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ABSTRACT

A potential to decarbonize atmosphere, while simultaneously providing a feedstock for functional industrial
applications, induces a strong economic incentive for direct air capture (DAC). However, DAC systems, devel-
oped to date, are energy, resource, and cost prohibitive. Measurement-complementing multiscale modelling has
proven to be of a large visible value for the sorbent rapid screening from a vast scientific collection of prospective
selected candidates, machine learning (ML) integration, and for the process design engineering with a charac-
teristic low penalty for CO, regeneration and optimal uptake rates. The review provides an extensive evaluation
of recent advances in multiscale modelling of DAC research. It introduces the theoretical physical descriptions of
DAC, presents atom scale structuring, and brings together the state of the art of this, until now, poorly-researched
analysis topic. Reviewed (CO3 mass) transfer works span from the ab initio density functional theory (DFT)
calculation relationships to mesoscale Monte Carlo, molecular dynamics simulations and micro-kinetics,
adsorption/desorption, and lastly, most commonly-investigated specific macroscale concept. The modelled
DAC processes properties reported in the literature have been compared, which allowed us to identify the most
effective sorbents. Amine functionalized metal-organic frameworks exhibit low energy requirements, the lowest
reported was 1000 kWh tCO3 1, while the lowest published cost was 60 $ tCO3 1 Recently, there are progressively
emerging promising new entrants into the DAC field, providing climate-neutral feedstock for commercial pro-
cesses. The market demand for CO; is expected to exponentially rise up to 6.1 Gt in 2050, while the cost of
implementing DAC technologies is predicted to be reduced under 125 $ tCO3! in the year 2030. Further
modelling research activities in CO; (sorption) bed form phenomena could not only break the barriers of current
renewable technologies, but also couple the CO; reactions with the sequestration, reactors, and neutralization of
harmful environmental pollutants, monoxide, NOy, SOy, etc. DAC could be ultimately coupled with electrolysis
(hydrogen), producing e-fuels.

1. Introduction

information. Today around 10,000 tons of CO, are removed per year
thanks to this breakthrough technology (McQueen et al., 2021). How-

The post-industrial upward trend in atmospheric carbon dioxide
levels have led to its highest concentrations in roughly three million
years (Sandalow et al., 2018) and have nearly doubled since the
pre-industrial area (Bos et al., 2020). CO; is considered as the primary
greenhouse gas; hence its removal has become one of the major global
climate strategies. In 1999, Lackner et al. (1999) presented direct air
capture (DAC) as one of the carbon dioxide removal (CDR) routes. The
most elaborated techniques use the binding of CO5 to liquid solvents or
solid sorbents, which are covered in depth in several review studies
(Sanz-Pérez et al., 2016) and briefly summarized in Supplementary

ever, this is merely a drop in the ocean compared to the 100-1000
gigatons of net CO, removal required by the end of this century in order
to meet the indicative 1.5 °C target of the Paris Agreement (Wicaksana,
2016).

DAC is an emerging technology with great potential for mitigating
climate change but also for providing feedstock for commercial pro-
cesses. The global CO, demand analysis forecasted its increased need
from 0.6 in 2030 to 6.1 Gt in 2050 due to the high production of
renewable e-fuels and chemicals as a part of defossilisation process,
assuming DAC to take a crucial part in the supply chain (Galimova et al.,
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2022). The CO, prices are improbable to meet the DAC cost due to its
extremely high energy requirement. The liquid and solid DAC systems
require up to 10 and 8 GJ tCO3 ' respectively (Ozkan et al., 2022), in
comparison with 3.5 GJ tCOz! for post combustion capture (Van
Straelen and Geuzebroek, 2011). To reach the economic viability, the
DAC cost needs to fall under 100 $ tCOi1 (Ozkan et al., 2022), as in 2022
the DAC cost was set between 125 and 350 $ tCO3! for a large-scale
plant (International Energy Agency, 2022). Luckily, multiscale model-
ling shed light on the system behaviour and adsorption process,
providing us valuable guidelines for process design engineering with a
characteristic low penalty for CO, regeneration. Successful imple-
mentation of DAC modelling could result in potential cost savings and
revenue generation.

Despite the growing interest in this field, there is a lack of compre-
hensive multiscale models. Experimental approach methodology is
already immensely applied with the derived representative expressions
of the CO, flow in concentrated gas streams. However, these effective
models cannot be directly translated to DAC due to the (minute) ambient
CO,, partial pressure for absorption (Yang et al., 2020). Several different
CO4, capture review articles exist in the literature; nonetheless, they are
all focused on the carbon capture from concentrated gas steams or DAC
sorbents analysis. This review paper provides a comprehensive evalua-
tion of recent advances in multiscale modelling of DAC research. It also
aims to address knowledge gaps in nano, meso, and macroscale
modelling, since several modelling techniques, like CFD, remain elusive.
We identified a number of serious deficiencies in the presented
computational techniques, such as the neglect of the enhancing or
diminishing water effect on CO3 isotherms. The modelled DAC processes
properties reported in the literature have been compared, exposing the
best performances presented so far.

2. Why is direct air capture commercialization limited?

After a successful capture, CO, can be stored in deep geological
formations (Deschamps et al., 2022) or it can become an important in-
dustrial resource, especially in the chemical and transport sector (Breyer
etal., 2019). IEA stated that in 2022 only 18 DAC plants were operating
worldwide, capturing more than 0.01 MtCO, y* (International Energy
Agency, 2022). The three pioneer companies, namely Carbon Engi-
neering (Canada), Climeworks (Switzerland), and Global Thermostat
(USA), are paving the way for DAC technology development since 2009
(Table S1). Recently, there are progressively emerging promising new
entrants into the DAC field (Table S2), which is highly desired and
necessary due to the scale of the problem. However, very little infor-
mation on many of them is publicly available.

DAC is still in an early stage of commercial development since it is
considered to be technically challenging, energy-intensive and one of
the most expensive CDR routes, consuming up to three times more en-
ergy than other CDR pathways (Sandalow et al., 2018). Although the
energy is derived from renewable sources such as geothermal energy, it
is noteworthy that several companies continue to depend on natural gas.
Therefore, the availability of inexpensive energies is entirely deter-
mining the fate of DAC. As the financial sustainability of many tech-
nologies is strongly dependent on the violent fluctuation of fossil fuel
price, the oil unfortunately still plays a crucial role in economic stability
(Vochozka et al., 2020). However, every commercialization is limited in
its infancy. A techno-economic assessment of DAC predicted a fair
reduction of DAC price to 50 € tCOQl by 2040 (Fasihi et al., 2019). For
example, biochar’s ability to recover other critical raw material, espe-
cially phosphorous, can make certain carbon sequestration technologies
financially viable (Marousek and Gavurova, 2022).

The main reason for high energy demand lies in the low CO2 con-
centration in the atmosphere, which is 0.04% compared to 5% in natural
gas-fired flue gas and 12% in coal-fired flue gas (Sandalow et al., 2018).
The energy requirement highly depends on the enthalpy of the sol-
vent/sorbents-CO; binding reaction. Strong CO» binging to adsorbent is
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desired in terms of selectivity, however, it increases regeneration cost
because of the high energy required for the COy-adsorbent interaction
fracture. On the other hand, the low enthalpy of adsorption is desired for
easier regeneration but is accompanied with low selectivity, which
means other molecules such as water are also attached to the material
(Bernini et al., 2015).

Transitioning to a low-carbon economy does not eliminate the need
for carbon sources, as the abundance of materials we consume continues
to rise. The only sustainable carbon sources are from biomass or directly
from air. Biomass is dispersed in nature, recalcitrant, its composition
varies, shows difficulties in its conversion and is already vastly studied.
Getting carbon from the atmosphere, though diluted, seems like a far
future reality. As a society, it is imperative that we recognize the value of
renewable carbon and DAC due to its potential to address some of the
world’s most pressing social challenges, including climate change,
economic development and environmental justice. But most importantly
it is raising imperative ethical and policy questions that need to be
addressed. The DAC recognition and acceptance are growing which can
also attribute to its higher demand. The growth of carbon markets also
induces a strong development incentive for DAC (Guo et al., 2022).

3. Multiscale modelling

Multiscale modelling emerged as a promising tool for rapid screening
from a vast scientific collection of prospective selected candidates. It was
also proven to be a convenient alternative to laboratory work since it
gives insight into a complex system otherwise difficult to explore
experimentally. Furthermore, computational power has reached levels,
which allow to simulate and analyse every aspect of DAC design,
considerably reducing the time and cost of upgrading or developing new
carbon capture technologies (Hus et al., 2019; Miller et al., 2014).

Direct air capture is a multiscale heat and mass transfer process and
cannot be wholly described only by one modelling technique (Wang
et al., 2018). Therefore, several modelling methods on nano, meso, and
macroscale have been applied for a thorough survey of DAC and are
summarized in Table 1 and visually presented in Fig. 1.

First principle quantum mechanics methods, such as density func-
tional theory (DFT) calculations, describe the adsorption behaviour on
nanoscale, identify binding mechanism (Hus et al., 2019), active sites for
CO4, capturing, easily accessible positions for oxidation (Buijs, 2019a),
calculate binding energies, and analyse pore size distribution (Zhu et al.,
2021b). DFT-obtained interaction energies can be fitted to applicable
potential function, also called Force Field (FF). FF surveys the inter-
molecular interactions between adsorbates or adsorbate and adsorbent.
It can be also empirically obtained, but yields less accurate gas uptakes
(Xiang et al., 2010). FF parameters serve as input values for Monte Carlo
(MC) simulations which predict the statistics-based properties of sys-
tems on a longer length scale. Molecular dynamic (MD) simulations
often complement MC to describe the dynamic properties of the system
(Xiang et al., 2010) or for mechanism validation (H. H. Wang et al.,
2020). Radial density functions are used, which compute the probability
of finding an atom at a specific distance (Yang et al., 2020). By inputting
the MC results into the saturation adsorption isotherm model, the
macroscopic adsorption properties can be predicted. However, due to
the lack of modelling results, simple mathematical isotherm models are
usually applied by fitting the thermogravimetric analysis (TGA) uptake
experimental data. Equilibrium adsorption capacity obtained by the
isotherm model serves as an input in linear driving force (LDF) models,
which evaluate the rate of adsorption and describe the transport phe-
nomena in the interface and particle interior. They are also the key
element in dynamic or process models, which predict the heat and mass
transfer on the exterior of the sorbent particle (Wang et al., 2018).
Moving forward from sorbent to DAC process design, macroscopic CFD
simulations describe the idealized flow in air contactor, predict pressure
drops, and compare different geometries and types of structures (Ryan
et al., 2013). The main purpose of the applied modelling is to design
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Table 1

An overview of different modelling techniques at different length scales used for
efficient DAC process description. By combining two or more techniques mul-
tiscale models can be obtained, which describe the process more accurately.

Scale Modelling technique Main outputs

nano Density functional

theory

energies of active species
adsorption/binding energies

distance of interactions

identifying binding mechanisms
identifying active sites for CO, capturing
identifying easily accessible positions for
oxidation

pore size distribution

meso Monte Carlo

average thermodynamic properties

particle interactions and potential energies
between two CO, molecules or CO, molecule
with sorbent framework

insight into the capture mechanism

dynamic properties

radial density functions

Molecular dynamics

macro  Isotherm models

the CO2/H;0 equilibrium adsorption capacity
on solid-phase
LDF kinetic models

the CO, adsorption capacity against time
Dynamic/process energy requirement
models rate of CO, extraction and productivity

working capacity (WC)

total cost of the process
concentration profile at the exit of the bed
the fractional bed usage

the overall CO,, capture fraction
the breakthrough time

the adsorption rate constant

air flow characteristics

pressure drops

reactor shape

sorbent loading

heat transfer simulations

Computational fluid
dynamic

economically acceptable, practical, highly selective, and stable sorbent
materials with a low energy penalty for CO, regeneration and a
cost-effective system (Buijs, 2019b) to reach the stated goal of reduced
cost below 100 $ tCO3 1 (Valentine and Zoelle, 2022).

4. Density functional theory
DFT presents a favourable compromise between the cost and accu-

racy and is therefore an effective method for the calculation of the en-
ergies of active species and molecular geometry determination (Hus

Isotherm parameters

FF parameters
interaction energies

molecular geometry / Monte Carlo simulations

Moleculardynamics
Il Force field fitting

adsorption/desorption

nechanics
SPYE
T
. iffusion
i3.990 A P
: reaction
nm wm
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et al., 2019). The computational depiction of the electronic effect has
been used as the leading tool for the atomic/molecular-level grasp of
COq-sorbent weak intramolecular forces or strong covalent bonds.
Physisorption and chemisorption differ in adsorption energies, the first
having the heat less and the latter more than 60 kJ mol ™}, although the
energies may deviate in the case of zeolites (McQueen et al., 2021).
Physical adsorbate may be acceptable for the post combustion capture,
but the application in DAC is less reasonable due to the low selectivity
since its performance is highly dependent on the CO5 partial pressure
(Lee et al., 2023). On the other hand, in order to bypass energy-intensive
processes, physical adsorption is desired to be explored to a greater
extent.

4.1. Amine-functionalized sorbents

The sorbent type selection is of high importance as it determines the
overall system (Sandalow et al., 2018). Solid-supported amines are
furthest along in development because of their high structure stability
and high adsorption capacity even at low partial pressure of CO2 and low
regeneration temperature, which are one of the major drawbacks of
currently applied sorbent materials (Bos et al., 2019; Deng et al., 2021).
COo-selective amine groups (e.g. polyethylenimine) are functionalized
on a highly porous support (e.g. zeolites, fumed silica, porous alumina
supports, MOFs, nanocellulose, resins, activated carbon, carbon nano-
tubes, organic polymers, etc.) (Elfving et al., 2017a; McQueen et al.,
2021) via impregnation, grafting, or in situ polymerization (Elfving and
Sainio, 2021).

The CO; capture in amine-functionalized adsorbent occurs via
zwitterion formation (Eq. (1)), which is stabilized by water as well as
neighboring amines.

CO, + NH, — R=RNH; COO"~ 1

Under dry conditions the intermediate is subjected to deprotonation
by a neighboring amine group and ammonium carbamate formation:

RNH; COO™ +NH, — R=RNHCOO™ : RNH{ 2

Anila and Suresh (2021) conducted an extensive study of the cova-
lent and non-covalent interactions of the guanidine (G) molecule with
CO, molecules. The theoretical results stated that the high adsorption
capability is caused by the formation of the large cyclic clusters with
zwitterion character (G")-(CO3). The nature of the formation of opti-
mized complexes is exothermic (AGg-coz)s = —2602 kJ mol 1) and the
most stable cluster (G-CO2)g had the interaction energy of CO, with
imine atom in G of 115 kJ mol L.

adsorption rate
coverage composition
reactor
performance

990 90 % X
50 5 0 % %
# 8k % K %
,}@%)9{4’5{(*
sk EED

Isotherm models
LDF models
Dynamic models

CFD

1 »
} &
mm m Length scale

Fig. 1. Schematic representation of simulation methods at different length scales potentially used in a multiscale model and their outputs.
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Humid conditions lead to several yet not extensively explored
mechanisms, such as the formation of bicarbonate or hydronium
carbamate (Elfving and Sainio, 2021). Several studies explored the
carbamic formation via CO; adsorption onto amine-functionalized MOF
(Planas et al., 2013), mesoporous silica (Afonso et al., 2019; Li et al.,
2016), Lewatit VP OC 1065 (Buijs and De Flart, 2017), and the reaction
of CO,, with ammonia, MEA or DEA (Arstad et al., 2007). Numerous DFT
cluster models of CO2-amine adducts were applied for energetic analysis
of the species, which determined the stability and the favoured species
formation route (Afonso et al., 2019). Carbamic acid and carbamate
moieties were found to be the most stable, highly depending on the
hydrogen bonds formation. However, another DFT model study (Li
et al., 2016) showed that the CO; capture mechanism in humid condi-
tions most likely leads to hydronium carbamate formation. Two possible
identified CO, capture pathways were direct amine-H,O catalysis (in
humid conditions) or amine catalyzed (in dry conditions) formation of
carbamic acid (Buijs and De Flart, 2017).

DFT molecular simulations for Lewatit VP OC 1065 sorbent were
reported by Buijs who conducted an extensive study on the CO,
capturing process (Buijs and De Flart, 2017), deactivation mechanism by
CO; (Buijs, 2019b), and oxidative deactivation (Buijs, 2019a). In the
first study (Buijs and De Flart, 2017) the resin structural features, CO5
adsorption mechanism, CO and HyO preferred mode of adsorption were
evaluated. The amine groups were found to alternate in close vicinity,
could react with each other, or enable CO5 capture. The complexation
enthalpies for CO, were —19.1 and —19.8 kJ mol ™}, in humid and dry
conditions, respectively. The deviation of experimental COy sorption
data from the Langmuir model was in further research related to the loss
of CO, uptake capacity due to the CO5 and O, degradation effect on the
sorbent upon prolonged exposure to high temperatures (70-120 °C) and
high COy pressure or air. In the study (Buijs, 2019b), a three-step
deactivation process by CO5 was investigated. Firstly, an amine group
and COxy self-catalyze to carbamic acid. Further rate-determining step,
acid decomposition to an isocyanate, is followed by benzyl amino group
attachment to isocyanate and urea species formation, which are
responsible for the CO, capacity loss. Moreover, easily accessible posi-
tions for oxidation and active sites for COy capturing were identified
(Buijs, 2019a). Oxidation starts with the physisorption of Oy to the
amino groups on the resin, which leads to the formation of a-amino--
benzyl hydroperoxide. The lower physisorption energy of CO5 with the
resin (—19.5 kJ mol™1) in comparison to Oy (—4.5 kJ mol™1) but lower
CO4 air concentration at room temperature leads to the equivalent
occupation of the active sites with both molecules. The following ther-
mal decomposition forms the corresponding amine and half-aminal, the
latter solvolyzes to aldehyde responsible for deactivation. Considering
the input of Eq = 117.5 kJ mol ™! for hydroperoxide formation and Eq =
120.0 kJ mol ™! for its decomposition, the model predicts a 20% CO,
capacity loss in 12 h at 80 °C.

Ionic liquids (IL) exhibit high uptake capacities and insignificant
volatility. Nonetheless, their high viscosity augments mass transfer
limitations, which were studied by CO4 absorption and desorption ex-
periments fitted to isotherms (Lee et al., 2020) and modelled by mass
transfer correlations (Wilcox et al., 2014). Polymeric IL possess com-
parable synthetic flexibility and better stability (Erans et al., 2022).
Atomistic modelling (Shi et al., 2018, 2020; Wang et al., 2017)
explained the thermodynamic water influence on MSA-based DAC per-
formance. Computationally optimized molecular structures provided
insight into the interaction mechanism between water and different
counteranions (CO%’ and HCO3). The carbonate ion was found to be less
stable under dry conditions, leading to energetically favoured HCO3 and
OH™ formation, which bind less water than CO3™. Hence more OH™ ions
are available for CO4 capture under dry conditions compared to wet (Shi
et al., 2018, 2020). The spatial distribution of water molecules was
shown to alter with ion type, from being evenly distributed around the
carbonate anions to forming clusters around bicarbonate. During CO,
adsorption the hydrophilicity of the polymeric IL decreases with anion
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conversion from bicarbonate to carbonate and OH ™, which releases the
water, binds CO,, and transfers the heat out of the sorbent, offering the
sorbent cooling possibility (Wang et al., 2017).

Zhao et al. (2022) explored the performance of mixed metal oxides
(MMOs) as support materials for TEPA-impregnated sorbents. The
experimentally observed and DFT-interpreted oxygen vacancy defects
on Mg—Al MMOs computationally explained the strong chemical inter-
action between MMO support and amine and enhanced stability. The
defects can act as an electron acceptor, strongly bind the molecule,
which results in outstanding regenerability due to the enhanced charge
transfer. DFT studies also compared the MMOs and SiO, supports
(Fig. 2).

4.2. Metal-organic framework

Open metal ions in the metal-organic framework (MOF) were iden-
tified as preferential adsorption sites for CO, through DFT combined
with 3C NMR (Kong et al., 2012), neutron diffraction measurements
(Wu et al., 2010), neutron powder diffraction experiments (Queen et al.,
2011) and infrared and Raman spectroscopy (Dietzel et al., 2008). CO4
binds to Mg?" or Ni%" sites through ion pair electron donation with
end-on coordination, suggesting the physisorptive binding nature (Ding
et al., 2019). Bien et al. (2020) studied the heterobimetallic MOFs
containing nucleophilic transition metal (Cu, Co, Ni, and Zn) hydroxide
functional groups at the Kuratowski-type metal nodes. The formation of
intercluster hydrogen-bonding interactions leads to a strong CO2 bind-
ing mechanism with Ni-OH, Co-OH, and Zn-OH and therefore higher
affinity even at low pressure.

5. Monte Carlo simulations considering adsorptive and
desorptive dynamics of CO,

Statistical mechanism models, such as Monte Carlo (MC) models, are
used to simulate the interactions and migration of a large number of
particles and calculate the average thermodynamic properties. MC
represents an effective alternative to classical mechanics and quantum
mechanics, because it displaces the time-consuming calculations for
each particular atom. The method is based on random configuration
generation by molecular movement with an equal probability of trans-
lation, rotation, insertion, deletion, and random reinsertion. The exactly
solved energy, pressure, and specific heat can be derived from modelled
energy level distribution of the system (Coskuner, 2018).

Among frequently applied ensembles, grand canonical (GC)
ensemble is extensively applied for molecular simulations in adsorption
systems since it calculates the number of moles of molecules in the pore
directly (Yun et al., 2002). It was demonstrated to efficiently simulate
the adsorption isotherm (Xie et al., 2016) and to effectively predict the
quantity of adsorbed material as a function of external conditions
(Coskuner, 2018). Fitting the GCMC simulated isotherms to experi-
mental isotherms one can obtain all Toth’s isotherm parameters (Ji
et al., 2022; Wang et al., 2018). However, the simulations of gas mix-
tures with low CO; concentrations lead to bad statistics and long runs
are required for reasonable results (Chanajaree et al., 2019).

The study presented by Wang et al. (2018) is a perfect representation
of multiscale modelling (Fig. 3). Periodic dispersion-corrected DFT was
first used for the calculation of Lennard-Jones (J-L) parameters needed
for J-L potential calculation. GCMC obtained final number of adsorbate
molecules and potential energies between two CO, molecules or CO,
molecule with sorbent framework were the main input values for the
saturation adsorption amount calculation, which was further used for
Toth’s isotherm parameters calculation. With the help of the
pseudo-first order LDF model, the concentration of each solute in the
particle at any adsorption time and position were obtained. They com-
bined microscale DFT, mesoscale GCMC method, and macroscale dy-
namic model to examine the heat and mass transfer process in an
adsorbent bed filled with the 5A zeolite particles used as potential CO4



D. Marini¢ and B. Likozar Journal of Cleaner Production 408 (2023) 137185

0 vacancy

(a) O vacancy VQ.

\ 2183 A

H Bonding e
NH,CH, °
O vacancy of E,4s=-1.7340 eV
MgAI-MMO (100) surface
(b) "
,?,a(
. M N N B\ No bonding
NHch3 A - - e >
Si-terminal of ,
Si0, (001) surface Equs=-0.2994 eV
25
---------- Amine subunit 7~ Amine subunit
""""""" Clean MgAI-MMO surface " ~ Adsorbed amine subuni
— Adsorbed amine subunit 20 - i

........... Clean SiO, surface

— MgAI-MMO surface with amine —— $i0, surface with amine

15+

DOS
DOS

104 |

N

4 2 2
Energy (eV) Energy (eV)

Fig. 2. DFT compared MMO and SiO, supports. The adsorption energy of amine subunit (CH3NH2) over a) oxygen vacancy of Mg-Al MMOs (100) surface (—1.73
eV) and b) SiO, (100) surface (—0.3 eV) indicated strong physisorption or weak chemisorption, c¢) density of states of Mg—Al MMOs and d) density of states of SiOy
system. Reproduced with permission (Zhao et al., 2022). Copyright 2022 Elsevier.

—»
—»
. —
N2:0::CO
2:02 2
—
‘A —p»
z
convection f
diffusion a;:lq:r;:ieon Adsorption particle Adsorption on 5SA zeolite

Fig. 3. The scheme for the multiscale simulation method of 5A zeolite, suggesting the interdependency between models on different length scale. Reproduced with
permission (Wang et al., 2018). Copyright 2018 Elsevier.



D. Marini¢ and B. Likozar

space shuttle sorbents.

Chanajaree et al. (2019) investigated the diffusion of CO3 and CH4 in
air mixture and preferred adsorption sites of gas molecules on the ZIF-78
framework by MD, while the adsorption was studied by Gibbs MC
simulations. Adsorption techniques were found to be appropriate for
CO capture due to high CO; selectivity, while membranes and tech-
niques based on permeation are also applicable for the separation of
CHy4. The increased CO./Nj selectivity and uptake capacity of the
azo-linked nanoporous covalent organic polymers was computably
explained by the generation of the Ny-phobic framework by azo groups
(Patel et al., 2013).

MOFs were also studied by Bernini et al. (2015) who screened several
hypothetical and real sorbents to obtain improved CPO-27-Mg compo-
sition with the optimal degree of ethylenediamine functionalization.
Simulations evaluated 18 potential CPO-27-Mg structures with
15-100% functionalization degree of the coordinatively unsaturated
sites. It was found that the initial structures with gauche conformations
were energetically more stable compared to trans conformations. The
CO, uptake was discovered to be affected by the chemical composition,
pore shape, and available pore volume, but remarkably not by free void
volume. The study concluded that the optimal structure was 50%
functionalized CPO-27 composition. However, due to energy-intensive
regeneration, the expanded CPO-27 structure based on a weaker Lewis
acid metal ion was proposed as a more economical option.

An even more extensive MOF study (Deng et al., 2020) combined the
canonical MC method, MD, and machine learning to screen 6013 ever
reported computation-ready experimental MOFs. The adsorption and
diffusion properties of the gases (CO2, N3, and O3) when binding to
MOFs were first determined by MC and MD. Univariate analysis was
later used for relationship establishment between the adsorption and
desorption selectivity. After adopting the finest algorithm by the
multivariate analysis, 14 MOFs with optimal properties were screened
out of 6013 potential MOFs. HIQPEE presented the largest diffusion
selectivity (62.27 A), while NORGOS had the largest adsorption selec-
tivity but also the maximum heat of adsorption (51.67 kJ mol’l). The
best diffusion separation performance of a MOF was found to be when its
pore-limiting diameter was similar to the CO5 dynamic diameter.

Yang et al. (2020) studied the pressure fluctuation influence of the FF
on the CO, adsorption loading on zeolite 13X. The found special
mechanism of CO, adsorption present under low-pressure conditions
once again proved the inapplicability of post-combustion CO2 capture
models, since the FF underestimate CO, adsorption loading at low
pressures. MD reviled microstructures of the host—guest interactions,
the established mechanism helped to predict a more accurate FF and
isotherms. Faujasite with a low Si/Al ratio was further studied (Yang
et al., 2021a) due to its improved adsorption capacity, which was
attributed to a large number of high-energy complexes. The quantifi-
cation of the heterogeneity of CO, adsorption sites, which is one of the
main adsorption characteristics that can explain adsorption phenomena
in detail, but is difficult to quantify, was also studied (Yang et al.,
2021b). The distance between the C atom and the oxygen atom in the
zeolite was found to be the heterogeneity indicator and it was influenced
by the Nayy cations interactions.

6. Kinetic adsorption modelling

Kinetic adsorption and desorption analysis are crucial for process
optimization. Understanding desorption kinetics is vital for the regen-
eration step, while adsorption kinetic is pivotal for sorbent development
and process design engineering. Kinetic limitations are often the ones
that hinder the launch of the process in practical use and need to be
addressed properly.

The modelling of intrinsic kinetics of CO2 adsorption on sorbents is
often coupled with experimental work, which is used to verify the ac-
curacy of theoretical simulation methods (Bos et al., 2019). Firstly,
volumetric or gravimetric methods are implemented for the
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measurement of the equilibrium adsorption capacity (g*) of CO5 and
H0. The TGA uptake data are fitted by applying appropriate isotherm
models for the determination of the adsorption parameters. Even though
they provide a useful first evaluation of the sorbent, TGA experiments
are conducted under a high flow rate, where the axial dispersion and
heat effects are not as important as in DAC (Darunte et al., 2019).
Therefore, q* is next used as the input value for the kinetic LDF models,
which simulate the CO, adsorption capacity against time. Several
diverse CO; adsorption kinetic models have been explored for describing
the TGA curves, namely the pseudo-first order model, pseudo-second
order model, Avrami model, etc. (Kaur et al., 2020). The dynamic
behaviour of the adsorption process is further described by the unsteady
state fix bed models. They provide a more thorough insight into the CO4
adsorption process in terms of production rate, energy requirement, and
cost (Elfving, 2021).

6.1. COg isotherm models

Adsorption equilibrium of CO; onto adsorbent material such as ze-
olites (Wilson and Tezel, 2020), amine-functionalized silica (Wurz-
bacher et al., 2011), polystyrene (Elfving et al., 2017a) or polypropylene
resin (Wang et al., 2011) (Table S3) is usually estimated by using
isotherm models (Chapter S4), where the adsorption capacity on
solid-phase (q*) is proportional to the adsorbate partial pressure in
gas-phase One of the most commonly used is classical Toth isotherm (Eq.
S1, Fig. 4).

Several other models besides Toth’s are employed to fit experimental
data over a wide temperature range (Wang and LeVan, 2009). Elfving
et al. (2017a) compared the Langmuir model, Freundlich (Eq. S5), Sips
(Eq. S6), and a modified version of the classical Toth model (Eq. S7),
which was proposed by Serna-Guerrero et al. (2010). The latter was
found to best describe the experimental CO; capture capacity of poly-
styrene resin functionalized with a primary amine since one term
described physisorption by the surface interaction and the second
chemisorption by the amine groups.

However, only a narrow temperature range was studied (25-50 °C).
To simulate winter conditions, they continued their research (Elfving
et al.,, 2017b) at lower temperatures. The highest CO5 adsorption ca-
pacities were achieved under cold temperatures by adding humidity in
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Fig. 4. Toth model fit (lines) to experimental adsorption capacity (markers)
over a wide pressure and temperature range for Lewatit VP OC 1065 deter-
mined by Veneman et al. (2015) (squares), Sutanto et al. (2017) (triangles), and
Bos et al. (2019) (circles). It indicates an indirect effect of the air temperature
and CO, concentrations on the capture efficiency. Reproduced with permission
(Bos et al., 2019). Copyright 2019 Elsevier.
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the gas, up to 1.06 mmolCO, g~ !. Nevertheless, any real-world design
suffers from humid cold air. By comparing the performance of PSA, TSA,
and TSVA, the first showed low equilibrium working capacity (WC)
levels (Fig. 5), which is defined as the difference between CO; loading
under adsorption and regeneration conditions. Quite the opposite, with
TSA in dry and cold or warm and humid adsorption conditions, WC
levels greater than 0.7 mmolCO, g~! were achievable.

6.2. H,0 isotherm models

The co-adsorbed water can have both unfavourable or beneficial
effects on COy adsorption. It can increase the heat required for regen-
eration or, like in some cases of MOFs, can significantly enhance the
degradation rate. On the contrary, the humidity present in amine-
functionalized sorbents can increase COy adsorption uptake capacity
(Elfving and Sainio, 2021). Toth isotherm has been used for H,O
adsorption modelling (Elfving et al., 2017a, 2017b) but is inappropriate
due to insufficient description of the multilayer adsorption behaviour in
porous sorbents (Elfving and Sainio, 2021). Instead,
Guggenheim—Anderson—de Boer (GAB) isotherm model (Eq. S8, Fig. 6) is
typically applied for equilibrium H50 loading modelling as a function of
relative humidity (RH) (Elfving, 2021).

The vast majority of published models neglect the water effect on
CO; isotherm or describe dry processes. Multicomponent competitive
isotherms are not yet always available due to the novelty of the process,
hence single component isotherms are used and an empirical description
of the interaction of CO, and H,0 is done (Sabatino et al., 2021).
Another study used the Langmuir-BET model for CO/Ho0 binary
adsorption isotherms description (Z. Z. Wang et al., 2020). The mono-
layer CO; adsorption was described by the Langmuir model and multi-
layer HoO adsorption was characterized by BET. However, the BET
model is not temperature dependent and is inappropriate for
amine-based sorbents. The adsorption capacity of CO under humid
conditions was also described by the Toth isotherm measured in dry
conditions coupled with the empirical enhancing parameter (fru)
(Deschamps et al., 2022; Wurzbacher et al., 2016). The CO, partial
pressure and RH-dependent parameter are considered only when water
is present. However, it was obtained by bilinear interpolation instead of
co-adsorption isotherm modelling.

Detailed water and CO; co-adsorption isotherm models have been
emerging lately. Stampi-Bombelli et al. (2020) modified the Toth model
with two additional parameters, which reflect the enhancing water ef-
fect. Under humid conditions, the Toth isotherm parameters combined
with water capacity increase the maximum COy uptake and isotherm
affinity, but in water absence, the model reduces to the
single-component Toth isotherm. However, the parameters have no
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Fig. 6. The H,0 equilibrium capacity calculated from the GAB model for each
combination of temperature and relative humidity for Lewatit VP OC 1065. The
consideration of water presence is an important factor for efficient operation
since it can have both hostile or beneficial effects on CO, adsorption. Repro-
duced with permission (Schellevis et al., 2021). Copyright 2021 Elsevier.

specific physical meaning and are always assumed to have a positive
value. The model was compared to two novel mechanistic approaches to
modelling co-adsorption equilibrium (Young et al., 2021) and was
shown to overpredict the capacities at higher temperatures while
requiring deeper vacuum pressure due to a higher affinity. The mecha-
nistic co-adsorption model and the weighted average dual site Toth
model showed an improved fit to experimental data compared to
empirical models and were used for dynamic process model develop-
ment (Young et al., 2021).

Further similar attempts of water presence consideration were done
by exploiting the CO, and H»0 binding reaction mechanisms with the
amine end of the PEI molecule to describe the reaction rate equations of
CO4, to carbamate and bicarbonate (Elfving and Sainio, 2021; Jung and
Lee, 2020). Langmuir-type kinetic models derived from the reaction
mechanism showed that the moisture has not always a promoting effect
and is depending on the temperature and mole fraction of CO3 or H»0 in
the gas phase. This was explained by competitive CO2/H20 adsorption
and reactions of carbamate and bicarbonate formation.

6.3. Linear driving force models

The rate of adsorption is controlled by several different transfer
limitations, such as I) external mass transfer of CO5 from the bulk to the
sorbent surface, II) interparticle mass transfer from the sorbent surface
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to its interior, and III) physisorption or chemisorption. An appropriate
mathematical description of all of the mentioned phenomena needs to
be solved numerically by a set of complex partial differential equations,
which can be computationally intensive. A proper alternative is simple,
analytic, physically consistent, and frequently used linear driving force
(LDF) model (Driessen et al., 2020).

Pseudo-first order kinetic model (Eq. (3)) is the most commonly
applied due to its simplicity. Where two functional groups are needed for
the capture of one CO5 molecule, for example in dry amine-based sor-
bents, the pseudo-second order model (Eq. (4)) is more suitable due to a
mechanistic point of view (Bos et al., 2019). Both were proposed by
Lagergren (1989) and relate the adsorption rate to the number of vacant
sites or square of available sites on the surface (Kaur et al., 2020).

0
o*‘t[:kwm(q* -q) 3
0
0*?: kLDF,Z(q* - (1)2 4

LDF models simulate the rate of CO, accumulation inside the particle
and relate it to the difference between the average adsorbate concen-
tration (q) at present conditions and the adsorbate concentration in
equilibrium with the bulk concentration (g*). The effective LDF mass
transfer coefficient (k;pr) integrates the mass transfer and reaction
limitations. It is usually obtained by simple experimental data fitting to
the model equations (Naidu and Mathews, 2021).

Three mathematical models, pseudo-first order, pseudo-second
order, and Avrami kinetic (Eq. (5)) were compared for studying
different adsorption characteristics of commercially available TEPA and
PEIl-loaded mesoporous silica SBA-15 composites (Miao et al., 2021).
The Avrami kinetic model was found to best predict kinetic behaviour,
even at low temperatures.

7

a—z = 1k pF Avamit™”" (¢ —q) 5

The best sorbent material among the studied collection was 50%
TEPA/SBA-15. Fast adsorption kinetics and high capture capacity were
determined in a wide temperature range, at 25 °C being 2.30 mmolCO,
g~!. With amine loading increasing, the adsorption capacity also
increased, but the diffusion barrier lowered the adsorption rate.

Al-Absi et al. (2022) also concluded that among the studied models
the Avrami kinetic model best predicts the adsorption kinetics of CO5 on
the sorbent (Fig. 7). However, it overestimated the initial adsorption
capacity, particularly at high RH. They also analysed mass transfer using
the interparticle diffusion model (Eq. (6)), which illustrates the most
basic approximation of pore diffusion kinetics. It was used to identify
three mass transfer consecutive stages in the adsorption process (Fig. 8),
namely external diffusion of CO; to the surface, interparticle diffusion,
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and equilibrium establishment. The E, increased by almost 40% and the
enthalpy of adsorption almost doubled when changing the RH from 25%
to 0%.

q:kidfl/2+c 6

Pseudo-first order model approximated CO» diffusion into the par-
ticle and breakthrough experiments were also carried out for seven
commercially available physisorbents to determine the optimal TVSA
conditions (Wilson and Tezel, 2020). Low Si/Al ratio faujasite zeolite
(APG-III) exhibited fast kinetics, high adsorption capacity (0.42
mmolCO, g’l), high CO; selectivity but also high desorption energy
requirement, and water removal demand.

Another LDF model definition was proposed by Glueckauf (Glueck-
auf, 1943; Glueckauf and Coates, 1947), who incorporated the CO5
concentration in the form of partial pressure (Pco,) for a more theoret-
ically consistent model (Eq. (7) and (8)). The comparison between
Glueckauf’s and Lagergren’s model was presented by Rodrigues and
Silva (2016). These equations were compared to the Toth rate equation
(Eq. 9) by Bos et al. (2019). The latter was found to better describe the
shape of the experimental curve since it describes both the temperature
and pressure dependencies.

g

—=k P, — 7
o 1or1 Peo, (4" —q)

o

(7(: =kipr2 Pco,(q" — 4)2 8

1
0q g\"1" 1gq
dt_k’l'olh{PCOz {1 - (a) “ha 9

7. Unsteady state fixed bed dynamic process models

The adsorption and desorption behaviour on the adsorption bed is
typically represented by a 1D or 2D dynamic model using finite element
(finite difference or finite volume) methods (Chen et al., 2019), which
consider both thermodynamics and kinetics. They are composed of a
combination of partial differential and algebraic adsorbent bed equa-
tions, which include thermodynamics descripted by isotherms, mass and
energy balances of gas and solid, and pressure drop along the column
length described by the Ergun equation (Deschamps et al., 2022).

Mass transfer is governed by several different dispersive and mass
transfer effects. The model evaluates the transfer rate in the film, mac-
ropore or micropore, the resistance-controlled diffusion and convection
of the gas through the porous material, adsorption, desorption, and re-
action kinetics (Darunte et al., 2019). Mass balance in the fixed bed can
be defined as follows,
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Fig. 7. The accuracy comparison between different LDF models applied. Experimental CO, uptake (markers) onto polyethylene amine tethered to mesoporous silica
foam at different RH with the corresponding fit to pseudo-first, pseudo-second, and Avrami model (lines). These findings suggest that the Avrami kinetic model best
predicts the adsorption kinetics. Reproduced with permission (Al-Absi et al., 2022). Copyright 2022 Elsevier.
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where Gy, is the CO, concentration in the bulk phase, D, is the axial
dispersion coefficient, v; is the interstitial velocity, ¢ is the bed porosity,
pp is the density of the particle, and g, is the total adsorbed phase con-
centration (Knox et al., 2016).

The energy balances include the energy requirement of each DAC
unit operation. It is a summation of the air blower specific energy con-
sumption (Eq. (11)), the heat of adsorbent (Eq. (12)) and CO> (Eq. (13)),
desorption heat of CO2 (Eq. (14)), electrical energy required for the
purge steam system, vacuum (Eq. (15)) and compression pump, etc.
(Elfving, 2021). The major thermal energy consumer is usually column
regeneration, while the major electrical energy consumers are the air
blower, which needs to overcome the bed pressure drop due to the
highly diluted air, and column evacuation (Deschamps et al., 2022;
Stampi-Bombelli et al., 2020). Comparison of the modelled process
properties reported in the literature is presented in Table 2.
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7.1. Solid-supported amines

Simplified zero-dimensional models were developed for amine-based
sorbents. The MSA desorption rate was defined by the Langmuir equa-
tion (Eq. 16) (Hou et al., 2017), or by modified equation by implying the
partial CO5 pressure as a function of saturation (Wang et al., 2013).
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More comprehensive and systematic analyses of the DAC process are
conducted by 1D or 2D heat and mass transfer models. Studies show a
huge impact of the kinetics on the performance, hence fast sorbent ki-
netic are desired (Zhu et al., 2021a).

Although most of the simulations conducted so far were performed at
a laboratory scale, Deschamps et al. (2022) numerically evaluated the
DAC process at a larger scale (50 tCO2 y’l), while conserving almost the
same technology. The total electrical consumption was found to be very
sensitive to the packed bed design ranging from 1000 kWh tCO3? to
3450 kWh tCO3 ! for lab- and industrial-scale, respectively.

7.1.1. Lewatit VP OC 1065

Lewatit VP OC 1065 is an ion-exchange resin, a polystyrene spherical
sorbent with a benzylamine functional group, and one of the most
explored amine sorbents due to its commercial availability. Moreover, it
is believed to be comparable to Climeworks’ first-generation adsorbent
(Young et al., 2021).

Several works studied the influence of operational parameters on
process performance. The higher gas flow was shown to not significantly
contribute to higher energy duty, however, it improves productivity.
Regeneration temperature was suggested to be as high as possible
(Fig. 9) (Schellevis et al., 2021), but it should be understood as a se-
lective tradeoff between high productivity and material stability (Young
et al., 2021). The same beneficiary effect of high regeneration temper-
ature was shown in the study of zeolite 13X (Zhang et al., 2022). Several
studies emphasized the value of weather conditions consideration in the
system design, most importantly air temperature and humidity. The
more accurate representation of COy and water co-adsorption by the
novel mechanistic isotherm models led to an improved process model
(Young et al., 2021).

Bos et al. (2019) explored the intrinsic kinetics of CO5 adsorption by
modelling convection, diffusion, and reaction rate. They numerically
confirmed the assumption of the absence of mass and heat transfer
limitations, which have been eliminated by the use of a bypass valve. A
novel approach for modelling was used by Driessen et al. (2020) who
proposed an effectiveness factor as a function of the Thiele modulus for a
computationally unintensive full model and two approximate methods
development. The mathematical description of intraparticle mass
transfer and intrinsic adsorption kinetics provided insight into the radial
profiles of a spherical adsorbent particle. The solution illustrated the
rate-determining steps, which were estimated by minimum and
maximum Thiele modulus.

Whilst most of the modelling studies are based on the breakthrough
experiments performed in fixed-bed reactors, Drechsler and Agar (2019)
presented a novel moving belt adsorber concept (Fig. 10). The immo-
bilized adsorbent bed on a moving supporting belt structure was moved
through different process zones, while ensuring a maximum direct heat
exchange, maximum possible CO, mole fraction in the gas phase, and
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Table 2

Summarized modelled properties of DAC processes, allowing us to distinguish the best sorbents and process systems from among the many published by evaluating
various criteria such as energy requirement, levelized cost, rate of CO, extraction, working capacity and desorption conditions.

Sorbent Thermal (y,) and electrical (o) or Levelized cost Rate of CO, Working Desorption conditions Ref.
total (o) energy requirement ($ tCOz Y extraction capacity (mol
kg™
MOFs
MOF-177 1.3 x 10° kWhy, tCO3% +1.35 x 39,400 4.5 kgCO, h? 3.9x107* TSA 100 °C Leonzio et al. (2022)
10° kWh, tCO3?!
MOF-5 4.94 x 10° kWhy, tCO3 " + 1.52 16,300 4 kgCO, h™! 8.4x107* TSA 100 °C Leonzio et al. (2022)
x 10° kWh, tCO3*
MIL-101 1.07 x 10° kWhy, tCO3! + 1.54 66,600 4.5 kgCO, h™! 3.5 x107* TSA 100 °C Leonzio et al. (2022)
x 10 kWh, tCO5 "
Mg-MOF-74 a b n/d 0.38 TSA 70 °C Ji et al. (2022)
Zeolites
Zeolite 13x 1.28 MJyo molCO5* 248 n/d n/d CSA 25°C Sinha et al. (2022)
Zeolite 13x a b n/d 0.23 TSA 70 °C Ji et al. (2022)
Zeolite 13x 8.73 MJ,oy molCO5* n/d n/d n/d TSA 100 °C Zhang et al. (2022)
Zeolite 13x 2.2 MJo molCO5* n/d n/d n/d TSA 95 °C Santori et al. (2018)
Zeolite 5A a b n/d 0.29 TSA 70 °C Ji et al. (2022)
MOF supported amines
MIL-101(Cr)-PEI-800 5.11 MJo; kgCOEl 75-140 n/d n/d TVSA  saturated steam Sinha et al. (2017)
at 1 atm, 100 °C
MIL-101(Cr)-PEI-800 4.7-8.9 Mo kgCO3 " n/d 6kgCO, m>h! 0.78 TVSA  Tpax = 120 °C, Sabatino et al. (2021)
Prin = 10 kPa
mmen-Mg2 (dobpdc) 3.6 MJ;o; kgCO3?! 60-190 n/d n/d TVSA  saturated steam Sinha et al. (2017)
at 1 atm, 100 °C
Silica supported amines
SI-AEATPMS 1.88 x 10° kWhy, tC051+ 3.57 x 977 6.43 kgCO2 h?! 0.367 TSA 100 °C Leonzio et al. (2022)
10% kWh, tCO5*
TRI-PE-MCM-41. 5962 MJg, tCO3 ' + 792 MJ. ~100 1.1 tCO, unit ! 0.97 TSA 90 °C Kulkarni and Sholl
tCO3z ! day! (2012)
Tri-PE-MCM-41 0.8-1.0 MJy, kgCOg’1 +7.1-7.7 n/d 3.8-10.6 kgCO, 0.638 TVSA  Tpax = 120 °C, Sabatino et al. (2021)
MJ. kgCO3! m>h! Pmin = 10 kPa
Nanocellulose supported amines
APDES-NFC-FD 1.4 x 10° kWhy, tCO5* +2.99 x 751 6.66 kgCO, h™* 0.771 TSA 100 °C Leonzio et al. (2022)
10% kWh, tCO5"
APDES-NFC 8.6-10.1 MJy, kgCOi1 +1.1-1.3 149-427 3.8-10.6 kgCO, 0.314 TVSA Tmax = 120 °C, Sabatino et al. (2021)
MJ, kgCO3! mh? Pmin = 10 kPa
APDES-NFC-FD ~ 0.3 MJy, kgCO3! + 35.5 MJ, n/d 2.45x 10 °kgCO, n/d TVSA 95 °C, 50 kPa Stampi-Bombelli
kgCO3! h! et al. (2020)
Lewatit VP OC 1065
Lewatit VP OC 106 10.1-11.8 MJy, kgCOz1 + n/d 3.8-10.6 kgCO, 0.68 TVSA  Tpax = 120 °C, Sabatino et al. (2021)
0.6-1.3 MJ, kgCO3! m>h! Pin = 10 kPa
Lewatit VP OC 1065 9.93 MJw, kgCOE1 + 0.8 MJ. n/d 62.09 kg m3 0.91 TVSA 100 °C, 10-45 Young et al. (2021)
kgCO3! day? kPa
Lewatit VP OC 1065 22 Mot kgCOE1 n/d ~0.2-0.35 kgCO, 0.6 TVSA 90 °C, 35 kPa Schellevis et al.
day™! (2021)
Lewatit VP OC 1065 n/d n/d 0.125 kgCO, m™* 0.3 TSA 86 °C Drechsler and Agar
h! (2019)
Other not specifically defined solid-supported amines
Solid supported amine 9.3 GJy, tCO3 ' + 100 kWh, tCO3 ! n/d 2.8 kgCO, y’1 n/d TVSA 110 °C, <30 kPa Deschamps et al.
(2022)
Solid supported amine 13.87 GJy, tCO5 ' + 3450 kWh, n/d 50 tCO, y ! n/d TVSA 110 °C, <30 kPa Deschamps et al.
tCO5* (2022)
Solid supported amine 0.06 MJy, molCO5 ! + 0.238 MJ, n/d 4.45 molCO, kg’1 0.868 TVSA 90 °C, Zhu et al. (2021a)
molCO5! day ! 40 kPa
quaternary ammonium- 35.67 kJior mol ! ¢ 34.68 n/d n/d MSA 45 °C, saturated Hou et al. (2017)
based anion exchange water
resin
polystyrene resin- n/d n/d n/d 0.5 PSA 0.1 kPa Elfving et al. (2017b)
supported amine
groups
polystyrene resin- n/d n/d n/d 0.74 TSA 50-60 °C Elfving et al. (2017b)
supported amine
groups
polystyrene resin- n/d n/d n/d 0.52 TVSA 90 °C, 0.05 kPa Elfving et al. (2017b)
supported amine
groups
Solvent capture
KOH, Ca(OH), 8.81 GJy, tCO5" + 0 kWh, tCO;'  94-232 1 MtCO, y ! n/d Slaker; 300 °C, 100 kPa Keith et al. (2018)
Brentwood XF12560 or 5.25 GJg, tCO3* + 366 kWh, Calciner: 900 °C, 100 kPa
tCOz 1t compressed to 15 MPa
KOH, Ca(OH), 250Y 8.3-11.1 GJyo tCO3 ! 240-409 1 MtCO, y n/d Slaker; 300 °C, 100 kPa An et al. (2022)

Sulzer packing

10

Calciner: 900 °C, 100 kPa
compressed to 15 MPa

(continued on next page)
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Table 2 (continued)
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Sorbent Thermal (y,) and electrical (¢;) or Levelized cost Rate of CO, Working Desorption conditions Ref.
total (o) energy requirement ($ tcozh) extraction capacity (mol
kg™
KOH, Ca(OH)2 M-250Y 6.21-6.48 MJo¢ kgCOE1 419 0.18-0.45 kgCO, n/d Slaker; 300 °C, 100 kPa Sabatino et al. (2021)
Sulzer packing m>h! Calciner: 900 °C, 100 kPa
NaOH n/d 343%¢ 0.52 molCO, m ™3 n/d n/d Holmes and Keith
Brentwood XF12560 h! 1 MtCO, y ! (2012)
packing
MEA solution M-250Y 20.1-49.32 MJ,o kgCO3 ! 537 0.75-1.08 kgCO, n/d Slaker; 300 °C, 100 kPa Sabatino et al. (2021)
Sulzer packings m3h! Calciner: 900 °C, 100 kPa
NaOH, Ca(OH) , M-250Y 8.1 GJi, tCO3" + 1.78 GJ. tCO;'  430,610° 20tCO,m 3y tor n/d n/d Socolow et al. (2011)
Sulzer packings or 210 MWh,reg + 25 MWe fan 1 MtCO, y !
+38 MWe reg 8
NaOH, Ca(OH) , M-250Y 210 MWip,reg + 14 MW gan +38 568° 1 mCO, y’1 n/d n/d Mazzotti et al. (2013)
Sulzer packings MWe reg &
NaOH, Ca(OH) ; M-500Y 210 MWip,reg + 13 MWe fan +38 556° 1 mCO, y71 n/d n/d Mazzotti et al. (2013)
Sulzer packings MW reg f
NaOH, Ca(OH) , M-CC 210 MWip,reg + 12 MW fan +38 518° 1 mCO, y ! n/d n/d Mazzotti et al. (2013)
Sulzer packings MWe reg '

@ Concept of DAC integrated with HVAC, using the heat and energy of the condensation process for the desorption process. Energy consumption was not calculated,

only exergy efficiency.
b No extra cost since the energy is recovered from the HVAGC system.

© The study was based on the CO,, capture as a sustainable gas fertilizer substitute in agriculture. The optimal conditions for providing CO, to the 3000 m® big lettuce
cultivation plant were 45 °C of desorption temperature and 3% of outlet CO, concentration. The plant did not reach high-purity CO, steam (>95%) and hence the

energy and cost requirements were not compared with the other methods.

4 Holmes and Keith (2012) only calculated the cost of air contactor cost (60 $ tCO3 1) since it is the most unpredictable part of the regeneration process. The total cost

calculation was adapted from APS’ costing methodology.
¢ Estimated avoided cost (the cost when net carbon is considered).

f The total energy requirement is not reported. Instead, the heat required for regeneration and the electricity required to power the fans is shown.
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Fig. 9. Energy requirement for each DAC process unit as a function of desorption temperature. The results of this study indicate that the increasing desorption
temeprature lowers the energy requirement and increase the productivity. Reproduced with permission (Schellevis et al., 2021). Copyright 2021 Elsevier.

maximum contact time between the adsorbent and the stripping gas.
More than 94% of the solid’s heat needed for the reach of desorption
temperature was recovered. The system operating in a TSA mode
ensured the CO3 mole fractions greater than 20% in the product flow of
0.125kgm ' h7L

7.1.2. APDES-NFC-FD

Extended heat and mass transfer models of the DAC process based on
packed bed TVSA or TSA technology for amine-functionalized nano-
fibrillated cellulose sorbent (APDES-NFC-FD) were developed greatly,
especially by Wurzbacher’s group. First, they examined the water and
CO; coadsorption by varying the temperature and RH (Wurzbacher
et al., 2012). The influence of the temperature on the adsorption profiles
was found to be negligible. However, they confirmed the enhancing
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effect of the RH on both CO5 and H»0 uptake capacities. Moreover, they
continued to study the process by developing an extended 2D heat and
mass transfer model (Wurzbacher et al., 2016). The homogeneous gas
phase composition across the sorbent bed was achieved due to the fast
diffusion regardless of non-uniform heating. Under natural conditions
(<10 kPa and >40% of relative humidity) more than 90% of the des-
orbed CO; could be recovered, while the purity levels surpassed 99%.
Oxygen-induced degradation was prone to dry conditions and can be
avoided by purging the air out by co-desorbed HyO. Their further nu-
merical modelling based on Climeworks AG’s laboratory’s experimental
data examined the CO2 and moisture adsorption effectiveness of the
device used in the ventilation system (Kim et al., 2020). Several dynamic
models developed by Deschamps et al. (2022), Leonzio et al. (2022) and
Stampi-Bombelli et al. (2020) are based on their experimental results.
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Fig. 10. a) Steady state temperature profile in the belt phase and b) steady state CO, loading profile on the sorbent material presenting a novel moving belt adsorber
concept. Profiles are presented in the axial and normal direction coordinates. Reproduced with permission (Drechsler and Agar, 2019). Copyright 2019 Elsevier.

Moreover, the high productivity of the TVSA process was found to be
limited due to the high porosity and low density of the APDES-NFC
(Sabatino et al., 2021). The lower WC requires a higher regeneration
temperature and lower vacuum pressure in comparison to other sorbents
studied, resulting in energy requirements of 1.1-1.3 MJg kg™ and
8.6-10.1 MJy, kg™L. Stampi-Bombelli et al. (2020), who compared two
TVSA cycle designs, steam assisted-TVSA, and regeneration via external
heating, concluded that high evacuation pressures and low steam purge
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rates were needed for energy reduction but yielded low CO5 production
rates. Steam purge accelerated desorption kinetics and hence contrib-
uted to higher CO, production rates at milder pressures, minimally
reduced the electrical energy requirement but significantly increased the
thermal energy consumption (Stampi-Bombelli et al., 2020). The higher
amine content of the APDES-NFC-FD sorbent compared to SI-AEATPMS
resulted in higher adsorption/desorption times, while the better per-
formance was attributed to a lower mass transfer zone (Leonzio et al.,
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Fig. 11. CO; loading on chemisorbents a) SI-AEATPMS, b) APDES-NFC-FD and pyhsisorbents ¢) MIL-101, d) MOF-177, and d) MOF-5 as a function of time and
packed-bed length. The findings imply that chemisorbents display lower energy requirement and cost compared to physisorbents. Reproduced with permission

(Leonzio et al., 2022). Copyright 2022 MDPIL



D. Marini¢ and B. Likozar

2022).

7.2. Zeolites and metal-organic frameworks

The built mathematical model by Leonzio et al. (2022) compared the
adsorption and desorption behaviour of two amine-functionalized
chemisorbents (SI-AEATPMS and APDES-NFC-FD) and three phys-
isorbents (MIL-101, MOF-5, and MOF-177). Higher equilibrium loading
of the firsts (10~! molCO;, g™1) resulted in higher WC compared to the
latters (10~* mmolCO- g’l) (Fig. 11). Thus, physisorbents exhibited
much higher overall energy consumption (10 kWh tCO3) and cost
compared to chemisorbents (10° kWh tCOQl) (Leonzio et al., 2022). The
amino-modified MOFs (MIL-101(Cr)-PEI-800) however exhibit perfor-
mance comparable to the other reported amino-functionalized sorbents
(Sabatino et al., 2021).

Another thermodynamic analysis of a 4-step TSA process compared
three different physisorbent materials, namely zeolite 5A, zeolite 13X,
and Mg MOF-74 (Ji et al.,, 2022). The DAC technology uses HVAC
(heating, ventilation, and air conditioning) systems in the buildings
(Fig. 12) as a thermal energy supplier, hence lower energy consumption
and improvement in economics were expected. Modelling was applied
for balance determination between adsorbent and three different re-
frigerants in HVAC. According to real WC (up to 0.38 mmolCO, g~ ! at
70 °C of desorption temperature) and coefficient of performance, inte-
gration of Mg-MOF-74 sorbent and R134a refrigerant exhibit the best
performance for large CO2 amounts. Taking both exergy efficiency
(82%) and COP at 35 °C into consideration, zeolite 13X and R134a
exhibit superior efficiency in terms of energy requirement. Another gas
capture system integration with the ventilation system was conducted
by Sinha et al. (2022). They regulated CO5, O, and humidity levels for
energy reduction of air conditioning. The CO3 levels were controlled by
adsorption beds with zeolite 13X monoliths, while the humidity was
controlled by silica gel. The proposed system resulted in 55% less energy
consumption compared to conventional HVAC systems.

A five-step cyclic TVSA process (Fig. 13) using MOF adsorbent films
(MIL-101(Cr)-PEI-800 and mmen-Mg2 (dobpdc)) on a monolithic sub-
strate was modelled. Sinha et al. (2017) proposed energy requirement
optimization by growing thicker adsorbent films and thinner monolithic
walls or adsorbent use with higher equilibrium capacities. Thin walls
decrease the structural stability and capture yields; however, thick films
reduce their adherence stability to the wall. By using a wall thickness of
50 pm and a film thickness of 60 pm, the minimum energy requirement
for MIL-101(Cr)-PEI-800 and mmen-Mg2 (dobpdc) was 0.145 MJ
molCO3" and 0.113 MJ molCO3 !, respectively. Furthermore, Darunte
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Fig. 13. The schematic representation of a five-step cyclic TVSA process. The
study focused on the energy reduction and reached lower minimum energy
requirement compared to the energy associated with the heat of combustion
that produced the CO,. Reproduced with permission (Sinha et al., 2017).
Copyright 2017 American Chemical Society.

etal. (2019) showed that the mass transfer was not much affected by the
film and macropore resistances, but the limitations were hidden inside
the crystal.

Moreover, a technology of a series of batch adsorption beds incor-
porating zeolite 13X and using solar thermal energy was modelled.
Zhang et al. (2022) used the carbon pump theory to study energy con-
sumption in thermodynamic analysis. After 120 cycles at 100 °C of
regeneration temperature, which required 8.73 MJ molCO3, a purity of
91% was reached. Santori et al. (2018) reached a high CO, purity
(>95%) and compared the zeolite 13X to another advanced material,
zeolite NaETS-4. The latter reached higher purities at lower energy
consumption, however, the technology required to filter large gas
amounts resulting in high vacuum pump electricity consumption.

8. Lime-based sorbents

Even though the bulk of the modelling work so far has been done
with amine sorbents, this state-of-the-art method is toxic, energy-
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Fig. 12. Schematic diagram of DAC integrated with HVAC. This study provides support for the argument that using HVAC as thermal energy supplier reduces the
overall energy consumption. Reproduced with permission (Ji et al., 2022). Copyright 2022 KeAi.
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intensive, sensitive to impurities, and prone to degradation after peri-
odic regeneration (Inkeri and Tynjala, 2020). Lime-based sorbents,
which store CO- in a form of bicarbonate, are earth-abundant and safe to
use (McQueen et al., 2022). However, they are also known for their
rapid decay in activity due to the sintering process, which can be miti-
gated by reactivation using moist air (Zeman, 2008).

An unreacted core kinetic model was used for the mathematical
description of a three-step thermochemical CO, capture cycle. It in-
cludes intrinsic chemical reaction described by empirical Avrami rate
laws followed by intra-particle diffusion (Nikulshina et al., 2007).
Nonetheless, the small lime particles used in the study overcame the
internal mass transfer limit in the vast majority.

Shrinking core model can be also applied for carbonation kinetics
modelling (Samari et al., 2019). The model is straightforward and one of
the most rudimentary for non-catalytic gas-solid reactions, since it does
not demand the solid’s structural parameters. The initial
chemically-controlled step on the surface of the particle and the CaCO3
formation is followed by carbonation, which is controlled by diffusion
through the carbonate layer. Prehydrated sorbents and 55% of RH
yielded the greatest carbonation conversions. (Samari et al., 2019). A
kinetic grain model for flue gas capture showed that the
reaction-controlled carbonation stage is pressure-dependent, while the
diffusion-controlled rate is pressure and temperate-independent (Butler
et al., 2014). DAC could be ultimately coupled with electrolysis to
eventually produce e-fuels (Timmons and Terwel, 2022). Tregambi et al.
(2022) numerically investigated catalytic methanation of CO, captured
from CaO based DAC and hydrogen obtained from water electrolysis.
For the production of one tonne of CH4 the overall calculated energy
demand varied between 344 and 370 GJ, while simultaneously
removing 100 tCO, y’l.

By comparing the performance of natural limestone and pelletized
limestone, the latter was found to have higher effective diffusivity due to
its greater porosity. Changing the particle size did not have a large effect
on the surface reaction constants (Samari et al., 2019). Nevertheless, the
larger mobilized particles are more prone to attrition, as demonstrated
by a fluidized-bed reactor model, which described particle size distri-
bution and attrition rate (Xiao et al., 2014).

9. Models based on the reaction mechanism

After conducting an evaluation of the most recent advances in kinetic
and equilibrium of CO; adsorption modelling, comprehensive analyses
which are based on reaction mechanisms of CO, adsorption are rarely
found. However, this kind of model leads to improved consideration of
the humidity effect and better fits of CO5 isotherms (Elfving and Sainio,
2021). The model developed by Jung and Lee (2020) is based on the
carbamate and bicarbonate formation reaction mechanism of
amine-functionalized adsorbent. However, it neglected the reaction
stoichiometry, the reactions had separated maximum capacities, the
developed co-adsorption isotherm model resembled the dual-site Lang-
muir isotherm, and it was studied for CO, from flue gas. The short-
comings of this model were eliminated by Elfving and Sainio (2021).
The isotherm and dynamic fixed-bed CO, adsorption modelling from air
simulated the 0.87 mmolCO, g~ of starting CO, adsorption capacity
and approximately 0.7% per cycle capacity drop rate.

The mechanism of moisture-controlled sorption in anion exchange
materials was presented by Kaneko and Lackner (2022). Two limitations
were considered, the domination of chemical reaction kinetics on pore
surfaces and interior transport kinetics. A linear combination of first and
second-order kinetics can describe the first case while applying the static
isotherm equation. The second limitation can be expressed by a
non-linear diffusion equation while using effective diffusivity that in-
tegrates the bicarbonate and carbonate diffusion coefficient. General-
ized effective diffusivity (Dy;) was also introduced for combining both
limitations contributions and mainly depends on the membrane thick-
ness. Slow CO; sorption was explained by low ion diffusivities under low
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humidity, slow chemical reaction kinetics, and significant difference
between the concentration and activity of each chemical species.

10. Solvent-based direct air capture

The idea of using an aqueous basic sorbent as an intermediate,
coupled to a calcium caustic recovery loop is kinetically driven. COs is
first sorbed to KOH or NaOH and then transferred to Ca(OH);, due to the
higher mass transfer coefficient (Ky) of the first and easier regeneration
process for the second. The main consideration when designing the
contactor is balancing the preferably high rate of mass transfer to the
adsorbent with the pressure drop through the reactor (Realff et al.,
2021).

One of the first leading NaOH aqueous Ca-looping technology
research was published by the American Physical Society (APS) (Soco-
low et al., 2011) in 2011 and was further investigated and optimized by
Mazzotti et al. (2013). Holmes and Keith (2012) showed that the highest
influence on the process effectiveness have the solubility of CO; at the
gas-liquid interface and the chemical reaction kinetics of COy with
NaOH. Each kg of NaOH adsorbs 20 g of CO before regeneration takes
place. Assuming the NaOH flux estimation of ~4.1 x 10—9 mol cm 2
s71, 210 m? m~3 of specific packing Brentwood XF12560 area, 2 M
NaOH, and 1 m contactor depth, the CO5 uptake can reach 0.52 molCO,
m~3 min ~! (McQueen et al., 2021).

The solvent-based approaches require strong bases for adequate
separation. Besides NaOH, KOH sorbent coupled to a calcium caustic
recovery was also studied due to its faster kinetics with CO,. Keith et al.
(2018) presented an elaborate engineering research and cost analysis for
1 MtCO, y ! DAC plant and modelling for each individual unit of the
process was performed (Fig. 14). Pilot plant performance data provided
by Carbon Engineering enabled the design of a commercial scale refer-
ence process. The transport of CO5 in the contactor was shown to be
governed by the reaction processes and diffusion resistances present in
the ~50 pm film of the KOH solution. The Ky, is limited by [OH™] and
temperature and not vastly by humidity. Modelled energy and mass
balances led to an 8.81 GJ natural gas requirement or 5.25 GJ of gas and
366 kWh of electricity requirement for the capture of one ton of CO,.
Although the papers (Holmes et al., 2013; Holmes and Keith, 2012; Keith
et al., 2018) form the basis for further studies, they were investigated
under relatively moderate climate conditions. An et al. (2022) evaluated
the influence of the air temperature and RH on the system performance.
The impact of the first was already proven to be greater compared to the
latter due to the exponential relationship between temperature and
chemical reaction rates (Pinsent et al., 1956). The highest capture rates
were accomplished under hot and humid conditions.

Another attempt to bypass amine-based capture technology is the use
of water as a solvent (Inkeri and Tynjala, 2020). The poor CO; solubility
and high flow rates required were studied in a water bubble column
reactor by a dynamic 1D multiphase model. Specific energy consump-
tion was reduced by optimizing the gas flow rate, while the capture
efficiency was maximized by increasing the liquid flow rate (Zhang
et al., 2022).

Solvent and sorbent DAC types were also compared for performance
evaluation. Two models describing adsorption/desorption behaviour on
a NaOH solvent (Holmes and Keith, 2012) and PEI-functionalized cel-
lulose acetate/silica sorbent (Kalyanaraman et al., 2015) were combined
by Realff et al. (2021). The transport limitations of the solvent and
sorbent systems were compared by adopting a hypothetical laminate
contactor. The key result was that the CO mass transfer across the liquid
film was slower than the solid film adsorption at the same conditions.
Also, the smaller contactor length in the solid compared to the liquid
system has a favourable impact on the pressure drop. Another
solid-solvent comparison was done by Sabatino et al. (2021), who per-
formed an extensive study on costs assessment and optimization for
TVSA DAC technologies based on two solvents (KOH and aqueous MEA
solution) and 4 amine sorbents (APDES-NFC, Tri-PE-MCM-41, MIL-101
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Fig. 14. A summary of mass and energy mass balance results of KOH sorbent coupled to a calcium caustic recovery presenting one of the most elaborated and
important study in liquid DAC field. Reproduced with permission (Keith et al., 2018). Copyright 2018 Cell Press.

(Cr)-PEI-800, Lewatit VP OC 106). Solvent DAC processes exhibited
much lower productivity (0.18-1.08 kgCO, m~ h™!) in comparison to
sorbent processes (3.8-10.6 kgCO, m > h™1). Despite the higher energy
consumption by the amine solvent due to energy-intensive regeneration,
all of the studied processes cost less than 200$ tCO3'. The purity of
regenerated CO, was lower for alkali scrubbing (95%) in comparison to
MEA (97%) due to MEA’s outstanding selectivity. The remaining im-
purities consist of Ny, Ar, and O2 and Hy0, N, and O for alkali and
amine scrubbing, respectively. The purity in the sorbent DAC is in the
range of 94%-99%, where the main side product is water.

11. Computational fluid dynamic

While nano and mesoscale modelling support material development,
macroscale modelling like computational fluid dynamic (CFD) is one of
the best approaches to describe an idealized DAC system and to deploy
the DAC at a large scale. Better selectivity, lower pressure drops and
higher yields can be achieved by a good understanding of the in-
teractions between the sorbent and reactive flow. Simulations enable the
comparison between different geometries and types of structures. They
give information on the fluid flow, pressure drops, suitable shape,
structural simulations, heat transfer simulations, and sorbent loading.
The main advantage of this numerical methodology based on the Navier-
Stokes equation is the optimization of structures and acceleration of the
development and design process (Hus et al., 2019).

CFD simulations for CO5 capture from the post-combustion flue gas
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were explored greatly, but CFD performance optimization still remains
elusive. One of the few CDF studies simulated the CO, biofixation pro-
cess by microalgae in the airlift reactor (Sadeghizadeh et al., 2018). A
three-phase and 3D model based on the Euler-Euler approach comprised
the hydrodynamic, unsteady state mass transfer and CO5 fixation by
biocatalyst and adsorption with chemical reaction. The maximum
removal efficiency of CO; in two different input gas velocities of 7.458
x 103 m s ! and 13.281 x 107> m s™! were 84 and 67%, respectively.
The simulation results deviated from the experimental data by less than
10%. Another biofixation study process in the microalgal attached
membrane photobioreactor combined CFD with MD to investigate the
synergy of light/fluid flow and membrane modification (Wang et al.,
2022).

Moreover, using CFD simulations for aqueous KOH solvent, more
than 30% pressure drop was observed by applying only a slight change
to packing geometry in a commercial plant compared with the Brent-
wood XF12560 packing at the same external conditions (Keith et al.,
2018). Hiltunen and Tynjala (2016) also presented the CFD model for
the DAC facility at the Neo-carbon Energy 6th Researcher’s Seminar,
however, no research papers are publicly available.

12. Conclusions
e Direct air capture is seen as a feasible option to reverse society’s

contribution to the increase in anthropogenic CO3 emissions. How-
ever, even though considered as the state-of-the-art method, it is still
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energy, resources, and cost prohibitive. In order to make the process
economically and environmentally justified, multiscale modelling
has been used as the leading tool for rapid sorbent screening and
process design with minimized energy requirement.

After conducting an evaluation of the most recent advances in DAC
modelling research, several specific macroscale concepts like dy-
namic two-dimensional models are found. The lowest published DAC
cost is 60 $ tCO3 . The DAC price range was set to 200-400 $ tCO31,
while the stated goal of most of the DAC companies is to reduce the
cost below 100 $ tCO3 ! due to extremely low CO, commercial prices.
Among commercial pathways to DAC, Global Thermostat reported
the lowest energy requirement. Only 150-260 kWh tCO3! and
1170-1410 kWh tCO3?! of electrical and thermal energy are needed,
respectively. MOF-supported amine sorbents exhibit low energy re-
quirements, the lowest reported was 1000 kWh tCO3*. The methods
developed so far are generally not considered cost-competitive. The
high capital and operating costs and limited demand for DAC due to
the evolving societal view present a negative factor for the DAC
technology progress.

Several isotherm models are employed to fit experimental data for
the calculation of the COy adsorption equilibrium capacity onto
adsorbent material. Most of the reported chemisorption sorbents
have a capacity of CO, of over 1 mmol g~* under ambient conditions
(at 400 ppm of CO3), while physisorption sorbents typically exhibi-
ted much lower values. The vast majority of published models
neglect the enhancing or diminishing water effect on CO isotherm
or describe dry processes. Multicomponent competitive isotherms
lead to better representation of the adsorption breakthrough curves
but are not yet always available due to the novelty of the DAC
process.

By imputing Monte Carlo simulation results into the saturation
adsorption isotherm model, more accurate macroscopic adsorption
properties can be predicted. However, MC simulations of the highly
diluted gas mixtures require long runs for acceptable results.
Nanoscale quantum mechanical modelling method, namely DFT,
provided insight into the CO; capture mechanism for amino-
functionalized sorbents. It also explained the thermodynamic water
influence and the performance of MSA in PILs. The oxygen vacancy
was identified as the reason for enhanced stability due to strong
chemical interactions between MMOs and amines. Open metal ions
in MOFs were discovered to be preferential adsorption sites.

This review attempts to address knowledge gaps in nano, meso, and
macroscale modelling, since several modelling techniques, like CFD
performance optimization, fundamental for the improved unit
outcome, still remains elusive.

Several studies are focused on equilibrium CO, adsorption and
adsorption kinetic models, but only a few under ultradilute and
humid conditions, which are relevant for DAC. The bulk of the work
so far has been done with CO capture and its potential conversion.
Whereas other gasses, such as NOy and SOy, are potential emerging
resources especially close to point exhaust sources, near agriculture,
cities, and heating plants. Greater challenges are posed by coupling
the CO; capture with the sequestration, reactors, and neutralization
of harmful environmental pollutants, monoxide, NO,, and SO, or
ultimately with electrolysis for e-fuel production.
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