8 and
6.5 mmol g~! are achieved at 1 and 10 bars, respectively. In contrast,
both CH, and N, exhibit near-linear isotherms, suggesting negligible
adsorption. This behavior demonstrates the selective preferential ad-
sorption of carbon dioxide over CH, and N,, with the adsorption
capacity following the order COy << CHy < Ns.

The CO, adsorption isotherm was successfully fitted using the
Langmuir-Freundlich model, revealing a maximum theoretical ad-
sorption capacity (g,) of 10.6 mmol g~!. Conversely, CH, and N, ad-
sorption isotherms were accurately described by the Langmuir model.
Comparison with the single-site Langmuir-Freundlich model in a log(q)
vs. log(P) plot (Figure C.4) suggests that at least two distinct ad-
sorption sites contribute to the dominant CO, uptake. Isotherm pa-
rameters and regression coefficients are detailed in Table C.1. Table
C.2 presents the COy/CH, selectivity values calculated using Ideal
Adsorbed Solution Theory (IAST). At 298 K and 1 bar, selectivity
values of 35.6, 32.8, and 31.8 were obtained for 30:70, 50:50, and 70:30
CO,/CH, gas mixtures, respectively. Importantly, complete adsorp-
tion/desorption reversibility was observed for all gases (Figure 4.1c)
without hysteresis, confirming the physical nature of gas adsorption
within the TAMOF-1 network and emphasizing the material’s struc-
tural rigidity. The behavior of the CO, isosteric heat of adsorption
(—AH,4) was described before in chapter 3. With a high —AH 45 is
found at low pressure (zero coverage), and then it rapidly decreases
as CO2 uptake increases, approaching the bulk-phase sublimation
heat of CO,, 26-27 kJ mol™!, at an adsorption capacity higher than
2 mmol g~ 1.
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Figure 4.1: a) Adsorption/desorption isotherms of COy, CH, and N in
a TAMOF-1 powder sample at 25°C up to 10 bar. b) TAST selectivity
of different COy/C Hy gas mixtures with varying ratios at 25°C up to 10
bar. ¢) Adsorption/desorption isotherms of CO, with a temperature range
293K-353K up to 10 bar. d) CO, isosteric heat of adsorption as a function
of CO, uptake.



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

4.3 Results and discussion. 163

4.3.2 Breakthrough measures.

In Figure 4.2a, the methane/carbon dioxide breakthrough curve through
a TAMOF-1 powder bed at 1 bar and 298 K is presented, with a
50:50 ratio of mixture gas. The rivalry between CO, and CH, be-
comes evident in the ascending pattern (rolling—up effect) exhibited
by the methane curve as it emerges from the TAMOF-1 bed, reflect-
ing their competitive dynamics. Methane exhibits a lower affinity
compared to CO,, resulting in a breakthrough time (BT}) of 8 min
g~! for CH4 and 16.4 min g~! for CO,. At the breakthrough point,
the CO, capacity ¢,(COz) is 1.65 mmol g~!, which is 34% lower than
the total adsorption capacity ¢,(C'Oz) of 2.5 mmol g~'. Methane ex-
hibits an approximate ¢,(C H,) capacity of 1 mmol g~!. Under these
conditions, a high selectivity of CO, with respect to methane is ob-
served, with a selectivity value S5(50CO; : 50C' Hy) of 2.5. Figure
4.2b presents the breakthrough curves for diverse CO,/CH, ratios
(25:75, 50:50, and 75:25). Pure methane (> 99.9%) elutes first and
rapidly from the bed. Typical S-shaped curves were observed for CO,
adsorption, with a slight steepening of the curve as the CO, concen-
tration increased. Effective CO,/CH, separation is achieved in all
cases due to significantly delayed CO2 elution. This confirms slower
CO, diffusion through the TAMOF-1 bed. Reducing the CO5 mo-
lar flow shifts the related curves towards longer breakthrough times.
BT;(CO,) increases from 16.4 to 18.7 min g~! when the CO,/CH,
ratio is reduced from 50:50 to 25:75. Conversely, BT;(C' H,) also de-
creases with CH, concentration but is less noticeable, with a reduc-
tion of BT;(C'Hy) from 9.9 to 6.7 min ¢! for concentrations ranging
from 25% to 75%. The extremely rapid elution of CH, makes ex-
perimental differentiation challenging. Carbon dioxide and methane
adsorption capacities were also evaluated. Additionally, the selectiv-
ities (S5) exhibit a decreasing trend as the CO,/C H, ratio decreases,
with Sg(25 : 75) > S¢(50 : 50) > S,(75 : 25). Gas separation param-
eters obtained from the breakthrough curves are reported in Table

C.3 (See SI for details).

Nitrogen is a commonly encountered gas in various gas streams,
often in combination with carbon dioxide CO, and CH,. To evalu-
ate the separation performance of TAMOF-1 for CO,/C H, /Ny mix-
tures, fixed-bed column experiments were conducted by varying the
CH4/N, ratio while maintaining a constant CO, concentration of
50% (Figure 4.2c). The breakthrough curves for CO, exhibit perfect
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Figure 4.2: a) Breakthrough curves of CO, and CH, for 50:50 gas compo-
sition. b) Breakthrough curves of CO4 (solid line) and CH, (dashed line)
for binary mixtures with different composition: CO2/CHy: 25/75 (green),
50/50 (blue), 75/25 (purple). ¢) CO4 and CH, breakthrough curves in dif-
ferent inlet gas mixtures: COq/CH4=50/50 (blue), CO2/N2=>50/50 (red),
CO2/CHy4/N2=50/25/25 (green). All measurements were performed with
0.77 g of activated TAMOF-1 at 298 K, minimum pressure (A P=0.1bar)

and overall flow rate of 5 NmL min—1!.

overlap, regardless of the C'H,/N, ratio. This observation suggests
that the diffusion of CO, through TAMOF-1 is unaffected by the
presence or type of other gas components (CHy or Ny) in the inlet
gas mixture. Consequently, the CO, adsorption capacities remain
relatively constant (¢s = 2.5 + 0.03 mmol g~!, ¢ = 1.67 £ 0.02
mmol g~!) across different C' Hy/N, ratios, as shown in Table C.3 .
It is evident that the selectivity for CO,/C H, separation depends
solely on the relative concentration of COy and CH, in the inlet gas
mixture. Notably, similar CO,/C Hy selectivities were observed for
both binary (COy/CH,) and ternary (CO2/CHy/Ny) gas mixtures
with the same CO, concentration of 50%, yielding selectivity values
of Sy = 2.5 and Sy = 2.1, respectively.

As expected, the values follow the same trend regardless of the
C'H4/Ns ratio present in the inlet mixture. These gases do not affect
the adsorption capacity, which depends directly on the CO, concen-
tration, in agreement with isotherms measures (Figure 4.1). It is im-
portant to mention that N,, when present, exits as first and almost
immediately from the column with elution time almost coincident
with the dead time. This finding highlights the exceptional COy/N
separation performance, as discussed in detail in Chapter 3.

Understanding mass transfer under dynamic conditions is crucial,
as laboratory setups often require a carrier gas (e.g., He) to replicate
higher gas velocities unachievable with pure gas mixtures. Figure 4.3
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Figure 4.3: Breakthrough curves of CO4 (dots) and CH, (squares) in a He
carrier gas (95% concentration) at different CO2/C H4 gas-mixture ratios
(30:70, 50:50, and 70:30) and a total gas velocity of 0.015 m s~!. All
measurements were performed with 7.84 g of activated TAMOF-1 at 298
K, pressure of 1.05 (A P=0.3bar) and overall flow rate of 269 NmL min~!.

illustrates breakthrough curves at 0.015 m s—! total gas velocity with
varying COy/C Hy ratios. Consistent S-shaped CO, curves indicate
similar mass transfer rates, while the absence of CH, breakthrough
suggests minimal interaction with the TAMOF-1 pore structure. This
behavior contrasts with Figure 4b, where higher CH4 adsorption was
observed. Under dynamic conditions under the presence of a carrier
gas (e.g, He), both selectivity values, Ss and Sb, increase compared
to those evaluated with pure gas mixtures at lower velocities (Ta-
ble S18). This suggests that CH, has a very weak interaction with
TAMOF-1, as the inner He carrier gas readily displaces it, preventing
accurate measurement of its breakthrough point. Conversely, CO, ex-
hibits stronger interaction, resulting in longer BTt(COs) of 17.8, 22,
and 30.4 minutes for decreasing COy/C Hy ratios (30:70, 50:50, and
70:30). CH, adsorption capacity at saturation is negligible (0.02 =+
0.01 mmol g=!) across all ratios, while CO, adsorption capacity in-
creases with concentration (qs = 0.59 — 0.78mmolg™"), as expected.
These experimental results align with the theoretical computational
modeling discussed in Section 4.3.4.
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4.3.3 Adsorption/desorption cycles test.

Cyclic desorption studies are crucial for evaluating the robustness and
practical applicability of TAMOF-1 pellets in industrial settings, such
as biogas upgrading for CH, purification. The regeneration of a satu-
rated TAMOF-1 bed appears straightforward, requiring only vacuum
application at constant temperature, eliminating the need for ther-
mal heating. In Figure 4.4 the concentration profiles of both CH,
and CO, perfectly coincide in all cases from steplb-1j, suggesting
no degradation of TAMOF-1 after consecutive adsorption/desorption
cycles. The material fully recovers its performance, achieving a work-
ing capacity greater than 99% under steady-state conditions within
the studied operation parameters. Ten adsorption/desorption cycles
(a—j) were conducted. The initial adsorption step (la) after activa-
tion reveals CO, and CH, adsorption capacities of 1.74 mmol g~! and
0.4 mmol g, respectively, resulting in a CO,/C H, selectivity (S;)
of 4.4. This exceeds the selectivity observed with TAMOF-1 powder
under identical conditions, highlighting one of the advantages of the
pellet form. Moreover, the CO, breakthrough capacity (g,(COz)) ex-
periences a minor reduction to 1.4 mmol g, representing only a 19%
loss of total capacity. Subsequent cycles (b-j) maintain consistent
breakthrough points for both CO, (20 min) and CH, (< 1 min), in-
dicating stable steady—state capacities of 1.5 mmol g~! and 0.4 mmol
g=! for CO, and CHy, respectively. At steady state, q,(CO,) is 1.14
mmol g~!. This highlights the rapid and nearly complete regenera-
tion achievable with approximately 22 minutes of vacuum (Step 2),
matching the CO, breakthrough time in Step 1.

TAMOF-1 pellets exhibit fast desorption and cyclic stability (up
to 10 cycles), maintaining their steady—state CO, adsorption capac-
ity. However, for practical industrial implementation, system design
optimization is essential, focusing on maximizing CH, purity rather
than CO, recovery. Regeneration time can be further reduced by
increasing nitrogen flow rate, lowering pressure, or elevating temper-
ature. While these results are promising, and highlight the potential
of TAMOF-1 as an adsorbent for pressure/vacuum/thermal swing ad-
sorption processes. Further optimization is necessary to fully realize
the potential of TAMOF-1 pellets for biogas upgrading.
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Figure 4.4: CO9 and C'H4 breakthrough curves after vacuum regeneration
time (matching the CO, breakthrough time). Measures were performed
with 8.38 g of activated TAMOF-1 pellet at 298 K, pressure of 1.05 bar

and overall flow rate of 30 NmL min—!.

4.3.4 Computational analysis and adsorption mech-
anisms.

The single-component adsorption isotherms for CO,, CH,, and N,
molecules on TAMOF-1 were calculated in the temperature range of
263-333 K and the pressure range of 1 — 107 Pa. The simulation
results demonstrated excellent agreement with experimental data,
validating the models (Figure 7). The protocol of Myers and Mon-
son’®® was employed to calculate excess adsorption, allowing for direct
comparison with experimental data. Furthermore, the determination
of several energy parameters associated with carbon capture from
single-component isotherms of CO, and N, revealed that TAMOF-
1 exhibits a low parasitic energy, a volumetric working capacity of
23.463 kg m~3, and a final CO, molar purity of the mixture of 0.904.
These characteristics are highly desirable for carbon capture applica-
tions.

The calculated adsorption isotherms were fitted to a dual site (for
CO,) and single site (for CH; and Ny) Langmuir-Freundlich model
using the RUPTURA software® (solid lines in Figure 4.5). Subse-
quently, we proceeded to compute the binary isotherms and deter-
mine the adsorption selectivities for CO,:CH, and 14 CO,: 84 N,
mixtures (representing the composition of dry post-combustion flue
gas). The resulting adsorption selectivities are depicted in Figure 4.5
(bottom-right). Notably, in all cases, the adsorption of CO, surpasses
that of CH, or Ny, primarily due to the stronger interactions between
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Figure 4.5: Top and bottom-left panel: Calculated excess adsorption
isotherm (empty circles) and experimental isotherms (solid points, see
legend for more details) at 263.15 K, 303.15 K, 313 K, 323 K, and 333 K.
Errors are estimated from the standard deviation in the adsorption pro-
cesses. Bottom-right panel: Selectivity 33- = q'/¢’, where i is CO,, and j
is CH, or Ny. Figure provided by Salvador R.G. Balestra and Sofia Calero
(results are yet to be published.)
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CO, molecules and the adsorption surfaces.

Figure 4.6: (left) Histogram for the CO2-TAMOF-1 interaction energy,
Upg, at several values of pressure. (right) Radial distribution function
g(r) for Oco, —Cco, (intermolecular) pairs, and Oco, —Cu atoms. Figure
provided by Salvador R.G. Balestra and Sofia Calero (results are yet to
be published).

At low pressure values (1-500 Pa), carbon dioxide molecules are
primarily located within the narrow channels created by the triad
of Cu atoms, as revealed by simulation. A dominant interaction
occurs between CO, and two Cu atoms, resulting in high values
for the heat of adsorption Q5“? (~ 50 kJ mol™'). This finding
aligns with experimental observations, confirming the accuracy of the
simulation(Qg ~ —(Ung) + RT, where (Uy,) is the mean interaction
energy between the CO, and the TAMOF-1 at very low pressure).
However, as the CO, pressure increases, the C'O, — C'O4 interac-
tions become sufficiently strong to displace some of the adsorbed
CO3 molecules from the energetically favorable binding sites. This is
evident from the radial distribution functions between C'Oy — COq
and COy — C'u atoms depicted in Figure 4.6. Figure 4.6 (left panel)
reveals that the interaction energy between the CO2 molecule and
the adsorption surface remains stable at approximately —45k.Jmol~*
up to 3 kPa and gradually decreases with pressure to —23kJmol .
The isosteric heat of adsorption, as shown in Figure 4.1d, supports
these findings. It decreases as the CO, uptake increases. This obser-
vation suggests that the interactions between the adsorbent and CO,
molecules weaken as more CO, is adsorbed. This weakening of inter-
actions can be attributed to several factors, such as the saturation of
adsorption sites, steric hindrance between adsorbed COy molecules,
or changes in the electronic structure of the adsorbent. Although
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this trend is qualitatively similar for CH, and N,, the range of en-
ergies and pressures varies, and its effect on adsorption is negligible.
For instance, in the case of CHy, the interaction energy ranges from
—25kJmol™! (low pressure) to —12k.Jmol~* (high pressure). The ad-
sorption selectivity of CO, over CH, or Ny, as depicted in Figure 4.5
(bottom right), can be primarily attributed to two factors at interme-
diate pressures. Firstly, the electrostatic interactions between CO,
molecules and the copper paddlewheel contribute to the selectivity.
Secondly, the confinement of CO, molecules within the pocket-cages
of the TAMOF-1 structure also plays a role. However, at high pres-
sures, the narrow pores formed by the triad of copper atoms can limit
the selectivity.

Figure 4.7: Self-diffusivity coefficient (D) for CO, (left) and CH, (right)
at various temperatures and adsorption loadings. Solid lines are fitted to
the data as guiding references to assist the reader. Figure provided by
Salvador R.G. Balestra and Sofia Calero (results are yet to be published.)

The self-diffusion coefficients (D) of CO, and CH, were calculated
using MD simulations at varying temperatures and adsorption load-
ings (Figure 4.7). CO, consistently exhibits lower diffusivity than
CHy. At low loading (1 to 4 CO, molecules per unit cell), CO,
molecules are confined in adsorption pockets formed by the triad
Cu atoms, resulting in extremely low diffusivity (i.e., DY9? ~ 10710
m s~!). As pressure increases, CO, molecules diffuse from the pocket
adsorption site to the main channel, leading to a maximum diffusivity
at ~ 3 mol kg™! of adsorption loading for all temperatures (e.g., at
333 K, the self-diffusivity is approximately D92 ~ 1.6 x10™? m s71).
Beyond this loading (three molecules per Cu triad), CO, molecules
are primarily adsorbed in the (chiral) channel, hindering transport
and causing a progressively decreasing diffusivity. In contrast to CO,,
CH, molecules reach their peak self-diffusivity at infinite dilution for
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all temperatures (see Figure 4.7-right). CH, diffusion decreases with
increasing adsorption. For instance, at 333 K and for 1 molecule per
unit cell, the self-diffusivity coefficient is D4 ~ 6 x 107% m s~ L.

Figure 4.8: Calculated breakthrough curves (lines) and experimental val-
ues (dots) for CO, and CH, at 1.05 bar (AP = 0.25 bar) and 298.15 K for
three compositions: a) 95He: 15C0,:35CH,, b) 95He:25C04:25CH,, and
c) 95He:35C04:15CH,.

Breakthrough curves for CO, and CH, were computationally pre-
dicted for a column bed length of 5.8 cm and a gas pressure of
1.05 — —1.3 bar at 298 K (Figure 4.8). Helium was used as the
carrier gas, mimicking the experimental system depicted in Figure
4.3. Three gas compositions were investigated: 0.95 He: 0.05(0.35
COy: 0.15 CHy), 0.95 He: 0.05(0.25 CO,: 0.25 CHy), and 0.95 He:
0.05(0.15 CO4: 0.35 CHy). The fitted Langmuir-Freundlich param-
eters obtained from Figure 4.8 were utilized in these calculations.
Initially, the bed column was entirely filled with helium. The void
fraction of the adsorbing bed was set to 0.3. The general behav-
ior observed in Figure 4.8 qualitatively aligns with the experimental
curves presented in Figure 4.3. Notably, the eluting behavior remains
qualitatively unaffected by the composition of the gas mixture.

4.4 Outlook.

TAMOF-1 demonstrates exceptional selectivity in separating CO,
from CH, and Ny, a rare feat among existing materials. Importantly,
it exhibits high adsorption capacity and cyclic stability in both pow-
der and pellet forms, essential for industrial-scale CO4 capture ap-
plications. The material maintains a steady-state cycling capacity
(qs(COy)) of approximately 1.5 mmol g~! without degradation after
the second cycle. Additionally, its high IAST selectivity and equilib-
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rium capacity at 1 bar and 298K (> 3 mmol g~!) make it competitive
with other materials reported in the literature (Figure 4.9).

Figure 4.9: Sorption capacity versus separation selectivity plots for biogas
(TAST selectivity values higher than 20 for biogas at ambient temperature,
i.e., above 293 K are considered). Adapted from Sahoo et al. 20233,

While these preliminary results are promising for TAMOF-1’s po-
tential in biogas purification, further studies are needed to validate
its effectiveness and robustness under real-world industrial condi-
tions. For a CO, capture material to be truly sustainable, it must
operate optimally in the presence of gas impurities(e.g, water, hy-
drogen sulfide, siloxanes.), as even trace amounts can remain after
pre-purification steps. Adding such steps increases the cost of CO,
capture technology, potentially rendering it unviable. Therefore, the
next critical step for TAMOF-1 is to assess its performance and ro-
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bustness against impurities under real operating conditions. Addi-
tionally, optimizing the operational cycle for biogas upgrading is es-
sential.

4.5 Conclusions.

TAMOF-1, a stable, robust, homochiral metal organic framework
(BET specific surface area = 980+50 m? g~') has shown selective ad-
sorption of CO4 from gas streams. Adsorption isotherms confirm the
CO, preferential uptake with respect to CH, in a large pressure range,
resulting in good separation parameters for CO2/CH4 gas mixtures.
CO,/CH, mixtures can be effectively separated with high selectiv-
ity (>30) in a wide COy/CH,4 concentration (30:70-70:30), at room
temperature (298K) and pressure (1.05bar). Elution behavior of CO,
through the TAMOF-1 bed depends just on the CO, molar flow and
it is not affected by the presence of the other gasses investigated (CH,
and/or Ny). Furthermore, under high gas velocity conditions with a
carrier gas (e.g, He), CH, interaction with TAMOF-1 is negligible or
absent, leading to increased COy/C Hy selectivity. The CO, break-
through curve retains its nearly vertical S-shape, indicating faster
mass transfer under the evaluated conditions (0.015 m s™!, 298 K,
and 1.05 bar).

Computational evaluations using Monte Carlo and molecular dy-
namics simulations are in excellent agreement with experimental data,
showcasing the exceptional sorption and transport properties of CO,,
CHy, and Ny in TAMOF-1. These findings provide valuable insights
into the molecular-level interactions and behaviors of these gases
within the TAMOF-1 framework.

The interactions between CO, and TAMOF-1 enable efficient and
rapid regeneration of the TAMOF-1 bed. Applying a vacuum at room
temperature and atmospheric pressure effectively evacuates the ad-
sorbed CO,, restoring the TAMOF-1 matrix to its original state and
preparing it for the next separation cycle. This regeneration pro-
cess exhibits minimal loss of adsorption capacity during continuous
adsorption/desorption cycles. Notably, the regeneration process can
be further accelerated by increasing the sweep gas flow, or elevat-
ing the temperature. These modifications enhance the rate of CO,
desorption, allowing for faster regeneration of the TAMOF-1 bed.

Given these performance metrics, TAMOF-1 shows promise for
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integration into pressure/vacuum swing adsorption (PVSA) technolo-
gies. Its convenient regeneration protocol, adaptable to specific time
and energy constraints through operational parameter tuning, fur-
ther enhances its practicality. Ongoing efforts are focused on design-
ing and optimizing a CO, capture and purification process utilizing
TAMOF-1, and an evaluation of the behavior of the TAMOF-1 in the
presence of the characteristic impurities found in biogas-type exhaust
gasses.
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”Creativity is thinking up
new things. Innovation is do-
ing new things.”

Theodore Levitt.

A thorough assessment of
mineral carbonation of steel
slag and refractory waste

Abstract This study explores the potential of mineral-carbonation
of steelmaking slags, particularly White Slag (WS) and various Re-
fractory Wastes (RWs), to mitigate CO2 emissions and valorize in-
dustrial wastes. Experiments were performed with waste materials
from the production lines at CELSA. We delved into direct aque-
ous carbonation, evaluating the performance and characteristics of
these wastes under different experimental conditions. Our findings
reveal that all slags can effectively sequester CO,. This process is
effective not only for pure CO, but also for diluted flue gases un-
der mild conditions (< 100 °C, < 6 bar). WS exhibited peak CO,
sequestration capacities (SC) of 359.79 gCOy/kg ., (pure CO,) and
276.65 gCOy/kgsq, (diluted flue gas). The RWs presented different
kinetic behavior, reaching a maximum SC of 311 gCO,/kgg,, after
prolonged times. Chemical and morphological evaluations confirmed
the transformation of CaO to CaCO3, with MgO remaining largely
inert. Additionally, the process indicate the encapsulation of toxic
metals, particularly Pb.
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5.1 Introduction.

The annual global CO, emissions from fossil fuel combustion and
industrial activities exceed 36.5 gigatons'. To enhance industrial
sustainability and mitigate this environmental burden, transition-
ing to a circular carbon economy is essential. This approach fo-
cuses on converting waste into valuable resources, thereby reducing
carbon footprints?. CO, mineralization emerges as a practical solu-
tion within the circular economy framework. By capturing, storing,
and utilizing CO2, this process not only reduces atmospheric carbon
but also establishes a waste-to-resource supply chain®. A particu-
larly promising avenue is the use of industrial solid wastes as CO,
capture media®®. Various industrial wastes can react with CO, to
produce diverse carbonates®, adding value to sectors such as steel”,
metallurgy®, cement®!?, and mining!'’. Alkaline solid wastes hold
significant potential in CO, mineralization, transforming industrial
byproducts into valuable construction materials while mitigating at-
mospheric CO,'?7!4. Life cycle assessments (LCAs) demonstrate the
sustainability of these processes'®'®, paving the way towards a cir-
cular, climate-optimal economy with net emission reductions'® 2!
Global implementation of this technology could potentially reduce
CO, emissions by 4.02 gigatons annually, equivalent to 12.5% of an-
thropogenic emissions??. Furthermore, direct air capture of CO, has
proven feasible, expanding the possibilities for carbon capture and
utilization?3.

The steel industry, contributing to 8% of global emissions with
2.9 GtCO, annually?*% | is actively seeking to reduce its carbon
footprint through process optimization. However, these efforts fall
short of the ambitious decarbonization targets'?426:2". Notably, es-
timates suggest that 43.5% of potential direct CO, reduction could
be achieved through mineralization of iron and steel slags alone?2.
Integrating carbon capture and storage protocols into the circular
economy framework is therefore crucial for meeting environmental
goals?®28 . Approximately 35.1% of total steel production consists of
byproducts (slag, dust, process gas, etc.), with 2.7% classified as non-
recoverable waste??30. Historically, steel slag was considered waste
and disposed of in landfills**. However, modern approaches are repur-
posing some types of slag as green cementitious materials and quarry
fillers, diverting them from landfills?>>#132. Beyond their use in con-
struction, steel slag holds potential in diverse applications, including
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CO, mineralization? 3% nutrient recovery3®, wastewater treatment?”,
and soil enhancement®®. Effective utilization and management of slag
has become a central concern for the steel industry. Studies demon-
strate that carbonation of steel slag improves its properties, enhanc-
ing hardness and chemical reactivity®>*. These advancements show
promise for future applications in pavement, cement, and concrete

products3!41:42,

Slag—carbonation has garnered significant attention in waste man-
agement and environmental sustainability due to its promising po-
tential. However, widespread industrial implementation requires ad-
dressing several challenges. A thorough assessment of the carbon-
ation potential of diverse industrial residues and the identification
of optimal operating conditions to minimize energy consumption are
crucial for large-scale adoption®?#3. While numerous studies have in-
vestigated slag carbonation processes3?41:4451 there remains a knowl-
edge gap regarding the detailed analysis of these wastes, their ori-
gins, and intrinsic properties. Research specifically focused on slag
from the secondary steel industry, utilizing low-concentration flue
gas (<15% COy), is limited. Most mineralization studies have con-
centrated on slag from the primary steel industry, which involves
high carbon dioxide concentrations in off-gas streams. Additionally,
refractory waste, a potential candidate for CO, mineralization, has
received little attention. Electric Arc Furnace (EAF) and Basic Oxy-
gen Furnace (BOF) route slags are often discussed collectively, with
their properties attributed to the total slag output of a steelmaking
process®®®3. However, it is crucial to recognize that each slag orig-
inates from a distinct sub-process stream. The source of the slag
significantly influences its unique properties, impacting its potential
for valorization. White slag (ladle furnace slag) is frequently analyzed
for mineralization reactions, but refractory waste (residue adhering
to furnace refractories) also shows promise due to its elevated basicity
from metal oxides (e.g., CaO, MgO).

The lack of comprehensive knowledge regarding the origin and in-
dependent valuation of steel slags, from both practical industrial and
academic viewpoints, necessitates further targeted research. Com-
bining these perspectives is crucial for a holistic understanding of
waste valorization, particularly for materials with unique properties
that pose challenges to their valuation. This study examines four
waste streams from the secondary steel industry, primarily derived
from scrap and recycling processes (Figure 5.1a). White slag (WS)
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incurs the lowest management costs among these wastes, with some
non-carbonated portions utilized in cement plants and quarry back-
fills. However, a substantial amount still ends up in landfills. The
remaining three wastes originate from the demolition of refractories
associated with the EAF, ladle furnace, and pouring tundish. These
refractory waste (RW) streams exhibit distinct characteristics and
chemical compositions due to the interaction between the cast steel
and the specific refractory surface area in each furnace. Consequently,
RW management costs vary, with tundish RW being the most ex-
pensive and complex to manage, mainly due to its high lead (Pb)
content. To optimize waste management costs and mitigate heavy
metal leaching (e.g., Cr, Pb), secondary steel companies often com-
bine these three RW streams into a single category called "refractory
waste.” This approach dilutes heavy metal concentrations, a critical
consideration as most of this waste is landfilled. Figure 5.1b illus-
trates the CO, equivalent emission factors associated with primary
raw materials used in steel production, highlighting methane as the
largest contributor within the secondary steel industry, primarily due
to its use in reheating furnaces. Figure 5.1c presents an overview of
the annual management costs of major steel industry wastes, em-
phasizing the high costs associated with white slag and refractory
waste (€307k and €486k, respectively). This context underscores
the potential of CO, mineralization as a dual-purpose strategy for
addressing waste management challenges and curbing CO, emissions
in real-world industrial settings.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 5. A thorough assessment of mineral carbonation of steel

186 slag and refractory waste

Figure 5.1: (a) Flow diagram of steel industry waste origins, (b) COs
equivalent emission factor for raw materials in billet production, and
(¢) Annual waste management cost in the steel industry (Negative
values indicate losses, positives values indicate income from waste
management). reprinted with permission from®.

The composition of steel slag varies depending on the specific pro-
duction process, but typically contains significant amounts of calcium
(Ca) and magnesium (Mg) in various forms (oxides, hydroxides, sil-
icates, aluminosilicates)3439556 along with residual elements from
steelmaking (Fe, Mn, Cr, Ti, S, V, etc.). Two primary slag car-
bonation methods exist in the steel industry: direct and indirect.
The indirect route involves extracting Ca* and Mg ions under
acidic conditions, followed by their reaction with CO, to produce
high-purity carbonates?>39:5357°60 " This method is generally more
costly?®34. Conversely, the direct method involves mineralization re-
actions within the slag, eliminating the need for metal extraction.
This route comprises two variants: solid-gas contact (moisture con-
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tent <0.2) and solid-liquid-gas interaction (aqueous mineral carbona-
tion). Direct carbonation offers a competitive advantage over the in-
direct route, as it does not require a continuous acid supply for metal
extraction and can be performed at the waste source. However, the
resulting carbonates often lack the high purity necessary for specific
applications like food and pharmaceuticals®®. Nonetheless, they find
valuable use in construction and as soil additives3*4%52, This study
focuses on direct aqueous carbonation due to its cost-effectiveness
and ability to achieve high carbonation degrees rapidly. The pres-
ence of water in this process promotes ion dissolution, facilitating
carbonate ion formation and thus accelerating carbonation rates and
increasing carbonation degrees3?:44:45:56,61

(Ca, M g)2SiyOgtoys-Ha.(s) + C 0o — x(Ca, Mg)COs5) + ySiOas) + 2H20
(5.1)

In the aqueous phase, the primary mineralization reaction (Eq.
5.1) involves the hydration of free calcium and magnesium oxides
(f — CaO/MgO) to form Ca(OH)y and Mg(OH),, respectively,
followed by their carbonation to CaCO; and MgCO3*4°. Despite
MgCOj3 having a lower enthalpy of formation (—118kJmol™') than
CaCO3 (—179kJmol™"), the higher charge density of Mg*T due to
its smaller ionic size and higher lattice energy hinders reaction ki-
netics. The conversion of MgO to MgCOj3 requires a lattice change,
a process not easily achieved under standard conditions. MgO re-
mains largely unreacted even when exposed to 1 atm CO, across a
temperature range from ambient to 500°C. Attempts to enhance the
reaction rate by increasing MgO surface area have yielded limited suc-
cess. While elevated pressure may accelerate the reaction, it might
not be practical for real-world applications®>6!. Consequently, under
mild conditions, mineralization predominantly involves the conver-
sion of CaO to CaCOg, as discussed herein. This process generates
several important intermediate products, as documented in previ-
ous studies?®3%62 Notably, the material composition and crystalline
structure significantly influence the mineralization of CO, in steel
industry slagzhangsgescarbon.

This study aims to accelerate the implementation of CO, miner-
alization of basic wastes, offering insights into sustainable secondary
steel industry waste management and CO, emission reduction. By fo-
cusing on environmentally responsible and economically viable waste
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valorization, we investigate the CO, sequestration capabilities of four
steelmaking byproducts: white slag (WS), tundish refractory waste
(TRW), ladle refractory waste (LRW), and electric arc furnace refrac-
tory waste (ERW). We conduct a detailed analysis of the influence
of various process parameters on mineralization, employing diverse
analytical techniques to assess the composition and structure of both
carbonate and non-carbonate phases in the slags and residual water.
Our research prioritizes mild operational conditions to emphasize the
techno-economic feasibility of valorizing these materials through CO,
mineralization. Uniquely, we evaluate the reactivity of each waste
individually and in combination (specifically for RWs), recognizing
their distinct origins and properties. In contrast to the broad gen-
eralizations in existing literature, our analysis elucidates the specific
CO, sequestration potential inherent to each waste type, facilitating
more targeted and effective utilization strategies.

5.2 Materials and methods.

5.2.1 Materials.

The solid by-products White Slag (WS) and refractories wastes (RWs)
were procured from Compania Espafiola de Laminacién S.L (CELSA),
located in Barcelona, Spain. The RW encompasses three distinct
types of refractories sourced from various stages in the steel pro-
duction process: Tundish furnace refractories waste (TRW), Electric
arc furnace refractories waste (ERW), and Ladle furnace refractories
waste (LRW). For clarity in subsequent references, the abbreviation
RWs signifies the composite of these three refractories wastes. To
ensure sample homogenization, both WS and RWs samples under-
went ball mill grinding at a rate of 15s~! during 30 min, followed by
sieving with a 200um mesh size. Post-screening particle size distribu-
tion analysis shows that the average particle size for non-carbonated
WS and RW is 167 pum and 35-37 um, respectively. The processed
samples were then securely stored within capped containers, ensuring
their consistency throughout the course of the study.

5.2.2 Experimental procedure.

Slurry formation. Deionized water was employed to create the WS
and RW slurries. Each sample (WS and RWs) was thoroughly mixed
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with deionized water at a designated liquid-to-solid (L/S) ratio. The
pH of the suspension was measured before introducing it into the min-
eralization reactor. The experiments were carried out using ratios of
5, 10, 20, 30, and 35 mL g~!. Mineralization Reactor. We con-
ducted CO, mineralization in a cylindrical semi-batch reactor with
an inner diameter of 60 mm and length of 40 mm. A bed-type stirrer
attached to a magnet at the base of the shaft equipped this reactor.
A closed section in the agitator accommodates the sludge sample for
carbonation. The gas is introduced through the agitator shaft and
distributed inside the chamber containing the solid material, which
favors the interaction between the gas, solid, and liquid phases. At
the top of the reactor are three connections: two for gas inlet and
outlet, and a third for pressure control. For a visual representation
of the precise geometrical attributes of the reactor, see Figure D.16.

Figure 5.2: Experimental Set-up for CO2 mineralization with steel
wastes and samples characterization techniques. reprinted with per-

mission from®*.

Mineralization experiment. We conducted mineralization mea-
surements using the experimental setup depicted in Figure 5.2. We
used gas cylinders containing N, (Praxair, 99.999%) and CO, (Air
Liquide, 99.998%). A set of calibrated mass flow Precise control over
the composition and flow of the inlet gas stream was achieved using
a set of calibrated mass flow controllers (Bronkhorst EL-FLOW) lo-
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cated upstream of the separation module achieved precise control of
the composition and flow rate of the inlet gas stream. We monitored
the actual pressure by using the pressure gauge upstream of the re-
actor and managed pressure adjustments through a needle valve in
the outlet gas line. All pressure values are given in absolute bar un-
less otherwise stated. A linear power silicone heating cable (¢ 3mm
FOR-FLEX NORMAL, Electricfor) was wrapped around the reactor
to ensure efficient heating of the mineralization reactor. Tempera-
ture measurement was facilitated by a K-type thermocouple (Ther-
mocoax) in contact with the outer wall of the reactor, under the
control of an EZ-Zone temperature controller (Watlow). We initi-
ated the reaction mixture using a magnetic stirring plate below the
mineralization reactor.

For the white slag (WS), the experimental assessment encom-
passed two gas compositions: pure CO, and a CO, (10%) /N, (90%)
mixture, designed to replicate the off-gas stream from the CELSA
rolling mill furnace. We maintained a consistent total inlet gas flow
rate of 100 NmL/min throughout the experiments. Initially, we con-
ducted the experiments by varying pressures (2, 4, and 6 bar), T
(25°C, 50°C, and 100°C), stirring rate (100-600 rpm), and liquid-to-
solid ratio (5-35 ml g~!). Additionally, we determined the maximum
carbonation capacity of the WS material through an extended 12-
hour experiment using pure CO, at 25°C, 3 bar pressure, and 500
rpm stirring rate. After completing the initial measurement set, we
also identified optimal operating conditions. Considering the com-
pany’s waste blending practice to meet environmental standards, we
later investigated mineral carbonation for the refractory waste mix-
ture (RWs) by mixing the individual refractory waste (RW) in equal
proportions (33 wt% each). The RWs mixture underwent testing
at different reaction times (15-390 min) and total gas pressure (2-6
bar). Furthermore, the carbonatation reaction performance of each
RW was compared (conditions: 60 min and 4 bar). All experiments
utilized a 20 L/S ratio and 500 rpm. From the mineralization re-
action, the reacted slurry samples of WS and RWs were promptly
withdrawn and subjected to filtration through quantitative filter pa-
per (Filter-Lab, 0.16 mm thickness, 2—4 um pore size, 55 mm diam-
eter). The resulting filtered carbonated material was then dried at
105°C in an oven for 8 hours and stored in a sealed container.

To homogenize the dry carbonated samples for RWs, we incorpo-
rated an additional ball milling (15s~! for 30 min). Contrarily, this
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step remained superfluous in the case of WS samples due to their
inherent homogeneity. To ensure the reliability of our results, we
conducted each measurement three times. Considering these repli-
cates, we calculated the experimental error based on the standard
deviation of the measurements, which is represented by error bars in
Figure 5.3 and 5.4.

5.2.3 Physicochemical characterization.

The thermal characteristics of both white slag and refractory wastes
were analyzed before and after the carbonation process using a ther-
mogravimetric analyzer (TGA/SDTA 851 Mettler). For each analy-
sis, approximately 20 + 3 mg of powdered waste was placed within
alumina capsules (100 pL capacity). The analysis involved a con-
trolled heating program, with a ramp rate of 10°C per minute, span-
ning from 30-1000°C, all conducted under a N, flow environment.
To perform the semi-quantitative mineral composition tests, X-ray
diffraction measurements (XRD) were made using a Bruker-AXS D8-
Advance diffractometer with vertical theta-theta goniometer, incident-
and diffracted-beam Soller slits of 2.52, a fixed 0.5° receiving slit and
an automatic Air scattering knife on the sample surface. The an-
gular 20 range was between 5-80°. The data was collected with an
angular step of 0.02° at a step/time of 0.5s. Cuka radiation was
obtained from a copper X-ray tube operated at 40 kV and 40 mA.
Diffracted X-rays were detected with a LynxEye-XE-T PSD detec-
tor with an opening angle of 2.94°. Quantitative phase analysis was
derived from XRD powder patterns using the Rietveld refinement®3,
with TOPAS v6 software. The background was modelized with a 2nd
order Chebyshev polynomial. The instrumental contribution to the
diffraction profile was calculated with the Fundamental Parameters
Approach®. The relative quantitative phase analysis was obtained
by refining the Rietveld scale factor for each phase and applying the
corresponding well-known equations®. The peak width of each phase
was contribution of the crystallite size effect and discarding any con-
tribution of the microstrain to the peak width. The averaged integral
breadth was obtained from the resulting fitted Voigt function to the
whole diffractogram. The Scherrer equation® was then applied to
obtain the apparent crystallite size (refer to Section D of the supple-
mentary information for detailed of the Rietveld method employed).
X-ray fluorescence (XRF) analysis of the four types of waste was
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provided by CELSA. Fourier Transform Infrared Spectroscopy (FT-
IR) measurements were performed on a Bruker Optics FT-IR Alpha
spectrometer equipped with a DTGS detector, KBr beam splitter at
4 cm™! resolution and with a one bounce ATR accessory with di-
amond windows. All infrared spectra were collected in a range of
wavenumber 4000 — 400 cm~!. Semi-quantitative elemental analy-
sis and morphological characterization of the sample were performed
using a Field Emission Scanning Electron Microscopy-Focused Ion
Beam (FESEM-FIB) with Scios2 FEI equipment, coupled with an
electron beam and a focused Gallium ion beam. Crystal size was
determined using ImageJ software. We analyzed the content of the
metals in the non-carbonated samples and also the leached metals in
the residual water after the mineralization reaction using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) with an Agilent 7900
instrument equipped with a Micromist concentric nebulizer, Scott
spray chamber, platinum interface cones, off-axis double lens system,
hyperbolic quadrupole mass filter, and octopolar collision/reaction
cell. A 5-10 mg sample was weighed and digested in an acidic so-
lution using a microwave oven at 220°C. The solution was then di-
luted to 5 mL with ultrapure water and analyzed. Quantification was
achieved using a calibration curve spanning 0-2000 ppb. Particle size
distribution (PSD) analyses were performed in a Malvern Mastersizer
2000 equipped with a Hydro 2000SM sample dispersion unit. We use
approximately 100-200 mg of the sample with 5 mL of ethanol to
prepare the emulsion.

5.2.4 CQO, sequestration capacity and carbona-
tion degree.

The CO, sequestration capacity (SC), quantified as the mass of CO,
sequestered per kilogram of solid waste, was calculated using Eq.
5.2 The COy(wt%) term represent the weight loss attributed to the
volatilization of calcium carbonate polymorphs (Amec.cos) at tem-
perature range between 500 to 900°C%7%8 based on the dry weight
at 105°C (mipsec) and determined by TGA (Eq.5.3). It is perti-
nent to note that the slags contain an initial CaCOj3 content (prior
to the carbonation reaction) that varies depending on the type of
slag. This value was not subtracted from the overall quantity of
calcium carbonate. Moreover, the conversion of MgO to MgCO3 in
the waste is expected to be minimal, or absent®®. The challenging
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magnesium aqueous carbonation conditions, requiring CO, pressures
greater than 100 bar, temperature above 144°C, and hours of reaction
time, limit such conversion®. Therefore, the degree of carbonation
(6CaO) mainly relies on the transformation of total CaO present in
the sample (assuming the calcium-bearing compositions are the main
reaction species). This can be calculated using Eq.5.4, where Mwco,
and Mwcq,o are the molar masses of carbon dioxide and calcium ox-
ide, respectively. CaO,,q represents the weight fraction of calcium
oxide in the solid waste sample before the carbonation reaction, ex-
pressed as percentage of dry mass and determined by XRF.

x 1000 (5.2)

CO, sequestration (9002 ) ~ COy(wt)

kgsag) 100 — COy(wt%)
A
CO,(wt%) = —1€aC0s o 1y (5.3)

mioseC
COx(wt%) 1
100—CO2(wt%) MWeco
0Ca0 = CaD, 2 % 100 (5.4)

MWecao

5.3 Results and discussion.

5.3.1 Characterization of non-carbonated waste.

The initial characterization of the different waste streams before car-
bonation was conducted, focusing on their CaO content, a key deter-
minant of carbonation extent. White slag (WS): XRF analysis (Table
D.5) revealed a total CaO content of 58% in white slag, with trace ele-
ments (e.g., Si0y, FeO) not expected to contribute to CO, sequestra-
tion [64]. XRD analysis (Figure D.2a) and Rietveld refinement (Table
D.4) identified the primary crystalline mineral phases potentially re-
leasing Ca and Mg ions into water, including v — C'apSi0,4 (27.6%),
CazMg[SiO4)s (8.1%), B — CaySiOy4 (6.7%), MgSiOs (5.5%), and
Ca Al(ALST)O7 (4.1%). v — CaySi0O4 and  — CaySi0y, both ma-
jor phases in ordinary Portland cement (OPC), contribute to the
dominance of C'ayStO4 as the primary phase. These silicates exhibit
varying reactivity?!, influencing water alkalinity and CO, retention
capacity. The sequestration capacity (SC), estimated by TGA (Fig-
ure D.1a), is 86.73 gco,kg"' slag, corresponding to 17.5% CaCOs
content and 19.14% carbonation degree (6CaO). This pre-existing
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calcium carbonate likely results from the reaction of hot, wet slag
with ambient CO, during initial waste generation. ICP-MS analy-
sis (Table D.7) confirmed calcium (Ca) as the most abundant ele-
ment (59.9 mg/g) and identified potentially toxic metals, including
chromium (Cr) at 189 mg/kg, nickel (Ni) at 130 mg kg™!, and lead
(Pb) at a lower concentration of 23 mg kg™!.

Refractory wastes (RWs): XRF analysis (Table D.6) of RWs re-
vealed a predominant presence of CaO (41.2%) and a significant con-
centration of MgO (22.2%), along with other metal oxides like Fe,O3
and SiO,, which are not expected to contribute to the mineraliza-
tion reaction. XRD analysis (Figure D.4) and Rietveld quantification
(Table D.2) identified v — Ca3Si0, (18.8%) and 3 — CasSi0, (8.9%)
as the primary crystalline phases promoting Ca™ dissociation, along
with minor components such as Portlandite, selenite, CaOH, (6.1%),
CCLQAZQSZO7 (21%), CalgAl14033 (62%), and Ca2AlFeO5 (38%)
Notably, MgO (28%) constitutes the principal mineral phase in non-
carbonated RWs. The initial sequestration capacity (SC) of RWs
was calculated to be 26 gco, kgsjclb ,» lower than that of WS, indicating
less environmental reactivity and a lower initial CaCO5 concentra-
tion (6%) with a carbonation degree (6CaQ) of 8%. Further XRF
analysis of individual RWs revealed that ladle RW had the highest
CaO content (48.6%), followed by tundish RW (26%) and EAF RW
(23%). Mineralogical characteristics varied significantly among in-
dividual RWs (Figure D.2b-d). Ladle RW exhibited the lowest SC
(22.6 gco2kg§;g) and dCa0O (5.9%), suggesting that despite its high
CaO content, a significant portion remained unreacted with the envi-
ronment. Conversely, tundish RW demonstrated the highest SC (84
9o, k:gs_lig) and 0CaO (nearly 41%), indicating high environmental
reactivity. EAF RW displayed a moderate SC (26 gcozk;g;lig) and
dCa0O (14.5%).

Comparative analysis of heavy metal concentrations using ICP-
MS (Table D.7) revealed slight variations in Cr content among refrac-
tory wastes (RWs). Tundish RW exhibited the highest Cr value (1.97
mg g~ !), followed by EAF RW (1.71 mg g~ !) and ladle RW (0.473
mg g~1). These values were notably higher than those in white slag
(0.18 mg g~ 1). Regarding Pb content, tundish RW had the highest
concentration (371 mg kg™'), while EAF and ladle RWs showed con-
siderably lower values (68 and 51.5 mg kg™!, respectively). This dis-
crepancy often leads industries to mix these refractory wastes, aiming
to dilute heavy metal concentrations and prevent excessive leaching
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into the soil, thereby reducing waste management costs. Analysis of
the mixed RWs confirmed a reduction in both Cr (1 mg g~!) and
Pb (240 mg g~') content compared to the values observed in tundish
RW, the primary source of high management costs. Notably, Cr and
Pb concentrations in RWs were significantly higher than those in WS.
Morphological analysis of both non-carbonated WS and RWs will be
discussed in section 5.3.3, comparing their characteristics with those
of their carbonated counterparts.

5.3.2 Carbon sequestration and Carbonation de-
gree.

The carbonation reaction of white slag (WS) was investigated by
examining the influence of key process parameters. Initially, we com-
pared mineralization performance using pure CO, and a simulated
CELSA flue gas (90% Ny, 10% CO,) (Figure 5.3a). Under the spec-
ified conditions (6 bar, 25°C, L/S = 20, 500 rpm), both reactions
reached completion (carbonation degree plateau) after 60 minutes.
With pure CO,, WS achieved a maximum carbonation degree (60C'aQ)
of 79% and a CO, sequestration capacity (SC) of 360 gco,kgo. s~ The
gas mixture, despite significantly lower CO2 partial pressure, resulted
in a 23% reduction in carbonation capacity (6CaO = 61%, SC = 277
Jco, kgs_lig). Notably, the difference in carbonation capacity between
the two inlet gases increased with reaction time (28% after 200 min-
utes vs. 8.3% after 15 minutes), indicating a faster reaction rate with
pure CO,. This finding highlights the potential of WS for direct CO,
capture from flue gas, eliminating the need for pre-concentration.
Figure 5.3(b-f) demonstrates the effect of pressure, temperature,
stirring rate, and liquid-to-solid (L/S) ratio on WS mineralization us-
ing simulated flue gas. At 2 bar, sequestration capacity (SC) is lowest
and gradually increases to 259.8 g kg™ over 200 minutes. Conversely,
SC at 4 and 6 bar differs only at early reaction times, reaching the
same maximum value after 60 minutes (0CaO = 59.95%, SC = 273
gco2kgs’l;g at 4 bar; 6CaO = 61%, SC =277 gCOngQig at 6 bar). This
reveals reaction acceleration with increasing pressure, attributed to
enhanced CO2 dissolution in water under higher total gas pressure.
Interestingly, despite slower kinetics, reducing pressure from 6 to 2
bar results in similar maximum SC, demonstrating WS’s potential
for CO, capture from low-pressure flue gases. Lowering system pres-
sure can also reduce energy consumption in the carbonation process.
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Therefore, optimal conditions for subsequent experiments were de-
termined to be 4 bar pressure and 60 minutes reaction time.

Figure 5.3c demonstrates the influence of the liquid-to-solid (L/S)
ratio on the mineralization reaction. CO, sequestration capacity
(SC) increases with higher L/S ratios, peaking at 30 ml g~! (SC
= 330 gcozkg;ig , 0CaO = 73%) before declining. This contra-
dicts previous findings where L/S ratio had no significant impact on
mineralization?™%2. Our study reveals a 35% difference in SC (330
vs. 215 goo,kg,,,) within the 5-30 ml g=' L/S range. The L/S
ratio significantly affects mineralization by influencing slurry alkalin-
ity and ion leaching, thereby impacting carbonation conversion®%7.
However, an L/S ratio of 20 ml g~! was chosen for further analy-
sis, as it balances liquid and residue amounts, aligning with previous
research?5:39:40:44454761 Tt ig important to note that while higher
solid/liquid ratios can increase carbonation degree, they also neces-

sitate treating larger water volumes, an important consideration™.

As accelerated mineralization is governed by diffusion-controlled
reactions, the influence of rotational speed on carbonation efficiency
was investigated. The carbonation degree increased with rotation
speed, reaching a maximum at 500 rpm before declining at higher
speeds (Figure 5.3d). This aligns with literature findings, where
moderate increases in stirring rate enhance gas-phase mass trans-
fer™'. However, excessively high rotational speeds can decrease gas
residence time, subsequently reducing carbonation conversion®. The
optimal stirring rate of 500 rpm, under our reactor conditions, bal-
ances enhanced mass transfer with adequate residence time for opti-
mal carbonation conversion.

The influence of temperature on the mineralization reaction (Fig-
ure 5.3e) demonstrates a decrease in sequestration capacity with in-
creasing temperature from 25°C to 80°C. While elevated tempera-
tures can accelerate calcium species dissolution kinetics, they may
also hinder CaCOj3 nucleation and growth due to reduced CO, solu-
bility, negatively impacting carbonation?®™. Additionally, the liquid-
to-solid ratio within the reactor could decrease due to water evapo-
ration at high temperatures, further affecting carbonation degree.
Therefore, caution is advised when increasing the working tempera-
ture for solid-liquid phase carbonation to avoid compromising CO,
sequestration performance. Conversely, solid-gas phase mineraliza-
tion is typically conducted at significantly higher temperatures (500
650°C)%.
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Figure 5.3: a) dCaO and SC of WS using pure CO, and a simulated
flue gas mixture; b-e) dCaO and CDSC in function of different reac-
tion parameters using a 9%CO, in N, gas mixture: b) At different
reaction time (15-200 min) and pressure (2-6 bar), c¢) At different
L/S ratios (with t=60min, stirring rate=500 rpm and T=25°C), d)
At different stirring rates (with t=60 min, L/S = 20 ml g™, P = 4
bar and T = 25°C), and e) At different temperatures (with t= 60
min, L/S = 20 ml g~!, P=4bar and Stirring rate=500 rpm); and f)
pH value at different reaction times and pressures using gas mixture.

reprinted with permission from®?.

Figure 5.3f depicts the pH measured at the end of mineraliza-
tion for reaction times up to 200 minutes. The initial pH of non-
carbonated samples is notably high (11.5-12.1), followed by an expo-
nential decay over time, reaching pH 7.2 after 200 minutes. Increased
total gas pressure accelerates reaction kinetics, resulting in a faster
pH decline. At 4 and 6 bar, pH drops to 7 after 60 minutes, com-
pared to pH 8.4 at 2 bar. pH monitoring serves as an indicator of
carbonation progress, as it influences both gaseous CO, dissolution
and calcium ion leaching from the slag matrix. Carbonate (CO3") is
the dominant species in the slag slurry above pH 10.3, while bicar-
bonate (HCO?~) dominates within the pH range of 6.3-10.3. Since
carbonate is crucial for the carbonation reaction, carbonation effi-
ciency decreases with lower pH values®?4%5 . Maintaining proper pH
control is therefore essential for maximizing carbonation efficiency,
despite the associated cost implications for slag mineralization. At
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maximum carbonation capacity using pure CO, (375 gco, k:gs_lclb g), the
corresponding pH was 6.6. Each experiment was replicated thrice to
ensure reproducibility, with a 5% deviation observed in pH values.
This discrepancy could be attributed to pH measurements taken af-
ter carbonation experiments, as reactor cooling and depressurization
during the waiting period may have affected measurement precision.
Continuous pH monitoring is recommended for optimal accuracy and
enhanced carbonation capacity®.

Figure 5.4: Sequestration capacity (SC) and 6CaO: a) RWs at differ-
ent reaction times (15-390 min) and pressures (2-6 bar), b) RWmix
at different temperatures (25°C-100%C) at 2 bar and 60 min reaction
time, and ¢) White slag, Tundish RW, EAF RW, Ladle RW, and
RWs at the same experimental conditions (4 bar, t = 60 min, and
25°C). All experiments were performed with an L/S ratio of 20 and
a stirring rate of 500 rpm. reprinted with permission from>*.

For refractory wastes (RWs), the carbonation reaction was sig-
nificantly slower than for white slag (WS). Even after 390 minutes
(the longest reaction time analyzed), the CO, mineralization reaction
with RWs mixture at varying pressures (Figure 5.4a) did not reach
equilibrium. The maximum sequestration capacity (SC) observed
was 311.87 gCOngQig, with a nearly complete carbonation degree
(0Ca0) of 96.45%, achieved at 6 bar and 25°C. The reaction kinetics
intensified with increasing CO, partial pressure. A rapid pH decline
to 7.6 within 60 minutes was observed at 6 bar (Figure D.15). In
contrast, at 2 and 4 bar, the pH decreased to a minimum of 7.6 only
after 390 minutes. Sequestration capacity decreased with lower pres-
sure, reaching 259.25 gco2kgs’l;g (0CaO = 80%) and 159.39 gco, kgsjcllg
(0Ca0O = 49%) at 4 bar and 2 bar, respectively.

The slower mineralization kinetics in RWs is evident in the grad-
ual pH decrease (Figure D.15), with a pH of 9.5 after 60 minutes at 4
bar and 25°C, while white slag (WS) reaches pH 6.9 under the same
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conditions (Figure 5.3f). However, the rapid carbonation in WS, fa-
cilitated by its fast pH decline, leads to swift obstruction of CO,
sequestration in the slurry. Consequently, WS reaches equilibrium
within 60 minutes even at 6 bar, while RWs do not reach equilibrium
even after 390 minutes, demonstrating a superior SC performance at
longer reaction times with an 11% higher sequestration capacity. Ad-
ditionally, RWs exhibit a 36% higher carbonation degree than WS.
Carbonate formation is directly proportional to Ca and Mg silicate
content (Eq. 5.1), and maintaining optimal pH is crucial for max-
imizing SC efficiency. Rietveld analysis of non-carbonated species
(Table D.2 and D.4) reveals a higher v — C'a3Si0, concentration in
WS (27.6%) compared to RWs (18.8%). This primary reactive agent
in WS accelerates pH reduction through rapid Ca™ ion release, hin-
dering mineralization due to subsequent carbonate ion (CO3”) de-
pletion®. This explains the higher carbonation potential of RWs, ev-
idenced by its near-complete carbonation (§CaQ), despite WS show-
ing considerable initial sequestration potential (0CaO = 61%).

The influence of temperature on the RWs mineralization reaction
at 2 bar pressure and 60 minutes (Figure 5.4b) shows a 26% increase
in both sequestration capacity (SC) (from 90 to 122 gco, kgs;ig) and
carbonation degree (6CaQ) (from 28% to 38%) when the tempera-
ture is raised from 25°C to 100°C. This parameter requires further
optimization for practical applications and confirms the positive ef-
fect of temperature on carbonation kinetics in CO, mineralization
using RWs. Figure 5.4c compares the SC and 6CaO of WS, RWs,
and individual RW components under identical conditions (4 bar,
25°C, 60 minutes). WS exhibits the highest SC (271.7 gco,kg,q,,
0Ca0 = 59.9%). Tundish RW demonstrates the highest carbonation
degree (6CaO = 79.5%) with a SC of 163.7 gco2k:g;alg, surpassing
other refractory waste materials. However, the high 6CaO value of
Tundish RW suggests limited potential for further SC improvement
with extended reaction times.

5.3.3 Characterization of the carbonated solid and
aqueous phases.

Figure 5.5 displays SEM-XEDS results, illustrating the structural
characteristics and elemental mapping of both non-carbonated and
carbonated WS and RWs samples. Morphological comparison (Fig-
ure 5.5a-b) reveals irregular-shaped non-carbonated WS and 2-3 um
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cubic CaCO4 crystals formed upon carbonation. A continuous, com-
pact layer of CaCOg crystals coats the WS surface, consistent with
previous findings®”. Elemental analysis shows an increase in carbon
content, though not quantitatively significant. Elemental mapping
(Figure 5.5¢) reveals uniform Ca, O, C, and Si distribution through-
out the sample, while minor elements like Mg and S are localized in
the center. Mn, Al, Fe, and Ti exhibit irregular distribution in the
carbonated sample (Figure D.7c). Semi-quantitative XRD analysis
(Figure 5.6a) confirms CaCOs (calcite) as the primary mineral phase
(approximately 50%) in carbonated WS. CaySi0y, initially predom-
inant, significantly decreases from 49% to 18%. MgO remains largely
unchanged, confirming its inertness. Several phases identified in
non-carbonated WS, such as magnesian Gehlenite (CayAl3Si07) and
Merwinite (CagM g(SiOy4)2), disappear in the carbonated WS, while
new phases like Mayenite (C'aj2Al14033), Hibschite (AloCaz(Si0y4)2),
and Wollastonite (CaSiO3) emerge (Figure D.3a). FTIR analysis
(Figure D.14a) confirms characteristic C-O bonds in carbonate sam-
ples. The intense band at 1409 cm~! corresponds to v3 vibrations
of CO3™ (asymmetric C-O stretching), while peaks at 871 cm™! and
around 712 cm ™! are associated with out-of-plane and in-plane bend-
ing (v2) vibrations of CO3~, respectively”™® ™. The peak at 1795 cm™!
is also attributed to CaCO3™8%8!  The increased intensity of these
bands in carbonated WS confirms calcite formation during CO, min-
eralization.

Figure 5.5: Scanning electron micrographs (SEM) and elemental
mapping of the carbonated samples of the white slag (a, c¢), the re-
fractory wastes (d, f), and non-carbonated samples of WS and RWs

(b and e, respectively). reprinted with permission from>*.

Morphological comparison of non-carbonated and carbonated RWs
mixture (Figure 5.5d-e) reveals tiny calcite crystals adhering to pre-
dominantly silicon-based particles after mineralization. Elemental
mapping (Figure 5.5f) shows a more uniform distribution of Ca, Si, O,
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C, and Mg in carbonated RWs, primarily due to post-mineralization
homogenization via ball milling. This step addresses initial inconsis-
tencies in RWs carbonation, which, without homogenization, resulted
in varying analytical results across different sampling points due to
uneven carbonation (unlike the homogeneous carbonation observed
in WS). Figure 5.6b presents the XRD analysis of non-carbonated
and carbonated RWs. A clear change in active phase intensity is ob-
served, with calcite (CaCOj3) peaks intensifying and C'apSiO, (larnite
and olivine forms) either disappearing or partially reducing. Notably,
MgO and Srebrodolskite (C'agF'e505) remain unchanged. Conversely,
new mineral phases such as Bregidite (Cayj4M g2(Si0,)s), Enstatite
(MgSiO3), and Quartz (Si0;) appear in the carbonated RWs. FTIR
spectra (Figure D.14b) reveal a change in the intensity of bands
within the 1400-1500 cm™! range, characteristic of asymmetric C—
O stretching vibrations in carbonates. Peaks around 872 and 712
ecm™!, corresponding to out-of-plane and in-plane bending vibrations
of carbonate-based compounds, further confirm CaCQOj3 formation
during carbonation. SEM, XRD, and FTIR analyses collectively in-
dicate the absence of M¢gCO;5 formation in RWs, suggesting that
mineralization exclusively results in calcite formation. Morphologi-
cal analysis of individual carbonated RWs (Figure D.11) reveals con-
sistent calcite layer formation enveloping solid particles, particularly
pronounced in EAF and ladle RWs. Examination of active mineral
phases (Figure 5.6¢c-e) identifies calcium olivine (CaSiOy) as the pri-
mary phase in EAF and ladle RWs.

Analysis of the aqueous phase after mineralization is crucial for
understanding process effectiveness. Previous research??4447:57:82 gyyg_
gests that mineralization significantly reduces heavy metal leaching.
Therefore, evaluating the composition of aqueous residues and ex-
ploring their potential for recycling within the carbonation process is
essential®®. For WS (Figure D.12), a significant increase in metallic
ion concentrations is observed during early carbonation stages, in-
cluding Ti (up to 56 ugL™"), Al (up to 1051 ugL™"), Fe (up to 64.5
pugL™), Ni (up to 5.5 ugL™'), and Pb (up to 612 pugL~'). These
metals leach into the liquid phase but are re-trapped within the solid
matrix at longer reaction times, with concentrations decreasing to 10,
0.44, 46.2, and 7.5 ugL~! for Ti, Al, Fe, and Pb, respectively. Ca, Mg,
and to a lesser extent Cr and Ni, exhibit a monotonic concentration
increase throughout mineralization, reaching 373, 274, 2.5, and 17.6
gLt respectively, after 200 minutes. In RWs carbonation wastew-
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Figure 5.6: XRD patterns of non-carbonated and carbonated samples
of a) White Slag, b) RW mixture, ¢) Tundish RW, d) Electric Arc

Furnace RW, and e) Ladle RW. . reprinted with permission from®?.

ater (Figure D.13), Ca concentration peaks at 130 mgL~" after 200
minutes, followed by a gradual decline. Si also increases significantly
up to 200 minutes, then grows at a slower rate, reaching 92 mgL~!
after 390 minutes. Mg, Al, and Cr concentrations increase steadily,
reaching 2458 mgL~!, 923 mgL~!, and 13.5 ugL~! after 390 min-
utes. Fe, Ti, and V remain stable up to 200 minutes, then increase
exponentially to 11.14, 666, and 57.6 ugL ™!, respectively. Pb concen-
tration decreases exponentially after 60 minutes, reaching negligible
levels (2 ugL™') by the end. Notably, even at short reaction times,
Pb concentration remains negligible (<3 pgL™') with increasing CO,
partial pressure (Figure D.13i). These findings, confirming minimal
leaching, highlight the potential of these mineralization protocols.

5.4 QOutlook.

The presence of free calcium oxide (free-CaQO) and calcium hydroxide
(Ca(OH)y) in steel slag often limits its use in concrete, asphalt ag-
gregate, road base, and fill materials due to concerns about water ab-
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sorption and expansion®*. Carbonation treatment effectively removes
these reactive calcium-rich components (e.g., free-CaO, Ca(OH ),,
CaySi0,) from white slag and refractory wastes, enhancing their
safety and sustainability. The sequestration capacities (SC) and car-
bonation degrees (§CaO) reported in this study align with the ex-
isting literature. Using pure CO,, dCaO ranges from 53% to 86%,
while 20-30% CO, gas mixtures yield 6CaO values between 28% and
57% [22, 25, 32, 40, 54, 57]. This study, however, focuses on flue
gases with lower CO, concentrations, unlike prevalent research on
higher CO, concentrations typical of blast furnace emissions®'. Im-
portantly, our study introduces refractory wastes (RWs) as carbon
capture materials, demonstrating high conversion rates (96%) under
extended reaction times, thus opening a new avenue for investigation.
Future research should prioritize detailed, source-specific analyses to
effectively manage and utilize slag waste in mineralization processes.
Thorough validation of the resulting carbonated residues is essen-
tial to confirm their efficacy as alternative construction materials,
promoting wider adoption. While our study has advanced the un-
derstanding of mineralization in steelmaking wastes (white slag and
refractory waste), several areas warrant further exploration to de-
velop a comprehensive waste management approach through miner-
alization: i) Rigorous Techno-Economic Analysis: A comprehensive
techno-economic analysis, encompassing various scenarios and mod-
els for circular economic integration with complementary industries,
is crucial. This analysis should quantify costs, energy inputs, and po-
tential savings to assess the economic feasibility and sustainability of
waste mineralization. ii) Leaching Studies for Heavy Metal Stabiliza-
tion: Further leaching studies are needed to validate the effectiveness
of mineralization in stabilizing heavy metals within the solid carbon-
ate residue. This research is vital for understanding the long-term
environmental impact and safety of carbonated waste materials. iii)
Validation of Carbonated Wastes as Construction Material Additives:
Robust validation studies are required to confirm the suitability of
carbonated waste materials as additives for construction materials.
This could lead to the development of sustainable and environmen-
tally friendly construction practices. By addressing these aspects,
future work can contribute to advancing waste mineralization and its
integration into a broader sustainable industrial ecosystem.
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5.5 Conclusions.

Mineralization presents a promising solution for simultaneously ad-
dressing C'Oy emissions and valorizing high-basicity waste materials,
demonstrating the feasibility of a unified C'Os capture and storage
approach using industrial byproducts, aligning with circular economy
principles. This study focused on the mineralization of both white
slag (WS) and refractory wastes (RWs) from the electric arc furnace,
ladle furnace, and tundish, highlighting their untapped potential
within the secondary steel industry. Carbonated WS achieved a max-
imum CO, sequestration capacity (SC) of 276.65 gco2kgs_lig (using
10% CO, gas mixture) and 359.79 gCOngS_l;g (using pure CO,), em-
phasizing the potential for direct mineralization using rolling mill fur-
nace off-gases without energy-intensive CO, pre-concentration. Op-
timization studies revealed optimal WS performance at 60 minutes,
4 bar, 25°C, and a liquid-to-solid ratio of 20 (271.67 gco,kgya,)-
RWs, despite slower kinetics, reached a higher maximum SC of 311
Jco, kg;i , after 390 minutes. Among individual RW fractions, tundish
RW exhibited the highest carbonation degree (79%) and SC (165
gCOngs;ig). Notably, solution pH critically influences the miner-
alization reaction, warranting further investigation into pH control
strategies during the process. Characterization studies (SEM, XRD,
TGA, FTIR, and ICP) confirmed CaO as the primary reactant in
mineralization, with MgO remaining largely inert under these condi-
tions. Only structural and mineralogical changes in calcic compounds
were observed. Addressing environmental concerns, particularly for
tundish RW due to its higher Pb content, our findings suggest that
carbonation may stabilize heavy metals like Pb. The reduced Pb
concentration in filtrated water as mineralization progresses indicates
potential trapping of harmful metals within the carbonated material,
warranting further exploration as a waste remediation strategy. In
summary, our results demonstrate the potential of mineralization to
address both CO, emissions and various waste streams within the
steel industry, contributing to sustainable industrial ecology. The
successful use of steel industry off-gas highlights the potential for
immediate implementation and emissions reduction. Moreover, the
possibility of stabilizing heavy metals in carbonated material presents
a promising avenue for future waste management innovation.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 205

References

1. IEA. Energy Efficiency Indicators Highlights. International En-
ergy Agency, 191. 1SSN: 1051-1482 (2018).

2. Kurniawan, T. A. et al. Decarbonization in waste recycling in-
dustry using digitalization to promote net-zero emissions and
its implications on sustainability. Journal of environmental man-
agement 338, 117765 (2023).

3. DiGiovanni, C., Hisseine, O. A. & Awolayo, A. N. Carbon diox-
ide sequestration through steel slag carbonation: Review of
mechanisms, process parameters, and cleaner upcycling path-
ways. Journal of COy Utilization 81, 102736 (2024).

4. Liu, W. et al. COy mineral carbonation using industrial solid

wastes: A review of recent developments. Chemical Engineering
Journal 416, 129093 (2021).

5. Xie, H. et al. Scientific and engineering progress in C'Oy min-
eralization using industrial waste and natural minerals. Engi-
neering 1, 150157 (2015).

6. Yoo, Y. et al. Review of contemporary research on inorganic
C' O, utilization via CO, conversion into metal carbonate-based

materials. Journal of Industrial and Engineering Chemistry
116, 60-74 (2022).

7. Chen, Z., Cang, Z., Yang, F., Zhang, J. & Zhang, L. Car-
bonation of steelmaking slag presents an opportunity for car-
bon neutral: A review. Journal of COy Utilization 54, 101738
(2021).

8. Srivastava, S., Snellings, R., Nielsen, P. & Cool, P. Insights
into COs-mineralization using non-ferrous metallurgy slags:
COs (g)-induced dissolution behavior of copper and lead slags.

Journal of Environmental Chemical Engineering 10, 107338
(2022).

9. Ostovari, H., Miiller, L., Skocek, J. & Bardow, A. From un-
avoidable C'Oy source to C'Oy sink? A cement industry based

on C'Oy mineralization. Environmental science € technology
55, 5212-5223 (2021).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 5. A thorough assessment of mineral carbonation of steel

206 slag and refractory waste

10. Tanaka, S., Takahashi, K., Abe, M., Noguchi, M. & Yamasaki,
A. Preparation of High-Purity Calcium Carbonate by Mineral
Carbonation Using Concrete Sludge. ACS omega 7, 19600—
19605 (2022).

11. Kusin, F. M., Hasan, S. N. M. S., Molahid, V. L. M., Yusuff,
F. M. & Jusop, S. Carbon dioxide sequestration of iron ore
mining waste under low-reaction condition of a direct mineral
carbonation process. Environmental Science and Pollution Re-
search 30, 22188-22210 (2023).

12. Hanifa, M., Agarwal, R., Sharma, U., Thapliyal, P. & Singh,
L. A review on CO, capture and sequestration in the con-

struction industry: Emerging approaches and commercialised
technologies. Journal of COy Utilization 67, 102292 (2023).

13.  Zhang, T., Chen, M., Wang, Y. & Zhang, M. Roles of carbon-
ated recycled fines and aggregates in hydration, microstructure
and mechanical properties of concrete: A critical review. Ce-
ment and Concrete Composites 138, 104994 (2023).

14. Li, L., Liu, Q., Huang, T. & Peng, W. Mineralization and uti-
lization of C'Os in construction and demolition wastes recycling
for building materials: A systematic review of recycled concrete

aggregate and recycled hardened cement powder. Separation
and Purification Technology 298, 121512 (2022).

15.  Li, Z. et al. Towards the Co-benefits of carbon capture, utiliza-
tion and sequestration: A life cycle assessment study for steel
slag disposal. Journal of Cleaner Production, 141166 (2024).

16. Bakshi, P. et al. Life Cycle Assessment of Calcium-Rich Indus-
trial Waste Reinforced Polypropylene and Low-Density Polyethy-
lene Composites Using the Cradle-to-Gate Approach. ACS Sus-
tainable Chemistry & Engineering 10, 13710-13721 (2022).

17. Li, L., Ling, T.-C. & Pan, S.-Y. Environmental benefit assess-
ment of steel slag utilization and carbonation: A systematic
review. Science of The Total Environment 806, 150280 (2022).

18. Li, L., Jiang, Y., Pan, S.-Y. & Ling, T.-C. Comparative life
cycle assessment to maximize C'Oy sequestration of steel slag
products. Construction and Building Materials 298, 123876
(2021).



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 207

19. Stefaniuk, D., Hajduczek, M., Weaver, J. C., Ulm, F. J. &
Masic, A. Cementing C'Oy into CSH: A step toward concrete
carbon neutrality. PNAS nezus 2, pgad052 (2023).

20. Ostovari, H., Miiller, L., Mayer, F. & Bardow, A. A climate-
optimal supply chain for CO, capture, utilization, and storage
by mineralization. Journal of Cleaner Production 360, 131750
(2022).

21. Hu, G. et al. COy mineral sequestration and faujasite zeo-
lite synthesis by using blast furnace slag: process optimization
and C'Oy net-emission reduction evaluation. ACS Sustainable
Chemistry €& Engineering 9, 1396313971 (2021).

22. Pan, S.-Y. et al. CO, mineralization and utilization by alkaline
solid wastes for potential carbon reduction. Nature Sustainabil-
ity 3, 399-405 (2020).

23. Ragipani, R., Sreenivasan, K., Anex, R. P., Zhai, H. & Wang,
B. Direct air capture and sequestration of C'O, by acceler-
ated indirect aqueous mineral carbonation under ambient con-
ditions. ACS Sustainable Chemistry & Engineering 10, 7852—
7861 (2022).

24. TRENA. Global Renewables Outlook: Energy Transformation
2050 tech. rep. (International Renewable Energy Agency, 2020).
https://www.irena.org/publications/2020/Apr/Global-
Renewables-0Outlook-2020.

25. Zhang, Y., Yu, L., Cui, K., Wang, H. & Fu, T. Carbon capture
and storage technology by steel-making slags: Recent progress
and future challenges. Chemical Engineering Journal 455, 140552
(2023).

26. Williams, A. in Industrial Energy Systems Handbook 1-24 (River
Publishers, 2023).

27. Birol, D. F. World Energy Outlook 2022 tech. rep. (2022).

28. Xie, J., Xia, Z., Tian, X. & Liu, Y. Nexus and synergy between
the low-carbon economy and circular economy: A systematic

and critical review. Environmental impact assessment review
100, 107077 (2023).

29. Association, W. S. et al. Steel-The permanent material in the
circular economy (Worldsteel Association, 2016).



https://www.irena.org/publications/2020/Apr/Global-Renewables-Outlook-2020
https://www.irena.org/publications/2020/Apr/Global-Renewables-Outlook-2020

UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 5. A thorough assessment of mineral carbonation of steel

208 slag and refractory waste

30. Zhao, Q. et al. Co-treatment of Waste From Steelmaking Pro-
cesses: Steel Slag-Based Carbon Capture and Storage by Min-
eralization. Frontiers in Chemistry 8, 1-7 (2020).

31. Yi, Z., Wang, T. & Guo, R. Sustainable building material from
C' Oy mineralization slag: Aggregate for concretes and effect of
COy curing. Journal of COy Utilization 40, 101196 (2020).

32. Li, H., Tang, Z., Li, N., Cui, L. & Mao, X.-z. Mechanism and
process study on steel slag enhancement for COy capture by
seawater. Applied Energy 276, 115515 (2020).

33. Yadav, S. & Mehra, A. A review on ex situ mineral carbona-
tion. Environmental science and pollution research 28, 12202—
12231 (2021).

34. Pan, S.-Y., Chang, E., Chiang, P.-C., et al. COy capture by
accelerated carbonation of alkaline wastes: a review on its prin-

ciples and applications. Aerosol and Air Quality Research 12,
770-791 (2012).

35. Tian, S.-c., Jiang, J.-g., Li, K.-m., Yan, F. & Chen, X.-j. Per-
formance of steel slag in carbonation—calcination looping for
CO 2 capture from industrial flue gas. RSC' Advances 4, 6858—
6862 (2014).

36. Vu, M. T. et al. Nutrient recovery from digested sludge centrate
using alkali metals from steel-making slag. Chemical Engineer-
ing Journal 450, 138186 (2022).

37. Yi, H. et al. An overview of utilization of steel slag. Procedia
Environmental Sciences 16, 791-801 (2012).

38. Zeng, B., Zhang, Z., Yang, S., Mo, L. & Jin, F. Alkanolamines-
activated steel slag for stabilization/solidification of heavy metal
contaminated soil. Journal of Environmental Chemical Engi-
neering 11, 110301 (2023).

39. Chiang, P.-C. & Pan, S.-Y. Carbon Diozide Mineralization and
utilization 1st ed. ISBN: 978-981-10-3268-4. https://link.
springer.com/book/10.1007/978-981-10-3268-4 (Springer
Singapore, 2017).

40. Pan, S.-Y. et al. CO, mineralization and utilization using steel
slag for establishing a waste-to-resource supply chain. Scientific
reports 7, 17227 (2017).


https://link.springer.com/book/10.1007/978-981-10-3268-4
https://link.springer.com/book/10.1007/978-981-10-3268-4

UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 209

41. Ebrahimi, A. et al. Sustainable transformation of fly ash in-
dustrial waste into a construction cement blend via COy car-
bonation. Journal of Cleaner Production 156, 660-669 (2017).

42. Di Maria, A., Snellings, R., Alaerts, L., Quaghebeur, M. &
Van Acker, K. Environmental assessment of C'Oy mineralisa-

tion for sustainable construction materials. International Jour-
nal of Greenhouse Gas Control 93, 102882 (2020).

43. Du, Y. et al. Real-time investigation of the C'Oy mineral car-
bonation reaction rate through direct aqueous route using semi-
dry desulfurization slag. Journal of COy Utilization 51, 101614
(2021).

44. Pan, S.-Y., Chiang, P.-C., Chen, Y.-H., Tan, C.-S. & Chang, E.
Ex Situ CO, capture by carbonation of steelmaking slag cou-

pled with metalworking wastewater in a rotating packed bed.
Environmental science € technology 47, 3308-3315 (2013).

45. Chang, E.-E.; Chen, C.-H., Chen, Y.-H., Pan, S.-Y. & Chiang,
P.-C. Performance evaluation for carbonation of steel-making
slags in a slurry reactor. Journal of hazardous materials 186,
558-564 (2011).

46. Chang, E., Pan, S.-Y., Chen, Y.-H., Tan, C.-S. & Chiang, P.-C.
Accelerated carbonation of steelmaking slags in a high-gravity
rotating packed bed. Journal of hazardous materials 227, 97—
106 (2012).

47. Chang, E.-E. et al. C'O5 sequestration by carbonation of steel-
making slags in an autoclave reactor. Journal of Hazardous
Materials 195, 107-114 (2011).

48. Yan, H. et al. A green synthesis strategy for low-cost multi-
porous solid CO, adsorbent using blast furnace slag. Fuel 329,
125380 (2022).

49. Lee, J., Ryu, K. H., Ha, H. Y., Jung, K.-D. & Lee, J. H.
Techno-economic and environmental evaluation of nano cal-
cium carbonate production utilizing the steel slag. Journal of
CO,y Utilization 37, 113-121 (2020).

50. Srivastava, S. et al. Carbonated steel slags as supplementary
cementitious materials: Reaction kinetics and phase evolution.
Cement and Concrete Composites 142, 105213 (2023).



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 5. A thorough assessment of mineral carbonation of steel

210 slag and refractory waste

51. Liu, P., Mo, L., Zhong, J. & Tang, M. In-situ investigation on
the carbonation behaviors of various mineral phases in steel
slag: The role of RO phase. Cement and Concrete Composites
149, 105524 (2024).

52. Sanna, A., Uibu, M., Caramanna, G., Kuusik, R. & Maroto-
Valer, M. A review of mineral carbonation technologies to se-
quester COy. Chemical Society Reviews 43, 8049-8080 (2014).

53. Reddy, K. R., Gopakumar, A. & Chetri, J. K. Critical review of
applications of iron and steel slags for carbon sequestration and
environmental remediation. Reviews in Environmental Science
and Bio/Technology 18, 127-152 (2019).

54. Capelo-Avilés, S. et al. A thorough assessment of mineral car-
bonation of steel slag and refractory waste. en. Journal of C'Os
Utilization 82, 102770. 1SSN: 22129820 (Apr. 2024).

55. Azdarpour, A. et al. A review on carbon dioxide mineral car-
bonation through pH-swing process. Chemical Engineering Jour-
nal 279, 615-630 (2015).

56. Liu, M., Hohenshil, A. & Gadikota, G. Integrated C'O5 capture
and removal via carbon mineralization with inherent regenera-
tion of aqueous solvents. Energy & Fuels 35, 8051-8068 (2021).

57. Renforth, P. The negative emission potential of alkaline mate-
rials. Nature communications 10, 1401 (2019).

58. Huijgen, W. J., Witkamp, G.-J. & Comans, R. N. Mineral C'O,
sequestration by steel slag carbonation. Environmental science
€9 technology 39, 9676-9682 (2005).

59. Lackner, K. S. A guide to C'Oy sequestration. Science 300,
1677-1678 (2003).

60. Huijgen, W. J. & Comans, R. N. Carbonation of steel slag for
COy sequestration: leaching of products and reaction mech-
anisms. Fnvironmental science & technology 40, 2790-2796

(2006).

61. Gao, J. et al. Process simulation and energy integration in the
mineral carbonation of blast furnace slag. Chinese journal of
chemical engineering 27, 157-167 (2019).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 211

62. Chen, T.-L., Pei, S.-L. & Chiang, P.-C. Integrated leaching—
carbonation kinetic model on C'O, mineralization of alkaline
solid wastes in a high-gravity rotating packed bed. Reaction
Chemistry & Engineering 5, 1929-1938 (2020).

63. Rietveld, H. M. A profile refinement method for nuclear and
magnetic structures. Journal of applied Crystallography 2, 65—
71 (1969).

64. Cheary, R. W., Coelho, A. A. & Cline, J. P. Fundamental
parameters line profile fitting in laboratory diffractometers.
Journal of Research of the National Institute of Standards and
Technology 109, 1 (2004).

65. Hill, R. & Howard, C. Quantitative phase analysis from neu-
tron powder diffraction data using the Rietveld method. Jour-
nal of Applied Crystallography 20, 467-474 (1987).

66. Stokes, A. & Wilson, A. A method of calculating the integral
breadths of Debye-Scherrer lines in Mathematical Proceedings
of the Cambridge Philosophical Society 38 (1942), 313-322.

67. Wang, D., Xiong, C., Li, W. & Chang, J. Growth of calcium
carbonate induced by accelerated carbonation of tricalcium sil-
icate. ACS Sustainable Chemistry € Engineering 8, 14718~
14731 (2020).

68. Chang, J. & Fang, Y. Quantitative analysis of accelerated car-
bonation products of the synthetic calcium silicate hydrate (C—
S-H) by QXRD and TG/MS. Journal of Thermal Analysis and
Calorimetry 119, 57-62 (2015).

69. Hong, S., Moon, S., Cho, J., Park, A.-H. A. & Park, Y. Effects
of Mg ions on the structural transformation of calcium car-
bonate and their implication for the tailor-synthesized carbon

mineralization process. Journal of COy Utilization 60, 101999
(2022).

70. Huijgen, W. J., Ruijg, G. J., Comans, R. N. & Witkamp, G.-J.
Energy consumption and net C'Oy sequestration of aqueous
mineral carbonation. Industrial ¢ Engineering Chemistry Re-
search 45, 9184-9194 (2006).

71. Chen, Y.-H. et al. Modeling ozone contacting process in a ro-

tating packed bed. Industrial € engineering chemistry research
43, 228-236 (2004).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 5. A thorough assessment of mineral carbonation of steel

212 slag and refractory waste

72. Pan, S.-Y. et al. Systematic approach to determination of max-
imum achievable capture capacity via leaching and carbon-
ation processes for alkaline steelmaking wastes in a rotating
packed bed. Environmental science & technology 47, 13677—
13685 (2013).

73. Kustrowski, P., Chmielarz, L., Bozek, E., Sawalha, M. & Roess-
ner, F. Acidity and basicity of hydrotalcite derived mixed Mg—
Al oxides studied by test reaction of MBOH conversion and
temperature programmed desorption of NH3 and C'O,. Mate-

rials Research Bulletin 39, 263-281 (2004).

74. Fernandez, L., Alonso, C., Hidalgo, A. & Andrade, C. The role
of magnesium during the hydration of C3S and CSH forma-
tion. Scanning electron microscopy and mid-infrared studies.
Advances in cement research 17, 9-21 (2005).

75.  Yu, P., Kirkpatrick, R. J., Poe, B., McMillan, P. F. & Cong, X.
Structure of calcium silicate hydrate (C-S-H): Near-, Mid-, and
Far-infrared spectroscopy. Journal of the American Ceramic
Society 82, 742-748 (1999).

76. Kloprogge, J. T. & Frost, R. L. Fourier transform infrared and
Raman spectroscopic study of the local structure of Mg-, Ni-,
and Co-hydrotalcites. Journal of Solid State Chemistry 146,
506-515 (1999).

77. Aguiar, H., Serra, J., Gonzalez, P. & Leén, B. Structural study
of sol-gel silicate glasses by IR and Raman spectroscopies.
Journal of Non-Crystalline Solids 355, 475-480 (2009).

78. Cadis, A. L., Rus, F. S., Gongalves, J. N. & Ivanovici, M.
Preparing a Ca-Bi-O system by the precipitation method and
studying its intermediate structural properties for applications
in water treatment. Inorganics 11, 79 (2023).

79. Meiszterics, A. et al. Structural characterization of gel-derived
calcium silicate systems. The Journal of Physical Chemistry A
114, 10403-10411 (2010).

80. Xyla, A. G. & Koutsoukos, P. G. Quantitative analysis of cal-
cium carbonate polymorphs by infrared spectroscopy. Jour-
nal of the Chemical Society, Faraday Transactions 1: Physical
Chemistry in Condensed Phases 85, 3165-3172 (1989).



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

References 213

81. Kiefer, J., Stark, A., Kiefer, A. L. & Glade, H. Infrared spectro-
scopic analysis of the inorganic deposits from water in domestic
and technical heat exchangers. Energies 11, 798 (2018).

82. Ho, H.-J., lizuka, A. & Kubo, H. Direct aqueous carbonation of
dephosphorization slag under mild conditions for CO, seques-
tration and utilization: Exploration of new dephosphorization
slag utilization. Environmental Technology € Innovation 28,

102905 (2022).




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Chapter 5. A thorough assessment of mineral carbonation of steel

214 slag and refractory waste




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

Conclusions.

215



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

216 Chapter 6. Conclusions.

This thesis presents a multi-faceted approach to carbon capture
and utilization (CCU) in industrial settings. First, a thorough as-
sessment of current carbon capture (CC) technologies, identifying
their strengths, limitations, and potential for improvement in the
secondary steel sector. This evaluation provides insights into the
technical, economic, and environmental aspects of these technolo-
gies. Next, a novel, versatile material is developed with the ability to
selectively capture CO, from both COy /Ny and COy/C H, mixtures.
This material exhibits promising potential for CO2 capture due to its
unique properties and high selectivity. Rigorous thermodynamic and
kinetic characterization provides valuable insights for future testing
under real industrial conditions. Furthermore, this thesis explored
CO, mineralization as a potential storage solution within industrial
waste streams. Comprehensive characterization of steel industry slag
contributes valuable knowledge to improve both gaseous (CO,) and
solid waste management within a circular economy framework. The
main findings can be su summarized as follows:

e In the secondary steel industry, such as CELSA, available bench-
mark CC technologies like amine scrubbing, adsorption sys-
tems, membranes, and calcium looping are not directly suitable
or economically viable due to high operating costs (OPEX >
30 €/ton CO,) and energy consumption (>1000 kWh ton~*
CO,). In Chapter 2, we present a comprehensive qualitative
assessment of these technologies and their potential integration
within the secondary steel industry. Based on this assessment,
amine scrubbing (with MEA) and VSA with zeolite 13X were
identified as the most feasible technologies for CELSA. Thermo-
dynamic models and process modeling tools were employed to
critically evaluate the total annualized cost (TAC) and energy
consumption associated with these technologies. This analysis
provides valuable insights into the economic viability and en-
ergy efficiency of CO, capture in the secondary steel industry.

e TAMOF-1, a stable and robust metal-organic framework, ex-
hibits selective CO, adsorption from gas streams, reaching ca-
pacities up to 3.7 mmol g~! at ambient conditions. In chapter 3
we demonstrate its favorable separation parameters for CO, /Ny
mixtures, with high TAST selectivities (up to 205) across various
concentrations, pressures, and temperatures. Its weak CO4 in-
teractions enable facile, low-energy regeneration. Dynamic col-
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umn breakthrough experiments confirm concentration-dependent
CO, desorption and high purities (>99.9%) after vacuum re-
generation. A 4-step VSA configuration achieves ~ 95% CO,
purity and ~ 77% recovery with minimal vacuum. Notably,
vacuum activation significantly enhances TAMOF-1’s adsorp-
tion capacity compared to N, purging. Cyclic VSA tests under
flue gas conditions demonstrate superior performance compared
to zeolite 13X, with 25% higher CO, recovery at ~ 99.8% pu-
rity. Pellet and powder forms exhibit comparable adsorption
capacities but differ in desorption behavior. Single-component
breakthrough experiments validate kinetic models and reveal
fast mass transfer for both forms. Overall, TAMOF-1 pellets
show strong potential for post-combustion carbon capture us-
ing PVSA technologies, offering a tunable regeneration proto-
col for flexible operation. Further research will focus on scaling
up, process optimization, real-world stability assessment, and
techno-economic feasibility analysis.

e TAMOF-1 demonstrates exceptional promise for biogas upgrad-
ing, exhibiting high ideal selectivities for COy/CH, (> 30)
and substantial CO, adsorption capacities (> 3mmolg™'), sur-
passing many other adsorbent materials. In Chapter 4, we
thoroughly characterize the patented metal-organic framework,
TAMOF-1, as a physisorptive adsorbent for CO,/CH, sep-
aration. Adsorption isotherms confirm preferential CO, ad-
sorption over CH,; and N,. Dynamic fixed-bed column ex-
periments further validate TAMOF-1 capacity for CHy/CO,
separation, demonstrating high selectivity (up to 4) and CO,
adsorption capacity (up to 3.87 mmol g~!) under ambient con-
ditions. The negligible effect of C'H,/N; ratio on CO, elution
behavior through TAMOF-1 was also established. Computa-
tional evaluations using Monte Carlo and molecular dynam-
ics simulations align with experimental data, underscoring the
material’s promising performance. Moreover, TAMOF-1 pel-
lets exhibit cyclic stability during adsorption/desorption cycles
with biogas-like mixtures (50% CO,: 50% CH,), maintaining
good selectivity and a steady-state CO, adsorption capacity of
1.5 mmol g~

e Mineralization presents a promising solution for simultaneous
CO, sequestration and valorization of high-basicity industrial
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byproducts, aligning with circular economy principles. In chap-
ter 5 our study demonstrates the feasibility of this approach us-
ing waste materials from the secondary steel industry. Carbona-
tion of white slag (WS) achieved a maximum CO, sequestration
capacity of up to 359.79 gco, k:g;ig, highlighting the potential
for direct mineralization using industrial off-gases. Optimiza-
tion studies identified ideal conditions for WS carbonation. Re-
fractory wastes (RWs), while slower, reached a higher maximum
sequestration capacity of 311 gco, k:gs_lig. Notably, tundish RW
exhibited the highest carbonation degree and sequestration ca-
pacity among individual RW fractions. Solution pH was found
to be a critical factor influencing mineralization, warranting fur-
ther investigation into pH control strategies. Characterization
studies confirmed CaO as the primary reactant, with minimal
MgO involvement. Importantly, carbonation appears to stabi-
lize heavy metals like Pb, suggesting potential for waste reme-
diation. Overall, this study demonstrates the potential of min-
eralization to address both CO, emissions and waste streams
within the steel industry, contributing to sustainable industrial
practices.
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Table A.1: List of process equipment and their characteristics for the MEA stripping capture system.

Temperature Pressure

Tag Service Type Equipment Fluid K bar
C-1 Exhaust gas Centrifugal Compressor Exhaust gas 313-373 1.52
compressor
HX-1 Exhaust gas Shell & tubes /v ov Exhaust gas /water  313-513 1.05
precooler plates & frame
HX-2 Exhaust gas Shell & tubes/ Heat ex Exhaust gas /water 373-313 2
aftercooler plates & frame
AB-1 Amine Contactor Vertical Column Acid gas/MDEA 329 UM.I@O 1
P-1 Rich amine Centrifugal Pump Rich Amine 335 1.62
pump
Lean/Rich Lean/rich Cold: 341 -365 Cold: 1.8
HX-3 amine heat exchanger Plates & frame Heat ex MDEA Hot: 394 -369 Hot:1.6
STRIP-1 Amine Vertical Column Rich Amine Head: 322 1.6
regenerator Bottom:397
ST_C-1 Amine Total Reflux ~ Heat ex CO2 90% 322 1.15
reflux condenser
ST _R-1 Amine . Kettle Heat ex Lean amine 394 1.62
Regenerator Reboiler
HX-4 Lean amine Shell & tubes /=yt ov Lean amine/water 364-320 1.62
cooler plates & frame
P-2 ZHW:HMHMWmc@ Centrifugal Pump MEA makeup 290 1.52
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Figure B.1: Langmuir (a), Freundlich (b), Langmuir-Freundlich (c)
and Dual-site Langmuir-Freundlich (d) models fitting for the CO,
adsorption isotherm of TAMOF-1 at 303 K.
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Table B.2: Isotherm parameters for CO,, CHy, and Ny adsorption on the TAMOF-1 at 298K from 0-1 bar.

CO2 CH4 N2
qm,L / mmol g—1 4.18037 4.06566 4.52801
Langmuir KL/bar-1 4.59085 0.20579  0.05677
R2 0.918069 0.99989 0.999993
KF / mmol g-1 bar  3.62759 0.69853 0.24371
Freundlich nF 2.51998 1.10663 1.03064
R2 0.995508 0.99927 0.999934
qm,LF/mmol g—1 923.2443 3.25824  3.35045
Langmuir-Freundlich KLF /barn 0.00394 0.2702  0.07825
(Sips) nLF 2.51402  0.97008 0.98785
R2 0.995456  0.99992  0.999998
qm, A /mmol g—1 1.34281 0.41023  0.17408
KA /barn 56.61094 3.73563  0.27453
nA 1.12067 0.82172  0.40343
Langmuir-Freundlich (Dual site) gm,B/mmol g—1 4.64294 0.86851 0.73201
KB/barn 1.02766  0.74271  0.39096

nB 0.82597  0.46732 0.96
R2 0.999999 0.99998 0.999999
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Table B.3: Langmuir-Freundlich (Sips) Isotherm parameters for CO,
adsorption on the TAMOF-1 at 298K from 0-1 bar and 1-10 bar.

Sips models CO2 (0-1 bar) CO2 (1-10bar)
qm,LF/mmol g-1 4.5752 6.86
n=1,m=1 K 0.009809 0.009809
SSE 3.16 0.75
qm,LF/mmol g—1 14.1568 9.98
n=2, m=1 K 0.0033 0.0033
SSE 0.3873 0.198
qm,LF/mmol g-1 6.7411 6.74
n=3 m=2 K 0.00119 0.00119
SSE 1.0966 0.194

Figure B.2: Sips isotherm model fitting for the CO, adsorption
isotherm of TAMOF-1 at 303 K.
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Table B.4: Parameters used for the fitting of the breakthrough curves.

Parameter Value
Temperature [°C] 25

Column lenght [cm] 5.3-5.8
Column inner diameter [cm] 1.95

velocity [m/s] 0.005; 0.010; 0.015
Inlet concentration [mol/m3] 6% CO2 diluted in He. = 2.10 [mol-m-3|

Bulk density [kg/m3] 680
Column void fraction 0.58

Table B.5: Breakthrough measures performed with Activation 1 (Ny
flow) at 298K and 1 bar at different CO,/N, ratios (6:94, 15:85,
30:70).

Inlet CO, Breakthrough time CO, adsorbed CO, adsorbed Selectivity (Ss)

concentration [%] [min g1] ¢ [mmol g!] ¢, [mmol g™
6 7.3 0.57 0.79 123.7666667
15 3.69 0.62 0.86 48.73333333
30 1.84 0.67 0.92 25.86345382

Table B.6: CO, desorbed and N, remaining in TAMOF-1 after differ-
ent vacuum regeneration times, for different gas inlet CO,/N, ratios
(6:94, 15:85, and 30:70).

CO,/N, Total vacuum time Vacuum pressure CO, Desorbed N, remaining
Gas concentration ratio [min] [mbar] [mmol g-1] [mmol g-1]
30 2.2 0.342 0
10 5.1 0.236 0
6:01 2 15.2 0.161 9.22E-04
0.5 24.3 0.136 0.0025
0.08 78.7 0.079 0.0131
23 4.2 0.3478 0
10 6.3 0.303
15:85 5 15.4 0.262 2.32E-04
2 20.5 0.211 9.44E-04
0.5 34.3 0.17 0.00195
0.08 79.1 0.131 0.00661
14 6.3 0.506295 0
10 10 0.490525 0
30:70 5 16.2 0.42563 0.000663375
2 24.5 0.35285 0.001138455
0.5 41.8 0.30243 0.002218974

0.08 89.6 0.22073 0.006335372
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Table B.7: Impact of O, Presence on CO, Desorption and N, re-
maining in TAMOF-1 Powder under Varying Vacuum Regeneration
Times (6% CO, Inlet Concentration, 298K, 1 bar)

inlet gas composition Vacuum Desorption time CO, desorbed N, remaining in the column

[%] [min] [mmol g-1] [mmol g-1]
6CO2/94N, 0.08 0.0785 0.0131
6C0,/84N,/100, 0.08 0.1 0.0096
6COy/94N, 0.5 0.126 0.00202
6C0,/84N,/100, 0.5 0.136 0.00256

Table B.8: Breakthrough measures TAMOF-1 powder at different
gas velocities, temperatures, and pressures.

v [m-s-1]  TI[°C] P [bar] gs [mmolg-1]
0.9
1.37
1.74
0.6
0.93
1.32
0.3
0.53
0.8

25

0.005 - 0.015 20

30

LW~ OtWwH— Ootw—




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

230 Chapter B. Appendixz B: Chapter 3 Support information

Figure B.3: CO, Breakthrough curves of TAMOF-1 for different gas
velocities (0.005 — 0.15 m/s), in temperature and pressure range of
25-80°C and 1-5bar, respectively.

Figure B.4: TAMOF-1 powder CO, Breakthrough measures (dots)
and fitting curves (lines), at 298K and 1 bar, for a) 0.005, b) 0.010,
and ¢) 0.015 m s™! gas velocities. And, d) 1%, 2.5% CO, gas con-
centration (He balance) with 0.005 m s™! gas velocity.
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Figure B.5: TAMOF-1 pellet CO, Breakthrough curves and its fitting
curves (lines), at 298K, 1 bar, and 0.005 m s~* for a) , b) 0.010, and
c) 0.015 m s™! gas velocities.
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Figure C.1: Powder X-ray diffraction pattern of TAMOF-1 (red dots),
compared with the theoretical pattern calculated from the single crys-
tal data (blue line).

Table C.1: Fitting parameters for CO,, CH,, and N, adsorption
isotherms of TAMOF-1 at 298.15 K.

CO, CHy N,
qm,L / mmol g~! 4.06566  4.52801
Langmuir KL/bar-1 0.20579  0.05677
R2 0.99989 0.999993
qm,LF/ mmol g~! 10.6
. . KLF/ barn 0.0033
Langmuir-Freundlich AL 9

R2 0.995456
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Figure C.2: Schematic diagram of the experimental set-up used for
the breakthrough experiments.

Figure C.3: adsorption isotherms measures (dots) and fittings (lines),
for CO, (left), CH; (middle), and N, (right) at 298.15 K. CO, C
isotherm fitted with Langmuir-Freundlich single site, and CH, and

N, with Langmuir single site.



UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

236 Chapter C. Appendiz C: Chapter 4 Support information

Figure C.4: CO, adsorption isotherms of TAMOF-1 at 303, 323 and
333 K, fitted to single-site and dual-site Langmuir-Freundlich models
plotted as CO, uptake vs. pressure in linear (a) and logarithmic (b)
scales.

Table C.2: TAST Selectivity of TAMOF-1 for CO,/CH, mixtures
ratios (30:70, 50:50, and 70:30) at 298.15 K and in the pressure range

0.1-10 bar.
Pressure [bar] 30:70 CO2/CH4 50:50 CO2/CH4 70:30 CO2/CH4
0.1 70.8 62 56.4
0.5 44 38.4 35.6
1 35.6 32.8 31.8
3 31.7 32.7 34.6
) 32.8 36.1 39.94
7 34.9 40 45.3

—_
e

38.2 45.9 52.6
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TGA analysis

Figure D.1: Thermogravimetric analysis of refractories waste from:
a) White Slag, b) Tundish Furnace, ¢) Electric arc furnace, and d)
Ladle Furnace.
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XRD analysis

Figure D.2: X-diffraction of non-carbonated: a) White slag, b)
Tundish Refractory waste, ¢) EAF refractory waste and d) Ladle
Refractory waste.
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Figure D.3: X-ray diffraction of carbonated a) WS, b) Tundish RW,
c) EAF RW, and d) Ladle RW, under same operation condition (4bar,
25°C, and 60 min).

Figure D.4: X-ray diffraction of a) non-carbonated RWs, and b) Car-
bonated RWs.
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Rietveld mineral phase quantification.

D.0.1 Description of the method.

The Rietveld refinement! was performed with the TOPAS v6 software?®s3.
The background was modelized with a 2nd order Chebyshev polyno-
mial . The instrumental contribution to the diffraction profile was
calculated with the Fundamental Parameters Approach?. The rel-
ative quantitative phase analysis was obtained by refining the Ri-
etveld scale factor for each phase and applying the corresponding
well-known equations®. The peak width of each phase was modelled
with the Double-Voigt Approach® by considering only the Lorentzian
contribution of the crystallite size effect and discarting any contri-
bution of the microstrain to the peak width. The averaged integral
breadth was obtained from the resulting fitted Voigt function to the
whole diffractogram. The Scherrer equation” was then applied to
obtain the apparent crystallite size.

XRD measurements with D8 Advance.

X-ray diffraction measurements (XRD) were made using a Bruker-
AXS D8- Advance diffractometer with vertical theta-theta goniome-
ter, incident- and diffracted-beam Soller slits of 2.5°, a fixed 0.5°
receiving slit and an automatic Airscattering knife on the sample
surface. The angular 26 range was between 5 and 90°. The data
were collected with an angular step of 0.02° at a step/time of 2s.
Cuka radiation was obtained from a copper X-ray tube operated
at 40 kV and 40 mA. Diffracted X-rays were detected with a PSD
detector LynxEye-XE-T with an opening angle of 2.94°.

The RW mixture sample presents several low intensity peaks that
have not been possible to assign to any crystal phase. We have as-
sumed that no amorphous phase is present in the sample. We could
have added some standard to the sample in order to calculate an abso-
lute wt% of the phases but we discarded this option because of to the
high number of phases detected in the sample and some of them with
low concentrations. The presence on Zincite was stablished from its
reflections (100) and (-210) that are not overlapped by other peaks.
The presence of Quartz was stablished from its main peak (101). The
presence of Grossite was stablished from its main peak (020). The
presence of Boehmite was stablished from its main peak (020). The




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

244 Chapter D. Appendix D: Chapter 5 Support information

presence of Anhydrite cannot be assured because its main peak (021)
is partially overlapped by other phases. The presence of CazAly,Og
cannot be assured because its main peak (440) is totally overlapped
by other phases. The presence of Wuestite cannot be assured because
its main peak (200) is totally overlapped by other phases. The pres-
ence of Franklinite cannot be assured because its main peak (311) is
partially overlapped by other phases. The composition of Franklinite
(spinel crystal structure) was fixed as ZnFeyO4 but the real ratio
Zn:Fe is unknown. The presence and exact chemical composition (K
substituted by Ca or Na) of Microcline cannot be asured because its
main peaks is totally overlapped by other phases. The presence of
NasSi,0s5 cannot be asured because its main peaks are completely
overlapped by other phases. The exact chemical composition (Fe
substituted by Al) of CasAlFeO; cannot be determined because of
its low concentration. We have calculated the Mass Absorption Co-
efficient (MAC)® for each crystal phase and for the sample taking
the wt% of each phase. The microabsorption effect? is an important
drawback in quantitative phase analysis with the Rietveld method.
This effect is especially important when highly absorption phases are
mixed with low absorption ones. In the present case, phases as Quartz
and Periclase have a low MAC compared with Wuestite, Franklinite
and Ca2AlFeO5. This gives an overestimation of the low absorption
phases and an underestimation of the high absorption ones. In or-
der to minimize this effect, the literature suggests to minimize the
sample grain size (< 15um) or apply theoretical corrections® not al-
ways successfully!®!! because it is necessary to know the grain size
of each crystal phase in the sample. A better approximation to the
true wt% of the phases could be by using a shorter wavelength and
transmission geometry, i.e. synchrotron radiation and a capillary
sample holder. In order to check the validity of the calculations, we
have compared the chemical composition of the sample obtained by
X-ray fluorescence (XRD) and the calculated chemical composition
from the quantitative analysis by X-ray diffraction (QA-XRD). The
following table shows the results of these calculations together with
the difference between the two techniques. The lost-on ignition (LOI)
has not been included in the QA-XRD.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

245

D.0.2 Rietveld method to non-carbonated RWs.

Table D.1: Elemental quantification of non-carbonated RWs by Ri-
etveld method.

Sample RWs
XRF*  QA-XRD* DIF
Al 3.128  3.664 (0.168 0.536 (0.170)

)
Fe  13.702 23809 (0.224) -10.893 (0.226)
Si 6.334 8396 (0.172)  2.062 (0.173)
S 0.292 0.118 (0.138)  -0.174 (0.140)
Ti 0.348  0.000 (0.000)  -0.348 (0.030)
Zn 0.53  1.408 (0.084)  0.877 (0.093)
Na  0.193  0.909 (0.097)  0.716 (0.104)

Mg  13.381 17.327 (0.315) 3.946 (0.316)
Mn  2.804 0.291 (0.017) -2.513 (0.042)
Ca  29.212 24.921 (0.263) 4.213 (0.266)
LOI  5.41

The main differences arise from Fe that by QA-XRD is underesti-
mated whereas with Si happens the contrary. These differences can be
attributed to the microabsorption effect. With Mn happens the same
as with Fe but here the problem is that the only detected phase that
can contain Mn is Franklinite. This spinel structure was introduced
in the calculation as Zn(Fey75Mngas)20, as it has been reported
the Fe-Mn substitution in spinels (MnFeyO4, ICSD 40702). How-
ever, there is an uncertainty where the rest of Mn is in the sample.
There is a good coincidence with Ca as most of the crystal structures
contain this element. The results of the quantitative phase analysis
for sample RWmixture are shown in the following table. Between
parentheses is indicated the error of the last significant digit. This
error corresponds to the uncertainty of the fitting process, it does not
correspond to the experimental error.
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Table D.2: Results of the Quantitative Rieltveld mineral phases anal-

ysis of non-carbonated RWs.

Composition Phase name

Wt %

Zn0O Zincite
S10y Quartz
MgO Perciclase
CaCO5 Calcite
Ca(OH), Portlandite
CaS0O, Anhydrite
8 — CaySi10, Larnite
Cas Al Si07 Gehlenite
v — CayS10y4
CaAl4,O; Grossite
OCL12A14033 Mayenite
CagAlzoﬁ
CazMg(SiO,); Merwinite
AlOOH Boehmite
FeO Wuestite
ZnFe;04 Franklinite
K AlSi305 Microcline
Na23i205
Cas AlFeOs

0.9 (1)
2.7 (1)
28.1 (5)
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D.0.3 Rietveld method applied to non-carbonated
white Slag.

Table D.3: Elemental quantification of non-carbonated White Slag
by Rietveld method.

Atom Wt% Error
Al 4.2805 0.1285
C 2.2507 0.0744
Ca 33.683  0.2382
F 0.0358 0.0107
Fe 2.1149 0.1451
H 0.1695 0.0095

Mg 3.8607 0.2464
(@) 42.4767 0.1512
S 0.1139 0.0202
Si 9.9333 0.143
Ti 1.081 0.0915
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Table D.4: Results of the Quantitative mineral phases by Rietveld
analysis of non-carbonated WS.

Composition Phase name Wt %
CaCO3 Calcite 134 (4)
Ca2A12Si07 Gehlenite 4.1 (2)
MgO Perciclase 2.8 (2)
Cal2A 14033 Mayenite 2.2 (2)
~-Ca28i04 27.6 (4)
Ca2.93A11.97(Si.6402.56) (OH)9.44 Katoite 2.1 (2)
Ca3A1206(0H)6 6.4 (3)
Ca3Al12(Si04)1.25(0OH)7 Hibschite 2.5 (3)
A1(OH)3 Nordstrandite 2.5 (3)
(CaxMgl-x)CO3 Mg-Calcite 1.8 (5)
p-Ca2Si04 Larnite 6.7 (4)
Ca(OH)2 Portlandite 0.86 (5)
Ca2AlFeO5 3.3 (3)
SiO2 Quartz 0.22 (4)
Fe304 Magnetite 1.05 (9)
FeO Wustite 0.78 (15)
Ca6(Al(OH)6)2(S04)3(H20)25.7 Ettringite 1.4 (3)
Ca3Mg(SiO4)2 Merwinite 8.1 (4)
CaCO3(H20) Monohydrocalcite 1.8 (2)
CaTiO3 Perovskite 1.69 (18)
MgSiO3 Enstatite 5.5 (4)
CaMg(CO03)2 Dolomite 2.0 (2)
TiO2 Rutile 0.66 (10)
Ca(Ti0.818A10.182)(00.818F0.182)(Si04)  0.46 (14)
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XRF analysis.

Table D.5: XRF analysis of the non-carbonated White Slag.

Component (metal oxide) Value (%)

Si02 26.59
Al203 7.01
Fe203 4.03
MnO 1.59
CaO 57.78
MgO 5.52
P205 0.06
TiO2 0.43
Cr203 0.13
Na20 0.13
K20 0.02
SO3 1.098

Table D.6: XRF analysis of Ladle, EAF, and Tundish refractory
wastes and its mixture (RWs).

Ladle Electric arc furnace Tundish

Metal Oxides refractory waste refractory waste Refractory waste RWs
Na20 (%) 0.14 0.45 0.19 0.26
MgO (%) 4.01 9.85 52.16 22.19
Al203 (%) 4.71 8.65 4.23 5.91
Si02 (%) 18.92 17.99 3.39 13.55
S03 (%) 0.74 0.54 0.9 0.73
CaO (%) 48.64 23.08 26.16 41.2
TiO2 (%) 0.51 1.03 0.18 0.58
MnO (%) 3.72 6.04 1.02 3.62
Fe203 (%) 18.6 28.44 11.24 11.29

Zn0 (%) 0.1 1.34 0.51 0.66
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SEM—-XEDS.

Figure D.5: SEM-XEDS spectra of non-carbonated samples: a) white
slag, b) tundish refractory waste, ¢) EAF refractory waste and d)
Ladle refractory waste.
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Figure D.6: SEM-XED of the non-carbonated white slag.

Figure D.7: SEM-XEDS for the a) carbonated and b) non-
carbonated white slag. c¢)Elemental mapping composition analysis
for the carbonated white slag.
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Figure D.8: SEM-XEDS for the non-carbonated Refractory waste
mixture.
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Figure D.9: SEM-XEDS of carbonated RWs.
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Figure D.10: SEM-XEDS of the non-carbonated refractory wastes.
a) Tundish RW, b) EAF RW, and c) Ladle RW

Figure D.11: SEM of individual carbonated RW: a) Tundish RW, b)
EAF RW, and c¢) Ladle RW
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ICP-MS.

D.0.4 Non-carbonated samples.

Table D.7: Metals presents in the non-carbonated residues (white
slag and refractory wastes) determined by ICP-MS.

Component White Slag Tundish RW EAF RW Ladle RW RWmix
Mg (mg/g) 18.3 £ 0,3 254 £ 7 89 £+ 2 31+05 114 + 4
Al (mg/g) 13.83 £ 0,10 84+ 04 477 +£ 1.7 45.5 +£ 0.7 5.29 £+ 0.06
Si (mg/g) 3.42 + 0,05 8.09 £ 0.08 1437 £0.17 10.28 £0.09  5.42 £+ 0.04

Ca (mg/g) 59.2 £ 1,7 150 + 2 365 £ 12 396 £ 7 272 £ 6
Ti (mg/g) 2.151 +£0,017  0.99 + 0.02 249 £ 0.03 2.458 £ 0.017 1.744 £ 0.013
V (mg/kg) 179 £ 1,7 69 £ 4 72£6 29.2 £1.6 58 £3

Cr (mg/g) 0.189 £0,003 1.97 + 0.04 1.71 £0.03 0.473 £ 0.018 1.009 £ 0.017
Fe (mg/g) 13.09 £+ 0,16 78.8 £ 1.6 473 £ 0.7 46.1 £ 0.9 43.2 £0.9
Pb (mg/kg) 23 £ 0.3 3709 £ 50 68 + 3 51.5 £ 1.5 247 £ 3
Ni (mg/kg) 130 £ 2 - - - -




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

256 Chapter D. Appendix D: Chapter 5 Support information

D.0.5 Carbonated samples.

a) b) c)
400 300 160 s
N
= -2 - P ~140 o
5 . 7, 250 . < e
- > ~
gavo _- £, L g ; N
Phe s P ~
3 o g . G0 | .~
b o - s i ° ' ~
g2001 7 g 150 e 5 80 4 .
g ! 3 4 £ 60 AN
jid s z = ~
g @ £ 100 > H °
8 100 8 ’ g 40
s 5 50 ’ s
S S / © 20
Cd
0 04 0
4 50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
Time (min) Time (min) Time (min)
) e D
1250
3.0 °
~ ~ 60 "
25 o S1000{ @ 3 Y
El - E3 h Zs0 \
2 P E n @ N -9
5 2.0 - = e h -
o - < 750 I %5 40 C
s P s 1 c !
.E 15 - § (Y '.“-; 30 |
5 N e ® 50090 1 £ !
T1.04{ / ~N_~ = [ 820 !
g 3 ° & T g I
Sos S 2501 \ S0 IA
I 1
0.0 014 A 0+-4
0 50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
Time (min) Time (min) Time (min)
9) h) i)
60 700
18
= /'\ 7600 e N ’ °
2% AN 2 iy 416 P
= 3 E4 ’
= 1 A 2500 hy 14
= 40 N = ' = ’,
E ] N T \ z 4
S ’ N 5 400 (Y 512 ’
§30 / N s [ 5 , ’
g ? AN g0y | g0 ,
2204 N £ \ £ ’
] ' N §200] 1 | g8 ,
- N H ] ’
S0 ! 9 3 ! \ 36 ’
1 100 ¢' \ . %o -9
\
0l @ ° -———a
[ 50 100 150 200 250 [} 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min) Time (min)

Figure D.12: Element concentration of Ca, Mg, Si, Cr, Al, Fe, Ti
and Pb leaching as a function of mineralization reaction time in the
carbonated white Slag (WS) at 4 bar and 25°C.
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Figure D.13: Element concentration of Ca, Mg, Si, Cr, Al, Fe, Ti,
and Pb of RWs residual water after mineralization process as function
of reaction time at 4 bar and 25°C.
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FTIR analysis.

Figure D.14: FTIR spectra of a) Fresh and Carbonated WS at 25°C,
4bar and 60 min reaction time and b) Fresh and Carbonated RW
mixture at 25°C, 2 bar and 5h of reaction time.

Figure D.14a presents the FTIR spectra of the non-carbonated and
carbonated white slag samples under optimal conditions recorded in
the range between 4000 cm™! and 400 cm™! in order to gather in-
formation about the presence of functional groups. In the IR spec-
trum of the non-carbonated white slag, a broad and intense band at
about 3420 ecm ™! could be assigned to the stretching vibration of hy-
droxyl groups attached to Ca, Fe, and Al, compounds that were pre-
viously identified using the Rietveld method, and interlaminar water
molecules'?>~1. The minor peak at 1646 cm~! was attributed to O-H
bending vibration also indicating the presence of H20 molecules in
the interlayer space or absorbed physically water molecules!?~16. The
significant decrease in the intensity of the band in the 3700-3300 cm™*
region for the carbonated WS sample, can be related to the loss of wa-
ter molecules after the drying process of the sample at 80 °C, and also
the formation of carbonates from Ca-Al silicates containing hydroxyl
groups. The presence of carbonates was also observed by analyses
of the IR spectra of both non-carbonated and carbonated samples.
The intense band centered at about 1409 cm ™! corresponds to the 3
vibrations of CO;? (asymmetric C' — O stretching), while the peaks
at 871 cm™! and around 712 cm ™! are associated with out-plane and
in-plane bending (v2) vibrations of CO3?, respectively'?16=21 The
peak at 1795 cm~! can also be ascribed to CaCO5 292223 The in-
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crease in intensity of these bands for WS carbonated sample suggests
that carbonation of the sample took place during the C'O5 mineraliza-
tion process, as confirmed by the growth of the carbonate crystalline
phrases in the X-ray diffractograms (XRD). The FTIR spectra of
both fresh and carbonated samples also reveal the presence of bands
of the silicate groups in the region between 400 and 1250 cm ! 16:17:19,
The bands located at approximately 1120 y 957 cm ™! in the spectrum
of the white slag are due to asymmetric stretching mode Si — O — S7
and Si—O with one non-bridging oxygen (Si-O-NBO) per SiO, tetra-
hedron (Q3 groups), respectively'®=24. For the spectrum of the car-
bonated sample, both bands appear as shoulders located in the band
in the 900-1250 cm ™! range centered at 1023 cm™!, which can also be
associated with S7 — O — Si asymmetric stretching vibrations 21,2425,
The bands at 848 cm™' can be attributed to Si-O with two non-
bridging oxygens (Si-O-2NBO) per SiO4 tetrahedron (Q2 groups) or
to stretching vibrations derived from Mg-O bonds [26,27]. Finally,
the group of bands in the range of 400-500 cm~! may be correlated
with the internal deformation of the SiOy tetrahedra form[16,17]. In
both samples, the small peak appearing at 420 cm~! may be asso-
ciated with the bending mode of Mg — O 262730 The shoulder at
560 cm~! observed in the spectrum of the fresh white residue can
be attributed to stretching vibrations derived from Mg — O bonds
2129 The results are consistent with the XRD measurements that
identified MgO crystalline phases.

Figure D.14b The FTIR spectra of the RW mixture sample af-
ter carbonation exhibited bands in the range of 1400-1500 cm ™! that
are attributed to the asymmetric C-O stretching from carbonates,
as well as peaks around 872 and 712 cm™!, which correspond to
the out-of-plane and in-plane bending vibrations from the traces of
carbonate-based compounds, respectively!6=2!. A minor peak also
appears at about 1795 cm™!, which is relative to CaCO3 29?223, In
the infrared spectrum of the non-carbonated RW mixture sample,
carbonate-specific bands also appeared as the asymmetric C — O
stretching bands located in the region between 1400 and 1500 cm ™1,
and the weak shoulder of out-of-plane bending vibration around 872
cm™! 1617 Tt is clearly noticeable the increase in intensity of these
bands for the carbonated sample and also the appearance of new
peaks typical of carbonate-based compounds. These results confirm
the existence of carbonation during C'O, mineralization, and are in
accordance with the XRD measurements, which detected the pres-
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ence of calcite in the fresh sample, and a growth of calcite crystalline
phases and the appearance of aragonite (another form of calcium car-
bonate) in the carbonated sample. Other peaks are also seen in the
IR spectra of the fresh and carbonated samples. In both samples,
the narrow band located between 3000 and 3700 cm ™! may be due to
the stretching vibrations of O-H groups in H,O or hydroxyls'®17%:19.
A narrow band is observed around 3635 cm™! in the IR spectra of
the fresh RW mixture sample, while an intense band is seen between
3000 and 3700 cm™! in the spectra of the carbonated sample. Since
no compounds containing hydroxyl groups were identified by XRD
analysis of the carbonated RW mixture sample, it is assumed that
water molecules may have been absorbed physically during storage
of this sample. Silicate groups are also evident in the FTIR spectra
of the fresh and carbonated RW mixture samples with the corre-
sponding bands at 964 cm™! (Si — O with one non-bridging oxygen
per Si0y tetrahedron), the range of 900-1200 cm™! centered at 1020
em™! (Si — O — Si asymmetric stretching vibrations) [21,24,25], and
the region 400-500 cm ™! (internal deformation of the SiOy tetrahedra
form). The peak at 854 cm™! can be assigned to Si — O with two
non-bridging oxygens per Si0, tetrahedron or the v1 stretching of
Mg — O [26,27]. The stretching and bending mode vibration bands
derived from the Mg — O bonds are also shown at 574 cm™! and in
the range of 410 — 450cm ™!, respectively?0=3°. All the results found
in the FTIR spectra are in accordance with the XRD measurements.
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pH measurement in the RWs carbonation.

Figure D.15: pH value at different reaction times and pressures using
gas mixture in the RWs carbonation.
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Mineralization reactor geometrical char-
acteristics.

Figure D.16: Geometric characteristics of a) External part of the
mineralization reactor and b) External part of the mineralization
reactor.

Experimental design.

Figure D.17: Diagram Flow for the experimental design in the min-
eralization experiment for WS and RW samples.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

263

References.

[1] H.M. Rietveld, A profile refinement method for nuclear and mag-
netic structures, Journal of Applied Crystallography. 2 (1969) 65-71.
[2] TOPAS 6 Technical Reference, Bruker AXS GmbH, 2017.

[3] A.A. Coelho, TOPAS and TOPAS-Academic: an optimization
program integrating computer algebra and crystallographic objects
written in C++, J. Appl. Crystallogr. 51 (2018) 210-218.

[4] R.W. Cheary, A.A. Coelho, J.P. Cline, Fundamental Param-
eters Line Profile Fitting in Laboratory Diffractometers Volume 109
Number 1 January-February 2004, (n.d.). https://nvlpubs.nist.gov/nistpubs/jres/109/

[5] R.J. Hill, C.J. Howard, Quantitative phase analysis from neu-
tron powder diffraction data using the Rietveld method, J. Appl.
Crystallogr. 20 (1987) 467-474.

[6] D. Balzar, Voigt-function model in diffraction line-broadening
analysis, (n.d.).

[7] A.-R. Stokes, A.J.C. Wilson, A method of calculating the in-
tegral breadths of Debye-Scherrer lines, Math. Proc. Camb. Philos.
Soc. 38 (1942) 313-322.

(8] H.P. Klug, L.E. Alexander, X-ray diffraction procedures: For
polycrystalline and amorphous materials, 2nd ed., John Wiley &
Sons, Nashville, TN, 1974.

[9] G.W. Brindley, XLV. The effect of grain or particle Size on x-
ray reflections from mixed powders and alloys, considered in relation
to the quantitative determination of crystalline substances by x-ray
methods, Lond. Edinb. Dublin Philos. Mag. J. Sci. 36 (1945)
347-369.

[10] N.V.Y. Scarlett, I.C. Madsen, L.M.D. Cranswick, T. Lwin, E.
Groleau, G. Stephenson, M. Aylmore, N. Agron-Olshina, Outcomes
of the International Union of Crystallography Commission on Powder
Diffraction Round Robin on Quantitative Phase Analysis: samples
2, 3, 4, synthetic bauxite, natural granodiorite and pharmaceuticals,
J. Appl. Crystallogr. 35 (2002) 383-400.

[11] I.C. Madsen, N.V.Y. Scarlett, L.M.D. Cranswick, T. Lwin,
Outcomes of the International Union of Crystallography Commission
on Powder Diffraction round robin on quantitative phase analysis:
Samples lato 1h, J. Appl. Crystallogr. 34 (2001) 409-426.

[12] P. Kustrowski, L. Chmielarz, E. Bozek, M. Sawalha, F. Roess-
ner, Acidity and basicity of hydrotalcite derived mixed Mg—Al oxides
studied by test reaction of MBOH conversion and temperature pro-




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

264 Chapter D. Appendix D: Chapter 5 Support information

grammed desorption of NH3 and CO2, Mater. Res. Bull. 39 (2/2004)
263-281.

[13] W. Xie, H. Peng, L. Chen, Calcined Mg—Al hydrotalcites as
solid base catalysts for methanolysis of soybean oil, J. Mol. Catal. A
Chem. 246 (03,/2006) 24-32.

[14] C. Li, Y. Wang, Y. Zhang, M. Wang, X. Sun, H. Cui, Y.
Xie, Isomerization Kinetics of Glucose to Fructose in Aqueous Solu-
tion with Magnesium-Aluminum Hydrotalcites, ChemistrySelect. 5
(2020) 270-279.

[15] H. Yan, G. Zhang, Y. Wang, J. Liu, G. Li, Y. Zhao, Y. Xu, Y.
Lv, A green synthesis strategy for low-cost multi-porous solid CO2
adsorbent using blast furnace slag, Fuel. 329 (12/2022) 125380.

[16] L. Fernandez, C. Alonso, A. Hidalgo, C. Andrade, The role
of magnesium during the hydration of C3S and C-S-H formation.
Scanning electron microscopy and mid-infrared studies, Adv. Cem.
Res. (2015). https://doi.org/10.1680/adcr.2005.17.1.9.

[17] P. Yu, R.J. Kirkpatrick, B. Poe, P.F. McMillan, X. Cong,
Structure of Calcium Silicate Hydrate (C-S-H): Near-, Mid-, and Far-
Infrared Spectroscopy, J. Am. Ceram. Soc. 82 (1999) 742-748.

[18] J.T. Kloprogge, R.L. Frost, Fourier Transform Infrared and
Raman Spectroscopic Study of the Local Structure of Mg-, Ni-, and
Co-Hydrotalcites, J. Solid State Chem. 146 (1999) 506-515.

[19] H. Aguiar, J. Serra, P. Gonzélez, B. Ledn, Structural study
of sol-gel silicate glasses by IR and Raman spectroscopies, J. Non-
Cryst. Solids. 355 (2009) 475-480.

[20] A.I. Cadis, F. Stefania Rus, J.N. Gongalves, M. Ivanovici,
Preparing a Ca-Bi-O System by the Precipitation Method and Study-
ing Its Intermediate Structural Properties for Applications in Water
Treatment, Inorganics. 11 (2023/2) 79.

[21] A. Meiszterics, L. Rosta, H. Peterlik, J. Rohonczy, S. Kubuki,
P. Henits, K. Sinko, Structural Characterization of Gel-Derived Cal-
cium Silicate Systems, J. Phys. Chem. A. 114 (2010) 10403-10411.

[22] A.G. Xyla, P.G. Koutsoukos, Quantitative analysis of calcium
carbonate polymorphs by infrared spectroscopy, J. Chem. Soc. Lond.
Faraday Trans. 1. 85 (1989) 3165.

[23] J. Kiefer, A. Stark, A.L. Kiefer, H. Glade, Infrared Spectro-
scopic Analysis of the Inorganic Deposits from Water in Domestic
and Technical Heat Exchangers, Energies. 11 (2018/4) 798.

[24] J. Serra, P. Gonzélez, S. Liste, C. Serra, S. Chiussi, B. Ledn,
M. Pérez-Amor, H.O. Ylanen, M. Hupa, FTIR and XPS studies of




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

265

bioactive silica based glasses, J. Non-Cryst. Solids. 332 (2003) 20-27.

[25] 1. Izquierdo-Barba, A.J. Salinas, M. Vallet-Regi, Bioactive
Glasses: From Macro to Nano, International Journal of Applied Glass
Science. 4 (2013) 149-161.

[26] H. Dhaouadi, H. Chaabane, F. Touati, Mg(OH)2 Nanorods
Synthesized by A Facile Hydrothermal Method in the Presence of
CTAB, Nano-Micro Lett. 3 (09/2011) 153-159.

[27] S.V.G. Kumari, K. Pakshirajan, G. Pugazhenthi, Synthesis
and characterization of MgO nanostructures: A comparative study
on the effect of preparation route, Mater. Chem. Phys. 294 (2023)
127036.

[28] .LW. Sutapa, A.W. Wahab, P. Taba, N.L. Nafie, Synthesis
and Structural Profile Analysis of the MgO Nanoparticles Produced
Through the Sol-Gel Method Followed by Annealing Process, Orien-
tal J. Chem. 34 (2018) 1016-1025.

[29] N.M.A. Hadia, H.A.-H. Mohamed, Characteristics and optical
properties of MgO nanowires synthesized by solvothermal method,
Mater. Sci. Semicond. Process. 29 (2015) 238-244.

[30] R. Mahadevaiah, H.S. Lalithamba, S. Shekarappa, R. Hanu-
manaika, Synthesis of Na-protected formamides from amino acids
using MgO nano catalyst: Study of molecular docking and antibac-
terial activity, Scientia Iranica. 24 (2017) 3002-3013.




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

266 Chapter D. Appendix D: Chapter 5 Support information




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés

267




UNIVERSITAT ROVIRA | VIRGILI
EXPLORING CARBON CAPTURE AND STORAGE: BRIDGING THE GAP BETWEEN LABORATORY AND INDUSTRY
Santiago Alexander Capelo Avilés



	Acknowledgements
	Glossary, acronyms, and symbols.
	Abstract
	Scientific contributions
	Introduction
	Background and Relevance
	Growing concern about CO2 emissions
	Why carbon capture??
	Technological pathways for CO2 capture

	Post-Combustion CO2 Capture Technologies
	Amine-Based stripping
	Carbonation-Calcination (CaO lopping)
	Pressure and Temperature swing Adsorption (PSA and TSA)
	Membranes-Module system
	Cryogenic CO2 capture.

	Materials for CO2 capture
	Activated Carbon
	Zeolites
	Amine-Functionalized zeolites and silicas
	Metal-Organic Frameworks.
	Amine-functionalized MOFs.

	Criteria for screening candidate CO2 Capture materials
	Standard methods for adsorbent evaluation.
	Common analysis for material characterization
	Thermodynamic evaluation.
	Adsorption column dynamics (Experimental Breakthrough):


	CO2 Capture at CELSA: Current Strategies, Innovations, and Future Outlook.
	Introduction
	What is CELSA and what is the problem with its emissions?

	Which CO2 capture technologies could be suitable for CELSA?
	Suitable Post-combustion CO2 capture technologies.

	Comparative Analysis of MEA Absorption and 13X Zeolite Adsorption as PCC.
	Methodology.
	Pilot plant study for CO2 capture by amine-based absorption.
	Pilot plant study for CO2 capture by 13X zeolite adsorption.
	Economic evaluation

	Results and Discussion.
	Capital Expenditure (CAPEX)
	Operational Expenditure (OPEX)
	Total Annualized Cost (TAC)
	Energy consumption.
	Outlook.

	Conclusions.

	TAMOF-1 as an Adsorbent for Carbon Capture: Preliminary Assessment for Post-Combustion CO2 Removal
	Introduction.
	Experimental section.
	Chemical and Materials.
	Particle and bulk density.
	Thermogravimetric analysis.
	Pellet synthesis.
	Adsorption isotherms.
	Dynamic fixed-bed column adsorption experiments.
	Set-up and Experimental conditions.
	Regeneration.
	Baseline of the N2 concentration.

	Modeling.
	Adsorption isotherm modeling.
	Breakthrough curve modeling.

	Results and discussion.
	Adsorption isotherms.
	TAMOF-1 Adsorption/Desorption (Regeneration) Measurements: First Activation
	Activation of TAMOF-1.
	TAMOF-1 Adsorption/Desorption (Regeneration) Measurements: Second Activation
	TAMOF-1 Pellet Adsorption/Desorption (Regeneration) measures.
	Breakthrough curves data at different gas velocities.

	Outlook.
	Conclusions.

	Selective adsorption of CO2 in TAMOF-1 for the separation of CO2/CH4 gas mixtures.
	Introduction.
	Materials and methods.
	Materials.
	Adsorption isotherms.
	Dynamic fixed-bed column adsorption experiments.
	Set-up and Experimental conditions.

	Results and discussion.
	Adsorption isotherms measures.
	Breakthrough measures.
	Adsorption/desorption cycles test.
	Computational analysis and adsorption mechanisms.

	Outlook.
	Conclusions.

	A thorough assessment of mineral carbonation of steel slag and refractory waste
	Introduction.
	Materials and methods.
	Materials.
	Experimental procedure.
	Physicochemical characterization.
	CO2 sequestration capacity and carbonation degree.

	Results and discussion.
	Characterization of non-carbonated waste.
	Carbon sequestration and Carbonation degree.
	Characterization of the carbonated solid and aqueous phases.

	Outlook.
	Conclusions.

	Conclusions.
	Appendix A: Chapter 2 Support information
	Appendix B: Chapter 3 Support information
	Appendix C: Chapter 4 Support information
	Appendix D: Chapter 5 Support information
	Description of the method.
	Rietveld method to non-carbonated RWs.
	Rietveld method applied to non-carbonated white Slag.
	Non-carbonated samples.
	Carbonated samples.





