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Humidity can up to double the adsorption capacity of CO2 in conditions relevant to direct air capture
(DAC) on amine-functionalized adsorbents, but the treatment of this phenomenon in isotherm or kinetic
models has been all but neglected in the literature. In this work, a kinetic model based on reaction mech-
anisms of CO2 adsorption on supported amines in dry and humid conditions is proposed. The kinetic
model was used in modelling of humid CO2 adsorption isotherms and dynamics of fixed-bed CO2 adsorp-
tion from air. The improvement of equilibrium CO2 capacity by humidity was captured well by the kinetic
model, leading to good fits of CO2 isotherms. At best, the dynamic model closely represented the whole
shape of CO2 adsorption breakthrough curves in several-hour fixed-bed adsorption experiments.
Therefore, the proposed kinetic model is expected to be useful in simulation of the DAC process based
on supported amine-adsorbents.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

To not exceed the global warming targets of 1.5 �C or 2 �C by the
end of the century requires sharp reduction of global CO2 emis-
sions to net zero in the coming decades. Any credible scenarios that
can meet these targets require not only CO2 emission reduction via
technologies such as post-combustion capture (PCC), but also the
use of carbon removal technologies, among which is capturing
CO2 directly from air. (Coninck et al., 2018) Direct air capture
(DAC) usually involves the use of strongly basic solutions or solid
sorbents to selectively capture CO2 from air, followed by the
release of CO2 from the solvent or sorbent in a concentrated form
via heating, pressure swing, humidity swing or other methods
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(Sanz-Pérez et al., 2016). As a result, the DAC process can produce
pure CO2 carbon negatively, although the carbon efficiency of DAC
is largely dependent on the carbon footprint of the electricity and
heat used (de Jonge et al., 2019; Deutz and Bardow, 2021). DAC
coupled with carbon storage (DACCS) could reach carbon removal
of several GtCO2/a scale (Breyer et al., 2019; Fuss et al., 2018). On
the other hand, DAC can also be combined with different CO2 uti-
lization technologies (DACCU). DACCU enables a fully renewable
energy system by using the produced CO2 for chemical energy stor-
age in power-to-X (PtX) technologies such as the Fischer-Tropsch
process, while producing carbon–neutral fuels for the transport
sector (Vidal Vázquez et al., 2018). Another use of DAC is to boost
food production in greenhouses (Rodríguez-Mosqueda et al., 2019)
or in microbial cultivation (Ruuskanen et al., 2021).

While DAC utilising hydroxide solvents may be an efficient
technology for large-scale operation (Keith et al., 2018) and in
terms of cost is comparable to solid sorbent technology (Fasihi
et al., 2019), it is also a fairly complex process with heat demands
that cannot be supplied by low-grade waste heat. One type of
sorbent-based DAC is the humidity-swing process which utilizes
anion-exchange resins, and entails the advantage of sorbent regen-
eration in atmospheric conditions (Shi et al., 2017; Van Der Giesen
et al., 2017). However, water demand during the regeneration
phase may limit the geographical applicability of this technology
(Van Der Giesen et al., 2017). By contrast, DAC based on amine-
functionalized adsorbents does not require water, instead humid-
ity in air is captured, and thus liquid water can be produced
(Bajamundi et al., 2019). This process only requires a temperature
near 100 �C or less for sorbent regeneration, which enables the use
of low-grade waste heat (Bajamundi et al., 2019; Wurzbacher et al.,
2016), and can be assembled as scalable modular units
(Climeworks, 2021). The adsorbents combine the CO2-selective
amine groups with porous materials such as mesoporous silica,
alumina or metal–organic framework (MOF) via impregnation of
polyamines, grafting of aminosilanes or surface-initiated polymer-
ization of amines (Sanz-Pérez et al., 2016; Shi et al., 2020).

The co-adsorbed water can be both a nuisance and an advan-
tage in CO2 capture from air. Co-adsorbed humidity may increase
the adsorbent regeneration heat requirement several times com-
pared to dry case with only CO2 adsorbing (Drechsler and Agar,
2020). Although the energy penalty related to water can be mini-
mized via e.g. heat recovery (Drechsler and Agar, 2020), it is impor-
tant to be able to evaluate the amount of co-adsorbed H2O via
measuring H2O isotherms such as in (Veneman et al., 2015;
Gebald, 2014). Another negative implication of humidity can be
adsorbent degradation, which can occur for example in some
metal–organic frameworks (MOFs) (Jahandar Lashaki et al.,
2019). On the other hand, humidity may increase the CO2 adsorp-
tion capacity due to a change in the reaction mechanism between
CO2 and amine groups.

Capture of CO2 in a primary or secondary amine-functionalized
adsorbent in dry conditions takes place via formation of an inter-
mediate zwitterion, which can be stabilized by a basic group, such
as a neighbouring amine or a water molecule (Sanz-Pérez et al.,
2016; Choi et al., 2009; Li et al., 2016). In the case of one primary
amine group reacting with CO2, the formation of the zwitterion can
be written as:

CO2 þ NH2 � R�
kb

kf
RNHþ

2 COO
� ð1Þ

In dry conditions, the zwitterion is deprotonated by a neighbouring
amine group, resulting in the formation of ammonium carbamate:

RNHþ
2 COO

� þ NH2 � R�
kb;1

kf ;1
RNHCOO� : RNHþ

3 ð2Þ
2

Therefore, in dry conditions, two moles of amine are required to
capture one mole of CO2.

However, the evidence of which species is formed under humid
conditions is ambiguous in the literature. For tertiary amines, for-
mation of bicarbonate in humid conditions has been proposed,
while in dry conditions tertiary amines cannot capture CO2 at all
(Choi et al., 2009; Lee et al., 2017). For primary and secondary ami-
nes, the formation of bicarbonate in humid conditions has also
been proposed based on infrared (Didas et al., 2014) and NMR
studies (Chen et al., 2018). The formation of bicarbonate from the
zwitterion with primary amines in humid conditions would take
place via:

RNHþ
2 COO

� þH2O�
kb;2

kf ;2
RNHþ

3 : HCO�
3 ð3Þ

However, based on the quantum chemical model by (Li et al., 2016),
the mechanism of CO2 capture in humid conditions more likely
leads to hydronium carbamate than bicarbonate:

RNHþ
2 COO

� þH2O�
kb;2

kf ;2
RNHCOO� : H3O

þ ð4Þ

Hahn et al. (2015) also proposed the formation of a water-stabilized
carbamate species based on NMR data. Also, Yu and Chuang (2017))
observed the formation of both carbamic acid and hydronium car-
bamate in humid or wet CO2 adsorption on tetraethylenepentamine
(TEPA) film via in-situ FTIR. Whichever the reactions in Eqs. (3) or
(4) or the formation of water-stabilized carbamic acid take place
in humid conditions, the result is that only one amine group is
required per mole of CO2, which theoretically boosts the maximum
available CO2 capacity up to double that of dry conditions.

The increase of CO2 capacity in humid DAC conditions has been
reported for different amine-functionalized adsorbents. For a
nanofibrillated cellulose (NFC) adsorbent grafted with aminosi-
lanes, Gebald (2014) reported adsorption capacities of 1.11 and
2.13 mmolCO2/gsorbent at 23 �C using dry and humid (2.5 vol-%
H2O) 400 ppm CO2, respectively. The improvement of capacity
due to humidity was even more heavily promoted at 50 �C, with
0.11 and 1.42 mmolCO2/gsorbent in dry and humid conditions,
respectively. Sayari et al. (2016) found that CO2 capacity increased
with increasing relative humidity (RH) on pore-expanded MCM-
41-supported PEI adsorbent, with the highest capacity of 2.92
mmolCO2/gsorbent achieved at 64% RH, marking a 34% improvement
compared to dry conditions (2.18 mmolCO2/gsorbent). Kumar et al.
(2020) used SBA-15 impregnated with 60 w-% of alkyl-aryl amine
groups to measure CO2 capacities of 1.6 and 2.9 mmolCO2/gSiO2
from 400 ppm CO2 at 35 �C in dry and 30% RH conditions, corre-
sponding to over 81% capacity improvement in humid conditions.
For the adsorbent used in this work, CO2 capacities using 400–
5000 ppm CO2 were 0.54–0.92 mmolCO2/gsorbent in dry conditions,
and 0.89–1.28 mmolCO2/gsorbent with around 63% RH at 25 �C
(Elfving et al., 2017). The improvement of CO2 capacity by humid-
ity was thus 65% at 400 ppm and 39% at 5000 ppm CO2. Moreover,
based on isotherm modelling, humidity increased the attainable
working capacities by up to around 80% in the temperature-
swing regeneration process at an adsorption temperature of 25 �C.

However, in some cases, only marginal improvement or even a
decrease of capacity in humid conditions has been reported. For
example, (Goeppert et al., 2011) reported a capacity increase from
1.18 to 1.77 mmolCO2/gsorbent in dry and humid (67% RH) conditions
for a 33 w-% PEI-loaded fumed silica adsorbent, but with 50 w-%
PEI loading, the same experiment resulted in a decrease of capacity
from 1.7 to 1.41 mmolCO2/gsorbent. Also, Wang et al. (2015) mea-
sured only modest improvement of CO2 capacity on a 55 w-%
PEI-loaded mesoporous carbon adsorbent from 2.25 to 2.58
mmolCO2/gsorbent from dry 400 ppm CO2 and with 80% RH, respec-
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tively. On the other hand, sometimes the improvement in humid
conditions is more than the theoretical maximum of doubling of
the capacity. Sujan et al. (2019) reported only 0.59 mmolCO2/gsorbent
under dry conditions but 1.6 mmolCO2/gsorbent with 85% RH from
400 ppm CO2 at 35 �C for a 41 w-% PEI-impregnated silica-fiber
adsorbent. Also, although not in DAC conditions, Qi et al. (2014)
obtained a remarkable capacity of 11.8 mmolCO2/gsorbent from 8%
CO2 at 25 �C with 18% relative humidity, but only 0.82 mmolCO2/
gsorbent in dry conditions in a two-hour experiment. These results
impart that, in some cases, the effect of humidity on CO2 capacity
is explained by a change of CO2 adsorption kinetics rather than a
change in equilibrium capacity. In adsorbents with high loading
of amine, adsorbed water could act as an additional barrier for dif-
fusion of CO2 (Hahn et al., 2015; Si et al., 2019), but on the other
hand, humidity could also enhance the flexibility of amino-
polymer chains and thus enhance gas diffusion (Qi et al., 2014;
Kolle et al., xxxx).

Despite the significant effect of humidity on the capacity and
possibly the kinetics of CO2 adsorption from air on amine-based
adsorbents, few attempts have been made to model this phe-
nomenon. Although binary isotherm models for describing com-
petitive CO2/H2O adsorption systems have been reported, e.g.,
Langmuir with Brunauer-Emmett-Teller (BET) (Wang et al.,
2020), these models cannot be used to model CO2/H2O adsorption
on amine-based adsorbents. The enhancing effect of humidity on
CO2 capacity requires a different approach to isotherm modelling.
Wurzbacher et al. (2016) used Toth isotherms measured in dry
conditions coupled with an enhancing factor to take into account
the effect of humidity on CO2 capacity. However, the factor was
determined from only four measurements using bilinear interpola-
tion, instead of co-adsorption isotherm modelling. Their data was
later used by Stampi-Bombelli et al. (2020) to describe the CO2

adsorption from air in humid conditions using a modified Toth
model that takes into account the enhancing effect of humidity.
In their model, two additional parameters are introduced, which,
combined with H2O capacity, increase the adsorption affinity and
CO2 maximum capacity under humid conditions. While this
approach seems fairly straightforward, only a few isotherm points
were reported, and it was not assessed how accurately this model
could depict the co-adsorption isotherms.

Another approach to humid CO2 adsorption modelling on
amine-functionalized adsorbents was presented by Jung and Lee
(2020), who used the reaction mechanisms of CO2 and H2O with
amines as a basis to describe the reaction rate equations of CO2

to carbamate and bicarbonate. In their rate equations, the reaction
stoichiometry was neglected, and the reactions have separate max-
imum capacities, which would mean that two different sites of CO2

adsorption exist in the adsorbent. Moreover, they used these rate
equations as a basis to derive a temperature-dependent co-
adsorption isotherm model for CO2, which resembles the dual-
site Langmuir isotherm. They fitted this model to CO2/H2O co-
adsorption points at 40–70 �C, and showed fairly good representa-
tion of the equilibrium data by the model. However, in their data,
the CO2 capacity was lower in humid conditions at CO2 partial
pressures below 0.15 bar at 40–55 �C. Also, the partial pressures
of both CO2 and H2O were 0.025 bar or higher, so it could not be
deduced how well the proposed model depicts lower partial pres-
sure levels or DAC conditions. Therefore, more work is required on
finding models that can accurately describe the enhancing effect of
humidity on CO2 adsorption in adsorbent-based DAC.

In this work, a kinetic model based on the kinetics of adsorption
and desorption reactions is proposed for CO2 adsorption from air
on amine-functionalized resin. The model includes different mech-
anisms of CO2 adsorption in dry and humid conditions on amine-
functionalized adsorbents. The model is used to describe adsorp-
tion equilibrium isotherms by integrating until equilibrium.
3

Parameters describing adsorption equilibrium are fitted to
(pseudo-)equilibrium CO2 isotherms measured in humid condi-
tions. The kinetic model is then used in the dynamic simulation
of fixed-bed adsorption column to fit mass and heat transfer
parameters from experimental CO2 and H2O breakthrough curves
and temperature data. Adsorption equilibrium of H2O in the simu-
lation is calculated by the Guggenheim Anderson De Boer (GAB)
model fitted to experimental single-component H2O isotherms.
To the authors’ best knowledge, this is the first time that an
adsorption mechanism-based model has been used to accurately
describe the equilibrium and kinetics of CO2 adsorption in humid
DAC conditions.
2. Experimental and modelling methods

2.1. CO2/H2O adsorption experiments

In this study, an automated and modifiable fixed-bed adsorp-
tion device was used in experimental work. Details of the experi-
mental setup have been previously reported in (Elfving et al.,
2021). Approximately 0.5 g of a proprietary amine-functionalized
resin characterized in (Elfving et al., 2017) was fixed in the column
with quartz wool below and above the adsorbent. All experiments
were conducted using the temperature-vacuum-concentration
swing adsorption (TVCSA) process described in detail below. The
samples were first regenerated by temperature-concentration
swing (TCS) and vacuum (TVCS) to remove pre-adsorbed CO2 and
H2O. Regeneration was done with 1000 ml/min of N2 during TCS
and 100 ml/min during TVCS, with a vacuum level of around
50 mbar. The dry weight of the sample used for capacity calcula-
tions was gained by subtracting the mass of the pre-adsorbed spe-
cies from the mass measured before inserting the sample into the
column.

Regeneration was followed by CO2 adsorption using humidified
compressed air or 200–4000 ppm CO2 obtained by mixing 1% CO2/
N2 and N2. The gases were humidified using the moisture calibrator
Hovacal digital 122-SP. For single-component H2O isotherms pure
N2 was used as the balance gas, and was humidified similarly as
the humid CO2/N2 mixtures. Adsorption was carried out for four
hours at 25–50 �C. To allow convenient automatic measurement
of the single-component H2O isotherms, H2O concentrations from
0.16 to 1.86 vol-% were obtained by varying the total flow rate of
N2 from 1000 to 100 ml/min, respectively, while keeping the mois-
ture calibrator set-point constantly at 0.2 vol-%.

The CO2/H2O co-adsorption isotherm points were measured at 5
concentrations of CO2 between 200 and 4000 ppm, at 25–50 �C,
and with 3 concentrations of H2O, the set-points in the moisture
calibrator being 0.2 vol-%, 1 vol-% and 2 vol-% H2O. Each isotherm
consisted of 5 consequent adsorption/desorption cycles where the
CO2 partial pressure was varied and temperature and H2O concen-
tration were kept constant. The sample was changed for each iso-
therm. The adsorption time for the co-adsorption isotherm
experiments was 5–6 h. The flow rate for the first two co-
adsorption isotherms (0.2 vol-% H2O, 25 �C and 35 �C) was only
200 ml/min, but to make sure the CO2 adsorption was near satura-
tion, the flow rate in the consequent experiments was kept at
500 ml/min. However, even at 25 �C, the difference between the
CO2 capacities gained using 0.2 vol–% H2O and 200 ml/min were
not significantly lower than those measured at 500 ml/min (see
Supplementary Data Fig. S1). Therefore, the two CO2 isotherms
with 0.2 vol-% H2O at 25 �C and 35 �C measured using 200 ml/
min flow rate were used with other isotherms measured using
500 ml/min in the modelling of humid CO2 adsorption isotherms.

The actual measured concentrations of CO2 and H2O were dif-
ferent from the set-points, and for H2O they were on average
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0.16 vol-%, 0.95 vol-% and 1.9 vol-%. However, the variation in the
concentrations did not add to the uncertainty of the isotherm
points, since partial pressures were used in the isotherm models
instead of concentration. The partial pressures pi of the CO2 and
H2O isotherm points were calculated by the measured molar frac-
tions yi (step function concentrations) and column average pres-
sure Ptot during adsorption using pi = Ptotyi. The partial pressures
of H2O in the humid CO2 isotherms for the three humidity set-
points of 0.2 vol-%, 1 vol-% and 2 vol-% were in the range of
0.0016–0.0017 bar, 0.0098–0.0103 bar and 0.0185–0.0205 bar,
respectively.

The adsorption phase was followed by complete desorption of
the adsorbed species. The desorption phase consisted of purging
with N2 at 1000 ml/min, temperature swing up to 100 �C and vac-
uuming with 100 ml/min N2 purge. To find the effect of co-
adsorption on water capacity, the experiments with 0.2 vol-%
H2O were run with separate purge steps for CO2 and H2O by first
stopping the CO2 flow (‘Purge 10), and then using dry N2 (‘Purge
20). A slight peak in H2O concentration during ‘Purge 10 was noted
in some cases, but the method was deemed too uncertain due to
integration of the small peak against the noisy H2O concentration.
The capacities gained this way were in the range of below zero up
to only 0.036 mmolH2O/gsorbent. Therefore, in consequent experi-
ments, the purge steps were combined.

The cyclic humid experiment was done with two-hour adsorp-
tion phases using CO2 and H2O concentration set-points of
400 ppm and 2 vol-% at 25 �C and a total flow rate of 1000 ml/
min. The desorption phase was similar to the one in the co-
adsorption experiments. Furthermore, a single experiment with a
nearly two-day adsorption phase was done where humidified com-
pressed air with 2 vol-% H2O and 401 ppm CO2 was used at a flow
rate of 100 ml/min. The calculation of CO2 and H2O capacities is
discussed in the Supplementary Data. Experimental repeatability
was calculated as trend uncertainty from the cyclic experiment
(see Section 3.1), being ± 0.200 mmolH2O/gsorbent and ± 0.092
mmolH2O/gsorbent for the H2O adsorption and desorption capacities,
respectively. For adsorption and desorption of CO2, the repeatabil-
ity was ± 0.009 mmolCO2/gsorbent and ± 0.010 mmolCO2/gsorbent,
respectively. A more detailed description of uncertainty with the
current experimental device can be found in earlier work (Elfving
et al., 2021).

2.2. Isotherm and kinetic models

The temperature-dependent Toth model (Do, 1998) has been
used for modelling the adsorption of CO2 on amine-
functionalized solid adsorbents (Veneman et al., 2015; Gebald,
2014; Elfving et al., 2017; Serna-Guerrero et al., 2010), but also
for water adsorption on porous adsorbents (Wang and LeVan,
2009; Qasem and Ben-Mansour, 2018). However, the Toth iso-
therm lacks the multilayer adsorption behaviour encountered in
porous adsorbents such as nanofibrillated cellulose (Gebald,
2014; Stampi-Bombelli et al., 2020) or polystyrene-based resin
(Veneman et al., 2015) that have been functionalized with amines.
For describing the H2O adsorption on amine-functionalized adsor-
bents, the Brunauer Emmett Teller (BET) (Drechsler and Agar,
2020) and the GAB (Gebald, 2014) isotherms have been used. How-
ever, the typical form of BET model has no temperature depen-
dency. Therefore, the GAB-isotherm is used in this work to model
H2O adsorption on the aminoresin:

qH2O ¼ qm;monoCKðpH2O=pH2O;satÞ
ð1� KðpH2O=pH2O;satÞð1þ KðpH2O=pH2O;satÞðC � 1ÞÞ ð5Þ

where qH2O is the H2O adsorption capacity at partial pressure pH2O

and water saturation vapour pressure of pH2O,sat and qm,mono is the
4

monolayer adsorption capacity of H2O. Parameters C and K are
temperature-dependent:

C ¼ C0exp
DHC

RidT

� �
ð6Þ

K ¼ K0exp
DHK

RidT

� �
ð7Þ

where C0 and K are dimensionless parameters and DHC and DHK are
adsorption enthalpies of monolayer and multilayer adsorption.
(Gebald, 2014; Stampi-Bombelli et al., 2020; Sultan et al., 2015;
Quirijns et al., 2005) Because DHC can be expected to be positive
and DHK negative (Sultan et al., 2015; Quirijns et al., 2005), the
lower boundary of DHC and the upper boundary of DHK were fixed
at zero during isotherm fitting.

Based on reactions presented in Eqs. (1)–(4), the adsorption
rates of CO2 in dry and humid conditions can be described with
the following equations:

r1 ¼ kf ;1½R-NH2�2½CO2� � kb;1½RNHCOO - : RNH3
þ � ð8Þ

r2 ¼ kf ;2½R-NH2�½CO2�½H2O� � kb;2½RNHCOO - : H3O
þ� ð9Þ

where kf and kb are the kinetic constants of forward and backward
reactions, respectively. Square brackets refer to the concentrations
of the respective reaction species. Subscripts 1 and 2 refer to the
reactions in dry and humid conditions, respectively. Although the
rate Eq. (9) for reaction 2 shows the formation of hydronium carba-
mate in humid conditions (Eq. (4)), another option is bicarbonate
formation (Eq. (3)), as discussed above. Similarly to (Jung and Lee,
2020), the amine species concentration [R-NH2] is the solid-phase
concentration of available amine sites for adsorption of CO2, while
the concentrations of CO2 and H2O are replaced with the respective
partial pressures. Also, the product concentrations [RNHCOO-:
RNH3

+] and [RNHCOO-:H3O+] are replaced with the solid-phase con-
centrations of CO2 of q1,CO2 and q2,CO2, i.e. the CO2 adsorption capac-
ity for reactions 1 and 2, respectively. However, contrary to (Jung
and Lee, 2020), the available amine sites concentration is here cal-
culated from balance qm-2q1,CO2 -q2,CO2, with common maximum
capacity of amine sites qm being available for both reactions. In
other words, reaction 1 consumes two amine sites per mole of
CO2, and reaction 2 consumes only one amine site per mole of
CO2. The backward reaction rate constant can be written in terms
of the adsorption affinity b as kb = kf /b. Therefore, the resulting mass
balance equations are written as:

dq1;CO2

dt
¼ kf ;1 qm � 2q1;CO2 � q2;CO2

� �2pCO2 �
kf ;1
b1

q1;CO2 ð10Þ

dq2;CO2

dt
¼ kf ;2 qm � 2q1;CO2 � q2;CO2

� �
pCO2pH2O � kf ;2

b2
q2;CO2 ð11Þ

The total rate of change in CO2 adsorption dqtot,CO2/dt is then calcu-
lated by a sum of the reaction rate Eqs. (10) and (11). The adsorp-
tion affinity is temperature-dependent:

b1 ¼ b0;1 � exp �DH1

Rid � T0
� T0

T
� 1

� �� �
ð12Þ

b2 ¼ b0;2 � exp �DH2

Rid � T0
� T0

T
� 1

� �� �
ð13Þ

where b0,1 and b0,2 are the reference adsorption affinities at refer-
ence temperature T0, while �DH1 and �DH2 are the opposite num-
bers of isosteric heats of adsorption for reactions 1 and 2,
respectively.

Eqs. (10) and (11) coupled with the temperature dependency of
the adsorption affinity are referred to later in this work as the 5-



Table 1
Parameters used in the fixed-bed modelling. NIST database values were obtained with
the ‘refpropm’- user-built function in Matlab and REFPROP software using corre-
sponding inlet gas composition, temperature and total pressure.

Quantity Parameter Value Source

Adsorbent bed
properties

Lbed Bed length 0.017–
0.018 m

Calculated from column
dimensions and bulk density

Rbed Bed radius 0.0045 m Column inner radius
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parameter co-adsorption model. In this model, the exponents of
the available amine site concentration in reactions 1 and 2 origi-
nate from the reaction stoichiometry.

It is also possible to fit these exponents from experimental data.
Denoting the exponents by t1 and t2 gives:

dq1;CO2

dt
¼ kf ;1 qm � 2q1;CO2 � q2;CO2

� �t1pCO2 �
kf ;1
b1

q1;CO2 ð14Þ
� Bed voidage 0.375 Adsorbent SDS
qB Bulk density 450 kg/

m3
Measured

Rp Particle radius 3�10-4 m From particle size distribution
median (Elfving et al., 2017)

qp Particle density 720 kg/
m3

Calculated from voidage and
bulk density

cp,a Specific heat
capacity of
adsorbent

1580 J /
(kg K)

From (Sonnleitner et al., 2018).
Resin matrix similar type.

Inlet gas properties
yCO2,feed Feed molar

fraction of CO2

0.00037–
0.00040

Measured

yH2O,feed Feed molar
fraction of H2O

0.0016–
0.0193

Measured

Tfeed Feed gas
temperature

298–
308 K

Set equal to measured bed
temperature

qg Gas mixture
density

1.13–
1.20 kg/
m3

NIST database

vi Interstitial velocity 0.070–
0.349 m/s

Calculated from flow rate and
voidage

m Kinematic
viscosity of gas
mixture

1.48–
1.61�10-5
m2/s

NIST database

cp,CO2 Molar heat
capacity of CO2

851–
861 J/
(mol K)

NIST database

cp,H2O Molar heat
capacity of H2O

4180 J/
(mol K)

NIST database

cp,g Specific heat
capacity of gas
mixture

1050–
1060 J/(kg
K)

NIST database

Process conditions
Tw Column wall

temperature
298–
308 K

Set equal to measured bed
temperature

Ptot Total pressure in
the column

1.03–
1.07�105
Pa

Measured
dq2;CO2

dt
¼ kf ;2 qm � 2q1;CO2 � q2;CO2

� �t2pCO2pH2O � kf ;2
b2

q2;CO2 ð15Þ

Eqs. (12)–(15) are in this work referred to as the 7-parameter
co-adsorption model. The 5-parameter and 7-parameter co-
adsorption models were used to model the CO2 adsorption kinetics
in humid conditions.

The co-adsorption models were fitted to all the humid CO2 des-
orption isotherm data at 25–50 �C to find equilibrium parameters
qm, b1, b2, -DH1, -DH2, and additionally t1 and t2 in the case of
the 7-parameter model. Given sufficient time, the equilibrium
state is determined by the ratio of forward and backward rate con-
stants rather than their absolute values. Therefore, the forward
kinetic parameters can be set to arbitrary values (here kf,1 = kf,2 = 1)
while ensuring that the equilibrium state is reached by integrating
long enough in time. At a later stage, the forward kinetic parame-
ters can be estimated from kinetic data by using the previously
determined values for the equilibrium parameters. In this work,
dynamic CO2 breakthrough data was used to estimate the kinetic
constants by using the fixed-bed model, as described in the next
section.

To calculate the total equilibrium CO2 capacity when fitting the
models to CO2 isotherms, the kinetic models were integrated for a
sufficiently long time to reach equilibrium using the ‘ODE15s’ -
solver in Matlab. The relative and absolute tolerances for the
ODE solver ‘RelTol’ and ‘AbsTol’ were 1�10-10. The isotherm fitting
for both single-component H2O GAB isotherms and the co-
adsorption models was done by using the ‘lsqnonlin’ -
optimization function with termination tolerances ‘Tolfun’ and
‘TolX’ of 1�10-10. To help find global minima, the ‘MultiStart’ func-
tion in Matlab was utilized for the fitting of the H2O isotherms with
100 starting points, while for the 5-parameter model, 50 starting
points were used. In the case of the 7-parameter model, the fitted
parameters of the 5-parameter model were used as the starting
points.

2.3. Fixed-bed adsorption column model

A dynamic model was written for non-isothermal co-adsorption
of CO2 and H2O in a column packed with the amine-functionalized
resin. Mass and heat balance equations along the axial direction of
the bed were solved by using the method of lines in Matlab. Ideal
gas law was used for gas phase calculations such as calculating
partial pressures from concentrations. Since this work only consid-
ers the adsorption phase and low concentrations of CO2 and H2O,
gas velocity along the bed is constant in this model. Possible
adsorption of N2 or O2 from compressed air is not taken into
account due to non-existent or negligible competition with CO2

or H2O due to physical adsorption mechanism, near atmospheric
pressure (see Table 1) and the low surface area of the resin of
32 m2/g (Elfving et al., 2017). Moreover, the total pressure is con-
stant in the model, since the effect of the pressure drop along the
bed on partial pressures of CO2 and H2O was assumed to be negli-
gible. For example, in experiments with a 500 ml/min total flow
rate, the average pressure drop across the bed during adsorption
was 230 Pa at 25 �C and 180 Pa at 35 �C with 2 vol-% H2O and
5

around 370 ppm CO2. Thermal equilibrium between the solid
and gas phases was assumed. Bed properties such as voidage,
adsorbent density and specific heat capacity are constant. Also,
case-dependent thermodynamic properties of the gas such as kine-
matic viscosity, gas density and specific heat capacity were calcu-
lated for the inlet gas in each case based on gas composition, total
pressure and temperature, but are constant within each simulation
case. The solid phase and gas phase properties as well as initial and
boundary conditions can be found in Table 1.

The component material balance can be represented as:

@ci
@t

¼ DL
@2ci
@z2

� v i
@ci
@z

� qB

e
@qi

@t
ð16Þ

where ci is the concentration of species i, t is time, DL is the axial dis-
persion coefficient, z is axial dimension, vi is the interstitial velocity,
qB is the adsorbent bed bulk density and e is the bed porosity
(Bollini et al., 2012; Shafeeyan et al., 2014; Haghpanah et al.,
2013). Several correlations exist for calculating the axial dispersion
coefficient, but here the Chung & Wen correlation was used:

DL ¼ 2Rpv ie
0:2þ 0:011Re0:48

ð17Þ
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where Rp is the adsorbent particle radius and Re is the Reynold’s
number calculated by Re = 2Rpvie/m, where m is the kinematic viscos-
ity of the inlet gas mixture (Rastegar and Gu, 2017). The kinetics of
total CO2 adsorption arise from the sum of Eqs. (10) and (11) or (14)
and (15), as explained above. However, as the adsorption of H2O
was described with the GAB isotherm model, the linear driving
force model (Sircar and Hufton, 2000) was used to describe the
water adsorption kinetics:

d�qi

dt
¼ ki;LDFðqi;eq � �qiÞ ð18Þ

where �qi is the average capacity of species i in the adsorbent parti-
cle, ki,LDF is the linear driving force kinetic constant and qi,eq is the
equilibrium capacity of species i, arising from the isotherm model.
Specifically, in the fixed-bed model qi,eq is the local equilibrium
capacity depending on the partial pressure of species i and temper-
ature in the gas arriving to the given grid point at time t.

The heat balance is a simplified form of the model used by
Haghpanah et al. (2013) in that gas velocity and pressure are con-
stant. Also, in this work, there is no separate heat balance at the
column wall, since the wall temperature along radial and axial
directions was assumed to be uniform. The heat balance takes into
account convection and dispersion along the axial direction of the
bed, sensible heat of the adsorbed molecules, exothermic heat of
adsorption and heat transfer between the bed and the column
wall:

1� e
e

qp cp;a þ cp;CO2 � qtot;CO2 þ cp;H2O � qH2O

� � @T
@t

¼ Kz

e
@2T
@z2

� qgcp;gv i
@T
@z

� 1� e
e

qp cp;CO2
dqtot;CO2

dt
þ cp;H2O

dqH2O

dt

� �
T

� 1� e
e

qp �DH1
dq1;CO2

dt
þ ð�DH2Þ

dq2;CO2

dt
þ ð�DHTothÞ dqH2O

dt

� �
� 2h
eRbed

ðT � TwÞ

ð19Þ
where qp is the adsorbent particle density, cp,a is the specific heat
capacity of the adsorbent, cp,CO2 and cp,H2O are the molar heat capac-
ities of CO2 and H2O, respectively, Kz is the axial effective heat con-
ductivity, qg is the gas density, cp,a is the specific heat capacity of the
gas, h is the overall heat transfer coefficient between the bed and
the column wall, Rbed is the adsorbent bed radius and Tw is the wall
temperature.

At the inlet boundary, the Danckwert’s boundary condition was
used:

DL
@ci
@z

����
z¼0

¼ �v iðci;feed � cijz¼0Þ ð20Þ

where ci,feed is the feed concentration of species i, and cijz¼0 is the
concentration of species i at the column inlet boundary. At the out-
let boundary, the boundary condition is:

@ci
@z

����
z¼L

¼ 0 ð21Þ

where L is bed length. Analogously for the heat balance, the inlet
boundary condition (Haghpanah et al., 2013; Farooq and Ruthven,
1990) is:

Kz
@T
@z

����
z¼0

¼ �ev iqgcp;g T feed � Tjz¼0

� � ð22Þ

and the outlet boundary condition:

@T
@z

����
z¼L

¼ 0 ð23Þ

As for initial conditions, the adsorbent bed is regenerated (qH2O = 0;
qCO2,1 = 0; qCO2,2 = 0; qCO2,tot = 0) and emptied from adsorbing spe-
cies (cCO2 = 0; cH2O = 0), temperature in the column is equal to col-
umn wall and inlet gas temperature (T = Tw = Tfeed). Discretization of
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the ODEs was done via finite difference method. Details of the dis-
cretization can be found in Supplementary Data.

As mentioned above, the desorption isotherm data of CO2 and
H2O was corrected by empty column desorption capacities, which
was then used for fitting the equilibrium parameters of the CO2

kinetic model (Eqs. (10)–(15)) and the GAB model parameters for
H2O. Therefore, when using these models in the dynamic fixed-
bed model, the simulated adsorption breakthrough curves would
lead to an early breakthrough in comparison to the measured
adsorption breakthrough curves. For CO2 near 400 ppm, this is
not significant (see Supplementary Data of (Elfving et al., 2021)),
but for H2O, the effect of the empty column needs to be accounted
for in the model. Therefore, empty column adsorption capacities
were measured at several H2O concentrations, and a Langmuir iso-
therm model was fitted to this data. The capacity calculated from
this model was added to the H2O equilibrium capacity in Eq.
(18). The model fit and parameters are shown in Supplementary
Data Fig. S2.

The fixed-bed model was fitted to scaled dynamic experimental
data to find parameters kf,1, kf,2, kH2O,LDF, Kz and h. The used exper-
imental data was CO2 and H2O breakthrough curves and the tem-
perature of the bed measured approximately 1 cm into the bed.
The data fitting was done by using the Matlab function ‘‘lsqcurve-
fit” with termination tolerances ‘FunTol’ and ‘TolX’ of 1�10-8 and
1�10-10. The number of control volumes in all simulations was
200. Equations for scaling the data are found in the Supplementary
Data.
3. Results & discussion

3.1. Humid cyclic experiment

Earlier, only dry cyclic experiments (Elfving et al., 2021) have
been done with the resin studied in this work. Therefore, to find
the capacity decrease rate and repeatability in humid conditions,
a cyclic TVCSA run with 2 vol-% H2O and 370–380 ppm CO2 was
done, and the results are shown in Fig. 1. Fig. 1a shows good agree-
ment of cyclic adsorption and desorption capacities, with differ-
ence of the two falling below 0.02 mmolCO2/gsorbent. However,
Fig. 1c shows that the H2O adsorption capacities are clearly higher
than the desorption capacities by 0.29–0.93 mmolH2O/gsorbent. The
main reasons for this difference probably lie in humidity sensor
accuracy (±1% RH) and additional uncertainty related to calculating
the H2O adsorption capacities, which is discussed in more detail in
Supplementary Data (Calculation of experimental capacities).

The CO2 adsorption and desorption capacities decreased from
around 0.87 mmolCO2/gsorbent to 0.77 mmolCO2/gsorbent and 0.76
mmolCO2/gsorbent in 17 cycles, respectively. The exact capacity
drops corresponded to 11.1% and 12.4% or 0.65%/cycle and 0.73%/-
cycle for adsorption and desorption, respectively. Meanwhile, the
H2O desorption capacities decreased from 3.82 to 2.96 mmolH2O/
gsorbent, which corresponds to a 22.6% drop, or 1.33%/cycle. In ear-
lier work (Elfving et al., 2021), the greatest CO2 capacity drop found
in dry conditions of 0.60%/cycle was gained when using
temperature-vacuum swing adsorption with air purge at 100 �C,
being on similar scale to the results above. On the other hand,
the capacity drop in dry conditions using TCS regeneration was
only 0.18%/cycle (Elfving et al., 2021). Since the regeneration in
the humid cyclic experiment was conducted using dry gases, and
the resin was mostly dry by the time temperature swing was
started, leaching of amines by moisture should not be the cause
of the capacity drops. It can be observed from Fig. 1b and 1d that
in the last 5–6 cycles the capacities seem to stabilize. This could
refer to the least stable amine sites being deactivated or removed
first, causing the initial rapid decrease of capacity. On the other



Fig. 1. CO2 and H2O adsorption and desorption capacities in repeated cycles of temperature-concentration-vacuum swing adsorption. Sub-figures b) and d) are close-ups
from a) and c), respectively, and show the linear fit and parameters to total desorption capacities.
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hand, this could also be due to the regeneration method not being
fully complete, leaving small amounts of CO2 and H2O adsorbed
after each cycle until cyclic steady-state is reached. This could be
due to more stable species formed between CO2 and amines under
humid adsorption conditions, as suggested by infrared spec-
troscopy studies (Yu and Chuang, 2017; Miller et al., 2020). How-
ever, the real reason for the capacity drop rates requires further
investigation in future work.

Regardless of the reason for the capacity drops, the implication
for the isotherm results is the same, and requires data correction.
Fig. 1b and 1d show a linear fit to the desorption capacities of
CO2 and H2O with coefficients of determination of 0.94 and 0.90,
respectively. Although the capacity drops are not linear for the last
cycles, these linear functions give an estimate of the capacity drop
rate for CO2 and H2O in humid conditions. Therefore, this data was
used to correct the isotherm point data below as described in Sup-
plementary Data (equation S1).

3.2. H2O isotherms

Fig. 2 shows the experimental H2O desorption data and the GAB
isotherm fit gained for the amine-functionalized polystyrene resin.
The isotherm data in Fig. 2a shows that at 35 �C and 50 �C, the H2O
capacity progresses almost linearly with increasing partial pres-
sure. However, at 25 �C, the isotherm shows a type III isotherm
shape, corresponding to multilayer H2O adsorption. Similar beha-
7

viour of H2O adsorption on amine-functionalized adsorbents has
been reported for, e.g., Lewatit VP OC 1065 (Veneman et al.,
2015) and aminosilane-functionalized NFC (Gebald, 2014). Fig. 2b
shows that the H2O isotherms seem to be a function of relative
humidity rather than both temperature and relative humidity.
However, as data was not gathered from the total relative humidity
range due to the risk of water condensation in the experimental
device lines, it was ‘‘safer” to use the temperature-dependent
GAB model.

Table 2 shows the GAB isotherm parameters. For the heat bal-
ance of the fixed-bed model, the isosteric heat of adsorption was
calculated at zero loading via -DHH2O,0 = DHC + DHK + DHH2O,vap

(Gebald, 2014; Sultan et al., 2015; Quirijns et al., 2005), where
DHH2O,vap is the heat of H2O vaporization of 44.1 kJ/molH2O, result-
ing in 50.7 kJ/molH2O. Another method to estimate the isosteric
heat of adsorption is from the Clausius Clapeyron equation by fit-
ting ln(pH2O) derived from GAB isotherm vs. 1/T (see e.g. (Sultan
et al., 2015)), resulting in 50.1 kJ/molH2O near zero loading (1E-6
mmolH2O/gsorbent). These values are comparable with, e.g., 43 kJ/-
molH2O for Lewatit VP OC 1065 (Veneman et al., 2015) and 48.8 kJ/-
molH2O for amine-functionalized NFC (Gebald, 2014). Thus, the
adsorption enthalpy of �50.7 kJ/molH2O is used in the heat balance
of the dynamic model in this work.

Fig. 2 also shows H2O desorption capacities from the co-
adsorption isotherm experiments where 370–380 ppm CO2 was
adsorbed simultaneously. These points are in good agreement with



Table 2
Parameters of the GAB model fitted to single-component H2O desorption isotherms, and the isosteric heat of H2O adsorption at zero loading.

qm,mono (mmolH2O/gsorbent) C0 K0 DHC (kJ/mol DHK (kJ/mol) �DHH2O,0

2.58 0.155 0.871 6.6 0 50.7

Fig. 2. Single-component H2O desorption isotherms. Filled markers show H2O desorption capacities in co-adsorption of 370–380 ppm CO2 and humidity.
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the single-component H2O isotherm fits, and thus there is no need
for a separate co-adsorption model in terms of H2O adsorption in
DAC conditions. Even with 4000 ppm CO2, the resulting desorption
capacities for H2O were not significantly lower or higher than the
single-component data, being 3.94 mmolH2O/gsorbent, 1.75
mmolH2O/gsorbent and 0.75 mmolH2O/gsorbent at 25 �C, 35 �C and
50 �C, respectively. The corresponding single-component points
were 3.87 mmolH2O/gsorbent, 1.64 mmolH2O/gsorbent and 0.64
mmolH2O/gsorbent. The results thus refer to CO2 having a negligible
effect on H2O adsorption in terms of capacity at least with dilute
CO2. Similar behaviour was found for the amine-functionalized
resin Lewatit VP OC 1065, even though H2O is mostly adsorbed
by the amine groups in amine-functionalized hydrophobic resins
(Veneman et al., 2015). A possible reason for the unaffected H2O
capacity by CO2 is that the groups that capture CO2 also capture
H2O via the bicarbonate or hydronium carbamate formation as pre-
sented in Eqs. (3) and (4), respectively.
3.3. CO2/H2O co-adsorption isotherms

Even though the temperature-dependent Toth model has been
used previously to model the CO2 desorption isotherms of the ami-
noresin in both humid and dry conditions with excellent fits
(Elfving et al., 2017; Elfving et al., 2017), the model lacks the effect
of H2O. Therefore, to model the CO2 adsorption in variable temper-
ature and humidity conditions, the model based on reaction kinet-
ics of CO2 and amines as presented in Eqs. (10)–(15) was used. As
described in Section 2.2, the CO2 adsorption rate equations were
integrated to find the equilibrium capacities of CO2, and the model
was fitted to humid isotherm data of CO2.

Fig. 3 shows the experimental humid CO2 isotherms and the fit
of the 5-parameter co-adsorption model of Eqs. (10)–(13). Overall,
the 5-parameter model captures the temperature- and humidity
dependency of the data well. The best fits to experimental data
are obtained at 1 vol-% H2O, with the modelled isotherms being
very close to the experimental points. At 2 vol-%, some divergence
from experimental data is shown especially in the low partial pres-
sure region, with the model underestimating the capacity. At 25 �C,
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19.9 mbar H2O and 0.39 mbar CO2, the experimental CO2 capacity
is 0.875 mmolCO2/gsorbent and the model value is 0.827 mmolCO2/
gsorbent. With 0.2 vol–% H2O the isotherm fit diverges more from
the experimental data especially at 25 �C by overestimating the
capacity below 0.001 bar and underestimating it above this partial
pressure. The experimental CO2 capacity at 25 �C at 0.4 mbar CO2

and 1.7 mbar H2O is 0.572 mmolCO2/gsorbent while the model esti-
mate is 0.632 mmolCO2/gsorbent. Therefore, in DAC conditions at
25 �C, the model leads to a higher relative error of 10.5% at
0.2 vol-% H2O vs. 5.5% at 2 vol-% H2O.

To find whether the model fit to isotherm data could be
improved, a 7-parameter model given by Eqs. (12)–(15) was used,
where the exponents of the available amine site concentration are
fitted parameters t1 and t2 instead of based on reaction stoichiom-
etry as in the 5-parameter model. By letting the exponent param-
eters vary freely in the fitting procedure, it was expected that these
parameters would increase, thus increasing the order of the model
and explaining the data better. Fig. 4 shows the fit obtained with
the 7-parameter co-adsorption model with relaxed boundaries of
parameters t1 and t2. It is obvious that the model describes the
experimental data excellently with the fitted exponential parame-
ters of t1 = 10.56 and t2 = 14.42.

A variation of the 7-parameter model where the upper bound-
aries of the exponent parameters were set to 3 was also fitted to
experimental data. This was done to limit the computational effort
that could be expected to increase with high values of the expo-
nential parameters. The fitted exponential parameters were found
to be optimum at their upper limits, resulting in t1 = t2 = 3. Fig. S3
shows that while not yielding an almost perfect fit like the model
with relaxed boundaries (Fig. 4), setting the upper boundaries of t1
and t2 to 3 resulted in a much better fit than with the 5-parameter
model. Only at 25 �C with 0.2 vol-% H2O at CO2 partial pressures
higher than 0.002 bar can the model be observed to significantly
diverge from the experimental isotherm. Therefore, it seems that
increased reaction order of the co-adsorption model also leads to
a better fit of the isotherm data.

All the co-adsorption model-fit parameters are given in Table 3.
Comparing the 5-parameter model maximum capacity of free



Fig. 3. Experimental (markers) and modelled (lines) CO2 isotherms using the 5-parameter co-adsorption model.

Fig. 4. Experimental (markers) and modelled (lines) CO2 isotherms using the 7-parameter co-adsorption model with relaxed upper boundaries for parameters t1 and t2.
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amine sites qm of 1.91 mmolamine/gsorbent to the amine content 4.72
mmolN/gsorbent of the resin (Elfving et al., 2017) imparts that
around 40% of the total amine capacity is available for CO2. The
7-parameter model values for qm are higher, and it is not deducti-
ble from the current data how accurately this parameter represents
the value of free amine sites available for CO2 capture. The isosteric
heats of adsorption for the reactions in dry and humid conditions
are 82–98 kJ/molCO2 and 112–127 kJ/molCO2, respectively. The val-
ues for the humid reactions are higher, which is not expected if
comparing the net reaction enthalpies of hydronium carbamate
or bicarbonate and ammonium carbamate pathways (Li et al.,
9

2016). However, (Miller et al., 2020) observed that while ammo-
nium carbamate has a higher binding energy than hydronium car-
bamate, the hydrated form of hydronium carbamate has a binding
energy higher than that of ammonium carbamate. Also, (Yu and
Chuang, 2017) suggested the formation of hydrogen-bonded
water/ammonium carbamate in humid CO2 adsorption conditions
on a TEPA film, which has a higher binding energy than ammonium
carbamate. Comparing the values with literature, the isosteric
heats of adsorption in reaction pathway 2 are somewhat high com-
pared to other results for CO2 capture on supported amines, such as
62–68 kJ/molCO2 for the aminoresin in this study using the Toth



Table 3
Parameters of the kinetic co-adsorption models in isotherm data fitting.

Model qm
(mmolamine/
gsorbent)

b0,1
(bar�1(mol/
kg)1-t1)

b0,2
(bar�2(mol/
kg)1-t2)

t1 t2 -DH1

(kJ/mol)
-DH2

(kJ/mol)
kf,1

a

(bar-1s�1 (mol/
kg)1-t1)

kf,2
a

(bar-2s�1�(mol/
kg)1-t2)

5-parameter 1.91 3.199E + 03 7.461E + 04 2 1 98.0 111.5 1 1
7-parameter 2.61 4.200E + 02 2.540E + 04 3b 3b 85.0 123.4 1 1
7-parameter 6.98 9.224E-06 7.372E-07 10.56 14.42 81.7 126.7 1 1

a Parameter value fixed.
b Parameter upper boundary fixed to 3.
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model (Elfving et al., 2017), 87 kJ/molCO2 for Lewatit VP OC 1065
(Veneman et al., 2015), 73 kJ/molCO2 for NFC functionalized with
aminosilane (Gebald, 2014) and around 90 kJ/molCO2 for primary
or secondary amine-containing SBA-15 (Alkhabbaz et al., 2014).
The isosteric heats of adsorption from the co-adsorption models
were used in the fixed-bed model heat balances to account for
the adsorption heat of CO2 from both ammonium carbamate and
bicarbonate or hydronium carbamate formation.

It should be noted that the high values of t1 and t2 gained from
the fitting of the 7-parameter model are probably not physically
justified. It is known that amine-functionalized adsorbents are
complex systems with multiple presented reaction pathways
between CO2, H2O and amines as discussed in the introduction.
In supported amine adsorbents, energetically different CO2 adsorp-
tion sites can exist due to different amine groups and the hydrocar-
bon chains and groups linked to them (Alkhabbaz et al., 2014; Lee
et al., 2018). However, there is no data on the current adsorbent to
support the resulting high reaction orders of over 10. Especially, it
can be deduced that in the case of the 7-parameter model, the
resulting fitted t1 and t2 values do not represent the stoichiometry
of the system. Therefore, the physicality of the exponent parame-
ters in the case of the 7-parameter model fits is questionable, espe-
cially when no limits are set for these parameters.

The CO2 capacity results gained from the lab-scale experiments
and those given by the derived kinetic models exceed the results
gained from pilot-scale experiments with the same adsorbent in
real humid atmospheric conditions (Vidal Vázquez et al., 2018;
Ruuskanen et al., 2021; Bajamundi et al., 2019). For example, dur-
ing the DAC device performance campaigns the amount of
adsorbed CO2 varied between 0.5 and 0.7 mmolCO2/gsorbent, while
temperature and relative humidity varied in the range of 15–
20 �C and 39–78% (Bajamundi et al., 2019). However, the amount
of pure CO2 produced was only around 0.2–0.3 mmolCO2/gsorbent.
This is due to incomplete regeneration of the resin in pilot-scale
experiments using temperature-vacuum swing adsorption (TVSA)
with desorption at around 80 �C. In dry laboratory-scale tests, this
regeneration method (closed TVSA) was found to produce incom-
plete regeneration even at 100 �C (Elfving et al., 2021). In the
pilot-scale experiments, TVSA was followed by a short temperature
swing by flowing air through the hot beds leading to more des-
orbed but uncollected CO2, which explains why the pilot-scale
adsorption results are higher than the amounts produced. How-
ever, this TS-step was still not enough to completely regenerate
the adsorbent due to low temperature, short desorption time and
the presence of CO2 in the feed. Therefore, to compare the capaci-
ties gained using the current model parameters to results gained in
real ambient conditions with the same aminoresin, a more com-
plete regeneration of the resin beds via use of, e.g., TVSA with
steam stripping (Stampi-Bombelli et al., 2020; Sinha et al., 2017)
or inert purge would be required.

3.4. Fixed-bed modelling of co-adsorption

To evaluate how well the kinetic co-adsorption model of CO2

can be used to simulate adsorption column dynamics, the 5-
10
parameter and 7-parameter co-adsorption models as well as the
single-component H2O GAB isotherm model were used in the
source terms of the fixed-bed model described in Section 2.3. Here,
the 7-parameter model with t1 = t2 = 3 was used in addition to the
5-parameter model in the fixed-bed data fitting.

Fig. 5 shows the results of the fixed-bed model fit to experimen-
tal data using the 5-parameter co-adsorption model. As seen in
Fig. 5a, the CO2 breakthrough profiles can be roughly divided into
three regions: 1) the initial period of fast adsorption before and just
after breakthrough with no increase or slow increase of CO2 con-
centration; 2) a region of roughly linear concentration increase;
3) a region where adsorption slows down significantly, and the
CO2 concentration increases very slowly towards the feed concen-
tration. The slowed-down kinetics may be due to CO2 slowly reach-
ing amine sites that are less easily accessed within the adsorbent
pores, which become more hindered as more CO2 is adsorbed. On
the other hand, the resin has a fairly moderate amine loading of
4.7 mmolN/gsorbent (Elfving et al., 2017) and adsorption of CO2 on
the aminoresin is clearly more equilibrium-controlled than
diffusion-controlled such as in highly-loaded materials (Sayari
et al., 2016; Goeppert et al., 2011). Another reason for the
slowed-down kinetics than hindered amine sites may lie in the
particle size distribution, with bigger particles taking longer to sat-
urate than particles with a size close to the median of 0.6 mm
(Elfving et al., 2017) or smaller.

Fig. 5a shows that at 25 �C in each humidity case, the model
shows immediate breakthrough, while the experimental break-
through times are between 10 and 13 min. After the initial period,
the simulated CO2 breakthrough curve at 0.2 vol-% H2O shows a
significantly delayed increase at around 23–60 min, while the
other simulated curves follow the experimental data well. The
result is expected due to the overestimation of the CO2 adsorption
capacity at 0.2 vol-% H2O by the 5-parameter model (see Fig. 3).
Also, in the last kinetic region, the simulated breakthrough curves
in 0.2 vol-% and 2 vol-% H2O cases reach the inlet concentration too
early. However, at 1 vol-% H2O, the model is also able to simulate
the slowly increasing region with good accuracy, as shown in
Fig. S4a.

Fig. 5b shows that the H2O concentrations increase to near the
inlet concentration in under 20 min, even at the lowest level of
humidity. After one hour, there is very little change in the break-
through profiles. It seems that the H2O desorption isotherm cou-
pled with the empty adsorption column model (see Fig. S2)
underestimates the H2O adsorption capacity at the lowest humid-
ity content. Otherwise, the simulated H2O breakthrough curves fol-
low the experimental data well.

Fig. 5c shows that the magnitude of temperature increase is
heavily dependent on the humidity content, and that this differ-
ence is well represented by the co-adsorption fixed-bed model.
Experimental and simulated peak temperatures in the 2 vol-% case
are around 35.5–35.7 �C, while in the 0.2 vol-% case, these are only
around 26.5–27 �C. A 5–7 times higher temperature increase in the
highest compared to lowest humidity content suggests that
most of the released heat results from H2O adsorption rather than
CO2 adsorption. After all, the CO2 capacity is only around



Fig. 5. Experimental (thin lines with markers) and simulated (lines) a) CO2 breakthrough profiles; b) H2O breakthrough profiles; c) bed temperature from probe 1 cm into the
bed; d) CO2 adsorption capacities from the first two hours of adsorption with initial bed temperature of 25 �C. For the 1 vol-% H2O experiment, the initial bed temperature was
26 �C. The 5-parameter co-adsorption model was used to model CO2 adsorption kinetics. The total flow rate was 500 ml/min. Inserts in b) and c) show the shape of the H2O
breakthrough curves and temperature from the first 20 min of the adsorption phase.
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0.3 mmolCO2/sorbent higher at 2 vol-% than at 0.2 vol-% H2O, while
the H2O capacity is higher by over 3.5 mmolCO2/gsorbent. Also, as
the heats of adsorption for the humid CO2 adsorption reaction
(Table 3) are comparable to the dry reaction heats of adsorption,
the released heat per mole of adsorbed CO2 is not significantly
higher in humid vs. dry conditions. After the peak temperatures
are reached, the decreasing temperature trends are also similar
in simulated and experimental data. As the temperature changes
are linked to the changes in H2O concentration, the changes take
place mostly in the first 20 min, therefore only affecting the initial
region of CO2 adsorption.

Fig. 5d shows that the dynamic CO2 capacities appear similar
until around 26–30 min, when the curves start to diverge. After
this point, as expected from the CO2 breakthrough profiles, the
simulated CO2 capacity curves of 0.2 vol-% and 2 vol-% cases reach
their maximum values too early. In the 2 vol-% H2O case, the sim-
ulated CO2 capacity is around 0.83 mmolCO2/sorbent at 120 min, after
which practically no change is predicted. However, the experimen-
tal adsorption capacity continues to increase slowly up to 0.86
mmolCO2/sorbent at five hours of adsorption. It should be taken into
account that the experimental adsorption capacity curves were
calculated via integration of the experimental breakthrough pro-
files, while the simulated capacity curves were calculated by co-
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adsorption models based on desorption capacities. Therefore, these
capacity curves are never exactly the same.

Fig. 6a shows that at 35 �C, the simulated breakthrough curves
follow the overall shape of the experimental curves closely for both
1 vol-% and 2 vol-% humidity cases. As in the 25 �C case, the model
curves show immediate breakthrough, but the experimental break-
through times are around 6–7 min. The initial kinetic region is bet-
ter approximated by the model in the 2 vol-% case. However, the
middle kinetic region is very closely followed by the model in both
cases. In the region of slow adsorption rate (the upper part of the
curve), the model slightly overestimates the concentration at first
in both cases. However, the differences are only a few ppm or less.

Fig. 6b shows that the simulated H2O breakthrough curves are
again close to the experimental ones in the 1 and 2 vol-% H2O
cases. The breakthrough times are similar in simulated and exper-
imental curves, all being close to 1 min. At around 6–30 min, a drop
in H2O concentration in the experimental data is visible, the reason
for which is discussed in the Supplementary Data. As expected
from the lower H2O capacities at higher temperature and lower rel-
ative humidity, the temperature peaks are around 2–3 �C smaller
than in the 25 �C case as shown in Fig. 6c. The experimental and
simulated peak temperatures are around 40 �C at 1 vol-% H2O
and 42.5–43.5 �C at 2 vol-% H2O.



Fig. 6. Experimental (thin lines with markers) and simulated (lines) a) CO2 breakthrough profiles; b) H2O breakthrough profiles; c) bed temperature from probe 1 cm into the
bed; d) CO2 adsorption capacities from the first two hours of adsorption with initial bed temperature of 35 �C. The 5-parameter co-adsorption model was used to model CO2

adsorption kinetics. The total flow rate was 500 ml/min. Inserts in b) and c) show the shape of the H2O breakthrough curves and temperature from the first 20 min of the
adsorption phase.
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Fig. 6d shows that at 35 �C, the capacity profiles of 1 and 2 vol-%
humidity cases start to diverge roughly 10 min from the start, with
the model predictions following the experimental adsorption
capacities closely for the first 120 min. However, similarly as to
the case in a 25 �C setting, the model fails to predict the slowly
increasing capacity trend after 120 min in the 2 vol-% H2O case
at 35 �C. However, in the 1 vol-% H2O case, the modelled capacity
increases gradually for the total duration of the experiment. The
reason for these differences between humidity levels is apparent
from the 5-parameter co-adsorption model fit (Fig. 3), where at
each temperature the CO2 capacity in DAC conditions (0.4 mbar
CO2) was best represented at 1 vol-% humidity.

To compare the adsorption rates, the experimental adsorption
rates calculated from the first 30 min of adsorption are approxi-
mately 0.87 and 0.88 mmolCO2/(gsorbent�h) at 1 and 2 vol-% H2O at
25 �C, and 0.73 and 0.80 mmolCO2/(gsorbent�h) at 1 and 2 vol-%
H2O at 35 �C, respectively. If calculated from the first 60 min of
adsorption, the values are 0.61 and 0.73 mmolCO2/(gsorbent�h) at 1
and 2 vol-% H2O at 25 �C, and 0.43 and 0.50 mmolCO2/(gsorbent�h)
at 1 and 2 vol-% H2O at 35 �C, respectively. Therefore, lower tem-
perature and higher humidity content improve the CO2 adsorption
rate due to higher equilibrium adsorption capacity. Hahn et al.,
2015 found that at levels of humidity content above 5 vol-%, the
adsorption kinetics were retarded due to formation of water film
12
around the adsorbent, thus limiting diffusion. Based on the results
above, this might not be the case in DAC conditions, although
studying CO2 adsorption near 100% relative humidity is warranted.

Although the experimental dynamic adsorption data was
mostly described well by the simulations using the 5-parameter
model as discussed above, it is also clear that the shortcomings
of the 5-parameter model in modelling of the CO2 adsorption
capacity translated into inaccuracies in the dynamic model. This
can be deduced because the H2O and temperature profiles were
predicted well by the simulation and because the changes mostly
took place before significant changes in CO2 concentration started,
as was shown above. Also, the worst CO2 breakthrough simulations
occurred when the CO2 capacity was severely under- or overpre-
dicted by the model. Thus, it could be expected that an improved
co-adsorption model, that fits the isotherm data better than the
5-parameter model, should also yield a more accurate simulation
of the adsorption process when used in the fixed-bed model. To
this end, the 7–parameter co-adsorption model with t1 = t2 = 3
(Fig. S3) was used in the fixed-bed model.

Fig. 7 shows an overall better simulation of the CO2 break-
through with the 7-parameter model compared to using the 5-
parameter model. Fig. 7a shows that the 7-parameter co-
adsorption model improves the fit of the simulated CO2 break-
through curves, especially in the 0.2 vol-% H2O case. At 0.2 vol-%
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H2O, the second kinetic region between 23 and 52 min is now clo-
sely represented by the model. In the slow adsorption region after
52 min, the model shows early saturation at 0.2 vol-%, but at 1 and
2 vol-% this region is also well represented by the model (also see
Fig. S4). This is a clear improvement from using the 5-parameter
co-adsorption model, which led to early saturation at 2 vol-%
humidity. This is also seen in the capacity curves in Fig. 7b, where
capacity in the 2 vol-% case keeps increasing after 120 min. Com-
pared to the 5-parameter model results at 2 vol-% H2O and 25 �C,
where practically no change was observed after two hours, the
simulated capacity here still increases from around 0.86 mmolCO2/
gsorbent at two hours to almost 0.88 mmolCO2/gsorbent at five hours.

To find the effect of flow rate on the CO2 adsorption process, a
nearly 2-day adsorption from humidified compressed air was done
using a low flow rate (100 ml/min). Fig. 8 shows the experimental
and simulated results of this run using the 5-parameter and
7-parameter (t1 = t2 = 3) kinetic models in the fixed-bed model.
As shown in Fig. 8a, the CO2 breakthrough (cCO2/cCO2,feed > 0.01)
is well predicted by both models, and occurs at 192–194 min in
the experiment and at around 180–190 min in the simulations.
In the second kinetic region using the 7-parameter model, a
significant divergence of the simulated breakthrough curve from
the experimental curve is seen after around 230 min. On the other
hand, both simulated curves reach saturation too early, being at
401 ppm after around 14 h of adsorption, while the experimental
concentration is around 395 ppm at this point.

By the time CO2 breakthrough occurs, the experimental H2O
profile is almost at the inlet H2O concentration as shown in
Fig. 8b. Overall, the simulated H2O curve represents the experi-
mental profile well, although the feed concentration is reached
somewhat early. The differences between the simulated and exper-
imental H2O breakthrough curves are only a few hundred ppm at
highest, and their effect on CO2 adsorption dynamics can be
assumed negligible. The magnitude of temperature increase is cap-
tured well by the simulations as shown in Fig. 8c, where both the
experimental and simulated probe temperatures reach a peak of
around 28.5 �C. The figure also shows an interesting shape of the
temperature profile not clearly seen in the 500 ml/min experi-
ments. At around 80–280 min, a shoulder appears with a temper-
ature of 25.1–25.2 �C before cooling down to 24.9 �C. The cause of
this shoulder is evident when comparing it with the CO2 break-
through data, imparting that this delay in cooling is caused by
the heat released from the adsorption of CO2.
Fig. 7. Experimental (thin lines with markers) and simulated (lines) a) CO2 breakthrough
parameter co-adsorption model with t1 = t2 = 3 was used to model CO2 adsorption kinetic
1 vol-% H2O experiment where it was 26 �C.
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The difference between the experimental and simulated
adsorption capacities in the 2-day run can be seen from Fig. 8d.
It is clear that both models underpredict the experimental
pseudo-equilibrium capacity of 0.92 mmolCO2/gsorbent, which is
probably the main reason why the simulated CO2 breakthrough
profiles represented the slow kinetic region poorly. However, it is
notable here that although the 7-parameter co-adsorption model
gives a closer estimation of the pseudo-equilibrium CO2 capacity,
the breakthrough curves fitted using this model are worse than
by using the 5-parameter model. This is contrary to the results
found for the 500 ml/min cases, and imparts that the 7-
parameter model does not necessarily give a better estimation of
the adsorption kinetics, although the isotherm fit is significantly
improved compared to the 5-parameter model. On the other hand,
in the case of the 7-parameter model, the selection of the upper
boundary for the exponential parameters during isotherm fitting
was arbitrary, and it should be assessed in more detail how these
affect the performance of the model in different hydrodynamic
conditions. However, as flow rate affects the mass transfer resis-
tances in CO2 adsorption, the reason for the worse performance
of both models in the low flow rate case may in part be caused
by the lack of separate diffusional models for CO2. This will be dis-
cussed in more detail later in the text.

In terms of the CO2 breakthrough curve shape and challenges in
simulating the slow approach to feed concentration encountered
with each of the models, similar observations have been reported
in the literature. Bollini et al. (2012) found the LDF kinetic model
combined with the Toth isotherm insufficient to describe CO2

adsorption kinetics on adsorbents with high amine loadings. Better
results were obtained by using a heterogeneous model that takes
into account two diffusion mechanisms in the adsorbent: fast dif-
fusion in the pores and slow diffusion in the aminopolymer phase.
However, even with this heterogeneous model their results
showed premature saturation, failing to represent the upper part
of the CO2 breakthrough curve. Serna-Guerrero and Sayari (2010)
used the Toth isotherm model and Avrami kinetic model for CO2

adsorption in dry flue-gas conditions on amine-grafted silica. Their
simulation also shows an excessively fast approach of saturation in
some experiments, although they attributed this to experimental
error rather than actual kinetic behaviour. Jung and Lee (2020)
used a reaction mechanism-based kinetic model such as in this
work to simulate the CO2 adsorption breakthrough curves in
humid flue gas conditions on PEI-functionalized silica. Also in their
profiles; b) CO2 adsorption capacities from the first two hours of adsorption. The 7-
s. The total flow rate was 500 ml/min. Initial bed temperature was 25 �C, except for



Fig. 8. Experimental (thin lines with markers) and simulated (lines) a) CO2 breakthrough profiles; b) H2O breakthrough profiles; c) bed temperature from probe 1 cm into the
bed; d) CO2 adsorption capacities with a flow rate of 100 ml/min and initial bed temperature of 25 �C. In the 7-parameter co-adsorption model t1 = t2 = 3.
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work, the simulations often seemed to show early increase of the
CO2 concentration to feed conditions compared to experimental
data, although the difference did not seem pronounced.

Since the concentration of adsorbate affects the velocity of the
concentration fronts and the shape of the breakthrough curves,
the best reference data for this study would be acquired under
DAC conditions. Even though DAC on supported amine adsorbents
has been simulated in several studies (Wurzbacher et al., 2016;
Stampi-Bombelli et al., 2020; Sinha et al., 2017; Darunte et al.,
2019), comparisons of fixed-bed models to experimental data are
rare, especially under humid conditions. Darunte et al. (2019)
reported the modelling of CO2 adsorption on diamine-
functionalized Mg2(dobpdc) MOF adsorbent, which had an inter-
esting isotherm shape requiring splitting of both the isotherm
model and the kinetic regions into two parts. By combining LDF
and Avrami models, they simulated the CO2 breakthrough profiles
in dry DAC conditions, exhibiting a comparison to experimental
data. However, due to the peculiar shape of the CO2 isotherms
and breakthrough curves, their results are difficult to compare with
those observed with typical type-1 or Langmuir-shape isotherms.
Stampi-Bombelli et al. (2020) found somewhat good representa-
tion by their fixed-bed model prediction of the CO2 adsorption
breakthrough curve in humid DAC conditions using the modified
Toth isotherm and the LDF kinetic model. However, due to use of
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a very flat-shaped adsorbent bed with a height-to-width ratio of
1/8, the shape of the breakthrough curve was very different from
those reported in this work, making it difficult to make any com-
parisons of the kinetics.

The CO2 adsorption simulations in DAC (Wurzbacher et al.,
2016; Stampi-Bombelli et al., 2020; Sinha et al., 2017; Darunte
et al., 2019) or PCC conditions (Bollini et al., 2012; Shafeeyan
et al., 2014; Haghpanah et al., 2013) typically rely on the use of
separate isotherm and kinetic models. Although the most impor-
tant aspect of the current kinetic approach is the ability to model
the effect of humidity on CO2 adsorption, this approach may also
lead to other advantages over the conventional approach with sep-
arate isotherm and kinetic models. To study these differences, a
comparison was made between the Toth isotherm coupled with
the LDF kinetic model and the kinetic approach of the current
work, which can be found in the Supplementary Data. Fig. S6
shows that while the differences are fairly small, the 5-parameter
and 7-parameter models give a better prediction of the overall
shape of the CO2 breakthrough curve, especially when the model
capacity prediction matches the experimental one. Additionally,
the 5-parameter and 7-parameter models have comparable com-
putational times with the Toth + LDF model. While higher-order
kinetic models such as the Avrami model may give a better repre-
sentation of the breakthrough curve than the LDF model, they can
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be expected to lead to higher computational effort. Further, given
that more complex isotherm models are required to take humidity
into account like the 5/7-parameter models do, thus further
increasing the computational cost, the kinetic approach presented
in the current work also seems numerically more advantageous
compared to using separate models for equilibrium and kinetics.
In the conventional approach, an improved kinetic model such as
the Avrami model, and an isotherm model taking humidity into
account, also come with additional uncertainty related to the addi-
tional parameters required.

The best-fit parameters of the fixed-bed model are given in
Table 4. The kinetic parameter kf,2 increases compared to kf,1 with
humidity, which could result from shift to bicarbonate or hydro-
nium carbamate formation as humidity content increases. Addi-
tionally, the kf,2 parameter is lower at 35 �C at both 1 and 2 vol-%
H2O. The decreased value of the kf,2 parameter is probably related
to retarded adsorption reaction kinetics rather than mass transfer,
since higher temperature should increase mass transfer. This is
observed in the case of the Toth + LDF model fit, where the LDF
kinetic parameter is higher at 35 �C compared to 25 �C. However,
it should be taken into account that the kinetic parameters for
the three models are apparent rather than intrinsic, combining
all the mass transfer resistances as well as CO2 adsorption reaction
kinetics.

The kf,1 and kf,2 values in the 500 ml/min case are not identical
to those in the 100 ml/min case at 25 �C, while these should be
constant with flow rate if the parameters only described adsorp-
tion reaction kinetics and intraparticle diffusion. While intraparti-
cle diffusion and the adsorption reaction kinetics are not affected
by hydrodynamic conditions such as flow rate (Ruthven, 1984),
the external fluid film resistance can be expected to be much
higher in the 100 ml/min experiment compared to the 500 ml/
min experiments. Therefore, the results impart that external fluid
film resistance around the adsorbent particle has a significant
effect on the kinetics at least in the studied conditions. Therefore,
in addition to the proposed co-adsorption models, a more accurate
and generalized treatment of the adsorption kinetics requires addi-
Table 4
Parameters of the fixed-bed model fits at different temperatures, humidities and flow rate
other listed parameters were fitted.

Case and CO2 adsorption model DL (m2/s) kf,1 (bar-1s�1�(mol/kg)1-t1)a

0.2 vol-% H2O 25 �C
5 parameter model

3.50E-04 1.37

1 vol-% H2O 26 �C
5 parameter model

3.50E-04 1.48

2 vol-% H2O 25 �C
5 parameter model

3.50E-04 0.92

1 vol-% H2O 35 �C
5 parameter model

3.52E-04 1.35

2 vol-% H2O 35 �C
5 parameter model

3.51E-04 1.78

0.2 vol-% H2O 25 �C
7 parameter model (t1 = t2 = 3)

3.50E-04 0.35

1 vol-% H2O 26 �C
7 parameter model (t1 = t2 = 3)

3.50E-04 0.32

2 vol-% H2O 25 �C
7 parameter model (t1 = t2 = 3)

3.50E-04 0.20

2 vol-% H2O 35 �C
7 parameter model (t1 = t2 = 3)

3.51E-04 0.45

2 vol-% H2O 25 �C, 100 ml/min
5 parameter model

7.44E-05 3.81

2 vol-% H2O 25 �C, 100 ml/min
7 parameter model (t1 = t2 = 3)

7.44E-05 0.69

2 vol-% H2O 25 �C
Toth + LDF

3.50E-04 0.0012 s�1

2 vol-% H2O 35 �C
Toth + LDF

3.51E-04 0.0018 s�1

a For Toth + LDF, the LDF kinetic constant reported.
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tional models that take into account the diffusion of CO2 in the
adsorbent particle. This includes diffusion through the external
film of the particle and intraparticle diffusion. Of these, the film
mass transfer is probably more important, but it should also be
assessed if diffusional resistances inside the particle can be
neglected or not, such as in Bos et al. (Bos et al., 2019).

Other limitations related to the models and the experimental
device also existed, which should be taken into account when com-
paring the parameters in Table 4. The adsorption column only had
one temperature probe, and therefore it was not possible to record
axial distribution of temperature, which could affect the adsorp-
tion rate in the fixed-bed. The estimated value of the Kz parameter
was typically near its initial value, which was 2 W/(m�K) in all of
the data fittings. To find the true temperature distribution and its
effect on the adsorption process, experimental data would be
required from several points along the column in the axial direc-
tion. Moreover, the way that the effect of the empty volume on
the H2O material balance is taken into account (see Section 2.3)
increases the released heat, affecting the overall heat transfer coef-
ficients represented by h. In this work, only the adsorbent bed was
simulated, but in future work, a detailed model of the dead volume
in the experimental device should be included. Also, in the 100 ml/
min case, both kinetic models yielded lower CO2 adsorption capac-
ities than determined experimentally, which also had an effect on
the dynamic model fit and thus the kinetic parameters.

The overall shape of CO2 adsorption breakthrough curves was
simulated well by the 5/7-parameter models used in this work.
When the pseudo-equilibrium isotherm points were close to the
model values, even the upper part of the breakthrough curve was
closely represented. However, when using a low flow rate of
100 ml/min leading to extended adsorption time, difficulties arose
in reproducing the shape of the entire breakthrough curve. The co-
adsorption model equilibrium parameters were obtained by fitting
to pseudo-equilibrium isotherms rather than true equilibrium
data. The kinetic parameters of the co-adsorption models, kf,1 and
kf,2, were obtained by fitting the dynamic model to CO2 break-
through data, without separately taking into account diffusional
s. The axial dispersion coefficient was calculated by using a correlation, while all the

kf,2 (bar-2s�1�(mol/kg)1-t2) kH2O,LDF (1/s) Kz (Wm-1K�1) h (Wm-2K�1)

1.71 0.99 1.74 17.78

12.67 0.38 2.12 10.51

58.74 0.22 2.10 17.34

2.06 0.26 1.96 19.65

14.54 0.88 1.96 36.25

2.33 1.22 1.96 11.87

4.94 0.39 2.0 10.13

8.53 0.20 2.10 18.90

3.57 1.60 3.12 33.12

30.25 0.11 2.03 18.13

5.03 0.10 2.10 18.59

– 0.29 1.86 16.67

– 0.20 1.89 30.13
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resistances in the adsorbent particle. Therefore, perfect simulation
of the breakthrough curves for very long adsorption runs would
probably require true equilibrium isotherms determined from
adsorption capacities measured for several days, and possibly a
separate model of CO2 diffusion in the adsorbent. On the other
hand, one may argue that adsorption steps lasting several days
instead of several hours would not be economically viable, as an
optimized DAC process is most likely operated with much shorter
cycles. Therefore, the strong representation of the experimental
fixed-bed data in this work already warrants the use of these co-
adsorption models in simulation of humid DAC to study the
dynamics of CO2 adsorption and the related specific energy
requirement.
4. Conclusions

In this work, CO2 adsorption from air was simulated by using a
kinetic model which takes into account the effect of humidity, the
study of which has been all but neglected in scientific literature so
far. Pseudo-equilibrium CO2 isotherms in humid conditions with
partial pressures of CO2 and H2O relevant to DAC were measured
experimentally at 25–50 �C on an amine-functionalized resin.
The kinetic co-adsorption model based on reaction mechanisms
of CO2 with amines in dry and humid conditions was used to cal-
culate the equilibrium CO2 capacities and fitted to the experimen-
tal isotherm data. To account for the adsorption of humidity, the
temperature-dependent GAB model was fitted to experimental
single-component H2O isotherms. The co-adsorption model
accounting for CO2 adsorption kinetics and the GAB model coupled
with the linear driving force model describing H2O adsorption
kinetics were then used in a dynamic non-isothermal model. This
model was fitted against experimental CO2 and H2O breakthrough
curves and adsorption column temperature in DAC conditions. A
humid cyclic adsorption/desorption experiment was also done to
find the capacity drop rate.

In the cyclic experiment, a CO2 capacity drop of approximately
0.7%/cycle was measured, which necessitated the correction of
experimental isotherm data to account for the drop in capacity.
The H2O isotherms were well approximated by the GAB isotherm
with multilayer H2O adsorption behavior. In all studied CO2 partial
pressures and temperatures, increased humidity content led to an
increase in CO2 capacity. This phenomenon was captured well by
the proposed kinetic co-adsorption model, of which three varia-
tions with different reaction orders were used. The 5-parameter
model with reaction order based on reaction stoichiometry gave
an overall good fit to the isotherms, but at the lowest humidity
content of 0.2 vol-% led to overprediction of the CO2 capacity at
partial pressures lower than 0.001 bar. The so-called 7-parameter
model with a higher but arbitrary reaction order yielded an almost
perfect fit to the isotherm data. In fitting the fixed-bed model to
dynamic experimental data, the simulated breakthrough curves
and adsorption column temperature were close to the experimen-
tal ones. It was found that the accuracy of the CO2 isotherm fit
given by the kinetic co-adsorption model significantly affected
the accuracy of the simulated CO2 breakthrough curves. Using
the 7-parameter kinetic model in the dynamic model also yielded
close representation of the whole CO2 breakthrough profile in cases
where the 5-parameter model failed.

The present work used pseudo-equilibrium CO2 isotherm data
from several-hour experiments and used the co-adsorption models
directly to model the kinetics of CO2 adsorption without separately
accounting for the effect of diffusional resistances in the adsorbent
particle. Possibly due to these reasons, at a lower flow rate of
100 ml/min, the fixed-bed model fit represented the CO2 break-
through time well but failed to simulate the long, slowly increasing
16
upper part of the concentration profile. Therefore, for determining
mass-transfer parameters valid for scale-up, the effect of diffu-
sional resistances in the adsorbent particle should be assessed in
future studies. To realistically account for heat transfer in different
bed shapes, 2-D simulation coupled with temperature measure-
ment from several points in axial and radial directions should be
used. To include desorption, the current parameters of the co-
adsorption kinetic models may be used as a first estimate, but for
more accurate simulation of CO2 production, adsorption capacities
measured at higher partial pressures of CO2 should also be
included in the isotherm fitting.

Nevertheless, even in the current form, 1-D fixed-bed adsorp-
tion simulation with the proposed co-adsorption kinetic models
help assess critical parameters of CO2 adsorption in humid DAC
conditions such as adsorption rate and specific energy requirement
in different conditions. Moreover, based on a preliminary compar-
ison, using the proposed models to simulate CO2 adsorption kinet-
ics instead of separate isotherm and kinetic models can yield both
improved accuracy and numerical advantage. For purposes of scal-
ing up, the proposed kinetic models can be combined with existing
mass-transfer models. Thus, the presented co-adsorption models
are expected to be generally useful in the modelling of CO2 adsorp-
tion kinetics on amine-functionalized adsorbents.
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